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Abstract

Artificial photosynthesis is an emerging and reliable technique for CO; mitigation, and it is also a
potential method to achieve carbon dioxide resourcing and efficiently convert solar energy to storable
high-density chemical energy (solar fuels), solving both the challenging universal problems of energy
shortage and global warming simultaneously. Metal-organic frameworks (MOFs) are crystalline
materials composed of metal ions bridged by organic ligands to form one to three-dimensional
coordination networks. MOFs are emerging photocatalysts with the highest surface area compared to
other photocatalytic materials known to humankind, and their flexible rational design allows the
incorporation of different active sites into a particular framework, thereby generating a complex
multicomponent photocatalytic system. This review surveys the updated strategies to rationally
design a photocatalytic MOFs for efficient transformation of CO, into solar fuels. The review
discusses MOFs' features as semiconductor photocatalysts, and diverse means of improving their
light-harvesting, charge separation and CO, adsorption capacity. Furthermore, different components
of MOFs that are light-responsive and the light-harvesting mechanisms for the CO, photoreduction
are highlighted. The breath of work compiled in this review will stimulate further research in global

CO. abatement and will be of great importance to broad ranges of researchers and industrialists.
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1. Introduction

In the atmospheric system, an increased
amount of CO; results in a high imbalance in the
influx of energy in the earth, thereby leading to a
rise in the global temperature [1, 2]. Consequences
to this increment are the melting of the ice caps and
transformation of cultivatable land to desert, which
might result in the rise in sea level, and the loss of
hospitable space and climate of human habitat, in

the near future [3]. Depletion of natural resources

and the resultant generation of waste gases mainly
emanate from the scale of human activities.
Notwithstanding that our daily energy needs still
strongly depend on fossil fuels because of their
stability, availability, and high energy density, it
causes greenhouse gas emissions, hence
threatening the current human living condition [3-
6]. Hitherto, CO, evolved from the burning of
hydrocarbon fuel like coal, natural gas, and oil is

the worst climate pollutant standing at the forefront
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of anthropogenic greenhouse gases [7, 8]. Notably,
the environment is not only being polluted, but
there is a continuing decline in oil supplies, thus
humans are losing essential resources for modern
civilization [1]. Utilizing sunlight as a source of
alternative clean energy to efficiently transform
CO; into important solar fuels could solve both of
these challenging universal problems of energy
shortage and global warming simultaneously [9-
11]. Eons ago, green plants used a network of
membrane-bounded chromophores to harvest solar
energy that photochemically transforms carbon
dioxide and water into energy-rich carbohydrates
by natural photosynthesis [12-15]. Notwithstanding
the abundant radiation of sunlight to our planet, an
infinitesimal portion is utilized (the earth receives
more solar energy per hour than is consumed per
year); humanity needs to harness even less than
0.002% of available solar energy in order to
accomplish our entire energy requirement [16, 17].

The development of solar fuels is of optimum
importance since they are concentrated energy
carriers, possess long-term energy storage capacity,
and are environmentally benign [18, 19]. Solar
fuels are predicted to become a vital contributor to
humankind's energy needs in the near future and are
also useful in balancing our yearly and daily
[20]. Thus,

photosynthesis remains the biological blueprint for

variation in solar irradiation
solar energy storage as fuels [21-23]. Solar fuels
can be produced from sunlight by an indirect
pathway with intermediate energy carriers such as
the conversion of biomass to biogas or by a direct

pathway, which involves an integrated system like
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artificial photosynthesis [18]. The most promising
solar fuels generated from artificial photosynthesis
are carbon-based fuels that are produced by CO,
reduction [24, 25]. Unlike hydrogen generated
fuels, carbon-based fuels have proven to possess
very dense energy storage [26, 27]. However, a
robust practical solar-driven catalyst for carbon-
based fuel production has not yet been discovered.

One of the foremost important environmental
and climate issues is devising strategies and
materials to reduce the concentration of CO; in the
environment [4]. To avoid or delay the CO.
emission into the atmosphere; carbon fixation has
been achieved by both natural and artificial
techniques such as photosynthesis, forestation,
mineral ~ carbonation,  ocean fertilization,
sequestration, direct ocean dump and geological
injection [28, 29]. But some of these methods just
store the CO- in its original form [30]. Furthermore,
both means of removing the CO; from the flue
exhaust (chilling and pressurizing the exhaust or
passing through a fluidized bed of amine) are both
inefficient and costly. Artificial photosynthesis is
an emerging and reliable technique for CO;
abatement. It is also a potential method to achieve
carbon dioxide resourcing and efficiently convert
energy from the sun to storable high-density
[31-33].

researchers have employed both organic and

chemical  energy Consequently,
artificial

Artificial

construct
[34].
photosynthesis was first reported in 1972, by using

inorganic  materials  to

photochemical systems
TiO, for water splitting [35]. Tremendous efforts

have been geared toward producing other efficient
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heterogeneous photocatalysts that include both
semiconducting materials, TiO;, CdS, ZnO,
Zn,Ge0s, and ZnGayOs4, together with metal
incorporated zeolites for CO;reduction [11, 36-43].
But the performances of most of these materials are
quite low because of low surface area, insufficient
CO-, adsorption capacity, inferior light absorption
efficiency, and low recorded charge separation
efficiency. Thus, novel advanced photocatalyst
systems and their modification strategies are still
highly desirable.

The emerging of metal-organic framework
(MOFs) as promising efficient, cost-effective,
visible-light responsive materials with tunable and
large gas adsorption capacity is believed to have
high potentials of solving the long time
environmental CO; emission problems [44, 45].
MOFs are crystalline materials composed of metal
ions [46] coordinated to organic linking groups
(ligands) to form well oriented coordination
networks [47-49]. Their
abundant voids [50, 51]. Until now, MOFs have

demonstrated the highest surface areas and the

frameworks contain

lowest densities compared to other materials known
to humanity [52, 53]. Owing to the inherent
enormous internal surface areas, high porosity,
good chemical stability and varying topology of
MOFs, they have emerged as outstanding hybrid
material with numerous applications ranging from
gas adsorption/separation/sequestration [54, 55],
drug delivery [56, 57], chemical sensing [58, 59],
dye adsorption/degradation [60, 61] and catalysis
[62-67].

physicochemical properties of MOFs are adjustable

Moreover, those remarkable
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by rational selection and combination of metal
nodes, organic linkers, and solvent together with
the synthetic conditions [68]. The idea for the
synthesis of these materials is achieved from metal
carboxylate cluster chemistry. Hence, MOFs are
recent development between material sciences and
coordination chemistry [69]. Significantly, MOFs
can be employed as semiconductor photocatalysts
since they can absorb solar light to generate charge
carriers which will then be transported to the
targeted reactants and activate them to trigger
photocatalytic redox reactions [70]. During these
processes, they function as light—energy
transducers to energize the charge carriers. Some
studies have reported the use of MOFs as
photocatalyst for diverse applications, including
photocatalytic CO, conversion [71-76]. The main
challenge of achieving an efficient photosynthetic
system is integrating the three functional modules
for artificial photosynthesis [77], that is, light
absorption center, charge transport pathway, and
adsorption and reaction active sites, cooperatively
in the single photocatalyst material system [78].
Different like

photosentisizers [79] and catalytic site, can be

functional components,
flexibly integrated into a porous cavity of MOFs by
host-guest synergetic design, making it of great
potential to efficiently promote the three
fundamental steps of photosynthesis in a hybrid
MOFs based photocatalyst system [14]. Therefore,
MOFs have the possibility to achieve artificial
photosynthesis [80-82].

This

overview of the available strategies of tuning

review provides a comprehensive
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metal-organic ~ frameworks  for  enhanced
photocatalytic CO, conversion into solar fuels.
First, the inherent characteristics of MOFs as
semiconductor  photocatalysts are discussed.
Subsequently, the light absorptive components of
MOFs and the reaction mechanisms for CO.
transformation are further highlighted. Then, the
diverse approaches to enhance the charge dynamics
performance of MOFs for photocatalytic CO;
reduction are elaborated. Afterward, the available
means for improving the CO- adsorption capacity
of MOF photocatalysts are introduced. Finally, the
challenges and further developments of MOF
photocatalyst for CO, conversion into solar fuels

are envisioned.
2. MOFs as semiconductor photocatalysts

Basically, semiconductors are inorganic
photocatalysts, which the electron (e) can be
excited and migrate to the conduction band upon
light radiation [83]. Due to the mobility of the
excited e in the conduction band, charge separation
occurs and a positive vacant hole (h*) is left behind
the valence band, as shown in Fig. 1a [84, 85]. This
is the basic hallmark of a semiconductor. The
electron will be transferred from the surface of the
semiconductor to the substrate to initiate the

reaction. The fundamental of photocatalytic
processes lies in the optimized combination of
charge separation and interfacial electron transfer
[86, 87]. A function of the balance between these
two processes, together with the energy-wasting
charge recombination, determines the effectiveness

of a photocatalyst [84, 88, 89].
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In the inorganic aluminosilicate frameworks,
zeolites are widely applied as catalysts in the
petrochemical industries for their thermal and
chemical robustness coupled with the ease in which
the acid site can be formed [90]. But the potentials
of zeolites as advanced functional materials are
limited because of the inertness of the
aluminosilicate structure and the difficulty in
exciting the material by solar light [91, 92]. Zeolites
are photochemically inert; hence they behave as
insulators, and tuning zeolite to obtain a framework
of desired application is difficult [93]. Although
MOFs were regarded as poor conductors because of
the small p-orbital conjugation of the organic
ligand, the work of Allendorf using MOFs in
microelectronic devices instigated scientists to
integrate  electrical conductivity within the
framework materials [94]. They are functional
hybrid materials, whose easy structural tunability
and multifunctionality make them more versatile
than inorganic or organic semiconductors [94, 95].
Kobayashi et al. [96] reported the first convincing
semiconductive (p-type) porous Cu-based MOFs
with an optical bandgap of 2 eV. The redox-active
metal nodes in the MOFs provide charge mobility
through the framework and their conductivity is
temperature-dependent. Cu[Ni(pdt),] was further
doped by using I, as an oxidant, and the resultant
porous framework has an enhanced conductivity by
four orders of magnitude [96]. Not only as a p-type
semiconductor but also the MOF frameworks can
perform as an n-type semiconductor [94, 95].

The metal nodes of MOFs can be considered
entities

as discrete inorganic semiconductor
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connected to the organic ligand, which are regarded
as antennas that absorbs light to activate these
guantum dots [97, 98]. In this regard, these
materials display photocatalytic features that are
like that of conventional semiconductors. In

particular, their photo-induced ligand-to-metal
charge transfer (LMCT) together with the m—m*
excitation of the ligand, are observed at the ultra-
violet and the blue end of visible regions,
characteristic of similar band gap values to
conventional semiconductors [14]. Zecchina and
co-worker [99] first demonstrated the quantum dot
behavior of metal clusters in MOF-5 by testifying
that the metal node (Zn4O13) behaves like a ZnO
qguantum dot (QD). The ZnO’s absorption edge
appears at 380 nm (near UV region); thus, ZnO was
categorized as a wide band gap semiconductor.
Since O(2p) and Zn(4s) orbitals are the major
contributors to the valence and the conduction band
of ZnO, respectively, it was deduced that this
electronic transition in MOF-5 could be described
as 0%Zn* — OZn* LMCT mechanism. The UV-
Vis spectra of this material (Fig. 1b, solid curve)
has a peak centered at 290 nm and an absorption
edge at 350 nm, attributed to the ligand and the
inorganic ZnsO13 centers, respectively [99]. The
SBU of the MOFs is represented in Fig. 1c. The
edge at 350 nm experienced a blue shift of 2300 cm-
1 as compared to that of ZnO, because of the
The 0%Zn* - 0OZn*

transition confirms that the a ZnO in the node acts

confinement effects.

as quantum dot [99]. In contrast, pure zeolites
cannot absorb radiations of wavelengths longer

than 220 nm. The semiconductor behavior of MOFs
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was supported by Garcia and co-workers [93],
which reported that upon light absorption based on
the LMCT mechanism, the framework undergoes
charge separation generating electrons and holes.
By using laser Flash photolysis, it was detected that
delocalized electrons live in microseconds to the
CB in order to reduce viologen to viologen radicals.
On the other hand, the h* on the VB of the MOF
oxidized N,N,N,N-tetramethyl-p-
phenylenediamine.

