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Abstract

The pressing concern of escalating water scarcity has spurred the creation of advanced
technologies, such as interfacial solar steam generation (ISSG), to tackle the challenge. ISSG
employs solar energy for efficient water desalination and purification. This comprehensive
review delves into various aspects of ISSG, primarily focusing on elucidating its mechanisms,
optimizing substrate materials, implementing thermal management strategies, and exploring
applications. The study dissects the intricate mechanism of ISSG, highlighting photothermal
behaviors across different materials, including the significant role of nanoparticles in vapor
generation. The impact of substrate composition and shape on solar evaporation efficiency is
investigated, with multi-surface evaporators considered for environmental energy harnessing.
To enhance performance, thermal management strategies, including innovative water
transport paths for improved heat distribution, are assessed. Addressing key challenges like
salt accumulation, biofouling, corrosion, and oil fouling, the review offers insights for issue
mitigation. Practically, ISSG is spotlighted for its role in seawater desalination, wastewater
treatment (e.g., dye and heavy metal removal), oil-water separation, and sterilization,
extending its relevance across industries and healthcare. By comprehensively examining
ISSG's mechanisms, substrate considerations, thermal strategies, and applications, this

review advances its implementation as a transformative solution for global water challenges.
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1. Introduction

Water remains a cornerstone of human civilization, its demand surging alongside population
growth, agricultural expansion, and industrial development. Estimates project a staggering
55% increase in global water demand by 2050, exacerbating scarcity issues faced by nearly
4 billion people annually [1,2]. Access to safe drinking water remains a challenge for 2.2 billion
individuals [3-5]. Seemingly, the solution lies in desalination, given that 97% of the Earth's
water is saline[6]. Conventional desalination processes, be they thermal (such as Multi-effect
Distillation (MED) and Multistage Flash (MSF)) or membrane-based (like Reverse Osmosis
(RO)), require significant capital investment and accrue high operational energy costs [7,8].
Thermal systems face corrosion challenges and cost inefficiencies, while membrane-based
technologies offer lower energy consumption but demand substantial capital investments.
Despite advancements, desalination remains energy-intensive, with requirements ranging
from 1.8 kWh/m? to 5.9 kWh/m?[9,10]. Such reliance on fossil fuels poses environmental risks.
Harnessing solar energy for desalination emerges as an attractive alternative, given the
Earth's immense solar resources annually [11].

Water evaporation through solar energy absorption, a natural hydrologic cycle phenomenon,
suffers from poor efficiency due to water's limited light-absorbing capability [12]. Early
attempts, such as black-painted reservoir bottoms, aimed to enhance solar absorption but
resulted in inefficient vapor generation [12]. Researchers sought productivity enhancements
by altering system parameters or designing new solar stills, yet systems with the absorber at
the reservoir bottom achieved only 30% - 45% efficiency, suffering unnecessary heat loss [13—
15]. The emergence of nanoscale photothermal materials introduced a revolutionary approach
called volumetric water heating. Suspended solar absorbers, uniformly dispersed and close to
water molecules, directly transfer heat, facilitating vapor generation [16—23]. This mechanism
involves nanoparticle-induced localized heat generation or bulk fluid temperature rise,

influencing evaporation rates tied to nanoparticle concentration in water [17,20,24-28].
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Around 2014, the interfacial solar steam generation (ISSG) technique redirected solar energy
concentration from the reservoir bottom to the air-water interface, enhancing evaporation
efficiency by curbing heat loss [14,29]. Utilizing photothermal materials at this interface, ISSG
systems either self-float or employ lightweight substrates, amplifying solar absorption [29].
Offering eco-friendly, electricity-independent water purification, ISSG holds promise for
decentralized water plants, crucial for regions facing water scarcity and emergency supply
needs [30]. This attention-grabbing technique finds relevance in water purification endeavors.
This review stands out by offering a comprehensive perspective on Interfacial Solar Steam
Generation (ISSG) that extends beyond the scope of previous reviews. Unlike earlier analyses
that focused on specific types of evaporators or mechanisms [31-35], this article takes a
holistic approach, delving into materials, engineering considerations, thermal regulation
strategies, practical challenges, and diverse applications. By synthesizing advancements
across multiple facets of ISSG technology, this review uniquely connects theoretical
foundations to real-world implementation, distinguishing itself from prior works [31-35].

This comprehensive review not only contributes to the evolution of ISSG technology but also
addresses critical gaps left by earlier analyses. By exhaustively compiling recent progress and
offering integrated insights, it empowers the broader adoption of ISSG systems using low-
dimension and biomass materials. The multifaceted analysis examines key factors ranging
from photothermal nanostructures to device geometries and thermal regulation, providing a
holistic perspective that propels ISSG's development using low-dimension materials and
biomass materials. Additionally, this review stands out in its ability to address challenges
inherent in ISSG systems, such as biofouling, salt accumulation, and thermal management. It
goes beyond by highlighting ISSG's diverse applications, from desalination and wastewater
treatment to oil-water separation and sterilization, showcasing its versatility across industries.
In comparison to prior reviews that focused on specific aspects of ISSG, this comprehensive
analysis connects materials, engineering, and applications. By advancing discourse on
sustainable, energy-efficient water purification, this review acts as a catalyst for further

technological advancements in ISSG, aiming to address urgent global water challenges.
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In Summary, this comprehensive review article embarks on a thorough exploration of ISSG's
multifaceted dimensions, delving into its intricate mechanisms, optimizing substrate materials,
devising thermal management strategies, and unravelling its diverse applications. The
underlying mechanisms of ISSG are meticulously dissected, shedding light on the
photothermal behaviours exhibited by various materials. The pivotal role of nanoparticles in
driving efficient vapor generation is scrutinized. In-depth analyses of substrate shape and
composition uncover their contributions to elevated solar evaporation efficiency. The
evaluation of multi-surface evaporators reveals their potential for maximizing environmental
energy gains. To further elevate ISSG performance, a range of thermal management tactics
are examined, including innovative water transport paths that facilitate optimal heat
distribution, thereby ensuring sustained and proficient vapor generation. Crucially, this review
addresses critical challenges inherent to ISSG systems, offering insights into the mitigation of
issues such as salt accumulation, biofouling, corrosion, and oil fouling. In a practical context,
the article underscores ISSG's far-reaching applications, highlighting its paramount role in
seawater desalination as a sustainable remedy for the global freshwater scarcity crisis.
Moreover, its versatility shines through in wastewater treatment scenarios, encompassing dye
and heavy metal removal, thus contributing to essential environmental remediation efforts.
ISSG's proficiency in oil-water separation and sterilization expands its relevance across
diverse industrial and healthcare domains. By exhaustively examining ISSG's mechanisms,
substrate considerations, thermal management strategies, and myriad applications, this
review advances the discourse on sustainable, energy-efficient water desalination and
purification. The amalgamated insights presented herein act as a catalyst, propelling the
evolution of ISSG technology and empowering its widespread adoption as a transformative

solution to the urgent global water challenges that lie ahead.
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Fig. 1. Schematic illustration of the used materials, structure, challenges, and application of
interfacial solar steam generation (ISSG) system.

2. Mechanism of ISSG

The ISSG technique utilizes a solar evaporator for harvesting solar energy and concentrating
heat at air-water interface to generate vapor from seawater or wastewater. The generated
vapor is then condensed to produce fresh water. The solar evaporator is the key component
of the ISSG technique which is made by incorporating/coating/growing photothermal

materials/layer on a suitable substrate.
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Fig. 2. Mechanism of ISSG.

For interfacial solar steam generation, the solar evaporator is placed on the top of the water
body. It has two main functions; i) absorb sunlight, convert it to heat and concentrate the heat
at a specific location, ii) absorb water and transfer it to a place where heat is localized for
vapor generation (as shown in Fig. 2). Therefore, the performance of an efficient solar
evaporator depends on its capability of (i) absorbing broad spectrum of light, (ii) converting
light to heat by using photothermal materials, (iii) reducing heat loss by good thermal insulation
system and localizing heat, (iv) absorbing water faster by hydrophilic surface and, (v)
transporting tuned amount of water (by capillary effect) to the place where heat is localized.

Reducing the vaporization enthalpy of water is another way of improving the performance of
the solar evaporator. The vaporization enthalpy of water can be reduced by using hydrogel-
based evaporator. Except these, literature shows that the water evaporation performance of
a solar evaporator also depends on its shape and structure as they determine the light trapping

and light absorbing capability of an evaporator from a different light incident angle and helps
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to keep water evaporation rate high throughout the day. Moreover, the shape of an evaporator
can also facilitate energy gain from the environment [36—38]. Therefore, for fabricating an
efficient solar evaporator, the selection of appropriate photothermal material and substrate is
very important. However, for practical implementation of the ISSG technique, the solar
evaporator must have the capability to survive in a complex system like seawater and
wastewater as they contain different types of salts, ions, and microorganisms. Therefore, the
evaporator must have salt rejection capability, corrosion resistance property, and anti-
biofouling capability. Hence in this review, the mechanisms of these properties of the

evaporator are discussed in a separate section.

2.1. Photothermal Materials

Photothermal conversion is a process of converting sunlight into heat. The material used for
making the solar absorbing surface of the evaporator should have the capability of broadband
absorption across the entire solar spectrum (0.25 — 2.5 um) and high photothermal conversion
efficiency [39,40]. Photothermal materials used for ISSG can be categorized as low
dimensional materials and biomass derived materials. Low dimensional materials have at
least one dimension in nanoscale and can be classified as 0D, 1D and 2D. Generally, the
diameter of 0D materials is less than 10 nm. Nano particles with small diameter and quantum
dots fall into this category. 1D nano materials generally have a linear structure with a diameter
less than 100 nm. Nanotubes, nanorods, nanowires etc. are generally considered as 1D
materials. On the other hand, nanoflakes, nanosheets etc. are known as 2D materials as their
thickness is generally less than 100 nm. Graphene quantum dots (QDs) [41] and carbon dots
[42,43] are some of the 0D photothermal materials used in the field of ISSG for preparing the
evaporator. 1D and 2D materials like carbon nanotube (CNT) [44], MnO2 nanorod [45],
Titanium Oxide nanosheet [46], TisC, nanosheets [47] etc. are also being used for preparing
the solar absorbing layer of the evaporator. Sometimes to increase solar absorption, the
combination of 0D, 1D and 2D photothermal materials are used to prepare the evaporator. For

example, Irshad et al. utilized carbon dot modified MnO, nanowire to prepare the solar
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absorbing layer of the evaporator [48]. Li et al. utilized the synergistic photothermal effect of
0D Ti2O3 nanoparticles and 1D carbon nanotubes to evaporate water [49]. Similarly, Ma et. al
utilizes the combination of 1D CNT with 2D MXene nanosheets to prepare the solar absorbing
surface of the evaporator [50]. Saleque et al. prepared the solar absorbing layer of an
evaporator using TiTe2 QD decorated 2D rGO [51]. Fan et at. Utilizes OD perovskite oxide/2D
MXene heterostructure to prepare a hydrogel and demonstrated the synergistic photocatalysis
and photothermal effect for water purification [52]. Gao et al. prepare a photothermal catalytic
gel using TiO2/Ag nanofibers for simultaneous freshwater and hydrogen generation under
natural sunlight where TiO, nanofibers act as photoredox material and Ag nanoparticles act
as cocatalyst and plasmonic solar absorber [53]. The synthesis and processing of low
dimensional materials are sometimes complex. Moreover, the fabrication process of low
dimensional materials may get expensive due to the cost of materials and equipment. Different
approaches are taken for preparing low dimensional photothermal material based solar
evaporator as shown in Fig. 3a. Generally, low dimensional materials are synthesized

separately and coated on a suitable substrate.
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(b) MXene deposition by vacuum filtration process [54]. Copyright 2022 Elsevier (c) W-VO-
nanoparticles deposition by drop casting method to prepare solar evaporator [55]. Copyright
2022 Elsevier.

Normally drop casting [51,56], spray coating [57], dip coating [58,59], vacuum filtration [54,60]
etc. are used for coating the substrate. For example, vacuum filtration method

was used by Ai et al. to prepare Mxene/MMT nanosheets based Janus membrane for solar
steam generation as shown in Fig. 3b [54]. Ghafurian et al. prepared a substrate using
polystyrene, sawdust and aluminum grid and drop casted W doped VO nanoparticles on it to
prepare a solar evaporator as shown in Fig. 3c [55]. The low dimensional materials can also
be deposited on substrate by chemical treatment method [61,62]. In some cases, these
materials are grown directly on substrate [63,64]. In hydrogel-based evaporator, low
dimensional materials are generally incorporated with polymeric materials to form the
evaporator of desired shapes [65—67].

Biomass derived photothermal materials are found from naturally available animal and plant
based organic materials. Carbonizing biomass is the most used technique for deriving
photothermal carbon for solar evaporator. The process of making biomass derived
photothermal carbon-based solar evaporator can be summarized by Fig. 4a. Generally, there
are two ways of carbonizing biomass, i) surface carbonization and ii) complete carbonization.
In the surface carbonizing process only the surface of the biomasses is carbonized to make
solar absorbing surface, whereas in complete carbonization process the whole biomass is
carbonized. Surface carbonization can be done by using flame [68], laser [69], hot plate [70]
etc. Wang et al. partially carbonized freeze dried Enteromorpha by electric heating plate at
300 °C to prepare a jellyfish like solar evaporator as shown in Fig. 4b [71]. Complete
carbonization of biomass is generally conducted inside a vacuum chamber or non-reactive
gas (i.e., N2, inert gas) filled chamber [72—74]. The complete carbonized biomass can be used
directly as a solar evaporator [72,73], or they can be used with other substrate to prepare a
solar evaporator [75,76]. Zhou et al. carbonized freeze dried Pleurotus eryngii at 800 °C in Ar
atmosphere to prepare a biomass based solar evaporator [74] as shown in Fig. 4c. Except

carbonization, photothermal material can also be extracted from biomass. Recently, cuttlefish
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ink has shown potential in the field of ISSG [77—79]. The ink contains natural melanin and
shows broadband absorption of light. Moreover, it can be easily dispersed in water which
makes it suitable for preparing hydrogel based solar evaporator. Bioderived photothermal
materials are cheaper compared to low dimensional materials due to their availability in nature.
The fabrication processes are also comparatively simple and cheap. Moreover, these
materials can be used for making biodegradable and environmentally friendly solar
evaporators. It is worth mentioning that the efficiency of the evaporator does not only depend
on the photothermal materials. The type, structure, and shape of the substrate as well as the
water transportation mechanism, thermal management system etc. are also the key factors
for increasing the evaporation rate and efficiency of the evaporator. Therefore, bioderived
photothermal material-based evaporators may show a higher evaporation rate than low
dimensional photothermal material-based evaporators (Table 1 and Table 2). However, the
lifetime of bioderived photothermal material-based evaporator may get reduced in complex
systems like seawater and wastewater due to the presence of microorganisms. On the other
hand, some low dimensional materials (nanoparticles like Ag, TiO,, ZnO, CuO etc.) showed
effectiveness against microorganisms (discussed in section 5) which makes them suitable for
making antibiofouling evaporators. It's worth mentioning that the adhesion of low dimensional
material to the substrate of the evaporator is very important as without proper adhesion there
is a risk of secondary contamination (i.e., falling of nanoparticles) from evaporator to water.
Falling of nanopatrticles from the evaporator to water may cause due to ageing as well. If the
ISSG system is not properly maintained, a large number of nanoparticles may get released to
the environment and causes harm to the aquatic organisms and microorganisms [80,81] and
may create negative impact to the environment in future. The lifetime of both types of
evaporators (low dimensional material and biomass derived material) is very important. Low
lifetime of evaporator may also increase the price of overall system in long run. It's very rare
to find literature that only evaluates the lifetime of these two types of materials parallelly for

ISSG application.
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Process of making completely carbonized biomass (Pleurotus eryngii) as solar evaporator
[74]. Copyright 2023 Elsevier.

Therefore, it's very hard to assess these materials on the basis of lifetime for real time
application and came into a direct conclusion for commercialization as the fabrication cost and
cost of materials also controls the cost of the evaporator which determines its commercial
feasibility.

The mechanism of photothermal conversion is not the same for all materials as different
materials exhibit a different response to electromagnetic radiation (sunlight) due to their
characteristic electronic or bandgap structure [40]. Generally, the photothermal conversion
mechanism of the materials can be divided into three categories i.e., (i) Localized surface
plasmon resonance, (ii) Electron-hole generation and relaxation, and (iii) Thermal vibration of
molecules [40,82]. Depending on the photothermal mechanism, low dimensional materials
can be categorized as plasmonic materials, semiconductor-based materials, and carbon-

based materials. All biomass derived materials are basically carbon-based materials.

