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Water plays a pivotal role as a resource for ecological sustenance. Escalating concerns about water
scarcity have intensified research and scientific focus on next-generation water-treatment methods.
Solar-driven water purification offers a sustainable pathway to reclaim freshwater resources and alleviate
shortages. This review paper critically examines carbon dot (CD)-integrated hydrogel systems for solar
water evaporation, emphasizing materials design, photothermal mechanisms and recent performance
advances. First, the mechanism of solar water evaporation is discussed, followed by the photothermal
properties of carbon dots, thereby highlighting recent developments in carbon dot-based solar water
evaporators. Next, the various characteristics of hydrogels including their photothermal properties are
elaborated. While reviewing the advantages of hydrogel-based solar water evaporators as well as the
synergistic effects of carbon dot (CD)-based hydrogel composites, the recent advancements in CD-
hydrogel composites are also overviewed. The key points on challenges in achieving long-term
durability, multi-functional pollutant removal and prevention of salt crystallization are summarized, along
with recommended future research directions. Efficient energy confinement facilitated by solar vapor
generation can progress with updated designs, which can turn out to be evolutionary towards
sustainability.

1. Introduction

Water is essential for life. Despite the abundant presence of
water, only 0.02% of the total water is accessible to people,
plants and animals. The surge in population growth, economic
development, industrialisation, agricultural advancement and
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the climate crisis led to an eightfold increase in the demand for
freshwater between 1990 and 2010." In spite of the rapidly
evolving economic aspects, it is predicted that by 2050, global
water demand will elevate by 20-30%, approximately 5500 to
6000 km? per year, which is an alarming call for all. This critical
future state of affairs is expected to further worsen the public
health crisis. The present annual withdrawals globally are lower
than the annual discharge. This global concern is expected to
face a surge in the near future, mostly depending on both
climatic and socio-economic changes.” In alignment with the
perception of the United Nations Sustainable Development
Goals, ensuring sustainable water security in the forthcoming
years necessitates the advancement of innovative water treat-
ment technologies that can employ inexhaustible water
resources while being resilient and adaptable under all
circumstances.’ A new terminology introduced as ‘clean-water
scarcity’ presents an overall overview accounting for both good
quantity and quality of water based on the global nitrogen
pollution rate under different spectra of climatic and socio-
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economic advancements. Few initiatives have been implemen-
ted to preserve freshwater resources: (a) sustainable utilization
of water and reduction of unnecessary wastage of water, (b)
purifying wastewater and reusing and recycling it to improve
the usage rate of water resources and (c) acquiring usable water
from other sources, including desalting of seawater and con-
densation of atmospheric water.® Further initiatives and inno-
vations that make potable water available from contaminated
or polluted sources must be sustainable and environmentally
benign and must not lead to additional strain on clean water
accessibility. The trade-off between energy and water, known as
the energy-water nexus, cannot be avoided. In this respect, solar
vapor generation using solar energy is a propitious sustainable
strategy.” A number of reports have shown the combination of
carbon dots (CDs) and hydrogels to produce newer functional
polymers. In order to facilitate the hydrogels to harvest solar
energy, they should be modified with such solar absorbers that
ace in interfacial heating rather than bottom or bulk heating,
thereby enhancing the efficacy {Fig. 1(a)-(c)}. Carbon dots with
innocuity and its cost-effective sources carry sufficient hydroxyl
and carboxyl groups on the surface that can be used as all-
purpose constituents in the design of solar evaporators.®
Therein, CDs have various applications in numerous fields
such as biological imaging,” catalysis,® optoelectronic devices®
and detection.® Specifically, the CDs play salient roles in the
hydrogel, further improvising its mechanical firmness, boost-
ing the purification of water through enhanced adsorption. The
hydrogel serves as a solar-mediated vehicle for water
purification.'” For the need of overcoming the heat of vaporiza-
tion, the rate of water production via initiatives inculcating
solar power remains significantly deficient to meet the over-
pouring demands. Surmounting this loophole is crucial for
establishing solar purification as a ‘one-size-fits-all’ solution for
accessibility to cleaner water.'” This review critically surveys the
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Fig. 1 Solar-driven evaporation via three principal thermal pathways: (a) bottom heating, (b) volumetric (bulk) heating and (c) interfacial heating.

Reprinted with permission from ref. 13. Copyright 2022 Wiley-VCH GmbH.

advanced and emerging best-in class developments in the
fundamental components of solar-induced evaporation sys-
tems and elucidates its diverse application domains, thereby
providing a comprehensive assessment of material engineering
approaches employed to elevate the evaporation efficiency. It
examines how the synergistic integration of carbon dots as
functional additives with sophisticated structural architectures —
covering both material and system level designs - has led to
consistent performance optimization. Finally, this review identi-
fies critical scientific challenges and highlights prospective
research directions essential for advancing both fundamental
understanding and large-scale industrial deployment of solar-
driven interfacial evaporation technologies.

2. Mechanism of solar water
evaporation

The mechanism of solar steam generation relies on efficient
solar absorbers that convert sunlight into localized heat on a
tailored evaporation surface. Structural design and surface
engineering enhance water transport and vapor escape while
strategies like reducing evaporation enthalpy and optimizing
heat distribution improve energy utilization. Additionally,
proper thermal insulation lowers heat loss to the bulk water,
maximizing the overall evaporation efficacy.

2.1. Solar absorbing materials

Solar-mediated interfacial evaporation depends on strategically
selected photothermal materials to elevate sunlight-to-heat
conversion by localizing absorbers at the evaporation interface,
thereby reducing material consumption, minimizing heat loss
and enhancing the energy efficiency.*"> Photothermal conver-
sion occurs via photon absorption, excitation of charge carriers

© 2026 The Author(s). Published by the Royal Society of Chemistry

and subsequent relaxation processes that dissipate heat into
the surrounding medium for vapor generation,'® and com-
monly employed absorbers comprise metal nanoparticles,

semiconductors, conjugated polymers and carbon-based
systems."”*°
2.1.1. Carbon-derived materials. Carbon-derived materials

are extensively utilized across energy and environmental
domains® owing to their low cost, structural diversity and
exceptional stability. Their intrinsic broad-spectrum solar
absorption, akin to blackbody radiation, renders them highly
effective for solar evaporation applications.”® Upon solar
irradiation, these materials convert absorbed light into heat
via lattice vibrations, enabling efficient photothermal
conversion.?” They are classified into biomass-derived carbons
(biochar)**™° - carbon dots (CDs), carbon nanosheets,*® carbon
nanotubes®” and porous carbon®® (Table 1). Carbon-based
materials inherently black in nature exhibit prominent broad-
band solar absorption through light-to-thermal conversion
processes involving electron excitation followed by quick ther-
malization via electron-electron and electron-phonon scatter-
ing. Among the various carbonaceous materials, graphite,
hollow carbon spheres and reduced graphene oxide demon-
strate solar absorptivity and processability. The solar-to-vapor
conversion mechanism in graphene is elucidated in Fig. 2a,
arising from its unique electronic band structure and ultrafast
carrier dynamics. When broadband solar radiation is incident
on monolayer graphene, photons are absorbed across a broad
spectral range due to its zero bandgap and linear energy-
momentum dispersion. As shown, the valence band (green
cone) and conduction band (grey cone) meet at a point, allow-
ing the excitation of electrons virtually without energy thresh-
old. Consequently, incident photons promote electrons from
the valence band to higher energy states in the conduction
band while leaving behind holes in the valence band. After

Mater. Adv.
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Table 1 Comparative analysis of different carbon-based materials?>~28
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Carbon nanotubes  Carbon nanosheets

Advantages of CDs over other

Characteristics (CNTs) (CNSs) Porous carbon (PC) Carbon dots (CDs) materials
Dimensions 1D (tubular) 2D (planar) 3D (porous network) 0D (quasi-spherical) 0D structure offers high
surface-to-volume ratio and
biocompatibility
Luminescence In general, Generally negligible Negligible Strong and adjustable = Tunable optical properties
negligible photoluminescence enhance surface engineering
Dispersibility Poor (tends to Poor (tends to Variable (insoluble) High (water-soluble) Abundant surface functional
aggregate) restack) groups offer excellent water
solubility
Core applications Conductivity Supercapacitors and Adsorption and energy Wastewater treatment, Efficient catalysts in environ-

catalysis
Cost of synthesis High (chemical
vapor deposition
required)

Moderate to high

excitation, the system enters a non-equilibrium state with high-
energy charge carriers. The electrons go through electron-
electron scattering, followed by energy redistribution. Subse-
quently, energy is dissipated through electron-phonon cou-
pling, where the excited electrons transfer energy to the
phonons of graphene. This process accounts for the conversion
of absorbed photon energy into thermal energy. The heat

Low to moderate

bioimaging and
sensing
Very low (bio-based)

mental remediation, less toxic
and sustainable material
Sustainable material in repla-
cement of expensive alter-
natives using cost-effective
and green methods

generated gets localized on the graphene surface and can be
transferred to water assisting solar evaporation.>®

