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ABSTRACT: Hygroscopic salt-hydrogel composite sorbents
have attracted increasing attention for atmospheric water
harvesting (AWH) applications but suffer from the salting-out
effect. To this end, this work, for the first time, discovers that
the salting-in effect possessed by a zwitterionic hydrogel is able
to facilitate water vapor sorption by the hygroscopic salt under
otherwise the same conditions. For demonstration, zwitterionic
hydrogel of poly-[2-(methacryloyloxy)ethyl]dimethyl-(3-
sulfopropyl)ammonium hydroxide (PDMAPS) was synthesized,
and the hygroscopic salt of LiCl was embedded into PDMAPS
to produce the salt-hydrogel composite. LiCl salt not only
endows the sorbent with high water vapor sorption capacity but
also facilitates the dissociation of self-association between
cationic and anionic groups of PDMAPS. This salting-in effect was evaluated and confirmed experimentally and via density
functional theory (DFT) calculation. The salting-in effect renders the zwitterionic hydrogel matrix with enhanced swelling
capacity, leading to the sorbent’s high AWH performance. With a photothermal component of CNT integrated into the
sorbent, a fully solar energy-driven AWH process was demonstrated outdoors. This study provides important guidance to the
design of hydrogel-based AWH sorbents.

1. INTRODUCTION

Freshwater scarcity has become a major global challenge
especially given the ongoing and seemingly ever-worsening
global warming, unsustainable economic development ap-
proaches by underdeveloped economies, and the growing
population.1 There is an urgent need at global scale to develop
decentralized water production especially from unconventional
water resources to augment the conventional and centralized
freshwater production processes.2−6 There is approximately
12 900 billion tons of water, equivalent to ∼10% of all
freshwater resources on Earth, constantly preserved in the
Earth’s atmosphere in the forms of droplets and vapor.4−8

Thus, harvesting atmospheric water to produce freshwater is
becoming as an attractive option to the regions suffering from
water scarcity, especially landlocked, and (semi)arid areas.9,10

Recently, fully solar-driven sorption-based atmospheric water
harvesting (AWH) is emerging as an electricity-free and
sustainable way of providing freshwater to off-grid commun-
ities and meeting special water needs.7−14

Hygroscopic inorganic salts, such as LiCl and CaCl2, have
been employed as water vapor sorbents due to their extremely

high water vapor sorption capacity.15,16 However, the liquid
form of the salt solution upon water vapor sorption is
troublesome, which has led to the development of hygroscopic
salt embedded porous composites,17−24 including carbon
nanospheres,17 MOFs,18 nanofibrous membranes,19 wood,20

whose performances are still unsatisfactory largely because of
the limited pore volume of these materials. In the past three
years, hygroscopic salt-hydrogel composites have been
developed,25−29 with polyacrylamide (PAM) and poly(N-
isopropylacrylamide) (PNIPAM) being the most commonly
used hydrogels, and the resultant composites have shown high
water harvesting performance.25−28,30−33 In these composite
hydrogels, water vapor sorption is supposed to undergo two
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steps: (1) water vapor is first captured and liquefied by the
hygroscopic components; (2) the liquid water is subsequently
transferred to the interiors of the polymeric hydrogel matrices
for storage, which should ideally be facilitated by the high
swelling tendency of the hydrogel matrices.30,32 Unfortunately,
these hydrogel matrices suffer from the salting-out effect,
namely the reduced water solubility of polymers in response to
the presence of salt.34 Thus, the salting-out effect leads to the
unwanted aggregation of the polymer chains and suppresses
the swelling of these hydrogels,7 which limits their water
transfer, water storage ability, and ultimately water vapor
sorption capacity.
Zwitterionic polymers possess oppositely charged cationic