Just like the CB and VB in a typical
semiconductor, the HOMO and LUMO in MOFs
[100]. Thus,
photoexcitation of the framework,
migrate from the HOMO to the LUMO, resulting in
charge

play the same role upon

electrons
separation. For  example, the
semiconductivity of Mn-MOFs was attributed to
the delocalization and excitation of the w-electron
from the HOMO to the LUMO [101]. The
photogenerated electrons can be transferred from
the LUMO to initiate reduction process and the h*
HOMO

Unfortunately, electron-hole recombination can

in the can oxidize a substrate.
occur. In general, the organic ligand is the main
contributor to the HOMO and the LUMO is mainly
from the metal cluster [102, 103]. Theoretically, the
energy for the MOF’s HOMO-LUMO level is
The

inorganic

usually calculated by DFT calculation.
combination of the organic and
components, coupled with the unique properties of
MOFs,

semiconductive

make them potential next generation
material for the electronic

industries.
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Along with the LMCT mechanism, =

interaction of ligands-induced semiconductor
behavior is also proposed for some MOFs [104,
105]. It has been reported that manganese-based
MOFs  with exhibited

semiconducting property [106].

pyrazine  bridge
The electron
transfer mechanism through compact columnar
aromatic 7 interaction in the framework was used
to explain the electrical conductivity, Fig. 1d. The
HOMO-LUMO gaps were decreased by the m—n

interaction.
2.1. Conductivity of MOFs

The two main charge transport mechanisms in
MOFs are hopping transport and band transport;
both requiring low-energy pathway, thus higher
orbital overlap improves charge mobility [107,
108]. Hopping transport occurs in a thermally

[

Conduction bond

Coordination Chemistry Reviews 450 (2022) 214245

activated framework when a localized charge
carrier at a particular site with discrete energy jump
between neighboring sites.

Clough et al. reported a highly charge mobility
Cobalt 2,3,6,7,10,11-

triphenylenehexathiolate, which experienced a

framework, 2D

transition from semiconducting (between 300 and
170 K) to a metallic phase (at temperatures below
130 K) with decrease in temperature [109].

The high electrical conductivity was due to the
efficient overlap between the metal node frontier
orbitals and the linker. However, band transport
involves delocalized electrons [110], and it occurs
in materials with strong covalent bonding, which
allows the formation of continuous energy bands
[111]. Band transport is more versatile strategy in
MOFs, thus more efforts have been geared toward
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Fig. 1 (a) Excitation of an electron to generate charge separated state. (b) UV-Vis spectra (c) the ZnsOs3
cluster of MOF-5. Reproduced with permission [96]. Copyright 2004, The Royal Society of Chemistry.
(d) n—= interaction between two pyrazine rings and CH---Cl interaction between the adjacent layers.
Reproduced with permission [97]. Copyright 2012, Elsevier.
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building highly conductive MOFs by engineering
the band transport regime [112]. The charge
transport within the framework can be improved by
n-n stacking and mixed valency, which in turn
increase the magnitude of charge delocalization.
Murase et al. showed that mixed-valence can cause
higher charge delocalization and conductivity in
MOFs
materials [113].

and semiconducting  graphene-based

By experimental measurements and
theoretical calculations, a 3D Strontium-based
MOF 1,3,5-

benzenetricarboxylic acid, exhibited remarkable

with an organic ligand
semiconducting behavior (band gap 2.3 eV) and
electrical conductivity of 107 (S cm™) [114]. The
value of this band gap is comparable to traditional
semiconducting materials like CdTe, GaP, CdSe,
and others [115, 116]. It was observed that Sr-based
MOF has semiconducting transport behavior since
the conductivity obeys the Arrhenius plot [114].
Volkmer and co-workers [117] reported three
systematic trends of engineering the band gaps of
semiconductor MOFs (Fig. 2). Firstly, by tuning the
degree of the conjugation of the ligand, they
illustrated that increased conjugation leads to
higher valence band (HOMO) energy, thus
resulting in a reduced band gap (HOMO-LUMO
gap). Secondly, band gaps of MOFs are reduced by
choosing an appropriate metal, like the Co?* in Co-
MFU-4, whose diffuse and unoccupied d-orbitals
generate bands that are lower than the ligand’s
LUMO. Thirdly, the band gaps are reduced by

placing strong reducing components into the

Coordination Chemistry Reviews 450 (2022) 214245

coordination sites to generate partially filled band
states [117].

(iii) Electron-rich
(strong reducing) &
metal/ligand

(i) Small
HOMO/LUMO
sap

Y partially unoccupied
d-orbitals

Fig. 2. Systematic band gap adjustment in MFU-4-
type semiconductor. Adapted with permission
[103]. Copyright 2014, Wiley-VCH.

Notably, semiconductivity in MOFs is not
only identified by the band gap; rather, conductivity
which increases with temperature is also
considered. Due to the low charge mobility of some
MOFs,

considered as semiconductors. In recent years, an

those frameworks were earlier not

increasing number of publications on charge
mobility or conductivity [118] inspired Dinca to
write a review article on electronically conducting
porous MOFs [119]. Also, the Dinca group
synthesized a thiolated
M2(DOBDC) series of MOFs, Mn,(DSBDC) with
a 1D Mn-S chain and reported that these MOFs

have high charge mobility that is comparable to

analogue of the

those of conventional organic semiconductors
[120]. Moreso, the same research group reported a
Ni-based MOFs,
Ni3(2,3,6,7,10,11-hexaiminotriphenylene),, having

semiconducting

a narrow band gap and high conductivity of 0.1 eV
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and 40 S cm?, Their

conductivity is quite high when compared to other

respectively [121].

coordination polymer and is temperature-

dependent with an activation energy of
approximately 0.025 eV [121]. Kitagawa and co-
workers [122, 123] conducted researches on the
proton conductivity of MOFs.

conductivity of about 10 Scm™ at 85 °C and 90%

High proton

relative humidity has been reported by Shimizu et
al. [124]. A conductive MOF is measured by the
density and mobility of charge carriers. In MOFs,
the organic ligand could be the charge carrier
source when the ligands are stable radicals or
redox-active molecules. Also, the metal ions could
be in involved as charge carriers when they contain
[119]. The

incorporation of specific molecules, such as meta-

high-energy electrons or holes
sulfur chains, can enhance conductivity in MOFs
[95].

Owing to the reason that MOFs are highly
ordered crystal material [125], band theory, was
used to study their electronic structure. The theory
proposes that solids are classified according to the
energy difference (Eg) between the valence band
(VB) and the conduction band (CB); metals (Eq < 0
eV), semiconductors (0 < Eg < 3 eV) and insulators
(Eq >4 eV) [126]. However, this classification does
not hold for some materials with wide orbital
energy difference between the bonding atoms or
low orbital overlap such as in d-electron compound,
like CrO and MnO [126]. Due to the low band
dispersion in MOFs, constructing conductive

MOFs requires increasing the electronic coupling

Coordination Chemistry Reviews 450 (2022) 214245

between the linkers and the metal ions, thereby
increasing the band dispersion.

The photon efficiencies of semiconductor
MOFs are enhanced by engineering their bandgap,
thereby impacting the quantum efficiency. In
semiconductors, the valence and conduction bands
are completely filled and empty, respectively, at
absolute zero temperature, and charge separation
occurs after heating [119]. The Fermi level lies in
between the VB and the CB. Doping the material
helps to reduce the activation energy by shifting the
Fermi level nearer to the band edge of either the VB
or the CB. As there is charge localization in typical
MOFs,
molecular doping in the pore space or introducing

conductive MOFs are achieved by

defects, hence, affecting the Fermi level [126]. At a
given temperature, reduced activation energy
results in a more significant charge density. In
MOFs, the density of an electronic state near the
Fermi edge is affected by the topology of the
frameworks, the engineering of the metal node and
the existence of unsaturated metal sites (UMS)
[127]. Efficient semiconductor MOF can further be
designed by turning the framework to obtain a
decreased bandgap through functionalizing the
linker, increasing the linker’s conjugation and
choosing electron-rich organic molecules or metal

nodes [95].

2.2. Potentials, advantages and challenges of

MOFs for photocatalysis

Basically, photocatalysis is a heterogeneous
material, which absorbs light energy and convert it

into chemical energy [128-130]. Originally, the
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term photocatalysis is used in two different
contexts; one is as a catalyst from the photon's point
of view, which occurs when a single photon is
involved in a chain reaction, thereby forming a
number of product molecules [84]. The other is
more commonly used and is derived from the
similarity with thermal catalysis. In this
photocatalytic process, a thermally inactive solid
light
transformation  of
[84].

relatively more selective compared to the thermal

absorbs and initiates a chemical

substrates  without

Photoinduced

being
destroyed reaction are
activated system due to the reason that unwanted
side reactions can be thermally inhibited. When a
photocatalyst is excited upon light illumination, its
reaction mechanism normally follows a single
electron transfer (SET) process between the excited
state and the substrate [131, 132].

Contrary to zeolites and (alumino) silicates
that are UV-vis transparent in the absence of
impurities, a variety of metal-organic frameworks
absorbs photons by their electron-rich aromatic
polycarboxylate linker, followed by charge
separation of the localized exciton by SET from the
organic ligand to the bonding metal ions. Aromatic
linkers are known for their intense absorption band
(> 250 nm) and sometimes even extending into the
visible region (> 400 nm), depending on the
[133]. The light

characteristics of metal-organic frameworks could

substituents absorption
be fine-tuned by accurately using suitable light-
harvesting linker/components. The metal clusters
which behave as semiconductor quantum dots can

be constructed with visible light-responsive metal

Coordination Chemistry Reviews 450 (2022) 214245

ions like Fe [72]. Generally, the organic linkers
absorb the light energy, and their light-responsive
nature can be inherent depending on their
functionality (like 2-aminoterephthalic acid), or the
ligands can be activated through photoactive
metalloligands  or
modifications (PSM) [132, 134]. Furthermore, the

MOFs can be sensitized by incorporating the light-

dyes by post-synthetic

responsive component into the framework's
cavities or pores. Interestingly, dual or triplet
excitations at the metal node, organic ligand, and
pores can be achieved in a MOF at the same time
[72]. Detailed discussions on the light-responsive
component of MOFs will be narrated in the
subsequent section.

Unlike Zeolite, photocatalytic active sites can
be easily immabilized in the linker, metal node and
the cavity of MOF because of its modular nature,
(combining the advantages of both inorganic and
organic chemistry), thus availing it with more
potential applications [14, 132]. Therefore, MOFs
are more versatile than zeolites for constructing
intelligent materials that can provide responses to
external stimuli [93]. Another advantage of MOFs
in photocatalysis is the availability of different
dimensions and topologies, which encourage both
the facile substrate-catalyst interactions and the size
and shape selectivity during the reaction [132, 135].
The rigid and close contact of the clusters and the
ligand can favor charge separation within the
framework [136, 137]. Nevertheless, after the
charges have been separated, charge recombination
delimits the photocatalytic efficiency. Abound with
these benefits, MOFs have been photocatalytically
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employed for numerous applications, such as
pollution degradation [138, 139],
evolution [140], CO; reduction [31, 141] and other
organic transformations [142].

One of the drawbacks of MOFs as

photocatalysts is instability, both thermal and

hydrogen

chemical [143]. Some MOFs decompose at a
temperature above 250 °C coupled with the fact that
their framework structure easily collapses on
contact with some reagents containing strong
nucleophilic species (like alkoxides and amines)
and polar solvents[144]. Moreover, photochemical
instability can constitute another shortcoming since
the organic component of the framework can
undergo some degree of photo-oxidation upon light
irradiation. This oxidative degradation of the linker
can be expedited by the formation of reactive
species of singlet oxygen or superoxide [145, 146].
Hence cognizance of the framework stability after
prolonged light irradiation should be taken. The
stability after photocatalysis should be confirmed
by BET surface area, XRD, and spectroscopic

measurements.

2.3. Mechanism of CO; reduction and
selectivity of the product

The linear  structure of COj, its
thermodynamic stability (DG = —400 kJ moll),
large electron affinity (-0.6 £ 0.2 eV) and the large
energy gap between the LUMO and HOMO (13.7
eV) make it an inactive molecule [147]. Thus,
converting it into value added chemicals are
endothermic processes, which requires catalyst or
significant input of energy [148]. Basically, for CO,

to be reduced, the catalyst’s/MOF’s LUMO should

Coordination Chemistry Reviews 450 (2022) 214245

be above the redox potential needed for CO.
reduction half reaction [102]. Photocatalytic CO-
reduction is a multistep process that involves CO,
adsorption, activation, dissociation of the C-O bond
and the formation new C-bond [149]. As the
structure of CO; bends, its LUMO level decreases
[148]. The linear structure of CO;, becomes bents
when adsorbed on the surface of the MOFs, making
it easier for the C-O bond cleavage. Fundamentally,
the underlaying mechanism of CO; activation and
reduction involves single, double, or multiple
electron transfer process [149]. The photogenerated
electrons are transferred from the MOF’s LUMO to
CO; as shown in Fig. 3 [102, 103], thereby
activating the CO, for the formation of CO?*
intermediate, which participate in subsequent
reaction. For example, this intermediate can be
protonated to HCOOH.

