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In recent years, with the outbreak and epidemic of the novel coronavirus in the world, how to obtain clean water
from the limited resources has become an urgent issue of concern to all mankind. Atmospheric water harvesting
technology and solar-driven interfacial evaporation technology have shown great potential in seeking clean and
sustainable water resources. Here, inspired by a variety of organisms in nature, a multi-functional hydrogel
matrix composed of polyvinyl alcohol (PVA), sodium alginate (SA) cross-linked by borax as well as doped with
zeolitic imidazolate framework material 67 (ZIF-67) and graphene owning macro/micro/nano hierarchical
structure has successfully fabricated for producing clean water. The hydrogel not only can reach the average
water harvesting ratio up to 22.44 g g~ under the condition of fog flow after 5 h, but also be capable of
desorbing the harvested water with water release efficiency of 1.67 kg m~2 h™! under 1 sun. In addition to
excellent performance in passive fog harvesting, the evaporation rate over 1.89 kg m~2h~! is attained under 1
sun on natural seawater during long-term. This hydrogel indicates its potential in producing clean water re-
sources in multiple scenarios in different dry or wet states, and which holds great promise for flexible electronic

materials and sustainable sewage or wastewater treatment applications.

1. Introduction

Owing to the impact of population growth, economic development,
and the outbreak of the COVID-19 epidemic in recent years, a large
amount of clean water resources is being consumed, the water crisis is
getting worse year by year [1,2]. Water scarcity is a huge challenge for
the world as the demand for clean water continues to increase [3]. Two-
thirds of the world’s population lives under severe water shortage
conditions for at least one month a year, and 500 million people in the
world face serious water shortage problems throughout the year [4].
How to alleviate this crisis has also become the focus of attention, and
now some effective methods have been proposed to collect and utilize
the limited fresh water on the earth, such as seawater desalination, at-
mospheric water harvesting and sewage treatment [5-11]. Based on
these, the related research of producing clean water has become a hot-
spot of modern researchers [12-14].

While freshwater accounts for around 2.5% of Earth’s water

resources, its proportion has declined in recent years due to pollution
and climate change [15,16]. The ocean makes up more than 97% of the
total water on the earth, and the atmosphere that surrounds us is also a
huge reservoir [17,18]. Extracting fresh water from the atmosphere and
seawater is a good choice. On the one hand, water harvesting technol-
ogies from the atmosphere include raindrop, dew, and fog collection as
well as adsorption [19-25]. In addition, in virtue of the moisture in the
air contains less bacteria and impurities, the collected water could be
generally ready for further use without complicated sterilization and
purification processes [25,26]. Over the past few years, researchers have
tried plenty of approaches to optimize the key steps of fog collection
including capture of tiny droplets in the air, followed by droplet fusion,
transport and final storage [25]. At present, the water in the atmosphere
is often collected by modifying the surface wettability or transforming
the surface structure and morphology of the material to create bio-
mimetic surface [27-30]. However, due to the relatively low water
collection efficiency of planar structure, and the delicate operation of
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multiple steps are often required during the preliminary design, the
production scale is also relatively limited at the same time [29,31].

On the other hand, common seawater desalination technologies
include reverse osmosis (RO), multi-stage flash (MSF) desalination and
multi-effect distillation (MED) [32]. However, how to carry out relevant
researches through the way of carbon neutral and zero carbon is also a
difficult problem. In recent years, solar energy, which is widely
distributed on the earth and renewable green energy, has been attracted
more and more attention [33-36] and leads to development of solar-
driven interfacial evaporation [37-43]. One of the most common
solar-driven interfacial evaporation materials is photothermal film [44].
There are many studies on photothermal film’s solar absorption and
anti-pollution properties, however the flexibility and stability of mate-
rials have been ignored.

In order to solve these problems related to manufacturing and
development mentioned above and to be more effectively developed for
multiple scenarios under different conditions, such as the famous
Sandwich Bay in Namibia known as the Sand Sea Symphony, which has
attracted many researchers, and the frequent fog water is the source of
life for this region’s flora and fauna [45-48]. Previous studies of clean
water production inspired by these creatures have mostly been focused
on the collection of fog only, there has been few subsequent research of
how to release the water and be not only applied in the desert but also in
the ocean nearby [49-51]. In this study, the hydrogel with biomimetic
three-dimensional structure and excellent performance which can be
formed in one step, is also introduced into a system for producing clean
water that can be applied to multiple scenarios.

Selaginella lepidophylla, a remarkable spike moss that can survive
desiccation and even resurrect from an air-dried state, undergoes
structural changes to adapt to different hydration states [52,53]. Hon-
eycomb structures in nature possess large surface areas, high structural
stability, and excellent permeability, which accelerate the directional
transport of coalesced tiny droplets and enhance heat and mass transfer
for maximal adsorption and desorption rates [28,54-56]. Pufferfish, a
common ocean creature, can expand by absorbing water when threat-
ened and return to its original shape when safe, with this transformation
being repeatable [57,58]. These three miraculous creatures served as
inspiration for the design strategy of a biomimetic and multifunctional
hydrogel suitable for producing clean water in various scenarios in this
research. In particular, Selaginella lepidophylla’s drying resistance and
morphological changes resemble the hydrogel’s water absorption
characteristics, its porous structure is also very similar to that of hon-
eycomb to facilitate water transfer. Furthermore, the water absorption
and spitting behavior of pufferfish inspired the hydrogel’s water
collection and release abilities. The high hydrophilicity, porous, and
extensive hydrogen bond network of Polyvinyl alcohol and sodium
alginate were utilized, accompanied by borax as a cross-linking agent to
prepare functional hydrogels. As a novel polymer material with a three-
dimensional network porous structure, hydrogel can make full use of
high specific surface area, high porosity and surface activity to endow
itself an ideal adsorption agent. The addition of MOFs and graphene not
only improve the photothermal property of hydrogel, but also has higher
ion adsorption capacity and removal ability of heavy metal ions
[59-61]. Hence, it owns high evaporation efficiency, efficacious desa-
lination ability, and durability.

