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g c-pores with
tetrafluorosuccinate in a csq-type mesoporous Zr-
MOF with different crystal dimensions: cycling
stability and adsorption kinetics for in-door
humidity control

Hao Lin,a Huiying Lin,a Mingxing Zhang, c Yingpeng Jiang,a Yuhang Liu,a Liting Dub

and Zhiyong Lu *a

Metal–organic frameworks (MOFs) are promising for energy-efficient indoor humidity control, yet their

long-term cycling stability is crucial. While Zr-MOFs featuring specific structural parameters—one-

dimensional channels with neighbouring coplanar Zr6 clusters spaced below 5.4 Å—typically

demonstrate high hydrolytic stability due to restricted water accessibility, exceptions exist. The

framework NU-1008, although meeting these criteria, shows sub-optimal cycling stability due to

hydrolysis of its c-pore formate ligands, which compromises structural integrity. To address this,

a Solvent Assisted Ligand Incorporation (SALI) strategy is employed to install auxiliary ligands within its c-

pore. Modification with tetrafluorosuccinate (TFS) yields NU-1008-TFS, which exhibits exceptional

stability, retaining 97.7% of its initial water uptake after four cycles and 99.4% of its original surface area.

The derived bulk single-crystal material, NU-1008-SC-TFS, integrates this high stability with a substantial

water capacity (0.80 g g−1) and rapid kinetics (0.34 mg g−1 s−1), positioning it as a promising candidate

adsorbent for an intelligent humidity management system.
Introduction

Beneting from the fast development of human society,
increasing attention is being directed toward creating
comfortable living and working environments, such as indoor
humidity and air quality control.1,2 Maintaining optimal indoor
humidity levels (45–65% RH) is critical for both human well-
being and building integrity. Excessive moisture promotes mold
growth, damages structures, and impairs thermal comfort by
hindering evaporative heat dissipation, while inadequate
humidity compromises respiratory health.3–5 Conventional
humidity control relies on energy-intensive hybrid systems (e.g.,
desiccant dehumidiers coupled with vapor compression
cooling), which decouple latent and sensible loads but incur
high operational costs—especially in hot, humid climates with
high latent loads. Passive alternatives like hygroscopic cloth
curtains offer limited moisture buffering but suffer from low
water uptake capacity and slow kinetics, restricting their
eering, Nanjing Tech University, Nanjing

du.cn
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ineering, Nantong University, Nantong

y the Royal Society of Chemistry
effectiveness to moderate climates and oen requiring inter-
mittent operation.6–8

Metal–organic frameworks (MOFs) have emerged as a trans-
formative solution for intelligent humidity management.9–32

Their exceptional properties – including ultrahigh water
adsorption capacity (e.g., MIL-101-Cr's S-shaped isotherms),
rapid sorption kinetics, and low regeneration temperatures (<60
°C) enable continuous, energy-efficient moisture control.33,34

Unlike traditional materials, MOFs can be integrated into
building systems (e.g., ventilated façades) to actively “pump”
indoor moisture outdoors via vapor pressure gradients, inde-
pendently of outdoor humidity conditions. This eliminates the
need for energy-intensive air dilution and reduces sensible
cooling loads by up to 86% compared to conventional systems.
Moreover, their tunable structures allow precise humidity
regulation, making MOFs pivotal for next-generation sustain-
able buildings in humid regions.35–38

For adsorption-based intelligent humidity management, the
performance of adsorbents is the key factor that determines the
efficiency. Basically, structural stability and adsorption effi-
ciency (including capability and kinetics) are two critical
requirements for adsorbents used in these water adsorption
applications.34,39,40 Materials must endure repeated adsorption–
desorption cycles; poor cycling stability leads to gradual
degradation or complete loss of adsorption capacity, severely
Chem. Sci.

http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc10222g&domain=pdf&date_stamp=2026-05-14
http://orcid.org/0000-0001-7904-461X
http://orcid.org/0000-0001-8263-8152
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc10222g
https://pubs.rsc.org/en/journals/journal/SC


