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ABSTRACT: Atmospheric water harvesting (AWH) has received Ambient Water Harvesting Water Extraction
tremendous interest because of population growth, limited

freshwater resources, and water pollution. However, key challenges

remain in developing eient, exible, and lightweight AWH IR Emission

. ; » o Ambient Wat
materials with scalability. Here, we demonstrated a radiative mblent Water 813 um

cooling fabric for AWH via its hierarchically structured cellulose é
network and hybrid sorptiodewing mechanisms. With 8.3% » v\ ff
- /'""”JW”’"""——r?‘,_ LD (it _—
- !

v

solar absorption and.9 infrared (IR) emissivity, the material can:

drop up to 7.5°C below ambient temperature without energy

consumption via radiative cooling. Water adsorption onto the

hydrophilic functional groups of cellulose is dominated by sorption Cooling Fabric
at low relative humidity (RH) and dewing at high RH. The

cellulose network provides desirable mechanical properties with entangled high-adspescovatitens of adsorptiextraction

cycles. In theeld test, the cellulose sample exhibited water uptake of 1.29 kg/kg at 80% RH during the night. The profusion
radiative cooling fabric features desirable aativeness and allows fast deployment into large-scale AWH applications.

KEYWORDS:cellulose, radiative cooling, atmospheric water harvestingemragrgystainability, large scale

INTRODUCTION Cellulose, which comprise30% cotton and 50% wood,
the most abundant organic polymer on earth, featuring good

: . o i
Atmospheric water is ubiquitous regardiess of geological réﬁachanical strength, strong water retention, low cost, and low

hydrological conditions. Extracting water from the air is aeighf’z 341n this work. we used a cellulose-based fabric as a
promising method of providing families and communities wit nctidnal radiative co'oling agld to enable costective

0 -grid access to safe drinking water, especially for developijgyient water harvestifiggure lillustrates the hierarchical
countries. * Signi cant developments have been achieved by,o5 structure of the material and the multiscale sorption

: 2 12 : 13 28
physical dewirig"® or chemical sorption ** as the tWo  mechanisms. The highly porotmr network of cellulose
major collection mechanisms. The typical materials fahpric acts as an optical scattering centectireg 47% of the

physical dewing include poly(methyl rpgthacr§7laley- incoming irradiation in the solar spectrum. The low solar
tetra uororoethylen&; polyethylene foil;** hydrophilic  absorption that originates from the low optical loss of the
foil,' and a durable enhanced speculaecter metal. cellulose bers and the mateisaldisordered microstructure

Sorption-based AWH materials utilize the chemical adsorptipnevents the temperature rise of the material. The numerous
and desorption cycles that work across a wide range of relatiagurally occurring micro- and nanostructureers in
humidity (RH) (20 100%) via substantesemical hydro- cellulose-based fabrics strongly emit in the infrared range
philicity (e.g., metabrganic framework, salfsf 22 *° or through the atmospheric transparent windowt38m) to

the molecular structures that encapsulate water vapor betw@giter space via molecular vibrations, which resuitdtive
molecular chains (e.g., zeolites, silica gels, and super-moisté@€ling of the sample via radiation heat transfer. The achieved
absorbent gel&j?? 252731 Given all of these promising lower temperature facilitates exothermic water harvesting.
advances, challenges remain in (1) improving the enerou

e ciency when operating at low RH where the dew point anBeceived: October 27, 2021
ambient temperature dr greatly, (2) developing more Revised: March 11, 2022
energy-ecient and low-carbon-footprint materials that doPublished: April 2, 2022
not involve complex material synthesis and costly chemicals,

and (3) scalable deployment that is not limited by the

technologies and material availability.
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Figure 1.Energy-ecient atmospheric water adsorption and extraction with radiative cooling cellulose. (A) Schematic of atmospheric watt
harvesting by radiative cooling fabric. (B) Molecular cellulosic chainsidot water molecule adsorption. (C) Multiscale cellubaser
interactions from molecular (A), nanoporous (nm), microporm)s &énd macroscopic (mm-m) scales. HB refers to hydrogen bonding. (D)
Cooled cellulose sadds with physically entangléers and trapped water. Photograph of water extraction by (E) mechanical squeezing and (F)

