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M etal-organic frameworks (MOFs) are crystalline porous materials
formed from bi- or multipodal organic linkers and transition-metal
nodes. Some M OFs have high structural stability, combined with large
flexibility in design and post-synthetic modification. MOFs can be
photoresponsive through light absorption by the organic linker or the 5
metal oxide nodes. Photoexcitation of the light absorbing units in
MOFs often generates a ligand-to-metal charge-separation state that
can result in photocatalytic activity. In this Review we discuss the
advantages and uniqueness that MOFs offer in photocatalysis. We
present the best practices to determine photocatalytic activity in MOFs
and for the deposition of co-catalysts. In particular we give examples
showing the photocatalytic activity of MOFs in H, evolution, CO, >

reduction, photooxygenation, and photoreduction.

1. Introduction and Historical Perspective

Organic photochemistry started to develop in the 1960s
and became a mature science in the 1980s, achieving
a remarkable degree of understanding of the processes
triggered upon light absorption.'l The progress in transient
absorption spectroscopy and various fast spectroscopic tech-
niques with the use of short (ns) and ultra-short (fs or ps)
pulsed lasers made possible the detection of electronic singlet
and excited states of organic chromophores as well as reaction
intermediates generated as a consequence of light absorp-
tion.”! Kinetic measurements in the presence of quenchers
allowed the determination of the reactivity of these transient
species in processes such as energy or electron transfer.!"

Initial photochemical studies were carried out in solution.
However, as photochemistry progressed and aimed at gaining
control on the photochemical reactivity, it soon became
apparent that the use of surfaces and confined spaces is
a powerful methodology to achieve selectivity towards
a desired pathway.”! Pioneering studies by de Mayo showed
that photochemical reactions on the solid surfaces of silica
give a different product distribution in radical coupling than
in solution.*! The general outcome is that adsorption on solid
surfaces favors reaction pathways arising from restricted
mobility, such as geminate radical recombination in the case
of carbon centered radicals or photodimerization.”

From these seminal studies of 2D photochemistry,
researchers were, subsequently, interested in the use of
porous materials which offer the confinement of intermedi-
ates in 3D.) Porosity allows mass transfer from the exterior to
the interior of a solid particle, where the reaction can take
place inside a rigid reaction cavity with nanometric dimen-
sions and having specific properties in terms of polarity and
the presence of acids or redox sites. Porous solids allows
confinement of the photochemical reaction to a restricted
space, with the porous material acting as a rigid matrix.?!

Zeolites were among the preferred porous materials for
these photochemical studies in heterogeneous media, owing
to their large porosity and large surface area.”) Figure 1
presents some of the general topologies for zeolites.”! The
aluminosilicate composition of zeolites allows the light to
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penetrate a few microns into films of opaque zeolite powders
reaching chromophores inside their pores. Photochemical
reactions could also take place by suspending the solids in
a liquid phase to allow a better exposure of the material to
photons. !

However, zeolites mostly play a passive role, since they
cannot undergo direct photoexcitation. Several effects were
observed as a consequence of the immobilization of the

[*] Prof. Dr. A. Dhakshinamoorthy
School of Chemistry, Madurai Kamaraj University
Madurai-21, Tamil Nadu (India)
E-mail: admguru@gmail.com
Prof. Dr. A. M. Asiri, Prof. Dr. H. Garcia
Centre of Excellence for Advanced Materials Research
King Abdulaziz University, Jeddah (Saudi Arabia)
Prof. Dr. H. Garcia
Instituto de Tecnologia Quimica, CSIV-UPV
Av. De los Naranjos s/n, 46022, Valencia (Spain)
E-mail: hgarcia@gim.upv.es

@ ORCID(s) from the author(s) for this article is/are available on the
WWW under http://dx.doi.org/10.1002/anie.201505581.

Wiley Online Library

An dte

Chemie

5415


http://dx.doi.org/10.1002/anie.201505581

QDCh Reviews Angawandte
— BEA in the anatase form.'"'"? The field of photocatalysis was
(zeolites X and Y): g;m'f’): focused initially in the degradation of organic pollutants in
:;‘?m (1'13 A large pore (12 A) low concentrations in H,O or in air.""! Upon irradiation in the

UV, TiO, reaches a state of charge separation and a fraction

i of electrons’ and positive holet,s can reach the external surface

(silicalte and ZSM-5): of the particle and react with substrates adsorbed on the

bidirectional, surface of TiO, nanoparticles. The hallmark features of

medium pore (5.4X5.6 X') a semiconductor are the generation of the charge-separate

state upon irradiation with photons of energy larger than the

bandgap of the material and the mobility of the charge

Mordenite: MCM-41: carriers that migrate away from the site at which the charge
:;“r‘:em:‘ 5 "m:‘:m'm A separation event has taken place (Scheme 2).'” It will be

5416

Figure 1. Voids and topologies of some common zeolites and porous
aluminosilicate (reproduced with permission from Ref. [7]).

organic substrate (Scheme 1).’ The polarity of the internal
voids of zeolites!"”! in the presence of alkali-metal ions and
negative oxygen atoms can be so high (21 Vam™ in the case
of Li*-exchanged Y) that it favors photoinduced electron
transfer between photoexcited guests and incorporated
electron-donor or electron-acceptor molecules.""!'"! Given
the structural similarities between zeolites and MOFs that are
the subject of this Review, photocatalysis in MOFs can be
considered as the logical evolution of the initial studies in
zeolites.

In parallel to organic photochemistry, another field that
was developing intensively since the late 1970s was photo-
catalysis, mainly based on the activity of semiconducting TiO,

GENERAL EFFECTS OF
CONFINEMENT INSIDE
ZEOLITES

|
| l l l
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Scheme 1. General effects observed in the photochemistry of incorpo-
rated guest molecules as a consequence of performing the reaction
inside the pores of zeolites.
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Scheme 2. Elementary steps occurring in a photocatalytic event: i) light
absorption, ii) electron promotion from the valence band (VB) to the
conduction band (CB), iii) charge migration to the surface of the

particle, oxidation of substrate (S) by the positive hole (h™), reduction
of S by electron (e7).

commented later that charge mobility is a requirement that is
generally not fulfilled in the photochemistry of MOFs.["!

The constant target in this area has been to increase the
efficiency of the photocatalytic process and one of the
limitations was the lack of photo response of wide bandgap
semiconductors to visible light or their unsatisfactory activity
under solar-light exposure.>'¥! Thus, there is a need to
develop photocatalysts with visible-light activity.

One of the most successful strategies to achieve this goal is
employed in dye-sensitized solar cells and consists in using an
organic chromophore for light harvesting that after excitation
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injects one electron to the semiconductor conduction band
(CB).["1511n a certain way, dye sensitization of TiO, and other
inorganic semiconductors is an indirect methodology to
produce a visible-light photoresponse in inorganic materials
that has been extremely successful for the preparation of dye-
sensitized solar cells in comparison with the development

of  visible-light-absorbing  inorganic = photocatalysts
(Figure 2).10181
Energy semiconductor  dye electrolyte  counterelectrode
Ciar
4 Yossy _dl._ 07
— 1= 05
F——14— -—:1— 03
S e G
(s'19)
el %
—= 27
1 MMM [vwm

&« load &

Figure 2. Operation diagram of a dye-sensitized solar cell with some
indication of the energy levels (corresponding to N3 dye, TiO,, and

a redox couple). The paths followed by electrons are indicated by the
numbers 1-7 (0: photoexcitation, 1: relaxation, 2: injection from
excited dye to the semiconductor conduction band, 3: annihilation of
the electron hole by the redox couple in the electrolyte, 4: migration of
electrons to the electrode, 5: charge recombination from the semi-
conductor to the oxidized form of the dye, 6: charge recombination
from the semiconductor to the oxidized form of the electrolyte, and 7:
reduction of the redox couple of the electrolyte by electrons in the
cathode. (Reproduced with permission from Ref. [14].)

Another recurrent theme in photocatalysis has been the
influence of the material particle size on the photocatalytic
activity and, specifically, the operation of “quantum size
effects” when the particle size was commensurate with the
mobility of the charge carriers.'”*! Quantum dots, mainly
sulfides and chalcogenides of transition metals, exhibit
interesting emission and photocatalytic activity as a conse-
quence of their small particle size that confines the exciton in
a nanometric particle. In general, quantum confinement shifts
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light absorption to the visible region as a consequence of the
increase in the bandgap energy. This is the case of TiO,, where
small nanometric clusters absorb light at about 300 nm.
However, in the case of metal chalcogenides, clusters and
small nanoparticles (NPs) about 1 nm are interesting photo-
catalysts owing to their visible-light absorption.?!! Photo-
catalysis with semiconductors has experienced a revival in
recent years owing to its potential beyond its classical use in
pollutant degradation, for the conversion of solar-light energy
into chemicals.”>%!

In view of these precedents, it is not surprising that MOFs
also attracted the attention of researchers on photocatalysis
and photochemistry as photoresponsive solids with certain
similarities to zeolites and metal oxide photocatalysts. As
a result of their structure and composition, MOFs combine
most of the properties that have been sought, for the
development of photoresponsive materials and photocata-
lysts.

2. MOFs as Photoresponsive Materials

MOFs are crystalline porous materials composed of rigid
bi- or multipodal organic linkers and metal ions or clusters of
metal ions (Figure 3).%*?% The metal centers act as nodes of

——>
organic
linker

metal-organic
frameworks

Figure 3. Building blocks and porous structure of a MOF.

metal ion
or nodes

the lattice and are held in place by the directionality of their
binding to the organic linkers (electrostatic attraction and
coordinative metal-ligand interactions). Crystallinity and
porosity are the main characteristics of MOFs and these
materials hold records in terms of high pore volume, surface
area, and lowest framework density (Figure 4). These proper-
ties have determined that one of the main applications of
MOFs is as gas adsorbents and for gas separation.”’*
However, it is also interesting to note that amorphous
aminogel Fe;O(H,0),F{C,H,(CO,),NH,}; which has a similar
chemical composition to MIL-100(Fe) Fe;O(H,O),F{C,H;-
(CO,),}, exhibited notable photocatalytic activity.”” These
data clearly demonstrate that the crystallinity is not an
essential requirement for a MOF to show a photocatalytic
activity. The reader is also referred to other references for
a detailed description of the structure, synthesis, properties,
and applications of MOFs.P1=4

The versatility in the composition of the organic linkers
and metal nodes and the possibility of post-synthetic modi-
fication, together with the large surface area and porosity
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Figure 4. Some of the common properties of MOFs responsible for
their photocatalytic activities.

allowing incorporation of guests means that in many respects
MOFs (Figure 4) could be similar to zeolites and probably
also semiconducting metal oxides.™ However, in contrast to
zeolites that are transparent to most visible and UV
radiations, MOFs can play an active role, absorbing photons
by the organic linkers and converting the initial ligand-
localized exciton into a charge-separate state by single
electron transfer from the ligand to the metal nodes
(Figure 5). In MOFs, the most common ligands are aromatic
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Figure 5. An illustration of the effect of -NH, substitution which adds
an additional energy level to the band gap of MOFs that effectively
decreases the band gap with respect to the unsubstituted MOF giving
the MOF visible light photoresponse.

polycarboxylates which because of their excess of electron
density can, upon photon absorption, transfer an electron to
the positive metal ions bound to them. Other linkers can
exhibit similar photochemical behavior and, therefore, the
framework nature with linkers coordinated to metal ions,
allows photoinduced electron transfer from the linker as
electron donors to the metal nodes as electron acceptor to be
quite a general process.”***l Moreover, aromatic compounds
have intense absorption bands above 250 nm and depending
on the substituents can easily move to 300 nm or even into the
visible region (4>400nm) and, therefore, MOFs can be
designed in principle to exhibit visible-light photoresponses.
Light absorption and photochemical excitation cannot occur
in zeolites and (alumino)silicates in the absence of impurities,
since they are transparent in the whole range of UV and
visible radiation. The use of MOFs as photocatalysts is an
emerging field® owing to the versatility of these materials
and there are recent Reviews describing the activity of MOFs
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for the degradation of dyes,*! water splitting,*!! and H,
production or photocatalytic CO, reduction.*”

By means of the appropriate substitution of common
aromatic linkers or by selecting dyes as linkers, it is possible to
design MOFs with a visible-light photoresponse at long
wavelengths. This methodology to control the light-absorp-
tion properties is typical of organic molecules and, these
concepts can be implemented easily in MOFs, but is not
suitable for conventional inorganic semiconductors. A clear
example of the influence of substitution is the general effect
of the -NH, group as a substituent of 1,4-benzenedicarboxylic
acid (bdc) and other aromatic polycarboxylates, where it
introduces a new band in the visible with A,,,, around 400 nm
in the aminated MOF. The aminated MOF is isostructural
with the parent unsubstituted MOF and can be synthesized by
the same procedure (Figure 5). Other examples are the use of
porphyrins or metal polypyridyl complex dyes as linkers
forming a MOF with visible-light photoresponse character-
istic of these chromophores. Moreover, it is not necessary to
use a single linker in the synthesis of a MOF and mixed-linker
MOFs having the unsubstituted and the -NH, substituted
linker as building units can equally be prepared, exhibiting
interesting photophysical properties.

Semiconductors are characterized by undergoing photo-
induced charge separation and charge mobility, usually of one
of the charge carriers. In n-type semiconductors, such as TiO,,
light absorption promotes electrons from the valence band
(VB) to the conduction band (CB) and a fraction of them
migrate away from the site at which the photophysical event
took place, eventually reaching the external surface of the
particles. As commented above, MOFs also undergo photo-
induced charge separation and in some special cases the
charge carriers have some mobility that is reflected in the long
lifetime of these charge-separated states that can reach the
microsecond timescale. Accordingly, most MOFs should not
be considered as semiconductors because of their inefficient
charge mobility, although a systematic study on the charge
mobility in these materials would be much welcome.['*!

Concerning strategies to enhance charge mobility, it
should be commented that some of the MOFs have chains
of transition-metal atoms connected by oxygen bridges that
resemble a 1D wire of inorganic semiconductors inside the
crystal. One example of this type of structure is MIL-53
(Figure 6). It is possible that charge migration could take
place preferentially in these 1D wires within the crystal has
been determined for conventional semiconductors with 1D
morphology, such as rods or tubes, that exhibit longer free-
migration paths in along the long axis of the particles. Thus, it
has been established by transient spectroscopy that the
mobility of electrons along the long axis in TiO, nanotubes
is much faster than perpendicular to it, along the short axis.*’!

However, even for those MOFs that do not contain
a continuous chain of metal oxide motifs, charge mobility
could take place if there is an adequate orbital overlap that
can create a conduction band, in which charge carriers can
migrate. In addition, those MOFs that contain nanometric
clusters of metals offer the possibility to mimic some of the
properties found in quantum dots. One of these cases is MIL-
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Figure 6. View of parallel, corner-sharing octahedral MO,(OH), chains
running from top to bottom connected through the bdc ligands in
MIL-53 (reproduced with permission from Ref. [44]).

Figure 7. Simulation of part of the structure of MIL-125(Ti) in which
the octamers of TiO4 octahedra (in blue) sharing edges and forming
perforated rings connected by bdc linkers can be seen (reproduced
with permission from Ref. [45]).

125 containing rings of eight Ti edge-sharing octahedra
(Figure 7).14

3. Photostability

One of the major limitations of MOFs is their lack of
thermal stability at high temperatures, typically above 250°C,
which is a consequence of the type of coordinative metal—
ligand forces responsible for the structure. Not only that,
certain MOFs can be instable and their structure collapses in
certain solvents or on contact with some reagents. Owing to
the presence of metal ions and the nature of the forces, H,O
and polar solvents can cause structural damage in certain
MOFs by metal-ion solvation. Reagents that can coordinate
strongly with metal ions, such as strong nucleophilic species
including hydroxide, amines, and alkoxides are likely to
destroy MOF structures by competing favorably with the
coordinative metal-linker bonds present in MOFs.

Besides this general remark concerning physical and
chemical stability, for the specific case of their use as
photocatalysts, the photochemical stability of the material is
also the major issue. Organic molecules can commonly
undergo fast degradation upon illumination or exposure to
ambient conditions which cause some degree of photooxida-
tion. Oxygen is a general quencher of electronic excited
states, particularly, triplets, forming singlet oxygen that is
a reactive species that can attack multiple bonds, polycyclic
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aromatic compounds, and benzylic and allylic positions. In
addition, oxygen can undergo electron transfer with the
excited states of organic molecules to form superoxide that is
also a reactive species that results in the formation of
hydroperoxides.““#"! At least these two pathways can accel-
erate the oxidative degradation or the transformation of the
organic linker. In addition, organic molecules also react
photochemically with many other molecules, such as alcohols,
amines, and alkenes.

The result of this reactivity is that the photochemical
stability of MOFs should not be taken for granted, just based
on their stability under dark conditions and has to be checked
carefully when proposing MOFs as photocatalysts. Extended
irradiation for long periods under conditions similar to that of
their use as photocatalysts should be carried out and the
stability of the MOF confirmed by X-ray diffraction, surface-
area measurements, and spectroscopy. In one of the examples
in which MOFs can degrade upon irradiation, CAU-8 with
formula Al(OH)(bpdc) (bpdc: 4,4'-benzophenonedicarboxy-
late) loses its crystalline structure upon irradiation in CH;OH
by reaction of the bpdc linker, as determined by IR
spectroscopy.® A good practice in this area would be to
expose the MOF to intense irradiation in the presence of
oxygen for months, checking periodically that the structure
remains unaltered.

