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Metal–organic frameworks with Lewis acidity:
synthesis, characterization, and catalytic
applications

Zhigang Hu and Dan Zhao*

Metal–organic frameworks (MOFs) are exquisitely architected through the pervasive coordination bonds

between inorganic metal nodes and organic ligands. Marked by high porosity, tunable internal surface

functionality, and concentrated metal sites, they are believed to act as the next generation adsorbent and

catalytic materials. In particular, the presence of unsaturated metal centers and electron-deficient groups,

capable of acting as Lewis acid sites, has made MOFs highly promising in heterogeneous catalysis applica-

tions. In this Highlight, we review the recent development in the design and synthesis of MOFs with Lewis

acidity, the characterization techniques of Lewis acid sites, and their applications in heterogeneous

catalysis.

1. Introduction

Metal–organic frameworks (MOFs), also known as porous co-
ordination polymers (PCPs) or porous coordination networks
(PCNs), are exquisitely architected through the pervasive co-
ordination bonds between inorganic metal nodes and organic
ligands.1 Marked by high porosity, tunable internal surface
functionality, and concentrated metal sites, MOFs are be-
lieved to act as the next generation adsorbent2,3 and catalytic
materials.4 Due to the presence of large amounts of unsatu-
rated metal centers (UMCs), MOFs can inherently act as

Lewis acid catalysts.5 The first example using a MOF as a
Lewis acid catalyst was reported by Fujita and co-workers in
1994.6 They synthesized a Cd–bipyridine MOF and studied its
clathration ability with o-dibromobenzene and the cyano-
silylation reaction of benzaldehyde with cyanotrimethylsilane.
Afterward, MOFs have been widely attempted for various re-
actions, such as cyanosilylation,7–10 ring opening reaction,11

Mukaiyama-aldol reaction,8 Knoevenagel condensation,12,13

redox reaction,14–17 CO2 fixation,18 etc. Besides Lewis acidity,
the presence of Brønsted acidity in some MOFs greatly ex-
pands their catalytic applications.19–21 Nevertheless, some
other issues need to be resolved for their practical applica-
tions in catalysis, such as their weak framework stability, dif-
fusion limits, etc.22,23
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So far, many excellent reviews regarding MOFs as hetero-
geneous catalysts have been presented.24–27 This Highlight
will mainly focus on presenting the recent development in
the synthetic strategies, characterization techniques, and typ-
ical catalytic reactions of MOFs with Lewis acidity whereas
not all the synthetic strategies and reaction types can be cov-
ered herein. In the first part, we describe the common strate-
gies to construct MOFs with Lewis acid sites, such as defect
creation, incorporation of external Lewis acids, post-synthetic
methods, etc. In the second part, we summarize the charac-
terization techniques currently applied to characterize the
Lewis acidity in MOFs, including temperature-programmed
gas desorption, infrared spectroscopy, gas adsorption, and
theoretical calculation. Thirdly, we briefly review the major
reactions catalysed by MOFs with Lewis acidity, such as addi-
tion, reduction, oxidation, cyclization, substitution, hydroge-
nation, host–guest interaction, etc. Lastly, we will present the
conclusions and outlooks for MOFs as Lewis acid catalysts.

2. Synthetic strategies

Unsaturated metal centers (UMCs), which originate from the
removal of terminally coordinated solvent molecules on the
metal sites or coordinative defects because of missing linkers
or clusters, are the major active sites in MOFs for Lewis acid
based catalytic reactions.28 Besides, post-synthetic methods
by incorporating or attaching moieties with Lewis acidity also
help introduce Lewis acid sites into MOFs.29

2.1 MOFs with UMCs

The inherent Lewis acidity contributed by UMCs in MOFs
can be exemplified by HKUST-1 (HKUST = Hong Kong Univer-
sity of Science and Technology) and MOF-74.30 These MOFs
exhibit strong interactions with polar gas molecules due to
the presence of UMCs, as evidenced by their high isosteric
heats of adsorption.31 Another example is Mn3ĳ(Mn4Cl)3ĲBT-
T)8ĲCH3OH)10]2 (H3BTT = 1,3,5-benzenetristetrazol-5-yl),
wherein Mn2+ is exposed after solvent removal, serving as
the Lewis acid sites for size-selective catalysis of cyano-
silylation of aromatic aldehydes and Mukaiyama-aldol reac-
tions (Fig. 1).8 Besides Mg, Cu, and Mn, other metals in
MOFs can also generate UMCs, such as Ni, Co, Zr, Fe, Zn,
etc.32–34 In this strategy, the formation of UMCs depends
on the nature of metal clusters and coordination topology
with multidentate ligands.

2.2 Incorporation of external moieties with Lewis acidity

Besides the in situ synthesis of MOFs with UMCs, externally
incorporating functional moieties with Lewis acidity can be
another effective way to prepare MOFs for heterogeneous ca-
talysis.35 For example, Feng and co-workers presented a one-
pot strategy to integrate metal-tetrakisĲ4-carboxyphenyl)-
porphyrin (M-TCPP) ligands into UiO-66(Zr) (UiO = University
of Oslo).36 The resultant composite materials maintained the
parent crystal structure, morphology, and stability. The one

incorporated with FeCl-TCPP demonstrated efficient catalytic
oxidation of 2,2′-azino-bisĲ3-ethylbenzothiazoline-6-sulfonic
acid) in the presence of H2O2. However, the control of load-
ing amount and distribution of active moieties remain chal-
lenging due to the constraints pressed by pore size, geometry,
and compatibility (Fig. 2).

2.3 Defect engineering

Defect engineering is an effective way to create Lewis acid
sites inside MOFs, wherein the defect concentrations and
compensating groups can be systematically tuned.37 UiO-66
has attracted great attention in tuning its defect concentra-
tion38,39 or even eliminating defected sites.40 However, most
of the reported studies are supported only by a powder X-ray
diffraction (PXRD) technique, which is not straightforward in
elucidating the crystal structures. Using a single-crystal X-ray
diffraction (SXRD) technique, Trickett and co-workers proved
that the missing linker defects in UiO-66(Zr) were a result of
water molecules binding directly to the zirconium centers.41

Cliffe and co-workers systematically manipulated the defect
distribution and correlated the nanoscale disorder in UiO-
66(Hf) (Fig. 3).42 In our previous work, we developed a modu-
lated hydrothermal (MHT) synthetic approach, which was ca-
pable of synthesizing new Zr- and Hf-MOFs with structural
defects.43–45 A good control of ordered defects can be seen in
MHT-synthesized NUS-6 (NUS = National University of Singa-
pore),21,46 whose formation is a result of both missing linkers
and clusters in the parental UiO-66-type frameworks.

