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Adsorption-based atmospheric water harvesting (AWH) has the potential to
address water scarcity in arid regions. However, developing adsorbents that
effectively capture water at a low relative humidity (RH <30%) and release it
with minimal energy consumption remains a challenge. Herein, we report a
fluorophenyl oligomer (FO)-incorporated metal-organic framework (MOF),
HKUST-1 (FO@HK), which exhibits fast adsorption kinetics at low RH levels
and facile desorption by sunlight. The incorporated fluorophenyl undergoes
vapor-phase polymerization at the metal center to generate fluorophenyl oli-
gomers that enhance the hydrolytic stability of FO@HK while preserving its
characteristic water sorption behavior. The FO@HK exhibited vapor sorption
rates of 8.04 and 11.76 L kg™ vior h™ at 20 and 30% RH, respectively, which are
better than the state-of-the-art AWH sorbents. Outdoor tests using a solar-
driven large-scale AWH device demonstrate that the sorbent can harvest
264.8 mL of water at a rate of 2.62 L kg™ vior per day. This study provides a
ubiquitous strategy for transforming water-sensitive MOFs into AWH sorbents.

As two-thirds of the world’s population is experiencing water scarcity,
which is mainly attributed to population growth, climate change, and
complicated factors, the demand for fresh water has become
increasingly important“. Among various technologies, atmospheric
water harvesting (AWH) has received great attention because it is not
restricted by regional conditions®>. In arid regions that experience
severe water shortages, a technique that can be operated under low
relative humidity (RH <30%) and with minimum energy consumption
has been of great interest**%, In this regard, well-known atmospheric
water-capturing methods, such as fog capture’', which is operable
under high RH, and dew condensation™", which usually requires a
large amount of energy, are not promising candidates. For time-
efficient AWH at a low RH, sorbents should exhibit the following
requirements: water stability for multiple water adsorption-desorption

cycles, high water uptake with fast sorption kinetics at low RH condi-
tions (<30%), and low energy consumption for water desorption®”.
For instance, zeolites have demonstrated adequate adsorption
abilities for operation over a wide range of RHs, and silica gels have
shown reduced water adsorption at low RHs. In addition, these
adsorbents usually require high energy for water desorption and
exhibit relatively low water uptake capacities'*”. Polymer-based sor-
bents exhibit excellent water uptake capacities with relatively low
energy consumption for water desorption; however, few polymeric
sorbents with fast sorption kinetics under low RH conditions have
been reported®®?. It has also been reported that balancing the
hydrophilic and hydrophobic properties of covalent organic frame-
works (COFs) is important for improving the sorption kinetics in AWH
systems®. Recently, metal-organic frameworks (MOFs), which are
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crystalline coordination compounds composed of metal nodes and
organic linkers with microporosity and chemical diversity, have
exhibited promising results and are suitable for AWH in arid areas® >,

For example, Zr-containing MOF-801 exhibited efficient AWH
abilities at humidity levels down to 20% RH and was powered by nat-
ural sunlight. Solar-driven thermal heating enabled water desorption
from the MOF, resulting in 2.8 L kg™ of water harvested per day at 20%
RH®. This result is noteworthy because the characteristic water sorp-
tion isotherm of MOF-801 exhibits a sharp increase at very low relative
pressures. Thus, this MOF is suitable for high water uptake at a low RH
and fast desorption by low-grade energy sources, such as sunlight. In
addition, Al-containing MOF-303 exhibited a faster vapor sorption rate
of 4.8Lkg™ h™ at 30% RH than MOF-801, proving the applicability of
MOFs for AWH in arid regions®. Based on previous results, hydrolytic
stability and characteristic water sorption behavior are noted as
important features when applying MOFs for energy-efficient AWH
applications®?**,

Herein, we report the most time-efficient solar-driven AWH of
fluorophenyl oligomer-incorporated HKUST-1 (hereafter denoted as
FO@HK, where HK is a completely desolvated MOF, HKUST-1). Vapor-
phase polymerization (VPP) of a few phenolic precursors, including
fluorine-free, mono-fluorine, and tri-fluorine phenols (denoted as Fo,
F,, and F5, respectively), was performed at the metal center, resulting in
the formation of the corresponding polymers in the pores of HKUST-1
(denoted as Fo@HK, F;@HK, and F3@HK, respectively). We found that
the incorporation of FO substantially enhanced the hydrolytic stability
of HKUST-1. This improvement can be attributed to two factors: (i) the
protection of open Cu(ll) sites from water coordination through
dynamic coordination of the hydroxyl oxygen in the fluorophenol
moiety, and (ii) the increase in hydrophobicity achieved by using
fluorinated oligomers while retaining the characteristic water sorption
behavior of HKUST-1.

Among the various FO@HK samples, F;@HK with a porosity
blockage of 30% (denoted as F3;@HK_30), compared to pristine
HKUST-1 (hereafter pristine-HK), demonstrated excellent vapor sorp-
tion rates of 3.84, 8.04, and 11.76 L kg ™"\ior h™* at 10, 20, and 30% RH,
respectively. This represents the best value known to date and excel-
lent water sorption kinetics. In addition, a solar-driven AWH device
based on F;@HK_30 with carbon paper exhibited an adsorption
capacity of 0.23 g g\vior at 25% RH within 10 min and desorption under
1 sun condition within 20 min in the indoor experiment. This device
could harvest 10.08 L kg™ vior of water daily without additional energy
input. Therefore, this strategy can be ubiquitously applied to water-
sensitive MOFs with characteristic water sorption behavior, making
them time-efficient sorbents for AWH to sustainably provide fresh
water in arid regions.

Results

Fluorophenyl oligomer-incorporated MOFs prepared by VPP
HKUST-1 (Cu3BTC,, BTC =1, 3, 5 benzene tricarboxylate), a well-known
MOF, has a characteristic water sorption behavior suitable for cap-
turing water at low RHs (Fig. 1a). However, its inherent instability under
hydrolytic conditions limits its water sorption applications?**, Thus,
for AWH applications under dry conditions, the hydrolytic stability of
HKUST-1 should be significantly improved while preserving its char-
acteristic water sorption behavior. Therefore, a VPP strategy was used
to prepare an FO@HK composite to improve the hydrolytic stability of
pristine HK, which was employed as a sorbent for AWH under arid
conditions (Fig. 1b)*~'. VPP preferentially occurs at open Cu(ll) sites,
effectively serving as a Lewis acid catalyst for polymerization and
resulting in enhanced hydrolytic stability. We attribute this improve-
ment to the protection of the open Cu(ll) sites against water coordi-
nation via the dynamic coordination of the hydroxyl oxygen within the
fluorophenol moiety, thereby retaining its inherent water sorption
characteristics (Fig. 1c). First, different amounts of the fluorine-free

