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Hybrid materials of metal-organic frameworks (MOFs) and nanoparticles (NPs) have attracted significant attention because

DOI: 10.1039/x0xx00000x

of the wide variety of attractive properties derived from the two components. In the last decade, the development of

synthesis techniques for NP/MOF composites was particularly significant. In the field of catalysis in particular, various

synergistic effects that make the composites attractive catalysts have been reported. However, the role of MOFs in the

composite catalysts is still not well understood and is being elucidated. In this feature article, we focus on recent progress

on NP/MOF composite catalysts, concentrating on the analysis of the interaction between NPs and MOFs and the reaction

mechanisms, together with the synthetic techniques used for NP/MOF hybrid materials.

1. Introduction

Metal-organic frameworks (MOFs),'3 also known as porous
coordination polymers (PCPs), are a new class of crystalline
porous materials constructed from metal ions and organic
linkers. Because of their highly regular pores and large surface
areas, they have attracted much attention for their potential
uses, such as gas storage,* separation,® catalysis,® and ion
conduction.” In recent years, research has been conducted into
further expanding their functionality by hybridizing MOFs with
various materials, such as organic molecules, enzymes,
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polymers, metal nanoparticles (NPs), and polyoxometalates.810
In addition to simply combining MOFs with other functional
materials, MOF derivatives such as MOF-derived carbon
materials!! and single-atom catalysts'? are also well exploited.
In particular, hybrid materials composed of MOFs and NPs
(NP/MOF, or NP@MOF composites) are being intensively
studied as efficient catalysts because of their chemical and
physical properties. Generally, to prevent the NPs from
aggregating and to maximize the use of their surface, porous
materials such as zeolite’® and porous carbon'* are used as
support materials for the NPs in catalysis. The support materials
themselves are often inert, and even in composites with MOFs,
most early examples simply added NP functionality to the
MOF.1>6 However, MOF properties that are not found in other
porous materials, such as high designability, wide variety, and
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selective sorption, are expected to provide synergistic effects as
novel efficient catalysts.

By combining MOFs with NPs, various MOF functions can be
expected to contribute to more efficient catalytic reactions. For
example, the MOF pores can act as molecular sieves; the
composite catalysts can be designed so that only gas molecules
necessary for the reaction are captured and are efficiently
delivered to the NP surface, where the catalytic reaction occurs.
The regular pores in MOFs can also be used to capture the
reactant molecules at high density, and pseudo high-pressure
microenvironments are expected to be achieved to enhance
reaction efficiency. In addition, it is well known that catalytic
properties such as activity or selectivity strongly depend on the
electronic states of NPs interacting with support materials.
From this viewpoint, MOFs are attractive materials as well
because their electronic properties can be finely controlled by
using tuning methods such as ligand substitution or defect
introduction. These synergistic effects can now be confirmed
due to the development of synthetic techniques that allow
precise control of the structure of the composite catalysts.
However, in actual cases, it is difficult to analyse the role of the
MOFs in the composite catalysts, because multiple effects often
occur simultaneously. To date, the presence of these effects has
been continually suggested, but elucidation of the reaction
mechanism is still in its infancy. In this review article, first, the
synthetic techniques of NP/MOF composite catalysts are briefly
introduced; then, recent progress is reviewed, together with
analyses of the interaction between NPs and MOFs, with the
main focus on reaction mechanisms.

2. Synthesis methods for NP/MOF composites

Various methods for hybridizing NPs and MOFs have been
explored to date, and these are classified into several types (Fig.
1). The first is called the “bottle-around-ship” approach, in
which NPs are introduced into prepared MOFs.}” Examples

.
Metal ion  Ligand

include the solid grinding, solution impregnation, and,chemical
vapor deposition (CVD) methods. In additiohthe39eRtémplate
method, hybridizing MOFs with NPs generated from the MOFs
themselves is also classified as belonging to this approach.'® The
second type is hybridization with a MOF on prepared NPs, such
as the encapsulation method (“ship-in-a-bottle” approach?®). A
third approach is the one-step method,?® which includes
simultaneous synthesis of the two components to afford
NP/MOF hybrid materials. Solid grinding method was used in
early studies, followed by the development of solution
impregnation, CVD, and encapsulation methods to precisely
control the size and loading position of NPs. Self-template
method and one-pot method were also proposed as simple
preparation methods for NP/MOF composite materials.
Currently, solution impregnation method and encapsulation
method are most commonly as facile and controllable
approach.

2.1. Introducing NPs into prepared MOFs

2.1.1. Solid grinding method. In early examples, NPs were
deposited on MOFs by simple mixing of the MOF and metal
precursor by solid grinding, and the metal NPs were synthesized
by reduction of the metal precursor. By using the solid grinding
method, Haruta and co-workers embedded Au NPs on various
MOFs, such as MIL-53(Al), MOF-5, HKUST-1, ZIF-8, CPL-1, and
CPL-2.1621 The metal precursor was the volatile organogold
complex, (CHs),Au(acac) (acac = acetylacetonate), and it was
reduced by treatment in H,. This technique was often used in
early attempts to develop NP/MOF composites because of its
simplicity and because of the small amount of solvent required.
By contrast, due to the need to use volatile metal precursors,
the number of reported cases using this method in recent years
is small; likewise, this also applies to the CVD method, which will
be discussed later.