In Fig. 2b, a double-layered system comprising a floating
carbon foam and an exfoliated graphite layer achieving 97%
solar absorbing capacity across 250-2250 nm is presented,
while their cost factor remains a limiting factor for their
large-scale application. The solar irradiance spectrum is
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Fig. 2 (a) Solar-thermal conversion mechanism in monolayer graphene: incident sunlight excites electrons from the valence band (green cone) to the
conduction band (grey cone) and their non-radiative relaxation releases heat enabling photothermal energy conversion. (b) Solar irradiance spectrum
overlaid with the absorption spectra of exfoliated graphite on a porous carbon foam (red), N-doped porous graphene (blue) and reduced graphene oxide
aerogel (green). Insets depict the schematic (red and green) and SEM morphology (blue). Scale bar, 5 pm.>° Reprinted with permission from ref. 29.
Copyright 2018 Nature Energy. (c) UV-Vis spectrum and fluorescence emission profile of CDs under 808 nm laser excitation. Reprinted with permission
from ref. 31. Copyright 2019 the American Chemical Society. (d) Solar steam generation using the Janus polypyrrole (PPy) nanobelt@PVA hydrogel
evaporator. (i) Schematic representing the fabrication process. (ii) 3D representation of the Janus PPy nanobelt@PVA hydrogel evaporator. (iii) PPy
nanobelts as the solar absorbing material on the PVA hydrogel. (iv) Schematic of the 3D water transport through the hydrophilic PPy nanobelts. Reprinted
with permission from ref. 56. Copyright 2021 American Chemical Society. (e) Schematic of the core—shell structured hydrogel solar evaporator
incorporating MXene/PDA as the photothermal agent. Reprinted with permission from ref. 64. Copyright 2022. Elsevier Ltd. (f) Scheme of the sandwich
hydrogel with plasmonic Cu/carbon cells as solar absorbers for solar vapor generation. Reprinted with permission from ref. 69. Copyright 2021 the Royal
Society of Chemistry.
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compared with the absorption profiles of respective carbon-
based solar absorbers composed of an exfoliated graphite layer
supported by porous carbon foam (red), N-doped porous gra-
phene (blue) and reduced graphene oxide aerogels (green).
These materials depict strong and broad absorptivity. The
insets further represent their structural characteristics, sche-
matic of graphite foam and graphene architectures alongside
the SEM image of the N-doped graphene.***°

Fig. 2c signifies the optical absorption and fluorescence
emission of CDs outlining their best suitability for photother-
mal applications. The UV-vis absorption spectrum (blue curve)
depicts a strong absorption in the UV region around 400-
800 nm attributing to n-m* transitions of sp>-hybridized carbon
domains (C=C). The gradual decay in absorption intensity that
extends into the visible and NIR region represents the presence
of n-m* transitions associated with surface functional groups.
This broad, tailing absorption curve confirms their broadband
light absorption capacity, which is extremely critical for effec-
tive photothermal activity, while the fluorescence emission
spectra (red curve) under 808 nm laser excitation show a
prominent emission band in the NIR region from 900 to
1200 nm with a peak at 925 nm. It originates from surface
defect states and energy traps where excited electrons undergo
radiative relaxation followed by non-radiative energy redistribu-
tion. It also highlights their excitation-dependent photolumi-
nescence driven by heterogeneity in particle size, surface states
and functional groups. The co-existence of the broad absorp-
tivity and NIR emission indicates that a significant portion of
absorbed photon energy is dissipated via electron-phonon
interactions resulting in efficient heat generation. This balance
between radiative (fluorescence) and non-radiative decay show-
cases the significant light-to-heat conversion efficacy, making
them a preferable choice as solar absorbers for solar steam
generation.*"

CDs are zero-dimensional carbon nanoparticles whose nitro-
gen- and oxygen-rich surface functionalities confer strong
photoluminescence, chemical stability, biocompatibility, facile
functionalization and non-cytotoxicity.”> They are readily
synthesized from natural carbon precursors and distinguished
by tunable physiochemical characteristics, aqueous solubility
and photostability.>* Photoexcitation promotes loosely bound
electrons to higher states that leads to either radiative or non-
radiative relaxation,® as already discussed above. The relative
partitioning of these channels control light-to-thermal conver-
sion activity,”® establishing CDs as efficient alternatives to
polymeric photothermal nanomaterials.*® As compared to
single-walled carbon nanotubes, CDs offer greater surface area
and adsorption sites.>” Their dispersion within hydrogel
matrices prevents aggregation and boosts adsorption,®® there-
fore enabling diverse range of applications as in solar energy
harvesting,* photocatalysis,*® optical sensing,** bioimaging,**
anticounterfeiting,”® biomedical studies,** supercapacitors*’
and light-emitting devices.

2.1.2. Conjugated polymers. Conjugated polymers, charac-
terized by the sp>hybridized carbon*® backbone, exhibit tun-
able bandgaps and strong near-infrared absorption,*’

© 2026 The Author(s). Published by the Royal Society of Chemistry
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rendering them highly promising for photothermal conversion.
Prominent examples such as polypyrrole (PPy),***° polyaniline
(PANI)*"*> and polydopamine (PDA)*>*>® have been extensively
employed in solar evaporation systems. Inspired by PPy-based
conical solar-absorbing architectures, Zhao et al.>® engineered
conical PPy nanobelts prepared by polymerization within the
FeOCl template integrated with a PVA hydrogel evaporator by
loading the solar absorber directly above the hydrogel
{Fig. 2d(i) and (ii)}. It exhibited a solar absorptivity of 98.3%
with a solar thermal efficacy of 82.5% along with fast water
transport to the evaporation surface {Fig. 2d(iii) and (iv)},
achieving an evaporation rate of 2.64 kg m> h™' and a
photothermal conversion efficacy of 96.3%. Furthermore, the
resulting Janus PPy nanobelt@PVA hydrogel demonstrated
exceptional desalination performance (99.9%) and a COD
removal efficiency of 95.8%. Sustained long-term operation of
such evaporators necessitates not only high desalination eftfi-
ciency but also robust salt resistance.

2.1.3. Semiconductors. Semiconductors are integral to
modern industry due to their temperature-dependent
resistance®” and their ability to convert radiant energy into
heat via photoinduced electron-hole generation followed by
non-radiative relaxation.”® Consequently, they serve as potent
photothermal transducers in solar steam systems with widely
used materials including MXenes (Ti;C,T, where M is an early
transition metal and x is carbon or nitrogen®®) and metal oxides
of titanium,*® copper,®* tungsten®® and molybdenum.®® Pi
et al.® fabricated a core-shell hydrogel evaporator using
MXene/polydopamine (PDA) as a photothermal agent
(Fig. 2e), where the HAPAM hydrogel facilitates rapid heat
absorption and bulk water transport and the shell exhibits
high photothermal efficiency of 94.7% and an evaporation rate
of 3.02 kg m~? h™" under one sun irradiation. The presence of
aromatic rings and amino groups in PDA imparts effective
resistance to heavy metal ions via hydrogen bonding and
chelation, ensuring durability. Beyond MXenes, metal oxide
semiconductors®® are extensively employed in photothermal
evaporation systems.

2.1.4. Metal nanoparticles. Metallic nanomaterials such as
silver,®® copper®” and gold®® function as photothermal agents
via the localized surface plasmon resonance (LSPR) effect,
wherein incident light induces collective oscillation of free
electrons. The subsequent damping of these oscillations con-
verts kinetic energy into thermal energy, elevating the materi-
al’s temperature and enabling heat transfer to the surrounding
medium. Tian et al.®® developed a sandwich structured PVA
hydrogel evaporator integrated with plasmonic Cu and carbon
cells (Fig. 2f). Despite incorporating only 50% photothermal
material, efficient heat generation arose from electron transfer
and internal stress between Cu nanoparticles and carbon
matrices, yielding an efficiency of 93.43% and an evaporation
rate of 2.08 kg m~ > h™'. Additionally, the system demonstrated
effective removal of heavy metal ions, indicating significant
purification capability.

Moreover, porous substrates such as aerogels,
hydrogels,”” wood’® and foams’ critically influence the

70,71

Mater. Adv.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00272b

Open Access Article. Published on 05 June 2026. Downloaded on 6/28/2026 9:54:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

evaporator performance. Among all the classifications dis-
cussed above, CD-integrated hydrogels have emerged as a
promising platform, although comprehensive analysis of their
aqueous states, morphological design and structural configura-
tions remains limited. This review addresses these gaps provid-
ing systemic insights and fundamental guidance for real-world
applications.

2.2. Engineering the evaporation surface

Evaporation is enhanced when water spreads into a thin film,
increasing the water-air interfacial area; however, the precise
regulation of liquid-air interfaces on the micro- and nanoscale
remains challenging. Hydrogels offer a promising solution as
their surface topography and wettability can be readily engi-
neered enabling controlled evaporation at the hydrogel-air
interface.”> The regulation of surface topography via
template-assisted synthesis has been shown to significantly
enhance evaporation performance with gelation occurring at
solid (glass), gas (air) and liquid (pentanol) interfaces. This
process yields distinct morphologies - flat (F-SH), grooved (G-
SH) and dimpled (D-SH) hydrogels, each exhibiting unique
surface architectures. SEM analysis reveals that while F-SH
and G-SH possess relatively simple sheet-like structures, D-SH
exhibits a hierarchically organized topology with nanoscale
pores embedded within microscale cavities. Optical profilome-
try revealed that hydrated hydrogels with nanoscale surface
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roughness exhibit a 4.5-fold increase, leading to a 45% higher
evaporation rate from F-SH to D-SH due to enhanced surface area,
heat flux and water redistribution. Beyond physical surface struc-
turing, the wettability of hydrogel evaporators was chemically
tailored to enhance the efficacy.”® While conventional systems
exhibit uniform hydrophilic or hydrophobic character, post-
treatment with trichloro(octadecyl)silane (OTS) enabled the for-
mation of hydrophobic patches on a hydrophilic surface. This
heterogeneous design enhances evaporation by balancing effi-
cient water transport with reduced salt fouling. X-ray photoelec-
tron spectroscopy and atomic force microscopy confirmed patchy
OTS coverage with 30% hydrophobic domains, yielding the high-
est evaporation rate (4.0 kg m~> h™") compared to fully hydro-
philic and hydrophobic surfaces. This enhancement arises from
the confinement of water within hydrophilic regions, leading to
reduced surface interaction for outer molecules and additional
evaporation at hydrophilic-hydrophobic interfaces. Molecular
dynamics simulations corroborated these mechanisms, aligning
closely with experimental observations.””

2.3. Structure for evaporation

Localization of solar-thermal heat generation to the air/liquid
interface is vital for better evaporation performance and high
solar-to-vapour energy conversion efficacy. A go-to solution for
achieving interfacial heating is the floating of the solar absor-
ber at the air/liquid interface (Fig. 3a) either through surface

Moving
droplet

Hydrophobic mesh

(b)

(d)

Porous

(a) Schematic of a porous floating structure engineered to localize solar-thermal heating at the water—air interface. (b) Self-cleaning

superhydrophobic surface showing droplet motion (V) across the solar absorber. Influence of surface wettability on interfacial evaporation:

(c) hydrophilic and (d) fluorosilane-modified hydrophobic bottom layers.

