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1. Introduction

Nanomaterials refer to materials with at least one dimension at
the nanometer size (1-100 nm) or composed of them as basic units
in three-dimensional space and have gained great attention since
their emergence [1]. The small-size particles give nanomaterials
some unique properties different from those of bulk counterparts.
Take their application in the field of catalysis as an example, the
nano-sized crystals usually show a better exposure of catalytic sites
because of their larger surface area. In addition, the shorter diffusion
distances in the nanocrystals facilitate the interaction between sub-
strates and catalytic centers, thus nano-sized catalysts usually pos-
sess better catalytic activity than their bulk analogues [2].
Moreover, nanomaterials with small size effect, quantum size effect,
macroscopic quantum tunneling effect, etc., can lead to the relatively
new acoustic, optical, electrical, magnetic and thermal properties.
They have been widely used in the fields such as nano electronic
devices, medicine and health, aerospace, aviation and space explo-
ration, environment, resources and energy, biotechnology, etc. From
different angles of perspectives toward diverse ends, the benefits of
this “miniaturization” are very amazing [3].

Metal-organic frameworks (MOFs), a new class of porous hybrid
materials formed by the self-assembly of metal ions/clusters and
organic ligands, have captured great attention and achieved
tremendous developments in the last twenty years [4-14]. Due
to their unique characteristics such as high surface area, structural
diversity and tailorability, etc., MOF materials offer prospective
applications in catalysis [15-28], gas storage and separation
[29-36], biomedicine [37-45], chemical sensing [46-54], energy
applications [55-62] and many other fields [63-66]. Very recently,
much attention has started to explore the synthesis and applica-
tions of nanoscale MOFs (nanoMOFs), the particles of which fea-
ture at least one dimension at the nanoscale. So far, nanoMOFs
have shown particular advantages compared to their bulk
materials with unique properties, such as accelerated adsorption/
desorption kinetics and accessibility to the internal active sites
for enhanced catalysis, suitable sizes for biomedical application,
and their assembly to diverse nanostructured materials for energy
and membrane separation-related applications, etc.

Considering that there have been several excellent review articles
on the nano-/micro-scaled MOF materials [67-72], herein we would
mainly update the latest and most important research results about
nanoMOFs with uniform size and good monodispersity as well as the
MOF-based 1-D nanomaterials. Especially, we will emphasize the
importance of “general strategy”, as this is more conducive to
the practical application of nanoMOFs. In this review article, we will
mainly introduce MOF nanoparticles, that is, zero-dimensional (0-D)
nanoMOFs. Then we will discuss their applications in nanomedicine,
catalysis, energy and membrane separation. In addition, we also
discuss the synthesis of some nanoMOF-based one-dimensional
(1-D) materials that are almost generated through the self-
assembly of 0-D small particles based on templates. For the two-
dimensional (2-D) MOFs, i.e. MOF nanosheets, although they are also
nanoscale in one of their dimensions, considering the existence of
some excellent reviews recently [68,73-75], will not be discussed
here. Our purpose is to arouse more researchers’ attention to the
application of nanoMOF materials and thus further promoting the
development of nanoMOF science in more fields.

2. Synthesis of nanoMOFs
2.1. 0-D nanoMOFs

In recent years, although quite a few synthetic methodologies
have been exploited for preparing nanoMOF materials, the general

synthesis of uniform and monodisperse nanoMOF particles, i.e. 0-D
nanoMOFs, still remains significant challenge. On the basis of clas-
sical crystallization mechanism, segregating the nucleation and
growth is critical process to obtain uniform nanocrystals [76].
The credible synthesis of nanoMOFs depends on an understanding
of the initiation, growth, and termination process of the nanocrys-
tals. Previously, the LaMer model has been used to explain the
growth process of MOF crystals [77]. This model separates crystal
nucleation from growth and reveals that high concentration of pre-
cursor can trigger thermodynamic driving forces. Based on this
empirical law, general synthetic strategies of uniform nanoMOFs
with good monodispersity mainly include solvothermal and
microemulsion methods. It is worth noting that, although ultra-
sound and microwave methods have also been reported for prepar-
ing nanoMOFs, the homogeneity and monodispersity of nanoMOFs
are usually difficult to guarantee, so we would not discuss the
preparation of nanoMOF materials by these methods. In this part,
we will only focus on recent significant advances for fabricating
nanoMOFs with uniform morphology and good monodispersity.

2.1.1. Solvothermal method

Solvothermal strategies are the most effective and universal
strategies for preparing nanoMOFs thus far. In the initial period,
the foremost arguments such as stoichiometric ratio, reaction time,
pH and temperature are focused to regulate the size of MOF crys-
tals [78]. Although some nanoMOFs (e.g. Fe-MIL-88A [79],
MIL = Materials of “Institut” Lavoisier; Fe-MIL-89 [80]; MOF-5
[81]; ZIF-8 [82]; ZIF = Zeolitic Imidazolate Framework) and ZIF-90
[83] can be synthesized by accurately regulating the above param-
eters, this process is usually difficult to be well controlled, leading
to the agglomeration of nanoMOFs because of the higher surface
energy. To deal with this problem, Kitagawa and co-workers intro-
duced chemical modulators into the synthetic process to optimize
the morphology and size of nanoMOFs (Fig. 1) [84]. In the process
of nucleation and growth of MOF nanocrystals, modulators are
usually able to compete with organic connectors that cooperate
with metal ions. As a result, the reaction rate, crystalline morphol-
ogy and size were precisely regulated. In their study, when differ-
ent amounts of acetic acid were added during the synthesis of
[Cuyx(ndc)y(dabco),] (ndc = 1,4-Naphthalenedicarboxylic  acid;
dabco = 1,4-diazabicyclo[2.2.2]octane), nanoparticles with a size
of 5 nm, nanocubes with an average size of 80 nm, and nanorods
with diameters of around 80 nm were obtained. Different from
the previous solvothermal method, modulators were used to adjust
the coordination interaction of organic linkers and metal ions.

It should be noted that modulators can play different roles in
regulating particle size of MOFs. In some cases, modulators can
slow down the crystal growth of MOFs, leading to the formation
of smaller MOF crystals; in other cases, larger crystals are obtained
by slowing down the rate of nucleation. The final results can be
controlled by the coordination strength between metal ions/clus-
ters and modulators as well as the concentration of the modulators
[77]. Meanwhile, the modulators can also regulate the morphology
of MOFs. Hence, diverse modulators such as acetic acid, benzoic
acid and lauric acid, etc., are widely used to regulate the particle
size, monodispersity and uniformity of nanoMOFs.

Recently, Wang and co-workers developed a universal synthetic
method towards nanosized Zr-, Hf-based MOFs by regulating the
hydrolysis rate of metal salts in water, meanwhile the acetic acid
was introduced as a regulator to regulate the coordination environ-
ment [85]. Take the synthesis of UiO-66-NH; (UiO = Universitetet i
Oslo) as an example, when the concentration of H,0 and acetic acid
were precisely controlled, uniform MOF nanoparticles with an
average size of 200 nm were prepared within 15 min. Further con-
trol experiments were performed to acquire the synthetic mecha-
nism of the uniform Zr-MOF nanocrystals. The concentration of
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Fig. 1. The role of chemical modulators for fabricating MOF nanocrystals. Reproduced from ref. 84 with permission from Wiley-VCH, copyright 2009.

acetic acid and H,0 was found to play an important role. Acetic
acid was used as modulator to adjust the coordinated environment
between metal ions and ligands. Time dependent electrospray
ionization-mass spectrometry (ESI-MS) measurements were
employed to prove that the water can accelerate hydrolysis during
the synthetic process. As a result, the presence of H,O and acetic
acid jointly induced the formation of uniform MOF nanoparticles.
It is interesting to find that this method can be extended to synthe-
size other types of Zr-MOFs, including UiO-66, UiO-66-(OH),, UiO-
66-2,6-NDC, UiO-67, BUT-12 and PCN-222-Co. More importantly,
this synthetic strategy is effective to prepare Zr-, Hf-based nano-
MOFs at the gram-scale, which shows bright potential in the indus-
trial application of nanoMOFs.

