
4774 | Chem. Soc. Rev., 2017, 46, 4774--4808 This journal is©The Royal Society of Chemistry 2017

Cite this: Chem. Soc. Rev., 2017,

46, 4774

Metal–organic frameworks meet metal
nanoparticles: synergistic effect for
enhanced catalysis

Qihao Yang,a Qiang Xu bc and Hai-Long Jiang *a

Metal–organic frameworks (MOFs), established as a relatively new class of crystalline porous materials

with high surface area, structural diversity, and tailorability, attract extensive interest and exhibit a variety

of applications, especially in catalysis. Their permanent porosity enables their inherent superiority in con-

fining guest species, particularly small metal nanoparticles (MNPs), for improved catalytic performance

and/or the expansion of reaction scope. This is a rapidly developing interdisciplinary research field. In this

review, we provide an overview of significant progress in the development of MNP/MOF composites,

including various preparation strategies and characterization methods as well as catalytic applications.

Special emphasis is placed on synergistic effects between the two components that result in an

enhanced performance in heterogeneous catalysis. Finally, the prospects of MNP/MOF composites in

catalysis and remaining issues in this field have been indicated.

1. Introduction

Metal–organic frameworks (MOFs), also known as porous coordina-
tion polymers (PCPs), have captured widespread interest and have
become one of the fastest growing fields in both chemistry and
materials science in the last two decades.1–3 As a class of porous
crystalline materials, MOFs feature periodic network structures
formed by self-assembly of inorganic metal-containing nodes (metal
ions/clusters, also known as secondary building units or SBUs)
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and organic linkers.4–10 The organic linkers are enormously
diverse, are mostly based on carboxylates, N-donor groups, or
even phosphonates, and have a variety of configurations. The
vast number of metal ions and organic linkers available as well
as their diverse assemblies have led to more than 20 000 MOFs
being reported, whose structures are not only abundant and
intriguing but also designable and tailorable. In addition to their
diverse structures and compositions, MOFs possess uniform
pore sizes/environments and very high surface areas in contrast
to traditional microporous and mesoporous materials, including
zeolite, mesoporous SiO2, and activated carbon. These inherent
features render MOFs very promising in a variety of applications,
such as gas sorption and separation, heterogeneous catalysis,
drug delivery, proton conductivity, and sensing.1–3,11–48

Amongst different MOF applications, the study of catalysis
started very early and is becoming one of the most rapidly
growing applications. The main reasons behind this are the
inherent properties and remarkable advantages of MOFs toward
catalysis: MOFs possess high-density and uniform dispersion of
active sites; highly porous structures that render all active sites
readily accessible; open channels that greatly facilitate the
transport and diffusion of substrates and products; and a solid
character that guarantees recyclability. Therefore, MOFs effec-
tively integrate the advantages of both homogeneous and hetero-
geneous catalysts, with high reaction efficiency and recyclability.
In addition, MOFs possess highly uniform pore shapes and
sizes, which are of vital importance for size-selective catalysis:
small reactants can be effectively converted while molecules
larger than the pores will not be able to react. The pore sizes
of MOFs are continuously tunable and bridge the gap between
zeolite (microporous) and silica (mesoporous);49 thus, they are
applicable to many important reactions. Moreover, MOFs show
excellent ability in realizing molecular-level tuning in their
structures. Each atom in MOF structures is precisely determined
and most of them are tailorable. Particularly, many isoreticular

MOFs with alterable functional groups grafted on their pore
walls have been reported, via either one-step assembly or post-
synthetic modification.50 All these factors make MOFs ideal
candidates for the study of structure–activity relationships based
on catalysis.51–55

Despite the advantages of MOFs for catalysis, as indicated
above and also in previous reports,16,31,36,56–59 the type of active
sites on MOF structures is mainly limited to the following
two sources, resulting in reactivity toward limited catalytic
reactions. (1) Unsaturated metal centers, behaving as Lewis
acidic sites, are intensively reported and usually made available
by the removal of coordinated solvents upon activation.60,61

Also, the creation of structural defects on or around the metal
clusters was recently reported to lead to remarkable activity.51

(2) Active sites grafted on the organic linkers are very common.
The benzene rings are usually involved in the linkers and they
can be modified to connect with additional acidic (–OH, –SO3H),
basic (–NH2, –NH, –N), or even diverse groups, resulting in
activity originating from the nature of the functional groups.
The modified linkers can be directly used during the one-step
synthesis of MOFs based on 100% or just a certain proportion of
replaced parent linkers.33,62–64 If the additional active sites take
part in the coordination with metal ions or disturb the formation
of expected MOF structures, they can be alternatively post-
synthetically grafted onto the linkers.50,65,66

In addition to the above two approaches introducing active
sites into MOF structures, being a class of porous materials, MOFs
can incorporate catalytically active guest species into their pore
spaces, or they can be partially stabilized on the MOF surface.

Given the diversified organic/inorganic guests available for
encapsulation, this strategy greatly promotes the applications of
MOFs for catalysis not only with respect to improved perfor-
mance but also toward a broad scope of reactions that are not
attainable by the individual components.

As one of the most promising guest species, metal nano-
particles (MNPs), particularly small MNPs, are rapidly attracting
intense interest due to their great importance in catalysis.
Unfortunately, due to the high surface energy of small MNPs,
they are thermodynamically unstable and prone to aggregate
during catalytic reactions, leading to a loss of activity. Conse-
quently, control of the size, shape, and dispersion of MNPs is a
critical factor in achieving high and stable activity. To this end,
various surface capping agents, such as polyvinylpyrrolidone
(PVP), oleylamine, and dendrimers, are commonly accepted to
obtain small MNPs with particular shapes. While this has been
recognized as an effective solution, capping molecules attached
to MNPs with strong chemical interactions are, in most cases,
undesired and play negative roles in catalysis. To obtain well
dispersed MNPs with clean surfaces, their confinement inside
porous materials, for example, porous silica, zeolites, and porous
carbons, is paramount for subsequent catalysis.67–69 Porous
materials offer inherent conditions for spatial confinement to
prevent the MNPs from aggregation and growth, and their pores
serve as a transfer path for the reaction substrates/products.
Amongst porous materials, MOFs are the most popular choices
because (1) they are versatile with different pore sizes and shapes
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for the particular requirements of MNPs; (2) they possess very
high porosity and surface areas, which is desirable for hosting
MNPs; (3) the well-defined MOF structures and easily tailorable
pore architectures enable clear surrounding environments for
MNPs, which are preferable for understanding catalysis.

The combination of MNPs and MOFs for new or enhanced
properties, particularly in catalysis, has attracted a surge of
research interest in recent years. Previous reviews mainly
summarize the preparation and characterization methods of
MNP/MOF materials as well as their applications.46,70–80 Along
with B10 years of active research in this field, we are gradually
becoming aware that functional synergy between MNPs and
MOFs is of great significance in their catalysis. That is,
the rational integration of these two components effectively
synergizes their respective strengths and offsets their drawbacks
for enhanced catalysis. However, the importance of synergistic
catalysis over MNP/MOF composites is far from being well under-
stood. Being at the early stages of the study of MNPs/MOFs, most
reports are focused on the stabilization of MNPs by MOFs and
discuss the good catalytic properties of MNPs, which represent
the simplest functional synergy between the two components.
Our most recent reports have clearly demonstrated that the
synergistic effect between MNPs and MOFs effectively inte-
grates their respective multiple advantages, resulting in a much
enhanced catalytic performance.81–83

Therefore, we believe it is time to highlight the synergistic
effects in this field. In the present review, we provide an overview
of MNP/MOF composites for catalysis. For the completeness of
this review, we first summarize the synthetic protocols and
characterization tools for MNPs/MOFs (MNPs are loaded into
and/or on the surface of MOFs) and MNPs@MOFs (generally,
MNPs are only incorporated into MOFs) and discuss some
important concerns. Most importantly, particular emphasis is
placed on the synergistic effects between the two components
in MNP/MOF composites for enhanced catalysis (Scheme 1).
Hopefully, this review will inspire the interest and enthusiasm of
scientists in chemistry and materials science, who are encouraged
also to read the cited articles, leading to deeper understanding
and insight into the study of MNP/MOF composites, which

thus in turn will promote the further development of related
research fields.

2. Synthetic approaches to the
formation of MNP/MOF composites

Diverse synthetic methods to stabilize MNPs with MOFs have
been developed. In general, the preparation of MNP/MOF compo-
sites can be classified into four approaches. The first approach is
the introduction of a MOF into a solution with a metal precursor
(or the mixing of a MOF with a metal precursor in the solid state),
followed by the formation of MNPs inside and/or on the external
surface of the MOF. The second is the dispersion of MNPs into
a reaction solution for subsequent MOF synthesis, generally, to
obtain MNPs incorporated into MOFs. The third is step-by-step
synthetic processes, for MNPs/MOFs and sandwich-like structured
MOF/MNPs/MOFs. The last step is the simultaneous formation
of the two components to afford MNP/MOF composites. The
reported examples of MNP/MOF composites synthesized using
the first approach are summarized in Table 1.

2.1. Synthesis of MOFs prior to the formation of MNPs

Using MOFs as stabilizing host materials provides a confined
space for MNPs via a ‘‘ship-in-a-bottle’’ approach, in which the
incorporation of MNPs in a MOF matrix is expected to prevent
agglomeration and restrict the growth of MNPs. It should be
noted that it remains a significant challenge to confine all the
MNPs inside the pores, and supporting a few MNPs on a MOF
surface is sometimes unavoidable. This issue arises from
the influence of the MOF microstructure, which involves
inner surface characteristics, interactions between the metal
precursors or MNPs and the MOF pore surface environment,
and the dynamics of wetting and filling MOF pores. In a
traditional approach, the introduction of metal precursors can
be based on different techniques including solution infiltration,
vapour deposition, and solid grinding, followed by various
reduction methods (for example with hydrogen, ammonia borane,
NaBH4, and hydrazine) for metal precursors, resulting in different
sizes and/or distribution control of MNPs relative to MOF
particles. The reducing agent, reduction method, and reduction
time, which significantly affect the size of MNPs, should be
carefully chosen, considering the chemical and thermal stability
of the host MOFs.

2.1.1. Solution impregnation. In this system, MOF crystals
are introduced into a solution containing the metal precursor
and mixed effectively. The existing capillary pressure causes the
liquid (containing metal precursor) to spontaneously penetrate
the interior voids of the MOFs. The solid was then collected by
centrifugation and washing, or only evaporation. Subsequently,
the metal precursors are reduced to MNPs. In this way, the size
and shape of MNPs, formed in situ, are expected to be deter-
mined by the cavities of the host MOF. The particle distribution
depends on the metal precursor and MOF, and some of the
metal precursor might be adsorbed on the surface and easily
migrate. For this reason, the MNP/MOF composites synthesized

Scheme 1 Schematic illustration showing the integration of the functions
of MOFs and metal NPs for synergistic catalysis.
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Table 1 Summary of the reported MNP/MOF composites

Preparation method MOF Metal precursor Reduction method Particle size (nm) Ref.

Solution impregnation MOF-5 Pd(acac)2 Vacuum heating or H2 — 84
PdCl2 N2H4�H2O 3–6 189
Ni(acac)2 H2 2–6 200

IRMOF-3 NaAuCl4 — 1.7–3.3 221

MIL-101 Pd(NO3)2 H2 2.5 � 0.5 85
Pd(NO3)2 H2 2.6 � 0.5 86
Pd(NO3)2 H2 1.9 � 0.7 89
H2PtCl6 H2 5 � 0.5 88
Pd(acac)2 H2 2.6–3.9 190
Pd(NO3)2 Microwave irradiation

and N2H4�H2O
Less than 3 95

Pd(NO3)2 H2 2.6 � 0.5 192
NiCl2 and K2PtCl6 NaBH4 1.8 � 0.4 193
Pd(acac)2 H2 2–3 199
RuCl3 H2 4–5 202
H2PdCl4 NaBH4 3.7 203
HAuCl4 H2 9.8 � 3.4 228
Pd(NO3)2 H2 2–3 247
AgNO3 NaBH4 1.4 � 0.4 257

S-MIL-101 RhCl3 NaBH4 2.35 � 0.9 206
MIL-101-SO3H Pd(acac)2 H2 3.0 � 0.6 213

HAuCl4 and AgNO3 Dopamine 2–10 208
MIL-101-NH2 H2PdCl4 NaBH4 2.49 90

PdCl2(MeCN)2 NaBH4 B1 196
KAuCl4 Triethylamine 1.5–2.5 216
PdCl2(MeCN)2 NaBH4 2–3 217
H2PtCl6 H2 3.75 � 0.5 266

Al-MIL-101-NH2 H2PdCl4 NaBH4 2.8–3.1 203
ED-MIL-101 PdCl2, H2PtCl6 and HAuCl4 NaBH4 2–4 97

HAuCl4 and H2PdCl4 H2 2–8 98
Al-MIL-53 H2PdCl4 NaBH4 4 203
Al-MIL-53-NH2 H2PdCl4 NaBH4 2.4 203

H2PdCl4 NaBH4 3.12 218
H2PdCl4 NaBH4 3.4 219

Al-MIL-100 H2PdCl4 H2 1.8 � 0.4 92
UiO-66 Pd(NO3)2 H2 Less than 5 91

Pd(OAc)2 H2 Less than 1.2 262
UiO-66-NH2 K2PtCl4 H2 1.16 � 0.16 99

AgNO3 and PdCl2 NaBH4 5–9 210
H2PdCl4 H2 1.5–2.5 214
Pd(OAc)2 H2 Less than 1.2 262

UiO-66-OMe Pd(OAc)2 H2 Less than 1.2 262
UiO-67 K2PtCl4 NaBH4 4.5 207
UiO-68 Pd(NO3)2 NaBH4 Less than 2 198
La-BTC RuCl3 H2 B2 87
ZIF-8 PdCl2 NaBH4 2–3 93

HAuCl4 and AgNO3 NaBH4 2–6 96
RhCl3 NaBH4 — 194

Zn(pip)(dpb) HAuCl4 NaBH4 1.85 � 0.3 100
PdCl2 NaBH4 2.8 � 0.3 101

{Ni(C10H26N6)}3(bpdc)3 AgNO3 NiII macrocycle B3 103
[Ni(cyclam)]2[BPTC] AgNO3 NiII macrocycle 3.7 � 0.4 104

NaAuCl4 NiII macrocycle 2
[{[Ni(cyclam)]2(mtb)}n] Pd(NO3)2 NiII macrocycle B2 105
[Zn3(ntb)2(EtOH)2] Pd(NO3)2 ntb 3.0 � 0.4 106
Rb-CD-MOF AgNO3 OH� 2.0 � 0.4 107

HAuCl4 OH� 3–4
Ti-MIL-125 HAuCl4 Photoreduction 6 108

H2PdCl4 3
H2PtCl6 3

Ti-MIL-125-NH2 H2PtCl6 Photoreduction — 110
H2PtCl6 H2 — 264

Zr6O4(OH)4(bpdc)5.94(L1)0.06 K2PtCl4 Photoreduction 2–3 109
Zr6O4(OH)4(L2)6 K2PtCl4 Photoreduction 5–6
Fe-MIL-100 HAuCl4 Photoreduction 15 111

H2PtCl6 2
H2PdCl4 12

BIF-20 AgNO3 BH(MeIM)3
� 3 112

Fe-MIL-88B-NH2 Na2PdCl4 NaBH(OAc)3 2 195
MIL-88B-NH2 Na2PdCl4 NaBH4 2–3 229
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by solution impregnation, in some cases, show a broad size
distribution of MNPs when the process is poorly controlled.

Kaskel and coworkers incorporated Pd NPs into an MOF-5
([Zn4O(BDC)3], BDC = 1,4-benzenedicarboxylate) framework via
the solution impregnation approach.84 Pd(acac)2 (acac = acetyl-
acetonate) was employed as a precursor and dissolved in
chloroform. The solution was slowly added to the activated
MOF-5 dropwise under continuous stirring. Chloroform was
slowly evaporated in an argon atmosphere and gave a pre-dried
paste of Pd(acac)2/MOF-5, which was completely dried under
reduced pressure overnight at room temperature. The resulting
slightly yellow powder was heated at 423 K or 473 K under
vacuum for 4 h to produce Pd/MOF-5. Pd(acac)2/MOF-5 heated in
a H2 flow at 423 K or 473 K for 1 h can also give rise to a Pd/MOF-5
composite. Similarly, a series of catalysts such as Pd/MIL-101
(Cr3F(H2O)2O(BDC)3�nH2O, n E 25), Pt/MIL-101, Pd/MIL-101-NH2

(Cr3F(H2O)2O(BDC-NH2)3�nH2O, BDC-NH2 = 2-aminotere-
phthalate), Pd/UiO-66 (Zr6O4(OH)4(BDC)6), Pd/ZIF-8 (Zn(MeIM)2,
MeIM = 2-methylimidazole), Ru/La-BTC (La(1,3,5-BTC)�6H2O),

Pd@Al-MIL-100 (Al3O(OH)(H2O)2(BTC)2�nH2O, BTC = benzene-
tricarboxylate), and Au/MOF-545 (Zr6(H2O)8O8(TCPP)2, TCPP =
tetrakis(4-carboxyphenyl)porphyrin) can be synthesized.85–94

MOFs are not only limited to monometallic NPs; bimetallic NPs
stabilized by MOFs can also be obtained via a solution impreg-
nation method.95,96 Xu’s group reported core–shell structured
bimetallic NPs mainly on a zeolitic imidazolate framework, ZIF-8.
The desolvated ZIF-8 was immersed in an aqueous solution contain-
ing HAuCl4 and AgNO3, with subsequent reduction by NaBH4 and
drying to yield Au@Ag core–shell NPs stabilized by ZIF-8.96

Enhancing the interaction between the metal precursors and
cavities/channels of the MOF matrix would facilitate the introduc-
tion of the metal precursors. The creation of coordinatively
unsaturated metal sites (CUSs) makes further functionalization
possible (Fig. 1). For instance, the trimeric CrIII octahedral clusters
in MIL-101 possess terminal water molecules. CUSs can be
generated upon the removal of water molecules from the
framework by vacuum treatment, providing strong interaction
sites for ethylenediamine (ED) molecules. ED-grafted MIL-101

Table 1 (continued )

Preparation method MOF Metal precursor Reduction method Particle size (nm) Ref.

