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Greatly Intensified Guest Exchange Strategy for
Highly-Efficient Activation of Metal–Organic Frameworks

Yan Wei, Miao Chang, Ling-Xia Yun, Meng Qiao, Rong-Kun Liu, Dahuan Liu,*
Jie-Xin Wang,* and Jian-Feng Chen

The preservation and accessibility of pores are prerequisites to the application
of metal–organic frameworks (MOFs). Activation is a key step to eliciting rich
features of pores, but it needs a repeated solvent-exchange process which is
tedious and time/cost-consuming. Herein, a facile strategy for highly-efficient
activation of MOFs utilizing rotating packed bed is proposed. With the
tremendous enhancement of molecular mixing and mass transfer in
high-gravity and strong-shearing surrounding, nine representative MOFs are
completely activated within 2 h without structural change. Compared with
conventional process, this activation displays surprising efficiency by
accelerating the diffusion of solvents and redissolution of residual reactants in
the pores. The complete activation time can be significantly shortened by over
90%. As a proof-of-concept, the methane storage of as-activated UiO-66 is five
times that of as-synthesized UiO-66. This strategy provides a potential
platform with industrial worth for the activation of MOF materials with
ultra-high efficiency and versatility.

1. Introduction

As a kind of porous coordination material, metal–organic frame-
works (MOFs) have been investigated for a remarkable range of
potential applications including adsorption and separation,[1–5]

catalysis,[6–8] sensing,[9,10] and drug delivery,[11,12] attributing to
their permanent high porosity and enormous surface areas. Ac-
tivation is the key downstream process in MOF production to
achieve the availability and accessibility of their porous struc-
tures without compromising structural integrity and porosity.[13]

The residual guest molecules including encapsulated solvent
molecules, unreacted metal salt ions/organic ligands, and even
poorly crystallized complexes in the pores need to be removed
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by this procedure. Nevertheless, the sur-
face areas and pore volumes of mate-
rials are typically lower than the simu-
lated values from perfect crystal structures,
due to the incomplete activation or pore
blockage/collapse,[14,15] thereby resulting in
poor or even unavailable application per-
formances. Although great progress has
been made in developing versatile activa-
tion techniques to address such discrepan-
cies, activation is still the tedious stage in
the preparation of MOFs which is time-
consuming and energy-intensive.

The techniques utilized to date for
MOF activation mainly include conven-
tional heating,[16,17] solvent-exchange,[18]

supercritical CO2 (scCO2) exchange,[19,20]

freeze-drying,[21,22] and so on.[23,24] As the
earliest activation strategy, conventional
heating is beneficial to the MOFs with
unsaturated coordination metals,[25] but
puts forth demanding requirements in

the high thermal and structural stability of materials, otherwise
possibly resulting in the loss of crystallinity and porosity, and
even destruction/collapse of the skeleton structure.[26] Hence-
forth, most newly developed methods have been committed to
reducing or eliminating capillary forces exerted by the solvent
in the evacuation process. Among these strategies, scCO2 ex-
change has been demonstrated to effectively prevent mesopore
collapse and enhance micropore accessibility of MOF with del-
icate structures.[27] However, its efficiency may be dependent
on the pore structures of the MOFs,[27,28] and the use of high
pressure raises the cost, which limits large-scale and sustain-
able development.[29] Moreover, solvent-exchange is often en-
tailed prior to scCO2 exchange for a complete activation.[19] For
these reasons, solvent-exchange is still the most commonly used
and universal method in the activation of MOFs. By soaking the
as-synthesized samples in daily-refreshed low boiling-point sol-
vents to exchange high boiling-point solvents used in the synthe-
sis process, surface tension and capillary forces during activation
can be greatly reduced.[28,30] Recently, there are a few reports on
the use of more optimized solvent exchange conditions for some
MOF materials, sometimes even no other step than filtration and
rapid washing.[31,32]

The activation of MOFs can also be regarded as the ex-
change/removal of substances in a confined space. Although the
speed and dependence of diffusion differ in different topologies,
the level of mixing and mass transfer determines the diffusion
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Figure 1. Activation process of MOFs using RPB. a) Theoretical base of high-gravity technology and schematic illustration of fluid motion in the RPB.
b) Schematic diagram of RPB with internal circulation (the arrow indicates the direction of reaction solution). c) 3D/2D physical model diagram of the
packing layer. d) Schematic illustration of the guest exchange and evacuation in MOFs (taking UiO-66 as an example).

