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Metal—-organic frameworks (MOFs), characterized by dynamic metal-ligand coordination bonding, have
pivotal roles in catalysis, gas storage, and separation processes, owing to their open metal sites (OMSs).
These sites, however, are frequently occupied by Lewis-base solvent molecules, necessitating activation
to expose the OMSs for practical applications. Traditional thermal activation methods involve harsh
conditions, risking structural integrity. This study presents a novel ‘gas-flow activation’ technique using
inert gases like nitrogen and argon to eliminate these coordinating solvent molecules at low
temperatures, thereby maintaining the structural integrity of MOFs. We specifically explored this method
with HKUST-1, demonstrating that gas-flow activation at mild temperatures is not only feasible but also
superior in efficiency compared to the conventional thermal methods. This approach highlights the
potential for safer, more efficient activation processes in MOF applications, making it a valuable addition
to the repertoire of MOF activation techniques. This activation function of inert gas flow allows HKUST-1

as a catalyst for the hydrogenation of acetophenone even at room temperature. In addition, it is
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Accepted 19th December 2024 demonstrated that this ‘gas-flow activation’ is broadly applicable in other MOFs such as MOF-14 and

UTSA-76. Furthermore, the findings reveal that dynamic coordination bonding, the repeating transient
DOI: 10.1035/d4sc07011a dissociation-association of solvent molecules at OMSs, are key mechanisms in facilitating this activation,

rsc.li/chemical-science pointing towards new directions for designing activation strategies that prevent structural damage.

vacant sites crucial for catalytic reactions and gas adsorp-

Introduction _ : . S
tion.”*** These OMSs typically bind Lewis-basic (LB) solvent

Metal-organic frameworks (MOFs) are crystalline porous
materials composed of inorganic metal nodes connected by
organic linkers. Their extensive structural diversity and the
ability to finely tune physicochemical properties by modifying
linkers or substituting metal nodes render MOFs promising for
various applications, including catalysis,'* gas storage and
separation,”” sensing,*'* energy storage,”*'® and drug
delivery.”* Notably, approximately 70% of MOFs feature open
metal sites (OMSs) within the first coordination sphere of the
metal centers, where labile ligands can dissociate, leaving
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molecules in as-synthesized MOFs,* reducing their efficiency in
such applications, thus necessitating activation to expose the
OMSs for practical use. However, developing a method to
remove coordinating solvent molecules under mild conditions
without damaging the framework remains challenging.

The conventional activation of OMSs involves two steps: (i)
solvent exchange—from a high-boiling-point solvent like water
or N,N'-dimethylformamide (DMF) to a low-boiling-point
solvent such as chloroform (trichloromethane, TCM), methy-
lene chloride (dichloromethane, DCM), or methanol (MeOH);
and (ii) heating the MOF typically between 120 to 200 °C under
vacuum for extended periods (12 to 24 hours). Alternative
methods such as freeze-drying®® and supercritical CO,
activation®* aim to mitigate damage from surface tension and
capillary forces, yet their effectiveness in removing coordinating
solvents from metal centers is limited. Consequently, novel
room-temperature activation methods have been developed
using TCM,***” DCM,*® dimethyl ether.” These methods, espe-
cially so-called ‘chemical activation’ with such weakly coordi-
nating solvents, effectively activate OMSs in Cu-HKUST-1 and
Ni-MOF-74 by gradually replacing strongly coordinating
solvents with weaker ones (see Fig. 1a).>**” This activation also
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applies to unstable MOFs like MOF-143 (DUT-34),* enhancing
catalytic activity in processes such as the hydrogenation of
acetophenone and acetone, outperforming MOFs with strongly
coordinating solvents.*"*> Nevertheless, this chemical activation
method has a drawback in that large amounts of TCM, DCM, or
dimethyl ether are required to replace the strongly coordinating
solvents.

