CHINESE
CHEMICAL
SOCIETY

g ROYAL SOCIETY
PN OF CHEMISTRY

INORGANIC CHEMISTRY
FRONTIERS

CCS

PELFES

View Article Online

REVIEW

View Journal | View Issue

Porphyrin-based MOFs for photocatalysis in water:
advancements in solar fuels generation and
pollutants degradation

Cite this: /norg. Chem. Front., 2024,
11, 2212

® Herme G. Baldovi, 2 ¢

<d patricia Horcajada,
*xa

Fangbing Liu,? Irene Rincon,
Amarajothi Dhakshinamoorthy,
Sergio Navalon*© and Alexandra Fateeva

® Sara Rojas, (0 *¢

This review aims to provide a thorough summary of the versatile applications of porphyrin-based metal—
organic frameworks (PMOFs) as photocatalysts in an aqueous environment, specifically focusing on the
production of solar fuels and the degradation of pollutants. The first section describes the fundamental
attributes of porphyrin molecules as building units of stable PMOFs, efficient in photocatalysis under solar
light irradiation in water. Key considerations, such as their light absorption and photophysical properties,
are discussed, and the structures of several representative PMOFs are detailed. The subsequent section
highlights the utilization of PMOFs and composites for the photocatalytic hydrogen evolution reaction in
the presence of sacrificial electron donors as well as for the overall water splitting into H, and O,. The
third section focuses on the versatile utilizations of PMOFs and composites in the photodegradation of

Received 29th September 2023, different kinds of emerging organic pollutant, showing their potential for environmental remediation.
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Finally, this review summarizes the current state-of-the art of the field together with proposing insights
into the future prospects and opportunities to reach more efficient materials to advance into the develop-
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A.

Porphyrins are tetrapyrrolic macrocycles where four pyrrole
rings are linked by methyne bridges and, along with related
compounds (corrins, chlorins), they represent an important
class of molecules that are involved in life-essential processes
such as breathing, photosynthesis and detoxification."* The
most common examples in biology are undoubtfully heme and
chlorophylls. The former is a ferrous protoporphyrin respon-
sible for oxygen transport in haemoglobin, while the latter rep-
resents a class of pigments found in plants (usually mag-
nesium complexes) enabling photosynthesis. There are also
less common examples of naturally occurring porphyrins
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whose roles are still being investigated, such as bird feather
pigments.>* The key functions fulfilled by the porphyrinic
molecules are enabled due to their unique structure and
intrinsic properties. The aromaticity (18 conjugated = elec-
trons) leads to strong visible light absorption and enhanced
stability. Moreover, the ability to chelate various metal ions
allows metalloporphyrin to bind and transport small mole-
cules as well as perform redox processes.

Historically, complex unsymmetrical porphyrins that are
naturally available were first discovered, structurally character-
ized and their synthesis attempted. Later, simpler octaethyl
(bearing substituents on the p-pyrrolic positions) and tetraphe-
nyl (bearing substituents at the methyne bridge meso posi-
tions) porphyrins were developed, leading to significant
advancements in their chemical synthesis. As a result, on-
demand functionalized molecules became accessible in terms
of their increased-scale production and commercialization
(examples of vendors: TCI chemicals®, Sigma-Aldrich®,
Porphychem®). This progress greatly contributed to the devel-
opment of porphyrin-based materials and devices, including
metal-organic frameworks (MOFs). MOFs are appealing
materials as they combine the intrinsic properties of porphyr-
ins with their nanoscale structuring into a porous network,
leading to high surface areas and accessibility of porphyrinic
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sites. Although the first reports of porphyrin-based MOFs
(PMOFs) date back to the 1990s,>° stable and permanently
porous solids were developed much more recently. Due to the
commercial availability of the molecule, the majority of MOFs
are currently based on the tetrakis(4-carboxyphenyl)porphyrin
(TCPP) linker; however, PMOFs based on alternative functional
groups are being increasingly explored to achieve novel archi-
tectures and physicochemical properties.”

Several recent reviews provide valuable perspectives in the
field of PMOFs and highlight their significance.®'® The
present review is focused on the remarkable advancements
achieved in the relatively recent research topics involving the
use of these MOFs for photocatalytic applications in aqueous
media. Given the increasingly growing environmental pol-
lution of air and water, sustainable photoactive materials are
needed for developing renewable energy technologies. The
fields of interest of this review concern water splitting for solar
fuel generation and the photodegradation of organic pollu-
tants in contaminated water. Consequently, fundamental
aspects of hydrolytic stability are initially discussed, highlight-
ing some examples of water-stable materials, and then light
absorption and photophysical properties are introduced to
rationalize the photocatalytic activity. The importance of struc-
turing and elaborating composite materials to enhance the
photocatalytic efficiency is addressed. Then, the application of
PMOFs in the fields of water splitting and decontamination is
discussed based on the most relevant examples to point out
the achieved progress and the encountered limitations to
finally suggest potential directions for further research.

Porphyrin-based MOFs and their water stability

The stability of PMOFs in aqueous environments is an absol-
ute prerequisite to consider their application in water, which
naturally aligns with the fundamental principles governing the
hydrolytic stability of coordination networks. However, it is
important to notice that some reports overlook this crucial
concern and, in general, the stability tests are performed in
very different conditions from one study to another (for
example, amount of solid MOF per mL of aqueous phase, see
below), hindering a direct comparison. Few recent reviews'""?
give a very complete and insightful view on this topic, and only
the main trends are briefly summarized below. Generally,
MOFs’ reactivity with water takes place on the coordination
bond between the ligand and the metal. Its hydrolysis typically
leads to the formation of a metal hydroxide and a protonated
linker. Therefore, the metal-ligand bond strength is of para-
mount importance when considering aqueous stability. An
estimation of this bond strength can be done based on the
hard and soft acids and bases (HSAB) theory, wherein small
ionic radius, high valent and low polarizable metal ions classi-
cally lead to stable frameworks when combined with hard
ligands such as carboxylates. For this reason, MOFs based on
trivalent and tetravalent metals (hard Lewis acids) are of high
relevance in this review. Among those, some materials appear
of special interest and their related structures are briefly
described here. Three MOFs based on the TCPP linker stand

This journal is © the Partner Organisations 2024

View Article Online

Review

out in the literature due to the relevance of their applications.
The first water-stable MOF (in acidic and neutral pH aqueous
solutions, tested with 10 mg of MOF in 10 mL deionized
water) reported for the photocatalysis of the hydrogen evol-
ution reaction (HER) was the AI-PMOF.™ Its structure is
formed by chains of hydroxo-bridged AI’* octahedra that
connect porphyrins in a stacked fashion (Fig. 1c). Later, a
series of stable PMOFs based on Zrg clusters were reported;
these MOFs present a very close composition but a topological
diversity due to the variable connectivity of the Zrs nodes to
the ligands. Among these, PCN-222 and PCN-224 structures
are illustrated in Fig. 1a and b, respectively. As represented,
PCN-222 displays a higher connectivity to the ligands com-
pared with PCN-224 (8 vs. 6 ligands per node, respectively).
PCN-222 is stable in aqueous acidic and neutral solutions
(100 mg of MOF in 15 mL)"* whereas PCN-224 is reported to
be stable from pH 0 to 11 (500 mg of MOF in 10 mL)."> Other
related stable MOFs are reported such as MOF-525"° (stable in
acidic and neutral aqueous solution, 100 mg of MOF in
10 mL); however it can be noted that the latter one has been
proposed as a disordered version of PCN-224."” More recently,
an exceptionally stable MOF named MIL-173(Zr), based on Zr**
and a different linker molecule, a polyphenolic porphyrin, was
reported by some of us.'® The inorganic secondary building
unit (SBU) of MIL-173(Zr) is composed of a chain of edge-
sharing ZrOg dodecahedra leading to a structure where the Zr
coordination sphere is filled solely by the linker’s oxygen
atoms, unlike the previous cases where inorganic oxo or
hydroxo co-ligands are present (Fig. 1d). Trihydroxyphenyl-por-
phyrins are arranged in a stacked manner and the framework
is stable under acidic, neutral and basic pH (20 mg of MOF in
20 mL) as well as in coordinating phosphate buffer solution
(0.01 M) for a week at 37 °C. From this last example, it appears
important to note that, aside from the metal-ligand bond
strength, factors such as the connectivity, geometry of the in-
organic SBU and pore size also affect MOF stability. Indeed,
extended SBUs often lead to more stable structures compared
with the isolated metal sites or clusters, when larger pores
structures can offer an easier water access for hydrolysis.
Additionally, water stability is usually reported in solutions
prepared using ultrapure water, while tests in the presence of
coordinating anions found in real waters (e.g. sulfate, nitrate,
chloride and carbonate anions) or even directly in wastewater,
containing a variety of organic and inorganic species, are extre-
mely scarce. Finally, the pH is important when considering
hydrolytic stability; in the context of the applications of inter-
est in this review, the stability of materials within the pH range
5 to 9 is particularly relevant.

