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ABSTRACT: Metal organic frameworks (MOFs) is one set of the most excellent supports for
Pd nanoparticles (NPs). MOFs as the host, mainly have the following advantages: (i) Provide
size limits for highly dispersed Pd NPs; (ii) Fixing Pd NPs is beneficial for separation and reuse,
avoiding the loss of expensive metals; (iii) The MOFs skeleton is diversified and functionalized,
which is beneficial to enhance the interaction with Pd NPs and prolong the service life of the
catalyst. This review discusses the synthesis strategy of PdA@MOF, which provides guidance

for the synthesis of similar materials. After that, the research advance of Pd@MOF in
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heterogeneous catalysis is comprehensively summarized, including C—C coupling reaction,
benzyl alcohol oxidation reaction, simple olefin hydrogenation reaction, nitroaromatic
compound reduction, tandem reaction, and the photocatalysis, with the emphasis in providing
a comparison with the performance of other alternative Pd-containing catalysts. In the final

section, this review presents the current challenges and which are the next goals in this field.

1. INTRODUCTION

In recent years, heterogeneous catalytic systems have received increasing attention due to their
ease of separation from liquid phase reaction matrices.’®> Metal organic frameworks (MOFs)
are widely used for heterogeneous catalysis.*> In addition, MOFsgr en used as the host

of the catalytically active component.® Encapsulation of the cataNQ¥ active component with

a porous solid material (such as MOFs) facilitates recoveNgof the catalytically active material.”

® The principle of this method is to utilize the r';@ of the porous material, which to
provides space limitations for the catalyticall% ponents and prevents aggregation and

leaching.® So far, this method has bee reported. Many inert porous solid materials,

such as porous polymers, ! mesoz@d

g materials. Compared to MOFs materials, these porous

%2 carbon polymorphs,'® metal oxides,'* and their

variants®® are widely used

materials can provide Qrt and space limitations, but the pores of these materials are
not uniform and are eaWily clogged. This affects the diffusion of reactants and products,
resulting in reduced catalytic activity.*® Therefore, in this review, we will focus on the case
where MOFs materials are the host.

Metal organic frameworks are a new type of porous crystal network composed of metal nodes
and organic links, which were discovered in the early 1990s.17-18 In recent years, they have been
widely concerned as an excellent supporting material.’*?! MOFs have many advantages as
catalyst supports,® 2223 such as (i) high metal node density, high surface area, porosity, and

uniform pore structure; (ii) the unique functional groups on the organic chain of MOF which



can immobilize catalytically active metal ions, avoid the loss of expensive metals and prolong
the service life of the catalysts; (iii) MOFs material acts as a shell, which facilitates selective
catalysis due to its uniform pores; (iv) it is possible to assemble MOFs with diverse structures
by changing the types of organic links and inorganic nodes.

In the case where the MOFs material is used as the catalytic host, metal nanoparticles (MNPs)
have been widely studied. The main reason for encapsulating MNPs inside MOFs is to maintain
the stability of the fine MNPs, and avoid their aggregation and growth. Pd NPs is one of the
best cases to illustrate the potential of MOFs as hosts of MNPs. In the past decade, Pd
nanoparticles (NPs) have been extensively studied in a variety of lytic applications.?* Pd
NPs act as catalysts with high activity and high selectivity.?® T a strong interaction
with hydrogen molecules and are one of the most activgsubstanceNn noble metals, absorbing
light energy over a wide spectral range.?® In addition, -known plasma effect of Pd NPs
can efficiently capture light energy to drive t %'28 Based on such excellent properties,

Pd NPs are widely used in organic co ' environmental remediation,® and clean

n 0
a a

results in the deactivation of th§ Pd antalyst. In addition, pure Pd NPs are expensive and

energy.3%® However, single Pd NP ggregated during the catalytic process,®” which
non-recyclable, whi is@unducive to their further application.®3° Scientists have
innovatively using powNg'tul MOFs to encapsulate Pd NPs, and PdA@MOF is a heterogeneous
catalyst with excellent catalytic properties.

In this review, we will focus on the case of Pd NPs encapsulated inside MOFs, and
summarizes recent advances in heterogeneous catalyst PdA@MOF. Table 1 lists the examples
that will be presented in this review grouped consistent with the application type, making
emphasis on the particle size, Pd loading, and the stability of catalyst. We believe that the
synthetic methods and their modifications applicable to Pd@MOF are equally applicable to
other metal @ MOF materials. It is hoped that this review will provide guidance for the synthesis

of similar materials. Currently, Pd@MOF is a widely used heterogeneous catalyst. Herein, we
3



provide a review to discuss in detail the activity and stability of the heterogeneous catalyst
Pd@MOF in the application. These applications including typical C—C coupling reaction,
alcohol oxidation reaction, olefin hydrogenation reaction, and reduction reaction of
nitrobenzene compounds. In addition, this review will also discuss the synergistic effects of Pd
NPs and MOFs. it is well known that Pd NPs and MOFs each have good catalytic properties.
In the case of synergistic catalysis between the two, the separated multi-step reactions can be
connected in series. This facilitates the full utilization of the reactants and the simplification of
the reaction process. Therefore, this review will also discuss the synergistic effects of Pd NPs
and MOFs. Meanwhile, this review summarizes that the combinatigf Of plasma effect Pd NPs
and photoreactive MOFs can play a significant role in the fiegg O talysis. During the

entire photocatalytic reaction, light is received by the MQFs and actwates the bulk of the MOFs

to produce photogenerated electron-hole pairs. The pHgtog8erated electrons are then rapidly
transferred to the Pd NPs catalytic center. P @e the energy obtained from MOFs to
efficiently catalyze the conversion of th ct atrix to the product. Finally, this review
presents points that have not yet b xfed in this field. Readers can better understand

Pd@MOF and its applications Iy reaging this review.

Table 1. Overview M —sup@d NPs as Heterogeneous Catalysis

Catalyst @ Particle size (nm)  Loading (wt.%0) Reuse times  Refs.

Suzuki reaction

Pd@MIL-101(Cr)-NH> 2.6 8.0 10 40
PMA-MIL-101(Cr) 2.0 6.0 4 4
Pd@MIL-101-NH, - 8.0 5 42

Pd@MIL-101(Cr)-NH> - 8.0 - 43

Pd@MOF-5 2-5 4.2 1 a4
Pd/MOF-253 - 0.23 mol% Pd - 45
Pd/Y-MOF - - 5 46
Fes04@PDA-PAd@[Cus(BTC)] - - N 47



Pd@NH>-UiO-66(Zr)
Pd@UiO-66
Pd/DUT-67

Heck reaction
Pd@MIL-101(Cr)-NH;
Pd@UiO-67
Sonogashira reactions
Pd(11)@ZrMOF-BIPY
Oxidation of benzyl alcohol
Pd@Cu(Il)-MOF
Pd/Cuz(BDC):DABCO
Hydrogenation of propylene
Pd@MOF-5
Hydrogenation of styrene
Pd@MOF-5
Pd/Tm-MOF
Pd@UiO-66-X
Pd@UiO-67
Pd@UiO-67

4-nitrophenol reduction Q

Pd@MIL-100
PAd@[Cuz-xPdx(BTCW]a
Pd@ZAD
Pd@Zn-BDC
Pd@ZIF-8
Hydrogenation of olefins

Pd@ZIF-8

Void@HKUST-1/Pd@ZIF-8

Tandem reaction
Pd@MOF-3

Pd-Au@Mn(II)-MOF

9.3

3.5

17 %3

2-5

X2

0.67
2.5
0.5

7-8

11
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20
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Photocatalysis

Pd@MIL-100(Fe) 8.0 1.0 - 7
Pd@UiO-66(NH2) 3-6 - 3 72

aMIL: material of Institute Lavoisier; BTC = benzene-1,3,5-tricarboxylate; ZAD =
Zny(azoBDC),(dabco); Zn-BDC = {[Zn(BDC)1,(trz)]-DMAC}»; DABCO = 1,4-
diazabicyclo[2.2.2]octane; ZrMOF-BIPY = ZrgO4(OH)4(bpydc)s, bpydc = 2,2'-bipyridine-5,5'-
dicarboxylate; ZIF=zeolitic imidazolate frameworks; X=H, NH2, OMe.

b Reported maximum conversion rate.

¢ Turnover frequency (TOF) value of 51 moly, Molea * min2.

2. SYNTHETIC STRATEGY FOR PD@MOF CATALYSTS

2.1 Precursor injection method. The traditional method of synthesizing PA@MOF is to first
fully mix the pre-synthesized MOFs crystals with the metal precursor. These precursors are
generally metal inorganic salts. The metal precursor solution p to the pores of the

MOF under capillary action and is then reduced in situ to Pd N WNYsed in the MOF pores.

3 Pd NPs are highly dispersed in the pores of MOF osmotic injection. MOFs provide
support and space limitations for Pd NPs to minimj leaching.5* ™ Meanwhile, Pd NPs
encapsulated in the pores of MOFs can w@glstically with MOFs and are easier to
recycle.>* ™ Moreover, this catalyst is v& @ le and can be reused many times.

Traditional injection methodsg || ghcapsulate Pd NPs in the pores of MOFs. Meanwhile,

as a cage for encapsulatin e structure of the synthesized MOFs is also a factor to be

considered in the inj cess. The superior structure is more conducive to providing

support and limitations r Pd NPs. For example, Du's group’® reported a rare and excellent
structure of MOFs (Figure 1a-i). The cage-within-cage topology, there are small cages in the
big cage. The two cages interpenetrate to form a unique two-layer three-dimensional cavity
structure. This structure is more favorable for the penetration of the metal precursor solution.

Pd?* are completely reduced at 80 °C for one hour, resulting in larger Pd-NPs in 1 (denoted as

Pd-NPs@1). we can see Pd-NPs with uniform size and uniform distribution in Figure 1j. This

structure also helps prevent the growth and aggregation of Pd NPs in the cage during subsequent

reductions. As shown Figure 1k, we can see that the granular particles of the catalyst are well
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kept after six successive runs, the TEM image reveals that the average of particle size of the
fine particles is only slightly increased to 4.29 + 0.31 for Pd-NPs@1, and no observable

aggregation of Pd NPs was detected.

Figure 1. (a) Interpenetration of tw
of Ln-MOF. Ln-MOF: [Me2N ATB)16(HCOO)12] -12DMF-48H20 (1) (H3TATB =

0 . : .
O :
4,4’,4"-s-triazine-2,4,6-tri€nzjc cid. (e and f) The large/small cage enriched by eight

small/large cages. (g) within-cage motif resulting from the interpenetration of two
identical 3D nets. (h and i) The approximate diameters of the small and large cages. (j) The
TEM images of Pd-NPs@1. (k) The TEM images of the catalysts after six runs for Pd-NPs@1.

Adapted with permission from ref 76, Copyright the Royal Society of Chemistry 2015.

Traditional injection methods are not limited to embedding a single Pd NPs into the pores of
MOFs. Bimetals can also be embedded in the pores of MOFs using traditional injection methods.
It is worth noting that synergistic effects can also be produced between the embedded bimetals.

As a result, bimetals have higher catalytic activity than single metals.”> ”” For example, by



embedding a bimetallic Pd/Ni alloy into the pores of MOFs using traditional injection methods,
enhanced catalytic performance can be obtained.”® The alloy structure in the pores of the MOFs
has adjustable electronic properties. The electronic environment of the catalyst surface can be
adjusted to increase the charge transfer rate by adjusting the ratio of the injected bimetals,
thereby improving the catalytic efficiency. In addition to implanting the alloy, the introduction
of the semiconductor can also enhance the catalytic performance of the catalyst. For example,

TiO; and rGO can also be introduced.”®-%

2.2 Double solution precise infiltration method. While the traditional synthesis strategy
described above has many advantages, it is difficult to accuratel i%the precursors into

the pores of the MOFs. If this disadvantage is not solved, the m rsor remaining outside

the pores of the MOFs is reduced to form Pd NPs w are easily aggregated. In order to

overcome this shortcoming, Xu's group®! reported % ution precise infiltration method
(DSPIM) for accurately injecting Pd metal p sorsimnto the pores of MOFs (Figure 2a). The
volume of the aqueous solution of the

101, and the metal precursor so:::'%ds

MIL-101 by the capillary fD ingl'the infiltration process. Pd?* and Co?* supported in MIL-

pcursor is smaller than the pore volume of MIL-
bed onto the hydrophilic inner pore surface of
101 are successively der the action of reducing agent (such as Ammonia borane).
Among them, Pd?" are f8st reduced, then Pd NPs are used as nuclei, and Co?* are reduced in
situ to form shells. Subsequently, Pd@Co was encapsulated in the pores of MIL-101 to obtain
Pd@Co@MIL-101. As shown in Figure 2b-g, the core-shell structure has been explicitly
observed by TEM images, HAADF-STEM images, and EDS mapping for Pd and Co NPs. The
key to the success of this work is the need to use two solvents of different nature, a hydrophilic
solvent containing a Pd metal precursor and a hydrophobic solvent containing no Pd metal
precursor. Meanwhile, the volume of the hydrophilic solvent containing the Pd metal precursor

should be less than or equal to the pore volume of the MOFs. The MOFs used should be some



MOFs with hydrophilic pores, such as MIL-101(Cr).82# The hydrophobic solvent has an effect
of promoting penetration during the injection process, a small amount of a hydrophilic solvent
containing a Pd metal precursor can completely enter the hydrophilic pores of the MOFs under

the action of capillary force. 8 81 84-85

Figure 2. (a) Synthesis of Pd@Co@MIL-101, Pd@Co/MIL-101, and PdCo@MIL-101

catalysts by different procedures and reducing agents. TEM images for (b)
Pd@Co@MIL-101, HAADF-STEM images for (¢) Pd@Co@MIL-101 showing the
overall small sizes of Pd@Co NPs, and (d) Pd@Co@MIL-101 particularly presenting

relatively larger particles, where the core—shell nanostructure with a brighter core coated
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by a darker shell for each particle is faintly observable. (e—g) The elemental mapping of
Co (red with green circle) and Pd (green with red circle) for a PA@Co NP highlighted
with red square in PA@Co@MIL-101. Adapted with permission from ref 81, Copyright

2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

2.3 Others synthetic improvement. In addition to DSPIM, scientists are still looking for a
synthesis method that is simple to operate and mild in operating conditions. One-step in-situ
assembly is an excellent example. With a one-step in-situ assembly strategy, MOFs are not pre-
synthesized. In this method, a Pd metal precursor is introduced during assembly of the MOFs.®°

The stepwise assembly strategy can form a core-shell structu ble-shell structure.
The outer MOFs in core-shell structure of PA@MOF can se screening function to
achieve size selective catalysis compared to dispersed sgigture.3* 47 67-68.86-87 For example, Pd
NPs have finer particle size and higher stability se of double layer protection of

MOF@SiO, compared to simple Pd@SiOz.B&

The post-synthesis functional modific¥ % pn increase the interaction between Pd NPs and

MOFs due to noble metals can | @0

can also effectively stabilig F° The grafting of Schiff base to the backbone of MOFs
n

y with some functional groups.8%° Schiff base

by post-synthesis mov change the weak molecular interaction between Pd NPs and
MOFs and improve the ¥ability of PA@MOF. In 2011, Stock's group® reported for the first
time that a MIL-101 network was synthesized by nitrating terephthalate linker molecule to
rapidly implement MIL-101 functionalization. The modification is an important breakthrough
considering the affinity of Pd NPs for nitrogen atoms because it minimizes Pd NPs. Followed
this view, Cao’s group®! demonstrate that the stability of Pd NPs in amino-functionalized MIL-
53(Al)-NH: is higher than that of unfunctionalized MIL-53(Al).

Finally, we would like to briefly introduce the assistance methods used to improve PA@MOF

synthesis. The synthesis of PA@MOF by chemical reaction is an inevitable path, but slow
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chemical reactions are not conducive to the rapid requirements of industrial applications. In
order to meet this requirement, various assistance methods such as microwave irradiation,
ultrasonic irradiation, and surfactant-assisted synthesis can be utilized.*® %2 But the problem is
that these assistance methods need to consume extra energy. Finding a better synthesis strategy

is for further study.

