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Hierarchically porous metal-organic frameworks (MOFs) have recently emerged as a novel crystalline
hybrid material with tunable porosity. Many efforts have been made to develop hierarchically porous
MOFs, yet their low-energy fabrication remains a challenge and the underlying mechanism is still
unknown. In this study, the rapid fabrication of two hierarchically porous MOFs (Cu-BTC and ZIF-8)
was carried out at room temperature and ambient pressure for 10 min using a novel surfactant as the
template in a (Cu, Zn) hydroxy double salt (HDS) solution, where the (Cu, Zn) HDS accelerated the
nucleation of crystals and the anionic surfactants served as templates to fabricate mesopores and
macropores. The growth mechanism of hierarchically porous MOFs was analyzed via mesodynamics
(MesoDyn) simulation, and then the synthetic mechanism of hierarchically porous MOFs at the

molecular level was obtained. The as-synthesized hierarchically porous Cu-BTC showed a high
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Accepted 29th Novernber 2018 uptake capacity of 646 mg g™, which is about 25% higher as compared with microporous Cu-BTC

(516 mg g7!) for the capture of toluene. This study provides a theoretical basis for the large-scale

DOI: 10.1039/c8na00262b fabrication of hierarchically porous MOFs and offers a reference for the understanding of their
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Introduction

Metal-organic frameworks (MOFs), consisting of organic
ligands and metal ions (or clusters), have drawn intense interest
as a novel synthetic porous material."” In comparison to tradi-
tional porous solids such as activated carbon, mesoporous
silica, and zeolites, MOFs have diverse topology structures, high
surface area, ultrahigh porosity, and multiple tunable func-
tions.*” Therefore, it can be used in a wide range of applica-
tions, such as adsorption/separation,®” photoelectronics,®®
energy conversion,'”"* drug delivery,"” chemical sensing,"® and
catalysis. Actually, the size and shape of pores within MOFs
are one of decisive parameters for the above-mentioned appli-
cations, since the guest species accessing or leaving the internal
active sites of MOFs is a prerequisite for the proceeding of
reaction.”>'® However, the pores of most available MOFs to
date have belonged to a pure microporous regime (pore size <
2 nm),"” which would impede the diffusion rate and restrict the
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accessibility of guest molecules toward the active sites within
the internal space of MOFs, especially for biomacromolecules.*®
Therefore, it is of great importance to develop an effective and
reliable strategy to transform microporous MOFs into their
hierarchical porous counterparts with micropores and
mesopores.

To overcome the limitation of pore size, hierarchically
porous MOFs with micropores and large pores (mesopores
and macropores) have become a subject of great interest due
to their advantageous integration of micro- and meso-
porosity.*® Specifically, micropores would conduce to the high
surface area and abundant active sites, while the mesopores
and macropores across the microporous matrix would facili-
tate the diffusion and transport of large guest molecules to
approach or leave the active sites inside the micropores.>*** To
date, tremendous efforts have been devoted to preparing
hierarchically porous MOFs,*>* and two major synthetic
approaches have been developed.” One available approach,
also known as the ligand extension method, is to form
intrinsic mesopores in MOFs through either increasing the
length of organic ligands or applying large organic scaffolds.>
Unfortunately, the largest mesopore size of the MOFs
synthesized with this method is usually smaller than 10 nm.>®
Another approach is the supramolecular template strategy,
which generates mesopores and macropores in MOF crystals
by using a surfactant as the template.>**” However, there are

This journal is © The Royal Society of Chemistry 2019
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issues related to long reaction times, high temperatures and
pressures, and complicated synthetic procedures and equip-
ment.”*° Therefore, it is highly desirable but remains a great
challenge to develop a simple, reliable, and energy-saving
method to rapidly synthesize hierarchically porous MOFs
under mild conditions.

To date, many researchers have proposed various synthetic
mechanisms of hierarchically porous MOFs; however, most of
them are based on the experimental results, and only a few have
been reported based on the investigation of hierarchically
porous MOFs using a computer-assisted method at molecular
and atomic levels.** As a matter of fact, computational simula-
tion can shed considerably valuable light on the mechanism
study to investigate the synthetic mechanism of porous mate-
rials at the molecular level.**** For example, the mesoscopic
dynamics (MesoDyn) simulation method, which is based on
dynamic mean-field density functional theory (DFT)** is
a powerful analytical approach.® It has recently been extensively
applied in investigating the synthetic mechanism of porous
materials. For instance, Zhang et al.*® had utilized the MesoDyn
simulation method to simulate the microphase behavior of
a triblock copolymer (P65) in aqueous solution. Chen et al.*” had
employed the MesoDyn method to examine the mesophase
formation in mesoporous zeolites (SBA-15). In addition, Mu
et al.*® had simulated the phase morphology and self-assembly
structure of a symmetric amphiphilic copolymer in thin films
using the MesoDyn method. However, to the best of our
knowledge, few studies have been reported on the use of Mes-
oDyn simulation to examine the phase behavior of templates
and to understand the synthetic mechanism of hierarchically
porous MOFs.*

In this study, the aforementioned issues were addressed
simultaneously. Two hierarchically porous MOFs (Cu-BTC and
ZIF-8) were rapidly synthesized in a (Cu, Zn) hydroxy double
salt (HDS) solution using a novel surfactant (N,N-dimethy-
loctylamine, DMOA) as the template at room temperature and
ambient pressure. During the synthesis, the DMOA surfactant
was used to fabricate mesopores and macropores while HDS
played a key role in accelerating the nucleation of crystalliza-
tion. The synthesis time can be shortened dramatically to
10 min only. Furthermore, the as-prepared hierarchically
porous Cu-BTC exhibited hierarchically porous structures with
micro-, meso-, and macropores as well as excellent thermal
stability. Moreover, the porosity of H-MOFs was tuned ratio-
nally by adjusting the amount and type of surfactant employed.
Other than DMOA, it is worth noting that other surfactants
such as N,N-dimethyldodecylamine (DMDA) can be used as
templates for the rapid preparation of hierarchically porous
MOFs. What is more, this study investigated the phase
behavior of the template and the synthetic mechanism of
hierarchically porous MOFs using the MesoDyn simulation
method. In comparison with primitive microporous MOFs, the
attained hierarchically porous MOFs exhibited a higher toluene
uptake capacity due to the presence of mesopores and macro-
pores. The strategy developed in this work enables us to achieve
rapid synthesis of hierarchically porous MOFs at room
temperature and pressure.