Light absorption properties of porphyrins

In the field of MOFs as photocatalysts, porphyrinic chromo-
phores are attractive ligands due to their strong absorption of
light in the visible region. In Al- and Zr-based MOFs the metal
orbitals are too high in energy to allow an efficient ligand to
metal charge transfer.'® For this reason, the optical properties
and the frontier orbitals are primarily governed by the ligands

Inorg. Chem. Front., 2024, M, 2212-2245 | 2213
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Fig. 1

and their structuration inside the hybrid network.”>*' Light-
absorption properties of porphyrins are described by
Gouterman’s four-orbital model and correspond to the m-n*
transitions.”” They are affected by the nature of the organic
substituents and the insertion of a metal inside the porphyrin
core. Generally, the optical spectra of porphyrins display a very
strong absorption band near to 400 nm, called the Soret band
(molar extinction coefficients over 10° M™' ¢cm™), and several
weaker Q bands in the region ranging from 500 to 700 nm
(molar extinction coefficients over 10* M~' ¢cm™). Free-base
porphyrins usually display four Q bands, while only two are

a) b)
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d)

Inorganic SBU and networks structures of PCN-222 (a), PCN-224 (b), Al-PMOF (c), and MIL-173 (d).

commonly observed for metalloporphyrins due to the increase
in symmetry upon metal coordination by the pyrrolic sites
(Fig. 2a). Consequently UV-Vis spectroscopy is a suitable tech-
nique to assess the metal coordination inside the porphyrin.

Photocatalysis generalities using MOFs and PMOFs

In general, for semiconducting materials, photocatalytic
activity arises from light absorption, with photons of an energy
equal or greater to the band gap. Photoexcited electrons are
transferred to the valence band while holes are in the conduc-
tion band. Then, the light-triggered charge separation pro-

H, generation
ROS generation

O, evolution
hydroxyl radicals
organic oxidation

"\

H,O
organics

mm) charge transfer solar fuels generation

mm) energy transfer water decontamination

Fig. 2 Representative UV-Vis absorption spectra of the free-base and metalloporphyrin-based PMOF (a), and scheme of a photoinduced charge
separation process and possible redox reactions at the interface of the photocatalyst (b).
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cesses are followed by the migration of electrons and holes to
the interface containing the substrate where the redox reaction
can take place. Consequently, the activity of a material is
dependent on the light-absorption properties and its energy
band level diagram, as well as the electron and hole migration
mechanism and kinetics. Regarding the energy band levels of
MOFs, some authors have proposed to refer them as highest
occupied crystal orbital (HOCO) and lowest unoccupied crystal
orbital (LUCO), related to the valence and conduction band
nomenclature used for inorganic semiconductors.”*** When
charge separation occurs, generating electrons at the LUCO
and holes at the HOCO, the charges can either react via redox
reactions (Fig. 2b) or recombine in a radiative/non-radiative
transition pathway. For solar fuel generation from water, the
two processes of interest are proton reduction to H, (E° =0V
vs. normal hydrogen electrode - NHE) and H,O oxidation to
O, (E° = 1.23 V vs. NHE). For example, photocatalytic overall
water splitting (OWS) at pH 7 at 20 °C would require a HOCO
maximum and a LUCO minimum of at least +0.82 and —0.41
V, respectively. Besides, it should be noted that, in some cases,
an overpotential can be required in the HOCO and/or LUCO
values to facilitate the OWS.”> Regarding water remediation,
several pathways can take place to proceed to the oxidative
degradation of organic contaminants. The photogenerated
holes located at the HOCO can act as oxidizers of organic sub-
strates and they can also generate reactive hydroxyl radicals
(HO) by reacting with water. Additionally, the electrons
located at the LUCO can induce the generation of reactive
oxygen species (ROS) by either charge and/or energy transfer to
oxygen molecules, producing highly reactive singlet oxygen
and superoxide radical (O,"™). On top of that, in the case of Fe-
based MOFs, the Fenton effect can be utilized.?® In this case,
Fe®* centres are also involved in generating the ROS when in
presence of H,0,. Therefore, several pathways can be involved
in the photocatalytic degradation of the large variety of con-
taminants, making the rationalization of the mechanism extre-
mely complex. To reach photocatalytic activity, the frontier
orbital positions must be compatible with the redox potentials
of the aimed reactions to thermodynamically allow the
process. Experimental evaluation of the band gap in MOFs is
not a straightforward operation. For this reason, a compu-
tational approach is developed, being valuable not only to
rationalize the photocatalytic properties but also to design
materials with engineered properties. In this perspective,
density functional theory (DFT) calculations have been
implemented to assess the impact of the PMOF composition
in terms of the metal inside the porphyrin core®” or in the in-
organic SBU of the framework®®?*® and various alterations of
the porphyrin ligand®® on the band gap of the material. A com-
putational approach is also used to help in understanding the
electron-hole relaxation pathways.*°

Indeed, from the experimental results, the main challenge
towards efficient photocatalysis is the radiative charge recom-
bination of the electrons and holes, generating a light emis-
sion instead of the sought-after redox activity. To overcome
this issue, numerous studies use sacrificial electron donors
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(SED) that are reducing agents (e.g. methanol, triethanolamine
(TEOA)). Their role is to fill the vacancy in the HOCO that will
prevent the charge recombination, but then only the reductive
pathway from the electrons at the LUCO can take place. In this
context, the majority of studies have reported the use of SED
as an appropriate strategy to boost the HER.>* Regarding water
splitting, the oxygen evolution reaction (OER) represents the
most thermodynamic and kinetically demanding half-reaction
of the process.>" Similarly, sacrificial electron acceptors (e.g.
Ag", S,05°7) can be used to evaluate the photocatalytic per-
formance of the OER. It is thus evident that using both holes
and electrons without sacrificial agents is a true challenge to
exploit the full activity of the photocatalyst and accomplish
both reduction and oxidation reactions for OWS.

PMOF-based composite systems for photocatalysis

An alternative strategy for limiting the electron-hole recombi-
nation is to spatially separate them by elaborating a hetero-
junction composed of two photocatalytic materials. Given that
the electron or hole migration through the heterojunction is
favourable, the two types of charge carrier would be located at
different materials, thus making their recombination much
harder. In the field of solar fuel generation, a common strategy
consists of the modification of the photocatalyst with metal
nanoparticles (NPs). NPs such as Pt or Co;0, act as efficient
and selective co-catalysts for proton reduction and water oxi-
dation, respectively. However, the implementation of precious
metals presents drawbacks regarding their cost and avail-
ability, and some co-catalysts such as Pt NPs can also catalyse
the back-reaction of H, and O, recombination to water,
decreasing the efficiency of the process.>**

Recently, 2D PMOFs have attracted increasing attention for
their applications in catalysis. Importantly, 2D MOFs are par-
ticularly well-suited for the elaboration of MOF-based compo-
sites, by combining these MOFs with other advanced 2D
materials such as graphene, polymers and transition metal
dichalcogenides. The 2D topology can facilitate diffusion and
the accessibility of active sites as compared with 3D micro-
porous structures.*>** Moreover, 2D MOFs can present
increased semiconducting behaviour that is beneficial for the
charge carriers’ mobility in catalysis.***> This topology is
obtained either from a top-down or bottom-up approach.?3”
In the former, an exfoliation (mechanical or chemical) of a 3D
network is performed when in the latter one, 2D MOFs are
directly obtained during the synthesis. Directing the synthesis
to 2D morphology may be achieved by using substrates, surfac-
tants or interfacial synthesis. As discussed below, this strategy
is particularly explored in the most recent studies regarding
water decontamination.