In the preparation of MOF materials, polymers and/or surfac-
tants are usually used to control the particle growth and/or shape,
and they sometimes go into the skeleton of the MOFs and become
part of the MOF materials. For instance, the common polymers
such as polyethylene glycol (PEG) and polyvinylpyrrolidone
(PVP) can modulate the size, uniformity and monodispersity of
MOF materials [86-90]. Recently, Johnson and coworkers reported
the preparation of nano-sized polyMOFs. In this work, different
from the order of adding coordination modulators in previous
examples, organic linkers were first coupled with a polymer, i.e.
PEG methyl ether azide (Fig. 2a) [91]. Interestingly, the length
of polymer chains can distinctly affect the size and the size
decreases as the molecular weight increases. Take synthetic
polyMOF-5 as an example, the smaller nanoparticles with a diam-
eter of about 28 nm were synthesized via a solvothermal method
by mixing PEG5k-L,, terephthalic acid, and Zn(NOs),-6H,0 in
N,N-Dimethylformamide (DMF) (Fig. 2b). The size of the obtained
MOF-5 nanoparticles is less than 30 nm. When the polymer
PEG10k-L4, a substitute whose molecular weight is larger than
that of PEG5k-L,;, was used during the synthesis, the smaller
nanoparticles (20+1nm) were formed (Fig. 2c). Delightedly,
thanks to the universal multivalent effect of this approach, it can
be extended to prepare other MOFs. The well-defined polyUiO-66
nanoparticles with the diameter of 36 +4 nm were synthesized
by using PEG10k-L, (Fig. 2d, e).

With further understanding of the synthetic mechanism of
nanoMOFs, some methods are established to command the size
of nanoMOFs according to the precise separation of nucleation
and growth process. Recently, Wang and co-workers developed a
universal method by accurately adjusting the size of nanoMOFs
by separating the nucleation and growth process [92]. In this

method, a spot of metal ions were pre-added to the solutions con-
taining organic ligands. After a part of clusters linked by metal
node and organic ligand were formed, the total metal ions were
introduced and the seeds could grow into large crystals (Fig. 3a).
By changing the molar ratio between pre-added Zn?* and organic
ligands, the size of ZIF-8, ZnCo-BMOF and nanopaticles@ZIF-8 can
be adjusted. Further experimental data reveal that the size of the
nanoparticles decreases as the molar ratio increases (Fig. 3b).

Multivalent

Metal ion Bridging linker polyMOF ligand

e

Fig. 2. (a) Formation mechanism of nano polyMOFs by using multivalent ligands as
modulators. (b) TEM image of polyMOF-5 nanoparticles of 28 + 2 nm in diameter
synthesized by using PEG5k-L4. (c) TEM image of polyMOF-5 nanoparticles of
20+ 1 nm in diameter synthesized by using PEG10k-L4. (d, e) TEM image of
polyUiO-66 nanoparticles of 36 + 4 nm in diameter synthesized by using PEG10k-Ly.
Reproduced from ref. 91 with permission from Wiley-VCH, copyright 2019.
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Fig. 3. (a) Formation mechanism for the nucleation and growth separated method. (b) Dependence of the particle size on the molar ratio of the pre-added Zn?*/organic ligand.
Reproduced from ref. 92 with permission from Royal Society of Chemistry, copyright 2018.

Very recently, Zhang and co-workers developed a very effective
and universal strategy to precisely synthesize a series of nanoMOFs
by separating the nucleation and growth process [93]. The metal
ions and ligand solution were added to the stirring reaction system
at a controlled feed rate by an injection pump. The purpose of this
operation is to regulate the degree of supersaturation during the
reactions. As the reaction proceeds, there is a dynamic equilibrium
between the consumption of the reactants and the generation of
the products. On the basis of LaMer diagram (Fig. 4a), the supersat-
uration degree increases quickly when reagents enter the reaction
system continuously. Because the process of nuclei growth leads to
the quick consumption of reactants, the supersaturation degree
will decline quickly, resulting in the end of nucleation. Afterwards,
continuous addition of reactants can ensure the growth of the
nanocrystals. Take the preparation of HKUST-1 as an example, a
faster feed rate in the process of nucleation will increase the
amounts of the generated nucleis, so the size of products is smaller
than that of a slower feed rate. Because the nucleation and growth
process are separated via adjusting the concentration of reactants,
the product can grow continuously without agglomeration when
reactants are sufficient (Fig. 4b). Moreover, this synthetic method
can be extended to synthesize more kinds of nanoMOFs, including
MIL-101(Fe), MOF-801, MIL-100(Fe), ZIF-67, ZIF-8 and UiO-66-(Zr),
making this method more general and practical.

2.1.2. Microemulsion method
Microemulsion synthesis is effective for preparing uniform and
monodispersed nanoMOFs. In this synthetic system, the

microemulsion is usually formed by incompatible solvents under
the action of emulsifiers or surfactants and they are almost
monodisperse systems and thermodynamically stable [94].
Monodispersed nano-droplets can form in the process of mixing
and size of droplets can be regulated by adjusting the concentra-
tion of surfactants. Mann and coworkers reported the preparation
of highly monodispersed Prussian Blue nanoparticles by this
method [95]. Whereafter, Lin and co-workers have performed lots
of explorations on the preparation of nanoMOFs by using this
technique. They synthesized crystallographic Gd,(BDC);5(H,0),
nanorods with GdCl; and bis(methylammonium)benzene-1,4-dic
arboxylate in a micro-emulsion system that is composed of
hexadecyl trimethyl ammonium bromide (CTAB)/water/isooctane/
1-hexanol [96]. The nanoMOFs can be downsized from
2um x 100 nm to 125 nm x 40 nm when changing the ratio of
water to CTAB from 10:1 to 5:1. This demonstrates that the aspect
ratios of MOF increase with the ratio of water to surfactant. In addi-
tion, the average size of particles decreases with the increase of the
reactant concentration, which may because the micelles containing
the reactant increase, causing more nucleation sites, resulting in a
decrease in particle size. Similarly, this reverse-phase micro-
emulsion can be extended to synthesize [Gd(BTC)(H,0)s]-H,O and
Mn;3(BTC),(H,0)s [97].

Very recently, Cai et al. prepared highly uniform HKUST-1
nanocrystals via a reverse-phase microemulsion method [98].
First, a micro-emulsion system was constructed by adding
sodium hydroxide solution, oleic acid (OA) and n-hexane into
ethanol solution. After introducing divalent copper ions into the
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Fig. 4. (a) Schematic illustration of the synthetic process and mechanism of nanoMOFs. (b) SEM images of HKUST-1 nanoparticles prepared by different initial solutions after
adding different monomers (added metal/ligand = 3/2). Scale bar is 1 um. Reproduced from ref. 93 with permission from Wiley-VCH, copyright 2018.

mixture, copper oleate clusters were formed, followed by the
reaction with 1,3,5-benzenetricarboxylic acid (BTC) ligands.
Finally, HKUST-1 nanocrystals formed gradually and were
“protected” by OA (Fig. 5a). Interestingly, the crystal size can be
adjusted by the amount of surfactant, i.e. OA, in this report. When
the amount of OA was increased from 0.20 to 0.40 mL, while

holding the other parameters invariant, the sizes of the
HKUST-1 increased from 30 to 140 nm. Particularly, when
0.30 mL of OA was used, uniform HKUST-1 nanospheres with an
average particle size of around 70 nm were prepared (Fig. 5b-e).
In addition, an iron(Ill)-based nanoMOF was also prepared by this
method [99,100].
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Fig. 5. (a) Schematic diagram of synthetic mechanism of HKUST-1 nanocrystals. SEM (b, c) and TEM (d, e) images of nano HKUST-1 with different magnifications. Reproduced

from ref. 98 with permission from the American Chemical Society, copyright 2019.
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Fig. 6. (a) SEM and (b) TEM images of ZIF-8 nanoparticles in polyvinylpyrrolidone (PVP). Adapted from ref. 105 with permission from Royal Society of Chemistry, copyright

2011.

