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Hydratable Core–Shell Polymer Networks for Atmospheric
Water Harvesting Powered by Sunlight

Debasis Maity, Ana Palma Teixeira, and Martin Fussenegger*

The development of technologies to enable fresh water harvesting from
atmospheric moisture could help overcome the problem of potable water
scarcity. Here, an atmospheric water harvesting (AWH) device is assembled in
a core–shell structure, with the core consisting of networks of alginate (Alg)
and polyaniline (PANI) and the outer layer consisting of thermo-responsive
poly(N-isopropylacrylamide) (PNIPAM) modified with sulfonic acid groups
(SPNIPAM) to increase the water adsorption at low relative humidity. The
resulting hydrogel, modified with lithium chloride (LiCl) for increased water
storage capacity (SPNIPAM-Li-PANIAlg), displays a similar lower critical
solution temperature to pristine PNIPAM (32 °C) while affording a 15-fold
higher water capture ratio, and releases water upon exposure to sunlight at
intensities less than 1 kW m−2. The developed AWH system is capable of
harvesting 6.5 L of water per kilogram in a single daily absorption/desorption
cycle under sunlight and can operate at relative humidity levels as low as 17%
with no additional external energy input. The thermo-responsive hydrogel
SPNIPAM-Li-PANIAlg exhibits excellent stability during natural
sunlight-driven absorption/desorption cycles for at least 30 days, and allows
sustainable harvesting of over 28.3 L kg−1 from a moisture-rich environment
by means of multiple absorption/desorption cycles.

1. Introduction

Atmospheric moisture represents a large-scale source of fresh
water that is continuously replenished via the hydrologic cycle.[1]

Therefore, capturing water from the air by means of rapid
and energy-efficient techniques could be an effective approach
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to address the growing global challenge
of water scarcity.[2–4] For example, sus-
tainable and eco-friendly solar-powered
vapor generation (SVG) can extract water
from moist air or fog/dew.[5–8] However, the
design of new materials with functional mi-
cro/nanostructures that absorb and convert
low-intensity solar energy (≤1 kW m−2) to
heat for water phase transition is crucial for
cost-effective water harvesting.[9–13] A radia-
tive cooling system was recently designed
to harvest atmospheric water (50 g m−2 h−1)
from dew under solar irradiation.[14]

Early atmospheric water-harvesting
(AWH) devices employed economic and
stable porous silica or zeolite materi-
als, which absorb water molecules via
hydrogen-bonding or electrostatic inter-
actions. However, silica adsorbents suffer
from low capacity at low relative humid-
ity (RH),[15] while zeolites require high
temperatures for regeneration/water des-
orption (150–200 °C).[16] More recently,
highly porous metal-organic frameworks
(MOFs) have attracted interest for AWH,
as they feature favorable S-shaped water

sorption isotherms, have high adsorption capacity, and can be
efficiently regenerated at low temperatures.[17] For instance, a
MOF-801-based device was shown to be able to harvest 2.8 L of
water per kilogram daily from the atmosphere at a flux of less
than 1 sun (1 kW per m2).[6] However, the manufacture of MOFs
is rather complex and costly, and their toxicity has not yet been
fully investigated.[18]

A promising alternative to MOF-based systems is provided by
hydrogels, which are physically or chemically cross-linked net-
works of different polymers with a porous capillary structure,
that show excellent water collecting and releasing ability.[5,19–21]

The weak bonds between the water molecules and the polymer
network provide good SVG behavior due to the low energy re-
quirement for water vaporization.[9,22,23] For instance, polyacry-
lamide (PAM) and alginate (Alg) matrix-based hydrogels were
designed and fabricated as an AWH system for rapid adsorption
and subsequent sunlight-activated desorption of water (1.81 kg
kg−1 m−2 day−1 at 23 °C, 66% RH).[24] Furthermore, a combina-
tion of graphene oxide (GO) with temperature-responsive poly(N-
vinylcaprolactam-co-acrylic acid) copolymeric nanofibers enabled
water capture and release based on hydrophilic-to-hydrophobic
transformation across broad ranges of RH and temperature.[25]