B. Solar fuel generation

Solar fuels refer to small molecules obtained through the
redox reactions of H,0O, CO, or N, such as H,, C; or C,;
products and NHj, respectively.*®?° This review is limited to

Inorg. Chem. Front., 2024, M, 2212-2245 | 2215
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solar fuel generation through photocatalytic water splitting
using PMOFs; however, it is important to highlight that
PMOFs have also been used as photocatalysts for CO,
reduction in the presence of water, as recently reported in
numerous studies and reviews,’®*® and activity for N,
reduction was also reported.””

The following sections will now focus on the photocatalytic
performance of PMOFs for water splitting into H, and/or O,.

MOFs as photocatalysts for water splitting

Generally, an efficient reaction mechanism in MOF-based
photocatalysts is governed by a ligand-to-metal charge transfer
(LMCT) process. Here, the irradiation of a MOF photocatalyst
with photons of energy equal to or higher than its band gap
results in the photoejection of electrons from the organic
ligand to the metal ions present in the SBU. The reader is
referred to some reviews dealing with other possible mecha-
nisms in MOFs including metal-to-metal charge transfer,
ligand-to-ligand charge transfer or metal-to-ligand charge
transfer, among other possibilities.**%*°

In contrast to inorganic semiconductors, most of the
reported MOFs, including PMOFs as photocatalysts for water
splitting, are poor electron conductors or even classified as
insulator materials.” Photoexcitation of a common semi-
conductor results in an increase of electrical conductivity com-
pared with its insulating character in the ground state. In the
case of most MOFs, the mobility of charge carriers is more
limited. Regardless of their relatively low electrical conduc-
tivity, MOFs can undergo electron/hole pair separation upon
irradiation and promote redox reactions such as the OWS.
Some authors have proposed to consider MOFs as an arrange-
ment of metal complexes that undergo charge separation
without significant charge migration upon photoexcitation,
enabling the redox reactions.*

An important aspect when performing a photocatalytic
reaction is to evaluate its efficiency in terms of the conversion
of light energy into chemical energy. One of the most com-
monly used parameters to estimate the performance of solar-
driven photocatalytic HER or OWS systems is the so-called
solar-to-hydrogen (STH) conversion efficiency nspi.>*>>° As
detailed in the three equations below, STH refers to the
amount of incident solar energy that is converted into H,.
Some studies have proposed that those photocatalytic systems
with an STH of about 10% and a minimum lifetime of oper-
ation of ten years would have potential industrial appli-
cation.>® Among the most active and stable photocatalysts, the
aluminium-doped strontium titanate (Al:SrTiO;) solid modi-
fied with co-catalysts (RhCrO,, MoO,) was recently tested in
photocatalytic solar panels at a 100-m” scale, reaching an STH
of 0.76%.”" Regarding MOF-based photocatalysts for the OWS,
up to now the highest achieved STH efficiencies remain below
0.1%.>* However, to put things in perspective, it is important
to note that the field of inorganic photocatalysts for water
splitting is under continuous development since 1972°> while
the first use of MOFs for OWS was reported in 2017.%
Considering the dynamic progress in the field of MOFs, much
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higher efficiencies are expected to be achieved in the short-
and mid-term.

produced chemical energy
solar energy input

() = | ] <00

%) { rate of H, production x AGHZCHH#%O2 }
NsTul70) =

total incident solar power x electrode area

(mmol of H, pers) x (237000 mol ')
Proral (MW cm—2) x area (cm?)

nsru (%) = { ]
AM1.5G

Another parameter employed to study the photocatalytic
performance of a material during the HER or OWS is the
apparent quantum yield (AQY) efficiency.”>>® This parameter
aims to estimate the photocatalytic activity of a material in
terms of the number of reacted electrons over the number of
the incident photons emitted at specific monochromatic wave-
lengths, according to the following equations:

number of reacted electrons
number of incident photons

AQY(%) =

2 - number of hydrogen molecules evolved
number of incident photons
2Ny Na-h-c
T PS-dinet

AQY(%) = X 100

x 100

where 7y, is the number of H, moles evolved during the dur-
ation ¢ (s) of the incident light exposure, N, is Avogadro’s con-
stant, & (J s") is the Planck constant, ¢ (m s™") is the speed of
light, P (W m™?) is the power density of the incident mono-
chromatic light, § (m?) is the irradiation area and . is the
wavelength of the incident monochromatic light.

The aforementioned, modified aluminium-doped strontium
titanate presents an AQY of 56% at 365 nm, and due to the
broad visible light absorption, a PMOF-based system has been
reported to perform OWS with an AQY of 1.5% at 436 nm.>

Turnover number (TON) and turnover frequency (TOF)
values are also sometimes provided in the reports. The TON
refers to the number of moles of substrate reacting per
number of moles of the active sites in a catalyst, while the TOF
measures this ratio over a certain time. TOF is a commonly
used parameter in (photo)catalysis; however, identifying and
accurately quantifying the number of active sites in a photo-
catalyst is often an intricate and challenging task.

The field of MOFs as photocatalysts for water splitting is
still in its infancy and the majority of investigations report the
efficacy of the systems in terms of micromoles of H, or O, per
gram of photocatalyst and, to a much lesser extent, the AQY or
STH values are estimated.”® It should also be considered that
the majority of investigations involve the use of small quan-
tities of photocatalyst, typically from 5 to 50 mg. It is impor-
tant to recognize that the scale-up of the same photocatalytic
setup to, for example, 1 g of photocatalyst, may result in a sig-
nificant variation of the photocatalytic activity. Indeed, the use
of higher or lower quantities of photocatalyst may generate
light scattering or incomplete irradiated light absorption,
respectively. A good practice in the field would be to evaluate

This journal is © the Partner Organisations 2024
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the influence of the photocatalyst amount using a particular
photocatalytic system, and report the results in terms of micro-
moles or millimoles of products using these specific con-
ditions instead of referring to the mass of used catalyst.”* In
some cases, the photocatalytic activity is reported as pmoles
g~' h™", which is determined based on the initial rate of H,
production or the production observed after several hours.
Special care must be taken when considering activities esti-
mated using these methods, since in most cases the pro-
duction of H, and/or O, is not linear over time. The non-line-
arity can be associated with the accumulation of H, and O,
within the MOF pores, leading to a spontaneous back water-
splitting reaction.*

The first use of MOFs as photocatalysts for the HER was
reported in 2010 by Garcia and co-workers: they used water-
stable Zr** terephthalate-based MOFs with UiO-66 topology in
the presence of methanol as a sacrificial electron donor and
UV-Vis light irradiation.”> The higher photoactivity of Zr-
UiO-66(NH,) vs. Zr-UiO-66 solid was associated with the
functionalization of the aromatic ring from the terephthalate
ligand with amino groups in the former one, resulting in a
new absorption band from about 310 to 440 nm. The esti-
mated AQY of Zr-UiO-66(NH,) and Zr-UiO-66 were 3.5 and
0.1%, respectively, when irradiating with monochromatic light
of 370 nm. For both solids, deposition of Pt NPs as co-catalyst
further increased the photoactivity for the HER. Transient
absorption spectroscopy (TAS) using a laser excitation at
355 nm confirmed the formation of long-lived (>300 micro-
seconds) electron/hole pairs in both solids. Since this original
publication, the number of examples reporting the use of
MOF-based materials as photocatalysts for the HER has been
continuously increasing. The reader is referred to some excel-
lent reviews for more detailed information of the achievements
made in this area.>*****®> Some of the widely reported photo-
catalysts for this purpose are terephthalate-based MOFs fre-

water oxidation: 2H,0 +4h* — O, +4H*
water reduction: 4H* + 4e
OWS: 2H,0

—b 2H2

—— 2H, +0, (AG=237.2 kimol?)
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quently modified with functional groups to enhance the
visible light absorption. However, most of these photocatalysts
have an onset of visible light absorption below 500 nm, a fact
that hampers harvesting an important fraction of solar light
irradiation to promote the photocatalytic HER.>*%¢

Photocatalytic HER using PMOFs

Aiming to overcome the aforementioned limitation, several
studies have reported the use of PMOFs as photocatalysts for
this purpose.>®* One of the salient properties of PMOFs is
their ability to absorb visible light and thus increase their
efficiency towards a solar-driven HER.”?**%*%% In a pioneering
study, Rosseinsky and co-workers reported in 2012 the first
example of the use of water-stable Al**-based PMOFs as a
photocatalyst for the HER."® The MOF was prepared by hydro-
thermal synthesis using a free-base H,TCPP and AlCl;-6H,0.
The resulting material consisted of a porous (Brunauer-
Emmett-Teller surface area-Sgpr = 1400 m”> g ') red solid,
H,TCPP[AIOH], (referred to as Al-PMOF or Al-TCPP, Fig. 1c).
The UV-Vis diffuse reflectance spectrum of the MOF shows the
presence of the Soret band at 415 nm accompanied by four Q
bands at lower energy, as expected from the porphyrin ligand
of the MOF (Fig. 2a). Importantly, the free-base H,-Al-PMOF
resulted in photocatalytic stability for the HER under visible
light irradiation, in the presence of an SED and Pt colloidal
solution as co-catalyst (Table 1, entry 1). This material was
then modified by inserting Zn** inside the porphyrin core;
however the resulting photoactivity appeared to be relatively
lower. Since this report, the number of experimental and
theoretical studies about the development of PMOFs for water
splitting is unceasingly growing.

