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In the last two decades, metal—organic frameworks (MOFs), as a class of porous crystalline materials formed
by organic linkers coordinated-metal ions, have attracted increasing attention due to their unique
structures and wide applications. Compared to single components, various well-designed MOF-based
composites combining MOFs with other functional materials, such as nanoparticles, quantum dots,
natural enzymes and polymers with remarkably enhanced or novel properties have recently been
reported. To efficiently and directionally synthesize high-performance MOF-based composites for
specific applications, it is vital to understand the structural-functional relationships and role of MOFs. In
this review, preparation methods of MOF-based composites are first summarized and then the
relationship between the structure and performance is determined. The functions of MOFs in practical
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1. Introduction

Metal-Organic Frameworks (MOFs) are crystalline porous
materials formed by self-assembly of central metal ions or
clusters with bidentate or multidentate organic ligands via
coordination bonds.*™ MOFs have extensively been investigated
since their discovery in the early 1990s due to their highly
ordered porosity, incredibly elevated internal surface areas, and
adjustable structures. Hence, MOFs quickly became popular
materials for almost twenty years.>® So far, great efforts have
been devoted to the design and preparation of MOFs with new
structures and functions, as well as exploration of their poten-
tial applications in various fields like gas adsorption/
separation, catalysis, sensors, drug delivery, magnetic mate-
rials and optical devices.”" Unfortunately, in some cases, the
performance of MOF materials is not very satisfactory, and there
is still a long way to go in order to achieve enhanced
practicality.”

Compared to traditional porous materials, MOFs are
advantageous in terms of geometry and properties, where open
channels in MOFs can be designed and finely adjusted using
different metal nodes/organic ligands according to targeted
applications.'** Due to their structural diversity and adjust-
ability, MOFs are ideal host platforms for the immobilization or
encapsulation of other functional materials, such as nano-
particles (NPs), quantum dots, polyoxometalates, enzymes, and
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structural—functional relationship in MOF-based composites from a new perspective.

polymers.**™* Interestingly, MOF composites always exhibit
significantly enhanced or even novel properties when compared
to single-component materials owing to the synergy between
the materials.”*** Technically, the catalytic activity of embedded
NP catalysts could remarkably be enhanced due to the confined
environment provided by the MOF cavities.”>*® By taking
advantage of the barrier effect in MOF channels on the diffusion
of foreign molecules, MOF composites could be designed as
sensors with recognition of molecular size.>**” In addition, it
was found that fragile enzymes may exhibit excellent tolerability
under harsh conditions while maintaining high activities after
encapsulation in MOFs.?**® Therefore, MOF-based composites
have attracted increasing research interest, and great efforts
have been devoted to the design and construction of various
MOF-based composites in an effort to further enhance their
performances and expand their applications. However, despite
the great progress, achieving functionality between the MOF
host and guest species is still challenging for specific applica-
tions of MOF-based composites. Hence, it is vital to identify the
structural-functional relationship in MOF composites to effi-
ciently and directionally synthesize specific MOF composites for
particular applications.

Numerous excellent reviews discussing the synergistic effect
between MOFs and other functional materials have so far been
published.*'** Most of them focused on the synthesis of MOF-
based composites or their applications in catalysis or sensing
fields.**>” By contrast, the functions of MOF components
determining their practical applications are still not well iden-
tified. In fact, some studies suggested that enhanced perfor-
mances and expansion of MOF-based composite functions

This journal is © The Royal Society of Chemistry 2020
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essentially result from the unique internal structures and
properties of MOFs instead of those of other incorporated
functional materials.*®* Therefore, it is important to clarify the
role of MOFs in composites to better understand the relation-
ship between the structure and function of MOF-based
materials.

In this review, recent progress in MOF-based composites is
summarized in an effort to clarify the structure-performance
relationship of MOF-based composites, with particular
emphasis on the functions of MOF components for practical
applications. Common fabrication methods of MOF-based
composites with their advantages and disadvantages are first
introduced. Then, the influence of internal composition,
structures and properties, as well as external encapsulation
status characteristics of MOFs on the performance of compos-
ites is then discussed according to the functions of MOF
components in applications of MOF-based composites. Finally,
current challenging issues of such composites are presented
and analyzed. We believe that the review will provide a better
understanding of MOF-based composites for better-controlled
construction and application to further stimulate the interest
of chemistry enthusiasts.

2. Construction methods of MOF-
based composites

The application performances of MOF-based composites are
closely related to the MOF intrinsic structure, as well as
composite apparent morphology and structure. To construct
MOF-based composites, numerous synthetic methods have so
far been developed, which could be divided into five types: (i)
surface modified encapsulation, (ii) in situ generation in MOF's
cavities, (iii) self-sacrificed template method, (iv) step-by-step
construction of the sandwich-like heterostructure, and (v) one-
pot synthetic method (Scheme 1).

2.1. Surface modified encapsulation

The encapsulation method, also called “build-bottle-around-
ship”, is based on two main steps: (i) NPs with uniform size,
structure and morphology are prepared; (ii) MOF shells are
grown on presynthesized NPs. Generally, great lattice structure
barriers between MOFs and encapsulated materials often exist,
leading to self-nucleation of MOFs instead of forming the
encapsulation structure. To overcome such barriers, structure-
flexible materials have been used bridges to connect MOFs
with encapsulated materials. For instance, Huo et al. and Tsung
et al. subsequently modified NPs with surfactants PVP and
CTAB to compensate the lattice mismatch at NP@MOF inter-
faces (Fig. 1).**** Using such organic surfactants, MOFs could
easily nucleate on the NP surface. Besides surfactants, some
metal oxides or hydroxides could be employed to modify NPs
and grow MOFs.”*"* Using encapsulation, NPs with various
morphologies and sizes can be encapsulated within MOF shells.
Apart from NPs, some other functional materials, including
carbon materials, molecular catalysts, enzymes and so on, as
well can be embedded in MOF cavities via this method.*****

This journal is © The Royal Society of Chemistry 2020

View Article Online

Nanoscale Advances

i Surface modified encapsulation
o @,

® . D
ii In situ generation in MOF’s cavities

s $ %
t\‘ ? ¢ ‘\‘.\3 ‘\9 ~9

1 1" %
L e e “\1' & Q\%
- 8 N

iii Self-sacrificed template method

Yo G @

QO Vv 0 Y
v

iv  Step-by-step construction of sandwich-like heterostructure

$ P P g
s> @ 9 P ‘\‘:5 <P
\

N & \ &Ny \
® > o
V  One-pot synthetic method
v e <
Y V\’\‘ v\
® o €« K
‘| MOF @ functional NPs  ,°, metal ions

v

.© precursors organic ligands /V self-sacrificed template

Scheme 1 Main approaches used for the construction of MOF-based
composites.

Unfortunately, the activity of embedded NPs reduced to some
extent due to the presence of surface capping agents or metal
oxide layers. Furthermore, the complicated interfacial struc-
tures make it challenging to study the structural-functional
relationship in these composite materials.

2.2. In situ generation in MOF cavities

The <“ship-in-a-bottle” is another common approach to
construct MOF-based composites. Using this method, MOFs are
first synthesized. Precursors of the embedded material are then
introduced into MOF cavities by diffusion or other ways fol-
lowed by in situ transformations of desired materials in the
MOF cavities via chemical reduction, photoreduction or ther-
molysis, among others.**** The challenge of this synthetic route
is to restrict the formation of embedded materials inside the
MOF matrix and not on their surfaces. Xu et al. developed
a double-solvent method to solve this problem, in which all
precursors were made to diffuse into MOF cavities.*® MIL-101 is
selected as a favorable host material to construct a NP-
embedded structure due to its high stability, elevated pore
volume, and two large hydrophilic cavities. To this end, MIL-101
was first dispersed in a hydrophobic solvent (hexane). Precur-
sors dissolved in the hydrophilic solvent (water) were then
added to n-hexane. The hydrophilicity of MOF cavities led to
adsorption of the precursors dissolved in water in the cavities to
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Fig.1 (a) Scheme of controlled encapsulation of NPs in ZIF-8 crystals.
Transmission electron microscopy (TEM) images of hybrid crystals
containing: (b) 3.4% 3.3 nm Pt NPs, (c) 0.7% 3.3 nm Pt NPs, (d) Ag cubes,
(e) 13 nm Au NPs, (f) 13 nm Au and 34 nm Au NPs in the central area,
and (g) subsequent 34 nm Au nanoparticle-rich cores and 13 nm Au
nanoparticle-rich transition layers. Reproduced with permission.*®
Copyright©2012 Nature Publishing Group.

