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ABSTRACT: Sorption-based atmospheric water harvesting (AWH) is a promising solution for addressing water scarcity.
Developing cost-effective and stable water adsorbents with high water uptake capacity and a low-temperature regeneration
requirement is a crucially important procedure. In this Communication, we present a novel and stable aluminophosphate (AlPO)
molecular sieve (MS) named DNL-11 with 16-ring channels synthesized by using an affordable and commercialized organic
structure directing agent (OSDA), whose crystallographic structure is elucidated by three-dimensional electron diffraction (3D ED).
DNL-11 exhibits a significant water uptake capacity (189 mg/g) at a very low vapor pressure (5% relative humidity at 30 °C). In
addition, most of the adsorbed water can be effortlessly removed by purging N2 at 25 °C under ambient pressure conditions. This
may expand the possibility of AWH under extreme drought conditions.

Water is fundamental to life’s existence, yet people facing
water scarcity are increasingly imperiled due to

exponential population growth. Currently, around 2 billion
individuals worldwide lack access to safe drinking water, while
approximately 3.6 billion people are suffering from adequate
sanitation facilities.1 Seawater desalination offers a viable
solution for water scarcity; however, it is energy-intensive and
less practical for landlocked countries with limited access to
seawater.2,3 Moreover, the atmosphere, considered a natural
water storage warehouse, allows for extraction of water through
three primary methods: fog collection, dew collection or
refrigeration, and sorption-based atmospheric water harvesting
(AWH).4−7 Fog collection is geographically limited, while dew
collection or refrigeration requires substantial energy con-
sumption.8−10 Sorption-based AWH provides a promising
solution for the treatment of arid areas. This technology
captures atmospheric water vapor by utilizing sorbents, releases
it with low-grade energy sources such as solar or waste heat,
and then condenses the vapor to produce potable water.11

Consequently, a potentially superior water sorbent should at
least exhibit the following characteristics: 1) inherently
pronounced water uptake capacity, 2) consistent water
retention ability through successive cycles, and 3) low
temperature requirements for regeneration.12,13

The fascinating and functional crystalline porous materials
such as metal−organic frameworks (MOFs) and covalent
organic frameworks (COFs) are utilized for water harvesting,
especially in the MOF research field.14−19 For example, MOF-
801 can harvest 2.8 L of water per kilogram daily even at a
relative humidity (RH) of 20%.20 Following these advance-
ments, zeolites, featuring interconnected TO4 tetrahedra (T =
Al and Si) with well-defined cavities or channels, are also
emerging as a noteworthy option due to their low-cost, ease of

fabrication, and high thermal stability. For example, low-silica
FAU- and LTA-type zeolites display high water uptakes and
multiple water adsorption cycles,21 however, the regeneration
of zeolites often requires elevated temperatures, occasionally
combining with high vacuum conditions. This is attributed to
the strong interactions between water molecules and the
inorganic cations embedded in the negative zeolite frame-
work.22 Subsequently, cage-based AlPO MSs with a neutral
framework (free of cations) and small-pore openings such as
those of the LTA- and CHA-types, exhibit outstanding water
adsorption capabilities.23−26 However, moderately high-tem-
perature conditions during regeneration are still needed.
Consequently, AlPO MSs with high water adsorption capacity,
robust stability, and easy regeneration are highly sought after in
the field of AWH.

During the AWH process, structural characterization at the
atomic level is crucially important for understanding the
structure−activity relationship. Traditional X-ray crystallog-
raphy, including single-crystal (SCXRD) and powder X-ray
diffraction (PXRD), is widely used for structure determination,
from initial structure solution to the following structural
refinement. SCXRD, a well-established method, necessitates
crystals over 20 μm for in-house analysis. Although PXRD is
suitable for structural characterizations of nanocrystals, it still
faces challenges such as peak overlap, impurities, and a
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complicated initial structure solution. Nonetheless, PXRD is
beneficial for structural refinement, particularly in studying
host−guest interactions in crystalline porous materials.27,28

