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Solar-driven interfacial water evaporation (SIWE), which has shown a promising use in the fields of water
evaporation, desalination, wastewater treatment, and other related activities, has emerged as a practical
and effective method for capturing solar energy. SIWE device development and upgraded structural
design with increased performance have received much attention in the last decade. In this review
article, we revise the level of development achieved for different solar absorber materials and substrates,
and their conceptual design in terms of light absorptivity, heat and water management, and structural
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Accepted 27th March 2023 wastewater evaporation, energy generation, and others. Finally, the progress regarding the recent
advancements in scalable solar-driven clean water generation is presented. This review summarizes the
inclusive development in SIWE from laboratory to practical applications, inspiring new thinking with

solutions to the practical challenges and serving as an outline for future investigations.
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1. Introduction

Sunlight has an ultimate impact on life on Earth. Utilizing
clean, renewable, and abundantly available solar energy is not a
discovery to us but has been recognized to have diverse scope
from the beginning. Advanced and appropriate solar energy
utilization is the most affordable way to reduce the risk and

“ Department of Chemical Engineering, Indian Institute of Technology (ISM),
Dhanbad, Dhanbad-826004, Jharkhand, India

b Water Resource Management, CSIR-Central Institute of Mining and Fuel Research
(CSIR-CIMFR), Dhanbad-826015, Jharkhand, India.
E-mail: apurbasmp03@gmail.com, apurba@cimfr.nic.in

(cc)

Srishti

Mrs Srishti is currently a doctoral
student at the Department of
Chemical Engineering, Indian
Institute of Technology (Indian
School of Mines) in Dhanbad,
Jharkhand. She completed a
BTech (Bachelor of Technology)
in Chemical Engineering from
the BPUT-affiliated C.V. Raman
College of Engineering in Odisha
and an MTech (Master of
Technology) in Chemical
Engineering from B.LT., Sindri,
Jharkhand. She is working on

the development of photothermal materials for solar-water
evaporation and water-repellent coatings, using nanotechnology
and nanomaterials, towards her doctoral degree under the
guidance of Dr Aditya Kumar and Dr Apurba Sinhamahapatra.

574 | Energy Adv, 2023, 2, 574-605

Apurba Sinhamahapatra

Dr Apurba Sinhamahapatra 1is
currently a Senior Scientist
at the Water Resources Manage-
ment (WRM) group, CSIR-Central
institute of mining and fuel
research (CSIR-CIMFR), Dhanbad,
India. He received his BSC
(Chemistry) degree in 2008 from
the University of Burdwan and an
MSc (Chemistry) degree in 2008
from LT (ISM) Dhanbad. He
pursued his doctoral study at
CSIR-CSMCRI, Bhavnagar, and
received a PhD (Chemical Science)

in 2014 from AcSIR. Dr Sinhamahapatra has contributed over 40
research articles with an H index of 27. He and his group are actively
working on nanoscale materials for wastewater treatment, solar
evaporation, and artificial photosynthesis.

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0009-0001-9069-7547
https://orcid.org/0000-0002-4413-4700
https://orcid.org/0000-0001-6767-5940
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ya00028a&domain=pdf&date_stamp=2023-04-13
https://rsc.li/energy-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ya00028a
https://pubs.rsc.org/en/journals/journal/YA
https://pubs.rsc.org/en/journals/journal/YA?issueid=YA002005

Open Access Article. Published on 28 mart 2023. Downloaded on 31.1.2026. 14.02.48.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

cost involved in the existing practices to a greater extent. The
research on solar energy and water evaporation has a long
history."” From traditional solar basins to the modern concept
of interfacial evaporation, it has received a surge of attention
and interest among researchers, funding organizations, and
policymakers.>” Solar-driven interfacial water evaporation
(SIWE) - a contemporary approach, is the most promising,
with the highest evaporation rate recorded.® > Water evapora-
tion is a surface phenomenon resulting from liquid to vapor
phase transition at the air-water interface benefiting from the
surface energy localization. In SIWE, a solar absorber is placed
at the air-water interface, making the process unique and
appealing. Ideally, this thermally insulated solar absorber,
called the SIWE device, efficiently absorbs solar energy and
converts it to thermal energy. The thermal energy gets confined
to the interface, heating the surface water rather than the bulk.
Because of this lower conductive SIWE device, the heat lost
pertaining to convection, radiation, and conduction from the
device to the environment and the bulk is reduced. In return,
the bulk water does not participate in solar water evaporation
directly and maintains its temperature close to the ambient. In
this way, this unique SIWE configuration focuses on the
improvised localized heating at the liquid surface, engaging
efficient solar utilization with enhanced light absorption cap-
ability of the absorber, thereby minimizing the heat loss from
the absorber to the bulk water."*'* Fig. 1 demonstrates a
schematic illustration of SIWE.

The superior functioning of SIWE lies over four key compo-
nents - solar absorptivity of the absorber, adequate water
transportation to the interface, appropriate heat management,
and capability of scoring high water evaporation rate without
undergoing fouling or salt accumulation-related problems over
the absorber. This technology can quickly achieve a high
photothermal conversion efficiency of more than 80%.'>"°
For instance, Zhou et al. presented a unique hydrogel-based
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Fig. 1 Schematic illustration of solar-driven interfacial water evaporation.

antifouling solar evaporator for solar water desalination, facil-
itating improved water transport with minimized thermal
losses."” Their design generates 2.5 kg m~> h™" of water vapor
with an efficiency of around 95% under one solar irradiation.
Likewise, Wang and his team reported a water evaporation
efficiency of 96.5% via a molybdenum carbide/carbon-based
chitosan hydrogel (MoCC-CH).'® Furthermore, Zhao et al. pre-
pared micro-channeled hierarchically nanostructured gels
(HNGs) via in situ polymerization of PVA and polypyrrole
(PPy). The design remarkably reported a water evaporation
efficiency of around 94%, with 18-23 liters of pure water
collection per day.'® Besides, a rapid expansion was seen in
the solar water evaporation notion, furthering potential appli-
cations in various fields. These applications include wastewater
evaporation, seawater desalination, electricity generation,
chemical fuel production, solar steam sterilization, etc. They
mostly come as complementary to clean water generation,
utilizing the energy in other forms (thermal, electrical,
chemical, etc.) for further sustainable usage. Liu et al. demon-
strated a facile deflagration synthesis of hollow carbon nano-
spheres having excellent evaporation efficiency of 92.7% at one
sun, with effective removal of impurities from various
wastewater.'® Likewise, there has been tremendous research
done, including by Qu et al.,*® Zhou et al.,*' Wang et al.,>* Shi
et al.,”® Jiang et al.,>* Lee et al.,”® etc., which has been published
in recent years under the utilization of solar energy with the
ultimate goal of producing water and its implication in other
diverse applications.

Several review articles have already been published and are
under research, illustrating the basic design of the SIWE
devices, their fabrication, effectual evaporation, and conversion
techniques, especially the choice of appropriate materials and
their working principles. But only a few discuss the other
potential applications and their usage in real-life practices.
This review starts with a brief introduction and discussion
of the existing photothermal sheets and the different
approaches in SIWE device fabrication. Herein, we sketch
recent developments in their performance and other diverse
applications regarding evaporation efficiency and solar-ther-
mal conversion capability. They primarily include solar absor-
bers based on plasmonic nanoparticles (NPs), carbon-based
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materials, semiconductors, polymers, and hybrid/composite
materials, and secondarily the supporting substrates, with
strategized structural engineering. Besides these basic designs,
this review outlines ways of solving the real-world issues,
focussing on some key factors, including light localization,
anti-scaling, long-term stability, cost performance, etc., for
designing a reliable solar water evaporator. We tried to delve
into the inconsistency between the laboratory scale and the
realistic conditions that allow the actual real-life practices.
Altogether, this provides information on practical exposure
underlying the significant problems with possible solutions
concerning the aforementioned reports. Lastly, the prospect of
the future solar evaporators and the possible development
directions of solar water evaporation were proposed. We envi-
sion that this review highlights important points to improve the
current solar evaporation systems and stimulate new ideas in
this field.

2. Basic consideration in designing
solar-driven interfacial water
evaporation (SIWE) devices

Over the past decade, researchers have effortfully funded the
development of SIWE devices largely concentrating on the air-
water interface mechanism with high photothermal energy
conversion efficiency. The photothermal materials as the solar
absorbers, efficiently capable of absorption and conversion of
solar energy to heat with the substrate, having properties
including thermal insulation,and high porosity for the water
transport facility, have become the key elements for these
devices. In this section, we outline the recent progress and
discuss the technical advancement of the solar water genera-
tion devices, studying various parameters including solar
energy harvesting, heat utilization, water pathways, wettability,
topography, and various others, thereby maximizing the eva-
poration rate and effectively reducing the overall heat losses.

2.1 Solar absorbers

Solar absorbers are photothermal materials with a wide range
of solar spectrum absorption characteristics. Their ability to
convert the captured solar energy to heat introduced them as
the widely explored element in solar water evaporation. The
photoexcitation of these materials is the primarily driven
property in their functioning. They can be categorized into
semiconductors, carbonaceous, polymeric, and plasmonic
materials, and hybrid/composite materials working under a
single or multiple mechanism (Fig. 2).>° Furthermore, these
mechanisms are: (i) plasmonic localized heating mechanism,
modeled by plasmonic materials, (ii) electron-hole generation
and relaxation mechanism, featured by semiconductors and
lastly, (iii) thermal vibration of molecules-based mechanism,
demonstrated by both the carbonaceous and polymeric materi-
als (as shown in Fig. 3).

To begin with, plasmonic materials inherit a promising
effect on solar-to-heat conversion efficiency, operating on
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Fig. 2 Schematic diagram categorizing different solar absorbers used in
SIWE devices.

surface phenomena with localized plasmonic heating
mechanisms.”” With investigation carried out over the years,
the intrinsic narrow solar absorption spectrum established by
these as-designed plasmonic NPs deters their application under
broader wavelength light absorption, found as promising can-
didates for SIWE.*®*° To date, various NPs have been reported
to function well under plasmonic-based solar absorbers, such
as Au,"*?® Al® and Ag.’"*> Besides the narrow absorption
spectrum and size distribution, researchers have encountered
thermal stability as another concerning parameter in the
plasmonic functioning of noble metals because of their loosely
packed structures and high-temperature sensitivity>® and hence
this requires a promising solution that broadens the absorp-
tion band spectrum, increases the high temperature durability,
and reduces the cost.

