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Water Activation in Solar-Powered Vapor Generation

Dan Wei, Chengbing Wang,* Jing Zhang, Heng Zhao, Yusuke Asakura, Miharu Eguchi,
Xingtao Xu,* and Yusuke Yamauchi*

Solar-powered vapor evaporation (SVG), based on the liquid-gas phase
conversion concept using solar energy, has been given close attention as a
promising technology to address the global water shortage. At molecular
level, water molecules escaping from liquid water should overcome the
attraction of the molecules on the liquid surface layer to evaporate. For this
reason, it is better to reduce the energy required for evaporation by breaking a
smaller number of hydrogen bonds or forming weak hydrogen bonds to
ensure efficient and convenient vapor production. Many novel evaporator
materials and effective water activation strategies have been proposed to
stimulate rapid steam production and surpass the theoretical thermal limit.
However, an in-depth understanding of the phase/enthalpy change process of
water evaporation is unclear. In this review, a summary of theoretical analyses
of vaporization enthalpy, general calculations, and characterization methods
is provided. Various water activation mechanisms are also outlined to reduce
evaporation enthalpy in evaporators. Moreover, unsolved issues associated
with water activation are critically discussed to provide a direction for future
research. Meanwhile, significant pioneering developments made in SVG are
highlighted, hoping to provide a relatively entire chain for more scholars who
are just stepping into this field.

1. Introduction

Water, one of the most abundant compounds on the planet, is
a vital resource for all living organisms. Along with population
growth, climate change, and accelerated industrialization, access
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to clean water has become a major global
issue that requires to be solved urgently.[1,2]

The common methods to obtain clean wa-
ter from non-potable water involve many
technologies based on electrical energy,
which is inconvenient, pollutes the envi-
ronment, and costly, thus unsuitable for
underdeveloped and remote decentralized
areas. Recently, the emergence of solar-
powered clean water generation technology,
as an environmentally friendly, low-cost,
and operational approach, has been given
great attention as a dependable strategy to
address global water shortage.[3,4] There-
fore, research on solar steam generation is
climbing up year by year (Figure 1). So-
lar steam generation is based on two com-
mon phenomena—evaporation and con-
densation, which are widespread in na-
ture. Several studies have investigated the
complex interfacial conditions of water
evaporation.[5–7] During water evaporation,
for the transfer of molecules and energy
across the interface, liquid water molecules
absorb extra energy to increase kinetic
energy, which intensifies the movement

of water molecules; water molecules escape from the water
body and dissipate into the atmosphere when their kinetic en-
ergy (molecular motion) is higher than the cohesion energy be-
tween them. Then, the water vapor cools to form the condensate.
Interface temperature, pressure, and vapor/liquid density are
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Figure 1. Number of publications per year from 2012 to 2021 that have used as the only hashtag. The data is updated to 2022.

discontinuous during water evaporation.[8] Random molecular
distribution and interaction forces of a liquid make the process
of heat and mass transfer complex. Moreover, water and heat
sources, saturation deficiency, and wind speed will all affect the
water evaporation process.

In the solar-powered vapor generation (SVG) system, also
known as solar steam generation or solar-driven interfacial evap-
oration, maximum proportion of the solar energy absorbed by
the photothermal material is converted into the total enthalpy of
liquid-gas phase change, and the remaining energy is utilized in
managing losses, such as optical (reflection and transmission)
and heat (radiation, conduction, and convection) losses.[9] To im-
prove the interfacial solar-to-thermal conversion ability of an SVG
system for the enhancement of evaporation rate and efficient
exploitation of solar energy, researchers have proposed various
strategies. These strategies mainly involve the light-absorbing
design of the system, heat regulation, and salt mitigation. Ma-
terials with high light absorption ability enhance absorbance
in full spectrum range through continuous adjustment of their
photothermal structure. However, the absorbance of the cur-
rently available light-absorbing materials can achieve the lim-
ited theoretical value of 100%, with little scope for optimiza-
tion. Thermal management is another crucial part of the SVG
system, which directly determines its photothermal conversion
ability; it is indispensable for maximizing the utilization of so-
lar power and minimizing heat loss (especially heat loss due
to conduction). For example, reducing the thermal conductiv-
ity of materials,[10,11] adding a thermal insulation layer for 2D
evaporators,[12] and limiting the area of water transportation[13]

can efficiently reduce heat loss. Design optimization of evap-
orators for heat loss reduction is another essential parame-
ter. Water supply regulation is also particularly important for
salt resistance. Salt crystal deposition can be effectively pre-
vented by liquid pumping. In addition, studies on the develop-
ment of self-cleaning/gravity-assisted cleaning surface,[14,15] anti-
clogging layer,[16] Janus membranes,[17] zero liquid discharge,[18]

and salt ion diffusion reflux[19,20] are being extensively performed.
These methods have been proven to be efficient in alleviating the
damage of salt crystals to solar evaporators and even collecting
salt crystals. While tremendous and continuous attempts are be-
ing explored to heighten evaporation rate (ER) and photothermal
conversion efficiency (𝜂), it is found that ER and 𝜂 seem to reach
the threshold, and the current technologies have not been able to
improve these parameters any further.

We assessed that the following issues have not been paid re-
quired attention with respect to water evaporation: essence of wa-
ter evaporation, different states of water during evaporation, and
the type of energy supplied in each state of water. Therefore, wa-
ter evaporation requires in-depth investigation. Specifically, wa-
ter evaporation refers to the transition of water from a liquid state
to a gaseous state. In the process of steam generation, the water
molecules escaping from the liquid water should overcome the
attraction of the molecules on the liquid surface layer. This attrac-
tion is mainly the intermolecular force of the hydrogen bonds,
and their cleavage is the only way to change the state of water.
Therefore, models should be developed to reduce the amount of
energy required for evaporation by cleaving a smaller number of
hydrogen bonds or by forming weak hydrogen bonds to ensure
efficient and convenient vapor production. Yu et al. were the first
to investigate this aspect of water evaporation, and they proposed
that the energy required during water evaporation (i.e., evapora-
tion enthalpy described in detail later) could be significantly re-
duced based on the idea of increasing the content of intermediate
water (IW) and forming water clusters in a molecular network.[21]

They prepared hierarchically nanostructured polymer gel (HNG)
and reported high evaporation rate under 1 sun radiation
(3.2 kg m−2 h−1), which was much higher than that reported by
other studies during the same period. This provided a new di-
rection for understanding the underlying mechanisms of wa-
ter evaporation and new methods to optimize seawater desali-
nation systems; this study also enhanced the interest of other
researchers in investigating methods to reduce vaporization en-
thalpy of evaporators. Recently, He et al. defined the maxi-
mum evaporation rate as “Bulk Water Cap” when assuming
100% photothermal conversion efficiency.[22] This value was
1.7 kg m−2 h−1 based on conservative calculations, which was
far below the real energy demand during evaporation. There-
fore, the fundamental way to dispose of low evaporation rate
is to regulate the state of water such that the “Bulk Water
Cap” can be increased, thus the energy used for evaporation
can be reduced. However, as of today there is neither de-
tailed research about water state management nor systematic
characterization tests for expounding the whole process, let
alone the discussion on the mechanism of lowering evaporation
enthalpy.

In this review, innovations in SVG systems have been dis-
cussed to provide a comprehensive database for beginners in the
field. To further understand the importance of decreased energy
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requirement during steam production, we have summarized
theoretical analyses of vaporization enthalpy, calculation meth-
ods in terms of complete and incomplete dehydration evapo-
ration, and characterization of different states of water. More-
over, we outline the underlying mechanisms responsible for wa-
ter activation to lower evaporation enthalpy reduction with re-
spect to the formation of IW, clustered water, and capillary wa-
ter. Finally, the challenges and perspectives related to vaporiza-
tion enthalpy are highlighted to elucidate the future perspectives
of SVG.

2. Breakthrough Research on SVG Systems

In the last decade, SVG systems have attracted attention as they
use green and cost-friendly thermal desalination technology. In
the study of water vapor generation from seawater driven by so-
lar, the heating mode of water has undergone three substantial
changes: from the initial direct bottom heating of the c to integral
heating using nanofluids and finally the currently used interfa-
cial heating; this evolution has serially minimized innocent heat
loss energy. The continuous emergence of light absorbers such
as plasma metal nanoparticles, degradable biomass, and spec-
trally selective absorbers, as well as design optimization of pho-
tothermal structures, have immensely improved the sunlight-
absorbing capacity of SVG systems. In the rapid development of
SVG systems, we have been fortunate to witness many popular
scientific studies, and it is these pioneering researches that have
propelled the prosperity of SVG. In this section, we summarize
milestone research in the field of SVG based on four parameters,
namely heat management, mass control, water state adjustment,
and multifunctional applications, aiming to provide a relatively
complete SVG development chain for more scholars who are just
stepping into this field (Figure 2).

2.1. Heat Management

Scientists are continuously investigating effective heat manage-
ment systems to minimize unnecessary energy loss during the
process of water evaporation. The first study on this topic was
published in 2012 by Halas et al. who proposed a thermal sep-
aration model using plasmon absorbers dispersed in bulk wa-
ter during evaporation.[23] They pointed out the disadvantages of
the traditional model, which considered direct heating between
the nanoparticles and the surrounding water. Moreover, they ar-
gued that in the traditional model, the energy absorbed by the
nanoparticles was separated from the surrounding water. Steam
appeared a few seconds after heating, and the surrounding liq-
uid did not exhibit obvious signs of being heated. To our best
knowledge, it was one of the first studies that proposed that
metal nanoparticles could be efficiently applied in steam gen-
eration without substantial heat loss. Specifically, only a small
part of absorbed sunlight is used for heating liquid water, and
most of the remaining energy is used for steam generation. Sub-
sequently, inspired by the transpiration and sweating of plants
and animals, Deng et al. invented a thin film composed of gold
nanoparticles floating at the air–liquid interface,[24] which en-
lightened the concept of thermal localization. Nevertheless, metal

nanofluids often require high optical density or electromagnetic
wave radiation to achieve local heating, which makes the equip-
ment complex and expensive, thus difficult to fabricate. More-
over, the nanofluid heating method leads to marginal enhance-
ment in photothermal conversion efficiency, which is not tailored
for the rapid generation of steam and goes against water evapo-
ration. Therefore, high photothermal conversion efficiency is a
challenge even at low optical density. The principal solution is
to maximize the utilization of solar power by reducing energy
loss in the photothermal conversion process. Chen et al. fab-
ricated a brand-new carbon-based double-layer structure (DLS)
composed of a sunlight-absorbing layer and a thermal insulating
layer,[25] which could produce vapor in nonvacuum and low op-
tical density conditions without heating bulk water. This struc-
ture confined the absorbed thermal energy to the evaporating
surface and minimized dissipated energy, which was represented
by “heat localization”. Therefore, an unprecedented performance
was achieved, with energy efficiency as high as 85% under
10 sun radiations. This study not only introduced the concept of
heat localization to the general public, but also broadened the
application of DLS to SVG. Since then, several scientists have
exploited the interfacial-heating structure to obtain higher effi-
ciency than that obtained earlier. Moreover, to maintain the in-
terfacial heating capacity, Wang’s team designed a hydropho-
bic self-healing membrane, which could restore the hydropho-
bic surface in 1 h at 1 kW m−2 because of the self-migration
of fluorosilanes.[26] The membrane maintained the local tem-
perature of the interfacial water, and therefore, a relatively high
evaporation rate could be obtained. Unlike the DLS, which uses
carbon foam as the insulation layer, Deng et al. selected air-
laid paper as an alternative[27] because of its high mechanical
stability, low thermal conductivity, enhanced surface roughness,
and microporosity.[28] Not only that, air-laid paper could serve as
transferable support for AuNPs film, which enabled large-scale
production; they transitioned from a thin 2D film to a 3D layout of
the evaporator because gold nanoparticle-based film was coated
on the surface of the air-laid paper. The 3D porous architecture
inside air-laid paper could heighten multiple scattering of light
to enhance light absorption. Apart from the air-laid paper matrix,
researchers also adopted porous anodic aluminum oxide (AAO)
as templates fabricated by the traditional two-step anodization
method[29] because of their reduced surface reflection and en-
hanced internal light scattering.[30] For example, black gold mem-
branes were developed by sputtering a thin film of gold on AAO
templates by Kim et al. AAO could be used as a scaffold, and it re-
duced light reflection and improved light absorption capacity.[31]

In order to further obtain high-efficiency broadband light absorp-
tion, they adopted the adiabatic plasma nano-focusing technology
to excite surface plasmon modes. Zhu et al. also deposited gold
nanoparticles on a porous AAO host;[32] the nanoparticles were
tightly packed within the AAO nanopores, providing high optical
density, increased multiple scattering effect, and low effective re-
fractive index, so that a significantly enhanced absorption effect
was obtained. They further revealed that aluminum, as a substi-
tute for precious metals, had higher plasma frequency than gold,
silver, and other metals, and thus exhibited noteworthy light re-
sponse in the ultraviolet region. To achieve resonance over a wide
wavelength range, they deposited aluminum nanoparticles on
AAO supports.[33] The natural oxidation of metallic aluminum
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Figure 2. Pioneering developments in SVG systems. Volumetric heating. Reproduced with permission.[23] Copyright 2013, American Chemical Society.
Self-floating gold nanoparticle-based thin film. Reproduced with permission.[24] Copyright 2014, Wiley-VCH. Double-layered structure: heat localiza-
tion. Reproduced with permission.[25] Copyright 2014, Springer Nature. Heat management. Reproduced with permission.[26] Copyright 2015, Wiley-
VCH. Reproduced with permission.[31] Copyright 2015, Springer Nature. Reproduced with permission.[27] Copyright 2015, Wiley-VCH. Reproduced with
permission.[32] Copyright 2016, AAAS. Reproduced with permission.[33] Copyright 2016, Springer Nature. Reproduced with permission.[36] Copyright
2016, Springer Nature. Reproduced with permission.[40] Copyright 2016, Springer Nature. Reproduced with permission.[9] Copyright 2017, Oxford Uni-
versity Press. Reproduced with permission.[13] Copyright 2017, Wiley-VCH. Reproduced with permission.[34] Copyright 2018, Wiley-VCH. Reproduced
with permission.[35] Copyright 2018, Elsevier. Reproduced with permission.[37] Copyright 2020, Springer Nature. Reproduced with permission.[38] Copy-
right 2022, Springer Nature. Mass control. Reproduced with permission.[41] Copyright 2015, American Chemical Society. Reproduced with permission.[42]

Copyright 2018, Wiley-VCH. Reproduced with permission.[43] Copyright 2018, Springer Nature. Reproduced with permission.[44] Copyright 2018, Springer
Nature. Reproduced with permission.[45] Copyright 2019, Royal Society of Chemistry. Reproduced with permission.[47] Copyright 2019, Royal Soci-
ety of Chemistry. Reproduced with permission.[48] Copyright 2019, Wiley-VCH. Reproduced with permission.[18] Copyright 2020, Springer Nature. Re-
produced with permission.[49] Copyright 2020, Royal Society of Chemistry. Reproduced with permission.[46] Copyright 2021, Wiley-VCH. Reproduced
with permission.[50] Copyright 2022, Wiley-VCH. Water state adjustment.Reproduced with permission.[21] Copyright 2018, Springer Nature. Repro-
duced with permission.[51] Copyright 2018, Royal Society of Chemistry. Reproduced with permission.[54] Copyright 2019, Wiley-VCH. Reproduced with
permission.[58] Copyright 2020, Springer Nature. Reproduced with permission.[59] Copyright 2020, Elsevier. Reproduced with permission.[52] Copyright
2020, Royal Society of Chemistry. Reproduced with permission.[60] Copyright 2021, Elsevier. Reproduced with permission.[61] Copyright 2021, Springer
Nature. Reproduced with permission.[62] Copyright 2021, Royal Society of Chemistry. Reproduced from “Photomolecular Effect Leading to Water Evap-
oration Exceeding Thermal Limit.”[55] Copyright form Yaodong Tu, Jiawei Zhou, Shaoting Lin, Mohammed AlShrah, Xuanhe Zhao, and Gang Chen.
Reproduced from “Photomolecular Effect: Visible Light Absorption at Water-Vapor Interface.”[56] Copyright form Yaodong Tu and Gang Chen. Repro-
duced with permission.[53] Copyright 2022, Wiley-VCH. Multifunctional application is reproduced with permission.[66] Copyright 2017, Royal Society
of Chemistry. Reproduced with permission.[77] Copyright 2018, Wiley-VCH. Reproduced with permission.[73] Copyright 2018, Haomin Song et al. Re-
produced with permission.[74] Copyright 2018, Elsevier. Reproduced with permission.[64] Copyright 2018, Wiley-VCH. Reproduced with permission.[67]

Copyright 2019, Springer Nature. Reproduced with permission.[70] Copyright 2018, Wiley-VCH. Reproduced with permission.[71] Copyright 2020, Royal
Society of Chemistry. Reproduced with permission.[72] Copyright 2019, American Chemical Society. Reproduced with permission.[65] Copyright 2020,
Royal Society of Chemistry. Reproduced with permission.[78] Copyright 2021, Wiley-VCH. Reproduced with permission.[57] Copyright 2021, Elsevier. Re-
produced with permission.[80] Copyright 2022, Royal Society of Chemistry. Reproduced with permission.[76] Copyright 2022, Elsevier. Reproduced with
permission.[79] Copyright 2022, Wiley-VCH.