Other hydrogel-based systems include a photo-thermal device
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Figure 1. The design concept of our AWH system. A) Schematic illustration of a cross-section of the SPNIPAM-Li-PANIAlg hydride hydrogel showing
the core–shell structure. B) Schematic illustration of the synthetic procedure of SPNIPAM-Li-PANIAlg. The hydrogel is a hyper-crosslinked polymeric
network composed of alginate (Alg), PANI, PNIPAM, sulfonate groups (PSSA), and LiCl. C) Schematic illustration of reversible water vapor sorption
below the LCST and desorption above the LCST by the developed AWH hydrogel.

combining polydopamine and Cl−-doped polypyrrole,[26] and a
poly(vinyl alcohol) and activated carbon device,[27] achieving wa-
ter evaporation rates of 1.43 and 2.6 kg m−2 h−1 at 1 sun
(1 kW m−2), respectively.

Thermo-responsive poly(N-isopropylacrylamide) (PNIPAM)
hydrogels have attracted particular attention because of their
lower critical solution temperature (LCST) of just 32 °C,[28] re-
sulting in easily switchable hydrophilicity using a low-energy
consumption method.[29] A photosensitive porous system com-
posed of carbon dots (C-dots), carboxymethylcellulose, and
PNIPAM-based hydrogel[23] with ON/OFF optical switching
was reported for solar-powered water purification, while PNI-
PAM grafted to silica gel was fabricated to obtain a high-
performance thermo-responsive composite with an adsorption
capacity of 1.70 g g−1 at 20 °C and 70% RH.[30] In addition,
the phase-transition and thermo-responsive properties of dried
PNIPAM and hydrophilic Alg hybrid networks were investi-
gated to improve water harvesting.[22] However, the thermo-
responsiveness and water storage and release characteristics so
far reported still fall short of the requirements for practical
application.

In the present work, we designed core–shell structured hydro-
gels with a core consisting of polyaniline (PANI) incorporated in
a calcium-crosslinked Alg matrix, shelled with PNIPAM modi-
fied with sulfonic acid groups (SPNIPAM) to enhance the wa-
ter absorbance at low RH,[31,32] and treated with lithium chlo-
ride (LiCl) to enhance the water storage capacity. The resulting

hydrogel, SPNIPAM-Li-PANIAlg, showed a water capture ratio
15-fold higher than pristine PNIPAM, presumably due to en-
hanced water transport through the porous polymer network,
and it released water on exposure to sunlight at an intensity of
less than 1 kW m−2. Furthermore, SPNIPAM-Li-PANIAlg was
compatible with multiple adsorption–desorption cycles per day
and showed long-term durability. In addition, we validated the
performance of SPNIPAM-Li-PANIAlg in an outdoor prototype
device as proof of concept for AWH in a real-world environment.

2. Results

2.1. Design and Construction of AWH

We designed a polymeric hydrogel comprising Alg and PANI
chains in the core to enhance the moisture absorption and stor-
age capacity, surrounded by thermo-responsive PNIPAM chains,
modified by incorporation of poly(4-styrenesulfonic acid) (PSSA)
to enhance the water capture ratio and hygroscopic LiCl to further
enhance the storage capacity (Figure 1A). The core–shell struc-
ture of this hydrogel, designated SPNIPAM-Li-PANIAlg, was pre-
pared by sequential steps of polymerization (Figure 1B). The
outer layer of PNIPAM and PSSA enlarges the hydrogel-air inter-
face and serves as a pathway for water capture and release. The
water molecules are adsorbed and liquefied on this outer shell
layer of the hydrogel, aided by the hydrophilic sulfonate groups
incorporated in PNIPAM, and then are captured by diffusion into
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Figure 2. A) SEM images of the SPNIPAM-Li-PANIAlg hydrogel. i) Cross-sectional view from the top of a prepared disk. ii,iii) Images of the core part
containing PANIAlg and iv,v) images of the shell part containing SPNIPAM (note the different magnifications). B) Photographs of i) Alg, ii) Alg with aniline
monomer, iii) PANIAlg, and iv) SPNIPAM-Li-PANIAlg. v) Picture of one dried and one hydrated hydrogel disk, showing a volume change consistent with
a large water yield.