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 7
:0

6:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
compromising performance. Our previous studies identied
that Zr-MOFs featuring one-dimensional channels, with
coplanar adjacent Zr6 clusters aligned along the channel
direction, and a cluster spacing below 5.4 Å exhibit not only
excellent hydrolytic stability but also enhanced structural
stability.41 This arises from limited water molecule accessibility
to Zr6 nodes solely along the one-dimensional channel direc-
tion, resulting in superior water adsorption cycling stability.
However, during our research, we noticed that even certain Zr-
MOFs meeting these structural criteria displayed cycling
stability below expectations, such as NU-1008 constructed from
Zr6 nodes and TCPB-Br2

4− linkers.41,42 We attributed this to the
disorder and gradual hydrolysis of formate ligands between
adjacent coplanar Zr6 clusters along the channel direction in
NU-1008 (c-pore area). The departure of these formate ligands in
the c-pore area allows water molecules to penetrate between
clusters. The resulting unbalanced capillary forces during water
extraction can induce localized structural collapse, leading to
a slight decline in cycling stability.

To address this, in this contribution, we employed the
Solvent Assisted Ligand Incorporation (SALI)43–45 method to
Fig. 1 Schematic depiction of structural degradation and complementar
the TCPB-Br2

4− linker; (c) the typical csq-type network of NU-1008; (d) th
pore; (e) the c-pore environment in NU-1008with formate coordinated to
over four consecutive cycles; (g) 1H NMR spectra of the base-digested N
showing the gradual decrease in formate content; (h) illustration of c-po
candidate linkers for c-pore patching: monotopic TFA, bitopic FUM, and

Chem. Sci.
introduce auxiliary ligands with a smaller pKa value than for-
mic acid in the c-pore area of NU-1008 for further strength-
ening the coordination interaction around the c-pore, aiming
to prolong the restriction of node accessibility and thereaer
enhance cycling stability. Among the auxiliary-ligand-func-
tionalized NU-1008 analogues, the introduction of bitopic
coordinating tetrauorosuccinic acid shows the most opti-
mized water adsorption cycling stability of NU-1008. The
resultant material NU-1008-TFS retained 97.7% of its initial
water uptake capacity by the fourth cycle, and its BET surface
area aer water adsorption cycles remained at 99.4% of the
value before the water adsorption test, demonstrating excep-
tional stability. Further investigation into its adsorption
kinetics revealed its close correlations with particle-size-
induced packing density instead of the length/diameter ratio.
The ultimate bulk single crystal sample NU-1008-SC-TFS
combines high stability, high water-vapor uptake capacity
(0.80 g g−1) as well as fast kinetics (0.34 mg g−1 s−1), making it
a promising candidate for adsorption-based intelligent indoor
humidity control.
y modification of the c-pore region in NU-1008. (a) The Zr6 cluster; (b)
e c-pore environment in NU-1008with formate coordinated inside the
ward themesopore; (f) water-vapor adsorption isotherms of NU-1008
U-1008 sample after prolonged soaking in water (replaced every 8 h),
re patching via bridging linkers; (i) chemical structures of the selected
bitopic TFS.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Degradation of NU-1008 during water adsorption

NU-1008 is a csq-topology Zr-based metal–organic framework
synthesized from Zr(IV) and the tetratopic linker TCPB-Br2

4−,
featuring hierarchical porosity with two distinct channel types:
micropores (∼1 nm in diameter) andmesopores (∼3 nm in size)
(Fig. 1a–c).46 Each Zr6 node possesses 12 potential coordination
sites, eight of which are occupied by TCPB-Br2

4− linkers, while
the remaining sites are coordinated with non-structural species
such as aqua, hydroxyl groups, or modulator molecules. Along
the channel direction, the distance between adjacent coplanar
Zr6 nodes measures 4.3 Å (Fig. 1d), satisfying the geometric
criteria previously proposed for achieving high water-adsorp-
tion cycling stability in Zr-MOFs.41 Despite this, NU-1008 still
exhibits a gradual decline in water uptake over repeated cycles
(Fig. 1f and Table 1), with the fourth-cycle saturation capacity
dropping to approximately 83% of the initial value. Corre-
spondingly, the BET surface area derived from N2 adsorption
shows an 11.2% reduction aer four water-vapor adsorption
cycles. This behavior contrasts with other Zr-MOFs that fully
meet the stability requirements outlined in our earlier work.41