phenol-formaldehyde precursor (Fo) were used for the VPP reaction in
HK at 90 °C for 12 h. The nitrogen sorption isotherms (Supplementary
Fig. 1) showed a gradual decrease in the micropore volume with higher
Fo amounts for the Fo@HK samples, while the type I characteristic
isotherms for the samples were retained. With increasing precursor
amounts, the micropore volumes of the Fo@HK samples decreased to
5,15, and 30%, respectively (hereafter denoted as Fo@HK_5, Fo@HK_15,
and Fo@HK_30; Supplementary Table 1). The surface state, morpho-
logical features, and crystallinity of the Fo@HK samples were mon-
itored using scanning electron microscopy (SEM) and powder X-ray
diffraction (PXRD), and it was found that the features were the same as
those of pristine HK (Supplementary Figs. 1, 2). By combining the
above results, we concluded that VPP could preserve the characteristic
isotherm type, crystallinity, and morphology of pristine-HK, except for
a controllable reduction in microporosity. In addition, the pores of
pristine-HK were eventually blocked by prolonged polymerization
with a greater amount of the precursor, denoted as Fo@HK_100, which
also presented a smooth surface morphology and preserved the
crystallinity of pristine-HK (Supplementary Fig. 1 and Supplementary
Table 1).

Because fluorinated MOFs have shown improved hydrophobicity,
especially toward water vapor’***, we employed fluorine-substituted
phenols (F; and F5) as precursors in further VPP. As expected, a gradual
reduction in microporosity with higher amounts of F; and F; pre-
cursors equivalent to those used for the Fo@HK samples was clearly
identified in the F;@HK_5, F;@HK 15, and F;@HK_30 samples, and the
F3@HK_ 5, F3@HK 15, and Fz;@HK_30 samples (Fig. 1d, Supplementary
Fig. 3, and Supplementary Table 1), while they preserved the type-l
isotherms well. Furthermore, the SEM and PXRD results indicated that
the surface state, morphological features, and crystallinity were also
well maintained for the F;@HK and F;@HK samples after VPP (Fig. 1e, f
and Supplementary Figs. 3, 4).

VPP was successfully achieved via an acid-catalyzed reaction
involving the addition of a phenol to formaldehyde to form hydro-
xymethyl derivatives, followed by condensation to form methylene
and methylene ether-bridged derivatives®. To elucidate the chemical
structure of the synthesized polymeric species within the pores of
pristine-HK, we performed digestion '"H NMR measurements on the
pristine-HK, F3@HK_30, and F;@HK_100 samples (Fig. 1g and Supple-
mentary Figs. 5, 6). In the F3@HK_100 sample, the peaks at 2.78 and
2.61 ppm were assigned to the protons of the methylene ether bridge
and methylene bridge between fluorophenols, respectively. These
peaks indicate the presence of polymeric moieties in the
F3@HK_ 100 sample, as they were not observed in the pristine-HK
spectrum. Conversely, in the F3@HK 30 sample, a decrease in the
intensity of the peaks associated with methylene ether and methylene
bridges was observed. Instead, a peak at 1.89 ppm was observed,
corresponding to the methylene bridge proton of the hydroxymethyl
group. This suggested that a complete condensation reaction was not
achieved for the F3@HK_30 sample. The fluorophenol moieties were
quantified using 'H NMR spectroscopy and calibrated using a BTC
linker as internal standard. The results revealed that the molar ratios of
Cu:fluorophenol in F3@HK 100 and F;@HK_30 were approximately
1:2.78 and 1:0.68, respectively (Supplementary Tables 2-6). These
ratios closely corresponded to the proportions of reactants used
during the synthesis.

The atomic percentages of fluorine in the F;@HK15 and
F3@HK_ 30 samples were 3.8 and 6.3%, respectively, as determined
using energy-dispersive X-ray spectroscopy (EDX) during SEM mea-
surements (Supplementary Fig. 7 and Table 7). The EDX results indi-
cated that the molar ratios of Cu:fluorophenol in F;@HK 15 and
F3@HK_30 were approximately 1:0.29 and 1:0.62, respectively, which
were similar to the proportions used for synthesis. Thermogravimetric
analysis (TGA) confirmed the Cu: fluorophenol ratio of 0.70 for
F3@HK 30 (Supplementary Fig. 8 and Supplementary Note 2).
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Fig. 1| Physicochemical analysis results for the F;@HK_30 sample and sche-
matic illustrations of VPP and AWH. a Water sorption isotherms for pristine-HK
and F3@HK_30 at 298 K. b, ¢ (b) Schematic illustrations of synthesizing FO@HK for
AWH, and (c) VPP processes preferentially occurring at open Cu sites that act as
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F3@HK_30 samples. g 'H NMR spectra for the pristine-HK, F3@HK_30, and
Fo@HK_100 samples. 'H NMR was taken after the crystals were completely digested
in DMSO-dg with D,SO,4. h HAADF elementary F mapping image for the
F3@HK_30 sample. i PXRD results for the F3@HK_30 sample under harsh condition
(88 °C with 88% RH). The red arrow displayed in the PXRD results indicates a
crystalline phase transition to the non-porous phase after exposure to hot humid
air. Source data are provided as a Source Data file.

In addition, high-angle annular dark field (HAADF) element mapping
analysis, carried out in scanning transmission electron microscopy
(STEM) mode, demonstrated that Cu, C, and O were spatially well
distributed in the F3@HK 30 sample (Supplementary Fig. 9). More

importantly, the F-mapping image showed that the fluorophenyl oli-
gomer was evenly distributed within the pores of the pristine-HK
crystal rather than residing on its surface (Fig. 1h and Supplemen-
tary Fig. 10).
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Enhanced hydrolytic stability of FO@MOFs

