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ENGINEERING

Exploiting radiative cooling for uninterrupted 24-hour
water harvesting from the atmosphere

lwan Haechler, Hyunchul Park, Gabriel Schnoering, Tobias Gulich, Mathieu Rohner,
Abinash Tripathy, Athanasios Milionis, Thomas M. Schutzius*', Dimos Poulikakos*

Atmospheric water vapor is ubiquitous and represents a promising alternative to address global clean water scar-
city. Sustainably harvesting this resource requires energy neutrality, continuous production, and facility of use.
However, fully passive and uninterrupted 24-hour atmospheric water harvesting remains a challenge. Here,
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we demonstrate a rationally designed system that synergistically combines radiative shielding and cooling—
dissipating the latent heat of condensation radiatively to outer space—with a fully passive superhydrophobic
condensate harvester, working with a coalescence-induced water removal mechanism. A rationally designed
shield, accounting for the atmospheric radiative heat, facilitates daytime atmospheric water harvesting under
solar irradiation at realistic levels of relative humidity. The remarkable cooling power enhancement enables dew
mass fluxes up to 50 gm~2hour™", close to the ultimate capabilities of such systems. Our results demonstrate that
the yield of related technologies can be at least doubled, while cooling and collection remain passive, thereby

substantially advancing the state of the art.

INTRODUCTION

Two-thirds of humanity live under conditions where the net fresh-
water withdrawal is more than twice the natural water availability
for at least 1 month per year, and half a billion people suffer from
this water stress throughout the entire year (1, 2). While currently
there is enough fresh water on earth to support consumption, it is
not available in a way where supply meets demand (3-5). Growing
global challenges, such as climate change, human population growth,
and their combination, pose additional detrimental threats to global
water resources (6). Atmospheric water vapor represents an alter-
native source for potable water due to its vast total amount and uni-
versal accessibility. In fact, the bulk of water in the atmosphere in
wet and dry regions could provide an additional ~15% of fresh
water to the existing sources (7). This amount is equivalent to near-
ly three times the yearly global water consumption (6). Harnessing
this resource sustainably, however, has proven difficult. Because of
the large enthalpy of condensation of water, active methods require
substantial energy resources or rely on refrigerants (8), which con-
tribute further to global warming or ozone depletion. Passive methods
usually have low yields (9-11), driving recent research on improv-
ing the yield of such systems (12, 13).

Passive water harvesting systems can be classified as either
sorbent-based [daytime operation, low relative humidity (RH)] or
radiative cooling-based dew harvesting (nighttime operation, high
RH). Recently, sorbent-based approaches have been extensively
studied with newly developed materials (14-16). In a sorbent-based
water harvesting system, desiccants such as metal-organic frame-
works, silica gels, zeolites, deliquescent salts, or activated alumina
are used to adsorb water vapor in an open chamber, simulating the
atmospheric environment (17-19). Once the desiccant is saturated,
the system is closed and naturally heated with sunlight, causing it to
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release the water as vapor. Last, the vapor condenses on the enclo-
sure walls and can be collected. Sorbent-based systems have shown
that water vapor can be harvested at a very low RH (as low as 15%)
(12). Although the energy for vaporization comes from the sun, the
cyclic nature of these systems requires input of active work to switch
between cycles. The dependency on sunlight for desorbing the
water vapor implies that water can only be harvested during daytime.

A conventional radiative cooling foil that is used for dew har-
vesting emits thermal radiation in the wavelength range where the
atmosphere is mostly transparent (8 to 13 um) and can therefore
directly emit heat radiatively to space. This effect cools the foil
below the dew point temperature of air, causing water to condense
upon it, which is termed “dewing” (20). Fortunately, most regions
affected by high water scarcity have a natural advantage of abun-
dant sunshine and hence a clear sky, which are optimal conditions
for radiative cooling (21). A commonly used dew harvesting foil is
from OPUR (Organisation Pour I'Utilisation de la Rosée), which
consists of TiO, and BaSO,4 microspheres embedded in a polyeth-
ylene film. With this foil, nighttime dew harvesting has been
demonstrated with yields of up to ~40 g m™ hour™' at RH > 60%
(22-29). Given the fundamental theoretical limit of 59 g m 2 hour™
at 100% RH (30)—obtained through a theoretical analysis by as-
suming no sunlight illumination, an RH of 100%, and neglecting
any potential convective heat gains—these water yields are impres-
sive, because the conditions during the experiments were at a lower
RH and without actively pumped, convective air flow. However, the
drawback of this foil is that it only works during nighttime because
it absorbs near-infrared (IR) sunlight.

