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ABSTRACT: The cornerstone of eco-friendly and affordable
freshwater generation lies in harnessing solar energy for water
evaporation. This process involves extracting vapor from liquid
water using solar energy. Numerous innovative, low-cost materials
have been proposed for this purpose. These materials aim to enable
highly controllable and efficient conversion of solar energy into
thermal energy while maintaining high cost-effectiveness. Here, in
this review paper, we outline the advancements in solar-driven
evaporation technology with a focus on optimizing synthesis
methods and materials cost. It prioritizes refining evaporation
efficiency and affordability using inventive manufacturing methods.
By utilizing innovative reasonably priced materials, this process not
only ensures efficient resource utilization but also fosters
technological advancements in renewable energy applications. Moreover, the affordability of these materials makes solar-powered
water evaporation accessible to a wider range of communities, empowering them to address water scarcity challenges.

1. INTRODUCTION
The United Nations anticipates a concerning future where five
billion people will deal with severe water shortages by 2025.1,2

It is crucial to implement solutions such as solar desalination
systems, especially for rural areas around the world and for
various uses like farming and industry. Despite sunlight being
renewable, there is an urgent need for low-cost and efficient
solar desalination systems from affordable materials, rather
than relying on high-cost materials or constructing costly
plants for seawater desalination, which can exceed one billion
US dollars.3 Within this framework, photothermal materials
emerge in this field of solar evaporation.4 Photothermal
materials can offer portability and cost-effectiveness since they
can be constructed using easily accessible materials5 and
efficiently converting sunlight into heat.

Numerous materials have been investigated as photothermal
candidates for solar-driven evaporation, including plasmonic
nanoparticles such as gold and silver,6,7 carbonaceous materials
like graphene and graphene oxide, carbon black (CB), caron
nanotubes (CNTs), transition metal oxides such as titanium
dioxide8 and iron oxide,9 metal−organic frameworks
(MOFs),10,11 and semiconductors like silicon12 and copper
oxide.13 Among all, carbonaceous materials exhibit variations
in light absorption rates from 500 to 800 nm, with carbon
black (CB) materials covering a wide range from 250 to 2500
nm. These variations are attributed to the presence of surface
groups and π-conjugated structures in their carbon cores.14

Notably, graphene exhibits exceptional light absorption
capabilities, absorbing 2.3% of light across a wide spectrum

due to its unique electronic structure known as “Dirac
cones.”15,16 For comparison, plasmonic localized heating
occurs when these nanomaterials absorb light, leading to the
conversion of light energy into heat via plasmonic oscillations
of free electrons.16,17 Similarly, in semiconductor materials,
nonradiative relaxation takes place as absorbed photons
generate electron−hole pairs, with the excess energy
dissipating as heat through nonradiative pathways instead of
being emitted as light.18 In contrast, thermal vibration in
molecules, observed in carbonaceous and organic polymer
materials, is triggered by the absorption of light energy,
prompting the atoms within the molecules to vibrate and
produce heat due to frictional forces.19 However, despite the
advancements in light-to-heat conversion of plasmonic and
semiconductors materials with superior electronic properties,
they are still primarily studied on a laboratory scale. Their
limitations become apparent when considering scaling up
solar-driven evaporation processes, leading to high-cost
fabrication. For instance, as photothermal materials, plas-
monic-active filter paper as a photothermal material can cost
about $247 per m2.20 Moreover, in terms of cost in kilogram,
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plasmonic particles like silver can cost over 500 USD per kg,
while semiconductor materials such as TiO2 are comparatively
cheaper, at less than 50 USD per kilogram.21 In comparison,
copper is notably cheaper than conventional noble metals and
exhibits a wide plasmonic absorption spectrum.22

Materials capable of absorbing a broad solar spectrum can be
further combined with low-cost materials as composites. For
example, gold nanoparticles can be decorated onto a natural
wood matrix (Basswood) to produce plasmonic wood using
Sn2+ to reduce Ag+ or Au3+23 or via deep metallization of the
cell wall on Balsa wood (Ochroma pyramidale, porosity
(90%)). This method can deal with the limited diffusion of
mass and rapid reduction of metal ions by accurate removal of
constituents from the cell wall, resulting in better accessibility
using NaOH treatment.24 In another example, the integration
of titanium nitride (TiN) and hydrophilic semireduced
graphene oxide (semi-rGO) composites is feasible using
methods like in situ microwave reduction to enable this
integration. TiN nanoparticles enhance solar photon absorp-
tion and hydrophilicity while reducing heat loss.25 However,
the precise control of the nanoparticle ratio is paramount to
obtain good performance such as in the case of gold/silver
ratio as each nanoparticle can absorb specific wavelengths
within the light spectrum.26 Furthermore, the effectiveness of
such plasmonic-based absorbing materials in photothermal
conversion heavily hinges on the careful design of their
nanoparticle arrangements.27,28

In this paper, we emphasize the cost-effectiveness factor,
which is limited in the literature. Here, we focus on both
affordable materials such as wood, bamboo, various biomass
materials, polymers, and carbonaceous materials, along with
evaporation rates, providing cost-effectiveness calculations,
while also highlighting the related synthesis processes. We
fully agree with researchers who have expressed their
recommendation that cost and scalability are crucial in the
development of this field of solar-driven evaporation.29−31

Moreover, our goal is also to address that the essence of cost-
effectiveness lies in optimizing resource allocation to achieve
maximum efficiency and value. Therefore, this paper serves as a
roadmap in the development of performance through materials
selection and encourages the use of low-cost materials in the
field of solar-driven evaporation. Eventually, it can open a new
avenue for aiding in scaling up solar-driven evaporation for
more practical applications, addressing the world’s urgent need
for affordable seawater desalination solutions.