The above advantages make the fabricated hydrogel not only owns
the average water harvesting ratio up to 22.44 g g~ * under the condition
of fog flow after 5 h, but also rapidly release water under solar with
water release efficiency of 1.67 kg m~2 h™! under 1 sun. Meanwhile,
with the help of reasonable and facile devices, it can perform seawater
evaporation and desalination more effectively by the synergy to
continuously transport seawater to the surface result in the evaporation
rate over 1.89 kg m~2 h™'. The biomimetic 3D macro/micro/nano hi-
erarchical porous structure of the hydrogel demonstrated in this study
ensures rapid water transport and vapor escape. This scalable, modular
hydrogel not only triggers new biomimetics ideas and concepts for
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composite functional material preparation, but also opens a new para-
digm for producing clean water in more scenarios in the future as well as
good for ecological sustainability.

2. Experimental section
2.1. Materials

Polyvinyl alcohol (PVA, n = 1500 ~ 1800), sodium alginate (SA,
300 ~ 400cP), nitric acid, sodium tetraborate (Borax), cobalt(II) nitrate
hexahydrate and methanol were provided by FUJIFILM Wako Pure
Chemical Corporation (Japan). Graphene nanoplatelets (6-8 nm thick x
15 pym wide) was obtained from Strem Chemicals, Inc. (USA). 2-Methyl-
imidazole was supplied by Tokyo Chemical Industry Co., Ltd. (Japan).
The deionized water was produced by WG250B, Yamato Scientific co.,
1td., (Japan).

2.2. Fabrication of ZIF-67 nanocrystal powder

In addition to their ability to provide nano-sized structures, metal-
—organic frameworks (MOFs) are also well-known for their outstanding
adsorption capabilities and photothermal effects. This makes them an
ideal component for composite materials with diverse applications. In
this study, ZIF-67 was fabricated as one of the functional components in
hydrogels. The cobalt(II) nitrate hexahydrate (1.746 g) and 2-methyli-
midazol (2-MeIM) (1.968 g) were added in 60 mL and 20 mL of meth-
anol separately. Then the Co(NO3)2-6H20 solution was added into 2-
MeIM solution kept at continuous stirring. The solution was stirred for
10 h at 600 rpm at room temperature (20 + 2 °C). After that, ZIF-67
nanocrystals were collected by centrifugation at 600 rpm for 20 min
and followed by four times methanol washing. The final nanocrystals
were then dried in an oven at 60 °C for 12 h.

2.3. Treatment of graphene nanoplatelets

Graphene is a highly effective photothermal material, and its inclu-
sion in the hydrogel can enable the hydrogel to release water under
sunlight, akin to the way a pufferfish expels water. This property can be
attributed to the excellent photothermal effect of graphene, which
generates heat under sunlight and results in water being released from
the hydrogel. To make graphene nanoplatelets more easily dispersed in
the solution subsequently, graphene nanoplatelets (0.5 g) and nitric acid
solution (50 mL, 3 mol L_l) were mixed and stirred for 14 h at 100 °C at
300 rpm. After acidification, the graphene solution was cooled to room
temperature and washed repeatedly with distilled water until the solu-
tion become neutral. It was finally put into the oven and dried at 45 °C
for 12 h.

2.4. Preparation of different types of PVA/SA based hydrogels

A hydrogel matrix was chosen as the most suitable material to mimic
the different states of Selaginella lepidophylla. To create the hydrogel,
PVA and SA were utilized as the primary matrix components. PVA
powder was dissolved in deionized water (10 wt%) at ~ 85 °C with
continuous stirring for 4 h. The 3.5 wt% SA solution was prepared under
the same condition. Different mass ratios of 1:2, 1:1 and 2:1 PVA/SA
solutions were poured into beakers respectively, kept stirring at 80 °C
for 3 h, then poured into molds. 10 wt% borax solution was dripped onto
the PVA/SA solution, accompanied by keeping the mass ratio of PVA/SA
solution to borax solution at 3:2. After being crosslinked 12 h at room
temperature, the original PVA/SA hydrogel (PVA/SA) was obtained.
Graphene nanoplatelets and ZIF-67 and the mixture of the two (1:1)
were added into the PVA/SA solution at a ratio of 1 wt% separately, and
kept vigorous stirring at 80 °C for 4 h. Graphene/PVA/SA hydrogel, ZIF-
67/PVA/SA hydrogel and graphene/ZIF-67/PVA/SA hydrogel (GZPS)
were prepared according to the preparation method as same as the
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original PVA/SA hydrogel mentioned above.

2.5. Vacuum freeze-drying treatment for as-prepared hydrogels

Freeze-drying was utilized in this study to create a honeycomb-like
porous structure in the hydrogel matrix. Liquid nitrogen was slowly
poured into the paper cups that have been filled with four different
hydrogels prepared before, so that the hydrogels can be quickly frozen in
a short time to maintain their porous structure. Next, the frozen
hydrogels (PVA/SA hydrogel, graphene/PVA/SA hydrogel, ZIF-67/
PVA/SA hydrogel and graphene/ZIF-67/PVA/SA hydrogel were vac-
uum freeze-dried for 24 h. The obtained biomimetic aerogels with
honeycomb structure were called PVA/SA, graphene/PVA/SA, ZIF-67/
PVA/SA and GZPS respectively.

