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Sorbent-assisted atmospheric water harvesting has emerged as a promising
method to mitigate water stresses in arid climates. Here a new water

harvester based on metal-organic frameworks (MOFs) has been designed,
constructed and tested in two locations in California (Death Valley National
Park and Berkeley). This water harvester is capable of harvesting water ata
capacity of 210 and 285 g H,O per kilogram of MOF-303 per day, respectively.
The unique configuration of the MOF cartridge and the condenser in the
harvester allows the highest efficiency of water uptake and harvesting from
air without power or energy input aside from ambient sunlight. Indeed,

this water harvester operates passively with double the amount of water
harvested compared with our previous passive MOF water harvester. These
results highlight the great potential for addressing the water stress problem

inthe world.

Although access towaterisrecognized asafundamental humanright,
over fivebillion people are expected to experience water stress by the
year 2050 (refs. 1-3). Climate change is exacerbating this problem by
causing severe droughts and therefore affecting the lives and liveli-
hoods of large segments of the world population*’. Water desalination
offers a solution, but it isimportant to develop off-grid water supply
technology to close the gap between the regions that cannot receive
the benefits from the centralized water supply infrastructures. Given
that thereisalmost as much waterin the atmosphere at any given time
as thereisin lakes and rivers on our planet, the question of whether
this water could be harvested in an energy-efficient manner is founda-
tional to solving the water scarcity problem® . In this article, we report
the design and construction of a device into which a metal-organic
framework (MOF) material has beenintegrated in aform to maximally
expose it to air and allow the extraction of water at night and its col-
lection during the day when exposed to ambient sunlight. This MOF
water harvester was demonstrated in the Death Valley desert airinthe
month of August 2022 demonstrating the ability to collect 114-210 g
H,O0 per kilogram of MOF per day under ambient temperature swing
0f 21.9-60.7 °C between night and day with a relative humidity (RH)
ranging from 9.4% to 36%. No other water harvesting system has been

reported to operate under such extreme conditions and without energy
input aside from ambient sunlight.

Others and we have developed atmospheric water harvesting
(AWH) based on MOFs’", porous polymers®, zeolites™ and other porous
or hygroscopic materials™". Harvesters based on these have been
tested either in the laboratory™", the field or both®'%>" with power
supply (thatis active). Only one system using ambient sunlight with no
other source of energy or power (that is passive) hasbeentested in the
desert (Fig. 1a)'®. Our current MOF water harvester collected double
(2.06-fold higher) the amount of water per kilogram of MOF (grams
H,0 per kilogram of MOF) under even more extreme conditions in the
Death Valley (asindicated by the red arrow in Fig. 1b). In particular, the
device was loaded with MOF-303 (AI(OH)(PZDC); PZDC, 1H-pyrazole-
3,5-dicarboxylate), of which waterisotherm has the water uptake inflec-
tion point at 12% RH with uptake capacity of 39 wt% at 20% RH*'5%°,

This new-generation MOF water harvester reported here was
developed focusing on the following criteria: (1) increasing the volume-
to-surfacearearatio (VS-r) of MOF bed, (2) designing MOF bed assembly
(MOF cartridge) to efficiently distribute heat under the solarirradiance
and (3) optimizing the condenser to accelerate the condensationrates.
Each step is responsible for effective water sorption, desorption and
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Fig.1|New generation of passive MOF water harvester. a, Operational
conditions of representative MOF*'*'®- and zeolite"*-based water harvesters
tested in the field. Only one passive water harvester was tested in the field
(Arizona, AZ, desert). RH,4 (%): RH during sorption cycle. T, (°C): average
ambient temperature during desorption cycle. b, AWH capacity per one
harvesting cycle. For refs. 9 and '°, average values during the day and the night
were used. For this work, average value of five field test results in both Berkeley
and the Death Valley is used. Data are presented as mean + standard deviation
(n=5).c, General configuration of the MOF water harvester. At night, MOF
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cartridge is exposed to air to capture atmospheric water. During the day, the MOF
cartridge is assembled into the vacuum-insulated device housing and condenser.
Uponthe solarirradiance, water is released from MOF by solar-driven heating
and transported to the condenser. Direct solar irradiance to the condenser is
shielded by reflector, and water is condensed at the surface of aluminium heat
sinks. Condensed water is collected into the collection vessel connected to the
condenser by the tube. d, Schematicillustration showing the projected area
differences (red lines) between cylindrical and rectangular shape bodies from
sunrise to sunset.

