ROYAL SOCIETY
OF CHEMISTRY

(3

RSC Advances

View Article Online

View Journal | View Issue

LiCl modified MOFs-derived porous carbon hollow
spheres for efficient solar-driven atmospheric
water harvesting

{ ") Check for updates ‘

Cite this: RSC Adv., 2025, 15, 48440

Jiake Jin,+2® Simiao Guo,®® Yue Hu,?® Yefeng Yang, (2 °¢ Pingwei Ye*?

and Xinsheng Peng (2 *@°

Developing adsorbents with excellent photothermal and water uptake properties for solar-driven sorption-
based atmospheric water harvesting (SAWH) is full of challenging, which requires a balance between the
adsorption capacity, hydrophilicity, and photothermal performance of adsorbent. In this work, a LiCl
modfiied porous carbon hollow microspheres (CHM@LiCl) adsorbent with high adsorption capacity
(2.07 g g% at 100% RH and enhanced low moisture adsorption performance was synthesized by loading
LiCl hydrophilic adsorption sites into MOFs-derived hollow porous carbon. LiCl, as the main adsorption
site, enhances the hydrophilicity of the CHM@LICl adsorbent, and its water uptake capacity at 20% RH,
40% RH, 60% RH, and 80% RH are 0.25, 0.39, 0.60 and 1.04 g g~ respectively. In addition, the
hiearchical porous structure of the hollow carbon with mciroporus shell effectively suppresses the salt
leakage during water adsorption. The sorbent exhibites stable performance for cycling water adsorption-

release, indicating its long-term reliability. The excellent photothermal performance of CHMa@LICl
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Accepted 3rd December 2025 adsorbent can quickly heat up to 67 °C under one sun irradiation, and completely desorb the adsorbed

water within 30 minutes. The outdoor water harvesting experiment shows that the CHM@LIiCl adsorbent

DOI: 10.1039/d5ra04196a holds great potential for practical solar-driven SAWH with a water collection capacity of 3.3 Lyater
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Introduction

As one of the most critical global issues, water scarcity requires
ongoing attention due to the uneven distribution of freshwater
resources worldwide.* Considering the quality of surface water,
recent studies have revealed a concerning statistic: approxi-
mately 55% of the global population, or 3.8 billion people, now
face a scarcity of clean water for at least one month each year.”
This growing issue highlights the urgent need for effective water
harvesting strategies and the protection of freshwater
resources. Fortunately, apart from traditional freshwater sour-
ces like groundwater, rivers, and lakes, the atmosphere contains
ample and sustainable water-around 12 900 cubic kilometers,
which holds significant potential to alleviate global water
scarcity.?
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Atmospheric water exists in both liquid and gaseous forms.
Liquid water encompasses clouds and fog. The former can be
harvested through cloud seeding, a technique that aids in
addressing immediate agricultural needs while also contrib-
uting to the sustainable management of water resources over
the long term.* Fog, though more common, is typically found in
coastal arid regions or around cooling towers in thermal power
plants. It can primarily be collected using mesh or wire fog
collectors.>® Gaseous water, or water vapor, is present every-
where in the atmosphere and can be harvested through active or
passive condensation into dew drops, or by sorbents that adsorb
and release moisture.”® In contrast to the energy-intensive
condensation process and the geographically limited fog
collection, sorption-based atmospheric water harvesting
(SAWH) technology holds greater potential for widespread
application, particularly in regions with low relative humidity
(RH).? The SAWH technology works as follows: during the night
with low temperature and high RH, it is exposed to the atmo-
sphere to absorb water molecules from the air and then store
the water. During the daytime with high temperature and
intense solar illumination, it is enclosed in the room, absorbs
solar energy to convert the water absorbed at night from the
liquid phase back to the gaseous phase. Meanwhile, the gaseous
water molecules are liquefied on condensation plate at relatively
low-temperature to form clean water, which is then collected.
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Sorbents used in SAWH can be broadly categorized into
metal-organic frameworks (MOFs),'"* salt-based composite
sorbents,' ™ polymer networks, and porous carbon mate-
rials.*>** Among these, MOFs have attracted significant atten-
tion due to their tunable structure and functionality, making
them the focus of extensive research in the field of water
adsorption. However, achieving a balance between the adsorp-
tion capacity and hydrophilicity of MOFs through structural
design remains a challenge, particularly when aiming to
enhance their water adsorption performance in low-humidity
environments. Salt-based composite sorbents are typically
created by integrating deliquescent salts into porous matrices,
such as MOFs or polymer networks, which exhibit high hydro-
philicity and adsorption capacity. The deliquescent salt acts as
the primary adsorption site, and its content directly influences
the final water adsorption performance. An excessive salt
loading, however, can lead to salt leakage issues during prac-
tical applications, ultimately reducing the efficiency of the
sorbents. While porous carbon materials possess abundant
porosity, the intrinsic hydrophobicity significantly limits its
ability to capture water in low-humidity conditions. Therefore,
further optimization is required to enhance their SAWH
performance. This includes improving the hydrophilicity,
increasing water adsorption capacity in low-humidity environ-
ments, and addressing potential issues such as salt leakage in
composite sorbents.

