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Biomass-Based Materials for Sustainably Sourced
Solar-Driven Interfacial Steam Generation

Xiaojie Liu, Yanpei Tian, Andrew Caratenuto, Fangqi Chen, and Yi Zheng*

1. Introduction

The dwindling availability of freshwater is rapidly emerging as a
key issue for both human survival and sustainable progress.[1] At
present, the desalination of unconventional water sources, such
as seawater, brackish water, and municipal wastewater ef� uent,
is a primary method for alleviating stress on water supplies.
There has been rapid growth in large-scale installations of
seawater desalination facilities as a means to augment water

supplies in water-stressed regions.[2–4]

Multistage � ash distillation and reverse
osmosis are two dominant technologies
for thermal distillation facilities and mem-
brane-based desalination facilities, respec-
tively, accounting for the majority of the
desalination market.[5–10] However, the
energy-intensive consumption of thermal/
electric power and the extensive infrastruc-
ture required restricts widespread adoption
in underdeveloped and sparsely populated
rural regions to deliver safe and sustainable
drinking water. Solar-driven steam genera-
tion is an environmentally friendly and sus-
tainable method of addressing the global
water crisis. This approach uses abundant
solar energy as a heat source to purify seawa-
ter, resulting in a high energy conversion

ef� ciency. Recently, there has been a signi� cant amount of
research focused on achieving optimal solar-driven interfacial evap-
oration results. This research has primarily centered on improving
device design and creating advanced materials that can enhance
solar absorption, improve thermal management, and facilitate
water transport and vapor diffusion[11–16] (Figure 1). From the per-
spective of energy ef� ciency, the logical design of an interfacial
evaporation device should integrate the following components into
one system: 1) photothermal materials with highly effective solar
absorption, allowing for the ef� cient conversion of radiation into
heat; 2) evaporation structures which can simultaneously enlarge
the evaporation surface and supply water to the heated area; and
3) thermal insulators which reduce the heat loss to the bulk water
and ambient air.

Thus far, immense progress has been made in the develop-
ment of material platforms, including photothermal
materials[17–20] and hydrophilic supporting substrate
materials.[21–24] Photothermal materials are composed of car-
bon-based materials, plasmonic metal nanoparticles, semicon-
ductor materials, and organic polymers. Hydrophilic substrate
materials typically include hydrogels or hydrophilic sponges.
Signi� cant advancements in photothermal materials research
have led to the development of viable solar absorber candidates,
such as Au/Ag nanoparticles, narrow-band gap Ti2O3 nanopar-
ticles, and graphene foam. These materials can achieve up to
90% solar thermal conversion ef� ciency under 1 Sun irradia-
tion. However, their widespread use in practical applications
is hindered by high-cost raw materials, complicated fabrication
processes, and weak long-term stability. In addition, the use of
many synthetic polymers is not environmentally friendly or bio-
degradable, and their disposal poses a signi� cant concern to the
environment. Therefore, there is a growing need to explore
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Solar-driven interfacial water evaporation powered by solar energy has gained
signi� cant interest as a sustainable and cost-ef� cient desalination technology,
owing to its zero reliance on fossil fuels. It aligns the relationship between
freshwater demand and environmental-friendly water yields and provides us with a
feasible and effective way to mitigate the global water crisis. Biomass-derived
photothermal evaporators stemming from sustainable and renewable resources
and performing high freshwater output have piqued researchers’ interest in
achieving water evaporation effectively, economically, and greenly. In this review
work, biomass-based photothermal evaporators coming from hydrogels, carbides,
and � bers are summarized and their optical design, wettability, thermal manage-
ment, and salt-rejection ability are analyzed, presenting an overview of the current
status of biomass-based materials in the solar-driven water puri� cation system.
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more environmentally friendly materials that can be used in
water puri� cation and treatment.

Biomass materials offer a sustainable option for solar-driven
steam generation due to their biocompatibility, renewability,
and sustainability.[25–31] Evaporators made from natural mate-
rials such as wood,[32] algae,[33] mushrooms,[34] and waste rice
straw[35]are becoming more common and are often carbonized
or used as support when combined with thermal materials.
However, challenges still exist for the application of these
biomass-based evaporators, leaving room for improvement
in their use for solar steam generation. In this review, we sum-
marize recent developments in bioderived and biomass mate-
rials utilized in solar-driven interfacial water evaporation and
discuss the mechanisms for improving ef� ciency. In Section 2,
a steady-state energy transfer process for solar-driven interfa-
cial steam generation is discussed. From Section 3 to 5, three
common biomass-based photothermal evaporators are intro-
duced. Section 3 focuses on hydrogel-based photothermal
evaporators, especially three biopolymers: chitosan, gellan
gum, and agar. Section 4 demonstrates evaporators derived
from carbonized and baked natural waste, including manure,
soil, and leaves. In Section 5, the hornet nest, a representative
of cellulose� ber-based structures, is thoroughly characterized
for its solar desalination performance. We aim to emphasize
the unique value of biomass-based materials in solar steam
generation and inspire researchers looking for greener, lower
cost approaches to synthesize ef� cient photothermal materials,
which can provide newer inspiration for the process of seawa-
ter desalination and control theconsumption of fossil energy
and carbon emissions.

2. Energy Transfer Process Analysis

Solar-driven interfacial evaporation systems achieve high ef� -
ciency and rates by selectively heating the surface water, rather

than the entire bulk water, controlling and managing the energy
transfer process. A schematic representation of the steady-state
energy transfer process for solar-driven interfacial steam gener-
ation is shown in Figure 2. Incident sunlight is absorbed and
converted into heat by photothermal materials including
carbon-based materials, plasmonic metals, and semiconductors.
The majority of this photothermal heat is used to vaporize water,
thus storing the energy as latent heat. Little sunlight is either
re� ected or transmitted due to the high solar absorptance and
opacity of the photothermal layer, respectively.[36] However, a
portion of the absorbed energy is lost to the surrounding
environment through radiative and convective effects, and to
the underlying water through conductive and radiative effects.
Therefore, the optimal design of solar evaporators that can local-
ize heat within the interfacial area is crucial for overall system
ef� ciency. The photothermal conversion process comprises
two parts: solar-to-thermal conversion and thermal-to-vapor con-
version. The overall solar-to-vapor conversion ef� ciency, � s� v,

Figure 1. Schematic showing the principles of solar-driven interfacial steam generation. A porous solar absorber� oats on water. Under solar irradiation,
vapor generation is powered by solar energy. Simultaneously, water is transported from the bulk water to the evaporation surface for vapor generation.
Freshwater can be collected by condensing the generated vapor.

Figure 2. Energy transfer process for a basic solar-driven interfacial steam
generation system at steady state.
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which characterizes the performance of the solar-driven interfa-
cial water evaporation, can be expressed as the sum of these two
parts.

� s� v ¼
m
:
H LV

CoptI sun
¼

qt

CoptI sun

m
:
H LV

qt
¼ � s� t � � t� v (1)

The evaporation process for the unit area is characterized by
m
:
, the mass change rate of water, andH LV, the total enthalpy of

evaporation, including sensible heat and liquid-to-vapor latent
heat. The incident solar intensity at AM1.5, denoted asI sun, is
con� ned from 0.3 to 4.0� m, and typically, 1 sun irradiation is
taken as a heat� ux of 1 kW m� 2. The conversion of solar energy
to thermal energy is represented byqt, while the corresponding
ef� ciencies for solar-to-thermal conversion and thermal-to-vapor
conversion during the evaporation process at steady state are
denoted as� s� t and � t� v, respectively. The former is in� uenced
by the solar absorption of photothermal materials and the absorb-
er’s architecture, which generates thermal energy from solar
radiation on the solar absorber. The latter is associated with
the thermal management of the overall evaporation device, eval-
uating the thermal energy devoted to water vaporization.

