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1 Introduction

Room-temperature rapid synthesis of
hierarchically porous ZIF-93 for effective
adsorption of volatile organic compoundsf

Haigi Zhang,? Kaikai Zhao,? Weibiao Guo,? Kuan Liang,? Jingjing Li,® Xu Li,¢
Qianjun Deng,? Xuejun Xu,? Huixia Chao,“
Hongxia Xi @** and Chongxiong Duan @ *?

Facile synthesis conditions, abundant hierarchical porosity, and high space-time yields (STYs) are
prerequisites for the commercial application of zeolitic imidazolate frameworks (ZIFs). However, these
prerequisites are rarely achieved simultaneously. Herein, a green and versatile strategy to rapidly synthesize
hierarchically porous ZIFs (HP-ZIFs) was developed using an alkali as a deprotonating agent. The synthesis
conditions were room temperature and ambient pressure in an aqueous solution, and the synthesis time
could be reduced to 1 min. The produced HP-ZIFs had hierarchically porous structures with mesopores
and macropores interconnected with micropores. The STY for HP-ZIFs was up to 9670 kg m™> d%, at least
712 times the previously reported values. In addition, the porosity and morphology of the produced HP-
ZIFs could be fine-tuned by controlling the synthesis parameters (e.g., reaction time, molar ratios, metal
source, and alkali source). Compared with conventional ZIFs, the adsorption performance of the as-
synthesized HP-ZIFs for p-xylene and n-hexane was significantly improved. Positron annihilation lifetime
spectroscopy (PALS) was utilized to study the pore properties, and the adsorption behavior of HP-ZIFs on
guest molecules was investigated using density functional theory (DFT) simulations. This strategy shows
significant promise for the large-scale industrial production of desirable HP-ZIFs for adsorption
applications.

Keywords: Hierarchically porous zeolitic imidazolate frameworks; Rapid synthesis; High space-time yields;
Tunable porosities; VOCs adsorption.

or macropores introduced into ZIFs effectively facilitate the
diffusion rate and reduce the mass-transfer resistance of

Hierarchically porous zeolitic imidazolate frameworks (HP-
ZIFs) are tetrahedral topological crystalline materials with
zeolite-like structures.”” Compared with conventional zeolitic
imidazolate frameworks (ZIFs) with only micropores (pore
size < 2 nm), HP-ZIFs possess hierarchically porous
structures with micropores, mesopores (pore size: 2-50 nm)
and/or macropores (pore size > 50 nm).” The mesopores and/
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guest molecules, especially large molecules (e.g., volatile
organic compounds (VOCs)*). Additionally, the generated
mesopores and/or macropores will increase the total pore
volume and expose more active sites, improving the internal
environment of ZIFs. Therefore, the specific advantages of
hierarchical pores endow HP-ZIF great potential for various
applications such as adsorption/separation,”® environmental
remediation,”® biomedicine,”'® and catalysts."""*

To date, many effective and trustworthy strategies,
including ligand  extension,”'*  template,"””'®  post-
modification,””*®  mixed-ligands,"”*® and  modulator

induction methods,>** have been developed to synthesize
HP-ZIFs. Although these methods successfully prepared HP-
ZIFs with desirable structures, they involve high temperature
and pressure conditions for solvothermal synthesis using
significant amounts of energy and organic solvents, thus
generating large energy waste and environmental pollution.
Consequently, developing green synthetic routes to reduce
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the use of toxic and expensive organic solvents, employing
cheap and safe green solvents (e.g., H,0), or even utilizing
solvent-free synthesis, and minimizing energy wastage are
essential for the industrial production of HP-ZIFs.>*%°
Recently, Ramos-Fernandez et al’>**’ utilized Zamak (Zn
alloy) residues as a zinc source for the production of ZIF-8 for
the first time under solvent-free conditions. Although this
method successfully avoided the use of organic solvents, the
synthesis process required high temperatures to melt the
reactants, which is not in line with green chemistry
principles. Additionally, the as-synthesized ZIF-8 was not a
pure phase and contained unreacted Zamak powder,
necessitating further processing to enhance its purity.
Furthermore, the as-synthesized ZIF-8 did not exhibit a
hierarchical pore structure. In contrast, Yu et al>®
synthesized nanoscale hierarchically porous ZIF-67 using a
milder room-temperature water-based method with N,N-
dimethyl ethylenediamine as a templating agent. The
presence of hierarchical pores resulted in ZIF-67 exhibiting
stronger adsorption and catalytic properties. Although they
successfully synthesized HP-ZIFs with hierarchically porous
structures using green solvents, the process inevitably
involved organic templating agents. These organic templating
agents are toxic and difficult to completely remove during
synthesis, which may significantly affect the pore properties
of HP-ZIFs and thus limit their performance in various
applications.

This study developed a rapid, water-based strategy to
synthesize hierarchically porous ZIF-93 (ZIF-93_A¢) within 1
min using an alkali as an inorganic deprotonating agent at
room temperature. The resulting ZIF-93_At¢ displayed a
hierarchically porous structure comprising micropores,
mesopores, and macropores. Furthermore, a possible
deprotonation mechanism during the synthesis of ZIF-93_At
was investigated. The synthetic route is highly versatile, as
other inorganic bases (e.g., KOH and NH3-H,0) and other
zinc salts (e.g., Zn(NO;), and ZnSO,) can also be used to
synthesize hierarchically porous ZIF-93. The highest space-
time yield (STY) of HP-ZIF-93 was up to 9670 kg m™ d™', at
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least 712 times higher than previously reported values.*
Additionally, ZIF-93_A1 was applied to adsorb VOCs (p-xylene
and n-hexane), and its adsorption performance was
significantly higher than that of conventional ZIF-93.

