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ABSTRACT KEYWORDS
Metal-organic frameworks (MOFs) have been increasingly Photocatalyst; water
popular in photocatalytic water-splitting research areas splitting; longer wavelength;
due to their unique, tunable porosity, high stability, large metal-organic compound;
surface activity, and manipulative topology. However, the  nanoparticle
incapability of MOFs in harvesting broad-solar irradiation

and rapid electron-hole pairs recombination has limited

their efficiency in practical applications, and their structures

allow researchers to manipulate them toward better effi-

ciency. Also, linker modification is achieved by reclaiming

the organic linker, which constructs MOFs by functionaliz-

ing, changing the ligand’s length, and using an aided

organic linker. In addition, being a free space in their

structure gives this opportunity to modify them easily

with other compounds such as inorganic complex com-

pounds and nanoparticles by incorporation, impregnation,

and ship-in-a-bottle methods. The objectives of this review

article are three-fold. First, to emphasize understanding of

the fundamental correlation among promising strategies to

improve the optoelectronic properties of MOFs such as

light-harvesting capability and photoinduced electron-hole

pairs for photocatalytic reactions involving water splitting

reaction under broad solar irradiation. Second, to system-

atically summarize the organic linker modification and

incorporation of polyoxometalate, coordination metal com-

plexes, and various nanoparticles. Third, to discuss chal-

lenges and future research directions for the development

of broad solar band activation of MOFs for photocatalysis

purposes.
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Summary

® [nvestigation of the different methods for modification of
MOFs

® Review of the incorporation of complex compounds into
MOFs in detail

® Investigation of all the strategies for incorporation of com-
plex compounds into MOFs

1. Introduction

Fuel and its related fields are of crucial significance as the fuel is the essential
driving force of society and almost all the industries. Fossil fuels, including
petroleum, coal, and natural gas are the most accessible and useful fuels and
the first choice of all the countries due to their ease of storage and transport,
cost-effectiveness, and applicability in almost all situations. Some issues such
as non-renewability, environmental incompatibility, and hazardous use of
these fuels have raised some concerns. Based on the Statistical Review of
World Energy, and the U.S. Energy Information Administration'"), oil, natural
gas, and coal have been consumed 47 years, 53 years and 133 years ago, leading
to the depletion of their resources. Moreover, fossil fuels contribute to the
emission of greenhouse gases. Although fossil fuels are not as dangerous as
nuclear energy, they can be very menacing if used in con-compliance with the
corresponding standards. For instance, as the greenest fossil fuel, natural gas is
inflammable with high explosion ability. The mentioned drawbacks have
motivated different countries to think about an alternative approach.
Hydrogen gas is one of the promising alternative fuels due to its remarkable
advantages, including availability and renewability. Moreover, hydrogen gas is
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the most abundant element on the universe, and it is among the ten on the
earth.’) Hydrogen gas is nontoxic without any unexpected impacts such as the
production of side products. It can be stated that hydrogen gas has zero
greenhouse emission and thus no contribution to the carbon footprint effects.
Unlike the fossil fuel, hydrogen gas does not require large-area storage space.
Moreover, it generates higher energy compared to the fossil fuels as it can
create the highest energy compared to other fuels due to its great gravimetric
energy density (120 MJ/kg), which is almost 3 times more than fossil fuels.
Hydrogen fuel cells offer higher efficiency as they can generate more than 65%
electricity, far higher than the conventional combustion-based power plants
(33-35%). However, some challenges in utilizing hydrogen gas as fuel remain.
The main one is to produce hydrogen gas in pure form.”*) Another limitation
is the technology for storing hydrogen gas. Most of the technologies for storing
hydrogen gas lead to different states such as a compressed gaseous state, liquid
state or solid-state.!*””) Moreover, extreme safety measures are required to
store the hydrogen gas in the liquid state due to the needs of high pressures
around 100 MPa and cryogenic temperature of around —250°C. Unlike storing
hydrogen gas in liquid state, storing in solid state does not require high
pressure or extremely low cryogenic temperatures.[8’9]

In this regard, different methods have been developed for hydrogen gas
production which are mainly based on (i) hydrogen gas production from
industrial processes such as steam methane reforming, "% partial
oxidation,!'? auto thermal reforming,[13’14] steam iron process[w] and (ii)
biological techniques such as dark fermentation,!'® photo-fermentation,!”!
hybrid system,""”! and bio-photolysis."”'®! The economic issues play impor-
tant roles in choosing the hydrogen gas production method. The overall
production costs of hydrogen gas depend on three sources of feedstock,
government investment, and energy source!’’ (Table 1).

Based on Table 1, the first three methods use fossil fuels, therefore, they are
not ideal for hydrogen gas production. Dark fermentation and photo

Table 1. Summary of various H, production processes with their feedstock, capital cost, and

hydrogen gas cost. Reprinted with permission from Ref.'*! copyright 2021 elsevier publisher
Source of Capital cost  H, cost (US$
Method energy Feedstock (M$) per kg)
Steam methane reforming by CCS (CO, capture Fossil fuels CH, 226.3 227
and storage)

Steam methane reforming with no CCS Fossil fuels CH, 18.5 2.08

Auto thermal reforming of CH, by CCS Fossil fuels CH,4 1833 1.48

Dark Fermentation - Organic - 2.57
Biomass

Photo-Fermentation Solar light Organic - 2.83
Biomass

Bio-photolysis by Direct method Solar light Water with 50 US$ per 213
algae m2

Bio-photolysis by Indirect method Solar light Water with 50 US$ per 1.42

algae m2
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fermentation use no source of energy and solar light, respectively. However,
the feedstock is organic, which makes them not green methods. Bio-photolysis
uses solar light. However, they require algal feedstock. The overall cost of each
method lies in the ideal range. According to the United State Department of
Energy, the production of hydrogen gas is economically beneficial, thus, it
could be a proper alternative to fossil fuels if its final cost reaches 2.00 and 4.00
USD/kg (year 2020).1"!

Recently, production of hydrogen gas through water splitting has become
very popular.?>"?”) This method uses water and sunlight, i.e., two most
abundant natural resources on the earth. The method is absolutely green as
all of the components, including the feedstock and sunlight are environ-
mentally benign. Furthermore, this method is circulatable, which prevents
energy depletion. This system emits no carbon dioxide, which can be an
environmental pollutant if it exceeds normal atmospheric level. Concerning
the economic issues, the final cost of this system is affordable due to the
use of abundant natural resources. Various methods such as thermochemi-
cal water splitting, photobiological water splitting, photoelectrochemical
(PEC) water splitting, and photocatalytic water splitting have been devel-
oped for water splitting,!2**4-!

Photocatalytic water splitting generally includes three main steps: i) light
absorption, ii) charge separation and transfer, and iii) redox reaction. The
photocatalytic process is initiated by light absorption, reflecting the important
role of light absorption in the water splitting efficiency. So far, different types
of metal organic frameworks (MOFs) have been reported as the catalyst in the
photo-induced water splitting chemical process.

This review is based on the design of photo-activated catalysts for water
splitting, focusing on light absorption by the incorporation of organic-metal
compounds (OMC) and nanoparticles (NPs) into MOFs. OMC and NPs have
shown high effectiveness as co-catalysts upon incorporation into the MOFs.
Therefore, many researchers have focused on the methods to explore this benefit
for different applications. The incorporation of NPs in MOFs leads to the
formation of a Schottky junction, which enhances the hoto-induced catalytic
properties of the final composite through spatial separation of photo-generated
excitons and suppression of their recombination via Schottky barrier diodes.
Furthermore, NPs can increase hydrogen gas production due to their catalytic
properties.”' ¢! Indeed, the modification of MOFs by OMC and NPs is
a mutual assistance, leading to a composite with different advantages. MOFs
prevent the aggregation of the incorporated compounds during photocatalytic
reactions, fortify the number of reactants around the incorporated compound to
increase the conversion rate, serve as an electron transporter to the active sites,
including OMC or NPs, to enhance their photo-induced catalytic properties
since MOFs can have interior substrates of variable sizes and shapes. On the
other hand, OMC and NPs benefited MOFs through the light absorption
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enhancement by the concentrated local electromagnetic field (CLEF) effect,
perfusing hot electrons into MOFs which increments photocatalytic activity.”*”

The present review paper studied the modified MOFs with inorganic com-
plex compounds and nanoparticles, which have been used, as photo-activated
catalysts, for water splitting. All kinds of inorganic complex compounds and
nanoparticles, their properties, and their effects on different types of MOFs
were investigated. Furthermore, different strategies for tuning the optical
features of the photocatalysis system were considered. In addition, the meth-
ods to modify light absorption are studied for pristine and modified (by OMC
and NPs) MOFs.

2. The fundamental aspects of photocatalytic water splitting
2.1. The concept of band gap

Among the reported approaches to hydrogen gas production, photo-induced
catalytic water splitting (PWS) is very attractive and thus is the focus of this
review. Light absorption is the first step of photocatalytic water splitting,
where the light is absorbed and transported to the next step. An improvement
in light absorption can accelerate the charge separation of excited electrons
and holes in the conduction band (CB) and valance band (VB), respectively.
Consequently, it improves the efficiency of hydrogen gas evolution. According
to this process, two main factors of light and the light-absorbing compound
determine the efficiency of the process.

The energy band gap plays a key role in determining the distance the
electrons have to migrate to reach the CB band from the VB band. The energy
band gap is changed based on the wavelengths. According to Planck’s

equation,*®*) the energy band gap has an opposite relationship with wave-
length (1):
hc
E, =hv=— 1
v=- (1)

Where E is the energy, h is the Planck’s constant (6.63 x 107°*J.s), v shows the
frequency (Hz), ¢ denotes the speed of light (3.0 x 10® m/s) and A is the
wavelength. As shown by equation 1, a decrease in the energy band gap implies
an increase in wavelength. There are two types of energy band gaps: direct and
indirect (Figure 1). The difference between direct and indirect band gaps is the
location of the momentum of the electron in the CB and VB bands (Figure 1a).
In the direct band gap, both CB and VB exhibit equal momenta, which leads to
the migration of electrons from the VB to the CB as influenced by the energy
that is higher than the energy band gap (hv > Eg) with small variations in the
momenta of the electrons. In the case of indirect band gap, the momentum of
an electron is not equal in the VB and CB bands, so the energy needed to excite
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Figure 1. Photon absorption in (a) a direct band gap for an incident photon with energy hv =E, —
E; > eg, and (b) an indirect band gap for a photon with energy hv < E, — E; and a photon with
energy hv > E, — E;. Reprinted with permission from Ref.?"’ copyright 2019 ACS publication.

electrons from the VB to CB will be higher than the direct band gap[40’41]

(Figure 1b). This difference, in the direct and indirect band gaps, comes from
the difference in the electron interactions. In the direct band gap, the electrons
interact by a photon (E,-E;), while in the case of the indirect band gap,
photons and phonons are involved in the electron interactions, which increase
or decrease the momentum. The possibility and the rate of the indirect band
gap are lower than the direct band gap due to the involvement of three
phenomena of electron, photon, and phonon.

A molecule can absorb the light if its energy band gap is the same or
lower than the energy of the incident light.

In materials that have a large exciton binding energy, a photon may have
just the right amount of energy to form an exciton (bound electron-h), but not
enough energy to separate the electron and hole (which are electrically
attracted to each other). The distinction between “optical band gap” and
“electronic band gap” (or “transport gap”) is made in this situation. The
threshold for photons to be absorbed is the optical band gap, while the
transport gap is the threshold for creating an electron-hole pair that is not
bound together. Generally,The optical bandgap is at lower energy than the
transport gap.

