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Hydrogen production as a green renewable fuel using photocatalysis is a viable approach that can realize a
near-zero emission from clean energy consumption while promoting environmental sustainability. Metal-
organic frameworks-derived semiconductors (MOF-SCs) have emerged as promising candidates to drive
this technology due to the unique intrinsic properties they can acquire from the parent MOFs through
careful design and synthesis, making them highly attractive for energy and environmental applications.
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MOF-SCs have shown great potential for simultaneous energy production and environmental remediation,
referred to as dual-functional photocatalysis (DFP). However, only a little is understood about how to
DOI: 10.1039/d2me00221c maximize their activity for efficient performance in DFP. Herein, we describe different strategies associated
with the design, synthesis, and application of MOF-SCs for hydrogen production and provide insights into

rsc.li/molecular-engineering their potential for DFP, which is considered a sustainable way of maximizing the photocatalytic system.

Design, System, Application

Most traditional semiconductors such as metal oxide salts are commercially available with wide applications in energy and technology. However, their
application in photocatalysis is largely limited to their surface which serves as the interphase between the reactant and the catalyst. Metal-organic
framework (MOF) derived semiconductors (MOF-SCs), however, possess excellent properties relative to their counterparts' traditional semiconductors such
as templated porosity, defects, high surface area, high concentration of oxygen vacancies, and a distinct structural morphology, which they can acquire
from the parent MOF, making them attractive candidates for heterogeneous photocatalysis. In our review, we describe the design, synthesis, engineering
and photocatalytic activity of MOF-SCs for hydrogen production. We also report their use in dualfunctional photocatalysis for generating hydrogen while
organic substances are degraded. This process is sustainable and can maximize the full potential of the photocatalytic system, thus promoting high energy
conversion and environmental remediation.

Introduction targeted at $2 per kg by 2025 and $1 per kg by 2030 by the
US department of energy.” Hydrogen can be produced by
employing different approaches such as steam methane
reformation,® water electrolysis," and photocatalysis.” Out of
these approaches, photocatalysis has been considered a
suitable technology that can drive high energy conversion by
utilizing the earth's abundant solar energy in the presence of
a photoactive catalyst to generate hydrogen from water
splitting," owing to the abundant nature of water, and its rich
proton source.

The first attempt at water splitting dates back to 1972
when Fujishima and Honda performed the electrochemical
photolysis of water using the photocatalysts TiO, as a
semiconductor (SC) electrode.® This breakthrough birthed
many interests in the quest for highly efficient catalysts in
design, synthesis, and development for heterogeneous
photocatalytic applications. Apart from the photocatalytic

The over-reliance on non-renewable energy resources, such as
fossil fuels, accompanied by their current inadequate supply,
has plunged the world into a global energy crisis. Moreso,
the effects of the consumption of these energy resources are
contributing to climate and environmental changes, pushing
the threshold level higher and exerting immense pressure on
our ecosystem and the world's economy. Besides, the
deposits of these non-renewable resources are gradually
depleting, resulting in an upsurge of alternative renewable
energy resources such as hydrogen.” Hydrogen fuel has
been considered a suitable candidate and a clean green
energy carrier whose production can be actualized from
renewable sources,™® however, the technology is grossly
limited due to cost. The cost of hydrogen fuel production is

Materials Discovery Laboratory (MaD Lab), Department of Chemistry, Oregon State
University, Corvallis, Oregon 97331, USA.
E-mail: kyriakos.stylianou@oregonstate.edu

This journal is © The Royal Society of Chemistry and IChemE 2023

water splitting into H, and O,, otherwise called the hydrogen
evolution reaction (HER) and oxygen evolution reaction
(OER), photocatalysis has also attracted wide application in
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other areas such as (i) CO, reduction,’ (ii) oxidation of
organic molecule into value-added products and their
removal from the environment, usually as a form of
wastewater treatment,’® and (iii) metal reduction."” Many
traditional SCs, such as TiO,,*'? zn0O,"'* MnO,,'"”'°
Fe,0;,"” and Bi,0;-Zn0,'® have shown great potential for
photocatalytic applications owing to their light absorption
ability, chemical and thermal stability, cost-efficiency, and
low toxicity."*'**° Despite these remarkable properties, using
SCs as photocatalysts has faced many setbacks, some of
which are still being researched extensively for improvement,
practicality, and industrial scalability. The major challenges
associated with most traditional SCs photocatalysts have
been primarily attributed to the following factors (i) narrow
operation in the UV region, which accounts for less than 5%
of the broad electromagnetic spectrum™®' and (ii) high
electron-hole pair recombination during reactions.*>** Thus,
there is a need to develop novel materials and technologies
to promote the production of renewable H, fuel. The
application of MOFs and MOF-derived SCs for hydrogen
production has been summarized in the literature. Our group
and others have recently summarized the dual functional
photocatalysis of MOFs for hydrogen production and
oxidation of organic molecules’** Wen et al. summarized
the design and synthesis of metal-organic frameworks for
visible light-enhanced hydrogen production.”> Xu et al
summarized MOF-based catalysts for hydrogen.>® Lelu
summarized MOF-derived heterojunctions for hydrogen
production.”” Herein, we overview the design and generation
of MOF-derived SCs for hydrogen production. We also outline
the important precedents that contributed to the body of
work and the current state of research, and their potential
application for dual functional photocatalysis.

