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l–organic framework (MOF)
materials as an effective photocatalyst for
degradation of organic pollutants

M. Shahnawaz Khan, a Yixiang Li,a Dong-Sheng Li, b Jianbei Qiu,c Xuhui Xu c

and Hui Ying Yang *a

Water plays a vital role in all aspects of life. Recently, water pollution has increased exponentially due to

various organic and inorganic pollutants. Organic pollutants are hard to degrade; therefore, cost-

effective and sustainable approaches are needed to degrade these pollutants. Organic dyes are the

major source of organic pollutants from coloring industries. The photoactive metal–organic frameworks

(MOFs) offer an ultimate strategy for constructing photocatalysts to degrade pollutants present in

wastewater. Therefore, tuning the metal ions/clusters and organic ligands for the better photocatalytic

activity of MOFs is a tremendous approach for wastewater treatment. This review comprehensively

reports various MOFs and their composites, especially POM-based MOF composites, for the enhanced

photocatalytic degradation of organic pollutants in the aqueous phase. A brief discussion on various

theoretical aspects such as density functional theory (DFT) and machine learning (ML) related to MOF

and MOF composite-based photocatalysts has been presented. Thus, this article may eventually pave the

way for applying different structural features to modulate novel porous materials for enhanced

photodegradation properties toward organic pollutants.
1. Introduction

Environmental pollution resulting from population growth and
industrialization has led to water scarcity, posing a signicant
challenge for human beings.1,2 Moreover, this challenge has
been exacerbated by unpredictable climate change and the
impending global warming crisis.3 In response to the freshwater
crisis, water purication has emerged as an alternative drinking
and industrial water supplementation solution.4,5 Therefore,
developing efficient technologies that effectively remove
contaminants from wastewater becomes crucial, ensuring
environmental stability.6,7 Based on the Safe Drinking Water Act
(SDWA), contaminants can be categorized as organic and
inorganic, depending on their chemical composition.8 Inor-
ganic pollutants encompass a range of cations, oxo-anions, and
heavy metal ions, including radioactive elements, which are of
utmost ecological concern.9,10 On the other hand, organic
pollutants constitute a diverse group that includes pharma-
ceuticals and personal care products (PPCPs), dyes, oils,
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polyaromatic hydrocarbons, detergents, pesticides, insecti-
cides, and herbicides.11,12 Although their concentrations may
not be as high as those of their inorganic counterparts, organic
pollutants are particularly concerning due to their high stability
and long-term environmental impact. Wastewater treatment
plants cannot effectively eliminate these pollutants and they
may persist for extended periods, possibly degrading into more
toxic byproducts.13 The eld of organic pollutant degradation
encompasses various technologies (Fig. 1); however, traditional
methods like coagulation/occulation precipitation, biological,
adsorption, and membrane technology have limitations such as
high operational costs, generation of secondary pollutants, and
low efficiency.14–18 In contrast, advanced oxidation processes
(AOPs), particularly photocatalytic AOPs, have gained signi-
cant consideration due to their simplicity, environmental
friendliness, and sustainability.19 Through photocatalytic AOPs,
organic pollutants can be disintegrated into less toxic
compounds.20

While photocatalytic processes harness the energy of light to
generate reactive oxygen species (ROS) that can oxidize organic
pollutants, the kinetics of these reactions can be inuenced by
factors such as catalyst stability, recombination of charge
carriers, and the availability of target pollutants at the catalyst
surface.21–23 Therefore, we must consider the underlying
mechanisms involved in photocatalytic performance. Mecha-
nistically, photocatalytic processes involve the excitation of e−

from the valence band (VB) to the conduction band (CB) of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Different sources and treatment techniques of wastewater.
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View Article Online
photocatalyst material upon absorption of light leading to the
formation of e−–h+ pairs.24,25 Subsequently, these charge
carriers can participate in redox reactions with adsorbed
organic molecules or water, generating ROS like hydroxyl radi-
cals (cOH) and superoxide radicals (cO2−) which are mostly
responsible for degradation of organic pollutants into less
harmful inorganic ions. The rate of these reactions is highly
dependent on the availability of these charge carriers and their
spatial separation to minimize recombination.26

Hence, there is a need to develop novel materials that can
facilitate abundant light absorption, high stability and enhance
photocatalytic performance.27 Metal–organic frameworks
(MOFs), composed of metal nodes and organic ligands, possess
crystalline structures due to their high porosity, diverse
topology, and customizable physicochemical properties; they
dispense several applications.28–31 In recent decades, MOFs have
demonstrated great potential in photocatalytic degradation of
organic pollutants. MOFs such as MOF-5 (Zn4O(BDC)3, where
BDC represents 1,4-benzene dicarboxylate), MIL-125 (Ti8O8(-
OH)4(BDC)6), and UiO-66 (Zr6O4(OH)4(BDC)6) exhibit
semiconductor-like behavior.32 MOFs having metal ions and
organic ligands, acting as separated semiconductor quantum
dots with light-absorbing antennas.22,33,34 Therefore by these
results, researchers have developed various light-responsive
MOFs for organic pollutant degradation, CO2 xation,
hydrogen production, selective organic transformation, and
bacterial disinfection in wastewater.35 On the other side of the
story, a green material, polyoxometalates (POMs), also exhibits
unusual photocatalytic activity in removing organic pollutants
from wastewater.36

POMs possess stable structures, redox properties, multiple
catalytic sites, and high stability during photocatalytic
processes.37 But they have weakly visible light absorbance, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
their photoexcitation requires irradiation with only UV light;
thus, their light utilization property is very poor. Recent studies
indicate that compositing POMs with MOFs can yield stable and
efficient hybrid photocatalysts. This combination offers several
advantages: (i) POMs exhibit brilliant photosensitivity compa-
rable to semiconductors like TiO2; (ii) the integration of POMs
with MOFs enhances material stability in aqueous environ-
ments, enabling reusability and reducing the generation of
secondary pollutants; (iii) POM-based MOFs provide a versatile
platform for designing various hybrid structures and activating
catalysts for the degradation of organic dyes.38–42 Hence, this
review aims to explore the current literature on MOFs and POM-
based MOF composite photocatalysts for the degradation of
organic pollutants under UV and visible light. Lastly, several
theoretical analysis approaches such as machine learning (ML)
and Kohn–Sham DFT have also been discussed in detail for
achieving ultimate photocatalysis performance.
2. Metal organic frameworks (MOFs)
2.1 Fundamentals of metal–organic frameworks (MOFs)

Metal–organic frameworks (MOFs) are a class of porous mate-
rials constructed by metal nodes/clusters and organic linkers,
forming numerous architectures.43–46 The metal ions can create
compounds with unique coordination modes, having tetrahe-
dral, trigonal bipyramidal, square planar, and octahedral
geometries.47 Meanwhile, the most used organic linkers are
polytopic carboxylates and other aromatic heterocyclic mole-
cules, facilitating coordination chemistry with the metal ions.48

The solvothermal method is the most widely accepted tech-
nique for designing MOFs. However, alternative techniques
such as slow evaporation, mechanochemical, ultrasonic, layer-
ing, microwave-assisted, and electrochemical methods have
Nanoscale Adv., 2023, 5, 6318–6348 | 6319
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Fig. 2 (a) Overview of synthesis strategies of MOFs; (b) examples of
some secondary building units (SBUs) in MOFs.9 This figure has been
adapted from ref. 9 with permission from Elsevier, copyright 2023.
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also been employed (Fig. 2a).1,9,49 The versatility of MOFs has led
to their applications in diverse elds, spanning from materials
and chemicals to biological sciences.50–60 While certain metal
ions, such as Co(II), Cd(II), Eu(III), and Ag(I), may be toxic or
expensive, they are still employed to gain insights into the
fundamental of metal–organic chemistry.61 Over time, signi-
cant progress has been made, but certain limitations need to be
addressed before MOFs can be commercialized for industrial
use.62–64 Additionally, there have been reports of water-stable
and light-responsive MOFs capable of removing organic
pollutants from wastewater.65 The wide variety of organic
linkers and metal ions in MOFs allows tuning them to form
secondary building units (SBUs) for target-specic pollutants
using solar energy (Fig. 2b).

In some cases the investigation also focused on degrading
dyes using photoactive MOFs under light irradiation, with the
assistance of H2O2 as an oxidant.66 Initially, the catalytic activity
of traditional MOFs like MOF-5, MIL-125, and UiO-66, which
exhibit semiconductor-like behavior, has been explored.32 Ye
et al. compared the catalytic activity of MIL-101(Fe), MOF-5,
MIL-125(Ti), and UiO-66(Zr) with traditional semiconductors,
particularly in dye degradation, and found that these MOF
composites exhibited better photocatalytic performance.67 Qiu
et al. reviewed various methodologies for tuning photocatalysts
to enhance their performance.68 On the other hand, Bedia et al.
reported the methodologies and characterization of MOF-based
catalysts for water treatment, while another report focused on
6320 | Nanoscale Adv., 2023, 5, 6318–6348
Fe-based MOFs for visible light degradation of various pollut-
ants.69,70 Ma and co-workers also discussed several strategies to
improve the photocatalytic performance of pristine MOFs, such
as mixed linker or metal strategies, linker functionality, dye
sensitization, and linking of metal nanoparticles.33,71–73 Simi-
larly, Mohammad et al. described various strategies to enhance
the photocatalytic performance of MOF materials in solar light
with surface modication and interfacial construction tech-
niques.74 Other reports also discussed MOF-based materials
with enhanced photocatalysis performance for wastewater
treatment.75–77
2.2 Environmental applications of MOFs

