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Metal—-organic frameworks (MOFs) have emerged as a significant class of porous crystalline materials
constructed from metal nodes and multidentate linkers. Many research studies have shown the
promising applications of MOFs in gas adsorption and separation, electrocatalysis, photocatalysis,
biomedicine etc., mainly due to the advantages of high porosity, large surface areas and easily tunable
optical and electronic structures. Particularly, light-sensitive Ti-oxo clusters in Ti-based MOFs result in
promising photocatalytic activity. Recently, a few Ti—carboxylate MOFs based on infinite Ti-oxo chains
and sheets were reported, which open a new horizon for the photocatalytic activity of Ti-MOF
chemistry. This review highlights some typical Ti-MOFs based on discrete Ti-oxo clusters and recent

progress in the fabrication of Ti-MOFs based on infinite Ti-oxo chains and sheets. Moreover, facile

Eiig;ee%sztgt:%gjgggo modification methods for improving the photocatalytic activity under visible light irradiation are
exemplified in detail. We hope that the photocatalytic applications of Ti-MOFs in photocatalytic H,

DOI: 10.1035/d0ta03743d generation, photocatalytic reduction of CO,, dye photodegradation, photocatalytic alcohol oxidation and
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1. Introduction

Environmental pollution and global warming have threatened
human life all over the world. One of the most promising
solutions to address these issues is to utilize artificial photo-
synthetic systems based on cost-efficient particulate photo-
catalysts."” In order to mimic natural photosynthesis systems
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photocatalytic polymerization will benefit researchers who are interested in this field.

by performing photocatalytic organic transformation, photo-
catalytic water splitting and photocatalytic reduction of CO,, it
is highly desirable to develop a single material serving as an
ideal platform with the combination of photosensitizers and
catalytic centres in one crystalline lattice.*** Upon sunlight
irradiation, photosensitizers of this semiconductor harvest
light and electrons are transferred from the valence band (VB) to
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the conduction band (CB), reaching a state of charge separation.
The reduction and oxidation of half reactions occur at the excited
catalytic centers, to which the charge carriers migrate from the
initial site. Pioneering studies of photocatalytic H, generation and
reduction of CO, manifest that TiO,,'>'® as a promising candidate
for photocatalysis, can uncover a new avenue for developing
a heterogeneous photocatalytic system mainly due to its low cost,
high photoactivity, good stability and easy fabrication. Recently,
TiO, has become the hot spot for solar energy conversion.”>*
However, the unsatisfactory large band gap of TiO, (3.2 eV) limits
its utilization of solar energy only in the UV region, which only
accounts for 4% of solar energy. The development of photo-
catalysts that can be photoactive in the visible light region is quite
essential to efficiently utilize solar energy.

Inspired by the general catalytic strategy in zeolites that
heterogeneous catalyst possessing a high porosity can achieve
efficient mass transfer from the exterior of pore structure to its
interior and serve as size- and shape-selective heterogeneous
catalyst, metal-organic frameworks (MOFs) have attracted
tremendous attention in the past few decades due to the
advantages of high porosity, large surface areas and easily
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tunable optical and electronic structures.>** MOFs consist of
multipodal organic ligands and metal nodes, achieving
a synergistic combination of merits inherent to each constit-
uent, which have spurred applications in the field of gas storage
and  separation,®*?®  catalysis,*** sensing,”** energy
storage,*** and biomedicine.®** The characteristics of tunable
open metal centers, functional organic ligands and encapsula-
tion of guests in MOF pores provide multiple active sites for the
synergistic catalysis. Compared with other inorganic semi-
conductors (metal oxides and metal chalcogenides),*”””> MOFs
possess high accessible surface areas.”’* Furthermore, the pore
size and environment of MOFs can be modulated. Upon light
irradiation, organic linkers which act as antenna chromo-
phores, characterized by delocalized orbitals via conjugated II-
bonds, can transfer charge to metal-oxo clusters at the begin-
ning of the photoredox activity. Varying metal oxide nodes like
Fe-oxo clusters or organic linkers like -NH, substituted
aromatic compounds can shift the response of MOFs towards
the visible light region.”>”® With metal nanoparticles (MNPs)
encapsulated in the pores acting as electron traps and active
reaction sites, the lifetime of the charge-separated state is
conveniently prolonged, and the charge separation, which is
hazardous to photocatalytic activities, can be efficiently
controlled.”® Taking these merits into account, MOFs can
become ideal platforms for efficient photocatalysis.**” The high
photoactive properties of the Ti component from Ti** to reduced
Ti** under light irradiation makes Ti-based MOFs promising
candidates for photocatalysts, mainly due to their high photo-
activity. Moreover, the affinities and compatibility of coordination
between Ti cations and oxygenated ligands allow a diversity of Ti-
oxo clusters to be used as excellent precursors for elaborating
sophisticated extended topological networks. However, the
discovery of Ti-MOFs is confined to the spontaneous and
uncontrolled hydrolysis of Ti precursors, and thus, only a limited
number (about 30 new structures) of Ti-MOFs were reported
among more than 70 000 reported MOF structures.”® Besides, Ti-
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oxo clusters, isolated by organic ligands, can't provide an
adequate orbital overlap to support the migration of charge
carriers. Scientists recently have developed a variety of Ti-MOFs
based on infinite Ti-oxo chains and sheets and confirmed that
increasing the dimensionality of secondary building units (SBUs)
can efficiently enhance the charge mobility and thus the photo-
catalytic activity, which sheds some light on the development of
highly efficient photocatalysts for different applications.****

In this review, we will mainly focus on the recent progress in
the preparation and applications of typical Ti-MOFs with single Ti
centers, discrete Ti-oxo clusters, infinite Ti-oxo chains, and Ti-oxo
sheets as building blocks. Especially, novel topological structures
and the highly visible-light-responsive photocatalytic activities of
Ti-MOFs based on consecutive Ti-oxo chains and sheets will be
discussed in more detail, because we believe that these parts
might foreshadow these scientists who are willing to devote their
contribution to the discoveries of new Ti-MOF materials. Mean-
while, several strategies for improving solar conversion are also
concluded. Hopefully, this review will be of interest to scientists
who want to catch a glimpse of this field for future work.

2. The development of Ti-MOFs
based on isolated Ti-oxo clusters

From the 1990s to the present, many methodologies such as
hydro/solvothermal,*®*** electrochemical,'®* microwave,*****

Table 1 Summary of reported Ti-MOFs
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mechanosynthesis,"*"** and surfactant-thermal*”*** methods
have been developed to prepare MOFs. However, the progress in
the synthesis of porous crystalline titanium-based frameworks is
considerably slow. Though the first microporous Ti-based MOF,
named MIL-91(T1i), has been discussed due to its unique topology,
which even illuminates the synthesis of the single crystal of its
aluminum analogues,'”* the major attention was only focused on
the elaboration of Ti-oxo clusters as a precursor to realize hybrid
assemblies, where the intrinsic properties of Ti-oxo clusters and
organic constituents are retained. Later, the limited study of Ti-
oxo cluster derivatives, which is devoted to the synergetic
combination with polymer matrices as nano-objects, is compa-
rable to the poor advances on Ti-based MOFs. With the deep
investigation of the rich versatility of Ti-oxo clusters,'*"** more
and more researchers try to explore whether the polyhedron of Ti-
oxo clusters, as the superlattice of TiO,, can be spatially aligned
with multi-topic organic ligands (especially polycarboxylic
ligands), as antenna chromophores, to construct a well-defined
porous coordination network. However, the research on Ti-based
MOFs is quite slow due to two main problems during the
synthesis of Ti-based MOFs: (1) titanium sources such as TiCl,
and Ti(i-OPr), are highly reactive and can be easily hydrolyzed into
TiO, in solvents, which makes the reactions difficult to control;
and (2) Ti-carboxylate bonds are difficult to form making the
rearrangement of Ti-oxo clusters arduous, leading to the poor

Name Ti source Ligands Ti-O connection Band gap (eV)  Porosity (m®>g™')  Ref.
NTU-9 Ti(i-OPr), H,DOBDC TiOg 1.72 642 144
MIL-167 Ti(i-OPr), H,DOBDC TiOg — No 145
MIL-168 Ti(i-OPr), H,DOBDC TiOg — No 145
MIL-169 Ti;O4(0x); (pipH,);  H,DOBDC TiO — No 145
Ti-CAT-5 Ti(i-OPr), H,THO TiO, — 450 146
MUV-11 Ti(i-OPr), H,bdha TiOg 2.00 756 147
MOF-217 Ti(i-OPr), TDHT TiOg — — 148
1-Ti TiCl, EA Ti;0,(P0,),(CO0); 2.70 160 149
MIL-101-Ti TiCl, H,BDC TizO(COO0)s — 2970 150
Ti;-BPDC TigOs(AB)s(i-OPr)s BPDC Ti;(COO)(OH), — 636 151
COK-69 Cp,TinCl, H,CDC Ti;0(0),(CO0)s 3.77 29 152
MOF-901 TigOs(AB)s(i-OPr)s BDA TigO6(CO0)s 2.65 550 153
MOF-902 TigO4(AB)s(i-OPr)s BPDA TigO6(CO0)s 2.50 400 154
PCN-22 TigOs(AB)o(i-OPr)s ~ TCPP Ti,06(CO0)y, 1.93 1284 143
MIL-125 Ti(i-OPr), H,BDC TigOs(OH),(CO0)6 3.60 1550 155
NH,-MIL-125  Ti(i-OPr), H,ATA TigOs(OH),(CO0)44 2.60 1130 156
MIP-207 Ti(i-OPr), H,BTC TigOs(OH),(CO0), 6 — 570 157
MIL-177-LT Ti(i-OPr), H,mdip Ti;5045(CO0);5 — 730 99

MIL-91 TiO,-H,0 N,N'-Piperazinebismethylene-  (TiOg), — 500 124

phosphonic acid

MIL-177-HT ~ Ti(i-OPr), H,mdip (TigOo), 3.50 690 99

DGIST-1 TisO6(AB)(i-OP1)s TCPP (Ti-0), 1.85 1957 142
ZSTU-1 Ti(i-OPr), H,TCA (TigO12)n 2.30 536 100
ZSTU-2 Ti(i-OPr), H,BTB (TigO12)n 3.10 628 100
ZSTU-3 Ti(i-OPr), H,BTCA (TigO12)n 2.20 861 100
Ti-TBP TiCl,- 2THF TCPP (Ti5012), — 528 158
ACM-1 Ti(i-OPr), H,TBAPy Ti-0,),, 2.30 1212 159
COK-47 Cp,TinCl, BPDC (Ti,0;), sheet — 573/60 160
PCN-415 Ti(i-OPr),/ZrCl, BDC TigZr,0,,(CO0);6 3.30 1050 161
MUV-10 Ti(i-OPr),/CaCl, H,BTC Ti,Cay(0),(H,0),(CO0)s  3.10 1041 162

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (A) Ti-O nodes in different Ti-MOFs. (B) Ligands used in the construction of Ti-MOFs.

quality of the as-prepared crystals or only amorphous powder
during the synthesis of Ti-based MOFs.

The fast development of zirconium-based MOFs (titanium
and zirconium are elements in the same family of the periodical
table) paves the way for the elaboration of Ti-based MOFs,'¢-*4!
whereas the high charge density and the strong polarizing
ability of Ti** endow it with a constant affinity to oxygen. This
uncontrolled and nearly one-sided inclination is toxic to the
crystal growth process, which needs the allocation and rear-
rangement of the reversible bond between titanium cations and
ligands, making the crystalline growth of Ti-based MOFs
extremely sensitive to any unfavorable stimulus (such as
temperature, time, concentration, solvent, modulator, etc.). In
the case of the structure, the reaction of tetra-kis (4-carbox-
yphenyl) porphyrin (TCPP) with TisOs(AB)s(i-OPr)e clusters at
a high concentration yielded a dark red-brown microcrystal,
named DGIST-1, which is the first single-crystal Ti-MOF based
on a Ti-oxo infinite chain structure.**” Interestingly, PCN-22, the
product from a lower concentration of starting materials,
contains Ti-oxo clusters isolated by TCPP ligands.*** The
concentration of reactants, the types, and even the amount of
modulators (monocarboxylate acids such as benzenic acid,
acetic acid, etc.) may affect the formation of crystals with
different sizes and morphologies, which are directly related to
their performance in applications. Till now, the synthesis of Ti-
MOFs is still case-based, and a general method for the well-
controlled preparation of Ti-MOFs is still undeveloped (Table 1
and Fig. 1). In this section, we mainly discuss and summarize
Ti-MOFs constructed from discrete Ti-oxo clusters.

