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Atmospheric water harvesting (AWH) has been recognized as a
next-generation technology to alleviate water shortages in arid
areas. However, the current AWH materials suffer from
insufficient water adsorption capacity and high-water retention,
which hinder the practical application of AWH materials. In this
study, we developed a novel dual-layered hydrogel (DLH)
composed of a light-to-heat conversion layer (LHL) containing
novel polydopamine-manganese nanoparticles (PDA� Mn NPs)
and a water adsorption layer (WAL) made of 2-(acryloyloxyethyl)
trimethylammonium chloride (AEtMA). The WAL has a strong

ability to adsorb water molecules in the air and has a high-
water storage capacity, and the PDA� Mn NPs embedded in the
LHL have excellent photothermal conversion efficiency, leading
to light-induced autonomous water release. As a result, the DLH
displays a high-water adsorption capacity of 7.73 gg� 1 under
optimal conditions and could near-quantitatively release cap-
tured water within 4 h sunlight exposure. Coupled with its low
cost, we believed that the DLH will be one of the promising
AWH materials for practical applications.

Introduction

Freshwater has been one of the most essential parts of human
life since the origination of human beings. On earth, there are
1.46×1016 tons of water exist, where less than 0.03% (various
surface freshwater) can be currently used by human being.[1] Of
the surface freshwater, ca. 3% (1.31×1011 tons) is stored in the
atmosphere, however there are limited methods to effectively
collect this freshwater.[2,3] Water in the atmosphere exists in two
forms: water vapor (unsaturated water in the form of molecules)
and fog or cloud (saturated water in the form of small droplets).
People have a long history of producing freshwater through
proactive dew water harvesting methods that use chemical
coolants and/or consume electricity (ca. 0.75 kWh per kilogram
of liquid water).[4] But this energy-intensive method is not
suitable for rural areas.

Inspired from desiccant and dehumidifier, scientists have
recently developed water harvesting materials,[4,5] such as
hygroscopic chemicals, metal oxides, metal–organic frameworks
(MOFs), hydrogels, and composite materials composed of two
or more of the aforementioned materials. These AWH materials

are capable of adsorbing unsaturated atmospheric water at
night when the temperature is low and the relative humidity
(R.H.) is high and then releasing liquid water during the
daytime. For instance, hygroscopic chemicals (e.g., calcium
chloride, lithium chloride) are considered potential materials
due to their high polarity and the ability to form hydrate with
water molecules.[6] However, the released water could be
contaminated if the halogen or hydroxide ions are leached.[7,8]

As an alternative solution, customized hydrogels have proven
to have greater water adsorption capacity, high swelling ratio
and easier/faster water release compared with other AWH
materials. However, it has been noted that for hydrogel
systems, there are often trade-offs between water adsorption
capacity and water release efficiency, and/or photothermal
conversion efficiency and mechanical properties. For example,
introducing metal–organic frameworks (MOFs) into poly(N-
isopropylacrylamide) (PNIPAM) hydrogel leads to an improved
capture capacity of 3 gg� 1 within 12 h compared to the bare
counterparts due to the highly porous structure of MOFs for
water storage.[9] However, the captured water is trapped in the
pores of MOFs, resulting in a high proportion of retention
water. Yu et al. reported a PNIPAM hydrogel that incorporated
chloride-doped polypyrrole (PPy� Cl) as photo-thermal material
(PTM) and auxiliary adsorbent. This hydrogel surprisingly
achieved a water adsorption capacity of 6.2 gg� 1, and 50% of
the captured water in the hydrogel can be self-released within
20 min under sunlight irradiation.[10] However, the delocalization
of H+ and Cl� leads to response attenuation of PNIPAM
hydrogel, resulting in an increasingly slower rate of water
release. In another case, lithium chloride and reduced graphene
oxide (rGO) were mixed with polyvinyl alcohol (PVA) and the
resultant hydrogel showed a water adsorption capacity of
2.25 gg� 1. The incorporation of rGO improved the mechanical
property of the hydrogel as the expense of water adsorption
capacity.[11–13] We thus saw this as an opportunity to develop a
novel dual-layered hydrogel (DLH) system with independent
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functions, one layer for water adsorption and storage, and the
other for efficient, sunlight-assisted water release, to address
the trade-offs.

In this work, we adopted a novel design strategy to prepare
a DLH consisting of a light-to-heat conversion layer (LHL) and a
water adsorption layer (WAL) to achieve stimuli-responsive
water release and improved adsorption capacity simultane-
ously. The LHL was prepared by incorporating novel polydop-
amine-manganese(II) nanoparticles (PDA� Mn NPs) into PNIPAM
matrix, and the WAL was prepared by copolymerizing NIPAM
(<25 wt%) and 2-(acryloyloxyethyl) trimethylammonium
chloride (AEtMA, 75 wt%). In humid environment, the resultant
DLH can effectively adsorb the moisture in the air and achieve a
high-water adsorption capacity of 7.73 gg� 1. Of note, at low
temperature the LHL layer can also absorb and store water in
the PNIPAN matrix as well as the pores of PDA� Mn NPs. Under
sunlight exposure, 50% of captured water was released within
1 h, and almost 100% adsorbed water can be released within
4 h.

