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Abstract

Atmospheric water harvesting is a promising approach for potable water generation, particularly in dry
landlocked environments, but high energy costs for condensation and capture remain a fundamental
impediment. Passive radiative cooling offers an attractive alternative, cooling surfaces below the dew
point without active energy input. However, experimental performance has been limited, with both
condensation and collection of dew on radiative cooling surfaces remaining challenging. Here, we
introduce a slippery hydrophilic radiative cooling surface that through its high infrared emissivity enables
effective sub-ambient cooling, and through its surface wettability optimizes both condensation and
collection of atmospheric water. In addition, we demonstrate a vertically oriented device architecture that
allows for optimizing convection, collecting 25 g/m? of atmospheric water over 6 hours of outdoor
nighttime testing at relative humidities of 65% and 45 g/m?/h at relative humidities of 95%. We also
develop a model that accurately predicts system performance and show that our approach enables water
generation and collection approaching the thermodynamic limit of radiative cooling-driven dew
condensation. These results highlight the potential of passive radiative cooling as a practical, cost-
effective technology for water generation worldwide.
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Introduction

Water scarcity is one of the most pressing challenging issues facing humankind this century. Over fifty
percent of the global population faces a shortage of water today, with that number expected to reach two-
thirds by 20252, Although desalination can facilitate the use of sea water, landlocked places are unable
to take advantage of this approach to fresh water generation. Atmospheric water harvesting has thus
attracted great attention for potable freshwater generation because of its ease of access and the exceptional
scale of freshwater resources accessible in our atmosphere® .

Current atmospheric water harvesting methods are typically driven by active refrigeration,
exploiting a cooled surface to cool the air below dew point powered by electricity*°. However, because
of the large enthalpy of condensation, active cooling methods impose large electricity requirements which
are unfavorable from both a cost and carbon emissions point of view. Instead of cooling the surface to
increase the local relative humidity, a significant body of research has explored atmospheric water
harvesting materials with the ability to passively extract water vapor from air spontaneously such as
hygroscopic materials®2 | silica gels®** and zeolites'?>'%. However, the performance of these approaches
is limited due to the energy needed to release the stored water because of the high affinity between the
water and the harvesting material. A related approach that has proven very successful has been the use of
metal organic framework (MOF)-based materials®™>" that have been shown to take up water at a relatively
low RH and release water with small temperature increase through tailored material modifications.
However, most viable MOFs have been challenging to synthesize on a commercial scale, limiting their
potential for large-scale, cost-effective water production. Furthermore, the long-term stability through
cycling, as well as shaping/processing of MOFs remain potential limitations to their wider deployment®.

With a view towards overcoming the energy constraints associated with condensing atmospheric
water vapor, and building on developments in passive radiative cooling®?’dew condensation on
radiatively-cooled surfaces has been investigated over the last several decades'®~°. In this approach, sky-
facing surfaces radiate their heat as thermal radiation into cold space through an atmospheric window in
the long-wave infrared part of the electromagnetic spectrum between 8-13 um. The cooling effect cools
down the surface to below the dew point thereby facilitating condensation. Due to its underlying
mechanism, passive condensation can in principle be achieved in a broad range of weather conditions, in
a very simple and cost-effective manner. Recently, through proper spectral engineering, a range of high
emittance radiative cooling materials?®?228-30 have been demonstrated, including a low-cost, high

emittance radiative cooler that experimentally achieved a 11 °C temperature drop?°.



Although dew condensation through radiative cooling has been experimentally explored3!-32 with
a range of materials chosen for their optical properties, comparatively little attention has been paid to the
surface properties of the radiative cooling surface to facilitate both condensation and collection of
generated water. For condensation applications, the water droplet usually attaches on the surface and can
require additional work to efficiently remove the droplet. To that end, engineering surfaces with water
nucleation and removal attracted much attention®*3*. Recent work used a hydrophilic Al foil as the
condenser to increase the condensation efficiency®. However strong adhesion between water and the Al
foil surface makes it challenging to collect the condensed water, necessitating a weighing approach to
infer the actual water condensed. For highly saturated vapors (relative humidities > 95%), another recent
paper demonstrated the utility of superhydrophobic coatings*® which can achieve self-removal of
harvested dew through its strongly repelling water characteristics. While intriguing, these recent works
focused on condensing vapor from a separate source, typically involving high relative humidities in the
introduced water vapor. By contrast, for general atmospheric water generation, the surface requires both
high water condensation efficiency as well as high water removal efficiency, which previous works have
not demonstrated. Indeed, hydrophilic surfaces will typically have a high condensation rate while
hydrophobic surfaces can facilitate high water removal efficiency. A potential solution to this challenge
lies in the recent development of slippery liquid-infused porous surfaces (SLIPS)® 2 consisting of a film
of lubricating liquid locked in place by a micro/nanoporous substrate because of capillary action or (LISs)
with lubricant infused surfaces*#4, Although SLIPS have shown exceptional high water condensation
efficiency and water collection efficiency at the same time, in the context of water harvesting they have
only been used for fog harvesting.