2.4 Post-synthetic metal exchange

The metal nodes of MOFs can be substituted by other metal
cations in order to tune their Lewis acidity.47 Post-synthetic
metal exchange is one such approach that can be used to syn-
thesize new MOFs, which cannot be directly synthesized con-
ventionally. For example, Brozek et al. demonstrated that the
MZn3OĲO2C

−)6 clusters in Zn4OĲ1,4-benzenedicarboxylate)3
(MOF-5) could serve as hosts for V2+ and Ti3+ (Fig. 4).48 Other
MOF-5 analogues featuring Cr2+, Cr3+, Mn2+, and Fe2+ sites
substituted at the Zn2+ nodes were also prepared. They found

Fig. 1 Schematic illustration of the crystal structure of
Mn3ĳ(Mn4Cl)3ĲBTT)8ĲCH3OH)10]2 showing two types of open Mn2+ sites
exposed to porous channels.8 Reprinted with permission from the
American Chemical Society, copyright 2008.
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that the exchanged metal cations were coordinated under an
all-oxygen trigonal ligand field and could be reached by both
inner- and outer-sphere oxidants. Cr2+-MOF-5 was converted
into Cr3+-substituted MOF-5, while Fe2+-MOF-5 activated NO
to produce an unusual Fe-nitrosyl complex. Lau et al.
reported the Ti4+ substituted UiO-66 for enhanced CO2 up-
take because of the increased Lewis acidity of Ti4+ compared
to Zr4+.49

2.5 Post-synthetic exchange and metalation

Metalation can be an effective way to endow MOFs with extra
metal sites and also Lewis acidity if the building ligands have
functional groups, such as hydroxyl and thiol groups.29 Co-
hen and co-workers have presented several studies on post-
synthetic exchange and metalation (PSEM) in MOFs.50–52 For
example, two steps are involved in one recent study: (1) post-
synthetic exchange of 2,3-dithiol functionalized BDC ligands

into UiO-66 to produce UiO-66-(2,3) (SH)2; (2) using palla-
dium precursors to complete metalation (Fig. 5). Such meta-
lation with palladium afforded unprecedented Pd-
monoĲthiocatecholato) moieties within the resultant MOF,
which was used as a catalyst for regioselective
functionalization of the sp2 C–H bond.

2.6 Ligand truncation

Tuning the symmetry of ligands may also generate vacant
metal sites.53 For example, Liu et al. used C2-symmetric li-
gands to replace C3 symmetric ligands and successfully
obtained a series of PCN-305-type MOFs (Fig. 6).54 In our pre-
vious study, we synthesized HKUST-1 using mixed isophthalic
acid and benzene-tricarboxylic acid (BTC) ligands and
obtained a hierarchical porous MOF, HP-CuBTC-0.25, with a
mesopore size of around 3.9 nm.10 Because of the enlarged
pore size and increased Lewis acidity caused by defects, HP-
CuBTC-0.25 demonstrated a better catalytic performance
than pristine HKUST-1 in catalysing the ring-opening reac-
tion of styrene oxide to 2-methoxy-2-phenylethanol and the
cyanosilylation reaction of benzaldehyde to cyanohydrins.

2.7 MOFs with electron deficient ligands

Besides MOFs with UMCs exhibiting Lewis acidity, many
MOFs with electron-deficient moiety-based ligands, such as
7,7,8,8-tetracyano-p-quinodimethane (TCNQ),55 anhydride,56

and triazine,57 can also be tailored for potential catalytic ap-
plications. For example, Shimomura and his coworkers pre-
pared a MOF with TCNQ-based ligands and it exhibited a
H–π-type interaction with benzene, which led to the selective
separation of benzene from cyclohexane (Fig. 7).55 Ghosh
and his coworkers prepared two MOFs based on electron-
deficient anhydride and triazine ligands for benzene/cyclo-
hexane separation.56,57 MOFs with this kind of Lewis site re-
main to be further probed for Lewis acid catalytic applica-
tions in the future.

Fig. 3 Atomistic presentation of defect nanoregions in UiO-66ĲHf).42

Reprinted with permission from Macmillan Publishers, copyright 2014.

Fig. 4 Illustration of the metal nodes (Zn2+) in MOF-5 that can be
substituted by Cr2+, Cr3+, Mn2+, and Fe2+.48 Reprinted with permission
from the American Chemical Society, copyright 2013.

Fig. 5 Schematic illustration of the synthesis of UiO-66-TCAT and
UiO-66-PdTCAT via the PSEM process.50 Reprinted with permission
from the American Chemical Society, copyright 2015.

Fig. 2 Schematic illustration of UiO-66 incorporating external Zr-
TCPP Lewis acid sites.36 Reprinted with permission from Wiley, copy-
right 2016.
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3. Characterization techniques
3.1 Temperature-programmed desorption

Temperature-programmed desorption (TPD) is currently one
of the most widely adopted techniques to identify the type
and density of acid sites in solid catalytic materials such as
alumina, amorphous silica–alumina, and zeolites.58 This
technique involves the adsorption of a chosen molecular
probe (gas molecule) at a low temperature T0 (excluding phys-
ical adsorption) and measuring the rate of its desorption as
the temperature increases.59

Currently, NH3-TPD is the most widely used one due to its
simplicity and capability of titrating weak acid sites.61 Jiang
et al. probed the acid site distributions of Mn-MOF-74 and
Co-MOF-74 using this method (Fig. 8).60 In principle, the
higher the desorption temperature, the stronger the acidity.
The spectra in the above example indicated two different sorp-
tion sites in Mn-MOF-74: a strong site (361 °C) and a weak site
(178 °C), while Co-MOF-74 had only one moderate acid site
(234 °C). It is notable that TPD using NH3 as the probe often
overestimates the quantity of acid sites because of the small
molecular size of NH3 (2.9 Å) allowing it to penetrate in al-
most all the accessible pores of the porous solids and possible
additional NH3 adsorption due to NH3–NH3 interactions.