Photocatalytic water splitting

The principle of photocatalysis for water splitting is widely
understood and proceeds as follows; (i) the photocatalyst
absorbs sufficient energy upon light irradiation, followed by
the generation of charged species (electrons and holes), the
diffusion of the electrons to the active sites on the
conduction band (CB) occurs, leaving the holes localized in
the valence band (VB), and (iii) the subsequent production of
H, through water reduction (HER) by the electrons,""*%*°
with minimal interference from the holes in the VB. The
HER also requires that the CB of the SC photocatalyst is more
negative than the hydrogen reduction potential (E° H'/H,
0.00 V vs. SHE). Thus, the reaction proceeds uphill with a
high Gibbs free energy change of 237.13 kJ mol™" and
requires photons with energy higher than 1.23 eV to drive the
process.”” However, the HER is often staggered due to the
high recombination rate of the photogenerated charged holes
in the VB and electrons in the CB needed to drive the
reaction.>® To maximize the hydrogen evolution rate, organic
solvents such as methanol, ethanol, and TEA are often
employed as sacrificial electron donors and used as
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scavengers to trap the photogenerated holes while
replenishing the deficient electrons in the system, thus
allowing better mobility of the electrons to the active sites of
the SC photocatalyst,®® a means of promoting charge transfer.
Sacrificial electron donors can improve the efficiency of the
photocatalyst for higher hydrogen evolution rates. However,
their industrial application is inhibited due to costs and the
potential to cause secondary poisoning to the system.*'*”
Noble metal co-catalysts, such as Pt, Pd, and Au
nanoparticles,>®® have been employed to overcome the
activation energy barrier for higher hydrogen evolution rates,
but the cost of these noble metals limits their industrial
usage. Non-noble metals have also been employed as
alternative co-catalysts®*> to the expensive noble metals,
however, HER still suffers low production rates. Other
approaches involving the engineering and design of the SC
include the creation of heterojunctions,*® and doping with
non-metals®”*® which can potentially narrow the wide band
gaps of the SCs, thus promoting a better charge transfer
process and reducing the high recombination rates of
photogenerated species. As the quest for efficient SCs for
photocatalytic application continues, the last decade has seen
many approaches, one of which involves the use of metal-
organic frameworks (MOFs) as precursors for synthesizing
MOF derivatives, such as MOF-derived SCs. MOF-5 was first
employed as a precursor to porous carbons, which was
applied as an electrode for supercapacitors in 2010.°*>*° The
design of these materials has gained wide interest and ever
since, and different MOF derivatives have been formulated
for different applications.

Metal-organic frameworks as
sacrificial reagents for the formation
of semiconductors

MOFs have been considered excellent candidates in
photocatalysis.**™** This is due to their many advantages,
such as their three-dimensional porous frameworks,
structural tunability, crystallinity, high surface area, and
short diffusion lengths of charge carriers.>*** Despite these
unique properties, many MOFs suffer from poor stability
both in solution and under accelerated temperatures,
rendering their application in photocatalysis limited.>>*’
However, the properties of MOFs are highly desired for
photocatalysis, and interestingly, they can be carefully
tailored into MOF-derived semiconductors (MOF-SCs), metal
nitrides, and metals,”® imparting stability and some degree
of performance over the MOF derivatives. While the library of
available MOFs is inexhaustible, only a few, such as MOF-5,
MOF-74, UiO-66, the MILs-125-NH,, and the ZIF (ZIF-8, ZIF-
67), have shown great promise as templates for the
generation of MOF-derivatives.*® MOF-SCs can inherit some
unique properties of the parent MOFs such as the templated
morphology, porosity, surface area, and crystallinity,
enhancing their photocatalytic activity for improved
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performance.”” MOF-derived templates have shown merits
and proven to be viable for extending the bandwidth of MOFs
for an array of other applications such as electrode
materials,”® photoanodes for dye-sensitized solar cells
panels,**° photocatalysis,”*">> and in electrocatalytic and
photoelectrocatalytic applications.”®*>* Also, the careful
design and synthesis of MOF-derivatives can address some of
the posing challenges associated with the high
recombination rate of photogenerated charged species, thus
eliminating the use of poisonous sacrificial electron donors
and expensive noble metal co-catalysts, making them
promising candidates for HER.

The synthesis of MOF-SCs must be done to ensure that
the unique desired properties of the parent MOFs are
carefully tailored to the SCs. Because MOFs are highly
tunable with extended 3-dimensional networks, the
advantages of their versatility allow an immense degree of
control during the engineering of the MOF-SCs. Many
considerations must therefore be taken into the design and
synthesis of the MOF-SCs for better-improved performances.
During the synthesis of MOF-SCs, important properties such
as the crystal size, structural morphology, chemical
composition, weight, and atomic percentages of the resultant
crystal phases can be related to the calcination or annealing
process,” contributing to the overall performance of the
MOF-SCs in photocatalysis. Engineering defects and doping
MOF-SCs with nonmetals have also been shown to increase
their overall performance. In addition, the formation of
heterojunctions from the combination of two or more MOFs
has also been adapted to address the high recombination
rates of photogenerated charged species for better separation
of charged species and to promote faster migration of the
electrons, usually to the active sites of MOF-SCs during
photocatalysis.'®>® Herein, we describe some of these
strategies employed in the design and synthesis of MOF-SCs,
and how they impact their performance in photocatalysis.

1. Optimization of the calcination time, temperature, and
environment. MOF-SCs are obtained when MOFs are
pyrolyzed. During the process, the extended framework of the
MOF collapses wholly or partially. The calcination time and
environment chosen tend to impart the formation of various
products, such as metal oxides or metal nanoparticles on
carbon, depending on whether it is done under inert or air
conditions. Calcination at higher temperatures could also
result in the formation of different phases of SCs.
Additionally, the heating and cooling rates are crucial factors
in tailoring these useful properties to the MOF SCs.
Therefore, one must decide on the product of interest and
ensure that careful measures are followed during the
calcination process, as all these parameters play key roles in
the activity of the MOF-SC. Hussain et al. synthesized
different TiO,/Cu,O/C composites from a bimetallic MOF,
NH,-MIL-125(Ti/Cu), for hydrogen production, by varying
different synthesis conditions such as the pyrolysis time and
temperature, as a function of the increased activity of the
catalysts.”””® Results from their experiments showed that the
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MOF-derived TiO,/Cu,O/C with dwell times of 0.5 and 4 h
under 700 °C, exhibited different HER activities, and was
attributed to the fact that the pyrolysis time of the MOF-
template employed, determined the crystallinity of the
derivatives. The textural properties of the porous carbon in
the resulting composites, consequently affecting the HER
performance.”® Kampouri et al. explored the effect of
different calcination temperatures on the synthesis of mixed-
phase anatase/rutile heterojunction from a Ti-MOF MIL-125-
NH, (Fig. 1).” Their results indicated that the gradual
decomposition of the MOF framework manifested into the
amorphous phase TiO,, derived at 400 °C, to the metastable
single phase anatase at 500 °C.

