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ABSTRACT: The global challenge of clean water scarcity needs to be confronted with novel sustainable, climate neutral solutions,
over the entire spectrum of possible clean water availability. Atmospheric moisture represents a major untapped resource that can be
harvested by sorbents, enabling water production in dry inland regions where it is needed. While benefiting from the utilization of an
important renewable energy source, solar-driven, sorbent-based atmospheric water harvesting systems are inseparably based on a
single water harvesting cycle per day, which severely limits the daily water productivity and the competitiveness of this very
promising technology. Here, we rationally design an atmospheric water harvesting strategy, using durable hydrogel sorbents, that
operates with sorption “ratcheting”a large sequence of rapid adsorption and subsequent desorption stepsactivated by direct
sunlight. Employing theoretical considerations, we tailor the ratcheting timescales to the inherent sorption properties of the
hydrogels, optimally exploiting their natural harvesting capabilities, while maintaining the sustainable utility of the daily cycle.
Amplified by the favorable sorption properties and ratcheting stability of the sorbent, this strategy demonstrates an impressive ∼80%
increase in water harvesting yield over the daily cycle systems. The generic nature of the ratcheting concept shows great potential to
advance the water harvesting capabilities of a range of related systems.

KEYWORDS: atmospheric water harvesting, sorption ratcheting, gel sorbent, hydrogel, deliquescent salt, sorption kinetics, photothermal,
water-energy nexus

1. INTRODUCTION

Water scarcity is one of the pressing challenges humanity is
facing today. Over 2 billion people currently are unable to
access safe drinking water, and more than half of the global
population is living without safely managed sanitation.1−3

Globally, there are 12.7 cubic kilometers of moisture in the
atmosphere, and capturing atmospheric water is emerging as a
viable path to alleviate water stress, in particular for dry regions
without adjacent large bodies of water.4 Previously developed
atmospheric water harvesting (AWH) technologies include
sorbent-assisted methods,5−10 dew harvesting,11−14 fog captur-
ing,15−19 and rain collection20−22 catering to the geographical
and climatic conditions of various regions. Among them,
sorbent-assisted AWH has shown great potential as a passive,
modular, and decentralized technology over a broad range of
relative humidity (RH) and geographical locations, especially
for inland regions.23

To date, research in this field has largely focused on the
development of sorbents such as hydrogels,24,25 metal−organic
frameworks,5,26−31 hygroscopic salts,32,33 and hybrid sorb-
ents6,34−36 to achieve high water uptake. However, the daily
water productivities from these sorbents under general
operational conditions are far below our needs. To achieve a
highly efficient AWH system, a rational approach is required
that optimizes the sorbent performance with respect to the 24
h daily cycle, making use of the inherent sorption timescales of
the materials with respect to the heating/cooling effect of the
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daily cycle. In a conventional sorbent-assisted AWH system,
the sorbents first capture moisture from the surrounding
atmosphere at night and later liberate it with heat from the sun
during the day, creating a steamy environment that naturally
condenses on, and is harvested from, cooler surrounding
surfaces. This sorption process is intimately connected to the
daytime, during which time the sun provides the necessary
energy input to desorb water from the sorbent. Although this
approach is advantageous since it is passive and has low,
renewable energy consumption, water production is still
limited to the amount of water adsorbed during night-time.
Moreover, the state-of-the-art sorbents, such as hygroscopic
salts and metal−organic frameworks, initially exhibit rapid
sorption behavior for first few hours that exponentially decays
over time. The inherent sorption timescales of these materials
are not in step with the daily cycleactually, they are far from
it. Therefore, systems based on the daily cycle paradigm
where one only adsorbs at night and desorbs during the day
are inherently inefficient due to depreciating performance with
time. Motivated by a need to meet personal water demands,37

recent studies have demonstrated that by using several water
harvesting cycles in a day, one can increase daily water
production.38−40 However, the design of these cycling
conditions relies on an empirical approach and most of the
devices have a low number of cycles per day. A tailored
approach leveraging the rapid sorption regime for each sorbent
while also necessarily taking advantage of the daily cycle would
constitute a significant advance in solar energy-driven AWH.