2.6. Instruments and characterization

Morphological investigation was analyzed by using a field emission
scanning electron microscope (FE-SEM, S-5000, Hitachi High-Tech
Corporation, Japan). Element composition and distribution of the sam-
ples were analyzed by using ascanning electron microscope (SEM)
equipped with an energy-dispersive spectroscopy (EDS) device (SEM,
JSM-6010LA, JEOL Ltd., Japan). Before the morphological investiga-
tion, a layer of gold was spurted onto samples’ surface to prevent the
accumulation of electrons by auto fine coater (JFC-1600, JEOL Ltd.,
Japan). The mechanical property test was carried out using a tensile
tester (MCT-2150, A&D, Japan). TG-DTA curves was obtained by
thermo gravimetry analyzer (TG8120, Rigaku, Japan). The viscoelas-
ticity of the sample was tested by dynamic viscoelasticity measuring
device (DVA-225, itkdva, Japan). The chemical component was recor-
ded by utilizing Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) (FT/IR-6600IRT-5200, JASCO Corporation, Japan). The X-
ray diffraction (XRD) patterns were recorded with a diffractometer
(MiniFlex300, Rigaku Corporation and its Global Subsidiaries, Japan).
X-ray photoelectron spectroscopy (XPS) analyses were performed using
an X-ray photoelectron spectrometer (AXIS-ULTRA HAS SV, Kratos
Analytical Ltd., Japan). UV-vis-NIR spectra was measured by a Shi-
madzu UV-3600 spectrophotometer (MPC-3100, SHIMADZU CORPO-
RATION, Japan). Static water contact angles (WCA) were measured ten
times on the different points of each sample by an automatic contact
angle meter (DMs-400, Kyowa Interface Science Co., Ltd., Japan) at
room temperature 20 + 2 °C with a 1 pL droplet each time. The tem-
perature infrared images were recorded by a FLIR thermal imaging
camera. The ions’ concentrations in natural seawater and the collected
water were determined with the help of ICP emission spectroscopic
analyzer (SPS3100, Hitachi High-Tech Science Corporation, Japan).

2.7. Water harvesting and release assessments

The mass of the aerogel was recorded before the fog absorption ex-
periments. The ambient temperature is 20 + 2 °C and the relative hu-
midity is 45 + 5 %RH. The humidifier (HTJS-007 J-WH, MODERN
DECO Co., Ltd., Japan) provided a fog flow was placed 15 cm away from
the tested aerogel. To facilitate long-term water collection, a facile
aerogel water collection device was settled up, and the detailed structure
can refer to the Fig. S1. The whole fog-harvesting device was placed on
the electronic balance (GR-200, A&D Company, Japan) and the real-
time fog-harvesting mass were recorded. Simultaneously, to exclude
the interference of other factors, and the device without aerogel was also
tested for water collection. Finally, the results of each hydrogel water
harvesting trend were also subtracted from the blank control group to
obtain the results of water uptake by the hydrogel water harvesting
device.

The water uptake rate (W) and water harvesting ratio (Ry) can be
calculated by the following equations (Egs. (1) and (2)):
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where my is the mass of the initial mass of the hydrogel before the water
harvesting behavior (g), m; is the mass of the current mass of the water
harvesting system (g) (after removing the water harvesting mass of the
blank device).

The water release experiment was performed at 20 + 2 °C and 45 +
5% RH, accompanied by being exposed to solar simulator (XES-40S3-TT,
SAN-EI Electric, Japan) of 1 sun irradiation. The mass of the irradiated
hydrogel was recorded by the weighing system in real time. Water
release unit gram mass (W,) and water release efficiency (;,) were ob-
tained by calculation through the following equations (Egs. (3), (4)),
respectively:

my — m,
W, =——(—— 3
5 3
Wr
n.= I 4

where m, is the mass of the initial mass of the hydrogel before the water
release behavior (kg), m; is the mass of the current mass of the hydrogel
(kg). t is the irradiation time (h), S, is the area of the irradiated top
surface of the hydrogel (mz).

2.8. Preparation of the solar-driven seawater evaporation device system
and performance measurements

In order to enhance the evaporation effect of the hydrogel based on
previous related researches, a proper evaporation system was adopted
[29,44]. In order to distinguish materials in different hydration states,
PVA/SA, graphene/PVA/SA, ZIF-67/PVA/SA and GZPS aerogel after
water harvesting were labeled as PVA/SA gel, graphene/PVA/SA gel,
ZIF-67/PVA/SA gel and GZPS gel. The gel was taken as solar irradiation
functional absorber, the polystyrene foam was applied as the thermal
insulation and seawater-trapped layer, cotton was used as a channel to
transport seawater. In subsequent experiments, the device system
without the gel was also tested to determine the role of the solar irra-
diation absorber in solar-driven water collection and release.

The device system was applied for the following solar-driven evap-
oration and desalination experiments under the simulated 1 sun. The
real-time mass and temperature changes were recorded during the
evaporation experiment. The water evaporation mass change per area
(Am,), evaporation rate (R.) and solar-thermal conversion efficiency (77,)
can be calculated by the following equations (Egs. (5), (6) and (7)):

Am, = m, —my ()
Am,
R, =
=T ©
(Rfl - REO)hv
= Ra —Ro)hy @
1 CapIPO

where m, refers to the current mass of the whole evaporation device
(kg), my is the mass of whole evaporation device before evaporation
(kg). S, is the area of the top evaporation surface of the hydrogel (m?),
and T is the solar evaporation time (h). where R,; represents the solar-
driven evaporation rate, R, is the dark natural evaporation rate, h,
donates to the liquid—vapor phase transition enthalpy, Cy: is the optical
density, and P, donates to the power density of 1 sun radiation.
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3. Results and discussion
3.1. Design and synthesis of biomimetic hydrogel