3. HETEROGENEOUS CATALYTIC APPLICATIONS OF PD@MOF

3.1 PA@MOF catalysts for the C-C cross-coupling reaction. 3.1.1 Suzuki-Miyaura
reaction. PA@MOF as excellent catalysts, which has great catalysis performance for Suzuki
reaction. * Wang's group®° chose a stable zirconium-based MOF as a support carrier

to encapsulate Pd NPs. PA@DUT-67 has high catalytic a nd can achieve 99%

conversion and 89% selectivity under optimized conglgons. In another excellent example,

Pd@MIL-101-NH> with a Pd loading of 8 wt.% ully used to catalyze the Suzuki
reaction under optimized reaction conditio M han 40 biaryl compounds have been
successfully synthesized using the Suz @ ion catalyzed by Pd@MIL-101-NH>. Some of
the representative results are i TPbI@ 2. 1t can be found that the catalytic effect of
Pd@MIL-101-NH: is hig h t of most commercial catalysts from the Table 2. It is
important that Pd@ ’gz can be run continuously for many days in a flowing reactor

without loss of activity. W another work, PdA@MIL-125-NH> can also be reused 4 times without

loss of activity.®® This proves the potential of PdA@MIL industrial applications.

Table 2. PdA@MIL-101-NH, catalyzes the coupling of (hetero)aryl iodide to bromine. Date were taken

from ref 42, Copyright 2015 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim.

~BY 1 mol% Pd@MIL-101(Cr)-NH, (Het)Ar
2.equiv. K;CO;
+ (Het)Ar-X .
~ H,0/EtOH P
R~ R~
1 2 3
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a) X=1

B =
S “
|
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\\O 3a ™o 3c
Y=(0OH)y, 20°C, 0.5h Y=Pin, 50°C, 1h Y=Pin, 50°C, 1h
>99% >99% >99%
= (8]
fl\l’ / O:gﬁ-_,
NHBoc /“|\/ \N.p\(
- N |/? ‘ ’/JQHN/N
N NF 3d o Je b
~o 3
Y=(OH),, 20°C, 0.5h Y=Pin, 50°C, 1h Y=Pin, 50°C, 4h
>99% >99% >99%
b) X=Br
COoEt
d | -
ﬁ
\O e o 3g -
Y=(OH), 20°C, 0.5 h, 99% Y=(0OH)2, 20°C, 0.5 h, 99%
Y=FzK*, 20°C, 0.5 h, 99%
Y=MIDA, 50°C, 0.n. 99% @
o CO,Et
@jj
—
ON Ll
Y=(OH)z, 80°C MW, 10 min, 99%

Y=Pin, 20°C, 1 9
=

Y
R
i ~
~o =
3k

Y=(OH)z, 50°C, 1 h, 99% Y=Pin, 20°C, 1h, Y=Pin,50°C, 3h, 80%
>99%

In addition to PdA@MIL, PAd@UIO also exhibits excellent catalytic performance in the Suzuki

reaction. For example, PdA@UiO-66 and PA@UiO-67. The skeleton UiO-66 of Pd@UiO-66 has

a stable structure composed of an octahedral and tetrahedral mesh with diameters of 1.1 nm and

0.8 nm, respectively.*® The synthetic path of Pd@UiO-66 is shown in the Figure 3a. It can

efficiently catalyze the Suzuki coupling reaction of different halogenated aromatic

hydrocarbons with arylboronic acid under the optimal reaction conditions (K2COz is a base and
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1:1 alcohol-water mixed solvent is the medium) (Figure 3b).*® The results showed that the yield
of the Suzuki coupling reaction catalyzed by Pd@UiO-66 depends on the type of halide, the
position of substitution and the electron-withdrawing/electron-supplying ability of the halide.
The transmission electron microscope image is shown in Figure 3c. The structure of Pd@UIO
before and after the reaction remains stable, and the Pd nanoparticles are uniformly dispersed
on the UiO-66. Circulation experiment further confirmed Pd@UiO-66 has a long service life.
The initial catalytic activity was maintained after at least 5 cycles of use (Figure 3d). Another
excellent example is PA@UIO-67. It is worth noting that Pd@UiO-67 has the same high surface

area and high pore volume as the parent UiO-67 of about 2,00% and 0.79 cm3g?,

respectively.>? This allows its catalytically active sites to be magm ed to the reactants.
Meanwhile, under the strong constraints of the UiO-Q skeletonNhe leaching of Pd NPs is

minimized. Pd@UiO-67 can efficiently catalyze the S upling reaction of aryl chloride

with aryl boronic acid, and the activity is siggli her than that of single Pd NPs.

X + B(OH);
R x 16,01t b -
X = CLBr1, -

R = CHy NOg,
R -y

804 ==
60 -
404
204
0+
1 2 3
Run

Figure 3. (a) Schematic illustration of the synthetic process of Pd@UiO-66; (b) Pd@UiO-66

Pdia thO-66

Yield (%)

catalyzed Suzuki coupling reactions; (c) i) and ii) TEM images of fresh Pd@UiO-66, iii) and
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iv) reused catalyst; (d) Recyclability of Pd@UiO-66 for Suzuki reaction. Adapted with

permission from ref %, Copyright Springer Science+Business Media New York 2015.

Not all MOFs are stable, Liang's group* synthesized the PdA@MOF-5 composite catalyst
was unstable, its catalytic performance was significantly reduced in the second round of
catalytic reaction, and continued to decline in subsequent tests. The sudden decrease in the
catalytic activity of PdA@MOF-5 may be caused by the collapse of the pore structure of MOF-
5. In addition to the influence of the pore structure, Subsequent studies have found that the
loading of Pd and the type of base also affect the activity of PA@MOF to catalyze the Suzuki
reaction. Although the catalytically active component increases a ding increases, the

surface area and pore volume decrease, which reduces the chan tact of the catalytically

active component Pd NPs with the reaction substrate ggerefore, it is necessary to find the

optimum Pd loading, which helps to increase the ivity of PA@MOF. Zou's group*°
were studied the catalytic activities of Pd catalytic Suzuki reaction with different Pd
loadings. They were found that Pd@M% e most efficient catalytic activity when the Pd
loading is 8 wt.%. Meanwhile OF can be cycled at least ten times without
significantly reducing the Ivity. In another work, It was found that the crystallinity,
porosity and distribu NPs of PA@MOF was affected different anions (such as
carbonate and fluoride) 3nd cations (such as potassium and cesium) , which also affects the
activity of the PdA@MOF catalyst.*®

3.1.2 Heck reaction. In the Heck reaction, aryl bromide and chlorobenzene compounds are
difficult to activate due to the high bond energy of C-Cl and C-Br. Thus, the reaction of
brominated aryl esters or brominated chlorobenzenes with different olefins requires harsh
reaction conditions and extended reaction times. PdA@MOF as a catalyst can solve this problem
is used as a catalyst.2® For example, Li's group®? reported that the synthesized Pd@UiO-67

composite catalyst can efficiently activate C—CI bonds in the Heck reaction. Under the same
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conditions, Pd@Ui0-67 can more efficiently catalyze the coupling of chlorobenzene and
styrene to produce trans-1,2-diphenylethylene to compared with other types of Pd-containing
catalysts reported previously, the yield was as high as 81%,% which may be due to high porosity.
Meanwhile, the catalytic activity of Pd@UiO-67 remained essentially unchanged after at least
5 cycles due to the structure and crystallinity of PA@UiO-67 remained intact.

Pd@Ho-MOF can efficiently catalyze the Heck reaction of aryl iodide and methyl acrylate
due to its.® The free polypyridyl functional group on the backbone of Pd@Ho-MOF can
establish a strong interaction with Pd NPs, which is beneficial to improve the stability of the

catalyst. The highly stable Pd@Ho-MOF can efficiently catalyze%k reaction of aryl

iodide with methyl acrylate under the optimal reaction conditi MF; base: K>COg;

T=100 <C). The yield reached 99% in one hour. In ggneral, the™eaction yield of the Heck

reaction is related to the amount of catalyst used. H& @ it is worth noting that a small
amount of PA@MOF-3 can achieve high cat @)ut it takes a long time.®® The yield of
the PA@MOF-3 catalyzed the Heck reactj een 90 and 99% under optimized reaction

conditions.

with the traditional d catalysts.®® But in fact, at the mechanistic level, we know

Pd@MOF has improved ’G) ic ropertles and can be recycled many times to compared
very little about the HeXk reaction catalyzed by PdA@MOF.%" In order to further promote the
application of PA@MOF in the Heck reaction. We need to study the reaction mechanism of
Pd@MOF in the whole Heck reaction, including the catalytic mechanism and the deactivation
mechanism. This information helps to further extend the life of PA@MOF. Recently, Persson's
group® had made research in this regard (Figure 4). They used a newly developed custom
reactor to study in detail the mechanism by which PA@MOF catalyzes the Heck reaction

(Figure 4a). Figure 4c shows the sequence of operations. The activation and deactivation

pathways of the active substances are different under different reaction conditions and reaction
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stages (Figure 4b). They pointed out that the irreversible deactivation of the catalyst is neither
caused by the leaching of the active material nor by the decomposition of the crystal structure.
Instead, they discovered a new chemical deactivation mechanism in which chloride ions cover
the surface of Pd NPs (Figure 4d). This information is important to study how to extend the life
of the catalyst. Meanwhile, this information will help improve future catalytic systems.
Monitoring the entire experimental process by TEM and STEM/EDS, and the results are shown
in the Figure 4e and 4f. Although Pd nanoparticles were observed in all samples except the

initial sample, it was found that smaller Pd species (monomers, nanoclusters) were uniformly

distributed throughout the reaction in the MIL-101-NH: crystal. C

<
N
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Figure 4. (a) Custom-made reactor for combined operando XAS and PXRD measurements; (b)
Proposed Pd species at different stages during the Heck coupling reaction using Pd(I1)@MIL-
101-NH: as a catalyst. The red trace shows the temperature and the blue trace shows conversion
to the desired product. The value of CN in the figure refers to the coordination number of Pd—Pd
in the first shell; (c) Timeline of the operando XAS and PXRD experiments; (d) Proposed
mechanism for the Heck coupling reaction catalyzed by Pd(11)@MIL-101-NHz; TEM images
(e) and STEM image and EDS mapping (f) of Pd(11)@MIL-101-NH: at various stages during

the Heck reaction at 0% (e1—f1), 25% (e>—F2), 54% (e3—f3) and >99% (es—fs) conversion. The
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arrows in fz indicate a Pd nanoparticle on the surface of the MOF. Adapted with permission

from ref %1, Copyright 2018 American Chemical Society.

3.1.3 Sonogashira reaction. Pd@MOF-5 can efficiently catalyze the Sonogashira reaction
of aryl iodide and terminal acetyl in the absence of assistance from copper and ligands.®®
Electron-deficient aryl iodine exhibits higher activity than electron-rich aryl iodine in the
Pd@MOF-5 catalyzed Sonogashira coupling reaction. The substitution position of aryl iodide
also affects the reaction yield due to the spatial effect. The stability of PdA@MOF-5 is poor, and
the catalytic activity drops significantly during the third cycle. With the further development of

the research, the high stability Pd @ MOF used to catalyze the Sor(ga:shira coupling reaction

appeared. Li’s group®® reported a stable catalyst system Pd@&& efficiently catalyze

Sonogashira reaction at atmospheric pressure. The ciaracterizatdn results of PdA@ZrMOF

before and after the catalytic reaction indicate that @ alytic structure remains stable.
Simultaneous reproducibility tests indicate t PVIOF can be recycled multiple times,
and its catalytic activity is not signifi &ed after at least 5 cycles. In addition,
Pd@MIL-101 catalyzed Sonogashi C of 4-bromonitrobenzene with phenylacetylene
under optimized conditions cdg re 90%.% It is worth noting that the reaction yield of
electron-deficient brggin ajy! groups is high in the Sonogashira reaction catalyzed by
Pd@MIL-101. The reXtion yields of the sterically hindered 1-bromonaphthalene and 9-
bromophenanthrene were also 70% and 73%, respectively.

3.2 PA@MOF catalysts for redox reactions. 3.2.1 Aerobic oxidation of benzyl alcohol.
The aerobic oxidation of benzyl alcohol is one of the most studied among various alcohol
oxidation reactions.!® Pd NPs encapsulated by MOFs is one of the most promising methods
for catalyzing aerobic oxidation of benzyl alcohol. % 187 For example, Pd@Cu-MOF catalyze

the aerobic oxidation of benzyl alcohol can be obtained 100% conversion and 98% separation

yield in 24 hours, and the catalyst is stable during the catalytic process.>® The face-centered

18



cubic Pd NPs of Pd@Cu-MOF is the main catalytic active site for the oxidation of benzyl

alcohol.

Highly dispersed Pd NPs were supported on MIL-101, and their activity and stability was
evaluated for aerobic oxidation of benzyl alcohol.*" 1! Pd@MIL-101 can be used again after
simple filtering, and can be reused multiple times. Pd@MIL-101 catalyzes the turnover
frequency (TOF) of benzyl alcohol aerobic oxidation up to 16900 h! in the absence of alkali
and solvent-free conditions.?* The grafting of ethylenediamine to the MIL-101 not only does
not enhance the activity of catalyzing the oxidation of benzyl alcohol, but on the contrary
inhibition occurs. This phenomenon indicates that the open Cr si IL-101 may play

an important role in catalyzing the oxidation of benzyl alcohol.

3.2.2 Hydrogenation of olefin. Catalytic hydrogeatiOWis one of the most important in

5% rggs that were already on the market or
n ogenation process.1%? Catalytic selective

r reducing functional groups such as aldehydes

organic conversion reactions. Until 2013, 2

undergoing clinical trials involved at le

pres

most commonly used in Rlefirg hydrogenation supported Pd metal catalysts and are now

hydrogenation of olefins in the
and ketones is one of the most hydrogenation reactions.'%1%° pd@C catalysts are
commercially availabl®g€0oMpared to the PA@C catalyst, the PA@MOF catalyst has a more
regular structure and highly ordered pores.>® Comparing the catalytic performance of the two,
many studies have shown that Pd@MOF is better than Pd@C.*

The Tm-MOF material is a new three-dimensional structure with one-dimensional pores
(Figure 5a). Each organic link of the material contains two uncoordinated carbonyl functional
groups pointing to the channels. It is a wise choice to encapsulate Pd NPs using pre-synthesized
Tm-MOF as a carrier. Pd@Tm-MOF can maintain catalytic activity by repeating it for at least

3 times. ZIF-8 has a similar surface area and pore volume as Tm-MOF (Figure 5b, d).%® But,
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the catalytic activity of PA@ZIF is lower than that of Pd@Tm-MOF, which may be because the

former does not have an uncoordinated carbonyl functional group (Figure 5c, e).