2.1.2. method. The
impregnation method is another simple means of NP/MOF
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Fig. 1 Schematic illustration of synthesis methods of NP/MOF composites. (a) Introduction of NPs into prepared MOFs (“bottle-
around-ship” approach). (b) Hybridization with a MOF on prepared NPs (“ship-in-a-bottle” approach). (c) One-step method, with
simultaneous synthesis of NPs and MOFs to afford NP/MOF hybrid materials.
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Fig. 2 Schematic illustration showing immobilization of AuNi NPs
into MIL-101 using the double-solvent method (DSM).
Reprinted with permission from Ref 26. Copyright 2013
American Chemical Society.

composite fabrication. In this technique, a metal precursor
solution is embedded into the MOF pores and is reduced by H,
or NaBH,4. Solution impregnation methods are applied to
synthesize not only monometallic NPs (Ag,?2 Rh,?3 Pd, and Cu??),
but also alloy NPs including Pd/Cu,?* Ni/Pt,%> and Au/Ni.?® In
addition, NPs that have been already synthesized can be
dispersed in solution and loaded onto MOFs.?” This technique
can be applied to various metal precursors and NPs, and is still
intensively used to fabricate composite catalysts. Although this
is a versatile and effective way to hybridize MOFs with NPs, it is
difficult to precisely control the position of NPs (on/in the host
MOFs). To solve this problem, a double-solvent method (DSM)
was developed by Aijaz et al.?® In the double-solvent method,
the hydrophilic/hydrophobic nature of the MOF cavities is used
to introduce the metal precursor only into the pore, preventing
aggregation of NPs on the MOF surface. Aijaz et al. used MIL-
101, Cr3F(H,0),0[(02C)CeH4(CO,)]5, the pores of which are
known to be hydrophilic, as the NP host. Because the
hydrophilic environment of the MIL-101 pores, the water-
dissolved metal precursor H,PtClg can easily penetrate the MOF.
The deposition of the metal precursor on the outer surface is
prevented by dispersing the MOF in a hydrophobic solvent
(hexane). Pt NPs with a size of 1.8 £ 0.2 nm immobilized inside
the pores of MIL-101 were obtained by heating the precursor in
a H; atmosphere. The authors also successfully introduced well-
dispersed AuNi alloy NPs into the pores of MIL-101, and the
composite catalysts exhibited high activity for hydrogen
generation reaction from ammonia borane (Fig. 2).2°

2.1.3. CVD method. To control the NP size and embed NPs
inside the MOF, a CVD method has been developed.'>?° The
host MOF is loaded with a metal precursor in the vapor phase,
followed by decomposition and/or reduction to obtain NPs
within the pores of the MOF. The first study on the CVD method
was performed by Fischer et al. in 2005 by using MOF-5.1> They
successfully fabricated Au, Cu, and Pd NP/MOF composites by
using (CHs)Au(PMes), (n°-CsHs)Cu(PMes), and (n3-CsHs)Pd(n®-
CsHs) as the organometallic precursors, respectively. This CVD
method has the advantage of controlling the size of the
resultant nanoparticles, but it requires a complicated process
and is not considered to be suitable for large-scale production.

This journal is © The Royal Society of Chemistry 20xx
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2.1.4. Self-template method. Because MOFs are gompesed, of
metal ions and organic ligands, metal RPs ¥aPeDgeneratéd
from metal ions in the MOF. This approach provides simple
methods to obtain NP/MOF composites because no additional
metal precursors are needed. NPs are generally obtained by
partial decomposition using a thermal treatment3® or a
reduction reaction.3® Mukoyoshi et al. reported a facile
synthetic method of Ni NP/MOF-74 hybrid materials by simply
heating Ni-MOF-74, Ni(dhtp) (Hadhtp = 2,5-
dihydroxyterephthalic  acid).3® In this method, the
functionalized hydroquinone ligand, Hsdhtp, may act as a
reducing agent for Ni ions and generate Ni NPs inside the MOF.
Recently, Fu et al. fabricated well-dispersed metal NPs
embedded in MOFs by slow chemical reduction of MOF
precursors. This synthesis method can proceed at room
temperature by using NaBH, as a reducing agent.3! In general,
it is impossible to introduce NPs composed of a different type
of metal than the constituent elements of the host MOF using
these self-template methods; however, the design of
appropriate ligands makes this possible. Chen et al. achieved Pd
NPs inside MOF cavities by introducing Pd precursors prior to
MOF assembly.3?

2.2. Hybridization with MOFs on prepared NPs

2.2.1. Encapsulation method. NP/MOF composites are also
synthesized by encapsulating protecting agent-stabilized NPs in
MOFs.1%3335 MOFs synthesis and NP incorporation into MOFs
proceeded simultaneously by introducing NPs in a precursor
solution of organic ligands and metal salts. Lu et al.
demonstrated encapsulation of various nanoparticles within
ZIF-8, in a controllable way.3* They prepared various poly-
vinylpyrrolidone (PVP)-capped NPs, such as Au, Ag, Pt, CdTe,
Fes0,s, and lanthanide-doped NaYF;, and successfully
embedded them into ZIF-8 crystals. Moreover, the NP spatial
distribution within ZIF-8 can be controlled by adjusting the time
of NP addition during the MOF-formation reactions. Possible
drawbacks of this method are that any protecting agents and/or
surfactants used to stabilize the NPs are incorporated as
impurities, which may have a negative effect on the catalytic
properties of the NPs. Recently, Li et al. developed a novel