the polymeric network of Alg and PANI. The polymer network
undergoes a transition from hydrophobic to hydrophilic below
the LCST (≈32 °C), enabling the absorption of water within the
highly porous PANIAlg core layer, while above the LCST, the hy-
drophobic environment of PNIPAM results in release of water
molecules (Figure 1C).

The microstructure and surface topography of SPNIPAM-Li-
PANIAlg were characterized by scanning electron microscopy
(SEM) (Figure 2A). A cross-section of the hydrogel reveals a core–
shell structure. The outer layer presents a rough, flaky morphol-
ogy (Figure 2A), as reported previously,[33] while in the inner
layer, the integration of PANI nanoparticles into the Alg network
produces pores with a size of around one micron that serves
as micro-channels for water release (Figure 2A, Figure S1, Sup-
porting Information). To verify the presence and distribution
of elements across the prepared hydrogel disks, we performed
energy-dispersive X-ray analysis (EDS). While oxygen, nitrogen,
and chlorine were distributed all over the hydrogel, sulfur was
present mostly in the shell (consistent with SO3

−-modified PNI-
PAM), and calcium was located mainly in the core of the hydro-
gel (Figure S2, Supporting Information). The appearance of the
disk-molded hydrogel changes through the four different stages
of the fabrication process (Figure 2B). At temperatures below
the LCST, the hybrid hydrogel absorbs water vapor, which grad-
ually penetrates into the inner structures of the hydrogel and is

stored throughout the hydrophilic Li-PANIAlg network until sat-
uration is reached. The size of the SPNIPAM-Li-PANIAlg hydro-
gel disks changes significantly from the saturated state at 24 °C
to the state after release of the total water content by exposure to
40 °C (higher than the LCST) on a hot plate: the thickness de-
creased from 4 to 1.67 mm, and the average volume decreased
from 4.67 to 0.61 cm3 (Figure 2B). Rheological characterization of
SPNIPAM-Li-PANIAlg confirmed the viscoelastic nature of the
hydrogel (Figure S3, Supporting Information). Alg showed a gel-
like behavior, with the storage modulus (G′) always above the loss
modulus (G′).[33] The G″ values were stable over the whole tested
frequency range, while the G′′ values increased at frequencies
above 100 rad s−1. The incorporation of PANI and PNIPAM had
little impact on the viscoelastic properties of the hydrogel, indi-
cating that these properties are mainly attributed to the presence
of Alg.

We also analyzed the monomer conversions into PANI and
PNIPAM polymers by proton NMR, obtaining conversion ratios
of over 93% for both polymerization processes (Table S1 and
Figure S4, Supporting Information).[34] The gel fractions at the
different polymerization stages were also determined. While the
gel fraction of the initial Alg hydrogel is 28%, this decreases to
11.4% after the incorporation of all the remaining components
into the final SPNIPAM-Li-PANIAlg hydrogel (Table S2, Support-
ing Information).