Results and Discussion

To improve the water adsorption of hydrogel-based AWH
materials while achieving stimulus release of water, we adopt

the ‘divide and conquer’ strategy to prepare a novel function-
ally independent DLH. We first considered the use of dop-
amine-iron(III) (PDA� Fe) NP as PTM to construct light-to-heat
conversion layer (LHL) because it is cheap and easy to
synthesize. However, recent study has shown that MnVII ions can
accelerate the redox cycle of dopamine by an order of
magnitude compared Fe, Cu, Zn, and Co at micromolar
concentrations.[14] We were curious whether the high degree of
polymerization of polydopamine could lead to different photo-
thermal properties. In this study, we synthesized a novel
PDA� Mn NP and compared its photo-thermal conversion
performance with that of PDA� Fe NP (Figure 1A).[15] It is found
that the prepared PDA� Mn NPs have a diameter of 150–200 nm
(Figure 1B and Figure S1 in Supporting Information) and can be
homogeneously dispersed in aqueous media. While at low pH
<4, the PDA� Mn NPs tend to form aggregations. We further
conducted energy dispersive X-ray (EDX) analysis of the
PDA� Mn NPs (Figure 1C). Except C, N and O elements, we
observed two characteristic peaks belonging to manganese at
655 and 790 eV. In contrast, the PDA� Fe NPs have a larger
diameter of 500 nm (Figure S1).

We then prepared a series of LHLs consisting of poly(N-
isopropylacrylamide) (PNIPAM) matrix and PDA� Mn NPs PTM
(or PDA� Fe NPs as a control sample) via radical polymerization
at room temperature according to previous report[10]

Figure 1. A) The synthesis of polydopamine-(Mn) nanoparticles (PDA� Mn NPs). B) SEM images of PDA� Mn NPs. C) Energy dispersive x-ray (EDX) analysis result
for element identification using multiple peaks fitting (Black: original EDX data; Blue: accumulative curve from fitted peaks; Orange: carbon, nitrogen, oxygen,
and manganese peak).
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(Scheme 1). As expected, the resultant LHLs containing 5–
10 wt% NPs displayed stronger solar absorption ability com-

pared to the bare sample (0 wt%) in all UV-VIS-NIR ranges (250–
2000 nm, Figure 2A). Of note, further increasing the loading of

Scheme 1. Schematic illustration of the synthesis of dual-layered composite hydrogel.

Figure 2. A) Absorption spectra of LHLs vs. sunlight emission spectrum. B) Temperature profiles of the prepared LHLs (1×1×1 cm3) under 1.0 sun irradiation
for 4 h without NPs (red), with PDA� Fe NPs (orange) or with PDA� Mn NPs (green). C) FTIR spectrum of PNIPAM-based LHL. D) FTIR spectrum of PNIPAM/
PAEtMA-based WAL.
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PDA� Mn NPs leads to aggregation of NPs, and the resulting
LHL showed incremental photothermal response. We then
evaluated their photothermal converting ability. As shown in
Figure 2B, the bare sample without NPs showed a consistent
temperature of 25 °C after 1 h of sunlight irradiation (1.0 sun
equivalent). The LHL containing PDA� Fe NPs reached ca. 30 °C
after 1 h irradiation and maintained this temperature. This may
be attributed to the severe aggregation of PDA� Fe NPs in
PNIPAM matrix, resulting in low conversion efficiency. In
contrast, the temperature of the LHL with PDA� Mn NPs
increased from room temperature to 33 °C within 1 h and
continued to rise to 45.4 °C in the next 3 h. These results
indicate that the uniformly dispersed PDA� Mn NPs are more
effective in the absorption and conversion of sunlight into heat.
The structure of PNIPAM-based LHL was further characterized
by FTIR spectroscopy (Figure 2C). We observed the character-
istic peaks at 1650 and 3300 cm� 1, which can be attributed to
the C=O stretching and N� H stretching of PNIPAM, respectively.