4. Design of MOFs as Photocatalysts

One of the major advantages of MOFs with respect to
other materials is that their synthesis allows the incorporation
of a large variety of linkers, transition metals, and structural
arrangements. This variety means that it should be possible to
select building blocks and target structures for a better
performance of MOFs as photocatalysts. To have an efficient
photocatalytic material, several requirements have to be met
simultaneously. First, the material has to absorb light to
undergo electronic excitation with the available light source.
For many of the photocatalytic applications including degra-
dation of environmental pollutants and photocatalytic fuel
production, natural sunlight must be used as the excitation
source. The percentage of the solar energy reaching the
Earth’s surface corresponding to the UV region is about 4 %
and about 46% corresponds to the visible region. This
distribution of energy determines that for photocatalytic
systems that have to operate with natural sunlight it is highly
recommendable to have a photoresponse to visible light in
order to achieve high photocatalytic efficiencies with this
natural light. For this reason, there are a large number of
studies that specifically determine the photocatalytic activity
of the material under artificial visible light considering that
the photoresponse of the material to visible light will be more
indicative of the behavior of the photocatalyst upon irradi-
ation with solar light. For the use of MOFs as photocatalysts it
is highly desirable to have linkers that absorb in the visible
region. Since most of the benzene derivatives, including bdc
absorb in the UV, the presence of substituents with strong
bathochromic influence in the absorption is necessary.
Particularly NH,-groups, but also the use of polycyclic
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aromatic compounds as linkers, shifts the response of MOFs
towards the visible region (Figure 5). In addition, inorganic
metal ions or metal oxide nodes can also act as visible-light
harvesting centers. This concept has been demonstrated by
subjecting a series of iron(IIl)-based MOFs which consist of
Fes-ps3-0xo clusters as visible-light photocatalysts for the
degradation of Rhodamine 6G.*" Furthermore, it is observed
that crystallinity is not mandatory to achieve an efficient
photocatalyst, since the poorly crystalline material Basoli-
te F300, with only a local order around the Fe;-p;-oxo clusters
also shows photocatalytic activity.”” Similarly, unprecedented
3d—4f MOFs, assembled with iodide-templates, were shown to
be photocatalytically active under UV irradiation for the
generation of H,.

In addition to light absorption, charge separation is the
second elementary step in any photocatalytic event. In the
case of MOFs, charge separation seems to be favorable
because of the close contact and rigid positioning of linkers
and metal modes (Figure 8). However, after charge separa-
tion, charge recombination between the same partners
involved in photon absorption is a general deactivation
pathway that is competing with photocatalytic activity.

electron

Q
O

GUEST

energy

Figure 8. Schematic illustration of how photon absorption by the
organic linker in a MOF (bipodal blue rectangle) can lead to energy
transfer to occluded guests in close proximity to the linker or to
electron transfer from the linker to the metal nodes (red circles).

At the moment there is a lack of information about the
importance of charge recombination in MOFs. These data
could be obtained by ultrafast transient absorption spectros-
copy monitoring the primary species of charge separation and
following their temporal evolution. The ratio between the
initial numbers of charge separation species formed in the
picoseconds time scale with those surviving up to the micro-
second time scale should give a quantitative value of the
percentage of charge recombination versus migration rates.
Another important parameter is the density of charge carriers
that can be determined, for instance, by photoelectrochemical
measurements. These measurements should give an idea how
fast charge carriers can move in the MOF crystal without
undergoing recombination and also could serve to rationalize
different photocatalytic behavior as a function of the compo-
sition and structure of the material. At the moment there is
a lack of this fundamental information that together with the
energy values of the electron and holes would serve to set up
the fundamental basis of the photocatalytic behavior of
MOFs. In addition, experimental characterization of the
relevant photochemical parameters should be accompanied
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by theoretical calculations and modeling, thus, providing the
basis for the understanding of the photocatalytic activity.

In the past three decades, numerous visible-light photo-
catalysts have been developed which include doped TiO,,**!
hybrid photocatalysts composed of TiO, and other semi-
conductors,*>> photocatalysts based on the heterojunction
of two semiconductors with different conduction and valence
band energies®®"l and dye-sensitized photocatalysts.”*>’ The
main two issues encountered in all these studies aimed at
producing efficient visible-light photocatalysts are 1)to
reduce their absorption energy below 3 eV so that photo-
catalysis can be carried out under visible light and 2) to
separate photogenerated electrons and holes minimizing their
immediate recombination, thus, making it possible for these
photogenerated carriers to trigger reduction and/or oxidation
reactions.

To date, most of the reports in this area have tested as
photocatalysts MOFs that have been previously described in
the literature for other purposes. In some cases these already
reported MOFs have been adapted for their use as photo-
catalysts. The two most common modifications have been the
use of NH,-containing linkers to increase visible-light photo-
response of the material as already commented and the
deposition of Pt nanoparticles (NPs).

Even though the modification of MOFs to adapt their
properties to their use as photocatalysts has been successful
and surely many more examples will appear in the future, this
approach does not fully exploit the flexibility that MOFs
allow for design. It would be very important to show that new
MOFs can be synthesized purposely for their specific use as
photocatalysts, including steps of post-synthetic modification
of MOFs mainly to introduce suitable co-catalysts. In the
MOF design, the above commented requirements in terms of
light-harvesting efficiency, particularly for solar-light irradi-
ation, efficient charge separation, and high charge mobility
should be taken in to account. The function of light harvesting
could be performed by organic dyes, and metal centers that as
discrete molecules in solution or as metal oxide clusters can
absorb visible light. The charge separation step should take
into consideration the redox potential of metal clusters and
their orientation with respect to the LUMO orbitals of the
linker. Probably, clusters of metals having several metal ions
could be more appropriate for this purpose since they could
store more than one electron as happens in the natural Mn,
oxygen evolution center.®” It is clear that charge accumu-
lation is thermodynamically unfavorable and requires a ther-
modynamic cost that should be overcome by the potential of
the photogenerated electrons and holes. The oxidation state
of the metal ions should also influence in the efficiency.
Charge mobility inside MOF crystals could require the
existence in the structure of chains of metal-ion clusters that
acting as wires can allow fast migration of charge carriers. For
instance, the previously commented case of MIL-53 contain-
ing an array of infinite MOy (M: Al, Cr, Fe, Sc) octahedra
chains connected by organic linkers at the equatorial position
of each octahedra in the chain. These new concepts can lead
to ideal types of MOFs for photocatalysis with suitable
linkers, transition metals, and frameworks adapted for the
specific use of photocatalysis. After the synthesis, post-
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synthetic modification can include incorporation of metal
NPs or even the combination of metal NPs for management of
electrons, and of suitable metal oxides, such as RuO, or CeO,,
to favor hole transfer. Crystal size and surface modification
should also be taken into consideration for enhancing photo-
catalytic activity. Surely, this concept will lead in the future to
the synthesis of MOFs photocatalysts, synthesized by design.
This approach of application-driven synthesis is unique for
these type of materials since as commented in the Introduc-
tion most of the conventional photocatalysts are very difficult
to adapt and variation of the synthesis conditions are less
reliable or flexible as in the case of MOFs.

5. Metal Nanoparticles in Photocatalytic MOFs

Noble-metal NPs can have a dual role in photocatalysis,
acting as visible-light harvesters and as catalysts for the
transfers of charge carriers from the semiconductor to the
substrate.

Certain noble metals, when in nanometric size particles,
may exhibit a characteristic absorption band in the visible
region that arises from the collective oscillation of electrons
confined in a cage of nanometric dimensions. This visible
absorption band is termed a “localized surface plasmon band”
and is observed for Au, Ag, and Cu.”® The maximum
absorption wavelength, the shape of the peak, and intensity of
the surface plasmon band can be tuned by varying their size,
morphology, and the environment experienced by the
NPs.[¢7l Excitation of this surface plasmon band with visible
light can produce the photoejection of “hot” electrons from
the metal NP to the environment. A fraction of these
photoejected electrons can be trapped by the photocatalyst
electron-acceptor sites and can result in a long-lived charge
separation where the positive hole is located at the metal NPs
and the electron on the photocatalyst. Another effect of metal
NPs excited with visible light is to produce strong electric
fields in the neighborhood of the NP that can result in a more
efficient charge separation in the photocatalyst. Both effects,
photoejection of thermalized electrons and strong electric
fields, can contribute to the visible-light photoresponse of
a photocatalyst that otherwise would be inactive upon
irradiation at the visible wavelengths corresponding to the
light absorption of the metal NPs.

A second role played by noble-metal NPs in photo-
catalysis is to act as electron traps and active reaction sites.*"!
When electrons cross the surface from the photocatalyst to
the metal NPs, the lifetime of the charge-separated state
increases, as a result of the difficulty of charge recombination.
It is considered that also in the case of MOFs the presence of
metal NPs can enhance the charge-separation efficiency by
allowing migration of electrons from the MOF where they
have been initially photogenerated to the metal NP acting as
electron reservoir. Crossing surfaces (“Schotky barrier”) from
MOF to Pt NPs is a way to increase the distance moved by
charge carriers and to increase the lifetime of the electrons by
many orders of magnitude. Metal NPs can also act as co-
catalysts transferring electrons efficiently to substrates.
Figure 9 summarizes the presumed roles of Pt NPs as
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Figure 9. Pt NPs on the surface of a semiconductor can act as an
electron acceptor of CB electrons, increasing the efficiency and lifetime
of charge separation, and as co-catalyst transferring electrons to the
substrate S. i) photoexcitation of the semiconductor with the promo-
tion of one electron from the valence band to conduction band;

ii) electron migration to the semiconductor particle surface and then
to the Pt NP; iii) electron transfer from Pt NP to S.

additives to photocatalysts. There is by now a sufficiently
large number of reports showing that by making use of these
two strategies, the photocatalytic efficiency of these modified
MOFs is increased with respect to the parent MOF, frequently
by several orders of magnitude.

Since noble-metal NPs act as electron reservoirs, they are
typical co-catalysts for reductive reactions, such as the
generation of H, from water. Photocatalytic reductions are
the key half-reaction for the generation of solar fuels and
noble-metal NPs are the general co-catalysts to enhance the
efficiency of these processes.

The interest in adding metal NPs into the pores of MOFs
is common in catalysis® and photocatalysis. Recently, several
methodologies have been developed to incorporate metal
NPs within MOFs."! Behind these strategies, the important
issue is to have a clear understanding of the process of
formation of NPs embedded in MOFs and which parameters
are crucial to obtain samples that exhibit the optimal photo-
catalytic efficiency. Typically, the key issues are to achieve
a uniform and small NP dimension, at the appropriate metal
loading that does not compromise the surface area, pore
dimensions, and volumes of the pristine MOF. Experimental
parameters, such as metal precursors and amounts, reduction
procedure, temperature, and time of the treatment have to be
carefully controlled.

Among the most used deposition procedures, one that has
shown a fine control of the metal NP size and distribution is
the solid grinding of a volatile metal precursor that is
subsequently thermally or chemically reduced into metal
NPs."l Also methods in the liquid phase by adsorption of
metal salts, followed by chemical reduction under conditions
compatible with MOF stability have been also frequently
used.” From the data in the literature, it appears that
following appropriate procedures it is possible to incorporate,
inside the MOF pores, particles with size limited by the pore
dimensions of the crystal structure. Since small particle size is
one of the crucial parameters for reaching high catalytic
activity, encapsulation of metal NPs within MOFs is consid-
ered a powerful general strategy in heterogeneous catalysis to
develop highly active catalysts.

Perhaps the most specific deposition procedure for the use
of MOFs as photocatalysts is the so-called photodeposition
method.”™ In this method the MOF is irradiated at the
appropriate wavelength range in the presence of a precursor
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of the noble metal dissolved in a convenient solvent contain-
ing a sacrificial electron donor. It is assumed that upon
irradiation and generation of the charge-separated state,
electrons should reduce the noble-metal precursor present in
the solution leading to the formation of metal NPs onto the
MOF pores. Sacrificial electron donors are typically meth-
anol, ethanol, or tertiary amines. Amines are better electron
donors than alcohols, but when using them the pH value of
the solution has to be controlled to avoid damaging the MOF
structure. Micromolar solutions of noble metals are com-
monly employed in these photodeposition processes to avoid
depositing an excessive amount of metal. The main advantage
of photodeposition with respect to other alternative deposi-
tion procedures is that metal NPs are located at the sites
where electrons are located in the photocatalyst and, there-
fore, they should be more efficient for their role as electron
acceptors and co-catalysts. In contrast, other alternatives
should lead to the formation of metal NPs all over the MOF
and the interfacial contact between MOF and metal NPs
would presumably be lower.

Although the beneficial effects of the presence of noble-
metal NPs for the photocatalytic activity of MOFs is well
established, there are serious concerns on the practical
applicability of photocatalysts having precious metals. There-
fore, there is a need to find suitable materials that can act as
sustainable and affordable alternatives to noble metals as co-
catalysts. Certainly, new research in this area is necessary to
meet the performance requirements.

6. Best Practices for MOFs as Photocatalysts

This Section presents some important general consider-
ations to be taken into account when evaluating the activity of
photocatalysts including MOFs. One major issue is how to
compare photocatalytic-activity data from different labora-
tories for different materials. Part of the problem derives from
the insufficient characterization data of the material being
tested and the reproducibility of the synthesis. Data such as
the crystallinity of the sample, elemental composition and the
possible presence of impurities, surface area, and particle size
should be routinely given.

The efficiency of photochemical reactions for soluble
compounds can be determined in an absolute way by
providing quantum yields that are the ratio between the
number of photoproduct molecules formed and the number
of absorbed photons. However, measurements of absolute
quantum yields for solids are not possible because of light
scattering and reflection. Nevertheless a useful parameter is
the incident light to photoproduct conversion that is equiv-
alent to the way in which solar cells efficiencies are given.[>"
These apparent quantum yields can vary with those param-
eters that influence light scattering, such as particle size and
photoreactor design, but at least provide a quantitative value
of the efficiency of the photocatalytic process.

Another piece of information that is important to evaluate
the performance of a photocatalyst is the photoresponse of
product formation as a function of the irradiation wavelength.
In principle, the photoresponse should coincide with the
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absorption spectrum of the chromophores responsible for the
photocatalytic activity and, therefore, the photoresponse
provides useful information on the operation mechanism.
As commented earlier, a constant target in solar photo-
catalysis is to develop materials with a photoresponse in the
visible region (4>380nm) and even in the near-infrared
(1500 > 1> 800 nm), where solar light irradiance mostly
occurs. In the absence of photoresponse data, the use of
suitable cut-off filters can serve to determine the visible or
near-infrared photoresponse of a photocatalyst.

Besides the material, the efficiency of a photocatalytic
process is strongly influenced by the irradiation source and
photoreactor design. For the purpose of solar fuel production,
solar simulators with appropriate filters or even direct
sunlight irradiation should be performed. Curiously, activity
data for direct sunlight irradiation are less recommendable in
terms of reproducibility because of changes in solar irradiance
depending on the season, weather conditions, daytime, and
height and latitude of the irradiation. Many MOFs exhibit
photocatalytic activity upon excitation in the UV region and
this requires the use of lamps, such as low- or medium-
pressure Hg arc lamps emitting at 254 nm in a more or less
continuous way.

Photoreactors have to be designed in combination with
the light source for an efficient use of the emitted photons.
Photoreactors for gas evolution have to be sealed and should
allow periodic sampling of the gas and liquid phase. Oxygen
has to be avoided in the system, since this molecule is an
efficient quencher of electrons and will impede photoreduc-
tion of any other substrate in its presence. The best practice is
to perform irradiations for the production of H,, CH,, and
other gases under a continuous flow of inert gas and analyze
the out stream directly with in-line chromatography. In this
way, errors derived from manipulation and quantification of
gases are minimized.

In addition, photostability of the solid acting as the
photocatalyst should be provided, by performing prolonged
irradiation tests evaluating the temporal evolution of the
photoproducts. During these stability tests, any leaching of
metal or organic linker from the solid to the solution should
be determined by chemical analysis of the liquid phase after
filtration of the solid photocatalyst and also the spent
photocatalyst must be submitted for suitable analysis. Ele-
mental data should be compared to those of the fresh MOF.
Also crystallinity, surface area, and particle morphology
should be checked for the used material by X-ray diffraction,
gas adsorption, and electron microscopy, respectively and
compared to the data for fresh samples. Recyclability tests in
which the photocatalyst is recovered after a run and reused in
a subsequent reaction should also be performed, monitoring
the temporal evolution of the photoproducts. Photocatalyst
deactivation can be determined by lower initial reaction rates
and lower photoproduct formation at a certain irradiation
time under the same conditions. The cause of deactivation
should be determined by comparing data of fresh and used
photocatalyst. In the particular case of MOFs, decrease in the
crystallinity and porosity are the two most common specific
reasons for deactivation.
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Photocatalysis for solar fuel production is a reduction
process. To determine the maximum efficiency of solar fuel
production it is a common practice to perform the reaction in
the presence of a sacrificial electron donor agent, such as
methanol or a tertiary amine. Since in the photoinduced
charge separation, electrons and holes are simultaneously
generated in the same amount, the electroneutrality principle
requires that the consumption of these charges should take
place in the same stoichiometry and rate. Sacrificial electron
donors ensure that the rate of hole consumption is not the
rate-determining process and these conditions are the optimal
to establish the highest efficiency in photoreduction. From the
practical point of view of solar fuel production, these
conditions are generally unrealistic, since the electron donor
in natural photosynthesis is water.””) Compared to tertiary
amines, water is a poor electron donor and the photooxidation
half-reaction becomes the rate determining process for most
of the photocatalysts, lowering the efficiency of solar fuel
production by several orders of magnitude. In the case of
MOFs as photocatalysts, the use of sacrificial electron donors
may not be a good choice, because of the lack of stability of
most MOFs in the presence of amines or in water at basic
pH values. In addition, the photocatalytic activity should be
increased by incorporation of noble metals in optimal
amounts as co-catalysts to increase the photoreduction
reaction rate.

The final goal of the area is to develop a photocatalyst and
a process that can produce solar fuels competitively at the
current prices of energy. Therefore, evaluation of the photo-
catalytic activity of a promising material should also include
data on the overall water splitting and photochemical CO,
reduction by water. In both processes water is the source of
electrons.

In addition to these general considerations, there are
specific issues for each photocatalytic reaction, such as for
instance, in the case of the overall water splitting how to
separate evolved oxygen from H,. Some of these points will
be discussed below, when presenting the results reported
using MOFs as photocatalysts.