Environmental pollution has emerged as a signicant crisis in
the 21st century, primarily driven by the increasing global
population and industrialization.78–80 One of the critical chal-
lenges faced by the world is the scarcity of drinkable water,
particularly in developing nations.81,82 Water pollution refers to
any contamination that alters the chemical and physical prop-
erties of water.57,80,82,83 Water pollution caused by numerous
pollutants, including antibiotics, phthalates, heavy metals,
pesticides, and polyaromatic hydrocarbons (PAH), poses
a signicant threat to the environment and human health.56,78

These known pollutants can adversely affect ecological and
human well-being, yet their behavior and ecotoxicological
impacts are oen overlooked.84 They can originate from various
sources, such as pesticides and herbicides used in agriculture,
manufacturing additives like plasticizers and gasoline, phar-
maceutical drugs found in municipal and livestock wastewater,
personal care products such as insect repellents, fragrances,
sunscreen agents, microbeads, and disinfectants commonly
found in municipal waste.85,86 On the other hand, organic dyes,
commonly found in effluents from industries such as rubber,
plastics, leather, cosmetics, and textiles, pose signicant envi-
ronmental and health risks due to their carcinogenic nature
and resistance to degradation by biological processes.87,88 A
substantial number of dyestuffs, approximately 7 × 105 tons, is
used globally in industries, and around 10% of this amount is
lost as industrial effluents in water bodies. These dyes are stable
in water and pose challenges for conventional treatment
methods.89 Techniques like liquid chromatography–tandem
mass spectrometry have been employed to detect trace amounts
of these contaminants in wastewater, highlighting the need for
prioritizing water policy and disposal control.35,85,86,90 While
certain materials used for purication may have low effective-
ness, high cost, and the potential to generate additional
pollutants, MOFmaterials offer a promising solution to address
these challenges. However, common issues associated with
MOFs include structural integrity and metal leaching. Further-
more, the functional property and stability of MOFs heavily rely
on the synergic interaction between metal nodes and organic
ligands. Fine-tuning the MOFs makes it possible to enhance
their photodegradation properties.

MOFs are used in environmental applications, specically
focusing on the photodegradation of organic dyes.91 The rst
report on the adsorption of methyl orange (MO) by a MOF was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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published in 2010, while the photocatalytic performance for
phenol degradation was documented in 2007.92–95 The photo-
degradation process has a certain edge compared to the
adsorption process due to its high efficiency and complete
degradation of the target product. MOF-based composites,
specically POM-based MOFs, have shown potential in
degrading organic dyes,96 specically, the Keggin-type cluster
within POM-based catalysts, but their design and structure–
activity relationship have not been extensively investigated.97

Moreover, using simple POM based photocatalysts is difficult
due to their lower stability and difficulty in absorbing light.
Therefore, POM-based MOFs offer multiple catalytic centers
and tunable light-absorbing areas, enhancing their photo-
catalytic performance.98 This review article explores the existing
Fig. 3 Various applications of pristine MOFs and water-stable MOFs.1,9,6

Fig. 4 Current and future trends in MOFs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
literature on pristine MOFs and MOF-based composites, with
a particular focus on MOFs containing POMs, and how they
improve photocatalytic performance.

2.3 Shortcomings of MOFs

MOF-based materials demonstrate exceptional efficiency
attributed to their high porosity, surface area, and customizable
architecture.99,100 However, the stability of MOFs has consis-
tently been a concern when employing in wastewater treatment
applications (Fig. 3).101

The low intrinsic stability of MOFs stems from the weak
bonding between metal ions and organic ligands. Moreover, the
stability of MOFs can exhibit variations depending on factors
such as pH conditions, humidity, and temperature.102 However,
2

Nanoscale Adv., 2023, 5, 6318–6348 | 6321

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00627a


Nanoscale Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

1/
10

/2
02

5 
11

:2
6:

59
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
their stability can be easily tuned by changing the metal ion,
organic linkers, or the oxidation state of the metal ions.103,104

Post-synthetic modications (PSM) of MOFs also offer
intriguing possibilities for designing water-stable MOFs.105

While many water-stable MOFs and their composites have
demonstrated excellent activity, some are composed of toxic
metal ions like Cr, Cd, and Ag, along with potentially harmful
organic linkers.90 For MOFs, it is important to consider the
potential release of toxic elements during the degradation of
MOFs.106 In practical applications, certain materials, such as tap
water or real water samples, may exhibit poor performance
under real conditions.107 Another challenge with MOFs in water
treatment is the leaching of MOFs or ligands.108,109 Additionally,
the recyclability of MOFs is an important aspect, as some
materials lack reusability in water treatment processes.110

Furthermore, the photocatalytic activity of MOF materials
presents challenges, including narrow band gaps, various
additives such as H2O2 and sulfate species, and the generation
of toxic byproducts during the catalytic process.111 These factors
need to be addressed to optimize the photocatalytic perfor-
mance of MOFs and ensure their effectiveness in treating water
pollutants.112 Fig. 4 illustrates the various applications, current
studies, and prospects of MOF-based materials.
3. Removal of organic pollutants by
MOFs and their composites
3.1 Principles of photocatalytic degradation

Persistent Toxic Substances (PTS), which encompass a group of
toxic chemicals that persist in the environment, bioaccumulate
in organisms, and pose signicant risks to human health and
the environment (Table 1), include organic dyes as one
example.113 Due to their complicated structure, organic dyes are
known to be particularly challenging to degrade.114

Several processes can be involved to remove aromatic dyes,
such as chemical, biological, electrochemical, and ion
exchange.115,116 The biological method utilizes microorganisms
and is environmentally friendly but requires suitable external
Table 1 Classification, sources, and hazards of persistent toxic substanc

PTS Sources

Synthetic dye The food industry, dye waste
papermaking wastewater, tex
wastewater

Plasticizer Chemical industry and plasti

Polycyclic aromatic hydrocarbon (PAH) Petrochemical industry and c
Organic cyanogen compounds Petrochemical industry, arti

coking industry
Heterocyclic organisms Heterocyclic organisms

Polychlorinated biphenyl (PCB) The lubricating oil industry,
wastewater, mechanical indu
industry

Synthetic detergent The food industry, textile ind
industry, papermaking indus

6322 | Nanoscale Adv., 2023, 5, 6318–6348
conditions.117 Chemical methods can be inefficient due to their
high operational costs, while physical methods offer potential
solutions but may not be widely adopted in conventional water
treatment.117 Therefore, various other technologies have been
developed to address these issues, such as carbon treatment,
heterogeneous catalysis, chlorination, and biodegradation.118

Among these technologies, advanced oxidation processes
(AOPs) have attracted tremendous interest due to their ability to
remove contaminants from wastewater by photocatalytic
processes.119–121 The photocatalytic process involves catalysts to
produce highly reactive free radicals, such as cOH and cO2

− in
the presence of light, which can efficiently degrade organic dyes
into inorganic ions, resulting in water purication.25,122 Inves-
tigating the intricate mechanisms governing MOF materials'
performance in photocatalysis reveals a multifaceted interplay
of interactions. Notably, adsorption stands as the initial inter-
action within the photocatalytic process, necessitating
a comprehensive understanding of this mechanism.123 This
mechanism encompasses several pivotal interactions between
MOFs and organic pollutants, including electrostatic interac-
tions, p–p interactions, acid–base interactions, and hydro-
phobic interactions, among others (Fig. 5). It's noteworthy that
instances occur where a combination of these interactions
inuences the adsorption of organic pollutants.124 Electrostatic
interactions assume a pivotal role in the removal of hazardous
substances from aqueous environments.125 The surface charge
of the MOF undergoes modulation when exposed to polar
media like water. These surface charge alterations are contin-
gent upon the water's pH. Furthermore, charged MOFs readily
engage with oppositely charged adsorbates, constituting elec-
trostatic interactions.126 Another crucial mechanism governing
MOF–organic pollutant interactions is hydrogen bonding. This
interaction typically occurs when the MOF material possesses
accessible functional groups capable of forming hydrogen
bonds with organic pollutants.127 p–p stacking represents
another prevalent mechanism in various adsorption processes,
particularly with aromatic compounds or adenine over MOF
materials. p–p interactions occur between organic ligands and
organic pollutants, augmenting MOFs' removal efficiency.128
es (PTS)1

Hazards

water,
tiles, and printing

High chromaticity, carcinogenesis, toxicity

cs industry Inhibition of the human central nervous system,
strong stability

oking industry Strong stability, strong carcinogenicity
cial bre industry, Acute toxicity

Carcinogenesis, strong stability mutagenicity,
bioconcentration

chemical
stry, plastics

Acute toxicity, carcinogenesis

ustry, tannery
try

Solubilization for carcinogenic polycyclic
aromatic hydrocarbons

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic diagram of the possible mechanisms for the adsorptive removal of hazardous materials over MOFs.123 This figure has been
adapted from ref. 123 with permission from Elsevier, copyright 2015.
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While not as commonplace, acid–base interactions can also
play a signicant role in organic pollutant removal using MOF-
based materials. In such cases, MOFs are functionalized with
acid or base groups to interact with organic pollutants in water.
It's worth noting that pristine MOFs may not exhibit optimal
adsorption performance, but functionalized MOFs with acid or
base groups oen display superior removal capabilities.129

Hydrophobic interactions are frequently observed during the
adsorption of organic compounds from aqueous solutions.
Hydrophobic substances, characterized by their nonpolar
nature, low water solubility, and extended carbon chains, are
predisposed to engage in such interactions. MOFs have found
utility in applications related to the adsorption of spilled oil,
although this application is not as widespread.130
Table 2 The advantages and disadvantages of different dye removal tec