When solar radiation hits the surface of a solar absorber, a
portion of it may be lost due to re� ection and transmission,
but the majority is converted to thermal energy that serves as
the driving force for vapor generation. As solar absorbers are typ-
ically thick, transmission losses can be disregarded. Moreover,
the absorber’s porous structure and rough outer surface mini-
mize solar re� ection and scattering, which, in turn, enhances
the � s� t. For the solar-driven interfacial water evaporation sys-
tem, the input solar energy is the energy absorbed by the solar
absorber, that is

Qsolar ¼ Copt � I sun � Aproj � � (2)

whereAproj is the projected area for the evaporator and� is the
solar absorptivity of the solar absorber.

During the evaporation process, most of the converted ther-
mal energy is consumed by the latent heat required for vapor
generation. Any remaining thermal energy is dissipated through
conduction to the bulk water, convection with the air, and radia-
tion to the surroundings. By managing the thermal properties of
the system, heat loss to the environment can be minimized, lead-
ing to a higher� t� v. In the case of a� oating evaporation device in
an open water environment, the heat leak from the solar absorber
to the underlying water is considered to be complete conduction
heat loss during the evaporation process. This is because the
open water acts as a heat sink with a constant temperature that
is unaffected by the incoming conductive heat� ow. However, in
a scenario where the evaporation device is placed in a limited,
con� ned quantity of water within a container, the downward con-
ductive heat leak will eventually heat the bulk water in the con-
tainer. This will increase the average temperature of the supply
water and thereby improve the evaporation ef� ciency. Therefore,
this portion of the heat transfer should not be counted as a heat
loss, as it eventually is used for vapor generation. However,
further heat transfer which may occur between the con� ned con-
tainer and the ambient environment via conduction or convec-
tion will contribute to the overall loss. The conduction

interaction between the solar absorber and a certain amount
of water can be expressed as

qcond ¼ Cp � mw � � T ¼ Cp � mw � ð Tw2 � Tw1Þ (3)

whereqcond is the conduction heat transfer,Cp is the speci� c heat
capacity of water,mw is the mass of remaining bulk water in the
container, and� T is the temperature difference of bulk water. In
addition, Tw1 and Tw2 are the initial temperature and� nal tem-
perature of the bulk water during the evaporation process,
respectively.

The heat� uxes for the convective heat loss,qconv, and radiative
heat loss,qrad, are

qconv ¼ hconv � ð T � TvapÞ (4)

qrad ¼ � � � � ð T4 � T4
� Þ (5)

where hconv is the convective heat transfer coef� cient, T is the
temperature of the evaporation surface,Tvap is the temperature
of the vapor that surrounds the solar absorber,T� is the
surrounding temperature,� is the emissivity of the evaporation
surface, and� denotes the Stefan–Boltzmann constant.

3. Hydrogel-Based Photothermal Evaporators

Hydrogels, inherently 3D cross-linked polymeric networks,
become swollen with water molecules and maintain a high water
content many times their initial weight while also preserving
hierarchical 3D structures. The water-attracting properties of
hydrogels are due to the presence of water-solubilizing functional
groups in their polymer chains, which include hydroxyl groups,
sulfonic acid groups, amino groups, and carboxylic acid groups.
These groups can form noncovalent interactions with water mol-
ecules, such as hydrogen bonding and electrostatic interactions,
resulting in the hydrophilicity of the hydrogel. These intrinsic
characteristics—automatically imbibing water and lowering
the energy requirement of water evaporation—make hydrogels
particularly promising material platforms for photothermal evap-
orators within highly ef� cient solar water puri� cation systems.

Hydrogels are conventionally prepared from the chemical or
physical cross-linking of one or several monomers. This process
forms association bonds between polymer chains, giving a 3D
network with porous micro- or nanostructures. Pores within
hydrogels can emerge through phase separation during synthesis
or already exist as smaller pores within the network. The funda-
mental function of hydrogels hinges on the pore size and pore
distribution within the gel, which directly governs the transport
properties of the material. Apart from being constructed for
water transport, the air-� lled pores combined with the intrinsic
low thermal conductivity of most polymers endow hydrogels with
overall low thermal conductivities, restricting heat transfer
losses. The pore size of traditional hydrogels is usually several
nanometers to tens of nanometers. This porosity allows easy
internal diffusion of small molecules as well as some large
molecules. In certain instances, the larger pores among denser
polymer clusters can be attained by phase-separating. The pore
size and pore size distribution of hydrogels can be strongly in� u-
enced by adjusting the cross-link density (determined by the
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initial ratio of cross-linker to monomer), employing different
concentrations of all polymerizable monomers in aqueous solu-
tion, and adjusting the properties of the surrounding solution to
achieve different nanostructures.[37,38]

Hydrogel networks are formed through the linkage of poly-
mer/monomer chains by cross-linkers, which play a pivotal role
in regulating the diffusion of solvents within the hydrogel net-
works. Cross-linker density signi� cantly affects the permeability,
water transport, and microscopic structure of bulk hydrogels.
High-concentration backbone solution and high-density cross-
linking agent form a dense network with a small mesh size,
thereby forming a relatively less porous hydrogel structure.[39]

Hydrogels exhibit distinct phase changes in response to varying
environmental conditions.[40] Their af� nity toward water and
mobile ions from the solvent arises from the presence of the
charge groups on the backbone of the main polymer. When envi-
ronmental conditions, such as pH, temperature, or electric� eld,
change, the hydrogel undergoes a volumetric phase change. After
reaching equilibrium, the positive ions from the solvent interact
with the negative ions attached to the polymer chains. This infu-
sion of external ions increases the ion concentration within the
hydrogel’s cavity, leading to osmotic pressure. Consequently, the
hydrogel network swells as a response to the osmotic pressure. In
addition, the structures of the polymeric network of hydrogels
can be controlled by gelation chemistry on a molecular level,
and their porous architecture can be further reconstructed dur-
ing postsynthesis treatment. The ice-templating method, also
known as freeze-casting, has been extensively adopted to build
well-controlled morphologies of porous structures possessing
channels or pores by altering the solidi� cation velocity, temper-
ature, direction, and application of additional external force� elds
in the freezing stage.[41] In this way, the thermal management
performance for the hydrogel-integrated photothermal evapora-
tor can be implemented by adjusting the architecture of pores to
alter the thermal conductivity and water imbibing capacity.

Under solar irradiation, water content and transport rate
should be adjusted to maintain an ef� cient and continuous
evaporation process. Insuf� cient water supply and low water
transport rate lead to inadequate water content within solar evap-
orators, which hinders the continuous evaporation process. On
the other hand, if the water transport rate is too high, the exces-
sive water content within the evaporators can bring the generated
thermal energy to the bulk water. To achieve high energy ef� -
ciency in hydrogel-based evaporators, a key factor is the control
of water content within the molecular meshes. Hydrogels can be
intentionally engineered to achieve equilibrium, ensuring the
optimal amount of evaporative water consistent with environ-
mental conditions. Suf� cient water supply can be achieved
through the interconnected porous structure of hydrogels, which
includes micron channels for fast water diffusion.

Although the swollen hydrogels only are capable of
accelerating the water evaporation process due to their unique
water–polymer interaction, most pure hydrogels with good water
absorption possess a lighter-colored or transparent appearance,
which is unfavorable for maximizing solar absorbance.
Therefore, to enhance the solar absorption of the photothermal
evaporator, photothermal materials are introduced (typically uni-
formly) into the networks of hydrogels as functional additives to
facilitate solar absorption under solar illumination. Hydrogels

are used as supporting substrates, providing a mechanically stable
skeleton for loading photothermal materials and delivering water
around the heated photothermal materials for vapor generation. It
is noteworthy that the use of hydrogels as a matrix imposes no
strong restrictions for photothermal materials (such as types,
structures, and dimensions) so long as the hydrogels can remain
in 3D crossed-linked hydrogel networks. Photothermal materials,
such as plasmonic absorbers (e.g., Ti2O3, Fe3O4 nanoparticles),
conjugated polymers (polypyrrole, polydopamine), and carbon-
based materials with different dimensions (carbon nanoparticles,
nanotubes, carbon foam, graphene), are common materials inte-
grated into hydrogels collectively completing the solar-driven
vapor generation. Overall, with porous micro-/nanostructures
inherited from hydrogels, the derived frameworks combine the
advantages of large surface areas, highly porous structures, uni-
formly distributed functional additives, and ample water diffusion
channels, enabling hydrogels to achieve highly ef� cient water puri-
� cation under natural sunlight.