rate. Moreover, according to Fick’s second law of diffusion de-
scribed as Equation (1), the diffusion time is directly proportional
to the square of the diffusion distance.[33,34]

𝜕C
𝜕t

= D 𝜕
2C

𝜕2x2
(1)

where C is the volume concentration of solute, t is the time of dif-
fusion, D is the diffusion coefficient of solute, and x is the diffu-
sion length. That is, the shorter the diffusion distance, the shorter
the time to reach the diffusion equilibrium. In other words, en-
hancing mixing and mass transfer, shortening the diffusion dis-
tance, can effectively accelerate the activation of MOF materials.

High-gravity technology is a process-intensification route
using a rotating packed bed (RPB),[35–37] which has been suc-
cessfully applied in the preparation of nanomaterials,[38,39]

adsorption,[40] polymerization,[41] as well as enzymatic
synthesis,[42] and used in a commercial production line of
10 000 tons per year of nano-CaCO3.[38] It can achieve highly
efficient mixing and mass transfer on a microscopic scale
in a high-gravity environment of 1–3 orders of magnitude
greater than the acceleration of gravity, and also can shorten
the diffusion distance by shearing the fluids to microdroplets,
threads, or thin films (Figure 1a). Therefore, it is reasonably
speculated that through the greatly enhanced main mixing
effect cooperates with the auxiliary accelerated diffusion ef-
fect, high-gravity technology can realize the activation of MOF
materials, and significantly shorten the complete activation
time.

Herein, we first propose a facile and universal methodology
based on solvent-exchange to significantly enhance the activation
of MOF materials by using RPB with internal circulation by tak-
ing UiO-66 as an example (Figure 1b–d). In RPB, the dissolu-
tion and diffusion rates of solvent are significantly improved due
to the greatly enhanced molecular mixing and mass transfer, re-
sulting in a BET surface area of 1293 m2 g−1, which is higher
than the reported experimental[43] and simulated values[44] (1010
and 954 m2 g−1). It is also worth noting that the time required
for complete activation was tremendously reduced by over 90%,
from more than 3 days by soaking or 1 day by stirring (all in
the earth-gravity environment) to 2 h in the RPB. More impor-
tantly, solvent replacement was no longer the essential proce-
dure, which can greatly improve the activation efficiency and re-
duce the cost, thereby diminishing the negative impact on the
environment. The enhancement mechanism was illustrated by
dynamically monitoring the concentrations of metal salts, lig-
ands, and solvents during the process. As a proof-of-concept, the
methane storage of as-activated UiO-66 is more than five times
that of as-synthesized UiO-66. Furthermore, the other eight rep-
resentative MOFs embracing ZIF-67, ZIF-8, HKUST-1, UiO-66-
(COOH)2, MOF-74(Zn), CAU-13, MIL-101(Cr), and MIL-100(Cr),
were also demonstrated to be completely activated within 2 h in
RPB. Despite the various sizes and morphologies of these MOF
particles, their structures can be well maintained after activa-
tion. The results indicate that the strong shear force produced by
RPB does not evidently affect the structural characteristics, fur-
ther illustrating the universality, versatility, and operability of this
strategy.
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Figure 2. Effects of different activation conditions using RPB. a) PXRD patterns, b,c) FESEM images, and d) particle size distributions of as-synthesized
and activated UiO-66. e) 77 K N2 adsorption–desorption isotherms of UiO-66 activated at different activation times. f) BET surface areas, and g) pore
volumes of UiO-66 activated at different activation times, compared with the reported experimental and simulated values. h) BET surface areas of UiO-66
activated at different HGLs. i) BET surface areas of UiO-66 activated in different solvents. j) FT-IR spectra of UiO-66 activated under different activation
conditions.