As it is interesting to determine the extent to which the VPP process
improves the hydrolytic stability of FO@HK, the pristine-HK and
Fo@HK 15, F;@HK_15, F3@HK_15, and F3@HK_30 samples were tested
under harsh condition (88 °C with 88% RH). According to the PXRD
results shown in Fig. 1i and Supplementary Fig. 11, the crystalline phase
of pristine-HK was significantly changed to a non-porous phase after
exposure to humid air for 18 h at 88 °C with 88% RH. In contrast, the
PXRD results showed that the hydrolytic stability of the polymer@HK
samples was substantially improved compared to that of pristine-HK.
The Fo@HK15, F,@HK15 and F;@HK15 samples retained
their crystallinities much longer and began to change to the non-
porous phase slightly after exposure for 3, 7, and 9 weeks, respectively.
Considering that the polymer@HK_15 samples retained 85% porosity,
VPP can be considered a highly effective strategy to improve
hydrolytic stability. In addition, samples with more fluorine sub-
stituents exhibited higher hydrolytic stability in the order of
Fo@HK_15 < F;,@HK 15 < F3@HK_15, clearly demonstrating the positive
effects of fluorination. Surprisingly, the hydrolytic stability of the
F3@HK 30 sample was significantly enhanced and its crystallinity
remained intact even when the fluorinated MOF was exposed at 88 °C
with 88% RH for 56 weeks. In addition, nitrogen sorption isotherms
were attempted for the F3@HK_30 sample after 38 and 56 weeks, and
their microporosities were 0.22 and 0.11cm®g™, respectively (Sup-
plementary Fig. 12 and Table 1) even under harsh condition (88 °C and
RH 88%). This suggests that more than 50% of the porosity of
F3@HK_30 can be used for almost 9 months, even under such harsh
condition. Based on this result, we hypothesized that the open Cu (II)
sites could be protectively coordinated with fluorophenol moieties,
where water molecules can coordinate and consequently damage the
crystallinity>* %, Therefore, the enhanced hydrolytic stability of the
FO@HK samples was attributed to the coordinative protection of the
fluorophenol moieties by a combination of fluorination effects. This
approach was applied to MOF-74 (Mg), which has open metal sites.
F3@MOF-74(Mg)_30 (30% of the micropores of pristine MOF-74(Mg)
were decreased by VPP) was successfully prepared and exhibited
improved hydrolytic stability compared to the pristine MOF-74(Mg)
(Supplementary Fig. 13 and Supplementary Discussion 1).

Dynamic coordination of oxygen moieties to Cu(ll) sites

To test this hypothesis, ex situ and in situ Raman spectroscopy mea-
surements were performed, predicting that the vibrational band of the
Cu-Cu nodes in HKUST-1 is sensitively altered upon coordination
bonding of axially associated atoms or molecules. Additionally, the
measurements were used to determine whether the hydroxyl oxygen
in the FO is associated based on the vibrational frequency (Fig. 2). We
first conducted ex-situ Raman measurements on the activated
F3@HK_30 and F3@HK_15 (Act-F3@HK_30 and Act-F3@HK_15) samples.
For comparison, we also conducted measurements using activated
pristine-HK (Act-HK). Furthermore, we performed measurements with
water-exposed Act-F;@HK 30, Act-F;@HK 15, and Act-HK samples
(H,0-F;@HK_30, H,0-F;@HK_15, and H,0-HK, respectively) to moni-
tor spectral changes. As a result, while the Cu-Cu stretching band at
approximately 230 cm™, which originates from the open Cu(ll) state
(a non-coordinating state at the axial position)**~®, appeared in all
Act-F3@HK 30, Act-F;@HK 15, and Act-HK samples, the stretching
vibration at 169 cm™ appeared only in the Act-F3@HK 30 and
Act-F3@HK 15 samples (Supplementary Fig. 14). When the Act-
F3@HK_15 sample was exposed to moist air (H,O-F;@HK_15), the
vibrational bands at 229 cm™ disappeared, and the band at 169 cm™
shifted slightly to 177 cm™ %, This pattern is similar to that observed for
H,0-HK. Thus, the 169 cm™ vibrational band in Act-F;@HK_15 was
attributed to coordination bonding of the hydroxyl oxygen in the
fluorophenyl moieties, and the band shifted to 173 cm™ under moist
conditions with the association of water molecules at the Cu(ll) sites

after the dissociation of the hydroxyl oxygens. In contrast,
H,O-F;@HK 30 exhibited the same Raman spectrum as Act-
F3@HK_30, clearly confirming that the Cu(ll) sites were stably coor-
dinated to the hydroxyl oxygen in the fluorophenyl moieties, even
under humid conditions.

To corroborate the slight band shift from 169 cm™ to 173 cm™, we
performed in situ Raman spectroscopy measurements on the Act-
F3@HK_30 and Act-Fz@HK_15 samples, successively exposing them to
moist air (Fig. 2a, b). As expected, while the vibrational band at
229 cm™ for Act-F;@HK 15 disappeared, that at 169 cm™ shifted to
177 cm™ when the sample was exposed to moist air. Thus, we attrib-
uted the band shift to the dynamic coordination exchange of the
hydroxyl oxygens of fluorophenols with water molecules at the axial
Cu(ll) sites (Fig. 2c). In contrast, for the Act-F;3@HK_30 sample, the
peaks at 169 and 229 cm™ remained intact for 120 min under in situ
Raman spectroscopy with continuous exposure to humid air (Fig. 2b).
This result implies that the coordination bond between the Cu(ll) sites
and hydroxyl oxygens of Act-Fs@HK_30 (prepared with twice the
amount of fluorophenol precursor compared to Act-F;@HK_15) was
mostly intact even after exposure to water (Fig. 2c).

To investigate our hypothesis concerning the coordinative pro-
tection afforded by the fluorophenyl oligomer at open Cu(ll) sites,
density functional theory (DFT) calculations were conducted to ana-
lyze the interactions between the fluorophenyl oligomer and water at
these sites. The adsorption energy of a water molecule at the Cu(ll) site
was calculated to be —0.61 eV, with a bond length of 2.271 A (Fig. 2d and
Supplementary Fig. 15a), consistent with results reported
previously**°, In contrast, the adsorption energy of the phenolic
oxygen of the fluorophenyl oligomer was -1.73 eV, indicating a sig-
nificantly stronger adsorption compared to that of water. The stronger
adsorption of the fluorophenyl oligomer was attributed to the
adsorption geometry within the pristine-HK pore structure (Fig. 2d and
Supplementary Fig. 15b). Specifically, the phenolic oxygen of the
fluorophenyl oligomer bonds with the open Cu(ll) site, exhibiting a
bond length of 2.397A, and additional hydrogen bonding occurs
between the hydroxyl hydrogen and carboxylate at the adjacent Cu(ll)
site, with a bond length of 1.938 A. Notably, the observed adsorption
geometry represents the maximum adsorption strength of the fluor-
ophenyl oligomer, assuming that no other molecules are adsorbed on
the open Cu(ll) sites. Under actual conditions, where the Cu sites may
interact with or be blocked by other molecules, the difference in the
adsorption energy between the fluorophenyl oligomer and water
could be less pronounced. Nevertheless, DFT calculations successfully
demonstrated that fluorophenyl oligomers can effectively protect
open Cu(ll) sites from water, exhibiting comparable or even stronger
interactions.

