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a  b  s  t  r  a  c  t

Isolated  heterogeneous  single-site  catalysts  have  been  attracted  great  interest  in diverse catalytic  reac-
tions  because  of  their uniform  and  distinct  geometric  and  electronic  structure.  Among  various  porous
supports,  metal-organic  frameworks  (MOFs),  with  molecular  level  structure  control  and  modularity,  offer
the versatile  platforms  for supporting  isolated  single-site  catalysts.  Owing  to  the  well-defined  anchoring
sites  lying  in  the  nodes,  ligands  or nanopores  of  MOFs,  the  single-site  catalysts  could  be  grafted  precisely
without  protection  by  bulky  ligands.  More  interestingly,  together  with  the nanopore  confinement  effect
of MOFs,  single-site  catalysts  could  exhibit  the  excellent  performances  in  terms  of  catalytic  activity,  selec-
etal-organic frameworks
solated
ynergistic catalysis
anopore
onfinement effect

tivity  and  stability.  In this  review,  we  focus  on summarizing  the recent  advances  in  the  precise design,
synthesis,  characterization  and  catalytic  applications  of  isolated  single-site  catalysts  supported  by  MOFs
and elucidating  the  relationship  between  structure  and  performance  of single-site  catalysts.  Finally,  we
give a perspective  on  controllable  synthesis  of  isolated  single-site  catalysts  supported  by  MOFs  as  well
as their  catalytic  applications.

© 2019  Elsevier  Ltd.  All  rights  reserved.
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it as an ideal substrate for atom layer disposition of active sites
ntroduction

Isolated heterogeneous single-site catalysts have been inten-
ively investigated in diverse reactions via thermo-, electro- and
hoto-driven modes, because they possess the distinct advan-
ages in the maximum atom utilization, unsaturated coordination
nvironments, unique electronic structures and metal-support
nteractions over conventional metal nanoparticles [1–5]. Further-

ore, they have great potential to integrate the distinct advantages
f homogeneous and heterogeneous catalysts into a single coun-
erpart. Generally, the simplest and most common method of
roducing heterogeneous single-site catalysts is to anchor catalyt-

cally active atoms, ions or molecular complexes onto the surfaces
f solid supports, such as silica, metal oxides and carbon mate-
ials [6–9]. However, the anchoring sites are often limited and
isordered, thus leading to non-uniform distribution of single-
ite catalysts throughout the solid supports. This also tends to be
omplicated by intermolecular interactions between catalytic sites
nd surface functionalities. Therefore, it is challengeable to pre-
ent intermolecular deactivation in the development of single-site
atalysts, since homogeneous metal catalysts generally need to be
tabilized with bulky, elaborately designed ligands. Such steric pro-
ection is important for stabilizing weak-field ligand-coordinated

etal catalysts, particularly for late first-row transition metals in
he weak-field coordination environment consisting of oxygen-
onor atoms [10]. However, steric protecting groups often block
he contact of substrates with active sites, thus impeding the cat-
lytic performance [11,12]. To address above, an alternative route
or obtaining high-performance single-site metal catalysts is to
mmobilize the catalytic species in structurally regular porous solid
upports characteristic of catalytic site isolation without relying on
ulky ligands [13,14]. Obviously, it is highly desirable to develop
ovel porous materials possessing well-ordered and precisely con-
rolled nanostructures for supporting single-site catalysts.

Among various porous materials such as silica, metal oxides and
arbon materials, metal-organic frameworks (MOFs), also known
s porous coordination polymers (PCPs), which are synthesized
y self-assembly of metal ions or clusters with ditopic or poly-
opic organic linkers, have aroused great interest in heterogeneous
atalysis, due to their intriguing features of extraordinarily large
urface area, tunable pore dimensions, well-defined metal nodes,
djustable chemical composition and surface functionality [15–20].
he unlimited possible combinations of metal-oxo clusters and
rganic linkers allow access to reticular structures with tunable
ore sizes and functional properties [21–25]. Furthermore, the pre-
ision commonly achieved in the chemical modification and the
bility to expand the metrics without changing the underlying
opology have not been achieved by conventional porous supports
uch as carbon, zeolites and metal oxides [26–28]. Obviously, MOFs
epresent the excellent scaffolds for incorporating single-site cata-
ysts. The catalytic sites can be placed in the well-defined positions
f MOFs through either rational design of metal nodes, organic link-
rs and environments of pores or post-synthetic modification such
s solvothermal deposition in MOFs (SIM) and atomic layer deposi-
ion in MOFs (AIM) [29–32]. By using pre-metalated organic struts
r via post-synthetic metalation of bridging linkers, MOFs have
rovided a highly tunable platform to engineer single-site solid cat-

lysts for many organic transformations that cannot be performed
y traditional porous inorganic materials [6,33,34]. Furthermore,
he secondary building units (SBUs) of MOFs consisting of inor-
ganic oxide clusters can be used as oxygen-donor ligands, thus
providing an unprecedented opportunity for developing robust,
site-isolated, metal catalysts in a weak field coordination environ-
ment [35,36]. Also, the tunable nanopores in MOFs  could endow
the single-site catalysts with size-selective catalytic performances
in the confined space. For examples, UiO-66 is characteristic of the
free diameter of tetrahedral cage of 0.8 nm and octahedral cage of
1.1 nm,  and the cages are connected by triangular windows with
a diameter of 0.6 nm [37]. The aperture size of UiO-67 is 0.8 nm
with an octahedral cavity of 1.1 nm3 in solvent accessible volume,
where the largest dimension (vertex to vertex of the octahedron)
is close to 1.88 nm [38]. There are three kinds of nanopores in
NU-1000, in which the triangular and hexagonal nanopores of 1.2
and 3.1 nm,  respectively, are aligned along the a-axis, while rhom-
boid nanopores of 1.0 nm are aligned along the c-axis [39]. Also,
MIL-101(Cr) owns free internal diameters of 2.9 and 3.4 nm and cor-
responding microporous windows of 1.2 and 1.6 nm,  respectively
[40].

The synthetic tunability of MOFs makes it possible to fine-tune
electronic and steric properties of catalytic active sites, whereas the
structure regularity and site homogeneity of MOFs greatly facilitate
mechanistic studies of catalytic reactions [41,42]. The well-defined
single-site catalysts are regarded as ideal model catalysts to iden-
tify active sites and understand reaction process at a molecular
level [43]. Altogether, the highly ordered arrangements of the metal
nodes and organic linkers as well as the well-defined nanopore
structures of MOFs make them as ideal substrates to support atom-
ically dispersed metal sites located in the metal nodes, linkers and
nanopores.

With the rapid development of modern characterization tech-
niques, single-site catalysts supported by MOFs can be identified
accurately. Moreover, combined with variable structure design and
synthesis, we  can move forward steps to exploring the relation-
ships of structure and performance and realize “catalysts formation
by design” [13]. In this review, we  focus on the recent progress of
MOFs as emerging platform to support active single sites for catal-
ysis. First, the precise design and synthesis of MOFs  for supporting
single-site catalysts are described via various methods (Fig. 1).
Second, different techniques for characterizing single-site cata-
lysts are discussed. Third, we review the catalytic applications of
isolated single-site catalysts in various reactions and discuss the
relationships between structure and performance combined with
accurate characterization. Finally, we  give a perspective on isolated
single-site catalysts supported by MOFs as well as their catalytic
applications in the future.

Synthesis of MOFs supported isolated single-site catalysts

Single-site catalysts supported by metal nodes in MOFs

Generally, metal nodes built by metal oxide clusters of atomic
precision usually act as Lewis acid sites, such as ZrO6-8 [43,44],
Zr6O4(�3-OH)4 [45,46], and Zr8O8(�2-OH)4 nodes [36,47], which
creates an electron-deficient environment for single-site catalysts,
and moreover, the uniform distribution of anchoring sites makes
[48]. More importantly, isolated single-site metal catalysts sup-
ported by metal nodes are free from intermolecular deactivation
without protection by bulky, elaborately designed ligands, which
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Fig. 1. Scheme of different methods for supporting single-site catalysts on the ligands, nodes and in the pores of MOFs.
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OF-125.

annot be achieved by conventional porous supports. To date, there
re three possible strategies to graft single-site catalysts onto the
etal nodes of MOFs. First, the coordinatively unsaturated metal

odes can act as binding sites to anchor additional ligands for sup-
orting single-site catalysts [49]. Second, the hydroxyl groups and
2O, which are molecularly coordinated on the metal nodes of

ome MOFs (Fig. 2), can provide the anchoring points for metal
ons or organometallic complexes [6]. Third, single-site catalysts
an be introduced into the metal nodes by substitution with the
etal ions under weak coordination between metal nodes and lig-

nds [50]. Altogether, the isolated anchoring sites provided by the
etal nodes of MOFs offer great potential to produce structurally

haracterizable catalysts.
olvent-assisted ligand incorporation on metal nodes
Metal nodes are commonly associated with transition met-

ls that likely introduce Lewis acidity, and they can be exposed
nd further modified with additional ligands to support iso-
ups and bridged hydroxyl groups) on the SUB of (A) UiO-66, (B) NU-1000 and (C)

lated single-site catalysts [51]. For examples, Hupp et al.
reported missing-linker sites on the metal nodes of NU-1000,
which is composed of SBUs, Zr6(�3-O)4(�3-OH)4(OH)4(H2O)4, and
1,3,6,8-tetrakis(p-benzoicacid)pyrene (H4TBAPy) [48,52], could
anchor 2,2′-bipyridine ligands by reaction with the HCl salt of
5-methylphosphonate-2,2′-bipyridine ligands, followed by depro-
tonation of 2,2′-bipyridine ligands with NEt3 and then chelated
with NiCl2, denoted as NU-1000-bpy-NiCl2 [53]. Inductively cou-
pled plasma atomic emission spectroscopy (ICP-OES) analysis
indicates a stoichiometry of 1̃.5 [Ni] per Zr6 node, suggesting a
near-complete formation of supported (bpy)NiCl2 species. This
linker incorporation methodology took advantage of the ability
of the Zr6(�3-O)4(�3-OH)4(OH)4 nodes of NU-1000 to be read-
ily modified through reactions between the free Zr-OH moieties

(or missing-linker sites) on the node and incoming carboxylic or
phosphonic acid-containing ligands. Also, MIL-101 synthesized by
trivalent metal ions coordinating with 1,4-dicarboxybenzene (BDC)
is an ideal support because of its abundant open metal sites upon
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ctivation and high stability [54]. The chromium nodes of MIL-
01 can be post-synthetically modified with amine and pyridyl
pecies to support catalytically active sites. Nguyen et al. reported
hat MIL-101 acts as the scaffold for post-synthesis incorporation
f catechols that can be metallated [55]. Dopamine is a normal
atechol-bearing grafting agent since it possesses a nucleophilic
mino group that can coordinate to unsaturated chromium(III)
enters, denoted as dop-MIL-101. Dop-MIL-101 was then reacted
ith vanadylacetylacetonate (VO(acac)2) to afford a dark-brown

anadium-modified framework (V(dop)-MIL-101) that retained
rystallinity. ICP-OES showed a V/Cr ratio of only 0.13 ± 0.02.
ike metal catalysts, Lewis Pairs (LPs) can be anchored on the
oordinatively unsaturated metal nodes of MOFs as single-site
atalysts as well. The LP, which is composed of B(C6F5)3 and 1,4-
iazabicyclo[2.2.2]octane (DABCO), is grafted onto metal nodes by
trong coordination interaction between the LP and open Cr3+ sites.
fter reaction, the electron density of Cr3+ increases, suggesting

he successful incorporation of LP. The SEM and EDS elemental
apping analyses in different scales demonstrate the even distri-

ution of LP in MOFs without the presence of accumulation in the
articular regions [56].