Mater. Adv.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00272b

Open Access Article. Published on 05 June 2026. Downloaded on 6/28/2026 9:54:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

hydrophobicity, low density, or the usage of buoyant, porous
materials.”® Efficient interfacial evaporation requires effective
water transport to the heating region, which is enhanced by
micrometre-sized pores and good wettability of wicking
materials.”® Light management such as scattering from poly-
styrene spheres combined with absorbers like Au nanoparticles
improves heat localization and evaporation rates. Additionally,
surface wettability influences performance where hydrophobic
materials can help position light absorbers at the air-water
interface.®® Inspired by this, Liu et al.®" reported that super-
hydrophobic carbon-coated gauze offers lotus-leaf like self-
cleaning (Fig. 3b), durability and efficient evaporation with
reduced contamination. Hydrophilic surfaces enhance water
wicking and capillary pumping (Fig. 3c), while a hydrophobic
AAO bottom layer (Fig. 3d) lowers wettability, reducing heat
transfer and efficiency.

In 2023, Gui et al® designed hierarchical evaporators
comprising hydrogel layers and ice-templated aerogel sub-
strates with natural materials compatible with photothermal
conversion (PTC) materials. Owing to this, local dual-layered
structures and vertically aligned channels were set up, which
guaranteed structural integrity and adequate transportation of
water during evaporation. More recently, in 2025, Liu et al.®'
developed porous glass evaporators (PGEs) that have a blend of
glass powders with soluble salts providing continuous pores.
The microstructure of the evaporator consisted of micrometer-
scale pores with interconnected porous channels. PGE demon-
strated an evaporation efficiency of 98% achieving a rate of
2.21 kg m~? h™" in pure water. Comparatively, in seawater and
methylene blue solution, the evaporation rates exhibited were
2.08 and 2.47 kg m > h™". In addition, in altered acidic and
alkaline treatments, the rates retained were 2.0 ke m > h™". The
prevention of salt deposition and structured water transport
with robustness and dominant water evaporation performance
are considered to be remarkable advances in solar water
evaporators.

2.4. Reduction of evaporation enthalpy

Polymer chains within hydrogels exhibit strong affinity for
water molecules, giving rise to distinct hydration states. Water
molecules that strongly interact with polymer functional
groups on the hydrogel matrix are classified as bound water
(BW), whereas bulk liquid behaves as free water (FW) with
negligible interactions. In between the bound water and free
water, there exists the intermediate water (IW), which is weakly
coordinated to both the polymer network and the neighboring
water molecules, and therefore, it requires less energy to
vaporize.®* Enriching the hydrogel with IW consequently lowers
the energy demand, further amplifying the evaporation rate
and efficiency. The Hofmeister effect plays a pivotal role in
modulating interfacial hydration, where salt ions restructure
water molecule’s hydrogen bonding to accelerate IW formation.
Ions are classified as kosmotropes which enhance the hydrogen
bonding, resulting in proper arrangement of water molecules,
thus leading to the formation of IW. Hydrophilic functional
groups, such as hydroxyl (-OH), amide (-CONH-), amino

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(-NH,), sulfonic acid (-SO3;H), and carboxyl (-COOH), stabilize
IW through non-covalent interactions.®* Leveraging these tun-
able polymer-water interactions, a PVA-based hydrogel incor-
porating polypyrrole (PPy) as the photothermal agent was
developed. The hydroxyl groups of PVA promote IW formation
by weakening intermolecular hydrogen bonding and reducing
the evaporation enthalpy, while PPy converts incident sunlight
into localized heat. Simultaneously, branched micron-scale
channels and internal gaps facilitate rapid water diffusion
and capillary pumping, ensuring a continuous supply to the
evaporative surface®” (Fig. 4a).

Characterization techniques such as differential scanning
calorimetry (DSC), infrared spectroscopy, Raman spectroscopy,
and nuclear magnetic resonance have been employed to
probe water states within hydrogels. Reported findings demon-
strate that the distribution of BW, IW and FW can be modu-
lated by hydrogel constituents — polymer concentration, cross-
linking density, functional fillers and the network’s porosity
(Fig. 4b).”*%¢ An interpenetrating polystyrenesulfonate (PSS)
and PVA hydrogel was developed by immersing pre-
crosslinked and freeze-dried PVA into a sodium styrenesulfo-
nate precursor, producing a network hydrated through both
electrostatic interactions and hydrogen bonding (Fig. 4c). DSC
analysis differentiates the unique water states by identifying
exothermic and endothermic peaks during cooling and melt-
ing, the two melting peaks corresponding to FW and IW. The
results showed that PSS increases bound-water content, reflect-
ing stronger electrostatic polymer-water interactions, also ele-
vating the free-water fraction. An optimal PSS/PVA ratio of ~
1.5:1 maximizes the intermediate to free water ratio and lowers
the effective evaporation enthalpy by approximately 50% and
demonstrated an enhanced evaporation rate of 3.9 kg m > h™*
(Fig. 4d), indicating that molecular and mesh-scale composi-
tional tuning can potentially lower the evaporation enthalpy.®”
This efficient strategy has been extended to numerous other
solar vapor-generation systems using diverse material combi-
nations and designs. It can be quantified using the following
equation:

AHCq _ I’i’l() X .AH\,ap
ritg
where AH., is the equivalent evaporation enthalpy of the
hydrogel, 11, is the evaporation rate of bulk water, AH,,, is
the evaporation enthalpy of bulk water at a specific temperature
and iy is the mass change of the hydrogel.*® Recently, Li et al.*’
have prepared a Ti;C,T,/CuO photothermal heterojunction by
electrostatic adsorption and incorporated it into a chitosan
(CS)/polyacrylic acid (PAA) hydrogel. The hydrogel backbone
enriched with hydrophilic groups increased the fraction of
intermediate water, lowering the evaporation enthalpy to
940.8 J g ' which yielded 3.14 kg m > h™' (86% energy
efficiency) in 1 wt% saline and 2.56 kg m > h™' in 10 wt%
brine, as confirmed by the DSC measurements. Raman spectro-
scopy and density functional theory (DFT) results indicated a
weakened hydrogen bonding between intermediate water and
polymer chains, reducing the vaporization energy barrier. This
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(a) Schematic of the hydrogel-based solar vapor generator with capillary-driven water transport. (b) Representation of polymer—water hydrogen

bonding, weakened water—water interactions and normal bulk water bonding. (c) Illustration of the interpenetrating hydrogel showing the PSS network’s
electrostatic and hydrogen-bonding interactions with water. (d) Evaporation rates and energy efficiencies of IPNGs under 1 sun illumination; IPNG1-
IPNGS5 represent PSS: PVAratiosof 0:1,1:1,15:1,2:1and 1: 0. Reprinted with permission from ref. 76. Copyright 2021 the American Chemical Society.

novel work shows that tailoring hydrogel water states, basically
elevating the intermediate water proportion via hydrophilic
chemistry combined with photothermal integration can be an
effective route to lower the evaporation enthalpy and boost the
evaporation rate.

2.5. Heat distribution management

Solar steam generation technologies achieve reduced heat loss,
enhanced energy conversion efficiency and improved fresh-
water yield through optimized heating strategies. In bottom
heating, light-absorbing materials are positioned at the base
suffering from significant thermal losses due to spatial separa-
tion between the heat source and evaporation interface, thereby
limiting the overall efficacy. Volumetric heating addresses this
by dispersing photothermal nanoparticles within the water
enabling bulk heating and rapid vaporization, although issues
related to nanofluid stability and aggregation hinder long-term
applicability. In contrast, interfacial heating localizes light-to-
heat conversion at the air-water interface, where absorbed solar
energy generates a confined high-temperature region that
accelerates the evaporation efficiency and aids in effective
separation of water from dissolved impurities, thereby estab-
lishing it as the most advantageous and viable approach among
the three strategies. The tunable structure and in situ

Mater. Adv.

integration of photothermal materials ensure balanced water
transport and efficient heat distribution for improved
evaporation,5%:8%:90:91

2.6. Designing of the thermal insulation

Proper designing of the thermal insulation is essential for heat
localization at the air/liquid evaporative interface, lessening the
loss of heat and improvising the evaporation efficacy. The
downward conduction 1oss (Gwater) is dependent on the thermal
conductivity of the insulator (k) and can be estimated by Gwater =
—kAdT/dx, where A refers to the surface area of the solar
absorber facing the sun and d7/dx refers to the temperature
gradient from the solar absorber to water.”® In terms of the
measured temperature of evaporation interface, the upward
convection and radiation loss can be calculated theoretically.
To minimize the downward conductive heat loss in one-layered
designs (Fig. 5a), a porous carbon foam thermal insulation
layer (with air filled closed pores) is used beneath the solar
absorber, in two-layer designs®® (Fig. 5b). In one reported
implementation, a closed-cell polystyrene foam served as the
insulator and was overlaid with hydrophilic cellulose, which
pumps water to the heated surface via capillary wicking, there-
fore maintaining a continuous thin wet layer for better inter-
facial evaporation (Fig. 5c¢ and d). An effective evaporation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of a single-layered floating evaporation structure designed for efficient solar-driven water evaporation. (b) Double-layer floating

structure with porous thermal insulation for efficient solar evaporation. (c) Double-layer design featuring a closed pore thermal insulator for reduced
downward heat loss. (d) Reduction of radiative and convective heat losses from the top solar-thermal surface using a selective absorber and a transparent

bubble wrap cover.

structure should possess both low thermal emittance and high
thermal reflectance at the wavelengths where water emits
thermal radiation.”*