[Zn(Himdc)(bipy)0.5]�DMF PdCl2 NaBH4 1–2 220
Ni-MOF AgNO3 Urotropine 1 222
MIL-120 Ni(NO3)2 Thermal treatment 5–20 224
Cu(II)-MOF Pd(NO3)2 NaBH4 2 230

HAuCl4 NaBH4 2 268
Tm-MOF PdCl2(CH3CN)2 NaBH4 — 250
F15-NU-1000 Pd(acac)2 H2 2.5 263

Double-solvent approach MIL-101 H2PtCl6 H2 1.2–3.0 113
HAuCl4, NiCl2 NaBH4 1.8 � 0.2 117
Pd(NO3)2 NH3BH3 1–3.5 114
K2PdCl4 and NiCl2 NaBH4 — 116
Pd(NO3)2 and AgNO3 H2 1.5 82
Pd(NO3)2 and CoCl2 NH3BH3 B2.5 118
H2PtCl6 H2 B2.5 191
H2PdCl4 H2 1.8 � 0.2 235

UiO-66-NH2 Pd(NO3)2 Photoreduction 1.2 115

Chemical vapor deposition MOF-5 (Z5-C5H5)Pd(Z3-C3H5) H2 1.4 � 0.1 119
(Z5-C5H5)Cu(PMe3) H2 3–4
(CH3)Au(PMe3) H2 5–20
Ru(cod)(cot) H2 1.5–1.7 120
CpCuL Photoassisted

thermolysis
1–3 121

Ru(cod)(cot) and Pt(cod)Me2 H2 3.5 122
Pd(C3H5)(C5H5) Photolysis 2–5 215

MOF-177 Me3PtCp0 H2 2–5 124
CpPd(Z3-C3H5) UV-light irradiation B3 125

MIL-101 (Z3-C3H5)Pd(Z5-C5H5) Thermal treatment 1–3 126
(Z3-C3H5)Pd(Z5-C5H5) and
Ni(Z5-C5H5)2

H2 B3.5 127

Pd(C5H5)(C3H5) H2 2–3.5 201
Ru(cod)(cot) H2 4.2 � 1.2 204

ZIF-8 Ni(cp)2 H2 2–3.4 128
Ir(COD)(MeCp) H2 3.3 � 1.7 255

MesMOF-1 (Z5-C5H5)Ni(Z3-C5H5) H2 1.4–1.9 129
SNU-90 MgCp2 Thermal treatment 60 � 18 (length)

37 � 12 (thickness)
130

Solid grinding CPL-2 Me2Au(acac) H2 2.2 � 0.3 131
Al-MIL-53 1.6 � 1.0 132
ZIF-8 3.4 � 1.4 133
Cd2(L)(H2O)�0.5H2O — 134
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can be used to encapsulate MNPs with the help of the inter-
actions between positively charged surface ammonium groups
and anionic metal salts ([PdCl4]2�, [PtCl6]2�, and [AuCl4]�),
which were finally reduced by NaBH4 to give MNPs with similar
sizes of 2–4 nm.97 Using a similar strategy, AuPd alloy NPs were
stabilized by ED-grafted MIL-101.98 Due to the interaction effect
between amino groups and metal precursors, Guo et al. obtained
small and monodisperse Pt NPs (1.16 � 0.16 nm) in the cavities
of UiO-66-NH2 (Zr6O4(OH)4(BDC-NH2)6), even at 10.7 wt% Pt
loading.99 In addition, the outstanding ability of alkyne groups
to stabilize metal ions was demonstrated.100,101 Gole et al. employed
prefunctionalization of MOFs (Zn(pip)(dpb), pip = 5-(prop-2-yn-1-
yloxy)isophthalate, dpb = 1,4-di(pyridin-4-yl)benzene) with terminal
alkyne to uniformly stabilize Au3+ ions in the MOF matrix and
subsequently control the growth of Au NPs during the reduction
process. An amazingly high loading amount (50 wt%) of Au NPs with
a narrow size distribution throughout the MOF was achieved.100

Furthermore, Jiang and coworkers developed a seed-mediated
approach to the general and mild synthesis of non-noble MNPs
stabilized by MOFs.102 The basic concept of such a seed-mediated
approach to synthesizing non-noble MNPs under mild conditions
is to take advantage of the difference in the reduction potentials of
the noble and non-noble metal salts. Trace amounts (1/100–1/200,
molar ratio of noble metal/non-noble metal) of noble and non-
noble metal precursors were introduced into an NH3BH3 hydro-
lysis system containing a MOF. The noble metal precursors
were quickly reduced to NPs in the MOF cavities, while non-
noble metal precursors were subsequently reduced to small
NPs stabilized by the MOF, due to the highly reducible inter-
mediate M–H species.

Compared with the traditional method, Suh’s group developed
a special approach to the fabrication of MNPs by employing
redox-active MOFs at a very early stage, leading to the generation

of MNPs in a facile one-step process without using additional
reducing agent.103–105 A variety of NiII macrocyclic complexes were
employed as redox-active metal building blocks to construct MOFs
(Fig. 2). The resultant redox-active MOFs were soaked in a solution
of noble metal precursors such as AgNO3, Pd(NO3)2�2H2O, and
NaAuCl4�2H2O. The metal ions diffused into the MOF cavities and
became attached to the aromatic rings of multidentate organic
ligands, and then the metal ions were reduced to MNPs with
oxidation of the redox-active Ni-centers from Ni2+ to Ni3+, and the
local coordination frameworks were maintained. A redox-active
NiII square-planar macrocyclic complex, [Ni(C10H26N6)](ClO4)2,
and bpdc2� (biphenyl-4,40-dicarboxylate) ions were added to a
water/pyridine mixture to construct a redox-active MOF, which
was then immersed in a methanolic solution of AgNO3 at
ambient temperature for 10 min, leading to the formation of
Ag NPs (B3 nm in diameter), which were loaded into the
MOF.103 Similar results have been reported by the same group,
showing the successful synthesis of Au and Pd NPs with sizes of
B2 nm, respectively based on NaAuCl4�2H2O and Pd(NO3)2

precursors, in different redox-active Ni-MOFs with 2D or 3D
structures, by using almost the same process.104,105 In addition
to the redox-active metal centers, they also prepared a porous
MOF, [Zn3(ntb)2(EtOH)2]�4H2O (ntb = 4,40,400-nitrilotrisbenzoate),
containing redox-active ntb3� organic building blocks. After
the MOF was immersed in an acetonitrile solution of Pd(NO3)2

for 30 min, the ntb3� was oxidized to the amine radical along
with the in situ generation of Pd NPs (3.0 � 0.4 nm).106

Grzybowski’s group successfully synthesized NPs/MOF with
a core–shell architecture by reaction diffusion.107 Two types
of millimeter-sized MOFs, Rb-CD-MOF and Cs-CD-MOF (CD =
cyclodextrin), were immersed in acetonitrile solutions of AgNO3

and HAuCl4, respectively. The OH� counterions homogenously
distributed in the CD-MOF reduced the metal precursors to
their respective MNPs. By coupling the diffusion of precursors
with their reduction, Ag NPs with sizes of 2.0 � 0.4 nm and Au
NPs with sizes of 3–4 nm were produced inside the CD-MOFs.
Unexpectedly, Ag NPs were deposited uniformly throughout
the MOF, but these were mainly formed in the MOF center. The
authors proposed that, by virtue of the reaction and diffusion
occurring on similar time scales, multiple electrons were
required for the reduction of AuIII, leading to the formation

Fig. 1 Functionalization of unsaturated metal sites in MIL-101. (A) View of
the mesoporous cage in MIL-101. (B and C) Evolution of coordinatively
unsaturated sites (CUSs) from Cr3O cluster in mesoporous cage of MIL-101
upon activation at 423 K for 12 h. (D) Surface functionalization of the
dehydrated MIL-101 through selective grafting of amine molecules onto
CUS. (E) Selective encapsulation of Pd NPs into amine-grafted MIL-101.
The Cr, C, and O atoms are shown in yellow, pale gray, and red,
respectively. The CrO6 octahedra are shaded in yellow. Reproduced from
ref. 97 with permission from Wiley-VCH, copyright 2008.

Fig. 2 (a) View of the 1D structure of the coordination polymer.
(b) Double network of threefold braids where macrocycles fit into the
grooves created by bpdc2� ligands. (c) View of the 1D channels generated
by stacking of the linear chains. Reproduced from ref. 103 with permission
from Wiley-VCH, copyright 2005.
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of Au NPs as ‘‘cores’’ inside the MOF. The loading amount of
MNPs can be adjusted by controlling the impregnation time or
the concentration of the metal precursors. Moreover, core–shell
NPs/CD-MOFs can also be synthesized through a combination
of deposition sequences of Ag and Au: an Au core was firstly
formed by impregnation of MOF with HAuCl4 solution, washed
with acetonitrile and then immersed in AgNO3 solution to
deposit Ag shell on the outside of the Au core. By gradually
dissolving the MOF, the embedded NPs can be released.

Photodeposition is another alternative method for producing
MNPs@MOF composites.108–111 A series of MNP/Ti-MIL-125
(Ti8O8(OH)4(BDC)6) composites were successfully synthesized
under light irradiation. Due to the reducing ability of Ti3+,
which was generated from optically induced electron trapping
at Ti4+ sites, noble metal precursors can be directly reduced
without an additional reducing agent.108

In addition, Zhang et al. observed a boron imidazolate framework
crystal, BIF-20 (Zn2(BH(MeIM)3)2(obb); obb = 4,40-oxybis(benzoate)),
which could directly produce small noble-metal NPs (Ag or Au)
in its pores without the need for an external reducing agent
or photochemical reactions, due to the reducing property of the
B–H groups that decorate the internal pore surface.112

2.1.2. Double-solvent approach. Solution impregnation is a
classical and effective method to yield MNP/MOF composites,
but it is difficult to realize precise control of the loading position
of MNPs relative to the host MOF. As mentioned above, some
precursors deposit on the external surface of MOFs to form
aggregated MNPs. To obtain MNPs exactly encapsulated inside
MOF pores and prevent them from aggregating, a double-solvent
approach (DSA) was developed to rationally introduce metal
precursors into MOF pores, followed by reduction, to afford
MNPs@MOFs.82,113–118 Given the large cages with hydrophilic
environments and high pore volumes in some MOFs, particu-
larly MIL-101, the quantitative volume (no larger than the MOF
pore volume) of the metal precursor aqueous solution, which is
highly dispersed in a large volume of low-boiling-point organic
solvent, can be completely incorporated into the MOF pores on
the basis of capillary force and hydrophilic interactions during
this process. The resultant metal precursors can be further
reduced to generate tiny MNPs confined in MOFs.

Xu’s group reported, for the first time, the DSA as an
effective methodology for immobilizing MNPs completely inside
the pores of MOFs without aggregation on the outer surface.
They selected MIL-101 because of its high stability, high pore
volume, large surface area, and two hydrophilic cavities with
large diameters of ca. 2.9 and 3.4 nm; this is one of the most
ideal MOFs for hosting MNPs based on the DSA. The desolvated
MIL-101 was firstly dispersed in a hydrophobic solvent (hexane)
through ultrasonication, then a hydrophilic solvent (water) con-
taining H2PtCl6 with a volume equal to or less than the pore
volume of MIL-101 was pumped into the hexane with dispersed
MIL-101. The limited volume of the H2PtCl6 aqueous solution
can be completely absorbed into the MIL-101 cavities by capillary
force. The large hydrophilic internal pore surface plays a critical
role in facilitating the impregnation process. The synthesized
sample was treated in a flow of H2/He at 473 K for 5 h to afford

Pt NPs with an average size of 1.8 � 0.2 nm that were well
encapsulated in MIL-101.113 In contrast to the traditional
impregnation process, the DSA is very effective and almost no
MNPs were deposited on the external surface of the MOF.

This technique is not limited to monometallic NPs; bimetallic
AuNi alloy NPs were fabricated inside MIL-101 with the size and
location of the AuNi NPs being well controlled by a liquid-phase
concentration-controlled reduction strategy combined with
the DSA (Fig. 3).117 HAuCl4 and NiCl2 were initially introduced
into the cavities of MIL-101 by using the DSA; when a high-
concentration NaBH4 solution (0.6 M) was added, an over-
whelming reduction took place in the cavities of MIL-101,
resulting in the formation of highly dispersed AuNi alloy NPs
with an average size of 1.8 � 0.2 nm, which were embedded in
the pores of MIL-101. However, when a low-concentration
NaBH4 solution was used, the reduction of the precursor inside
the pores was not completed, and some of the precursor redissolved
and diffused out of the pores, resulting in the aggregation of
MNPs on the outer surface of the MOF. Accordingly, 0.4 M and
0.2 M NaBH4 solutions led to AuNi@MIL-101 with MNPs with
sizes of 2.0–5.0 nm and over 5.0 nm, respectively. Subsequently,
ultrafine PdAg alloy NPs (1.5 nm) were successfully obtained
in the cavities of MIL-101 via the DSA, and these were possibly
the smallest bimetallic NPs in the presence of surfactant
protection, showing excellent monodispersity throughout the
matrix of MIL-101.82

In addition to bimetallic alloy NPs, recently, for the first
time, Jiang’s group reported core–shell structured bimetallic
NPs encapsulated into a MOF based on a DSA (Fig. 4).118 The
Pd(NO3)2�2H2O and CoCl2�6H2O pre-incorporated in the pores
of MIL-101 by the DSA were sequentially in situ reduced by
NH3BH3 to yield B2.5 nm Pd@Co core–shell NPs mostly
embedded inside the MOF. In this study, Pd NPs were formed
first and served as cores for the subsequent reduction to yield
Co shell NPs. The principle of the formation of core–shell NPs
is based on a suitable reducing agent (NH3BH3) and the
difference in the reduction potentials of the two metal salt

precursors (E
�

Pd2þ=Pd
¼ þ0:915 eV vs. SHE; E

�

Co2þ=Co
¼ �0:28 eV

vs. SHE, SHE = standard hydrogen electrode). NH3BH3 can only
reduce Pd2+ at first due to its high reduction potential, while

Fig. 3 Schematic representation of immobilization of AuNi NPs into MIL-
101 matrix using the DSA combined with a liquid-phase concentration-
controlled reduction strategy. Reproduced from ref. 117 with permission
from the American Chemical Society, copyright 2013.
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Co2+ was reduced by the subsequently generated M–H species
during NH3BH3 hydrolysis.

2.1.3. Chemical vapor deposition. Chemical vapor deposi-
tion (CVD) was adopted for the preparation of MNP/MOF
composites in the very early stages, based on organometallic
precursors that are highly volatile even at room temperature or
are readily sublimed at elevated temperatures. In this synthetic
system, a desolvated MOF and volatile metal precursor are
usually placed in two separate glass vials in a Schlenk tube,
and the tube is tightly sealed and kept under vacuum. The
desolvated MOF is exposed to the vapor of the volatile metal
precursor, and then the precursor will be diffused into the MOF
pores at a suitable temperature depending on the vapor pres-
sure of the metal precursor under a static vacuum. Thus, this
method is a solvent-free process that allows the loading of a
large amount of MNPs. The color of the MOF changes when it is
infiltrated by the metal precursor. MNPs are then embedded in
the MOF after being treated with thermal/chemical processes, UV
irradiation, or reactive gases. Care and experience are required
during the CVD process. Otherwise, the obtained MNPs may
have a broad size distribution and be larger than the pore size
of the MOFs.

Fischer’s group first reported MNPs stabilized with MOFs
using the CVD method.119 MOF-5 was firstly employed as a
host matrix to capture organometallic complexes such as
[(Z5-C5H5)Pd(Z3-C3H5)], [(Z5-C5H5)Cu(PMe3)], and [(CH3)Au(PMe3)].
Activated MOF-5 was exposed to the vapor of organometallic
precursors in a static vacuum (1 Pa) at room temperature in a
tightly sealed Schlenk tube. When the volatile metal precursors
diffused into MOF-5, the original light-colored microcrystalline
material turned dark. Finally, Pd/MOF-5, Cu/MOF-5, and
Au/MOF-5 were formed by treating with a H2 stream at hydro-
genolysis temperatures. Similarly, Ru NPs with sizes in the
range 1.5–1.7 nm, embedded in MOF-5, were successfully
synthesized via this CVD process.120 Desolvated MOF-5 powder
and [Ru(cod)(cot)] (cod = 1,5-cyclooctadiene, cot = 1,3,5-cyclo-
octatriene) were placed in two separate glass vials in a Schlenk
tube and kept at 303 K for 6 days in a static vacuum. The
organometallic precursors were evenly distributed in MOF-5,
and subsequent hydrogenolysis of the adsorbed organometallic

precursors was operated under 3 bar H2 at 423 K for 48 h
(Fig. 5). The authors attempted to operate the hydrogenolysis
step under mild conditions such as 298 K for 30 min, but Ru
NPs could not be formed; 13C MAS (magic angle spinning) NMR
(nuclear magnetic resonance) spectra showed that some of the
[Ru(cod)(cot)] was fragmented to 12-electron [(cod)Ru(0)] at
room temperature, and this was trapped by ligands to form a
new coordination bond with a benzene ring. The strong interaction
between Ru(0) and the benzene ring prevented the generation of
Ru NPs. MOF-5 can also be loaded with other metal precursors
such as [Fe(Z6-toluene)(Z4-C4H6)], [Sn((C4H9)2)(OOC2H3)2], and
[Pt(Z5-C5H5)(CH3)3] to produce the corresponding MOF-based
composites.121–123

As MOF-5 is extremely unstable when exposed to moisture or
even a trace of water, its practical applications are limited. Its
window size (7.8 Å) might rule out organometallic precursors
with larger dimensions. Thus, the highly porous MOF-177
(Zn4O(btb)2, btb = 1,3,5-benzenetribenzoate) would be a more
favorable candidate, which features a larger pore opening size
and cavities. A series of volatile precursors were loaded into
activated MOF-177 through the CVD method. In Pt/MOF-177, Pt
NPs with a size range of 2–5 nm were encapsulated in the MOF
matrix via loading of Me3PtCp0 (Cp0 = methylcyclopentadienyl)
and subsequent reduction under 100 bar H2 at 373 K for 24 h.124

In the same year, the organometallic compounds [Cp2Fe]
(Cp = Z5-C5H5), [Zn(C5Me5)2]2, [Cu(OCHMeCH2NMe2)2], [CpCuL]
(L = PMe3, CNtBu), and [CpPd(Z3-C3H5)] were loaded into
MOF-177.125 Remarkably, the loading amounts of [Cp2Fe] and
[CpPd(Z3-C3H5)] were extremely high with up to 11 and 10 molecules
per MOF cavity, respectively. Pd@MOF-177 and Cu@MOF-177
composites with similar MNP sizes of B3 nm can be obtained
by treating with UV-light irradiation and thermal hydrogeno-
lysis, respectively.

To avoid the water instability of MOFs for MNPs, a typical
water-stable MOF, MIL-101, was selected as the host. Kempe’s
group synthesized Pd@MIL-101 by loading MIL-101 with a Pd
precursor compound, CpPd(Z3-C3H5).126 In particular, the loading
amount can be even higher than 50 wt% and the Pd NP sizes are
closely related to the reduction temperature. The same group
also fabricated PdxNiy@MIL-101, in which the proportions of Pd
and Ni can be accurately controlled through the simultaneous

Fig. 4 Synthesis of Pd@Co@MIL-101, Pd@Co/MIL-101, and PdCo@MIL-101
catalysts with different procedures and reducing agents. Reproduced from
ref. 118 with permission from Wiley-VCH, copyright 2015.

Fig. 5 The [Ru(cod)(cot)] precursors were incorporated in MOF-5 cages
and subsequent hydrogenolysis of the adsorbed organometallic precursors
gave Ru@MOF-5. Reproduced from ref. 120 with permission from the
American Chemical Society, copyright 2008.
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loading of CpPd(Z3-C3H5) and Cp2Ni.127 Furthermore, chemi-
cally robust ZIF-8 was also chosen as the host matrix to load Ni
NPs (2–3.4 nm) via gas-phase infiltration of nickelocene (NiCp2)
followed by hydrogen reduction.128 This CVD method was also
used to prepare Ni NPs (1.4–1.9 nm) in a mesoporous MOF,
MesMOF-1 (Tb16(TATB)16, TATB = triazine-1,3,5-tribenzoate),
which has two mesocages with diameters of 3.9 and 4.7 nm.129

After gas-phase loading of nickelocene into MesMOF-1, the
composite material was treated with hydrogen gas at 368 K for
5 h. The amount of Ni NPs embedded in MesMOF-1 can be
controlled by changing the loading time of the Ni precursor.

Suh and coworkers presented Mg nanocrystals (NCs) in SNU-90
(Zn4O(atb)2�22DMF�9H2O, atb = aniline-2,4,6-tribenzoate) by a
CVD process in combination with a simple thermal decom-
position with no hydrogenolysis step.130 They loaded the vapor
of bis-cyclopentadienyl magnesium (MgCp2) into SNU-90 at
353 K for 1 day. The obtained MgCp2@SNU-90 was thermally
decomposed at 473 K under an argon atmosphere followed by
evacuation, resulting in Mg NCs embedded in guest-free SNU-900

(Zn4O(atb)2). The loading amount of Mg NCs in the SNU-900

was adjusted by controlling the length of the deposition time
and the pre-vacuum state of the reaction bottle. The hexagonal-
disk-shaped Mg NCs with a diagonal length of 60 � 18 nm and
a thickness of 37 � 12 nm were well covered with MOFs. The
MOF structure was maintained after the formation of Mg NCs,
which were not oxidized to MgO even after the sample was
exposed to air for 2 days.

