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Metal–organic frameworks (MOFs) are a class of crystalline and porous materials with modular structural
features. This modularity has allowed MOFs to be designed and synthesized with adjustable pore sizes
and shapes leading to ultrahigh porosity. Among the tens of thousands of known MOF structures,
zirconium-based MOFs (Zr-MOFs) have attracted attention not only for their structural properties but
also their superior chemical and thermal stabilities, which are critical for a myriad of practical applica-
tions. In particular, bipyridine (BPY) functionalized Zr-MOFs have been received recognition for their
interesting intrinsic properties, which arise from various post-modification pathways. The fact that
post-modification is readily available for such MOFs paves the way towards anchoring specific compo-
nents (functional groups, metals complexes, and nanoparticles) via the bipyridine docking centers, thus
endowing this MOF platform with the capability to chemically alter and enhance the bulk material’s
properties. Throughout this review, an emphasis is placed on the preparation of BPY-functionalized Zr-
MOFs, their characterization, and subsequent applications, such as electrocatalytic or photocatalytic
hydrogen evolution reactions, heterogeneous molecular catalysis, and gas storage for renewable energy.
Furthermore, this review highlights the design and applications of materials from the viewpoint of mate-
rials design and the necessity and importance of installing complexity to achieve synergistic interactions.
Finally, our perspective for future applications is introduced with the expectation of providing useful
information to those interested in this specific MOF platform.
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1. Introduction

Metal–organic frameworks (MOFs), a new generation of highly
advanced porous materials, provide a platform for solving global
environmental problems. The beauty of MOF materials, which are
governed by the principles of reticular chemistry, lies in the fact
that the proper selection of constituent building blocks results in
designable crystal structures owning adjustable pore sizes and
shapes, and tunable internal chemical environments [1]. These
features have endowed MOFs with the ability to be applied to a
range of applications, including gas storage and separation [2,3],
catalysis [4], drug delivery [5], proton conducting applications
[6,7], and molecular sensing [8]. Recently, zirconium-based MOFs
Fig. 1. Schematic illustration of different pathw
(Zr-MOFs) have gained much interest not only due to their high
thermal and chemical stability, which are vastly superior to other
known MOFs, but also because of their performance in a variety
of applications, including catalysis and clean energy (Fig. 1)
[9–13]. Together with the advances in the synthesis of new MOF
materials [14–17] adopting diverse topologies [18–23], significant
efforts have focused on decorating and post-synthetically function-
alizing the interior surface of Zr-MOFs for enhancing their perfor-
mance in specific, novel applications. Among these, bipyridine-
functionalized (BPY) Zr-MOFs have stood out primarily due to
the ability to modify their structures through various post-
synthetic modification pathways in order to anchor specific com-
ponents (functional groups, metal complexes, nanoparticles) via
ays toward applications of UiO-67(BPY).



Fig. 2. The Zr6(l3-O)4(l3-OH)4(COO)12 clusters (a) that are connected by BPY2� linker (b) to form the three-dimensional architecture of UiO-67(BPY) (c). This structure is
constructed from a tetrahedral cage (d) and an octahedral cage (e). Atom color: black, C; red, O; green, N; blue, Zr.
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the bipyridine docking centers. This has allowed for the systematic
alteration of the physical and chemical features of resulting BPY-
based Zr-MOFs materials [24,25]. Due to the possibility of one or
more types of these specific components, via random deposition,
targeted motifs can be anchored or encapsulated within the local
heterogeneous environments. These encapsulated or targeted
motifs facilitate synergistic interactions between the active com-
ponents and the host frameworks, thus allowing for the enhance-
ment of properties. However, this has raised an interesting
question: can post-synthetic modification be approached and/or
advanced via programmed deposition of active encapsulated
objects within an ordered framework? In order to gain a deeper
understanding, classification of synergistic interactions within
MOF frameworks have been divided into several areas: (i) the
impact of spreading active centers throughout high porosity MOF
platforms; (ii) the comprehensive interactions of similar active
centers attached onto the backbone of a MOF structure; (iii) syner-
gistic interactions of bipyridine complexes of different active cen-
ters that are positioned near to one another; (iv) interactions
between bipyridine complexes attached within the internal surface
of Zr-MOFs and those encapsulated within the pores; (v) synergis-
tic interactions of active metal centers at far distances from one
another; (vi) interactions among those active centers derived from
metal nanoparticles embedded within Zr-MOFs; and (vii) the com-
bined properties of the active complex centers and embedded
metal nanoparticles. Throughout literature, we have found dis-
tinctly different classifications of these, which result in different
outcomes. Hence, there is a need to classify and summarize the
entire progress in synthesizing, post-synthetically modifying, char-
acterizing, and applying this important material. Additionally,
beyond this, we focus our review on highlighting the applications
targeted by BPY-based Zr-MOFs materials.
2. Method for design, synthesis and post-modification of BPY-
functionalized Zr-MOFs

UiO-67, an isoreticular structure to the UiO materials (UiO = Uni
versity of Oslo), was reported for the first time in 2008 and has
received considerable attention as a direct result of its crystal
structure. UiO-67 is constructed from the highly chemical and
thermally stable Zr6(l3-O)4(l3-OH)4(COO)12 cluster, which is con-
nected together through ditopic biphenyl-4,40-dicarboxylic acid
(H2BPDC) linkers to yield a three-dimensional face-centered cubic
(fcu) network. This isostructure is not only attractive because of its
topologically beautiful structure, which affords high porosity with
1.6 nm octahedral and 1.2 nm tetrahedral cages, but also from the
fact that the BPDC linker can be replaced by 2,20-bipyridine-5,50-
dicarboxylic acid (H2BPY). This replacement allows for the design
of the UiO-67(BPY) platform with controlled BPY functional groups
per each unit cell [24]. Furthermore, BPY-functionalized Zr-MOFs
(Fig. 2) and the subsequent incorporation of active components,
including metal complexes, nanoparticles and organic functional
groups have been synthesized via various synthetic pathways
using the specific linkers and active metal centers, as demonstrated
in Fig. 3. Herein, we provide a systematic summary of the synthetic
strategies for this type of material preparation.

2.1. Method for synthesis of BPY-functionalized Zr-MOFs

The assembly of the H2BPY linker and the Zr6(l3-O)4(l3-OH)4
(COO)12 cluster, without a modulator, produces UiO-67(BPY)
(Fig. 2) with very small particle size [26]. Contrastingly, the direct
assembly of these building blocks in the presence of a benzoic acid
or acetic acid modulator leads to uniform shape octahedral crystals
of UiO-67(BPY) [24,27,28]. Another method that has been
employed is the post-synthetic exchange (PSE) method in order
to control the incorporation of BPY2� linker into UiO-67. In this
synthetic scenario, UiO-67 crystals are immersed in a solution of
H2BPY, under specific conditions, to replace BPDC2� by BPY2�.
The amount of BPY2� linker incorporated within the UiO-67 frame-
work can be varied from 0% to 100% and the resulting material
retains its high crystallinity and porosity (Fig. 4) [29,30]. Further-
more, the direct assembly of Zr6(l3-O)4(l3-OH)4(COO)12 clusters
in the presence of a mixture of H2BPY and H2BPDC linkers repre-
sents a convenient method that allows for the design and synthesis
of UiO-67(BPY) in a one-step synthesis. This method is termed the
‘‘mix-and-match synthetic strategy” (MMS) [31].

2.2. Post-synthetic metalation method (PSM) for the incorporation of
active metal complexes in BPY-functionalized Zr-MOFs

Using the obtained UiO-67(BPY), post-synthetic metalation can
be considered as a viable method for anchoring active sites of
metal complexes onto the backbone of the pristine MOFs to
generate the synergistic systems. Specifically, this method was
employed by Long et al. who used solution- and gas-phase metala-
tion of UiO-67(BPY) single crystals with different metal precursors
(CuCl2, CuCl, CoCl2, FeBr2, and Cr(CO)4) to carry out single crystal-
to-single crystal transformation [32]. According to the single
crystal X-ray diffraction studies, this resulted in a reduction of



Fig. 3. Linkers and active metal center complexes that have been used for the synthesis of BPY-functionalized Zr-MOFs.
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structural symmetry for the metalated materials, which was
found to be Pa-3, a lower symmetry space group when compared
to Fm-3m of the pristine UiO-67(BPY) (Fig. 5). In an alternative
synthetic scenario, organic functional groups, such as methyl
halogens, were introduced into UiO-67(BPY) via covalent bonding
with the bipyridine groups. This strategy created cationic centers,
which later served for targeting applications in anionic attraction
[33,34].
2.3. Mix-and-Match synthetic strategy (MMS) for the direct
incorporation of BPY functional groups or active metal complexes in
BPY-functionalized Zr-MOFs

Despite the successful post-synthetic metalation of
BPY-functionalized Zr-MOFs, this method resulted in a high density
of active centers inside the structure, which, in turn, led to an overall
reduction of the porosity of the materials as well as limited the



Fig. 4. Post-synthetic linker exchange method towards realizing UiO-67(BPY).