and anionic groups simultaneously along their main and/or
side chains.35−40 Because of the presence of opposite charges,
such polymers are typically stimuli-responsive to temperature,
pH, and salt, and show a high degree of hydration.35 On
account of these factors, zwitterionic polymers have a wealth of
applications, such as antifouling,36,37 energy storage,38−40 drug
delivery,41 and self-healing.42,43 Especially, zwitterionic poly-
mers are highly responsive to salt. The addition of salt to the
zwitterionic polymers can screen the inter- and intrachain
attraction of opposite charges. Therefore, such polymers
become more soluble at a certain salt concentration compared
with pure water, owing to the dissociation of self-association.
This is known as the salting-in effect.35 As a result, after cross-
linking of zwitterionic polymers, the resultant hydrogels show
increased swelling capacity thanks to the salting-in effect.36 We
believe that the unique salting-in behavior of the zwitterionic

polymer makes it a better host of hygroscopic salt for an
improved atmospheric water vapor sorption performance.
In this work, zwitterionic poly-[2-(methacryloyloxy)ethyl]-

dimethyl-(3-sulfopropyl)ammonium hydroxide (PDMAPS)
hydrogel was synthesized as a host of LiCl in the presence
of CNT as photothermal component. The salting-in effect of
the composite was evaluated and confirmed experimentally and
via density functional theory (DFT) calculation. The enhanced
swelling behavior of PDMAPS matrices was carefully assessed
in salt solutions. Due to the rationally designed salting-in effect,
the composite sorbent exhibited a higher water vapor sorption
capacity of ∼1.30 g g−1 at 25 °C, 60% relative humidity (RH)
than PAM and PNIPAM based composite sorbents under the
otherwise same conditions. An outdoor test was successfully
conducted using a scaled-up composite sorbent to produce
clean water in field conditions. The salting-in effect reported in
this work can provide a new way of thinking to design more
advanced composite sorbents for more effective, stable, and
reliable AWH designs.

2. RESULTS AND DISCUSSION

Preparation and Characterization of PDMAPS/CNT/
LiCl Hydrogel. PDMAPS/CNT/LiCl hydrogel was fabricated
via in situ free-radical polymerization method followed by
loading LiCl salt (Figure 1a). First, PDMAPS/CNT hydrogels
with different cross-linking degrees were prepared by tailoring
the feed mass ratio of cross-linking agent (BIS) to DMAPS
monomer. As shown in Figure S1, 3 wt‰ of BIS was chosen to
fabricate PDMAPS/CNT hydrogel. It is worth pointing out,

Figure 1. (a) Synthetic route and (b) schematic illustration of the proposed structures of PDMAPS/CNT and PDMAPS/CNT/LiCl. (c)
UV−vis spectra and photographs of PDMAPS hydrogel after immersing in water and LiCl solution, respectively. (d) Simulated structure and
binding energy of DMAPS−DMAPS pair, DMAPS-Li pair, and DMAPS-Cl pair, respectively. ATR-FTIR spectra of (e) PDMAPS, PDMAPS/
CNT, PDMAPS/CNT/LiCl, and (f) PDMAPS/CNT/LiCl hydrogels with different mass ratios of LiCl to PDMAPS/CNT.
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when the ratio was less than 3 wt‰, the solid hydrogel failed
to form because of the low cross-linking degree. Then, LiCl
was embedded into PDMAPS/CNT hydrogel by immersing
the hydrogel into LiCl aqueous solutions with different
concentrations. As shown in Figure S2, salt crystals were
accumulated on the surface of the fully dried PDMAPS/CNT/
LiCl hydrogels when the mass ratio of LiCl to PDMAPS/CNT
was higher than 1:1. Therefore, to avoid salt accumulation at
any condition, PDMAPS/CNT/LiCl hydrogel with a mass
ratio of 1:1 was chosen as an example to be investigated.
PDMAPS hydrogel has zwitterionic groups of −N+(CH3)2−

and −SO3
−. The electrostatic interactions between cationic

and anionic groups lead to the self-association of PDMAPS
chains (Figure 1a,b).36,39 As shown in Figure 1c, after
immersing the original PDMAPS hydrogel in water, the
hydrogel turned white and became opaque with a light
transmittance of ∼0% in the visible region due to the
generation of a cross-linked superdense conformation driven
by a self-association process.44 However, when immersing the
opaque PDMAPS hydrogel into LiCl aqueous solution,