In 2022, Chen et al® reported a combination of solar
selective absorber and passive radiative cooling techniques
achieving high solar thermal conversion efficiency #eyvap =
0.894 at 1 sun, high solar reflectance = 0.927 and thermal
emittance = 0.929. It enhances solar thermal conversion
efficiency, thereby reducing thermal radiation loss. In 2023,
Wang et al.’® designed a Janus evaporator having an appreci-
able rate of evaporation, i.e. 1.707 kg m > h™" under 1 sun
irradiation, remarkably with complete salt elimination during
continuous desalination of 15 wt% and 3.5 wt% simulated
seawater for 15 cycles (7 h each cycle). Low emissivity absorber
was used as a coating on the aluminium sheet for photother-
mal conversion, directly averting salt deposition on the solar
absorber, as low emissivity reduces heat loss enabling

© 2026 The Author(s). Published by the Royal Society of Chemistry

systematic solar utilization. This steam generator effectively
facilitates solar energy collection and water evaporation with-
out any salt accumulation even at higher concentrations. In
2024, Jiang et al.®” developed a biomass-based salt-resistant
3D evaporator constituting bamboo leaf-derived carbon (BLC)
and heat-insulating macroporous melamine foam (MF), exhi-
biting multi-beneficial solar vapor generation performances.
The BLC/MF evaporator is incorporated with good thermal
conversion of light having an evaporation rate surging to
2.29 kg m~> h™" and an appreciable evaporation efficiency of
93.95% under the light intensity of 1 kW m™> The evapor-
ator’s versatile design and low thermal conductivity ensure
high-performance water purification that meets the drinking
standards recommended by the WHO. Furthermore, its struc-
tural stability and ability to prevent salt accumulation make it
highly effective for consistent, long-term use in portable out-
door desalination.

Mater. Adv.
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3. Carbon dots in solar water
evaporation

3.1. Photothermal properties of carbon dots

Carbon dots (CDs), well-known for their remarkable light
absorbing properties and efficient electron transport abilities,
can expand the light response range of photocatalysts.’® CDs
have gained much attention for their efficacy in modifying
photocatalysts. Biomass-derived CDs, specifically those synthe-
sized from peanut shells provide varied advantages including
widespread availability, cost-effectiveness and environmental
benefits.”” In conventional photothermal therapy, the genera-
tion of heat is caused by localized surface plasmonic resonance
(LSPR) of metallic nanoparticles, typically composed of gold
and silver. The insufficiency of biological tolerance of metallic
nanoparticles has led to the emergence of biocompatible,
multifunctional, environmentally benign and functionally
superior alternatives.'® In recent times, photothermal trans-
duction agents have been utilized for solar steam generation.
Amongst the accessible photothermal agents for photothermal
conversion, carbon dots (CDs) offer boosted photothermal
conversion efficiency (PCE) and broad absorption spectra, while
their lower heat conduction minimizes heat dissipation
and promotes efficient localized heat generation.'® The pur-
ification of contaminated water is achieved through adsorption
into a porous medium infused with carbon dots (CDs), followed
by evaporation driven by the heat generated from the photo-
thermal effect of the CDs."%” It has been illustrated that the on-
site self-assembly of CDs on the surface of processed wood can
lead to photothermal conversion characterized by increased
permeability and highly accessible oxygen-containing func-
tional groups (e.g., hydroxyl groups), which are considered to
enhance the solar evaporation efficacy.'**'%* Hydrogels being
porous materials exhibit a large surface area and abundant
active sites, both of which are benefiting for the augmentation
of the photocatalysts’ capability to absorb light and enhance
the catalytic activity. By the combination of these materials, it is
now possible to develop photocatalysts with better catalytic
efficiency and appreciable stability, making them highly apt for
real-life applications.'

3.2. Carbon dot-based solar water evaporators

With growing scopes of solar steam generation, solar evapora-
tors are typically designed with a two-layer configuration, where
the top layer consists of porous photothermal materials and the
bottom layer functions as a thermally insulating float. The
permeable photothermal layer generally comprises carbonac-
eous agents such as multilayer graphene, carbon nanotubes,
carbonized polymers, carbonized wood, and graphite due to
their broadband light absorption, high photothermal conver-
sion efficiency, photostability, biodegradability, and low
toxicity.'® However, these carbon materials generally exhibit
high thermal conductivity, which leads to undesirable heat
emission from the top layer. Thus, there remains a necessity
for carbon-based materials that combine efficient solar thermal
conversion capacity with lesser heat transfer capability.
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Encapsulated CDs enable the preparation of a robust and
recyclable nanocomposite designed for structured solar vapor
generation and salt elimination from water.’®” In 2023, Rah-
mawati et al.'°® reported an excellent evaporation efficacy of
70% exhibiting a vaporization rate of 1.11 kg m~> h™" under
illumination at 1 kW m™? by utilizing CDs as photothermal
materials in the solar evaporator, thereby enhancing their
durability and stability as well as paving the way to design
and functionalize CDs in solar water evaporators for efficient
optical and photothermal properties. Carbon dots play the role
of primary photothermal agents in the system, facilitating the
conversion of sun’s radiation into heat that elevates the tem-
perature of the water absorbed within the hydrogel, thereby
inducing evaporation followed by the recondensation of pur-
ified water. Moreover, the CDs improve the structural integrity
of the hydrogel via cross-linking interactions between their
surface functional groups and hydrogel matrix. As a whole, it
can be concluded that the CD-oriented hydrogel led to the
appreciable desalination, decontamination of water carrying
heavy metal ions, detergents or organic dyes. The CD/hydrogel
composite demonstrated visibly advantageous applicability:
recycling ability, ease of fabrication, and the use of less
expensive, eco-friendly and easily accessible components. This
technology can be practically utilized in sustainable and cost-
effective water desalination platforms or portable water purifi-
cation devices (Fig. 6). In 2020, Wang et al.'*® developed a novel
CD-based solar evaporator by incorporating nano-sized CDs on
microporous substrates (Fig. 7) exhibiting an evaporation per-
formance of 2.31 kg m™> h™" under one sun illumination along
with a prominent deformation tolerance due to the strong
interfacial adhesion between the CDs and cellulose. Its salient
mechanical properties contributed to its high evaporation rate
of 2.93 kg m > h™".

In 2022, Tian et al''® constructed a biomimetic and
biomass-derived solar evaporator with a combination of agar
and titanium nitride nanoparticles (Fig. 8a) with excellent
photothermal conversion efficiency that facilitated a solar
absorptance of 0.98. This convenient device comprised verti-
cally aligned channels further fabricated with an ice template-
induced self-assembly forming a wood-like structure. This
enhanced its evaporation rate up to 5.15 kg m > h™' in pure
water and 4.5 kg m~ > h™" in 3.5 wt% saline water (Fig. 8b), also
offering good recyclability, utilization of economical materials,
better desalination outcomes and superior quality freshwater
yields. The design of evaporators with remarkable heat manage-
ment and minimised heat loss with the view of achieving better
evaporation efficiency still remained a stumbling block, based
on this, in 2023, Zhang et al''' designed a mushroom-
structured hydrogel evaporator consisting of the fabrication
of biomass lotus root starch (LR), polyvinyl alcohol (PVA) and
ink-modified carbon quantum dots and TiO, (i-CQDs-TiO,)
(Fig. 8c), demonstrating the rate of evaporation as
3.78 kg m~? h™' with an efficacy of 98% (Fig. 8d). The main
highlight of the work is its outstanding salt resistance (Fig. 8e),
where the evaporation rate was noticed to remain consistent
even at high pH and salinity ranges. CDs appreciably boosted

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the mechanical and photothermal conversion capability for
solar vapor generation. With specific emphasis on carbon dots
employed in solar evaporators and their sources, in 2025, He
et al.""* produced a distinctive photothermal material compris-
ing carbon dots for which the carbon source was extracted from
the leaves of Rhus typhina L. combining them with carbon black
and further depositing them on basalt fabric (Fig. 8f). It was
found that the novel material exhibited a good light absorption
capacity, notably a low evaporation enthalpy of 1681 J g~ with

Solar
absorber CDs as
Polymer precursors
—
foam
~—— Cotton
gauze

Liquid film Substrates

Fig. 7 Schematic of steam generation.*®®

© 2026 The Author(s). Published by the Royal Society of Chemistry

the rate of evaporation as 2.05 kg m > h™" in water and an
elevating light-to-heat conversion efficiency of 95.72% under 1
sun irradiation (Fig. 8g). This proved to be a sustainable
solution for the preparation of photothermal materials used
in solar steam generation technologies.

4. Hydrogels in solar water
evaporation

4.1. Properties of hydrogels

Hydrogels have emerged as pioneering materials for solar-
driven vapor generation owing to their advantageous attributes
comprising high swelling capacity, superior optical transmit-
tance, thermal robustness, intrinsic porosity, structural flex-
ibility and cost-effectiveness. Leveraging these characteristics,
hydrogels offer a sustainable and efficient platform for aug-
menting vapor generation and facilitating the generation of
cleaner water.""®> Composed of hydrophilic polymer networks
with both solid- and liquid-like characteristics,'** they provide
diverse interaction sites and have broad applications in
wearable electronics''® and environmental
remediation. "’ Despite their inherently limited porosity, the
performance can be enhanced through techniques such as salt

biomedicine,'*”
117
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leaching and pore formation, although with increased fabrica-
tion complexity. They prove to be significantly advantageous
from both the fundamental view and real-life view for solar-
enabled water purification technologies''® and renewable
energy generation (Fig. 9).

