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Rapid room-temperature synthesis of hierarchical
porous zeolitic imidazolate frameworks with high

space-time yield

Chongxiong Duan, Feier Li, Jing Xiao, Zewei Liu, Chao Li and Hongxia Xi’

ABSTRACT  Hierarchical porous zeolitic imidazolate fra-
meworks (ZIFs) have potential for adsorption, catalysis and
chemical sensing applications. Ultrafast synthesis of ZIFs at
room temperature and pressure is particularly desirable for
large-scale industrial production. Here, we developed a green
and versatile method using organic amines as supramolecular
templates (organic amine-template) to rapidly synthesize
hierarchical porous ZIFs (ZIF-8, ZIF-61 and ZIF-90) at room
temperature and pressure. The synthesis time was reduced
dramatically to within 1 min, and the resulting ZIFs had
multimodal hierarchical porous structures with mesopores/
macropores interconnected with micropores. Notably, the
space-time yield (STY) of hierarchical porous ZIF-8 was up to
1.29x10" kg m™ d”', which is more than three times higher
than that reported using other methods. Furthermore, the
morphologies and porosities of the produced ZIFs could be
readily tuned by controlling the synthesis time or type of or-
ganic amine. The organic amine played two roles in the
synthesis: (1) a protonation agent to deprotonate organic li-
gands, facilitating the formation of ZIF crystals, and (2) an
structure directing agent to direct mesopore/macropore for-
mation. The resulting hierarchical porous ZIF-8 exhibited
enhanced uptake capacities and diffusion rates for guest mo-
lecules relative to its microporous counterpart. This work
provides a new direction for the green and efficient synthesis
of various hierarchical porous ZIFs with high STYs for a wide
range of applications.

Keywords: zeolitic imidazolate frameworks, green and rapid
synthesis, hierarchical porous structure, tunable morphology and
porosity, high space-time yield

INTRODUCTION
Zeolitic imidazolate frameworks (ZIFs), consisting of bi-
valent transition metals (Zn or Co) and imidazolate-based

ligands, are a distinctive subfamily of porous metal or-
ganic frameworks (MOFs) with zeolite-type tetrahedral
topologies [1]. Combining the advantages of MOFs and
zeolites, including high surface areas, uniform pore
structures, and excellent thermal and chemical stabilities
[2], provides versatile materials with potential for a wide
range of industrial applications, including adsorption and
separation [3], chemical sensing [4], and catalysis [5].
However, three major challenges have hindered the
widespread applications of ZIFs. First, most reported ZIFs
possess only micropores with pore sizes of less than 2 nm
[1]. Although this intrinsic microporosity is desirable for
separation and transportation of small molecules [6],
when large molecules or high concentrations of reactants
are involved in the reaction, they cannot rapidly approach
or leave the interior active sites owing to pore size-con-
finement [7]. Furthermore, slow diffusion and mass
transfer could lead to the polymerization of byproducts or
intermediate products [8], which would block the chan-
nels and quickly deactivate ZIF materials. Therefore, the
exclusively microporous structures in ZIF materials
greatly limit their applications. Second, ZIF synthesis is
conventionally conducted solvothermally, by using a
high-boiling solvent (e.g., N,N-dimethylformamide
(DMF)) and taking a long time at high temperature and
pressure (HTP) in an autoclave [9]. Such solvothermal
processes usually consume huge amounts of energy and
may lead to environment pollution or pose the risk of
explosion [10]. The toughest challenge in ZIF synthesis is
the low production rate [11]. For example, the space-time
yield (STY) of ZIFs is usually below 100 kg m~ d', which
presents a considerable hurdle for the large-scale com-
mercial production and industrial applications [12].

To date, extensive efforts have been made toward de-
veloping efficient methods to overcome the above chal-
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Scheme 1 Illustration of the supramolecular template concept for rapid synthesis of hierarchical porous ZIF-8 at room temperature and pressure.

lenges [13]. For example, to improve diffusion rates and
facilitate mass transfer of guest molecules in ZIFs, some
strategies were developed to increase the size of ZIF
pores, including template [14], amino acid-assisted
methods [15], and composite materials [16]. Although
these approaches can successfully obtain desired hier-
archical porous structures, the rational design of porous
ZIFs with controllable/tailorable structures and porosities
for specific applications remains challenging [6,17].
Moreover, these methods still consume too much energy
[11,18]. In addition, a few advanced approaches, such as
microwave-techniques [19], ultrasound-assisted methods
[20], and mechano-chemical methods [21] have been
employed to reduce energy consumption and enhance
production rates. However, these approaches often re-
quire complex apparatus or set-ups [22], and more im-
portantly, are still restricted to conventional ZIFs with
micropores. Overall, a simple and efficient method for the
room temperature and pressure (RTP) synthesis of hier-
archical porous ZIFs with tunable porosities and high
STY remains a formidable challenge.

