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HP-MOFs showed multimodal hierarchical porous structures and excellent

thermal stability. More importantly, the synthesis time was reduced dramati-

cally to 11 min, with a maximal HP-MOFs STY of as high as 2575 kg m3d.

Furthermore, the rapid formation process of HP-MOFs was examined through

quantum chemistry calculation, and a feasible synthesis mechanism was also

proposed. Notably, our synthesis strategy had shown a versatility, since other
surfactants could also be used as the templates for the rapid room-temperature
fabrication of diverse stable HP-MOFs. Importantly, the porosity of the HP-

MOFs could be readily tuned through controlling the type of template. More-

over, gas adsorption measurement of HP-MOFs revealed high CH, uptake

capacity at 298 K due to the increase in surface area and pore volume. Our
findings suggest that such method is applicable for the rapid synthesis of a wide
variety of HP-MOFs on an industrial scale.
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Introduction

Metal-organic frameworks (MOFs), self-assembled
from metal ions (or metal clusters) and organic
ligands, have attracted considerable attention during
the last two decades owing to their fascinating
physical and chemical properties, such as high
specific surface areas, tunable structures and porosi-
ties, as well as designable functionality [1]. Therefore,
MOFs, which serve as the functional materials, have
exhibited huge potential applications in diverse areas
[2, 3], including gas storage [4], adsorption/separa-
tion [5], supercapacitor [6], drug delivery [7], sensing
[8] and catalysis [9]. Notably, porosity is an essential
feature in MOFs, which plays a vital role in func-
tionalization like the diffusion and mass transfer of
substrates/products [10, 11]. However, the pore sizes
of the majority of MOFs have been reported to be
within a micropore range (pore size < 2 nm) during
the last few decades [4, 12, 13]. Consequently, the
primary application of MOFs has focused on small
molecules, which has prevented the large molecules
to approach or leave the interior active sites owing to
the confinement of pore size [14].

In recent years, tremendous efforts have been
dedicated to develop efficient methods to synthesize
hierarchically porous MOFs (HP-MOFs) containing
micropores and mesopores (or micropores, meso-
pores and macropores) [15]. Specifically, the
increased length of the bridging ligands is an
apparent approach to obtain large pores in the
resulting MOFs [16]. However, it is inevitably asso-
ciated with certain difficulties, such as extended
ligands synthesis, smaller mesopore size (< 10 nm),
reduced porosity, interpenetration, disintegration
and instability of crystal frameworks [17, 18]. On the
other hand, HP-MOFs can also be synthesized
through introducing mesopores and/or macropores
into the structures of MOFs via the template strategy
[19, 20] and post-synthetic modification [21]. Besides,
a couple of new methods are also available, such as
ionic liquids assisted synthesis [22], modulator-in-
duced-defect-formation [23] and a spray-drying
technology [24]. Typically, HP-MOFs synthesized by
these methods are characterized by the superiorities
of tunable mesoporosity and abundant active sites
[25]. However, these approaches mostly require
harsh experimental conditions and tedious down-
stream treatments (such as a long reaction time at
high temperature and pressure and/or special
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apparatus) [26, 27], which is energy-consuming and
may lead to pollution, a risk of explosion and a low
production rate [28-30]. For instance, the space-time
yields (STYs, kgm °d™!) are wusually below
300 kgm > d~" for products synthesized within
several hours [28].