To overcome these MOF activation techniques, we explored
‘gas-flow activation’, employing inert gases like nitrogen (N,)
and argon (Ar) to remove coordinating solvents at mild
temperatures, thereby maintaining MOFs' structural integrity
and operational efficiency. We hypothesized that this method
facilitates the dynamic coordinative bonding of LB solvent
molecules, which are in a state of transient dissociation and re-
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Fig. 1 (a) Schematic illustration of the coordination states of Cuf(i)
centers with various solvents: strong coordination (DMF, DMSO),
intermediate coordination (MeOH, EtOH, H,0O), and weak coordina-
tion (DCM, TCM). The Cu—-Cu paddlewheel node is depicted, showing
the dynamic coordination changes. (b) Schematic representation of
the dynamic dissociation processes of coordinating H,O molecule at
Cu(i) centers, highlighting the role of collision kinetics and electronic
interaction with nitrogen.

2582 | Chem. Sci, 2025, 16, 2581-2588

View Article Online

Edge Article

association. In other words, these coordinating solvent mole-
cules in the dynamic state instantaneously dissociate and are
subsequently removed by expulsion through inert gas collisions
(see Fig. 1b). We confirmed the effectiveness of this process in
OMS-possessing MOFs, including HKUST-1, MOF-14, and
UTSA-76. Notably, ‘Ar-flow activation’ has proven particularly
effective for the catalytic hydrogenation of acetophenone in
HKUST-1. This method highlights the potential for safer, more
efficient MOF activation processes, emphasizing the dynamic
coordination bonding behavior of solvent molecules as a crucial
mechanism, thereby pointing towards innovative directions for
designing non-destructive activation strategies.

Results and discussion

The dynamicity of coordinating molecules led us to investigate
whether these molecules could be dissociated and subsequently
removed from the OMSs using a dry inert gas flow at a temper-
ature lower than that used in conventional thermal activation.
Our initial approach was to determine whether introducing dry
N, gas could reduce the activation temperature compared to
a static atmosphere (i.e., conditions without applying N, flow or
vacuum). For this purpose, we selected HKUST-1 due to its ideal
structural characteristics: its distinctive Cu-Cu paddlewheel
nodes, where two oxygen atoms from each benzenetricarbox-
ylate (btc) ligand bridge two copper centers, as depicted in
Fig. 1a. Furthermore, each Cu center is linked to four oxygen
atoms, each from a btc ligand. This specific coordination
geometry ensures that all OMSs at Cu centers, where LB solvent
molecules can bind, face the large open pore and are thus
readily accessible to guest molecules. This structural arrange-
ment results in a strong Raman scattering at the Cu-Cu node,
with the band appearing approximately between 165-230 cm™*,
varying according to the chemical environment around the Cu
centers, such as the presence or absence of coordinating LB
solvent, its type, its coordination strength, and its interactions
with pore-filling solvent (i.e., hydrogen bonding and dipole
interactions). Consequently, the Raman band distinguishes
between the open (activated state) and coordinating state of
OMSs.

Considering this spectroscopic feature, we prepared H,O-
loaded HKUST-1 crystals (hereafter referred to as H,O-HK;
also see the scanning electron microscope (SEM) image in
Fig. S1%), following the methods outlined in Section S1 of ESI.T
After verifying the phase and chemical purity of the samples by
the powder X-ray diffraction (PXRD) pattern and 'H nuclear
magnetic resonance (NMR) spectrum of H,0-HK (Fig. S27), we
measured the Raman spectrum of the H,O-HK sample. Subse-
quently, we monitored changes in the Cu state (H,O-
coordination or coordination-free state) at varying tempera-
tures, continuously supplying N, at a rate of 50 mL min "
(Fig. S31). Initially, the H,O-HK exhibited a characteristic
Raman band at 175 ecm™*, indicative of the presence of both
coordinating and pore-filling H,O molecules. After 30 minutes
of N, flow at 25 °C, the Raman band shifted to 166 cm ™", sug-
gesting the evacuation of pore-filling H,O molecules while
leaving only the coordinating H,O molecules. After continuing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the N, flow for 120 minutes at 25 °C, the band shifted to
230 cm ™, indicating complete OMS activation. It is noteworthy
that while static thermal activation without N, flow required
45 min at 90 °C (Fig. S47), N,-flow activation achieved the same
result in just 5 min at a temperature of 40 °C (Fig. S3t). This
result indicates that the N,-flow method can conserve the
energy with a gain of approximately 40 J g~' compared to the
static thermal method (Section S51).