2.1 Single node

As the first pure Ti-salicylate MOF, Zhang and co-workers used
2,5-dihydroxyterephthalic acid (H,DOBDC) and Ti(i-OPr), as
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starting materials in glacial acetic acid to synthesize a new Ti-
MOF named NTU-9 (NTU represents Nanyang Technological
University), which is a red, hexagonal prism crystal.*** This is
the first example of Ti-MOFs with a single crystal structure.
Interestingly, acetic acid as a solvent can slow the reaction
between the titanium salt and the organic ligand, so that much
larger single crystals can be obtained at 120 °C for 5 days. In
2017, Chun and co-workers prepared large single crystals of

Fig. 2 (A) Coordination mode of the Ti atom in NTU-9. (B) Coordi-
nation of the DOBDC ligand in NTU-9. (C) One dimensional channels
of NTU-9 viewed along the c axis. Reprinted with permission from ref.
144. Copyright 2014, The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2020
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NTU-9 by heating the reaction mixtures in sealed glass tubes
containing a mixed solvent of 2-propanol and acetonitrile (1 : 1)
at 100-120 °C for 24 h.*®® As shown in Fig. 2, the morphology of
NTU-9 is a hexagonal prism and every Ti*" ion is linked to three
organic ligands (three hydroxyl groups and three carboxyl
groups from three different DOBDC) to generate a TiOg cluster.
The structure of NTU-9 is a 2D layer with a hcb network, where
six Ti-O clusters form hexagonal layers firstly, which further
stack together to form a pseudo-3D structure through hydrogen
bonding interactions. The layer spacing between the neigh-
boring layers is probably 6 A, and the size of the 1D channel is
about 11 A. The absorption spectrum of NTU-9 extends from
400 nm to 750 nm with an absorption peak centered at around
520 nm, in agreement with its low band gap (1.74 eV). This
bathochromic absorption can be attributed to the higher
photonic efficiency of NTU-9, compared with the indirect band
gap semiconductor such as TiO,. The Brunauer-Emmett-Teller
(BET) surface area of NTU-9 is 642 m”> g~ " reported by Chun and
co-workers,'®* after 2-propanol molecules occupying the empty
spaces of the channels were completely removed. The polar oxo
moieties of the DOBDC linkers can be beneficial to the sorption
of H, or CO,.

Though several members (MIL-167, MIL-168, and MIL-169)
with considerable optical features have been added into the NTU-
9-like family later, the porosity precluded the improvement of
their photocatalytic performance under visible light.**® Very
recently, Padial et al. were enlightened by the replacement of
carboxylates with phenolate groups which favor the bridge of
mononuclear Ti nodes with octahedral coordination.'*” By
incorporation with a siderophore-type linker (CONHOH-,
a hydroxamic unit), MUV-11 (an analogue of NTU-9 MOF) was
prepared by de novo synthesis with a surface area close to 760 m>
g ' The replacement of carboxylic units with nitrogenated
hydroxamate linkers not only elongates the pore windows, but
also favors the interaction of CO, molecules with the surface of
the pores resulting in a considerably high absorption of CO,.
Notably, the employed activation protocol can lead to partial
collapse of the 3D structure of MUV-11 by a confused reorgani-
zation of the interlayer interaction. Also, anionic hydroxamates
can form hard oxo donors to bond to Lewis acids, which endows
MUV-11 with remarkably high stability in acid media. The Mott-
Schottky plot confirms the p-type conductivity of MUV-11.

The coordination between metal ions and catechol ligands
can have a synergistic effect on electrochemical and catalytic
properties. Enlightened by this, the first catecholate-based 3D
Ti-MOF was reported by Nguyen et al. in 2015, named Ti-CAT-5
(CAT represents catecholate)."*® For the synthesis of Ti-CAT-5,
HeTHO and NBu,Br were dissolved in DMF, followed by the
addition of Ti(i-OPr),. In order to facilitate the deprotonation of
HeTHO, amylamine was added. The reaction was conducted in
Teflon-lined autoclaves at 180 °C for 40 h. Since the as-obtained
single crystal is not good enough for single-crystal X-ray
diffraction analysis, its structure was solved through PXRD
analysis by comparing with Fe-CAT-5. The as-solved structure
indicates that Ti-CAT-5 has a single Ti atom cluster, where a Ti**
cation coordinated with three organic ligands to form a TiOs
octahedral cluster as the SBU. Further studies revealed a doubly

This journal is © The Royal Society of Chemistry 2020
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interpenetrated srs topology of CAT-5. The BET surface area of
CAT-5 is about 450 m* g~ ", in which large apertures are occu-
pied by identical interpenetrated networks and organic guests.
No significant O-H stretching vibration peaks were observed in
the spectrum of Fourier-transform infrared spectroscopy (FTIR),
indicating that the H,THO linkers were fully deprotonated. It is
noteworthy that the remarkable proton conductivity of Ti-CAT-5
and its analogue was attributed to the amount and diversity of
pore contents (sulfate and DMA). With the increase of relative
humidity (RH) and temperature, the proton conductivity of Ti-
CAT-5 increased.

2.2 Tiz-oxo clusters

To utilize the strong binding ability of phosphonates with metal
clusters, Zhu et al. prepared a titanium-phosphonate MOF
based on Ti;-oxo clusters (named TiPNW, also 1-Ti).**® This 1D
titanium-phosphonate-based MOF was prepared via facile sol-
gel chemistry by using etidronic acid (EA) as the ligand, which
features easy post-modifications. Instead of the formation of
titanium-phosphonate MOF nanoparticles (TiPNP) through
a classical hydrothermal method under static conditions, the
self-assembly of titanium phosphonate oligomers along the
axial direction leads to an extended 1D nanostructure via the
shear stress induced by mechanical stirring, which efficiently
improves the mass transfer and provides uniform reaction
conditions. Although, TiPNW and TiPNP possess identical
framework compositions, the surface area of TiPNP (334 m>
¢ ") surpasses that of TiPNW (160 m> g~ ). The electrochemical
impedance spectroscopy (EIS) measurement and the surface
photovoltage spectroscopy (SPS) response manifested that the
1D structure consisting of organophosphonic units and Ti-oxo
clusters offers a sequential pathway for photonic migration,
resulting in efficient electron-hole separation. TiPNW shows
ared-shift absorption to cover the visible spectrum compared to
pristine TiO,. These results further confirm the positive role of
organophosphonic groups in adjusting the band gap and har-
vesting light.

Titanium ions are not always preferred to coordinate in the
tetravalent state. Mason et al. reported the first Ti*" MOF
(named MIL-101-Ti),"*® which is an isoreticular analogue of the
famous Fe-MIL-101. Unlike other Ti-MOFs, MIL-101-Ti was
synthesized in a glove box by reacting TiCl; with 1,4-benzene-
dicarboxylic acid (BDC) in a mixed solvent of anhydrous DMF
and anhydrous methanol at 120 °C for 18 hours. MIL-101-Ti is
composed of triangular Ti";0(COO)g clusters and is the first Ti-
MOF based on Ti*"-oxo clusters. As to the SBU of MIL-101-Ti,
three Ti*" ions coordinate with three BDC ligands to generate
a hexagonal window with a bridging oxygen in the middle of the
window to connect three titanium ions. The BET surface area of
MIL-101-Ti is nearly 2970 m” g~ '. Notwithstanding, the initial
absorption suggested that MIL-101-Ti exhibited a weak
absorption of H,, due to the charge-transfer reactions between
0, and titanium(ir) complexes generating titanium(iv) superoxo
and peroxo species. Other measurements further confirmed
that the strong magnetic coupling of MIL-101-Ti resulted from
the distorted trigonal-bipyramidal geometry of the five-
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coordinate Ti*" sites that can efficiently shield nuclear charge
and preclude MIL-101-Ti interacting with and polarizing
absorbing gas molecules.

Recently, a high-throughput synthetic methodology is used
to synthesize a MIL-100 topology based on Tis-oxo clusters,"®*
and the BET of this material was found to be 1321 m* g~ with
a total pore volume of 0.66 cm® g~ . The surface area lies below
that of the reported analogue MIL-100 which was attributed to
the formation of an amorphous fraction phase or partial
blocking of the pores by molecular precursors. Concerning the
different degradation rates of MIL-100-Ti and the Fe analogue
under acid conditions, the author predicted that the biomedical
applications of the Ti and Fe phases would give different drug
delivery kinetics under simulated biological conditions.

By adopting a novel strategy, the identical structures of Ti**-
MIL-100 and Ti**-MIL-101 were electrosynthesized from the
facile Ti** precursor TiCl, instead of the expensive and air-
sensitive precursor TiCl;.*** Given the superior quality of those
materials compared to the analogue prepared by traditional
solvothermal methods, this electrochemically mediated
synthesis will open up avenues for the design of novel MOFs
containing redox-active metal cations or necessitating prepa-
ration under rigorously air-free reaction conditions. The BET
surface areas of Ti**-MIL-100 and Ti**-MIL-101 were found to be
1304 and 1736 m* g ', respectively. Moreover, by utilizing the
straightforward electrosynthesis methodology, larger and more
well-defined crystalline MIL-100-tatb and MIL-100-BPDC dwarf
analogous samples were also prepared. This electrochemical
method indeed provides an intriguing strategy for the synthesis
of reduced MOFs especially Ti-MOFs with increased
crystallinities.

The hydrolysis of titanium salts is a limiting factor in the
synthesis of Ti-MOFs. In order to overcome this problem, in
2015, Bueken et al. synthesized a new Tiz-oxo-based MOF (COK-
69, where COK stands for Centrum voor Oppervlaktechemie en
Katalyse) by using dicyclopentadienyl titanium(wv) dichloride
([Cp2TiwCL,]) as the Ti precursor to react with trans-1,4-cyclo-
hexanedicarboxylate linkers (H,CDC) in DMF and in the pres-
ence of acetic acid as a modulator at 110 °C for 48 h under an
inert atmosphere.’®> The reduced form of COK-69 (Ti"') was
obtained under these synthetic conditions, which can be
oxidized to form COK-69 (Ti") under the exposure of air. COK-
69 employed a triangular Ti;O cluster as the SBU (Fig. 3). COK-
69 has trigonal-bipyramidal cages and 1-D hexagonal channels
of about 4.9 A (Fig. 3), which belongs to the asc topology. Yet,
the BET surface area of COK-69 is only 29 m> g~'. Thermal
stability analysis indicates that COK-69 is stable below 240 °C.
By using microwave irradiation, the throughput of COK-69 can
be scaled up at the expense of crystalline quality. Interestingly,
COK-69 demonstrated a rare breathing behavior, which opens
a new horizon for more diverse topologies of Ti-MOFs.

Lin and co-workers reported a colorless rhombic Ti;-BPDC
(BPDC = biphenyl-4,4’-dicarboxylate) crystal constructed from
BPDC ligands and Ti;(OH), SBUs in 31% yield via a sol-
vothermal reaction.’ In Tiz(OH), SBUs, the central Ti atom
coordinates with six carboxylate groups, and each of the two
terminal Ti connects with three carboxylate groups and one
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Fig. 3 Structure of as-synthesized COK-69. (A) 1D hexagonal chan-
nels are constructed by the stacking of trigonal-bipyramidal cages. (B)
The [Ti"V50(0),(H,0)(COO0)s] cluster with tilted TiOg (blue) is shown on
the left along with the [Cr'"'sO(CU/F) (H,0),(COO)¢] cluster from MIL-
88 for comparison (O: red, C: black, and Cr: green). Reprinted with
permission from ref. 152. Copyright 2015, WILEY-VCH Verlag GmbH.

-OH group to afford a dia topology (Fig. 4). This material
exhibits a permanent porosity with a BET surface area of 636 m>
¢ . Lin and co-workers later deprotonated closely spaced Ti-
OH groups and chelated with Co™ ions, which provides more
electron-rich active metal sites and a spatially open coordina-
tion environment around metal centers.”® The high catalytically
selective activities in the cascade reduction of N-heterocyclic
rings of pyridines and quinolines confirmed that the substrate
binding is blocked by the channel due to the unfavorable steric
repulsion in the reduction of pyridines and the shape-selective
heterogeneous catalytic system inhibits substrate coordination
to the Co centers in the reduction of quinolines.'*® This work
has expanded the application of MOFs in developing single-site
solid catalysts by connecting neighboring SBUs to undergo
catalysis with chemoselectivity.