62

3.2 Infrared spectroscopy

Besides NH3, large non-reactive vapours (pyridine, deuterated
acetonitrile, acetone, etc.) and non-reactive gases (CO2 and
CO) are also promising molecular probes because their size
permits the access to the required pore size range and they
only titrate the strong and moderate acid sites.58 Infrared
(IR) spectroscopy has often been applied to identify these
acid sites by studying the interactions between the acid sites
and the adsorbed probe molecules.63

Pyridine. The most widely used probe for this IR tech-
nique is pyridine, whose adsorption can be easily detected by
IR spectroscopy. Pyridine adsorption onto the UMCs of MOFs
will lead to the formation of extra peaks in the corresponding
IR spectra. For example, Volkringer et al. introduced pyridine
into MIL-100ĲAl) (MIL = Matérial Institut Lavoisierat) at 573 K
to probe its Lewis acidity.64 After applying vacuum at 373 K
to remove physisorbed pyridine, the corresponding IR spec-
trum displayed three peaks at 1018, 1051, and 1074 cm−1,
which could be assigned to the ν1, ν12, and ν18a modes of pyri-
dine that had been coordinated to the Al3+ UMCs, respec-
tively (Fig. 9). The total amount of pyridine only coordinated
to Al3+ UMCs can be calculated using the molar absorption
coefficients of the ν12 and ν18a bands.

Deuterated acetonitrile. Acetonitrile, a small molecule
with low basicity (pKb = 24), also shows great potential in

Fig. 7 Scheme of Lewis acidity in MOFs originating from an electron-
deficient TCNQ ligand.55 (a) Coordination environment of Zn(II) ion of
Zn(μ4-TCNQ-TCNQ)bpy_benzene. (b) TCNQ dimer (green) connected
to four 1D chains of Zn and bpy (gray). (c) Benzene arranged in the
cage of the undulating channel of Zn(μ4-TCNQ-TCNQ)bpy_benzene.
Reprinted with permission from the American Chemical Society, copy-
right 2007.

Fig. 8 NH3-TPD spectra of Mn-MOF-74 and Co-MOF-74.60 Reprinted
with permission from the American Chemical Society, copyright 2016.

Fig. 9 Infrared spectra: (a) activated MIL-100ĲAl); (b) after pyridine
adsorption (133 Pa at equilibrium pressure) at 373 K followed by
evacuation at the same temperature; (c) recycled MIL-100ĲAl) by
outgassing at 553 K.64 Reprinted with permission from the American
Chemical Society, copyright 2012.

Fig. 6 Schematic illustration of the reduced symmetry ligand derived
from a “ligand truncation” strategy for isostructural MOF synthesis.54

Reprinted with permission from Wiley-VCH, copyright 2013.
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determining the strong acid sites in solid materials.65 It is
better to use deuterated acetonitrile (CD3CN) for this appli-
cation, which gives a less complex IR spectrum because
ν(CN) vibration is not perturbed by Fermi resonance.65 In
one example, the CD3CN molecules adsorbed on MIL-100ĲAl)
lead to two main ν(CN) bands (Fig. 10), suggesting the pres-
ence of physisorbed [ν(CN) = 2263 cm−1] and coordinated
[ν(CN) = 2321 cm−1] CD3CN species on Al3+ UMC.64,65 The
band at 2114 cm−1 was ascribed to the ν(CD3) vibration of
adsorbed CD3CN. After evacuation, the intensity of the
ν(CN) band because of the physisorbed species strongly de-
creased (Fig. 10b), while the intensity of the band of aceto-
nitrile that was coordinated onto the Al3+ sites slightly de-
creased and shifted to 2326 cm−1. Evacuation at higher
temperatures (Fig. 10c–e) suggested a new weak ν(CN) band
at 2341 cm−1 (shoulder), which was assigned to Al defects
with stronger Lewis acidity. In the ν(CH) range, the intensity
of the framework band at 3058 cm−1 strongly decreased in
the presence of acetonitrile, while witnessing the growth of
the band at 3078 cm−1. The IR spectrum could return to its
original shape after the complete removal of adsorbed
acetonitrile.

Acetone. Similar to pyridine, acetone can be used as a
probe molecule to weigh the acidity of the UMCs of MOFs as
well. Hong et al. studied the interactions between acetone
and M2Ĳdobpdc) (M = Mn, Co, Ni, Zn; dobpdc = 4,4′-
dihydroxy-1,1′-biphenyl-3,3′-dicarboxylic acid) via IR spectro-
scopy.66 The CO stretching bands were observed at 1709.6,
1708.6, 1706.7, and 1709.1 cm−1 for acetone molecules bind-
ing to Mn, Co, Ni, and Zn UMCs, respectively, while the band
at 1715.0 cm−1 was for free acetone (Fig. 11). Since coordina-
tion of acetone onto the UMCs will lead to an elongated
CO bond, the Δν(CO) value can reflect the relative Lewis
acidity of the UMCs in MOFs.67 In the above case, the Lewis
acidity increases from Mn to Ni UMCs and then decreases for
the Zn UMC.

Carbon monoxide (CO). CO is a weak soft Lewis base with
a small molecular size (3.69 Å) and can be used as an
unreactive probe at low temperatures (77 K and 100 K).63

Vimont et al. studied the interactions between CO and MIL-
100ĲAl) with an increase in CO dose at 100 K.64 The initial ad-
dition of CO (56 μmol g−1) boosted the increase in the inten-
sity of the ν(CO) band at 2210 cm−1 (Fig. 12). Further addition
of CO did not increase its intensity but led to an additional
band at 2195 cm−1, whose intensity increased and
wavenumber shifted to 2183 cm−1 (parts b–d of Fig. 12). After
saturation, a weak band at 2154 cm−1 and two strong bands
at 2138 and 2135 cm−1 appeared because of physisorbed CO
species. Regarding the hydroxyl vibrations, CO loading
shifted the band at 3588 cm−1 (weak) toward a lower
wavenumber and gave rise to a broader band at 3510 cm−1

(Fig. 12, inset). Similar to aluminium oxide, the weak ν(CO)
band at 2210 cm−1 could be due to the crystal defects of
strong Lewis acidity, while the main ν(CO) band at 2195–2184
cm−1 corresponded to the CO adsorption on a large amount

Fig. 10 Infrared spectra of activated MIL-100ĲAl): (a) after introduction
of CD3CN into the cell (9330 Pa), followed by evacuation at (b) room
temperature, (c) 323 K, (d) 373 K, and (e) 423 K.64 Reprinted with
permission from the American Chemical Society, copyright 2012.

Fig. 11 In situ IR characterization of MOF–acetone interactions.66

Reprinted with permission from Wiley-VCH, copyright 2016.