Fig. 5. Post-synthetic metalation via single-crystal-to-single-crystal transformation carried out on the UiO-67(BPY) platform.
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effectivediffusionof desirable substrates towards the active centers.
In this sense, Zr-MOFswith a lower density of BPY functional groups
were targeted for post-synthetic metalation. Recently, through the
MMSstrategy,Manna et al. employed an isoreticular expansion syn-
thetic strategy by using H2BPV and H2PT, which led to the develop-
ment of new BPY-functionalized Zr-MOFs, termed mBPV-MOF and
mPT-MOF (Fig. 6). The synthesis of these compounds was carried
out in amixture of Zrmetal source togetherwith amixed linker sys-
tem (H2BPHV and H2BPV formBPV-MOF; H2PHN andH2PT formPT-
MOF, respectively), which allowed for the control of the ratio of BPY
incorporation within the resulting Zr-MOFs (Fig. 6). Following this,
post-syntheticmetalation of these obtained compoundswas carried
out using an [Ir(COD)(OMe)]2 complex (COD = 1,5-cyclooctadiene).
As a result, this combined strategy led to the enhancement in cat-
alytic performance of mBPV-MOF and mPT-MOF as compared to
the host BPV-MOF (an isoreticular of mBPV-MOF, which is solely
composed of BPV2� linker) [35].

A single step synthesis for the direct incorporation of active
metal complexes in Zr-MOFs has also been demonstrated via the
MMS strategy. This method employed the utilization of mixed
and equal length linkers consisting of complex-decorated BPY-
functionalized linkers together with an inactive linker. One of the
first examples of this type of MMS was demonstrated by Wang
et al., who successfully incorporated the catalytically-active Ir,
Re, and Ru complexes of H2BPY within the framework of UiO-67
(BPY). Interestingly, the reaction of ZrCl4 and pure complex-
decorated H2BPY linker could not produce crystalline materials –
the second ‘‘inactive” linker was needed. This is presumably due
to steric hindrance of these types of complex linkers [31].
Aside from the mixed linker systems, all of which consisted of a
single type of active metal center in the Zr-MOF platform, recent
progress has been made in the construction of materials with the
synergistic combination of Zr-MOF framework with at least two
types of active centers. In this case, each type of active center is
functional for a half-reaction in a given catalytic cycle. Indeed, this
type of system was synthesized via the employment of the MMS
strategy by using a mixture of different linkers, typically, H2BPDC
and H2BPY decorated by various types of active metal centers.
Accordingly, several compounds of this sub-class of Zr-MOF mate-
rials, such as Ru-Pt@UiO-67 and Ptn-Ir-UiO-67(BPY) were synthe-
sized and applied for H2 evolution [36,37]. A one-pot reaction,
using mixed metal sources (Ir and Pd or Rh, respectively) in the
mixture with H2BPY and H2BPDC, was also reported. This com-
bined strategy optimized via various conditions screening leads
to the successful synthesis of the metal complex-based UiO-67
(BPY) containing either a controlled amount of iridium metal sites
(from 4 to 43 mol%) or dual active metal sites composed of Ir and
Pd or Ir and Rh metal complexes [38].

2.4. Method for the incorporation of nanoparticles in BPY-
functionalized Zr-MOFs

Furthermore, a strategy towards realizing a synergistic system
consisting of mono-/bimetal nanoparticles (NPs) embedded within
BPY-functionalized Zr-MOFs have been developed, in which PdNi
alloy NPs were encapsulated into MOFs structure by a simple
and straightforward assembly of PdCl2 and Ni(NO3)2 with the
reacted solution containing H2BPY linker and Zr metal source. This



Fig. 6. Employed linkers and their assembly into Zr-based MOFs containing bipyridyl functional groups.
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is the so-called in-situ incorporation strategy. Following this, the
reduction of the BPY complexes-based UiO-67(BPY) was conducted
to form the NPs inside the pores of the spongy UiO-67(BPY) mate-
rial (Fig. 7). This catalytic system was then applied in a hydrogena-
tion reaction, in which the alloy NPs were found to enhance the
catalytic properties of the embedded Ni NPs and Pd NPs in
Zr-MOFs [39]. Ultrafine bimetallic Pd@Ag core–shell NPs with var-
ious Pd/Ag ratios and average sizes of ca. 2.6–3.1 nm was also
incorporated in the pores of UiO-67(BPY) under a seed-mediated
growth strategy using activated hydrogen as the reducing agent.
This strategy included multi-step synthesis: (1) Encapsulate Pd
NPs within the Zr-MOF through a pre-incorporation method; (2)
dissociation and activation of hydrogen molecules on the surface
of Pd NPs to serve as effective reducing agents; and (3) selective
deposition of Ag on Pd. Indeed, the activated hydrogen atoms, con-
fined on the embedded Pd NP surfaces, promoted the exclusive
reduction of Ag+ on Pd NPs and prevented significant self-
nucleation of Ag to generate individual Ag NPs. This synergistic
system consequently exhibited selective enhancement for the
hydrogenation reaction [40].
Further advances in this research field led to the flourish of
design, synthesis and investigation of the emergent properties,
which arose from the interactions between the anchored active
complexes and the embedded metal nanoparticles inside the high
surface area and large pore volumes of Zr-MOFs. For example, NPs
that were wrapped by MOFs have been reported with unusual, but
remarkable properties [41]. This methodology modified the envi-
ronment at the surface of metal nanoparticles, which occurred as
a result of the surrounding MOF. Indeed, the synergistic combina-
tion of properties, created inside the BPY-functionalized Zr-MOFs,
are so far more complicated. Specifically, the surface environment
of the wrapped nanoparticles was not only impacted by the sur-
rounding MOFs, but also were modified by the active metal centers
attached to the framework backbone. As a result, it is growing
interest to produce metal NPs inside the pores of MOFs to obtain
highly active and stable heterogeneous catalysts [39]. This type
of synergistic system can be synthesized through chemical vapor
deposition, liquid/incipient wetness impregnation (solution infil-
tration), solid grinding, and microwave irradiation [42]. Accord-
ingly, the synergistic hydrogen evolution photo-catalysts, based



Fig. 7. Synthesis of PdNi alloy NPs inside UiO-67(BPY) via reduction of BPY complex of Ni2+ and Pd2+.
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on Pt NP@MOF (Pt NP = platinum nanoparticles), were synthesized
by Wang et al. via multistep reactions. The authors, initially,
employed the MMS to synthesize BPY-functionalized Zr-MOF,
which was loaded with BPY-[Ir(PPY)2]Cl active center. This mate-
rial was then immersed in a solution containing KPtCl4 and then
reduced with TEA under visible irradiation to obtain the final pro-
duct (Fig. 8). Due to the combined function of different compo-
nents, this catalytic system was found to be active for H2

evolution reaction [42].
3. Characterization

Beside well-known analytical methods, such as single-crystal
X-ray diffraction (SXRD), new techniques have been utilized to
characterize the chemical properties of BPY-functionalized Zr-
MOFs, especially to confirm docking agents attached to the back-
bone or constrained within the pores. Typically, nuclear magnetic
resonance spectroscopy (NMR) [29,43] and single-crystal-to-
single-crystal transformation were applied as techniques to pre-
cisely follow the reaction and to determine the characteristics of
the materials [32]. Apart from this, Lamberti et al. used extended
X-ray absorption fine structure (EXAFS) and valence-to-core reso-
nant inelastic X-ray scattering (RIXS) techniques to prove the
insertion of Pt atoms in the expected framework position of UiO-
67(BPY). By using X-ray absorption near edge structure (XANES)
spectroscopy, the changes in the Pt oxidation state along with
the reaction have been observed, and with EXAFS, the ligand
exchange in the first coordination shell of Pt was monitored [44].
In another interesting work, via the combined in-situ and operando
X-ray absorption spectroscopy (XAS) and Fourier Transform-IR
(FT-IR) spectroscopies, Lamberti et al. explored local coordination
geometry, redox properties and reactivity of Cu species in the
UiO-67(BPY) framework [45]. EXAFS fits and XANES simulations,
based on density functionalized theory-optimized geometries,
yielded detailed structural and electronic information on the major
Cu-species. This was further supported by Hendon et al., who
employed the UV-vis-based methodology in combination with
computational chemistry and XRD [46]. That methodology has also
been applied to characterize a series of Rh-functionalized UiO-67-
type catalysts. Recently, Moriss et al. deployed the emission life-
time analysis to investigate the dual occupancy hypothesis at high
doping concentrations of Ru(BPY)2Cl2 in UiO-67(BPY). This was
used to confirm whether the complex can be incorporated into
the framework backbone of UiO-67(BPY) or, alternatively, was
encapsulated in the pores [47,48]. According to the authors, a
hypothesis was proposed, for which, if the monophasic 1.4 ls
emission lifetime decay was observed at low doping concentra-
tions, this would be attributed to BPY-[Ru(BPYm)2]Cl2 incorporated
into the backbone of UiO-67(BPY). On the other hand, if a bi-
exponential expression with slow and fast lifetime components
was observed at higher doping concentrations, which are on the
order of 200 ns and 20 ns, it would be attributed to dual occu-
pancy, in which, the fast lifetime component was assigned to a
non-incorporation of Ru(BPY)2Cl2 encapsulated in UiO-67(BPY)
pores and the low lifetime component was ascribed to those incor-
porated into the UiO-67 backbone [47]. This hypothesis was fur-
ther confirmed by various model fitting based on emission
lifetime analysis [47] with confocal fluorescence microscopy
employed parallel to probe for the distribution of
BPY-[Ru(BPYm)2]Cl2 and Ru(BPY)2Cl2 throughout the whole crystal
of UiO-67(BPY) [48].