Bene� ting from the advantages of low cost, environmental
friendliness, and biodegradability, biopolymer materials are
regarded as the promising candidate in the hydrogel platform.
In contrast to synthetic hydrogels, biopolymer-based hydrogels
are derived from naturally occurring polymers of biological
origin. Many different natural polymeric materials may be
fabricated into hydrogels. At present, extensively developed
biopolymer-based hydrogels include cellulose, the most widely
distributed and most abundant polysaccharide in nature,
accounting for more than 50% of the carbon content in
plants,[42–44] chitosan which is mainly present in the shells of
arthropods and crustaceans,[45–47] alginate which can be isolated
from brown algae,[48,49] starch which generally exists in
plants,[50,51] pectin which is extracted from the plant cell
walls,[52,53]and gelatin which is commonly derived from collagen
taken from animal tissue.[54,55] These natural polymers are
intrinsically polysaccharides or proteins.[56] In addition, to fur-
ther enhance the mechanical strength of biopolymer-based
hydrogels, double network hydrogels integrating both biological
and synthetic hydrogels as composites have been widely adopted
to enhance the mechanical proprieties.[57]

As examples of biopolymers, we discuss three biopolymers in
this section—chitosan,[58]gellan gum,[59]and agar[60]—and detail
how they function as a tunable materials platform and collaborate
with photothermal materials for solar-driven interfacial steam
generation (Figure 3). Chitosan, a linear cationic polysaccharide,
is derived from chitin, which is the second most abundant bio-
polymer found in nature after cellulose. The dissolved chitosan
solution can be self-cross-linked by increasing pH to transform it
into a gel state.[61]Chitosan hydrogels exhibit attractive properties
such as mechanical robustness and shape memory, allowing
them to occupy a predominant position as a biomaterial for med-
ical and mechanical applications in a foam form. Gellan gum is a
high-yield, linear anionic polysaccharide derived from natural
sources. When gellan gum is dissolved in water, it undergoes
a rapid, thermally reversible gelation process, transitioning from
a disordered coil shape at high temperatures to a double helix
structure at low temperatures. Introducing calcium ions
(Ca2þ ) leads to more ef� cient gelation and aggregation of double
helices due to the binding of Ca2þ and gellan gum chains. This
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results in a stable GG hydrogel.[62]Agar, a water-soluble linear poly-
saccharide extracted from red seaweed, has presented promising
features in various� elds ranging from environmental engineering
to medicine. Similar to the gelation process of gellan gum, agar
forms a 3D gel matrix of helical agar molecules in coiled bundles
held by hydrogen bonds produced during a transient-temperature
process from melting temperature down to gelling temperature.[63]

After postprocessing with freeze-drying, involving the controlled
solidi� cation of the solution followed by sublimation of the solvent
under reduced pressure, a well-shaped polymer-based monolith
with a highly porous structure is obtained. Manipulating the
parameters of freeze-drying processes offers a method for tailoring
the morphology of the scaffolds. When combined with photother-
mal materials, blackened, posttreated hydrogels with nano- and
microscale porous structures become a highly favored candidate
for thermal evaporators within desalination systems.

In this work, the freeze-drying process offers a pathway for
composite hydrogels, composed of biopolymers and photother-
mal nanoparticles, to reconstruct the microstructure of scaffolds,
in terms of porosity and pore morphology (Figure 4a,b). There
are two types of freezing methods. Directional freezing means
that the bottom of the container contacts with liquid nitrogen,
causing the solvent to freeze from the bottom of the container
so that the ice crystals grow in one direction. Nondirectional
freezing means containers with aqueous suspensions are directly
frozen in liquid nitrogen or a refrigerator to produce a relatively
disordered porous structure, and through both methods, the ice
crystal grows from the outside of the suspension to the inside in
all directions. Compared with nondirectional freezing, the direc-
tional freezing process can be carried out in a more controlled
manner, forming a de� ned alignment and an anisotropic porous
structure, which contributes to some speci� c mechanical, heat,
and mass transport features. As shown in Figure 4a, due to the
solubility of chitosan in dilute aqueous acidic solutions, a non-
directional freezing process is imposed on the chitosan solution
with dispersed cuttle� sh ink particles by freezing it at–2 °C over-
night. Herein, the solvent in the liquid state exhibits a slow ice

nucleation process, with a tendency toward larger ice crystals.
After sublimation of the frozen solvent in the solidi� ed hydrogel
under vacuum, an interconnected porous scaffold is obtained.[58]

In contrast to the random distribution of interconnected pores, the
gellan gum hydrogel combined with cuttle� sh ink particles under-
goes a unidirectional freezing process, resulting in a scaffold with
vertically aligned channels. During the freezing process, the gellan
gum solution begins freezing under a temperature gradient,
imposed by placing the solution atop an aluminum plate
immersed in liquid nitrogen. This causes the nucleation of ice
to orient preferentially along the direction of freezing.[59] Based
on the hydrophilic functional groups attached to the polymer
chains, both the porous structures with randomly interconnected
pores and vertically well-aligned microchannels ensure the capil-
larity-forced internal bulk water transport (Figure 4c).

The ef� ciency of water evaporation in this process hinges on the
photothermal conversion capability: This factor governs the energy
that the evaporation system can harness. A high photothermal con-
version ef� ciency translates to increased energy availability for the
water evaporation process. This highly relies on reducing the sun-
light’s re� ection for approaching unity solar absorptance. Solar
absorbers, as the media to convert solar irradiance, take on the
primary and critical role in the solar evaporation process.
Currently, various types of photothermal materials and structures
have been investigated including plasmonic metals,[64–67,67,68]

semiconductors,[69–74] and carbon-based materials.[23,75–78]

When the incident photon frequency aligns with the inherent
oscillation frequency of free electrons within a metal surface, it
triggers the generation of plasmon-excited electrons. These
electrons experience near-� eld enhancement and transfer their
energy through electron–electron scattering. This phenomenon
leads to exceptional light-to-heat conversion ef� ciency, approach-
ing nearly 100%. Various metals, such as gold, silver, aluminum,
copper, cobalt, and others, have been developed as plasmonic
materials.[64–67,67,68]Gold[66,67] and silver[67] are the most com-
monly used plasmonic photothermal materials due to their
remarkable plasmonic resonance properties and high stability.

Figure 3. Biomass-derived materials can be leveraged into porous hydrogels serving as photothermal evaporators for water puri� cation. Biopolymers
used in some works are chitosan, gellan gum, and agar, mainly derived from exoskeletons of crustacea, bacterium, and red seaweed, respectively. The
corresponding chemical and network structures are displayed.
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When semiconductors are exposed to incident light with
energy higher than or equal to their bandgap, they generate
electron–hole pairs. Subsequently, these photoexcited
electron–hole pairs release their energy in the form of photons
or phonons as they return to a lower energy state.[70] However,
most semiconductors have wide bandgaps, resulting in narrow
absorption wavelengths, and the emitted photons can be detri-
mental to the photothermal effect. To address this limitation
and broaden the absorption spectrum, band engineering is intro-
duced to modify and adjust the bandgap of semiconductors. For
instance, titanium dioxide (TiO2), a typically transparent material
to visible light with a bandgap of 3.2 eV, can only absorb UV light.
However, through reduction to TiOx, it transforms into a black
material capable of absorbing the entire solar spectrum, signi� -
cantly enhancing its photothermal capabilities.