2. SOLAR STEAM GENERATION VIA LOCALIZED
HEATING

Thermal concentration and localized heating32 enable achieve-
ment of solar evaporation. So solar evaporators must possess
qualities such as strong high absorption, high thermal
conductivity for large energy conversion at solid−liquid
interface, porosity and wettability for transportation water
from bulk of water to the sun-exposed surface area, and the
ability to deal with salt accumulation that can hinder the
evaporation rate along with cost-effectiveness. Figure 1 shows
typical system layers and the most common abundant
resources of materials for solar-driven evaporation. In solar
evaporator systems, the functionality of the top layers is
typically to enhance solar absorption and generate a hot region
for evaporation.33 Meanwhile, the medium layers with
superhydrophilicity and interconnected channels ensure
rapid, continuous water pumping by leveraging capillary
force, while their low thermal conductivity provides excellent
heat insulation.34,35 Lastly, the objective of the bottom layers is
to restrict the transfer of generated heat to the underlying
water body.36

However, for optimal performance and achieving high salt
rejection, various approaches can be considered. One such
approach involves combining different structures to create
multiple resonances, resulting in broadband optical character-
istics.37 For rapid water supply, nanofibrous materials

Figure 1. Some abundant fundamental resources of materials, recycling process, and the typical system structure of a solar evaporation system.
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produced through electrospinning technique exhibit favorable
characteristics, including suitable pore size, increased specific
surface area, enhanced porosity, interconnected pores, and
adjustable fiber diameter, all of which contribute to improving
continuous water supply.38 Another approach, through the
combination of pores with different diameters and hydrophilic
pores, creates multilevel water channels with internal gaps and
microchannels, facilitating efficient water supply and continu-
ous steam flow.39

To tackle salt accumulation, one example approach involves
the rediffusion of salt back into the bulk brine. This can be
achieved through vaporization enthalpy recycling using a
multistage configuration. Solar absorption and interfacial
heating facilitate evaporation on opposite sides, while vertically
aligned layers reduce heat loss. This solution, costing only
$1.54 m−2 for the materials, boasts a high efficiency of 385%
and an evaporation rate of 5.78 (L m−2 h−1).40 Furthermore,
certain researchers are embracing the biomimetic approaches
inspired by nature,41,42 such as the mangrove plant (Avicennia
marina) and its leaf structure, to address salt management
issues. This innovative strategy is crucial as rising seawater
salinity poses a significant threat to aquatic ecosystems. By
utilizing low-cost superhydrophilic nanostructured chemically
etched titanium meshes in a scalable mangrove-mimicked
device, researchers have observed that the crystallized salt
exhibits porosity and hydrophilicity. The precipitation patterns
are intricately linked to the salt concentration distribution
across the evaporator surface. Specifically, a higher super-
saturation at the edge induces a greater chemical potential
difference of salt, thus lowering the energy hurdle for salt
nucleation.43

3. COST-EFFECTIVENESS
Cost-effectiveness emerges as a critical factor in the design of a
solar evaporation system, as it establishes a direct connection
between the cost of materials and the evaporation rate,
calculated by dividing the evaporation rate by the cost of the
materials. Therefore, achieving high evaporation rate perform-
ance becomes paramount in enhancing cost-effectiveness, as it
effectively offsets the expenses associated with materials. Figure
2 shows a schematic depicting the interconnection between
cost-effectiveness, evaporation performance, and materials cost
and solar irradiation. In this case solar irradiation influences a
high evaporation rate, while materials cost is influenced by

factors such as abundance, accessibility, usability, and intrinsic
properties (ease of fabrication and absence of costly treat-
ments). Additionally, sourcing low-cost materials from natural
resources, recycled materials, waste materials, with favorable
structural combinations of composite materials can signifi-
cantly contribute to the affordability and efficiency of solar-
driven evaporators. This approach not only allows for the
utilization of readily available resources in the surrounding
environment but also presents opportunities to enhance
existing designs by replacing materials or techniques. More-
over, incorporating these cost-effective materials into solar
evaporator production processes with simple manufacturing
techniques44 further enhances accessibility and usability,
resulting in practical and affordable desalination materials
that also minimize waste materials pollution.45 However, it has
to be mentioned here that the availability of resources and the
threshold for cost-effectiveness typically rise and fall together,
with a greater suitability for the use of waste natural resources
and recycled materials. Figure 3 compares the cost, abundance,
and performance of various materials based on their sources.

The cost effectiveness ϵ (g h−1 $−1) can be defined by the
equation:46

r c/ 1000= × (1)

where r refers to the evaporation rate (kg m−2 h−1) and c is the
cost of raw materials ($ m−2).

Most of the synthesis approaches for fruits, as an example,
involve both carbonization with freezing and drying process.
Carbonization increases solar absorption by boosting the
carbon concentration, but it necessitates high temperatures,
typically ranging from 300 to 700 °C.47 However, cost-effective
methods exist, such as hydrothermal carbonization, which can
be conducted at lower temperatures ranging from 150 to 190
°C. These processes can take as little as 20 to 40 min.48,49 It is
more promising that hydrothermal carbonization to produce
biochar products from such garden and park wastes is being
further developed to enhance its economic viability by
maximizing heat recovery through the recycling of process
water,50 as illustrated in Figure 4. Moreover, even handmade
strategy treatments such as crochet, as shown in Figure 5, can
be considered an economical approach to produce, for
instance, a cost-effective handmade flowerlike light absorber
(HFLA) with a superhydrophilic surface, especially after
processes such as the dyeing of waste materials.51

Figure 2. A schematic depicting the interconnection between cost-
effectiveness, evaporation performance, solar irradiation, and the
affordable properties of materials.