condensation that are critical for efficient and practical AWH but have
not been systemically investigated in this field. In addition, the MOF
cartridge was designed to have constant VS-rirrespective of the MOF
amounts used in the device, an aspect thatimproves its scalability. As
aresult of this systematic investigation, the present harvester enabled
completely passive AWH even under the extremely dry and hot air con-
ditionsinthe Death Valley where the highest ambient temperature near
the ground was 60 °C and the lowest average RH (RH,,,) of the nights
was 14% during our field tests.

Construction of passive MOF water harvester

The device was designed to have two main compartments (Fig. 1c and
Supplementary Figs.1-8). One is the housing for the MOF cartridge,
and the other is the condenser. The transparent cylinder-shape
housing included vacuum insulated double-wall structure to pre-
vent conductive heatloss to environments under solar irradiation.
Also, compared with the rectangular geometry that other devices
used”'®? the cylinder-shaped module can maximize the use of
solar energy from the sunrise to sunset since the projected area of
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Fig.2|MOF cartridge design and water uptake properties. a, Photographs of
the MOF cartridge, MOFg;-G,s pellet and porous Nifoam disc. b, N, isotherm of
MOF-303 and MOFg;-Gs pellet at 77 K (Ads: adsorption, Des: desorption). ¢, Water

isotherm of MOF-303 and MOF,-G; pellet at 25 °C. d, Weight change of the MOF
cartridge at 25 °C and 40% RH. The weight change is presented normalized to the
MOF-303 weight (35 g). Data are presented as mean + standard deviation (n = 3).

the cylinder body towards the sun is consistent alongside the sun
trajectory (Fig. 1d).

The condenser components are located on the top of the housing
to utilize the air density (temperature) gradients inside the device as
adriving force of convective vapour transport from the MOFs to the
condenser. In principle, the MOF cartridge and condenser require
different thermal conditions to improve AWH during the day. The
cartridge needs to be heated for water desorption and the condenser
cooled down for condensation, respectively. Therefore, by placing
the condenser on top and separating these two compartments, such
contradictive conditions could be balanced and optimized in way
reminiscent of rotary evaporator commonly used in chemistry labora-
tories. Also, since the condenser is facing clear sky, we can expect the
potential device design that use radiative energy dissipation to further
accelerate water condensation®?,

MOF cartridge design and assembly
For efficient AWH, it isimportant to maximize the exposure of MOFs to
external air during both adsorption and desorption steps. For exam-
ple, in our former study that used MOF-801, as the VS-r of MOF beds
decreases from1to 0.5, water uptake capacity decreased from 230 to
210 g H,0 per kilogram of MOF-801 due to the reduced accessibility
of MOFs to the air, resulting in the reduced AWH capacity from 130 to
56 g H,0 per kilogram of MOF-801 per day'®. Therefore, in this work,
MOF powders were processed into the thin disc-shaped pellets (38 mm
indiameter and ~0.8 mmin height), and these pellets are stacked with
porous nickel (Ni) foam discs (38 mmindiameter and 1.5 mmin height)
to maintain VS-r of 2.6 (Figs. 1c and 2a). Since the porosity of the Ni
foamis higher than 97%, the external air can flow and diffuse through
this porous structure, making the MOF pellet surfaces exposed to the
air. Also, Nifoamhas~90 W m™ K™ thermal conductivity and can serve
as heat conductor inbetween MOF pellets under the solarirradiation,
which is also important as the MOFs are typically thermal insulators
with a conductivity of less than 2 W m™ K™ (refs. 24-27).