Small 2023, 19, 2301427 © 2023 The Authors. Small published by Wiley-VCH GmbH2301427 (3 of 8)
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Figure 3. The natural moisture sorption properties of SPNIPAM-Li-PANIAlg. A) The water uptake and release of PNIPAM, SPNIPAM, SPNIPAM-Alg,
SPNIPAM-PANIAlg, and SPNIPAM-Li-PANIAlg were gravimetrically profiled at a relative humidity (RH) of 93%. The water uptake was conducted at 24 °C
(below the LCST), and water release at 60 °C (above the LCST). The hydrogel was loaded in a closed chamber with humid air flow for about 10 min, until
the chamber reached the desired humidity. Then water release was initiated after 50 min of exposure. B) Calibration of moisture absorption kinetics study
at 24 °C for different values of relative humidity (RH 17%, 35%, 49%, 59%, 67%, 72%, 85%, and 93%). C) Water capture of SPNIPAM-Li-PANIAlg with
different mass ratios of shell (SPNIPAM) and core (PANIAlg) after 1 h of moisture uptake (24 °C, RH 93%). D) Water uptake of SPNIPAM-Li-PANIAlg
over time at RH 33%, 43%, 59%, 75%, 85%, and 97%. This experiment was performed in a salt-solution-containing closed chamber with saturated
humidity (without air flow). E) The dynamic water desorption process of SPNIPAM-Li-PANIAlg under light intensities of 600, 800, and 1200 W m−2.
F) Moisture-desorption isotherms of hydrogel at different temperatures (40, 60, and 70 °C). Bars represent mean ± SEM, (n = 5).

2.2. Evaluation of Water Sorption Performance

To assess how the various components of the hydrogel impact
the water vapor sorption properties, we compared the water up-
take ratios at five different stages of hydrogel modification un-
der 93% RH at 24 °C (Figure 3A). While pure PNIPAM has
low hygroscopicity (0.44 g of water captured per g of material),
the equilibrium water uptake is significantly increased by suc-
cessively adding each of the remaining components, and the
fully assembled hydrogel has excellent water sorption charac-
teristics. The incorporation of the sulfonate groups increases
the water uptake of PNIPAM by almost threefold (SPNIPAM,
1.16 g g−1). The microporous structure of Alg (SPNIPAM-Alg,
2.65 g g−1) and PANI (SPNIPAM-PANIAlg, 4.1 g g−1) provides
effective moisture transport pathways and an enlarged contact
area for moisture capture. Finally, the AWH performance of the
fully assembled hydrogel was greatly enhanced by introducing
LiCl solution, increasing the water capture capacity to 6.70 g g−1.
LiCl reduces the saturated vapor pressure of water at the liquid-
gas interface,[35] enhancing the driving force for water diffu-
sion in the Alg-PANI matrix and thereby promoting faster mois-
ture absorption and improving the moisture absorption capacity
(Figure 3A). The free ions (Li+ and Cl−) also facilitate the transfer
of absorbed water molecules into the hydrogel core under a wide
range of humid environments (Figure 3B).

Next, we assessed how the ability to capture water changes for
hydrogels synthesized with different mass ratios of SPNIPAM to
PANIAlg (Figure 3C). Increasing the concentration of PANIAlg
versus SPNIPAM by 5- and 10-fold increased water absorption
from 2.0 to 4.5 and 6.5 g g−1. However, when the concentration

of PANIAlg was further increased to 20- or 50-fold, the adsorp-
tion capacity decreased to 6 and 5 g g−1, respectively. This de-
cay might be due to shrinkage of the macroscopic volume and
microscopic pores. The as-prepared AWH hydrogels exhibited
good water sorption capacity under a wide range of humidity
(Figure 3D). The SPNIPAM-Li-PANIAlg hydrogel with a mass
ratio of 10 (core/shell) was considered optimal. Notably, in 43%
and 87% RH environments it took only around 100 and 75 min,
respectively, for the SPNIPAM-Li-PANIAlg to reach 80% of equi-
librium (Figure 3D). The water-harvesting was reduced signifi-
cantly in the lower humidity range, but still amounted to 2 g g−1

at 33% RH. The collected fresh water was analyzed by ion chro-
matography and all detected ions met the standards for potable
water defined by the World Health Organization (Figure S5, Sup-
porting Information).[36,37]