Recently, through proper spectral engineering, radiative cooling
of surfaces below ambient temperature could be achieved even
during daytime by limiting sunlight absorption while maximizing
the emissive properties in the IR range (>2.5 um) (31-34). On the
basis of this principle, condensation enhancement in a solar water
purification system has been shown, wherein supersaturated steam
(i.e., steam at a temperature above ambient) is actively pumped to
the condenser (35). While a lot of research has focused on optimiz-
ing the emissive properties and facility of fabrication of daytime
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cooling materials (36, 37), little attention has been paid to the im-
portant aspect of effectively controlling the inherent interaction of
the surrounding radiative environment and such selective emitter
surfaces (38-40). Moreover, for condensation applications, due to
the intrinsic wetting properties of existing systems, the condensate
remains on the surface and has to be actively removed. For example,
up to 51% of the dew remains on the foil of OPUR (26), which has
to be collected by scraping off the surface actively in the early
morning hours (41). Hence, none of the above existing approaches
(sorption-based water harvesting devices or radiative cooling-based
dew harvesting foils) are designed to be operating continuously for
24 hours or without any external intervention and are therefore not
fully passive.

Here, we demonstrate continuous, 24-hour water collection
driven by radiative cooling under atmospheric conditions, in a fully
passive manner, alleviating serious drawbacks of the state of the
art and making a major step toward continuous and passive, fully
energy-neutral atmospheric water harvesting becoming a viable
real-life process. Our approach decouples the design and optimiza-
tion of the performance of the cooling and dewing functions, and
focuses on two important but overlooked aspects, namely, diffuse
radiative heat from the surrounding environment and truly passive
efficient removal of condensate. Unlike in solar water purification
where the system can operate at ambient temperature (because the
delivered humid air is supersaturated), in the case of dew harvest-
ing, an atmospheric water harvesting system first needs to cool itself
to the dew point temperature. Once this temperature is reached, the
cooling power that is still available can be used for the latent heat
uptake of the condensate. We optimized our system by using a ra-
tional balance of subambient cooling while sustaining a high cooling
power (for the latent heat uptake) even once the desired tempera-
ture is reached. To achieve this, we account for not only the spectral
(35) but also the spatial dependence of the atmospheric radiative
heat gains (36, 38-40, 42). This important interplay of subambient
cooling and conservation of high cooling power can substantially
boost the dew harvesting potential of atmospheric water harvesting
systems. Consequently, daytime dew harvesting is possible without
requiring forced flow or supersaturated, humidified air used earlier
(35). The system emits thermal radiation to cold space through the
8- to 13-um wavelength transparency window of the atmosphere
and fully accounts for all heat transfer modes, including the sur-
rounding radiative environment. On the basis of a complete analy-
sis of the involved heat fluxes and experimental constraints, a
geometrically optimized radiation shield directs thermal radiation
toward the normal incidence, i.e., where the atmospheric trans-
mittance is highest. Simultaneously, the radiation shield guards
the cooling surface from atmospheric radiation coming from the
horizon. The combination of these two mechanisms, i.e., account-
ing for both incoming and outgoing thermal radiation, is the essen-
tial factor for the success of our system, which reaches more than
double the yield of existing systems. We exploited this radiative
cooling working collaboratively with a special superhydrophobic
dropwise condensation and water collection mechanism (jumping
droplet coalescence) in a decoupled, not mutually hindering man-
ner, which enables optimization of both these critical functionalities
individually. For success of atmospheric water harvesting systems,
complete passiveness is highly desirable. The added functionality of
the superhydrophobic collection surface is to inhibit filmwise and
instead enhance dropwise condensation, leading to rapid and facile
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water self-removal fully passively, allowing our system to realize
atmospheric water collection without requiring any work or user
intervention.