Recently, Huo groups reported the room-tempera-
ture synthesis of HP-MOFs (HKUST-1) with a high
STY (2035 kg m > d~") by controlling either the syn-
thesis time or the copper source, for the first time [31].
However, it remains challenging to extend this
method to prepare other HP-MOFs under facile syn-
thesis conditions [12]. In our previous work, two HP-
MOFs including HKUST-1 and ZIF-8 had been suc-
cessfully prepared under facile synthesis conditions
using a modified template strategy [32]. Nevertheless,
several key problems have not been solved yet. For
instance, (1) the type of surfactants and the produced
HP-MOFs are limited; (2) the synthesis time (30 min)
is still relatively long, and the STYs (1123 kg m2d)
are still relatively low for the production of commer-
cially available HP-MOFs; (3) the mechanism of the
rapid room-temperature preparation of HP-MOFs has
not been illustrated; and (4) the application of
H-MOFs has not been explored. To our delight, the
synthesis time had been shortened to 11 min after
optimizing the synthesis procedure. More strikingly,
the resulting HP-MOFs exhibited multimodal hierar-
chical structures with micropores, mesopores and
macropores, together with excellent thermal stability.
Notably, the STY of HP-MOFs was up to
2575 kg m > d~', which is much higher than previ-
ously reported (1123 kg m > d~') due to the reduc-
tion in synthesis time. In addition, the mechanism of
the rapid synthesis of HP-MOFs had been elaborated
by means of quantum chemistry (QC) calculations at
the molecular level. As anticipated, the introduced
amine surfactant could form the template micelles
through self-assembly, as well as the addition of zinc
oxide (ZnO) and metal ions to form a hydroxy double
salt (HDS) intermediate, which could drive the fast
growth of MOF crystals. In addition, four other sur-
factants could also be utilized as templates to rapidly
synthesize HP-MOFs. Importantly, this strategy could
also be generalized to rapidly synthesize other HP-
MOFs, such as hierarchically porous ZIF-8 and ZIF-
61. The resultant HP-MOFs showed enhanced CH,
uptake capacity in comparison with the microporous
MOFs.
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Experimental

Rapid room-temperature synthesis
of hierarchically porous Cu-BTC

All chemicals were commercially available and used
as received without further treatment. The HP-MOFs
were synthesized with previously reported approa-
ches with only a minor amend [32, 33]; 0.293 g of zinc
oxide (ZnO) powder was dispersed in 18 mL N, N-
dimethylmethanamide (DMF) and 8 mL deionized
water (H,O) to form nanoslurry through using soni-
cation for 30 min (denoted as solution A). 7.2 mmol
of copper nitrate trihydrate (Cu(NO;),-3H,O) was
added to 18 mL of H,O (denoted as solution B), and
then, the solution B was added to solution A under
fast magnetic stirring to form (Zn, Cu) hydroxy
double salt (HDS) (denoted as solution C). Then,
1.0 mL of surfactant (N,N-dimethyloctadecylamine,
DOE) and 4 mmol of 1, 3, 5-benzenetricarboxylic acid
(H3BTC) were added to 16 mL of methanol (denoted
as solution D). After stirring for 30 min, solution C
was added to solution D under fast magnetic stirring
for 1 min, and then stand 10 min. After that, the
glaucous solid product was collected by filtered. To
remove the guest molecules such as surfactant, the
solid product was immersed in ethanol at 60 °C with
a total duration of 48 h (four times), and then dried
overnight in a vacuum oven at 120 °C. The resulting
product is denoted as HP-Cu-BTC. Similarly, HP-
MOFs synthesized using other surfactants as tem-
plates are named as HP-Cu-BTC_X (X = B, C, D and
E, where X represents the type of surfactants, B:
hexadecyldimethylamine; C: N,N-dimethyltetrade-
cylamine; D: n-butyl alcohol; and E: lauric acid). For
comparison, conventional Cu-BTC was synthesized
by using a solvothermal method following previous
report [34], and labeled as C-Cu-BTC.

Rapid room-temperature synthesis
of hierarchically porous ZIF-8

(Zn, Zn) HDS was prepared at room temperature and
pressure using previously reported method [32, 35].
Specially, 0.406 g of ZnO was dispersed in 10 mL of
H,O (denoted as solution A), and 1.098 g of zinc
acetate dihydrate (Zn(CH3CO,),-2H,O) was dis-
solved in 5 mL DMF (denoted as solution B). Mixed
up these two solutions and stirred for 24 h, the gen-
eration of gel-like viscous fluid indicates the
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formation of (Zn, Zn) HDS. Next, 0493 g of
2-methylimidazole (2Im) and 1.0 mL of DOE were
dispersed in 9 mL DMF (denoted as solution C).
3mL of (Zn, Zn) HDS suspension was added to
solution C under magnetic stirring for 1 min, and
then stand 10 min. After that, the obtained product
was immediately filtered, activated and dried at
120 °C for overnight. The resulting product is deno-
ted as HP-ZIF-8.