This journal is © The Royal Society of Chemistry 2019
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Materials and methods

Rapid room-temperature synthesis of hierarchically porous
Cu-BTC

In a typical synthesis,*** firstly, 3.6 mmol of zinc oxide (ZnO)
powder was dispersed in 8 mL deionized water and 16 mL N,N-
dimethylmethanamide (DMF) to form a nanoslurry through
using sonication for 15 min (solution A). Secondly, 7.2 mmol of
copper nitrate trihydrate (Cu(NOj;),-3H,0) was dispersed in
18 mL of deionized water as solution B, then the two solutions
(solution A and solution B) were mixed under fast stirring to form
a (Zn, Cu) hydroxy double salt (HDS) (solution C).** After that,
stirring was continued for 15 min and then sonication for 10 min
at room temperature. A micelle solution was prepared by adding
2.5 mmol of N,N-dimethyloctylamine (DMOA) and 4 mmol of
1,3,5-benzenetricarboxylic acid (H;BTC) to 15 mL of ethanol
(solution D). After stirring for 30 min, the two solutions (solution
C and solution D) were combined and continuously stirred for
10 min. Subsequently, a glaucous precipitate was collected by
filtration and immersed in ethanol solution 4 times at 60 °C for
48 h, and then dried overnight in an oven at 120 °C. The resultant
product is denoted as H-Cu-BTC. Similarly, hierarchically porous
Cu-BTC samples synthesized with various molar concentrations
of DMOA are denoted as H-Cu-BTC_1 (DMOA = 1.0 mmol) and
H-Cu-BTC_5 (DMOA = 5.0 mmol), respectively.

Materials characterization

Powder X-ray diffraction (XRD) patterns of hierarchically porous
MOFs were analyzed with a diffractometer system (D8 ADVANCE,
Bruker AXS) with a Cu sealed tube (40 kV, 40 mA, wavelength A =
0.15418 nm) Fourier transform infrared (FTIR) spectra of
samples were measured with an FTIR spectrometer (Vector 33,
Bruker Corporation) with a resolution of 4 cm™". Nitrogen (N,)
adsorption-desorption isotherms were recorded using an ASAP
2020 and 2460 (Micromeritics) at 77 K. The crystal morphologies
of the samples were observed with a scanning electron micro-
scope (SEM; ZEISS Ultra 55, Carl Zeiss) and transmission elec-
tron microscope (TEM, JEM-2100HR, JEOL) with a low loading
energy and voltage. The thermogravimetric analysis (TGA) was
performed on a TG analyzer (TG 209, Tarsus, NETZSCH) in a N,
atmosphere at a heating rate of 5 K min~'. Toluene and CH,
adsorption experiments were performed on an intelligent gravi-
metric analyzer (3H-2000PW) and RUBOTHERM magnetic
suspension balance, respectively.

Simulation method and parameters

According to previous literature,®* a Gaussian chain of
“springs and beads” is employed in the MesoDyn simulation
method to represent the coarse-grained level. Typically, the
springs can mimic the stretching behavior of a chain fragment,
and the different species of beads stand for different monomers
in the polymer molecules.’” Here, the coarse-grained model of
the neutral DMOA surfactant could be deemed as a Gaussian
chain with an N[C][C][C8] topology, where the C bead represents
the hydrophobic alkyl chain and the N bead indicates the

Nanoscale Adv., 2019, 1, 1062-1069 | 1063
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Fig. 1 The coarse-grained models of the DMOA surfactant, ethanol,
water, and MOF precursors (HsBTC and Cu?*) in the simulation system.

hydrophilic head, respectively. Moreover, the coarse-grained
model of the ligand (H3;BTC) could also be considered as
a benzene ring (B bead) connected to three carboxyl groups.* Q
beads represented the carboxyl groups of H;BTC and Cu®*
(denoted as MOF precursors), while the Y and W beads stood for
the solvent molecules of ethanol and water, respectively. The
molecular structures and corresponding coarse-grained models
of all components are illustrated in Fig. 1. In addition, the
volume fractions of the DMOA surfactant, MOF precursors, E
bead, and W bead were 1:1:2:2 in the present simulation
system.

The interactions of various beads were represented as mean-
field interaction energies (v 'e;), which can be derived from the
Flory-Huggins parameter y;; using eqn (1):*

vile,»j = x;RT €))]

where v~ '¢; indicates the interaction energies between the pair
of interacting bead types, the x; parameter is taken from the
blend simulation carried out for different beads, R refers to the
molar gas constant, and T indicates the temperature (298 K).
The Flory-Huggins interaction parameters xij between various
beads used in simulation are summarized in Table S1.T

Similar to a previous simulation process,*® the dimensions of
the simulated box were 32 nm x 32 nm x 32 nm. The bond
length was set to 1.1543 to ensure isotropy of all grid-restricted
operators.** The bead diffusion coefficient was set as 10”7 ¢cm?
s~', the system's noise coefficient Q = 75.019, the compress-
ibility parameter was 10 kT, the simulated temperature was 298
K, the simulated time step was At = 50 ns, and the total
simulation time was 1.0 ms (20 000 steps). In addition, in order
to simulate the mixing environment during the synthetic
process, a constant shear effect (y) was introduced into the
simulation system after 0.25 ms (5000 steps).** The X-axis is the
velocity direction, the Y-axis is the direction of the velocity
gradient, and the Z-axis is the neutral axis.** The program
achieved a stable shear, that is, the velocity gradient was
uniform: dv,/dv, = U, and the shear rate y = 5 x 10° s~ . All the
simulations were carried out using the MesoDyn module of the
commercial Materials Studio software package.