During the desorption phase, heating is typically employed
to facilitate the release of water molecules from the sorbent.
Solar energy, as a clean and renewable resource, has been
increasingly utilized to drive the desorption and regeneration of
sorbents due to its simple operation and environmental
friendliness.** Solar-driven SWAH systems can operate sponta-
neously without requiring additional energy inputs. However,
this necessitates that the sorbent has excellent photothermal
conversion capabilities to achieve localized heating of the water
molecules.” While incorporating photothermal components
through post-modification may not only hinder the transport of
water molecules to the adsorption sites but also reduce the
overall adsorption capacity.” A promising approach to address
this challenge involves the incorporation of photothermal
ligands into the framework of MOFs through structural modi-
fication.”® However, this method requires careful control of
reaction conditions, and the interaction mechanisms between
the photothermal and hydrophilic components remain
underexplored.*

MOFs derived porous carbon materials have already been
applied in the field of SAWH due to their abundant porosity and
polar adsorption sites, which facilitate the capture of water
molecules.* Additionally, these materials exhibit exceptional
photothermal properties, enabling them to adsorb significant
amounts of solar radiation and convert it into heat, thereby
accelerating the release of water molecules.** Nonetheless, one
of the key challenges currently is improving the adsorption
performance of porous carbon materials in low-humidity envi-
ronments. This requires not only optimizing the materials’
hydrophilicity but also enhancing their photothermal effi-
ciency, especially under varying environmental conditions.
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Therefore, in this study, a hollow MOFs-derived porous
carbon hollow sphere (CHM) sorbent modified with hygro-
scopic salt (LiCl) (CHM@LiCl) was synthesized for efficient
solar-driven SAWH. The hollow MIL-101(Cr) structure was first
prepared through an etching strategy, followed by pyrolysis
process and solution impregnation method to introduce LiCl
into the resulted CHM. The CHM®@LiCl-3 with 13.4 wt% LiCl
exhibited a high adsorption capacity over a wide range of rela-
tive humidity (20-100% RH), excellent light absorption (~90%),
and impressive photothermal heating ability (67 °C under one
Sun irradiation). LiCl, serving as the primary adsorption site,
significantly enhanced the hydrophilicity of the MOFs-derived
hollow porous carbon spheres, thereby promoting water
adsorption under low-humidity conditions. Additionally, the
microporous shell of the hollow carbon spheres ensures the
spatial confinement of the salt in hollow cavities and effectively
mitigated the issue of salt leakage during the water adsorption
process. Furthermore, CHM®@LiCl-3 demonstrated the ability to
desorb 100% of the adsorbed water within 10 minutes and
exhibited excellent cycling stability, making it a promising
candidate for sustainable water harvesting.

Results and discussion
Fabrication and characterization of the sorbents

The preparation process of the CHM@LiCl sorbent is illustrated
in Fig. 1a. MIL-101(Cr) was synthesized via a hydrothermal
method, and then etched by acetic acid to form hollow MIL-
101(Cr) (HM). Subsequently, the porous carbon hollow
spheres (CHM) were obtained through a pyrolysis process.
Finally, the CHM was modified with LiCl through impregnation
process to produce CHM@®@LiCl sorbents with varied LiCl
loading amounts (Table S1). Fig. 1b is a schematic illustration of
CHM@®LICl sorbents for solar-driven SAWH. At night, the
adsorbent captures water molecules and stores into the hollow
cavities. During the day, water was released via photothermal
conversion process by sunlight.

As shown in Fig. 2a, MIL-101(Cr) exhibits an octahedral
structure, and its characteristic peaks (Fig. 2g and Sla) are
consistent with the reported literature, indicating the successful
synthesis of MIL-101.>® The characteristic diffraction peaks
occurring at 26 of 5.13°,5.85°,8.5°2,9.1° and 10.4° correspond to
the Miller index of (511),(822),(753),(1022) and (880) (Fig. S1a).
The peak at 1685 cm ' in FTIR spectrum (Fig. 2h) is corre-
sponds to the C=0 peak of 1,4-BDC linker. Due to the inter-
action between Cr and the carboxylate groups, the C=0 peak
shifts to 1622 em™* (Fig. 2h). The symmetric stretching vibra-
tion peak associated with the -COO group shifts from
1422 cm ! to a lower wavenumber (1401 cm™*). A new peak
around 590 cm™ ' is corresponding to Cr-O vibrations, indi-
cating the successful synthesis of MIL-101(Cr).>® The peak at
1510 cm ™" corresponds to the C=C stretching vibration on the
aromatic ring.*