Previous study has demonstrated that the PNIPAM-based,
monolayer hydrogel system usually has an insufficient moisture
adsorption capacity at unsaturated environment.[10] To address
this issue, we further synthesized a polyelectrolyte-based water
adsorption layer (WAL) to enhance water capture and storage.
Polyelectrolytes are polymers possessing ionizable groups[16]

and have been widely used in the treatments of wastewater,
ceramic slurries, and concrete mixtures.[17–21] Due to their super-
hydrophilic ionizable groups, polyelectrolyte-based hydrogels
show an unusual high swelling ratio of >100 gg� 1.[22] In this
study, an aqueous mixture containing monomers, [NIPAM]/
[AEtMA]=1 :3, where NIPAM= N-isopropylacrylamide and
AEtMA=2-(acryloyloxyethyl) trimethylammonium chloride, and
crosslinker was poured on the prepared LHL, and the WAL was
prepared via radical copolymerization (Scheme 1). The resulting
DLHs were then frozen at � 20 °C and thawed in DI water to

remove unreacted residue, followed by frozen-drying. The WAL
is composed of 75 wt% poly([2-(acryloyloxy)ethyl] trimeth-
ylammonium chloride), PAEtMA, leading to an exceptional
affinity for water molecules due to the strong polarity of
quaternary ammonium-chloride groups of AEtMA. While the
remaining ca. 25 wt% PNIPAM component can enhance the
compatibility between WAL and LHL. To demonstrate the high-
water affinity of the WAL, we prepared a control sample with
the same composition (i. e., AEtMA/NIPAM=3 :1 wt/wt) and
evaluated its water uptake capacity. As expected, this sample
had a maximum water uptake capacity of 131.75 g of water per
gram of dry gel (Figure S2 in Supporting Information). This
result is much higher than that of the PNIPAM-based
hydrogels.[10]

The surface (both the LHL and the WAL surfaces) and the
cross-sectional morphologies the DLH were measured by SEM
images (Figure 3A–F). The SEM images (Figure 3A,B,D,E) confirm
that both layers have a highly porous structure and hence high
surface area. In addition, the PNIPAM/PAEtMA-based WAL has a
‘thicker wall’ and larger pore size in comparison with the
PNIPAM/NPs-based LHL. This result may be attributed to the
lower glass transition temperature (Tg) of PAEtMA, resulting in
a ‘slower’ solidification process in the freezing dry.[23] We also
observed a clear boundary between the two layers (Figure 3C)
and the connection is stable without sign of detachment. This
result proves the successful preparation of the DLH, a rarely
reported AWH material. When we zoomed in to the SEM image
of LHL, we clearly observed the PDA� Mn NPs embedded into
the PNIPAM ‘wall’ (Figure 3F). This is in good agreement with
the EDX mapping result (Figure S3 in Supporting Information).
The vertical pores on hydrogel surface provides adequate
adsorption area for water molecules as well as transport
channels for liquid water. Moreover, the highly porous structure
of LHL will also facilitate the fast water release via evaporation.

Figure 3. SEM images of the dry dual-layered hydrogel: A) WAL surface, B) WAL cross-section, C) interface between WAL and LHL, D) LHL cross-section, E) LHL
surface, and F) enlarged section of (F) indicating the PDA� Mn NPs.
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The structure of PNIPAM/PAEtMA-based WAL is also character-
ized by FTIR spectroscopy (Figure 2D). Two new peaks at 1250
and 1700 cm� 1 were observed, which can be attributed to the
vibration of C� O and C=O of PAEtMA, respectively. The
apparent peak at 1,000 cm� 1 indicates the presence of quater-
nary ammonium groups,[24] that have strong electrostatic forces
with water molecules in the atmosphere.

To validate the concept of ‘divide and conquer’ strategy, we
first compared the water capture and release performance of
the DLHs with a monolayer counterpart which contains the
same compositions. The control sample was prepared by simply
mixing the same amount of NIPAM, AEtMA, crosslinker and
PDA� Mn NPs, followed by copolymerization and freeze-thaw
under the same conditions. Both the DLH and the control
sample were placed in a sealed plastic container to prevent
condensed water contact. The container was cooled down and
a moisture airflow with constant relative humidity (R.H. was
supplied by passing compressed dry air through saturated salt
solutions.[10] The DLH adsorbed water up to ca. 2.5 gg� 1 at
>90% R.H., which is ca. 60% higher than that of the control
sample (Figure S4 in Supporting Information). This result can be
attributed to the formation of random copolymers of NIPAM
and AEtMA in the monolayer gel, disrupting the long-range
continuity of more hydrophilic PAEtMA segments. Once the
WAL was saturated, the water adsorbed can be transferred to
the LHL by capillary force. In the LHL, the porous PDA� Mn NPs
with a large number of phenolic hydroxyl groups offer high
water affinity and additional storage space. The water adsorbed
into the DLH can be released under sunlight irradiation by
evaporation. Specifically, PDA� Mn NPs in LHL can convert
electromagnetic waves into thermal energy to heat the hydro-
gel. In this study, the LHL can reach more than 45 °C under
simulated sunlight exposure within 4 h, promoting rapid
evaporation of water molecules stored in the DLH. In the
following evaporation tests, we found that the evaporation rate
of the control sample is 0.125 gg� 1min� 1, which is slightly
higher than that of DLH (0.1 gg� 1min� 1). This result can be
attributed to the higher heat conductivity of the monolayer gel.
In short, these results indicate that besides the chemical
composition, the hydrogel architecture also plays a key role in
the water adsorption and release performance. In the plastic
container, the surface of the hydrogel is close to 5 °C and the
temperature of the inner wall is close to 0 °C. As shown in
Scheme S1B, the temperature of the vapor in the container
drops sharply on the surface of the hydrogel, thus crossing the
dew point and condensing into water. The water vapor in the
remaining space remains in the gas phase.