Upon further calcination to 600 °C, the mixed anatase/
rutile heterojunction manifested and transformed fully to
the highly crystalline single rutile phase at 800 °C. It was
observed that the calcination temperature imparted the
composition of TiO, as the temperature varied, yielding
different ratios of anatase/rutile mixtures. L. Pan and co-
workers reported the generation of C-doped ZnO from a
ZIF-8 MOF using a two-step calcination process.” The MOF
was first calcined at 350 °C for 2 h at a heating rate of 5 °C
min~', and then, the temperature was increased to 400/450
°C at a heating rate of 2 °C min™ and maintained for 1 h.
They showed that the crystallinity, morphology, and size of
the ZnO SC formed were largely affected by varying the time
and the calcination temperature.”® Zhao et al reported a
new type of ZnO/ZnS nanostructures fabricated by coupling
solvothermal synthesis with a two-step calcination strategy
of MOF-5 and thioacetamide, in which they showed that by
controlling the calcination time and temperature, the
interfacial catalytic active sites were improved.”® Moreso, a
recent study by Bhadra et al. indicated that MOFs pyrolyzed
at a temperature higher than 350 °C tend to lose their well-
ordered crystalline structure transforming the metal centers
into metal compounds and converting the organic linkers
into amorphous carbon matrices.®® Regarding the impact of
the calcination atmosphere on the MOF SCs, Das and co-
workers earlier reported that metal ions with a reduction
potential of -0.27 V and above, such as those of Co, Cu,
and Ni with a +2 charge, often form pure metal
nanoparticles upon pyrolysis under inert atmosphere, while
those with reduction potential below —0.27 V, such as Ti"",
Fe**, and AI**, formed metal oxides upon reacting with the
oxygen from the organic linkers in the MOFE.°' This is
advantageous because the single or pure metal
nanoparticles formed from the inert calcination process can
be used as co-catalysts, to enhance the photocatalytic
activity due to their degrees of freedom within the MOF-
derivative, allowing them to interact, and contribute to the
concentration of active sites, thus eliminating the
requirement for noble metal co-catalysts. Overall,
understanding the impact of these parameters will allow the
careful architecture of the resulting MOF-SCs. Additionally,
the choice of the MOF used will play a crucial role in the
MOF-derivative formed.
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Fig. 1 (a) TGA curve of MIL-125-NH,. (b) Schematic showing the synthesis of MIL-125-NH,-derived TiO,. PXRD patterns of the as-synthesized (c)
MIL-125-NH,-derived and (d) TiH;04-derived. (e) and (f) Bright-field TEM images of MIL-125-NH,, and (g) selected area electron diffraction pattern

of MIL-125-NH,-derived TiO,.”

2. Engineering of defects on MOF-derived semiconductors:
oxygen vacancies are the most reported defects associated
with semiconductors, and careful engineering can tune the
functional properties of metal oxides, such as charge
transport, electronic structure, and catalytic performance.®>®?
In MOFs, most defects are caused by the dislocation of
atoms, which breaks the regular periodic arrangement in the
framework.®* Basically, defects can be introduced through
different methods, one such way is the post-synthetic
modification technique, which can develop numerous defects
on the MOF.®® Like the other properties of MOFs, these
defects can be transferred to MOF-SCs, by careful pyrolysis.
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This implies that the photocatalytic performance of the
catalyst can be controlled using defects or vacancies. It has
been reported in many oxides as they can potentially improve
the light absorption capacity, charge carrier separation, and
the surface reaction sites of the photocatalyst.°*> The
presence of dopants like metals, e.g., Cu, Ag, Zn, Mn, and Ni,
and nonmetals, e.g., N, S, and P on the SC, can introduce
impurities into the lattice of the SC, leading to the creation
of defects. Because the feasibility of the photocatalytic
process is largely dependent on the band alignment between
the CB and VB, doping can therefore improve the
performance of the SC by tuning the electronic structure and
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Fig. 2 PXRD patterns of ZIF-8 derived pure ZnO and N-doped ZnO: (a) 20 between 25° and 75° and (b) 26 between 34.0° and 34.8°. SEM images
of (c) ZIF-8 derived pure ZnO, and (d) N-doped ZnO (e) XPS spectra of N 1s and (f) UV-vis adsorption spectra of ZIF-8 derived pure ZnO and

N-doped Zn0.%”

modifying the band position for extended light absorption
towards better utilization of the solar energy, thus increasing the
charge carrier separation of the semiconductor.***® Feng et al
had earlier reported the synthesis of ZnO and N-doped ZnO using
ZIF-8 as the MOF template in the presence of urea as a nitrogen
source via direct mixing followed by calcination under oxygen
(Fig. 2). Their analysis confirmed the successful incorporation of
the N atom within the ZnO lattice, resulting in a higher BET
surface area than the pristine ZnO. They also reported a higher
photocatalytic activity for the N-doped ZnO resulting from the
doping, which enhanced visible light harvesting and inhibited
the recombination of electron and hole pairs.®”

3. Engineering MOF-derived semiconductors with
heterojunctions: the photogeneration of charged carriers is
an important step in photocatalysis, however, the migration