2.2. Fundamental aspects of photocatalytic water splitting

Concerning suitable material properties for absorption of visible or IR
light to promote photocatalytic water splitting, it is worth noting that
adjusting the energy band gap to match the visible or IR regions in
terms of energy does not lead to splitting water. Water splitting occurs
upon the incidence of both reduction and oxidation reactions. The
condition for the reduction and oxidation of water involves the VB
and CB in 0V vs normal hydrogen electrode (NHE) (negative side)
and 1.23V vs NHE (positive side), respectively. Moreover, the energies
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Figure 2. The location of VB and CB for water splitting under (a) visible and (b) IR lights.

of visible and IR spectra are 3.20 > Eg >1.60eV and Eg <1.60eV,
respectively. As a result, the proper location of the VB for both will
be at 1.23eV. Concerning the CB, it ranges between —-0.37 eV (mini-
mum) and -1.97 (maximum) eV in the case of visible wavelength
(Figure 2a), and —0.37 (maximum) eV in the case of IR wavelengths
(Figure 2b).

In PWS, the hydrogen gas production is achieved by converting solar-to-
hydrogen gas (STH).!*? The surface of the catalyst is exposed the sunlight so
the catalyst is named photocatalyst. The method has some unique advantages,
mainly, its easy operation.

The STH determines the efficiency of the method for converting solar to
hydrogen gas. STH can be obtained by the following equation:

output energy of hydrogen
energy of the incident solar light

STH% = ( >AM1.5G x 100

_ (mmoles of hydrogen/s x 237k]/mol) AM, s % 100
Prorat(mW /cm?) x Area(cm?)
According to the latest data, the most efficient conversion of water into
hydrogen gas with the solar light is around 1.5%. Thus, the method needs to
be further explored."**
In the case of using photocatalysts, hydrogen and oxygen gases are pro-
duced through the following steps:
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Figure 3. (a) schematic of photocatalytic reactions: (i) photoexcitation, (ii) charge separation, and
(iii) surface reactions. (b) relationship between the semiconductor band structure and redox
potentials of water splitting.

1, Step: Excitation of electrons (e-); photocatalyst is exposed to UV, visible,
or IR light; leading to the excitation of electrons from the VB to the CB
band.

2,4 Step: Formation of holes (h™); upon the excitation of electrons to the CB,
holes are created in the VB.

3,a Step: Redox reaction; the reduction of water occurs by the excited
electrons in the conduction band while its oxidation happens in the
valence band by the holes (Fig. 3a)

Thermodynamically, the water splitting is a 4 e~ process, requiring
a Gibbs free energy (AG) of 237Kk] mol™'. Moreover, as the water
splitting reaction applies at least 50% of solar energy, both half reactions
are highly energy-demanding.!*®! The reduction of water happens when
the edge of the conduction band of a photo-induced catalyst locates on
the negative part of the reduction potential of the water (0 V vs NHE),
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leading to hydrogen gas production. This process is known as hydrogen
evolution reaction (HER) (Figure 3b). On the other hand, water oxida-
tion occurs when the top edge of the valence band locates on the
positive part of the oxidation potential of water (1.23eV vs NHE),

forming oxygen gas, also known as oxygen evolution reaction
(OER)212844-99] (Eigyure 3b).

The mentioned mechanism can be summarized as:
Hydrogen evolution reaction:

e in an acidic aqueous solution: 2H" + 2¢~ — H,
e in an alkaline aqueous solution: 2H,0 + 2e~ — H, + 20H™

Oxygen evolution reaction:

e in an acidic aqueous solution: 2H,O — O, + 4e~ + 4H"
e in an alkaline aqueous solution: 4OH~ — O, + 4e~ + 2H,0

The efficiency of the solar energy can be determined based on photon absorp-
tion efficiency (#,p5,ption)> Separation efficiency (7,,,4110,)> and reaction effi-
ciency (#,,uc1i0n)- Photon absorption efficiency indicates the fraction of e/h
excited by photons. separation efficiency (%,p4q10,) refers to the species

exposed to the photon and move toward the surface, while the yield of the
surface reaction, which contains the charge species at the border of the solid
(surface of the catalyst) and liquid (water) is defined as the reaction
efficiency.2>%>!

Mtotal = ﬂabsorption X I/]sepamtion X Mreaction

Noteworthy is that even qualified photocatalysts will not necessarily split
water as each reaction requires high activation energy. Moreover, recombina-
tion of electrons to the VB does not allow the completion of the water splitting
process. It is crucial that the catalyst resist harsh acidic and alkaline environ-
ments. Furthermore, the catalyst should be highly recyclable so that it can be
re-used efficiently and economically. These issues further highlight the impor-
tance of the design of a photo-induced catalyst.!*"*>*”]

From kinetic point of view, in photocatalysis, the generation, separation,
and transfer of photogenerated carriers usually take a few femto to nano-
second.”?) On the other hand, the electrocatalytic process (i.e., surface redox
reaction) takes much longer (micro- to seconds) to achieve and is often the
rate-limiting step. Due to different factors OER is often much slower than
HER including’>*!:
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(1) Larger effective mass of a hole than an electron can cause slower hole
transfer than electron transfer.

(2) Participation of four holes in OER leads to much larger overpotential
and slower reaction kinetics than HER.

(3) An oxygen atom is 16 times as massive as a hydrogen atom so that O,
diffuse much slower than that of H,.

(4) Because of high oxygen and low hydrogen affinity of most photocatalyst
surfaces, it is difficult for oxygen molecules to desorb from the photo-
catalyst surface.

Another point which should be considered in PWS is backward reaction and
side reaction. Due to the coexisting H, and O, during PWS, water can be
produced through a backward reaction. This can reduce the efficiency of
photocatalysts.

On the other hand, H,0O, and water can be produced through combination
of oxygen gas with electrons. This side reaction has negative effects in H,
production process.'>”!

3. Physicochemical properties of MOFs

Metal—-organic frameworks (MOFs) are a special group of coordination poly-
mers (CPs) composed of metal ions, or clusters, and organic linkers. Their
unique physical and chemical properties including high surface areas, high
porosity, structural tunability, crystalline nature, and high chemical and ther-
mal stability have made them proper candidates for use in different fields'>*~>°
including the photocatalytic reactions'>” ! [references need to be cited here].
The features mentioned above can improve the photocatalytic reactions by
influencing different parts of these reactions.!*”’

4, Metal-organic frameworks as photocatalysts

Different compounds have been used as photo-induced catalysts, including
semiconductors,*"%?! core-shell®***), and MOFs.[**%”! As indicated above,
MOFs are three dimensional structures comprising organic linkers and metal
nodes linked by polymeric bonds, which can exhibit optoelectronic
properties.'®® The use of MOFs for photocatalytic hydrogen gas production
was introduced by Silva and coworkers in 2010'°”! (Figure 4). MOFs could be
excellent photocatalysts due to their (i) organic linkers which can absorb light
from different regions of UV, visible and even IR ranges to excite electrons
from highest occupied molecular orbital (HOMO) to lowest unoccupied
molecular orbital (LUMO),%7%711 (ij) large surface activity with high poros-
ity, which prepares a suitable space for the incorporation of other co-catalyst
to increase the photocatalytic behaviors of MOFs,”>7*! (iii) great charge
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Figure 4. Band gap structures (VB and CB position) of various MOFs used in photocatalysis.

distance to avoid fast recombination,”®””! (iv) high chemical, and thermal

stability which allows long-term use of MOFs,!*>788) (v) high flexibility for
structural tuning with different properties[m] (vi) high selectivity,[82_84] (vii)
cost-effectiveness, ®>*°! (viii) the possibility of their functionalization by other
groups to modify MOFs depending on their corresponding application!*>*”!
(ix) high catalytic center due to having metal ions, which accelerate the
chemical reactions in the presence of light,****%%! (x) well-ordered crystalline
structure of MOFs leads to a clear structure for better engineering,'*>***! and
(xi) well-constructed heterojunctions and photo-generated electron transfer
due to the 77 — 7 interactions in the aromatic ligands of MOFs."*>%>~%4] NH,-
UiO-66, NH,-MIL-125(Ti), and MIL-101 are well-known MOFs for water
splitting  applications. Most useful MOFs are presented in
Table 2 129-88.166,172-177]

Three main factors determine the efficiency of solar energy in hydrogen gas
production: (i) light absorption, (ii) charge separation and transport, and (iii)
catalytic center. MOFs are built from the metal clusters (inorganic semicon-
ductor quantum entities), and organic linkers (antenna to activate the semi-
conductor quantum dots via the linker-to metal cluster charge transfer
(LCCT)) (Figure 5a), thus, they can be used as photocatalysts for H,
production.!®>”®7°] Generally, ligands serve as electron donors in MOFs,
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(a) metal ion

linker

(b)

ho h*:h*h*

Figure 5. (a) different parts of MOFs. (b) charge migration mechanism of photocatalytic water
splitting by MOF.

while metal plays the role of an acceptor. In a pristine MOF, the ligand can
absorb light of different wavelengths (UV, visible, and even near IR) and excite
the electrons from the HOMO of the ligand to its LUMO. The excited
electrons then migrate to the metal center through ligand to metal charge
transfer (LMCT) (charge separation and transport). Finally, the redox reaction
proceeds in the metal node (catalytic center) as shown in Figure 5b.[1¢180181]
Overall, the organic linker used in MOFs are from the aromatic family and
n—m* or m* — " transitions, which occur after light absorption. The con-
jugated aromatic system of the linker and functional groups used for its
modification depend on the wavelength of the absorbed light.®%!8218%]
However, this is just a simple vision of a photo-induced catalytic mechanism
in pristine MOFs. The above-mentioned three main factors can be modified by
different methods to obtain a composite with the maximum hydrogen gas
production efficiency.
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5. Strategies for enhanced photocatalysis of metal-organic frameworks

The modification of MOFs can involve different parts of pristine MOFs
including their organic linker (1% method), or by applying other compounds
into the cage of MOFs (2™ method), or both. The first two methods will be
explained and the third one is the combination of both methods, which is
carried out based on the final use (Figure 6). In the first method, different
functional groups are utilized to improve the properties of MOFs such as their
porosity, crystallinity, stability, flexibility, and topology. These properties are
improved as the functional groups enhance the host-guest chemistry between
MOFs (host) and other molecules (guest).["**' The functional groups can be
categorized based on their role in MOFs or their chemical properties
(Figure 6). The role-based functional groups are categorized into coordinating
sites and the guest interactive sites as presented by Absalan and coworkers as
well as the categorization of functional groups by their chemical
properties.[184]

Light absorbing
modification of MOFs

I |
‘ 1st method ‘ 2nd method

I ) |

‘ INkchilicatycam af poastine Modification by other

MOF through organic linker P

| | = | —_— | —  pom
| ||heme Use of aided
Role in MOFs ‘| Functionalizing ‘ length of the il e |

Neend Coordination
Carbonyl- complex
| i based |
functions Site
I Guest Nitrogen-
L interactive | |—|  based
Site functions
Oxygen-
- based
functions