Selectivity

To obtain the desired CO- reduced product, the
required kinetic barrier should be overcome for the
reduction process to be successful [150]. The value
of the reduction potentials determines the product
that would be formed. For example, as CO;
reduction into formic acid requires -3.42 eV,
formation of methanol needs -3.65 eV [103, 151].
Overall, CO, photoreduction is a complex reaction
generating multiple products. The pathway for the
photoreduction of CO.to CO and CHOOH requires
relatively low kinetic barriers (two-electron
process) reduction to CH;OH and CH. involves
higher kinetic barriers with the transfer of 6 and 8

electrons, respectively [102], see Fig. 3.
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The energy levels (HOMO and LUMO) of
MOFs can be tuned to achieve the required
electronic and optical response. Since MOF’s
LOMU and HOMO are mainly contributed by the
metal cluster and the linker respectively, rational
modification of these components is useful to
control the product selectivity [102]. Therefore, the
main product is dependent on the type/components
of the MOFs.

The acidic/basic nature of metal-oxo clusters
play a role on controlling the selectivity of the
product during CO> reduction. As the traditional
metal oxides that are basic in nature basic (MgO)
forms Ci:-Cs chain hydrocarbon product, acidic
ones (SiO,) produce short chains hydrocarbons,
such as methene and carbon monoxide [152].
Product selectivity of CO, photoreduction can be
controlled by optimizing the major steps of CO,
reduction. Photocatalysts with basic sites are more
favorable since CO adsorption on the catalyst
surface is a key step in the process. Li and
coworkers illustrated how the presence of alkaline
metal sites (Mg?*) in CPO-27-Mg was not only
beneficial for photocatalytic CO; reduction (by
lowering the reaction barrier for CO2 reduction),
but also, changed the product selectivity [153].
into TiO»

inhibited the reduction of H,O to Hy, a competitive

Incorporating CPO-27-Mg totally
reaction of the CO, photoreduction.

Product selectivity can be influenced by the
MOF’s metal ion. Wang et al. evaluated the the
selectivity of product and photocatalytic CO;
reduction activity of three isostructural transition-
metal-based MOFs (MOF-Ni, MOF-Co and MOF-
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Cu) in the
[Ru(bpy)s]Cl:6H,O and triisopropanolamine as
electron donor [154]. The MOF-Ni displayed a
high CO,-to-CO selectivity of 97.7%. However,
MOF-Co showed a moderate CO selectivity of
47.4% while MOF-Cu exhibited high H- selectivity
of 77.4%. The recorded high selectivity of MOF-Ni

was attributed to the framework’s low CO2

presence of photosensitizing

reduction free energy, strong CO; binding capacity
and high H; evolution reaction (side reaction). It
was demonstrated that the electrons easily migrated
from the Ru(bpy)s]Cl26H20 to the MOFs because
of their matched LUMO positions [154].
Furthermore, the structure of the SBU or the
arrangement of the metal ions in the SBU can affect
the product selectivity as well. Two
polyoxometalate-containing
coordination frameworks (POMCEFs), NNU-13 and
NNU-14, constructed with visible-light-responsive
(H,TCPP)

linkers and Zn-¢-Keggin cluster, showed high CH4

metalloporphyrin

tetrakis(4-carboxylphenyl)porphyrin

selectivity of 96.6% (surpassing all of the reported
MOFs and 96.2%,

in a COg-photoreduction system

photocatalytic systems)
respectively,
[155]. The superior selectivity was attributed to the
synergistic effect of the strong reducing ability of
the Zn-e-Keggin cluster and optical/electrical
properties of the TCPP group. Theoretically, the
eight MoV atoms in the cluster can donate eight
electrons required for CO»-to-CH, transformation.
The selectivity of the product can be controlled by
integrating the framework with semiconductors,
metal nanoparticles or metal ions/ heteroatom.

Plasmonic nanoparticles can exhibit strong light
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absorption through the collective free electron

oscillations, i.e., localized surface

resonances (LSPR) [152]. This enriched surface

electron density can favor multielectron process for

plasmon

high selectivity of CH.. In addition, slow
multielectron reduction process can be favored by
development of heterojunctions, extending the life
of the charge carriers. The LSPR effect of Au
nanoparticle deposited into ZIF-67 was studied by
Becerra et al. for selective light responsive CO;
reduction [156]. The plasmonic Au@ ZIF-67
framework exhibited high selectivity for the
CO2 to

methanol/ethanol, which was attributed to the

photocatalytic reduction of

i / - - S \
1 W
e _| Photocatalytic CO,
hv conversion over
v .
b
N
AN

&
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LSPR effect of the Au nanoparticle [156]. When
Ni(TPA/TEG), with nearly 100% CO selectivity
was decorated with nobel metals, Ag and Rh
nanocrystals, the resultant composites have a
controlled photocatalytic reduction of CO; to
acetic acid and formic acid [157]. Chen et al.
demonstrated that adjusting the amounts of Ni?*
dopants on NH2-MIL-125-Ti can affect CO
selectivity [158]. They showed that the sample,
NH2-MIL-125-Ni1%/Ti, doped with one percent of
Ni2* ion has 98.6% CO selectivity due to enhanced
charge separation and good conductivity.

—2Ht2¢_, HCOOH (E°=-0.61V)
L 2H"+2¢ O+ H,0 (E°=-0.53 V)

4H* + 4¢

20 _tde , HCHO + H0 (E°=-0.48 V)

6H' + 6e

_OH_+0e__ CH,O0H+H.0 (E°=-0.38V)

SH' + 8¢

ey CHs + H20 (E°=-0.24 V)

Fig. 3. Light-driven CO; reduction over MOFs in aqueous solution forming different products at various

reduction potentials vs the normal hydrogen electrode (NHE). Adapted with permission [102].
Copyright 2020, Elsevier. Reproduced with permission [159]. Copyright 2019, MDPI.

3. Engineering the light-hervesting components
of MOF

For MOFs to be active as a photocatalyst, there
must be a unit of the framework that is light-
responsive. Thus, engineering MOFs that originally
do not absorb light to be photoactive has been

achieved by immobilizing the light-responsive

component in the framework. Different
components of MOFs can be tuned to be
photoactive, and for a particular MOF, the
component that absorbs the light affects both the
mechanism and the efficiency of the MOF
photocatalyst. The organic ligand, the metal
clusters/SBUs, and the guests in the pores can be

engineered to be visible light responsive.
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3.1. Functionalization of organic ligands

MOFs stand as a promising material for CO;
photoreduction due to their synthetic tunability and
variability [160, 161]. The frameworks can be
functionalized de novo, in situ, and post-
synthetically, thereby availing more applicability
[162-164]. The organic linkers can be rationally
modified by incorporating the desired visible light
functional groups that can absorb the appropriate
wavelength of light, thereby enabling the
photochemical reaction at the inorganic nodes
[165].

The photonic efficiency of MOFs can be
maximized by bandgap engineering achieved by
functionalizing chromophore antenna on the MOFs
backbone. Thus, the optical property of the
framework will match the proper range of visible
light absorption. For example, when a pending
amino group is incorporated into MOF's backbone,
the resultant framework exhibits an absorption
band in the visible region. For MIL-125, the
absorption edge was extended from 350 nm to the
visible region when amino-containing
H,ATA, and TigOg(OH)4(O.CR)12 clusters were
used to prepare the MOFs [71]. The absorption
edge of NH,-MIL-125(Ti) also extended to around
550 nm, and it is the linker HATA that influences
the charge transfer in the TiOs(OH) clusters (Fig.

43).

ligand

Such an enhanced visible light absorption
results in an enhanced photocatalytic CO- reduction
on the amino-functionalized MOF. NH;-MIL-
125(Ti) generated up to 8.14 umol of HCOO- while
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the unfunctionalized MIL-125(Ti) was not
photoactive for CO reduction under the same
condition.

Li's research group used the same organic
linker to construct a Zr-based MOF, NH,-UiO-
66(Zr) with characteristic UV-Vis adsorption peak
at about 365 nm, which is assigned to n-m*
transition of the nitrogen lone pair in the amine
moiety (Fig. 4b) [80]. However, the band at about
265 nm for the ligand is due to the n-n* transition.
The MOFs recorded intense adsorption at 265 nm
due to the overlap of the ligand’s m-n* transition
and that of the metal cluster. Photoluminescence
(PL) analysis was applied to disclose that there
were electron transfers from the excited linker to
the Zr-oxo cluster in the MOFs. Excitation of the
linker (H.ATA) by 265 nm light, resulted in a PL
band at 450 nm, while two PL bands at 314 and 450
nm occurred for the MOFs, Fig. 4c. The lower band
intensity observed at 450 nm for the amine
functionalized UiO-66(Zr) is due to the charge
transfer from the ligand to the metal node.

As shown in Fig. 4d, further excitation of the
ligand at 365 nm resulted to band at 434 nm, but the
intensity of the peak for the NH2-UiO-66(Zr)
decreased because of the same electron transfer
from the excited amine linker to the Zr nodes. Since
the linker was not active for CO, reduction, then the
activity of the MOFs emerged from the interaction
between the metal node and the linker, thereby
confirming the result reported above for NH,-MIL-
125(Ti) [80].

The synergy between highly conjugated

molecules and the amine group is established as a
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Fig. 4 (a) Light adsorption spectra of the two MIL-
125(Ti) MOFs (b) spectra of H,ATA and UiO-
66(Zr) based MOFs (c) photoluminescent
properties of H;ATA and NH»-UiO-66 at 265 nm
and 365 nm (d) excitation wavelengths.
Reproduced with permission [69]. Copyright 2013,
Wiley-VCH. (e) light adsorption spectra of
H,SDCA-NH, and Zr-SDCA-NH;, Reproduced
with permission [139]. Copyright 2018, The Royal
Society of Chemistry, and (f) The spectral
properties of H,TCPP and PCN-222, (g) Catalytic
performance of PCN-222, Reproduced with
permission [141]. Copyright 2015, American
Chemical Society.

feasible approach to improve the light absorption
capacity of MOF-based photocatalyst. Besides the
abovementioned examples,

[Zrs04(OH)4(L)s]-8DMF; H,L = 2.,2’-diamino-

Coordination Chemistry Reviews 450 (2022) 214245

4,4’-stilbene  dicarboxylic acid) exhibited a
considerable absorption edge around 600 nm, Fig.
4e [166]. The HCOO  formation rate of 96.2 umol
MOF* recorded  for
[Zrs04(OH)4(L)s]-8DMF, which is appreciably

high when compared to other NH; functionalized

h™*  mmol was

Zr-containing MOFs. In addition, an anthracene-
based organic ligand with large conjugacy was used
to construct NNU-28, which exhibited great
potential to reduce CO; to HCOO- with high
efficiency [167]. With a visible light adsorption of
650 nm, the frameworks generated formate at rate
of 183.3 mmol h** mmol MOF. The high catalytic
activity was due to the combined effect from the
Zrg-0xo cluster and the anthracene-based linker.
Moreover, porphyrin-based frameworks were
exploited for visible light photocatalytic CO.
reduction [168]. Fig. 4f. showed that tetrakis(4-
carboxyphenyl)-porphyrin (H.TCPP) has intense
absorption in the 200 - 800 nm region. Under
visible light, the porphyrin-based [169] MOF
selectively adsorb and reduce CO- to produce 30
umol of HCOO™ anion in 10 h, (Fig. 4g) which is
much higher than the activities reported over MIL-
125-NH; and UiO-66-NH under similar condition
[71, 80]. Notably, the catalyst is highly selective for
HCOO™ anion production, since no other product
was detected. The steady-state PL measurement
illustrates that assembling the H,TCPP into
zirconium—porphyrin MOF, results in higher PL
emission quenching. Both ultrafast spectroscopy
and time-resolved PL spectroscopy confirmed the
emergence of a type of deep electron trapping state

in porphyrin-based MOFs, which hinders the
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recombination of electrons and holes,

thus

enhancing the CO. photoreduction efficiency

Coordination Chemistry Reviews 450 (2022) 214245

[168]. Structural representations of light-harvesting

linkers are illustrated in Table 1.

Table 1 Light harvesting ligands and catalytic performance.