7. Summary of the use of MOFs as Photocatalysts
for H, Generation and CO, Reduction

The following Sections will describe examples reported in
the literature showing the photocatalytic activity of MOFs for
H, generation and CO, reduction. The Review is organized by
presenting the use of MOFs in photocatalytic H, generation
(Table 1), CO, reduction (Table 2), and photooxygenation
(Table 3) and nitro reduction. Throughout the Review the
components and organization of the heterostructures based
on MOFs will be presented in a schematic way. Whenever
possible, the issue of catalyst stability after a photochemical
reaction has been discussed and a suitable comment is also
given for future directions. Application of MOFs in the
photodegradation of dyes or environmental pollutants is out
of scope of the present Review. The reader is referred to
a recent Review for a deeper coverage of the fundamentals
and models of the energy transfer in MOFs as photocata-
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lysts,[39] which subset of MOFs can be considered as semi-
conductors,"¥ as well as the use of specific MOFs as photo-
catalysts.["*"]

8. MOFs as Photocatalysts for H, Generation

Pt NPs are very general co-catalysts for H, generation in
metal oxide semiconductors and their presence increases the
photocatalytic activity. The same general effect is now well-
documented also for MOF photocatalysts. To observe their
beneficial influence, Pt NPs have been loaded into stable,
porous, and phosphorescent MOFs built from [Ir(ppy),-
(bpy)]*-derived dicarboxylate ligands (ppy = 2-phenylpyri-
dine; bpy =2,2"-bipyridine) and Zr¢(ps-O),(13-OH), (carbox-
ylate),, as secondary building units. Deposition of Pt NPs was
performed via MOF-mediated photoreduction of K,PtCl,.*"
The resulting Pt@MOF-1 or Pt@MOF-2 assemblies were
investigated as effective photocatalysts for H, evolution by
photoexcitation of the MOF frameworks under visible light
(4>420 nm).  Zr(ps-O)4(ps-OH)y(bpdc)s oa(Li)oos (MOF-1)
was prepared by post-synthetic modification of the L,
(Scheme 3) ligand into the preformed UiO-67 framework
having bpdc as the bridging ligand at approximately 2 wt %
loading ) MOF-2 was synthesized by treating L, (Scheme 3)

COOH
L L,

Scheme 3. Chemical structures of L, and L, used to construct MOF-
1 and MOF-2.

with ZrCl, in DMF, obtaining a solid with the formula Zr-
(15-0)4(us-OH),(L,)s:64 DME. HRTEM analysis revealed
that after photodeposition the cavities of MOF-1 and MOF-
2 contained Pt NPs with diameters of 2-3 and 5-6 nm,
respectively. The fact that the Pt NPs sizes are larger than
those of the MOF cavities indicates partial MOF framework
distortion/degradation during Pt NP formation, although it
could also be possible that the Pt NPs extend through more
than one cavity. The Pt/Ir ratio in the MOF sample was
determined to be 18.6 and 17.8 for Pt@MOF-1 and Pt@MOF-
2, respectively by ICP-MS. The highest turnover number
(TON) achieved for H, evolution based on Ir content (Ir-
TON) is 730 and 1620 for Pt@MOF-1 and Pt@MOF-2,
respectively after 6 h. The Ir TONs of the recovered
Pt@MOF-1 were 633, 624, and 749 for the 2nd, 3rd, and 4th
run, respectively. The Ir TONs observed for H, evolution rate
using Pt@MOF-2 for 1st, 2nd, 3rd, and 4th runs were 1620,
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Table 1: Summary of photocatalytic reactions on H, evolution, CO, reduction, and photocatalytic organic synthesis using various MOFs-based
catalysts.”
Photocatalyst Light source (sacrificial agent) Photoactivity Stability evidence Ref.
Photocatalytic H, evolution
Pt@MOF-1 or Pt@MOF-2 450 W Xe-lamp (TEA), Visible 3400 or 7000 TON reuse, leaching [80]
H,TCPP[AIOH],(DMF;-(H,0),) 300 W Xe lamp (EDTA), Visible 200 pmolg Th’ SEM, XRD 81]
{[Ln,Cus(OH),(pydc)e(H,0)s]Is} (Ln: Tb) 500 W Hg lamp (aq. CH;0H), UV 2105 pmolh™'g™ reuse, IR, XRD [49]
MOF-253-Pt 300 W Xe lamp (TEOA), Visible 3000 pmol reuse [82]
Pt/NH,-UiO-66 200 W Xe-doped Hg lamp(CH;OH) 2.8 mL - [83]
NH,-UiO-66(Zr/Ti)-120-16 days 300 W Xe lamp (CH;CN and TEOA) 3.5 mmolmol™ - [84]
RhB/UiO-66(Zr)-100% 300 W Xe lamp (TEOA) 33.9 umolg'h™' XRD [85]
Pt-UiO-66-30 300 W xenon lamp (20% CH,OH) 37 umol reuse, ICP-AES [86]
Pt/Ti-MOF-Ru(tpy), 500 W Xe lamp (TEOA) 5.1 pmol reuse, XRD 187]
Pt/[Cu(en)y]s[PNb;,04(VO)¢]- (OH)s-8H,O 125 W Hg lamp (ag.CH;OH) 44.35 umolg'h™! XRD [38]
Fe,O,@TiO,/Pt Xe lamp (TEA) 0.8 umol EDS, TEM, XRD, reuse [89]
Pt@CdS/MIL-101(Cr) 300 W Xe lamp (lactic acid) 150 umolh ™' reuse, XRD [90]
UiO-66/CdS/rGO 300 W Xe lamp (ag. 0.1 M Na,S and 105 umolh™ XRD [97]
Na,SO)
Pt/NH,-MIL-125(Ti) Xe lamp (TEOA) 33 pmol reuse, BET, XRD [92]
P(1.5) /NH,-MIL-125(Ti) 500 W Xe lamp (TEOA) 15.5 pmol reuse [93]
Pt/MIL-125(Ti) Xe lamp (1 =320-780 nm) (TEOA) 38.68 umol - [94]
Co@NH,-MIL-125(Ti) 500 W Xe/Hg lamp 37 umol reuse [95]
Photocatalytic CO, reduction
NH,-MIL-125(Ti) Xe lamp (CH,CN/TEOA) 8.14 pmol HCOO™ XRD, BET, TGA, IR, [96]
Raman
Au/NH,-MIL-125(Ti) or 300 W Xe lamp (TEOA) 9.06 pmol or 12.96 umol - [97]
Pt/NH,-MIL-125(Ti) HCOO™
NH,-UiO-66 500 W Xe lamp (TEOA) 13.2 pmol HCOO™ XRD, IR, BET 98]
NH,-UiO-66(Zr/Ti)-120-16 days 300 W Xe lamp 5.8 mmol mol”’ XRD, BET 84]
(CH,CN and TEOA)
Zr43Tiy 70,(OH) 4 (CsH;04N)5.17(CsHgO4N,) 053 300 W Xe lamp 33 umol HCOO™ reuse [99]

(CH,CN and TEOA)

MIL-101(Fe) or NH,-MIL-101 (Fe) 300 W Xe lamp

59 or 178 umol HCOO™ reuse, XRD, IR, TGA, [100]

(CH,CN and TEOA) BET

Cu porphyrin (5,10,15,20-tetrakis (4-carboxy- 300 W Xe lamp (TEA) 262.6 ppmg 'h™' CH;OH - [1o1]
phenyl)

MOF-253-Ru(CO),Cl, Xe lamp (CH,CN and TEOA) 0.67 pmol HCOO™ XRD [102]
Cp*Rh@UiO-67 300 W Xe arc lamp (CH;CN and TEOA) 47 TON reuse [103]
Cu;(BTC),@TiO, 300 W Xenon (H,0) 2.64 pmolgro, ' h™' of CH, reuse [104]
CdS/Co-ZIF-9 300 W Xe lamp (TEOA) CO (50.4 umolh™), [105]

H, (11.1 pmolh™)

g-CyN,+ Co-ZIF-9 Xe lamp (H,0, CH,CN, TEOA) 20.8 pmol CO reuse [106]
ZIF-8/Zn,GeO, 500 W Xe arc lamp 2.44 pmolg™' CH;OH XRD [1o7]

[a] Abbreviations: MOF-1: Zrg(15-O) 4 (15-OH) 4 (bpdc) s 04 (L) 0.06; MOF-2: Zrg(115-O) 4 (13-OH)4(L;) - 64DMF; TEA: triethylamine; PMOF: porphyrin MOF;
EDTA: ethylenediminetetraacetic acid; TEOA: triethanolamine; bpdc: biphenyldicarboxylate; tcpp: meso-tetra(4-carboxylphenyl)porphyrin; Lh=Sm,
Eu, Gd and Tb; pydc: pyridine-2,5-dicarboxylic acid; tpy: terpyridine; en: ethylenediamine; rGO: reduced graphene oxide; BTC: 1,3,5-benzene-

tricarboxylate.

1500, 990, and 1380, respectively, after 6 h. Pt@MOF-1 and
Pt@MOF-2 samples reached an accumulated Ir TON of 3400
and 7000, respectively. These TON values measured for Ir-
MOFs are 1.5- and 4.7-times the values afforded by the
homogeneous controls [Ir(ppy),(bpy)]ClI/K,PtCl, under com-
parable conditions (2200 and 1500, respectively). It was
believed that the enhanced photocatalytic H, evolution
activities of Pt@MOFs are due to a more efficient electron
transfer from the photochemically unstable [Ir™(ppy),-
(bpy )] intermediate immobilized near Pt NPs which not
only increased H, reduction rates, but also slowed down the
decomposition of the Ir complexes. Photodecomposition is
one of the major limitations of the Ir complex as a molecular
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photocatalytic system. The photodecomposition rate is
directly correlated to the lifetimes of this species and should
be disfavored when there is an efficient quenching pathway.
Furthermore, this high instability of Ir(ppy),(bpy) is respon-
sible for the Ir leaching into the solution that can reach 25.6 %
after 48 h of photocatalytic H, generation for Pt@MOF-2.
Porphyrins are the major constituent of natural photo-
synthetic centers in green plants. Not surprisingly, porphyrins
can also act as light harvesters and photoredox centers for the
generation of H,. In this context, the reaction of AICl;-6 H,O
with tcpp (tcpp: meso-tetra(4-carboxylphenyl) porphyrin,
Scheme 4) leads to the formation of the water-stable micro-
crystalline, porous, red compound H,TCPP[AIOH],-
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Scheme 4. Chemical structure of TCPP linker (left) and illustration of
the structure of AI-PMOF (right; reproduced with permission from
Ref. [81]).

(DMF;-(H,0),) (Al-PMOF), whose photocatalytic activity
for H, generation has been investigated under visible-light
irradiation from H,O using EDTA as the sacrificial electron
donor.® The solid-state UV/Vis absorption spectrum of Al-
PMOF showed the strong Soret band at 415 nm and four
Q bands at lower energies, characteristic for free-base por-
phyrin.'® On the other hand, the fluorescence spectrum
displayed a band at 660 nm. Reaction of Al-PMOF with
anhydrous Zn(OAc), afforded a highly crystalline purple
material with formula Zn ¢, TCPP-[AIOH], consistent with
over 90% occupancy of the porphyrin centers by Zn*' as
evidenced by energy-dispersive X-ray spectroscopy recorded
by SEM. The BET surface area was measured to be of
1200 m*g . UV/Vis spectrum of Zn . TCPP-[AIOH], con-
firmed the insertion of Zn>" ions by observing a slight red shift
in the Soret band to 425 nm from 415 nm for AI-PMOF and
the predominant presence of only two Q bands (instead four
for AI-PMOF) due to the higher symmetry of the metalated
porphyrin with respect to the free-base porphyrin. Similarly,
the fluorescence spectrum of Zn,.TCPP-[AIOH], also
reflects the effects of porphyrin metalation on the emission
by displaying two maxima at 620 and 660 nm.

Two different approaches were employed to apply por-
phyrin MOFs (PMOFs) as photocatalysts, one is by taking
advantage of the quenching of porphyrin-based excited states
by methyl viologen (MV*") and the other approach is based
on changing the amount of external colloidal Pt. First, the
MOF/MV**/EDTA/Pt system was studied. In this case MV*"
acts as an electron acceptor and mediates the electron transfer
from the excited state porphyrin to the colloidal Pt located
outside the pores of the MOF. EDTA acts as the sacrificial
electron donor restoring the Zn porphyrin radical cation
moiety to the ground state. In this mechanism, MV*" should
be readily adsorbed by AI-PMOF or Zn, 43 TCPP-[AIOH], in
aqueous media and EDTA should be able to access the
internal oxidized porphyrin species. Following visible-light
absorption by zinc porphyrin and the generation of the
associated electronic excited species, the MV?*" is reduced to
the radical cation (MV™) by electron transfer from the
excited porphyrin, resulting in a positively charged porphyrin
intermediate (Scheme 5). This positive Zn porphyrin reacts
with EDTA that becomes oxidized to its corresponding
radical cation and decomposes to degradation products. MV
should then migrate outside the MOF crystal, carrying one
electron that should be transferred to the Pt colloid, evolving
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visible light

Scheme s. lllustration of the mechanism of the photocatalytic H,
generation upon visible-light irradiation of Al-PMOF using EDTA as
sacrificial electron donor (reproduced with permission from Ref. [81]).

H, from H,O. However, for both AI-PMOF and Zn, y3s TCPP-
[AIOH],, this strategy gave only a small amount of H, upon
illumination with visible light in aqueous EDTA/MV*"/
colloidal Pt solution for 15h. This poor performance was
explained by the inefficient diffusion of MV*"/MV"redox
pair through the pores, as the Pt NPs are too large to enter the
pore system.

In contrast, a second set of experiments was performed
with the PMOF/EDTA/Pt system in the absence of MV?".
Using this in principle simple strategy, the excited porphyrin
molecules in the MOF react directly with EDTA to form the
reduced porphyrin which in turn transfers an electron to Pt.
The Pt concentration was increased to ensure the optimum
contact between the metal and the framework. AI-PMOF and
Zny,45sTCPP-[AIOH], produced 200 and 100 umolg 'h™' H,,
respectively, after an induction period of about 3 h. Repeated
reactions with the same catalysts showed good data reprodu-
cibility. Powder XRD and SEM measurements revealed that
the framework remains unaffected after the photocatalytic
reactions for both catalysts. Furthermore, heterogeneity was
also confirmed, thus showing the higher stability of these
MOFs under photocatalytic reaction conditions. Although in
principle it may seem that saving MV?" simplifies the system
and achieves higher efficiency, this is at the expense of higher
Pt concentrations. It seems, however, that the photocatalytic
activity could have been further
improved by incorporating Pt
NPs inside the MOF pores.

A series of isomorphous
MOFs with a molecular formula
of {[Ln,Cus(OH),(pydc)s-
(H,O)g)-Ig} (Ln=Sm, Eu, Gd,
and Tb) was synthesized."”! The
lattice defines triangular pores in
which polyiodide chains acting
presumably as templates in the
synthesis of the MOF are located
(Figure 10). Interestingly, these
Ln MOFs exhibit high frame-
work stability in acid or basic
aqueous solutions.

Figure 10. View of the trian-
gular channels defined by
the structure of [Ln,Cus-
(OH).(pydc)(H;0)g] I show-
ing the incorporated poly-
iodide chain (reproduced
with permission from

Ref. [49]).
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Optical band gaps of 3.12, 3.16, 3.15, and 2.82 eV were
determined for the MOFs of Sm, Eu, Gd, and Tb, respec-
tively. The photocatalytic H, evolution of Ln MOFs was
evaluated in 10% aqueous CH;OH solution under UV
irradiation.®! The H, evolution mean rates were 1958.0,
2262.8, 2050.4, and 2105.0 umolh'g™!, and the total H,
amounts evolved during 5 h were 979.0, 1131.4, 1025.2, and
1052.5 pmol, for Sm, Eu, Gd, and Tb, respectively. The H,
evolution activity of MOF with Gd was evaluated in six runs.
The H, evolution rates in the first three cycles were 2050.4,
2107.7, and 1973.9 umolh™'g™" and the total H, evolved over
15 h was 3066 pmol. It was observed that the H, evolution rate
in the third reuse was lower. However, IR and powder XRD
spectra of the fresh and reused photocatalysts did not show
any significant change indicating that no structure deterio-
ration is taking place during the recyclability. It is unclear,
however, if the polyiodide chains that are present in the
structure and that can be released in CH;OH play or not any
role in the photocatalysis. This point should be clarified in
view of the general use of triiodide as redox electrolyte in dye-
sensitized solar cells.!"”

A new bifunctional MOF-253-Pt has been prepared by
post-synthetic modification of uncoordinated bpy linkers in
MOF-253 with Pt ions. The resulting photophysical Pt
complex acts as a molecular photocatalyst for the reduction
of H,O into H, under visible-light irradiation.® The photo-
catalytic activity of MOF-253-Pt (0.53 mm based on Pt) was
evaluated for H, evolution in the presence of 15 vol % TEOA
as the sacrificial electron donor in H,O at pH 8.5 under
visible-light irradiation (4 > 420 nm). It was observed that the
H, production increased proportionally with time upon light
irradiation, and then gradually reached a plateau at about
30 h of 3000 umol in a H,O/CH;CN mixture and to 1400 pmol
in H,O. It would be of interest to determine the reasons why
H, generation stops and, particularly if the photocatalyst
becomes finally deactivated. In contrast, control experiments
showed that no H, evolution is observed under the same
experimental conditions without MOF-253-Pt or in the
absence of TEOA in the solution. The H, evolution rate
decreased under both more acidic and more basic reaction
conditions. It was observed that the H, evolution rate
increases significantly along with the concentration of Pt in
MOF-253-Pt. The photocatalytic activity also depends on the
concentration of the TEOA as the sacrificial electron donor.
At the constant catalyst concentration, the amount of H,
evolved decreased to 80 % when the concentration of TEOA
decreased from 15 to 5%, reflecting the decrease in the
quenching efficiency of the excited states when the concen-
tration of TEOA becomes lower. In contrast, the amount of
H, production achieved using MOF-253-Pt under identical
experimental conditions was 4.7-times higher than that of the
complex Pt(bpydc)Cl, that is the molecular analogue of the
active center in MOF-253-Pt. The enhanced photocatalytic H,
evolution activity of MOF-253-Pt with respect to the homo-
geneous complex could be attributed to a combination of
beneficial effects present in the rigid MOF-253 structure
including favorable interactions of spatially close Pt---Pt pairs,
a more efficient electron transfer within the porous frame-
work containing the metal complexes with respect to the
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molecular complex analogue, as well as a slowing down of the
decomposition of the anchored Pt(bpy)Cl, complex within
the MOF. The relative contribution of some of these possible
effects could have been differentiated if the time—conversion
plots would have been analysed and by determining if the
differences between the performance of the MOF or the
metal complex occur at initial reaction times or at longer
times when deactivation of the fresh catalyst can take place.
Furthermore, photocatalytic H, evolution using MOF-253-Pt
was evaluated in the presence of mercury, observing that the
presence of this Pt poison does not significantly affect the
photocatalytic activity, thus, ruling out the formation of Pt
NPs during the course of the reaction. The H, production rate
in the 1st and 2nd reuse was around 170 and 85 umol after 5 h
using MOF-253-Pt in mixed solvent of CH;CN/TEOA/H,O
(17:2:1) at pH 8.5.