ydroxyl groups on metal nodes as anchoring sites
MOFs with free hydroxyl groups have aroused wide atten-

ion due to their potential to anchor catalysts in an analogous
anner to traditional metal-oxo supports. Active hydroxyl groups

nd H2O molecules on the nodes of MOFs like DUT-5, MIL-125,
OF-808, NU-1000 and UiO [45,46,48,57–60], could act as ver-

atile binding sites for single-site catalysts like metal ions and
rganometallic complexes. Among these protonolytic sites, the
ridged hydroxyl groups are less active due to weak acidity. For
xample, Farha et al. reported that a highly electrophilic single-site
0 Zr-benzyl catalytic center, tetrabenzyl zirconium (ZrBn4), was

solated on the nodes of Hf-NU-1000 (with the formula, [Hf6(�3-
)4(�3-OH)4(OH)4(H2O)4]) by reactions with acid -OH and -OH2

ites. The well-defined nanopores and nanostructure of Hf-NU-
000-ZrBn remained after modification and single Zr sites are
istributed evenly about 2.4 Zr sites per Hf6 node on average.
owever, the �3-OH didn’t attend the modification process due

o less acidity [61]. On the same hydroxyl groups of the nodes
n NU-1000, single molybdenum(VI) oxide sites are formed from

o(am)2(im)2 in solutions under inert atmosphere [62]. ICP-OES
easurements showed the metal loading of 2.8 ± 0.3 Mo  per Zr6

ode. Recently, Behm et al. reported a facile way to support
uCl2 on the node of UiO-66, in which one linker per one Zr6
luster was missing and the resulting defect sites were termi-
ated by acetate and OH/ OH2 groups with a molecular formula
s Zr6O4(OH)4(BDC)5(CH3COO)0.7(H2O)1.3(OH)1.3 [63]. The Cu ion
ould be anchored on the terminal hydroxyl groups after heat-
ng UiO-66 in a DMF  solution of CuCl2·2H2O at 85 ◦C overnight.
ndependent of the excess of CuCl2·2H2O used in the synthesis,
he incorporation of Cu in Cu/UiO-66 with a Cu : Zr6 atomic ratio
f 0.8 remained same due to the limited hydroxyl groups. Farha
t al. showed that single-atom-based vanadium catalysts were
ntroduced on the node of Hf-MOF-808 (with the formula [Hf6(�3-
)4(�3-OH)4(OH)6(H2O)6]) and Zr-NU-1000 using solvothermal
eposition method, which features only one vanadium per node
13]. The nodes of UiO-66 with the formula [Zr6(�3-O)4(�3-OH)4]
an also support single vanadium site with hydroxyl group gener-
ted from defects caused by linker missing instead of inert �3-OH
64]. ICP-AES indicated a V loading of 0̃.1 ± 0.01 V/Zr [64]. Gates
t al. reported that Ir(C2H4)2(C5H7O2) complexes reacted with -OH

n nodes generated by defects in UiO-66/67 to give site-isolated
r(C2H4)2 complexes, each anchored to the node by two  Ir-O node
onds [65]. Farha et al. synthesized Hf-MOF-808-V and Zr-NU-
000-V by mixing pre-existing Hf-MOF-808 and Zr-NU-1000 with
 27 (2019) 178–197 181

vanadyl acetylacetonate (V(O)(acac)2) in a methanol solution. The
structures of vanadium species were found to be quite different in
Hf-MOF-808-V versus Zr-NU-1000-V [13]. In Hf-MOF-808-V, three
types of crystallographically nonequivalent single-atom vanadium
sites were observed, binding to the Hf6-node in chelating mode
(V1, V2, and V3). The crystallographically estimated loadings were
0.48(V1), 0.54(V2), and 0.48(V3) vanadium per Hf6-node, aligning
well with the loadings determined by ICP-OES. For Zr-NU-1000-
V, multiple single-atom vanadium species were observed on the
bridging position (V1) and the monodentate positions (V2, V3) of
the Zr6 node. The estimated loadings were 0.56(V1), 0.40(V2), and
0.12(V3) vanadium per Zr6 node, a single atom per node, but each
occupying one of three possible sites. Heterometallic active sites
could also be deposited onto the nodes of MOFs simultaneously by
this method. For examples, Lu et al. reported that heterobimetal-
lic cobalt-aluminum single sites were installed on the nodes of
NU-1000 fully and evenly (one Al and Co per node) from the pre-
cursors (py3tren)-AlCoMe in solutions via an acid-base reaction
with the hydroxyl groups. After removing py3tren under 300 ◦C,
the coordinatively unsaturated heterobimetallic oxide core were
generated [66]. With the similar methods, post-synthetic grafting
of RhGa(py3tren) onto NU-1000 was achieved by soaking the MOF
in a benzene solution of (py3tren)GaRhX (X = Me  or OPh; py3tren
= [N(CH2CH2N-(o-C5H4N))3]3−) to afford RhGa(py3tren)-NU-1000.
ICP-AES analyses revealed Rh and Ga loadings of 3.3 and 2 wt%,
respectively, and a Zr : Rh : Ga mole ratio of 6 : 1.07 : 1.01 [67]. As
for the less acidic �-OH groups, they can react with organometallics
with higher activity to anchor single-site catalysts. For example, Lin
et al. reported MgMe2 could react with �-OH groups and the single-
site �4-OMgMe was  formed on the nodes of UiO-69-NO2 [10].
ICP-MS analysis of the digested MOF-MgMe revealed 100% met-
alation at the Zr3(�3-OH) sites, corresponding to four Mg  centers
per Zr6 node (Fig. 3A). Crystallinity of UiO-69-NO2 was  maintained
upon metalation as evidenced by the PXRD patterns.

In addition to directly reacting with free hydroxyl groups on the
metal nodes, another way  is to deprotonate hydroxyl group with
organic lithium regents, and then the less acidic bridged hydroxyl
groups on nodes can anchor various single non-noble metal ions
(Fig. 3B). For examples, Lin et al. reported that after deproto-
nation with nBuLi followed by reaction with CoCl2 or FeBr2 in
THF, the Zr3(�3-OH)sites in SBUs of UiO-68, Zr6(�3-O)4(�3-OH)4,
afforded the single Co (or Fe) sites supported by UiOs [6]. Fitting
the extended X-ray absorption fine structure (EXAFS) regions of
UiO-CoCl and UiO-FeBr demonstrated that the Co and Fe centers
were coordinated to three SBU oxygen atoms and one halogen
atom. ICP-MS analysis revealed 100% metalation at Zr3(�3-OH)
sites, corresponding to four Co/Fe per Zr6 node. Further acti-
vated by NaEt3BH, the active single catalytic sites, Zr3-�3-CoH,
are formed. The same group reported that Zr12-TPDC MOF  of the
formula Zr12O8(�3-OH)8(�2-OH)6(TPDC)9 forms through dimer-
izing two Zr6 clusters via six �2-OH groups as a result of the
reduction of H2TPDC concentration by addition of water. Zr12-
TPDC MOF  was  treated with LiCH2SiMe3 to deprotonate both the
�2-OH and �3-OH sites in Zr12-SBU, then reacted with a CoCl2
solution in THF to afford Zr12-TPDC-CoCl as a deep-blue solid.
Crystallinity of the MOF  was  maintained after metalation, as indi-
cated by the similarity between the PXRD patterns of Zr12-TPDC
and Zr12-TPDC-CoCl. ICP-MS analysis revealed the presence of
11.2 ± 0.6 Co per Zr12 cluster, corresponding to complete met-
alation of all eight �3-OLi sites to form eight (Zr3O−)CoCl, and
all six �2-OLi sites to form three [(Zr2O−)2(Zr3O)CoCl]Li, to give
the complete formula of Zr12(�3-O)5[(�3-O−)CoCl]8[(�2-O−)2(�3-

O)CoCl]3Li3(TPDC)9 [29]. With the similar method, other SBU of
Zr-MOFs, like Zr8(�2-O)8(�2-OH)4, can also be modified with the
single Co and Fe sites, and moreover, the different structure of nodes
endows the single-site catalysts with the distinct activities [36].
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he nodes of MIL-125, Ti8(�2-O)8(�2-OH)4, can support single-
ite Co catalyst [41,68]. After partially reduced by LiCH2SiMe3,
iIII2TiIV6-BDC-CoH is formed, in which electron-rich high-spin
o2+ centers are stabilized by electron-donating Ti3+-oxo ligands.
i8-BDC was first deprotonated with LiCH2SiMe3 to generate a
i8O8(OLi)4(BDC)6 intermediate and then metalated with CoCl2 to
enerate Ti8-BDC-CoCl as a turquoise solid (Fig. 3C). ICP-MS demon-
trates that the Co content in the metalated MOF  was  determined
o be 0.7 Co per Ti8 node [41].

ation exchange at the SBUs
Cation exchange at the SBUs is an alternative way  for intro-

ucing single-site metal catalysts into a well-defined coordination
nvironment even when analogous molecular coordination com-
ounds are elusive or MOFs with those metals of interest are
navailable by direct synthesis. Generally, this method is suit-
ble for the SBUs with a weak field ligand environment [50].
or examples, Dincă et al. reported the first example of a ferric
yponitrite in Fe-exchanged Zn4O(terephthalate)3 (MOF-5) [69].
ater, they prepared a series of materials known as (Cl)M-MOF-

 that arise from Ti3+, V3+, V2+, Cr3+, Cr2+, Mn2+, Fe2+, or Ni2+

eplacing a four-coordinate Zn2+ cation in each cluster of MOF-
 (Zn4O(BDC)3) (Fig. 4A). The same group reported that a single
n2+ site was supported by distorted all-oxygen ligand field after

artial substitution of Zn2+ in MOF-5 and the high-spin MnIV-oxo

pecies formed after the oxidation of Mn2+ sites by tBuSO2PhIO.
he active high-spin MnIV-oxo species are stabilized by the rela-
ively weak ligand fields provided by the SBU [35]. ICP-MS analysis
f MnII-MOF-5 samples gave a ratio of Mn  to Zn about 1 : 15,
g. Reprinted with permission from Ref. [10] Copyright (2016) American Chemical
 Springer Nature. (C) MIL-125(Ti) with CoCl2. Reprinted with permission from Ref.

