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Extreme Water Uptake of Hygroscopic Hydrogels through
Maximized Swelling-Induced Salt Loading

Gustav Graeber, Carlos D. Díaz-Marín, Leon C. Gaugler, Yang Zhong, Bachir El Fil,
Xinyue Liu, and Evelyn N. Wang*

Hygroscopic hydrogels are emerging as scalable and low-cost sorbents for
atmospheric water harvesting, dehumidification, passive cooling, and thermal
energy storage. However, devices using these materials still exhibit
insufficient performance, partly due to the limited water vapor uptake of the
hydrogels. Here, the swelling dynamics of hydrogels in aqueous
lithiumchloride solutions, the implications on hydrogel salt loading, and the
resulting vapor uptake of the synthesized hydrogel–salt composites are
characterized. By tuning the salt concentration of the swelling solutions and
the cross-linking properties of the gels, hygroscopic hydrogels with extremely
high salt loadings are synthesized, which enable unprecedented water
uptakes of 1.79 and 3.86 gg−1 at relative humidity (RH) of 30% and 70%,
respectively. At 30% RH, this exceeds previously reported water uptakes of
metal–organic frameworks by over 100% and of hydrogels by 15%, bringing
the uptake within 93% of the fundamental limit of hygroscopic salts while
avoiding leakage problems common in salt solutions. By modeling the
salt-vapor equilibria, the maximum leakage-free RH is elucidated as a function
of hydrogel uptake and swelling ratio. These insights guide the design of
hydrogels with exceptional hygroscopicity that enable sorption-based devices
to tackle water scarcity and the global energy crisis.

1. Introduction

Humanity faces important challenges related to the global supply
of energy and water.[1,2] Efforts in energy and water have to be in
line with the worldwide push toward net-zero emission strategies

G. Graeber[+], C. D. Díaz-Marín, L. C. Gaugler, Y. Zhong, B. El Fil, X. Liu,
E. N. Wang
Department of Mechanical Engineering
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139, USA
E-mail: enwang@mit.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202211783

[+]Present address: Department of Chemistry, Humboldt-Universität zu
Berlin, 12489 Berlin, Germany

© 2023 The Authors. Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work
is properly cited and is not used for commercial purposes.

DOI: 10.1002/adma.202211783

as well as adapt to constantly evolving en-
vironmental conditions in a rapidly chang-
ing climate. Research toward innovative,
functional materials is a powerful means
to address these challenges. One promis-
ing class of materials are sorbents. Sorp-
tion of water is commonplace in nature
and widely used in a variety of techni-
cal processes that address water scarcity
and enhance energy efficiency. These in-
clude freshwater production through at-
mospheric water harvesting,[3–7] passive
thermal management,[8–12] thermal energy
storage,[7,13–15] and space conditioning.[16,17]

For sorbents to be good candidates for these
applications, they need to be low-cost, scal-
able, and sustainable, as well as provide
high water vapor uptake (i.e., high hygro-
scopicity), good sorption kinetics, low des-
orption enthalpies, and long-term cyclabil-
ity. Finally, the sorbents must be easy to be
integrated into the respective devices.

To meet these different require-
ments, many sorbent materials have
been explored, including hygroscopic
salts,[18–20] zeolites,[21–23] silicas,[24,25] and

metal–organic frameworks (MOFs).[3,26,27] However, to date,
there is no sorbent that can meet all the above criteria simulta-
neously. Hygroscopic hydrogels are an emerging class of sorbent
materials with the potential of overcoming limitations present
in other sorbents by providing extreme water uptakes, fast water
capture and release kinetics, and low desorption enthalpies.[28–31]

Hygroscopic hydrogels are typically synthesized by combining
a hydrogel that possesses comparably low hygroscopicity with a
sorbent component to substantially enhance hygroscopicity and
form a composite material. The sorbent components range from
salts,[10,32] MOFs,[33] to other hygroscopic polymers,[34] where pre-
vious literature has found that the hygroscopicity and mass load-
ing of these components into the hydrogel are crucial to max-
imizing the water uptake.[30,35] In particular, due to the low-
cost, commercial availability, and high hygroscopicity even at
low relative humidity (RH), hygroscopic salts such as lithium
chloride (LiCl) and calcium chloride are promising sorbent
components.

Previous approaches to optimizing the mass loading of these
sorbents into hydrogels include swelling the hydrogels in salt so-
lutions with experimentally optimized concentrations, which has
allowed loadings of 4 g of salt per g of polymer and a water uptake

Adv. Mater. 2023, 2211783 2211783 (1 of 10) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202211783&domain=pdf&date_stamp=2023-06-15


www.advancedsciencenews.com www.advmat.de

of 0.74 gg−1 at 35% RH.[32] Alternatively, polyzwitteronic hydro-
gels have been employed to enhance the salt loading via higher
swelling ratios in concentrated salt solutions.[36,37] Hydrogels fab-
ricated with this approach can achieve water uptakes of up to
0.62 gg−1 at 30% RH. In spite of these efforts, the hygroscop-
icity of these materials is not close to the fundamental limit of
typical hygroscopic salts, which can be partially attributed to the
limited loading of sorbents into the hydrogels during the swelling
phase of the synthesis. Furthermore, beyond achieving high up-
takes the hydrogel matrices should ensure containment of the
salt solution as solution leakage can reduce the hydrogel perfor-
mance over time and lead to device failure. To prevent leakage,
previous works have explored hydrophobic encapsulations.[38] Al-
ternatively, hydrogel swelling presents a simple alternative to pre-
vent leakage with no additional need of materials.[32] Despite its
promise, no previous works have elucidated the limits of this
approach and its connection with the maximum water uptake
achievable.