2.3. Evaluation of Water Desorption Performance

The LCST for the SPNIPAM-Li-PANIAlg hydrogel was 32 °C,
which is the same as that of PNIPAM, despite the presence of Alg,
PSSA, and PANI components, which enhance the hydrophilic-
ity of the hydrogel (Figure S6, Supporting Information).[38]

SPNIPAM-Li-PANIAlg exhibited excellent stability and retained
82% of its water-harvesting capacity after 30 days (Figure S7A,
Supporting Information). Next, we carried out water release ex-
periments after exposing SPNIPAM-Li-PANIAlg disks to a con-
stant temperature of 24 °C and RH of 93% for 24 h. First, the
photothermal responsiveness of SPNIPAM-Li-PANIAlg hydro-
gel was investigated using solar radiation focused with lenses to
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achieve different light intensities of 0.6, 0.8, and 1.2 kW m−2.
Although the hydrophobic nature of PNIPAM might present a
barrier for the water stored in the core to diffuse throughout
the shell, in practice we observed a rapid release during the first
5 min, and then the release slowed down as the water content
decreased (Figure 3E). Higher light intensities produced faster
water release rates. After 30 min of solar illumination, around
85–95% of the absorbed water was released from SPNIPAM-Li-
PANIAlg hydrogel, demonstrating the feasibility of water release
powered by natural sunlight. The amount of water released at
three different temperatures was also evaluated (Figure 3F). The
surface temperature of the sample was increased from 24 °C to
around 40, 60, and 70 °C respectively by means of a heating pad.
Water release increased rapidly at temperatures above 40 °C, and
more than 80% of the absorbed water was released within 15 min
at 70 °C. However, SPNIPAM-Li-PANIAlg shows impaired water-
harvesting and storage properties at temperatures above 100 °C
(Figure S7B, Supporting Information). The optimized amounts
of aniline (50 μL) and LiCl (0.1 m) were used in further studies
(Figure S8A,B, Supporting Information).

2.4. Application of SPNIPAM-Li-PANIAlg for Atmospheric Water
Harvesting

For a proof-of-concept application in real-world conditions, a
simple-to-install lens-assisted solar-powered-based water har-
vesting prototype device (Figure 4A) was deployed outside on the
balcony of our department building, where sunlight fluxes in the
range of 0.5 to 1 kW m−2 are typically observed on sunny days.
The device consists of three chambers, with the hydrogel disk
hosted in the middle chamber, which has holes at the bottom to
allow collected water to flow into the collection chamber under
gravity. The top chamber contains a removable glass lens that fo-
cuses sunlight to assist water release. Figure 4B shows the result
of a representative demonstration during the course of a day, in
which the outdoor temperature and RH changed as shown, with
an average incident solar flux of ≈0.7 sun. During humid peri-
ods, water was captured from the air at higher rates, reaching a
maximum of 4.2 g of water per g of hydrogel (Figure 4C). In this
device, the incident sunlight increases the temperature of the hy-
drogel to above 60 °C at an ambient temperature of 25 °C with the
help of the lens, triggering the hydrophilic-to-hydrophobic phase
transition of PNIPAM and prompting the accumulation of 2.1
grams of water per gram of hydrogel in the collection chamber.

Finally, we tested the capacity of the hydrogel to un-
dergo several cycles per day. We set a period of 30 min
for water sorption at 97% humidity and 15 min for des-
orption with an applied desorption temperature of 70 °C
(Figure 4D). This protocol yielded 28.3 g of clean water per
gram of SPNIPAM-Li-PANIAlg after 8 absorption–desorption
cycles.