To demonstrate that this N,-flow activation could be applied
to other solvent coordinations, we prepared HKUST-1 crystals
coordinating with TCM, DCM, MeOH, MeCN, EtOH, DMF, and
DMSO (hereafter TCM-HK, DCM-HK, MeOH-HK, MeCN-HK,
EtOH-HK, DMF-HK, and DMSO-HK, respectively). We then
monitored the changes in the Raman band of each sample at
different temperatures, applying dry N, flow (Fig. S5-S117). Our
findings revealed that the lowest activation temperatures for
each sample correlate strongly with the coordination strength
of the LB solvent, as observed in previous studies, where the Cu-
Cu vibrational Raman band closely relates to the solvent's
coordination strength in the order: TCM = DCM < H,0 < MeOH
=~ MeCN = EtOH < DMF (Fig. 2).*>** Thus, TCM and DCM are
the most labile solvents for dissociating from Cu centers, while
DMF and DMSO pose the greatest challenge (DMSO-HK were
not fully activated even at 180 °C; Fig. S117). To gain a deeper
understanding of the coordination strength, we calculated the
interaction energies of the solvents at Cu(i) OMS using the DFT
method (Fig. 3, S12 and Tables S1-S51). The DFT results closely
agree with our experimental findings, except for MeOH, which
displays an exceptionally high interaction energy due to non-
conventional hydrogen bonding between the framework
oxygen and methanol's C-H hydrogen. Although such hydrogen
bonding does not significantly influence the actual dissociation
ability, the relatively high activation temperatures of EtOH-HK
and DMF-HK compared to their coordination energies can be
attributed to their large molecular sizes, which impact their
diffusion through the pores. To corroborate these DFT findings
and further explore non-conventional hydrogen bondings, we
also calculated the electron density (ppcp) and density energy
(Hgcp) at the bond critical point between the coordinating atom
in the solvent molecule and the OMS using the theoretical
package, Atoms in Molecules (AIM) (Tables S6-S137). The AIM
results generally align with the DFT results, although some
calculated values appear somewhat erratic.

To test our hypothesis that another inert gas can facilitate
the removal of coordinating solvents by collisional expulsion,
we conducted gas-flow activation using argon (Ar, Mm =
39.948 g mol™ ). Like the N,-flow experiments, we monitored
the dissociation of solvent molecules under dry Ar flow using
Raman analysis with samples of H,O-HK, EtOH-HK, DMF-HK,
and DMSO-HK (Fig. S13-S161). Compared to N,-flow activa-
tion, Ar-flow activation significantly reduced the activation
temperature—from 40 to 25 °C for H,0-HK and from 90 to 60 °C
for EtOH-HK (Fig. 4)—attributable to the 42% higher kinetic
energy of Ar (4.41 x 10~ "' J s7") than that of N, (3.09 x 10" ]
s™') (Section S97), along with their similar polarizabilities
(1.6411 and 1.7403 x 10>* em® for Ar and N,, respectively).**
However, due to their high boiling points and strong

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

View Article Online

Chemical Science

230

(a)
_&% Veu-cu= 230 cm-!

175 /

4
,/ Activation

7/ by Temperature Increase

T T T T T T T T T

Raman shift (cm™) ==->»

(b) under N, flow static conditions
< 1 > <l
200 Weak Intermediate Strona B
coordination coordination coordination

Activation temperature (°C)

‘;@G\A (,,\OY\ 0\« ‘(\9

Fig.2 (a) Schematic illustration of the Raman spectra change showing
the Cu—Cu stretching vibration at 230 cm ™t and 175 cm™* for different
coordination states of Cu(i) induced by the activation. (b) Activation
temperatures determined by in situ Raman spectroscopy under N,
flow (blue columns) and static conditions (green column) for various
solvents. The graph highlights the transition of activation temperature
for H,O-coordinating HKUST-1 from static (90 °C) to N, flow condi-
tions (40 °C).
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Fig. 3 DFT-calculated interaction energies for the coordination of
various solvent molecules at Cu(i) OMS per unit cell of HKUST-1,
indicating the coordination strength.
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Fig.4 (a) Schematicillustrations of the dynamic coordination bonding
of H,O molecule and its dissociation process under N, (left) and Ar
flow (right) conditions. (b) Activation temperatures of H,O-, EtOH-,
and DMF-coordinated to HKUST-1 under N, (blue columns) and Ar
(pink columns) flow conditions, showing the impact of different inert
gases on the activation temperature.

coordination strengths, neither DMF-HK nor DMSO-HK
samples were effectively activated using Ar-flow.

