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Metal Organic Frameworks (MOFs) are organic-inorganic hybrid
materials with exceptionally customizable composition and
properties. MOFs intrinsically possess open metal sites, tunable
pore size/shape and an ultra-large specific surface area, and
have obtained significant attention over the past 30 years.
Furthermore, through the integration of functional moieties
such as, molecules, functional groups, noble metal clusters and
nanocrystals or nanoparticles into MOFs, the resulting compo-
sites have greatly enriched the physical and chemical properties

of pure MOFs, enabling their application in a wider range of
fields. Triethylamine (TEA) as an organic base has consistently
played a fundamental role in the development of MOFs. In this
Concept, the versatility of triethylamine when involved in the
synthesis of MOFs is discussed. Four sections are used to
elaborate on the role of TEA including: (1) Single crystal
synthesis; (2) Size and morphology control; (3) Counterion of
MOFs; (4) MOFs composites synthesis. In the last part, we
highlight the potential of TEA for further developments.

1. Introduction

Metal-organic frameworks (MOFs), also known as porous
coordination polymers (PCPs), are crystalline organic-inorganic
hybrid materials, formed by periodical complexation of metal
nodes and organic ligands.[1] To date, thousands of MOFs have
been reported and increasing attention has been devoted to
the field. The intrinsically highly adjustable topological struc-
tures and customized chemical properties endow MOFs with a
very high surface area, a large number of open metal sites, and
a three-dimensional periodic pore/channel system.[2] These
tunable properties make MOFs an ideal platform with signifi-
cant prospects for applications in catalysis, biomedicine, gas
storage and separation, energy storage and electronic devices.[3]

The introduction of novel approaches to control the syn-
thesis of MOFs for specific needs has always been at the center
of focus. First of all, the synthesis of MOF single crystals is
required to obtain its crystal structure by single crystal x-ray
diffractometry. Therefore, synthesizing high-quality single crys-
tals is almost a prerequisite to solve complicated topological
structures. Secondly, controlling the size and morphology is
required because the properties of MOFs can be strongly
influenced by many factors such as morphology, including

exposed facets and particle size.[4] Thirdly, the design of new
topological structures by choosing different building blocks has
been highly pursued to enrich the MOFs library. Lastly, the
incorporation of functional moieties such as molecules, noble
metal clusters, and nanocrystals into MOFs has been considered
as a useful strategy to obtain multifunctional composite
materials.[5] Therefore, exploiting suitable synthesis strategies to
meet specific demands has always been a highly active research
topic in the MOFs community.

For the majority of MOFs, their crystal growth process
typically involves two steps. First, the deprotonation of the
organic ligands. Followed by the coordination of the deproto-
nated ligands to the metal ions, forming a periodical frame-
work. In most of the cases, the deprotonation process is the
rate-determining step and has exhibited significant influence
on the nucleation and growth of MOFs. To date, various
solvents, excess of organic ligands (beyond the stoichiometric
ratio), addition of a base, and other parameters, including
temperature and pressure, have been used to control the
deprotonation process.[6] Amongst the deprotonation agents
used including diethylamine, n-hexylamine, NaOH and
ammonium hydroxide,[7] triethylamine (TEA) as a mild and
volatile organic base, is widely applied in the synthesis of MOFs,
facilitating the formation of single-crystal MOFs and enabling
control over shape/morphology, or size.[8] Furthermore, we
recently made use of TEA to successfully synthesize diverse
single-crystal MOF nanohybrids, amorphous MOFs and coatings,
further enriching the applicability of TEA as deprotonating
agent in MOFs.[9]

Although TEA is widely utilized in MOF synthesis, to date,
there is no relevant literature comprehensively summarizing its
application. In this concept article, we will summarize the
crucial role of TEA in the development of MOFs.
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2. Synthesis of Single-Crystal MOFs