Acronym Name/ Catalytic
Empirical formula Light harvesting ligands Active Site Performance Ref.
1) NH,-MIL-125(Ti) NH; O TiOs(OH) 1) I. 8.14 mmol HCOO-in 10 | [71]
TigOg(OH)4(de- H h
NH2)s H
(0]
Pure and mixed NH; O Zrs04(OH)4 I. pure NH,-UiO-66(Zr)
ligand NH,-UiO- H 13.2 mmol; [80]
66(Zr) H Il. mixed ATA and 2,5-
O NH, diaminoterephthalic aC|d.
(DTA): 20.7 mmol HCOO- in
10 h
Zr-SDCA-NH,, o Zrs04(0OH)4 96.2 pmol h-r mmolMOF-1 [166]
([Zrs0a(OH)a(L)e]-8 NH, H
DMF
H O NH,
(0]
NNU-28 /\/‘( Zr¢04(OH)4 183.3 mmol h't mmolMOF! | [167]
(1~
[ I
A/\V”\u
[ p
HO?)/\/
PCN-222, MOF- o 2 Q o Zrs04(0H)4 30 umol of HCOO-in10h | [168]
545 or MMPF-6, | " 0 e H
Zrg(13-OH)s(OH)s-
(TCPP),
oY O
o o
Gd-TCA OH 0 Fe-Fe quantum [170]
o)\©\ /O)ko"' hydrogenase, | yield of about 0.21% for
N Ni(Cyclam) CO; reduction
complexes
HO™ O

3.2. Bandgap engineering

An increase in the concentration of an active

light-responsive component, like NH, moieties in

the linker

of a framework, promotes the

photocatalytic activity of NH>-based MOFs.
Improved light absorption and further shift to the
visible region were obtained when the linker, ATA,
was mixed with the two amino-containing linker,

2,5-diaminoterephthalate (DTA) [80]. Fig. 5a
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revealed that the spectrum of the mixed linker
MOF, NH2-Ui0O-66(Zr), had a shift to the visible
parent  MOFs.
NH.-UiO-66(Zr)
produced 20.7 umol of formate while NH2-UiO-

region compared to the

Consequently, the  mixed
66(Zr) generated 13.2 pmol after reacting for 10 h.
Thus, an increase in amino functionality reduces
the bandgap and improves the photocatalytic CO;
Through

computational approaches, Hendon et al., explored

reduction. experimental and
band gap modification of titanium-containing MIL-
125 by examining the detailed electronic structure
of the aminated linkers (Fig. 5b) frameworks [171].
They elucidated the exact role of the amine group
in lowering the band gap of MIL-125-NH,. It was
confirmed that the observed decrease in band gap
(from 3.6 eV for MIL-125 to 2.6 eV for NH>-MIL-
125, Fig. 5¢) was due to electron transfer from the
2p N orbital to the benzene ring, thus resulting in a
higher red-shifted band than the VB edge of MIL-
125 [171]. Precisely, the presence of NH; increases
the VB by 1.2 eV, without affecting the energy
level of the CB. By simulation, they further
controlled the optical response of the bdc-(NH.);
(diaminated linker) and other functionalities like -
OH, -Cl and -CHjs. The bdc-(NH2): linker lowered
the bad gap of MIL-125 by 1.28 eV, Fig. 5d.

A mixed ligand strategy was further applied to
enhance the activity of mixed metal (Zr/Ti) node
MOFs [172].
substituted

diamine-

light

Moreover, adding

ligand provided broader
absorption coverage for the frameworks, as
depicted in Fig. 5e. The diaminated MOFs achieve

better charge separation; thus, it accepts more

Coordination Chemistry Reviews 450 (2022) 214245

electrons from the linker to reduce CO; than single
amine-containing MOFs, Fig. 5f. Band gap energy
of isoreticular MOFs can be fine-tuned by varying
the organic linker, as illustrated by Gascon et al. in
2008, Fig. 5g [173]. They reported that the effect of
the linker could be related to the resonance effect
and the photocatalytic activities of these
frameworks vary with their band gap.

Based on the aforementioned result, Uribe-
Romo and coworkers investigated the effect of
varying the chain length (from methyl to heptyl as
shown in Fig. 5h) and connectivity (primary and
secondary) of the 2-aminoterephthalate organic
linker that features N-alkyl group on light-induced
CO; reduction [174]. Hypothetically, due to subtle
inductive effects, the sequential addition of carbon
atoms to the N-alkyl amino group leads to larger
electron density around the nitrogen atom, resulting
in increased density in the terephthalate ring [174].
Consequently, the top of the valence band will be
successively destabilized, causing a decrease in the
bandgap of the framework and increment in
photocatalytic activity.

The optical bandgaps of the Ti-based MOFs
reduced, attributed to the inductive donor nature of
the alkyl

catalytic activities. Fig. 5j illustrates that the

substituent, thus displaying higher
secondary N-alkyl substitution has a higher
apparent quantum yields than that of the primary N-
alkyl analogs, assigned to longer-lived excited-
state. Precisely, cyclopentyl-containing MOF,
MIL-125-NHCyp has smaller bandgap, long-life
excited state and larger apparent quantum yield of

Eg = 229 eV, 1 = 68.8 ns, and Pz = 1.80%
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respectively, compared to the values for MIL-125-
NH2 Eg =2.56 ¢V, t = 12.8 ns, and Ogpp = 0.31%
[174]. During photoreduction, the rate-determining

a

F(R)

mixed NH _-Ulo-66(Zr)

b bdc-R

Coordination Chemistry Reviews 450 (2022) 214245

step is the extent of electron transfer from excited
Ti*3to CO;
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Fig. 5. (a) Light spectrum of the NH>-UiO-66(Zr) (single and mixed linker). Reproduced with

permission [78]. Copyright 2013, Wiley-VCH. (b) Structural representation of substituted bdc ligands (c)
Band gap of MIL-125 and NH.-MIL-125, (d) Band gaps of functionalized MIL-125. Reproduced with
permission [144]. Copyright 2013, American Chemical Society. (e) PL of Zr/Ti bimetallic MOFs, (f) Band
structure of Zr/Ti bimetallic MOFs. Reproduced with permission [145]. Copyright 2015, The Royal
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Society of Chemistry. (g) Band gaps of isoreticular MOFs with different linkers. Adapted with permission
[146]. Copyright 2008, Wiley-VCH. (h) Structural representation of the organic linkers in MIL-125-NH,
and various N-substituted isoreticular MOFs, (i) Catalytic performance of MIL-125-NHMe and MIL-125-
NHhep, (j) The apparent quantum yield over isoreticular MIL-125-NHR MOFs. Adapted with permission

[147]. Copyright 2017, The Royal Society of Chemistry

3.3 Introducing metal complexes as

bridging ligand

Although metals and metal oxide

complexes are endowed with superior
efficiency for CO2 photoreduction, however, it
is still difficult to control them at the molecular
level [175-177]. The application of this class of
molecular catalysts is also limited by
insufficient activity due to the catalyst
poisoning by dimerization and low solubility of
substrates and catalysts [178]. In the light of
this situation, enhanced activity of these
molecular catalysts can be achieved by
tethering their metal complexes within MOFs’
backbone, thereby spatially isolating the
molecular catalyst [179]. Taking advantage of
the intrinsic characteristics of MOFs; a high
surface area that enables more areal density of
active sites, transparent single crystal materials
with easy light penetration and facile access of
substrate to active sites, the backbone of MOFs
are considered as a most appropriate host for
anchoring selective molecular catalyst [178,
180]. Therefore, MOF-based multi-component

photocatalytic systems constructed by metal

complex bridging linkers have been designed
to achieve synergetic catalytic effects.

In 2011, Lin and coworkers designed a
stable Zr-based MOF photocatalyst by
introducing a metal complex as a light-
harvesting center [181]. They used a mix-and-
Re-

containing complex into a UiO-67 framework,

match synthetic approach to tether

and the as-synthesized MOFs shows selective
COz conversion into CO using triethylamine as
electron donor. Although the homogeneous
Re'(bpy)(CO)sCl  (bpy=2,2'-
bipyridine) complex has been widely reported

molecular

as a very active and selective CO» reduction
catalyst, it degrades easily because of
dimerization. Anchoring this complex on the
framework's backbone makes the catalytic
center site-isolated, which prevents quick
degradation by dimerization. Under visible
light radiation, a TON of 10.9 in 20 h was
obtained, which is almost three times higher
than that of the Re(bpy)(CO)3Cl homogeneous
complex system, Fig. 6a [181]. Recently, Choi
and co-workers heterogenized the same

photocatalytic  molecular  complex by
incorporating it into a framework structure for

CO2 reduction [182].



C.l. Ezugwu, S. Liu, C. Li et al.

Lin and coworkers [183] further
constructed MOFs photocatalyst by more
elongated dicarboxylate
(bpy)Re(CO)sCl complex and Zrg(ps-O)a(us-
OH)4 clusters,
photocatalyst for the conversion of CO; to CO and
HCOO-. The CO:

unimolecular reaction mechanism due to the

ligand containing

which is a single site

reduction process by

site isolation of the immobilized catalyst. The
isolated catalytic site enables to study the
selectivity of the catalyst and the unimolecular
mechanistic pathway, thereby circumventing
the parallel bimolecular pathway in the
homogeneous system. Although the TON for
CO (6.4 in 6 h) is higher than that of the
homogenous catalysts, this MOF catalyst
decomposes during the catalytic reaction
because of the partial hydrogenation of the bpy
followed by Re decomplexation.

Since not every photon absorbed by these
metal-complexed MOFs is utilized for
photocatalysis, the quantum yields of those
MOF systems are usually low. Enhancement in
the quantum vyield can be realized by

introducing additional molecular
photosensitizers into the frameworks. A Zr-
based MOF containing the
complex, Mn(bpydc)-(CO)sBr (bpydc = 5,5'-

dicarboxylate-2,2'-bipyridine) as the organic

manganese

bridging linker, was constructed by Cohen and

coworkers [184]. To enhance the quantum

Coordination Chemistry Reviews 450 (2022) 214245

yield, [Ru(4,4'-dimethyl-2,2'- bipyridine)s]**

and1-benzyl-1,4-dihydronicotinamide  were

immobilized into the framework as
photosensitizer and sacrificial reductant,
respectively. ~ The  resultant  UiO-67-

Mn(bpy)(CO)sBr is selective and active and for
visible-light COz reduction to formate. A turn-
over number of about 110 in 18 h was recorded
for the Mn-catalyst incorporated MOF system.
The increased activity was assigned to the
struts providing isolated Mn-based active sites,
thus inhibiting the dimerization of the singly
reduced Mn-catalyst (Fig. 6b). Notably, due to
the introduction of the Ru-photosensitizer, the
recorded high quantum vyield of ®tomae =
13.8% in the visible region exceed not only
Mn(bpydc)(CO)sBr
Mn(bpy)(CO)sBr homogeneous analogues, but

those of and

also many precious-metal containing MOF

[184].
The

method, Fig. 6¢, can be employed to effectively

post-synthetic  ligand exchange
heterogenize a
[Ru(bpy)s]Clz> (bpy=2,2’-bipyridine), into a
MOF forming
functionalized MOF, Cp*Rh@UiO-67. This
Ru-functionalized MOF

reduction of CO; into formate [185]. With an

rhodium  photosensitizer,
framework, rhodium-
is active for the
optimal molar Rh loading of around 10%, the

MOF-based system is more stable and selective

than the homogeneous analogue.
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The

approach, as shown in Scheme 1, can be

post-synthetic  ligand exchange

employed to effectively heterogenize a
[Ru(2,2’-
into a MOF framework,
MOF,

Ru-functionalized

rhodium photosensitizer,
bipyridine)s]Cly,
rhodium-functionalized
Cp*Rh@UiO-67. This
MOF is active for the reduction of CO: into

formate [185]. With an optimal molar Rh

forming

loading of around 10%, the MOF-based system
IS more selective and stable than the
Mellot-
Draznieks and coworkers used a highly porous
inert MIL-101-NHz(Al) as a nanoreactor by

homogeneous analogue. Recently,

irreversible co-immobilization of catalytic

Table 2 Light harvesting metal complexes

Coordination Chemistry Reviews 450 (2022) 214245

[Cp*Rh(4,4’- bpydc)]?* and light-responsive
[Ru(bpy)2(4,4’-bpydc)]?* into a framework
structure for CO: reduction, Fig. 6d [186].
Unlike their Ru-Rh homogeneous reaction
counterpart that generates H, as the main
product, this Rh-Ru@MIL-101-NH> system
has a good selectivity for reducing CO2 into
formate without any trace of CO or Ha.
Therefore, through inhibition of proton
reduction, the MOF host has the potential to
alter the selectivity of a reduction reaction. The
structures of light-harvesting metal complexes,
together with their performance for CO:

reduction, are illustrated in Table 2.