Sorbent pellets were prepared by mixing the activated MOF-303
powders with graphite in different weight ratios and uniaxially press-
ing them under the pressure of 78 MPa for 2 min (Supplementary

Figs. 9-14). Graphite was introduced as a binder to improve both the
mechanical property and the thermal conductivity of the pressed bod-
ies, and the pellets prepared using 85 wt% MOF-303 and 15 wt% graphite
(MOFg,-G,5) were further used for the device fabrication. The N, BET
surface area of MOFg-G, is 955 m? per gram of MOF,-G,5, which cor-
responds to1,120 m? per gram of MOF-303, showing that more than 85%
of MOF-303 surfacearea (1,370 m? g ') was preserved under the press-
ing process (Fig.2b). Also, MOFg.-G,; pellets showed the characteristic
water isotherm profile of MOF-303 that has the inflection pointat~12%
RH, while having water uptake capacity of 29 wt% by MOF¢-G,5 (35 wt%
by MOF-303) at20% RH, which also corresponds to the 85% capacity of
MOF-303 (Fig. 2¢). It is noteworthy that hydrophobic graphite binder
was also advantageous in enhancing water resistance of the pressed
pellets. When hydrophilic cellulose binders were used, the pellets
were immediately dissociated in water while MOFg;-G,s maintained
their shapes more than 24 h, showing the enhanced water resistance
(Supplementary Fig.15).

Water uptake properties of the entire MOF cartridge assembly
were investigated. The cartridge was activated in an oven at 140 °C
for 24 h, and the net weight change of the cartridge was measured at
25°Cand40%RHin the environmental chamber. When 35 g MOF-303
was used (42 g of MOF,-G5), 32 wt% increase was observed within2 h,
showingthat more than 90% of the MOF-303 in MOF -G, was accessed
(Fig. 2d). Also, the same uptake efficiencies were observed when 25 g
and 45 gof MOF-303 were used, respectively (Supplementary Fig.16).
Thisimplies that atmospheric air accessibility is maintained regardless
oftheamount of MOFs used. Thisis due to the constant VS-rresulting
from the stacking configuration of MOFg,-G,; pellets and porous Ni
foamdiscs. Asaresult, water uptake efficiency will not be affected even
atmore thankilogramscale, showing the great potential for scalability.

Heat and energy transfer simulation under solar
irradiance

Before the device fabrication, heat and energy transfer under solar
irradiation was investigated using computer simulations. Equations
of radiative, convective, and conductive heat and energy transfer were
integrated for the simulations. Note that heat of water desorption
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Fig.3|Laboratory test of the passive AWH device. a, Simulated (sim) and
experimental (exp) temperature change of the MOF cartridge and condenser
under lightirradiance. b,c, Experimental RH (b) and P,, (mmHg) (c) change of
the MOF housing and condenser during the laboratory test. d, AWH capacity of
the device tested with different surface conditions of the condensers, which are

bare aluminium (Al, non-treated), PTFE coated, CNF/PTFE coated and patterned
coating with CNF/PTFE. Data are presented as mean + standard deviation (n = 3).
e, Water-air interface contact angle measurements of bare (Al), PTFE-and
CNF/PTFE-coated condensers. f, Photograph of the condenser surface with linear
patterned CNF/PTFE coating (black strips) alongside the direction of gravity.

from MOFgs-G,s and latent heat release by water condensation are
not considered in this computational study. As a result, under the
solar irradiance of 1,000 W m~for 7 h, the MOF bed temperature
increases up to 70 °C (Fig. 3a and Supplementary Fig. 17) and no
greater than 2 °C temperature differences were observed over the
MOF pellet stacks, showing the effective heat distribution by the car-
tridge design. Also, 10 °C temperature difference of MOF was observed
between non-insulated single and vacuum-insulated double-wall MOF
housing structures. Importantly, the temperature difference between
the cartridge and the condenser was maintained greater than
35°C after 7 h (Fig. 3a), showing the successful heat dissipation to
environments through heat sinks and therefore the potential for
water condensation.