further in situ transform into desired materials (Fig. 2a). Note
that this double-solvent strategy is not only applied to the in situ
generation of monometallic NPs in MOF cavities, but also to
bimetallic alloys and core-shell structures (Fig. 2b).”>>* Apart
from the double-solvent approach, precursors can controllably
diffuse into the MOF cavities by other methods, such as solution
impregnation, chemical vapor deposition, and solid
grinding.>>>¢

Without modification with organic surfactants, such as
CTAB and PVP, NPs embedded by the in situ generation method
have shown clean surface topographies. In addition, NPs
restricted by MOF cavities looked very small and uniform in
size, beneficial for practical applications. Strikingly, NPs with
some special structures and compositions can readily be
produced by an in situ reaction in MOF cavities acting as
nanoreactors under mild conditions. For instance, Zhou et al.
fabricated uniform truncated octahedral face-centered-cubic
(fee) ruthenium (Ru) NPs with exposed {111} and {100} planes,
which is often difficult to form by traditional approaches, using
a truncated octahedral inner cavity (diameter 2.5 nm) of
a porous coordination cage (PCC-2) as the nanoreactor.”” The
obtained unique structure of Ru NPs yielded high catalytic
activities towards methanolysis of ammonia borane (Fig. 3).
Furthermore, the authors successfully constructed super reac-
tive cobalt nanoclusters in highly negatively charged porous
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Fig. 2 (a) Schematic representation of the synthesis of Pt NPs inside
the MIL-101 matrix using the double-solvent method.*® Copy-
right©2012 American Chemistry Society. (b) Scheme representing the
immobilization of AuNi NPs by the MIL-101 matrix using the double-
solvent method combined with liquid-phase concentration-
controlled reduction (CCR) strategy.®> Copyright©2013 American
Chemistry Society.

Ru*@PCC-2 NH;BH,

Ru NPs@PCC-2

Fig. 3 Scheme representing the synthesis of fcc Ru NPs via PCC-2 as
the template. Reproduced with permission.®” Copyright©2018 Elsevier
Inc.

coordination cages (PCC-2a) via in situ reduction.”® Chen and
Zhou et al. applied ZIF-8 cavities as a confined template to form
sub-2 nm atomically ordered intermetallic PdZn NPs by a co-
reduction method.>-**

Nevertheless, in situ generation still suffers from some
problems. Firstly, the formation process of embedded materials
may destroy the internal structures of MOF templates to some
extent. In addition, the morphology, surface structure and

This journal is © The Royal Society of Chemistry 2020
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density of embedded materials cannot well be controlled,
thereby not conducive to understanding the structure-perfor-
mance relationship of MOF-based composites.

2.3. Self-sacrificed template method

For MOF-based composites, it is very important to control the
encapsulation status of embedded materials within the MOF
matrix finely, which will significantly affect the practical
performances, especially in catalysis and sensing. Although
many construction methods of well-defined NP@MOF
composites have been attempted, finding generalized routes is
quite challenging. The nature of solid reaction and relatively
slow kinetics makes the self-sacrificed template strategy effec-
tive for the fabrication of core-shell or hollow nano-
structures.”**** The key to the successful fabrication of
NPs@MOF composites by using a self-sacrificed template is to
find appropriate template materials and reaction conditions, in
which the release rate of metal ions from the template must
match the coordination rate with organic linkers to guarantee
the formation of the MOF shell on the self-sacrificed template
surface instead of solution. Our group was the first to apply the
self-sacrificed template method to fabricate metal oxide semi-
conductor@MOF composites, where ZnO nanorods did not only
act as template but as a Zn source for the formation of ZIF shells
(Fig. 4a—c).>*% The self-sacrificed template method is simple
and universal, where both metal oxides and alloys containing
transition metals can be utilized as template materials.®*-*® For
example, Wu and Li et al. employed PtNi alloy NPs as template
to successfully fabricate PtNi@MOF-74 composites via a coor-
dination-assisted oxidative etching process (Fig. 4d).®
Compared to other approaches, the self-sacrificed template
route suffers from some limitations when it comes to template
selection, but it provides a possible route to finely control the
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Fig. 4 (a) Scheme of ZnO@ZIF-8 nanorods synthesized by the self-
template strategy. (b) SEM image and (c) XRD pattern of ZnO@ZIF-8
nanorods. Reproduced with permission.?® Copyright©2013 American
Chemistry Society. (d) Scheme and corresponding TEM images of the
coordination-assisted oxidative etching process (scale bars represent
50 nm). Insets are magnified TEM images (scale bars represent 5 nm).
Reproduced with permission.®? Copyright©2015 Nature Publishing
Group.
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structure, thickness and morphology of MOF shells. For
example, in the nanoflower-like RhNi@MOF-74(Ni) synthesis,
our group successfully controlled the thickness of the MOF shell
by tuning the Ni content in the self-sacrificed RhNi alloy
template.*®® Furthermore, we used 2-methylimidazole or 2,5-
dihydroxyterephthalic acid as etching agents to selectively
dissolve Ni or Co elements of RhCoNi ternary alloy NCs to
respectively form MOF-74(Ni) and ZIF-67(Co) shells on the alloy
surface.®”” Due to great differences between the two obtained
MOF shells in terms of aperture/cavity size, the as-prepared
composites looked promising as versatile platforms to system-
atically study the relationship between performance of
composites and structure of MOF shells. Moreover, multi-
component MOF shells can be realized by introducing
another metal source during the formation of MOFs.*

Apart from constructing MOF-based composite nano-
particles, the self-sacrificed template method was also applied
to fabricate some MOF film-based devices in sensor or catalysis
applications.”®”* For example, the ZnO@ZIF-CoZn gas senor
was prepared by coating a layer of ZIF-CoZn thin film on a ZnO
nanowire array via a self-sacrificed template method. In addi-
tion to the dissolved Zn>* from the ZnO nanorod, foreign Co**
was also involved in the synthesis of ZnO@ZIF-CoZn, leading to
the formation of the dual metal MOF thin film on the ZnO
nanowire array (Fig. 5).”

Thus, excellent controllability of the self-sacrificed template
method provides more space to achieve different structured
MOFs on the NP catalyst surface, facilitating in-depth explora-
tion of the structural-functional relationship in MOF-based
composites.

2.4. Step-by-step construction of the sandwich-like
heterostructure

As mentioned above, restricting the formation of functional
materials inside or outside MOF matrices is often challenging.
The random distribution of functional NPs in the MOF matrix
does not only lead to poor practical repeatability of MOF-based
composites but also greatly affect the analysis of the relation-
ship between real structure-function. To solve this problem,

ZIFs coating
Calcination

ZnO nanowire arrays

ALO, substrate

Hydrothermal
growth of ZnO

ZnO@ZIF-CoZn

\

w o/ ZnO@100 nm
ZIF-CoZn

ZIF-CoZn
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Fig.5 Schematicillustration of the preparation of ZnO@ZIF-CoZn gas
sensors Reproduced with permission.”® Copyright©2016 WILEY-VCH
Verlag GmbH & Co. KGaA.
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Tang et al fabricated MOF-supported metal catalysts by
growing additional MOF layers on the catalysts to form a sand-
wich-like structure.>*”*”* They first synthesized MIL-101 loaded
with Pt NPs and then epitaxially grew another MIL-101 shell
with a different thickness outside the as-prepared Pt@MIL-101
particles.”® As a result, all Pt NPs were embedded in the very thin
MIL-101 layer, which did not affect the diffusion of substances
(Fig. 6). The resulting MIL-101@Pt@MIL-101 sandwich-like
catalysts exhibited high selectivity towards the hydrogenation
of the C=O0 functional groups of a,B-unsaturated aldehydes.
Note that thickness of the outer MOF shell in sandwich-like
heterostructures plays a crucial role in the overall catalytic
performance. Thick shells will restrict the diffusions of reac-
tants and products, thereby reducing the reaction conversion
significantly although selectivity should be improved to the
same extent.”