2.1.4. Solid grinding. Solid grinding can also induce volatile
organometallic precursors to form activated MOFs, where the
solid-state materials must be adequately mixed. During grinding,
the sublimated vapor of the organometallic precursors diffuses
rapidly into the MOF cavities. Subsequently, the organometallic
precursor embedded in the MOFs is treated with H2 gas at
appropriate temperatures, leading to MNP/MOF composites.
A significant advantage of solid grinding lies in its easy operation,
and waste solvent can be avoided. Another advantage is the
complete loading of all introduced precursors, so their loading
amounts can be easily controlled. A disadvantage is that the
metal precursor must be volatile and is usually expensive. The
few reports on solid grinding are so far limited to Au/MOF
composites.131–134

Haruta’s group firstly demonstrated effective loading of Au NPs
into various types of MOFs, including Al-MIL-53 ([Al(OH)(BDC)]n),
MOF-5, CPL-1 ([Cu2(pzdc)2(pyz)]n, pzdc = pyrazine-2,3-dicarboxylate,
pyz = pyrazine), CPL-2 ([Cu2(pzdc)2(bpy)]n, bpy = 4,40-bipyridine),
and HKUST-1 (Cu3(BTC)2).131,132 Dimethyl Au(III) acetylacetonate
(Me2Au(acac)), a slightly volatile complex with a vapor pressure
of 1.1 Pa at room temperature, as the Au precursor was mixed
with the solvent-free MOFs and ground in an agate mortar in air
for 20 min at room temperature. The mixture was then treated in
a flow of 10 vol% H2 in N2 at 393 K for 2 h to yield Au/MOF
composites (Fig. 6). The Au NPs obtained with Au/CPL-2 were
small and had a nearly uniform size with a mean diameter of
2.2 � 0.3 nm. In comparison, the CVD method yielded larger Au
NPs with a particle size of 3.1 � 1.9 nm through the thermal
hydrogenolysis of Me2Au(acac). The sublimation of Me2Au(acac)

and diffusion into the MOF cavities takes place rapidly, while
CVD requires more time to produce Me2Au(acac)/MOFs. In
addition, the size of the Au NPs was found to strongly depend
on the properties of the MOFs, including structures, cavity
sizes, and surface nature. Among the investigated MOFs,
Al-MIL-53 is the best candidate to confine Au NPs with a mean
diameter of 1.5 nm and a standard deviation of 0.7 nm. These
results indicated that solid grinding was a simple and effective
way to synthesize NP/MOF composites without solvent or a
washing procedure.

With ZIF-8 as a host material, Au NPs were also formed
based on the solid grinding method.133 Pretreated ZIF-8 and
desired quantitative Me2Au(acac) (0.5, 1.0, 2.0, and 5.0 wt% Au)
were ground uniformly in an agate mortar in air for 35 min at
room temperature, followed by treating in a stream of 10 vol%
H2 in He at 503 K for 2.5 h. The 1.0 and 5.0 wt% Au@ZIF-8
showed Au NP sizes of 3.4 � 1.4 and 4.2 � 2.6 nm, respectively.
To deliberately encapsulate Au NPs inside MOF pores, a 3D
porous Cd-MOF (Cd2(L)(H2O)�0.5H2O, L = 4,40-(hexafluoroiso-
propylidene)diphthalate) with hydrophobic fluorinated channels
(7.8 Å in size) was synthesized and employed as the host (Fig. 7).134

Desolvated Cd-MOF and 1 wt% Me2Au(acac) were ground for
about 30 min at room temperature, followed by treating in a flow
of 10 vol% H2 in He at 443 K for 2 h to obtain Au NPs embedded
in Cd-MOF. Unexpectedly, although the Au clusters were not
observable by microstructural observation, the X-ray absorption
fine structure (XAFS) data analyses unambiguously demonstrate
the presence of Au clusters with an average atom number of 2.5.
It is assumed that the –CF3 groups grafted on the walls of the
hydrophobic channels are responsible for the formation of the
ultrafine Au2 and Au3 clusters inside the MOF.

Fig. 6 Synthesis of Au/CPL-2 composite via solid grinding of CPL-2 with
Me2Au(acac) followed by H2 reduction. Reproduced from ref. 131 with
permission from Wiley-VCH, copyright 2008.

Fig. 7 (a) View of the 3D network of Cd2(L)(H2O)�0.5H2O. (b) Au LIII-edge
FT-EXAFS spectrum for Au/Cd2(L)(H2O)�0.5H2O. Reproduced from ref. 134
with permission from Wiley-VCH, copyright 2011.
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2.1.5. Thermal decomposition. Thermal decomposition is
a relatively new method of synthesizing MNPs@MOF materials.
A significant advantage of this method is its extreme simplicity
as no additional metal precursors are introduced. MNPs are
generated during the partial thermal decomposition of MOFs
and it is crucial to choose an appropriate temperature. If the
temperature is too high, the MOF structures completely collapse,
while a very low temperature cannot generate MNPs. The success-
ful reports based on thermal decomposition are thus far limited
to HKUST-1 and Ni-MOF-74 (Ni2(dobdc)(H2O)2�8H2O, dobdc =
2,5-dihydroxyterephthalate).135,136

Mukoyoshi et al. successfully synthesized a Ni/Ni-MOF-74
composite via thermal decomposition by simply heating
Ni-MOF-74 under vacuum (Fig. 8).135 Powder X-ray diffraction
(XRD) patterns showed that Ni-MOF-74 heated at 573 K for 12 h
yielded an identical diffraction pattern to Ni-MOF-74; when the
temperature was increased to 623 K for 12 h, broad peaks
corresponding to a face-centered-cubic (fcc) Ni lattice appeared
along with the Ni-MOF-74 pattern. A higher temperature heat
treatment at 673 K for 12 h caused complete elimination of the
initial Ni-MOF-74 diffraction pattern, and only an fcc-Ni pattern
was observed.

2.2. Introducing MNPs for subsequent MOF growth

Introducing preformed MNPs as seeds or nucleation centers into
MOF starting materials is a rational strategy to induce subsequent
MOF growth/assembly around MNPs, giving MNPs@MOF com-
posites. This strategy is also known as ‘‘bottle-around-ship’’, for
which the prerequisite is a ‘‘binder’’ on the surface of the MNPs to
anchor the heterogenous growth of MOF and avoid homogeneous
MOF nucleation. Two significant advantages of this strategy are:
(1) the size, shape, and composition of MNPs in the composite
can be precontrolled; (2) the formation of core–shell structured
MNPs@MOF is reasonably probable. Unfortunately, the introduc-
tion of MNPs into the systems sometimes causes difficulties with
subsequent growth of the MOF. That is, foreign MNPs disturb the
MOF formation. Therefore, not all MOFs are suitable for this
synthetic approach and current reports are mostly based on ZIF-8
and a UiO series of ‘‘star’’ MOFs. In addition, the binder (for
example, PVP) between MNPs and MOFs is difficult to completely
wash away and this might be unfavorable with respect to the
accessibility of the active sites.

Sugikawa et al. demonstrated the encapsulation of Au
nanorods (NRs) inside a porous MOF (Zn4O(bpdc)3) by heating
an N,N-diethylformamide (DEF) solution containing zinc

nitrate hexahydrate, bpdc, and 11-mercaptoundecanoic acid
(MUA) modified Au NRs at 353 K for 12 h in an oil bath.137

The smooth surface and the purple color of the crystals, plus
microstructural observation, demonstrated that Au NRs were
incorporated inside the MOF. Based on a similar approach,
Tsuruoka et al. prepared Au NP/MOF composites by the self-
assembly of a MOF around MUA functionalized Au NPs (Fig. 9).138

The bifunctionality of MUA is the key to its success: its terminal
thio groups anchor to the Au NPs while the terminal carboxylic
acid groups connect with metal ions for MOF growth. Therefore,
HKUST-1 consisting of Cu2+ ions and benzene-1,3,5-tricarboxylate
preferentially grew on Au NPs, resulting in the formation of an Au
NP/HKUST-1 composite. Moreover, cyano groups can also be used
as binders between NPs and MOFs to obtain a single-layer Au@
Prussian blue analogue (PBA) and double-layer Au@PBA@PBA
core–shell nanostructure through the growth of a cyano-bridged
coordination network on the gold surface.139

Lu et al. reported an elegant strategy allowing a variety
of MNPs to be encapsulated into ZIF-8 in a well-controlled
manner.140 By surface modification with surfactant PVP, MNPs
with various sizes, shapes, and compositions can be well
dispersed inside the ZIF-8 matrix. The spatial distribution of
embedded PVP-capped MNPs within ZIF-8 crystals can be
controlled by an addition sequence (that is, addition at the
beginning or after a certain time during the ZIF-8 synthesis).
One or two types of MNPs can be controlled in the central areas
or off the central areas of ZIF-8 particles (Fig. 10). The strategy
of introducing MNPs for subsequent ZIF-8 growth was demon-
strated to be very successful based on a variety of PVP-capped
particles, such as Au, Pt, Pd, Ag NCs, polystyrene spheres, Fe3O4,
CdTe, CdSe, b-FeOOH nanorods, NaYF4 rods, and NaYF4 NPs.140–142

This method is limited to ZIFs composed with N-donor ligands; it
was reported that MNPs can be encapsulated with good dispersity
inside MOF particles constructed from carboxylate linkers,143–145

which are the largest branch of the MOF family. UiO-66 as a ‘‘star’’
MOF was chosen because of its high surface area, intersecting 3D
structure, and high stability. In a typical process, pre-synthesized
Pt NPs were added to a DMF solution containing ZrCl4, BDC, and
acetic acid, and then the homogeneous mixture was heated at
393 K for 24 h without stirring, resulting in octahedral crystals of
Pt/UiO-66. Furthermore, the encapsulation strategy is suitable for
various solvents, including water, DMF, methanol, and benzyl
alcohol, and it is applicable to other MOFs such as UiO-66-NH2

and Fe-MIL-53-NH2 ([Fe(OH)(BDC-NH2)]n).
Tang and coworkers synthesized a core–shell catalyst,

Pd@IRMOF-3 (Zn4O(BDC-NH2)3) consisting of a Pd core and

Fig. 8 Schematic synthesis of Ni@MOF via partial thermal decomposition
of Ni-MOF-74. Reproduced from ref. 135 with permission from The Royal
Society of Chemistry, copyright 2015.

Fig. 9 Schematic representation of preferential self-assembly of HKUST-1
on aggregates of Au NPs. Reproduced from ref. 138 with permission from
the American Chemical Society, copyright 2011.
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MOF (IRMOF-3) shell, by a strategy of introducing MNPs for
subsequent MOF growth.146 The precursors Zn(NO3)2 and
2-amino terephthalic acid for synthesizing IRMOF-3 were
added to a solvent containing DMF, ethanol, and PVP, followed
by addition of pre-synthesized Pd NPs and subsequent solvothermal
treatment. A typical core–shell structure was successfully formed, in
which the monodisperse spherical Pd NPs (B35 nm in diameter)
were coated with a uniform IRMOF-3 shell (B145 nm in thickness).
Similarly, core–shell Ag@ZIF-8 nanowires (NWs) were also reported
by the same group using a similar method.147 The pre-synthesized
Ag NWs were directly mixed with ZIF-8 precursors in methanol
with stirring at 288 K for 3 h. Subsequently, the mixed solution
was held at room temperature without stirring for 12 h. A shell
of ZIF-8 was generated along the surface of the Ag NWs.

In a recent study, Jiang and coworkers rationally coated a
representative MOF, ZIF-8, on PVP-capped Pd nanocubes
to obtain Pd nanocubes@ZIF-8 with a core–shell structure.81

The Pd nanocubes have a well-defined structure with a size of
17 � 3 nm and are enclosed by {100} facets. The thickness of
the ZIF-8 shell can be controlled by simply changing the
reaction time, and an approximately 130 nm thick ZIF-8 shell
can be obtained by growth at 277 K for 60 minutes. Subsequently,
Zeng and coworkers reported the incorporation of Pt nanocubes
and Au nanocages within the nanostructures of ZIF-8 by a similar
process.148 In a typical synthesis of Au&Pt@ZIF-8, a methanolic
solution of zinc nitrate, 2-methylimidazole, Pt nanocubes, and Au
nanocages were initially mixed, and then the system was kept at
room temperature for 24 h without stirring. The Pt nanocubes and
Au nanocages were well embedded in the rhombic dodecahedral
ZIF-8 crystals. Replacing ZIF-8 by UiO-66 structured MOFs, Jiang
and coworkers adopted a similar approach to disperse Pt NPs
with a size of approximately 3 nm into the starting material,
UiO-66-NH2, to afford Pt@UiO-66-NH2.149 The Pt NPs did not
aggregate and their sizes were maintained at around 3 nm in the
obtained composites. Moreover, an Au@UiO-66-NH2 composite
was also formed by encapsulation of pre-synthesized Au NPs
in a subsequently grown MOF.150 A typical process involved

sequentially adding ZrCl4, acetic acid, and PVP capped-Au NPs
with a uniform size (B15 nm) into a solution of DMF contain-
ing BDC-NH2, and then the resulting mixture was bubbled with
argon before being heated at 393 K for 24 h. It was noteworthy
that if the oxygen was not removed from the synthetic system by
argon bubbling, or acetic acid was not introduced into the
reaction mixture, no Au@UiO-66-NH2 was formed. This might
be because Au NPs are readily oxidized to Au+ and/or Au3+ by
oxygen with the assistance of Cl� ions. Similarly, Somorjai,
Yaghi and coworkers also observed the dissolution of MNPs
during the synthesis of UiO-66.151 The pre-synthesized Cu NCs
were not stable and dissolved during the subsequent attempted
growth of UiO-66, even when oxygen was excluded from the
solution. They found that the choice of zirconium precursors
dramatically affected the encapsulation process. Both typical
zirconium precursors (ZrOCl2�8H2O and ZrCl4) for the synthesis
of UiO-66 led to the dissolution of Cu NCs. Using Zr(OPrn)4

instead of the above precursors successfully solved the issue
and produced a Cu/UiO-66 composite with a single Cu core
inside each UiO-66 particle. Most recently, Yaghi, Yang, and
coworkers coated a zirconium MOF that was covalently attached
with a CO2-to-CO conversion photocatalyst, Re(CO)3(BPYDC)Cl
(BPYDC = 2,20-bipyridine-5,50-dicarboxylate), onto PVP-capped
Ag nanocubes. The Ag nanocubes with a size of 98 nm were well
encapsulated with MOFs and the thickness of the MOF shell is
controllable under synthetic conditions.152

Ke et al. synthesized a core–shell MNPs@MOF composite
with a controllable MOF shell thickness by using a stepwise
layer-by-layer (LBL) method.153 The Au@Fe-MIL-100 (Fe3O(OH)-
(H2O)2(BTC)2�nH2O) composite was formed by repeated cycles
of dispersing mercaptoacetic acid (MAA)-functionalized Au NPs
into ethanol solutions of FeCl3 and H3BTC separately at 343 K.
The shell thickness of Fe-MIL-100 can be rationally controlled
by changing the number of assembly cycles. Following a similar
strategy, core–shell structured Au–Fe3O4@Fe-MIL-100 NPs can
also be formed by an even easier synthesis with efficient magnetic
separation due to the superparamagnetic component of Fe3O4.154

In addition to the common ‘‘binder agents’’, PVP, MUA, and
MAA, polydopamine (PDA) was recognized as another excellent
binder on the surface of MNPs. Duan and coworkers reported a
versatile strategy using multifunctional PDA to construct well-
defined core–shell MNPs@MOF composites.155 The ability of
PDA to form a robust conformal coating on substrates and
to direct the heterogeneous nucleation and growth of MOFs
makes it possible to fabricate a broad range of NP/MOF hybrid
materials. Moreover, the unique redox activity of PDA gives it
the additional ability to form functional nanohybrids between
the core and shell via localized reduction. In particular, com-
posites with Au NPs sandwiched between the magnetic core
and MOF shell via localized reduction with PDA can rationally
integrate the magnetic recyclability of the core and molecular size
selectivity of the shell. Interestingly, Tsung’s group successfully
utilized an ionic surfactant, cetyltrimethylammonium bromide
(CTAB), to control interfaces between Pd NCs and ZIF-8 in a
core–shell Pd@ZIF-8 composite.156 In the composite, Pd NCs
are individually encased in ZIF-8 NCs. The CTAB layer can

Fig. 10 Schematic illustration showing the controlled encapsulation of
NPs in ZIF-8 crystals. Through surface modification with surfactant PVP,
NPs of various sizes, shapes, and compositions can be encapsulated with a
controlled spatial distribution into ZIF-8 crystals. Reproduced from ref. 140
with permission from Nature Publishing Group, copyright 2012.
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bridge the interaction between Pd NCs and ZIF-8 with its
hydrophobic tails, as well as stabilizing the {100} facets of Pd
NCs and ZIF-8. At first, small ZIF-8 nuclei enclosed by low
surface energy {100} facets formed in the solution, then a single
ZIF-8 nucleus attached to Pd NCs with {100} facets via bridging
of the CTAB layer and generated a ZIF-8 {100} to metal {100}
interface. The authors speculate that this one-core-to-one-
nucleus attachment is responsible for the final one-in-one
single-crystalline structure. In addition, Zheng et al. demon-
strated a general strategy of encapsulating single metal NPs
capped with ammonium surfactant (CTA+) into ZIF-8, in which
MNPs with arbitrary morphologies can be readily applied.157

Wang et al. successfully incorporated surfactant-free highly
dispersed Pt NPs within ZIF-8.158 The 2-methylimidazole not
only acted as an organic linker to construct ZIF-8 but also served
as an effective stabilizing agent for small Pt NPs. Furthermore,
the synthesis operated at room temperature to obtain a Pt@ZIF-8
composite with a uniform distribution of Pt NPs with a size of
B2.0 nm in a ZIF-8 matrix.