Here, we rationally design and demonstrate an AWH system
that decouples the sorption process from the ever-present daily
cycle, by imposing rapid adsorption−desorption ratcheting,
following the inherent timescales of the employed sorbents.
This is done for the duration of the daytime, which runs its
natural cycle in parallel. For the sorbents, we fabricated and
employed durable hydrogel sorbents, which consist of the
polyacrylamide (PAM) and alginate (Alg) matrix that can host

and retain deliquescent salts and photothermal agents
throughout the ratcheting process. Guided by mass transfer
theory and the dynamic moisture sorption properties of the
sorbent, we studied the sorbent sorption behavior under daily
cycle conditions, determined the optimal ratcheting timescales,
and used this to optimize the AWH process with daytime
sorption ratcheting. The harvested water of 1.81 kg kg−1 m−2

day−1 at 23 °C, 66% RH, constitutes approximately 80%
increase in yield over a state-of-the-art, continuous, solar
energy-based system, using the same sorbent. Additionally, we
demonstrated the long-term ratcheting stability of hydrogel
sorbents and developed a prototype device for water collection.
Remarkably, this sorbent shows extremely stable ratcheting
performance without noticeable degradation over more than
1000 ratcheting steps under simulated direct sunlight. The
device collected ∼84% of the released vapor as liquid water.

2. EXPERIMENTAL SECTION
2.1. Materials. A commercially available acrylamide (Sigma-

Aldrich, A8887) was used as the monomer for the covalently cross-
linked network in the double-network hydrogel. N,N-Methylenebisa-
crylamide (MBAA; Sigma, M7279) was used as the cross-linker and
2-oxoglutaric acid (a-ketoglutaric acid) was used as the radical
photoinitiator. Sodium alginate (Alfa Aesar, B25266) ionically cross-
linked with calcium chloride (Alfa Aesar, C4901) was used for the
physically cross-linked network in the double-network hydrogel.
CNFs (purity: 98%, diameter: 100 nm, length: 20−200 μm, Sigma-
Aldrich) were employed without further purification. Deionized (DI)
water (18.2 MΩ, from the Milli-Q system) was used throughout the
experiments.

2.2. Fabrication of the Film of Gel Sorbents. The gel sorbents
were prepared using chemical and physical cross-linking. First,
powders of Alg and acrylamide were dissolved in deionized water.
The Alg-to-acrylamide ratio was 1:6 and we added MBAA as the
cross-linker for PAM and a-ketoglutaric acid as the radical
photoinitiator for PAM. CNFs were then added to the solution at
0.02 of the weight of the sum of acrylamide and Alg. The solution was
mixed in a vortex mixer for an hour and probe sonication was

Figure 1. Engineering robust hydrogel photothermal sorbents for superior atmospheric water harvesting. (a) Schematic illustrations of the thin-film
fabrication process of the PAM/Alg-CNF-CaCl2 hydrogel (polyacrylamide, PAM; alginate, Alg; carbon nanofiber, CNF). First, the gel solution is
injected into a mold where it is cross-linked by ultraviolet (UV) light. Then, the gel is removed and placed into a water bath (contains 0.3 g mL−1

CaCl2 aqueous solution), inducing ionic cross-linking. Afterward, the gel is removed from the bath forming the final sorbent. (b) Photograph of the
as-fabricated gel sorbent film. Also shown are schematics of the gel sorbent, which reveal its hierarchically entangled CNF structures and double-
network polymer chains.
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conducted for 3 min. We injected the gel solution into a plastic mold
with different thicknesses sandwiched between two 3-mm-thick quartz
plates. The mixture was cured with ultraviolet (UV) light for 100 min
(with 15 W power and 350 nm wavelength) and was then immersed
into a 0.3 g mL−1 CaCl2 aqueous solution for 24 h. After the curing
step, the samples were washed with DI water and left at room
temperature in an environment with 66% RH.