In this work, we combine the use of a highly hygroscopic sor-
bent such as LiCl with an unprecedented salt loading, which can
exceed 20 g of LiCl per g of polymer, to achieve record high wa-
ter uptakes of hygroscopic hydrogels. We performed prolonged
(>50 days) swelling experiments of polyacrylamide (PAM) hy-
drogels in aqueous LiCl solutions with varying concentrations.
Therefore, in contrast to previous works, we were able to fully
decouple the equilibrium swelling ratio from the swelling kinet-
ics and show that large swelling ratios are achievable despite
high salt concentrations in the swelling solutions.[32] By mod-
eling the swelling process, we found that the interaction be-
tween the polymer and the aqueous solution is most favorable
for intermediate salt concentrations, while equilibrium swelling
ratios are smaller at low salt concentration and close to sat-
uration of the swelling solution. In contrast, the swelling ki-
netics become increasingly slower as the salt concentration in-
creases, due to a lower effective diffusivity of the increasingly
viscous solution into the polymer. By varying salt concentra-
tion and temperature of the swelling solution, cross-linking den-
sity of the hydrogel, drying protocols, and environmental sorp-
tion conditions, we established the fundamental relationship be-
tween swelling, salt loading, water uptake, and leakage in hy-
groscopic hydrogels. In contrast to previous attempts to predict
salt leakage, here, based on our mechanistic insights, we pro-
vide guidelines for the optimization of leakage-free uptake also
considering the effect of hydrogel swelling.[29,39] These guide-
lines enable the fabrication of LiCl-loaded PAM hydrogels with
superior water uptake relative to the mass of dry sorbent (salt
and polymer) of 1.79, 2.58, and 3.86 gg−1 at a RH of 30%,
50%, and 70%, respectively, exceeding previously reported wa-
ter uptakes of MOFs[40,41] by over 100% and that of hydrogels by
15% even at arid conditions (30% RH).[42] These results bring
the water uptake of hygroscopic hydrogels within 93% of the
water uptake achievable with the best performing hygroscopic
salts, while still avoiding leakage of salt solution even at humidi-
ties as high as 70%. This work represents a significant step in
the successful integration of hygroscopic hydrogels for numer-
ous water and energy applications such as atmospheric water
harvesting, passive cooling, thermal energy storage, and space
conditioning.

2. Results and Discussion

2.1. Material Synthesis

We synthesized PAM hydrogels based on a simple, one-pot ap-
proach by mixing deionized water, acrylamide monomer, N,N’-
methylenebisacrylamidecrosslinker, ammonium persulfate ini-
tiator and N,N,N′,N′-tetramethylethylendiamin accelerator (see
Experimental Section for details). We filled the pre-gel solution
into capped vials to cure. After gelation, we cut the gel into thin
disks as shown in Figure 1a. When fully swollen in deionized wa-
ter (DIW), the disks have a diameter, L, of ≈25 mm, while their
thickness, H, is ≈3 mm. After synthesis, we dried the disks for
3 days at 60 °C in an oven at an RH of ≈0%, which caused the
disks to lose the majority of their mass and shrink substantially,
as shown in Figure 1b. As sketched in Figure 1c, we studied free
swelling of these initially dry hydrogel disks in aqueous LiCl solu-
tions with different degrees of saturation %sat, ranging from pure
DIW (0%sat) to LiCl-solutions with 25%sat, 50%sat, 75%sat, and
100%sat, corresponding, respectively, to concentrations of 0.172,
0.294, 0.384, and 0.454 g of salt per g of solution (reference tem-
perature: 20 °C). As part of the swelling process in the salt solu-
tions, the gels gained substantial weight as both water and sol-
vated Li+ and Cl− ions diffuse into the nanoporous network of
the gel (Figure 1d,e).