Subsequently, MIL-101(Cr) was etched with acetic acid to
form HM. The formation of hollow MOFs is attributed to the
presence of more defects inside MOFs, which results in higher
surface energy compared to the outer layer. The inhomogeneity
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inside MOFs stems from three stages during their synthesis.
In the first stage, the solution contains the highest concentra-
tion of solutes, leading to the vigorous formation of a large
number of high-surface-energy crystal nucleus. In the second
stage, to reduce the surface energy in the system, the nuclei
undergo rapid agglomeration to form seed crystals, while also
introducing numerous defects. The third stage involves
increasingly gentle growth on the outside of the seed crystals.
When subjected to etching with acetic acid solution, the
inner layers of the MIL-101(Cr) are preferentially dissolved due
to their higher reactivity, leading to the creation of a hollow core
structure,’® as depicted in Fig. 2b and c. The average size of HM
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(a) Schematic illustration of the fabrication process of CHM@LICl sorbents; (b) schematic illustration of CHM@LIiCl sorbents for solar-

ranges from 60 to 150 nm (Fig. S11), and the surface becomes
rougher. The characteristic peaks (Fig. 2g and S1a) of HM are
similar to those of MIL-101(Cr), but with a slight decrease in
peak intensity, which is due to structural defects induced by the
etching process.” The absorption peaks in the FTIR spectrum
(Fig. 2h) of HM do not show significant changes, suggesting that
the etching process does not obviously damage the structure of
MIL-101(Cr). After carbonization of HM, CHM exhibits more
angular features compared to HM (Fig. 2d). It is speculated that
this may be related to the decarboxylation and decomposition
of the ligand molecule 1,4-BDC and the change in the coordi-
nation mode of Cr during the pyrolysis process. The XRD
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(a) SEM image of MIL-101(Cr). (b)TEM image and (c) SEM image of HM. SEM images of (d) CHM and (e) CHM@LIiCl-3. (f) TEM of CHMa@LICl-

3, and the corresponding element mapping images of Cr, O, C, CL. (g) XRD patterns, (h) FTIR spectra and (i) XPS spectra of MIL-101(Cr), HM, CHM

and CHMa@LiCl-3.
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pattern of CHM (Fig. 2g) shows a broad peak, relating to the
porous carbon structure. And it also indicates that the carbon-
ization process disrupted the ordered crystalline structure of
HM. However, the CHM retains most of the absorption peaks in
FTIR spectrum (Fig. 2h) of HM, with the changes around
1600 cm " likely resulting from partial pyrolysis of the organic
ligands during carbonization.

After impregnation with LiCl, the characteristic peaks
(Fig. 2g and S1b) of CHM@LiCl were corresponded to LiCl
(PDF#74-1181) and LiCl H,O (PDF#22-1142), and the intensity
was gradually enhanced with the increasing LiCl loading from
6.3 to 13.4 wt%. Specifically, the peak at 32.8° corresponds to
the (202) crystal plane of LiCl H,O, while the peaks at 30.09° and
34.88° are attributed to the (111) and (200) crystal planes of LiCl,
respectively. These results confirm the successful loading of
LiCl into CHM. Furthermore, as can be seen from the SEM
images (Fig. 2e and S3), with the increase in LiCl loading, the
shape of the porous carbon spheres becomes increasingly close
to spherical, and the surface wrinkles gradually disappear.
However, from several carbon spheres with holes, the intactness
of their internal cavity structure can be observed (Fig. 2e) after
the loading of LiCl, indicating that the modification of LiCl does
not alter the structure or morphology of CHM. This is further
supported by the TEM images (Fig. 2f). It reveals that the hollow
structure of the HM is preserved after carbonization. And the
distribution of Cr, O, C, and Cl is uniform, which indicates that
the porous carbon formed under appropriate pyrolysis condi-
tions is conducive to the uniform loading of LiCl. Additionally,
the peaks (Fig. 2h) between 747 and 1164 cm™ " are attributed to
the C-H stretching vibrations. And the -OH stretching vibration
is observed around 3400 cm™", confirming the hydrophilicity of
the sample.

To better understand the chemical composition of the
CHM@®@LICIl composite material, XPS full spectra and the C 1s, O
1s, and Cr 2p spectra were recorded, as shown in Fig. 2i and S5.
In the XPS full spectrum, all the samples exhibit the peaks of C
1s, O 1s, and Cr 2p, and a Cl 2p after the loading of LiCl.
Specifically, Fig. S5a shows the high-resolution C 1s spectrum,
which features four sub-peaks at 284.8 eV, 288.6 eV, 286.0 €V,
and 290.6 eV, corresponding to C-C/C=C, C=0, C-0, and m—
7* electronic transition peaks, respectively.*® The presence of
C=O0 and C-O bonds can be attributed to the dicarboxylate
linkers of MIL-101(Cr), which is consistent with the FTIR results
in Fig. 2h. In the O 1s spectrum (Fig. S5b), peaks at 530 eV,
531.8 eV, and 533.6 eV correspond to Cr-O, C=0, and O-H
bonds, respectively. The Cr 2p spectrum (Fig. S5¢) consists of
two peaks, Cr 2py, and Cr 2pzj,. In MIL-101(Cr), these peaks
appear at approximately 586.8 eV and 577.2 eV, corresponding
to the typical binding energies of Cr in MIL-101(Cr).** After
carbonization, a shift in the Cr 2p and O 1s peaks to lower
binding energies is observed. The binding energies of Cr 2p;,,
and Cr 2p,,, in Cr,0; are 576.6 eV and 586.3 eV, respectively.
The intensity of the C=0 peak of CHM samples in the C 1s
spectrum decreases, suggesting that partial decomposition of
the organic ligands during carbonization, with a change of the
coordination environment of Cr from the organic metal
framework to the amorphous inorganic oxide (Cr,03).>** XRD,
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FTIR, and XPS results all suggest that partial decomposition of
organic ligands after carbonization, resulting in changes in the
coordination environment of Cr and the formation of amor-
phous Cr,0s;.