3. Discussion

In this work, we designed and synthesized SPNIPAM-Li-
PANIAlg as a thermo-responsive hydratable polymer network
for high-efficiency AWH. The fundamental design principle of

SPNIPAM-Li-PANIAlg is to synergistically integrate a) sulfonate-
modified PNIPAM for water absorption and liquefaction, b) pho-
tothermal conversion ability of PANI, c) hygroscopic Li-PANIAlg
for moisture storage, and d) a hydrophilicity switching and ther-
mal response capability based on the PNIPAM network for rapid
water release. The moisture absorption by the AWH device is a
two-step process: i) the water molecules are adsorbed and lique-
fied on the surface of the sulfonic acid-modified PNIPAM, and
ii) the condensed water is transferred to the PANIAlg polymer
network for storage.[35] The molecular structure of Alg includes
six active hydrogen-bonding sites favorable for water storage.[39]

The hygroscopic agent LiCl confers rapid water absorption and
transport properties.[36]

Dried SPNIPAM in the shell part of the hydrogel absorbs mois-
ture from air at temperatures below its LCST (32 °C). This pro-
cess induces swelling of the hydrogel. PNIPAM-based hydrogels
drastically change their polymer chain structure from hydrophilic
to hydrophobic form in response to a small increase in tempera-
ture to above their LCST.[40] Thus, solar radiation can induce a vol-
ume phase transition at temperatures above the LCST, resulting
in shrinkage of the swollen hydrogel and release of liquid water.
In other words, the thermo-responsive hydrophilic/hydrophobic
properties of PNIPAM and photothermal conversion of PANI
provide an energy exchange system through which moisture
from air can be condensed to liquid water with a small temper-
ature change. This microporous super-hygroscopic hydrogel can
deliver water at ≈6.34 L kg−1 and can operate even in a very dry
environment (≈17% RH).

The spongy morphology of the SPNIPAM-Li-PANIAlg poly-
mer network significantly influences water diffusion within the
hydrogel and provides pathways for diffusion of water molecules
to the evaporating surface.[41] The incorporation of hygroscopic
LiCl and PANI in the hydrogel also increases its water-adsorbing
capacity.[42] Overall, the core–shell configuration increases the in-
put efficiency and provides pathways for water release with a low
thermal energy requirement that can be provided by natural sun-
light. Notably, SPNIPAM-Li-PANIAlg showed a high water cap-
ture ratio (720% of that of PNIPAM), with a maximum evapora-
tion rate of up to ≈2.35 L kg−1 h−1 (28.3 L kg1 over 12 h), together
with the capability for multiple absorption and release cycles, ow-
ing to its high-capacity storage and conveniently controllable re-
versible phase transformation. The water capture performance
of our fabricated AWH compares favorably with those of other
recently developed AWH systems (Table S3, Supporting Informa-
tion). Our design strategy highlights the potential of using core–
shell configurations of different functional polymers for further
developing advanced automated AWH systems with low power
requirements and operability under dry conditions. We are plan-
ning further research to increase the moisture absorption over a
wider range of temperature and humidity, to speed up the absorp-
tion and release processes, and to extend the long-term stability
of the hydrogel.

4. Experimental Section
Chemicals and Materials: Chemicals including N-isopropylacrylamide

(C6H11NO)n (cat. no. 2210-25-5), polystyrene sulfonic acid (cat. no.
28210-41-5), N,N,N′,N′-tetramethylethylenediamine (cat. no. 3030-47-5),

Small 2023, 19, 2301427 © 2023 The Authors. Small published by Wiley-VCH GmbH2301427 (5 of 8)
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Figure 4. Outdoor testing of AWH performance under natural sunlight. A) Schematic illustration of a prototype built for field study of the absorption
characteristics of the hydrogel. Schematic of a simple-to-use, solar-energy-based water collector prototype (20 cm × 15 cm × 15 cm) in water capture
and water harvesting modes. B) The outdoor ambient temperature and humidity were recorded during a mostly sunny day from 1.30 PM to the next day
at 00:00 h. C) SPNIPAM-Li-PANIAlg absorbs water and releases it under lens-mediated solar heating. Hygroscopic/evaporation experiment conducted
from 1.30 PM to 00.00 AM. Water capture and release were recorded. D) Plot showing multiple cycles of water collection occurring in 1 day. The water
sorption period was 30 min and the desorption period was 15 min at 97% humidity with an applied desorption temperature of 70 °C.

ammonium persulfate (APS, cat. no. 7727-54-0), N,N′-methylene-bis-
acrylamide (cat. no. 110-26-9), aniline (cat. no. 62-53-3), lithium chloride
(cas. no. 7447-41-8) and hydrochloric acid (cat. no. 7647-01-0) were pur-
chased from Sigma Aldrich (Switzerland). Alg powder was purchased from
Büchi (cat. no. 11061528; Büchi, Switzerland).

