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Practical water production from desert air

Farhad Fathieh'*, Markus J. Kalmutzki’>*, Eugene A. Kapustin'?*, Peter J. Waller'?,

Jingjing Yang™?, Omar M. Yaghi"*3"

Energy-efficient production of water from desert air has not been developed. A proof-of-concept device for harvesting
water at low relative humidity was reported; however, it used external cooling and was not desert-tested. We report a
laboratory-to-desert experiment where a prototype using up to 1.2 kg of metal-organic framework (MOF)-801 was
tested in the laboratory and later in the desert of Arizona, USA. It produced 100 g of water per kilogram of MOF-801 per
day-and-night cycle, using only natural cooling and ambient sunlight as a source of energy. We also report an aluminum-
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based MOF-303, which delivers more than twice the amount of water. The desert experiment uncovered key parameters
pertaining to the energy, material, and air requirements for efficient production of water from desert air, even at a

subzero dew point.

INTRODUCTION
About 13 sextillion (10%!) liters of water exist in the atmosphere
at any given time (I). This is a recyclable natural resource with
potential to water the arid regions of the world. Methods to har-
vest water from humid air are known (2-6), but doing so at low
humidity in desert climates is as yet undeveloped (7). The diffi-
culty in establishing a practical water harvesting cycle (WHC;
Fig. 1) for low-humidity climates is twofold: finding a material
capable of facile water capture and release (capture cycle) and
providing sufficient cooling energy such that the temperature
of the condenser is lower than that of the released water vapor
to allow for liquid water formation (collecting cycle). Although
the two cycles have been shown to work with intensive energy
input (8), it remains unknown whether they can produce water
under natural cooling with energy only from ambient sunlight.
Water uptake in metal-organic frameworks (MOFs) has been
reported (7, 9-14), and a recent proof-of-concept device based on
these materials showed encouraging results (15). However, this
device (i) used an additional source of cooling, (ii) yielded water
droplets but not of sufficient quantity to be collected, (iii) re-
quired a copper mesh to provide structural rigidity and heat
transfer, and (iv) was not tested in the desert. To bring this ad-
vance into practice, we address here all these issues in a new de-
sign tested in the laboratory and the desert of Arizona, USA. This
laboratory-to-desert study uncovered critical parameters con-
cerning the interplay between water release, condensation, and
material properties and consequently led to water production under
natural cooling and ambient sunlight, with no additional energy
input. We show that 0.550 kg of MOF-801 can be implemented into
a device to produce up to 78 g of water per day-and-night cycle under
laboratory conditions and 55 g in Arizona under natural cooling and
ambient sunlight at 5 to 40% of relative humidity (RH). In addition,
0.450 kg of our newly designed MOF-303 produced up to 105 g of
water under laboratory conditions, thus bringing water production
at low humidity a step closer to practical use.
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RESULTS AND DISCUSSION

Energy, materials, and air requirements for the WHC

Our considerations in the design of the water production system
took into account the energy, materials, and air requirements for
the WHC. Figure 1A shows that the capture cycle starts with sat-
uration of unsaturated MOF upon exposure to desert air at night-
time. This is followed by the release of captured water from the
saturated MOF upon exposure to sunlight during daytime. The
collecting cycle takes place during daytime when the released water
vapor humidifies the air in the vicinity of the MOF. The hot humid
air is subsequently cooled down, in our case by ambient cooling,
to its dew point, resulting in liquefied water at the condenser. The
collecting cycle (release-condensation) continues until the end of
the daytime when the liquid water is collected and the next WHC
starts.

The saturation of the MOF is determined by the extent to which
water fills the pores. This quantity is the water capture capacity (0cqp:
captured water per mass of MOF) at a given RH, and it can be estimated
from the water adsorption isotherm. Large values of o, at low RH can
be achieved in hydrolytically stable MOFs with large pore volumes and
hydrophilic pore environments. In addition to the MOF’s sorption
properties, a design optimizing the packing porosity is needed to en-
hance the intercrystalline diffusion and reach o, within the 14 to
16 hours of nighttime.

The energy absorbed by the MOF is spent on three different pro-
cesses: overcoming the MOF-water interactions (g, atent = Ocapdst)>
increasing the temperature of the MOF (g sensible)> and dissipating
due to heat loss (gu,i0ss). Considering gy sensible << gH latent fOT
MOFs and gy 1oss < GH sensible fOr a thermally insulated adsorbent
container, the majority of the absorbed energy is spent on breaking
the MOF-water interactions to release water, and therefore, a MOF
with low isosteric heat of adsorption (g is desirable. A practical
capture cycle with maximized water release should follow inequal-
ity (Eq. 1), where we consider the minimum solar energy (qu min)
that allows the release of the entire amount of captured water (see
section S9).