2.5. One-pot synthetic method

Each of the above-mentioned methods involves multiple steps.
In fact, a few examples demonstrated that MOF-based
composites can directly be produced in one step. For example,
Liu and Tang et al. synthesized Au@MOF-5 by directly mixing
Au precursors with MOF-5 precursors.” Using one-pot
synthesis, the Au precursor was first reduced to Au NPs by
dimethyl formamide (DMF), and then MOF-5 spontaneously
grew freshly formed Au NP surfaces to yield core-shell struc-
tures. One-pot synthesis relies on rationally manipulating the
reduction rate of metal ions and/or growth rate of MOFs.
Accordingly, Luque and Li et al. succeeded to control the
encapsulation of “clean” Pt clusters within UIO-66 by a novel
kinetically modulated one-step strategy with the assistance of
a H, reducing agent (Fig. 7).””® The success of their method was
closely related to that using a DMF solvent. For the formation of
Pt/UiO-66 composites, DMF and its trace oxidization product
(Me,NCOOH) would act as a “bridge” for connecting MOF
precursors to as-reduced Pt clusters, thereby inducing the

Synthetic route
MIL-101(CHRPIGMIL-101(Fe)
Coating

(a)
¢=0=

MIL-101
MIL-1: MIL-101@Pt 2 MIL-101@Pt@MIL-101

)@Pt@MIL-101(]

Fig. 6 (a) Synthetic route of sandwiched MIL-101@Pt@MIL-101
composites. (b and c) TEM images of the as-prepared MIL-101(Fe)
@Pt@MIL-101(Fe). (d) TEM images of the as-prepared MIL-101(Cr)
@Pt@MIL-101(Fe) and (e) corresponding HAADF-STEM image and
elemental mapping images. Reproduced with permission.?® Copy-
right©2016 Nature Publishing Group.
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Fig.7 (a) Incorporation of Pt NPs in MOFs through an in situ one-step
strategy and a kinetically modulated in situ one-step strategy. (b1-b4)
TEM images of Pt@UiO-66 nanocomposites prepared by different
volume ratios of Hy/air. A (b5 and b6) HAADF-STEM image and cor-
responding elemental mapping of Pt@UiO-66. Reproduced with
permission.”” Copyright©2016 WILEY-VCH Verlag GmbH & Co. KGaA.

anisotropic growth of MOFs around the Pt surface. However,
unfortunately, one-pot synthesis is not a universal strategy
despite being very simple and efficient.

3. Functions of MOFs in application of
MOF-based composites

To gain a better understanding of performance enhancement of
MOF-based composites in practical applications such as catal-
ysis, sensors, adsorption and separation, the roles played by
MOF components should be clarified. Thus, the actual func-
tions of MOF components are discussed through specific re-
ported examples.

3.1. MOFs as armors to protect embedded catalysts

In the catalytic process, the size effect of catalysts has been
extensively investigated. With the decrease of particles in size,
more active sites will be exposed, resulting in significantly
enhanced activity using ultra-small NPs compared with larger
NPs.””®* However, under real reaction conditions, NPs always
prefer to agglomerate to reduce their surface energy, inevitably
leading to declined catalytic efficiency. For encapsulation of
nanocatalysts within the MOF, the MOF shell may act as an
armor to protect the encapsulated NPs from agglomeration.
Meanwhile, owing to the adjustable porous structure, the

This journal is © The Royal Society of Chemistry 2020
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reaction substrates could still diffuse through the MOF shell to
active sites. Li and Jiang et al. developed a highly efficient
heterogeneous MOF-supported Pd catalyst for water-mediated
Suzuki-Miyaura and Ullmann coupling reactions.** The clean
surface and ultra-small size of Pd NPs yielded catalysts with
high catalytic efficiency towards all substrates, including aryl
chlorides, very stable reactants. Strikingly, the MOF shell
armoring around Pd NPs led to stable catalysts with negligible
metal loss and activity decrease after many cycles. Xu and co-
workers successfully immobilized ultrafine Pt NPs into MIL-
101 pores by the double-solvent method.*®* The MOF shell
armoring around Pt NPs resulted in composites with high
activity and stability towards liquid-phase ammonia borane
hydrolysis, solid-phase ammonia borane thermal dehydroge-
nation, and gas-phase CO oxidation. In addition to ultra-small
NPs, sub-nanometer clusters might also be immobilized
through fabrication of the MOF armor outside to improve
stability under reaction conditions.*>® Pardo and co-workers
chemically synthesized sub-nanometer Pt; clusters within
thioether-functionalized MOF channels to overcome problems
linked to synthesis and stabilization.* The obtained PtJ-
MOF materials efficiently catalyzed a series of hydrogenation
reactions, including NH,CN synthesis at room temperature,
CO, hydrogenation at a low temperature (<140 °C), and alkene
hydrogenation at 60 °C. Besides, their strategy can be employed
to stabilize relatively unstable functional materials. For
instance, cuprous oxide (Cu,O) is an abundant and environ-
mentally friendly catalyst in many application fields. However,
the poor stability limited its further application, especially in
solution. Hence, Ma and Cheng integrated Cu,O NPs into ZIF-8
via a template protection-sacrifice (TPS) method.* The result-
ing yolk-shell structure showed excellent catalytic efficiency
towards 4-nitrophenol hydrogenation. After five cycles, the
conversion rate after a 20 min reaction still reached 98%, sug-
gesting that the MOF (ZIF-8) shell effectively protected Cu,O
cores from inactivation during catalysis and promoted the
recycling stability (Fig. 8).

As natural nanocatalysts, enzymes have long attracted
scientists' intense attention because of their excellent selec-
tivity, specificity, and activity. However, enzymes suffer from
poor stability and reproducibility, as well as high sensitivity to
environmental changes, such as temperature, pH, and presence
of toxic chemicals. These factors hinder enzyme usage, espe-
cially in industrial applications. Using MOFs as armors provides
a promising method to improve the stability and anti-
interference ability of enzymes while maintaining their high
reactivities.**" Tsung et al. employed a de novo approach to
embed catalase into ZIF-90.>** The resulting MOF-shell did not
only prevent catalase leaching but also provided size-selective
shelter that increases the enzyme tolerance against protease
with a bigger size than that of catalase. In addition, the stability
of immobilized enzymes in MOF shells was much higher than
that of free enzymes under denaturation media, such as organic
solvents and extreme temperature/pH. Further studies have
shown that an increase in stability against solvent and thermal
conditions has been attributed to confinement of enzymes
within MOFs. This, in turn, declines conformation changes of

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (a) Schematic illustration of synthesis of the Cu,O@ZIF-8
composite, and (b) catalytic reduction equation of 4-nitrophenol to 4-
aminophenol using Cu,O@ZIF-8. Reproduced with permission.®®
Copyright©2018 WILEY-VCH Verlag GmbH & Co. KGaA.

enzymes and enhances their structural rigidity. For example,
examination of stabilities of CAT@ZIF-90 and free CAT under
urea and a denaturing reagent and at a high temperature (80 °C)
showed that exposure to 0.05 M urea decreased the activity of
free CAT to 3.5% while that of CAT@ZIF-90 reduced to only
85.5%. Surprisingly, CAT@ZIF-90 still maintained high activity
at a urea concentration of 6 M. The structural conformation of
embedded CAT has been further studied by fluorescence spec-
troscopy and the results were consistent with the above exper-
iments (Fig. 9). Zhou and co-workers tested the catalytic
efficiency and recyclability of horseradish peroxidase, cyto-
chrome c and microperoxidase-11 encapsulated in PCN-333(Al,
Fe) under harsh conditions. The results showed that the cata-
Iytic activities of encapsulated enzymes remained almost
unchanged after several cycles.”

In fact, employing MOFs to protect the embedded materials
has been applied for encapsulation of some molecular catalysts.
For example, a ruthenium complex molecule catalyst, (*"PNP)
Ru(CO)-HCI (*“PNP = 2,6-bis((di-tert-butylphosphino)methyl)
pyridine) was successfully embedded in UIO-66 (namely
Ru@UIO-66) via an aperture-opening process.*” Compared to an
analogous homogeneous catalyst, the heterogeneous Ru@UIO-
66 catalyst can not only maintain high catalytic activity of CO,
hydrogenation to formic acid but can also be recycled five times
without structural decomposition or catalyst poisoning. These
features have been attributed to protective aspects of the MOF
shell.
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Fig.9 (a) De novo approach and structural confinement of CAT@ZIF-
90. (b and c) Kinetic measurements of H,O, degradation of free CAT,
CAT@MCEF, and CAT@ZIF-90 incubated with urea and 3-AT. All assays
are performed in Tris buffer (pH 7.5, 50 mM). (d) Maintained activity of
free CAT, CAT@MCF and CAT@ZIF-90 incubated in 0.05 M urea, and
CAT@ZIF-90 incubated in 0.1 M 3-AT. (e) Amounts of urea diffused
into ZIF-90 microcrystals (green) and kops of CAT@ZIF-90 (red) after
incubation in 6 M urea for various periods of time. (f) Apparent rate
constants after treatment at 80 °C for 3 min (inset shows photographs
of time-dependent FOX assay). Reproduced with permission.?
Copyright©2017 American Chemistry Society.