In this article, we experimentally develop and demonstrate high-efficiency atmospheric water
harvesting driven by hydrophilic slippery radiative cooling surfaces (SRCs) that optimize both water
nucleation and removal functions. We fabricate a hydrophilic slippery radiative cooling surface by
incorporating the hydroxy PDMS-25 oil into the hierarchically porous poly(vinylidene fluoride-co-
hexafluoropropene(P(VdF-HFP). To further increase the water collection efficiency, we optimize our
system with a vertical surface, allowing water collection on both sides of the surface. We experimentally
demonstrate collection of 25 g/m? atmospheric water over 6h of outdoor nighttime testing at relative
humidities (RH of 65%, with collection as high as 45 g/m?h water at RH of 95%. Furthermore, by
optimizing the convective heat transfer coefficient in our experimental apparatus we show that our

performance approaches the thermodynamic limit of performance. Our results suggest that dew



condensation via radiative cooling, in addition to being of scientific interest, holds the potential to be a

practical technology for water harvesting.

System design and working principle

Conventional approaches to dew condensation enabled by radiative cooling have utilized a flat or
tilted sky-facing surface. However, in addition to condensing the water, a critical function needed for any
real-world atmospheric water harvesting technology has been thus far ignored: collection. In prior work,
droplets typically remain immobile on the surface and are manually collected by mechanical means at the
end of a fixed time period. Thus prior experimental work has not achieved the performance potential that
theoretical models suggest should be possible using radiative cooling. Motivated by this challenge, we
introduce multi-functional hydrophilic slippery radiative cooling surfaces (SRCs). By radiatively cooling
themselves, the SRCs passively cools down below the ambient air around the surfaces, which in turn,
leads to condensation on the surfaces. The hydrophilic nature of the surface promotes water condensation,
while its slippery nature optimizes collection by facilitating the immediate removal of condensed droplets
(Fig. 1A).

Fig. 1B presents the specific steps involved in making the slippery radiative cooling surface. We
first create a precursor solution of P(VdF-HFP) (polymer) and water (non-solvent) in acetone based on a
phase-inversion process? to create a hierarchically porous polymer. We then place the film on a substrate
and let it dry in open air. The acetone evaporates quickly, causing the P(VdF-HFP) to phase-separate from
the water, forming micro- and nanodroplets. After the water further evaporates, the porous P(VdF-HFP)
coating is created, as is shown in Fig 2A. Finally, hydroxy-terminated PDMS oil was impregnated into
the porous P(VdF-HFP) surface. The sample was subsequently placed in a vacuum desiccator overnight
to make sure that the PDMS oil spread uniformly on the whole substrate through capillary wicking, with

excess oil removed by gravity.

The nucleation process was not considered in the design of the first liquid-infused surfaces, which
were created to reduce pinning forces and produce super-liquid repellency by using non-polar liquids,

such as ketones®’. Although SLIPS has attracted significant attention over the last decade, the focus has
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primarily been on using hydrophobic, not hydrophilic, oil lubricants such as silicone 0il* and Krytox
0il*”46, However, to maximize dew condensation, hydrophilic surfaces are desirable. Thus to increase
nucleation, we used a hydrophilic hydroxy-terminated PDMS oil impregnated into the porous P(VdF-
HFP) thereby creating a hydrophilic slippery radiative cooling surface (SRC). While its hydrophilic nature
maximizes nucleation, because of the minimized pinning force, condensed droplets are shed from the
vertically-oriented surface by gravity when they reach a particular diameter.