In a related study, AI-PMOF was metalated with Pt single
atoms that resulted in 30 times higher photoactivity for the
visible-light driven photocatalytic HER (TOF = 35 h™") com-
pared with the Pt NPs supported on AI-PMOF®® (Fig. 4).

b) E vs vacuum

2 E vs NHE
-1.0 MIL-173(Zr)
-4 -0.256 V
0.0
-5 E,=1.88 eV
1.0
-6
1.624V
2.0 —]
-7
B HOCO Luco

Fig. 3 General mechanism of photoinduced charge separation in MOFs triggered by light absorption and photoinduced charge transfer to the near
metal node with the associated half and overall water splitting reactions equations (a), and energy level diagram for the PMOF MIL-173(Zr) (b).
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Table 1 Summary of selected examples using PMOFs as photocatalysts for the HER

View Article Online

Inorganic Chemistry Frontiers

Ref.,
Photocatalyst Reaction conditions Activity General remarks year
Al-PMOF based on Photocatalyst (3.5 mg), 1 mmol g™* The photocatalyst is stable after use 13,
TCPP ligand ethylenediaminetetraacetic acid solution (35 mL; based on XRD and SEM 2012
0.0215 M), colloidal Pt (10 mM), pH 5.5 using
sodium citrate, visible light source (300 W, 4 >
420 nm filter), 8 h
Al-TCPP-Pt Photocatalyst (5 mg), CH;CN (18 mL), H,O 0.129 mmol The photocatalysts retains its activity 66,
(1 mL), TEOA (1 mL), visible light irradiation (300 g™ h™" and stability (XRD, TEM, STEM), for 2018
W Xe lamp equipped with a UV cut-off filter, 1 > four consecutive uses
380nm), 4 h
PtSA-MNSs based on Photocatalyst (5 mg), H,O solution (0.1 M 11.32 mmol The solid can be reused without 68,
TCPP-Cu MOF ascorbic acid), visible light irradiation (300 W Xe g * h™" significant loss of activity and 2019
lamp equipped with a 420 nm cut-off), 5 °C, 5 h maintains most of its initial structure
USTC-8(In) Photocatalyst (10 mg), CH;CN (23 mL), H,O 0.3413 mmol The photocatalyst is stable after 2 h 67,
(1 mL), trimethylamine (2 mL), H,PtCl, (Pt g h™t based on XRD. The activity is 2018
content: 1.5 wt%), irradiation source (300 W, 4 > maintained after 5 uses (2 h per cycle)
380 nm filter)
Zr-PCN-222(Pt) Photocatalyst (10 mg), reaction solution 0.351 mmol The activity (~20%) and stability of the 69,
(CH;CN : TEOA : H,0 18:2:0.4), visible light g h™t used photocatalyst decreased 2021
irradiation (1 > 400 nm), 4 h
Zr-PCN-222(Pt, 4.7%) Photocatalyst (5 mg), H,O (90 mL), TEOA 0.614 mmol The photocatalyst can be reused, 70,
(10 mL), visible light irradiation (300 W Xe lamp, g ' h™" retaining most of its activity and 2022
A>420nm), 6°C,5h structural integrity
Zr-TCPP-bpydc Photocatalyst (50 mg), H,ClgPt (1 wt%), TEOA 213.68 pmol The photoactivity is mostly maintained 73,
(100 mL, 10%), visible light irradiation (300 W g th™ (96.04%) after four consecutive uses. 2022
lamp with 420 nm cut-off filter), 4 h The reused catalyst is stable based on
XRD, FTIR and SEM analyses
CdS@PCN-222(Pt) Photocatalyst (2 mg of supported CdS), H,O 71.65 mmol The activity and MOF stability slightly 71,
(10 mL), lactic acid (1 mL), visible light gcas h™! decrease upon reuse 2023
irradiation (300 W Xe lamp, 1 > 420 nm filter),
5h
Pt@Pd-PCN-222(Hf) Photocatalyst (5 mg), CH;CN (10 mL), TEOA 22.674 mmol The photocatalyst can be reused three 72,
(2.5 mL), H,O (0.25 mL), visible light irradiation =~ g™ h™* times (6 h per cycle) without loss of 2019
(300 W Xe lamp, 4 > 420 nm filter), 3 h activity. TON 4131.2
[(r-sCH,),NC(0) Photocatalyst (0.002 mM of iron subunit), 3.8 umol after ~ The photocatalytic activity reached a 74,
CsH,N] [Fe,(CO)e] into  ascorbic acid (20 mmol), pH 5 (1.0 M acetate 2h plateau after 2 h 2014
Zr-PMOF buffer solution), visible light (300 W lamp, 1 >
420 nm), 2 h
Pt-PMOF(Ti) Photocatalyst (10 mg), H,O (270 mL), ascorbic 8.52mmolg~"  The photocatalyst is stable upon reuse. 79,
acid (10 mmol), visible light irradiation (300 W, 4 h™" AQY of 0.26% at 400 nm 2019
> 420 nm), 5 h
Pt@Ti-PMOF based on ~ Photocatalyst (5 mg), aqueous solution (50 mL; 15.5 mmol g~' It retains most of its initial 96,
TCPP ligand ascorbic acid, 1 M), 10 °C, visible light irradiation h™" photoactivity for 3 consecutive uses 2022
(300 W Xe lamp, 4 > 420 nm filter), 5 h (5 h per cycle). The reused
photocatalyst was not characterized
Ru-TBP-Zn Photocatalyst (0.1 mg), CH;CN (2.0 mL), H,O 0.24 mmol h™"  The photocatalyst maintains its activity 80,
(0.1 mL H,0), TEOA (0.5 mL), visible light g ! and structure after six consecutive uses 2018
irradiation (230 W lamp, 4 > 400 nm filter), 5 h
HNTM-Ir/Pt; Zr-PMOF Photocatalyst (50 mg), CH;CN (45 mL), H,O 0.202 mmol The photocatalyst is stable for 3 76,
hollow nanotubes (1 mL), TEOA (4 mL), visible light source (300 W g ™' h™" consecutive uses based on PXRD, TEM 2018

Xe lamp, 4 > 400 nm filter), 5 °C, 5 h

and ICP

Incorporation of Pt allowed both trapping electrons and acting
as a co-catalyst for the HER. Photocurrent (PC) (Fig. 4b) and
electrochemical impedance spectroscopy (EIS; Fig. 4c) studies
indicated that the metalation of AI-PMOF with Pt single atoms
favours the photoinduced charge separation and reduced the
charge transfer resistance. In addition, results from ultrafast
TAS showed that the presence of Pt in the AI-PMOF favoured
the spatial separation of the photoinduced charge carriers
with the subsequent increase of photocatalytic activity. DFT
calculations further revealed that the presence of a Pt single
atom in Al-PMOF is favourable in terms of the hydrogen atom
binding energy and contributes to enhancing the H, pro-

2218 | Inorg. Chem. Front, 2024, 1, 2212-2245

duction. This study exemplifies the possibility to boost the
photocatalytic activity of AI-PMOFs by single-atom metalation
compared with the traditional strategy of depositing metal NPs
on or within the photocatalyst structure.