solar heating.
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Figure 2.Macro-/microstructures and mechanical properties of cellulose fabric. Photographs of large-scale cellulose fabric under (A) dry and
damp conditions with a width of 25 cm. (C) (03) Photographs and (086) SEMs of dierent fabric samples composed of entangled cellulose

ber bundles and (0D9) magnied views ofbers within bundles. The images in the same column are from the same sample. (D) SEM image of
partially aligned narleers. The arrow indicates the néeo alignment direction. (E) Mechanical strength over 1, 5, 10, 15, and 20 adsorption
extraction cycles of the fabric sample.

Figure B shows that hydroxyl groups of cellulose chainbydrophilicity of the cellulosébers enhances the water
strongly attract water via hydrogen bonding. The innatadsorption by reducing the nucleation energy barrier of
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Figure 3.0Optical and thermal characterization of the cellulose-based fabalwalidation. (A) Schematic of the temperature measurement
setup. (B) Cooling power experimental setup. The sample was maintained at the same temperature as the ambient by a feedback heater. The
output of the feedback heater is regarded as the cooling power. (C) Emissivity in the ultraviolet, visible, and infrared range of the fabric unde
and damp conditions. (D) Theoretical cooling power as a function of water uptake of the fabric sample. (E) Theoretical cooling power a:
function of precipitable water and ambient temperature. The dashed line traces PW of 100&8teRthatlient temperatures. (F) Ry of

the sample surface temperatures and ambient temperature on Nov 11, 2020. The RH is represented by the colored backgrsund. The sar
temperature dropped rapidly at the beginning ofttd@est because of the high initial temperature. (GeRifothe cooling power measured
between 19:00 and 9:30 on Jan 20, 2021. The ambient conditionslf thst are also indicated in panel E.

condensatioir, and the bonded water molecules also attract STRUCTURAL ANALYSIS

more water vapof.The cross-linked cellulosic polymer chains . . :
X s Cellulose-based fabrics are easily scdfaplee(2,B) and
provide cages for retaining the adsorbed Wafew pémdant in daily use. The samples feature a hierarchical

condensation occurs when the cellulose surface temperatﬂ led by th cal mi L
is lower than the dew point and the free water is formed mostiy Ucture as revealed by the optical microscope ifiagesy

in the microscalebril network Figure C). The physical 1 and §2and scanning electron microscope (SEM) images.
entanglement and morphology of the large-aspectomtio An aspect ratio greater than 100 arttkalength greater than
bundles Eigure D) impart strong mechanical strength and 1.5 mm are observegigure £04 06). The long bers and
water-trapping abilities. Thus, our material can be rolled gartially densed ber network provide strong physical
folded to extract the adsorbed water by mechanica&ntanglement, leading to desirabéxibility and high
compression or heatingrigure E,F). Both heating and mechanical strengtiNgte S2. The microscale cellulose
mechanical loading raise th_e chemical p_ote_ntial of thepers Figure £07 09) are further composed of aligned
adsorbed water, thus pushing the equilibrium towarde|lulose nanbers Figure D). An overall porosity of >90%
desorption. Because of the biocompatibility of cellulosg estimated for all tested fabrics where the exaunfalbric
gxtracted water does not present toxic elements Or eXCeSPnple has 95.1% poroshipte S3. Figure E presents the
lons. '”.‘Pu”“es from amplent water can Ibered during tensile strength variation of the fabric after 20 adsorption
extraction by the multiscale pores of the cellulose