2. Results and Discussion

2.1. Effects of the Parameters of the Activation by RPB

Taking UiO-66 as an example, the activation of MOF materials
was studied in the RPB. As a representative stable MOF, UiO-
66 is composed of Zr6O4(OH)4 metal-oxo clusters connected by
twelve 1,4-benzenedicarboxylate units that act as struts for the
framework, forming both tetrahedral and octahedral cages with
unprecedented stability.[45] In our typical activation experiments,
the as-synthesized UiO-66 was activated for 2 h at a high-gravity
level (HGL) of 469 using MeOH as solvent. The crystal structure
and morphology of particles before and after activation are illus-
trated in Figure 2a–c by powder X-ray diffraction (PXRD) patterns
and field-emission scanning electron microscope (FESEM) im-
ages. It can be seen that the PXRD patterns of samples show
characteristic diffraction peaks (2𝜃 = 7.4°, 8.6°, and 25.7°) that
are matched well with the simulated results. The peak intensity

of activated UiO-66 exhibits an obvious increase compared with
that of the as-synthesized sample, but no change can be found
in their relative peak heights (Figure 2a). The FESEM images re-
veal that all the samples are homogeneous spheroid particles with
similar average particle sizes (178 and 179 nm) and size distribu-
tions (Figure 2b–d). These results indicate that crystal structures
and shapes of the initial particles are well retained throughout
the entire activation process, and the small discrepancy in aver-
age particle sizes and distributions indicates that even at a very
high HGL, the shear force exerted by wire mesh filler on the sus-
pension has a negligible effect on the structural periodicity and
morphology of UiO-66.

To explore the effect of activation time on the degree of activa-
tion, we collected the N2 isotherms at 77 K (Figure 2e) and then
used the BET model to estimate the surface areas (Figure 2f). All
samples with different activation times display type-I isotherms,
indicating the presence of micropores, and the N2 uptake in-
creases with the activation time. The calculated BET surface area
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of as-synthesized UiO-66 is about 466 m2 g−1 and gradually in-
creases to 1293 m2 g−1 within 2 h under the HGL of 469. Ac-
cording to the experimental[43] and simulated values reported in
literature[44] (1010 and 954 m2 g−1), the activation can be con-
sidered to be complete after 90 min, on the consideration of the
BET surface area of 1019 m2 g−1. However, due to the possible
defects,[46] the obtained BET surface area of UiO-66 was often
higher than the theoretical value of the perfect crystal. Therefore,
we investigated the pore size distributions of UiO-66 activated at
different activation times (Figure S1, Supporting Information).
The size of micropores slightly increased and no obvious meso-
pores can be found. Furthermore, the change of pore volumes,
including micropore volume (NLDFT method) and total pore vol-
ume is also explored. From Figure 2g, both of them exhibit grad-
ual improvements within 2 h of activation, from 0.19 to 0.52 and
0.22 to 0.58 cm3 g−1 respectively, and finally reach the value an-
ticipated from computations with one missing-linker defect.[44]

Although the contribution of micropore volume to the total con-
trol volume fluctuates, it remains basically unchanged, indicat-
ing that the activation time has no significant effect on the final
agglomeration degree of particles.

In addition, we systematically studied the effects of HGL and
solvent on the activation performance (Figure 2h–j and Figures
S2–S10, Supporting Information). HGL, regarded as one of the
key parameters of RPB, has a great influence on the activation
effect of materials. It was varied to be 19, 169, and 469 with other
factors fixed, representing 500, 1500, and 2500 rpm, respectively.
From Figure 2h, it can be seen that the obtained BET surface area
increases from 947 to 1334 m2 g−1 with the increase of HGL from
19 to 469, indicating that before reaching the complete activation,
the higher the HGL value, the greater the increase of BET surface
area in the same activation time. The same trend can be observed
in the micropore volume. While the total pore volume reaches
the highest value at the HGL of 169, which may be attributed to
the interparticle pores formed by the agglomeration in the sub-
sequent drying step. For the solvents, CHCl3, DMF, and MeOH
have been demonstrated to effectively activate UiO-66 with the
BET surface areas of about 995, 1052, and 1019 m2 g−1, respec-
tively after 90 min of activation (Figure 2i). Among them, DMF
shows advantages in activation performance, possibly attributed
to the greater solubility of unreacted ligands in DMF, thereby
making the guest exchange easier. But it also has a great influence
on the difference between total pore and micropore volumes.
This can be explained by the serious agglomeration caused by
the evacuation of solvents in the subsequent drying process, on
the other hand, the high boiling point of DMF is not conducive to
the solvent removal process. It is noteworthy that these activated
UiO-66 samples under different conditions exhibit similar PXRD
patterns and FT-IR spectra (Figure 2j; Figures S3 and S6, Sup-
porting Information), which are in good agreement with those in
literature and demonstrate the maintaining of structure. The in-
frared spectra of samples show the vibration peaks at 747 cm−1 at-
tributed to the stretching of Zr─O bonds of UiO-66.[47] The strong
vibration peak at 1400 cm−1 is assigned to C═C stretch vibrations
in the aromatic structure of H2BDC. The peak at 1575 cm−1 is as-
signed to C═O groups of ligands, which are coordinated with Zr
clusters through the oxygen head.[48] The identical characteristic
bands of these samples verify the unchanged structure of UiO-66.
Finally, similar morphology and particle sizes of activated UiO-66