To clarify the structural details of NU-1008, we re-examined
its single-crystal structure. Unlike previously reported,46 formate
ligands were clearly resolved at sites directed toward the
mesopores (Fig. 1e), whereas none were observed around the c-
pore region (Fig. 1d). However, 1H NMR analysis of the digested
as-synthesized sample indicates approximately four formate
ligands per Zr6 node (Fig. 1g), implying that nearly two formates
are located near the c-pore but are highly disordered and thus
not discernible in the electron density map. Moreover, coordi-
nated formate ligands are susceptible to hydrolysis under pro-
longed exposure to aqueous environments (Fig. 1g).
Collectively, disorder and potential hydrolysis of formates
around the c-pore can create local defects, allowing water
penetration and inducing imbalanced capillary stresses. These
factors are together responsible for the progressive degradation
observed during repeated water-vapor adsorption cycles.
Solvent Assisted Ligand Incorporation (SALI) in NU-1008

To address the potential instability of formate ligands within
the c-pore region, we proposed to further strengthen the
connectivity along the c-axis in NU-1008, thereby achieving
a more durable seal of the c-pores. Several auxiliary ligands with
pKa values lower than that of formic acid (pKa = 3.75) were
selected for coordination within the c-pore area. These included
the monotopic triuoroacetic acid (TFA, pKa = 0.25) and the
bitopic fumaric acid (FUM, pKa1 = 2.86)47 and tetra-
uorosuccinic acid (TFS, pKa1 =−1.03), as shown in Fig. 1i. TFA
has previously been employed to enhance the water-vapor
cycling stability of Zr-MOFs by acting as a protective ligand that
shields the Zr6 nodes from hydrolysis.15,48 However, as a mono-
topic ligand, its coordination saturates all the available open
sites in NU-1008, which precludes any subsequent application
requiring accessible Lewis acid sites. In contrast, bitopic
ligands can be installed in a bridging coordination mode
Chem. Sci.
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Fig. 2 Structural and physical characterization of NU-1008 and its analogues. (a–d) Crystal structures of pristine NU-1008 (a), NU-1008-TFA (b),
NU-1008-FUM (c), and NU-1008-TFS (d); (e–h) corresponding scanning electron microscopy (SEM) images; (i) powder X-ray diffraction (PXRD)
patterns; (j) N2 adsorption–desorption isotherms measured at 77 K; (k) pore size distribution profiles derived from the adsorption data.
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directly within the c-pore (Fig. 1h). This conguration effectively
patches the pore while preserving the unsaturated metal sites
directed toward the mesopore, leaving them accessible for
further functionalization.

The SALI (solvent-assisted ligand incorporation) procedure
was conducted following established protocols.43,44,49 With the
exception of TFA-loaded NU-1008, all samples containing bi-
topic ligands were subsequently treated with HCl/DMF at 120 °C
to remove any mono-coordinated species. As characterized by
1H NMR and summarized in Table 1, the ligand loadings per Zr6
node for TFA, FUM, and TFS are 3.89, 0.73, and 0.74, respec-
tively, aligning closely with theoretical expectations. Single-
crystal structures were further determined for each sample. In
NU-1008-TFA (Fig. 2b), the unsaturated metal sites facing the
Chem. Sci.
mesopores were conrmed to be occupied by TFA ligands.
Although high disorder prevented the resolution of individual
TFA molecules within the c-pore, the 1H NMR-derived loading
(Fig. S18 and Table 1) indicates the presence of two indepen-
dent TFA molecules per pore. The distance between the coor-
dinating oxygen atoms remained unchanged from that of
pristine NU-1008. For NU-1008-FUM, bridging fumarate ligands
were clearly identied within the c-pore, chelating to adjacent
Zr6 nodes on both sides (Fig. 2c). The extended length of this
ligand increased the distance between coordinating oxygen
atoms to 4.9 Å. TFS, while similar in size to fumarate, adopts
a cisoid conformation. This results in a distinct mono-coordi-
nated, bridging mode between neighboring Zr6 nodes (Fig. 2d).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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The conformation closely matches the pristine c-pore dimen-
sions, causing only a minor expansion (3.76 Å vs. 3.54 Å).

