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a b s t r a c t

Photocatalysis is a promising technology that can convert solar energy into chemical energy. However,
developing photocatalyst that could be put into the practical application remains a big challenge world-
wide. In the recent years, an emerging type of core–shell/core–shell like composites, in which the metal
or metal-containing nanoparticles (M/MC NPs) cores are encapsulated by the metal–organic frameworks
(MOFs) shells, have attracted increasing attention in photocatalysis. These M/MC NP@MOF nanocompos-
ites are believed to be one of the most effective and convenient ways to achieve property synergies of
MOFs and M/MC NPs. Even though this field is currently in its infancy, the promising results obtained
have validated the potential use of M/MC NP@MOF nanocomposites in practical applications. In this
review, the fundamental mechanisms of photocatalysis were briefly introduced. The synthesis of
M/MC NP@MOF nanocomposites and related photocatalytic applications (such as photocatalytic
hydrogen generation and Cr(VI) reduction) are summarized and exemplified. Special emphasis is given
to the synergistic effects between the MOFs shell and NPs core that result in an enhanced performance
in heterogeneous photocatalysis. Finally, the unsolved problems of M/MC NP@MOF nanocatalysts are
discussed and the future development prospects are proposed.

� 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous catalysis is at the center of many industrial pro-
cesses such as energy conversion, chemical manufacturing, oil
refining, and pollution treatment [1–4]. Over the last two decades,
the applications of heterogeneous photocatalysis have increased
significantly. Heterogeneous photocatalysis is considered as a
green technology, which has been successfully used to water split-
ting, environmental remediation and selective organic transforma-
tions operated under ambient conditions, i.e. atmospheric pressure
and room temperature [5–9]. With the increasing concerns on the
energy and environment problems, photocatalysis will play an
even more important role. TiO2 in the anatase form has been
mostly investigated in the fields of energy generation and pollutant
treatment due to its low production costs, high physical and chem-
ical stability [10–12]. However, the applications of TiO2 are greatly
hindered by its wide band gap (3.2 eV) and high recombination of
photogenerated electron-hole pairs, which results in the poor
energy utilization efficiency for solar light and low quantum effi-
ciency of photocatalytic reactions [13–15]. Therefore, the develop-
ment of new photocatalyst that could be put into practical
application remains a big challenge worldwide.

Metal-organic frameworks (MOFs), also known as coordination
polymer networks (CPNs) or porous coordination polymers (PCPs),
are a group of very promising porous crystalline inorganic–organic
hybrid materials, have become one of the fastest growing fields in
both materials science and chemistry in the last two decades [16–
18]. MOFs not only combine the respective beneficial characteris-
tics of metal ions and organic ligands but also often present unique
properties that exceed the expectations for a simple mixture of the
components [19–21]. Owing to their distinguished features such as
modifiable organic linkers, tunable coordination space and adjus-
table internal surfaces, MOFs are of pronounced interest in diverse
areas such as gas storage [22], sensing [23], separation [24], con-
trolled guest release [25], and catalysis [26,27].

MOFs have shown great advantages for photocatalysis as a
result of their flexible structure design and the unique physio-
chemical properties compared with traditional photocatalysts
[28–34]. As the historic work made by Mahata and co-workers in
2006 [35], more and more efforts have been made to explore the
MOFs as photocatalysts [16,36–40]. Many kinds of MOFs, such as
MIL-53(Fe) [41], MIL-68(Fe) [42] and MIL-100(Fe) [43], were found
have intensive absorption in the visible light region mainly
because of the existence of metal-oxo clusters in their structures
[44,45]. Further studies have shown that the photocatalytic perfor-
mance of MOFs catalysts can be enhanced by combination with
semiconductors, decoration of linker or metal center [26]. Among
these, the fabrication of metal or metal-containing nanoparticles
(M/MC NPs) into the MOFs photocatalysts has gained increasing
attention [46,47]. These core–shell or core–shell-like (yolk-shell
structures, within-the-pore structures and sandwich structures)
nanocomposites are considered to be one of the most effective
and convenient ways to achieve property synergies of MOFs and
M/MC NPs for multifunctional applications [48]. M/MC NP@MOF
nanocomposites often present excellent physical and chemical
properties, such as multi-functionality, high stability and dis-
persibility. In the M/MC NPs@MOF nanocomposites, the advan-
tages of both the M/MC NPs core (e.g., magnetic, electrical,
catalytic properties, etc.) and MOFs shell (e.g., multi-coordination
sites, ordered crystalline pores, structural adaptivity and flexibility,
etc.) can be combined. The encapsulation of M/MC NPs cores
within the MOFs shells can greatly enhance their stability against
aggregation, and avoid undesirable dissolution or corrosion during
the photocatalysis [49]. Compared to the other shell materials such
as silica and metal oxides, MOFs have several advantages, which

include (1) they possess very high porosity and surface areas,
which is desirable for hosting M/MC NPs; (2) the great diversity
and abundance of MOFs structures and their tunable pore size
and shapes can meet the particular requirements of different
M/MC NPs; (3) the nanopores can provide confinement effects
and shape selectivity; and (4) the proper organic linkers in MOFs
structures can offer interaction with NPs [50–52]. As for the M/
MC NPs core, its low lying Fermi energy level (especially for the
noble metals) can serve as a reservoir of photoelectrons and
prolong the lifetime of photo-generated charge carriers, thus
enhancing the overall photocatalytic performance [53].

In the past few years, M/MC NP@MOF nanocomposites have
attracted tremendous attention in heterogeneous photocatalysis
because of their intriguing properties. The growing number of
research articles on this topic indicates that M/MC NP@MOF
nanocomposites will play an important role in heterogeneous pho-
tocatalysis. Several review papers [46,47,49,54–56] have already
mentioned the application of M/MC NP@MOF nanocomposites in
photocatalysis. As early as in 2013, Liu and Tang [49] have summa-
rized the progress in the synthesis of multifunctional NP@MOF
nanocomposites, and concluded that the multifunctional NP@MOF
materials have enormous potential for medicine, energy, devices,
and the environment applications. More recently, some research-
ers have summarized the preparation and characterization meth-
ods of metal NP@MOF nanocomposites as well as their
applications in selective catalysis [47]. To the best of our knowl-
edge, however, reviews outlining the M/MC NP@MOF nanocom-
posites for heterogeneous photocatalysis and the related
mechanism have not been available. Therefore, a comprehensive
review summarizing M/MC NP@MOF nanocomposites-based
heterogeneous photocatalysis is highly expected.

Herein, we provide a tutorial review with aim to give an
account of the fundamental aspects of M/MC NP@MOF-based
heterogeneous photocatalysis. Section 2 describes the fundamental
mechanisms of photocatalysis. Section 3 summarizes the synthetic
strategies of M/MC NP@MOF nanocomposites. Sections 4–6 discuss
the synthesis of different types of M/MC NP@MOF nanocomposites
and their application in heterogeneous photocatalysis. Finally, the
existing problems in this field and the future development pro-
spects are proposed.