Rapid room-temperature synthesis
of hierarchically porous ZIF-61

Similar to the above experiment procedures; 0.222 g
of 2Im and 0.275 g of imidazole (Im) were dissolved
in 10 mL methanol under fast magnetic stirring (de-
noted as solution A), and 1.0 mL of DOE was added
to solution A. After stirring for 30 min, 3 mL of (Zn,
Zn) HDS suspension was added to solution A under
magnetic stirring for 1 min, and then stand 10 min,
then immediately filtered, activated and dried over-
night at 120 °C. The resulting product is denoted as
HP-ZIF-61.

Materials characterization

X-ray diffraction (XRD) patterns of the HP-MOF
samples were recorded on a diffractometer system
(D8 ADVANCE, Bruker AXS) using a Cu sealed tube
(40 kV, 40 mA, wavelength A = 0.15418 nm) at room
temperature and pressure. Fourier transform infrared
(FT-IR) spectra of HP-MOFs were recorded on an FT-
IR spectrometer (Vector 33, Bruker Corporation) with
a resolution of 4 cm™'. Nitrogen (N,) adsorption—
desorption measurements at 77 K were performed on
an ASAP 2020 or 2460 (Micromeritics), and all sam-
ples were outgassed for overnight at 393 K before
measurement to remove the guest molecules trapped
in the pores. The morphologies of the samples were
characterized by using scanning electron microscope
(SEM; ZEISS Ultra 55, Carl Zeiss) at a low loading
energy and voltage of 5.0 kV and transmission elec-
tron microscopy (TEM, JEM-2100HR, JEOL). Ther-
mogravimetric analysis (TGA) data were obtained
using a TG analyzer (TG 209, Tarsus, NETZSCH) and
heated from 298 to 873 K in N, atmosphere at a rate
of 5Kmin~'. The CH, adsorption curve was
obtained on a RUBOTHERM magnetic suspension
balance.
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Calculation

We applied density functional theory (DFT) method
to calculate electrostatic properties of the surfactant
so as to investigate the difference between amines
and halogenated alkane in the rapid formation pro-
cess of HP-MOFs [36]. Geometry optimization was
performed at the B3LYP level with 6-3114+G(d, p)
basis set in the Gaussian 09 [37]. The chosen basis set
offers the basis functions for a variety range of
organic compounds with fair accuracy [38]. The
molecular electrostatic potential (MEP) of surfactant
molecules was calculated at B3LYP/6-314+G* level.

Calculation of STY

Space-time yield (STY) is an important parameter for
the industrial production of the product [33] and can
be calculated by Eq. (1)

MMOF

STY = x 1.44 x 10° (1)

Visolution = T

where myop represents the powder mass (g) of the
HP-MOFs, Voution represents the total volume (cm®)
of the mixture, and 7 represents the reaction time
(min).

Results and discussion

Figure 1a shows the wide-angle XRD patterns of the
HP-Cu-BTC sample synthesized with a cooperative
template method and the C-Cu-BTC, as well as the
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simulated XRD pattern of Cu-BTC single-crystal. It
can be clearly observed from Fig. 1a that the XRD
patterns of the as-synthesized HP-Cu-BTC are con-
sistent with those of C-Cu-BTC and the simulated
Cu-BTC, indicating that the obtained product is
topologically identical to Cu-BTC crystal [29].
Moreover, the sharp XRD peaks of HP-Cu-BTC
confirm fine crystallinity [37]. The crystal structure of
HP-Cu-BTC was further characterized using FT-IR
spectroscopy. As shown in Fig. 1b, the FI-IR spectra
of HP-Cu-BTC reveal that the carboxylate group
v(OCO) of ligand (H3BTC) was coordinated to metal
ions (Cu®") [39]. The absorption bands of HP-Cu-
BTC at ca. 1560, 1450 and ~ 1370 cm™! were clearly
identified as pure Cu-BTC [40], verifying again that
the obtained product is crystalline Cu-BTC. Fur-
thermore, the characteristic C-N stretching vibration
of template at around 1230-1030 cm~' was not
observed, confirming that HP-Cu-BTC is free of
template, which can be attributed to the introduced
template was removed easily by the treatment of
activation and drying [41]. Therefore, the FT-IR
results indicate the coordination between Cu®" and
ligand (H3BTC) in the framework.