Khaletskaya et al. reported a well-defined single Au NR
confined in each particle of an Al-based MOF ([Al(OH)(1,4-ndc)]n,
1,4-ndc = naphthalenedicarboxylate).159 To ensure precise control
of the MOF growth around a single Au NR, the Au NRs were first
coated with an amorphous alumina layer. Then, the Al2O3-capped
Au NRs behaved as reactive seeds and the localized aluminum
source, i.e., the coated amorphous alumina, was dissolved during
microwave treatment in the presence of 1,4-ndc, promoting the
nucleation of MOF on the surface of the Au NRs. Recently, Zhao
et al. achieved Ag@MOF mesoscopic constructs by atomic layer
deposition of Al2O3 onto Ag NCs, and the addition of a tetratopic
porphyrinic linker (H4TCPP) to react with Al2O3 led to the MOF
[Al2(OH)2TCPP] enclosing the Ag NCs. The interface between Ag
and the MOF was pristine and the MOF was oriented on the Ag
NCs. The achieved Al2O3 thickness can be precisely controlled from
0.1 to 3 nm, and the MOF thickness ranged from 10 to 50 nm.160

Notably, MNPs can also act as sacrificial templates for
constructing MOFs without an additional coating of metal. Li,
Wu, and coworkers innovatively fabricated a Pt–Ni frame within
MOFs (Fig. 11).161 They pre-synthesized Ni-rich PtNi alloy NCs,

then used organic linkers (H4dobdc, 2,5-dihydroxyterephthalic
acid) to capture the dissociated Ni2+ ion during the dealloying
process to in situ grow a shell of Ni-MOF-74 on the surface of
the Pt–Ni alloy, leading to a unique Pt–Ni frame@Ni-MOF-74
composite. Upon treatment of the obtained composite with
acetic acid, the coating MOF can be removed by preventing
coordination between carboxylic oxygen atoms and Ni2+,
leaving a bare Pt–Ni frame with a hollow interior and the
interconnecting edges in space, which is significantly different
from the original PtNi alloy. Kuang’s group successfully synthe-
sized a Rh–Ni@Ni-MOF-74 heterostructure via a similar method.
The encapsulation state and thickness of the MOF shell were
effectively tuned by changing the Ni content in the templated
Rh–Ni-alloyed nanoflowers.162 Moreover, Cu@Cu-MOF-74
(Cu2(dobdc)(H2O)2�8H2O) was also constructed via partial con-
version of naked Cu NCs into Cu-MOF-74 in the presence of
H4dobdc in a solvent mixture of DMF and EtOH.163 The organic
ligand (H4dobdc) served as a framework strut of MOF and its
deprotonation was attributed to the oxidative etching of Cu
NCs. There were two main processes involved in the formation
of the Cu@Cu-MOF-74 composite: oxidative etching of the
Cu NCs (dissolution reaction) and heterogeneous nucleation
of Cu-MOF-74 (precipitation reaction). The authors mentioned
that the Cu@Cu-MOF-74 hybrid with a uniform morphology
and a homogeneous distribution of embedded Cu NCs could
only be formed under ideal synthetic conditions (EtOH/DMF
volume ratio of 1, ligand-to-Cu molar ratio of 2, reaction
temperature of 333 K, and reaction time of 40 min).

Sindoro and Granick observed that core–shell MNPs@ZIF-8
composites can evolve to yolk–shell nanostructures along with
ZIF-8 recrystallization. Voids between core and shell were
formed due to shell polycrystallinity. It was proposed that the
shell domains were initiated at multiple nucleation points and
had a similar growth rate. This procedure generates stress
when the crystalline domains push against each other. This
stress can be released by outward growth away from the core.164

Furthermore, yolk–shell nanostructures can be achieved by
introducing MNPs for subsequent MOF growth, involving
Cu2O as an intermediate and void creator, which opens a new
avenue to the construction of special core@void@shell struc-
tures. Tsung and coworkers coated pre-synthesized MNPs with
a Cu2O layer as a sacrificial template to grow an outer shell on
polycrystalline ZIF-8 (Fig. 12).165 The clean Cu2O surface assisted
in the formation of the ZIF-8 shell and was simultaneously
etched off by the protons generated during the formation of
ZIF-8. The trace amount of Cu2O residue can be removed by
treating with a solution of 3% NH4OH in methanol. Through
this strategy, a series of MNPs@ZIF-8 yolk–shell composites
were constructed. The size and morphology of the Pd NCs were
well preserved during coating of the ZIF-8 shell. Chen’s group
developed a simple strategy to fabricate Au-HKUST-1 composite
nanocapsules consisting of HKUST-1 shells and embedded Au
NPs. The novel synthesis procedure involves the formation of
Au NPs on the surface of Cu2O, partially converting Cu2O
to HKUST-1 shell via coordination replication, and removing
the residual Cu2O by acid etching.166 Moreover, Au@HKUST-1

Fig. 11 (a) Initial solid Pt–Ni polyhedron. (b) PtNi frame@MOF intermediates
I. (c) PtNi frame@MOF intermediates II. (d) Final PtNi frame@MOF. The scale
bars: 50 nm; insets: the magnified TEM image with scale bars of 5 nm.
Reproduced from ref. 161 with permission from Nature Publishing Group,
copyright 2015.
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ball-in-cage heterostructures were synthesized via a similar
method. The Cu2O@HKUST-1 core–shell heterostructure was
synthesized by firstly soaking Cu2O NPs in H3BTC solution with
subsequent HAuCl4 impregnation, resulting in an Au@HKUST-1
ball-in-cage heterostructure. Due to the porosity of HKUST-1
and the reducibility of Cu2O, HAuCl4 could pass through the
HKUST-1 shell and be reduced by the Cu2O core, providing Au
NPs. Whether the Cu2O core remained or disappeared after the
formation of Au NPs could be determined by controlling the
concentration of Au precursors.167

Polystyrene (PS) and SiO2 spheres are not only limited to
Cu2O but can also act as templates to create hollow spaces in
similar composites. For example, surfactant-free Pd NPs in
hollow ZIF-8 nanospheres were obtained with the help of a PS
template. First, Pd NPs were loaded onto carboxylate-terminated
polystyrene (CPS) spheres through an in situ reduction with SnII

ions. ZIF-8 was then grown on the surface of CPS to give a CPS/
Pd@ZIF-8 core–shell nanostructure. The CPS cores were finally
removed with DMF to afford Pd@ZIF-8 hollow nanospheres.168

Recently, a yolk–shell nanostructure (Au@ZIF-8) was reported via
a sacrificial SiO2 template strategy (Fig. 13). After SiO2 removal,
macropores in the ZIF-8 shell were created with Au NPs inside.169

Yang et al. developed a facile emulsion-based interfacial reaction
method to synthesize yolk–shell Pd@ZIF-8 composites.170 A water-
in-oil nanoemulsion can be prepared using PVP as stabilizer
and 1-octanol as the oil phase. Zinc ions in the aqueous phase
coordinate with 2-methylimidazole in 1-octanol at the spherical
interfaces of emulsion droplets, forming ZIF-8 NCs, which further
grow to form nanospheres at room temperature. Controlling
the concentration of 2-methylimidazole and the reaction time
can lead to the formation of hollow ZIF-8 nanospheres with
different shell thicknesses. Functional MNPs, such as Pd

nanocubes dispersed in the liquid phase, can be encapsulated
during the emulsification process.

2.3. Stepwise synthesis of MNPs/MOFs and MOF/MNPs/MOFs

For both general approaches discussed above, i.e., pre-synthesis
of MOF or preformation of MNPs followed by subsequent
growth of the other component, the aim is to obtain MNPs
confined inside MOF particles. To particular ends, we some-
times obtained MNPs exclusively on the external surface of the
MOF. This can be achieved by preformation of both MOFs and
MNPs, which are mixed and vigorously stirred or ultrasonicated
to assemble them together based on physical adsorption and/or
electrostatic interaction, thus giving MNPs/MOFs. An AuPd/
MIL-101 composite was synthesized via direct assembly, in which
AuPd NPs were initially prepared by a sol–gel method, and then
the activated MIL-101 was added to the colloidal solution and
stirred for 6 h. The sample was washed twice with water and
dried under vacuum at 373 K for 2 h, then subsequently heated at
573 K in H2 for 2 h.171 Recently, a Pt/UiO-66-NH2 composite was
successfully constructed by a similar method. The as-synthesized
UiO-66-NH2 was immersed in a colloidal suspension of Pt NPs
and sonicated for 10 h at room temperature. The gray precipitates
were separated by centrifugation and washed with ethanol four
times before drying in an oven under vacuum at 323 K overnight;
this gave Pt/UiO-66-NH2 with Pt NPs that had sizes of 3 nm both
before and after assembly. It is worth noting that, as the electro-
static interaction between the two components is weak, the self-
assembled MNP/MOF composites produced by this strategy are
usually not very stable during catalytic recycling.149

A stepwise assembly strategy was recently further developed
to afford stable MOF/MNP/MOF composites.172,173 The synthesis
of a three-layered MOF/MNPs/MOF takes at least three steps and
seems complicated, but the composites possess special advan-
tages: the MOF core not only acts as a support for the MNPs
located in the middle-layer but also induces the subsequent
growth of the MOF outer shell (usually, the crystalline lattice
between the inner and outer MOFs is well matched); the MOF
shell covers the middle-layer MNPs for better stability of the
composite and determines the size selectivity of the catalysis. For
core–shell structured MNP/MOF catalysts, while the thickness
control of the MOF shell poses a significant challenge, it is
crucial for the reaction efficiency, as the thick MOF shell
significantly slows down the transport of substrates/products.
The current design endows the resultant core–shell structured
MOF/MNP/MOF catalyst with especially high selectivity (excluding
large-size substrates/products with MOF outer shell) and high
reaction efficiency (ease of maintaining a thin shell).

In a very recent study, Zhao et al. systematically fabricated
a series of sandwich-like structures of MOF/MNPs/MOFs by
such a step-by-step synthetic strategy (Fig. 14).172 The pre-
synthesized NPs can be easily assembled on the surface of
the MOF core by physical adsorption and/or electrostatic inter-
action under vigorous stirring or ultrasonication, as indicated
above and also in other reports.149,171 To guarantee a perfect
lattice match, MOFs with the same lattice structure as that in
the MOF core are favorable for the shell. To demonstrate the

Fig. 12 Schematic growth procedure for the nanocrystal@ZIF-8 yolk–
shell nanostructure. Reproduced from ref. 165 with permission from the
American Chemical Society, copyright 2012.

Fig. 13 Schematic illustration showing the synthesis of Au@ZIF-8 nanoreactor.
Reproduced from ref. 169 with permission from Wiley-VCH, copyright 2016.
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universality of the present approach, ten typical sandwich-like
nanostructures: two Fe-MIL-101@Pt@Fe-MIL-101 with shell
thicknesses of about 9.2 nm and 22.0 nm, two Cr-MIL-101@
Pt@Fe-MIL-101 with shell thicknesses of about 2.8 nm and
8.8 nm, one Cr-MIL-101@Pt@Cr-MIL-101 with a shell thickness
of about 5.1 nm, one Fe-MIL-101@Ru@Cr-MIL-101 with a shell
thickness of around 8.3 nm, one MOF-525(Zr)@Pt@MOF-525(Zr)
with a shell thickness of around 26.5 nm, one UiO-66(Zr)@Pt@
UiO-66(Zr) with a shell thickness of around 11.2 nm, one
UiO-67(Zr)@Pt@UiO-67(Zr) with a shell thickness of around
24.1 nm, and one MOF-74(Co)@Pt@MOF-74(Co) with a shell
thickness of around 8.4 nm were successfully prepared by the
authors. Another independent group also recently reported
MOF/Pt/MOF composites via a similar synthetic strategy.173

Fe-MIL-100 and Al-MIL-101-NH2 (Al3O(OH)(H2O)2(BDC-NH2)3�
nH2O) were selected for investigation in this study. The thickness
of the MOF shell was adjusted by controlling the number of
assembly cycles, and Fe-MIL-100@Pt@Fe-MIL-100 with shell
thicknesses of around 11 nm, 24 nm, and 35 nm was obtained
with two, four, and six cycles of assembly, respectively.

2.4. One-step synthesis of MNPs/MOFs

Although the above stepwise approaches show great success in
the synthesis of MNP/MOF composites with controlled compo-
sition and structure, a facile and efficient one-step synthesis is
urgently desired. The most simple and direct approach is to mix the
metal precursor and starting materials for the MOF together,
followed by a self-assembly process to afford MNP/MOF composites.
In the reaction process, DMF and/or H2 were used as mild
reductants for metal precursors. Compared with previous methods,
this methodology is straightforward but it usually requires
specific atoms or functional groups in the organic linkers to
trap the metal precursors.

Tang’s group reported a core–shell Au@MOF-5 nanoconstruc-
tion with a single Au NP core coated with a uniform MOF-5 shell
by a one-step synthesis strategy.174 Unlike the common multi-
step method to form MNP/MOF composites, the core–shell
Au@MOF-5 was prepared by directly mixing both the Au and
MOF precursors (HAuCl4, Zn(NO3)2�6H2O, and H2BDC) in the

reaction solution containing DMF, PVP, and ethanol. Under the
reaction conditions, HAuCl4 was first reduced to Au NPs with
DMF; subsequently, MOF-5 spontaneously grew on the surface
of the PVP-capped Au NPs. The thickness of the MOF shell can
be controlled by simply changing the amount of precursor.
With a similar one-step synthesis, bimetallic alloy NPs confined
in a MOF matrix were also achieved by Zhu and coworkers.175

They prepared a core–shell structured AgPd@Fe-MIL-100 com-
posite by directly mixing AgNO3, Pd(NO3)2, and MOF precursors
(FeCl3 and H3BTC) in the reaction solution containing PVP,
DMF, and ethanol. The AgNO3 and Pd(NO3)2 were first reduced
to AgPd alloy NPs with DMF within 20 min at 413 K, followed
by the formation of MIL-100(Fe) on the surface of the PVP-
modified AgPd NPs, until a uniform AgPd@Fe-MIL-100 compo-
site was produced.

It was found that PVP cannot always effectively prevent the
aggregation of MNPs during the one-step synthesis process.
Li and coworkers developed another one-step strategy to encap-
sulate small MNPs inside MOFs.176 They allowed the Pd(II)
complex to be coordinated with a pre-designed organic linker
involving a 2,2-bipy unit, which contained two neighboring,
chelating N sites, to give metal-incorporated ligands. Upon
MOF formation, the involved Pd(II) can be reduced to yield
uniformly distributed Pd NPs (3.0 � 0.5 nm) inside the MOF
cavities. The anchoring sites on the ligand and the geometry of
the MOF might synergistically limit the aggregation of the
MNPs and fix them inside the cavities during the reduction.
Improving this strategy one step further, the same group recently
prepared tiny Pt NPs, with control over the size and spatial
distribution, embedded in a UiO-66 matrix, by employing acetic
acid as modulator for the MOF and/or H2 as an additional
reducing agent.177 Owing to the much slower rate of formation
of Pt NPs by reduction of DMF only, compared to the generation
of UiO-66, most of the Pt NPs were not well embedded in the
MOF, thus leading to an uneven and uncontrollable distribution
of Pt NPs.178 However, the reduction rate of Pt NPs can be
markedly increased with the help of H2 (Fig. 15). H2PtCl6 was
first reduced to Pt NPs in a short time at 393 K in the presence of

Fig. 14 Synthetic route to generating sandwich-like MIL-101@Pt@MIL-101,
comprising Pt NPs sandwiched between a core and a shell of MIL-101.
Reproduced from ref. 172 with permission from Nature Publishing Group,
copyright 2016.

Fig. 15 Incorporation of Pt NPs in MOFs through (a) an in situ one-step
strategy by the reduction of DMF only and (b) a kinetically modulated
in situ one-step strategy. Reproduced from ref. 177 with permission from
Wiley-VCH, copyright 2016.
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both H2 and DMF as reducing agents. The Pt NPs (1.7 � 0.3)
generated in situ might preferentially combine with the soft C–N
group of DMF, while Zr4+ and MOF would show a preferential
interaction with the hard CQO group of DMF. Thus, DMF served
as a bridge between the MOF precursors and Pt NPs, inducing
preferential anisotropic growth of UiO-66 on the surface of Pt
NPs rather than self-nucleation.

3. Characterization tools

As MNP/MOF composites are complex systems with organic
and inorganic components, various analytical and spectro-
scopic tools should be employed for their characterization.
Different characterization tools give respective information on
the structure, composition, and pore properties. The combined
characterization results obtained by various methods enable us
to understand the composite materials more comprehensively.
It is worth noting that, to understand the status of catalysts
during the reaction, their characterization is necessary both
before and after catalytic reactions.

3.1. Composition determination

To clarify the detailed compositions of MNP/MOF composites,
the basic characterization tools, including inductively coupled
plasma (ICP) spectroscopy, elemental analysis, infrared (IR) spectro-
scopy, UV-vis spectroscopy, and nuclear magnetic resonance
(NMR) spectroscopy, are commonly employed during the synthesis
procedure.

3.2. Powder X-ray diffraction

Powder XRD is one of the most important characterization
techniques to check the crystallinity and phase purity of almost
all materials. For MNP/MOF composites, powder XRD is of
paramount importance due to the following reasons. (1) Most
MOFs are not very robust and their structures are prone to
collapse during the catalytic reaction, even during the prepara-
tion of the composite and especially under harsh conditions.
The stability of MOFs is a significant concern with respect to
their catalytic application. Therefore, the investigation of phase
purity, crystallinity, and structural integrity of MOFs, based on
powder XRD, is almost indispensable. (2) Powder XRD patterns
of MNP/MOF composites offer preliminary evaluation of the
MNP sizes based on the Scherrer equation (D = Kl/b cos y, where
D is the crystallite size, K is a dimensionless shape constant, l is
the X-ray wavelength, b is the full width at half-maximum of the
diffraction peak, and y is the Bragg angle). (3) In particular,
examination of the powder XRD pattern is usually necessary
for MNP/MOF composites after catalytic reactions, in order to
evaluate whether or not the MOF structure and/or the MNP
sizes are retained.

3.3. N2 sorption

A uniform pore size and large surface area are important
features of MOFs. N2 sorption is an effective way to characterize
the pore size distribution and pore volume as well as the

surface area of MOFs before and after both loading MNPs
and catalytic reactions. Moreover, to evaluate whether or not
a MOF structure is maintained after catalysis, N2 sorption is
able to provide even greater sensitivity than that of powder XRD
data; the latter does not change significantly upon degradation
of a small percentage of the MOF.

It is noteworthy that the decrease in the surface area of the
MOF after loading MNPs is not suitable as an individual
criterion to evaluate whether MNPs are incorporated inside
MOF pores. In almost all cases, considering the mass occupation
of MNPs, the introduction of MNPs will lead to a decrease in the
surface area of the MOFs, to a certain degree. It is undeniable
that the surface area of a MOF presents an apparent decrease
if MNPs are embedded inside it and/or located at the pore
entrance to block the access to the internal surface (in both
cases, the migration and aggregation of MNPs will be obstructed
by the MOFs to some extent).

3.4. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a powerful tool for
understanding the electronic structure of MNP/MOF compo-
sites. XPS can determine the oxidation state of different species
in MNP/MOF composites. For example, the remaining XPS
signals of Pd between Pd@UiO-66 and polydimethylsiloxane
(PDMS) coated Pd@UiO-66, the latter being obtained by treat-
ment at 573 K, indicate that Pd is uncharged during the heating
process.91 Moreover, XPS is an effective way to identify whether
the MNPs are in an alloy state. Chen et al. introduced Ag and Pd
into the cavity of MIL-101 by a double solvent approach to give
PdAg@MIL-101. The XPS results showed that both Pd and Ag
are in reduced states and the 3d peaks for Pd(0) and Ag(0) in
PdAg@MIL-101 shift to lower binding energies by B0.2 and
B0.8 eV, respectively, in comparison to those in monometallic
Pd@MIL-101 and Ag@MIL-101. The 3d peaks for Ag(0) shift
gradually to lower binding energies with decreasing contents
of Ag, and the 3d5/2 peak of Pd(0) also gradually shifts to lower
binding energies with decreasing contents of Pd in PdAg@MIL-
101. Such observed shifts indicate the formation of PdAg alloy
NPs in MIL-101.82 In addition, the transfer of electrons between
MNPs and MOFs can be evidenced by XPS. For MIL-101@Pt
composites, a partial transfer of electrons from Pt NPs to MIL-
101(Fe) occurs, whereas there is no obvious electron transfer
between Pt NPs and MIL-101(Cr). This slight change in the Pt
electron density in MIL-101@Pt catalysts can cause significant
differences in their hydrogenation activity.172

3.5. Electron paramagnetic resonance

Electron paramagnetic resonance (EPR) spectroscopy is sensi-
tive to the bulk properties of a sample and has been employed
to study small Ag clusters located in MOFs. The EPR spectrum
of Ag@MOF exhibits a well-defined isotropic quartet centered
at g = 2.001, indicating the formation of Ag3(0) clusters.179 EPR
spectroscopy has also been used to verify redox reactions during
the in situ formation of MNPs/MOFs. For example, a MOF
involving a redox-active NiII square-planar macrocyclic complex,
[Ni(C10H26N6)](ClO4)2, was immersed in a methanolic solution
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of AgNO3 at room temperature. The redox reaction between the
AgI ions and the NiII macrocycles of the host occurred rapidly.
The EPR spectrum of the resulting solid shows peaks at
g = 2.183 and g = 2.024, indicative of tetragonally distorted NiIII

species, and a peak at g = 2.005 for Ag NPs.103 In addition to
redox-active metal centers, redox-active ntb3� organic species in
a porous MOF were employed to reduce noble metal precursors.
After immersing the MOF in an acetonitrile solution of Pd(NO3)2

for 30 min, a brown solid was formed. The EPR spectrum
showed a peak at g = 2.003, which belongs to the oxidized ntb3�

species with free radicals, indicating that a redox reaction
occurred between Pd2+ and ntb3�.106 Moreover, EPR spectro-
scopy is an effective method for exploring the reaction mecha-
nism of a photocatalysis over MNP/MOF composites. Jiang’s
group demonstrated that the location of Pt NPs inside or on
the surface of UiO-66-NH2 was directly correlated with the
activity of photocatalytic hydrogen production by water splitting.
EPR spectra reveal the generation of a ZrIII intermediate due to
electron transfer in the above samples during photocatalysis.
Pt@UiO-66-NH2 gave a stronger ZrIII signal and higher activity
than Pd/UiO-66-NH2, which were probably caused by much
accelerated electron-transfer in the former catalyst.149

3.6. Microstructural characterization

The catalytic properties of MNP/MOF composites are closely
related to their compositions and microstructures. Therefore,
to better understand the catalytic properties of MNP/MOF
composites, it is necessary to conduct microstructural observa-
tions on all catalysts. Scanning electron microscopy (SEM)
determines the size and morphology of MOFs and MNP/MOF
composites on a relatively large scale. Transmission electron
microscopy (TEM) determines the size, distribution, and dis-
persion of MNPs. Particularly, it is usually necessary to check
the size and dispersity of MNPs relative to MOF particles after
catalysis to ascertain the stability and recyclability of the
composite catalyst. To determine the size and morphology of
very tiny MNPs, high-angle annular dark-field imaging-scanning
transmission electron microscopy (HAADF-STEM) is sometimes
more helpful. Selected area electron diffraction (SAED) is a
useful tool to check the crystallinity of MNPs and also indentify
the phase based on the lattice fringe.