2. The fundamental mechanisms of photocatalysis

Photocatalysis is a complicated heterogeneous catalytic process,
which is controlled by many factors. Extensive investigations have
been conducted to study the critical factors for photocatalytic pro-
cess and try to indicate the behind mechanisms [57–60]. Fig. 1
shows the schematic diagram of the well-recognized mechanism
of photocatalytic process for semiconductors [61]. When a given
photocatalyst is exposed to UV light or visible light with energy
beyond its corresponding band gap energy (Eg), the electrons (e�)
on the valence band (VB) will be excited by the incident photon
and spontaneously jump into the conduction band (CB) of the pho-
tocatalyst and leave the same number of holes (h+) in VB, resulting
in the generation of photo-excited electron-hole pairs (Eq. (1))
[62]. The photo-generated e� and h+ can then migrate to the sur-
face of the photocatalyst, where they participate in redox reactions
with adsorbed species, leading to the production of superoxide
radical (O2

��) (Eq. (2)) and hydroxyl radical (�OH) (Eq. (3), (4))
[61,63]. In the case of photocatalytic degradation of organic pollu-
tants, the pollutants (e.g., dyes, pesticides, antibiotics, etc.) can be
degraded by �OH generated on the VB (Eq. (5)), or directly oxidized
by photo-excited h+ in the CB (Eq. (6)). As shown in Eq. (7), the
photo-generated e� can also be used for the reduction of highly
toxic Cr(VI) into low-toxic form of Cr(III) [64]. When a photocata-
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lyst is used for water splitting, the VB value of the photocatalyst
must be below the energy of the O2/H2O redox couple, and the
CB value must be above the energy of the H+/H2 redox couple
[65–67]. Based on these, O2 and H2 could be produced via Eqs.
(8) and (9), respectively. As for photocatalytic CO2 reduction, only
the e� with the sufficient reduction potential can be utilized for
particular CO2 reduction reactions (Eqs. (10–14)) [68–71], while
the holes in the VB are involved in water oxidation (Eqs. (8)) [72].

Catalyst + hv ! Catalyst (e�CB + hþ
VB) ð1Þ

e� + O2 ! O2
�� ð2Þ

hþ + OH� ! �OH ð3Þ

hþ + H2O ! �OH + Hþ ð4Þ

Dye + �OH ! Degradation products ð5Þ

Dye + hþ ! Degradation products ð6Þ

Cr2O7
2� + 14Hþ + 6e� ! 2Cr3þ + 7H2O ð7Þ

2H2O + 4hþ
VB ! O2 + 4Hþ ð8Þ

2Hþ + e� ! H2 ð9Þ

CO2 + 2Hþ + 2e� ! HCOOH, E0 = �0.61 V vs NHE at pH = 7

ð10Þ

CO2 + 2Hþ + 2e� ! CO + H2O, E0 = �0.53 V vs NHE at pH = 7

ð11Þ

CO2 + 4Hþ +4e�!HCHO+H2O, E0 =�0.48V vs NHE at pH=7

ð12Þ

CO2 + 6Hþ +6e�!CH3OH+H2O, E0 =�0.38V vs NHE at pH=7

ð13Þ

CO2 + 8Hþ + 8e�!CH4 + 2H2O, E0 = �0.24 V vs NHE at pH = 7

ð14Þ

3. The synthetic strategies of M/MC NP@MOF nanocomposites

Diverse synthetic methods to incorporate M/MC NPs into MOFs
shells have been developed. Several excellent reviews have already
summarized the preparation methods of M/MC NP@MOF
nanocomposites [46,51,73,74]. For example, in a recent published
work, Yang et al. [55] have systematically introduced the develop-
ment of the synthetic approaches to the formation of M NPs/MOFs
composites, and discussed the respective advantages as well as dis-
advantages of some specific approaches such as solution impreg-
nation and chemical vapor deposition.

In general, the preparation of M/MC NP@MOF nanocomposites
can be classified into four approaches, which were presented in
Fig. 2 [75]. The first approach is the introduction of MOFs into a
solution which contains the M/MC NPs precursors, followed by
the formation of M/MC NPs inside the MOFs (Fig. 2a). This
approach is also called the ‘‘ship-in-a-bottle’’ approach, which is
expected to restrict the growth of M/MC NPs and prevent their
agglomeration. Particle formation is subsequently triggered within
the MOFs by the application of reducing agents, heat or radiation
[46]. By using this method, the metallic and bimetallic NPs includ-
ing Rh, Ni, Pt, Pd, CuCo, AuCo and AuNi have been successfully
immobilized inside the pores of different types of MOFs without
aggregation on the external surface of the framework [73,75–78].
However, some aspects of this methodology should be considered:
1) the precursors need to be compatible with the MOF structure; 2)
the MOFs need to be stable under the conditions required to form
the M/MC NPs; and 3) the M/MC NPs need to form within the
framework rather than on the external surface of the MOFs. More-
over, it remains a significant challenge to precise control over the
internal location, size, morphology and shape of the M/MC NPs
within the MOFs structure. The second is the dispersion of pre-
synthesized M/MC NPs into a reaction solution for subsequent
MOFs synthesis (Fig. 2b), known as ‘‘bottle around ship” approach.
It is obvious that the problems of the aggregation of M/MC NPs on
the external surface of MOFs can be reduced by using the ‘‘bottle-
around-ship” approach since the MOFs were assembled surround
the M/MC NPs [50]. Besides, the size, morphology and shape of
the M/MC NPs can be well-defined due to the fact that M/MC
NPs were pre-formed. But, it should be noted that the growth of
the MOFs in some cases may be difficult due to the high interfacial
energy barrier between the two kinds of materials [75]. The third is
the simultaneous formation of the two components to afford M/
MC NP@MOF composites (Fig. 2c), known as the ‘‘one-pot”
approach. This strategy involves mixing all the necessary

Fig. 1. Schematic diagram of the principle of photocatalysis. Reproduced with
permission from Ref. [61]. Copyright 2014 The Royal Society of Chemistry.

Fig. 2. Different synthetic approaches for the preparation of M/MC NPs@MOF
nanocomposites: (a) the ‘‘ship-in-a-bottle’’ approach, (b) the ‘‘bottle-around-ship”
approach, and (c) the ‘‘one-pot” approach. Reproduced with permission from Ref.
[75]. Copyright 2017 MDPI.
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constituents (e.g., precursors of the MOFs and M/MC NPs) in solu-
tion, whereby the MOFs and M/MC NPs are generated simultane-
ously. When compared with the above two mentioned
approaches, one-pot synthesis strategy is straightforward and sim-
ple, however, the synchronous control of the self-nucleation as
well as the growth of MOFs and M/MC NPs is difficult and, as a
result, the fabrication of the desired uniform M/MC NP@MOF
nanocomposites by this strategy is not easy [73,74].