Technology Disadvantages

Photochemical process The formation of by-products and power co

Membrane separation Short lifetime, economically unfeasible
Electrochemical process High electricity consumption and economic
Ion change Economically unattractive, ineffective to cer
Coagulation/occulation High sludge production and disposal issues
Adsorption Ineffective to certain dyes, the regeneration

exposing adsorbent residue is also an issue,
Biodegradation Occupy a certain land area, require strict ex

conditions, and slow process

© 2023 The Author(s). Published by the Royal Society of Chemistry
Thus, TiO2 gained signicant attention initially due to its
chemical and biological inertness, cost-effectiveness, strong
oxidizing power, and non-toxic nature. However, TiO2 has
a wide bandgap energy of 3.2 eV, limiting its absorption to only
UV light.131 Consequently, researchers have explored various
metal oxides and suldes, such as CoS2, In2S3, CdS, and Sb2S3,
exhibiting effective catalytic activity in visible light by properly
manipulating their conduction band (CB) and valence band
(VB). However, these traditional semiconductors suffer from
photo corrosion, generating secondary pollutants like heavy
metal ions.132 Therefore, researchers need to develop novel
materials with higher efficiencies and better utilization of solar
light for degrading organic pollutants largely offered by MOF
and its composite materials (Table 2). Like other
hnologies1

Advantages

nsumption No sludge production, rapid, high efficiency,
simple operation
High efficiency, reuse salts

ally unfeasible High efficiency, rapid
tain dyes No loss of sorbents

Simple, economically attractive
is costly,
as loss of adsorbents

Low cost, won't form hazardous substances

ternal environmental Economically attractive and simple

Nanoscale Adv., 2023, 5, 6318–6348 | 6323
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Fig. 6 (a) Strategies to engineer MOFs as efficient photocatalysts for environmental applications; (b) strategies to construct stable MOFs by
carboxylate and azolate groups guided by HSAB theory.
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semiconductors, MOFs possess CB and VB attributed to the
empty outer metal and organic ligand orbitals.133 While MOFs
can have diverse functionalized ligands and metal ions in their
structures, PSM is oen required to introduce functional groups
such as metal oxides, organic dyes, amines, and quantum
dots.134 On the other hand, superior light-absorbing capacity
compared to traditional photocatalysts is also a key feature of
such materials. Furthermore, the well-dened crystalline
structure of MOFs facilitates their characterization and enables
the assessment of the relationship between their topology and
photocatalytic performance (Fig. 6a). It is important to note that
comparing the photocatalytic performance of MOFs to tradi-
tional semiconductors is not feasible due to the former's lower
solar energy conversion and charge separation efficiency.
However, incorporating various functional materials into MOFs
can overcome these limitations.133

Before we explore the latest research on MOF-based photo-
catalysts, let's rst talk about an important idea called ‘band
gap engineering,’ which helps us use visible light effectively in
photocatalytic reactions. Band gap engineering is also a funda-
mental concept focused on adjusting the energy band gap
towards lower values by carefully controlling the crystal struc-
ture of MOFs. This concept is particularly signicant in the
realm of photocatalysis, where narrowing the band gap energy
is essential to enable efficient photocatalytic activity within the
visible or near-infrared spectrum.135 Recent literature has
6324 | Nanoscale Adv., 2023, 5, 6318–6348
introduced several molecular strategies aimed at optimizing
and reducing the band gap energy of these materials.136 It is
widely recognized that band gap engineering primarily hinges
on two key components: the organic linker and the metal ions
within the MOF structure. Researchers, such as Volkmer et al.,
have proposed several strategies for reducing the band gap
energy: (i) increasing the level of conjugation in the organic
linkers can raise the valence band (VB) energy, resulting in
improved absorption in the visible spectrum. (ii) The choice of
metal ions with partially unoccupied d-orbitals can effectively
lower the conduction band (CB) energy level, facilitating effi-
cient electron transfer processes. (iii) Introducing electron-rich
fragments strategically into the MOF nodes has been explored
to modify the electronic properties and thus the band gap
energy.137

Additionally, Allendrof et al. have suggested the same
approaches to engineering the electronic properties of MOFs,
including altering the metal ions, modifying organic linkers,
and incorporating selected organic fragments into the MOF
frameworks.138 Conversely, Syzgantseva et al. have investigated
the correlation between the electronic parameters of MOF
components and their band structures, utilizing factors like
ionization potential and electronic affinity of organic linkers
andmetal oxides to assess the alignment of metal states and the
energy positions of organic linker states within MOFs.139
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ultimately, the ability to tune the band gap energy inMOFs is
typically achieved through adjustments to linkers or variations
in metal nodes, both of which are widely accepted strategies.
For MOFs with limited light-harvesting capabilities, tuning
linkers and incorporating other metals via doping can be
particularly effective in reducing band gaps. Moreover, the long-
term application of MOFs in photocatalytic organic pollutant
degradation necessitates attention to their thermal and chem-
ical stability. In this regard, tuning the band gap of MOFs, in
conjunction with principles such as the hard–so acid–base
(HSAB) concept, can be instrumental in enhancing the stability
of MOF materials. This comprehensive approach to band gap
engineering not only improves our understanding of MOF-
based photocatalysts but also offers valuable insights for their
practical application in environmental remediation and
sustainable energy generation.
3.2 Photocatalytic degradation of organic pollutants by
MOFs

Recently, there has been a growing trend in utilizing MOFs that
can be easily transformed into nano-sized inorganic semi-
conductors for degrading organic pollutants under UV or visible
light. In this regard, Wang and coworkers have contributed
signicantly by reporting several composites derived from
MOFs for photocatalysis. These composites include Bi2MoO6,
ZIF-67, Fe3O4@MIL-100(Fe), a-Bi2Mo3O12,
[Cd(dcbpyno)(bix)1.5]$2H2O/PANI, and Pd@UiO-66(NH2), all of
which exhibit enhanced photocatalytic activity.133,140 Flexible
MOFs as semiconductor materials in articial photosynthesis
can enhance the reaction template for light harvesting and
catalytic sites.141 By improving organic ligands, the absorption
of light bands can be accommodated through electron locali-
zation, the transition frommetal–ligand cluster charge transfer,
p / p* transition, and ligand / metal cluster charge transi-
tion in the conjugated ring, ultimately advancing the photo-
catalytic activity of MOFs. Mobile charge carriers activate the
metal clusters, facilitating heterogeneous photo–redox reac-
tions.142 The rst-ever MOF studies by Zecchina's group
conrmed the optical and vibrational qualities of MOF-5 using
DRS, luminescence, and Raman analysis. It was discovered that
the SBU of MOF Zn4O13 could act as quantum dots and a light-
absorbing antenna.143 Aer that, Garcia's research group
demonstrated the semiconductor properties of MOF-5 through
laser ash photolysis. The photocatalytic activity of MOF-5 was
utilized to disintegrate phenol, and the charge transfer move-
ment of MOF-5 was observed through photoluminescence
spectra.144 Followed by the MIL and UiO series, recognized as
the two most prestigious MOF series, known for their excep-
tional stability and dispense high photocatalytic perfor-
mance.145 These series primarily involve rst transition metal
ions such as Co2+, Ni2+, Cu2+, and Zn2+, which can interact with
lewis bases like azolate to create robust MOFs (Fig. 6b).

UiO-66 (Zr) exhibits remarkable photocatalytic capability for
hydrogen evolution due to its extra water stability.146 On the
other hand, developing efficient photocatalytic by modifying
NH2-MIL-125(Ti) by introducing an amino-functionalized linker
© 2023 The Author(s). Published by the Royal Society of Chemistry
(H2ATA).147 The addition of the –NH2 group in the organic
ligand did not signicantly impact the structural stability of
MIL-125(Ti) but greatly enhanced its photocatalytic perfor-
mance, optical absorption, and CO2 adsorption capacity.
Notably, MIL series such as MIL-88B(Fe), MIL-101(Fe), and MIL-
53(Fe) can be employed in aqueous suspensions to activate
persulfate, generating cSO4

− and cOH species that effectively
decompose Acid Orange-7 (AO-7).148 Subsequently, MIL-101(Fe)
was utilized for the degradation process, exhibiting the highest
degradation efficiency of approximately 93.1% within a 4 h.149

The study reveals that the degradation of AO-7 using MIL-
88B(Fe) was insignicant. However, other researchers have
extensively investigated the 100% degradation of MB in 3.5 h
using MIL-88B(Fe) by introducing H2O2 and light. These nd-
ings validate that incorporating appropriate substances and
targeted degradation pollutants can enhance photocatalytic
performance. Another research on MIL-53 demonstrates
remarkable thermal stability within the MIL series, with MIL-
53(Fe) and MIL-53(Al) notable examples.150 These results
inspired Chatterjee et al. to synthesize a binary MOF known as
MIL-53(Al–Fe)@SiO2.151 The integrated MOF with pulverized
coal aluminum foil and FeCl3 ensures photosensitivity and non-
toxicity. It was observed that under visible light, and initial
concentrations of 10 and 30 ppm, the photodegradation rates of
MIL-53(Al–Fe)@SiO2 were 89.34% and 54.87%, respectively.
Conversely, no appreciable photocatalytic activity was observed
when the monomeric unit of the metal salt was used. Further-
more, the photocatalytic activities towards MB were examined,
yielding 99.95% and 94.06% degradation rates to MIL-53(Al–Fe)
@SiO2 and 72.42% and 67% for MIL-53(Al)@SiO2 under 8 W UV
light. Comparing the performance of these two materials
revealed that Al, Fe, and SiO2 impede the recombination of
electrons and holes, effectively reducing the band gap. Conse-
quently, the mechanism can be explained by the ability of acidic
material to absorb more water molecules, generating an
increased amount of hydroxyl groups, thereby enhancing the
photocatalytic activity. Notwithstanding, the initial step in the
photocatalytic experiment involves adsorption, which directly
affects the degradation efficiency. In many instances, MOFs can
photo-catalytically degrade dyes and absorb UV light, limiting
solar energy utilization. Therefore, combining MOF with semi-
conductor materials and photosensitive initiators for environ-
mental preservation using solar light requires sensible
consideration.152 Araya and their colleagues successfully
enhanced the degradation of SRB by employing MIL-53(Fe) with
cationic resin.153 The research ndings revealed the signicant
contribution of the adsorption process to the photocatalytic
performance of the MOF. Hence, MOFs based composites must
enhance the photosensitivity and light absorption capabil-
ities.154 Conversely, pristine MOFs have seen limited utilization
in degrading organic pollutants, while nano-sized MOF mate-
rials and POM-based MOF materials have gained prominence
due to their numerous active sites and functional behavior.155,156