We also considered whether gas-flow activation might be
achieved through coordination exchange, where N, or Ar
molecules instantaneously coordinate at the OMSs after dis-
placing pre-coordinating solvent molecules. To investigate this
possibility, we conducted Raman spectroscopy with a coordi-
nation-free activated HKUST-1 sample while infusing N, and
Ar gas into the quartz holder (Fig. S171). We also performed
control experiments under vacuum conditions (0.1 mbar) for
comparison. Although we hypothesized that N, or Ar coordi-
nation at the OMS might cause a redshift in the Cu-Cu vibration
Raman band from 230 cm ™}, the band remained at 230 cm™* in
all tests, indicating that neither N, nor Ar coordinates at the
OMS, thus supporting the hypothesis that the transportation of
transiently dissociated solvent molecules by collision is the
most plausible mechanism, rather than coordination exchange.

Based on the above understanding and considering the two
places where solvent molecules reside (the crystal exterior and
interior), we propose two distinct mechanisms for the gas-flow
activation process. The removal of non-coordinating solvent
molecules on the crystal exterior occurs through direct collision
with inert gas molecules, which possess high translational
speed due to convection. In contrast, the removal of coordi-
nating solvent molecules within the crystal interior proceeds in

2584 | Chem. Sci, 2025, 16, 2581-2588
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two steps: (1) dissociation of coordinating molecules by the
collision with inert gas molecules and (2) diffusion of the
dissociated molecules to the crystal surface, driven by
a decreasing concentration gradient, after exterior drying.

Additionally, we explored the loss of coordinating solvent
molecules from HKUST-1 using the thermogravimetric analysis
(TGA), maintaining the sample at a stable lower temperature
until weight loss stabilized, then incrementally raising the
temperature to 25, 40, 50, 60, 90, 120, 150, and 180 °C. As
depicted in Fig. S18,7 the weight loss of DCM-HK, TCM-HK,
H,0-HK, and MeOH-HK samples reached a plateau at 90 °C,
while that of MeCN-HK stabilized at 120 °C, EtOH-HK at 150 °C,
DMF-HK at over 180 °C, and DMSO-HK at over 180 °C. Although
this thermal analysis does not precisely distinguish between
pore-filling and coordinating solvents, we calculated the stoi-
chiometric amounts of each solvent associated with the Cu
centers based on their final masses (Tables S14 and S15%).
Accordingly, the temperatures at which solvents began disso-
ciating from the OMSs—25 °C for DCM and TCM, 40 °C for H,0,
50 °C for MeOH and MeCN, and 60 °C for EtOH—correspond
closely to those observed in the Raman experiments.