Recently, three-dimensional electron diffraction (3D ED) has
emerged as a significant breakthrough in the electron
crystallography.29−38 It has displayed its efficacy in determining
the crystallographic structures of unknown nanocrystals
including unit cell parameters, space groups, and atomic
coordinates. In recent decades, more than 30 novel zeolites
have been successfully determined by 3D ED.39−42 The
recently developed continuous rotation electron diffraction
(cRED) can collect ED data in a short time with a continuous
way, which not only greatly reduces radiation damage during
the data collection, but also significantly improves the data
quality.43,44 Therefore, cRED is instrumental in unraveling the
complexities of nanoscale crystalline functional materials.45

In this study, we utilized commercialized 4-pyrrolidinopyr-
idine as an OSDA to synthesize a novel AlPO MS denoted as
DNL-11. The initial structural model of DNL-11 was solved by
using the cRED technique, and the positions of OSDAs were
identified through a combination of PXRD refinement and the
simulated annealing (SA) algorithm. It turns out DNL-11 has a
one-dimensional (1D) 16-ring straight channel, and OSDAs
performed supramolecular assembly by π−π interaction in the
channels. Additionally, DNL-11 demonstrated a water
adsorption capacity of 189 mg/g at a remarkably low pressure
of P/P0 = 0.05 and 30 °C. Notably, its adsorption capacity
remained largely consistent after 10 cycles. More interestingly,
the majority of the adsorbed water (82%) can be removed by
purging N2 at 25 °C under ambient pressure conditions. DNL-
11 is crucial for broadening the application scope of AWH
technology in extremely arid regions.
DNL-11 was obtained by the hydrothermal synthesis using

the commercialized 4-pyrrolidinopyridine as the OSDA
(Figure S1). By optimizing the chemical gel compositions,
DNL-11 was finally crystallized at the gel with the molar
composition of 1.0 P2O5:1.0 Al2O3:3.0 OSDA:30 TEG:40 H2O
(Tables S1 and S2). The SEM image shows that the as-made

DNL-11 (denoted as DNL-11-as) possesses nanorod morphol-
ogy, which hinders its structural elucidation by conventional
SCXRD (Figure S2). Therefore, we utilized the cRED
technique to unravel the crystallographic structure of DNL-
11-as. A high quality of cRED data set of DNL-11-as was
collected within 3 min. The reconstructed 3D reciprocal
lattices of DNL-11-as were depicted in Figure 1a. The
monoclinic unit cell parameters could be deduced from this
data set, and possible space groups (P21 and P21/m) could be
obtained based on the reflection conditions as demonstrated in
Figure 1b−d. The intensity for each hkl indices was extracted
by utilizing XDS software.46 Its initial structural model was
solved by the direct method implemented in SHELXT with the
space group of P21. There are 8 T atoms, 16 O atoms, and 1 F−

ion identified in the asymmetric unit (Table S3−S4).
In the framework of DNL-11-as, a 1D 16-ring channel along

the b-axis can be observed. It is noteworthy that the Al1 atom
exposed to the channel coordinates with 4 O atoms and 1 F−

ion, resulting in the formation of a penta-coordinated
aluminum. This result aligns with the observations from 27Al
NMR and 19F NMR spectroscopy (Figures S3 and S4).
Although electron densities within DNL-11-as channels could
be identified, it is still challenging to finalize based solely on the
3D ED data. Therefore, DNL-11-as was finalized by Rietveld
refinement against PXRD combined with SA algorithm (Figure
1e and Table S5). It is crucially important to point out there
are two columns of OSDAs along the b-axis within the 1D 16-
ring channel. All 4-pyrrolidinepyridines are protonated (Figure
S5) and interacted with the framework oxygens via hydrogen
bonding (Figure 1f). Meanwhile, as shown in Figures 1g, the
arrangement of OSDAs running along the b-axis indicates that
there are π−π interactions between them.