Alternatively, a study reported an isotopic compound of Al-
PMOF based on In inorganic units, [USTC-8(In)].*” Contrary to
the case of Al, In can be coordinated by the pyrrolic porphyrin
sites, lying out-of-plane of the porphyrin ring (Fig. 5b). The
MOF exhibits high photocatalytic activity and stability for the
HER. Besides, insertion of divalent metals inside the por-
phyrin core was performed (USTC-8(M), M = Cu®*, Co™", Ni*");
these cations lie in the plane of the porphyrin ligand. Fig. 5a

This journal is © the Partner Organisations 2024
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Fig. 4 (a) Photocatalytic H, production rates of AI-TCPP, Al-

TCPP-PtNPs, and Al-TCPP-0.1Pt (inset: the calculated TOFs of Al-
TCPP-PtNPs and ALl-TCPP-0.1Pt). (b) Photocurrent responses, (c) EIS
Nyquist plots and (d) comparison of the ultrafast TA kinetics (pump at
400 nm and probe at 540 nm) for Al-TCPP, Al-TCPP-PtNPs, and Al-
TCPP-0.1Pt. Reproduced from ref. 66 with permission from Wiley-VCH,
copyright 2018.

metal detachment

Fig. 5 (a) Photocatalytic H, production via water splitting over different
MOFs. (b) Proposed detachment—insertion mechanism of USTC-8(In)
during the photocatalytic recycling. Reproduced from ref. 67 with per-
mission from American Chemical Society, copyright 2018.

shows that USTC-8(In) outperforms the counterparts based on
divalent metalloporphyrins. PC and EIS measurements
allowed the conclusion that USTC-8(In) presents the most
efficient photoinduced charge separation and lower charge
transfer resistance of the series. Regarding the reaction mecha-
nism, photoinduced electron transfer from the ligand to the
central metal atom of the porphyrin was proposed. The photo-
generated holes were consumed by trimethylamine acting as
an SED. The electron transfer would result in the reduction of
In*" ions leading to the increase of the ionic size and facilitat-
ing its detachment from the porphyrin core. This hinders e”/
h" recombination and favours electron transfer to colloidal Pt
NPs in the reaction medium, promoting the HER.
Experimental evidence about indium detachment was
obtained by monitoring the changes of the UV-vis absorbance
signal of USTC-8(In) suspension. The photocatalytic HER
using USTC-8(In) solid was maintained upon five consecutive

This journal is © the Partner Organisations 2024
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uses without changing the reaction vessel. In contrast, if the
photocatalyst was recovered by centrifugation, its catalytic
activity dropped by about 25% in the second cycle, which was
attributed to In detachment from the porphyrin. Interestingly,
immersing the solid in a solution of indium nitrate allowed it
to almost recover its initial photocatalytic activity. This study
exemplifies the possibility of tuning the photocatalytic activity
of PMOFs by taking advantage of the intrinsic coordination
properties of the porphyrin core with trivalent metal ions.

Together with the experimental progress, theoretical
studies have considered the impact of PMOFs’ composition on
the electronic properties, for example by metalation of the por-
phyrin ligands.>”*® Fig. 6 summarizes the influence of por-
phyrin metalation in Al-PMOFs on the resulting band gap and
band edge position values.”” These results show that Co>",
Ni**, Cu?" and Zn*' metalated TCPP-based MOFs exhibit
favourable band gap values for solar light absorption and
band edge alignment for water splitting into H, and O,. In
contrast, metalation with Fe?" jons results in a material with a
valence band position above the thermodynamically required
one for water oxidation.

PMOFs of different topology have been studied for the
HER; in particular, Pt-TCPP ligand was coordinated to Cu
dimers arranged in paddle-wheel clusters to achieve MOF
nanosheets (MNSs) exhibiting Pt single atoms: PtSA-MNSs®®
(Fig. 7). Ultrathin 2D PMOF nanosheets (2.4 + 0.9 nm; Sggr =
570 m> g~ ') were elaborated via a surfactant-assisted synthesis.
The solid, having a 12 wt% of Pt single atom, exhibited excel-
lent photocatalytic activity (11320 pmol g' h™") and good

Vacuum 0

309 310 283 299 3.02

24

CO,/HCOH
.-/4C0,/CH,0H
s :Zco,/cH,
o |HTH,
W
-5 v
__ ...................................... . 02/ Hzo
-6 -
———  Conduction band edge
; - Valence band edge

2H Fe Co Ni Cu Zn

Fig. 6 Bandgaps and band edge positions with respect to the vacuum
level, as calculated with the HSEO6 functional. Energy levels corres-
ponding to redox potentials of water splitting and carbon dioxide
reduction reactions producing methane, methanol, and formic acid at
pH 7 are also shown with dotted lines. Reproduced from ref. 27 with
permission from the Royal Soceity of Chemistry, copyright 2015.
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Fig. 7 Illustration of the synthetic route for the preparation of
PtSA-MNSs through a surfactant-stabilized coordination strategy.
Reproduced from ref. 68 with permission from Wiley-VCH, copyright
2019.

stability for the HER under visible light irradiation (Table 1).
For comparison, the use of Pt NPs (11.8 wt%) supported on
MNSs or MNSs alone resulted in much lower activities with the
values of 317 and 2.0 umol g~' h™", respectively. The superior
performance of PtSA-MNSs was ascribed to its efficient photo-
induced charge separation, as revealed by PC and EIS measure-
ments. DFT calculations further supported the benefits of
single Pt atoms in the solid to favour hydrogen atom binding
and electron transfer toward an efficient photocatalytic HER.
The photocatalyst retains most of its initial activity (>93%)
after 4 consecutive cycles (5 h per cycle). The reused solid was
stable based on powder X-ray diffraction (XRD), transmission
electron microscopy (TEM) and scanning transmission elec-
tron microscopy (STEM) while the Pt loading decreased upon
reuse from 12 to 10.9 wt%.

In a related computational work, DFT and time-dependent
DFT simulations were applied to a series of 2D PMOFs based
on M-TCPP (M = Zn or Co) and paddlewheel clusters (Co, Ni,
Cu or Zn) with the aim to optimize the photocatalytic activity
for water splitting.>® The study indicated that photocatalytic
activity may be effectively achieved by adopting any of the
three following strategies: (1) appropriate modification of band
alignment by optimizing the metal centre either at the paddle-
wheel or at the porphyrin core position; (2) increasing the
absorption of visible light by partial reduction of the porphyrin
unit to chlorin; and (3) replacing the benzene group between
the porphyrin and the paddlewheel by ethyne (C2 in Fig. 8) or
butadiyne (C4 in Fig. 8) groups to alter the linker to metal
charge transfer. Nevertheless, it should be observed that strat-
egies derived from the computational methods may be chal-
lenging for experimental implementation.

As discussed in the introduction, Zr-based PMOFs represent
an important class of materials for photocatalytic applications.
In a series of reports, water-stable Zr/Hf-PMOFs, such as the
PCN-222 framework, have been selected as photocatalysts for
the HER (Table 1). The main modifications of these PMOFs to
boost their activity include metalation of the porphyrin
core®®”? and/or modification with metal NPs’*™”® and, in a
lesser extent, incorporation of metal complexes”
structure. As previously discussed for the case of AI-PMOF,
metalation of the porphyrin in PCN-222 with single Pt atoms
resulted in a photocatalyst with higher activity for the HER

within their

2220 | Inorg. Chem. Front.,, 2024, 1, 2212-2245
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Fig. 8 (a) Comparison between band alignments of the Cu-ZnTCPP, (b)
Cu-Zn-C2 and (c) —C4 systems. The bands of metal at the paddle-
wheel, metal at the centre and organic atoms of porphyrins (C, N and H)
are shown in green, magenta and black, respectively. The energy levels
of relevant half-reactions involved in water splitting and CO, reduction
to CH,4 and CH3OH are also shown. Reproduced from ref. 29 with per-
mission from IOP Publishing, copyright 2021.

compared with the use of Pt NPs, which is associated with the
higher photoinduced charge carrier efficiency of the former
(Fig. 9).”° The estimated AQY of this photocatalyst at 420 nm
was 1.05%. Besides, the photocatalyst could retain about 93%
of its initial activity after 4 uses (5 h per cycle) and exhibit
similar features to the pristine material based on PXRD, scan-
ning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), and X-ray photoelectron spectroscopy
(XPS) studies, while inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) showed a slight decrease in the Pt
content (4.3 vs. 4.7 wt% for the fresh sample). The higher
photocatalytic activity of PCN-222(Pt) vs. PCN-222 is due to the
more efficient charge separation as revealed by several spectro-
scopic techniques like photoluminescence (PL) and EIS as well
as PC measurements. Interestingly, electron paramagnetic
resonance (EPR) spectroscopy showed the formation of a new
signal attributed to the formation of Zr** when using PCN-222.
The signal intensity increased in the case of PCN-222(Pt) due
to the better photoinduced charge separation from the Pt-por-
phyrin ligand to the Zr*" oxo clusters. Regardless of the pres-
ence of dual catalytic centres in the PCN-222(Pt) and based on
the achieved photocatalytic results, it was proposed that the

o

—e— PCN-222(P1)
+— PINPY/PCN-222
+— PCN-222

—v— PTCPP

H; production rate (umol g*')

g

Irradiation time (h)

Fig. 9 (a) Photocatalytic H, production rates of PtTCPP, PCN-222,
PtNPs/PCN-222, and PCN-222(Pt). (b) Proposed photocatalytic mecha-
nism of dual catalytic centres in PCN-222(Pt). Reproduced from ref. 70
with permission from the Elsevier, copyright 2022.
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presence of Pt single atoms in the porphyrin ligand is the
main factor responsible for electron capture and the active site
for the HER.