2.3. UV−Vis Spectroscopy Test. UV−Vis spectroscopy tests
were conducted on the gel sorbents with various CNF concentrations
(0, 0.5, 1.0, and 2.0 wt %). The optical transmission, τ, and reflection,
ρ, spectra of the thin (250 μm) gel sorbents were individually
measured over the wavelength range 250−2000 nm by a UV−vis
spectrometer (Acton SP2500, Princeton Instruments) with the
assumption of negligible light scattering. The absorption spectra
were obtained by α = 1 − ρ − τ.

2.4. Dynamic Sorption Test (24 h). Dynamic moisture
adsorption and desorption tests of the gel sorbents were conducted
through a customized measurement system. The fabricated sample
was placed on a balance (G&G, JJ200B) in an RH-controlled
environmental chamber interfaced with a solar simulator. The
humidity inside the chamber was controlled by diffusion from a
multilayered supersaturated sodium chloride solution. An in-house
setup, consisting of a xenon light source (300 W 6258 Xe lamp in an
87005 enclosure, Newport), was prepared for solar irradiation of P =
1 kW m−2 (1 sun) over a 60-mm-diameter circular area. During full-
day tests, we set the first 12 h to be “daylight” (P = 1 kW m−2) and
the next 12 h were “night-time” (P = 0 kW m−2) to mimic the day-
and-night cycle. During rapid ratcheting tests, a shutter interfaced

with a stepper motor was used to control sunlight exposure. Also, an
infrared camera (Phidgets, 1045_1B) and temperature and humidity
sensors (Phidgets, HUM1001_0) were used to monitor the
environmental and sample temperatures and RH in real time. All
data were recorded every second during an experiment and were
controlled by a LabView program (Labview, National Instruments).

2.5. Uniaxial Tensile Strength Test. Hydrogel sorbents with the
dimensions of 60 × 10 × 1 mm3 (height−width−thickness) were
prepared for uniaxial tensile strength tests. The tensile strength of
each of the four gel sorbents without CNFs and with CNF-embedded
samples was measured at room temperature. A local strain analytic
technique with an image-based optical measurement system was used
to avoid boundary deformation from clamping. The tensile machine
consists of hydraulic actuators, 100 N load cells (MTS System), a
CCD camera (Allied Vision Technologies GmbH, Pike F-100B,
Germany) with a 0.25× telecentric lens (NT55-349, Edmund Optics
GmbH, Germany) used for local strain measurement.41

3. RESULTS AND DISCUSSION

3.1. Engineering Robust Photothermal Hydrogel
Sorbents. To best take advantage of rapid ratcheting, a
durable sorbent with fast sorption kinetics was required. We
synthesized robust hydrogel sorbents, which consist of a
double-network hydrogel (PAM and Alg), carbon nanofibers
(CNFs), and CaCl2 (Figures 1a and S1). To make the thin
films, a heat-resistant polyester spacer was placed between two

Figure 2. Optical and mechanical properties of the PAM/Alg-CNF-CaCl2 hydrogel. (a) Plots of adsorption and solar irradiance (air mass 1.5
spectrum) vs wavelength for the gel sorbents with different concentrations of CNF (wavelength range: 280−2000 nm). (b) Stress−strain curves of
the gel sorbents for two different concentrations of CNF (0 and 2.0 wt %). We performed four measurements of each gel sorbent type and found
that average Young’s modulus was 65 and 105 kPa for 0 and 2.0 wt % CNF, respectively.