Bioinspired by the hydro-responsive behavior and morphological
changes of Selaginella lepidophylla at various hydration states, as well as
the hierarchical capillary water-collecting structure of honeycomb and
the ability of pufferfish to absorb water, expand, and release water to
shrink, the concept of biomimetic composite hydrogel was developed in
this study has been proposed. As mentioned above, the water response
behavior and morphological changes of Selaginella lepidophylla in
different hydration states and the hierarchical capillary porous structure
of the honeycomb that is conducive to water transmission and the use of
polyvinyl alcohol and sodium alginate supplemented with borax as a
cross-linker. The properties of the functional hydrogel matrix prepared
by the agent are very close. In addition, the addition of ZIF-67 and
graphene will make the hydrogel have the performance of photothermal
conversion, so that the composite hydrogel can release water and
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improve evaporation performance. This bioinspired composite hydrogel
owns a macro/micro/nano hierarchical structure and is capable of
producing clean water in various scenarios and under different water
conditions. (Fig. 1a).

The main matrix materials of hydrogels are PVA and SA. To deter-
mine the appropriate ratio of PVA to SA and the minimum amount of
cross-linking agent required, the physical fluid gel PVA/SA in different
mass ratios (1:2, 1:1, 2:1) that have been thoroughly mixed before were
prepared. The same mass of borax solution was dropped to the pre-gel
solutions’ surfaces. After the cross-linking reaction overnight, the state
of the gels with three ratios is shown in Fig. S2. From the states of the
cross-linked hydrogels, it can be seen that the 1:2 pre-gel still presents a
very strong fluid state. When the ratio is 1:1, although it has reached the
cross-linked state, the degree of cross-linking in some areas with bubbles
is not sufficient. Finally, the ratio of PVA/SA of 2:1 was used for sub-
sequent preparation and applications. Fig. 1b shows the specific details
of the biomimetic hydrogel preparation process, using GZPS as an
example. To investigate the effect of added functional nanomaterials,

Pufferfish
Water absorption ‘Q’ld\ spitting

Bioinspired functional hydrogel

5 Y
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e e >\
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Fig. 1. Multi-bioinspired design and conceptual representation for the multi-functional hydrogel. (a) Scheme of integrating the features of the Selaginella lepidophylla,
pufferfish and honeycomb to inspire the fabrication of hydrogel. (b) A flow chart of fabrication of GZPS hydrogels. (c) Schematic illustration of water harvesting,

water release and solar-driven evaporation.
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four types of hydrogels were prepared: PVA/SA hydrogel without any
added pre-gel, PVA/SA hydrogel with only graphene, PVA/SA hydrogel
with only ZIF-67, and pre-gels added with both. At the same time, the
chemical mechanism has also been elucidated. The — OH groups in PVA
and SA reacted with tetrahydroxyborate anions (B(OH),) and formed
bis(diol)-borax complexes as cross-linking points, then formed an
interpenetrating polymer network hydrogel. The fabricated hydrogels
were pre-frozen to maintain the porous state and then vacuum freeze-
dried to enable the formation of a complete hierarchical porous struc-
ture. Specifically for its application, this hydrogel can effectively collect
the fog when there is a fog flow in the surroundings in its dry state. After
collecting water, it can release the water collected under solar irradia-
tion. Simultaneously, it could also be applied in its wet state wet state for
solar-driven seawater desalination (Fig. 1c). All of these functions in
different scenarios can be applied to produce clean water.

3.2. Appearance, performance characteristics and microscopic
hierarchical structure of functionalized hydrogels

Fig. 2a shows that the original PVA/SA hydrogel dyed with edible
red and blue pigments, undyed hydrogel and GZPS hydrogels can be
molded into various shapes, showing its softness and moldable, which
can be used according to different scenarios or assembled containers.
Fig. 2b and Fig. S3 demonstrate the self-healing properties of hydrogels,
even after being stretched, twisted, frozen and thawed, as well as
chopped.

These phenomena can be attributed to the reversible boronic ester
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bonds and the bis(diol)-borax complexation went through the PVA and
SA networks, forming reversible dynamic covalent bonds, which made
the PVA/SA-based hydrogels own self-healing properties [17]. The
appearance of small-sized aerogels formed after pre-frozen and vacuum
freeze-drying have been shown in Fig. 2c and Fig. S4, and the light-
weight characteristic can be seen in Fig. 2d. It further hinted that it can
be easily carried and applied at anhydrous state. The morphology and
EDS distribution of self-made ZIF-67 nanocrystal powder and treated
graphene are shown in Figs. S5 and S6. Fig. 2e-1 show the morphological
structures of four aerogels. It can be observed that all four hydrogels
have a honeycomb-like structure and a macro/micro/nano hierarchical
structure. This peculiar macro-porous structure owning dense graded
microstructure will affect the photothermal effect, steam escape, water
transport performance and salt diffusion [62]. No matter whether the
functional nanomaterials were added or not, the biomimetic structure of
the honeycomb were not be affected. Graphene possesses multi-layers
sheet structure, so it cannot be directly observed on the Graphene/
PVA/SA skeleton structure. On the contrary, ZIF-67 could be clearly
observed which are marked in purple (enlarged views inserted in Fig. 2k,
1). EDS distribution of Fig. 2m-q and Fig. S7a-h exhibit that B, C, O, and
Na elements evenly distributed in each hydrogel at the microstructure
level, and Co element also appeared uniformly in the added hydrogel of
ZIF-67, which means each component material was uniformly distrib-
uted throughout the hydrogel and formed a network structure. Strate-
gies such as multi-hierarchical structure can maintain stable evaporation
rate and inhibit salt precipitation [62]. In addition to demonstrating the
water absorption and release properties of the GZPS gel, it is also

Fig. 2. Appearance, microstructure and element distribution of hydrogels. (a) Different fabricated hydrogels of various shapes. (b) Self-healing behavior of
hydrogels. (c) Small-sized aerogels’ appearances, and the lightweight demonstration (d). (e-1) FE-SEM images of different aerogels. The corresponding enlarged
images inserted reveal hierarchical biomimetic structures. (m-q) Elemental distribution on GZPS hydrogels.
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important to evaluate its mechanical properties, as they are crucial for
its practical application. In Fig. S8a and b, the tensile stress—strain curve
and 50 cyclic compressive loading/unloading cycles of the GZPS gel
were shown, respectively. Furthermore, dynamic rheological testing was
also performed on the GZPS gel (Fig. S8c), which showed its viscoelastic
properties.