Considering the high thermal stability!™™ %! and robust
nature of UiO-66(Zr) in aqueous conditions,'"!! this MOF is
a good choice to begin to develop photocatalytic systems for
H, production. In one of the first reports on the photocatalytic
activity of MOFs, the Zr-containing MOFs, UiO-66 and NH,-
UiO-66 were tested as water-resistant MOFs in the photo-
catalytic activity for H, generation in CH;OH or H,O/
CH;OH (3:1) using a 200 W xenon-doped Hg lamp.[* The
materials UiO-66 and NH,-UiO-66 are isoreticular as deter-
mined by the complete coincidence of the diffraction peaks
from powder XRD. This indicates that the presence of the
-NH, groups at the organic linker does not have any influence
on the structure of the MOF and that the -NH, groups should
be protruding into the empty space of the micropores.
However, it seems that the presence of -NH, is key for the
photocatalytic activity of UiO-66. Apparently the presence of
-NH, introduces a new band in the visible region around
420 nm that is absent in the parent UiO-66. In a certain way,
the influence of -NH, groups in MOFs in general is
reminiscent to doping in classical metal oxide semiconductors
which introduces a new state in the intraband-gap space
leading to an effective shortening of the band-gap energy.
Visible-light irradiation of UiO-66 suspensions in CH;OH/
H,O did not result in H, evolution. Also, no H, was detected
using UiO-66 as a photocatalyst in the absence of a sacrificial
electron donor with Pyrex filtered UV light as excitation
source. In contrast, photocatalytic generation of H, was
observed using Pyrex filtered UV light as a radiation source in
H,0/CH;OH mixtures. As expected, in view of its well-
established role as a co-catalyst, the presence of Pt on UiO-66
and NH,-UiO-66 significantly increased the initial reaction
rate and the total amount of H, evolved during the course of
reaction. The maximum amounts H, obtained for Pt/UiO-66
and Pt/NH,-UiO-66 were 2.4 and 2.8 mL, respectively, after
3 h. In contrast, 4.5 mL of H, was obtained using the same
weight of platinized TiO, (P 25) as a photocatalyst under
identical experimental conditions. A control experiment
further confirmed that one of the possible byproducts
formed in the oxidation of CH;OH, namely HCOOH, acts
as a poison deactivating the catalyst. This could be one of the
reasons why the catalysts become deactivated during oper-
ation. Furthermore, it was shown that CH;OH is the most
likely source of H, by dehydrogenative oxidation (“photo-
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Figure 11. Time-resolved transient signal recorded 9.5 us after 355 nm
laser flash corresponding to the photogenerated charge separation
state in UiO-66 (¢) and NH,-UiO-66 (m). Inset: Temporal profiles of
the transient spectrum of NH,-UiO-66 monitored at a) 480 and

b) 560 nm, showing different profiles indicating that they should
correspond to different charge carriers (reproduced with permission
from Ref. [83]).

reforming”), but however, the presence of H,O enhances the
photocatalytic activity. Also, spectroscopic evidence based on
laser flash photolysis supported that Zr-MOFs can undergo
long-lived charge separation (Figure 11). As commented in
the Introduction, charge separation together with charge-
carrier mobility are the genuine prerequisites of semiconduc-
tors.'"2l However, it should be noted that comparisons of the
photocatalytic activity of disparate materials (TiO, and
MOFs) based exclusively on their weight can serve only as
rough quantitative indicators of the activity that is always
more accurately described in terms of TON when the nature
of the active sites are known along with absolute quantum
yield efficiencies.

While the most common UiO-66 material is based on
Zr*t, the most widely used semiconductor is TiO, so it would
be of interest to check the photocatalytic activity of a Ti*"
analogue. The flexibility in MOF synthesis makes possible the
preparation of Ti-containing UiO-66. Thus, the photocatalytic
activity of NH,-UiO-66(Zr/Ti)-120-16 derived from post-
synthetic exchange of Zr by Ti in NH,-UiO-66(Zr) was
investigated in H, generation.™ Inductively coupled plasma
(ICP) analysis of NH,-UiO-66(Zr/Ti)-120-16 (where 120-16
refers to 120°C for 16 days for the exchange conditions)
revealed that about 48.7% of Zr in NH,-UiO-66(Zr) was
replaced by Ti after 16 days exchange. The photocatalytic
activity of NH,-UiO-66(Zr/Ti)-120-16 was tested in H,
evolution with TEOA as an electron donor under visible-
light irradiation. It was shown that 2.4 mmolmol ' H, was
detected over Pt/NH,-UiO-66(Zr) after 9 h under visible-light
irradiation. On the other hand, Pt/NH,-UiO-66(Zr/Ti)-120-16
gave 3.5 mmolmol ' of H, under similar conditions, which is
1.5 times that evolved over Pt/NH,-UiO-66(Zr). These results
open the door for the preparation of mixed-metal MOFs with
two or more metal ions that can exhibit enhanced photo-
catalytic activity.
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Besides direct excitation of the semiconductor, one
general strategy to introduce visible-light photoresponse in
photocatalysis is the use of dyes as photosensitizers. In this
methodology, photons are absorbed by the dye that under-
goes photoexcitation and injects one electron from its LUMO
band to the CB of the semiconductor. This approach has been
successfully applied to the development of dye-sensitized
solar cells, but also in photocatalysis in general (Figure 2).1*"
In this context, the visible-light photocatalytic H, production
of Pt@UiO-66(Zr) sensitized by RhB dye using TEOA as
electron donor has been reported (Figure 12).1%

Visible-light

Figure 12. Pictorial illustration of RhB sensitization of a Pt@UiO-66-
(Zr) (reproduced with permission from Ref. [85]).

The HRTEM images revealed the presence of Pt NPs with
a particle size ranging between 3 to 5 nm dispersed over UiO-
66(Zr). Although photocatalytic H, production has been
reported using UiO-66(Zr)®! under UV irradiation by a Xe-
doped Hg lamp, no appreciable H, evolution was detected
over pure UiO-66(Zr) under visible-light irradiation. Inter-
estingly, 1wt% Pt@UiO-66(Zr) showed a rate of
39umolg”h™ H, production. RhB/UiO-66(Zr)-10
(1.63mgg~! of RhB adsorbed) in the absence of Pt NPs
exhibited a comparable photocatalytic activity of
2.7 umolg'h™'. In addition, an increase in the loading of
RhB on UiO-66(Zr) (7.43mgg ' for RhB/UiO-66(Zr)-100)
does not lead a significant increase in the H, evolution rate. In
contrast, when the same amount (7.43 mgg') of dye was
directly added into the solution just before light irradiation
(RhB/UiO-66(Zr)-100%), the photocatalytic activity reached
to 33.9 umolg 'h™!. These results clearly show that RhB in
solution can effectively sensitize UiO-66(Zr) and more
interestingly, the amount of dye has a large influence on the
photocatalytic activity. In a certain way, these results are
surprising since the mechanism of photoinduced electron
transfer and photosensitization generally requires a close
contact between the species in the electronically excited state
and the electron-transfer quencher and this situation requires,
probably, prior encapsulation of the dye. In fact, optimization
of the MOFs containing adsorbed RhB by washing RhB/
Pt@UiO-66(Zr)-100 to remove the excessive adsorbed dyes,
results in the highest photocatalytic activity with a rate of
116 umolg'h™!, which is 30-fold greater than that of bare
Pt@UiO-66(Zr). Moreover, comparable photoactivity was
achieved when the same amount of RhB (11.92 mgg™') was
directly added to the solution. Therefore, the photocatalytic
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activity of both UiO-66(Zr) and Pt@UiO-66(Zr) were not
positively correlated to the amounts of dye adsorbed, a fact
that certainly deserves further study to determine the
quenching mechanism of RhB excited sates by UiO-66
particles. Powder XRD patterns of the fresh and used RhB-
sensitized Pt@UiO-66(Zr) are identical implying that
Pt@UiO-66(Zr) is resistant to light irradiation. The photo-
stability of Pt@UiO-66(Zr) was also investigated over three
runs of 15 h in total. Another point to consider is, however,
the photostability of RhB dye in the process. Further research
should be aimed at anchoring a suitable dye sensitizer onto
the porous MOFs to enhance overall photocatalytic activity.

Recently, Erythrosin B (ErB, see structure in Figure 13)
dye-sensitized UiO-66 octahedra has been reported for the

* Visible light

Uio-66

Figure 13. Pictorial illustration of ErB photosensitization of UiO-66
containing Pt (reproduced with permission from Ref. [86]).

photocatalytic H, production.® The pristine Pt-UiO-66
(0.5wt% Pt) catalyst showed no activity for H, production
due to the lack of visible-light absorption. Also, trace amounts
of H, evolution were detected from ErB dye suspension
(5 mg) in the presence of H,PtCly solution. Among the
various catalysts examined, a maximum of H, evolution was
achieved with Pt-UiO-66-30 (the number 30 indicates the
amount of ErB dye) to around 37 umol.’! After three cycles
of photoreactions, the H, production activity still retains over
80 %, suggesting the photostability of ErB and Pt-UiO-66 for
H, generation system, but however, leaching or instability of
ErB could not be avoided. Furthermore, traces of Zr*" ions
were also detected by ICP-AES analysis of the aqueous
solution. Dye decomposition is the general drawback of this
approach that should be convincingly addressed.

In the last two studies, the dyes were present in the
suspension, but not incorporated into the MOF lattice. The
flexibility that MOFs offer in the selection of the building
block for their synthesis as well as the large variety of
strategies for post-synthetic modification allows MOFs to be
prepared in which the chromophore forms part of the
structure. In this regard, a Ti-based MOF [Ti-MOF-Ru(tpy),]
incorporating a  bis(4'-(4-carboxyphenyl)-terpyridine)Ru"
complex [Ru(tpy),] (Scheme 6) as organic linker and light
harvesters has been prepared. The photocatalytic activity of
Ti-MOF-Ru(tpy), for H, production under visible light
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Scheme 6. Chemical structure of the Ru(tpy), complex used as build-
ing block of Ti-MOF-Ru(tpy),.

irradiation up to 620 nm in aqueous solution containing
TEOA as a sacrificial electron donor has been investigated.[®”!
The selection of Ru(tpy), as the linker was based on its wide
absorption band in the visible region and the lower energy of
its HOMO level compared to 2-atp, as confirmed by cyclic
voltammetry and diffuse-reflectance UV/Vis spectroscopy.
Thus, it can be expected that the photocatalytic H, generation
proceeds upon irradiation with long wavelength visible light
using TEOA, EDTA, CH;OH, or other compound as
a sacrificial electron donor. The surface area of Ti-MOF-
Ru(tpy), was determined to be 20 m?g~!, indicating that the
sample is not porous. Pt/Ti-MOF-Ru(tpy), (1wt% Pt)
exhibited steady H, production (5.1 pmol) under visible-
light irradiation without a significant loss of photocatalytic
activity over at least three cycles. Interestingly, even in the
absence of Pt NPs, 2.1 pmol of H, is produced by Ti-MOF-
Ru(tpy),. In contrast, the organic linker (Ru(tpy),) showed no
photocatalytic activity under the same conditions. Further-
more, the adsorption of Ru(tpy), on Degussa P25 TiO,
(Ru(tpy),-TiO,) gave no H, evolution and this lack of
photocatalytic activity was proposed to be due to the Ru(tpy),
detachment from the TiO, surface under the reaction
conditions, disfavoring the transfer of photogenerated elec-
trons from excited Ru(tpy), to CB of TiO,. This control using
Ru(tpy),-TiO, shows the advantage of the photocatalytic
system based on MOFs, in which titanium-oxo clusters and
Ru(tpy), are rigidly immobilized. Among the various sacri-
ficial reagents investigated, TEOA exhibit higher H, evolu-
tion than EDTA and CH;OH using Ti-MOF-Ru(tpy),, but,
however, NH,-MIL-125(Ti) gave no H, as a photocatalyst
under the same conditions. These results can be attributed to
the higher oxidation power of Ru(tpy), than that of 2-atp,
although other factors, particularly the large extinction
coefficient of Ru(tpy), which ensures more efficient light
harvesting and longer lifetime of the excited state in the
triplet manifold can play a crucial role on the overall
efficiency of the photocatalytic process. Powder XRD of Ti-
MOF-Ru(tpy), remains unaltered after the reaction indicat-
ing framework stability.

Two 3D frameworks [Cu(en),],[PNb,04(VO)4]-(OH)s
‘8H,0 and [Cu(enMe),],[PNb;,0,,(VO)4]-(OH)s:6 H,O
(enMe = 1,2-diaminopropane) were obtained and their pho-
tocatalytic activities were tested for H, production
(Figure 14)."  Both MOFs [Cu(en),],[PNb;,04(VO)4]
(OH)s8H,0  and  [Cu(enMe),],[PNb;,0,,(VO)e]-(OH)s
‘6H,0 contain the hexa-capped Keggin phosphoniobate,
[PNb,,0,,(VO),]*", which was used as the building block for
constructing the 3D framework materials.* The photocata-
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Figure 14. Schematic illustration of the Keggin phosphoniobate as
a building block and the two 3D photocatalytic MOFs that may result
from it (reproduced with permission from Ref. [88]).

Iytic H, evolution activity of [Cu(en),],[PNb;,O,(VO)]
-(OH)s"-8H,0 (100 mg) was investigated using 0.75 wt% Pt
as the co-catalyst in 20 % aqueous CH;OH solution (100 mL).
The continuous evolution of H, at a rate of 44.35 umolg 'h™!
was observed, reaching a total amount of H, of 33.26 umol in
7.5 h under the UV irradiation (125 W Hg lamp), with a TON
of 1.05. On the other hand, MOF [Cu(en),],[PNb;;Oy-
(VO)4]-(OH)s-8H,0 exhibited a continuous H, evolution at
a rate of 43.86 umolg'h™! and 10.45 pmolg 'h~! under Hg
and Xe lamp irradiation, respectively. Both MOFs showed no
significant changes in the powder XRD after the photo-
catalytic experiments indicating their photostability.

In a different approach, MOFs have been used as
precursors of photocatalysts. In one of these examples, Fe-
containing MIL-101(Fe) nanometric MOF was coated with
amorphous titania followed by calcination to produce crys-
talline Fe,0;@TiO, composite NPs (Figure 15). The photo-
catalytic activity of this core—shell nanocomposite was inves-
tigated in H, production from H,O under visible light.*”) The
amorphous titania shell was estimated to be 1.2 nm thick,
assuming it forms a continuous shell on the Fe,O; particles
derived from MIL-101(Fe) calcination. During the prepara-
tion of this composite, although powder XRD indicated some

Fe,0,@TiO,/Pt

Fe,0,@TiO,

Figure 15. lllustration of the preparation method of Fe,O,@TiO,/Pt
core@shell NPs using MIL-101(Fe) as a precursor of the Fe,O; core
(reproduced from permission from Ref. [89]).
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loss of crystallinity, the peaks corresponding to MIL-101(Fe)
still appear for the coated particles, indicating that MIL-
101(Fe) does not decompose under the conditions required
for the preparation of the TiO, coating. Furthermore, the
peaks corresponding to TiO, did not appear in the powder
XRD pattern for the core—shell particles, indicating that the
titania shell prepared in the coating step was amorphous. In
total contrast, after calcination the nanocomposite is com-
posed of a shell of anatase phase TiO, and the core of
hematite phase Fe,O; (a-Fe,O;) as indicated by powder
XRD. The amount of Fe and Ti was determined by ICP-MS
analyses for calcined particles corresponding to 80 wt % of
Fe,O; and 20 wt% of TiO,. TEM images did not allow
distinguishing between the TiO, and Fe,O; regions. The BET
surface area was found to be 11.6 m?g~! for Fe,0,@TiO,. TiO,
is highly active photocatalyst!'”®l in the UV, while Fe,O;,
absorbs visible light, but its CB is not at high enough
potential to drive H, generation. The photocatalytic activity
for H, generation of the Fe,0O;@TiO, material was studied in
combination with K,PtCl, added to the solution to form, by
photodeposition, homogeneously dispersed Pt NPs (2-4 nm)
at the initial stage of the reaction. The evolution of H,
increased linearly during irradiation, reaching a total of
30 umol H, per mg of material using TEA as a sacrificial
electron donor after 48 h. Fe,0;@TiO,/Pt showed no appre-
ciable change in its efficiency during the second or third
cycles. While powder XRD of the material remains
unchanged showing the same crystalline phases, TEM
images of the recovered material revealed that many of the
outer shells break apart, indicating that the Fe,O;@TiO,/Pt
photocatalyst is not stable during the generation of H,.
Owing to the large pore volume of MOFs, they can, like
zeolites, also play a passive role incorporating photocatalyti-
cally relevant components. In one example of this strategy,
MIL-101(Cr) has been used because of its high resistance to
air, H,0O, common solvents, and thermal treatment.'!"'"*] For
this reason MIL-101(Cr) is a suitable MOF to be used in an
aqueous medium. Thus, Pt@CdS/MIL-101(Cr) (0.5 wt% Pt)
has been reported as a photocatalyst for H, production in
lactic acid aqueous solution under visible-light (4 > 420 nm)
irradiation.” In contrast, no appreciable H, evolution was
detected over MIL-101(Cr) in the absence of CdS, indicating
that MIL-101(Cr) is not an effective photocatalyst by itself.
On the other hand, TEM images of Pt@CdS/MIL-101(Cr)
after in situ photoreduction of Pt showed many small Pt NPs
deposited on the CdS surface but not on MIL-101(Cr). The
rate of H, evolution depends on CdS loading. The maximum
H, evolution of 150 pmolh™" was achieved with 10 wt % CdS.
Under the optimized reaction conditions, the H, production
rate increased in the following order: CdS mixed MIL-
101(Cr) < bare CdS < CdS/MIL-101(Cr)(10 wt%). The pho-
tostability of CdS/MIL-101(Cr)(10 wt%) was investigated
over four consecutive runs without noticeable changes in H,
evolution and the long-term durability of the catalysts was
also satisfactory. Powder XRD patterns of the fresh and used
CdS/MIL-101(Cr) (10 wt %) were almost identical implying
that the material is stable during the photocatalytic reaction.
The importance of the selection of a robust MOF!'"! was
clearly demonstrated by preparing an analogous material in
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which CdS was incorporated in MOF-5. The resulting CdS/
MOF-5 exhibited negligible activity for the photocatalytic H,
evolution under the same experimental conditions. The poor
photocatalytic activity of CdS/MOF-5 may be explained as
a consequence of the lack of MOF-5 stability and the collapse
of the framework after CdS incorporation. In comparison
with MIL-101(Cr) and MOF-5, MCM-41 showed decreased
H, production compared to bare CdS although it possesses
a mesoporous structure with a considerable specific surface
area. This result shows the superior performance of MOF-
based materials compared to mesoporous materials, but the
origin of this superior performance deserves deeper study and
understanding.