The abundant sources, low cost, excellent processability,
and stability give carbon-based materials superiority as an alter-
native to photothermal materials. Light induces the heating of

carbon-based materials through the thermal vibration of mole-
cules, which involves the excitation of electrons and their
subsequent relaxation. Over time, several types of carbon-based
materials have been developed as excellent options for solar
absorbers. These include carbon nanotubes (CNTs),[23,75]

graphene,[76,77]graphene oxide (GO),[78] reduced graphene oxide
(rGO), carbon black,[18]and others. Notably, carbonized materials
derived from natural products offer increased accessibility and
contribute to lowering the associated costs.

Usually, hydrogel-based evaporators are with suf� cient
thickness to ensure negligible light transmission. Meanwhile,
minimizing sunlight re � ection is also critical for maximizing
solar absorption. The average pore diameter of vertical micro-
channels for the gellan gum hydrogel structures is around
110� m, which is much larger than all incident solar wave-
lengths. This allows light with different wavelengths to randomly
irradiate into pores of nano- and microscale, undergoing multi-
ple re� ections inside the walls of the pores or channels to

Figure 4. Properties of hydrogels. a–c) Water absorption capacity of hydrogels. Schematic of a hydrogel-based evaporator with an a) interconnected
porous structure and b) vertically aligned channels. c) FTIR spectra of cuttle� sh ink powder, chitosan powder, and a mixture of both show the corre-
sponding chemical composition. d–f ) Solar absorptance of hydrogels. d) The vertically aligned channels in the hydrogel lock in the sunlight and absorb it
for vapor generation. e) Solar absorptance of pure agar and ATHEs against the AM1.5 spectral solar irradiance spectrum. f ) The angle-dependent average
solar absorptance of ATHEs. g–i) Thermal management of hydrogels. g) Schematic of the steam generation mechanism of a hydrogel-based thermal
evaporator converting bulk saltwater into pure water vapor using sunlight. h) Thermal conductivity of hydrogel foams with different polymer
concentrations in both dry and wet states, respectively. i) Temperature evolutions of bulk water and hydrogels with various water contact methods.
a,c,f ) Reproduced with permission.[58] Copyright 2021, Royal Society of Chemistry. b,d) Reproduced with permission.[59] Copyright 2021, American
Chemical Society. e–g,i) Reproduced with permission.[60] Copyright 2022, Elsevier.
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enhance the light absorption within a broadband range
(Figure 4d). Take the agar hydrogel photothermal evaporator
as an example, after combining with photothermal material of
TiN nanoparticles, these hydrogels exhibit high sunlight absorp-
tion from wavelength of 300 to 2500 nm (Figure 4e). More impor-
tantly, the absorption of hydrogels displays less angular
dependence to light incident angle. High absorption over 97%
is maintained at all the measured incident angles from 0° to
60°, rendering it insensitive to variations of sunlight incident
angles due to temporal and seasonal changes (Figure 4f ).[60]

The angle-independent solar absorption is attributed to the
light-capturing effect of multiple incidences within the micro-
structures with numerous interconnected channels.

During the photothermal conversion process, the generated
heat should ideally be used exclusively for vapor generation.
However, heat loss is introduced through the downward conduc-
tion to the bulk water, upward convection with the air, and radi-
ation to the ambient environment, arising from the raised
surface temperature of the evaporation surface. Without affect-
ing the required water supply during the evaporation process,
a combination of a thermal insulation layer and a water transport
path is widely adopted for suppressing heat losses, which is
placed beneath the evaporator to reduce the water contact area.
Closed-cell foams with small thermal conductivities generally
play the role of a thermal insulator in this setup, bearing the
responsibility of both supporting the evaporator and holding
the extra water path in place. This is typically not an issue, as
its low density provides suf� cient buoyancy to the system. The
assembled water path, which is attached to the evaporator
upward and immersed in bulk water downward, is usually cho-
sen as a hydrophilic� ber-based porous stripe-like structure to
achieve two-way water transfer, pumping water to the evaporator
for the evaporation and transporting higher salinity water to the
bulk water. An example is shown in Figure 4g: a PVC foam with
low thermal conductivity (0.03 W m� 2 K� 1) serves as a thermal
barrier to localize solar heating to a thin layer at the water/liquid
interface. Meanwhile, the cotton wipe strip acts as the water path,
which consists of hydrophilic cellulose with strong capillary-
wicking ability, thus continuously delivering suf� cient water
to the evaporator. The thermal barrier and the water path are
designed to minimize conductive heat dissipation to the bulk
water by eliminating direct contact with bulk water. Because
of the fully porous structure, the chitosan hydrogel possesses
low thermal conductivities in the dry states, indicating that a
large volume of air is present inside the pores. However, after
absorbing water, the thermal conductivities of hydrated hydro-
gels increase over 10 times because the void spaces are� lled with
water, which elucidates that the hydrogel takes up water very
effectively (Figure 4h). To validate the effectiveness of advanced
heat localization of the combination of thermal barrier and water
path, the surface temperature evolution of agar-based hydrogels
with different water supply methods is monitored. Obviously,
due to the suppressed heat dissipation to the bulk water, the evap-
orator which uses the insulated water path experiences a more
rapid temperature response when the light hits on it and also
demonstrates the highest steady-state temperature, localizing
most of the thermal energy at the evaporation surface (Figure 4i).

During the evaporation process, the salinity of the water at the
heating interface will inevitably increase with the phase change

of pure water and subsequent diffusion of generated vapor. To
make matters worse, salt crystals will gradually appear when the
saltwater in the evaporator becomes saturated. The formation of
salt crystals on the top surface and inside the hydrogel can cause
signi� cant issues. These crystals can obstruct sunlight absorp-
tion and vapor diffusion, as well as clog the salt drainage chan-
nels and water transportation paths of the hydrogel. This, in turn,
can impede the replenishment of water to the top evaporation
surface, which is critical for the continuous solar desalination
process. Consequently, salt self-cleaning plays a crucial role in
ensuring the continuous operation of the process. As shown
in Figure 5a, by directional freezing and lyophilizing of the gellan
gum hydrogel, the aligned microchannels are shaped. The natu-
rally hydrophilic nature of the hydrogel evaporator and the strong
capillary force along the aligned microchannels guarantee an
adequate water supply, preventing salt buildup. In the absence
of robust vapor generation, the accumulated salt on the upper
surface dissolves into the lower salinity water and travels down-
ward through the microchannels to the bulk water through dif-
fusion and convection driven by the concentration difference
between the high salt concentration region and the bulk water.
This driven force induced by the salt potential difference between
the top and bottom regions of the hydrogel evaporator facilitates
salt diffusion down through the interior microchannels.
Additionally, the cotton wipe serves as a drainage pathway for
the accumulated salts (Figure 5b). Time-lapse images, shown
in Figure 5c, present the excellent salt rejection performance
of the chitosan hydrogel evaporator.