Notably, the c-pore expansion in these analogues corre-
sponds to a systematic decrease in the d-spacing of the (100)
crystallographic plane (Fig. 2 and 1a–d). The values for NU-1008-
TFA, NU-1008-FUM, and NU-1008-TFS are 35.0 Å, 33.8 Å, and
34.8 Å, respectively, compared to 35.1 Å for NU-1008. This
change directly inuences the mesopore dimensions. By
accounting for van der Waals radii, the mesopore sizes were
estimated from the crystal structures. Consistent with the
reduced d-spacing, NU-1008-FUM shows a slight contraction
(2.7 nm vs. 2.8 nm for NU-1008), while NU-1008-TFS retains
a mesopore size comparable to the parent framework. Due to
direct coordination within the mesopore, NU-1008-TFA exhibits
the most signicant pore size reduction. From the standpoint of
preserving porosity, the terminal ligand TFA is therefore
a suboptimal choice compared to bitopic linkers.

Upon scaling up the synthesis of NU-1008 analogues for
adsorption testing, the phase purity of each sample was further
veried by SEM and PXRD. Using the same batch of pristine NU-
1008 as the starting material, all samples retained their original
morphology following the SALI process, as shown in Fig. 2e–h.
The PXRD patterns of the as-synthesized powder samples corre-
spond well with those simulated from their respective single-
crystal structures (Fig. S6, S11, S17 and S23). Due to the different
connectivities introduced by the auxiliary ligands within the c-
pore region, corresponding shis in their PXRD patterns are
observed. Compared to pristine NU-1008, all SALI analogues
exhibit an expansion of the c-pore in their crystal structures,
which is consistent with a shi of the (201) diffraction peak
toward lower angles (Fig. 2i). The peak positions are as follows:
NU-1008 at 9.18° (corresponding to a c-pore size of 3.54 Å in the
single-crystal structure), NU-1008-FUM at 8.71° (4.86 Å), NU-1008-
TFA at 9.13° (3.66 Å), and NU-1008-TFS at 9.11° (3.76 Å). Notably,
the substantial expansion of the c-pore in NU-1008-FUM is
accompanied by a modest contraction of the mesopore. As
indicated in Fig. 2i, the (100) diffraction peak for NU-1008-FUM
appears at 2.61°, shied to a higher angle relative to that of NU-
1008 at 2.51°. This corresponds to a decreased d-spacing of the
mesopore,measured as 33.8 Å for NU-1008-FUM. In contrast, NU-
1008-TFA and NU-1008-TFS exhibit their (100) diffraction peaks
at 2.53° and 2.53°, respectively, indicating a slight shi toward
lower angles compared to the pristine material.
Porosity characterization for NU-1008 analogues