It is relatively difficult to identify bimetallic NPs, particularly
small ones, in a core–shell or alloyed structure. To address this
issue, energy-dispersive X-ray spectroscopy (EDS), elemental
mapping, and electron energy loss spectroscopy (EELS) offer
important information. Recently, core–shell structured Pd@Co
and Pd@Ag NPs confined inside MOF pores were successfully
identified by elemental mapping.118,180

It remains a significant challenge to determine whether
MNPs are encapsulated inside MOF matrices or on their external
surface, even with TEM and HAADF-STEM images. In the early
stages, it was simply thought that MNPs with sizes smaller than
the MOF pore diameters were incorporated in MOFs, while they
would be attached to the MOF surface if they were larger than
the pore sizes—this is not necessarily correct according to
the current view. To meet this challenge, the tomographic

reconstruction of a MNP/MOF composite has been recognized as
an effective technique, which affords 3D spatial distributions of
both components with distinct contrast.82,113,117,120,121,134,161,179,181

Li et al. fabricated a Pt–Ni frame within Ni-MOF-74. The
morphology and spatial distribution of the Pt–Ni frame@
Ni-MOF-74 structure were examined by tomographic recon-
struction (Fig. 16). The tomographic images were reconstructed
based on a series of 2D HAADF-STEM data, which were
obtained at consecutive tilt angles from �721 to 721 with 41 tilt
increments. Based on the differences in Z-contrast between the
Pt–Ni frame and MOF, the 3D tomography data of the Pt–Ni
frame@Ni-MOF-74 structure were finally obtained. The tomo-
graphic reconstruction images demonstrated that the Pt–Ni
frames were fully encapsulated by Ni-MOF-74.161 It is worth
noting that some MOFs are vulnerable to long-term exposure
to electron beams, especially those with high energy. As indi-
cated in a previous report,179 TEM observation of Ag@MIL-68
under electron beam irradiation causes damage to the MOF
network, resulting in the aggregation of Ag NPs larger than
MOF pore sizes in resultant images—this is an artefact because
the original Ag3 clusters, characterized by EPR spectra, are
small enough to be incorporated inside the MOF pores.
Bright-field TEM tomography was reported to be able to lower
the electron beam damage to MOFs during the long time
needed for the tomographic reconstruction.182 Furthermore, a
TEM image of an ultrathin slice can also be used to determine
whether MNPs are located inside or on the surface of the MOF.
Only the MNPs loaded at the outside surface of the MOF can be
observed bulging out from slice edges.176,183 Chen et al.
observed that almost no MNPs can be seen bulging from the
MOF edges in an ultrathin slice of a Pd7Ni3-in-UiO-67 compo-
site, suggesting that most of the MNPs were encapsulated
inside the UiO-67 matrix.183 With the above points in mind,
TEM studies on MNP/MOF composites should be conducted
with great care.

Fig. 16 Six projected images of 3D visualization of tomographic recon-
struction of Pt–Ni frame@Ni-MOF-74. Reproduced from ref. 161 with
permission from Nature Publishing Group, copyright 2015.
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3.7. X-ray absorption spectroscopy

Although TEM observation is very powerful for understanding
the microstructure of MNP/MOF composites, it provides only
limited information on ultrasmall particles. As an additional
support, X-ray absorption spectroscopy (XAS) can precisely
determine the size, coordination environment, and chemical form
of very small metal clusters or even single atoms; this information
is of great importance in catalysis. Jiang et al. successfully
incorporated ultrafine Au clusters into a pre-designed MOF with
fluorinated channels by solid grinding. No evident Au clusters
could be found by TEM and HAADF-STEM observation. In con-
trast, Au LIII-edge X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) spectral
analyses demonstrated the presence of Au(0) and ultrafine Au
clusters with an average atom number of B2.5 (Fig. 7).134

4. Important concerns

Significant progress has been achieved by more than 10 years of
intensive studies on MNPs/MOFs. To further develop this field,
some important concerns and challenges indicated below,
some of which are interdependent, should be addressed.

The MOF stability remains an ongoing concern. The classi-
cal MOF-5 and MOF-177 were used to stabilize MNPs in the
early stages before being gradually replaced by more stable
MOFs, such as ZIF-8, UiO, and the MIL series of MOFs, which
can guarantee stability during catalytic recycling under most
reaction conditions. Fortunately, more and more stable MOFs
have been reported in recent years, for example, Zr carboxylate-
based MOFs,184–186 which will promote the development of
MNPs/MOFs in catalysis.

The size control of MNPs stabilized by MOFs is another
important concern. While MOF cavities can theoretically pre-
vent the migration and aggregation of MNPs, their size is
difficult to control as this is affected by many factors: (1) the
type of metal precursor; (2) the concentration of the metal
precursor; (3) the nature of the solvent; (4) the reductant for
the metal precursor; (5) the nature of the MOF, and (6) the
synthetic conditions for producing the MNPs/MOF. Several of
the parameters indicated above usually work together to deter-
mine the final results. In addition, the particular functional
groups or MOF pore environment interacting with the MNPs
significantly influences the size of the MNPs.187

Direct evidence regarding the location of MNPs relative to
MOF particles, that is, whether MNPs are inside the MOFs or
on their outer surfaces, remains uncertain in some reports.
Although we have mentioned that tomographic reconstruction
works for the above, the measurement is time-consuming and
relies heavily on the experience of the TEM operator. Moreover,
the attachment of a correlative accessory to the microscope is
necessary. All these factors render this characterization technique
unavailable for many scientists. Therefore, it is necessary to develop
suitable techniques that can offer relevant structural information
and are easily accessible by most scientists.

Along with the development of this topic, the synthesis of
MNP/MOF composites containing MNPs with particular sizes
and morphologies is highly desirable. While the introduction of
pre-synthesized MNPs with special sizes and morphologies for
subsequent MOF growth works to this end, the problem of this
strategy lies in the large amount of surfactant on the surface of
the MNPs, which might not meet the requirements of particular
applications. In contrast, the preformation of MOFs followed by
incorporation of a metal precursor and reduction is able to
provide surface-clean MNPs but does not realize satisfactory
size and morphology control. This creates a dilemma regarding
the expected target. Xu and coworkers immobilized cubic Pt,
tetrahedral Pd, and octahedral PtPd NCs in MIL-101 by an
incipient solution impregnation method in combination with a
reduction process by using a CO–H2–He mixture as the gas-
phase reducing agent.188 The formation of Pt and Pd polyhedra
was directed by preferential binding of CO on their (100) and
(111) facets. Moreover, due to a higher adsorption enthalpy
of CO on Pt than on Pd, PtPd NCs showed a Pd-rich core and a
Pt-rich shell. Despite this success, further adjustment of the
resultant MNPs with respect to morphology and size was
not realized. To our knowledge, there has not yet been an
effective and general solution to overcome this challenge, i.e.,
the synthesis of surface-clean MNPs with specific morphologies
confined in MOFs.

It is worth noting that, rather than being limited to the
cavities offered by the pristine MOF structures, additional pore
space can be created during MOF assembly. The newly generated
pores with usually mesoporous sizes are suitable for accommo-
dating MNPs, and the interspace between an MNP core and MOF
shell acting as a nanoreactor would be ideal for hosting catalytic
reactions, improving reaction efficiency. A yolk–shell Au@ZIF-8
nanostructure, recently created with a sacrificial SiO2 template
strategy (Fig. 13), exhibited a remarkably enhanced activity
compared to the corresponding core–shell Au@ZIF-8 composite
toward the aerobic oxidation of alcohols.169

5. Synergistic catalysis between MNPs
and MOFs

The main targets of the development of MNP/MOF composites
are to broaden the scope of catalytic reactions and enhanced
catalysis. In other words, one needs to ask how MNP/MOF
composites can enable improved catalysis. It is necessary to
recognize the roles of both components and how they synergize
to achieve enhanced properties, with suitably designed MNP/
MOF composite catalysts. In this section, the synergistic effect
between MNPs and MOFs toward catalysis will be discussed in
detail with examples taken from previously discussed studies.

5.1. MNPs as active centers, stabilized by MOFs

Given their permanent porosity and tunable pore sizes/
environment, MOFs are ideal candidates for the stabilization
of MNPs. Small MNPs can be confined or stabilized by MOFs,
showing excellent catalytic activity and recyclability.189–214
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In these composites, MNPs are active centers and MOFs behave
as stabilizers for MNPs; this represents the simplest synergy
between MNPs and MOFs and is demonstrated by a series of
important publications in this field. In general, almost all
reported MNP/MOF catalysts may include this basic synergy—
MNPs and MOFs as active sites and stabilizer, respectively.

Palladium-catalyzed carbon–carbon coupling reactions of
aryl halides, such as Suzuki–Miyaura and Ullmann reactions,
are of great importance as versatile routes to construct biaryl units
in organic synthesis.215,216 Yuan et al. reported water-mediated
coupling reactions of aryl chlorides over Pd/MIL-101.89 The
large surface area, large pore sizes/openings, and high stability
of MIL-101 are desirable for depositing Pd NPs for catalytic
applications. The Suzuki–Miyaura coupling of 4-chloroanisol
with phenylboronic acid over Pd/MIL-101 was efficient when using
NaOMe as a base. Diverse substrates with electron-rich/-poor aryl
chlorides can give the corresponding biphenyl compounds with
excellent yields. Moreover, the catalytic activity of Pd/MIL-101
for the Ullmann coupling reaction was also excellent. Various
aryl chlorides can be smoothly homocoupled to give their
corresponding products with high yields. The Pd/MIL-101
catalyst was stable, showed negligible metal leaching, and
maintained high catalytic activity even after a number of cycles.
Subsequently, Pd/MIL-101-NH2 and Pd/MIL-53-NH2 were inves-
tigated with respect to Suzuki–Miyaura reactions and presented
excellent activity.196,217,218 The amino group might effectively
prevent the aggregation of Pd NPs, achieving better dispersion.

Hwang et al. rationally fabricated Pd@MIL-101 with Pd NPs
(2–4 nm) inside MOF pores for efficient Heck reactions of
acrylic acids with iodobenzene.97 Likewise, Pd NPs encapsu-
lated in other MOFs exhibited excellent catalytic performances
for Heck reactions.101,219 In addition, a Pd/MOF composite
was also employed as a catalyst for an A3 (alkyne, amine, and
aldehyde) coupling reaction.220 The Pd NPs were loaded to a
2D layer structured MOF, {[Zn(Himdc)(bipy)0.5]�DMF} (bipy =
4,40-bipyridine, Himdc = 4,5-imidazoledicarboxylate), with
carboxylate functional groups decorated on the pore surface.
Pd NPs (1–2 nm) were found to be well distributed throughout
the MOF. The hybrid Pd@MOF catalyzed the three-component
coupling reaction of benzaldehyde, piperidine, and phenyl acetylene
to form propargylamine derivatives. Almost simultaneously, another
group independently synthesized Au functionalized IRMOF-3
catalysts by post-synthetic covalent modification. The Au/
IRMOF-3 catalysts provided an efficient and economic route
for the one-pot synthesis of structurally divergent propargyl-
amines via three-component coupling of alkyne, amine, and
aldehyde without the need for any additive or an inert
atmosphere.221 The Au/IRMOF-3 catalyst was easily recycled at
least five times. In addition, the Ag/MOF also presented activity
for A3 coupling reactions.222

Both Au/MOF and Ag/MOF composites were also found to be
active in the reduction of 4-nitrophenol (4-NPh).96,100,153,223

Bimetallic AuAg NPs with a size range of 2–6 nm supported
on ZIF-8 were reported for the catalytic reduction of 4-NPh by
NaBH4 in water.96 Compared with monometal catalysts embedded
in ZIF-8, such as Au/ZIF-8 and Ag/ZIF-8, the catalytic activity was

significantly improved by applying the AuAg/ZIF-8 catalyst,
clearly illuminating the synergistic effect between Au and Ag
species. Moreover, the catalyst exhibited an excellent recycling
performance. This catalyst is not limited to 4-NPh; a series of nitro
compounds can be reduced over Pd@MIL-101, where in situ
generated hydrogen from NH3BH3 can efficiently boost their
hydrogenation.114 A variety of nitro compounds were selectively
and efficiently reduced to the corresponding amines. When
NH3BH3 was replaced by an H2 flow while other conditions
remained unaltered, the reduction of nitrobenzene was completed
20 times more slowly than in the process with NH3BH3.

To realize highly efficient dehydrogenation of NH3BH3 by
hydrolysis, Xu’s group reported that Pt NPs well encapsulated
in MIL-101 were fabricated and displayed outstanding catalytic
activity, where hydrogen could be completely released within
a short time.113 Subsequently, the same group synthesized an
AuNi@MIL-101 catalyst, which exhibited superior catalytic
activity in the hydrolytic dehydrogenation of NH3BH3 to its
monometallic counterparts.117 In a recent study, Jiang and
coworkers incorporated core–shell Pd@Co, Pd, Co, and PdCo
NPs into MIL-101, as well as Pd@Co NPs supported on MIL-101
(denoted as Pd@Co/MIL-101), for the hydrolytic dehydrogenation
of NH3BH3. The catalytic results show that Pd@Co@MIL-101
possesses the highest activity, revealing the synergistic effect
between the Pd core and Co shell. The encapsulated Pd@Co NPs
exhibited much better stability than the core–shell NPs on the
external surface of the MOF, highlighting the better synergistic
effect for the catalytic process in the former catalyst: MNPs act as
active centers and the MOF stabilizes them.118

Compared with noble metal NPs, non-noble metal NPs
possess obvious advantages due to their abundant reserves on
the earth and low prices. Therefore, the synthesis of small and
high-activity non-noble metal NPs is desirable in practice.
Ni/MOF composites were widely studied.128,129,200,224 ZIF-8
was chosen as the host matrix to load Ni NPs (2–3.4 nm) via
gas-phase infiltration of Ni(cp)2 to give Ni/ZIF-8, with which
NH3BH3 was rapidly hydrolyzed to H2 at room temperature
with no significant decrease in catalytic activity even after five
runs of hydrolytic reactions.128 CuCo/MIL-101 also exhibited
excellent activity with a very high turnover frequency (TOF) of
51.7 molhydrogen molcat

�1 min�1 toward the hydrolytic dehydro-
genation of NH3BH3.225

Formic acid decomposition is an alternative way to realize
chemical hydrogen storage.226 A series of MNPs were immobi-
lized to ethylenediamine-grafted MIL-101, among which AuPd/
ED-MIL-101 exhibited higher catalytic activity than the mono-
metallic and alloy NP composites in hydrogen generation from
formic acid. Formic acid can be completely converted to H2 and
CO2 at 363 K in the presence of the AuPd/ED-MIL-101 catalyst,
in which the synergistic interaction between Pd and Au was
assumed to play a crucial role.98 Yamashita’s group demon-
strated that Pd/Ti-MIL-125-NH2 (Ti8O8(OH)4(BDC-NH2)6) had a
high activity for hydrogen production from formic acid even at
ambient temperature.227 The small Pd NPs with a mean diameter
of 3.1 nm were well encapsulated by the matrix of Ti-MIL-125-NH2.
However, the size of the Pd NPs was found not to be the most
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important factor for the activity, which was essentially caused
by the amine functional groups. The reaction intermediate
was Pd-formate, while the weakly basic –NH2 group acted as
a proton scavenger, forming –+HNH2 species, and then the
Pd-formate species underwent b-hydride elimination to produce
CO2 without the unfavorable formation of CO. Therefore, in this
system, the MOF not only acted as a stabilizer for Pd NPs but also
provided a platform to synergize the functions of the amino
groups and Pd NPs to enhance the catalytic performance.