Sulfur-based
— functions

Figure 6. Different methods for modification of MOFs.
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The coordinating site functional groups, including sulfonate, phosphonate,
carboxylate, and some of the heterocyclic groups (pyridine, azoles, diazines)
surround the metal ion in a self-assembling process. On the other hand, guest
interactive site functional groups are free to interact with other molecules
(guest) and the main functional groups. Urea, amide, oxalamide, imide,
triazine, and tetrazine are mostly used as interactive site functional groups
(Figure 7). For coordinating site functional groups, the effect of the functional
groups must be determined based on reaction solvent, temperature, pH, and
metal ions. On the other hand, for guest interactive site functional groups, the
effect of the functional groups on the direction of the coordination sites must
be researched. In the case of changing the direction of the coordinating site by
the functional groups, the chemical structure will be altered, thus, the geome-
try and the chain must be examined.Additionally, the stability of the chemical
structure of MOFs and structure-activity relationship should be
considered.""®*! Various elements of the periodic table are used in different
parts of water splitting photo-induced catalysts'*!! (Figure 8a). Based on the
hard and soft acid and base (HSAB) theory concerning hard metal — hard base
and soft metal - soft base (Figure 8b), the proper metal is chosen based on the

ligand.[187_lgl]
Functional Groups as Functional Groups as
Coordinating Site Guest-Interactive Site

.
O O O O
‘\
. Lk\Tel hered Fused )
N
In Main-Chain In Side-Chain

Figure 7. Classification of organic functional groups based on their role and position in the
framework. Reprinted with permission from Ref.l'®"! copyright 2019 elsevier publication.
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(@)

Constructing the
conduction band:
Mg, Ti, Zr, V, Nb, Ta,
Mo, W, Re, Cu, Ag,

Zn, Cd, B, Ga, In,
Ge, Sn, Pb, Sb, Bi,
Ce, Pr, Nd, Sm
Constructing the
crystal structure: - Constructing the
H, Li, Na, K, Rh, Cs, ra valence band:
Ca, Sr, Ba, Y, Si, Co, Elements used Cu, Ag, Sn, Pb, N,
Ni, La, El.l, Gd. Th. to construct P, Bi, 0, S, Se, Te,
Dy, Ho, Er, Tm, Yb, | photocatalysts Cl, Br, |
Lu for |
photocatalytic
water splitting

Applied as dopant:

Li, Na, K, Rb, Cs, Mg, Ac?ar::ry‘::"s
Ca, Sr, Ba, Sc, Zr, Hf, Cr, Mn, Fe. .Ru
Ta, Cr, Mo, Fe, Co, c;, Rll-n Ir’ Ni ¢
Rh, Ni, Zn, Al, In, N, Pd, Pt, Ag, Au
Sb, La, Pr, Nd, Sm, i
Gd, Tb, Dy

(b)

/ Hard Lewis Base \ / Soft Lewis Base \

Carboxylates Azolates
Weak Bond l \ Strong Bond Strong Bond l \ Weak Bond
Soft Lewis Acids Hard Lewis Acids Soft Lewis Acids Hard Lewis Acids
Co®, Ni**, Cu™, Zn* AI*, Cr*, Fe™, Ti*, Zr** Co™, Ni#, Cu®, Zn** A", Cr*, Fe™, Ti*, Zr*
Representative MOFs l l Representative MOFs
MIL-100 (Al, Fe, Cr) ZIF-7, 8, 11 (Zn)

\ MIL-125(Ti), UiO-66(Zr) / \ Cus(BTP), Nis(BTP), Co(BDP) /

Figure 8. (a) elements used in different parts of photocatalysts for water splitting. (b) strategies to
construct stable MOFs guided by HSAB theory. Reprinted with permission from Ref."'®®! copyright
2018 advanced materia.

Other methods of synthesizing MOFs with improved properties utilize
19271951 metal  oxides, 7! silica,[*°972%%) organic

[206-210] carbon  discs and
[216-218]

nanoparticles,!
polymers,2°>2*1 " quantum  dots,
nanotubes,?''"2' thin films,7>?'®! core—shell encapsulation,
[219-224] . [225-239] .
enzymes, and organometallic compounds. The incorpora-
tion of other compounds into the cage of MOFs assists in synthesizing
a composite with excellent optical behavior, thermal and chemical sta-

bility, and significant catalytic active sites.
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5.1. Molecular modification approach

Regarding light absorption, we investigated the main general challenges in the
photocatalytic water splitting reaction. In this section, we will go forward more
specifically to find what happens if the photocatalyst is a MOF. The most
applicable pristine MOFs for water splitting are listed in Table 2.

First of all, we need to know what parts of MOFs are responsible for
absorbing light when there is just pristine MOF. Based on the different reports,
the organic linker of a pristine MOF is responsible for absorbing light.[2*>-*4!]
Although, there are some pristine MOFs, in which metal-oxo clusters play an
important role in absorbing visible light?*****! such as Fe-based MOFs,
including MIL-53(Fe),***! MIL-68(Fe)***! and MIL-100(Fe),'***! organic lin-
kers demonstrate a significant role in tuning the light absorption.

When using pristine MOFs, the main challenge is finding a proper organic
linker with the required properties. First, let’s see why organic linkers are used
in MOFs. Are they used just for absorbing light? To answer this question, first
we need to look deeper into the structure of MOFs. The other role of organic
linkers is to connect with the existing metal ions in the framework of MOFs.
Furthermore, MOFs must maintain their stability in different environments to
avoid disintegrating their chemical structures. Moreover, linkers contribute to
better electron transport. Porosity, flexibility, and crystallinity are also other
properties that can be altered using different organic linkers,#*”~2>°]

Regarding light absorption, the photonic response, can be altered by three
methods: the change in the length of the ligand, use of an aided organic
linker, and replacing or adding functional groups'*" (Figure 9).

5.1.1. Ligand length extension

The change in the length of the ligands can enhance the light absorption.
also helps in encapsulating extra compounds (such as OMC or NPs) into the
cage of MOFs, which can increase the light absorption ability of MOFs. This
approach also prepares an opportunity to functionalize MOFs by more func-
tional groups. This strategy has been used by different researchers and resulted
in the synthesis of MOF whose properties were eleven times greater than the
original MOF. Yaghi and coworkers synthesized a reticular IRMOF-74-I to
IRMOF-74-XI by the mentioned strategy.”>®! They extended the length of
MOF-74 by phenylene ring from one to eleven. The same method was used to
synthesize a series of NOTT,*** Ui0,!***! and FCU.1*°!

Allendorf and coworkers'**?! published theoretical models of organic lin-
kers for light harvesting applications (Figure 10). The organic linkers are
capable of donating electrons to the acceptor site of organic photovoltaics
under UV-Vis light by tuning the HOMO-LUMO gap (Table 3). Such
a difference between the organic linkers can be assigned to their different
lengths, achieved by adding up to 11 phenylene rings (DOT I-XI) (Figure 10).

[252] 14
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Ligand exchange

3

Add or replace functional group

Figure 9. The methods used for functionalization of organic ligands.

The basis for creating these linkers and Secondary building unit (SBU) is to
establish a connected n-m network for easy charge transfer. A series of transi-
tion metals, including Mg, Mn, Fe, Co, Ni, and Zn has been applied in the
structure of MOFs containing the mentioned organic linkers. As an example,
the combination of the organic linkers with the Mg ion led to a MOF with an
unusual structure (Figure 10). The resulting MOF had no d electrons and Mg”
" did not allow MLCT or LMCT, which leads to the formation of HOMO-
LUMO on the organic linkers resulting in separation between the linker and
the electron acceptor. The mentioned reasons lead to the formation of a MOF
whose electronic properties can be ascribed to its organic linkers. The mod-
ification of the organic linkers helps the MOF absorb visible light because of
the small energy band gap and high oscillations. Furthermore, the obtained
MOF will split easier due to its suitable band and acceptor molecules.

5.1.2. Ligand exchange

The strategy of using another linker is helpful when a functional group cannot
be directly synthesized. Furthermore, it is a good approach for the synthesis of
a thermodynamically unfavorable MOF. Kim and coworkers studied the
exchange of carboxylate organic linkers in different MOFs, including MIL-
68(In), MIL-53(Al), UiO-66(Zr), and ZIF-71.°7) Their result showed that
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Figure 10. (a)the LC-BLYP/6-311G(d,p) optimized DOT I-VI linkers and proposed BT/TT linker series.
(b)A supercell representation of the periodic PBE optimized IRMOF-74-1I(Mg) structure. Reprinted
with permission from Ref.'**?! copyright 2014 RSC chemistry.

MIL-53(Al)-Br/NH, is received by the combination of MIL-53(Al)-NH, and
MIL-53(Al)-Br MOFs. The same experiment was also carried out by other
researchers./*”® The pore dimensions in the MOF materials can be increased
by replacing the shorter linkers with longer ones with no loss of crystallinity.
This technique is beneficial because it 1) increases the porosity of MOF; 2)
avoids the possibility of interpenetration, provided that a non-interpenetrated
MOF is used as the starting material; and 3) produces thermodynamically
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Table 3. Optimal values, HOMO/LUMO energies, fundamental gaps (HOMO-LUMO), optical gaps
(S0 —S1 transition) and oscillator strengths of DOT IV and the BT/TT series predicted at the LC-
BLYP/6-311 G(d,p) level of theory. All values are in eV; oscillator strengths are unitless. Reprinted

with permission from Ref.**? copyright 2014 RSC chemistry
Linker Optimalp  HOMO  LUMO  Fundamental gap  Optical gap  Oscillator strength
DOT | 2715 -7.9 -0.6 73 33 0.115
DOT II 2507 -84 -0.5 7.9 4.1 0.304
DOT 1Nl .2089 =79 -0.4 7.5 4.1 0.407
DOT IV 2021 -7.8 -03 7.6 4.1 0.367
DOT V 1811 -7.7 -0.4 7.3 4.0 0.350
TT-TT 1829 -6.9 -1.0 5.8 3.1 2.161
BT-BT 1825 -74 -1.8 5.6 2.8 0.813
BT-TT-BT 1655 -6.7 -1.9 4.8 24 1.384
BT-TT-BT-TT-BT 1420 —6.2 =22 4.1 1.9 2.066
PCBM 1958 -7.4 -2.1 53 23 0.002
PC71 BM 1724 =7.1 =22 49 2.2 0.006
P3HT 1419 -59 -1.0 4.9 2.6 2434

unfavorable structures. As an example, bio-MOF-101 was converted to bio-
MOEF-100 via exchanging 2,6 -naphthalenedicarboxylate (NDC) with 4,4’-
biphenyldicarboxylate (BPDC).!*®!

Another ligand exchange approach involves bridging-ligand replacement in
extended 2D and 3D MOFs. For instance, crystals of PPF-18 were transformed
to crystals of PPF-27 by exchanging the bridging linker of N,N’-di-pyridyl-
naphthalenetetracarboxydiimide (DPNI) with 4,4” -bipyridine (BPY).[>?!

5.1.3. Surface functionalization

Functionalization of organic linkers by other groups such as carbonyl-based,
nitrogen-based, oxygen-based, and sulfur-based groups is an attractive
strategy!2°?°"! (Table 4).!"%% Carbonyl-based functional groups have mutual
host-guest chemistry due to the presence of the carbonyl group while the
differences in the host-guest chemistry are mainly because of the groups such
as amine and hydroxyl attaching to the carbonyl group. The nitrogen-based
groups have N and they are mainly used in the structure of MOFs. Oxygen-
based functions are polar and rich in electrons due to the high electronega-
tivity of the oxygen atoms. Sulfur-based functional groups also offer several
advantages including electron-rich sulfur atoms which can be exploited in the
design of polar and electron-rich MOFs. The use of different functional groups
can provide several advantages, including flexibility and easy tuning through
in-situ syntheses, post-synthesis, or linker exchange.