in FESEM images (Figures S4 and S7, Supporting Information),
and the rapid weight loss of TGA curves (Figure S8, Supporting
Information) at 500 °C both indicate the structural stability of the
material during the activation process. In addition, the activation
effects of other low toxic solvents were also explored, including
EtOH, ISO, DI water, and DMSO (Figures S9 and S10, Support-
ing Information). The UiO-66 activated by DMSO shows a simi-
lar BET surface area of UiO-66 activated by DMF. However, EtOH
and ISO show poor activation effects, which are still better than
that of DI water with almost no activation ability for UiO-66. Fur-
thermore, regardless of the solvent used and the activation effect
achieved, the structure, morphology, size, and stability of the ma-
terial will not be affected during the activation process in RPB.

2.2. Comparison of Activation Performance

To determine the influence of different activation methods on the
surface area, control experiments were carried out in a beaker
under static and stirring conditions, keeping other activation
parameters the same as those in RPB (Figure 3a,b). Then N2
adsorption–desorption isotherms were collected after 2 h acti-
vation (Figure S11, Supporting Information). During the MOF
activation process in the RPB with internal circulation, the liq-
uid lifter transports the suspension to the rotor center. Then, the
suspension flows radially and passes through the packing layer.
After being thrown out from the outer edge, it returns to the
bottom of the cavity and circulates repeatedly. Such motion can
result in the formation of thin films and/or tiny droplets under
this strong centrifugal force (Figure 3a,b).[49] In the environment
of microdroplets, the diffusion distance of molecules is greatly
reduced, thereby dramatically shortening the equilibrium time.
The circulation further promotes this process. On the contrary,
in the traditional activation methods, the diffusion distance of
molecules is much farther than that in the RPB, thus leading to
a longer time to reach equilibrium (Figure 3b). From Figure 3c,
UiO-66 activated by soaking shows the BET surface area of 469
m2 g−1, which is basically the same as that of the as-synthesized
materials (466 m2 g−1) and only reached about 35% degree of
activation, illustrating the activation degree of UiO-66 can be ef-
fectively improved by introducing stirring. By comparing the re-
sults in the beaker and RPB under the same rotating speed of
500 rpm, RPB exhibits a significant increase in BET surface area
to 947 m2 g−1 (71%), while that of stirring is only 591 m2 g−1

(44%). According to the previously explored results on the effect
of HGL, RPB with the rotating speed of 2500 rpm can achieve a
high BET surface area of 1334 m2 g−1 to obtain complete activa-
tion (100%). These results indicate that the enhanced mixing and
mass transfer brought by a high-gravity and strong-shearing en-
vironment can significantly improve the guest exchange, and can
be further improved with the increase of HGL. This was also con-
firmed by comparing the complete activation time (Figure 3c and
Figure S12, Supporting Information). Within 72 h of continuous
sampling, the obtained BET surface area by the soaking method
is slightly increased, while failing to reach the reported value
(Figure S13, Supporting Information). For stirring (Figure 3c), it
should take more than 24 h to maximize their porosity and BET
surface areas, and the increment decreases gradually with the
increase of time. However, for RPB, the BET surface area as a
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Figure 3. Comparison of the results of beaker and RPB experiments.
a) Schematic illustration of the activation in the RPB and b) in the beaker.
c) Activation degree after 2 h activation and activation times required for
complete activation by different methods.