RESULTS

System design and working principle

To achieve continuous, efficient, and completely passive atmo-
spheric water harvesting, we depart from previous approaches and
separate the radiative cooling and water collection surfaces to elim-
inate inherent, mutually destructive, interferences of their function-
alities and allow individual tailoring of each, as shown in Fig. 1A.
Akin to existing daytime cooling materials, our surface exploits the
atmospheric transparency window [wavelength (1) = 8 to 13 um]
and emits thermal radiation to cold space, thereby cooling the selec-
tive emitter below ambient temperature. For other works that aim
to achieve deep subambient temperatures, a spectrally selective
design that only emits in the 8- to 13-um range is favorable (43, 44).
However, for our application, where the goal is to maximize the
cooling power that is freely available once the emitter cooled itself
to the dew point temperature, a broader emission spectrum in the
IR (>2.5 um) is favorable (35, 39, 44-47). The selective emitter re-
sides on a Styrofoam ring, with the radiation side facing upward
(Fig. 1A). A transparent insulating film limits convective heat gains
and dew formation on top of the selective emitter, which would hin-
der its function. A specially designed radiation shield accounts for
the surrounding radiative environment of the emitter. The other
(bottom) surface of the selective emitter is exposed to open air and
is designed to promote dropwise condensation with a superhydro-
phobic coating, enabling condensate droplet removal through the
existence of a droplet coalescence jumping mechanism (48-52). For
dew to form, the selective emitter needs to cool the condensation
surface below the dew point temperature Tyew, including removal of
the latent heat of vaporization (Fig. 1A). To achieve this, the radia-
tion side of our system consists of a selective emitter to radiatively
dissipate its heat and reflect sunlight. Figure 1B shows the individu-
al layers of the selective emitter with negligible thermal resistance. It
consists of a radiative cooling coating (53) [a layer of polydimethyl-
silane (PDMS), 100 um] on an IR-emissive glass substrate (500 pm
thick), which is transparent to the visible light (54). The backside of
this substrate is coated with a sunlight reflector (thin layer of silver,
140 nm). Two thin, conformal layers of chromium (0.5 and 1 nm,
respectively) enhance the adhesion of the silver to the glass sub-
strate and prevent oxidation on the other side. While this reflection
layer is standard for radiative cooling (35, 36, 55), for large-area ap-
plications, this reflector can easily be replaced by other scalable re-
flection layers (32, 56, 57). Our spectrally selective emitter is—like
previous approaches (46, 47, 55, 58, 59)—designed to deliver high
emission in the sky transparency window and minimize interaction
with the solar spectrum. Figure 1C shows a plot of the spectral emis-
sivity (equal here to the absorptivity, € = a). The as-designed struc-
ture is strongly reflective, therefore poorly absorbing, in the solar
range of the spectrum, i.e., visible and near-IR range for A = 0.25 to
2.5um (Eg25-25 = To25-25 =~ 0.04). Outside this range, it shows a
high average emissivity to maximize the thermally emitted power,
especially in the range A = 8 to 13 pm (€4_;3 = Tg_13 = 0.93),
comparable to the spectral values of previous approaches (31, 60).
Hence, the values for €(,5-, 5 and €s_13 are close to the ones previ-
ously reported, and approximating the optimum ones (€¢5-25 = 0
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Fig. 1. Design of system. (A) Working principle with separated radiation and condensation side. The radiation shield—optimized by accounting for the surrounding
radiative environment—allows one to improve substantially the dew harvesting potential of the system and can be applied for any selective emitter. (B) Structure of se-
lective emitter. It consists of PDMS and silver, coated on a transparent glass substrate (chromium is used for oxidation protection and adhesion). (C) Measured spectral
absorptivity/emissivity of the selective emitter. The average emissivity in the atmospheric transparency window is very high (€s-13 = 0.93), while the average absorptiv-

ity in the solar spectrum range is very low (G 2s5-25 ~ 0.04).

and €g_13 = 1, respectively). In this work, the focus lies on enhanc-
ing the subcooling and thus water harvesting potential of our
system by considering the surrounding radiative environment. We
engineered a truncated cone-shaped structure from an aluminum
sheet, covered with aluminized Mylar, and placed it around the se-
lective emitter. The high reflectivity of the Mylar in the IR range
directs thermal radiation from the selective emitter toward the nor-
mal incidence—where the atmospheric transmittance is highest—
and strongly enhances the subcooling (to be discussed in detail
later). Simultaneously, the structure protects and strongly truncates
detrimental atmospheric radiation gains. Last, the insulating foil
sits 2 cm above the selective emitter (see Fig. 1A) and consists of
polyethylene, which is transparent in both the visible and IR range
and allows radiation to pass through.

Heat flux analysis and atmospheric radiation shield design
Five heat fluxes contribute to the heat balance of the selective emit-
ter: radiative cooling Qcool (heat emission to space), radiative heat
gains from the sun Qqun and the atmosphere Quum, plus convective
heat gains Qony from the air surrounding the emitter and Q gey
which accounts for the latent heat gains during dew formation. The
heat flux balance for a steady-state operation can be written as

Qdew = Qcool - (qun + Qatm) _Qconv (1)

We calculate Q 4oy = h¢g, where i1 is the rate of condensate
mass change and hg is the latent heat of condensation. Figure 2A
shows the thermodynamic interaction of the selective emitter with
the environment at a given RH, ambient temperature Tymp, and
emitter temperature Tgmple. In this experiment and all results of
Fig. 2, the selective emitter rests on a Styrofoam block, which pre-
vents condensation on its underside (Qgew = 0). This allows us to
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solely assess the cooling performance of the radiation side without the
latent heat released from condensation. To boost Qgew and the dew
yield of our system, we maximize Qo0 through a near-unity emis-
sivity of the selective emitter in the 8- to 13-pum range, similar to the
state-of-the-art radiative cooling surfaces. Likewise, Qs is minimized
due to the low absorptivity of the emitter surface in the solar range.
The insulating film helps reduce the nonradiative heat coefficient h,
and thus Qony, which is given by Qcony = he(Tamp — Tsample)-