Furthermore, the high durability is evident by the stablg)(tractlon cycles. Throughout 20 cycles, the mechanical

performance after many adsorptexraction cycles. A low Strength exhibits a negllglb!e .change for both s.amples with a
carbon footprint and environmental impact are expectedf€n9th of 9 MPa. The variation of the mechanical strength
because of the minimized requirements in synthesis affi the fabric samples is mainly attributed to (1) the
recyclability. Thus, the inkat material and structural Nnonuniformity of structural morphology, such as the random
advantages of cellulose enable enemigré, cost-eective,  arrangement of théers, and (2) the derence inber aspect
lightweight, and distributable AWH systems that can providatios:” The nondegrading mechanical strength reveals the
drinking water for individuals and communities. robustness and durability of the cellulose fabric and supports
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Figure 4.Quantity of water collection by cellulose fabric inglldetest under laboratory conditions. (A) Summaries of AWH performance of the
cellulose sample and ambient conditions fovtheepresentativeld tests in Troy, NY and West Lafayette, IN. (B) Water uptake for cellulose
sample of 8C temperature below ambient at ambient temperatures 15Q&nd5RH of 1250% where sorption dominates the water uptake.

The dashed line is an extrapolation curve based on the measured data. The sorption isGtbésnplatt@8 as a reference line. (C) Water
uptake for a cellulose sample exhibitintCatémperature drop below ambient at ambient temperatures of 15, 25Caadd4&n RH of 50

90% where condensation dominates the water uptake. The sorption isotf&ns gi@bed as a reference line, and the star denotes the water
uptake under conditions similar to those of the Neldest. (D) Extractable water percentage by solar power and mechanical compression of
30 90% RH. (E) Water extraction time by solar power and mechanical compression for a sagg#e RH30

the viability of employing a mechanical water extractionniform blackbody temperature of 2.73 Ks the heat sink,

method over an extended lifetime. resulting in a highly eient and isotropic radiative cooling
e ect. The cooling ect will signicantly lower the sample
RESULTS AND DISCUSSION temperature. Interestingly, theeaive emissivity over the

atmospheric transparency window is 0.86 for the fabric sample
at night, as demonstratedinure 2,B. The investigation of N & dry environment and is enhanced to 0.89 when it is damp.

the solar absorption and the atmospheric transparent windd}€ EMissivity improvement of 0.03 in a damp environment is
(8 13 m) emissivity of the cellulose fabric sample in thenainly attributed to the adsorbed water in the micropores
wavelength range between 250 nm andr2@s shown in  Where (1) the additional bonding between the Brdnches
Figure € andNote S4 The cellulose fabric samples have a@d HO molecules complement the missing molecular
low optical absorption of incident sunlight due to theVibrational modes and (2) the high emissivity of water in the
microscale pores and the coarser surfacdmersf Figure IR spectrum sigrgantly contributes to higher thermal
2E07 09). At the same time, the multimode molecularemissiofi® Consequently, the water adsorption process will
vibrations, including the ® stretching vibration and C ~ enhance the cooling of cellulose samples, which in turn
O H bending? facilitate strong emission in the infrared (IR) benets water harvesting. An analytical model of the cellulose
region. Thermal radiation from the cellulose fabric, particuladigermodynamic system is used to quantitatively evaluate the
at wavelengths in the atmospheric transparency window, daroretical nighttime cooling power aerént water uptake
penetrate the atmosphere and utilize deep space (withbased on the rule of mixturé®(e SY. It is shown that the

The cellulose-based fabric is investigated ialthiest setups
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higher cooling power is associated with increased water uptédmperature is held constant by a thermoelectric devi€e at 6
because the accumulated water can potentially boost thelow the ambient temperatugéig(ire SP which is the
nighttime cooling power of the fabric toward the theoreticalypical average temperature drop duringetetest Figure

limit of 192.8 W/ (calculated with unity emissivity from 2 to 4A). We evaluate the heat release by the phase change as
20 m and the atmospheric transmittance spectrum at zexdmpared to the radiative cooling power, considering the
precipitable water) Figure B®). Because high relative inherently high heat capacity and phase change enthalpy
humidity occurs during harvesting, its impact on the sampldlatent heat = 2440 kJ/kg = 677 kWH/mt 25 °C)*?
theoretical cooling power is also evaluated. Precipitable wadssociated with dew condensation. With el test water

(PW) is used to indicate the RH level (100% RH correspondsptake (2.38 kg/kg), cooling power (80 W/n), duration

to 40 mm at 25C and 1 atm) and as a variable thatts (8 h), and low area density of the sample (0.0416)kdia

the transmissivity and emissivity spectrum of the atmospheestimated condensation heat release occupies oniyt /6