The effect of different functional groups on the organic linker of NU-1000
MOF was investigated.'"®"! The study showed that the functional groups affect
highest occupied crystal orbital (HOCO) and lowest unoccupied crystal orbital
(LUCO).1?%? Researchers functionalized NU-1000 with carboxylates,[263 ]
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Table 4. Common functional groups commonly used in the synthesis of MOFs

(I) Carbonyl-based functions: urea, amide, oxalamide, squaramide, ketone, imide and carboxyl.

O, O
)C]J\ /‘CL o o} o} o} o
H
N
Y N NH, Y ~ )k )]\N/lk )J\OH
H H H —N HN— H
H
Urea Amide Oxalamide Squaramide Ketone Imide Carboxyl

(I) Nitrogen-based functions: (a) heterocyclic azine N-based functions, (b) heterocyclic-azole Based functions, (c)
noncyclic N-based functions, and (d) ionic N-based functions.

(@) Heterocyclic azine-based functions: In this group, the (-CH) motifs in the benzene ring are replaced by

Q0 00 Q0

Benzene Pyridine Tnazme Tetrazine

Dlazmes

(b) Heterocyclic azole-based functions: They have Lewis basic nitrogen atoms with sp® hybrid acting as
coordinating and guest interactive sites in supramolecular chemistry and construction of coordination
complexes and polymers especially MOFs.

A NN
SRS EORS

Pyrazole Imidazole 1,2,4-Triazole 1,2,3-Triazole Tetrazole

(c) Acyclic N-based functions: They include sp* and sp* hybrid nitrogen atoms.

H N
G N
\/NHZ /N\ /N\/ T/ /'!‘ Té
' Z
Amine Imine Azine Azo

(d) Cationic N-based functions: They interact with anionic, polar, and quadrupolar species through electro-
static interaction, dipole-dipole and dipole-quadrupole interactions. The obtained MOF offers a new
method for synthesizing ionic MOFs.

®
\N/ ~. /\(’:? _— | _
P PN
Pyridinium Imidazolium Ammonium

(1) Oxygen-based functions: hydroxy, ether, N-oxide, azoxy, oxodiazole, and oxopyridine.

o

(0]

’L@ NG IL o) N 0

A ~\7 7N

(0] N N

—OH | | \ / |

F v F
Hydroxy Ether N-oxide Azoxy Oxodiazole Oxopyridine

(Continued)
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Table 4. (Continued).

(IV) Sulfur-based functions: thiol, sulfide, sulfonate, thiourea, thiadiazole, and thiocatechol.

S SH
S ﬁ Oe /S\
—sH 7 S< S~ ~ N N
I N N
(@) H H \\J SH
Thiol Sulfide Sulfonate Thiourea Thiadiazole  Thiocathecol

(V) Other functional groups: halogen-based functions fluoro, nitro, and phosphonate.
S}
0 o e
® / Il_o
Y ~ X0

fluoro Nitro Phosphonate

[264] [265

phosphonates, perfluoroalkanes,'**™ and fluorine.**®! The results illus-
trate varied behaviors of MOFs as a result of different functionalization
methods. However, it is possible to prepare two main categories: donor (F,
Cl, I, CN, CHO, and NO,) and acceptor (OH, OCOCH3, NH,, and N(CH3),)
(Figure 11)

The popular MOF PCN-415 exhibits energy band gap at 3.3 eV, which does
not permit the use of MOF in visible light. The same limitation is also observed
in other MOFs systems including UiO-66 and MIL-125. Modification with

amino groups showed a redshift toward the absorption of visible light!2*”!
09 T i T T § 7 Valence Band
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Figure 11. Band edge alignment of CdgSes@NU-1000 and linker-functionalized CdsSes@NU-1000.
HOCO and LUCO are from the linker and the CdSe for all of the cases. The horizontal black and red
dashed lines correspond to the standard electrode potentials (€°, in V vs SHE) of the OER and HER,
respectively, at pH = 7 and T = 298.15 K. The green band corresponds to the standard electrode
potentials (€°, in V vs SHE) of CO, reduction in aqueous solutions at pH = 7 and T = 298.15 K. The
valence band is the blue lower bar, while the conduction band is the orange upper bar. The HOCO
is the top of the blue bar, and the LUCO is the bottom of the orange bar. The band gap (in eV) is
written between the bars. Reprinted with permission from Ref."®" copyright 2020 ACS
publication.
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Eddaoudi and coworkers replaced 1,4- naphthalenedicarboxylate func-
tional group in the face-centered cubic (FCU) MOF with different
groups, including 2-aminoterephthalate (BDC-NH,), 2-fluoro terephtha-
late (BDC-F), or 2-nitroterephthalate (BDC-NO,).[2¢8] Zhang and cow-
orkers used a post synthesis strategy for the modification of organic
linkers by functional groups.'**®’ They applied a methyl group on the
pyridyl site of MOF-867. The diazotization method was also employed
for replacing amino groups by the azide group in MOFs. The method is
reversible by the usage of H,S.”%! Organic functional groups have also
been used to alter the photonic response of the organic linker of MOFs.
Forgan and coworkers functionalized Zr-MOFs with naphthyl and
benzothiadiazole.

One of the most challenging issues in the light absorption and use of
functional groups is the interpretation of the chemical structure-light absorp-
tivity relationship, which is structure- and solvent-dependent. For example,
Moggach and coworkers designed ZIF-90 and ZIF-65 with polar functional
groups.*®!l Their results showed different effects of the same functional
groups when comparing ZIF-90 and ZIF-65. Higher light absorption is
another advantage of the proper functional group. Silva and coworkers used
UiO-66 for hydrogen gas production from water. They reported an increase in
hydrogen gas evolution from 2.4 to 2.8 ml just by adding NH, to the structure
of Ui0-66 MOF.*”

Wan and coworkers employed methylthio via terephthalic acid ligand to
obtain MIL-125 by the post synthesis strategy!'°”)(Figure 12a). The modifica-
tion led to the formation of a composite capable of absorbing visible light due
to the presence of the methylthio group donating 3p electrons of S to the
aromatic rings (Figure 12b). This functional group illustrates absorption even
better than the amino group, showing a 9% rise in the hydrogen gas produc-
tion efficiency from water.

It should be noticed that, although organic linkers play as electron donors
(VB; HOMO) in MOFs, in some cases metal ions also illustrate the same
behavior and help in enhancing the light absorption. For example, Shi and
coworkers synthesized three types of MOFs based on Cu-X-bpy, where X=Cl,
Br, 1) for the photocatalytic water splitting.!””") The halogen atoms changed
the energy band gap to 1.85eV (Cl), 1.90 eV (Br), and 2.00 eV (I) (Figure 12c).
The DFT calculations illustrates that the CB and VB are related to the organic
linker (2p orbitals) and copper ions (3p orbitals). The electrons migrate from
the metal ions (Cu,X;) (VB) to the N and C atoms of the organic linker and the
reduction of water proceeds.

Lu and coworkers synthesized MOF based on the indium (III) to be used as
a photocatalyst for H, production.”®®! In (III) was employed as it is a P-block
metal which can alter its valence to produce various forms with different
chemical behaviors. In (III) also exhibits high photoluminescence properties



COMMENTS ON INORGANIC CHEMISTRY 29

(@) Q S I i er | (b) 12{~8=MIL-125  —8—20%-MIL-125(SCH,),

Coo L0 ITaG £I5V
Ti-0 cluster HyEDC HyBDCSCH); Linker 104 LUMD

THOCHg) T ﬁ

269V
3.80(eV

L
1

LMY
20%-MIL-125-(SCH,),
HOMO

iy
MIL-125

=
i

1/C*x10%(em"/F?)

s 5 _E.= -0.85V
s 2
/7 _E, =078V

[
y

=

. =
T T T T

09 08 -07 -06 05
Potential (V vs. Ag/AgCl)

T
-1.0 )4

MIL-125

(c) m——
804 ~
//
60 4 Illl
|
4 L -
& s i i 1) 15/ 5 o ;
404 Energy (eV) Cu-Cl-bpy
Cu-Br-bpy
Cu-I-bpy
204
v ) T ” L)
200 400 600 800

Wavelength (nm)

Figure 12. (a) synthesis diagram of x%-MIL-125-(SCHs),. Reprinted with permission from Ref.'*”)

copyright 2017 German Chemical Society (b) mott-schottky plots of MIL-125 and 20%- MIL-125-
(SCH),. Reprinted with permission from Ref."®”) copyright 2017 German Chemical Society (c) the
UV-vis DRS of cu-X-bpy. Inset: tauc plots. Reprinted with permission from Ref.?”" copyright 2017
German Chemical Society.

because it is a d'* metal. Due to its low splitting energy, this element can
enhance the light absorption.?”-277]

In addition to the mentioned discussions, the photosensitization of the
organic linker should be close to the metal center. Lan and coworkers
synthesized two new MOFs based on Ruthenium (Ru) and porphyrin
derivatives to be used as water splitting photocatalysts.”””® In addition
to the self-properties of porphyrin in absorbing light, the photosensitizing
properties of porphyrin are also close to Ru which can increase the
number of excited electrons from VB to CB, enhancing HER activity
around 30 times more than that of homogeneous catalysts. Besides the
close photosensitization, porphyrin is also an effective parameter.
Porphyrin is a strong organic heterocyclic compound capable of absorb-
ing visible light, and so is suitable starting material for the synthesis of
different MOFs.
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Zhao and coworkers synthesized two-dimensional MOFs using transition
metals and tetrazole annulene for water splitting.'*”*! Tri-functional MOFs
catalysts such as Ir-TAAA and Rh-TAA demonstrated proper features com-
parable with other well-known visible-light water splitting photocatalysts. Ir-
TAA is a highly active photocatalyst for the reduction of water with AG of 0.17
eV. Moreover, Rh-TAA also showed excellent photocatalytic behavior with the
OER of 04V and AG <0.33eV, compared with Pt/RuO, (an oxide
photocatalyst).!?*°! Further, Fe-based MOFs showed high activity toward
absorbing visible light because of their Fe-oxo-cluster. Iron-based MOFs are
becoming increasingly popular in use for water oxidation reactions. These
MOFs are efficiently used in the catalysis of water splitting to produce hydro-
gen gas.?®"*%) In addition, absorption of visible light by highly active tri-
nuclear clusters of Iron-based MOFs such as MIL-188, MIL-101, and MIL-126
can be increased by adding an amino group on the organic linker.?%*
Moreover, Lionet and coworkers?®¥ reported on the Iron-based MOFs
(MIL-88B) with the organic linker terephthalic acid and different functional

groups (Figure 13).
HO 0] HO 0} HO (0]
Br NO, §/NH2 §/OH
OH (@) OH 0 OH

OH (0]
Terephthalic acid Bromoterephthalic Nitroterephthalic Aminoterephthalic = Hydroxyterephthalic
acid acid acid acid
HO (0] HO (0]
X F H3CI\ cH
F HsC CH3; H3C
0Z oH o?
Tetrafluoroterephthalic  Tetramethylterephthalic Dlmethylterephthallc Dihydroxyterephthalic
acid acid acid acid

Figure 13. List of linkers employed for MIL-88B synthesis. Reprinted with permission from Ref.224

copyright 2019 ACS publication.
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The developed MOFs were tested for the water oxidation reactions. The
results showed the electron-donating and electron-accepting properties of the
organic linker and the metal ions, respectively. The use of tetrafluoroter-
ephthalic acid, as the organic linker, led to a five-fold increment in the activity
of the MIL-88B MOF compared to its pure form. It should be noticed that
functionalization is not always effective. For example, Horiuchi and coworkers
explored all functionalized organic linkers (except tetrafluoroterephthalic
acid) and showed lower photocatalytic activity compared to the pristine
MOF. The reason for this disadvantage could be the diversity in hydroxylation
rates of the organic linkers. However, it is possible to use some active or
reactive groups for adjusting the hydroxylation rates.