Herein, we demonstrate a simple and green approach to
rapidly synthesize hierarchical porous ZIF-8 materials
within 1 min at RTP by using organic amines as a su-
pramolecular template (organic amine-template). The
obtained ZIF-8 products contained hierarchical porous
structures with micro-, meso-, and macropores. More-
over, the morphology and porous structure could be ea-
sily tailored by varying the synthesis time or type of
organic amines. Furthermore, our synthesis strategy can
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also be applied to the synthesis of a wide variety of other
hierarchical porous ZIFs (e.g., ZIF-61 and ZIF-90). The
resulted hierarchical porous ZIFs exhibited much higher
uptake capacities and selectivity for gas molecules than
pristine microporous materials. In addition, the STY for
the ZIF-8 was up to 1.29x10" kg m™ d', which is at least
three times higher than the previously reported.

RESULTS AND DISCUSSION

Scheme 1 illustrates our supramolecular templating ap-
proach for rapidly synthesizing hierarchically porous ZIF-
8. Zinc nitrate (Zn(NO;),) methanol solution was added
to a 2-methylimidazole (2-Im) methanol solution at RTP
to form a transparent mixture solution. Milky precipitate
generated quickly when an organic amine (Table S1) was
added into the mixture solution under stirring (Video SI)
— a definitive visual indication of ZIF-8 formation. The
milky precipitate was immediately filtered after stirring
for a given reaction time ¢, then washed with methanol
and dried. The resulting products were labeled as ZIF-
8_At, in which A means diethanolamine was used as the
supramolecular templating, and ¢ (t=1, 5, 10 or 30 min)
represents the reaction time in a few minutes (Supple-
mentary Information).

X-ray diffraction analysis of hierarchical porous ZIF-8

Fig. 1 compares simulated and experimental X-ray dif-
fraction (XRD) patterns for ZIF-8 powders obtained
using rapid RTP synthesis and using conventional sol-
vothermal synthesis for 24 h at 413 K [18]. As shown in
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Figure 1 Powder XRD patterns of ZIF-8_At (¢ =1, 5, 10, or 30 min) and
conventional ZIF-8 (C-ZIF-8) samples, and simulated XRD pattern of
ZIF-8.

Fig. 1, the positions of all the diffraction peaks for ZIF-
8_At (t =1, 5, 10, or 30 min) agree well with those for
conventional ZIF-8 (C-ZIF-8) and the simulated results,
confirming that ZIF-8 crystals were successfully synthe-
sized under RTP. Moreover, the sharp XRD peaks in-
dicate that the ZIF-8_At samples have high crystallinity.
Notably, the shortest synthesis time in our strategy was
only 1 min at RTP, whereas conventional solvothermal
methods require a synthesis time of 24 h at HTP [18],
demonstrating that organic amines play a significant role
in accelerating the formation of ZIF-8. Gross et al. [23],
Nordin et al. [24], and Cravillon et al. [25] also reported
that ZIFs could be synthesized within 10 min at RTP by
using an organic amine (triethylamine) as a protonation
agent, indicating that the organic amine (e.g., diethano-
lamine) used in this work acts as a protonation agent.
However, the ZIFs synthesized with triethylamine as a
protonation agent only possessed microporous structures
instead of hierarchical porous structures. In addition, the
reaction time in these previous methods (10 min) was
longer than that in our strategy (1 min).