Preparation of SPNIPAM-PANIAlgLi Hydrogel: Alginate powder was
dissolved in 50 mL of aqueous solution to a concentration of 2% w/w and
stirred for 24 h to obtain a uniform solution, then sonicated for 10 min.
A 50 μL aliquot of aniline monomer solution was mixed with the Alg so-
lution by vortexing for 5 min and the resulting solution was labeled as
solution A. Calcium chloride (0.1 m) was added dropwise to solution A
contained in plastic disk molds of various sizes. The Alg solution was
rapidly crosslinked with Ca2+, forming the core of the hydrogel (ANIAlg).
ANIAlg was treated for 30 min with 100 μL of hydrochloric acid (HCl) so-
lution (37%). Next, 1 mL of ammonium persulfate (0.1 m) was added
dropwise and the mixture was allowed to polymerize for 1 h at 24 °C to
form PANIAlg. The obtained PANIAlg hydrogel was immersed in water
and ethanol alternately (five times) for 15 min to remove HCl, ammo-
nium persulfate, and unreacted monomers. N-Isopropylacrylamide (NI-
PAM, 300 mg), N,N,N′,N′-tetramethyl-ethylenediamine (100 μL) and Mil-
lipore water (10 mL) were mixed and the solution was purged with nitro-
gen for 30 min to remove oxygen. Bubbles were removed by centrifug-
ing at 4000 rpm (5000 g), 10 °C for 4 min, and the resulting solution
was named solution B. Solution B was added to the disk mold containing
hydrogel (PANIAlg) for 4 h at 24 °C. A mixture of the crosslinker N,N′-
methylene-bis-acrylamide (10% v/v) and initiator ammonium persulfate

(0.1 m) was prepared by vortexing and labeled as solution C. Solution C
(10% v/v) was added to the above product and kept for 2 h at RT un-
der a nitrogen flow (polymerization of PNIPAM was quenched by the dis-
solved oxygen in the water). The transparency of the Algalginate was re-
duced by the whitish PNIPAM on the surface and black PANI (mostly in
the core, Figure 2B-iv). The obtained PNIPAM-PANIAlg hydrogel was im-
mersed in cold water (10 °C) and hot water (50 °C) alternately (eight times)
for 3 h to remove unreacted monomers and non-crosslinked polymers.
The product was washed with water four times to remove unattached
NIPAM monomer. Next, polystyrene sulfonic acid was uniformly mixed
with 20 mL ethanol (5% v/v) by sonication for 30 min and labeled as so-
lution D. The PNIPAM-PANIAlg hydrogel was slowly immersed in solu-
tion D and kept for 24 h to get a uniform coating of polystyrene sulfonic
acid (SPNIPAM-PANIAlg). This product was then immersed in 0.1 m LiCl
solution to obtain SPNIPAM-Li-PANIAlg hydrogel, which was purified by
washing with Millipore water five times. The monomer conversion per-
centage during polymerization was calculated from the results of NMR
analysis (Figure S8 and Table S2, Supporting Information). The resulting
SPNIPAM-Li-PANIAlg disks were completely dried in a vacuum chamber
at 24 °C for 24 h. For water-harvesting, dried SPNIPAM-Li-PANIAlg disks
(0.5 mg each) were exposed to moist air at a constant flow rate. To release
the captured water, the SPNIPAM-Li-PANIAlg disks were heated by direct
or convex-lens-assisted solar radiation. The SPNIPAM-Li-PANIAlg hydro-
gel absorption/release cycles at RH 17%, 29%, 45%, 60%, 75%, and 93%
were run with capture and release times of 6 h and 30 min, respectively.
In the case of multiple cycles in a day at RH 93%, the capture and release
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times were 45 and 15 min. respectively (eight cycles). The rapid absorp-
tion and release experiment was performed at RH 93% with capture and
release times of 20 and 10 min, respectively.