Acronym Name/ Empirical Catalytic Active Site Ref.
formula Metal complexes Performance

Zr604(OH)4(bpdc)6, Zr604(OH)4 TON of 10.9 in [181]
Uio-67 20 h
uUio-67 TONSs for [184]
Mn(bpy)(CO)sBr formate

reached 110

18 h
Zrs(0)4(OH)4- Zrg(U3-0)a(ps- 6.4 TONs for [183]
[Re(CO)sCl(bpydb)]e OH), COin 6 hours
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Cp*Rh@Ui0-67 Zrs04(OH)4 125 TON [185]
formate in 10
h
(H,TCPP[AIOH]2(DMFs- 0 Q | Al(OH)O, 262.6 ppm [187]
(H20)2) HO O Q of g-1 h-1 of
Or Al-PMOF methanol
(denoted as SCu)
Cos—MOF Cos(us-OH)s 39.36 umol [188]
CO under3
hours
Ru-Rh@MIL-101- [Cp*Rh(4,4'- 0.33 [186]
NH;(Al) bpydc)]?* umole/mg of
formatein5h
Cds[Ru- Cd-O cluster 16 umole of [189]
L1],-2(Mez2NH3) formatein6 h
[Ru(5,5'-dcbpy)s]*
([Ru-L1]*, 5,5'-dcbpy
= 2,2'-bipyridine-
5,5'-dicarboxylate)

A high nuclearity Co" clusters-based MOF
(Coe—MOF) recorded CO> adsorption capacity
of 55.24 cm® g. This framework can work
synergistically ~with a  ruthenium-based
photosensitizer, [Ru(bpy)3]Cl2.6H.O (bpy =

4,4'-bipyridine), for the conversion of CO> to

CO under [188]. This porous material can
generate 39.36 pumol of CO under 3 hours of
visible light irradiation. Based on theoretical
calculation studies, the excited electrons from
the LUMO of the Ru-based photosensitizer can
be easily transferred to the LUMO of the Coe-
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MOFs, which facilely activate the adsorbed
CO2 and then enhance the reduction reaction
activity [188]. In another work, Co-thiolate
units were post-synthetically immobilized into
Zr-based frameworks to prepare Zr-DMBD-Co
MOF (DMBD=2,5-dimercapto-1,4-
benzenedicarboxylate) solids, which show
high
conversion into CO. Up to 98% CO selectivity

selectivity and photocatalytic CO

was recorded and the TON reach as high as 97
941 [190]. Moreover, the fine balance in the
proximity of (Re'(CO)3(2,2-bipyridine-5,5'-

dicarboxylate)(Cl) and -NH2 containing
et s ot e = e
i MOF-4 a i”;"‘ Yoo,
| . 5 t E ao.uo:::‘;‘
R ®f
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ligands was synthetically adjusted to fabricate
a molecular MOF photocatalyst, Re-MOF-
NHo., with high activity and selectivity (Fig. 6e)
[191].

The maximum catalytic activity of the framework
was achieved at 33 % mole, when the ratio of NH.
functionality was varied from of NH; functionality
from 0 to 80 mol%. The results from the extended
X-ray absorption and in-situ IR showed that after
introducing NH; moieties, the Re-CO bond of the
metal complex split into asymmetric bonds of 2.3A
and 1.4A with different

} N N
"ooC" v >

Cp*Rh@Uio-67 |

............. -
................... "
e .

e

W iy \ I

® 0@

7/

Fig. 6 (a) Photocatalytic performance of MOF-4 and homogeneous H;Ls. Reproduced with

permission [154]. Copyright 2011, American Chemical Society. b) Plot of formate turnover number during

CO; photocatalysis experiments for Zr-based MOFs. Reproduced with permission [157]. Copyright 2015,

American Chemical Society. (c) Heterogenization of a rhodium complex into UiO-67 framework. Adapted
with permission [158]. Copyright 2015, Wiley-VCH. (d) Two different DFT simulated geometry for the
Rh-complex immobilized in MIL-101-NHz(Al). Adapted with permission [159]. Copyright 2018, Wiley-
VCH. (e) The structure of -NH functionalized Re-MOF and the mechanism for CO. conversion. Adapted

with permission [164]. Copyright 2017, Nature Publishing Group.
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CO; vibrations. Consequently, the carbonyl
groups acquire an asymmetric configuration, which
aids the formation of CO intermediates. The
asymmetric carbonyl groups and the intermolecular
stabilization of carbamate intermediates resulted in
a 3-fold increment in the photocatalytic reduction
of CO; into CO. Also, Sun et al. [192] demonstrated
that the CO; reduction performance of MOF-253
can be improved by incorporating photosensitizing
Ru carbonyl complex, Ru(bpy):Cls, into the
material.

The linking units of MOFs that mimic the
natural light-harvesting complexes can be
immobilized in MOFs photocatalytic systems.
Different porphyrins based metal complexes have
been applied as catalysts for photocatalytic CO,
reduction in homogenous systems [193-196], due
to the versatile functionality, selective adsorption
[197] and strong light harvesting [198] and unique
nature of porphyrin ligand [199]. Therefore,
modifications of porphyrin-based MOFs for
photocatalysis gained recent attention [200-202].
For example, the CO; reduction to CH3;OH activity
for a porphyrin-based MOF modified with Cu?
showed improvement by up to 7 times, as compared
with the counterpart without Cu?* modification
[187].

A series of Zr polyphenolate-decorated-
(metallo)porphyrin MOFs, ZrPP-n-M (n = 1 for
THPP = 5,10,15,20-tetrakis(3,4,5-
trihydroxyphenyl)porphyrin, n = 2 for THBPP =
5,10,15,20-tetrakis(3,4,5-
trihydroxybiphenyl)porphyrin, M = Hy, Zn, Cu, Fe,

Co) were constructed with the eclipsed porphyrin

Coordination Chemistry Reviews 450 (2022) 214245

arrays linking with the Zr-oxide rode to form an
extended porous frameworks [203]. Interestingly,
ZrPP-1 can withstand unprecedented pH stability
over a wide range (pH = 1, HCI and concentrated
NaOH solution =~ 20 M). The cobalt-metalated
analog, ZrPP-1-Co, with uniform distributed active
centers, recorded not only a high CO; adsorption
capacity (=90 cm® gt at 1 atm, 273 K), but also high
reduction of CO; into CO over CH4 (=14 mmol g*
h'Y) under visible-light irradiation without the
support of any cocatalyst. The porphyrins absorb
incident photons, transfer the electrons to the Co?*
and with the aid of TEOA, Co?* is reduced to Co*
and then to Co° which activate CO, for the
reduction process [203].

Yang et al. prepared an Eu-Ru(phen)s-MOF
(phen = phenanthroline) by incorporating a
photosensitizing Ru(phen)s-derived tricarboxylate
ligand into Eu-MOF with a SBUs containing
Eua(p-H20)  [204].

theoretical calculations were used to unveil that the

Transient absorption and

photo-generated electrons were transferred from
the from Ru metalloligands into the node to
generate dinuclear [Eull-H;O-Eull]-active sites,
which participate in two-electron photoreduction of
CO; to HCOOH with a rate of 321.9 pmol h-1
mmolMOF-1.

Through

structures at atomic level, the recombination of

rational design of framework
electron-hole pairs can be suppressed. Thus, a
pyrazolyl-porphyrinic based MOF, PCN-601,
composed of catalytic Ni-oxo cluster and light-
responsive metalloporphyrin ligands linked via

pyrazolyl groups, demonstrated efficient CO.-
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photoreduction [205]. The larger m-conjugation
pyrazolyl groups caused higher n-d orbital overlaps
with Ni-oxo cluster and their robust coordination
spheres endowed the frameworks with proper
energy band alignment (efficient charge separation)
and ultrafast ligand-to-node electron transfer.
Hence, the CO-to-CH4 production rate (10.1
umol-ht-g) of this pyrazolyl-porphyrinic Ni-
MOF surpass 3 times (PCN-222) and 17 times
(NisTCPP) higher than those of analogous carboxyl

porphyrinic  MOFs and inorganic Pt/CdS
photocatalyst.
3.4. Activation of metal nodes
Light-responsive metal ions for the

construction of the secondary building unit of
MOFs is an interesting strategy to activate the
metal nodes for enhanced photocatalytic
activity. Li's research group constructed
different Fe-based MOFs, including, MIL-
53(Fe), MIL-88B(Fe) and MIL-101(Fe)
together with their amino-functionalized
derivatives [72]. Due to the presence of Fe-O
clusters, the three parent MOFs are visible light
responsive.  Upon  excitation, electrons
transferred from O% to Fe®*; hence the
unfuctionalized Fe-containing MOFs are active
for CO2 reduction, Fig. 7, which was not
possible with both MIL-125(Ti) and UiO-
66(Zr) [72]. For the three unfunctionalized
MOFs, MIL-101(Fe) recorded the highest

HCOO- production (59.0 pumol in 8 h),
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attributable to the presence of more

coordinated unsaturated Fe metal sites.
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Fig. 7. Catalytic performance of MIL-
101(Fe). Reproduced with permission from
Ref. 70. Copyright 2014, American Chemical
Society

3.5. Mechanisms of light-harvesting and
electron transfer

The light-responsive component of MOFs
influences the overall electron transfer
mechanism of the frameworks. When the
organic ligands harvest light, and the excited
electrons are transferred from the ligand to the
metal nodes; the phenomenon is called a linker-
to-metal cluster charge transition (LCCT)
mechanism. It results to charge separation state
in the framework, which is similar to the
features of metal oxide semiconductors,
supporting the semiconductor-like behavior of
MOFs [206]. Most
undergo the LCCT mechanism. Fu et reported
that when NH>-MIL-125(Ti) was irradiated

with visible light, the amino functionality in the

MOF photocatalysts
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ligand absorbs the light and transfers electrons
to Ti** through the O in the TiOs(OH) cluster
[71]. Consequently, Ti*" is reduced to Ti®",
whereas TEOA acts as sacrificial electron
donor and further provides a basic environment
Thus, the
photocatalytic pathway follows the LCCT

to facilitate the reduction.
mechanism as illustrated in Scheme 1a [71].
ESR and UV-DR spectra were used to confirm
the existence of Ti** in the metal nodes. The
participation of Ti®* in the CO2 reduction was
revealed in the analysis of the green suspension
formed upon visible light irradiation in N2
environment. Garcia and co-workers further
confirmed the generation of Ti** when they
characterized the transient states genessrated
upon the excitation of NH>-MIL-125(Ti) with
light [207]. The studied transient signal is
compatible  with  photoinduced charge
separation with the generation of electrons and
holes.

It was further demonstrated that the LCCT
NH.-UiO-66(Zr)
(Scheme 1b) [80]. Similarly, on irradiation of
visible light, the excited ATA* transfers

mechanism occurs in

electrons and reduce Zr** to Zr®*, which
subsequently reduces CO, to HCOO". ESR
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spectroscopy was used to ascertain that a signal
with a g value of 2.002, which increases with
irradiation time, occurs, and this signal
disappears when CO: is introduced into the
system (Fig. 8a and b). This signal was not
observed upon visible light irradiation of both
UiO-66(Zr) and H2ATA. Consequently, there
was photogeneration of Zr®* intermediates
which were involved in the CO; reduction of
over the Zr-MOFs [80].

Electron spin resonance measurements
were conducted to examine the mechanism of
CO2 reduction over PCN-222. The results
support that Zr** intermediates are formed
when photoexcited electrons are transferred
from the ligand, H.TCPP, to the Zr-O clusters
in the presence of TEOA as electron donor
Scheme 1c [168]. Notably, Ti-substituted NH.-
UiO-66(Zr/Ti),

transfers electrons to Zr** through a Ti-

i.e., Dbimetallic assembly,

mediated electron transfer mechanism as
shown in Scheme 1d.[208] The excited SBU
generated is (Ti®*Zr*)s04(OH)4 since Ti** can
easily accept electrons from the organic linkers
than the Zr** centers. The [Re'(CO)s(dcbpy)Cl]
(H2L4) derivatized MOF 4 photocatalytic CO>
reduction followed a metal-to-ligand charge
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Scheme 1. LCCT mechanism for the visible light-induced reduction of CO2 over (a) NH»-
MIL-125(Ti), Adapted with permission [69]. Copyright 2012, Wiley-VCH. (b) NH2-UiO-66(Zr).
Reproduced with permission [78]. Copyright 2013, Wiley-VCH. (c) PCN-222, Adapted with
permission [141]. Copyright 2015, American Chemical Society, and (d) NH2-UiO-66(Zr/Ti).
Reproduced with permission [178]. Copyright 2015, The Royal Society of Chemistry.

transfer (MLCT) mechanism [181]. On
recycling the MOF 4, the recovered solid was
inactive for CO generation; thus, there is
detachment of Re-carbonyl moieties (i.e., up to
43.6% of Re was leached into solution) from
the dcbpy group in the MOFs that results in the
loss of the peak at 412 nm. Notably, the
disappearance of the peak confirmed the
MLCT
Re(CO)s3(bpy)Cl species, as presented in Fig.
8c.

By combining the advantages of ZIF-9 for

absorption  properties of the

CO. capture and the catalytic function of cobalt

and imidazolate in CO> reduction catalysis, a

MOF-photocatalyst that was induced by visible
light excitation of dye molecules was obtained.
There was no metal-to-ligand charge transfer in
the Co-ZIF-9 [209].