7

(Methanol)
PVP-modified nanoparticles

* Nanoparticle 1
® Nanoparticle 2

Fig. 3 Synthetic scheme of NPs encapsulated in ZIF-8 with
controlled positions. Reproduced from Ref. 34 with permission
from Nature Publishing Group, copyright 2012.
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strategy to achieve a direct contact between NPs and MOFs.3¢
A weakly adsorbed capping agent, cetyltrimethylammonium
bromide (CTAB) was used to synthesize NPs and CATB was
confirmed to be replaced by MOFs. The authors successfully
synthesized NP@MOF materials and confirmed that a high
selectivity of the desired products was achieved by generating
a direct interface in Au NP@MOF catalysts.

In encapsulation methods, metal oxides are often used as
intermediates for subsequent MOF growth. For example, Tsung
and co-workers generated yolk-shell Pd NP@ZIF-8 catalysts
using a Cu,O layer as the sacrificial template.3” At first, pre-
synthesized Pd NPs are coated with Cu,0, and polycrystalline
ZIF-8 is synthesized around Pd@Cu,0 by mixing with the ZIF-8
precursors, 2-methylimidazole (2-melm) and zinc nitrate in
methanol. The Cu,0 is etched off simultaneously with the ZIF-8
formation, due to the low pH of the solution (pH = 5) derived
from the deprotonation of 2-melm. Because MOFs can be
synthesized not only by the solvothermal method but also by
the mechanochemical method,?®3° NP encapsulation in the
MOFs can also be conducted via the mechanochemical process.
In 2019, Pd@ZIF-8 composites were prepared by a
mechanochemistry-assisted encapsulation method.*° ZnO was
used as the metal precursor of ZIF-8, which directly mixed ZnO
with PdCl,, the metal precursor of Pd NPs. Pd NPs supported on
the ZnO (Pd/Zn0) are formed by reduction in H; following ball
milling. Pd@ZIF-8 was synthesized by ball milling of the as-
prepared Pd/ZnO with 2-melm, where ZnO reacted and
transformed into ZIF-8. The significant advantage of this
technique is its suitability for large-scale synthesis, which is
promising for practical use.

2.3. One-pot method

The two preparation techniques for NP/MOF composites
described so far require at least two or more steps, and there
was a need for further development of simpler hybridization
methods. A facile one-pot method to prepare NP@MOF
composites was first reported by Tang et al. in 2013.2° They
found that Au@MOF-5 materials can be directly obtained by
mixing the precursors of the Au NPs and MOF (HAuCl,, zinc
nitrate, and 1,4-benzenedicarboxylate) in the reaction solution.
Au NPs are first synthesized within a very short time during
solution heating, and subsequently MOF-5 grows on Au NPs’
surface. By using the same technique, they also successfully
synthesized the Au@ZIF-8, Au@IRMOF-3, and Ag@MOF-5
composites. This one-pot method is versatile and has been
applied not only to solution synthesis but also to the
microwave?! and spray-drying methods.*?

3. Catalytic properties and reaction mechanisms
of NP/MOF composites

There are several promising effects of hybridized MOF and NPs
on the catalytic reaction, namely: (1) molecular sieving effects
for reactant and/or product molecules (Fig.4a) ; (2) interactions
between reactant molecules and MOFs within the pores of
MOFs, such as condensation and diffusion effects, and

4| J. Name., 2012, 00, 1-3
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Fig. 4 Schematic illustrations showing effects to hybridized
MOF and NPs on catalytic reaction. (a) Molecular sieving
effects. (b) Interactions between reactant molecules and
MOFs within MOF pores, such as condensation and
diffusion effects, and conversion of reactant molecules. (c)
Electronic interactions between NPs and MOFs.

conversion of reactant molecules (Fig.4b) ; and (3) electronic
interactions between NPs and MOFs (Fig. 4c). In many cases, the
active site of the reaction is the NP surface, and MOFs
contribute to activating reactants or tuning the properties of
reaction sites. For example, Yaghi and co-workers showed that
Pt NP-embedded MOF nanocrystals (Pt/UiO-66) are ideal
materials for changing the chemical environment of a catalyst.*3
They prepared two isoreticular MOFs with different functional
groups as hosts for Pt NPs, and confirmed that these chemical
environments alter the selectivity and activity in the gas-phase
catalytic reaction of methylcyclopentane (MCP). Although a few
hypotheses have been proposed regarding the effects of
functional groups of ligands on the reaction, a detailed analysis
of the reaction mechanism is still to be explored.