Laboratory test of the passive water harvester

Based on the results of MOF cartridge water uptake experiments and
energy transfer simulations, the entire device was fabricated and tested
inthelaboratory.First, the activated cartridge with 35 gMOF-303 (42 g
MOFg;-G,5) was exposed to the 20 °C and 35% RH air for 8 hin the envi-
ronmental chamber. After this water uptake step, the cartridge was
assembled and the device was exposed to 4,000 K light (950 W m™)
for 7 h monitoring of the temperature, RH and water vapour pressure
(P, mmHg) changes at different points of the device (Fig. 3a-c). Upon
thelightirradiance, the temperature of the MOFg,-G,sin the cartridge
started to increase instantly, reaching to the highest temperature of
67 °C.The temperature profiles of experiments and simulations showed
good correspondence with each other (Fig. 3a), while the MOF tempera-
ture increases less rapidly than the simulation at the initial stage and
the condenser temperature is slightly high. This could be attributed to

the heat of water desorption and condensation at the MOF bed and the
condenser, respectively, whichwere not considered in the simulations.
Importantly, spatial RH change in the device evidently showed the
vapour transport from the MOF cartridge to the condenser. RH at the
condenser gradually increased after the device was exposed to the
light and reached to 100% within 1 h (Fig. 3b,c). On the other hand,
the RH near the cartridge initially increased and then decreased as
water is condensed and collected, showing the water transport from
the MOFg;-G,s to the inner space of the housing, condenser, and finally
collectionvessel. Asaresult, 5.5 (+0.27) g water was harvested, achiev-
ing the AWH capacity of 157 (+7.8) g H,O per kilogram of MOF-303
(Fig. 3d). Mass change of MOF-303 during the experiments is
summarized in Supplementary Table 1.

Condenser surface modification for facile water
condensation

Since water condensation is a key step, we further investigated this
effect toimprove the AWH capacity. One general strategy to improve
the condensation rate is to modify the surface as hydrophobic for
dropwise condensations® (Supplementary Fig. 6). We first tried pol-
ytetrafluoroethylene (PTFE) and carbon nanofibre-PTFE composites
(CNF/PTFE) materials for hydrophobic surface treatments, using a
reported spray-coating method®. The hydrophobicity increased in
the order of bare aluminium (Al, non-treated condenser surface) to
PTFE-to CNF/PTFE-coated surfaces as confirmed by the water-air inter-
face contact angles that are 66° (+2.8°),103° (+1.1°) and 144° (+0.5°),
respectively (Fig. 3e). The AWH capacity increased from 157 (+7.8) (Al)
t0220 (+16) (PTFE coating) and 210 (+4.7) g H,0 per kilogram of MOF-
303 (CNF/PTFE coating) (Fig. 3d and Supplementary Fig.18).
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While the capacity improved once the surfaces were modified,
no substantial difference between PTFE- and CNF/PTFE-coated con-
densers was observed. We hypothesized that, as the hydrophobicity
of the condensation surface becomes greater, the water nucleation
step becomes more important in determining the condensationrates,
especially for the passive AWH. For example, condensation takes place
as a serial step of nucleation, growth, droplet coalescence and water
removal by gravity®®. In many applications, dropwise condensation
by hydrophobic surfaces is preferred since it removes the coalesced
droplets quickly by gravity to minimize surface wetting that function
as additional resistance for continued condensation. This implies
that the nucleation step is less critical in determining the rates, which
prefer hydrophilic surfaces with high surface energy*’. However, we
believed that thisinitial step could be more critical in the passive AWH
applications. Since the vapour is transported to the condenser under
muchmilder conditions compared with the other applications such as
hot steam generation plants®, there would be less gradients to drive
one-directional vapour-liquid phase changes initiated by nuclea-
tion®?. Therefore, since the nucleation step could be importantin the
present case, we introduced the strip-pattern CNF/PTFE coatings on

the surface alongside the direction of gravity (Fig. 3f). This is to pro-
mote initial water nucleation and growth of coalesced water droplets
inthe hydrophilic channels, and then remove merged water by gravity
rather than let water adhere over the entire metal contact due to the
high surface energy (Fig. 3f). As a result, when the hydrophobic strip
pattern was introduced to the condenser surface, the first droplet of
the harvested water in collection vessel was observed within 1.5 h,
which is 45 min faster than the other conditions, supporting that the
patterned coating could accelerate the condensation rates. Also, the
AWH capacityincreased from 210 (+4.7) t0 248 (+7.2) gH,O per kilogram
of MOF-303 (Fig. 3d).