The porosities of the attained samples were mea-
sured by N, adsorption-desorption method after all
samples were treated. As shown in Fig. 2a, the N,
adsorption—desorption isotherms of C-Cu-BTC
exhibit a type I mode with a sharp increased uptake
at the initial stage followed by a flatland, which is a
characteristic of microporous materials [37]. Never-
theless, the N, adsorption—desorption isotherms of
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Figure 1 a Powder XRD patterns of HP-Cu-BTC, C—Cu-BTC and the simulated Cu—BTC pattern; b FT-IR spectra of HP-Cu-BTC and

C—Cu—BTC samples.
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Figure 2 a The N, adsorption—desorption isotherms and b pore size distributions of HP—Cu-BTC and C—Cu-BTC samples.

the HP-Cu-BTC show an intermediate mode
between type I and type IV with a high N, uptake at
low relative pressure region of P/P, < 0.01, indicating
the presence of abundant micropores [32]. Moreover,
a large type-H4 hysteresis loop can be observed at
high relative pressure (P/P, > 0.8), related to capil-
lary condensation of N, in mesopores [42], confirm-
ing the formation of mesopores in HP-Cu-BTC
sample, similar behavior has been observed in a
previous report [18, 43]. In addition, it should be
pointed out that the adsorption capacity of HP-Cu-
BTC is inferior to that of C-Cu-BTC at low relative
pressure (P/P, < 0.01), which can be attributed to the
HP-Cu-BTC has a lower Brunauer-Emmett-Teller
(BET) surface area than that of C-Cu-BTC [44].
More detail regarding the porosity properties of
these samples can be gained from the pore size dis-
tributions (calculated from nonlocal density func-
tional theory (NL-DFT) analysis). As shown in
Fig. 2b, the C-Cu-BTC only possesses micropores
with pore size distribution centered at around
0.86 nm, which is consistent with previous report
[34]. However, for the HP-Cu-BTC sample, other
than the intrinsic micropores, it contains a broad pore
size distribution from 30 to over 100 nm (inset of
Fig. 2b), including mesoporous and macroporous
regions. These analyses confirm that the as-synthe-
sized HP-Cu-BTC product possesses hierarchical
pores with micropores, mesopores and macropores.
As shown in Table 1, the attained HP-Cu-BTC shows
a lower Brunauer—-Emmett-Teller (BET) surface areas
(Sger = 907 m? g_l) than those of the C-Cu-BTC
(Sper = 1425 m* g~ ") and previously reported Cu-
BTC [33], as confirmed by the N, adsorption-
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desorption isotherms (Fig. 2a). The lower Sggt can be
ascribed to the pore impenetration [45]. However,
HP-Cu-BTC has a much larger mesopore volume
(Vineso = 0.24 cm® g_]) and the mesopore surface area
(Smeso) to micropore surface area (Smicro) (Smeso/
Smicro = 0.25) than that of C-Cu-BTC (Vieso
= 0.06 cm> g_l, Smeso/ Smicro = 0.09), respectively.
These results further verify the formation of meso-
porosity in the HP-Cu-BTC.