In a recent report, Kim et al. conducted a study that synthesized
a Zr-based MOF using pyrene and porphyrin building blocks,
resulting in a nano-sized material.157 The nano size mixed
ligand MOF (nMLM) was employed to degrade Rh-B in the
Nanoscale Adv., 2023, 5, 6318–6348 | 6325
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presence of H2O2. The nanoscale MOF (n-MOF), with its various
catalytic active sites, demonstrated remarkable efficiency and
completely degraded the Rh-B within 240 min (Fig. 7a). The
efficiency of the n-MOF is more than that of nanoscale PCN-222
(n-PCN-222) and nanoscale NU-1000 (n-NU-1000) (Fig. 7b). The
enhanced performance of nMLM is due to the enhanced light
harvesting capability of porphyrin ring which triggers the
energy transfer from the pyrene ring and prevents the e−–h+

recombination. The ndings suggest that the energy transfer
between the pyrene and porphyrin ring improved the light-
harvesting ability. The calculated rate constant was deter-
mined in the case of nMLM, was 0.01117 min−1 higher than
that of n-NU-1000 and n-PCN-222 (Fig. 7c). Also, the nMLM
dispenses the better recyclability test up to three photocatalytic
cycles (Fig. 7d). The mechanism behind such fantastic photo-
catalytic performance of nMLM is due to the photogenerated
hole in the reaction. Based on the literature, the author
describes the absorption of light pyrene in the nMLM acts as an
antenna and receives energy to be transferred to the porphyrin
ring. Subsequently, porphyrin becomes photoexcited, and some
e− have been transferred to the Zr-oxo cluster, generating the
cO2

−. Henceforth, the e− and h+ are separated, preventing rapid
Fig. 7 (a) Absorption spectra of Rh B solution in the presence of H2O2

and nMLM; (b) visible-light photocatalytic degradation curve of Rh B
over nMLM, nPCN-222, and nNU-1000; (c) kinetic study of the
degradation process over nMLM, nPCN-222, and nNU-1000; (d)
recycling test for nMLM; (e) proposedmechanism for rhodamine B (Rh
B) degradation using nMLM.157 This figure has been adapted from ref.
157 with permission from American Chemical Society, copyright 2020.

6326 | Nanoscale Adv., 2023, 5, 6318–6348
recombination within the porphyrin ring. Thus, nMLM causes
energy transfer to porphyrin due to the synergistic effect of
pyrene and porphyrin, leading to the effective charge separation
in the ring (Fig. 7e).

In addition, bimetallic MOFs have demonstrated a better
understanding of selective dye removal through light irradia-
tion. In this manner, a Fe–Co–BDC MOF was fabricated and
employed to remove MB using peroxymonosulfate.158 The MOF
exhibited 100% dye degradation within 30 min, facilitated by
peroxymonosulfate decomposition. Despite its relatively small
surface area, this material displayed an effective dye degrada-
tion process due to several active sites of unsaturated Fe(II) and
Co(II). There were also many reports of bimetallic MOF acting as
a superior photocatalyst for degrading organic dyes.159–161 In
another study, a Cu(I)-based MOF was fabricated utilizing two
triazole-based linkers with different molar ratios.162 This unique
MOF exhibited superior photocatalytic activity for the degra-
dation of MB, Rh-B, MO, and sulfasalazine. The rst MOF,
CuMtz-1b, containing a signicant amount of thiophene linker,
displayed enhanced activity under the Xe lamp. In another
report the self-assembly of 5-uorine-3-(3,5-dicarboxylphenxoy)
benzoic acid(H3L) with cobalt(II) salts in absence as well as
presence of a N-donor ancillary ligand 1,1′-(1,4-butanediyl)
bis(imidazole)(bib) yields two new MOFs with formula [Co2(-
m3OH)(L)(H2O)3 2$75H2O]n (1) and [Co2(m3OH)(L)(bib)(H2O)2]n
(2).163 The crystallographic study reveals that 1 exhibit only a 2D
bilayer structure, while 2 displays an 8-connected node with a 3-
periodic network. The photocatalytic activities of both MOFs
have been tested for the degradation of MV, suggesting that 1
and 2 displayed efficient photocatalytic performances to
degrade MV under UV irradiation. The mechanism has been
proposed through band structure calculations. Another note-
worthy MOF, JUC-138, fabricated by Zhao et al., possesses
anionic properties having pyrene organic linker and In(III) metal
ion.164 The experimental setup employed a mercury lamp UV
light, and the degradation of Azur B was monitored for 1 h.
Without JUC-138, only 30% degradation occurred, whereas, in
the presence of JUC-138, the degradation reached 90%. More-
over, the catalyst demonstrated high stability and could be
reused for multiple cycles. Another way one can enhance the
photocatalytic performance of MOF is defective engineering.
Inspired by this, researchers synthesized a series of defective
MOFs, including ZnIr-MOF-dx, by introducing Ir–BH3 as
a heteroatom linker into the parent MOF.165 The role of defects
in the photocatalytic degradation of Rh-B is truly astonishing.
When exposed to light, ZnIr-MOF-d0.3 achieved 100% photo-
degradation in 10 min. In contrast, the non-defective MOF
exhibited only 34% degradation aer 60 min. The enhanced
photocatalytic activity of the MOF can be attributed to its
mesoporous architecture and semiconductor behavior.
Graphitic carbon nitride (g-C3N4) has been very popular due to
its cost-effectiveness and high stability across different pH
conditions, making it a promising material for better photo-
catalytic performance. However, its low surface area and
quantum efficiency limit its effectiveness. In a study by Guo
et al., a composite of MIL-53(Al)/g-C3N4 was reported by mixing
MIL-53(Al) with g-C3N4 under ambient conditions using the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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sonication process.166 The composite contained approximately
20% wt of g-C3N4 to achieve high photodegradation towards Rh-
B. Inspired by these results, the fabrication of ZIF-8/g-C3N4

composite for the degradation of 10 ppm Rh-B under visible
light has also been done. The ultrasonic method was employed
to prevent the agglomeration of g-C3N4. The presence of ZIF-8
nanoparticles, which are chemically and thermally stable,
grown on g-C3N4 signicantly enhanced the photocatalytic
performance. The composite indicates that the best results were
observed when 3 wt% of ZIF-8 was employed. Increasing the
weight of ZIF-8 beyond this point hindered the penetration of
light onto the composite surface, thereby reducing the degra-
dation efficiency.167 Similarly, a composite based on g-C3N4,
BiOCl/g-C3N4@UiO-66, demonstrated efficient degradation of
Rh-B.168 The synthetic procedure involves coating BiOCl/g-C3N4

on UiO-66, resulting in a composite that exhibited improved
catalytic performance compared to g-C3N4 and the hybrid
BiOCl/g-C3N4 alone. The high surface area of the composite is
responsible for the reduced recombination rate of electron–hole
pairs contributing to its efficiency reaching 99.9% in 1 h.
Another approach is integrating MOF with graphene oxide (GO)
through self-assembly. With its 2D architecture, and –OH and –

COOH functional group is well-suited for better photocatalytic
activity by accepting and transferring electrons. Chen et al.169

employed this method to develop a Bi2O3/Cu-MOF/GO hybrid
Fig. 8 (a) Infinite 1D chains, functional H4TCPP ligand, 3D coordination f
spectra for the adsorption experiments of organic dyes in acetonitrile sol
two-component adsorption of RhB+ and SY2°, RhB+ and MO−, RhB+ an
various times during the photocatalytic process, and the photocatalytic o
photodegradation of MB+; (d) the photocatalytic degradation reaction me
171 with permission from Royal Society of Chemistry, copyright 2022.