2.2. Swelling Dynamics of PAM in Aqueous LiCl Solutions

In Figure 2, we present our experimental measurements of the
swelling process at room temperature (23 °C) along with our
modeling results. Figure 2a shows the hydrogel swelling ratio as
a function of swelling time. The swelling ratio is defined as the
current sample weight at a given time of the experiment divided
by the initial, dried sample weight as measured before placing
the dried PAM disk in the aqueous LiCl solution. The swelling
time is the time that has passed after the start of the swelling ex-
periment, that is, the duration that the hydrogel had time to swell
in the aqueous solution. To understand the effect of LiCl concen-
tration in the aqueous solution, we performed swelling experi-
ments in five different aqueous LiCl solutions. We found that the
amount of LiCl in the aqueous solution affects both the equilib-
rium swelling ratio and the swelling kinetics. Most notably, large
swelling ratios are achievable despite high salt concentrations. In
fact, all tested concentrations of LiCl increased the swelling ratio
with respect to pure DIW, indicating an energetically more favor-
able interaction between salt solution and PAM, relative to that
of water and PAM.[43] We note that this result is distinct from
previous works that reported the opposite trend where swelling
was stopped after 48 h before reaching equilibrium.[37] This dif-
ferent outcome shows the importance of decoupling equilibrium
uptake and kinetics. While swelling in pure DIW (0%sat) yielded a
swelling ratio of 45, swelling ratios above 70 could be obtained in
a 50%sat LiCl solution. However, further increasing the amount
of LiCl revealed a non-monotonic relation between swelling ra-
tio and LiCl concentration and reduced the equilibrium swelling
ratio to ≈53 for the 100%sat LiCl solution. Given that the goal of
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Figure 1. Loading polyacrylamide (PAM) hydrogels with salt by soaking the gel in an aqueous lithium chloride solution to form hygroscopic PAM–LiCl-
composites. a) Typical PAM hydrogel disks in the wet state. b) PAM hydrogel disk in the dry state. c) Schematic of the swelling dynamics of a PAM
hydrogel disk in an aqueous LiCl solution as a one-dimensional, transient mass transfer problem along the spatial coordinate, z. Progressive swelling
of the gel in the salt solution increases the total disk thickness, H, and its diameter, L. d) Schematic illustration of the swelling process at the interface
between the hydrogel and the salt solution. Along with the water, salt ions (Li+ and Cl− represented by red and green color, respectively) migrate into the
polymer matrix thereby loading the gel with hygroscopic salt. e) Magnified, simplified schematic of the gel network showing the polymer chains that are
connected via N,N’-methylenebisacrylamide crosslinkers to form a gel, where xr represents the number of repeat units in between of crosslinks. After
swelling in salt solutions, large amounts of ions will be present inside the gel.

swelling hydrogels in LiCl solutions is to achieve large contents
of salt in the gel, which can then be translated into higher uptake
when the hydrogels are used as sorbents, this increased swelling
ratio of PAM is highly desirable and, as we will show later, can
lead to exceptional water vapor uptakes.

By running the swelling experiments for extended durations,
we were able to fully decouple the equilibrium swelling ratio
from the swelling kinetics. This enables us to take a closer
look at the swelling kinetics, which can be best observed in
Figure 2b, where the relative sample weight is measured as a
function of the swelling time. Here, we define relative sample
weight as the current sample weight at the moment of the mea-
surement divided by the final, equilibrium weight of the fully
swollen sample. It becomes obvious that the more LiCl is added
to the water, the slower the swelling kinetics. While the sample
swelling in pure water reaches 90% of its equilibrium swelling
ratio within less than 3 days, the sample in the saturated LiCl
solution (100%sat) requires more than 30 days (720 h) to ex-
ceed this value. However, increasing the swelling temperature to
75 °C substantially enhances kinetics, which would be especially
important in practical applications (see Figure S1, Supporting
Information).

To better understand and predict the swelling dynamics, we
model the salt loading process into the hydrogel by considering
the free swelling of a thin hydrogel disk from its initial dry state
to its fully swollen state in an aqueous LiCl solution. Figure 1c
shows the modeled configuration. Since L >> H, the swelling
process can be described as a 1D, transient mass transfer prob-
lem along the spatial coordinate, z. Due to the large swelling ra-
tios observed in our experiments, we consider nonlinear swelling
dynamics of a hydrogel where the concentration of solvent in the
hydrogel and its mechanical stretch are coupled. In modeling our
experiments, we consider the salt solution as a solvent that dif-
fuses into the hydrogel and as such the hydrogel stretch in the
z-direction, 𝜆2, is governed by a diffusion equation:[44]

𝜆2
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where 𝜒 is the Flory–Huggins chi parameter for the interaction
between the PAM network and the aqueous solution, N is the
effective number of polymer chains between crosslinks per unit
volume of polymer, and Ω is the effective volume per mole of the
solution.

The diffusivity D is taken as a variable due to the large varia-
tions in the polymer network as a consequence of the swelling:
initially, when the solvent content in the hydrogel is small, the
distance between polymer chains is small, limiting the diffusion
of the solution. In contrast, at larger swelling ratios, there is more
volume available for diffusion, leading to a higher D. Specifically,
we follow the free volume theory to write:[45]

D = D0

(
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𝜉
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−
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)3 𝜙p
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)
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where D0 is the intrinsic diffusivity of the aqueous solution, taken
here as a fitting parameter. rs is the radius of the solute, rFVW is the
radius of the available free volume per molecule in the aqueous
solution inside the hydrogel, 𝜉 is the mesh size of the polymer
network, and ϕp is the volume fraction of polymer. Due to the
swelling process, the hydrogel mesh size 𝜉 increases and the poly-
mer volume fraction ϕp decreases. These two parameters evolve

with the stretches as 𝜉 = 𝜉∞ (
𝜆2

1𝜆2

𝜆3
∞

)
7∕36

and 𝜙p = 1
𝜆2

1𝜆2
, where 𝜉∞

is the mesh size of the hydrogel in its fully swollen, equilib-
rium state, and 𝜆∞ is the equilibrium stretch of the hydrogel,
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Figure 2. Swelling dynamics of PAM in aqueous LiCl solutions. a) Hydro-
gel swelling ratio, that is, current sample weight divided by initial, dried
sample weight, as a function of swelling time. Symbols show measure-
ments: Circles, upward-pointing triangles, squares, downward-pointing
triangles, and diamonds represent swelling in 0%sat, 25%sat, 50%sat,
75%sat, and 100%sat solution, respectively. The solid lines represent our
model results considering nonlinear diffusion of salt solution into the hy-
drogel. The swelling temperature was 23 °C. b) Relative sample weight,
that is, current sample weight divided by the final, equilibrium sample
weight, as a function of swelling time illustrating the PAM swelling kinet-
ics for different LiCl concentrations in the aqueous solution. c) Salt load-
ing at the end of the swelling process as a function of salt concentration
in the swelling solution measured via thermogravimetric analysis (open
symbols) and predicted based on salt concentration (black crosses).