2.3 Tig-oxo clusters

The symmetric and compact structure of TigOs(COO)s clusters
is made up of an assembly of two staggered triangular units

Fig. 4 Schematic showing a photocatalytic HER with Tiz-BPDC-Ir via
electron injection from photoreduced [Irlli(ppy)a(dcbpy™"*)1° ligands
into Tiz(OH), SBUs. Ti, Ir, O, and N atoms are shown in blue, gold, red,
and mazarine, respectively. Adapted with permission from ref. 151.
Copyright 2019, American Chemical Society.
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built by sharing vertices of the octahedra, where each titanium
center is surrounded by three p13-O, two ~OOCR and one ~-OCHj;
group. To substitute ~-OOCR with other ~-OOCR’ groups, the
TigO6(COO0)s cluster has been widely used in inorganic reac-
tions."?*'¢71% To take advantage of the symmetry of the TigOg(-
COO); cluster, the hexametric Ti-oxo cluster TigOg(AB)s(i-OPr)s
was used to elaborate MOF-901 (ref. 153) and MOF-902 (ref. 154)
(Fig. 5) by using a strategy that combines the chemistry of MOFs
and covalent organic frameworks (COFs) according to Nguyen's
report. TigO6(AB)s(i-OPr)s was formed in situ in methanol and
then benzene-1,4-dialdehyde (BDA) or 4,4’-biphenyldicarbox-
aldehyde (BPDA) was linked to the TigOg(AB)s(i-OPr)s clusters
using imine condensation reactions to generate MOF-901 and
MOF-902, respectively. The BET surface areas of MOF-901 and
MOF-902 are 550 m* g~ and 400 m> g, respectively, indi-
cating that MOF-902 has a smaller BET surface area than MOF-
901, although MOF-902 showed larger porous windows, which
might be filled by some organic ligands. Structural analysis of
the powder of MIL-901 revealed that it can be described as
perforated 2D layers with triangular apertures, leading to a hxl
topology. In comparison with the absorption spectrum of MOF-
901 ranging from 340 to 550 nm with a maximum located at 360
nm, MOF-902 exhibits a bathochromic optical absorption band,
ranging from 340 to 640 nm with a maximum at 390 nm, which
is in agreement with the higher conjugated longer organic
ligand BPDC.

2.4 Ti-oxo clusters with larger size

Given that porphyrin and metalloporphyrin with ubiquitous
biological functions can serve as ligands, porphyrin-based
MOFs have drawn much attention.'®*”* Taking advantage of
the high photoactivity of the porphyrin antenna, Yuan et al.
employed a hexametric titanium-oxo cluster (TigOg(AB)e(i-OPr)s
(AB = 4-aminobenzoate)) as a Ti precursor to react with TCPP in
DEF at 150 °C for 48 h to generate a new Ti-MOF PCN-22 (ref.

Titanium(I1V)
isopropoxide

o]
NS G
OH

4-Aminobenzoic acid (H-AB)

in situ cluster generation

Q Q
O, | HOOn
% R
1,4-benzene 4,4'-bipheny!
dialdehyde (BDA) |dicarboxaldehyde (BPDA)
TiO,(AB),
’
B 19.97 A XA

°
Ly

MOF-901 MOF-902

Fig. 5 Synthesis of MOF-901 and MOF-902. Adapted with permission
from ref. 154. Copyright 2017, American Chemical Society.
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143) (PCN stands for Porous Coordination Network) (Fig. 6). The
usage of the TigO(AB)(i-OPr)s cluster can efficiently diminish
the hydrolysis of Ti ions and slow down the crystallization
process. Also, the addition of excess benzoic acid as the
modulator is important to obtain high quality crystals, because
the excess benzoic acid could further decrease the growth speed
of MOFs. Note that no crystalline products were obtained under
identical conditions if Ti(i-OPr), or TiCl, was used as the
precursor. Interestingly, during the crystal growth, the rear-
rangement of a pair of TizO; clusters could form a new Ti;O¢
cluster in the framework of PCN-22. Each Ti;O; cluster connects
six TCPP to form 2D layers, which can be further linked together
by Ti** cations to form a porous 3D structure. The as-formed
structure has a quadrangle with a window size of about 1.5 nm
and the BET surface area is 1284 m* g~ *. The calculated band
gap of PCN-22 is 1.93 eV, indicating that PCN-22 can harvest
visible light to induce photocatalysis.

The building unit of the TigOg(COO);6 cluster consists of
eight octahedral metal atoms and sixteen carboxylates, where
two carboxylates connect two different Ti octahedrons with two
neighboring clusters to form a ring of octahedral metal atoms,
which is one member of first-row transition metal complexes
with a ring shape.”®"” The first Ti-carboxylate MOF
(TigOg(OH)4—(0,C-CcH4—CO,)6), named MIL-125, was reported
by Férey and co-workers.”® MIL-125 was solvothermally
synthesized through terephthalic acid (BDC) and Ti(i-OPr), at
150 °C for 15 hours. The inventor creatively used a mixed
solvent containing methanol and DMF. Note that the addition
of methanol can suppress the hydrolysis of titanium salts and
increase the possibility of the crystallization of MIL-125.

Fig. 6 (A) Microscope image of PCN-22 crystals. (B) Structure of the
Ti;Og cluster (only O atoms of DEF molecules are shown for clarity). (C)
Representation of the tetratopic TCPP linker (left) and 12-connected
TizOg cluster (right). Views of the structure of PCN-22 along the (D) a-
axis and (E) b-axis. Color scheme: red O; black C; blue N; and cyan Ti.
H atoms are omitted for clarity. Reprinted with permission from ref.
143. Copyright 2015, The Royal Society of Chemistry.
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Fig. 7 Crystalline structure of MIL-125 with two different cages.
Reprinted with permission from ref. 178. Copyright 2013, Elsevier B.V.

Unfortunately, the as-obtained MIL-125 (Fig. 7) was still in the
microcrystalline state, from which the structure can be obtained
through the simulation of its powder X-ray diffraction (PXRD)
data.'” As the earliest and most typical Ti-based MOF, MIL-125
possesses eight corner or edge-sharing Ti-O octahedra to form
TigOg(OOCR);, clusters through eight bridging oxygens. Its 3D
framework consists of eight triangles forming an octahedron,
which belongs to the feu topology. This porous 3D quasicubic
tetragonal structure has two types of cages, an octahedral (12.55
A) and a tetrahedral (6.13 A) cage, accessible through narrow
triangular windows of ca. 6 A. The lattice parameters were
convergent with a = b = 18.6453 A and ¢ = 18.1444 A. MIL-125
has a good thermal stability below 300 °C, and the BET surface
area could up to 1500 m* g~ . Later on, an amine-functionalized
Ti-MOF, named NH,-MIL-125,"¢ was synthesized with H,ATA as
a linker. The analogous MIL-125 structure was confirmed by the
XRD patterns, and the incorporation of the -NH, group shows
an extra absorption band in the visible light region with the
absorption edge extending to 550 nm compared to the narrow
optical absorption of MIL-125 with absorption near UV. The
architectural stability and permanent porosity of NH,-MIL-125
were confirmed by the N, absorption/desorption isotherms with
the BET and Langmuir surface areas of 1302 and 1719 m*> g,
respectively.

Through linker exchange with a TigOg cluster precursor
while preserving the connection and configuration of the TigOg
core, a new microporous Ti-based MOF (MIP-207) was reported
by Wang et al. via using BTC as an organic ligand."” MIP-207
was synthesized via direct ligand exchange between the BTC
ligand and the terminal monocarboxylate species of a TigOg
cluster precursor (Tig-acetate-formate) under solvothermal
conditions. Note that MIP-207 can also be synthesized by the
assembly of the in situ generated TigOg cluster and BTC in
a reflux reaction, providing a concise and facile synthetic
method for scale-up production. Nitrogen sorption isotherms
confirmed the BET surface area and pore volume of this mate-
rial to be 570 m”> g~ ' and 0.34 cm® g7, respectively. The meta-
connection mode of BTC in MIP-207, which leaves one free
carboxylic group pointing toward the pore, allows the partial
substitution of the BTC linker by different isophthalic acids.
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The linker substitution in MIP-207 not only changes the
chemical environment in the cavity, but also produces
a pronounced adjustment of the pore volume and the surface
area, which further modulates the separation performance of
N,/CO,. The utilization of formic acid and acetic acid in the
preparation of this material also demonstrates that both acids
can be modulators in the preparation of Ti-MOFs.

To obtain a high ratio of oxo-groups to Ti*" ions in the
inorganic building blocks for Ti-MOFs, Wang et al. presented
a robust 3D mdip-based Ti-MOF, named MIL-177-LT, which was
prepared via an easily scalable synthesis through refluxing
a mixture of Ti(i-OPr), and H,mdip in formic acid under
ambient pressure.” MIL-177-LT consisted of a Ti;,0;5 cluster
SBU with a considerable high O/Ti condensation degree of 1.25
which is a critical parameter for the evaluation of properties in
contrast to TiO,, surpassing that of all aforementioned Ti-
MOFs. XRD and density functional theory (DFT) revealed that
each multidentate acid bridges four Ti-oxo clusters, where
formate not only connects pairs of adjacent Ti ions in the cyclic
hexamer, but also affords the combination of SBUs along the ¢
axis and the characteristics of a bnn topology. Permanent N,
porosity confirms a BET area of 730 m* g~ *. Nevertheless, MIL-
177-LT features an excellent chemical stability under extremely
acidic conditions compared to previous reported Ti-MOFs
based on isolated Ti-oxo clusters, including aqua regia and
concentrated H;PO,.

2.5 Heterometallic Ti/M-oxo clusters

Considering the spontaneous hydrolysis of Ti clusters and that
heterometallic clusters combining two or more metals can
outperform monometallic counterparts in many applications,
Yuan et al. discovered a new type of specific Ti/Zr mixed metal
oxide node to synthesize a family of isoreticular photoactive
MOFs, connected by BDC and 2,6-naphthalenedicarboxylate
(NDC), termed PCN-415 and PCN-416."* The structure of the
TigZr,04,(CO0);6 cluster is similar to that of the ZrsO,(OH),(-
COO),, cluster by substituting four equatorial Zr*" with a Tig-
cube, which can be used as a nearly ideal templating scaffold for
the construction of different MOFs regardless of the variation of
synthetic conditions. N, sorption measurements revealed that
PCN-415 and PCN-416 are highly porous with BET surface areas
of 1050 and 1337 m”> g~ ". Later, by introducing amino groups
onto the BDC linker, PCN-415-NH, showed an obvious red-shift
of absorption peaks and a narrower band gap in contrast to
PCN-415. By comparison with UiO-66, the enhanced photo-
catalytic performance is attributed to the formation of Ti*",
which allows long-lived charge separation.

After these research studies, a new chemically robust single-
crystalline photoactive Ti-based MOF (named MUV-10) based
on heterometallic SBUs was synthesized through a reaction
between titanium isopropoxide, calcium chloride and BTC
in DMF with acetic acid as a modulator.'® The BET
surface area of MUV-10 was found to be 1041 m” g~ . The Ti,-
Ca,(0),(H,0)4(CO0)g SBU consists of six-coordinated octahe-
dral Ti*" and Ca** centres with a trigonal prismatic geometry,
which is bridged with eight neighbouring SBUs by eight BTC
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linkers, to give a characteristic of a the network. MUV-10
exhibits remarkable stability that allows it to be used in drastic
conditions during catalytic tests. In contrast to metal doping in
post-synthetic metal exchange, this work makes the anchoring
of dopants at the atomic level possible, providing a new
approach to improve the photocatalytic performance.

3. The development of Ti-MOFs
based on infinite Ti-oxo chains and
sheets

The poor charge mobility of MOFs results from the discrete
metal-oxo clusters which could not provide an adequate orbital
overlap for the migration of charge carriers, limiting the
improvement of their photocatalytic activities."”® Charge
carriers can preferentially migrate through an adequate orbital
overlap produced by a CB within a continuous cluster chain.
Also, early studies showed that the efficiency of charge separa-
tion of the long axis in TiO, nanorods or nanotubes is much
higher compared to that of the nanoparticles.'®® Recent research
indicated that extending the dimensionality of Ti-oxo chemistry
from isolated Ti-oxo clusters to infinite chains and sheets can
efficiently enhance the charge mobility and thus the photo-
catalytic activity.”>'°® However, such examples are rare. Thus,
designing and exploring new types of highly photoactive Ti-
MOFs consisting of infinite chains and sheets are very impor-
tant and highly desirable.