Innovative hydrogels are mostly used in water purification
owing to their larger surface area, strong temperature
withstanding ability, better selectivity, and lesser external
energy consumption. Among all, thermosensitive and photo-
responsive innovative hydrogels have the peculiar feature of
responsiveness to environmental stimuli, laying a vital base for
advanced water treatment. Advanced materials respond to the
energy from the sun’s rays, thereby achieving switching effects
bringing a change in their inner structure and characteristics.
Therein, researchers continue to explore innovative hydrogel-
based solar steam generation systems to fulfil the rising need
for inexhaustible energy resources (Fig. 10)."*°

4.2. Photothermal hydrogels for solar water evaporation

Hydrogel composites act as tunable hosts with adjustable
photothermal characteristics, which can be harnessed as solar
evaporators governed by the nature and concentration of the
solar absorber used and the design of a well-structured poly-
meric network. Their permeable 3D interpenetrating frame-
work facilitates the formation and mobility of weakly bound

Mater. Adv.

water molecules'?®

through tailored polymer-water interac-
tions, enhancing transport dynamics. Additionally, optimized
surface parameters and uniform dispersion of photothermal
absorbers within the porous matrix maximize solar absorption
and heat localization, thereby minimizing thermal losses and
accelerating evaporation. Radiative losses can be minimized
through the use of low-emissivity materials or by controlling
the surface temperature. A required criterion for maximizing
the efficacy of solar evaporators is to precisely choose polymers
with high water affinity and implement a well-structured design
of the framework to incorporate materials with remarkable
light-to-heat conversion capacity into hydrophilic polymeric
strands."!

In 2022, Li et al.'*® prepared a full-polymer salt-tolerant
anionic photo-electrolyte-based hydrogel as an “all-in-all” eva-
porator, providing both photothermal as well as electrostatic
repulsion properties. The material had a 3D reticular porous
structure exhibiting a solar absorption efficiency of 95.5% in
380-2500 nm and an evaporation enthalpy lowered to
1624.14 KJ kg . Irradiating with simulated sunlight of 1.0 kW m™?, it
produced a good evaporation rate of 2.5 kg m ™2 h™'. Basically, the
hydrogel comprised poly(vinyl alcohol) forming the skeletal
arrangement and poly(3,4-ethylenedioxythiophene) (PEDOT) and
poly(sodium-p-styrenesulfonate) (PSS) as solar absorbers, also
possessing hydrophilicity and negative charges (Fig. 11a).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Moreover, -OH and SO;" facilitate the interaction between the
hydrogel and water molecules, leading to low evaporation
enthalpy and specifically, the negatively charged SO;™ isolates
Na" from CI~ through an electrostatic repulsion effect, thereby
attaining excellent salt-resistant behaviour and better evaporative
robustness. For a further initiative towards sustainability, in 2023,
Ni et al.'*® developed a photothermal hydrogel evaporator through
a blending pathway constituting eco-friendly poly(vinyl alcohol),
agarose, Fe*" and tannic acid, where the TA*Fe®" complexes being
the photothermal agents (Fig. 11b) provided remarkable gelatini-
zation ability and light-absorbing properties, attaining a better
evaporation rate of 1.897 £ 0.11 kg m~> h™" with a better energy
conversion efficacy of 89.7% =+ 2.73%. In 2024, Liu et al'**
devised a thermos-responsive hydrogel evaporator employing 3D
printing technology and inculcating hydrophilicity/hydrophobi-
city phase transition (Fig. 11c) to enhance water transport stability
obtaining an evaporation rate of 3.587 kg m—> h™" and an
efficiency of 95.3% (Fig. 11d) along with better photo-thermal
conversion, excellent thermal conductivity, and specifically, anti-
fouling abilities, enhancing its practical utilization. In 2025, Li
et al.’*® demonstrated that it is crucial to balance the water supply
rate and thermal localisation during evaporation. In this view,
they designed super-hydrophilic (Ink-MoS,/PAM/HPC) (IMPH)
photothermal hydrogels with vertically aligned channels, provid-
ing a tunable aperture and an optimized hydratable polymeric
network comprising polyacrylamide/hydroxypropyl cellulose
(Fig. 11e) to be utilized as superior-performance interfacial

© 2026 The Author(s). Published by the Royal Society of Chemistry

evaporators achieving an evaporation efficiency of 90.0% at a rate
of 2.68 kg m > h™" under a light intensity of 1 kW m? with
appreciable salt-resistance, self-cleaning ability, reduction of eva-
poration enthalpy and better water transfer and heat management
(Fig. 11f). Photothermal 3D hydrogels intensify the rate of eva-
poration with their solar-induced dual energy supply channels,
thereby synergistically managing water transport and energy
uptake. In 2025, Huang et al.'*® skillfully constructed an inte-
grated solar evaporator with a 3D tree-ring-structured hydrogel,
incorporating the chelation of Cu®* with sodium humate (SH) as
photothermal agents into the sodium alginate/polyacrylamide
(SP/PAM/Cu@SH) (SPCS) hydrogel matrix, optimizing their activ-
ity, stability, efficient water transport and salt resistance. This
novel strategy displayed a rate of evaporation of 2.23 kg m > h™*
in deionized water, which further exhibited better evaporation
performance with a rate of 3.69 kg m~> h™" through the combi-
nation of photothermal agents, solar-induced heat field and a
concave evaporation surface by placing a photothermal polylactic
acid enclosure surrounding the 3D hydrogel (Fig. 11g).

4.3. Advantages of hydrogel-based solar water evaporators

The combination of hydrogels with photothermal materials
represent advanced substrate materials for solar steam
generators.'>” Hydrogels provide high water affinity, a pene-
trable framework and a larger surface area that is advantageous
for proper water uptake, water-holding capacity and water
permeability.”*® The inclusion of hydrogels in solar-
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responsive evaporator systems can efficiently modulate water
transport and enhance the photothermal conversion efficacy,
evaporation efficiency and its rate.'?*3® Hydrogels with pores
sufficiently allow the exterior force to disperse and keep the
morphological parameters intact and improve the reflection
and scattering of internal light with increased capturing of light
energy.”" Moreover, hydrogels have preferable mechanical
properties that supervise the change in shapes and reusability
in real-life applications.’®® One notable merit of employing
them in hydrogel-mediated solar water treatment devices is
their adjustable water retention ability and regulated transport
dynamics for ensuring sustained water delivery. Along with
their easily tunable water transport, these evaporators have an
advanced heat localization effect, thereby possessing lesser
heat loss at the air-water interface along with low thermal
conductivity.'** Additionally, it confirms stability, recyclability,
reusability and salt-tolerance, which reach the adequacy for
productive evaporation performance and increased water gen-
eration. These above-mentioned merits assure that it consis-
tently transports water to the evaporative surface and facilitates
rapid evaporation, therefore exhibiting better energy
transformation.

The design of hydrogels with varied functionalities, namely
anti-fouling ability, permselectivity and thermal responsiveness,

Mater. Adv.

makes the solar evaporators suitable for different applic-
abilities."** The adjustability of the physical and chemical proper-
ties facilitate the optimization of the performance of the solar
vapor generator. Moreover, there is a flexibility to further enhance
salt-resistance, mechanical properties and lessen evaporation
enthalpy."*>"3¢
derivatives of natural resources being eco-friendly and provide
sustainability, and there is an ease of preparation, requiring lesser
energy in comparison to traditional desalination methodologies
(Table 2)."*”'*® Most of the hydrogel-based solar steam generators
can also be flexibly tuned to perform synergistic functions'**'*°
(Fig. 12).

As discussed in Table 3, hydrogels exhibit certain key
advantages over other evaporation membranes and aerogels,
specifically superior water transport to the evaporation surface,
active thermal management that lowers the effective energy

In addition, several hydrogel materials are the

penalty for vaporization, intrinsic multifunctionality for decon-
tamination and broad design flexibility for tailoring wettability,
porosity and surface chemistry. However, the principal draw-
backs that persist can be mitigated. The mechanical fragility is
readily addressed by reinforcing the polymer matrix with
fibrous scaffolds, sponges or cross-linked composites (e.g
PVA) to improve toughness and stability. Salt accumulation,
under extreme conditions, can be minimized by implementing

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Diagram of the solar-vapor generator using a salt-tolerant anionic polyelectrolyte hydrogel. Reprinted with permission from ref. 122. Copyright

2021 Elsevier B.V. (b) Schematic illustrating a photothermal hydrogel with a TA*Fe®* complex as the photothermal agent fabricated by a facile blending method.
Reprinted with permission from ref. 123. Copyright 2023 Elsevier Inc. (c) Image using the thermo-responsive hydrogel using a 3D printing technology along
with the TEM image. Scale bar: 50 nm. (d) Evaporation rate of the 3D thermo-responsive hydrogel in pure and salt solution. Reprinted with permission from ref.
124. Copyright 2024 International Solar Energy Society. Published by Elsevier Ltd. (e) Schematic of the IMPH hydrogel with vertically aligned channels. (f)
Evaporation rate of IMPH hydrogel under a solar intensity of 1 kW m~2. Reprinted with permission from ref. 125. Copyright 2025 Elsevier B.V. (g) llustration of
the SPCS hydrogel with solar-induced heat field. Reprinted with permission from ref. 126. Copyright 2025 Elsevier B.V.

vertical channels, salt-rejection surface chemistries or routine
flushing strategies to maintain continuous solar evaporation.
Concerns about durability and standardization can be resolved
by adopting accelerated-aging protocols, standardized perfor-
mance metrics and life-cycle cost analyses to validate real-world
implementations. For applications that require high water flux,
integrated contaminant removal and adaptable form factors,
especially portable, low-cost or enhanced desalination,
hydrogel-based solar vapor generators offer the optimal balance
between performance and practicality. Prioritizing composite
designs (i.e. hydrogel, robust scaffold and photothermal CDs)
facilitates retaining the advantages of hydrogels while over-
coming the mechanical and longevity constraints.