considered isotropic.[44] The stretches 𝜆1 and 𝜆2 are coupled by
the condition of no in-plane stresses in the hydrogel:[44]

𝜆2
1 =

1
H ∫

H

0
𝜆2

2dz (4)

We solved Equations (1–4) to model the swelling dynamics in
our experiments. Details of the boundary conditions used and
the determination of the material properties N, 𝜉∞, 𝜆∞ and 𝜒

based on mechanical characterization and swelling experiments
are provided in Figure S2 and Table S1 (Supporting Information).
From these material properties, we estimated the Flory–Huggins
interaction parameters to be 0.49458, 0.48581, 0.48483, 0.49039,
and 0.49648 for concentrations of 0%sat, 25%sat, 50%sat, 75%sat,
and 100%sat, respectively. Our calculated 𝜒 for PAM-water inter-
action agrees well with literature.[46] Additionally, 𝜒 was seen to
have a non-monotonic dependence with the salt concentration
highlighting the complex chemical interactions between water,
salt ions, and polymer. The interaction parameter first decreased
as the concentration increased showing a more favorable inter-
action between the polymer and the aqueous solution. This in-
creased swelling in higher concentrations of LiCl in water has
been previously attributed to the favorability of hydrogen bond-
ing between the positive coordinated water molecules surround-
ing Li+ ions and the electron pairs in the dipolar amide oxy-
gen group in polyacrylamide.[43] However, close to the satura-
tion limit, the interaction parameter increases, indicating a less
energetically favorable interaction of the polymer with the con-
centrated salt solution, which we hypothesize could be a conse-
quence of the favorability of hydration of the amide groups over
cation binding to the polymers. Furthermore, the large, hydrated
complexes formed around Li+ will be entropically less favorable
to mix with the polymer. These two factors translate into the so-
lution acting as a poorer solvent.[43]

With the previous equations and experimentally characterized
properties, we modeled the swelling dynamics in different salt
concentrations. Our modeling results (see Figure 2a, lines) agree
well with the experimental measurements (symbols), especially
at low salt concentrations. We note that the values of the effec-
tive solution diffusivity, D0, which were obtained from fitting the
model to our experiments, show a consistent decrease as the salt
concentration increases. This decreased diffusivity of the solu-
tion is well-correlated by the increased viscosity of the solution
μ at higher saturation percentages, following a Stokes–Einstein
behavior (D0–μ−1).[47] We show a plot of D0 versus μ in Figure
S3 (Supporting Information). We note that close to the satura-
tion limit, the described model fails to accurately describe the
observed swelling dynamics. We attribute this difference to be
a consequence of the assumed physical picture of co-diffusion
of salt and water into the polymer being less accurate for highly
concentrated solutions.

Most importantly, we are swelling the PAM hydrogel disks in
LiCl solutions in order to load them with the salt and enhance
their hygroscopicity. We used thermogravimetric analysis (TGA)
to assess the salt content of the PAM hydrogels after swelling to
thermodynamic equilibrium in the different salt solutions. TGA
is suitable for this task, since the thermal decomposition of the
individual components of the LiCl-loaded PAM samples can be
clearly decoupled when increasing the temperature from room
temperature up to 800 °C (see Experimental Section, Supporting
Information, on Thermogravimetric analysis and Figure S4, Sup-
porting Information, for details).[48–50] In Figure 2c, we show the
results as a function of LiCl concentration in the swelling solu-
tions, where the salt content is defined as the mass of LiCl divided
by the initial dry weight of the PAM sample. Overall, we demon-
strate that extreme salt loadings are attainable. Swelling the gel in
the 25%sat, 50%sat, 75%sat, and 100%sat solutions yields salt con-
tents of 10.9, 20.6, 23.6, and 23.6, respectively, showing a plateau
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Figure 3. Performance of PAM hydrogels as a function of salt loading. a) Hygroscopicity measured with a dynamic vapor sorption device comparing the
water uptake of pure LiCl to the uptake of a PAM hydrogel after swelling to equilibrate in an aqueous 75%sat and 25%sat LiCl solution, respectively, as
well as pure PAM without salt and PAM where 1 g of LiCl per g of acrylamide (AM) was added during synthesis (see Experimental Section). Pure PAM
and PAM 1 gg−1 LiCl were measured at 30 °C, while the other samples were measured at 25 °C. b) Examples of sorbents in their initial state (at the
start of the experiment) versus their appearance when being equilibrated to an environment of 70% RH at 25 °C. The LiCl is initially in the as-received,
dry state while the salt-loaded hydrogels are as-removed from their respective aqueous LiCl solution with 75%sat and 25%sat, respectively. While the
PAM hydrogel from the 25%sat LiCl solution does not show any leakage, both the pure LiCl and the PAM hydrogel from the 75%sat LiCl solution show
substantial leakage. The red dotted line highlights the boundary of the hydrogel. The blue dashed line shows the leaked salt solution. c) Relative mass of
the three samples in (b), defined as the mass in equilibrium divided by the dry mass of the samples. For pure LiCl the dry mass is measured, while for
the salt-loaded hydrogels the mass is computed based on the results in Figure 2. We distinguish between the amount of salt solution that leaked out of
the sample (gray) and the mass of the sample including the retained salt solution (turquoise). Percentages state the relative amount of retention. The
error bars highlight the uncertainty of the measurement due to the precision of the scale. d) Stable water uptake of the PAM 25%sat LiCl during thermal
cycling. Per cycle, the sample is exposed to 25 °C and 70% RH in an environmental chamber for 10 h (sorption) and to 70 °C in a dry oven for 2 h. The
final amount of leaked salt solution is 3% of the total sample weight. e) Modeling results for the maximum allowable RH as a function material uptake
fraction (compared to the uptake of pure LiCl) and swelling ratio, while avoiding leakage. The uptake fraction is determined by the amount of salt loading
of the hydrogel. For higher swelling ratios, the hydrogel soaks in more salt solution, which during sorption leads to higher uptakes. For lower RH more
salt can be loaded into the gel without causing leakage by using highly concentrated solutions.