The rational design of the radiation shield accounts for the radi-
ative environment of the selective emitter, i.e., the angular depen-
dence of the atmospheric emissivity €,4n(0, L) (45), to further
minimize Q. Within the sky transparency window, i.e., where the
selective emitter is designed to absorb and emit most of the radia-
tion, the atmospheric emissivity is highest at the horizon (© — 90°)
and lowest toward © = 0°, as depicted in Fig. 2A (42). First, the ra-
diation shield protects the emitter from atmospheric radiation Quum
coming from high ©. Second, Qo1 is maximized by directing all the
emitted thermal radiation of the selective emitter (0° to 180°) to-
ward © = 0° (39), where the atmospheric transmittance is highest.
We determined the optimal half-opening angle B of the radiation
shield (see Fig. 2A) to optimize the nonlinear interplay of Qg and
Qcool by using a geometrical raytracing model (61), accounting for
experimental constraints such as the emitter spectral emissivity
€ample(A), shield height H, base radius , and a range of values of
Mylar reflectivity R (see the Supplementary Materials and fig. S1).
Our analysis leads to a choice of B = 30°. With this given B, one can
define a shielding angle @, which is geometrically related by tan ¢ =
H/(2r + H tan B), as shown in Fig. 2A. The radiation shield leads to
a suppression of atmospheric radiative heat gains coming from
© > (90°-@). In addition, as the shield is reflective in the solar range,
Qqun = 0 W m~2 whenever the sun zenith angle © > (90°-¢), thus
further boosting the performance of the selective emitter (62).
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Fig. 2. Subcooling and dew harvesting potential enhancement through the radiation shield. (A) Thermodynamic analysis of the radiation shield and involved heat

fluxes. Styrofoam blocks condensation side, consequently Qgew = 0. The angular dependence of atmospheric emissivity is represented in blue. (B) Subcooling perform-
ance of OPUR, selective emitter with (B = 30°) and without (B = 90°) radiation shield. (C) Theoretical dew harvesting potential. The selective emitter, working collaboratively
with the radiation shield, extends the harvesting window by more than 2 hours (t; to t3) and to conditions with RH < 50% and 808 W m~2 solar irradiation (10-min inter-
vals). (D) Improvement of the state of the art. The selective emitter, collaboratively working with the radiation shield, outperforms existing dew harvesting technologies

by a factor 2 to 3 depending on RH.

While we optimized the radiation shield based on the optical prop-
erties of our selective emitter (see Fig. 1C), this approach can be
applied to any selective emitter to further boost the cooling perfor-
mance. Accounting for the spatial dependence of the atmospheric
radiation not only boosts the performance of an emitter with a
broad emission spectrum in the IR. Our approach would also en-
hance the performance of a perfectly selective emitter that only
emits in the 8- to 13-um range, as the radiation shield substantial-
ly reduces atmospheric radiative heat gains within this window
(see fig. S2).