A higher amount of precipitable water increases the radiatiwéthe net radiative cooling energe®y(Note S9. Clearly,

power from the atmosphersg|() and negatively impacts the although a small fraction of the cooling powerset @y the

cooling performance heat release of condensation, the condensed watkthveill
macropores and the water will contribute to the radiative
2 ; cooling by its high IR emissivity. Therefore, quasi-steady-state
Pid T ot PW) = 2 sin( ) cos , . o AT .
and Taim PW) o 0 ()eos()s () equilibrium can be achieved with little variation in ambient
O PW)I d d conditions on the minute time scale and a constant
aun )eel am ) (1) temperature drop below ambient that can be assumed at

azimuthal angle, emissivity, wavelength, and bIackbodyQC
radiation determined from Plasckaw, respectively. Sub-
scripts s and atm refer to the sample and atmosphenghereQ being the energy density with units of kJ/m
respectivelyi-igure E maps the theoretical cooling power Water uptake increases with operating time until the amount
from 0 to 50°C ambient temperature and 0 to 30 mm of water in cellulose samples is saturédgdré S10 The
precipitable water. This model does not include the synergeti@ter uptake prtes (Figure S10Bat 6 °C below the ambient
e ect due to the higher emissivity of the adsorbed water undeamperature indicate that the cellulose fabric taleh fo
high humidity, making it a conservative estimate of the coolirghieve a steady-state water uptake atC2@mbient
power:* The dashed line of 100% RH and the minimum 50temperaturefigure 8,C depicts the saturated water uptake
W/m? cooling power justify that radiative cooling is still viables a function of RH. The sorption process mainly forms
under high relative humidity to aid water harvesting. bounded water at low RH, and dew condensation occurs when

The schematics of theeld-test apparatus utilized to the RH is >60% with a surface temperature th&Cisdiver
experimentally demonstrate the radiative cooling surfatean the ambient temperature. In general, sorption and
temperature and cooling power of cellulose samples aendensation analyses show that radiative cooling has a
illustrated inFigure A,B. The eld tests of subambient positive impact on both phenomena. Although the water
radiative cooling were conducted during September in Trogorption at the lower end of the spectrum is inferior to that of
NY (42.7284 N, 73.6918 W) and were repeated between other reported AWH system&*** (Table S), the
November and January in West Lafayette, IN (40.8237 advantages of potential zero energy input and scalability are
86.9212 W) from  9:00 pm to 6:30 am. During eaahd unigue to the radiative cooling AWH system by the hybrid
test, the cellulose surface temperature, ambient temperatw@,ption-dewing fabric. A € temperature drop of the
and dew-point temperature were monitored simultaneoustgllulose fabric increases water uptake by 1.3 times at 30% RH
(Figure &, Note S§. Figure & highlights the maximum (sorption-dominated)and by 70 times at 90% RH
surface temperature drop of 8lfor the fabric sample at (condensation-dominated) compared to the sanspigtion

90% RH during one night (Nov 11). Throughout thiel isotherm QNote S1) The concept of lowering the temper-
tests (Sept 25Dec 9, 2020), the temperature pee of the ature by a radiative coolingeet can inspire other AWH
sample exhibit continuous and consistent subambient coolimgaterials or systems.
with an average of 76 below ambient temperaturd {g) Because of local vapor saturation and the cooling-induced
observed during the night, wheFg,gis de ned as the sample phase change, more water adsorption is observed during dew
temperature minus ambient temperatligg An average condensation than the sorption process. The porous structure
radiative cooling power of 82.7 Wiwvas measured with a provides a low area density and leads to a high water uptake as
feedback heateFigure B, Note SY for the fabric during the  de ned per unit mass. With the foldable feature, the low area
nights of Jan 121, 2021 figure &), which is consistent density highlights the low weight and portability of this
with the theoretical model. Note that the cooling power andnaterial. During water adsorption, the passively cbeled
the temperature drop below ambient values of the samphetwork lowers the water activity under &@5ambient
surface vary with ambient conditions (i.e., temperature, Ridondition, shifts up the sorption isotherm, and reduces the
and cloud conditions). ber temperature~{gure 8). The cooled sample can even