Liquid-phase aerobic oxidation of alcohols, being of great
interest in both academia and industry, was extensively studied
over MNP/MOF catalysts.178,187,198,211,228–234 Li and coworkers
prepared a composite catalyst of highly dispersed Pd NPs (2.5 �
0.5 nm) deposited onto MIL-101 by using a simple colloidal
method. The resulting Pd/MIL-101 catalyst was very active, even
at ambient temperature, using air instead of pure O2, toward
liquid-phase aerobic oxidation with a wide range of alcohols.232

The solvent-free oxidation of benzyl alcohol gave a remarkably
high TOF of approximately 16 900 h�1. Interestingly, the catalytic
activity was significantly suppressed when ethylenediamine was
grafted onto the uncoordinated Cr sites in MIL-101, indicating
that the open Cr sites might play a key role in promoting
the oxidation of alcohols. The oxidation of alcohols was also
achieved over MNPs/MOFs via photocatalysis. Single- or multi-
core Au@ZIF-8 nanocomposites were synthesized by adjusting
the incubation temperature and time at the initial reaction
stage. Due to the Au localized surface plasmon resonance
(LSPR), light absorption of single- and multi-core Au@ZIF-8
was around 530 nm and 540 nm, respectively. The photo-
catalysis of benzyl alcohol oxidation over Au@ZIF-8 displayed
25.8% conversion for single-core Au@ZIF-8 and 51.6% for
multi-core Au@ZIF-8 upon light irradiation (l 4 400 nm) for
24 h. So, the LSPR of Au takes part in the catalysis in addition to
the basic synergy between Au and ZIF-8, and the conversion
difference might be due to plasmonic coupling between Au NPs
in multi-core structures.233

5.2. MNPs as active centers, with MOFs stabilizing MNPs and
controlling size selectivity

Along with the perfect control of MNPs encapsulated inside
MOFs, the uniform pore size of the MOF shell allows it to
function as a molecular sieve for the MNP/MOF composites.
Therefore, MOFs can selectively allow substrates/products that
are smaller than the MOF pores to pass through and access the
MNPs (active sites) while blocking larger molecules. Such a size-
exclusion effect finds important application in MNPs@MOFs in
size-selective catalysis.81,99,140,155,158,165,170,235–239

Core–shell MNPs@MOF nanostructures have attracted
recent research interest because of their potential application
in catalysis. Integrating the functions of the MNP core and the
MOF shell would efficiently endow new properties and expand
the scope of application of the obtained MNPs@MOF compo-
sites. Lu et al. synthesized a series of core–shell MNP@ZIF-8
nanostructures through the strategy of introducing MNPs for
subsequent MOF growth and demonstrated the synergistic
effect between the MNP core and ZIF-8 shell.140 The core–shell

nanostructure denoted as Pt/PVP/ZIF-8 integrated the catalytic
properties of Pt NPs and the molecular sieving capability of
the ZIF-8 matrix to probe the liquid-phase hydrogenation of
n-hexene versus that of cis-cyclooctene. Pt/PVP/ZIF-8 realized the
hydrogenation of the linear n-hexene molecule and a similar
conversion was obtained for three consecutive runs (7.3%, 9.6%,
and 7.1% for the first, second, and third runs, respectively).
However, this nanostructure showed no propensity to catalyze
the hydrogenation of cis-cyclooctene, which required a larger
reaction space; this was consistent with the small opening of ZIF-8
and the indicated encapsulation of Pt NPs inside ZIF-8. In
contrast, although pure ZIF-8 crystals showed no catalytic activity
towards either n-hexene or cis-cyclooctene, Pt NPs loaded onto
carbon nanotubes (denoted as Pt/CNTs) displayed indiscriminate
catalytic activities for alkene (i.e., n-hexene and cis-cyclooctene)
hydrogenation. Compared with the Pt/PVP/ZIF-8 catalyst, Pt/ZIF-8
prepared by a solution impregnation method showed lower
selectivity for the catalytic hydrogenation of n-hexene versus
that of cis-cyclooctene. The non-negligible residual activity for
the hydrogenation of cis-cyclooctene was due to the Pt NPs
formed on the outer surface of ZIF-8, further indicating the
molecular sieving function of the MOF.

Stephenson et al. substituted the 2-methylimidazolate linkers
in Pt@ZIF-8 with imidazole to form Pt@SALEM-2. Both catalysts
were active for the hydrogenation of 1-octene, whereas the
hydrogenation of cis-cyclohexene occurred only when using
Pt@SALEM-2 as a catalyst, due to its larger apertures. The
largest substrate, b-pinene, was unreactive with H2 when either
catalyst was employed, highlighting the size exclusion effect
(Fig. 17).237 Moreover, Pt@ZIF-8 exhibits excellent regioselec-
tive hydrogenation. Terminal alkenes and alkynes were readily
hydrogenated while internal unsaturated sites were unreacted.
For example, the regioselective hydrogenation of the terminal
CQC bond in linear alkene 1,3-hexadiene was realized with
Pt@ZIF-8 to give 3-hexene with 95% selectivity, but only 20%
3-hexene was obtained over a Pt/C catalyst.238

In addition, the Pt@ZIF-8 composite with highly dispersed
uncapped Pt NPs (B2.0 nm) was demonstrated for size-selective
hydrogenation of alkenes under mild conditions.158 The catalytic

Fig. 17 Schematic illustration showing size-selective catalysis over
Pt@SALEM-2. Reproduced from ref. 237 with permission from the American
Chemical Society, copyright 2016.
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performance of Pt@ZIF-8 was investigated for olefin hydro-
genation under 1 bar H2 at 293 K. The alkene 1-hexene has a
molecular width of 1.7 Å while cis-cyclooctene has a molecular
width of 5.5 Å, which exceeds the size of the pore opening in
ZIF-8 (3.4 Å). Under the same conditions, Pt@ZIF-8 exhibited
excellent activity for the hydrogenation of 1-hexene, but almost
no hydrogenation products of cis-cyclooctene were observed. In
contrast, Pt/C can catalyze the hydrogenation of both 1-hexene
and cis-cyclooctene, and no obvious differences were observed.
Recently, Aguado et al. employed the imidazolate-based MOF,
SIM-1 (Zn(MIM)2, MIM = 4-methyl-5-imidazolecarboxaldehyde),
to construct a core–shell composite with Pt/Al2O3 as the core.239

A homogeneous SIM-1 layer at the surface of Pt/Al2O3 was
formed by a solvothermal process. Due to the narrow pore
opening of SIM-1 (5 Å), ethylene can easily cross the SIM-1 shell
and be converted to ethane, but toluene, with a larger mole-
cular size, was excluded, although the hydrogenation of both
toluene and ethylene over Pt/Al2O3 can be achieved.

As well as ZIF-8, Pt NPs incorporated inside UiO-66 also
perform well in size-selective catalysis.99,143,177 Liquid-phase
hydrogenation of hexene, cyclooctene, trans-stilbene, cis-stilbene,
triphenyl ethylene, and tetraphenyl ethylene was carried out to
evaluate the size selectivity of Pt@UiO-66. The catalytic activity
with these substrates was distinctly different due to their different
molecular sizes. Hexene (molecular size: 2.5 Å), which is small
enough to diffuse through the aperture of the UiO-66 (6 Å), can
be completely converted after 24 h, while 66%, 35%, and 8%
conversions were obtained for cyclooctene, trans-stilbene, and
triphenyl ethylene, respectively, which have gradually increas-
ing molecular sizes (cyclooctene: 5.5 Å, trans-stilbene: 5.6 Å,
triphenyl ethylene: 5.8 Å); thus, the diffusion limitation caused
by the UiO-66 frame cannot be ignored.143 Particularly, no
propensity to catalyze the hydrogenation of the sterically more
demanding tetraphenyl ethylene (6.7 Å) was observed. A similar
phenomenon was observed with clean Pt NPs completely
encapsulated within UiO-66 by Li’s group.177 The hydrogena-
tion of 1-hexene and tetraphenylethylene over the Pt@UiO-66
composites was operated at 298 K under atmospheric H2

pressure. For comparison, the hydrogenation of 1-hexene and
tetraphenylethylene over Pt/UiO-66, which was obtained by
solution impregnation, was also carried out. Pt@UiO-66 afforded
the complete conversion of 1-hexene but no activity was detected
for tetraphenylethylene within 1 h. However, with Pt/UiO-66,
73% and 15% conversions of 1-hexene and tetraphenylethylene,
respectively, were obtained; here, size exclusion was less appar-
ent as some of the Pt NPs were attached to the outer surface
of UiO-66 by solution impregnation. In this case, tetraphenyl-
ethylene could be easily adsorbed onto the surface of Pt NCs
without the steric-hindrance effect of UiO-66. When UiO-66 was
replaced by UiO-67 with a larger pore size, size-selective catalysis
could be achieved; the well confined Pd NPs only catalyzed
the conversion of styrene to ethylbenzene but no activity was
detected for tetraphenylethylene.176

Huang’s group fabricated a robust catalyst based on
monodisperse Pt NCs encapsulated inside the cavities of UiO-
66-NH2, demonstrating its chemoselective hydrogenation of

cinnamaldehyde (Fig. 18).99 While both high conversion and
selectivity of cinnamaldehyde to cinnamyl alcohol were
achieved in the presence of Pt@UiO-66-NH2, high selectivity
to cinnamyl alcohol could not be obtained over the catalyst of
Pt NPs loaded onto the external surface of UiO-66-NH2, Pt/UiO-
66-NH2. It is worth noting that various heterogeneous and
homogeneous noble metal-based catalysts, including Au, Pd,
Pt, Ru, Rh, and Ir, were found to be active for this reaction, but
low selectivity to cinnamyl alcohol was usually observed,
because CQC hydrogenation is more thermodynamically favor-
able than CQO hydrogenation. For example, the selectivity to
cinnamyl alcohol over Pt/C was found to be B70%. Various
factors affect the selectivity in the cinnamaldehyde hydrogena-
tion such as supports, MNP size, and additives. Among these,
the steric-hindrance effect imposed by MOF pores seems to be
predominant. With Pt NCs encapsulated in UiO-66-NH2, the
access to the Pt NCs is strongly restricted by the 6 Å triangular
windows that connect the tetrahedral and octahedral cages
inside UiO-66-NH2. Due to the steric hindrance of UiO-66-NH2,
the CQC bond in the middle of cinnamaldehyde was hardly
accessible to the surface of Pt compared to the CQO bond at the
end of the molecule. Even at the 10th run, 98.7% conversion of
cinnamaldehyde and 91.7% selectivity to cinnamyl alcohol could
be obtained over Pt@UiO-66-NH2 (Pt content: 10.7 wt%) after 44 h,
clearly highlighting the pore size effect of the MOF in addition to
the common synergistic effect between Pt and the MOF; Pt func-
tioned as the active site and the MOF as the stabilizer of Pt.99

The hydrodeoxygenation process as one of the best ways to
improve the quality of biofuels has been widely studied.213,214,240,241

Xu’s group fabricated two similar catalysts of surfactant-free Pd NPs
immobilized on MIL-101, Pd NPs with a size of 1.0–2.2 nm
incorporated into MIL-101 (denoted as Pd@MIL-101), and Pd
NPs with a size of 5.0 � 0.5 nm immobilized onto MIL-101
(denoted as Pd/MIL-101), which exhibited remarkably different
reaction pathways and catalytic selectivity toward the reaction
of biofuel hydrodeoxygenation.241 Vanillin, a large component
of pyrolysis oil derived from the lignin fraction, was selected as
the substrate, where the transformation of the carbonyl group in
vanillin into a methyl group could proceed via two paths: (1) direct
hydrogenolysis and (2) hydrogenation/hydrogenolysis (Fig. 19).

Fig. 18 Schematic illustration showing the highly chemoselective hydro-
genation of cinnamaldehyde over Pt@UiO-66-NH2. Reproduced from ref. 99
with permission from the American Chemical Society, copyright 2014.

Review Article Chem Soc Rev

Pu
bl

is
he

d 
on

 1
6 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Sc

ie
nc

e 
an

d 
T

ec
hn

ol
og

y 
of

 C
hi

na
 o

n 
01

/0
8/

20
17

 0
9:

29
:2

8.
 

View Article Online

http://dx.doi.org/10.1039/c6cs00724d


4794 | Chem. Soc. Rev., 2017, 46, 4774--4808 This journal is©The Royal Society of Chemistry 2017

Vanillin (49%) was converted over Pd@MIL-101 in the first 1 h
with B100% selectivity to 2-methoxy-4-methylphenol (pathway 1)
under 2 bar H2 at 348 K. However, Pd/MIL-101 generated
a significant amount of vanillin alcohol and a low yield of
2-methoxy-4-methylphenol under the same conditions, indicating
pathway (2) for Pd/MIL-101. The higher activity of Pd@MIL-101
should be attributed to the smaller size of the Pd NPs, and its
outstanding selectivity to 2-methoxy-4-methylphenol might be
associated with the steric hindrance and strong interaction of
vanillin alcohol caused by the encapsulation of ultrafine Pd
within MIL-101, resulting in blocking of reaction pathway (2).

In addition to core–shell structured composites, sandwich-
like structured composites also work well toward such size-
selective catalysis.172,173,236,242 Li and coworkers reported a
sandwich-like MOF/MNPs/MOF formed by the epitaxial growth
of a MOF shell on the surface of a MNPs/MOF, with which the
selective hydrogenation of cinnamaldehyde was investigated.
Pt/MIL-100 was able to provide over 99% cinnamaldehyde
conversion in 2 h with low selectivity (55%) to the target
cinnamyl alcohol. With the help of the outer MIL-100 shell
(a mean thickness of 11 nm) grown on Pt/MIL-100, the selectivity
to cinnamyl alcohol was enhanced to 78% when cinnamalde-
hyde was completely consumed. MIL-100/Pt/MIL-100 with an
outer shell thickness of 24 nm displayed 95% conversion with
96% selectivity to cinnamyl alcohol. The results unambiguously
indicated that the selectivity to cinnamyl alcohol through CQO
hydrogenation was endowed by the MIL-100 shell coating. The
reduction of the CQC bond in the middle of the long substrates
over the Pt NPs that were fully encapsulated by the MIL-100
shell was strongly restricted, while the CQO bond at the end of
the molecule was more likely to be reduced.173 With a similar
goal, a general strategy to achieve controllable encapsulation of
various NPs in ZIF-8 thin films with a sandwich-like structure
was developed.242 The NPs were initially loaded on the pre-
synthesized ZIF-8 thin films by means of spin coating, and then
they were coated with a new ZIF-8 thin film, repeating the above
step to afford a sandwich-like structure. Pt–ZIF-8 hybrid thin

films exhibited high size-selectivity in the hydrogenation of
linear n-hexene and cycloolefins due to the synergy between the
catalytic properties of Pt NPs and the size exclusion of ZIF-8
thin films. As a result, Pt–ZIF-8 hybrid thin films effectively
catalyzed the conversion of n-hexene, but no cyclooctane was
detectable under similar conditions.

Compared with core–shell nanostructures, yolk–shell nano-
hybrids have unique advantages, and the void, behaving as a
nanoreactor, optimizes the performance of the catalysts. Tsung’s
group coated ZIF-8 layers onto pre-synthesized Pd@Cu2O core–
shell particles with Cu2O as the sacrificial template; the Cu2O
was then etched off to leave a void.165 Gas-phase hydrogena-
tions of ethylene, cyclohexene, and cyclooctene were chosen to
study the catalytic behavior of yolk–shell Pd@ZIF-8, Pd NPs
directly deposited on ZIF-8 (denoted as Pd–ZIF-8), and core–
shell Pd@ZIF-8. For ethylene, all these catalysts showed similar
conversion, indicating that the ZIF-8 shell had no significant
influence on diffusion. For cyclooctene, neither the core–shell
nor yolk–shell catalysts showed any detectable activity, but Pd–
ZIF-8 showed good activity, clearly demonstrating the size
exclusion effect of the ZIF-8 shell. Interestingly, the catalytic
efficiency of cyclohexene hydrogenation over yolk–shell
Pd@ZIF-8 and Pd–ZIF-8 was similar and higher than that over
core–shell Pd@ZIF-8, which was attributed to the diffusion of
the substrate. It is assumed that configurational diffusion
dominates in core–shell Pd@ZIF-8, while the diffusion in the
yolk–shell catalyst is a combination of configurational diffusion
(shell) and Knudsen diffusion (cavity), which results in the
faster diffusion speed with yolk–shell Pd@ZIF-8 and thus
superior catalytic activity. Likewise, Huo’s group employed a
MNPs@Cu2O core–shell nanohybrid as a sacrificial template,
followed by the capture of a dissociated Cu2+ ion from Cu2O
by BTC to grow HKUST-1, resulting in a unique yolk–shell
MNPs@HKUST-1 composite with a petalous shell.243 The seam-
less shell of HKUST-1 may serve as a molecular sieve for size-
selective catalysis, and PtAu NPs encapsulated in the petalous
heterostructures were active sites for liquid-phase hydrogena-
tion of olefins. Both n-hexene and cis-stilbene exhibited com-
plete conversion with bare PtAu NPs, while PtAu@HKUST-1
only showed activity toward n-hexene hydrogenation, and no
conversion of cis-stilbene occurred. Yang et al. developed a
facile emulsion-based interfacial reaction method to synthesize
yolk–shell Pd@ZIF-8 nanospheres with controllable shell thick-
ness, in which the ZIF-8 shell also allowed the size-selective
catalysis of hydrogenation.170 The yolk–shell Pd@ZIF-8 with
a thin ZIF-8 shell showed the highest conversion (98%) for
1-hexene after 24 h, indicating that the thin ZIF-8 shell had a
negligible influence on the diffusion of 1-hexene molecules.
The conversion decreased to 87% when Pd@ZIF-8 with a
thicker layer was used. In contrast, core–shell Pd@ZIF-8 with
the thickest shell gave 58% conversion due to the low diffusion
rate through the much thicker ZIF-8 shell. trans-Stilbene with a
larger size than the pore aperture of ZIF-8 can only diffuse
through the voids among ZIF-8 NCs in the shell, and its
conversion decreased considerably to 4.3–1.3% with the thicker
ZIF-8 shell.

Fig. 19 Possible reaction pathways for vanillin hydrodeoxygenation.
Reproduced from ref. 241 with permission from The Royal Society of
Chemistry, copyright 2015.
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5.3. MNPs as active centers, with MOFs stabilizing MNPs and
concentrating gaseous reactants

In many important reactions, gas molecules are involved.
Previous reports have shown that MNPs/MOFs can enrich gas
molecules around the active sites, thus boosting the catalytic
efficiency. The influence of MOFs on the hydrogen sorption of
Pd nanocubes was reported by Kitagawa’s group. The solid-state
2H NMR spectra indicated that the pressure of the plateau-like
region in Pd@HKUST-1, where solid solution (Pd + H) and hydride
(Pd�H) coexist, was greater than that in the Pd nanocubes. The
total amount of hydrogen adsorption at atmospheric pressure was
enhanced from 0.5 H per Pd atom in Pd nanocubes to 0.87 H per
Pd atom for the Pd@HKUST-1. Moreover, the hydrogen pressure-
composition isotherm of Pd nanocubes did not completely return
to the starting point on reversing the process, whereas the
Pd@HKUST-1 showed a fully reversible absorption/desorption
response. These results indicated that the HKUST-1 coating
on the Pd nanocubes can enhance the hydrogen capacity and
improve the hydrogen absorption/desorption speed.145

Dang et al. demonstrated an efficient amide synthesis by
atmospheric pressure aminocarbonylation over Pd/MOF-5 under
moderate temperatures (353–393 K) and CO pressure (1 atm).
Compared with traditional porous supports such as SiO2, Al2O3,
and celite, Pd stabilized by MOF-5 exhibited the best catalytic activity
due to the high porosity and gas enrichment function of MOF-5.
The aminocarbonylation of various aryl iodides with morpholine
afforded the desired products in good yields over Pd/MOF-5.244

Wang and coworkers demonstrated alkoxycarbonylation of
aryl iodides over Zn/Ni-MOF-2 immobilized Pd NPs (denoted
as Pd/MOF-2) in the presence of CO.245 The kinetic curves for
the alkoxycarbonylation reactions over Pd NPs, Zn/Ni-MOF-2,
Pd/MOF-2, Pd/TiO2, and commercial Pd black showed that
Pd/MOF-2 gives the highest activity. The enhanced catalytic
activity of Pd/MOF-2 can be ascribed to the synergistic effect:
the unique structure and gas adsorption behavior of Zn/Ni-MOF-2
contribute to both the stabilization of Pd NPs and the CO
enrichment, which further improved the activity of Pd NPs.

Hydrogenation with molecular hydrogen is a common reac-
tion and is extensively involved in many chemical processes,
providing atom economy and a ‘‘green’’ route. Recently, hydro-
genation reactions over MNPs/MOFs were studied by different
groups.132,183,246–249 Zhang et al. demonstrated the synthesis of
a series of well-defined hollow MOF (MOF-5, FeII-MOF-5, FeIII-
MOF-5) nanocages without a template by a facile solvothermal
method. The addition of pre-synthesized PVP-modified MNPs into
the synthetic system of MOF hollow nanocages yielded yolk–shell
MNPs@MOF nanohybrids.249 A challenging industrial process of
selective hydrogenation of 1-chloro-2-nitrobenzene was examined,
and the yolk–shell PdCu@FeIII-MOF-5 composite presented
much higher activity, with complete consumption of 1-chloro-
2-nitrobenzene in 4 h, than PdCu NPs, which showed a maximum
conversion of only 78% even after 8 h. Notably, the selectivity
to 2-chloroaniline over PdCu@FeIII-MOF-5 remained at 100%
even after complete conversion of 1-chloro-2-nitrobenzene. The
superior catalytic performance of PdCu@FeIII-MOF-5 was ascribed

to the synergistic effect between the active PdCu core and the
hollow nanostructure of the MOF shell, the latter serving as a
confined nanoreactor for catalysis, and hydrogen enrichment
in the shell, which accelerated the hydrogenation process.