In a similar type of strategy, the ternary composite UiO-
66/CdS/rGO (rGO =reduced graphene oxide) has been
designed and its photocatalytic activity for H, production
under visible light using 1 wt % Pt was studied (Figure 16).1!]

Figure 16. Schematic representation of the composition and the oper-
ation mechanism of a ternary photocatalytic system comprising CdS
quantum dots as a visible-light semiconductor, UiO-66 and rGO to
accept photogenerated electrons, increasing the efficiency of the
process (reproduced with permission from Ref. [91]).

The use of graphene oxide (GO) and other types of graphene
to enhance the photocatalytic activity of semiconductors by
favoring charge separation has been recently well docu-
mented by a large number of examples.'"*'?) In this regard,
the combination of the properties of MOFs and rGO could
also be beneficial. The photocatalytic activity of UiO-66/CdS/
rGO was compared with CdS over an inorganic semiconduc-
tor, such as P25/CdS/1 %rGO. The H, production rate was
13.8 (105 umolh™') and 11.2 mmol gcys 'h™" for UiO-66/CdS/
1%1rGO and UiO-66/CdS, respectively. On the other hand,
P25/CdS/1 %GO resulted in 7 mmolgcys 'h™!. The H, gen-
eration rate of CdS modified with both UiO-66 and rGO was
about 13.8 times as high as that of non-modified CdS.

The influence of different amounts of rGO on H,
production activity was also studied and the best result
achieved with 1 wt% rGO in the ternary hybrid. Of all the
composites this value of 1 wt % is in-line with the percentages
commonly reported for optimized photocatalytic composites
containing GO."?!l The enhanced activity of UiO-66/CdS/
1%1rGO may be attributed to its higher BET specific surface
area (705m’g') with respect to P25/CdS/1%rGO
(62m*g'). Furthermore, TEM images show that CdS was
distributed more homogeneously on UiO-66 than on P25, and
CdS supported on P25 is more inclined to agglomerate. UiO-
66 with its larger specific surface area should allow a better
dispersion of CdS compared to P25. Photocurrent measure-
ments were used to study the interface charge separation
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efficiency, since higher photocurrent intensity is often asso-
ciated with better photocatalytic activity. Photocurrent spec-
tra showed that the photocurrent intensity of UiO-66/CdS/
1%rGO was higher than that of P25/CdS/1%rGO, which
reveals enhanced interface charge-separation efficiency with
UiO-66 than for P25, in good agreement with the photo-
catalytic tests. Thus, enhancement of H, evolution activity
observed for UiO-66/CdS/1 %rGO is largely derived from the
combination of the favorable properties of MOF and rGO,
resulting in increasing the surface area and minimizing the
recombination of charge carriers. The XRD pattern showed
that the UiO-66 structure remained unchanged during the
reaction.

Matsuoka and co-workers have prepared an NH,-func-
tionalized Ti"-MOF NH,-MIL-125(Ti) that contains 2-atp
instead of the bdc present in the parent compound (MIL-125).
TiO, is the most studied photocatalyst and nanometric
clusters of Ti,O, have also been reported to exhibit a high
photocatalytic activity under UV irradiation.'”?! As com-
mented in the previous Sections, the presence of -NH, groups
in the linker introduces an additional absorption band in the
MOF that makes possible visible-light excitation. The photo-
catalytic activity of NH,-MIL-125(Ti) was probed for the
photocatalytic H, production reaction using TEOA as
a sacrificial electron donor.” Upon irradiation (4>
420 nm), continuous H, production was observed from the
beginning of the irradiation period, and the total evolution of
H, reaches to 33 umol after 9 h showing that Pt/NH,-MIL-
125(Ti) acts as a visible-light-responsive photocatalyst. Pt/
NH,-MIL-125(Ti) did not lose its photocatalytic activity over
three cycles and the recovered photocatalyst exhibited
a slightly lower BET surface area (742 m?g™') and a marginal
decrease in the intensities of the diffraction peaks of the MIL-
125(Ti) structure, indicating that the porous network has
partially deteriorated, although this degree of crystallinity
loss has only a small impact on the photocatalytic activity. In
contrast, Pt/MIL-125(Ti) displays no photocatalytic activity
under visible-light irradiation. This indicates that visible-light
photoresponse is associated with the 2-atp moiety. The
probable photophysical mechanism starts with the organic
linker 2-atp absorbing the incident visible light and its excited
state injects electrons to CB of octameric titanium-oxo
clusters in the manner expected for a linker-to-cluster
single-electron-transfer mechanism. As it could be antici-
pated, NH,-MIL-125(Ti) (5 umol H,) exhibited a lower
photocatalytic activity than Pt/NH,-MIL-125(Ti) (10 pmol
H,) after 3 h, in agreement with the expected role of Pt NPs as
co-catalysts enhancing the efficiency of H, evolution. Inter-
estingly, Pt/NH,-MIL-125(Ti) did not promote H, with other
sacrificial electron donors, such as TEA, EDTA, and CH;OH.
This failure was attributed to the weak oxidation power of the
organic 2-atp linker. However, this proposal should be
confirmed in view of the similar reduction power expected
for TEOA and TEA. The selectivity on the photocatalytic H,
evolution as a function of the sacrificial electron donor is very
rare and could be exploited to gain selectivity in various
photocatalytic processes. Generally photocatalysis has a lack
of selectivity and does not distinguish between electron
donors, a result of the high oxidation potential of photo-
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generated holes in most semiconductors. On the other hand,
Pt/NH,-MIL-125(Ti) showed a much higher H, evolution rate
(11.7 pmolh ™) under UV light (1>300nm) irradiation
probably as consequence of the direct excitation of tita-
nium-oxo clusters.

NH,-MIL-125(Ti) with different loading amounts of Pt as
a co-catalyst has been prepared by photodeposition and its
photoactivity for the H, production investigated using 0.01m
aqueous TEOA solution under visible light (4 >420 nm)
irradiation at room temperature.’” XAFS measurements
revealed that the deposited Pt on NH,-MIL-125(Ti) exist as
mixed states of metal and ion. One of the possible advantages
of using porous solids to incorporate Pt NPs could be the
small particle size of the NPs which is limited by the
dimensions of the pores. Accordingly, TEM images did not
show the presence of Pt NPs for Pt loadings up to 2 wt % and
this failure was attributed to the small particle size. Under the
optimized reaction conditions, the evolution of H, increased
upon increasing the Pt loading, achieving a maximum of
15.5 umol for 1.5 wt % of Pt loading in 3 h using visible-light
irradiation. In agreement with the current ideas concerning
the influence of Pt NPs['™! on the photocatalytic activity of
semiconductors, it was proposed that Pt co-catalysts accel-
erate the H, production reactions by trapping the photo-
generated electrons, inducing efficient charge separation. The
time course of photocatalytic H, production under visible-
light irradiation over Pt(1.5)/NH,-MIL-125(Ti) for a total of
9 h with intermittent evacuation and exposure to atmospheric
conditions every 3 h indicated no significant loss of photo-
catalytic activity and this test was considered as a proof of the
photostability of Pt/NH,-MIL-125(Ti). Certainly, much longer
exposure times are necessary to convincingly demonstrate the
complete photostability of this MOF. In contrast, Pt/MIL-
125(Ti) showed no photocatalytic activity under identical
conditions, illustrating again the role of -NH, substituents as
promoters of visible light photoresponse. In situ ESR meas-
urements provide evidence supporting that the reaction
proceeds through photoinduced electron transfer from the
organic linker to the deposited Pt as a co-catalyst by way of
titanium-oxo clusters.

It is clear that the preparation procedure of the photo-
catalyst and, particularly, how Pt NPs are formed and their
location and size should strongly influence the photocatalytic
activity of the resulting MOF. Thus, recently, a facile and
general methodology has been reported for the fabrication of
highly dispersed Au, Pd, and Pt NPs on MIL-125(Ti) without
using reducing and capping agents.” Noble metal NPs
formation is directed by an insitu redox reaction between
the reductive MIL-125(Ti) with Ti*" and oxidative metal salt

qxuv
metal
CH;0H precursors

3 .

MIL-125(Ti) ——————> Ti%*-MIL-125(Ti) =————> M/MIL-125(Ti)
3¢ 0

N2 Ti X V" M= AuPdIPt
Ti* m*

Scheme 7. Preparation of metal NPs on MIL-125(Ti).
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precursors (Scheme 7). The photocatalytic activity of these
composites was evaluated in H, evolution in aqueous solution
containing TEOA as a sacrificial agent. TEM images revealed
that the average diameters of Pt NPs are 3 nm. The total
production of H, achieved using Pt/MIL-125(Ti) is 38.68 pumol
after 5h irradiation.” MIL-125(Ti) without Pt deposition
exhibited very low photoactivity in H, generation. It is worth
mentioning that Pt/MIL-125(Ti) obtained through this Ti**-
assisted method showed superior activity compared to the
sample Pt/MIL-125(Ti)-PD prepared via a direct photodepo-
sition (PD) method. Thus, the corresponding TON based on
the Pt is 30.2 for the sample prepared using Ti*" reduction,
which is about 80% higher than the activity of Pt/MIL-
125(Ti)-PD. This enhanced activity could be ascribed to the
fact that the incorporation of noble metals into MIL-125(Ti)
might form a Schottky barrier and the photoelectrons can
easily be transferred from MIL-125(Ti) which has a low work
function to Au, Pd, and Pt NPs which have high work
functions because of their intimate interfacial contact and
adequate location within the MOF crystal, which significantly
should enhance the separation and lifetime of photogener-
ated carriers.

Very recently, cobaloxime-derived NH,-MIL-125(Ti)
Co@NH,-MIL-125(Ti) MOF-based composite has been
reported to exhibit light-driven H, production.” Co@NH,-
MIL-125(Ti) was synthesized by adsorbing the flexible
organic ligand LH,(DOH),pn onto the pores of NH,-MIL-
125(Ti), followed by the addition of CoBr, under aerobic
conditions to assemble the cobaloxime complex within the
large cavities of NH,-MIL-125(Ti) (Scheme 8). ICP analysis

Br
el
N4

G
74

Br

N\

I

X
z
N4

LH,(DOH),pn

Cobaloxime complex

Scheme 8. Chemical structures of the LH,(DOH),pn ligand and cobal-
oxime complex.

confirmed the presence of cobalt-containing species in the
MOF, with the total cobalt content ranging between 1.1-
2.7wt%. The pristine NH,-MIL-125(Ti) had a total pore
volume of 0.58 cm*g ! whereas the CoO@NH,-MIL-125(Ti) has
a total pore volume of 0.46 cm®g~'. Furthermore, the pristine
MOF consists of well-defined crystallites with a diameter of
approximately 400 nm. On the other hand, Co@NH,-MIL-
125(Ti) crystallites are nearly identical to the parent MOF
with no agglomerates or core/shell type structure, as evi-
denced by TEM. Also, the UV/Vis spectrum of Co@NH,-
MIL-125(Ti) exhibited two new absorption bands at 440 and
585 nm compared to the pristine framework, which are
ascribed to the inclusion of the cobaloxime complex. The
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photocatalytic experiments for the generation of H, was
assessed by suspending Co@NH,-MIL-125(Ti) in a mixture of
acetonitrile, triethylamine, and water (5:1:0.1 v/v) under
visible-light illumination. Cobaloxime is known to be an
electrocatalyst and it cannot act as a photocatalyst in the
absence of a photosensitizer. As a consequence, no H,
evolution is observed with cobaloxime as a homogeneous
photocatalyst. Pristine NH,-MIL-125(Ti) produced a moder-
ate amount of H, (ca. 2 umol after 20 h), while Co@NH,-
MIL-125(Ti) (ca. 37 pmol after 20 h) gave up to a 20-fold
enhancement in the photocatalytic performance. Interest-
ingly, Co@NH,-MIL-125(Ti) maintains a constant TOF of
0.8 h™! even after 65h of total operation, indicating a high
stability under illumination conditions. Moreover, similar
TOFs (per Co atom) were achieved for catalysts bearing
different amounts of cobalt entities, even for catalysts
containing up to one cobalt atom per MOF cavity, demon-
strating the absence of diffusion limitations and efficient
charge transfer even at relatively high loadings. The stability
of Co@NH,-MIL-125(Ti) under the experimental conditions
was confirmed by determining the absence of Co leaching and
the reusability of the materials several times without loss of
activity. It has to be noted that the advantage of Co@NH,-
MIL-125(Ti) as a visible-light photocatalyst for H, generation
is that the presence of cobaloxime acting as the co-catalyst
makes the presence of noble metals unnecessary, while still
reaching moderate efficiencies compared with state-of-the-art
semiconductor-based systems.'’*!%]  These activity data
clearly leave room for further developments of new and
modified MOFs for better photocatalytic activity.

9. Photoreduction of CO,

The capture and efficient use of CO, could be a viable
strategy to decrease the amounts of CO, released to the
atmosphere by burning fossil fuels. Decrease of CO, emis-
sions to the atmosphere is considered crucial to avoid global
warming. One of the possibilities that are attracting increasing
interest is to convert CO, into fuels by means of solar
energy. 12 Thus, many research efforts have been
focused on the development of efficient heterogeneous
photocatalysts for the solar-light-induced reduction of CO,.
One of the long term goals is to develop artificial photosyn-
thesis for the conversion of CO, and H,O into chemicals.

NH,-MIL-125(Ti) has been reported as a photoactive
catalyst for the reduction of CO, under visible-light irradi-
ation.’ Both NH,-MIL-125(Ti) and NH,-UiO-661 present
an extra absorption band in the visible region around 450 nm,
which is responsible of the bright yellow color of these solids.
Besides light harvesting, another general beneficial role of
-NH, is to increase CO, adsorption on the MOF by providing
some weak basic sites to interact with acidic CO,. It was
observed that the maximum CO, uptake for NH,-MIL-
125(Ti) and parent MIL-125(Ti) were 132.2 and 98.6 cm*g ",
respectively. The photocatalytic reduction of CO, was per-
formed in CH,;CN with TEOA as a sacrificial agent under
visible-light irradiation. A temporal concentration change of
HCOO™ as a function of irradiation time in the presence of
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NH,-MIL-125(Ti) showed that the amount of HCOO~
reaches to 8.14 umol in 10 h. Physicochemical characteriza-
tion by XRD, BET, and TGA, as well as IR and Raman
spectra of NH,-MIL-125(Ti) after the photocatalytic reaction
showed that NH,-MIL-125(Ti) remains stable during the
photocatalytic CO, reduction. Furthermore, when the photo-
catalytic study was carried out using benzyl alcohol as an
electron donor, upon visible-light irradiation no HCOO™ is
detected. Apparently, in addition to acting as an electron
donor, TEOA can facilitate the photocatalytic CO, reduction
because of its more basic nature allowing adsorption of CO,.
On the other hand, the photocatalytic reduction of CO, over
NH,-MIL-125(Ti) exhibited higher activity than the parent
MIL-125(Ti) under 365 nm UV irradiation, a fact attributable
to its higher CO, uptake compared to MIL-125(Ti). Isotopic
labelling experiment using *CO, confirms that the formation
of HCOO™ originates from CO, and not from any adventi-
tious organic adsorbate that can be present on the MOF. One
likely possibility that has always to be addressed and ruled out
is the linker being the source of some HCOO™ as a result of
photochemical degradation, rather than CO, reduction. Firm
evidence of CO, reduction is isotopic labelling to confirm the
formation of 100% H“COO~ from *CO, reduction.
Although the activity for the reduction of CO, with the
current NH,-MIL-125(Ti) catalyst is still low, considering the
versatility that MOFs offer in terms of coordination chemistry
of the metal cations, the availability of different organic
linkers, and the possibility to modulate the composition,
structure, and properties of the MOFs, these results provide
a proof of concept for future development of the field aimed
at the synthesis of highly efficient MOF-based photocatalysts
for the reduction of CO.,.