As the first porous MOF based on titanium diphospho-
nate, MIL-91 was synthesized by wusing N,N-piper-
azinebismethylenephosphonate as the ligand in aqueous
solution.”* In its simulated structure, Ti is octahedrally
coordinated with six O atoms to form TiOg, which is further
connected together to form Ti-O chains along the b-axis
through sharing the corners. MIL-91 has well-defined 1D
porous channels with a diameter of about 4 A and a BET
surface area of 430 m* g~*. The reminiscent tancoite archi-
tecture has been demonstrated to show an excellent capa-
bility of carbon dioxide capture.
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Though titanium phosphonate is firstly constituted by
infinite Ti-oxo chains, the main attention was focused on the
high nuclearity and coordination number of Ti-oxo carboxylate
clusters as well as the preparation of the diverse structures of Ti-
MOFs. Recently, Wang et al. reported a new Ti-MOF based on
infinite Ti-oxo chains, where MIL-177-LT with Ti;,-oxo0 clusters
can be transformed into an unusual irreversible phase MIL-177-
HT with an ultrathin 1D infinite Ti-oxo nanowire.” MIL-177-HT
consists of edge-sharing trigonal pyramidal TisO, clusters with
an O/Ti condensation of 1.5 after thermal disposal, where the
terminal and bridging formates in the original structure of MIL-
177-LT were removed. The Hymdip linkers equally bridge the
neighboring ultrathin Ti-oxo nanowires to form a 3D framework
(Fig. 8). With a slight decrease of BET in contrast to original
MIL-177-LT, MIL-177-HT retained the large hexagonal channels
with a BET area of 690 m> g~ . The band gap is calculated to be
3.5 eV for MIL-177-HT. MIL-177-HT is the first photoconductive
MOF, which is even comparable to that of well-known nano-
sized TiO, due to the infinite Ti-oxo chain rather than photo-
active organic inkers. When doping with different metals and
retaining the Ti-oxo nanowire array in their structure, MIL-177-
HT composites with iron doping can achieve a nearly four orders
of magnitude improvement of electrically conductive perfor-
mance. MIL-177-HT also features notable photoconductivity with
a polymer composite (polythiophene) in contrast to other re-
ported Ti-MOFs based on discrete Ti-oxo clusters and even orig-
inal MIL-177-LT. This remarkable difference can be attributed to
the increased charge separation and excellent long-distance
charge delocalization of the MIL-177-HT composite, where
accommodated polymer chains and Ti-oxo chains could provide
an aligned ambipolar conduction pathway for charge migration.
Indeed, this ground-breaking work promoted the study of pho-
toactive Ti-MOFs based on infinite Ti-oxo chains.

Keum et al. prepared a dark red-brown microcrystal as
DGIST-1 via optimizing the synthetic conditions of PCN-22.**
Single-crystal XRD analysis revealed that each Ti" atom was
octahedrally coordinated with four O atoms originating from
four TCPP linkers and two p,-O atoms, forming an infinite Ti-

Fig. 8 (A) Adjacent infinite ultrathin (TigOo), nanowires with a thickness of ca. 1 nm connected by mdip linkers (in gray). (B) Channels in the
(TigOg), N@anowire array running along the c-axis with a diameter of ca. 0.9 nm. (C) Small channels of 0.3 nm windows retained when viewed
along the b-axis of the MIL-177-HT crystal structure. Reprinted with permission from ref. 99. Copyright 2019, Springer Nature.
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Fig. 9 Crystal structures of the TigOg(i-OPr)g(t-BA)g cluster and (B)
DGIST-1 along (A) the b-axis and (C) the c-axis. Green, Ti; yellow, O;
blue, N; gray, C. H atoms are omitted for clarity. Reprinted with
permission from ref. 142. Copyright 2019, WILEY-VCH Verlag GmbH.

oxo chain, which is assembled with TCPP into a 3D framework.
It should also be noted that the distance between two TCPP
linkers which is linearly aligned is equal to the distance of two
neighboring Ti"V centers along the Ti-oxo chain (Fig. 9). After
the removal of guest solvents, the porous structure of DGIST-1
was confirmed by nitrogen sorption isotherms with a BET
surface area of 1957.3 m> g~ ', which surpasses that of the iso-
structural AI-PMOF (1400 m® g~ *). The band gap of DGIST-1 was
calculated to be 1.85 eV, slightly lower than that of PCN-22 (1.93
eV). 1,3-Diphenylisobenzofuran (DPBF) as a singlet oxygen (*O,)
scavenger was used to examine the generation of 'O, under
visible light irradiation. The results proved that in the presence
of DGIST-1, the superoxide (‘O,~) can be traced accounting for
the bathochromic shift of the spectra upon the decomposition
of DPBF. 'O, and "0, can be simultaneously generated by the
synergistic effect of the Ti-oxo chain and the TCPP linker as
efficient reactive oxygen species for photocatalytic reactions
upon visible light irradiation. The high surface area and
extraordinary photoredox properties may enable the utilization
of DGIST-1 in various photocatalytic applications.

To elongate the life time of excited states and enhance the
photocatalytic properties, Gao and co-workers designed
a series of Ti-MOFs (named ZSTU-1 to 3) based on infinite Ti-
oxo rods with tunable porosities and optoelectronic proper-
ties.’*® ZSTUs (Fig. 10) were prepared from tritopic carboxylate
ligands with strong electron-donating behavior and Ti(i-OPr),
in DMF at relatively high temperature (180 °C). It is noteworthy
that their porosities systematically increase with longer and
larger tri-carboxylic linkers as light harvesters. As empirically
expected, ZSTU-1 and ZSTU-3 constructed from triphenyla-
mino-based ligands can extend broader light absorption and
exhibit better photocatalytic performance than ZSTU-2. Quite
similar to the aforementioned infinite (TigO,), nanowire of
MIL-177-HT, the hexagonal shaped Tig(pn3-O)s subunits are
connected by the triangular linkers to form a 2D larger struc-
ture along the ¢ axis, where these Tig(;-O)e clusters are further
bridged by six p,-OH groups to generate infinite 1D nanorods
with the characteristic of a kdg topological network. The BET
surface areas of ZSTU-1, ZSTU-2 and ZSTU-3 are about 536 m>
g ', 628 m* ¢ ' and 861 m* g~ !, respectively. The band gaps of
ZSTU-1, ZSTU-2 and ZSTU-3 are calculated to be 2.3 eV, 3.1 eV
and 2.2 eV, respectively, where the lower band gap of ZSTU-3
compared to ZSTU-1 accounts for the stronger conjugated
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Fig. 10 Schematic illustration of three isoreticular Ti-MOFs with 1D
rods of variable pore size from three different tritopic carboxylate
ligands. Adapted with permission from ref. 100. Copyright 2019,
American Chemical Society.

effect of the organic ligand in ZSTU-3. The investigation of the
excited state dynamics also revealed that the elongated
extension of ligands can increase their optical absorption.
This methodology can be further extended to the large range of
aromatic linkers used in the synthesis of MOFs, which should
enable accurate and predictable control over the band gap of
tailored frameworks.

To generate more reactive oxygen species for biological utili-
zation in Ti-MOFs, Lin and co-workers synthesized a new
porphyrin-based Ti-MOF (Ti-TBP) based on an infinite Ti-oxo
chain.”®® Ti-TBP was synthesized via a solvothermal reaction
between TiCl,-2THF and 5,10,15,20-tetra(p-benzoato)porphyrin

Type | PDT

Type Il PDT

Fig. 11 (A) Perspective view of the Ti-(Ti-TBP) structure along the
(010) direction. (B) Coordination environments of Ti-oxo chain SBUs.
(C) Schematic showing both type | and type II PDT enabled by Ti-TBP.
Adapted with permission from ref. 158. Copyright 2019, American
Chemical Society.
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(H,TBP) in DMF with acetic acid as the modulator. Single crystal
X-ray diffraction studies revealed that the in situ formed Ti-coor-
dinated TBP ligands (Ti-TBP) were connected by infinite (TisO;5),
chains to form a 3D framework with a BET surface area of 527.7
m? g~ (Fig. 11). TEM and atomic force microscopy (AFM) images
confirmed that Ti-TBP consists of square nanoplates with
a diameter of 150 nm and thickness of 20 nm. The distance
between two neighboring lattice points in high resolution TEM
(HRTEM) agrees well with the distance between the centers of two
neighboring Ti-oxo chains. Upon light irradiation, Ti** centers of
Ti-TBP not only can be reduced to Ti**, but also further reduce O,
to facilitate the generation of superoxide. The proximity of Ti-oxo
chains to porphyrin-based ligands may provide a notable strategy
to the implement of Ti-MOF in biological chemistry.

Given the synergy between H,TBAPy (H,TBAPy stands for
4,4’ 4" 4" -pyrene-1,3,6,8-tetrayl-tetrabenzoic  acid) featuring
a wide visible absorption region and Ti ions may give rise to
a MOF with considerably high photocatalytic activity, Gascon
and coworkers synthesized a new MOF (named ACM-1) with
infinite Ti-oxo chains by a one-step reaction in a solvent mixture
of dry DEF and chlorobenzene, by using propionic acid as the
modulator.” The cell parameters of ACM-1 are identical to
those of a previously reported In** based MOF, ROD-7, only with
the difference that p,-OH groups in ROD-7 are replaced by
shared p,-O in ACM-1, which is characteristic of a sea topology.
The nitrogen isotherm confirms the microporosity of ACM-1
with a BET surface area of 1212 m® ¢~ and a pore volume of
0.55 m*> g~ '. Femtosecond transient absorption (fs-TA) spec-
troscopy studies of ACM-1 and ligand H,TBAPy further eluci-
dated the longer charge separation lifetime of ACM-1 with a low
optical band gap of 2.30 eV, which is a prerequisite element for
enhancing photocatalytic performance. The strong PL quench-
ing of ACM-1 compared to ROD-7 revealed the efficient charge
transfer from the ligand to the Ti-oxo infinite chain.

A novel Ti-MOF (named COK-47) based on Ti-oxo sheets was
reported by Smolders et al. to extend the dimensionality of Ti-oxo
connections to 2D.'* The Ti-oxo sheet contains double chains of
edge-sharing TiO, octahedra that are bridged by p,-O atoms. The
Ti-oxo sheets are connected by biphenyldicarboxylate (BPDC)
ligands to form a 3D porous structure (Fig. 12). The reaction at
a lower concentration and lower temperature yields larger crys-
tals (named COK-47;), which is more convenient for structural
analysis. The measured BET surface area of COK-47;, and COK-
475is 60 m> g~ ' and 573 m> g~ ', respectively. The discrepancy of
their porosity is attributed to the deliberately induced missing
linker defects under the drastic synthesis conditions of COK-47s.
COK-47s, featuring defect-rich Ti-oxo sheets, exhibited excellent
catalytic activity in contrast to COK-47; (41.1 x 10 > min™ " vs. 3.6
x 10~% min ") for the oxidation of dibenzothiphene (DBT).

4. Photocatalytic applications of
Ti-MOFs
4.1 Band gap engineering

In the case of the existence of Ti**-Ti'" intervalence charge
transfer in the Ti-oxo cluster or Ti-oxo chain and sheet, Ti-MOFs
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Fig.12 Representation of the COK-47 structure along the a (right) and
b (left) directions. Red lines indicate the orientation of the carboxylates
and orange lines show the phenyl ring alignment. The linker connects
corner- and edge-sharing octahedron pairs from neighbouring layers
(middle). Reprinted with permission from ref. 160. Copyright 2019,
WILEY-VCH Verlag GmbH.

have spurred tremendous applications in the fields of hetero-
geneous photocatalytic systems. Considering that Ti-MOFs
contain Ti-oxo SBUs, discrete organic linkers, coordinatively
unsaturated metal centres, functional ligands and even guest
species such as MNPs can be active sites in synergistic catalysis
and tandem reactions.” It is of importance to figure out the
general structural requirements for Ti-MOFs suitable for
heterogenous photocatalysis. Although, transition metals in
a nanometric particle can confine the excitation when the
particle size is commensurate with the mobility of charge
carriers, the isolated Ti-oxo cluster is too far away to fulfil the
Mott transition conditions.”” ¥ Also, the distance between the
neighbouring organic linkers is too large to allow efficient IT-II
stacking and provide sufficient orbital overlapping, resulting in
electrons preferentially in a localized state (Frenkel).'®> Organic
linkers serve as sets of individual discrete light absorption
antennas, and once light is excited, the electron of organic
linkers will migrate to the CB and a hole will be left in the VB of
the origin sites. The band gap is the crucial factor determining
the efficiency of this ligand-to-metal cluster charge transfer
(LMCT) mechanism. It is clear that narrowing the band gap can
decrease the thermodynamic cost for shifting light absorption
to the visible light spectrum.'® Poor charge mobility detri-
mental to the photoresponsive ability may lead to fast charge
recombination. Rationalizing the choice of appropriate Ti
precursors and organic ligands is vital to develop an efficient
heterogenous photocatalytic system. Discovering new Ti-MOFs
is not the only way to elevate the performance of photocatalysts.
By substitution of the amino group, the absorption edge of NH,-
MIL-125 was found at 2.6 eV against 3.6 eV of MIL-125. Photo-
luminescence (PL) studies and UV/vis spectra confirmed that
the amino groups protruded into the micropore can extend the
light absorption, which can be a proof that -NH, substituted
linkers as building units can remarkably improve the photo-
catalytic activity.