Carbon-based materials feature strong solar absorption
capability and being black in appearance increases their
solar-thermal conversion capability, making them the most
suitable candidates for the SIWE system.’* Among the various
carbon-based materials reported, some with the properties of
low cost, high absorption capability, and relatively stable
and easy processing include graphene,**> graphene oxide/
reduced graphene oxide,*>*” hollow carbon spheres,"® carbon
nanotubes (CNTs),*® carbon dots,* carbon black,* etc.
Although being the most promising photothermal materials
with fabrication ease and better amalgamation with the sub-
strate, their stability and the associated cost are common
real-life challenges. However, recent advancements in the inte-
grated evaporation design include polymeric sponge,** carbon
sponge,** flame-treated wood,”® and 3D fabrication printing
techniques.**

The other photothermal material category is semiconduc-
tors with high tuneable energy levels and easy-to-access light-to-
heat convertible thermalization. They are the materials that
function as soon as the sunlight falls over them. Like carbon-
based materials, their copious nature, low cost, and low toxicity
make them widely explored solar absorbers. To be more elabo-
rate, the mechanism includes the excitation of electron-hole
pairs when photon energy higher than the band gap is incident
on the surface and the relaxation of which before recombina-
tion on the two edges, namely the conduction and valence
bands, results in promising irradiative energy conversion to
heat.** A narrow band gap is generally preferred over a broader
one for slower electron-hole pair recombination, facilitating
higher solar-thermal conversion efficiency with appropriate
solar energy utilization and enhanced light absorption

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Different possible photothermal mechanisms: (a) plasmonic heating, (b) electron—hole generation and relaxation, and (c) thermal vibration of

molecules.

capability over a wider spectrum.*® Under this category, we have
materials such as black/reduced titanium dioxide,*>*® Ti,C;,*”
MoS,,*® Cu,S, nanocrystals,49 hierarchical copper phosphate,15
etc., demonstrating effectual performance in the solar water
evaporation systems. Other than these, the co-combination of
metals to bimetallic forms, such as ZnFe,O, and CoFe,0,, and
trimetallic forms, illustrated better system advancement.'®>%>*
Furthermore, some studies have demonstrated semiconducting
absorbers with an improvised lowered band gap capable of
harvesting enough heat with effective water evaporation under
one solar irradiation.”>"

Polymers/conjugate polymers with delocalized m-electrons,
split energy levels and under-control band gaps have high
potential solar absorption characteristics.”**® Their adequate
water transport facility®® and easy modification via co-
polymerization, or ionic or oxidative doping broadens the
absorption spectrum leading to highly efficient light-to-thermal
5738 pespite there being fewer options, the poly-
mers that have been recently explored include polypyrrole
(PPy),>>®°  polydopamine,®™®>  poly(1,3,5-hexahydro-1,3,5-
triazines) (PHTs),*> and hierarchically nanostructured gel
(HNG)-based polyvinyl alcohol (PVA).'® Another unique compo-
nent is the polymer hydrogel that has recently emerged as a
new platform for SIWE with higher absorption characteristics,
effective heat utilization, lower energy demand, and anticipated
structural engineering, promoting the future applications with
higher enhanced results.®**

Extensively, light absorption, photo-to-thermal conversion
effectiveness, and the capacity to localize thermal energy at the
water-air interface are three crucial factors to take into account
when building photothermal materials. However, the indivi-
dual functional solar absorbers fall short of providing full
coverage. In order to create the optimal solar water interfacial
device, composite materials—a combination of two or more
different types of solar absorbers—become essential. In a
similar context, Fang et al. prepared a self-floating flexible
W,;50,0/carbon foam composite with an ability of water eva-
poration rate 6.6 times more than that of pure water.®® Like-
wise, Tao et al. created a novel solar absorber using a composite
material made of copper chalcogenide CuS nanoflowers that
were encapsulated in a semipermeable nitrocellulose collodion

conversion.

© 2023 The Author(s). Published by the Royal Society of Chemistry

membrane (SCM). The device outperforms several existing
materials and is inexpensive, simple to make, and environmen-
tally benign.®” Recently, Zhang et al. presented a highly effec-
tive  solar-absorber = composite  material based on
tetrapyridylporphyrin, which produced thermoelectric power
at a rate of about 60 mV and water evaporation at a rate of
~0.69 kg m~? h™" under 1 kW m~? of solar radiation.®® Similar
to this, integrated cellulose-based composites,®® novel photo-
thermal materials based on the combination of ZrO, nano-
particles (NPs) with Ni-doped carbon quantum dots (Ni@CQDs)
and multi-walled carbon nanotubes (MWCNTSs) coated on a
melamine foam (MF) surface,”® composite hydrogel (GO/SA
PAM-PVA hydrogel),”" and porous reduced graphene-agarose
spherical composite’>-based solar absorbers were reported with
excellent evaporation efficiency and advanced functionalities.
However, due to the complex nature and circuitous synthesis,
the stability and scalability of these photothermal materials
remain challenging in their successful functioning in future
investigations.

Nevertheless, among all the photothermal materials, carbo-
naceous materials could be considered the most widely
explored and practically preferred solar absorbers in the SIWE
system. Their relatively low cost, copious nature, and diverse
applications keep aside the other photothermal materials with
their own sets of tailbacks toward practical applications,
whether in terms of fabrication cost, limited scalability, stabi-
lity, or toxicity. Furthermore, an ideal solar absorber seeks
unique characteristics such as high solar absorbance, low
thermal emissivity, and higher reflectivity towards the longer
infrared wavelength with minor radiation loss.”® Other than
these, the choice of appropriate substrates, water management,
evaporation structures, and solar water evaporation device
design play a secondary role in efficient SIWE, which is dis-
cussed in further sections.

2.2 Substrates

Like the solar absorber, substrate materials have equal impor-
tance in efficient solar evaporation device design. The primary
critical elements in the choice of the substrates include better
water transport/evaporation facility and appropriate thermal
insulation (as shown in Fig. 4). The efficient water transport or

Energy Adv., 2023, 2, 574-605 | 577
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SUBSTRATES

Fig. 4 Schematic diagram presenting substrates used in SIWE on the basis
of the required decisive properties.

evaporation rate requires suitable wettability properties and
continuous water pathways. In contrast, the second essential
key element includes low thermal conductivity with a porous
structure for improvised thermal insulation of the substrate.
Herein, porosity is the common factor, favoring these essential
vital elements and balancing the better functioning of the
proposed device. For the same, researchers have investigated
the individual functioning of the better water facility and the
thermal insulation structure, which is discussed in more detail
in the following sections.

To date, various substrates have been studied and devel-
oped. They possess excellent hydrophilicity (good wettability),
low thermal conductivity, high porosity, and an effective chan-
neling structure to facilitate better water transportation. They
include cellulose foam,’*”> polyurethane (PU) and polystyrene
(PS) foams,”®”” AAO,® GO aerogel,”® air-laid paper,’* CNT
arrays,”*® natural wood,*"% cotton,®*#* carbon fabric,®® stain-
less steel,®® etc. In general, an appropriate substrate with
advanced water transport and thermal insulation will boost
the SWE system to a greater extent.

2.3 Light absorption and heat utilization

Generally, the basic design principle a researcher looks at
constitutes higher light absorption across the whole solar
spectrum with excellent solar-thermal conversion efficiency.
The other involves appropriately utilizing this thermal energy
in the overall efficient system functioning. Henceforth, these
two key objectives have become the primary steps in developing
a high-performance solar water evaporator. The sunlight falling
on the Earth’s surface carries a wider wavelength from 300 nm
to 2.5 um, including approx. 3% ultra-violet region (wavelength,
300-400 nm), approx. 45% visible region (wavelength, 400-
700 nm) and the remaining 52% infra-red region (wavelength,
700 nm-2.5 pm). Additionally, an ideal performance could only
be reached when the concerned absorber shows lower emissiv-
ity along with maximum solar absorption across the entire
wavelength, especially the IR region, which comprises a higher
percentage of the overall spectrum.”?

Other than the material’s absorption capability, morphing
strategies can help in enhancing the absorptivity further.>

578 | Energy Adv, 2023, 2, 574-605
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Recent review articles study these activities by introducing the
micro/nanostructures in the absorber, enabling multi-internal
reflection with longer optical path lengths for incident light
resulting in enough absorption. Moreover, it also minimizes
the transmittance and emission level of the concerned
87799 Another vital observation includes a strong cor-
relation between efficiency and semiconductors and their band
structures. The element doped over the absorber decreases the
band gap energy with lower recombination of the electron-hole
pair, broadening the absorption wavelength and eventually
helping in better light absorption tendency.>

Furthermore, the energy the absorber receives is converted
to heat, which gets steadily transferred to the bulk, thereby
instigating the phase transition from liquid to vapor. This
utilization of heat in the SIWE system can be divided into three
major parts, comprising (i) energy powering water evaporation,
(ii) radiative energy lost from solar-thermal converting materi-
als, and (iii) convection and conduction heat lost to the
environment via non-radiative energy dissipation.®* The former
plays a vital role in presenting the overall efficiency of the SIWE
system, while the latter is subjected to be minimized, enhan-
cing the former. This conversion efficiency possibly is deter-
mined by the ratio of the stored thermal energy in the
generated vapor to the amount of solar energy incident on
the device, which is calculated as,

absorber.

nh LV

7] -V . 1
s Coptqi ( )
Or,
0, _ mhry
= X 2
s Coptqi Qr ( )
Nsov = Mgt X Ny 3)

where i1 refers to the evaporation rate of water, A;y refers to the
enthalpy of vaporization, ¢; is the nominal solar irradiation
value (i.e., 1 kW m™?), and C,p represents the optical concen-
tration. Furthermore, the solar-vapor conversion efficiency 7.
is summarised as the product of solar-thermal efficiency 5 ¢
and thermal-to-vapor efficiency #.,. The equation above is the
most common characterization of SIWE efficiency
calculation.®®? It is easy to understand from the energy balance
viewpoint. Here, when the input heat is the same and the heat
loss is the same, the neat energy added to the system (water) is
balanced by the same amount of evaporation enthalpy taken
away by the generated water vapor.®®

Under a similar principle, for a steady-state operation,
different researchers define the system differently.*>*%°
Hence, there is no such standard formula. Moreover, in a
transient state, the critical variables upon which the conversion
is based keep diverting depending on the changing climatic
conditions and even the materials respond differently. Conse-
quently, it becomes tricky and sometimes confusing to evaluate
and compare reported conversion efficiencies.*®*”

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.4 Water management and its design

Continuous and effectual water movement from the bulk of the
liquid to the heating surface is another essential requirement
for the efficient functioning of the SIWE system. Despite the
earlier studies, whether it is the choice of the absorber, sub-
strate, or its proper solar utilization, better water transport
facilities with their controlled activity can be categorized into -
1D, 2D, and 3D water pathways.”' As depicted in Fig. 5(I), the
1D water pathway can be idealized with high thermal utiliza-
tion efficiency, overcoming the conventional bulk heating and
avoiding significant heat losses to the system. Likewise, nature-
inspired designs based on mushroom,’® jellyfish,”® or rose'*

View Article Online
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demonstrate unique reports as well. Despite proving their
efficient SIWE functioning, the low speed of the water
approaching the heating surface, and the limited water eva-
poration rate, they direct towards higher dimensions, ie., 2D
systems, and further 3D system design. In the 2D system, the
presence of an insulator blocks the water transport, thereby
minimizing the conduction heat loss and allowing the side
capillary wicking mechanism for water evaporation. This type
exhibits a more substantial capillary wicking effect, faster water
transport, and directing effective solar water evaporation
mechanism."® Furthermore, the unconventional 3D pathway
with an interconnected pore structure is recommended for
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form, and (lll) schematic diagram illustrating the tailoring of the topology influence on the SIWE device fabrication. Reproduced with permission.®*