Figure 3.Materials hierarchy for solar-driven applications, from noble
materials to natural materials, with arrows indicating the balance
between cost, performance, and abundance.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.4c03040
ACS Omega 2024, 9, 27872−27887

27874

https://pubs.acs.org/doi/10.1021/acsomega.4c03040?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03040?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03040?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03040?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03040?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03040?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03040?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03040?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


For post-treatment cost such as drying, the annualized
investment cost Ca for the dryers, that can be used for
synthesizing of fruits, can be approximated by employing the
parameters detailed in the equation:

C C C V Ca ac m as e= + + (2)

where Vas [USD] and Cac [USD] are the salvage values of the
dryers and annualized capital cost, respectively. Cm [USD] is
the annual maintenance costs, and Ce [USD] refers to the
annual cost of energy (electricity) required for the drying
process.49

4. BIOMASS MATERIALS
4.1. Wood, Bamboo. Generally, wood displays high

hydrophilicity because its cell walls are composed of fibers
containing hydroxyl groups ((because hydroxyl groups form
hydrogen bonds with water))52 derived from lignin, cellulose,
and hemicellulose53 as shown in Figure 6. Additionally, wood
exhibits low thermal conductivity, ranging from approximately
0.2 to 0.45 W m−1 K−1,54 making it suitable for water
transportation with low heat loss.55,56 Wood contains two
types of channels with varying diameters: large vessels and
small tracheids. Continuous water transport is made possible
by these channels facilitating the process.57 Besides, that wood,
which showed reduced lumen size following treatment, also

Figure 4. Fundamental pathways of reaction in hydrothermal carbonization. Reproduced from Ipiales et al.50 Copyright 2024 American Chemical
Society.

Figure 5. Knitting route of handmade flowerlike light absorber (HFLA) from waste material or black yarn. Adapted from Javed et al.51 Copyright
2021 American Chemical Society.
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prompted the generation of interfacial water (IW) and water
clusters. These lumens in the wood were utilized for water
absorption in the alignment direction.58,59 In addition, a varied
range of porosity is found in natural woods, determined by
their density as shown in the study by Jia et al.60 They
illustrated different densities (and consequently, porosities)
ranging from approximately 180 kg m−3 in Basla trees to
around 1500 kg m−3 in Cocobolo trees.

Engineering wood with hierarchical microchannels is feasible
by such as assembling the lumens of wood cells with poly(vinyl
alcohol) (PVA) through the ice-templating approach. It is
worth mentioning that the vertically aligned lumens of wood
cells have diameters ranging from several tens to hundreds of
micrometers,61 Using this approach also of ice templating is
regarded also as environmentally friendly, readily available,
inexpensive, and nontoxic,62 nevertheless there are still
numerous constraints within the freezing method of ice-
templating approach, such as the organization of structural
design.63 Treatment of wood surface can serve as a way to
enhance solar steam generation and as a sustainable source of
materials. For example, Poplar (Populus) trees (their leaves
that vary from rounded to triangular shape) are utilized as
photothermal materials. When their wood are coated with a
gold nanolayer (approximately 50 nm thick) through sputter
coating, this process results in establishing a solar evaporator
reaching an evaporation rate of 4.02 (kg m−2 h−1) under 3 sun
irradiance. In this work, high-porosity wood was chosen
because it leads to robust capillary action, resulting in a lower
likelihood of pore fouling and impurities settling on the
surface.64 Additionally, by carbonization, the cost of producing
a carbon layer is much lower with an area of 1 m2 and a
thickness of 4 mm reported at approximately $0.12, while the
cost of wood is around $0.078 per 1 m2 area and 1 mm
thickness, based on prices in China.65 However, additional
efforts are required to control the thickness and achieve a low-
cost carbon layer on the surface.

A new direction to confine energy to the light-absorbing
layer was pursued by Xie et al. They constructed a conical
three-dimensional (3D) flexible wooden evaporator with a
materials cost of only $0.12 per square meter. This evaporator

exhibited highly efficient evaporation performance, reaching up
to 1.79 (kg m−2 h−1), about 1.6 times higher than that of the
2D evaporator with a stable evaporation rate for 30 days. This
improvement was attributed to a larger evaporation area and
reduced scattering of light. They achieved this using wood as a
substrate and a tannic acid complex as the light-absorbing
material (wavelength range of 200−800 nm). Additionally, the
delignification process also made the wood increasingly
hydrophilic.66 With inspiration from differences in wood
morphology, Zhang et al. engineered wood lumens via p-
toluenesulfonic acid (p-TsOH)-assisted hydrothermal treat-
ment to improve solar-to-thermal efficiency. After treatment,
wood lumens became more hydrophilic due to a decrease in
diameter from 40−60 μm to 10−20 μm. The material cost was
estimated to be about $3.3 per square meter, with good
performance indicated by an efficiency of 87% and an
evaporation rate of 2.2 kg m−2 h−1 and good stability, as
there was no apparent change noticed after a duration of 18
days.67 Remarkably, the flamed-straw evaporator, fabricated by
Zhang et al., makes use of the unused agricultural residue of
corn straw. Their design demonstrates a rapid evaporation rate
of 1.497 (kg m−2 h−1), as average for a five-cycle test, featuring
a double-layer flamed straw configuration. The design
represents a typical solar-driven interfacial evaporator with
ultralow thermal conductivity (0.042 W m−1 K−1) and an
efficient water supply, all achieved with materials costing only
$0.8 per square meter. The low hermal conductivity (0.042 W
m−1 K−1) along the growth direction significantly enhances its
thermal insulation capabilities. Additionally, it possesses an
internal porous structure and the capability to float
autonomously and provides consistent functionality for
producing solar vapor over prolonged durations.68 Interest-
ingly, Zhu et al. employed two wood-based layers (less than
one USA dollar per meter squared) to address salt
accumulation and found that the bilayer wood remained
operational for 100 h under 5 sun in seawater. Notably, salt
deposition only became evident at illumination intensities of
≥5 sun, indicating that at higher intensities, surface-evaporated
water could not be promptly replenished by the water refilling
the channels. Importantly, salt accumulation is not a concern

Figure 6. Chemical structures of cellulose, lignin, and hemicellulose of wood.
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under ambient solar irradiation (1 sun) because slower
evaporation rates at lower intensities hinder salt crystallization.
Furthermore, the bilayer wood possesses a unique self-
regenerating ability: precipitated salt within the wood structure
rapidly dissolves or falls back into the surrounding seawater,
depending on its solubility, during nighttime.69

Table 1 presents noteworthy above examples of wood
processing along with their corresponding performance and
cost-effectiveness, showcasing various sequences and variations
of synthesis procedures. These examples may be beneficial in
leading to accurate predictions of outcomes, as they will help
develop more favorable properties and, ultimately, optimize
costs.