Triethylamine is a common organic base and used in many
organic synthesis.[10] In the early stages of MOFs research, TEA
played a crucial role in synthesizing new single-crystal MOFs as
well.[6a,11] In 1997, using TEA vapor as a deprotonating agent
was firstly introduced to synthesize MOFs, and a new single-
crystal MOFs (Zn2BTC(NO3)) with a 3-D porous network was
successfully obtained (Figure 1).[6a] In a typical synthesis, TEA
vapor was generated in a large vial and allowed to gradually
diffuse into a small vial containing MOFs precursors (zinc nitrate
and 1,3,5-benzenetricarboxylic acid (H3BTC)). The TEA promotes
the deprotonation of the H3BTC ligands. Compared to the
previously used pyridine (pKa=5.21), the stronger base TEA
(pKa=11.01) allows for the complete deprotonation of the
H3BTC ligands into BTC3� ions. In addition, the metal ions also
exhibit poor binding affinity for TEA compared to pyridine.
Therefore, the fully “activated” BTC3� ligands can coordinate to
the zinc ions to form the 3-D porous structure. Slowly
introducing TEA through vapor diffusion can be used to
effectively control the deprotonation rate of H3BTC, thereby
regulating the nucleation and growth of the MOFs. The
successful synthesis of large single crystals through the TEA
diffusion method allowed for an easier determination of the
crystal structure. The TEA vapor diffusion method has been later
applied to the synthesis of many new MOFs single crystals.[11]

This significantly enriched the MOFs library in the early stages.

3. Size and Morphology Control

3.1. Size control

In many applications, MOFs display significant morphology or
size-dependent properties.[4,12] For example, a size-induced
molecular-scale shape-memory effect has been firstly found in a
flexible porous coordination polymer (PCP) of
[Cu2(dicarboxylate)2(amine)]n.

[12a] Normally, this crystal structure
exhibits a flexible and reversible deformation during the
adsorption/desorption of the guest molecules. However, when
downsizing these micrometer-sized crystals to meso-sized
crystals, their framework undergoes a dramatic transition from
reversible flexibility to shape-memory behavior. For meso-sized

crystals, a temporary open phase can be maintained after
desorption of guest molecules, and recovers the original phase
under further thermal treatment. These results indicate that
crystal size could be used to control structural mobility through
surface energy regulation induced by crystal downsizing.
Furthermore, crystal downsizing has also been demonstrated as
a strategy to enhance the storage capacity of guest
molecules.[12b] The coordination framework crystals (Fe(py)2[Pt-
(CN)4]) of 135 nm show no significant capability for guest
uptake. However, when downsizing crystals to nanometer-sized
thin-film forms, they exhibit obvious dynamic guest adsorption
isotherms. Besides, other size-dependent gas sorption and
magnetic property have also been investigated in previous
reports.[12c,d] Therefore, size modulation is important for the
tuning of MOFs properties.

In classical crystallization theory, the initial nucleation rate
and subsequent growth rate determine the final size of the
resulting product. TEA exhibited the capability to deprotonate
organic ligands in synthesis of single-crystal MOFs. TEA can also
be used to tune the MOFs size by regulating the nucleation and
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Figure 1. (a) The utilization of triethylamine as a deprotonation agent. (b) A
schematic representation of Zn2BTC(NO3).
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growth rate. For example, Lu et al. reported the synthesis of
monodisperse octahedral UiO-66 (Zr6O4(OH)4(BDC)6, BDC=de-
protonated terephthalic acid) crystals with varying sizes by
simply adjusting the amount of TEA.[13] In Figure 2, when the
concentration of TEA gradually increases from 0.5 mM to 1, 2, 4,
6, and 8 mM, the corresponding average particle size decreases
from 2140 to 1134, 742, 554, 529, and 512 nm, respectively. The
results clearly indicate a significant correlation between the
crystal size and the initial amount of added TEA. The greater
the amount of triethylamine added, the smaller the particle
size. In this synthesis, H2BDC needs to undergo deprotonation
first, becoming activated as BDC2� ion, and then the BDC2� ion
can coordinate to the Zr nodes to form the UIO-66 crystals.
Here, TEA has the ability to regulate the nucleation rate via the
deprotonation process of H2BDC into BDC2� . Lower is the
amount of triethylamine added, the slower is the initial
nucleation rate, and the fewer the crystal nuclei are, thereby
favoring the formation of larger-sized crystals. To date, TEA has
been successfully used to control the crystal size in numerous
MOFs systems such as ZIF-67, MOF-5, HKUST-1, MOF-74.[8b,14]