Figure 5. (a) A structural diagram of the Tm-MOF; image (b) and EDS pattern (c) of

Pd/Tm-MOF; TEM image (d) and EDS pattern e@ -8. Adapted with permission from

ref %8, Copyright the Royal Society of Che

Jiang's group reported that P(% ith core-shell structure has great catalytic

performance for olefin hydr tiof).6” This is the first attempt of Pd@ZIF-8 photocatalytic
olefin hydrogenatio Figure 6a, PA@ZIF-8 can drive selective catalytic olefin
hydrogenation under visigle light. The selective catalytic properties may be due to the presence
of ZIF-8 as a shell, and large olefin molecule are unable to reach the catalytically active sites.
Figure 6b shows the core-shell structure of Pd@ZIF-8, a single Pd@ZIF-8 particle size of 250-
350 nm, and an encapsulated Pd NPs of 17 =3 nm. The catalytic effect of 60 mW-cm 2 full
spectrum or 100 mW-cm™ visible light drive at room temperature, which can be equivalent to
the catalytic effect at 50 <C (Figure 6c¢). The excellent catalytic performance may be due to the
broad absorption band and multiple active sites of Pd NPs. The recovery experiments clearly

show that the yield of PA@ZIF-8 is close to 100% in three consecutive runs, while for Pd NPs
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without ZIF-8 protection, the yield gradually decreases to only 21% in the third run. (Figure

6d).
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Figure 6. (a) In-situ one-step asse f Pd@ZIF-8 catalyst for multifunctional
catalytic olefin hydrogenation; and ii) HRTEM images of PANC:s, iii) SEM
IF-8, Inset in iv: Pd nanocubes inside ZIF-8; (c) The

and iv) TEM images of P

yields of the hydro Ql-hexene with latm H> over Pd NCs@ZIF-8 under full-
spectrum irradiation wRh different light intensities at room temperature or upon heating
at different temperatures; (d) Conversions of the hydrogenation of various alkenes over
Pd NCs@ZIF-8 and Pd NCs. Adapted with permission from ref 8, Copyright 2016

Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim.

Huang's group®®® introduced carbon materials to Pd@ZIF-8, the C@Pd@ZIF-8 catalytic
system has good stability in the catalytic hydrogenation of olefins. The catalytic activity of
C@Pd@ZIF-8 was estimated in the hydrogenation of unsaturated compounds, including

styrene, 1-heptene, cyclohexene, cyclooctene and quinoline. The initial catalytic activities of
21



C/Pd@ZIF-8 catalyzed hydrogenation of styrene, 1-heptene and cyclohexene were 89.70%,
88.96%, and 79.28%, respectively. After 5 cycles of catalytic activity, the catalytic activity of
C/Pd@ZIF-8 decreased only slightly, at 85.3%, 66.9%, and 37.5%, respectively. The skeleton
of PA@MIL-101 was stable and can be used multiple times. In addition, it is important to note
the effect of functional group electrons on the catalyst. The conversion of hydrogenation of
cyclohexene by Pd@MIL-140 containing phenyl, naphthyl and biphenyl groups, was 63%, 28%

and 15%, respectively.1%’

3.2.3 Nitroaromatic reduction. Nitroaromatic compounds such as nitrobenzene,
nitrophenol and their homologs are widely present in industrial #Nural wastewater.%®

These pollutions need to be degraded from the environment, Pd n be used, and porous

Zn-BDC encapsulated Pd NPs is used to catalytically reMgce 4-nitrophenol.®® Zn-BDC has an

excellent three-dimensional open frame that for double-sided quadrilateral anti-

+

prism cage (Figure 7). Each of its seconda il units is connected by BDC? and trz

cations, and the size of the window in t @ is direction is ca. 10.9 x6.9 A2 Computational

simulations have shown that i abfor® a solvent containing no guest molecules of
approximately 2466.5 A3, Q ith other supported Pd catalysts, Pd@Zn-BDC formed
by Zn-BDC encapsi\e™ d NPs can efficiently catalyze the hydrogenation of 4-

nitrophenol.
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Figure 7. (a) The possible role of the decomposm ,2,4-triazole) quinoxaline in the

construction of Zn-BDC; (b) Coordlnatlon of dimetallic Zn cluster in Zn-BDC,;
(c) The structural diagram from the b-a hree dimensional open window of ca. 10.9
=6.9 A? from the b-axis; (e) The st@ gram from the c-axis. Adapted with permission
from ref %, Copyright Ro;&)let of Chemistry and the Centre National de la Recherche

Scientifique 2015.

Zr-MOF (such as UiJ-66, UiO-67, etc.) is a kind of MOFs with extremely high thermal
stability and chemical stability. As a carrier for noble metal Pd NPs, they have broad application
prospects in industrial applications.®* Recently, a novel Zr-MOF, DUT-67 (DUT, Dresden
University of Technology), was used to encapsulate the Pd NPs for catalytic degradation of
nitrobenzene.®® Pd NPs with different loadings (0.3, 0.5, 1.0 wt.%) were highly dispersed on
the microcrystalline interface of DUT-67 by solvent injection methods. Pd NPs have a particle
size of about 3.5 nm under the action of the organofunctional group on the organic link of the
DUT-67 framework and the micropore limitation. The catalytic effect was best when the
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loading of Pd NPs was 0.5 wt.% and 1.0 wt.%, PdA@DUT-67 can exhibit excellent catalytic
performance (conversion: 99%; selectivity: 99%) for catalytic degradation of nitrobenzene

under the best conditions (ethanol-water mixed solvent, K2COs, 60 °C).

Pd@MIL-100(Fe) was synthesized by traditional injection has a uniform pore size, MIL-
100(Fe) providing support and space limitations for Pd NPs. In the absence of any surfactant as
a stabilizer, the size of the MIL-101(Fe) supported Pd NPs can be maintained in a fine state
without aggregation. Their catalytic performance was evaluated for the reduction of 2/3/4-
nitrophenol.®? Taking 4-NP as an example, firstly, through two kinds of forces, (i) 4-NP benzene
ring and organic link (HsBTC) in MIL-100(Fe) have strong ular m-m stacking

interaction, (ii) The coordination effect of the hydroxyl function on 4-NP and the Lewis

acid active iron site on MIL-100(Fe), 4-NP was adsorbe MIL-100(Fe). The active hydrogen

and electrons are then efficiently transferred fro dride ions to the Pd NPs, which

then attacks the 4-NP molecule and reduces |%

was maximally exposed to the reactants % 0 surfactant was involved in the synthesis. The

nitrophenol molecule can be m @co acted with the Pd NPs by the mass transfer of
MIL-100(Fe). This was Iik@@
improving the catalyt i .

Besides encapsulating single Pd NPs metal, MOFs are also excellent carriers for alloy Pd

eanwhile, the active site of the Pd NPs

ion of millions of nanoreactors at the same time, greatly

NPs metal. The noble metal is doped with some other cheaper metals, which is advantageous
to reduce the cost of the catalyst while maintaining catalytic activity. Such as Au, Ni, Cu, and
Fe, can be used to modify the Pd metal to manipulate the d-band electronic structure, which can
increase the bonding strength of the reactants to the active sites of the metal.”® It was important
to find the right ratio to optimize the catalytic activity while reducing the cost of the catalyst by
adjusting the ratio of Pd metal to other metals. For example, the catalyst activity increases with

the ratio of Ni. When the Pd/Ni ratio reaches 24, the catalytic performance was optimal, and
24



the nitrobenzene can be efficiently catalytically reduced at room temperature.’ It is a great hope
for the synthesis of new catalysts that the incorporation of metal alloys into functionalized

MOFs.

3.3 PA@MOF catalysts for tandem reactions. In a one-pot tandem reaction, the resulting
intermediate does not require separation, purification, and transfer, thereby saving energy.2%® It
is a compelling solution in green chemistry that use of multifunctional catalysts to catalyze
multi-step tandem reactions. In a tandem reaction, the intermediate product produced in the
previous step can be directly used as the reactant of the next reaction.!%12 |t helps to reduce

by-products and waste generated in separate single-step reacti %DF was excellent

catalysts for tandem reactions, Pd NPs and MOFs can synergi em reaction.13-116 For

example, PA@UiO-66-NH> has higher catalytic activig and higher selectivity due to the

synergistic effect of Pd NPs and MOFs. Combine& oxidation activity of Pd NPs and
the Lewis acidic site of UiO-66-NHz, P

iO- H> can efficiently catalyze one-pot

acetylation tandem reaction (Conversia

Pd@UiO-66-NH; can be quick@

er simple centrifugation. In another excellent example,

1%; selectivity: benzaldehyde acetal, 99.9%).”

®m the liquid phase, and can be reused at least 5

times in subsequent contin

Pd@Cu-MOF (Cu- gBDC)z DABCOMOF) was synthesized by MOFs-derived
carbon (Cz-MOF-253) Wpported Pd NPs, which has excellent catalytic performance for
catalyzing one-pot tandem reaction.!*® The bimetallic Pd NPs-containing catalytic system
supported by MOFs was a new choice for catalyzing one-pot tandem reaction.

In the bimetallic Pd NPs-containing catalytic system supported by MOFs, in addition to the
synergy between Pd NPs and MOFs, there was also a synergy between Pd NPs and other metals
(such as Au, Ag, Pt, Ni, and so on). This synergistic effect makes the bimetallic Pd-containing
catalysts likely to be superior to the single metal Pd-containing NPs catalysts. Xu's group!’

using DPISM prepared Ag-Pd@MIL-101 can efficiently catalyze the multi-step tandem
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reaction to synthesize diarylamine. Ag-Pd@MIL-101 carries three catalytically active sites,
MIL-101 provides a catalytically active site for Lewis acids, Pd NPs provide hydrogenation
activity, and Ag NPs can significantly increase selectivity for the desired product (Figure 8). In
the work, a comparative study of Ag-Pd@MIL-101 with commercial catalyst Pd@C shows that
the former has higher catalytic selectivity than the latter.!'” This demonstrates the superiority
of MIL-101 as a carrier and alloy system. In another excellent example, we briefly mention an
uncommon MOF, Mn(11)-MOF[(MnL2) 2CH3sOH] used as a support carrier containing Pd alloy.
The catalytic performance of Pd-Au@Mn(I1)-MOF was detected based on a one-pot tandem

reaction of benzyl alcohol and benzylamine or benzyl alcohol an ine.” In the work, the

conversion of imine benzyl alcohol having an electron withd can reach 93-99%.

The yield of amines with electron-withdrawing grougg can reac™93-99%, but the yield of
amines with electron-donating groups was only 59-93ugh many examples demonstrate
that MOFs-loaded Pd-containing alloys icgl in reducing catalyst costs while

maintaining or even increasing catalyst Q W¥ny alloy forms have not been tried. This

program deserves further study. @
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Figure 8. (a) Synergistic catalytic multi-step tandem reaction of each component of the Pd-
Ag@MIL-101 catalyst; (b) Synthesis of secondary arylamines through hydrogenation of

nitrobenzene and reductive amination of benzaldehyde; (c) i) TEM images showing the
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ultrafine PAAg NPs in Pd2Ag:@MIL101, ii) TEM images for Pd2Agi:@MIL101 catalyst after
three runs of the reaction; (d) Recycling performance for the conversion of A and selectivity to
the target D after the two-step reaction over PA@MIL-101; (e) Recycling and filtration tests as
well as the control experiment with introduction of pyridine during the reaction process over
Pd2Agi@MIL-101 catalyst. Adapted with permission from ref 7, Copyright 2015 American

Chemical Society.

4. PHOTOCATALYSIS APPLICATION OF PD@MOF

In 1972, Japan's Fujishima and Honda'® discovered that the semiconductor material TiO2

single crystal electrode can photocatalytic decompose water. S %y scientists began

extensive research on photocatalysis technology.***?° Photo I technology has many

advantages,*?"*%° (i) the operating conditions are mild simple; (ii) the reaction matrix and

intermediate products will be completely mineralj t secondary pollution; (iii) solar
properties can exhibit photocatalytic A 131135 MOFs are one of the most promising
materials for photocatalytic appl sJ° ™ The band gap of MOFs material was strictly
related to the HOMO-LU gnd the energy absorbed by the MOFs material can be
directly transferred fr gﬂc link to the metal oxygen cluster, and the energy conversion
efficiency was high. In addition, other photocatalytically active materials can be introduced into

the framework of the MOFs material. 14144

4.1 Pd@UIO for photocatalysis. Pd@MOF has higher surface area and catalytic active sites.
Meanwhile, it can quickly and stably accept photogenerated electrons from the MOFs skeleton
and promote photogenerated electrons due to the famous plasma effect of Pd NPs. The hole
pairs are separated, thereby greatly improving the photocatalytic efficiency of the photocatalyst
(Figure 9a). UiO-66-NH> was a photoresponsive material with excellent properties. In the

structure of UiO-66-NHy, the zirconium oxygen cluster was surrounded by a terephthalic acid
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ligand in the form of quantum dots, and the NH> group acts as an auxiliary color group.
Terephthalic acid ligands can absorb light energy like an antenna and efficiently transfer energy
to the inorganic zirconium oxide cluster (Figure 9b). Meanwhile, UiO-66-NH> was an excellent
carrier for encapsulating Pd NPs. Pd@UiO-66-NH, has higher photocatalytic activity and
stability than Pd NPs or UiO-66-NH> alone.”” The excellent performance of Pd@UiO-66-NH:
may be due to the following three aspects: (i) the tight structure between the highly dispersed
Pd NPs and the MOFs main body enhances the light trapping effect; (ii) the photogenerated
electrons generated by the MOFs main body, it was transferred to Pd NPs and rapidly consumed,

which effectively inhibits photogenerated electron-hole recom% (iii) the porous
i

ive sites for redox

structure of MOFs and highly dispersed Pd NPs provide mor
reactions. Based on the excellent photocatalytic properiges of Pd@WiO-66-NHoy, it can be used

in various fields such as environmental remediation (Fi % and organic conversion (Figure

<
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Figure 9. (a) Possible roles of incorporated Pd NPs as synergistic catalyst in photocatalytic
applications by acting as electron reservoirs. (b) A diagram drawing of the structure of UiO-66-
NH. based on the structure of UiO-66. Zirconium-oxygen clusters (green part); N of the free
amino groups (blue dots); Possible mechanism of the photocatalytic application by Pd@UiO-
66-NH, (c) reduction of Cr(VI) over Pd@UiO-66-NH,. Adapted with permission from ref 72,
Copyright the Royal Society of Chemistry 2013; (d) Visible-Light Promoted Suzuki Coupling
Reaction over Pd@UiO-66-NH.. Adapted with permission from ref %8, Copyright 2016

American Chemical Society.

It is two important issues that the treatment heavy metal polluti %tewater containing

organic dyes in the environmental field.1*1°* Fortunately, Pd search has shown it to
be one of the most promising photocatalysts in this fi The photogenerated electrons and
iation are respectively transferred

holes generated by Pd@UiO-66-NH. under visibl%
to oxidation and reduction active sites to% xidation and reduction reactions. For

e the degradation of organic dyes such as MO

example, the generated holes are used td
nsumed for the reduction of Cr(V1).”? In the single

and MB, and the generated eleb e
pollution system, the redu Cr(VI) was 70% under continuous irradiation of visible

adation rates of MO and MB were 5% and 38%, respectively.’

light for 60 minutes, a
In the composite pollutid system where Cr(VI), MB and MO coexist, there may be mutual
promotion effects between the pollutants. For example, in Cr(V1)/MO and Cr(VI)/MB binary
systems, the degradation rates of Cr(V1) are 79% and 100%, respectively,’?> which significantly

higher than the degradation rate of a single system. Meanwhile, the presence of Cr(VI) may

also promote photocatalytic oxidation of MO and MB.

In addition, Pd@UiO-66-NH> can use solar energy instead of heat to drive the Suzuki
reaction. Pd@UiO-66-NH> catalyzes excellent results due to combined with UiO-66-NH high

light responsiveness and catalytic activity of Pd NPs. Pd@UiO-66-NH> catalyzed conversion
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of iodobenzene and phenylboronic acid can be as high as 99%, the conversion number was as
high as 2514 h'* under the optimal reaction conditions (photocatalyst: 5 mg, iodobenzene: 0.8
mmol, phenylboronic acid: 1.6 mmol, TEA: 2.4 mmol, N2, DMF/H20: 1/1, 16 mL, visible light
irradiation, reaction time 5 h).*® Compared with other Pd-containing photocatalysts,>>1%°

Pd@Ui0-66-NH. photocatalytic Suzuki coupling reaction was one of the best.