To investigate the effect of Cr on the structure of CHM, the
CHM sample was immersed in an HCI solution (mixed 10 mL
hydrochloric acid and 10 mL DI water) for 24 hours to remove
Cr. The resulting sample was named as C. As shown in Fig. S6,
the structure of CHM after the removal of Cr largely collapsed,
with only a small amount of carbon sphere structure remaining.
Additionally, the XPS full spectrum showed trace amounts of Cr,
indicating that the removal of Cr leads to the collapse of the
CHM framework. These results suggest that the amorphous
chromium oxide is crucial for maintaining the hollow porous
microstructure of CHM.

N, sorption isotherms and pore size distribution results of
the samples are shown in Fig. 3a, b and Table S2. MIL-101, HM,
and CHM samples exhibit typical IV isotherms, with a rapid
increase in adsorption at low pressures and a pronounced
hysteresis at relative pressures above 0.8, indicating the pres-
ence of both micropores and mesopores.* The BET surface
areas of MIL-101 and HM are 2644 m* g ' and 2802 m> g/,
respectively, and the pore volume slightly increased from 1.58
em® ¢! to 1.63 em® g~ ', which is attributed to the hollow
structure and defects introduced by etching process. After
carbonization, both the BET surface area and pore volume of
CHM decreased (327.49 m* g%, 0.33 cm® g™ %), which is due to
partial decomposition of the structure and the formation of
amorphous Cr,0;. However, CHM still maintains a hierarchical
porous structure, which is beneficial for the loading of LiCl and
provides sufficient mass transfer pathways.** The CHM@LiCl-3
sample displays a type III isotherm, with a clear hysteresis loop,
indicating the presence of irregular mesoporous structures.*?
After modification with LiCl, the BET surface area and pore
volume of CHM@LiCl-3 further decreased (44.16 m> g™ %, 0.14
em® g7, suggesting that LiCl was confined within the pore
structure of CHM. The pore size distribution reveals that the
micropores of CHM@LICI-3 are larger than 0.85 nm, exceeding
the kinetic diameter of water molecules (0.27-0.32 nm).** The
hierarchical porous structure of CHM@LICI-3 is beneficial for
the fast diffusion, transport and storage of water vapor.

To investigate the photothermal properties of the materials,
the light absorption capacity and photothermal behavior of the
HM and CHM®@LiCl-3 samples were evaluated. The UV-vis-NIR
spectrum reveals that CHM®@LiCl-3 exhibits excellent broad-
band solar absorption (~90%) in the ultraviolet-visible range, as
shown in Fig. 3c. Compared to HM, CHM@LIiCl-3 demonstrates
improved light absorption across the entire AM1.5G solar
spectrum, which is beneficial for the solar-driven fast water
release process. Superior light absorption capability is funda-
mental for efficient photothermal conversion. Fig. 3d presents
the surface temperature change curves of dried CHM@LiCI-3
under different simulated solar irradiation intensities, which
is monitored by an infrared camera. Under 1 kW m > (1 Sun)
irradiation, the surface temperature of CHM@LiCl-3 rapidly
increases from 29.4 °C to 58.9 °C within 2 minutes and
continues rising, reaching 67 °C after 10 minutes. When the

RSC Adv, 2025, 15, 48440-48449 | 48443
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irradiation intensity is increased to 1.5 Sun, the surface
temperature rises from ambient temperature (~30 °C) to 78.4 °
C within 10 minutes. Even under lower irradiation intensities of
0.7 Sun and 0.5 Sun, the surface temperature reaches 57.0 °C
and 53.0 °C within 10 minutes, respectively, indicating its
excellent sunlight utilization efficiency. After the removal of
simulated sunlight, CHM®@LICIl-3 undergoes a rapid cooling
process, demonstrating its effective and reversible photo-
thermal responsiveness.**

Water sorption-desorption performance and kinetics of
CHM@LiCl

To evaluate the water adsorption capacity of the adsorbent
samples across a wide range of humidity, the water adsorption
isotherms of all samples were first tested at 25 °C. MIL-101(Cr)
and HM adsorbents exhibit an “S-shaped” isotherm, with
sharply changes in water uptake occurring in the range of 30—
50% RH (see Fig. 4a). At 60% RH and 25 °C, the water adsorp-
tion capacity of MIL-101(Cr) reaches as high as 0.9 g g~ ". This is
attributed to the porous structure and capillary condensation of
MIL-101(Cr).”® However, the pure MIL-101(Cr) is usually
employed for SAWH in high RH regions, and it is not suitable
for AWH in arid climates (30% RH).** By contrast, HM with
hollow structure shows an increase in water adsorption capacity
at 30% RH and keeps a higher water adsorption performance
(from 0.068 g g to 0.095 g g~ '), which indicates that the
hollow cavities and hierarchical porous structure of HM
significantly improve the water uptake capability at 30% RH.
The water adsorption capacity is influenced by factors such as