4. Metal NP@MOF for photocatalysis

Metal NPs (M NPs), particularly noble metal NPs, have attracted
intense attention in heterogeneous catalysis [79–82]. Unfortu-
nately, several unavoidable factors associated with these NPs, for
example, they are thermodynamically unstable and tend to aggre-
gate during the continuous catalytic reactions, in order to reduce
the surface energy [83–87]. Consequently, control of the dispersion
of M NPs in the solution is a critical factor in achieving high and
stable activity [88–90]. So far, the most common approaches are
to load the noble metal NPs onto the outside or deliver them into
the pores of certain support materials [79,91–97]. A new approach
to enhance the catalytic performance of a M NPs catalyst is to fab-
ricate the catalyst into a core–shell architecture, which consists of
inner core (M NPs) encapsulated by porous shell materials
[51,98,99]. Over the years, a variety of M NP@porous material
nanocomposites have been developed with shell materials of poly-
mers [100], metal oxides [101,102], carbon [103], silica [104], and
MOFs [98]. Among these, the encapsulation of M NPs within MOFs
shell for photocatalysis has received significant attention in recent
years. Compared with other porous materials, MOFs can offer
unique advantages for photocatalysis, for example, the great diver-
sity of MOFs structures can provide confinement effects and size
selectivity [51]. In 2016, Yang et al. [105] rationally designed and
fabricated Pd nanocubes@ZIF-8 composites through a self-
assembled method (Fig. 3), and applied them to selective catalytic
hydrogenation of olefins under visible light irradiation. The results
showed that the photocatalytic activity of Pd nanocubes@ZIF-8 is
significantly enhanced as compared to Pd nanocubes. This
enhancement is because ZIF-8 shell could promote the hydrogena-
tion process by serving multiple roles: 1) ZIF-8 shell greatly boosts
the catalytic efficiency by the H2 enrichment effect; 2) the pore
structure of ZIF-8 shell is beneficial to the transportation of sub-
strates/products and guarantees the accessibility of the Pd active
sites; and 3) ZIF-8 shell can act as a ‘‘molecular sieve’’ to differen-
tiate olefins and therefore enables the size-selective hydrogenation
(Fig. 3). The size-selective effect of MOFs has also been reported in
several other works [99,106–111]. For instance, PtCo@UiO-66

core–shell catalysts were recently fabricated by Chang and Li
[111] through a one-step method, and showed good size selectivity
in olefins hydrogenation under room temperature. These works
unambiguously presents the synergistic functions of the active
noble metal NPs core and the size selectivity effect endowed by
the MOFs shell.

In 2016, Li et al. [112] reported the encapsulation of Pd nan-
oclusters inside the cage of NH2-UiO-66(Zr) via a double-solvent
approach combined with a photoreduction process (Fig. 4a). By
successful coupling of the Pd catalysis with MOF-based photocatal-
ysis, the as-prepared Pd@NH2-UiO-66(Zr) showed excellent perfor-
mance for Suzuki coupling reaction under visible-light irradiations.
It was demonstrated that Suzuki coupling reaction was promoted
by the efficient electron transfer from the light-excited NH2-UiO-
66(Zr) to the confined Pd nanoclusters (Fig. 4b). In a following
work, they also fabricated Pd@MIL-100(Fe) through a similar
approach [113]. The resultant Pd@MIL-100(Fe) showed much bet-
ter performance in light-induced N-alkylation of amines with alco-
hols than Pd/MIL-100(Fe), in which Pd NPs were deposited on the
external surface of MIL-100(Fe) [94]. More recently, PdAu@MIL-
100(Fe) [114] and CuPd@NH2-UiO-66(Zr) [115] were synthesized
by the same research group. In the first case, the as-formed
bimetallic PdAu@MIL-100(Fe) present superior performance in
light-induced N-alkylation reaction over the bare Pd@MIL-100
(Fe), which was caused by the promoting effect of metallic Au in
the photocatalytic dehydrogenation process [114]. In the second
case, CuPd@NH2-UiO-66(Zr) showed superior performance for
light-induced Suzuki coupling reaction as compared with Pd@NH2-
UiO-66(Zr) [115]. As shown Fig. 5, the existence of metallic Cu can
promote the electron transfer from excited NH2-UiO-66(Zr) to form
electron-rich Pd nanoclusters, which facilitates the production the
desired biaryl product. These studies highlights the great potential
of using metal NPs and MOFs for fabricating multifunctional core–
shell/core–shell-like structured catalysts for light-induced organic
transformations.

On the other hand, some researchers have focused their efforts
on the introduction of metal NPs into MOFs shell in order to
improve the photocatalytic performances of MOFs catalysts
[113,116]. For example, using H2PdCl4 as palladium precursor,
Liang et al. [117] successfully synthesized the Pd@MIL-100(Fe)
via a facile alcohol reduction approach. In a typical procedure, a
mixture of H2O (12 mL), ethanol (3 mL), MIL-100(Fe) (100 mg),
and a certain amount of H2PdCl4 solution was added into a flask.
After the mixed solution was stirred for 15 min, the solid catalysts
can be obtained. The complete removal of ibuprofen was achieved
in 240 min in Pd@MIL-100(Fe)/H2O2/Vis system, while only about
54% of ibuprofen was removed in MIL-100(Fe)/H2O2/Vis system.
Besides, Pd@MIL-100(Fe) also showed a better catalytic perfor-
mance than Pd@Fe2O3 and Pd@TiO2 under same experimental con-
ditions [117]. This research group also developed a facile
photodeposition strategy to fabricate M(M = Au, Pd, Pt)@MIL-100
(Fe) nanocomposites [118]. It is reported that M@MIL-100(Fe)
solids could be obtained by the visible light irradiation of the mix-
ture of H2O (12 mL), ethanol (3 mL), MIL-100(Fe) and metal-ion
aqueous solution [118]. The resulting M@MIL-100(Fe) (especially
Pd@MIL-100(Fe)) nanocomposites exhibited higher efficiency than
MIL-100(Fe) for the photocatalytic degradation of methyl orange
(MO) and reduction of Cr(VI) ions. In the both cases, the superior
photocatalytic activity of M@MIL-100(Fe) could be ascribed to
the more efficient separation of the charge-carrier due to the fact
that noble metal NPs can facilitate the interfacial charge transfer
[117,118]. As can be seen in Fig. 6a, Pt@MIL-100(Fe) clearly pre-
sents the highest photocurrent density among the tested samples,
suggesting the most efficient separation of the photogenerated
electron-hole pairs. In this M@MIL-100(Fe)/H2O2/Vis system, the
reactive �OH can be generated via three different pathways

Fig. 3. Self-assembly of Pd nanocubes@ZIF-8 and plasmon-driven selective photo-
catalysis of the hydrogenation of olefins. Reproduced with permission from Ref.
[105]. Copyright 2016 Wiley-VCH.
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(Fig. 6b), namely i) Fenton reaction between H2O2 and Fe(II) spe-
cies in MIL-100(Fe) (eqs. (16)); ii) H2O2 capturing the photogener-
ated e� to produce �OH (eqs. (17)); and iii) the photogenerated h+

trapping H2O to form more �OH (Eq. (3)). The enhanced production
of reactive �OH can thus lead to the high degradation efficiency of
organics. In a previous study, Shen and co-workers [119] fabricated
a Pd@UiO-66-NH2 catalyst through the one-pot hydrothermal
method. It was demonstrated that the highly dispersed Pd NPs in
the MOFs structure can lead to the enhanced light harvesting and
more efficient separation of photogenerated electron-hole pairs

(Fig. 7A). As a result, Pd@UiO-66-NH2 exhibited much higher Cr
(VI) reduction ratio (99%) as compared that of UiO-66-NH2 (38%).
Interestingly, it was found that the presence of organic dyes can
further increase the photocatalytic reduction efficiency of Cr(VI).
This can be ascribed to the consumption of photogenerated h+ by
dyes (Fig. 7B), which decreased the recombination of photoexcited
electron-hole pairs.