function of time shows extraordinarily high growth rates, result-
ing in complete activation in only 4 and 2 h with HGLs of 19
and 469, respectively, reducing the complete activation time by
about 83% and 92% compared with the stirring in the beaker.
Furthermore, the BET surface area of UiO-66 (992 m2 g−1) acti-
vated by boiling MeOH for 2 h in STR is also much lower than the
value obtained at room temperature for 2 h in RPB (1293 m2 g−1)
(Figure S14, Supporting Information). Compared with the typical
scCO2 activation method which requires several days of solvent
exchange followed by scCO2 activation for several hours,[12] or the
freeze-drying method which requires more than three freeze–
thaw cycles,[21] RPB strategy shows great prospects in reducing
time and energy consumption.

2.3. Mechanism of Enhanced Activation by RPB

In order to investigate the enhancement of activation in RPB, the
residual substances in the pores of UiO-66 particles before and

after activation were analyzed by FT-IR and EDX elemental map-
ping in the first step (Figures S15 and S16, Supporting Informa-
tion). There are strong peaks observed at 1678 and 1283 cm−1 in
the FT-IR spectrum of H2BDC, which is attributed to the C═O
stretching vibration of the carboxyl group. These peaks can be
seen in the FT-IR spectrum of the as-synthesized UiO-66, but
disappear after activation, indicating the existence of residual lig-
ands in the unactivated sample. The elemental mapping images
(Figure S16, Supporting Information) of these two samples are
different in the Cl element, due to the existence of the unreacted
metal salts in the channels. However, the N element belonging
to DMF can be seen in these two samples, indicating that DMF,
as a synthetic solvent, exists in the pores and is difficult to be
completely removed by a single solvent-exchange process. Thus,
the subsequent heating process in a vacuum is still necessary. In
general, the above results demonstrate that a certain amount of
unreacted metal salts, ligands, and residual solvents do exist in
the pores of MOFs, which need to be completely removed during
the activation process.

These residual guest molecules in the pores include solid
metal salts, ligands, and liquid DMF. In the activation process,
these solids will be dissolved by MeOH, and DMF is also misci-
ble with MeOH. Therefore, the possible mechanism of enhanced
activation by RPB was further investigated by dividing the ac-
tivation process into two parts, the redissolution of metal salts
and ligands, and the diffusion of solvents (Figure 4a). The as-
synthesized UiO-66 was degassed under high temperature and
vacuum to remove the residual solvent, followed by the typi-
cal activation to investigate the redissolution process. To per-
form real-time monitoring of this process, samples were col-
lected and filtered through a syringe filter at a series of time
points. The concentrations of metal ions and ligands in the fil-
trate were characterized by inductively coupled plasma (ICP)
and ultraviolet–visible (UV–vis) measurements immediately. As
shown in Figure 4b,c, and Figures S17 and S18, Supporting In-
formation, the concentrations of Zr4+ and H2BDC under differ-
ent approaches show the same upward trend with the activation
time. For metal salt, the concentration of Zr4+ does not change
significantly in the beaker in the first 1 h, but it also reaches a
concentration similar to that in RPB at 2 h (Figure 4b). This in-
dicates that the dissolution process of metal salt has little effect
on the degree of activation with the appropriate time. However,
as the main residual guest molecule in the pores, H2BDC has
a large disparity in the results of the four activation methods. Its
concentration in the beaker reaches the same value at 2 h, while it
is lower than that in RPB (Figure 4c). Combined with the results
of the BET surface areas, it is speculated that high HGL/rotating
speed is conducive to the rapid exchange of residual solvent and
ligand molecules, resulting in more complete removal of resid-
ual H2BDC in the channel. By studying the redissolution process
of metal salts and ligands, and the diffusion process of solvent, it
can be seen that RPB can accelerate the two processes mentioned,
thereby resulting in a shorter equilibrium time or higher equilib-
rium concentration compared with activation in the beaker.