SEM and TEM were applied to track the mor-
phology and particle size of product [46, 47]. As
illustrated in Fig. 3a, the as-synthesized C-Cu-BTC
crystal exhibits a typical octahedron in shape with
crystal dimension about 10 pm. Moreover, smooth
surfaces can be clearly observed from the Fig. 3a—c,
respectively, consistent with previous reports [34].
However, HP-Cu-BTC consists of nanoparticles with
particle size of 500 nm (Fig. 3b). The smaller crystals
in HP-Cu-BTC can be attributed to the rapid growth
of frameworks [33, 48]. In addition, the high-disper-
sive nanoparticles are randomly stacked together and
form abundant pore voids, as shown in Fig. 3b—d,
respectively. Similar to previously reported that
hierarchical pores were formed through the aggre-
gation or packing of nanoparticles [49, 50]. Moreover,
the scan mapping shows that the presence of ele-
mental C, O and Cu with uniform distribution in the
HP-MOF particles (Fig. S1) further verifies the
chemical composition of the crystal [32]. Excellent
stability of materials is necessary for the practical
applications [51]. Therefore, the thermal stability of
the as-synthesized HP-MOFs was investigated by
TGA under a N, atmosphere. As shown in Fig. S2, the
TGA curve of HP-Cu-BTC indicates that the product
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Table 1 Textural properties of HP-MOFs and C-Cu-BTC samples
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Sample IIZ3ET (m2 gil) S?nicro (m2 gil) Smcso/saicro V? (cm3 gil) aneso (cm3 gil) Vj:nicro (Cm3 gil)
C—Cu-BTC 1425 1308 0.09 0.56 0.06 0.50
HP-Cu-BTC 907 727 0.25 0.57 0.24 0.32
HP-Cu-BTC_A 1099 904 0.22 0.59 0.17 0.42
HP-Cu-BTC B 1123 897 0.25 0.92 0.50 0.42

“Sger Brunauer—-Emmett-Teller (BET) surface area
bSmicm micropore surface area

“Smeso Mesopore surface area

9V, total pore volume

“V meso Mesopore volume

f V micro micropore volume

Figure 3 SEM and TEM
images of a, ¢ C-Cu-BTC and
b, d HP-Cu-BTC samples.

undergoes three stages of weight loss; in the initial
stage of weight loss occurred at 90 °C corresponding
to the removal of trapped guest molecules (e.g., H,O)
[52]. The second stage of weight loss which takes
place at approximately 150 °C may be ascribed to the
evaporation of template and DMF [53]. Subsequently,
the TGA curve of HP-Cu-BTC exhibits a drop shar-
ply after 320 °C, corresponding to the decomposition
of framework [29]. By comparison, the collapse tem-
perature of the sample HP-Cu-BTC (320 °C) is sim-
ilar to that of C-Cu-BTC (320 °C) during the same
thermal treatment, indicating that the introduction of
mesopores and macropores does not degrade the
thermal stability of the HP-MOFs [32].

In our previous study, amine surfactant (e.g., DOE)
could be used as structure-directing agents (SDAs) to
prepare HP-MOFs such as Cu-BTC and ZIF-8 under
hydrothermal conditions, indicating the introduced
DOE played a role of template during the synthesis
[18]. Additionally, the Tyndall scattering effect
appeared in the colloidal suspension of DOE indi-
cated that the supramolecular micelles were formed
through self-assembly [54], as shown in Fig. S3.
However, in our most recent work, the selected
halogenated alkenes such as 1-bromohexadecane
cannot individually act as template to prepare HP-
MOFs under same synthesis conditions owing to its
weak interactions with ligands [32]. In order to
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explore the difference between the amine and halo-
genated alkane for the rapid formation process of
HP-MOFs, theoretical calculation was applied to
study the molecular property of surfactants. The
optimized molecular geometries of two surfactants
(DOE and 1-bromohexadecane) are demonstrated in
Fig. S4. Figure 4 shows the molecular electrostatic
potential (MEP) maps of the two surfactants, where
the negative regions (red) of MEP maps relate to
electrophilic reactivity and the positive regions (blue)
to nucleophilic reactivity [29]. The negative regions
(red) of the two surfactant molecules are mainly
located on the amine and bromine groups, respec-
tively, which indicates the most susceptible sites for
electrophilic attacks [55]. The electrostatic potential of
DOE located at amine group is lower than bromine
group of 1l-bromohexadecane, suggesting stronger
electrophilic affinity of amines [56]. These theoretical
calculations may explain the experimental results
that the amines can be applied as template instead of
halogenated alkane.