Fe(II) species + H2O2 ! Fe(III) species + �OH + OH� ð16Þ
e� + H2O2 ! �OH + OH� ð17Þ

Fig. 4. (a) Schematic illustration of the preparation procedures for Pd@NH2-UiO-66(Zr); (b) proposed mechanism of the visible-light promoted Suzuki coupling reaction over
Pd@NH2-UiO-66(Zr). Reproduced with permission from Ref. [112]. Copyright 2016 American Chemical Society.

Fig. 5. Cu-mediated electron transfer process over CuPd@NH2-UiO-66(Zr) for enhanced light-induced Suzuki coupling reaction. Reproduced with permission from Ref. [115].
Copyright 2018 Wiley-VCH.

Fig. 6. (a) Comparison of transient photocurrent response of MIL-100(Fe) and M (M = Au, Pd, and Pt) @MIL-100(Fe) under intermittent visible-light irradiation (k � 420 nm);
(b) the proposed mechanism for MO degradation in the M (M = Au, Pd, and Pt)@MIL-100(Fe)/Vis system. Reproduced with permission from Ref. [118]. Copyright 2015
Springer.
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The non-noble metal nickel (Ni) is a typical active co-catalyst
for hydrogen evolution [120–123]. In 2016, Zhen et al. [124] fabri-
cated the Ni@MOF-5 nanocomposites through an impregnation
and in situ chemical reduction strategy, and studied its ability to
be used as a co-catalyst for visible-light-driven photocatalytic
hydrogen evolution. It was reported that 302.2 mol of H2 can be
produced after 2 h reaction using the Eosin Y (EY)-sensitized
Ni@MOF-5, which was over 6 times higher than that obtained
using Ni particles as the co-catalyst (Fig. 8a). The electrochemical
measurements found EY-Ni@MOF-5 exhibited a low over-
potential of �0.37 V during the H2 generation process. This value
is comparable to the over-potential of the noble metal contained
nanocomposites (Pt@MOF-5) [124]. Such low over-potential of
EY-Ni@MOF-5 is resulted from a synergistic effect of small-sized

Ni particles, high specific surface area of MOF-5, and their high dis-
persion (41.8%) [124]. What’s more, it was observed that the over-
potential can be reduced by further decrease the diameter of Ni
particle. When decreasing the diameter of Ni particle from 9 nm
to 3 nm, the over-potential was observed decreased from �0.37 V
to �0.35 V accordingly. In addition, the photocatalytic activity of
EY-Ni@MOF-5 was found higher than those of EY-Ni@Al2O3 and
EY-Ni@SiO2 (Fig. 8b), which indicated MOF-5 plays a significant
role in the photocatalytic H2 generation. It was suggested that EY
can be excited to EY1* state with visible light irradiation, which
would subsequently produce a lowest-lying EY3* (the triplet
excited state) via an efficient intersystem crossing (Fig. 8c). EY3*

could be subsequently quenched by triethanolamine (TEOA, a sac-
rificial donor), and the produced EY�� species would then transfer

Fig. 7. (a) Transient photocurrent response of UiO-66-NH2 and Pd@UiO-66-NH2 in 0.2 M Na2SO4 aqueous solution under visible light irradiation; (b) simultaneous
photocatalytic degradation of dyes and reduction of Cr(VI) on Pd@UiO-66-NH2 under visible light irradiation. Reproduced with permission from Ref. [119]. Copyright 2013
The Royal Society of Chemistry.

Fig. 8. (a) H2 production in different system. (b) Transient photocurrent response of EY-sensitized Ni, MOF-5, Ni@MOF-5 and Pt@MOF-5 in a mixed solution of Na2SO4

(0.1 mol/L) and 10% (v/v) triethanolamine (TEOA) at pH 11 under intermittent visible light irradiation (�420 nm). (c) The mechanism for H2 evolution (TEOA as a sacrificial
donor) over the EY sensitized Ni@MOF-5. Reproduced with permission from Ref. [124]. Copyright 2015 Springer. (d) Schematic illustration of the synergistic catalytic H2

evolution over Ni and Co NPs@ NH2-functionalized photoactive MOFs from NH3BH3 in aqueous solution under visible light irradiation. Reproduced with permission from Ref.
[128]. Copyright 2018 Elsevier.
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their e� to MOF-5 frameworks because of its electron capture and
transport characteristics [125–127]. It is believed that the accumu-
lated e� in MOF-5 shells would transfer to the Ni cores, and the
protons could finally obtain e� from Ni cores to generate H2

(Fig. 8c). In conclusion, MOF-5 could not only act as an excellent
electron acceptor but also the transporter to efficiently prolong
the lifetime of photo-generated charge carriers, which conse-
quently improved photocatalytic H2 evolution activity of EY-
Ni@MOF-5. With the same method, in a very recent work [128],
a series of M NP@MOF nanocomposites were designed and synthe-
sized by using non-plasmonic Ni and Co NPs and 4 photoactive
(MIL-101(Al)–NH2, MIL-53(Al)–NH2, MIL-101(Cr)–NH2 and MIL-
53(Cr)–NH2) or 3 non-photoactive MOFs (MIL-101(Cr), MIL-53
(Cr), and MIL-53(Al)). It was found that the nanocomposites con-
taining photoactive MOFs have remarkable higher photocatalytic
activities than those containing non-photoactive MOFs, which
indicated the 2-aminoterephtalate linkers play a significant role
in the catalytic H2 evolution process. It’s worth noting that M
NP@photoactive MOFs in this work also exhibited higher total
turnover frequency (TOF) values than some previously reported
noble metal-containing catalysts such as PdCo NPs [129], AuCo
NPs [130] and Pd/SiO2-CoFe2O4 [131]. The remarkably enhanced
activity was likely caused by the synergistic electron effect of
non-plasmonic metal NPs and NH2-functionalized photoactive
MOFs. As shown in Fig. 8d, on the one hand, the photoactive MOFs
can immobilize metal NPs with the NH2 groups, leading to the
effective electron transfer from MOFs to the catalytically active
Ni NPs. On the other hand, the NH2 groups can interact with BH3

group in NH3BH3, resulting in the weakened B–H bonds and thus
reduced the activation barrier of catalytic H2 evolution reaction.

5. Metal oxide NP@MOF for photocatalysis

Metal oxide catalysts have appeared as essential in most cat-
alytic reactions performed industrially [132–134]. Among various
metal oxides with semiconducting properties, TiO2, ZnO, and
Fe3O4 have received a lot of attention in photocatalysis. TiO2, with
a bandgap of 3.2 eV, is the most used and classical photocatalytic
material [135,136]. TiO2 has been extensively investigated for dec-
ades because of its relatively high photocatalytic activity, nontox-
icity, low production cost and its excellent chemical and
photochemical stabilities. In the recent years, the application of
ZnO in the area of photocatalysis has grown considerably [137–
139]. The bang-gap energy of ZnO (3.3 eV) is very close to that of
TiO2, so it theoretically has the similar photocatalytic properties
as TiO2. In fact, ZnO offers some advantages over TiO2, primarily
because ZnO is quite strongly luminescent [140]. Fe3O4 has
attracted a surge of research interest in photocatalysis especially
due to its magnetic properties, which is beneficial for the separa-
tion of catalyst from the solution [141,142]. It is well known that
the activity of metal oxides in photocatalysis can be enhanced by
decreasing their particle size to the nano scale, and thus can lead
to the improved catalytic activity per weight unit [132]. However,
the practical uses of the metal oxide nanomaterials as photocatal-
ysis have been prevented due to the quick recombination of charge
carriers [143]. In the recent years, efforts have been made to
develop metal oxides@MOFs nanocomposite as new types of
photocatalysts.