2.2. NanoMOF-based 1-D materials

The 1-D MOF materials have received great concern in recent
years [101-104]. Among them, nanoMOF-based 1-D materials are
mostly produced by the self-assembly of 0-D MOF nanoparticles
by using 1-D templates. Ostermann et al. prepared highly porous
1-D nanofibers by electrospinning ZIF-8 nanoparticles with PVP
(Fig. 6). The colloidal suspensions of nanosized ZIF-8 particles were

first prepared and separated by centrifugation, and then the
obtained ZIF-8 nanoparticles were re-dispersed in methanol and
concentrated to 3.5-4.5 wt% by vacuum distillation. For the follow-
ing electrospinning process, the PVP methanol solution was added
to the colloidal ZIF-8 nanoparticles and stirred thoroughly. Finally,
the solution was injected by a syringe pump through a metal nee-
dle. Due to the good affinity with PVP molecules, ZIF-8 nanoparti-
cles can be evenly dispersed into the nanofibers. Finally, the size of
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Fig. 7. (a)-(d) TEM images of as-obtained Te@ZIF-8 nanofibers via changing the contents of precursors. The average diameter from (a) to (d) is 27, 36, 45 and 73 nm,
respectively. Scale bar is 100 nm. Adapted from ref. 106 with permission from the American Chemical Society, copyright 2014.

MOF-Nanofiber Kebabs

( a Polyamide-6 Nanofiber TiO, Coated PA-6 Nanofiber
PA-6 PA-6@TIO, PA-6@TiO,@MOF

Solvothermal
Synthesis

| Zr-Based MOFs

Atomic Layer
Deposition (ALD)

Fig. 8. (a) Schematic illustration for Zr-based MOF nanofibers on polyamide-6. (b-c) SEM images of PA-6@TiO,@UiO-66-NH,. Adapted from ref. 109 with permission from

Wiley-VCH, copyright 2016.
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the nanofibers was 150-300 nm, and could be adjusted by chang-
ing the amount of PVP. The obtained MOF-polymer nanofibers
combined the advantages of both materials [105].

Yu and coworkers reported the nanowire-directed templating
synthesis of 1-D nanoMOFs [106]. The ultrathin tellurium nano-
wires (TeNWs) with great dispersibility were first prepared by a
hydrothermal method. Thanks to the precursor of ZIF-8 tends to
adhere to the active surface of TeNWs, ZIF-8 nanoparticles can
spontaneously and uniformly grow onto the TeNWs to construct
1-D nanofibrous structures by a freeze-drying technique. More-
over, by varying the amounts of precursor, the size of ZIF-8 nano-
fibers can be precisely adjusted from 27 to 73 nm, respectively
(Fig. 7). Finally, the uniform Te@ZIF-8 nanofibers with high aspect
ratio and steerable sizes were obtained. Recently, Yu's group con-
tinued to fabricate the 1-D MOF nanofibers that were by self-
assembly of bimetallic ZIF nanoparticles (BMZIFs) [107]. The
nano-sized BMZIFs were first prepared in methanol and the syn-
thetic process was analogous to that of ZIF-8 by doping Co(NO3),-
-6H,0 with different molar proportions [108]. Then a kind of
polymer, polyacrylamide (PAN), was employed as the template of
electrospun fibers. The as-prepared BMZIFs were mixed with PAN
in DMF to produce an electrospinning stock solution. Followed
by the electrospinning technique, a series of uniform BMZIFs/PAN
fibers with the 1-D structure were successfully prepared.

Parsons and coworkers prepared a series of MOF-nanofiber
composites [109]. As shown in Fig. 8a, the standalone polyamide-
6 nanofibers prepared by electrospinning were first covered by a
thin-layer of TiO, to facilitate MOF heterogeneous nucleation on
the fibers. Then UiO-66, Ui0-66-NH, and UiO-67 were coated on
the above prepared fibers, respectively. Specifically, the TiO,-
coated PA-6 nanofiber was added during the synthesis of the MOFs
and maintained at 85 °C for 24 h. At the end of the solvothermal
synthesis, the MOF nanofibers were collected. SEM images
(Fig. 8b, c) showed that UiO-66-NH, nanocrystals with average
sizes of 126 +25 nm were arranged closely on the polyamide-
6@TiO, nanofibers.

In another recent work, the magnetic MOF nanofibers were pre-
pared [110]. Specifically, inorganic hydroxyapatite (HAP) nano-
wires were first modified with Fes0; nanoparticles on the
surface. Then the magnetic MOF nanofibers were prepared by
self-assembly of Fe-MIL-100 nanocrystals via a layer-by-layer
method. The surface of hydroxyapatite nanowires possesses lots
of functional groups, which can promote the following deposition
of the magnetic nanoparticles and Fe-MIL-100 nanocrystals.
Finally, TEM images showed that a uniform layer of MOF (ca.
50 nm) was coated on the magnetic HAP nanowires.

3. NanoMOFs for biomedical applications

Due to their suitable sizes, chemical versatility, good biocom-
patibility, tunable structure, appropriate and physiological stabil-
ity, etc., nanoMOFs have been extensively used in biomedical
applications during the last ten years [37-43,111,112]. In the early
time, nanoMOFs are mainly focused on drug delivery and bioimag-
ing [37,111-118]. As the nanoMOF science continues, more func-
tional nanoMOFs are developed for medicine applications. For
example, the porphyrin or porphyrin derivatives-based nanoMOFs
are very competitive in photodynamic therapy (PDT) of cancers,
which can overcome the self-aggregation of porphyrin molecules
in physiological conditions [119-127]. Although the nanoMOFs
for biomedical applications are still in the preclinical stage, some
Fe, Zn and Cu-based nanoMOFs have shown good prospects due
to their low toxicity and high therapeutic effect. We hope new
development for future study in the use of nanoMOFs for clinical
applications.

3.1. NanoMOFs for bioimaging

As an emerging imaging probe, nanoMOFs have been broadly
studied for bio-imaging [128]. These materials are good candidates
for imaging contrast agents due to their different compositions and
structures. Especially, some Gd3*-, Mn?*- and Fe3'-containing
nanoMOFs have presented great efficiency for magnetic resonance
imaging (MRI), which is a non-invasive imaging technology that
detects the direction of nuclear spin in a magnetic field. Lin and
colleagues demonstrated that the Gd(BDC); 5(H,0), nanorod with
size of about 100 nm in length and 40 nm in diameter could act
as both Ty and T,-weighted contrast agents, which had a longitudi-
nal relaxivity (Ry) value of 35.8 s™! and a transverse relaxivity (R)
of 55.6 s~! per mM of Gd3*, respectively. More importantly, the r;
value of this nanoMOF was higher than that of Omniscan, a kind of
contrast agent for clinical use [96] (Fig. 9). Since this early-stage
report, many other Gd-based nanoMOFs were investigated to exhi-
bit extremely high MR relaxivities [129-134], demonstrating that
MOFs can act as splendid MRI agents.

Due to the relatively large biological toxicity of Gd ions [135],
Mn?*-based nanoMOF T,-weighted contrast agents have gradually
developed because of the lower toxicity of Mn?* than that of Gd**
[136]. Lin and coworkers prepared nanorod-like Mn(BDC)(H,0),
and nanoblock-like Mns(BTC);(H,0)s for Ti-weighted contrast
agents. After surface functionalization with a thin layer of silica
and a cell-targeting molecule, in vivo MR imaging in spleen and
liver was accomplished [97]. Afterwards, some Mn?*-containting
nanoscale coordination polymers (NCPs) were also reported to
act as enhanced T;-weighted contrast [137,138]. Recently, a porous
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Fig. 9. (a) T;-weighted MR images of nano Gd(BDC); 5(H,0), in 0.1% xanthan gum
aqueous solution. (b) R; and R; relaxivity curves of nano Gd(BDC); 5(H,0), with size
of 100 nm x 40 nm. Reproduced from ref. 96 with permission of American Chemical
Society, copyright 2006.
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Mn-porphyrin-based nanoMOF (PCN-222(Mn)) was constructed.
Due to the high dispersibility of Mn>* in the framework and the
hydrophilia channel, this nanoMOF worked as T,-weighted con-
trast and exhibited a high r; relaxivity of ~353mM~! s~! at
1.0T [139].