Results and discussion

To verify the crystalline structure of the hierarchically porous
MOFs obtained from rapid synthesis, the powder XRD patterns

1064 | Nanoscale Adv., 2019, 1, 1062-1069
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of the as-synthesized H-Cu-BTC were compared to the simu-
lated Cu-BTC patterns (CCDC: 112954).*¢ As shown in Fig. 2a,
the XRD patterns of H-Cu-BTC exhibited sharp diffraction
peaks, which were consistent with those of the simulated
pattern, thereby confirming that the attained crystalline mate-
rial is topologically identical to that of pristine Cu-BTC inde-
pendent of the template.*” Moreover, the structure of H-Cu-BTC
was examined by FTIR spectroscopy. As observed in Fig. Sia,f
the FTIR spectra of the H-Cu-BTC clearly showed characteristic
absorption bands at 1600, 1560, 1450, and 1380 cm ™', which
were in excellent agreement with the previous reports of
conventional Cu-BTC.***®* However, the FTIR spectra of the H-
Cu-BTC sample exhibited an absorption band in the narrow
range of 1340-1210 cm ™' (C-N stretching vibration of surfac-
tant DMOA) (Fig. S1bt), which could be attributed to the pres-
ence of some residual template. The mesostructure of the H-Cu-
BTC sample was examined using the N, adsorption-desorption
isotherms and corresponding pore size distributions. As shown
in Fig. 2b, a combination of type I and IV isotherms with an
apparent hysteresis loop was observed for H-Cu-BTC, which
suggested the co-existence of micropores and mesopores.*
Moreover, the pore size distribution curve of H-Cu-BTC, ob-
tained from nonlocal density functional theory (NL-DFT)
calculations, exhibited broad pore size distributions, ranging
from the micro-, meso- to macroscale. However, conventional
Cu-BTC (C-Cu-BTC) possesses only micropores with diameters
of about 0.86 nm according to previous reports.* In addition, H-
Cu-BTC_1 and H-Cu-BTC_5 also exhibited mesoporous and
macroporous structures, as observed in Fig. S2b.f More
importantly, the shape and size of the hysteresis loops of hier-
archically porous Cu-BTC depended on the amount of template
(Fig. S27), indicating that the porosity of hierarchically porous
MOFs might be controlled by varying the concentration of the
template. These results indicate the formation of mesopores
and macropores in the H-MOF products. The corresponding
textural properties of hierarchically porous MOFs are summa-
rized in Table S2.1 All of the as-synthesized hierarchically
porous MOFs displayed lower Brunauer-Emmett-Teller (BET)
surface areas than conventional Cu-BTC (1895 + 84 m* g~ '),
which can be attributed to the pore impenetration.*>*> However,
a significantly higher mesopore volume (Vi,eso) for hierarchi-
cally porous MOFs was observed than that of conventional Cu-
BTC, further confirming the formation of mesostructures in
the resulting hierarchically porous MOF materials.

@ ®) 29
4 > 154 H
: H-Cu-BTC - oo
2 s H
§ L. A_LLI Y B A " g 1.0 Z e
£ 2 ERT
2 2 °
£ 2
2 Simulated Cu-BTC Pattern S 051 %0 0z 04 06 08 g
'3 Relative pressure (P/P.)
[T " .
v T v v 0.0
10 20 30 40 50 1 0 100
20 (degree) Pore width (nm)
Fig. 2 (a) Powder XRD patterns of H-Cu-BTC and the simulated Cu-

BTC pattern; and (b) the N, adsorption—desorption isotherms and
corresponding pore size distributions of H-Cu-BTC.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8na00262b

Open Access Article. Published on 12 December 2018. Downloaded on 3/30/2026 3:22:48 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

The mesostructure of the corresponding H-Cu-BTC was
further revealed by SEM and TEM. As observed in Fig. 3a, the
SEM image showed that the H-Cu-BTC consisted of small and
high- dispersive nanoparticles with diameters of about 500 nm
and continuous pore voids were formed between these nano-
particles. The TEM image (Fig. 3b) further disclosed that
abundant mesopores and macropores with pore sizes of 40—
100 nm were formed in the final product, which is consistent
with the N, sorption results (Fig. 2b). Compared with conven-
tional Cu-BTC with a crystal size of about 10 pm (Fig. S37),%° the
small nanocrystals in H-Cu-BTC can be attributed to the fact
that the formed (Cu, Zn) hydroxy double salt (HDS) from ZnO
particles has a high anion exchange rate, resulting in the rapid
nucleation (10 min) between Cu®>" and BTC® .**> The scan
mapping clearly revealed the homogeneous distribution of
elemental C, O, and Cu throughout the H-Cu-BTC crystals
(Fig. S47). In addition, the presence of traces of elemental N can
be attributed to some templates residues in the H-Cu-BTC,*
which is consistent with the result of FTIR (Fig. S1bf). The
thermal stability of the as-synthesized hierarchically porous
MOFs was evaluated by TGA. As shown in Fig. S5,7 the TGA
curves indicate that the decomposition temperatures (~330 °C)
of hierarchically porous MOFs and conventional Cu-BTC are
similar with the same thermal treatment, confirming that the
introduction of mesopores and macropores into MOFs did not
reduce their thermal stability.