In the DLH, the WAL has a higher water adsorption capacity
than the LHL, leading to a huge shear force at the interface,
which may trigger layer detachment and even tear the WAL.
We thus optimized the composition of DLH by tuning the mass
loading of PDA� Mn NPs, the composition of WAL and the
weight ratio of LHL and WAL. Figure 4A illustrates the moisture
adsorption and water release performance of a series of DLHs
containing 0, 5, 10, and 15 wt% PDA� Mn NPs in the LHL.
Increasing mass loadings of PDA� Mn NPs brings an improved
moisture capture capacity by ca. 80% during a continuous 12 h

experiment. In the subsequent simulated evaporation/release
process, the DLHs can release 50% of captured water within 1 h
(t0.5=1 h) under sunlight irradiation (1.0 sun equivalent). It is
also found that 10 wt% of PDA� Mn NPs load is the optimal
amount for LHL. Because further increasing PDA� Mn NPs
loading to 15 wt% led to aggregation of NPs, and thus has a
negligible effect on water evaporation rate.

During the moisture adsorption process, water molecules
first collide with the WAL surface, and the density of the
quaternary ammonium salt determines its water affinity. There-
fore, we optimized the moisture adsorption capacity of the DLH
by judicious adjusting the composition of the WAL. We fixed
the volume ratio of LHL/WAL=1 :1 and the PDA� Mn NPs
content of 10 wt% in the LHL, and then prepared a series of
DLHs with different NIPAM/AEtMA weight ratio of 4 : 0, 3 : 1, 2 : 2
and 1 :3. Of particular note, further increasing AEtMA content to
100 wt% led to a poor compatibility towards PNIPAM-based
LHL. Figure 4B illustrates the moisture capture and water
release performance of these DLHs. Due to the strong water
affinity of quaternary ammonium cations, the low moisture
density close to the surface creates a humidity gradient that
becomes the main driving force for moisture capture. Thus,
with the increase of AEtMA content from 0 to 75 wt% (1 :3), the
moisture capture capacity of the resulting DLHs increased by
110%. Again, this result indicates that PAEtMA has a signifi-
cantly larger moisture-adsorbing ability compared with PNIPAM.
Interestingly, all the prepared DLHs can release 50 wt%
captured water within 1 h under sunlight exposure, suggesting
efficient water transport from WAL to LHL. This is also proved in
the stable gradient region detailed in Supporting Information
(Figure S5).

Despite the high moisture capture capacity of the WAL with
75 wt% of AEtMA, we further optimized the volume ratio of
WAL to LHL to boost the overall water adsorption capacity,
while maintaining the ability to rapidly release water. Four DLHs
with different volume ratios of LHL to WAL (LHL/WAL=3 :1,
2 : 2, 1 : 2, and 1 :3, v/v) were prepared. In the water capture
experiment, we found that the moisture capture capacity
increased from 2.41 to 7.73 gg� 1 when gradually increasing the
WAL volume ratio (Figure 4C). Under sunlight exposure, all the
DLHs showed a t0.5=1 h and can release >98% of captured
water in 4 h. Meanwhile, the top surface temperature of the
LHL achieved 50 °C during water desorption, and the average of
the DLH reached 42.5 °C (Figure S6 in Supporting Information).
Under extreme conditions, such as when DLH is in direct
contact with water, the LHL/WAL=3 :1 (v/v) DLH has a
maximum water uptake of 18.51 gg� 1. While this value
increases to 22.15 gg� 1 in the case of LHL/WAL=1 :3 (v/v).