For the solvent-exchange/diffusion process, the activated UiO-
66 was immersed in DMF for several hours and then collected
by filtration and transferred into the beaker or RPB. After intro-
ducing 200 mL of MeOH to each container to mimic the solvent-
exchange process, samples were taken at 2, 4, 6, 10, and 20 min,
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Figure 4. Mechanism of enhanced activation by RPB. a) Schematic illustration of the experimental procedure for exploring the activation mechanism
including redissolution and diffusion process. The change of b) Zr4+ concentration, c) H2BDC concentration, and d) DMF concentration during the
UiO-66 activation process.

and the solution was monitored by 1H NMR spectroscopy (Figure
S19, Supporting Information). The DMF signal of beaker activa-
tion (soaking and stirring) increased in the first 10 min and then
reached a plateau (Figure 4d), which is similar to the results re-
ported previously.[29] But for RPB, it can reach equilibrium within
2 min after solvent-exchange process. In addition, the equilib-
rium concentration of soaking is much lower than that under stir-
ring/RPB conditions. This may be because the density of DMF
(0.948 g cm−3) is higher than that of MeOH (0.791 g cm−3), which
hinders the upward diffusion to a certain extent, resulting in con-
centration differences in the vertical direction. In summary, stir-
ring/disturbance is very beneficial to accelerating the activation
process, especially in the high-gravity and strong-shearing envi-
ronments.

2.4. Adsorption Performance

Methane (CH4) is an attractive fuel as well as a greenhouse gas,
so it is necessary to develop efficient storage of CH4.[50–52] Porous
materials, especially emerging MOFs offer a physisorption-based
process for effective storage and have been explored as poten-
tial candidates. Therefore, to better display the performance
differences from activation degree, the application of UiO-66 in
methane storage as an example was first investigated. The high-
pressure CH4 adsorptions of UiO-66 obtained by RPB at different
activation times were evaluated at 25 °C (Figure 5a). Even though
the PXRD patterns exhibit the same diffraction peaks before and

after activation which indicates the material is pure-phase, the
pore environment is still the most decisive factor for real-world
use. The total CH4 uptake of these samples rises with the increase
of pressure, their adsorption capacity changes significantly with
the activation time. The higher the activation degree, the higher
the CH4 storage capacity. Considering the practical application
of CH4 storage, we select the CH4 working capacity under the
pressure of 65 bar for comparison. The as-synthesized UiO-66
only has a CH4 capacity of 26 cm3 g−1, while the CH4 working ca-
pacity of the UiO-66 activated for 30, 90, and 120 min (completely
activated) is 61, 74, and 116 cm3 g−1, respectively. As one of the
important indexes of the pore environment, BET surface area or
the degree of activation is naturally positively correlated with the
final CH4 storage (Figure 5b). This means under high-pressure
conditions, when the pore size of the adsorbent is larger than the
dynamic diameter of gas molecules, the adsorption capacity is
independent of the pore structure/size and the interaction force
between the material and gas molecules, but only in proportion
to its porosity/volume or specific surface area.[53] Similarly, water
adsorption properties of UiO-66 before and after activation were
also studied. As shown in Figure S20a, Supporting Information,
the water adsorption by the samples is relatively low at P/P0 <

0.3. In this region of pressure, water molecules are adsorbed on
Zr6 hydrophilic nodes and pore channels of UiO-66 structure
through H-bonding. UiO-66 before and after activation do not
show significant differences in adsorption capacity and kinetics
in the low-pressure range of water vapor adsorption (Figure
S20b, Supporting Information). This may be attributed to the
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Figure 5. Comparison of the CH4 adsorption results of UiO-66 activated by RPB. a) High-pressure methane adsorption isotherms, and b) CH4 adsorption
capacity over various samples in this work as a function of BET surface area.

improvement of hydrophilicity by residual metal salts and the en-
hanced adsorption of water molecules (0.27–0.32 nm) by smaller
pore structures of unactivated UiO-66. However, as the pressure
continues to increase, the water in each cavity is interconnected
by large water clusters, and the entire pore space is filled up to its
maximum adsorption capacity. This indicated that the samples
before and after activation exhibit significant differences in water
absorption performance due to their different pore volumes.
The above two examples convincingly demonstrated that the
activation can maximize the porosity and surface area, thereby

achieving the ideal gas adsorption capacity. Therefore, it is very
important to completely activate MOF materials before use.