3.1. Molecular sieving effect

MOFs have regular cavities of the same size, and molecules
larger than the aperture of the MOF cavities cannot access the
surface of the NPs encapsulated within the MOF. This
“molecular sieving effect” can be used to select the type of
molecule that reaches the NP surface, the active site, resulting
in improved catalytic performance of the NP/MOF composites.
Zhang et al. confirmed the selective molecular sieving effect of
Ui0-66, [Zrs04(OH)4(BDC)e, BDC = 1,4-benzenedicarboxylate],**
on Pt NPs in both gas- and liquid-phase catalytic reactions.*®
They tested various olefin hydrogenation reactions with
different reactant sizes (hex-1-ene, cyclooctene, trans-stilbene,
cis-stilbene, triphenyl ethylene, and tetraphenyl ethylene) on
composite catalysts and compared the results with those
obtained using Pt NPs supported on carbon nanotubes (Pt-CNT).
It was found that the conversion rate decreased as the size of
the reactant molecule increased, whereas Pt-CNT showed
indiscriminating activity towards olefin hydrogenation (hex-1-
ene 100%, cyclooctene 100%, cis-stilbene 100%, trans-stilbene
100%, triphenyl ethylene 89%, and tetraphenyl ethylene 18%)

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Schematic illustration showing molecular sieving effects
over the Pt@SALEM-2 composite catalyst. Reprinted with
permission from Ref 46. Copyright 2016 American Chemical
Society.

This effect can be precisely controlled as the MOF cavity size can
be tuned easily by substituting the MOF ligands. Stephenson et
al. developed the solvent-assisted linker exchange (SALE)
technique to control the pore size of NP@MOF catalysts.*® The
initially synthesized Pt@ZIF-8 composite was converted to
Pt@SALEM-2 by exchanging 2-melm for imidazolate. The
substitution of the ligands was confirmed by powder X-ray
diffraction, 'H NMR spectroscopy, inductively coupled plasma
atomic-emission spectroscopy, and scanning transmission
electron microscopy (STEM). They observed changes in the
catalytic results corresponding to the larger aperture size
resulting from ligand substitution (Fig. 5). In addition to pore
size, flexibility also affects the type of reactant molecules
incorporated, as shown by Chen et al.*” They used two different
MOFs, ZIF-8 [Zn(mIM),, mIM = 2-methyl imidazole] with a
flexible structure*® and ZIF-71 [zZn(DClIM),, DCIIM = 4,5-
dichloroimidazole] with a rigid structure*® as support materials
for Pt NPs. Both composite catalysts, Pt@ZIF-8 and Pt@ZIF-71,
showed high catalytic activity for the selective hydrogenation of
cinnamaldehyde (CAL) under mild conditions. However, the
Pt@ZIF-71 composite catalysts showed lower catalytic activity
and higher selectivity due to the rigid structure of ZIF-71. The
high selectivity is achieved because the orientation of CAL
molecules on the of the Pt NPs is fixed within the ZIF-71 pores.
To date, molecular sieving effects have been observed in
numerous NP/MOF composite catalysts.3#37:50

3.2. Interactions between reactant molecules and MOFs
within MOF pores

MOFs have regular pores that can selectively adsorb gas
molecules and are considered to have condensation effects. For
example, a quasi-condensed CO; liquid phase was observed
even at 1 bar and 298 K at the interface between MOF and Ag
NPs.>! Because pseudo high-pressure microenvironments can
be generated by encapsulating NPs in MOFs, MOFs are
expected to promote NP catalytic reactions. In addition to
catalytic activity, NP reaction selectivity can be also controlled
by using hybridization with MOFs. Na et al. found that Pt NPs
embedded in UiO-66 present unusual product selectivity in
hydrogenative conversion of MCP.°2 They compared the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) Schematic reaction diagram of the MCP

hydrogenation reaction. (b) The results of catalytic reaction
tests over three catalysts (Pt-on-SiO2, Pt C nUiO-66, and Pt-on-
nUiO-66) obtained at 150 °C. Reprinted with permission from
Ref 52. Copyright 2014 American Chemical Society.

selectivity of the Pt NP-supported surface of UiO-66 (Pt-on-
nUiO-66) and embedded in UiO-66 (Pt nUiO-66) and obtained
different product profiles (Fig. 6). Pt C nUiO-66 produced Ce-
cyclic  hydrocarbons, whereas dehydrogenation and
isomerization products were obtained by using Pt-on-nUiO-66.
The difference in reaction selectivity is attributed to the
increase in H; local concentration of H;, inside UiO-66 pores.

Diffusion of reactant molecules is another factor that
determines catalytic reaction performance as a concentration
of reactant gas molecules. Because the gas diffusion rate in
MOF pores is reported to be relatively slow compared with bulk
gas molecules,*? it is challenging to design NP/MOF composites
with a high diffusion rate of reactant molecules. In 2017, Yang
et al. succeeded in controlling the spatial distribution of the NPs
within  MOFs and achieved high catalytic activity in
hydrogenation of n-hexene and cyclooctene.>® The spatial
localization of NPs can be regulated by changing the ligand
concentration during the MOF encapsulation process.

