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Abstract: Harvesting water from air is a promising strategy for
fresh-water production, and it is particularly desirable for areas
that lack direct access to clean water. While high-concentration
liquid sorbent is well-known for high sorption, it has not been
widely used for atmospheric water collection, being primarily
limited by the difficulty in desorption. Interfacial solar heating
based on a salt-resistant GO-based aerogel is now shown to
enable a high-concentration liquid sorbent (CaCl2 50 wt%
solution) based atmospheric water generator. Fresh water
(2.89 kg m�2 day�1) can be produced at about 70 % relative
humidity, with only solar energy input and energy efficiency of
desorption as high as 66.9 %. This low-cost and effective
approach provides an attractive pathway to extract water from
air, to relieve the thirst of arid, land-locked, and other areas
where fresh water is scarce.

It is reported that at present about 783 million people have
no direct access to clean water, and over 200 million hours
were spent every day fetching fresh water.[1] Thus, any efforts
that increase access to water in these rural or remote areas
will dramatically improves the life quality of human beings.
Recently, there is a renewed interest to harvest atmospheric
water using sorption methods.[2] While solid sorbents, such as
anhydrous salt, hybrid hydrogel, silica gel, zeolite, activated
alumina, clay, and metal–organic frameworks, have been
heavily investigated for water harvesting,[3] liquid sorbents
with high capability of sorption also have many other
advantages in terms of durability, system continuity, and
cost.[2] However, the usage of liquid sorption materials has
been primarily limited by the desorption process. As the
concentration of liquid sorbent increases, the vaporization
enthalpy of liquid sorbent increases, which also increases the
energy barrier for desorption.[4] Therefore, so far only low
concentration salt solution, such as (30 wt%, 37 wt%) CaCl2

solution, LiCl solution, LiBr solution, has been used.
In recent years, interfacial solar heating is emerging as

a promising strategy to promote water evaporation using solar
energy with high energy conversion efficiency.[5] Herein, we

applied interfacial solar heating into the field of atmospheric
water generators to enable high-performance atmospheric
water generator (AWG) based on high concentration liquid
sorbent. As an example of demonstration, 50 wt % CaCl2

solution (approaching saturation concentration) is used as
an effective sorbent to sorb water vapor from air at night (as
shown in Scheme 1a); interfacial solar heating based on

carefully tailored salt-resistant GO-based aerogels is used to
enable efficient and effective desorption out of the sorbent by
sunlight during the daytime (as shown in Scheme 1b). As
a result, daily water production as high as 2.89 kg m�2 day�1 is
achieved at about 70 % relative humidity (RH). Effective
desorption is achieved with an energy efficiency as high as
about 66.9 %, as discussed in more detailed below.

The device operates on a daily cycle with sorption
occurring at night when humidity is at its highest (Scheme 1 a)
and desorption assisted by interfacial solar heating occurring
during the day (Scheme 1b). Vapor sorption happens at night,
when the lid is opened (Scheme 1a). The liquid sorbent
(CaCl2 50 wt % solution) has a lower water vapor pressure
compared to the surrounding air, thus enabling effective
water vapor sorption from the air.[6] In this process, water
vapor is sorbed by the CaCl2 solution surface, then water
molecules diffuse to the internal solution by a concentration
gradient.[6] Water desorption happens during the daytime,
when the lid is closed as shown in Scheme 1 b. Sunlight can be
efficiently absorbed by the absorber based on salt-resistant
GO-based aerogel and used for promoting the water desorp-
tion out of CaCl2 solution. As the device is well-sealed, water
vapor will condense back into clean water on the inner surface
of glass chamber and be collected at the bottom of the
chamber (Scheme 1 b).

To realize a high level of water production for the
proposed system, it is crucial to effectively sorb water vapor
from air. The high concentration (50 wt %) CaCl2 solution is

Scheme 1. The interfacial solar-heating-assisted atmospheric water
generator (AWG) based on liquid sorbent. a) Water vapor sorption at
nighttime. b) Water desorption during the daytime under sunlight.
c) Structures of the GO-based aerogel as a salt-resistant absorber
during solar water desorption.