corresponding to one MnII ion in every four SBUs and a formula
unit of Mn0.25Zn3.75(BDC)3 (MnII

high-MOF-5). Cohen et al. reported
that the tetrahedral Zn2+ sites in ZIF-8 (Zn-(MeIm)) and ZIF-71
(Zn-(Cl2Im)) could be replaced by Mn2+ ions [70]. In addition, the
SBU of MFU-4l  (ZnZn4Cl4(BTDD6)) can undergo cation exchange
to support various single metal sites [71]. It is noted that the
SBU of MFU-4l consists of five zinc atoms: one central atom coor-
dinated octahedrally by six nitrogen atoms, and four peripheral
tetrahedral zinc atoms coordinated by three triazole groups and
one chloride that points toward the center of the pore (Fig. 4B).
The single V2+ sites can be isolated in the SBU by exchange with
unsaturated peripheral Zn2+, and moreover, the Ti, Cr, Mn,  Cu,
Fe, Co and Ni ions can also be introduced via this method. Fur-
ther, side-ligands on the exchanged ions could be exchanged upon
thermal treatment with structure intact such as nitrene interme-
diate involved from Co2+-azide units in the SBU and Cu+ formation
from Cu2+-fluoride units [72–74]. The isomorphous partial substi-
tution of Zn2+ ions in the SBU of MFU-4l leads to frameworks with
the general formula [MxZn5-xCl4(BTDD)3], in which x = 2, M = Mn,
Fe, Co or Ni, BTDD = bis(1,2,3-triazolato-[4,5-b], [4′,5′-i])dibenzo-
[1,4]-dioxin. Subsequent exchange of chloride ligands by nitrite,
nitrate, triflate, azide, isocyanate, formate, acetate, or fluoride leads
to a variety of MFU-4l derivatives [73]. The materials exchanged
with VCl4, and with VCl3(THF)3 showed nearly identical edge ener-
gies and pre-edge features, both of which are consistent with a

vanadium (IV) oxidation state and are denoted as VIV-MFU-4l. By
contrast, the material exchanged with VCl2(py)4 exhibits an edge
energy most consistent with vanadium (II), which is labeled as VII-
MFU-4l. The resulting materials showed good structural retention
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y powder X-ray diffraction and gas sorption analysis [75]. The site-
elective postsynthetic exchange occurred in MOFs with different
BUs. Moorthy et al. prepared a semi-rigid MOF with 2,4,6-Tris(4-
�-carboxy)methoxyphenyl)mesitylene and Zn(NO3)2·6H2O in a

ixture solution of DEF, EtOH and H2O. Two kinds of SBU exist-
ng in this MOF, the infinite one is composed of Zn2+ ions bridged
y �-O and carboxylate groups and the other one is an isolated Zn2+

oordinated to four carboxylate groups in a monodentate fashion.
ite-selective post-synthetic exchange of discrete Zn2+ occurs in
he solution of Fe3+, Ru3+, Cu2+ or Co2+ solutions in a single crystal-
o-single crystal (SCSC) fashion, but Zn2+ ions in the other kind of
UB is unable to realize this process [76]. It is noted that all the
etal nodes partially substituted by active metal sites could pre-

erve the basic coordination scaffold as a result of the geometric
onstraints imposed by the MOF  crystal lattice.

tomic layer deposition (ALD) in MOFs
In addition to SIM methods, atomic layer deposition (ALD)

s a vapor-phase synthetic technique for constructing the
ingle-site catalysts. The key conceptual advance that ALD
mbodies over chemical vapor deposition/infiltration is that
recursor molecules deposit only at chemically reactive sur-
ace sites (Fig. 5A and 5B), and these reactions are self-
imiting [48,52,59,77,78]. For examples, Martinson et al. reported
hat Pt species were deposited on the nodes of NU-1000
ia AIM method with spatial and dimensional homogeneity.
nlike growth of Pt on porous supports such as HZSM-5
nd MIL-101 with trimethyl(methylcyclopentadieny)platinum(IV)
MeCpPtMe3), self-limiting behavior inhibits the formation of
anoparticles. The component of Pt species generated in MOFs

s determined by synthesis temperature. The main component is
t clusters at 160 ◦C and single Pt atoms arise at a lower tem-
erature of 115 ◦C [79]. Isolated by organic linkers, the single Pt
ites exhibit high operando stability and resistance to sintering
p to 200 ◦C. The samples prepared at 115 ◦C and 160 ◦C result
n average loadings of 0.15 and 2.5 Pt per Zr6 node, respectively,
ith uniform distribution of Pt (relative to Zr and O) throughout
U-1000 crystals, while preserving structural integrity [79]. The

teric and electronic properties of single metal sites isolated on the
d via cation exchange with other metal ions. Reprinted with permission from Ref.

nodes of NU-1000 can be tuned with auxiliary ligands or additional
metals to modify catalytic properties. For examples, Hupp et al.
grafted election-withdrawing ligands of hexafluoroacetylacetonate
(Facac−) and acetylacetonate (Acac−) on the nodes of NU-1000 by
displacing node aquand hydroxo ligands and each ligand chelates
a single Zr ion according to single crystal diffraction (Fig. 5C). With
retention of hydroxyl groups, Ni sites could be anchored via AIM
method [80]. The AIM method can also be applied for tuning the
properties of nodes in NU-1000 by modification with aluminum.
New binding sites, terminal OH groups bridging Al and Zr atoms,
arose after modification, which could support single-site Ir cata-
lysts [81]. Farha et al. explored the differences in modifying the
nodes of NU-1000 with single Nb(V) oxide sites by ALD (AIM) and
solution-phase grafting in a MOF  (SIM). After metalation, the sur-
face area decreased obviously for both methods. The pore size was
observed no change by AIM method, but the mesopore size was
reduced by SIM, demonstrating that different synthesis methods
lead to different local structures. Further with Difference Envelope
Density (DED), the Nb5+ atoms were unfirmly distributed in the
lateral cavities between the two  adjacent Zr6 nodes via AIM, while
Nb oxide dimers were formed in cavities by SIM method [82]. The
nanopore geometry of the NU-1000 support has a greater influence
on the distribution of transition metal species deposited through
AIM than the initial distribution of the available OHx reaction
sites. Deposition occurs preferentially at sites within the pores of
NU-1000, where adsorption of the ALD reagent molecules is most
favorable. For Zn-ALD in NU-1000, deposition occurs at only half of
the original OHx sites with selective ALD in the smallest pores of
the NU-1000 framework, but not in the intermediate triangular or
large hexagonal channels [83].

Altogether, after activation and removing coordinated solvent
molecules, the metal nodes can generate open metal sites for
additional ligands to provide various binding sites for single-site
catalysts [84]. The terminal hydroxyl groups and H2O molecules
coordinated on the node can fix single metal sites under inert envi-

ronment by reactions with active organometallic precursors along
with release little organic molecules and heterobimetallic depo-
sition can also be realized by this method. As for the less acidic
bridged hydroxyl groups, few complexes can be isolated directly
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ig. 5. (A) Zr6-based framework NU-1000. Reprinted with permission from Ref. [52
nd  metalation by ALD in a MOF (AIM). Reprinted with permission from Ref [48]. Co
onoanionic Facac− ligand and Ni ions to the Zr6 nodes of NU-1000. Reprinted wit

xcept some very active precursors like MgMe2. While after depro-
onation of bridged hydroxyl groups with organic lithium regents,
he transition metal ions can be anchored on the nodes. With a weak
eld ligand environment or containing coordinatively unsaturated
etal sites, the transition metals on the SBU can be substituted to

upport single-site catalysts and mixed metal nodes are formed.
arious metal ions (Ti, Cr, Mn,  Cu, Fe, Co and Ni ions) can be

ntroduced in the SUB with the structure preservation in a single
rystal-to-single crystal (SCSC) fashion. The incorporation of metal
ons with higher coordination number can generate active unsat-
rated metal sites, of which the catalytic activity is influenced by
he synergy effect of mixed metal nodes and side-ligands. How-
ver, this method is mainly limited to the transition metal ions
nd few noble metal ions can be incorporated in the SBU. All these
ethods are applied in solutions, in which removing adsorbed sol-

ent molecules is hindered. So, the AIM (ALD in MOFs) shows great
otential in atomically precise deposition of precursor molecules
t the nodes of NU-1000 with self-limiting reactions. Various met-
ls like Pt, Ni, Al, Nb are supported on the nodes successfully and
heir activity can be tuned by auxiliary ligands or additional metals
eposited. But due to the stringent criteria of ALD, only NU-1000 is
pplied in this method and many other suitable MOFs are needed
o be explored.

ingle-site catalysts supported by organic linkers in MOFs

The organic linkers in MOFs provide various binding sites,
uch as N, O, P and S (Fig. 6), for supporting isolated single-site
atalysts. With delicate design and synthesis of ligands, many
inds of binding sites can be incorporated into MOFs [85]. How-
ver, some organic groups are very reactive or with large size,
hich prohibit the formation of target MOFs and others are

oo fragile to bear the intensive synthesis condition of MOFs.
o address above, the post-syntheticdeprotection (PSD), solvent-
ssisted linker exchange (SALE) and post-synthesis modification
PSM) are developed [86–91]. However, after introduction of
ingle-site catalysts, the pore volume is decreased significantly,

hich will limit the full modification of MOFs and mass transporta-

ion in reactions. The possible strategy is to adopt longer ligands
r dope the ligands without binding sites in MOFs to avoid pore
ntrance blocking [92].
right (2015) American Chemical Society. (B) Thin Film ALD deposition on a surface
ht (2013) American Chemical Society. (C) Schematic depiction of installation of the
ission from Ref. [80] Copyright (2018) American Chemical Society.

Pre-modifying linker with anchoring sites
The pyridine series ligands are widely used as chelating lig-

ands with strong binding affinity to base metals, but they do not
provide adequate steric protection around metal centers to afford
efficient base-metal catalysts [93,94]. The orthogonal bpy-type lig-
ands comprising the MOF  structs are site-isolated and can stabilize
base-metal complexes for catalysis. Typically, Zr-nodes based MOFs
with pyridine moieties are good supports for single-site catalysts
due to the excellent thermal and chemical stability. For examples,
Matsuoka et al. reported that the single-site Cu2+ ions are anchored
on the ligands of MOFs, 2,2′-bipyridine-5,5′-dicarboxylate, by stir-
ring with UiO-67-bpy in acetonitrile solutions [95]. The loading
amount was determined to be 3.3 wt% for Zr-MOF-bpy-CuBr2, indi-
cating that 20.6% of the bpy units were metallated with Cu in
the Zr-MOF-bpy framework. As for metal complexes with large
size, the open channels in UiO-67-bpy would shrink too largely to
finish the full modification of MOFs and the mass transportation
of substrates and products would be limited. To address above,
Lin et al. adopted 4,4′-(2,2′-bipyridine-5,5′-diyl)dibenzoateas lig-
ands to generate larger pores for meeting the steric demand of
active (bpy)Re(CO)3Cl reaction centers and attenuate the impact
of reduced pores [96]. Another way to prevent pore blockage upon
metalation is doping the ligands with no binding sites like 4,4′-
biphenyldicarboxylate in the synthesis process and the loading of
active sites can be tuned [38,93,97]. Huang et al. synthesized Co-Ru-
UiO-67(bpy) by mixing ZrCl4, 2,2-bipyridine-5,5-dicarboxylic acid
(H2bpdcy), Rudcbpy ([Ru(dcbpy)-(bpy)2]Cl2), CoCl2, and glacial
acetic acid in DMF  solution. The concentrations of Co and Ru
in Co-Ru-UiO-67(bpy) are 5.68 × 10−7 and 1.08 × 10−7 mol/mg,
respectively, corresponding to the elemental ratio of Co to Ru about
5.26 [98]. To mimic  the phenanthroline (Phen) ligand environment
in homogeneous iridium/Phen catalysts, a Phen-containing linker,
1,10-phenanthroline-3,8-dicarboxylic acid (PhenDC), can be used
in place of BPDC to synthesize the microporous UiO-67 support.
Farha et al. reported that UiO-67-Mix is metallated with [Ir(1,5-
cyclooctadiene)�-Cl)]2) ([Ir(COD)(�-Cl)]2 to yield initially a green
inactive catalyst UiO-67-Mix-Ir-green, which contains Ir(I) and is

spontaneously oxidized in air to an orange pre-catalyst UiO-67-
Mix-Ir. ICP-MS indicated that about two  iridium atoms per Zr6
node were incorporated into the UiO-67-Mix MOF. The oxidation
state of iridium in UiO-67-Mix-Ir was  confirmed by X-ray pho-
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oelectron spectroscopy and X-ray absorption spectroscopy as +3
38].