The performance of the capture cycle can be evaluated by the
release efficiency (ng) (Eq. 2), where M cjeased and #cqpureq are the
absolute mass of released and captured water, respectively, and
O, is the mass of released water per unit mass of MOF (@, <
Ocap). For a specific oc,p, a maximum release efficiency can be
achieved by using a MOF with high solar absorptivity, high thermal
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Fig. 1. WHC for practical water production under natural cooling and ambient sunlight. (A) The WHC is composed of the capture and collecting cycles. (B) The
capture cycle is defined by the sorption isotherm of the MOF, and several prerequisites for high-performance water harvesting materials can be established there-
from. Atype IV or type V isotherm with minimal or no hysteresis, a steep uptake below 25% RH, a high capture capacity (wc,p) below 35% RH, and a significant shift of
the inflection point for isotherms recorded at different temperatures are ideal. (C) The collecting cycle is defined by the psychrometric chart. During the release of
captured water, the air is humidified and heated (ii—iii). Natural convection transports the hot humid air to the condenser, cooling it below its dew point (iii—iv).
Concomitant condensation yields liquid water and dehumidified air. The collecting cycle can continue until the humidity ratio is too low for the dew point to be

reached. a.u,, arbitrary units.

conductivity, small heat capacity, and sorbent containment with max-
imized surface-to-volume ratio (see section S9). The release of water
from the MOF at elevated temperatures should be significantly faster
than the capture from desert air due to the limited time frame of the

sunlight exposure

91,min =~ Pcapqst (1)
Mreleased Orel

MR=——""" =" (2)
Mecaptured ®Ocap

The cooling energy required to condense the water vapor re-
leased from the MOF is spent on three processes: decreasing the
temperature of the air and released water vapor (gc sensible)>
dewing (g atent = Ocaphity)> and dissipating due to heat loss (gcoss)-
Considering the large value of the specific heat of phase change (h,)
(that is, enthalpy of condensation) for water, most of the cooling
energy is spent on condensation rather than on sensible cooling
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(g sensible << qc latent)- A practical collecting cycle with adequate
cooling capacity should satisfy the following criterion

4c,min =~ Wcaphfg (3)

Inequality (Eq. 3) states that any design for atmospheric water
production should consider a minimum ¢c ;, that theoretically
allows for the condensation of the entire amount of released water.
The performance of the collecting cycle is evaluated by the collecting
efficiency (nc)

o Meollected (4)

Nc =
Orel MMOF

where M gjectea and myop are the mass of collected water and MOF,
respectively. The main challenge for water production in a desert cli-

mate is to maintain the condenser temperature below the dew point
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using only ambient cooling. This is possible by using an efficient con-
denser with a large cooling surface and enhanced convective heat and
mass transfer. There is a theoretical maximum volume for the condenser
beyond which the air saturation is not possible (see section S9).

The overall efficiency of the WHC is given by the harvesting efficiency
(Mwc) defined as

Mollected
———— =TMrNc (5)
Wcap MMOF

Mwae =

According to Eq. 5, highly efficient water production is only possible if

the amount of water released from the MOF equals the captured amount
(Mg — 1) and if all the released water is condensed (nc — 1).

MOF-based water harvesting system

On the basis of this WHC and the considerations discussed above, a
water harvesting system was designed initially using MOF-801 as the
sorbent. MOF-801 was chosen for several reasons: (i) high hydrolytic
stability, (ii) well-studied water sorption behavior, (iii) good cycling sta-
bility, (iv) low regeneration energy, and (v) a sorption isotherm that
satisfies all mentioned prerequisites (7) for practical water production
(Fig. 2A). Like most MOFs, MOF-801 shows low absorptivity in the
infrared (IR) and near-IR region, low thermal conductivity (16), and
high heat capacity (17), reducing direct heating using solar thermal
energy. Hence, MOF-801 was blended with 33 weight % (wt %) of non-
porous graphite (termed MOF-801/G) to enhance its thermophysical
(18) and absorptive properties (see section S6). The water harvester con-
sists of two main components: a water sorption unit that holds the MOF
and the case that encloses it (Fig. 2B). The water sorption unit is de-
signed to retain up to 2945 cm” of sorbent, equaling 1.2 kg of MOF-
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801 (1.65 kg of MOF-801/G) assuming a packing porosity of 0.7, the
ideal value for moisture transfer (15). The geometry of the sorbent con-
tainment was chosen to facilitate a large surface-to-volume ratio (>0.5)
of the MOF. In our original proof-of-concept design (15), we demon-
strated that heating MOF-801 to 65°C at 10% RH is sufficient for water
release; however, under these conditions, the condenser temperature
should be below 20°C to achieve condensation. This significant tem-
perature gradient is created by designing the water sorption unit to
act as a thermal insulator, capable of maintaining a low condenser tem-
perature while heating the MOF. The solar thermal incalescence of the
water sorption unit itself was minimized by applying an IR reflective
coating to all exposed surfaces. The cubic case has a cover and encloses
the water sorption unit (Fig. 2B). The side walls of the case act as the
condenser and provide surfaces for heat transfer with the surroundings.
The case can be opened or closed for saturation during the night and
release-condensation during the day. Finally, a reflector is attached to
the cover to ensure that only the surface of the MOF is exposed to solar
radiation. Temperature and humidity sensors are placed at the surface of
the MOF powder and in the MOF powder, the bottom of the case, and
the condenser. The data recorded with these sensors discussed below
enable the calculations of the release, collecting, and WHC efficiencies.