In addition, computational methods were used to evaluate
the defects in hierarchical porous MOFs. According to previous
literature,*>* hierarchical porous Cu-BTC mainly contains pore
blocking structure defects such as SP (side pocket) defects
blocked by the ligand (BTC), PP (primary pore) defects blocked
by the template, or SP-PP defects (combining both defects
simultaneously), as presented in Fig. 4a. Since the side pockets
of Cu-BTC are almost inaccessible for toluene molecules,***” the
adsorption loading in the structures exclusively containing SP
defects should be closest to the defect-free experimental results,
and thus we assumed the SP defects as a “ideal” configuration
in Cu-BTC when adsorbing toluene. A weighted summation
algorithm was used to calculate the composition of each defect
type in real materials, as shown in eqn (2):*®

n
Shybrid = ZfiSi 2)
i1
where Spyhria refers to the BET surface area of the sample con-

taining all possible structural defects; S; represents the BET
surface area of structures with SP defects (1884.72 m*> g~ '), PP

Fig. 3

(a) SEM and (b) TEM images of the H-Cu-BTC sample.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Pore-blocking defects in Cu-BTC denoted as SP (side
pocket) defects blocked by BTC, PP (primary pores) defects blocked by
the template, and SP-PP defects; and (b) composition of the three
defect types in C-Cu-BTC and H-Cu-BTC samples.

defects (1632.11 m> g~ ') and SP-PP defects (1059.17 m”> g™ ),
which was calculated using the RASPA package using helium
(He) as the probe molecule;* f; indicates the weight of compo-
sition of the corresponding structures. The value of f; can be
obtained by minimizing the error between Spyhriq and the BET
surface area of conventional Cu-BTC (C-Cu-BTC) and hierar-
chical porous Cu-BTC with a patchwise model.>® Fig. 4b shows
the composition of structural defects of materials. As shown in
Fig. 4b, the C-Cu-BTC contains 7.8% SP defects, 52.6% PP
defects and 39.6% SP-PP defects, while the as-synthesized H-Cu-
BTC product possesses 6.2% SP defects, negligible PP defects
and 93.8% SP-PP defects. These analyses confirm that stable
hierarchically porous Cu-BTC materials were successfully
synthesized within 10 min under mild conditions by employing
a new kind of DMOA surfactant as the template in a (Cu, Zn)
HDS solution.

Order parameter P represents the mean-squared deviation
from the homogeneity in the system and describes the influ-
ences of both phase separation and compressibility.*” The value
of order parameter P was calculated using eqn (3):%

[ Sfere - @r)e
P=¢-¢* = L >, (3)

where @ is the volume fraction of the surfactant and V is the
volume of cells. The order parameter P and the free energy
density of the system as a function of simulation time are pre-
sented in Fig. S6a.f As could be observed, the mesophase
evolution of hierarchically porous MOFs could be divided into
three stages. Specifically, in stage I, the order parameter P
increased sharply, which marked the beginning of the forma-
tion of the ordered aggregation.*® In stage II, a steady shear vy
(y = 5 x 10° s7') was introduced into the system, which
resulted in a marked decline in the order parameter P within
a short time, indicating that the previous ordered system was
broken.”” Afterwards, the order parameter P was increased
rapidly. In stage III, the order parameter P remained relatively
constant, indicating that the system had reached an

Nanoscale Adv., 2019, 1, 1062-1069 | 1065
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equilibrium.*” In addition, the MesoDyn simulation could
obtain the free energy change of the system, which could reflect
the system stability.>* As shown in Fig. Sé6b,t firstly, the free
energy of the system was decreased quickly (stage I), and then
increased sharply in a split second when a steady shear v (y =
5 x 10° s~ ') was introduced (stage II). Finally, the free energy
remained relatively stable, indicating that the system had
reached a dynamic equilibrium.**

Accordingly, Fig. 5 shows the snapshots of the aggregation
evolution of the surfactant during hierarchically porous MOF
formation. It can be seen from Fig. 5a that the synthesis
system is homogeneous at the initial stage of simulation
(1000 steps). Subsequently, with the extension in simulation
time, the surfactant molecules gradually gather momentum
and form aggregates through self-assembly (Fig. 5b), corre-
sponding to stage I as observed in Fig. S6.7 Furthermore, with
the further extension of the synthesis time, the small aggre-
gates were crashed while larger cylindroid micelles were
generated (Fig. 5¢), corresponding to stage II of Fig. S6.1 This
can be attributed to the different hydrophilic abilities
between long-chain alkyl groups and the hydrophilic head of
template molecules.®* Finally, cylindroid micelles were
formed and the system reached a dynamic equilibrium
(Fig. 5d), corresponding to stage III (Fig. S61). The above
analyses confirm that the introduction of surfactants into the
synthesis system contributed to the formation of the supra-
molecular micelles.

To more clearly observe the structure of the surfactant
micelles (Fig. 6a), a representative sectional view of the cylin-
droid micelles was carefully examined. As shown in Fig. 6b, the
surfactant molecules aggregated in the form of cylindroid
micelles, in which the cylindroid micelles were comprised of
a hydrophobic inner core (N bead) and a hydrophilic shell (C
bead). In addition, the MOF precursors gradually aggregated on

the outer surface of template micelles (Fig. 6¢), which could be
(a) ’\ - %“
B
Wy dle == oS
v ‘v T T

Fig.5 The aggregation evolution of DMOA surfactant supramolecular
assembly at different simulation steps: (a) 1000 steps; (b) 5000 steps;
(c) 10 000 steps; and (d) 20 000 steps.