2 Results and discussion

2.1 Composition, microstructure and stability of
hierarchically porous ZIF-93

The powder XRD patterns of the as-synthesized ZIF-93_At (¢ =
1, 10, 60) were compared with the conventional ZIF-93 (C-ZIF-
93) and simulated patterns from Materials Studio package
5.0 to verify the crystal structures of ZIF-93_At¢. As shown in
Fig. 1a, the diffraction peaks of the ZIF-93_A¢, C-ZIF-93, and
the simulated data were consistent, indicating that highly
crystalline ZIF-93 was obtained. In addition, the intensity of
the ZIF-93_At peaks increased as the reaction time increased
from 1 to 60 min, which could be attributed to an increased
crystallinity.®® Furthermore, the ZIF-93_At composition was
verified using the FT-IR spectral analysis. As shown in
Fig. 1b, the FT-IR spectra of the ZIF-93_At samples were
consistent with that of C-ZIF-93. The broad peak at 3290-
3720 ecm™' is generated by O-H stretching vibration. The
sharp peak at 2844 cm™ is generated by the hydrogen
stretching vibration of the aldehyde group. The peaks in the
range of 600-1700 cm '  originate from  the
4-methylimidazole-5-carbaldehyde (almelm) in the structure
of ZIF-93.3'7° The characteristic peak for Zn-N is 570
em 1.***7 XRD and FT-IR have combined to confirm the
successful formation of ZIF-93 crystals and to verify the pure
phase of ZIF-93_At.

SEM and TEM were used to investigate the morphology
and porosity of the ZIF-93 samples. As shown in Fig. 2, SEM
image shows that the ZIF-93_A1l crystal particles are more
uniformly distributed, and the average diameter is about 278
nm. With the prolongation of the reaction time, the average
diameter of the ZIF-93_At crystal particles increases, and
non-uniformity of the particle size was observed. In
particular, ZIF-93_A60 has a particle size distribution
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Fig. 1
as-synthesized ZIF-93_At (t = 1, 10, 60) and C-ZIF-93.

10 | /nd. Chem. Mater,, 2025, 3, 109-121

3000 2250 1500 750

Wavenumber (cm™)

3750

(a) Powder XRD patterns of ZIF-93_At (t = 1, 10, 60) and C-ZIF-93 samples and simulated XRD pattern of ZIF-93. (b) FT-IR spectra of the
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Fig. 2 SEM and TEM images of ZIF-93 samples: (a and e) ZIF-93_A1, (b and f) ZIF-93_A10, (c and g) ZIF-93_A60, and (d and h) C-ZIF-93.

spanning the nanometer to micrometer scale. This is mainly
due to the continuous nucleation of new particles as the
reaction time increases and the continued growth of the
crystals that nucleate first. In contrast, the crystal particles of
C-ZIF-93 appeared to be twinned, and the average diameter
of the single crystals was 238 nm, whereas the actual twin
size was much larger than that of the single crystals. TEM
image shows that the ZIF-93_At crystal has defects on the
surface and abundant pores inside. These defects and pores
are attributed to the corrosive effect of alkali. Furthermore,
the stacking between small particles forms abundant
stacking pores.*®?° C-ZIF-93, on the other hand, exhibits
obvious twinning phenomenon, and the crystal surface is
very smooth with no obvious internal pores. Due to the high
symmetry, ZIFs are highly susceptible to crystal twinning
during nucleation.*® Since the solvothermal method used for
C-ZIF-93 lacks external influence during the synthesis, the
crystals can grow freely. In contrast, ZIF-93_A¢ is less prone to
form twins during the synthesis due to the use of external
stirring. The elemental distribution diagram of ZIF-93_At
showed uniform dispersion of C, O, N, and Zn throughout

the crystal, as shown in Fig. 3. The specific elemental
contents are shown in Table S1 and Fig. S1,} respectively. The
results indicate that the chemical composition and chemical
state of the surface elements were almost unchanged when
introducing the hierarchically porous structures.

The thermal stability of the ZIF-93_At samples were
evaluated by TGA under the N, atmosphere. As shown in Fig.
S2,f the as-synthesized ZIF-93_A¢ and C-ZIF-93 samples
exhibited a similar weight loss trend during the same
thermal treatment. Specifically, three primary stages of
weight loss were observed. The initial weight loss in the
temperature range of 30-100 °C could be attributed to the
evaporation of the trapped solvents (methanol and deionized
water),”" indicating that the samples dried under vacuum at
room temperature had residual solvents and a more stringent
drying method, such as heating the sample below the
thermal decomposition in a vacuum oven could be used. The
second step of the weight loss in the temperature range of
100-400 °C may be because the guest molecule (almeIm)
trapped in the pore or framework was removed.*> The main
loss occurred after 400 °C, which was the onset of the

Fig. 3 Elemental distribution maps of ZIF-93_At: (a) ZIF-93_A1, (b) ZIF-93_A10, and (c) ZIF-93_A60.
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thermal decomposition and the structural breakdown of ZIF-
93 crystals.”™** In addition, the as-synthesized ZIF-93_A1
maintained its intrinsic crystal structure after soaking it in
water for three months, whereas C-ZIF-93 exhibited a few
degenerations, as confirmed by powder XRD patterns (Fig.
S37). These results indicate that the as-synthesized ZIF-93_At
crystals have excellent thermal stability and water stability.