Besides the surface activity and the energy band gap, electronic structure is
another effective parameter. As some systems did not show proper photo-
catalytic behavior even with the best surface activity and the energy band gap.
According to Shen and coworkers, electronic structure is a key parameter
which needs to be accurately investigated.?** They did experiments using
a series of UiO-66-MOFs that were functionalized with NH,, NO,, and Br in
reference to a control UiO-66-MOF that had H in place of NH,, NO,, and Br.
They employed three functionalized-UiO-66 as photocatalysts for the oxida-
tion of aqueous As(III) reaction. The liquid-solid reactions largely depend on
the surface activity of the photocatalysts.**®! Theoretically, a photocatalyst
with larger surface activity can better catalyze a liquid-solid reaction due to the
improved transition of charge carriers. The experiment showed that the order
of the surface activity is as follow: UiO-66-H > UiO-66-NH, > UiO-66-NO, >
UiO-66-Br, but the rate of the reaction was decreased as follow: UiO-66-NH,
> Ui0-66 > UiO-66-Br > UiO-66-NO, (Figure 14).

Time (min) Time (min)

Figure 14. Photocatalytic oxidation of aqueous As(lll) over Ui0-66-X (X = H, NH,, NO, and br)
under simulated sunlight (320-780 nm). Reaction solution: 40 mg photocatalyst, 40 ml2mg L™
As(1ll) aqueous solution. Reprinted with permission from Ref.?®* copyright 2014 RSC chemistry.
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Further study confirmed the critical role of electronic structure in the
photocatalytic behavior of the catalyst as supported by Hammett’s o,, values.
The mentioned value demonstrates how various substituents affect the elec-
tronic behavior of a given aromatic structure.””®”! The positive and negative
values of o show the electron-withdrawing and electron-donating groups,
respectively. The correlation can be found by the plot obtained from log Kx
versus o, (Table 5).

The plot illustrates the reason for the best activity of NH, despite its smaller
surface activity (Figure 15)

MOFs can be modified in terms of organic linker and metal ions. However,
organic linkers play a more important role in light harvesting and it is possible
to absorb even visible light by a proper design and modification. However, the
maximum absorbed wavelength is reported to be 500 nm for an electron donor
such as triethanolamine.'?*”! Hydrogen gas is not evolved even in the presence
of methanol or ethylenediaminetetraacetic acid (EDTA) as a sacrificial elec-
tron donor. The limitation is associated with the low visible light responsivity
and low oxidation ability of the organic linker in MOFs, necessitating the
modification with extra organic linkers with high photo-response and low
frontier orbitals (HOMO-LUMO) in the visible range with proper location of
HOMO (1.23 V), which can be obtained by incorporation of other com-
pounds such as OM and NPs.

5.2. Molecular association approach

Light harvesting is one of the most important parts of photocatalytic water
splitting. Two main methods can be used to enhance the light absorption
ability of MOFs. In the first method, pristine MOFs is modified through
functionalization which changes the length of the ligands using different
organic linkers. The second method involves the incorporation of other
compounds including organometallic compounds and nanoparticles in the
cage of MOFs.

Modification of MOFs by applying OMC is one of the most effective
approaches, not just in absorbing a corresponding type of light, but also in

providing an opportunity to properly adjust the valence and conduction
bands.

Table 5. Apparent first-order rate constants Ky, relative initial rates with respect to the unfunctio-
nalized material. Reprinted with permission from Ref.'*®*! copyright 2014 RSC chemistry

Ui0-66-X Kh™'] Log K/Ky o

H 0.0266 0 0
NH, 0.0417 0.3443 ~0.161
NO, 0.00369 —0.6747 0.71

Br 0.0128 —0.3040 0.393
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Figure 15. Proposed mechanism (left) and Hammett plot (right) for photocatalytic oxidation of
As(1ll) by Ui0-66-X (X = H, NH,, NO, or br). Reprinted with permission from Ref.®*! copyright 2019
RSC chemistry.

Numerous OMCs with different structures have been loaded into the sites
of MOFs among which, POMs, free noble coordination complex of Ni, Co,
and noble metal coordination complexes such as Pt, and Rh can be
mentioned.!*>'*!!

The pores of MOFs offer proper sites to load OMC. Loading OMC into
MOFs with different organic linkers and metal ions can enhance its
photocatalytic ability. HER is most affected by the application of OMCs.
OMC s behave as co-catalysts, assisting in migration of electrons by redu-
cing their recombination with holes. The most effective role of OMCs is
tuning the band gap of the final composite. In some cases, they extend
the absorption of final composite to longer wavelengths such as visible or
near IR.

Regarding light absorption, chromophore properties are the most required
characteristics of the organic ligands in OMCs. The chromophores are
involved in some important functions, including (i) proper reactivity and
sufficiently prolonged excited state for light absorption (ii) The capability to
be incorporated in the directional transfer of electrons by a quenching
mechanism, and (iii) generating the ground state through further extra
redox reactions. Some popular chromophores have been used for the photo-
catalytic water splitting such as acridine dyes, metalloporphyrins, transition
metal phthalocyanines, and noble metal complexes.'*"!

The energy of the organic linker can be transferred from different functions
to porphyrin, including naphthyl moiety or pyrene through different bonds
including molecules or hydrogen bonds.”?*’! Among different porphyrin deri-
vatives, triphenylamine-based multibranched porphyrin molecules can serve
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as sensitizers in a composite, further contributing to the photocatalytic water
splitting. 2%

The attractive properties of nanoparticles (NPs) due to their small size make
them a promising additive for MOFs. The small size of nanoparticles leads
their high surface to their volume ratio, enhancing their catalytic activity. Two
types of NPs have been encapsulated in MOFs: (i) plasmonic NPs (Ay,22>294
Ag,[295 291 and A1®7') which are used to perfuse hot electrons and (ii) NPs
with high catalytic activity (Pt?**?**) and Au@PtAg”*"") which are used to
trap electrons.

According to the synergistic effect and the ability of MOFs for immobilizing
NPs, the electron transport from MOF to NPs will be facilitated, incrementing
visible and even NIR lights absorption.

5.2.1. Incorporation of coordination metal complexes

Noble metal complexes showed excellent ability in absorbing light; thus, their
application into the pores of MOFs could be a versatile method to extend light
absorption to the visible range. Yang and coworkers synthesized Ru-complex-
sensitized MIL-125-NH,(Ti) through encapsulation of Rull-polypyridyl com-
plexes into the MOF.*°! It should be noted that encapsulation of complex
compounds into MOFs can mutually assist in enhancing the ability of the final
composite. For example, [Ru(bpy);]Cl, used in the previous experiment is
a homogeneous catalyst with difficult recycling in an aqueous reaction. Using
MOFs, it can be converted to a heterogeneous catalyst. Yang and coworkers
showed a reduction in the energy band gap of MOFs from 3.7 eV to 1.72 eV
upon using the Ru-complex, which makes the final composite absorb visible
range. Horiuchi and coworkers incorporated Ru(II) complex (bis(40-(4-car-
boxyphenyl)-terpyridine); Ru(tpy),) into Ti-MOF (MIL-125-NH,(Ti)) to be
used as a hydrogen gas production photocatalyst.

As an incorporated coordination complex, Ru(tpy), can absorb visible light
(620 nm) due to its lower HOMO level compared to the organic linker of the
MOF (BDC-NH,), making it a proper coordination to be encapsulated in
MOFs. In addition to the mentioned advantages, the final composite can work
with different sacrificial electron donors such as triethanolamine (TEOA) and
EDTA, offering wider flexibility in the operation.

Platinum is a noble metal used a lot for photocatalytic water splitting under
visible light. Pt is usually used in the colloidal form or diffused on the surface
of the support through covalent interactions between platinum and
porphyrin.**>***! Iridium and complexes are two other noble complexes
which can be used for harvesting visible light. Ir(III) complexes have the
ability of the direct electron transferrin for reducing, long excited-state life-
times, and high photosensitizing ability, which develop the MLCT
transferring.*** However, Ir complexes cannot withstand high temperatures
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in addition to difficult separation.*° The economic issues are one of the main

drawbacks of the noble metals, which further limit their applicability.

There are some OMCs free of noble metals which have been encap-
sulated into MOFs. Li and coworkers loaded Co(II) complex into MIL-
125-NH, (Ti) cavities with different concentrations through the ship-in-
bottle method for hydrogen gas production through water splitting.!**!
The result showed that the UV-Vis range can be strongly absorbed by
loading C(II) complex which increased by raising the concentration of
Co(II) complex. Similar work was also carried out by Reek and
coworkers.!'*!]

Natural phenomena have always been the best guide for the development
of science in different areas. Photosynthesis is also one of these phenomena,
which can be the best guide for the photocatalytic reactions. Various
researchers use it for mimicking the photocatalytic water splitting.>*®2%”]
Photosynthesis uses sunlight for hydrogen gas production. This phenom-
enon occurs in three steps: light-absorption (chlorophyll), electron transfer,
and water splitting into hydrogen and oxygen gases. All these steps are
conducted by a hydrogenase enzyme (Hjases). The best-known enzymes
are [Fe]-Hases, [NiFe]-H,ases and [FeFe]-H,ases as they can reduce
protons to hydrogen gas between 6000 and 9000 H,/s.**®! Organometals
have been widely used for the synthesis of H,ases. Diverse [Fe,S,] com-
plexes were synthesized to mimic the photosynthesis process for hydrogen
gas production. Porphyrin derivatives are the most useful organic linker in
photocatalytic application, especially water splitting, due to their strong
visible light absorption. Feng and coworkers synthesized a new composite
from organometallic [Fe,S,] complex [(1-SCH,),NC(O)CsH4N]-[Fe,
(CO)¢] coupled with a zirconium-porphyrin MOF. The final composite
showed high ability in harvesting visible light, due to the presence of
porphyrin (organic linker), Zn (metal ion of MOF), and [Fe,S,] complex.
The structure of the composite is constructed by the porphyrin, which
coordinates the Zn metal ion in the center, coupled with [Fe,S,] complex
through different bonds.

The same experiment was also carried out using different compounds
([Co™(dmgH),(py)Cl] complex (dmgH = dimethylglyoximate and py = pyri-
dine) and Zn(II)-porphyrin) under visible light by other researchers.>%”!

The uniformity of the final composite also plays an important role in
absorbing light. The incorporated OMCs on the surface of MOFs do not
allow the final composite to absorb higher wavelength light.*'®! The same
method has been also carried out with the noble metals using porphyrin,
where two noble metals are connected together (Figure 16). The system
exhibited excellent photocatalytic water splitting.*!***2!

The higher activity is because of the electron density due to the 7 donating
iodo ligands.[*'>314]
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(MX=Cl (2)X=1 (3)

Figure 16. Molecular structure of selected heterodinuclear ru-pt hydrogen evolving complexes.
Reprinted with permission from Ref.?*®! copyright 2017 ChemPubSocEurope.