MOF-encapsulated alloyed Pd NPs can be used in the energy field.8%: 1%° For example, UiO-
66 (ZrwoxTix) (Full name: Titanium-doped zirconium amine functionalized MOFs)
encapsulated Au/Pd can catalyze the hydrogen production of formic acid at room
temperature.!®® The catalytic activity of Au/Pd@UiO-66 was 1qu r than that of the
corresponding UiO-66 supported single metal catalyst due to t y between Au, Pd and
MOF. Au/Pd@UiO-66 can increase hydrogen produclgn by a factor of 1.5 and achieve
hydrogen yield (42000 mL h™g?) at high TOF% igure 10).** Au@Pd@UiO-66

catalyzes the reaction pathway to produce h@

When the Pd bond dissociates, many asic amino groups will have a positive effect,

and the Pd catalytic active site @ib for promoting the C—H bond cleavage to form

COo.. Finally, molecular hy: produced by the action of -"HNH..

?\

formic acid as shown in Figure 10b.
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rs) or under visible light irradiation (gray bars, A > 420

t catalysts. Adapted with permission from ref 161, Copyright

4.2 Pd@MIL for photocatalysis. The porous structure of MIL-101(Fe) provides an
additional channel for the migration of photogenerated electrons. Photogenerated electrons
rapidly migrate from MIL-100(Fe) to Pd NPs for reaction after MIL-100 (Fe) encapsulation of
Pd NPs, which was beneficial to the separation of photogenerated electron-holes.*®? In addition,
the ultra-high surface area of PdA@MIL-100(Fe) provides more catalytically active sites, which
facilitates contact of the reactants with the catalytically active sites. Because of its excellent

photocatalytic properties, Pd @ MIL-100 (Fe) can also be used for environmental remediation,

31



such as degradation of organic dyes (Figure 11a), reduce heavy metal ions (Figure 11b), remove
pharmaceutical and personal care products (PPCPs) (Figure 11c), and organic conversion

(Figure 11d).
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Figure 11. Schematic diagram of the prop ism for photocatalytic by PdA@MIL-
n

100(Fe) under visible-light irradiation (A - (

a) and (b) The photocatalytic degradation

of MO and reduction of Cr(V1). Aags®d Wgh permission from ref 2, Copyright Tsinghua
University Press and Sprin ang Berlin Heidelberg 2015. (c¢) The photocatalytic
degradation of PPC VEORPAFPMIL-100(Fe) under visible light irradiation. Adapted with
permission from ref "* Copyright 2015 Elsevier B.V. (d) Photocatalysis for N-alkylation of

aniline with benzyl alcohol via hydrogen auto-transfer process. Adapted with permission from

ref 163, Copyright 2016 Elsevier Inc.

Prior to the advent of Pd@MIL-100(Fe), photocatalytic technology was used for the
degradation of PPCPs.1%+168 To date, TiO, with semiconducting properties was still one of the
most commonly used photocatalysts for environmental remediation.'®® However, further
photocatalytic applications of TiO> are greatly limited due to the low surface area and lack of
visible light responsiveness. PA@MIL-100(Fe) was the most promising alternative to TiO.. For
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example, due to the visible light responsiveness of MIL-100(Fe), PA@MIL-100(Fe) can
effectively degrade PPCPs under visible light.” In addition, PA@MIL-100(Fe) has high

stability and retains its original photocatalytic activity after four consecutive cycles of operation.

Pd@MIL-100(Fe) was also a green photocatalyst for catalyzing organic synthesis. In 2016,
Pd@MIL-100(Fe) was first reported for the catalytic alkylation of amines and alcohols under
visible light.1%® Similar to conventional semiconductor photocatalysts, MIL-100 (Fe) is excited
by photons under visible light to produce photogenerated electron-hole pairs. The
photogenerated electrons are then rapidly transferred to Pd NPs with lower Fermi levels. The
benzyl alcohol was activated after being introduced into the cgaNg tem and produces

electrons that have formed an alkoxide intermediate. Next, bond of the alkoxide

intermediate was cleaved to form benzaldehyde. nwhile, hydrogen molecules are
transferred to electron-rich Pd NPs to form Pd h pounds. Finally, hydrogenation
under the catalysis of the Lewis acid site% 00(Fe) and Pd hydrogen compounds

produces N-alkylamines.

Finally, it was worth mentigfiing the introduction of other nano-scale semiconductor
materials such as phosph@tlc acid (PTA) and TiO2 in support material can form a

multicomponent syste IMprove photocatalytic activity.”® 10 For example, Pd-PTA@MIL-

100 (Fe) can achieve higher photocatalytic activity than PTA@MIL-100 (Fe) and MIL-100 (Fe)
because of the introduction of PTA.1"* With the degradation of PPCPs as a reaction model, there
may be two types of charge transfer paths for Pd-PTA@MIL-100(Fe). The photocatalytic
activity of Pd-PTA@MIL-100(Fe) may be enhanced by three reasons (i) high conductivity of
Pd NPs and PTA,; (ii) strong visible light responsiveness of MIL-100(Fe); (iii) The energy level

matching between the three components can increase the carrier migration rate.

5. CONCLUSIONS AND PROSPECT
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Pd NPs supported by versatile MOFs are used for heterogeneous catalysis, which not only
inherits the advantages of a single material but also demonstrates the characteristics of its
synergistic catalysis. In the last two decades, although some exciting progresses have been
made, the field is still in its infancy and there are still some challenges (Figure 12). In order to
further industrialization, it is of great significance to develop excellent synthesis methods, to
study the basic mechanism of PdA@MOF in the whole reaction process, and to expand its

application range.

_______________ —————

C-C coupling
reactions

Dispersed 1

structure | .
______ \ Redox reaction

Core-shell 1

structure 1 Tandem reaction
—— — r —

Photocatalysis

————d Solutions

Optimum synthesis;
Functionalized MOF;
Magnetization and alloying;
Use solar energy

Figure 12. Diagram summary of Pd NPs supported by versatile MOFs for heterogeneous
catalysis.

Pd NPs highly dispersed in MOFs can be obtained by traditional synthesis methods such as
solution injection and chemical vapor deposition. However, excessive consumption of metal
precursor solvents is uneconomic and it is difficult to control Pd NPs from fully entering the
MOF pores. In this way, some metals will gather on the surface of MOF during the synthesis
process, resulting in low activity. The above problems are solved by the method of DSPIM.

The complex and energy-intensive operation process forced scientists to develop a one-step
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synthesis method to achieve the simple one-step synthesis of PA@MOF. Meanwhile, as
mentioned in chapter 2, in addition to the simple and low-energy operation process, another
issue requiring to be considered in the synthesis process is the structure of PA@MOF. That is
how to prevent the aggregation of Pd NPs and expose Pd NPs to the surrounding environment
as much as possible. Pd@MOF sandwich structure is an excellent innovation. It can not only
encapsulate Pd NPs well but also control mass transfer through the pore structure of the MOF
shell, so that the reaction matrix can be in contact with the catalyst to the greatest extent without
worrying about a large amount of Pd NPs aggregation and leaching. In addition, a weak link
between Pd NPs and MOFs is of concern, which leads to instabilgy and low activity of the

catalyst. This aspect needs further exploration.

As mentioned above, despite great efforts, synthesis 8§ PdA@MOF with high stability, high

r its wide application in industry

activity, low cost, and long service life is still very@
and commerce. In the future, it is urgent to fi ore ®XCellent and efficient synthesis methods:

o Synthesis of better struc ing full play to the versatile function of MOF

and adjustable pore structureG%ti ly control mass transfer, and reaction matrix and

product diffusion;

o In ord p better synthesis methods, further exploration of existing
synthetic methods isWeeded. The interface interaction between the metal core and the MOF
shell needs to be clarified. The growth and formation mechanism of Pd NPs in MOF wells
needs to be clarified.

° All kinds of assisting synthesis methods should be developed, which could solve

the shortcomings that are difficult to overcome through complex chemical methods.

Pd@MOF has been widely studied not only in synthesis but also for applications. In fact, it
is widely used in fine chemical fields, such as catalytic Suzuki coupling reaction, Heck reaction,

Sonogashira reaction, and benzol aerobic oxidation, olefin and nitrobenzene hydrogenation
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reduction reactions. And high catalytic activity was obtained in these typical C—C coupling
reactions and typical redox reactions. However, the mechanism of Pd@MOF as a
heterogeneous catalyst for these reactions still need further study. So far, we still can't
understand exactly the role of PdA@MOF in the whole catalytic process. Therefore, in the future,
on the one hand, we should focus on revealing the catalytic mechanism of Pd@MOF, whether
Pd NPs plays a large role or MOFs plays a leading role, or both play a synergistic catalytic role.
It is now widely believed that Pd NPs and MOFs play a synergistic catalytic role. Therefore,
what is the specific mechanism? The charge interaction between them needs to be studied. How
to coordinate the charge interaction between them and apply their syfergistic catalysis to some
important but challenging reactions is of great significance. In QgdeNyr these mechanisms,
it is necessary to develop in-situ or ex-situ characterigation teciNques, and meanwhile, its

structure and catalytic mechanism can be further discus m ombining theoretical calculation.

On the other hand, as important as the ca 'c%anism of PA@MOF is the inactivation

mechanism of PA@MOF, which urgentlAgeed§to be understood. The inactivation of Pd@MOF

is a great challenge for its furt@al

ability of PA@MOF in long-term catalytic processes.

application. Up to now, few studies have given

convincing evidence to pg
Obviously, as most 1 ve shown, the specific mechanism leading to Pd@MOF
inactivation cannot be ckearly understood only by XRD and electron microscopy. Now, the

things that need to be explored are:

o Changes in the supporting structure of MOF in the catalytic process;

°® Studying the influence of base ions on catalytic activity, crystallinity and Pd NPs
distribution;

o At different catalytic stages, what are the specific active sites of catalytic, and

what is the effect of Pd NPs in different valence states on catalysis.
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These studies of the catalyst are very important for the development of catalysts with high
stability for industrial catalytic processes. Thus, it is necessary to develop more advanced

technologies or combine traditional existing technologies with innovations for further research.

In addition to the highly desirable application of PA@MOF in fine chemistry, the potential
applications related to other fields are urgent to be developed, especially in the field of energy
and environment. As mentioned earlier in this review, the synthesis of fine chemical products
can be efficiently driven by solar energy by the catalysis of PdA@MOF. Meanwhile, PA@MOF
can also be used for photocatalytic hydrogen production and environmental remediation. As we
all know, hydrogen energy is considered as one of the most nergy sources for
development and application in the 21st century, and Pd NPs, t etal supported by the

MOF, can play a great role in this field. By contrast, maf§gpeople do not understand why noble

metals are used for environmental remediation. P support the use of noble metals
to repair the ecological environment, the mai@onsidering the economic cost, but this
can be solved, in the future:
°® We can alloy n e@s nd non-noble metals, according to a certain
proportion, in the case ming catalytic activity, greatly reduce the cost of catalysts;
°® It can Qnetic materials with Pd@MOF to form a core-shell structure,
or other better struct®res, so that expensive catalysts can be more easily separated from the
reaction mixture for recycling;
o By studying the mechanism, seek innovative technology, maintain the stability
of catalyst in the catalytic process, extend its service life, and indirectly reduce the cost of

catalyst.

This composite material can combine the advantages of Pd NPs and the versatility of MOFs
to achieve unexpectedly excellent performance. With continued efforts in this field, we believe

that more functional applications of Pd@MOF will be discovered. However, there seems to be
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some potential harm to human beings and the ecological environment under the bright prospect
of such nanomaterials, which also needs to be paid attention to. Relevant detection technologies
need to be developed and normative laws and regulations need to be formulated to prevent

potential heavy metal pollution caused by the massive application of these nanomaterials.

In summary, MOFs has been proved to have excellent potential to encapsulate Pd NPs for
heterogeneous catalysis, and this heterogeneous catalyst has a broad application prospect.
However, with the rapid development of technology, we should also keep the original intention

of benefiting mankind and avoiding irreparable harm to the ecological environment while
developing technology and economy. %

AUTHOR INFORMATION

Corresponding Author

Guangming Zeng,*? Zhifeng Liu,** Rong Xi @

&College of Environmental Science and ering, Hunan University and Key Laboratory of

Environmental Biology and P nt bl (Hunan University), Ministry of Education,
Changsha 410082, P.R. Chj
b Department of Der cond Xiangya Hospital, Central South University, Changsha
410011, P R China.

E-mail: zgming@hnu.edu.cn  (G.M. Zeng); zhifengliu@hnu.edu.cn (Z.F. Liu);

xiaorong65@csu.edu.cn (R. Xiao).

Author Contributions

7 These authors contribute equally to this article.

Funding:

38


mailto:zgming@hnu.edu.cn
mailto:zhifengliu@hnu.edu.cn
mailto:xiaorong65@csu.edu.cn

The study was financially supported by the Program for Changjiang Scholars and
Innovative Research Team in University (IRT-13R17), the National Natural Science
Foundation of China (51679085, 51579096, 51378192, 51039001, 51378190, 51521006,
51508177), the Fundamental Research Funds for the Central Universities of China
(531107050930, 531107051205), the Funds of Hunan Science and Technology
Innovation Project (2018RS3115), the Key Research and Development Project of Hunan

Province of China (2017SK2241).

Notes:

There are no conflicts to declare. %

REFERENCES:

(1) Yoon, M.; Srirambalaji, R.; Kim, K. Homo etal-Organic Frameworks for

10.1021/cr2003147.

Asymmetric Heterogeneous Catalysis. Cie:@mu 112 (2), 1196-1231, DOI:

(2) Dhakshinamoorthy, A.; Asiri, A a, H. Metal Organic Frameworks as Versatile

Hosts of Au Nanoparticles in

DOL: 10.1021/acscata1.6bo@6)

(3) Gong, C.; Chen, F..\#ng¥Q.; Luo, K.; Yao, F. B.; Wang, S. N.; Wang, X. L.; Wu, J. W.; Li,

ous Catalysis. ACS Catal. 2017, 7 (4), 2896-2919,

X. M.; Wang, D. B.; Zeng, G. M. Heterogeneous Activation of Peroxymonosulfate by Fe-Co
Layered Doubled Hydroxide for Efficient Catalytic Degradation of Rhoadmine B. Chem Eng J
2017, 321, 222-232, DOI: 10.1016/.cej.2017.03.117.

(4) Xia, Q.; Wang, H.; Huang, B.; Yuan, X.; Zhang, J.; Zhang, J.; Jiang, L.; Xiong, T.; Zeng, G.
State-of-the-Art Advances and Challenges of Iron-Based Metal Organic Frameworks from
Attractive Features, Synthesis to Multifunctional Applications. Small 2019, 15 (2), e1803088,
DOI: 10.1002/sml1l.201803088.

(5) Chughtai, A. H.; Ahmad, N.; Younus, H. A.; Laypkov, A.; Verpoort, F. Metal-Organic
39



Frameworks: Versatile Heterogeneous Catalysts for Efficient Catalytic Organic
Transformations. Chem. Soc. Rev. 2015, 44 (19), 6804-6849, DOI: 10.1039/c4cs00395k.

(6) Liu, Y.; Liu, Z.; Huang, D.; Cheng, M.; Zeng, G.; Lai, C.; Zhang, C.; Zhou, C.; Wang, W.;
Jiang, D.; Wang, H.; Shao, B. Metal or Metal-Containing Nanoparticle@MOF Nanocomposites
as a Promising Type of Photocatalyst. Coordin Chem Rev 2019, 388, 63-78, DOI:
https://doi.org/10.1016/j.ccr.2019.02.031.

(7) He, K.; Zeng, Z.; Chen, A.; Zeng, G.; Xiao, R.; Xu, P.; Huang, Z.; Shi, J.; Hu, L.; Chen, G.
Advancement of Ag-Graphene Based Nanocomposites: An Overview of Synthesis and its
Applications. Small 2018, 14 (32), €1800871, DOI: 10.1002/smll.2 0871.

(8) He, K.; Chen, G. Q.; Zeng, G. M.; Chen, A. W.; Huang, Z. € %ﬂuang, T. T.; Peng,

M.; Hu, L. Three-Dimensional Graphene Supported Cgtalysts for

rganic Dyes Degradation.