increased the optical absorption bandwidth in the infrared re-
gion, enhancing the absorptivity of metal nanoparticles across
the solar spectrum and achieving low-expense plasma-enhanced
photothermal performance. Moreover, AAO nano-porous tem-
plates could synergize with metal particles to achieve efficient de-
salination. However, the AAO matrix is fragile and costly, which
limits its practicality and wide diffusion. Based on this, Hu’s
team chose the low-expenditure, salt-resistant, and good me-
chanical properties of basswood as the 3D host of metal parti-
cles and prepared a 3D aligned porous plasmonic wood-based
SVG system, achieving a light-thermal conversion of 85% under
10 kW m−2 radiation.[34] Their work exhibits the potential of plas-
monic wood-based SVG systems, thus providing a new direc-
tion for research on biomass matrix. In fact, these evaporators
using different porous substrates are still essentially 2D struc-

tured evaporation devices, whereas 3D evaporators have superior
evaporation performance due to their larger evaporation surface,
lower surface evaporation temperature, reduced heat loss, and
additional energy input. The umbrella structure designed by Zhu
et al. and the cylindrical structure designed by Wang et al. have
led to the wide acceptance of 3D evaporators. The 3D artificial
transpiration device proposed by Zhu et al. minimized the heat
loss and the dependence of the light-absorbing angle without ad-
ditional optical and heat management systems, further facilitat-
ing evaporation.[9] The 3D cup structure designed by Wang et
al. could recover the energy reflected by the bottom of the 2D
cup and absorb the thermal energy from ambient air, enhancing
the vaporization efficiency to approximately 100%.[35] As a result,
several 3D evaporators are being developed. In addition to exten-
sive research on the structure of evaporators, various absorbers
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with high light-absorbing capacity have been exploited. Selective
absorbers have been used as a special class of light absorption
materials. A spectrally selective absorber (SSA) is a material with
high photothermal conversion efficiency. It has high absorption
rate in the visible and near-infrared regions, but low emissivity
in the far-infrared region. Therefore, it can improve the absorp-
tion ability of heat absorbers for solar radiation energy and reduce
the scattering ability of heat absorbers. For the first time, Chen’s
team applied SSA for SVG, with sunlight absorptance of 0.93 and
emissivity of 0.07 at 100 °C.[36] They generated 100 °C vapor with-
out high optical density at room temperature using in-plane ther-
mal concentration (evaporating region < absorbing region) and
thermal localization concepts. This study expanded the field of
solar absorbers and offers more possibilities for solar energy ac-
cumulation. Prasher et al. combined SSA and blackbody emit-
ter to develop the solar umbrella structure that exhibited radia-
tion coupling of a photothermal conversion device.[37] The device
shifted light radiation to the mid-infrared or larger wavelengths
so that higher surface temperatures could be obtained along
with increased evaporation rates. Moreover, the non-contact fea-
ture of the structure is expected to be applied in treatment of
wastewater without pollutants. Recently, Qu et al. developed a de-
formable conical evaporator array, which can reconfigure itself
by responding to a magnetic field.[38] This magnetically respon-
sive dynamic evaporator could enhance the evaporation rate to
5.9 kg m−2 h−1 under 1 kW m−2 radiation, which is far superior to
that of other static evaporators. This concept of dynamic recom-
bination structure further promotes the development of high-
speed water evaporation systems. Xu et al. selectively removed
the middle part of the evaporation surface, which strengthened
the air convection above the whole evaporation surface and fur-
ther accelerated the escape of steam.[39] Therefore, the strat-
egy “more from less” was put forward, which meant utilizing
fewer materials to obtain higher evaporation rate. These strate-
gies provide new directions to determine suitable heat and mass
management systems for high-speed evaporation using the SVG
technology.

In a water evaporation system, in addition to ensuring out-
standing thermal management capabilities, the focus should be
on the quality of water delivery to ensure continuous steam gen-
eration. The delivery step inevitably causes heating of the water
body; therefore, the water quantity should be confirmed while
minimizing heat loss caused by the delivery path. In the tradi-
tional design, the direct contact of energy with bulk water pro-
vides effective transfer of solar energy, but it leads to substan-
tial intrinsic heat loss to bulk water. Therefore, various groups
of scientists, especially Zhu’s team, have successively designed
different water delivery paths to avoid energy loss due to direct
contact. In 2016, they successfully developed a 2D water path
using polystyrene foam as the insulation layer and hydrophilic
cellulose wrapped outside the insulation layer as the water deliv-
ery path.[40] Owing to the reduced heat loss of the water delivery
path, the evaporator exhibited efficient and stable energy trans-
fer efficiency, independent of bulk water quantity, without extra
thermal-isolation supporting systems. This paper is one of the
first to introduce the concept of using a confined 2D water de-
livery pathway to lower the energy loss to bulk water. In 2017,
inspired by water transport in plants, they continued to improve
the design of their 3D evaporator and proposed the 1D water

transport channel.[9] This channel greatly reduced heat loss by
conduction, convection, and radiation without the aid of an insu-
lator. Moreover, 3D evaporators had larger evaporation surface,
lower surface evaporation temperature, and reduced heat loss,
achieving superior evaporation performance. Furthermore, it
could be used to manage water pollution. They also directly used
carbonized mushrooms with umbrella-shaped black caps and
porous fibrous stalks as solar evaporators because their inher-
ent 1D water delivery path can substantially reduce heat loss.[13]

This paper was one of the first to demonstrate the benefits of 1D
water delivery path for utilizing the harvested solar energy for
steam generation with minimal thermal loss. Collectively, these
studies outline a critical role of heat management in improv-
ing the performance of SVG systems. By simultaneously regulat-
ing light absorption, water transportation, and heat regulation, a
high-efficiency solar evaporator can be developed for clean water
production.

2.2. Mass Control

During the desalination process, clean water vapor is produced
from brine and is accompanied with the deposition of salt crys-
tals. With time, the salt particles accumulated on the surface of
the evaporator not only block the light-absorbing material lead-
ing to decreased absorption performance, but also affect the
life of the water evaporator, thus influence evaporation stabil-
ity. As a result, inhibiting salt crystal accumulation while syn-
chronously retaining thermal localization is a challenge. Salt re-
sistance management should be considered an essential param-
eter for the development of solar evaporators, which is often re-
alized through unique structural design and wettability regula-
tion. Jiang et al. designed superhydrophobic self-floating carbon
black membranes.[41] Due to their superhydrophobic property
and low adhesion to water, the membrane surface did not cap-
ture liquid droplets and thus exhibited self-cleaning ability. How-
ever, the contact angle of this superhydrophobic black gauze be-
comes smaller after long-term exposure to high-intensity light;
therefore, the membrane needs further research. The flexible
Janus membrane (CB/PMMA-PAN) fabricated by Zhu’s team
through electrospinning exhibited long-term stability for salt
mitigation.[42] This study demonstrates that the Janus structure,
consisting of an upper hydrophobic skeleton and a lower hy-
drophilic network of deposited carbon black nanoparticles, can
dissolve salt ions during continuous water delivery to effectively
prevent solid salt deposition. Based on the property of salt re-
flux, Chen’s team developed a salt-rejecting vaporization struc-
ture, capable of seawater desalination at an evaporation rate of
2.5 L m−2 day−1.[43] However, these methods produce a large
amount of waste brine as the byproduct, which is harmful to
the ecological environment. Therefore, the concept of zero liq-
uid discharge (ZLD) was invented, which promotes zero pro-
duction of waste-products. Wang’s group fabricated a low-cost
3D cup-shaped steam generator.[44] This water evaporator used
solar power as the single source of energy, and the main light-
absorbing layer was placed at the bottom of the cup to separate
the salt deposition surface from the optical absorption surface.
Consequently, salt particles were only deposited on the sidewalls
when water evaporated without affecting the light-absorbing
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surface, and the resulting salt crystals could be easily collected.
Their results elucidated that the evaporator could consistently ad-
here to the green ZLD concept as long as the salt in the solu-
tion was at a concentration <15 wt%. This emerging solar steam
design concept provides a feasible idea for desalination of high-
salinity seawater. Similarly, using a 1D water delivery path, Zhang
et al. spatially isolated salt crystals, which were present only at
the edge of the salt disk.[45] This was the only study to report a
solar evaporator at the time that continuously generated vapor
for up to 600 h without salt particle accumulation. In addition
to the disc-shaped structure, the spherical evaporator designed
by Xu et al. was susceptible to weight imbalance under the ac-
tion of gravity, thus realizing the self-cleaning function.[46] Hu’s
team used simple fabrication methods and low-cost raw mate-
rials to demonstrate the important role of bimodal pore chan-
nels as salt barriers.[47] They chose natural balsa wood with bi-
modal pores as the salt-resistant evaporator. The comparatively
large vessel channels (about 180–390 μm) in the bimodal pores
were employed for fast capillary pumping, while water diffusion
and convection could be allowed between the small channels
(about 18–39 μm). Therefore, the evaporated brine on the sur-
face was quickly replenished, avoiding salt buildup, thus ensur-
ing rapid clean water vapor generation. Similarly, Liu et al. pro-
posed a hanging photothermal fabric structure,[48] in which, the
two sides of the photothermal material were immersed in seawa-
ter, whereas the other parts were suspended in air without direct
contact with water, which obviously minimized heat loss to wa-
ter and produced a higher surface temperature (40 °C). Moreover,
solid salt was not accumulated, as the concentrated brine dripped
from the bottom of the curved fabric. This design enhanced the
effective evaporation area of the system, leading to an evapora-
tion rate of 1.94 kg m−2 h−1 due to the presence of two reaction
surfaces, i.e., at the top and bottom. Song et al. designed an evap-
orator with a 3D gradient water path that could spontaneously
form a water film with thickness inhomogeneity and temperature
gradient; this was based on the superfluid transport properties
of bionic structure surface.[18] Furthermore, drawing on insights
from the Marangoni effect, this solar evaporator fully utilized the
input energy and only crystallized salt locally, without affecting
the overall performance of the evaporator. Similarly, Asinari et
al. combined the Marangoni effect with the passive desalination
technology of multi-stage distillation[49] systems and elucidated
that salt-tolerance performance could be enhanced by focusing
on the correlation between the desalination process and the theo-
retical effect. They described the salt accumulation phenomenon
and concluded that the Marangoni effect was responsible for the
enhanced salt resistance of this evaporator. This study investi-
gated the application of the Marangoni theory to the brine de-
salination process, which was never put to use before to discuss
passive desalination techniques. Recently, Caruso et al. achieved
efficient selective crystallization of salt by wrapping and fixing
hydrophilic nylon threads on a photothermal sponge, which al-
lowed salt crystals to remain oriented on the wrapped threads.[50]

These studies and strategies of salt depression undertaken here,
have expanded and enhanced our understanding regarding var-
ious methods that can be used for desalination during interfa-
cial solar steam generation, thus promoting the development
and popularization of newer and more effective salt resistance
strategies.

2.3. Water State Adjustment

Recently, several studies have reported that the behavior of wa-
ter during evaporation can be changed and the energy needed
for evaporation can be reduced by regulating the state of water
in the porous network. As per the present research, three main
types of water can reduce evaporation energy requirements: IW,
capillary water, and clustered water. In this part, we will sum-
marize pioneering studies on changing the state of water in
evaporators (other advanced themes will be elaborated in Sec-
tion 4). In 2018, Yu’s team proposed a hierarchically nanostruc-
tured gel (HNG) evaporator, and the evaporation rate reached 3.2
kg m−2 h−1 under one solar illumination, which was twice that
of the reported rate at that time.[21] The self-floating hydrogel
greatly enhanced the evaporation performance because of the in-
creased IW and clustered water levels with low energy require-
ments. For the first time, they proposed that water molecules in
a hydrogel molecular mesh possess reduced latent heat of evapo-
ration, which surpasses the thermal vaporization limit and leads
to higher evaporation rate. Furthermore, they successfully de-
signed capillary water pathway hydrogel[51] and patch-surface hy-
drogel (PSH),[52] both exhibited high evaporation performance.
In 2022, they prepared polyzwitterionic gel for high-salinity solar
seawater purification.[53] High SVG performance was reported
by virtue of the significantly reduced evaporation enthalpy of
the hydrogel (817.4 J g−1). In 2019, analogous to the classifica-
tion of water in the soil, Qu and co-workers demonstrated that
the capillary water content in carbon-based photothermal mate-
rials could be controlled by a self-invented injection control tech-
nique (ICT).[54] Capillary water did not obstruct the pore chan-
nels, thus increasing its content would expose larger evapora-
tion area and create low evaporation enthalpy. The ICT facili-
tated the transportation of capillary water to maximize the utiliza-
tion of solar energy and attained 100% thermal efficiency in SVG
systems. This research provides another feasible method using
carbon-based materials to enhance SVG performance, suggest-
ing that capillary water should be further investigated. Recently,
Chen’s team investigated the causes of evaporation beyond the
thermal limit at the water-steam interface when sunlight drove
water evaporation.[55,56] They proposed the photomolecular ef-
fect in solar-driven interfacial evaporation, which refers to the
action of photons that can cause water clusters to cleave from
the absorber surface. This induces vapor generation from porous
hydrogels under normal sunlight or visible-light radiation, sur-
passing the theoretical vaporization limit. This study reported
the photomolecular effect of clustered water for the first time,
which provides an innovative direction and platform for theo-
retical research on interfacial water evaporation. Together these
studies[21,51,57–62] provide important insights into the regulation of
water movement in SVG systems, which is expected to improve
their evaporation performance.

It is worth pointing out that although pioneer work in the field
of SVG is divided into four categories, all studies have the same
goal, i.e., to obtain higher evaporation rate and achieve long-term
stable high-speed evaporation. Specifically, mass/heat manage-
ment is an essential foundation to ensure liquid pumping and
energy utilization; and salt resistance is the main obstacle for
long-term high stability applications; multifunctionality is an im-
portant way to achieve efficient and integrated energy use; and
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reducing evaporation enthalpy is a key theoretical breakthrough
to achieve high-speed evaporation. Regardless of material selec-
tion or structural design, all aspects provide a new platform for
water treatment. However, SVG technologies require further re-
search with respect to clean-water yield, cold steam collection,
and high-salinity seawater desalination. The water state adjust-
ment method, theoretical basis, material system, and character-
ization methods of the system also require further elucidation.
Moreover, structural design should be continuously explored be-
cause designing new structures and devices using existing mate-
rials to meet different application scenarios will promote the mul-
tifunctional application of these materials in interdisciplinary
fields.

2.4. Multifunctional Applications

The SVG technology uses ubiquitous solar energy and non-
potable water (e.g., lake water, salt water, rainfalls, waste wa-
ter, etc.) as the resources, and it has a vital function in moti-
vating diversiform applications.[63] Several studies have investi-
gated potentially multifunctional applications of SVG, such as
water purification, latent heat circulation, electric-thermal coop-
eration, power generation, waste heat utilization, agricultural ir-
rigation, sterilization, and cooling. These applications enhance
the practicability of SVG and possibilities for the application of
solar energy and non-potable water. In a conventional steam gen-
erator, absorption and evaporation are performed at the same
interface, which causes heat losses. A multi-stage distillation
device built on the concept of recycling latent heat decouples
the absorption and interfacial heating functions of the evapora-
tor on two separate surfaces, thus leading to the development
of a steam output device with low energy consumption. More-
over, this device only requires a combination of materials with
different functions, instead of searching for specific materials
with supporting both processes (heat absorption and evapora-
tion), making the selection of materials more flexible and ex-
tending its range of applications. Asinari et al. designed a pas-
sively heated solar multi-stage distiller (MD) with a parallel struc-
ture that exhibited latent heat circulation without any mechani-
cal device;[64] the device only required non-intensive solar power
as the energy input; and successfully demonstrated the feasi-
bility of a latent heat recycling device with an evaporation rate
of 3 kg m−2 h−1 and a clean water productivity of 2.95 ± 0.02
kg m−2 h−1 in a 10-stage MD under >1 sun radiation. To reduce
the contact surface area of the parallel structure MD device with
saltwater, Wang et al. further developed a vertically aligned MD
with an adjustable tilt angle,[65] which could significantly lower
the parasitic heat loss because of the negligible contact area of
the thin film evaporator with a large amount of bulk water; an
ultra-high water production rate of 5.78 L m−2 h−1 was obtained
under 1 sun radiation. The vertical installation can be operated
universally for different solar positions according to geographi-
cal and seasonal changes. Solar-powered desalination methods
produce clean water while using the resulting salt gradient to
generate electricity. Zhou’s team prepared a solar-driven device
for synchronous steam and electricity generation, which could
generate electricity of 12.5 W m−2 under 1 sun illumination by
exploiting the salinity difference between the surface water of