Figure 3. Moisture sorption kinetics of robust gel sorbents throughout the daily cycle. (a) Schematic illustration of the experimental setup used for
moisture sorption tests. The mass of each gel sorbent and the environmental conditions (temperature and humidity) were monitored in real time.
The temperature of the gel sorbent is monitored with an infrared camera. A shutter is used to block simulated sunlight when needed. Humidity is
controlled with a multilayered stack of salt solutions. Sunlight and without sunlight conditions are when the solar simulator is on (intensity = 1 kW
m−2) and off (intensity = 0 kW m−2), respectively. Plots of (b) M and (c) dM/dt vs time, t, for the gel sorbent with two different thicknesses (250
μm, ; and 550 μm, - - -) for 12 h of sunlight and 12 h without sunlight. (d) Corresponding gel sorbent temperature, environmental temperature,
and environmental RH are shown for the 250-μm-thick sample.
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3-mm-thick quartz plates and the hydrogel solution was
infused into the mold. The double-network hydrogel was
formed via a two-step cross-linking process. The hydrogel
solution was first exposed to ultraviolet (UV) lightwhere
both the acrylamide and Alg precursors are cross-linkedand
then it was immersed in a 0.3 g mL−1 CaCl2 aqueous solution,
where the Alg is further cross-linked (Figure 1b). The CaCl2
salt inside the hydrogel also acts as the necessary hygroscopic
component, and it was employed due to its ability to adsorb
water vapor even in dry environments (∼30% RH). The
densely intertwined double network of the hydrogel exhibits a
superior retention of the hygroscopic salt compared to other
soft sorbents, such as a single network of PAM (Figure S2).
We chose CNFs as a photothermal particle due to their ultra-
broadband absorption property and excellent mechanical
properties.42 The spectral properties of 250-μm-thick films
containing various concentrations of CNFs (0, 0.5, 1.0, and 2.0
wt % CNF in the hydrogel sorbent) were also measured, and
with 2 wt % CNF, we observe that the sample absorbs 88% of
the sun irradiation over a wavelength range from 250 to 2000
nm, allowing us to maximize the solar photothermal effect for
sorption tests (Figure 2a). In addition, by embedding CNFs in
the hydrogels, Young’s modulus increases from 65 to 105 kPa,
enhancing its mechanical properties while still being compliant
enough to swell and therefore facilitating water uptake (Figure
2b). We term this optimized material as a gel sorbent from
here onward.

3.2. Sorption Behavior of Gel Sorbents. In the study,
our aim was to understand the kinetic properties of gel
sorbents and therefore their ability to be rationally designed for
water harvesting applications. For this, we needed to quantify
the performance of the gel sorbents without interference due
to unwanted outdoor factors such as wind, clouds and dusts as
well as fluctuations of ambient temperature and humidity. We
carried out moisture sorption tests of the gel sorbent over the
course of one day, which had 12 h of simulated sunlight. We
did this to determine the sorption behavior of our material and
to estimate the optimal ratcheting conditions and timescales.
For this, we used a humidity-controlled environmental
chamber with an integrated balance and a solar simulator
(Figure 3a). Constant humidity (∼66% RH) in the chamber
was maintained by an open salt-solution bath.43−45 The
fabricated sorbent films were 50 × 50 mm2 in area and either
250 or 550 μm thick. They were placed on the balance and
their mass, mgel, was continuously monitored. The normalized
mass change of the gel sorbents, relative to its dry mass, was
calculated by

M t
m t m

m
( )

( )gel dry

dry
=

−

(1)

where t is the time and mdry is the mass of the dry gel. We term
M hereafter as the degree of hydration. We define mdry as the
mass of the dry gel after it has been exposed to the sun (1 kW
m−2) for 12 h in an undersaturated environment. Prior to the
adsorption and desorption test, all dry samples were hydrated
in an environment at 23 °C and 66% RH for 12 h.