Appl. Catal. B-Environ. 2018, 228, 19-28, DOI: 10.10R§g/j.a8¢atb.2018.01.061.

.;@C.; Chen, M.; Liu, Y.; Jiang, Y.; Yan,

orous Carbon Nanospheres: Noteworthy

(9) Shao, B.; Liu, Z.; Zeng, G.; Liu, Y.; Yan

M. Immobilization of Laccase on Hol
Immobilization, Excellent Stability@ cious for Antibiotic Contaminants Removal. J.
Hazard. Mater. 2019, 362, 318@ :10.1016/j.jhazmat.2018.08.069.

(10) Campelo, J. : LL@; Luque, R.; Marinas, J. M.; Romero, A. A. Sustainable

Preparation of Supped Metal Nanoparticles and Their Applications in Catalysis.
ChemSusChem 2009, 2 (1), 18-45, DOI: 10.1002/cssc.200800227.

(11) Wang, H.; Zeng, Z.; Xu, P.; Li, L.; Zeng, G.; Xiao, R.; Tang, Z.; Huang, D.; Tang, L.; Lai,
C.; Jiang, D.; Liu, Y.; Yi, H.; Qin, L.; Ye, S.; Ren, X.; Tang, W. Recent Progress in Covalent
Organic Framework Thin Films: Fabrications, Applications and Perspectives. Chem. Soc. Rev.
2019, 48 (2), 488-516, DOI: 10.1039/c8cs00376a.

(12) Zheng, Z.; Li, H.; Liu, T.; Cao, R. Monodisperse Noble Metal Nanoparticles Stabilized in

SBA-15: Synthesis, Characterization and Application in Microwave-Assisted Suzuki—Miyaura

Coupling Reaction. J Catal 2010, 270 (2), 268-274, DOI: 10.1016/j.jcat.2010.01.004.
40


https://doi.org/10.1016/j.ccr.2019.02.031

(13) Zhu, Q. C.; Shen, B. X.; Ling, H.; Gu, R. Cumene Hydroperoxide Hydrogenation over
Pd/C  Catalysts. J.  Hazard.  Mater. 2010, 175 (1-3), 646-650, DOL:
10.1016/j.jhazmat.2009.10.057.

(14) Amali, A. J.; Rana, R. K. Stabilisation of Pd(0) on Surface Functionalised Fe3O4
Nanoparticles: Magnetically Recoverable and Stable Recyclable Catalyst for Hydrogenation
and Suzuki-Miyaura Reactions. Green Chem. 2009, 11 (11), 1781-1786, DOI:
10.1039/b6916261p.

(15) Polshettiwar, V.; Len, C.; Fihri, A. Silica-Supported Palladium: Sustainable Catalysts for
Cross-Coupling Reactions. Coordin Chem Rev 2009, 253 (¥-22), 2599-2626, DOI:
10.1016/j.ccr.2009.06.001. %

(16) Canivet, J.; Aguado, S.; Schuurman, Y.; Farrggseng, D. WIOF-Supported Selective

Ethylene Dimerization Single-Site Catalysts Through \%

Am. Chem. Soc. 2013, 135 (11), 4195-4198, @mamuox.

(17) Hoskins, B. F.; Robson, R. Infi

ot Postsynthetic Modification. J.

eric Frameworks Consisting of Three
Dimensionally Linked Rod-like Seg @» . m. Chem. Soc. 1989, 111, 5962-5964.

(18) Hoskins, B. F.; Robson, R@n and Construction of a New Class of Scaffolding-Like
Materials Comprisi In@olymeric Frameworks of 3D-Linked Molecular Rods. a
Reappraisal of the %nide and Cadmium Cyanide Structures and the Synthesis and
Structure of the Diamond-Related Frameworks [N(CH3)4][CulZnlI(CN)4] and Cul[4,4',4",4"-
Tetracyanotetraphenylmethane]BF4.xC¢HsNO». J. Am. Chem. Soc. 1990, 112 (4), 1546-1554,
DOI: 10.1021/ja00160a038.

(19) Corma, A.; Garcia, H.; Llabres 1 Xamena, F. X. Engineering Metal Organic Frameworks
for Heterogeneous Catalysis. Chem. Rev. 2010, 110 (8), 4606-4655, DOI: 10.1021/cr9003924.
(20) Dhakshinamoorthy, A.; Garcia, H. Catalysis by Metal Nanoparticles Embedded on Metal-
Organic Frameworks. Chem. Soc. Rev. 2012, 41 (15), 5262-5284, DOI: 10.1039/c2cs35047e.

(21) Ren, J. J.; Li, T. R.; Zhou, X. P.; Dong, X.; Shorokhov, A. V.; Semenov, M. B.; Krevchik,
41



V. D.; Wang, Y. H. Encapsulating All-Inorganic Perovskite Quantum Dots into Mesoporous
Metal Organic Frameworks with Significantly Enhanced Stability for Optoelectronic
Applications. Chem Eng J 2019, 358, 30-39, DOI: 10.1016/j.cej.2018.09.149.

(22) Moon, H. R.; Lim, D. W.; Suh, M. P. Fabrication of Metal Nanoparticles in Metal-Organic
Frameworks. Chem. Soc. Rev. 2013, 42 (4), 1807-1824, DOI: 10.1039/c2¢s35320b.

(23) Li, H. C.; Liu, W. J.; Han, H. X.; Yu, H. Q. Hydrophilic Swellable Metal-Organic
Framework Encapsulated Pd Nanoparticles as an Efficient Catalyst for Cr(VI) Reduction. J.
Mater. Chem. A 2016, 4 (30), 11680-11687, DOI: 10.1039/c6ta03688k.
(24) Biffis, A.; Centomo, P.; Del Zotto, A.; Zecca, M. Pd Metal CaiflySts for Cross-Couplings
and Related Reactions in the 21st Century: A Critical Review. e %

018, /18 (4), 2249-

2295, DOI: 10.1021/acs.chemrev.7b00443.

(25) Deraedt, C.; Astruc, D. “Homeopathic” Palladium Opgrticle Catalysis of Cross Carbon-
Carbon Coupling Reactions. Accounts Chem @4 7,494-503.

(26) Wang, Y.; Yao, J.; Li, H.; Su, D.; Ant 1gh1y Selective Hydrogenation of Phenol
and Derivatives overan@Carbon lyst in Aqueous Media. J. Am. Chem. Soc. 2011,
133 (8), 2362-2365, DOI: 10. 1@ 56y.

(27) Linic, S.; Asla @gter C.; Morabito, M. Photochemical Transformations on
Plasmonic Metal Nanorticles. Nat. Mater. 2015, 14 (6), 567-576, DOI: 10.1038/nmat4281.
(28) Liz-Marzan, L. M.; Murphy, C. J.; Wang, J. Nanoplasmonics. Chem. Soc. Rev. 2014, 43
(11), 3820-3822, DOI: 10.1039/c4cs90026;.

(29) Balanta, A.; Godard, C.; Claver, C. Pd Nanoparticles for C-C Coupling Reactions. Chem.
Soc. Rev. 2011, 40 (10), 4973-4985, DOI: 10.1039/c1cs15195a.

(30) Chinchilla, R.; Najera, C. Recent Advances in Sonogashira Reactions. Chem. Soc. Rev.
2011, 40 (10), 5084-5121, DOI: 10.1039/clcs15071e.

(31) Ganapathy, D.; Sekar, G. Palladium Nanoparticles Stabilized by Metal-Carbon Covalent

Bond: an Efficient and Reusable Nanocatalyst in Cross-Coupling Reactions. Catal. Commun.
42



2013, 39, 50-54, DOI: 10.1016/j.catcom.2013.04.028.

(32) Chaplin, B. P.; Reinhard, M.; Schneider, W. F.; Schuth, C.; Shapley, J. R.; Strathmann, T.
J.; Werth, C. J. Critical Review of Pd-Based Catalytic Treatment of Priority Contaminants in
Water. Environ. Sci. Technol. 2012, 46 (7), 3655-3670, DOI: 10.1021/es204087q.

(33) Tedsree, K.; Li, T.; Jones, S.; Chan, C. W.; Yu, K. M.; Bagot, P. A.; Marquis, E. A.; Smith,
G. D.; Tsang, S. C. Hydrogen Production from Formic Acid Decomposition at Room
Temperature Using a Ag-Pd Core-Shell Nanocatalyst. Nat. Nanotechnol. 2011, 6 (5), 302-307,

DOI: 10.1038/nnano.2011.42.

(34) Liu, Y.; Tang, Z. Multifunctional Nanoparticle@MOF Core-@anostmcmres. Adv.

Mater. 2013, 25 (40), 5819-5825, DOI: 10.1002/adma.20130

(36) Liu, X. Q.; locozzia, J.; Wang, Y.;
Noble Metal-Metal Oxide Nanohybrg it
Conversion, Photocatalysis ann@mmental Remediation. Energ Environ Sci 2017, 10 (2),

402-434, DOT: 10.10 /c6@5k.

(37) Thathagar, M. B.\n Elshof, J. E.; Rothenberg, G. Pd Nanoclusters in C-C Coupling

Reactions: Proof of Leaching. Angew. Chem. Int. Ed. Engl. 2006, 45 (18), 2886-2890, DOI:
10.1002/anie.200504321.

(38) Alonso, D. A.; Najera, C. Oxime-Derived Palladacycles as Source of Palladium
Nanoparticles. Chem. Soc. Rev. 2010, 39 (8), 2891-2902, DOI: 10.1039/b821314n.

(39) Fortman, G. C.; Nolan, S. P. N-Heterocyclic Carbene (NHC) Ligands and Palladium in
Homogeneous Cross-Coupling Catalysis: A Perfect Union. Chem. Soc. Rev. 2011, 40 (10),
5151-5169, DOI: 10.1039/c1¢cs15088;.

(40) Pascanu, V.; Yao, Q.; Bermejo Gomez, A.; Gustafsson, M.; Yun, Y.; Wan, W.; Samain, L.;
43



Zou, X.; Martin-Matute, B. Sustainable Catalysis: Rational Pd Loading on MIL-101Cr-NH> for
More Efficient and Recyclable Suzuki-Miyaura Reactions. Chem. Eur. J. 2013, 19 (51), 17483-
17493, DOI: 10.1002/chem.201302621.

(41) Juan-Alcaniz, J.; Ferrando-Soria, J.; Luz, 1.; Serra-Crespo, P.; Skupien, E.; Santos, V. P.;
Pardo, E.; Xamena, F. X. L. I.; Kapteijn, F.; Gascon, J. The Oxamate Route, a Versatile Post-
Functionalization for Metal Incorporation in MIL-101(Cr): Catalytic Applications of Cu, Pd,
and Au. J Catal 2013, 307, 295-304, DOI: 10.1016/j.jcat.2013.08.001.

(42) Pascanu, V.; Hansen, P. R.; Bermejo Gomez, A.; Ayats, C.; Platero-Prats, A. E.; Johansson,
M. J.; Pericas, M. A.; Martin-Matute, B. Highly Functionalized ryls via Suzuki-Miyaura
Cross-Coupling Catalyzed by Pd@MOF UnderBatch a %s Flow Regimes.

ChemSusChem 2015, 8 (1), 123-130, DOI: 10.1002/cssg.2014028

(43) Carson, F.; Pascanu, V.; Bermejo Gomez, A.; ZX % .. Platero-Prats, A. E.; Zou, X.;
Martin-Matute, B. Influence of the Base on P, ~1()1-NH> (Cr) as Catalyst for the Suzuki-

Miyaura Cross-Coupling Reaction. C J. 2015, 21 (30), 10896-10902, DOI:
10.1002/chem.201500843. @
(44) Zhang, M. M.; Guan, J. C.&hang, B. S.; Su, D. S.; Williams, C. T.; Liang, C. H. Chemical

Vapor Deposition of (C3®H5) to Synthesize PA@MOF-5 Catalysts for Suzuki Coupling
Reaction. Catal Lett %2 (3),313-318, DOI: 10.1007/s10562-012-0767-7.

(45) Chen, L. Y.; Gao, Z. Q.; Li, Y. W. Immobilization of Pd(I[) on MOFs as a Highly Active
Heterogeneous Catalyst for Suzuki-Miyaura and Ullmann-Type Coupling Reactions. Catal
Today 2015, 245, 122-128, DOI: 10.1016/j.cattod.2014.03.074.

(46) Huang, J. P.; Wang, W.; Li, H. X. Water-Medium Organic Reactions Catalyzed by Active
and Reusable Pd/Y Heterobimetal-Organic Framework. ACS Catal. 2013, 3 (7), 1526-1536,
DOI: 10.1021/cs400094x.

(47) Ma, R.; Yang, P. B.; Ma, Y.; Bian, F. L. Facile Synthesis of Magnetic Hierarchical Core-

Shell Structured Fe;O4@PDA-Pd@MOF Nanocomposites: Highly Integrated Multifunctional
44



Catalysts. Chemcatchem 2018, 10 (6), 1446-1454, DOI: 10.1002/cctc.201701693.

(48) Sun, D. R.; Li, Z. H. Double-Solvent Method to Pd Nanoclusters Encapsulated inside the
Cavity of NH2-UiO-66(Zr) for Efficient Visible-Light-Promoted Suzuki Coupling Reaction. J.
Phys. Chem. C 2016, 120 (35), 19744-19750, DOI: 10.1021/acs.jpcc.6b06710.

(49) Dong, W. H.; Feng, C.; Zhang, L.; Shang, N. Z.; Gao, S. T.; Wang, C.; Wang, Z. P[d@UiO-
66: An Efficient Catalyst for Suzuki-Miyaura Coupling Reaction at Mild Condition. Catal Lett
2016, 146 (1), 117-125, DOI: 10.1007/s10562-015-1659-4.

(50) Zhuang, G. L.; Bai, J. Q.; Tan, L.; Huang, H. L.; Gao, Y. F.; Zhong, X.; Zhong, C. L.; Wang,

J. G. Preparation and Catalytic Properties of Pd Nanoparticles 8% on Micro-Crystal

DUT-67 MOFs. RSC Adv. 2015, 5 (41), 32714-32719, DOI: 1 286e.

(51) Yuan, N.; Pascanu, V.; Huang, Z.; Valiente, A.; Hegdenreich, eubner, S.; Inge, A. K.;

Gaar, J.; Stock, N.; Persson, 1.; Martin-Matute, B.; Zo bing the Evolution of Palladium
Species in PA@MOF Catalysts during the @ling Reaction: An Operando X-Ray

Absorption Spectroscopy Study. J. 4 e oc. 2018, 140 (26), 8206-8217, DOI:

10.1021/jacs.8b03505. @

(52) Chen, L. Y.; Rangan, S.;{Li, Jg Jiang, H. F.; Li, Y. W. A Molecular Pd(Il) Complex
Incorporated into a F a@nly Active Single-Site Heterogeneous Catalyst for C-Cl Bond
Activation. Green CheiR2014, 16 (8), 3978-3985, DOI: 10.1039/c4gc00314d.

(53) Bai, C. H.; Jian, S. P,; Yao, X. F.; Li, Y. W. Carbonylative Sonogashira Coupling of
Terminal Alkynes with Aryl lodides under Atmospheric Pressure of CO Using Pd(II)@MOF
as the Catalyst. Catal. Sci. Technol. 2014, 4 (9), 3261-3267, DOI: 10.1039/c4cy00488d.

(54) Chen, G. J.; Wang, J. S.; Jin, F. Z.; Liu, M. Y.; Zhao, C. W.; Li, Y. A.; Dong, Y. B.
Pd@Cu(I1)-MOF-Catalyzed Aerobic Oxidation of Benzylic Alcohols in Air with High
Conversion and Selectivity. [Inorg. Chem. 2016, 55 (6), 3058-3064, DOI:
10.1021/acs.inorgchem.5b02973.