To test this effect, and to benchmark the performance of the developed hydrophilic SRCs, we also
fabricated three other reference radiative cooling water harvesting surfaces: slippery hydrophobic surfaces
made of hydrophobic PDMS oil on porous P(VdF-HFP) slippery surface; non-slippery hydrophobic
porous P(VdF-HFP) as well as a non-slippery hydrophilic cellulose acetate sheet. As is shown in Fig 2C,
the measured static contact angle ranges from 105° for the hydrophobic porous P(VdF-HFP) and 65° for
the hydrophilic SRCs. The contact angles of the hydrophobic SRCs and the hydrophilic cellulose acetate
sheet are 95° and 70° respectively. We further measured the hemispherical emittance of the four samples.
Instead of static contact angle dynamic contact angle effects has been also measured. As is shown in table
1, the measured CAH of hydrophilic SRCs and hydrophobic SRCs are 2.1 and 2.5 separately, while CAH
of non-slippery hydrophobic porous P(VdF-HFP) is 7.4 and non-slippery hydrophilic cellulose acetate
sheet is 43.1. As is shown in Fig 2B, all of them have high hemispherical emittance, ranging from 0.93-
0.97, indicating suitability for dew condensation from a radiative cooling perspective.

We first assessed condensation behavior of the four developed materials in a controlled lab
environment. Four samples were attached on the same thermoelectric cooler set to 5°C below the dew
point indoors with the results shown in Fig 2D. For the reference non-slippery hydrophobic P(VdF-HFP)
and hydrophilic cellulose surfaces, the water droplets that form are pinned to the surface with many tiny
droplets forming but not able to coalesce or roll down. On the hydrophobic SRC the droplets that form
are very mobile, resulting in dynamic coalescence into larger droplets. However droplet nucleation is
greatly limited due to the hydrophobic nature of the surface. By contrast, there are numerous nucleation
sites visible on the hydrophilic SRCs, and the droplets are quite mobile, which makes the maximum
droplet size of the hydrophilic SRCs orders of magnitude larger than the other three samples. On the
hydrophilic SRCs, rapid droplet coalescence can efficiently increase the droplet volume over time,
favoring fast droplet removal by gravity.



Sample Hydrophobic Hydrophilic RCs | Hydrophobic Hydrophilic
RCs SRCs SRCs

Advancing angle | 94.4° 94.5° 100.3° 82.6°

receiving angle | 87° 51.4° 97.8° 80.5°

CAH 7.4 43.1 2.5 2.1

Table 1: CAH comparison of four samples, hydrophobic material, hydrophilic material, hydrophobic
SRCs, hydrophilic SRCs.

We next quantified the atmospheric water harvesting capabilities of the four materials, with a
particular focus on not only assessing total water condensed, but also the amount that one could collect,
particularly with the SRCs. We performed outdoor experiments with each material integrated into a
custom-built apparatus shown in Fig. 3A. The samples were mounted vertically with a plastic holder to
allow for water vapor condensation on both sides of the surface. The vertical orientation facilitated
collection by gravity into a collection chamber beneath. This is an important design development that
allows for the practical utilization of radiative cooling for dew condensation, as, for the first time, no
manual or mechanical removal of water is needed. Two aluminized Mylar mirrors, at a 45° angle relative
to the ground, were used to reflect the thermal radiation of the vertically oriented radiative cooling
surfaces to the sky, facilitating sub-ambient radiative cooling. We demonstrated the performance of the
atmospheric water collecting at a test site at the University of California, Los Angeles, (location shown
in Fig. 3B), by placing the four samples into four identical apparatuses during night-time hours and testing
their performance.

As shown in the temperature data of Fig. 3C, immediately after the samples are exposed to the
environment and sky, a temperature drop of 4-6°C below ambient temperature iS achieved, a signature of
sub-ambient radiative cooling. We note however that the hydrophilic SRC reaches a steady-state
temperature 0.5~1 °C higher than the other three materials. Given the nearly identical emittance of all the
materials and apparatus design, this temperature difference is indicative of the latent heat of condensation
arising from the higher condensation rate on the hydrophilic SRC surface. This hypothesis is verified in
Fig. 3D, which summarizes the final collected yield of these four materials in identical apparatuses. For
the non-slipper hydrophobic P(VdF-HFP) and hydrophilic cellulose acetate materials, the condensed

water droplets remain pinned to the surface, leading to near-zero collection during the six hours of testing.