in sample salt content for swelling solutions with concentrations
above 75%sat (see Figure S5, Supporting Information, for SEM
images of a dried LiCl-loaded PAM sample). These measured
salt loadings agree with theoretical predictions. In equilibrium,
given that the studied hydrogel is not a polyelectrolyte, we can as-
sume that the salt concentration of the liquid inside the hydrogel
is practically the same as the salt concentration of the surround-
ing swelling solution.[51] Based on this assumption, we also com-
puted the amount of LiCl that was loaded into the hydrogel based
on the equilibrium swelling ratio. In Figure 2c, we show these
predictions. The deviation between measurement and prediction
is less than 2% for all concentrations. These high salt loadings al-
low the hygroscopicity of the PAM–LiCl-composites to approach

the pure LiCl limit and reach up to 96% of its uptake. However,
as will be outlined next, a practical sorbent must also be able to
retain all the water that it captures in order to avoid salt leakage.

2.3. Performance of Hygroscopic PAM–LiCl-Composites

We characterized the water sorption capabilities of the hygro-
scopic hydrogels by measuring their water uptake at different
RH conditions using a dynamic vapor sorption (DVS) system
(see Experimental Section for details). In Figure 3a, we show the
uptake of PAM hydrogels after swelling to equilibrate in aqueous
75%sat and 25%sat LiCl solutions, respectively, and compare their
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performance to pure LiCl, pure PAM without salt, as well as PAM
where 1 g of LiCl per g of acrylamide (AM) was added before
gelation via an alternative synthesis method (see Experimental
Section). The PAM 75%sat LiCl sample shows an exceptional
water uptake of 1.85, 2.64, and 3.94 gg−1 at RH of 30%, 50%, and
70%, respectively. These water uptakes correspond to 93–96%
of the respective uptakes of pure LiCl, highlighting the extreme
salt loading achieved of more than 20 g of salt per g of polymer,
in agreement with Figure 2c. Based on the data in Figure 3a,
we can confirm that the water uptake of these hygroscopic,
non-polyelectrolyte hydrogels can be predicted from the sum of
the weighted water uptakes of its constituents (i.e., pure LiCl
and pure PAM). For the sample with the highest salt loading
(PAM 75%sat LiCl), the deviation between measured uptake and
prediction is less than 3% for all tested RH values (see Table S2,
Supporting Information). Based on these DVS measurements,
we could also show that sorption kinetics are similar between
pure LiCl and the PAM 75%sat LiCl sample irrespective of relative
humidity (see Figure S6, Supporting Information).

However, in addition to achieving high water uptake, hygro-
scopic hydrogels need to be designed to ensure that no leakage
of the salt solution occurs, which is increasingly challenging for
higher salt loadings of the hydrogel samples. Figure 3b shows the
possible leakage for high concentration hydrogels in humid envi-
ronments. Initially, dry lithium chloride and hydrogels swollen to
equilibrium in 25%sat and 75%sat solutions were placed in an en-
vironmental chamber at a controlled temperature of 25 °C and a
humidity of 70% for 48 h. Due to the high humidity, the different
hygroscopic materials captured significant amount of water. Pure
lithium chloride deliquesced and spread out in the container,
highlighting the potential leakage issues that hygroscopic salts
can have in practical sorption applications. Similarly, the hydro-
gel swollen in a 75%sat exhibited substantial leakage. We quanti-
fied the leakage by removing the hydrogel from the container and
weighing the remaining solution, which corresponded to 44% of
the total mass in the sample container (Figure 3c). We measured
the salinity of the leaked solution to be 0.1666 g of LiCl per g of
solution. This shows that along with water, there is a substan-
tial amount of salt that leaks from the sample, highlighting the
importance of mitigating leakage (see Supporting Information,
Thermogravimetric Analysis). In contrast, a hydrogel prepared in
a 25%sat solution did not show any observable leakage (Figure 3b),
and the measured leaked liquid was only ≈1% of all the salt so-
lution present. It is important to note that the measured amount
of leakage is a conservative estimate. In fact, the measured mass
remaining after removing the sample from its container is re-
lated to the retention of salt solution on the container surface as
a result of detaching the sample from it. This analysis shows that
leveraging the fundamental relationship between swelling, salt
loading, water uptake, and leakage in hygroscopic hydrogels al-
lows to enhance the uptake and prevent leakage while avoiding
the need for encapsulation as proposed in the literature.[38]