2.2 Porosities of hierarchically porous ZIF-93

N, adsorption-desorption isotherms and pore size
distributions (PSDs, calculated by density functional theory
(DFT)) were used to investigate the porosity properties of ZIF-
93. As shown in Fig. 4a, according to the definition of
IUPAC,®> ZIF-93_At and C-ZIF-93 exhibited the distinctive
characteristics of type I and IV(a) isotherms. The type I
isotherm is characterized by a rapid increase in adsorption at
very low pressures (P/P, < 0.02), which was attributed to the
interaction of N, with the narrow micropores (<2 nm),
resulting in rapid filling of the micropores. The N,
adsorption at low pressure increased with increasing reaction
time, suggesting that the increase in reaction time leads to
more micropores in ZIF-93. Type IV(a) isotherm is
characterized by a rapid rise in adsorption at lower relative
pressures, a convex isotherm and an inflection point indicate
the completion of monolayer adsorption. As the pressure
increases, multilayer adsorption occurs. Upon desorption, a
clear H4-type hysteresis loop appeared, which was attributed
to the capillary coalescence phenomenon occurring in the
mesopores, indicating the presence of slit mesopores in ZIF-
93. In addition, ZIF-93_At samples had significantly larger
hysteresis loops than C-ZIF-93. More information on the
porosities of ZIF-93 was obtained from the PSDs. As shown in
Fig. 4b, other than the inherent micropores and small
mesopores (<5 nm), the as-synthesized ZIF-93_A¢ contained a
large number of pores with a wide 10-150 nm PSD, while C-
ZIF-93 exhibited fewer mesopores and macropores than ZIF-
93_A1 and ZIF-93_A10. These results indicate the successful
introduction of larger mesopores and macropores in ZIF-93
crystal.
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The pore-related data of ZIF-93_At and C-ZIF-93 samples
was summarized in Table 1. All ZIF-93_At samples had
almost equal BET specific surface area (Sggr). However, the
total pore volume (V), mesopore volume (Vieso), and pore
size of ZIF-93_At increased with decreased synthesis time,
indicating that shorter reaction times could result in more
and larger pores. The reason for the increase in mesopores
mainly driven from stacked pores. The different reaction
times resulted in different particle sizes of ZIF-93_At. The
particles synthesized within 1 min have a more homogeneous
size distribution and are smaller in size, and it is easier to
form dense stacks between small particles, which are rich in
mesopores. As the reaction time increases, the crystals that
nucleate first continue to grow to form larger crystals,
resulting in particles that are less likely to stack with each
other, and therefore fewer stacked mesopores are formed.
Compared with ZIF-93_At, C-ZIF-93 has a larger Vii.ro and a
smaller Vieso. This is mainly due to the differences in the
synthesis process. Specifically, C-ZIF-93 avoided alkali
corrosion during the synthesis process, thus maximizing the
retention of micropores in its structure, whereas mesopores
were relatively few. In addition, the crystal morphology of C-
ZIF-93 is dominated by twins. Twin crystals have a larger
particle size compared to single crystals. Due to the larger
particle size and specific crystal arrangement of the twins, it
is difficult to stack to form an obvious mesoporous structure.

N, adsorption-desorption measurement is a commonly
used method to characterize porosity. However, the N,
adsorption method also has obvious disadvantages that make
it difficult to distinguish the microporous structure.*®*’
Therefore, in order to obtain more accurate microporous data
for hierarchically porous ZIF-93, CO, adsorption tests were
performed on ZIF-93_A1 at 273 K. As shown in Fig. S4a,t the
CO, adsorption-desorption isotherms exhibited a huge
hysteresis loop and the desorption isotherms appeared to be
non-closed. This may be due to the large electrostatic
adsorption of CO, by the aldehyde group in the ligand of ZIF-
93, resulting in the failure of CO, desorption completely. The
microporous pore size distribution plot (Fig. S4bt) further
showed that the micropores of ZIF-93_A1 were mainly
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(a) N, adsorption-desorption isotherms and (b) pore size distributions of ZIF-93_At and C-ZIF-93 samples.
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Table 1 Porosity properties of the ZIF-93_At (t = 1, 10, 60) and C-ZIF-93 samples

Synthesis Sppr” Smicro” Sext’ v Veniero Vineso Pore size® STYs"
Samples time [m* g™ [m?g™] [m?g™] [em® g7 [em® g7] [em® g7] [nm] [kg m™ d™]
ZIF-93_A1 1 min 991 863 128 0.51 0.32 0.19 6.6 3570
ZIF-93_A10 10 min 943 819 124 0.47 0.31 0.16 6.0 406
ZIF-93_A60 60 min 973 861 112 0.44 0.32 0.12 4.6 72
C-ZIF-93 12 h 1097 999 98 0.48 0.38 0.10 5.2 49

¢ Sger: Brunauer-Emmett-Teller (BET) surface area. b

Smicro: Micropore surface area based on ¢-plot method. © Sey: external surface area based

on ¢-plot method. 4y, single point adsorption total pore volume of pores. ¢ Viicro: micropore volume based on #-plot method.’ Vieso: total pore
volume minus microporous pore volume. ¢ Pore size: BJH desorption average pore width. ” STYs: space-time yields calculated based on the

mass of active products (equation in ESIT).

distributed in the range of 0.4-0.7 nm. Calculations
performed using the Dubinin-Radushkevich method*® have
determined a micropore volume of 0.18 ecm® g™ and an
equivalent surface area of 455 m”> g '. Additionally, the
median pore width, as calculated by the Horvath-Kawazoe
method,*® was found to be 0.40 nm.