Copyright 2020, Springer Nature.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Energy Adv, 2023, 2, 574-605 | 579


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ya00028a

Open Access Article. Published on 28 mart 2023. Downloaded on 31.1.2026. 14.02.48.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

more rapid water transport than the earlier dimensions. For the
3D water pathway - although it is the more advanced form with
a prominent water facility, the pores present directly in contact
with the water deteriorate the localized heating effect, thus
fading the essential principle of the SIWE system.'®’ And
hence, the pores present in the as-proposed SIWE sample are
designed to meet the essential requirement of both water
transport and thermal insulation. For instance, the pores
should be closed to minimize heat losses, whereas open pores
are necessary for sufficient and continuous water transport. So,
whatever the dimensions, the combined optimized result of
water transport and thermal insulation incites the efficient
functioning of the SIWE system.”>%"

2.5 Structural and interfacial engineering

An adequately designed SIWE device with localized and inter-
facial heating properties becomes the key to achieving a higher
performance rate with enhanced efficiency. Besides the appro-
priate pore sizes, floatability, and more substantial capillary
wicking effect (as discussed in earlier sections), wettability
plays a dynamic role in the SWE system, especially when
dealing with the interfacial characteristics of the device with
the water in the bulk. However, recent studies summarise the
free-standing interfacial evaporation system to be categorized
separately based on wettability properties — hydrophilic, hydro-
phobic, and a combination of both at the top and the bottom
surfaces (Fig. 5(11)).°" Being too much of one kind could lead to
mechanical failure. For example, considering the continuous
water transport and capillary wicking effect, hydrophilicity
proves to be the best, theoretically. But the extreme hydrophi-
licity leads to excessive water pumping, resulting in heat loss
with issues questioning its flexibility and fouling."

On the other hand, the hydrophobic surface tries to effi-
ciently establish its functioning in the SIWE system with
excellent floatability, self-cleaning, self-healing properties and
highly durable and stable characteristics; for example, the
fluoroalkyl silane PPy-coated mesh, TiO, coated stainless steel
mesh, carbon-coated gauze, etc.®®°* still, this design’s lim-
itations are inadequate evaporation rate, deficient water trans-
port due to the un-wetting properties of the hydrophobic
device, and further limited heat supply through conduction.
With these observations, the generation of the Janus absorbers
came into account, having both wettability properties with
focussed objectives. These absorbers have a hydrophobic top
surface along with a hydrophilic bottom. A recent study by Zhu
et al. prepared a durable, highly efficient, and stable Janus
membrane containing CB and PMMA over the hydrophilic end
of PAN.'® Another recent research study projected a bioin-
spired soot-deposited Janus fabric as a promising and portable
SIWE device, exhibiting a sustainable water evaporation rate of
1.375 kW m~> h™" with an efficiency of 86.3% under one solar
radiation.'® Henceforth, the construction of these bilayer
Janus films can be represented as an effective strategy, achiev-
ing stability and a high evaporation rate for advanced water
evaporation applications.
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Further attention is drawn to the structural design of the
SIWE devices that are designed or tailored to the absorber’s
topography, which can substantially impact the conversion
efficiency, resulting in higher outcomes. Such a study of
topography over the as-proposed solar absorber design signifi-
cantly not only deals with the reduction of water content over
the absorber side, but also provides a larger surface area to the
absorber, increasing its absorption capability. Giving more area
to the absorber reduces the bulk temperature compared to that
of the environment. This forecasts the shifting of the evapora-
tion surface from the nanoscale to the macroscale, thereby
enabling the heat recycling provision of the system (Fig. 5(III)).
Recent research compared the effect of the morphed surface
with that of the flat one on the PVA hydrogel, where the former
shows an evaporation rate of 45% more than the latter.'*

Similarly, the highly configured periodic pattern structures
at a small scale reduce the reflectance at a higher level with
more extensive evaporation provision, resulting in astonishing
conversion efficiency. Another important term recovered
recently is origami, whose mountain-like structure shows
impressive results while dealing with heat loss recovery. Their
unconventional 3D patterns, exceptional sunlight trapping
capability, and more illustrative evaporating surfaces prove
them to be the ideal engineering with full solar irradiation
utilization.'®'%” Additionally, the presence of active water
molecules or, in other words, the hydration of solutes in the
liquid or variation in water state powers up the evaporation
process with a subtle decrease in energy demand, looking for
materials with the desired properties, faster and enhanced
solar water evaporation efficiency.®

3. Distinguishing SIWE materials for
different applications

Based on the aforementioned analytics, we focus our discus-
sion on several SIWE device applications, such as water pur-
ification, electricity generation, steam sterilization, oil-spill
clean-up, solar fuel production, and many more, using the
diverse evaporating materials in use (as shown in Fig. 6).

3.1 Water evaporation and desalination

Almost one-fifth of the world’s population is living under water
scarcity and another 1.6 billion people live under economic
circumstances, mainly due to the technical or financial bound-
aries of getting fresh water. This demands an onset of technol-
ogy, fulfilling the combined advantages, including freshwater
generation, easy accessibility, and a cost-efficient energy input
globally dealing with the water crises worldwide. Solar energy
being copious in nature and in combination with water could
eventually move forward in response to the water scarcity issues
with lower environmental impact. The same can be observed
whether it is salt harvesting, desalination, or steam generation.
This solar-enabled water treatment method is considered a
more attractive and sustainable approach for producing
clean water, converting non-drinkable water sources, such as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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seawater, river/lake water, or contaminated water, to usable/
drinkable water, to a greater extent.” Here in this section, we
discuss various research studies on different materials based
on solar-driven interfacial water evaporation (SIWE) devices,
reported to date with their accomplishments and challenges.
3.1.1 Plasmonic-based SIWE devices. In the field of solar-
water evaporation, researchers have preferred plasmonic mate-
rials because of their extensive overlapping response over the
visible and IR spectra. It is reported that these material-based
evaporators can enhance light absorptivity and work on the
mechanism of localized heating, thereby increasing the sys-
tem’s overall efficiency. For example, Zhu et al. proposed a
portable, scalable floating absorber with an overall solar
absorption efficiency of 96%, water evaporation efficiency of
around 90%, and effective desalination. The absorber was
prepared by self-assembling Al nanoparticles into a commer-
cially available 3D porous membrane, as shown in Fig. 7.% They
demonstrated their design as an effective, efficient, portable,
and personalized solution to solar water desalination. Further-
more, with a stable and long-term desalination proposal, Zhang
et al. developed a flexible and mildew-resistant aerogel coated
with Au NPs, with a high absorption efficiency and evaporation
rate of about 1.394 kg m~> h™" under one sun. The system was
reported to have run a continuous cycle of 120 h, exhibiting
repetitive self-cleaning behavior and excellent stability."*®
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Although exclusively explored, the high cost of these materi-
als makes them unattractive for a large-scale system. Hence,
Traver and his team studied a scalable and sustainable method.
They compared plasmonic metal nitrides over the AAO inter-
face for water desalination to reach new and inexpensive
plasmonic NPs for SIWE, out of which the HfN-AAO interface
with 95% solar-thermal conversion efficiency successfully
achieved a water evaporation rate of about 87% under one
solar radiation with effective removal of major metal ions, with
ocean water as the source."” Li and his team fabricated a bi-
layered polymer foam-based SIWE device, with remarkable
efficiency greater than 90%. Furthermore, the system presented
other additional properties such as stability, scalability, anti-
fouling, and reusability."'® Hence, it can be noted that water
evaporation or desalination using plasmonic nanostructures,
via harnessing the solar input and converting it to the requisite
heat, is gaining interest as a scalable and sustainable method to
address global freshwater scarcity to a greater extent.

3.1.2 Polymer-based SIWE devices. In the practical applica-
tions of water evaporation from saline water, the hydrophobi-
city of the absorber is maintained using different surface
modifiers. Because of this, the highly oxidative chemicals in
air and water react on being exposed to sunlight, often resulting
in worsening of the hydrophobic characteristics, leading to
hydrophilic wettability of the materials in a few uses. Therefore,
there comes the requirement of a self-healing hydrophobic
photothermal material that can autonomously recover its
hydrophobicity characteristics. In response to the above, Wang
and his co-workers fabricated a self-healing hydrophobic
photothermal sheet using polypyrrole over stainless-steel mesh
with a conversion efficiency of 58%, self-healing capability,
broader absorption spectrum, and excellent photothermal
properties, which in turn permits an automated and uninter-
rupted interfacial solar heating.''® The noticeable results with
polymeric sheets as absorbers have also been observed in
desalination applications. For instance, Li et al. created a SIWE
device using PPy coating over CMCA (P-CMCA) having hier-
archical channeling, showing excellent conversion efficiency of
96.8% under one sun irradiation. In addition, the device
showed extraordinary efficiency of 94.7% (20 wt% NacCl) salt-
resistant performance with accumulation hindrance for 30
days. The presented design has outstanding long-term stability
and is a promising competitor.*® In a similar manner, PPy-
coated VMP monolith shows an abundant macroporous struc-
ture, cost-effectiveness, super-hydrophilicity, and low thermal
conductivity and ideal mechanical properties, making it a
promising platform for solar steam generation - energy effi-
cient with salt rejecting qualities, as shown in Fig. 8."*'

Other than these, there are various other reports justifying
the excellent working of PPy over any type of porous substrate,
such as over cotton fabric,'**> wood,"** in aerogel form,** etc.
Moreover, a modified PU sponge, an artificially designed
mushroom-based PVA sponge with charcoal coating, demon-
strated noticeable results, opening doors to the next generation
thermal desalination membranes utilizing an abundantly avail-
able water resource and, free of cost solar energy.'**
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3.1.3 Semiconductor-based SIWE devices. In the industrial
applications of SIWE devices, engineers seek a broader absorp-
tion spectrum capability of materials with high absorption, less
transmission, and reflectance characteristics. On the other
hand, this can be shrouded with semiconductors. Their stabi-
lity, economy, and intrinsic properties make them one of a
kind. Black/reduced titanium, a hydrogenated metal oxide,
emerges as the most identified solar absorber with higher