This journal is © The Royal Society of Chemistry and IChemE 2023

of these charged species to the active sites of the catalyst for
effective performance is more significant. The ability of the
photogenerated species to diffuse effectively depends upon
the mobility of the charge carrier, diffusion coefficient,
lifetime, length of diffusion, carrier concentration, and
charge recombination kinetics.®® High rate of charge
recombination limits many photocatalytic reactions, thus the
pyrolysis of bimetallic MOFs can offer some solutions to
these challenges, as it often leads to heterojunctions with
different CBs and VBs between semiconductors, thus
minimizing the recombination rate of charged species and
promoting better separation and diffusion of charged
carriers.®” An heterojunction can be the interface between
two different semiconductors with unequal band structure,
resulting in their band alignments.”**°
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One of the main advantages of heterojunctions is the
synergy that exist between the two metal nodes in the MOF-
SC derived from the parent bi-metallic or mixed metal MOF
templates, which enhances their catalytic activity compared
to MOF-SC derivatives with single metal nodes.>*””
Heterojunctions can be described based on the nature of
their band alignment and how photogenerated holes and
electrons are distributed between the two photocatalysts.
Heterojunctions are classified as conventional, containing
the  (type-1,  typedl, and  typeII),’>**”®  p-n
heterojunctions”*”> and Z-scheme (Fig. 3).>””%”7 We can
therefore describe how these systems or heterojunctions will
operate when light is irradiated on them. In type-I, upon light
irradiation leading to the generation of charged species, both
the electrons and holes of one photocatalyst can migrate to
the other photocatalyst, thus creating electron and hole
density, which can result in a high concentration of charged
species on the photocatalyst (Fig. 3). This can potentially
bring about the saturation of the system and, therefore, a
poor photocatalytic activity observed. In type-II, the electrons
and holes are well distributed due to their band alignment,
with the electrons of one photocatalyst migrating to the CB
of the other and the holes of the other photocatalyst
migrating to the VB of the first (Fig. 3). This brings about
better separation and faster migration of charged species
between the two photocatalysts. Similarly, a similar
phenomenon in type-II is observed in the p-n heterojunction
(Fig. 3). The type-III suffers from a mismatch of bands, which
results in the poor separation and migration of charge
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species; hence not much activity is observed. Furthermore, in
the Z-scheme heterojunction, electrons from the CB of one
photocatalyst could migrate to the VB of the other, hence
increasing the rate of charge recombination (Fig. 3).
Therefore, the type II and p-n heterojunctions are well suited
and adapted for minimizing the recombination of
photogenerated charged species,”” which is favorable for
photocatalytic =~ water  splitting. In the design of
heterojunctions, it is also important to consider the impact
of the concentration of the MOF templates on the final MOF-
SC-derived composite. In fact, getting the right molar ratio
between the bimetallic MOFs is one of the most crucial steps
to synthesizing heterojunctions with enhanced photocatalytic
activity. This is highly significant as an excess of one MOF
template may cover the surface-active sites of the other in the
composite, resulting in the shielding of light absorption,
hence decreasing the activity of the photo-induced charged
species.”>’® Recently Li et al. constructed TiO,/Co304/Ni
heterojunction wusing bimetallic MOFs, MIL-125/ZIF-67
through a post-annealing process at 500 °C for 2 h under an
air atmosphere for hydrogen production (Fig. 4).”" Zhang and
co-workers synthesized a TiO,/CuO heterostructure derived
from Ti and Cu mixed metal MOFs (MIL-125 and Cu-BDC)
for hydrogen production.”> Utilizing the power of
Femtosecond transient absorption spectroscopy, they found
that electrons have been transferred from the photosensitizer
[Ru(bpy);]** to the CB of TiO,, which served as the mediator,
collecting the ultra-fast electrons from the photosensitizer at
(<150 fs), and depositing them on the CB of CuO serving as
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Fig. 3 Diagrams of (a) type-I, (b) type-II, (c) type-lll, (d) p-n heterojunction, and (e) Z-scheme heterojunction. 1, 2, p, and n refer to semiconductor
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the cocatalyst where the HER is initiated (Fig. 5). Their
reaction mechanism suggested that the electron transfer
occurs from [Ru(bpy)s;]*" to TiO,, resulting in the formation
of oxidized [Ru(bpy);]** from quenching of its excited state
absorption, followed by injection of the electrons into the CB
of TiO,. They showed that the best activity was observed for
the TiO,/CuO with a 0.4:1 molar ratio of Cu and Ti, leading
to slower charge recombination due to the long-lived kinetic
traces ground state bleach (GSB) that existed for the
[Ru(bpy)s]**/TiO, composite.”” Li et al. synthesized a nickel
MOF and a cerium MOF, with which they fabricated a NiO/
CeO, p-n heterojunction by annealing the precursor of the
nickel/cerium  mixed-metal metal-organic frameworks,
resulting in a high-quality interface between the bimetallic
NiO/CeO, oxide.’* Zhao and co-workers fabricated a ZnO/ZnS
heterojunction for H, evolution through the solvothermal
synthesis of MOF-5 and coupling with thioacetamide as the
source of sulfur.’”® They reported that the ZnO/ZnS
nanoparticles were homogeneously integrated, owning to the
uniform sulfidation of the MOF precursor, which improved
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Fig. 5 (a) DRS of c-MIL-125, c-Cu-BDC, and c-MIL-125 0.4 Cu. SEM images of (b) c-MIL-125, (c) c-MIL-125_0.4 Cu, and (d) c-Cu-BDC, as well as
their corresponding MOFs before calcination. Powder XRD patterns of (e) MIL-125, Cu-BDC, and MIL-125_xCu (x = 0.1-0.7), (f) c-MIL-125, c-Cu-
BDC, and c-MIL-125_xCu (x = 0.1-0.7), as well as traditional CuO and standard PDF cards of TiO, and CuO. XANES spectra and EXAFS spectra in
R-space with fitting (inset) of (g) MIL-125 and MIL-125_0.4 Cu at the Ti k-edge and (i) Cu k-edge, (h) c-MIL-125 and c-MIL-125_0.4 Cu at the Ti
k-edge and (j) Cu k-edge. Transient absorption spectra of (k) [Ru(bpy)s]>*/AL,Os, () [Ru(bpy)s®*/c-MIL-125 (n) [Ru(bpy)s]**/c and (o) Cu-BDC (o),
following 450 nm excitation. (m) Comparison of kinetic traces at 500 nm between [Ru(bpy)3]2*/Al,0s and [Ru(bpy)s]?*/c-MIL-125, open symbols
represent experimental data, and the solid lines represent their best fits. (p) Schematic diagram of the charge transfer process in [Ru(bpy)s]>*/c-