the absorption layer and the saline water.[66] During steam gen-
eration, a region of high salt concentration was formed along
with the appearance of saturated brine on the absorber surface.
This led to a salt concentration gradient, which is directly respon-
sible for the electricity generated by salinity. In previous stud-
ies, researchers have ignored the role of differences in salinity,
but in this work, the potential of solar desalination systems was
demonstrated by converting the salt concentration gradient into
electricity through commercial Nafion membranes. Wang et al.
then added solar panel modules on the basis of a solar interface
evaporation system.[67] The solar cell utilized short-wavelength
sunlight to generate electricity through the photovoltaic effect,
thus ensuring vapor production and high solar power genera-
tion efficiency. The electrical energy produced by solar cells can
also be continuously applied for steam generation. Wang et al.
reported efficient photo- and electro-thermal energy conversion
and storage using self-assembled graphite nanosheets and syn-
thesized high thermal/electrical conductivity composite phase
change materials.[68] Yu et al. also proposed a high thermal con-
ductivity phase change material based on graphene aerogel with
a concentric ring structure and reported high-efficiency solar-
thermal-electrical energy conversion.[69] Considering the lower
water production rate of solar interfacial evaporation systems,
Qu’s team exploited the light-electricity-thermal relationship,
and the synergy between solar cells and porous graphene-based
evaporators led to the production of vapor simultaneously.[70] The
introduction of solar panels offered an additional source of heat
energy (by electro-heat effect) for water evaporation, thus increas-
ing the amount of steam produced. In addition, the solar pan-
els ensured all-weather steam production. Yang et al. coupled the
photothermal effect of MXene-based aerogel evaporator with the
electrothermal function of solar cells to achieve all-weather, non-
stop, and efficient steam generation.[71] Besides latent heat recy-
cling, hybrid energy harvesting could also recover free heat en-
ergy from the surface, the waste heat of laboratory facilities, and
building walls, which is beneficial for the evaporation process.
Tan et al. developed a tri-layered evaporator with the ability to syn-
chronize the accumulation of free energy other than solar radiant
energy.[72] The evaporator not only exhibited an evaporation rate
of >2.4 kg m−2 h−1, but it captured other hybrid energies, reliev-
ing the liquid evaporation process from the intermittent influ-
ence of solar energy. This design had important reference signif-
icance for the development of mobile and all-weather water pu-
rification devices. The steam generation systems described above
are based on the water evaporation caused by high-temperature
surfaces. However, Gan’s team reported an evaporator generating
cold steam with near-ideal energy conversion efficiency, and the
measured evaporation rate approached 2.20 kg m−2 h−1 under 1
sun illumination.[73] Furthermore, the system could harness ad-
ditional energy from warm surroundings when the working tem-
perature was lower than the ambient temperature; at this time,
the total steam generation rate of the system was higher than the
theoretical limit value of input solar power. This paper outlined
the key roles of cold-vapor generation systems (below room tem-
perature) as an emerging platform for environmental energy uti-
lization. Moreover, Zhu’s team demonstrated for the first time
that enhanced ambient energy-based steam generation could be
achieved through optimized structural designs.[74] The structure
reported in this paper reduced the temperature of the absorber
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surface, which was lower than the ambient temperature; the
temperature of the side walls of the evaporator was also below the
ambient temperature due to evaporative cooling. Therefore, due
to lower than ambient temperature of both surfaces, they cou-
uld absorb energy from the environment to increase evaporation
rate above the theoretical limit. This structural design concept
provides a new method for utilizing additional environmental en-
ergy. In addition to absorbing environmental energy, evaporators
that obtain additional energy from bulk water are being devel-
oped. Xu et al. developed a 3D evaporator supported by highly
thermally conductive materials that could harness energy from
the environment and water body.[75] However, in 3D interfacial
evaporation systems, a thermal insulation layer that completely
isolated the energy transfer between bulk water and the evapora-
tion surface would hinder the process of obtaining energy from
water and thus unfavorable to maximize evaporation. This arti-
cle by Xu et al. jumped out of the inertia thinking and reported
a novel 2D evaporator thermal management design. In contrast,
high thermal conductivity material instead of an insulator was
used to connect the evaporation surface in a 3D evaporator. More-
over, the energy stored in water could be effectively drawn to the
gas-water interface when the evaporation surface was supported
using a high thermal conductivity substrate material, which in-
creased the total energy intake and further enhanced evapora-
tion performance. This discovery offered a new idea for the re-
search of 3D optical-thermal evaporators. At the same time, we
can use water as an excellent energy source to accelerate pho-
tothermal evaporation. Based on these breakthroughs, interfacial
solar evaporation technology has made important advances in ac-
quiring other types of energy for water treatment. However, the
absorption of environmental energy presupposes that the evap-
oration device is in an open environment, but the collection of
fresh water is usually done in a closed environment. Therefore,
the application of this strategy is challenging in freshwater ac-
quisition. Besides, water evaporation can be used to harness wa-
ter for repairing saline soil and simultaneously enhancing agri-
cultural sustainability. Owens et al. designed a combined system
of SVG and agricultural planting, and used treated seawater for
saline-alkali land mitigation and agricultural irrigation.[76] This
evaporator was three times more efficient in soil washing than
conventional distillation units and had a significant freshwater
yield of up to 10.95 kg m−2 day−1 in outdoor experiments. The
system extended the application of water evaporator to saline soil
remediation, and it provided a potential and feasible solution to
alleviate agricultural issues related to freshwater shortage and
soil salinization. Besides agricultural applications, solar steam
sterilization has become one of the main sterilization methods
for public health and safety. Zhu et al. built a low-cost, easy-to-
operate solar steam sterilization setup based on biochar that ex-
hibited rapid response and high-efficiency steam generation up
to a temperature of 121 °C.[77] This device was especially useful in
off-grid areas lacking operational sterilization technologies. This
was the first report on dynamic advantages of interfacial SVG for
sterilization. In 2021, Yu et al. proposed an anti-bacterial hydro-
gel (ABH), which not only had excellent biological disinfection ef-
fect (nearly 100% sterilization efficiency), but also exhibited out-
standing photothermal activity.[78] As a result, ABHs could pro-
vide efficient and stable purification of bacteria-containing water.
Yu’s team also designed a hydrogel that could directly remove

volatile organic compounds (VOCs) from water via SVG (details
in Section 4.1.1).[79] These multifunctional applications demon-
strated that SVG technology can be effective for saline soil repair,
sterilization, and VOC removal, which promotes the interdisci-
plinary application of the SVG technology. In 2022, Wang et al.
proposed a design that could achieve sustainable cooling effect
without electrical energy.[80] This system exerted the cooling ef-
fect via the endothermic process during the dissolution of a solute
with considerably positive solution enthalpy. Then, the 3D so-
lute regenerator generated cooling solute by SVG. The results re-
vealed that this system could attain a cooling power of 190 W m−2

under 1 sun radiation. This passive cooling design not only ex-
pands the application of solar energy storage and conversion in
cooling, but also broadens the potential of SVG in solute regen-
eration. These innovations provide a glimpse of the versatility
and producibility of solar-powered interfacial water evaporators
in different applications. The substantial progress made in the
past decade makes it imperative to summarize and predict the
future development trends in this multidisciplinary field.

The evaporation and condensation processes in the SVG sys-
tem make it possible to achieve pure water acquisition by using
clean and renewable solar energy. For desalination of water us-
ing SVG systems, in addition to ensuring high evaporation rates,
condensate collection is critical in advancing the practical appli-
cation of the SVG system, which is the ultimate goal for achiev-
ing water purification. Although several efforts have been made
to boost the evaporation rate of SVG systems using photother-
mal materials and efficient structural designs, the water produc-
tion rate falls far short of the current requirements. Moreover, the
water collection step has not been sufficiently investigated. Wa-
ter collection, as an essential part of solar clean water generation,
should be deeply concerned as a meaningful direction to fresh
water acquisition. Typically, temperature difference between hot
steam and the condensing wall of SVG system is needed to drive
water condensation and realize water harvesting. In our opin-
ion, two main methods are used to efficiently collect clean wa-
ter in a solar desalination system. Mismatch strategy in position
to separate evaporation surface and condensation surface from
solar absorption surface is a promising method to realize en-
hanced high-efficiency water collection. For instance, Zhu et al.
elaborately fabricated a single-stage inverted solar water purifier
(Figure 3a) that successfully separated absorption and condensa-
tion surfaces. Moreover, the purifier exhibited an excellent water
collection rate of 1.063 kg m−2 h−1, which was the highest among
all single-stage solar purification systems.[81] Qu et al. reported
a Janus-interface solar-steam generator (Figure 3b), which de-
coupled the water evaporation and the solar-thermal conversion
processes and obtained a record high water productivity of 1.95
kg m−2 h−1.[62] Ideally, decoupling the evaporation and absorption
processes may enhance the water collection efficiency. Therefore,
it is essential to further investigate this approach to meet the
water collection targets. Moreover, it can be an important and
promising strategy to guarantee efficient water-harvesting by in-
tegrating solar steam generation technology with passive radia-
tive condensation and fog collection technology. Although the
traditional vapor condensation technique is effective, it cannot
collect water in warm- or room-temperature environments. It de-
pends on the temperature difference and convective/conductive
heat-exchange with ambient environments.[82] Passive radiative
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Figure 3. Designs of efficient water collection systems: a) one-stage inverted solar steam device for purified water collection, b) traditional in situ solar
evaporator (b1), and Janus-interface solar vapor generator for enhancing water harvest (b2). Reproduced with permission.[81] Copyright 2021, Elsevier.
Reproduced with permission.[62] Copyright 2021, Royal Society of Chemistry.

condensation is being widely explored as an effective water col-
lection and purification technology.[83,84] Depending on high so-
lar reflectance and long-wave infrared emittance, this method can
be used for water collection during the daytime. Besides, due to
the enhanced transportation of harvested water, the hydropho-
bic/hydrophilic cooperative Janus system can improve fog collec-
tion significantly.[85,86] We believe that efficient and continuous
water collectors should be designed and fabricated on the basis
of the decoupling strategy and cooperative system for water col-
lection and preservation.

3. Mechanisms of Water Activation in SVG
Systems and Their General Characteristics

Water is a polar molecule. The lone pair of the oxygen atom (with
the negative charge) and the hydrogen atom (with the partial pos-
itive charge) in the water molecule establishes the donor-ligand
coordination bond, i.e., the hydrogen bond. From the perspective
of the hybridization orbital theory, the oxygen atom in a water
molecule is sp3 hybridized; therefore, one water molecule is sur-
rounded by four water molecules, exhibiting a tetrahedral 3D spa-
tial hydrogen-bonded network structure.[87–90] In liquid water, the
hydrogen bonds around the water molecules are constantly bro-
ken and reorganized due to continuous thermal motion, eventu-
ally reaching a state of equilibrium. In nature, water exists widely

in the form of free water (FW), bound water (BW), and IW, which
are classified according to the association of water with a sub-
stance and the different strengths of interactions between them.
FW, similar to bulk water, is free in the network, whereas BW
and IW exhibit strong and weak hydrogen bond interactions, re-
spectively. A few materials exhibit strong interactions with wa-
ter molecules to form BW, which gives birth to weak hydrogen
bonds between the surrounding water and other adjacent water
molecules. It breaks the original hydrogen-bonded network be-
tween water molecules and produces abundant IW, thus altering
the state of water and phase-transition behavior. The energy re-
quired to disrupt multiple hydrogen bonds gives rise to the ele-
vated latent heat of water vaporization. IW possesses weak hydro-
gen bonds; therefore, the abundance of activated IW can reduce
the evaporation energy, thus accelerating the water evaporation
process. In order to measure and compare the degree of energy
reduction of different materials, equivalent evaporation enthalpy
has been introduced as an exact measurement in the water evap-
oration enthalpy reduction (WEER) system.

Several studies have investigated methods to reduce the equiv-
alent enthalpy of evaporation to increase the evaporation rate,
which is an important breakthrough in the production of wa-
ter steam using SVG systems. However, a systematic summary
on the fundamental mechanisms and characterization of en-
thalpy reduction is unavailable. Therefore, in this section, we
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analyze and summarize the principles of evaporation enthalpy
reduction from the perspective of thermodynamics theory and
formula derivation. Moreover, we outline three common mech-
anisms of water activation in line with the three states of water
in nature: 1) increasing the content of IW, with low energy de-
mand, in the network; 2) adjusting the porous structure to obtain
wider water clusters for reducing vaporization enthalpy; and 3)
constructing a larger effective evaporation area by forming more
capillary water that does not fill the pore structure to promote
rapid water evaporation. Finally, we summarize two methods of
calculating the equivalent enthalpy of evaporation and general
characterization tools.

3.1. Theoretical Analysis of Vaporization Enthalpy

To theoretically prove that evaporation enthalpy is inextricably
linked with the intermolecular potential energy (PE) of water, we
analyze evaporation enthalpy based on thermodynamics in this
section. Considering the influence of additional pressure caused
by surface tension on the enthalpy of evaporation, we integrated
the work of Yu et al.[21,91] and Hu et al.[92] for a comprehensive
understanding of the topic. For the derivation of specific ther-
modynamic formulas, researchers can refer to the detailed de-
duction process in the original text (ref.[21]: “S2.14.5 Thermody-
namic Analysis” in the supplementary information of the paper
written by Yu; and ref. [92]: “Equation 3” in the paper written by
Hu et al.).

The solar conversion efficiency (𝜂) is defined as the ratio of
the thermal energy stored in steam to the overall solar flux
input, which can be expressed using the following equation
(Equation 1):

𝜂 =
(
m ⋅ hlv

)
∕
(
Copt ⋅ q0

)
(1)

m represents the mass flux of the evaporated water due to solar ir-
radiation per unit of projected area, per unit time; hlv is the total
enthalpy vaporization; Copt is the optical concentration of sun-
light irradiance; and q0 is the power of 1 sun irradiance per unit
area (1 kW m−2).

The total heat (hlv) required for transition of water to vapor state
includes sensible heat and latent heat in SVG systems.[93] Sensi-
ble heat (ΔHsen) changes the temperature of water without phase
change when heat is added or removed. It can be calculated as
follows:

ΔHsen = C ×
(
T − T0

)
(2)

C is the specific heat of water (4.18 J g−1 K−1); T0 is the original
temperature of water (K); and T is the stable surface tempera-
ture of the sample evaluated using infrared camera (K). The la-
tent heat of phase change (ΔHhlv) refers to the heat absorbed or
released by a unit mass of a substance from one phase to another
under isothermal and isobaric conditions. We also use the word
“enthalpy” (ΔHvap), synonymous with it, which is the required en-
ergy for liquid water at the steady-state evaporation temperature
to form the gaseous phase. This process is attributed to the cleav-
age of intermolecular interactions between water molecules, es-
pecially the hydrogen bonds (a detailed theoretical analysis is pre-
sented in the next paragraph). Considering that sensible heat is

less intense than latent heat, a reduction in energy demand sug-
gests lowering the evaporation enthalpy of water. The enthalpy
of evaporation is not only associated with the nature of the sub-
stance, such as the matrix and absorber, but also with the func-
tion of heated surface temperature (T), which is closely associated
with the vapor pressure of the substance. Therefore, these param-
eters should be considered when regulating the state of water in
an SVG system to obtain low evaporation enthalpy.

The evaporation enthalpy (H) depends on the cleavage of hy-
drogen bonds. Enthalpy can be calculated as follows:

H = E + pV (3)

H is the enthalpy; E is the internal energy; p is the pressure; and
V is the volume. The enthalpy of the gas phase can be calculated
as follows:

Hgas = Egas + pVgas (4)

The enthalpy for the liquid-water phase can be calculated as
follows:

Hl−water = El−water + pVl−water (5)

The internal energy formula is a summation of PE U and ki-
netic energy K, which can be calculated as follows:

E = K + U (6)

U can be further classified into intermolecular potential Uinter

(i.e., the PE between different water molecules) and the in-
tramolecular potential Uintra (i.e., the PE of the bonds within each
water molecule). This can be calculated as follows:

U = Uinter + Uintra (7)

After combining Equation 7 into Equation 6, the internal en-
ergy formulas for the gas and liquid-water phases are as follows:

Egas = Kgas + Ugas = Kgas + Uintra
gas + Uinter

gas (8)

El−water = Kl−water + Ul−water = Kl−water + Uintra
l−water + Uinter

l−water (9)

Uinter
gas and Uinter

l−water are the intermolecular PE between different
water molecules, and Uintra

gas and Uintra
l−water are the intramolecular PE

of the bonds within each water molecule in the vapor and liquid
water phase, respectively.

Substituting Equation 8 into Equation 4, we obtain:

Hgas = Kgas + Uintra
gas + Uinter

gas + pVgas (10)

For water vapor at room temperature at 1 atm, the intermolec-
ular potential is negligible, and we can consider water vapor as
an ideal gas, thus

pVgas = NkB T (11)

N is the number of water molecules; kB is the Boltzmann con-
stant; and T is the temperature.[94]
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Equation 10 could therefore be written as follows:

Hgas = Kgas + Uintra
gas + NkBT (12)

By combining Equation 5 and Equation 9, the enthalpy of liq-
uid water can be calculated as follows:

Hl−water = Kl−water + Uintra
l−water + Uinter

l−water + pVl−water (13)

By definition, the latent heat of water vaporization is the differ-
ence in enthalpy between the liquid phase and the gas phase:

ΔHvap = Hgas − Hl−water (14)

Substituting Equation 12 and Equation 13 into Equation 14,
the vaporization enthalpy is therefore as follows:

ΔHvap =
(
Kgas − Kl−water

)
− Uinter

l−water

+
(

Uintra
gas − Uintra

l−water

)
+
(
NkBT − pVl−water

)
(15)

At the same temperature, the kinetic energy of water molecules
in the liquid phase and gas phase is identical. Therefore, Kgas
− Kl − water = 0. The vibrational energy of bonds in each water
molecule should also be the same, irrespective of its phase; there-
fore, Uintra

gas − Uintra
l−water = 0.

For the same number of molecules, the volume of liquid
water should be lower than that of water vapor. Therefore,
NkBT =pVgas ≫ pVl − water.

Equation 15 can therefore be simplified to obtain the final for-
mula expressed as follows:[21]

ΔHvap = −Uinter
l−water + NkBT (16)

However, considering the influence of additional pressure
caused by surface tension on the enthalpy of evaporation, the sur-
face tension-driven pressure (ΔP) is expressed using the follow-
ing equation:[92]

ΔP = 4𝜎 cos𝜃
r

(17)

𝜎 is the water gas-liquid surface tension; 𝜃 is the contact angle;
and r is the pore radius. Using Equation 11, Equation 16 can be
presented as follows:

ΔHvap = −Uinter
l−water +

[
NkBT −

(
p + 4𝜎 cos𝜃

r

)
Vl−water

]
(18)

Equations 16 and 18 theoretically prove that evaporation en-
thalpy is linked with the intermolecular PE of water. Therefore,
the binding PE between water molecules should be reduced
to reduce the evaporation enthalpy. This is an effective way to
form weak hydrogen or non-hydrogen bonds, which can be
easily broken (partially or completely) during the water evapo-
ration process. Therefore, we propose the following strategies:
increasing IW content, constructing abundant large-sized water
clusters, or promoting the formation of capillary water that does
not entirely occupy pore space, which are schematically shown
in Figure 4a–c.

3.2. Increasing IW Content

In SVG systems, the most common evaporation structure is a
hydrophilic polymer network; therefore, in this section, we be-
gin with a hydrophilic polymer as an example. According to the
interaction between water molecules and hydrophilic polymers
or hydratable fibers, water is categorized as follows: FW, BW,
and IW (Figure 4a). Based on this principle, FW is combined
with the surrounding four water molecules whose structure is
the closest to that of pure water, and its interaction with poly-
mer chains or fibers can be neglected. On the contrary, BW con-
tains strong interactions with the polar functional groups of poly-
mer networks or fibers, presenting a stable structure. IW ex-
its between FW and BW, and connects to less than four water
molecules, exhibiting weak interactions with polymers and ad-
jacent water molecules.[95–97] Therefore, in consideration of the
difficulty in breaking hydrogen bonds, it is easier to evaporate
IW by harnessing less energy. The evaporation rate of IW is ca.
86 times faster than FW.[98] This can be attributed to the follow-
ing two reasons. The surface tension of IW is low due to the
smaller number of hydrogen bonds and the presence of weak hy-
drogen bonds, which could be partially or completely broken dur-
ing evaporation. Moreover, IW may have a higher localized tem-
perature and larger evaporation surface area than FW because it
is closer to the surface of the absorber, where it forms a confined
nanospace and provides abundant thermal energy continually.[99]

Therefore, it is an important strategy to lessen energy consump-
tion (less than that required for bulk water) for vapor generation
by increasing IW content, thus reducing evaporation enthalpy of
water.