© 2023 The Author(s). Published by the Royal Society of Chemistry
material for photocatalytic performance towards Rh-B in visible
light. The synthetic process involves the dispersion of the
appropriate amounts of Cu-MOF, GO, and Bi2O3 in DMF
solvent. The composite exhibited enhanced stability due to the
hydrogen bonds between the hydroxyl group of GO and the O
atoms of Bi2O3 and Cu-MOF. The stability, coupled with the
synergistic effects of different components, resulted in superior
photocatalytic performance. The conductivity of GO, the
adsorption properties of Cu-MOF, and the strong interaction of
components contributed to enhanced photocatalytic perfor-
mance. The Bi2O3 or binary Bi2O3/Cu-MOF hybrid material
displayed inferior dye degradation, with only 90% degradation
achieved in 2 h. Tang et al. fabricated a ZIF@rGO-based
hydrogel for dye degradation. The process involved mixing an
aqueous GO solution with ZIF-8 and heated for 1 h at 95 °C,
followed by a freeze-drying process. The process enabled the
distribution of Zn(II) ions in the active sites of graphene layers
and the reduction of GO, facilitating self-assembly through p–p

interactions.170 Additionally, porphyrinic MOFs also governed
much attention due to their superior photocatalytic activity.
Chen et al. designed a MOF on the porphyrin ligand, with the
chemical formula [Me2NH2][Sr2(TCPP)(OAc)(H2O)]$2DMA,
where H4TCPP represents tetrakis(4-carboxyphenyl)porphyrin,
HOAc stands for acetic acid, and DMA represents N,N′-dime-
thylacetamide.171 The designed MOF consists of two Sr2+ ions,
ramework, the 1D channels along the a-axis of 1; (b) UV-vis absorption
ution, single component adsorption of RhB+, FG+, MB+, SY2°, MO− and
d COG−; (c) UV-vis absorption spectra of MB+, FG+, SY2° recorded at
xidation performance of 1 toward MB+ and FG+ and the reusability for
chanism of organic dyes for 1.171 This figure has been adapted from ref.

Nanoscale Adv., 2023, 5, 6318–6348 | 6327
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each bound to two halves of TCPP4− ligands, water molecules,
a counter cation MeNH2

+, and guest molecules DMA. The
coordination sphere of Sr2 is occupied by eight O atoms from
carboxylate, water, and TCPP4− ligands, forming a SrO8 poly-
hedral SBU (Fig. 8a). To evaluate the solution state adsorption
process, various organic dyes such as MB, crocein orange
(COG), MO, the solvent yellow 2 (SY-2), basic orange 21 (BO-21),
Rh-B, and FG were used. MOF 1 exhibited rapid adsorption of
Rh-B, achieving almost 100% adsorption in just 3 h, whereas it
took 6 h for FG (Fig. 8b). Furthermore, the MOF was also
utilized for the photodegradation of anionic (MO), cationic
(MB), and neutral (SY) dye. The MOF was immersed in different
dye solutions, resulting in a quick color change for the MB
solution, while the SY2 and MO solutions remained unchanged
aer 90 min of irradiation. UV-vis data revealed a decrease in
the absorbance of MB, indicating efficient photocatalytic
degradation with an efficiency of up to 99% within 22 min
(Fig. 8c). To assess the recyclability of the MOF, a test was
conducted for ve consecutive cycles using MB. The plausible
mechanism was also proposed which involves visible light
absorption by the MOF, leading to the generation of h+ and e−.
The LUMO of the MOF has a negative redox potential relative to
O2/cO2

−, facilitating the reduction of O2 into cO2
− and gener-

ating e−. Consequently, the degradation of cationic dyes occurs
through the involvement of cO2

−, 1O2, and h+ (Fig. 8d). In
another study, the author focused on 2-D MOFs based on
porphyrin, which exhibited enhanced photocatalytic perfor-
mance. These MOFs possessed a high surface area and porosity,
contributing to their remarkable photocatalytic activity towards
MO.172 The UV-vis spectrophotometer was employed, suggesting
the absorption peak of MO gradually decreased, achieving
46.2% efficiency within 60 min. The reaction followed rst-
order kinetics, with a reaction constant of 0.01 min−1. Like-
wise, Hongwei Hou and colleagues synthesized six new iso-
structural MOFs that were named {[M3(L)2(4,4

′-bpy)2(H2O)2]$
14H2O}n. The author synthesized these MOFs with varying
proportions of metal ions. The transition metals used in these
MOFs are Co (1), Co0.7Ni0.3 (2), Ni0.5Co0.5 (3), Co0.3Ni0.7 (4),
Co0.1Ni0.9 (5), and Ni(II) (6) and 1-aminobenzene-3,4,5-
tricarboxylic acid as primary ligand. Under the Xe lamp, the
catalytic activity of these MOFs, in the presence of H2O2, was
evaluated for the degradation of four different dyes.

Among them, complex 1 exhibited the highest photocatalytic
activity, suggesting introducing Ni(II) ions into the MOFs
decreased its photocatalytic performance signicantly. This
observation highlights the controllable regulation of photo-
catalytic activity by replacing the metal ion, while 1 displayed
superior photocatalytic activity for degrading MO, MB, Rh-B,
and gentian violet (GV).173 Some toxic metal-based MOFs have
also been explored in the photocatalytic degradation of organic
dyes. Subsequently, a report by Kumar et al. focuses on
designing Pb(II)-based 2-D bilayer MOF, which exhibited
seamless photocatalytic activity towards MO. The theoretical
study was conducted by the density of states (DOS) and partial
density of states (p-DOS).174 The DOS and p-DOS revealed
a signicant contribution from the VB located at the Fermi level,
primarily from carboxylate O and other ligands. The CB was
6328 | Nanoscale Adv., 2023, 5, 6318–6348
positioned just above the Fermi level, ranging from −1.4 to
−0.6 eV, due to the presence of N in the tetrazole moiety.

Also, electronic transitions occurred from the carboxylate
group with aromatic centers to the tetrazole moiety, facilitating
the ligand-to-ligand charge transfer. The band structure calcu-
lations indicated that the material could be excited to generate
e−–h+ under visible light. The h+ would then migrate towards
the carboxylate group with aromatic centers, while the electron
would migrate to the tetrazole moiety.174 Another approach is
employing core–shell MOFs, combining two different MOF
structures to tackle signicant challenges.39 Zhou et al. derived
a core–shell structure based on ZnO nanomaterial and ZIF-8.
The carbonization of the material follows the initial synthesis
of ZnO-ZIF-8 to obtain a carbon material. The sacricial ZnO
nanorods provided a template for achieving a tightly bound ZIF-
8 structure, and the thickness of the carbon layer was controlled
by manipulating the ligand. This converts the ligand into nano-
sized ZnO particles encapsulated in the porous carbon matrix.
The pyrolysis process increased its surface area and facilitated
the transport of charged species.39 The ZnO-nZnO@PC
composite was then employed as a photocatalyst for the
degradation of the MB under UV-visible light. The catalytic
activity of the composite varied with different thicknesses of the
carbon layer coated with ZnO. The Zn-nZnO@PC composite
with a ZnO-to-ligand ratio of 1 : 0.5 (denoted as ZZPC0.5)
exhibited high degradation efficiency in MB. However, as the
thickness of the carbon layer increased, the catalytic activity
decreased due to the shielding effect and unnecessary recom-
bination caused by an excessive carbon layer (Fig. 9).

In a study, two MOFs were designed and extensively char-
acterized with some spectral techniques. The one material is
basically a 2D MOF and the other one is basically 1 3D MOF
incorporating two linkers. When the photocatalytic activities of
these MOFs were evaluated, they demonstrated enhanced
photodegradation towards MV dye. Upon comparing the pho-
tocatalytic performances, the 2-D MOF exhibited superior
activity. Again the mechanism was investigated through DOS
and p-DOS calculations.175 The VB exhibited signicant contri-
butions from aromatic carbons and carboxylated O in both
MOFs. The 3DMOF showed contributions from the N centers of
the bpy ligand, but no contribution occurred by Zn(II) ion. The
aromatic C and N atoms in both MOFs mainly provided the CB.
The p-DOS determined the electronic transitions within the
MOFs followed by ligand-to-ligand transfer. The disparity in
photocatalytic performance could be attributed to their
different bandgap energies. Additionally, the presence of bpy in
3DMOF likely contributed to its higher photocatalytic efficiency
which also suggest by some recent literature.159,176,177 A compi-
lation of recent reports on the degradation of organic pollutants
employing MOF can be found in Table 3.
3.3 Polyoxometalate (POM) based MOFs for degradation of
organic pollutants

Polyoxometalates (POMs), a subclass of polyoxoanions,
primarily consist of very early transition metal ions, namely Mo
and W. They were initially discovered in the late 19th century,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The (a) photocatalytic and (b) piezo-photocatalytic degradation of MB by ZnO, nZnO@PC, and the ZnO-based core–shell structure; the
(c) comparison result of piezo-, photo-, and piezophoto-catalytic of ZnO, nZnO@PC, and ZnO-nZnO@PC; the kinetic fits correspond to the (d)
piezo-photocatalytic degradation performance and (e) performance under different stimulations of ZnO, nZnO@PC, and ZnO-nZnO-PC core–
shell structures; the (f) N2 adsorption–desorption isotherms of ZnO, nZnO@PC, and the optimal ZnO-nZnO-PC.39 This figure has been adapted
from ref. 39 with permission from Royal Society of Chemistry, copyright 2023.

Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

1/
10

/2
02

5 
11

:2
6:

59
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
but it is in recent decades that their prominence has grown due
to the utilization of modern experimental techniques to inves-
tigate their exact structure.197,198 POMs are widely accepted for
their versatile applications as metal oxide or clusters.199 Apart
from having various structural features, the POMs possess
brilliant physiochemical properties that make them ideal
candidates for various applications, including magnetism,
energy storage, photo, and electrocatalysis. The recent literature
suggests that POMs are highly promising candidates for the
photocatalytic degradation of organic pollutants, thanks to
properties resembling those of semiconductor materials, which
© 2023 The Author(s). Published by the Royal Society of Chemistry
have been extensively utilized in photocatalysis. Thesematerials
offer several advantages in the photocatalysis process. Firstly,
POM-based materials are rich in early transition metal ions,
providing a wide range of potential active sites. Secondly, POMs
can be easily functionalized with other conductive materials,
enabling synergistic interactions. Given the inherent photo
redox behavior typically observed in POM-based MOFs,
numerous instances of redox-active MOFs designed for the
adsorption of organic pollutants have been documented in
scientic literature.200–203
Nanoscale Adv., 2023, 5, 6318–6348 | 6329
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Table 3 Overview of the key information of MOFs and MOF composites found in literature related to the catalytic degradation of organic dyes

Dye MOF materials Catalytic efficiency (%) Reaction conditions Ref

AB JUC-138 (90) 4 h, 400 W Hg 164

B41 MIL-100(Fe) (99–98) 180 min, 15 ppm, pH = 5 178

B41 MOF-199 (∼100%) 180 min, pH = 2–10 179

BG MIL-101(Cr)@rGO-Pd (100) 15 min 180

MB Cd-TCAA (81) 171 min, 500 W Xe 181

MB CuTz-1 (100) 8 min, RT, + H2O2, 300 W Xe 182

MB HPU-3 (97.2) 60 min, + H2O2
183

MB HPU-4@AgBr (95) 60 min, 12.75 ppm, 300 W Xe 184

MB MIL-53 (11) 40 min, UV 185

MB MIL-88B(Fe)-NH2@TiO2 (SU-3) (100) 2.5 h, 50–150 ppm, pH = 2–8, + H2O2, 5 W LED 186

MB MIL-88B(Fe)@BiOI (80) 80 min, 300 W Xe 187

MB MIL-88B@BiOI/ZnFe2O (73.8) 120 min, 10 ppm, 25 °C, LED 188

MB MIL-88B(Fe)-NH2@g-C3N4 (100) 120 min, 30 ppm + H2O2, 500 W Xe 189

MB MIL-100(Fe)33%@TiO2 (∼100) 60 min, 50 ppm, + H2O2
190

MB MIL-100(Fe) and Fe-BTC (100) 60 min, 30–70 °C pH = 3–7, + H2O2
191

MB MIL-100(Fe)@FeII (91) 25 h, + H2O2
192

MB MIL-101(Fe)@Ag/AgCl/ (99.75) 10 ppm, pH = 7, + H2O2, 500 Xe 193

MB UiO-66-NH2@ZnTCPc (68) 120 min, 500 W Xe 194

MB UiO-66@a-Fe2O3 (100) 55 min, 0.04 mM, 300 W 195

MB ZIF-8 (83.2) 120 min, 10 ppm, pH = 4–12, 500 W Hg 196
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Furthermore, the band gap energy between these materials
can be readily tuned by altering the heteroatoms.204–206 However,
there are two main drawbacks associated with POM-based
photocatalysts. Their high solubility in aqueous mediums and
limited activity under low visible light irradiation.207 It has been
reported that only 5% of sunlight can be effectively utilized by
Fig. 10 Synthesis strategies and interactions for constructing (a) POM-b
organic frameworks (PCOFs); and (c) POM-based supramolecular frame
orange sticks; organic linkers in SFs: green-blue bicolored sticks; metal io
adapted from ref. 216 with permission from Royal Society of Chemistry,

6330 | Nanoscale Adv., 2023, 5, 6318–6348
POMs, which hampers their claims of high photocatalytic effi-
ciency. Recent research has focused on modifying POMs into
hybrid materials for better photocatalysis.204 One approach
involves fabricating novel materials by incorporating POMs
with metal oxides and carbides, resulting in a uniform struc-
ture.208 Other methods involve POMs with other porous
ased metal–organic frameworks (PMOFs); (b) POM-based covalent–
works (PSFs). Frames of MOFs: black and grey sticks; COFs: blue and
ns: green spheres; POMs: dark yellow spheres.216 This figure has been
copyright 2023.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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materials, such as MOFs or COFs, which enhances catalysis and
product selectivity.209 Specically, POM-based MOFs are
primarily synthesized through coordination bonds between N
and O-donor organic linkers connected with POMs.210 For
instance, Liu et al. utilized Keggin POMs to facilitate the
construction of Ni2+ with bpy, establishing an open POM-based
MOF.211 Lan et al. demonstrated the design of a stable frame-
work by linking Zn-terminated 3-Keggin POMs with organic
linkers.212 In some cases, POMs are incorporated as guest
molecules within MOF cavities (Fig. 10a). In this scenario;
POMs are not considered as part of the frameworks but rather
embedded within the pore of MOFs, with MOFs acting as the
host and POMs as the guest molecule.213 In addition, there are
reported cases of POM-based COF materials where a coordina-
tion architecture is formed between POM and the organic
building block through covalent linkages (Fig. 10b).214 Addi-
tionally, there have been instances of supramolecular frame-
works (SFs) that exhibit strong noncovalent interactions with
POMs.215 There were several noncovalent interactions driven by
PMOFs, PSFs, and PCOFs are observed (Fig. 10c). While these
PSFs and PCOFs exhibit diverse structural features for func-
tional applications, their application in photocatalytic activity is
still in its nascent stage. Consequently, PMOFs have gained
popularity so we will focus solely on them in this discussion.

We have harnessed the potential of POMs as an encapsula-
tion strategy within MOFs, a promising avenue for enhancing
the functionality of these materials. This encapsulation
approach holds substantial promise for a variety of applica-
tions, particularly in the realm of adsorption and photocatalytic
degradation of organic pollutants. However, to fully compre-
hend the transformative impact of this strategy, it is essential to
Fig. 11 (a) Structures of [Ag(4,40-bpy)]4V4O12$2H2O viewed down the [0
coordination environments, red polyhedra = VO4, red spheres = O, yel
polyhedral structural view of Ag4(pzc)2V2O6 down the [100] direction o
environments, red polyhedra = VO5, red spheres = O, yellow spheres =
omitted for clarity; (c) photocatalytic decomposition of MB solutions (6.0
UV (upper) or under visible-light (lower) irradiation for [Ag(4,40-bpy)]4V4O
MB without the use of the photocatalysts.221 This figure has been adap
copyright 2008; (d–f) UV-vis absorption spectra of the MB solution durin
of 1, 3, and 4. (g) Plot of irradiation time versus concentration for MB und
curve is the control experiment without any catalyst.223. This figure has
Society, copyright 2013.

© 2023 The Author(s). Published by the Royal Society of Chemistry
delve deeper into the host–guest interaction dynamics that
underlie it.217 Host–guest interactions represent a critical facet
of POM-based MOF composites and are undeniably instru-
mental in elucidating the mechanisms responsible for their
enhanced performance. These interactions intricately govern
the adsorption capacity and photocatalytic efficiency of these
hybrid materials, and thus, warrant comprehensive examina-
tion.218 These interactions manifest when the MOF, acting as
the host framework, accommodates POM molecules as guest
species within its porous structure. The synergy between the
host MOF and guest POM is underpinned by various molecular
forces, including electrostatic interactions, hydrogen bonding,
and van der Waals forces. Enhanced adsorption capacities
result from the cooperative action of these forces, enabling the
MOF–POM composite to capture and retain organic pollutants
effectively.219 Moreover, host–guest interactions inuence the
composite's photocatalytic activity by inuencing charge
transfer processes and the lifetime of photogenerated species.
Therefore, a comprehensive understanding of these intricate
interactions is paramount for harnessing the full potential of
POM-based MOF hybrid materials in photocatalytic degrada-
tion and adsorption of organic pollutants.220

Inspired by these concept several POM-based MOFs to
exhibit high photocatalytic activity.209 Maggard et al., has
designed three silver-vanadate-based materials: Ag4(pzc)2V2O6,
[Ag(4,4′-bpy)]4V4O12$2H2O, and [Ag(dpa)]4V4O12$4H2O. These
materials exhibit enhanced photodegradation performance
towards MB in UV-visible light.221 The synthetic process
involved neutral [Ag4V4O12]n layered pillars bonded to 4,4′-bpy
ligands at each Ag site (Fig. 11a and b). The presence of heter-
ometallic oxide with d0 and d10 congurations typically results
01] direction of the unit cells (outlined). Blue polyhedra = Ag centered
low spheres = N, white spheres = C, and light-blue spheres = Ag; (b)
f the unit cell (outlined). Blue polyhedra = Ag centered coordination
N, white spheres = C, and light-blue spheres = Ag. All H atoms are

mg L−1, 50 mL) using 150mg of the three silver vanadates, either under

12$2H2O(II), [Ag(dpa)]4V4O12$4H2O(III), Ag4(pzc)2V2O6, (iv) photolysis of
ted from ref. 221 with permission from American Chemical Society,
g the decomposition reaction under UV light irradiation in the presence
er UV light in the presence of the compound 1, 3, and 4, and the black
been adapted from ref. 223 with permission from American Chemical

Nanoscale Adv., 2023, 5, 6318–6348 | 6331
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in a smaller bandgap energy, enabling efficient utilization of
visible light for initiating the photocatalytic activity.222 The
optical band gap energies of the three MOFs mentioned above
were determined using the DRS method. The [Ag(4,4-bpy)]4V4-
O12$2H2O exhibited a band gap energy of 2.77 eV, while
[Ag(dpa)]4V4O12$4H2O had 2.95 eV. On the other hand, the
Ag4(pzc)2V2O6 displayed a lower band gap energy of 2.45 eV.
These band gap energies indicate the photocatalytic activity of
these MOFs is primarily conned to the UV region. Among the
MOFs, Ag4(pzc)2V2O6 demonstrates effectiveness in the UV-
visible range, owing to its lower band gap energy. This unique
characteristic enables Ag4(pzc)2V2O6 to efficiently degrade the
MB, with an impressive 80% reduction achieved within 180 min
(Fig. 11c). This suggests the combined effect between Ag-oxide/
organic chains and the vanadate facilitates the transportation of
h+ and e− to the surface for enhanced photocatalytic perfor-
mance. Overall, the results highlight the practicality of the
combined effect in Ag4(pzc)2V2O6, contributing to its superior
Fig. 12 (a) Relationships between the hexacopper phosphate cluster as t
CuPW; (b) proposed photodegradation mechanism on CuPM; (c) decolor
MO (15 mg L−1, pH = 2.5), CuPM (0.5 g L−1), H2O2 (1.5 mmol L−1), MO/C
spectral changes of MO solution under visible light irradiation correspo
permission from Royal Society of Chemistry, copyright 2010.