Except for bipyridine, terpyridine moieties were also incor-
orated into MOFs. For example, Liu et al. employed 2-TriPP-
OOH (4′-(4-carboxyphenyl)-2,2′:6′,2′′-terpyridine) as ligands and
olmium(III) as nodes to assemble Ho-MOFs. At the same time,
he terpyridyl moieties, which don’t coordinate with nodes in
he skeleton of Ho-MOF, are available to anchor single metal
ons [99]. Through post-synthetic modification of the palladium
recursor PdCl2(CH3CN)2 with Ho-MOF, a well-defined Pd-Ho-
OF  was obtained. ICP-MS experiments indicated that more than

.51 wt% of the palladium was anchored to Ho-MOF [99]. Lin
t al. synthesized on kind of MOLs (Metal-Organic Layers, two-
imensional MOFs), whose thickness was only 1.2 ± 0.2 nm,  with
f4+ cluster, benzene-1,3,5-tribenzoate (BTB) and 4′-(4-benzoate)-

2,2′,2′′-terpyridine)-5,5′′-dicarboxylate (TPY) by taking advantage
f the matching shape and size between TPY. The resultant TPY-
OL  with 30% TPY (based on the total number of tridentate ligands)
as metalated with FeBr2 activated by NaBHEt3. ICP-MS analysis

ndicated that the final Fe-TPY-MOL catalyst contains 100% of Fe
ith respect to TPY [100].

Porphyrin unit with N4 structure possesses the well-defined
quare-planar anchoring sites for single-site catalysts. With four
itrogen atoms, porphyrin moieties are capable to fix metal ions
ightly to stand harsh reaction conditions and they can act as
nchoring sites for single-site catalysts [101,102]. For example,
ang et al. prepared the zirconium-porphyrinic MOF  hollow nano-

ubes (HNTM) by a solvothermal reaction of zirconium chloride
ZrCl4), tetrakis(4-carboxyphenyl)porphyrin (TCPP), benzoic acid,
nd trace H2O in N,N-dimethylformamide (DMF) solvent at 120 ◦C,
n which a series of single noble-metal (Ir, Pt, Ru, Au, Pd) ions could
e immobilized, and moreover, different metal ions could be intro-
uced into the structure at the same time [103]. The structure and
rystallinity of HNTM are well maintained after single atoms were
mmobilized according to their similar PXRD patterns.

Phosphine-ligated transition metal complexes play an impor-
ant role in the development of organometallic chemistry and
omogeneous catalysis. The phosphine binding sites can be intro-

uced into MOFs with delicate design and synthesis. For example,
in et al. incorporated isolated phosphine sites in P1-MOF com-
osed of Zr-oxo SBUs and triarylphosphine-derived tricarboxylate

inkers [104]. Further, the single (mono)phosphine-M (M = Rh and
ites on the ligands of MOFs.

Ir) sites in MOFs are generated via post-synthetic metalation by
taking advantage of the isolation of phosphine sites. Another kind
of phosphine site is designed in PCM-101 composed of tris(p-
carboxylato)triphenylphosphine and secondary pillaring groups
coordinated to [M3(OH)]5+ nodes (M = Co, Ni), in which R3P: sites
were formed in trans-conformation. The transition metal ions (Cu+

and Au+) can be isolated by the R3P: sites [105]. The exact structure
of these composites elucidated by single crystal X-ray diffraction
indicates that the liner P-AuCl complexes are generated and the
parent framework would distort with high loading of AuCl, while
(CuBr)2 squares can insert in the P2 pockets with retention of host
structure.

Sulfonated MOFs can act as the anionic framework host for sup-
porting the cationic components. Grigoropoulos et al. reported that
Crabtree’s catalyst [Ir(cod)(PCy3)(py)][PF6] was anchored on the
sulfonate groups in sulfonated MIL-101 by cation exchange with
Na+ ions [106]. After encapsulation, the content of Ir was  about
2.28 wt%, and moreover, the MOF  complexes’ crystallinity and par-
ticle morphology were almost retained only with slight reduction
of surface area and nanopore size.

Post-modifying linker with anchoring sites
With the long skeleton, the ligands can be modified with

diverse moieties like salicylaldimine and then construct the MOFs
[107]. However, the ligands turn more flexible after modifica-
tion with the delicate moieties, which suppresses the formation
of MOFs. The post-synthesis modification (PSM) of anchoring
sites becomes necessary. Amino groups are very reactive in many
reactions and many functional groups could be introduced into
MOFs via the amino groups on the ligands. For example, Li et al.
reported that the terpyridyl moieties (2,2′:6′,2′′-terpyridine, tpy)
were incorporated into the ligands of MIL-101-NH2(Cr) by “click”
post-functionalization as binding sites for single-site catalysts. The
azido group derived from amino group was  modified by employ-
ing the efficient azide-alkyne cycloaddition protocol (CuAAC) with
4′-ethynyl-2,2′:6′,2′′-terpyridine and then the MIL-101(Cr)-tpy
was generated [92]. And the maleic anhydride groups and �-

diketiminate moieties can be fixed in MIL-53(Al) and UiO-69-NH2
by reactions with amino groups, respectively [108,109]. Another
reactive group is chloromethylene, which was functionalized with
an effective single-site catalysts, Co(dmgH)2(4-HEP)Cl complexes
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Fig. 7. Synthesis of UiO-66-CAT via PSD and PSE. Reprinted with p

dmgH = dimethylglyoxime. 4-HEP = 4-(2-hydroxyethyl)pyridine),
n MIL-101(Cr) [110].

Some ligands with oxygen containing binding site can’t
e applied in the synthesis of MOFs directly, which would
inder the formation of target MOFs. To avoid the interfer-
nce of these functional groups, the ligands with protection
f these groups are applied. These anchoring sites would
eprotect automatically or by the post-synthetic deprotection
PSD) method [85]. For example, biphenol linkers, which are
rotected by acetic, are incorporated into ANL1, a reticular
OF  of UiO-67, synthesized by solvothermal reaction of bpd-

OAc (2,2′-bis(acetoxy)-1,1′-biphenyl-4,4′-dicarboxylic acid) and
2bpdc (1,1′-biphenyl-4,4′-dicarboxylic acid) ligands with ZrCl4

n DMF  and acetic acid. The acetate protecting groups could be
emoved automatically during the synthesis process to expose the
iphenol binding sites and further fix single-site catalysts [111].

Catechol is one of the most widely used chelators in coor-
ination chemistry and immobilization of catechol moieties in
OFs would provide ideal binding sites for highly unsatu-

ated mono(catecholato) metal complexes [112]. Due to the two
ydroxyl groups, the 2,3-dihydroxyterephthalic acid (CATBDC)
an’t be applied in the synthesis of UiO-66-CAT. Instead, the
,3-Bis((2-nitrobenzyl)oxy)-1,4-benzene dicarboxylic acidis was
pplied in the synthesis and the photochemically driven PSD of
-nitrobenzylprotection groups was used to generate free cate-
hol groups. However, the protection of CATBDC need too many
teps and the PSD method enabled only little part of catechol moi-
ties into UiO-66 and provided the limited binding sites due to
arge protection groups [112]. Another way to incorporate the cat-

chol moieties in the UiO is exchanging 1,4-benzene dicarboxylic
cid (BDC) in the skeleton of UiO-66 with CATBDC via the solvent-
ssisted linker exchange (SALE) methods. SALE could be readily
ontrolled to modulate the degree of catechol with simple opera-
sion from Ref. [112] Copyright (2014) American Chemical Society.

tions (Fig. 7). Similarly, a soft thiocatechol motif, stable, but highly
unsaturated metal sites could also be incorporated in UiO-66 via
SALE method [113]. Immobilized thiocatechol ligands on the UiO-
66-TCAT provide an excellent platform to achieve accessible and
unsaturated mono(thiocatecholato) metal centers. The metalation
of 40% thiocatechol-functionalized UiO-66-TCAT using Pd(OAc)2 in
CH2Cl2 afforded dark-brown solids. The crystallinity of UiO-66-
PdTCAT was  maintained upon metalation. ICP-OES confirmed an
atomic ratio of 1 : 0.18 : 0.85 for Zr : Pd : S in the metal-loaded
sample, confirming that 42% of thiocatechol sites was  metalated.
The ligands pre-chelated single-site catalysts can also be incorpo-
rated into MOFs by SALE method. For example, Fontecave et al.
reported that parts of ligands in UiO-67, bpydc (2,2′-bipyridine-
5,5′-dicarboxylic acid) were exchanged by Cp*Rh(bpydc)Cl2 [114].
Although SALE is more convenient, efficient, and controllable than
the PSD, a lot of active sites are exposed on the surface, which may
remove the confinement effect of nanopores in MOFs and weaken
the selectivity in some reactions.

Altogether, the diverse organic ligands with easy tunability can
provide various binding sites for single-site catalysts. The simplest
way to incorporate homogeneous catalysts is to tune the coordina-
tion groups onto linkers of MOFs such as the porphyrin, phosphines
ligands and bipyridine groups. The delicate binding sites can also
be generated by post-synthetic modification (PSM) with reactive
groups on ligands such as halogen, aldehyde and amino groups
[115,116]. The linkers with no binding sites are necessary in the
MOFs to facilitate mass transfer because of the decreased pore size
by the incorporation of single-site catalysts. Some binding sites in
ligands like hydroxyl groups are unable to be incorporated in MOFs

directly, so the protection of groups is required, and the groups
can be released by post-synthetic deprotection (PSD) method. But
the process would be tedious with low loading of single-site cata-
lysts when this method is applied for complicated functional groups
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ig. 8. Single-site catalysts located inside nanopores of MOFs via aperture-openin
hemical Society.

uch as catechol moieties. The solvent-assisted linker exchange
SALE) would facilitate the incorporation of ligands with binding
ite and then anchor the single-site catalysts with tunable loading.
he ligands chelated with single-site catalysts can also exchange
he ligands of prime MOFs directly. The SALE method is more con-
enient, efficient, and controllable than the PSD, but there are many
ingle-site catalysts distributing in the surface of MOFs, which may
ose selectivity compared with those confined inside nanopores.

ingle-site catalysts located in nanopores of MOFs

As for single-site catalysts with large size, they can be encap-
ulated by the nanopores of MOFs. For examples, Notestein et al.
eported that NU-1000 could encapsulate a high weight loading
f phosphotungstic acid (PTA), while it remained intact [39]. The
TA is located in the small triangular channels and electrostati-
ally bound to the node via one of the three H+ of the PTA. The high
oading of PTA pops opens the structure of catalysts, while compos-
te with low loading of PTA collapses during preheating procedure
ecause of strong interaction between PTA and Zr oxide clusters.

Larsen et al. reported a facile way to selectively fix Fe4SP (Fe(3+)
etrakis(4-sulphonatophenyl)porphyrin) within specific cages of
KUST-1 by mixing the precursors of HKUST-1 and Fe4SP dur-
ng the synthesis process [117]. The metalloporphyrin was  fixed
n the octahedral cage, which fitted with the size and symmetry of
KUST-1, while the remaining cavities could allow small molecules

o diffuse and contact the active site for catalysis like channels in
psulation. Reprinted with permission from Ref. [120] Copyright (2018) American

heme proteins. The loading extent of porphyrin can be controlled,
and the maximal loading could reach ∼66% (cavity loading) at the
saturating porphyrin concentration.

Confining single-site catalysts into the nanopores of MOFs
can be implemented by postsynthetic methods. Das et al.
reported a postsynthetic method to isolate one molecule of MnTD
([(terpy)Mn(�-O)2Mn](terpy)]3+; terpy: 2,2′:6′,2′′-terpyridine), an
efficient catalyst for water oxidation, in each nanopore of MIL-101
[118]. MnTD was successfully located in the nanopores of MIL-
101 by first loading the cages with terpy over a period of 18 h,
followed by addition of Mn(OAc)2 and, in parallel, K-oxone in sto-
ichiometric amounts. Finally, the content of MnTD was  10 wt%  in
the obtained product. According to the crystal structure, the size
of MnTD with the counterions was 1.4 × 1.2 × 0.8 nm3. It is noted
that MIL-101 possessed maximum internal diameters of 2.9 nm and
2.4 nm and pore apertures with maximum free diameters of 1.2 nm
and 1.5 nm,  meaning that only one molecule was isolated in each
pore and leaching was prohibited. Also, this was  further verified by
spectroscopic characterization [119].