MIL-125_xCu, showing potentials vs. SCE.”?
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the interfacial catalytic active sites.”® Using MIL-125-NH,,
Kampouri et al. fabricated mixed-phase anatase/rutile MOF-
derived TiO, nanoparticles for photocatalytic hydrogen
evolution.” Dekrafft and co-workers synthesized a hematite
and anatase phase Fe,0;/TiO, heterojunction by coating an
amorphous shell of titania on Mil-101(Fe) followed by
calcination at 550 °C for 16 h.”” The HER solutions were
irradiated using a cut-off filter >420 nm, allowing the
passage of visible light. From their results, no H, evolution
was observed when the HER was performed with Fe,03/TiO,
in the absence of a sacrificial electron donor and cocatalyst.
The inactivity of the HER was associated with the location of
the conduction bands of the composite falling below the
potential for proton reduction. However, when TEA was
employed as a sacrificial electron donor in the presence of
Pt, they observed a gradual H, evolution of 0.8 umol g* h™
after 3 h, which peaked at 30 umol g' h™" after 48 h
suggesting that TEA and Pt played important roles in the
HER. In the absence of TEA, only 0.1 umol g h™ was
observed after 3 h. To confirm the roles of TEA and Pt, a
series of reactions were carried out using similar conditions,
with Fe,O; and TiO, individually and with a physical mixing
of both. Their results showed that neither of these materials
could catalyze the reaction after 3 h, suggesting that Pt was
required due to the synergy between the heterojunction and
the Pt particles, with TEA as a hole scavenger.”” MOFs with
different metal nodes have also been combined with flexible
layered structured graphitic carbon nitride (g-C3;N,) to form
suitable heterojunctions for photocatalysis. While g-C3N, has
a narrow energy band gap of (2,5-2.7 eV),*° it suffers from
poor visible light absorption, fast recombination rates of
photogenerated charged species, and insufficient active sites
for proton reduction.’®’ However, the combination of g-
C;3;N, with MOF templates results in the formation of MOF-
SCs heterojunctions or composites with excellent properties
for photocatalytic applications. Recently, Liu and co-workers
synthesized a porous In,0;/g-C3N, type-II heterojunction
using In-MOF and melamine through a hydrothermal
annealing process.®’> They found that the derived In,0; was
supported on the surface and between the layers of g-C;N,,
inducing a porosity that provided channels for electrons,
resulting in the creation of internal electric fields by the
heterostructures, which accelerated the electron transfer
process.®” A series of Z-scheme heterostructures consisting of
g-C;N,/aFe,03 hybrids were constructed by Liu et al. from g-
C3N, with various ratios of MIL-101(Fe) through a
hydrothermal method for hydrogen production.®* Results
from their analysis showed that the optimized g-C;N,/aFe,O;
derivative exhibited improved HER activity over the bulk g-
C3N; due to the narrow band gaps of the two
semiconductors, which enhanced visible light response, and
ensured effective separation of photo-excited charge
carriers.*® Using a similar approach, Qi et al. synthesized a g-
C;3N,4/0Fe,O3FeP heterojunction from the pyrolysis of g-C;N,/
Fe-MOF precursors, followed by the phosphidation of the
derived MOF-SC using NaH,PO, for enhanced hydrogen
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evolution.®® Their experimental results indicated that the
HER activity depended on the time of phosphidation and the
concentration of eosin Y (EY) acting as the sensitizer in the
reaction solution. In the absence of EY, no H, was detected
for the g-C;N, and Fe,03/g-C3N, composite. However, upon
60 min phosphidation in the presence of 1 mmol EY, the
highest H, evolution was observed for the derived g-C;N,/
aFe,O;FeP at 12 mmol g'1 h™, 12 times higher than that of
the pristine g-C;N, at 0.97 mmol g h™. The increased
activity observed for the composites was attributed to the
synergistic effect originating from the intimate contact of the
Fe,03/g-C;N, heterojunction, along with the presence of
electron-capture FeP centers and the presence of the EY
sensitizer.*

Employing the enhanced separation of photogenerated
charge species in heterojunctions for photodegradation
reactions, Pi et al synthesized an In,S; hollow tube
heterostructure using a multiwalled carbon nanotube
encapsulated in MIL-68(In)-(MWCNT@MOF), followed by the
sulfidation in thiourea for the degradation of tetracycline, by
varying the amount of MWCNT in the composite.”® The In,S;
derived from 0.3%-MWCNT®@MOF exhibited the highest
photocatalytic activity for TC degradation, with a 100%
degradation efficiency more than that observed for pure
MOFMOF-derived,S;. They attributed the high activity
observed to the improved visible light response, long
transfer, and reduced recombination of charged carriers of
the MOF-SC, brought about by the synergy between the
MWCNTs and the MOF.”®

MOF-derived semiconductors for
hydrogen production

Photocatalytic water splitting is considered a viable
technology in the quest for clean hydrogen fuel generation,
and MOF-SCs are key players in the field. MOF-SCs can
inherit useful properties from their parent MOFs, such as the
templated morphology, crystallinity, surface properties, and
porosity with imparted stability. Owing to these promising
properties, many researchers have employed MOF-SCs for
photocatalytic water splitting and some examples are
highlighted in (Table 1). NiO/CeO, heterojunction, pure NiO,
and CeO, were prepared by Li et al. from a bimetallic Ni-
MOF/Ce-MOF for hydrogen production. Results obtained
from their analysis showed a higher photocatalytic
performance for the NiO/CeO, with H, rate of 71 pmol g*
h™ than the single CeO, with 4 pmol g™ h™, while NiO
showed no activity for H,, owing to its relative band gap of
3.43 eV. The increased performance of NiO/CeO, was
attributed to the fast transfer, and low recombination of
charged carriers brought about by an extended optical
property and a high-quality interface between the bimetallic
MOF SCs.>®> Han et al first synthesized a hexagonal/cubic
In,0; Z-scheme phase-junction by directly annealing MIL-
68(In)-NH, under air at different temperature ranges. The
In,O; Z-scheme, formed at 500 °C, exhibited the best
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Table 1 Summary of MOF-derived semiconductors for photocatalytic H, production
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Sacrificial Activity

MOF-template MOF-SC Synthesis method agent Co-catalyst (umol g™" h™") Ref.
MIL-125-NH, TiO, Solvothermal Methanol — 1394 7
Ni-MOF/Ce-MOF NiO/CeO, Solvothermal — — 71 52
MIL-125-NH,/Cu TiO,/Cu,0/C Ultrasonication Methanol — 3298 57
MOF 5/thioacetamide ZnO/ZnS Solvothermal Na,S03, Na,S — 415 59
MIL-125/ZIF-67 TiO,/C0o30,/Ni Solvothermal/photoreduction method = Methanol Ni 27000 71
MIL-125-NH,/Cu-BDC TiO,/CuO Solvothermal TEOA — 19036.2 72
MIL-101(Fe)/titania Fe,0;/TiO, Microwave TEA Pt 30 79
2-C3N,/NH,-101-Fe/NaH,PO,  g-C3N,/aFe,O3;FeP  Solvothermal TEA — 1200.3 80
In-MOF/melamine In,03/g-C3N, Hydrothermal TEOA Pt 69 82
g-C3N,/MIL-101(Fe) g-C3N,/aFe 05 Hydrothermal TEOA Pt 2066 83
MIL-68(In)-NH, In,03 Solvothermal TEA — 2224 84
TiO,-TizC,-ZIF-67 TiO,/TizC,/CoS, Solvothermal Methanol — 9500 85
Cd-Fe-PBA Cds Hydrothermal Na,S, Na,SO; — 3051.4 86
BiYV-MOF Bi5Y0.5VO0, Ultrasonication/solvothermal — Pt 124.2 87