2.1.1. Plasmonic materials

Localized surface plasmon resonance (LSPR) is generally observed in some metallic
nanomaterials such as gold, silver, copper, nickel, platinum etc. In the presence of light, if the
frequency of the photon matches the natural metal surface electron frequency a resonant
photon-induced coherent oscillation of charges occurs and causes LSPR effect [83]. If the
plasmonic metal nanoparticles (NPs) are exposed to the light of their resonance wavelength,
the photons are absorbed on the surface and cause the oscillation of electron gas. The excited
electrons transfer to a higher energy level than the Fermi level and create hot electrons.
Instead of radiative emission, if the decay of these hot electrons occurs through electron-
electron scattering, the energy of the hot electron is redistributed and rapidly increases the
surface temperature of metal NPs which is then transferred into the particle lattice through

electron-phonon relaxation and later, cooling of nanostructure occurs by electron-phonon
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coupling and phonon-phonon relaxation which causes heat dissipation to the surrounding
medium (as shown in Fig. 5a) [40,82,84]. By this way the metal NPs absorbed sunlight,
convert it to heat, and then dissipate heat to the surrounding through the vibration of lattice
scattering and increases the temperature of the surrounding medium [40,84]. Depending on
the structure and morphology of the nanoparticles the plasmonic resonance may occur at
different regions of the electromagnetic spectrum [84]. For example, red-shift in localized
surface plasmon may occur if the shape of a metallic nanopatrticle (i.e., gold, silver, copper,
etc.) is changed from spherical shape to rod-like shape [85]. Therefore, by changing the
morphology of metallic nanoparticles the LSPR can be tuned from visible to near infrared
frequency range. Plasmonic nanoparticles have strong light-absorbing capability around the
LSPR peak, but their absorption spectrum is narrow. Du and Tang proposed to blend different
gold nanofluids to achieve light absorption in both visible and near-infrared spectral regions at
low concentrations of NPs [86]. A broadband absorptive metallic nanostructure prepared by
physical vapor deposition of gold on an alumina nano porous template for a solar steam
generation has been reported to show average measured absorbance of around 99% across
the wavelength from 400nm to 10um [87]. It should be noted that solar evaporators should
have the capability of absorbing a broad spectrum of sunlight and hence sometimes the
plasmonic nanoparticles are combined with carbon-based materials.

Shi et al. embedded plasmonic silver (Ag) nanoparticles in three-dimensional carbonized
melamine foam and demonstrated the increase in light absorption in the visible region due to
the inclusion of Ag nanoparticles and the prepared solar evaporator showed the photothermal
efficiency of 102.99% under 1kW m2 solar illumination for pure tap water [88]. Goharshadi et
al. demonstrated that wood coated with plasmonic Pd and Ag nanopatrticles (NP) as top and
bottom layer give highest evaporation rate (4.82 kg m2 h?) at 3 suns [89]. Ji et al. have used
three different (Au, Ag, and Cu) metallic NP with carbon fibers to make three solar evaporators
and demonstrated that the use of metallic NP increases water evaporation rate due to their

LSPR effect [90]. Saad et al. used bimetallic plasmonic nano-shells composed of Ag and Cu
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with sawdust-derived biochar to fabricate a solar evaporator that shows above 90%
evaporation efficiency under 1 sun illumination [91]. Joo et al. demonstrated the use of metal-
Si hybrid nano-wire structure (plasmonic Si nanowires) in solar steam generation application
with water evaporation rate and efficiency of 1.12 kg m2 h* and 72.8% respectively [92].
Different plasmonic metal nitrides like TiN, ZrN and HfN on nanoporous alumina substrate
have shown efficiency of 78%, 88%, and 95% respectively [93]. In recent years MXene (i.e.,
TizC2Tx) has been utilized as a promising photothermal material in the field of solar steam
generation [59,94]. Generally, MXene is hydrophilic in nature due to the presence of
functional groups at its surface and shows the LSPR effect [40,95]. Except these, oxygen-
deficient transition metal oxides (i.e., WO3.x) also show an LSPR effect due to the presence

of high charge carrier density [96].

2.1.2. Semiconductor-based materials

Semiconductor-based materials generally show electron-hole generation and relaxation
effects. Under solar/light illumination, when these materials are excited by energy similar to
their bandgap, electron-hole pairs are produced. The excited electrons have the tendency to
return to the lower energy states by releasing energy. The excited electrons may release
energy either in the form of a photon (radiative relaxation) or in the form of a phonon (non-
radiative relaxation). If the energy is released by non-radiative relaxation, local heating of the
lattice occurs, and a temperature distribution according to the optical absorption and surface
recombination characteristics of the semiconductor materials is established [82]. The
bandgap has an influence on the solar absorption (as shown in Fig. 5b) and photothermal
conversion efficiency of semiconductor-based materials. Recombination of electron-hole pairs
occurs easily in broad-bandgap semiconductors as most of the absorbed energy is released
in the form of photons and hence decreases the photothermal conversion efficiency [40].
Hence, semiconductor materials with small bandgap have potential in the field of solar steam

generation. Li et al. mentioned the ultra-narrow bandgap (= 0.1 eV) of Ti.O3 that gives it the

Page 17 of 123



advantage of absorbing a broad spectrum of light and fabricated a three-dimensional Ti>O3
based aerogel that generated steam at 1.31 kg m? h* and showed photothermal conversion
efficiency of 81.7% under 1 sun [97]. Another cost-efficient, narrow bandgap (0.45 eV)
semiconductor; CuFeSe; hanopatrticles decorated on wood substrate has shown solar thermal
efficiency of 86.2% under 5 kW m illumination [98]. A spectrum-tailored solar harnessing
aerogel composed of defect-rich semiconductor HNB3;Og nanosheets and polyacrylamide
framework has been reported to perform both photochemical solar energy conversion utilizing
high-energy ultraviolet photon and photothermal solar energy conversion using low energy
visible-near infrared photon [99]. Semiconductor material, MoS, has been reported several
times in the field of solar steam generation application in nanosheet form [100—102]. Except
that a NiV14 based hybrid semiconductor confined in a mesoporous glass has been reported
to show water evaporation efficiency of 111.4% under 6 suns [103]. Sometimes to narrow the
bandgap, semiconductor materials are doped with plasmonic metal nanoparticles as a
plasmonic metal has its own heating effect and can reduce the bandgap of semiconductor
materials effectively [96]. Huang et al. demonstrated the use of bifunctional Au@TiO, core-
shell nanoparticle films for seawater evaporation application [104]. Sun et al. demonstrated
Au-CuS (metal-semiconductor) gyroid structured material for solar steam generation and
achieved the highest evaporation efficiency of 88.8% under 1sun [105]. Song et al. fabricated
a solar evaporator (which evaporates water at 1.3 kg m2ht with 73% conversion efficiency
under 1 sun) by coating delignified wood with FesO4 semiconductor material [106]. FesO.is
very cost-effective and has narrow bandgap (= 0.8 eV) which gives it the capability of
absorbing a broad spectrum of light [L06]. Zahmatkesh et al. fabricated a solar evaporator by
coating poplar wood with Au and FesO4 NPs [107]. By using the synergistic effect of broad
light absorbing capability of FezsO4NPs and surface plasmon in Au NPs the evaporator showed

an evaporation efficiency of 88.7% under 3 sun.
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2.1.3. Carbon-based materials

Generally, carbon-based materials and organic materials shows the effect of thermal vibration
of molecules where heat is generated by lattice vibration caused by absorption of light energy
[82]. Carbon-based materials demonstrate strong sunlight absorption capability due to their
conjugated structure [39]. In a conjugated structure the neighboring 1-electrons overlap or -
bond interact with p-orbital electrons; which redistributes electron cloud density in the system
and causes a conjugation effect [39,40]. The hyperconjugation effect occurs when the
electrons of a o-bond interact with the adjacent empty or partially filled p-orbital [39,40]. The
materials possessing conjugation or hyperconjugation effect show strong absorption of light
in the near-infrared region as these effects accelerate the mobility of electrons [40]. The
absorption of energy from light excites the electrons in the 1r-orbital and the excited electrons
jump to the m*-orbital and release energy as heat while returning to the ground state. If the
number of 1 bonds increases, the energy gap between the HOMO (highest occupied
molecular orbital) and LUMO (lowest occupied molecular orbital) decreases. Carbon-based
materials, especially graphene-like allotropes could have many conjugated 1 bonds which
may cause the excitation of electrons by almost every wavelength of the solar spectrum and
thus several T1- T* transition occurs [82]. The electron absorbs light and jumps from HOMO
to LUMO if the energy from light complements an electronic transition within the molecule and
later these excited electrons are relaxed by electron-phonon coupling, for which energy is
transferred from the excited electrons to the vibrational modes throughout the atomic lattices
and causes a rise in materials temperature (as shown in Fig. 5¢) [108] Several carbon-based
materials like graphene [109], graphene oxide [110], reduced graphene oxide [111], carbon
black [112-114] carbon nanotubes (CNT) [115] are reported to have photothermal
conversion capabilities. Hierarchical graphene foam grown via plasma-enhanced chemical
vapor deposition has been reported to show broadband enhancement, omnidirectional

absorption of sunlight, and high solar vapor conversion efficiency (over 90%) for seawater
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desalination [116]. A micro-structured graphene-based membrane shows the nature of self-
adaptability in response to changing environments by displaying high water evaporation rate
change under low sunlight and low water evaporation rate change under intense sunlight
[117]. Xue et al. demonstrated the possibility of electricity generation due to water evaporation
from the surface of a variety of nanostructured carbon materials [118]. Except this, the use of
carbon nanotube (CNT) for solar vapor generation has been demonstrated by preparing a bi-
layered material with a top self-floating hydrophobic carbon nanotube membrane and a bottom
hydrophilic microporous silica substrate; that shows solar thermal conversion efficiency of
82% [115]. CNT is very popular for its excellent light-absorbing and photothermal conversion
capability. However, the fabrication procedure makes this material costly. Multiwalled CNT
(MWCNT) is comparatively cheaper than Single-walled CNT and can be used for fabricating
efficient solar evaporators. Zhang et al. fabricated an evaporator using graphene oxide (GO),
and CNT that shows an evaporation efficiency of 90.1% under 1sun [119]. Li et al. utilized
Fe,0O3 decorated CNT on wood to prepare a solar evaporator that generates steam at 1.42 kg
m2 h't with 87.2% evaporation efficiency under 1 sun [120]. Carbon black is amorphous and
has excellent UV stability. Ge-Zhang et al. fabricated a wood-based evaporator using MWCNT
and carbon black (CB) nanoparticles as a coating.[121] The MWCNTSs/ carbon black coating
exhibited an absorption efficiency of nearly 97.5% ad proved to be suitable for solar steam
generation applications. Reduced graphene oxide (rGO) is a also very good light absorber
and a very commonly used material in the field of ISSG [122—126]. Cheng et al. fabricated
an rGO membrane using rGO and filter paper that shows very good optical absorption and
with a very little amount of rGO (0.76 g m) the evaporation rate reached 0.9 kg m2h™ under
1 sun [127]. Wang et al. fabricated a solar evaporator using rGO with polyurethane that
exhibited solar photothermal efficiency of nearly 81% at a light density of 10 kw m2 [128].

Carbonizing biomass is another way of making cheap and efficient solar evaporators.
Generally, natural biomasses (i.e., wood, daikon, lotus seedpod, etc.) have unique porous

structures and excellent water-absorbing capability. Carbonization is done on biomasses to

Page 20 of 123



attain a graphitic carbon layer to absorb a broad spectrum of sunlight. The graphitic layer on
the carbonized biomass can be identified by Raman spectra as it gives a G band around 1580

cm™* and a D band around 1350 cm which are corresponding to the characteristic feature of
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permission from Dove Medical Press Ltd. (Copyright 2018 Dove Medical Press Ltd).
(b) Broadband absorption and photothermal mechanism of semiconductor-based materials
[130]. Copyright 2020 American Chemical Society(c) Photothermal conversion
mechanism of carbon-based materials [39]. Copyright 2021 Elsevier.

graphitic layer and disordered carbon or defective graphitic structures [131]. As mentioned
earlier two different approaches are observed while carbonizing biomasses i) surface
carbonization and ii) complete carbonization. In the surface carbonization technique, only the
surface of the biomasses is carbonized. Xue et al. prepared a solar evaporator by carbonizing
the wood block using an alcohol flame [132]. Jang et al. utilized a CO; laser to carbonize the
surface of basswood and make a graphitic carbon layer to absorb sunlight [133]. To make a
solar evaporator, Yu et al. utilized hot plate at 600 °C to carbonize the surface of the wood
substrate [134]. Complete carbonization is relatively complex as in this process the biomasses
are carbonized in the presence of N; or inert gases or inside vacuum chamber. However, the
complete carbonization technique is suitable for taking advantage of the complex natural
structure of biomasses to evaporate water. Sun et al. carbonized sunflower head [131], Yuan
et al. carbonized Platanus fruit [36] to make solar evaporators of unique shapes and
demonstrated their effectiveness in evaporating water. Except these carbonized mushroom
[135], daikon [136], carrot [137], corncob [138], algae [139] etc. are also reported for solar

steam generation applications.

2.2. Structure of solar evaporators

The structure of a solar evaporator has a significant impact on its efficiency, water
transportation speed, water evaporation rate, and salt rejection capability [140-144]. As
mentioned earlier an efficient solar evaporator performs two key tasks: first, it absorbs a broad
spectrum of sunlight at the solar absorbing surface, converts it to heat, and localizes the heat
in a certain area to reduce heat loss and second, it absorbs water from the bulk water body
and moves it to the area where heat is concentrated. The effectiveness of the whole process
depends on the efficiency of photothermal materials and the structure of the evaporator.

Sometimes the structure of the evaporator depends on the structure of the substrate, where
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the photothermal materials are deposited or grown and sometimes it depends on the
fabrication process of the evaporator. Absorbing solar energy and converting it to heat is the
main task of photothermal materials whereas holding the photothermal materials,
concentrating the heat in a specific area, absorbing a tuned amount of water, and transferring
it to the heated area is the task of the supporting substrate. The vapor release path also
depends on the porosity of the supporting substrate. Based on the thickness of the solar
evaporator, they may be divided into two categories: 2D structures and 3D structures. The 2D
structures are normally made of various membranes [145-148], papers [127,149,150], and
fabrics[151-153], while the 3d structures are constructed using different types of foams
[154,155], hydrogel or aerogel [156,157], bio-derived materials (i.e., wood) [158], ceramic fiber
wool and stainless-steel mesh [149], etc. However, the structures of the solar evaporators are
not limited to their thickness. Some recent studies showed that the structure plays an important
role in improving the performance of the evaporator throughout the day by harvesting sunlight
from different light incident angles. These types of evaporators have multiple surfaces for solar
absorption and vapor release. Moreover, some of these evaporators showed energy gain from
the environment due to their unique structures. Depending on the number of effective light
harvesting and vapor release surfaces of solar evaporators, they can be classified as i) Single

surface solar evaporators, ii) Multiple surface solar evaporators.

2.2.1. Single surface solar evaporator

Single-surface solar evaporators generally have only one major surface for absorbing sunlight
and releasing vapor. The other surfaces are generally kept covered with insulating material or
remain underwater and do not play a significant role in absorbing sunlight and releasing vapor.
Depending on the thickness of these evaporators they can be classified as thin single-surface

solar evaporators and thick single-surface solar evaporators.

2.2.1.1. Thin single-surface solar evaporator

A typical thin single-surface evaporator requires a supporting material that helps the solar

evaporator float on water as shown in Fig. 6a. The supporting material also provides thermal
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insulation between the absorber and bulk water and helps to reduce heat loss by conduction
from the solar evaporator to water. For transporting water to the evaporator, 1D or 2D water
transport path can be used for such kind of system. However, some supporting material with
porous structure (i.e., sponge, foam) may also have the capability of transporting water.
Several, types of photothermal materials have been used to fabricate this type of solar
absorber such as metallic NPs, metal oxides, semiconductor-based materials, carbon-based
materials, etc.[149]. Most investigated substrates are PTFE (Polytetrafluoroethylene)

membrane, Polyvinylidene fluoride (PVDF), cotton, carbon fabrics and paper etc.[149].
Polytetrafluoroethylene (PTFE) membrane

One of the most popular substrates for fabricating thin single-surface solar evaporators is
PTFE membrane. PTFE membrane possesses characteristics like acid-alkali resistance
properties, mechanical strength, flexibility, and thermostability which make it suitable for
constructing solar evaporators [159]. Chang et al. fabricated a thin single-surface solar
absorber by coating metallic MoO, nanospheres on hydrophilic PTFE membrane using an in
situ solvothermal deposition method, that has a water evaporation efficiency of 91% under 1
sun illumination [159]. This evaporator can work in harsh environments like acid, base
solutions, and high-concentration seawater. Chang et al. also fabricated a solar evaporator by
using flow through method to deposit a thin layer of solar absorbing hydrophobic W1gOaug
mesocrystal on a PTFE substrate that showed water evaporation efficiency of 82% under 1
sun [146]. For making membrane-based evaporators generally photothermal materials are
deposited on the substrate by different filtration methods or by coating. Jiang et al. developed
a solar evaporator by spray coating MoS2/LaF3/PDMS ink onto a commercial PTFE
membrane that can provide 1.76 kg m2h?' water evaporation rate and 91% light-to-heat
conversion efficiency under 1 sun with good thermal stability [160]. Lu et al. made an
evaporator by coating molybdenum oxides hierarchical nanostructure on hydrophilic PTFE
membrane which achieved an evaporation rate and efficiency of 1.255 kg m2h? and 85.6%

under 1 sun respectively [161]. Hydrophobic PTFE membranes can also be used as a
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substrate of a solar evaporator [162,163]. Polydopamine (pDA) can be used to increase the
hydrophilicity of the solar evaporator as it contains abundant hydrophilic catechol and amine
functional groups [162]. pDA is also known for its good biocompatibility, high photothermal

conversion efficiency and broad light absorption capability [164].