Fig. 12 IR spectra of MIL-100ĲAl) recorded at 100 K and outgassed at
373 K (a); after increasing the CO dose from 56 μmol g−1 (b) to 900
μmol g−1 (d); at an equilibrium pressure (1333 Pa) (e). Inset: spectrum
of MIL-100ĲAl) activated at 573 K before (dotted line) and after (solid
line) introducing an equilibrium pressure of CO at 100 K.64 Reprinted
with permission from the American Chemical Society, copyright 2012.
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of Al3+ UMCs resulting from the removal of water
molecules.68

Besides qualitative evaluation of the strength of Lewis or
Brønsted acidity, IR studies of CO adsorption can also be
employed for quantitative analysis as long as the molar ab-
sorption coefficients are known for Lewis or Brønsted acid
sites.69 In these studies, CO needs to be doped by calibrated
aliquots at 100 K in order to measure the ν(CO) molar absorp-
tion coefficient by assuming that the CO will only adsorb on
the surface at a low coverage under such conditions. In one
study, the introduction of CO on the activated MIL-100ĲAl)
provoked a linear increase in the intensity of the band at
2195–2184 cm−1 (Fig. 13), corresponding to the CO coordi-
nated to Al3+ UMCs. Its molar absorption coefficient was cal-
culated to be 2.0 μmol g−1 cm based on the slope of the trend
line and was irrelevant to the activation temperature. The
value of the adsorption coefficient in the above study is simi-
lar to the reported value for ν(CO) bands based on Cr3+ UMCs
in MIL-100ĲCr).69 Given the measured molar absorption coef-
ficient, the number of corresponding Al3+ UMCs can be prob-
ably determined for different activation temperatures. In the
above example, the amount of CO molecules coordinated
onto the UMCs reaches 2.2 mmol g−1 for the sample activated
at 623 K.

3.3 Isosteric heats of adsorption

Carbon dioxide (CO2), because of its high polarizability
(29.11 × 1025 cm3) and quadrupole moment (4.3 × 1026 esu
cm2),70 can also be used to qualitatively evaluate the Lewis
acidity of MOFs.71 In one study, the CO2 uptakes of Mn, Co,
Ni, and Zn based MOF-74 reached 43.5, 42.0, 60.18, and 31.4
cm3 g−1, respectively, under a partial pressure of 0.15 bar at
298 K (Fig. 14a).66 Ni-MOF-74 exhibited the highest CO2 up-
take among the above series, indicating its highest Lewis acid
strength. Besides, the heat of CO2 adsorption can also be
used to evaluate the Lewis acid strength.31 For example, the
zero-coverage CO2 heats of adsorption were found to be 25.0,
33.9, 34.5, and 25.6 kJ mol−1 for Mn, Co, Ni, and Zn MOF-74,
respectively (Fig. 14b), confirming the strongest Lewis acid
strength of Ni-MOF-74.

Besides CO2, other small molecules that can have Lewis
acid–base interactions with MOFs can also be utilized to
probe the Lewis acid strength. For example, Mukherjee and
coworkers reported the π-complexation triggered Lewis acid–
base interactions between benzene and MOF-74.72 They
performed the single component benzene and cyclohexane
vapour sorption experiments at 298 K for the entire series of
MOF-74. Mn and Ni based MOF-74 showed the highest ben-
zene uptake capacity. However, the adsorption strength be-
tween these molecules and MOFs remains to be studied.

3.4 Density functional theory calculations

The strength of Lewis acid sites in MOFs can also be evalu-
ated by density functional theory (DFT) calculations using ba-
sic molecules as the probe. For example, Liu et al. studied
the interactions between CO and HKUST-1 using DFT calcula-
tions.73 It was observed that CO could be adsorbed through
either the C (Fig. 15a) or the O end (Fig. 15b), which however
depends on the initial structural arrangement in the optimi-
zation process. The axis of the adsorbed CO molecule is par-
allel to the axis of Cu UMCs, with an adsorption energy of
6.63 or 3.14 kcal mol−1 for adsorption through the C or O
end, respectively. This result indicated that CO molecules
tended to adsorb onto the Cu UMCs of HKUST-1 through
Cu–C adsorption.74 A further DFT study on the strength of
Lewis sorption sites is suggested to optimize the geometry pa-
rameters, natural bond orbital (NBO) charge, vibrational fre-
quency and adsorption energy of probe molecules.73

Fig. 13 Integrated area of ν(CO) bands (2170–2220 cm−1 range) versus
the introduced CO concentration into the IR cell at 100 K (left) under
different activation temperatures; concentration of Al3+ UMCs versus
activation temperature (right).64 Reprinted with permission from the
American Chemical Society, copyright 2012.

Fig. 14 (a) CO2 isotherms of the MOF-74 series at 298 K. (b) Isosteric
heats of CO2 adsorption in the MOF-74 series.66 Reprinted with per-
mission from Wiley-VCH, copyright 2016.

Fig. 15 The local structures of the CO molecule adsorbed on the Cu
UMCs of HKUST-1: (a) C end adsorption; (b) O end adsorption73 (Cu,
green; O, red; C, gray; H, white). Reprinted with permission from the
American Chemical Society, copyright 2010.
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4. Typical catalytic applications

MOFs with UMCs can act as Lewis acid catalysts and have
been attempted for various reactions (Table 1), such as addi-
tion, reduction, oxidation, cyclization, substitution, hydroge-
nation, host–guest interaction, etc.75,76 In this section, we will
highlight several typical reactions using MOFs as the
catalysts.

4.1 Addition reaction

Cyanosilylation. Cyanosilylation is a common addition re-
action, in which nitrile groups and silyl groups are added
across double bonds or triple bonds catalysed by Lewis acids
(Fig. 16).77 The mechanism is as follows: (1) the oxygen of al-
dehydes coordinates onto the Lewis acid sites; (2) nitrile
groups attack the carbonyl groups; (3) silyl groups isomerize
to form cyanohydrin. For example, our group has previously
reported the use of meso-HKUST-1 MOFs as Lewis acid cata-
lysts for cyanosilylation reaction of benzaldehyde.10 We found
that the mesopores introduced within meso-HKUST-1 could
facilitate the substrate transport and make it highly accessi-
ble to catalytically active Cu sites. Another interesting study
was reported by Mo and co-workers.78 They prepared a homo-
chiral MOF based on an enantiopure 2,2′-dihydroxy-1,1′-
biphenyl ligand. After exchanging the protons of the di-
hydroxyl group with Li+, the resultant MOF demonstrated
high efficiency and recyclability in catalysing asymmetric
cyanation of aromatic aldehydes with >99% enantiomeric ex-
cess (ee).