Different from Gd*>* and Mn2?*-based nanoMOFs, Fe**-based
MOFs usually lead to negative image enhancement. Horcajada
and cooperators prepared a series of non-toxic iron(Ill) carboxylate
nanoMOFs as T»-weighted contrast agents [116]. After modifying
PEG on its surface, the nanoMIL-88A showed high r; relaxivity with
95mM~!s™! and it showed obviously negative enhancement in
the spleen and liver of Wistar rats after injection by 30 min
(Fig. 10). More meaningfully, mouse metabolism experiments
showed that the PEG-nanoMIL-88A can be completely excluded
in three months, which provides great potential for future clinical
applications of this nanoMOF.

Some nanoMOFs containing high-Z number elements can be
used as X-ray computed tomography (CT) imaging based on X-
ray sample attenuation, which can provide 3D images with good
spatial resolution [140]. deKrafft et al. reported the construction
of 1,-BDC with Cu?* and Zn?*. Based on the containing iodine ele-
ment, the two nanoMOFs were used for CT imaging and showed

(a) CONTROL

“dm

better imaging results than the commercial contrast agent iodix-
anol [141]. In addition, two kinds of nanoMOFs with UiO-66 struc-
ture containing high contents of Zr (37 wt%) and Hf (57 wt%) were
synthesized. Especially, due to the higher attenuation of Hf than Zr,
the nano Hf-based MOF functionalized by silica and PEG exhibited
high performance as CT contrast agent for spleen (131 HU) or liver
(86 HU) imaging [142].

3.2. NanoMOFs for drug delivery

The drug carrier refers to a system that can change the way the
drug enters the body and its distribution in the body, control the
release rate of the drug, and deliver the drug to the target organ.
Drug carrier materials play a very important role in the research
of controlled-release carriers. Among the commonly used nano-
drug carriers, such as polymers, lipids, silicon materials, carbon
structures, inorganic oxides and carbides, etc., MOF materials are
excellent candidates to deliver small molecule drugs due to their
good biological safety and inherently porous nature. In addition,
the biggest advantage of MOFs as drug carrier is not only the high
drug loading, but also the long drug release time. In the earlier per-
iod, nanoMOFs often acted as carriers for some common anticancer

(b) 220 mg kg™ MILL-88A _nano

Fig. 10. T»-weighted MR images of Wistar mice injected without MIL-88A (a, c, e) or with 220 mg/kg (e, d, f). The images were obtained by gradient echo (a, b, e, f) or spin
echo (c, d) sequences. The images display the liver (a-d) or spleen (e, f) position after injection by 30 min. (dm, dorsal muscle; k. kidney; li, liver; s, spleen; st, stomach.)

Reproduced from ref. 116 with permission of Nature Publishing Group, copyright 2010.
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drugs. In 2010, Horcajada and collaborators reported the use of a
series of non-toxic porous iron(Ill)-based nanoMOFs [116], i.e.
MIL-53, MIL-88A, MIL-88Bt, MIL-89, MIL-100 and MIL-101-NH,,
as carriers of antineoplastic and retroviral drugs, including busul-
fan, azidothymidine triphosphate, doxorubicin or cidofovir,
ibuprofen, caffeine, urea, benzophenone 3 and benzophenone 4.
Despite the MOF stability concern, the stability was reported to
be significantly improved by coating polymer materials. For exam-
ple, coating polydimethysiloxane (PDMS) on the surface of MOF
materials can greatly enhance their moisture or water resistance
[143]; the platinum drug-loaded nanoscale coordination polymers
(NCPs) are stabilized with silica shells to prevent rapid disintegra-
tion and effectively control the release of the platinum drugs [144].
Thanks to the protection of PEG in this work [116], these
PEG-modified nanoMOFs possess good physiological stability
and achieve controlled drug release without “burst effect”.
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The sustained release of doxorubicin from nanoMIL-100 lasts up
to 13 days, and the release amount is up to 100%, which is
unmatched by other previous drug carriers (Fig. 11). This work
has proved the great superiority of nanoMOFs as drug carriers
and played a guiding role in the following progress.

Whereafter, Horcajada and co-workers investigated the in vivo
metabolism and excretion of three porous Fe>*-based nanoMOFs,
including Fe-MIL-100, Fe-MIL-88A and 88B_4CHs; [145]. After
intravenously injecting high doses of these nanoMOF particles
(up to 220 mg kg™!) into female Wistar rats, the biodistribution
and elimination of the nanoparticles were measured. The results
showed that after a period of time, these nanoMOFs could be
degraded into their constituents, such as iron and organic ligands,
and then excreted from the body in the form of urine and feces,
which confirms the excellent biosecurity of the biodegradable
iron(Ill) carboxylate nanoMOFs for biomedical applications.
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Fig. 11. (a) Schematic showing four porous iron-based nanoMOFs for drug delivery. (b) The released curves of cidofovir (black), doxorubicin (red) and azidothymidine
triphosphate (green) under 37 °C in PBS solution from nanoMIL-100. Reproduced from ref. 116 with permission of Nature Publishing Group, copyright 2010.
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Fig. 12. Schematic synthesis of the insulin or VEGF aptamer/GOx-loaded ZIF-8 nanoMOF and the pH-induced degradation through the GOx-catalysed oxidation of glucose to
gluconic acid. Reproduced from ref. 162 with permission of American Chemical Society, copyright 2018.

Another advantage of MOF as a drug carrier is that it can carry a
wide variety of drugs. Deng and coworkers prepared four isoretic-
ular Ni-MOF-74 analogues, i.e. Ni-IRMOF-74-II, -III, -IV, and -V,
with adjusted pore size from 2.2 to 4.2 nm to effectively coat
single-stranded DNA (ssDNA), and achieved invertible interaction
between ssDNA and the as-prepared nanoMOFs. By modifying
the synthetic conditions, nanosized Ni-IRMOF-74-II and -III crys-
tals can be obtained with particle size around 100 nm. Further-
more, these two nanoMOFs were used for the transportation of
ssDNA into cells which cannot be effectually transfected with con-
ventional transfection agents. In addition, Ni-IRMOF-74-II and -III
with the weaker forces of attraction between the nanoMOFs and
ssDNA could transport ssDNA into cells and release them, showing
great potential in intracellular transmission [146]. Apart from that,
ZIF-8 is an outstanding representative for drug delivery, which is
constructed by zinc ions and 2-methylimidazole and possesses
unique merits such as high porosity and stability, good biosecurity,
pH-induced degradability. Nano-sized ZIF-8 [147-150] is relatively
convenient to prepare and has been widely used as nanocarriers
for the loading of various agents including some functional inor-
ganic nanoparticles, the small molecule anticancer drugs and some
large molecule cargos such as enzymes, peptides, proteins
[118,151-161]. Recently, Willner and co-workers encapsulated
two drugs (e.g. insulin and anti-vascular endothelial growth factor
aptamer (VEGF aptamer)) and glucose oxidase (GOx) into ZIF-8
nanoparticles to build a glucose-responsive vehicle for drugcon-
trolled release [162]. The nanohybrids-induced acid microenviron-
ment results in the degradation of ZIF-8 nanoparticles and the
release of the loaded drugs (Fig. 12). Finally, the synergistic effect
of double-drugs will greatly improve the therapeutic efficiency.