Metal NPs doped over NH,-MIL-125(Ti) (M =Pt and Au)
were prepared and their effect on the photocatalytic perfor-
mance of NH,-MIL-125(Ti) has been studied in saturated CO,
with TEOA as a sacrificial agent under visible-light irradi-
ation.”” The size of the Pt clusters was estimated to be about
30 A in Pt/NH,-MIL-125(Ti) while the size of Au NPs was
estimated to be about 25 A in Au/NH,-MIL-125(Ti). Depo-
sition of Pt and Au in NH,-MIL-125(Ti) resulted in the
decrease of CO, adsorption from 132.2 for parent NH,-MIL-
125(Ti) to 90.2 for Pt/NH,-MIL-125(Ti) and 117.4 cm*g* for
Au/NH,-MIL-125(Ti). The photocatalytic activity of these
MOFs was tested for CO, reduction. The HCOO™ production
rate using pure NH,-MIL-125(Ti) was 10.75 umol after 8 h. In
contrast, Au/NH,-MIL-125(Ti) exhibited 9.06 pmol of
HCOO™ at 8h, which is lower by 16 % compared to pure
NH,-MIL-125(Ti). However, Pt/NH,-MIL-125(Ti) showed an
unusual enhancement in the production of HCOO™ after 8 h
to the value of 12.96 umol, about 21 % increase in the activity
as compared to pure NH,-MIL-125(Ti). It was noticed that the
amount of HCOO™ increases almost linearly with the
irradiation time over both metal-doped NH,-MIL-125(Ti)
MOFs. This suggests that both metal-doped NH,-MIL-125(Ti)
MOFs are stable during the photocatalytic reactions and the
lower amount of HCOO™ observed using Au/NH,-MIL-
125(Ti) is not due to photocatalyst deactivation. This influ-
ence of the presence of metal co-catalyst is however, very
minor in absolute terms and surely does not justify the use of
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costly noble metals. Concerning the reaction mechanism, it is
proposed that HCOO™ should be derived from the reaction of
evolved H, with CO,. As it has been reported that Ti*"
generated by the reduction of Ti*" is the active species
responsible for photocatalytic HCOO™ production using
NH,-MIL-125(Ti),* and H, is a good reducing agent, it is
speculated that H, formed photocatalytically over M/NH,-
MIL-125(Ti) could be involved in the photocatalytic HCOO~
production, especially under the assistance of the noble metal
NPs, which should promote the dissociation and the activation
of H,. This hypothesis was supported by ESR spectroscopy
and may account for the different activity of Pt- and Au-
loaded NH,-MIL-125(Ti). However, it should be noted that
the solubility of H, in H,O is always low, regardless the
pH value, and this mechanism would require the build-up of
a high H, concentration in the photoreactor that should have
been detected and quantified since it would have provided
a valuable information.

Recently, a series of Fe-containing MOFs namely, MIL-
101(Fe), MIL-53(Fe), and MIL-88B(Fe) has been reported as
photocatalysts for CO, reduction to give HCOO™.'"! Among
the three investigated Fe-based MOFs, MIL-101(Fe) showed
the best activity, a fact that was attributed to the existence of
unsaturated coordination positions around Fe ions in its
structure. This enhanced activity is due to the direct excitation
of the Fe—O clusters in these MOFs that induces an electron
transfer from O?" to Fe*" to form Fe*", which is responsible
for the photocatalytic CO, reduction. The activity of these Fe-
MOFs was compared with their respective NH,-substituted
MOFs under visible-light irradiation. As expected, all three
NH,-functionalized Fe-containing MOFs (NH,-MIL-101(Fe),
NH,-MIL-53(Fe), and NH,-MIL-88B(Fe)) showed enhanced
photocatalytic activity (Table 2) in comparison to the non-

Table 2: The photocatalytic activity of Fe-containing MOFs and of their
respective NH,-functionalized MOFs in CO, reduction after 8 h 1

Photocatalyst HCOO™ [umol]
NH,-MIL-101 (Fe) 178.0

MIL-101 (Fe) 59.0
NH,-MIL-53 (Fe) 46.5

MIL-53 (Fe) 29.7
NH,-MIL-88(Fe) 30.0

MIL-88 (Fe) 9.0

[a] Data is taken from Ref. [100].

functionalized MOFs, owing to the existence of dual excita-
tion pathways, that is, excitation of the NH,-substituted linker
followed by an electron transfer to the Fe center in addition to
the direct excitation of Fe-O clusters.

The large flexibility that MOFs offer in synthesis and
design is again exemplified by the possibility to prepare
MOFs having more than one linker (“mixed-ligand MOFs”)
or/and more than one metal (“mixed-metal MOFs”). In this
regard, the photocatalytic activity of NH,-UiO-66(Zr) can be
improved for the photoreduction of CO, under visible-light
irradiation incorporating 2,5-diaminoterephthalate (dta) in
the structure. The photocatalytic activity of dta-modified
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Scheme 9. Chemical structures of 2-atp and dta used as ligands to
construct UiO-66.

NH,-UiO-66(Zr), NH,-UiO-66(Zr) was evaluated using
TEOA as a sacrificial agent (Scheme 9).®! Compared to
pure 2-atp, the absorption maximum of the resultant mixed-
ligand 2-atp-dta NH,-UiO-66(Zr) is shifted to the short
wavelength region, which can be ascribed to the interaction
between the ligand and the Zr-O clusters. On the other hand,
the presence of -NH, groups has influence on the CO,
adsorption capacity of the MOF. Thus, NH,-UiO-66(Zr)
showed a higher adsorption capability toward CO, than its
parent UiO-66(Zr). At 1 atm and 273 K, the maximum CO,
uptake for NH,-UiO-66(Zr) was 68 cm*g ™!, whereas for UiO-
66(Zr) is 53 cm®g~". The concentration of HCOO™ over NH,-
UiO-66(Zr) increases with the irradiation time, reaching
13.2 umol after 10 h. This value is higher than that achieved
over other related photoactive NH,-MIL-125(Ti) MOFs
(8.14 pmol) under similar reaction conditions. The photo-
induced electron transfer from the excited 2-atp to the Zr-oxo
clusters in NH,-UiO-66(Zr) to generate Zr'" was proposed to
be responsible for the enhanced activity based on photo-
luminescence studies. It has to be, however, commented that
conclusions on the relative activity of different photocatalysts
based on data obtained from different laboratories have to be
taken cautiously. Light intensity, the lamp emission spectrum,
reaction temperature, and particularly, photoreactor design,
and deposition of the photocatalyst are all experimental
parameters of crucial importance with respect to the observed
efficiency of the photocatalytic reaction that are difficult to
reproduce from different laboratories. This difficulty in
obtaining absolute activity data in photocatalysis is a signifi-
cant limitation that has complicated the progress in this area.
The stability of NH,-UiO-66(Zr) was evaluated by measuring
XRD,; IR spectra, and BET surface area before and after the
photocatalytic reduction of CO,, wherein no significant
changes were observed. A prolonged photocatalytic reaction
revealed that the production of HCOO™ increases steadily to
25 umol after 24 h, and this linear evolution of HCOO™ with
time further confirms the stability of NH,-UiO-66(Zr) in the
photocatalytic CO, reduction. Reusability data of the photo-
catalyst for multiple cycles or until catalyst deactivation
would have thrown some valuable insights on the catalyst
stability. The photocatalytic reduction of CO, using mixed-
ligand 2-atp-dta NH,-UiO-66(Zr) gave 20.7 pmol of HCOO™
after 10 h, which is more than 50% higher compared with
single 2-atp ligand NH,-UiO-66(Zr) (13.2 umol) under iden-
tical conditions. This higher photocatalytic activity of the
mixed-ligand MOF is attributable to its high light absorption
and increased CO, adsorption owing to the presence of
additional -NH, groups in mixed-ligand NH,-UiO-66(Zr). On

www.angewandte.org

An dte

Chemie

5433


http://www.angewandte.org

GDCh
~—

5434

the other hand, photocatalytic reactions with wavelength
longer than 515 nm gave 7.28 umol of HCOO™ over mixed-
ligand NH,-UiO-66(Zr), while no HCOO™ is formed over
NH,-UiO-66(Zr) upon illumination in this spectral region.
These photocatalytic data support that additional light
absorption introduced by the second -NH, group in the
mixed-ligand NH,-UiO-66(Zr) is responsible for the
enhanced photocatalytic performance.

The photocatalytic activity for H, generation of a mixed-
metal MOF NH,-UiO-66(Zr/Ti) has already been commented
in the previous Section. Not surprisingly, the photocatalytic
activity of the most active NH,-UiO-66(Zr/Ti)-120-16 sample
was also tested as photocatalyst for CO, reduction. TEOA
was selected as sacrificial agent in these studies,® which acts
as both electron and H, donor and provides the basic
environment to facilitate CO, adsorption. The photocatalytic
CO, reduction was carried out under visible-light irradiation.
No gaseous products, such as CO, CH,, ethane, or H,, were
detected. It was observed that the concentration of HCOO™
increased almost linearly with time and about 5.8 mmolmol !
was achieved with NH,-UiO-66(Zr/Ti)-120-16 after 10 h,
which is 1.7 times that observed over NH,-UiO-66(Zr)
(3.4 mmolmol ") under identical conditions. Interestingly,
the reaction performed with *CO, over the MOFs confirmed
that the source of HCOO™ is CO,. Powder XRD and
isothermal N, adsorption/desorption of NH,-UiO-66(Zr/Ti)-
120-16 after reactions showed that the material is stable
during the photoreduction of CO,. A control experiment
revealed that NH,-UiO-66(Zr/Ti)-100-4, with a comparable
CO, adsorption capability (80 cm®’g™") to NH,-UiO-66(Z1/
Ti)-120-16 gave only 4.2 mmolmol~' of HCOO™ in a similar
reaction time, which is higher than that over pristine NH,-
UiO-66(Zr), but lower than observed for NH,-UiO-66(Zr/Ti)-
120-16. The values of the photocatalytic activity of NH,-UiO-
66(Zr/Ti)-120-16 and NH,-UiO-66(Zr/Ti)-100-4 clearly indi-
cate that the higher CO, adsorption by NH,-UiO-66(Zr/Ti)-
120-16 alone does not result automatically in a the better
activity. Furthermore, it indicates that in addition to CO,
adsorption capability, factors related to how the incorporated
Ti centers affect the photophysics of the material play an
important role in the improvement of the photocatalytic
performance of NH,-UiO-66(Zr/Ti)-120-16. The enhanced
activity shown by this catalyst in both photocatalytic CO,
reduction and H, evolution was rationalized by DFT studies.
These calculations indicate a favorable electron transfer from
excited 2-atp to the Ti moiety to form (Ti**/Zr*"),0,(OH), in
Ti-doped NH,-UiO-66(Zr). However, owing to the overlap of
the electronic states of Zr and Ti atoms in Ti-doped NH,-
UiO-66(Zr), Ti*" can further transfer electrons to Zr*' to
form the photocatalytically active Zr*!. Thus, it is proposed
that the substituted Ti moiety may act as an electron mediator
in promoting the electron transfer from 2-atp to the Zr center
(Scheme 10).

Recently, a photocatalyst obtained by post-synthetic
exchange through mixed-ligand, mixed-metal of UiO-66
(Zr,5Ti; ;04,(OH)4(CsH,04N)5 17(CsHgO4N,) 53 has  been
reported to be an effective photocatalyst for CO, photo-
reduction under visible-light irradiation.” The key reason for
substituting Ti'" ions in NH,-UiO-66 is to make the SBUs
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Scheme 10. A possible mechanism for the photoreduction of CO, by
NH,-UiO-66(Zr/Ti)-120-16, accounting for the higher photocatalytic
activity of the mixed-metal MOF.

more capable of accepting electrons generated via light
absorption by the organic linkers. On the other hand,
introduction of a small amount of dta as a co-ligand provides
new energy levels in the band structure of the MOF and favors
a broader wavelength range of light absorption for the mixed-
ligand MOF (Scheme 11). The ratios for Zr/Ti were 2.52 for

COOH
NH,
COOH TiCls(THF),
NH,-UiO-66(Zr) ———— > NH,-UiO-66(Zr/Ti)
COOH COOH mixed metal MOF
NH.
zrcl, —| NH; 2
HoN
COOH COOH

> Zrg04(OH)4(CgH704N)s 17(CeHgOsN2)o 83

mixed-ligand MOF
l TiCly(THF),

(Zr43Ti1.704(OH)4(CgH704N)5.17(CeHgO4N2)o 83

mixed-ligand, mixed-metal MOF

Scheme 11. Preparation of (Zr,;Ti; ;0,(OH)4(CgH;O04N)s 15
(CsHgO4N,) g3 and NH,-UiO-66(Zr/Ti) catalysts by mixed-metal and
mixed-ligand strategies.

(Zr45Ti;7,04(OH)4(CsH,04N)s517(CsHgOuN,)o g3 and 3.03 for
NH,-UiO-66(Zr/Ti), respectively, as determined by ICP-MS.
The  photocatalytic  activity of  (Zry5Ti;;O,(OH),
(CgH,0,N)517(CsHgO,N,) 53 showed identical TON values
over three photocatalytic cycles (6 h each), thus, indicating
the catalyst stability during photocatalysis. The average TON
of 6.27 +0.23 was observed for three independent samples. In
contrast, NH,-UiO-66(Zr/Ti) gave a lower TON (4.66 £0.17)
than (Zr,3Ti; ;04(OH)4(CsH;04N)s 17(CsHgO4N,) o 3. Also, no
HCOO~ was detected using the parent Zr,O,(OH)s
(CgH,0,N);17(CgH3O4N,) 53 and NH,-UiO-66(Zr) catalysts,
suggesting the crucial role played by Ti in the photocatalytic
activity. Interestingly, photoreduction of CO, using NH,-
MIL-125(Ti) under the same reaction conditions resulted in
a TON of 1.52 after 6 h. This value is much lower than that of
(Zr,5Ti; ;0,(OH)4(CsH,04N)517(CsHgOuN,)g 53 and  NH,-
UiO-66(Zr/Ti). Hence, the enhanced photocatalytic activity
of the mixed-metal MOF opens the door for a systematic
investigation of the photocatalytic activity of cocktails of two
or three different metals in MOFs.
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Scheme 12. Structural motif of S, obtained by the reaction of AlCl;
with Sp.

Visible-light (1 > 420 nm) photocatalytic CO, reduction in
100 mL of H,O containing 1 mL of TEA has been reported
using a Cu porphyrin (5,10,15,20-tetrakis(4-carboxyphenyl)
based MOF (S¢,, Scheme 12) and its activity was compared
with that of an analogous MOF without Cu** (S,).!"""! Diffuse-
reflectance UV/Vis spectra of S, and S, exhibited strong
absorption from 200 to 800 nm. S, displays a strong Soret
band and four Q bands, which are characteristic for the
porphyrin family. After the metallation of the porphyrin ring
with Cu**, the typical four Q bands become two owing to the
higher symmetry of S¢,. Interestingly, S¢, showed a slight red
shift of the S band from 420 to 430 nm compared with S;
which is a common phenomenon for metallated porphyr-
ins."”) In addition, the energy-dispersive electron microscopy
spectrum revealed an Al/Cu ratio of 2, indicating 100 %
occupancy of the porphyrin center sites by Cu**. SEM images
showed that both S, and Sy are composed of nanoplates, with
a thickness of 20-30 nm. The BET surface areas were found to
be 1187 and 932 cm’g ' for Sp and S, respectively. The
CH;OH evolution rate achieved by S, is 37.5ppmg 'h™!,
while S, exhibits 262.6 ppmg 'h~!, which is seven times that
of Sp The positive influence of Cu on the photocatalytic CO,
reduction can be attributed to a more favorable CO,
adsorption on S¢, compared to Sp as evidenced by FI-IR
spectroscopy. This enhanced CO, adsorption seems to result
in higher photoreduction efficiency. Negligible CH;OH was
detected when the reaction was performed under an N,
atmosphere instead of CO,, upon visible-light irradiation
without photocatalysts, and in the presence of photocatalyst
without visible-light irradiation. Observation of CH;OH as
the product of CO, reduction is remarkable and, certainly,
deserves further mechanistic studies to understand the origin
of this selectivity. One control experiment in which HCOO™ is
treated under the same conditions would be important to
assess the possibility of occurrence of a complete HCOO™
reduction. It should be, however, commented that given the
higher reactivity of CH;OH compared to CO,, it is unlikely
that high concentration of this alcohol could be reached under
photocatalytic conditions without promoting simultaneously
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its decomposition. Thus, at best, a steady CH;0H concen-
tration could be reached under these batch conditions.

MOFs can be prepared using derivatives of molecular
(photo)catalysts as linkers. In this context, Ru carbonyl
complexes containing bpy ligands are well-known as homo-
geneous catalyst for CO, reduction.'*”! The behavior of
discrete molecular complexes inspired modification of MOF-
253 to incorporate Ru carbonyl complex, giving MOF-253-
Ru(CO),Cl, that was tested as photocatalyst for CO, reduc-
tion under visible-light irradiation in a mixture of MeCN/
TEOA (10/1)."" ICP-OES analysis revealed that the Ru/Al
ratio in MOF-253-Ru(CO),Cl, was 6.3 %, a little lower than
the theoretical Ru/Al atomic ratio of the reaction system (Ru/
Al 10%). Formation of 0.67 umol HCOO™, 1.86 umol CO,
and 0.09 umol H, after 8 h irradiation using MOF-253-Ru-
(CO),Cl, as a photocatalyst was observed under the opti-
mized reaction conditions. The calculated TON for the
formation of HCOO™, CO, and H, was 2.9, 7.1, and 04,
respectively. No products were detected using the parent
MOF-253 as photocatalyst or MOF-253-Ru(CO),Cl, without
light irradiation, indicating that the formation of the products
is truly derived from photocatalysis over MOF-253-Ru-
(CO),Cl,. On the other hand, the photocatalytic CO,
reduction over the homogeneous Ru(5,5'-dcbpy)(CO),Cl,
leads to only 0.06 umol HCOO™, 1.27 umol CO, and
0.12 pmol H, under similar conditions, significantly lower
values than for the heterogeneous catalyst. The better
performance of MOF-253-Ru(CO),Cl, illustrates again the
beneficial influence of immobilization of the chromophore in
a rigid framework so as to avoid deactivation pathways that
require mobility of the photoactive complex. The powder
XRD pattern of MOF-253-Ru(CO),Cl, did not show any
change after the reaction, thus, confirming the stability of the
photocatalyst in photocatalytic CO, reduction. In a further
improvement, Ru(bpy),Cl, was used to prepare a photosensi-
tized MOF-253-Ru(CO),Cl,. The Ru(bpy),Cl, can react with
the surface N,N-chelated sites to form MOF-253 supported
[Ru(bpy),(X,bpy)**], which is expected to show absorption in
visible-light region (Figure 17).