3.2. MQOFs as filter membranes to screen substrates

MOFs possess uniform and adjustable pore structures, and
thereby are widely used as filter membranes for gas separation
due to the channel screening effect.® Such functions are also
utilized in practical applications of MOF-based composites in
sensors or selective catalysis.

In the sensor field, sensing materials with MOFs as shells are
usually used as artificial mimetic enzymes to detect specific
molecules. During the sensing process, MOFs often act as filter
membranes to allow specific molecules to access the surface of
embedded sensing materials to generate signals while blocking
other incomparable interfering substrates. We previously
employed ZnO nanorod arrays as self-sacrificed templates to
form ZnO@ZIF-8 core-shell nanorod arrays.>® Note that ZnO is
commonly employed as a semiconductor material in photo-
electrochemical (PEC) detection. However, ZnO can respond to
all hole scavengers during PEC detection due to its high sensi-
tivity, limiting its application in the detection of specific
molecules. In ZnO@ZIF-8 core-shell nanorod arrays, ZIF-8 shell
plays the role of a molecular size filter to allow smaller sized
molecules (H,0,) than ZIF-8 (aperture size of 3.4 A) to pass
through the MOF shell and be captured by photogenerated
holes on a ZnO surface to produce an enhanced PEC signal. By
contrast, bigger size molecules (AA) did not have a similar effect
and they could block MOF channels, leading to declined PEC
signals (Fig. 10a—c). Furthermore, we constructed a series of
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Fig. 10 (a) Schematic illustration of the PEC sensor with good selec-
tivity towards H,O,. (b) Low-magnification TEM image, HAADF-STEM
image, cross-sectional compositional line profiles and elemental maps
of ZnO@ZIF-8 nanorods. (cl and c2) Photocurrent response of ZnO
and ZnO@ZIF-8 nanorod arrays. Reproduced with permission.
Copyright©2013 American Chemistry Society. (d) Schematic illustra-
tion of the ZnO@ZIF based PEC sensor (ZnO@ZIF-7 vs. ZnO@ZIF-71)
with molecular size selectivity. Reproduced with permission.®® Copy-
right©2016 The Royal Society of Chemistry.

ZnO®@ZIF nanorod arrays with different MOF shells (ZnO@ZIF-
7 and ZnO@ZIF-71).*> According to PEC detection results, the
flexibility of the MOF structure can easily be judged by the PEC
response of the sensor towards different sized molecules
(Fig. 10d). Moreover, this effect of the MOF shell may also be
applied in fluorescence, electrochemical, gas or Raman
sensors.”>?2-%

The size screening effect of MOFs has well been demon-
strated in some size-dependent catalytic systems. Molecules
with the same functional groups but different molecule sizes
are often employed to test this effect. In the hydrogenation
reaction, Jiang's group perfectly demonstrated the enhance-
ment of size-selectivity depending on the size of MOF pores by
using different sized olefins. They successfully prepared Pd
nanocube@ZIF-8 catalysts with a well-defined porous structure
and uniform pore size MOF shell acting as molecular sieves to
screen molecules of different sizes.*”** For example, 1-hexene
with a molecular size of ca. 2.5 A passed well through the ZIF-8
shell and was totally hydrogenated within 90 min. By contrast,
the Pd nanocube@ZIF-8 catalyst exhibited negligible activity
towards cyclooctene with a molecular size of 5.5 A as it is larger
than ZIF-8 pores (Fig. 11). Straight-chain molecules and corre-
sponding aromatic molecules with the same functional groups

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 (a) Self-assembly of Pd nanocube@ZIF-8 and plasmon-driven
selective hydrogenation catalysis of olefins. (bl and b2) Selective
catalytic performance of the Pd nanocube@ZIF-8 catalyst. Repro-
duced with permission.?” Copyright©2016 WILEY-VCH Verlag GmbH
& Co. KGaA.

have also been used as comparative groups to confirm the role
of MOFs as a filter membrane. For instance, Wang and Su et al.
utilized a silica mediated sacrificial template strategy to
synthesize yolk-shell structured Au@ZIF-8 nanoreactors.” The
as-obtained ZIF-8 shell acted as size-selective filter allowing the
passage of smaller sized reactants (1-butanol and 1-hexanol)
arriving at Au NPs while blocking 3-phenylpropanol containing
benzene groups larger than the ZIF-8 aperture. The as-prepared
Au@ZIF-8 nanoreactors delivered excellent size selectivity
during catalytic oxidation of alcohols with different molecular
sizes. This size selectivity presented in MOF-based composites
in turn confirmed completely embedding of the catalysts in the
MOF shell instead of its surface.’**%%%7

Besides the size selection effect, other factors, such as
specific interaction with certain molecules and hydrophobicity
of MOF pores, also play important roles in the application of
MOF based composites.”® For example, Xu’s group successfully
fabricated van der Waals heterostructured Cu-TCPP-on-Cu-
HHTP thin films on the sensor device, in which the Cu-TCPP
top layer can selectively suppress the penetration of NH; due
to strong interactions with polar gas molecules. Benefiting from
the novel structure, a molecular sieving Cu-TCPP layer on
a chemiresistive sensing Cu-HHTP layer, the as-prepared device
realized the highest response to benzene of all reported room
temperature chemiresistive sensing materials and reversed the
selectivity of Cu-HHTP toward benzene and the strongly inter-
fering molecule, NH;.”

3.3. MOFs as steric modulators to control the over

adsorption state of reaction substrates

In addition to filters to screen out molecules with different
sizes, MOF shells grown on NPs could act on selectivity by
controlling the adsorption state of reaction substrates on the

This journal is © The Royal Society of Chemistry 2020
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catalyst surface. To obtain target products, previous studies
focused on controlling the adsorption state of reactants by
adsorbing large steric molecules or constructing porous shells
on active site surfaces.'®'** Compared to traditional porous
materials and simple molecular adsorption, MOF shells may
provide adjustable space to construct suitable cavities to control
the adsorption state of reaction substrates.

For selective hydrogenation reactions over MOF-based
composite catalysts, cinnamaldehyde (CAL) is often used as
a model molecule. CAL molecules containing a,B-unsaturated
aldehydes with two hydrogenated sites are usually hydroge-
nated on “C=0” and “C=C” bonds simultaneously due to their
flat adsorption on the NP surface using traditional catalytic
processes (Fig. 12a).'>"** After modification of NPs with the
MOF shell, CAL molecules would prefer to adsorb vertically on
the NP surface containing aldehyde groups (“C=0") due to the
confinement effect of MOF channels. Hence, CAL molecules are
favorable for the selective hydrogenation to cinnamic alcohol
instead of other products. This effect is also manifested in the
selective synthesis of other a,Bf-unsaturated aldehydes and
alkanes in the presence of MOF-based heterostructure

(a)

O/\/\l
H H,
Cinnamic alcohol \

Cinnamaldehyde
Hl

Phenylpropyl aldehyde

N Conversion
B Selectivity of Cinnamic Alcohol

Solectivity /%

Conversion /%

0
PL-PVP  P@ZIF-8-1% Pt@ZIF-T1-1%

o
PUC-20%

Fig. 12 (a) Reaction paths of CAL hydrogenation. (b) Schematic illus-
tration of hydrogenation of CAL on Pt NPs embedded within flexible
ZIF-8 and rigid ZIF-71, respectively. (c) Conversions and selectivity of
four products of CAL hydrogenation over Pt/C-20%, Pt-PVP, Pt@ZIF-
8-1%, and Pt@ZIF-71-1%. Reproduced with permission.”® Copy-
right©2017 WILEY-VCH Verlag GmbH & Co. KGaA.
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catalysts.*>'%1% It is worth noting that the inherent structure of
MOFs, including cavity size and structural flexibility, would also
influence the catalytic effect caused by the special adsorption
state of reactants in MOF channels. For example, Huo et al
encapsulated Pt NPs within MOFs (ZIF-8 and UIO-66) contain-
ing different pore sizes. Their data showed that a suitable size of
the MOF channel can effectively prevent the rotation of mole-
cules, improving the catalytic selectivity.'® On the other hand,
we used flexible ZIF-8 and rigid ZIF-71 to encapsulate Pt NPs
and studied the influence of MOF structure flexibility on the
catalytic selectivity. Compared to flexible ZIF-8, rigid ZIF-71 as
a shell may significantly improve the selectivity (Fig. 12b and
C).75