Water harvestingin the field: Berkeley, CA, United
States

Our passive water harvester was tested outdoors in Berkeley on two
different days, when the average ambient temperature (7,,,) during the
day cycle was relatively higher (2 June 2022) and lower (10 June 2022)
thantheindoor laboratory conditions (25 °C) (Fig. 4a, Supplementary
Fig.19 and Supplementary Table 2). The T,,, and the average solar
irradiance intensity (/,,;) were19.6 °C and 620 W m, and 31.5 °C and
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synced witheach other. ¢,d, AWH capacity as a function of RH,,, (c) and T,
(d) during the night and day cycles, respectively.

720 W m2, respectively. During the night cycles, the activated MOF
cartridge was left outdoor, and the day cycle tests were performed
for 8 hfrom 8:30 to 16:30 monitoring the temperature, RH and solar
irradiance (Fig. 4b,c).

Uponthe exposure to sunlight, the spatial temperature and RH of
the device changed with the similar profiles observedin the laboratory
tests (Figs. 3a and 4¢) and the device successfully harvested water on
both days, achieving AWH capacity of 285and 210 g H,O per kilogram
of MOF-303 per day on 2 June and 10 June, respectively (Fig. 4d). The
2 June result showed even higher water productivity than the indoor
laboratory tests, which could be attributed toimproved condensation
owingtothelower ambient temperature and therefore more efficient
both conductive and convective (by outdoor airflow) heat release to
the atmosphere. In addition, during the 10 June test, the condenser
temperature increased up to 43 °C, notably higher than the tempera-
ture observedinthelaboratory, but water was successfully harvested.

The fact that, in our previous study that tested the previous ver-
sion of passive device in Arizona (AZ) desert, condensation was not
observed at a similar condenser (42 °C) and atmosphere (35 °C of the

peak during the day cycle) temperature conditions'® indicated the
importance of the following design considerations for the passive
AWH device: (1) choosing condenser materials with good wettability to
attract water molecules for surface adhesion since the previous device
used poly(methyl methacrylate) plastics as the condenser and (2) guid-
ing humid air into the confined space so that the air condition reaches
tothe dew point (100% RH) and maintain this condition effectively, an
aspect driven by air density differences between the housing and the
condenser in this study (Fig. 1c).

Water harvesting in the field: Death Valley, NV and
CA, United States

The device was further tested in the Death Valley areas in mid-sum-
mer during the month of August 2022, to assess the AWH even under
extremely dry and hot air conditions. The tests were performed for full
three night-and-day cycles, namely two cycles near the east bound-
ary of the Death Valley National Park (36.5319° N, —-116.5455° W) from
19 August to 21 August 2022 and another cycle at the Furnace Creek
(36.4506° N, -116.8523° W) from 22 August to 23 August 2022, the latter
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Table 1| SY,.termaxe N @nd the other parameters required for
the calculation

Tdtasa Tamha RHavg Ptotalb Lmaxb SYwater,max n (%)
(°c) (C) (%) (Wh)  (mth™) (LkWw'h™)
Berkeley2 56.1 19.6 86 1.59 1.88 118 66.4%
June
Berkeley 9  65.1 315 62 140 1.66 1.29 56.4%
June
Death 646 465 248 0.78 0.95 1.21 60.0%
Valley 19
August
Death 70.9 450  26.2 0.77 0.92 1.20 60.2%
Valley 20
August
Death 79.8 51.6 14 0.61 0.73 1.20 41.9%
Valley 22
August

?Average desorption (des) and ambient (amb) temperatures during the day cycles. L, and
P,.to @re maximum water production rate during the day cycle and total energy required to
desorb all water molecules from adsorbents, respectively.

beingthedriestlocation of the Death Valley due to the elevation below
sealevel atthe centre of the valley (Fig. 5a, Supplementary Figs.20-24,
Supplementary Table 2 and Supplementary Videos 1-3).