By combining the aforementioned results, we hypothesize that
VPP occurs at open Cu(ll) sites in pristine-HK (Fig. 2e). It should be
noted that HKUST-1 is composed of two types of large cages (type-I
and -1I) and a small cage (type-IlI). All open Cu(ll) sites face the internal
pores of the type-l large cage, whereas the type-ll large cage and type-
Il small cage do not have open Cu(ll) sites facing the interior of the
pores (Supplementary Fig. 16 and Supplementary Discussion 2). Thus,
itis reasonable to infer that VPP preferentially occurs in the type-llarge
cages, whereas the pores of the type-Il large cages and type-Ill small
cages remain almost intact until the type-l large pores are filled
(Fig. 2e). Simulations based on the size of the type-l large cage and
hydroxymethyl fluorophenol showed that the pores of the type-I cage
were almost entirely filled with the quantity of hydroxymethyl fluor-
ophenol used in F3@HK_30 (Supplementary Fig. 17 and Supplementary
Discussion 3). Therefore, the super-enhanced hydrolytic stability of
F3@HK 30 can be attributed to the effective dynamic coordination of
the phenolic oxygen of the fluorophenyl oligomer to the open Cu(ll)
site and hydrogen bonding with the carboxylate located at the adja-
cent open Cu(ll) site. In addition to the hydrophobic property of
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Fig. 2 | Dynamic coordination of fluorophenol moieties to the Cu(ll) sites of
pristine-HK and a proposed hypothesis demonstrating VPP at the open
Cu() sites. a, b In situ Raman spectra obtained every 30, 60, and 120 min for the
(a) Act-F;@HK_15, and (b) Act-F3@HK_30 samples under exposure to moist air,
respectively. Characteristic peaks in both Raman spectra were assigned to the
corresponding vibration modes. ¢ Schematic illustration of “dynamic coordination
exchange” of the hydroxyl oxygen of fluorophenol and water molecules at the axial
Cu(ln) sites. Hydrogen atoms bonded to carbon atoms in the benzene moieties are

omitted for clarity. d Geometry-optimized atomic structures of (left) water-
adsorbed and (right) fluorophenol-adsorbed HKUST-1. The gray, green, pink, and
white spheres represent C, Cu, O, and H atoms, respectively. For clarity, the C atoms
in fluorophenol are colored orange. e Schematic illustration of a proposed
hypothesis exhibiting a gradual polymerization starting from the type-I large cage
where all the open Cu(ll) sites are located, and then subsequent polymerization
eventually occupying the type-ll large cage. Polymerization through the type-Ill
small cage was omitted for clarity. Source data are provided as a Source Data file.
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Fig. 3 | DVS results of the pristine-HK and F;@HK_30 samples under different
RH conditions. a DVS profiles of F3@HK_30 with different RH conditions (10, 20,
and 30% RH). The error bars represent the standard deviation of the triplicate mass
change measurements. b Water uptakes (left y-axis) and vapor sorption rates (right
y-axis) of the F3@HK_30 sample at different uptake times under different RH

conditions. ¢ Comparison of the vapor sorption rates of various sorbents including
silica, carbon, polymer, and MOF with the F3@HK_30 sample at low RH levels. If the

Time (day)

reference sorbents have several vapor sorption rates below 30% RH, then those
values are also included. The vapor sorption rates of F3@HK_30 obtained from
different uptake times under different RH conditions are listed for comparison. The
error bars represent the standard deviation of the triplicate vapor sorption rate
measurements. d, e Multi-cycle DVS results for (d) pristine-HK and (e) F3@HK_30
with vapor adsorption under 88% RH at 25 °C and desorption by the pressure swing
of nitrogen gas at 25 °C. Source data are provided as a Source Data file.

F3@HK_30 due to the fluorination effect, the type-I large cages with all
open Cu(ll) sites facing inward were substantially protected from
water vapor, whereas the type-Il large cages and type-Ill small cages
still have sufficient space to allow guest molecules to be freely acces-
sible. Eventually, the type-Il large cages and type-Ill small cages are
occupied by the polymer via a prolonged VPP process, forming
F-@HK_100 (Fig. 2e).

Dynamic vapor sorption measurements

Owing to its hydrolytic stability compared to other samples, water
sorption experiments were performed on the F3@HK 30 sample.
Dynamic vapor sorption (DVS) was performed for the
F3@HK_30 sample three times under various RHs, including 10, 20,
and 30% at 25 °C. The DVS profiles of F3@HK 30 at different RHs
(Fig. 3a) showed that all the samples exhibited similar and very fast
vapor sorption dynamics. The experiments were conducted in tripli-
cate, and error bars were calculated for each point using the standard
deviation. For the specific measurement, the vapor sorption capa-
cities at different RHs (10, 20, and 30%) were 0.084, 0.177, and
0.249 g g'vior, respectively, which were achieved within 5 min. Sorp-
tion capacities greater than 70% (76.2, 75.7, and 78.7% at 10, 20, and
30% RH, respectively) were achieved within 1 min for all RHs (Fig. 3b).
The corresponding vapor sorption rates for 10, 20, and 30% RH at
1min were 3.84, 8.04, and 11.76 L kg™ yior h™, respectively, and those
at 2 min were 2.37, 4.92, and 7.02 L kg yior h7, respectively (Fig. 3b).
The other two results are shown in Fig. 3a, ¢ and in Supplementary
Table 8. To the best of our knowledge, under low RH conditions
(<30%), these vapor sorption rates are among the best values
reported to date (Fig. 3¢ and Supplementary Table 8%319202641745)
Error bars were calculated for each RH value (10, 20, and 30%) using
the standard deviations derived from the values obtained in Fig. 3a.

To corroborate the superior vapor sorption behavior, we examined
the water sorption isotherm for F;@HK_ 30 (Fig. 1a). This sample
exhibited relatively slower adsorption behavior at a very low relative
pressure compared to pristine-HK, probably due to the absence of
the chemisorption interaction as determined by in situ Raman spec-
troscopy (Fig. 2b). Additionally, the pore size distribution (PSD) of the
pristine-HK and F;@HK_30 samples were obtained (Supplementary
Fig. 18), and the pristine-HK sample exhibited one sharp peak cen-
tered at approximately 1 nm, which was similar to those previously
obtained***’. In contrast, the PSD of F3@HK_30 exhibited two peaks at
approximately 0.7 and 0.85 nm, probably due to the steric hindrance
from fluorophenyl oligomers. Therefore, the smaller but still inter-
connected micropores in the F3@HK_30 sample could be responsible
for its high water uptake under low RH conditions (Fig. 1d).