Bamboo, another natural resource, is often hailed as a giant
woody grass and has garnered significant attention for its
abundance, renewability, porous structure, inherent hydro-
philicity, and relatively affordable price. Moreover, its surface
can be treated with various materials, making it suitable for
applications such as solar evaporation.70,71 For example, silver
microspheres doped in bamboo shoot porous carbon (Ag-
BSC) can enhance the evaporation rate (ER) and efficiency to
1.51 (kg m−2 h−1) and 86.8%, respectively. The surface
wettability of bamboo shoot improves at a pyrolysis temper-
ature of 750 °C, where cellulose, hemicellulose, and lignin in
bamboo shoots are pyrolyzed into tar, carbon dioxide, and
other substances. (Pyrolysis is a method where organic
substances like biomass are heated without oxygen present.)
Additionally, the porous arrangement of bamboo shoot
porous-carbon (BSC) enables a beneficial distribution pattern
for Ag nanoparticles (Ag NPs). The resulting cost-effectiveness
of AC-BS is 34000 (g h−1 $−1).72 In another instance, a study
conducted by Li et al., regarding bamboo charcoal (BC),
presents notable advantages. BC features broad light
absorption and an arched, porous structure, mechanical
properties with costs not exceeding $1 per square meter. Its
efficiency reaches 84% under 1 sun radiation, and it boasts an
evaporation rate of approximately 1.191 (kg m−2 h−1) under
the same conditions. Moreover, it meets the requirements for
water transport, and its synthesis is straightforward through
cutting, sawing, and carbonization methods (in an atmosphere
furnace (VBF−1200X)), and nitrogen gas was introduced. The
temperature was increased to 1000 °C at a rate of 5 °C per
minute for a duration of 2 h. Importantly, BC’s sustainability is
evident in its ability to maintain hydrophilicity (measured
contact angles of 29.7° and 25.3°) attributed to its chemical
components as observed in FTIR spectra (C−N)/(H−N−
H)/(O−H).73

4.2. Fruits and Vegetables. Efforts are being made to
incorporate organic waste such as fruit and vegetable waste
into the synthesis of solar evaporators.74 These materials are
typically considered readily available or cost-free, though
expenses may arise from incorporating additional metal
components during the preparation process. For example,
graphite combined with coconut fibers as a hybrid system can
cost approximately US$4.86 per kilogram, based on the
component costs per kilogram produced, as outlined by
Ovando-Medina and coauthors.75 These costs break down as
follows: graphite = 0.033, coconut fibers and recycled
polystyrene (including its drying, grinding, and transportation)
= 1.0, solvents = 3.33, and processing = 0.5). This properly
combined system can offer an effective area of 1.73 m2 and can
achieve an evaporation rate of 1.73 ± 0.007 (kg m−2 h−1) T
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under only 1.2 W m−2 of illumination, demonstrating an
excellent efficiency of 91.5%.

The biochar material, collected from agricultural waste such
as coconut husk and rice husk, and modified with
cryptomelane, as presented in a work by Zhang and coauthors,
offers an affordable option. This results in an evaporation rate
of 1.247 (kg m−2 h−1) and a photothermal conversion
efficiency of 89.36% under 1 sun (1 kW/m2). The process of
biochar involved in this case includes drying, pyrolyzing, and
pulverizing before being ground into powder. This method
proves to be a valuable approach for enhancing the efficiency
of photothermal conversion using cryptomelane manganese
(potential active adsorption sites can be generated after the
modification of cryptomelane, and more light energy can be
converted into heat). To mention here, the pyrolysis method,
conducted with minimal or no oxygen, allows for the
production of cost-effective biochar (BC) from materials like
rice husks and straws. This results in biochar with increased
surface area and enhanced porous structures.76 A cheap
biomass material, such as daikon (costing 3 US$ m−2) reported
by Zhu et al., can be carbonized, leading to in a honeycomb
cellular structure with numerous excellent hydrophilic proper-
ties due to interconnected channels and closely packed pores.
These features act as photon traps, allowing for solar
absorption of more than 95.5% and an evaporation rate of
1.57 (kg m−2 h−1). The process involves freeze-drying before
the carbonization process in a nitrogen atmosphere. The thin
film of carbonized daikon can be supported by polystyrene
(PS) foam as an insulator with a low cost of USD 4.234 per
square meter.77 Another notable example is mushroom, which
can be utilized for efficient solar steam generation. After
undergoing a soaking treatment for softening, it can be
straightforwardly carbonized at 500 °C in an argon
atmosphere, leading to an impressive evaporation rate of 1.5
(kg m−2 h−1).78 Furthermore, the ultrablack carbon black-
coated pomelo peel (UB-PP) presents an affordable option
(high light absorption and high emissivity). The UB-PP
evaporator achieves a high evaporation rate of 1.81 (kg m−2

h−1) thanks to its distinctive multicurvature gradient and
interconnected porous structure with an overall cost as low as
$2.7 per square meter, offering significant cost-effectiveness
670.37 (g h−1 $−1).79

4.3. Other Biomass Materials. Photothermal nano-
particles derived from a natural abundant biomass have a
wide range of investigation to use in the solar evaporation
system due to their intrinsic properties such as algae, dead
leaves, and green moss.80,81 It was reported that green moss
has open-microgrooves, which can supply adequate water to
the evaporation surface, while its open capillary channels can
reject the precipitated salt.82 Additionally, its ability to anchor
itself to various surfaces, like rocks and trees surfaces, is what
makes it readily accessible in outdoor environments as it is
flourishing amidst the rugged landscapes of rocky areas.