The porosity of NU-1008 analogues was further characterized by
N2 adsorption at 77 K. As illustrated in Fig. 2j, compared with
pristine NU-1008, the incorporation of different auxiliary
ligands leads to distinct N2 adsorption behaviors. NU-1008-TFS
exhibits an adsorption isotherm similar to that of NU-1008,
whereas NU-1008-TFA shows a moderate reduction in N2 satu-
ration capacity. Among the series, only NU-1008-FUM displays
an enhanced N2 adsorption isotherm, with a BET surface area of
1708.3 m2 g−1, signicantly higher than that of pristine NU-
1008 (1482.1 m2 g−1). The decreased N2 adsorption isotherms of
NU-1008-TFA and NU-1008-TFS correspond to reduced BET
© 2026 The Author(s). Published by the Royal Society of Chemistry
surface areas of 1279.7 m2 g−1 and 1400.8 m2 g−1, respectively
(Table 1). Notably, compared with pristine NU-1008, all the
modied analogues show pronounced hysteresis, which is
caused by the increased complexity of the pore environment
aer auxiliary ligand incorporation. Such complexity connes
N2 molecules around the c-pore area and contributes to the
great resistance of N2 molecules during the desorption process.
According to the pore size distribution (Fig. 2k), NU-1008-FUM
exhibits an increase in micropore width (19 Å) and a decrease in
mesopore width (29 Å), compared with NU-1008 (micropore:
17.3 Å; mesopore: 32.1 Å). Despite these alterations, the overall
pore volume increase in NU-1008-FUM—reected in its elevated
N2 adsorption—can be attributed to the expansion of the c-pore
distance along the c-axis. For NU-1008-TFA, coordination of TFA
within the mesopore region narrows the mesopore to approxi-
mately 25.3 Å, accompanied by a decrease in pore volume. In the
case of NU-1008-TFS, aside from a slight reduction in pore
volume, no signicant pore contraction is observed. Although
minor discrepancies exist between the pore sizes derived from
N2 adsorption and those obtained from crystallographic
measurements, the variations in pore size distribution across
the NU-1008 analogues remain consistent with the structural
modications observed in their crystal architectures.
Water-vapor adsorption and the cycling stability test

To evaluate the inuence of auxiliary ligands on water adsorp-
tion capacity and cycling stability, water adsorption isotherms
at 298 K were measured for the NU-1008 analogues (Fig. 3a).
Following the incorporation of the auxiliary ligands, the char-
acteristic inection points of the isotherms shied slightly
toward higher relative humidity, which can be attributed to the
enhanced hydrophobicity imparted by these ligands. Regarding
water uptake capacity, all analogues exhibited a modest reduc-
tion compared to pristine NU-1008 (1.00 g g−1), with saturated
adsorption capacities of 0.81, 0.87, and 0.90 g g−1 for NU-1008-
TFA, NU-1008-TFS, and NU-1008-FUM, respectively. NU-1008-
TFA, whose mesopores are notably narrowed by TFA ligands,
demonstrated the lowest saturation uptake among the series.

The cycling stability of these materials was further investi-
gated (Fig. 3b–d). Pristine NU-1008 exhibited a gradual degra-
dation with each cycle, incurring a 17.0% loss in water
adsorption capacity aer four cycles (Fig. 3e), resulting in
a fourth-cycle saturation uptake of 0.83 g g−1. Functionalization
with hydrophobic auxiliary ligands around the Zr6 nodes
markedly improved cycling stability. In NU-1008-TFA, the high
local uorine concentration around the nodes creates a hydro-
phobic microenvironment that impedes water access, leading to
signicantly enhanced stability relative to the parent frame-
work. This material showed only a 6.2% capacity loss aer four
cycles (Fig. 3e), retaining an uptake of 0.76 g g−1 in the fourth
cycle (Fig. 3c and Table 1). For NU-1008-FUM, the fumarate
(FUM) linker bridges adjacent Zr6 clusters along the c-pore,
serving both as a structural patch sealing the c-pore and a pillar
that reinforces the framework against compressive or tensile
forces along the c-axis. This bridging effect contributes to
exceptional cycling stability, with a minimal capacity decrease
Chem. Sci.
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Fig. 3 (a) Water vapor adsorption isotherms measured at 298 K for NU-1008 analogues; (b–d) cyclic water vapor adsorption–desorption
isotherms demonstrating the stability of NU-1008-TFA (b), NU-1008-FUM (c), and NU-1008-TFS (d); (e) evolution of the saturated water uptake
capacity over multiple cycles; (f) comparison of BET surface areas derived from N2 adsorption isotherms before and after the cycling tests.
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of 2.2% over four cycles (Fig. 3b and e). NU-1008-TFS combines
the advantages of both modication strategies: it retains high
uorine content for hydrophobicity around the Zr6 nodes, while
the tetrauorsuccinate (TFS) anions also bridge neighboring Zr6
clusters within the c-pore. Consequently, NU-1008-TFS deliv-
ered performance comparable to NU-1008-FUM, exhibiting
a low capacity loss of 2.3% aer four cycles.