In addition, multi-cycle DVS experiments at 88% RH and 25 °C and
desorption by a pressure swing of nitrogen gas at 25°C were per-
formed for the pristine-HK and F;@HK_30 samples. As expected, the
vapor sorption capacity of pristine-HK gradually decreased with pro-
longed cycling (Fig. 3d). In contrast, F3@HK_30 exhibited a multi-cycle
DVS performance, in which the sorption capacity increased slightly at
an early stage up to 10 cycles and was well maintained until 76 cycles
(more than 300 h) (Fig. 3e). The slight increase in water uptake at the
early stage can be attributed to the gradual activation of F3@HK_30 by
the initial consecutive pressuring swing process, which captured the
ambient moisture prior to the DVS measurement. The multi-cycle
performance of F3@HK_30 under high RH conditions was ascribed to
its greatly improved hydrolytic stability and fast sorption dynamics.

Indoor solar-driven AWH
A solar-driven AWH experiment was conducted in an arid environment
using a homemade device based on F3@HK_ 30 infiltrated within
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Fig. 4 | Indoor solar-driven AWH of a device based on F;@HK_30 infiltrated
within carbon paper (F;@HK_30@CP) at 25% RH and 25 °C. a Schematic illus-
tration of the indoor solar-driven AWH of F;@HK_30@CP located within a styr-
oform@PTFE holder inside a home-made acryl box. b Photograph of a home-made
AWH device with the inset showing the top view of the F3@HK_30@CP in the
Styroform@PTFE holder. The inset is the photograph of the view window under
1sun flux after 20 min. The scale bar is 1 cm. ¢ Adsorption and desorption capacities
of the AWH device with time. The error bars represent the standard deviation of the

triplicate weight change measurements. d Corresponding infrared images indi-
cating the temperature obtained at a particular exposure time (1, 5,10, and 20 min).
e Dissolved Cu ion concentrations from the AWH device based on pristine-HK@CP
and F3@HK_30@CP in comparison with the US EPA (1.3 ppm) and WHO (2 ppm)
standards for drinking water. f Multi-cycle (48 cycles) AWH of F3@HK_30@CP with
adsorption of dry air (25% RH) at 25 °C and desorption for 20 min under 1 sun flux.
Source data are provided as a Source Data file.

carbon paper (F3@HK_30@CP, Fig. 4a, b and Supplementary Fig. 19
show an SEM image of the carbon paper) under adsorption conditions
of 25% RH and 25 °C and desorption under a 1 sun condition. The CP
was 2cm in diameter, 0.16 mm thick, and 9.2mg, and the device
contained 127.4 mg of F;@HK 30. Ten stacks of Fz;@HK 30@CP,
located within a styrofoam@PTFE holder inside a homemade acrylic
box, were used in the experiment. According to the absorption spectra
(Supplementary Fig. 20), F3@HK_30@CP effectively absorbed solar
light in the full solar spectral range of 200-2500 nm, whereas
F3@HK 30 selectively absorbed light between 550 and 1100 nm. In the
adsorption process, the sorption capacity of F3@HK 30@CP was
0.23 g g"'mor, which was completed within 10 min, again confirming its
fast sorption dynamics (Fig. 4c). The desorption process was per-
formed under 1 sun condition, where more than 90% desorption was
achieved within 20 min (Fig. 4c). Comparably, Fo@HK_30@CP exhib-
ited similar adsorption kinetics but slower desorption than
F;@HK 30@CP (Fig. 4c). The experiments were conducted in

triplicate, and error bars were calculated for each point using the
standard deviation. Considering a similar pore blockage for both
samples (Supplementary Table 1), the faster desorption of
F3@HK_30@CP was attributed to the fluorination effect.

To monitor the increase in temperature of F3@HK_30@CP under
1 sun condition, infrared images were measured over time using an IR
camera. As shown in Fig. 4d, the temperature of F;@HK 30@CP
increased to approximately 54 °C within 10 min, and then remained
constant. In addition, water droplets were clearly observed through
the view window after 20 min of desorption under a1 sun flux (Fig. 4b
inset). These results strongly suggest that desorption can be effec-
tively achieved using the low-grade heat generated by sunlight. To
elucidate the energy consumption of the desorption process, the heat
of adsorption of water vapor for F;@HK 30 was measured, and
exhibited a moderate value of approximately 55k]Jmol® (Supple-
mentary Fig. 21), clearly supporting the sun-light-powered desorption
process®. One of the major issues of AWH is the leaching of
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detrimental components from the adsorbent’®**?_, we examined the

water desorbed from both pristine-HK@CP and F;@HK_30@CP using
inductively coupled plasma-mass spectrometry (ICP-MS). The Cu ion
concentration of the desorbed water from the pristine-HK@CP was
69.7 ppm; in contrast, only 0.044 ppm of Cu was detected in the water
desorbed from the F;@HK_30@CP sample (Fig. 4e). The water har-
vested from F3@HK_30@CP was well within the US EPA (1.3 ppm) and
WHO (2 ppm) standards for drinking water***". Thus, it can be con-
cluded that fresh drinking water can be harvested from the
F3@HK_30-based water harvester through effective protection of the
metal center by the hydroxyl oxygen in the fluorophenols and the
fluorination effect. Furthermore, multi-cycle solar-driven AWH was
performed under adsorption conditions of 25% RH and 25 °C for
10 min and desorption under 1 sun condition for 20 min (Fig. 4f). After
48 cycles (24h), the adsorption and desorption capacities of
F3@HK_30@CP remained intact, and this device was capable of har-
vesting 10.08 L kg'vior without any additional energy input, clearly
demonstrating its excellent performance. In addition, the XRD pat-
tern and nitrogen sorption isotherm of the sample were not affected
after 48 AWH cycles, confirming the hydrolytic stability of F3@HK_30
(Supplementary Fig. 22).