DNL-11-as underwent calcination at 800 °C to remove the
OSDAs and F− ions, resulting in the calcined form termed
DNL-11-cal (Figure S6). DNL-11-cal maintains the good
crystallinity verified by PXRD data and BET (Figures S7 and
S8). The crystallographic structure of DNL-11-cal was also
determined by combining cRED with the PXRD technique

Figure 1. (a) 3D reciprocal lattice of DNL-11-as. (b−d) Reciprocal planes perpendicular to a*, b*, and c*, respectively. (e) Rietveld refinement
plots for DNL-11-as (λ = 1.5406 Å). (f) The 16-ring channel of DNL-11-as along the [010] direction, the red area represents the interaction
between protonated OSDAs and framework oxygens. (g) The OSDAs arrangement of DNL-11-as.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.4c01393
J. Am. Chem. Soc. 2024, 146, 10257−10262

10258

https://pubs.acs.org/doi/suppl/10.1021/jacs.4c01393/suppl_file/ja4c01393_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c01393/suppl_file/ja4c01393_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c01393/suppl_file/ja4c01393_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c01393/suppl_file/ja4c01393_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c01393/suppl_file/ja4c01393_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c01393/suppl_file/ja4c01393_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c01393/suppl_file/ja4c01393_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c01393/suppl_file/ja4c01393_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c01393/suppl_file/ja4c01393_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c01393/suppl_file/ja4c01393_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c01393/suppl_file/ja4c01393_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c01393?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c01393?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c01393?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c01393?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c01393?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Tables S6 and S7 and Figures S9 and S10). From a structural
point of view, the structure of DNL-11-cal is highly related to
AlPO-36 (ATS). The building layer in the ac plane of DNL-
11-cal is the same as that of AlPO-36 (designated as the ats
layer). As shown in Figure 2, AlPO-36 can be considered as ats

building layers interconnected by dzc chains, which can be
described as edge-shared single 4-rings (s4rs) (Figure S11). It
is of interest to note that in the DNL-11-cal, ats layers are
supported by unprecedented chains termed triple dzc chains
(Figure 2 and Figure S12). In this case, a hypothetical AlPO
structure named DNL-11-H1 with a 1D 14-ring channel
system will be built, in which the unique double dzc chains can
be identified.
As previously mentioned, AlPO MSs have found widespread

application in water adsorption. To establish a performance
benchmark, we conducted water adsorption tests on AlPO-42
(LTA), AlPO-34 (CHA), AlPO-17 (ERI), AlPO-5 (AFI),
AlPO-11 (AEL), and DNL-11 under the isothermal condition
of 30 °C as shown in Figure 3a and Figure S13. On the one
hand, cage-based AlPO structures, exemplified by AlPO-34,
AlPO-42, and AlPO-17, exhibit notable water adsorption
capacities. These structures show pressure-induced S-shaped
steep adsorption isotherms, which mainly occur between the
pressure ranges of P/P0 = 0.05 and P/P0 = 0.15. On the other
hand, channel-based AlPOs like AlPO-5 and AlPO-11,
characterized by their one-dimensional channel structures,
tend to exhibit a more limited adsorption capacity. Although
DNL-11 features a channel-based architecture, its water
adsorption capacity at 30 °C is approximately 380 mg/g at a
pressure of P/P0 = 0.96. This performance is comparable to
that of the cage-based AlPO-34 and is only slightly surpassed
by AlPO-42. It is worth noting that the water adsorption
capacity of DNL-11 rises rapidly in the range of P/P0 = 0−
0.05, reaching an adsorption capacity of 189 mg/g (Figure 3b
and Figure S14). In an assessment of water adsorption
recyclability under a pressure of P/P0 = 0.05, DNL-11
demonstrates a consistent adsorption capacity with negligible
variation over the span of more than 10 cycles (Figure 3c). It
indicates DNL-11 is a highly potential adsorptive material for
water harvesting, particularly effective in arid or extremely arid
regions. 82% of water in the hydrated DNL-11 can be
efficiently removed by purging with N2 at 25 °C under ambient