3.3. Formation of Water Clusters

In nature, water does not exist as a single water molecule, but
several water molecules aggregate by hydrogen bonding to form
clusters. Water clusters are aggregates with specific configu-
rations and topological patterns formed by the inconsecutive
hydrogen-bonded structure of water molecules, and they can ap-
pear in ice, crystal lattice, and liquid water. To assess the number
and size of water clusters in steam generation, according to the
water cluster theory, it was reported that water can evaporate in
the form of a single water molecule or entire water clusters.[100,101]

The structure of a water cluster is dynamic, i.e., water molecules
are constantly joining or leaving a water cluster, and the size of
the water cluster is not constant. A water cluster usually consists
of more than two water molecules, which only break their hydro-
gen bonding with the surface when evaporating, whereas individ-
ual water molecules break all hydrogen bonds resulting in higher
energy demand (Figure 4b). Besides, the monomers (or smaller
clusters) of water molecules have comparatively higher velocity
than large-sized clusters,[100,101] according to velocity map imag-
ing and mass spectroscopy, which directly shows the requirement
of more energy to convert liquid-water to monomer-water-vapor
than that that for conversion of liquid-water to water-vapor clus-
ters.

Moreover, we can calculate the enthalpy of vaporization from
the absorber surface where water clusters are present in the vapor
phase. Enthalpy of liquid-vapor with water clusters can be written
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Figure 4. Diagram of water activation system: intermediate water, clustered water, and capillary water. a) Intermediate water possesses weaker hydrogen
bonds, b) clustered water evaporates integrally with multiple water molecules, and c) capillary water exposes more evaporation space.

as follows (ref. [21]: “S2.14.5 Thermodynamic Analysis” in the
supplementary information of the paper written by Yu et al.):[21]

Hvap−cluster = 𝜒Hgas + (1 − 𝜒) Hcluster (19)

𝜒 , vapor quality, is the population of water molecules in the vapor
phase, and Hgas and Hcluster are enthalpies of water vapor with
single molecules and clusters, respectively.

Furthermore, Equation 14 for water clusters can be expressed
as follows:

ΔHvap−cluster = Hvap−cluster − Hl−water (20)

Combining Equation 19, Equation 14 can be written in terms
of enthalpy change as follows:

ΔHvap−cluster = 𝜒Hvap + (1 − 𝜒)ΔHcluster (21)

which includes two parts: ΔHvap, already defined in Equation 14,
represents the enthalpy change for water to be fully vapor-
ized to gas phase, and ΔHcluster is the enthalpy change for a
cluster to escape from the network. Analogizing the deriva-
tion of Equation 16, the enthalpy of water clusters to vapor-
ize from the surrounding water molecules can be presented
as follows:

ΔHcluster = −Ucluster−water + NkBT (22)

− Ucluster − water is the energy required for clusters to escape from
water.

Combining Equations 20, 21, and 19, we obtained the follow-
ing formula for calculating evaporation enthalpy:

ΔHvap−cluster = −[𝜒Uinter
l−water + (1 − 𝜒) Uinter

cluster−water] + NkBT (23)

Adv. Mater. 2023, 35, 2212100 2212100 (12 of 41) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Evaluation of position and potential energy of water molecules during movement: a) one water molecule is completely evaporated, and b) one
water molecule presented in 10-water-clusters is vaporized. Reproduced with permission.[102] Copyright 2020, American Chemical Society.

Subtracting Equation 23 from 16, the following equation for
calculating the change in evaporation enthalpy is obtained:

ΔHvap−cluster − Δ Hvap = (1 − 𝜒)
[(
−Uinter

cluster−water

)
−
(
−Uinter

l−water

)]
(24)

Equation 24 exhibits that the evaporation enthalpy varies be-
cause of water clusters. Due to the difficulty in breaking hydrogen
bonds, a water cluster needs lesser energy per molecule to escape
from the neighboring liquid water than that required by a single
molecule. Therefore, −Uinter

cluster−water < −Uinter
l−water, and ΔHvap − cluster

< ΔHvap.
Through the derivation of the above formulas reported by Yu

et al.,[21] we can draw the conclusion that the evaporation of wa-
ter clusters can reduce enthalpy change compared to that of the
evaporation of an individual water molecule. Liu’s group com-
puted the PE and location evolutions of water clusters in a reverse
thermo-osmosis system; they also investigated the unstable state
of a water cluster.[102] The results elucidated that the PE of water
clusters was lower than that of FW molecules (Figure 5). There-
fore, cluster evaporation consumes lower heat energy than the
evaporation of a single water molecule at the same mass, thus
reducing the enthalpy of evaporation.

Therefore, water clusters are evaporated to a state with lower
enthalpy change than conventional latent heat.[21] Furthermore,
the activation of large-sized water clusters reduces the enthalpy of
vaporization because the escape of water molecules in the form
of clusters requires lower energy per unit mass than that required
by monomers.

3.4. Enhancement of Capillary Water Content

Based on the existing states of water in soil, we can classify wa-
ter in an evaporator system as follows: hygroscopic, film, capil-
lary, and gravitational water (Figure 4c).[54] When the water con-
tent is low, large amount of capillary water and a spot of hygro-
scopic/film water are present in the system, but gravitational wa-
ter is absent. Hygroscopic water is closely adsorbed on the sur-
face of the material, and the water film is a thin layer of water
attached around the hygroscopic water, which hardly interacts
with the material. However, when the water content is contin-
uously increased to its saturation or supersaturation point, the

content of capillary water and hygroscopic/film water decreases
and low amount of gravitational water can be observed. Gravi-
tational water almost completely fills the pore channels, limit-
ing the permeability and evaporation rate of water. Moreover,
high water content not only wastes solar thermal energy, but
also causes a decrease in surface temperature due to excess wa-
ter retention on the sample surface, which hinders the rapid
evaporation of water at the interface. In contrast, high content
of capillary water is observed when the water content and hy-
groscopic/film water in the system are delicately controlled. The
presence of capillary water prevents the micropores from being
completely blocked, thus exposing a larger space for effective
evaporation. The energy required to evaporate capillary water is
lower than that of pure water, thus assisting in decreasing va-
porization enthalpy. Moreover, capillary water content is not only
affected by water content, but also closely related to the ratio of
hygroscopic water to water film and the size of the capillary chan-
nel. Thus, a dynamic equilibrium could be achieved between the
water supply rate and the evaporation rate by controlling the wa-
ter feed. Based on these advantages, increase in the content of
capillary water with low evaporation energy requirement should
be targeted in the capillary channel, which can reduce the la-
tent heat of evaporation and lead to more effective evaporation
area.

Therefore, to achieve higher steam yields, the effective meth-
ods can be described as follows: First, IW content should be
increased in hydrophilic structures (such as gels and fibers)
because it has higher number of weak hydrogen bonds or
non-hydrogen bonds and escapes from hydrophilic networks
with less evaporation energy requirements. Second, liquid wa-
ter molecules should be assisted to vaporize in the form of clus-
ters by means of optimizing the structural design (details dis-
cussed in Section 4.2), which lowers the enthalpy of vaporiza-
tion. Finally, capillary water content in the pore structure should
be enhanced to form an unimpeded water evaporation process,
which will reduce obstruction in evaporation. It is worth men-
tioning that the mechanisms mentioned above often appear in
the same system and work in coordination to reduce the latent
heat of evaporation.[103] Taking advantage of IW and clustered
water, Sun et al. proposed a double-layered hydrogel evapora-
tor, called the Ag–PSS–AG/AG device, which was based on the
hierarchical component of plasmon absorber and agarose (AG)
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gel.[104] The identical AG skeleton consisted of an Ag–PSS–AG
layer on the top and a pure AG layer on the bottom. AG is rich
in hydrophilic hydroxyl groups, which can weaken the hydro-
gen bonds between water molecules, thus increasing IW con-
tent (specific reason will be analyzed later in Section 4.1). More-
over, the AG network provided a continuous mesh structure and
could form water clusters in the molecular mesh. The device ex-
hibited an outstanding water management performance, which
not only increased the content of IW, but also produced water
clusters in the AG mesh, leading to an ultralow vaporization en-
thalpy of 1591.12 kJ kg−1 in the dark experiment tests. In terms
of scale, the IW and clustered water mechanisms are based on
molecular scale, whereas those involving capillary water are on a
macroscopic scale. In terms of material synthesis, each mecha-
nism has its own advantages and disadvantages. The IW mech-
anism is commonly used for water activation and several subse-
quent studies have been conducted based on this mechanism. It
focuses on the synthesis and preparation of materials. Capillary
water was proposed on the basis of the capillary water found in
soil. Specifically, capillary water is formed by the surface tension
at the interface between water and air. The formation of capillary
water requires precise control of the water supply, therefore, a de-
vice fabricated based on the capillary water mechanism may be
relatively complex and expensive. However, capillary water can be
obtained without extra modulation of hydrophilic groups, mak-
ing material synthesis easy and increasing the available material
options. The characteristics of clustered water and its evapora-
tion mechanism have not been extensively investigated, whereas
capillary water can be observed using an optical microscope, and
IW can be characterized qualitatively and quantitatively using ad-
vanced technologies, such as Raman spectroscopy and Fourier
transform infrared spectroscopy (FTIR). However, there are few
studies about capillary water mechanism at present, which is also
worth exploring. Compared to that of traditional freshwater ac-
quisition technologies, the advantage of interfacial water evap-
oration is completely passive evaporation, i.e., additional energy
supply and mechanical moving parts are not required. Therefore,
it is imperative to find a more convenient and competitive water
activation mechanism.

3.5. General Calculation Methods and Characterization Analyses

3.5.1. Calculation of Equivalent Evaporation Enthalpy

Currently, two methods are used to calculate the equivalent en-
thalpy of evaporation, namely, the dark evaporation experiment
and differential scanning calorimetry (DSC) method. However,
the equivalent enthalpy obtained by these two methods is not the
same, which could be attributed to both work on different princi-
ples. The dark evaporation experiment assumes constant energy
input to establish an equivalence between pure water evaporation
and WEER system; the method is simple and allows preliminary
determination of the equivalent evaporation enthalpy. However,
its value reflects the non-complete dehydration of the WEER sys-
tem. The DSC test, which requires the use of an integral area, re-
flects complete dehydration of the steam as it is generated. In the
following paragraphs, we briefly explain the calculation methods
of these two tests.

For the dark evaporation experimental conditions, the energy
input is assumed to be constant. Pure water is taken as the stan-
dard sample, and the evaporation enthalpy of pure water is fixed
under specific temperature and pressure conditions. Only the
dark evaporation rates of pure water and samples need to be mea-
sured, i.e., the equivalent evaporation enthalpy of samples can be
obtained by one-step division. Specifically, the equivalent evapo-
ration enthalpy (Eequ) of water in the sample can be estimated us-
ing Equation 25 when vaporizing the water with identical power
input (Uin),

Uin = E0 m0 = Eequ mg (25)

E0 and m0 refer to the evaporation enthalpy and mass change
of bulk water, respectively; mg is the mass change of a sample
under dark evaporation experiment conditions.

It is worth emphasizing that this calculation is based on ideal-
ized assumptions. In fact, the energy input between two systems
in the estimation of evaporation enthalpy from Equation 25 has
not been proven to be equivalent. The evaporation mass trans-
fer process mainly depends on the solar flux and vapor pressure
difference.[105] In particular, unsaturated ambient humidity is an
important factor for evaporation under dark conditions, in which
case evaporation is a kinetically driven process. This process is
driven by the vapor pressure difference between the evaporation
surface and far-field ambient air. Specifically, in the dark evapo-
ration experiment, the vapor pressure of the evaporation surface
is saturated, which is higher than that of the far-field environ-
ment, and this vapor pressure difference drives the evaporation.
Therefore, we believe that the evaporation in this case originates
from the difference of vapor pressure between the evaporation
surface and the far-field ambient air. Moreover, the evaporation
surface uptakes heat energy from the atmosphere and bulk wa-
ter when the surface of the material is at a lower temperature.
Therefore, for two systems to possess identical energy input, it
is a prerequisite that they have identical surface temperature and
the thermal conductivity of the sample should be close to that of
pure water. However, it cannot be guaranteed that the two sys-
tems can ensure equivalent energy input through natural evapo-
ration. Therefore, the calculation method is not accurate enough
and needs further improvement.

Dark evaporation experiments can roughly demonstrate the
difference in evaporation enthalpies between a WEER system
and pure water, as per detailed DSC thermodynamic anal-
ysis. The DSC method is applied for the measurement of
evaporation energy of water; Figure 6a–f presents the thermo-
grams of different systems and pure water where the DSC sig-
nal magnitudes are proportional to the heat flow during the
measurements.[21,22,91,103,104,106–108] DSC measurements are per-
formed by investigating the evaporation process of water from T1
to T2 for a certain scan rate, under set nitrogen flow flux. Dur-
ing enthalpy tests, the sample is placed in an aluminum crucible
with a perforated lid. The changes in the heat flow signal of the
sample as a function of temperature are recorded. Bulk water is
represented in the curve by a sharp peak (Figure 6), and the heat
flow signal exhibits a downward trend dramatically after reaching
the maximum value due to the exhaustion of water for the evapo-
ration process. This indicates that the evaporation process of wa-
ter is instantaneous. Nevertheless, the peak of the sample with
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Figure 6. Thermograms of different evaporation systems and pure water exhibiting exothermic and endothermic peaks, where the DSC signals are
proportional to the heat flow during the measurements. a) Exothermic signals in hierarchically nanostructured polymer gels (HNGs) as per DSC.
Reproduced with permission.[21] Copyright 2018, Springer Nature. b) Endothermic signals in UCP-10 with confined water as per DSC. Reproduced with
permission.[106] Copyright 2020, Royal Society of Chemistry. c) DSC test curves of water in magnolia fruit. Heat flow is recorded as a function of time, and
the vaporization enthalpy can be calculated by accumulative area of heat flow and time. Reproduced with permission.[107] Copyright 2019, WILEY-VCH.
d) DSC curves of d1) evaporation and d2) melting behavior in cellulose. Reproduced with permission.[22] Copyright 2020, Elsevier. e,f) DSC curves exhibit
the melting behavior of water in carbon nanotubes (CNTs)/bacterial cellulose (BC) hydrogel and highly hydratable light-absorbing hydrogel (h-LAH) with
varying water contents. Reproduced with permission.[108] Copyright 2020, American Chemical Society. Reproduced with permission.[91] Copyright 2019,
American Association for the Advancement of Science.

reduced vaporization enthalpy is broader than that of pure wa-
ter, and the heat flow signal exhibits a gradual decay, demonstrat-
ing that the liquid evaporation in the sample is distinct from that
of pure water. The equivalent vaporization enthalpy can be esti-
mated by integrating the heat flux in the time range; in Figure 6c,
the straight line is chosen as the baseline for normalization.[107]

It should be emphasized that the enthalpy obtained by the
integral area of DSC curves is higher than that calculated via
the dark evaporation experiment, which is because they repre-
sent complete and slight dehydration from the swelled state, re-
spectively. In fact, the test results of the dark experiment are
more in line with practical desalination applications because wa-
ter molecules with weak hydrogen bonds continuously diffuse
to the liquid-vapor interface from the water reservoir. There-
fore, the dark experiment calculation value should be used in-
stead of the DSC measurement value when using Equation 25
to calculate the solar-thermal efficiency (if efficiency must be
calculated). However, the inaccuracy of the results obtained
through this formula cannot be ignored. Moreover, m0 and mg
vary with sample types and experimental conditions. To some
extent, the measured equivalent evaporation enthalpy is not
comparable.

3.5.2. Qualitative Analysis of IW Using the DSC Method

As mentioned above, the DSC method can be used to exhibit that
the state of water in an evaporation system with low evaporation
enthalpy is different from that in pure water. Moreover, the DSC
method simultaneously records heat flow as a function of time,
and the enthalpy of evaporation is calculated by the accumula-
tive area of normalized heat flow and evaporation time. Actu-
ally, DSC measurement can also reflect the water/ice behavior of
crystallization and melting, and obtain the vaporization exother-
mic (or endothermic) curve of water. Combining the FW/IW/BW
water model with the crystallinity of water, the crosslinked hy-
drophilic polymer network (e.g., polyvinyl alcohol (PVA), sodium
alginate (SA), chitosan.) exhibits different water states, namely
non-crystalline bound water, crystalline bound water, and bulk-
like water; this is in pace with the change in matrix types and
water content with different swelling degrees. They exhibit dif-
ferent thermodynamic properties. First, water forms a “hydrated
layer” around the polymer, which is called noncrystalline water
and is assigned to the BW.[109,110] Due to the strong interaction be-
tween polar groups of hydrophilic polymers and water molecules,
well-oriented hydrogen bonds are generated between polymers
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Figure 7. a) Deconvoluted vibrational band of a1) Raman spectrum of pure water and a2) normalized water in cellulose. Reproduced with permission.[22]

Copyright 2020, Elsevier. b) The O─H stretching modes of Raman spectra in PDMX@DW-4. Reproduced with permission.[111] Copyright 2021, Royal
Society of Chemistry.

and water molecules. Noncrystalline water cannot freeze even
if the temperature is extremely low because this prevents water
from moving to produce ice crystals during the cooling step. As
a consequence, the melting point cannot be detected in DSC sig-
nals. The amount of non-crystalline water directly depends on
the chemical characteristics of polar group sites. When the wa-
ter content is continuously raised to the threshold of crystalline
water, the content of non-crystalline water remains constant, and
crystalline bound water with a melting point >0 °C will appear in
the matrix, corresponding to IW. Bulk-like water, which is closely
connected with surrounding water molecules, presents higher
water content. Water molecules cluster to form small ice crys-
tals at 0 °C, and two exothermic peaks are observed in the DSC
scan. The two peaks merge to form a wider peak when the wa-
ter content is further improved to a supreme swelling degree. As
illustrated in Figure 6e, the BW molecules that strongly interact
with polymer chains form non-crystalline water. Therefore, an
endothermic peak is not observed during the test. The main en-
dothermic peaks in the curves are categorized into the melting
peaks of IW and FW.