We experimentally assessed the effect of the radiation shield on
the subcooling performance and recorded the temperatures of the
ambient, a bare selective emitter (B = 90°), a selective emitter with
radiation shield (8 = 30°), and a control sample (OPUR-foil, B = 90°)
on the roof of a building at ETH Zurich (latitude 47.377747, longi-
tude 8.547607) on 13 to 14 August 2019 for 24 hours (further exper-
iments to test the effect of the radiation shield on the subcooling
performance can be found in the Supplementary Materials and figs.
S3 and S4). Figure 2B shows a plot of the subcooling from 06:00 on
14 August 2019 until the end of the run at 17:00 (see the Supple-
mentary Materials and fig. S5 for the full experimental data). While
the sun is absent at night (Qun = 0 W m™2), the atmosphere still
emits. Hence, even before dawn (06:20), the radiation shield helps
minimize Q,um, resulting in a higher subcooling. After sunrise, the
selective emitter with radiation shield markedly outperforms the
other two samples, as theoretically predicted. The three distinct
peaks around 12:30 and 13:00 and 14:00 arise due to clouds, reduc-
ing the sky transparency and deteriorating the cooling ability.
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To quantify the implications of this result for dew harvesting un-
der direct sun exposure, we computed T4e,, based on the measured
RH and Tymp. Figure 2C shows how the selective emitter allows to
extend the time period for dew harvesting (i.e., Tsample < Tgew) into
the day (for a more detailed quantitative analysis, see the Supple-
mentary Materials and fig. S6). While the control (OPUR) is theo-
retically able to harvest dew until 09:20 (¢;), our selective emitter
extends this window until 09:50 (t,). What is more, at t;, while for
the control Temple = Tdew the temperature of the selective emitter
with radiation shield at #; stays >5°C below Tgey, showing strong
potential to still harvest dew, whereas the control as well as the bare
selective emitter fail. Through the synergistic effect of the radiation
shield and the selective emitter, the dewing period is significantly
extended [by almost 2.5 hours until 11:40 (#3)] compared to the bare
selective emitter and the control. Even under the severe conditions
at f3 [summer in Zurich, RH (&3) = 47%, Tamp (t3) = 19°C, 808 W m™>
solar irradiation], the subcooling is such that the system can harvest
dew. As Qe = 0 W m™2 during the entire experiment, any avail-
able Q001 is converted into a higher subcooling (Qcony). However,
for dew harvesting, as soon as Tsmple reaches Tyey, any cooling
power that is still freely available is used to take up the latent heat of
condensation, hg, and to collect dew. Hence, we calculated the in-
stantaneous subcooling below Tye,, for all samples and determined
a theoretically achievable , corresponding to the case where all
subcooling below Tgey is used for Qgey (i-e., no cooling of noncon-
densable gases). Figure 2D presents the ratio of rh for our selective
emitter with (B = 30°) and without (B = 90°) radiation shield, assum-
ing a constant RH of 70, 80, and 90% and normalized to the rate of
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condensate mass change for OPUR, ricontrol. While the selective
emitter allows us to decouple the radiation and condensation side
and optimize both functions individually, functioning alone, it only
leads to an improvement of a few percent over the state of the art,
highlighting the strength of OPUR foil. However, when the selec-
tive emitter works collaboratively with the optimized radiation
shield, the yield of the state of the art can be substantially outdone.
While the selective emitter alone extends the dewing window from
night into the day and leads to an improvement in the subcool-
ing, the radiation shield boosts the dew harvesting potential. At
RH =90%, our system (B = 30°) produces 85% more water as OPUR
and 75% more than the bare selective emitter. At lower RH, the ad-
vantage becomes even more striking, resulting in a nearly three
times higher m at 70% RH compared to OPUR and the selective
emitter without radiation shield.

Dew harvesting experiments
After the rational design of the radiation side discussed above, we
next target dew harvesting during daytime, experimentally. To this
end, an environmental chamber, on top of which our system sits,
enables us to control the RH (using supersaturated salt-water solu-
tions) of the atmosphere exposed to the water harvesting surface, as
schematically depicted in Fig. 1A (for full details, see the Supple-
mentary Materials and fig. S7). Because of the low thermal mass of
the chamber, the air temperature inside is convectively equilibrated
(due to wind) with the ambient temperature. We covered the cham-
ber with aluminized Mylar to prevent heating through the green-
house effect. Hence, the air temperature inside the chamber is very
close to the ambient temperature (see fig. S8). The first experiment
started on 26 July 2019 at 09:24, at RH > 90%, to qualitatively ob-
serve dew harvesting in this configuration by lifting the emitter ev-
ery hour to image its condenser side. As Fig. 3A shows, dew rapidly
accumulates, clear evidence that our system can use its cooling
power to dissipate the latent heat of condensation of water, harvest-
ing dew even under high solar irradiation (Im.x = 870 W m~2). Be-
cause of the higher subcooling required to reach Tge, at a lower RH,
more of the emitter cooling power is consumed to counteract con-
vective and radiative heat gains (Qcony and Quum) at such conditions.
Consequently, Qgey is reduced and dew harvesting becomes more
restricted under lower RH conditions. To evaluate the effect of this,
we set the RH at 95, 90, 75, and 65% and imaged the condensation
side 90 min after the start of each experiment. Figure 3B demon-
strates that our system is practically capable of harvesting dew at
RH as low as 65%. This capability is consistent with our previous
prediction; as previously outlined in Fig. 2D, the bare selective emit-
ter alone without radiation shield would fail to harvest dew at this
lower RH, highlighting the strength of the shield and to account for
the surrounding radiative environment.