PDMAPS hydrogel gradually turned transparent with a light
transmittance of ∼96% at 550 nm (Figure 1c).
To shed light on the interesting phase transition of

PDMAPS hydrogel in response to LiCl solution, density
functional theory (DFT) calculations were performed to
calculate the interactions between DMAPS segments
(DMAPS−DMAPS) and the interactions of DMAPS-Li and
DMAPS-Cl, respectively (Figure 1d). In the absence of LiCl,
−N+(CH3)2− and −SO3

− groups on DMAPS segments will
interact with −SO3

− and −N+(CH3)2− groups on the other
DMAPS segments through electrostatic interactions with a
binding energy (EDMAPS−DMAPS) of −1.29 kcal mol−1. In this
state, PDMAPS polymer is known to be in a collapsed state.44

In the presence of LiCl, −N+(CH3)2− and −SO3
− are more

inclined to combine with Cl− and Li+, respectively, because of
the much stronger binding energy of EDMAPS−Cl (−23.86 kcal
mol−1) and EDMAPS−Li (−29.62 kcal mol−1) (Figure 1d).
Therefore, Cl− and Li+ help break off the interactions among
the cationic and anionic groups in PDMAPS polymers, giving
rise to isolated, nonassociated, expanded, evenly distributed

Figure 2. (a) (b) Swelling ratios of PDMAPS/CNT, PAM/CNT, and PNIPAM/CNT hydrogels in LiCl aqueous solution with different
concentrations. Panel (b) is the partially enlarged version of panel (a). (c) Schematic illustration of the salting-in and salting-out processes.
Water vapor sorption isotherms at 25 °C for (d) PDMAPS/CNT/LiCl, PAM/CNT/LiCl, PNIPAM/CNT/LiCl, and (e) PDMAPS/CNT,
PAM/CNT, PNIPAM/CNT hydrogels. (f) Schematic illustration of the water vapor sorption process. (g) Water vapor sorption capacity of
PDMAPS/CNT/LiCl, PAM/CNT/LiCl, and PNIPAM/CNT/LiCl hydrogels at 25 °C with different RH conditions in an environmental
chamber. The inset of panel (i) shows the size of PDMAPS/CNT/LiCl hydrogels.
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polymer chains that are completely solvated.39 This is the so-
called “salting in” effect in PDMAPS, which enhances the
swelling capacity of PDMAPS hydrogel (to be demonstrated
and discussed later).36

ATR-FTIR spectra of PDMAPS-based hydrogels were
obtained and shown in Figure 1e. The peaks at ∼1038 cm−1

and ∼1170 cm−1 correspond to the symmetric and asymmetric
stretching vibrations of SO. The peak at ∼1480 cm−1

represents the C−H stretching vibration of −N+(CH3)2−,
while the peak located at ∼1723 cm−1 is assigned to the
stretching vibration of CO.43 These characteristic peaks
indicate the successful fabrication of PDMAPS hydrogel. After
embedding CNT to PDMAPS hydrogel, the characteristic
peaks of PDMAPS were not changed, revealing that the small
amount of CNT has no apparent influence on the PDMAPS
component (Figure 1e and Figure S4). However, after loading
LiCl salt to PDMAPS/CNT hydrogel, the peaks at ∼1038 and
∼1170 cm−1 representing the stretching vibrations of SO
show a significant change and shift, indicating that the original
interactions between cationic and anionic groups in PDMAPS
polymer have been greatly affected.39 On the other hand, the
relative strength of the water peak at ∼1650 cm−1 increased
significantly with the addition of LiCl because of its high
hygroscopic performance. To further demonstrate the
influence of LiCl on PDMAPS polymer, ATR-FTIR spectra
of PDMAPS/CNT/LiCl with different mass ratios of LiCl to
PDMAPS/CNT were conducted (Figure 1f). When a small
amount of LiCl (0.2:1) was loaded, no significant changes of
characteristic peaks of PDMAPS can be observed. As LiCl
loading increased, the peaks at ∼1038 cm−1 and ∼1170 cm−1