Tsung et al. reported that the complexes (tBuPNP)Ru(CO)HCl
(tBuPNP = 2,6-is((di-tert-butylphosphino)methyl)pyridine) larger
than the aperture size of UiO-66 were introduced into the pores
by taking advantage of aperture-opening events that occur as a

result of dissociative linker exchange reactions (Fig. 8) [120]. The
aperture-opening events were highly dependent on the identity of
the solvent used. As for protic solvents like methanol, the linker
dissociation and association occurred rapidly and the single-site
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atalysts were encapsulated during the above two  procedures. As
ontrast, aprotic solvent such as DMF  was applied to suppress these
rocesses and avoid leaking of catalysts during the reaction tests.
he loading amount was 0.035 wt% by this method, and the struc-
ure of active sites remained. It is noted that the kind of solvent
layed an important role in both the modification and catalysis
rocess.

haracterization of single-site catalysts supported by MOFs

It is of great importance to develop advanced characterization
echniques to identify the accurate composites and chemical envi-
onments of single-site catalysts supported by MOFs. Generally,
he atomic structure of single ions or clusters can be distinguished
y aberration-corrected high-angle annular dark-field scanning
ransmission electron microscopy (HAADF-STEM) [101]. And the
lemental distribution can be identified by energy-dispersive X-
ay spectroscopy (EDX). However, they just provide the localized
icrostructural information.
Unlike other supports, MOFs are porous crystal materials with

mbiguous structure and the processes for grafting single-site cat-
lysts are often through a single crystal-to-single crystal (SCSC)
ashion, making the determination of exact structure of single-site
atalysts by single crystal X-ray diffraction (SCXRD) feasible. The
recise characterization of active sites would drive generation of
ew catalysts. Pardo et al. reported that isolated single FeIII-O sites
ere hosted in NiII2(NiII4(CuII

2(Me3mpba)2)3)·54H2O by means of
ation exchange with Ni ions and the exact structure was  deter-
ined by SCXRD, confirming the nature of the FeIII active site in the

ydrogenation of acetylene reaction [43]. Further, translation of the
ctive site concept to even more robust and inexpensive titania and
irconia supports. As for the MOFs with mixed ligands incomplete
odification of active sites, the intrinsic disorders make SCXRD not
ork. There are alternative characterization methods like DRIFTS

nd XAS to identify the structure of active sites.
Diffuse reflectance infrared Fourier transform spectroscopy

DRIFTS) can detect the evolution of functional group in the mod-
fication and reaction process. Especially for the various hydroxyl
roups on the nodes, with the weakened intensity or disappearance
f particular peak after modification, the location of single-site cat-
lysts on the nodes can be identified. Further with CO as a probe
olecule, the CO-DRIFTS can provide more information about the

tructure and chemical environment of molecular fragments. The
alue of �CO can distinguish the adsorption mode of single-site
atalysts supported by MOFs (chemisorption or physisorption)
nd its frequency shifts with the state change of the active sites
an be investigated by in situ characterization. The value of �CO
hanges with the binding modes of CO on the metal sites. Dicar-
onyl species are formed on mononuclear metal cations, whereas
n multinuclear ones or clusters, CO binds in both atop and bridged
onfigurations, based on which the species of metal center can be
etermined. The sharpness or full width at half-maximum (fwhm)
alues of �CO bands demonstrate uniform distribution of single-site
atalysts, which facilitates the structure definition and selectivity
mprovement. Gates et al. applied the DRIFT for characterization of
r complex in UiO-66 [65]. There are only one kind hydroxyl groups,

3-OH characterized by IR bands at 3674 and 3644 cm−1, on the
ode of perfect UiO-66. However, there are lots of defects caused
y linker missing in UiO-66 and missing linker sites on Zr6 nodes are
ccupied by two OH terminal hydroxyl groups, in which the IR band
ntensities are at 3780 and 3692 cm−1. After supporting Ir(C2H4)2,
he intensity of the 3692 cm−1 band decreased significantly, and

he 3780 cm−1 band disappeared, and the intensities of �3-OH
roups remained, demonstrating that the Ir complexes are isolated
n these defective sites rather than �3-OH sites on the nodes. There
s a concomitant growth of �CO bands at 2074 and 1996 cm−1, indi-
 27 (2019) 178–197

cating that chemisorbed iridium gem-dicarbonyls are mononuclear
[121]. And the high degree of uniformity of Ir sites in UiO-66 is con-
firmed by the small fwhm values in �CO band of gem-dicarbonyls
of iridium, which is smaller than that on ZrO2. With the DRIFT, the
adsorption peaks of anchoring sites on the ligands can give more
detailed information. For example, in the synthesis of ANL1, the
O H vibration at 3583 cm-1 existed, meaning the auto deprotec-
tion of hydroxyl groups [111]. The attenuation of the peak after
loading Ti(OiPr)4 and retention of the peak of hydroxyl groups on
the nodes at 3673 cm-1 demonstrated the successful incorporation
of Ti(OiPr)2 on the ligands.

Another alternative method is X-ray absorption spectroscopy
(XAS) that can provide electronic and structural information of
the active sites such as oxidation states from X-ray absorption
near edge spectroscopy (XANES) and coordination numbers, and
coordination configurations from the extended X-ray absorption
fine-structure (EXAFS) measurement. For example, single CoCl
sites were anchored on the nodes of UiO-68, however, the crys-
tallographic disorder made the Co coordination environments in
UiO-CoCl fail to be established by X-ray crystallography [6]. Fit-
ting EXAFS regions of UiO-CoCl confirmed that the Co centers were
coordinated to three SBU oxygen atoms and one halogen atom.
By comparing the energies of the pre-edge peaks to the Co(II)
reference compounds, the oxidation states of UiO-CoCl are deter-
mined as +2. In addition, single-site catalysts anchored on the
ligands share the same methods. Like IrCl3 supported on the lig-
and of mbpyOH-UiO in the DMF/THF mixed solutions, the local
coordination environments of Ir in MOFs were deduced from X-
ray absorption spectroscopy (XAS) at the Ir LIII-edge [97]. XANES of
mbpyOH-IrCl3-UiO confirmed the oxidation state of Ir3+ by a rising
edge similar to IrCl3. Fittings of the EXAFS regions afforded six-
coordinated Ir centers with three chlorides atoms, two  nitrogen
atoms from bipyridine moiety, and one oxygen atom from a THF
molecule in the first coordination sphere.

Altogether, the electron microscopy with high resolution
can show the distribution of single-site catalysts and elemen-
tal composition directly, however, it can only provide localized
microstructural information. The exact structure of single-site cat-
alysts supported by MOFs can be determined by SCXRD. As for some
active sites with crystallographic disorder, they can be deduced by
DRIFT and XAS. The DRIFT with a probe molecule CO is a simple
method to provide approximate information about the location,
uniformity, adsorption mode and composition of single-site cat-
alysts. and the XAS offers an alternative method to characterize
the electronic and structural information. With these characteriza-
tion techniques, the precise structure and chemical environment
of the single-site catalysts can be determined, which facilitates
the research of reaction mechanism and structure-activity relation-
ships.

Isolated single-sites catalysts supported by MOFs for
catalysis

MOFs as supports for enhancing the single-site catalysts’
performances

Comparing with traditional solid supports
Single-site catalysts supported by MOFs could exhibit the sig-

nificantly improved performances compared with the traditional
supports. For examples, molybdenum (VI) species are catalytically
active in the synthesis of epoxides but suffer from deactivation
by �-oxo oligomerization in homogeneous reactions. Furthermore,

traditional supports like silica and alumina fail to fix them onto
their surfaces. This challenging problem was  solved by confining
the single molybdenum sites on the nodes of NU-1000 (Mo-SIM) via
solvothermal deposition method, which could suppress the deacti-
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ation of active sites [62]. Extended X-ray absorption fine structure
EXAFs) measurement indicated that Mo-O and Mo-O-Zr were
ormed, and Mo  species were monometic or at most few Mo  atom
lusters. A very low yield of 5% was obtained after 7 h for pure NU-
000, while Mo-NU-1000(SIM) exhibited a high conversion rate of

˜3% with a high selectivity of 9̃9% for cyclohexene epoxide and the
ing-opened diol. These indicated that the catalytic activity was
olely attributed to the deposited molybdenum species. In addi-
ion, Mo-ZrO2 displayed a yield of 97% with a selectivity of 99%, but
ignificant leaching of the catalytic species was found and the yield
as decreased to 30% at the third cycle. As for Mo-NU-1000(SIM),
o deactivation was explored within three cycles, demonstrating
xceptional stability of molybdenum(VI) oxide deposited on Zr6
odes in NU-1000.

The strong Lewis acidic Nd oxide sites are active in alkene epox-
dation. For example, Farha et al. successfully grafted Nb(V) oxide
ites onto the nodes of NU-1000 via atomic layer deposition (AIM)
nd solution-phase grafting (SIM) [82]. The Nb(V) content in MOF-
upported catalysts (1.6 mmol/g for AIM vs. 1.4 mmol/g for SIM)
as approximately an order of magnitude higher than that on ZrO2

0.19 mmol/g), since commercial ZrO2 has a significantly lower
ensity of grafting sites when compared to NU-1000. Difference
nvelope density measurements indicated that using the two syn-
hetic methods resulted in different local structures of Nb(V) ions
ithin NU-1000. Deposited Nb(V) atoms in Nb-AIM were uniformly
istributed in the lateral cavities between the two adjacent Zr6
odes along the c-axis. By contrast, solution-phase grafting resulted

n deposition in the same cavities, but with a bilobal distribution
f electron density, suggesting formation of Nb oxide dimers. The
atalytic performance of Nb-NU-1000 was investigated for catalytic
yclohexene oxidation in respect with Nb-ZrO2 and Nb-SiO2 sam-
les. ZrO2 gave exclusively oxidation products that originated from
adical decomposition of H2O2, whereas bare NU-1000 was selec-
ive to direct cyclohexene oxidation with low yield. Nb-NU-1000
atalysts showed high pathway selectivity, e.g. 72% for AIM, and
8% for SIM, while Nb-ZrO2 had a pathway selectivity of 45%, indi-
ating that the Nb(V) sites were responsible for direct cyclohexene
poxidation.