During these tests, the lowest daytime peak temperature near
the ground was 56 °C (21 August) and the highest nighttime RH,,, was
26%. Especially in the Furnace Creek location, the RH,,, during the
night was just 14% with a peak of 21% at around 4:30 (Fig. 5b). Even
under this extreme weather condition that the condenser temperature
reached to 65 °C, the device successfully harvested water from air
with the AWH capacity of 114 g H,0 per kilogram of MOF-303 per day.
Considering all these tests, the highest productivity of the device was
210 g H,0 per kilogram of MOF-303 per day in the Death Valley area.
For comparison, the AWH capacities are summarized in Fig. 5¢,d as
afunction of RH,, and T, during the night and day cycles, respec-
tively. Strong relationships are evident between these two factors
and AWH capacity, confirming that both humidity and temperature
conditions are critical in determining the efficiency of passive MOF
harvesting. These results also emphasize again the importance of
condensation process to improve passive water harvesting capacity.
These aspects have not been considered as much as other factors
suchassorbents’intrinsic water uptake properties or the sorbent bed
structures.

To provide thermodynamic analysis of this passive device, maxi-
mum specific yield of water (SY,..max) @and the device efficiency (1)
are calculated for each field test results (Table 1). SY,er max (| KWh™ h™)
is maximum amount of water that can be extracted from air at given
test conditions, while 1 (%) shows the actual performance efficiency
of the device compared with SY,,,e: max (Supplementary Methods gives
the analysis details). Compared with the other reported systems that
potentially have 7 between approximately 10% and 35% (ref. 6), this
device showed i of ~-41-66% even at extreme weather conditions
(Table 1). In principle, even though direct comparison of different
passive AWH systems is not appropriate as the key parameters for the
calculationsuch as test conditions (for example, desorption tempera-
ture, ambient temperature and RH) and isosteric heat of sorption are
different, it still shows the greatest potential of our device to enable
practical passive AWH.

Summary

A passive water harvester based on MOF-303 has been designed and
configured to achieve the highest efficiency among passive designs.
Awater harvesting capacity of 285 g H,0 per kilogram of MOF-303 per
day with only ambient sunlight and no power or other energy input
was achieved. The MOF cartridge design and the condenser surface

treatments were key features in achieving high water harvesting effi-
ciency especially whentested inthe field (Death Valley National Park).
Also, the capacity per unit areais important for passive operations to
minimize environmental footprint. In this regard, owing to the com-
pact and modular design, water productivity of 200 g of H,0 per m?
per day was achieved, which is three folds higher than our previous
device (65 g of H,0 per m? per day)'. While our new passive device
shows great potential in harvesting atmospheric water, there are also
challenges to be addressed to deliver the impacts of this technology
into global communities. First, even though this passive device can
harvest water from air without any cost, energy and carbon emission to
environments once they are installed, further economic and environ-
mental assessments need to be performed including the processes of
both device fabrication and MOF synthesis. For example, we recently
proposed green and scalable methods of MOF-303 synthesis™, but the
assessments have not been performed regarding with economic and
environmental impacts that are involved in the preparation of MOF
building blocks (metal salts and organiclinkers) and activation solvents.
In addition, to draw a meaningful cost-benefit analysis, these factors
would need to be coupled with long-term cycling performance of the
scalable passive systems so that accurate techno-economic values can
be compared with the existing water supply systems. In this perspec-
tive, passive AWH systems are still in earlier stage compared with the
active systems®”**. Therefore, for future research, it willbe important to
provide any relevant datasuchasisosteric heat of sorption and detailed
field test conditions to carry out such analyses, inaddition toimprov-
ing AWH capacity by materials developments as well as device design
and optimizations.

Methods
Details of the experimental methods that are not described in this
section are available in Supplementary Information.

MOF-303 synthesis and MOFg;-G,; preparation

MOF-303 was synthesized using the method previously reported™. In
brief, 8.072 g (51.7 mmol) of 3,5-pyrazoledicarboxylic acid (H,PZDC)
was dissolved in 420 ml of de-ionized (DI) water slowly adding 30 ml of
2.6 MNaOH solution by stirring for 10 min. The solution was sonicated
for 5 min. Then12.5 g (51.7 mmol) of aluminium chloride hexahydrate
(AICI;-6H,0) was added to the solution by stirring for 5 minand heated
at100 °C for 24 h. The precipitates were divided into 50 ml tubes and
washed with DIwater by centrifugation three times over the course of
24 hfor 3 days, followed by washing with methanol over the course of
24 h for 3 days. The samples were air-dried for 24 h and activated at
150 °C either under the vacuum (for 10 h, powders) or in the convection
oven (for2 days, MOF pellets). For MOF,-G,s preparation, the activated
MOF-303 was mixed with 15 wt% graphite. The mixture was ground
in mortar, and pressed using the bench top hydraulic press (Carver,
4350 model) with 38 mm circular-shaped press dye at a pressure of
78 MPafor 2 min.