5.1. TiO2 NP@MOF

TiO2, a widely studied semiconducting photocatalyst, has
attracted tremendous attention in the past decades [144–146].
However, it remains challenging to the large-scale industrial appli-
cation of pure TiO2 [147–149]. The combination of MOFs and TiO2

provides a great opportunity for the construction of new photocat-
alysts [150]. In 2016, Wang et al. [151] synthesized a semiconduc-
tor/MOF nanocomposite (CPO-27-Mg/TiO2) for CO2 reduction via a
hydrothermal self-assembly method. Due to its high adsorption
capacity toward CO2 and the existence of open alkaline metal sites
in CPO-27-Mg, the as-obtained CPO-27-Mg/TiO2 nanocomposite
exhibited enhanced performance for the photocatalytic CO2 reduc-
tion as compared to the pure CPO-27-Mg and TiO2 nanospheres. In
the recent years, many types of TiO2@MOFs core–shell/core–shell
like architectures, such as TiO2@ZIF-8 [152], TiO2@MIL-101(Cr)
[153], TiO2@NH2-MIL-101(Cr) [154], TiO2@NH-MIL-125(Ti) [155]
and TiO2@MIL-100(Fe) [156], have been synthesized and showed
enhanced photocatalytic performance. For example, Liu and co-
workers [156] developed a sandwich-like hierarchical TiO2

nanosheets (NS)@MIL-100(Fe) heterostructure by in situ crystal
growth of MIL-100(Fe) on TiO2NS through a self-assembled strat-
egy (Fig. 9a). The as-synthesized TiO2NS@MIL-100(Fe) (Fig. 9b)
exhibited the strongest photocurrent intensity (Fig. 9c) and high
photocatalytic ability towards methylene blue (MB) under the vis-
ible light (�420 nm) radiation, similar results were also reported
by some other researchers [153,154,157]. It was suggested that
the high number of interfaces in the heterostructures could lead
to the enhancement in photocatalytic property by facilitating the
separation of electron-hole pairs and accelerating the transfer of
photogenerated e� [158–160]. As shown in Fig. 9d, photoinduced
e� can transfer from the CB of MIL-100(Fe) to the CB of TiO2 NS
through the interface reaction between MIL-100(Fe) and TiO2 NS,
which substantially reduces the recombination rate of photo-
excited electron-hole pairs and thus improves the photocatalytic
activity. As an electron acceptor, H2O2 can produce �OH over the
surface of MIL-100(Fe) [161]. On the other side, the photo-
generated holes (h+) in the VB of MIL-100(Fe) simultaneously react
with H2O to produce �OH (Fig. 9d).

5.2. ZnO NP@MOF

In 2013, Zhan et al. [162] successfully synthesized the free-
standing ZnO@ZIF-8 nanorods by a simple self-template strategy
for the first time. As shown in Fig. 10A, ZnO nanorods not only pro-
vide Zn2+ ions but also act as the template for the formation of ZIF-
8. The TEM images (Fig. 10B) clearly demonstrate that ZnO@ZIF-8
nanorods with the thickness of the outer shell about 300 ± 25 nm
have been successfully prepared. Different from the conventional
synthetic methods of ZIF-8 [163–166], in this work, no foreign Zn
source was required. More importantly, the obtained ZnO@ZIF-8
nanorod arrays exhibited a good photoelectrochemical response
to H2O2 (the scavenger). Meanwhile, the photogenerated e� can
be transferred to the electrode substrate, leading to a remarkable
enhancement in the photocurrent response of ZnO nanorods
[162]. This study opens a new avenue for fabricating ZnO based
photocatalysts. Following this strategy, several research groups
have successfully synthesized ZnO@MOF core–shell heterostruc-
tures and demonstrated their high catalytic activity for pollutants
treatment [167,168], water splitting [169], and liquid hydrogena-
tion [170]. It was suggested that under the light irradiation, e�

could be more easily excited from the VB to the CB of MOFs in
the ZnO@MOF composites [169]. These photo-excited e� in the
CB of MOFs would be quickly transferred to that of ZnO. In the
meantime, the photogenerated h+ on the VB of ZnO can be trans-
ferred to the VB of MOFs shell [171]. The above processes result
in more effective separation of photo-excited electron-hole pairs
and can thus suppress their recombination [167,169]. More
recently, Wang et al. [172] developed an in situ crystal growth
strategy for the rapid (within 60 min) fabrication of ZnO@ZIF-8
heterostructures. In this work, 2-methylimidazole (Hmim) was
used as the organic ligand. It was reported that the coordination
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rate of surface bonded Zn2+ with Hmim is significantly related to
the mole ratio of Hmim/Zn2+. That’s to say, the ideal ZnO@ZIF-8
core–shell heterostructures can be fabricated by controlling the
concentration of Hmim (Fig. 10C). Compared with the previous
ones (>100 nm of the shell) [162,169], the ZnO@ZIF-8 synthesized
by Wang’s group has thinner shell (�30 nm, Fig. 10D) and thus has
advantages for selective photocatalysis. Their preliminary work
demonstrated the as-synthesized ZnO@ZIF-8 could selectively
reduce Cr(VI) between Cr(VI) and MB (Fig. 11A), which was
believed due to selective permeation effect of ZIF-8 shell
(Fig. 11B) [172].

5.3. Fe3O4 NP@MOF

In practical applications, MOFs photocatalysts are difficult to be
separated from the reaction solution for recycling due to their
highly dispersive nature [26,173–176]. Therefore, homogeneous
coating of MOFs photocatalysts with magnetic NPs has been put
forward to solve this problem [46,177–179]. In 2013, Zhang and
co-workers [180] fabricated a novel multifunctional Fe3O4@MIL-
100(Fe) core–shell nanospheres via a versatile layer-by-layer
strategy (Fig. 12a). In a typical procedure, the mercaptoacetic acid
(MAA)-functionalized Fe3O4 NPs were firstly synthesized by a

Fig. 9. (a) Synthetic illustration of the preparation procedures for TiO2NS@MIL-100(Fe). (b) TEM images of the as-synthesized TiO2NS@MIL-100(Fe). (c) Transient
photocurrent response of MIL-100(Fe), TiO2NS, and TiO2NS@MIL-100(Fe) in 0.2 M Na2SO4 solution under intermittent visible light irradiation (�420 nm). (d) Proposed
mechanism for photocatalytic generation of �OH over TiO2@MIL-100(Fe). Reproduced with permission from Ref. [156]. Copyright 2017 Elsevier.