(b)) » () "Q'L'u )

(a)

Fig. 6 (a) Sectional view of the surfactant/MOF precursors/ethanol/
water matrix, (b) surfactant, and (c) MOF precursors (red bead: C;
turquoise bead: N; blue and crimson beads: MOF precursor). For
simplification, ethanol and water molecules in (b and c) are omitted.
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attributed to the appropriate electrostatic interactions between
the MOF precursors and the micelles.**** Afterwards, larger
pores were formed after the removal of template micelles by
simple activation, which were located at the positions of
template micelles.** Such results supported the previous
hypothesis by the Qiu group suggesting that hierarchically
porous MOFs could be self-assembled from MOF precursors in
the presence of surfactant micelles as the supramolecular
templates at the molecular level.** Based on the above analysis
and literature precedents, a schematic representation of the
cooperative template method preparation of hierarchically
porous MOFs is illustrated in Scheme 1. In the initial stages, the
introduced ZnO particles react with Cu(NO3), to form (Zn, Cu)
HDS, which has a high anion exchange rate in the ligand
solution. This is a key step to rapidly form H-MOF crystals.*"*>
Meanwhile, the introduced DMOA surfactant forms supramo-
lecular micelles through self-assembly, a key step to generate
mesopores and macropores.® Upon the addition of (Cu, Zn)
HDS to the micelle solution, the Cu** and BTC®~ rapidly self-
assemble on the surface of the template micelles due to the
high anion exchange rate.*"** As a result, mesopores and mac-
ropores are produced in the network after the removal of the
template micelles through activation and drying.***® The ob-
tained experimental data are consistent with the simulation
results and the proposed synthetic mechanism, as confirmed by
SEM and TEM observations (Fig. 3).

In addition to the hierarchically porous Cu-BTC, other
hierarchically porous MOFs such as hierarchically porous ZIF-8
(denoted as H-ZIF-8, ESI) could also be synthesized by
employing the DMOA surfactant as the template. The XRD
patterns of the attained H-ZIF-8 agree well with those of the
simulated ZIF-8 (Fig. S77), thereby confirming that the obtained
product possesses a representative ZIF-8 framework.®” As shown
in Fig. 7a, the N, adsorption-desorption curves of the attained
H-ZIF-8 display a typical type-IV isotherm, corresponding to
a hybrid meso- and microporous material. Furthermore, the
pore size distributions of H-ZIF-8 indicate that the product is
a hybrid micro-, meso-, and macroporous material (Fig. 7b).
Moreover, SEM and TEM images indicate that the coexistence of

«

Ligand

Template

The removal

-—
of template

TEM image Hierarchical MOFs MOF-Template

Schemel Schematic representation of the hierarchically porous MOF
synthesis by using a template in a (Cu, Zn) hydroxy double salt (HDS)
solution.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) The N, adsorption—-desorption isotherms and (b) corre-
sponding pore size distributions of H-ZIF-8.

meso- and macropores in the resulting H-ZIF-8 (Fig. S87).
Interestingly, other surfactants such as N,N-dimethyldodecyl-
amine (DMDA) could also be used as templates for the room-
temperature rapid synthesis of stable hierarchically porous
MOFs (denoted as H-Cu-BTC_A, see Fig. S9-S12t for details),
confirming the feasibility and universality of our rapid synthetic
mechanism. More importantly, the pore size distributions of
the hierarchically porous MOFs varied based on the type of
surfactant (Fig. S1371), thereby allowing facile tailoring of the
porosity properties. In addition, hierarchically porous ZIF-8
(denoted as H-ZIF-8_A, ESI) could also be synthesized using
DMDA as the template (see Fig. S14 and 15 for detailst).
Furthermore, the TGA result indicates that the as-synthesized
H-ZIF-8 and H-ZIF-8_A products have excellent thermal
stability (Fig. S16t). Moreover, the porosity of hierarchically
porous ZIF-8 depends on the amount and type of surfactant, as
confirmed by Table S21 and Fig. S17 and 18,} respectively. All
these remarks imply that our rapid synthesis strategy is
versatile.

Toluene, one of the most common volatile organic
compounds (VOCs), is a notorious chemical pollutant due to
its malodor, carcinogen, toxicity, and high penetration rate
even at a very low concentration.®®* Toluene has been widely
adopted in various industrial processes, and has thus caused
serious air pollution and social health hazard effects.”®”
Accordingly, MOFs, one of most attractive adsorbents, exhibi-
ted great potential for capturing and removing toluene with
low concentrations (<1000 ppm,).”*"”® Fig. 8a shows the toluene
sorption isotherms on various hierarchically porous MOFs (H-
Cu-BTC_A and H-Cu-BTC) at 298 K. It can be seen that the
toluene adsorption isotherm on H-Cu-BTC_A can be divided
into three stages. At low relative pressures (P/P, < 0.01), the
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-e-H-Cu-BTC_A =
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Fig. 8 (a) Toluene sorption isotherms at 298 K on H-Cu-BTC_A and

H-Cu-BTC samples, and (b) the saturation adsorption capacities of
toluene on various adsorbents at 298 K.
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isotherm exhibited a steep rise in the uptake followed by
a plateau, corresponding to the monolayer adsorption of
toluene in micropores.”> With the increase in relative pressures
(P/P, > 0.60), the isotherm still showed an increase in the
adsorbed amount of toluene, which is related to the capillary
condensation of toluene in mesopores and macropores.”
Similar profiles are also observed for toluene adsorption on the
H-Cu-BTC sample. Comparatively, the loading of toluene on H-
Cu-BTC_A is always higher than that on H-Cu-BTC due to the
fact that more mesopores are present in H-Cu-BTC_A than H-
Cu-BTC (Table S27), thus allowing them to freely and rapidly
diffuse into the internal active sites.** Specifically, the satura-
tion adsorption capacity of toluene on H-Cu-BTC_A is 646 mg
g~ ', which is 25% higher than the reported value of conven-
tional Cu-BTC (516 mg g~ '),” and also greatly surpasses those
of other conventional MOFs and zeolites (Fig. 8b).”*7*7® The as-
synthesized H-ZIF-8 also shows remarkably higher toluene
adsorption capacity (963 mg g~') than conventional porous
materials (Fig. S191). In addition, H-Cu-BTC_A exhibits the
maximum uptake of CH, is 112.4 mg g~ ' at 3 MPa (Fig. S207),
which is higher than those of porous materials such as
zeolites.” Moreover, the as-prepared hierarchically porous
MOF materials including Cu-BTC and ZIF-8 have great poten-
tial for the capture of dyes such as Congo red (CR, see Fig. S21
and 22 for detailst). These results indicate that H-MOFs are
promising candidates for VOC adsorption, dye degradation,
and energy gas storage.