Prins reaction. The Prins reaction is an electrophilic addi-
tion reaction of aldehydes to alkenes or ketones followed by
capture of a nucleophile facilitated by Lewis acid catalysts
(Fig. 17).79 Opanasenko et al. carried out the Prins addition
reaction of β-pinene and paraformaldehyde to produce nopol
using aluminosilicate zeolites, titanosilicate zeolite MFI, and
a series of MOFs as the catalysts.80 They found that the activ-
ity of the investigated MOFs increased with an increase in
the strength of Lewis acidity in the following increasing or-
der: ZIF-8 < MIL-53(Al) < FeBTC < MIL-100ĲCr) < MIL-
100ĲFe). Moreover, the presence of Brønsted acid sites within

zeolites resulted in side products, which decreased the selec-
tivity compared to the reactions catalysed by MOFs. In addi-
tion, when using MIL-100ĲFe) as the catalyst, the nopol yield
also increased with an increase in solvent polarity.

Strecker reaction. The Strecker reaction is very useful in
the synthesis of amino acids and α-aminonitriles, where alde-
hydes or ketones are condensed with ammonium chloride or
amines in the presence of cyanides to form α-aminonitriles,
which can be subsequently hydrolyzed to produce amino
acids (Fig. 18).81 Monge et al. conducted several studies using
MOFs as the catalysts for one-pot three-component Strecker
reactions of aldehydes and ketones.82,83 In one example, they
reported a mesoporous In MOF (InPF-110) with a high den-
sity of active metal sites, affording excellent catalytic activity
in the formation of substituted α-aminonitriles through the
one-pot Strecker reaction of ketones at room temperature.83

In addition, this MOF catalyst could be reused for up to 10
cycles without any observable loss of activity.

4.2 Redox reaction

Photochemical CO2 reduction. The excessive CO2 emission
into the atmosphere has caused global climate deterioration
and thus needs to be properly addressed by carbon capture
and conversion.84 Direct conversion of CO2 into hydrocarbon

Table 1 Summary of MOFs for Lewis acid catalysis applications

No. Reaction type Specific reaction

1 Addition Cyanosilylation
Prins reaction
Strecker reaction

2 Redox Photochemical CO2 reduction
Electrochemical CO2 reduction
Hydrocarbon oxidation
Water oxidation

3 Cyclization CO2 cyclization reaction
4 Substitution Friedel–Crafts reaction
5 Hydrogenation Hydrogenation of alkenes

Hydrogenation of CO2

6 Dehydration Fructose, glucose
7 Isomerization
8 Host–guest interaction

Fig. 16 Scheme of cyanosilylation catalysed by MOFs.

Fig. 17 Scheme of the Prins reaction catalysed by MOFs.
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fuels using sunlight is an exciting solution, which can reduce
the CO2 emission and produce renewable fuels simulta-
neously.85 Conventional TiO2-based photocatalysts have been
widely investigated owing to their superior stability, availabil-
ity, and low material cost.86 However, their CO2 photoreduc-
tion efficiency is far from satisfactory, mainly because of the
low CO2 adsorption capacity as well as their limited activity
(only UV active) under the full solar spectrum.87 Because of
the presence of versatile metal clusters, which can serve as
semiconductor quantum entities as well as Lewis sites for an-
choring and activating CO2 molecules,87 MOFs have been
studied for such conversions (Fig. 19). In order to reach good
catalytic performance, MOFs should have excellent visible-
light harvesting capability and favorable adsorption toward
CO2.

85

Wang and co-workers demonstrated photocatalytic CO2 re-
duction using UiO-67 doped with metal complexes (Ir, Re,
and Ru) and obtained CO as the reduction product with a
medium turnover number (TON, defined as the number of
conversion of substrate molecules per catalytic active site) of
10.9 in 6 h and a low turnover frequency of 5.05 × 10−5 s−1

(TOF, defined as the number of conversion of substrate mole-
cules per catalytic active site and per second).88 In this sys-
tem, the incorporation efficiency of metal sites is limited and

the recyclability of MOFs remains to be improved. Fu and co-
workers synthesized MIL-125ĲTi)-NH2 and demonstrated its
capability in the photocatalytic reduction of CO2 to formic
acid in acetonitrile under visible light irradiation with
triethanolamine as the sacrificial agent.89 Several MOFs and
their composites are found to be photoactive, such as UiO-
66ĲZr)-NH2,

90,91 NNU-28ĲZr),92 MOF-253ĲRu),93 PCN-222ĲZr),94

mixed metal based UiO-66ĲZr/Ti)-NH2,
95 UiO-66ĲZr)-CrCAT

and UiO-66ĲZr)-GaCAT,96 iron-based MILs,97 Ru–polypyridine
based MOF,98 metal clusters incorporated UiO-67,99–102 Co-
ZIF-9,103–105 UiO-66 loaded with carbon nitride nanosheets,106

MIL-101ĲFe)-derived iron nanoparticles,107 etc. However, most
of them can only reduce CO2 to CO or formates. MOF/TiO2

nanocomposites108,109 and MOF-derived composites110 have
been found to be highly active for CO2 reduction to methane
in the presence of water. For example, Khaletskaya and co-
workers pyrolyzed the composite containing gold nano-
particles (GNPs) and MIL-125ĲTi)-NH2 into gold/titania nano-
composites (GNP/TiO2) for photocatalytic CO2 reduction
(Fig. 20).110 With improved visible light absorption contrib-
uted by the gold surface plasmon, as well as increased
electron storage capacities, the GNP-doped TiO2 significantly
increased the CH4 yield, as compared to the TiO2 references
[P-25 and AUROlite (Au/TiO2)].

Electrochemical CO2 reduction. Electrochemical reduction
of CO2 in the presence of water into hydrocarbon compounds
(methane, methanol) as fuels or chemical feedstocks is an-
other attractive solution to mitigate the side effect of CO2

emission.111 Conventional electrocatalysts for CO2 conversion
have the limitations of large electrochemical overpotentials,
poor long-term stability, and low faradaic efficiency (i.e. low
product selectivity and yields, reduced H2 productivity).112

Small molecular porphyrin compounds chelated with transi-
tion metals are widely studied for electrochemical reduction
of CO2 due to their relatively high electronic conductivity, ex-
cellent catalytic efficiency, and easy availability.112 In one re-
cent example, depending on the pH values of electrolyte solu-
tions (pH = 1, hydrogen evolution; pH = 3, water reduction),
the underlying mechanism for electrochemical CO2 reduction
catalysed by a Co-containing porphyrin compound was gener-
ally divided into the following steps (Fig. 21):113 (1) coordi-
nated CO2 on metal sites was reduced by electrons to form a
Co complex, CO2 + e− + M → M–(CO2)

−; (2) the Co complex

Fig. 18 Scheme of the Strecker reaction catalysed by MOFs.