Fig. 8. Synthesis of phosphorescent Zr-MOFs of the fcu topology with loading of Pt NPs inside the MOF cavities. This occurs via MOF-mediated photoreduction of K2PtCl4 to
form the Pt NPs.
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4. Applications

Indeed, the flexibility in design and synthesis as well as the
viable pathways to dock active metal centers via the
2,20-bipyridyl functional group, granted the BPY-functionalized
Zr-MOF platform the unique opportunity to combine the interest-
ing properties of particular complexes within one porous platform,
in which these active components can then interact with one
another to produce the synergistic combination of properties,
which cannot otherwise be observed by the homogeneous complex
alone. In this section, we discuss the applications of BPY-
functionalized Zr-MOFs, which range from catalysis, molecular
adsorption, luminescence sensing, and other applications applied
to clean energy. It is noted that we not only summarize the novel
applications achieved as a result of the designed materials, but
detail a viewpoint that focuses on how these properties arise from
a synergistic combination of constituent components.

4.1. Catalysis

Catalysis is an important application of MOFs, which can be per-
formed via two strategies: (i) deploying catalytic active centers,
which exist naturally in the metal clusters or linkers; or (ii) immo-
bilizing active centers onto the internal surface of MOFs via coordi-
nated or covalent bonds. An ever-increasing number of reports and
comprehensive reviews have been reported for this research field
[49–53]. As discussed through the review, the applications based
on BPY-functionalized Zr-MOFs with designed active centers, play
a crucial role in MOFs research. In brief, it is worth noticing that the
synergistic combination of emerging properties such as the high
surface area of Zr-MOFs and the active centers constrained within
the pores, contributed significantly to improve catalytic stability,
which, in turn, has afforded higher catalytic performance.
Additionally, there are tendencies in the synthesis and applications
of Zr-MOFs with the multi-type active centers or nanoparticles to
create combined interactions between the active components in
order to fulfill the mechanism of specific catalytic reactions. On
the contrary, several catalysts possessing constrained active cen-
ters exhibited lower turnover frequency than their homogeneous
analogues as the platform prevented contact by the active agents
with substrate molecules. Thus, additional approaches to over-
come these posed challenges are required. Herein, we provide a
systematic review on the catalytic applications of BPY-
functionalized Zr-MOFs for CO2 reduction, hydrogen evolution
and oxidation in the context of the synergistic interaction between
the catalytic components and the framework. The summary for the
applications of these materials in catalysis has been specifically
provided in Table 1.
4.1.1. Photocatalysis for CO2 reduction
CO2 reduction represents the most focused research, aiming to

reduce emitted CO2 in the Earth’s atmosphere and turn this gas into
fuels and chemical feedstock. CO2 reduction not only helps to bal-
ance atmospheric CO2 levels and its consequential global warming
effects but also generates the sustainable energy source. Traditional
catalysts for CO2 reduction invoke the utilization of homogeneous
rhenium complexes, however, this catalyst suffers from the fast
decomposition due to dimerization and leads to an overall reduction
in the catalytic activity. In this sense, Zr-MOFs coupled with metal
complexes of BPY have received considerable attention as efficient
catalysts for CO2 reduction. Indeed, several catalytic active metal
sites were immobilized in Zr-MOFs, for example: BPY-[ReI(CO)3Cl];
BPY-[RuII-(TERPY)(CO)](PF6)2 and BPY-Mn(CO3)Br. As a result, the
catalytic stability of Zr-MOFs, decorated with the active complexes
were enhanced in comparison with homogenous BPY-[ReI(CO)3Cl]
catalyst, which normally suffered from fast decomposition. The
higher accumulated TONs for CO2 reduction was observed when



Table 1
Applications of functionalized UiO-67(BPY) in catalysis.

No. Material Active Centers Applications Result Refs.

MOFs for CO2 Reduction
1 Ag�Ren-MOF BPY-Re(CO)3Cl and

Ag nanoparticles
Reduction of CO2 to CO 7-Fold enhancement of CO2-to-CO conversion under

visible light (in comparison with Re3-MOF), stability at
least 48 h

[56]

2 MOF 4 BPY-Re(CO)3Cl TON = 10.9, after 20 h [31]
3 Zr-BPDC/

RuCO
BPY-[RuII(TERPY)
(CO)](PF6)2

TON = 9, after 6 h [54]

4 UiO-67-Mn
(BPY)(CO)3Br

BPY-Mn(CO)3Br Reduction of CO2 to formate TON � 110, after 18 h [55]

MOFs for Hydrogen Evolution
5 Zr-MOF-BPY-

PtCl2
BPY-PtCl2 Photocatalyst for hydrogen production reaction from

water
Hydrogen evolution of 8.3 lmol after 9 h which is higher
than (BPY)PtCl2 complex.

[57]

6 Pt@1 [Pt
NP@MOF]
Pt@2 [Pt
NP@MOF]

BPY-[Ir(DCPPY)2]Cl
and Pt
nanoparticles
BPP-[Ir(DCPPY)2]Cl
and Pt
nanoparticles

Photocatalyst for hydrogen evolution by synergistic
photoexcitation

With higher turnover numbers (1.5 and 4.7 times) than
those of the homogeneous controls.

[42]

7 Pt@UiO-67
Ru-Pt@UiO-
67

BPY-PtCl2
[BPY-Ru(BPY)2]Cl2-
PtCl2

Photosensitizer and catalyst hydrogen generation
from water

Ru-Pt@UiO-67 has a high activity with a generation of 0.5
lmol H2 after 5 h irradiation at pH = 5.

[36]

8 Ptn_Ir_BUiO BPY-[Ir(DCPPY)2]Cl-
PtCl2

H2-evolving catalyst and photosensitizer Enhance stability and no colloidal formation for at least
6.5 days, the molecular catalyst becomes colloid just after
7.5 h.

[37]

MOFs for C–H Borylation
9 UiO.[Ir(COD)

(BF4)]0.6
BPY-Ir(COD)(BF4) Catalyst for Benzene C�H Borylation with B2pin2 Yield: 94%, 80 �C, 24 h [32]

10 BPV-MOF-Ir
mBPV-MOF-Ir
mPT-MOF-Ir

BPV-[Ir(COD)
(OMe)]2
mBPV-[Ir(COD)
(OMe)]2
mPT-[IrCl(COD)]2

Arene C�H borylation Yield: 100% with mBPV-MOF-Ir and mPT-MOF-Ir [35]

11 BPY-UiO-Ir BPY-Ir(COD)(OMe) Catalyst for Borylation of aromatic C�H bonds Yield: 83–95% [58]
12 mPT-MOF-

CoCl2
PT-CoCl2 Arene C�H borylation Yield: 100% for almost all substrates. [59]

MOFs for Oxidation
13 MOF 1 DCPPY-IrCp * Cl Catalyst for water oxidation TOF = 4.8 h�1 [31]
14 MOF 2 BPY-(IrCp * Cl)Cl TOF = 1.9 h�1

15 MOF 3 DCPPY-[Ir(DCPPY)
(H2O)2]OTf

TOF = 0.4 h�1

16 UiO-67-
MoO2Cl2(BPY)

BPY-MoO2Cl2 Catalyst for the epoxidation of cis-cyclooctene and
limonene

Selectivity/conversion (%): 100%/97% for cis-cyclooctene
and 90%/67% for limonene at 75 �C.

[60]

17 UiO-67(BPY)-
CuBr2

BPY-CuBr2 Catalyst for the selective oxidation of cyclooctene to
cyclooctene oxide

Yield/conversion(%): 84.3/95.3% after 12 h. [61]

18 MOF-53
MOF-53-VCl3
MOF-53-VCl4

BPDC and BPY Coupling of epichlorohydrin with carbon dioxide Yield: 79.6% for MOF-53 (highest yield among three
samples).