MOFs/semiconductor composites,

framework For
photogeneration of electrons and holes occurs
at the semiconductor accompanied by the
transfer of electrons to the CO; reduction site.
Wang et al. showed that upon visible light
illumination on Co-ZIF-9/CdS composite, the
electron-hole pairs were produced on the CdS,
followed by migration of the e” to the CB of the
CdS semiconductor [210].
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Fig. 8. (a) Electron spin resonance spectra of NH>-UiO-66(Zr), UiO-66 MOFs and H2ATA,
and (b) the spectra of NH2-UiO-66(Zr) at different conditions. Reproduced with permission [78].
Copyright 2013, Wiley-VCH. (c) UV-Vis spectra of MOF 4. Reproduced with permission [154].
Copyright 2011, American Chemical Society. (d) Electron transfer mechanisms in HoTCPP and
PCN-222. Reproduced with permission [144]. Copyright 2015, American Chemical Society.
Electrons distribution on HOMO (e) and LUMO (f) orbitals. and (g) the coordination environment

for the biological adenine molecule in biomimetic MOF structures. Reproduced with permission

[183]. Copyright 2019, Wiley-VCH.

Furthermore, the
mechanism over M/NH2-MIL-125(Ti) (M=Pt
and Au) shows that upon light illumination, the

photocatalytic

excited ATA linkers transfer electrons through
the M-N bond to the noble metal nanoparticles
which trap some of the electrons to provide

redox reaction sites and can also hinder

electron-hole recombination [211, 212]. On the
mechanistic viewpoint for the H, TCPP MOF,
the 500 nm photons initiate electron transition
from the ground state to the excited state
followed by deactivation to the lowest-lying
excited state, as illustrated in Fig. 8d [168].
Thus, PL of around 11 ns was detected. For the



C.l. Ezugwu, S. Liu, C. Li et al.

PCN-222 system, two distinct lifetimes exist
for the PL emission (around 712 nm), which
shows that the recombination of electron-hole
originates from two trap states that are close to
the conduction band bottom. Thus, the two trap
states inhibit recombination [168].
Photocatalytic CO> reduction in MOFs can
also occur on the organic linker only without
the involvement of the traditional metal center;
thus, no LCCT or MLCT mechanism occurs in
these systems. Thus two green biomimetic
MOFs, [Co2(HAD)2(AD)2(BA)]-DMF-2H20
(ADMOF-1; HAD =
butanedioic

adenine and BA =
acid)
[Co2(HAD)2(AD)2(1A)2]-DMF  (AD-MOF-2;

IA = isobutyric acid) were constructed and

and

employed as photocatalyst for the conversion
of CO2 to formic acid [213]. Here, both the
excitation and the CO> reduction process are
solely nucleobase adenine-dependent without
any participation of the Co-oxo clusters. The
active CO2 adsorption and activation sites were
confirmed by DFT calculation, which unveiled
that the adsorbed CO; at the metallic site would
escape quickly due to its saturated coordination
sphere. Therefore, this metallic unit is not the
active site of the biomimetic MOFs. As
demonstrated in Fig. 8e and Fig. 8f, the
calculated electron density distribution
revealed that the electron density on the LUMO

and HOMO orbitals of the frameworks are

Coordination Chemistry Reviews 450 (2022) 214245

mainly localized on the adenine molecule
[213].

Thus, upon light irradiation, photoexcited
electrons are generated on biological adenine
molecules (Fig. 8g) where the active site is the
0-amino assisted naked aromatic nitrogen atom
via the strong binding with the activated CO.
intermediate for subsequent CO-to-HCOOH
conversion. Interestingly, in pure aqueous
solution, AD-MOF-2 recorded formic acid
generation rate of 443.2 umol g h [213].

The aforementioned mechanisms are
based on excitation at a single component of
the framework, like the ligand, additives/dyes,
or the metal complex, thereby following a
single excitation pathway. Nevertheless,
excitations both at the ligand and the metal
nodes of a MOF termed "dual excitation
pathways" have been reported [72]. The
cooperative effect of dual excitation pathways
significantly enhances their CO: reduction
activities. For an amine-containing ligand, the
dual excitation pathways consist of; excitation
of amine group, followed by an electron
transfer to the metal cluster which is also
excited by photons. Wang et al. reported that
the photoreduction of CO> by series of NH>
based MIL-(Fe) MOFs are based on a dual
excitation mechanism which comprises;
excitation of amine moiety followed by

transfer of electron to the Fe-oxo cluster by
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LCCT mechanism, couple with the direct
excitation of Fe—O clusters (Scheme 2a) [72].
They used the wavelength dependence of the of
NH2-MIL-101(Fe) and MIL-101(Fe)

elucidate the mechanism for the improved

to

catalytic activity over the modified MOF. Sun
et al. further reported a dual excitation
mechanism by showing that the ligand,
H.SDCA-NH: (2,2'-diamino-4,4'-stilbene
dicarboxylic acid) can absorb visible light to
sensitize the Zre-O cluster via the LMCT and
then the CO> photoreduction process occurs at
this Scheme 2b [166].

Moreover, the exited H.SDCA-NH3 can, on its

metal clusters,
own, directly reduce CO; to formate. The
mechanism for the NNU-28 is by dual
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photocatalytic routes of the Zrs-oxo clusters by
the LMCT process
photoinduced charges by radical formation on

and generation of
the anthracene-based ligand, 4,4’-(anthracene-
9,10-diylbis(ethyne-2,1-diyl))dibenzoic
scheme 2c [167]. Moreover, rhodium(ll)-
(Rh-PMOF-1(Zr))
with a dual catalytic center has been reported,
Scheme 2d.[214] The

ligand on its own can act as an active center and

acid

porphyrin-based MOFs

rhodium-porphyrin

carry out the COz reduction process. On the
other hand, the metalloporphyrin ligand can
also absorb light in the visible region and
further transfer the electrons to the Zr-O nodes,
where the CO> reduction process occurs.

co,

.{‘b

visible light
a

Scheme 2. (a) Dual excitation mechanism over amino-containing MOFs with Fe-oxo cluster.

Adapted with permission [70]. Copyright 2014, American Chemical Society. (b) Zrs 0xo cluster
and H2SDCA-NH: ligand. Reproduced with permission [139]. Copyright 2018, The Royal

Society of Chemistry. (c) anthracene-based ligand and Zrs oxo cluster and rhodium-porphyrin
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ligand. Adapted with permission [140]. Copyright 2016, The Royal Society of Chemistry. and (d)

Zrg 0xo cluster. Reproduced with permission [184]. Copyright 2018, Elsevier.

4. Improving the charge dynamics of
MOF photocatalysts

The activities of MOF-photocatalysts are
hindered by inefficient transfer of an electron
between the frameworks and the homogeneous
component and slow mass transport through
the channel of the MOFs. Thus, most of these
catalysts need the incorporation of some
components in order to achieve a significant
CO2 reduction. Of importance is the precise
assembling of different functionalities in a
single MOF structure, thereby generating a
multicomponent MOF that is efficient for
artificial photosynthesis.

4.1. Plasmonic Enhancement by Metal
loading

Generally, the loading of noble metals into
semiconductors is a known means to hinder the
recombination of light-induced charge carries
[215, 216]. Sun et al. first reported the effect of
noble metal on the photocatalytic performance
of MOF-based photocatalyst [211]. They
prepared Pt and Au-doped NH2-MIL-125(Ti)
photocatalyst for the CO- reduction to HCOO-
under the irradiation of visible light. Both
formate and hydrogen are produced over noble
metal incorporated NHz-MIL-125(Ti), whereas

only formate was generated over pure NH»-

MIL-125(Ti). In 8 h, about 40.2 and 235 mmol
of Hx was respectively produced over Au/ and
Pt/NH2-MIL-125(Ti). The evolution indicates
that the noble metal facilitates electron transfer
from the linker to the noble metal
nanoparticles, knowing that noble metals are
good electron traps and can offer suitable redox
reaction sites for Hx evolution [211]. For CO-
reduction to formate, the two co-cocatalysts
behaved differently, compared with the parent
MOF. The Au-doped MOF showed lower
activity to form formate (about 9.06 mmol in 8
h), while 10.75 mmol is generated over non-
modifed NH>-MIL-125(Ti), thus there was
about 16 % decrease in the activity. The Pt-
loaded sample exhibit an unusual enhancement
of activity, generating about 12.96 mmol of
formate which is about 21 % increment as
compared to the parent MOF [211].
Furthermore, insufficient electron transfer
between the visible light-responsive molecular
catalyst and the MOFs catalyst (SBUs), are
optimized by integrating the whole catalytic
system within one material [178, 217]. Yaghi
and coworkers [218] demonstrated a MOF-
coated nanoparticle photocatalyst with two
different functional units for enhanced CO>
reduction activity. The Zr-MOF, UiO-67 (Ren-

MOF), was constructed by attaching the active
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Re!(CO)3(BPYDC)CI  complex, BPYDC =
2,2'- bipyridine-5,5’-dicarboxylate in the linker
as illustrated in Fig. 9a. The density of the
complex in the framework was systematically
controlled to establish an  optimum
with Re3-MOF having the

For the

combination,

highest activity. cooperatively
improved photocatalytic activity to be attained,
there should be a fine balance of proximity
between the numbers of Re complexes per unit
cell [218]. Thus, they established that the trend
of the activity results from the molecular
environment within the framework which
varied with photoactive centers’ density.
Importantly, after coating the optimal Res-
MOF frameworks onto Ag, the light-
responsive Re centers were evenly confined to
the near-surface electric fields at the Ag
nanocubes’ surface, thereby resulting in 7-fold
catalytic enhancement conversion of CO; to
CO with stability up to 48 h [218]. The
precision and systematic variation applied in
the design of the catalysts, together with the
interfacial spatial resolution with plasmonic
nanostructures, contributes to their unique
improved performance.

MIL-125

composed of Ti-oxo clusters as SBUs was

As presented in Fig. 9b,

employed as sacrificial precursors to fabricate
GNP/TiO2
GNP/NH2-MIL-125 through pyrolysis [219].

material by disassembling the

Coordination Chemistry Reviews 450 (2022) 214245

The hybrid materials  show

significant UV light promoted CO> reduction

composite

to CHs when compared to pristine samples
such as AuROlite (Au/TiO2) and P-25. The
incorporation of gold nanoparticles (GNP) on
the MOF-derived TiO2 material enhanced their
CO2 The hybrid

material acts as a support matrix for the

reduction performance.

dispersion and stabilization of small gold
nanoparticles, which are well-dispersed on its
outer surface.

An  atomically  dispersed  catalyst
comprising single metal atom tethered on
MOFs to maximize the atom efficiency is
another strategy to improve the efficiency of
MOF-photocatalyst for CO> reduction. Ye and
co-workers [220] incorporated Co (unsaturated
single MOF-525, e.
Zrs04(OH)4(TCPP-Hz)3,  TCPP=4,4",4"4""-
(porphyrin-5,10,15,20-tetrayl)

to optimize the

atoms) in

tetrabenzoate,

selective capture and
photocatalytic CO. reduction capacity of the
MOFs under the irradiation of visible light.
Based on the mechanistic studies, the single Co
atoms deeply boost the efficiency of the charge
separation, and the migration of the electrons
from the porphyrin to Co sites leads to the
generation of long-lived electrons for the
reduction process. Consequently, the MOF-
525-Co catalyst exhibit highest CHs and CO

production rate of 36.76 and
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Fig. 9. (a) Structural representation of
Ren-MOF and AgcRen-MOF for plasmon-
CO2
Reproduced with permission [188]. Copyright
2016, (b)
Fabrication of GNP/TiO> from GNP/NH2-
MIL-125 by pyrolysis.

enhanced photocatalytic reduction.

American Chemical Society.
Reproduced with
permission [189]. Copyright 2015, American
Chemical Society. (¢) CO and CHa evolution
performance of HeTCPP, MOF-525-Zn
(purple), MOF-525-Zn (orange) and MOF-
525-Co (green). Reproduced with permission

[190]. Copyright 2016, Wiley-VCH.
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200.6umol g * h™* respectively, under the

irradiation of light for 6 hours, much higher

- than the value for MOF-525-Zn (CHa, 11.635

umolgth™; CO, 111.7 umolg*h™) and
MOF-525 (CHa, 6.2 umol g *h™%; CO, 64.02
pumol g1 h™) as presented in Fig. 9c.[220]
Concisely, MOF-525-Co shows a respective

equivalent enhancement of up to 5.93-fold and

1 3.13-fold in CH4 and CO evolution, compared
. to the parent MOF-525.