Fig. 10. (A) Schematic illustration of the preparation procedures for ZnO@ZIF-8 nanorods. (B) (a) Low-magnification TEM image of ZnO@ZIF-8 nanorods; (b) high-
magnification TEM image of an individual ZnO@ZIF-8 nanorod; (c) the cross-sectional compositional line (marked in panel b) profiles of ZnO/ZIF-8; (d–f) the corresponding
elemental maps of C, N, and Zn in the ZnO@ZIF-8 nanorod. Reproduced with permission from Ref. [162]. Copyright 2013 American Chemical Society. (C) Schematic illustration
of structures obtained using different concentrations of Hmim (a) 4.51 M, (b) 3.66 M, and (c) 1.83 M. (D) SEM (a) and (b) Tem images of ZnO@ZIF-8 heterostructures.
Reproduced with permission from Ref. [172]. Copyright 2016 American Chemical Society.
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simple stirring process, then the obtained product was fully
dispersed in FeCl3 ethanol solution and subsequently in benzenet-
ricarboxylic acid (H3BTC) ethanol solution under ultrasonic condi-
tions, and Fe3O4@MIL-100(Fe) can be finally obtained after a given
number of cycles of the above two procedures. The as-fabricated
Fe3O4@MIL-100(Fe) exhibited remarkable photocatalytic activity
for MB degradation, which is higher than those of some typical
photocatalysts, such as TiO2 and C3N4 [180]. It was suggested that
MIL-100(Fe) and Fe3O4 present synergetic effect for the generation
and transformation of e� and h+ under the light irradiation [181].
As a matter of fact, the magnetic Fe3O4 NPs have also been
regarded as a promising photocatalyst due to their wide availabil-
ity and low toxicity to the environment [182–185]. However, it is
well known that Fe3O4 NPs are highly susceptible to photodissolu-

tion, which largely hindered their photocatalytic applications [26].
From this point of view, the Fe3O4@MOF core–shell structures are
desirable also because the exciting radiation could be largely
reduced by the MOF shell. Further study demonstrated that the
photocatalytic performance of Fe3O4@MOF nanocomposites is
closely related to the thickness of the MOF shell. According to Zhao
et al.’ work, the shell thickness can be controlled through varying
the numbers of assembly cycle, and the optimal shell thickness
was determined as about 50 nm [186]. Under light irradiation,
e� are excited from the VB to the CB of the MIL-100(Fe) shell,
leaving h+ in the VB (Fig. 12b). The generated e� can then react
with the electron acceptor (H2O2) to produce �OH (Fig. 12b), which
is mainly responsible for pollutant degradation [187–189]. In cases
where the shell is too small, only a little amount of electron-hole

Fig. 11. (A) Photocatalytic removal curves of two-component mixed Cr(VI) and MB aqueous solutions. (B) Schematic illustration of selectively enhanced photocatalysis
properties of the ZnO@ZIF-8 heterostructures. Reproduced with permission from Ref. [172]. Copyright 2016 American Chemical Society.

Fig. 12. (a) Schematic illustration of the preparation procedures for Fe3O4@MIL-100(Fe) core–shell microspheres. Reproduced with permission from Ref. [180]. Copyright
2013 The Royal Society of Chemistry. (b) Illustration the possible mechanism for the enhanced photocatalytic ability of Fe3O4@MIL-100(Fe) with tunable thickness.
Reproduced with permission from Ref. [186]. Copyright 2015 Wiley-VCH.

Y. Liu et al. / Coordination Chemistry Reviews 388 (2019) 63–78 71



pairs would be generated. If the thickness of MIL-100(Fe) shell
thickness is too large, however, the shell-localized holes in MIL-
100(Fe) are unable to access the Fe3O4 core, resulting in the
charge-carrier recombination, which will inhibit the photocatalytic
ability of MIL-100(Fe).

6. Other M/MC NP@MOF

Among the visible-light-driven semiconductor photocatalysts,
CdS is attracting much attention due to its excellent electronic
and optical properties, and suitable band gap (2.4 eV) [190–193].
In 2013, He and co-workers [194] reported the incorporation CdS
NPs into MIL-101(Cr) through the post-synthetic method and
observed a remarkable enhancement in the photocatalytic H2 pro-
duction on CdS. Since then, the incorporation of CdS NPs in many
types of MOFs, such as MIL-100(Fe) [195,196] and UiO-66 [197–
199], had been put forward as photocatalyst for various applica-
tions. In 2016, Zeng et al. [200] described the preparation of
well-defined CdS@ZIF-8 nanocomposites by a two-step method.
In this work, both multiple-core–shell (MCS) and single-core–
shell (SCS) CdS@ZIF-8 (Fig. 13a, b) were fabricated by changing
the concentrations of Zn2+ (Fig. 13c). Compared with pure CdS
NPs and SCS CdS@ZIF-8, MCS CdS@ZIF-8 showed higher photocat-
alytic activity for H2 generation. More interestingly, the undesired
CO generation can be decreased from 12.5% (CdS NPs) to 5.7%,
when employing the MCS CdS@ZIF-8 as the catalyst. This is
because the size of the narrow windows (3.4 Å) of ZIF-8 is smaller
than the kinetic diameter of CO (3.8 Å), thus the generated CO can-
not pass through the pores of ZIF-8. As a consequence, the CO gen-
eration is suppressed, and the desirable H2 generation is promoted.
Very recently, CdS@MIL-125(Ti) [201] and CdS@UiO-66-NH2 [202]
were developed by the facile one-pot in situ solvothermal
approach. In both cases, the core–shell structures produced signif-
icant better results than those obtained using single CdS of MOFs.
In the first study, the optimized CdS@MIL-125(Ti) sample (with
about 8 wt% CdS) showed 2.8 and 1.8 times photoactivity of bulk
CdS andMIL-125, respectively [201]. In the second study, the mala-
chite green degradation rate constant of CdS@UiO-66-NH2 is 27.78
and 4.50 times higher than those of UiO-66-NH2 and CdS, respec-

tively [202]. The enhanced photoactivity is believed mainly caused
by the interface effect between CdS and MOFs, which is able to
reduce the recombination rate of photoexcited electron-hole pairs
(Fig. 13d) and alleviate the photocorrosion of CdS. As displayed in
Fig. 13e, the photo-excited e� on the CB of CdS could be transferred
to the CB of UiO-66-NH2; on the other hand, the h+ are injected
from the VB of MOF to that of CdS, resulting in the effective sepa-
ration of electron-hole pairs. The h+ assembled in the CdS core can
directly react with the substrate. On the other side, the e� on the
UiO-66-NH2 can reduce the dissolved O2 to produce reactive
�O2�, which would then lead to the decomposition of the pollutant.

CdS has been investigated extensively as a photocatalyst for
photocatalytic reduction of CO2, however, its application has
unfortunately been limited due to lack of catalytic sites, the low
CO2 adsorption, and the fast recombination of photogenerated
electron-hole pairs [203–206]. It has been demonstrated that the
combination of CdS and MOFs can help to overcome their respec-
tive shortcomings by facilitating CO2 adsorption and increasing
the visible-light response [207–209]. Recently, Chen et al. [210]
synthesized the CdS@UiO-bpy/Co with high stability according
the route shown in Fig. 14A. The enhanced light harvesting and
more efficient separation of photogenerated electron-hole pairs
were observed in CdS@UiO-bpy/Co system (Fig. 14B). Under visible
light illumination, the CdS@UiO-bpy/Co composites showed a high
CO evolution rate of 235 lmol g�1 h�1, which was about 10 times
that of CdS (23 lmol g�1 h�1) under the same conditions. The
obtained CO2 reduction ability of CdS@UiO-bpy/Co composites
was comparable to some previously reported catalysts such as
MOF-525-Co [211], UiO-66/C3N4 [212] and In2S3-CdIn2S4 [213]. It
was reported that the photocurrent intensity of CdS@UiO-bpy/Co
was significantly higher than those of both CdS/UiO-bpy and CdS,
suggesting the more effective separation of photoexcited charge
carriers in the CdS@UiO-bpy/Co composites. Further studied
showed that Co in the CdS@UiO-bpy/Co composites was mainly
responsible for the effective transportation of photogenerated e�

and photoreduction of CO2 to CO (Fig. 14C).
The combination of silver containing photocatalysts with MOFs

has attracted increasing attention [214–217]. For example, Ag3-
PO4@MIL-125-NH2 nanocomposite has been recently developed
based on a one-pot dry-process reaction method [218]. The