(55) Akbari, S.; Mokhtari, J.; Mirjafari, Z. Solvent-Free and Melt Aerobic Oxidation of Benzyl
45



Alcohols Using Pd/Cu(BDC);DABCO-MOF Prepared by One-Step and Through Reduction
by Dimethylformamide. RSC Adv. 2017, 7 (65), 40881-40886, DOI: 10.1039/c7ra07209k.
(56) Otto, T.; Jarenwattananon, N. N.; Gloggler, S.; Brown, J. W.; Melkonian, A.; Ertas, Y. N.;
Bouchard, L. S. Effects of Multivariate Linker Substitution, Metal Binding, and Reactor
Conditions on the Catalytic Activity of a Pd-Functionalized MOF for Olefin Hydrogenation.
Appl Catal A-Gen 2014, 488, 248-255, DOI: 10.1016/j.apcata.2014.10.012.

(57) Sabo, M.; Henschel, A.; Froede, H.; Klemm, E.; Kaskel, S. Solution Infiltration of

Palladium into MOF-5: Synthesis, Physisorption and Catalytic Properties. J. Mater. Chem. 2007,

17 (36), 3827-3832, DOI: 10.1039/b706432b. %
(58) Pan, Y. Y.; Ma, D. Y.; Liu, H. M.; Wu, H.; He, D. H.; LiqY. U, rdinated Carbonyl

ctive Pd Nano-Catalysts.

Groups of MOFs as Anchoring Sites for the Preparatiqg of Highl

J. Mater. Chem. 2012, 22 (21), 10834-10839, DOI: 10039 2jm30867c.
(59) Li, X. L.; Goh, T. W.; Li, L.; Xiao, C. X; %Zeng, X. C.; Huang, W. Y. Controlling

Catalytic Properties of Pd Nanoclusters elr Chemical Environment at the Atomic

Level Using Isoreticular Metal- Org@ orks. ACS Catal. 2016, 6 (6), 3461-3468, DOI:
10.1021/acscatal..6b00397.

(60) Chen, L. Y.; Ch X@u H. L.; Bai, C. H.; Li, Y. W. One-Step Encapsulation of Pd
Nanoparticles in MOFN1a a Temperature Control Program. J. Mater. Chem. A 2015, 3 (29),
15259-15264, DOI: 10.1039/c5ta02860d.

(61) Chen, L. Y.; Chen, H. R.; Luque, R.; Li, Y. W. Metal-Organic Framework Encapsulated Pd
Nanoparticles: Towards Advanced Heterogeneous Catalysts. Chem. Sci. 2014, 5 (10), 3708-
3714, DOI: 10.1039/c4sc01847h.

(62) Xu, B.; Li, X. J.; Chen, Z. M.; Zhang, T.; Li, C. C. PdA@MIL-100(Fe) Composite
Nanoparticles as Efficient Catalyst for Reduction of 2/3/4-Nitrophenol: Synergistic Effect
between Pd and MIL-100(Fe). Micropor. Mesopor. Mat. 2018, 255, 1-6, DOL:

10.1016/j.micromeso.2017.07.008.
46



(63) Zhang, W.; Chen, Z.; Al-Naji, M.; Guo, P.; Cwik, S.; Halbherr, O.; Wang, Y.; Muhler, M.;
Wilde, N.; Glaser, R.; Fischer, R. A. Simultaneous Introduction of Various Palladium Active
Sites into MOF via One-Pot Synthesis: Pd@[CuzxPdx(BTC)2]N. Dalton T. 2016, 45 (38),
14883-14887, DOI: 10.1039/c6dt02893d.

(64) Xie, K.; He, Y. D.; Zhao, Q. H.; Shang, J.; Gu, Q. F.; Qiao, G. G.; Webley, P. A. Pd(0)
Loaded Znx(azoBDC)2(dabco) as a Heterogeneous Catalyst. Crystengcomm 2017, 19 (29),
4182-4186, DOI: 10.1039/c6¢ce02447e.

(65) Zhu, Y.; Wang, Y. M.; Liu, P.; Wu, Y. L.; Wei, W.; Xia, C. K.; Xie, J. M. Cage-Like Pores
of a Metal-Organic Framework for Separations and Encapsulatioff of Pd Nanoparticles for

\e.

Efficient Catalysis. New J Chem 2015, 39 (4), 2669-2674, D nj01985g.

(66) Wang, C.; Zhang, H. Y.; Feng, C.; Gao, S. T.; Sgang, N. ZNWang, Z. Multifunctional

Pd@MOF Core-Shell Nanocomposite as Highly Activ

Catal. Commun. 2015, 72, 29-32, DOLI: 10.1@.2015.09.004.

(67) Yang, Q.; Xu, Q.; Yu, S. H.; Jiang,

st for P-Nitrophenol Reduction.

nocubes@ZIF-8: Integration of Plasmon-

Driven Photothermal Conversion wi

Catalysis. Angew. Chem. @
10.1002/anie.201510§35. ()

(68) Wan, M.; Zhang, 1, M.; Chen, B.; Yin, J.; Jin, H.; Lin, L.; Chen, C.; Zhang, N. Hollow

-Organic Framework for Efficient and Selective

Engl. 2016, 55 (11), 3685-3689, DOI:

Pd/MOF Nanosphere with Double Shells as Multifunctional Catalyst for Hydrogenation
Reaction. Small 2017, 13 (38), e1701395, DOI: 10.1002/smll.201701395.

(69) Jiang, W. L.; Fu, Q. J.; Yao, B.J.; Ding, L. G.; Liu, C. X.; Dong, Y. B. Smart pH-Responsive
Polymer-Tethered and Pd NP-Loaded NMOF as the Pickering Interfacial Catalyst for One-Pot
Cascade Biphasic Reaction. ACS Appl. Mater. Inter. 2017, 9 (41), 36438-36446, DOI:
10.1021/acsami.7b12166.

(70) Chen, G. J.; Ma, H. C.; Xin, W. L.; Li, X. B.; Jin, F. Z.; Wang, J. S.; Liu, M. Y.; Dong, Y.

B. Dual Heterogeneous Catalyst Pd-Au@Mn(II)-MOF for One-Pot Tandem Synthesis of
47



Imines from Alcohols and Amines. [Inorg. Chem. 2017, 56 (1), 654-660, DOI:
10.1021/acs.inorgchem.6b02592.

(71) Liang, R. W.; Luo, S. G.; Jing, F. F.; Shen, L. J.; Qin, N.; Wu, L. A Simple Strategy for
Fabrication of Pd@MIL-100(Fe) Nanocomposite as a Visible-Light-Driven Photocatalyst for
the Treatment of Pharmaceuticals and Personal Care Products (PPCPs). Appl. Catal. B-Environ.
2015, 176, 240-248, DOI: 10.1016/j.apcatb.2015.04.009.

(72) Shen, L.; Wu, W.; Liang, R.; Lin, R.; Wu, L. Highly Dispersed Palladium Nanoparticles
Anchored on UiO-66(NH2) Metal-Organic Framework as a Reusable and Dual Functional
Visible-Light-Driven = Photocatalyst. Nanoscale 2013, 5 %9374-9382, DOLI:

10.1039/c3nr03153e.

(73) Wei, Y. L.; Li, Y.; Chen, Y. Q.; Dong, Y.; Yao, J. J.;ddan, X. Y. NDong, Y. B. Pd(II)-NHDC-
Functionalized UiO-67 Type MOF for Catalyzing H ss-Coupling and Intermolecular
Benzyne-Benzyne-Alkene Insertion Reactlo hem. 2018, 57 (8), 4379-4386, DOLI:
10.1021/acs.inorgchem.7b03271.

(74) Zlotea, C.; Campesi, R.; Cuev. , E.; Dibandjo, P.; Volkringer, C.; Loiseau, T.;

Ferey, G.; Latroche, M. Pd icles Embedded into A Metal-Organic Framework:
Synthesis, Structura @105 and Hydrogen Sorption Properties. J. Am. Chem. Soc.
2010, 732 (9), 2991-29%¢, DOI: 10.1021/ja9084995.

(75) Li, X. L.; Guo, Z. Y.; Xiao, C. X.; Goh, T. W.; Tesfagaber, D.; Huang, W. Y. Tandem
Catalysis by Palladium Nanoclusters Encapsulated in Metal-Organic Frameworks. ACS Catal.
2014, 4 (10), 3490-3497, DOI: 10.1021/cs5006635.

(76) Han, Y. H.; Tian, C. B.; Lin, P.; Du, S. W. An Unprecedented Anionic Ln-Mof with a Cage-
Within-Cage Motif: Spontaneous Reduction and Immobilization of Ion-Exchanged Pd(II) to
Pd-NPs in The Framework. J Mater. Chem. A 2015, 3 (48), 24525-24531, DOI:

10.1039/c5ta04937g.

(77) Wang, D.; Li, Y. Bimetallic Nanocrystals: Liquid-Phase Synthesis and Catalytic
48



Applications. Adv. Mater. 2011, 23 (9), 1044-1060, DOI: 10.1002/adma.201003695.

(78) Chen, L.; Huang, W.; Wang, X.; Chen, Z.; Yang, X.; Luque, R.; Li, Y. Catalytically Active
Designer Crown-Jewel Pd-Based Nanostructures Encapsulated in Metal-Organic Frameworks.
Chem. Commun. (Camb.) 2017, 53 (6), 1184-1187, DOI: 10.1039/c6cc09270e.

(79) Tilgner, D.; Friedrich, M.; Hermannsdofer, J.; Kempe, R. Titanium Dioxide Reinforced
Metal-Organic Framework Pd Catalysts: Activity and Reusability Enhancement in Alcohol
Dehydrogenation Reactions and Improved Photocatalytic Performance. Chemcatchem 2015, 7
(23), 3916-3922, DOI: 10.1002/cctc.201500747.

(80) Wu, Y.; Luo, H.; Zhang, L. Pd Nanoparticles Supported on -101/Reduced Graphene
Oxide Photocatalyst: an Efficient and Recyclable Photocat s‘zv%venylmethane Dye
Degradation. Environ. Sci. Pollut. Res. 2015, 22 (21), 17@38-17243NDOI: 10.1007/s11356-015-
5364-z.

(81) Chen, Y. Z.; Xu, Q.; Yu, S. H.; Jian .%y Pd@Co Core-Shell Nanoparticles

Confined inside a Metal-Organic Framew, 0 ly Efficient Catalysis. Small 2015, 11 (1),

71-76, DOLI: 10. 1002/sm11.2014018'%
(82) Aijjaz, A.; Karkamkar, A.; (@ ., Tsumori, N.; Ronnebro, E.; Autrey, T.; Shioyama, H.;
i @lytically Active Pt Nanoparticles inside the Pores of Metal-

Organic Framework: AN@ouble Solvents Approach. J. Am. Chem. Soc. 2012, 134 (34), 13926-

Xu, Q. Immobilizin

13929, DOI: 10.1021/ja3043905.

(83) Zhu, Q. L.; Li, J.; Xu, Q. Immobilizing Metal Nanoparticles to Metal-Organic Frameworks
with Size and Location Control for Optimizing Catalytic Performance. J. Am. Chem. Soc. 2013,
135 (28), 10210-10213, DOI: 10.1021/ja403330m.

(84) Chen, Y.-Z.; Zhou, Y.-X.; Wang, H.; Lu, J.; Uchida, T.; Xu, Q.; Yu, S.-H.; Jiang, H.-L.
Multifunctional PAAg@MIL-101 for One-Pot Cascade Reactions: Combination of Host—Guest
Cooperation and Bimetallic Synergy in Catalysis. ACS Catal. 2015, 5 (4), 2062-2069, DOI:

10.1021/cs501953d.
49



(85) Yang, Q.; Chen, Y. Z.; Wang, Z. U.; Xu, Q.; Jiang, H. L. One-Pot Tandem Catalysis over
Pd@MIL-101: Boosting the Efficiency of Nitro Compound Hydrogenation by Coupling with
Ammonia Borane Dehydrogenation. Chem. Commun. (Camb.) 2015, 51 (52), 10419-10422,
DOI: 10.1039/¢5¢c03102h.

(86) Zhao, M.; Deng, K.; He, L.; Liu, Y.; Li, G.; Zhao, H.; Tang, Z. Core-Shell Palladium
Nanoparticle@Metal-Organic Frameworks as Multifunctional Catalysts for Cascade Reactions.
J. Am. Chem. Soc. 2014, 136 (5), 1738-1741, DOI: 10.1021/ja411468e.

(87) Pascanu, V.; Gomez, A. B.; Ayats, C.; Platero-Prats, A. E.; Carson, F.; Su, J.; Yao, Q. X;

Pericas, M. A.; Zou, X. D.; Martin-Matute, B. Double-Supp%ica-Metal-Organic
C

Framework Palladium Nanocatalyst for the Aerobic Oxidati s under Batch and

Continuous Flow Regimes. ACS Catal. 2015, 5 (2), 473479, DOIN0.1021/cs501573c.
(88) Zhang, K.; Cutler, J. I.; Zhang, J.; Zheng, D.; g, E.; Mirkin, C. A. Nanopod
Formation Through Gold Nanoparticle Tem, @atalyzed Cross-Linking of Polymers

Bearing Pendant Propargyl Ethers. J. 4 h oc. 2010, 732 (43), 15151-15153, DOI:

10.1021/ja107224s. %

(89) Gole, B.; Sanyal, U.; Banefgee, R ; Mukherjee, P. S. High Loading of Pd Nanoparticles by
Interior Functionalizggon @Fs for Heterogeneous Catalysis. Inorg. Chem. 2016, 55 (5),
2345-2354, DOI: 10.10¥/acs.inorgchem.5b02739.

(90) Bernt, S.; Guillerm, V.; Serre, C.; Stock, N. Direct Covalent Post-Synthetic Chemical
Modification of Cr-MIL-101 Using Nitrating Acid. Chem. Commun. (Camb.) 2011, 47 (10),
2838-2840, DOI: 10.1039/c0cc04526h.

(91)Huang, Y. B.; Liu, S.J.; Lin, Z. J.; Li, W. J.; L1, X. F.; Cao, R. Facile Synthesis of Palladium
Nanoparticles Encapsulated in Amine-Functionalized Mesoporous Metal-Organic Frameworks
and Catalytic for Dehalogenation of Aryl Chlorides. J Catal 2012, 292, 111-117, DOI:
10.1016/j.jcat.2012.05.003.

(92) Liang, Q.; Liu, X.; Zeng, G.; Liu, Z.; Tang, L.; Shao, B.; Zeng, Z.; Zhang, W.; Liu, Y.;
50



Cheng, M.; Tang, W.; Gong, S. Surfactant-Assisted Synthesis of Photocatalysts: Mechanism,
Synthesis, Recent Advances and Environmental Application. Chem Eng J 2019, 372, 429-451,
DOI: 10.1016/.cej.2019.04.168.
(93) Puthiaraj, P.; Ahn, W. S. Highly Active Palladium Nanoparticles Immobilized on NH»-
MIL-125 as Efficient and Recyclable Catalysts for Suzuki-Miyaura Cross Coupling Reaction.
Catal. Commun. 2015, 65, 91-95, DOI: 10.1016/j.catcom.2015.02.017.
(94) Huang, S. L.; Jia, A. Q.; Jin, G. X. Pd(diimine)Cl> Embedded Heterometallic Compounds
with Porous Structures as Efficient Heterogeneous Catalysts. Chem. Commun. (Camb.) 2013,
49 (24), 2403-2405, DOI: 10.1039/c3cc38714c.
(95) Dong, D. P; Li, Z. H.; Liu, D. D.; Yu, N. S.; Zhao, H. YC %; Liu, J.; Liu, D. P.
Postsynthetic Modification of Single Pd Sites into UggoordinatedNPolypyridine Groups of a
MOF as the Highly Efficient Catalyst for Heck and S eactions. New J Chem 2018, 42
(11), 9317-9323, DOI: 10.1039/c8nj00518d. @
(96) Gulcan, M.; Zahmakiran, M.; Ozka &
r@ eusable Nanocatalyst in Dehydrogenation of
Dimethylamine-Borane.  Ap al. B-Environ. 2014, 147, 394-401, DOI:
S

ving Heterogeneity Problems and Impurity Artifacts in Operationally

um(0) Nanoparticles Supported on Metal

Organic Framework as Highly A

10.1016/j.apcatb.201 409

(97) Crabtree, R. H. Re
Homogeneous Transition Metal Catalysts. Chem. Rev. 2012, 112 (3), 1536-1554, DOI:
10.1021/cr2002905.