In addition to star model molecule CAL, such composite
catalysts have also been extensively applied in other selective
catalytic processes.®>''*"*> For semi-hydrogenation of alkynes,
Li and co-workers used a Pd embedded hollow Zn/Co-ZIF
(Pd@H-Zn/Co-ZIF) as a catalyst for acetylene hydrogenation.
Unlike naked Pd NPs, acetylene could be hydrogenated over
a PA@MOF hybrid catalyst to form ethylene instead of ethane in
the presence of MOF shell."*'* In addition, flower-like
RhNi@MOF-74 catalysts for hydrogenation of diphenylacety-
lene have been successfully prepared, in which Rh-Ni alloy
nanoflowers were encapsulated within MOF-74(Ni) shells of
different thickness.®® Note that the size of the semi-
hydrogenated product (cis-diphenylethene) is similar to that
of the MOF-74 aperture. Hence, its generation on the RhNi
surface would inhibit cis-trans isomerization and further
hydrogenation reactions by MOF shells. As a result, dipheny-
lacetylene in the presence of the catalyst can be selectively
hydrogenated to the cis-product instead of trans-product that is
thermodynamically preferred.

Since Kim and co-workers first used MOFs in asymmetric
catalysis, MOF-based materials have been since applied to
asymmetric heterogeneous catalysis owing to their confinement
effect.”>” In 2005, Lin’s group designed for the first time
a homochiral MOF for asymmetric catalysis by introducing
a privileged chiral ligand into the MOF structure to yield a high
ee 1,1'-bi-2-naphthol (BINOL) product********* In addition, Hupp
et al. designed a homochiral MOF with another category of chair
catalysts (Mn(salen)) for asymmetric epoxidation.'?***> In 2015,
Qi et al. synthesized two new polyoxometalate (POM)-based
MOFs: ZnW-PYI1 and ZnW-PYI2, respectively.’*® This special
composite proved to perform as an effective asymmetric catalyst
for conversion of carbon dioxide to cyclic-carbonates in pres-
ence of 1-BCIP (i-N-tert-butoxycarbonyl-2-(imidazole)-1-
pyrrolidine) in MOF pores by controlling the orientation of
substrate moieties in the reaction medium (Fig. 13).

3.4. MOFs as sponges to enrich reactants

With tunable structure, high surface area and functional group
modified organic ligands, MOFs have been intensively investi-
gated as ideal artificial sponge materials for selectively enrich-
ing some specific reactants.>'** As a result, MOF-based
composites have been widely applied in catalysis, adsorption
separation and sensing, among others.
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Fig. 13 Synthesis of MOF and a tandem catalytic process of asym-
metric cyclic carbonate transformation from olefins and carbon
dioxide. Reproduced with permission.*?® Copyright©2015 Nature
Publishing Group.

As an excellent hydrogen storage material, some MOFs
exhibit specific adsorption to hydrogen, which can be employed
to improve the catalytic performance of hydrogenated reac-
tions.”*®*** Wu and Li et al. reported a novel Pt-Ni frame@Ni-
MOF-74 frame structure prepared by the self-sacrificed
template strategy.®” Since the ‘breath shell’ of Ni-MOF-74
could enrich the hydrogen molecules, the as-prepared cata-
lysts showed high reactivity towards the hydrogenation reac-
tion. Strikingly, microporous Ni-MOF-74 grown on a Pt-Ni
frame surface can also be used as a molecular sieve with
excellent molecular-size selectivity towards different reac-
tants.”” In addition, some MOFs are ideal materials for CO,
absorption due to the presence of abundant Lewis acids. Such
properties should improve the catalytic efficiency of MOF-based
composites during CO, reduction processes.”****° For example,
Xiong and co-workers proposed a Cu;(BTC),@TiO, core-shell
structure for CO, photocatalytic reduction.’® The synergy
between TiO, microporous shell producing excitons and MOF
microporous core capturing gas molecules led to a dramatic
enhancement in activity and selectivity of CO, photocatalytic
reduction to CH, (Fig. 14)."3>'3

Apart from gas-phase reactions, this effect can also be re-
flected in liquid-phase reactions. For example, core-shell
Ag@ZIF-8 nanostructures have been reported for renewable

Cu,(BTC),

bare TIO, Cu,(BTC),@TIO, 18t 2nd 3rd

Fig. 14 (al) Structural illustrations: (a2) TEM and (a3) SEM images of
synthesized Cuz(BTC),@TiO, core-shell structures. (b1) Production
yields of CH4 and H, from CO, using Cuz(BTC),@TiO, core-shell
structures and bare TiO, nanocrystals as photocatalysts. (b2) Recycling
tests of the Cusz(BTC),@TiO, photocatalyst. Reproduced with
permission.’* Copyright©2014 WILEY-VCH Verlag GmbH & Co. KGaA.
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adsorptive separation of low concentrations of butanol from
aqueous media under solar light irradiation.”® The selective
hydrophobic interaction between butanol and ZIF-8 induced
Ag@ZIF-8 composites with high adsorption capacity of low
concentration butanol from aqueous solutions. The surface
plasmon resonance allowed the Ag core to generate heat under
solar light irradiation, leading to butanol release from the ZIF-8
shell (Fig. 15). In addition, the adsorption and separation effect
of MOFs has been further confirmed in other environmental
fields, such as water purification and dye absorption.’*>'®
Moreover, after loading some fluorescent molecules, accompa-
nied by the enrichment effect of the MOF structure, these kinds
of composite structures are employed in the detection of heavy
metal ions and some other molecules as well.*****

3.5. MOFs as catalysts to provide other active sites

In catalysis, MOFs are promising heterogeneous catalysts due to
the presence of unsaturated coordinated metal sites and/or
special functional groups of ligands. The active sites are
highly dispersed on both the external and internal surfaces of
the MOF matrix due to its unique framework structure built
with metal nodes and organic linkers. However, metal nodes in
the framework of some MOFs are fully coordinated with organic
linkers, leading to lack of uncoordinated active sites for reac-
tion. Two common approaches are used to solve this problem.
First, special treatment of MOFs (such as heating under vacuum
and linker exchange) is required to activate the metal nodes by
removing weak-coordinated linkers or solvents (Fig. 16a).**>'*
In addition, the apparent morphology of MOF crystals should
be regulated elaborately through transformation into two-
dimensional nanostructures (e.g., metal-organic monolayer,
MOL) to expose more unsaturated coordinated sites
(Fig. 16b).**** On the other hand, well-designed catalytic sites
can be anchored onto the organic linkers of MOFs by

@ . (c)

1 l ',; f ”:.