[62]

MOFs for Catalyst with Palladium Active Center
19 BPY-MOF-

PdCl2
m-4,40-
Me2BPY-
MOF-PdCl2
m-6,60-
Me2BPY-
MOF-PdCl2

BPY-PdCl2 Catalyst for Suzuki-Miyaura cross-coupling reaction Highest yield: 90%, m-6,6
0
-Me2BPY-MOF-PdCl2 catalyst [43]

20 UiO-67(BPY)-
Pd

[Pd(CH3CN)4][BF4]2 Dehydrogenation of cyclohexenones to phenol Highest yield: 93%, using DMSO at 100 �C. [58]

21 BPY-UiO-Pd
(OAc)2

BPY-Pd(OAc)2 Catalyst for the reaction of phenylboronic acid with
3-methylcyclohex-2-en-1-one

Highest yield: 99%, catalyst containing 8.1 wt% Pd. [63]

22 Pd(II) doped
UiO-67

BPY-PdCl2 Catalyst for Heck coupling and Suzuki-Miyaura
reaction

Yield: 80–99% [64]

MOFs for other Transformations
23 MOF 5 BPY-[Ir(DCPPY)2]Cl Photocatalyst for aza-Henry reaction Highest conversion: MOF 5: 96%

MOF 6: 97%
[31]

24 MOF 6 [BPY-Ru(BPY)2]Cl2 Photocatalytic aerobic amine coupling reaction Highest yield: MOF 6: 90%
Photo-oxidation of thioanisole Conversion: MOF 6: 76%, after 22 h

25 BPV-MOF-Ir
mBPV-MOF-Ir
mPT-MOF-Ir

BPV-[Ir(COD)
(OMe)]2
mBPV-[Ir(COD)
(OMe)]2
mPT-[IrCl(COD)]2

Hydrosilylation of aryl ketones and aldehydes by
dehydrogenative ortho-silylation of benzylicsilyl
ethers.

100% yield with most of the used catalysts. [35]

(continued on next page)
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Table 1 (continued)

No. Material Active Centers Applications Result Refs.

26 BPY-MOF-
CoCl2
BPV-MOF-
CoCl2
mBPP-MOF-
CoCl2

BPY-CoCl2
BYV-CoCl2
BPP-CoCl2

Alkene hydrogenation, hydroboration and aldehyde/
ketone hydroboration

-TON of up to 2.5 � 106 and turnover frequencies (TOFs)
of up to 1.1 � 105h�1 for alkene hydrogenation.
-Hydroboration of alkene: The highest yield with mPT-
MOF-CoCl2 is 100% for each substrate.
-Hydroboration of ketone and aldehyde: Using BPV-MOF-
CoCl2 (0.05 mol% Co) with a yield of 100%.

[59]

27 UiO-67-Ru
(BPY)3

[Ru
(BPY)2(H2DCBPY)]

Catalyst for the aerobic oxidative hydroxylation of
arylboronic acid

Highest yield: 81% for UiO-67-[Ru(BPY)3]0.1 [65]

28 UiO-67-Co
(BPY)0.25
UiO-67-Mn
(BPY)0.25

BPY-Co(OAc)2
BPY-Mn(OAc)2

Micromotors in fuel solutions Designing micromotor with a high degree of motion and a
chemical ‘‘braking” system.

[66]

29 PdNi-in-UiO-
67

BPY-PdCl2/NiCl2 Catalyst for the hydrogenation of nitrobenzene to
aniline

Yield: 100% after 3 h, 25 �C. [39]

30 Pd@Ag-in-
UiO-67

BPY-PdCl2 and Ag
nanoparticles

Catalyst for hydrogenation of phenylacetylene to
styrene

Selectivity (91%) as compared to monometallic Pd NPs
confined in UiO-67 (75% selectivity).

[40]

Fig. 9. CO2 reduction to CO via photocatalyst at BPY-ReI(CO)3Cl active center.

Fig. 10. CO2 reduction to CO via photocatalyst at BPY-[RuII(TERPY)(CO)](PF6)2 active center.

42 T.N. Tu et al. / Coordination Chemistry Reviews 364 (2018) 33–50
using post-synthetically modified MOF catalysts compared with the
homogeneous complexes.

Accordingly, Wang et al. reported the method to synthesize
(Zr6(l3-O)4-(l3-OH)4(BPDC)6�x(L)x) (L = H2BPY with the respective
active metal complexes) by MMS, in which, the active linker
(H2BPY-[ReI(CO)3Cl]) was designed to match the length of H2BPDC
linker. This led to the anchoring of BPY-[ReI(CO)3Cl] onto the inter-
nal surface of UiO-67(BPY) [31] resulting in the combination of
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properties between BPY-[ReI(CO)3Cl] active complex and the high
surface area of MOFs arose, as the platform virtually provided
the anchored points to prevent the self-dimerization and sup-
ported fast diffusion of electron sacrificial donors (triethylamine).
This catalyst further exhibited high activity for photocatalytic
CO2 reduction, as proven by three-time enhancement of a total
turnover number (TON) of 10.9 times after 20 h (Fig. 9) compared
to its homogeneous complex performance.

Similarly, BPY-[RuII(TERPY)(CO)](PF6)2 active center was intro-
duced in UiO-67 via PSE of metalloligand. This compound, termed
MOF-RuII-composite, was constructed from both BPDC2� and
BPY2� linker, which post-synthetically bore BPY-[RuII(TERPY)
(CO)](PF6)2 active center causing the dispersion of BPY-[RuII
(TERPY)(CO)](PF6)2 active complex onto the surface of UiO-67
(BPY). MOF-RuII-composite was then used for CO2 reduction under
visible light to produce CO, HCOOH, and H2. The TONs for CO2

reduction to CO was found to be 9 times after 6 h reaction
(Fig. 10). The MOF-RuII-composite exhibited high catalytic activity,
even at low CO2 concentrations. Furthermore, the catalytic activity
of this composite was comparable with the corresponding homo-
geneous RuII catalyst and ranked among the highest performing
known MOF-based catalysts used for CO2 reduction conducted
under photocatalytic conditions [54].

Moreover, the combined interactions of multi-active centers,
dispersed throughout the internal surface of MOFs, have been
adopted to design synergistic systems for CO2 reduction. Specifi-
cally, Mn(I) active metal complexes have been docked into the
structure of UiO-67(BPY) to serve as the catalytic active centers,
which interacted directly with CO2 to reduce this substrate. This
complex, however, can only properly function with the flux of
Fig. 11. Synthesis of the dual sites active metal center of I
electrons from the interaction with a [Ru(DMB)2]2+ photosensitizer
(DMB = 4,40-dimethyl-2,20-bipyridine). Finally, this synergistic sys-
tem was fulfilled through the employment of electron sacrificial
donor agents (triethanolamine, TEA), which via the oxidized pro-
cess at [Ru(DMB)2]2+ photo-sensitizer, allowed the supply of
desired electrons into the catalytic cycle. As a result, this composite
was found to be effective for catalysing CO2 reduction to generate
formate product with maximum TONs of 110 times after 18 h reac-
tion. Interestingly, this catalyst could be reused several consecutive
cycles and the increased activity of the Mn-containing MOF was
attributed to the isolated active sites, which prevent dimerization
of the Mn complex [55]. An artificial photocatalyst, designed with
the collaborative interactions between the nanoparticles and
active metal complexes, was then synthesized. The construction
of this system was focused on the synthesis of an Ag nanoparticle
core, which was wrapped by BPY-functionalized Zr-MOFs,
decorated with BPY-ReI(CO)3Cl active sites. This system was ter-
med Ag�Ren-MOF (n = 0, 1, 2, 3, 5, 11, 16, and 24 complexes per
unit cell). The experimental analysis indicated that Ag�Re3-MOF
(MOF layer, 16 nm) exhibited 7-fold enhancement of CO2-to-CO
conversion under visible light over the Re3-MOF. This, indeed,
was attributed to spatial confinement of photoactive Re centers
covering the plasmonic fields at the surface of Ag nanocubes. The
long-term stability of the composites was found for at least 48 h,
which suggested the long-term working stability of this composite.
On the other hand, in terms of catalytic performance of
Ag�Re3-MOF, the initial TON for the first several hours was far less
than BPY-ReI(CO)3Cl homogenous catalyst, thus further improve-
ment is needed to synthesize better catalysts [56].
r-Pt@UIO-67(BPY) and its photocatalytic mechanism.
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4.1.2. Hydrogen evolution
Hydrogen fuel represents a clean and sustainable energy source,

which has the potential to play an important role in the replace-
ment of depleting fossil fuels. With respect to the evolution of
hydrogen, it is essential to design a system that can catalyze two
half-reactions, the H+ reduction and water oxidation. Indeed, the
design of such systems in one catalyst is obviously very challeng-
ing. However, it is noted that current efforts have paved the way
towards the design and synthesis of catalysts for separate H+

reduction and water oxidation, with the perspective of combining
both catalysts within one catalytic system. For H+ reduction, two
different approaches have been considered. In the first method,
catalysis is driven by electricity to evolve hydrogen and in the sec-
ond method, catalysis is driven by solar energy. For hydrogen evo-
lution driven by solar energy, a complex reaction system must be
developed, which includes the combination of light harvesting ele-
ments, sacrificial electron donors, electron mediators, and
hydrogen-evolving catalysts. Hence, the synergistic combination
of properties of active catalysis centers is required to perform such
challenging reactions. Indeed, recent efforts are aimed at enhanc-
ing the reaction yield, solar energy efficiency, and stability of the
reaction system through sophisticated design, in which each active
center plays a different role and interacts with each other to assist
the reactions.