2.3 Other factors that may affect the structure of
hierarchically porous ZIF-93

One of the attractive features of ZIFs is the porosity
properties. Since synthetic ZIFs wusually have guest
molecules (e.g., solvents, unreacted organic ligands,
clusters, etc.) trapped in the pore channels, it is often
necessary to remove the guest molecules through an
activation process to enhance the surface area and pore
volume of the material.’®*" However, the activation process
often uses organic solvents (e.g., acetone, methanol, and
methylene chloride) and is performed at high temperatures,
inevitably generating more pollution and energy waste.
Therefore, this study compared the activation and non-
activation effects on hierarchically porous ZIF-93 and
discussed if activation was necessary for the synthesis
method proposed. As shown in Fig. S5, the
characterization results showed that the XRD pattern and
characteristic peaks in the FT-IR spectra for the activated
ZIF-93 were consistent with the results of the fresh ZIF-93.
Furthermore, SEM and TEM images of the activated and
fresh ZIF-93 showed similar crystal sizes and clear
mesopores and macropores (Fig. S6t). TGA curves showed
that all samples had good thermal stability (Fig. S71). In
addition, N, adsorption-desorption isotherms and PSDs
indicate that all ZIF-93 samples have micropores,
mesopores and macropores (Fig. S8t). However, the
activated ZIF-93 exhibited more micropores and a few
macropores. Furthermore, Table S2f showed that the
relevant surface area and porosity the two materials were
not significantly different. These results indicate that
activation did not enhance the surface area and pore
properties of ZIF-93_At substantially.

In addition, the effect of different zinc salts on the
synthesis of hierarchically porous ZIF-93 was investigated to
prove the universality of the proposed method. Different

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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zinc salts (Zn(NOj), and ZnSO,) were selected based on the
synthesis method of this study, and ZIF-93_Zn(NO;), and
ZIF-93_7ZnSO, were the hierarchically porous ZIF-93
synthesized successfully within 1 min. As shown in Fig.
S9,t all characteristic peak positions in the XRD patterns of
the as-synthesized ZIF-93_Zn(NOj), and ZIF-93_ZnSO, were
identical to those of ZIF-93_At and C-ZIF-93. The FT-IR
spectra showed consistent peak positions for the three ZIF-
93 samples, confirming that Zn(NO;), and ZnSO, could be
used as zinc sources for the synthesized ZIF-93 crystals.
SEM and TEM images showed the crystal morphology and
pore structure of all ZIF-93 samples. As shown in Fig. S10,f
the crystal morphology and size distribution of ZIF-93
synthesized with Zn(OAc), and Zn(NOj;), are almost similar,
the crystal surfaces are all very rough, and the particle sizes
are all about 270 nm. In contrast, the crystal of ZIF-93
synthesized using ZnSO, exhibits a very regular
dodecahedron and has a relatively larger crystal size of 780
nm. The TGA curves showed that the three samples had
essentially the same weight loss phases (Fig. S11%),
demonstrating good thermal stability. N, adsorption-
desorption isotherms showed that the three ZIF-93 samples
exhibited a combination of type I and IV(a) isotherms with
clear hysteresis loops (Fig. S12af), demonstrating that they
had hierarchically porous structures. At low pressures (P/P,
< 0.02), ZIF-93_A1 and ZIF-93_Zn(NOj;), had the highest
and lowest adsorption, respectively. Furthermore, PSDs
showed that the three ZIF-93 samples had hierarchically
porous structures (Fig. S12bt), and ZIF-93_Zn(NOj;), had
the most mesopores (40-120 nm). As shown in Table S2
ZIF-93_7Zn(NO;), and ZIF-93_ZnSO, samples had the
smallest Sgpr and V.. However, the pore size of ZIF-93
synthesized using both Zn(NO;), and ZnSO, was about 8
nm, which was larger than that of ZIF-93 synthesized using
Zn(OAc),.

In addition, hierarchically porous ZIF-93 samples were
successfully synthesized using different alkalis (NH3z-H,O
and KOH) within 1 min (denoted as ZIF-93_NH3;-H,0O and
ZIF-93_KOH, respectively). The XRD patterns and FT-IR
spectra of the as-synthesized ZIF-93_NH;-H,O and ZIF-
93_KOH agreed with the results of ZIF-93_A1 (Fig. S13%),
proving that the as-synthesized crystals were ZIF-93 crystals.
SEM and TEM images (Fig. S147) showed that none of the
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three ZIF-93 particles had a defined morphology, which
could be attributed to the use of Zn(OAc), as the zinc
source. The particle size of ZIF-93 synthesized using NaOH
was more uniform with an average particle diameter of 278
nm, while the particle of ZIF-93 synthesized
using KOH and NH;-H,O was not uniform with average
particle diameters of 300 nm and 195 nm, respectively.
TGA curves showed that all samples had good thermal
stability (Fig. S15f). N, adsorption-desorption isotherms
showed that all samples were similar to ZIF-93_A1 with a
combination of type I and IV(a) isotherms with a clear
hysteresis loop (Fig. S16at), confirming the co-existence of
micropores and mesopores in crystals. Meanwhile, the PSDs
and porosity data (Fig. S16b and Table S21) showed that
the pore sizes of all samples spanned three ranges
(micropore, mesopore, and macropore) and the maximum
pore size of ZIF-93_NH;-H,0 was about 240 nm. Therefore,
the results indicate that hierarchically porous ZIF-93 could
be synthesized within 1 min at room temperature using
different bases.