Outdoor solar-driven AWH

A prototype solar-powered water harvester was proposed to verify the
proof-of-concept of the AWH under outdoor condition. It should be
noted that the RH during summer in Korea is not as low as that in arid
regions. The Styrofoam holder had 5 holes filled with 20 pieces of CP,
including F3@HK_ 30 (2.78 g), which was the same size as the sample
used in the indoor experiment, and this prototype water harvester was
tested on a roof at Hanyang University (Fig. 5a). Notably, because the
small-scale AWH device contained only a small amount of F;@HK_30
(2.78 g), the desorbed water could not be properly condensed and
collected. Thus, the weight difference between the adsorption and
desorption of atmospheric water in F3@HK_30 was used to determine
the water sorption capacity in the multi-cycle outdoor experiments.
The adsorption proceeded at ambient RH (approximately 53%) before
7:30 AM and the adsorption capacity of this device was approximately
0.23 g g'mor, which was completed within 10 min (Fig. 5b). Desorption
was achieved under natural sunlight starting at 7:30 AM, and more
than 90% of the adsorbed water was successfully desorbed within
20 min (Fig. 5b). According to the video recorded for the desorption
process (Video S1), water droplets on the ceiling were readily observed
after 1 min, confirming the fast desorption process for this prototype
water harvester. In addition, the temperature of the adsorbent
increased to 45.5, 56.5, 57.1, and 58.3 °C after 5, 10, 15, and 20 min,
respectively, as measured by an IR camera (Fig. 5c and Supplementary
Fig. 23), and the corresponding photograph from the ceiling at 20 min
explicitly showed many water droplets on the surface (right top of
Fig. 5a). Furthermore, a 22-cycle solar-driven AWH in an outdoor
environment was achieved from 7:30 AM to 6:30 PM, with one cycle
consisting of 30 min of adsorption-desorption. The temperatures
(adsorbent and ambient), RH, and solar flux over the time of day are
plotted in Fig. 5d, e.

In attempt to prove the practical applicability of the F;3@HK_30
sample, large-scale AWH experiments were conducted in February and
May of 2024. A large-scale AWH device consisting of approximately
102 g of F3@HK_30 infiltrated within a polyacrylonitrile-based carbon
fabric (CF), F3@HK_30@CF, was placed inside a homemade acrylic box
(45 x 40 x 10 cm, Fig. 6a, b and Supplementary Figs. 24 and 25). AWH
experiments were conducted on the roof of Hanyang University on
May 18 that 15 adsorption (10 min)-desorption (20 min) cycles were
achieved. Water drops on the ceiling were clearly observed during
the desorption process (Fig. 6¢), and 264.8 mL was collected during
the daytime using the large-scale AWH device (Fig. 6d), which can be
converted to 2.62 L kg 'vior. The temperature of F@HK_30@CF under

sunlight was approximately 59 °C (Supplementary Fig. 26), and the
profiles of ambient air temperature, RH, and solar flux as functions of
time of day are displayed in Fig. 6e. In addition, the water accumulated
by the natural sunlight-driven multi-cycle AWH is represented by the
time of day (Fig. 6f). The other AWH experiments on May 12 and 19
produced 255.9 and 262.5 mL during the daytime using the large-scale
AWH device, which can be converted to 2.51 and 2.59 Lkgvior,
respectively (Supplementary Figs. 27 and 28). In addition, large-scale
AWH experiments were successfully conducted during winter (Feb-
ruary 14 and 16), demonstrating the reproducibility of our sample
under different environmental conditions (Supplementary
Figs. 29 and 30).

Furthermore, we conducted 100 cycles of large-scale AWH
experiments in May (May 2, 8, 9,10, 12, 14,16, 17,18, 19, and 22, 2024).
Per one cycle of AWH, 13.1-20.7 mL of water were harvested depend-
ing on the solar flux of the time of the experiment day (Fig. 6g).
Therefore, large-scale solar-driven AHW experiments clearly demon-
strated the practical applicability of the F3@HK_30 sample.

Discussion

VPP was successfully accomplished within pristine-HK, in which open
metal sites vulnerable to water vapor were effectively protected by
hydroxyl oxygen fluorophenols, while preserving the characteristic
water sorption behavior. Among the various FO@HK samples,
F3@HK_30 exhibited excellent hydrolytic stability at 88 °C and 88% RH
for 56 weeks because of the efficient protection of the open metal sites
and the fluorination effect. In addition, F3@HK_30 exhibited vapor
sorption rates of 3.84, 8.04, and 11.76 L kg y;or h™ at 10, 20, and 30%
RH, respectively, which are among the best values to date, clearly
confirming its excellent water sorption kinetics. Therefore, this
approach can be applied to other conventional moisture-sensitive
MOFs with characteristic water sorption behaviors, which can be
employed as energy- and time-efficient sorbents for AWH to sustain-
ably provide freshwater in arid areas. In addition, 22 solar-driven AWH
cycles were conducted during the day in an outdoor experiment.
Finally, the large-scale AWH experiment generated 264.8 mL of water,
which was converted to 2.62Lkg™"vor, clearly demonstrating the
practical applicability of the F3@HK_30 based AWH device*.

Methods

Materials

Cu(NOs),-2.5H,0, Mg(NO3),-6H,0 and paraformaldehyde was pur-
chased from Sigma Aldrich. 1,3,5-Benzenetricarboxylic acid (BTC) and
phenol (98%) were purchased from Tokyo Chemical Industry (TCI).
N,N-dimethylformamide (DMF) (99%), acetonitrile (99.8%), and sulfu-
ric acid (98%) were purchased from Daejung Chemicals & Metals.
Ethanol (99.9%) was purchased from samchun Chemicals. 2,5-dioxi-
dobenzene-1,4-dicarboxylate (DOBDC), 3-fluorophenol, and 2,3,4-tri-
fluorophenol were purchased from Alfa Aesar.

Synthesis of HKUST-1 (Pristine-HK)

Pristine-HK was prepared as follows. First, the mixture was prepared
with 5g of Cu(NO3),-2.5H,0 and 3 g of BTC in 150 mL of DMF. The
mixture was completely dissolved in a 250 mL polypropylene(PP)
bottle until a clear solution was obtained. The solution was then sealed
and reacted for 16 h in a 90 °C convection oven. The resulting product
was collected by centrifugation and washed 3 times with DMF and
acetonitrile. Finally, pristine-HK was activated at 100 °C in a static
vacuum to obtain nitrogen and water adsorption isotherms.