shifted gradually, and the relative strength of the water peak at
∼1650 cm−1 increased gradually. These results further
demonstrate that LiCl salts break the electrostatic interactions
between zwitterionic groups of PDMAPS.
The Effect of Salting-in on the Swelling Capacity of

the Hydrogel Matrix. The effect of salting-in on the swelling
capacity of PDMAPS hydrogel was measured by immersing
PDMAPS/CNT hydrogels in LiCl aqueous solutions with
different concentrations for 48 h. As shown in Figures 2a,b, the
swelling ratio, defined as the gain in weight of the hydrogel
after immersing in the solution divided by the original dry
weight of the hydrogel, was only ∼1.37 g g−1 when the
hydrogel was immersed in water. The swelling ratio increased
with increasing the concentration of LiCl solution. The
swelling ratio rapidly increased to ∼12.25 g g−1 at a LiCl
concentration of 0.1 g mL−1 because of the expected salting-in
effect (Figure 2a−c). This result further substantiates that the
self-association of zwitterionic PDMAPS/CNT hydrogels was
broken by LiCl salt, which is consistent with the UV−vis
spectra and DFT calculation in Figure 1c,d. Although the
swelling ratio gradually reduced when the concentration of
LiCl solution was larger than 0.1 g mL−1, the swelling ratio was
still larger than that in pure water. The resultant nonassociated
PDMAPS/CNT hydrogels with significantly improved swelling
capacity in the existence of LiCl salt conducive to more
productive water vapor sorption.
The swelling ratios of PAM/CNT and PNIPAM/CNT

hydrogels in LiCl solutions were also investigated for the
purpose of comparison and confirmation and are shown in
Figure 2a. It is noted that many parameters could influence the
water vapor sorption capacity of the sorbents, including size,
shape, structure, and so on.24,32 Therefore, efforts were made
to make these important parameters as comparable as possible

for these samples. PAM/CNT hydrogel showed a maximum
swelling ratio of ∼16.98 g g−1 when immersed in pure water,
and the swelling ratio reduced with increasing the concen-
tration of LiCl solution due to the salting-out effect (Figure
2a−c).7 When the LiCl concentration increased to 0.8 g mL−1

(supersaturation state), the swelling ratio of PAM/CNT
hydrogel was close to zero, where PAM/CNT hydrogel
could barely absorb water molecules at such high LiCl
concentration. This result shows that salt solution with a
high concentration will significantly restrict the swelling of
PAM/CNT hydrogel. PNIPAM/CNT hydrogel also showed
its maximum swelling ratio when immersed in pure water at
room temperature, with the ratio significantly decreasing with
increasing LiCl concentration for the same reason.45 When the
concentration of LiCl solution increased to 0.1 g mL−1, the
swelling ratio was reduced to zero for PNIPAM/CNT
hydrogel. In this state, the hydrophobic groups as well as
hydrophilic groups of PNIPAM are buried inside the polymer
because of the potentially increased surface tension or excluded
volume effect in the presence of salts as suggested by earlier
researchers.46 In contrast to the salting-in effect of PDMAPS
hydrogel in this work, the salting-out effect of PAM and
PNIPAM hydrogels significantly limits their composites’ water
transfer and storage capacity in the existence of LiCl salt.
The influence of swelling ability in salt solution on the water