Morphologies of hierarchical porous ZIF-8

The crystal morphologies of ZIF-8_At (t=1, 5, 10, or 30)
and C-ZIF-8 were revealed by scanning electron micro-
scopy (SEM) and transmission electron microscopy
(TEM). The SEM images in Fig. 2 show that each ZIF-
8_At sample has a uniform crystal structure, unlike C-
ZIF-8, which has an irregular shape (Fig. S1). The SEM
image in Fig. 2a reveals that ZIF-8_Al is composed of
nearly spherical nanoparticles with a diameter of about
50 nm. The particle size of ZIF-8_Al is considerably
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Figure 2 SEM images of hierarchical porous ZIF-8_At (t =1, 5, 10, or 30
min): (a) ZIF-8_A1; (b) ZIF-8_A5; (c) ZIF-8_A10; (d) ZIF-8_A30.

smaller than that of a previous ZIF-8 sample synthesized
with triethylamine within 10 min (~100 nm) or C-ZIF-8
(Fig. S1), [18,23] which can be attributed to fast nuclea-
tion (< 1 min) between deprotonated ligands and metal
ions, resulting in the formation of small nanocrystals
[23,25]. Furthermore, the apparent voids surrounded by
the walls consisting of nanoparticles (Fig. 2a) confirm the
presence of a mesoporous structure. Hirai et al. [26], Kim
et al. [27], and Cao et al. [28] also reported the formation
of hierarchical pores between aggregated nanoparticles in
ZIF materials. Moreover, when the synthesis time was
extended, the small ZIF nanocrystals aggregated to form
large grains. As shown in Fig. 2b, the nanoparticles ob-
tained in ZIF-8_A5 are more compact. Furthermore,
when the synthesis time exceeded 10 min, similar
morphologies were observed with well-ordered meso-
pores uniformly distributed on lumpy structures, as
shown in Fig. 2c and d for ZIF-8_A10 and ZIF-8_A30,
respectively. This trend can be attributed to continuous
growth of the existing nanoparticles through the attach-
ment of monomers in the presence of an organic amine
template [29]. In addition, we note that the mesoporous
structures of ZIF-8_Al and ZIF-8_A5 primarily result
from interparticle void space, whereas the crystals of ZIF-
8_A10 and ZIF-8_A30 are intrinsically mesoporous.
These findings indicate that both the crystal morpholo-
gies and porosities of ZIF-8 products can be influenced by
the synthesis time.

The corresponding TEM images of the ZIF-8_ At
samples are presented in Fig. 3. As shown in Fig. 3a,
numerous nanoparticles with diameters of about 50 nm
are randomly stacked to form abundant mesoporous
channels in ZIF-8_A1l, with pore sizes of 30-100 nm ac-
cording to the pore size distribution (PSD, Fig. 4b).
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Figure 3 TEM images of hierarchical porous ZIF-8_At (t =1, 5, 10, or
30 min): (a) ZIF-8_A1; (b) ZIF-8_A5; (c) and (d) ZIF-8_A10; (e) and (f)
ZIF-8_A30.

Hierarchical porous phases also exist between the ag-
gregated nanoparticles in ZIF-8_A5, as shown in Fig. 3b.
The TEM images of ZIF-8_A10 and ZIF-8_A30 (Fig. 3c,
e) show similar morphologies with ordered lattice fringes.
The lattice fringes can be clearly observed in high-re-
solution TEM (HR-TEM) images (Fig. 3d, f), confirming
that these materials have high crystallinity [30]. These
results indicate that the entire particle is crystalline with
well-ordered mesopores penetrating through the micro-
porous framework [31]. Thus, the introduced organic
amines (surfactant) act as templates-termed structure-
directing agents (SDAs) that direct the formation of
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mesopores. Similar conclusions have been drawn by
Bradshaw et al. [7], Wu et al. [15], and Junggeburth et al.
[32], who used surfactants (neutral or ionic) as SDAs to
synthesize hierarchical porous ZIFs.

Porosities of hierarchical porous ZIF-8
The hierarchical porosities of ZIF-8_At (t = 1, 5, 10, or 30
min) were further confirmed by examining their N, ad-
sorption-desorption isotherms (Fig. 4a) and nonlocal
density functional theory (NL-DFT) PSDs (Fig. S2b and
Fig. 4b). According to the IUPAC classification [33], C-
ZIF-8 displays a type I isotherm (Fig. S2a) because it only
possesses micropores, whereas ZIF-8_At (¢t = 1, 10, or 30
min) exhibit a combination of type I and type IV iso-
therms with a typical hysteresis loop [34], and ZIF-8_A5
shows a type IV isotherm (Fig. 4a). These observations
confirm the co-existence of micropores and mesopores in
these ZIF-8_At materials. In addition, among the ZIF-
8_At samples, the adsorption capacities and hysteresis
loop shapes depend on the synthesis time. Further in-
formation concerning the porosity of the ZIF-8_At
samples can be acquired from the PSD (Fig. S2b). In
addition to intrinsic micropores (pore diameter: <2 nm),
all the ZIF-8_At samples show both mesopores (pore
diameter: 2~50 nm) and macropores (pore diameter:
>50 nm), as shown in Fig. S2b, which are not observed in
C-ZIF-8 (inset of Fig. S2a). Although a couple of ZIF-8
materials have been reported with pore diameters in two
ranges (micropores and mesopores) [15,32], to the best of
our knowledge, no hierarchical porous ZIF-8 materials
have been synthesized previously at RTP with pore sizes
encompassing three ranges (micropores, mesopores, and
macropores).