Water production under controlled laboratory conditions
In a typical laboratory experiment, the sorbent was saturated overnight
(RH, 30 to 50%; 18° to 25°C; 16.5 hours). After saturation, the case was
sealed and exposed to artificial light (2700 K). Data were collected under
low (558 W m ™) and high radiant fluxes (792 W m ), representing the
average solar irradiance over the course of 1 day and the peak solar ir-
radiance in desert regions such as Arizona (33°N, 111°W), respectively. After
7.5 hours, the experiment was terminated, and liquid water was collected.
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Fig. 2. Isotherms of MOF-801 and design of the MOF-based water harvester for water production from desert air. (A) Water sorption isotherms (adsorption, filled
symbols; desorption, open symbols) of MOF-801 and MOF-801/G at 15°C (blue), 25°C (gray), and 85°C (red). In comparison to previously reported isotherms for MOF-
801, a shift of the inflection point to higher relative pressures, a lower maximum capacity, and hysteresis were observed. These findings are related to a high degree of
single crystallinity of the material (23). Blending MOF-801 with graphite led to a decrease of the gravimetric capacity corresponding to the added weight, while the
general shape of the isotherm was fully retained. (B) Schematic of the water harvester consisting of a water sorption unit and a case. During the night, the cover of the
case is opened, allowing the MOF to be saturated with moisture from desert air. During the day, the case is sealed to create a closed system. Humid hot air flows from
the MOF to the condenser and is cooled down by heat rejection to the surroundings. When the dew point is reached, condensation occurs, and liquid water collects at

the bottom of the case.
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Initial experiments were performed using 1.65 kg of MOF-801/G
under low and high radiant fluxes. While maintaining the condenser
temperature at 20°C, the formation of fog on the condenser was ob-
served after approximately 30 min (Fig. 3A). Formation of water
droplets that subsequently coalesced into larger puddles occurred 2 to
3 hours into the experiment (see movies S1 to S4). Water production
with low and high radiant fluxes yielded 25 and 56 g of water, respec-
tively. Using the humidity and temperature measurements, the efficien-
cies were found to be ng = 39 and 76%, nc = 30 and 43%, and Nwyc = 12
and 33%, for low and high fluxes, respectively. The low collecting
efficiency suggests a mismatch between the amount of released water
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and the cooling capacity of the condenser (that is, mismatch between the
capture and collecting cycles). This issue was addressed by performing
identical experiments using a half-loading of MOF-801/G (0.825 kg).
Although a smaller amount of sorbent was used, larger quantities of
water were collected (37 and 78 g of water for low and high fluxes, re-
spectively), leading to increased efficiencies of ng = 44 and 86%, nc = 93
and 92%, and nywyc = 41 and 79%, respectively. These major enhance-
ments are attributed to improved water release (@ — ®cap) due to a
larger surface-to-volume ratio (~1) and faster energy transfer within the
MOF, resulting in a longer effective condensation time (see section
S9). While using even smaller amounts of MOF-801/G resulted in
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Fig. 3. Water production and temperature, RH, and solar flux profiles. (A) Photographs of the condenser showing (i) the formation of droplets (ii) flowing to make
puddles (inset, water produced per day-and-night desert cycle). (B) Humidity and temperature profiles acquired during testing in the desert on 22 October 2017 in
Scottsdale, AZ, USA. Temperature and humidity sensors were placed at different positions within the water harvester: at the bottom (orange) and top of the condenser
(blue) and at the surface of (red) and in the MOF powder (magenta). The solar flux was recorded using a pyranometer mounted on the reflector. Ambient temperature
and RH were monitored near the water harvester, and the ambient dew temperature (light blue) was calculated from these data. (C) Comparison of humidity and
temperature profiles acquired under ambient solar flux during testing in the desert and under laboratory conditions using low (558 W m™~2) and high (792 W m™) fluxes.
The origin represents when the complete surface of MOF-801/G was exposed to artificial or ambient solar radiation, for the laboratory experiments and the desert test,
respectively.
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further improvement of n¢ and nwyc, the absolute yield of water
decreased. Therefore, using 0.825 kg of MOF-801/G provided us with
a well-balanced water harvester with high values for ng and nc and a
high nominal water yield that should be capable of operating under am-
bient cooling and on solar thermal energy solely (as in the desert). The
chemical analysis of the produced water indicated the absence of con-
taminations originating from dissolution of the MOF for all
experiments (see section S11).