To further elucidate the specific role of the diaminated linker
BDC-(NH,), and other functional groups (-OH, —-Cl, and -CH3)
in the optical response, Hendon et al. successfully achieved
tailored MIL-125 towards absorption in the visible range via
grafting a suitable substituted group on phenyl rings."®* When
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Fig. 13 (A) HSEO6-predicted band gaps of MIL-125 (black) and its
analogues containing functionalized BDC linkers. Substitution of ca.
10% (i.e., one functionalized linker per unit cell) was made, unless
otherwise stated. Control of the band gap was achieved by varying the
substituent. Reprinted with permission from ref. 184. Copyright 2013,
The Royal Society of Chemistry. (B) Diffuse reflectance spectra of the
materials investigated in this study: MIL-125(Ti) (grey), NH>-MIL-125(Ti)
(orange) and MR-MIL-125(Ti) (red). (C) Photocatalytic benzaldehyde
evolution. No catalyst (grey), NH,-MIL-125(Ti) (orange) and MR-MIL-
125(Ti) (red). 200 plL of benzyl alcohol/12 mL CHzCN and 150 W Xe
lamp. 12 mg of NH;-MIL-125(Ti) and 18 mg of MR-MIL-125(Ti).
Reprinted with permission from ref. 185. Copyright 2013, The Royal
Society of Chemistry.

increasing the ratio of BDC-NH, and BDC (10%, 50%, and
100% BDC-NH,, which are equal to 1, 6, and 12 BDC-NH,
linkers per unit cell), the molar extinction coefficient notably
has a proportionate increase with the -NH, substituted linker
content. To further explore the donating characteristics of
aromatic amines, a mixture of 10% diaminated BDC-(NH,),
and 90% BDC-NH, was constructed to study its band structure.
The band gap decreases to 1.28 eV with the rational selection of
the substituent of the diaminated BDC linker (Fig. 13A). Finally,
the introduction of 10% BDC-R (R represents -OH, -CH3, and
-Cl) reconfirmed that the substitution of the electron donating
group on the phenyl ring can lower the optical band gap.

Besides purposely synthesizing Ti-MOFs through choosing
suitable Ti precursors and organic linkers, post-synthetic modi-
fication (PSM) can also be an alternative way for MOF design.
After the as-prepared NH,-MIL-125 reacted with nitrosonium
ions and then reacted with diethylaniline, red-MIL-125 (MR-MIL-
125) containing methyl red-like organic dye was prepared to
improve the optical absorption.”® The calculated optical band
gap of MR-MIL-125 was ~1.93 eV. Photoconductivity measure-
ments demonstrated that the properties of MIL-125 could be
judged as an array of self-assembled molecular catalysts rather
than classical semiconductors because the poor photo-
conductance kept the electrons in a localized state, whereas 30%
content of MR-functionalized in this red-MIL-125 could enhance
40% contribution in activity. Due to the extended conjugation of
the aromatic system, there is a clear red shift of the absorption
edge to almost 700 nm (Fig. 13B and C).

Logan et al. reported a series of Ti-MOFs isoreticular to NH,-
MIL-125 by tailoring N-alkyl amino groups.**® As a consequence
of the polarization of a chemical species in electronegativity
between a heteroatom and carbon atoms in the alkyl chains,

J. Mater. Chem. A

View Article Online

Review

varying the length and connectivity of the decorated alkyl chain
in close proximity to the amino group could increase electron
density and destabilize the top of the VB to result in a narrower
band gap. A progressive decrease in the surface area and pore
volume was observed, which was induced by N-alkyl substitu-
tion in the N, gas absorption and CO, adsorption isotherms.
Among these series, the n-heptyl substituted counterpart
exhibited a higher band gap than the cyclohexyl analogue, close
to that of the n-butyl substituted counterpart, which can be
attributed to the inductive effects decreasing with the
increasing distance between the heteroatom and C-C c-bond.
Except that, stronger electronic induction can be achieved by
the o-bonds of cyclic substituents consistent with the increased
electron density.

In addition to amino functionalization, small variations of
organic linkers or metal ions can also enhance the photo-
catalytic performance. Li and co-workers have prepared Ti-
substituted NH,-UiO-66, in which Ti atoms make substantial
contribution to the bottom of the CB of this mixed-metal
MOF." The substituent Ti moiety can act as an electron
mediator in promoting the electron transfer, resulting in
a longer lifetime of the charge-separated state, where the Ti-
substituted NH,-UiO-66 exhibits a broader light absorption
spectrum with a shoulder peak extending to 500 nm compared
to NH,-UiO-66. A lack of crystalline collapse and the presence of
peaks corresponding to other Ti species ruled out the possibility
of the formation of Ti-based impurities. Subsequently, Lee et al.
further developed 1(Zr/Ti) by mixed-ligand and mixed-metal
modification via post-synthetic exchange (PSE), and the induc-
tively coupled plasma mass spectroscopy (ICP-MS) and BET data
supported the argument that Ti was substituted for Zr in MOF
SBUs. PL measurement provided the evidence for charge
transfer in 1(Zr/Ti), and the remarkably reduced emission
intensity compared to the original structure indicated the effi-
cient charge transfer of photogenerated electrons by LMCT. In
addition, the energy band structure revealed that 1(Zr/Ti) has
two light absorption routes, which can exactly broaden the light
absorption coverage of the MOF (Fig. 14A and B)."*® This study
suggests a novel way to obtain additional light absorption by
linker modification and metal incorporation.

To have a deep insight into the metal doping strategy, Gason
and co-workers clearly elucidated that Ti was incorporated in
the linker vacancy sites via metal appendage rather than the
replacement of Zr in the SBUs of UiO-type materials, giving
researchers a glimpse of this engineering for metal incorpora-
tion."™ Inspired by those studies, Belver and co-workers
prepared new mixed Ti-Zr MOFs based on NH,-MIL-125 with
different Ti : Zr ratios and clearly elucidated that the amount of
Zr incorporated in NH,-MIL-125 can influence the crystal-
linity."® Within a certain scope of the doped Zr amount, the
structural integrity of this mixed-metal NH,-MIL-125 remains
unchanged. When the amount of doped Zr exceeded the
threshold, mixed-metal NH,-MIL-125 with an amorphous
structure and lower porosity was obtained. By choosing an
appropriate Ti content, the mixed Ti-Zr MOF shows a high
surface area, essentially a microporous texture and lower charge
recombination rate featuring better photoactivity.

This journal is © The Royal Society of Chemistry 2020
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Fig. 14 (A) Synthesis of a mixed-ligand MOF 1(Zr) via PSE to obtain
mixed-metal MOFs 1(Zr/Ti) and UiO-66(Zr/Ti)-NH,. (B) (a) Photo-
luminescence spectra of both 1(Zr) and 1(Zr/Ti). (b) Energy band
structure of 1(Zr/Ti) derived from UPS and F(R) results. Heterogeneous
ligands formed two energy levels in the MOF, which potentially cata-
lyze CO,. Reprinted with permission from ref. 188. Copyright 2015,
The Royal Society of Chemistry (C). (a) Time course of photocatalytic
hydrogen production under visible-light irradiation (A > 420 nm) from
water containing 0.01 M TEOA and 0.05 mM H,PtClg using Ti-MOF-
Ru(tpy), for a total of 9 h with intermittent evacuation and exposure to
atmospheric conditions every 3 h. (b) Wavelength-dependent
apparent quantum efficiency for the hydrogen evolution reaction from
water containing 0.01 M TEOA and 0.05 mM H,PtClg using Ti-MOF-
Ru(tpy),. (c) Photoluminescence spectra of Ti-MOF-Ru(tpy), and
Ru(tpy), measured under vacuum at 77 K (excitation: A¢x = 520 nm). (d)
Sacrificial reagent dependence of photocatalytic hydrogen production
under visible-light irradiation (A > 420 nm) over Ti-MOF-Ru(tpy), for
a reaction time of 6 h. Reprinted with permission from ref. 197.
Copyright 2014, The Royal Society of Chemistry.

Owing to their high light sensitivity, molecular dyes can be
implemented as the ligands through the direct synthesis of the
envisaged scaffold or by PSM.™ " Pullen et al. firstly immo-
bilized an iron complex [FeFe]-(dcbdt)(CO)s as a proton reduc-
tion catalyst on the framework of UiO-66."° Taking advantage of
the labile bonds between the Fe centres and the electron-defi-
cient Hydcbdt linker, this complex can be homogeneously
incorporated into UiO-66 with a modest decrease in pore size
distribution. The incorporation of this iron complex can even
prevent reduced species from non-productive charge recombi-
nation. Besides, optimizing the PSE conditions can elevate the
photocatalytic performance of the diiron-catalyst-incorporated
MOF in contrast to the homogeneous counterpart. Following
this strategy, Toyao et al. reported the incorporation of a Ru
complex (Ru(bpy),) with a broader absorption spectrum and
lower highest occupied molecular orbital (HOMO) level than
those of BDC-NH, into the typical MOF NH,-MIL-125.*” The
interpenetration of this Ru complex enormously decreased the
surface area and pore size, and the results showed that the trend
of the apparent quantum efficiency matches well with that of
the extended absorption spectrum, demonstrating superior
photocatalytic ability in accordance with better light harvesting
behaviour (Fig. 14C). Last but not least, the lower luminescence
intensity of Ti-MOF-Ru(tpy), compared to pure Ru(tpy), sug-
gested that efficient charge transfer occurred from the dye
molecule to the Ti-oxo cluster.

As for designable surface potentials and tunable mass-
transfer ability of MOFs, a number of studies based on
exploiting their immobilization and stabilization at the
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nanoscale have been explored in a reproducible and reliable
manner. The encapsulation of MNPs in MOF pores can facilitate
the charge migration, resulting in a longer lifetime of the
charge-separated state.’®'*® Encapsulating surface plasmon
resonance (SPR) active species (i.e. Pt, Pd, and Au) in the spatial
confinement of the Ti-MOF cavities could also achieve
a remarkable performance of photocatalysis.

In the case of amino functionalization, attractive modifica-
tion ways for better photocatalytic activity included mixed
ligands/metal modification, metal doping and photo-sensitiza-
tion of Ti-MOFs with dye molecules, and the cooperative action
between the typical characteristics of MOFs with the catalytic
nature of guest species in the pore/cage/channel for synergistic
catalysis.”® Recently, with the in-depth exploration of polymers,
metallic complexes, metal oxides and graphitic carbon nitride
(g-C3N,), the organization of the guest series loaded in Ti-MOFs
with a spatially defined manner has the potential to enable
synergistic functions for solar energy utilization, which will be
discussed below.

4.2 Photocatalytic water splitting

Hydrogen, an attractive energy carrier, can store solar energy in
its chemical bond, which can be released through direct
combustion with only water as the by-product. There are many
efforts in using a heterogeneous photocatalyst for large-scale H,
production via artificial photosynthesis.?**-**

MIL-125 possessed a large band gap of 3.60 eV, which can
only absorb UV light. Under UV irradiation, MIL-125 with
alcohols in its cavities clearly changed its color from white to
purple-gray-blue within a few seconds under inert gas
(nitrogen), which is reversible upon exposure to O,. The
phenomenon was explained by the intervalence electron
transfer hopping in MIL-125, and the conversion between
Ti(m) and Ti(iv) proven by EPR spectra. However, further
investigation triggered by this photochromic phenomenon
was instantly blocked by the large band gap of MIL-125. NH,-
MIL-125, as an analogue of MIL-125 with amine functionali-
zation, was reported to be utilized for visible-light-driven
photocatalytic hydrogen evolution by Matsuoka's group, as
shown in Fig. 15.2°° Since the bandgap of NH,-MIL-125 (2.60
eV) became lower than that of MIL-125 (3.60 eV), visible light
can be used to irradiate it. After irradiation, an electron from
the amino group transfers to the Ti-oxo cluster, which
promotes the conversion of Ti** to Ti*". With the existence of
the co-catalyst Pt, NH,-MIL-125 has a good photocatalytic H,
evolution performance, and H, production reaches 17 umol
g "h™", exhibiting superior photoactivity compared to UiO-66
type MOFs. PXRD of the sample disposed with intermittent
evacuation and exposure to air conditions indicated the
integrity of NH,-MIL-125.