To quantify the water harvesting performance, we perform fur-
ther experiments and measure the dew formation on the condensa-
tion side with a balance. The dew mass flux

pa = (2)

=3

where A is the condenser side area, is shown in Fig. 3C with the
solar irradiation for a 24-hour run on 26 to 27 August 2019 with
RH > 90%. p 4 is almost continuously positive, showing the impres-
sive performance of the continuous water harvesting system. Addi-
tional experiments seen in Fig. 3D underpin its continuity and
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broad operational capability, where we show the mean solar irradi-
1

ation I = Air[ Idt and corresponding mean dew mass flux p4 = 5,
Jpadt of all experimental runs, where At = tonq — tsiar. For a value
of T ~ 200 W m™ and at a mean RH of 96%, our system achieves
pa > 52 gm *hour™ over a period of nearly 3 hours (30 August 2019;
see table S1). While this value is achieved under controlled con-
ditions, this result is very close to the theoretical perfect blackbody
limit of 59 g m~2 hour™ (30). The results show that by account-
ing for the radiative environment of the emitter, our system can
maximize its cooling power available for condensation and even
approach the theoretical limit. The p4 of our system is especially im-
pressive given that the theoretical limit is obtained assuming no
sunlight illumination, an RH of 100%, and neglecting any potential
convective heat gains (Qcony = 0 W m™?) conditions, markedly less
challenging than the conditions under which our experiments were
performed. Note that for these experiments, dew still remains on
the condenser surface. Its fully passive removal is achieved with the
subsequent incorporation of a superhydrophobic coating on the

collection surface.

Passive self-removal of harvested dew

An important aspect of our, and any, atmospheric water harvesting
system is the ability to remove and collect dew from the condenser
surface without expenditure of additional energy input. Previous
related systems require an active switching (usually by an operator)
to the desorption cycle (17-19, 63) or, for the case of dew-harvesting
foils, dew is manually scraped off the surface, thus also requiring
additional energy and active intervention (26, 41). Therefore, it is
important to reduce the critical size of water droplets falling from
the dewing surface via surface engineering, because water droplets
attached to the surface hinder an efficient heat transfer and sup-
press dew formation. A superhydrophobic condenser surface de-
sign, such that a gravity-independent jumping mechanism of the
droplets emerges (48, 64) and dew is passively removed, allows to
operate fully autonomously and passively. When small droplets
(~10 to 100 um) coalesce on these nanostructured superhydrophobic
surfaces, the reduction in surface energy leads to a coalescence-
induced jumping of the droplets without any additional energy re-
quirement (48). While the superhydrophobicity has an effect on py,
the system gains the functionality of complete passivity, a crucial
factor for the real-world feasibility of atmospheric water harvesting
systems. The detached water can then simply be collected and
stored in a small reservoir underneath the surface, as illustrated
in Fig. 1A.

The condenser surface with favorable wettability for droplet
detachment is a thin, hierarchically micro-/nanostructured super-
hydrophobic coating that can be spray-coated onto the bottom side
of our selective emitter (64), as illustrated in Fig. 4A. There is a
range of superhydrophobic coatings promoting dropwise conden-
sation (49-52). For reasons of heat transfer efficiency and ease of
application, we opted to use a state-of-the-art thermally conductive,
superhydrophobic carbon nanofiber (CNF), polymer composite (64).
We used a dispersion of CNF and polytetrafluoroethylene (PTFE),
featuring minimal thermal resistance and outstanding heat transfer
performance compared to uncoated control metallic surfaces (64).
The thermal conductivity of the CNF coating is estimated to be 0.30
t0 5.37 W m™' K" (64). As this sprayable coating is fabricated to be
very thin (coating thickness is ~2 um; see ﬁ7g. S9), the thermal resist-
ance is negligible (6.7 x 107 to 3.7 x 1077 K W™'). We also chose
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Fig. 3. Dew harvesting experiments. (A) Qualitative images of dew harvesting under direct solar radiation. (B) Dew formation under solar irradiation, 90 min after the
emitter is exposed to various (95 to 65%) levels of constant RH. (C) Dew mass flux and solar irradiation over 24 hours at RH > 90%. (D) Mean dew mass flux and mean irra-
diation for five experimental runs, demonstrating broad operational capability. More information can be found in table S1. Photo credit: Tobias Gulich, ETH Zurich.

this coating due to its ease of fabrication, scalability, robust super-
hydrophobic performance, and low price compared to metallic
coatings (64). The scanning electron microscope (SEM) image in
Fig. 4A reveals the hierarchical nature of the condensation coating.
Moreover, Fig. 4A shows a long-exposure photograph that unveils
traces of the jumping droplets, illustrating the self-detaching mech-
anism of the droplets on our coating. The downward facing orien-
tation avoids the risk of droplets rebounding onto the surface and
lets them fall into a collection reservoir.