In actual catalytic reactions, it is assumed that these effects
occur simultaneously; however, analysis of the catalytic
reaction mechanisms is difficult because of its complexity. The
reactivity of gas molecules in MOF was investigated in the
water—gas shift (WGS) reaction (H,O+CO->H,+CO,) of Pt@UiO-
66 composite catalysts in 2019.27 The activation of H,0 is the
rate-limiting step of the reaction®> and Pt NPs are well-known
catalysts for the reaction. Both condensation and diffusion
effects have a key role in achieving high catalytic activity,

J. Name., 2013, 00, 1-3 | 5
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because the concentration or flow rate of H,O strongly affects
the WGS reaction activity. To investigate the contribution of
these effects, two different composite catalysts, Pt on UiO-66
and Pt@UiO-66, were synthesized. Pt on UiO-66, where Pt NPs
are located on the surface of UiO-66, was prepared by the
impregnation method. By contrast, Pt@UiO-66, where Pt NPs
are encapsulated within UiO-66, was synthesized by mixing the
pre-synthesized Pt NPs with precursors of UiO-66. In the WGS
reaction tests, a higher CO conversion was observed for
Pt@UiO-66 than for Pt on UiO-66 (Fig. 7). In the in situ IR spectra
of the Pt@Ui0-66, weak infrared (IR) bands attributed to Pt-OH
species appeared, but were not observed in Pt on UiO-66. Given
that Pt-OH is an active intermediate species in the WGS
reaction,”® the higher catalytic activity of Pt@UiO-66 is
attributed to the presence of these intermediate species. The
higher ratio of the contact interface in Pt@UiO-66 between Pt
NPs and UiO-66 may promote H,O activation. In addition, to
investigate the effects of condensation and diffusion in the
catalytic mechanism, the WGS reaction activity test with
different H,O flow rates was performed. Although the CO
conversion of Pt@UiO-66 was higher than Pt on UiO-66 at a
slow H,0 flow rate, the difference decreased with increasing
flow rate and eventually the reverse tendency was observed
(Fig. 8). These phenomena can be explained by competitive
effects of H,O condensation and diffusion in UiO-66 pores:
when H,0 concentration is low, the condensation effect of UiO-
66 has an important role to provide water molecules to the Pt
NPs, with the result that Pt@UiO-66, which has a larger contact
interface, showed a higher catalytic activity than Pt on UiO-66.
By contrast, at higher H,O concentration, the diffusion of water
molecules into Pt NPs through UiO-66 is a dominant factor
affecting the WGS reaction activity, because the condensation
effect induced by UiO-66 weakens. A relatively thick (80 nm)
UiO-66 shell is formed around Pt NPs, and therefore the
diffusion rate of H,0 in the Pt@UiO-66 composite is believed to
be slower than in Pt on UiO-66. For this reason, Pt@UiO-66
showed lower catalytic activity than Pt on UiO-66 at higher H,0

12

FOH

107 ——Pt@uio-66
—e— Pt on UiO-66
81 —e—Ptonzro,

|\ 7
o

CO Conversion (%)
[o)]

Fig. 7 Temperature dependence of CO conversion in WGS
reaction. Reaction conditions: 11 sccm of H,O, 10 sccm of CO,
50 sccm of Ar, 0.65 MPa. Reproduced with permission from
Ref. 27 Copyright 2019 Wiley-VCH.
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Fig. 8 (a) CO conversion versus H,O/CO ratio in WGS reaction
over Pt on UiO-66 (red), Pt@UiO-66 (blue), and Pt@UiO-66-
40nm (green). Reaction conditions: 11.4, 57.0, or 114 sccm
H,0, 10 sccm CO, 50 sccm Ar, 0.65 MPa and 320°C. (b)
Schematic illustrations of condensation effect (left) and
diffusion effect (right) of H,O in UiO-66 pores with Pt NPs. (c)
Transmission electron microscope image of Pt@UiO-66-
40nm. Reproduced with permission from Ref. 27 Copyright
2019 Wiley-VCH.

concentration. Pt NPs coated with a thinner UiO-66 layer
(Pt@UiO-66-40 nm) presented a higher catalytic activity than
Pt@UiO-66 and Pt on UiO-66 in the wide flow range of H,0O,
supporting the authors’ insights (Fig. 8).

The reactivity of water molecules in the WGS reaction can
also be systematically controlled through functionalization of
the MOF ligands.>” Composite catalysts composed of Pt NPs and
UiO-66 or its analogues (UiO-66-H, UiO-66-Br, and UiO-66-Me,)
were synthesized and their catalytic activities in the WGS
reaction were investigated. The ligand functionalization with
the —Me; group provided a higher CO conversion than the
unfunctionalized one (Pt@UiO-66-H), whereas ligand
functionalization with the —Br group resulted in lower catalytic
activity. From the results of solid-state NMR and in situ IR
measurements, the differences in the WGS reaction activity
originate from the electron density of water molecules in the
UiO-66 pores. In 'H NMR spectra, the chemical shifts of the
adsorbed water molecules were shifted depending on the
functional groups (Fig. 9a). Functionalization with the —Me;
group, an electron-donating group, could increase the electron
density of protons in the adsorbed H,0, and vice versa. For the
WGS reaction, A high electron density of H,O is considered to
be favourable for H,O dissociation to form the active
intermediate species OH.>8 The authors also confirmed that the
formation of OH species resulted from H,0 activation by in situ
IR spectra measurements under a reaction gas flow for three
composite catalysts (Fig. 9b). The Pt-OH band intensity
gradually decreases in the order Pt@UiO-66-Me; > Pt@UiO-66-
H > Pt@UiO-66-Br, which is consistent with the WGS reactivity.
Pt-OH is a known active intermediate species in the WGS