3.3. Chemical composition and surface wettability of hydrogels in
different hydration states

Chemical structures and compositions of the four hydrogels were
characterized, and the results are presented in Fig. 3 and Figs. S9-S11.
FTIR spectra in Fig. 3a and Fig. S9 demonstrate the chemical compo-
nents of hydrogels. The broad peak at 3502 cm™! corresponds to the
stretching vibration of O — H. The peak at 1356 cm ™ is the character-
istic absorption peak of the B — O group from borax. Broad absorption
bands at 3200-3600 cm ™' corresponding to the O — H stretching vi-
brations from the — OH groups of PVA and SA were found in four
different hydrogels. The sharp peaks at 1027 cm ! and 1600 cm™!
correspond to the C — O stretching vibration of the — COOH groups and
the symmetric stretching vibration of the C — O — C linkages of SA.

The characteristic peaks of borax, PVA, and SA were observed in all
four hydrogels, implying that these materials’ components were incor-
porated into the hydrogels successfully [63]. Further, in order to confirm
that ZIF-67 was successfully introduced, XRD characterization was
introduced (Fig. 3b, S10), and the characteristic diffraction peaks of
other substances were indeed not observed in the original PVA/SA
without any functional nanomaterials being added. The characteristic
diffraction peak of graphene appears in both graphene/PVA/SA and
GZPS, and the characteristic peaks of ZIF-67 nanocrystal powder also
appears in ZIF-67/PVA/SA, but the characteristic peak of graphene was
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not obvious, so the XPS was relatively sensitive to perform analysis on
GZPS, it can be deduced that GZPS has successfully incorporated gra-
phene and ZIF-67 from its scanned full spectrum as well as the full
surveys of added graphene and ZIF-67 (Fig. 3c, S11).

Considering that the surface wettability of prepared hydrogels in
different hydration status has a great influence on the fog collection
performance and seawater evaporation, [49,64] the water contact an-
gles of the samples were measured. Each sample was tested ten times at
different positions on the surface, and since the samples were found to
be hydrophilic and swiftly absorbed 1 pL of testing water droplets, WCAs
of the samples at 100 ms were recorded, and the average value and
standard deviation were calculated.

From Fig. 3d, it can be found that the four aerogels formed by freeze-
drying are all hydrophilic, and the average WCA of GZPS in the aerogel
state is 42.4°. The aerogels with hydrophilicity are also conducive to the
subsequent water collection effect. Furthermore, after becoming wet
during the water harvesting experiment, the WCAs became smaller,
leading to the surface of the substrate of material more hydrophilic. As a
result, the average WCA of GZPS gel is reduced to 13.3°. The hydrophilic
matrix can ensure that the surface of the gel material will be more hy-
drophilic during evaporation, which is beneficial to fast water transfer to
the evaporation surface as well as facilitates the diffusion of salts to
reduce the impact of salt precipitation on seawater evaporation effi-
ciency thus improving lifespan and solar-to-steam conversion efficiency.

3.4. Photothermal conversion properties of hydrogels in different
hydration states

The excellent photothermal performance of the hydrogel matrix is
not only conducive to the subsequent water release but also beneficial to
the evaporation and desalination of seawater driven by solar. Graphene
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Fig. 3. (a) FTIR spectra, (b) XRD patterns of all samples, (c) survey XPS spectra of GZPS, and (d) Static WCAs of hydrogels in different hydration states.
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and ZIF-67 were introduced into the hydrogel matrix because of their
excellent photothermal performance and adsorption capacity, [65]
while ZIF-67 is also often exploited in water treatment, visible light-
driven catalysis and thermal decomposition applications [66].

The aerogel nearly contains no water, however it would be filled
with water after the water harvesting experiment. These two states (dry
and wet) lead to corresponding influences and differences on the solar-
to-heat conversion performance. With the intention of exploring the
performance of solar-heat conversion, the temperature changes of the
four kinds of aerogels and the aerogels after being implemented the
water harvesting processes were monitored under 1 sun, when the
ambient temperature is 20 + 2 °C and the relative humidity is 65 + 5%.
According to Fig. 4a, although the temperature of PVA/SA aerogel rose
slightly only to 32.4 °C within 10 min, the graphene/PVA/SA rose to
54.8 °C because of the addition of graphene, the solar-heat conversion
ability has been significantly improved. Although the ZIF-67/PVA/SA
aerogel rose to 47.8 °C, the GZPS aerogel with the same total mass
ratio of the added functionalized nanomaterials with the ratio of
graphene:ZIF-67 (1:1) could also rise to 54.7 °C in 10 min, which indi-
cating that even if the amount of added graphene of GZPS was reduced
to only half compared to the graphene/PVA/SA also been given the
synergistic photothermal effect of ZIF-67. GZPS aerogel maintains good
solar-heat conversion ability, and the synergistic effect of ZIF-67 and
graphene accelerates the temperature change of GZPS. Fig. S12 directly
demonstrates the infrared imaging of surface temperature of four kinds
of aerogels under 1 sun.