4.2. MOFs based composite
photocatalysts
MOF-based composite material,

Cdo2ZnoeS@UiIO-66-NH., was constructed by
Su et al. for CO2 reduction [221]. It was
unveiled that the efficient charge separation
and transfer on the interface between UiO-66-
NHz and Cdo2ZnosS contributed to the
improved performance of the hybrid structure
when compared with pristine components. At
20 wt% UiO-66-NH: content, the CH3OH
generation rate of 6.8 mol h™* gt was recorded.
In addition, Zn.GeO4/Mg-MOF-74 composite
showed 7 times higher photocatalytic CO>
conversion into CO than the pristine Zn,GeO4
attributed reduced electron-hole
[222]. PL EIS
measurements confirmed the improved charge-
The

combined effect of the two materials induces

to
recombination and

transfer feature of the composite.
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an effective electron transfer from Zn,GeO4 to
Mg?*, thus enhancing the performance.

A zirconium-based MOF coupled with
Uio-
66/CNNS hybrid structure was electrostatically

carbon nitride nanosheets (CCNS),

self-assembled, taking advantage of negatively
and positively charged CNNS and UiO-66,
respectively [223]. The electron-hole pair
recombination in CNNS is suppressed in the
composite because of the facile electron
transfer from the CNNS to the UiO-66.
Consequently, UiO-66/CNNS shows a higher
catalytic activity than CNNS. Two different
photoactive inorganic semiconductors can be
MOFs to their

photocatalytic activity. Yu et al. incorporated

loaded on improve
g-C3N4 nanocrystals and CdTe quantum dots
on NH2-UiO-66 to form NH2-UiO-66/g-
C3N4/CdTe composites that can, under visible-
light irradiation, convert CO> to HCOOH with
a generation
outperforming NH2-Ui0O-66 by 7.5 fold higher
[224].

Also, Maina and coworkers employed a

rate of 24.6 umol g*thY?,

rapid thermal deposition (RTD) synthetic
approach to achieve a controllable thin-film
encapsulation of TiO2 and Cu-TiO2 within ZIF-
8 membranes for efficient CO2 conversion
under UV irradiation, Fig. 10a [225]. It was
realized that CH3OH and CO were the only
products formed with the yield depending on
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the concentration of dopant semiconductor
particles. The best activity was obtained with 7
ug loading of Cu-TiO., promoting the CO and
CH3OH yields of the pristine ZIF-8 membrane
by 233 % and 70 %, respectively. Moreover, a
ZIF-67 nanotube was employed as a precursor
to prepare Co1.11Te> material that is half-metallic
in nature and exhibits high photocatalytic
performance for CO, conversion. XPS analysis
and DFT calculations were used to confirmed the
half-metallic character of the fabricated material,
thereby improving its electron transferability
[226].

Ultrafast spectroscopy was used to show
that excited electrons can be transferred from
an inorganic semiconductor to MOF, which not
only suppresses the charge recombination in
the semiconductor but at the same time, supply
energetic electrons to reduce the adsorbed CO>
on the MOF.[217] This concept is illustrated by
coating a TiO2 onto Cuz(BTC), (HKUST-1) to
core-shell  Cuz(BTC).@TiO>

CO2 The

composite exhibits a five-fold reduction of CO>

generate a
structure  for photoreduction.
to CHs compared to pristine TiO.. Both
transient photocurrent response measurements
and incident-photon-to-current  conversion
efficiency (IPCE) characterizations were used
to verify the improved charge-separation

performance of the catalyst [217].
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« Precursor ZnyGeO4 nanorods Zn:GeOyJZIF-8 .
\. solution adsorbed with TMAOH hybrid nanorods /

Fig. 10 (a) The assembly of semiconductor nanoparticles doped MOF membranes. Adapted

with permission [195]. Copyright 2017, American Chemical Society. (b) Synthetic pathway of
Zn,GeO4/ZIF-8 hybrid nanorods. Reproduced with permission [201]. Copyright 2013, The Royal

Society of Chemistry.

The effect of Co-ZIF-9 as a cocatalyst for
CO2 photoreduction was also demonstrated for
other semiconductor photocatalyst systems.
For example, realizing the co-catalytic
property of Co-ZIF-9, a high visible-light
CdS was
integrated with Co-ZIF-9 to generate a system
capable of reducing CO. [210]. At 420 nm

irradiation, an

photocatalytic ~ semiconductor,

monochromatic apparent
guantum yield of 1.93% was reached. Both
photocurrent generation and in-situ PL
measurements were used to confirm the role of
Co-ZIF-9 for promoting electron transfer.
Also, the strong interaction between CdS and

MIL-101(Cr) in the CdS/MIL-101(Cr),

promoted the electron-hole pairs transfer
efficiency of the composite, which exhibited an
improved CO:z reduction under visible light
[227]. Wang and coworkers reported that Co-
ZIF-9 can function as a MOF-containing
cocatalyst for CO2 photoreduction [209]. This
Co-based MOF cocatalyst can cooperate well
with a
[Ru(bpy)s]Cl2-6H20 (bpy =
along with TEOA as an electron donor.

ruthenium-based photosensitizer,
2°2-bipyridine),

Irradiation of visible-light on the ternary
system resulted in the conversion of CO; into
CO at a rate of 1.4 pmol mint, giving rise to a
catalytic TON of about 450 within 2.5 hours
under mild reaction conditions [209]. In
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contrast, in the absence of either the dye or Co-
ZIF-9, no and CO
production was hindered significantly.

A Gb-based MOF as a visible-light

photosensitizer was constructed by assembling

reaction occurred,

a triphenylamine moiety [170]. Moreover,
redox cocatalysts (Fe-Fe hydrogenase and the
Ni(Cyclam) complexes) with suitable redox
potential were incorporated into the pores of
the frameworks; thus, the close confined
proximity between the cocatalysts and the
photosensitizer facilitate the effective electron
[228].
photosynthetic

transfer Therefore, the assembled

artificial systems present
efficient photocatalytic CO> reduction and H:
evolution. In addition, loading lead halide
perovskite (LHP) quantum dots (QDs) on
MOFs

efficiency, thereby improving the catalytic CO>

can facilitate charge separation

photoreduction. In this regard, Lu and
coworkers encapsulated low-cost
CH3sNH3sPblz (MAPDI3) perovskite  quantum

dots (QDs) on the pores of Fe-porphyrin-
containing frameworks, whose performance is
38 times higher than its analogue without the
QDs [229].

A similar idea was also demonstrated by
integrating a metal-free light harvester,
graphitic carbon nitride (g-CsNa4), with a Co-
ZIF-9, which functions as a cocatalyst [230].

The CO2 reductions were carried out in the
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presence of bipyridine as an secondary electron
mediator and TEOA
condition (30 °C and 1 bar COy). In situ PL

measurements were used to elucidate the

in a mild reaction

synergistic charge-mediating effects in the
presence of Co-ZIF-9 and bpy, which can
inhibit the recombination of charge carriers in
the g-C3sN4 semiconductor [230]. In this stable
semiconductor—redox system, the
photochemical CO2 reduction was induced by
the visible light excitation of the g-CsNs
semiconductor as a solar energy transducer.
Either bpy or Co-ZIF-9 can suppress the
quenching of the photoexcited charges in the
system.

Liu et al. reported a semiconductor-MOF
ZIF-8/Zn,GeOs  hybrid
fabricated by growing ZIF-8

nanocomposite,
nanorods,
nanoparticles on the surface semiconducting
Zn,GeO4 nanorods, see Fig. 10b, in order to
improve the photocatalytic activity of Zn,GeOs
for CO2 reduction [231]. The
nanocomposite has both high crystallinity and

resultant

CO; adsorption capacity due to Zn,GeOs and
ZIF-8

enhancement in CO> reduction than Zn,GeO4

respectively, thus displaying 62%

nanorods.  This optimum conversion is
achieved when the composite material contains
25 wt% ZIF-8 with a higher CO adsorption
capacity (3.8 times) than the Zn,GeOs
While Zn;GeOq

nanorods. nanorods can
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produce 1.43 pmol g* of the liquid fuel
(CH30OH), the composite can generate 2.44
umol gt [231].

By photoelectrochemical impedance and
PL measurements, it has been revealed that
uniform ultrathin 2D Zn porphyrin-based MOF
(4.7 nm

photosensitizer have a higher charge transport

nanosheets thickness) as a
mobility and better suppression of charge
recombination than the Zn-MOF bulk [232].
Thus, Zn-MOF nanosheets higher activity
(68.7 TONs of CO) and selectivity (81.5%)
than the Zn-MOF bulk (26.2 TONs of CO and
67.9% selectivity). In addition, with ZIF-8 as
co-catalyst, the Zn-MOF nanosheets can
generate up to 117.8 TON and 91.0%
63.6 TON and 89.5%

selectivity could be realized for the bulk [232].

selectivity, while

A composite consisting of porphyrin-
MOFs,  Al/PMOF,

functionalized graphene, NH>-rGO, was

based and amine

Coordination Chemistry Reviews 450 (2022) 214245

evaluated for the photocatalytic CO> reduction
[233]. NH2-rGO (5 wt%)/Al-PMOF recorded a
formate production rate of 685.6 pmol/gearth™
with high selectivity (almost 100%). The
catalytic activity of the graphene-porphyrin
based MOF outperformed that of AI-PMOF
and porphyrin ligand.

A semiconductive Cu(l)/Cu(ll) mixed-
valence MOF, NJU-Bia6l (NJU-Bai for
Nanjing University Bai group) with the full
light Cusls and
CusOI(CO2)3 exhibited CO-

adsorption capacity of 29.82 cm® g! and

spectrum,  containing

clusters,

photocatalytic CO> reduction to produce CH4
at a rate of 15.75 mmol g* h'* and with high
selectivity (72.8%) [234]. These unique metal
clusters play the role of photoelectron
generators and collectors. Table 3 presents
MOFs/semiconductor composites that have

been utilized for photocatalytic CO> reduction.

Table 3 MOFs/semiconductor hybrid photocatalysts

Acronym/E | Semiconductor Catalytic Active | Product amount/ Ref
mpirical Site .
Time
formula
Co-ZIF-9 [Ru(bpy)s]Cl2-6H,0 Cobalt-cluster 450 TON of CO within 2.5 [209]
hours
Co-ZIF-9 g-C3Ny Co-ZIF-9 20.8 umol COin2h [230]
Cobalt-cluster
Co-ZIF-9 Cds Co-ZIF-9 85.6 umol COin3h [210]
ZIF-8 Zn,Ge0,4 ZIF-8 2.44 umol g CH3;OHin 11 h | [231]
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Cus(BTC), TiO2 Cu sites of Cu 2.65 pmol g CH, [217]
(HKUST-1) 3(BTC)2

MIL-101- [Ru(bpy)2(4,4'- [Cp*Rh(4,4'- 0.33 pmol HCOO- in5h [186]
NH»(Al) bpydc)]2+ bpydc)]2+

4.3. Double metal node by doping

Through the concept of metal ions
[235],

exchange (PSE) has been introduced as a facile

metathesis post-synthetic  metal
strategy for tunning of the metal nodes of
MOFs [236, 237]

photocatalytic CO. reduction [238]. Li and

to achieve enhanced

coworkers [208] prepared a Ti-substituted
NH2-UiO-66(Zr) (NH2-UiO-66(Zr/Ti)) by PSE
of Zr with Ti, thereby generating oxo-bridged
Ti**—0-Zr* bimetallic assemblies within the
same Such
bimetallic assemblies in the SBU of NH2-UiO-
66(Zr/Ti) represented as (Ti*’Zr**)s04(OH)4

are similar to those previously constructed over

frameworks. oxo-bridged

semiconductors and zeolites, like; Zr**~O—Cu",
Ti*—0- Fe?*, Cu™—0-Zr* and (Ti*—O-Cr*"
Ti**—~0-Co?* and Ti**—0-Ce®") [239-241]. In
addition, oxo-bridged hetero-metallic
assemblies formed by partial substitution of
transition metal cations have been reported in
MOFs [242-244]. Li and coworkers used DFT
calculations and ESR analysis results to
confirm that the incorporated Ti substituent

acts as a mediator, thereby facilitating electron

transfer from the activated linker to the Zr**

reactive site, enhancing the catalytic
performance [208]. As illustrated in Fig. 11,
the sample synthesized at 120 °C for 16 days
NH,-UiO-66(Zr/Ti)-120-16

contains 53.4 % Ti and generated 5.8 mmol

denoted as

mol™? of formate after 10 h irradiation, thus
outperforming (1.7 times higher) NH2-UiO-
66(Zr). In addition, Cohen and coworkers used
a dual (Zr/Ti) node framework obtained by
PSE of Ti(IV) into a mixed linker Zr-based
MOF to lower the electron-accepting level of
the SBUs,
reduction to formate under visible
irradiation [172].

thereby improving the CO:

light

»

—— NH,-Uio-66(Zr/Ti)-120-16
—e— NH,-Uio-66(Zr/Ti)-100-4
{—=— NH_-Uio-66(2r)

Sy

N

HCOO / mmol « mol™

s

0o 2 4 6 8 10
Time/h

Fig. 11. Photocatalytic performance of

single and bimettalic amine-based MOFs.
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Reproduced with permission [178]. Copyright
2015, The Royal Society of Chemistry.