An indoor experimental chamber allows to study and quantify
the passive harvesting mechanism. A Peltier element mimics out-
door experiments with the same dew mass fluxes (see Materials and
Methods and fig. S10). Figure 4B shows the results, where the coat-
ing demonstrates a good repeatability for 1.5-hour runs (N = 9). For
continuous operation, due to the inherently mild conditions of the
process, the condensation coating is not expected to show deterio-
ration even after longer exposure to a high humidity. During fur-
ther 12-hour runs (N = 2), the coating yields the same mean dew
mass flux (28.1 g m~2 hour™) as in the 1.5-hour experiments
(286 ¢ m 2 hour™), as depicted in Fig. 4C. The short period (<20 min)
to reach steady-state flux is very advantageous, as the sample quickly
yields water when environmental conditions are favorable. A com-
parison of the collected mass of dew below the condenser with and
without our superhydrophobic CNF coating amply supports the
necessity of the CNF coating for efficient and fully passive water
removal (see fig. S11). To test the CNF coating under outdoor con-
ditions, we mounted the selective emitter with the coating on the
bottom side onto our experimental chamber and placed it at the
same location as previously. For 39 hours (8 October 2020, 10:00
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until 10 October 2020, 01:00), we exposed the CNF coating to the
humid air (RH ~ 90 to 95%) inside our chamber. The self-removed
droplets were collected in a petri dish underneath the CNF coating.
Moreover, our system also proves to work under real-world condi-
tions, i.e., when the bottom of the selective emitter (CNF coating)
operates in an open system. To evidence this, we created a Styrofoam
box with a cut-through hole and mounted the selective emitter with
radiation shield on top of it. During the experiment (14 October 2020,
17:00 until 15 October 2020, 11:00), the CNF coating was exposed
to humid ambient air (mean RH: 83%), and the passively harvested
water could fall into a petri dish underneath the CNF surface (for
more details, see the Supplementary Materials and fig. S12). Last, an
analysis of the harvested water indicates no contamination with Cr
ions or CNF traces (see fig. S13).

DISCUSSION

We demonstrated a high-performance, fully passive, continuously
operating atmospheric water harvesting system, working autono-
mously, without additional energy input requirement. The system
concept exploits the synergistic effect of atmospheric radiative cool-
ing and self-removed dropwise condensation of atmospheric water.
The two mechanisms are optimized separately, each on one side of
the same emitter-condenser sample, enabling 24-hour dew collec-
tion. A spectrally selective emitter enables minimal solar absorption
during the day while maintaining a high emissivity outside the solar
range, especially in the atmospheric transparency window (8 to
13 pm). Most importantly, based on a complete analysis of the
involved heat fluxes and experimental constraints, an engineered
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Fig. 4. Self-removal mechanism of CNF coating. (A) Working principle of superhydrophobic coating, promoting self-removal of droplets. Top right: SEM image of the
CNF coating, verifying the hierarchical micro-/nanostructure. Bottom right: Long exposure image of coalescence-induced jumping, showing traces of detached drop-
lets. (B) Dew mass flux rate of condensation coating (mean: 28.6 g m™ hour™'; N =9). Gray area represents SD. (C) Twelve-hour durability test of CNF coating (mean:

28.1¢g m~2 hour™; N=2).

optimized radiation shield markedly enhances the dew harvest-
ing performance through accounting for the surrounding radiative
environment of the selective emitter. The shield minimizes absorp-
tion of atmospheric radiation and helps guide thermal radiation of
the emitter toward low zenith angles, where the transparency of the
atmosphere is highest. This results in at least doubling the yield of
the state of the art and the pure selective emitter. Fully passive dew
collection is facilitated through a superhydrophobic nanocomposite
coating, which promotes dropwise condensation and self-removal
of droplets through a coalescence-driven droplet jumping mecha-
nism. The synergistic effect of the selective emitter, collaboratively
working with the radiation shield, allows us to demonstrate dew
harvesting at an RH as low as 65% under direct solar radiation and
for a markedly larger dew harvesting period than the state of the art.
Our system shows a dew harvesting capability close to the theoreti-
cal limit under even more demanding conditions, i.e., at a lower
RH, during daytime and with convective heat gains (30). Further,
we validated the real-world feasibility of our system in outdoor
experiments, where we collect atmospheric water in a completely
passive manner. Because of its entirely passive nature, continuity of
operation, facility of use, and modularity, which allows it be com-
plementary to a host of other water harvesting approaches (65, 66),
we expect our system to have a major impact toward our quest for
high-performance, atmospheric water harvesting systems, over-
coming impracticalities through the requirement of active user in-
tervention. Last, while our work focused on the optimization of the
radiation shield based on our experimental constraints, it opens up
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new ways for further work in maximizing the performance of any
radiative cooling material through accounting for the surrounding
radiative environment of the emitting surface (62).