To fully understand the ect of ambient conditions (i.e., reach a temperature below the dew point toward local
RH andT .,y on cellulose-based AWH, the sample is tested icondensation when the RH is >60%g{re £€). Conversely,
an environmental chambeétofe S§ with controlledT 4, the ber water interaction and the water adsorbed on the
(15, 25, 45°C) and RH (12 90%). The conditions were bers will increase the overall IR emissivity of the sample
selected on the basis of global climate variations and are atempared to that ofbers alone, leading to a higher cooling
similar to the test conditions of othérs.By analogy to the  power. Under conditions (8:€ ambient temperature) close
cooling eect in an environmental chamber, the sampldgo those of the Nov 5eld test, the cellulose sampleC6

ooling: Q phase chan-ge Q steady stat (2)
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Figure 5.Scalability, impact, and the prospect of AWH by radiative cooling cellulose material. (A) IR image of a large-scale cellulose sample t
in front of the Ray. W. Herrick Laboratories, Purdue Universtg atbient temperature and 50% RH. The sample has a very low temperature
compared to the ambient temperature. (B) lon conductivity test of watesrfantdiollection processes. (C) Cumulative annual water collection
solely by cellulose-based AWH, with the prediction based on the local climate around the globe. (D) Spatially averaged monthly water produt
per area.

below the ambient temperature at 80% RH yields a similé higher ion resistance indicates high purity of the'vater
water uptake of 1.89 kg/kg (i.e., 0.0793 ffRigure €, star During water extraction, our porous cellulose fabric can
data point). Ambient air at 28 and 90% RH in the potentially lter water via the electrostatic interaction between
laboratory test has a saturated vapor pressure that is 3.2 tirties surface-chargeder network and impuritiesFigure B
higher than that of air at 8 and 80% RH in theeld test. presents the resistances of collected water and the standard 18
The di erence between the absolute amount of water andl  puri ed water. In comparison, rainwater exhibits the
other unpredictable environmentattuations leads to the lowest ionic resistance (0.02 M indicating the highest
overall higher water uptake in the laboratory test than in theoncentration of impurities. This is likely due to the fact that
eld test. In the water extraction process, the sample can jpecipitation droplets are formed by nucleating aroatidg
either mechanically squeezed or heated by solar powgrticles such as dirt and dust. Water originating from
depending on the availability of the energy souxce#s ( mechanical and solar extraction gives ionic resistances of
S1). The time consumption and extractable water percentad®-03 and 16.43 M respectively. Compared to the water
of solar heating and mechanical compression are showncigndensed directly on the dewing plate, our radiative cooling
Figure D,E. Solar heating can extract 100% of the adsorb&gllulose material harvests water with 50.8 and 64.8% higher
water at 3090% RH. Using a 500 N load (typical hand grip resistances by mechanical extraction and by solar extraction,
strength))® the water can be extracted by mechanicarespectively, as a result of titeation eect of the ber
compression when the RH is >60%. The curve of extractidigtwork. The comparable resistances to the highlgdpuri
time vs RH by solar heating follows a trend similar to watéitandard 18 M water indicate the cellulose matsrial
uptake vs RH because an increasing sample area simuigability of generating safe and clean water regardless of the
neously promotes the adsorbed water and absorbed schdRbient air quality. Furthermore, to avoid dust and particles
energy. In contrast, the extraction time of mechanic&l099ing, the fabric sample can be washed and disinfected via