performance giving a hydrogen evolution rate of 2244 pmol
g h™, due to an enhanced separation of photogenerated

improved photocatalytic activity for H, evolution with 69
umol g~* h™". The authors indicated that the enhancement in

charged species.®® 1In,03/g-CsN, type-Il heterojunction  the photocatalytic activity was related to the specific surface
composites made from an In-MOF and melamine showed  area, stability, and synergy between the In,0;/g-C;N,
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Fig. 6 SEM and TEM images of (a and d) TiO,, (b and e) MIL-125/ZIF-67, and (c and f) TiO,/5at%Co0304, and (g) HRTEM image of TiO,/5at%Co030,.
The (h) TEM, (i) HRTEM, and (j) elemental mapping images of TiO,/5at%Co030,4/0.5at%Ni. PXRD patterns of (k) MIL-125, ZIF-67 and MIL-125/ZIF-67,
(1) TiO,, Co304 and TiO,/Co3z04 heterojunctions and (m) TC5, TCNO.5, TCN5 and TCN10 composite photocatalysts and the color contrast of TC5
and TCNO.5 (inset). (n) ICP-OES experimental data of TC5, TCN0.5, TCN5 and TCN10 samples. (o) Apparent quantum efficiency (AQE) for TiO,/
5at%Co030,4/0.5at%Ni at different monochromatic light irradiation wavelengths. The photocatalytic activities of TiO,, TiO,/5at%Co30,4, TiO,/
5at%Co0304/0.5at%Ni samples for (p) H, and (g) H,O, production without a sacrificial agent under UV-visible light. (r) EPR responses of the DMPO-

OH spin adduct in TiO,/5at%Co504/0.5at%Ni.”*
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derivative.®” Utilizing a TiO,-Ti;C,-ZIF-67 mixture, Zhao and
co-workers synthesized a TiO,-Tiz;C,-CoS, heterostructure
through a solvothermal process, with varying amounts of
Ti;C, for hydrogen production.®> The HER was performed in
a Pyrex flask using a 300 W xenon arc lamp, and the highest
activity observed was 9500 pmol g_1 h™! for the TiO,-TizCy-
CoS, with 0.5% Ti;C,, showing a better performance over the
TiO,-Ti3C,, TiO,-CoS, and pristine TiO, catalysts.®’

Porous ternary TiO,/Co304/Ni  heterojunction was
fabricated by Li et al. for photocatalytic hydrogen production
using bimetallic MOFs, MIL-125/ZIF-67 (Fig. 6).”" Their
studies indicated that the photocatalytic activity of the MOF
SC was dependent on the concentration of Co;0,4 and the Ni
loading. The highest hydrogen evolution measured was 27
mmol g h™ observed for TiO,/5at%C030,4/0.5at%Ni
containing 5% Co30,, The high performance of the
composite was attributed to the interaction between Co0;0,
and Ni, which promoted the optical-response ability and
surface water oxidation kinetics, facilitating the fast transport
and utilization of the photo-excited electrons.”*

Hussain et al. synthesized a TiO,/Cu,O/C p-n multi-
heterostructure from bimetal MOF, MIL-125-NH,/Cu
(Fig. 7). The TiO,/Cu,O/C was synthesized by loading Cu
into the MOF crystals, followed by one-step carbonization
under argon by varying the temperature, leading to the
formation of different Cu-charged species.”” The derived

View Article Online
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heterojunctions were embedded in a porous carbon
matrix, which retained the disc-like morphology inherited
from the NH,-MIL-125(Ti/Cu) precursor. However, they
found that the TiO,/Cu,O/C formed at 700 °C showed a
superior H, evolution activity with 3298 umol g h™. The
high performance of TiO,/Cu,O/C was attributed to the
well-crystalline anatase and rutile TiO, phases in the
matrix, the formation of a type-Il staggered phase
junction, and the formation of a heterostructure between
Cu,O and CuO, which facilitated a faster electron transfer,
thus suppressing charge recombination.”” Using a similar
approach, Zhang and co-corkers synthesized a TiO,/CuO
heterostructure which retained the porosity of the parent
MOFs MIL-125-NH,/Cu-BDC.”> The inherent properties of
the derivative resulted in the exceptional catalytic
performance observed for the HER, when compared to the
derivatives from single-node MOFs and those synthesized
by conventional methods. By illuminating the glass vial
reactor containing the photocatalytic solution with a 450
nm LED lamp and varying the ratio of Cu to Ti in the
presence of [Ru(bpy);]*" as a photosensitizer, they observed
an enhanced HER performance of 19036 umol g™ for the
0.4:1 molar ratio Cu:Ti, which decreased with further
increase of the concentration of Cu. Their results also
showed that the TiO,/CuO was stable, generating over
106519 umol g™* H, after 24 h.””
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Fig. 7 (a) Powder X-ray diffraction patterns, (b) TGA in air, and (c) SEM images representative schematic diagrams of bi-MOF NH,-MIL-125(Ti/Cu)
derived nanocomposites TiCuC550, TiCuC700 and TiCuC800 obtained at pyrolysis temperatures of 550, 700 and 800 C respectively. (d)
Photocatalytic H, evolution performance of samples change with the reaction time; (e) comparison of photocatalytic H, evolution in pmol ge,¢
h™* of TiCuC550 (black), TICuC700 (red) and TICuC800 (blue); (f) the recyclability test of the selected TiCuC700 nanocomposite and (g) EIS Nyquist
plots of TiCuC550, TiCuC700, and TiCuC800 at the same potential in 0.5 M H,SO,, (h) the schematic illustration of the proposed mechanism of
photocatalytic H, evolution over NH,-MIL-125(Ti/Cu) derived multi-heterojunction TiCuC700 under UV-vis light MIL-125(Ti/Cu).>’
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Fig. 8 (a) Schematic illustration of the synthetic procedure of ZnO/ZnS heterostructures. (b) TEM image, (c) HRTEM image, (d) ZnOS-15, (e) ZnOS-