A facile approach for the encapsulation of Au, Pt and Pd
nanoparticles into MIL-125 without any extra reducing or
stabilizing agents was promising to prepare high-quality metal
MNPs/MOFs.>” HRTEM images clearly show the characteristic
lattice fringes of the MNPs and no obvious agglomeration of the
initially formed small MNPs. It's worth noting that Pt/MIL-125
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Fig. 15 (A and B) Schematic illustration of a photocatalytic hydrogen
production reaction over Pt-supported Ti-MOF-NH, on the basis of
the LCCT mechanism. (C) DRUV-vis spectra of Ti-MOF (dotted line)
and Ti-MOF-NH, (solid line). Inset shows the DRUV-vis spectra of
H,BDC (dotted line) and H,BDC—-NH, (solid line). (D) Time course of
photocatalytic hydrogen production under visible-light irradiation (1 >
420 nm) over Pt/Ti-MOF-NH, for a total of 9 h with intermittent
evacuation and exposure to atmospheric conditions every 3 h.
Adapted with permission from ref. 206. Copyright 2012, American
Chemical Society.

through a Ti**-assisted method exhibited superior H, evolution
activity in contrast to analogous counterparts prepared by
a direct photodeposition method. The corresponding turnover
number (TON) based on the Pt amount is 30.2, which is an 80%
increase relative to the traditional way. However, there is no
discussion about the stability and recyclability of this heterog-
enous photocatalyst.

The appropriate size and distribution of the MNPs encap-
sulated in the Ti-MOF can promote the performance of H,
evolution under light irradiation by synergistic effects, origi-
nating from the Ti-MOF framework and the SPR effect of
MNPs. Notably, by optimizing the amount of the hole scav-
enger (CH;O0H) in the UV photo-assisted deposition of Pd,
appropriate control of the size and location of Pd can be
achieved. The Pd/NH,-MIL-125 (ref. 208) heterogenous
composite can generate hydrogen at a linear rate after the
initial period for the dehydrogenation of formic acid (a useful
hydrogen storage material). This result is higher than that of
the analogue counterparts, which is attributed to the basic
functionalization of NH,-MIL-125 and small Pd NP size.?*®
Researchers may draw insights from this work for in-depth
understanding of H, evolution in water splitting by metal
doping in Ti-MOFs.

Iluminated by the plasmonic efforts and Schottky junctions,
a Pt@MOF/Au catalyst with two types of metals was designed to
show two orders of magnitude activity enhancement of the
hydrogen evolution rate (1743.0 umol g~* h™") in reference to
other control groups under light irradiation (Fig. 16).>"® PXRD
profiles and TEM images confirmed the homogeneity of this
composite after reaction, and the strong Ti** signal was attrib-
uted to the greatly accelerated electron charge transfer. The
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composite was used for three runs showing no significant
decrease in photoactivity. Notably, the plasmonic efforts of Au
nanorods and the Pt-MOF Schottky junction synergistically
boost the photocatalytic ability of MIL-125, by elaborately
steering the formation of the charge flow and expediting the
charge migration, which may provide more opportunity toward
more efficient solar energy valorization in future endeavour.

The insertion of photoactive molecules into the cavities of
MOFs to form a guest@MOF system is an efficient way to
improve the activity of MOF photocatalysts. The oxygen-tolerant
cobaloxime complex was loaded into the pores of NH,-MIL-125
by the PSM approach (Ship-in-a-Bottle technique).?** Co@NH,-
MIL-125 exhibited a 20-fold enhancement in hydrogen evolu-
tion under visible-light illumination compared to NH,-MIL-125
(Fig. 17). No leaching of the Co complex occurs in the CoO@NH,-
MIL-125 composite. Also, the recycling experiments showed
that there was almost no loss of activity after about 70 h of
illumination, indicating the high stability of this composite.
EPR measurements confirmed that Co was the active site for H,
generation. Under light illumination, the MOF backbone
absorbs light and transfers electrons to the cobalt species
within the composite, which then reduces H' to H,. It can be
confirmed that the Co complex over the bulk of the MOF matrix
is highly dispersed.

Following the strategy of cooperative effects which combine
a photoactive matrix and catalytically active encapsulated guest,
another Co(u) complex ([Co™(TPA)CI][CI] (TPA = tris(2-pyr-
idylmethyl)amine)) was loaded into the pores of NH,-MIL-125,
which reached a high H, production rate (553 pmol g * h™ %) as
compared to NH,-MIL-125 (17 umol g~ h™").>*> Furthermore,
the Co()@MOF composite is nearly identical to the virgin NH,-
MIL-125 with no agglomerates or core/shell type structure, as
evidenced by HRTEM. The stability of this composite was
confirmed by determining the absence of Co leaching and the
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Fig. 16 (A) Schematic illustration showing the synthesis of Pt@MIL-
125/Au and the corresponding Pt/MIL-125/Au and MIL-125/Au
analogues. (B) (a) Photocatalytic H, production rates of different
catalysts. (b) Recycling performance of Pt@MIL-125/Au. The reaction
with the photocatalyst (5 mg) in MeCN/TEOA/H,0 (9 :1:0.15 v/v/v,
20 mL) under the irradiation of 380-800 nm light with a 300 W Xe
lamp (LX-300F, Japan). (C) ESR spectra of (a) MIL-125 and MIL-125/Au,
and (b) MIL-125/Au, Pt/MIL-125/Au, and Pt@MIL-125/Au at 140 K in the
absence or presence of visible-light irradiation for 300 s. (c) Schematic
illustration showing the electron migration at the two metal-MOF
interfaces based on the energy levels. Reprinted with permission from
ref. 210. Copyright 2018, WILEY-VCH Verlag GmbH.
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Fig. 17 (A) ‘Ship-in-a-bottle’ synthetic strategy followed for the
assembly of Co@MOF. (B) (a) Photocatalytic proton reduction using
the MOF and Co@MOF. (b) Steady state H, evolution rate plotted
against the average number of cobalt atoms inside each MOF cavity.
(c) Recycling tests on Co@MOF bearing medium cobalt loading.
Conditions: 5 mg catalyst, 5 mL CH3zCN, 1 mL TEA, 0.1 mL H,0, and
500 W Xe/Hg lamp using 2> 408 nm. (C) Proposed hydrogen evolution
mechanisms in the pristine MOF (left) and Co@MOF (centre). ATA = 2-
aminoterephthalic acid. Schematic diagram of redox potentials of
components of the Co@MOF composite (right). (*): calculated values.
(**): experimental data. Concept of photocatalytic H, production
using a Co@MOF-125 composite. Adapted with permission from ref.
211. Copyright 2015, The Royal Society of Chemistry.

reusability of Co(u)@NH,-MIL-125 several times without the
loss of photoactivity. This guest@MOF composite also facili-
tates the photoinduced charge transfer from the MOF to the
Co(un) complex, which can greatly improve the spatial charge
separation, thus significantly improving the photocatalytic
activity of H, evolution.

An ionic nickel(u) species ([Ni(dmobpy)(2-mpy),] (dmobpy =
4,4'-dimethoxy-2,2'-bipyridine, 2-mpy = 2-mercaptopyridyl))
was loaded into NH,-MIL-125 by stepwise assembly of the
complex in the presence of the MOF to form a new Ni@NH,-
MIL-125 composite.®® Under UV-light irradiation, the
composite demonstrated a high TOF of 28 mol g(Ni)~* h™* for
H, generation under improved conditions. Mechanically mixed
NH,-MIL-125 and Ni(u) complexes as well as solid Ni(NO;),-
-6H,0 and pristine MOF were used to figure out the origin of Ni
species responsible for this photocatalysis. The results eluci-
dated that two different Ni species account for the efficient
photocatalytic performance of this hybrid composite, whereas,
the well-retained structural integrity of this composite which is
associated with the original MOF itself after the loop test is not
figured out. Those Ti-MOFs in work can be an ideal scaffold for
the heterogenization of homogeneous complexes.

A post-solvothermal route for the outer-to-inner loss of
organic linkers from Ti-MOF was operated at low temperature
compared to the commonly adopted pyrolysis method. This
NH,-MIL-125@TiO, core-shell particles provide a void space
and a mesoporous structure,** which can provide more active
sites and facilitate mass/charge transfer. Remarkably, NH,-MIL-
125@TiO, exhibited a high hydrogen generation rate of 496
umol g~* h™', which is 70 times higher than that of the raw
materials and exceeds the photoactivities of noble-metal-loaded
MOF catalysts. In addition, this core-shell architecture retained
its integrity up to three runs and prevented the agglomeration of
particles.

This journal is © The Royal Society of Chemistry 2020
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The fabrication of hierarchical porous Ti-MOF/COF hybrid
materials was synthesized by the reaction between NH,-MIL-125
and benzoic-acid-modified covalent triazine-based frameworks
(B-CTF-1) via covalent bonds instead of the traditional combi-
nation modes through van der Waals forces or hydrogen
bonds.?** The hydrogen generation (360 pmol g~ h™") over the
optimized Ti-MOF/COF composite is 2.2 and 2.1 times that of
the original CTF-1 and benzoic acid-functionalized CTF-1
nanosheets, and the superior hydrogen evolution performance
of this material was ascribed to the formation of amide bonds
between COFs and MOFs, resulting in the efficient separation of
electron-hole pairs. To further validate this innovative strategy,
a similar postsynthetic covalent modification between NH,-
UiO-66 and CTF-1 was also achieved with typical photocatalytic
performance, in accordance with empirical expectation. In
addition, NH,-UiO-66/B-CTF-1 showed better photocatalytic
performance compared to NH,-MIL-125/B-CTF-1 obtained from
the formation of polar amide covalent bonds between the COF
and MOF.

¢-C3N, has been investigated in various photocatalytic
applications as a metal-free polymeric semiconductor due to its
excellent physiochemical properties and flexible layered struc-
ture, which can anchor and wrap onto Ti-MOFs with an intimate
contact beneficial to interfacial electron transfer. Thus, Xu et al.
reported a novel NH,-MIL-125/g-C;N, heterostructure deco-
rated with NiPd co-catalysts for efficient photocatalytic
hydrogen production.**® With different ratios of MNPs, excellent
hydrogen evolution performance of this as-fabricated hetero-
structural photocatalyst was achieved which is 322 times higher
than that of NH,-MIL-125/g-C;N,. The role of NH,-MIL-125 in
the contribution of hydrogen generation performance can be
ascribed to three main aspects: (1) the large intimate contact
interface between NH,-MIL-125 and g-C3;N, is suitable for the
uniform distribution of NiPd NPs. (2) The porous NH,-MIL-125
can promote the mass/charge transfer favouring the separation
of electron-hole pairs. (3) NH,-MIL-125 acting as a photoelec-
tron incubator can enhance the photoactivity of hydrogen
generation.

Given that the Z-scheme concept was proposed to maximize
the redox potential of the heterojunction system,*”
Z-scheme heterostructured catalyst (termed CFBM) consisting
of NH,-MIL-125 and g-C3;N, functionalized by benzoic acid
(CFB) via covalent bonds was prepared to elevate photocatalytic
performance (Fig. 18).2'®* With the increase of the amount of
CFB coating on g-C3N,/NH,-MIL-125, the hydrogen production
rate was enhanced in good agreement with the improved results
of PL and electrochemical impedance spectroscopy (EIS)
measurements. After four cycles, this hybrid covalently bonded
composite with high stability and a long-life charge separation
state exhibited better photoactivity than conventional hetero-
structured catalysts through van der Waals force. In this het-
erostructure, benzoic acid can act as an electron mediator to
efficiently separate photogenerated electrons and holes. Mean-
while, the photogenerated electrons of BDC-NH, can be trans-
ferred to Ti-oxo clusters via LMCT, leading to the formation of
Ti**, which is beneficial for hydrogen production.

a novel
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Fig. 18 (A) Schematic representation of the synthesis of covalently
linked CFBM composites. (1) g-C3N4 functionalized with benzoic acid
(CFB) and (Il) in situ growth of CFBM crystals. Photocatalytic mecha-
nism of the charge transfer for hydrogen evolution over 10CFBM
under visible light irradiation. (B) PL spectra of the as-prepared cata-
lysts at an excitation wavelength of 325 nm (a); electrochemical
impedance spectra of the as-prepared catalysts (b). (c) The rate of
hydrogen evolution over the different samples under visible light
irradiation (a—c). (d) The cycling runs of the 10CFBM catalyst under
visible light irradiation for 16 h. Reprinted with permission from ref. 217.
Copyright 2018, Elsevier B.V.