Compression is neg||g|b|e b|eaChil’lg after_ CyCIiC use. ) )
Potential daily water production on a global scale is

estimated using the performance characterized in the
LARGE-SCALE IMPACT laboratory testHigure 8,C). The model uses the global
The cellulose-based AWH also features high portability artimate data from the National Centers for Environmental
scalability for large-scale deploymenective radiative  Prediction (NCEP) for the year 202@nd interpolates the
cooling under direct solar irradiation is observed, as evidencgtiount of daily water production based solely on the local
by the IR images of the large-scale cellulose safnples ( relative humidity. The conservative estimation assumes that
5A). Water quality is another crucial aspect of the design angater production occurs only one-third of a year (functional
development of AWH. To test theset of cellulose for water days) and for only one adsorptiertraction cycle every
puri cation, the electrical resistance of collected water in ttfanctional day that excludes unfavorable climate conditions
outdoor experiments is measured to indicate ion conductivifjlote S1). The annual production of a minimum of 2 £/m
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and a maximum of 80 Lfnestablishes a baseline pattern for Authors

the continentsKigure &). The cellulose fabric is predicted to  Yun Zhang School of Mechanical Engineering, Purdue
have a greater monthly water production between October and University, West Lafayette, Indiana 47907, United States
March Figure B). Furthermore, with an extremely low raw  Wenkai Zhu School of Mechanical Engineering, Purdue
material cost, the annual cost of water production was University, West Lafayette, Indiana 47907, United States
estimated to be as low as $5.2/L at 60% RH and $0.01/L at Chi Zzhang Department of Mechanical and Process

90% RH. Together with its durability and sustainability, the  Engineering, ETH Zurich, 8092 Zurich, Switzerland;
large-scale potential of cellulose-based fabric can translate to a® orcid.org/0000-0002-9018-0492

fast and distributed deployment for household use as a valuedoseph Peoples School of Mechanical Engineering, Purdue
added cellulose product, opening abundant but largely University, West Lafayette, Indiana 47907, United States;
unexplored industrialization opportunities with the new orcid.org/0000-0002-0495-1394

fundamental properties of cellulose revealed. Xuan Li  School of Mechanical Engineering, Purdue
University, West Lafayette, Indiana 47907, United States
CONCLUSIONS Andrea Lorena Felicelli School of Mechanical Engineering,
In this work, we report scalablecient, and sustainable Purdue University, West Lafayette, Indiana 47907, United

atmospheric water harvesting with a passive radiative cooling Stat€s . o

cellulose-basedber network. The excellent passive radiative g(|we.| Shan  School of Mechanical Engineering, Purdue

cooling capability of cellulose provides an average sampIeDur."V‘arS'ty’ West Lafayette, Indiana 47907, United States

temperature that is up to 78 lower than the ambient avid M. Warsinger School of Mechanical Engineering,

temperature for enhanced nighttime water uptake. In addition, Purdue University, West Lafayette, Indiana 47907, United

the naturally occurring hierarchical structure of the hydrophilic  Stétes; Birck Nanotechnology Center, Purdue University,

cellulose ber network enables a multiscale, synergistic _ West Lafayette, Indiana 47907, United States

interaction of cellulose, water, and energy. A high harvestingTheOdO”an quca—'l_’ascmcMechamcal, Aerospace, and .

capacity was demonstrated under both controlled and natural Nuclear Engineering Department, Rensselaer Polytechnic

conditions. By estimation, an average annual water production 'NStitute, Troy, New York 12180, United States

of 40 L/n?, solely by AWH, can be potentially realized byComplete contact information is available at:

simply spreading out cellulose-based fabric toward the dkiyps://pubs.acs.org/10.1021/acs.nanolett.1c04143

during the night. The portability of cellulose fabric further

extends the scope of AWH. With the understanding of th&uthor Contributions

merit of combining sorption and radiative cooling, furtherL., X.R., T.B., and D.W. designed the experiments. Y.Z., W.Z.,

material optimization can target an improved optical respon$g.Z. carried out the analysis. Y.Z., W. Zhu, J.P., X.L., A.F., and

mechanical properties, and hygroscopicity. A further enhande€S. conducted the experiments and contributed to data

ment of the IR emissivity and reduction of the sokectreity illustration. All co-authors contributed to manuscript writing.

are desired for future improvement. Tier network can be otes

redesigned for fewer macroscopic holes and more clos ; .

packed bers for higher mechanical robustness and cyclability. e authors declare no competingncial interest.
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