582 | Energy Adv., 2023, 2, 574-605

solar-thermal conversion efficiency and better solar-driven
interfacial evaporation performance for different
applications.” Among other methods employed, introducing
oxygen vacancies and generation of black TiO, are effective
strategies for narrowing the band gap and thus enhancing the
light absorption capability.”> For instance, the experimental
investigation made by Ye and his co-workers tested the perfor-
mance of the as-synthesized TiO, NPs spin-coated onto the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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surface of an SS mesh followed by surface superhydrophobiza-
tion and working as a steam evaporator, with an evaporation
capacity of about 50% under one sun intensity.*> Also, when
the researchers studied titanium gauze with reduced TiO,
nanotubes on the surface for air-water interface solar heating,
the results were optimistic, opening routes for more advanced
applications such as salt production and desalination.'*®
Recent research on semiconductors demonstrated SIWE
devices with more than 98% absorption and more than 90%
conversion efficiency with an engineered-photothermal nano-
composite sheet called E-PNS (black TiO,/polymer matrix). The
system was reported to achieve clean water production at a rate
of ~2.2 L m *day ’, ie., 2.2 times higher than that with the
blank water itself. This study aimed to offer an upcoming
technological solution for producing clean water in water-
scarce regions.'*”

Moreover, black titanium dioxide’s unique nanocage struc-
ture has been synthesized for solar desalination.”® Zhu and his
team investigated the increased absorption capability, self-

© 2023 The Author(s). Published by the Royal Society of Chemistry

floating, thermal stability, well-crystallized interconnected
nanograins for better permeation, and other ideal character-
istics within its nanocage structure and the report suggested
solar-thermal conversion efficiency of more than 70.9% under
simulated solar light with an intensity of 1 kW m™?, inspiring
new black materials with a rationally designed structure for
superior solar desalination performance. Problems still prevail
with many investigations and challenges, such as single decon-
tamination function, relatively low efficiency, and inability for
practical applications. Furthermore, a bioinspired moth-eye-
like nanostructure was engraved over a carbon cloth using
black titania (BT), demonstrating an impressive solar steam
efficiency of about 94% under one sun illumination. Besides,
the system subsequently underwent desalination, steam gen-
eration, and photocatalytic degradation. There single BTCC
nanocomposites and large area BTCC nanocomposites still
produced 1.125 g and 21.72 g of clean water, respectively, in
the ever-changing environment, indicating the survival of BTCC
nanocomposites still with higher performance in real-life

Energy Adv., 2023, 2, 574-605 | 583


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ya00028a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 28 mart 2023. Downloaded on 31.1.2026. 14.02.48.

[{ec

Energy Advances

View Article Online

Review

U)

(a)
Infiltration NaBH,
— —y
Hydrothermal Reduction
TCC BTCC
,:EIZOO
(b) ©  Z ol
{ nf
§ 300
3
Py . . N .

"
S
o

Total: L125 g

i
e
=3
2

M
o )
8 =
Mass change per hour (g)

Hydrothermal reaction
lon exchange

—

Calcination

Ti mesh

MoS, decoration
ﬂ

TiO,NWAs

(In)

O, NWAs @ MosS,

32
(b)
3.0
—— Sheet-like
2.8 -
3
2 26
£ 24]
3
< 2.2
2.0 -
1.8 4
400 800 1200 1600 2000 2400

()

Wavelength (nm)

Fig. 9 Semiconductor-based water purification SIWE devices. (I) BTCC nanocomposites, (a) schematic illustration of the preparation, (b) schematic
illustration of the outdoor test using BTCC nanocomposites, and (c) the mass change of evaporated water per hour and the corresponding actual solar
intensity. Reproduced with permission.*® Copyright 2018, American Chemical Society. (Il) Hierarchical 1D/2D TiO,@MoS,, schematic illustration of the
preparation process. Reproduced with permission.*2® Copyright 2021, Elsevier and (Il) HCuUPO-PDMS composite sheets, (a) SEM images of HCuPO and
(b) UV-vis-NIR diffuse reflection spectra of copper phosphate powder with different morphologies. Reproduced with permission.*> Copyright 2017,

American Chemical Society.

conditions (Fig. 9(I)).*® With further advancement, Yuan et al.
created a multifunctional solar absorber for sun-driven inter-
facial water evaporation and organic pollutant removal by
fabricating 2D MoS, nanosheets ornamented on 1D TiO,
nanowire arrays in situ formed on a Ti mesh (Fig. 9(II)) via
microstructure engineering. Along with the superior

584 | Energy Adv, 2023, 2, 574-605

photodegradation performance, the as-proposed SIWE device
was recorded to possess about 96.5% light absorption efficiency
and an optimal evaporation rate of 1.42 kg m~> h™! under one
sun irradiation.'*® Recently, a nature-inspired bifunctional
micro-reactor recorded a high-water evaporation rate of 37.0
kg m~> h™' along with a high energy conversion efficiency

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(91.2%) under simulated sunlight having the intensity of about
25.5 kW m ™2, Moreover, the Vo removal rate (80.9% in 40 min)
was recorded efficiently.'*®

Out of the other promising materials, copper and some of its
compounds cross all the limitations, such as being cost-
effective, having a sharp temperature gradient, and long-term
photostability. Copper has emerged with excellent results due
to its strong Vis-NIR absorption, mainly due to the d-d transi-
tion of Cu®". To exemplify the hierarchical micro-structured
copper phosphate (HCuPO), Hua et al. and his team designed
a solar absorber over porous PDMS sheets to accelerate
water evaporation further. The evaporation rate of saline
water (3.5 wt%) was measured to be in the range of 1.13-
1.85 kg m ™2 h™*, which was 2.2-3.6 times with a solar-thermal
conversion efficiency of 63.6% that for the ordinary saline water
without HCuPO, all under one sun intensity (Fig. 9(III))."*
Another recent investigation proposed a Cu-based multifunc-
tional photo-thermal material with abundant CuO nanowires.
In this, the as-prepared multifunctional CuO nanowire mesh
reported having high solar absorption of about 93%, excellent
capillary action, and conversion efficiency of 84.4% under one
sun illumination. This system allowed the incorporation of solar
evaporation with pollutant degradation and antibacterial activity,
holding great application potential in pure water production.’*°

Furthermore, with an idea to develop a scalable, affordable
system with practically stable evaporation and salt-resistant
performance, Zhang et al. demonstrated a highly scalable
customizable practical application of copper-based SIWE
device, with an efficiency of 98.5% and stability above 40 cycles.
This bilateral evaporation system comprises CuS-bacterial cel-
lulose (BC) hybrid gel membranes wrapped around PE foam."*"
The researchers showed that this flexibility and portability
showed the system’s uninterrupted salt-resistant properties
for more than 12 h with a stable evaporation rate.

3.1.4 Carbon-based SIWE devices. The efficiency of the
SIWE system depends strongly on the absorber’s absorption
capacity and as discussed earlier, carbon is the most favorable
and is primarily being explored. Its ultra-high solar absorbance
capability, stability, cost-effectiveness, and easy availability with
high solar-thermal conversion efficiency make it technically
vital in SIWE. Over the years, researchers have demonstrated
vast diversity in their structure, from 1D to 3D design or single
layer to multi-layered. For instance, there are various reports of
single-layered carbon-based SIWE devices, among which a few
include floatable hollow carbon nanospheres,”® porous
graphene,** carbon dots,"** graphene oxide-based aerogels,"**
carbon-loading support systems of reduced graphene oxide
within the porous air-laid paper,"** carbon black-based super-
hydrophobic  gauze,'”> microporous cokes in zeolite
catalysts,"*> and porous polymers coated with exfoliated
graphite.'*® All show excellent performances in respect of each
other. Recently, Wang and his team fabricated a biomimetic
ultra-black sponge (BUBS) with vertically aligned carbon
nanosheets on a loofah sponge. With properties such as anti-
reflection and wettability, the BUBS proved to be an efficient
fabrication with the highest evaporation rate of 1.93 km m > h™*
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and about 98.5% evaporation efficiency under one sun. The system
showed excellent performance in freshwater generation and
desalination."*’

Similarly, dual and multi-structured devices play a dynamic
role in SIWE performance enlargement. A recently published
report by Chen and his co-workers used exfoliated graphite over
a carbon foam as a heat barrier, facilitating thermal insulation
and the required capillary movement to the device. It was
recorded to achieve a solar-thermal conversion efficiency of
85% with irradiation of around 10 kW m™2, 2.4 times more
than the conventional bulk heating.* Likewise, a flexible and
scalable heat-localized solar desalination film with anti-
clogging properties based on graphite was prepared by Gha-
semi and his team (Fig. 10(I)). In a long-term performance, the
system demonstrated five orders of desalination of extremely
salty brine (1.52 x 10° mg L™') with no decrease in its
efficacy.'®® Furthermore, in a one-step process, Qi et al
proposed a carboxylated multi-walled carbon nanotube
(MWCNTs-COOH) loading on the cotton fabric (CF) - the
evaporation layer acted as the body and cotton yarns (CYs) as
the tentacles used for water transportation, assembled alto-
gether as a complete solar evaporator inspired from the jellyfish
shaped body. This bio-inspired evaporator exhibited an eva-
poration rate of 1.18 kg m > h™" and a high energy conversion
efficiency of 86.01% under 1.0 sun illumination (as demon-
strated in Fig. 10(11))."*® Similar investigations were reported,
such as graphene/carbon cloth,'*® GO/cellulosic filter paper,”®
carbon black/cotton gauze,"** etc.

Besides pure water production, various bilateral systems
presented a practical desalination approach to SIWE. For
example, Ren et al. used a hierarchically structured graphene
foam as a SIWE device, whose porous and superior omnidirec-
tional light harvesting performance showed a solar-thermal
conversion efficiency of up to 93.4% and solar-vapor conver-
sion efficiency of more than 90% for seawater desalination
under high endurance.'?

Moreover, with a more advanced structure, Xia et al. devel-
oped a novel self-rotating CNT-based, energy-efficient solar
evaporator, demonstrating an ultrahigh salt tolerance
(300 g L") via periodic self-regeneration in hypersaline brine
(as shown in Fig. 11(III)). The design illustrated a continuous
operation cycle, “evaporation-crystallization-self-generation,”
opening a way for reliable, practical applications. Additionally,
when operated under different operational conditions, the
system showed favorable outcomes, solving the universal salt
fouling problem.'*! Utilization of CNT membranes as a light-
absorbing layer was a frequent choice of many researchers due
to their remarkable light-absorbing capability and profound
structure. Accordingly, Xiong et al created a single-layer
photothermal membrane based on carbon nanotubes and
employed it for SIWE with increased desalination efficiency
(as shown in Fig. 10(II1))."*® Another article demonstrated a
water lily-inspired hierarchically structured SIWE device
enabling efficient evaporation (~ 80% solar-to-vapor efficiency)
out of high-salinity brine (10 wt%) and wastewater containing
heavy metal ions (30 wt%). More notably, neither a decrease in

Energy Adv., 2023, 2, 574-605 | 585
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evaporation rate nor fouling on the absorbers was observed
during the entire evaporation process until water and
solute were separated. With the capabilities of stable and
high-rate evaporation out of high-salinity brine and the effec-
tive separation of solute from water, this technology has high
expectations for direct implications in various fields such as
wastewater treatment and sea-salt production and metal
recycling.'**

Other than the above-discussed SIWE devices, the perfor-
mance of reduced GO is inevitable to avoid solar water

586 | Energy Adv, 2023, 2, 574-605

evaporation.”*'**!* For instance, Xiong and his team investigated
a reduced GO-based photothermal sheet with embedded hydro-
xyapatite nanowires (rGO/HNs) with high-efficiency SIWE and
stable desalination.*® Besides, the scalability and feasibility of the
technology are the other essential characteristics of SIWE devices
for an improved SIWE system. However, intrinsic barriers such as
heat loss and insufficient water transport still prevail, preventing all
of the prevailing designs from achieving the ultimate objective.