Toyao et al. prepared UiO-67(BPY) loaded PtCl2 for photocat-
alytic hydrogen production under visible-light irradiation
(k > 420 nm) in water containing TEA, which acted as the sacrificial
electron donor. The prepared catalyst achieved steady hydrogen
evolution with the amount of evolved hydrogen reaching 8.3 lmol
after 9 h, which was higher than the corresponding homogeneous
BPY-PtCl2 complex [57]. Moreover, the photo-electron system,
composed of dual active metal centers, included the photosensi-
tizer BPY-[Ru(BPYm)2]2+ and the proton reduction catalyst BPY-
PtCl2, was successfully incorporated into the backbone of UiO-67
(BPY), via the MMS strategy [36]. This bi-metallic Ru-Pt@UiO-67
(BPY) material exhibited an enhancement in hydrogen evolution
in aqueous solution at pH 5.0 under visible light irradiation. It is
stated that ‘‘this Ru-Pt@UIO-67 system represents the first exam-
ple of MOFs functionalized with two different transition metal
complexes”, which respectively acted as the photosensitizer and
catalyzed for hydrogen evolution from water [36]. Similarly, Kim
et al. prepared a self-healing system, which ‘‘spontaneously
repaired [the] molecular catalyst and photosensitizer” during pho-
tocatalytic H2 evolution. Accordingly, an Ir complex was immobi-
lized onto the surface of UiO-67(BPY) by MMS strategy, following
by post-metalation with K[PtCl3(C2H4)] to form Ptn-Ir-UiO-67
(BPY). This synergistic system was then used as photocatalyst for
H2-evolution (Fig. 11). Indeed, the Pt0.1-Ir-UiO-67(BPY) catalyst
exhibited very stable molecular photocatalysis without any signif-
icant decrease in catalytic activity nor colloidal formation for at
least 6.5 days. This outperformed the homogeneous molecular cat-
alyst, which became a colloid after just 7.5 h. The stability was
explained by efficient self-healing caused by the arrangement of
diamine sites that closely and densely surrounded the H2-
evolving catalyst and photosensitizer sites in the Zr-MOF [37].

Synergistic hydrogen evolution photocatalysts based on
Pt NP@MOF were reported by Wang et al., who successfully loaded
Pt NPs into the pores of phosphorescent BPY-functionalized
Zr-MOF, which was decorated with BPY-[Ir(PPY)2]Cl active center.
This synergistic compound was found to efficiently photocatalyze
H2 evolution under visible light (>420 nm). In detail, the
BPY��-[IrIII(PPY)2] radicals were generated under visible light illu-
mination via the interaction with TEA promoting the electrons
transfer from the active metal complexes into Pt NPs (i.e. Photo-
injection of electrons). Furthermore, this catalyst was found to
have higher turnover frequencies and turnover numbers (1.5 and
4.7 times) than those of the homogeneous catalysts, explained by
a facile electron transfer, not otherwise observed in homogeneous
catalysts, from the photo-reduced Ir phosphor to the entrapped Pt
NPs inside the MOF catalytic system [42].

4.1.3. Catalysis for C�H borylation
C�H borylation represents an important reaction to transform

inert chemical feedstock into valuable fine chemicals. Traditional
catalysts promoted for C�H borylation, were deployed iridium
complexes with N-donor ligands, which consequently face the
challenge of high cost-effectiveness and non-sustainability for
large-scale reactions. Indeed, immobilizing of iridium complexes
on a porous platform not only allow the catalyst to be recycled
but also do not cause any loss of catalytic properties from the
active iridium centers [32]. Additionally, a higher level of synergis-
tic combination of properties of this type of materials can be syn-
thesized and applied for the cascade reactions via the synthesis of
the synergistic catalyst consisting of dual active metal centers of Ir
and Pd-functionalized Zr-MOFs. This catalyst, in perspective, can
proceed C�H borylation as well as C–C bond formation to target
the final product within one step reaction.

Recently, UiO-67(BPY) was employed as a solid platform for
docking of iridium complex via post-synthetic metalation strategy.
This further generated BPY-Ir(COD)(OMe) active center on UiO-67
(BPY) platform, termed UiO-67(BPY)-Ir. The resulting catalytic
reaction indicated that the Ir-functionalized Zr-MOF exhibited high
catalytic activity for borylation of aromatic C�H bonds with
B2(pin)2 (pin = pinacolate). Furthermore, this catalyst can be
reused up to 20 times for the borylation without any loss of
catalytic activity or crystallinity [58]. Similarly, the new
heterogeneous catalyst has been synthesized via post-synthetic
metalation by docking of [Ir(COD)2]BF4 onto the surface of
UiO-67(BPY). This consequently resulted in the BPY-[Ir(COD)]
(BF4)-functionalized UiO-67(BPY) platform acted as a
heterogeneous catalyst for the C�H borylation of benzene to form
4,4,5,5-tetramethyl-2-phenyl-1,3,2-dioxaborolane with a yield of
100% at very low catalyst loading (Table 1) [32]. Taking advantage
of the catalytic performance of this material, an isoreticular version
of UiO-67 was expanded, termed mBPV- and mPT-MOF, which
contained bipyridyl- and phenanthryl-based linkers and linkers
without chelating groups (Fig. 6). The post-synthetic metalation
of these MOFs with [Ir(COD)(OMe)]2 generated BPV-Ir(COD)
(OMe) and PT-Ir(COD)(OMe) functionalized Zr-MOFs, respectively.
This Ir-functionalized MOFs exhibited high catalytic performance
for C�H borylation of arenes using B2pin2 with mostly 100% yield
[35]. As an effort towards low cost and sustainable technology, an
earth-abundant metal (Co) was considered as a replacement to the
iridium complexes for the catalysis of alkene hydroboration, alde-
hyde/ketone hydroboration, and arene C�H borylation. These cat-
alysts were synthesized via immobilization of CoCl2 on UiO-67
(BPY), BPV-, mBPP- and mPT-MOF to produce BPV-CoCl2, BPP-
CoCl2 and PT-CoCl2 active centers, respectively. The resulting
heterogeneous catalysts displayed turnover numbers (TONs) up
to 22.0 � 103, 48.0 � 103 and 1.0 � 103 times for alkene hydrobora-
tion, aldehyde/ketone hydroboration and C�H borylation of are-
nes, respectively [59].

4.1.4. Oxidation
It is desirable to develop the new heterogeneous catalysts to

achieve high yield and selectivity in oxidation reactions. In this
regard, controlling the conditions as well as designing the catalysts
in oxidation reactions to achieve the desired products and prevent
those products from further oxidized processes (reaction
termination) is important. Indeed, UiO-67(BPY) platforms with
selected active metal centers have also been employed for this
specific application. Accordingly, the BPY-functionalized UiO-67,
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consisting of iridium complexes, was synthesized by the MMS
strategy. This kind of catalyst was found to be active for water oxi-
dation with turnover frequencies (TOFs) up to 4.8 h�1 [30]. In
another report, the reaction between H2BPDC, H2BPY-(MoO2Cl2)
complex, and ZrCl4 generated the UiO-67(BPY) catalytic platform
incorporating BPY-MoO2Cl2 active centers. Subsequently, this cata-
lyst, termed UiO-67-MoO2Cl2(BPY), was found to be useful for the
epoxidation of cis-cyclooctene and limonene in the presence of
tert-butylhydroperoxide and trifluorotoluene at 75 �C, which acted
as an oxidant and co-solvent, respectively. This resulted in epoxide
selectivities of 100% for cis-cyclooctene with 97% conversion, and
90% for limonene with 67% conversion [60]. Similarly, immobiliza-
tion of CuBr2 onto the internal surface of UiO-67(BPY) generated
BPY-CuBr2-functionalized UiO-67(BPY) whose structure possessed
an immobilized square planar Cu complex as proven by XAFS and
UV�vis spectroscopy. The epoxidation of cyclooctene in the pres-
ence of tert-butyl hydroperoxide was promoted by this catalyst
with high catalytic activity as demonstrated by 84.3% yield and
95.3% selectivity. On the other hand, a significantly lower yield of
that reaction was found when using the homogeneous complex
of BPY-CuBr2 catalyst. As such, this indicated that the cooperative
interaction between the active metal centers and the surrounding
environment provided by MOFs enhanced the yield and selectivity
for this oxidation reaction [61].