Different molar ratios of Zn*'/almeIm/H,0 had
significant effects on the structure and porosity properties
of ZIF-93. Based on the present research, the molar ratios
of Zn**/almelm and Zn*'/H,O were changed, respectively. As
shown in Fig. S17, ZIF-93 crystals could not be formed
when the molar ratio of Zn®'/almeIm was 1/0.5. However,
ZIF-93 was successful synthesized by increasing the amount
of almeIm. This indicates that the molar ratio of Zn*'/
almeIm needs to be minimized, meaning that an excess of
almeIm is required for the formation of ZIF-93. This was
demonstrated by Liu et al®® who also synthesized high
quality ZIF-93 with a Zn>'/almeIlm molar ratio of 1/8. On
the other hand, the amount of H,O had less effect on the
crystalline structure of ZIF-93, but decreasing the amount of
H,O significantly increased the STYs (Table S21), where the
maximum STY for hierarchically porous ZIF-93 reached 9970
kg m™ d' when the molar ratio of Zn*/H,0 is 1/1390. N,
adsorption-desorption isotherms used to study
porosity properties of the samples. As shown in Fig. S18a,f
the isotherm exhibits a type V, and the hysteresis loop is of
the H3-type only when the molar ratio of Zn**/almeIm is 1/
0.5. This indicates that these amorphous particles do not
have pores in themselves, but pores formed by stacking
between particles. While other ZIF-93 samples showed type
I/IV(a) combined isotherms with H4-type hysteresis loops.
The pore size distribution plot (Fig. S18bf) further shows
that a large number of stacked mesopores exist at a molar
ratio of Zn**/almeIm of 1/0.5, but these stacks form pores
with limited stiffness and are not suitable for adsorption
applications. Other ZIF-93 samples showed a clear
distribution of micropores-mesopores-macropores. Among
them, the microporous content increased with the increase
of H,O dosage. However, only when the molar ratio of Zn**/
almeIm/H,O was 1/2/2780, the distribution of micropores—
mesopores—-macropores was more ideal. More detailed pore
data are summarized in Table S2.7
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2.4 Possible mechanism for the rapid synthesis of
hierarchically porous ZIF-93

To investigate the role of the inorganic base (OH") in the
rapid room-temperature synthesis of hierarchically porous
ZIF-93, the effect of pH on synthesizing hierarchically porous
ZIF-93 by varying the amount of inorganic base was explored.
Notably, the initial pH was 5.8, and no precipitation without
inorganic base. CH;COOH was added dropwise to the
solution which became clear and yielded no solid precipitate
(Fig. S19%), to lower the pH to approximately 5. Large
amounts of solid precipitates were produced when different
OH™ amounts were added to the solution to adjust its pH in
the range of 6-10. The solid precipitates were tested at
different pH levels using XRD. As shown in Fig. S20,} all of
them matched the characteristic peaks of ZIF-93, indicating
the formation of ZIF-93 crystal. The intensity of the
characteristic XRD peaks decreased with increased pH,
indicating that the crystal structure of ZIF-93 was destroyed
with the increased pH. As shown in Fig. S21,f SEM images of
ZIF-93 at different pH levels revealed that obvious crystal
structures of the particles were observed for pH 6 or 7.
However, many small amorphous particles, along with some
individual larger particles with crystal structures, appeared
for a pH of 8 or 9. Only small amorphous particles were
observed for pH 10. Pore analysis of ZIF-93 at different pH
levels was performed using N, adsorption-desorption
isotherms and PSDs. As shown in Fig. S22a,f all ZIF-93
samples exhibited N, adsorption-desorption mixing
isotherms of type I/IV(a). PSDs further illustrated the pore
structure. As shown in Fig. S22b, all materials had abundant
hierarchically porous structures, with the most mesopores
and macropores formed due to the agglomeration of their
amorphous small particles at pH 9 and 10. More detailed
pore data is shown in the Table S2. Therefore, the results
indicate that the inorganic bases play an important role in
synthesizing hierarchically porous ZIF-93, where OH™ from

bases deprotonated the organic ligand imidazole and
promoted the formation of coordination bonds with
702" 25:53-55

Based on the results obtained and the literature

precedents, a plausible mechanism for the rapid synthesis of
hierarchically porous ZIF-93 at room temperature was
presented in Fig. 5. In the initial stage, metal ions (zn**) and
organic ligands (almelm) were uniformly dispersed in the
aqueous solution. Upon adding an inorganic deprotonating
agent (OH") under rapid stirring, OH underwent immediate
and strong interaction with almelm, leading to its rapid
deprotonation. This is the key factor that enabled the rapid
crystallization of ZIF-93. Subsequently, Zn** readily
coordinated with the deprotonated almeIm to form ZIF-93.
Conversely, experimental findings revealed that the acid
addition suppressed the deprotonation of almeIm. Notably,
the OH™ deprotonation occurred randomly, resulting in
different nucleation rates for each crystal and ZIF-93 with

heterogeneous crystal sizes. With the aggregation of
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Fig. 5 A possible mechanism for the green synthesis of hierarchically porous ZIF-93.

heterogeneous crystals, abundant meso- and macropore
channels are formed. Additionally, the corrosive effect of OH™
causes the ZIF-93 crystals to produce defective pores.