Fig. 19 Scheme of the photochemical CO2 reduction catalysed by
MOFs.

Fig. 20 Scheme for the preparation of gold/titania
nanocomposites.110 Reprinted with permission from the American
Chemical Society, copyright 2015.
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reacted with water to form a metal-bound carboxyhydroxyl
intermediate, M–(CO2)

− + H2O → M–COOH + OH; (3) the
carboxyhydroxyl intermediate was further reduced to generate
CO, M–COOH + e− → M–CO + OH−; (4) CO subsequently dis-
sociated from the complex; (5) the CO was further reduced by
two electrons into CH4.

For MOFs to be used as good electrocatalysts, the electronic
conductivity and activity of the immobilized transition metal
sides (Fe, Co, Mn, etc.) are the key factors to be considered.
Compared with homogeneous molecular porphyrin catalysts,
embedding porphyrin moieties into porous materials such as
MOFs has the potential advantages of fully exposed active
sites. In order to enhance the electron transport, several stud-
ies have been conducted to deposit MOF thin films onto con-
ductive substrates. For example, Hod and co-workers depos-
ited an Fe-porphyrin based MOF thin film onto fluorine doped
tin oxide (FTO) glass substrates and achieved an ∼100% fara-
daic efficiency for CO2 reduction into CO and H2 mixtures.114

Yaghi and co-workers used porphyrin-based framework mate-
rials for electrocatalytic CO2 reduction to CO in water.115,116

Although porphyrin-based MOFs demonstrate a high cata-
lytic efficiency toward CO or CH4, to further reduce CO2 into
more rewarding high-energy-density alcohol fuels (methanol
and ethanol) requires the use of other metal-based catalytic
systems, such as Cu-MOFs,117,118 Zn-MOFs,119 etc. Among all
the active metal sites, Cu is regarded as the most promising
one for such conversion because it is capable of producing
hydrocarbons with high reaction rates.120 However, Cu cata-
lysts usually generate a wide range of products with low selec-
tivity.121 One breakthrough example was made by Albo and
co-workers,117 who prepared stable metal–organic aerogels
using Cu as the active site for electrocatalytic CO2 reduction
into alcohols (Fig. 22). The maximum production rates of
CH3OH and C2H5OH for HKUST-1 as the electrodes were 5.62
× 10−6 mol m−2 s−1 and 5.28 × 10−6 mol m−2 s−1, respectively.
However, the maximum cumulative faradaic efficiency (FE)
for CO2 reduction is below 15% and the long-term stability of
Cu-MOFs remains to be further studied.

Hydrocarbon oxidation. The selective oxidation of carbon–
hydrogen bonds is an important reaction to produce ketones
and carboxylic acids.122 Due to the availability of highly
redox-active metal sites (e.g. iron, chromium), MOFs can be
easily tailored for such reactions.123 Dhakshinamoorthy et al.
studied the oxidation reaction of aromatic carbons into
ketones catalysed by MIL-100ĲFe).124 Another interesting ex-
ample was demonstrated by Long and co-workers, who sys-
tematically studied the effects of the local hydrophobic envi-
ronment on the product selectivity of cyclohexane oxidation
catalysed by expanded analogues of Fe-MOF-74 with exposed
Fe2+ sites (Fig. 23).125 They have demonstrated that a 3-fold
enhancement of the alcohol-to-ketone product ratio and an
order of magnitude increase in TON could be achieved by al-
tering the pore size and installing nonpolar hydrophobic
functional groups near the iron centers. Besides Fe-based
MOFs, other metal (W, Ru) loaded Zr-based MOFs have also
been used for hydrocarbon oxidation reactions.126,127

Fig. 21 Scheme of the electrochemical CO2 reduction catalysed by
cobalt porphyrin (Co-TCPP).113 Reprinted with permission from
Macmillan Publishers, 2015.

Fig. 22 Metal–organic aerogels containing Cu as the active sites for
electrocatalytic CO2 reduction into alcohols.117 Reprinted with
permission from Wiley-VCH, copyright 2016.

Fig. 23 Oxidation of cyclohexane to cyclohexanol and cyclohexanone
catalysed by Fe-based MOFs.125 Reprinted with permission from the
American Chemical Society, copyright 2016.
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Water oxidation. The solar-driven water splitting into hy-
drogen is a promising solution for the energy issue involved
nowadays. The most challenging step for this process is water
oxidation (aka oxygen evolution reaction, OER) because it re-
quires a minimum potential of 1.23 V to oxidize O2− into O2

(2H2O → O2 + 4H+ + 4e−).128 Currently, the OER driven by so-
lar energy is largely limited by its sluggish kinetics and highly
efficient OER catalysts are urgently needed. MOFs can act as
potential candidates for such applications due to the pres-
ence of UMCs capable of lowering the energy barrier as well
as tunable organic linkers to harvest sunlight and transfer
electrons efficiently.129 For example, Chi and co-workers in-
vestigated the feasibility of several Fe-based MOFs, MIL-
53ĲFe), MIL-88BĲFe), and MIL-101ĲFe), for photocatalytic OER
under visible light irradiation (Fig. 24).130 Among these
MOFs, MIL-101ĲFe) exhibited superior OER activities over
other Fe-based MOFs in basic solutions.