A compelling advancement by Luo et al., involves the
incorporation of a readily available biomass, Nicandra
physalodes (Linn.) Gaertn. polysaccharide, into a poly(vinyl
alcohol) matrix, resulting in the creation of a cost-effective
hybrid hydrogel solar evaporator. This innovative approach
yields an impressive evaporation rate of 3.51 (kg m−2 h−1)
when exposed to sunlight. The reported material cost for
implementing this system is approximately $7.95 per square
meter.83 Another example and at a cost of under $1 per square
meter, Gao and his team84 employed cotton and affordable

candle soot to create a solar evaporator. They achieved this by
applying the candle soot onto one side of cotton fabric,
resulting in a self-floating Janus solar absorber boasting high
efficiency and an evaporation rate of 86.3%, and 1.375 (kg m−2

h−1), respectively, under solar irradiation of 1 kW m−2. This
approach is notably economical as it necessitates no specialized
equipment. The round cotton fabric, measuring 5 cm in
diameter, was moistened with water before being placed in
proximity to a candle flame for various durations to collect
candle soot. In another case, involving the use of cotton, Gao
et al.85 explored a promising method for mitigating salt
accumulation: vapor generation was directed downward
through the fabric’s backside, employing Janus fabric crafted
from recycled cotton textiles. To achieve this, they applied a
carbon black @silicone photothermal slurry to the fabric’s
upper surface after prewetting treatment. This approach
effectively curtailed excessive penetration to the underside of
the fabric while ensuring strong adhesion. The resulting
fabrication boasted an impressive evaporation rate of 1.17 (kg
m−2 h−1) and an efficiency rating of 77.8%, all achieved at a
low cost of USD 4.234 per m2. Cotton fabric was chosen as the
substrate due to its exceptional hydrophilicity and widespread
availability, while the silicone’s sealing properties endowed the
Janus fabric with directional vapor permeability. Furthermore,
in a study conducted by Wang et al.,86 the collaborative
influence of the photothermal membrane and the cattail leaf-
based water transporter led to the complete cattail leaf-derived
solar evaporator achieving an evaporation rate of 1.46 (kg m−2

h−1), along with a solar thermal efficiency of 87.48% under 1-
solar (1 kW m−2) irradiation. To mention, the cattail leaf (CL)
is abundant in carbon, lignin, and cellulose, making it suitable
for crafting mats, cushions, and various household items and,
most importantly, here as part for fabricating a solar
evaporator. In another study, Flour powder, obtained by
grinding raw grains and beans, was utilized by Yang et al., in
the production of Carbon Bread for solar evaporation. The
synthesis technique is simple and highly technologically
advanced, involving the mixing of flour with yeast, water,
and carbon black, outcoming in dough, an elastic substance
capable of scaling up. This dough demonstrates impressive
performance metrics: an evaporation rate of 1.28 (kg m−2 h−1),
efficiency of 85.9%, and a cost of $0.84 per meter square. Most
notably, it achieves high cost-effectiveness, 1505.88 (g.h−1.$−1)
as a result of (1.28 kg m−2 h−1/$0.84 m−2) multiplied by 1000.
The dough displayed both elasticity and strength, a 3D cross-
linking network structure, accompanied by a porous structure
(nanometer-sized pores of approximately 7−20 nm and
micron-sized pores of approximately 10−500 μm). This
porousness is primarily attributed to the formation of disulfide
bonds between gliadin and glutenin proteins, as well as the
bonding of starch and proteins present in the flour.87 Table 2
illustrates different biomass material processing methods,
highlighting their performance, cost-effectiveness, and diverse
synthesis procedures.

5. POLYMER MATERIALS
5.1. Recycled Polymer. It has been reported that the

quantity and weight of small plastic particles on the ocean’s
surface layer from 1979 to 2019 are around 82−358 trillion
plastic particles, totaling a weight ranging from 1.1−4.9 million
tonnes according to current global estimation88 and over 10
million tonnes of polyethylene terephthalate (PET) added to
the annual plastic waste.89 However, through extraction,
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purification, and recycling, their use as solar evaporators can be
enabled.

Interestingly, a solar evaporator made from plastic achieves a
peak evaporation rate of 2.49 kg m−2 h−1, demonstrating an
impressive efficiency of 90.8%. However, more modification is
required to obtain hydrophilic behavior to adjust the intrinsic
hydrophobic behavior, for example, through base-catalyzed
trans-esterification with polyols.90 A film blend consisting of
recycled carbon soot and poly(vinyl alcohol) can absorb
sunlight in a wide range of wavelengths, and its particles can be
fixed with hydrophilic polymeric poly(vinyl alcohol) (PVA), to
form a porous network promoting in conversion energy
95.1%.91 Another example, from lithium-ion battery waste, a
graphite porous hydrogel (RG-PH) can be efficiently recycled
and created using cross-linking foaming technology, leading to
a solar evaporator with a high evaporation rate of 3.4278 (kg
m−2 h−1) even under a single solar irradiation.92 Also, a low-
cost ∼$2 per meter square of light polyethylene terephthalate
(PET) cloths with good capillary action can serve as a high-
efficiency solar steam generator, and the cost can reach ∼$10
m−2 for expanded polyethylene (EPE) foam.93

A pulp-natural rubber foam (PNR) was utilized by Zhang et
al.,94 through a straightforward surface carbonization proce-
dure to produce carbonized pulp-natural rubber foam (CPNR)
with cost-effectiveness (338.9 g h−1 $−1 of total materials).
This evaporator achieved an evaporation rate of 1.62 kg per
square meter per hour and an evaporation efficiency of 98.09%
under 1 sun illumination. Figure 7 exhibits the surface
carbonization treatment, nano/microporous network struc-
tures of both (PNR) and (CPNR) with a schematic of the light
absorption and trapping within the framework of the foams.
The hydroxyl groups present in the CPNR foam evaporator
enhance the concentration of heat and aid in its ability to
absorb and pump water effectively. Although, there are
different kinds of evaporators, however, mostly they typically
have nano/micro for absorption of the light and water
transportation. In another example, Wang and his team95

reported on the development of a bionic fabric structure,
inspired by the aquatic plant pistia, with the goal of reducing
heat loss and maximizing material efficiency. The manufactur-
ing process, which includes blended yarn spinning and
multibeam weaving, is easily scalable for mass production.
Furthermore, a unique loop-pile fabric (LPF) has been created,
utilizing double-helix carbon yarn (DCY), to enable indirect
contact between the photothermal layer and bulk water. With a
low raw material cost of USD 3.54 per meter and under 1 sun
illumination, the water evaporation reached 1.50 kg per square
meter per hour, and efficiency reached 88.70%. Notably, in
another approach, through a traditional weaving machine,
hydrophilic ultrafine denier polypropylene fiber and expand-
able polyethylene foam strips, with water-repellent properties,
were used by Li et al.,96 as an solar evaporator with high cost-
effectiveness around 1700 (g h−1 $−1), and evaporation rate
1.408 (kg m−2 h−1) and an efficiency of 92.43%. This rapid
evaporation is facilitated by the careful arrangement of micro-
and macro-capillary channels through the adjustment of the
wrap yarn density. These channels enable continuous water
transport and can act as drainage pathways for high salinity
water, driven by the Marangoni effect caused by temperature
differences varying along the water in the yarns.