5. Enhancing the CO2 adsorption of
MOF photocatalysts

Generally, a photocatalyst that has more
adsorption capability toward CO. stands a
better chance of enhanced CO: reduction
activity.  Therefore, some modification
strategies have been devised to improve the
CO; adsorption of MOF-based photocatalysts

in order to achieve higher performance.
5.1. Organic-linker modification

The CO:z intermolecular interaction with
aromatic molecules can be augmented by
functionalization of the aromatic ring with
some polar substituents like -NH2, -OH or -
SOsH, or -COOH, thereby enhancing the
adsorption capacity [245, 246]. Torrisi et al.
used DFT computation to show that the
strongest interaction is experienced with lone
pair donating atoms (N, O) followed by the
acidic protons of SOsH and COOH, and the
least with hydrogen-bond-like interactions
with aromatic H [245]. By comparing the CO>
adsorption capacity of NH>-MIL-125(Ti) is
higher (132.2 cm3g™?) than that of MIL-125(Ti)
(98.6 cm3g™), Fig. 12a [71].
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In addition, an increase in the amino
functionality in a linker enhances the CO>
adsorption. By using mixed linker, H,ATA and
2,5-diaminoterephthalic acid (H2DTA), for
MOFs synthesis, about 4% higher CO:
adsorption was obtained when compared with
that prepared with only H2ATA (Fig. 12b) [80].
Xing and co-workers illustrated that increasing
the ligand length and the amount of amine
group CO:
adsorption capacity of MOF-based catalyst
[247]. Comparatively, Zr-SDCA-NH; has up to
23% enhancement in CO2 adsorption than that
of NH2-UiO-66(Zr) [80].

synergistically improve the

5.2 Metal-nodes engineering

Chemisorption of CO. is a beneficial
strategy to enhance its adsorption [187]. In-situ
FT-IR analysis showed that chemisorption of
CO2 on porphyrin-based MOF containing Cu?*
results in a higher amount of CO, adsorption
capacity 277.4 mg/g than the physisorption of
its analogue (without Cu?*) 153.1 mg/g (Fig.
12c). The chemisorption occurred at the Cu
site by the “end-on” or “C-coordination” mode,
as shown in Fig. 12d. In addition, the open
adsorption—desorption isotherm (Fig. 12e) of
the Cu?* tethered MOFs indicates chemical

adsorption.
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Fig. 12. (a) CO adsorption isotherms of MIL-125(Ti) and NH2-MIL-125(Ti), Reproduced with
permission [69]. Copyright 2012, Wiley-VCH and (b) mixed ligand with enhanced adsorption
of CO». Reproduced with permission [78]. Copyright 2013, Wiley-VCH. (c) In situ FT-IR

spectra of SCu under different atmosphere, (d) The adsorption geometry “end-on” and “C-

coordination” of CO, on SCu, () adsorption-desorption isotherm of the Cu?* tethered MOFs.
Adapted with permission [160]. Copyright 2013, American Chemical Society. (f) CO:2
adsorption isotherms and (g) in-situ FT-IR analyses of MIL-88(Fe), MIL-53(Fe) and MIL-
101(Fe). Reproduced with permission [70]. Copyright 2014, American Chemical Society.

By examining the CO. adsorption capacity
of different Fe-based MOFs, it has been proven
that the occurrence of coordination unsaturated
metal sites (CUSs) enhances the adsorption
potential. As shown in Fig. 12f, the presence of
unsaturated Fe sites in MIL-101(Fe) enhanced

its CO. adsorption capacity (26.4 g/cmd),
which is higher than the values, 10.4 and 13.5
g/cm3, recorded for MIL-88B(Fe) and MIL-
53(Fe) respectively [72]. When CO. was
injected in MIL-101(Fe), a new peak (1253 cm’
1y emerged in the in-situ FT-IR spectrum, see
Fig. 12g. This new peak is attributed to the
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bidentate carbonate bonded to the metal center
[248]. Consequently, confirming that there is
direct adsorption of carbon dioxide onto the Fe
cluster because of the existence of CUSs in
MIL-101(Fe) [72, 249]. Conversely, no peaks
were observed between 1250 and 1270 cm™,
for both MIL-88B(Fe) and MIL-53(Fe),
proving the absence of CUSs in both

frameworks. In addition, the synergistic
corporation between MOFs with open alkaline
metal sites enhances CO. photoreduction.
CPO-27-Mg/TiO2 with

intimate contact between TiO2 nanospheres

nanocomposite

and spindle-shaped CPO-27-Mg microcrystal
exhibited improved catalytic activity for the
conversion of CO2 into CO and CHjs in the
light [141].
performance was due to the presence of open

presence of The enhanced
alkaline metal sites Mg?* (beneficial for CO;
activation) that resulted in high CO2 adsorption
capacity.

Improvement in CO2 adsorption of MOFs
photocatalyst can be achieved by incorporating
nodes in the SBU of the
framework. The two MOFs containing (Zr/Ti)

double metal

nodes show around 83 cm?® g CO; adsorption
capacity, which is higher than the value (68
cm® g1) recorded for the framework with single
metal node [208]. Similarly, Lau et al. showed
that PSE of Ti** into Zirconium MOF doubled
their CO, adsorption capacity, attributed to

Coordination Chemistry Reviews 450 (2022) 214245

smaller pore size (enhances CO; isosteric heat)

and higher adsorption enthalpy [250].
5.3 Morphology Control

MOF-photocatalysts are amenable to fine-
tuning through morphology and size control
[251], which are among the strategies to
enhance the photocatalytic performance of
MOFs for CO- reduction. For example, MOFs
with an increased surface area have a higher
CO. adsorption capacity resulting in improved
photoreduction activities. By bifunctional Ru-
MOF, Shuqguan et al. designed 3D metal-
organic flower-like hierarchical nanostructures
to evaluate the effect of morphology on activity
[252]. The unique flower-like nanostructure of
the Ru-polypyridine-based MOFs impacts
higher surface area with shorter energy transfer
path length, thereby improving their visible-
light photocatalytic CO2 reduction activity to
almost 150 %
MOFs, Fig. 13a. Furthermore, the flower-like

more than micro-lamellate
structure promotes the recyclability and
photostability of the MOFs catalyst.

In a similar development, the catalytic
of ZIF-67, with different

evaluated

performance

morphologies,  was using
[Ru(bpy)3]?* as the photosensitizer [253]. It
was established that the leaf-like 2D laminated
ZIF-67_3, see Fig. 13d, displayed the best CO>

photoreduction performance and the highest
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stability compared with the rhombic
dodecahedral morphology framework. The
best activity was attributed to their highest CO»
uptake capacity and efficient transfer of
electrons from [Ru(bpy)s]** to the leaf-like
ZIF-67 structure.

In another work, Sun and co-workers
explored the structure-dependent
photocatalytic CO conversion performance by
comparing the activities of two Fe-based
MOFs, MIL-100(Fe) and MIL-101(Fe) [254].
Under visible-light irradiation, MIL-100(Fe)
exhibited higher

selectivity  for

catalytic and
CO,-to-CH4

Although both frameworks contain the same

activity

conversion.

four pz-O-bridged Fe3O clusters, however, the
MIL-100(Fe) structural unit is more closely
arranged than the one of MIL-101(Fe) and the
FesO clusters density of MIL-100(Fe) is
higher. Hence, the structure of MIL-100(Fe) is
more conducive for electron transfer. These
attributed to the higher performance and
selectivity of MIL-100(Fe).

Niu et al. showed a photochemical method
for the preparation of a spongy nickel-organic
hybrid structure, Ni(TPA/TEG), with high
amount of defects, which is efficient for CO-
reduction having a highly selective remarkable
production of CO (a rate of 15,866 mmol
hourt g1) [157]. The catalyst gives near 100%
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Fig. 13. (a) The CO- photoreduction over Ru-
MOF (blue), microcrystals (red), nanoflowers
(black) and without a (pink).
Reproduced with permission [220]. Copyright
2015, The Royal Society of Chemistry. SEM
images of different morphologies of ZIF-67,

sample

(b), (c) and (d) (first row) the corresponding
TEM images of the samples (e), (f), and ()
(second row). Reproduced with permission
[221]. Copyright 2018, The Royal Society of
Chemistry.

CO selectivity over other competing gases like
H2 or CHa.

Zhang et al. employed structural
interpenetration to improve the stability of
Ru—polypyridine-based MOFs [189]. They
rationally designed 2-fold interpenetrated and

non-interpenetrated Ru—MOFs with similar
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CO2 photoreduction activity within the initial 6
The
activity continued up to 12 hours (30 pmol

hours. interpenetrated  frameworks'
formate generated) but could not be sustained
for its counterpart. It was established that the
interwoven framework has good durability and
recyclability, thus showing higher photonic
and thermal stability than their non-
interpenetrated counterpart. The remarkable
stability  results from the numerous
interframework supramolecular interactions
[189].

6. Conclusions and future perspectives

High-performance CO: reduction MOF
photocatalysts are achievable by following the
three fundamental strategies: engineering the
light-harvesting components of frameworks,
improving their charge dynamics performance,
and enhancing the CO> adsorption performance
of the MOFs.

incorporating

Bandgap engineering, by
visible light-responsive
conjugates and functionalities into the MOFs
backbone, is an established strategy of
increasing the optical efficiency of the MOFs.
Incorporation of appropriate visible light-
responsive linkers and redox-active metal in a
MOF,

enhance

double excitation
the light

particular ie.,

mechanism, overall
absorption capacity of the frameworks.
Synthetically, the proximal combination of

active metalloligands and light-responsive
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ligand coupled with immobilization of an

appropriate amount of photosynthesizer
enhances the photonic and quantum efficiency.
The limitation of MOF photocatalyst, having
modest/insufficient thermal and chemical
stability, resulted that most reported MOFs for
COz reduction are constructed with high-valent
metals ions containing intense charge density,
such as Zr**, AI**, and Cr®, forming MOFs
with strong coordination bonds. Since artificial
photosynthesis and MOF photocatalysts are
unavoidably handled in air containing
moisture, water stability is very crucial and
fundamental while analyzing the stability of
the  frameworks.  Composite  material
engineering and structural processing via post-
synthetic modifications have been used to
augment the stability of already prepared MOF
materials. For charge balance, these high-
valent metal ions warrant more linkers, thereby
resulting in a high connection number in the
metal nodes and high stability of the resultant
MOF photocatalysts. In addition, these high-
valent ion-based frameworks have a significant
level of acid stability. Notwithstanding that
these robust SBU can withstand harsh
photocatalytic conditions, they lack photo- and
redox-activities, hence limiting their CO2
reduction proficiency. Designing SBU with
efficient electron transfer containing a high

density of unsaturated metal ions and at the
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same time incorporating bimetallic nodes in
which one or both metal ions will be visible
light-responsive significantly improves the
stability of the MOF
Like, oxo-bridged
bimetallic assemblies of Ti**~O— Fe?* or Ti*"—

efficiency and

photocatalysts. using
O-Co?*, with unsaturated Fe or Co ions which
are active redox metals, will not only increase
the CO» adsorption capacity but also improve
both the visible light absorption and the overall
CO; reduction activity. Higher charge carrier
mobility is realizable by noble metal or metal
nanoparticle thus

loading, generating

plasmonic effect and/or redox matching
between the SBU and the linker. Using
electron-rich metal nodes or organic ligands
also improves charge mobility.
The

interactions at low partial pressure limit the

relatively weak CO2-framework
application of light-responsive MOFs to
convert CO; to solar fuels. This shortfall can be
overcome/improved by incorporating CO»-
philic moieties on the framework's linker.
Therefore, functionalizing the linker with
amine, porphyrin, imidazole, and other CO3-
philic containing moieties have proven
efficient in improving the carbon dioxide
MOFs.

engineering by

adsorption performance of the

Moreover, metal-node
chemisorption of CO2 and morphology control

during synthesis are other confirmed strategies

Coordination Chemistry Reviews 450 (2022) 214245

to enhance the CO- adsorptive features of MOF
photocatalysts. It is further beneficial that most
of these COz-philic linkers are even light-
responsive. Critically having discussed the

underlying principles to enhance the

performance of CO. photofixation into solar
fuels using MOF photocatalyst, this review can
trigger intensive, innovative study in this area
and open new research doorways for the design

of efficient complex  multicomponent

photosystems that can achieve artificial

photosynthesis.
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