4.3 CO2 cyclization reaction

Besides CO2 reduction, using CO2 as a feedstock for the syn-
thesis of useful cyclic carbonates by the cyclization reactions
between epoxides and CO2 is another important solution to
mitigate the effect of CO2 emission.131 Conventional ap-
proaches have the limitations of low catalyst stability and re-
activity under high pressure and temperature conditions, air
sensitivity, and use of co-solvents.132 Salen133 and porphy-
rin134,135 based MOFs loaded with transition metals (Zn, Co,
Ni) have been widely attempted for such conversion. The pro-
posed mechanism for CO2 cyclization into carbonates
catalysed by Lewis acids is shown in Fig. 25:136–138 (1) epox-
ides coordinate onto the Lewis acid sites; (2) the co-catalyst
tetraalkylammonium bromide (TAAB) attacks the partially
negative oxygen; (3) CO2 inserts into the O–A bonds; (4) cycli-
zation reactions; (5) cyclic carbonates detach. The first step
for such conversion is the rate determining step for epoxide
activation to form ammonia ions for subsequent insertion of
CO2, and catalysts with strong Lewis acidity are preferred.138

Cu,139–141 Zn,142 and Hf (ref. 143) based MOFs with strong
Lewis acid sites have also been applied for such reactions.
For example, Li and co-workers reported a Cu-based MOF
with both exposed metal sites and nitrogen-rich triazole
groups, showing high affinity toward CO2 molecules and

good catalytic performance for CO2 cycloaddition at room
temperature and 1 bar (Fig. 26).144 In addition, they showed
a size-dependent selectivity toward small epoxide substrates
because of the pore confinement. Zhang and co-workers syn-
thesized a highly robust sulfonate-based Cu-MOF, TMOF-1,
which was stable over a wide pH range as well as boiling in
aqueous solutions.141 TMOF-1 exhibited a nearly quantitative
yield in converting 2-methyloxirane to the corresponding cy-
clic carbonate, which was significantly higher than that of
the benchmark Cu-MOF, HKUST-1.

4.4 Friedel–Crafts substitution reaction

There are mainly two types of Friedel–Crafts reactions: alkyl-
ation and acylation reactions, both of which proceed by
electrophilic aromatic substitution in the presence of Lewis
acid catalysts.145,146 MOFs, such as Zn-MOF-5,147 Cu-MOF-
74,148 Zr-MOF,149 Fe-MOF,150 etc., have also been attempted
for these reactions. Zhang and co-workers designed a stable
Cu-MOF through a post-synthetic metal exchange reaction

Fig. 24 Scheme of the photocatalytic water oxidation catalysed by
Fe-based MOFs.130 Reprinted with permission from Wiley-VCH, copy-
right 2016.

Fig. 25 Proposed mechanism for Lewis acid (A) catalysed cyclic
carbonate synthesis from epoxides and CO2 in the presence of a TAAB
co-catalyst.137 Reprinted with permission from Wiley-VCH, copyright
2016.

Fig. 26 Cu-MOF with UMCs and nitrogen-rich triazole groups for cat-
alytic CO2 cycloaddition.144 Reprinted with permission from the Ameri-
can Chemical Society, copyright 2016.
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from its ZnĲII) analogue (Fig. 27).151 The resultant Cu-MOF
demonstrated superior catalytic efficiency for Friedel–Crafts
reaction between indole and substituted b-nitrostyrenes over
its ZnĲII) analogue.

4.5 Hydrogenation reaction

Hydrogenation of alkenes. Hydrogenation is an important
type of reaction to produce saturated hydrocarbons, alde-
hydes, and alcohols.111 In this process, the unsaturated hy-
drocarbons have to be adsorbed onto the surface of metal
catalysts, where Lewis acid sites help activate the alkenes and
split hydrogen atoms.152 One of the reported strategies to
produce MOF catalysts for such a reaction is to embed and
disperse metal nanoparticles (MNPs) into porous MOF sup-
ports, wherein the catalytic activity of MNPs can be largely in-
creased by maximizing the exposed active sites within
MOFs.153 For example, Somorjai et al. reported a series of
MOFs incorporating platinum metal nanocrystals, and their
application in catalysing gas-phase hydrogenation of
methylcyclopentane.154,155 Jiang156 and Lin157 groups also
reported the loading of metal particles or clusters into stable
UiO-series MOFs for selective hydrogenation of alkenes.

Hydrogenation of CO2. Besides the hydrogenation of un-
saturated hydrocarbons, hydrogenative reduction of CO2 is
another promising solution for the pressing global environ-
mental issues.111 In the catalytic process, Lewis acid sites are
believed to be capable of binding CO2 and dissociating H2.

158

Ye and co-workers conducted computational calculations of
using pristine and modified UiO-66 for CO2 hydrogenation
into formates159 and methanol.160 Rungtaweevoranit and co-
workers incorporated 18 nm Cu nanocrystals (NCs) into the
single crystals of UiO-66 (Cu⊂UiO-66), which were capable of
reducing CO2 to methanol (Fig. 28).161 CO2 hydrogenation
conducted at 175 °C and 10 bar (CO2 :H2 = 1 : 3, molar ratio)
revealed that only Cu⊂UiO-66, Cu on UiO-66, Cu on ZrO2,
and Cu/ZnO/Al2O3 could convert CO2 to methanol, and
Cu⊂UiO-66 had the highest TOF of 3.7 × 10−3 s−1. Neither Cu
NCs on MIL-101 (Cr) nor Cu NCs⊂ZIF-8 showed catalytic ac-
tivity, indicating that the catalysts only work being supported
by ZrO2 or ZnO. They demonstrated that the superior cata-
lytic activity and selectivity of the Cu NC catalyst originated
from strong interactions between Cu NCs and Zr secondary
building units (SBUs) of MOFs, supported by X-ray photoelec-

tron spectroscopy (XPS) results wherein the Zr 3d binding en-
ergy shifted toward the lower oxidation state in the presence
of Cu NCs. This is the first finding that SBUs of MOFs can
have a strong metal–support interaction as typically observed
in bulk metal oxides, which offers a new insight to integrate
metal nanoclusters into MOFs for highly efficient and selec-
tive CO2 hydrogenation into fuels.

4.6 Dehydration reaction

Acid-promoted dehydration reactions of glucose and fructose
from biomass are important processes in preparing platform
chemicals such as 5-hydroxymethylfurfural (HMF) for further
synthesis of other chemicals.162 Unlike the dehydration of
fructose that only requires Brønsted acid catalysts, the con-
version of glucose is more challenging and requires a hybrid
catalytic system including both Lewis and Brønsted acid-
ity.163,164 This reaction goes as follows: (1) glucose firstly
isomerizes to fructose catalysed by Lewis acids; (2) fructose
dehydrates to HMF catalysed by Brønsted acids (Fig. 29). Cur-
rently, the most efficient system for such conversion is CrCl2-
based Lewis acid catalysts in the presence of ionic liquids.162

However, it suffers from moisture-related deactivation, high
cost, and low recyclability.163 Compared to other catalytic
systems, MOFs are tunable in both the Lewis acid site and
the Brønsted acid site.20 So far, MOFs with a pure Lewis acid
site are not found to be catalytically active for glucose

Fig. 27 Cu-MOF for Friedel–Crafts reaction.145 Reprinted with
permission from the Royal Society of Chemistry, copyright 2016.