The development of reliable methods to synthesize
hierarchical porous ZIFs with tunable porosities remains
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Figure 4 (a) N, adsorption-desorption isotherms and (b) pore size distributions (PSDs) for hierarchical porous ZIF-8_At (¢ = 1, 5, 10, or 30 min).
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Table 1  Porosities and STYs of the various ZIF-8 samples synthesized in this work

Sample Synthesis time Sger (m® g')? V, (em® g™’ Vineso (cm® g7)° Pore size (nm)* STY (kg m™ d™)°

C-ZIF-8 24 h 1374 0.38 0.005 1.8 3.9
ZIF-8_D1 1 min 1049 0.42 0.11 6.5 4.3x10°
ZIF-8_Cl1 1 min 664 0.44 0.23 13.8 1.29x10*
ZIF-8_B1 1 min 995 0.41 0.10 18.7 1.02x10*
ZIF-8_Al 1 min 566 0.66 0.11 32.8 5.91x10°
ZIF-8_A5 5 min 1551 0.83 0.31 19.1 1.23x10°
ZIF-8_A10 10 min 956 0.49 0.15 9.2 /
ZIF-8_A30 30 min 930 0.48 0.26 7.4 /

a) Sper is the BET surface area calculated by applying the Brunauer-Emmett-Teller (BET) equation; b) V, is the total pore volume; ¢) V., is the
mesopore volume; d) Pore size is the Barrett-Joyner-Halenda (BJH) adsorption average pore width obtained from the adsorption branch of the N,

isotherm. e) STY is the space-time yield calculated based on the mass of active products.

a major challenge [6]. In this work, the sizes of mesopores
in ZIF-8_At could be controlled by the synthesis time. As
shown in Fig. 4b, the mesopore diameters of the as-syn-
thesized ZIF-8 materials systematically decrease from 40
to 15 nm depending on the synthesis time. Notably, the
mesopores became more ordered, with pore sizes of
15 nm, when the synthesis time was longer than 10 min
(inset of Fig. 4b). This result can be attributed to initial
aggregation of the nanoparticles into hierarchical porous
phases with interparticle mesoporosity on the surfaces of
the organic amine-template, followed by continuous ag-
gregation of the nanoparticles into clumps. Subsequently,
after removal of the amine template, smaller, well-or-
dered mesopores were formed [26], as confirmed by SEM
and TEM (Figs 2 and 3). The porosities of the hier-
archical porous ZIF-8_At samples are summarized in
Table 1. On increasing the synthesis time from 1 to
30 min, the BET surface areas (Sgpr) of the ZIF-8_At
samples decreased from 1566 m’ g’1 (for ZIF-8_A1l) to
930 m* g (for ZIF-8_A30), but the total volume (V)
increased from 0.66 cm’ g’l (for ZIF-8_Al) to a max-
imum value of 0.83 cm’ g’1 (for ZIF-8_A5), and then
decreased to 0.48 cm’ g (for ZIF-8_A30). There may be
a contribution from a larger crystal structure that leads to
the decrease of Sgpr and V, [34,35]. These analyses con-
firm that the porosities of hierarchical porous ZIF-8
materials can be tuned precisely by controlling the
synthesis time.