To verify whether the hydrogel molded into other irregular shapes
could also maintain excellent solar-heat conversion performance, it was
shaped like a flower. The flower-shaped one was also tested for light-
heat conversion. It was found that the flower-shaped GZPS aerogel can
also exhibit almost consistent temperature changes under solar radiation
within 10 min (Fig. 4b). The composite aerogel owns stable
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photothermal conversion performance no matter what shape it is. While
maintaining the room temperature, when the external humidity was
changed to 40 + 5 °C, the cycle experiments with or without solar
irradiation (Fig. 4c) also proved its excellent photothermal conversion
performance and implied that it can be utilized when the ambient hu-
midity is lower, leading to photothermal effect even be better
represented.

In addition to the excellent photothermal performance of the fabri-
cated material in dry state without moisture, which proves that it can
effectively absorb solar energy, whether it still has excellent photo-
thermal conversion ability after the water harvesting is still worth being
checked. After the water collection behavior of the four aerogels, similar
characterization experiments were carried out to explore the solar-heat
conversion capabilities of the four gels in the wet state. The full band
absorption performance of four kinds of gels was investigated by the
UV-vis-NIR spectrum. As shown in Fig. 4d, PVA/SA gel reflects the
worst absorption of solar light. However, neither with the addition of
ZIF-67 or graphene or both, the totality solar light absorption rate is
significantly improved, showing full-band absorption range from 300
nm to 2500 nm, thanks to ZIF-67 as well as the efficient photothermal
conversion of graphene. It also proves that graphene/PVA/SA gel, ZIF-
67/PVA/SA gel and GZPS gel can absorb sunlight effectively. Mean-
while, the solar absorption efficiency of the GZPS gel was calculated to
be 95.25%, demonstrating its superior solar absorption capability. The
temperature of the four gels all increased within 30 min under the solar
radiation (Fig. 4e). When the simulated sunlight was turned on, the
temperature rose rapidly, then the temperature increased slowly after
10 min. Considering that the gels were in the state of being irradiated by
solar light, the water in the matrix was evaporated and absorbed heat
from the matrix, the gels were taken away part of the heat. The upper
limit temperature will be much lower than that of aerogel when it was
dry, however graphene/PVA/SA gel and GZPS gel still maintain proper
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photothermal conversion capabilities, both reached about 36.4 °C.
Correspondingly, when there is no light source the temperature of the
gels would also decline rapidly, demonstrating its ability to respond
rapidly to solar heat. In addition, the cycle photothermal test performed
on GZPS gel showed its high photostability and stable energy conversion
ability (Fig. 4f). Fig. 4g directly shows the temperature distribution and
temperature change of GZPS gel when it was irradiated by solar light
during the cycle test. The results above indicate that the hydrogels
added with graphene and ZIF-67 own good solar-heat conversion ability
in both dry and wet states and can be utilized as desorption host ma-
terials for collected water and efficient solar absorbers for interfacial
solar driven evaporation.

3.5. Water harvesting and release performance

Four kinds of aerogels that have been fabricated were utilized to
explore their water absorption and water release ability, the schematic
diagram of the experimental setup is shown in Fig. 5a. The fog flow
velocity is 50-70 cm s~! (tested by an anemometer, Model 6541-01,
KANOMAX, Japan). After a period of water collection experiment, the
gel enriched with collected water was placed under simulated sunlight.
The desorption behavior was monitored, and its temperature change and
real-time mass change were also recorded simultaneously. Regarding
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the water absorption capacity, two calculation methods are adopted to
measure their water harvesting capacity. First, according to the Eq. (1),
the ratio value of the real-time change mass to the real-time total mass (i.
e., dry hydrogel mass plus collected water mass) can be used to measure
the degree of water uptake, that is, the moisture content of the material
overall. From Fig. 5b, it is evident that all four aerogels were capable of
effectively collecting water. However, PVA/SA hydrogel only captures
water molecules through the matrix containing hydrophilic groups,
resulting in a water uptake rate of only 78.73% after 3 h of water
collection behavior. However, after adding the functional nanomaterials
containing hydrophilic groups, the water uptake ratio of the hydrogel
containing both of graphene and ZIF-67 reached 94.06% after a 3 h
water harvesting test, which proved its relatively high-water content.
According to Eq. (2), the mass of the aerogel when it did not contain
water was used to measure how much water can be harvested per unit
mass of the aerogel (Fig. 5¢). It can be seen intuitively that GZPS aerogel
continued to harvest water within 3 h with the cooperation of a facile
water collection device, the water harvesting ratio can reach 15.84 g
g1, which is the highest among the four samples. In order to test
whether GZPS aerogel possesses stable and excellent water harvesting
characteristics and fabricating repeatability, ten GZPS aerogels pro-
duced at different times were subjected to water harvesting experiments,
the experiment time was also extended to 5 h (Fig. 5d). The water uptake
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ratio of different ten batches of the GZPS aerogels could reach above
95% approximately after 5 h, and the average water harvesting ratio
even reached 22.45 g g1, which shows its excellent water absorption
ability. Henceforth, only the GZPS series hydrogels were applied for the
subsequent water release experiments and the following solar-driven
seawater evaporation experiment.