Water production in desert conditions

We then transferred this device to Scottsdale, AZ, in late October 2017
to study its performance under desert conditions (as low as 5% RH at
35° to 40°C during the day and up to 40% RH at 10° to 15°C during the
night) and to validate the water harvesting principles discussed above.
Under these operating conditions, the dew point is found to be at sub-
zero temperatures, rendering refrigeration-based water production in-
feasible (Fig. 3B) (15, 19). Initial experiments using the water harvester
under desert conditions, however, were unsuccessful and did not yield
liquid water. The high ambient temperatures during the day resulted
in markedly increased condenser temperatures (42°C), lowering the
temperature difference between the MOF and the condenser to ap-
proximately 30°C and hampering condensation (RH < 88% at the
condenser). To circumvent warming of the condenser by heat trans-
fer from the surroundings, we used exterior insulation (soil) with a
high heat capacity and low thermal conductivity (20). This modifica-
tion facilitated a significant reduction of the condenser temperature
by 10°C and resulted in 94% RH at the condenser. Consequently, the
formation of fog was observed, but the temperature difference be-
tween the MOF and the condenser (40°C) was still not sufficient
to reach the higher humidity ratio required to condense larger
quantities of water. More solar energy was needed to further increase
the temperature difference between the MOF and the condenser.
During October, the altitude of the sun at Scottsdale [degrees/
minutes/seconds (DMS) latitude, 33°30'4.7664"N; DMS longitude,
111°55’31.000"W] varies between 20° in the morning and late
afternoon (9 a.m. and 4 p.m.) and 45° at midday (21). Thus, the water
harvester was mounted on a stand and tilted by 37° to maximize the
solar energy absorbed by the MOF. With this modification, MOF
temperatures like those recorded under laboratory conditions could
be reproduced, and indeed, after 7 hours, liquid water was collected.
More absorbed solar energy allowed for faster water release, as indi-
cated by an instantaneous rise of RH at the condenser, which, in com-
bination with the delayed heating of the condenser itself, facilitated
condensation (Fig. 3B). Using 0.825 kg of MOF-801/G, 55 g of water
was collected, a value between those obtained under laboratory con-
ditions for low flux (37 g) and high flux (78 g). This is in agreement with
the corresponding temperature and RH profiles, as shown in Fig. 3C.

Highly efficient water production with a

next-generation MOF

To bring this development closer to practical use, we sought to make
MOFs with enhanced water sorption properties potentially meeting
the specification of industrial large-scale production. We developed
the synthesis of the next-generation material MOF-303 [Al(OH)
(HPDC); HPDC, 1H-pyrazole-3,5-dicarboxylate], using aluminum in-
stead of zirconium as the metal and using water instead of organic sol-
vents. It has a new structure based on the xhh topology and is built from
infinite AI(OH)(-COO), secondary building units (SBUs) linked
through HPDC linkers (Fig. 4A) (22). The structure of MOF-303
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Fig. 4. Next-generation MOF with increased productivity. (A) Crystal structure
of MOF-303 built from rod-like AI(OH)(-COO), SBUs linked by HPDC linkers into an
extended framework structure (xhh topology) with a 1D pore system. Gray, C;
green, N; red, O; blue polyhedra, Al. (B) Water sorption isotherms for MOF-303/G
at 15°C (blue), 25°C (gray), and 85°C (red). (C) Comparison of parameters defining
the efficiency and productivity of the water harvester. Gray and orange bars repre-
sent measurements under low and high fluxes, respectively.

features hydrophilic one-dimensional (1D) pores with a 6 A diameter
and a free pore volume of 0.54 cm® g™, facilitating a large maximum
water capture capacity of 0.48 g g~'. The water sorption isotherm satis-
fies all prerequisites for a high-performance water harvesting material
outlined earlier: The type IV isotherm has an inflection point at P/P, =
0.15, a plateau is reached at P/P; = 0.3, and good temperature response
and minimal hysteresis are observed (Fig. 4B). In addition, high hydro-
lytic stability was confirmed by carrying out 150 adsorption-desorption
cycles without measurable degradation of the material (see fig. S24). De-
spite the larger @, for MOF-303, both criteria are satistied for gy min
and gc min for operating conditions found in Arizona (RH at night,
ambient temperature, and solar flux), thus making the present water
harvester suitable for MOF-303. In a manner akin to that described
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for MOF-801, the thermophysical and absorptive properties of MOF-
303 were enhanced by blending it with 33 wt % of nonporous graphite
(termed MOF-303/G; see section S6). MOF-303/G was tested under the
same laboratory conditions described above and found to give a marked
increase of 114% in water production (see section S9).

Ultimately, the performance of a sorbent according to the WHC
is defined by the productivity P (in grams per kilogram)

p— Mcollected (6)

Msorbent

where Mopent is the amount of sorbent used (in kilograms). This
parameter is useful in comparing the performance of various materials
under identical conditions within the same water harvester. Zeolite 13X
was chosen as a reference because it is a common microporous des-
iccant with a pore size and pore volume similar to those of MOF-801
and MOF-303. Figure 4C shows the comparison of productivities
calculated for zeolite 13X, MOF-801/G, and MOF-303/G. This com-
parison is striking evidence that the unique water sorption behavior
of MOFs is key to water production from desert air under ambient
cooling and solely driven by solar thermal energy. The ultrahigh
productivity of MOF-303/G of up to 175 grams water per kilogram
of MOF/G is encouraging in achieving practical water production
from desert air.

CONCLUSION

The discovery of the criteria governing energy, materials, and air re-
quirements for practical production of water from desert air as outlined
in this report should be applicable to various regions of the world. The
development of the next-generation MOF-303 highlights the prospect
of MOFs with respect to this application arising from the flexibility of
design and synthesis of these framework materials. This, in combina-
tion with the design considerations outlined in this report, brings water
production in desert climates one step closer to practical applications.