Other organic amines as supramolecular templates for
hierarchical porous ZIF-8

To confirm this concept of using organic amines to ra-
pidly synthesize hierarchical porous ZIF-8 at RTP, three
other organic amines (Table S1) were chosen as supra-
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molecular templates, as organic amines of different mo-
lecular sizes can be used to tune the porosity of
hierarchical porous ZIF-8. The resulting products were
named ZIF-8_X1, where X represents the type of organic
amine (X = B, C or D; B: N,N,N,N-tetramethylethyle-
nediamine, C: N,N-dimethylbutylamine, and D: N,N-di-
methylethanamine; Supplementary information). The
XRD patterns of the resultant ZIF-8_X1 products agree
with those of C-ZIF-8 and the simulated results (Fig. S3),
confirming that these products are crystalline ZIF-8. The
SEM and TEM images show obvious mesoporous struc-
tures in the ZIF-8_X1 products (Fig. S4). These results
confirm that our synthesis method is quite solid, as
hierarchical porous ZIF-8 materials were obtained within
1 min at RTP with each of the organic amines (Table 1).
Notably, different crystal morphologies were observed for
each of the ZIF-8_X1 (X = A, B, C, or D) samples de-
pending on the type of organic amine (Fig. 2a and Fig.
S4), which can be attributed to the different protonation
abilities of the organic amines. The protonation ability
may affect the nucleation rate of the ZIFs, resulting in the
formation of various crystal morphologies [25,36]. As
shown in Fig. S5, the N, adsorption-desorption isotherms
of ZIF-8 X1 exhibited an intermediate mode between
type I and type IV with an apparent hysteresis loop,
which indicates the coexistence of micropores and me-
sopores in these materials. However, differences were
observed in adsorption capacity depending on the type of
organic amine, implying that the porosity of hierarchical
porous ZIF-8 can be affected by the organic amine. The
coexistence of micropores, mesopores, and macropores in
the ZIF-8 X1 materials was further confirmed by the
PSDs, as shown in Fig. S6a. In addition, we also noticed
that the porosity of the ZIF materials depended on the
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type of organic amines, as shown in Fig. S6b. Further-
more, the average pore sizes of ZIF-8_X1 become larger
as the molecular size of the organic amine increased, as
shown in Table 1. The observed relationship between
pore size and molecular size may be related to the strong
dependence of the mesopores on the volume of self-as-
sembled organic amine, where an increased chain length
leads to the formation of larger pores[7]. Hence, both the
morphology and porosity of hierarchical porous ZIF-8
may be influenced by the type of organic amine.

Chemical purity and thermal stability of hierarchical
porous ZIF-8

The Fourier transform infrared (FT-IR) spectra of ZIF-
8 X1 (X =A,B,C,orD) are in good agreement with that
of C-ZIF-8, as shown in Fig. S7, which indicates that the
ZIF-8 X1 samples are phase-pure [28]. However, in the
ZIF-8_X1 (X = B, C, or D) samples, a characteristic band
is observed at around 3400 cm™, which can be attributed
to the presence of residual solvent (e.g., H,O or metha-
nol) in these samples [37]. The content of N in ZIF-8 X1
(X = B, C, or D) revealed by elemental analysis is much
higher than that in C-ZIF-8 (Table S2), indicating that
these samples contain a certain amount of residual or-
ganic amine-template. This result explains why the BET
surface areas of these samples are lower than that of C-
ZIF-8 (Table 1). While organic amine residues could
block a fraction of the pore channels, all the ZIF-8_Xt
samples have much larger total pore volumes (V,) and
mesopore volumes (V,,.,,) than C-ZIF-8 (Table 1), which
confirms the generation of mesoporosity in the ZIF-8_X1
samples. As shown in Fig. S8a, thermogravimetric ana-
lysis (TGA) of the hierarchical porous ZIF-8 materials
and C-ZIF-8 reveals similar weight losses during the same
thermal condition. In addition, the thermal stabilities of
the ZIF-8 materials were further investigated by analyzing
these materials after exposure to air for 30 days (Fig. S8D).
Similar changes were observed in these TGA curves, in-
dicating that the hierarchical porous ZIF-8 materials have
good thermal stability.

Extension of the supramolecular templating method to
hierarchical porous ZIF-61 and ZIF-90

Hierarchical porous ZIF-61 and ZIF-90 (named ZIF-
61_A and ZIF-90_A, respectively, where A indicates that
diethanolamine was used as the supramolecular template)
were also synthesized at RTP within 1 min using the or-
ganic amine-template method developed in this work
(Supplementary information). The XRD pattern of as-
synthesized ZIF-61_A agrees with the simulated result
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(Fig. S9), and the SEM and TEM images reveal a clear
mesoporous structure in the ZIF-61_A powder, as shown
in Fig. S10. In addition, all peak positions for ZIF-90_A
match those in the simulated pattern (Fig. S11). As ob-
served in Fig. S12, the SEM and TEM images of ZIF-90_A
show a dense, uniform polyhedron structure of about
100 nm in diameter, with clear inter-particle voids. The
TGA curves of ZIF-61_A and ZIF-90_A (Fig. S13) reveal
that both samples have good thermal stability. These re-
sults indicate that our method allows various stable
hierarchical porous ZIFs to be synthesized within 1 min
at RTP.