This journal is © The Royal Society of Chemistry 20xx
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reaction,”® and therefore, the tendency of the Pt-OH band
intensity could indicate WGS catalytic activity in the Pt@UiO-66
analogues. For these reasons, Pt@UiO-66-Me, showed the
highest WGS reactivity in the three Pt@UiO-66 analogues.
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Fig. 9 (a) 'H ultrafast (70 kHz) MAS NMR spectra (top, solid
lines) and the corresponding *H-'H double-quantum NMR
(DQNMR) spectra (bottom, dashed lines) of Pt@UiO-66-H
(blue), Pt@UiO-66-Br (green), and Pt@UiO-66-Me, (orange)
at room temperature. The peaks attributed to adsorbed H,0
are highlighted. (b) In situ IR spectra on the condition of the
WGS reaction for Pt@UiO-66-H (blue), Pt@UiO-66-Br
(green), and Pt@UiO-66-Me; (orange). The gas flow rate was
H,O/CO/N, = 4.5/0.4/15.1 sccm, and the temperature was
300°C. Reprinted with permission from Ref 57. Copyright
2020 American Chemical Society.
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In most cases, the electronic states of NPs play key roles in

catalytic properties such as conversion and/or selectivity, and
are affected by the properties of support materials. These
phenomena can be observed in NP/MOF composite catalyst
systems. The CO; hydrogenation to methanol reaction is one of
the most intensively studied systems in NP/MOF composite
catalysts because of the generally known structure sensitivity of
the catalytic properties to the dimension and composition of
the metal oxide—-metal interface. The hybrid material of Cu NPs
and Zr-based MOF, UiO-66, shows high activity and selectivity
on CO; hydrogenation to methanol.>® UiO-66 is one of the most
intensively studied frameworks because of its high thermal,
water, and chemical In addition, it is easily
functionalized through substitution®® or defect
formation,®* making it more promising for electronic state

stabilities.
linker

control. Rungtaweevoranit et al. firstly reported that a catalyst
composed of Cu NPs and UiO-66 (Cu C UiO-66) exhibits an 8-fold
enhanced catalytic activity compared with the Al,03-supported
Cu catalyst.>® From X-ray photoelectron spectroscopy (XPS) data,
the authors suggested that Cu NPs and UiO-66 have strongly
interacted because Zr(IV) in UiO-66 is reduced in the presence
of Cu NPs (Fig. 10). The interface between Cu NPs and the Zr
oxide cluster of UiO-66 was considered to be the active site for
the composite catalyst.

a
182.2 eV
3
&
> H i
.ﬁ i 1
© : 182.8 eV
IS
Binding energy (eV)
b

Zr oxide cluster
of UiO-66

Active sites
Cu surface

Fig. 10 (a) XPS spectra of UiO-66 before and after the
hybridization with Cu NPs. (b) Illustration of the active point
of Cu NP/UiO-66 catalyst. The brown, black, and red spheres
represent the Cu, C, and O atoms, respectively. Zr is
represented as blue polyhedra. H atoms are omitted for
clarity. Reprinted with permission from Ref 59. Copyright
2016 American Chemical Society.
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The effects of the electronic interaction between NPs and
MOFs on the catalytic activity was further investigated by
Kobayashi et al. ® Cu/Ui0-66 composite and different
analogues, Cu/Zr-UiO-66, Cu/Zr-UiO-66-NH,, Cu/Zr-UiO-66-
COOH, and Cu/Hf-UiO-66 were synthesized to control the
degree of charge transfer between Cu NPs and UiO-66. The
composite catalysts were synthesized by the impregnation
method. Copper acetylacetonate, Cu(acac),, was used as the
metal precursor of the Cu NPs and it decomposed in the
presence of the prepared MOF. From high-angle annular dark-
field scanning TEM (HAADF-STEM) and energy-dispersive X-ray
(EDX) elemental mappings, Cu NPs were confirmed to be
covered with UiO-66 or its analogue. Cu/Zr-UiO-66 showed a
high catalytic activity for CO, hydrogenation to methanol; the
rate was larger by a factor of 70 than Cu/y-Al;0Os. The catalytic
activities of Cu hybrid catalysts with other well-known MOFs
such as ZIF-8 and MIL-100 were also investigated and they had
poor CO;, hydrogenation activities. To investigate the ligand
substitution effect, the authors synthesized two different
functionalized composite catalysts, Cu/Zr-UiO-66-COOH and
Cu/Zr-Ui0-66-NH,. Carboxylate-functionalized Cu/Zr-UiO-66-
COOH exhibited an enhancement of the rate of methanol
synthesis by a factor of 3, whereas amine-functionalized Cu/Zr-
UiO-66-NH, had almost the same catalytic activity as Cu/Zr-UiO-
66. From the XPS measurement, it is considered that the charge
transfer from Cu NPs to UiO-66 is a key factor in these
enhancements of the catalytic activity of Cu. A clear correlation
was found between the charge transfer and the catalytic activity
(Fig. 11). Considering the changes in the oxidation state of Zr,
the cationic Cu species due to charge transfer from Cu NPs to Zr

in UiO-66 is thought to promote the CO, hydrogenation reaction.