While these results confirm the efficacy of gas-flow activation
at the Cu centers, such experiments have thus far been con-
ducted on single crystals or small milligram-scale samples.
Therefore, we aimed to examine larger, bulk samples of more
than 200 mg of HKUST-1 by employing N, adsorption isotherms
and testing BET surface areas with EtOH-HK samples activated
thermally at 180 °C and by Ar-flow at rates of 50 mL min "
(Thermal-Act_EtOH-HK and Ar-Act_EtOH-HK, respectively). For
the Ar-Act EtOH-HK samples, we controlled the activation
temperature at 25, 40, and 90 °C to compare the degree of
activation. The results showed that Thermal-Act_EtOH-HK (180
°C) and Ar-Act_ EtOH-HK (90 °C) yielded very similar BET-
specific surface areas of 1992 and 1907 m”> g, respectively,
as illustrated in Fig. 5a. However, the Ar-Act_EtOH-HK samples
activated at 40 and 25 °C exhibited significantly reduced surface
areas of 1350 and 948 m” g™, respectively, which are 29% and
50% lower, respectively, than the Ar-Act EtOH-HK sample
activated at 90 °C. In these Ar-activated samples, the total pore
volume increased from 0.358 to 0.520 and up to 0.775 cm® g~ *
depending on the activation temperature (25, 40, or 90 °C,
respectively), as depicted in Fig. 5b. As corroborated by other
studies, these lower BET surface areas and total pore volumes
undoubtedly resulted from remaining EtOH molecules in the
sample after Ar-flow at the lower temperatures (25 and 40 °
C).*¢ For instance, Ar-Act_EtOH-HK (25 and 40 °C) contained
1.13 and 0.93 EtOH molecules per Cu center, respectively, while
Ar-Act_EtOH-HK (90 °C) contained only 0.14 EtOH molecules
per Cu center, as confirmed by "H NMR (Fig. S19at). Nonethe-
less, after N, sorption measurements, all samples retained their
crystallinity (Fig. S19b¥).

To further evaluate the effect of the kinetic energy of the gas
flow on the activation of HKUST-1, we conducted bulk activa-
tion experiments using an Ar flow rate of 5 L min™" at 25 and
90 °C [5L-Ar-Act_EtOH-HK (25 °C) and 5L-Ar-Act_EtOH-HK (90 ©
C)]. At the higher flow rate (higher kinetic energy), the BET
surface area and total pore volume of 5L-Ar-Act_EtOH-HK at 25 °©

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a and d) N, adsorption/desorption isotherms, (b and e) plot of total pore volume as a function of activation temperature, and (c and f)

NLDFT calculation for the pore size distribution of EtOH-HKUST-1 under different activation conditions: thermal activation at 180 °C (pink), Ar
activation at 90 °C (dark blue), Ar activation at 40 °C (blue), and Ar activation at 25 °C (light blue) after (a—c) 50 mL min~—* and (d—f) 5 L min~t Ar-

flow activation.

C increased substantially by 64% and 79%, respectively (1554
m?®g "and 0.62 cm® g~ ', as shown in Fig. 5d—f), compared to Ar-
Act_EtOH-HK, which was tested under a lower flow rate. Despite
these improvements, the BET surface area and total pore
volume for 5L-Ar-Act_EtOH-HK (25 °C) remained significantly
lower than those of Thermal-Act_EtOH-HK (180 °C), indicating
that some EtOH molecules were still coordinated to Cu centers.
According to '"H NMR results, 0.37 EtOH molecules per Cu

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

center remained in the sample after flowing Ar at 5 L min~" for
24 hours (Fig. S20%1). Moreover, 5L-Ar-Act_EtOH-HK (25 °C)
exhibited only pores with a size of around 0.97 nm, with no
narrower pores present (Fig. 5f), similar to the case with Ar-
Act_EtOH-HK (25 °C). By contrast, 5L-Ar-Act_EtOH-HK (90 °C)
showed the closest BET surface area and total pore volume
values (1934 m® g ' and 0.78 cm® g™ "), along with a pore size
distribution very similar to Thermal-Act_ EtOH-HK (180 °C),

Chem. Sci., 2025, 16, 2581-2588 | 2585
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Fig. 6 (a) Schematic representation of the catalytic hydrogenation of
acetophenone to 1-phenylethanol using HKUST-1. (b) Conversion
rates of acetophenone to 1-phenylethanol over time for MeCN-acti-
vated HKUST-1 under different activation conditions: thermal activa-
tion at 180 °C (purple), Ar activation at 90 °C (pink), and non-activated
MeCN-HKUST-1 (black). The graph demonstrates the enhanced
catalytic performance of the Ar-flow-activated HKUST-1 sample.

highlighting the complete removal of EtOH molecules, as
confirmed by 'H NMR (Fig. $20%). These results indicate that
a flow of dry Ar at a moderate temperature (90 °C) effectively
activates the OMSs in HKUST-1 without causing structural
damage. Additionally, a comparable BET surface area to
Thermal-Act_ EtOH-HK (180 °C) can only be achieved with
a high Ar flow rate (5 L min~") due to its greater efficacy in
dissociating EtOH molecules from Cu centers as a result of its
higher kinetic energy (4.91 x 107> ] s~ ") compared to the lower
flow rate (50 mL min ", 4.41 x 10" Js™1).