3.5.3. Qualitative Analysis of IW Using Raman spectroscopy

Raman spectroscopy is extensively used for investigating the
O─H stretching of water molecules in the hydrogen bond re-
gion and for characterizing different types of hydrogen bonds
(Figure 7a,b). The vibrational band centered around 3300 cm−1

of water is fitted into four sub-peaks based on the Gaussian func-
tion, which can be used to analyze the change in the contents
of IW and FW. These peaks are classified as follows: 1) water
molecules with four hydrogen bonds, i.e., two protons and two-
electron pairs, involved in hydrogen bonding, assigned to FW; 2)
weakly or non-hydrogen-bonded water molecules, with cleaved
hydrogen bonds in part or entirely, corresponding to IW (details
from refs. 21 and 51 in the supplementary information of the
paper written by Yu et al.).[21,51] Among them, the peaks around
3200 and 3400 cm−1 are equivalent to in-phase bending vibra-
tion and out-of-phase vibration of FW collective aggregates, re-
spectively. The peaks at 3500 and 3600 cm−1 are similar to the
symmetric stretching and antisymmetric vibrations of hydro-

gen bonds formed by IW, respectively (Figure 7b).[111] Therefore,
the density percentage of water molecules in different hydrogen
bonding states can be obtained by calculating the area ratio of
each deconvoluted peak in the Raman spectrum.

As such, the vibrational band can be deconvoluted into five
vibrational bands related to different hydrogen bond networks.
Figure 7a shows the deconvolution of the Raman spectral band
for cellulose.[22] Guo’s team also verified that the five peaks of the
vibrational band correspond to DAA─OH (one donor and two ac-
ceptor hydrogen bonds), DDAA─OH (two donor and two accep-
tor hydrogen bonds), DA─OH (one donor and one acceptor hy-
drogen bond), DDA─OH (two donor and one acceptor hydrogen
bond), and FW molecules in a super-light-absorbing system.[58]

They can form zero, three, two, four, and two hydrogen bonds, re-
spectively. In bulk water, mainly DDAA─OH and DA─OH bonds
exist, and the DA─OH bond has lower energy than DDAA─OH.
Therefore, it can be transformed into other states with more hy-
drogen bonds.

Moreover, using both the redshift of FTIR and the decrease in
the average response time of O17 spin-lattice as per nuclear mag-
netic resonance (NMR), the formation of weak hydrogen bonds
can also be detected roughly (Figure 8).[112,113]

3.5.4. Quantitative Analysis of IW

Previous studies have evaluated the quality of water in different
states in water-swelling samples[114,115] by combining the process
of water steam absorption with vacuum filtration. The specific
process is described in detail as follows. The quality of FW is
evaluated based on the vacuum suction filtration process using
a microfiltration device that specifically filters the swollen poly-
mer saturated with liquid water, and the quality change before
and after filtration is recorded as the quality of FW. The mass of
hydrophilic polymer-BW is evaluated based on a water-vapor ab-
sorption experiment. Briefly, the dried polymer sample is placed
in a chamber filled with water vapor, without direct contact with
liquid water, so that the sample only absorbs water vapor to form
polymer-BW. After the mass change reaches a steady state, the
mass of BW is evaluated by increase in the sample mass. Finally,
IW content is determined by evaluating the difference between
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Figure 8. FTIR spectrum of a) polyacrylic acid-polypyrrole cryogels and the redshift of C═O stretching vibration. Reproduced with permission.[112]

Copyright 2021, Royal Society of Chemistry. b) Water in cellulose nanofiber and conductive metal-organic framework (CCM) film. Reproduced with
permission.[113] Copyright 2021, Royal Society of Chemistry.

the mass of the samples after water-vapor absorption and filtra-
tion processes. It is because the initial mass of the sample is the
sum of the dry sample, IW, and BW masses after vacuum suction
filtration, whereas the final mass is the total mass of the dry sam-
ple and BW after the water-vapor absorption experiment. There-
fore, the mass of IW can be recorded by subtracting the two mass
values. It is worth noting that FW is not considered in this calcu-
lation, for that BW and IW are unconnected water, whereas FW
is considered connected water.[116]

Moreover, DSC can be used to determine the ratio of IW to FW.
The following formulas are summarized in order to calculate the
ratio of different water types. For detailed formulas, please refer
to the original text (ref. 91: “S2.2.1. DSC measurement of bound
water content in h-LAHs” in the supplementary information of
the paper written by Yu et al.).[91] The vaporization enthalpy ΔH
if supercooled water with melt-down temperature T is expressed
as follows:

ΔH (T) = ΔH (273) −

273

∫
T

ΔCpdT (26)

ΔH(273) represents the melting enthalpy of pure water, and ΔCp
is the difference in heat capacity between subcooled water and
ice. Vaporization enthalpy ΔH(T) (J/g) can be estimated as fol-
lows:

ΔH (T) = ΔH (273) + 2.119 ⋅ ΔT − 0.00783 ⋅ ΔT2 (27)

ΔT is the temperature difference between the melt-down tem-
perature of subcooled water (T) and the freezing point of normal
water (T273). Therefore, BW content (QB) can be calculated as fol-
lows:

QB =

(
W −

ΔQobs
I

ΔH (T)

)/
Wd (28)

W and Wd refer to the weight of water in the sample with re-
duced enthalpy and the corresponding dried sample, respectively,
and ΔQobs

I is the experimental value of IW calculated using DSC
method.

The weight of IW (wI) fraction can be estimated as follows:

wI = ΔQobs
I ∕

(
ΔH (T) × wwater

)
(29)

wwater represents the overall water weight.
The weight of FW (wF) fraction can be estimated by a similar

formula:

wF = ΔQobs
F ∕

(
ΔH (T) × wwater

)
(30)

ΔQobs
F is the experimental value of FW.

Therefore, the weight of BW (wB) fraction can be calculated as
follows:[91]

wB = 1 − wF − wI (31)

Therefore, the content of IW in the evaporation system
can be roughly calculated based on water-vapor absorption
and filtration processes. The ratio of different states of water
can also be obtained using DSC and corresponding equations
(Equations 29–31).

3.5.5. Qualitative Analysis of Water Clusters Using Nonvolatile
Electrolyte Lithium Chloride (LiCl)

DSC and Raman spectroscopy qualitatively and quantitatively an-
alyze the obvious changes in IW in the activation system, respec-
tively. Moreover, these methods have revealed that the state of
water in a WEER system is different from that of pure water.
However, it is impossible to determine whether water clusters are
involved in the process of water vaporization from a more micro-
scopic point of view. To further verify the state of water (in the
network) during evaporation (i.e., single water molecule or wa-
ter cluster), inductively coupled plasma mass spectrometry (ICP-
MS) can be used to evaluate the concentrations of ions collected
from the steam in condensed water. Clustered water can capture
non-volatile electrolyte LiCl;[117–119] thus, it is added to the initial
bulk water to indicate the amount of steam escaping from liquid
water. In the traditional desalination system (Figure 9a),[21] with
the addition of LiCl, the concentration of Li ions in condensed

Adv. Mater. 2023, 35, 2212100 2212100 (17 of 41) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 9. Schematic diagram of a1) (HNG-based evaporator and a2) traditional evaporator. a3) Concentration of Li ions in condensate obtained from
LiCl solutions with different concentrations. Reproduced with permission.[21] Copyright 2018, Springer Nature. b) Conceptual schematic of the pho-
tomolecular effect. Reproduced from “Photomolecular Effect Leading to Water Evaporation Exceeding Thermal Limit.”[55] Copyright from Yaodong Tu,
Jiawei Zhou, Shaoting Lin, Mohammed AlShrah, Xuanhe Zhao, and Gang Chen. c) The photomolecular effect: c1) process and c2) energy conservation.
Reproduced from “Photomolecular Effect: Visible Light Absorption at Water-Vapor Interface.”[56] Copyright from Yaodong Tu, and Gang Chen.

water did not change obviously, indicating the movement of in-
dividual water molecules. In contrast, the concentration of Li ions
increased significantly in the WEER system due to the presence
of several water clusters. In brief, the addition of non-volatile elec-
trolyte LiCl to bulk water followed by ICP-MS analysis is an effec-
tive method to demonstrate the existence of water clusters.

To sum up, by integrating theoretical calculations, thermody-
namic analysis, and vibration spectrum, we can obtain relevant
information about water in different states and the value of equiv-
alent evaporation enthalpy in the WEER system. However, the
current research does not provide suitable methods to quantita-
tively analyze the influence of polar groups of various polymers
on the water content in each state; hence, this should be investi-
gated in future studies.

Chen et al. introduced a new concept related to the evaporation
of water clusters. They put forward the use of the photomolecu-
lar effect in order to interpret the mechanism of water evapora-
tion exceeding the theoretical thermal limit (Figure 9b, c).[55] In

detail, they hypothesized that photons could cleave water clus-
ters from the surface of the hydrogel material, which can evapo-
rate into vapor. They further categorized the photomolecular ef-
fect into internal and external photomolecular effects, and em-
phasized the influence of the external photomolecular effect on
the improvement of evaporation rate, whereas the internal pho-
tomolecular effect referred to the recondensation of steam when
water clusters present deep in the gel were cleaved. Moreover,
they suggested that the photomolecular effect depended on the
wavelength of sunlight, especially at a certain wavelength in the
visible-light region, as the largest water cluster could be excited
at this wavelength. Therefore, high evaporation rate even beyond
the theoretical thermal limit could be achieved through this sys-
tem. Although the reason behind this effect has only been qualita-
tively explained, the effect provides another direction for investi-
gating the thermal limit of evaporation. Based on the discovery of
the photomolecular effect, Chen further introduced the concept
of thermodynamic pressure into the Flory free energy theory and

Adv. Mater. 2023, 35, 2212100 2212100 (18 of 41) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2023, 47, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202212100 by C
ochrane France, W

iley O
nline L

ibrary on [08/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advmat.de

re-derived the thermodynamic equilibrium conditions for the hy-
drogel/solution interface.[120] The study reported that the reason
behind reduction in evaporation enthalpy in the hydrogel system
was due to the higher thermodynamic pressure and enthalpy of
the water molecules inside it compared to that in pure water.
Thus, the evaporation of the hydrogel system would be higher
than the thermodynamic limit of pure water evaporation. This
thermodynamic theory was another avenue that should be ex-
plored for elucidating various methods for reducing the evapora-
tion enthalpy of hydrogel systems and encouraged the simultane-
ous investigation of theoretical processes and microscopic mech-
anisms behind the evaporation process.

In addition to focusing of the enthalpy of evaporation, Zhu’s
team considered optical power, evaporation rate, and enthalpy
in SVG systems as important parameters.[63] Evaporation rate
is an important index to judge the evaporation performance of
SVG systems. However, limited studies have established a set of
standards for accurately and systematically calculating evapora-
tion rate. We propose two main parameters for the calculation of
evaporation rate. First, the evaporation area, i.e., whether the ac-
tual evaporation area or the projected area is used to calculate the
evaporation rate. For 2D planar evaporators without side evap-
oration, the projected area of evaporator is equal to the actual
evaporation area, thus excluding any scope of error in the cal-
culation. For 3D evaporators, light absorption occurs only by the
top 2D plane, whereas the actual evaporation area is not confined
to just the upper surface. When the temperature of the side (ver-
tical surface) of the evaporator is lower than the ambient temper-
ature, additional evaporation through the side occurs absorbing
by energy from the environment. In this case, the actual evap-
oration area is larger than the projected area of the evaporator.
This suggests that the evaporation rate is inaccurate using either
area; because the side of the evaporator does not absorb solar en-
ergy, the calculated evaporation rate will be lower than the actual
evaporation rate. Therefore, to compare the evaporation rates of
various materials, we have listed the evaporation rates calculated
using two different areas in Table 1 for reference. Among them,
“ER” represents the calculated rate according to the projected
area, whereas “ER” is the re-estimated rate according to the actual
evaporation area. Second, whether the evaporation rate measured
under light radiation conditions should be subtracted from the
dark rate. This could depend on whether the temperature of the
evaporation surface is lower than the ambient temperature. For
photothermal absorption surfaces where the surface tempera-
ture is higher than the ambient temperature, the evaporation rate
should not be subtracted from the dark evaporation rate. Con-
versely, for the side (vertical surface) where the surface temper-
ature is lower than the ambient temperature, additional energy
input is obtained from the environment during evaporation, so
the actual evaporation rate should be calibrated by subtracting the
dark evaporation rate. Therefore, we use two symbols “(+)” and
“(-)” in Table 1 to represent the evaporation rate of subtracted and
un-subtracted dark evaporation rates reported in the literature,
respectively.

4. Water State Adjustment

The WEER system exhibits higher steam production with low en-
ergy consumption in interfacial freshwater generation. Further-

more, the intermolecular forces and hydrogen bond network of
water can be changed[121–127] to alter its state and phase transi-
tion behavior (Table 1) by optimizing material selection, prepa-
ration strategy, structural regulation, and other factors, to ob-
tain first-rank evaporation rate. In this section, we expand on
the discussion of the previous section, and outline the research
progress in the field of formation of IW, clustered water, and
capillary water, as well as some unique structural designs of
evaporators.

4.1. IW Content

Appropriate materials (including matrix and photothermal ma-
terials), elaborate structural design, and outstanding wettability
properties (such as inhomogeneous wetting surface and super-
hydrophilic surface) are important determinants of an SVG sys-
tem, and increased IW content and lower vaporization enthalpy
of the evaporation system are the two other parameters. IW
content can be directly increased by using a matrix with inher-
ent hydrophilic groups or photothermal materials, which can
introduce additional hydrophilic sites to make the system hy-
drophilic as a whole. The polar groups of these materials form
weak hydrogen bonds with the surrounding and adjacent water
molecules, thus increasing the IW content. Alcohols (ROH), car-
boxylic acids (RCOOH), amides (RCONH2), ketones (R2C═O),
and other materials (note: R represents other groups) are rich
in hydrophilic groups, such as hydroxyl (─OH), carboxylic acid
(─COOH), amine (─NH2), sulfonic acid (─SO3H), carbonyl
(C═O), epoxy (─CH(O)CH─), and aldehyde groups (─CHO). In
this section, we discuss the following five categories of materi-
als that are equipped with a hydrophilic skeleton: polymer hydro-
gel/foam, cellulose hydrated membrane, carbon-involved mate-
rial, biomass-based material, and other emerging skeletal mate-
rials. We also summarize the effect of the structural design of
Janus/non-uniform wetted surfaces on the evaporation enthalpy.
Only some representative materials/structures and their perfor-
mances are listed.

4.1.1. Polymer Hydrogel/Foam

Polymer and copolymer hydrogels (Figure 10a–g) are potential
candidates for matrix materials in seawater desalination systems
ascribed to their inherent characteristics of porosity, low den-
sity, and super-hydrophilicity. Moreover, their excellent swelling
property makes it possible to regulate the water state. PVA gel,
which has a large number of ─OH hydrophilic groups for water
activation, has been widely investigated as a popular crosslink-
ing polymer.[12,61,62,128–133] Yu’s team designed a series of SVG
systems with excellent performance based on PVA and differ-
ent absorbers. Owing to the interaction between ─OH of PVA
and water molecules, the hydrogen bond of surrounding water
molecules was weakened to generate the IW, thus lowering the
latent heat of water evaporation. In 2018,[21] they added a polypyr-
role (PPy) absorber into the PVA matrix to form an HNG network
and reported that upon changing the weight ratio of PVA to wa-
ter, the state of water in the porous hydrogel could be regulated.
Ultimately, the optimal HNG-3 exhibited an unprecedented va-
por generation rate of 3.2 kg m−2 h−1. Furthermore, considering
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Figure 10. Polymer hydrogel/foam. a1) Schematic diagram depicting the functional mechanism of hybrid hydrogel evaporators (HHEs) and adsorp-
tion of ions. a2) The water vaporization rate ratio (1/M) of HHEs under dark conditions and corresponding equivalent enthalpy. Reproduced with
permission.[134] Copyright 2020, Wiley-VCH. Schematic illustration of the functional mechanism of b) the LASH evaporator comprising Ti2O3 nanopar-
ticles and PVA and c) the h-LAH-based evaporator consisting of PPy absorbers and PVA–chitosan matrix. Reproduced with permission.[131] Copyright
2019, American Chemical Society. Reproduced with permission.[91] Copyright 2019, American Association for the Advancement of Science. d) Three
states of water in hierarchical porous hydrogel (HPH) marked with different colors. Reproduced with permission.[145] Copyright 2020, Royal Society
of Chemistry. e) Schematic diagram of hydrogen bonding between functional groups and water molecules in hypercrosslinked polymeric networks
(HPN). Reproduced with permission.[79] Copyright 2022, Wiley-VCH. f1) Photographs of untreated pure wood flowers and plasma wood flowers, and
f2) equivalent enthalpy of evaporation obtained under dark experimental conditions. Reproduced with permission.[141] Copyright 2020, Elsevier. g)
Differential scanning colorimetry (DSC) curve and fitting curve of MOS2/SA@MF hybrid sponge. Reproduced with permission.[57] Copyright 2021,
Elsevier.

the aggravation of heat diffusion loss due to polymer absorbers,
they proposed the replacement of dispersive polymers with Ti2O3
nanoparticles as the solar absorber and fabricated a sponge-like
gel, denoted as LASH (Figure 10b).[131] The design presented in
the LASH gave full play to the synergistic effect of energy man-
agement and water regulation because it confined the heat energy
on the surface, decreased the content of heated bulk water, and
lowered the equivalent enthalpy values to 1553 kJ kg−1 (as per the
DSC method). Therefore, the evaporation rate of this system in-
creased to 3.6 kg m−2 h−1, which was more prominent than that
of other SVG evaporators. In addition, a hybrid hydrogel evap-
orator named HHE with excellent performance was developed
(Figure 10a).[134] The ─OH of PVA and konjac glucomannan ma-
trix in the HHE can not only improve the hydration ability and
further reduce latent heat of evaporation, but also excess ─OH

can form chelate bonds with heavy metal ions, thus realizing
the removal of heavy metal ions and the degradation of organic
dyes.