In an investigation by Fang et al, activated carbon/fiber
cloth with a matching water supply and durable fouling

© 2023 The Author(s). Published by the Royal Society of Chemistry
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resistance represented an excellent device with 93.3% efficiency
and has great potential applications in solar desalination.'*’
The study revealed that the balance maintained between the
water supply and vapor evaporation is more important in
fulfilling heat exploitation and effective solar desalination.
Furthermore, the scalability and stability can be more justified
with the use of a flexible and salt-resistive Janus absorber,
either lotus-inspired'” or a sunflower-inspired design (CB/
PMMA/PAN).'%3

Although various reports have been studied to date, none
provided an appropriate explanation of the stability and reusa-
bility of the system for a longer duration (Table 1).

Besides, very few talked about the actual practical issues of
the proposed system, primarily the salt generation over time.
This accumulation of salt over the evaporating surface arises
due to salt nucleation and growth during solar evaporation as
the concentration of water feed increases. This phenomenon
hinders the continuous dynamic functioning of the device by

© 2023 The Author(s). Published by the Royal Society of Chemistry

obstructing the water supply and reducing the absorption
capability of the solar absorber."*® Ideal solar desalination
could be observed as a continuously operating system with
high efficiency and no significant change in water evaporating
rate over time. But to maintain this, appropriately directed salt-
rejection strategies are needed'®' and they are: (i) natural
dissolution and physical removal, (ii) enhanced fluid convec-
tion, (iii) hydrophobic-hydrophilic (Janus) design, and (iv) site-
specific salt formation. The best method for removing salts is
through physical cleanings, such as rinsing or washing. This
method works best for flexible SIWE devices as they are simple
to clean and require less intervention than bulk materials.
Furthermore, for a stable SIWE operation, the natural dissolu-
tion of salt back to the seawater under the driving concen-
tration gradient in the dark is a feasible solution. However, the
above two strategies are traditional ways of salt rejection but
include operational time constraints. To successfully perform
these strategies, one requires a low-salinity brine as the water
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Table 1 Water evaporation and desalination performance based on different materials, under different light intensities, solar water evaporation

efficiency and desalination efficiency along with stability and scalability

SIWE efficiency/ Light
water evapora- intensity

Materials tion rate (kw m~?) Desalination efficiency Stability Scalability Ref.
Plasmonic- 3D self-assembly Al  88% 4 4-order salinity decrements Stable performance over 20  Scalable 8
based SIWE NP/AAM structure cycles (1 h per cycle)
devices Plasmonic Au NP/ 90.10% 1 Excellent stability with 120 h 146
rGO aerogel continuous operation
HfN-AAO membrane 87% 1 3-order salinity decrements Up to 10 cycles in freshwater 117
Polymer-based Ultralight biomass  94.70% 1 Reduced ion concentration 30 days continuous operation 120
SIWE devices  PPy-coated porous (salinity >20 wt%)
foam
PPy-coated VMP 88% 1 Primary ion concentration Good stability with salt resis- 121
monolith foam dropped by one order tance properties for more
magnitude than 6 hours
Semiconductor- Nanocaged black 71% 1 Metal ions are largely reduced Stable over more than 10 147
based SIWE titania up to the permissible limits cycles
devices Moth-eye-like nanos- 94% 1 With reduced metal ions Stability, >14 cycles 46
tructured black concentration, 96% of rhoda-
titania mine B is degraded
Hierarchical micro- 63.30% 1 For salinity 3.5 wt%, 1.13-1.85 Stability >6 cycles 15
structures of copper kg m~2 h™' water evaporation
phosphate was recorded
CuO nanowire mesh 84.40% 1 58% of TOC removal 5 cycles of continuous 130
operation
CuS/bacterial cellu- 98.50% 1 Reduced ions as per the per-  Durable for more than 40 Scalable 131
lose gel membrane missible limits cycles, flexible, and effective
salt resistance
Donan effect-based 80% 1 Decrement in four orders of  Stability up to 11 cycle con- 148
solar evaporator ~1.3 kg m? magnitude tinuous test treating a 15 wt%
h™! NaCl solution
GO/PS foam 80% Four order salinity decrements High stability over 10 cycles Scalable 149
(each cycle per 1 hour)
Hierarchical gra- 91.40% 1 Reduced ion concentration was Over continuous 20 cycles 12
phene foam (h-G recorded
foam)
Anti-clogging solar  62.70% 1 Five orders of desalination Showed stability over more 108
desalinator under high salinity than 5 hours of continuous
operation
Self-rotating CNTs- 1.41kgm >h™' 1 Five to six orders in magnitude Stability around 30 days with 141
based solar under hypersaline brine (300 g continuous operation
evaporator L' NaCl)
CB NPs/Al,O/copper 80% 1 Reduced ion concentration, Operated for more than con- 142
foam meeting WHO standards tinuous 8 hours

feed and an optimized porous material balancing out the
thermal and salt transfer efficiency to achieve efficient and
long-run solar desalination with zero-crystalline salt formation.
Similar strategies were demonstrated by various researchers,
including Zhu et al.,** Ni et al.,">> and Chen et al. ">

Another advanced design is termed Janus, an intelligible
hydrophobic/hydrophilic designed membrane for solar water
evaporation. It includes a composite of two layers, the top
hydrophobic layer for solar absorption and the bottom hydro-
philic layer for water transport. With heat localization in the
hydrophobic layer and water pumping in the hydrophilic layer,
the device’s heterogeneous wettability enables it to float on the
water surface. As a result, the hydrophilic layer is the only place
where salt ion concentration and nucleation take place.
Although if the formed salt crystal is visible in this layer, it
can still be gradually dissolved by water pumping. Similar
phenomena are claimed by Xu et al.,'® Yang et al.,">* and Hu
et al."®® Despite being able to function at high salinity, the

588 | Energy Adv., 2023, 2, 574-605

Janus structure still struggles in terms of stability and durabil-
ity of the hydrophobic coating in brine.

Besides the advancement of SIWE device design, the choice
of materials having intrinsic self-generation capability is a
favorable factor that should be taken into consideration for
long-term SIWE device durability in brine. This quality allows
solar evaporators to operate continuously without salt accumu-
lation on the heating surface. This works on an enhanced fluid
convection mechanism between the solar evaporator and the
water reservoir, which can dilute the high-concentration brine
within the evaporating area before the precipitation of salt
crystals occurs. Along with speeding up the salt exchange to
prevent the formation of hypersaline water, the rapid water flow
encountered here also removes heat from the evaporation
surface, further reducing conductivity loss. In response to this,
Chen et al. introduced a unique method that maintains excel-
lent heat localization, while spontaneously rejecting salt via
improved fluid convection.'”® Nonetheless, the lack of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Water evaporation and desalination performance of SIWE devices based on hybrid materials under different light intensities, including solar

water evaporation efficiency along with desalination efficiency

Water purification Desalination Light intensity

Materials Substrate efficiency (%) efficiency (kw m™?) Ref.
Molybdenum carbide/carbon-based chitosan hydrogel — 96.15 1 sun 18
Carbon nanotubes/Ni foam decorated with Fe,O; nanoparticles Ni foam 83.1 — 1 sun 157
CNTs@PVP photothermal membrane Polystyrene 91.1 — 1 sun 158
AgNPs@C;N,/GO membrane GO 77 1 sun 144
Ag/Au-GO-PU foam Polyurethane 98.6 8 sun 77
Ti,0;-PVA/LASH networking Hydrogel 90 99.9% 1 sun 159
Cauliflower-shaped hierarchical copper nanostructures Copper 60 — 1 sun 160
Nature-inspired, 3D origami solar steam generator Cellulose 100 1 sun 161
Vertically aligned Janus MXene-based aerogels PTFE 87 1 sun 47
Polydopamine-filled bacterial nanocellulose BNC 78 1 sun 162
Stac nickel-cobalt@polydopamine nanosheet Commercial sponge 109 Salinity up to 1 sun 156
2.26 ppm

knowledge regarding the behavior of water transport and the
mechanism of salt rejection represents a setback for
researchers.

Among the strategies, controlling the salt at a designated
location or, in other words, the on-site salt formation offers a
new and facile approach to the current heavy use of energy and
cost within, providing a separate collection of fresh water and
salt crystals without hampering the continuous operation for a
more extended time. The movement of salt ions from a water
source to a particular location, such as the edges of solar
absorbers, is mostly fueled by capillary force. Water loss across
the evaporative area causes the solute concentration to rise as
the water flux gets closer to the endpoint. Due to the directional
water flow, it is interesting to note that salt crystallization only
occurs at the terminal site, leaving the majority of the solar
evaporators free from the salt problem. In addition to efficiently
extracting salt from brine, this modified salt distribution can
support water evaporation.'” A recent report by Wang et al.
fabricated a 3D-shaped cup to achieve ZLD desalination with
high energy efficiency via solar water evaporation. Compared
with the similar conventional 2D design and 3D design, the
latter proved to be the most effective in a highly harsh salt
environment (25 wt%), without any conspicuous change in
water evaporation rate for at least 120 h.** Interestingly, Xia
et al. reported a solar steam generator (CNTs/filter paper/
polystyrene foam) that could achieve continuous steam genera-
tion and salt harvesting in an uninterrupted long run over
600 h (Fig. 11(I)). The evaporation strategy of salt solution
transport and distribution over the photothermal material in
the form of discs having one inlet, two inlets, and four inlets
quickly controlled the deposition. The proposed design suc-
cessfully achieved the spatial isolation of salt crystallization
from water evaporation and advanced one more step further
toward practical applications of solar steam technology,
demonstrating great potential in seawater desalination and
resource recovery from wastewater with zero liquid discharge
and in-hand salt harvesting.'% Likewise, Wu et al. developed a
biomimetic 3D absorber, where the crystallized salt stands
freely on the evaporator and can be easily removed (as shown
in Fig. 11(II)). The system achieved a water evaporation rate of

© 2023 The Author(s). Published by the Royal Society of Chemistry

2.63 kg m~> h™', with energy efficiency exceeding 96% under
one sun illumination. Furthermore, in a closed system and
under high salinity (25 wt% NacCl) of natural seawater, the water
collected at a rate of 1.72 kg m > h™.% In addition, it is
necessary to note that salt accumulation has a negligible
impact on energy efficiency and water evaporation of the
system, indicating the potentiality of the novel strategy for
sustainable and practical applications in the future.