[*] X. Wang,[+] X. Li,[+] G. Liu, J. Li, X. Hu, N. Xu, W. Zhao, B. Zhu, J. Zhu
National Laboratory of Solid State Microstructures, College of
Engineering and Applied Sciences, Jiangsu Key Laboratory of
Artificial Functional Materials, Nanjing University
Nanjing 210093 (P. R. China)
E-mail: jiazhu@nju.edu.cn

[+] These authors contributed equally to this work.

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.201905229.

Angewandte
ChemieCommunications

1Angew. Chem. Int. Ed. 2019, 58, 1 – 6 � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These are not the final page numbers! � �

http://dx.doi.org/10.1002/ange.201905229
http://dx.doi.org/10.1002/anie.201905229
http://orcid.org/0000-0002-2871-4369
https://doi.org/10.1002/anie.201905229


chosen as the sorbent in this work, which is due to its excellent
water sorption for a wide range of RH, exceptional chemical
stability and low cost.[7] The systematic study of dependence
of the water sorption of CaCl2 solution on liquid depth, RH
and temperature is shown in Figure 1a,c, and e, respectively.
The dynamic mechanisms of water sorption is in the
Supporting Information, Note S1.[8] The dependence of m1
and k on liquid depth, RH and temperature are illustrated in
Figure 1b,d, and f, respectively.

As the liquid depth increases to be over 8 mm, there will
be no observable enhancement in water sorption (Figure 1a).
No significant variations in m1 and k are observed either with
the further increment of the depth (Figure 1b). For liquid
with depth over about 8 mm, the water sorption is limited by
the water diffusion within the bulk CaCl2 solution. Thus, the
depth of liquid sorbent is 8 mm in the following experiments if
not specified. Figure 1c shows different water sorption curves
of CaCl2 solution with different RHs ranging from 40, 60, 80,
to 98 % at 25 8C. The amounts of sorbed water within 12 h
were 0.95, 2.39, 3.95, and 5.39 kgm�2, respectively. For a given
temperature, with the increasing of RH, the water sorption
capacity m1 can be improved while the equilibrium of
sorption is more difficult to reach (Figure 1d).

The sorption performance under different temperatures is
also carefully examined with RH held to be 60 % (Figure 1e).

As temperature increases, m1 gradually increases while the
value of k first decreases then increases. This can be explained
as following. For a specific RH, the absolute humidity (AH)
increases with the temperature, thereby resulting in the
increment of maximum water sorption capacity m1. The
increase of m1 raises the difficulty of reaching sorption
equilibrium. Meanwhile, the water diffusion can be improved
with the increase of temperature to decrease the difficulty of
reaching sorption equilibrium. These two competing effects
jointly result in that the value of k first decreases then
increases with the increase of temperature (Figure 1 f).
Therefore, the effects of temperature and humidity on the
water sorption performance of CaCl2 solution is coupled.

To enable effective water desorption process out of a high
concentration of CaCl2 solution, the solar absorber need to be
carefully tailored to enable interfacial solar heating also to
avoid the issue of salt accumulation (Supporting Information,
Figure S1).[5i, 9] Here, we designed graphene oxide and cellu-
lose composite aerogels (GO-based aerogels) with large pore
size (hundreds of micrometers).The fast water diffusion and
convection between the large micro pores and the rapid
capillary pumping of micropores in hydrophilic GO-based
aerogel lead to quick replenishment of surface vaporized salt
solution, the salt can diffuse back into the bulk solution with
the concentration gradient to avoid salt accumulation thus
ensuring fast and continuous water desorption.

The fabrication process of the GO-based composite
aerogels is shown in Figure 2a. First, the suspension of GO

Figure 1. The performance of water vapor sorption of the CaCl2
solution over time. a) with varied liquid depths under constant
condition: 25 8C, 60% RH; c) under varied humidity and constant
25 8C; e) under varied temperature and constant 60% RH. b),d),f) The
dependence of m1 and k on liquid depth, RH, and temperature,
respectively. m1 represents the maximum water sorption capacity after
reaching the absorption equilibrium and k is the sorption rate constant
that shows the degree of difficulty to reach equilibrium.