A systematic investigation of the solar-driven desalination per-
formance of hydrogel-based evaporators is carried out using the
experimental setup depicted in Figure 5d,e. The evaluation involves
recording the evaporation device’s mass change over time under
solar illumination. Notably, hydrogel-based evaporation devices
exhibit signi� cantly higher evaporation rates than the theoretical
limit of 1.47 kg m� 2 h� 1 under 1 Sun irradiation. This is possible
due to the uneven surface topography of the evaporator, leading to
an enlarged evaporation interface. In addition, the water–polymer
interaction can in many cases lead to the effective reduction of
water evaporation enthalpy. The water present in the hydrogel dis-
plays three intermolecular hydrogen bonding behaviors, namely,
strong water/polymer bonding, normal water/water bonding,
and weakened water/water bonding, referred to as bond water, free
water (FW), and intermediate water (IW), respectively. Hydrogel
water requires less energy input for vaporization than bulk water
due to the presence of a signi� cant proportion of IW, which facil-
itates cluster evaporation and requires less energy to escape from
the hydrogel. To illustrate the water states within the hydrogel, the
O� H stretching modes Raman spectrum of the chitosan hydrogel
is � tted into four peaks using the Gaussian function (Figure 5f ).
The peaks located at 3281 and 3387 cm� 1 correspond to FW, while
the other two peaks at 3487 and 3629 cm� 1 correspond to the sym-
metric and asymmetric stretching of the weakly hydrogen-bonded
IW, respectively. Notably, the ratio of IW to FW is 1.31, indicating a
high proportion of IW in the chitosan hydrogel. This characteristic
is advantageous in reducing the water evaporation enthalpy, lead-
ing to a signi� cant increase in the evaporation rate.

Hydrogel-based evaporators are attractive options for solar-
driven desalination, as their properties typically enable high evap-
oration ef� ciencies. However, the stability and durability of the
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working performance of the evaporator under various conditions
are critical for real-world implementation. The effects of different
salinities on the evaporation rates for the agar hydrogel evaporator
are shown in Figure 5g. Due to an excellent solar absorptance of
0.97 and salt rejection capabilities for the hydrogel evaporator, it
shows a superior evaporation rate that is independent of salinity.
For a 3.5 wt% NaCl solution, the GG/CI hydrogel evaporator shows
an evaporation rate of 3.0 kg m� 2 h� 1, which is similar to the per-
formance in DI water. Even utilizing a high salinity (10 wt% NaCl
solution), it still yielded an evaporation rate of 2.7 kg m� 2 h� 1,
resulting from its continuous replenishment of water and fast salt
drainage capability within the vertical microchannels.

Ascribed to the excellent salt rejection capabilities of the
hydrogel, the evaporator still achieves stable performance and
there is no reduction in the evaporation rate, showing great
promise for desalination in high-salinity brines. Evaporation
performances in varying environments, such as with weak or
concentrated sunlight, are also investigated, and the chitosan
hydrogel evaporator can work relatively ef� ciently under weak
sunlight (Figure 5h). In addition, a long-term desalination exper-
iment for the chitosan hydrogel evaporator over 8 h is conducted
to manifest its durability. The linear mass change of water is
observed showing the steadily continuous desalination perfor-
mance for this extended period (Figure 5i).

Figure 5. Desalination performances for the hydrogel-based photothermal evaporators. a) SEM images of the transverse section with numerous open
channels and the longitudinal section with vertically aligned microchannels for the hydrogel. b) Schematic illustrating the salt self-cleaning for the hydro-
gel-based thermal evaporator. c) Time-lapse photographs of the salt dissolution process. d) The setup for the indoor solar desalination experiment.
e) Mass changes of water for the hydrogel-based thermal evaporator in different water supply methods under 1 Sun irradiation, with pure water as control.
f ) Raman spectrum and� tting curves of water in the hydrogel. The solid black and red curves indicate raw data of the Raman spectrum and the cumulative
� tted curve, respectively. g) Mass changes of solutions with different salinities. h) Evaporation rates under solar irradiation with intensities of0.58, 0.8,
1.2, and 3 kW m� 2, respectively. i) Mass changes and the corresponding evaporation rates of water using 3.5 wt% NaCl solution over two 8 h periods.
a,b,d,e) Reproduced with permission.[59] Copyright 2021, American Chemical Society. c,f,h,i) Reproduced with permission.[58] Copyright 2021, Royal
Society of Chemistry. g) Reproduced with permission.[60] Copyright 2022, Elsevier.
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Excellent water transportation performance is an important
premise for hydrogel evaporators to keep moist and reject salt
accumulation during the desalination process. The presence
of accumulated salt crystals on the top surface of the hydrogel
evaporator poses a signi� cant obstruction to sunlight absorption
and vapor diffusion. Moreover, if these salt crystals are amassed
on the surface or within the hydrogel, they can block the vertical
salt drainage channels and water transportation pathways.
Consequently, the� ow of water pumped to the top evaporation
surface is impeded, hindering its replenishment. However,
hydrogel-based evaporators do not show salt accumulation and
keep moist under prolonged sunlight exposure. This superior
performance mainly hinges on water absorption, water retention,
osmotic pressure, and capillary force within hydrogel channels.

Hydrogels have a high water-absorbing capacity, allowing them
to soak up and hold onto water molecules in the surroundings. The
3D structure of hydrogels, created by cross-linking polymer chains,
forms a stable network that traps and retains water within its
matrix. This prevents water loss and helps to maintain a moist sur-
face and retain water within its main body. Hydrogels exhibit
osmotic pressure, which means they can balance water absorption
and release based on the surrounding conditions. When exposed to
sunlight, hydrogels lose some water due to evaporation, but their
osmotic pressure allows them to draw in additional water from the
bottom to maintain water content. Microchannels within hydrogel
evaporators by the process of lyophilization give strong capillary
force and ensure a continuous and suf� cient water supply to evap-
orators. Driven by the concentration difference between the top
and bottom regions of hydrogel evaporators, it facilitates the diffu-
sion of salt through the interior microchannels.

The biomass-enabled hydrogel-based solar-driven evaporators
are emerging as an innovative technology that combines the ben-
e� ts of biopolymers as sustainable materials and solar energy as a
clean and renewable power source. These evaporators exhibit ef� -
cient solar-to-vapor conversion due to reduced water evaporation
enthalpy, optimized thermal management, and intrinsic hydrophi-
licity properties inherent in hydrogels. The regulation of the water
state within hydrogels facilitates intermediate water, which pos-
sesses a lower evaporation enthalpy than bulk water, leading to
enhanced evaporation ef� ciency. Light-absorbing additives inte-
grated into the hydrogels effectively convert solar energy into heat
and help con� ne the generated heat near the evaporative surfaces,
further improving the evaporation process. The presence of hydrat-
able functional groups in the polymeric backbones allows for the
absorption and retention of water within the hydrogel network.
Furthermore, hydrogel evaporators possess an antisalt-fouling
property, ensuring stable and long-term desalination performance,
making them have excellent desalination performance.

4. Carbonized and Baked Natural Waste-Based
Photothermal Evaporators

For an ideal industrialized desalination solution, both the cost
of raw materials and the impact on the environment should
be considered. For this reason, carbonized or baked natural/
chemically treated porous materials are extremely popular in
solar-driven water puri� cation, especially because they repurpose
biological waste materials. In terms of cost, abundance,

scalability, stability, and environmental friendliness, the carbona-
ceous material is the most promising candidate. For naturally
porous raw materials, for example, tree,[79] straw,[80] corncob,[81]

luffa sponge,[82] bamboo,[83] and peel,[84] their inherent micro-
channels or microporous structures naturally favor both water
transport and the light-absorbing capacity to capture sunlight.
After the carbonization process, not only are the porous struc-
tures well preserved but their light absorption capabilities will
be greatly enhanced after being converted onto a hard carbon,
exhibiting promising potential for large-scale solar evaporation
applications.