3.1.5 Composite-based SIWE devices. Apart from the indi-
vidual functionalities of the solar absorbers, the combination
of these plays a vital role in SWIE-enhanced functioning. For
instance, Shao et al. presented an energy conversion efficiency
of about 109% using the Ni;Coz;@PDA-based photothermal
sponge.’®® Likewise, the arrangement of CNTs and GO over
the low conductive substrate demonstrated a conversion energy
efficiency close to 100% with optical absorption of more than
97%. With this, there are other studies as well exhibiting a
similar impression (Table 2).

3.2 Energy generation

Under the basic functioning of SIWE, an inevitable amount of
heat is lost to the surroundings. On the contrary to this energy
loss, electricity production applications have found an oppor-
tunity in a hybrid form to solve the water and energy insuffi-
ciency simultaneously. A few researchers have fruitfully used
this concept to perform more effective thermal management of
SIWE systems. This can be done through the integration of
different electricity generation strategies, including salinity
gradient power, thermoelectric conversion, photovoltaics
(PVs), and thermogalvanic cells. Despite all the solar absorbers
having potential, carbon-based SIWE is one that has received a
lot of research attention when it comes to the type of solar
absorber utilization, particularly for simultaneous electricity
generation. For instance, a report published by Zhu et al
successfully demonstrated one-site electricity generation and
freshwater production in one go. They introduced a 3D elastic
cellular nitrogen-enriched carbon sponge (CS), as an indeed
proposed SIWE device with an induced electrical potential and
2.4 x 107°% solar-electric conversion efficiency."®® They were
the first to demonstrate the SWIE-induced electric potential.

Energy Adv., 2023, 2, 574-605 | 589
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For this, a ferroelectric fluoropolymer polyvinylidene fluoride
(PVDF) film was used, which efficiently endures the simulta-
neous heating and cooling variation caused by the interaction
of natural air flow and the generated steam. Reaching the PVDF
film’s surface, water vapor condenses in the form of numerous
microscopic water droplets, which heats the PVDF film. The
local humidity around the PVDF film drops as the vapor drifts
away and the water droplets quickly evaporate, cooling the
PVDF layer. Later an external load resistance is employed to
measure the pyroelectric response of the film.

Apart from the pyroelectric energy generation, an induced
salinity gradient can be noted in the case of water evaporation
or desalination using plasmonic nanostructures, the other
provision for electricity generation.'®*'%* Similarly, Zhou et al.
fabricated a self-floating hybrid system, having CNT-modified
paper over an ion-selective membrane called Nafion. The
device recorded a thermal efficiency of around 75% under
one sun and an electrical output power of ~1 W m™2 simulta-
neously and was later suggested to improve with some further
optimizations.'®®

Interestingly, various attempts were made to balance
the energy within the proposed system (Table 3). For instance,
Zhu and his co-workers developed a solar-driven interfacial
evaporation-thermoelectric-induced device using cost-effective,
highly efficient, and scalable graphite particles coated over a
non-woven material. Fig. 12(I) demonstrates the same for a
sizeable real-scale application. The result was quite attractive,
with a solar-thermal conversion efficiency of around 81.5%,
meeting the WHO standards for drinking water. In addition,
the system achieves maximum solar-electricity efficiency of
1.23% (4.17 V and 0.6 A).""® Likewise, Ho et al. reported an
evaporation rate of 1.20 kg m > h ™, an efficiency of 87.4%, and
an output power density of 0.063 W m > under one sun
irradiation, using a 3D organic sponge as a SIWE device."®’
Meanwhile, this group also creatively used a ferroelectric PVDF
film to harvest the thermomechanical responses during solar
evaporation, achieving the output power of 240.7 yW m™>,'®3

Zhu et al. formulated a 3D organic sponge with the desired
properties that render both the photothermic vaporization and
electricity generation ability along with the enhanced opera-
tional durability (Fig. 12(III)). Under a realistic one sun sce-
nario, the thermoelectric module functions as a heat insulator
to enhance solar water evaporation and simultaneously har-
vests low-grade solar heat to sustain power.'®” Likewise, a
monolithic design was proposed by Xiao et al., using an
asymmetric functionalization strategy successfully responding
to this concept, enabling effective solar-thermal-electro inte-
gration in one system (Fig. 12(11))."”?

Besides, Jiang et al. and his team proposed a universal solar
water evaporation system that effectively distilled various water
sources (seawater, river water, strong acid-alkali water, and
organic dye wastewater) (as shown in Fig. 12(IV)).>* The nickel
sulfide/nickel foam-based solar evaporator is stated to have a
water evaporation rate of about 1.29 kg m~> h™" with a conver-
sion efficiency of 87.2% under one sun irradiation. Using the
same system with a thermoelectric (TE) module as an insulator,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a maximum power output of about 0.175 W m~> was achieved.
Henceforth, we can observe this heat management and inte-
gration of solar water evaporation systems with energy genera-
tion as an attractive footstep towards the era of one solution to
various problems.

Moreover, Ding et al. presented an optimized integrated
cross-flow multi-stage membrane distiller model and PV cell
with an advanced latent heat recycling option.’”* The PV cell
module above the distillation unit transports its waste energy to
the bottom distillation unit to generate fresh water. The dis-
tillation unit is composed of an optimized hydrophobic
membrane managing the thermal energy and a multi-stage
membrane balancing vapor and heat transport. This results
in higher electricity output and water yield. Similarly, Ji et al.
presented a rational, integrated semitransparent PV cell and an
interfacial steam generator (SG) producing a high electrical
power output of 122 W m~> and 1.30 kg m~> h™' water
evaporation rate simultaneously.'”®

Recently, Huang et al. anticipated a sustainable clean-water
production and green-energy generation technology via GO
nanosheets with different assemblies (1D aligned fibers, 2D
layered membranes, and 3D porous foam). With the excellent
chemical properties of GO, an efficiency of over 95% with water
generation rates of 2.0-2.4 kg m~> h™" under one sun irradia-
tion was achieved. Under electricity generation, an increased
magnitude from 30 mV to 1.5 V was observed in a single device
via modulation of the chemical groups present and the moist-
ure absorption capability. The fabricated device demonstrated
a unique and promising approach to the water-energy nexus."”®
Recently, Sun et al. developed a novel, simple, bioinspired,
muti-layered, and designed interfacial evaporation-driven
nanogenerator (IENG). This multi-functional system includes
a porous ionic hydrogel in the bottom for water feed, the
middle layer is built of multi-walled carbon nanotubes, MXene
is used to increase electric conductivity, and the top layer is
constructed of nanofibers to generate heat and electricity. The
IENG demonstrates an output power density of 11.8 pW cm ™2,
which is 6.8 times greater than the previously documented
average value with a high evaporation rate of 2.78 kg m~> h™ "7
Altogether, research on electricity generation has shown the poten-
tiality of SIWE devices along with freshwater generation, but these
contributions are still small for real-life practices because of their
high cost and the techniques involved.

3.3 Wastewater evaporation

Apart from studying a highly efficient and endurable solar
water evaporation system, this concept shows a variety of
diverse applications. One is wastewater treatment - cleaning
up heavy metal or ion contamination, micro-organisms, indus-
trial effluents, etc., from the water resource to make it fit
for other basic needs.*'’® With regard to the wastewater
without volatile organic compounds (VOCs), SIWE’s evapora-
tion and condensation mechanism separates the clean water
leaving behind the concentrated wastewater containing the
pollutants.®® For example, the superheated steam generated
under ambient pressure and low-flux solar irradiation is an

Energy Adv., 2023, 2, 574-605 | 591
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Fig. 12 Electricity generation. (I) A multifunctional system, with clean water generation and electricity production simultaneously. Reproduced with
permission.**® Copyright 2018, Elsevier. (II) All-in-one evaporator to generate electricity through water flow during evaporation. Reproduced with
permission.”®> Copyright 2020, Elsevier. (Ill) Schematic of the synergistic interfacial photothermal water evaporation and thermoelectricity generation
process based on PCC sponge. Reproduced with permission.’®” Copyright 2019, Wiley-VCH. (IV) Schematic illustration of nickel sulfide/nickel foam-
based solar evaporator demonstrating simultaneous clean water and electricity generation. Reproduced with permission.?* Copyright 2020, American

Chemical Society.

effective parameter in the removal of both the Geobacillus
stearothermophilus biological indicator and Escherichia coli bac-
teria. Herein, the authors demonstrated a solar vacuum tube
working under an interfacial evaporation mechanism, capable
of generating steam above 121 °C in ambient fluctuating solar
illumination with an averaged natural solar irradiation of
~600 W m 2 Moreover, as a steam generator, the vacuum
tube achieves a temperature of about 102 to 165 °C and solar-to-

592 | Energy Adv., 2023, 2, 574-605

steam conversion efficiency from 26 to 49% under one sun
illumination."””

Furthermore, inhibiting the enrichment of VOCs in the
condensed water for wastewater containing VOCs is essential
and is frequently accomplished using two techniques."®® One
includes the integration of advanced oxidation technologies.>*
In particular, with the direct implication of solar energy on eco-
friendly wastewater treatment, Zhu and his co-workers

© 2023 The Author(s). Published by the Royal Society of Chemistry
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solar steamer — design and performance. Reproduced with permission.*®*

Copyright 2018, Wiley-VCH. (Il) Design illustration of a solar absorber gel for clean water production. Reproduced with permission.’®®> Copyright 2021,
Wiley-VCH. (lll) Schematic of water treatment of the sunlight-powered purifier (PNPG-F) — the coated PG demonstrates solar—thermal conversion and
pollutant rejection. Reproduced with permission.®° Copyright 2019, Nature.

examined the performance of a tailored semiconductor-based
photothermal sheet as the SIWE device, providing more photo-
catalytic active sites and longer reaction distances.'®" The study
depicted the concentrations of heavy metals such as cu*, cr,
and Pb*" as much lower than the concentrations found in
effluents. In addition, the decreased concentration of Rhoda-
mine B dye from 10> mol L " to 10" mol L ™" was recorded as
well. Similarly, a few researchers have reported almost a
complete discoloration of organic pigments — methyl orange,
methyl blue, and colored heavy metals as well as the

© 2023 The Author(s). Published by the Royal Society of Chemistry

inactivation of pathogens polluting the water environ-
ment.">*'8>183 Added to these, a study led by Li et al. demon-
strated a high evaporation rate of 1.95 kg m > h™* under one
sun intensity and showed water treatment facilities, particularly
for the Hg" ion from 200 to its permissible limit of ~ 1 ppb, via
a MoS,/C-based PU composite sponge, as the SIWE device
(Fig. 13(1))."®" Moreover, a recent report submitted by Tian
et al. practically examined the as-designed evaporation system
for multiple wastewater evaporation, such as, the wastewater
coming from dye pollution, micro-organism pollution, and

Energy Adv, 2023, 2, 574-605 | 593
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heavy metal pollution, besides the basic functioning of SIWE
devices. The system ultimately noted high water evaporation
efficiency of 99.8%, meeting the WHO standards of potable
water.>