Recently, various hydrophilic polymers such as
chitosan,[135–138] SA,[57,79,139] AG,[104] polyacrylamide (PAM),[139]

isopropyl acrylamide (PNIPAM),[140] polydopamine
(PDA),[138,141] polyacrylic acid (PAAc),[112,142] poly sodium
acrylate (PSA),[116] etc.[143,144] have been used to adjust the
state of water. Xiao et al. prepared MoS2/SA@melamine foam
(MoS2/SA@MF) hybrid sponge (Figure 10g),[57] in which SA
hydrogel firmly fixed MoS2 nanoflowers on the MF even after the
flushing-through test for 30 days and improves hydrophilicity;
its inherent ─OH and ─COOH groups increased the IW ratio
of the skeleton and reduced the latent heat of water. Inspired
by the fact that the ─COOH groups of PAAc can activate water

Adv. Mater. 2023, 35, 2212100 2212100 (24 of 41) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2023, 47, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202212100 by C
ochrane France, W

iley O
nline L

ibrary on [08/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advmat.de

molecules, PAAc–PPy cryogel, a low-temperature gel, was de-
veloped by He’s team.[112] This cryogel generated higher levels
of IW, which made evaporation easier. Moreover, its ─COOH
groups could form hydrogen bonds with polar functional groups
of photothermal materials, ensuring uniform distribution and
good combination of photothermal materials. Chen et al. loaded
silver nanoparticles coated with dopamine on wooden flow-
ers (Figure 10f) and fabricated an evaporator material called
Ag@PDA-F, which exhibited high efficiency of 97.0% and an
evaporation enthalpy of 1678.09 kJ kg−1; this can be attributed
to polar groups of PDA. Similarly, Zhou’s group fabricated a
light-absorbing hybrid polymer hydrogel, termed h-LAH, using
chitosan and PVA as the hydration skeleton (Figure 10c).[91]

h-LAH5 exhibited minimum latent heat, but its evaporation rate
and efficiency were lower than those of h-LAH4 because overtop
saturated water content increased energy demand for heating
bulk water instead of evaporating interface water. Subsequently,
the surface temperature of h-LAH5 rose slowly. Thus, they es-
tablished that only evaporation enthalpy could not be considered
a standard to measure vaporization performance of the WEER
system. Other factors, such as the saturated water content of
samples and surface temperature response time, should be
comprehensively discussed.

It is worth mentioning that polyelectrolyte gels with ionizable
groups are also used in SVG systems. Taking advantage of its abil-
ity to capture counter ions in the solution, Zhu et al. complexed
negatively charged poly(sodium p-styrenesulfonate) (PNaSS)
and positively charged poly(3-(methacryloylamino)propyl-
trimethylammonium chloride) (PMPTC) into a polyion com-
posite gel (PIC hydrogel).[145] Then, the polyaniline (PAni)
absorber was polymerized in situ and crosslinked by acrylic acid
to prepare hierarchical porous hydrogel (HPH). The interac-
tion between oppositely charged polyions and mobile ions in
the brine regulated the state of water (Figure 10d), endowing
PICs with admirable hydration ability, thus increased amount
of IW was generated. The IW:FW of HPH in 3.5 wt% brine
was approximately 0.5, whereas the ratio in bulk water was
only 0.21. Raman spectroscopy elucidated that under different
salt concentrations, water is activated on the basis of the ions
trapped by a polymer with opposite charge, but the degree of
activation is distinct. This is because the ion-modified hydration
property of the gel depends on the competitive interactions
between PIC-water and ion-water. As the salt concentration
increases, the ion-water interactions become dominant, and
IW content slightly decreases. Recently, Yu’s team proposed a
super water-extracting gel (SWEG) for removing VOCs, which
was fundamentally different from traditional hydrogels.[79] The
SWEG could directly separate VOCs and water at the molecular
level to regulate the water content of the gel, thus high content
of FW could be avoided and energy requirement for water evap-
oration can be lowered. This was because the gel is rich in ─OH
and ─COOH groups, which could form strong hydrogen bonds
with water molecules; therefore, the water molecules formed
weak hydrogen bonds with their adjacent water molecules
(Figure 10e). These examples demonstrate that polymer gels
can produce higher amount of activated water and accelerate
liquid dynamics, thus provide a new way to develop next gen-
eration SVG systems in possession of enhanced desalination
performance.

4.1.2. Carbon-Based Materials

Several types of carbon-based materials have been developed due
to the abundance of carbon in nature; different types of carbon-
based materials with high sunlight absorption ability and low
cost are available. These properties of carbon-based materials en-
able SVG systems to achieve high evaporation rates. Therefore,
they have been used in solar-powered interfacial desalination
systems (Figure 11a–e). To date, many relevant comprehensive
reviews are present on this topic.[146–148] Similar to hydrophilic
gels, carbon-based materials (especially reduced graphene ox-
ide (rGO); Figure 11b) can facilitate IW formation due to their
─OH and C═O polar groups and can reduce the evaporation en-
ergy demand. rGO hydrogels,[149] rGO/PVA composite gels,[51]

and rGO/MXene hybrid gels[150] also reduce the evaporation en-
thalpy of water. For instance, Zang et al. developed a hybrid mem-
brane based on nanofibrous hydrogel-rGO (NHrG) by mixing
rGO flakes in the nanofiber network instead of depositing them
on the surface of the membrane (Figure 11a).[99] They observed
that the ratio of IW in the NHrG membrane gradually increased
because of the presence of oxygen-containing functional groups
of GO and the narrow surface area of rGO sheets. Moreover, with
increased GO loading, more oxygen-containing groups become
available and form weakly hydrogen-bonded water molecules,
thus lowering the evaporation enthalpy of the hybrid film. Fur-
thermore, the introduction of rGO nanosheets produced a more
limiting surface, reduced the size of large cavities and created a
usable nano space, which contributed to the generation of IW.
To understand the underlying mechanisms responsible for reg-
ulating interfacial vaporization, Zang et al. investigated the func-
tional relationship between saturated water content in the mem-
brane and the change in evaporation enthalpy; if IW and FW
had an equal chance of evaporation at the interface of the mem-
brane, the measured enthalpy of evaporation should increase as
the saturated water content of the membrane increases. However,
the evaporation enthalpy basically remained unchanged for 10–
90% saturated water content, but varied with GO loading in the
NHrG membrane, and was lower than that of bulk water. Thus,
IW evaporation has higher priority than FW evaporation. Addi-
tionally, carbon nanotubes (CNTs) have been extensively investi-
gated because of their particular photothermal conversion abil-
ity and large specific surface area. Although CNTs do not pos-
sess ─OH groups on their surface, they exhibit the absorbance
ability of light-thermal materials and expose more channels for
evaporation (by reason of a larger effective area), which reduces
the challenges faced in water evaporation in SVG systems. Han
and co-workers developed a sandwiched GO/CNT@PIL (GCP)
membrane (Figure 11c1), demonstrating the great potential to
interlink CNTs and GO.[151] Compared to that in bulk water, the
number of hydrogen bonds in the GCP membrane decreased,
and the distance between the bonds increased (Figure 11c2,c3).
CNTs also provided more evaporation space for water fluid. More-
over, the energy demand was 20% lesser than that of vaporization
energy typically required in bulk water in the GCP membrane.

Recently, 0D carbon dots (CDs) with multiple oxygen-related
groups on the surface, fabricated by selective etching of warm
coal pitch ultrafine powder, have attracted attention. Unlike 2D
graphene and CNTs, CDs possess specific structural defects and
heteroatoms that endow them with lower thermal conductivity,
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Figure 11. Carbon-based materials. a) Structure of NHrG membrane and its water activation mechanism. Reproduced with permission.[99] Copyright
2021, Elsevier. b) Image of rGO hydrogel membrane. Reproduced with permission.[149] Copyright 2020, Wiley-VCH. c) Activation mechanism of c1) GCP-
x interfacial evaporation membranes, c2) hydrogen bonding configurations between GO nanosheets, and (c3) radial distribution functions of different
types of hydrogen bond lengths. Reproduced with permission.[151] Copyright 2021, Elsevier. d) Schematic illustrations of d1) electronic-level structures of
CD assemblies, d2) CDs and VAAFs@CDs under UV lamp, and d3) top view of VAAFs@CDs-T using scanning electron microscopy (SEM). Reproduced
with permission.[156] Copyright 2021, Elsevier. e) Latent heat curve with respect to pore size. The inset shows that the water around CD is confined in a
narrow nano space. Reproduced with permission.[155] Copyright 2019, Elsevier.

which can be exploited to minimize heat conduction losses in
SVG systems. The photothermal principle of CDs resembles that
of semiconductor quantum dots. During the assembly of CDs,
a series of new sub-energy levels are generated at the interface
due to the interaction between oxygen-containing groups on the
surface. Electrons are induced to produce non-radiative recom-
bination centers that quench fluorescence and release energy,
thus successfully realizing photothermal conversion.[152–154] Hou
et al. assembled CDs with processed wood to prepare CDs@wood
evaporator.[155] The surface of the CDs contains polar groups
such as ─OH, ─COOH, and C═O, and the rough surface inside
the wood was beneficial for the adhesion of the CDs. The evap-
orator was equipped with a double-layered thermal insulation,
water transmission path, and could synchronously achieve effi-
cient photothermal conversion rate of carbon spots. Another re-
search group exploited benzoic anhydride (BA), phenyl hydrazine
(PH), and 2-bromo-1-phenylethanone (BrPE) to selectively re-
move ─OH, C═O, and ─COOH groups, respectively, to inves-
tigate the effect of different oxygen-containing groups on min-
imizing the vaporization enthalpy. They reported that the mass

change of the CDs/BA after removing the ─OH groups could be
more obviously compared with that of CDs/PH and CDs/BrPE,
which validated that ─OH groups played an indispensable role in
evaporation. Ulteriorly, oxygen atoms were eliminated from dis-
parate oxygen-related functional groups using deoxidizer N2H4,
and it was found that the mass change was more significant.
Therefore, the content of oxygen atoms in ─OH groups acted
as a determinant of evaporation performance of a material. Be-
sides, in line of the classical phase transition theory of surface
tension-guided pressure, the team considered additional pres-
sure of nano-size induced droplets passing through the curved
interface. CDs induced the formation of smaller pore diameter
(as indicated in Equation 18 in Section 3.1) and decreases evap-
oration enthalpy (Figure 11e). In 2021, Hua’s team made use
of the hydration structure of acetate fiber and the shell com-
posed of oxygen-containing groups around the surface of CDs,
which led to increased formation of weakly hydrogen-bonded IW,
and the evaporation enthalpy was only 1301 kJ kg−1 under dark
experiments (Figure 11d).[156] However, very less attention has
been paid to the application of CDs in lowering the vaporization
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Figure 12. Cellulose hydrated membrane. a) Schematic illustration of a1) HSSG device and a2) different states of water molecules and their modes
of bonding in the CNTs/BC network. Reproduced with permission.[108] Copyright 2020, American Chemical Society. b) Horizontal view of Woodpile’s
surface b1) after absorbing water and b2) after water transportation. Reproduced with permission.[22] Copyright 2020, Elsevier. c) Diagram of c1) water
activation mechanism for IW generation in BNC hydrogel, c2) top BNC/black titania (BNC/BT) composite layer for light absorption, and c3) bottom
pure BC layer. Reproduced with permission.[157] Copyright 2021, American Chemical Society. d) Schematic representation of vapor generation system
of porous carbon/pulp fiber-20 (PCP-20) membrane and connection between water molecule and paper pulp fiber. Reproduced with permission.[158]

Copyright 2022, Springer Nature.

enthalpy triggered by ─OH and ─COOH groups; therefore, fur-
ther comprehensive investigation is required to exploit the advan-
tages of CDs in developing efficient SVGs.

4.1.3. Cellulose Hydrated Membrane

Previous sections establish that the major focus in this field is
on modifying hydrophilic polymer gel/foam; however, cellulose
membranes (Figure 12a–d) have not been sufficiently investi-
gated. Similar to porous polymer hydrogel, fibrous hydration ma-
terials (such as acetate fibers) are inherently highly hydrated.
In detail, a myriad of scientists has proposed that more ─OH
groups can be obtained from bacterial nanocellulose (BNC) and
cellulose acetate to form activated water, which permits water to
evaporate at a lower energy cost. Compared with polymers that
decompose and wrinkle easily under high solar power density,
cellulose has a robust structure with higher mechanical stabil-
ity, which guarantees the durability of an SVG system. In 2020,
Yu’s team designed a layered structure called HSSG using the
aerosol-assisted biosynthesis method (Figure 12a).[108] They re-
ported that the introduction of bacterial cellulose (BC) hydrogel
could decrease the evaporation enthalpy of water to 997 J g−1,
which was 60% lower than that of pure water. Furthermore, the
content of weakly hydrogen-bonded IW in BC hydrogel was as
high as 69%, which significantly weakened the hydrogen bonds
between IW molecules and reduced the overall energy require-
ment for the water evaporation process. Similarly, Nabeela et al.

embedded black titania into BNC and fabricated a double-layered
hydrogel named PTFb (Figure 12c), which reduced the latent heat
of evaporation due to the BNC–water interactions.[157]

Apart from this, Hao et al. developed porous carbon/pulp fiber
(PCP-x) hybrid membranes with ─OH group-rich pulp fibers
(Figure 12d) and reported that the membrane considerably re-
duced evaporation enthalpy by virtue of the IW generated via
hydrophilic ─OH groups.[158] Moreover, Koh et al. deacetylated
ethyl acetate to obtain regenerated cellulose, which promoted a
hydrated structure to produce more ─OH groups (Figure 12b).[22]

The water molecules exhibited more order locally, resulting in
higher number of weak hydrogen bonds in the hydrated and
regenerated cellulose than in bulk water. Higher number of
─OH hydrophilic surface functionalities made the cellulose net-
work extremely susceptible to becoming hydratable and gener-
ated higher IW levels. Moreover, fibrous materials could over-
come the disadvantage of poor performance of polymer hydro-
gel structure under high solar flux; therefore, cellulose hydrated
membranes should be the focus of studies on evaporator devel-
opment in the future.

4.1.4. Biomass-Based Evaporator

In order to settle the challenge of expensive and complicated
preparation of photothermal materials, plenty of low-cost materi-
als receive immense interest used as alternatives (Figure 13a–g).
Recently, several studies have investigated biomass materials,
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Figure 13. Biomass-based and other skeletal materials for evaporators. a) Diagram of natural wood and p-TsOH-catalyzed wood after hydrothermal
treatment. The treated wood contains more hydrophilic functional groups, such as ─SO3H, ─OH, and ─COOH, promoting water activation. Repro-
duced with permission.[161] Copyright 2020, Elsevier. b) Schematic representation of the existing forms of normal water molecules and activated water
molecules in corn stalks, accompanied by the change of distance. Reproduced with permission.[164] Copyright 2020, Royal Society of Chemistry. c) Evap-
oration enthalpy reduction mechanism in hierarchical PAN@CuS fabric. Reproduced with permission.[174] Copyright 2021, American Chemical Society.
d) Hydrophilic groups in a leaf. Reproduced with permission.[165] Copyright 2020, Wiley-VCH. e) Structure of PDMX@DW and its water activation mech-
anism. Reproduced with permission.[111] Copyright 2021, Royal Society of Chemistry. f) Schematic diagram of wood-based interfacial water evaporator
named SUC-700@W. Reproduced with permission.[160] Copyright 2021, Elsevier. g) Statistics of equivalent enthalpy and evaporation rate of water in
biomass materials under dark evaporation experiment conditions. Reproduced with permission.[164] Copyright 2020, Royal Society of Chemistry.

including wood (Figure 13f),[111,159–163] corn stalks
(Figure 13b),[164] leaves (Figure 13d),[165] cattail,[166] bones,[110]

cuttlefish ink,[167] and sucrose,[168] and other biomass[169,170]

(Figure 13g), which are being used as burgeoning materials.
Different types of synthesis methods such as alkali treatment,
delignification, carbonation, oxygen plasma catalysis, and acid
treatment can be used to enhance the hydrophilic functionalities
of the raw material.

Generally speaking, untreated wood is composed of cellu-
lose, hemicellulose, and lignin, where the mutual repulsion
of hydrophobic lignin makes it difficult for water to enter the
pores of the fibers to form evaporative IW. Therefore, the orig-

inal wood cell wall is delignified using sodium hydroxide so-
lution or by the hydrothermal method to expose hydrophilic
─OH─ and ─COOH─ groups containing cellulose, which is
beneficial to the formation of weak hydrogen bonds and de-
creases the water vaporization enthalpy. At this point, Chen
et al. integrated PDA, MXene, and delignified wood (DW)
with a high-cellulose skeleton to obtain a hierarchical evapo-
rator (PDMX@DW; Figure 13e).[111] The hydrophilic ─OH po-
lar groups within delignified wood could interplay with wa-
ter molecules and change the hydrogen-bonded state of wa-
ter, thus allowing water to evaporate at a lower energy cost.
It turned out that easily disconnected hydrogen-bonding IW
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triggered by PDMX@DW was the origin of decreasing evapora-
tion enthalpy. In another study,[161] hydrothermal treatment with
p-toluenesulfonic acid (pTsOH) was performed to lower vapor-
ization enthalpy (1860 J g−1) because the treatment exposed sev-
eral polar hydrophilic functionalities such as ─OH, ─SO3H, and
─COOH (Figure 13a), which directly reduced the water vaporiza-
tion enthalpy of wood. Besides wood, the combination of ─OH
groups of corn stalk (Figure 13b) and water molecules weakened
the Van der Waals force between other water molecules and re-
duced the energy needed to form water vapor. These studies sug-
geste that in future, low-cost, environment-friendly, and easy-to-
prepare biomass/biowaste-based materials will be used for reduc-
ing the energy required to form water vapor.