5.2.2. Incorporation of polyoxometalates (POMs)
POMs have been used in different MOFs for water splitting and hydrogen gas
production due to their fascinating properties,!***1217133315-317]

They are categorized as anionic metal oxide clusters, which are mostly
formed through the first-row transition metals, including Mo, V, W, Nb,
and Ta with the highest state (+4, +5, and + 6).°"®) Some properties such as
using d° transition metals, oxide ions, and the same electronic behavior
(well-constructed  HOMO-LUMO orbitals) make them similar to
semiconductors.*'*?*°) POMs offer fast photoresponsivity at redox reac-
tions due to their ability to store electrons and protons in just one
molecule.*?!! However, they suffer from some disadvantages, including
poor visible absorption (high UV absorption), small surface area (<10 m*-
g "), and easy self-aggregation. As noticed, the incorporation of other
compounds into MOFs has mutual assistance. MOFs can be used to over-
come the drawbacks of POMs and use their advantages (high UV response,
high thermal stability, and tuneable redox behavior). On the other hand,
MOFs can enhance the functionality of POMs and form a composite with
several advantages besides their high light absorption.*?*3*) Moreover,
the use of complex compounds such as [Ru(bpy)g,]2+ and [Ir(ppy).(bpy)]”
in the structure of POMs could be an ideal strategy to overcome the low
visible light absorption.****?¢!" Zhang and coworkers synthesized
a composite using POM[P,W;30¢,]s, Zr-MOF (MIL-101) and a complex
compound of Ru ([Ru(bpy)x]2+) for hydrogen gas production under visible
light. The use of the Ru complex leads to the absorption of visible
light.[l44’327]

Kong and coworkers applied the complex compounds of Ir(ppy).(bpy)]*
and [Ru(bpy)3]2+ to construct MOFs and encapsulated Ni-POM (Ni,P,-
POMs). They applied the final composite for the photocatalytic water splitting
under visible light.''*”!
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Both complexes, as the linkers of the MOFs, can absorb visible light and lead
to the migration of electrons from HOMO to LUMO followed by their transfer
to the POM. Due to the presence of [Ru(bpy)3]2+, the final composite absorbs
visible light in the range of 598-633 nm which are related to the energy gaps
between the excited and ground states of the photosensitizer (1.96 and 2.08 eV,
respectively).

The synergistic effect can also help in absorbing light of longer wave-
lengths. Shi and coworkers synthesized a composite of MOF with POM to
be used as a photocatalyst for water splitting and producing hydrogen and
oxygen gases.'>*! The result showed that although POM and MOF are not
able to absorb visible light alone, their synergistic effects make the final
composite absorb visible light."*”) In another experiment, Jiao and cow-
orkers addressed the incorporation of POM(P,Wg) into the MOF of Nu-
1000 with the use of Pt NPs for photocatalysis applications.*?*! The results
showed that this combination of POM and MOFs can successfully enhance
the photocatalytic hydrogen gas production due to the presence of POM as
a separator, for the photogenerated charge carriers in MOF host
(Figure 17).

The excellent photocatalytic activity of the composite can be assigned to its
high photo response and efficient electron transfer due to the presence of MOF
(host molecule) and POM (guest molecule), enabling the final composite to
absorb visible light. Kong and coworkers encapsulated POM into UiO-MOFs
for hydrogen gas production under visible light.!"*”) They loaded POM [Ni,
(H20)2(PW4034)5]10-(NigP5) into [Ru(bPY)z(—dbbPY)]2+> and
[Ir(ppy).(dbbpy)]* (dbbpy = 2,20-bipyridine-5,50-dibenzoate) for the synth-
esis of NigjP,@- MOF-1 and Ni,P,@MOF-2, from UiO-MOF-1 and UiO-
MOFEF-2, respectively. It should be noticed that the incorporation of a noble
metal cannot always enhance the absorption of longer wavelengths. Hill and
coworkers synthesized a composite of POM@MOF with the usage of Keggin
POMs (H3;PW;,040), MOF (NH,-MIL-53) and Pt for the hydrogen gas
evolution.""?! The pristine NH,-MIL-53 could absorb visible light at 450 nm
due to the presence of NH, and lone pair n-r* transition of the amino groups.
However, after adding Pt, the harvesting of visible light was reduced due to the
combination of Pt and POM, which interfere with the light harvesting of
2-aminoterephthalate groups (organic linker of the MOF).

Synthesis of noble-free POMs was also studied by different researchers.!
Kogerler and coworkers encapsulated Co-POM and Fe-POM into Fe-based
MOF (MIL-100(Fe) and used them as water splitting photocatalysts,***!

Shi and coworkers synthesized the first noble-free POM@MOFs for the
evolution of hydrogen and oxygen gases under visible light.!">* They synthe-
sized {Cul,; (p3 -Cl)g (g -Cl)g}-based polyoxometalate (POM)@metal-
organic framework (MOF) (ZZULI-1), as a robust dual functionalized photo-
catalyst. The existence of multi-active units in the final composite and the

90]
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Figure 17. Photocatalytic hydrogen gas evolution of P,W;s@NU-1000 with different molar ratios of
P,W;g/NU-1000. Conditions: 10 mg catalysts, pH 4.5, T wt% pt. (b) photocatalytic hydrogen gas
evolution tests using various feedstocks of pt. Conditions: 10 mg 0.34-P,W,3@NU-1000 photo-
catalyst, pH. 5.5. (c) comparison profiles of photocatalytic hydrogen gas production with different
catalysts and reaction conditions (the specific content of pt contained in the reaction systems is
0.25 wt%). The common conditions: pH=5.5, 300WXe-lamp. (d) the comparison profiles of the
photocatalytic hydrogen gas production for 0.34-P,W;3@NU-1000 and P,W;s + NU-1000.
Conditions: pH=5.5, 0.25 wt.% pt. The contents of P,W;g and NU-1000 are equal to that of 0.34-
P,W,s@NU-1000. (e) long-term photocatalytic hydrogen gas production test using the 0.34-
P,W,g@NU-1000 composite with 0.25 wt.% pt at pH=5.5. (f) the photocatalytic recycle tests of
the 0.34-P,W,3@NU-1000 photocatalyst. Conditions: 10 mg 0.34-P,W;3@NU-1000 photocatalyst,
0.25 wt% pt, 300 W xe-lamp, and 20 mL of 1 M AA aqueous at pH=5.5. Reprinted with permission
from Ref.®*! copyright 2021 RSC chemistry.
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Figure 18. UV-vis diffuse reflectance spectra of NisPW;,, NU-1000 and 0.41- NisPW,,@NU-1000.
Reprinted with permission from Ref.l'>?! copyright 2021 elsevier publication.

redox behavior of the POM and MOF resulted in the absorption of visible
light, for the first time, by the POM@MOF composite.

Besides the adjustment of POM or complex compounds, proper tuning
of the MOF is also effective in avoiding the use of noble metals. NU-1000 is
one of the useful MOFs, especially for water splitting, which is highly
photo-responsive. It is composed of Zrg(ps-O)4(ps-OH)4(H,0)4(OH),
nodes and 1,3,6,8-tetrakis(p-benzoate)pyrene (TBAPy).["*”***! The combi-
nation of NU-1000 with proper POMs offers a composite responsive to
visible light. Jiao and coworkers synthesized two types of POM@MOFs
through the use of NU-1000 (Zr), different Keggin POMs of (K¢N,[Ni;
(H,0);PW4039H,0], and a Wells-Dawson-type (NayLis[Ni3;(OH);
(H,0)3P,W4050] to be used as photocatalyst for hydrogen gas production
under natural sunlight.">?! Results illustrated that the combination of the
POM into the MOF could increase the ability of the composite in absorbing
longer wavelengths up to 556 nm (Figure 18). However, the first linker for
the absorption of visible light is the linker of NU-1000 (1,3,6,8-tetrakis
(p-benzoate) pyrene).

Despite the ability of POMs to widely absorb UV light, the absorption of
visible light in the composite of POM@MOFs has been rarely reported. On the
other hand, the application of noble metal complexes or ions has been
reported.!"**'>°! The visible light absorption can be attributed to the charge
transfer between the noble metals and ligand (MLCT) as well as intersystem
crossing to the MLCT state. Further electron transition from the complex
compound to POM further facilitates the catalytic reduction.
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5.2.3. Incorporation of metal-based nanoparticles

Nanoparticles (NPs) are regularly used for the modification of MOFs. Similar
to the case of OMCs, NPs have mutual assistance, which can enhance stability,
recyclability, and light absorptions of the final composite.

The attractive properties of NPs are attributable to their individual small
size which drastically increases their catalytic activity because of their high
surface to their volume ratio, a large ratio of atoms, and a large density of the
unsaturated sites. Regarding light absorption, loading metal rarely improves
the absorption of visible light. However, some reports showed that the syner-
gistic effect of some metals (such as noble metals) improved visible light
absorption.**”) For instance, in the case of ZIF-8 MOF, the MOF is not
photocatalytically active; but the final composite is able to absorb visible
light due to the localized surface plasmon resonance (LSPR) effect of
NPs, [331:332]

Among NPs, the small and noble nanoparticles are the most useful nano-
particles with different structures and abilities. The most effective way of using
MOFs, as a host for NPs, is increasing the stability of the NPs.*?****] NPs are
mainly electron acceptors and mediators due to their low Fermi energy
level.**®! Song and coworkers did an experiment to find if MOFs and their
organic linkers are effective in absorbing light when NPs are incorporated or if
NPs are the main players in light harvesting.>**) Four pristine photoactive
MOFs (MIL-101(Al)-NH,, MIL-53(Al)-NH,, MIL-101(Cr)-NH,, and MIL-
53(Cr)-NH,) and three non-photoactive MOFs (MIL-101(Cr), MIL-53 (Cr),
and MIL-53(Al)) were selected and were incorporated into Ni and Co NPs.
The result illustrated that the photoactive MOFs are significantly more active
than non-photoactive MOFs, confirming the role of the organic linker in
harvesting visible light for hydrogen gas evolution. In the next step, the
photoactive MOFs and non-photoactive MOFs were encapsulated by NPs
and compared. The results were similar to the case of the pristine MOFs.
They were more active than the previous studies done by the bimetallic NPs
such as PdCo NPs***! and Pd/SiO,-CoFe,0,.1***) However, NPs can affect the
light absorption properties of the final composite and extend their absorption
range to visible and even NIR ranges due to the synergistic effect and the
ability of MOFs for immobilizing NPs with the light-active functional groups
of the organic linker (e.g., NH,), which increases the electron transport from
MOFs to NPs, as the catalytic center. Due to their LSPR effects, the incorpora-
tion of noble NPs can help the final composite in absorbing visible
light.*37338] Two types of NPs are used in MOFs for enhancing light absorp-
tion: (i) plasmonic NPs (Au!?3294 Ag,[295’296] and Al NPs*”! which are used
for enhancement of the light absorption and perfuse of hot electrons and (ii)
NPs with high catalytic activity (Pt,***?*) and Au@PtAg"*"!) which are
employed as an efficiency electrons trapper. There are different examples of
incorporating NPs in MOFs to enhance the photocatalytic ability. Although
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they are not used for the water splitting applications, their effect on the light
absorption is an advantage, which can be expanded for different applications.
Shen and co-workers incorporated palladium nanoparticles into the UiO-66
(NH,) MOEF.®**! Regarding the light absorption, the result showed that the
doping Pd nanoparticle incremented the intensity of the visible light absorp-
tion (Figure 19a). The size effect of NPs has been also investigated.!**~>*"]
Chang and co-workers studied the size selectivity of the bimetallic NP of PtCo
encapsulated in UiO-66 MOF.**! They showed that the synergistic effect of
Pt NPs led to olefins hydrogenation and the size selectivity effects endowed via
the MOFs shell. Xiao and co-workers encapsulated Pt NPs into the cage of
Ui0-66-NH, to be used as a photocatalyst for hydrogen gas production.!'*”!
The result indicated the significance of the site of NPs. They synthesized two
composites with the same MOF and NP but with different Pt NP sites: on the
surface of MOF (Pt/UiO-66-NH,) and embedded into the cage of MOF
(Pt@UiO-66-NH,). Both samples showed almost the same behavior in
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Figure 19. (a)uv-vis diffuse reflectance spectra of UiO-66(NH,) and Pd@UiO-66(NH,). Reprinted
with permission from Ref.%** copyright 2013 RSC chemistry. (b) TOC removal efficiency of
theophylline, ibuprofen and bisphenol a by different photocatalysts. Reaction conditions: 5 mg
photocatalyst, 40 ml PPCPs (20 mg L™"), 40 pl H,0,, pH 4. Reprinted with permission from Ref.24%!
copyright 2013 RSC chemistry. (c) UV-vis DRS spectra and (d) photocurrent response of MIL-100(Fe)
and M@MIL-100(Fe). Reprinted with permission from Ref.>*"! copyright 2015 Springer publication.
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absorbing light in the range of 300 and 450 nm. However, the intensity of the
absorption is far higher in Pt@UiO-66-NH, compared to Pt/UiO-66-NH, due
to the lower distance between Pt NP and the host MOF, leading to significant
scattering at long wavelengths (Figure 22a).