3.2. Morphology control

Morphology is also a crucial factor influencing the properties of
MOFs.[15] Shape-depended exposed facets usually exhibit differ-
ent properties, especially in catalysis. For instance, a cubic
crystalline MOF (NENU-3a) with only {100} facets with more
active sites display significantly enhanced catalytic activities in
biodiesel production compared to an octahedron covered by
{111} facets.[15a] Morphology control has also been extended to
regulate other MOFs, and considered as effective strategy to
regulate their properties.[15b] In addition to the size, TEA has also

been demonstrated to play a fundamental role in controlling
the morphology of MOFs, especially in 2D MOFs.[8a,16] Ge et al.
reported the successful synthesis of 2D MOF� Fe/Co by using
TEA as a modulator agent. Without the addition of TEA, the
slow deprotonation process of H2BDC results in bulk MOFs
(Figure 3).[8a] Introducing some amounts of TEA into the reaction
solution facilitates the deprotonation of 1,4-BDC carboxylic
acids, accelerates their coordination with metal ions, and
simultaneously produces a small amount of OH� ions in water,
effectively stabilizing the edges of 2D MOF layers (Figure 3). The
OH� ions generated from TEA and water are crucial for the
stabilization of 2D MOFs and ultimately lead to the formation of
MOF� Fe/Co nanosheets. The nanosheets, with an enhanced
active surface area, display excellent electrocatalytic activity and
exhibit superior OER performance when compared to bulk
MOFs. Besides, TEA has been demonstrated to be effective in
the synthesis of 2D MOFs in other studies.[16]

4. Counterions of MOFs

In addition to its deprotonation capability, TEA can also serve as
a counterion for synthesizing new MOFs topological structures.
For example, in the structure of
[Cd3(BTC)3(H2O)] · (HTEA) · 2(H3O),

[17] the protonated form of TEA
(HTEA+) was used as a counterion into the Cd-BTC framework,
providing electroneutrality to the entire crystal. In Figure 4, the
crystal structure exhibits two distinct channels of different sizes.
The HTEA+, serving as the guest molecule ion, is situated within
the smaller channel and is connected to the framework through
hydrogen bonds. Kim et al. successfully synthesized various Zn-
based MOFs using HTEA as a counterion. These include
Zn(ADC)2 · (HTEA)2 (MOF-31; ADC=acetylenedicarboxylate),

Figure 2. (a–f) SEM images of UIO-66 in the presence of TEA with varying concentrations ranging from 0.5 mM to 1, 2, 4, 6, and 8 mM, respectively. (g)
Statistical average particle sizes of UIO-66 versus TEA concentrations. (h) A schematic illustration of the synthesis process of UIO-66 modulated by TEA.
Reproduced with permission.[13] Copyright © 2017 American Chemical Society

Wiley VCH Mittwoch, 17.04.2024

2423 / 343755 [S. 108/113] 1

Chem. Eur. J. 2024, 30, e202304256 (3 of 8) © 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Chemistry—A European Journal 
Concept
doi.org/10.1002/chem.202304256

 15213765, 2024, 23, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202304256 by M

ax-Planck-Institut Fur K
olloid, W

iley O
nline L

ibrary on [23/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Zn2(NDC)3 · [(HTEA)(DEF)(ClBz)]2 (MOF-37; NDC=2,6-naphthale-
nedicarboxylate), and Zn3O(BTC)2 · (HTEA)2 (MOF-38; BTC=

benzenetricarboxylate).[18] In addition, three new Co-based
MOFs have been reported by incorporated HTEA+ as a counter-
ion to stabilize the structure.[19] To date, protonated TEA has
been wildly used in the synthesis of MOFs.[20]

5. Synthesis of MOF Composites

5.1. Integration of MOFs onto a substrate

Growth of MOFs onto diverse substrates to form films or
membranes and into varying templates to form composites has
attracted significant attention due to their applications in
electronic device and energy storage and conversion.[21]