To assess the volume of water condensed on these surfaces we use a napkin to mechanically wipe the
surfaces and measure the weight difference before and after to get the condensation yield. By contrast, for
the hydrophobic and hydrophilic SRCs, the condensed water droplets drop easily by gravity and were
successfully collected in the bottom container without any other mechanical force needed. For relative
humidities ranging from 62% to 74% during this night of testing, the slippery hydrophilic radiative
cooling surfaces collected 0.5 mL of water with a 0.02 m? radiative cooling surface in 6 hours.

We carried out additional experiments in different weather conditions with relative humidities
ranging from 68% to 87%. The temperature of these four samples is shown in Fig. 3E. Because of the
higher humidities the samples experience a more modest temperature drop of 3-5 °C below ambient
temperature, since higher atmospheric moisture reduces the net cooling powers and steady-state
temperatures achievable by radiative cooling. However, because of the higher humidity (and the elevated
dew point) more water vapor is available around the radiative cooler leading to a larger yield, as is shown
in Fig. 3F. For the non-slippery hydrophobic P(VdF-HFP) and hydrophilic cellulose acetate, although
more water droplets form on the surface, the pinning effect still prevents them dropping to the bottom
container. Therefore, for hydrophobic P(VdF-HFP) and hydrophilic cellulose acetate, the result in Fig.
3F shows the condensation yield which comes from the weight difference of the napkin before and after
mechanically wiping the surface. As with the previous experiment, the slippery hydrophilic surface

performs exceptionally well, yielding by far the largest collection yield of 1.5 mL over 6 hours of testing.

The convective heat transfer coefficient experienced by the radiative cooling surface is another
important parameter affecting atmospheric water collection by radiative cooling. A smaller heat transfer
coefficient leads to a colder radiative cooling surface because of smaller heat loss to the environment. The
cooler surface would be able to more effectively condense water vapor, even in an arid environment.
However, a lower convective heat transfer coefficient by definition implies that less water vapor will flow
past the radiatively cooled surface, thereby resulting in less condensate forming on the surface. Thus, as
has previously been noted in the literature, there is an optimal heat transfer coefficient for atmospheric
water collection driven by radiative cooling®’.

To test this effect, we prepared three identical hydrophilic SRCs with the apparatus design shown
in Fig. 3A, but modified the permeability of the front wind covers of each of them. As is shown in Fig.
4A, the first surface is directly exposed to the ambient air without any cover, representing the largest

convective heat transfer coefficient scenario. The second sample was encapsulated with the low density



polyethylene (LDPE*) as in our previous experiments (Fig. 3), representing a low heat transfer coefficient
scenario. Finally, we created a partially insulated cover by introducing a random set of air holes into the
LDPE cover, representing an intermediate heat transfer coefficient scenario that we hypothesized might
yield a higher dew yield than the other two scenarios we considered. The experimentally measured
temperatures of these three setups are shown in Fig. 4B. By virtue of having the smallest heat transfer
coefficient, the sample fully closed with LDPE reaches the lowest temperature, but it collects very little
water, as shown in Fig. 4C. For the largest heat transfer coefficient, which is the scenario where the sample
directly contacts the air, the higher surface temperature limits its atmospheric water collection even though
this scenario also yields the largest flow of air moisture by the sample. As is shown in Fig. 4C, the highest
atmospheric water collection comes from the partially open setup with an estimated heat transfer
coefficient that is significantly closer to the ideal heat transfer coefficient. Notably the partially open setup
yields a collected dew yield 50% higher (a value of 120 g/m?/night) than the open setup used in our
previous experiments. This significant performance enhancement has not previously been demonstrated

in the literature to the best of our knowledge.

We next use a theoretical model for radiative cooling atmospheric water harvesting to predict the
freshwater yield*” and compare against our achieved performance (see Supplementary Information). The
theoretical limit, at the optimal convective heat transfer coefficient, as a function of relative humidity is
plotted as a dashed line in Fig. 5A. Experimental atmospheric water collection results of these four
samples at different relative humidity values are also plotted in Fig. 5A. As might be intuitively expected,
increasing relative humidity favors the atmospheric water harvesting yield. Remarkably, our hydrophilic
SRCs outperform the other three materials for all humidities and achieve collection rates very close to the
theoretical limits. A key advantage of the hydrophilic SRC is that the hydrophilic oil surface attracts water
vapor condensing on the surface because of larger numbers of nucleation sites®. Moreover, the slippery
surface favors rapid droplet removal by gravitation once the water droplet reaches a critical size.
Furthermore, the fast droplet removal will recover the nucleation sites covered by the liquid droplet and

increase condensation efficiency.