The MnIV-oxo species in high-spin state are efficient oxygen
tom transfer (OAT) reagents in oxidation reactions. This highly
ctive species are stabilized by relatively weak ligand fields pro-
ided by SBU of MOF-5 and the site-isolated environment provided
y the framework could enhance the lifetime of the high-valence

ntermediate by preventing dimerization or other deactivating
eactions [35]. Farha et al. carried out metalation of the Zr6 nodes
f NU-1000 by installing Co(II) ions, in which the readily acces-
ible −OH/−OH2 groups on Zr6 nodes behaved as site-isolating
rafting sites to control the position of deposited metal ions,
ia solvothermal deposition method and atomic layer deposition
ethod, denoted as Co-NU-1000(SIM) and Co-NU-1000(AIM) [59].

he catalytic performance of both catalysts for oxidative dehydro-
enation (ODH) of propane was tested under steady-state condition
ith a flow of propane and O2 at a molar ratio of 6 to 5 in con-

rast with Co(II) on commercial ZrO2. The result indicated that the
btained products were the mixture of propene and CO2. As for
o-NU-1000(AIM), the turnover frequency (TOF) was  determined
o be 1.02 h−1 on a per cobalt atom basis at 230 ◦C, while it was
.54 h−1 for Co-NU-1000(SIM). The possible reason for difference

n catalytic activity was ascribed to a new Co···Co interaction in Co-
U-1000(AIM) upon activation in O2 at 230 ◦C, which was  absent in
o-NU-1000(SIM). In contrast, TOF value was determined to be only
.15 h−1 on a per cobalt atom basis at 230 ◦C for 10 wt%  Co/ZrO2,

emonstrating advantages of using Zr6 nodes of NU-1000 as the
atalyst support. Furthermore, both Co-NU-1000(SIM) and Co-NU-
000(AIM) exhibited the excellent stability, that is, after 24 h time
n stream, propane conversion was kept around 8.7% for Co-NU-
 27 (2019) 178–197 189

1000(AIM) and about 3.8% for Co-NU-1000(SIM). Similarly, Farha
et al. also introduced Ni ion for metaltion of Zr6 nodes via atomic
layer deposition method, denoted as Ni-NU-1000(AIM) [77]. When
used as catalyst for hydrogenation of ethylene to ethane, Ni-NU-
1000(AIM) showed a TOF value of 0.9 s−1 on a per nickel atom
basis. As contrast, Ni-ZrO2 had an initial TOF value of 0.6 s−1, but
deactivated quickly. Remarkably, Ni-NU-1000(AIM) was highly sta-
ble and the conversion rate was  kept 1̃00% for 2 weeks without
deactivation.

Zeolites, inorganic crystalline porous materials, possess pro-
nounced thermal and hydrothermal stability and can stand under
harsh reaction conditions [122]. With small pore size (less than
1 nm), shape-selective reactions can be performed. However, the
number of single-site catalysts that can be introduced is limited by
the small pore volume, which consequently restricts the strength of
active sites formed on zeolites. Compared to these materials, MOFs
shows great advantage with high surface area, tunable pore size
and pore environment. And, MOFs provide a great opportunity to
rationally design the active site and the microenvironment with an
unprecedented degree of precision [123]. For example, single Cr3+

sites anchored on the linkers of UiO-66-CAT were an efficient and
“green” alcohol oxidation catalyst for a range of substrates [112].
The UiO-66-CrCAT could quantitative oxidize benzylic alcohols in
12 h using 1.1 equiv of TBHP as an oxidant and chlorobenzene
as the solvent at 70 ◦C. However, a Cr-exchanged zeolite catalyst
gave yields of 79–95% with benzylic alcohols but required 4 equiv
of TBHP [124]. Moreover, UiO-66-CrCAT shows no leaching of Cr,
while the Cr-containing zeolites were often susceptible to solvoly-
sis by polar solvents and extensive leaching of the metal species.

The mesoporous silica materials possess large pore size
(2–50 nm)  while zeolites rarely have pore size larger than 1 nm
without a significant loss in stability. MOFs with pore size from
0.5 nm to 9.8 nm may  bridge the gap and can be designed for
various applications [122]. With tunable pore size, MOFs could iso-
late only one catalyst molecular per pore to protect them from
dimerization and leaching, such as MnTD encapsulated by MIL-101
[119]. The MnTD could also be incorporated in the large pores of
FDU-12 with a diameter of 18.6 nm and more than one catalyst
molecules were incorporated per pore. However, in the reaction of
water oxidation, the rate of MnTD@FDU-12 was found to be only
one fourth compared to that with MnTD@MIL-101. And the life-
time of MnTD@FDU-12 in reactions was  less than 7 h, while the
MnTD@MIL-101 could last more than 7 days, which demonstrated
the advantage of MOFs’ tunable pores in the isolation of single-site
catalysts.

Comparing with homogeneous counterpart
The homogenous catalysts can be introduced into MOFs with

the preservation of intact structure. The heterogenization of
homogenous catalysts endows it with good recyclability. More
importantly, most single-site catalysts can be isolated in MOFs
without the protection of bulky, elaborately designed ligands.
Thus, the active site isolation protects catalysts from forming inac-
tive dimers or oligomers, which makes them more stable and
active than the homogenous counterpart in catalytic reactions.
For examples, Lin et al. introduced the monophosphine-ligated
metal center (Ir and Rh) in MOFs to prevent deleterious dispro-
portionation reactions/ligand exchanges. The single-site catalysts
in MOFs showed the high activity in hydrosilylation of ketones
and alkenes, the hydrogenation of alkenes, and the C–H boryla-
tion of arenes, while the homogenous counterpart has negligible
activity [104]. Single (bpy)Co(THF)2 sites fixed on the linker of UiO-

867 are highly active in alkene hydrogenation with high turnover
numbers of 2.5 × 106 [93]. However, the homogeneous counter-
parts Co(Me2bpy)Cl2 is catalytically inactive due to intermolecular
decomposition from inadequate steric protection around the metal



1  Today

c
U
t
t
m
t
c
f
M

N

d
f
[
Z
s
a
c
i
i
s
u
r
o
A
A
g
w
l
t
W
n
b
c
o
b
s
A
c
a
v

F
a
P

90 W.  Zhao et al. / Nano

enters. Single Fe2+/Co2+-salicylaldimine site was  introduced in
iO-68-NH2 [107]. After activated by NaEt3BH in THF, both of

hem enabled highly active for olefin hydrogenation and achieved
urnover numbers of up to 145,000 with good recyclability for

ore than 15 times. As contrast, the homogenous complexes were
otally inactive in reactions due to the intrinsic instability with low-
oordination-number and formation of tetrameric species with the
ormula of Fe4(sal)4Cl4(THF)2, which was prohibited by isolation in

OFs.

anostructured MOFs as supports
MOFs with advanced nanostructures like hollow or two-

imesional (2D) MOFs can further enhance the catalytic per-
ormance by facilitating diffusion of substrates and products
125,126]. For examples, Wang et al. designed and synthesized
r-porphyrin hollow MOF  with high surface area and low den-
ity. By tuning the crystal nucleation and growth in the H2O
nd benzoic acid solution, the hollow MOFs are generated and
ould catalyze hydrogen evolution reactions under visible-light
rradiation after loading Ir/Pt catalysts [103]. Ir and Pt sites are
ntroduced in MOFs easily by solvothermal method and have a
ynergic effect in the photocatalytic HER, in which porphyrin-Ir
nits and porphyrin-Pt units act as photosensitizer and catalyst,
espectively. At the same time, the MOFs facilitate separation
f charge carriers and the charge-transfer resistance reduction.
nd the uncoordinated porphyrin can rebind with leaching ions.
ll these boost the performance of the MOF  complex. The H2-
eneration rate reached up to 201.9 mmol  g−1 h−1 and the activity
as kept after 3 cycles. Compared with the bulk MOFs, the hol-

ow MOFs shows 6 times higher H2-generation rate, demonstrating
he advantage of hollow morphology in mass transportation [19].

ang et al. synthesized a Hf-BTB 2D MOFs, in which six of the con-
ection sites on the cluster [Hf6(�3-O)4(�3-OH)4] were protected
y formate groups, leaving the remaining six in the same plane to
onnect to the benzene-1,3,5-tribenzoate (BTB) moieties [100]. Part
f ligands, benzene-1,3,5-tribenzoate, were exchanged with 4′-(4-
enzoate)-(2,2′,2′′-terpyridine)-5,5′′-dicarboxylate (TPY) to isolate
ingle Fe sites (Fe-TPY-MOL) and the structure remained intact.

fter activation with NaBHEt3, Fe-TPY-MOL was capable of effi-
iently catalyzing the hydrosilylation of styrene to afford the pure
nti-Markovnikov product. As contrast, the activity of 3D stacked
ersion of the composites decreased 70% and the 3D interlocked

ig. 9. (A) Structure of PCN-160 and PCN-160-R%M with trans-chelating ligands and tran
nd  installation of M-INA2. These figures are based on respective single-crystal structure
CN-160, PCN-160-65%, and PCN-160-65%M (M = Mn,  Fe, Co, Ni, Cu, and Pd). Reprinted w
 27 (2019) 178–197

one was totally inactive, which was attributed to the limited mass
transportation in the channels of MOFs. The homogenous cata-
lysts exhibited the lower activity and Markovnikov product due to
formation of Fe0 nanoparticles from decomposition. These demon-
strated the merit of MOLs in isolation of single-site catalysts with
less limited mass transportation.

Single-site catalysts supported by MOFs possessing their own
unique properties

Selectivity is an important factor for evaluating the perfor-
mance of single-site catalysts. With uniform nanopore size, rigid
structure, and various binding motifs on the linkers and SBUs,
single-site catalysts confined in MOFs could exhibit the distinct
activity and selectivity in heterogeneous catalysis together. The
polydispersity indices and molecular weight of products in poly-
merization reaction could be controlled very well by the uniform
active sites. Dincă  et al. incorporated different transition metal
ions (Ti, Cr, Fe, Co and Ni) in MFU-4l via cation exchange. Due  to
the uniform single catalytic sites, the Cr- and Ti-MFU-4l  showed
high activity towards polymerization of ethylene and copolymer-
ization of ethylene and propylene with low polydispersity indices
and good molecular weight control. The polydispersity indices
derived by HT-GPC are generally low, ranging from 5 for Cr(III)-
MFU-4l  to 2.0 for Ti(IV)-MFU-4l  at 40 bar of ethylene. These PDI
values are considerably lower than those reported for polyethy-
lene produced from molecular scorpionate complexes chromium
[72]. Moreover, they could exhibit high selectivity by effectively
precluding multi active sites reaction pathway via controlling
the nanopore structure. The complexes, (bpy)Re(CO)3Cl, can cat-
alyze the photochemical reduction of carbon dioxide via two
reaction pathways, unimolecular and bimolecular intermediate,
in the homogenous reactions at the same time. However, after
anchored on the linkers of UiO-67-bpy, only the unimolecular path-
way is permitted with a higher activity because of isolation of
active sites in UiOs compared with the homogenous counterpart
[96]. Also, few complexes isolated solid supports are trans con-
formation and this can be realized in MOFs. Zhou et al. reported

that trans-coordinated metal complexes could be anchored in
PCN-160 with exposed equatorial position by SALE [127]. Part
linkers of PCN-160 can be replaced by 4-carboxybenzylidene-4-
aminobenzate, which would dissociate and create linkers missing

sformation of ligand fragment in PCN-160 by CBAB exchange, linker labialization,
s after removal of the disordered fragments. (B) Photos and microscope images of
ith permission from Ref. [127] Copyright (2018) American Chemical Society.
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efects. Then Ni-INA2 (4-Pyridinecarboxylate, INA) or metal INA
omplexes moieties are incorporated in the defect sites. Due to
ore sterically accessibility, the catalytic activity of PCN-160-

7%Ni in ethylene dimerization reaction is 7̃ times higher than
he cis-coordinated Ni in UiO-67-50%Ni (Fig. 9). Charge separation
s used to enhance the Lewis acidity of active sites inside MOFs.

ith the octatopic ligand TBCPPP (tetrakis-3,5-bis((4-carboxy)-
henyl)phenyl-porphyrin) chelated with MnIIICl (or FeIIICl ions)
nd anionic [In(CO2)4]− SBUs, UNLPF-13-MnIIICl is produced by
olvothermal reactions with Cl− coordinated to MnIII strongly and
NLPF-14-MnIII with no extra anions coordinated to MnIII is pro-
uced with TBCPPP-MnIII[BF4], in which charge is balanced with
In(CO2)4]−. As a comparison of coordination intense, PCN-223-

nIII[SbF6] is synthesized. In the cyclo isomerization of 1,6-enynes
eactions that can be catalyzed by MnIII-porphyrin, UNLPF-14-MnIII

hows the high reactivity and 95% selectivity to endo product, while
oth UNLPF-13-MnIIICl and MnTPPCl have negative reactivity. And
CN-223-MnIII[SbF6] performs moderate activity and selectivity
ue to the weekly coordinated SbF6