The liquid surface has been considered as an ideal platform
for the confined synthesis of films, due to its molecular flatness
and absence of defects.[22] By coupling the TEA diffusion

method with confinement at the air-liquid interface, smooth
and compact MOF films could be obtained. For instance, Yuan
et al. proposed a simple strategy to fabricate centimeter-sized
Ni3(HITP)2 (HITP=2,3,6,7,10,11-hexaiminotriphenylene) films by
using the TEA diffusion method.[22d] MOFs precursors including
NiCl2 and 2,3,6,7,10,11-hexaaminotriphenylene ·6HCl (HATP)
were first dissolved in deionized water to form clear solution.
Then, pure TEA in a small vial was sealed with another vial
containing the MOF precursors in a beaker without stirring. TEA
vapor is generated and then gradually diffuses toward the
reaction solution, entering at the air-liquid interface. The TEA
triggered the deprotonation process of HATP and the confined
formation of Ni3(HITP)2 at air-liquid interface (Figure 5). Finally,
uniform and compacted MOFs films can be formed at the
confined interface and transferred onto other substrates for the
fabrication of electronic devices.

In addition, by introducing 3D porous templates at the air-
liquid interface, single-crystal MOFs could be formed at the
inner void of porous template to generate MOFs composites.[23]

Briefly, a centimeter-sized porous template assembled from
conductive carbon black particles is placed in the MOFs
precursor solution near the air-liquid surface.[23b] Subsequently,
the reaction solution containing porous template and pure TEA
liquid were sealed within a beaker, and the reaction system was
kept in an aged state without stirring. Similar to the previous
process, TEA vapor promotes the deprotonation of ligands
within the porous template, facilitating the subsequent nuclea-
tion and growth of the MOFs. MOF crystals gradually grow
inside the template, eventually filling the voids of the porous
template to form MOF composites. The TEA diffusion method
was also used to incorporation of MOF nanoparticles into
hypercrosslinked styrene-maleic acid (SMA) copolymer beads to
successfully fabricate MOFs-SMA bead composite.[23a]

Figure 3. A schematic illustration of the synthesis of bulk, 3D, and 2D MOFs. (a) SEM image of bulk MOFs obtained in mixture solution of DMF,H2O and
ethanol without TEA. (b) SEM image of 3D MOFs obtained in mixture solution of DMF and ethanol with a certain amount of TEA. (c) SEM image of 2D MOFs
nanosheet obtained in mixture solution of DMF, H2O and ethanol with a certain amount of TEA. Reproduced with permission.[8a] Copyright 2021, Wiley-VCH.

Figure 4. Crystal structure of HTEA+ molecules in
[Cd3(BTC)3(H2O)] · (HTEA) · 2(H3O).
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5.2. Integration of NPs into MOFs

Contrary to process of integrating MOFs onto substrates or into
templates, incorporation of diverse functional NPs into single-
crystal MOFs to generate multifunctional MOFs nanohybrids has
also been wildly investigated in many applications such as
catalysis, sensing and filtration. However, a universally applica-
ble synthesis method for MOF-nanohybrids, covering the full
diversity of all conceivable core-shell combinations, has always
posed a challenge.

Recently, our group has proposed a universal simple
strategy to synthesis diverse MOF nanohybrids by using the
TEA diffusion method.[9a] In this work, slow diffusion rate of TEA
vapor is the key of this synthesis process. Figure 6 illustrates the
schematic diagram of a synthesis set up. One vial contains the
MOF precursors, core-NPs, and solvent, sealed with a cap with
one hole (1 mm in diameter). Another vial contains pure TEA in
ethanol with a ratio of 1 : 3, closed by a cap with three holes.
These two vials were sealed in a 500 mL beaker. Throughout
the reaction, the mother solution is stirred gently. Compared to
the previous TEA vapor diffusion method, this set up presents
some distinct differences. Firstly, the ethanolic solution of
triethylamine is used as a substitute to pure TEA. This allows to
more effectively reduce and control the diffusion rate of TEA
vapor. Secondly, compared to the previous open system,
sealing with a cap including a small hole can further reduce the
diffusion rate of TEA vapor. Lastly, maintaining gentle stirring

can overcome the inhomogeneity caused by the TEA vapor
diffusion across the gas-liquid interface.