48444 | RSC Adv, 2025, 15, 48440-48449

the pore structure of sorbents, specific surface area, hydrophilic
active sites, and defects.>® The increased specific surface area
and pore volume of HM samples, and the introduced of more
structural defects, which not only reduce the resistance to water
vapor diffusion in the pores but also enhance water adsorption
capacity.* Nonetheless, both HM and MIL-101(Cr) still exhibit
limited water adsorption capacity at RH below 30% and low
light absorption ability, thus requiring additional photothermal
components to facilitate the solar-driven desorption process.
The water adsorption capacity of CHM in the low-humidity
range (10-40% RH) is comparable to that of MIL-101(Cr)
(0.04-0.08 g g~ ). However, due to the hydrophobic nature of
porous carbon, its maximum adsorption capacity remains at
0.20 g g~ . After modification with LiCl, it is observed that as the
LiCl content increases, the CHM®@LiCl composite exhibit
improved water adsorption capabilities across a wide range of
humidity, as shown in Fig. 4a and S7a. Notably, the water
adsorption performance of CHM®@LICl is higher than that of
the HM precursor in both low- and high-humidity regions. At
20% RH, the adsorption capacities of CHM@®LICI-1,
CHM@LiCl-2, and CHM@®@LiCI-3 are 2.11, 2.46, and 4.39 times
as that of HM, respectively. At 40% RH, CHM@LiCl-3 shows an
adsorption capacity comparable to that of HM (0.39 g ¢ ') and
is five times greater than that of MIL-101(Cr). The maximum
adsorption capacity of CHM@LICl-3 can reach 2.07 g g~ ', nearly
double that of the MIL-101(Cr). The high water uptake of
CHM@®LICl adsorbents is mainly attributed to the chemical
adsorption of LiCL™ The water adsorption capacity of
CHM@LICI-3 is higher than that of CHM@LICl-1 (1.11 g g™ ")
and CHM@®@LiCl-2 (1.31 g g~ "), primarily because the higher LiCl

© 2025 The Author(s). Published by the Royal Society of Chemistry
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80% RH for CHMa@LICl-3. (c) Weight change curves of sorbents under simulated sunlight for CHM@LIiCl-3.

loading in CHM@LiCIl-3 provides more adsorption sites for
water. However, a higher salt load will bring the risk of salt
leakage and occupy more pore volume, hindering the adsorp-
tion kinetics. Compared to CHM, LiCl in CHM®@LiCIl-3 has
already occupied 58% of the pore volume (Table S2). Addition-
ally, the water adsorption tests of C sample with the removal of
Cr reveal that its maximum adsorption capacity is below 0.12 g
g~ ' (Fig. S7b), far lower than that of CHM (0.20 g g~ "). This
indicates that the pore structure of the carbon material is
collapsed after the removal of chromium oxides, which also
supported by its BET surface area (20.21 m*> g~ ') much lower
than that of CHM (327.49 m”* g™ ).

Fast adsorption-desorption kinetics is one of the essential
characteristics of ideal solar-driven SAWH materials. Static
water adsorption, and solar-driven water release tests were
conducted on different samples under constant temperature
and humidity conditions. The static water adsorption curves of
various adsorbents at 25 °C and 20-80% RH are shown in
Fig. 4b and S8. The saturated adsorption capacity of each
adsorbent increases with the increment of humidity. The
adsorption kinetics of HM and MIL-101(Cr) are significantly
affected by humidity, with longer time (4-13 hours) required to
reach equilibrium in the moderate humidity range (Fig. S8a and
b). In contrast, CHM with hierarchical pore structure and
hydrophobicity exhibits fast adsorption kinetics, and can ach-
ieve saturation in almost 60 minutes. After loading with LiCl,
the adsorption capacity of CHM@®@LiCl composite adsorbents
increases significantly, and the adsorption kinetics of
CHM@®LICl composites slightly decline as the LiCl content
increases. All CHM®@LiCl adsorbents with different LiCl load-
ings show rapid water uptake within the first 100 minutes
(Fig. 4b, S8d and e), with nearly 90% of the total capacity
adsorbed within 200 minutes. Compared to CHM, the adsorp-
tion capacity of CHM@LiCl-3 increases by 4.2, 5.3, 6.1, and 9.1
times at 20%, 40%, 60% and 80% RH, respectively. The
enhancement of capacity is primarily due to the hollow porous
structure of CHM, providing ample pore space for the loading
and even distribution of LiCl. LiCl as the main adsorption site
in the composite adsorbent, can fully interact with water vapor
through the porous structure. Additionally, the cavities in CHM

© 2025 The Author(s). Published by the Royal Society of Chemistry

provide space for storage of the adsorbed water, ultimately
improving the overall adsorption capacity of CHM@LiCI-3.