The experiments were carried out with the desorption time
of 12 h under simulated sunlight (1 kW m−2) followed by the
adsorption time of 12 h without sunlight (Figure 3b). We
compared the sorption kinetics of gel sorbents with thicknesses
of 250 and 550 μm and the sample with a thickness thinner
than 250 μm was excluded due to its lower absolute water
uptake capacity. We see that depending on the thickness of the
gel, it will have a different degree of initial saturation (M(t = 0
h)), and the characteristic time for dehydration (M
approaching zero) also varies. For the case of the thinner
gel, we see that during most of the daytime, it is practically dry
(M ≈ 0), and for the thicker gel, it is not able to be fully
dehydrated. The derivative mass change (dM/dt) of the thick
and thin samples is compared in Figure 3c. The desorption
rates of samples drastically increased as soon as the sunlight
was exposed to the sample surface. The highest magnitudes of
dM/dt during the daytime for the thin and thick samples were
−16.0 mg g−1 min−1 (at t ≈ 11 min) and −4.4 mg g−1 min−1

(at t ≈ 16 min), respectively. Afterward, the sample then
continues to desorb, albeit at a very low rate. In the adsorption
process, a similar but reversed trend is observed where the
sample initially adsorbs water vapor very rapidly, especially for
the thin sample. It takes ≈ 10 min to reach the highest
adsorption rates of dM/dt = 4.8 and 1.4 mg g−1 min−1 for the
thin and thick samples, respectively, and they gradually
decrease with time. This trend is also shown in the
temperature and RH profiles of the thin film in Figure 3d.
Interestingly, for the thin sample, the sample temperature
where the sample desorbs the fastest is T = 43 °C, which is far
below the equilibrium temperature of the dry sample, which is
55 °C, indicating that there is a significant amount of
desorption occurring. Therefore, we can use that equilibrium
temperature to estimate when the evaporative cooling effects of
desorption are no longer appreciable, which occurs for the thin
sample at t ≈ 2 h. Next, we explore the potential of daytime
adsorptionin the regions where dM/dt ≈ 0as a means to
boost AWH performance. Moreover, we performed adsorption
experiments of the gel sorbent under 30% RH for 12 h to

Figure 4. Modeling of sorption kinetics of gel sorbents. Representative plots of M vs t for a (a) desorbing (exposed to sunlight) and (b) adsorbing
(shaded from sunlight) gel sorbent from experiments () and theory (- - -; Fickian diffusion (FD) model). The surrounding environmental
conditions were kept at (experiments) or assumed to be (model) 23 °C and RH ≈ 66%. (c) Plot of dM/dt vs M for a gel sorbent undergoing
adsorption and desorption produced from the validated FD model. This plot shows the effect of moisture content on the respective sorption rates.
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determine the water sorption performance in a dry environ-
ment. The M reached 0.27 in 12 h, which is, naturally, quite
low compared to high humidity conditions for the same time
duration, but the gel sorbent still works even in dry
environments (Figure S3).

3.3. Modeling of Sorption Kinetics. To facilitate a better
understanding of the sorption ratcheting behavior of gel
sorbentswe modeled the diffusion of moisture within the gel
sorbent and into air based on a one-dimensional and transient
Fickian diffusion (FD) model.46−48 For simplicity, we assume
that the effective diffusion coefficient is constant with respect
to the degree of hydration. A classical method of describing
sorption kinetics in thin films can be expressed by

l
m
oo
n
oo

|
}
oo
~
oo

M t M
M M

n
n

L
Dt

( )
1

8

1
(2 1)

exp
(2 1)

n

0

0
2

0
2

2 2

2∑

π

π

−
−

= −

+
− +

∞

=

∞

(2)

where M0 and M∞ are the degrees of hydration of the sorbent
at t = 0 h and as t → ∞, respectively, D is the effective
diffusion coefficient with moisture concentration as driving
potential, L is the thickness of the sample, and index n denotes
the nth iteration (Table S1 and the Supporting Information).
We see a good agreement between the theoretical and
representative experimental curves in Figure 4a,b (Figure
S4). The diffusion coefficients (D) of 7.75 × 10−11 and 1.4 ×
10−11 m2 s−1 for desorption and adsorption were extracted
from experimental sorption data, respectively, which compare
well with published data on moisture sorption kinetics of the
hydrogel.48−50 Figure 4c shows theoretically the drastic effect
that M has on dM/dt, and how at the extreme values of M,
when the adsorption rate is high, the desorption rate is low and
vice versa. Furthermore, as we expected due to solar heating
effects, the value of D for desorption is higher than for
adsorption, indicating that the gel sorbent took more time to

reach the adsorption equilibrium than to the desorption
equilibrium.