Energy savings, cost reduction, high safety, and increased
productivity are important factors in determining the large-
scale production of hierarchically porous ZIFs.>>*’
Conventional ZIF-93 requires a long reaction time at high
temperatures and pressures, which leads to a large amount
of energy waste and is extremely dangerous with low STY.
The reaction usually uses an organic solvent with some
toxicity (e.g., DMF), polluting the environment.”® Ramos-
Fernandez et al®® first discovered that ZIF-93 could be
synthesized at room temperature and pressure using water as
a solvent, but the synthesis time was up to 18 h and STY was
only 14 kg m™ d™'. Furthermore, the as-synthesized ZIF-93
was micron-sized without mesopores and macropores. In the
synthetic strategy of this study, hierarchically porous ZIF-93
could be synthesized in an aqueous solution at room
temperature and pressure, with the synthesis time reduced to
only 1 min. Due to the extremely short reaction time, the STY
was significantly high with a maximum of 9970 kg m™ d™,
which was 712 times higher than that of Ramos-Fernandez
et al. Compared with the conventional ZIF-93, the water-
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based rapidly synthesized ZIF-93 also has very significant
advantages in terms of STYs (Table 1). These results
suggested that the proposed strategy of synthesizing
hierarchically porous ZIF-93 with a green and fast synthesis
method has the potential to scale up to industrial levels.

2.5 VOCs adsorption performance of hierarchically porous
ZIF-93

The ZIF-93_At sample was used as an adsorbent to capture
VOCs (p-xylene and n-hexane). Fig. 6 shows the adsorption
isotherms of ZIF-93_A1 and C-ZIF-93 for p-xylene and
n-hexane at 298 K, respectively. At low relative pressure (P/P,
< 0.1), all ZIF-93 exhibited a sharp increase in the uptake,
which later increased slowly. ZIF-93_A1 demonstrated the
highest adsorption capacities for both p-xylene and n-hexane
at a relative pressure (P/P,) of 0.9. The maximum uptakes of
ZIF-93_A1 for p-xylene and n-hexane were 206 mg g ' and
205 mg g ', respectively. These values were significantly
higher than those of C-ZIF-93, which exhibited maximum
capacities of 191 mg g for p-xylene and 149 mg g for
n-hexane. In addition, ZIF-93_A1 was soaked in p-xylene and
n-hexane for two weeks, respectively. The obtained XRD
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Fig. 6 Adsorption isotherms of ZIF-93_A1, C-ZIF-93 samples, and simulations at 298 K for: (a) p-xylene, and (b) n-hexane.
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Fig. 7

patterns (Fig. S231) showed that ZIF-93_A1 could still
maintain its crystal structure, which proves that ZIF-93_A1
has good stability. Grand canonical Monte Carlo (GCMC)
simulations were used to calculate the adsorption of ZIF-93
on p-xylene and n-hexane. The simulation results (Fig. 6)
showed that the adsorption trend of the calculated results
was consistent with the experimental results, and ZIF-93
exhibited enhanced adsorption performance for p-xylene. The
kinetic diameters of n-hexane and p-xylene are 4.3 A and 5.85
A,>*%° respectively, while the ZIF-93 theoretical model has a
maximum channel diameter of 5.58 A in the (001)
direction.®” Theoretically, n-hexane should more easily enter
the cavity of ZIF-93, resulting in a stronger adsorption
capacity. However, both experimental and simulation results
showed that ZIF-93 had a stronger adsorption capacity for
p-xylene. The reasons for this result are multifaceted. On one
hand, the larger pore size facilitates the entry of both
n-hexane and p-xylene into the cavity of ZIF-93. On the other
hand, the adsorption distribution plots (Fig. 7 and S24fY)
showed that p-xylene and n-hexane were mainly dispersed
around the aldehyde groups of the ligand. The aldehyde
groups on the walls of the ZIF-93 pores exert strong forces on
these VOCs molecules, but the nature of these interaction
forces varies. While n-hexane forms a weak van der Waals
dipole interaction with the aldehyde group, p-xylene forms a
stronger 7-m host-guest interaction.” The electrostatic

potential distributions were

calculated using density

Fig. 8
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(a) Adsorption density distribution and (b) adsorption distribution of p-xylene on ZIF-93 at a relative pressure of 0.3 (P/Po).

functional theory (DFT) (Fig. 8 and S257t). The results of the
interaction energies showed that the interaction energy of
ZIF-93 with p-xylene was significantly larger than that with
n-hexane. Thus, the results demonstrate that the presence of
a  hierarchical pore structure not only enables
macromolecules to enter the pore space quickly, but also that
the increase in pore size exposes more adsorption sites,
thereby increasing the adsorption force.