Polyvinylidene fluoride (PVDF)

Another popular material for fabricating thin solar evaporators is Polyvinylidene Fluoride
(PVDF) membrane. PVDF membrane demonstrates good mechanical strength, chemical
resistance, and thermal stability [165] which makes it an excellent substrate for fabricating
solar evaporators. PVDF membrane can be either hydrophobic or hydrophilic. In recent times,
many PVDF membrane-based thin surface evaporators have been investigated [147,166—
170]. In order to create a membrane-based evaporator, photothermal materials can either be
combined with PVDF solution [167] or directly deposited on a PVDF filter membrane through
filtration [147]. Another approach for creating a thin single-surface solar evaporator using a
PVDF is electrospinning. Moreover, PVDF membrane has piezoelectric properties that can be
utilized for power generation in addition to steam generation. Huang et al. employed a solution
casting method to fabricate PVDF/Graphene membrane (a membrane-based evaporator) for
simultaneous vapor and electricity generation [171]. The evaporator generated water at the
rate of 1.2 kg m?h? with 84% efficiency. Because of Graphene addition, PVDF crystal is
transformed from the a-phase to the piezoelectric self-assembly B-phase and hence this
PVDF/Graphene membrane is also capable of giving an output voltage of 2.6 V and energy
density of 2.11 Wm2 for 1 Hz simulated waves. For preparing a membrane-based solar
evaporator, Tessema et al. prepared a solution mixing CsxWOz;@g-CsN., DMF and PVDF and
spun it into fiber membranes which showed an evaporation efficiency of 95.4% [170].
Electrospinning method was also adopted by Chen et al. to make a Janus PPy-SiO,@PAN/F-
SiO,@PVDF-HFP membrane-based evaporator that delivered solar energy utilization
efficiency of approximately 92.2% [168]. Huang et al. adopted a relatively complex fabrication

method to make PDMS/CNT/PVDF membrane-based evaporator of productivity 1.43 kg m2h
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1. where electrospinning method was applied to construct the bottom PVDF layer, spray

coating to make the middle CNT layer and dipping method to make the top PDMS layer [169].
Paper

Paper has also been used as a substrate to make thin-film solar evaporators with good
performance. The strong hydrophilicity and low thermal conductivity of filter papers make them
suitable substrates for fabricating an evaporator [172]. Zhang et al. have developed a GO-
CNT/paper membrane evaporator that shows high evaporation rate of 2.1 kg m= h under
one sun illumination [119]. By adhering CTGS film to the surface of conventional A4 printing
paper, Shan et al. created CTGS/Paper membrane solar evaporator and under 1 sun
ilumination, this evaporator showed water evaporation rate and efficiency of 1.53 kg m2?h?
and 95.9%, respectively [173]. Using the vacuum filtration method, Cheng et al. fabricated an
rGO composite membrane with filter paper and developed a simple composite-enhanced
system (CES) that achieved an evaporation rate and efficiency of 1.37 kg m2h* and 85.6%
respectively under 1 sun [127]. They have used a polyurethane foam (for heat insulation)
beneath the rGO membrane and cut the membrane in flower shape to fold it around the foam
for creating water transport path as shown in Fig. 6b. The SEM image of blank filter paper
(Fig. 6c¢ (i,ii)) and rGO membrane (Fig. 6c (iii,iv)) shows the change in morphology of filter
paper before and after rGO coating. From the thermal distribution shown in Fig. 6d, it's clear
that the system with insulator (CES) reduces heat loss from evaporator to water and only the
top surface was heated due to solar illumination. Zhang et al. deposited polymerized
Polypyrrole (PPy) on the surface of a filter paper to fabricate a black membrane that showed
a high solar-to-vapor conversion efficiency of 95.6% under 4 sun irradiation [172]. To create
an integrated evaporation device (maximum thermal conversion efficiency of 88.1% under 1
sun), Guo et al. loaded filter paper with a CNT-based solution using a spin coating procedure

and sprayed polyurethane foam at one side of the membrane and solidified it [150].
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Cotton fabric

Cotton fabric (CF) is a type of natural polysaccharide porous material with great stability and
hydrophilicity, and it has humerous uses in the textile industry. It is possible to manufacture
CF on a wide scale at a reasonable cost and can be reused after washing repeatedly [174—
177]. Therefore, the salts deposited on the evaporator during desalination can be easily
removed if the photothermal materials are bonded strongly with cotton fabric. In addition, it is
possible to modify the cellulose-made CF with some nanomaterials and react with oxidizing
agents [175]. Due to these qualities, Cotton fabric is another suitable substrate for making thin
single-surface evaporators. By dipping cotton cloth in a carbonized carrot powder dispersion
and dropping Nafion on one side, Qin et al. created a Janus hybrid evaporator for solar steam
generation that exhibits an evaporation rate of 1.88 kg m2h for clean water and 1.52 kg m-
2h1 for seawater under one sun [178]. Wang et al. fabricated a MXene/CNT/Cotton fabric
multi-layer evaporator by dip coating cotton fabric in MXene and CNT solutions repeatedly
that exhibited evaporation rates of 1.35 kg m2h? for water and >1.16 kg m2h? for textile
wastewater under 1 sun illumination [177]. Li et al. constructed a fabric utilizing electro-
spraying PVDF-HFP on one side of the cotton fabric which showed tunable water delivery
(TWD) property and then dip-coated the constructed fabric with carbon black dispersion to
make a solar evaporator that can float on water with the help of cotton fabric wrapped
Polystyrene (PS) foam (as shown in Fig. 6e) and showed vapor conversion efficiency and
evaporation rate of 88.9% and 1.33 kg mh! respectively [153]. Here the cotton fabric around
the PS foam worked as a water transport route. The surface morphologies of Cotton fabric,
TWD fabric and coated TWD fabric are shown in Fig. 6f. From the thermal image (Fig. 6g) it
can be said that only one surface was heated due to solar illumination. The use of PS foam
not only serves as a support to keep the thin evaporator afloat in water but also serves to
physically isolate the photothermal conversion layer from bulk water to reduce heat loss
[151,175]. Qi et al. also utilized PS foam as support material to hold a multi-layer cotton fabric

(MWCNTs-COOH/BN-PDA/CF) based evaporator on water and used cotton yarns as water
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supply channels and the system shows evaporation rate of 1.55 kg m2h* under 1 sun [151].
Xiong et al. fabricate a flexible and washable solar evaporator by chemically depositing
hierarchical MnO; nanosheets on cotton fabric that exhibited a water evaporation rate of 1.40
kg m2h? with a photothermal conversion efficiency of 87.48% under 1 sun illumination [175].
Chen et al. synthesized NiFe204-NiAl-LDH-ACC by incorporating activated carbon cloth
(ACC) and using a hydrothermal method and demonstrated its application as a solar
evaporator [152]. A cheap solar evaporator (cost< $1 per m?) was prepared by Gao et al. by

capturing candle soot using wet cotton fabric [179].

Apart from these activated pulverized coal-based membrane (APC) derived from activated
pulverized coal and filter membrane [180], self-assembled Fe;0.@C film [181], rtGO/PS@PSf
and CB/rGO/PS@PST fabricated by coating rGO/PS and CB/rGO/PS microspheres on
polysulfone (PSf) membrane [145], etc. are also can be considered as single surface thin solar

evaporator.
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2.2.1.2. Thick single-surface solar evaporators

Normally the thick solar evaporators are fabricated using porous materials like different types
of sponges, foam, wood, etc. Porous materials are generally used to transport water at the
heat-localized area of the evaporator by capillary action. Moreover, porous structures have
the capacity to trap light, store heat, and reduce heat loss. Generally, in the case of single-
surface thick evaporators, only one surface floats above the water and participates in light

absorption and vapor release as shown in Fig. 7a.
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Wood

Wood has a natural hierarchical porous structure and through its natural microchannels wood
can transport water by capillary force. Naturally wood can absorb water. Moreover, wood is a
good heat insulator and has excellent thermal stability, floatability, and biocompatibility which
makes it an excellent substrate for fabricating solar evaporators. Wood, however, does not
effectively absorb light, which results in a low photothermal conversion for heating water [182].
To maintain the internal microchannels for water transportation, wood is generally cut
horizontally to its growth direction for making solar evaporators. Wood-based evaporators are
often prepared by following two approaches: (1) carbonization, and (2) photothermal materials
insertion. Yang et al. deposited polydopamine (PDA) and Ag nano particles on natural wood
by immersing a wood block in chemical solutions to a depth of 2 mm [183]. The prepared
evaporator showed fast photothermal response due to the synergistic photothermal effect
between PDA and Ag nanoparticles (as shown in Fig. 7b) and showed high evaporation rate
of 1.58 kg m~2 h™* under 1 sun. Song et al. fabricated a single-surface solar evaporator by
decorating a thin layer of Fe;O./polyvinyl alcohol (PVA) on a delignified wood surface that
demonstrated an evaporation rate of 1.3 kg m~2 h™* and conversion efficiency of 73% [106].
The delignification technique improved the wood structure's ability to transmit water while
reducing thermal conductivity and heat loss. Carbon nanotubes decorated delignified wood
and natural wood were employed by Yuming et al. for solar evaporation [184]. They discovered
that under ambient sunshine, the interfacial solar steam generation efficiency of carbon
nanotube-delignified wood is 20% higher than carbon nanotube-natural wood. The
evaporation efficiencies of carbon nanotube-delignified wood and carbon nanotube-natural
wood were 73% and 60%, respectively, and were 12% and 18% higher than those of wood
alone. This increase in efficiency occurs as after the delignification process, the cell walls
develop enormous micropores that speed up water transportation to the top surface and
facilitate evaporation. After carbonizing different types of wood with varying thicknesses and

utilizing them for solar evaporation, Jia et al. concluded that though decreasing thickness
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increases evaporation rate, it increases heat loss as well due to a decrease in thermal
confinement ability [185]. Yu et al. utilizes hot plate carbonization technique to prepare wood
based solar evaporator of different thicknesses and claimed that thickness of 22 mm can
provide highest evaporation rate of 6.89 kg m2h* under 5 sun with an efficiency of 87.7%
[134]. To make a self-regenerating solar evaporator Kuang et al. drilled some holes in a wood
substrate and carbonized one surface to absorb sunlight, which demonstrated an efficiency of
about 75% under 1 sun when placed on 20 wt% NaCl concentrated salt solution [186]. Xue et
al. carbonized wood by alcohol flame and claimed that incomplete combustion of alcohol
facilitates the deposition of carbon nanoparticles on flame-treated wood (shown in Fig. 7c)
and hence increased its light absorption capability [132]. The prepared flame-treated solar
evaporator showed high solar thermal efficiency (nearly 72% under 1 sun). The top and cross-
sectional view (Fig. 7c (iii, iv)) show the porous structure and internal microchannels of flame
treated wood. The SEM images (Fig. 7c (v and vi)) show the apparently deposited carbon
nanoparticles on the inner walls surface and the morphology of deposited carbon
nanoparticles. From the IR image shown in Fig. 7d it can be said that heat is localized on the
top surface of the evaporator. In order to create a solar evaporator that can operate for a long
time in saline water, Jang et al. employed a CO laser to create a graphitic carbon layer on
the surface of basswood [133]. Kim et al. created a low-cost photo absorber utilizing used
coffee grounds and coated it on wood to make a solar evaporator [184]. The photo absorber
successfully absorbed 91% of sunlight. With excellent photothermal and antifouling
capabilities, the ball-milled activated waste coffee grounds-wood evaporator demonstrated an
evaporation rate of 1.45 kg m 2 h-* under 1 sun. By carbonizing a longitudinal wood surface,
Liu et al. created a solar evaporator of reverse-tree design [184,187]. In a reverse tree design,
a wood substrate is achieved by cutting the natural tree parallel to the growth direction and
water transportation occurs through the pits of the natural microchannels rather than vessels
and tracheid of wood. The evaporator showed a solar-to-thermal efficiency of 89% under 10
suns because of the broad-band sunlight absorption by carbonized surface and the low heat

conductivity of longitudinal wood [187]. Luo et al. demonstrated the efficiency of various
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carbon-based photothermal materials coated wood in generating vapor [188]. Ghafurian et al.
prepared solar evaporators by incorporating different wood surface treatment techniques like
laser treatment, carbonization and gold coating [189]. Huang et al. prepared an evaporator
based on laser-induced graphene wood [190]. This evaporator was made up of three layers:
a bottom layer of super hydrophilic laser-induced graphene for rejecting lipophilic organic
molecules, a middle layer of wood for water transfer, and a hydrophobic top layer of laser-
induced graphene for preventing salt accumulation. The bottom layer of laser-induced
graphene contains oxygen functional groups, which greatly lessen bacterial biofouling and
wood decay. In addition, several plasmonic metallic nanoparticles (i.e., Pd, Pt, Ag, Au, etc.)
and semiconductor-based photothermal material (i.e., black TiO,C, NiO, WOsx nanorod,
MoS,, uFeSe;, etc.) coated wood substrates have been reported in the field of interfacial solar
steam generation [89,98,134,191-193]. Similar to wood substrates, several other bioderived
substrates (i.e., bamboo, jute stick, etc.) have been utilized to prepare solar evaporators by
incorporating both carbonization and photothermal material insertion techniques [194—196].
Sheng et al. made a plasmonic bamboo solar evaporator by decorating the cross-sectional
surface of the bamboo with metallic Pd nanoparticles [195]. Because of the plasma effect, this
plasmonic bamboo displayed a significant light absorption capability with a solar energy

conversion efficiency of 87% under the intensity of 10 suns.

Sponge

Different types of sponges are used to make thick single-surface solar evaporators due to their
porous structure and capability of absorbing water. Polyurethane (PU) sponge is considered
a very good thick substrate for fabricating solar evaporators as it has a porous structure with
many mass transfer channels and low thermal conductivity. Photothermal materials can be
either coated on sponges or incorporated during the fabrication of sponges to make a solar
evaporator. One of the potential materials to fabricate sponge-based solar evaporators is

Polydimethylsiloxane (PDMS) for its high flexibility and thermal stability [197]. Wang et al.

made a Janus, single surface thick solar evaporator by first by dip coating a polyurethane (PU)
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sponge in PDA solution and then coating PDMS on the top layer of the PDA/PU sponge [197].
This evaporator exhibits a water evaporation rate of 1.2—-3.1 kgm2h* (under 1 to 2.5 sun) with
a high solar conversion efficiency (above 90%). Due to the hydrophobic nature of PDMS, the
hydrophobicity-induced interfacial layer (top layer) above the water surface functions as an
effective light absorber, photothermal converter, and salt rejector, while the hydrophilic bottom
layer (PDA/PU) is responsible for effective heat localization and continuous water supply. By
embedding porphyrin/aniline-based conjugated microporous polymers on PU sponges using
a dip coating approach, Shi et al. created conjugated microporous polymer sponges, which
exhibit a seawater evaporation rate and solar thermal conversion efficiency of 1.33 kg m2h?
and 86.3% respectively [198]. Tsang's group prepared a thick multiple-surface solar
evaporator in which a PU sponge is used as a supporting substrate to keep the evaporator
floating on water and to induce faster water transportation to the top surface of the evaporator
[114]. This evaporator provided a water evaporation rate and efficiency of 1.3 kg m2h*and
78.5% respectively under 1 sun. A thermal-responsive PDMS/CNT-PNIPAM sponge was
fabricated by Cai et al. which demonstrated seawater evaporation rate of 1.66 kg m2h*under
1 sun [199]. Through thermo-controlled reversible switching wettability, this single-surface,
smart sponge-based evaporator can achieve oil directional transport and automatically control
desorption. Moreover, effective, and continuous evaporation was produced by the synergistic
combination of high light-to-heat conversion capacity and superior salt resistance. Apart from
these, several other sponges (i.e., commercial sponge [200], carbon sponge [201],
lignocellulose-based sponge [202] etc.) have been reported for constructing solar steam
generating devices. Recently, nature-derived loofah sponge has also gained attention for
fabricating bio-derived solar evaporators due to its fibrous structure, low thermal conductivity,
cost-effectiveness, and biocompatibility [203,204].

Foams

Foams are often considered as outstanding substrates for fabricating solar evaporators due

to their microporous structure, low cost, chemical stability, and low thermal conductivity. A
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hierarchical graphene foam was fabricated by Ren et al. by using Ni foam as substrate and
growing a vertical graphene nanoplate array on the substrate by plasma-enhanced chemical
vapor deposition growth method, which exhibited solar vapor conversion efficiency above 90%
for seawater desalination [116]. Nickel foam [205] and copper foam [206] are generally used
as supporting substrates for photothermal materials due to their strong structure and cost-
effectiveness. Gao et al. synthesized one dimensional CuO nanowire and two-dimensional
graphdiyne on copper foam for solar steam generation application which shows photothermal
conversion efficiency of 91% [206]. The Cu foam act as a supporting structure and the CuO
nanowires were responsible for solar absorption whereas the graphdiyne traps light by its
structure and further increases the broadband light absorption capability of the solar absorbing
surface by its intrinsic narrow bandgap. Except these for having special features like porous
structure, mechanical, chemical, and thermal stability monolithic polymer-based foam has also
been used as a substrate for solar evaporators [155,207,208]. He et al. utilized a polypyrrole
(PPy) coated monolithic porous foam to evaporate water [209]. The evaporator can float on
water keeping only one surface at air water interface as shown in Fig. 7f. The thermal image
Fig. 7g also shows that heat is concentrated only on the top surface of the evaporator. Chen
et al. fabricated durable monolithic polymer foam that shows an evaporation rate and efficiency
of 1.1687 kg m2h"*and 80.5% respectively under 1 sun [155]. In addition to these, bio-derived
foam [210,211], melamine derived foam [212] are also used for fabricating thick solar
evaporators.