Fig. 28 Scheme for hydrogenative reduction of CO2 to methanol
using Cu nanocrystals into UiO-66 single crystals (Cu⊂UiO-66).161

Reprinted with permission from the American Chemical Society, copy-
right 2016.

Fig. 29 Scheme for the Lewis acid–Brønsted acid bifunctional catalyst
MIL-101ĲCr)-SO3H for glucose conversion to HMF.165 Reprinted with
permission from John Wiley and Sons, copyright 2016.
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dehydration. Su et al. reported a hybrid MOF, MIL-101ĲCr)-
SO3H, containing both a strong Lewis acid site from Cr3+ and
a Brønsted acid site from –SO3H groups, for glucose conver-
sion, resulting in a HMF yield of 44.9% and a selectivity of
45.8% (Fig. 29).165 This work represents a sustainable and
green process for bifunctional MOF-involved catalytic glucose
conversion to platform chemicals.

4.7 Isomerization reaction

Isomerization is a catalytic process by which one molecule is
transformed into another one having the same elemental
composition but with different atomic arrangements.166

When the isomerization occurs intramolecularly, it is also
considered as a rearrangement reaction. MOFs with Lewis
acidity can also be applied for such a reaction. For example,
Dhakshinamoorthy and co-workers investigated a series of
Fe3+-containing MOFs, including the commercial Basolite
F-300 and synthesized MIL-88BĲFe), MIL-88C(Fe), MIL-100ĲFe),
and MIL-127ĲFe), as the catalysts for α-pinene oxide
rearrangement into camphonelal and isopinocamphone in
the absence of a solvent (Fig. 30).167 About 10% conversion
with 50% selectivity toward camphonelal and ~40% selectivity
toward isopinocamphone was obtained for the best MOF cat-
alyst, Basolite F-300, which had also shown catalytic activity
toward the rearrangement of other epoxides (norbornene
oxides).

4.8 Host–guest interaction

Lithium–sulfur (Li–S) batteries are one of the most promising
energy storage systems due to its high specific capacity of
1675 mA h g−1 and energy density of 2650 W h kg−1 as well as
low material cost.168 Li–S batteries operate by electrochemical
reduction of sulfur (during discharge) into lithium poly-
sulfides with different chain lengths, which will finally form
insoluble Li2S2 or Li2S.

168 The major issue preventing them
from practical applications is the “shuttle effect” due to dis-
solution of the discharge/charge intermediates (sulfur or
polysulfides) in organic electrolytes, resulting in significant
capacity loss of the sulfur cathodes and poor cycle life of the
batteries.168 One promising route to address these issues is
to develop porous composite cathode materials capable of
immobilizing polysulfides by encapsulating sulfur in porous
carriers.169 MOFs are therefore gaining escalating attention

in Li–S batteries because of their highly porous nature and
tunable internal surface functionality for anchoring these
polysulfides and help in stabilizing the reactive discharge/
charge intermediates (polysulfides) in organic electrolytes.169

For example, Zheng and co-workers demonstrated that a
Ni-MOF was remarkably capable of immobilizing polysulfides
within the cathode through Lewis acid–base interactions,
where the retention of energy capacity reached 89% after 100
cycles at 0.1 C.170 Based on the same interaction, Wang and
co-workers developed a zirconium–metalloporphyrin frame-
work, MOF-525ĲCu), as a host for the inclusion of sulfur and
polysulfides in Li–S batteries.171 The S@MOF-525ĲCu) cathode
has demonstrated a reversible capacity of ∼700 mA h g−1 at
0.5 C even after 200 cycles. Bai and co-workers reported an
HKUST-1–graphene oxide (GO) composite separator as an
ionic sieve in Li–S batteries, which selectively sieved Li+ ions
and efficiently suppressed undesired polysulfide migration to
the anode side (Fig. 31).172 When a sulfur-containing meso-
porous carbon material (∼70 wt% sulfur) was used as the
cathode composite, the Li–S battery with the MOF-GO separa-
tor exhibited a low capacity decay rate (0.019% per cycle over
1500 cycles), with almost no capacity loss after the initial 100
cycles.

5. Summary and outlook

In this Highlight, we have reviewed the common strategies
toward the design and synthesis of MOFs with Lewis acidity.
Compared to traditional acid catalysts, such as zeolites and
homogeneous metal catalysts, the generation of Lewis acid
sites in MOFs is more designable and versatile. However, the
key to address the Achilles' heel of MOF-based catalysts, i.e.
weak thermal and chemical stability, for industrial applica-
tions, remains to be further explored. Currently, modulator-
based synthetic approaches have been proven to be useful in
generating Lewis acid sites inside stable UiO-series and MIL-
series MOFs. However, several key issues remain to be re-
solved, such as how to maintain the high stability of the par-
ent MOF structures in the derived MOFs to meet the indus-
trial requirements. Other approaches to prepare MOFs with
Lewis acidity remain to be further developed, such as prepar-
ing multivariate (MTV)173 MOFs with different metals, li-
gands, or hybridized structures.174

Fig. 30 Scheme for the isomerization (rearrangement) of α-pinene
oxide into camphonelal and isopinocamphone using Fe-based
MOFs.167 Reprinted with permission from the Royal Society of Chemis-
try, copyright 2012.

Fig. 31 Schematic illustration of the HKUST-1@GO separator used in
Li–S batteries.172 Reprinted with permission from Macmillan Publishers,
copyright 2016.
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The current characterization techniques for the detection
and quantification of Lewis acid sites in MOFs are versatile
but remain to be further improved. The NH3-TPD technique
has its limitation in quantifying the concentration of the
Lewis acid site, while other techniques like IR studies and
gas sorption studies cannot satisfy the needs to fundamen-
tally understand the catalytic mechanism and quantify the
active sites.175 In the future, any improvement in the charac-
terization techniques of Lewis acid sites is welcome and of
particular interest in catalysis and analytic chemistry.

Currently, MOFs have been widely attempted for various
reactions, such as addition, substitution, oxidation, and
photo- or electrochemical reduction. The applications of
MOFs in other catalytic reactions should be an indispensable
aspect and highly beneficial to expand the scope of MOFs as
catalytic materials.
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