Demir et al. prepared Zr6O4(OH)4(HCOO)2(BPDC)2(BPY)3
(MOF-53) using the MMS strategy with formic acid as the modula-
tor (Fig. 12). MOF-53 was subsequently used as the platform for
anchoring of vanadium active centers via post-synthetic metala-
tion with VCl3 and VCl4 to obtain MOF-53-VCl3, and MOF-53-
VCl4, respectively. These composites were demonstrated active
for the coupling reaction of epichlorohydrin with carbon dioxide.
Interestingly, pure MOF-53 exhibited higher catalytic activity
(yield: 96.4%; selectivity: 97.4%; TON and TOF values were 964
and 482, respectively) than UiO-67 and UiO-67(BPY) while MOF-
53-VCl3, and MOF-53-VCl4 exhibited no positive effect on the yield
because of the lower surface area and pore volume of the later
materials [62].
4.1.5. Catalysis on UiO-67(BPY) with palladium active center
Palladium complexes are known to be effective catalysts for a

wide range of important reactions in laboratory as well as large-
scale industrial system. However, the homogenous nature of the
Pd complexes prevents them from effective recycling, thus, it raises
the cost for using this catalyst in large-scale organic synthesis.
Another consideration for using this type of catalyst is the decom-
position of the complex with the aggregation of Pd during the reac-
tions contaminated the products. With all of this taken in account,
it raises the demand to design the highly active heterogeneous Pd
catalyst, which are stable and reusable. Indeed, immobilization of
Pd complexed onto the internal surface of MOFs has emerged as
Fig. 12. Coupling reaction of epichlorohydrin with CO2 using MOF-53.
a viable approach, in which the Pd complex is distributed onto
the surface of MOFs via strong interactions through secure docking
centers to prevent aggregation and allow the catalysts to be recy-
cled. Accordingly, the composite material of UiO-67(BPY), doped
with BPY-Pd(DMSO)2[BF4]2, was found to effectively catalyze the
dehydrogenation of various substituent-derived cyclohexenones,
in the presence of oxygen, which acted as the oxidant at ambient
pressure, to produce phenol derivatives. This material also afforded
high catalytic activity for dehydrogenation in DMSO at 100 �C with
the maximum yield up to 93% [58]. Interestingly, significant
enhancement in the catalytic activity has been observed for
Suzuki-Miyaura cross-coupling reactions by using UiO-67(BPY-
Me2) catalyst docked with Pd(II) [where BPY-Me2 = 6,60-dime
thyl-(2,20-bipyridine)]. Specifically, UiO-67(BPY-Me2) after Pd2+

post-metalation exhibited 110-fold and 496-fold enhancement in
catalytic activity when compared with Pd complex doped in UiO-
67(BPY) and other methyl functionalized of BPY2� supported on
UiO-67, respectively [43]. In another case, UiO-67(BPY) loaded
with Pd(II) was found as an active recyclable catalyst in aqueous
media for carbon–carbon bond formation exemplified by the syn-
thesis of all-carbon quaternary centers via conjugate additions of
arylboronic acids to b,b-disubstituted enones. Furthermore, this
catalyst could be recycled up to 8 times without loss of crystallinity
(yields >75%). In addition, a wide range of functionalities substi-
tuted arylboronic acids and b,b-disubstituted enones, can be stere-
oelectronically catalyzed by UiO-67(BPY)-Pd(OAc)2 in modest-to-
high yields (34–95%) [63]. Finally, the MMS strategy has been
employed to incorporate Pd(II) in the framework of UiO-67(BPY),
in which, the in-situ assembly of the mixed linkers consisting of
H2BPY-PdCl2 and H2BPDC with ZrCl4 metal source was conducted
in a non-modulator media to produce the formation of Pd(II)-
functionalized UiO-67(BPY). This catalyst was found active for
Heck and Suzuki coupling reaction of chloroarenes. Additionally,
various kinds of chloroarene substitutes were also utilized as the
substrates for use in this reaction with the yield mostly greater
than 90% [64]. It should be emphasized that this result significantly
differs from those observed by Li et al. [43].

4.1.6. Catalysis for other transformations
Despite the significant efforts contributed to a specific class of

catalysis reaction (i.e. CO2 reduction and hydrogen evolution),
there are other important reactions that can be catalyzed by
BPY-functionalized Zr-MOFs with anchored active metal centers.
Indeed, the distribution of mono-active center onto Zr-MOFs sur-
face or the collaborative interactions among those of active compo-
nents granted the composites unique properties. Accordingly,
anchoring of BPY-[IrIII(DCPPY)2]Cl and BPY-[RuII(BPY)2]Cl2 onto
the internal surface of UiO-67(BPY) was found to effectively cat-
alyze photocatalytic transformations of organic substrates in aza-
Henry reaction, aerobic amine coupling, and aerobic oxidation of
thioanisole with high catalytic activities [31]. Moreover, the post-
synthetic metalation of UiO-67(BPY) with [Ir(COD)(OMe)]2 pro-
vided Ir-functionalized Zr-MOFs, which were found as highly
active catalysts for tandem hydrosilylation of aryl ketones, aldehy-
des, and dehydrogenative ortho-silylation of benzylicsilyl ethers
[58]. Furthermore, Yu and Cohen introduced the UiO-67(BPY) as
a photocatalytic material for the hydroxylation of arylboronic acid.
In this work, the photocatalytic activity was tested using a
photochemical reactor, in which phenylboronic acid,
N,N-diisopropylethylamine, and UiO-67(BPY)0.25 were incubated
in a methanol solution. This resulted in the conversion of 22%
when UV radiation was conducted for 1 day at room temperature.
It was concluded that UiO-67(BPY)0.25 has the potential to be a
photocatalytic material even in mildly basic reactions. However,
the conversion was still low and needed improving. Hence, the
enhancing photocatalytic performance can be performed by
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post-synthetic modification through grafting Ru onto the backbone
to cause increasing the conversion up to 81% [65]. Recently, Cohen
et al. also reported a single-site catalytic MOF acting as self-
propelled micromotors. Accordingly, the MMS strategy was used
to synthesize the host framework of UiO-67-(BPY)0.25, then the tar-
geted catalyst was obtained by post-metalation of UiO-67-(BPY)0.25
with Co2+ and Mn2+ to produce UiO-67-Co(BPY)0.25 and UiO-67-Mn
(BPY)0.25, respectively. These catalysts were investigated for the
decomposition of H2O2 to generate oxygen, which triggered the
bubble-propelled motion. The propulsion of MOF-nanomotors
was tuned by the metal ions, which used to power the micromotor
engine. Additionally, a braking system has been designed by add-
ing chelator such as iminodiacetic acid or ethylenediaminete-
traacetic acid into the motor-fuel system. Brakes remove the
catalytic engine metal ions to further control the speed and motion
of micromotors [66].

In another report, a collaborative interaction of the active com-
ponents was designed via the simple and straightforward protocol
of in situ incorporation of mono-/bimetal precursors into the
framework of Zr-MOFs. This, with the in-situ self-assembly of
H2BPY with Zr4+ in the presence of a mixture of Pd, Ni metal source,
generated the dual Pd, Ni active centers in UiO-67(BPY). Following
this, Pd and Ni active centers were then reduced to aggregate into
the alloy PdNi NPS constrained within UiO-67(BPY). Due to the col-
laborative interaction of constrained active catalytic metal sites of
Pd and Ni on the surface of PdNi NPs, this composite exhibited
superior catalytic activity for the hydrogenation of nitrobenzene
as compared with their monometallic counterparts. The synergistic
interaction of PdNi NPs with the UiO-67(BPY) backbone was also
demonstrated and assigned to explain the better performance in
comparison to the monometallic catalyst. It is noted that the
higher catalytic performance of this kind of materials was also
observed when comparing to the deposited PdNi alloys incorpo-
rated on the external surface of Zr-MOFs (Fig. 7). These PdNi
nanoparticles in UiO-67(BPY), now termed Pd7Ni3@UiO-67(BPY),
demonstrated the highest catalytic activity with a quantitative
conversion of nitrobenzene to aniline within 3 h under atmo-
spheric pressure of H2 and 25 �C. It is specifically noticed that Ni-
in-UiO-67(BPY) showed no catalytic activity, while Pd@UiO-67
exhibited lower activity compared to Pd7Ni3@UiO-67(BPY) [39].

Similarly, the ultrafine bimetallic Pd@Ag core–shell NPs with
various Pd/Ag ratios and average sizes of ca. 2.6–3.1 nm has been
incorporated in the pores of UiO-67(BPY). As a result, the collabo-
rative interaction between the Ag shell and Pd core was immedi-
ately recognized to significantly enhance the selectivity in the
partial hydrogenation of phenylacetylene at room temperature
under atmospheric hydrogen pressure. The resulting investigations
indicated improved selectivity (91%) of this bimetallic Pd@Ag core–
Table 2
Applications of functionalized UiO-67(BPY) in molecule adsorption.