5. Carbon dots and hydrogel
composites in solar water evaporation
5.1. Synergistic effects of carbon dot-hydrogel composites

Often, hydrogel materials suffer from inadequacy in mechan-
ical strength, quenching their applicability. These demerits are

© 2026 The Author(s). Published by the Royal Society of Chemistry

attainable synergistically. Particularly, hydrogels serve as a
supportive framework that facilitates superior dispersion of
CDs while preserving their photoluminescent integrity.
Simultaneously, CDs also facilitate reinforcement of the
mechanical potency of the polymeric matrices.'*> Moreover,
the incorporation of CDs uplifts the hydrogel’s thermal stability
as a whole, adhesiveness, self-healing ability, and rubber-like
elasticity. It is believed that the encapsulation of CDs increases
physical crosslinks and non-covalent interactions, as in hydro-
gen bonding and electrostatic (ES) forces, which consequently
improvise the characteristics of the hydrogel."*® The functional
groups present on the surface of CDs play a characteristic role
constituting the building block units of the hydrogels. Through
the synergistic interplay of non-covalent interactions and cova-
lent bonding, CDs function as the crosslinking centres within
the hydrogel polymer networks, resulting in the formation of
densely crosslinked hydrogels which integrate with the func-
tional attributes of both CDs and hydrogel matrices. This
structural integration enhances the mechanical strength, self-
healing ability and adsorption capacity of the CD-incorporated
hydrogel composites further along with fluorescence and

Mater. Adv.
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Table 2 Summary of natural and synthetic polymers employed in hydrogel fabrication, including their sources, properties, and limitations

Natural polymers Source

Properties

Limitations

Alginate Derivatives from Biocompatibility, biodegrad- Mechanical properties are
Agarose plants, animals, ability, biosafety, low immu- limited, difficulty in purifica-
Chitosan microorganisms nogenicity, cost-effective and tion and minor immune
Collagen and algae. adhesive in nature response due to impurities
Cellulose

Fibrin

Gelatin

Hyaluronic

Pectin

Synthetic polymers Source Properties Limitation

PEG [polyethylene]

PVA [poly(vinyl alcohol)]
PU [polycarbonate
urethane]
Poly[epsilon-caprolactone]
Poly[anhydride]

PPF [propylene fumarate]
PCL [poly(caprolactone)]
PLA [poly(lactic acid)]
PLGA [poly(lactic-co-
glycolic acid)]

Polymerisation of
synthetic monomers

Comparatively economical
than natural polymers, pro-
longed shelf-life, efficient

Triggers immune response,
inflammation reactions and
less biocompatible

delivery of soluble molecules,
unreactive, degradation rate
can be regulated and high
reproducibility

Molecular network

Functional groups

SO,H
OH

Functional materials

e B
Y
— L

Surface topography

Morphology control

Post-synthetic
modifications

Fig. 12 Design strategies of hydrogel-based solar evaporators for water purification applications.

sensing functions. Considering the higher fluorescence stabi-
lity of CD-based hydrogels prohibiting the fluorescence
aggregation-caused quenching (ACQ) of CDs is efficiently miti-
gated through their integration into hydrogel matrices. This
combination represents a synergistic approach, whereas the
hydrogel network prevents CD aggregation, therefore suppres-
sing the ACQ effect and significantly improving fluorescence
stability."*”'*® On the other hand, comparing with hydrogels,
CD-based hydrogels exhibit strengthened as well as enhanced
properties. Therein, the versatile CD-incorporated hydrogel
composite fabricated by the integration of CDs and hydrogels
show a widened spectrum of applications covering purification,
photocatalytic degradation, solar desalination, adsorption,

Mater. Adv.

detection, target-responsive behaviour and pH-dependent
response (Fig. 13).

Numerous studies have reviewed the synthesis, functional
mechanisms and diverse applications of carbon dots and
hydrogels individually, but comprehensive reviews particularly
addressing CD-integrated hydrogel systems remain limited.
Thus, this makes it necessary to bring forward a detailed
overview of the relevant applications and development possibi-
lities of CD-based hydrogels.'* In 2019, Singh et al.*>® reported
the fabrication of a novel composite consisting of carbon dots
(C-dots) enclosed in a permeable hydrogel. The hydrogel system
facilitated better absorption of water, wherein the carbon dots
provided better thermal and mechanical stability. It exhibited

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparative analysis of hydrogels, traditional evaporation membranes and aerogels based on key characteristics
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141-144

Characteristics

Traditional evaporation mem-
branes/aerogels

Hydrogels

Hydrogels with their advantages

Water transport

Heat management

Salt-resistivity and anti-
fouling behavior

Contaminant removal

Cost and scalability

Mechanical stability

Solar absorptivity

Significantly low (in mem-
branes) and comparatively
moderate (in aerogels) with
tortuous, disordered pores
increasing the flow friction

Moderate (in terms of mem-
branes) and excellent insula-
tion but lesser interfacial
control (in terms of aerogels)
Membranes can foul and
aerogels can trap salts result-
ing in salt clogging

Usually, passive separation
and requires added adsor-
bents or post-treatment

Moderate (in terms of mem-
branes) and high (in terms of
aerogels)

Membranes are robust but less
adaptive. Aerogels are fragile
and brittle.

Restricted absorption, based
on the design and materials
used.

Very high, facilitating con-
tinuous capillary pumping

Excellent; lowering the effec-
tive Hy,p and maximizing heat
localization

Designable (hydrophilic chan-
nels and salt-rejection
strategies)

Intrinsic adsorption sites;
tunable chemistry for dyes,
metals and organics

Low/moderate; facilitating
scalable fabrication

Flexible and easy to integrate
with photothermal fillers (e.g.
CDs)

Can be tuned to improvise
absorption of solar energy and
heat conversion

Membranes have mass transfer resis-
tance and cause membrane wetting.
Aerogels have a rigid framework that
lowers bulk static water retention,
whereas hydrogels physically expand and
uncoil increasing the water retention and
evaporation rate.

In hydrogels, significant interfacial
heating takes place, while membranes
and aerogels conduct comparatively less
interfacial heating

Many hydrogels succeed in preventing
salt crystallization and have self-cleaning
or anti-biofouling ability.

Hydrogels possess multifunctionality,
performing desalination, heavy metal/
VOC removal, anti-bacterial activity,
electricity generation and resource
recovery.

Hydrogels are scalable, having prepara-
tion simplicity using low-cost, low-
energy-consuming methods, whereas
membranes/aerogels have manufactur-
ing complexities due to freeze-casting,
advanced coating or high-cost super-
critical drying processes.

Hydrogels can conform to irregular sur-
faces whereas membranes cannot with-
stand varying conditions and aerogels
lack flexibility due to weak strain of
covalent bonds and internal capillary
pressure while drying.

Most hydrogels have broadband solar
absorptivity (UV-vis-NIR region) whereas

an evaporation rate of 1.4 kg m > h™" and a solar-driven
evaporation efficacy of 89%. The SEM images depict the fibrous
structure of the bare C-dot hydrogel {Fig. 14a(i) and (ii)}. Based
on the practical applications of the C-dot/hydrogel composite
for water purification, the recovery of purified water was
measured following illumination in a solar stimulator
(1 kW m~? intensity) for 60 min. It can be seen that the
calculated water recovery was less than 15% for the bare
hydrogel while the percentage reached 55% for 20%-C-dot/
hydrogel, as shown in (Fig. 14b). For the water remediation
applications, particularly the removal of heavy metal ions, the
decontamination efficiency was determined for Cu®*, Ni**, Ag",
and Cd**. The residual level of dissolved metal ion contami-
nants in aqueous phase encapsulated within a C-dot-20/gel
before irradiation at 1 kW m™2 for 1 h was 0.01 M, which
appreciably did not exceed 0.05% of the initial ionic content
detected in the treated water (Fig. 14c). For examining solar-
mediated water heating, the temperature of the C-dot/hydrogel
was measured using an infrared (IR) camera, which demonstrated
the impact of the C-dots on heating. It can be seen that after
60 min of illumination, the water-saturated 20% (w/w) C-dot/
hydrogel attained a temperature of 58 °C, whereas the bare
hydrogel reached a much lower temperature of 28 °C (Fig. 14d).

© 2026 The Author(s). Published by the Royal Society of Chemistry

membranes and aerogels have lesser
solar-to-thermal conversion efficiency,
limiting vaporization rate.

With progressing research, it remains a task to develop a
newer material, which simultaneously exhibits flexibility, dur-
ability, cost-effectiveness and the ease of synthesis along with
sufficient photothermal conversion and good overall perfor-
mance. With this approach, Li et al.™®' reported cellulose
hydrogels modified with sulfhydryl-based carbon dots (CDs-
SH) showing remarkable specificity and susceptibility for heavy
metals like Hg(u) along with solar vapor generation. The
hydrogel displayed more than 98% adsorption efficiency with
an extraction ability of 662.25 mg g™, the interesting part being
the upcycling of the depleted absorbents through in situ sulfur-
ization for solar steam generation. It exhibited a boosted
evaporation rate of 1.30 kg m > h™"! with an efficacy of 88.3%
at 1 kW m™? solar illumination. This work presented a stream-
lined approach to repurpose exhausted materials into func-
tional, value-added products through a sustainable route.

5.2. Recent advancements in carbon dot-hydrogel composites

The selection of materials that simultaneously provide flexibil-
ity, durability, ease of synthesis and cost-effectiveness is an
essential factor. Taking this into account, Indriyati et al'*?
designed a hydrogel film based on poly(vinyl alcohol) incorpo-
rated with carbon dots (CDs) (Fig. 15a) having a breaking stress

Mater. Adv.
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Fig. 13 Schematic of the overview of multifunctional CD-hydrogel systems: adsorption, photocatalysis, desalination, purification, sensing and target-
responsive applications.

of 9 MPa and an elongation of 247%. Notably, the hydrophilic  evaporation, i.e. 1.58 k¢ m~> h™' under one sun irradiation,
behaviour of PVA facilitated the improved water transport to which was found to be 6.1 times more than pure water exclud-
the evaporation surface, resulting in an elevated rate of ing hydrogel (0.26 kg m > h™"), also maintaining steady
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Fig. 14 (a) SEM images of (i) bare hydrogel and (ii) C-dot hydrogel with the photographs on the top right depicting the appearance of the gels. (b) Water
recovery percentage in various C-dot hydrogels with solar illumination for 1 h. (c) Water purification applications showing the heavy metal ion removal
efficiency. (d) Infrared images of the bare hydrogel and 20% C-dot hydrogel. Reprinted with permission from ref. 150. Copyright 2019 the American
Chemical Society.
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Fig. 15 Advanced CD-hydrogel systems for efficient solar-driven interfacial evaporation (a) schematic of the PVA/CD evaporator. Reprinted with
permission from ref. 152. Copyright 2024 American Chemical Society. (b) Graphical representation of the enhanced LSPR effect in 0D CQDs/2D MXene/
CMC/PAM hydrogel (c) large-sized evaporator and its folding ability. (d) Integrated device incorporating the hydrogel for outdoor experiments (e)
evaporation rates at 0.5, 1, 1.5 and 2 suns, respectively. Reprinted with permission from ref. 153. Copyright 2024 Wiley-VCH GmbH. (f) Cross-linking
mechanisms of the PSTCC evaporator. (g) Illustration of the evaporator’'s surface convex protrusions and vertical capillary pathways. (h) Charge-transfer
mechanisms in CQDs-TiO, composite showing wavelength-dependent electron—hole migration (I and Il) and formation of superoxide and hydroxyl
radicals (Il and IV). Reprinted with permission from ref. 154. Copyright 2025 Elsevier B.V. (i) Graphical representation of the bilayer structural carbon-
based hydrogel depicting the morphological features, desalination performance and evaporation rates. Reprinted with permission from ref. 155.