MATERIALS AND METHODS

Synthesis of MOF materials

MOF-801 [ZrsO4(OH),(fumarate)s] was prepared by dissolving
5.8 g/50 mmol of fumaric acid and 16 g/50 mmol of zirconyl chlo-
ride octahydrate (ZrOCl,-8H,0) in a mixture of 200 ml of N,N’-
dimethylformamide (DMF) and 70 ml of formic acid in a 500-ml
glass screw-capped jar. The mixture was subsequently heated at
130°C overnight, and the white precipitate was separated by filtra-
tion (yield, ~10 g). The precipitates of five reactions were combined,
washed three times daily with 500 ml of DMF for 3 days and then three
times daily with 500 ml of methanol for 3 days, and subsequently dried
in air. The air-dried sample was then transferred to a vacuum chamber,
evacuated at room temperature for 5 hours, followed by evacuation
at 70°C for 12 hours and 150°C for 48 hours. The activated product of
140 jars was combined and dried at 160°C for 10 days.

MOF-303 [AI(OH)(HPDC)(H,0)] was prepared by dissolving
10.4 g/43.08 mmol of aluminum chloride hexahydrate (AlCl;-6H,0)
and 7.5 g/43.08 mmol of 3,5-pyrazoledicarboxylic acid monohydrate
(H;PDC-H,0) in 720 ml of water in a 1-liter glass screw-capped jar.
We added 2.6 g/65 mmol of NaOH dropwise in 30 ml of water to
the above mixture under stirring. Subsequently, the jar was sealed and
heated at 100°C for 24 hours, and the resulting white precipitate was
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separated by filtration (yield, 3.0 g). The precipitate was washed three
times daily with water for 3 days and then three times daily with
methanol for 3 days and was then filtered and dried in air. The
air-dried sample was transferred into a vacuum chamber and evacu-
ated until the pressure dropped below 1 kPa, followed by evacu-
ation at 100°C for 24 hours and at 150°C for another 48 hours. The
activated product of 150 jars was combined and dried at 160°C for
10 days.

MOF-graphite mixtures with enhanced thermophysical and
spectroscopic properties were prepared by mixing activated MOF with
33 wt % of nonporous graphite powder until a homogeneous color was
observed. The resulting mixtures were further characterized in terms of
crystallinity, powder density, porosity, and water uptake properties
without any additional activation.

Characterization and chemical analysis

Powder x-ray diffraction (PXRD) patterns of MOF-801, MOF-801/G,
MOF-303, and MOF-303/G were recorded with a Bruker D8 ADVANCE
diffractometer (G6bel-mirror monochromated Cu Kol radiation, A =
1.54056 A). Typically, data were collected between 3° and 50° with a
step width of 0.01 and a total data collection time of 30 min.

Nitrogen gas adsorption isotherms were recorded on a Quanta-
chrome QUADRASORB-SI volumetric gas adsorption analyzer at
77 K. Volumetric water adsorption isotherms and stability tests were
measured on a BEL Japan BELSORP-aqua3, for which the water (ana-
lyte) was degassed through three freeze-pump-thaw cycles. Helium gas
was used to estimate the dead space for both gas and water adsorption
measurements. The framework density of all MOF and MOF/G
samples was measured using a pycnometer (Ultrapyc 1200e, Quanta-
chrome). Ultrahigh-purity gases (He and N,; Praxair, 99.999% purity)
were used for all experiments.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectra were recorded on a Bruker ALPHA Platinum ATR-FTIR spec-
trometer. Diffuse reflectance spectra between 285 and 2500 nm were
recorded on a Varian Cary 5000 spectrometer. Absorption spectra be-
tween 285 and 3000 nm were recorded using a Shimadzu UV-3600
equipped with a double monochromator having a wavelength range
of 185 to 3300 nm. A photomultiplier tube (ultraviolet and visible
region) and an InGaAs and cooled PbS detector (long-wavelength de-
tection) were used.

Thermogravimetric analysis (TGA) measurements were performed
on a TA Instruments SDT-Q600 series thermal gravimetric analyzer.
Gases were humidified by bubbling dry air through a 2-liter bubbler
humidifier, and both humidity and temperature were monitored using
high-accuracy thermocouples and humidity sensors upstream of the
TGA chamber (see section S6).

The morphology and elemental distribution of all MOF and MOF/G
samples were examined by scanning electron microscopy (SEM) and
energy-dispersive x-ray spectroscopy (FEI Quanta 3D scanning electron
microscope, 10-kV accelerating voltage). Water samples were examined
using nuclear magnetic resonance (NMR) spectroscopy (Bruker DRX-
500) and inductively coupled plasma atomic emission spectroscopy
(Optima 7000 DV, PerkinElmer).

The thermal response of all materials was measured using a
homemade setup (S7) consisting of an insulation cell made of extruded
polystyrene foam with a fast-response T-type thermocouple (Neoflon
PFA, American Wire Gauge 40, OMEGA Engineering) installed at
the bottom of the cell. An incandescent lamp (150 W) was placed
60 cm above the cell to ensure the flux of 1000 + 30 W m ™2, and the
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cell temperature was equilibrated with the surroundings before flux
exposure (25° £ 0.5°C).