(b)

o 1 2 3 4 5 6 7 8 9 1011

evle

Fig. 15 (a) Scheme of a solar-light-driven adsorption/desorption
process by core—shell Ag@ZIF-8 nanowires as adsorbents for butanol
separation. (b) SEM profiles, TEM images, HAADF-STEM pictures, and
EDX elemental mapping of single core—shell Ag@ZIF-8 nanowires. (c)
Single-component adsorption isotherms of core-shell Ag@ZIF-8
nanowires toward butanol and water. (d) Comparison of butanol
adsorption amount (Q) of different samples after 10 adsorption/
desorption cycles. Reproduced with permission.*** Copyright©2015
WILEY-VCH Verlag GmbH & Co. KGaA.
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Fig. 16 (a) Scheme of ethane oxidation on Fe sites of the MOF.
Reproduced with permission.’*? Copyright©2014 Nature Publishing
Group. (b) Modification of SBUs of Fe"-MOLs with gluconic acid for
selective oxidation of tetrahydrofuran. Reproduced with permission.**®
Copyright©2017 WILEY-VCH Verlag GmbH & Co. KGaA. (c) Scheme
showing the synthesis of Al-TCPP-Pt for photocatalytic hydrogen
production. Reproduced with permission.**®* Copyright©2018 WILEY-
VCH Verlag GmbH & Co. KGaA. (d) Scheme representing the operation
principle of a self-healing MOF (Pt,,_Ir_BUIO) and the corresponding
homogeneous system. Reproduced with permission.*” Copy-
right©2016 American Chemistry Society.

introducing specific modification ligands, such as porphyrin,
dipyridine, and N,N-dimethylaniline (Fig. 16c and d).*****°
Since highly dispersed active sites are present on MOFs,
MOF-based composites with other embedded functional cata-
lysts possess great potentials in tandem reactions. This could
better be achieved if synergic catalysis of the MOF matrix and
embedded materials is rationally engineered. In most cases,
designable functional organic ligands always act as additional
Lewis acid or base reactive sites during catalysis. Among these
catalysts, amino-modified MOFs have widely been studied, in
which -NH, groups did not only stabilize NPs but also served as
active sites in some reactions.'*>'** For formic acid dehydroge-
nation at ambient temperature, the catalyst with amino-
functionalized MIL-125 embedding Pd NPs showed higher
activity when compared to Pd NPs loaded in pure MIL-125.'®
The reason for this has to do with the weakly basic -NH,, which
could accept a proton under the reaction conditions to form
—*HNH, and facilitate the dissociation of O-H bonds. Mean-
while, the Pd format intermediately undergoes B-hydride elim-
ination to produce CO, while leaving the Pd hydride species,
subsequently producing H,. The amino group is typically
employed in some basic reactions like Knoevenagel condensa-
tion due to its weakly alkaline sites. For example, uniform core-
shell PdA@IRMOF-3 nanostructures with single Pd nanoparticles
surrounded by amino-functionalized IRMOF-3 have been
successfully prepared.'**'** The as-obtained composite catalyst
showed very high catalytic efficiency in a cascade reaction with
4-nitrobenzaldehyde as the reactant. The Knoevenagel
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condensation first occurred at the -NH, group, and the nitro
group was subsequently hydrogenated on embedded Pd NPs to
produce the final product. Besides the -NH, group, some acidic
groups can as well play the part of second active sites for some
tandem reaction by cooperation with embedded functional
materials. Our group successfully fabricated highly distributed
Pd NPs supported on a sulfonic acid functionalized MOF cata-
lyst, Pd/MIL-101-SO;H, by a simple thermal decomposition.
With the cooperation of Pd NPs and -SO;H acidic sites in Pd/
MIL-101-SO;H, this catalyst performed outstanding activity in
one-pot synthesis of ethyl tetrahydro-2-furoate (ETF) from furoic
acid (FA).**

Besides organic linkers alone, some metal-sites anchored on
organic linkers might cooperate with embedded species. Lin’s
group introduced Pt NPs into stable, porous and phosphores-
cent metal-organic frameworks built from [Ir(ppy).(bpy)]"
linkers and Zr based secondary building units by the in situ
photoreduction method.**® The as-prepared hybrid catalysts
displayed high activity towards photocatalytic hydrogen evolu-
tion due to the synergistic photoexcitation of MOFs and elec-
tron acceptors of embedded Pt NPs. Coincidentally, Yang and
Yaghi et al. anchored Re'(CO);(BPYDC)CI (BPYDC = 2,2/-bipyr-
idine-5,5"-dicarboxylate) into zirconium MOFs, UiO-67, (Re,-
MOF) near the surface of Ag nanocubes.' Intensified near-
surface electric fields at the Ag nanocube surface led to
enhanced CO,-to-CO conversion by about 7-fold under visible
light.

The unsaturated coordinated sites of metal nodes could also
synergize with embedded materials to facilitate tandem reac-
tions. In general, open metal sites of MOFs serve as Lewis acid
sites. Among MOFs, MIL-101 is popular and widely employed as
support in cooperative work with embedded materials thanks to
its abundant open chromium centers.'**'* A tandem catalyst
with Pd NPs supported on MIL-101(Cr) has been prepared to
achieve efficient one-step methyl isobutyl ketone (MIBK)
synthesis.'” For catalysis, acetone was first converted to mesityl
oxide (MO) through high density unsaturated Cr Lewis acid
sites. The resulting MO molecule was then further hydroge-
nated to produce the final product MIBK at Pd active sites.
Multi-functional catalysts have also been applied in tandem
reactions involving nitroarene reduction and reductive amina-
tion of carbonyl compounds.'”* In such reactions, nitroarene is
first reduced to an aromatic amine on noble metal NPs followed
by further reaction with aldehyde or ketone at Cr Lewis acid
sites to produce the final secondary arylamine products. For
instance, Jiang and Xu et al. encapsulated a PdAg alloy in MIL-
101 by cascade reaction.”” Although the doping of Ag slowed
down the reaction rate to a certain degree, the selectivity of the
target product significantly improved (Fig. 17). Such
a construction strategy of synergetic catalysts can also be
extended to other MOFs, including UIO-66 with Zr-oxo clus-
ters.””*'7* Huang’s group developed bifunctional Zr-MOF based
catalysts containing a Pd nanocluster (Pd@UIO-66-NH,) with
improved properties reaching 99.9% selectivity and 99%
conversion in a one-pot oxidation-acetalization tandem reac-
tion."”® Later, ultrasmall Pt clusters had been introduced into
UIO-66-NH, the Pt@UIO-66-NH,

cavities to fabricate
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Fig. 17 (a) Scheme illustrating the multistep reaction over PdAg@MIL-

101. (b) Synthesis of secondary arylamines through hydrogenation of
nitrobenzene and reductive amination of benzaldehyde. Reproduced
with permission.*”? Copyright©2015 American Chemistry Society.

heterostructure. In the one-step synthesis of nitrones, the
catalyst exhibited remarkable selectivity and activity due to
synergy between selective hydrogenation activity provided by Pt
clusters and Lewis acidity/basicity contributed by MOFs.***

In addition to the function of Lewis acid sites, unsaturated
metal-sites of MOFs may influence catalytic performance in
other ways."”*"7 In 2016, Yaghi and Somorjai et al. showed for
the first time the existence of strong interaction between
embedded functional species and metal nodes of MOF
matrixes."”” Comparison between the activity and selectivity of
two MOF-based composite catalysts (Cu NPs dispersed on UIO-
66, denoted as Cu-on-UIO-66, and encapsulated within UIO-66,
denoted as CucCUIO-66) for CO, hydrogenation to methanol
revealed the performance of CuC UIO-66 to largely exceed that
of common Cu/ZnO/Al,O; catalysts with 8-fold enhanced yield
and 100% selectivity towards methanol. The turnover frequency
(TOF) of methanol formation was twice that of the Cu-on-UIO-
66 catalyst. X-ray photoelectron spectroscopy displayed strong
interaction between Cu NPs and Zr oxide secondary building
units (SBUs) of MOFs, conducive to enhancement of the cata-
Iytic activity. Note that for selective hydrogenation of o,B-
unsaturated aldehydes to unsaturated alcohols catalyzed by
NP@MOF catalysts, the increase in selectivity was usually
attributed to the confinement effect of MOF shells. Later, Tang
and co-workers explain the phenomenon according to CAL
hydrogenation over sandwich-structured catalyst MIL-
101@Pt@MIL-101.>* They found the selectivity of cinnamyl
alcohol over MIL-101(Fe)@Pt (86.4%) much higher than that
performed over MIL-101(Cr)@Pt (44.0%). Considering the same
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structure of MIL-101(Fe) and MIL-101(Cr), the increase in
product selectivity may be due to interactions between MOF
coordinatively unsaturated metal sites (CUBs) and the “C=0"
bond. From DFT calculations, the adsorption energies of “C=
O” bonds on Fe;OCI(CO0)¢H,0 and Cr;OCl(COO)sH,0 metal
nodes were estimated to be —1.26 eV and —1.01 eV, respectively.
This led to the different hydrogenation efficiency of “C=0” on
Fe and Cr metal nodes.”® Recently, Xu and Tsumori et al.
successfully prepared a “quasi-MOF” through thermal trans-
formation. The material did not only retain its porous structure
but also possessed a large number of unsaturated coordinated
nodes, which strengthened the metal-NP/MOF interactions
through controlled deligandation of metal/MOF composites.”®
In turn, the strengthened interactions between Au NPs and Cr-
O nodes of the quasi-MOF dramatically improved the catalytic
activity of the prepared Au@quasi-MOF catalyst towards low-
temperature CO oxidation (Fig. 18).