Next, we compare the performance achieved by the apparatuses shown in Fig. 4 with varying
convective heat transfer coefficients against the theoretical model. Fig. 5B shows the freshwater
atmospheric water production with the theoretical model against experiment at different heat transfer
coefficients. At a particular temperature and relative humidity, there is an optimal heat transfer coefficient
to maximize atmospheric water collection. To benchmark our systems against the model’s predicted limits
we develop a simple heuristic model for the expected convective heat transfer coefficients of our
apparatuses. We expect our open system to have a convective heat transfer coefficient ranging from 7 W
m2K?1to 11 W m?2K?, the closed system a heat transfer coefficient between 0.2 W m2?K*to 1 W m?K-
1 and the partially open system a heat transfer coefficient ranging from 2 W m2 K to 6 W m2 K. We
note here that our partially open setup achieves a performance near the highest possible dew condensation
rate predicted by the theoretical model. From Fig. 5B, we can see that our hydrophilic radiative cooling
slippery surfaces achieve exceptional performance near the limits of what is possible.

Conclusion

To summarize, we have developed slippery hydrophilic radiative cooling surface and highlighted
the remarkable atmospheric water collecting performance they make possible. Compared with other
atmospheric water harvesting methods, our approach is passive, simple and uses low-cost materials. It is
able to achieve high water condensation efficiency as well as excellent water self-removal and collection.
Furthermore, we emphasize that we could push this technology to the theoretical thermodynamic limit by
optimizing the convective heat transfer coefficient of the apparatus used. Our preliminary results to that
end indicate performance near the theoretical limit has already been achieved by our material and
apparatus. While radiative cooling has emerged as an important field for research in energy challenges in
recent years, our results emphasize the critical role that exploiting the thermodynamic resource of space
cold could have in addressing the water challenges we face this century.
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Figure 1: Design of the multi-functional hydrophilic slippery radiative cooling surfaces. (A) Working
principle of atmospheric water harvesting process with slippery radiative cooling surface. B) Schematics

showing the fabrication of hydrophilic SRCs by infiltrating a porous solid with lubricating film.

Figure 2: Comparison of four samples, hydrophobic material, hydrophilic material, hydrophobic SRCs,
hydrophilic SRCs. A) SEM image of P(VdF-HFP) showing the porous features B) Measured emittance
of four samples. C) Measured contact angle of four samples D) Imaged water condensation performance
of four samples.

Figure 3: A) Three-dimensional schematic of the radiative cooling apparatus. B) Photo of the setup and
its surroundings at the University of California, Los Angeles, in Los Angeles, CA, USA. Experiments
were conducted at night. C) Measurements of temperature of four samples, including hydrophobic,
hydrophilic, hydrophobic SRCs and hydrophilic SRCs against ambient temperature on a clear night
(01/03/2022). D) Experimental collection results of four samples, including hydrophobic, hydrophilic,
hydrophobic SRCs and hydrophilic SRCs (measurement uncertainty +/- 5%). E) Measurements of
temperature of four samples against ambient temperature on a clear night (01/04/2022). F) Experimental
collection results of the four samples (measurement uncertainty +/- 5%).

Figure 4: A) Schematic of the experimental apparatus with three modified front covers: sample exposed
to air directly, sample sealed with low density polyethylene film, and sample partially sealed with porous
low density polyethylene film. B) Measurements of temperature of hydrophilic SRCs with three different
setups against ambient temperature on a clear night at University of California on 01/05/2022. C)
Experimental water collection results of three samples with the different set up in Fig. 4A highlighting
that the partially open setup achieves as much as 120 g/m?/night collection efficiency (measurement

uncertainty +/- 5%).

Figure 5: Modeled freshwater atmospheric water production rates with the theoretical model against
experiment. A) Effect of relative humidity. Higher relative humidities yield higher water yields, as
expected, with the hydrophilic SRCs performing nearing the theoretical limits (measurement uncertainty
+/- 5%). B) Effect of heat transfer coefficient. The partially open setup’s water yield is near the optimal
expected value, indicating the achieved performance is near the best possible value given the

environmental conditions during the testing shown in Fig. 4.
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