3.4. Sorption Ratcheting. Figure 5a shows a schematic of
the ratcheting concept, which relies in part on daytime
adsorption. The sun first shines on the gel sorbent at time, t =
0 h. Then, after a time ti, the shutter is closedand it remains
closed for a time tadsshading the gel sorbent from the sun,
and allowing daytime adsorption to occur. That is, by
temporarily blocking the sunlight with the shutter, the partially
saturated sorbents can adsorb water vapor from the open
surrounding air during the daytime. Then, the shutter is
opened for a time, tdes, where the gel sorbent is again exposed
to sunlight and desorbs. Here, the gel sorbent is able to rapidly
release the captured watersaturating the local environ-
mentfollowing exposure to sunlight. Once started, this
ratcheting process is continued until “night-time”, where a
longer adsorption process occurs until daytime. We claim and
show that by doing ratcheting, we can boost the magnitude of
dM/dt during times where it would otherwise be practically
zero.

Figure 5b shows an artificial plot of M vs t for a gel sorbent
undergoing a sorption ratcheting process for better under-
standing. Initially, the sorbent is hydrated with M0 = 1 g g−1
which it adsorbed during the previous nightand it undergoes
a first desorption step until t = ti and M = M(ti) (Figure S5).
Then, the shutter is closedblocking the solar simulator light
from shining on the gel sorbentallowing it to do daytime
adsorption for a time, tads. The shutter is then opened again,
and the gel sorbent desorbs for a time tdes. The shutter is then
closed again, and the process is repeated until night-time. The
length of a ratcheting step is defined as tr = tads + tdes, and for it
to be a cyclical process, the initial degree of hydration of the
sorbent at the start of a ratcheting step has to be the same as
the one at the end of it, e.g., M(ti + tr) = M(ti) (Figure S6).
The total number of ratchet steps that can be done during
daytime, N, can be estimated by setting the length of the
daytime equal to ≈ti + Ntr.

Figure 5. Sorption ratcheting. (a) Schematic showing the ratcheting concept, which relies in part on daytime adsorption. If we assume that the sun
first shines on the gel sorbent at t = 0, in this ratcheting process daytime adsorption starts when the shutter is closed after a time ti, shading the gel
from the sun for a time, tads. Then, the shutter is opened for a time, tdes, where the gel sorbent is again exposed to sunlight and desorbs. Once
started, this ratcheting process is continued until “night-time”. (b) Plot of the normalized mass change of a gel sorbent due to moisture, M, vs time,
t, for a sorbent operating under ratcheting conditions. Also shown are the initial desorption time, ti, adsorption time, tads, desorption time, tdes, and
the ratcheting time, tr = tads+ tdes. The surrounding environment was kept at 23 °C and RH ≈ 66%. (See Figure 2b for a plot of M vs t for the daily
cycle case.) (c) Plot obtained using the FD model of ti vs tr vs the total amount of desorbed water during a 24 h period with 12 h of daytime and 12
h of night-time, Mtotal.
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Based on the validated FD model for adsorption and
desorption, we now explore parametrically the effects of the
initial desorption time, ti, and the ratchet time, tr, on the total
amount of water that can be desorbed by the sorbent during
the daytime, Mtotal. In short, Mtotal is equal to that which is
desorbed initially (from t = 0 h until t = ti) plus the amount of
water that is desorbed during a single ratchet step times N. To
simplify the calculation of Mtotal, we assume that both
adsorption and desorption rates are exclusively a function of
moisture content (Figure 4c). We also kept tr > 10 min to
minimize temperature and humidity fluctuations. Under these
conditions, Mtotal is calculated by

M M M t N M( )total 0 i= − + Δ (3)

where ΔM is the normalized amount of desorbed water vapor
by the mass of the dry gel during a single ratchet step and N is
the total number of ratchet steps during the daytime (assumed
to be 12 h long). We systematically vary the length of the
initial desorption step, ti, and the length of a single ratchet step,
tr, and determine Mtotal, with the goal being to determine where
its maximum is and therefore the highest daily water
production (Figure 5c). We see that Mtotal is maximum when
ti is in the range of approximately 60 to 150 min. Within this
range, shorter values of tr yield higher water collection. Mtotal
can drastically be increased by introducing ratcheting, in a
rational manner, compared to a single desorption period,
which is the norm.