In a related study, Zr-PCN-222 (Pt) was further modified by
CdS NPs, demonstrating high activity for the HER under both
visible and sunlight irradiation (71 645 pmol gcgs™* h™' and
31326 pmol gegs ' h™' respectively).”! The photocatalytic
activity was ascribed to the improved photoinduced charge
separation due to the presence of both CdS and single Pt
atoms, as revealed by PL, PC and EIS measurements. The
photocatalytic activity drop (~15%) observed in the fifth con-
secutive use (5 h per cycle) was attributed to the CdS photocor-
rosion, the leaching of Cd (21 mg L™") and Zr (0.017 mg L),
and the partial decrease of catalyst crystallinity based on
PXRD. Regardless of the achieved photocatalytic activity and
for the sake of sustainability, it would be recommendable to
avoid the use of cadmium element due to its toxicity for
humans and the environment.

In another precedent, Hf-PCN-222 containing Pd-metalated
porphyrin was further modified with highly dispersed Pt NPs
with a mean diameter of 3 nm immobilized within the coordi-
nation interspace (3.7 nm) of the PMOF to provide Pt@Hf-
PCN-222(Pd) (Fig. 10).”> Among the various photocatalytic con-
ditions screened, the performance of Pt@Hf-PCN-222(Pd) in
the HER was 22674 pmol g ' h™" under visible light
irradiation with a turnover number (TON) value of 4131 after
32 h (TOF: 482 h™"). In addition, the photocatalytic activity was
maintained for three consecutive cycles (6 h per cycle) without
any decay. The reused solid preserved its features based on
XRD, XPS and TEM while 3.5 wt% of the initial Pd leaching
occurred. This superior activity of Pt@Hf-PCN-222(Pd) arises
from the synergy between dual Pd-porphyrin photosensitizers
and Pt NPs as co-catalysts within the confined PMOF network
having hydrophilic Hf*"-oxo clusters. Furthermore, Pt@Hf-
PCN-222(Pd) showed the highest PC response, thus suggesting
its good efficiency in terms of photoinduced charge separation
and the occurrence of effective charge transfer from Hf-
PCN-222(Pd) to Pt NPs upon illumination with visible light.

Among the different nanostructures, hollow MOFs have
shown to be beneficial compared with bulk MOFs due to their
high surface area, low density and high mass-diffusion pro-
cesses.”®> Hence, PCN-222(Zr) MOF hollow nanotubes were syn-

Pd-PCN-222(H1)

Pt@Pd-PCN-222(HN)
0.9 W% Pt loading

PaTCPP
95% yield

Fig. 10 Synthesis scheme of Pd-PCN-222(Hf) and Pt@Pd-PCN-222
(Hf). Reproduced from ref. 72 with permission from Royal Society of
Chemistry, copyright 2019.
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thesized by a competitive coordination method using ZrCly,
TCPP and benzoic acid in an N,N-dimethylformamide (DMF)
and water mixture. Both benzoic acid and water were necessary
to achieve the hollow structures built up from the stacking of
MOF nanocubes. A series of noble-metal (Ir, Pt, Ru, Au, Pd)
single atoms could be successfully immobilized on the MOF
through coordination by the porphyrinic core via solvothermal
post-synthetic modification (Fig. 11).”® ICP analysis revealed a
loading of Ir and Pt of 1.05 and 2.54%, respectively. The photo-
catalytic performance of the as-prepared solids was tested in
the HER using TEOA as a SED under visible-light irradiation.
Under the optimized conditions, the pristine MOF showed
negligible activity, while the Ir and Pt counterparts exhibited
activities of 7.6 pmol g™ h™ and 56.7 pmol g~* h™", respect-
ively, which clearly indicates the influence of noble single
atoms in the targeted reaction. Interestingly, the performance
was significantly increased with the MOF containing both Ir
and Pt porphyrins to the value of 201.9 umol g~ h™*, which is
about 27 and 3.6 times higher compared with individual Ir or
Pt MOFs, respectively. This superior activity was attributed to
the synergistic effect from combining Ir-porphyrin photosensi-
tizer and Pt-porphyrin catalyst in a single hollow structure,
facilitating a fast mass diffusion. The improved separation of
charge carriers, and the reduced charge-transfer resistance
were revealed by EIS Nyquist plots.

Ti-MOFs have attracted great attention for photocatalytic
applications. Due to the small ionic radius, Ti*" forms strong
Ti-O bonds and may present a high coordination number
leading to stable MOFs. Moreover, a reversible redox transition
between Ti'* and Ti** under photochemical conditions facili-
tates effective charge storage.”” However, the synthesis of crys-
talline and stable Ti-based MOFs is a true challenge given the
high reactivity of Ti*". Ti-based PMOFs built with the TCPP
ligand have been investigated as photocatalysts for the
HER.”®” In one study, an ultrathin PMOF with Ti-oxo clusters
was prepared and tested for the HER.”® Under optimized con-
ditions, the Ti-based PMOF with Pt cocatalyst provided a
hydrogen evolution rate of 8.52 mmol g~ h™ under visible
light irradiation. Remarkably, the ultrathin MOF showed
nearly 10 times higher activity than the bulk PMOF with Pt,
and 4 times higher than the mechanically exfoliated bulk
MOF. The photocatalytic activity remained consistent over

L W
.’} 2 @z‘%i

/O
+ Metal salts ' '

Single-atom implanted
hollow nanotube

Zr clnster

Solvothermal
reaction

e
Fig. 11 Synthesis scheme of the hollow nanotube MOFs and immobil-

ization of single-atom within hollow nanotube MOFs. Reproduced from
ref. 76 with permission from Wiley-VCH, copyright 2018.
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three cycles. The enhanced performance was attributed to the
efficient photoinduced electron transfer from porphyrin-based
ligands (light harvester) to Ti-oxo clusters (catalytic centre),
leading to high charge carrier separation. However, given the
nearly amorphous nature of the material as evidenced by the
PXRD data, the structure-activity relationship cannot be
thoroughly addressed.

Ru-based PMOFs have also been reported as efficient photo-
catalysts for the HER. In that study, two MOFs termed Ru-TBP
(TBP: 5,10,15,20-tetra(p-benzoic acid)porphyrin) and Ru-TBP
(Zn) consisting of Ru™ ions arranged in Ru, paddlewheel
SBUs and TCPP ligands (Fig. 12a) have been synthesized and
the HER evaluated.’® The achieved photocatalytic activity of
Ru-TBP and Ru-TBP(Zn) was 0.13 and 0.24 mmol g~* h™,
respectively, and linearly increased as a function of time (up to
98 h). The enhanced HER activity of Ru-TBP(Zn) compared
with Ru-TBP is proposed to be due to the better photosensitiz-
ing ability of the TBP(Zn) ligand. Interestingly, the TON values
achieved after 72 h under visible light irradiation were 21.2
and 39.4 for Ru-TBP and Ru-TBP-Zn, respectively. In contrast,
a homogeneous mixture of Ru"Ru"™(CH;COO),(DMF)CI
complex with H,;TBP-Zn porphyrin showed a TON value of only
1.4. This superior performance of the MOFs was ascribed to
the proximity between the Ru, units and the porphyrin ligands
in the network (~1.1 nm from Ru to the porphyrin centre),
thus facilitating the electron transfer process from excited por-
phyrins to Ru, units (Fig. 12b). The ligand TBP(Zn) is excited
to the (TBP-Zn)* state upon visible-light irradiation, from
which it can transfer one electron to the Ru, SBU to produce
(TBP-Zn)'. Each inorganic SBU first accepts two electrons to
form Ru"Ru", and further electron injections to Ru, SBU
favours the proton reduction to generate H,. The (TBP-Zn)" is
reduced back to the TBP-Zn by the TEOA SED to complete the
catalytic cycle. The photocatalyst can be effectively reused for
six consecutives 1 h cycles, it retains its crystallinity based on
PXRD and Ru oxidation state based on X-ray absorption near
edge structure (XANES) and exhibits low Ru leaching
(0.34 wt%) as evidenced by inductively coupled plasma mass
spectrometry (ICP-MS).