Furthermore, Willner and co-workers continued to use ZIF-8 as
the carrier to simultaneously load B-galactosidase, glucose oxidase,
and horseradish peroxidase. B-galactosidase can first convert lac-
tose to glucose. Whereafter, glucose oxidase can convert glucose
to gluconic acid and hydrogen peroxide (H,0,) in the presence of
oxygen. Then, horseradish peroxidase can convert amplex red to
resorufin with the assistance of H,0,. Finally, the multienzyme-
integrated MOF system can significantly enhance the catalytic cas-
cades activity [163].

3.3. NanoMOFs as therapeutic agent for cancer
In addition to being used as carriers of anticancer drugs for

tumour treatment, some functional MOF materials can not only
act as carriers, but also can be directly used as therapeutic agent

for cancer. Porphyrinic-based MOFs are one of the best representa-
tives. In 2014, Lin and coworkers reported a kind of porphyrin-
based nanoMOF for photodynamic therapy (PDT) of cancer [120].
The DBP-UiO nanoplate with 100 nm diameter and 10 nm thick-
ness was obtained by reacting 5,15-di(pbenzoato)porphyrin
(DBP) and Hf*" through a solvothermal method. The porphyrin
loading of the nanoplate was as high as 77 wt% and the results
showed that the production of singlet oxygen (10,) increased by
at least two times compared with that of free porphyrin. Finally,
the DBP-UiO nanoMOF showed enhanced PDT efficiency for head
and neck tumour cells.

Zhou and coworkers reported a series of porphyrinic MOFs with
different topologies, i.e. PCN-222, PCN-223, PCN-224 and PCN-225,
which were constructed by Zrg clusters and TCPP or TCPP(M)
(M = Ni, Cu, Zn, Co, Mn or Fe) [164-166]. In 2016, Zhou and collab-
orators further developed a size-controlled synthesis of PCN-224
for PDT (Fig. 13). In this study, a wide size range of PCN-224
nanoparticles from 30 to 190 nm were prepared by introducing
benzoic acid as a modulator. After being modified with folic acid,
these nanoparticles were examined for size-dependent cellular
uptake and in vitro PDT, and the result showed that the 90-nm
PCN-224 nanoparticles had the best PDT effect, suggesting a
promising PDT therapeutic agent [119].

Dong and coworkers reported a novel UiO-66 type of nanoMOF-
based photosensitizer (UiO-66-TPP-SH), which was produced by
combining the nanosized UiO-66 with S-ethylthiol ester monosub-
stituted metal free porphyrin (TPP-SH) via a post-synthetic
method. The surface-modified nanoMOF (about 150 nm in diame-
ter) with porphyrin PS can maintain the size, crystallinity and
structural characteristics of the original MOF. In addition, in vitro
experiments showed that the UiO-66-TPP-SH exhibited more
effective PDT effect on cancer cells [167].

Radiotherapy (RT) has been widely used clinically due to its
high efficiency to kill cancer cells. However, high-dose radiation
can cause damage to normal cells while acting as a cure. High-Z
metals such as Au, Hf, and Ru are usually used for radiosensitizers
for enhanced radiotherapy. For instance, Au nanoparticles or clus-
ters can enhance the radiotherapy [168-172]. Hf-based MOF has
been developed as an efficient agent for radiotherapy [122,173].
Recently, Lin and co-workers reported Hf-DBB-Ru [DBB-Ru=
bis(2,2’-bipyridine)(5,5’-di(4-benzoato)-2,2'-bipyridine) ruthenium
(I) chloride] as a mitochondria-targeted nanoMOF for RT-RDT.
Due to the higher atomic number, both Hf and Ru can act as
radiosensitizers to enhance the efficiency of RT. Under X-ray irradi-
ation, hydroxyl radical (-OH) and '0, generated concurrently from
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Fig. 13. Schematic illustration of PCN-224 structure and the spherical PCN-224 nanoparticles on the basis of cubic units with different sizes. Reproduced from ref. 119 with

permission of American Chemical Society, copyright 2016.

the nanosized Hf-DBB-Ru. Both in vitro and in vivo experiments
showed that the mitochondria-targeted RT-RDT could significantly
kill the tumour cells [174].

Recently, a hierarchical W;3@Hf;,-DBB-Ir structure, which
simultaneously contains three high-Z components, i.e. Hf, Ir and
W, was reported. Under the irradiation of X-ray, W;g@Hf;,-DBB-
Ir can generate -OH from Hf;, SBUs, '0, from DBB-Ir ligands, and
superoxide generation from W;g polyoxometalates, respectively.
The nanoMOF showed excellent anticancer efficacy via the syner-
gistic killing effect of different reactive oxygen species (ROS) [175].

In general, porphyrin-based MOFs not only exhibit excellent
PDT effect, but also can load drugs or functional components to
achieve enhanced cancer therapy [168]. Yin and coworkers used
a nanoscale porphyrinic MOF, PCN-222, to load doxorubicin
(DOX) for synergistic chemotherapy and PDT [176]. Due to the
non-covalent interaction between PCN-222 and DOX, the PCN-
222 nanoparticles possessed a 109% DOX load and pH-response
release. Further tests showed that drug release was slow under
normal physiological conditions, but it was accelerated under
slightly acidic conditions. This drug release behavior can enhance
the treatment efficacy on tumour cells and lower the side effects
on normal cells. In addition, 59.8% of porphyrins in PCN-222 pro-
duced excellent PDT efficacy. Under the irradiation of 655-nm
laser, the apoptosis of 90% tumour cells was achieved by the syn-
ergistic treatment of DOX@PCN-222. Compared with PDT or
chemotherapy alone, DOX@PCN-222 exhibited a higher therapeu-
tic effect on HepG2 tumour-bearing mice, indicating that this
porphyrin-based MOF platform is highly effective for synergistic
PDT and chemotherapy.

Internal hypoxia is ubiquitous in solid tumours. To solve this
problem, Qu and co-workers prepared a platinum-loaded PCN-224
(PCN-224-Pt) nanoMOF platform for enhanced PDT [177] (Fig. 14).
Due to the high level of H,0, in the tumour microenvironment,

the Pt nanoparticles can catalyze H,O, to produce O, within
tumour, thereby promoting the production of cytotoxic '0, and
killing tumour cells. In vitro experiments showed that the cell
apoptosis with PCN-224-Pt under red laser irradiation was signifi-
cantly higher than that of PCN-224 under low oxygen conditions.
In the H22 tumour-bearing mouse model, the anti-tumour perfor-
mance in vivo confirmed that the injection of PCN-224-Pt after
irradiation completely inhibited tumour growth, while the injec-
tion of PCN-224 after PDT only partially inhibited tumour growth.

To address oxygen depletion in the tumour, more and more
attention has been paid to type I PDT, which is independent on
oxygen level. Recently, a novel Ti-TBP nanoMOF which consists
of Ti-oxo SBUs and 5,10,15,20-tetra(p-benzoato)porphyrin (TBP)
ligands was used for type I PDT. First, Ti-TBP can produce 0, under
the irradiation of light. In addition, electron transfer between the
metal center and the ligand promoted the generation of superox-
ide, H,0,, and -OH. By gathering four different ROS, Ti-TBP-
mediated PDT showed high anti-cancer efficiency [178].

Cai et al. reported a biodegradable nanoMOF therapeutic agent
for enhanced PDT by simultaneously supplying oxygen and reduc-
ing the amounts of intracellular glutathione (Fig. 15). The nano
CuTz-1 with size of about 100 nm was first prepared. In vitro
experiment showed that this cupric ion-based MOF could generate
-OH and O, in the presence of H,0, by a Fenton-like reaction under
light irradiation. And the nanoparticles can maintain their original
structure and properties before and after light exposure. Moreover,
due to the mutual attraction of copper ions and oxygen, the CuTz-1
nanoparticles could carry oxygen into tumour cells, which could
relieve intracellular hypoxia. Additionally, CuTz-1 could consume
intracellular glutathione, thus enhancing the efficiency of PDT
again. After being modified by a biocompatible polymer F127 and
via tail intravenous injection, the nanoparticles showed high anti-
tumour efficiency through a synergistic effect. Moreover, after
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being injected into mice via tail vein, the CuTz-1-0,@F127 was
biodegradable and could be excreted in the form of feces and urine,
indicating significant prospects in the clinical application [179].
In addition to PDT, a few nanoMOF platforms have been
reported to be used for photothermal therapy (PTT) of tumours.