2.5. Activation of Other Representative MOFs by RPB

In order to demonstrate the universality of this strategy, other
eight MOFs were synthesized and activated, and the three most
known and widely studied MOFs of them: ZIF-67, ZIF-8, and
HKUST-1 were systematically investigated (Figure 6). Except for

Figure 6. Other representative MOFs activated by RPB. a–c) crystal structures (i), PXRD patterns (ii) (inset: crystal structures), 77 K N2 adsorption–
desorption isotherms (iii), and BET surface areas (iv): a) ZIF-67, b) ZIF-8, c) HKUST-1.

Small 2023, 19, 2303848 © 2023 Wiley-VCH GmbH2303848 (7 of 9)
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the slight difference in the relative peak intensity of ZIF-8, the
PXRD patterns exhibit no significant changes before and after ac-
tivation, indicating that all these samples are desired MOF mate-
rials without structural collapse (Figure 6ii). Moreover, the N2 up-
takes of these materials increase with activation time (Figure 6iii),
and MOFs can be completely activated within 2 h. The final BET
surface areas are 1786, 1326, and 1817 m2 g−1, which is higher
than the experimental values (1512, 1079, and 921 m2 g−1),[54–56]

and total pore volumes are 0.86, 0.68, and 0.82 cm3 g−1 for ZIF-
67, ZIF-8, and HKUST-1, respectively (Figure 6-iv). In addition,
the ratio of micropore volume to total pore volume shows that
80%, 70%, and 90% of the pores in these three MOFs are micro-
pores, and this value fluctuated in a narrow range of 10%. The
pore size distributions of ZIF-67 and ZIF-8 also show that the
as-synthesized MOF materials did not exhibit mesoporous prop-
erties possibly due to the presence of residual ligands and their
attachment to the particle surface. However, with the increase of
activation time, the mesopores are formed by particle aggrega-
tion, and their sizes remain almost unchanged (Figure S21, Sup-
porting Information). It is also noteworthy that ZIF-67 seems to
be easily activated because its BET surface area rapidly increases
to 1624 m2 g−1 within 5 min, and continues to grow slowly in the
next 15 min (Figure 6a-iv). The FESEM images (Figure S22, Sup-
porting Information) reveal that the obtained ZIF-67 are nanopar-
ticles with a typical rhombic dodecahedron structure, and the
morphology of ZIF-8 is similar to that of ZIF-67 but partially
irregular, while the HKUST-1 particles displayed micron-sized
octahedral structures. Except for the better dispersion of ZIF-8
after activation, these particles show consistency in morphology
and particle size during the activation procedure. Furthermore,
the TGA results also illustrated that their structures remained
unchanged at the temperatures of 400, 400, and 350 °C (Figure
S23, Supporting Information), indicating the structural stability
of materials. In addition, we also carried out activation experi-
ments on UiO-66-(COOH)2, MOF-74(Zn), CAU-13, MIL-101(Cr),
and MIL-100(Cr). By changing some activation conditions, these
MOF materials can also be effectively activated within 2 h (Figure
S24, Supporting Information). In particular, MIL-101(Cr) and
MIL-100(Cr) can be activated in water at room temperature us-
ing KF or NH4F, with BET surface areas of about 2592 and 1535
m2 g−1, respectively. Although these seven MOF suspensions are
strongly sheared by the porous packing during the activation, the
final morphologies and sizes of these nano/micro particles seem
to be unchanged compared with the as-synthesized particles, in-
dicating that even a high HGL of 469 cannot cause the collapse
of the structure.

3. Conclusion

In conclusion, we established a simple and efficient strategy for
MOF activation, realizing the complete activation of nine rep-
resentative MOF materials within 2 h in the high-gravity and
strong-shearing environment generated by RPB. This strategy
can quickly exchange the guest molecules in the pores while
maintaining the structure, morphology, and particle size of mate-
rials. We also confirmed that the gas storage performance of the
material was indeed affected by the degree of activation. Com-
pared with other activation methods, this activation shows a sig-
nificantly increased BET surface area at the same activation time

caused by the significant intensification of the redissolution pro-
cess of the residual metal salts and ligands in the pores, as well
as the solvent diffusion process. Furthermore, the time required
for complete activation at HGL of 469 is surprisingly reduced by
more than 90% compared with the stirring in the beaker. Further-
more, this strategy is universal with no need for solvent replace-
ment during the procedure, which is easy to realize the efficient
large-scale activation of MOFs, even potential to other porous ma-
terials.
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