No. Material Active centers Applications

1 UiO-67(BPY) BPY Uptake of H2, CO2 and
CH4

2 Metal_salt@UiO-
67(BPY)

BPY-MX
M: Cu2+, Co2+, Ni2+

X: Cl�, SO4
2�, NO3

–, acac2�

Removal of H2S

3 MOF-867
ZJU-101

Methyl function of N-chelation
sites of BPY2� linker

Cr2O7
2� removal in

water
4 UiO-67-BPY

UiO-67-BPY-Me
Methyl function of N donor sites of
BPY2� linker

Anionic dye
adsorption MO
(methyl orange)

5 MIL-140C-25 BPDC and BPY CO2 uptake

6 ZJU-101 BPY Drug loading
(diclofenac sodium)
shell NP as compared with monometallic Pd NPs embedded in
UiO-67(BPY) (75% selectivity, >99% phenylacetylene conversion
to styrene). On the other hand, Ag NPs embedded in UiO-67(BPY)
did not show any catalytic activity. As such, the enhancement in
selectivity of the bimetallic Pd@Ag core–shell over the monometal-
lic Pd NPs confined in UiO-67(BPY) was assigned to the synergistic
interaction, in which, the Ag shell blocked the high coordination
sites of Pd atom at the surface of Pd core [40].

4.2. Molecule adsorption

Guest molecules can be encapsulated inside the pores of MOFs
due to their high surface area and large pore volume as well as a
high affinity of MOFs framework and adsorbates. In the context
of using BPY-functionalized Zr-MOFs, the elegance of design and
synthesis allowed this type of material to be coupled with different
types of metal complexes, embedded nanoparticles or organic
functional groups via N-quaternization of the pyridine sites to fur-
ther enhance the interactive properties of the resulting material
and guest molecules compared with the pristine Zr-MOFs (Table 2).
For which, Li et al. prepared UiO-67(BPY) to enhance the gas
uptake capacities by anchoring Lewis basic sites onto the surface
while keeping high porosity and exceptional robustness. As the
pore environment of UiO-67(BPY) was populated with N donor
atoms, this material exhibited high uptake capacities for H2, CO2,
and CH4. The H2 adsorption capacity, which was found to be 5.7
wt% at 77 K and 20 bar, is 26.6% higher than that of UiO-67 (4.5
wt% at the same conditions). Accordingly, this uptake is among
the highest in MOFs used for the purpose of hydrogen storage.
The CO2 and CH4 uptake capacities were 7.97 wt% and 12.2 wt%
(7.63 mmol g�1) at 293 K and 20 bar, respectively. This material
ranked among the benchmarks of MOFs for CO2 capture. Interest-
ingly, these CO2 uptakes are higher than the experimental or theo-
retical CO2 uptake capacities on UiO-67 and UiO-68 [24]. Liang
et al. performed experimental and computational studies for CO2

adsorption performance on Zr-MOFs (MIL-140 series), which was
typified by MIL-140A ([ZrO(bdc)], bdc = 1,4-benzenedicarboxy
late), and its analogues including H2BPY linker-based MOFs. It is
reported that the CO2–sorbent interactions were markedly influ-
enced by pore-confinement effects, which arose from a p-stacked
arrangement of the ligands within the framework backbone [67].

Nickerl et al. prepared UiO-67(BPY) and the BPY building unit
was then functionalized by post-synthetic metalation with differ-
ent metal salts (MIIXy; M = Cu2+, Ni2+, Co2+; X = Cl�, NO3

�, SO4
2�,

acac2� = acetylacetonate) by soaking the MOF in aqueous or
ethanolic solution, containing 2 equivalents per linker metal salt
to produce the corresponding metal@UiO-67(BPY) materials. The
series of metalated materials was investigated for their hydrogen
Result Refs.

-H2 adsorption capacity of UiO-67(BPY) was 5.7 wt% at 77 K and 20
bar.
-The CO2 and CH4 uptake capacities were 7.97 wt% and 12.2 wt% (7.63
mmol g�1), at 293 K and 20 bar.

[24]

The copper loaded samples have the highest capture capacity up to
7.8 wt% (H2S).

[28]

ZJU-101 exhibited Cr2O7
2� uptake of 245 mg g�1 with high adsorption

selectivity.
[33]

UiO-67-BPY-Me is more efficient in catalyzing degradation of MO
under UV-vis light irradiation.

[34]

The highest CO2 uptake is up 19.6% at 1.2 bar and 293 K with MIL-
140C-25.

[67]

The loading capacity of the MOF is � 0.546 g g�1. [68]
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sulfide (H2S) and ammonia adsorption properties. The results indi-
cated that metal@UiO-67(BPY) materials exhibit good performance
in toxic hydrogen sulfide capture. Especially, the copper-loading
samples have high capacities up to 7.8 wt%, while no specific affin-
ity towards hydrogen sulfide was observed for UiO-67 and UiO-67
(BPY). This advancement in hydrogen sulfide capture was attribu-
ted to the highly dispersed metal ions onto the surface of
metal@UiO-67(BPY). Furthermore, as metal@UiO-67(BPY) main-
tained the crystallinity as well as porosity after hydrogen sulfide
uptake, it suggested the real chance for these materials to use in
the practical applications such as petroleum-related field [28].

Another synthetic strategy for the modification of UiO-67(BPY)
was reported, in which, UiO-67(BPY) were post-modified via N-
quaternization of the pyridine sites to form UiO-67-BPY-Me and
UiO-67-BPY-Me2, respectively. Both of those materials contained
the cationic framework whose thermal and chemical stabilities
were primarily preserved. Interestingly, the existence of cationic
centers in UiO-67-BPY-Me facilitated fast anionic dye adsorption
[34]. Furthermore, dimethylated cationic form (UiO-67-BPY-Me2)
was found as a highly efficient material for Cr2O7

2� removal from
water [33]. Additionally, UiO-67-BPY-Me2 (ZJU-101) could perform
as a drug carrier for loading of diclofenac sodium. The mechanism
of the drug carrier was assigned to the anion exchange between
anions in phosphate buffered saline (PBS) and coordinated/free
diclofenac anions. Experimental results displayed the maximum
loading capacity of �0.546 g g�1 of diclofenac sodium inside the
MOF’s structure. Furthermore, UiO-67-BPY-Me2 also demonstrated
a physiological pH-responsive drug release (the drug release in PBS
of pH = 5.4 is faster than in PBS of pH = 7.4) [68].

Additionally, as the molecule adsorption depends on the con-
centration of adsorbates and temperature, we believe that future
directions will focus on the design and synthesis of synergistic sys-
tems, which are composed of specific active components for the
indirect control of adsorbed factors such as the local temperature
at adsorbed sites, to allow the smart release or adsorption of guest
molecules. For example, the release of guest molecules (gases,
drugs) can be controlled by exploiting the plasmonic effect of
embedded Ag nanoparticle in BPY-functionalized Zr-MOFs. Aside
from our suggestions, the controlled release of Ag+ ions, which
were loaded in the Zr-MOFs UiO-67(BPY) and UiO-66-(COOH)2,
was demonstrated by Hmadeh et al. via changing the functional
groups of the linker very recently [69].

4.3. Luminescence sensor

As discussed in previous sections, the high surface area and
large pore volume of UiO-67(BPY) allows for the accommodation
of guest molecules inside its pores. Additionally, UiO-67(BPY)
possesses luminescence emitting centers from the BPY group pro-
viding the unique opportunity for the materials to be utilized as
sensors, in which the alternation on luminescence signal can be
Table 3
Applications of functionalized UiO-67(BPY) as luminescence sensor.

No. Material Active centers Applications

1 UiO-67-BPY BPY Luminescence sen
of metals ion

2 Eu3+@UiO-BPY BPY-EuCl3 Temperature sens

3 Eu3+@UiO-BPY BPY-EuCl3 The recognition o
organic compoun

4 NCP-2
PEG-SiO2@2
AA-PEG-SiO2@2

[{5,50-(CO2H)2-BPY}(BPY)2](PF6)2 Optical imaging
observed as guest molecules adsorbed in the pores (Table 3). An
example for a guest-dependent luminescence sensor, which
employed UiO-67(BPY) as the platform, was the utilization of this
material for metal detection based on the binding sites of BPY func-
tional groups that can interact with free metal ions in the solution
via chelation. In this system, BPY2� linker served as the chelator for
ion pre-concentration as well as the fluorescent reporter for signal
detection. Interestingly, this MOF sensor was found to detect Fe3+

with the threshold of 3.2 ppb. Furthermore, a broad range of metal
ion (Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+) was found to be effec-
tively detected by this sensor [70]. The luminescence of UiO-67
(BPY) can be alternated via partial chelation of BPY centers with
Eu3+ luminescence metal ions to generate the synergistic interac-
tion of the system composed of dual-emitting sites. This further
triggered the ratiometric dependence of luminescence come from
the effect of the dual-emitting sites on temperature. Furthermore,
this phenomenon was attributed to the back-energy transfer
(BEnT) from Eu3+ cations to BPY2� linkers and, according to the
authors, this material can be used for highly sensitive temperature
sensing [71]

In another example, UiO-67(BPY), after chelating with Eu3+ ion,
was employed as a guest-dependent luminescence sensor to recog-
nize volatile organic compounds. Accordingly, this sensor was used
for the recognition of aromatic volatile organic compounds (VOCs),
in which the dual-readout signal, combined ratiometric emission
intensity and luminescence quantum yield, has been highlighted
to recognize aromatic VOCs (benzene, toluene, o-xylene, m-
xylene, p-xylene, ethylbenzene, chlorobenzene, and benzonitrile).
This further gave 2D decoded maps of these molecules based on
the emission intensity ratio (IL/IEu) and quantum yield (U)
responses of the host platform towards the accommodation [72].