−. The different selectivity and
ctivity among the three catalysts are ascribed to the coordination
ntense, highlighting the essential role of the complete charge sep-
ration and the advantage of zwitterionic MOFs. Furthermore, the
lectronic properties of catalysts supported by MOFs can be tuned
asily, which can act as the only factor to explore the relationships
etween structure and properties [128,129]. The single CoH sites
ere anchored on the nodes of MIL-125(Ti), TiIV8(�2-O)8(�2-OH)4

41]. After reduced into TiIII2TiIV6-BDC-CoH, the single CoH sites can
atalyze hydrogenation of arene with high turnover number (TON)
alues of 10,526 and possess size-exclusion effect due to the uni-
orm shape and size of MOF  channels. However, the TiIV8-BDC-CoH
s totally inactive, indicating the pivotal role of electronic effect of
upports in tuning catalysts.

ynergistic catalysis achieved by single-site catalysts supported by
OFs

Structural regularity and synthetic tenability of MOFs allow
ierarchical integration of multiple functional moieties, and dif-

erent parts can cooperate with each other for achieving the
mproved performances [130–133]. It is noted that photosensitiz-
rs are necessary in photoreactions to facilitate light-harvesting.
he photosensitizers (PSs) and catalytic centers can be incorpo-
ated in MOFs to facilitate multielectron or radical transfer in
hotoreactions. [Ru(dcbpy)(bpy)2]2+, an effective molecular pho-
osensitizer, and CoCl2 were introduced in UiO-67-bpy and the
btained composite showed high activity for light-driven H2 pro-
uction. The catalysts could achieve 27,853 mol  H2/g of MOF  after
0 h, accounting for TON of 99 based on Co [98]. With the in situ
-ray absorption spectroscopy, the enhancement is elucidated

hat the intermediate species, Co+, is formed by electron transi-
ion from Ru PS to Co sites, and is long-lived due to the efficient
harge separation by Ru moiety. With multi components, photore-
ox and organometallic dual catalyst, the cross-coupling reactions
etween aryl iodides and aryl thiols under visible light can be
ealized [134]. The Ir and Ni complexes are incorporated into
iO-69-bpy, which could act as photoredox catalysts to generate

adicals and electrons and facilitate the cross-coupling reactions,
espectively (Fig. 10). Due to the close sites between Ir and Ni,
hich facilitates both electron and thiophenol radical transfer,

ON could reach 35,800 and the catalytic performance is much
etter than its homogenous counterpart. The activity of cata-

ysts was kept well after 6 successive cycles. Lin et al. assembled

 2D MOF  (Hf12-Ru) with bis(2,2′-bipyridine)[5,5′-di(4-carboxyl-
henyl)-2,2′-bipyridine]ruthenium(II) dichloride and HfCl4 [130].
eplacing the trifluoroacetic acid coordinated on the nodes, 2-
5′-methyl-[2,2′-bipyridine]-5-yl)acetic acid (H-MBA) ligands can
 27 (2019) 178–197 191

apply as binding sites to afford Re(CO)5Cl or Mn(CO)5Br catalysts
with a thickness of 3.7 nm.  In the composites, every active site is
adjacent to six photosensitizer molecules and the distance between
them is just 1–2 nm,  which makes multielectron transfer process
easier. Due to the well-designed structure, the catalysts exhibit the
reduction of carbon dioxide with turnover numbers of 670 even
under sunlight. Cohen et al. designed DMOF with Zn(NO3)2 and
mixed ligands, 2-phenylpyridine-5,4′-dicarboxylic acid (dcppy)
and 1,4-Diazabicyclo[2.2.2]octane (dabco) [135]. [Ir(COD)(OCH3)]2
(COD = 1,5-cyclooctadiene) was  anchored on the dcppy ligands
by cycle metalation postsynthetic modification methods. The
composites are capable of catalyzing Meinwald rearrangement
reaction, the allylic N-alkylation of indoline. Further, they intro-
duced dcppy ligands cycle metalated with [Ir(COD)(OCH3)]2 to
IRMOF-9 [136]. Together with amino groups on H2bpdc-(NH2)2
ligands, the composites are able to catalyze tandem Meinwald
rearrangement-Knoevenagel condensation reaction in one pot. This
tandem reaction can’t be realized by the two active sites in homoge-
nous reactions because of alkylation of the amine functionality by
the Ir site. These demonstrate the merits of site isolation by MOFs.

Function synergy between single sites and supports together with
nanopore confinement effect

Single-site catalysts supported by MOFs could achieve size-
dependent selective catalysis, and thus it is of great significance
to introduce MOFs with tunable nanopore structures as supports.
For examples, the molecules with larger size are excluded pass-
ing through or generated in the nanopores, which endows the
active sites with unexpected selectivity due to the uniform shape
and size of channels of MOFs. Borylation of methane remains a
vital goal in the chemical sciences due to its vast reserves and
low intrinsic reactivity. A major challenge in this regard is selec-
tive borylation towards the monoborylated product that is more
active than methane and can easily lead to over-functionalization.
Farha et al. took advantage of the uniform nanopore size of
MOFs to realize high selectivity towards specific size products
despite thermodynamic unfavourability [38]. Single Ir complexes
were anchored on ligands (1,10-phenanthroline-3,8-dicarboxylic
acid) of UiO-67 which could catalyze methane borylation towards
the thermodynamic unfavorable monoborylated product. UiO-67-
Mix-Ir(5 mol%) fully converted B2pin2 and yielded about 17% of
CH3Bpin with a turnover number (TON) of 32 in cyclohexane at
150 ◦C and 34 atm of CH4 for 14 h, which is slightly higher than
the homogenous analogue (TON = 23). Remarkably, the chemos-
electivity ratio of mono- versus diborylated methane products
is 15:1 for the MOF-based heterogeneous catalyst. In dodecane,
the catalysts exhibited a chemoselectivity higher than 99% (mono
versus bis at 19.5% yield; turnover number = 67) for monoborylated
methane. The high selectivity came from the nanopore confine-
ment effect inside MOFs. The aperture size of UiO-67 is 0.8 nm
and the largest dimension (vertex to vertex of the octahedron) is
close to 1.88 nm which preferred the formation of monoborylated
product (0.73 × 0.88 nm,  linear) rather than thermodynamically
favored diborylated methane (0.80 × 1.39 nm,  bent) in this reac-
tion (Fig. 11). When 1 equivalent of bulky coordinated tricyclohexyl
phosphine per iridium is added to poison the Ir complexes on
the MOFs’ surface, the selectivity doesn’t change with decreased
conversion, which corroborates the shape-selective effect of the
nanopore structures of MOFs. UiO-67-Mix-Ir deactivates after two
catalytic runs while the MOF  structure is maintained, which is
possibly due to the degradation of the active iridium species. In

addition, Ti(OiPr)4 is one kind of active sites for hydroboration of
carbonyl compounds. It can be anchored on the biphenol groups in
ANL1 and exhibit high reactivity in hydroboration of a wide range
of carbonyl compounds with excellent functional group tolerance
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Fig. 10. Synergistic catalysis achieved by different active single sites supported by MOFs. TEM image (A) and HRTEM image and FFT pattern (inset) (B) of Zr12-Ir. (C) Plots
o  cataly
c ss cou
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f  conversion vs. time at 0.02 mol% catalyst loading of Zr12-Ir-Ni and homogeneous
atalyst  loading) in six consecutive runs. (E) Proposed mechanism for the C–S cro
opyright (2018) Wiley-VCH.

111]. And the single-site catalysts show group selectivity for the
ydroboration of aldehyde versus ketone because of the formation
f bulkier borate esters that could block the catalytic pore.

Except of extra-large molecules, the well-defined nanopore
tructure of MOFs can provide another kind of steric hindrance
hat the narrow space around active sites hinders reagents enter-
ng the coordination sphere of the active sites. For example,
in et al. designed single �4-O-CoH sites on the nodes of UiO-
8, which is active for catalytic hydrogenation of arange of

lefins at room temperature due to the site-isolated, electron-
eficient and coordinatively unsaturated chemical environment
6]. However, the �3-O-CoH confined in an equilateral tri-
sts. (D) Plots of yields (%) of products catalyzed by recovered Zr12-Ir-Ni (0.02 mol%
pling reaction catalyzed by Zr12-Ir-Ni. Reprinted with permission from Ref. [134]

angle with edge length of 4.4 Å surrounded by three phenyl
rings provides limited space for hydrogenation of tetrasubsti-
tuted olefins and heterocycles. To enlarge the space around
active site, a new node Zr8(�2-O)8(�2-OH)4 is designed, which
can provide rhombus space with an edge length of 4.5 Å. In
the Zr-MTBC (MTBC, 4′,4′′′,4′ ′ ′′′,4′′′ ′′′ ′-methanetetrayltetrakis([1,1′-
biphenyl]-4-carboxylic), both Zr8 nodes and Zr6 nodes exist with
the ratio of 1:3. After modified with single Co-H sites, the Zr-
MTBC-CoH is a high active catalyst for hydrogenation of a broad

scope of substrates, including highly hindered and inactive alkenes,
imines, carbonyls, and heterocycles. The Co-H anchored on the
Zr6 nodes of UiO-68, whose structure is exactly same to that in
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Fig. 11. Size-dependent selective catalysis achieved by single-site catalysts confined in nanopores of MOFs. (A) Synthetic scheme of the catalyst UiO-67-Mix-Ir. (B) Reaction
scheme  of methane borylation with B2pin2. The molecular sizes of 1 and 2 are shown in the ball and stick model with the van der Waals surface in wire mesh. Reprinted with
permission from Ref. [38] Copyright 2016, Springer Nature.
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ig. 12. The effect of localized steric hindrance in nanopores of MOFs. Depiction o
itroarene based on different SBUs of Zr MOFs and the comparison of the electron
ermission from Ref. [29] Copyright (2017) American Chemical Society.

r-MTBC, is inactive in hydrogenation of bulky and rigid trisubsti-
uted alkenes, suggesting that the active sites in Zr-MTBC-CoH are
he Co-H site on Zr8 nodes [36]. Further, a new node Zr12O8(�3-
H)8(�2-OH)6 is generated from dimerizing two Zr6 clusters via

ix �2-OH groups by adding a certain amount of water in the
eaction mixture of UiO-68. Through a similar modification and
ctivation process, the single Co-H sites are confined in steri-

ally open rectangle space (4.6 × 6.9 Å) with a different structure,
(�2-O−)2(�3-O)CoH]−, due to short distance between �3-OH and

2-OH groups. Thanks to dianionic nature of the binding site, the
e Co catalysts with vastly different activities and selectivities in hydrogenation of
 steric properties of Co binding sites in Zr6-, Zr8-, and Zr12-SBUs. Reprinted with

Co-H center is more electron-rich compared with �4-OCoH site on
the Zr6 or Zr8 nodes, which facilitates hydrogenation of nitroarenes,
nitriles, and isocyanides to corresponding amines with excellent
activity and selectivity (Fig. 12) [29]. The narrow space around
active sites can be implemented to enhance the catalytic perfor-
mance. Huang et al. synthesized a series of isoreticular UiO-67(bpy)
with methyl groups at different sites of ligands, which can tune the

space around single Pd sites supported on the ligands [137]. After
loading PdCl2, the obtained MOFs could catalyze Suzuki-Miyaura
cross-coupling reactions, in which the turnover-limiting step of the
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Table 1
Summary of synthesis of single-site catalysts isolated in MOFs as well as their applications in heterogeneous catalysis in the reported literatures.