Additionally, the second approach of wastewater cleaning
relies on physical interception and involves the separation of
water and VOCs based on the various solution diffusion beha-
viors of water and VOCs within polymeric membranes."®® These
membranes can filter out complicated volatile organic pollu-
tants from natural water sources and provide water that com-
plies with drinking water standards. For example, Chen et al.
and his team tested the developed SIWE device’s durability in a
harsh wastewater environment. A dual functional APS (asym-
metric plasmonic structure) of Ag NPs based SIWE device
enabled on-site pollution detection and purification of water
simultaneously, exhibiting prolonged durability for 45 days
under natural sunlight conditions."®” A recent study published
by a group of researchers on the successful development of a
solar absorber gel, showed eliminating the need to heat and
evaporate water altogether. Taking inspiration from the puffer-
fish’s ability to inflate and deflate itself with water in response
to danger, but in this case, absorbing contaminated water and
spitting out clean drinking water (Fig. 13(II)). Polydopamine
(PDA), a polymer derived from melanin, which shows broad-
band solar absorption and light conversion efficiency, was
utilized in the current work by the team. As a result, they
developed a hydrogel that releases the water it absorbed when
warmed by sunlight."®> Recently, Geng et al. demonstrated a
plant leaf water purifier.®> As shown in Fig. 13(III), they con-
structed a poly(N-isopropyl acrylamide) hydrogel (PN) attached
to a super hydrophilic melamine foam skeleton, along with an
outside coated layer of PNIPAm-modified graphene (PG) filter
membrane. This coherent engineered structure reported a high
ion rejection capability of >90%, with a water collection rate of
4.2 kg m > h™"! from the contaminated water source. Table 4
incorporates a few more research studies with a distinctive
approach. Although these reports broach the feasible, eco-
friendly, and low-energy utilization nature of this application,
the stable functioning of the system under a complex waste-
water environment, the adsorption and removal of dyes and
metal ions over the evaporating surface are still challenging
and concerning parameters, similar to that discussed for salt
accumulation. In addition, deep research is essential on the
components’ separation order, separation speed, and separa-
tion time for smooth operation.

3.4 Other applications

Besides water processing, purification or treatment and real-
time electricity generation, solar-driven water evaporation
works well under the scheme of public health and medical
needs, dropping out the excess electricity requirement such as
in steam sterilization'**'®” and others, for the production of
beneficial compounds and their by-products.'*®'*® Deng and
his team produced a highly promising, affordable solar water
evaporator device, meeting the requirements of steam steriliza-
tion based on interfacial heating. The system includes a self-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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floating rGO-based SWE device, enabling steam production at
temperatures above 120 °C.""* In a similar context, Chang et al.
presented a highly efficient portable solar vacuum tube gen-
erating supersaturated steam with sterilization hold against
Escherichia coli bacteria under ambient pressure and low solar
flux (Fig. 14(1))."”° By virtue of the dearth of readily accessible
sterilizing methods in medical settings, Oara et al. fabricated
two compact solar steam sterilization systems with open and
closed-loop solar autoclave systems, generating steam using
broadband, super light-absorbing nanoparticles. The systems
maintain temperatures between 115 °C and 132 °C, with a
capacity of 14.2 L."’

A study led by Grime et al. demonstrated the successful
conversion of harmful gases into beneficial hydrocarbon fuels.
The research utilizes the photocatalytic phenomena via
nitrogen-doped titanium dioxide photocatalysts in the form of
nanotube arrays under the assistance of solar irradiation. The
device reported tremendous results, being capable of produ-
cing hydrocarbons at the rate of 111 ppm cm ™ > h™ """ Besides
these, the concept works well in the petroleum extraction
processes to reduce the wax deposition over the pipelines.
Chang and his co-workers formulated a 3D solar interfacial
evaporator, whose steam generation is utilized to heat up the
copper pipeline, thereby collecting deposited paraffin into the
container (Fig. 14(11)).>*° Research also suggested the concept
of utilization in waste sterilization and liquid separation,
mainly in low-responsive areas.'*®

De-icing, a crucial new technique based on the SIWE pro-
cess, is nevertheless significant despite the other mentioned
applications. High light-to-heat conversion efficiency, quick
heat transport throughout the surface, and minimal transverse
heat loss are anticipated characteristics of the ideal photother-
mal de-icing surface. Wang’s team used a modified templating
approach to create a PDMS/rGO surface with a hierarchical
structure. The light was absorbed from 295 to 2500 nm due to
macropores and micro wrinkles (Fig. 14(III)).2°* They could
function even at 60 °C, attributed to the remarkable photo-
thermal efficient coating (>90%). Likewise, Dash et al
proposed a multi-layered de-icing coating capable of restricting
the surface temperature to as high as 33 °C under ambient
solar flux.''® Other reported articles include the research of
Cheng et al.,”® Jiang et al.,>*® etc.

4. Progress and challenges in making
facilities (real-life use) for different
applications

Solar evaporation has emerged as a facile and attractive tech-
nology for clean water production, desalination, wastewater
treatment, energy generation, etc., as shown in earlier sections.
However, the unsuccessful amalgamation of these hybrids and
complicated solar-thermal devices with poor material compli-
ance undermines extensive solar energy utilization and practi-
cal outdoor uses. Some practical experiences observed are listed
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Chemical Society. () Schematic setup for outdoor removal of paraffin deposits on the walls of oil pipelines. Reproduced with permission.2%° Copyright
2019, American Chemical Society. (Ill) A photothermal active deicing device performance. Reproduced with permission.2°* Copyright 2020, Royal

Society of Chemistry.

in this section, underlining the real-life exposure and the real
challenges faced.

To begin, Zhang and his team strategized a self-healing
hydrophobic photothermal membrane based on PPy onto a
SS mesh for large-scale fabrication, with the potential of
portable water generation. Generally, a solar water evaporation
system comprises an insulated chamber with a single transpar-
ent and tilted rooftop. The solar absorber is placed at the
bottom of the chamber, and the whole solar distillation device
floats on water. Zhang et al. fabricated a similar device consist-
ing of an evaporating and condensing chamber separated by a
division in the bottom. The solar absorber at the bottom
functions accordingly upon solar irradiation and evaporation
occurs. This system also includes a solar-powered fan for
constant airflow inside the chamber, thus providing a way to
collect water from the evaporation chamber to the condensing
bottom at a rate of 0.15 kg m~> h™*. But as the device failed to
mention the input solar irradiation to the system, its capability
to purify water cannot be fully appraised. Moreover, the device
recorded lower evaporation efficiency, while functioning based
on the distributed heating phenomena. Also, when referring to

596 | Energy Adv, 2023, 2, 574-605

its commercialization, the work failed to explain the device’s
stability, scalability, and cost-effectiveness.®°

Later, a group of researchers fabricated a similar design
based on localized heating to have higher outcomes (Fig. 15(I)).
There, they formulated a small-sized graphene oxide aerogel
(stGA) photothermal sheet having an area of around 750 cm?
over the lake in the form of a floating type solar still to measure
the water productivity under ambient outdoor conditions. The
entire floating device was a 3D thermally insulated tank made
of PS with hydrophilic cotton bar wicks attached to the absor-
ber through the substrate beneath. The design demonstrated
water productivity of 9.52 L m~* day ' under natural solar
intensity, which could sufficiently cover the daily water require-
ment for five people. Other than these, 99.2% of heavy metal
ion rejection was observed with the design stability of 10 cycles
(6 h each). With excellent results, the device could be a
promising solution for seawater, wastewater, sewage, etc. but
is still hindered by the stability and recyclability of the
system.”**

Unlike the above-described systems, a low-cost and salt-
rejecting floating solar still has been proposed by Ni et al.,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (I) (a) The scheme of the lab-made solar still. (b) The entire device floating on the lake, and (c) a virtual view of the solar still placed on outdoor

water. Reproduced with permission.?%* Copyright 2018, Elsevier. (Il) (a) Photograph of the evaporation structure, (b) rooftop experiments with the floating
solar still under natural sunlight, and (c) testing of the floating still on the coast of the Atlantic Ocean. Reproduced with permission.’>? Copyright 2018,
Royal Society of Chemistry. (Ill) (a and b) Schematic diagrams and photographs of the pyramid solar still floating on water and (c) the photograph of
condensate water in the troughs of the pyramid solar still. Reproduced with permission.*5* Copyright 2018, Wiley-VCH and (IV) (a—c) outdoor solar water
purification using HNGs under natural sunlight. Reproduced with permission.*® Copyright 2018, Nature.

stating the conceptual interfacial heat localization as effectual
desalination. They used porous and hydrophilic white fabric to
wick water to the solar-absorbing evaporation structure above,
while assuming advection and diffusion as the phenomena
pushing the salt down to its previous position (as shown in
Fig. 15(11)). The design (55 cm X 55 cm) modulated a dual-slope

© 2023 The Author(s). Published by the Royal Society of Chemistry

structure entirely based on polymeric and fabric materials,
generating pure water (50 ppm) at a rate of 2.5 L m > day .
Economically, the entire system’s material cost was $$3 m?
much lower than those of the conventional solar stills, without
any additional energy requirement, providing cheap drinking
water to water-stressed and disaster-stricken communities.
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Finally, upon ocean testing, the effectiveness was comparatively
lower than the rooftop, limiting the conduction loss beneath
the substrate and having additional convection losses within
the ocean currents. Furthermore, the device suffered from a
transmission loss of about 20%, reducing the evaporation
efficiency of the system. Hence, although the design provided
simple and cost effectual fabrication, the challenges over the
structural design, material choice, stability, and little under-
standing of the salt coagulation over the evaporating surface
still prevail and need to be resolved when it comes to the real-
life exposure.'*?

With the advancement in design, Ho and his team
assembled a pyramid solar distillation cell to capture more
and more sunlight throughout the day and validate water
purification under natural ambient conditions. As shown in
Fig. 15(1II), the pyramid model consists of transparent, low-
density acrylic boards with a carbon sponge (CS) as the solar
absorber, assembled such that the water condenses at the
collection troughs and then at the water collecting bag.
The study reported a maximum freshwater generation of
0.34 kg m~> h™" under one sun illumination. However, without
a water collector, the water evaporation rate was observed to be
1.15 kg m~> h™", three times higher than that of the system
with the water collection provision. The researchers noticed the
difference and concluded that the humidity factor plays a
significant role inside the sealed chamber; that is, the more
the humidity, the lower the efficiency recorded. Furthermore,
when the vapor condenses on the cover, the resultant water
droplets condense on the transparent cover, blocking the
incident rays and deteriorating the system’s overall perfor-
mance. Hence, structural design, material selection, and proper
integration must be considered to simultaneously accelerate
the rapid evaporation process and water collection.'®

With the experience from the earlier made designs, adding a
reflective layer to the absorber resulted in a relative increase in
absorption efficiency by 6.5% and water evaporation efficiency
by 12.2% compared to the system without this addition. Fan
et al. and his team proposed this, claiming their evaporator to
be an ideal candidate for scalable, practical applications with
advantages of facile fabrication, durability, high cost-efficiency,
and a good resistivity towards salt accumulation over time. To
have a real-life experience, a portable outdoor prototype was
designed, costing around 30$$ m > with an area of about
1 m??% Similarly, various researchers have successfully
demonstrated the outdoor practical applications of their
designed evaporators with average water.'®®>'?! For instance,
Fig. 15(IV) presents a floating HNG-based water evaporator with
a higher water evaporation rate of 3.2 kg m~2 h™" via 94% solar
energy under one sun irradiation. Besides the laboratory scale
investigation, Zhao et al. studied the outdoor vapor generation
under natural conditions and reported collecting 18-23 litres of
water per square meter of HNG, daily purifying seawater.'® All
these designs pave the way for various real-world applications
in the future but are still underrated.