3.6. MOFs as nano-reactors

In recent decades, nano-reactors with active substances
embedded within porous materials to allow specific reaction to
take place in limited suitable locations have attracted
increasing interest in research and development.'7%
Compared to traditional porous materials, MOFs have more
flexible space to immobilize different functional species and
create a comfortable micro-environment in the cavity for
specific reactions to occur.

In 2015, Somorjai and Yaghi et al. incorporated sulfonic acid
(-SO;H, S) and ammonium (-NHj3;', N), serving as strong acid
and weak acid functional groups, into UIO-66 separately or
together to regulate the acidity of MOF cavities. After embed-
ding Pt NPs in MOF cavities, all three prepared MOF-based

composite catalysts (PtCUIO-66-S, PtCUIO-66-N, and
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Fig. 18 (a) Schematic illustration showing the synthesis of Au/quasi-
MIL-101 through controlled deligandation of Au/MIL-101. (b1) Catalytic
activity in CO oxidation of different catalysts. (b2) CO oxidation at
various temperatures catalyzed by Au/MIL-101(573). Reproduced with
permission.”® Copyright©2018 Elsevier Inc.
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PtCUIO-66-SN) exhibited distinct catalytic performances
towards gas-phase conversion of methylcyclopentane (Fig. 19).>*
In 2017, the cavity acidity was further regulated by encapsu-
lating considerable amounts of phosphotungstic acid (PTA) in
the MIL-101 cavity during the synthetic process of Pt@MIL-101.
For hydrogenation isomerization of n-hexane, the prepared
MOF composite catalysts with 60% PTA capacity exhibited
100% selectivity towards isoalkanes. Furthermore, mass activity
was 9-fold higher than that of traditional aluminosilicate cata-
lysts.> On the other hand, the activity and selectivity of some
reactions are related to the hydrophilicity/hydrophobicity of
catalysts, which may also be tuned by modifying the MOF shell.
Jiang and co-workers encapsulated Pd NPs in MOF matrixes
modified with a hydrophobic polydimethylsiloxane (PDMS)
layer to create a hydrophobic micro-environment in MOF cavi-
ties. This method greatly enhanced the affinity for hydrophobic
substrates.*®>'®* In addition, Zhang and Huo et al. modified the
Pt@UIO-66 catalyst with graphene oxide (GO) to create
a hydrophilic environment and promote hydrogenation of
hydrophilic substrates, such as 4-nitrophenol.’® Interestingly,
the micro-environment of MOF cavities became hydrophobic
after the reduction of GO. In turn, this was conducive to reac-
tions with hydrophobic substrates, such as nitrobenzene
hydrogenation.*®

As nano-reactors, MOFs not only provide a suitable reaction
environment but also could integrate different functional
catalysts in specific zones by simultaneously constructing
multiple active sites in the frameworks or encapsulating
different functional active species in the cavities. The diversity
of metal ions and functional organic linkers makes MOFs
suitable for the design of further multifunctional catalysts for
specific reactions. As for MOF-based composites, MOFs always
provide second reactive sites to cooperate with guest species as
mentioned previously, 8¢9

Compared to designable fabrication of specific multi-site
structures, embedding two or more functional materials
would help achieve multifunctional catalysts.**'**'** Zeng and
co-workers confined efficient CO, hydrogenation catalysts, Pt
nanocubes and photo-thermal active Au nanocages in a limited

0o o o0 oo o ucP Romeny (W) Cyclohexane
i o (P (o (S trmrcopmnne \) i‘ \_/W
) J [ , ors
coo r;m :.\r) ::n ;rv (V) Cracking c,-¢c, ”Q.,‘e - O
PCaUIO-66 catlyts productseectiviy, %
material ‘Fanctional group. Hammett acidity H, “Glefin “scyclic Bomers “cydohexane benzer

PronSiO, N/A N/A 21 79 N/A N/A
PCRUIO-66 N/A 2

PCaUIO-66-S -sOH
PCaUIO-66:N -NH,
PCaUIO-66-SN ~SO,H and ~NH,* “24t0 44 216 267 N/A 517
PCAUIO-66-5* -SONa N/A s 278 26 71
PCaUIO-66-N* -NH, N/A 28 282 235 355
PCnUIO-665"N ~SO,Na and ~NH,"
PICAUIO-66-5*N* ~SO,Na and ~NH, N/A 188 17 U4 31

Fig.19 (a) Schematic diagrams of nMOF, Pt-on-nMOF, and Ptc nMOF
with different functionalized linkers. (b) Scheme showing the reaction
diagram of conversion of MCP. (c) Summary of functional groups,
Hammett acidity, and product selectivity of PtCnUiO-66 catalysts.
Reproduced with permission.?* Copyright©2015 American Chemistry
Society.
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space by ZIF-8 encapsulation.® For hydrogenation of CO,
under light irradiation, MOF shells acted as heat insulators to
prevent generated heat by Au nanocages from escaping,
generating a localized high-temperature region and improving
the reaction conversion.'®” On the other hand, MOFs with two or
more different functional catalysts in cavities are ideal for
cascade reactions that attracted increasing attention owing to
a sustainable green process and atom economy efficiency.** We
previously synthesized PtNi@MOF-74-POM catalysts by a facile
one-step self-sacrificed template process, in which phospho-
tungstic acid (POM) was encapsulated during in situ formation
of MOF-74 on the surface of branched PtNi NCs."” The superior
hydrogenation activity of the PtNi alloy and esterification
activity of the POM yielded PtNi@MOF-74-POM catalysts with
superior tandem reaction activity towards one-pot synthesis of
amino-ester-type local anesthetic (benzocaine) (Fig. 20).
Besides traditional inorganic solid catalysts, some enzymes
or biocatalytic molecules could also be embedded in MOF
cavities to imitate some biocatalytic processes.**®'** Willner
et al. imitated the biocatalytic transformation in cells to
demonstrate biocatalytic cascades in ZIF-8 cavities by encap-
sulating two/three enzymes or enzyme/cofactor components.*®
Compared to directly dispersed cascade catalysts in solution,
high local concentrations of substrates were generated around
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Fig. 20 (a) Schematic illustration of tandem catalytic mechanism on
PtNi@MOF-74-POM. (b) Catalysis of tandem reaction with different
catalysts. Reproduced with permission.*®® Copyright©2019 The Royal
Society of Chemistry.
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the enzymes due to the confined environment of MOF cavities,
thereby enhancing the efficiency of biocatalytic cascades over
enzymes@MOFs. For this reason, the catalytic cascade activity
of the two-enzyme system (glucose oxidase and horseradish
peroxidase) (Fig. 21a) and three-enzyme system (B-galactosi-
dase, glucose oxidase, and horseradish peroxidase) (Fig. 21b)
enhanced by 7.5 and 5.3-fold, respectively. Additionally, NAD"
and NADH operating diffusionally in nature could also enable
communication between two enzymes in MOF reactors. Thus,
the enzyme@ZIF-8 reactor (alcohol dehydrogenase, NAD'-
polymer, and lactate dehydrogenase embedded in ZIF-8)
successfully triggered the catalytic reduction of pyruvic acid to
lactic acid by ethanol (Fig. 21c and d). Apart from catalysis,
MOFs may also be employed for tandem reaction nanoreactors
in other fields, such as sensors and drug delivery. Zhang and
Dong et al. designed an artificial enzyme system for tandem
catalysis using ZIF-8 encapsulated glucose oxidase (GOx) and
PdNi NPs.>® The as-prepared GOx@ZIF-8-(NiPd) nanoflowers
yielded rapid electrochemical response towards the detection of
glucose. In practical applications, glucose is first oxidized to
gluconic acid accompanied by generation of H,0,, which then
is further oxidized on a NiPd surface to generate electro-
chemical signals.