Further studies have been carried out on the incorporation of Pd
NPs.[330339347] 11y addition, Liang and coworkers®*”) synthesized the
Pd@MIL-100(Fe) composite with loading 1 wt.% of H,PdCly, as a precursor
of the Pd nanoparticle, which resulted in higher surface activity than the
pristine MIL-100(Fe). The final composite could absorb higher visible light
due to the incorporation of Pt NPs and the photocatalytic ability of Pd@MIL-
100(Fe) was remarkably enhanced toward degradation of some pharmaceu-
tical products (Figure 19b).

Liang and coworkers incorporated different NPs (such as Au, Pd, and Pt,
with respective size of 15, 12, and 2 nm) into the Fe-based MOF and compared
their photocatalytic ability under visible light.**!! The result revealed the
electron acceptor role of NPs as they accept electron from the LUMO of the
MOF (MIL-100(Fe)), reducing the NPs. The synthesized composites were
used for removing MO and Cr(VI) under visible light. Among the obtained
composites, Pt@ MOF showed higher photocatalytic ability followed by the
MOF combined with Pd, Au, and pristine, respectively. These observations
can be assigned to their ability in absorbing visible light (Figure 19c¢)

Pt NPs are active and showed high promises as a co-catalyst for MOFs in
water splitting applications.!"®”) Regarding light absorption, they can affect the
energy band gap of the final composite and hence its absorption range. The
energy band gap of U6N- MOF is 2.88 eV which declined to 2.76 eV after
modification by Pt NPs (Figure 19d).127%34¢]

Thus, the incorporation of noble NPs into the cage of MOFs remarkably
increases the visible light absorption of the final composite and its lifetime.

On the other hand, silver NPs illustrate a remarkable electron sink because
of the construction of Schottky junctions at the junction of Ag-MOFs.?*®! This
property hinders the recombination of electrons and holes and increases the
photocatalytic ability of the composite. For instance, after incorporation of Ag
NPs into MIL-125(T1i), Ag@MIL-125(Ti) was able to degrade 93% of RhB after
8 min under visible light, while this rate was just 8% for the pristine MOF."**"!

The noble-free NPs were also studied as co-catalyst of MOFs for hydrogen
gas production, due to their economic advantages and abundance.**"! Zhen
and coworkers constructed the composite of Ni@MOEF-5 by the impregnation
method"®*! and applied it as a photocatalyst for producing hydrogen gas.
Their result showed the production of 302.2 mol of hydrogen gas after 2 h in
the presence of Eosin (EY), which was around six times higher than the case
with Ni Np as cocatalyst (Figure 20)

EY plays a decisive role in absorbing visible light. Upon exposure to visible
light, the electrons are excited from the HOMO to the LUMO state, leading to
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Figure 20. (a) H, production in different systems. Reprinted with permission from Ref.l'®*! copy-
right 2015 Springer publication. (b) the mechanism for H, evolution (TEOA as a sacrificial donor)
over the EY sensitized Ni@MOF-5. Reprinted with permission from Ref.[®*! copyright 2015 Springer
publication.

the formation of EY" followed by the formation of a lowest-lying EY”" (the
triplet excited state). Based on the results, it is believed that the electrons
migrate from EY to MOF-5 and then are captured by Ni NPs to carry out the
photocatalytic hydrogen gas evolution (Figure 20).1°>") The Ni NPs serve as the
electron acceptor in the catalytic reaction.

As has been already mentioned (OMCs@MOFs), NU-1000 MOF is a proper
MOF for water splitting, whose photocatalytic water splitting properties are
increased by the encapsulation of different compounds. Different studies have
addressed the use of these properties to modify them by applying NPs such as
nickel sulfide,”**! molybdenum oxide, and Cu-oxo cluster.*>****l Cds
nanocluster was encapsulated into NU-1000 MOF to form a binary com-
pound, leading to 10-fold enhancement in the photocatalytic activities.!**”!
After modification, the light absorption of the final composite was extended
toward visible range. Choudhuri and coworkers encapsulated CdSe nanoclus-
ters in NU-1000 MOF to improve photocatalytic application of the composite
(Figure 21).181

Based on the DFT method, the HOCO and LUMO states are located in the
organic linker, functionalized by NH,) of the MOF and CdgSes cluster,
respectively. In addition, the HOMO and LUMO of the composite are cate-
gorized in two pure and mixed orbitals at 1.99-2.47 eV and 2.63-3.19 ¢V,
respectively, providing an opportunity to absorb visible light. The transitions,
including linker to the linker (1 — m* and n — ©* transitions) and linker to
cluster, are related to the conjugated m orbitals in the organic linker. In the case
of the presence of NH, in the linker, the NB orbital on the N atom participates
in the visible light transitions.

In addition to single NPs, bimetallic alloy NPs are also encapsulated into the
cage of different MOFs for photocatalytic purposes. For instance, the
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Figure 21. (a) structure of the CdgSeg cluster encapsulated in NU-1000 at a node site (CdgSes@NU-
1000). The unit cell of the system is denoted by a solid line. (b) total and partial density of states of
CdeSes@NU-1000. The fermi level is set to zero as marked by a black dashed line. The HOCO is on
the linker, while the LUCO is on the cluster. The highest-energy occupied orbitals on the linker and
the lowest-energy unoccupied orbitals on the cluster are highlighted in yellow. Reprinted with
permission from Ref."®" copyright 2020 ACS publication.

bimetallic NPs of PtPd alloy were incorporated into the cage of ZIF-8.*°*! ZIF-
8 was also used as the host for other bimetallic NPs such as CuPd to be used for
Cr(VI) reduction.”** The result illustrated that the modified MOF is highly
activated under visible light (89% Cr reduction) compared to the pristine MOF
(22% Cr reduction), as a result of the LSPR effect. Other compounds were also
tested for further control. The result for the Cr reduction showed that CuPd
bimetallic NP can reduce Cr more than Cu@ZIF-8, Pd@ZIF-8, ZIF-8, CuPd,
Pd, and Cu when incorporated into ZIF-8. The synergistic effect is also
another parameter, which improves the performance of the final composite,
as well as OMCs.

Wang and coworkers also used the same nanoparticle, but accompanied
with [Ir(PPY),(-BPY)]" in order to encapsulating UiO-67(Zr) and UiO-69
(Zr) and applied them for producing hydrogen gas.!'?®! The composites
absorbed visible light longer than 420 nm to produce H, after 48 h. The results
showed that the synergistic behavior of the complex and NP from the MLCT
state led to the remarkable photocatalytic activity of the final composite under
the visible light. The complex is decomposed by increasing the volume of the
reduced hydrogen gas.

The metal-organic nanoparticles were also incorporated into MOFs for
enhancing the photocatalytic features. Kampouri and coworkers studied the
effect of Ni-phosphide nanoparticle (Ni,P) on the MOF (MIL-125-NH,)
photocatalyst for water splitting applications.**”! The final composite showed
the ability to generate hydrogen gas around 895 mmol 'g~" under visible light.
By 2017, it was the most powerful MOF in hydrogen gas production, even 3
times more than the Pt@MIL-125-NH, composite. The composite performed
the highest quantum efficiency of 27 and 6.6% at 400-450 nm.
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5.2.4. Incorporation of carbon-based nanopatrticles
Carbon nanodots (CDs) are a class of zero-dimensional nanomaterials which
have attracted huge research interest in catalysis, energy conversion, and drug
delivery due to their unique physical and chemical properties, such as low
toxicity, up-conversion photoluminescence property, and fast electron trans-
fer capability.>****®! CDs are characterized by their highly visible light har-
vesting. Although CDs were used as photocatalysts, they were rarely
encapsulated in MOFs till 2018.7%%°! MOFs have been used as templates
for the synthesis of CDs with different sizes by the pore space of MOFs. Zhang
used the light properties of CDs and encapsulated them into NH,-UiO-66 and
used the heterojunction effects of g-C;N, to apply as a photocatalyst for water
splitting.*®" The result showed a 32.4, 38.6- and 17.5-times enhancement in
hydrogen gas evolution of bulk g-C;N,, NH,-UiO-66 and NH,-UiO-66/
g-C;5Ny, respectively. The DRS analysis also showed a remarkable enhance-
ment in absorbing longer wavelengths of UV-Vis range (440 nm; Pure
g-C5N,) to 800 nm for the CD@NH,-UiO-66/g-C;N, composite. The energy
band gap of g-C;N,, NH,-UiO-66, NH,-UiO-66/g-CsN,, CD@NH,-UiO-66/
g-C3N, was also reduced from 2.93 eV, to 2.92eV, 2.86eV, and 2.79¢V,
respectively, further confirming longer visible light absorption (Figure 22b).
In another example, carbon nanodots (CDs) were in-situ formed in the
pores of NH,-MIL-125(Ti) and uniformly dispersed in MOF with better
contact with the central metal cluster, which improves the photogenerated
charge carriers transfer to the central metal cluster. This structure was used as
a bifunctional photocatalyst for simultaneous NO removal and H, evolution
under visible light.'¢"!
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Figure 22. (a)uv/vis diffuse reflectance spectra. Reprinted with permission from Ref.l'*”! copyright
2016 German chemical society. (b) DRS spectra and tauc plots of g-CsN,, NH,-UiO-66, NH,-UiO-66/
g-G3N4 and CD@NH,-Ui0-66/g-C3N, (inset). Reprinted with permission from Ref.[346] copyright
2015 ACS publication.
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Figure 23. (a) the conventional way for tuning the catalytic performance via modification of metal
nodes including metal insertion, metal exchange and defect creation. (b) steric tuning of metal
nodes.*”" copyright 2023 RSC Chemistry.