Fig. 13. TEM images of MCS (a) and SCS (b) CdS@ZIF-8. The black scale bars in (a) and (b) represent 250 nm, and the white scale bars in (a) and (b) represent 200 and 50 nm,
respectively. (c) Schematic illustration of the preparation of MCS (1) and SCS (2) CdS@ZIF-8. Reproduced with permission from Ref. [194]. Copyright 2013 The Royal Society of
Chemistry. (d) Transient photocurrent response of the UIO-66-NH2, CdS NPs and CdS@UIO-66-NH2 in 0.2 M Na2SO4 solution under the visible-light irradiation. (e) Proposed
mechanism for photocatalytic degradation of pollutants in CdS@UIO-66-NH2/Vis system. Reproduced with permission from Ref. [201]. Copyright 2018 Elsevier.
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Ag3PO4@ MIL-125-NH2 nanocomposites showed remarkable high
photocatalytic activities for MB and rhodamine B (RhB) degrada-
tion, which is 39 and 35 times higher than the classical TiO2 pho-
tocatalyst. It was elucidated Ag3PO4 NPs played a significant role in
lowering the optical band gap of the MIL-125-NH2. Specifically,
under the light irradiation, e� are excited from the VB to the CB
of the Ag3PO4 and MIL-125-NH2, leaving the h+ in the VB of them.
Then, the photo-excited e�/h+ can quickly transfer from the CB/VB
of MIL-125-NH2 to those of Ag3PO4, which ensures a long lifetime
of photoexcited charge carriers, resulting in higher photocatalytic
activity of Ag3PO4@MIL-125-NH2 nanocomposite. Ag/AgCl NPs
has been suggested as a photocatalyst that has a great potential
application for the solar light-driven photocatalysis due to the
strong surface plasmon resonance (SPR) effect of Ag NPs [219–
222]. In 2016, a novel Ag/AgCl@MIL-101(Cr) nanocomposite was

fabricated through vapor diffusion of mixtures of AgNO3/MIL-101
(Cr) solution and a coupled photoreduction strategy [214]. The
as-obtained photocatalyst showed an enhanced photoactivity for
the degradation of RhB in wastewater under visible light irradia-
tion. In another work, Yan et al. [223] used K6[a-AgPW11O39] to
control the growth of Ag/AgCl nanocrystals. It was demonstrated
that mono-vacant K6[a-AgPW11O39] could act as the stabilizing
agent and coordinate with Ag+, which can, therefore, tune the reac-
tion speed between Ag+ and Cl�, resulting in the formation of con-
trollable AgCl nanocrystals. As illustrated in Fig. 15a, the Ag-AgCl@
MIL-101(Al)–NH2 can be obtained via an incipient wetness
impregnation combined with the subsequent UV irradiation
(photo-reduction) method. The as-obtained nanocomposite
exhibited higher photocatalytic activity than Ag/AgCl and
Ag/AgCl@MIL-101(Al)–NH2 for RhB degradation. Very recently,

Fig. 14. (a) The route for the synthesis of the CdS/UiO-bpy/Co composites; (B) Transient photocurrent responses under visible light irradiation: CdS@UiO-bpy/Co (a),
CdS@UiO-bpy (b), and CdS (c); (C) Proposed mechanism for photocatalytic reduction of CO2 in CdS@UiO-bpy/Co/Vis system. Reproduced with permission from Ref. [210].
Copyright 2018 The Royal Society of Chemistry.

Fig. 15. (a) Schematic illustration of the preparation procedures of Ag/POMAgCl@ NH2-MIL-101 (Al). Reproduced with permission from Ref. [223]. Copyright 2018 Elsevier.
(b) Plasmonic Z-scheme photocatalytic mechanism of Ag/AgCl@MIL-53-Fe under visible light irradiation. Reproduced with permission from Ref. [224]. Copyright 2016 The
Royal Society of Chemistry.
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the Ag/AgCl@MIL-53-Fe hetero-junction photocatalyst was ration-
ally designed and successfully synthesized by using a facile one-
pot solvothermal method [224]. It was suggested that plasmonic
Z-scheme mechanism in the Ag/AgCl@MIL-53(Fe) can promote
the effective separation of photoexcited charge carriers and there-
fore yielded enhanced photocatalytic activity. As shown in Fig. 15b,
the Ag is SPR-excited under light irradiation and the generated e�

is injected into CB of AgCl, where Cr(VI) could be reduced to Cr(III).
The left h+ in Ag region are simultaneously recombined with the
photo-excited e� from MIL-53(Fe) to facilitate the separation of
charge carrier in MIL-53(Fe), while the h+ remained on MIL-53
(Fe) can directly oxidize RhB.

Polyoxometalates (POMs), a class of discrete nanometric anio-
nic metal oxide clusters, offer huge potential for water-splitting
half-reactions due to their ability to undergo fast, stepwise, and
reversible multiple electron transfer reactions without changing
their structures [225–227]. Several studies have reported the suc-
cessful synthesis of POM@MOF as efficient photo-catalysts for
water-splitting [228–231]. In 2015, Zhang et al. [229] developed
a noble POM@MOF ([P2W18O62]6�@UiOs) by a simple charge-
assisted self-assembly process (Fig. 16a). Under the same condi-
tions, POM@UiOs can produce much more H2 than [P2W18O62]6�/
Me2L and [P2W18O62]6�/[Ru(bpy)3]Cl2, which can be attributed to
the ability of POM@UiOs to undergo facile multielectron injection
into each POM encapsulated by six L ligands in the tetrahedral cage
(Fig. 16b). In the following years, different types of POM@MOF,
including Ni4P2@MOF-1 [232], Co-POM@MIL-101(Cr) [233],
PW12O40@ ZIF-67 [234] and P2W18Co4@MOF-545 [230], have been
synthesized and applied for water-splitting. Recently, Paille et al.
[230] selected the sandwich-type POM [(PW9O34)2Co4(H2O)2]10�

(named P2W18Co4) as the catalytically active guest, and the Zr(IV)
porphyrinic MOF-545 as the framework to produce a new POM@-
MOF (Fig. 17a–d). The immobilization of POM in the pores of MOF
was performed by mild aqueous impregnation of MOF-545 with an
excess of Na10P2W18Co4. The obtained P2W18Co4@MOF-545 exhibit
a high photocatalytic activity for visible-light-driven oxygen evolu-
tion from water. The proposed reaction mechanism includes fol-
lowing steps as shown in Fig. 17e: (i) the capture of light by
porphyrin in the MOF-545; (ii) one-electron oxidation of the
excited state TCPP-MOF* by the sacrificial electron acceptor (Na2-
S2O8); (iii) one-electron oxidation of POM by TCPP-MOF+; and
(iv) oxidation of water into O2.