Device fabrication

The water sorption unit was composed of four rectangular walls
made from transparent poly(methyl methacrylate) (PMMA) pieces
(18.25” x 8.00” x 0.25") installed onto a square PMMA plate
(18.50” x 18.50” x 0.25"). A sorbent container (16” x 16” x 1” held
by a 2.50” wide frame) made of 0.25” thick PMMA was glued to the
upper side of the side walls, creating a sealed compartment that was
packed with extruded polystyrene foam (Owens Corning). The sor-
bent container was coated with a high solar absorptivity black
coating (Pyromark 1200 high-temperature paint, purchased from
LA-CO) to enhance the solar absorbance. All other exposed surfaces
of the water sorption unit were treated with a high reflectivity coating
in the infrared region (2X paint, Rust-Oleum).

The case consists of a tub and a cover made from 0.25” PMMA. The
tub was constructed from four square side walls (22" x 22") connected
to a support plat (22" x 22", bottom) and a 2” wide frame support
(24" outer length, top). A cover (22" x 22") was screwed to the support
frame using 12 screws, and the joint was sealed using a Teflon gasket. A
solar reflector, made from 1” thick extruded polystyrene foam covered with
aluminum tape (3M Aluminum Foil Tape 425) with a 21" x 21" square
opening was positioned on the cover. All PMMA used for the construc-
tion of the water sorption unit, cover, and case was purchased from
McMaster-Carr and cut using a Universal Laser Cut ILS12.75 with a
materials processing envelope of 48” x 24" x 12”. The individual
PMMA pieces were connected using acrylic cement (Scigrip). In the lab-
oratory experiment, the case was placed on a T-slotted aluminum frame
measuring 2’ x 2’ x 3’ (1 '/,” high x 1 '/,” wide; Single Rail, Silver). In
desert experiments, the case was insulated using an exterior wooden box
(3" x 3" x 1’) filled with soil (packing porosity of ~0.65).

Data acquisition: Temperature and humidity measurements
In all the experiments, temperature and humidity readings were ac-
quired using a National Instruments data acquisition system (cDAQ-
9174) with a NI 9205 32-Channel analog input and NI 9214 16-Ch
Isothermal TC modules, respectively. All data were recorded using
LabView 2016. Temperature and humidity measurements were taken
at various locations inside the case (at the top and bottom of the con-
denser, inside and at the surface of the sorbent powder, and at the ex-
terior side wall of the case) and outside of the case (ambient temperature
and humidity).

The RH was measured with integrated fast-response (response time,
<4 s) circuit sensors (Honeywell HTH-4021) with thermoset polymer
capacitive sensing elements. The humidity sensors were calibrated with-
in arange of RH (5% < RH < 90% in 5% RH increments and at T'= 25°C)
using a HygroCal100 humidity generator (Michell Inc.). The HygroCal100
is equipped with seven built-in HygroSmart HS3 capacitive humidity
sensors (+0.8% accuracy) enabling humidity uniformity (less than
£0.5%) across the humidity chamber. An external standard reference
precision dew-point meter (Optidew Vision precision, Michell Inc.) with
£0.2°C uncertainty in dew temperature was used to zero the bias error
of the HygroCal100. Fifty voltage readings with a sampling frequency of
30 s were recorded at each humidity level, while the hysteresis effects
were quantified through a loop of increasing (5 to 90%) and decreasing
(95 to 5%) humidity. A linear regression curve (coefficient of determi-
nation of >0.99 with 95% confidence bounds) was applied to convert
sensor voltage output (0.5 to 3.0 V) to RH (0 to 100%). The total un-
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certainty of the RH readings was determined to be less than 1%. The
detailed uncertainty analysis and the corresponding regression curve are
given in section S8.

T-type thermocouples (Neoflon PFA, American Wire Gauge 40,
OMEGA Engineering) were calibrated within the range of 15° to 105°C
in 5°C increments using a Hart Scientific 9103 dry-well calibrator with
an accuracy of £0.25°C. Forty readings with a sampling rate of 5 s were
taken at each reference temperature, and hysteresis effects were deter-
mined through an increasing-decreasing temperature loop. A linear
regression curve was used for data reduction (coefficient of determi-
nation of >0.99 with 95% confidence bounds), giving a bias error of
10.04°C. The total uncertainty in the temperature readings was found
to be less than +0.25°C. The detailed uncertainty analysis with the re-
gression curve is given in section S8.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/6/eaat3198/DC1

section S1. Materials and analytical techniques for MOF synthesis and analysis

section S2. MOF-801 synthesis and characterization

section S3. MOF-801/G preparation and characterization

section S4. MOF-303 synthesis and characterization

section S5. MOF-303/G preparation and characterization

section S6. Comparison of sorbents

section S7. Water harvester

section S8. Data acquisition and sensors

section S9. WHC under laboratory conditions

section S10. Harvesting experiments at Scottsdale, AZ, under desert conditions

section S11. Chemical analysis of collected water samples and MOF chemical stability
section S12. Movies of the water production experiment

fig. S1. PXRD pattern of activated MOF-801.