vapor sorption capacity of polymeric hydrogel-based sorbents
was then experimentally investigated. It is noteworthy that,
because of the extremely low swelling ratio of PNIPAM/CNT
in salt solution and the lower critical solution temperature
(LCST) behavior, 1 g of PNIPAM/CNT hydrogel could retain
only ∼0.14 g of LiCl, resulting in a mass ratio of LiCl to
PNIPAM/CNT of 0.14:1. The mass ratio of LiCl to polymer
in PDMAPS/CNT/LiCl and PAM/CNT/LiCl was both 1:1.
The water vapor sorption isotherms were measured at 25 °C
for all samples. As can be seen in Figure 2d, the water vapor
sorption capacity was in the order of PDMAPS/CNT/LiCl >
PAM/CNT/LiCl > PNIPAM/CNT/LiCl, which is consistent
with the order of swelling capacity: PDMAPS/CNT > PAM/
CNT > PNIPAM/CNT in LiCl solution (≥0.025 g mL−1).
Therefore, it is believed that the highest water vapor sorption
capacity of PDMAPS/CNT/LiCl among all samples is most
likely due to its largest swelling capacity in LiCl solution. For
example, at a low RH of 20%, PDMAPS/CNT/LiCl showed a
water vapor sorption capacity of ∼0.30 g g−1, whereas those of
PAM/CNT/LiCl and PNIPAM/CNT/LiCl were below 0.12 g
g−1. At such a low RH, only a small amount of water vapor can
be captured by LiCl salt on the surface of the composite
sorbents where a supersaturated salt solution is formed first.
PDMAPS/CNT matrix is able to absorb and transfer the
surface supersaturated salt solution deep into its inner matrix
due to its excellent swelling ability in the supersaturated LiCl
solution, leading to its high water vapor sorption capacity
(Figure 2f, left). In contrast, as demonstrated previously,
PNIPAM/CNT can barely swell in the supersaturated salt
solution and thus would fail to absorb and transfer the surface
supersaturated salt solution into their matrix for storage,
leading the water vapor sorption being restricted only at the
surface and thus producing a low water uptake (Figure 2f,
right). Also, PDMAPS/CNT composite without LiCl loading
showed the highest water sorption capacity among all samples
without salt (Figure 2e). This is because PDMAPS polymers
have a high degree of hydration due to their strongly ionic
solvation (Figure S5),35,37,41,43 which may also be a
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contributing factor to the high water vapor sorption capacity of
PDMAPS/CNT/LiCl.
The samples used for the tests of water vapor sorption

isotherms by intelligent gravimetric analyzer (IGA) and the
static water sorption−desorption capacity by simultaneous
thermal analyzer (STA) were small hydrogel particles with the
diameter less than 1 mm and total weight about 10 mg. In
comparison, the practical sorption capacity and sorption
kinetics of PDMAPS/CNT/LiCl, PAM/CNT/LiCl, and
PNIPAM/CNT/LiCl hydrogels were evaluated in an environ-
mental chamber at 25 °C with different RH conditions (30%,
60%, and 90% RH). As shown in Figure 2g, PDMAPS/CNT/
LiCl (1:1) shows the highest water sorption capacity and
sorption kinetics at all testing RH conditions, further indicating
that the “salting-in” effect facilitates the water sorption
performance. In addition, the sorption capacities of the
hydrogels with different LiCl contents (0.8:1, 1.2:1) were
conducted under different RH conditions (Figure S6),
revealing that PDMAPS/CNT/LiCl hydrogels show the
highest water sorption capacity at all tested salt contents.

PAM/CNT/LiCl hydrogel also showed high water sorption
capacity especially in the high RH conditions because the
water uptake increased with increasing RH and the swelling
ability of PAM/CNT hydrogel increased with reducing the
concentration of salt solution in PAM/CNT/LiCl hydrogel,
leading to high water sorption capacity. Compared with PAM/
CNT/LiCl hydrogel, although the water sorption capacity of
PDMAPS/CNT/LiCl hydrogel was not improved as much as
that of PNIPAM/CNT/LiCl hydrogel, the water sorption
capacity of PDMAPS/CNT/LiCl hydrogel was still the highest
among the different salt contents at different RH conditions
(Figure 2d,g, and Figure S6).

Water Vapor Sorption and Desorption Properties of
PDMAPS/CNT/LiCl. The water vapor sorption behaviors of
PDMAPS/CNT/LiCl hydrogel were assessed under dynamic
RH conditions at 25 °C (Figure 3a). As seen, PDMAPS/
CNT/LiCl hydrogel began to sorb water vapor once the RH
started to rise from ∼0%, and the water vapor sorption capacity
increased with increasing RH. At 80% RH, the water vapor
sorption capacity of PDMAPS/CNT/LiCl hydrogel could