3.5. Enhanced Water Harvesting with Sorption
Ratcheting. Sorption tests of the gel sorbent with our
ratcheting process were carried out over the course of one day.
Initially, we had M0 = 1.0 g g−1. Then, the solar simulator was
turned on, the shutter was opened, and the sample was
illuminated until ti = 70 min for the corresponding M(ti) value
of 0.3 g g−1. Afterward, the shutter was closed for tads = 7.5
min, and then, the shutter was opened for tdes = 5 min (tr =
12.5 min). This process was performed for 52 consecutive
ratchet steps, lasting approximately 11 h. Figure 6a,b shows

plots of M and dM/dt vs t, respectively, demonstrating an
optimized ratcheting process. Figure 6c shows the environ-
mental conditions and sample temperature during the process.

Interestingly, the gel sorbents are able to rapidly switch
between adsorption and desorption during ratchetingas a
result of opening and closing the shutterwithout significant
relaxation in between, which is favorable for the shorter
sorption ratcheting steps used here. At the same time, the gel
sorbent maintains a value of M (∼0.3 g g−1) where the
magnitude of dM/dt is still relatively high. During the sorption
ratcheting, it was also observed that there was no asymptotic
behavior after the initial and final desorption and adsorption
steps, respectively (the inset in Figure 6a), which we attribute
to the optimal selection of a proper initial moisture content
and the ratcheting step. This trend is also clearly shown in the
plot of dM/dt in Figure 6b. Unlike the sorption kinetics in the
conventional continuous daily cycle, which quickly approaches
zero, for the ratcheting process, the peak rates of adsorption
and desorption alternately showed values between 4.0 and
−6.1 mg g−1 min−1 throughout the day and the sample
temperature ranged between 28 and 45 °C (Figure 6c). To
avoid recapturing the released water from the previous
ratcheting step, RH near the sample was kept between 66
and 69% using a relatively spacious chamber with a
multilayered supersaturated salt solution. Remarkably, our gel
sorbent operated with the introduced ratcheting process
produced the total amount of release water quantity of 1.81
g g−1, while only 1.01 g g−1 was produced from the
conventional daily cycle, as shown in Figure 6d. Furthermore,
we performed extensive sorption ratcheting to evaluate the
stability of the gel sorbent under 1 sun illumination for 1000
ratchet steps. Here, the process was performed for 1 week with
tr = 10 min (tads = 5 min and tdes = 5 min) under 23 °C and
69% RH (see Figures 6e and S7). The gel sorbent exhibits
exceptional stability during the harsh sorption periods without
showing any significant change in the performance. The
sample continuously released an amount of water of 0.072 g

Figure 6. Gel sorbent kinetics with sorption ratcheting. Plots of (a) M and (b) dM/dt vs t for a gel sorbent undergoing sorbent ratcheting.
Ratcheting starts after the efficient steep portion of the continuous desorption curve. The inset in a shows an enlarged plot revealing ratcheting
behavior. (c) Corresponding gel sorbent temperature, environmental temperature, and environmental RH are shown for the 250-μm-thick gel
sorbent sample. (d) Plot of Mtotal vs t during the daytime with and without sorption ratcheting. (e) Plot of M vs t for a gel sorbent (250 μm thick)
undergoing a thousand ratchet steps to assess the impact of this novel process on the stability of the gel sorbent. The environmental conditions
were kept at 23 °C and RH = 69% for 1 week. A single ratchet step consisted of tdes = 5 min of desorption and tads = 5 min of adsorption.
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g−1 in each ratchet step with impressive consistency. Hence,
the cumulated amount of released water vapor increases
linearly with time (Figure S8). Moreover, we measured
Young’s modulus of the gel sorbents before and after 100
ratchet steps, and we could not find any significant difference
in this property. This is because the gel sorbents never become
extremely dehydrated, due to the ratchet process design
(Figure S9).