30, (f) ZnOS-45, and (g) ZnOS-60. (h) PXRD of ZnS@C. TEM images of (i) PXRD patterns of ZnOS-n. The photocatalytic performance of ZnO/ZnS
heterostructures. (j) Time-dependent photocatalytic hydrogen evolution under visible-light irradiation (1 > 420 nm, 300 W Xe lamp) for ZnOS-n.
(k) Comparison of photocatalytic HER of ZnS/ZnO mixture, ZnS, and ZnOS-n under visible-light irradiation. (I) Cycling test of H, evolution
(evacuation every 5 h) for ZnOS-30 under visible-light irradiation. (m) Cycling test of H, evolution (evacuation every 5 h) for recycled and

reprocessed ZnOS-30 after 40 h cycling test.>®

In addition, Zhao et al. fabricated different nanostructures of
ZnO/ZnS by varying the amount of ZnO using a two-step
calcination process, which significantly improved the interfacial
catalytic active sites of the MOF-SC (Fig. 8). The photocatalytic
solution was irradiated with a 285 nm cut-off optical filter, and
the highest evolution rate observed for the best-performing ZnO/
ZnS MOF-SC was 415.3 umol g* h™. Their results indicated that
the content of ZnO in the heterojunction made it possible to
optimize the light absorption capacity and charge separation
efficiency, thus improving the performance.”® Kampouri et al
also performed photocatalytic water splitting using MOF-derived
mixed-phase TiO,. Their results indicated that the MOF-derived
mixed-phase heterojunction outperformed the single-phase and
commercial P25 TiO,, producing the highest H, at the rate of
1394 pumol g™ h™. They posited that the high H, evolution rate
observed resulted from the unique morphology that facilitated
the constrained contact and distribution of the anatase and rutile
phase within the MOF-SC, which resulted in an enhanced
synergistic effect, that brought about a significant suppression of
the undesired electron-hole recombination.”

A 3D open structure, MOF-derived yolk-shell CdS
microtube was synthesized by Su et al. from Cd-Fe Prussian
blue analogues (Cd-Fe-PBA), following an anion exchange
and a Kirkendall effect mechanism, through a facile
microwave-assisted hydrothermal process.*® The HER was
performed in a quartz reactor using a 300 W xenon lamp
coupled with a UV cut-off filter (1 > 420 nm). They reported
the highest activity observed for the MOF-derived yolk-shell
CdS with 3051.4 umol h™" g™, 2.43 times higher than that of

This journal is © The Royal Society of Chemistry and IChemE 2023

the traditional CdS at 1255.4 umol h™ g™'. Varying the pH
from 4.9 to 13.2 for optimal H, production showed that the
H, evolution rate increased to a maximum at pH 10.8 and
declined with an increase in pH above 10.8. Furthermore,
their results showed that the MOF-derived yolk-shell CdS
demonstrated an enlarged surface area and favorable stability
after four cycles, with high photocatalytic activity, owing to
an extended visible light response, which enhanced the
separation of photogenerated charged species.*® Recently,
Pnictogens such as Bi have also shown promising properties
for water splitting owing to their capabilities of forming
interphases when combined with co-catalysts. Recently Wei
et al. synthesized an amorphous and tetragonal Bij 5Y 5VO,
solid solutions from a BiYV-MOF under different calcination
times of 6, 8, 10, 12, and 16 h at 800 °C using the combined
methods of ultrasonication and solvothermal for water
splitting (Fig. 9).*” The photocatalytic reaction was performed
in a Pyrex reaction cell using 1% Pt nanoparticles photo
deposited on the surface as a co-catalyst and irradiated with
a 300 W Xe-lamp. Their observed results indicated that the
BiysYo5VO, obtained after 10 h exhibited the Dbest
performances on overall water splitting, giving 124.2 pmol
h™ g™, The improved activity of the 10 h Biy ;Yo 5VO, was
attributed to the thermodynamic property of the catalyst CB
and VB positions, coupled with the variation of internal
electric field modulating the hetero-phase junction, which
created a synchronous relationship between the redox
reaction, as well the contribution from the Pt.*” Chen et al.
fabricated a core-shell nanostructured Cr,0;/C@TiO, using
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Fig. 9 (a) UV-vis spectrum, (b) energy band, (c) XPS valance band of amorphous and tetragonal BigsYo5VO,4. Simulated photogenerated electric
field distribution after the light irradiation: irradiation on the surface of catalyst (d) without Pt, (e) with Pt particle, (f) with twice the amount of Pt
particles (g) with threefold Pt particles, (h) and (i) the intensity of electric field simulation at the same level (red line; the y-axis means the intensity
in both (e) and (f). (j) Nanosecond time-resolved transient fluorescence decay spectrum, (k) EIS Nyquist plots of the samples, () schematic
illustration of the enhanced separation of photocarriers via the internal electric field, (m)-(s) photocatalytic overall water splitting performance of
BiosY05VO4 prepared by MOF-derived method and (t) recycling performance of the material and (u) the XRD results before and after

photocatalytic performances.®”

Mil-101(Cr)/TiF, followed by calcination at different
temperatures under N,. The resulting Cr,O3/C@TiO,
composites were labeled MT400, MT500, MT600, and
MT700.%® Results of the photocatalytic reactions performed
using a 300 W xenon arc lamp in the presence of methanol
showed a H, evolution of 446 umol h™ g™ for MT500 as the
best photocatalyst, compared to MT400 with 300 pumol h™
g™' and MT700 with 404 umol h™ g™'. The activity of the
MT500 composite was attributed to its wide visible light
response range and efficient separation of photogenerated
electron-hole pairs, with contribution from the C deposit
imparted by the N, calcination atmosphere. To confirm the
contribution of the C deposit, the Mil-101(Cr)/TiF, template
was calcined under air. HER was performed using similar
conditions for the MT500 formed under air with no C
content. The H, evolution showed a low performance with
196 pmol h™ g™, confirming that the calcination atmosphere
also plays a crucial role in the activity of the MOF-SC during
photocatalysis.®®

MOF-SCs for dual-functional
photocatalysis

Recently, MOF-SCs have shown high potential as dual-
functional photocatalysts. Dual-functional photocatalysis is a
promising approach that can simultaneously reduce water to