A macro-scale linear driving model was used to calculate the
equilibrium adsorption capacity w. (g g~") and the adsorption
rate constant k for different adsorbents. The results are shown
in Tables S3 and S4. A higher k value indicates a faster
adsorption rate, meaning the adsorbent reaches saturation in
a shorter time. As shown in Tables S3 and S4, the equilibrium
adsorption capacity w, increases with the content of salt, while
the adsorption rate constant k decreases. This is because the
hygroscopic salt LiCl, as adsorption sites, significantly enhance
the affinity for water vapor, thereby improving the equilibrium
adsorption capacity. The adsorption kinetics of the CHM matrix
are faster than those of the CHM@LiCl adsorbents, as evi-
denced by the static adsorption curves. This difference arises
from the inherently low adsorption rate of LiCl and the worse
capacity of CHM. Since mesopores facilitate the diffusion and
transport of water molecules, the pore volume of the
CHM@®LIiCI sorbent decreases upon the incorporation of LiCl,
which leads to an increase in diffusion resistance. This reduc-
tion in pore volume can hinder the efficient movement of water
molecules within the material, thereby resulting in longer
adsorption equilibrium times and a lower adsorption rate
constant, when compared to the CHM sorbents without LiCl.
This trend is consistent with previous reports.*”*

As the relative humidity increases from 20% RH to 80% RH,
the equilibrium adsorption capacity w. of each adsorbent
increase, and the adsorption rate constant k generally
decreases. During the water adsorption process, LiCl undergoes
three stages: the formation of hydrates, deliquescence, and the
absorption of salt solution. As the RH increases, LiCl forms
a solution during the adsorption process, causing the adsorp-
tion mechanism to shift from solid—-gas adsorption to liquid-
gas absorption. The dissolution of LiCl in the adsorbed water
leads to a reduction in the effective contact area between LiCl
and water molecules, which in turn inhibits the diffusion of
water molecules within the sorbent. As LiCl interacts with the
adsorbed water, it forms a more stable hydrated phase, thereby
limiting the mobility of water molecules. This reduced contact
area between the salt and the water molecules hinders the
efficient diffusion of water through the porous structure,
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slowing down the overall water uptake capacity. Besides, the
dissolved LiCl can create localized areas with higher ionic
concentrations, which may affect the kinetic of sorbents.*

In addition to water adsorption capacity, desorption char-
acteristics also determine the ultimate water collection perfor-
mance. The solar-driven water release performance of the
hollow porous carbon and its composites were investigated
under simulated sunlight (1 kW m™?) using a xenon lamp. The
weight change curves of the adsorbents are shown in Fig. 4c and
S9. Due to the excellent photothermal properties of the MOFs-
derived hollow-structured porous carbon spheres, efficient
photothermal conversion is achieved. When the adsorbent is
exposed to simulated sunlight, photothermal effects induce an
increase in the temperature of the adsorbent, leading to the fast
release of water. The CHM adsorbent can release nearly 100% of
the water within 10 minutes. By contrast, the CHM®@LIiCl
composite rapidly releases ~80% of the water in the first 10
minutes and releases all the adsorbed water within 30 minutes,
demonstrating its excellent photothermal water desorption
performance. In traditional solar-driven water release
processes, the photothermal components and the adsorbent are
separate, with heat generated at the top photothermal layer and
subsequently transferred to the adsorbent. This process causes
abundant heat loss, leading to lower solar energy utilization
efficiency.* In contrast, in CHM@®LICl adsorbents, heat is
generated by the structure of hollow porous carbon, which
presents great thermal conductivity, allowing heat to be evenly
distributed within the carbon matrix, and then in turn heating
the LiCl sites from multiple directions to release water. The heat
loss was reduced, resulting in superior rapid photothermal
dehydration performance. Compared to the higher energy
barrier of pure LiCl during the dehydration process, the
CHM@®@LIiCl composite demonstrates a distinct advantage in the
solar-driven water release process, enabling efficient dehydra-
tion without the need for external energy input.

Water sorption-desorption performance and kinetics of LiCl
in the CHM@LiCl

To evaluate the contribution of LiCl in the CHM@®LiCl
composite adsorbent, the water adsorption capacity of LiCl in
CHM@LICI was calculated to better compare its performance.
According to the thermodynamic model, the water adsorption
capacity of pure LiCl at 25 °C under different humidity condi-
tions is reported as 1.49 g g~ (20% RH), 2.24 g g~ (40% RH),
3.23 g g (60% RH), and 5.52 g g~ " (80% RH)."> The static
adsorption performance of LiCl in the CHM®@LiCl composite
were calculated according to Fig. 4b and S8, and the results are
shown in Fig. S10. The maximum water adsorption capacities of
LiCl in CHM@LiCl-3 at 20% RH, 40% RH, 60% RH, and 80%
RH are 1.51 g ¢, 252 g ¢, 3.86 g ¢, and 6.75 g g,
respectively (Fig. S10d). These values are better than those of
pure LiCl, which can be explained as follows: during the water
adsorption process, pure LiCl capture water vapor to form
droplets, which then coalesce into larger droplets. This aggre-
gation results in a reduction of the surface area available for
exposure to air, which subsequently impedes the diffusion of
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water vapor into the sorbent material. In contrast, CHM
possesses a hollow and hierarchical porous structure, which
provides ample loading sites for LiCl, allowing it to be evenly
dispersed throughout the CHM matrix. This increases the
contact area between LiCl and water molecules, enhancing the
effectivity of active sites, and thus results in higher adsorption
capacity of CHM@LiCl composite at low to high humidity.