In Figure 3d, we show results of thermal cycling of the PAM
25%sat LiCl sample. One cycle consisted of two steps. In step one,
the sample was exposed for 10 h to 70% RH at 25 °C in an envi-
ronmental chamber for vapor sorption. In step two, the sample
was placed for 2 h in a dry oven at 70 °C for desorption. After 13
cycles, the final amount of leaked salt solution was 3% of the to-
tal sample weight, illustrating the cyclic stability of the material.

The stable performance illustrates that water sorption, hydrogel
swelling, and transport into the bulk of the material are compati-
ble under the tested conditions. We confirmed the cyclic stability
of our material further by performing dedicated cyclic DVS mea-
surements (see Figure S7, Supporting Information).

Our leakage results can be interpreted by considering the equi-
libria of LiCl with water at varying RH and salt concentrations.
At 75%sat, the aqueous solution is at equilibrium with water va-
por at 21% RH.[52] Therefore, a hygroscopic hydrogel with this
concentration will capture more water if the ambient humidity is
higher, which for hydrogels that have been swollen to their max-
imum volume causes the additional captured water to leak out
of the hydrogel. In contrast, a 25%sat solution is at equilibrium at
75% RH.[52] Accordingly, a hydrogel containing aqueous solution
with this concentration, will experience a minor loss of water due
to the desorption at a 70% RH condition and consequently show
no leakage.

Our previous analysis highlights the importance of choosing
the appropriate salt concentration in the aqueous solution when
loading hydrogels with salt. This concentration must be selected
such that there is no leakage at the highest RH that the hydro-
gel will experience in its application, while also enabling an opti-
mized salt loading. To simultaneously achieve these two goals,
we propose the following steps: 1) The salt concentration that
is at equilibrium with the highest application RH is chosen for
the swelling of hydrogels. This concentration can be found with
knowledge of the activity of the salt as a function of salt concen-
tration or from an isotherm of the salt at different RH.[30,52] 2)
Dried hydrogels are swollen in this aqueous salt solution. 3) Dur-
ing swelling, the mass of the hydrogels is monitored to ensure
that the hydrogels reach equilibrium, and therefore, highest salt
loading. The allowable RH during operation is a function of the
salt loading and the swelling ratio of the hydrogels, as shown in
Figure 3e (see also Figure S8, Supporting Information), where
the water uptake fraction relative to LiCl was calculated assuming
that the uptake is entirely due to the salt.[30,31] Low RH applica-
tions will be able to achieve uptakes increasingly closer to those
of pure LiCl as higher salt concentrations can be used without a
risk of leakage. For a given RH, the swelling ratio can be maxi-
mized to increase the water vapor uptake. Hydrogels with high
swelling ratios will be able to capture more salt solution during
swelling. As a consequence, the salt loading relative to the poly-
mer will be higher and during sorption the water vapor uptake
will be increasingly closer to that of LiCl. Practically, this can be
achieved by tuning polymer chemistry to favor polymer-solution
interaction,[53] or, as we show below, by freeze-drying or chang-
ing the hydrogel cross-linking density.[54] We note that Figure 3e
represents a conservative estimate. By considering the maximum
uptake to be expected at a given condition, our model safely pro-
vides a criterion to prevent leakage during practical operation.

2.4. Enhancing Sorbent Uptake and Comparison to Existing
Sorbents

Following our previous insights to optimize water uptake by max-
imizing salt loading while preventing leakage, we focused on
25%sat lithium chloride solutions as hydrogels swollen in this
solution will be leakage free up to RH = 75%. Specifically, we
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Figure 4. Maximizing water uptake of PAM–LiCl-composites. a) A freeze-dried PAM hydrogel disk. b) Swelling ratio versus swelling time for the freeze-
dried sample and the less crosslinked, half MBA sample as compared to the regular crosslinked, oven-dried PAM sample when swelling in 25%sat LiCl
solution. Freeze-dried and half MBA sample show an enhancement in equilibrium swelling ratio by 11% and 37%, respectively. c) An initially freeze-dried
PAM disk after swelling to reach equilibrium with an aqueous 25%sat LiCl solution. d) Scanning electron microscopy (SEM) image of the PAM gel after
freeze-drying showing the porous nature of the material. e) SEM image of the freeze-dried PAM gel after swelling to reach equilibrium with an aqueous
25%sat LiCl solution and subsequent thermal drying showing that the pores persist. f) Water uptake, defined as the amount of captured water divided
by the dry weight of the sample, as measured by DVS for the half MBA and the freeze-dried sample. As verified in separate experiments, both samples
show a water retention of more than 98% up to an RH of 70% (inset shows the half MBA sample when in equilibrium with an environment of 70% RH
at 25 °C). g) Stable water uptake of the half MBA and freeze-dried sample during thermal cycling. Per cycle, the samples were exposed for 10 h to 70%
RH at 25 °C in an environmental chamber (sorption) and to 70 °C in a dry oven for 2 h (desorption). The final amount of leaked salt solution was 3.6%
and 0.9% of the total sample weight for the half MBA and the freeze-dried sample, respectively. h,i) Comparison of the water uptake of 1.79 gg−1 at 30%
RH of the present work to other hydrogels and other sorbents in the literature, including the hydrogels presented by C. Lei et al.,[36] F. Zhao et al.,[34] W.
Guan et al.,[56] Y. Guo et al.,[28] H. Lu et al.,[35] J. Xu et al.,[29] and A. Entezari et al.,[42] as well as the sorbents presented by S. Kayal et al. (zeolite),[55]