6332 | Nanoscale Adv., 2023, 5, 6318–6348
photocatalytic performance compared to the other MOFs.
Subsequently, Ma et al. conducted a study where they synthe-
sized four MOFs: [CuI2(1,3-btp)2][CuI2(trans-1,3-btp)2Mo6O18(-
O3AsPh)2] (1), [CuI4(1,4-btp)4Mo6O18(O3AsPh)2] (2), [CuI4(1,5-
btp)4Mo6O18(O3AsPh)2] (3), and [CuI4(1,6-bth)2Mo6O18(O3-
AsPh)2] (4) for better photocatalytic performance. These MOFs
comprised of [Mo6O18(O3AsPh)2]4 units combined with copper
and organic ligands.223 The bandgap energies of these MOFs
were determined using DRS and found to be 2.6 eV, 2.7 eV,
2.1 eV, and 1.9 eV, respectively. The photocatalytic performance
of these MOFs was then evaluated for the degradation of the
MB. MOFs 1, 3, and 4 dispense efficiencies of 76%, 93%, and
97%, respectively, while MOF 2 did not demonstrate any
appreciable change in the dye solution. It is worth noting that
MOFs 1, 2, and 3 have a 3-D structure, but the prolonged
As2Mo6-containing units in MOF 1 differ from those in MOF 2
and 3. On the other hand, MOFs 3 and 4 possess a 3-D structure
with a polycatenated framework known as a 3D tetranodal
he sensitizer and the Wells–Dawson polyoxoanions as the POM unit in
ization rates of MO in different reaction systems. Initial concentrations:
uPM/H2O2, MO/CuPM/O2, MO/CuPM, MO/H2O2. Inset shows UV/vis
nding to curve a.224 This figure has been adapted from ref. 224 with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(3,4,6)-connected architecture. The photocatalytic performance
of MOF 3 and 4 is effective due to the distribution of As2Mo6
polyoxoanions throughout. As a result, MOFs 1, 3, and 4, which
feature more comprehensive 3-D As2Mo6 frameworks, exhibit
superior photocatalytic activity (Fig. 11d–f). This comprehensive
As2Mo6 framework facilitates the transportation of holes and
electrons on the surface, initiating the photodegradation of MB
(Fig. 11g).

A study by Cao et al. involves the synthesis of a new POM-
based MOF with the chemical formula [Cu6(PO4)2(-
H2O)4(phen)6(CuPW)] by combining hexacopper phosphates
and Wells–Dawson POMs, exhibited remarkable catalytic
degradation of MO.224 Analysis of the electronic spectra revealed
a broad absorption band at 690 nm in the POM-based MOF,
resulting from charge transfer between (P2W18O62)6 and [Cu6(-
PO4)2(H2O)4(phen)6]

6+. Additionally, [Cu6(PO4)2(-
H2O)4(phen)6]

6+ acted as a sensitizer under visible light
irradiation (Fig. 12a and b). The electron transfer occurred from
the sensitizer to the LUMO energy level (P2W18O62)6. The POM
core was an electron reservoir, allowing electron reduction
without hampering it. In this context, the adsorbed H2O2 readily
trapped electrons in the LUMO of the anionic POM, generating
cOH that effectively cleaved the dye (Fig. 12c). It is worth
mentioning that coordinating POMs with lanthanide metals is
another concept making a lot of recognition.225 The diverse
coordination capabilities and unique optical properties of
lanthanides make these materials promising for the photo-
degradation of organic dyes.226 In this regard, the research
group of Chen published their ndings on Keggin
heteropolymolybdate-based MOFs, including [2,6-pdc]3(PMo12-
O40), [Sm(H2O)4(2,6-pdc)]3Sm(H2O)3(2,6-pdc)$3H2O and
[La(H2O)4(2,6-pdc)]4(PMo12O40)F, which exhibited enhanced
degradation of Rh-B.227 The latter two MOFs demonstrated
higher degradation efficacy than the rst, suggesting that add-
ing Ln(III) ions in POM-based MOFs enhances their photo-
catalytic activity, comparable to TiO2-based materials.
Moreover, it was observed that Ln(III) ions acted as electron
trappers in the UV region within the latter two MOFs, reducing
the recombination rate of photogenerated electron–hole pairs
and increasing the quantum yield.228 Additionally, Wang et al.,
explained the addition of lanthanide ions which could inhibit
the photodegradation of Rh-B in a series of MOFs, namely
[Ce(2,5-Hpdc)(2,5-pdc)(H2O)6{Ce(2,5-H2pdc)0.5(a-PW11O39H)
Ce(H2O)4}]2$12H2O, [La(2,5-Hpdc)(2,5-pdc)(H2O)6La(2,5-
H2pdc)0.5(a-PW11O39H)La(H2O)4]2$8H2O, and [Pr(2,5-Hpdc)(2,5-
pdc)(H2O)6Pr(2,5-H2pdc)0.5(a-PW11O39H)Pr(H2O)4]2$8H2O.229

The proposed mechanism suggests that when UV light is
absorbed by MOF, the H-bonding and weak p–p interactions
between the MOF and Rh-B increase the chemical stability,
prohibiting its high photocatalytic performance.

In another publication, Zhu et al. presented the design of
a porous molybdophosphate-based FeII, III-MOF, through
a hydrothermal process.230 The material underwent thorough
characterization, including single-crystal X-ray analysis. The
porous nature of the POM contributed to the selective degra-
dation of Rh-B. The POM demonstrated recyclability up to 4
times and achieved effective degradation of Rh-B within 3 h due
© 2023 The Author(s). Published by the Royal Society of Chemistry
to its high-water stability. Additionally, incorporating a POM
into the cavities of a Zr(IV)-MOF enhances photocatalytic
performance.231 The research group led by Mia Du reported the
PSM of MOF with a POM, which enhanced the water stability of
the parent material. The hybrid material demonstrated excel-
lent photocatalytic activity for Rh-B with 99% efficiency in the
presence of H2O2 and stability up to three cycles.232 Similarly,
Chen et al. also constructed a POM-basedMOF and evaluated its
photocatalytic performance. The hybrid material exhibited
superior photocatalytic degradation of MB and Rh-B under
visible light.233 Furthermore, many reports in the existing liter-
ature offer valuable insights into the strategic design of POM-
based MOF materials aimed at enhancing photocatalytic
performances.234–236
3.4 Theoretical aspect of MOF-based photocatalytic
materials

Computational studies based on quantum mechanics are
essential to gain insights into the photocatalytic mechanisms of
MOFs and their composites. One of the most widely used
computational methods is the Kohn–Sham density functional
theory (KS-DFT), which offers high accuracy and computational
efficiency.237 KS-DFT approximates the exchange–correlation
function, which determines the electronic exchange–correlation
energy density at different points based on features such as
electronic kinetic energy densities, electronic spin densities,
and gradients. Hybrid functionals can incorporate the Hartree–
Fock exchange, making the exchange and correlation energy
nonlocal by considering the integral space.238 Quantum
mechanical (QM) calculations, including KS-DFT, have been
employed to study photocatalytic electronic properties of MOFs
and reaction mechanisms due to their complex chemical
structures. These calculations can elucidate the excited state of
the material's behavior and reaction mechanisms. The KS-DFT
also provides information about the bandgap energy by calcu-
lating the difference in orbital energies in the ground states,
specically the difference between the lowest unoccupied
crystal orbitals (LUCO) and the highest occupied crystal orbitals
(HOCO).239 On the other hand, time-dependent density func-
tional theory (TD-DFT) can be employed for the linkers present
in MOFs with the aid of the linear response approximation. TD-
DFT also allows calculations of excited states and electronic
transitions, providing valuable information about the optical
properties and absorption spectra of MOFs.239 Indeed, cluster-
based MOFs can also be investigated using a DFT. The widely
explored Perdew–Burke–Ernzerhof (PBE) functionals can be
used to study the electronic properties and mechanisms asso-
ciated with the photocatalytic behavior of MOFs. However, it is
important to note that the PBE functionals may not accurately
predict the band gap or the optical properties of MOF, but the
hybrid functions are more suitable for such predictions.240