Hydrogels and Aerogel

Solar evaporator prepared by using polymeric material-based substrates like hydrogels [213—
217] and aerogels [157,218-223] shows very high evaporation rate due to their super
hydrophilicity, porous structure, and increased exposed surface area of evaporation
[122,125,215,224-230]. In most cases, photothermal materials are incorporated with

polymeric materials to produce hydrogel and aerogel-based thick solar evaporators. The

presence of hydrogel in water generates three types of water due to polymer-water interaction,
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which are known as free water, bound water, and intermediate water. Hydrogels create strong
bond with water molecules by their polar functional groups (present in their hydrophilic
polymeric chain) and create bound water (BW), intermediate water (IW) adjacent to bound
water, and free water (no interaction with polymer chains). Compared to bulk water, less
energy is required for the IW (as it interacts with fewer water molecules) to escape from the
liquid surface by breaking the hydrogen bond [231,232]. Therefore, hydrogel-based solar
evaporators may give a higher evaporation rate by reducing the enthalpy of vaporization of
water. The amount of generated IW in the presence of hydrogel can be detected by Raman
spectra [233,234]. Generally, The Raman peak appear near 3475 cm™* and 3570 cm™ for
weakly Hydrogen bonded IW [234]. The proportion of IW, BW, and free water can also be
measured from DSC measurement [233,235]. The equivalent evaporation enthalpy can be
estimated by comparing the mass loss of water with mass loss of water in the presence of
hydrogel under the same environmental condition (i.e., humidity, temperature) for the same
surface area under the same power input (generally dark evaporation rate is measured) by
the following equation [235-237].

Ui = AHwx my = AHwh X Myn (1)

Where U; = Power input, AH,, = Evaporation enthalpy for bulk water AH.» = Evaporation
enthalpy of water in the presence of hydrogel, m,, = Dark evaporation rate for bulk water, my

= Dark evaporation rate for water in the presence of hydrogel

Zhou et al. prepared a hydrogel for wastewater treatment utilizing polyvinyl alcohol (PVA) and
polystyrene sulfonate (PSS) to create a framework of two different polymeric chains and
activated carbon as photothermal material which showed an evaporation rate of 3.86 kg m?
hl with an energy efficiency of nearly 92% under 1 sun [235]. Xu et al. prepared a solar
evaporator by utilizing starch as a cost-effective bio-hydrogel substrate and carbon nanotube
as photothermal materials that shows an evaporation rate and efficiency of 2.77 kg m2 h* and

88% under 1 sun [235]. Saleque et al. constructed a light-trapping textured bio-hydrogel using
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agar-agar powder that generates seawater evaporation rate of 2.851 kg m2h? with an
efficiency of 91.17% under 1 sun illumination [238]. Except these Mao et al. fabricated a
cryotropic hydrogel-based evaporator that shows the presence of 67% intermediate water
content and a very high evaporation rate of 3.59 kg m2h*under 1 sun illumination [239].
Aerogels are also very popular in the field of solar evaporators due to their porous structure,
hydrophilicity, very low density, and low thermal conductivity. Gu et al. fabricated an integrated
photothermal non-toxic aerogel with chitosan as a base and carbonized pomelo peel as solar
absorbing material to make a solar evaporator that gives an evaporation rate of 1.78 kg m2h-
Lunder 1 sun illumination [157]. Wen et al. fabricated a polypyrrole-based Janus aerogel for
solar steam generation utilizing PVA as a base (for forming aerogel structure) which shows
evaporation rate and efficiency of 1.68 kg m2h*and 94.7% under 1 sun due to the reduced

vaporization enthalpy [240].
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Fig. 7. Single surface evaporator (thick): (a) Schematic illustration of thick single surface
evaporator (b) Schematics showing the synergistic photothermal effect of Ag nanoparticles
and PDA coated on thick wood substrate[183]. Copyright 2020 American Chemical Society.
(c) Flame-treated wood as a single surface thick evaporator (i) digital image of flame-treated
wood (i) Schematic inner structure of flame-treated wood, SEM image of (iii) top, (iv) cross-
sectional and (v) inner pores of flame treated wood (vi) morphology of deposited carbon
nanoparticles and (d) thermal image of the evaporator under different solar illumination [132].
Copyright 2017 American Chemical Society. Schematics of (f) polypyrrole-coated
monolithic porous foam for ISSG with a digital image showing its self-floating capability and
(g) thermal image showing the temperature distribution of this thick single surface evaporator
at different solar irradiation [209]. Copyright 2019 Elsevier.
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2.2.2. Multiple surface solar evaporator

Multiple surface solar evaporators are generally fabricated using thick substrates. The
substrate materials are similar to single-surface solar evaporators. The only difference is that,
in the case of multiple surfaces, a significant area of the solar evaporators is kept above water
as shown in Fig. 8a. Therefore, a large surface area (for spherical structures) or more than
one surface area (for structures like cylindrical, conic, bar, etc) contributes to absorb energy
and release vapor. The whole vapor releasing area can be divided into two regions or
surfaces: hot solar absorbing region/surface and comparatively cool environmental energy
gain region/surface. These types of evaporators can track the sun and absorb light from a
broad range of light incident angles. The evaporation rate in the presence of these evaporators
is higher for their high evaporation area index (EAI). EAI can be denoted as the ratio of the

total evaporative surface area to the projected ground area [241,242].

Total surface area

EAl = Projected area (2)
Hence, for a multiple-surface cylindrical solar evaporator the EAI can be calculated as
2 | rdn
-+ 4h
EAI = ‘:TT =1+ = (3)
4

Where, d = diameter and h = effective height of the cylinder. Hence by increasing the height
of the cylinder, the EAI can be increased which will lead to a higher evaporation rate. Finnerty
et al. demonstrated that by increasing EAI of an evaporator from 1 to 70, the evaporation rate
can be increased from 1.8 kg m=h to 34.7 kg mh [241]. It should be noted that an Increase
in EAI or increase in height not only increase vapor generation but also increases the Dark
evaporation rate (as shown in Fig. 8b and 8c). Multiple surface solar evaporators of unique
shapes have more area for releasing vapor and can harvest energy from the environment
(Fig. 8g) and use that energy for vapor generation. Researchers have denoted this
phenomenon as energy gain [37,38]. In multiple surface evaporator the temperature of the top
surface is often higher than the side surface and most of the time the temperature of the side

surface remains close to/lower than environmental temperature (Fig. 8d, 8e). The temperature
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of the side surface decreases with increasing height and the environmental energy gain
increases as shown in Fig. 8e and Fig. 8f. During the evaporation of water, the light of same
intensity may not reach to every surface of the multiple-surface evaporator. Moreover, some
areas of the evaporator may remain under shade, which can be considered as unexposed
areas. The unexposed area is more obvious for multiple surface evaporators while light is
projected on the evaporator from different angles as shown in Fig. 8h. Study shows that [114]
the temperature of the unexposed area is lower than the environmental temperature as shown
in Fig. 8i. This happens as the heat absorbed from the environment is used for evaporating
water which reduces the surface temperature of light unexposed areas. Energy l0ss (Q;,ss) 1O

the environment from the hot surface and energy gain (Qg4qin) from the environment at cold

surface can be calculated by following equations [37,38] :

Qioss = —Aph(Ty —Ty) — ‘;—‘O-‘Llh(T;LL - T;) 4)
Qgain = —A(T, —T,) — edA(T¢ — T3) )
Here,

Ap, = Area of the hot region of the evaporating surface, A, = Area of the cold region of the
evaporating surface, T, = Average temperature of the hot region of the evaporating surface,
T, = Average temperature of the cold region of the evaporating surface, By adding Q,,ss and

Qgqin the overall heat loss or heat gain can be calculated.

Hence, creating multiple surface evaporators is a very effective strategy to increase the
evaporation rate and efficiency of solar evaporator throughout the day [36,114,213,243—
246]. Tang et al. achieved a low latent heat for a solar evaporator by regulating the
hydrophilicity of the surface of burnt wood and make a multiple surface evaporator by tuning
the height of the cylindrical shaped wood-based evaporator above the water surface [247].
The side surface of the evaporator contributed to the evaporation process by harvesting
environmental energy for which the evaporation rate reached up to 3.91 kg m™2 h™%. Xu et al.

reported an interesting all-in-one polymer sponge composite multiple surface evaporator for
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simultaneous ISSG based desalination and electricity generation [246]. They made PVA
(polyvinyl alcohol) sponges compounded with poly (3,4- ethylenedioxythiophene):poly(styrene
sulfonate) and carbon nanotubes. This sponge composite had a hierarchical porous structure
and demonstrated high light absorption as well as strong anti-salt fouling capability. Because
of the increased evaporating surface area and the low evaporation enthalpy, this evaporator
showed a high evaporation rate of 6.8 kg m? h' and an excellent evaporation efficiency of
94.9% under one sun. Moreover, a steady voltage of 117.8 mV is produced by the high-flux,
directional saltwater flow caused by evaporation via the ionic channels of the sponges. Wang
et al. fabricated a multiple surface evaporator utilizing an interpenetrating network sponge (a
chitosan/gelatine-based sponge incorporated with melanin-coated titania hollow
nanospheres) from natural polymer chitosan and gelatine for solar-driven wastewater
treatment [248]. Due to the presence of hydrophilic hierarchical vertical channels in the
sponge, the evaporator showed excellent water transportation capability. Moreover, the
evaporator showed antibacterial properties for the formation of biofilm. Li et al. developed a
central hollow cylinder of reduced graphene oxide (RGO) foam with radially and vertically
oriented channels for effectively evaporating and purifying water using ISSG technique [244].
The channels with radial orientation transport water and transfer heat in radial direction in
order to utilize the heat accumulated by the central hole of the foam, whereas the channels
with vertical orientation facilitate transportation of water to the top surface of the evaporator.
The foam's central hole accelerates the evaporation of water by accumulating more heat, and
the newly formed inner sidewall that results from the hole can absorb additional thermal energy
from the environment in a similar way to the foam's outer sidewall due to the surface cooling
effect of the water evaporation. Because of these factors, this multiple-surface RGO foam
evaporator produced a high solar steam generation rate of 2.32 kg m~2h* with an excellent
energy conversion efficiency of 120.9% under 1-sun illumination. Anukunwithaya et al.
demonstrated a bio-based thick multiple surface sponge evaporator (aerogel) with a tunable

porous structure fabricated with chitosan (CS), agarose (Aga) and multiwalled carbon
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Fig. 8: Multi-surface evaporator: (a) Schematics showing the hot surface and cold surface of
the evaporators. With different heights of the evaporator (b) mass change over time (c)
evaporation rate under dark and 1 sun (d) IR image showing temperature distribution (e)
temperature of sidewall and the top surface (f) net input energy (g) schematics showing energy
gain and steam escape [249]. Copyright 2023 American Chemical Society. For different
light incident angles (h) Schematics showing light absorption by evaporator (i) thermal image
showing temperature distribution [114].Copyright 2022 American Chemical Society.
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nanotubes (MW) [250]. The sponge evaporator was constructed by applying mechanical
blending followed by freeze-casting and drying, yielding a monolithic aerogel structure. By
varying the CS to Aga ratio, the pore structures of the sponge can be tuned. Moreover, they
have tested the performance of the solar evaporator for both single-surface and multiple-
surface structures by adjusting the height of the device above the water reservoir surface. The
evaporator showed excellent evaporation rates of 2.24 kg m2h* and 3.07 kg m~h* for 30 mm
and 60 mm height respectively which are beyond the theoretical limit for conventional 2D
evaporators. However, they have also demonstrated that salt accumulation increases with the
increase in height of the evaporator above water. Chen et al. fabricated a multiple-surface
hydrogel bar using an industrial carbon nanotube and polyacrylamide for solar steam
generation and demonstrated a maximum evaporation rate of 62.26 kg m2h*for a 25 cm long
bar [242]. They have demonstrated that the evaporation rate can be increased to 72.28 kg m-
2h1 by increasing the bar size to 35 cm long and by introducing a downward water supply
where instead of capillary force, gravitational force is used to push water through the hydrogel
bar. They have further demonstrated that if multiple bars are utilized, a proper distance is
required to be maintained between two bars for efficient utilization of thermal energy from the
environment or else the evaporation rate will decrease. For multiple bar system the maximum

evaporation rate of 12.22 kg mh*was obtained.
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Table 1: Performance comparison of different low dimensional photothermal material-based solar evaporators.

. Solar
Photothermal Efficiency Evaporation irradiation Type of Claimed Absorbance Structure of the
- Substrate rate - . Ref.
material (%) -1 (lsun=1 water behavior (%) evaporator
(kg m*h) 2
kWm-)
WOs.xNanorod Natural wood 82.5 1.28 1 Sun Seawater Plasmonic 94 Sln(_z!rehiscukr)face [193]
Poly (vinyl
alcohol)/Polyacrylami Plasmonic + .
rGO/Cu7.2S4 de (PVAIPAM) 96.65 2.19 1 Sun Seawater Carbon - Multiple surface [122]
hydrogel
LaNiOs Cellulose membrane 96 2.3 1 Sun Seawater Metallic - Multiple surface [251]
Helical networks of
Au-CuS Nps gyroid photonic 88.8 154 1Sun Water Plasmonic - Single surface [105]
crystals from the wing (Thin)
of butterfly
Hydrophilic
SiO2/MXene poly(tetrafluoroethyle Distilled . Single surface
(nanosheets) ne) (HPTFE) 85.6 1.53 1 Sun Water Plasmonic 93 (Thin) [148]
membrane
Temary PUAUITIO, Wood 90.4 - 10 Suns Water Plasmonic - Single surface [192]
(nanoparticles) (Thick)
ki . 93 Single surface
and protonated g- Natural latex foam 93.5 1.85 1 Sun Water Metallic (Thick) [252]
CsN4 nanosheets
GO/MXene Polytetrafluoroethylen . ) Single surface
(TisC2TX) e (PTFE) 90.7 1.27 1 Sun Water Carbon + Metallic (Thick) [253]
90.4
(water)
MXene Kapok fiber 82.87% 1.47 (Wa_ter) Water/oily . 97 Single surface
’ X 1.40 (oily 1 Sun Metallic - [254]
(TisC2Tx) (oily wastewater (Thick)
wastewater)
wastewater
)
Ag@MXene .
(TisC2T) Polyacrylonitrile 92.4 2.08 1Sun Water Metallic 93 S'”g('mﬁ;face [255]
Cellulose Acetate 97
MXene (TisC2Tx) fiber-based cigarette 132.9 3.38 1 Sun Water Metallic Multiple surface [256]
filter
MXene(TisC2Tx) Cotton fabric 88.2 1.35 (water) 1 Sun Water_ and Carbon + Metallic 93.5 Single §urface [177]
/ICNT textile (Thin)
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1.16-1.27 wastewater
(textile
Wastewater)
. Montmorillonite . Single surface
MXene (TisC2Tx) (MMT) gel 93.7 1.36 1 Sun Seawater Metallic >94 (Thick) [257]
. Montmorillonite . Single surface
MXene (TisC2Tx) (MMT) 84.86 1.22 1 Sun Water Metallic 84 (Thin) [258]
MXene (TisC2Tx) Polyimide 81 14.4 4 Sun Water p';gitrilgﬁi-c - Multiple surface [259]
MXene (TisC2Tx) Cellulose 85.8 1.44 1sun Water Metalllc‘- 94.1 Single §urface [260]
plasmonic (Thin)
MXene (TisC2Tx) Cellulose 90.7 271 1 Sun Water pi}gitrilclnlﬁi-c 97 Multiple surface [228]
MXene (TisC2Tx) Cellulose Acetate 86.7 1.33 1 Sun Water Metallic 932 Slng(l_tla_hsiﬁ;face [261]
MXene (TizC2Tx) Cellulose Acetate 92.1 1.47 1 Sun Seawater Metallic - Smg(l_elz_hs;z;face [262]
. Polypropylene (PP) 94.3 1.67 1 Sun . . Single surface
MXene (TisC2Tx) filtration membrane 917 14.52 10 Sun water Metallic plasmonic 96 (Thin) [263]
88 (for
combined | 1.624 (Higher | 0.5 Sun light
' solar and than only 1 energy + 2.5 . .
MXene (TisC2Tx) wood clectrical Sun light V electrical water Metallic 99 Multiple surface [264]
energy energy input) supply
input)
WOsx Ni foam 88 15 1 Sun Seawater Semiconductor 95 Single _surface [265]
(Thick)
Vanadium dioxide, Caspian . Single surface
VO2(M) Poplar wood 75.60 3.63 3 Sun seawater Semiconductor - (Thick) [266]
nanoparticles
Seawater
obtained from
Rose Bay
Beach, 92 (dry
Mixed cellulose ester Sydney, as . state) Single surface
CuS/SnzS3 (MCE) membrane 82.93 1.42 1 Sun well as a Semiconductor 98 (wet (Thick) [267]
simulated state)
wastewater
containing
organic dyes
No substrate (PVDF - . Single surface
Black TiOz (BTiO2) binded film) 77.14 1.16 1 Sun Distilled water Semiconductor - (Thin) [268]
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) A net
Quartz glass_ fibrous efficiency Seawater . .
CuFeMnOas (QGF) filter close to 2.04 1 Sun (Red Sea) Semiconductor - Multiple surface [269]
membrane paper 100
Aluminophosphate Wood 90.8 1.423 1 Sun Seawater Semiconductor 98 Slnggllt_ahfcukr)face [270]
Simulated
sea water,
MnO water from
2 Chitosan 90.6 1.78 1 Sun Shahu Lake, Semiconductor 94 Multiple surface [226]
nanowires
Wuhan,
China, Oil
emulsions
(OX)%Z:I\?;S;TWCV Polymeriq . Single surface
. Polyacrylamide 91 14 1 Sun Water Semiconductor 90 . [229]
defect-rich HNb3Os (Thin)
(PAM)
Nanosheets)
Nearly 100
. (Internal) .
Ti203 Cellulose membrane 1.32 1 Sun Seawater Semiconductor 92.5 Single surface [271]
nanoparticles (Thin)
Nearly 92
(External)
CuFeS_ez Wood 86.2 6.6 5 Suns Water Semiconductor 99 Single §urface [98]
nanoparticles (Thick)
Hybrid compound
[Ni(Phen)s] Single surface
[V14034CIICI Mesoporous glass 1114 14.38 6 Suns Water Semiconductor - (Thin) [103]
cus Mixed cellulose ester 80 +- 2.5 Sinale surface
g (MCE) 1.12 1 Sun Water Semiconductor 85 ge s [272]
(thin films) (Thin)
membrane
CuO Polyvinyl alcohol/ . .
Chitosan (PVA/CS) 87.1 2.14 1 Sun Water Semiconductor 95 Multiple surface [230]
Commercial
00304@PD_A-rGO cellulose—cotton 107 3.71 1 Sun Pure water Semiconductor 96.4 Multiple surface [125]
(nanoparticles) sheet
MoS2/LaFs/PDMS Polytetrafluoroethylen
ink e (PTFE) membrane Single surface
(PDMS: 91 1.76 1 Sun DI water Semiconductor - (Thin) [160]
Polydimethylsiloxan
e)
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C0304/TiaC2 MXene Non-woven fabric 130.4 1.89 1Sun Pure water Semiconductor 94 Multiple surface [38]
composites
rGO (reduced . Single surface
Graphene Oxide) Filter paper 85.6 1.37 1 Sun water Carbon 88.3 (Thin) [127]
rGO/FEN'. Poplar Wood 98.36 419 3 Sun Seawater Carbon 96 Single §urface [126]
nanocomposites (Thick)
Mixed 2.282 g water Sinale surface
rGO cellulose esters 71.8+3 evaporated in 4 Sun water Carbon - g(Thin) [273]
(MCE) membrane 30 mins
. . 3.5wt% NacCl Single surface
Chinese ink Wood 74 1.6 1 Sun solution Carbon >98 (Thick) [274]
BiVO4-rGO Hydroiodic acid- Semiconductor . Single surface
composite based hydrogel 87 1.6 1 Sun water + Carbon (Thick) [275]
Melanin Aerogel composed of ;
nanoparticles + Sodium Alginate 93.9 2.64 1 Sun water Carbon - Sln%!?hfcukr)face [276]
rGO
Polydopamine (PDA) Single surface
Carbon b_Iack coated non-woven 915 1.68 1 Sun water Carbon 95.2 (Thin) [277]
nanoparticles :
fabric
Carbon Black CeIIquse/AIglnate 90.6 1.33 1 Sun water Carbon 97 Single §urface [225]
matrix (Thick)
rGO Polyurethane Foam 81 >11 10 Sun water Carbon - Sln%!?hfcukr)face [128]
Hyper-cross-linked Sinale surface
Carbon Black polymer (HCP) 88.4 1.43 1 Sun water Carbon 94 %Thick) [278]
[ C-[BzPy]Br-co-PhH]
GO Polyezgr/}\/:\cl))mtnle 92.63 2.27 1 Sun water Carbon - Multiple surface [279]
Aerogel composed of
3-
aminopropyltriethoxys Single surface
rGO ilane (KH550)- 89.13 1.4856 1 Sun water Carbon 93 (Thick) [280]
modified hollow glass
micro-spheres (HGM)
rGO Filter Paper fiber 89.2 1.14 1 Sun water Carbon - S|ng(l$;ﬁ;face [123]
Chinese ink wood 82.2 131 1Sun water Carbon =90 et [281]
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Single surface