Device design and fabrication

Thedevice parts were designed using SOLIDWORKS 3D CAD software. The
details of the part drawings with dimensions are availablein Supplementary
Information (Supplementary Figs.4-7). The MOF housing was fabricated
by co-centringtwo PMMA acrylic tubes with custom-made acryliccapand
flange usingacrylicgluetoformvacuumlayer.Onel/8 FNPT threaded port
was made onthe outer tubing shell to be connected to vacuum pump, and
thevacuumwas hold using the valve during the test (Supplementary Fig. 4).
The MOF cartridge tray slot was custommachined using Al tubing (38 mm
inner diameter x 44 mm outer diameter) and coated with conductive
carbon paint (MG Chemicals, 838AR) using a paint brush. The other parts
of the device were 3D printed using Markforged Onyx One printer with
micro-carbon-filled nylon (Onyx) filaments. Two aluminium heat sinks
(40 mm x 100 mm x 20 mm) were used as the condenser.
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PTFE and CNF/PTFE surface coating of the aluminium heat sinks
Hydrophobic coating of the Al condenser surfaces were conducted
using the previously reported method®. Inbrief, for CNF/PTFE coating,
180 mg of PTFE powder (Sigma Aldrich, cat. no. 430935) and 20 mg
of CNF (Sigma Aldrich, cat. no. 719781) was mixed with 20 g of dichlo-
romethane and dispersed using the probe sonicator for 2 min. This
CNF/PTFE/dichloromethane suspension was loaded in VL double-
action airbrush (Paasche) and sprayed over the heat sink surfaces.
The heat sink was heated at 400 °C for 30 min for CNT/PTFE annealing
on the surface and then cooled down to room temperature. For PTFE
coating, the same procedure was used except for using only CNF in pre-
paring the suspension solution. For the patterned CNF/PTFE coating,
the condenser surface was masked using 3-mm-thick masking tapes
before spraying CNF/PTFE solution. The masking tapes were removed,
and the condenser was annealed as described earlier.

Contact angle measurements

Water-air interface contact angles were measured using the custom-
made measurement apparatus. Using the micropipette, 10 pl of DI
water was placed on the subject surfaces and the droplet photographs
were taken using the camera. The contact angles were analysed using
the contact angle plug-in of ImageJ software.

Lab tests of the device

Before the tests, the MOF cartridge was activated inan oven at 140 °C
for more than 16 h and incubated in the SH-242 ESPEC environmental
test chamber with 20 °C and 35% RH air conditions for 8 h. After this,
the cartridge was assembled into the device and exposed to 4,000 K
light with 45° irradiation angle. Light intensity was adjusted to be
950 W m2using the Hukseflux LPO2-C pyranometer connected to the
LI-19 datalogger. Each indoor test was carried out for 7 h, monitoring
the temperature and RH changes of the MOFg-G;, the case (air gap
between MOF cartridge and housing) and the condenser.

Field tests of the passive AWH device

The MOF cartridge was activatedin an oven at 140 °C for morethan16 h.
During the night cycles, the MOF cartridge was left outdoors overnight
for atmospheric water uptake. For the day cycles, the cartridge was
assembled, and the device was set facing the south pole to maximize
the use of sunlight as described in Fig. 1d. The tests were carried out
from 8:30 t0 16:00 in Berkeley area and from sunset to sunrise in the
Death Valley area, respectively (Supplementary Table 1), monitoring
the temperature and RH changes. The exact locations of each test are
followings: 2 June and 8 June 2022 (37.8715° N, 122.2730° W), from
19 August to 21 August 2022 (36.5319° N, -116.5455° W), and from 22
August to 23 August 2022 (36.4506° N, -116.8523° W).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The datasets that support this study are availablein Zenodo repository
with identifier (https://doi.org/10.5281/zenodo.7990951).
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