Figure 3. (a) Water sorption isotherms at 25 °C, (b) static water sorption−desorption curves, (c) static water sorption rates, and (d) TGA
curves for original LiCl, PDMAPS/CNT, and PDMAPS/CNT/LiCl. (e) Time-dependent surface temperature changes and the IR thermal
images of PDMAPS/CNT/LiCl hydrogel under different light intensities. (f) UV−vis-NIR absorption spectrum of PDMAPS/CNT/LiCl.
Insets are the photographs of both sides of PDMAPS/CNT/LiCl hydrogel. The scale bars in (e) and (f) are 0.5 cm. (g) Water desorption
curves and (h) water desorption rates of PDMAPS/CNT/LiCl hydrogel under different light intensities. (i) 22 cycles of water vapor
sorption−desorption test for PDMAPS/CNT/LiCl hydrogel. The sorption was conducted at 25 °C, 60% RH for 6 h, and the desorption was
conducted at 80 °C, ∼0% RH for 4 h.
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reach up to 1.75 g g−1 in 4 h sorption. Then the water vapor
sorption kinetics of PDMAPS/CNT/LiCl hydrogel was
evaluated by conducting the static RH test at 25 °C, 60%
RH, under which condition the vapor sorption equilibrium
(∼1.30 g g−1) can be achieved within 6 h (Figures 3b and 3c).
The influence of CNT on the sorption and mechanical
properties of PDMAPS and PDMAPS/LiCl were evaluated.
After the addition of CNT, the sorption capacity and kinetics
of PDMAPS and PDMAPS/LiCl were slightly reduced (Figure
S7a and S7b), which was probably due to the cross-linking
between CNT and PDMAPS. The CNT used was pretreated
using a mixture of nitric acid and sulfuric acid7 and thus
contained −COOH, −OH, −C−O−C as well as−CO
groups (Figure S7c,d) that can interact with the cations of
PDMAPS. However, because of the cross-linking of the treated
CNT, the mechanical strength of PDMAPS and PDMAPS/
LiCl was slightly improved after the addition of CNT both in
dry and wet states (Figure S8). It is worth mentioning that the
size of sorbents could influence the practical sorption capacity

and sorption kinetics. To prove this, the water vapor sorption
tests of PDMAPS/CNT/LiCl hydrogels with different
thicknesses and sizes were conducted at 25 °C in an
environmental chamber. As shown in Figure S9, the sorption
kinetics was increased with reducing thickness and size of
hydrogels, which was due to the improved mass transport and
increased surface area. Therefore, at the same sorption time,
the hydrogels with smaller thickness and size will show higher
sorption capacity.
More than ∼90% of the sorbed water can be released from

PDMAPS/CNT/LiCl hydrogel at 80 °C within 2 h while
nearly all the sorbed water can be released from PDMAPS/
CNT hydrogel under the same condition. In comparison,
∼26% of the sorbed water remained in the LiCl-only system
(Figure 3b) as salt crystal water.47 The TGA results reveal that
the crystal water in PDMAPS/CNT/LiCl hydrogel can fully be
released when the temperature is larger than 110 °C (Figures
3d and S10). Because in practical application, the temperature
of a solar-driven desorption process is typically below 110 °C,

Figure 4. PDMAPS/CNT/LiCl hydrogel (a) before and (b) after water vapor sorption at night. (c) Water uptake of PDMAPS/CNT/LiCl
hydrogel, ambient temperature, and RH conditions during the outdoor water sorption experiment. (d) Photograph of the homemade AWH
system for the outdoor water desorption and collection experiment. (e) Photo showing that the condensed water droplets could flow and
slide down the inclined plastic wrap. (f) Sunlight intensity and temperature changes of ambient air, container, and PDMAPS/CNT/LiCl
hydrogel during the outdoor solar-driven water desorption experiment. (g) Collected water and (h) PDMAPS/CNT/LiCl hydrogel after the
solar-driven water desorption experiment. (i) The quality of the collected water.
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this crystal water will be trapped in PDMAPS/CNT/LiCl
hydrogel, which will not participate in the water vapor sorption
and desorption processes. PDMAPS polymer in PDMAPS/
CNT/LiCl began to degrade when the temperature reached
∼250 °C (Figure 3d), which is much higher than the
temperature in real application and indicates its thermal
stability.
The photothermal properties of PDMAPS/CNT/LiCl