MATERIALS AND METHODS

Fabrication of selective emitter

The fabrication of the selective emitter involves deposition of Ag
and Cr on a JGS2 fused silica wafer with thermal evaporation
(Evatec BAK501 LL). We spin-coated PDMS Sylgard 184 from Dow
Corning on the other side of the same wafer, with a w/w mixing
ratio of prepolymer:curing agent of 10:1. Parameters were 580 rpm,
duration of 60 s, and 20 rps acceleration. After spin-coating, we
cured the samples at 80°C for 1 hour. To characterize the optical
properties of the selective emitter in the visible regime (0.25 to
2.5 pm), the UV/VIS NIR Spectrometer (V770) with an ILN-925
integrating sphere at normal incidence reveals the transmissivity and
reflectivity values. We carried out IR characterization (2.5 to 20 um)
at near-normal incidence angle of 12° with a Fourier transform
infrared (FTIR) spectrometer (Thermo Fisher Scientific) along with
a gold-coated IR integrating sphere (Pike Technologies).

Mass data treatment

To quantify the dew mass flux,pa, a load cell type precision scale
(G&G, JJ200B) with a resolution of 0.001 g measures the accumu-
lated mass on the selective emitter. The rate of change of the accu-
mulated dew with respect to time is ri1 = ‘fi—’:‘. We derived the signal
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from the scale with a Savitzky-Golay filter (67) and fixed the noise
limit at 20 mg (versus scale resolution of 1 mg). The characteristic
time is f. = 10 min.

Fabrication and characterization of CNF coating

For the fabrication of the CNF coating, we closely follow the process
in (64). CNFs (Sigma-Aldrich, 20 to 200 pm length, 100 nm diame-
ter, 98% purity) and PTFE (Sigma-Aldrich, particle size 1 um) are
first dispersed in dichloromethane (CH,Cl,, Sigma-Aldrich) sepa-
rately. We sonicate the CNF dichloromethane dispersion for 1 min
with a probe ultrasonicator and the PTFE dichloromethane for
20 min with an ultrasonicator. Then, we mix the two dispersions
and the mixture is further sonicated for 5 min with an ultrasonicator.
The composite dispersion is then spray-coated on the required sub-
strate (pressure of 4 bar). After that, we bake the coated sample at
400°C for 30 min in N; environment (64). After baking, the sample
is cooled down at room temperature.

We performed SEM (Hitachi SU8230) to verify the hierarchical
micro-/nanostructure of the coating (see Fig. 4A). We also mea-
sured the coating thickness after sectioning with a focused ion beam
(FIB) and determined it to be about 2 um, as shown in fig. S9. We
determined the advancing contact angle, receding contact angle,
and contact angle hysteresis of a water droplet on the PTFE-CNF
coating using an optical contact angle measuring and contour anal-
ysis system (OCA 35 DataPhysics, Germany), with 8 pl of deionized
water droplet for all the measurements. The advancing contact angle
is 161.2° £ 0.8°, while the receding contact angle is 159.4° + 0.9°, i.e.,
a contact angle hysteresis of ~2°.

Indoor experimental setup

For the indoor experiments, we rebuilt the same chamber as the one
for outdoor experiments, but with an increased height for more ac-
cessibility. A Phidgets Hum1000_0 sensor records temperature/
humidity inside the chamber, and a Peltier (Laird MS2-192-14-20-
11-18), attached to a copper disk (0.5 mm thick, 4 inch diameter)
with thermal paste, emulates the cooling power. To avoid any noise
induced through mechanical stress, standard wires on the Peltier
are replaced by fine-gauge wires. Peltier heat dissipation is guaran-
teed by a fan (Jamicon KF0510S1H-012-243R) running at a reduced
voltage (2.3 V). A fan (FORCECON DFB803812MDOT) ensures
fast and homogeneous diffusion of water vapor inside the chamber
and is turned off before the start of the experiments to let the system
operate fully passively. To start experiments, the Peltier receives a
constant voltage (2.4 V) and a load cell type scale (G&G, JJ200B) mea-
sures dew mass accumulation. The Peltier cooling power and the RH
inside the chamber are comparable to the outdoor experimental con-
ditions of the run on 30 August 2019. Consequently, the mean dew mass
flux p s and the RH are at a comparable level, as shown in fig. S10.

Water quality analysis

We carried out conductivity measurements for ultrapure water
(CHROMASOLYV LC-MS Ultra tested for UHPLC-MS, Riedel-de
Haén), tap water, and a 0.9 weight % (wt %) NaCl solution (dis-
solved in ultrapure water). We used two different tools (Greisinger
GLF 100 Multi tester TDS and WTW LF 2000). Solutions were mea-
sured before and after being dripped over the CNF coating and
recollected. We performed bright-field microscopy with an Olympus
BX60 under x10 magnification. The 0.03 wt % CNF in ultrapure
water solution is sonicated immediately before imaging.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/26/eabf3978/DC1
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