Forging ahead, conceptually utilizing the interfacial solar
heat localization and vaporization enthalpy and recycling, the
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multistage device’s proposal enlightens the SIWE system’s
energetic performance. Here, Wang et al. demonstrated an
extremely high evaporation rate of 2.6 kg m > h™' by using a
multistage solar still in a rooftop test. That was almost equal to
what was produced by the conventional one in the one-day
duration of time. The low cost and free of salt accumulation
design possibly addressed the practical issues such as long-
term operation, salt rejection, and effectual water collection. In
addition, the vertically aligned layers and tilt angle provide
movement to the device according to the direction and position
of the Sun. Even though the device architecture fulfills the
earlier requirement of the real-life challenge, the attitude
towards high-salinity water and complex fabrication would
make it much less competitive in the future market. In this
respect, latent heat recovery, scalability, and low design cost
should be highly considered when designing the device for
larger-scale production (Fig. 16(1)).>° Because of these, Xue
et al. proposed a compact solar-thermal membrane distillation
system with localized heating, effective cooling, and latent heat
recovery features. As shown in Fig. 16(II), the two-consecutive
solar-thermal evaporation chambers reutilize the heat loss in
one as the heat gain in the other, thereby evidencing latent heat
recovery with a recycling facility in the system. With this
improvised heat management strategy, the water collection rate
was found to be 1.02 kg m~> h™" with a solar efficiency of 72%
obtained under one sun illumination.?’” Later, Chiavazzo and
his co-workers also demonstrated a similar design but with
multiple distillation sub-stations and recorded impressive
freshwater production results at a rate of 3 L m~2 h™?*, under
one sun illumination, as shown in Fig. 16(I11).>*®
Furthermore, with greater progress, a suitable combination
of photo-electro-thermal effect on an all-graphene hybrid archi-
tecture (as shown in Fig. 16(IV)), solar energy can not only be
completely absorbed and transferred into heat but also con-
verted into electric power to further heat up the graphene
skeleton frame for a significantly increased generation of water
vapor. Therefore, even without system adjustment, the unique
graphene evaporator achieves a record-high water production
rate of 2.01-2.61 kg m > h™' under solar irradiation of
1 kW m™> The graphene evaporators’ several square meters
would produce enough water each day to supply tens of people,
offering a novel approach to developing a quick and scalable
solar steam generating system to solve the water problem.'”"
Despite these incredible achievements in developing a close-
to-ideal SIWE system, most of the reported outcomes are still
on the laboratory scale, in search of more advancement and
novelty toward practical implementation on a large scale. In
other words, properties such as low cost, large area, mechanical
robustness, and environment-friendly nature must be consid-
ered and met. Moreover, the differences between the practical
implementation of solar water evaporation systems and labora-
tory measurements should be regarded before implementing
these systems for commercial applications in the near future
and hence, the challenges that should be studied and
addressed for enhanced system functioning and eventually
reaching the commoner’s household are listed as follows:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(1) Outdoor experiments with the ten-stage TMSS prototype on a partly sunny day with scattered clouds on a rooftop at MIT campus (July 13,

2019). (a) Schematic representation. (b) Experimental setup. Reproduced with permission.2°® Copyright 2020, Royal Society of Chemistry. (Il) The multi-
level water production device with integrated evaporation and collection design under sun illumination. Reproduced with permission.2%” Copyright 2018,
Wiley-VCH. (I1l) Floating installation of the modular solar distiller. Reproduced with permission.2°® Copyright 2018, Springer Nature. (IV) A hybrid solar-
driven PV cell coupled with PGS/GF evaporator. (a) Scheme and (b) figure of the clean water production system based on the pet-PGS/GF arrays working
in the outdoor environment. Reproduced with permission.!”* Copyright 2018, Wiley-VCH.

(i) Synthesis and processing gap of these SIWE devices

Despite the practical material choice, the difficulty and non-
relatability of the reported result with large-scale implementa-
tion have been an obstacle in this field in the long run. As a
result, formulating a uniform and standardized criterion is
highly desirable for comparison and evaluations to be made
or studied. And hence, an appropriate detailed study of each
aspect is necessary to evaluate the parameters and efficiency
more effectively, which provides direct feedback for further

© 2023 The Author(s). Published by the Royal Society of Chemistry

exploration of fundamental understanding and practical
applications.

(ii) A reliable and long-term continuous operation

Developing a SIWE system focusing on its ability to function
without any interruption for a more extended period with the
same capacity and capabilities, in particular, working under
natural water sources such as lake water, river water, seawater,
industrially contaminated water, city sewage, etc., against
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moisture, heat, salt, bacteria, and the erratic weather is a big
concern. The current research paid much attention to the
enhancement of solar-thermal conversion efficiency and heat
management rather than the properties of photoexcitation of
the absorber used and the evaporating processes. As a result,
the systematic evaluation of the chemical and physical stability
of the overall system is still insufficient. Solutions to structural
and material engineering, such as chemical/thermal stability,
recyclability, surface chemistry, protective coatings, hybridiza-
tion, and pore structuring, can be perceived.

Other aspects must be avoided, such as fouling, salt clog-
ging, weather incredibility, corrosion, etc. For example, the
problem of crystallization and precipitation of salts, while
working with natural water sources reduces the conversion
and evaporation efficiency, respectively. More specifically, the
long-term stability and efficiency in brine desalination are the
special characteristics of an ideal evaporator. However, despite
the fact that numerous scientists have recognized the issue of
salt accumulation, it has not been quantified. For example, the
amount of salt produced, optimum water concentration,
requirement of post-treatment before the operation, and many
other parameters. Some factors that play a vital role in salt
rejection and simultaneous effective evaporation are the
amount of salt rejection per area of evaporating surface, the
continuous operation time, the concentration of contaminated
water, and the operational interference by different species
found in water. Nevertheless, these are the more significant
challenges in terms of practical applications and need to be
studied and traded off with evaporation efficiency and the
proper utilization of solar energy. One more challenge with
natural water sources is the contamination of the collected
water by volatile organic components and hence, strategizing
the structural and material design and separating the volatile
organic ingredients from the evaporation process is highly
desirable. Before all these, the solar resource’s day and night
variation obstructs the system’s practicality.

(iii) Output water quality, drinkable or not

Solar interfacial water evaporation has emerged as an efficient,
economical, and sustainable desalination method to obtain
distilled water. The water obtained through these technologies
is claimed to be drinkable and safe. A significant research hole
is created when one does not offer the evidence (i.e., the results
for the water quality test). For instance, drinking water must be
tested for a permissible magnitude for parameters like turbid-
ity, pH, total hardness, calcium, magnesium, copper, iron,
manganese, sulfate, chloride, nitrate, fluoride, phenolic com-
pounds, mercury, cadmium, selenium, arsenic, cyanide, lead,
zinc, anionic detergents, chromium, mineral oil, and residual
free, and also includes color, odor, and taste. Very few com-
pared the salinity magnitude of the feed solution and the
distilled water meeting the drinkable water standards against
the World Health Organization (WHO)** and the US Environ-
mental Protection Agency (EPA).>'° Even few studied the water
ion concentration before and after desalination. Hence, the
researchers must conduct a rigorous quality comparison before
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declaring the water fit for consumption or may be used for
other purposes like agriculture. This comparison could subse-
quently serve as a crucial factor in advancing to practical
applications or a real-world scenario, which is the desired
next step.

(iv) To the market, for the people

The overall implementation of the designed system from the
laboratory scale to the practical scale is highly inclined towards
two key factors, scalability and cost. The fabrication of a novel
SIWE device, increasing the solar utilization efficiency, costs
more. Other than the price perspective, these advanced
designed materials and the development of complex fabrica-
tion can hamper the solar water interfacial evaporation on a
broader scale. Thus, large-scale manufacturing, simple design,
petite structure, and low cost are highly required and advanta-
geous from the product point of view. Generally, regardless of
being excellent in other factors, the researchers failed to pre-
sent the design concerning these factors, thereby causing
difficulty in evaluating the potentiality of the practical imple-
mentation of the system.

(v) Lack of integrated solar evaporation system

Despite investigating the development of an ideal solar absor-
ber, an efficient water collection protocol and the integrated
water production system remain challenging. Most reports
used the conventional transparent plastic cap, glass, or low-
density polyethylene (PE) for collecting the evaporated water
without considering the collection efficiency and the heat
exchange. Other than these, the actual value of evaporation
through the set up device can only be determined practically,
which would be far different from the observed lab scale, with
distinct factors working on it. Moreover, the actual question in
water collection, that is, the liquid delivery line, water storage
capacity, heat management, energy utilization efficiency, etc.,
must be thoroughly discussed.

5. Conclusions

After a thorough review of the current investigation on the
subject, this paper dwells on different aspects of the solar water
evaporation system, their purpose and features. Altogether,
future development should improve the system performance,
from lab to real-life exposure. In other words, a scalable water
production system is highly desirable, without external energy
usage, for natural and sustainable practical life applications,
which can be summarised as a cost-effective and integrated
SIWE system, having effectual solar absorption capability, con-
tinuous water production, and delivery systems without affect-
ing the natural habitat and surroundings.

Furthermore, considering the remarkable achievements
made before, the recommendations for future research can
be listed as follows: (i) taking into account the different
environmental aspects such as wind, humidity, and tempera-
ture in the calculation of the final water evaporation rate or the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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conversion efficiency, (ii) minimizing the gap between the
current state-of-the-art and practical applications, defining
the fabrication and cost involved, (iii) long-term stability of
solar-absorber materials on a practical scale with natural water
resources, (iv) corrosion, salt accumulation, fouling and other
effects of seawater on the functioning surface requires proper
understanding along with the recovery mechanism, (v) further-
more, the kinetics including the light and water transport, the
ratio of water transport to its evaporation, and the thermal
diffusion need to be studied, (vi) a continuous working SIWE
device that can operate throughout a day, not during a specific
duration, and (vii) lastly, manufacturing and study of these
proposed devices, that is, their large scale functioning under
diverse applications including water purification, and desalina-
tion, electricity generation, sterilization etc. Researchers have
explored the simultaneous functioning of SIWE devices collec-
tively addressing water, energy, and related environmental
issues, but still struggle to meet people’s requirements. These
pre-described challenges have restricted both the fundamental
research and practical examination and hence require an
appropriate reasonable solution to produce a clean, green,
and sustainable technology.
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