Hydrogenation of the CQC bond over MNPs/MOFs has
been intensively studied.81,250–253 In a recent study, Jiang and
coworkers rationally synthesized a Pd nanocubes@ZIF-8 com-
posite by the encapsulation of Pd nanocubes in ZIF-8 for
efficient and selective catalytic hydrogenation of olefins at
room temperature under 1 atm H2 and light irradiation (Fig. 20
left).81 The Pd nanocubes are not only the active sites for the
hydrogenation process but also greatly promote the reaction
based on their plasmonic photothermal effect—light can be
converted into heat to accelerate the endothermic olefin hydro-
genation. In addition, the ZIF-8 shell contributes to the reaction
process by serving multiple roles: it greatly boosts the reaction by
the H2 enrichment effect (Fig. 20 right), acts as a ‘‘molecular
sieve’’ to differentiate olefins with specific sizes for size selectivity,
and stabilizes the Pd cores for better recyclability. Therefore,
the judicious integration of the multiple functionalities of the
Pd nanocubes and the MOF shell results in the multifunctional
Pd nanocubes@ZIF-8 catalyst, which exhibits an excellent
catalytic performance in olefin hydrogenation.

The catalytic partial hydrogenation of alkynes to alkenes is
involved in many important transformations in petrochemistry
and industry.254 However, the challenge to achieve high selec-
tivity to alkenes with high conversion of alkynes has not been
overcome and related explorations have been conducted over
MNPs@MOF composites.180,238,255,256 Li and coworkers designed
Pd@Ag core–shell NPs inside UiO-67 via a seed-mediated growth
strategy, in which activated hydrogen atoms on embedded Pd NPs
can act as a reducing agent to selectively direct the deposition of
Ag onto Pd while minimizing Ag self-nucleation.180 The obtained
Pd@Ag@UiO-67 composites exhibited a significant increase
in selectivity in the partial hydrogenation of phenylacetylene
as compared to their monometallic counterparts, due to the
surface dilution and electron modification of the surface Pd sites
by Ag deposition. Although the role of the MOF in hydrogen
enrichment was not mentioned in the report, we assume that
this effect might exist and thus speed up the reaction process
to some extent. Moreover, Pd@Ag@UiO-67 possessed high
stability and recyclability in the catalytic reactions, which was

Fig. 20 The Pd NCs@ZIF-8 for plasmon-driven selective catalysis of the
hydrogenation of olefins (left) and hydrogenation yield of 1-hexene over
Pd NCs or Pd NCs@ZIF-8 along with reaction time (right). Reproduced
from ref. 81 with permission from Wiley-VCH, copyright 2016.
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related to the nanoconfinement effect and the strong metal–
support interaction offered by the UiO-67 framework.

Liu et al. employed Ag@MIL-101 to catalyze the conversion
of terminal alkynes into propiolic acids with CO2.257 Given the
excellent catalytic activity of Ag@MIL-101, the reaction can
be completed at atmospheric pressure and low temperature.
Apparently, in the Ag@MIL-101 catalyst, MIL-101 is able to
enrich CO2 molecules around Ag NPs, which behave as active
centers to further catalyze the CO2 addition with alkynes.
A series of alkyne compounds were transformed to the corres-
ponding propiolic acids with high yields.

Cao’s group demonstrated a facile synthetic strategy via
introducing MNPs for subsequent MOF growth to form ZIF-8-
encapsulated PtPd NPs with tunable compositions, denoted as
PtPd@ZIF-8, for oxidative degradation of ethylene—an effective
method to remove low concentrations of ethylene.258 ZIF-8 not
only served as a stabilizer to prevent the aggregation of the alloy
NPs, but might also adsorb ethylene around the active sites.
Due to the synergistic functions between PtPd and MOF, the
PtPd@ZIF-8 catalyst showed excellent photocatalytic activity
in the transformation of adsorbed ethylene into CO2 and H2O
at room temperature.

It is noteworthy that the gas enrichment behavior of MOFs
in a real reaction solution might be different from the results of
measured gas sorption with activated MOF samples under vacuum.
Given that the gas enrichment capacity of MOFs is usually limited
at elevated temperatures, MNPs@MOF composites might have no
or very weak gas enrichment capacity during the catalytic process at
high temperatures. Although these reactions involve gas reactants,
they will not be discussed here in detail.133,148,151,188,259,260

5.4. MNPs as active centers, with MOFs stabilizing MNPs and
regulating their electronic properties

The properties of catalytically active centers are closely related
to their surrounding chemical environment. Given the highly
tunable character of MOF structures, the tailored functional
groups dangling on the ligands/metal clusters can regulate
electronic properties at an atomic level. Ligands with diverse
functional groups give different interactions with MNPs, thus
leading to a change in the catalytic activity and selectivity of the
MNPs.261,262 Post-synthetically grafting additional groups onto
metal clusters in the MOF host was also reported to improve the
activity and selectivity of encapsulated MNPs.263 Particularly,
on the basis of the semiconductor-like behaviour of MOFs,
alterations in the intensity of light irradiation can affect the
direction of electron transfer between the MOF and MNPs and
thus change the electronic state of the MNPs and the catalytic
activity.83 Related reports, although very limited, perfectly reflect the
structural advantages of MOFs and the importance of optimizing
the catalytic efficiency of MNPs. The mechanism for the regula-
tion of electronic properties along with the reported results will
be discussed in detail.

Recently, Huang’s group demonstrated that the catalytic
properties of Pd NPs can be controlled through changes in the
chemical environments in pore walls in isoreticular MOFs.262

Pd NPs were stabilized in an atomically tunable chemical

environment by UiO-66-type structures to give Pd/MOFs (denoted
as Pd@UiO-66-X, X = H, NH2, and OMe) for the aerobic reaction
between benzaldehyde and ethylene glycol. Notably, the reaction
between benzaldehyde and ethylene glycol has two reaction path-
ways: (1) benzaldehyde condensation with ethylene glycol to give
the hemiacetal and (2) further condensation to obtain the acetal
or oxidation to the ester. For Pd@UiO-66-NH2, the selectivity to
benzaldehyde ethylene acetal reached 94%, while both Pd@UiO-66
and Pd@UiO-66-OMe exhibited high selectivity (90% and 97%,
respectively) to the ester 2-hydroxyethyl benzoate (Fig. 21). It seems
that the product selectivity can be completely changed from an
acetal to an ester by varying the functional group from –NH2 to
–H/–OMe on the organic linkers in UiO-66-X. Diffuse reflectance
infrared fourier transformation spectroscopy (DRIFTS) indicated
that the interaction between –NH2 and Pd NPs in Pd/UiO-66-NH2

affected the electron density of Pd NPs and reactant adsorption.
To gain a deeper understanding of the influence of different
functional groups on the oxidation capability of Pd NPs, density
functional theory (DFT) calculations were conducted to show that
increased chemical potential will impair the oxidation properties
of Pd NPs and UiO-66-NH2, resulting in a greater increase in the
chemical potential in comparison to the UiO-66-OMe. Thus,
Pd@UiO-66-NH2 with relatively weak oxidation properties
can impede the withdrawal of electrons from reactants, thus
hindering the generation of esters and leading to high acetal
selectivity. In contrast, the moderate oxidation capability of the
Pd@UiO-66-OMe composite resulted in higher catalytic activity
toward ester formation.

Zhao et al. reported that the strong interfacial electron-
transfer effect between MNPs and MOFs played crucial roles
in the resultant catalytic selectivity.172 A series of sandwich-like
structures were successfully fabricated by the step-by-step
synthesis strategy, including two Fe-MIL-101@Pt@Fe-MIL-101

Fig. 21 (a) Possible pathways of aerobic reaction between benzaldehyde
and ethylene glycol and (b) product distribution using Pd@UiO-66-X
(X = H, NH2, OMe) catalysts. Reproduced from ref. 262 with permission
from the American Chemical Society, copyright 2016.
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structures with shell thicknesses of about 9.2 nm (1) and
22.0 nm (2), one Cr-MIL-101@Pt@Cr-MIL-101 structure with a
shell thickness of about 5.1 nm (3), two Cr-MIL-101@Pt@
Fe-MIL-101 structures with shell thicknesses of about 2.8 nm (4)
and 8.8 nm (5), and some controlled catalysts, for selective
hydrogenation of cinnamaldehyde to cinnamyl alcohol. There
was no noticeable conversion of cinnamaldehyde over MIL-101,
while Pt NPs efficiently catalyzed this reaction, although the
selectivity to cinnamyl alcohol was only B18.3%. Fortunately,
the Pt/MIL-101 composite showed remarkably increased selec-
tivity to cinnamyl alcohol, with 86.4% for Pt/Fe-MIL-101 and
44.0% for Pt/Cr-MIL-101. The dramatic promotion of the selec-
tive hydrogenation of the CQO bond in the presence of MIL-
101 might be due to Lewis acid sites from the CUSs in MIL-101,
which could interact with the CQO bonds and activate them.
A Fourier transform infrared (FTIR) survey indicated the selec-
tive interaction between the CQO bond of cinnamaldehyde and
MIL-101, evidenced by an obvious red shift of nCQO while nCQC

for cinnamaldehyde was unchanged after mixing with MIL-101.
The sandwich-like MIL-101@Pt@MIL-101 for selective hydro-
genation of cinnamaldehyde to cinnamyl alcohol was further
explored. Notably, the selectivity to cinnamyl alcohol was further
improved: the selectivity for Cr-MIL-101@Pt@Cr-MIL-101 was
79.2%, while for the catalysts coated with an Fe-MIL-101 shell,
the selectivity was always higher than 94%. XPS measurements
suggested a partial transfer of electrons from Pt NPs to Fe-MIL-101,
whereas electron transfer between Pt NPs and Cr-MIL-101 was
absent, which explains the above selectivity difference between the
Cr-MIL-101 and Fe-MIL-101 shells. The interfacial electron-transfer
effect between the Pt NPs and Fe-MIL-101 is responsible for
the excellent selectivity to cinnamyl alcohol based on MIL-
101@Pt@Fe-MIL-101 catalysts. This work elegantly illustrates
the synergistic functions of the Pt active centers and MOF
stabilizer as well as the electron interaction between them.

Most recently, Jiang’s group have observed an interesting
electron transfer between MNPs and porphyrinic MOFs,
PCN-224(M), which regulates the electronic state of the Pt
surface and thus the catalytic efficiency of alcohol oxidation
by changing the intensity of light irradiation.83 The Pt NCs were
stabilized by PCN-224(M) to give Pt/PCN-224(M) composites,
which combine the advantages of both Pt NCs and PCN-224(M);
these lie in the photothermal effect and 1O2 production ability of
both components and result in excellent activity and selectivity
in the light-assisted catalytic oxidation of primary alcohols to
aldehydes via a 1O2-engaged oxidation process using O2 under
mild conditions. Particularly, the electron transfer between Pt
NCs and PCN-224(Zn), as the optimized MOF, was further
studied by transient photocurrent measurements for Pt NCs,
PCN-224(Zn), and Pt/PCN-224(Zn). The current densities of Pt
NCs and PCN-224(Zn) were positively correlated with light
intensity from 60 to 120 mW cm�2, while the current densities
of Pt/PCN-224(Zn) initially increased with increasing light
intensity up to 100 mW cm�2 but then decreased when the light
intensity was further increased. These results were in accord
with the trend obtained from the reaction yield vs. light intensity,
indicating improved charge separation in Pt/PCN-224(Zn),

driven by the Schottky barrier at a relatively low light intensity
(o100 mW cm�2) and the reverse injection of energetic hot
electrons from plasmonic Pt NCs to reach the noble metal/
semiconductor interface and enter the LUMO of PCN-224(Zn) at
high light intensity over 100 mW cm�2 (Fig. 22). That is, the light
intensity change greatly affects the electron transfer between
Pt and PCN-224(Zn) and regulates the electronic state/density
of the Pt surface, which further controls the 1O2 generation
and the catalytic efficiency. Apparently, the functions of Pt and
PCN-224(M) have been highly synergized in this work to achieve
optimized catalysis.

5.5. MNPs as electron acceptors and active centers, with
MOFs as photosensitizers and stabilizers

Along with studies of gradually increasing depth, more func-
tions of MOFs have been explored. In addition to the wide-
spread attention to catalysis in the common organic reactions
described above, MNP/MOF composites are demonstrated to
be important in the research field of photocatalysis. With
particular organic linkers, MOFs are responsive toward UV
and even a broad range of visible light, making them suitable as
photosensitizers.108–111,149,264–266 The MNPs stabilized by MOFs
usually behave as excellent electron acceptors and active centers,
which accept electrons from excited MOFs, and the photo-
catalytic reactions can be effectively promoted by the integra-
tion of the functionalities of both MOFs and MNPs.

Lin and coworkers prepared a photoactive UiO-type MOF,
based on an [IrIII(ppy)2(bpy)]+-derived dicarboxylate linker and
Zr6(m3-O)4(m3-OH)4(carboxylate)12 SBUs, in which Pt NPs were
in situ generated by the photoreduction of K2PtCl4.109 The
resultant Pt@MOF composite was efficient for photocatalytic
hydrogen evolution from water using visible light (4420 nm),
with the highest hydrogen evolution turnover number (TON)
for Ir phosphors (Ir-TON) of 1620 in 6 h, showing a high
photochemical quantum yield. The catalyst can be recovered
from the solution by centrifugation after the reaction and used
again for hydrogen evolution in a fresh solution without addi-
tional K2PtCl4. The Ir-TONs of the recovered catalysts could be

Fig. 22 Proposed mechanism for the 1O2 generation and electron transfer
between Pt and PCN-224(M) in the oxidation of benzyl alcohol over Pt/PCN-
224(M) under visible-light irradiation. Reproduced from ref. 83 with permission
from the American Chemical Society, copyright 2017.
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maintained at the same level and the catalyst could be recycled
at least three times. Control experiments without addition of the
MOF or K2PtCl4 to the solution were operated under the same
conditions, but no hydrogen evolution from water was detected,
clearly demonstrating the synergistic function of both species.
From the contrast experiments, the authors believed that the
synergistic photocatalytic hydrogen evolution took place via the
process of photoinjection of electrons from the light-harvesting
MOF into the Pt NPs. The [IrIII(ppy)2(bpy��)] radicals generated
by TEA-mediated photoreduction can transfer electrons to Pt
NPs to reduce protons for hydrogen production (Fig. 23).

Shen et al. demonstrated a facile and general method to
fabricate highly dispersed MNPs/Ti-MIL-125 (MNPs = Au, Pd,
and Pt) based on an in situ redox reaction for the photocatalytic
oxidation of benzyl alcohol.108 Compared with pristine Ti-MIL-125,
the conversion with MNPs/Ti-MIL-125 was improved and a high
selectivity to aldehyde was maintained. The photocatalytic
degradation of RhB over MNPs/Ti-MIL-125 was also much more
efficient than with blank Ti-MIL-125. The enhanced activity of
MNPs/Ti-MIL-125 was ascribed to the presence of a Schottky
barrier between the MNPs and Ti-MIL-125 and photoelectron
transfer from Ti-MIL-125 with a low work function to MNPs
with a high work function because of their intimate interfacial
contact, which significantly improved the separation and life-
time of photogenerated carriers. Moreover, a series of MNPs@
Fe-MIL-100 composites with highly dispersed noble metal NPs
(Au, Pd, Pt) were synthesized via a photodeposition technique
for enhanced activity toward the photocatalytic degradation
of methyl orange (MO) and the reduction of heavy-metal
Cr(VI) ions under visible-light irradiation (l Z 420 nm), in
reference to pristine Fe-MIL-100.111 The enhanced photoactivity
strongly relies on the MNPs acting as electron reservoirs, which
improves the separation and lifetime of charge carriers that are
photogenerated by the MOF photosensitizer.

In a recent study, Xiao et al. investigated the efficiency
of electron–hole separation and charge-carrier utilization for
photocatalysis in a system of MNPs/MOFs.149 The authors deliber-
ately synthesized two types of composites: Pt NPs of ca. 3 nm
were incorporated inside or supported on a representative
MOF, UiO-66-NH2, to afford Pt@UiO-66-NH2 and Pt/UiO-66-NH2,
respectively, for photocatalytic hydrogen production via water
splitting. Compared with the pristine MOF, both Pt-decorated

MOF composites displayed remarkably improved but distinctly
different hydrogen-production activities. In order to determine
the charge-separation efficiency, photocurrent measurements
were carried out and the results showed that the photocurrents for
both Pt-decorated UiO-66-NH2 composites were enhanced as
compared to the pristine UiO-66-NH2, indicating that the for-
mation of a Pt-MOF Schottky junction was useful for separating
the photogenerated electron–hole pairs. Pt@UiO-66-NH2 displays
an even stronger photocurrent response than Pt/UiO-66-NH2,
sugggesting a higher efficiency of charge transfer from the MOF
to the Pt NPs in the former. This argument was also supported
by the electrochemical impedance spectroscopy (EIS) results, where
Pt@UiO-66-NH2 showed a smaller radius, indicating a lower charge-
transfer resistance. Photoluminescence (PL) emission spectroscopy
further verified this conclusion: the PL of UiO-66-NH2 was
slightly weakened for Pt/MOF but greatly suppressed for
Pt@MOF. Furthermore, ultrafast transient absorption spectro-
scopy disclosed the underlying electron-transfer mechanism
and showed that more efficient charge separation was achieved
in Pt@MOF than in Pt/MOF and pure MOF. All these results
demonstrated that, compared to MOF and Pt/MOF, the electron–
hole recombination was more effectively suppressed by Pt@MOF,
in which the photogenerated electrons of the MOF can be
rapidly extracted by the well encapsulated Pt NPs (with short
electron transport distances from MOF to Pt), thus resulting in
the far superior catalytic activity of Pt@UiO-66-NH2 compared
to that of Pt/UiO-66-NH2 and UiO-66-NH2.

5.6. Both MOFs and MNPs as active sites for tandem catalysis

In the studies of functional synergy between MNPs and MOFs
described above, although the resultant catalytic performance
is excellent, the catalytic activity almost comes from MNPs and
MOF rarely exhibits their catalytic behavior, which is obviously
a pity. It is highly desirable to judiciously integrate the MOF
catalysis and MNP catalysis toward one-pot multistep tandem
reactions. Several studies have successfully realized this excit-
ing target, in which both MOFs and MNPs, as active sites, exert
their respective functions and cooperatively catalyze cascade
reactions. The catalytic effect of each component in MNP/MOF
composites toward the cascade reactions will be thoroughly
discussed.

Tang’s group fabricated a core–shell structured Pd@IRMOF-3
catalyst, consisting of a Pd NP (B35 nm) core and an amino-
functionalized IRMOF-3 shell for a cascade reaction, including
the Knoevenagel condensation of 4-nitrobenzaldehyde (A) and
malononitrile to 2-(4-nitrobenzylidene)malononitrile (B), which
was catalyzed by the basic amino group in the IRMOF-3 shell,
followed by selective hydrogenation of the nitro group to an
amino product (C), catalyzed by Pd NPs (Fig. 24).146 Due to a
combination of factors including selective sorption, a constant
diffusion direction, and suitable pore sizes, the core–shell
Pd@IRMOF-3 catalyst exhibited better hydrogenation selectivity
and stability than a catalyst of Pd NPs loaded on IRMOF-3. The
amino groups on the surface of IRMOF-3 exhibited a preferential
interaction with the nitro group of the substrates. When the
core–shell Pd@IRMOF-3 composite is employed as the catalyst,

Fig. 23 Scheme showing synergistic photocatalytic hydrogen evolution
via injection of electrons from the light-harvesting MOF into Pt NPs.
Reproduced from ref. 109 with permission from the American Chemical
Society, copyright 2012.
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A preferentially enters the catalyst behind the –NO2 group.
After entering, the limited pore size of the core–shell nano-
structures becomes another important factor in the control of
the selectivity to C. Due to the large size of B and the small –NO2

group, B must keep a constant direction behind the –NO2 group
inside the IRMOF-3 channels, leading to the selective generation
of C instead of the other possible hydrogenation products, 2-(4-
nitrobenzyl)malononitrile or 2-(4-aminobenzyl)malononitrile.