As shown in Figure 6, manure is a worldwide biowaste,
mainly composed of water and cellulose. This organic matter
is commonly used as organic fertilizer within agricultural pro-
duction and as a biomass fuel precursor.[85] Inside manure, ran-
domly dispersed cellulose� bers weave a network with percolated
macropores, naturally providing retention capacity for water. In
Tian et al.’s work, manure is used exclusively as the raw material
for the fabrication of a monolithic evaporator.[86,87] The simple
process of blending, molding, backing, and calcining provides
a low-cost route for obtaining an ef� cient and sustainable photo-
thermal evaporator. Another widely available raw material, soil,
can be found almost anywhere. Adobe bricks have been used for
thousands of years as a building material for architecture. These
bricks are solid composites mainly from soil or mud and include
various concentrations of sand, silt, and clay. With the help of the
calcination process combining, Caratenuto et al. transformed
locally obtained soil into a brick-based photothermal evaporator,
using supplementary clay as a binder.[88]In addition, fallen leaves
are common forest/residential/municipal waste, which is often
collected and transported to a land� ll or incinerated, with signif-
icant environmental and economic impacts. The main compo-
nents of leaves, cellulose, hemicellulose, and lignin can be
easily carbonized using a high-temperature thermal treatment
and thus converted to a porous photothermal material achieving
biowaste recycling. Caratenuto et al. developed a hybrid leaf-guar
desalinator, repurposing biowaste from fallen leaves and the
seeds of the legume plant guar, by mixing the ground leaves
and guar particles together and followed by a carbonization pro-
cess at 50 °C.[89]

As depicted in Figure 7a, after the carbonization process,
water is pumped to� ll the entire porous structure and reaches
the top evaporation surface due to capillarity. The thermal energy
converted from the trapped sunlight is localized within a thin
layer beneath the evaporation interface due to the low thermal
conductivity, heating the water and boosting vapor generation.
Simultaneously, the salt is drained through the microchannels
or interconnected micropores owing to ion and density concen-
tration gradients within the microchannel arrays. Overall, solar
absorption, water transportation, vapor generation, and salt rejec-
tion jointly contribute to highly effective solar-driven water puri-
� cation. From the manure-based photothermal evaporator, we
can see that carbonized structures are naturally black in color
implying the congenitally excellent capability of light absorbing,
and much retain their original morphology keeping the porous
architecture (Figure 7b). For manure-based carbonized evapora-
tors, the Fourier transform infrared (FTIR) spectra at various car-
bonization temperatures are shown in Figure 7c. For the dried
manure sample with the baking temperature of 18 °C, the peaks
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of O� H stretching vibration, C� H bond, and C� O bond located
at the 3500, 2920, and 1645 cm� 1, respectively, exemplify the cel-
lulose/hemicellulose content within the manure. After carboni-
zation processes at temperatures above 80 °C, these peaks
disappear. In contrast, the C� C bond dominates after carboniza-
tion, contributing to light absorption and illustrating the chemi-
cal changes during pyrolysis. The carbonized leaf-based sample
experiences similar changes after baking.[89]The near-unity solar
absorption of the carbonized structure clearly bene� ts from the
carbonaceous material, as can be seen via comparison to a non-
carbonized version of the same material (Figure 7d). The rise in
solar absorption after the carbonization process is mainly
ascribed to the high extinction coef� cient of carbon compared
with the negligible extinction coef� cient of raw cellulose or other
particles. Moreover, the light-trapping effect of carbonized� bers
or particles further enhances the solar absorption ability. The
porous structures of carbonized materials elongate the optical
path, enhancing the multire� ection and scattering of light within
the � ber/particle-based networks. Both the dynamic water
contact angle measurement for the manure-based sample and
high-speed camera images for the carbonized leaf-based sample
demonstrate the rapid water absorption capacity of carbonized
structure (Figure 7e). Because these carbonized samples are
mainly � ber-based structures, and these� brous structures are
almost completely preserved after carbonization, they retain their
strong hydrophilic properties, allowing them to quickly absorb
and disperse water within their porous structures. For the car-
bonized brick-based sample consisting mainly of particles, there
are a substantial amount of voids existing in it to improve the
water storage capacity (Figure 7f ). For the dried manure-based
evaporator, its porosity increases with elevated carbonization
temperatures with decreased corresponding densities
(Figure 7g). Large porosities offer the carbonized manure-based
sample more voids, which lower the thermal conductivity when
� lled with air (Figure 7h,i). This property of low thermal conduc-
tivity is decisive for the heat localization effect, and contributes
greatly to the ef� cient evaporation performance of the sample.

The high photothermal conversion ability of the carbonized
structures gives them a very, quick optothermal response
under solar illumination, shortening the warm-up time for the
evaporators and rapidly bringing them into a steady work state
(Figure 8a,b). Due to the heat localization effect for the carbon-
ized structure, the temperature distribution is homogeneous,
and the high-temperature region is limited only to the top of
the sample, as little heat is lost to the bulk water. The mass
change rate of water by evaporation is monitored to evaluate
the evaporation performance of the carbonized structure as a
photothermal evaporator (Figure 8c). During the indoor tests,
the manure-based, leaf-based, and brick-based structures intro-
duced in this review employ the same evaporation device using
a cotton wipe as the water path between the bulk water and evap-
orator, insulating foam supporting the evaporator and limiting
downward conductive heat dissipation, and foam as a barrier
around the perimeter of the evaporator preventing convective
heat loss and eliminating edge effects. The evaporation rates
for all of these carbonized structures break through the theoreti-
cal limit, aided in large part by the rough evaporation surfaces.
This considerably enlarges the regions where water evaporation
occurs. For the carbonized manure-based structure, its surface
topography displays an uneven surface with an average
roughness of 71� m, with a maximum peak height of
1201� m and a maximum valley depth of 1666� m. This bumpy
surface character endows the evaporator with an enlarged evap-
oration surface magni� cently bene� ting the evaporation perfor-
mance (Figure 8d). The hierarchical porous structure of the
carbonized sample not only renders it a low thermal conductivity
but also supports water diffusion and convection. The continu-
ous water supply leads to rapid drainage of concentrated brine at
the evaporation surface downward to the bulk brine, avoiding salt
accumulation which can clog the water transport path and pre-
vent the solar absorption and guaranteeing a continuous desali-
nation process (Figure 8e,f ). Different salinities NaCl solutions
are employed to simulate various brine salinities. All the mass
measurements are conducted 30 min after the solar simulator

Figure 6. Carbonized and baked natural materials can be applied to the porous structure serving as the photothermal evaporator for water puri� cation.
The biomass materials used in these works are dried manure, soil, and fallen leaves, which are collected from farms and forests. The porous structure
before and after the carbonization/baking is displayed. Reproduced with permission.[86] Copyright 2021, Elsevier.
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begins illuminating the experimental setup. The evaporation rate
decreases from 2.36 kg m� 2 h� 1 to 2.02 kg m� 2 h� 1 when the salt
concentration increases from 10 to 20 wt%. When the salinity of
the NaCl solution reaches 25 wt%, salt crystals are visible
on the top surface of the evaporator after a 1.5 h experiment.
Despite this, the evaporator still yields an evaporation rate of
1.96 kg m� 2 h� 1 under these conditions.

Carbonized materials offer an eco-friendly solution and have
gained signi� cant attention as photothermal materials for highly
ef� cient solar evaporation. This is attributed to their wide light
absorption capacity, large speci� c surface area, ef� cient water
transport properties, and excellent photothermal conversion abil-
ity. Carbonizing biomass materials directly offers a simpli� ed
approach, reducing the number of steps, shortening processing
time, and eliminating the necessity for chemicals to obtain
porous carbon materials suitable for solar-driven evaporation.

The carbonization technique plays a pivotal role in enhancing
solar absorption by increasing carbon concentration, resulting
in a darker and more porous structure when conducted under
a protective atmosphere. Remarkably, the microchannels present
in natural materials remain unaltered or minimally affected dur-
ing the carbonization process. Furthermore, after carbonization,
most materials become� oatable on water, and the pore size of
biochar can be adjusted by controlling pyrolysis temperature,
time, and catalyst. For solar-based desalination, the stability of
solar absorbers against physical degradation over long-term
use is of utmost importance. Any decline in the absorptivity
of photothermal materials or blockage of water transport
channels can lead to reduced ef� ciency and evaporation
rates. Therefore, ensuring the durability and functionality of car-
bonized materials as solar absorbers is critical to maintaining
their effectiveness in desalination processes.