At 5 °C, The water adsorption performance of DLH is also
different under different relative humidity environments. The
prepared DLH exhibited an excellent water adsorption capacity
of 4.55 gg� 1 and 7.73 gg� 1 in 12 h under 90% and 95% R.H.,
respectively. While, under moderate (75% R.H.) or low (<60%
R.H.) humidity conditions, the water adsorption capacity of DLH
were 1.75 gg� 1 and 1.21 gg� 1, respectively (Figure 4D). The
water adsorption capacity of the DLH increased by 341.7% from
60% to 95% R.H. This result can be attributed to the difference
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in water vapor density under moderate (0.0033-gram water
vapor per gram of dry air) and high humidity (0.0052 gg� 1),
resulting in insufficient water molecules to achieve passive
dewing under moderate or low humidity conditions. We found
that upon continuing to increase the humidity to >100% R.H.
(i. e., fog), the water absorption capacity of DLH was ca.
18.1 gg� 1 within 12 h and showed a tendency to reach
equilibrium (Figure S7A). However, this value is still lower than
the maximum swelling ratio of the DLH.

While when the temperature gradually increased from 5 °C
to 25 °C, the water adsorption capacity of DLH decreased from
7.73 gg� 1 to 1.24 gg� 1 (Figure S7B). As the temperature in-
creases, the time required for vapor to liquefy on the surface of
the DLH increases. The change in adsorption mechanism was
reflected in the fact that the water adsorption curve tended to
approach the plateau stage, that is, gradually reached equili-
brium at higher temperatures.

We further tested the static water adsorption capacity of
DLH at 25 °C, 15 °C and 5 °C respectively and compared the
results with the dynamic water adsorption capacity under the
same conditions. As shown in Figure S8A, at 25 °C the difference
between the dynamic and static water adsorption capacity of
DLH was the smallest, only 14.6%. The largest difference in
water adsorption capacity (>97%) was observed as the temper-
ature decreased to 5 °C (Figure S8C). This is because as the
temperature decreases, the absolute humidity of water vapor
decreases rapidly in air with the same relative humidity. This
leads to a sharp decrease in the density difference of water
molecules (or vapor concentration difference) near the surface
of the DLH, with a corresponding decrease in the driving force
for liquefaction.

Due to its highly porous structure and numerous open
metal sites, metal–organic frameworks (MOFs) have been
incorporated into hydrogel-based AWH materials to improve
water storage capacity.[25–31] However, such hydrogels usually

Figure 4. A) Indoor moisture capture simulation using dual-layered hydrogel with 0, 5, 10, and 15 wt% PDA� Mn NPs under 1.0 sun irradiation (LHL/
WAL=1 :1). B) Indoor moisture capture simulation using dual-layered hydrogel with 4 :0, 3 : 1, 2 : 2, and 1 :3 mass ratio between NIPAM and AEtMA at 95% RH
and 5 °C. C) Indoor moisture capture simulation using dual-layered hydrogel with 1 :3, 1 : 2, 2 : 2, and 3 :1 v/v between LHL and WAL at 95% RH and 5 °C. D)
Indoor moisture capture simulation using dual-layered hydrogel with 1 :3 v/v between LHL and WAL at 60%, 75%, 90%, and 95% RH at 5 °C.
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displayed a relatively low water release efficiency because water
molecules stored in the porous MOF NPs lack the driving force
to efflux.[32,33] In contrast, we found that the water release
efficiency of the DLH containing porous PDA� Mn NPs reached
98.4%, which is much higher than MOF-based AWH materials.
In this study, the PDA� Mn NPs can generate heat in situ and
the electrostatic attraction between the open metal sites and
water molecules was then suppressed at elevated temperature,
thus giving the water molecules greater kinetic energy and
weakening the hydrogen bonding with PDA� Mn NPs.[34–37] In
addition, the water adsorption capacity can also positively
affect the evaporation rate. As shown in Figure S5, correspond-
ing to the LHL/WAL=3 :1, 1 : 1, 1 : 2, and 1 :3 (v/v) DLHs, the
water evaporation rates were 0.09, 0.12, 0.1, and
0.09 gg� 1min� 1, respectively. Nevertheless, the advantage of
thickening WAL is still extremely outweighing the disadvantage
of thinning the LHL.

We then compared the moisture capture capacity and water
releasing efficiency of the present DLH with the state-of-the-art
AWH materials. As shown in Figure 5, the vast majority of AWH
materials are hydrogel- and MOF-based systems. For hydrogel
materials, under the optimized adsorption conditions (i. e., 80–
95% R.H.), they typically exhibit high water release efficiencies,
>85%, but have diverse water adsorption capacities (Figure 5).
In the case of MOFs, they work under relatively low humidity
conditions (<80% R.H.) and exhibit lower adsorption capacity
and lower release efficiency. Compared with these AWH
materials, the present DLH exhibits the highest water adsorp-
tion capacity of 7.73 gg� 1 at 95% R.H. and a very high-water
release efficiency of 96.7% with a moderate water release rate
of t0.5=59 min under sunlight exposure. Under the condition of
75–90% R.H., the comprehensive performance of the present
DLH is still in the top tier. At �60% R.H., the DLH still shows
competitive water capture capacity and higher release effi-

ciency compared to MOF-based AWH systems. This perform-
ance is also higher than all hydrogel-based AWH materials.
Notably, the DLH exhibits a 60% increase in water adsorption
capacity compared to the monolayer hybrid hydrogel with the
same composition (the control sample) (Figure S4 in Supporting
Information). These results suggest that the current mainstream
hybrid AWH hydrogels have enormous potential to further
improve the water adsorption efficiency after functional separa-
tion using this “divide and conquer” strategy.