Xie and coworkers coated NIR-absorbing polymer (polyaniline,
PAN) on the surface of nanoUiO-66 to build UiO-66@PAN (ca
100 nm). Under the irradiation of 808-nm laser, the photothermal
conversion efficiency of UiO-66@PAN reached 21.6% and it showed
efficient PTT both in vitro and in vivo [180]. In another work, the
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same group prepared TCPC-UiO by adding photosensitive chlorin
into Hf-Ui0-66 without changing its original topological structure
by using a simple mixing component strategy. The TCPC-UiO with
an average size of 100-130 nm has high photostability, good bio-
compatibility and effective photodynamic and photothermal ther-
apeutic effects attributed to the spatial arrangement of TCPC
ligands. Moreover, while the Hf element enables the nanoscale
TCPC-UiO platform to have the CT imaging function, it also greatly
enhances the phototherapy under laser irradiation due to the
heavy atomic effect. Good photothermal conversion efficiency is
conducive to the follow-up use of TCPC-UiO in photoacoustic imag-
ing and PTT (Fig. 16). In vivo tests showed that the as-prepared
TCPC-UiO had distinct anti-tumour effect on tumour-bearing mice,
and its tumour inhibition rate was up to 90% [181].

4. NanoMOFs for enhanced catalysis

In the catalytic reaction, the phenomenon of accelerating the
chemical reaction rate due to the intervention of the catalyst is
called catalysis. The catalyst interacts with the reactants, changing
the reaction pathway, thereby reducing the activation energy of
the reaction, which is the reason why the catalyst can increase
the reaction rate.

It is of interest to employ active sites on the metal nodes and/or
organic linkers of MOFs, as it enables the on-site separation of con-
trolled components for catalysis [182,183]. In addition, although
the profitable porosity of MOFs is beneficial for catalysis, the
approachability of active sites and mass transfer still remain chal-
lenging, especially when the catalytic reaction involves large sub-
strates, which are subject to diffusion to internal catalytic sites.
One method to improve the spread of reactants and products in
MOF materials is to manufacture nanoMOFs to reduce diffusion
barriers. In the earlier time, Kitagawa and coworkers synthesized
different-sized Yb-MOF-76 and investigated the catalytic activity
on isomerization reaction of 1-hexene. The result revealed that
the catalytic performance of submicrosized Yb-MOF-76 was higher
than that of microsized Yb-MOF-76. Due to the rapid diffusion of
the substrate to the internal pore surface, it can lead to a large
amount of actual functional catalytic sites [184].

Farha and coworkers reported a Zr-based mesoporous MOF (i.e.,
NU-1000) and investigated the effect of crystallite size on the
hydrolysis of methyl paraoxon. Different sizes of NU-1000 particles
from nanoscale to microscale were synthesized (Fig. 17a-d). Under
certain conditions, the catalytic activity clearly increases with the
decreased size of NU-1000 (Fig. 17e), because smaller particles
show a larger external surface area that allows reactants to perme-
ate more rapidly into NU-1000 nanoparticles [185]. In another
related example, Farha and coworkers prepared a Zr-based MOF,
NU-1003, which has large mesopores (approximately 4.5 nm)
and allows the loading of the nerve agent hydrolyzing enzyme,
organophosphorus acid anhydrolase. Meanwhile, nanosized NU-
1003 was prepared to accelerate diffusion of the nerve agent to
go through the MOF-enzyme hybrids. As a result, the activity of
the hybrid was better than that of the free enzymes [186]. Signifi-
cantly, it is a difficult task to maintain or exceed the activity of free
enzymes compared with composites. This work demonstrated the
powerful advantages of nanoMOF materials as catalytic carriers.

Another key point in the catalytic application of nanoMOF
materials is their monodispersity. In fact, although many nano-
MOFs can be synthesized into monodispersed particle sizes, many
more are crystallized in a multi-dispersed manner. Considering
that the size of nanoMOF has an important effect on the catalytic
activity, it is important to ensure that the sample contains
monodispersed particle sizes before concluding on the catalytic
activity. Wang and co-workers reported a nanoscaled copper-
based MOF as a heterogeneous catalyst for aerobic epoxidation of
olefins and oxidation of benzylic and allylic alcohols. When
copper-based MOFs with different sizes were used, the nano-
sized Cu-MOF-2 showed best catalytic reactivity. This catalytic
activity of nano Cu-MOF-2 was further extended to the oxidation
of alcohol with similar reaction conditions. This result demon-
strated that the increased monodispersity can effectively enhance
catalytic performance [187].

In another typical example, Schmidt and coworkers recently
presented a general method to synthesize a nanoMOF/polymer
hybrid with stimuli-responsive dispersibility and enhanced photo-
catalytic performance in liquid phase [188]. To be specific, by
employing hollow pollen as initial substrate, an environment-
responsive polymer, poly(2-(dimethylamino)ethyl methacrylate)



X. Cai et al./Coordination Chemistry Reviews 417 (2020) 213366 15

£ 604
c
L] -
g
S 404
c
[«]
O | 75nm
® 150 nm
20 A 500nm ]
v 1200 nm
» 15000 nm ]
0 v ——
0 10 20 30 40 50 60 70

Time (min)

Fig. 17. SEM images of NU-1000 nanoparticles with different sizes. (a) 50-100 nm; (b) 100-200 nm; (c) 300-700 nm; (d) 800-1600 nm. (e) Hydrolysis rates of methyl
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ref. 185 with permission from Royal Society of Chemistry, copyright 2015.

(PDMAEMA) was then coated on the surface, finally the nanosized
Cuy(bdc),(dabco) can be incorporated into the pollen-PDMAEMA
composites (P-pollen) to concurrently increase dispersibility and
enhance the photocatalytic performance. Furthermore, the cat-
alytic performance can be controlled by a stimulable transition
of the PDMAEMA chains exposing or hiding the catalytic sites of
Cuy(bdc),(dabco), respectively (Fig. 18).

Very recently, Fischer and coworkers reported on the prepara-
tion of surface-anchored nanoUiO-66 with PDMS for enhanced
catalysis (Fig. 19). The surface-coated PDMS can prevent nano-
MOFs from agglomerating and maintain high specific surface area.
Therefore, the structure, particle size and surface functional groups
of the nanoMOFs did not change before and after the catalytic reac-
tion. However, the colloidal nanoMOFs agglomerated after the
reaction. As a result, the PDMS-modified nanoUiO-66 exhibited a
boost in activity compared with the block-shaped UiO-66
and colloidal-dispersed nanoUiO-66 in the cyanosilylation of
benzaldehyde. In addition, the performance of the surface-anchored
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nanoMOFs was much better than that of block-shaped MOFs and
defect-engineered MOFs in other catalytic systems including the
cycloaddition reactions of carbon dioxide and propylene oxide to
propane carbonate. This work greatly highlighted that nanoMOFs
with high monodispersity had resplendent application prospects
in the field of catalysis [189].

In addition, the nanoMOFs have been investigated as the hosts
for guest active species toward catalysis. Jiang and coworkers fab-
ricated a Pd nanocubes@ZIF-8 core-shell complex by encapsulating
the Pd nanocubes in nanosized ZIF-8 (250-350nm). This
nanocomposite can selectively and effectively catalyze the hydro-
genation of olefins under the conditions of room temperature,
1 atm H; and light irradiation. The Pd cores can produce plasmonic
photothermal effects. The ZIF-8 shell performs a triple function: it
can be used as a “molecular sieve” to filter olefins with certain
sizes, stabilize Pd nanocubes and accelerate the reaction by
enriching H,. It is worth noting that the catalytic efficacy with
60 mW cm 2 full-spectrum or 100 mW cm 2 visible-light
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Fig. 18. (a) Schematic illustration of the nanosized Cuy(bdc),(dabco)@P-pollen composite for enhanced liquid-phase photocatalytic reactions. Adapted from ref. 188 with

permission from Royal Society of Chemistry, copyright 2019.
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irradiation at room temperature was similiar to that under condi-
tions of heating at 50 °C. In addition, such a catalyst is stable and
easy to recover during the reaction. This is the first combination
of the plasma-driven photothermal conversion performance of
metal nanoparticles with the excellent properties of nanoMOFs
for efficient and selective catalysis [190].