Copyright 2023 Science China Press.

evaporation rates over repeated cycles. Hybrid photothermal
materials can be revolutionary to magnify the solar absorption,
light-to-heat conversion capacity and design multipurpose solar
evaporators. Herein, Jing et al.'*®* combined 0D carbon quan-
tum dots (CQDs) with 2D MXenes to act as the hybrid photo-
thermal agents. Sodium carboxymethyl cellulose (CMC)/
polyacrylamide (PAM) hydrogel was used as a substrate mate-
rial to transport water for the reduction of evaporation
enthalpy. The synergism between the carbon quantum dots
and 2D MXene fastened the carrier transfer leading to localized
surface plasmon resonance (LSPR) effect (Fig. 15b). The eva-
porator’s large-size preparation (18 x 18 cm) exhibited remark-
able folding ability, allowing transportation during scale-up
applications (Fig. 15¢). Outdoor experiments (Fig. 15d) showed
higher evaporation rates of 1.93 and 2.86 kg m~> h™" under one
and two sun irradiations, respectively (Fig. 15e), along with a
lower evaporation enthalpy (1485 ] g~ '). On applying for
photothermal sensing and temperature difference power gen-
eration (TEG), the device presented a remarkable output power
density of 230.7 mW m 2 Advancement in the design and
synthesis of bifunctional (photothermal and photocatalytic)
materials broadens the scope of multi-purpose, versatile appli-
cations. Focusing on this, Liu et al.'>* presented the develop-
ment of a bifunctional hydrogel device incorporating
polyacrylamide, sodium alginate, titanium dioxide, carbon

© 2026 The Author(s). Published by the Royal Society of Chemistry

quantum dots and carbon nanotubes (PSTCC) (Fig. 15f). This
evaporator was constructed with surface convex protrusions
and vertically oriented capillary pathways (Fig. 15g), achieving
an appreciable evaporation rate of 2.56 kg m >h ' at 1 kW m 2
solar irradiation and photocatalytic degradation efficacy of
85.5% in case of methylene blue, thereby inactivating Chlorella
vulgaris at a rate of 58.7% and eliminating organic contami-
nants. This incorporation prominently improvised the light-to-
thermal conversion rate while efficiently tuning the bandgap of
TiO, which elevated the photocatalytic behaviour (Fig. 15h).
Along with other factors, scalability and portability are also
major considerations. In this regard, Sun et al.*>® prepared a
bilayer structural carbon-based hydrogel composite material
obtaining an excellent rate of evaporation, i.e. 2.19 kgm >h™*
with an energy conversion efficacy of 93.7% at an irradiation of
1 kW m™? over 30 repeated cycles. The composite exhibited a
surged desalination performance (Fig. 15i) along with adapt-
ability, scalability and flexibility, thus widening the horizon of
its practical applications. Moreover, its cost-effectiveness and
enhanced structural design make its implementation easy even
in economically backward areas, exhibiting further advances as
compared to the previously reported evaporators.

The presence of phenolic VOCs in the natural aquatic
environment poses a serious threat as they evaporate more
rapidly than water molecules during solar vapor generation.

Mater. Adv.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00272b

Open Access Article. Published on 05 June 2026. Downloaded on 6/28/2026 9:54:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

(d)

10
S5 Phenol
Excoli s
intercept

oY G N

. %

ADVANCES IN
MULTIFUNCTIONAL
' CD - HYDROGEL
SYSTEMS

Suvival of . aureus (%

]

Hﬁ 0
&

> S 12{ 17.5 Wt% NaCl
& I8 T Ml bl
= &
(8) =20 =—cwem i

oL 184 T wew (i) >
el opvan muUl e 3
Zqaf o Water g Rl g
212 3 g
I b4 =]
= 1.0 w =
< 5 5o
08 5
w06 3
§os et fa
go2 ]
W o. Days

10 20 30 40 50 S Q. & ov

e Py

*

567 8910

View Article Online

Materials Advances

[ od
in

»
>

o

Evaporation rate(kg m-2 h'l) s
5z &

=

M " phenol P{moro\’“'“‘"{,.mmy\P“““"

¢ ~=|  H" moving direction

L ~% Water supply

oLt sou
PRI ISS
ROES 0,1,
o'\ so.

200

_wo yii / uauny
-

High [water content]

Fig. 16 (a) SEM images showing the inactivation of E. coli using the SA/CCC/Cu?* hydrogel within 40 min. (b) Scheme representing the solar
vaporization and VOC degradation. (c) Scalable synthesis of the hydrogel. Reprinted with permission from ref. 156. Copyright 2024 the American
Chemical Society. (d) Illustration of the synergistic applications of CSE. (e) Evaporation rates during p-chlorophenol and p-methylphenol removal.
Reprinted with permission from ref. 157. Copyright 2023 Elsevier B.V. (f) SEM micrograph of CDs/MoS,. (g) Evaporation rates of CMPH achieved within 60
min. (h) Antibacterial activity of CMPH towards (i) E. coli and (ii) S. aureus. Reprinted with permission from ref. 158. Copyright 2024 Elsevier B.V. (i)
Schematic of the evaporation-based consistent electric generation in GMS@HCDs. (j) Stability of electricity generation performance in 17.5 wt% NaCl.

Reprinted with permission from ref. 159. Copyright 2024 Wiley-VCH GmbH.

Therein, the development of advanced materials is necessary
which can synchronously carry out photothermal desalination
along with the degradation of the VOCs. With this approach, An
et al.*® reported employing a Cu®"-crosslinked sodium alginate
(SA) hydrogel as the structural matrix with internally embedded
carbonized carboxymethyl chitosan (CMC) as the photothermal
agent, thereby integrating both photothermal and photocataly-
tic functionalities. This SA/CCC/Cu®" hydrogel attained evident
separation of distilled water from VOC-contaminated water,
terminating VOCs with an efficiency of 96.74% alongside a
notable evaporation rate of 2.54 kg m > h ™. It further exhibited
a potent antibacterial performance inactivating E. coli within 40
min completely as well as scalable production (Fig. 16a-c).

In order to eliminate VOCs with super adsorption-
photocatalysis capability, the magical result of evaporation-
adsorption-degradation has to be realized (Fig. 16d). Herein,
An et al.'® reported a carbonized CMC/SA solar evaporator
(CSE) fabricated with the aim of synergistic desalination and
VOC removal. The results reveal 95.37% removal efficiency of
phenol and an evaporation rate of 2.24 kg m™> h™" (Fig. 16e).
Moreover, this simple and affordable evaporator simulta-
neously removes different VOCs such as p-chlorophenol and
p-methylphenol during the process of solar vapor generation.

With further advances, Li et al.'*® reported a work where a
multi-defective MoS, nanoflower was hydrothermally synthe-
sized in a carbon-dot medium to form CDs/MoS, (Fig. 16f)

Mater. Adv.

exhibiting a boost in the photothermal and catalytic perfor-
mance due to structural and morphological modifications. An
asymmetric (CDs/MoS,@PVA) hydrogel evaporator (CMPH)
fabricated via repeated freeze-thaw cycles facilitated gradient
photothermal distribution, reduced channel blockage, impro-
vised light trapping and hotspot formation with an evaporation
rate of 1.49 kg m~> h™" and an efficiency of 92.5% under one
sun illumination (Fig. 16g). The system also demonstrated
multifunctional water treatment including 94% and 99% anti-
bacterial activity against S. aureus and E. coli, respectively
{Fig. 16h(i) and (ii)}, a remarkable decrease in the concentra-
tions of four major ions (Na“, Mg>*, K" and Ca®") and 91%
photodegradation of methylene blue, resulting in effective
desalination and removal of organic compounds.

Interfacial evaporation materials absorb and convert solar
energy while an adjacent collector transfers the absorbed heat
into a thermoelectric converter, which transduces the thermal
gradient into electrical power for storage or external utilization.
Based on this, Li et al."*° designed a solar-interfacial evapora-
tion (SIE) power generation device (GMS@HCDs) by functiona-
lizing a commercial melamine sponge with CD-coupled
graphene and polyelectrolyte hydrogels assisting sustained
electricity output driven by an evaporation-maintained proton
concentration gradient (Fig. 16i). IW having reduced evapora-
tion enthalpy evaporates from the interface driving the protons
from polystyrene sulfonic acid groups to the bottom leading to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparative study of the preparation methods, evaporation rate, stability, and salt resistance of various CD-hydrogel systems

System Preparation method

Evaporation rate

(kgm™>h™") Stability (cycles/durability) Salt resistivity

PVA/CD hydrogel film'®*>  Mixing + solution casting (citric acid)

3D CD/hydrogel sponge*®  Encapsulation in porous hydrogel
C-CDSA (carbonized CD-
starch)'®

PVA/GA/AC composite'®’

Carbonization (270 °C)
In situ polymerization

CDs-PDA-SA'®? C0-hydrothermal carbonization + poly-

merization of dopamine and SA

PVA/CD-SP hydrogel'® Physical crosslinking/crystallization)

Lignin-CD/PVA film'®* Blending + casting

CDs-SCH (CMC/SA/AM)'®®  Free radical polymerization

Chitosan/carbon sponge-

Freeze-casting + alkali infiltration
like hydrogel (CCH)'®°

reverse dissociation. The cyclic process where FW fills the
vaporized IW area results in proton dissociation and diffusion,
FW replenishment and production of continuous current and
voltage (Table 4). This device achieves an evaporation rate of
3.53 kg m 2 h™' and consistent outputs of 0.972 V and
172.38 A cm™? on operating in highly concentrated brine
(17.5 wt% NaCl) (Fig. 16j).