Pure LiCl exhibits a slow adsorption rate and is difficult to
reach saturation within a short period.** In contrast, the LiCl in
the CHM@LICl composite can adsorb nearly 90% of its total
capacity within 200 minutes. Previous literature reports that
pure LiCl only reaches an adsorption capacity of 1.64 g g~ (60%
RH) and 2.65 g ¢ " (80% RH) within 7 hours.*> The comparison
of water uptake performance is shown in Table S5. Although the
loading amount of lithium chloride in this work is relatively
low, the actual water absorption capacity is better than most of
those reported in the literature.”>'®**** Moreover, the low
loading amount also helps to prevent salt leakage and improve
the long-term utilization. Clearly, LiCl in the CHM@®LIiCl
composite adsorbent exhibits faster adsorption kinetics. This is
attributed to the larger specific surface area and pore volume of
CHM@®@LiCl compared to pure LiCl, which facilitates the contact
between the sorbents and water vapor in the air, thereby
promoting the water adsorption kinetics of LiCl in the
composite adsorbent.

Water harvesting performance of CHM@LiCl-3

The solar-driven SAWH performance of the CHM@LiCl-3 in real
environmental conditions was tested to demonstrate its feasi-
bility. The water harvester is a custom-designed transparent
cubic container. Initially, the pre-dried CHM@LiCl-3 was placed
in the open container to fully adsorb water from the environ-
ment (June 23, 2024, Wenzhou, China, 23.5 °C, and the relative
humidity ranged between 60% RH and 65% RH). Based on the
adsorption kinetics of CHM@LICI-3, after 200 minutes of
adsorption, the adsorbent was sealed inside the water collector.
The subsequent desorption process was carried out under
simulated sunlight using a xenon lamp with an irradiance of 1
kW m~ 2. Throughout the water adsorption and solar-driven
desorption process, the optical images of the water collector,
along with the corresponding changes in environmental
temperature and humidity, are shown in Fig. 5a and b. Fig. 5a
illustrates the water released and condensed on the inner wall
of the water collector after the desorption process. The
CHM@®LiCl-3 adsorbent could complete one water collection
cycle within 230 minutes, with the water adsorption, release,
and collection capacities of 0.60 g g%, 0.596 g g ', and 0.53 g
g ', respectively. Under these conditions, the water collection
efficiency () of CHM®@LICl-3 was 89.1%.

In addition, the cycling stability of the CHM@®@LIiCl-3 adsor-
bent was tested. The conditions were set as follows: adsorption
was performed at 25 °C and 60% RH, and desorption was
carried out under 1 Sun. The adsorption-desorption process
was repeated for 10 times. As shown in Fig. 5c, the water
adsorption capacity during the first cycle was 0.60 g g™, with
nearly complete release of the adsorbed water. After ten times of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Optical images of the water harvester during the water release process. (b) The ambient temperature and humidity change curves

during the water harvesting process. (c) The water sorption—desorption cycling tests of CHM@LICl-3 at 25 °C, 60% RH for sorption and then

exposed to simulated sunlight at 1 kW m~2 for desorption.

the adsorption-desorption cycles, the performance of
CHM@LICI-3 exhibited slight fluctuations with no significant
degradation. This indicates that CHM®@LiCl-3 presents excel-
lent operational stability and can maintain a considerable water
adsorption—desorption capacity over multiple cycles, demon-
strating its potential to achieve higher water yield through
repeated cycles.

Conclusions

In this study, we prepared a unique MOFs-derived porous
carbon hollow microspheres modified by hygroscopic LiCl salt
for SAWH. The hollow-structured MIL-101(Cr) spheres were
obtained by an etching method and carbonized to porous
carbon hollow microspheres (CHM). Then LiCl was impreg-
nated into CHM to form CHM@LiCl sorbent. The hydrophilic
LiCl significantly enhances the overall water adsorption
capacity. The hierarchical porous CHM provides high porosity
and excellent photothermal ability, enabling rapid water
adsorption and fast solar-driven water release. The adsorbed
water can be released under sunlight within 30 minutes.
Besides, the hollow porous structure is beneficial for the
uniform dispersion of LiCl within the CHM, thus achieving
superior water adsorption performance than that of the pure
LiCl, and effectively mitigates the issue of salt leakage. The
rapid kinetics of CHM®@LiCl-3 enable it to collect 0.53 liters of
water per kilogram of adsorbent within 230 minutes under
realistic conditions. Moreover, after multiple cycles, it main-
tains excellent adsorption capacity and 100% dehydration rate.
This may provide a new way for designing MOFs-derived porous
carbon adsorbents for solar-driven SAWH.

Experimental

Chemicals and materials

Chromium nitrate hydrate (Cr(NO3);-9H,0, 99%), 1,4-benzene
dicarboxylate (CgHeO4, 1,4-BDC, 99%) and lithium chloride
(LiCl, 99%) were purchased from Aladdin. N,N’-dimethyl form-
amide (C3H,NO, DMF, AR) was obtained from Macklin. Acetic
acid (CH3;COOH, AR), hydrochloric acid (HCI, AR) and ethanol
(C,HsOH, AR) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Deionized (DI) water (18.2 MQ cm, from Milli-

© 2025 The Author(s). Published by the Royal Society of Chemistry

Q system) was used in all experiments. All the chemicals were
used without further purification.