Synthesis of the FO@HK samples

Pristine-HK was developed into FO@HK using the VPP method. First,
pristine-HK, paraformaldehyde, and phenolic precursor were placed
separately in a 500 mL glass container with a stopcock. A specific
amount (130 mg, Cu: 0.58 mmol) of pristine-HK [Cus(BTC),] was
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Fig. 5 | Outdoor application of the prototype solar-powered water harvester
based on F;@HK_30@CP. a Photograph of a home-made AWH device composed
of a styrofoam holder with 5 holes containing 20 pieces of F3@HK_30@CP. The
scale bar is 5 cm. Photograph of water droplets on the ceiling after 20 min of
desorption by natural sunlight. The bottom right is the schematic image for the
styrofoam holder. b Adsorption-desorption profiles obtained at ambient RH
(approximately 53%) before 7:30 AM (Jun. 3,2023). The adsorption capacity of this
device was approximately 0.23 g g"\vior, Which was completed within 10 min. The
desorption profile of this device was achieved under natural sunlight starting from

7:30 AM. More than 90% of adsorbed water was successfully desorbed within

20 min. ¢ The IR camera image for the sample taken outside the device after 10 min
of exposure to natural sunlight. d Temperature profiles of the adsorbent and
ambient air, and RH and solar flux as functions of time of day. e 22-cycle natural
sunlight-driven AWH starting at 7:30 AM to 6:30 PM with one cycle consisting of
10 min adsorption and 20 min desorption. The collected amounts of water were
obtained by measuring the weight differences between adsorption and desorption
stages of the water harvester. Source data are provided as a Source Data file.

placed in the reactor with the phenol and paraformaldehyde pre-
cursors separately (molar ratio of 1:1.43). Typically, the amount of
phenol in Fo@HK 100 was 0.1091g; 1.16 mmol, which allows all Cu
open metal sites and phenol to be coordinated and blocks all micro-
pores in pristine-HK. The FO loading levels were adjusted as follows:
0.0054 g; 0.058, 0.0164 g; 0.174, and 0.0327 g; 0.348 mmol of phenol
for Fo@HK_5, Fo@HK_15, and Fo@HK_30, respectively. The F;@HK and
F;@HK samples were prepared similarly. The samples were

polymerized in a 90 °C convection oven for 12 h. The final product was
washed three times with acetonitrile and activated in a static vacuum at
70 °C for 6 h to obtain the nitrogen and water sorption isotherms.

Synthesis of MOF-74(Mg)

MOF-74(Mg) was prepared as follows. First, the mixture was prepared
with 1.58 g of Mg(NOs),-6H,0 and 0.34 g of DOBDC in a DMF:etha-
nol:deionized(DI) water = 150:10:10 vol% solution. The mixture was
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Fig. 6 | Large-scale solar-powered AWH experiment using F;@HK_30@CF at the
roof of Hanyang University on May 18, 2024. a Photograph of a home-made
large-scale AWH device composed of F3@HK_30@CF located within a styrofoam
holder (38 x 38 cm) that had 36 rectangular holes (5 x ¢cm), each of which contained
2 pieces of F3@HK_30@CF. b Schematic illustration of the large-scale AWH device.
c Photograph of water droplets on the ceiling after 20 min of desorption by natural
sunlight. The scale bar is 1cm. d Photograph of collected waters with the exact
amount from different times of day. e Profiles of ambient air temperature, RH, and

0
100

solar flux as functions of time of day. f Multi-cycle natural sunlight-driven AWH
starting at 8:30 AM to 6:30 PM with one cycle consisting of 10 min adsorption and
20 min desorption. The exact amount of water collected during the daytime was
264.8 mL, and 2.62 L kg™ yior Of water harvesting daily using this large-scale AWH
device. g 100 times of the large-scale AWH experiments during May (2, 8, 9, 10, 12,
14, 16,17, 18, 19, 22 of May 2024). The harvested amounts of water were
13.1-20.7 mL per one cycle AWH depending on the solar flux of the time of the
experiment day. Source data are provided as a Source Data file.
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completely dissolved in a 250 mL PP bottle until it became a clear
solution. After that, the solution was sealed separately in 6 units of a
40 mL vial and reacted for 24 h in a 120 °C convection oven. The
resulting product was collected by centrifugation and washed 3 times
with DMF and ethanol. Finally, MOF-74(Mg) was activated at 120 °C in a
static vacuum to obtain nitrogen adsorption isotherms.

Synthesis of F;@MOF-74(Mg)_30

MOF-74(Mg) was converted to F3@MOF-74(Mg) via the VPP method.
First, MOF-74(Mg), paraformaldehyde, and trifluorophenol were
placed separately in a 500 mL glass container with a stopcock. A spe-
cific amount (120 mg, Mg: 1.12 mmol) of MOF-74(Mg) [Mg,(DOBDC)]
was placed in the reactor with the phenol and paraformaldehyde
precursors separately (molar ratio of 1:1.43). Typically, the amount of
trifluorophenol in F;3@MOF-74(Mg) 30 was adjusted to 0.0296g;
0.2 mmol, which blocks 30% of the micropores in MOF-74(Mg). The
sample was then polymerized in a 90 °C convection oven for 12 h. The
final product was washed three times with acetonitrile and activated in
a static vacuum at 90 °C for 6 hours to obtain nitrogen sorption
isotherms.

Fabrication of F;@HK_30@CP and F;@HK_30@CF
F3@HK_30@CP and CF were prepared using the following dip-coating
method. F3@HK_30 was dispersed in acetonitrile using a sonicator at a
concentration of 0.5 g of F3@HK_30 per 1 mL acetonitrile. The result-
ing mixture was then dip-coated on Sigracet 29AA carbon paper (CP,
2 cm in diameter and 0.16 mm thick, and 9.2 mg) or Zoltek FTO500-
200 polyacrylonitrile-based carbon fabric (CF, 5 x 5cm). The dip-
coating process was repeated until the loading level was reached at a
dry weight of 405.7 g m? for CP and 568.0 g m? for CF. The final weight
was determined based on a fully activated state at 90 °C under static
vacuum.

Sample preparation for the digestion 'H NMR measurement

A sample of 5 mg of the corresponding F3@HK crystals was introduced
into an NMR tube containing 1 mL of DMSO-d¢ with 0.05 mL D,SO, and
thoroughly digested. Preparation was performed in an Ar-charged
glove box. The NMR tubes were sealed with plastic caps and acrylic
Parafilm prior to removal from the glove box. The integration value of
the peaks corresponding to the hydrogen attached to the benzene ring
of BTC were used as the internal standard for quantification of phe-
nolic moieties.

Measurement of ex situ Raman spectra

Activated HKUST-1 (Act-HK), F3@HK 30 (Act-Fs@HK_30), Fs@HK 15
(Act-F3@HK_15), water-coordinated HKUST-1 (H,0O-HK), Fz@HK_30
(H,0-F;@HK_30), and F;@HK 15 (H,O-F;@HK_15) were measured.
H,0-HK samples were prepared by exposing the HKUST-1 crystals to
water vapor with the ‘vial-in-vial' method, where a smaller vial con-
taining the Act-HK crystals was placed in a capped larger vial con-
taining DI water. We then transferred the samples into disc-shaped
quartz cells (Starna, Type 37GS Cylindrical Cells with Quartz to Boro-
float graded seal), which were sealed using a glass cork with Apiezon
vacuum grease. The entire process described above was conducted
under an inert atmosphere in an Ar-charged glovebox.