3.6. Condensation during the Sorption Ratcheting.
Figure 7a illustrates a proof-of-concept device realizing full
AWH with sorption ratcheting, accompanied by produced
vapor condensation and water collection. For the AWH test,
the initial desorption of the gel sorbent started with M0 = 1.04
g g−1. The gel sorbent was 38 × 39 × 0.25 mm3, leading to an
initial desorption time of ∼62 min to reach M(ti) = 0.3 g g−1.
After this long and efficient desorption step, we demonstrate
three adsorption−desorption ratcheting steps. Sorption ratch-
eting was performed with an adsorption time of tads = 30 min,
which leads to the desorption time being tdes = 16 min. Due to
the geometrical limitation in our measurement setup, the long
adsorption time (tads ≥ 30 min) was selected for the small
device to produce a reliable amount of released and condensed
water per ratchet. When desorption is occurring, we close the
chamber with a transparent window and hot water vapor is
desorbed from the gel sorbent and condenses on the cooler
walls of the chamber. During adsorption, the shutter is closed
blocking sunlight and the window is opened, allowing water
vapor from the environment to be adsorbed by the gel sorbent.
While these mechanical functions can be performed manually
in a laboratory experiment demonstrating the method, in a
practical application, a control unit for adjusting the shutter
and window can be easily employed. The limited amount of
electric energy required for these functions can be supplied
through a small, dedicated solar panel. Figure 7b shows a plot
of M vs t during this process along with a corresponding plot of
the mass of the condensed water vs t. We see that the first,
longer desorption step led to 0.57 g g−1 of condensed water,
while each subsequent ratcheting step yielded an average value
of 0.09 g g−1 per ratchet. Overall, the AWH device collected

0.85 g g−1 of condensed liquid water out of 1.01 g g−1 of
desorbed water vapor for 200 min, resulting in a total desorbed
water vapor to condensed liquid water efficiency of 84%
(Figures 7c and S10). The relatively small reduction in
efficiency is attributed to moisture lost during the opening-and-
closing process of the window. Consequently, we evaluated the
composition of our harvested water. We measured the primary
ion concentrationsincluding calciumand found that the
harvested water meets the World Health Organization (WHO)
guidelines for safe drinking water (Table S2).51

4. CONCLUSIONS

We have demonstrated the concept of using sorption
ratcheting with durable gel sorbents to efficiently exploit the
AWH potential of the sorbents. The ratcheting strategy is
rationally designed according to the diffusion model and the
sorption kinetics of the sorbent, providing specific ratcheting
timescales, which are significantly shorter than the inherent to
the solar-driven process time scale of the 24 h daily cycle. As a
result, we could enhance by ∼80% the water harvesting
performance of the present gel sorbents over the continuous
solar-driven daily cycle systems. We believe that this advanced
strategy opens possibilities to apply sorption ratcheting to a
broad palette of sorbents, thereby removing the inherent
severe inefficiency of solar AWH sorption systems, stemming
from the large disparity of material sorption timescales and the
24 h time scale of the daily cycle for the needed solar heating.
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Fickian diffusion model for moisture sorption kinetics
(Figures S1−S11 and Tables S1 and S2) (PDF)

Figure 7. Sorption ratcheting with an atmospheric water harvesting device. (a) Schematic illustrations of adsorption, desorption, and condensation
in a prototype condensation chamber. (b) Mass change of the gel sorbent and the mass of condensed liquid water for initial desorption and 3 short-
term ratchetings. (c) Total amount of released water and condensed water after the tests.
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