The doping of Ir- and Ru-complex-derived dicarboxylate
ligands into the Ti;-BPDC framework was applied in visible
light-driven photocatalytic hydrogen evolution.'** ICP-MS anal-
ysis revealed that the Ti/Ir ratio of Ti;-BPDC-Ir is 3.25 and the Ti/
Ru ratio of Ti;-BPDC-Ru is 4.82, respectively. The TONs of Ti;-
BPDC-Ir and Ti;-BPDC-Ru reached 6632 and 786 after 72 h
under visible light irradiation, in contrast to the modest TONs
of a mechanical mixture of the TizO¢ cluster and Ir complex or
Ru complex. Additionally, the mechanism of energy transfer in
the reaction between photosensitizers and Ti-oxo clusters was
clearly studied, which was confirmed via photophysical, elec-
trochemical and DFT studies.

4.3 Photocatalytic CO, reduction

The accumulation of CO, is one of the hottest disputed issue in
the global warming, so the fixation of a large amount of carbon
dioxide creating a useable feedstock of reduced carbon via
artificial photosynthesis has triggered lots of studies.?**'*>*

In 2012, Li and co-workers used NH,-MIL-125 to reduce CO,
to HCOO™ under visible-light illumination in the presence of
triethanolamine (TEOA) as a sacrificial agent and acetonitrile as
the solvent, which is the first endeavour of Ti-MOFs.'*® The
formation of formate can be detected in the resulting products
with an amount of 8.14 pmol in 10 h. The NH, group in NH,-
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MIL-125 is quite essential for photocatalytic CO, reduction. The
reaction mechanism for photocatalytic CO, reduction is
proposed, as shown in Fig. 19. Upon the illumination of visible
light, the amine-functionalized ligands transfer electrons to Ti*"
to form Ti** via a LMCT process. Then, Ti** reduces CO, to
HCOO-, whereas TEOA acts as an electron donor.

An isoreticular series of Ti-based NH,-MIL-125 to reduce CO,
under blue irradiation were reported.'® In this series, most of
the N-alkyl substitutions in MIL-125-NHR (where R = methyl,
ethyl, isopropyl, n-butyl, cyclopentyl, cyclohexyl, and n-heptyl)
showed higher CO, convention compared to NH,-MIL-125
(Fig. 20). Their study revealed that secondary N-alkyls, iso-
propyl, cyclopentyl, and cyclohexyl (Fig. 20c blue histograms)
display a larger quantum yield (1.5-1.8%) than the primary N-
alkyls (0.30-0.40%, Fig. 20c orange histograms). Among them,
MIL-125-NHCyp demonstrated the largest apparent quantum
yield (1.80%), which is almost 6 times the quantum yield of
NH,-MIL-125. Considering that there is no correlation between
the photocatalytic efficiency and gas absorption ability, the
increased photocatalytic activity of secondary alkyl substituent
species coincides with the decreased bandgap and increased
excited-state lifetime. All MOFs showed good photochemical
stability after reuse.

To achieve cooperative action of a high specific surface area
and excellent ultraviolet absorption ability, a high ordered
hierarchical macroporous MIL-125 structure, which combines
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Fig. 19 (A) Proposed mechanism for photocatalytic CO, reduction
over NH,-MIL-125(Ti) under visible light irradiation. (B) The amount of
HCOO™ produced as a function of the time of irradiation over (a)
NH>-MIL-125(Ti) (), (b) MIL-125(Ti) (), and (c) a mixture of TiO, and
HoATA (19 mg + 32 mg) (O), and (d) visible light irradiation without
a sample (A). The solutions were irradiated using a Xe lamp with filters
producing light in the range of 420-800 nm. Photocatalysts: 50 mg,
MeCN/TEOA (5:1), and solution volume: 60 mL. Adapted with
permission from ref. 156. Copyright 2012, WILEY-VCH Verlag GmbH.
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the advantages of a macroporous material (which is beneficial
for mass transmission and easier accessibility for guest objects)
and microporous material (which provides very abundant
catalytically active sites), was synthesized via a solvent evapo-
ration-induced self-assembly route in one step.”*® This as-ob-
tained composite exhibited excellent performance in the
atmospheric chemical fixation of carbon dioxide under UV
irradiation. The carbonylative coupling reaction of 4-methyl-
benzyl chloride with CO, was chosen to explore the catalytic
performance of macroporous MIL-125 under UV light (365 nm),
and this material as a catalyst displayed a high yield at 79%
under optimal conditions compared to a considerably low yield
of 39% for pure MIL-125. This macroporous material has a high
BET surface area of up to 1083 m”> g~ " higher than that of pure
MIL-125 (877 m® g ).

4.4 Other photocatalytic applications

The conversion of MIL-125 was helpful to realize the photo-
oxidation reaction of alcohols to aldehydes under UV light
excitation. It would give similar results if COK-69 was employed
as a catalyst for the alcohol oxidation reaction under UV light (1
= 315-400 nm). Since UV light only accounts for about 4% of
solar energy, it's quite essential to develop MOFs that can utilize
the visible light, which could utilize about 43% of solar energy.

NH,-functionalized Ti-MOF NH,-MIL-125 and Ni-doped
NH,-MIL-125 successfully extend the optical absorption to the
visible light region, which was used to study the visible-light-
induced aerobic photocatalytic oxidation of aromatic alcohols
to their corresponding aldehydes by Fu et al.>** In their study, O,
was used as the oxidizing agent. After the illumination with
visible light for 10 h, a conversion of 25.8% with high selectivity
(>99%) was achieved for the photocatalytic oxidation of p-
methyl benzyl alcohol in the presence of NH,-MIL-125. Then, Ni
nanoparticles were doped into NH,-MIL-125 via the reduction
of Ni** ions with NaBH, in solution. Ni-doped NH,-MIL-125
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Fig.20 (A) Crystal structure of the parent MOF MIL-125 and molecular
structure of the organic link in NH>-MIL-125 and the N-substituted
isoreticular MOFs prepared. (B) Kinetic plot of the CO,-photoreduced
products (format, HEF and BHEF) over time utilizing MIL-125-NHMe
(purple) and MIL-125-NHhep (pink). The turnover number determined
as total moles of reduced CO, per mole of catalyst (based on the
linker). (C) CO, photoreduction apparent quantum yield of the iso-
reticular MIL-125-NHR MOFs; the histogram colour indicates the
nature of the alkyl chain. Adapted with permission from ref. 186.
Copyright 2017, The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Journal of Materials Chemistry A

demonstrated an extra absorption band in the visible light
region of 500-800 nm. The BET surface area of the nano-
composite is reduced to 993 m> g~ from 1300 m” g~ ' of NH,-
MIL-125 with a Ni amount of about 0.93 wt%. The photo-
catalytic conversion efficiency of Ni-doped NH,-MIL-125 as
a catalyst is enhanced up to 43.2% compared with NH,-MIL-
125. The enhanced photocatalytic activity of Ni-doped NH,-MIL-
125 mainly resulted from the improvement of visible-light
harvesting, charge separation, and electron transport of the
resultant catalyst.

Porphyrinic linker based Ti-MOF PCN-22 has a low band gap
of 1.93 eV and shows a broad range of light absorption from 200
nm to 640 nm. The photocatalytic alcohol oxidation reaction
with PCN-22 can convert benzyl alcohol into the corresponding
aldehyde under visible light.*** As shown in Fig. 21, a new PCN-
22/TEMPO system was applied for the benzyl alcohol oxidation
reaction (TEMPO  represents  2,2,6,6-tetramethylpiper-
idinyloxyl). Under visible-light illumination for 2 h, the
conversion of a benzyl alcohol to the corresponding benzalde-
hyde is up to 28% with a TON of over 100, which is much larger
than the photocatalytic activity of porphyrinic linker based
Zr-MOF PCN-224. A two-electron-transfer mechanism of the
MOF/TEMPO system was proposed (Fig. 21A(a)). The TCPP
linker absorbs light and injects an electron into the Ti;O¢
cluster and generates [TCPP]", which then oxidizes TEMPO to
form TEMPO'. Finally, TEMPO" selectively oxidizes benzyl
alcohol to aldehyde.
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Fig. 21 (A) (a) Proposed mechanism for the PCN-22/TEMPO system;
(b) reaction catalyzed by PCN-22. (B) Time course of the benzyl
alcohol oxidation reaction catalyzed by different catalysts. Adapted
with permission from ref. 143. Copyright 2015, The Royal Society of
Chemistry.
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To investigate the mechanism of photocatalytic oxidation of
benzyl alcohol to benzaldehyde by DGIST-1, which displayed
>99.5% selectivity, a high conversion (93%) and appreciable
turnover number (190 pmol mg ™) in the absence of cocatalysts,
DMPO was used as a superoxide species scavenger while TMP as
a singlet oxygen species scavenger or in the presence of phenol
as a hole scavenger."*> The yield of benzyl alcohol oxidation with
any scavenger was dramatically decreased, and this controlled
experiment elucidated the pivotal role of holes, superoxide
species and singlet oxygen in the oxidation of benzyl alcohol.
Intriguingly, the twice recycled DGIST-1 exhibited typical
stability, reconfirming that porphyrin Ti-MOFs can be efficient
photocatalysts in the selective oxidation of alcohols to
aldehydes.

Pt/NH,-MIL-125 has been studied in the photocatalytic
reduction of nitrobenzene to nitrosobenzene and aniline under
visible light irradiation.” Later, the substrate scope for the
aerobic oxidation of amines over NH,-MIL-125 was investigated.**®
Acetonitrile was found to be the optimum medium among all the
solvents tested, and the different substituents on the phenyl ring
can alter the conversion rate and selectivity resulted from the
existence of the electronic effect. Amines bearing electron with-
drawing substituents on the phenyl ring decreased selectivity and
conversion. The reaction rate in the order of para- < meta- < ortho-
substituted results from the steric hindrance of methoxy
substituted at different positions of the phenyl ring of benzyl-
amine, and there is no oxidation occurring for amine lacking
hydrogen at the a-carbon, indicating the crucial role of a-H in the
catalysis. The enhanced performance was also reconfirmed by the
reaction carried out without using a cut-off filter.

An electron-conduction bridge was constructed from Ag NPs
photodeposited on the surface of g-C;N, and MIL-125, facili-
tating the direct migration of photoinduced electrons from g-
C;N, to MIL-125 and retarding the combination of electron-
hole pairs.”” When the content of g-C;N, was controlled at an
optimal value, the oxidation of various aromatic alcohols to the
corresponding carbonyl compounds revealed that alcohol
compounds with electron-donating substituents can enhance
the photocatalytic activity, while lower yields of alcohol
substituted by electron-withdrawing groups were observed,
which is even prevalent in the case of benzhydrol systems. The
results of the photocatalytic reduction of various aromatic nitro
compounds with electron effects are contradictory to the
observation of the oxidation of aromatic alcohols. Electron-
withdrawing groups substituted in the nitro compounds are
beneficial for photocatalytic reduction performance. The
photoreduction of nitro compounds and oxidation of the alco-
hols with superior conversion and selectivity not only indicate
the feasibility of this heterostructured nanocomposite, but also
show the increase of the electron-donating ability of the corre-
sponding substituent group in alcohols corresponding to the
conversion capability.

To develop efficient catalysts for the cleavage of the N=N
bond, which is a kinetically challenging process,*****° a series of
isoreticular NH,-MIL-125 were harnessed to undergo photo-
catalytic nitrogen fixation to form NH; under visible-light irra-
diation without any sacrificial agent.”** All the analogous MOFs
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with functionalized ligands were photoactive for N, fixation,
while the amino-functionalized NH,-MIL-125 exhibits the
highest visible light efficiency at a rate of 12.3 pmol g " h™*
compared to -OH and -CHj; substituted counterparts (Fig. 22).
The different photocatalytic response properties are likely
originated from the electronic structure where the strong elec-
tron-donating characteristics of aromatic functional groups can
lead to reduction of the band gap consistent with the simulated
studies. PL and ESR measurements can prove that N, was firstly
captured by the TigOg clusters with defect sites, and then
underwent reduction to ammonia assisted by Ti** sites in the
presence of water as an electron donor. The high reaction rate of
NH,-MIL-125 can be rationalized with the increase of the light
absorption spectrum and higher exchange ratio to induce more
Ti** which is beneficial to the reduction of nitrogen.