The gels that have collected water were placed under simulated
sunlight to explore their water release performance. According to Eq.
(3), the water released per unit area of the irradiated gel under 1 sun is
calculated over time. From the cumulative mass change (Fig. 5e), it is
apparent that the GZPS gel can release water rapidly in response to solar
radiation, and the amount of released water significantly reduces in the
absence of radiation. The real-time water release efficiency every 5 min
(Fig. 5f) was also obtained according to the Eq. (6). Under solar radia-
tion, the GZPS gel exhibited rapid water release with a maximum effi-
ciency of about 1.67 kg m 2 h™!. Although the efficiency decreased with
the prolonged radiation time, it remained relatively high, possibly due
to the hydration effect (Fig. 5g). The polymer chains in the hydrogel can
capture nearby water molecules by interactions such as hydrogen bonds
to form bound water, while water molecules separated from the polymer
chains are free water, presenting same properties with those in bulk
water. The intermediate area between bound water and free water owns
intermediate water. This kind of intermediate water is considered as
activated water which can be evaporated with less energy than bulk
water [67]. Therefore, it is speculated that the activated water in the
hydrogel should be evaporated firstly. As the evaporation time was
prolonged, the remaining bound water and free water could not be easily
evaporated, so the efficiency was reduced over time. However, relying
on the excellent photothermal properties of graphene and ZIF-67
enabled it still release water under solar radiation. At the same time,
to investigate the sustainability of its water harvesting and release ef-
ficiency, continuous cycle experiments were conducted. The experiment
involved passive water collection for 3 h and solar-driven water release
for 1 h, which was considered as one cycle (as shown in Fig. 5h). The
mass of the hydrogel was measured during each cycle to compare the
water collection and release characteristics of the material. The unit
weight was calculated based on the hydrogel matrix itself, without the
aid of any additional device, to provide a more intuitive comparison.
The calculation was based on the initial mass of each experiment of dry
gel (for harvesting) or wet gel (for releasing). It can be seen that the
water harvesting efficiency is relatively high at the beginning due to the
aerogel state, which can reach 7.66 g g~!. The water release ratio
maintained at the same level, but as the number of cycles increases, its
water absorption capacity decreased. This may due to the water release
time of 1 h is not enough to release the all collected water, when the
inside space of the gel is filled with water, the water collection ratio will
be lower than when it starts to collect water in a dry state. As the number
of cycle experiments increased, the GZPS gel was able to maintain a
relatively stable water harvesting and release performance, even when it
already contained water. To provide a more intuitive comparison with
the original aerogel, the mass of water released by the GZPS gel was also
calculated and plotted as a negative value against the weight of the
original dry gel (Fig. S13). The fluctuations in a certain range prove its
coherence, stability and durability in water harvesting and release.
These behaviors and performance can be attributed to the synergistic
effect of the hydrogel matrix and the added ZIF-67 and graphene. By
utilizing bionic structures (porous structures similar to honeycombs)
and characteristics (Selaginella lepidophylla’s ability to adapt to different
conditions), the gel was fabricated to mimic the water absorption and
spitting behavior of pufferfish. This achievement demonstrates the po-
tential of biomimetic and multifunctional hydrogels for producing clean
water in a variety of scenarios. The stable water harvesting and release
performance of the GZPS gel, even after repeated cycle experiments,
suggests that the material has good durability and can withstand long-
term use, making it a promising candidate for practical applications.
At the same time, a simple self-healing test on GZPS gel in different
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states was conducted. The GZPS aerogel with cracks in the dry state even
could recover a certain degree of self-healing effect after water collec-
tion for 4 h (Fig. S14).

3.6. Solar-driven seawater evaporation performance

The excellent water transmission performance of GZPS gel can
ensure the interfacial evaporation when it is driven by solar energy. On
the other hand, its internal biomimetic porous hierarchical structure can
also ensure the smooth passage of steam and effective desalination to
purify seawater [62]. The schematic diagram of the seawater evapora-
tion experimental device and recording concept system is shown in
Fig. 6a. To fully exert the function of the prepared hydrogel and prolong
the service life, according to some previous studies [29,37,44], the
specific appearance of the evaporator device system is shown in Fig. 6b.
It shows that hydrogel is used as the uppermost solar absorber to convert
the absorbed sunlight into heat energy to drive seawater evaporation.
The thickness of GZPS is 5 x 107 m, the diameteris 5 x 10~2 m, and the
surface area is about 1.9625 x 10~3 m2. Polystyrene foam is applied as a
heat insulation layer, and a cotton piece is inserted in the middle as
seawater supply channel. When the entire facile evaporation device
floats on the sea surface, seawater can be directly and effectively
transported to the upper GPZS gel. Accompanied by proper heat man-
agement, GZPS can perform considerable evaporation potential. This
entire device is called GZPS device system. For the sake of comparing the
effectiveness of the GZPS in seawater evaporation, only natural seawater
(from the Sea of Japan, Kamakura City, Kanagawa Prefecture, Japan, the
coordinate of latitude and longitude is 35.30487°N, 139.50995°E)),
seawater configured with only the device system without GZPS and
GZPS device system were used for seawater evaporation experiments.
The temperature change IR images can be seen from Fig. 6¢c. Corre-
spondingly, the temperature change curves of 1 h radiation were also
shown in Fig. 6d. The temperature of the GZPS gel in the GZPS device
system reaches about 42.5 °C, the surface temperature of the device
system is 33.1 °C, and the natural seawater is 28.5 °C after 1 h. The
results exhibit that the heat of solar radiation on the interface of the
GZPS device system evaporator is significantly more concentrated than
the other two, which can reduce unnecessary heat loss and improve
energy utilization efficiency, thus promoting the efficient generation of
solar steam. The mass change of GZPS device system, device system and
natural seawater over time under different conditions is shown in
Fig. 6e. The natural seawater and device system are only 0.31 and 0.38
kgm~2h~! under 1 sun, but the GZPS device system is 1.34 kgm 2 h !,
three times higher than the natural seawater and device system. The
GZPS device system, device system and natural seawater were tested
continuously under the condition of the simulated sunlight being
switched on and off (Fig. 6f). It can be found that the evaporation speed
of these three evaporation systems is faster under sunlight than dark
condition, proving that the strong broadband absorption ability of GZPS
gel can effectively promote the evaporation of seawater by solar. Then
the corresponding real-time evaporation efficiency and solar thermal
conversion efficiency during each five minutes were calculated ac-
cording to the Egs. (6) and (7), respectively (Fig. 6g). The evaporation
efficiency of GZPS device system can reach 1.47 kgm~2h™?, and its solar
thermal conversion efficiency even reached 92.32%, while the highest
evaporation efficiency of natural seawater and device system without
GZPS gel is only 0.44 and 0.55 kg m 2 h™!, respectively, and the solar
thermal conversion efficiency is only 18.91% and 30.67%, respectively.
Comparing these three evaporation behaviors, GZPS device system
achieves satisfactory solar steam generation rate and efficiency. It
should be noted that in such calculation steps, the energy loss like
convection with air (gcny), radiation to the environment (q,.4), and
conduction to underlying bulk water (g.,n,4) was ignored [36]. By taking
all the energy loss as well as the sunlight reflection and transmission into
account, the energy efficiency is determined. (See detailed calculation
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procedure A. in Supporting Information). It is worth noting that a
complex polymeric network could cause reduce the evaporation
enthalpy, so the corresponding efficiency was also calculated [11]. (See
detailed calculation procedure B. and Fig. S15 in Supporting
Information).