5.2. Polymer Composite. Polymer composite materials
add another option in the synthesis of a cheap solar evaporator.
One of the most effective combinations in low-cost evaporatorT
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structures with only a one-step method is achieved using cheap
semiconductor materials such copper oxide (CuO), which has
a small bandgap of 1.2 eV, combined with porous ionic
polymer (PIP), emeraldine salt (ES) form of polyaniline
(PANI), along with reduced graphene oxide. The synthesis is
achieved by the oxidative polymerization of aniline monomer
by ammonium peroxydisulfate in an acidic medium, yielding a

solar evaporator with evaporation rate of 2.02 (kg m−2 h−1)
and an efficiency of 94.2%.97 In another case, carbon cloth (4
× 10 cm²) can be used to serve as the substrate with vertically
oriented graphene (VGs) growing on it via plasma-enhanced
chemical vapor deposition (PECVD). Paraffin wax and nickel
foil are used to prevent leakage. This fabricated evaporator,
with U-shape, achieved an evaporation rate of 0.70 (kg m−2

Figure 7. (a) Diagram showing the synthesis process of CPNR foam evaporator. (b) Digital photo of CPNR foam evaporator; SEM images of
porous CPNR foam (c) and PNR foam (d) at varying magnifications. (e) Cross-sectional SEM image unveiling porous structure of PNR foam.
Spectra illustrating absorption, reflection, and transmission for CPNR foam evaporator (f) and PNR foam (g). (h) Diagram illustrating the capture
of incident light within the foam network structure. (i) Diagram showing reflection of incident light on flat and porous foam surfaces. Reproduced
from Zhang et al.94 Copyright 2023 American Chemical Society.
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h−1) and an energy efficiency of 46.5% under dark conditions,
producing 855 L of potable water at an estimated cost of $11.2
per cubic meter. However, under a light intensity of 1 kW m−2,
it reached a high evaporation rate of 1.36 (kg m−2 h−1)�
nearly double that of dark conditions�along with a solar-
vapor energy efficiency of 90.0%.98 Another example of
nontoxic rebus and cheaper combination is geopolymer−
mesoporous carbon composites (GBMCC) leading to a record
high water vapor generation rate of 7.55 (kg m−2 h−1). The
total estimated cost for a single GBMCC device, which
includes 3.62 g of geopolymer and 1.8 g of BMC, is just
$0.0273. However, for large-scale production, the cost is
estimated to be only $39 per square meter. This is due to the
low price of carbon materials at $0.0147 per gram, which is
considerably cheaper than graphene oxide (GO) at $26.5 per
gram and Ti2O3 at $4.65 per gram.99 Another approch, the
fabrication process of composite polymers can be achieved
with a single-step calcination process. For example, melamine
foam can be synthesized as a solar evaporator by calcination
process. This foam, made from a copolymer of formaldehyde
and melamine-sodium bisulfite, possesses ideal traits like an
interconnected structure and high porosity. Most importanly, it
is lightweight and costs approximately $2−3 per square meter
for its materials and yeilding a good performance with an an
efficiency of 87.3% under 1 W m−2 and an evaporation rate of
1.270 kg m−2 h−1.100

5.3. Hydrogel-Based Materials. A hydrogel is a three-
dimensional cross-linked polymeric network101 and has
captured increasing attention among researchers investigating
the field of solar-driven water. Importantly, solar evaporator
platforms using aerogel for the production of pure water can be
manufactured at a cost below $1 per kilogram.102 The hydrogel
film efficiently can capture and reuse the thermal radiation
energy making it well-suited for salt-resistance strategies.103

However, the practical use of a hydrogel evaporator is
challenging due to its instability and complicated preparation
process, but some approaches with controllable regulation have
emerged, such as 3D black hydrogel evaporator Fe-PTPU with
cost effectiveness (43.8 g h−1 $−1) and high evaporation rate
2.65 (kg m−2 h−1). The process started by using a mixture of
ethanol and water as the solvent for polyvinyl alcohol (PVA)
and tannic acid (TA), the ethanol was subsequently evaporated
to form a hydrogel directly on the polyurethane (PU) sponge
skeleton. Besides that, the black chelate formed by TA with
Fe3+ could endow the sponge with a photothermal conversion
layer. The sponge provides porosity and stability to the overall
structure.104

Another example of a synthesis method, through a simple
fabrication process using lignin nanoparticles (NPs) and
cellulose nanofibers (CNFs); a light-absorbing porous hydro-
gel (LAPH) can be fabricated to improve both π−π stacking
and light-absorbing property and serves as hydrophilic support.
The evaporator’s performance can achieve an evaporation rate
3.17 (kg m−2 h−1) and a solar steam generation efficiency of
83.4% under 1 sun irradiation.105 In another approach, a
bilayer aerogel consisting of PPy/cellulose can prepared
through the in situ formation of PPy on the top layer of
cellulose hydrogel in the presence of phytic acid (PA),
followed by freeze-drying. This setup enabled a high
evaporation rate of 1.42 (kg m−2 h−1), an energy efficiency
of 97.8% under 1 sun illumination. However, based on a lab-
scale experiment, the materials cost of the aerogel amounts to

about $25.1 per square meter, corresponding to a cost-
effectiveness of (56.6 g h−1 $−1).106