2.6 Pore connectivity investigation of hierarchically porous
ZIF-93

In order to further investigate the pore connectivity of ZIF-
93_A1, positron annihilation lifetime spectroscopy (PALS) was
performed on ZIF-93_A1 before and after adsorption of
p-xylene. PALS is a non-destructive spectroscopic technique
used to study pores and defects of solid materials. The
sample is bombarded with positrons (i.e., electron anti-
particle) and the pore sizes are determined by the interaction
of the positrons with the porous material.®*** A positron
annihilates when it meets an electron inside the material and
emits gamma rays outward. Within material containing
pores, the positron can form a positron—-electron bound state
called positronium (Ps). Ps exists as para-Ps (p-Ps, singlet
state) and ortho-Ps (o-Ps, triplet state) with a lifetime in
vacuum of 125 ps and 142 ns, respectively. The p-Ps has a
self-annihilation process with a very short lifetime. In

921402
I 58162
24142
98573
438662
iz

Eint_pxgzir-ss = -0.013155 Ha

(a) Adsorption sites and (b) electrostatic potential of p-xylene on ZIF-93.
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Fig. 9 (a) Peak-normalized positron lifetime spectrum and (b) o-Ps lifetimes for ZIF-93_A1 before and after adsorption of p-xylene.

contrast, o-Ps annihilate only when they encounter electrons
of opposite spin in the surrounding environment, the process
known as “pick-off annihilation”. The pick-off lifetime of o-Ps
is related to the pore size: the larger the pore, the longer the
pick-off lifetime.®®

Fig. 9 shows the peak-normalized positron lifetime
spectrum and o-Ps lifetimes analysis results for ZIF-93. As
shown in Fig. 9a, the intensity of the longest lifetime
component of o0-Ps decreases significantly after adsorption of
p-xylene. From Fig. 9b, the shortest lifetime 7; (0.125 ns) is
defined as the self-annihilation of p-Ps and the annihilation
lifetime of free positrons. This data does not contain any
important information about the pore structure of the
framework and is therefore not repeated. The second lifetime
7, is due to annihilation of positrons at open volume defects
on the surface. The decrease in 7, after adsorption of p-xylene
indicates that a small amount of p-xylene was adsorbed at
the defects on the surface of ZIF-93. The long lifetimes of 3
and 7, indicate the annihilation of positrons at the
micropores and mesopores of the ZIF-93, respectively.
Therefore, 7; and 7, can reflect the porosity information of
ZIF-93.°° The significant shortening of z; and 7, after the
adsorption of p-xylene indicated that p-xylene was adsorbed
in the inner part of the pore channels, proving the
connectivity of micropore-mesopore-macropores in the
hierarchically porous ZIF-93.

Tao and Eldrup proposed a semi-empirical equation (eqn
(1)), which gives a relationship between the lifetime of o-Ps
and the average radius of spherical pores (R).**

1 R 1 . R
=2|1- +—sin| 2n (1)
To-Ps R+ AR 21 R+ AR
where the parameter AR = 0.1656 nm is a constant,

representing the thickness of the electron layer at the pore
wall.

According to eqn (1), the average diameter of micropores
corresponding to the long lifetime z; of ZIF-93_A1 is 0.30 nm.
Compared to the microporous pore size measured by CO,
adsorption (0.40 nm) is smaller and more realistic.

However, the Tao-Eldrup model is only applicable to
micropores with a radius less than 1 nm. As the pore
diameter increases, the probability of collision between the

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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electron dipole and the pore surface becomes smaller, and
some o0-Ps undergo self-annihilation with a long lifetime of
142 ns. The Tao-Eldrup model does not consider the self-
annihilation of o-Ps. To obtain the size of the mesopores
from the o-Ps lifetime, many researchers have extended the
Tao-Eldrup model by considering the influence of the self-
annihilation of o-Ps. Ito et al.®” proposed a modified model
taking into account the self-annihilation of o-Ps as follows:

LY PR S 1- (R '
DY P o Ra _
To-ps R, +AR 2m R, + AR R+ AR

142

(2)

where R, = 0.88 nm and b = 0.55 are the two fitting
parameters and the last 1/142 term is the self-annihilation
rate of the 0-Ps.®”

According to eqn (2), the mesopore diameter
corresponding to the long lifetime 7z, of ZIF-93_A1 is 3.12 nm.

3 Conclusions

In summary, hierarchically porous ZIF-93 (ZIF-93_At) was
synthesized using a simple, rapid, and versatile method with
an alkali (NaOH, KOH, and NH;3-H,0) as a deprotonating
agent. The facile synthesis conditions were room temperature
and water-based with a short synthesis time of 1 min. The as-
synthesized ZIF-93_A¢ showed three types of pores, with
mesopores and macropores interconnected with micropores,
and exhibited good thermal and water stability. The space-
time yield (STY) of hierarchically porous ZIF-93 (9670 kg m™
d™) is 712 times higher than previously reported results,
which is significant for the large-scale preparation of HP-
ZIFs. The porosities of the HP-ZIFs can be readily tuned by
varying the reaction time, ratios, metal source, and alkali
source. The as-synthesized ZIF-93_A1 demonstrated improved
capacities for capturing VOCs compared to conventional ZIF-
93 due to the introduction of mesopores and macropores.
Furthermore, the pore connectivity of HP-ZIF was
investigated using advanced techniques such as positron
annihilation lifetime spectroscopy (PALS). Molecular
simulations were used to elucidate the adsorption behaviour
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of VOCs in HP-ZIFs. The integration of environmental
friendliness, hierarchical pores, and large-scale productive
potential implies that these HP-ZIFs are high-potential
porous platforms for a wide range of applications.