Measurement of in situ Raman spectra

A small amount of the Act-F3@HK_15 and Act-F;@HK_30 samples was
transferred to a disc-shaped quartz cell and sealed with a glass cork
and Apiezon vacuum grease in a moisture-free argon-filled glove box.
After obtaining the initial Raman spectra of Act-F3@HK_15 and Act-
F3@HK_30, the quartz cell was opened by removing the glass cork
under moist atmosphere. The Raman spectra were then continuously
measured while keeping the cell open to expose the Act-F3@HK_15 and
Act-F3@HK_30 samples to moist air.

Indoor solar-driven AWH

A multi-cycle indoor solar-driven AWH was conducted using an acrylic
box containing a disk-shaped F;@HK_30@CP with a diameter of 2 cm,
as shown in Fig. 4b. Ten F3@HK 30@CP discs were used, and styr-
ofoam was used to prevent heat loss and ensure an effective tem-
perature increase of the adsorbent. The box with the adsorbent layer
was placed in a temperature- and humidity-controlled chamber at
25°C and 25% RH, with the view window open for adsorption. After
10 min, the amount of water adsorbed was measured using a balance.
The cover was then placed on the box, and the system was transferred
to a dark room equipped with a 1 sun solar simulator for the 20 min
desorption process. The amount of water desorbed was measured
using a balance. This process was repeated for 48 cycles to determine
the accumulated water desorbed.

Outdoor solar-driven AWH

The multi-cycle outdoor solar-driven AWH was conducted using an
acrylic box containing a styrofoam holder that has 5 holes filled with
20 pieces of CP, including F3@HK_30 (total amount 2.78 g consisting
of 2.6 g of F;@HK_30 and 0.18 g of CP). This box is the same size as that
used in the indoor experiment, as depicted in Fig. 5a. The box,
equipped with an adsorbent layer, was placed on the rooftop of
Hanyang University. In the shaded area, the box was opened for
adsorption, and the amount of adsorbed water was measured using a
balance after 10 min. The cover was placed on the box and direct
sunlight shone on the system for 20 min to initiate desorption. The
amount of desorbed water was determined by measuring the weight
change of F3@HK 30@CP. This process was repeated 22 times to
determine the accumulated desorbed water. A pyranometer (SR05-
D2A2, Hukseflux) was used to measure the incident solar flux in the
horizontal plane (global horizontal irradiation). The ambient and
sample temperatures were measured using a thermometer and an IR
camera, respectively, and the RH was measured using a hygrometer.

Large-scale solar-powered AWH

A large-scale solar-powered AWH was constructed using a custom-
made acrylic box containing a styrofoam holder. The holder contained
36 rectangular holes filled with pieces of F3@HK_30@CF. In total, 72
pieces of F3@HK_30@ CF were used (a total amount of 119.5¢g con-
sisting 0f 102.4 g of F3@HK_30 and 17.1 g of CF). The dimensions of the
rectangular holes and CF were 5 x 5 cm, and the detailed specifications
of the device are shown in Supplementary Fig. 24. The box, along with
the adsorbent layer, was placed on a rooftop at Hanyang University,
South Korea. The adsorption and desorption processes were con-
ducted by opening the box for adsorption and, after 10 minutes, cov-
ering the box and exposing it to direct sunlight for 20 min to initiate
desorption. The water desorbed during the process was collected
through drains located at the bottom of the equipment, and the water
adsorbed on the walls was collected. This process was repeated for 15
cycles to determine the amount of accumulated water. The incident
solar flux and ambient temperature were recorded in the same manner
as those for the outdoor solar-driven AWH.

Characterizations

Nitrogen adsorption was measured at 77 K using a Bel Mini adsorption
volumetric analyzer (BEL, Japan). All samples were degassed at 80 °C
for 6 h under static vacuum. The specific surface area and total pore
volume were determined using the Brunauer-Emmett-Teller (BET)
method from the nitrogen adsorption isotherms in a relative pressure
range of 0.05 0.20. Micropore volumes were calculated using the
t-plot method. Water adsorption isotherms were measured at 298 and
343 K using an adsorption volumetric analyzer BEL Max, BEL, Japan).
Scanning electron microscopy (SEM) was performed using a HITACHI
S-4800 microscope operating at an accelerating voltage of 15.0 kV and
an applied current of 10 mA. Powder x-ray diffraction (PXRD) patterns
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were recorded using a Rigaku Miniflex600 instrument (Cu Ko,
A=15406 A). Thermogravimetric analysis (TGA) was performed using
an SDT Q600 from TA Instruments Inc. with a heating rate of 10 °C
min® under dry air gas flow at 100 mL min™. Fourier-transform infrared
spectra were measured on a ZnSe crystal using a Varian FTS 1000
instrument in the attenuated total reflection mode. 'H-NMR spectra
were recorded using an AVANCE Il HD FT-NMR spectrometer (Bruker,
400 MHz for 1H). 'H chemical shifts were referenced to the residual
proton resonance of the solvent. The Larmor frequencies for *C and
F were 100.66 MHz and the spinning rates were 10 and 14 kHz,
respectively. The dynamic vapor sorption (DVS) was tested using a
DVS Intrinsic manufactured by Surface Measurement Systems. 3 times
of measurements were obtained by placing a powdered sample,
typically in the range of 14-15 mg, in a sample holder. The DVS Intrinsic
was automatically operated to control the relative humidity at 0-88%
and temperature at 25 °C. All samples were tested under the condition
of adsorption at 10, 20, 30, 88% RH for 3 h and desorption with dry N,
for 1h. Wavelength dispersive X-ray fluorescence spectrometry was
measured using a ZSX Primus Il, Rigaku at an accelerating voltage of
60.0kV and an applied current of 150 mA. Raman spectra were
recorded on a Nicolet Almega XR dispersive Raman spectrometer
(Thermo Scientific). Indoor solar-driven AWH was conducted using an
Abet 1050 solar simulator under standard AM 1.5 illumination at an
intensity of 100 mW cm? (Abet Technologies, USA). ICP-MS was per-
formed using an Agilent 7700 instrument equipped with an Ar plasma
source. Density functional theory (DFT) calculations were performed
using the Vienna ab initio simulation software package (VASP version
5.4.4). Computational details are described in Supplementary Note 1.

Data availability

The data supporting the findings of the study are included in the main
text and supplementary information files. Source data are provided
with this paper. All adsorption data, in.aif format, have been deposited
in the zenodo repository*®. Additional data are available from the
corresponding author upon request. Source data are provided with
this paper.
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