fig. S2. SEM image of activated MOF-801.

fig. S3. SEM and EDS images of MOF-801.

fig. S4. N, isotherm of activated MOF-801 recorded at 77 K.

fig. S5. Water sorption isotherms of pre-scaled-up MOF-801 sample (black, this work),
MOF-801-P (red), and MOF-801-SC (blue) (7).

fig. S6. Water sorption isotherms of pre-scaled-up MOF-801 recorded at different
temperatures.

fig. S7. Characteristic curves for activated pre-scaled-up MOF-801 determined using Egs. 2 and
3 based on the sorption isotherms measured at different temperatures.

fig. S8. Isosteric heat of adsorption (black) and water sorption isotherm at 25°C (red) for
activated MOF-801.

fig. S9. Experimental water sorption isotherm for activated scaled-up MOF-801 recorded at 25°C
and calculated water sorption isotherms at 15 and 85°C.

fig. S10. PXRD pattern of the graphite sample.

fig. S11. PXRD pattern of activated sample of MOF-801/G.

fig. S12. SEM and EDS images of MOF-801/G.

fig. S13. N, isotherm of the activated MOF-801/G recorded at 77 K.

fig. S14. Experimental water sorption isotherm for MOF-801/G at 25°C and calculated water
sorption isotherms at 15° and 85°C.

fig. S15. Comparison of water sorption isotherms for scaled-up MOF-801 and MOF-801/G at
25°C.

fig. S16. Asymmetric unit in the single-crystal structure of MOF-303 (atoms are shown
isotropically).

fig. S17. PXRD pattern of activated MOF-303.

fig. S18. SEM image of activated MOF-303.

fig. S19. SEM and EDS images of MOF-303.

fig. S20. N, isotherm of activated scaled-up MOF-303 at 77 K.

fig. S21. Water sorption isotherm of pre-scaled-up activated MOF-303 recorded at 25°C.
fig. $22. Cycling experiment of MOF-303.

fig. S23. Water sorption isotherms of activated scaled-up MOF-303 at different temperatures.
fig. S24. One hundred fifty cycles of RH swing cycling of scaled-up activated MOF-303 at 25°C
in a TGA.

fig. S25. Characteristic curves determined using Egs. 2 and 3 based on sorption isotherms for
MOF-303 measured at different temperatures.

fig. S26. Isosteric heat of adsorption (black) versus water sorption isotherm at 25°C (red) for
activated MOF-303.
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fig. S27. Experimental water sorption isotherm for activated scaled-up MOF-303 at 25°C and
calculated water isotherms at 15° and 85°C.

fig. S28. PXRD pattern of activated sample of MOF-303/G.

fig. $29. SEM and EDS images of MOF-303/G.

fig. $30. N, isotherm of activated MOF-303/G at 77 K.

fig. S31. Experimental water sorption isotherm for MOF-303/G at 25°C and calculated water
isotherms at 15° and 85°C.

fig. $32. Comparison of water sorption isotherms of scaled-up MOF-303 and MOF-303/G at 25°C.
fig. S33. PXRD pattern of zeolite 13X.

fig. S34. N, isotherm of zeolite 13X recorded at 77 K.

fig. S35. Experimental water sorption isotherm for zeolite 13X at 25°C and calculated water
isotherms at 15° and 85°C.

fig. S36. Schematic of insulation cell used for solar flux-temperature response measurements.
fig. $37. The increase of the sample temperature with time under a flux of 1000 W m~2 for
MOF-801 and MOF-801/G.

fig. $38. The increase of the sample temperature with time under a flux of 1000 W m~2 for
MOF-303 and MOF-303/G.

fig. $39. Diffuse reflectance spectra of zeolite 13X, MOF-801, MOF-801/G, MOF-303, and MOF-
303/G recorded between 285 and 2500 nm.

fig. S40. Absorption spectra of zeolite 13X, MOF-801, MOF-801/G, MOF-303, and MOF-303/G
between 285 and 2500 nm.

fig. S41. Comparison of water sorption kinetics for zeolite 13X, MOF-801, MOF-303, MOF-801/
G, and MOF-303/G.

fig. 542. The temperature response with time under a flux of 1000 W m~ measured for circular
pieces of PMMA (diameter, 20 mm) with a thickness of '/," and '/g".

fig. $43. The temperature response with time under a flux of 1000 W m~2 measured for circular
pieces of PMMA (diameter, 20 mm) of the same thickness (1/4") coated with a white (red) and
clear coating (black).

fig. S44. The temperature response with time under a flux of 1000 W m™2 measured for circular
pieces of PMMA (diameter, 20 mm) of the same thickness ('/,") coated with solar absorber
coating (Pyromark paint).

fig. S45. Absorption of PMMA (blue) compared to the spectral irradiance of the sun (red) and
an incandescent lamp (orange) between 285 and 3000 nm.

fig. S46. Comparison of absorption spectra for PMMA (light blue), PMMA coated with primer
(light gray), and PMMA coated with white paint (orange).

fig. S47. Water sorption unit.

fig. S48. Schematic of the case, cover, and water sorption unit with dimensions.

fig. S49. Locations of thermocouples and humidity sensors inside the case.