To ensure that the DLH can withstand multiple water
adsorption and release cycles, we then performed a cyclic
durability test (Figure 6A). Each cycle includes 8 h water
adsorption under 95% R.H. and 4 h water release under
sunlight irradiation. After each releasing process, the hydrogels
were exposed to sunlight for an additional 1 h to remove any
residual water. After 10 cycles, the DLH (LHL/WAL=1 :3, v/v)
displayed an average water adsorption capacity of 5.31 gg� 1,
with an error of <5%. After 4 h of sunlight exposure, the
average water release efficiency was ca. 97%. Under sunlight
exposure, the LHL can convert electromagnetic waves into heat
and undergo axial shrinkage due to the thermal response of
PNIPAM. This deform provides the WAL with a horizontal shear
force towards the axis, which physically promotes the rapid
evaporation of liquid water inside the WAL (Figure 6B). There-
after, we again performed SEM characterization of the DLH
sample to investigate its interface morphologies. As shown in
Figure S9 (Supporting Information), no layer detachment was
observed after 10 cycles. This result thus demonstrates that the
introduction of NIPAM (25 wt%) component into the WAL can
enhance its compatibility with LHL.

To further investigate the practical water adsorption and
desorption performance, a laboratory-made water harvesting
device was built as shown in Figure 7A. This device consists of a
rectangular container and a rectangular cap with sloping top

Figure 5. Recent publications of sorption based AWH materials and their unsaturated water adsorption and release efficiency. Comments of each dot refers to
the value of experimental relative humidity and reference. (Blue dots: hydrogel;[6,9,10,16,38–42] Yellow rectangle: MOF;[13,25,27,30–33,43,44] Green triangle: ionic liquid;[45]

Purple diamond: hygroscopic inorganic compounds;[12,46,47] Red dots from left to right: our work at 75%, 90%, and 95% RH conditions).
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cover. Both container and rectangular cap are made of
polystyrene. The inner shell of the container is covered by
aluminum foil for enhanced heat accumulation during water
desorption. The sloping top cover of the container is made
from polyvinylidene chloride (PVC) film (cling wrap) for strong
light transmission, while the hydrophobic PVC film is also great
for water droplets movement. An enlarged DLH was prepared
for the practical test. The water adsorption experiment was
conducted during February 2022 at Sydney suburb, Australia,
where the average temperature before sunrise was 19 °C, wind
speed was 4 kmh� 1, atmospheric pressure was 102.5 kPa, and
relative humidity was ca. 80% R.H (the dew point was
approximate 17.5 °C). After a continuous 8 h of water adsorp-
tion, the DLH sample showed an adsorption capacity of
1.94 gg� 1, with no sign of layer detachment or structural
damage. The water release was then achieved by exploring the
device under sunlight for 5 h. We observed that 50% of
adsorbed water was released within 2 h with a consistent water
releasing rate, and almost 100% of captured water was
collected after 4 h irradiation (Figure 7B). We also noted that
the water vapor condensed on the inner wall of the PVC film at
the top cover of the container and then formed small droplets,
which can refract and reflect sunlight, reducing the intensity of
sunlight. The use of transparent super-hydrophobic cover may
alleviate these effects. ICP-MS was used to measure the quality
of the produced water, environmental dew water, and
deionized water. As shown in Figure 7C, the concentrations of
Na+ (CNa+) and K+ (CK+) of the condensed water were

0.077 mmolL� 1 and 0.018 mmolL� 1 respectively, which were
much lower than the CNa+ and CK+ of DI water and dew water.
This result implies that the liquid water produced by the DLH
far exceeds the drinking water quality standards set by the
World Health Organization.[48,49]

This DLH hydrogel exhibits outstanding water harvesting
performance in both laboratory and practical experiments,
suggesting its application potential in a real natural environ-
ment. Here, we reasonably provide the following potential
application according to the environmental temperature and
relative humidity record from Australian government Bureau of
Meteorology. In Sydney, Australia, which is dominated by a
humid subtropical climate, the average temperature in the early
morning from November to April (summer season) is about
25 °C and the relative humidity is 74%. At night, the lowest
temperature is between 15–18 °C, which means that night-time
air humidity in Sydney can often reach or exceed 90% R.H.
Similar climatic environments also appear in Zimbabwe,
Zambia, Botswana in Africa, Uruguay in South America, south-
ern Brazil, north-eastern Argentina, Alabama, Georgia, Florida in
the south-eastern United States, as well as Fujian Province,
Guangdong and other southern-coastal areas in China. In a
desert climate with a harsher environment, take the Ayers Rock
region in the subtropical desert climate in the Northern
Territory of Australia as an example. The average summer
temperature in the Ayers Rock region is 35 °C during the
daytime (average humidity=20%), and below 20 °C at night.
Despite the elevated temperature during the daytime, the