Carbon black fiber Polyester cotton 98.6 1.48 1 Sun water Carbon 97 . [282]
(Thin)
Carbon Black Cloth cpmposeq of 83 1.24 1 Sun Pure water Carbon 94 Single §urface [283]
nanoparticles polymeric nanofibers (Thin)
Seawater .
rGO Plant fiber sponge 88.8 1.375 1 Sun from the Carbon 95.5 Sln%!lt_ahfcukr)face [284]
South China
MnO2
Nanowire + Polypyrrole coated Semiconductor + Single surface
reduced graphene aerogel 938 1.3542 1 Sun Water Carbon 100 (Thick) [285]
oxide
rGO Spacer fabric 86 1.4352 1 Sun Water Carbon ~ 88 Slng(!lt_ahfcukr)face [286]
rGO Melamine foam 92.9 1.476 1Sun Water Carbon 95 S'”%'Tehfcukr)face [124]
GO Polyester Fiber 81 1.3578 1 Sun Water Carbon 85 S'”%'Tehfcukr)face [287]
rGO Nickel foam 83.4 1.33 1 Sun Water Carbon 89 Slng(!lt_ahfcukr)face [205]
Commercial ink Filter paper 85.8 1.25 1 Sun Water Carbon 95 S'”g('ﬁhsiﬁ;face [288]
Commercial cotton 7.6 (absolute
rGO sheet 178.6 evaporation 1 Sun Water Carbon 97 Multiple surface [37]
rate)
Graphene Oxide Cargg):qlzgge%ecr)?gel Single surface
(GO) p 92 1.63 1 Sun Water Carbon > 94 9 [224]

Polyvinyl alcohol
(PVA)

(Thick)
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Table 2: Performance comparison of different biomass derived photothermal material-based solar evaporators.

. Solar . .
Photothermal Efficiency Evaporation irradiation Type of Clalmed_ beha"'°? Absorbance Structure of the
. Substrate o rate _ (plasmonic/ metallic/ o Ref.
material (%) 211 (1sun=1 water . (%) evaporator
(kg m2h1) 2 semiconductor)
kWm-)
Carbonized kelp Fiber cotton 84.8 1.351 1 Sun Water Carbon 93 S'”g('ﬁ’.hsi:‘];face [289]
Carbonized wood wood 87.7 6.89 5 Sun Water Carbon 97 S'”%'Tehfcukr)face [134]
Carbonized Corncob =132 4.16 1 Sun Water Carbon - Multiple surface [138]
corncob
Rice husk foam made
Carbonized rice of sodium dodecyl Single surface
husk foam sulfate, 1-dodecanol 71 1.0315 1 Sun DI Water Carbon 92 (Thick) [211]
and gum acacia
. L 96.5 .
Carbonized Citric acid treated Raw 89.3 1492 1Sun DI Water Carbon (300 — 1000 Single surface [290]
corn straws corn straws nm) (Thick)
95.5 (visible)
Carbonized Fresh daikon 85.9 1.57 1 Sun Water Carbon 93.5 Single surface [136]
daikon (near (Thick)
Infrared)
Carbonized 0.967 kg/m2 Single surface
sawdust Cellulose sponge 91.5 (45 minutes) 1 Sun Water Carbon 96.8 (Thick) [291]
Carbonized Ethanol trgated potato ) 318 1Sun Water Carbon ) Single _surface [292]
potato slice (Thick)
Carbonized Poplar wood 86.7 12.1 10 Sun Water Carbon 92 Single surface [185]
poplar wood (Thick)
Carbonized Lotus Single surface
Seedpod Lotus Seedpod 86.5 1.3 1 Sun Water Carbon 98 — 99 (Thick) [293]
CElie e NaOH treated Loofah 837 1.36 1 Sun Water Carbon 84 Single surface [294]
Loofah Sponge (Thick)
Fractal
e Single surface
pomelo peels with Pomelo peels 924 1.95 1 Sun Water Carbon 98 %Thick) [295]
Polypyrrole
nanowires
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Carbonized rice

3.5 wt% salt

Single surface

straw powder and Cellulose paper 75.8 1.2 1 Sun ater Carbon 89.4 (Thin) [296]
bacterial cellulose
Hydrogel composed of
carbonized rice husk,
Carbonized rice Acrylamide, 25 wt% salt Single surface
husk powder Methylenebisacrylamid e HSREDIS o water E2llieal it (Thin) 2]
e and sodium dodecyl
sulfate
PAM treated
carbonized Bamboo leaves 91.9 1.75 1 Sun Water Carbon 96.1 Multiple surface [298]
bamboo leaves
e IEE] Beef bone 80 1.82 1Sun Water Carbon 90.0-99.3 ol G liEee [299]
bone (Thick)
GBI Coconut fiber 90.2 15 1 Sun Water Carbon 87.3 ol G e [300]
coconut fiber (Thick)
Cattianieee Platanus fruit 81.3 2 1 sun Water Carbon 95.4 Multiple Surface |  [73]

platanus fruit
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3. Water transportation and thermal management techniques

For interfacial solar steam generation, it is very important to reduce heat loss to increase vapor
generation efficiency and hence, thermal management techniques play an important role in
this field. Sometimes, Heat loss depends on the type of water reservoirs. For example, the
solar evaporator can be placed on the top surface of open water or on the top surface of a
closed water reservoir like water tank [301]. If the water tank is designed with proper heat-
insulating material, heat loss to open water from evaporator will be reduced and therefore,
increase solar evaporation efficiency [301]. Almost all solar thermal evaporation systems
utilized some form of thermal management system and in the case of floated solar
evaporators, these systems can be classified as hydrophilic bilayer structures, structures with
dedicated water transport channels, and hanging structures [301]. The bilayer structure uses
two layers the top layer is used for the absorption of solar energy and the hydrophilic bottom
layer is used for thermal insulation, transportation of water, and keeping the evaporator afloat
on water [302]. In the case of a structure with a dedicated water transport channel, instead
of using the whole bottom layer for water transportation, some independent wicks [303] or
capillary tubes [123] are inserted through the floating heat insulator for water transportation,
which reduces heat conduction to the water from underneath the floating structure and thus
reduces heat loss. For hanging structures, the solar evaporator is kept hanging and the water
is supplied to the evaporator from both sides of the hanging structure [301,304]. The air gap
between the hanging structure and the water works as an insulator, which reduces heat loss.
Therefore, it can be said that the thermal management technique is influenced by the type of
water transport channels. Researchers have integrated 1D and 2D water channels into the
structure of solar evaporators to limit heat conduction loss and boost photothermal conversion
efficiency [228,305—-307]. Therefore, in general the water can be supplied to the evaporators
in 3 different ways: i) by direct water contact (Fig. 9a) ii) 1D water transport route (Fig. 9b)

and iii) 2D water transport route (Fig. 9c).
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Fig. 9. Water transport path and thermal management system. Schematic illustration of
evaporator with (a) direct water contact (b) 1D water transport route (c) 2D water transport
route. (d) Wood based evaporator with direct water contact [110]. Copyright 2017 American
Chemical Society. (e) Schematics of carbonized sunflower heads with 1D water transport
route showing the heat losses [131]. Copyright 2020 American Chemical Society (f) Solar
evaporator with 1D water transport route [308]. Copyright 2017 Oxford University Press
(g) evaporator with 2D water transport route with associate thermal management system
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[309]. Copyright 2023 National Academy of Science (h) Solar evaporator with 2D water
transport route from sunflower stalk [310]. Copyright 2021 American Chemical Society

The performance of the solar evaporator can be influenced by selecting a proper water
transport system. Sometimes for having the advantage of low thermal conductivity of the
supporting substrates, some thick solar evaporators (i.e., wood-based evaporators,
sponge/foam-based evaporators) are placed directly on the water as shown in Fig. 9d. The
thermal conductivity of the substrate determines the conductive heat loss from the evaporator
to bulk water during ISSG. A substrate with low thermal conductivity ensures heat localization
in a specific area by reducing heat loss from the hot surface of the evaporator and hence it is
a very important parameter. The thermal conductivity of a substrate depends on its moisture
content. For instance, the thermal conductivity of a flame-treated wood was recorded as 0.33
W m? K* and 0.54 W m? K* for dry and wet conditions [132]. For basswood, the thermal
conductivity was claimed to be 0.26 W m* K during dry conditions, which increases to 0.46
W m? Kt when it becomes wet [133]. A substrate is considered suitable to place directly on
water if its thermal conductivity is low. Therefore, sometimes sponge (thermal conductivity
nearly 0.644 W m™ K1) based solar evaporators are also placed directly on the water [199].
It is worth to be mentioned that the thermal conductivity of water is nearly around 0.6 W m* K-
11132,133,199]. However, heat loss by conduction from the evaporator to bulk water cannot
be entirely prevented if the solar evaporator is placed directly on the water, which leads to a

reduction in evaporation efficiency [307].

Therefore, to increase the efficiency it is better to keep the solar evaporator separated from
direct contact with bulk water by a heat insulator and to introduce 1D and 2D water transport
path for transferring water from bulk water body to solar evaporator. 1D water transport path
is inspired by nature, where a plant absorbs water using its roots and supplies it to its leaves
through a confined water transport path. This strategy is followed for solar evaporators with a
1D water transport channel where a hydrophilic material surrounded by heat-insulating

material is used to absorb water from the bulk water body and supply it to the evaporator. For
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example, Li et al. fabricated a 3D hollow cone shape solar evaporator and for water
transportation, they utilized a 6 cm long cotton rod supported by a polystyrene (PS) foam. The
cotton rod was inserted through the PS foam (as shown in Fig. 9f) and the overall system
demonstrated solar vapor efficiency above 85% under 1sun [308]. Sui et al. inserted a cotton
strip through a PS foam to supply water to a carbon black coated flower-like sponge-based
solar evaporator that demonstrated an evaporation rate of 2.31 kg m2h*under 1 sun [311].
the PS foam acted as a support structure as well as a heat insulator. Some researchers have
utilized the natural 1D water transport channel of natural biomass as a water transport route.
For example, Sun et al. utilized the stalk of sunflower as a 1D water transport route (Fig. 9e)
and demonstrated that a 3D structured solar evaporator can be prepared by carbonizing
sunflower head and the prepared evaporator with 1D water transport route can evaporate
water at 1.51 kg m2h rate under 1 sun [131]. Xu et al. utilizes the fibrous stripe of carbonized
mushroom surrounded by supporting foam as a quasi-water transport channel to supply water

to the carbonized mushroom-based solar evaporator [135].

For constructing a 2D water transport channel, a hydrophilic material is used to surround a
heat-insulating material. PS foam is a very popular heat-insulating body for its low thermal
conductivity (nearly 0.04 W m* K1) [312]. Li et al demonstrated that if a thin solar evaporator
is placed directly on the water the evaporation efficiency becomes poor [309]. To increase the
efficiency, they have constructed a 2D water transport route by wrapping a PS foam with a
hydrophilic cellulose-based material (as shown in Fig. 99) to supply water to the thin
evaporator (prepared by using graphene oxide as solar absorbing material) which
demonstrated efficiency near 80% under 1 sun [309]. Zhang et al. also used PS foam as a
heat-insulating material as well as a support structure and a microporous hydrophilic polyester
as a 2D water path for a solar evaporator that demonstrated an evaporation rate of 1.48 kg m-
2h-t and solar energy conversion efficiency of 98. 6% under 1 sun [282]. Liu et al. utilized a
cylindrical EPE (expanded polyethylene) foam as a heat-insulating body due to its low thermal

conductivity of 0.026 W m* K and utilized a hat shaped flame treated melamine foam to
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cover it to form a 2D water transport path and the system displays efficiency up to 87.9%
under 2 sun [313]. Peng et al. has wrapped a polyethylene-covered cellulose aerogel with a
treated hydrophobic soot-coated cloth and hydrophilic pristine cloth bilayer to prepare a Janus
solar evaporator with 2D water transport route for seawater desalination application [305]. Liu
et al. demonstrated 2D water transport route in sunflower stalk based solar evaporator (Fig.
9h) [310]. Except these heat insulators incorporated water transport routes; some other water
transport systems were investigated for ISSG where instead of transferring water from bulk
water body to evaporator by capillary effect, water is injected to the evaporator in a controlled
way which is sometimes commonly termed as injection based water transport system

[314,315].

The measurement of heat loss by conduction, convection, and radiation is important for
showing the effectiveness of the thermal management system. Moreover, it can be used to
validate the evaporation efficiency of the ISSG system as reduced heat loss means a gain in

evaporation efficiency.
Heat loss by conduction:

Energy loss due to heat conduction from the evaporator to water can be calculated using

temperature gradient and Fourier’s law.
AT
cona = kAT (11)

Where, k is the thermal conductivity of water and AL—T is the temperature gradient. So, the

percentage of conductive heat loss can be calculated using the following equation,

e (12)
Ncond = Aqs - as

qs = Incident solar flux per unit area.

Thermal conductivity of the substrate (i.e., wood, foam etc.) or the heat insulating materials

(used to separate the evaporator from direct contact with water) plays an important role to
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localize heat at the top solar absorbing surface and reduce heat loss by conduction. The rate
at which heat can transfer by conduction through a unit cross section area is known as thermal
conductivity. Thermal conductivity varies from material to material and can be measured by
laser flash method [316]. In this method, one side of the target sample is heated by
instantaneous laser pulse and a detector is used to log the response of temperature on the

other side to determine the thermal conductivity by the following equation,
A=apC

Where, a = thermal diffusivity along a particular direction, A1 = thermal conductivity, p =

density and C is the heat capacity.