5.2.5. Incorporation of quantum dots

Quantum dots (QDs) are zero-dimensional (0D) semiconductor nanocrystal
materials from II-VI, III-V, or IV elements with a diameter of 2-10 nm with
extensive applications in the fields of sensing, catalysis, nano-medicine, and
bio-imaging due to their excellent size-dependent tunable electronic proper-
ties and stability in aqueous systems. Due to their surface area and quantum
detention upshot, quantum dot materials have some advantages juxtaposed
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with traditional chromophores, such as extensive absorption bands, low
photobleaching, thin and even emission bands, extended lifetimes, and high
quantum yields.

Owing to their unique properties, MOFs can provide a platform for loading
QDs and prevent them from aggregation. Encapsulation of QDs in MOFs
leads to a stable hybrid and enhances the physicochemical properties of MOFs.
As an example, Mao and coworkers reported the synthesis of a series of thiol-
laced UiO-66-type framework linked to Cd** ions to form UiOS-CdS compo-
site materials for photocatalytic H, evolution. This structure provides suffi-
cient surficial active sites and facilitates the migration and separation of charge
carriers and the diffusion of reactant and product molecules. Furthermore, the
thio-Cd bridge promotes the photocatalytic H, production performance by
affecting the charge separation.’**%

5.2.6. Development of MOF nodes

As it is mentioned above, different strategies can affect catalytic performance
of MOFs including the modification of metal nodes, the introduction of
organic linkers with functional groups, and the encapsulation of other active
species. Metal nodes can be modified by metal exchange,***! defect creation,
metal insertion and steric tuning of MOF nodes via ligand modification.***

Metal exchange on the nodes of a MOF contains some difficulties such as
saturated coordination environments, challenging kinetic barriers, and diffu-
sion limitations.***! Some efforts have been made to overcome these difficul-
ties. For example, PCN-426-Cr(III) was synthesized by exchanging Mg(II)
with Cr(III) through clever metalation of Mg(II) with Fe(II) in the framework,
followed by air oxidation to form Fe(III), formed PCN-426-Fe(III) that readily
exchanges Fe(III) for Cr(III).This approach is used to overcome the disability
of direct exchanging of Mg(II) with Cr(II1).°®! In another example, four
materials with UiO-66 structure were studied differing on the composition
of the metal node (Zr or Ce or bimetallic Zr- Ce) and the substituent on the
linker (terephthalate or aminoterephthalate). The results indicated that intrin-
sic sites in UiO-66 were able to activate molecular H, and promote selective
hydrogenation reactions of polar X=Y multiple bonds of organic substrates in
the absence of any guest.!**”]

Another effective way to improve catalytic performance of MOFs is to
create rich open metal sites (defect) on nodes of MOFs. To prepare defective
MOFs, two strategies including de novo synthesis and post-synthetic methods
are utilized.**® For instance, Ye and coworkers synthesized MOF-808(Zr)
with plentiful open metal sites and hierarchical porosity and used in oxidative
desulfurization (ODS) and acetalization reaction. The results experimental
and theoretical calculation proved that the formation of Zr-OH/OH, on the
Zr-0 cluster affects its reaction with oxidants to form peroxo-zirconium
species for oxidizing sulfur compounds.**”’
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Metal insertion is introduction of other metal ion in the structure of MOFs
which can improve the electrical conductivity, stability and capacitance of the
MOFs in comparison with single metal MOFs. As an example, in 2017 Zn/Ni-
MOF was prepared by partially substituting Ni** with Zn*", which ion diffusion
an[d tr]ansfer time (13.3 s) is much smaller than that of single metal Ni-MOF (33
5).1370

The steric tuning of MOF nodes via ligand modification is rarely discussed
as a way of improvement of catalytic performance of MOFs. The modification
of organic linkers can cause the structural transformation of metal nodes and
produce completely different MOF structures. Duan and coworkers synthe-
sized two (Cu-CTU)-based MOFs called JNM-5 and JNM-1. In JNM-5 bulky
groups were inserted in organic linker enhancing steric hindrance and partial
coverage on copper open sites in (Cu-CTU)-based MOF in comparison with
JNM-1 (Figure 23). The results demonstrated that introduction of steric
hindrance (methyl groups) on the organic linkers, chemical stability and
catalytic performance of MOFs improved.”!!

5.2.7. MOF-based S-scheme heterojunction photocatalysts

Photocatalytic hydrogen gas production as a green, safe, and low-cost strategy
is a proper process to produce hydrogen gas which is one of the promising
alternative fuels due to its remarkable advantages. Two important limitations
of this technology, decreasing efficiency of this method, are recombination of
photogenerated carriers and wide band gap. To solve these problems, a variety
of methods have been employed, including particle size regulation,*”? carbon
material modification,*”*! metal deposition,?’”* element doping,"*”*! and
heterojunction construction.”®!

Traditional heterojunctions such as type II and z-scheme heterojunctions
suffer from different disadvantages. For example, type-II heterojunction can-
not retain the strong redox ability of single catalysts. In addition, side reactions
in Z-scheme heterojunction may cause unexpected charge transfer path.!*””]
S-scheme heterojunction overcomes these shortcomings by its unique
mechanism. S-scheme is composed of a RP (reduction-photocatalyst) and
a cross-banded OP (oxidation-photocatalyst) in which the Fermi energy
level and CB position of the reduction photocatalyst (RP) are both above
oxidation photocatalyst (OP) (Figure 24).137

Constructing S-scheme heterojunction by composition of MOFs with other
photocatalysts can improve the light absorption capacity and the carrier
separation efficiency. For instance, Shao and coworkers synthesized a double
S-scheme ZIF-67@GDY/Cul heterojunction with graphdiyne (g-C,H,,,)
nanosheets coated ZIF-67. This double S-scheme heterojunction makes the
contact between the catalysts closer, accelerates the interfacial charge transfer
process, and effectively improves the redox ability of the catalyst.**"!



COMMENTS ON INORGANIC CHEMISTRY 49

orP RP o°P RP
|
on CB o8 l\_ CcB
. - E, _‘1-' """ E,
By E, ------'_:|+
+
VB - ts'""'_‘\)'B
- i
l('.
Before contact After contact

Figure 24. The formation process of S-scheme heterojunctions.?”®

publication.

copyright 2022 elsevier

6. Conclusion and future outlook

This review addressed different strategies to tune the light absorption of MOFs
for water splitting applications.

Light absorption is one of the main steps in photocatalytic water splitting
regardless of the type of photocatalysts. The photocatalytic process is initiated
by light absorption; thus, light absorption plays a very important role in the
water-splitting efficiency. UV and visible light are the most well-known types
of light in the photocatalytic areas. Most researchers are trying to find a way
for absorbing visible light, to use the sunlight (visible wavelength: 42-43%). In
this context, development of a strategy for tuning MOFs to absorb longer-
wavelength light (visible light) is highly desirable.

Most of the well-known MOFs cannot absorb visible light. However, due to
their high flexibility in tuning the structure, it is possible to modify MOFs
through different strategies to extend their absorption range to longer wave-
lengths, even toward the near IR light.

Two main steps are generally adopted to tune the light absorption
ability of MOFs. (i) Modification of pristine MOFs through the organic
linker, which is the most effective part of a MOF in absorbing light and
(ii) modification of MOFs by immobilizing other compounds. Regarding
the modification of pristine MOFs, the organic linker can be modified by
(i) a change in its length, (ii) using different organic linkers in a MOF,
and (iii) functionalizing. The incorporation of OMCs and NPs could be
also effective. OMCs can mostly affect the LUMO in the hydrogen gas
evolution reactions. They can tune the energy band gap of the composite.
OMC s are constructed by the chromophore ligands, promoting the ability
of final composites in absorbing visible and even near IR wavelengths.
Therefore, it is an impressive strategy to tune the energy band gap to
absorb light with longer wavelengths. OMCs-based noble metals are the
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most effective OMCs due to their different advantages including stability,
and absorbing visible light, making them the most promising OMCs for
enhancing the photocatalytic applications of MOFs. However, their high
cost has limited their applications. Alternative metal ions such as cobalt,
nickel and iron were used to combine with organic chromophore ligands
to form proper noble-free OMCs, which can be incorporated into MOFs.

On the other hand, NPs can increment light absorption ability of the system
due to their small size. The LSPR effect of NPs promotes the visible light
absorption of the final composite. In addition, the synergistic effect is one of
the main parameters in the usefulness of the combination of NPs and MOFs.

Although numerous papers are daily reported on the light absorption ability
of MOFs by different strategies, some challenges have remained:

(i) MOFs are synthesized mostly at the lab scale and the synthesis of
photoactivated MOFs is limited. The biggest barrier is the complexity
of the synthesis methods.

(ii) Although many MOFs-based OMCs and NPs have been synthesized,
still OMCs and NPs-based noble metals are the most useful com-
pounds. It has been shown that mainly late transition metals (on the
right side of the d-block, from group 8 to 11 (and 12 if it is counted as
transition metals) and their oxides are effective, either as bulk materi-
als, in colloidal form, or deposited on electrodes. Moreover, ligands
with S-donor, as well as N-atoms (such as thiosemicarbazone and
Salen), can increase the stability, electrochemical properties, and
appropriate energy levels (such as porphyrins and other tetrapyrrolic
derivatives).

(iii) Most of the synthesized MOFs are not able to be activated even under
UV light and multifunctional linkers should be used to help in absorb-
ing light with longer wavelength.

(iv) In order to improve the ability of light absorption and better interac-
tion with the substrate, synthesized MOFs can be reduced to nano-size.

(v) Not only experimental studies but also theoretical studies on MOFs-
based photocatalysts can use to anticipate the influence of different
parts such as pore shape/size, energy bandgap, active sites, etc. in
photocatalytic water splitting.

Briefly, although photocatalytic water splitting is a very challenging
method, for the past two decades, many studies have been devoted to
developing different methods for synthesizing MOFs capable of cata-
lyzing the reactions and promising results are anticipated with the
accurate design of a MOF.
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Abbreviation used

PWS Photocatalytic Water Splitting

STH solar-to-hydrogen

MOFs Metal Organic Frameworks

VB Valence band

CB Conduction band

HER hydrogen evolution reaction

NHE Normal hydrogen electrode

OER oxygen evolution reaction

LMCT ligand to metal charge transfer

LCCT the linker-to metal cluster charge transfer
POM polyoxometalate

OMC Organic-Metal Compounds

NPs nanoparticles

Eg Energy band gap

OMC@MOFs Incorporation of organic-metal compounds with metal organic frameworks
NPs@MOFs Incorporation of nanoparticles with metal organic frameworks
ORR oxygen reduction reaction

MLCT Metal ligand charge transfer

LSPR localized surface plasmon resonance
HOCO highest occupied crystal orbital

LUCO lowest unoccupied crystal orbital

NB None bond

PCLEF plasmonic concentrated local electromagnetic field
CDs Carbon nanodots

LLES the low-lying excited states

MLCT metal-to-ligand charge-transfer

LC ligand-centered

MC metal-centered

PL photo-luminescent

PEC photoelectrochemical

CPs Coordination polymers

HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
HSAB Hard and Soft Acids and Bases

QDs Quantum dots

ODS Oxidative desulfurization

RP Reduction photocatalyst

opP Oxidation photocatalyst

SBU Secondary building unit

EDTA Ethylenediaminetetraacetic acid

SHE Standard hydrogen electrode

CLEF concentrated local electromagnetic field
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