Later, DFT calculations were performed to elucidate the
enhanced HER activity of Ru-TBP(Zn).*® These calculations
proposed that the molecular connection between the Ru-back-

b)
(TBP Zn)’ Ru"Ru"
TBP Zn > ( X
Es TBP-Zn)* Ru'Ru!

TEOA*

TEOA

Fig. 12 (a) Perspective view of the Ru-TBP crystal structure down the
(100) direction. (b) Proposed catalytic cycle for Vvisible-light-driven
hydrogen evolution catalysed by Ru-TBP(Zn). Reproduced from ref. 80
with permission from the American Chemical Society, copyright 2018.
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bone and the porphyrin plays a favourable role by altering the
electronic and optical properties. This leads to improving the
efficiency of the photocatalytic activity. Furthermore, compu-
tational results revealed a repulsive electron-hole interaction
energy, indicating a low rate of electron-hole recombination,
which is crucial to achieve electron transfer for the HER, as
explained above (Fig. 13).

Table 1 summarizes the results of the selected examples
commented on above that represent some of the pioneering,
most active and/or stable PMOF photocatalysts for the HER. In
addition, other examples that can be found in the literature
are included. In general, PMOFs can be used for the develop-
ment of active photocatalysts for the HER under both visible
or solar-light irradiation. Some of the challenges in this area
are related to the composition of these photocatalysts, given
the need to minimize or even avoid the use of costly noble
metals such as Pt and non-sustainable and toxic elements like
Cd. Other challenges include the development of more stable
porphyrin-based photocatalysts for the HER, assuring longer
catalytic performances. Furthermore, it would be highly
recommendable to study in more detail the reasons for the
decrease of the photocatalytic activity of the materials during
the HER. For this purpose, long-term photocatalytic experi-
ments taking place for several weeks or months, even though
at the laboratory scale, are still required. In this context, the
long-term used photocatalyst should be characterized by a
combination of characterization techniques including at least
the same as those employed for the characterization of the
fresh material, like PXRD, XRD, TGA, SEM and TEM, among
others.

Photocatalytic HER using PMOF composites

In analogy to the area of inorganic semiconductors,®*®* an

important advancement in the field of MOFs, and in particular
PMOFs,**® lies in the development of heterojunctions to

v Charge |
separation

Fig. 13 Representation of the electron (green) and hole (orange) den-
sities in the charge-separated state of the Ru-TBP(Zn) MOF. Reproduced
from ref. 30 with permission from American Chemical Society, copyright
2020.

This journal is © the Partner Organisations 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3qi01996a

Open Access Article. Published on 21 February 2024. Downloaded on 4/7/2026 7:11:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

further increase their catalytic activity. A heterojunction con-
sists of an interface contact between two semiconductors
characterized by a different energy level band diagram that
allows photoinduced charge carrier migration between the two
solids. This strategy aims to increase the photocatalytic
efficiency by spatially separating the electrons and the holes in
a way that their recombination is, at least, partially restricted.
The fundamentals of heterojunctions can be found
elsewhere.®*%

In this context, several heterojunctions using PMOFs with
other inorganic materials like TiO,,%® titanate nanotubes
(TNTs),%” ZnIn,S,,*® NbgO,5,% and C€dS®® and recently using
metal-free materials such as carbon nitrides®**® and covalent-
organic frameworks (COFs)°"*> were reported. Table 2 sum-
marizes the results in terms of photocatalytic activity/stability.
Regardless of the good photocatalytic activity achieved in most
reports, in some cases this activity and/or photocatalyst stabi-
lity decreases in large extent or has not been addressed. In
recent years, a couple of studies have been reported on the
development of 2D/2D heterojunctions based on PMOFs and
carbon nitride (CN)-based materials for the HER.**®* One of
the intrinsic properties of these 2D/2D heterojunctions is to

View Article Online
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facilitate the interface contact between the counterparts and,
thus, the photocatalytic activity. Similarly, some studies have
described the possibility of preparing MOF/COF composite
photocatalysts. Metal-free COFs often exhibit fast electron-
hole recombination;”* thus combining them with MOFs has
been reported as a potential strategy to favour charge separ-
ation and increase the efficiency of the photocatalytic process,
including water splitting. For a comprehensive description of
the merits and challenges in using MOFs, COFs and their com-
posites as photocatalysts, the reader is referred to the recent
reviews.”H%3

CN-based materials are a series of layered and porous
metal-free and medium-band gap semiconductors that have
found application as photocatalysts for environmental appli-
cations and to produce solar fuels, among others.”*® In this
context, a recent work has reported the development of a novel
2D/2D heterostructure consisting of P-doped CN nanosheets
with Zn-PMOF by adopting an electrostatic self-assembly. The
photocatalytic performance of this composite was studied in
the HER.®* TEM images (Fig. 14i) of the P-doped CN/Zn-
PMOF;, 5 hybrid structure showed several regularly shaped Zn-
PMOF nanosheets (sizes of 20-50 nm) randomly distributed

Table 2 Summary of selected examples using PMOF heterojunctions as photocatalysts for the HER

Ref.,
Photocatalyst Reaction conditions Activity General remarks year
Pt/Cu-TCPP PMOF on Photocatalyst (10 mg), H,O (50 mL), TEOA  86.11 mmol g~!, The photocatalyst activity decreases up to 86,
TiO, microspheres (10 mL), UV-Vis irradiation (Xe lamp, 340 6 h irradiation 84.8% after 5 cycles (6 h per cycle). The 2022
to 780 nm), 6 h reused sample exhibits some changes in the
UV-Vis spectrum (other characterization was
not conducted)
Stability of the composite improved
compared with its counterparts
TNTs/Co-TCPP MOF Photocatalyst (10 mg), H,O (50 mL), TEOA 5.8 mmol g™* The photoactivity drops in the second use 87,
(10 mL), UV-Vis irradiation (300 W Xe about 70% and, then, is maintained up to 2023
lamp), 6 h the fourth use (6 h per cycle). The reused
solid exhibits some changes based on UV-Vis
diffuse reflectance spectra, XPS and SEM
analyses
ZnIn,S,@PCN-224 Photocatalyst (50 mg), H,O aqueous solu- 0.284 mmol h™"  AQY of 6.45% at 420 nm; photocatalyst was 88,
tion (100 mL; 0.35 M Na,S-9H,0 and 0.25 reused for 5 times (5 h per cycle) 2021
M Na,S03), visible light source (300 W maintaining the H, production while charac-
lamp, 1 > 420 nm cut off), 5 h terization of the solid after use has not been
addressed
Co-TCPP PMOF on Photocatalyst (10 mg), H,O (50 mL), TEOA 81 umol The sample can be reused five times (6 h per 89,
NbeO;; microflowers (10 mL), Xe lamp (300 W), 5.5 °C, 6 h cycle) and a slight increase of activity was 2022
observed upon reuse. The reused solid
exhibits some changes based on SEM, XPS
and UV-Vis (XRD not shown). Stability of the
composite improved compared with its
counterparts, accumulated TON of 53
Pt@CdS NPs/2D Zn- Photocatalyst (20 mg), H,O aqueous solu- 15.3 mmol g™* Photocatalyst stability and reusability have 90,
TCPP tion (50 mL; 0.25 M Na,S and 0.35 M h™ not been addressed. Type II heterojunction 2022
Na,S0;), visible light source (300 W lamp,
A>420 nm filter), 5 h
B-doped-CN@Co- Photocatalyst (5 mg), H,O solution (25 mL; 33.17 mmol g~'  Most of the photocatalytic activity (>90%) is 85,
PMOF 700 mg ascorbic acid), H,PtCl solution h™ retained during the four uses (3 h per cycle) 2022
(0.8 wt%), irradiation source (Xe lamp 225 while the reused solid was not characterized
W, CEL-PF300-T8), 6 °C, 3 h
P-doped CN/Zn-PMOF  Photocatalyst (5 mg), H,O (25 mL), H,PtCl;  65.3 mmol g™* The photocatalyst is stable and reusable for 5 84,
solution (0.8 wt%), ascorbic acid (800 mg), h™" consecutive uses 2022

irradiation source (Xe lamp, 225 W,
CEL-PF300-T8), 6 °C, 3 h
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Fig. 14 (i) TEM images of (a) P-doped CN, (b) Zn-PMOF, and (c) and (d)
P-doped CN/Zn-PMOF;, 5. (i) Schematic diagram of electron and hole
migration between P-doped CN and Zn-PMOF. Reproduced from ref. 84
with permission from Wiley-VCH, copyright 2022.