Based on the above experiments and theoretical
calculations, a feasible mechanism for the usage of
amine surfactant and ZnO to rapidly synthesize HP-
MOFs is proposed and illustrated in Scheme 1. Dur-
ing the synthesis system, on the one hand, the
introduced DOE forms supramolecular micelles
through self-assembly in the ligand solution, and
then the micelles surrounded by the ligands through
an appropriate interaction [57, 58]. On the other
hand, the introduced ZnO can react with Cu’®' to
form (Cu, Zn) HDS (an intermediate that was dis-
solved completely in solution), which exhibits a high
rate of anion exchange in the ligand solution and
drives the rapid formation of MOF crystal at room
temperature and pressure [33, 59]. Thus, ZnO played
the role of an accelerant. Upon the (Cu, Zn), HDS was
added to the mixture of the ligand and micelles, the
ligand will react with HDS to form MOF frameworks
on the surface of micelles [19, 60]. Subsequently,

(a)

m

-2.0¢e?
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mesopores and macropores are formed after remov-
ing template [19].

For the HP-Cu-BTC_X (X = B and C), as shown in
Fig. S5, the XRD patterns and FT-IR spectra of HP-
Cu-BTC_X are in close agreement with the simulated
Cu-BTC or C—Cu-BTC, respectively, confirming the
formation of crystalline Cu-BTC. The N, adsorption—
desorption isotherms and electron microscopy (SEM
and TEM) images demonstrate that the attained HP-
Cu-BTC_X possesses hierarchical pores (see
Figs. S6-7 in the Supporting Information for details).
Moreover, as shown in Table 1, the prepared HP-Cu-
BTC_X exhibits high Viheso and Speso/ Smicro, further
confirming the formation of mesopores. Notably, the
mesoporosity of HP-MOFs depends on the type of
templates (Table 1), which allows us control the
porosity of HP-MOFs, such as Sggr, V: and Vieso-
Furthermore, all HP-Cu-BTC_X samples have excel-
lent thermal stabilities (Fig. S2). More importantly,
our synthesis strategy has a highly versatile due to
other HP-MOFs such as ZIF-8 and ZIF-61 were also
synthesized at room temperature (denoted as HP-
ZIF-8 and HP-ZIF-61, respectively, see experiment
“Rapid room-temperature synthesis of hierarchically
porous ZIF-8 and Rapid room-temperature synthesis
of hierarchically porous ZIF-61” sections). As shown
in Fig. S8a, all diffraction peak positions of the HP-
ZIF-8 sample well agreed with the simulation result,
confirming the product obtained from rapid synthe-
sis is crystalline ZIF-8. The FT-IR spectra of HP-ZIF-8
sample are in agreement with that of conventional
ZIF-8 (C-ZIF-8) (Fig. S8b), which is clearly identified
as pure ZIF-8 [61]. The N, adsorption—desorption
isotherms of the HP-ZIF-8 sample show an interme-
diate mode between type I and type IV (Fig. 5a),
which is related to the coexistence of mesopores and
micropores [62]. By comparison, the isotherms of
C-ZIF-8 exhibit a type I mode (Fig. S9a), which is
related to microporous materials [63]. Moreover, we
can acquire more information concerning porosity

2.0¢e?

(b)

Figure 4 Molecular electrostatic potential (MEP) maps of a N,N-dimethyloctadecylamine (DOE) and b 1-bromohexadecane (hydrogen

atoms: white balls, carbon atoms: gray balls, bromine atoms: crimson balls, and nitrogen atoms: blue balls).
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Scheme 1 Schematic of the rapid room-temperature synthesis of HP-MOFs by the simultaneous introduction of surfactant and ZnO

during the synthesis system.
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Figure 5 a The N, adsorption—desorption isotherms and b pore size distributions of HP-ZIF-8.

from the pore size distributions [18]. As shown in
Fig. 5b, in addition to the intrinsic micropores, HP-
ZIF-8 sample also embraces the mesopore and
macropore regions, which is absent in the C-ZIF-8
(Fig. S9b). Furthermore, SEM and TEM images
(Fig. S10) displayed that HP-ZIF-8 product has an
apparent mesovoid phase, which indicates that HP-
ZIF-8 possesses mesoporous structures. Moreover,
the as-synthesized HP-ZIF-8 exhibits good ther-
mostability (Fig. S11). Similarly, HP-ZIF-61 sample
prepared from the rapid synthesis also possesses a
hierarchical porous structure (see Figs. S12-13). In
addition to organic amines, other surfactants such as
n-butyl alcohol and lauric acid can also be used as
templates to rapidly fabricate HP-MOFs (HP-Cu-
BTC_D and HP-Cu-BTC_E) (see Figs. S14-15 in the

Supporting Information for details). These results
indicate that our template method developed in this
work is well versatile.