Figure 7. The properties of carbonized natural material enabling it to be a photothermal evaporator. a) Schematic showing the light-absorption, thermal
localization, water transportation, and salt-rejection mechanisms of the carbonized manure. b) Photographs of the dried manure and carbonized manure.
c) FTIR spectra of the dried manure and carbonized manure at various carbonization temperatures. d) The solar absorptance spectrum of carbonized
manure against the AM1.5 solar irradiance. e) The dynamic contact angle of the carbonized manure (left) and high-speed camera images of the water
absorption for carbonized leave (right). f ) The rapid water absorption performances for the bricks placed on a wet cotton wipe. g) Density and porosity of
dried manure with the drying temperature of 18 °C and carbonized manure with different carbonization temperatures. h) Thermal conductivity of
carbonized wood (CW) and carbonized manure (CM) before and after being water-soaked. i) SEM image of the too view of carbonized leave sample.
a–e,g,h) Reproduced with permission.[86] Copyright 2021, Elsevier. e,i) Reproduced with permission.[89] Copyright 2021, Royal Society of Chemistry.
f ) Reproduced with permission.[88] Copyright 2023, Elsevier.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater.2023, 2300778 2300778 (11 of 18) © 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH



5. Fiber-Based Photothermal Evaporators

Natural � bers are typically sourced from plants or animals found
in their natural habitat or cultivated for speci� c purposes.
Common examples of natural� bers include cotton, hemp, and
silk.[35,90–94]These natural� bers offer advantages such as excellent
hydrophilicity, abundant availability, and cost-effectiveness.
Regenerated� bers, on the other hand, are textile� bers derived
from natural polymer compounds like cellulose.[95,96] Through
chemical processing, these compounds are transformed into con-
centrated polymer solutions, which are then spun into� bers.
Notable examples of regenerated� bers include acetate� bers[97]

and viscose.[98]These� bers are known for their exceptional mois-
ture absorption and breathability properties, making them highly
desirable in various applications.

Fibrous materials, renowned for their unique� exibility, dura-
bility, and practicability, have garnered signi� cant attention in
the � eld of solar-driven interfacial evaporation. Their exceptional
adjustability allows for the design of� brous materials with vari-
ous dimensions, including� bers, fabrics, and 3D� brous matri-
ces, resulting in an outstanding performance in photothermal
conversion, water transport, and thermal management.[99]

Fibers characterized by a large aspect ratio possess distinct sur-
face morphologies and are made from a diverse range of raw
materials with varying functional groups and performances.
By properly designing the structure of� brous materials, the solar

absorption surface area can be enlarged, and the optical path
length can be increased through multiple re� ections. The rough-
ness and irregularity of the� ber surface morphology further
facilitate multiple scattering and re� ection for high light absorp-
tion ef� ciency. In addition to photothermal conversion,� brous
materials also excel in ef� cient water uptake and vapor diffusion,
making them ideal candidates for interfacial evaporation.
Furthermore, they bene� t from abundant raw materials, making
the implementation of solar-driven interfacial evaporation sys-
tems more feasible in a scalable industrial operation.

Cellulose, a linear polysaccharide, is the most abundant bio-
polymer available in nature. It is primarily derived from plants,
but also from bacteria and fungi.[43,100] Owing to the porous
structure, hydrophilicity, low thermal conductivity, and mechan-
ical strength of cellulose� ber-based structures, it is extensively
employed as a supporting substrate for photothermal materials
and exhibits good solar absorption ability, fast water transport,
thermal localization, and� exibility in the solar-driven water puri-
� cation process. The hornet nest is an engineering marvel of
nature, exhibiting an intricate internal architecture. The nest
is constructed of the outer envelope, which insulates the inner-
most colony from the external environment, and the open-celled
combs provide a secure location to lay eggs and raise young. The
interior of the nest is three or four horizontal tiers of hexagonal
cells. The exterior of the nest consists of an outer envelope of a
paper-like material displaying a myriad of horizontal stripes. This

Figure 8. Solar-driven desalination performance of carbonized natural material. a) Thermal camera images of dry carbonized manure and carbonized
manure with a cotton wipe water supply under 1 Sun irradiance. b) Continuous temperature variations of carbonized manure with water supply under
different solar irradiance. c) Mass change of water with different photothermal evaporators under 1 Sun irradiation. d) Carbonized manure topography,
indicating the increased evaporation area. e) Mass change of water with carbonized manure evaporator using salt water with different salinities.
f ) Time-lapse photographs of the salt self-cleaning process on the top surface of the carbonized manure photothermal evaporator.
a–d) Reproduced with permission.[86] Copyright 2021, Elsevier. e) Reproduced with permission.[87] Copyright 2021, Elsevier. f ) Reproduced with
permission.[88] Copyright 2023, Elsevier.
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envelope is made from chewed wood� bers mixed with hornet
saliva, with different colors indicating different wood sources
(Figure 9).

In this work, taking advantage of the naturally porous struc-
ture of the hornet nest envelope, Xie et al. applied the cellulose
membranes coming from the paper-like envelope as the support-
ing substrate to load black ink assembling a photothermal evap-
orator for water puri� cation.[101] As the raw material, the wood
� ber content of the envelope is 70%, the outer surface is relatively
smooth, and the arrangement is relatively orderly (Figure 10a).
After the blending treatment, shortened� bers are obtained
and display the disordered distribution, but still maintain a
porous structure after the vacuum� ltration process, capable
of effectively absorbing water through the capillary effect
(Figure 10b,c). As the photothermal material enhances the solar
absorption ability, the black ink particles are evenly attached to
the sample surface, blackening the evaporation surface to expe-
dite the photothermal response (Figure 10d). The hydrophilicity
of the cellulose � bers facilitates the adhesion of water and
accelerates the water’s upward transport from the bulk
water to the evaporation surface for vapor generation
(Figure 10e). Meanwhile, the thermal energy generated by the
photothermal conversion effect of black ink promotes the evapo-
ration of water by heating water within the structure (Figure 10f ).
Bene� ting from the low thermal conductivity of natural� bers
(0.039–0.053 W m� 1 K� 1) and a substantial proportion of voids
in the membrane, this � ber-based structure with a thickness
of 0.7 mm has a low thermal conductivity of 0.056 W m� 1

K� 1, minimizing heat dissipation from the evaporation surface
to the bulk water, and demonstrating a high evaporation
surface temperature with fast thermal response (Figure 10g).
To evaluate the evaporation performance of the� ber-based sam-
ple, membranes of various thicknesses employ the same cotton
wipe/insulation water pathway as previously described. As
shown in Figure 10h, all evaporators possess ef� cient evapora-
tion rates above 3.50 kg m� 2 h� 1, much higher than the theoreti-
cal limit of 1.47 kg m� 2 h� 1. The time-lapse dissolution of
stacked salt placed directly on the evaporation surface demon-
strates the good salt self-cleaning capacity of the� ber-based evap-
orator (Figure 10i). The concentration gradient between the
saturated zone and other zones acts as a driving force for expel-
ling salt to the brine with a lower concentration below during the
dissolution process. Micropores present within the membrane
provide pathways for highly concentrated brine to diffuse and
convect down to the bulk brine.

Renewable, biodegradable, and scalable cellulose-based mate-
rials hold immense promise for solar evaporation systems.
Thanks to their low density, cellulose-based structures can ef� -
ciently � oat on the water surface, enabling effective interfacial
evaporation. Moreover, their high mechanical stability and
easy surface functionality make cellulose nanomaterials
robust platforms for loading photothermal materials. When
photothermal materials are loaded onto the porous cellulose
substrates and exposed to sunlight, light undergoes multiple
re� ections within the pores, maximizing light absorption.
Upon solar irradiation, the heat dissipation from the photother-
mal materials to the underlying bulk water is signi� cantly sup-
pressed due to the cellulose-based substrates’ low thermal
conductivity. The interconnected porous structure in cellulose-
based substrates facilitates rapid water transport, ensuring
ef� cient movement of water within the system, enhancing the
overall evaporation process.