fig. $50. Calibration curve for humidity sensor converting the voltage output readings into the
corresponding RH.

fig. S51. Calibration curve for the temperature sensor.

fig. S52. Artificial solar irradiance for low flux condition.

fig. S53. Artificial solar irradiance for high flux condition.

fig. S54. Image of the artificial flux generator in two lamps configuration.

fig. S55. Relative humidity and temperature profiles for empty sorbent container under low
flux artificial solar irradiance.

fig. S56. Relative humidity and temperature profiles for 0.25 kg graphite under low flux
artificial solar irradiance.

fig. S57. Relative humidity and temperature profiles for 0.5 kg of zeolite 13X under low
flux artificial solar irradiance.

fig. S58. Relative humidity and temperature profiles for 0.5 kg of zeolite 13X under high flux
artificial solar irradiance.

fig. S59. Relative humidity and temperature profiles for 1.65 kg of MOF-801/G under low flux
artificial solar irradiance.

fig. S60. Relative humidity and temperature profiles for 1.65 kg of MOF-801/G under high
flux artificial solar irradiance.

fig. S61. Relative humidity and temperature profiles for 0.825 kg of MOF-801/G under low flux
artificial solar irradiance.

fig. S62. Relative humidity and temperature profiles for 0.825 kg of MOF-801/G under high flux
artificial solar irradiance.

fig. S63. Relative humidity and temperature profiles for 0.412 kg of MOF-801/G under low
flux artificial solar irradiance.

fig. S64. Relative humidity and temperature profiles for 0.412 kg of MOF-801/G under high flux
artificial solar irradiance.

fig. S65. Relative humidity and temperature profiles for 0.600 kg of MOF-303/G under low flux
artificial solar irradiance.

fig. S66. Relative humidity and temperature profiles for 0.600 kg of MOF-303/G under high
flux artificial solar irradiance.

fig. S67. Relative humidity and temperature profiles for 0.600 kg of MOF-801/G under low flux
artificial solar irradiance and controlled saturation conditions.

fig. S68. Relative humidity and temperature profiles for 0.600 kg of MOF-303/G under low flux
artificial solar irradiance and controlled saturation conditions.
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fig. S69. Water sorption isotherms for MOF-801/G.

fig. S70. Schematic of energy flow on the top surface of the water sorption unit.

fig. S71. Variations of Gsensible With the release and capture temperature for four values of
packing porosities of 0.85, 0.75, 0.65, and 0.55.

fig. S72. Variations of radiative heat loss with MOF-801/G temperature for different values of
emissivity.

fig. S73. Variations of the temperature of MOF-801/G and the cover.

fig. S74. Comparison of g (with and without heat losses) and the amount of MOF-801/G to the
latent and sensible energy per kilogram of MOF-801/G.

fig. S75. Variations of the size of the cooling surface with the amount of MOF-810/G for a
temperature of 65°C for the released water, a condenser temperature of 20° and 40°C, and
average heat condensation Nusselt numbers of 3.36 and 1.18.

fig. S76. Relative humidity and temperature profiles for 1.65 kg of MOF-801/G under desert
conditions.

fig. S77. Relative humidity and temperature profiles for 0.825 kg of MOF-801/G under desert
conditions.

fig. S78. Schematic of the exterior insulation (soil) surrounding the case of the water harvester
in desert climate.

fig. 579. "H-NMR spectrum of pure D,O before heating.

fig. 580. "H-NMR spectrum of pure D,O after heating.

fig. 581. "H-NMR spectrum of MOF-801 in D,O before heating.

fig. $82. 'H-NMR spectrum of MOF-801 in D,O after heating.

fig. 583. 'H-NMR spectra of MOF-801 in D,0: Overlay of before/after heating.

fig. S84. 'H-NMR spectrum of water collected using 0.825 kg of MOF-801/G.

fig. 585. "H-NMR spectrum of MOF-303 in D,0 before heating.

fig. $86. "H-NMR spectrum of MOF-303 in D,O after heating.

fig. 587. 'H-NMR spectra of MOF-303 in D,0O: Overlay of before/after heating.

fig. 588. "H-NMR spectrum of water collected using 0.600 kg of MOF-303/G.

fig. $89. The calibration curve for zirconium standard solutions.

fig. $90. The calibration curve for aluminum standard solutions.

table S1. Crystal data and structure determination for MOF-303 with single crystal data set.
table S2. Atomic positions for MOF-303 from the Pawley refinement model.

table S3. The average hemispherical absorptivity and transmissivity of materials for artificial
and solar radiation within the range of 285 to 2500 nm.

table S4. Test conditions for the water harvesting in the laboratory.

table S5. The performance parameters for water production under laboratory conditions.
table S6. Total flux received by different sorbents for the laboratory experiment using low and
high fluxes.

movie S1. Initial stage of water condensation on the side walls of the case at 10,000% speed.
movie S2. Formation of running droplets of water on the side walls of the case at 10,000%
speed.

movie S3. Coalescence of water droplets into puddles of liquid water at the condenser at
700% speed.

movie S4. Collision of puddles of liquid water at the bottom of the case at 1000% speed.
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