4.1.5. Other Skeletal Materials

Other skeletal materials, such as metal-organic frameworks
(MOFs), MXene and CuS, also exhibit unique potential in en-
hancing the performance of SVG systems. MOFs have a typical
porous network structure, hydrophilic functional groups, and ad-
justable compositional/structural properties; they have recently
attracted attention in various functional applications because of
their vaporization enthalpy.[171–173] The MOF-based membrane
prepared by Dong et al. utilized the ─COOH functional groups
of UiO-66-COOH to form interfacial hydrogen bonds with low
evaporation energy, which was attributed to the increase in bond
length and the decrease in the number of hydrogen bonds.[106]

The vaporization energy required for pure water was 2.4 kJ g−1

whereas the latent heat of the evaporator was only 1.3 kJ g−1, in-
dicating that the MOF-based evaporator could activate more wa-
ter molecules with the same energy input. Additionally, Chen’s
team skillfully designed a photothermal fabric with low evapora-
tion enthalpy and constructed a heliotropic phototaxis evaporator
using CuS nanosheets (Figure 13c).[174] Specifically, the evapora-
tor was always perpendicular to the incident light, which ensured
that the projected area was equivalent to the exposed surface area
and increased the sunlight absorption ability of the system. In
this core hierarchical photothermal fabric, the insertion of CuS
broke the original hydrogen-bond network of water molecules,
the sulfur atoms of CuS were exposed at the ridge, and the cop-
per atoms were embedded in the grooves. Compared with the
hydrogen bonding among oxygen atoms and water molecules in
bulk water, the hydrogen bonding between sulfur atoms and wa-
ter molecules in this optimized evaporator were weaker, thus re-
ducing the evaporation enthalpy of water to 1956 J g−1, which was
81.5% of that of the bulk water. Molecular dynamics simulation
exhibited that the water was trapped in grooves due to electro-
static interactions and interface characteristics. An IW layer was
formed above the water-sulfur interface, which further verified
the contribution of CuS to lowering evaporation energy. Many
other MXene composites contain hydrophilic groups and exhibit
the same potential as the above materials.[175]

Therefore, in this section, we introduce different kinds of ma-
terials that can reduce the enthalpy of evaporation and describe
some representative studies in detail (as displayed in Table 1).
These studies establish that hydrophilic functional groups such
as ─OH could regulate the activation energy based on weakly
bonded water molecules, thus reducing the energy needed for

evaporation. Furthermore, it is evident that appropriate matrix
and the relationship between the matrix and water molecules are
essential criteria for improving the evaporation performance of
SVG systems. As such, we should pay careful attention to the
fact that the material with the lowest evaporation enthalpy may
not bring out the most miraculous evaporation performance, and
it is impossible to draw a definite and comprehensive conclu-
sion only by the enthalpy of evaporation. Because water evapo-
ration performance of a system depends on several other factors.
For example, in case of a hydrogel matrix, the state of water in
the gel is dependent on many factors, such as polymer structure,
crosslinking density, polymer concentration, and saturated water
content.[97] Therefore, a balance among these parameters should
be achieved to ensure high evaporation performance.

Although considerable progress has been made in enhancing
the evaporation performance of SVG systems, structural design
of these systems needs further research to achieve optimum per-
formance. Here, we briefly analyze representative studies on wet-
tability and surface morphology (Figure 14a–c), which play an
essential role in the WEER system. In recent years, inspired by
the lotus leaf structure, the effective exploration and practice of
Janus wettability configuration has attracted attention. The Janus
structure captures solar light and transports water in two differ-
ent layers. The upper hydrophobic photo-to-thermal layer is used
for energy conversion and vapor generation, and the bottom layer
continuously pumps bulk water to the confined evaporation sur-
face. By virtue of its hydrophilicity and the double-layered struc-
ture, the Janus line was introduced, which is the boundary line
between the hydrophilic layer and the hydrophobic layer. Accord-
ing to Wan et al., the length of Janus lines and the capillary size
of the hydrophobic layer surface were directly proportional to the
water evaporation rate.[176] Compared with single wettability fea-
ture in previous seawater desalination systems, the Janus struc-
ture presented higher vaporization rate with the same conversion
efficiency and energy input. For example, the bionic Janus evap-
orator named lotus morphology-inspired biomimetic evaporator
(MBE), developed by Yu’s team,[59] combined the Janus wetta-
bility design with bimodal porous structure and exhibited low
evaporation enthalpy (1846 J g−1). Zhang et al. also developed a
Janus membrane in which the molar ratio of IW to FW was as
high as 0.84 in the wet state.[177] The generation of higher lev-
els of activated water lowered the energy required for evapora-
tion. A hydrophilic PDA layer could help the Janus membrane in
regulating the state of water confined in the polymer and deter-
mining the volume of water to be pumped. Simultaneously, the
hydrophobic layer could ensure appropriate vapor flux and ex-
hibit the anti-pollution ability by rectifying the structural parame-
ters (tortuosity, thickness, porosity, pore diameter). The synergis-
tic effect of the Janus configuration maintained the equilibrium
between water replenishment and vapor production, which was
of great importance for maximizing the evaporation rate. There-
fore, the design of the Janus structure separates water evapora-
tion and water supply processes. The addition of a hydrophobic
layer not only served as a valve for water supply, but also played an
anti-pollution role, which was indirectly conducive to the evapo-
ration rate. In addition to the advanced Janus wettability design,
Yu’s team modified local trichlorosilane (OTS) on the basis of a
previous study on PVA hydrogel and designed a special island-
like inhomogeneous wetting surface with hydrophobic patches
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Figure 14. Special structural designs. a) Schematic diagram of solar steam generation, water transportation, and water layer distribution in patch-shaped
gels. Reproduced with permission.[52] Copyright 2020, Royal Society of Chemistry. b) Surface topography-tailored hydrogel: b1) solar vapor generation
mechanism and b2) comparison of equivalent enthalpy of bulk water and activated water confined in flat-surface, grooved-surface, and dimpled-surface
hydrogels. Reproduced with permission.[179] Copyright 2019, American Chemical Society. c) COF/graphene dual-region hydrogel: c1) schematic diagram
of solar-powered water evaporation and internal structure, c2) three states of water, c3) water content and the ratio of IW and FW in COF/graphene
dual-region hydrogels. Reproduced with permission.[178] Copyright 2022, American Chemical Society.

(Figure 14a).[52] The hydrogel was called patchy-surface hydro-
gels (PSHs), and its latent heat value was <1000 J g−1, which
was lower than the evaporation enthalpy of pure water (about
2400 J g−1). The significantly reduced energy requirements could
be explained by the following two points: First, as described in
the previous Chapter 4.1.1, PVA hydrogel contains several hy-
drophilic ─OH functional groups, which can form easily evapo-
rated IW. Second, the structural design of OTS. As shown in the
Figure 14a, OTS provides the finishing point so that evaporated
water can originate from the water layer located in the hydrophilic
region as well as the diffused water layer in the contact zone of
the hydrophilic/hydrophobic region; most of the water is con-
fined to the hydrophilic area, increasing the thickness of the out-
ermost water film. This causes the diffusion of water molecules
to the water contact line with low interfacial energy. The num-
ber of water molecules on the elongated contact line increases,
making it easier to form water vapor. In this unique wetting sur-
face, the constant adjustment among water film thickness, hy-
drophilic area, and contact line length produces high evapora-
tion rate (approximately 4.0 kg m−2 h−1). Recently, Li et al. devel-

oped a dual-region hydrogel evaporator based on covalent organic
framework (COF)/graphene using the green synthesis method
(in-situ growth). The hydrogel consisted of a hydrophilic COF-
loaded rGO (COF@rGO) region and a hydrophobic pure rGO re-
gion (Figure 14c1).[178] The hydrophilic ─SO3H/─SO3

− function-
alities of the COF in the dual-region hydrogel network (denoted
as CGH-based hydrogel) enabled the regulation of water content.
Increase in COF@rGO content not only enhanced hydrophilic-
ity to produce more IW, but also extended the macropore size to
generate high amount of FW (Figure 14c2,c3). Therefore, the sys-
tematic optimization of the proportion of these two regions was
responsible for adjustable capillary channel size and the wettabil-
ity feature of this gel. Thus, the hydrogel could further optimize
the water content and regulate the state of water to realize low
energy expenditure of water evaporation (1043 J g−1 in the dark
evaporation test).

Recently, the focus on wettability designs has increased; how-
ever, the use of surface topography design to significantly re-
duce the enthalpy of evaporation needs further elucidation. For
example, the sharply dimpled surface topography proposed by
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Guo et al. (Figure 14b1) could centralize solar energy to increase
heat flux and reduce energy loss,[179] which was unlike that ob-
served for flat and grooved surfaces. Most importantly, the dim-
pled topography exhibited reduced equivalent enthalpy of evap-
oration (1250 J g−1; Figure 14b2). Therefore, evaporator surface
morphology and their wetting properties need to be further ex-
plored, as the optimization of these two parameters is emerging
as an innovative and advantageous way to overcome the existing
stagnant low evaporation rate bottlenecks of SVG systems.

4.2. Clustered Water

Porosity is an essential parameter of SVG systems, and many
researchers have developed porous materials with lower la-
tent heat of evaporation than the theoretical value. These
materials include treated porous melamine foam,[180,181]

polyurethane sponge,[182] polyimide sponge,[183] porous nickel
foam,[184] copper foam,[185,186] bio-carbon foam,[60,187–190]

fiber membrane,[91,106,169,191–196] mesoporous glass,[197]

hydrogels,[91,104,136,149,198–200] and others.[201–204] In accordance
with the water cluster theory,[100,101] a water cluster surrounded
by several water molecules is susceptible to escape from the
surrounding liquid water for evaporation. It is owing to the
fact that the average energy required by each molecule in the
water cluster is lower than that of a single water molecule when
evaporating the multi-molecule water cluster. The evaporation
process of water clusters with low energy requirements involves
the breakage of only the adjacent hydrogen bonds with the
surrounding liquid. Therefore, water clusters exhibit signifi-
cantly reduced vaporization enthalpy compared with pure water.
Porous structure not only provides a favorable water transport
channel in the SVG system, but also increases the effective
evaporation surface area and allows the formation of large-size
water clusters with low evaporation enthalpy. At present, sev-
eral researchers have designed multi-scale pore assemblies of
micropores/mesopores/macropores or narrow restricted pore
spaces.[162] Hao and his collaborators reported a bio-carbon/pulp
fiber hybrid membrane with multi-scale pore,[158] which divided
bulk water into many small clusters by taking advantage of the
confined space effect in the porous structure. During the forma-
tion process, the micro/medium/large pores were constructed
by mixing the coacervation salt as a pore-forming agent. Hence
the pore formation and surface area were regulated by regulating
the amount of salt. The results of this study elucidated that these
clusters lowered the density of hydrogen bonds, which in turn
reduced the overall energy requirement in vapor generation.

In this section, we summarize two strategies for forming
clusters, namely, constructing bimodal/multi-scale hierarchical
pores and creating confined nanospace. Based on these two
strategies, some remarkable works have been explored and de-
veloped.

4.2.1. Hierarchical Pores

Hierarchical pores suggest that the pores have changed from
single-size structure to bimodal or multi-scale structure. The hi-
erarchical pore-channel comprises 3D tightly connected macro-
pores along with mesopores and nanopores embedded in the

macropores. Such a specific pore structure not only provides
more channels for airflow and exhibits good heat regulation, but
more importantly, it may exert an influence on the evaporation
process by inducing the formation of more water molecular clus-
ters with low latent heat of evaporation, leading to a reduction
in evaporation energy (Figure 15a–f).[205–207] The MBE evaporator
(as mentioned in Section 4.1.5) proposed by Yu’s team possessed
the representative advantages of both Janus wettability surface
and double-peaked pores (Figure 15a).[59] The 3D brush-shaped
macropores and lotus root-shaped mesopores arranged in paral-
lel guaranteed adequate transportation of bulk water, rapid over-
flow of vapor, and facilitated the reduction of water evaporation
energy. To elucidate the influence of bimodal porous structure
on the state of water, they compared the DSC thermograms of
samples under two different wetting modes. One method was
continual shaking so that pure water was in complete contact
with the sample. The second method was direct dripping into
the sample. In this case, due to the distribution of hydropho-
bic upper layer/hydrophilic lower layer of MBE, a proportion of
water did not penetrate into the bimodal hydrophilic pores of
the lower layer, but floated independently on the hydrophobic
surface of the upper layer. The shaking wetting method led to
a lower enthalpy of evaporation due to the differential effects
of wetting on the hydrogen bonds of the water clusters. There-
fore, this verified that bimodal pores played an important role
in lowering the water vaporization enthalpy. Moreover, with the
help of the bimodal pores, MBE exhibited increased effective
evaporation area, which allowed more energy absorption from
the environment for faster evaporation. Similarly, the foam-like
porous hydrogel employed by Chen et al. took full advantage of bi-
modal hydrophilic porous structure for reducing evaporation en-
ergy to activate evaporation.[208] Another design is the multiscale
pore channel, which improves the hierarchical porosity. In 2018,
Yu’s group proposed a PPy/PVA-based hydrogel with multi-scale
structure,[21] which includeed internal gaps (approximately 150
microns; Figure 15h1) for water pumping, micron channels (sev-
eral to tens of microns, Figure 15h2) providing branch water dif-
fusion paths, and molecular mesh as evaporation base of small-
sized water clusters; this system was the first to present a hier-
archical porous nanostructure with a clear division of labor. By
regulating the ratio of PPy/PVA, it is possible to determine the
nanostructure of the hydrogel and further control saturated wa-
ter content in the system. They also expounded the reduction
of evaporation enthalpy through evaporation experiment, DSC,
and thermodynamics analysis. Furthermore, they measured the
change in LiCl content in traditional evaporation and HNG-based
evaporation systems (as mentioned in Chapter 1) using ICP-MS
analysis. Experiments revealed that the lithium ion concentra-
tion in the non-volatile electrolyte was different before and after
evaporation. Moreover, based on the theory of molecular clusters,
several water molecular clusters evaporated in this HNG-based
evaporator. Wang et al. fabricated a similar structure utilizing the
gas-foaming method (Figure 15g),[142] which promoted the pro-
duction of abundant IW and water clusters; this system also ex-
hibited low evaporation enthalpy. Therefore, when water is con-
fined in porous hierarchical structure, it is more likely to evap-
orate as small clusters of molecules containing small amounts
of water instead as individual water molecules directly, which is
accordance with the main goal of WEER systems.[209–211]
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Figure 15. Hierarchical pore configurations for formation of clustered water. a) Lotus morphology-inspired evaporator for accelerating solar wa-
ter evaporation. Reproduced with permission.[59] Copyright 2020, Elsevier. b) Origami-structured evaporator for vapor generation. Reproduced with
permission.[209] Copyright 2018, American Chemical Society. c) Zn-decorated hollow carbon fiber containing molecular clusters in pores. Reproduced
with permission.[210] Copyright 2021, Wiley-VCH. d) Carbonized bamboo evaporator for rapid evaporation. The hierarchical pore structure can be used
for replenishing water clusters. Reproduced with permission.[211] Copyright 2019, Wiley-VCH. e) Schematic diagram of evaporation of single water
molecule and clustered water molecules in treated wood. Reproduced with permission.[161] Copyright 2020, Elsevier. f) Schematic representation of
carbonized melamine foam-based evaporator with hierarchical pores. Reproduced with permission.[107] Copyright 2019, Wiley-VCH. g) Photographs of
g1) Cu7S4-MoS2-Au/polydimethylsiloxane (CMA/PDMS), and g2) CMA/porous photothermal nanostructure (CMA/PPN) using gas-foaming prepara-
tion methods, g3) SEM images of CMA/PPN. Reproduced with permission.[142] Copyright 2020, Wiley-VCH. h) The internal gap and micron channel of
HNG-based evaporator. Reproduced with permission.[21] Copyright 2018, Springer Nature.

4.2.2. Confined Nanospace

Some other materials based on nanospace confinement also
play a major role in the formation of water molecular clusters
(Figure 16a–h);[210] in nature, plants are the best example of this
process. The hierarchical structure, pits, and directional pore-
channels of bamboo can provide excellent advantages for water
delivery, and the formed bamboo mesh after high-temperature
carbonization can evaporate water molecules as a cluster in
the molecular mesh.[211] Magnolia fruit, known as a mini tree,
also produces a fruit mesh after carbonization. Water molecules
are confined in the fruit mesh, thus several molecular clusters
containing water molecules of a few to tens are formed.[107]

As such, the wood that exhibited smaller lumens after treat-
ment also activated the formation of IW and water clusters,[161]

thus developed narrow nano-confined spaces (Figure 16c).