Although more precision is needed in predicting the optical
properties and bandgap energies, hybrid functional models can
be computationally expensive when applied to complex struc-
tures, which hinders their widespread use. For example, the
bandgap energy of UiO-66(Zr) was estimated using both PBE
Nanoscale Adv., 2023, 5, 6318–6348 | 6333
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and HSE06 functionals, and it was found that the empirically
calculated bandgap energy differed from that predicted value by
PBE functionals. Hybrid functionals such as HSE03 and HSE06
have been applied to estimate bandgap energies of photoactive
MOFs like MOF-5, UiO-66(Zr), HKUST-1, UiO-67(Zr), and ZIF-8.
Local functionals like HLE17 have shown higher accuracy
compared to older functionals.241 On the other hand, machine
learning (ML) has also gained signicant attention for predict-
ing the properties of various energy materials.242–244 The
combination of ML with DFT has been pathbreaking in pre-
dicting metallic properties and demonstrates brilliant applica-
tion in materials science. At the same time, ML has not been
extensively explored for predicting the photocatalytic mecha-
nisms but holds promise as a tool for designing efficient pho-
tocatalytic MOFs.245 It is worth noting that while PBE
functionals have been widely used for predicting bandgap
energies of MOFs, they can sometimes underestimate the
bandgap energy of semiconductors, leading to inaccurate
predictions related to electrical conductivity.246 In
Fig. 13 (a) The basic processes in a heterogeneous photocatalysis syste
American Chemical Society, copyright 1995; (b) framework structure of U
brown; H, light pink).263 This figure has been adapted from ref. 263 with
calculated projected density of states for MIL-125(Ti) (upper panel) and
conduction band minimum (LUCO) of MIL-125(Ti) (Ti, blue; O, red; C, b
permission fromWilley, copyright 2010; (d) schematic view of the first and
2,5(OH)2)] of doubly functionalized UiO-66(Zr) with OH (Zr, cyan; O, red
permission from American Chemical Society, copyright 2015.
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heterogeneous photocatalysis, two fundamental limits are
interconnected: the production of charge carriers through light
irradiation and the underlying mechanism of light absorption.
Secondly, the movement of electrons and holes on the surface
oen conicts with recombination in the bulk surface. Addi-
tionally, the reaction is initiated by the interaction of electrons
and holes, as illustrated in Fig. 13a.247 The well-dened archi-
tectures of MOF offer a signicant advantage in the computa-
tional design of novel MOF-based photocatalysts.248 One
prominent example is the isoreticular IRMOF-1 (MOF-5), with
the chemical formula Zn4O(BDC)3, where BDC

2− represents 1,4-
benzene dicarboxylate. This MOF was among the rst to
undergo such processes.249 Fuentes-Cabrera and colleagues
researched the electronic structure of these MOF structures
using LSDA functionals.250 Their study revealed that the p states
of C and O dominate the LUCO in the ligand, while the p states
of the Zn4 cluster and the C and O in the ligand inuence the
highest HOCO. The calculated band gap energy was approxi-
mately 3.5 eV, near the experimental values of 3.4–3.5 eV.143,144
m.247 This figure has been adapted from ref. 247 with permission from
iO-66(Zr) with the primitive cell indicated in blue (Zr, yellow; O, red; C,
permission from American Chemical Society, copyright 2018; (c) PBE-
density isosurfaces (in blue) for valence band maximum (HOCO) and
rown; H, light pink).257 This figure has been adapted from ref. 257 with
second excitations of the clustermodel [Zr6O4(OH)4(HCOO)10(HBDC-
; C, gray; H, white).261 This figure has been adapted from ref. 261 with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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When a different computational program, such as PBE or
PBEsol, was applied to IRMOF-1, the author obtained compa-
rable HOCO, LUCO, and band gap values.251 It was suggested
that substituting the metal ion is another promising strategy for
manipulating the electronic properties of MOFs. However, in
the case of IRMOF-1, the band gap energy remains relatively
constant at around 3.5 eV, regardless of the substitution with
various metal ions.250,252 However, when the central O in the
IRMOF-1 cluster is replaced with S, Se, or Te, the band gap can
be readily tuned in the sequence O/ S/ Se/ Te, resulting in
a sequential decrease to approximately 2.5 eV. The inuence of
metal substitution such as Zn by Cd, Be, Mg, Ca, Sr, or Ba also
enhances this effect.253 Additionally, substituting the linker with
halogen atoms reduces the band gap energy by 0.2 to 0.8 eV.135

Kuc and colleagues studied the electronic properties of
IRMOFs, which share the same Zn4O node but have different
organic ligands.254 The author discovered that more extended
ligands and those with greater conjugation exhibit larger band
gap energies. Similar ndings were summarized by Valenzano
et al., who investigated (Zr6O4(OH)4(BDC)6 (UiO-66(Zr)), a pho-
tocatalytic MOF known for its extra stability (Fig. 13b) and an
experimentally measured band gap in the range of 3.76–
4.07 eV.255 Doping of metals and functionalization of ligands
with various functional groups (such as NH2, NO2, and I) are two
different approaches for tuning the electronic structure of UiO-
66 materials, enabling targeted reactions, and achieving visible-
light absorption and efficient charge separation.174 Further-
more, there is a notable trend in the band gap energy decrease
from UiO-66(Zr) to UiO-67(Zr) to UiO-68(Zr),256 which is also
observed in IRMOFs.254 Subsequently, Walsh et al. investigated
the electronic properties of MIL-125(Ti) with the chemical
formula Ti8O8(OH)4(BDC)6. Their study indicates the HOCO is
predominantly governed by the 2p states of C and O, while the
LUCO is dominated by the Ti 3d-O 2p-hybridized states of TiO2

units, as shown in Fig. 13c.257 As previously reported for UiO-
66(Ce), achieving spatial charge separation with electron local-
ization on the metal ion and linker hole localization is attain-
able in MOFs. In another study, Nasalevich and colleagues
conducted electron paramagnetic resonance (EPR) and tran-
sient absorption spectroscopy on MIL-125(Ti) and UiO-66(Zr),
suggesting that MIL-125(Ti) exhibits a slightly longer excited
state. Metal doping and ligand functionalization have shown
promise in tuning the electronic properties of MIL-
125(Ti).139,258,259 Addition to that, Wang et al. synthesized a new
MOF called Ti-MOF (MIL-177), which surpasses MIL-125(Ti) in
various aspects. Jiao et al. reported numerous MOF-based
composites involving Fe/W co-doped BiVO4 photoanodes and
MIL-100(Fe) acting as cocatalysts. In silico studies of these MOFs
exposed the presence of minor impurities that enhance light
absorption and ultimately promote efficient photocatalytic
activity.260 Photoexcitation is a crucial process in photocatalysis,
and it can occur through four main mechanisms: (i) ligand-
localized excitation, (ii) localized excitation of nodes, (iii)
ligand-to-metal charge transfer (LMCT) excitation, and (iv)
metal-to-ligand charge transfer (MLCT) excitation. Hendrickx
and colleagues conducted a TD-DFT study on UiO-66(Zr) with
a ligand arrangement including OH, utilizing a cluster model
© 2023 The Author(s). Published by the Royal Society of Chemistry
[Zr6O4(OH)4(HCOO)10(HBDC−2,5(OH)2)].261 Their study revealed
that the ligand undergoes localized excitation through a p–p*

transition when excited at 369 nm, while the LMCT excitation
occurs at 298 nm, albeit with low oscillating strength (Fig. 13d).
The TD-DFT results demonstrate that functionalizing UiO-
66(Ce) shows stronger ligand-localized excitation than LMCT
and node-localized excitations.262 Therefore, the photoexcita-
tion behavior of UiO-66 with Zr and Ce versions exhibits similar
characteristics. A recent study by Hendrickx and colleagues
investigated the photoexcitation of UiO-66(Zr) with Ti-doping
suggests they identied a peak contribution from the localiza-
tion of exciting nodes in the excitation spectrum aer incor-
porating Ti-doped material. Furthermore, when amino-
functionalization is applied to UiO-66(Zr/Ti), even LMCT exci-
tation can play a non-negligible role in the excitation spectrum.

4. Concluding remarks

In summary, MOFs have emerged as a highly promising class of
porous materials for photocatalytic applications. Nevertheless,
concerns arise regarding the release of toxic molecules from
MOFs during photodegradation, emphasizing the need to
develop environmentally benign and water-stable MOFs with
high LD50 values for water desalination.

The reusability of MOFs and the minimization of other
species' involvement, such as H2O2 or sulfate species, are crit-
ical for practical applications, especially in wastewater treat-
ment plants. Engineering MOF-based photocatalysts
necessitates careful consideration of various factors, including
water composition, temperature, pH, the concentration of
organic pollutants, long-term stability, and recyclability.

While the development of low-cost and highly durable MOF-
based photocatalysts is still in its early stages, exploring inno-
vative approaches such as increasing the pore size of POM-
based architecture holds promise for enhancing stability and
photocatalytic activity. However, challenges related to complex
synthesis and low efficiency hinder the widespread application
of these materials in photodegradation.

To overcome these challenges, incorporating POM-based
materials supported by covalent bonds can enhance water
stability while modifying organic linkers can improve visible
light absorption properties of POMs and enhance the separa-
tion and reduction of photoinduced electron–hole pairs. The
synergistic combination of POMs and MOFs represents a rare
architecture with the potential for enhanced performance.

The prospects for MOF-based photocatalysts are promising
but require further research and development to exploit their
potential fully. Fabricating various POM-based materials with
different combinations of metal–ligand systems will enhance
photodegradation properties. Additionally, exploring the
mechanisms associated with POM-based photocatalysts
through applying hybrid functions, DFT, and ML techniques
will contribute to a deeper understanding of their photo-
catalytic behavior.

Considering various aspects, such as different metal ions,
cages, and organic ligands that inuence light absorption,
electron–hole pair separation, and charge transfer processes, is
Nanoscale Adv., 2023, 5, 6318–6348 | 6335
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crucial for advancing the design and optimization of MOF-
based photocatalysts. Addressing the issue of POM leaching
can be achieved by introducing organic and inorganic supports,
which demand further attention from researchers.

Theoretical studies and tuning of these complex molecules
for improved photocatalytic performance are ongoing. While
DFT has been extensively utilized for such materials, the
application of ML and hybrid functions for predicting the
photocatalytic mechanisms of these photoactive materials is
still at an early stage.

Overall, photoactive MOFs and their composites are prom-
ising as multifunctional water treatment and desalination
materials. However, to fully harness their potential, it is
essential to continue investing in comprehensive research and
development efforts. By doing so, we can unlock the full capa-
bilities of MOFs and pave the way for their practical imple-
mentation in addressing critical environmental challenges.
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