ZIF-67 was used as a typical MOFs in this case to illustrate
the synthesis approach. Similar to the previous synthesis, TEA
promotes the deprotonation step of the organic ligand of 2-
methylimidazole. The gradual diffusion of TEA induces the slow
release of ‘activated’ deprotonated 2-methylimidazole ions,
thereby triggering heterogeneous nucleation of ZIF-67 on core-
NPs (β-FeOOH nanorods). Throughout the slow growth process,
a significant quantity of β-FeOOH nanorods was encapsulated
within ZIF-67, ultimately resulting in the formation of single-
crystal multi-β-FeOOH@ZIF-67 nanohybrids. Moreover, by mod-
ulating the initial core concentration, we can easily obtain
multi-β-FeOOH@ZIF-67 nanohybrids with core contents ranging
from 5% to 40%. When we used NO3

� ions to replace
competing Cl� anions coordinating the metal ions, a singular β-
FeOOH@ZIF-67 was obtained. The heterogeneous nucleation
induced by the slow diffusion of TEA vapor enables this method
to be independent of the shape and the properties of the core
nanoparticles. In our work, six core-NPs including Ag, Au, NaYF4,
Ni3[Fe(CN)6]2, Fe2O3 and β-FeOOH were selected and successfully
incorporated into single-crystal ZIF-67. The same deprotonation
process strategy of organic ligands can be applied in the
formation of many MOFs. Therefore, we successfully extended
the approach to ZIF-67 nanohybrids synthesis to other types of
MOFs including ZIF-8, ZIF-zni, NJU-30, HKUST-1, MIL-88(Fe), and
MOF-74(Co), demonstrating the generality of this strategy.

For this synthesis, the diffusion rate of TEA vapor shows a
significant impact on nucleation of MOFs, thus influencing their
morphology and size. A slower diffusion rate could induce a
slower crystallization nucleation rate, thereby resulting in the
formation of larger-sized crystals. Moreover, the slow crystal-
lization nucleation and growth process guides the MOF growth
toward an equilibrium shape, ultimately yielding single-crystal
MOFs with a Wulff shape. The fundamental prerequisite for this
successful synthesis is that the organic ligand possesses acidic
sites, which must undergo a deprotonation process during the
formation of the MOF. The slow diffusion of TEA induces a
gradual deprotonation process of the ligand, resulting in a
preferential heterogeneous nucleation on the surface of func-
tional nanoparticles. As a result, the basicity of the counter
anion will influence the deprotonation process of the ligand,
thereby exhibiting a significant impact on this synthesis. There-
fore, in this work, nitrate ions or chloride ions are chosen as
anions with weaker basicity to synthesize various MOFs by
using TEA vapor diffusion method. On the contrary, the anions
with relatively high basicity such as acetate ions could
accelerate the deprotonation process of the ligand. This, in turn,
affects TEA’s control over the deprotonation process, leading to
the ineffectiveness of the method. In previous reports, many
MOF systems exhibit extreme stability under specific condition.
For instance, ZIF-67 displays superior thermal stability at
temperatures even higher than 300 °C,[24a] and HKUST-1 demon-
strates impressive humidity stability.[24b] Here, the slow TEA
vapor diffusion method guarantees the synthesis of single-
crystal MOFs including ZIF-67 or HKUST-1. The perfect single-
crystal form will be more beneficial to ensure intrinsic chemical

Figure 5. (a) Illustration of synthesis of MOGA (Ni3(HITP)2) films using TEA
vapor diffusion method. (b) The formation process of MOGA films. (c)
Topographic AFM and AFM height images of 7 nm films and the
corresponding I-V curves of device. (d) The schematic illustration of MOGA
film-based device. Reproduced with permission.[22d] Copyright 2019, Wiley-
VCH.
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stability. For example, the obtained single-crystal ZIF-67
exhibited excellent structural stability after storage for two
months or thermal treatment at 300°C.

Additionally, our group also used TEA to synthesize more
complex composite structures. Noble metal nanocrystals were
successfully integrated into hollow ZIF-67 cubic shell via a self-
sacrificial template method under the assistance of TEA (Fig-
ure 7a).[9b] Hollow structure was formed by the dissolution of
the interior part of ZIF-67 seed and re-growth onto the shell.
The TEA facilitates the growth of the shell by accelerating the
deprotonation process of 2-methylimidazole. During this proc-
ess, PVP-stabilized noble metal nanocrystals are encapsulated
within the newly formed shell, ultimately resulting in the
formation of hollow composites.