Mechanism for the rapid synthesis of hierarchical porous
ZIFs

Gross et al. [23] and Nordin et al. [24] found that trie-
thylamine as a protonation agent can deprotonate ligands
dissolved in organic solvents and initiate framework
formation. To explore the mechanism by which rapid
synthesis of hierarchical porous ZIFs occurs, we studied
the molecular properties of triethylamine and the other
four organic amines used in the present work using
quantum chemistry (QC) calculations. All five organic
amines contain an amine group and an alkyl chain (or
hydroxyl moiety), as shown in Figs S14 and S15, re-
spectively. The molecular geometries of the five organic
amines were optimized at the B3LYP/6-311+G(d, p) level
of theory using the Gaussian 09 program [38]. The mo-
lecular electrostatic potential (MEP) of each organic
amine was calculated based on the optimized geometry
using the DFT-B3LYP/6-31G* method. According to
previous studies, the negative region (red) of the MEP
map is related to electrophilic reactivity and the positive
region (blue) to nucleophilic reactivity [39]. As shown in
Fig. 5a, the negative region (red) of the MEP map of
triethylamine is mainly located on the amine group,
suggesting that this group is quite vulnerable to electro-
philic attack. Furthermore, Fig. 5b shows that the dis-
tribution of the highest occupied molecular orbital
(HOMO) of triethylamine, calculated at the B3LYP/6-
31G* level, is also mainly located on the amine group,
where the energy of the HOMO is directly related to the
ionization potential and characterizes the susceptibility of
the molecule toward attack by electrophiles [40]. The
MEPs and HOMO distributions of the four organic
amines used in this work, which are presented in Figs S16
and S17, respectively, are also mainly located on the
amine groups. These results led us to hypothesize that the
protonation ability of the organic amines is mainly due to
the presence of an amine group. A series of alkanes and
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Figure 5 (a) Molecular electrostatic potential (MEP) map and (b)
highest occupied molecular orbital (HOMO) surface of triethylamine
(hydrogen atom = white, carbon = gray, and nitrogen = blue).

an alkyl alcohol (Table S3) were employed as supramo-
lecular templates to verify this hypothesis, and no pre-
cipitation was observed within the same synthesis time. In
addition, the MEP maps of the alkanes exhibit uniform
distributions without apparent negative regions (red), as
shown in Fig. S18. Although the MEP map and HOMO of
the alkyl alcohol are mainly located on the hydroxyl
group (Fig. S19), the experimental results indicated that
the hydroxyl group cannot protonate the ligands. These
findings confirm that the protonation role of the organic
amines was mainly due to the amine group.

Based on the above results and literature precedent, a
possible mechanism for the rapid synthesis of hierarchical
porous ZIFs at RTP is illustrated in Scheme 1. In the
initial stages, the organic amines act as protonation
agents that deprotonate the organic ligands (e.g., 2-Im
and methylimidazole (Im)), a key step in forming ZIFs
rapidly [29]. Meanwhile, the protonated organic amines
interact strongly with the ZIF ligands [7]. Then, the metal
ion (Zn®") rapidly bonds to the deprotonated ligands (e.g.,
2-Im” and Im") to achieve framework formation, with the
organic amines acting as SDAs to direct the growth of the
ZIF-template composites [34]. After removal of the or-
ganic amines, porous materials with hierarchical pores
are obtained, in which the walls of the mesopores are
composed of microporous frameworks [41].