Water Capture Experiments with Standard Calibration: Completely dried
samples of SPNIPAM-Li-PANIAlg hydrogel were placed in a closed system
in which the RH was controlled by the presence of saturated solutions
of LiCl, magnesium chloride (MgCl2), potassium carbonate (K2CO3),
sodium chloride (NaCl), potassium chloride (KCl) and potassium sulfate
(K2SO4). These provide RH levels of 11%, 33%, 43%, 75%, 85%, and 97%,
respectively. Humidity in the chamber was monitored with a humidity sen-
sor.

Water Release Experiments: Hydrated SPNIPAM-Li-PANIAlg hydrogel
samples were placed in a glass petri dish and exposed to a heating pad or
to direct solar radiation. The solar light intensity flux was measured using
a thermopile (Newport, 818SL) connected to a power meter (Newport,
1916-R). The real-time surface temperature of SPNIPAM-Li-PANIAlg hy-
drogel was measured by a non-contact infrared thermometer. The released
water was weighed in a graduated cylinder. Water release from SPNIPAM-
Li-PANIAlg hydrogel was monitored in terms of weight change.

Characterization: The morphology and microstructure of the hydro-
gel samples were observed with a Zeiss GeminiSEM 450 field emission
scanning electron microscope (ZEISS, Oberkochen, Germany). The sur-
face temperature of the composite hydrogel was measured with an IR
thermometer (Fluke VT04). Before observation, the hydrogels were freeze-
dried for 24 h. The humidity and temperature were measured with a com-
mercial humidity and temperature data logger (RS PRO 1365, RS Com-
ponents Ltd., Northamptonshire, UK). Elemental mapping analysis of
the hydrogel was done by energy-dispersive X-ray spectroscopy using a
Zeiss GeminiSEM 450. Rheological measurements of the hydrogel were
carried out using a rotational MCR 302 rheometer (Anton Paar, Graz,
Austria), equipped with a parallel plate (pp25 and pp50) geometry. To
determine the gel fractions, the pre-weighed samples were dried under
vacuum at room temperature to check for changes in weight. The sam-
ples were soaked in water for 4 days and then collected and dried under
vacuum at room temperature until their weight remained constant.[43,44]

Gel fraction (%) = W′

W0 ; where W´ refers to the weight of the dried sam-
ple and W0 is the weight of the soaked sample. NMR was conducted to
analyze the monomer-to-polymer conversion efficiency, using sodium for-
mate (HCOONa) as a standard sample.[34] The 1H NMR analysis was
performed in a Bruker Avance III HD instrument (Switzerland) operat-
ing at 500 MHz, using a 5-mm BBFO smart probe equipped with actively
shielded z-gradients (10 A). The experiments were performed at 298 K.
The thermoresponsive behavior of aqueous solutions (10% v/v) of PNI-
PAM and SPNIPAM-Li-PANIAlg was studied by measuring how the trans-
mittance at 460 nm changed with temperature. The temperature at which
the transmittance was 90% of the initial value (at 20 °C) was defined as
the LCST.[45,46]

Water Quality Analysis: The quality of the water was analyzed by ion
chromatography (IC 940 von Metrohm, Switzerland) with a 30 min cycle
time and 1 mL min−1 flow rate.

Statistical Analysis: All data sets were analyzed using GraphPad Prism
software (version 8.4.3, La Jolla, CA, USA), following a two-way ANOVA t-
test. All experiment data are presented as mean ± standard deviation (SD)
for n = 5 as noted in the figure legends.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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