The 1-D MOF nanomaterials have been reported toward effi-
cient catalysis. As a representative study, PA-6@TiO,@UiO-66-
NH, and PA-6@TiO,@Ui0O-67 MOF-nanofiber structures exhibited
remarkable catalytic performance for the decomposition of chem-
ical warfare agents (CWA), in which the two MOF nanofiber cata-
lysts enabled short half-life of simulant 4-nitrophenyl phosphate
(DMNP) and high conversion in 60 min. In addition to DMNP, the
MOF-nanofiber composites can be also used for the degradation
of nerve agent GD. The three MOF-nanofiber composites all
showed high GD destruction speed and conversion rate within
10 min, indicating the good prospects of MOF-nanofiber for degra-
dation of CWA [109].

5. NanoMOFs for energy

While nanoMOFs have achieved great success in the field of bio-
medicine, the energy-related applications have not been fully
explored. Particularly, the larger external surface areas and smaller
sizes make it easier for them to combine closely with other mate-
rials to form hybrid materials for use in energy, such as in solar
cells, batteries and supercapacitors. Recently, nanoMOFs have been
regarded as promising candidates for cathode materials with excel-
lent performances. Ho and coworkers coated MOF-525 nanoparti-
cles with size of about 200 nm and the conductive sulfonated

(a)|—> 1D Carbon fiber in CC SR
. - Conductive binder s-PT z
—p MOF-525 e S5

B

polythiophene (s-PT) on carbon cloth to prepare a flexible counter
electrode [191]. The zirconium oxo clusters and porphyrin ligands
in MOF-525 acted as redox active sites for I'/I>" palingenesis, and
the pores provided more channels for catalytic sites. The composite
layer wrapped the 1-D fibers of the carbon cloth to form a core-
shell structure, where the core provided the major electronics
transport and the shell acted as a catalyst (Fig. 20a, b). Adjusting
the content of MOF-525 nanoparticles can equilibrate the catalytic
and conductive effects. The performance of 3 wt% MOF-525 was
the highest, and the battery efficiency could reach up to 8.91%,
and it can be further increased to 9.75% in dim light (Fig. 20c).

MOF nanocrystals can also be used in supercapacitors. Wang
and coworkers prepared a flexible MOF-based supercapacitor by
coating nanosized ZIF-67 with sizes of about 300 nm on a carbon
cloth, followed by the coating of polyaniline. The open pores in
MOF made the electrolyte easy to diffuse, while polyaniline
enabled electrons to enter the MOF surface, thus obtaining a high
surface capacitance [192]. In another related study, a
polyoxymetalate-based nanoMOF with size smaller than 100 nm
were coated on polypyrrole. Thanks to the excellent electron trans-
fer capability of the polyoxymetalate, the conductive ability of the
nanoMOF/polypyrrole as well as the accessibility of active sites in
the nanoMOFs, the electrode and the symmetric supercapacitor
showed a high performance [193].

NanoMOFs as the hosts for guest active species have also been
applied to the energy field. Jiang and coworkers encapsulated Pt
nanoparticles inside nanosized UiO-66-NH, to construct Pt@UiO-
66-NH, nanocatalyst for photocatalytic hydrogen production by
water splitting. Through ultrafast transient absorption and multi-
ple techniques, they proved that the Pt@UiO-66-NH; could shorten
the electron-transport distance, thus promoting the separation of
electron-hole. Finally, Pt@UiO-66-NH, hybrids exhibited good
charge-carrier utilization and thus achieving a high photocatalytic
activity for hydrogen production. Moreover, the Pt@UiO-66-NH,
nanocatalyst possessed excellent stability and recyclability thanks
to the perfect confinement of Pt nanoparticles in the nanoMOF.
This study provided a promising perspective for nanoMOF-based
materials to be used in solar energy conversion [194].

1-D MOF nanomaterials also have good application prospects in
energy. Wen et al. prepared nickle MOFs/carbon nanotubes (Ni-
MOF/CNTs) hybrids, which had great electrochemical performance
thanks to the synergetic effects of the unique structure of Ni-MOF
and the highly conductive CNTs. To further investigate the capaci-
tive property of the electrode, an asymmetric supercapacitor
device by employing Ni-MOF/CNTs as positive electrode and
reduced graphene oxides/graphitic carbon nitride (rGO/g-C3Ny4)
as negative electrode was prepared and showed a high energy
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Fig. 20. (a) The core-shell structure of MOF-525/s-PT composite film coated on the carbon cloth. (b) SEM images of 3 wt% MOF-525/s-PT. Inset is the high magnification. (c)
Photocurrent density-voltage curves of the DSSC with 3 wt% MOF-525/s-PT, illuminated under 10 and 100 mW cm™2, respectively. Adapted from ref. 191 with permission

from Elsevier Ltd, copyright 2017.
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density of 36.6 Wh kg~! at a power density of 480 W kg~ !. In addi-
tion, this supercapacitor showed a long cycle life after 5000 charge/
discharge measurements [195].

Zhao and coworkers prepared a kind of multilevel carbon
nanotubes/nickel-trimesic acid hybrids (MWCNTs@Ni(TA)) by a
solvothermal method. The results indicated that carboxyl-
modified MWCNTs played a key role in inducing the change of Ni
(TA) from spherical shape to nanoscale flower shape. Electrochem-
ical tests indicated that the flower-shaped MWCNTs@Ni(TA)
hybrids had a higher specific capacity and a better rate capability
than the spherical Ni(TA). In addition, the MWCNTs@Ni(TA) elec-
trode also possessed great cycling stability [196].

6. NanoMOFs for membrane separation

Gas separation membrane is a new technology that has devel-
oped rapidly in recent years. Different membranes have different
permeability and selectivity for different kinds of gas molecules,
thus a certain gas can be selected and separated from the gas mix-
ture. MOF materials have received great attention because of their
good gas storage/separation performance. In some early studies,
the free-standing MOFs membranes have been successfully pre-
pared for gas separation. Peng and co-workers prepared a kind of
HKUST-1 free-standing membrane by employing copper hydroxide
thin films as templates [197]. The obtained HKUST-1 membranes
possessed excellent gas separation performance beyond Knudsen
selectivity. The separation factor of the HKUST-1 membrane for
Hz/CH4, Hz/Nz, Hz/Oz and Hz/COz was 2.5, 3.3, 34 and 4.2,
respectively.

Wu et al. reported the preparation of free-standing ZIF-8
membrane by using electrospun nanofibrous mats as templates
[198]. When the 1:1 mixture of N,/CO, was used to test the
gas separation performance of the ZIF-8 membrane, it showed
better CO, separation effect due to the high specific surface area
and the stronger adhesive force of ZIF-8 to CO,. The final sepa-
ration factor of N,/CO, was 2.4, showing good gas separation
performance.

Although free-standing MOF membranes exhibit good gas sep-
aration performance, some disadvantages such as the fragility and
lower permeability limit their further applications. Recent studies
have shown that the membrane prepared by doping porous MOF
materials into polymers or other matrices has excellent gas separa-
tion properties. Such composite materials can simultaneously inte-
grate the processability of polymer (or other matrices) and the
good separation performance of MOFs. Among them, nanoMOF-
based hybrid matrix membranes composed of nanoMOFs bonded
to polymer or other matrices show more excellent performance.
First of all, in the present industrial applications, the thickness of
a polymer membrane is usually about 100 nm. Therefore, it is more
practical to use nanoMOFs to build a membrane. Secondly, smaller-
sized MOF particles are easier to uniformly and closely integrate
with matrices, thus improving the stability of the membrane.
Thirdly, the composite membranes can simultaneously maintain
the high selectivity of the nanoMOFs and the high permeability
of the polymer. In this part, we will just review the recently repre-
sentative progress of nanoMOFs for mixed matrix membranes,
more comprehensive summaries can be referred to other reviews
[199,200].