162 | Mol Syst. Des. Eng., 2023, 8, 151-166

produce hydrogen and oxidize organic molecules. Although
MOFs have demonstrated dual functional activity,'">*3"*
the use of MOF-SCs in this area is still in its infant stage. By
employing the principle of photocatalysis, the oxidation of
organic molecules, otherwise referred to as the
photodegradation reaction (PDR), can be achieved, as well as
the production of hydrogen from water, which is called the
hydrogen evolution reaction (HER). It is important to
mention that these individual reactions would proceed
effectively, given that the holes in VB and electrons in the CB
are sufficiently separated. When the PDR and HER occur
simultaneously in one system, it is referred to as dual
functional photocatalysis (DFP). DFP is considered a suitable
process for promoting sustainability as it substitutes toxic
sacrificial electron donors for organic molecules, bringing
about their oxidation.®>°* While DFP is considered a suitable
approach in principle, how to efficiently utilize the holes and
electrons for maximal output is still unclear, as such, it is not
devoid of some setbacks. In DFP, the HER is the most
exhaustive of the two due to the oxygen evolution reaction
(OER), which requires four-electron transfer to overcome the
activation energy barrier for water splitting.”* This causes the
HER to proceed in an uphill reaction pathway with a AG® >
0, while the PDR, on the other hand, proceeds downhill with
AG° < 0.2 Driving a DFP system can pose certain challenges
due to (i) the band alignments between the CB and VB of the

This journal is © The Royal Society of Chemistry and IChemE 2023


https://doi.org/10.1039/d2me00221c

Published on 07 December 2022. Downloaded on 4/9/2026 1:55:49 AM.

MSDE

MOF SC. This means that to have an efficient DFP, one must
carefully consider the position of the CB and VB during the
engineering of the MOF SC, more favorably, a type II
heterojunction will be much suited for this purpose. (ii) DFP
suffers from water regeneration through the back reaction of
O, and H,. This is true following that molecular O, is
required for the PDR, which is an oxic process, while the
HER proceeds anoxically.”>** Therefore, minimizing the
availability of molecular O, will be crucial for an effective
DFP to prevent water regeneration, which may quench the
reaction or reduce the rate at which it proceeds. Using
traditional SCs, Kim et al first demonstrated the
simultaneous degradation of some organic pollutants
(4-chlorophenol, urea, and urine) and H, production using a
titania-based photocatalyst, modified with dual surface
components such as metals and nonmetals. They showed
that titania-doped multiple surface components (F-TiO,/Pt
and P-TiO,/Pt) outperformed the single-doped components
(F-TiO,, P-TiO,, or Pt/TiO,) in producing the highest H, of
over 80 pmol g' h™" with the concurrent degradation of the
organic molecules. They attributed the performance to the

View Article Online
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synergistic effect of the anions and metal deposits on the
surface of TiO,, which enhanced the interfacial electron
transfer, thus reducing the recombination rate of charged
species.®®

In 2017, Zhang et al. synthesized a MOS, QD-decorated
hierarchical assembly of ZnIn,S, on reduced graphene oxide
as a photocatalyst for wastewater purification and
simultaneous H, production. The highest activity was
recorded for rhodamine blue with a degradation efficiency of
88% and H, rate of 45 umol g™ h™. Recently, Yan et al.
improved on Zhang's methods by synthesizing an urchin-like
oxygen-doped MoS,/ZnIn,S, composite with a unique
microstructure decorated with numerous active sites and
charge transfer channels that suppressed charge species
recombination. Results from the half HER reaction indicated
an efficient H, evolution rate of 12.8 mmol g™* h™ (Fig. 10).
However, when the DFP was performed, the highest activity
was recorded for bisphenol A, with a decomposition
efficiency of 53.0% and 672.7 umol g* h™" of H, produced.’®
The low H, rate obtained from the DFP on bisphenol A was,
however, not unlikely due to the possible tradeoff in the DFP
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Fig. 10 (a) Schematic showing the fabrication process of OMS/ZIS composite. SEM images of (b) OMS, (c) ZnIn,S4, and (d) 10-OMS/ZIS. TEM
images of 10-OMS/ZIS (e and f) HRTEM image of 10-OMS/ZIS. (g) SEM image of 10-OMS/ZIS, and (h) corresponding elemental mapping images, (i)
cycling experiment of HER activity over the as-synthesized samples, (j) comparison of HER rate for the as-synthesized samples under visible light,
(k) UV-vis spectra and AQE of ZnIn,S,4 and 10-OMS/ZIS, (1) error bars showing standard deviation three cycle experiments performed with 10-OMS/
ZIS. Dependence between the HER rate and BPA concentration using 10-OMS/ZIS (m) blackline indicates Langmuir-Hinshelwood fitting; HER and
simultaneous BPA degradation over 10-OMS/ZIS under visible light for 4 h at different concentrations (n) accumulation of H, for different
pollutants after 4 h. (o) Simultaneous H, production and pollutant degradation, and (p) error bar plot showing the standard deviation of three cycle
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process. This suggests that the organic molecule of interest is
significant, as its solubility and electron donation ability are
crucial to achieving an efficient DFP.

Conclusion and future outlook

MOF-SCs have a high potential for applications in the field of
energy and environment, owing to the versatility of the MOF
templates, which can be carefully tailored to the derivatives. In
this review, we described different elegant strategies in which
the properties of MOF-SCs can be tuned for generating
hydrogen at high rates. That said, hydrogen production using
MOF-SCs suffers from inefficiencies primarily because of the
poor light absorption capacity and fast recombination rates of
charged species during water splitting, leading to low apparent
quantum efficiencies. Therefore, the bulk of the task lies in
designing a well-decorated and highly stable photocatalyst that
can drive the reaction toward favorable outcomes. The effect
of temperature and environment, design of heterojunctions,
and engineering of defects have been highlighted as ways to
improve the performance of the HER. Additionally,
understanding the effect of pH, the presence of reactive oxygen
species (ROS), and how they are generated can help design
suitable experimental conditions. However, the holes
generated during the HER are often left unexploited, and their
presence directly or indirectly contributes to slower reaction
kinetics since only the electrons are desired for the HER.
Therefore, dual-functional photocatalysis for simultaneous
hydrogen production and water purification provides a viable
alternative approach to best utilize the photocatalytic system,
bringing about environmental remediation from water
purification and high energy conversion from the H,
generation. This calls for developing novel materials, such as
high-performing MOF-SCs and suitable technologies that can
drive the realization of the HER and an efficient DFP.
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