Different from other examples, Liu et al. prepared a biodegrad-
able and biocompatible contrast agent for in vitro optical imaging.
Accordingly, the system design consisted of the BPY-based Zr-MOF,
which was formulated from the reaction of phosphorescent Ru-
H2BPY(bpy)2 complex (bpy = 2,20-bipyridine) and ZrCl4 in DMF
via microwave-assisted irradiation [73]. The water stability of the
Ru-functionalized BPY-based Zr-MOF increased, but it rapidly
decomposed in phosphate-buffered saline solution due to the reac-
tion between Zr and phosphates. Following this, silica was coated
as a thin shell around the MOF to increase the stability. This system
was then post-modified by polyethylene glycol (PEG), which, via
the interaction with silanol groups of silica, was attached to the
surface of silica coated MOF to form PEG-SiO2@Zr-MOF composite.
In the next step of the synthesis, this composite was treated with
anisamide (AA) to form AA-PEG-SiO2@Zr-MOF. Coating a polyethy-
lene glycol (PEG) layer was performed in order to prevent particles
from aggregation in AA. Finally, the obtained composites,
PEG-SiO2@Zr-MOF and AA-PEG-SiO2@Zr-MOF, were grafted onto
tumor targeting to test for their in vitro viability assays on H460
non-small cell lung cancer cells. As expected, laser scanning confo-
Result Refs.

sor for detection MOF sensor was excellently found to detect
Fe3+ with a detection limit of 3.2 ppb and
other metal ions.

[70]

or The highest thermometric sensitivity is
2.99% K�1.

[71]

f aromatic VOCs (volatile
ds)

Ratiometric emission intensity and
luminescence quantum yield was
highlighted to recognized aromatic VOCs.

[72]

Luminescent hybrid nanoparticles were
synthesized by nanoscale polymers with
extremely high dye loadings for optical
imaging.

[73]



Table 4
Applications of functionalized UiO-67(BPY) in solar cell applications.

No. Material Active centers Applications Result Refs.

1 Zr:Cu MOF BPY-CuI Solar cell Improving the stability of the prepared Cu2�xS/CdS PV cells after the first 10 d. [26]
2 UiO-67-Ru-DCBPY [BPY-Ru(BPYm)2]Cl2 Solar cell The efficiencies of the cells are less than 1%, MOFSCs can present a promising

platform for photovoltaic applications as compared to traditional materials.
[74]

Fig. 13. Synthesis of UiO-67(BPY)-CuI and its application in Cu2�xS/CdS PV cells as the copper compensated source for diffused copper ions out from Cu2S layer.

Table 5
Applications of functionalized UiO-67(BPY) in others.

No. Material Active centers Applications Result Refs.

1 nMOF-867 BPY Supercapacitor Area capacitance of 0.64 and 5.09 mF cm2. [75]
2 Li-polysulphides@nMOF-867 BPY Lithium battery Over 500 discharge/charge cycles. Discharge capacity of 788 mAh g�1

at a high current rate of 835 mA g�1.
[76]
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cal fluorescence microscopy studies showed relatively strong lumi-
nescence for AA-PEG-SiO2@Zr-MOF as opposed to PEG-SiO2@Zr-
MOF. This result indicates that the BPY-functionalized Zr-MOF
platform can be utilized as an alternative to replace toxic contrast
agents.
4.4. Solar cell applications

Owing to global environmental issues and increasing demand
for alternative and clean energy, utilization of solar energy is
required, however, the photovoltaics are needed to convert solar
energy into electric energy. Recently, MOFs have been reported
for solar cells applications (Table 4). Cu2S-based photovoltaics
solar cells represent a cost-effective technique; however, this has
suffered from rapid performance degradation due to the diffusion
of copper ions into the CdS layer. To prevent this performance
degradation, Nevruzoglu et al. prepared CuI-loaded UiO-67(BPY),
which contained BPDC2� and BPY2� (50%), to capture copper ions
(Fig. 13). This material was subsequently used for the compensa-
tion of the diffused copper ions into the CdS layer which, as a
result, improved the stability of the prepared Cu2�xS/CdS PV cells
for at least 40 days [26]. Apart from chalcogenide solar cells,
MOF-sensitized solar cells (MOFSCs) were reported by Maza et al.
Accordingly, photo-sensitized BPY-Ru(II)(BPYm)2 complex was
incorporated into UiO-67(BPY) thin films via three different meth-
ods to obtain MOFSCs, which were subsequently used as sensitiz-
ing materials on TiO2 for solar cell applications. The prepared
system successively generated photocurrent in response to simu-
lated 1-day sun illumination. The efficiencies of the cells were less
than 1%, however, MOFSCs can be considered as a promising plat-
form for photovoltaic applications [74]
4.5. Energy storage

Despite their long-life cycle, the employment of carbon-based
supercapacitors as energy storage devices suffers from low capac-
itance, in addition to the challenges of preparing a supercapacitor
with high capacitance and high life cycle. Recently, MOFs have
been used for energy storage and conversion, including fuel stor-
age, hydrogen evolution, solar cells, fuel cells, batteries, and super-
capacitors (Table 5). In this context, UiO-67(BPY) has been
considered as a promising material for supercapacitor application.
Choi et al. succeeded to prepare a hybrid device using a mixture of
UiO-67(BPY) and graphene. In this work, UiO-67(BPY) was doped
with graphene and incorporated into the devices to construct the
supercapacitors. Accordingly, UiO-67(BPY) has a stack and areal
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capacitance of 0.64 and 5.09 mF cm2, respectively, which was
about 6 times higher than that of the supercapacitors made from
the benchmark commercial activated carbon materials and the
performance period was preserved over at least 10,000 charge/dis-
charge cycles [75]

Development of high-performance energy storage device with
stable life cycles and high energy density is challenging. Hence,
design of the lithium-sulphur (Li-S) batteries, which has a high the-
oretical energy density, has attracted attention. Indeed, the disso-
lution of lithium polysulphides, generated during discharge in
the cathode of a Li-S battery, shortens the life cycle of the battery.
Park et al. demonstrated via in situ spectroelectrochemical mea-
surements that the sp2 nitrogen atoms in the organic linkers of
nanocrystalline UiO-67(BPY) (nMOF-867) were able to encapsulate
lithium polysulphides inside the microcages of nMOF-867, thus
helping to prevent their dissolution into the electrolyte during dis-
charge/charge cycles. As a result, the nMOF-867 containing cath-
ode exhibited excellent capacity retention over the long life of
500 discharge/charge cycles with the capacity loss of approxi-
mately 0.027% per cycle from a discharge capacity of 788 mAh/g
at a high current rate of 835 mA/g [76].

5. Conclusion and future perspectives

In conclusion, BPY-functionalized Zr-MOFs, with the flexibility
in design and synthesis as well as viable post-modification path-
ways, facilitate tailorable features with the synergistic combina-
tion of properties, which arises from the interactions between
active components and the host framework. Hence, in this review,
the synthetic strategies, characterization methods have been com-
prehensively summarized. We further highlighted the novel prac-
tical applications by exploiting the UiO-based catalytic platforms.
In this context, the detailed discussion and our viewpoint for
developing new catalytic systems containing exceptional perfor-
mance caused by the synergistic interactions between the metal
active constituent and MOFs framework were also presented.
Based on the naturally tunable and designable properties of MOFs
structures, we believe that the systems of BPY-functionalized Zr-
MOFs, and those with similar properties can be pre-designed with
higher levels of synergistic interactions, synthesized, and
employed for particular applications. Furthermore, the incorpora-
tion of multiple active metal centers within BPY-functionalized
Zr-MOFs in a specific order can be aimed for synthesis via the com-
bined method of the step-by-step and layer-by-layer growth of an
organic–inorganic layer onto the substrate [6]. Consequently, the
strategies summarized in this review such as PSE, linker exchange,
and MMS, along with characterization methods can be adaptable
to other related MOFs like hafnium (Hf) or cerium (Ce)-BPY. This
can provide new opportunities for the synthesis of advanced mate-
rials with diverse topologies and we believe that this review has
provided the basis for paving the way towards inspiring research-
ers to design better and more efficient systems for specific
applications.
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