One of the most used techniques is steady state method where the sample is sandwiched
between two quartz glasses and placed on the heating source [317,318]. This creates 3
interfaces, heating source-glassl, glassl-sample, and sample-glass2. The temperature
differences between the interfaces are measured and by using Fourier equation thermal

conductivity is measured.
dr
Q= -1

Where, Q is the heat transfer rate, dT = temperature difference between the interfaces and
dx = distance difference or thickness. If the thermal conductivity and thickness of the quartz
glass is known, the heat transfer rate (Q) can be calculated by measuring the temperature of
heating source-glassl and glassl-sample interfaces. Later, by using the temperatures of
glassl-sample, and sample-glass?2 interfaces the thermal conductivity of the target sample of

known thickness can be calculated.

Except that thermal conductivity of a material may be calculated from the DSC curve by using

following equation derived from Fourier’s law: [319]

Q = AT (6)
Here, A is the cross-sectional area of the sample and ATT is the temperature gradient.
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Hence

_ oL
T AAT (7)

The heat required to maintain the temperature gradient can be found from the difference

between DSC readings at two different temperatures (T,and T).
Q= H, — H (8)
Heat loss by convection:

From Newton’s law of cooling, the convective heat transfer loss from evaporator to air can be

measured by,

Geonv = Ah(Tyse — Ty) 9

Here, A = effective surface area (area above water) of the evaporation, h = Convective heat
transfer coefficient of air in natural convection, T,,, = Average temperature of the effective

surface of the evaporator, T, = Ambient temperature

The ratio of the energy losses caused by the convective heat transfer can be calculated by

the following equation.

AR(Tase=Tg)  h(Tase—=Ta)
Neonv = Z;es = ailes . (10)

Heat loss by radiation:

The energy loss due to thermal radiation from the surface of the evaporator can be calculated

using Stefan-Boltzmann’s equation:
Qrad = SAO_(T(fse - To?) (11)

Here, € = emissivity of the effective surface of the evaporator, which can be calculated using

following equations:

—1— _ 222 1) (-R())A
@=1-RM =T =m0, 500

f200

(12)
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 [RMPsum(Dar
& T Peunhar (13)

Here, a =solar absorptance, R(A) is the reflectivity function of the sample at different
wavelength, I(4) is the light intensity function of the solar spectrum at different wavelength
and T(A) is the transmitivity function of the sample at different wavelength. For non-

transparent sample T (1) can be considered 0.
The radiation loss rate can be calculated by:

_ £Aa(Tgse— Tg) _ €0 (Tase— Ta) (14)
Mrag =~ =
ds ds

Efficiency calculation

In an ISSG system the materials with photothermal conversion capability are used to convert
sunlight to heat energy. A part of the generated heat is used for producing water vapor and
the rest is lost in the form of heat by conduction, convection, and radiation. Total solar thermal

evaporation system efficiency can be calculated by [39]
I,
Nrsr = Nsr(1 - 7 (15)

Here, nrsr = Total conversion efficiency, ngr = Sunlight to heat conversion efficiency, T, =

Environment temperature, T, = Stable evaporation temperature.

cx [ dAa(DEs(D)— [ dAa(D)Eg(AT,)

Here, E, = Whole sunlight absorption, E; = Heat radiation loss, E; = Solar Irradiation,

Ex(4,T,) = Blackbody radiation at T,, C = Concentration factor,

The water evaporation rate, m, can be calculated by following equation:

m, ="k (17)
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Here, m;, is mass loss of water per hour due to evaporation and A is the area of evaporation

surface.

e = LG (18)
H,, = 191846 * 10° * [T,/T, — 33.91)? (19)
Q=cx*(Te—Ty) (20)

Here, m; = net evaporation rate (kg/m?),
mp = me— My (21)

mg = dark evaporation rate, E;,, = energy input of the incident light (kJ/m?h), H,, = is the latent
heat required for vaporization of water (J/kg), T, = is the average temperature of the solar
evaporation surface while evaporating water, Q = is the required heat for increasing the
temperature of water, ¢ = is the specific heat of water (4.2 J/gK), T,, = initial temperature of

top surface

4. Salt rejection mechanism

One of the biggest challenges of utilizing ISSG for seawater desalination is the growth of salt
crystal on the top of solar absorbing surface as salt crystals reflect light and reduce solar
absorbing capability of the evaporator. Moreover, the salt crystals block the internal
microchannels of the evaporators and affect water transportation. Hence, the accumulation of
salt crystals on the evaporator surface reduces the performance of the solar evaporator
significantly. Except that the growth of salt crystals may reduce the lifetime of the evaporator
by cracking the microchannels of the evaporator. Therefore, for desalination application solar
evaporators are designed in such a way so that the accumulated salt can be cleaned or
removed effortlessly. Researchers have proposed different types of evaporators with different
salt mitigation mechanisms to solve this issue.[320,321] Here some of the most commonly

used salt mitigation mechanisms will be discussed.
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4.1. Salt-ion diffusion

Salt-ion diffusion mechanism or natural salt diffusion is one of the most commonly used
techniques that depend on the microchannels and wettability of the substrate. During ISSG
the salt concentration of water at the top surface of the evaporator starts to increase due to
the vaporization of water at a higher rate in the presence of a light source, which gradually
leads to the formation of salt crystals. For some evaporators, this salt formation process is
slow, and in the absence of a light source when the vaporization of water stops, these salt
crystals start to dissolve and get back to the bulk water by the microchannels of the evaporator.
Zhu et al. demonstrated this kind of self-cleaning mechanism by fabricating a plasmonic wood-
based solar evaporator [61]. They have demonstrated that the accumulated salt (after 8 hours
of evaporation of saline water under 5 sun illumination) on the top surface of the evaporator
dissolved back into the water within 16 hours while the system was kept in dark condition. A
similar self-cleaning mechanism was demonstrated by Bian et al for a carbonized bamboo-
based 3D solar evaporator, where the accumulated salt (after 8 hours of evaporation of saline
water under 2 sun) dissolves back to water within 16 hours of no light condition due to efficient
water absorption and transportation capability of the evaporator [322].The evaporator
fabricated by Zhang et al. showed slightly better performance, where the accumulated salt
crystals were removed completely from the top solar absorbing surface within around 10 hours
due to the super wettability of the cellulose acetate/carbon black-based evaporator [323].
Tsang's group prepared a 3D solar evaporator using waste egg trays and tonner which has
also shown a salt ion diffusion mechanism due to wettability and high mass water absorbing
capacity of the evaporator [114]. Considering the practical scenario of day-night conditions,
this mechanism works well. However, this kind of self-cleaning mechanism is slow and may
cause a decrease in evaporation performance during long-time desalination in the presence
of the sun. To solve this issue Kuang et al. designed a self-regenerating solar evaporator that
can stop the growth of salt during the daytime by drilling some arrays of holes (diameter 1

mm) on the wood substrate [186]. The substrate has natural microchannels of nearly 12 pm
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and 50 um diameters with pits of 1 — 2 um diameter on their walls. The drilled wood was
carbonized to make a solar-absorbing surface. When the evaporator was kept on water, the
water flux in the drilled channel was higher than the natural microchannels following the fourth-
power relationship between the xylems channel radius and flow through a capillary tube [324].
Therefore, in the presence of light when the vaporization of seawater takes place, the salt
concentration of water becomes higher inside natural microchannels than drilled channels
which creates a lateral salt gradient. The natural microchannels of wood contain several
natural pits on their walls which facilitate lateral salt exchange between the microchannels and
drilled channels and later the salt goes back to bulk seawater using the drilled channel of large
diameter. This evaporator demonstrated excellent performance while evaporating 20 wt%
NaCl concentrated water under 1 sun and the evaporation performance remained stable for a
long period (over 100 h) of continuous operation as no growth of salt was observed during that
period. Ebrahimi et al. demonstrated that the self-cleaning of salt in the presence of drilled
channels can enhance the cycle life of the solar evaporator from 3 cycles to 11 cycles [325].
Zhang et al. incorporated the same salt mitigation mechanism for their solar evaporator by
drilling some holes in a wood substate and coating one surface with Chinese ink for absorbing
sunlight [274]. The effectiveness of drilled hole is demonstrated in Fig. 10a(i, ii and iii). For
this evaporator, no growth of salt was observed during the vaporization of 3.5 wt% NacCl

concentrated water under 1 sun after 2 hours of continuous operation [274].

4.2. Direct Salt-blocking by Janus structure

Janus evaporators have at least two surfaces that show different affinities toward water. In
most cases, the Janus evaporators have a hydrophilic bottom surface and a hydrophobic top
surface. The hydrophilic surface is responsible for absorbing water and transporting it to the
area where heat is localized, whereas the hydrophobic surface is responsible for absorbing
sunlight and releasing vapor. The vaporization of water occurs at the hydrophobic-hydrophilic
interface and as the hydrophobic surface is responsible for releasing vapor, the thickness of

this surface is kept low to keep the heat conduction path and vapor escape route short [326].
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The hydrophobic solar absorbing surface blocks the climbing of saline water to the top surface
of the evaporator and keep it at the hydrophobic-hydrophilic interface whereas the bottom
hydrophilic water absorbing surface pumps a huge amount of water from the bulk water body
and keeps the salt dissolved inside the microchannels of the evaporator. Therefore, no growth
of salt is observed for this type of evaporator while evaporating saltwater for a long period of
time [320]. Generally, the solar absorbing surface of the evaporator is made hydrophobic by
coating it with hydrophobic solar absorbing material (i.e., MWCNT, candle shoot etc.), or with
hydrophobic modifier. For example, Lv fabricated a 3D Janus evaporator by using radish as
a hydrophilic supporting substrate and MWCNT as photothermal materials, which shows
resistance against surface salt accumulation while evaporating 20 wt% NaCl concentrated
water for 10 consecutive days [327]. For making the hydrophobic solar absorbing layer they
have coated the sliced freeze dried radish with a mixture that contains MWCNT (solar
absorbing material) and poly(vinylidene fluoride-co-hexafluoropropylene) (a linker and
hydrophobic modifier). A flexible Janus evaporator was fabricated by Wang et al., which
demonstrated resistance against salt growth while continuously evaporating saline water for
7 days [328]. A Janus evaporator with a directional salt transfer structure was demonstrated
by Gu et al. which evaporated 10 wt% NaCl concentrated brine for 5 continuous days with an
evaporation rate of nearly 1.21 kg m2hunder 1 sun [329]. They have spray coated the solar
absorbing surface with silane to make it hydrophobic. After coating with silane the water
contact angle between water and the silanized hydrophobic surface became 134.5°. It is worth
mentioning that a surface can be considered hydrophobic, if the static contact angle between
water and surface become higher than 90° [330]. Chen et al. demonstrated that a hydrophilic
solar absorbing surface initially (up to 2 hours) provides a slightly high evaporation rate than
a hydrophobic solar absorbing surface of Janus evaporator while evaporating 10 wt% NacCl
concentrated water [331]. However, with time the performance of the hydrophilic solar
absorbing surface becomes lower while the performance of the Janus evaporator remains
stable. Moreover, after 8 hours of evaporation, the internal structure of the Janus evaporator

shows no obvious deposition of salt in the upper region. To prepare the Janus evaporator,
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they have coated the melamine foam with Poly(dimethylsiloxane) (PDMS) as a hydrophobic
modifier and Graphite powder as solar absorbing photothermal material. Except this Janus
evaporator can be fabricated by 3D printing using hydrophobic composite powder for making
solar absorbing surface and hydrophilic composite powder for making water absorbing bottom
part of the evaporator [332]. The effectiveness of Janus solar evaporator in stopping salt

growth is demonstrated in Fig. 10b(i and ii).

4.3. Edge preferential salt crystallization

Edge preferential salt crystallization is another proven concept for removing salt from the top
middle surface of the evaporator. In this type of design, salt crystallization occurs at the edge
of the evaporator surface and then falls from the surface by itself due to the influence of gravity.
This mechanism can be established in an evaporator by controlling the water transportation
property. Xia et al. constructed this type of evaporator with controlled water transport property
and showed that using this mechanism both salt and usable water can be harvested without
declining the evaporation rate much (almost stable evaporation rate) for 600 hours of
continuous operation [333]. They have demonstrated the effectiveness of using one inlet
(water transport path) to crystallize salts at the edge of the evaporator. Following the same
concept, a bioinspired synthetic tree was designed by Shao et al. which demonstrated a
steady evaporation rate of 2.03 kg m2h* and solar thermal efficiency of 75% for more than 60
hours of continuous operation [334]. They have demonstrated that instead of homogeneous
salt crystallization, a salt ring of a certain diameter can form on the top of the solar absorbing
surface, and by observing this phenomenon a suitable diameter for the solar evaporator can
be determined so that the salt crystallized at the edge of the evaporator as shown in Fig. 10c.
Li et al. proposed a PVA hydrogel based thick multi-surface solar evaporator with a conical
frustum structure which shows a stable solar desalination performance in high-salinity brine
by activating edge-preferential salt crystallization [217]. For a cylindrical structured
evaporator, concentration of water movement is highest at the center and therefore, salt tends

to accumulate on the top surface and blocks light absorption and hinders vapor release. But
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in case of a conical frustum structure, the circular cross-sectional area continuously increases
as water transports from bottom to top through the evaporator. As a result, brine on the center
is spontaneously transported towards the edge, inducing a radial brine transport. As
evaporation continues, the concentration of water transport on the edge increases with time
which leads to salt accumulation on the edge of the top surface and later, the deposited salt
spontaneously falls back into the water and redissolves. A thick multi-surface evaporator with
3D cup-shaped design was proposed by Shi et al. from which salt can be harvested as a
byproduct and the proposed evaporator continuously vaporized 25 wt% NaCl concentrated

brine for nearly 120 hours with almost no reduction in evaporation rate [335].

4.4. Marangoni-driven salt removal

Marangoni-driven salt removal techniques often end up with edge preferential or localized salt
crystallization. Marangoni flow can be established in the solar evaporators by designing it in
such a way so that a temperature gradient can be created in the evaporator while evaporating
saline water in the presence of sun. Hence this mechanism is suitable for 3D structure or
multiple surface evaporator. Marangoni flow from lower surface tension area to higher surface
tension area of the evaporator is driven by thermo-capillary and solute-capillary force [336].
To introduce Marangoni flow by temperature gradient-induced surface tension difference, Zou
et al. designed a solar evaporator with 3D bridge-arched structure that showed the capability
of salt rejection for 200 hours of continuous operation while evaporating 10 wt% saltwater
[337]. In the demonstrated evaporator, the evaporation rate at the top of the bridge is higher
than the bottom part of the bridge due to the temperature gradient. Therefore, the liquid film
present at the top of the bridge has a higher salt concentration than the bottom part of the
bridge and bulk water. However, due to Marangoni flow inside the liquid film, transportation of
liquid occurs from top of the bridge (high temperature and low surface tension area) to the
bottom of the bridge (low temperature high surface tension area) and remove salts from the

top surface area. The effectiveness and the mechanism of Marangoni driven salt removal is
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demonstrated in Fig. 10d. A biomimetic cone shaped 3D structured multi-surface solar
evaporator with localized salt crystallization capability was demonstrated by Wu et al. where
Marangoni flow facilitates water supplementation to the top of the evaporator where the
evaporation rate is higher [338]. For this biomimetic 3D evaporator, liquid flow occurs from
the bottom (liquid film temperature around 34.5 °C) of the evaporator to the top (liquid film
temperature 21.3 °C) under 1 sun illumination and as the salt concentration of the apex liquid
film is higher due to higher evaporation rate of water, crystallization of salt occurs at the top of
the evaporator (as shown in Fig. 10e) which can be removed and collected easily. The
proposed evaporator evaporated 25 wt% salt concentrated water with energy efficiency and
evaporate of 96% and 2.63 kg mh?respectively, under 1 sun. Shao et al. demonstrated that
Marangoni flow can drives away the salt from the solar absorbing surface area [339]. They
have conducted a 20-hour long experiment which showed that during the first 4 hours the
crystallization of salt hinders the capillary-driven water flow and causes further salt
accumulation over a larger area. After 4 hours the salinity gradient causes surface tension
gradient in the wick and activates Marangoni flow. Therefore, solutions with low salinity move
forward and dissolve the salt and the crystallization of salt occurs further away from its initial
position which leads to edge preferential salt crystallization. During 36 hours of continuous
testing of the system, the salt accumulated and crystallized outside the device. Except these,
Marangoni-driven salt rejection, Marangoni-driven salt migration and edge preferential salt
crystallization in solar evaporators are demonstrated by the researchers [340][341].

Except these salt removal mechanisms, sometimes new mechanism or combinations of two
mechanisms are demonstrated for salt removal. Xia et al. proposed a cylindrical solar
evaporator of ultra-high salt tolerance of 300 g L' that demonstrates self-regenerating
capability by self-rotation [342]. In this solar evaporator, salt starts to crystalize on the top of
the evaporating surface during the vaporization of saline water. While a certain amount of salt
is accumulated, an imbalance between gravity and buoyancy occurs which leads to self-

rotation of the evaporator on water that facilitates the evaporator to remove salt from its
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evaporating surface. Ivan et al. demonstrated that combining two different salt mitigation
mechanisms (natural hole induced salt ion diffusion and direct salt blocking by thin
hydrophobic solar absorbing surface) in an evaporator can facilitate stable evaporation
performance while evaporating highly salt concentrated (20 wt% NacCl) water under high solar

irradiation (up to 3 sun) [196].
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Fig. 10. Salt removal and localized salt crystallization mechanisms. (a) Salt diffusion facilitated
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Elsevier. (b) Effectiveness of Janus evaporator in blocking the growth of salt on the top of
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evaporating surface: (i) hydrophilic surface, (i) hydrophobic surface of Janus structure [332].
Copyright 2023 American Chemical Society (c) Edge preferential salt crystallization,
keeping the evaporating surface free from salt growth and producing salt as biproduct [334].
Copyright 2020 John Wiley & Sons Australia, Ltd. (d) Effectiveness of Marangoni driven
salt removal, and its mechanism (schematics) [343]. Copyright 2022 Elsevier. (e)
Marangoni driven water flow from bottom to top, where evaporation flux is higher, resulting in
localized salt crystallization [338]. Copyright 2020 the authors, Springer Nature.