Enhancement of CO,/CH, adsorption and selectivity

Hierarchical porous MOF crystals incorporating micro-
pores, mesopores, and macropores are desirable for fast
diffusion and efficient uptake of guest molecules [42]. To
investigate the adsorption properties of the activated ZIF-
8_Al material, CO, and CH, adsorption isotherms were
recorded at a broad range of high pressures at 298 K. As
shown in Fig. 6, the CO, uptake of ZIF-8_Al is 9.0
mmol g, which is 73% higher than that of pristine
C-ZIF-8 (5.2 mmol g ') at 298 K, and also easily surpasses
the previously reported highest of 55
mmol g [43], under pressures up to 3 MPa. The en-

value
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Figure 6 CO, and CH, adsorption isotherms for C-ZIF-8 and ZIF-8_Al
samples at 298K.

hanced uptake capacity of CO, could be ascribed to the
larger pore volume of the ZIF-8_A1l sample [42]. More
importantly, the loading of CO, on ZIF-8_A1 is always
higher than that on C-ZIF-8. As the micropore surface
area of ZIF-8_A1 (1158 m’ g’l) is much smaller than that
of C-ZIF-8 (1355 m’ g’l), the enhanced diffusion rate of
ZIF-8_A1 can be attributed to the presence of many more
mesopores and macropores which allow quick diffusion
of the guest molecules to the active centers [42,44]. Si-
milar profiles are observed for CH, adsorption on the
ZIF-8_Al and C-ZIF-8 samples (Fig. 6). These results
confirm that the introduction of mesopores and macro-
pores not only improves the uptake capacity of gas mo-
lecules, but also increases the diffusion rate.

Facile synthesis conditions and record STY for ZIF-8

Energy consumption and production rates are important
considerations in determining the cost and environ-
mental impact (i.e., carbon footprint) of large-scale ZIF
production [9,45,46]. Compared with conventional sol-
vothermal methods with long crystalline times at HTP,
our synthesis strategy allows the reaction to be completed
within 1 min at RTP, which meets both the low-cost and
environmental-friendly requirements for ZIF syntheses.
In addition, facile synthesis conditions are highly popular
in research, as they allow standard equipment to be used,
including batch reactors and high-throughput setups
suitable for ZIF discovery and optimization of crystal-
lization [47]. The STYs of the hierarchical porous ZIF-8
and C-ZIF-8 samples synthesized in this work are sum-
marized in Table 1. Although there have been a couple of
reports on the STYs of conventional ZIFs [11], to the best
of our knowledge, the STY of hierarchical porous ZIF-8
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has not yet been reported. For 1 min reactions, the STY
varies between 4.3x10° and 1.29x10'kg m~ d”', de-
pending on the type of organic amine. All these values
easily surpass those of conventional solvothermal synth-
esis methods on the laboratory scale (C-ZIF-8,
3.9 kg m~ d") and commercial ZIF-8 (Basolite Z1200,
100 kg m™ d7") [45], and are three times higher than the
highest STY reported for C-ZIF-8 synthesized by the
aerosol method (3875 kg m~ d) [48]. The STY of hier-
archical porous ZIF-8_C1 (up to 1.29x10*kg m~> d ') is a
new record, which is comparable to those of Al-based
MOFs that are currently produced on the ton-scale [49].
Although the STYs vary for the different organic amines,
these values remain high, indicating that scale-up of the
rapid room-temperature synthesis of hierarchical porous
ZIFs to an industrial level is feasible. These results in-
dicate that our synthesis strategy is of great promise for
large-scale ZIF production with commercial viability and
environmental sustainability.

CONCLUSIONS

In summary, a simple, green, and general method for
rapidly synthesizing various hierarchical porous ZIFs (e.
g., ZIF-8, ZIF-61, and ZIF-90) at RTP by employing an
organic amine as a supramolecular template (organic
amine-template) was demonstrated. The synthesis time
can be as short as 1 min, and the obtained hierarchical
porous ZIF-8 materials possess three types of pores
(micropores, mesopores, and macropores) together with
good thermal stability. Moreover, the morphologies and
porosities of the hierarchical porous ZIF-8 materials can
be finely tuned by controlling the synthesis time or the
type of organic amine. The organic amine played two
roles during synthesis: (1) a protonation agent to de-
protonate organic ligands, facilitating the formation of
ZIF crystals, and (2) an SDA to direct mesopore/macro-
pore formation. Furthermore, the protonation ability of
organic amines is mainly due to the presence of the amine
group. The hierarchical porous ZIFs exhibited sig-
nificantly increased adsorption capacities for gas mole-
cules owing to enhanced pore volumes and improved
mass diffusion. Furthermore, a new record STY of 1.29x
10" kg m~ d ™' was achieved for the hierarchical porous
ZIF-8 synthesis using the organic amine-template strategy
developed in this work, which should be very promising
for large-scale industrial synthesis of various hierarchical
porous ZIFs for a wide variety of applications.
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