Isoreticular Ti-MOFs (MOF-901 and MOF-902) were investi-
gated for the photocatalytic polymerization of various mono-
mers, such as methyl methacrylate (MMA), benzyl methacrylate
(BMA), and styrene under visible light irradiation.*** Polymers
with a high yield, high molecular weight, low polydispersity
index and uniform distribution were prepared. Taking advan-
tage of the longer conjugated linker units, MOF-902 exhibited
better photocatalytic performance in contrast to MOF-901 pos-
sessing a higher band gap. Stability and recyclability can be
confirmed by the unchanged crystal structure and BET surface
area after three consecutive cycles.

Ti-TBP was synthesized as a photocatalyst in hypoxia-
tolerant type I photodynamic therapy (PDT).**® Upon light irra-
diation, Ti-TBP not only transfers electrons from excited ligands
to the Ti-oxo cluster, but also sensitizes singlet oxygen
production. Ti-TBP as a photocatalyst leads to an efficient
tumor regression of 98.4% in volume with a cure rate of 60%, in
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Fig. 22 (A) (a) The amount of NH4* produced as a function of irradi-
ation time over NH,-MIL-125(Ti), OH-MIL-125(Ti), CHs-MIL-125(Ti),
MIL-125(Ti), no catalysts, and NH,-MIL-125(Ti) with Ar pumping.
Conditions: photocatalysts, 25 mg; water solution, 100 mL; visible light
(400-800 nm). (b) Production yield rates of ammonia over photo-
catalysts for 15 h. (c) 1H NMR spectra of the products via reaction over
photocatalysts in different reaction atmospheres. (d) Wavelength-
dependent apparent quantum efficiency of NH,-MIL-125(Ti) under
monochromatic light irradiation. (e) Low-temperature ESR spectra of
the as-prepared NH,-MIL-125(Ti) before and after light irradiation. (f)
The time-resolved photoluminescence decay curves of NH,-MIL-
125(Ti) under Ar and N, atmospheres. (B) (a) Schematic diagram of the
targeted visible light active MOFs for photocatalytic N, fixation. (b)
Schematic drawing of the structure of NH,-MIL-125(Ti). Perforated
cyclic octamer with edge- and corner-sharing TiOs(OH) octahedra
(yellow part); N of the free amino groups (blue dots). Reprinted with
permission from ref. 230. Copyright 2020, Elsevier B.V.
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excess of the tumor inhibition performance over the corre-
sponding Hf counterpart and homogeneous control, and the
nontoxic nature of Ti-TBP-mediated PDT treatment was
confirmed by no difference in behaviour and organ function
after treatment.

With the modification of Ag NPs dispersed on the surface of
MIL-125 microspheres,®* (the amount of Ag loaded as a co-
catalyst was determined to be 3 wt%), this composite (Ag(3 wt%)
@MIL-125) almost completely degraded all rhodamine B (RhB)
under light illumination. However, although MIL-125 also dis-
played a typical photocatalytic activity for the visible-light-
induced degradation of RhB, its degradation rate for RhB is only
about 8% after 40 min of visible light irradiation. The photo-
catalytic activity of this composite is four times higher than that
of P25 TiO,, which is used as a benchmark photocatalyst. Also,
this hybrid composite can be reused at least five times without
significant loss of photocatalytic performance.

NTU-9 exhibited an excellent performance for dye degrada-
tion under visible light irradiation (1 > 420 nm)."** With the
existence of NTU-9, RhB and methylene blue (MB) in aqueous
solution were degraded completely after 80 min and 20 min,
respectively. After 6 h of the dye degradation experiment, NTU-9
still retained the excellent photocatalytic performance and the
integral crystal structure. The incorporation of other semi-
conductors into MOFs to form a heterojunction is an efficient
approach to improve the photocatalytic activity of MOFs. Novel
metal nanoparticles,>*** r-GO,** 1In,S;*** g-C3N,,>*>*¢
Ag;P0,4,>” CdTe**® and BiOI*** were used to form hetero-
structures, which all showed enhanced photocatalytic dye
degradation efficiency.

Besides photocatalytic applications, Ti-MOF also showed
promising applications in gas storage and separation,>*>*
chemical sensors,***>*® optoelectronics, solar cells*** and
other applications.*®*>** Due to the length limit of this review,
these topics will not be covered here.

249-252 253

5. Conclusion and outlook

The development of Ti-based MOFs is still in its infancy. Till
now, only limited Ti-MOF structures have been reported; espe-
cially the number of Ti-MOFs based on infinite Ti-oxo chains
and sheets is small. Most of the new Ti-MOF structures were
reported after 2014 when new architectural design and
synthesis strategies were employed. In the case of the diversity
of Ti-oxo clusters, we believe that there should be more new
structures emerging in the next few years.

In this review, we summarized the recent progress of Ti-
MOFs. The different synthesis conditions such as solvents,
temperature, reaction time, Ti precursors, modulator and the
Ti/ligand ratio can lead to new Ti-MOFs. We also discussed the
photocatalytic activity of these Ti-MOFs including photo-
catalytic alcohol oxidation, photocatalytic H, generation, pho-
tocatalytic reduction of CO, and photocatalytic dye degradation.
We believe that such discussions could encourage scientists to
become involved in the research field of Ti-MOFs.

However, the synthesis and applications of new Ti-MOF
materials are still very challenging. The synthetic conditions of
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Ti-MOFs are still case-by-case based, and there is still no general
method to prepare new Ti-MOFs. The addition of modulators
such as acetic acid or benzoic acid, which has been widely
utilized in the synthesis of Zr-based MOFs, may be a good
resolution. In fact, this strategy has been successfully used in
the preparation of high-quality single crystals of Ti-MOFs (PCN-
22) with benzoic acid as the modulator. Clearly, this method
might be extended to prepare other Ti-MOFs. In addition to
direct synthesis, Ti-MOFs can be obtained by the usage of mixed
metal and/or mixed linkers, or by a metal- or linker-exchange
method. With rational elaboration design, the combination of
open metal sites and functional groups can make Ti-MOFs
a suitable scaffold for synergistic catalysis, which is difficult to
achieve in homogeneous catalysis. Although there are thou-
sands of organic ligands that can be combined with metal ions
to form MOFs, only limited organic ligands could coordinate
with Ti to form crystalline MOFs. Ti-MOFs containing N-ligands
have not been reported to date. Like TiO,, Ti-oxo based MOFs
are not stable under basic conditions and some even can't
retain their integrity in water. We expect that Ti-N-based MOFs
could improve their stability, especially under basic conditions,
though the synthesis of Ti-N based MOFs is a challenging task.

Ti-MOFs display excellent activities for photocatalysis.
However, the photocatalytic efficiency is still low compared with
some inorganic compounds. For a long-term target, an increase
in the photocatalytic activity of one or two orders of magnitude
in the case of photocatalytic hydrogen generation is needed.
Though the capture chemistry of CO, in the presence of water
has been discussed to highlight the importance of geometric
constrains and the mediating role of water,****** more efforts
are required to elucidate the mechanism of CO, reduction
within Ti-MOFs. Moreover, the intrinsic photoactivity of Ti-
MOFs needs to be further improved. Defect control and band
gap engineering might be useful to enhance the photoactivity of
Ti-MOFs. MOFs featuring periodic alignment chromophores
and metal-oxo clusters open up the possibilities to set up
a series of energy transfer systems, which can have insights into
the energy transfer process. Though several energy transfer
mechanisms have been proposed, theoretical calculations and
modeling methods for a deeper understanding of the mecha-
nism and charge migration kinetics were rarely reported.”®
Crystal engineering may allow us to control the spatial
arrangement of Ti-MOFs, and the elaborate crystal structure
analysis can provide a platform for in-depth investigations
between structure-function relationships, allowing insights
into further optimizing the fabrication of Ti-MOFs.

The morphology-dependent photocatalytic efficiency is
scarcely investigated for Ti-MOFs. Discovering the mechanism
of the surface heterojunction to explain the unique electron-
hole separation phenomenon observed on the crystal facets of
Ti-MOFs, along with precise control of the morphology and
hierarchical assembly, can make significant progress in the
elaboration of the photocatalytic mechanism of Ti-MOFs. The
loading of photoactive molecules, metal particles, or inorganic
and organic semiconductors with Ti-MOFs can be alternative
methods to obviously improve their photocatalytic activity. It is
still difficult to maintain the structural integrity of ligands
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substituted with dye molecules when Ti-MOFs were modified to
extend the light absorption spectrum. Taking into account the
combination of high stability under extreme conditions and
efficient photocatalytic activity, it's quite challenging to prepare
Ti-MOF-based systems with well-defined structural integrity
and high energy/mass transfer efficiency.

Overall, the research on Ti-MOFs is still in its infancy in
which the photocatalytic applications are mainly restricted to
MIL-125 and NH,-MIL-125. It is urgent to deepen the utilization
of other Ti-MOFs, especially based on infinite Ti-oxo chains and
sheets. Note that the pore size and structure of MOFs play an
important role in gas adsorption and separation; the applica-
tions of Ti-MOFs in gas adsorption and separation still need to
be explored. Resolving some or all of the above-mentioned
challenging tasks can efficiently push forward the development
of Ti-MOFs for practical applications.
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Abbreviations

AB 4-Aminobenzoate

abz 4-Aminobenzoate

ATA 2-Aminoterephthalate

BA t-Butylacetate

BDA Benzene-1,4-dialdehyde

BDC 1,4-Bicarboxybenzene

BET Brunauer-Emmett-Teller
BMA Benzyl methacrylate

BPDA 4,4'-Biphenyldicarboxaldehyde
BPDC 4,4'-Biphenyldicarboxaldehyde
bpy 2,2'-Bipyridine

BTB Benzene tribenzoate

BTC 1,3,5-Benzenetricarboxylate
cat Catecholate

COF Covalent organic framework

Cp,TiCl, Dicyclopentadienyl titanium(v) dichloride

dcbdt 1,4-Dicarboxylbenzene-2,3-dithiolate
DEF N,N'-Diethyformamide

DFT Density functional theory

DMF N,N'-Dimethylformamide

dmobpy  4,4'-Dimethoxy-2,2'-bipyridine
DMPO 5,5-Dimethyl-pyrroline-N-oxide

EA Etidronic acid

EPR Electron paramagnetic resonance
ESR Electron spin resonance

HAc Acetic acid

HOMO Highest occupied molecular orbital
Hycdce trans-1,4-Cyclo-hexanedicarboxylic acid

H,DOBDC 2,5-Dihydroxyterephthalic acid
Hsbdha  1,4-Dihydroxamic acid
H,L N,N'-Piperazinebismethylenephosphonic acid

H,TBAPy 4,4',4" 4"-Pyrene-1,3,6,8-tetrayl tetrabenzoic acid
H;BTC Trimesic acid
H¢,THO 2,3,6,7,9,11-Hexahydroxytriphenylene

J. Mater. Chem. A

View Article Online

Review

Hymdip  3,3,5,5-Tetracarboxydiphenylmethane
H;TCA 4,4’ 4"-Nitrilotribenzoic acid

H;BTCA  Tris(4’-carboxybiphenyl)amine

LMCT Ligand-to-metal charge transfer
LUMO Lowest unoccupied molecular orbital

MB Methylene blue

MMA Methyl methacrylate

MOFs Metal-organic frameworks

NDC 2,6-Naphthalenedicarboxylate

NPs Nanoparticles

NMR Nuclear magnetic resonance

PL Photoluminescence

PSE Post-synthetic exchange

PSM Post-synthetic modification

PXRD Powder X-ray diffraction

RhB Rhodamine B

SBUs Secondary building units

tatb 4,4' 4"-s-Triazine-2,4,6-tribenzoic acid

TBP 5,10,15,20-Tetra(4-pyridyl)porphyrin

TCPP 4,4’ 4" 4" (Porphyrin-5,10,15,20-tetrayl)
tetrabenzoate

TDHT 2,4,6-Tri(3,4-dihydroxyphenyl)-1,3,5-triazine

TEMPO 2,2,6,6-Tetramethylpiperidinyloxyl

TEOA Triethanolamine

THF Tetrahydrofuran

TOF Turnover frequency

TON Turnover number

Ti(i-OPr), Titanium tetraisopropoxide

TMP 2,2,6,6-Tetramethyl-4-piperidone

tpy 2,2',6',2"-Terpyridine

uv Ultraviolet

XRD X-ray diffraction
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