The photocatalytic activity of the [Ru(bpy),(X,bpy)**]-
sensitized MOF-253-Ru(CO),Cl, was found to increase sig-
nificantly as compared with the MOF-253 lacking the Ru
photosensitizer unit. The amount of HCOO™, CO, and H,
produced in 8 h over sensitized MOF-253-Ru(CO),Cl, (with
a molar ratio of the Ru(bpy),ClL/Ru-complex of 1:2) was
determined to be 4.84 pmol, 1.85 umol, and 0.72 umol, which
is much larger than those produced over the parent MOF-253-
Ru(CO),Cl, under similar conditions. Furthermore, it was
also found that the photocatalytic performance of the
sensitized MOF-253-Ru(CO),Cl, is significantly influenced
by the amount of immobilized Ru(bpy),Cl,. The optimum
activity achieved for the sensitized MOF-253-Ru(CO),Cl,
was with a Ru(bpy),CL/Ru(CO),Cl, molar ratio of 1:1,
resulting in the formation of HCOO™, CO, and H, with
8.23 pmol, 2.73 pmol and 1.91 pmol after 8 h. Although the
amount of CO produced did not change much compared to
the parent system without the sensitizer, the formation of
HCOO™ over the sensitized system was about 12 times that
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Figure 17. Schematic illustration of [Ru(bpy),(X,bpy)>'] photosensitiza-
tion of a modified MOF-253 containing Ru(CO),Cl, units as linkers
that act as co-catalysts in CO, reduction to HCOO™ (reproduced with
permission from Ref. [102]).

over the system without the sensitizer (0.67 umol), which
corresponds to a TON of 35.8 for HCOO™ formation.

Recently, UiO-67 was subjected to post-synthetic modi-
fication to replace bdc with a rhodium complex containing
bpy units, namely, Cp*Rh(bpydc)Cl, to achieve a rhodium-
functionalized UiO-67 (Cp*Rh@Ui0-67).! The photocata-
lytic activity of the new catalyst was investigated in CO,
reduction in CH;CN and TEOA medium. The photocatalytic
reduction of CO, using 10 %-Cp*Rh@UiO-67 (10% molar
incorporation of Cp*Rh approximately corresponding to
0.09 umol Rh) resulted in a TON value of 47 towards the
formation of HCOO™ after 10 h, which is comparable with the
free Cp*Rh(bpydc)Cl, complex (0.08 pmol of Rh) to the
TON of 42.'% The temporal evolution of HCOO™ upon
irradiation in the presence of 10%-Cp*Rh@UiO-67 and
Cp*Rh(bpydc)Cl, indicates comparable rates with compara-
ble TOFs for HCOO™ production of 7.5 and 10 h™'for 10 %-
Cp*Rh@UiO-67 and Cp*Rh(bpydc)Cl,, respectively. The
10 %-Cp*Rh@UiO-67 catalyst could be recycled up to six
times, retaining the activity of the homogeneous system but
displaying slightly higher rate for HCOO™ and recyclability.
Photocatalysts with higher Rh loadings show worse perfor-
mance.

Cu;3(BTC),@TiO, core-shell structures have been pre-
pared and their photocatalytic performance in gaseous CO,
reduction have been examined.""! The rationale behind the
use of Cuy(BTC),@TiO, is to combine the established photo-
catalytic activity for conversion of CO, into CH, with the aid
of H,O exhibited by TiO,"! with the excellent CO, storage
capability of Cuy(BTC),.® Therefore, the designed hybrid
material possesses an optimal structure in which the semi-
conductor TiO, present as shells (210 nm thick, formed from
small 1020 nm NPs) can generate charge carriers while
gaseous molecules can be captured at the cores. SEM analysis
showed the core—shell structures inherit the octahedral
morphology from the Cu;(BTC), cores and have a relatively
rough surface (Figure 18). ICP-MS analysis showed the ratio
of TiO, to Cuy(BTC), is approximately 0.5. The parent
Cus(BTC), and Cuy(BTC),@TiO, core-shell structures
exhibit CO, uptakes by weight of 80.75 and 49.17 cm’*g,
respectively.

Bare TiO, gave 0.52 and 2.29 pmol gy, 'h™! of CH, and
H,, respectively, after 4 h under UV irradiation. On the other
hand, Cu,(BTC),@TiO, gave exclusively CH,
(2.64 ymol g, 'h™!) under identical experimental condi-
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Figure 18. TEM image Cu;(BTC),@TiO, core-shell structures showing
the regular geometry of large Cu;(BTC), crystal surrounded by much
smaller TiO, NPs (reproduced with permission from Ref. [104]).

tions. These activity data demonstrate the superior perfor-
mance of Cuy(BTC),@TiO, in the selective reduction of CO,
with an enhancement of the CH, yield with respect to that of
TiO, by over five times and a complete selectivity to CH,
without simultaneous generation of unwanted H,. Although
both TiO, and Cuy(BTC), can absorb UV light, Cu;(BTC),
does not possess photocatalytic activity owing to its lack of
semiconducting properties. In addition to the advantage in
efficient CO, photoreduction, the designed heterostructures
exhibit excellent photocatalytic stability in a recycling tests
without showing any decrease in CH, yield in the 1st, 2nd, and
3rd runs, with strong resistance to morphology and compo-
sition changes. Further, it was demonstrated by ultrafast
spectroscopy that the photogenerated electrons are effec-
tively transferred from the semiconductor to the MOF,
facilitating charge separation in the semiconductor and
supplying electrons to CO, adsorbed on the MOF. It could
have been, however, interesting to check the reverse situation
in which TiO, is at the core of the composite and Cu;(BTC),
at the shell. In this way, to reach photosensitized electrons at
the semiconductor core, CO, adsorption on the MOF would
be a prerequisite.

The combination of CdS and Co-ZIF-9 as photocatalyst
and co-catalyst, respectively, can be used for the conversion of
CO, into CO with visible light in the presence of bpy and
TEOA under mild reaction conditions (Figure 19).1% This
photocatalytic system leads to the generation of CO
(50.4 umolh™) and H, (11.1 umolh™") under visible-light
irradiation.!'””! As a control to establish the influence of the
Co-ZIF-9 structure, the physical mixture of Co(NO;),-6 H,0
and benzimidazolate with CdS gave CO (40.3 umolh™") and
H, (7.5 umolh™') under identical conditions. These results
demonstrate some superiority of structured Co-ZIF-9 com-
pared with its precursors in the reduction of CO, to CO. It was
proposed that the Co-ZIF-9 co-catalyst enhances the photo-
catalytic conversion of CO, into CO with CdS by acting both
as a CO, adsorber/activator and as a redox co-catalyst of the
photoinduced charge separation. Besides CO, there were no
other detectable products, such as HCOOH, CH;OH or C—C
coupling products. The accumulated TON with respect to Co-
ZIF-9 for the photocatalytic CO, reduction was greater than
30. Adding a small amount (0.2 mg) of Co-ZIF-9 to the CdS
photocatalytic system enhanced the catalytic performance in
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Figure 19. Schematic illustration of the photocatalytic system compris-
ing CdS as a semiconductor and Co-ZIF-9 as a co-catalyst (reproduced
with permission from Ref. [105]).

CO evolution about 45-times compared to the co-catalyst-free
experiment. This comparison shows the promotional ability of
the Co-ZIF-9 for CO, conversion by CdS photocatalysis. A
maximum yield of CO (50.4 umol) was achieved when 1 mg
Co-ZIF-9 was added to the system. The production of H,
increased gradually with the increasing amount of Co-ZIF-9
and was accompanied by a simultaneous decrease in the
evolution of CO, which shows that the pathways for CO and
H, formation are competing. It was also observed that the
total production of CO and H, increased substantially as the
reaction temperature increased from 10 to 40°C, reaching
a maximum value of 68.2 umol at 40°C. It would have been
useful to check temperatures above 40°C to determine if
further productivity increase can be achieved for even higher
temperatures. This influence of the reaction temperature
suggests activation energy is required in the rate-determining
step of the photocatalytic process that can be accelerated
thermally. Furthermore, it was also observed that the product
selectivity is greatly influenced by the H,O content. On the
other hand, when the reaction was performed in H,O, the
photocatalytic system was almost inactive to convert CO, into
CO and only H, evolution was observed, a fact that can be
attributed to the low solubility of CO, in H,O at neutral or
acid pH values.

A noble-metal-free system has been developed for the
photochemical reduction of CO, under visible-light condi-
tions by integrating graphitic carbon nitride (g-C;N,) with
a cobalt-containing zeolitic imidazolate framework (Co-ZIF-
9) (Figure 20).1'%! The idea behind this hybrid catalyst is that
g-C;N, acts as a metal-free semiconductor photocatalyst,
while Co-ZIF-9 is facilitating the capture/concentration of
CO, and promotes light-induced charge separation. Under
the optimized reaction conditions, the physical mixture of g-
C;N, and Co-ZIF-9 gave 20.8 umol of CO and 3.3 umol H,
after 2 h irradiation in TEOA medium. The two materials
cooperate efficiently to catalyze CO, into CO conversion
upon visible-light illumination under mild reaction condi-
tions. Even without noble metals, the system still exhibited an
apparent quantum yield of 0.9%. Furthermore, the system
showed high photocatalytic stability, without noticeable
alterations in the chemical and crystal structures of g-C;N,
and Co-ZIF-9 after the reaction and being reused seven times
with no noticeable change in its activity.

Angew. Chem. Int. Ed. 2016, 55, 5414 —5445

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A A Fars s s .
o b b B b b b b b b b b bbb

Figure 20. Schematic illustration of the Co-ZIF-9 supported on metal-
free g-C;N, semiconductor. Note that g-C;N, is shown as single layers
having triangular melon units sharing corners (reproduced with
permission from Ref. [106]).

Zn,GeO4/ZIF-8 hybrid nanorods were synthesized by
growing ZIF-8 NPs on Zn,GeO, nanorods and their photo-
catalytic activity was tested in the reduction of CO, to
CH;OH (Figure 21).'7 The Zn,GeO, nanorods gave

- Sa
oo L S

Zn,GeO, /ZIF-8
hybrid nanorods

Precursor
solution

Zn,GeO, nanorods
adsorbed with TMAOH

Figure 21. |llustration summarizing the preparation procedure for
Zn,GeO,/ZIF-8 (reproduced with permission from Ref. [107]).

a CH;OH vyield of 1.43 umolg ' under light (500 W xenon
arc) illumination for 10 h. In contrast, Zn,GeO,/ZIF-8 gave
a CH,OH yield of 2.44 umolg ', corresponding to a CH;OH
formation rate of approximately 0.22 umolg~'h~'. The use of
Zn,GeO,/ZIF-8 as a photocatalyst showed a 62 % enhance-
ment in CH;0H yield when compared with the Zn,GeO,
after 10 h. The higher photocatalytic activity of the Zn,GeO,/
ZIF-8 in the reduction of CO, relative to that of the Zn,GeO,
sample is attributed to the positive influence of ZIF-8. It is
proposed that this synergism arises from the fact that ZIF-8
can effectively adsorb dissolved CO, in H,O solution, and
also, the light absorption is more intense for Zn,GeO,/ZIF-8
compared to Zn,GeO, as evidenced by comparison of their
UV/Vis spectra. Interestingly, the rate of CH;OH generation
was further improved by loading 1 wt % Pt over the Zn,GeO,/
ZIF-8 nanorods to achieve CH;0OH yield around
3umolg 'h™'. Also, XRD patterns of the Zn,GeO,/ZIF-8
nanorods remained unchanged before and after the photo-
catalytic reaction, thus, indicating the stability of this hybrid
photocatalyst under the reaction conditions. However, there
were no data regarding the reusability which should provide
additional crucial information on the stability of photocata-
lytic centers.
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10. Photooxidation

Oxidation of alcohols to the corresponding aldehydes is
one of the most important reactions in organic synthesis!'**!
because aldehydes and ketones are the starting materials for
many synthesis, particularly in fine chemistry for the produc-
tion of fragrances and flavors."* Table 3 summarizes those
reports describing the use of MOFs as photocatalysts to
promote photocatalytic oxidations, either in the absence or in
the presence of an additional semiconductor.

Amine-functionalized UiO-66 (NH,-UiO-66) has been
reported as a visible-light photocatalyst for the selective
aerobic oxygenation of various organic compounds including
alcohols, olefins, and cycloalkanes, with high efficiency and
high selectivity (Scheme 13).'! As commented earlier, NH,-
UiO-66 and UiO-66 are isostructural and the presence of the
-NH, group in the bdc linker introduces a new absorption
band at 450 nm in the diffuse reflectance UV/Vis spectrum of
NH,-UiO-66. While none of the reactions occurred in the
dark, visible-light irradiation of NH,-UiO-66 increased the
conversion of the studied alkenes monotonously with irradi-
ation time. Control experiments showed that UiO-66 and
ZrO, are catalytically inactive for all the substrates studied
under the same conditions, confirming the unique role of the
-NH, groups. The experimental results indicate that the final
product selectivity is dependent on the nature of the solvent
employed and on the reacting substrates. For example,
epoxides were obtained from (-methylstyrene, styrene, and
1,2-diphenylethylene with selectivity values ranging from 15
to 65 %. In contrast, cyclooctene resulted in low conversion
owing to its larger kinetic diameter compared to the pore size
of NH,-UiO-66 (5.1 A), but gives 100% selectivity to cyclo-
octene epoxide as result of its favorable geometrical con-
formation. These results suggest that the selectivity to
epoxide is closely related to the chemical stability of the
intermediates formed during the photocatalytic process. An
80-isotope labelling experiment for the photocatalytic epox-
idation of cyclooctene confirmed that oxygen in the product
comes from molecular oxygen present in the gas phase, thus,
convincingly confirming the occurrence of photocatalytic
oxidation reactions. Furthermore, benzyl alcohol, cyclohex-
anol, 1-hexanol, and cyclohexane were tested to show the
wide applicability of NH,-UiO-66 as a photocatalyst promot-
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Scheme 13. Photooxidation of various substrates catalyzed by NH,-
UiO-66.

ing oxidation reactions. A complete selectivity was achieved
for these four substrates, although, the rate of reaction mainly
depends on the energy of a-C-H bonds, decreasing in the
order of benzyl alcohol > cyclohexanol > 1-hexanol > cyclo-
hexane. Also, ESR spectroscopy showed the formation of the
superoxide radical anion (O,*). This species could be
stabilized in the cavities of NH,-UiO-66 through its inter-
action with the -NH, groups and/or organic solvents. The long
lifetime of O, should be beneficial for the photocatalytic
oxygenations of C—H and C=C bonds. Studies on catalyst
stability and its reusability should confirm that the reactive
oxygen species generated in the process do not decompose or
self degrade NH,-UiO-66 during operation of the photo-
catalytic oxidation.

CdS nanorods have been deposited on the surface of NH,-
UiO-66 via a facile room-temperature photodeposition to
obtain CdS-NH,-UiO-66 nanocomposites that were used as
photocatalysts for the selective oxidation of various alcohols
by molecular oxygen (Scheme 14).1 A series of CdS-NH,-
UiO-66 derivatives was prepared employing different CdS
photodeposition times. ICP analysis shows that the percent-
age of Cd in CdS-U6 (CdS-NH,-UiO-66 with 6 h irradiation
time) is 30.02%. TEM images revealed that NH,-UiO-66

Table 3: Summary of photooxidation reactions catalyzed using MOFs-based photocatalysts.

Catalyst Photolysis source Photoactivity Stability evidence Ref.

NH,-UiO-66 300 W Xe lamp 1.234 h™' (TOF)® - [135]
CdS-NH,-UiO-66 300 W Xe arc lamp 31% conversiont®! XRD, XPS, reuse [136]
NH,-UiO-66-F 26 W helical light bulb 53.9% conversion! - n37]
multicore Au@ZIF-8 500 W Xe lamp 51.6% conversion'! - [138]
Au/MIL-125(Ti) 300 W Xe arc lamp (A=320-780 nm) 36% conversion®! - [94]

NH,-MIL-125(Ti) 300 W Xe lamp 73% conversion! XRD, reuse [139]
MR-MIL-125(Ti) 150 W Xe lamp 86.7 nmol g " min~"®l reuse [140]
TiO,@HKUST-1 sunlight 89% conversion®! IR, XRD, reuse, [141]
UiO-67-[Ru(bpy)s]o. photochemical reactor (A =365 nm) 81% yield reuse, ICP-OES [142]

[a] Data corresponds to the oxidation of 3-methylstyrene. [b] Oxidation of benzyl alcohol. [c] Oxidation of benzyl amine. [d] MR: methyl red.

[e] HKUST-1: Hong Kong University of Science and Technology.
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Scheme 14. Photocatalytic oxidation of benzyl alcohol.

serves as support and its characteristic structure is retained. In
addition, HRTEM images of CdS-U6 showed the lattice
fringes corresponding to CdS, suggesting the well-defined
crystal structure of CdS (Figure 22). UV/Vis absorption

Figure 22. TEM images for the CdS-NH,-UiO-66 nanocomposites pre-
pared by photodeposition for 2, 4, 6, and 8 h (a—d) and HRTEM
images of CdS-U6 (e,f; reproduced with permission from Ref. [136]).

spectra of CdS-NH,-UiO-66 nanocomposites clearly indi-
cated that the absorption edge red-shifts and absorption
intensity increases as a result of the increase in irradiation
time, the onset varying gradually from 450 nm to nearly
530 nm, owing to the increase in CdS nanocrystal size with
prolonged irradiation time.