Using a different strategy, hydrogel biomimics the natural
plant structures, such as mushrooms. It must be mentioned
here that mushrooms are well-known for their unique
structure, featuring a wide black pileus and a fibrous stipe,
which facilitate efficient water circulation. The fibrous stipe
ensures rapid water supply to the pileus, while its porous
nature acts as a pathway for water transport and establishes a
boundary for heat transfer within the water transport layer,
minimizing heat loss. The skeleton structure of hydrogels
prepared by chemical cross-linking results in a mushroom-
structured hydrogel evaporator based on lotus root starch (LR)
and poly(vinyl alcohol) (PVA) (PLBH) in self-floating
hydrogels, leading to an extraordinary evaporation rate of
3.78 kg m−2 h−1 under 1 kW m−2 with cost-effectives around
358.94 (g h−1 $−1).107 Unlike the previous process, hydrogel
foams with closed-cell structures can be created using a
controlled foaming and gelation technique (“sol−foaming−
gel” strategy) reaching a high cost-effectiveness of 2692 (g h−1

$−1) under 1 sun with an evaporation rate of 2.12 (kg m−2

h−1). The synthesis process of this work, starting by mixing
sodium alginate with surfactants (poly(vinyl alcohol), PVA) to
obtain a hydrogel, then stirring to form liquid foam, and
spraying HCl solution (1 wt %) onto each foam to initiate
cross-linking reactions.108 Another example by using hydrogel
reported by Guo et al.,109 in their work, the use of materials
such as an iron-based metal−organic framework (MOF) and
konjac glucomannan (KGM) can incorporate into a poly(vinyl
alcohol) (PVA) network. This integration lead to the
formation of a low-cost hybrid hydrogel evaporator (HHE)
with a high evaporation rate 3.2 (kg m−2 h−1) under 1 sun, at a
cost of $14.9 per square meter. The affordable biomass, KGM,
improves the hydration capability of hydrogels for water
activation and offers numerous hydroxyl groups, which
facilitate the formation of hydrogen and chelating bonds to
efficiently eliminate contaminants. In another case, the use of
hydrophilic polyethylene glycol (PEG-4000) hydrogel is
reported as the most suitable phase change material (PCM).
It should be noted that waste heat, which is not utilized in
water vaporization, can be stored by PCM and released for
evaporation during nighttime. Moreover, a combination of
graphene/cotton sponge coated with a polyethylene glycol
(PEG) layer as a PCM, constructed by simply stretching
cotton to achieve gradient vertical microchannels, served as a
versatile photothermal platform with a high evaporation rate of
2.49 (kg m−2 h−1), and high efficiency of 100%.110

6. CARBONOUS MATERIALS
Alternative developments in solar-driven evaporation include
the utilization of inexpensive materials, such as carbon-based
hybrid materials111 with nanoparticles and metal oxides,112 as
well as the adoption of straightforward fabrication processes
and passive solar concentration techniques to enhance
efficiency without added complexity. Mostly, carbonous
materials exhibit promising results, especially in improving
hydrophilicity, cyclability, high absorption capacity of sunlight,
and mechanical properties.

Such as graphene doped with nitrogen, as studied by Deng
et al.,113 to enhance hydrophilicity with robust mechanical
framework, this enhancement is evident in the superwetting
behavior, cost-effectiveness of 1871.25 (g h−1 $−1), and
excellent thermal insulation of nitrogen-doped graphene
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aerogel (NGA), which promote fluid flow to the surface during
solar steam generation. The persisting superwetting property of
NGA for weeks in air is attributed to the preferential
adsorption of water molecules to the nitrogen-doped sites.
Specifically, pyridinic nitrogen acts as the primary adsorption
center for water molecules, while the graphitic nitrogen in the
graphene layer provides a relatively polarized surface with high
affinity against water, extending beyond its own atomic
dimensions. In addition, this adaptation of nitrogen with
graphene leads to a strong mechanical structure, tested by
uniaxial quasi-static compression; stress−strain curves almost
remain unchanged for 10 cycles, exhibiting fully reversible
compressibility with strain up to 90%, showing a high strength-
to-weight ratio of up to ∼6000 (m−2 s−2). However, the effect
of N-doping on the wettability of carbon-based aerogels
requires further study.

In more approaches, Yin et al.114 proposed a method to
enhance cyclic stability by introducing a newly developed
double-layer solar absorber. This absorber consists of activated
carbon−carbon black composite photothermal materials
embedded in a ceramic fiber supporting matrix. The
evaporation rate increased significantly to 1.70 (kg m−2 h−1)
under 1 sun, and the solar-to-vapor energy conversion
efficiency reached 91.8% due to improved heat insulation
and water pumping mechanisms. The materials used were cost-
effective, with a total cost of $6.67 m−2. Ceramic fiber was
chosen as the supporting matrix for its affordability and
suitability. The double-layer design facilitated heat insulation,
confining the generated heat to the upper layer. In this
configuration, the upper carbon layer absorbed light and
converted it into heat, while the lower supporting layer
provided insulation and facilitated water pumping. In an
economic approach, a piece of plasma-activated carbon cloth
(ACC), measuring 32.25 cm2, was utilized by Nguyen et al., as
a solar evaporator, with an approximate cost of 1 USD. The
affordability of carbon cloth allows for the preparation of large
black pieces, with a diagonal length reaching up to 56.5 cm.
Carbon fibers allow for abundant intermediate waters that
lower the enthalpy for evaporation, yielding an evaporation
rate of 1.78 (kg m−2 h−1) under 1 sun irradiation that reached
nearly double to 3.82 (kg m−2 h−1) with a tailored 5 cm-height
column shape. The synthesis method including loading the
carbon cloth into a low-vacuum plasma chamber was subjected
to a 3 min air plasma activation process. The original carbon
cloth was initially hydrophobic, with a contact angle of
approximately 137°, before the plasma treatment, which
caused it to exhibit superhydrophilic behavior.115