Figure 2. Characterizations of GO-based aerogels. a) The fabrication
processes of GO-based aerogels. b) Photograph of the GO-based
aerogels. The diameter of the absorber is 3 cm. c) SEM image of the
GO-based aerogels. d) The absorption spectra of the GO-based
aerogels across 250–2500 nm (left hand side axis), and solar spectral
irradiance (right hand side axis) weighted by standard AM 1.5G solar
spectrum. e) Contact angle measurement showing that the surface of
GO-based aerogel is superhydrophilic.
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and cellulose was gelated by epichlorohydrin to produce the
GO and cellulose composite hydrogel. Then the growth of ice
crystals can be controlled precisely by the freezing time (2 h)
and temperature in the water phase. Finally, ice crystals were
sublimated from the frozen state by freeze-drying, and GO-
based aerogels with large pores were obtained (Figure 2 b;
more details as shown in the Experimental Section).[10] The
microstructures of the as-prepared GO-based aerogels were
shown in Figure 2c and the Supporting Information, Fig-
ure S2. The typical pore size of GO-based aerogels is around
100 mm, much larger than those of previous reports (ranging
from 5 mm to 50 mm).[5e,g,11] This results is also consistent with
the automatic mercury porosimeter pore distribution image
(Supporting Information, Figure S3 and Table S2). The larger
pore size mainly results from the huge volume expansion from
liquid water clusters to ice crystals immersed in the aerogels
during long-term liquid nitrogen freezing. These intercon-
nected pores provide fast pathway for salt diffusion (Sche-
me 1c). Meanwhile, the aerogel also shows excellent absorp-
tion of about 96.2 % across 200–2500 nm (weighted by
standard solar spectrum of AM 1.5G, as shown in Figure 2d),
laying the solid foundation for efficient solar-heating-based
desorption. Contact angle measurement shows that the
surface of GO-based aerogels is hydrophilic, which is ideal
for efficient water supply (Figure 2e). The surface chemical
compositions and functional groups of the GO-based aerogels
were identified by X-ray photoelectron spectroscopy (XPS),
as shown in the Supporting Information, Figure S4. To verify
the effect of salt resistance, the long-term (36 h) water
desorption out of high concentration (40 wt %) CaCl2 sol-
utions was performed with the GO-based aerogel as absorber
(Supporting Information, Figure S5). It is clear that no
accumulation of crystalized salt is observed on the surface
of aerogel after the solar-driven desorption. As shown in the
Supporting Information, Figure S6, the aerogel can maintain
its shape after being bended for 50 times.

The water desorption process was assisted by GO-based
aerogels based interfacial solar heating. As shown in Fig-
ure 3a, water desorption can be effectively achieved under
different solar illuminations of 0.7, 1.0, 1.5, and 2.0 kWm�2

out of different concentrations of CaCl2 solution (33 wt % to
50 wt %). The surface temperature of the absorber gradually
rises with increased irradiation time (Figure 3b). The evap-
oration rates rapidly increase at the beginning of experiment
due to the increase of absorber temperature, then gradually
decrease, mainly owing to the increased mass fraction of
CaCl2, as shown in Figure 3c. The energy conversion effi-
ciency (h) for the interfacial solar heating assisted water
desorption procedure can then be calculated using the
following formula:[12]

h ¼
Z
½hlv þ hdðwÞ�dmðwÞ=Copt P0 ð1Þ

hs ¼ hlv þ hd ð2Þ

where m is the mass flux and hs is the vaporization enthalpy of
the CaCl2 solution, which is composed of the vaporization
enthalpy of pure water hlv and the differential enthalpy of

dilution hd. The differential enthalpy of dilution hd of CaCl2

solution with different mass fractions are calculated by
simulation, as shown in the Supporting Information, Fig-
ure S7,[4b, 13] P0 is the solar irradiation power of 1 sun
(1 kWm�2), and Copt refers to the optical concentration. In
this desorption, the mass fraction of CaCl2 solution ranged
from 33 wt% to 50 wt %, so the differential enthalpy of
dilution is an integral function of the mass fraction, w is the
mass fraction of the solution, P0 is the solar irradiation power
of 1 sun (1 kWm�2), and Copt refers to the optical concen-
tration. The average evaporation rates under 0.7, 1.0, 1.5, and
2.0 kWm�2 are 0.63, 0.73, 1.16, and 1.40 kg m�2 h�1, respec-
tively, and the corresponding energy conversion efficiency are
calculated to be 75.9 %, 66.9 %, 69.5 %, and 62.9%, respec-
tively (Figure 3d). The calculation details of heat loss can be
found in the Supporting Information, Table S2 and Note S2.
A comparative experiment with traditional bulk heating
suggests that the energy conversion efficiency is merely about
30% (Supporting Information, Figure S8), illustrating that
the interfacial heating can enable more efficient and effective
desorption.