The cationic Cu species could stabilize formate, leading to the
higher CO, hydrogenation activity because the hydrogenation
of surface formate is the rate-limiting step.®® In addition, the
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Fig. 11 Relationship between the catalytic activity and binding
energy shift calculated from XPS analysis for Cu/y-Al,O3 and
Cu/MOF catalysts. Stars and circles represent synthesized
methanol and binding energy shift, respectively. Reproduced
from Ref. 62 with permission from the Royal Society of
Chemistry.
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Pd@Ui0-66-NH,

= Pd@UiO-66-OMe
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Adsorption Strength

Fig. 12 Schematic plot of the relationship between adsorption
strength and catalytic activity. Reproduced with permission
from Ref. 64 Copyright 2020 Wiley-VCH.

component MOFs of the composite catalysts described above
are crystalline; amorphous MOFs have also been reported to
further enhance catalytic performance in CO, hydrogenation to
methanol.*?

The effect of ligand substitution on charge transfer between
NPs and MOFs was also reported by Chen et a/.%* Pd NP@UiO-
66-X (X = H, OMe, NH,, OH, 20H(Hf)) exhibited different
catalytic activities in the hydrogenation of benzoic acid.
Although all the catalysts presented nearly 100% selectivity, the
catalytic activity followed the order of Pd@UiO-66-OH >
Pd@UiO-66-20H(Hf) > Pd@UiO-66-NH; > Pd@UiO-660Me >
Pd@UiO-66-H. From density functional theory (DFT)
calculations, the numbers of electron transfers from Pd NPs to
UiO-66-X changed according to the functional groups of the
ligand or the MOF component metals (Zr or Hf), and their
tendency was consistent with the catalytic activity. The
differences in the surface electronic property of Pd NPs were
also confirmed by the diffuse reflectance IR Fourier transform
spectra of CO adsorption. The main adsorption peaks, assigned
to the C—-0O vibrations of linearly adsorbed CO, exhibited red
shift. This can be explained by the electron-donating property
of functional groups on MOF ligands to the encapsulated Pd
NPs; the order of electron donation degree was the reverse
order of electron transfer numbers from DFT calculations. In
addition, the position of the centre of the d-band states® of Pd
NPs embedded in different UiO-66 analogues was also
calculated. A higher d-band centre position brings a stronger
interaction between the catalyst surface and the adsorbed
molecule, as the occupancy of anti-bonding states becomes
lower.®®%7 Hence, a higher d-band centre indicates a higher
adsorption energy. Based on the d-band centre positions
determined from the calculations, the order of adsorption
energies (Pd@UiO-66-20H < Pd@UiO-66-20H(Hf) < Pd@UiO-
66-NH, < Pd@UiO-66-OMe < Pd@UiO-66) was the reverse
order of catalytic activity, and explains the experimental results
well, considering the Sabatier principle (Fig. 12).68

Electronic interactions between metal NPs and MOFs also
affect electrocatalytic activities. Wang et al. achieved oriented
growth of NPs on MOF nanosheets (NSs) by controlling the
reduction speeds of metal ions with different solvents.®® They
found that when weak reducing solvents such as ethylene glycol

This journal is © The Royal Society of Chemistry 20xx
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and diethylene glycol were used, metal ions were reduced
slowly and metal NPs grew selectively on the edge of pre-
synthesized MOF NSs. By using this method, heterojunction
composites of Pt NPs and MOF NSs (Pt/MOF-0) were fabricated
and exhibited higher electrocatalytic activities for both alkaline
and acidic hydrogen evolution reactions (HER). In contrast,
composites of Pt NPs and MOF NSs with random distributions
of NPs (Pt/MOF-C) showed lower HER activities than Pt/MOF-O,
indicating that oriented growth of Pt NPs affects the catalytic
performance. In the O 1s XPS spectra, a negative peak shift was
observed in Pt/MOF-O, suggesting the electron-rich state of O
in Pt/MOF-O (Fig. 13a). In contrast, no peak shift was observed
in Pt/MOF-C. In the Pt 4f XPS spectra, Pt/MOF-0 showed higher
Pt2*/Pt° ratio than that of Pt/MOF-C. In addition, a peak
attributed to C-O-Pt bonds was observed in the O 1s XPS
spectrum of Pt/MOF-O. From these results, the authors
concluded that the interaction between Pt NPs and MOFs
occurred via C-O-Pt bonds and led to the electron transfer from
Pt to O (Fig. 13c). Pt with low electron density is reported to
promote electron transfer in the HER,”® which may be a factor
in the enhanced catalytic activity of Pt/MOF-O.
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Fig. 13 (a) O 1s XPS spectra of Pt/MOF-O and Ni MOF NSs. (b)
Pt 4f spectra of Pt/MOF-O and Pt/MOF-C. (c) lllustration
showing the structure of Pt/MOF-O catalyst. Reprinted with

permission from Ref 69. Copyright 2021 American Chemical
Society.

3. 4. Other effects

As with other support materials such as zeolite and porous
carbon, MOFs are reported to improve the stability of NPs by
preventing their aggregation.?®’! In particular, MOFs with
regular and uniform cavities are advantageous in keeping small
monodispersed NPs. Moreover, the tunability of MOF pore sizes
can be used to control the size of NPs. For example, Mian et al.
used two Zr-based MOFs, NU-901 and NU-907 with different
pore diameters to control the size of embedded Cu NPs.”? While
both frameworks are composed of the same eight-connected

This journal is © The Royal Society of Chemistry 20xx
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Zre nodes [Zrg(us-0)a(us-OH)s(H20)4(OH)4], their pgre dimeters
are different (15 A and 10 A) because theGloded&+E76irvEE By
different linkers (1,3,6,8-tetrakis(p-benzoate)pyrene and
3,3’,5,5’-azobenzenetetracarboxylic acid, respectively). Cu NPs
were synthesized and embedded in the MOFs via wet
impregnation method. Pair distribution function (PDF) analysis
revealed that the particle size of the Cu NPs depends on the
pore diameter of the host MOFs. In addition, Cu NPs@NU-901
exhibited higher activity than Cu NPs@NU-907 in acetylene
semihydrogenation reaction. From DFT calculations, it was
suggested that larger Cu NPs show higher activity, supporting
their experimental results.