The polymer polyimide (PI) has been widely studied for gas sep-
aration because of its excellent permeability [201]. Jin and cowork-
ers integrated nanoscale ZIF-8 with PI to prepare MOF/PI mixed
matrix membranes for enhanced gas separation performance
[202]. The surface of ZIF-8 nanoparticles (30-60 nm) was first
coated a thin layer of polydopamine, which not only could protect

the pores of ZIF-8 from choking, but also would enhance the
affinity between ZIF-8 and the polymer PI. Whereafter, the PI
polymer readily attached to the surface of polydopamine to
construct nanoZIF-8/PI membranes, which combined the high
selectivity of ZIF-8 with the high permeability of PI. The results
showed that the gas separation performance of the membrane
composites exceeded the most advanced Robeson upper bound
for gas pairs of Hy/N,, Hy/CH4 and was close to the upper bound
of O,/N, gas pair.

In another work, Long and collaborators incorporated a series of
nanoscale M-MOF-74 (M = Mg, Mn, Co, Ni) into the PI matrix to
prepare MOF/PI membranes for the separation of ethylene and
ethane [32]. The particle sizes of Co-MOF-74 and Ni-MOF-74 were
17 +3 and 18 + 5 nm, respectively. While the sizes of Mn-MOF-74
and Mg-MOF-74 nanoparticles were relatively large, which were
100 £ 20 and 200 + 50 nm, respectively. The as-prepared MOF/PI
membranes possessed improved adsorption selectivity and
increased permeability towards ethylene. In particular, thanks to
their smaller sizes as well as the strong interactions between nano-
MOFs and the polymer, the nanosized Co-MOF-74 and Ni-MOF-74
doped membranes could greatly enhance ethylene/ethane separa-
tion performance.

Many other polymers or matrices are also widely used to com-
bine with nanoMOFs to produce composite membranes. Recently,
Chen and coworkers reported several nanoMOF/organosilica com-
posites on a tubular ceramic substrate for high gas separation per-
formance [203]. Nanosized ZIF-8, MIL-53-NH, and CAU-1-NH,
were first doped into organosilica to prepare MOF/organosilica
hybrids. Due to high affinity between organosilica and ceramic
substrate, the MOF/organosilica was then easily coated onto a
tubular ceramic substrate (Fig. 21a). It is worth pointing out that
the thickness of the as-prepared MOF/organosilicone layer is about
100 nm, and the very thin film plays a positive role in the subse-
quent separation application. Especially, the as-obtained ZIF-8
and MIL-53-NH, organosilicone nanocomposite membrane was
proved to be one of the best MOF substrates. As shown in
Fig. 21b, the ZIF-8/organosilica membrane has a high selectivity
for Hy/N, and H,/CH4 mixtures. In particular, the selectivity of
ZIF-8/organosilica towards the separation of H,/CH4 mixture was
26.5. The MIL-53-NH,/organosilica membrane also exhibited great
separation performance towards CO,/CH4 mixtures and the selec-
tivity was 18.2. These two parameters are much higher than those
of reported pure MOF membranes.

In another work, Sivaniah and coworkers synthesized a mixed
matrix membrane to effectively capture CO, via dispersing
amine-modified nanosized UiO-66 with particle size of 20-30 nm
into PIM-1 polymers [204]. The nanoMOF in the hybrid can
enhance its dispersion in the polymer matrix and minimizes the
formation of non-selective micropores around the particles.
Amine-modified UiO-66 can increase the mutual effect with the
PIM-1 matrix. Finally, the high-performance membrane was
obtained and showed high permeability selectivity for CO,/N,
separation.

Helms and coworkers reported the interposition of a kind of 1-D
mmen-Mg,(dobpdc) nanorods with a size of 100-200 nm into the
polymer to prepare the MOF/polymer membrane for CO,/N, sepa-
ration (Fig. 22). First of all, the mmen-Mg,(dobpdc) has shown
good adsorption performance towards CO,. The nanoMOF/polymer
can be used to increase the solubility of CO, gas in the membrane,
thereby increasing its permeability. In addition, the use of nano-
sized mmen-Mg;(dobpdc) also promoted the CO,/N, separation
efficiency. Finally, when the nanoMOF/polymer membrane was
used in the CO,/N, separation experiments, the permeability of
CO, was doubled, and the selectivity of CO,/N, separation was also
improved accordingly [205].
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Fig. 21. (a) Schematic of the nanoMOF/organosilica complex membrane on an alumina substrate for gas separation. (b) The selective separation of Hy/CH,4, Hy/N3, CO,/CH4
and CO,/N, by the ZIF-8/organosilica (A), MIL-53-NH,/organosilica (B) and CAU-1-NH,/organosilica (C) membranes. Adapted from ref. 203 with permission from Royal

Society of Chemistry, copyright 2017.

Fig. 22. (a) Schematic of mmen-Mg,(dobpdc) nanorods in a mixed matrix membrane with high permeability and selectivity for CO,/N; separation. Reproduced from ref. 205

with permission from the American Chemical Society, copyright 2017.

7. Conclusions and perspectives

In this review, we summarized recent advances in general syn-
thetic strategies to obtain nanoMOFs with uniform size and good
monodispersity as well as the MOF-based 1-D nanomaterials.
Obviously, this work is extremely challenging. Currently, there
has been yet one method to prepare uniform nanoMOFs with all
kinds of structures. By carefully segregating the nucleation and
growth process during the synthesis of MOFs, solvothermal and
microemulsion methods offer the greatest possibility. However,

due to the diversity of MOFs and the complexity of their growth
process, more efforts should be made in the future.

As for the applications of nanoMOFs, they are currently most
widely used in the field of biomedicine thanks to their proper sizes,
chemical versatility, good biocompatibility, tunable structure,
appropriate and physiological stability, etc. Some nanoMOF mate-
rials with therapeutic functions, such as porphyrin-based MOFs,
can not only directly act as therapeutic agents, but also can be used
as drug carriers to load anticancer drugs, so as to achieve synergis-
tically enhanced treatment of tumours. However, the study on
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nanoMOF materials for clinical application is still in its infancy at
present. NanoMOF therapeutics with high biological safety is
urgently needed in the future. In the fields of catalysis, nanoMOFs
possessing very high external surface area, coupled with the
shorter diffusion pathway of reactants and products, are highly
desired and beneficial to catalytic efficiency. In addition, past
investigations have witnessed the superiority of metal nanoparti-
cles/MOF composites for improved catalytic performance. How-
ever, the nano-sizes, uniformity and monodispersity of MOFs in
these composites have been largely ignored so far. We propose to
use uniform and monodispersed nanoMOF materials to load tiny
metal nanoparticles, and the resulting catalysts might have great
potential for further improvement in catalytic performance. In
addition, nanoMOF materials provide great adaptability/compati-
bility with other components, which greatly facilitates the integra-
tion of their respective advantages, thereby improving the
catalysis-, energy- and membrane separation-related performance
of resultant composites.

Obviously, more applications will benefit from the intrinsic
properties of smaller microcrystalline MOFs. Therefore, it is impor-
tant to continue to advance the size-controlled synthesis of nano-
MOFs. Many recent findings have confirmed the excellent
performance of nanoMOFs in diverse fields, in addition to the
examples we discussed above. With continued efforts of scientists
and development of the nanoMOF field, we expect to see more
rational and general approaches to manipulate the controlled syn-
thesis of nano-sized MOFs, and thus to serve for enhanced perfor-
mances. We believe many exciting results related to nanoMOFs
will be reported in the near future.
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