The nanospace or nanocracks generated among nanosheets
(Figure 16f),[209,212,213] nanowires,[214] nanopores,[113,215] and nan-
otube arrays (Figure 16d)[216] can reduce the evaporation en-
thalpy. The nanocellulose@MOFs developed by Zhou et al. could
also reduce the enthalpy of evaporation.[113] This could be be-
cause the nanopores in the layered porous framework provide
conditions for water confinement (Figure 16e). Similarly, the
cracks formed between nanosheets become essential sites for the
generation of water clusters. Lu et al. formed confined water-
molecule nanochannels between O-doped MoS2-x nanosheets
(called NCWMC system), which were approximately 3.5 nm
in space size and could reduce vaporization energy by evap-
orating water clusters (Figure 16b1).[213] In molecular dynam-
ics simulation, their NCWMC system evaporated more water
molecules at different accelerations (Figure 16b2), which was
consistent with the experimental results and reflected the cluster
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Figure 16. Confined nanospace for accelerating clustered water formation. a) Regulation of evaporation mode of different sandwich membrane
structures: change from curved evaporation mode to microporous evaporation mode. Reproduced with permission.[217] Copyright 2020, Wiley-VCH.
b) Nanoconfined water channels: b1) scanning transmission electron microscopy (STEM) image of 1D-OMoSNSA, showing the 3.5 nm nanospace and
b2) comparison of the number of evaporated water molecules in molecular dynamics simulations. Reproduced with permission.[213] Copyright 2020,
Wiley-VCH. c) Schematic illustration of the functional mechanism of laser-induced photothermal evaporator with wavelike porous structure. Reproduced
with permission.[183] Copyright 2020, Elsevier. d) 3D water films surrounding Zr(Ti)O2 nanotube. Reproduced with permission.[216] Copyright 2019, Royal
Society of Chemistry. e) Molecular structure of a membrane composed of MOF and cellulose nanofiber. Reproduced with permission.[113] Copyright
2021, Royal Society of Chemistry. f) Schematic illustration of functional mechanism of multilayer PPy nanosheets. Reproduced with permission.[212]

Copyright 2019, Wiley-VCH. g1) Photograph of the top position of nitric acid treated black sponge (NBS), and g2) the high resolution transmission elec-
tron microscope (HRTEM) images of residual potassium chloride (KCl) in the pores. Reproduced with permission.[218] Copyright 2019, Royal Society
of Chemistry. h) SEM images of the super-light-absorbing (SWSA) sheet with hierarchical structures. Reproduced with permission.[58] Copyright 2020,
Springer Nature.

evaporation pattern of water molecules in this system. In the
sandwich membrane structure (Figure 16a) designed by Tian
et al.,[217] the enthalpy of evaporation was approximately 24%
lower than that of pure water, which was also due to the change
from surface evaporation to micropore evaporation. According
to their study, the evaporation enthalpy presented a significant
downward trend when the pore size was approximately 2 nm;
moreover, they reported that the water content of the evaporator
was controlled mainly by adding the upper and lower polyvinyli-
dene fluoride (PVDF) membranes. Enhanced evaporation per-
formance was obtained by optimizing nanopore structure with
appropriate water volume. Therefore, the nanopore water effect
is essential to reduce evaporation enthalpy. Li’s team treated
black PVA foam with nitric acid, granting it nanosize super hy-
drophilic pore structure (Figure 16g), and attained an evapora-
tion enthalpy as low as 1081 J g−1.[218] In 2020, Singh et al. deco-
rated a super-wicking, super-light-absorbing (SWSA) aluminum
surface by femtosecond laser processing of aluminum.[58] The
SWSA surface was composed of layered micro-nano structure
based on metal nanoparticles and microgrooves superimposed
with nano-scale structure (Figure 16h), which not only generated

light traps to realize high absorption of sunlight due to uneven
morphology, but also successfully reduced the enthalpy of evapo-
ration to 1220 J g−1. The reduction of energy requirement was be-
cause of the bonding of water molecules with aluminum on the
surface of SWSA, which could turn DA–OH (3-molecule water
clusters) into DDA─OH and DAA─OH (both 4-molecule water
clusters) with more water molecule clusters. Faster evaporation
was achieved due to the formation of large-sized clusters. Briefly,
the reduction in enthalpy and vapor pressure in tiny nanostruc-
ture channels is on account of the change in the mode of water
evaporation, i.e., the shift from the evaporation of a single wa-
ter molecule to the evaporation of whole water clusters. Water
confined in a narrow space evaporates more readily than water
without any space restrictions; thus, the nano-sized pore struc-
ture might facilitate the formation of small-sized water clusters
with low hydrogen bond density to reduce vaporization enthalpy.

Combined optimization of nanospace and hydrophilic func-
tional groups can further regulate the formation of IW and
water clusters, and alter the hydrogen bond of adjacent wa-
ter molecules, thus lowering the energy required for vapor
generation.[219,220] For example, the PCP-x hybrid membranes
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Figure 17. Schematic diagram and photos of a) water in different states including film water, capillary water, and gravitational water obtained by
ICT. Reproduced with permission.[54] Copyright 2019, Wiley-VCH. b) Capillary water in wood-based evaporator for generating steam. Reproduced with
permission.[222] Copyright 2020, American Chemical Society. c1) Schematic diagram of single fiber evolving into a hollow fiber with layered water path.
c2) Comparison of equivalent enthalpy and dark evaporation rate of different samples. Reproduced with permission.[221] Copyright 2021, Royal Society
of Chemistry.

mentioned in Section 4.1.3 not only increase the IW content
through the ─OH of the pulp, but also divide the bulk water into
clusters in the confined space.[158] The activated IW and water
clusters act synergistically to minimize the energy used for evap-
oration. Moreover, the HNG system of Yu et al.,[21] which had
the hydrophilic functional groups of PVA along with multi-scale
nanostructures, exhibited an evaporation rate of 3.2 kg m−2 h−1.
Thus, synergistic relationship between the two properties facili-
tates should be explored further to enhance water vapor produc-
tion.

Porous structure gives rise to more clustered water. Unlike
the evaporation of individual water molecules, clustered water
presents lower hydrogen bond density per unit water molecule
when evaporating because it only breaks the hydrogen bonds on
the surface, thus requiring low latent heat of evaporation. More-
over, porosity leads to larger and more efficient evaporative sur-
face area, promoting sufficient and rapid water evaporation. It
doubly leads to a reduction in the enthalpy of evaporation. Fur-
ther, molecular meshes for evaporation with abundant pore chan-
nels are created in this structure. The mesh can form and act
as several dispersed local evaporation regions, which are ben-
eficial for the formation of several photothermal reaction sites.
The abovementioned three properties improve steam generation
performance. Therefore, the micro-pore structure design can be
considered new direction in the field of seawater desalination sys-
tems.

4.3. Capillary Water

Water replenishment is one of the most important parameters
during the development of various SVG systems. At present, dif-

ferent materials exhibit sufficient or in some cases excess water
supply. However, excess water supply causes heat loss, blocks the
channels, and hinders the water evaporation process. Therefore,
capillary water is an important breakthrough in the evaporation
process (Figure 17a-c); it reduces reduce the energy barrier to ac-
celerate water vaporization and exposes a larger evaporation area
and more steam escape space, which lowers the evaporation en-
ergy demand. Therefore, increased formation of capillary water
should be targeted to lower the current enthalpy of vaporization
during steam generation.

Recently, Qu et al. reported high evaporation performance by
their SVG system, using appropriate water regulation methods
such as ICT (as mentioned in Section 2.4).[54] They directly and
effectively adjusted the injection rate through ICT to control the
water content injected into the rGO foam and to ensure that
the water supply rate equals the evaporation rate (Figure 17a).
They demonstrated that their system generated a large amount
of capillary water in the rGO foam, which not only prevented the
channel from being blocked, but also increased the evaporation
area, thus realizing an evaporation rate of 2.4 kg m−2 h−1. Fur-
thermore, the system exhibited low enthalpy of evaporation (be-
low 1750 J g−1). Moreover, they explored the injection rate and
water content of different types of carbon-based materials us-
ing the ICT method, which was somewhat generalizable. In con-
trast, Lei et al.[221] used carbonization and freeze-casting tech-
niques to obtain a large number of hollow fibers with capillary
structure (Figure 17c1), which enabled the generation of high
amount of capillary water through the liquid surface film effect,
thus promoted water evaporation and reduced energy utilization
(Figure 17c2). Moreover, capillary water is commonly found in
3D evaporators. The desired amount of capillary water can be ob-
tained by regulating the position of the sunlight-absorbing layer

Adv. Mater. 2023, 35, 2212100 2212100 (34 of 41) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2023, 47, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202212100 by C
ochrane France, W

iley O
nline L

ibrary on [08/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advmat.de

above the liquid surface in the 3D structure. For example, a 3D
balsa wood-based evaporator was prepared by Tang et al.[222] In
this evaporator, when the light-absorbing layer was located at the
same height as the bulk water surface, the pore was completely
filled with water, i.e., gravitational water was formed (Figure 17b).
Conversely, capillary water was generated (without any restric-
tions) when the evaporating surface was adjusted above the sur-
face of the bulk water. The water in the wood was kept in the
capillary water state. Hence, pore channels were not blocked by
water, exposing a larger evaporation space and water vapor escape
channels. Similarly, Zhang et al. proposed a 3D evaporator syn-
thesized using carbonized cattails,[166] which utilized the unique
strong capillary action of the cattails, and generated high capillary
water content and lowered the latent heat of evaporation. There-
fore, researchers have reported high evaporation performance by
using appropriate water regulation methods, such as ICT, and
regulating the height of the absorber layer above the liquid-gas
interface in the 3D evaporator to obtain capillary water. Low de-
hydration temperature and weak bonding force of capillary water
promote steam generation. Coupled with the fact that capillary
water does not block the pore channels and exposes a larger evap-
oration area, the effect of reducing the enthalpy of evaporation is
significantly achieved.

5. Conclusions and Perspectives

The advancements in the field of SVG technology offer valuable
opportunities for access to clean water. This review provides a
chronological overview of the milestone work in the field of so-
lar interfacial evaporation systems since 2012, based on the fol-
lowing crucial parameters: heat management, mass control, wa-
ter state adjustment, and multifunctional applications. Through
this integrated approach, it is hoped to quickly understand the
development of the field of interfacial water evaporation who
are just stepping into SVG research. Although several materials
and structures have been reported for improving the efficiency
of SVG systems, further research is required for increasing their
evaporation rates; this can be achieved by lowering the evapora-
tion enthalpy of water. Reduced evaporation enthalpy can lead
to a higher evaporation rate with the same energy input. To un-
derstand the underlying reasons behind the mechanism of the
WEER system, we have discussed theoretical derivations, mecha-
nisms, and characterization tests to demonstrate that water evap-
oration is linked to the interactions between water molecules. To
achieve fast and efficient evaporation, it is necessary to reduce the
energy barrier faced by water molecules, which is the evaporation
enthalpy of water. This can be achieved when the concentration
of water molecules with weak hydrogen bonds is increased or
easy-to-evaporate water molecule skeletons are developed. Thus,
we summarize several parameters for water activation: 1) Gener-
ation of IW in a hydratable network; IW forms weak hydrogen
bonds with the surrounding water molecules and requires less
energy to leave the surface of the liquid when evaporating. 2) For-
mation of large-sized water clusters should be targeted instead
of a single water molecule; clustered water evaporation also only
disconnects the hydrogen bonds on the surface to achieve over-
all evaporation. 3) Formation of capillary water; capillary water
can expose a larger evaporation space for water evaporation and
vapor spillage. Thus, all three strategies offer unlimited possibil-

ities for water activation. Our review also discusses these three
mechanisms in detail with respect to material selection, hierar-
chical pores/nano-scale pores, and structural design (Figure 18).
Many hydrophilic networks, including polymers, carbon materi-
als, biomass, fibers, and emerging materials (MOFs, MXene) pro-
vide a variety of hydrophilic functional groups to harvest a higher
amount of IW and to lower the latent heat of evaporation. We have
also discussed designs such as bimodal pores, multi-scale pores,
and nano-gaps that generate large amount of clustered water. The
capillary water generated using various methods replaces gravi-
tational water and achieves a faster evaporation effect.

It is worth emphasizing that these three mechanisms do not
exhibit antagonistic relationships; IW and clustered water are
usually present together in a system. The mechanisms behind
both IW and clustered water generation are on a molecular scale,
whereas that of capillary water is on a macroscopic scale. There-
fore, these three mechanisms are classifications for different ob-
servational scales. Moreover, each mechanism exhibits both ad-
vantages and disadvantages. The IW mechanism is the most
widely used for water activation and much subsequent research
work has been conducted based on this mechanism. It focuses
on the synthesis and preparation of materials. The formation of
capillary water requires precise control of the water supply; there-
fore, a device based on this mechanism would be complex and ex-
pensive. However, capillary water can be obtained without extra
modulation of hydrophilic groups; thus material synthesis using
this mechanism is easy and increases the variety of potential ma-
terial candidates. The current characterization of clustered wa-
ter and its evaporation mechanism are poorly understood; cap-
illary water can be observed using an optical microscope, and
IW can be qualitatively and quantitatively characterized using
advanced techniques as Raman spectroscopy and FTIR. Com-
pared to traditional freshwater acquisition technologies, the ad-
vantage of interfacial water evaporation lies in completely passive
evaporation, i.e., no additional energy supply and parts for trans-
portation are required. Therefore, the IW mechanism is more
competitive.

This review provides a systematic summary of water activation
for future studies. Moreover, this review is expected to extend the
application of photothermal interface evaporation to multidisci-
plinary fields, so as to develop a more efficient and reasonable
method to use water resources. An interdisciplinary approach
will help in establishing theoretical and practical significance of
the evaporation process and laws, exploring the ecological cycle
of nature, and protecting and utilizing nature. Although several
breakthroughs have been made in solar-powered water evapora-
tion systems, several challenges are yet to be overcome; a few are
listed below.

1) Along with the in-depth study of water evaporation, the emer-
gence of equivalent enthalpy of evaporation breaks the tradi-
tional concept that the water vaporization enthalpy is a fixed
value (about 2.4 kJ g−1) when the external temperature and
pressure conditions are fixed. However, this concept requires
further investigation, and the enthalpy can only be roughly
estimated based on dark evaporation experiments and the in-
tegrated area of DSC curves. Even though plentiful studies
have demonstrated the effect of IW and water clusters on low-
ering the enthalpy of evaporation, the exact mechanisms and
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Figure 18. Summary of water activation mechanisms discussed in the review. Intermediate water. Reproduced with permission.[134] Copyright 2020,
Wiley-VCH. Reproduced with permission.[99] Copyright 2021, Elsevier. Reproduced with permission.[158] Copyright 2022, Springer Nature. Reproduced
with permission.[111] Copyright 2021, Royal Society of Chemistry. Clustered water. Reproduced with permission.[21] Copyright 2018, Springer Nature.
Reproduced with permission.[211] Copyright 2019, Wiley-VCH. Reproduced with permission.[113] Copyright 2021, Royal Society of Chemistry. Reproduced
with permission.[213] Copyright 2020, Wiley-VCH. Capillary water. Reproduced with permission.[222] Copyright 2020, American Chemical Society. Repro-
duced with permission.[54] Copyright 2019, Wiley-VCH. Reproduced with permission.[221] Copyright 2021, Royal Society of Chemistry. Structural design.
Reproduced with permission.[179] Copyright 2019, American Chemical Society. Reproduced with permission.[178] Copyright 2022, American Chemical
Society. Reproduced with permission.[52] Copyright 2020, Royal Society of Chemistry.

degree of energy reduction are unknown. Furthermore, the
advantages and disadvantages of different hydrophilic func-
tional groups with respect to reduction in enthalpy of an SVG
system are unclear. There are still many deficiencies in explor-
ing these issues, expecting more researchers to solve them to-
gether. In addition, the relationship between enthalpy and the
freezing-melting process is complex and unclear, all of which
are full of challenges.

2) Although DSC analysis, Raman spectroscopy, LiCl measure-
ment using ICP-MS validate the concept of the enthalpy of
evaporation and the presence of IW and water clusters in the
WEER system, these concepts should be further analyzed.
Moreover, the water content in each state (BW, IW, and FW)
cannot be quantitatively measured in materials with different
water content. Therefore, a consensus is required between
theoretical analyses and various analytical methods. More-
over, IW and water clusters are hard to manufacture and char-

acterize independently, let alone to determine their sizes and
distributions by means of spectra.

3) Misconceptions regarding evaporation enthalpy and the mea-
surement of evaporation performance should be clarified. For
example, it has not been proven that the energy input be-
tween water and the sample is equivalent in the estimation
of evaporation enthalpy using Equation 25 (Section 3.5.1).
The calculation method of equivalent evaporation enthalpy
is not accurate and needs further improvement. Addition-
ally, the most critical indicator of evaporation performance
should be determined because it is possible that evaporation
rate is a significant criterion for evaluating seawater desali-
nation performance but not for high efficiency of an evapo-
rator. Currently, the criteria to calculate evaporation rate have
not been established. Moreover, the scientific community has
different views regarding projected area/actual evaporation
area and whether dark evaporation rate should be subtracted.
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The evaporation efficiency is affected by many complex fac-
tors, with the main being optical and thermal losses. More-
over, it is of no practical significance to use the equivalent
enthalpy of evaporation to calculate the efficiency. A few ad-
vanced 3D evaporators harness additional energy from the ex-
ternal environment; however, the extra energy cannot be con-
sidered while calculating the equivalent enthalpy of evapora-
tion. Therefore, the current method to calculate the equiva-
lent evaporation enthalpy as the standard of evaporation ef-
ficiency of a system will not be rigorous. Hence, smaller
enthalpy of evaporation does not indicate higher efficiency.
The evaporation capability of a system cannot be decided us-
ing only the enthalpy of evaporation, and other factors, such
as saturated water content and temperature response time,
should be taken into account to obtain the best evaporation
effect.

4) Currently, only a few studies have reported increased vapor
generation rate using capillary water. Although we have sum-
marized the regulation strategies for different states of wa-
ter with a focus on three mechanisms to activate water evap-
oration, the association between the capillary water mech-
anism and the other two mechanisms is inconclusive. The
state of hydrogen bonds in capillary water is unelucidated,
which requires the joint efforts of researchers from all walks
of life.

5) Despite the high efficiency of solar interfacial evaporation sys-
tems, their water yield is not satisfactory in practical desali-
nation applications. The water yield of SVG systems is not
equal to the evaporation rate. Therefore, the importance of
water extraction rate should be considered because it indi-
cates the final yield of water. Moreover, the cold steam ob-
tained by absorbing environmental energy is generated in an
open system, but the collection of the condensate requires a
closed space.[223–225] Practical application of SVG systems for
access to clean water is yet to be achieved. Therefore, future
research should focus on steam generation, condensation cy-
cle, and clean water harvesting, in addition to the evapora-
tion process. A series of feasible methods, such as decoupling
the light absorption system from the evaporation system, inte-
grating multi-cooperation system of passive radiative conden-
sation and fog collection technology, and changing the water
transportation path, should be continuously researched and
improved to increase freshwater output.
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