Figure 6. A) Durability performance of dual-layered hydrogel with LHL/WAL=1 :3 (volume ratio). B) Temperature measurement and the appearance of dual-
layered hydrogel under simulated sunlight irradiation (1.0 sun equivalent) for 30 min.

Figure 7. A) Self-designed AWH equipment for water releasing experiment. B) Practical test of atmospheric water adsorption and sunlight-assisted water
releasing of AWH hydrogel. C) ICP-MS of DI water, dew water, and the condensed water from the dual-layered hydrogel for ions concentration measurement.
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warmer air has potential containing more water vapor, so that
the relative humidity in this area at night can reach more than
80% R.H. The climatic conditions in these regions allow the DLH
to perform optimally for efficient atmospheric water harvesting,
which is significant for reducing carbon emissions and provid-
ing a low-cost, stable supply of drinking water worldwide.

Conclusions

In this study, we reported a promising design strategy, “divide
and conquer”, to construct composite dual-layered hydrogel
(DLH) materials for atmospheric water harvesting (AWH)
applications that separated the water adsorption and autono-
mous sunlight-assisted water releasing via two layers. This
strategy minimized the functional inhibition caused by poor
interfacial compatibility and maintained stable interlayer con-
nections. The water adsorption layer (WAL) achieved an efficient
water adsorption, and the light-to-heat conversion layer (LHL)
can heat up the DLH above 50 °C under sunlight, thereby
promoting efficient water release. The prepared DLH exhibits
excellent water adsorption and release performance under high
to moderate humidity conditions. More importantly, the water
adsorption performance of this DLH was improved by 60%
compared to the conventional hybrid hydrogel counterpart. We
thus believe that the new strategy of dual-layered AWH
hydrogels represents a promising design for the preparation of
next-generation, high performance AWH materials.

Experimental Section

Materials

N,N’-Methylenebis(acrylamide) (MBAm, 99%, Sigma-Aldrich), N-
isopropylacrylamide (NIPAM, 97%, Sigma-Aldrich), [2-
(acryloyloxy)ethyl]trimethylammonium chloride solution (AEtMA,
80 wt% in H2O, Sigma-Aldrich), N,N,N’,N’-tetrameth-
ylethylenediamine (TEMED, 99%, Sigma-Aldrich), ammonium per-
sulfate (APS, 98%, Sigma-Aldrich), potassium permanganate
(KMnO4, 99%, Sigma-Aldrich), potassium sulphate (K2SO4, AR, Ajax
Finechem Pty Ltd), dopamine hydrochloride (DA, 98%, Sigma-
Aldrich), sodium hydroxide (NaOH, 98%, Sigma-Aldrich), sodium
bromide (NaBr, 99%, Sigma-Aldrich), and magnesium chloride
(MgCl2, 98%, Sigma-Aldrich) were used as received without further
purification. Deionized water (DI water) was obtained by Milli-Q
water purification system (18.2 MΩ.cm @25 °C). Dialysis tube
(SnakeSkinTM, MWCO=3500) was purchased from Thermo Scien-
tific.

Characterization

UV-VIS-NIR spectra were recorded on a SHIMADZU UV-1700 UV-
Visible spectrophotometer. Fourier-transform infrared spectroscopy
(FTIR) spectra was obtained using a SHIMADZU MIRacle 10 single
reflection ATR accessory. Scanning electron microscope (SEM)
images were obtained by Zeiss EVO LS15 SEM system. Infrared
thermometer images were captured using FLUKE PTi120 thermal
imager. Sunlight simulation light source was obtained from Beijing
NBeT HSX-F300 xenon light source. Dynamic light scattering (DLS)
data were recorded using a MALVERN Instruments Zetasizer Nano

series system. Inductivity coupled plasma mass spectrometry (ICP-
MS) characterization was conducted using an Agilent Technologies
7900 ICP-MS system with SPS-4 Autosampler.