5. Corrosion resistance

The seawater and wastewater are complex systems which may contain many microbes as
well as acid and alkali-based substances that can deteriorate the performance of the
evaporator by corroding its structure. Salt corrosion is also required to be considered while
using evaporators for desalination. To solve these issues, materials of strong acid and alkali
resistance, as well as salt resistance, can be used as substrates for the evaporator.
Sometimes the coating of photothermal materials may have corrosion resistance properties.
Some photothermal nanoparticles show the capability of stopping the growth of bacteria and

hence can be used to construct a solar evaporator with anti-biofouling capability.

5.1. Resistance against Acid/Alkali-based substance

Materials like Copper and Nickel etc. can be used as substrates for solar evaporators to
provide resistance against corrosion, as these materials are known for their mechanical
strength and corrosion resistance properties. Dong et al. chemically treated the surface of the
copper foam to fabricate a corrosion-resistant copper-based membrane for efficient solar
steam generation [344]. Li et al. fabricated a solar evaporator by utilizing porous nickel mesh
as substrate with CNT as photothermal material for removing dye molecules and heavy metal
ions from wastewater [345]. Sun et al. prepared a 3D porous NiAl substrate for fabricating a
corrosion-resistant solar evaporator [346]. Carbon nanotube was deposited on the substrate
by chemical vapor deposition technique to increase its light absorbing capability. The
proposed intermetallic compound-based structure demonstrated resistance against sal,
strong acid, and strong alkali solution. Moreover, the evaporator shows a high light absorption

rate of 94.4% and a high evaporation rate of 2.41 kg m2ht under 1 sun irradiance. Fu et al.
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utilizes hierarchical porous metallic glass for its corrosion-resistant property to fabricate a solar
evaporator that demonstrates a high evaporation rate and efficiency of 1.72 kg m2h?* and
94.2% respectively under 1 sun [347]. Li et al. demonstrated the effectiveness of carbon-
coated glass fiber cloth as a corrosion-resistant solar evaporator [348]. To demonstrate the
corrosion resistance property of the evaporator against strong acid and alkali 2 samples were
prepared using carbon-coated glass fiber cloth. One sample was exposed to 0.2 M H;SO4
while another was exposed to 0.2 M NaOH solution. The Acid-treated and alkali-treated
samples respectively retained 90% and 95% of the original sample’s evaporation
performance. To prevent salt corrosion a silicate-based solar evaporator composed of a
polypyrrole-modified commercial sand core and basalt fiber was proposed by Zhang et al.
which shows an evaporation rate and efficiency of 1.26 kg m2h* and 85.9% respectively under
1 sun [349]. The presence of basalt fiber protects the solar evaporator from salt corrosion. Jin
et al. prepared a washable nonwoven photothermal cloth composed of polymeric nanofiber as
a supporting substrate and carbon black nanoparticles as light-absorbing material for solar
steam generation purposes which has corrosion-resistant properties against acid alkali
organic solvent and salty water [283]. Polyamide 6 graphene oxide (PA6-GO) membrane is
highly stable and has strong alkali and acid corrosion resistance and hence Xu et al. fabricated
a solar evaporator by decorating PA6-GO membrane with gold nanoparticle by vacuum
filtration for solar steam generation [350]. A photothermal wood was prepared by He et al. by
immersing wood substrate in tannic acid aqueous solution followed by a ferric sulfate solution
[351]. A sample of photothermal wood (Poplar-Ta-Fe®*) was treated with an acid solution of
pH 2 and an alkaline solution of pH 12 for 24 hours. No change in color was observed for the
prepared evaporator which demonstrates the acid and alkali resistance properties of the
prepared evaporator. Yan et al. fabricated a super hydrophilic carbon nanofiber membrane for
solar desalination of seawater considering the inherent anti-acid and anti-alkali corrosion

properties of carbon nanofiber [352].
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5.2. Resistance against Microbials

Some micro-organisms present in seawater have the capability to adhere themselves with
solar evaporators and this issue may limit the use of evaporators in practical application [353].
These micro-organisms and their metabolites can hamper the water transport channel of the
evaporators. Moreover, with time the growth rate of these micro-organisms increases and later
reduces the performance of the evaporator by reducing its light absorbing capability. Hence it
is required to design solar evaporators with anti-biofouling capability. To demonstrate the anti-
biofouling property of an evaporator, generally two types of bacteria (gram-positive,
Staphylococcus aureus (S. aureus) and gram-negative, Escherichia coli (E. coli)) are used.
Except that adhesion resistance of protein, chlorella, diatoms to the evaporator are also tested.
Nanostructured metallic oxides like TiO,, ZnO, CuO etc. are very well-known for their
antibacterial property. TiO, nanoparticles are very well known for their stability and excellent
photoactivation properties. In the presence of light, the photogenerated electrons and holes
produced by TiO, nanoparticles facilitate the production of reactive oxygen species (ROS)
which can effectively destroy the bacteria [354,355]. Moreover, in no light condition TiO» can
change the permeability and morphology of the bacterial cell wall which leads to alteration of
bacterial osmotic balance [354][355]. Hence inclusion of TiO2 nanoparticles in solar evaporator
can effectively stop the growth of bacteria. Mehrkhah et al. fabricated a solar evaporator by
coating rGO and TiO; on poplar wood and demonstrated that a nanocomposite composed of
rGO and TiO; in 1:2 weight ratio has high antibacterial activity [355]. Wang et al. incorporated
ZnO nanoparticles in solar evaporator and mentioned its effectiveness in stopping the growth
of bacteria as ZnO nanocrystals can produce ROS even in dark conditions [356][357]. ROS is
very effective against bacterial growth. Hence photothermal materials capable of producing
ROS are used for fabricating solar evaporators. To prepare a 3D solar evaporator with anti-
biofouling capability Li et al. utilized aggregation-induced-emission active molecule (AIE-
luminogens) as photothermal materials that can produce ROS in the presence of the sun [358].

CuO nanoparticles show a bactericidal effect by damaging the bacterial cell membrane [359].
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Therefore, the inclusion of CuO nanoparticles in the solar evaporator can stop the growth of
bacteria [230]. Positive Cu ions released by CuO nanowire mesh can integrate themselves
with the negative cell membrane of bacteria that leads to the leakage of intracellular
substances and later causing the death of bacterial cells and hence Xu et al. fabricated a solar
evaporator using CuO nanowire mesh which demonstrated evaporation efficiency of 84.4%
under 1 sun and stopped the growth of both E. coli as well as S. aureus effectively [360]. TaTe:
guantum dots have an affinity for the sulfur proteins present in the bacterial DNA which makes
it effective against both E. coli and S. aureus. Tsang'’s group fabricated a light trapping textured
bio-hydrogel incorporating TaTe, quantum dots and reduced graphene oxide (rGO) and
demonstrated the effectiveness of TaTe, quantum dots against bacterial growth [238]. In
recent years, some photothermal MXenes based anti-biofouling solar evaporators have been
reported [255,260,361]. MXene (i.e., TisC,Tx) is considered to be a highly effective
bacteriostatic agent as it can stop the growth of bacteria. The rough and sharp edges of
TizC,Tx sheets can cause physical stress on bacteria which leads to membrane damage and
the formation of TiO, can impose oxidative stress on bacteria which also ensures long time
antibacterial activity [260]. Huang et al. fabricated a laser-induced graphene wood-based solar
evaporator and demonstrated that the oxygen functional groups present in the laser-induced
graphene can minimize bacterial biofouling and protect the wood from decaying [190]. Ag
nanopatrticles are very well-known photothermal material in the field of ISSG due to their LSPR
mechanism and antibacterial property [362,363]. Ag nanoparticles can release positive Ag
which can be absorbed by bacteria that leads to damage of bacterial DNA. Moreover, after
damaging one bacterium positive Ag ion attack the next bacteria and hence it has long-lasting
antibacterial effect [363]. Except these, many solar evaporators with anti-biofouling capability
have been reported in the field of ISSG [183][364,365]. Peng et al. fabricated a hydrogel
consisting of polypyrrole, sulfobetaine methacrylate (SBMA), and [2-(methacryloyloxy)-ethyl]
trimethylammonium chloride (METAC) for solar steam generation and demonstrated the
capability of composite P(SBMA-co-METAC) hydrogel to repeal both gram-positive and gram-

negative bacteria, algae (chlorella) and proteins (FITC-BSA) [353]. They have demonstrated
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that by increasing PSBMA segment in hydrogels the proteins adsorption can be decreased.
They have also demonstrated that increasing PSBMA segment (SBMA segment is higher in
S10Mo than SoMio) can decrease chlorella adhesion in hydrogel (as shown in Fig 11e). Wen
et al. developed a Zwitterionic hydrogel-coated floater for solar steam generation which shows
resistance against both S. aureus and E. coli as well as protein (FITC-BSA) and diatom
(Navicula parva) [366]. They have shown that the presence of ZCB (Zwitterionic PolyCBAA)
reduces the growth of E. Coli significantly as shown in Fig. 11d. The antibacterial activities of
specific materials can be demonstrated by exposing the solar evaporators with and without
those specific materials to bacterial suspension for a certain time period and taking the SEM
images (as shown in Fig. 11a). Another way can be co-culturing bacteria in the presence of
the specific antibacterial materials or agent and cultivate this experimental group in agar plate
under suitable environmental condition (temperature 37 °C) for a certain period and compare
it with the control experimental result where the bacteria was cultured without exposing it to
the specific antibacterial agent (control group). After the cultivation, the antibacterial ration can

be obtained by counting the colonies of bacteria using the following equation [353],

Antibacterial ration(%) =

—C”g‘c”’f £100 (22)

Here CN., and CNg represents the statistical colony numbers of the controlled group and

experimental group respectively.

The bio-adhesion of protein test is generally conducted by incubating the samples of
evaporator (with and without antibiofouling agent) with FITC-BSA solution under dark. The
adhesion of protein can be observed by relative fluorescence intensities. The sample capable
of resisting the adhesion of proteins demonstrates week fluorescence intensity (as shown in
Fig. 11b) [353,366]. Except these the samples can be co-incubated with diatom as well as
chlorella to demonstrate the effectiveness of the evaporator against the adhesion of such

microbials. In these cases, optical image/ optical microscopy image is utilized to count the
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adhered diatoms (Fig. 11c) and algae (Fig. 11e) to evaluate the antibiofouling property of the

evaporator [353,366].
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(a) Cellulose rGO/Cellulose MXene/Cellulose

S. aureus

E. coli

S. aureus

Fig. 11. Antibiofouling property. (&) SEM image showing the effectiveness of MXene in
preventing bacterial adhesion [260]. Copyright 2019 American Chemical Society. (b) Protein
(FITC-BSA) adsorption of various surfaces shown by fluorescence microscopy images,
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demonstrating the effectiveness of ZCB (Zwitterionic PolyCBAA) to prevent protein adhesion
[366]. (c) Optical image showing the effectiveness of ZCB to prevent diatom adhesion [366]
(d) optical image demonstrating the effectiveness of CNT/ZCB in preventing bacterial
adhesion [366]. Copyright 2021 Elsevier. (e) Optical microscopy image demonstrating the
effectiveness of the evaporators (with different monomer ratio SBMA/METAC) in preventing
chlorella adhesion [353]. Copyright 2022 American Chemical Society.

6. Anti-oil fouling

From different studies, it has been observed that in most cases researchers have evaluated
the performance of solar evaporators in evaporating different dye contaminated, heavy metal
ion-contaminated water (as model wastewater) and seawater or saline water (as simulated
seawater). From a practical point of view, due to many unwanted accidents, oil is spilled into
the sea from ships and oil extraction stations. Also, oily wastewater from industries eventually
ends up in the sea. If the evaporator does not have the oil rejection capability, the surface of
the photothermal materials may be contaminated and in the worst case, the water transport
channels may get blocked and eventually the evaporation performance may degrade over
time and make the evaporator unusable or inefficient. Therefore, it is also crucial for solar
evaporators to have anti-oil fouling capability. Recently, different methods have been utilized
for adding oleophobic properties to ISSG devices [141,226,253,254,351,367—370]. Generally,
the ISSG evaporator is made oleophobic by coating the surface of the substrate with polymer
solutions that contain functional nanoparticles with oil-repellent capability. Chen et al.
fabricated a solar evaporator by carbonizing the mixture of basalt fiber and tissue paper [369].
Despite giving a high energy conversion efficiency for water, this non-oleophobic evaporator
showed only 26% energy conversion efficiency in oily water [369]. Chen and group then made
oleophobic modification by spray coating the surface of the substrate with a polymer solution
(Polydiallyl dimethylammonium chloride (PDDA) - sodium perfluorooctanoate (PFO) / SiO-
suspension in ethanol). PDDA-PFO polymer can be synthesized by reaction between PDDA
and PFO in water at room temperature. The presence of fluorinated groups as well as carboxyl
and quaternary ammonium groups in PDDA-PFO polymer helps to make the coating

oleophobic and super hydrophilic [224,367,369]. This modified evaporator showed a very high
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energy conversion efficiency of 81% in oily water [369]. Xia et al. chemically surface coated
fluorine and Al.Os nanoparticles to fabricate a super hydrophilic and oil repellent solar
evaporator [367]. Once the evaporator is coated for oleophobic modification, its hydrophilicity
and oil separation capability are checked using wettability and oleophobic tests. Normally,
droplets of water and n-hexadecane are placed on the evaporator’s surface and contact angle
is measured to evaluate its water absorption and oil separation respectively. Xia et al.
conducted an oleophobic test by placing a drop of n-hexadecane on the treated surface of the
evaporator. Because of coating with oil repellent fluorine and Al.Os nanoparticles, the surface
had a contact angle of 139° with n-hexadecane and consequently the solar energy conversion
efficiency of the evaporator increased from 48% to 79% [367]. In oily wastewater, the bottom
surface of the evaporator which is in contact with water, may be fouled by oil droplets and
water absorption can be hindered drastically due to blockage of water transport channels
through pores. He et al. applied an underwater oleophobic test to verify the performance of
their Tannic acid and Fe®* treated wood evaporator in different oil emulsified water [351]. The
underwater soybean oil and crude oil contact angles of the evaporator surface were measured
as 162° and 158° which proved the oleophobic property. Except that, Wu et al. designed a
suspended membrane multiple surface evaporator where only a small area with oleophobic
property is kept under water keeping the evaporating and environmental energy consuming
area above water [371]. This prevents oil volatilization as the heating surface is not in direct
contact with the oily wastewater. Earwood et al. demonstrated that TiO, coating on basalt

membrane improves the anti-crude oil fouling property [368].

7. Application

ISSG technique is suitable for seawater desalination as well as wastewater purification
application. Recent studies show the effectiveness of solar evaporators in removing salts,
dyes, heavy metal ions and oils from contaminated water. Moreover, the steam generated
from solar evaporators can also be used to sterilize medical equipment. Except these the

application of ISSG was also observed for combined hybrid applications like simultaneous

Page 76 of 123



water and hydrogen production, water and electricity generation etc.[372]. Wang et al. propose
a system for simultaneous steam and electricity generation by utilizing salinity gradient and
temperature gradient between evaporation surface and bulk water, induced by interfacial
evaporation [373]. They propose to integrate thermogalvanic cell and reverse electrodialysis
into an interfacial solar evaporation system to harvest electrical energy and their system
generates vapor at the rate of 1.4 kg m2h* and electricity of 1.11 Wm simultaneously under
1 sun illumination. The use of Thermoelectric (TE) module is another way of using temperature
gradient for electricity generation. Ren et al. incorporated TE module with solar evaporator
(MnO.-decorated cotton cloth) to generate electricity and vapor simultaneously [374]. Zhu et
al. prepared a solar evaporator by coating CNT/cellulose nanocrystals hanocomposite on a
PDMS sponge for water evaporation with an efficiency of 87.4% under 1 sun and by adding a
thermoelectric module beneath it they demonstrated the potential of electricity generation
[375]. Moreover, by incorporating photocatalytic material with ISSG, hydrogen (H2) generation
can be increased. For example, Guo et al. demonstrated that photocatalytic H2 production
can be boosted by constructing a photothermal-photocatalytic system [385]. They have
carbonized the surface of natural wood (biomass-derived photothermal carbon) for solar vapor
generation and spin-coated CoO nanoparticles (low dimensional photocatalytic material) as a
photocatalyst on carbonized wood for H2 production. Han et al. carbonized the surface of
pretreated pine wood for vapor generation and loaded TiO2 on a carbonized layer by brush
painting method for H2 production [386]. They have claimed that that vapor generated by
photothermal carbonized wood creates a solid/gas reaction interface with a lower gibbs free
energy, facilitating TiO2 to generate H2 by photocatalytic reaction without the requirement of
noble metal-based co-catalyst. Except that, Gao et al. demonstrated the simultaneous
generation of Water and H- using a photothermal catalytic gel [62]. The application of ISSG in
hybrid system is very vast and therefore, the importance of photothermal materials is
increasing. Hybrid systems are comparatively complex and different hybrid system has
different working mechanisms; therefore, in this section, only the usual applications of ISSG-

based devices are discussed.
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7.1. Seawater desalination

Solar evaporators are designed mainly to perform desalination by which usable or drinkable
water can be produced from sea water. Salt contents of sea water near the surface are mostly
the same all over the world and Na*, K*, Mg?* and Ca?" ions are the four major constituents
[376]. The presence of excessive Sodium ion makes the water undrinkable, and the amount
of Magnesium and Calcium ion determines the hardness of water. Hard water (high amount
of Mg?* and Ca?*) is responsible for sedimentation inside the water supply line. Therefore, the
concentration of these ions in the desalinated water is commonly used as an indicator to prove
the purity of water obtained after the desalination process. According to the standard set by
World Health Organization (WHO), the concentrations of Na*, Ca?" and Mg?* in pure drinking
water should be less than 200, 100, and 25 mg L* respectively [377]. This benchmark is
generally followed to verify the drinkability of the desalinated water produced by solar
evaporators. The concentration of ions in water is generally measured by inductively coupled
plasma mass spectroscopy (ICP-MS). Wu et al. designed a thick single-surface solar
evaporator using carbonized sawdust for seawater (Bohai Sea) desalination [291]. This
evaporator showed excellent desalination performance by reducing the concentrations of Na*,
Mg?*, K* and Ca?* in seawater from 15000, 7000, 900, and 900 mg L to 1.1, 0.99, 0.28, and
0.15 mg L* respectively in the desalinated water with an ion removal rate of >99.9%. Li et al.
successfully produced drinkable water (as per WHO standards) from seawater by using WOs
nanorod-decorated wood evaporator [193]. They demonstrated that salt ion concentrations in
seawater before desalination (Na* = 9800, Mg?* = 980, K?* = 360, and Ca?" = 350 mg L) were
significantly reduced in desalinated pure water (Na* = 5.12, Mg?* = 0.43, K?* = 2.33 and Ca?*
= 3.1 mg L) produced by vapor condensation [193]. Han et al. demonstrated that after solar
desalination of natural sea water (collected from Bo Sea, China) the concentration of B3 ion

also reduced as shown in Fig. 12a [378] .