Meanwhile, we hypothesized that Ar-Act_EtOH-HK (90 °C)
would show high catalytic activity as effectively as Thermal-
Act_EtOH-HK (180 °C) in the catalytic hydrogenation of aceto-
phenone at room temperature, given that both had fully acti-
vated OMSs. As a result, Ar-Act_EtOH-HK (90 °C) exhibited high
conversion efficiencies of 95% within 60 min, with a very similar
profile to Thermal-Act_EtOH-HK (180 °C), whereas MeCN-HK,
with Cu sites occupied by MeCN coordination, yielded a low
conversion efficiency (~10%, Fig. 6). However, we observed that
the framework of the HKUST-1 completely collapsed after the
reaction as reported in literature,” indicating its limitation in
recycling the catalyst (see PXRD analysis in Fig. S21}). To
expand the above results, we examined additional experiments
using MeCN-MOF-14 and MeCN-UTSA-76 that possess crystal
sizes similar to HKUST-1 (Fig. S1 and S227). As a result, Ar-
Act_MeCN-MOF-14  exhibited higher catalytic activity
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Activation temperature (°C)

EtOH-HK

EtOH-MOF-14 EtOH-UTSA-76

Fig. 7 Activation temperatures of EtOH-coordinated HKUST-1
(EtOH-HK), MOF-14 (EtOH-MOF-14), and UTSA-76 (EtOH-UTSA-76)
under static conditions (green columns) and Ar-flow conditions (pink
columns). The graph highlights the differences in activation temper-
atures for each MOF, indicating the efficiency of Ar flow in lowering the
activation temperature compared to static conditions.

compared to non-activated MeCN-MOF-14, demonstrating that
Ar-flow activation enhances the catalytic performance of MOF-
14 effectively. However, we found that MeCN-UTSA-76 was
challenging due to its intrinsic low catalytic efficiency. These
results support our hypothesis that the gas-flow activation can
expose a significant number of OMSs under mild conditions;
thus, it is a pretty effective activation method. These findings
are promising, suggesting potential applications in an inte-
grated experimental setup where in situ activation under inert
gas flow followed by gas phase reactions can be conducted
efficiently.

To explore whether this gas-flow activation method could
broadly apply to other MOFs, we further extended our investi-
gation to include MOF-14 and UTSA-76. In alignment with our
hypotheses, when subjected to an Ar-flow activation protocol,
both MOFs demonstrated complete activation at significantly
lower temperatures of 40 °C, compared to the higher tempera-
ture required under static air conditions (90 °C for MOF-14 and
60 °C for UTSA-76) (Fig. 7 and S23-S271). This experiment
underscores the potential of the gas-flow activation techniques
in enhancing the activation efficiency, suggesting a promising
strategy for optimizing the performance of these materials in
various applications.

Conclusions

This study introduces the dynamic coordinative bonding
behavior of OMS-coordinating solvent molecules despite their
different coordinative strength and a subsequent innovative
inert gas-flow activation method for MOFs using N, and Ar,
which significantly enhances activation efficacy under milder
conditions compared to traditional methods. By employing
inert gases to remove coordinating solvents at lower tempera-
tures, this technique preserves the structural integrity of MOFs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and expedites activation processes without the need for high
temperatures or vacuum conditions. Our findings demonstrate
that this method can rapidly activate OMSs, as shown through
successful applications in HKUST-1, MOF-14, and UTSA-76. The
technique's effectiveness across various copper-based MOFs
suggests its broad applicability for improving MOF perfor-
mance in catalysis, gas storage, and separation. Future research
will explore extending this method to other MOF types and
assessing its industrial scalability. The potential for this gas-
flow activation to revolutionize MOF preparation and utiliza-
tion offers promising avenues for advanced environmental and
energy applications.
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