The introduction of mesopores and macropores
into microporous MOFs can effectively improve
adsorption performance of guest molecules [17]. To
evaluate the adsorption properties of the HP-ZIF-8,
single-component gas such as CH, was selected as
probe reactant. Figure 6 exhibits the isotherms of CH,4
on HP-ZIF-8 and C-ZIF-8 measured at a broad range
of high pressures at 298 K. It can be seen that the
adsorption isotherm of CH,; on the HP-ZIF-8 is
always higher than that on C-ZIF-8, implying the
former has higher uptake capacities of CH,4 than the
later, i.e., at 3 MPa and 273 K, the CH,4 uptake of HP-
ZIF-8 is 68.4 mg/g, having an increase of 63.6%
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Figure 6 Adsorption curves of CH,4 on HP-ZIF-8 and C-ZIF-8 at
298 K, under pressures up to 3 MPa.

compared to that of C-ZIF-8 (41.8 mg/g). The sig-
nificantly increase in CH4 uptake capacity can be
attributed not only to an enhancement in the surface
area of HP-ZIF-8, but also to the increase in the pore
volume [64].

In addition to the porosity properties, energy con-
sumption and production rate are two essential fac-
tors for the large-scale preparation of HP-MOFs due
to them determine the environmental influence (e.g.,
carbon footprint) and manufacturing cost [12, 65]. In
comparison with conventional template method for
synthesizing HP-MOFs requires a long reaction time
at high temperature and pressure, our strategy
developed in this work realizes the rapid room-tem-
perature synthesis of various HP-MOFs by the
simultaneous introduction of surfactant and ZnO,
which satisfies with the environmental-friendly and
low-cost demands for the production of HP-MOFs.
STY of a reaction is essential consideration to assess
the viability of scale up, which should be as high as
possible [31, 51]. For 11 min reactions, the STY of HP-
Cu-BTC is as high as 2575 kg m > d ™', which is one
order of magnitude higher than that of the commer-
cial product Basolite C300 (225 kg m> per day) [65],
and also surpasses the previous report
(1123 kg m > d™") [32]. A plausible explanation of
such high STY of HP-Cu-BTC may be attributed to
the reduction in synthesis time [28]. Moreover, the
STY of HP-Cu-BTC synthesized with tonne scale
(>1 x 10° kgm > d™") is comparable to that of an
Al-MOFs with large-scale production [66]. Therefore,
our synthesis strategy may open up a pathway for the
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commercialized preparation of HP-MOFs which by
means of conventional hydrothermal methods were
not accessible on an industrial level before.

Conclusions

In summary, three stable HP-MOFs (Cu-BTC, ZIF-8
and ZIF-61) have been prepared using a simple and
straightforward room-temperature synthesis strat-
egy. Specifically, the synthesis conditions have been
optimized, which can shorten the synthesis time to
11 min. Additionally, the obtained products exhib-
ited multimodal hierarchical porous structures with
micropores, mesopores and macropores. The STY of
the produced HP-Cu-BTC is up to 2575 kg m > d ',
which is much higher than previously reported
(1123 kg m > d~'). Moreover, theoretical calculations
have illustrated the differences in surfactant type for
the rapid formation of HP-MOFs. Consequently, a
novel synthesis mechanism is proposed. The result-
ing HP-MOFs have much higher gas uptake capacity
than that of conventional MOFs. Among them, the
maximum CH, uptake of HP-MOFs is 68.4 mg/g,
which is 63.6% higher than that of microporous
MOFs. Importantly, our synthesis strategy has a
versatility due to other surfactants can also be used as
templates, while other HP-MOFs can also be syn-
thesized rapidly under mild synthesis conditions.
The method developed in this work represents a
versatile industrial method for the large-scale pro-
duction of a wide variety of HP-MOFs.
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