Both FUM and TFS ligands enable the materials to retain
high water uptake capacity over multiple cycles, demonstrating
that bitopic linkers provide superior structural reinforcement
compared to monotopic ligands in mitigating framework stress
from capillary forces. To further assess structural integrity of
both samples, N2 adsorption isotherms at 77 K were collected
for each sample aer the cycling stability tests and compared
with the pre-cycling data (Fig. S9, S15, S21 & S26). As summa-
rized in Table 1, the post-cycling BET surface areas for NU-1008,
NU-1008-TFA, NU-1008-FUM, and NU-1008-TFS are 1315.6,
1230.0, 1442.5, and 1392.2 m2 g−1, respectively. Compared to
their initial values prior to water-vapor exposure, these repre-
sent declines of 11.2%, 3.9%, 15.6%, and 0.6%, respectively
(Fig. 3f and Table 1). The pronounced reduction in the BET
surface area of NU-1008-FUMmay be attributed to a contraction
in the c-pore distance along the c-axis, likely induced by
a conformational adaptation of the FUM linker under repetitive
capillary stress. Among all analogues, NU-1008-TFS exhibits the
most exceptional cycling stability with minimal structural
degradation.
Chem. Sci.
Water adsorption kinetics

Building upon NU-1008-TFS, we further investigated the inu-
ence of crystal dimensions on water adsorption kinetics. By
modulating solvothermal reaction conditions, a series of NU-
1008 crystals with controlled dimensions were successfully
synthesized, ranging from acorn-shaped particles (denoted as
NU-1008-O) to short-rod (NU-1008-I) and long-rodmorphologies
(NU-1008-II), and nally to a bulk single crystal (NU-1008-SC).
Subsequent functionalization of their c-pores with TFS yielded
the corresponding analogues: NU-1008-O-TFS, NU-1008-I-TFS,
NU-1008-II-TFS, and NU-1008-SC-TFS. NU-1008-O-TFS exhibits
an acorn-like morphology with a uniform particle diameter of
approximately 1 mm. The short-rod analogue NU-1008-I-TFS
possesses a similar cross-sectional size (∼1.5 mm), but its length
along the mesopore direction extends to about 6 mm, indicating
pronounced anisotropic growth along the c-axis. In contrast,
NU-1008-II-TFS displays a long-rod morphology with a cross-
section of 8–10 mm and a length exceeding 80 mm. This
dimensional anisotropy is reected in the length-to-diameter
ratios, which are approximately 1, 4–5, and 10 for NU-1008-O-
TFS, NU-1008-I-TFS, and NU-1008-II-TFS, respectively.

Water adsorption kinetic studies revealed a correlation
between the adsorption rate and particle morphology. Satura-
tion times decreased progressively with the increasing aspect
ratio: NU-1008-O-TFS required ∼300 min to reach saturation,
NU-1008-I-TFS ∼200 min, and NU-1008-II-TFS ∼150 min. This
trend appears counterintuitive to classical diffusion models,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic illustrations and corresponding SEM/optical images of acorn-shaped NU-1008-O-TFS, short-rod-shaped NU-1008-I-TFS,
long-rod-shaped NU-1008-II-TFS, and single-crystal NU-1008-SC-TFS, showing their progressive increase in the length-to-diameter ratio and
overall three-dimensional size; (b) schematic representation of the correlation between the particle size and packing density in powder samples;
(c) comparative analysis of the water-vapor adsorption kinetics for NU-1008-O-TFS, NU-1008-I-TFS, NU-1008-II-TFS, and NU-1008-SC-TFS;
(d) plot comparing the water adsorption rate and capacity of various MOF materials.
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since TFS functionalization seals the side windows (c-pores),
conning water vapor diffusion strictly to the one-dimensional
channels along the c-axis. Under such conditions, longer
particles would be expected to exhibit slower diffusion and thus
longer saturation times. A direct comparison between NU-1008-
I-TFS and the bulk single-crystal NU-1008-SC-TFS—which share
similar aspect ratios (L/D z 4–5)—highlights this discrepancy:
NU-1008-SC-TFS achieves saturation in only ∼50 min,
compared to ∼200 min for NU-1008-I-TFS. This result indicates
that the aspect ratio alone does not govern adsorption kinetics.
Instead, the overall three-dimensional crystal size plays a more
decisive role. Notably, as the crystal size increases from the
smallest (NU-1008-O-TFS) to the largest (NU-1008-SC-TFS), the
packing density of the powder samples decreases (Fig. 4b). The
resultant larger interparticle voids in samples composed of bulk
crystals facilitate faster vapor diffusion throughout the bed,
thereby accelerating the overall adsorption kinetics.