The renewable and sustainable features are key advantages of
biomass solar evaporators. Biomass-derived solar evaporators are
renewable resources, and their scalable deployment will facilitate
to reduce the dependence on nonrenewable fossil fuels-related
and nonsustainable materials. Biomass is affordable compared
to traditional materials, such as plasmonic metals and semicon-
ductors. This leads to cost savings in both manufacturing and
operation of the evaporation system, making it an economically
viable option, especially in regions with abundant biomass
resources while limited industrial products are available.
Moreover, biomass solar evaporators are always locally available,
which reduces transportation costs and increases the accessibility
of the evaporator technology in remote or rural areas where con-
ventional materials might be scarce. Another bene� t of biomass
evaporators is biodegradability, meaning that they can naturally
break down over time without causing harm to the environment
and reducing the overall ecological footprint. A few critical issues
arise when considering scalable and long-time deployment.
Biofouling of biomass evaporators including bacteria, fungi,
and other microbes will severely restrict lifetime and freshwater
generation application, especially for those porous structures of
biomass evaporators.[102] Biodegradation or decomposition
because of bacteria and fungi over time will shorten its lifetime
and increase the life cycle cost. The availability and consistency of
biomass can be affected by factors such as seasonal variations in
agricultural waste generation or the availability of speci� c bio-
mass sources. The gap between laboratory-scale fabrication
and industrial-level practical implementations still exists because

Figure 9. Cellulose� ber-based materials can be applied to the porous structure serving as the photothermal evaporator for water puri� cation. The� bers
are coming from the hornet nest envelope, which is the exterior of the hornet nest. The envelope� bers can be obtained by the blending process of paper-
like envelope� akes. Vacuum� ltration was used to extract the envelope� ber from the blended solution of the envelope� ber and water and obtain a� ber-
based porous membrane in light yellow color. After painting the black ink to one side of the structure, the envelope� ber-based membrane can be
employed in solar-driven water puri� cation as a photothermal evaporator. Reproduced with permission.[103]Copyright 2021, American Chemical Society.
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the long-term stability and durability of biomass evaporators
should be evaluated before scalable deployment.

6. Conclusion and Perspectives

“Water, water everywhere, but not a drop to drink.” The lack of
clean or safe water is exacerbated by increased industrialization
and urbanization, coupled with unsustainable production and
consumption. Traditional water treatment methods, such as
osmotic reverse and multistage� ashing with high-energy
input, are not synchronized with human civilization advances
for a sustainable future. Solar-driven interfacial evaporation
that aligns the relationship between freshwater demand and
environmental-friendly water yields provides us with a feasible
and effective way to mitigate the global water crisis. Herein,
biomass-derived photothermal evaporators stemming from

sustainable and renewable resources and high freshwater output
have piqued researchers’ interest in performing water evapora-
tion effectively, economically, and greenly. The research of
biopolymer-based photothermal evaporators has been a bright
spot for solar water evaporation. In this review, we summarized
biomass-based photothermal evaporators stemming from hydro-
gels, carbides, and� bers and analyzed their solar absorption,
water transportation, thermal management, and salt-rejection
process. The potential to effectively reduce the water evaporation
enthalpy and the feature of controlling internal porous structure
for hydrogel photothermal evaporators make it distinct in solar
evaporation applications. The inherent black color of carbides of
biomass gives them a unique priority as an evaporator. Biowaste
commits itself to the sustainable development of ecology by
being transformed into porous materials and subjected to simple
carbonization, which turns waste into treasure. Featured with
abundant resources, hydrophilicity, and excellent mechanical

Figure 10.Characterization and solar desalination performance of� ber-based porous structure. a) SEM image of hornet nest envelopes showing its
� brous tissue (top), and chemical structure of the cellulose (bottom). The inset shows the raw envelope material. b) SEM image of the� bers after
blending and vacuum� ltration processes. c) Microscope image of� bers after 25 s of blending. d) SEM image of� ber-based structure coated with black
ink. e) Dynamic water contact angle on the surface with and without black ink (top), and the photos displaying the water absorption process when placed
on a cotton wipe supplied with water (bottom). f ) The solar absorptance spectra of� ber-based samples with different thicknesses against the AM1.5 solar
irradiance. g) Continuous temperature variations of� ber-based samples with various thicknesses under 1 Sun irradiance. Inset shows the infrared thermal
images of temperate. h) Water evaporation rates for� ber-based samples with different thicknesses under 1 sun irradiation. i) Salt self-cleaning process of
the � ber-based sample with 0.25 g of salt sprinkled on the upper surface for a period of 8 h without solar illumination. Reproduced with permission.[103]

Copyright 2021, American Chemical Society.
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strength, cellulose is hailed as the choice of nature. The cellulose
� ber networks also show the advantage of serving as a matrix to
transport water and load photothermal materials. Along with the
specialties of environmental friendliness, recyclability, and eco-
nomical applicability, in the long term, biomass-based photother-
mal evaporators will be the backbone of solar desalination.
However, it is crucial to acknowledge those biomass-based
solar-driven evaporators also come with a set of challenges
and limitations that must be addressed to realize their practically
extensive application.

Scalability is a prerequisite for the commercialization and
industrial promotion of these various functionalized biomass
materials. Most biomass-based solar-driven evaporators have
exhibited promising performances with cost-effective analysis
at a laboratory scale; however, the scalability of these biomass-
based interfacial evaporators working in practical industrial
applications requires further research and development. The
large-scale implementation can be regarded as the main concern
for the evaporators which feature arti� cially elaborated 3D struc-
tures in space or bene� t from their original growth structures.
Although these evaporators perform satisfactorily in lab-scale
tests with a very limited test area even with evaporation rates
exceeding the theoretical limit, scaling up these evaporators to
meet the demands of large-scale industrial processes while
maintaining ef� ciency and cost-effectiveness is a complex task,
and corresponding evaporation performances are expected to be
affected as well.

The uncontrollable reproducibility for the natural materials’
growth is an unsolvable situation as no two leaves are alike.
Especially for those biomass-based evaporators that highly rely
on their unique growth structures to achieve water transporting
and light trapping, the source of biological materials, different
growth regions, and growth environments are closely related
to their internal structure, resulting in � uctuations in evapora-
tion performance that cannot be achieved good work consistency.

Long-term durability with stable performance of applying the
biomass-based evaporators in saline solution is an essential
question for practical application. The unique feature of the
biodegradability of biomass is like a double-edged sword. On
the one hand, it can minimize the environmental burden, but
on the other hand, it also limits its service life and increase
the burden of maintenance and replacement. Moreover, the
harsh water supply environment accelerates the potential
degradation of evaporators causing the impairment of service
life. Therefore, biomass-based evaporators with good stability,
durability, and biodegradability are crucial for long-term and
large-scale implementation in real-world applications.

Confronting the inevitable global warming that is taking place,
ambitious efforts toward reducing greenhouse emissions have
been committed. Nature-based solutions are collectively
embraced to address the climate crisis and promote sustainabil-
ity due to their zero impact on the environment and net-zero
carbon emissions. Continued investment in research and
development is essential to enhance the ef� ciency, durability,
and scalability of biomass-based solar-driven evaporators.
Although they hold tremendous promise as a sustainable and
eco-friendly solution for evaporation processes, we should
acknowledge that the core of protecting water resources lies in
our human beings. Raising public awareness of the importance

of sustainable technologies and their role in combating climate
change can create support for biomass-based solar-driven
evaporators.
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