3.7. MOFs as co-catalysts in photocatalysis

Recently, photocatalysis has attracted increasing interest in an
effort to solve the energy shortage and environmental problems.*”*
Some MOFs with semiconductor-like properties are considered as

(a)

Glucose

(c)

Fig. 21 (a) Scheme of the GOx/HRP two-enzyme cascade integrated
in ZIF-8 NMOFs. (b) Activation of a three-enzyme biocatalytic cascade
encapsulated in ZIF-8 NMOFs. (c) NAD"-mediated biocatalytic
cascade of a cofactor-dependent enzyme in ZIF-8 NMOFs. (d) NAD*-
mediated two-enzyme biocatalytic cascade in ZIF-8 NMOF nano-
reactors. Reproduced with permission.*® Copyright©2018 Nature
Publishing Group.
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a new kind of photocatalytic material. Compared to traditional
inorganic semiconductor materials, the prefect porous crystalline
structure of MOFs does not only inhibit the recombination of
electron-hole pairs but also facilitate the utilization of charge
carriers. Therefore, those MOF materials are promising for pho-
tocatalysis, as well as dye degradation, organic transformation,
hydrogen production by water splitting, water oxidation, and
carbon dioxide reduction.”****

In most photocatalytic processes using MOF-based
composites as catalysts, MOFs serve as photosensitizers,
absorbing light to generate charge carriers. The photo-excited
electrons or holes then transfer to the active sites for further
reactions, such as H,-production, O,-production and other
organic reactions. Matsuoka et al. first synthesized Ti-MOF-NH,
and then assembled Pt/Ti-MOF-NH,, by photodeposition.**® In
visible-light photocatalytic H, production, light is first absorbed
by organic linkers of Ti-MOF-NH, and the generated electrons
then transfer to catalytically active titanium-oxo clusters and
further to Pt NPs for producing H, (Fig. 22a), in a process known
as “linker to cluster charge transfer” (LCCT) mechanism.
Meanwhile, Rosseinsky’s group presented another linker to
metal charge transfer (LMCT) mechanism in the photocatalytic
H, production by an aluminum-porphyrin-MOF (Al-PMOF)/Pt
composite catalyst (Fig. 22b).>** Similar phenomena have also
been noticed in POM-MOF, dye-MOF, and semiconductor-MOF
composites. For instance, Lin and co-workers encapsulated
polyoxometalate (POM) inside a porous phosphorescent metal-
organic framework (MOF) consisting of [Ru(bpy);]**-derived
dicarboxylate ligands and Zrg(j13-O)4(p3-OH), SBUs for visible-
light-driven proton reduction. Fontecave and Dolbecq et al.
constructed MOF-based composites with POM ([(PW4034),-
Co4(H,0),]"°") embedded in Zr(wv) porphyritic MOF-545 chan-
nels for water oxidation, where MOF played the role of
a photosensitizer.>*>>%

In addition to photosensitizers, MOFs can greatly accelerate
charge transfer by forming heterojunctions with semi-
conductors. For example, Banerjee et al. successfully in situ
synthesized CdS quantum dots in a Zn(u)-based low-molecular-
weight metallohydrogel (ZAVA) followed by tuning to form
CdS@ZAVA-MOF crystals (Fig. 23).>” In the visible light pho-
tocatalysis of H, production over the CAS@ZAVA-MOF with a Pt
co-catalyst, electrons were first separated with holes on CdS QDs
and then transported to the MOF LUMO orbit, while leaving
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Fig. 22 Scheme illustrating the photocatalytic H, production reaction
over (a) Pt/Ti-MOF-NH, and (b) Al-PMOF based on LCCT or LCMT
mechanisms. Reproduced with permission.2®> Copyright©2012, 2015
American Chemistry Society. Reproduced with permission.2°* Copy-
right©2012 WILEY-VCH Verlag GmbH & Co. KGaA.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Nanoscale Advances

5000) ) N (e)
8l ©© © Qu,
L Bl 2. W
i,, ‘; 23eV

0123456789101112
Time (h)

20nm

Fig. 23 (a) SEM images of CdS@ZAVCl and (b—d) TEM images of
CdS@ZAVCI-MOF. (e) Mechanism of water splitting by the CdS@ZAVCl
photocatalyst (30 mg) using 0.5 wt% co-catalyst Pt at 2 > 420 nm. (f)
Stability tests of photocatalyst (CdS@ZAVCL-MOF) for 12 cycles of the
water splitting reaction. Reproduced with permission.?®” Copy-
right©2014 American Chemistry Society.

holes on CdS. Next, electrons were further transferred to Pt NPs
to reduce H'. In this process, CdS QD/MOF heterojunction
inhibited electron-hole recombination, thereby leading to
improved catalytic performances. To further boost electron-
hole separation efficiency, two-dimension materials like rGO
and MoS, have been used to construct MOF-based compos-
ites,***?'° due to their excellent electrical conductivity.”** To
improve the separation of electrons and holes during CO,
photo-reduction, capture and concentration of MOF toward CO,
is essential. Ye et al. constructed carbon nitride nanosheets
(CNNs) and UIO-66 composites (UIO-66/CNNs) for CO, photo-
reduction.”** Benefiting from large surface area and strong CO,
capture ability of UIO-66, the as-prepared UIO-66/CNN hetero-
structure photocatalyst exhibited much higher photocatalytic
activity towards CO, reduction when compared to naked CNNs.

In addition, MOFs have other functions in some photo-
catalytic systems. For example, Pt@MOF/Au composites have
been successfully fabricated by Jiang and co-workers, where the
presence of MOF did not only extend the light absorption but
accelerated charge transfer from Au to Pt active sites (Fig. 24a).
Also, hybrid photocatalysts containing Pt NPs and porphyrinic
metal-organic frameworks (MOFs) and Pt/PCN-224(M) have
been used for selective oxidation of aromatic alcohols (Fig. 24b).

\;Eﬁ.’x <
Fig. 24 (a) Schematic illustration showing electron migration at two
metal-MOF interfaces based on energy levels. Reproduced with
permission.?* Copyright©2018 WILEY-VCH Verlag GmbH & Co. KGaA.
(b) Proposed mechanism of O, generation and electron transfer
between Pt and PCN-224(M) during oxidation of benzyl alcohol over
Pt/PCN-224(M) under visible-light irradiation. Reproduced with
permission.?* Copyright©2017 American Chemistry Society.
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The excellent catalytic performance of Pt/PCN-224(M) resulted
from the pronounced photothermal effect and singlet oxygen
produced by cooperation between Pt NPs and PCN-224(Zn). In
addition, competition between the Schottky junction and plas-
monic effect may allow adjustment of the surface electronic
state of Pt NPs by controlling the incident light intensity to
achieve best catalytic performances.”*>" Luo et al. decorated
ZIF-8 on electrostatic spinning TiO, nanofibers (TiO, ESNFs) to
form a TiO,/ZIF-8 hybrid photocatalyst with great photocatalytic
activity towards Rhodamine B (RhB) photodegradation since
the N-Ti-O bond reduced the electron-hole pair
recombination.*'**"”

4. Conclusions and perspectives

In this review, we summarized the structure-performance
relationships of MOF-based composites from a new perspective,
focusing on identifying the functions of MOF moieties in
practical applications. With the assistance of MOFs, composites
always showed significantly enhanced or even novel properties
when compared to single-component materials. For practical
applications, MOFs can be employed as armors to protect
catalytic species, as membranes to screen substrates or control
molecular configuration, as active site supporters, as nano-
reactors for some specific reactions, and so on. To be noticed, in
many cases MOF components play more than one role.

However, despite the progress in functional MOF-based
composites, some challenges still limit their practical applica-
tions. For instance, the instability of the MOF structure
constrains the application and recycling of MOF-based
composites in some reactions, especially at high temperatures.
Hence, the development of stable MOF structures for fabrication
of MOF-based composites is necessary for better applications. On
the other hand, despite the large number of synthesis methods
of MOF-based composites, all of them still suffer from some
limitations. Therefore, exploring novel universal approaches to
construct specific functional MOF-based materials is important,
especially for the precious control of guest species in MOF
matrices. Moreover, more attention has been paid to environ-
mentally sensitive MOF materials with structures responding to
external stimuli, such as electrical or optical signals. The prep-
aration of such MOFs will lead to new avenues for constructing
intelligent functional materials by integrating environmentally
sensitive MOFs with functional materials. In short, further
development of MOF-based composites will clarify the struc-
tural-functional relationship of MOF-based composites and
benefit the future design and fabrication of new MOF-based
functional materials for various applications.
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