4 Experimental section
4.1 Materials

Zinc acetate dihydrate (Zn(OAc),-2H,0, 99.99%, Macklin),
zinc sulfate heptahydrate (ZnSO,-7H,0, 99.5%, Macklin), zinc
nitrate hexahydrate (Zn(NO3),-6H,0, 99%, Aladdin Chemical
Ltd), 4-methylimidazole-5-carbaldehyde (CsH¢N,O, 99%,
Aladdin Chemical Ltd), N,N-dimethylformamide (DMF,
99.5%, Macklin), sodium hydroxide (NaOH, AR, Macklin),
potassium hydroxide (KOH, AR, Macklin), ammonium
hydroxide solution (NH3-H,O, AR, JDTZ Chemical Reagent
Factory), methanol (CH3OH, 99.5%, Macklin), p-xylene
(CgHy9, AR, Aladdin Chemical Ltd), n-hexane (C¢His, AR,
Aladdin Chemical Ltd), deionized water (laboratory
homemade). The above chemical reagents were used without
further purification.

4.2 Synthesis of hierarchically porous ZIF-93

Typically, 988 mg of Zn(OAc),2H,0 and 991 mg of
4-methylimidazole-5-carbaldehyde (almeIm) were dissolved in
225 mL of deionized water, then 162 mg of NaOH was added
to the above solution while stirring rapidly (2000 rpm). The
final molar ratio was Zn**/almeIm/NaOH/H,O = 1/2/0.9/2780.
Then stirred at room temperature for ¢ (¢ = 1, 10, 60) min,
after the product was collected by centrifugation (10 000 rpm,
10 min) and washed three times with methanol under the
same centrifugation program, the product was dried
overnight in a vacuum oven at room temperature. The
resulting products were denoted as ZIF-93_At (¢ = 1, 10, 60,
corresponding to reaction times ¢ = 1, 10, 60 min,
respectively).

To explore the effect of activation on the hierarchically
porous structures of ZIF-93_A¢, the activated-ZIF-93 sample
was synthesized according to the same molar ratio and
synthesis steps as above (only adding the step of activation
with methanol at 60 °C for 12 h after washing). To explore
the influence of other bases (NH;-H,O, KOH) and other zinc
sources (ZnSO,4, Zn(NOj3),) on ZIF-93 materials, a series of
ZIF-93 samples were synthesized according to the same molar
ratio and synthesis steps as above. To explore the effect of
different molar ratios on ZIF-93 materials. A series of ZIF-93
samples were synthesized by following the same synthesis
procedure described above, varying only the molar ratios
of Zn**/almelm and Zn**/H,O. It is worth noting that
the synthesis time of the above additional experiments is
1 min.

4.3 Synthesis of conventional ZIF-93

Typically,®® 176 mg of Zn(OAc),2H,0 and 264 mg of

almeIlm  were dissolved in 16 ml of  N,N-
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dimethylformamide (DMF) in a 30 mL Teflon-lined
autoclave. The sealed autoclave was heated in an oven at
85 °C for 12 h. After the reaction was completed, the
crystalline powder was collected by centrifugation at
10000 rpm for 10 min and washed three times with
methanol through the same centrifugation procedure. The
product was activated with methanol over three days
before drying under a vacuum oven for 24 h at 80 °C.
The obtained product was denoted as C-ZIF-93.

4.4 Characterization

Power X-ray diffraction (XRD) patterns were recorded on a
TD-3500 (TongDa, China) using a step scan model with a
range of 3-40° with Ni-filtered Cu-target Ko radiation (30 kV,
20 mA, wavelength 1 = 0.15418 nm). Fourier transform
infrared (FT-IR) spectra were measured using a Vector 33
(Bruker, Germany) spectrometer with a resolution of 4 cm™".
N, adsorption-desorption data were measured on an ASAP
2460 (Micromeritics) system at 77 K. CO, adsorption-
desorption data were measured on an ASAP 2020
(Micromeritics) system at 273 K. Scanning electron
microscope (SEM) images were obtained on a HITACHI
(SC8820, Japan). Transmission electron microscopy (TEM)
images were obtained using a JEM-2100HR (JEOL, Japan).
Thermogravimetry (TGA) was performed by a TGA 2
instrument (METTLER TOLEDO) between 30 °C and 900 °C
at a heating rate of 10 K min™ in a N, atmosphere. Gaseous
pxylene and n-hexane adsorption experiments were
performed on a vacuum vapor/gas sorption analyzer (BSD-
VVS, BeiShiDe Instruments Technology (Beijing) Co., Ltd.),
ZIF-93 samples were outgassed for 6 h at 120 °C before the
test. Positron annihilation lifetime spectroscopy (PALS) tests
are described in more detail in our previous work.®®

4.5 Simulation details

The adsorption density of p-xylene and n-hexane on ZIF-93
was calculated by grand canonical Monte Carlo (GCMC)
simulations with the RASPA 2.0.2 package. The structure of
ZIF-93 was taken from the Cambridge Crystallographic Data
Centre (CCDC: 1951993).® GCMC calculations were done
through the sorption module in the Materials Studio software
to simulate the adsorption of p-xylene and n-hexane at
different pressures of 298 K. The configurational bias method
in the adsorption isotherm task was used with the accuracy
set to ultra-fine, 5 x 10° Monte Carlo for equilibrating the
system in the first part of the calculation and 5 x 10® Monte
Carlo for statistical averaging in the second part, and the
force field was adopted from Universal, through the QEq
method for assigning charges to the system, and Ewald and
Atom based summation methods for electrostatic and van
der Waals interactions, respectively. Adsorption site analysis
was performed by locate task to obtain the adsorption
configuration. For each adsorption density model, 1000
snapshots were stacked to show the distribution of
adsorbates in the framework pores.
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