The quality of water can also be assessed by checking the electrical conductivity/resistivity.

The conductivity of seawater is higher than purified water due to the presence of salts.
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Therefore, its resistivity is less than that of the water obtained from evaporation-condensation
process. The higher the resistivity of the purified water as compared to seawater, the better is
the quality of the water. Li et al. verified the quality of the evaporated water by comparing the
electrical resistance of seawater and the evaporated water [244]. The resistance of seawater
and desalinated water was measured using a multi-meter by maintaining the same distance
between electrodes. The resistance of seawater and desalinated water was measured as
175.1 kQ and 1.53 MQ respectively. Almost a nine-fold increment in resistance of condensed

water indicates a significant reduction of salts from seawater after desalination.

Researchers also estimate total dissolved solids (TDS) to verify the quality of desalinated
water. TDS mainly determines the palatability of water and according to WHO standards,
water is said to have superb palatability if TDS is less than 300 ppm [114]. Except that, salinity,
pH value, and conductivity of the purified water are also checked. TDS (ppm), salinity (%), pH,
and conductivity (uS/cm) of seawater and purified water can be tested by water quality tester
EZ-9909 SP to verify the quality of water before and after desalination [114]. As per WHO
standards, the pH value of drinking water should be in between 6.5 and 8.5 [51]. Tsang’s
group measured the TDS, conductivity, salinity, and pH value of seawater as 29,950 ppm,
52.3 mS/cm, 3.14%, and 6.97 respectively before desalination whereas after desalination, the
TDS, conductivity, salinity, and pH value of the purified water were measured as 26 ppm, 57

uS/cm, 0% and 7.63 respectively, which indicates the production of high-quality water [51].

7.2. Wastewater purification

ISSG systems can also be used for industrial wastewater purification. Industries like paper,
printing, spinning, textiles, dyeing, food processing etc. use different types of organic
dyes/colors. Hence industrial wastewater contains various types of dyes. To check the
effectiveness of solar evaporators in wastewater purification, different dye aqueous solutions
such as Methyl Orange (MO) [305,379], Methyl Blue (MB) [36,196,355,380], Rhodamine B
(RhB) [36], Reactive Black 5 (RB5) [380], Congo Red (CR) [196,350], Eriochrome Black T

(EBT) [196] etc. are used as simulated industrial wastewater. Normally the dye aqueous
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solution has a specific color due to the presence of a specific dye. After evaporation, if the
condensed water becomes transparent, then it may be concluded that the wastewater
purification is achieved. Moreover, UV-vis absorbance spectra for both dye-contaminated
solution and purified water are observed and compared to verify the absence of dye in purified
water as shown in Fig. 12c. Industrial wastewater also contains heavy metal ions like Ni?*,
Cu?*, Zn?*, Pb?*, Cd?*, Cr®*, Fe?*, Hg?" etc., and hence simulated wastewater containing these
ions is often used to check the capability of the ISSG system to remove these ions from
simulated wastewater [257,305,355,380]. Concentration of these ions in purified water is
compared with WHO standards [381] to verify the effectiveness of ISSG system in wastewater
purification. The inductively coupled plasma mass spectrometry (ICPMS) is commonly used
to estimate the concentration of ions. Mehrkhah and the group prepared 1000 mg L simulated
wastewater solutions of Ni?*, Zn?*, Pb?*, Cd?*, Cr®*" and Fe?* to check wastewater purification
performance [380]. After testing their designed solar evaporator in the simulated wastewater,
they found that the concentration of heavy metal ions reduced considerably (Cd?* = 0.007,
Cr% = 0.1, Fe?" = 0.003, Ni?* = 0.01, Pb? = 0.003 and Zn?* = 0.01 mg L*) which indicates
good quality of water as per WHO standards. Han et al. demonstrated that after purifying
artificial wastewater by their solar evaporator, the concentration of heavy metal ions (i.e. Cu?*,
Cr¥, Pb?" and Zn?*) goes below 0.1 mg L in treated water as shown in Fig. 12b [378]. Except
that, Sewage water can contain NO3” which is very water soluble and may cause diseases like
diabetes at high concentrations. The carbonized pinecone multiple surface evaporator
fabricated by Shafaee et al. can reduce the concentration of NO3™ in sewage water from 12

mg L1to 2.5 mg L [379].

7.3. Oil-water separation

For evaluating the oil-water separation capability as well as anti-oil fouling capability of the
solar evaporator, researchers have mainly investigated the performance of the evaporator in
oily solutions like various oil emulsified water [141,226,253,351,368,371] and n-hexadecane

[224,254,369]. The verification of oil separation capability of the evaporator is normally done
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by wettability and oleophobic tests [224,254,369]. Except that digital image of oil contaminated
water and purified water can be used to demonstrate the oil removal capability of solar
evaporator. However, this observation method is not sufficient to quantify the performance of
the evaporator in purifying oil contaminated water. Oily water contains organic compounds
which should not be present in the purified water. Hence to quantify the performance of the
evaporator in separating oil from water, total organic carbon measurement (TOC) is conducted
by TOC analyzer for oil contaminated water and purified water found from vapor condensation
[368,371]. Earwood et al. demonstrated that the TOC values of oily water and collected
purified water (from vapor condensation) were 13.4 mg L and 1.62 mg L* respectively,
indicating that TiO, coated evaporator can remove 88% organic compounds from oily water
[368]. The ISSG system proposed by Wu et al. achieved oil removal efficiency of 99.8 % and
98.8% for soybean oil and n-decane emulsions respectively. For both cases the TOC of
purified water by solar distillation was found to be less than 30 mg L as shown in Fig. 12d(ii)
[371]. The image of soybean oil emulsion before and after purification is also demonstrated in
Fig. 12d(i). Oil separation is a key performance defining factor for ISSG devices considering
practical implications. Therefore, further research is required focusing on making the

evaporators effective in separating oil from water.

7.4. Sterilization

Researchers have also demonstrated the potential of ISSG technique in sterilizing surgical
tools, medical equipment etc. effectively. Conventional medical sterilization process, which is
known as autoclaving, normally uses saturated steam at high temperature (>121°C) and
pressure (>205 kPa) [382]. But these traditional sterilization devices available in the market
need electricity for their operation. Moreover, they cannot be regarded as low-cost devices.
High temperature steam generation is the key to use the solar evaporators as cost-effective
sterilization device without the need of electricity to kill bacteria and other microorganisms

[382-384].

Page 81 of 123



Several studies demonstrated super-heated (>100°C) solar steam generation with the aid of
bulky and expensive optical concentrators for sterilization.[384] Solar driven sterilization with
high temperature steam is generally limited to low solar conversion efficiency. Zhao et al.
utilized a solar sterilization system to generate superheated steam of 100°C for sterilization
purposes. They used an ultra-transparent silica aerogel for efficient thermal concentration in
their system and with 0.7 sun illumination achieved conversion efficiency of only 56% [382].
The solar sterilizer based on ISSG, with tunable steam temperature, designed by Chang et al.
can produce superheated steam of temperature between 102 to 165 °C but suffers from low
solar conversion efficiency between 26 to 49% only [383]. The effectiveness of sterilization
process was verified using Geobacillus stearothermophilus biological indicator and
photograph of Escherichia coli bacteria on agar plate as shown in Fig. 12e (iii) and 12e(iv)

respectively.

Designing a solar driven super-heated steam generating device with high solar conversion
efficiency remains challenging and further studies are required. Tsang’'s group designed a
solar driven, low-cost sterilization device using 1D-2D metallic MWCNTs and HfTe, van der
Waals heterostructure as photothermal material [384]. Under 1.5 sun illumination, the device
can increase the steam temperature up to 132 °C within 20 minutes and maintain a higher
evaporation efficiency of 87.43% without the need of expensive optical concentrators.
Furthermore, they demonstrated that this sterilization device can reduce 88.24 % and 99.04%
E. coli bacteria after 15 mins and 30 mins of sterilization respectively, which is well beyond
the requirements of WHO. To demonstrate the sterilization performance a control bacterial
solution is used. A bacterial solution filled tube is placed inside the ISSG device in such a way
so that the solution can be exposed to superheated steam generated by the evaporator. The
sterilized and control bacterial solutions are then used to culture bacteria on two separate agar
plates in a controlled environment. The number of bacterial colonies are counted to show the
effectiveness of the ISSG device in sterilizing bacteria. Zhang et al. built a sterilizing device

based on solar-driven interfacial evaporation (SDIE) that can generate high temperature
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(>132°C) steam [385]. This device uses rGO/PTFE composite membrane as solar absorber.
To verify the sterilization process, they put the biological indicator (EZTest Self-Contained
Biological Indicator Strips; SGMBiotech) inside a glass vial in a tube in the superheated steam
environment and measured the temperature using a thermocouple. When the temperature
reached beyond 132 °C, the colour of the indicator changed from purple to brown. The tube
was then placed inside an oven set at 60°C for 24 hours after breaking the inner glass vial
containing the culture medium and mixing it with the bacteria (Geobacillus
Stearothermophilus) paper inside. Because the microorganisms were Killed during

sterilization, the medium's color remained brown which proved the sterilization success.
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Fig. 12. Application: lon concentration of (a) seawater before and after purification (b) heavy
metal contaminated wastewater before and after purification [378]. Copyright 2020 American
Chemical Society. (c) absorbance of dye contaminated water (Methyl orange and Methylene
blue) before and after purification [386]. Copyright 2021 American Chemical Society. (d) (i)
Image of soybean oil emulsion before and after purification and (ii) TOC of oil (Soybean Oil
and n-Decane) contaminated water before and after purification [371]. Copyright 2021
American Chemical Society. (e) (i) Solar flux of outdoor solar irradiation (ii) Schematic of
Sterilization using solar steam generator (iii) Steam temperature under ambient solar
illumination and appearance of G. stearothermophilus biological indicator before and after
sterilization (iv) Photographs of E. coli on agar plate before and after solar steam sterilization
[383]. Copyright 2019 American Chemical Society.
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Li et al. made a SIDE based sterilization system autoclave, capable of producing 121°C steam
in 122 secs [387]. They verified sterilization process using different bacteria samples and log
removal efficiency (LRE) of samples were calculated approx. 8 (=99.999999% sterilization

efficiency). Log removal efficiency (LRE) can be determined using the following equation [387]
Ct
LRE = —log(>) (23)
0

Here, Co and C: are the concentrations of microorganism at time zero and surviving

microorganism after a sterilization time interval, t respectively.

Till now, there is still a scope to debate on the effectiveness of solar evaporators as low-cost,
environment friendly and renewable energy driven sterilization device as an alternate solution
for available sterilization devices. But recent studies have shown good prospects in this field
and more prominent results are required to establish the idea of sterilizing medical equipment

using ISSG devices.

8. Conclusion

In conclusion, this comprehensive review has navigated through the intricate landscape of
solar-powered water desalination and purification, shedding light on innovative approaches to
mitigate the escalating water scarcity crisis. With a deep appreciation for the historical context
and an acute focus on contemporary advancements, this article encapsulates the dynamic
evolution of desalination methods and accentuates the pressing need for sustainable solutions
in the face of burgeoning global water demand. Throughout this review, the following pivotal

aspects have been explored:

e Mechanism and Photothermal Behavior: A meticulous exploration of the inner
workings of Interfacial Solar Steam Generation (ISSG) has been undertaken,
unraveling the intricate mechanisms driving its efficiency. The photothermal behavior
of diverse materials has been dissected, revealing the unique attributes that influence

solar energy conversion.
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Substrate's Role in Efficiency Enhancement: The profound impact of substrate
shape and type on solar evaporation efficiency has been elucidated, while the potential
for environmental energy gain through multi-surface evaporators has been
emphasized.

Multiple surface evaporators provide higher evaporation rate as they have the
capability of harvesting energy from the environment and have higher area for
releasing vapor. However, if several multiple surface evaporators are placed side by
side to cover a large area, the evaporation capability of single unit may get reduced for
not getting sufficient environmental energy from the surroundings. A minimum distance
is required to be maintained between two multiple surface evaporators to get better
results which may increase the area of the overall system. Therefore, when a large
system with many multiple surface evaporators is concerned, the way of calculating
the evaporation rate and efficiency have to be changed.

Thermal Management Strategies: Strategies for effective thermal management have
been thoroughly discussed, including the exploration of various water transport paths
that optimize heat distribution, ensuring sustained and proficient vapor generation.
Mitigating Challenges: Solutions to critical challenges faced by ISSG systems,
including salt accumulation, antibiofouling, anti-corrosion, and anti-oil fouling, have
been presented. These insights pave the way for enhanced system durability and

longevity.

Janus evaporators have better resistance against salt growth, but the evaporation rate and

efficiency may get lower due to hydrophobic solar absorbing surface. On the other hand,

evaporator with salt ion diffusion mechanism may have higher evaporation rate (due to

hydrophilic solar absorbing surface) but may not give stable performance in highly salt

concentrated water for longer time period. Therefore, both have their own disadvantages.

Marangoni driven salt removal may become a good solution to remove salt from multiple

surface solar evaporator as creating temperature gradient in multiple surface evaporator
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is easy. However, the structure of evaporator plays an important role to make Marangoni
driven salt removal successful. Therefore, more research on “Marangoni driven salt
removal technique” is required to be done to find the best possible shape and structure of

multiple surface evaporator.

¢ Diverse Applications: The review has underscored the versatile applications of ISSG,
ranging from its pivotal role in seawater desalination to wastewater purification
scenarios involving dye and heavy metal removal. Furthermore, its prowess in oil-water
separation and sterilization bolsters its relevance across diverse industrial and
healthcare contexts. Except for these, ISSG based hybrid system has shown a great
potential in combining the photothermal and photocatalytic performance of different
materials for application like simultaneous generation of water and electricity, water
and hydrogen etc.

As with any comprehensive endeavor, this review article presents certain limitations:

¢ Dilemma of Low dimensional and biomass derived photothermal materials:

e Both low dimensional and biomass-derived photothermal materials provide
satisfactory performances as the efficiency and evaporation rate of water depends not
only on photothermal materials, but also on the structure, shape and type of substrate
as well as the other factors like salt rejection capability, antifouling capability etc. The
low dimensional materials are comparatively expensive whereas biomass-derived
materials are more prone to decomposition due to the presence of microorganisms in
natural seawater and wastewater. Metallic substrates also increase the fabrication cost
of evaporator. The lifetime of a low dimensional material-based evaporator is also
important as secondary contamination by nanoparticles from evaporator to water may
occur due to aging and improper management of such system may release large
number of nanoparticles to the environment which may cause harm to the aquatic
organisms and microorganisms. Therefore, considering the lifetime and cost which
also determine the commercial feasibility of solar evaporator, it’s very difficult to give a
verdict on selecting one specific type of evaporator as best for commercialization.

e Scope and Economic Analysis: Notably, this review has concentrated on the

fundamental aspects and intricacies of solar evaporator technology, omitting an in-
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depth economic analysis and the exploration of life-cycle considerations.
In closing, this comprehensive exploration of solar evaporator technology, with a spotlight on
Interfacial Solar Steam Generation, stands as a beacon of hope amidst the challenges posed
by water scarcity. By delving into the mechanisms, substrates, efficiency enhancement
strategies, and diverse applications of ISSG, this review has propelled the discourse on
sustainable and energy-efficient water desalination and purification to new heights. As we
forge ahead, the collective insights presented herein offer a roadmap toward a more secure

and water-abundant future.
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