Conclusions

In summary, two stable hierarchically porous metal-organic
frameworks named Cu-BTC and ZIF-8 were successfully
synthesized by using a new surfactant as the template under
mild conditions. Structural analysis revealed that the as-
prepared products had multimodal hierarchically porous
structures with macro-, meso-, and micropores while retaining
the parent topology. Furthermore, the synthetic strategy is
highly versatile, which allows easy tuning of the porosity prop-
erties of the hierarchically porous MOFs by controlling the
amount and type of surfactant employed. The results of meso-
dynamics (MesoDyn) simulation demonstrate that the intro-
duced surfactant (N,N-dimethyloctylamine) led to the formation
of supramolecular micelles, and then the MOF precursors were
self-assembled on the surface of the template micelles, which
accounts for the synthetic mechanism of hierarchically porous
MOFs at the molecular level. In addition, the as-synthesized
hierarchically porous Cu-BTC exhibited a maximum toluene
adsorption capacity of 646 mg g ' at 298 K, which is a 25%
increase compared with that of pristine Cu-BTC (516 mg g™ ')
and is much higher than other microporous MOFs and zeolites.
The synthetic strategy and mechanism explored in this work are
of great importance to the large-scale industrial fabrication of
various hierarchically porous MOFs, which is advantageous for
their potential applications in various fields involving both
large and small guest molecules, such as adsorption, separa-
tion, drug delivery, etc.

Nanoscale Adv., 2019, 1, 1062-1069 | 1067


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8na00262b

Open Access Article. Published on 12 December 2018. Downloaded on 3/30/2026 3:22:48 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We gratefully acknowledge the financial support from the
National Natural Science Foundation of China (21576094 and
21776097), SRFDP (No. 20130172110012), and Guangdong
Natural Science Foundation (2017A030313052).

References

1 Y. Cui,]. Zhang, H. He and G. Qian, Chem. Soc. Rev., 2018, 47,
5740-5785.

2 H. Wang, W. P. Lustig and J. Li, Chem. Soc. Rev., 2018, 47,
4729-4756.

3 S. Yuan, L. Zou, ]J.-S. Qin, J. Li, L. Huang, L. Feng, X. Wang,
M. Bosch, A. Alsalme and T. Cagin, Nat. Commun., 2017, 8,
15356.

4 X.-Y. Yang, L.-H. Chen, Y. Li, J. C. Rooke, C. Sanchez and
B.-L. Su, Chem. Soc. Rev., 2017, 46, 481-558.

5S. Sun, X. Yu, Q. Yang, Z. Yang and S. Liang, Nanoscale
Advances, 2018, DOI: 10.1039/c8na00196k.

6 B. Yuan, X. Wang, X. Zhou, J. Xiao and Z. Li, Chem. Eng. J.,
2019, 355, 679-686.

7 X. Qian, Q. Ren, X. Wu, J. Sun, H. Wu and ]. Lei,
ChemistrySelect, 2018, 3, 657-661.

8 Y. Zhao, J. Liu, M. Horn, N. Motta, M. Hu and Y. Li, Sci. China
Mater., 2018, 61, 159-184.

9 T. H. Bennett, M. D. Vaughn, S. A. Davari, K. Park,
D. Mukherjee and B. Khomami, Nanoscale Advances, 2019,
DOI: 10.1039/c8na00093;.

10 M. C. So, G. P. Wiederrecht, J. E. Mondloch, ]J. T. Hupp and
0. K. Farha, Chem. Commun., 2015, 51, 3501-3510.

11 X.-J. Hong, T.-X. Tan, Y.-K. Guo, X.-Y. Tang, ]J.-Y. Wang,
W. Qin and Y.-P. Cai, Nanoscale, 2018, 10, 2774-2780.

12 X. Gao, Y. Wang, G. Ji, R. Cui and Z. Liu, CrystEngComm,
2018, 20, 1087-1093.

13 S. Gao, L. Zhao, L. Han, Z. Zhang and H. Zhao,
CrystEngComm, 2018, 20, 2237-2240.

14 W. Yang, J. Wang, Q. Yang, H. Pei, N. Hu, Y. Suo, Z. Li,
D. Zhang and J. Wang, Chem. Eng. J., 2018, 339, 230-239.

15 P. Yang, F. Mao, Y. Li, Q. Zhuang and J. Gu, Chem.-Eur. J.,
2018, 24, 2962-2970.

16 J. Koo, L.-C. Hwang, X. Yu, S. Saha, Y. Kim and K. Kim, Chem.
Sci., 2017, 8, 6799-6803.

17 C. Duan, J. Huo, F. Li, M. Yang and H. Xi, /. Mater. Sci., 2018,
53, 16276-16287.

18 Z. Wang, S. Hu, J. Yang, A. Liang, Y. Li, Q. Zhuang and J. Gu,
Adv. Funct. Mater., 2018, 28, 1707356.

19 W. Liu, J. Huang, Q. Yang, S. Wang, X. Sun, W. Zhang, J. Liu
and F. Huo, Angew. Chem., Int. Ed., 2017, 56, 5512-5516.

20 S. Kayal and A. Chakraborty, Chem. Eng. J., 2018, 334, 780-
788.

21 R. Babu, A. C. Kathalikkattil, R. Roshan, ]J. Tharun,
D.-W. Kim and D.-W. Park, Green Chem., 2016, 18, 232-242.

1068 | Nanoscale Adv., 2019, 1, 1062-1069

View Article Online

Paper

22 L. Song, J. Zhang, L. Sun, F. Xu, F. Li, H. Zhang, X. Si, C. Jiao,
Z.Li and S. Liu, Energy Environ. Sci., 2012, 5, 7508-7520.