Anchoring sites Methods MOFs Active sites Reactions Ref.

Nodes

SALI
Zr-NU-1000 Ni(bpy) Dimerization of ethylene [53]

Cr-MIL-101
B(C6F5)3 Reduction of imine; hydrogenation of

alkylidene malonate
[56]

V(CAT) Oxidation of organo-sulfide [55]

Cation  exchange Zn-MFU-4l

Ti Polymerization of ethylene; copolymerization
of ethylene and propylene; polymerization of
1,3-butadiene

[72,74]

Cr  Polymerization of ethylene; copolymerization
of ethylene and propylene; polymerization of
1,3-butadiene

[72,74]

Fe  Polymerization of 1,3-butadiene [74]
Co  Polymerization of 1,3-butadiene [74]
Ni  Polymerization of 1,3-butadiene [74]
V  Polymerization of ethylene [75]

Zn-MOF-5 Mn  Olefin epoxidation [35]

Free  hydroxyl
groups as
anchoring sites

Ti-MIL-125 CoCl Hydrogenation of areneand heteroarene [41]

Zr-UiO-68
CoCl Benzylic C-H borylation; benzylic C–H

silylation; hydrogenation of olefins
[6]

FeBr  sp3 C–H amination [6]
Zr-MTBC CoCl Hydrogenation of alkenes, imines and

carbonyls heterocycles
[36]

Zr12-TPDC CoCl Hydrogenation of nitroarenes, nitrilesand
isocyanides

[29]

Hf-MOF-808 V Alcohol oxidation [13]

Zr-UiO-66
V  Oxidative dehydrogenation of cyclohexene [64]
Al  Meerwein–Ponndorf–Verley [138]
Ir(CO)2 Ethylene hydrogenation; ethylene

dimerization
[65]

Zr-UiO-69-NO2 MgMe  Hydroboration of ketones, aldehydes and
imines; hydroamination of aminoalkenes

[10]

Cr-MIL-101
B(C6F5)3 Reduction of imine; hydrogenation of

alkylidene malonate
[56]

V(CAT) Oxidation of organo-sulfide [55]
Al-DUT-5 Al Meerwein–Ponndorf–Verley [138]

Zr-NU-1000

V  Alcohol oxidation [13]
MoSX Electrocatalytic hydrogen evolution [139]
(py3tren)AlCo Oxidation of benzyl alcohol [66]
(py3tren)RhGa Selective semihydrogenation of alkynes [67]
Mo  Cyclohexene epoxidation [62]
Co  Oxidative dehydrogenation of propane [59]
Nb Epoxidation of alkene [82]

Hf-NU-1000 ZrBn Stereoregular1-hexene polymerization [61]

AIM Zr-NU-1000

Co  Oxidative dehydrogenation of propane [59]
Pt  Hydrogenation of ethylene [79]
Ir(CO)2 Hydrogenation of ethylene [81]
Nb Epoxidation of alkene [82]
Ni  Light alkene oligomerization [77,80,140]

Ligands

Pre-modifying
linker  with
anchoring sites

Zr-UiO-67(bpy)

CoCl2 & Ru(bpy) Photocatalytic H2 evolution [98]
CuBr2 Oxidation of cyclooctene [95]
PdCl2 Suzuki–Miyaura cross-coupling [137]
Ir(OH)2(H2O)2 Hydrogenation of carbon dioxide [97]
Ir(COD)(OH)2 Borylation of methane [38]

Zr-UiO-69

Re(CO)5Cl Photocatalytic CO2 reduction [96]
Ru(bpy)3 & Re(CO)5Cl Photocatalytic CO2 reduction [130]
Ru(bpy)3 & Mn(CO)5Br Photocatalytic CO2 reduction [130]
Ir(dF(CF3)-ppy)2(DBB) & NiCl2 Cross-coupling of aryl Iodide and thiophenol [134]

Zr-MPT-MOF CoCl2 Hydrogenation of olefins, ketones and
aldehydes; hydroboration of alkenes;
borylation of arenes

[93]

Hf-TPY-MOL Fe Hydrosilylation of terminal olefins [100]
Ho-MOF PdCl2 Heck reaction; Suzuki reaction [99]
Zr-UiO-68-sal Fe Hydrogenation of olefins [107]
Zr-E2-MOF RhCl Asymmetric 1,2-addition of aldimine;

asymmetric 1,4-additions of arylboronic acids
[141]

Zr-PCN-222 IrCl2 & PtCl2 Photocatalytic H2 evolution [103]
Al-TCPP Pt Photocatalytic H2 evolution [101]
In-UNLPF Mn  [2 + 1] Cycloisomerization of enynes; [3 + 2]

cycloaddition of aziridines and alkenes
[142]

In-UNLPF Fe [4 + 2] Hetero-Diels–Alder cycloaddition of
aldehydes with dienes

[142]

Co-PCM-101 AuCl Hydroaddition of 4-pentyn-1-ol [105]
Co-PCM-101 CuBr Hydroaddition of 4-pentyn-1-ol [105]
Cr-MIL-101 Ir(cod)(PCy3)(py) Hydrogenation of alkenes and olefinic alcohols [106]
Zr-P1-MOF RhCl(nbd) Hydrosilylation of carbonyls and alkenes;

hydrogenation of alkenes
[104]
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Table  1 (Continued)

Anchoring sites Methods MOFs Active sites Reactions Ref.

Zr-P1-MOF Ir(OMe)(cod) Borylation of arenes [104]

SALE
Zr-UiO-66

Cr(CAT) Oxidation of secondary alcohols [112]
Pd(TCAT) Regioselective functionalization of sp2C–H

bond
[113]

Zr-UiO-67(bpy) Cp*Rh Photocatalytic CO2 reduction [114]
Zr-PCN-160 Ni-INA2 Ethylene dimerization [127]

PSD
Zr-UiO-67 ANL1-Ti(OiPr)2 Hydroboration of aldehydesand ketones [111]
Zr-UiO-66 Cr(CAT) Oxidation of secondary alcohols [112]

PSM

Al-MIL-53 Pd(Mal) Heck-type C-C coupling [108]

Cr-MIL-101
Ru(tpy)Cl3 Oxidation of alcohols [92]
Co(dmgH)2(4-HEP)Cl Photocatalytic H2 evolution [110]

Zr-UiO-69-NH2

Fe(NacNac) Intramolecular C–H amination [109]
Cu(NacNac) Amination of cyclohexene [109]
Co(NacNac) Hydrogenation of alkenes [109]

Cr-MIL-101 MnTD Water oxidation [119]
4SP 
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Nanopores
Cu-HKUST-1 Fe
Zr-UiO-66 (tB
Zr-NU-1000 H3

atalytic cycle was reductive elimination and the sterically con-
ested metal centers were favored. In spite of minor BET surface
rea and similar electronic character of single Pd site, the m-6,6′-
e2bpy-MOF-PdCl2 exhibited 110- and 496-fold enhancements in

ctivity compared to nonfunctionalized m-bpy-MOF-PdCl2 and m-
,4′-Me2bpy-MOFPd-Cl2, respectively.

Moreover, the chemical environment of nanopores can be
esigned to promote the catalytic performance. Crabtree’s catalyst

s one of the best commercially available homogeneous catalysts for
ydrogenation of alkenes. It can be incorporated in the MIL-101(Cr)
y cation exchange with Na+ salt of sulfonated linkers [106]. In the
ydrogeneration of olefinic alcohols, the MOFs composites show
nhanced activity due to hydrophilicity derived from the pres-
nce of H-bond accepting sulfonate groups as well as Lewis acidic
r3+ sites and Na+ cations and higher selectivity to hydrogena-
ion against isomerization attribute to interactions between the
ydroxyl group of the olefinic alcohols and sulfonate anion. Spatial

solation inside nanopores and reversible coordination of the sul-
onate anion make the composites very stable and reusable easily.

onclusion and perspective

We  have summarized the recent progresses in controllable syn-
hesis of isolated single-site catalysts supported by MOFs as well
s their distinct catalytic performances (Table 1). With the rapid
evelopment of synthesis chemistry, MOFs supported single-site
atalysts have been successfully constructed via different strategies
nd exhibited the excellent catalytic performaces as follows: (1)
he highly ordered arrangements of the organic linkers and metal
odes as well as the well-defined nanopore structures of MOFs
ake them as ideal substrates to support atomically dispersed
etal sites located in the metal nodes, linkers and nanopores with-

ut protection by bulky, elaborately designed ligands. The catalytic
ites can be placed in the well-defined positions of MOFs through
ither rational design of metal nodes, organic linkers and environ-
ents of nanopores or post-synthetic modification. (2) The high

urface areas can engender a very high density of catalytic sites,
nabling higher chances of contact with substrates and yielding cat-
lysts with high activity and excellent selectivity. (3) The tailorable
orosity can provide a special cavity environment for substrates
o interact with catalytically active sites, similar conceptually to
he secondary interaction spheres of enzyme active sites, which
an further enhance activity and selectivity. The integration of the

hysical properties of inorganic and organic components together
ith function synergy between MOFs and single-site catalysts pro-

ides endless possibility for controllably constructing the desirable
atalysts with atomically accurate structures.
H2O2 degradation [117]
)Ru(CO)-HCl CO2 Hydrogenation [120]
O40 o-Xylene isomerization and disproportionation [39]

However, though tremendous advances have been made, the
study on single-site catalysts supported by MOFs is still in its
infancy, and many challenges are awaiting to be overcome: (1) The
large sized MOFs are currently used as supports for single-site cata-
lysts, which will inhibit the mass transfer and diffusion of substrate
and product. (2) The precise control of single-site catalysts inside
MOFs is still hard to modulate, and the detailed location position
of single-site catalysts is challengeable to realize due to the limited
characterization techniques. (3) It is still challengeable to fabricate
the single-site catalysts with high metal loading, because single
metal ions/atoms tend to diffuse and form large aggregates during
catalytic reactions. (4) The collective functions of single-site cata-
lysts and MOFs together with the confinement effect of nanopore
structures could exhibit the outstanding performance in respect
with conventionl supported catalysts, however, the catalytic mech-
anism of single-site catalysts is not well understood.

To address above, we suggest the future important research
works about single-site catalysts supported by MOFs as follows:
(1) It is imperative to develop the novel and effective strategies for
synthesis of nanostructured MOFs, and then to construct single-site
catalysts with high catalytic efficiency. (2) The mechanism about
the heterogeneous nucleation and growth of single-site catalysts on
the anchoring sites in MOFs need to be elucidated, and the interfa-
cial interaction between them should be clarified. (3) Smart design
of single-site catalysts inside MOFs is to endow them with multi-
functional catalytic performances, which will bring new benefits
towards significant catalytic reactions. (4) To further realize the
catalytic mechanism, it is necessary to develop both in situ and
ex situ characterization techniques along with the theory calcula-
tions, which will promote better tuning the catalytic performance
of single-site catalysts. All the above will contribute to construc-
tion of the single-site catalysts supported by MOFs at molecular
level and realization of high catalytic activity, excellent selectivity
and long-term stability.

In conclusion, the diverse anchoring sites created inside MOFs
have exhibited great potential in supporting single-site catalysts
in respect with conventional porous supports, and moreover, the
nanopore environment around single-site catalysts could endow
them with the excellent activity, selectivity, stability and recycla-
bility, which facilitates the research in reaction mechanism and
further applications in various catalytic reactions.
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