4. Conclusions and outlook

In this review, we reviewed the trends in NP/MOF hybrid
catalysts, with a particular focus on elucidating the role of MOFs
in catalysts. MOFs have many attractive properties in gas
storage, separation, catalysis, and ion conduction, and their
material development has extended to hybrid materials with
other functional materials such as organic molecules, enzymes,
polymers, metal NPs, and polyoxometalates. Among these
composites, MOF composites with NPs have been intensively
studied as a method for obtaining efficient catalysts. When they
are hybridized with NPs, various functions of MOFs are
suggested; examples include the molecular sieving,
condensation, and electronic effects. To date, a variety of novel
composite catalysts have been developed and some showed
synergistic effects that resulted from interactions of NPs and
MOFs. Significant efforts were made to develop NP/MOF hybrid
materials; however, elucidation of the role of the MOFs in
composite catalysts is still ongoing because multiple effects
often occur simultaneously, making the analysis difficult.

Various synthetic methods for NP/MOF hybrid materials
have been developed. We presented these techniques and
classified them into three types: (1) the “bottle-around-ship
approach”, in which NPs are introduced into prepared MOFs, (2)
the “ship-in-a-bottle”, in which hybridization with a MOF occurs
on prepared NPs, and (3) the one-pot method. In the bottle-
around-ship approach, because of its simplicity, the solid
grinding method was the earliest attempt to obtain these
composites. The solution impregnation and CVD methods were
developed as an outgrowth of the solid grinding method, and
the former became one of the most popular preparation
techniques. The self-template method also provides a facile way
to obtain composite catalysts. The encapsulation method is also
a popular technique and many researchers have used it. A
disadvantage of the encapsulation method is the residue of NP
protective agents, which acts as impurities; recently, a novel
encapsulation method to achieve a direct interface between
NPs and MOFs has been reported. Although there are only a few
reports on this method, the one-pot method is an attractive
technique when considering future practical applications.

We classified the effects to hybridize MOFs and NPs on the
catalytic reaction, as follows. (1) Molecular sieving effects for
reactant and/or product molecules, (2) interactions between
reactant molecules and MOFs within the MOF pores, and (3)
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electronic interactions between NPs and MOFs. MOFs are
supposed to contribute to the activation of reactant molecules
or regulation of NP surface properties, as the surface is the
active site of the catalytic reactions. We introduced these
synergistic effects of NP/MOF composite catalysts and attempts
to elucidate the reaction mechanisms. The molecular sieving
effects of MOFs have been reported in numerous reports and
verified in various ways, including pore aperture control by
ligand substitution. Affected by pore size and cavity flexibility,
the type of reactants incorporated into the hybrid catalysts is
controlled, and high catalytic activity and/or selectivity is
achieved. In addition, interactions between reactants and MOFs
are important factors to determine the catalytic properties of
NP/MOF hybrid materials. MOFs are expected to condense and
activate reactant molecules; however, in actual systems,
diffusion effects compete, making the understanding of
reaction mechanisms and following the design of composite
catalysts difficult. The WGS reaction was taken as an example,
to introduce the investigation of the reactivity of reactant
molecules in MOFs. Competitive effects of condensation and
diffusion in MOF pores were confirmed by testing composite
catalysts with different preparation methods. Various analysis
methods, including solid-state NMR and in situ IR measurement
also demonstrated that the degree of activation of the reactants
can be systematically tuned by functionalization of the MOF
ligand. In addition, catalytic properties are significantly affected
by the electronic states of NPs combined with MOFs. Although
changes in the electronic structure of NPs upon hybridization
with MOFs have been reported previously, as yet there is no
systematic understanding on their catalytic performance.
Recently, the ligand substitution effects of NP/MOF catalysts on
catalytic activities were demonstrated and the degree of charge
transfer between NPs and MOFs was shown to correlate with
catalytic activity. The relationship between the electronic states
of NPs in composite catalysts and catalytic performance has
recently been discussed in terms of d-band centre theory.

To date, various efficient composite catalysts have been
explored and developed; this style was investigated by the
synthesis method and by tuning the MOF properties by ligand
or metal substitution. However, the materials tend to date
consist of limited combinations of platinum-group-metal NPs
and well-known MOF frameworks (UiO-66 and ZIF-8).
Furthermore, the development of facile synthetic methods and
improvement of durability are also important factors for the
practical use of NP/MOF catalysts. In particular, MOFs tend to
have lower thermal stability than conventional support
materials such as metal oxides and carbon materials, which is
still one of big challenges. As mentioned in this review,
elucidation of the reaction mechanisms in NP/MOF catalysts is
still in the process of development. We believe further
development of analytical techniques will provide guidelines for
novel catalyst design and broaden the scope of exploration.
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