23 X. Liu, W. Qi, Y. Wang, R. Su and Z. He, Nanoscale, 2017, 9,
17561-17570.

24 L.-B. Sun, J.-R. Li, J. Park and H.-C. Zhou, Chem. Eng. J., 2011,
134, 126-129.

25 W. Zhang, Y. Liu, G. Lu, Y. Wang, S. Li, C. Cui, J. Wu, Z. Xu,
D. Tian, W. Huang, J. S. DuCheneu, W. D. Wei, H. Chen,
Y. Yang and F. Huo, Adv. Mater., 2015, 27, 2923-2929.

26 H. Deng, S. Grunder, K. E. Cordova, C. Valente, H. Furukawa,
M. Hmadeh, F. Gandara, A. C. Whalley, Z. Liu, S. Asahina,
H. Kazumori, M. O'Keeffe, O. Terasaki, J. F. Stoddart and
O. M. Yaghi, Science, 2012, 336, 1018-1023.

27 D. Chongxiong, Z. Hang, P. Anguo, L. Feier, X. Jing, Z. JiFei,
L. Shaojuan and X. Hongxia, ChemistrySelect, 2018, 3, 5313~
5320.

28 Y. Kim, T. Yang, G. Yun, M. B. Ghasemian, J. Koo, E. Lee,
S. J. Cho and K. Kim, Angew. Chem., 2015, 54, 13273-13278.

29 L. Kang, H. L. Du, H. Zhang and W. L. Ma, Complexity, 2018,
2018, 12.

30 K. Wang, J. Pang, L. Li, S. Zhou, Y. Li and T. Zhang, Front.
Chem. Sci. Eng., 2018, 12, 376-382.

31 S.-Y. Kim, A.-R. Kim, J. W. Yoon, H.-J. Kim and Y.-S. Bae,
Chem. Eng. J., 2018, 335, 94-100.

32 Y. Ren, B. Liu, T. Kiryutina, H. Xi and Y. Qian, Chem. Phys.,
2015, 448, 9-14.

33 M. J. Mora-Fonz, C. R. A. Catlow and D. W. Lewis, Angew.
Chem., 2005, 117, 3142-3146.

34 Y. Zhao, X. Chen, C. Yang and G. Zhang, J. Phys. Chem. B,
2007, 111, 13937-13942.

35 X. Zhao, Z. Wang, S. Yuan, J. Lu and Z. Wang, RSC Adv., 2017,
7, 20293-20299.

36 X.Zhang, S. Yuan and J. Wu, Macromolecules, 2006, 39, 6631
6642.

37 H. Chen, Y. Wu, Y. Tan, X. Li, Y. Qian and H. Xi, Eur. Polym.
J., 2012, 48, 1892-1900.

38 D. Mu, J.-Q. Li and S.-Y. Feng, Phys. Chem. Chem. Phys., 2017,
19, 21938-21945.

39 H.Zhang, J. Huo, F. Li, C. Duan and H. Xi, Cryst. Growth Des.,
2018, 18, 6661-6669.

40 C. Duan, F. Li, L. Li, H. Zhang, X. Wang, ]J. Xiao and H. Xi,
CrystEngComm, 2018, 20, 1057-1064.

41 J. Zhao, W. T. Nunn, P. C. Lemaire, Y. Lin, M. D. Dickey,
C. J. Oldham, H. J. Walls, G. W. Peterson, M. D. Losego
and G. N. Parsons, J. Am. Chem. Soc., 2015, 137, 13756—
13759.

42 M. Meyn, K. Beneke and G. Lagaly, Inorg. Chem., 1993, 32,
1209-1215.

43 Y.-m. Li, G.-y. Xu, D. Wu and W.-p. Sui, Eur. Polym. J., 2007,
43, 2690-2698.

44 H. Zhang, J. Huo, J. Li, F. Li, C. Duan and H. Xi,
CrystEngComm, 2018, 20, 5754-5759.

45 S.-L. Yuan, X.-Q. Zhang and K.-Y. Chan, Langmuir, 2009, 25,
2034-2045.

46 Y. Ban, Y. Li, X. Liu, Y. Peng and W. Yang, Microporous
Mesoporous Mater., 2013, 173, 29-36.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8na00262b

Open Access Article. Published on 12 December 2018. Downloaded on 3/30/2026 3:22:48 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

47 C. Duan, F. Li, H. Zhang, J. Li, X. Wang and H. Xi, RSC Adv.,
2017, 7, 52245-52251.

48 R. Zhong, X. Yu, W. Meng, S. Han, J. Liu, Y. Ye, C. Sun,
G. Chen and R. Zou, Chem. Eng. Sci., 2018, 184, 85-92.

49 F. Li, C. Duan, H. Zhang, X. Yan, J. Li and H. Xi, Ind. Eng.
Chem. Res., 2018, 57, 9136-9143.

50 S. S.-Y. Chui, S. M.-F. Lo, J. P. Charmant, A. G. Orpen and
I. D. Williams, Science, 1999, 283, 1148-1150.

51 L. Peng, J. Zhang, Z. Xue, B. Han, X. Sang, C. Liu and G. Yang,
Nat. Commun., 2014, 5, 4465.

52 J. Hafizovic, M. Bjgrgen, U. Olsbye, P. D. C. Dietzel,
S. Bordiga, C. Prestipino, C. Lamberti and K. P. Lillerud,
J. Am. Chem. Soc., 2007, 129, 3612-3620.