7. Conclusions and prospects

In this review, we have summarized and exemplified the syn-
thesis of M/MC NP@MOF core–shell and core–shell like nanocom-

posites and their applications in heterogeneous photocatalysis,
which includes photocatalytic water-splitting, Cr(VI) reduction,
CO2 reduction, nonselective processes for the degradation of pollu-
tants and selective organic transformations to fine chemicals.
Although the application of NP@MOF nanostructures in the field
of photocatalysis is still at an early stage, the experimental works
have shown the promising potential that exists. Up to now, various
synthetic strategies have been developed for incorporation of NPs
in MOFs. Generally, the M/MC NP@MOF composites discussed in
this review can be classified according to 3 synthetic approaches:
(1) the M/MC NPs core and MOFs shell were synthesized simulta-
neously in a one-pot reaction; (1) the assembly of MOFs precursors
on the surface of the pre-synthesized NPs (the ‘bottle-around-ship’
approach); (3) and the preformed MOFs are introduced into the
reaction solution, and the NPs formation within MOFs is

Fig. 16. (a) One-pot synthesis of the [P2W18O62]6�@UiOs via charge assisted self-assembly. [P2W18O62]6�, purple polyhedra; Zr, cyan; Ru, gold; N, blue; O, red; C, light gray.
(b) Schematic showing synergistic visible-light excitation of the UiO framework and multielectron injection into the encapsulated POMs. Reproduced with permission from
Ref. [229]. Copyright 2015 American Chemical Society.

Fig. 17. POM@MOF-545 components: (a) P2W18Co4 POM; (b) TCPP-H2 linker; (c)
Zr-based unit; and (d) P2W18Co4@MOF-545; (e) The proposed mechanism for the
light-driven oxygen evolution reaction by P2W18Co4@MOF-545. Reproduced with
permission from Ref. [230]. Copyright 2018 American Chemical Society.
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subsequently triggered by the application of light radiation, reduc-
ing agents, or heat (the ‘ship-in-a-bottle’ approach). Based on dif-
ferent types of M/MC NPs core and MOFs shell, various kinds of
types of M/MC NP@MOF composites have been synthesized and
showed enhanced photocatalytic performance.

M/MC NP@MOF composites can combine the respective benefi-
cial characteristics of M/MC NPs and MOFs, in some cases even
exhibited unexpected catalytic performance and functions. In par-
ticular, the MOFs shell can play one or more of the following roles:
(1) stabilize and disperse the NPs; (2) reduce photocorrosion of the
M/MC NPs; (3) increase the number of active sites; (4) accumulate
the photo-excited electron and transfer to the M/MC NPs; (5)
transfer reaction substrates to the M/MC NPs surface; (6) enable
the size-selective catalysis of target substrates. In turn, the M/MC
NPs endow the MOFs with desirable light-harvesting capability
or optoelectronic property. Taking together, the combination of
M/MC NPs and MOFs can facilitate the interfacial charge transfer
and reduce the recombination rate of photogenerated electron-
hole pairs, leading to the enhanced photocatalytic performance.

Due to the outstanding advantages of M/MC NP@MOF core–
shell nanocomposites, such as multifunctional cores and shells,
and tunable pore sizes of the shells, they will provide an unprece-
dented opportunity for the development of alternative photocata-
lysts. However, despite that great achievements have been made in
NP@MOF core–shell nanocomposites design and synthesis, many
more efforts need to be done before these catalysts can be industri-
ally produced and applied.

1) Most research in this research field is still at the lab-scale
stage, in which only a small amount of catalysts were synthesized.
What’s more, some of these synthetic methods are complex and
difficult to control. Therefore, the development of more facile syn-
thetic methods (especially the one-step synthesis methods) which
can be applied for large-scale production is highly desirable.

2) There remain some challenges regarding the synthesis of M/
MC NP@MOF photocatalysts, in particular using the ‘ship-in-a-
bottle’ approach where precise control over the location together
with the size of the NPs is especially difficult. As for the ‘bottle-a
round-ship’ approach, how to realize controllable growth (e.g.,
the structure and thickness) of MOFs on the surface of NPs while
keeping the dispersibility, shape and size of M/MC NPs will be
one of the key research topics in the future. The development of
novel in situ encapsulation strategies that would enable tuning
of the sizes, shapes, composition, and uniformity of the obtained
hybrid composites is highly desirable.

3) The types of M/MC NPs in the nanocomposites should be
extended. In particular, to date, most studies in this field have been
conducted with semiconductor as the core material. Research into
the encapsulation of noble metal NPs in MOFs for photocatalysis is
rare, even though noble metal NPs show very promising catalysis.
Besides, many base metals have presented significant potential in
catalyzing a wide range of organic reactions. To expand the appli-
cation scope, more attention should be devoted in the future to
investigating the encapsulation of noble metal NPs, base metals
NPs and other functional NPs in MOFs.

4) The highly tailorable pore environments in MOFs play vital
roles in regulating the catalytic behavior of the M/MC NP@MOF
nanocomposites and have great potential in catalysis, which, how-
ever, is far from being well developed. For example, the design of
selective catalyst through controlling the pore size, organic linkers
or hydrophobicity of the MOFs shell is certainly interesting and
should be further explored.

5) The detailed structure of many types of M/MC NP@MOF
nanocomposites is unclear, which largely impedes the clarification
of structure–catalysis relationships. Therefore, theoretical calcula-
tions on a NP@MOF composite with a precise structure would be
urgently desired.

6) A fundamental in-depth understanding of many factors, such
as the size and shape of the core, the thickness, porosity and
hydrophobicity of the shell, on the photocatalytic performance
needs to be further explored, which is vital for the design of smar-
ter M/MC NP@MOF core–shell catalysts for target applications. It is
worth mentioning that several researchers have found the shell
thickness can significantly alter the catalytic performance of M/
MC NP@MOF catalysts. These pioneering works point out a new
way to promote the catalytic activity of M/MC NP@MOF catalysts.

7) In order to meet the practical requirements, more efforts are
needed to gain a better understanding of the M/MC NP@MOF pho-
tocatalysts, such as the photocatalytic selectivity in solutions con-
taining more components, the chemical stability of these catalysts
during the circular process in different pH solutions at different
temperatures, etc. Besides, the environmental risk assessment of
these nanostructure photocatalysts should be adequately con-
ducted before practical applications. Particularly, for the pollutants
degradation applications, the toxicity of intermediate products
needs to be carefully evaluated since photocatalytic degradation
often fails to completely mineralize the pollutants.

8) Many issues related to the mechanisms need more investiga-
tions. For example, it is necessary to recognize the roles of both
components and understand how they synergize to achieve high
catalytic activity. The better understanding of the structure–activ-
ity relationship may pave a way for rational design of excellent M/
MC NP@MOF photocatalysts and provide a guide for uncovering
the behind photocatalytic mechanisms.

9) Last but not least, progress in the field of M/MC NP@MOF
photocatalysts cannot be independent of research on MOFs. The
development of new types of MOFs with excellent photocatalytic
activity, tailorable pore environments, high stability and recycla-
bility is still urgently required for the rational design of M/MC
NP@MOF photocatalysts.
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