pressure conditions. The remaining water molecules are
completely desorbed in the subsequent heating process (Figure
S15). Fully hydrated DNL-11, saturated at 96% RH and 30 °C,
can be completely dehydrated at 60 °C within 85 min (Figure
S16). Water adsorption isotherms of DNL-11 at 30 and 60 °C
were also investigated (Figure 3d). It turns out that the water
adsorption of DNL-11 decreases rapidly with a temperature
increase of 30 °C. It indicates that, at the specific working
pressure of 210 Pa, DNL-11 can collect 180 mg/g of water
through the temperature fluctuation between 30 and 60 °C. Its
exceptional performance under ultralow humidity conditions,
particularly at 5% RH and 30 °C, highlights its potential for
expanding the application scope in AWH.

To successfully utilize DNL-11 as an adsorbent in the AWH
system, it is essential to comprehend its mechanism of water
adsorption, particularly the locations of adsorbed water that
have strong interactions with the framework. Therefore, we
utilized a mechanical pump combined with a molecular pump
to remove most of the adsorbed water from the hydrated
DNL-11. The desorption data as illustrated in Figure S17
shows that approximately two water molecules per-channel are
adsorbed in the DNL-11 (denoted as DNL-11-2H2O). The
PXRD data of DNL-11-2H2O was collected (Table S8−S9 and
Figure S18), and final refinement results show that two water
molecules coordinate with Al1 and Al5, resulting in the penta-
coordinated aluminum. Such results are consistent with the
theoretical calculations (Table S10). Interestingly, the
adsorption locations of water molecules in DNL-11-2H2O

Figure 2. Building scheme of ATS, DNL-11-H1, and DNL-11. Three
structures share identical ats layers but are pillared by three distinct
types of chains. Oxygen atoms have been omitted for the sake of
clarity.

Figure 3. (a) Adsorption isotherms of DNL-11, AlPO-34 (CHA),
AlPO-42 (LTA), AlPO-17 (ERI), AlPO-5 (AFI), and AlPO-11
(AEL) at 30 °C. (b) The enlarged view of the part of (a). (c) Cyclic
water adsorption curve of DNL-11 at 30 °C and P/P0 = 0.05. (d)
Adsorption isotherms of DNL-11 at 30 and 60 °C, respectively. (e)
Projections of DNL-11-as, DNL-11-cal and DNL-11-2H2O along the
b axis (OSDAs in the DNL-11-as are omitted for clarity).
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are similar to the positions of F− ions in DNL-11-as (Figure
3e). Since DNL-11-cal possesses a 1D 16-ring superlarge pore
structure with open aluminum sites facing the pores, water
molecules can easily penetrate these pores under extremely low
pressure and then coordinate with open aluminum sites. The
ab initio molecular dynamics (MD) simulations indicate that
successive water molecules form clusters via hydrogen bonding
with coordinating water (Figure S19). Initially, these clusters
do not align with the DNL-11 channels, preventing the pore
filling process until water pressure facilitates the creation of
water bridges across the channels connecting the water
clusters. Consequently, this progression delays the adsorption
isotherm of DNL-11, resulting in the formation of a hysteresis
loop (Figure S13).47

In summary, a new and stable AlPO MS DNL-11 was
successfully synthesized using cost-effective and commercially
available OSDA and its crystallographic structure was
elucidated by the cRED technique. DNL-11 features unique
1D 16-ring channels with unprecedented triple dzc. It exhibits
remarkable water adsorption capacity at 5% RH and 30 °C,
which is meaningful for atmospheric water collection under
drought conditions. The primary mechanism behind water
adsorption in DNL-11 at low RH values is attributed to the
presence of accessible open Al sites. A potential synthetic
strategy to enhance this property could involve the
introduction of F− ions coordinated with the framework,
which would aid in creating more open Al sites.
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