53 N. Al-Janabi, X. Fan and F. R. Siperstein, J. Phys. Chem. Lett.,
2016, 7, 1490-1494.

54 C.Zhang, C. Han, D. S. Sholl and J. R. Schmidyt, J. Phys. Chem.
Lett., 2016, 7, 459-464.

55 Z. Fang, B. Bueken, D. E. De Vos and R. A. Fischer, Angew.
Chem., Int. Ed., 2015, 54, 7234-7254.

56 Y. Zeng, X. Zhu, Y. Yuan, X. Zhang and S. Ju, Sep. Purif.
Technol., 2012, 95, 149-156.

57 J. J. Gutiérrez-Sevillano, J. M. Vicent-Luna, D. Dubbeldam
and S. Calero, J. Phys. Chem. C, 2013, 117, 11357-11366.

58 C. Duan, F. Li, M. Yang, H. Zhang, Y. Wu and H. Xi, Ind. Eng.
Chem. Res., 2018, 57, 15385-15394.

59 D. Dubbeldam, S. Calero, D. E. Ellis and R. Q. Snurr, Mol.
Simul., 2016, 42, 81-101.

60 H. Zhang, J. Huo, J. Li, F. Li, C. Duan and H. Xi,
CrystEngComm, 2018, 20, 5754-5759.

61 S. S. Jawalkar and T. M. Aminabhavi, Polymer, 2006, 47,
8061-8071.

62 M. Moliner, F. Rey and A. Corma, Angew. Chem., Int. Ed.,
2013, 52, 13880-13889.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Nanoscale Advances

63 D. Bradshaw, S. El-Hankari and L. Lupica-Spagnolo, Chem.
Soc. Rev., 2014, 43, 5431-5443.

64 L. G. Qiu, T. Xu, Z. Q. Li, W. Wang, Y. Wu, X. Jiang, X. Y. Tian
and L. D. Zhang, Angew. Chem., 2008, 47, 9487-9491.

65 J. Zhao, B. Kalanyan, H. F. Barton, B. A. Sperling and
G. N. Parsons, Chem. Mater., 2017, 29, 8804-8810.

66 L. B. Sun, J. R. Li, J. Park and H. C. Zhou, J. Am. Chem. Soc.,
2012, 134, 126-129.

67 C. Duan, F. Li, J. Xiao, Z. Liu, C. Li and H. Xi, Sci. China
Mater., 2017, 60, 1205-1214.

68 X. Wang, C. Ma, J. Xiao, Q. Xia, J. Wu and Z. Li, Chem. Eng. J.,
2018, 335, 970-978.

69 B. Gao, G. Yuan and L. Ren, J. Mater. Sci., 2018, 53, 6698-
6706.

70 F. Chu, Y. Zheng, B. Wen, L. Zhou, J. Yan and Y. Chen, RSC
Adv., 2018, 8, 2426-2432.

71 M. Li, B. Lu, Q.-F. Ke, Y.-J. Guo and Y.-P. Guo, J. Hazard.
Mater., 2017, 333, 88-98.

72 Y. Li, ]. Miao, X. Sun, J. Xiao, Y. Li, H. Wang, Q. Xia and Z. Li,
Chem. Eng. J., 2016, 298, 191-197.

73 G. Wen and Z. Guo, Colloids Surf., A, 2018, 541, 58-67.

74 K. Vellingiri, P. Kumar, A. Deep and K.-H. Kim, Chem. Eng. J.,
2017, 307, 1116-1126.

75 F. Xu, S. Xian, Q. Xia, Y. Li and Z. Li, Adsorpt. Sci. Technol.,
2013, 31, 325-339.

76 F.-J. Ma, S.-X. Liu, D.-D. Liang, G.-J. Ren, F. Wei, Y.-G. Chen
and Z.-M. Su, J. Solid State Chem., 2011, 184, 3034-3039.

77 J.-H. Kim, S.-]J. Lee, M.-B. Kim, ].-J. Lee and C.-H. Lee, Ind.
Eng. Chem. Res., 2007, 46, 4584-4594.

78 C.-Y. Huang, M. Song, Z.-Y. Gu, H.-F. Wang and X.-P. Yan,
Environ. Sci. Technol., 2011, 45, 4490-4496.

79 R. Hernandez-Huesca, L. Diaz and G. Aguilar-Armenta, Sep.
Purif. Technol., 1999, 15, 163-173.

Nanoscale Adv., 2019, 1, 1062-1069 | 1069


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8na00262b

	Templated fabrication of hierarchically porous metaltnqh_x2013organic frameworks and simulation of crystal growthElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00262b
	Templated fabrication of hierarchically porous metaltnqh_x2013organic frameworks and simulation of crystal growthElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00262b
	Templated fabrication of hierarchically porous metaltnqh_x2013organic frameworks and simulation of crystal growthElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00262b
	Templated fabrication of hierarchically porous metaltnqh_x2013organic frameworks and simulation of crystal growthElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00262b

	Templated fabrication of hierarchically porous metaltnqh_x2013organic frameworks and simulation of crystal growthElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00262b
	Templated fabrication of hierarchically porous metaltnqh_x2013organic frameworks and simulation of crystal growthElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00262b

	Templated fabrication of hierarchically porous metaltnqh_x2013organic frameworks and simulation of crystal growthElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00262b
	Templated fabrication of hierarchically porous metaltnqh_x2013organic frameworks and simulation of crystal growthElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00262b
	Templated fabrication of hierarchically porous metaltnqh_x2013organic frameworks and simulation of crystal growthElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00262b
	Templated fabrication of hierarchically porous metaltnqh_x2013organic frameworks and simulation of crystal growthElectronic supplementary information (ESI) available. See DOI: 10.1039/c8na00262b