Synthesis of PDA� Mn NPs and PDA� Fe NPs

In a typical synthesis, 0.3064 g dopamine hydrochloride was
dissolved in 185 mL DI water. Then, 1 M sodium hydroxide was
dropwise added into the dopamine solution until the pH of the
mixture reached 9 (solution A). This flask was then transferred to
ultrasonication for preparation. Dissolving 0.1054 g potassium
permanganate (or 0.0973 g iron(III) chloride) in 15 mL DI water
(solution B). Once the ultrasonication started, slowly mixed the as-
prepared solution B with solution A. The flask was exposed to air
for oxygen supply, and the reaction processed for 6 h under
sonication at ambient condition (i. e., 1 atm, 22 °C). To purify the
obtained NPs, the reaction mixture was dialyzed against DI water
using a dialysis Tube (MWCO=3500 Da) until the color of DI water
was clear and transparent. The resultant NPs was then centrifuged
and dried at 60 °C in a drying oven for 24 h.

Preparation of the DLHs

For a typical synthesis of the dual-layered hydrogel (LHL/WAL=1 :3
wt/wt, where LHL= light-to-heat conversion layer, and WAL=water
adsorption layer), 0.0567 g NIPAM, 0.003 g MBAm (crosslinker), and
0.009 g PDA� Mn NPs (photothermal material, PTM) were mixed and
dissolved in 1 mL DI water under sonication (solution C). 0.0428 g
NIPAM, 0.009 g MBAm (crosslinker), and 128 μL AEtMA (80 wt% in
water) were mixed and dissolved in 3 mL DI water under sonication
(solution D). Then, 3 and 9 μL TEMED were added into solution C
and D, respectively. To start the gelation, 50 μL APS solution
(0.53 M) was added into solution C to induce polymerization. After
gelation of LHL, 150 μL APS solution (0.53 M) was added into
solution D, and the mixture was poured on the surface of LHL
immediately. The polymerization of WAL was conducted for 2 h.
The as-prepared DLH was soaked in DI water for 3 h to remove
unreacted residue and freeze-dried for 12 h before vapor adsorp-
tion tests.

Moisture adsorption experiments

The moisture adsorption tests were conducted under 3 Lmin� 1 air
flow with different relative humidity (R.H.%). Dried compressed air
was blown to supersaturated salt solution, then the humidified air
flows to the surface of WAL of the hydrogel. The R.H. of the air flow
were stabilized using potassium sulphate (R.H.=95%), potassium
chloride (R.H.=90%), sodium bromide (R.H.=60%) and magnesi-
um chloride (R.H.=30%).[50] As shown in Scheme S1A, in a 500 mL
flat bottom flask, 25 g potassium sulphate was dissolved in 200 mL
DI-water. The pipe that flowed dried compressed air was immersed
under the level of the supersaturated potassium sulphate solution.
Wet air was blown to a container that held the hydrogel. The
relative humidity of the gas flow through the saturated salt solution
was recorded by a humidity meter (testo-635). We found that the
recorded values are close to the theoretical values. During the
water adsorption process, DLH was placed in a cylindrical plastic
container with a diameter of 4.5 cm and a height of 5 cm without
contacting the bottom and sides of the container (the WAL surface
was in contact with the air, while the LHL surface was in contact
with the hydrophobic support material).The 3=4 height of the
container is placed in an ice-water bath, and humid air is blown
from the top of the container and cooled down to 5 °C in the
container to simulate the low temperature environment at night.
The temperature profile of humid air was provided in Scheme S1B.
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To prevent the absorption of condensed liquid water, hydrogel in
the container was held on a shelf that prevents the hydrogel
contacting with the bottom of the container. The mass of the
hydrogel was recorded and the condensed liquid water in the
container was removed every 30 min.

Sunlight-assisted autonomous water release

The indoor sunlight simulation experiment was conducted using a
XE300WUV Xenon light source (Beijing NBeT Technology Ltd) to
simulate sunlight. The irradiation intensity was stabilized at
1 kWm� 2 (1 sun equivalent). The mass of hydrogel was monitored
using an analytical balance with internal calibration (OHAUS
Pioneer® analytical balance) every 15 min. The surface temperature
of the hydrogel was recorded by IR camera (FLUKE PTi120 thermal
imager).

Durability test

The durability of the dual-layered hydrogel was determined at 95%
R.H. for 10 cycles (for each cycle, we performed water adsorption
for 8 h, followed by 4 h indoor simulated sunlight irradiation). At
the end of each cycle, the hydrogel was further irradiated for 1 h to
remove any potential water residue. The hydrogel was placed with
WAL upward during water adsorption, and LHL upward during
sunlight irradiation.

Supplementary Data

Information associated with this article can be found in the
Supporting material.
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Through a novel ‘divide & conquer’
strategy, dual-layered hydrogels
composed of a water adsorption
layer and a light-to-heat layer are
developed for atmospheric water
harvesting. The hydrogel system
manages to achieve a high-water ad-
sorption capacity of 7.73 gg� 1 and
low water retention of <2% simulta-
neously.
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