In addition, Huang and colleagues employed Pd@UiO-66-
NH2 for a one-pot tandem oxidation-acetalization reaction.181

Combining the oxidation activity of Pd NPs and the acetaliza-
tion activity of Lewis acid sites in UiO-66-NH2, Pd@UiO-66-NH2

exhibited excellent catalytic activity and selectivity. In this study,
benzyl alcohol was firstly oxidized to benzaldehyde by Pd NPs,
followed by benzaldehyde acetalization with ethylene glycol over
Lewis acid sites in UiO-66-NH2, resulting in 99.9% selectivity to
benzaldehyde ethylene acetal and 99.9% conversion of benzyl
alcohol. The authors also examined various substituted benzyl
alcohols and found that alcohols with electron-donating groups
showed better conversion and selectivity compared to those with
electron-withdrawing groups. No leaching of Pd NPs occurred
during the reaction and the catalyst could be reused at least five
times without significant deactivation.

To take one step further than simply combining the single
functions of both the host MOF and guest MNPs, Chen et al.
synthesized monometallic and bimetallic NPs@MOF catalysts,
featuring tiny metal NPs inside MIL-101 cages, for a one-pot
multistep selective reaction.82 The Pd@MOF cooperatively cat-
alyzed a tandem reaction on the basis of both the MOF Lewis
acidity and Pd sites. Strikingly, the bimetallic PdAg@MOF
composite involving three active sites (Lewis acid, Pd, and Ag)
was able to successfully realize a one-pot multistep cascade
reaction in the synthesis of secondary arylamines, by not only
perfect cooperation between the MOF host and the metal NP
guest but also synergistic catalysis between the bimetallic Pd
and Ag species, in which the MOF affords Lewis acid sites, Pd

offers hydrogenation activity, and Ag greatly improves the
selectivity toward the desired product (Fig. 25). Moreover,
the ideal confinement effect of MIL-101 results in ultrafine
PdAg alloy NPs of B1.5 nm, which are possibly the smallest
bimetallic NPs in the presence of surfactant protection, and
the MNP sizes are maintained even after three cycles, high-
lighting the stabilization capability of the MOF. This work
demonstrated a MOF host and the two species in a bimetallic
NP guest functioning as ‘‘three legs of a tripod’’ in catalysis,
which cooperatively boosted one-pot multistep cascade reac-
tions. The authors claim that this is the first report on catalytic
cooperation between a MOF host and guest MNPs together with
synergistic catalysis of bimetallic NPs.

Colloidal deposition of Au NPs onto UiO-66-NH2 was also
demonstrated with the resulting hybrid catalyst being used
for one-pot and heterogeneous selective oxidation of primary
alcohols in tandem with Knoevenagel condensation reactions.267

The Au NPs were the active sites for the selective oxidation of
alcohols to aldehydes, while the functional amine groups in the
framework of UiO-66-NH2 offered nucleophilic or basic sites to
catalyze the condensation step. Similarly, an Au@Cu(II)-MOF
nanohybrid with good Au dispersion was synthesized via
solution impregnation and exhibited a bifunctional hetero-
geneous catalytic nature to catalyze benzyl alcohol oxidation and
Knoevenagel condensation reactions in a successive manner.268

The same group prepared another solid catalyst, Pd@UiO-68-AP,
via a chelation-directed post-synthetic approach and subsequent
reduction. By synergistically combining the aerobic oxidation
activity of the encapsulated Pd NPs and Knoevenagel condensa-
tion activity of the Zr-Lewis acid sites, the obtained Pd@UiO-68-AP
could promote benzyl alcohol oxidation-Knoevenagel condensa-
tion in a stepwise way.198

Fig. 24 Tandem reaction involving Knoevenagel condensation of A with
malononitrile, catalysed by the IRMOF-3 shell, and subsequent selective
hydrogenation of intermediate B to C, catalyzed by the Pd NP cores.
Reproduced from ref. 146 with permission from the American Chemical
Society, copyright 2014.

Fig. 25 (upper) Multi-step synthesis of secondary arylamine via cascade
reactions. (below) Schematic illustration showing the one-pot cascade
reactions over PdAg@MIL-101 achieved by synergizing the functions of the
three components. Reproduced from ref. 82 with permission from the
American Chemical Society, copyright 2015.
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6. Synergistic effect between MOFs
and other guest species for enhanced
catalysis

There is infinite potential to functionalize the pore space in
MOFs, where a variety of guest species can be located, not just
MNPs. There have been a variety of functional species coupled
with MOFs for enhanced catalysis, including metal oxides,269–273

enzymes,274–279 quantum dots,280,281 and polyoxometalates
(POMs).282–289 The synthetic approaches and the improved
catalysis based on the synergistic effect of a combination of
different functions of MOFs and these guest species are similar
to those of the MNP/MOF composites described in this review.
For example, Li et al. fabricated a HKUST-1@TiO2 core–shell
structure for photocatalytic CO2 reduction with TiO2 as a
photocatalytic active site for conversion of CO2 to CH4 (with
the aid of H2O), while HKUST-1 acted as an excellent material
for CO2 enrichment. The ultrafast spectroscopy data indicated
that the photogenerated electrons can be effectively transferred
from TiO2 to the MOF, which not only facilitated charge separation
in TiO2 but also offered energetic electrons to the CO2 adsorbed on
the MOF. CO2 can be reduced to CH4 with a dramatically improved
performance in both activity and selectivity.273 Moreover, Sun et al.
synthesized a series of POMs@HKUST-1 composites based on
HnXM12O40 (X = Si, Ge, P, As; M = W, Mo) through one-pot
hydrothermal reactions.289 The PW12O40@HKUST-1 displayed
good catalytic activity and size selectivity in the hydrolysis of
esters in excess water, in which the conversion of methyl
acetate (4.87 � 3.08 Å) and ethyl acetate (6.11 � 3.11 Å) reached
64% and 63% after 5 h, respectively. In contrast, the conversion
of ethyl benzoate (8.96 � 4.65 Å) was reduced to below 20%
under similar conditions. With a substrate with a further
expanded molecular size, the conversion of 4-methyl-phenyl
propionate (10.61 � 4.04 Å) was below 1% even after 24 h.
Moreover, the catalyst could be recycled 15 times without
activity loss or leaching. The work unambiguously presents
the synergistic functions of the active POM guests and the size
selectivity and stability effect endowed by the MOF. Given that
the current review focuses on catalysis over MNP/MOF compo-
sites, the related studies on a variety of MOF-based composites
have not been discussed in detail, although they are of great
importance and are indispensable parts of the development of
MOF application in catalysis. Reader who are interested in
these might refer to a recent review.41

7. Conclusions and perspectives

Considering the important features of MOFs and recent inter-
est in exploiting their properties, MOFs undoubtedly possess
important potential and advantages in catalysis and thus MOF
catalysis has attracted much interest in recent years. However,
the types of active sites on MOFs are usually limited to acid/
base sites or metal centers built into organic linkers. The
introduction of MNPs, applicable in catalysis for a broad scope
of reactions, to MOFs as guest active sites to afford composite

materials, in which each component exerts respective functions
for enhanced catalysis, should be a judicious choice. Various
synthetic strategies for incorporating MNPs in MOFs have been
developed. Generally, the MNP/MOF composites introduced
in this review can be classified according to four synthetic
approaches: (1) MOFs are synthesized first, followed by the
formation of MNPs inside and/or partially on the external
surface of the MOF; (2) pre-synthesized MNPs are introduced
into the reaction solution for subsequent MOF growth, gener-
ally, to obtain MNPs incorporated into the MOF; (3) stepwise
synthesis of the MNPs/MOF and MOF/MNPs/MOF; (4) one-step
synthesis of MNP/MOF composites. In the first approach, MOFs act
as porous supports to accommodate MNPs. To introduce MNPs
into pre-synthesized MOFs, five typical methods: solution impreg-
nation, the double-solvent approach, chemical vapor deposition,
solid grinding, and thermal decomposition have been adopted.
These five methods are very useful for obtaining small NPs with
clean surfaces, but the control of the size, shape, and composition
of the resultant MNPs is relatively poor. In contrast, introducing
MNPs as seeds and growing MOFs around them is a rational
strategy and the size, shape, and composition of the MNPs are
precontrolled. Moreover, the formation of core–shell or yolk–shell
structured MNPs@MOFs is probable. Unfortunately, the MNP
surface is usually coated, which is unfavorable for the complete
exposure of active sites. The third approach seems complicated but
has special advantages: the MOF core not only behaves as a support
for MNPs but also induces subsequent growth of the MOF shell,
which not only reinforces the MNPs for better stability but also
offers size-selective catalysis. The fourth approach is the most
direct for synthesizing MNP/MOF composites. It appears simple
but usually requires specific atoms or functional groups in the
organic linkers to trap the metal precursors.

By synergizing the functions of the MNPs and MOFs,
expanded reaction scope and enhanced catalysis can be achieved
through the MNP/MOF composites. Thus, it is necessary to
recognize the roles of both components and understand how
they synergize to achieve these ends. In this review, we summar-
ized six synergistic combinations of MOFs and MNPs: (a) MNPs
as active centers, stabilized by MOFs; (b) MNPs as active centers,
with MOFs stabilizing MNPs and controlling size selectivity;
(c) MNPs as active centers, with MOFs stabilizing MNPs and
concentrating gaseous reactants; (d) MNPs as active centers, with
MOFs stabilizing MNPs and regulating their electronic proper-
ties; (e) MNPs as electron acceptors and active centers, with
MOFs as photosensitizers and stabilizers; (f) both MOFs and
MNPs as active sites for tandem catalysis. In MNP/MOF systems,
MNPs serve as active centers and MOFs behave as stabilizers for
MNPs, which is the simplest synergy between MNPs and MOFs,
and exists in almost all MNP/MOF catalysts, regardless of the
other functions of both components. For core–shell or yolk–
shell structured MNPs/MOFs, the uniform pore sizes of the
MOFs allow the composites to function as molecular sieves. For
catalytic reactions involving gas molecules at relatively low
temperatures, MOFs can enrich the gas molecules around
the active sites (MNPs) to a certain degree, thus boosting the
catalytic activity. In addition, the performance of the MNPs is
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closely related to their surrounding chemical environment.
Given the tailorability of MOF structures, the alterable func-
tional groups dangling on the ligands can regulate the electro-
nic properties at an atomic level. The ligands with diverse
functional groups interact differently with the MNPs, thus
leading to a change in the catalytic activity and selectivity of
the MNPs. Recently, MNP/MOF composites showed great
potential in photocatalysis. Many MOFs are responsive toward
UV and even a broad range of visible light, making them
suitable as photosensitizers to transfer electrons to MNPs,
resulting in excellent photocatalytic properties. In addition,
given the multifunctional roles of both MOFs and MNPs,
several MNP/MOF catalysts have shown the ability to promote
one-pot multistep cascade reactions, which will save energy and
costs in industry and are thus exciting.

Although dramatic advances, as summarized above, have
been achieved over more than 10 years, this field is currently
in its infancy and more effort should be dedicated to exploiting
the future of MNPs/MOFs in catalysis. Some underdeveloped but
anticipated issues based on MNPs/MOFs are indicated below.

Noble metal NPs, and even bimetallic NPs involving noble
metals and base metals, show very promising catalysis by
coupling with MOFs. The scarcity and high cost of noble metals
are very realistic considerations. Moreover, many base metals
have presented significant potential in catalyzing a wide range
of organic reactions. The replacement of noble metal NPs with
base metal NPs in MNPs/MOFs for catalysis should be consid-
ered, particularly from an industrial point of view.

The perfect MOF shell endows MNPs@MOF catalysts with
excellent size-selective behavior in catalysis, due to the uniform
pore size in the MOFs. Unfortunately, most related reports are
based on the selectivity of the catalytic substrates, which is
conceptually important but seldom useful in industry, as it is
unnecessary to sieve substrates with different sizes in practical
applications. An industrially more relevant outcome is the
achievement of size selectivity for the products, that is, only
products with specific molecular sizes are produced while other
byproducts are avoided. This represents an important goal in
the design of MNP/MOF-based catalysts.

Combinations of nanoparticulate composite catalysts, for
example, MNPs/metal oxide and MNPs/graphene oxide, with
MOFs will be more powerful catalysts. As the catalytic activity of
MNPs is usually dependent on the nature of the support, the
introduction of this special support and also MNP/support
interactions to MOFs would improve the catalytic performance
of MNPs. Meanwhile, as mentioned in this review, the multi-
functionalities of MOFs can be synergized together with the
MNPs/support for considerably enhanced catalysis.

The detailed structure of MNPs incorporated into MOFs is
unclear, which impedes the clarification of structure–property
relationships. If atomically precise metal clusters are encapsu-
lated into MOFs, it would help to better understand the
structure–catalysis relationship,211 as both components would
have well-defined structures. Moreover, theoretical calculations
on a metal cluster@MOF with a precise structure would be
more reliable.

The highly tailorable pore environments in MOFs play vital
roles in regulating the catalytic behavior of the encapsulated
MNPs and have great potential in catalysis, which, despite the
substantial number of reports that have appeared,172,262,263 is
far from being well developed. The functional groups dangling
from the linkers are not only able to regulate the electronic
state of the MNPs, regardless of the presence or absence of
additional stimuli (for example, light irradiation),83 but also
enable a confined reaction space for optimized catalysis.

In almost all current reports on MNPs/MOFs, MNPs are limited
to random arrangements, although the encapsulation in and on
the external surface of an MOF can be rationally controlled.
Ordered/periodic arrays of MNPs would significantly benefit their
properties due to the intrinsic interactions between the MNPs.
Therefore, it would be desirable to realize spatial arrangements of
MNPs, with their size, shape and location being well controlled
inside the MOFs, which will offer unique properties.

Last but not least, progress in the field of MNP/MOFs cannot
be independent of research on MOFs. The development of
highly stable MOFs with hierarchical pores and tailorable pore
environments is very important, as stability guarantees catalytic
recyclability; large pore sizes eliminate mass transfer limitations
and pore wall environments will tailor the electronic properties
of MNPs. Large-scale synthetic methods to afford low-cost MOFs
are also necessary for practical applications. In addition, several
studies on MNPs/MOFs are thus far based on probe reactions
to conceptually explain the superiority of the catalysts. In the
future, we would seek interdisciplinary views to exploit more
important reactions in industry using MNP/MOF catalysts. With
persistent efforts toward these challenges, we have every reason
to believe that MNP/MOF catalysis has a very bright future.

List of acronyms and abbreviations

ATB Aniline-2,4,6-tribenzoate
BDC 1,4-Benzenedicarboxylate
BDC-NH2 2-Aminoterephthalate
BDC-SO3H 2-Sulfoterephthalate
BPDC Biphenyl-4,40-dicarboxylate
BPTC 1,10-Biphenyl-2,20,6,60-tetracarboxylate
BPY 4,40-Bipyridine
BPYDC 2,20-Bipyridine-5,50-dicarboxylate
BTB 1,3,5-Benzenetribenzoate
BTC Benzenetricarboxylate
CD Cyclodextrin
CTAB Cetyltrimethylammonium bromide
Cyclam 1,4,8,1-Tetraazacyclotetradecane
DOBDC 2,5-Dihydroxyterephthalate
DPB 1,4-Di(pyridin-4-yl)benzene
L 4,40-(Hexafluoroisopropylidene)-diphthalate
MeIM 2-Methylimidazole
MIM 4-Methyl-5-imidazolecarboxaldehyde
1,4-NDC Naphthalenedicarboxylate
OBB 4,40-Oxybis(benzoate)
PDMS Polydimethylsiloxane
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PIP 5-(Prop-2-yn-1-yloxy)isophthalate
PVP Polyvinylpyrrolidone
PYZ Pyrazine
PZDC Pyrazine-2,3-dicarboxylate
TPDC [1,10:40,100-Terphenyl]-4,400-dicarboxylate
TATB Triazine-1,3,5-tribenzoate
TCPP Tetrakis(4-carboxyphenyl)porphyrin
Al-based MOF [Al(OH)(1,4-NDC)]n

Al-MIL-53 [Al(OH)(BDC)]n

Al-MIL-100 Al3O(OH)(H2O)2[BTC]2�nH2O
Al-MIL-101-NH2 [Al3O(OH)(H2O)2(BDC-NH2)3]�nH2O
BIF-20 Zn2(BH(MeIM)3)2(OBB)
Cd-MOF Cd2(L)(H2O)�0.5H2O
CPL-1 [Cu2(PZDC)2(PYZ)]n

CPL-2 [Cu2(PZDC)2(BPY)]n

Cu-MOF-74 Cu2(dobdc)(H2O)2�8H2O
Fe-MIL-88B-NH2 Fe3O(solvent)3Cl(BDC-NH2)3(solvent)m

Fe-MIL-100 Fe3O(OH)(H2O)2[BTC]2�nH2O
Fe-MIL-101 [Fe3(OH)(H2O)2O(BDC)3]�nH2O
HKUST-1 Cu3(BTC)2

IRMOF-3 Zn4O(ATA)3

La-BTC [La(1,3,5-BTC)�6(H2O)]
MesMOF-1 Tb16(TATB)16

MIL-53-NH2 [M(OH)(BDC-NH2)]n, M = Al or Fe
MIL-68 M(OH)(BDC), M = Ga or In
MIL-88B-NH2 Cr3O(solvent)3F(BDC-NH2)3(solvent)m

MIL-100 Cr3F(H2O)3O[BTC]2�nH2O, n B 28
MIL-101 [Cr3F(H2O)2O(BDC)3]�nH2O, n B 25
MIL-101-NH2 [Cr3F(H2O)2O(BDC-NH2)3]�nH2O
MIL-101-SO3H [Cr3F(H2O)2O(BDC-SO3H)3]�nH2O
MOF-5 [Zn4O(BDC)3]
MOF-177 Zn4O(BTB)2

MOF-508 [Zn(bdc)(4,40-bipyridine)0.5]
MOF-545 Zr6(H2O)8O8(C48N4O8H26)2

Ni-MOF-74 Ni2(dobdc)(H2O)2�8H2O
Ni-MOFs {[Ni(cyclam)]2[BPTC]}n�2nH2O
PCN-224(Zn) Zr6O4(OH)8(Zn-TCPP)2

SIM-1 Zn(C10H10N4O2)
SNU-90 Zn4O(ATB)2�22DMF�9H2O
Ti-MIL-125 Ti8O8(OH)4(BDC)6

Ti-MIL-125-NH2 Ti8O8(OH)4(BDC-NH2)6

UiO-66 [Zr6O4(OH)4(BDC)6]
UiO-66-NH2 Zr6O4(OH)4(BDC-NH2)6

UiO-67 [Zr6O4(OH)4(BPDC)6]
UiO-68 [Zr6O4(OH)4(TPDC)6]
ZIF-8 Zn(MeIM)2

Zn/Ni-MOF-2 Ni5.9Zn3.3C32H36O22N0.6

MNPs/MOFs MNPs are loaded into and/or on the surface
of MOFs

MNPs@MOFs MNPs are only incorporated into MOFs
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L. Polavarapu, I. Pérez-Juste, E. H. Hill, S. Bals, L. M. Liz-
Marzán, I. Pastoriza-Santos and J. Pérez-Juste, Small, 2016,
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