hydrogel were investigated using a simulated solar simulator
with different light intensities. The dried hydrogel was
positioned on a polystyrene foam plate, and the tests were
performed at room temperature. As shown in Figure 3e, the
equilibrium-state surface temperature of PDMAPS/CNT/LiCl
hydrogel can reach up to ∼54.2, 63.5, 72.6, 81.5 °C within 30
min under the light intensity of 600, 800, 1000, and 1200 W
m−2, respectively. Thanks to the photothermal property of
CNT, PDMAPS/CNT/LiCl possessed high broadband
absorption over the entire solar spectrum with an average
absorption of ∼96% (Figure 3f). The high temperature under
light irradiation makes it possible to release water from
PDMAPS/CNT/LiCl sorbent using solar energy.
Then, the solar-driven water desorption performance of

PDMAPS/CNT/LiCl was conducted under different inten-
sities of solar illumination. The PDMAPS/CNT/LiCl hydrogel
with 1.0 g g−1 of sorbed water was exposed to the simulated
solar illumination at lab condition. The water was rapidly
released at the first 200 min followed by a slower rate as the
water content decreased (Figure 3g,h). A higher light intensity
led to a high water release degree. After 12 h of solar
illumination, ∼94%, 90%, 85%, and 76% of the sorbed water
was released from PDMAPS/CNT/LiCl hydrogel under the
light intensity of 1200, 1000, 800, and 600 W m−2, respectively
(Figure 3g), demonstrating the feasibility of releasing water by
natural sunlight. Moreover, the solar-driven water desorption
performance of PDMAPS/CNT/LiCl hydrogel with different
prewater uptake (i.e., 0.5, 1.0, 1.5, and 1.75 g g−1) was
evaluated under a constant light intensity of 1000 W m−2. After
12 h of the light illumination, more than 90% of the sorbed
water could be released from all the hydrogels (Figure S11),
further confirming the excellent water release property of the
composite hydrogel. In addition, the water desorption capacity
and kinetics were improved by reducing the thickness of
PDMAPS/CNT/LiCl hydrogels (Figure S12).
Twenty-two cycles of water sorption−desorption test were

conducted to evaluate the cyclic stability of PDMAPS/CNT/
LiCl hydrogel. The sorption was conducted at 25 °C, 60% RH
for 6 h, and the desorption was conducted at 80 °C, ∼0% RH
for 4 h. As shown in Figure 3i, PDMAPS/CNT/LiCl hydrogel
still maintained its high water sorption−desorption capacity
after 22 cycles (∼1.26 g g−1), indicating its high cyclic stability.
Solar-Driven Atmospheric Water Harvesting Appli-

cation. A typical solar-driven AWH process involves water
vapor sorption at night and water desorption along with water
condensation and collection under solar irradiation during the
daytime. For the outdoor water sorption experiment, ∼45 g of
PDMAPS/CNT/LiCl hydrogel (thickness: ∼ 2.0 mm) was put
on a piece of plastic mesh supported by a plastic bracket
(Figure 4a). LiCl salts would lead to corrosion of metal
devices. As shown in Figure S13, Al, Cu, stainless steel (SS)
plates all showed obvious corrosion after contacting with
PDMAPS/CNT/LiCl hydrogels at lab condition (temper-
ature: 19 ± 1 °C, RH: 70 ± 5%) for 14 days. While there was
no observable corrosion for plastic plate and plastic mesh,

there was no leakage of LiCl from PDMAPS/CNT/LiCl
hydrogel as the Cu plate under the plastic mesh was not
corroded. Therefore, plastic mesh was used to support the
PDMAPS/CNT/LiCl hydrogel for the outdoor test. This
device with the dried hydrogel was exposed to the outdoor
condition to capture the atmospheric water vapor between
6:00 pm on September 13, 2021 and 7:00 am on September
14, 2021 (KAUST campus, Thuwal, Saudi Arabia). After the
water sorption, the hydrogel had an obvious swelling with the
sorbed water fully held in the swollen hydrogel without any
leakage (Figure 4b). The results showed that ∼46.9 g of water
was captured by the hydrogel during the night with RH
between ∼73 and 89% and temperature between ∼25 and 31
°C (Figure 4c).
For the water desorption process, the hydrogel was placed