For improving the light absorption capacity, a natural
mineral, diatomite (DE) is employed by Li and his team116 due
to its large number of micropores arranged in an orderly
manner inside, lightweight, strong adsorption capacity, and
stable chemical properties, and it has a wide source of raw
materials and low cost, however, with exhibited excellent
combination with carbon nanotube and aerogel (excellent
hydrophilicity) with cost-effectiveness around 250.37 (g h−1

$−1). DE has a 67% light absorption capacity, and the
composite aerogel after the addition of carbon nanotubes CNT
shows absorption capacity over 95%. Most interestingly that
the CNT/DE aerogel takes only 30 s to reach a temperature of
70.7 °C under 1 sun intensity, which is 33 °C higher than that
of DE aerogel. It has to be mentioned here that nanotube
((one-dimensional and possesses a unique and highly ordered
atomic and electronic structure within their tubes)) absorptionT
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results from electron shifts between the valence (v) and
conduction (c) bands.117 Moreover, Lv et al., utilize the fibrous
arrangement and exceptional absorbency of carbonized
nonwoven material ($1.01 m−2). The system involves utilizing
carbonized paper (CP) affixed to polystyrene foam to prevent
the evaporation material from sinking into the water. CP,
derived from low-cost nonwovens through carbonization,
boasts high absorbency because of its fibrous composition
and offers the benefits of softness and excellent endothermic
properties. In their experiments, the evaporation rate achieved
with only black cotton was 0.85 (kg m−2 h−1), whereas with
CP, it reached 1.23 (kg m−2 h−1) with high cost-effectiveness
1171.42 (g h−1 $−1).118

An alternative method to improve light absorbance involves
employing an antisalt-fouling materials combination. Salt
accumulation can impede both light intensity and the
continuous supply of water. For tackling this challenge of
salt accumulation, Zhao and his team119 created a 3D spiral
sponge made of gradient graphene (GG) and has cost-
effectiveness around 122.52 (g h−1 $−1), using environmentally
friendly techniques involving spraying coating, air drying, and
solar reduction. This 3D network structure enhanced energy
recovery and achieved an evaporation rate of 6.5 kg m−1 h−1

under 1 sun illumination, with the evaporator remaining stable
for approximately 72 h. The sponge features a varied graphene
network with pore sizes ranging from 150 to 20 μm, facilitating
radial brine transport and guiding salt crystallization in specific
directions by creating a variance in capillary force across the
gradient of pore sizes. Continuous vapor production improves
radial brine flow, resulting in the concentration of brine on the
outer surface of the GG sponge, thus achieving full separation
of water and salt from a brine solution containing 20 wt % salt.
In another approach, a study by Zhou et al.,120 using carbon

dots with vertically aligned acetate fibers VAAF derived from a
cigarette filter before applying the ethanol solution of CDs
onto their upper surface (VAAFs@CDs), demonstrates the
spontaneous rejection of salt accumulation through rapid fluid
convection within the evaporating interfaces. This system also
maintains efficient heat localization while possessing salt-
rejection capabilities for long-term operation. Consequently,
CDs not only expand their light absorption capacity but also
promote nonradiative recombination, consistently releasing
thermal energy. Nevertheless, its cost-effectiveness is perceived
as low at 173.21 (g h−1 $−1) in comparison to the other
materials discussed.

Table 3 illustrates the synthetic sequences of investigation
cases with the performance data, including the cost-
effectiveness calculations.

For an overall summary, see the bullet chart in Figure 8,
which connects the evaporation rate, cost, and cost-
effectiveness of some solar evaporators. Each one is ordered
according to evaporation rate, from low to high, demonstrating
how cost-effectiveness can be balanced relative to the cost and
evaporation rate. For instance, consider the mentioned
example of an evaporator comprising a combination of
nitrogen-doped graphene aerogel (NGA), with a normal
evaporation rate of 1.497 (kg m−2 h−1) and a low cost of
$0.8 m−2, resulting in high cost-effectiveness (1871.25 g h−1

$−1).113 This configuration yielded the highest cost-effective-
ness in comparison with other mentioned evaporators with
different evaporation rates and material costs.

■ CONCLUSIONS AND OUTLOOK
Nonetheless, synthesis methods and materials cost can be
optimized for further development. Through continuous
refinement and innovation in synthesis techniques, researchers

Figure 8. A bullet chart illustrating the cost-effectiveness, evaporation rate, and cost of various solar evaporators.
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can fine-tune both evaporation performance and material costs
to complement each other, leading to even higher levels of
cost-effectiveness. Additionally, exploring alternative materials
and fabrication methods may yield promising results in
achieving optimal performance at reduced costs. Moreover,
ongoing research efforts should focus on scalability and
sustainability, aiming to translate laboratory-scale achievements
into practical and environmentally friendly solutions. Besides
that, the accuracy of the calculation of the evaporation rate
needs more development by considering the energy gained
from the surrounding environment, such as natural convection.

Furthermore, there is great potential in harnessing natural
resources for solar-driven evaporation systems, such as utilizing
abundant sunlight and renewable materials. Researchers can
explore the use of natural polymers, plant extracts, and other
renewable resources as alternatives to synthetic materials,
ensuring sustainability and reducing environmental impact.
Additionally, the exploitation of waste materials, particularly,
woods, biomass waste materials, recycled textiles, and plastics,
presents an opportunity to repurpose existing resources for
evaporation technology. For future work, by incorporating
easily fabricated and readily available recycled materials into
the design and fabrication process, researchers can further
enhance the cost-effectiveness and accessibility of solar-driven
evaporation systems. Moreover, it is important to explore
techniques and methods for producing significant quantities of
solar evaporators, such as electrodeposition or machinery-
based production, aiming to strike a balance in production
costs rather than depending on costly techniques limited to
laboratory-scale production. Additionally, it is worth consider-
ing also the mass production of nanoparticles at low cost,
which can be achieved through technologies such as high
gravity reactive precipitation (HGRP). Overall, by leveraging
natural resources and recycled materials, coupled with
innovative fabrication techniques, the development of solar-
driven evaporation technology can be accelerated, paving the
way for scalable and sustainable solutions to address water
scarcity challenges worldwide.
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