5.3. Progress in device integration and scale-up applications

The device-level integration and mass production of CD-
hydrogel-based solar evaporators mark a transformative pro-
gress in the field of sustainable water purification. Such inte-
gration facilitates real-world evaporator units to operate under
natural sunlight producing cleaner water in resource-limited
areas. It further validates the robustness of the hydrogel designs
under varied environmental conditions, assessing durability and
consistent operating stability. However, laboratory experimenta-
tions have already demonstrated ultra-high evaporation rates, salt
elimination, and mechanical stability, as already discussed in the
previous sections. Therefore, scaling these systems into deploy-
able devices would bridge the gap between experimental innova-
tion and societal impact, positioning them as a cornerstone
solution for addressing global water scarcity.

In this view, Zhang et al'®’ demonstrated a prominent
translation from laboratory innovation to practical application
by homogeneously embedding CDs into a low-cost SA/PVA dual-
crosslinked hydrogel backbone immobilized on a melamine
sponge (MS), giving rise to 3D water transport channels. This
scalable 3D-CDs/SA/PVA-MS hydrogel (Fig. 17a) showed a super-
ior solar steam generation rate of 4.79 kg m > h 'in a 3.5 wt%
NaCl solution at 1 sun illumination and a comparatively
remarkable evaporation rate of 4.13 kg m > h™! in extremely
saline seawater (25 wt%) (Fig. 17b). Outdoor experiments were
carried out using a simple device assembly comprising the
hydrogel material, compact condenser and storage units
(Fig. 17c). The evaporation device was kept on the rooftop,
noting the solar radiation intensity. It showed a notable

© 2026 The Author(s). Published by the Royal Society of Chemistry
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evaporation efficiency with a huge amount of condensate
appearing on the condenser within 30 min (Fig. 17d). The rate
of evaporation elevated to 2.8 kg m > h™' within 5 h of
irradiation with the solar intensity peaking at 0.82 kW m™>
(Fig. 17e), thereby producing a consistent water yield of
14.2 kg m ™2 over repeated cycles. Moreover, simulated organic
dye and acidic and alkaline solutions were tested to assess the
evaporator’s water purification capacity. ICP measurements
revealed the reduction of ion concentrations and the absence
of organic dyes, particularly sodium (12.6 mg L") reaching the
standards set by the WHO.

With further advancements, Mate et a presented the
successful development of a portable solar evaporator (F-CD-
pP@BC) by integrating a covalently bonded CD porphyrin net-
work that accelerates broad light absorptivity into a bacterial
cellulose hydrogel through the Alder-Longo reaction promot-
ing multifunctional water treatment i.e. desalination, dye and
heavy-metal removal, consistent solar evaporation and self-
cleaning (Fig. 18a). Outdoor experiments were conducted by
constructing a device constituting of an evaporation chamber
where the hydrogel evaporator was mounted. This device was
kept on the rooftop where subsequent condensation was
observed within 1 hour and the water droplets were collected
in a condenser (Fig. 18b). The evaporation rate was found to be
2.7 kg m~> h™' (Fig. 18c). Durability was also tested which
revealed no evident decline in the evaporation rate after 10
cycles (Fig. 18d). It was also revealed that approximately 99%
dyes were eliminated and the concentrations of Na*, Mg”*, Ca**
and K" were evidently reduced below the limits set by the WHO
(Fig. 18e). This F-CD-p@BC membrane exemplifies interfacial
solar vapor generation from materials development to highly
scalable, device-level progress.

1 168

6. Challenges and future directions

Solar-driven steam generation is a fast-growing technology for
producing accessible and cleaner water, showing potential to
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evaporator desalination system. (d) Photographs showing the rapid steam generation within 30 min of irradiation. (e) Actual rate of evaporation during the
outdoor experiment. Reprinted with permission from ref. 167. Copyright 2024 Elsevier B.V.
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successfully meet the escalating global need for the availability
of freshwater, ecological preservation and sustainable energy
solutions. This paper reviews the enormous progression of
hydrogel-engineered solar water treatment systems. Moreover,
despite the currently achieved goals, a massive part of the
research and design have become stagnant in the laboratory
stage; therefore, there remains challenges to tackle along with
large-scale production and industrialisation. The salient chal-
lenges for future solar evaporation research and practical
applications are listed here:

(1) Fundamental and theoretical limitations: a mechanistic
understanding of polymer-water, polymer-solute and polymer-
CD interactions, specifically at the complex and molecular scale
is required. The underdeveloped rational design of hydrogel
building blocks and advanced in situ characterization techni-
ques demand more scientific focus to elucidate evaporation
dynamics at the hydrogel-air interface.

(2) Control of water states and energy efficiency: optimiza-
tion of BW, FW and IW states is crucial for further reducing the
evaporation enthalpy. Introducing hierarchical nanostructured
pore engineering is needed to boost the IW content. Moreover,
achieving a balance between water transport and evaporation
rate remains a critical design constraint.

(3) Material stability and durability: long-term performance
is hindered by photochemical degradation (UV-induced oxida-
tion and polymer chain scission) and mechanical stress from
wet-dry cycling and varying environmental conditions. There-
fore, chemically and physically robust designs such as multi-
network hydrogels are needed to enhance the mechanical
strength, photostability and structural integrity.

(4) Fouling, contamination and chemical resistance:
biofouling, organic pollutants and salt crystallization clog
transport channels. Highly saline and multivalent ions disrupt
polymer networks through salting-out effects and coordination
interactions. Future designs must incorporate antibiofouling
and self-cleaning functionalities, salt resistant and ion-
tolerant polymer networks, surface engineering and protective
coatings.

(5) Incomplete removal of volatile contaminants: volatile
organic compounds (VOCs) co-evaporate with water, limiting
the purification efficiency. Further intensive research on inte-
grating photocatalytic or multifunctional materials and devel-
oping multibarrier purification systems will be beneficial for
their complete degradation.

(6) Light utilization and environmental adaptability: envir-
onmental conditions like variable solar intensity, temperature
and humidity significantly affect the overall efficacy. Current
evaporation systems lack adaptive light-harvesting capabilities.
They should incorporate omnidirectional or self-tracking light
absorption for potent operation under low-light, non-ideal and
nocturnal conditions.

(7) Water collection: the overall system efficacy relies not
only on evaporation but also on condensation efficiency, collec-
tion and storage of purified water. Preventing secondary
contamination, elevating vapor condensation rates and univer-
sally adopted standardized protocols for evaluating water

© 2026 The Author(s). Published by the Royal Society of Chemistry
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evaporation rate (WER) and photothermal conversion efficiency
(PCE) still needs to be addressed.

(8) Scalability, cost and design constraints: large-scale
deployment is limited by complex fabrication techniques and
high material and processing costs. Focus should be on low-
cost, abundant and environmentally benign materials, scalable
fabrication methods (e.g. 3D printing) and simple but high-
throughput manufacturing processes.

(9) Environmental sustainability and multifunctionality: this
opts for eco-friendly synthesis routes and reduced material
waste or emissions. Life-cycle assessment is necessary to eval-
uate the environmental impact and biocompatibility. Develop-
ing further evolved hydrogel evaporators with multifunctional
platforms for salt/metal recovery (zero liquid discharge),
wastewater treatment, atmospheric water harvesting and simul-
taneous electricity generation (via thermal, salinity or evapora-
tion gradients) is necessary.

(10) Resource recovery and practical deployment: localized
salt crystallization facilitates controlled salt-accumulation
through guided internal water transport, allowing salt to crys-
tallize in specific peripheral areas (edges) and recovering the
solid salt. A distinct gap also persists between laboratory-scale
performance and real-world implementation, which needs to
be filled with the development of portable, flexible and large-
scale systems for community-level desalination under diverse
water sources.

7. Conclusion and outlook

CD-integrated hydrogel solar vapor generation systems have
emerged as transformative and potent next-generation plat-
forms for sustainable water purification offering a synergistic
integration of efficient CDs within structurally tunable hydrogel
networks, enabling long-term solar-to-thermal conversion,
water transport regulation and heat localization. This review
outlined the unique physiochemical properties of hydrogels,
notably their porous architecture, adjustable wettability and
water states modulation that play a decisive role in enhancing
the evaporation kinetics while minimizing the energy con-
sumption. Moreover, innovations in surface topography, multi-
functional material incorporation and structural optimization
collectively lead to superior evaporation performance and
operational versatility. Despite these achievements, the field
remains in a developmental phase with critical challenges that
impede the transition from laboratory-scale to real-world appli-
cations. Concurrently, factors such as prolonged photochemi-
cal and mechanical stability, fouling resistance, salt
accumulation and incomplete removal of VOCs remain the
key bottlenecks. Moreover, practical deployment and commer-
cialization is constrained by scalability, cost-effectiveness,
environmental adaptability and the need for efficient vapor
condensation and collection strategies. Future progress in this
domain demands a paradigm shift towards a holistic and
interdisciplinary approach focusing on integrated systems that
optimally balance remarkable performance with durability,
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economic viability and sustainability. Identifying multifunc-
tionalities (e.g. antibiofouling, photocatalysis and energy co-
generation) and optimizing light-harvesting designs and
resource recovery will be pivotal. Equally important is the need
for standardized testing protocols and persistent field valida-
tion to ensure reliability. Continued innovation surrounding
materials science, structural engineering and system integra-
tion can pave the way to address the global water-energy nexus
evolving from laboratory-scale prototypes to scalable, real-world
solutions.
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