The excellent photothermal performance of GZPS device system
benefits from its macro/micro/nano hierarchical structures that in-
crease the optical path and reduce reflection through multiple scattering
of incident light [68], as well as the excellent solar absorption and
photothermal effect of ZIF-67 and graphene.

3.7. Practical application of GZPS evaporation device system

GZPS device system was tested for long-term usability and practical
application effect. It has been carried out the cycle seawater evaporation
experiment in solar light and darkness as well as long-term seawater
evaporation experiment. To confirm the material’s responsiveness to
sunlight for photothermal conversion and its stability under different
light conditions, a cyclic evaporation experiment was conducted. The
experiment involved five cycles of turning on simulated solar radiation
for one hour, followed by turning it off for one hour. The results show
that the GZPS device system exhibited stable mass change trends during
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seawater evaporation, whether in the presence or absence of solar ra-
diation. (Fig. 7a). It may be that the salt in the seawater is stored in the
GZPS gel, which affects the subsequent long-term evaporation. Ac-
cording to the real-time efficiency, it can also be assumed that the
highest efficiency can even reach over 1.89 kg m~2h™! at the beginning
(Fig. 7b). In the subsequent continuous cycle evaporation experiment,
even if the evaporation rate dropped to 1.03 kg m~2 h™! when exposed
to solar radiation, which still proves its durability and stability. The
evaporated seawater was collected in a glass container in order to
evaluate the effect of seawater desalination. As can be seen from Fig. 7c,
there were obviously small water droplets of water vapor condensation
in the glass container after evaporating for 3 min. As time went on, more
and more water vapor condensed on the walls of the glassware (Video
S1), and the photothermal effect is still significant when it evaporates
even in the presence of the glassware. Ion concentration test was per-
formed on the water collected after 12 h of continuous seawater evap-
oration, to verify the purification ability, including the four main metal
ions of Na*, Ca®*, Mg?*, K* and other metal ions including heavy metal
ions (Mn?*, Fe3t, Co?*, Ni%*, zn?*, Pbt, cd?*, cu®', cr*h). The con-
centrations of Na*, Ca?t, Mg and K* sharply decreased to 6.61, 1.80,
5.61, and 2.95 mg L, respectively, after solar purification (Fig. 7d). The
concentration of other metal ions is also much lower than that of the
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original seawater (Fig. 7e), demonstrating that photothermal evapora-
tion has a strong removal effect on heavy metal ions.

The results show that the GZPS device system has excellent seawater
purification and ion removal capabilities in solar-driven seawater
evaporation. After a long term of evaporation, there is no obvious salt on
the surface of GZPS gel. It is inferred that the hydrogel interior may
contain salt, but this phenomenon does not strongly affect the surface
appearance (Fig. 7f). This inference is verified by EDS distribution that a
large amount of Na and Cl elements do appear in the hydrogel after long-
term seawater evaporation experiment. Simultaneously, small amounts
of other elements were also detected (Fig. S16), which proves its ability
to adsorb ions.

According to the results, it can be inferred that the prepared GZPS
hydrogel owns great potential in seawater desalination to produce clean
water. The water production capacity of GZPS hydrogel, including water
collection and evaporation, was compared with that of some recent
research studies respectively, which demonstrated its excellent perfor-
mance (Table S1 and S2).

4. Conclusions

In this study, a multifunctional macro/micro/nano hierarchical
structure composite hydrogel (graphene/ZIF-67/PVA/SA) bioinspired
by various organisms (Selaginella lepidophylla, honeycomb, pufferfish)
has been successfully prepared after being assisted by facile water
collection and evaporation enhancement device. It not only has
outstanding performance in passive fog flow collection, accompanied by
the collected water could be effectively released, but also has been
successfully applied to solar-driven seawater desalination.

The synergistic effect of the hydrophilicity of the PVA/SA hydrogel
matrix itself and the excellent solar absorption performance and ion
adsorption capacity of the added functional nanomaterials graphene and
ZIF-67 endow the composite hydrogel no matter in the dry or wet state
produce clean water effectively. In the case of fog flow, the water uptake
rate can reach 94.06% after 3 h, and the water release efficiency can
reach up to 1.67 kg m~2 h™! under the subsequent 1 sun irradiation.
During natural seawater evaporation, with the integration of a rationally
designed evaporation device system, the seawater evaporation rate even
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reached up to 1.89 kg m~2 h™! with solar-heat conversion efficiency of
92.32%. This study facilitates scalable and modular applications for
harvesting and purifying water from various sources assisted by clean
renewable energy. Its special biomimetic strategy and structure as well
as combination with facile and common props provide potential value
for the application of functional materials, soft matter, gas adsorption
and flexible power generation materials.
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