For indoor humidity control applications, rapid response to
humidity variations and high moisture uptake capacity are key
requirements for an effective smart adsorbent material. We
have compiled comparative data on water uptake capacity and
adsorption rates for several prominent MOF materials,50–54 as
© 2026 The Author(s). Published by the Royal Society of Chemistry
summarized in Fig. 4d and Table S2. The analysis shows that
Mg-Su-102, although not aiming at indoor humidity control,
exhibits the most favorable water adsorption kinetics (0.5 mg
g−1 s−1), yet its uptake capacity remains limited (0.3 g g−1).55

MIL-101(Cr) demonstrates the highest water uptake capacity
(1.27 g g−1), while its adsorption kinetics are comparatively slow
(0.042 mg g−1 s−1).53 Although MOF-808 shows a high water
uptake capacity (0.70 g g−1) and very rapid adsorption kinetics
(0.79 mg g−1 s−1) at 70 RH%,54 it in its un-functionalized form is
limited by its poor water-vapor cycling stability.11 In contrast,
NU-1008-SC-TFS achieves both a high water uptake capacity
(0.80 g g−1) and favorable adsorption kinetics (0.34 mg g−1 s−1),
positioning it as an excellent candidate for smart indoor
humidity regulation.
Conclusions

In summary, this work addresses the cycling stability challenge
in Zr-MOFs for humidity control by employing the Solvent
Assisted Ligand Incorporation (SALI) method. Functionaliza-
tion of the c-pore area within NU-1008 with various auxiliary
ligands successfully restricted pore accessibility along the one-
Chem. Sci.
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dimensional channel direction. Among these, the bidirectional
coordinating tetrauorosuccinic acid (TFS) proved the most
effective, yielding NU-1008-TFS with exceptional stability. This
modied material retained 97.7% of its initial water uptake
capacity aer four adsorption–desorption cycles, and its BET
surface area remained at 99.4% of the pre-cycled value,
demonstrating robust structural integrity. Investigation into
adsorption kinetics revealed a key correlation with particle-size-
induced packing density rather than particle morphology. The
ultimate bulk single-crystal derivative, NU-1008-SC-TFS,
successfully integrates this enhanced stability with a high
equilibrium water vapor uptake and rapid adsorption kinetics,
establishing it as a highly promising candidate for energy-effi-
cient adsorption-based intelligent humidity regulation.

This study not only resolves the anomaly identied in our
prior structural design rules for stable Zr-MOFs but also reaf-
rms the critical importance of restricting water accessibility to
Zr6 clusters along one-dimensional channels for achieving
exceptional cycling stability. Based on this, the present study
integrates the site-specic functionalization SALI strategy with
the original geometric design principles, establishing a new
more adaptable paradigm for designing Zr-MOF water vapor
adsorption materials. This paradigm not only upholds the core
concept of utilizing one-dimensional channels and limited
cluster spacing (<5.4 Å) to construct intrinsic stability, but also
further achieves precise chemical modication and reinforce-
ment of specic hydrolysis-prone sites (such as c-pore formate
ligands) through the SALI method. This dual strategy of
“geometric constraint” and “chemical reinforcement” effec-
tively addresses the limitations that may arise from relying
solely on structural parameters, signicantly enhancing the
robustness of the materials under practical cyclic operating
conditions. Therefore, this integrated approach provides amore
universal and reliable pathway for the future rational design
and development of water vapor adsorption MOF materials that
combine high capacity, fast kinetics, and ultra-long cycle life.
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