The photocatalytic activity of the as-prepared CdS-NH,-
UiO-66 nanocomposites was examined for the selective
oxidation of benzyl alcohol to benzaldehyde under visible-
light irradiation. The optimal photocatalytic activity was
achieved with CdS-U6 exhibiting 31 % conversion of benzyl
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alcohol with 100 % selectivity of benzaldehyde after 4 h. On
the other hand, CdS-US8 showed around 13 % conversion of
benzyl alcohol with less than 50% selectivity of benzalde-
hyde. These photocatalytic data clearly show that increasing
CdS photodeposition time beyond a certain time leads to
a deterioration of the photocatalytic activity, mainly because
the CdS nanocrystals become bigger and aggregate on the
MOF surface, resulting in a reduced surface area of the
sample. Under identical conditions, NH,-UiO-66, CdS, and
the physical mixture of NH,-UiO-66 and CdS resulted in 20, 9,
and 17 % conversions of benzyl alcohol, respectively, with the
selectivity of benzaldehyde less than 60%. These results
clearly establish the superior performance of CdS-U6 in terms
of conversion and product selectivity. Furthermore, the
photocatalytic activity of CdS-U6 was tested for a series of
alcohols under identical conditions, reaching moderate con-
versions and high selectivities. CdS-U6 was reused five times
for the selective oxidation of benzyl alcohol with no obvious
decrease in activity. In contrast, the photocatalytic activity of
commercial CdS decreased notably in the recycling experi-
ments. These results show the superior performance of CdS-
U6 and higher stability than bare CdS owing to interaction
with NH,-UiO-66 surface. The powder XRD and XPS
measurements of CdS-U6 before and after use as a photo-
catalyst showed no significant changes.

A series of mixed-linker zirconium-based metal-organic
frameworks (Zr-MOFs) containing 2-amino-1,4-benzenedi-
carboxylate as the primary linker and 2-X-1,4-bezenedicar-
boxylate (X =H, F, Cl and Br) as a secondary linker has been
synthesized to evaluate their photoactivity in the oxidation of
benzyl alcohol under visible-light irradiation. Powder XRD
patterns showed that the Zr-MOFs synthesized with the
mixed linkers are crystalline and isoreticular to the parent
UiO-66. The conversion of benzyl alcohol was 18.4% using
NH,-UiO-66 as catalyst after 24 h. When the concentration of
2-atp linkers was reduced by half as in NH,-UiO-66 which
contains 45 % 2-atp, the remaining 55 % of the linker is bdc,
the benzyl alcohol conversion decreased to 11.7%. Among
the various catalysts examined, NH,-UiO-66-F, NH,-UiO-66-
Cl, and NH,-UiO-66-Br exhibited 53.9, 38.2, and 43.4%
conversions of benzyl alcohol under identical conditions.
These experiments clearly establish that replacement of bdc
linkers by halogenated analogues (X-bdc, X =F, Cl, Br) leads
to a four- to five-fold enhancement of the photocatalytic
activity for the benzyl alcohol oxidation in comparison to
NH,-UiO-66. This could be due to the stabilization of the
superoxide radical anion on the Zr*" by the halogenated
linkers, decreasing the recombination rate of the photo-
generated electrons and holes. Other possible reasons for this
enhancement in the catalytic activity could also be related to
the preferential interaction of the halogen groups with benzyl
alcohol molecules driving the equilibrium of the reaction to
benzaldehyde.

A series of samples of Au encapsulated in ZIF-8
(Au@ZIF-8) containing spherical or rod-like shaped AuNPs
embedded in single- or multi-core-shell nanocrystals of ZIF-8
(Figure 23) has been prepared and their photocatalytic
activity studied for the oxidation of benzyl alcohol
(Scheme 14).%1 TEM images revealed that the Au@ZIF-8
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Figure 23. Synthetic procedure used for the preparation of single- or
multi-core polyvinylpyrrolidone-stabilized Au NPs embedded inside the
crystal structure of ZIF-8 (reproduced with permission from Ref. [138]).

@ v

core-shell sample consists in a distribution of single (48 %),
double-, and triple-core (45 %), as well as Au NPs-free ZIF-8
nanocrystals (7% ). The size distribution of the MOF compo-
nent in the Au@ZIF-8 composite ranges from 135 to 200 nm,
and there was no apparent change in the diameter of the Au
NPs during the preparation of the composite.

The powder XRD pattern of Au@ZIF-8 did not show any
difference to that of ZIF-8, while TEM images clearly showed
that the ZIF-8 shell adopts the thermodynamically favorable
rhombic dodecahedron form.'* Photocatalytic oxidation of
benzyl alcohol was performed in CH;CN in the presence of
single- or multi-core Au@ZIF-8 photocatalysts with a Xe
lamp fitted with a cut-off filter (4 > 400 nm). Single-core and
multi-core Au@ZIF-8 exhibited 25.8 and 51.6 % conversions,
respectively, after 24 h irradiation, with a selectivity to
benzaldehyde of over 99 % for both cases. This difference in
conversion indicates the benefits of combining plasmonic
light absorption by Au NPs with multi-core ZIF-8 structures.
In contrast, Au-SiO, resulted in 56.9% conversion under
identical reaction conditions. This difference in conversion
can be attributed to the ZIF-8 restricting benzyl alcohol
diffusion in the pore cavities making it harder for it to reach
the Au NPs, thus resulting in the decrease of photocatalytic
activity.

The photocatalytic activity of MIL-125(Ti) and M/MIL-
125(Ti) (M = Au, Pd, and Pt NPs) composites was studied in
the oxidation of benzyl alcohol to benzaldehyde.” TEM
images revealed that the small Au, Pd, and Pt NPs are
homogeneously distributed on the MIL-125(Ti) with the
average diameters of Au, Pd, and Pt being 6, 3, and 3 nm,
respectively. MIL-125(Ti) showed a conversion of 18.9 % with
>99% benzaldehyde selectivity. Under identical conditions,
Au/MIL-125(Ti), Pd/MIL-125(Ti), and Pt/MIL-125(Ti) cata-
lysts exhibited 36, 32.7, and 26.4 % conversions, respectively
with >99% selectivity of benzaldehyde. These experiments
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clearly show the effect of metal NPs in promoting the reaction
by enhancing the conversion of benzyl alcohol.

Recently, NH,-MIL-125(Ti) has been reported to effect
the photocatalytic aerobic oxidation of amines to imines
under visible-light irradiation.!'*! Under optimized reaction
conditions, NH,-MIL-125(Ti) gave 73 % conversion of benzyl
amine with 86 % selectivity to N-benzylidene benzyl amine
(Scheme 15). Furthermore, primary and secondary amines

©/\NH NH,-MIL-125(Ti) ©/\ /\@

CH5CN, O,
Scheme 15. Photocatalytic oxidation of benzyl amine by NH,-MIL-125-
(Ti) under aerobic conditions.

were also transformed into the corresponding imines with
moderate conversions (53-73 %) and selectivities (70-94 %)
using O, in the presence of NH,-MIL-125(Ti) under visible-
light irradiation. In addition, benzaldoxime and benzaldehyde
were produced as byproducts in these reactions. Control
experiments showed that the reaction is heterogeneous.
Furthermore, NH,-MIL-125(Ti) after the photocatalytic reac-
tion showed similar XRD patterns as that of the fresh catalyst.
The catalyst was reused for three runs showing no obvious
decrease in activity.

NH,-MIL-125(Ti) has been post-synthetically functional-
ized with dye-like molecular fragments to obtain methyl red-
MIL-125(Ti) (MR-MIL-125(Ti); Figure 24).1*! The resulting
MR-MIL-125(Ti) was tested as photocatalyst for the selective
oxidation of benzaldehyde under visible-light irradiation.!'*"
Quantitative analysis indicated that 26 to 30 % of the linkers
are functionalized. This relatively low degree of functional-
ization is not unexpected in view of the bulkiness of the MR
moiety. NH,-MIL-125(Ti) exhibited two absorption bands at
325 and 465 nm attributed to the electronic transition from 2-
atp” Ti** to 2atp Ti’* subunits of the framework,>!*
whereas MR-MIL-125(Ti) showed a clear red shift with the

F(R)

300 400 500 600 700 800
Wavelength | nm

Figure 24. Diffuse reflectance UV/Vis spectra of MIL-125(Ti) (gray),
NH,-MIL-125(Ti) (orange) and the methyl red analogue (red; repro-
duced with permission from Ref. [140]).

Angew. Chem. Int. Ed. 2016, 55, 5414 —5445


http://www.angewandte.org

GDCh
) —

absorption edge reaching almost 700 nm (Figure 24). This
significant visible-light absorption enhancement can be
associated to the presence of the MR moiety after the
modification. The long-wavelength absorption maxima of the
MOF suggests that most of the modified linkers have the aza
group in the trans form, since the cis- and trans isomers of the
analogous MR molecule embedded in rigid polymers absorb
at < 400 and 565 nm, respectively.'*’]

The photocatalytic activity of MR-MIL-125(Ti) was
assessed in the selective oxidation of benzyl alcohol to
benzaldehyde in CH;CN with light of wavelength longer than
400 nm. Both NH,-MIL-125 and MR-MIL-125 were found to
be active under visible-light illumination with the benzalde-
hyde formation reaction rates of 77.6 and 86.7 nmolg 'min ',
respectively. MR-MIL-125(Ti) was recycled two times with-
out loss of activity. Note that bulk TiO, was found to be
deactivated in a similar photo-oxidation reaction owing to
irreversible product adsorption.*! The enhanced photocata-
lytic activity of MR-MIL-125(Ti) compared to the parent
framework was attributed to the higher light absorption
resulting from the extended conjugation of the aromatic
system as a consequence of ligand modification. However, the
absolute enhancement of the photocatalytic activity is lower
than it could have been expected suggesting that the system
can possible be subjected to further optimization.

Mesoporous HKUST-1 decorated with amorphous TiO,
has been reported as a photocatalyst for the selective aerobic
oxidation of alcohols under sunlight irradiation
(Scheme 16).*!l Different amounts of P123 were used to

/©/\OH 70TI@SHK2 /©/CHO
HyC HsC

Scheme 16. Aerobic oxidation of 4-methylbenzyl alcohol catalyzed by
TiO,-modified SHK.

determine the optimum surfactant in the surfactant-assisted
synthesis of HKUST-1 (SHK). A control HKUST-1 sample
was also synthesized in the absence of structure-directing
agent P123. The powder XRD pattern of all the samples
prepared with and without P123 coincide with that reported
for HKUST-1. TEM images suggested that SHK consists
of ordered mesoporous domains of the parent MOF having
microporous structure (Figure 25). The surface of SHK was
decorated with amorphous titania through a layer-by-layer
coating."¥ Powder XRD, TR, and SEM analysis supported
that the crystalline nature or structure of the parent MOF
remained intact after titania embedding.

The photocatalytic performance of these nanocomposite
materials was evaluated for the aerobic oxidation of 4-
methylbenzyl alcohol as a model substrate in CH;CN under
sunlight irradiation. The photocatalysts were able to achieve
up to 89% conversion of 4-methylbenzaldehyde with high
selectivity (>93%).* No photocatalytic activity was
observed in the presence of bare HKUST-1 after 15h of
irradiation. The photocatalytic reactivity of SHK arises to
a large extent from the uniform mesostructure of TiO,-
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Figure 25. Two representative TEM images corresponding to TiO,
deposited on SHK (reproduced with permission from Ref. [141]).

modified SHK and assumes that the reaction takes place
inside the pores of the mesoporous structure. Furthermore,
TiO,-modified SHK was an active photocatalyst to transform
primary and secondary benzylic alcohols into their corre-
sponding carbonyl compounds with high selectivities (93—
99%) and moderate to high conversions (32-100% )."*! The
recycled photocatalyst still retains a large percentage of the
initial activity of the fresh material upon sunlight irradiation.
The decrease in photocatalytic activity was attributed to
structural changes upon catalyst use. Although Ti@SHK2
represents a step forward in the search of a multicomponent
photocatalyst that combines the advantage of porosity, large
surface area, and activity of MOFs with that of conventional
semiconductors, it is evident that there are still certain
limitations that have to be overcome to reach higher
efficiency. In particular, it is well known that amorphous
TiO, has low activity compared to highly crystalline anatase
phase materials and thus it would be worth investigating
composites with high TiO, crystallinity.

Recently, a photocatalytically active [Ru(bpy),(dcbpy)]**
complex (dcbpy: 5,5'-dicarboxy-2,2'-bipyridine) was incorpo-
rated into a UiO-67 MOF via postsynthetic modification to
obtain UiO-67-[Ru(bpy);],; with approximately 10% Ru
loading and its photocatalytic activity was examined for the
aerobic oxidation of arylboronic acids to the corresponding
phenols under near-UV and visible-light irradiation.'*?! The
optimized reaction conditions using UiO-67-[Ru(bpy);]y; as
a photocatalyst in MeOH gave an 81 % yield of phenol using
a photochemical reactor (1 =365 nm) after 24 h. However,
this yield was slightly lower than a homogeneous catalyst,
namely (Ru(bpy);Cl, which shows 95% yield. In contrast,
pristine UiO-67-bpy,,s gave 22% conversion under UV
irradiation after 24 h. Also, oxygen was found to be the real
oxidant as the reaction in inert atmosphere results in no
product. The catalyst was reused four times, exhibiting in each
run high yields, but, however, with slightly decreasing activity.
Leaching experiments revealed that UiO-67-[Ru(bpy);]y; is
acting as a heterogeneous catalyst. 'H NMR spectrum showed
that there is low leaching of the Ru complex from the MOF
after one catalytic run. Furthermore, ICP-OES analysis
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showed an atomic ratio of 1:0.106 (Zr/Ru) for the five-times
reused UiO-67-[Ru(bpy)s]y1, which is about 10 % lower than
for the fresh catalyst which has an atomic ratio of 1:0.118 (Zr/
Ru).

11. Photoreduction

Photocatalysis leading to charge separation can serve to
promote oxidations (by the reaction with positive holes) and
reduction (with conduction-band electrons). In fact, both
processes should take place at the same rate, but depending
upon the substrate only one of the two half-reactions can
occur. For the present Review, reductions are the most
wanted process as solar fuels production is generally a reduc-
tion process. As commented in the previous Sections,
generation of H, from H,O and CH,, CO, and HCO,H
from CO, are reduction reactions. Below we will present
other different photocatalytic reductions mainly of aromatic
nitro groups.

Pt/NH,-Ti-MOF was found to act as a photocatalyst for
the reduction of nitrobenzene under visible-light irradiation
(500 W Xe lamp) using TEOA as a sacrificial electron donor,
leading to aniline as the final product (Scheme 17).**! Nitro-

NO,
© PYNH,-Ti-MOF
_—
TEOA

Scheme 17. Photoreduction of nitrobenzene catalyzed by Pt(1.5)/NH,-
Ti-MOF.

NH,

sobenzene was found to be a reaction intermediate. Under the
optimized reaction  conditions, Pt(1.5)/NH,-Ti-MOF
(3.3 umolh™ ') exhibited higher photocatalytic activity than
NH,-Ti-MOF (2.3 umolh™') indicating that deposited Pt also
acts as a co-catalyst in this system. It was observed that
selectivities of the reaction are almost the same regardless of
the presence of Pt species. On the other hand, no reaction
occurred in the absence of visible light. The reaction failed
with Pt(1.5)/Ti-MOF or with a physical mixture of Pt(1.5)/Ti-
MOF and 2-atp as a photocatalyst. These control experiments
clearly indicate that the crystal structure of NH,-Ti-MOF
comprising coordination networks of Ti-oxo clusters and 2-
atp units are responsible for the photocatalytic reaction.
Recycling tests indicated no significant loss of photocatalytic
activity even after four cycles. Furthermore, powder XRD
and FT-IR measurements showed no significant changes in
the fresh and repeatedly used Pt(1.5)/NH,-Ti-MOF photo-
catalyst, indicating a high stability under the reaction
conditions.

12. Summary and Concluding Remarks

In the previous Sections, it has been shown that although
MOFs are relatively new materials, they have been increas-
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ingly attracting interest as photocatalysts and now this field
constitutes a current hot topic in photocatalysis. The main
reason for this interest is the functionality introduced by the
organic linkers and the possibility to adapt the MOF for this
specific application, particularly in contrast to TiO, and
inorganic semiconductors. As we have shown, there is still
considerable room for expanding the use of MOFs as
photocatalysts for the synthesis of fine chemicals, mainly for
oxidations and reductions, taking advantage of the charge
separation that appears as a quite general phenomenon in the
photophysics of MOFs. The advantages that MOFs offer for
the design of new photocatalysts have been presented and this
strategy should be intensely developed in the near future.
With respect to photocatalytic H, generation and CO,
reduction, it is clear that there are many possible strategies
to increase the efficiency of MOFs, one of the main problems
is to establish valid comparisons of the photocatalytic activity
of various materials. In any case, from perusal of Table 1 it can
be concluded that the highest H, production reported to date
is about 2-3.5 mmol, achieved using modified UiO-66 or
[Ln,Cus(OH),(pydc)s(H,0)g) 1. In the case of CO, photo-
reduction, most of the studies have been carried out in water
or acetonitrile, leading to the formation of HCOO™ and, the
most active photocatalysts are again modified UiO-66, but
also MIL-101(Fe) with production values from 13 to about
175 pmol. It should be noted that almost all the examples
reported so far make use of sacrificial agents to demonstrate
the concept of their photocatalytic activity. However, for
practical application in H, generation or CO, reduction, the
use of sacrificial agents is not possible and processes such as
overall H,O splitting or photocatalytic CO, reduction by H,O
have to be used, particularly using natural sunlight. In overall
H,O splitting, H, and O, should be generated in the
corresponding stoichiometric amount by solar light in the
absence of amines, alcohols, or any other additive. At the
moment there are limited examples showing that MOFs are
able to promote photocatalytic overall H,O splitting.

Similarly, CO, reduction either to CH, or CH;OH,
HCOO™ or CO has to be performed using H,O as the
electron donor agent, as happens in natural photosynthesis,
without using amines or sacrificial agents. This fundamental
reaction has also not been reported so far using MOFs. It is
clear that the target of this area should be the development of
materials and processes that could be economically feasible
for the production of solar fuels. Furthermore, MOFs as
photocatalysts should also be tested for other photocatalytic
reactions that could be of interest in an integrated solar
refinery, particularly the photoassisted reduction of CO, by
H, that should be produced electrochemically from electricity
from renewable sources.

We are still very far from this long-term target that would
require a jump in the photocatalytic activity of one or two
orders of magnitude in the case of H, generation and four or
more orders of magnitude in the case of CO, reduction.
However, the current state-of-art has shown that MOFs are
among the best positioned materials to perform this jump in
catalytic activity.
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