Synthesis of MIL-101(Cr)

MIL-101(Cr) was synthesized according to the reported hydro-
thermal method.*® Cr(NOj3);-9H,O (5 mmol, 2 g) and 1,4-BDC
(5 mmol, 0.83 g) were dissolving in DI water (25 mL) under
ultrasonication for 30 minutes. The mixture was then trans-
ferred to a 50 mL Teflon-lined container, sealed and placed in
a hydrothermal reactor. Subsequently, the reactor was placed in
a preheated oven at 220 °C for 8 hours. After cooling to room
temperature, the green solid product was obtained by centri-
fugation (10000 rpm) for 10 minutes. The precipitate was
washed three times with hot DMF and ethanol respectively,
centrifugated and dried at 120 °C for 12 hours. Finally, green
MIL-101(Cr) was obtained.

Synthesis of the HM

Hollow MIL-101(Cr) (HM) was prepared by acetic acid etching.?®
Cr(NO3)3-9H,0 (2 mmol, 0.8 g), 1,4-BDC (1.32 mmol, 0.22 g)
and DI water (20 mL) were mixed and treated in the ultrasonic
machine for 10 minutes. The obtained uniform dispersion was
then transferred to the Teflon-lined container, and then heated
at 180 °C for 4 hours in the oven. When cooling to room
temperature, the precipitate was obtained by centrifugation
(10000 rpm) for 10 minutes and washed three times with DMF
and DI water respectively, followed by re-dispersion in DI water
(20 mL). The dispersion was mixed with acetic acid (2 mL) and
DI water (20 mL), placed in the Teflon-lined container and
heated at 180 °C for 4 hours. After cooling to room temperature,
the dark green HM was obtained by centrifugation (10000 rpm)
for 10 minutes, washed three times with DMF and DI water
respectively. Then the HM was activation by methanol solvent
exchange and dried at 120 °C for 12 hours.

Synthesis of the CHM

The HM was converted into CHM through high-temperature
carbonization. The carbonization conditions were as follows:
a certain amount of HM was placed in a ceramic crucible
positioned at the center of a tube furnace with an argon atmo-
sphere, the temperature was raised from room temperature to
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400 °C at a rate of 10 °C min~ ' and maintained at 400 °C for 3
hours. After cooling to room temperature, the porous carbon
material (CHM) was obtained.

Synthesis of the CHM@LiCl sorbents

The CHM@®LICl composite material was obtained via an
impregnation method. Specifically, CHM was immersed in
aqueous LiCl solutions of varying concentrations (0.02 ¢ mL ",
0.04 g mL ™", and 0.06 g mL™"). Subsequently, the products were
collected using a vacuum filtration system and dried at 120 °C
for 8 hours. The resulting CHM@®@LICl composites, with
different LiCl contents, were named as CHM@®LiCI-1,
CHM@LiCl-2, and CHM@LIiCl-3, respectively (Table S1).

Characterization

The powder XRD data were collected on X-ray powder diffrac-
tometers (SmartLab, 5-50°, Cu Ka). SEM images were acquired
using a Sigma 300. The XPS data were acquired with AXIS
SUPRA, Kratas. The FTIR spectra were recorded on a Nicolet Is5
(Thermo Fisher) with KBr pellets as background in the range
4000-400 cm ™', UV-vis-NIR spectra were measured by a spec-
trometer (UV-3600) with an integrating sphere in the wave-
length range of 2500 to 200 nm. N, sorption isotherms were
recorded on an American Mike ASAP 2460 instrument. A Xenon
lamp (CELPE300-3A) with a standard AM1.5G optical filter was
used to simulate sunlight, and the optical intensity was
measured with an optical power density meter (CEL-NP2000).
Infrared camera (FLIR, E40) was used to record the photo-
thermal data. Volumetric water adsorption isotherms are ob-
tained on a BELSORP-MAXII instrument. Temperature and
humidity were recorded on a data logger (COS-03)
automatically.

Water sorption and desorption experiment

The water vapor adsorption isotherms were measured using
a Beishide Dynamic Vapor/Gas Sorption Analyzer (BSD-DVS). All
the samples (30 mg) were degassed under vacuum at 120 °C for
4 hours before test. During the test, the temperature was set at
25 °C and the humidity was gradually increased by adjusting the
ratio of N, and water vapor.

Static water adsorption tests were also conducted by the BSD-
DVS instrument under the following conditions: constant
temperature of 25 °C and relative humidity settings of 20% RH,
40% RH, 60% RH, and 80% RH. All the samples (30 mg) were
degassed under vacuum at 120 °C for 4 hours before test.

Solar-driven water desorption: firstly, all the samples (30 mg)
were activated overnight at 120 °C, and then placed in a pre-set
constant temperature and humidity chamber for sorption
saturation (temperature: 25 °C, relative humidity settings of
20% RH, 40% RH, 60% RH, and 80% RH). After completing the
adsorption process, the samples were exposed to the simulated
sunlight with 1 kW m™2 (1 Sun), and the ambient humidity
maintained at ~55% RH. The weight change of the samples was
monitored throughout the process using an analytical balance.
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