(98) Gao, S. X.; Zhao, N.; Shu, M. H.; Che, S. N. Palladium Nanoparticles Supported on MOF-
5: A Highly Active Catalyst for a Ligand- and Copper-Free Sonogashira Coupling Reaction.
Appl Catal A-Gen 2010, 388 (1-2), 196-201, DOI: 10.1016/j.apcata.2010.08.045.

(99) Annapurna, M.; Parsharamulu, T.; Reddy, P. V.; Suresh, M.; Likhar, P. R.; Kantam, M. L.
Nano Palladium Supported on High-Surface-Area Metal-Organic Framework MIL-101: An

Efficient Catalyst for Sonogashira Coupling of Aryl And Heteroaryl Bromides with Alkynes.
51



Appl Organomet Chem 2015, 29 (4), 234-239, DOI: 10.1002/a0c.3277.

(100) bin Saiman, M. L; Brett, G. L.; Tiruvalam, R.; Forde, M. M.; Sharples, K.; Thetford, A.;
Jenkins, R. L.; Dimitratos, N.; Lopez-Sanchez, J. A.; Murphy, D. M.; Bethell, D.; Willock, D.
J.; Taylor, S. H.; Knight, D. W.; Kiely, C. J.; Hutchings, G. J. Involvement of Surface-Bound
Radicals in the Oxidation of Toluene Using Supported Au-Pd Nanoparticles. Angew. Chem. Int.
Ed. Engl. 2012, 51 (24), 5981-5985, DOI: 10.1002/anie.201201059.

(101) Chen, G. Z.; Wu, S. J.; Liu, H. L.; Jiang, H. F.; Li, Y. W. Palladium Supported on an
Acidic Metal-Organic Framework as an Efficient Catalyst in Selective Aerobic Oxidation of
Alcohols. Green Chem. 2013, 15 (1), 230-235, DOI: 10.1039/c2gc 8e.

(102) Dorman, G.; Kocsis, L.; Jones, R.; Darvas, F. A Bench ti s Flow Reactor: A
Solution to the Hazards Posed by Gas Cylinder Base§ HydrogenNion. Journal of Chemical

Health and Safety 2013, 20 (4), 3-8, DOL: 10.1016/j.jc .01.002.

(103) Ide, M. S.; Hao, B.; Neurock, M.; Davi&%anistic Insights on the Hydrogenation

of a,B-Unsaturated Ketones and Aldehyd rated Alcohols over Metal Catalysts. ACS
Catal. 2012, 2 (4), 671-683, DOLI: 1 Q0567Z.

(104) Fujiwara, S.; Takanashi, i.; Nighiyabu, R.; Kubo, Y. Boronate Microparticle-Supported
Nano-Palladium a ‘\@ld Catalysts for Chemoselective Hydrogenation of
Cinnamaldehyde in EnNronmentally Preferable Solvents. Green Chem. 2014, 16 (6), 3230-
3236, DOI: 10.1039/c4gc00383g.

(105) Wei, Z.; Gong, Y.; Xiong, T.; Zhang, P.; Li, H.; Wang, Y. Highly Efficient and
Chemoselective Hydrogenation of A,B-Unsaturated Carbonyls over Pd/N-Doped
Hierarchically Porous Carbon. Catal. Sci. Technol. 2015, 5 (1), 397-404, DOIL:
10.1039/c4cy00946k.

(106) Zhou, W.; Zou, B.; Zhang, W.; Tian, D.; Huang, W.; Huo, F. Synthesis of Stable
Heterogeneous Catalysts by Supporting Carbon-Stabilized Palladium Nanoparticles on MOFs.

Nanoscale 2015, 7 (19), 8720-8724, DOI: 10.1039/c4nr06567k.
52



(107) Yang, J.; Ma, J. J.; Zhang, D. M.; Xue, T.; Guan, Y. J. Effect of Organic Moieties (Phenyl,
Naphthalene, and Biphenyl) in Zr-MIL-140 on the Hydrogenation Activity of Pd Nanoparticles.
Chinese Chem Lett 2016, 27 (11), 1679-1682, DOI: 10.1016/j.cclet.2016.04.015.

(108) Shen, Y. Y.; Sun, Y.; Zhou, L. N.; Li, Y. J.; Yeung, E. S. Synthesis of Ultrathin PtPdBi
Nanowire and its Enhanced Catalytic Activity Towards P-Nitrophenol Reduction. J. Mater.
Chem. A 2014, 2 (9), 2977-2984, DOI: 10.1039/c3ta14502f.

(109) Climent, M. J.; Corma, A.; Iborra, S. Heterogeneous Catalysts for the One-Pot Synthesis

of Chemicals and Fine Chemicals. Chem. Rev. 2011, 111 (2), 1072-1133, DOI:

10.1021/cr1002084. %‘
(110) Grondal, C.; Jeanty, M.; Enders, D. Organocatalytic Casqgd s as a New Tool in

Total Synthesis. Nat. Chem. 2010, 2 (3), 167-178, DOIgl0.1038/nMem.539.

(111) Shiju, N. R.; Alberts, A. H.; Khalid, S.; Brown, [

with Site-Isolated Amine and Phosphotung’&@oups: A Solid Catalyst with Tunable

ns. Angew. Chem. Int. Ed. Engl. 2011, 50

Npthenberg, G. Mesoporous Silica

Antagonistic Functions for One-Pot Tan

(41), 9615-9619, DOI: 10.1002/ani% .

(112) Shin, J. Y.; Jung, D. J; @-g. A Multifunction Pd/Sc(OTf)s/Ionic Liquid Catalyst
System for the Tand O@Conversion of Phenol to e-Caprolactam. ACS Catal. 2013, 3
(4), 525-528, DOLI: 1M4OOOO9W.

(113) Vilhelmsen, L. B.; Walton, K. S.; Sholl, D. S. Structure and Mobility of Metal Clusters in
MOFs: Au, Pd, And AuPd Clusters in MOF-74. J. Am. Chem. Soc. 2012, 134 (30), 12807-12816,
DOI: 10.1021/ja305004a.

(114) Long, J.; Liu, H.; Wu, S.; Liao, S.; Li, Y. Selective Oxidation of Saturated Hydrocarbons
Using Au—Pd Alloy Nanoparticles Supported on Metal-Organic Frameworks. ACS Catal. 2013,
3 (4), 647-654, DOI: 10.1021/cs300754k.

(115) Arnanz, A.; Pintado-Sierra, M.; Corma, A.; Iglesias, M.; Sanchez, F. Bifunctional Metal

Organic Framework Catalysts for Multistep Reactions: MOF-Cu(BTC)-[Pd] Catalyst for One-
53



Pot Heteroannulation of Acetylenic Compounds. Adv. Synth. Catal. 2012, 354 (7), 1347-1355,
DOI: 10.1002/adsc.201100503.

(116) Li, X.; Zhang, B.; Fang, Y.; Sun, W.; Qi, Z.; Pei, Y.; Qi, S.; Yuan, P.; Luan, X.; Goh, T.
W.; Huang, W. Metal-Organic-Framework-Derived Carbons: Applications as Solid-Base
Catalyst and Support for Pd Nanoparticles in Tandem Catalysis. Chem. Eur. J. 2017, 23 (18),
4266-4270, DOI: 10.1002/chem.201605852.

(117) Chen, Y. Z.; Zhou, Y. X.; Wang, H. W.; Lu, J. L.; Uchida, T.; Xu, Q.; Yu, S. H.; Jiang, H.
L. Multifunctional PdAAg@MIL-101 for One-Pot Cascade Reactions: Combination of Host-
Guest Cooperation and Bimetallic Synergy in Catalysis. ACS Catqf. 2015, 5 (4), 2062-2069,
DOI: 10.1021/cs501953d. %

(118) Fujishima, A.; Honda, K. Electrochemical Phgolysis of Water at a Semiconductor
Electrode. Nature 1972, 238, 37-38.

(119) Wang, H.; Wu, Y.; Xiao, T.; Yuan, X. Zg e@l\/l.; Tu, W. G.; Wu, S. Y.; Lee, H. Y.;
Tan, Y. Z.; Chew, J. W. Formation of Qu 0 ell InoSs/Anatase TiO>@Metallic TizCyTx
Hybrids with Favorable Charge Tr nels for Excellent Visible-Light-Photocatalytic
Performance. Appl. Catal. B-Ergiron 8,233,213-225,DOI: 10.1016/j.apcatb.2018.04.012.
(120) Zhang, J. J.; Wgge, P@\, X. Z.; Zeng, G. M.; Tu, W. G.; Wang, S. B. Tailored Indium
Sulfide-Based Materialftor Solar-Energy Conversion and Utilization. J Photoch Photobio C
2019, 38, 1-26, DOI: 10.1016/j.jphotochemrev.2018.11.001.

(121) Yi, H.; Huang, D. L.; Qin, L.; Zeng, G. M.; Lai, C.; Cheng, M.; Ye, S. J.; Song, B.; Ren,
X. Y.; Guo, X. Y. Selective Prepared Carbon Nanomaterials for Advanced Photocatalytic
Application in Environmental Pollutant Treatment and Hydrogen Production. Appl. Catal. B-
Environ. 2018, 239, 408-424, DOI: 10.1016/j.apcatb.2018.07.068.

(122) Yang, Y.; Zhang, C.; Lai, C.; Zeng, G.; Huang, D.; Cheng, M.; Wang, J.; Chen, F.; Zhou,
C.; Xiong, W. BiOX (X=Cl, Br, I) Photocatalytic Nanomaterials: Applications for Fuels and

Environmental Management. Adv. Colloid. Interface. 2018, 254, 76-93, DOI:
54



10.1016/j.¢is.2018.03.004.

(123) Liang, S. J.; Liang, R. W.; Wen, L. R.; Yuan, R. S.; Wu, L.; Fu, X. Z. Molecular
Recognitive Photocatalytic Degradation of Various Cationic Pollutants by the Selective
Adsorption on Visible Light-Driven SnNb2Os Nanosheet Photocatalyst. Appl. Catal. B-Environ.
2012, 7125, 103-110, DOI: 10.1016/j.apcatb.2012.05.017.

(124) Wu, W. M,; Liu, G. D.; Xie, Q. H.; Liang, S. J.; Zheng, H. R.; Yuan, R. S.; Su, W. Y.; Wu,
L. A Simple and Highly Efficient Route for the Preparation of P-Phenylenediamine by Reducing
4-Nitroaniline over Commercial CdS Visible Light-Driven Photocatalyst in Water. Green Chem.
2012, 14 (6), 1705-1709, DOI: 10.1039/c2gc35231a.

(125) Boppana, V. B. R.; Yusuf, S.; Hutchings, G. S.; Jiao, F. Rgn %d Alkaline-Cation-
Containing 6-MnO> for Photocatalytic Water Oxidatiog Adv. Fun ater. 2013, 23 (7), 878-
884, DOI: 10.1002/adfm.201202141.

(126) Zhou, C. Y.; Lai, C.; Zhang, C.; Zeng, ng, D. L.; Cheng, M.; Hu, L.; Xiong,
W. P;; Chen, M.; Wang, J. J.; Yang, Y.; Ji . emiconductor/Boron Nitride Composites:
Synthesis, Properties, and Photocat@ 1cations. Appl. Catal. B-Environ. 2018, 238, 6-

18, DOI: 10.1016/j.apcatb.20107.04l"

(127) Yang, Y.; Zeng

. T.@, C.; Huang, D. L.; Zeng, G. M.; Xiao, R.; Lai, C.; Zhou, C.
Y.; Guo, H.; Xue, W. J ¥Cheng, M.; Wang, W. J.; Wang, J. J. Construction of lodine Vacancy-
Rich BiOI/Ag@Agl Z-Scheme Heterojunction Photocatalysts for Visible-Light-Driven
Tetracycline Degradation: Transformation Pathways and Mechanism Insight. Chem Eng J 2018,
349, 808-821, DOI: 10.1016/j.cej.2018.05.093.

(128) Shao, B. B.; Liu, Z. F.; Zeng, G. M.; Wu, Z. B.; Liu, Y.; Cheng, M.; Chen, M.; Liu, Y. J.;
Zhang, W.; Feng, H. P. Nitrogen-Doped Hollow Mesoporous Carbon Spheres Modified g-
C3N4/Bi203 Direct Dual Semiconductor Photocatalytic System with Enhanced Antibiotics

Degradation under Visible Light. Acs Sustain Chem Eng 2018, 6 (12), 16424-16436, DOI:

10.1021/acssuschemeng.8b03480.
55



(129) Li, B.; Lai, C.; Zeng, G.; Qin, L.; Yi, H.; Huang, D.; Zhou, C.; Liu, X.; Cheng, M.; Xu,
P.; Zhang, C.; Huang, F.; Liu, S. Facile Hydrothermal Synthesis of Z-Scheme BixFe4O9/BioWOg
Heterojunction Photocatalyst with Enhanced Visible Light Photocatalytic Activity. ACS Appl.
Mater. Inter. 2018, 10 (22), 18824-18836, DOI: 10.1021/acsami.8b06128.

(130) Zhou, X.; Lai, C.; Huang, D.; Zeng, G.; Chen, L.; Qin, L.; Xu, P.; Cheng, M.; Huang, C.;
Zhang, C.; Zhou, C. Preparation of Water-Compatible Molecularly Imprinted Thiol-
Functionalized Activated Titanium Dioxide: Selective Adsorption and Efficient
Photodegradation of 2, 4-Dinitrophenol in Aqueous Solution. J. Hazard. Mater. 2018, 346, 113-
123, DOI: 10.1016/j.jhazmat.2017.12.032.

(131) Fu, Y.; Sun, D.; Chen, Y.; Huang, R.; Ding, Z.; Fu, X_; ine-Functionalized

Titanium Metal-Organic Framework Photocatalyst withg/isible-Lig\-Induced Activity for CO»

Reduction. Angew. Chem. Int. Ed. Engl. 2012, 51 (14), % DOI: 10.1002/anie.201108357.

(132) Chen, Y. Q.; Li, G. R.; Qu, Y. K.; Zh @le, K. H.; Gao, Q.; Bu, X. H. Water-
Insoluble Heterometal-Oxide-Based Pho ffective for the Photo-Decomposition of
Methyl Orange. Cryst. Growth Des ), 901-907, DOI: 10.1021/cg3016244.

(133) Cheng, M.; Liu, Y.; HuarQ ai, C.; Zeng, G. M.; Huang, J. H.; Liu, Z. F.; Zhang,

C.; Zhou, C. Y.; Q1 @ W. P; Yi, H.; Yang, Y. Prussian Blue Analogue Derived

Magnetic Cu-Fe OxideNs a Recyclable Photo-Fenton Catalyst for the Efficient Removal of
Sulfamethazine at Near Neutral pH Values. Chem Eng J 2019, 362, 865-876, DOI:
10.1016/.cej.2019.01.101.

(134) Wang, H.; Wu, Y.; Yuan, X.; Zeng, G.; Zhou, J.; Wang, X.; Chew, J. W. Clay-Inspired
MXene-Based Electrochemical Devices and Photo-Electrocatalyst: State-of-the-Art Progresses
and Challenges. Adv Mater 2018, 30 (12), €1704561, DOI: 10.1002/adma.201704561.

(135) Wang, H.; Sun, Y.; Wu, Y.; Tu, W.; Wu, S.; Yuan, X.; Zeng, G.; Xu, Z. J.; Li, S.; Chew, J.