A. Krajnc et al. (aluminophosphate),[57] H. Nguyen et al. (covalent organic framework),[58] A. Rieth et al. (MOF),[40] A. Rieth et al. (MOF),[41] J. Xu et al.
(MOF),[59] and H. Shan et al. (LiCl in carbon felt).[60]

tested the swelling of freeze-dried PAM hydrogel samples as well
as samples where only half the amount of MBA was used during
synthesis (see Experimental Section; Figure S2, Supporting Infor-
mation). We show a freeze-dried sample in Figure 4a, which looks
substantially different to the oven-dried samples in the dried state
(Figure 1b). In Figure 4b, we show the results of the swelling ex-
periments performed in 25%sat LiCl solution. Compared to the
standard, oven-dried sample (Figure 2a), the freeze-dried and, the
half-MBA sample show an enhancement in equilibrium swelling
ratio by 11% and 37%, respectively. In Figure 4c, we show the
freeze-dried sample when fully swollen. We performed freeze-
drying since this process led to microscopic pores and large in-
ternal areas in the samples (Figure 4d), which showed a net posi-
tive effect. While the pores trapped a few bubbles during swelling
(Figure 4c), they accelerated the swelling kinetics due to the re-
duced diffusion distances and increased the equilibrium swelling
ratio as LiCl solution can be captured and retained inside the hy-
drophilic pores. As shown in Figure 4e, these pores persisted
after swelling in LiCl solution and thermal drying in an oven.
We characterized the water uptake at different relative humidi-

ties at 25 °C of the freeze-dried and half-MBA PAM samples that
were swollen to reach equilibrium with a 25%sat LiCl solution
(Figure 4f). Both hydrogels exhibited high water uptakes. The
freeze-dried samples exhibited high uptakes of 1.43, 1.77, 2.55,
3.84, and 8.40 gg−1 at an RH of 20%, 30%, 50%, 70%, and 90%,
respectively, corresponding to 91–97% of the uptake of pure LiCl.
The half MBA sample showed even higher uptakes of 1.45, 1.79,
2.58, 3.86, and 8.51 gg−1 at an RH of 20%, 30%, 50%, 70%, and
90%, respectively, corresponding to 93–99% of the uptake of pure
LiCl, consistent with the salt loading of 16.6 g LiCl per g of poly-
mer measured via TGA (see Supporting Information on Thermo-
gravimetric analysis). We note that this salt loading is 52% higher
than the loading of the oven-dried samples swollen in a solution
with the same concentration (Figure 2), highlighting the role of
reduced crosslinking in enhancing the swelling ratio. Most im-
portantly, up to a relative humidity of 70%, there is negligible
leakage of less than 1% that is resulting from the adhesion be-
tween the salt solution and the container surface during sample
removal from the container (see Figure 4f, inset). In Figure 4g,
we show results of thermal cycling of the two samples, with the
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same protocol as discussed above (Figure 3d). After 10 cycles, the
final amount of leaked salt solution was less than 4% of the total
sample weight, illustrating the cyclic stability of the material.

The leakage-free equilibrium uptakes of the samples with re-
duced crosslinking exceed all previous hydrogels and sorbents
demonstrated in literature. At 30% RH, our hydrogel provides
a 15% increase in uptake compared to all previously fabricated
hygroscopic hydrogels[42] owing to the exceptional salt loading
and high hygroscopicity of LiCl (Figure 4h). Additionally, the up-
take at 30% RH also exceeded all previously synthesized sorbents,
where this uptake was over 2 times larger than the uptake of
MOFs at the same conditions[41] and over 4 times larger than the
uptake of zeolites[55] (Figure 4i).

3. Conclusion

We achieved record high water uptakes of hygroscopic hydro-
gels by attaining unprecedented swelling-induced salt loadings,
which can exceed 20 g of LiCl per g of polymer. We character-
ized via experiments and models the swelling dynamics and equi-
libria of polyacrylamide in aqueous LiCl solutions with varying
concentration, providing insights that guide the large salt load-
ings attained. By varying salt concentration and temperature of
the swelling solution, cross-linking density of the hydrogel, dry-
ing protocols, and environmental sorption conditions, we estab-
lished the fundamental relationship between swelling, salt load-
ing, water uptake, and leakage in hygroscopic hydrogels. On
this basis, we provided simple design guidelines to achieving
hygroscopic hydrogels with maximized water uptake and with
no leakage even at high relative humidity conditions. We fabri-
cated leakage-free hydrogels with water uptakes of 1.79, 2.58, and
3.86 gg−1 at a RH of 30%, 50%, and 70%, respectively, exceeding
previously reported water uptakes of hydrogels by 15% and water
uptakes of MOFs by over 100%. This work is a significant step in
the fabrication of high-performance sorbents for numerous ap-
plications such as atmospheric water harvesting, passive cooling,
thermal energy storage, and space conditioning.