inside a lab-made device mainly consisting of a metal can
enclosure with a transparent plastic wrap on the top (Figure
4d). The device was exposed to natural sunlight from 9:00 am
to 3:00 pm on September 14, 2021. Under sunlight irradiation,
the condensed water droplets could be observed clearly on the
inner side of the top plastic wrap. As the water droplets grew
bigger, they would slide down the inclined plastic wrap (Figure
4e). The temperature of the hydrogel could be heated up to 60
°C within the first 0.5 h under sunlight irradiation, and a
maximum temperature of ∼90 °C was reached after 4 h. The
temperature change of the hydrogel is owing to several factors.
First, the satisfactory photothermal property of CNT
contributed to a high light-to-heat conversion performance,
leading to a fast temperature increment of the hydrogel.
Second, the sunlight intensity gradually increased from the
beginning of the test, reached its maximum after around 2.5 h,
and remained at a high level (i.e., 900 W m−2) until 4 h of the
test (Figure 4f). Third, the evaporation of water from the
hydrogel is one of the key factors to the heat exchange within
the system. On the one hand, the evaporation of water could
take away the heat from the hydrogel. On the other hand, the
water content of the hydrogel decreases gradually which
partially contributes to increasing the temperature of the
hydrogel gradually. This phenomenon explains the increasing
temperature profile between 2.5 and 4 h, during which the
solar intensity was almost unchanged. At last, the high ambient
temperature helped to reduce the thermal loss of hydrogel. As
a result, ∼28 g of water was collected at the bottom of the
enclosed device (Figure 4g) after 6 h of natural solar
irradiation. Only ∼60% of the sorbed water was collected in
one cycle of the water sorption and desorption process. This is
mainly because a part of the released water adhered to the
container and especially the plastic wrap walls of the device
that could not be collected, in addition to the water that
remained inside the hydrogel (Figure 4h).
The quality of the collected water, including the metal ion

concentration, total organic carbon (TOC), and total nitrogen
(TN), were analyzed. The results show that Na+, K+, Ca2+,
Mg2+, TOC, and TN concentrations of the collected water
meet the WHO standards for drinking water in these measured
parameters (Figure 4i). In addition, Li+ was not detected in the
collected water. The mechanical properties of the hydrogels
should be considered for practical applications. After addition
of LiCl, all the hydrogels (PDMAPS/CNT/LiCl, PAM/CNT/
LiCl, and PNIPAM/CNT/LiCl) showed reduced mechanical
strength, and the mechanical strength further reduced after
increasing the water content (Figure S14). Although the
mechanical properties of PDMAPS/CNT/LiCl hydrogel were
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reduced after water sorption, it still had the ability to remain its
size, shape, and swelling capacity after 10 cycles of the outdoor
water sorption−desorption tests (Figures S15−S17), indicat-
ing its acceptable stability for the practical AWH applications.
All of the above results suggest that PDMAPS/CNT/LiCl
hydrogel is an effective AWH sorbent for convenient and
effective clean water production from air.

3. CONCLUSIONS
In summary, we rationally devised the salting-in effect between
zwitterionic polymers and hygroscopic salt to make the
hydrogel-salt composite as an effective atmospheric water
vapor sorbent. The salting-in effect of the composite was
evaluated and confirmed experimentally and via DFT
calculation. The composite sorbent showed a high water
vapor sorption capacity, robust water storage ability, and high
stability. The outdoor experiment successfully confirmed the
potential of the thus-designed sorbent for practical freshwater
production from atmospheric water in field condition. This
study sheds light on hydrogel-based AWH sorbent and paves a
new avenue for the fabrication of composite sorbents with
improved water vapor sorption performances.
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