5.3. Amorphous MOFs colloids and coatings

Recently, we reported a simple method to synthesize various
amorphous MOFs colloids by mimicking the Stöber method.[9c]

Similar to amorphous SiO2 synthesis, there are many MOFs
whose crystallization process is mainly influenced by kinetics.
By applying the TEA diffusion method into these types of MOFs,
monodisperse amorphous MOFs spheres and conformal coat-
ings were successfully obtained by a controllable sol-gel-like
process (Figure 7b–c).[9c] Like the ammonia in the Stöber
method, TEA used here can act as a base to regulate the sol-gel
process. The slow diffusion of TEA vapor ensures the gradual
release of deprotonated organic ligands, and then controls the
kinetics of complexation between deprotonated ligands and
metal nodes. By introducing pre-formed nanoparticles into the
reaction solution, uniform amorphous MOFs shell can be
deposited on seeds to form conformal core-shell colloids. The

Figure 6. (a) A schematic illustration of the TEA vapor diffusion method for synthesizing various MOF nanohybrids. (b) The 3D models of various types of
MOFs, NPs and the MOF nanohybrids, and some selected TEM images of MOF nanohybrids. Reproduced with permission.[9a] Copyright 2023, Wiley-VCH.
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conformal coating process is independent of the substrate
properties and can be extended to the fabrication of diverse
core-shell structures.

6. Summary and Outlook

This concept article highlights the versatility of triethylamine in
the synthesis of MOFs. It can be divided into four aspects. 1) In
order to characterize the crystal structure of new MOFs, TEA
was used to synthesize high-quality MOF single crystals. 2) TEA
can be used to modulate the size and morphology of MOFs. 3)
As a part of the MOFs, the protonated TEA molecule is
incorporated into the channel to obtain novel neutral MOFs
crystals. 4) Through the utilization of the TEA diffusion method,
amorphous MOFs colloids, MOF composites such MOF films and
coatings, and MOF nanohybrids can be obtained.

Although the TEA vapor diffusion strategy has been
successfully used in several MOFs, there are still some
limitations. First, this method is not applicable to organic

ligands that are not deprotonated during this process. In
addition, the TEA vapor is hazardous. The emission of TEA
generated from industry including a catalyst in polymerization
reactions and an intermediate as a corrosion inhibitor in the
manufacturing of diverse chemicals has attracted considerable
attention.[25] For large-scale synthesis, collected and recycled
TEA vapor should be taken into consideration. To date, a bio-
filter has been investigated and shows superior performance in
removal of TEA vapor from air.[25] In this case, recycling could be
achieved by introducing N2 as carrier gas to push the excess of
TEA vapors into ethanol to form a solution. The resulting
ethanolic TEA solution can be used as a TEA vapor generator in
MOF synthesis.

Based on the precise control of the diffusion of TEA vapor,
our group has developed a universal strategy for synthesizing
MOF nanohybrids. This also opens up new possibilities for the
application of TEA in MOFs. Firstly, the properties of obtained
MOF and MOF composites, such as functional stability and
storage stability, need further investigation for specific applica-
tions. Furthermore, to meet the requirements of various
applications, the slow TEA diffusion method could be extended
to synthesize additional multifunctional MOF nanohybrids by
selecting different types of MOF and core-NPs. Additionally, this
slow diffusion method shows promise for being extended to
the synthesis of high-crystallinity MOF thin films on different
substrates. Lastly, the controlled synthesis of amorphous MOFs
has always been a significant challenge. The TEA diffusion
method provides a simple and general synthesis pathway. This
provides a solid foundation for future research on the proper-
ties of amorphous MOFs. We believe that the slow TEA diffusion
method to the synthesis MOFs can play an important role in
various fields in the future.

Acknowledgements

W.Z thanks the Alexander von Humboldt Foundation, Bonn,
Germany, for a postdoctoral fellowship and research grant. This
work was partially financed by the Max Planck Society. Open
Access funding enabled and organized by Projekt DEAL.

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

Data sharing is not applicable to this article as no new data
were created or analyzed in this study.

Keywords: Metal Organic Frameworks · Composite ·
Triethylamine · Deprotonation · Morphology

Figure 7. (a) 3D model and TEM image of Pd@hollow ZIF-67 composite. (b)
3D model and TEM image of amorphous MOF sphere. (c) 3D model and TEM
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