4. Experimental Section
Hydrogel Synthesis: Polyacrylamide (PAM) hydrogel based on a sim-

ple, one-pot approach was synthesized. At room temperature (23 °C),
100 g of deionized water was mixed with 8.36 g acrylamide (AM) monomer
using a magnetic stirrer for 10 min until the monomer was fully dissolved.
5 mg N,N’-methylenebisacrylamide (MBA) as a crosslinker and 14.2 mg
ammonium persulfate (APS) as initiator were added while continuously
stirring. Finally, 12 μL N,N,N′,N′-tetramethylethylendiamin (TEMED) was
added serving as accelerator, and the pre-gel solution was quickly filled
into capped polypropylene vials (VWR, volume 15 mL) to cure at room
temperature. During that process, the amount of air within the vials was
minimized by filling the vials practically entirely. After 1 day of curing, a
PAM hydrogel was formed that could be easily removed from the vials.
Scissors were used to cut thin disks from the long, rod-like gel. The disks
were stored in DIW until they were used for experiments. For the experi-
ments shown in Figure 2, five disks (out of more than 100 hydrogel disks)
were selected that possessed similar swollen mass (within ±2% deviation
from the mean), which translates into disks of practically identical geom-
etry. Subsequently, the disks were dried for 3 days at 60 °C in an oven at
a RH of ≈0%. During the drying process, a spatula was used to prevent
the disks from sticking to their substrate. As a result of drying, the disks

lost more than 95% of their mass with a dry weight of 31 ± 1 mg (mean of
the five disks ± standard deviation) and shrunk substantially. After sam-
ple preparation, the disks were swollen at room temperature (23 °C, if
not stated otherwise) in aqueous LiCl solutions of varying concentrations,
which were characterized based on percent saturation, where 100%sat rep-
resented a saturated aqueous LiCl solution that contained 83.2 g of LiCl
per 100 g of DIW at 20 °C.[61] Free swelling of the hydrogel disks in pure
DIW (0%sat), and in aqueous LiCl-solutions with 25%sat, 50%sat, 75%sat,
and 100%sat was studied. To track the swelling of the gels, the gels were
briefly removed from the aqueous solutions to weigh them.

An alternative approach was also used to synthesize a LiCl-loaded PAM
hydrogel. For a sample presented in Figure 3a, 8.36 g of LiCl was mixed
into 100 g of deionized water leaving the solution cool down in a closed
beaker. Subsequently, the standard recipe was prepared by adding 8.36 g
AM, 5 mg MBA, 14.2 mg APS, and 12 μL TEMED. This resulted in a sample
that contained a moderate, well-controlled amount of 1 g of LiCl per g
of AM without the need of swelling in a LiCl solution, which served as a
comparison to the regular samples.

To synthesize PAM samples with reduced crosslinking, the standard
recipe, as outlined above, was used with the only difference that only half
the amount of MBA (2.5 mg instead of 5 mg) was added. Further reduc-
ing the MBA content resulted in insufficient mechanical integrity of the
swollen material.

Freeze-Drying: Freeze-drying was performed using a Labconco
7 934 000 Lyophilizer. Before freeze-drying, the hydrogel samples were
frozen at −80 °C.

Scanning Electron Microscopy Characterization: SEM was conducted
with a Zeiss Merlin high-resolution scanning electron microscope oper-
ated at 1 kV. Prior to imaging, hydrogel samples were freeze-dried and
sputtered with a 5 nm coating of gold.

Dynamic Vapor Sorption Experiments: The sorption isotherms were
characterized using the dynamic vapor sorption vacuum instrument (Sur-
face Measurement Systems Ltd.). The samples were initially dried at 80 °C
for 5 h, followed by a thermal equilibration at 25 °C for 3 h. The overall de-
hydration process was kept under a vacuum. Next, the mass of samples
was recorded at a series of RH steps (from 0% to 90%) by regulating the
partial pressure of water vapor at 25 °C. For sample equilibrium at each
step of RH, an equilibrium criterion of 0.005%sample min−1, that is, a per-
centage change in sample mass per minute, was used to ensure precise
measurement. For measurements at 90% RH, the measurements stopped
at a maximum stage time of 2000 min.

Thermogravimetric Analysis: A Thermal Analysis System TGA/DSC 3+
by Mettler Toledo was used to measure the salt content of the hydrogels
as well as the salinity of the leaked solution. Samples weighing ≈10 mg
were placed into an inert alumina pan under nitrogen gas. At a slow rate
of 1 K min−1, the samples were heated up to 800 °C. For further details,
see Supporting Information on Thermogravimetric analysis.

Statistical Analysis: To compute the swelling ratios, the measured
sample weights during swelling were divided by the dry weight of the salt-
free PAM before swelling. To compute the water uptake from the DVS mea-
surements, the dry weight of the salt-containing PAM before sorption was
subtracted from the measured sample weights during sorption. The result-
ing value was divided by the dry weight of the salt-containing PAM before
sorption to obtain the water uptake in g per g of dry sorbent (PAM + LiCl).

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