W. Electrical Promotion of Spatially Photoinduced Charge Separation via Interfacial-Built-In

Quasi-Alloying Effect in Hierarchical Zn2In2Ss/TizC2(O, OH)X Hybrids Toward Efficient
56



Photocatalytic Hydrogen Evolution and Environmental Remediation. Appl. catal. B: Environ.
2019, 245, 290-301, DOL: https://doi.org/10.1016/j.apcatb.2018.12.051.

(136) Zhang, T.; Lin, W. B. Metal-Organic Frameworks for Artificial Photosynthesis and
Photocatalysis. Chem. Soc. Rev. 2014, 43 (16), 5982-5993, DOI: 10.1039/c4cs00103f.

(137) Peters, A. W.; Li, Z. Y.; Farha, O. K.; Hupp, J. T. Toward Inexpensive Photocatalytic
Hydrogen Evolution: A Nickel Sulfide Catalyst Supported on a High-Stability Metal-Organic
Framework. ACS Appl. Mater. Inter. 2016, § (32),20675-20681, DOI: 10.1021/acsami.6b04729.
(138) Zeng, L.; Guo, X.; He, C.; Duan, C. Metal-Organic Frameworks: Versatile Materials for

Heterogeneous  Photocatalysis. ACS  Catal. 2016, 6 (c :, 7935-7947, DOI:

10.1021/acscatal.6b02228.

(139) Goswami, S.; Miller, C. E.; Logsdon, J. L.; Bugu, C. T.; , Y. L.; Bowman, D. N.;
Islamoglu, T.; Asiri, A. M.; Cramer, C. J.; Wasiele R.; Hupp, J. T.; Farha, O. K.
Atomistic Approach toward Selective Photo y@da‘[ion of a Mustard-Gas Simulant: A
Case Study with Heavy-Chalcogen-Conjgingng -57 Analogues. ACS Appl. Mater. Inter.

2017, 9 (23), 19535-19540, DOI: 1 mi.7b07055.

(140) Jiang, D. N.; Xu, P.; Wang H.; geng, G. M.; Huang, D. L.; Chen, M.; Lai, C.; Zhang, C.;
Wan, J.; Xue, W. Stigegid® to Improve Metal Organic Frameworks Photocatalyst's
Performance for Degra§ition of Organic Pollutants. Coordin Chem Rev 2018, 376, 449-466,
DOI: 10.1016/j.ccr.2018.08.005.

(141) Jiang, H. L.; Akita, T.; Ishida, T.; Haruta, M.; Xu, Q. Synergistic Catalysis of Au@Ag
Core-Shell Nanoparticles Stabilized on Metal-Organic Framework. J. Am. Chem. Soc. 2011,
133 (5), 1304-1306, DOI: 10.1021/j21099006.

(142) Wang, C.; deKrafft, K. E.; Lin, W. Pt Nanoparticles@Photoactive Metal-Organic
Frameworks: Efficient Hydrogen Evolution via Synergistic Photoexcitation and Electron

Injection. J. Am. Chem. Soc. 2012, 134 (17), 7211-7214, DOI: 10.1021/ja300539p.

(143) Yadav, M.; Xu, Q. Catalytic Chromium Reduction Using Formic Acid and Metal
57


https://doi.org/10.1016/j.apcatb.2018.12.051

Nanoparticles Immobilized in a Metal-Organic Framework. Chem. Commun. (Camb.) 2013, 49
(32), 3327-3329, DOI: 10.1039/c3¢c00293d.

(144) Cheng, M.; Lai, C.; Liu, Y.; Zeng, G. M.; Huang, D. L.; Zhang, C.; Qin, L.; Hu, L.; Zhou,
C. Y.; Xiong, W. P. Metal-Organic Frameworks for Highly Efficient Heterogeneous Fenton-
Like Catalysis. Coordin Chem Rev 2018, 368, 80-92, DOI: 10.1016/j.ccr.2018.04.012.

(145) Gong, J. L.; Wang, B.; Zeng, G. M.; Yang, C. P.; Niu, C. G.; Niu, Q. Y.; Zhou, W. J;
Liang, Y. Removal of Cationic Dyes from Aqueous Solution Using Magnetic Multi-Wall

Carbon Nanotube Nanocomposite as Adsorbent. J. Hazard. Mater. 2009, 164 (2-3), 1517-1522,

DOI: 10.1016/j.jhazmat.2008.09.072. %‘
(146) Yang, G. D.; Tang, L.; Zeng, G. M.; Cai, Y.; Tang, J.; \X.; ,Y. Y Liu, Y. Y

Wang, J. J.; Zhang, S.; Xiong, W. P. Simultaneous Remgyal of Lead\and Phenol Contamination

from Water by Nitrogen-Functionalized Magnetic Ord @ desoporous Carbon. Chem Eng J

2015, 259, 854-864, DOI.: 10.1016/j.cej.201%.{
(147) Deng, Y. C.; Tang, L.; Zeng, G. M., 2 .; Yan, M.; Wang, J. J.; Hu, W.; Wang, J.
ght Photocatalytic Performance of Polyaniline

J.; Zhou, Y. Y.; Tang, J. Enhanced@
Modified Mesoporous Single C@‘ 10, Microsphere. App! Surf Sci 2016, 387, 882-893, DOL:

10.1016/j.apsusc.201 07.@

(148) Ye, S.; Zeng, G.;Wu, H.; Zhang, C.; Liang, J.; Dai, J.; Liu, Z.; Xiong, W.; Wan, J.; Xu,

P.; Cheng, M. Co-Occurrence and Interactions of Pollutants, and Their Impacts on Soil
Remediation—A Review. Crit. Rev. Env. Sci. Tec. 2017, 47 (16), 1528-1553, DOI:
10.1080/10643389.2017.1386951.

(149) Deng, Y. C.; Tang, L.; Zeng, G. M.; Zhu, Z. J.; Yan, M.; Zhou, Y. Y.; Wang, J. J.; Liu, Y.
N.; Wang, J. J. Insight into Highly Efficient Simultaneous Photocatalytic Removal of Cr(VI)
and 2,4-Diclorophenol under Visible Light Irradiation by Phosphorus Doped Porous Ultrathin
g-C3N4 Nanosheets from Aqueous Media: Performance and Reaction Mechanism. Appl. Catal.

B-Environ. 2017, 203, 343-354, DOI: 10.1016/j.apcatb.2016.10.046.
58



(150) Zhou, Y.; Liu, X.; Tang, L.; Zhang, F.; Zeng, G.; Peng, X.; Luo, L.; Deng, Y.; Pang, Y.;
Zhang, J. Insight into Highly Efficient Co-Removal of P-Nitrophenol and Lead by Nitrogen-
Functionalized Magnetic Ordered Mesoporous Carbon: Performance and Modelling. J. Hazard.
Mater. 2017, 333, 80-87, DOI: 10.1016/j.jhazmat.2017.03.031.

(151) Ren, X.; Zeng, G.; Tang, L.; Wang, J.; Wan, J.; Liu, Y.; Yu, J.; Yi, H.; Ye, S.; Deng, R.
Sorption, Transport and Biodegradation - An Insight into Bioavailability of Persistent Organic
Pollutants.  Soil.  Sci.  Total.  Environ. 2018, 610-611, 1154-1163, DOI:
10.1016/j.scitotenv.2017.08.089.

(152) Tang, X.; Zeng, G.; Fan, C.; Zhou, M.; Tang, L.; Zhu, J.; Wa%ang, D.; Chen, M,;

Xu, P.; Zhang, C.; Lu, Y.; Xiong, W. Chromosomal Expre on Pseudomonas

Aeruginosa for the Removal of Cd(II) from Aqueous S@lutions. ScNTotal. Environ. 2018, 636,

1355-1361, DOI: 10.1016/j.scitotenv.2018.04.229.

(153) Liu, Z.; Shao, B.; Zeng, G.; Chen, M.; 4} Z@Y.; Jiang, Y.; Zhong, H.; Liu, Y.; Yan,
M. Effects of Rhamnolipids on the Remo &4-Tetrabrominated Biphenyl Ether (BDE-
47) by Phanerochaete Chrysospori cd with a Combined Approach of Experiments
and Molecular Dockin emosphere 2018, 210, 922-930, DOI:

.20@14.

(154) Tang, L.; Feng, C\.; Deng, Y. C.; Zeng, G. M.; Wang, J. J.; Liu, Y. N.; Peng, H. P.; Wang,

10.1016/j.chemosph

J. J. Enhanced Photocatalytic Activity of Ternary Ag/g-C3N4/NaTaO3z Photocatalysts under
Wide Spectrum Light Radiation: The High Potential Band Protection Mechanism. Appl. Catal.
B-Environ. 2018, 230, 102-114, DOI: 10.1016/j.apcatb.2018.02.031.

(155) Sarina, S.; Zhu, H.; Jaatinen, E.; Xiao, Q.; Liu, H.; Jia, J.; Chen, C.; Zhao, J. Enhancing
Catalytic Performance of Palladium in Gold and Palladium Alloy Nanoparticles for Organic
Synthesis Reactions Through Visible Light Irradiation at Ambient Temperatures. J. Am. Chem.
Soc. 2013, 135 (15), 5793-5801, DOI: 10.1021/ja400527a.

(156) Wang, F.; Li, C.; Chen, H.; Jiang, R.; Sun, L. D.; Li, Q.; Wang, J.; Yu, J. C.; Yan, C. H.
59



Plasmonic Harvesting of Light Energy for Suzuki Coupling Reactions. J. Am. Chem. Soc. 2013,
135 (15), 5588-5601, DOI: 10.1021/ja310501y.

(157) Xiao, Q.; Sarina, S.; Jaatinen, E.; Jia, J.; Armold, D. P.; Liu, H.; Zhu, H. Efficient
photocatalytic Suzuki cross-coupling reactions on Au—Pd alloy nanoparticles under visible light
irradiation. Green Chem. 2014, 16 (9), 4272-4285, DOI: 10.1039/c4gc00588k.

(158) Zhang, S.; Chang, C.; Huang, Z.; Ma, Y.; Gao, W.; Li, J.; Qu, Y. Visible-Light-Activated
Suzuki—Miyaura Coupling Reactions of Aryl Chlorides over the Multifunctional Pd/Au/Porous

Nanorods of CeO, Catalysts. ACS Catal. 2015, 5 (11), 6481-6488, DOI:

10.1021/acscatal.5b01173.
(159) Wang, Z. J.; Ghasimi, S.; Landfester, K.; Zhang, K. A. I a ic Suzuki Coupling

Reaction Using Conjugated Microporous Polymer witlglmmobili

alladium Nanoparticles

under  Visible Light. Chem.  Mater. 201 (6), 1921-1924, DOL

10.1021/acs.chemmater.5b00516. &

(160) Gu, X.; Lu, Z. H.; Jiang, H. L.; Aki ; . Synergistic Catalysis Of Metal-Organic
Framework-Immobilized Au-Pd \@ es in Dehydrogenation of Formic Acid for

Chemical Hydrogen Storage.@. Chem. Soc. 2011, 133 (31), 11822-11825, DOI:

&

.; Kuwahara, Y.; Yamashita, H. Plasmonic Au@Pd Nanoparticles

10.1021/5a200122f.

(161) Wen, M.; Mori,
Supported on a Basic Metal-Organic Framework: Synergic Boosting of H> Production from
Formic Acid. Acs Energy Lett 2017, 2 (1), 1-7, DOI: 10.1021/acsenergylett.6b00558.

(162) Liang, R.; Jing, F.; Shen, L.; Qin, N.; Wu, L. M@MIL-100(Fe) (M = Au, Pd, Pt)
Nanocomposites Fabricated by a Facile Photodeposition Process: Efficient Visible-Light
Photocatalysts for Redox Reactions in Water. Nano Res. 2015, 8§ (10), 3237-3249, DOLI:
10.1007/s12274-015-0824-9.

(163) Wang, D. K.; Li, Z. H. Coupling MOF-Based Photocatalysis with Pd Catalysis over

Pd@MIL-100 (Fe) for Efficient N-Alkylation of Amines with Alcohols under Visible Light. J
60



Catal 2016, 342, 151-157, DOI: 10.1016/j.jcat.2016.07.021.

(164) Wang, J. J.; Tang, L.; Zeng, G. M.; Deng, Y. C.; Liu, Y. N.; Wang, L. G.; Zhou, Y. Y.; Guo,
Z.; Wang, J. J.; Zhang, C. Atomic Scale g-C3N4/BioWOs 2D/2D Heterojunction with Enhanced
Photocatalytic Degradation of Ibuprofen under Visible Light Irradiation. Appl. Catal. B-Environ.
2017, 209, 285-294, DOI: 10.1016/j.apcatb.2017.03.019.

(165) Wang, J.; Tang, L.; Zeng, G.; Deng, Y.; Dong, H.; Liu, Y.; Wang, L.; Peng, B.; Zhang, C.;
Chen, F. 0D/2D Interface Engineering of Carbon Quantum Dots Modified Bi2WOs Ultrathin
Nanosheets with Enhanced Photoactivity for Full Spectrum Light Utilization and Mechanism
Insight. Appl. Catal. B-Environ. 2018, 222, 115-123, DOI: 10.1016%2017.10.014.

(166) Wang, J.; Chen, H.; Tang, L.; Zeng, G.; Liu, Y.; Yan, M.; . g, H.; Yu, J.; Wang,

L. Antibiotic Removal from Water: A Highly Efficiggt Silver PRosphate-Based Z-Scheme

Photocatalytic System under Natural Solar Light. Sci. nviron. 2018, 639, 1462-1470,

DOI: 10.1016/j.scitotenv.2018.05.258. @

(167) Deng, Y. C.; Tang, L.; Feng, C. Y.; .; Chen, Z. M.; Wang, J. J.; Feng, H. P.;

Peng, B.; Liu, Y. N.; Zhou, Y. Y. In 1) e Dual-Channel Charge-Charrier Transfer Path
for Nonmetal Plasmonic Tun@mde Based Composites with Boosted Photocatalytic
Activity under Full ec@ight. Appl. Catal. B-Environ. 2018, 235, 225-237, DOI:
10.1016/j.apcatb.2018.8.075.

(168) Deng, Y.; Tang, L.; Feng, C.; Zeng, G.; Wang, J.; Zhou, Y.; Liu, Y.; Peng, B.; Feng, H.
Construction of Plasmonic Ag Modified Phosphorous-Doped Ultrathin = g-C3N4
Nanosheets/BiVO4 Photocatalyst with Enhanced Visible-Near-Infrared Response Ability for
Ciprofloxacin = Degradation. J.  Hazard. Mater. 2018, 344, 758-769, DOI:
10.1016/j.jhazmat.2017.11.027.

(169) Tang, L.; Deng, Y. C.; Zeng, G. M.; Hu, W.; Wang, J. J.; Zhou, Y. Y.; Wang, J. J.; Tang,

J.; Fang, W. CdS/CuS Co-Sensitized TiO» Branched Nanorod Arrays of Enhanced

Photoelectrochemical Properties by Forming Nanoscale Heterostructure. J Alloy Compd 2016,
61



662, 516-527, DOI: 10.1016/j.jallcom.2015.11.206.

(170) Abedi, S.; Morsali, A. Ordered Mesoporous Metal-Organic Frameworks Incorporated
with Amorphous TiO; as Photocatalyst for Selective Aerobic Oxidation in Sunlight Irradiation.
ACS Catal. 2014, 4 (5), 1398-1403, DOI: 10.1021/cs500123d.

(171) Liang, R. W.; Huang, R. K_; Ying, S. M.; Wang, X. X_; Yan, G. Y.; Wu, L. Facile In Situ
Growth of Highly Dispersed Palladium on Phosphotungstic-Acid-Encapsulated MIL-100(Fe)
for the Degradation of Pharmaceuticals and Personal Care Products under Visible Light. Nano

Res. 2018, 11 (2), 1109-1123, DOI: 10.1007/s12274-017-1730-0.

TOC: C

- o mm mm mm mm om—

62