As the solar absorber needs to be in contact with CaCl2

solution directly for a long time during water desorption, the
durability of the aerogels is important for practical usage. As

Figure 3. The performance of water desorption using interfacial solar
heating. a) Mass change over time under different solar illuminations.
b) Temperature changes of the surface of GO-based aerogel over time
under different solar illuminations. c) Real-time evaporation rates of
water desorption over time under different solar illuminations.
d) Energy conversion efficiencies together with average evaporation
rates of water desorption under different solar illuminations. e) Stabil-
ity test of the AWG over multiple cycles. f) Measured concentrations of
four primary ions in the collected water from the AWG.
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presented in Figure 3e, long term cycling performance was
investigated by several cycles of 12 h water sorption and 4 h
desorption. The results indicate no decline in efficiency.
Moreover, it is pivotal to monitor the quality of the collected
water. The concentrations of all four primary ions (Na+, Ca2+,
Mg2+, and Zn2+) were carefully tested by inductively coupled
plasma spectroscopy (ICP-OES). The results show that the
concentrations of the four primary ions all meet the standards
for drinkable water defined by the World Health Organiza-
tion (Figure 3 f).[14]

To examine the practical performance of the AWG device,
a large-scale device (ca. 121 cm2) was designed and fabricated
(Figure 4a). During the nighttime, the device was placed

outdoors on the roof of the building, the corresponding
temperature and humidity were shown in Figure 4b. After
12 h, 32.8 g of water was sorbed by CaCl2 solution
(2.71 kg m�2). While during the daytime, the water desorption
experiment was carried out from 10:00 to 15:30 under natural
sunlight with an average solar heat flux of about 1 kWm�2

(Figure 4c). The corresponding ambient humidity and tem-
perature were shown in Figure 4d. Finally, 35 g (2.89 kg m�2)
fresh water was collected, slightly higher than the sorbed
water during the nighttime. Thus the sorbed water from the
air can be totally desorbed and collected, with extra water
desorbed from the original CaCl2 solution. In other reported
state-of-the-art liquid sorption AWGs, such high water
production (2.89 kgm�2 day�1) cannot be achieved (with
about 70%RH; Supporting Information, Table S3). The
output ratio of sorption and desorption can be tuned by
regulating the sorption time and desorption time. Addition-
ally, outdoor experiments under different conditions of
temperature and humidity were also shown in the Supporting
Information, Figure S9. Under all these conditions, our device
can constantly produce fresh water of no less than

2 kg m�2 day�1, further showing its potential for practical
application.

In summary, we demonstrated that interfacial solar
heating can enable a capacity-enhanced AWG design based
on high concentration liquid sorbent (50 wt% CaCl2 solu-
tion). A GO-based aerogel with large pore size is used as salt-
resistant absorber for solar water desorption. A daily fresh
water production as high as 2.89 kgm�2 day�1 is achieved at
about 70% RH, and corresponding desorption efficiency can
be up to 66.9 % under 1 sun. It is expected that this AWG with
interfacial solar heating enabled enhanced capability of
desorption, scalable fabrication process, and low-cost raw
material and lasting stability, provides a promising pathway
for widespread applications of water harvesting from air. As
our AWG has a high water yield, it shows great promise to
address the water scarcity at islands with high humidity and
areas with serious water pollution (Supporting Information,
Table S4).
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Water Harvesting

X. Wang, X. Li, G. Liu, J. Li, X. Hu, N. Xu,
W. Zhao, B. Zhu, J. Zhu* &&&&—&&&&

An Interfacial Solar Heating Assisted
Liquid Sorbent Atmospheric Water
Generator

More than a drop to drink : Interfacial
solar heating based on a salt-resistant
GO-based aerogel is used for a high-
concentration (CaCl2 50 wt % solution)
liquid-sorbent-based atmospheric water
generator. Fresh water (2.89 kgm�2 day�1)
can be produced at about 70% relative
humidity, with only solar energy input and
energy efficiency of desorption as high as
66.9 %.
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