over the edge sides of the P-doped CN (size ~ 120 nm). The
P-doped CN/Zn-PMOF photocatalyst afforded a H, evolution
rate of 65.3 mmol g~ h™" under simulated solar irradiation
using ascorbic acid as a SED, 2.2 and 49.1 times higher com-
pared with P-doped CN and Zn-PMOF alone, respectively. This
superior performance of P-doped CN/Zn-PMOF was attributed
to its unique 2D/2D heterostructure that results in a more
efficient photoinduced charge separation. The Nyquist curve
radii of the P-doped CN/Zn-PMOF were smaller compared with
both the P-doped CN and Zn-PMOF, thus clearly showing the
formation of the intimate interfacial contact between P-doped
CN and Zn-PMOF that can efficiently reduce the charge carrier
migration resistance. Furthermore, phosphorous doping
endows CN with enhanced separation sites of photoinduced
charge carriers and consequently establishes Type II hetero-
junctions with Zn-PMOF. In a typical mechanism, both Zn-
PMOF and P-doped CN are excited by generating electron-hole
pairs under the simulated sunlight irradiation. Then, the
photoinduced electrons migrate from the LUCO energy of the
Zn-PMOF to the conduction band of the P-doped CN, while
holes migrate from the valence band of the P-doped CN to the
HOCO energy of the Zn-PMOF (Fig. 14ii). The solid was
recycled for five cycles (3 h per cycle) with no decrease in its
photocatalytic activity.

In a related work, a series of acidified B-doped CN and Co-
PMOF composites has been prepared via ultrasonication fol-
lowed by magnetic stirring of at 80 °C for 10 h according to

2224 | Inorg. Chem. Front., 2024, 1, 2212-2245
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Fig. 15.%° The formation of the self-assembly 2D/2D composite
was confirmed by TEM and energy dispersive X-ray (EDX) ana-
lyses. The materials were used as photocatalysts for the HER in
the presence of H,PtCls (0.8 wt%; Table 2) and ascorbic acid
as a sacrificial agent. An optimized composite exhibited a
photocatalytic activity (33.17 mmol g~ h™") which is about 3
and 100 times higher than the sole B-doped CN and Co-PMOF,
respectively. This activity increase was associated with a better
photoinduced charge separation and lower charge resistance
migration of the composites vs. the counterparts, as revealed
by PC and ESI measurements. From the experimentally esti-
mated energy band level of the Co-PMOF and B-doped CN, the
contribution of DFT calculations and the observed photoge-
neration of hydroxyl radicals in water, it was proposed that the
composite under illumination operates under a Z-scheme
mechanism, as illustrated in Fig. 15.

Photocatalytic OWS

Most of the studies using MOFs and PMOFs as photocatalysts
for water splitting have primarily focused on the HER with the
aid of sacrificial agents.”>*° > Regardless of the excellent
advancements in the field, the use of a SED such as MeOH or
TEOA for the photocatalytic HER hampers the real appli-
cations. Alternatively, some studies have reported the possi-
bility of using biomass wastes as sustainable feedstocks for
this purpose.”” Nevertheless, similar to the progress achieved
using inorganic semiconductors in large-scale practical appli-
cations,” the next major advancement entails the develop-
ment of efficient MOF-based photocatalysts capable of solar-
driven, sacrificial agent-free OWS into H, and 0,.2*
Furthermore, the field of OWS by employing MOFs as photoca-
talysts has recently been attractive due to their tuneable active
sites, and well-defined structure with high surface area. The
reader is referred to the recent reviews in this field for an in-
depth understanding on the challenges of using MOFs as
photocatalysts for OWS, solar fuel production and advanced
characterization techniques.?**%¢°

In this context, a pioneering study reported in 2017 the use
of Ni** ions coordinated to the amino groups of MIL-53(Al)-
NH, material for this purpose.”® Since then, the majority of
studies have focused on the development of MOF-based photo-
catalysts as single components like MIL-125(Ti),”>'%° Ui0-66
(zr),"°"'%? and squarate-based IEF-11(Ti),'*® among others.'**
Some of the strategies developed to expand the visible light
absorption include the use of electron donor functional
groups in the aromatic rings of the 1,4-benzene dicarboxylate
(bdc) organic ligand. For example, this has been employed in
the case of MIL-125(Ti)-NH, or UiO-66(Zr)-NH, photocatalysts,
allowing an expansion of the absorption up to about 450 nm.
Other investigations focused on expanding the visible-light
absorption of UiO-66(Zr) by replacing Zr** by Ce*" ions in the
metal nodes.>*'°> Furthermore, the preparation of mixed-
metal UiO-66(Zr/Ti), UiO-66(Zr/Ce) or the trimetallic UiO-66
(Zr/Ce/Ti) has proved to be an appropriate strategy to boost the
photocatalytic OWS under visible light irradiation."®"'*® More
recently, the development and use of MOF-on-MOF composites

This journal is © the Partner Organisations 2024
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Fig. 15
Reproduced from ref. 85 with permission from the Elsevier, copyright 2022.

with UiO-66 materials has been reported for the first time to
improve the activity of the counterparts toward photocatalytic
OWS under simulated sunlight irradiation."®”

Despite the efforts to increase visible light absorption and
consequently improve the efficiencies of solar-driven OWS,
most of these photocatalysts are limited by an absorption
onset around 500 nm. To overcome these limitations, several
investigations have explored the use of PMOFs for OWS.

PMOFs and PMOF-composites for photocatalytic OWS

In the seminal contribution, the integration of two types of
MOFs nanosheets — a HER-MOF and a water oxidation reaction
(WOR)-MOF in a liposome structure — was adapted as a strat-
egy to separate the generated charges and related half-reac-
tions for the OWS.>® The integrated HER-MOF nanosheets are
based on Hf, clusters and metalloporphyrins with the chemi-
cal composition: [Hfs(13-0)4(p3-OH),4(p1-OH) (4~
H,0),(HCO,)q[(TCPP)Zn],_,[(TCPP)Pt],]. In its structure two
types of metalloporphyrin are present, the light-harvesting Zn-
porphyrin and catalytic Pt-porphyrin. The solid was functiona-
lized by hydrophobic pentafluoropropionic acid groups on the
inorganic SBU to facilitate its incorporation into the lipid
bilayer of a liposome (Fig. 16). On the other hand, the
WOR-MOF flakes are built up from [Zry,(j3-O)g(ps-OH)g(p-
OH)] SBU and [Ru"(2,2"-bipyridine),(2,2"-bipyridine-5,5'-dicar-
boxylic acid)] metalloligands that act as photosensitizers and
Ir-bipyridine complexes are introduced in the MOF structure
to act as catalytic sites. The WOR-MOF nanosheets are loca-
lized in the hydrophilic part of the liposome. This integrated
liposome-MOF assembly exhibited OWS under photocatalytic
conditions with an AQY of 1.5 + 1%. This efficiency was attrib-
uted to the ultrafast electron transport from (Zn-porphyrin and
[Ru(2,2"-bipyridine);]*") to the reaction sites (Pt-porphyrin and
Ir-bipyridine) in the MOFs and efficient charge separation in
the lipid bilayers.

In another example, Garcia and coworkers reported the
influence of transition metal ions within the porphyrin-based
PCN-222 over the simulated sunlight-driven OWS.'”® Under

This journal is © the Partner Organisations 2024
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Fig. 16 Structure of the liposome-MOF for OWS and the proposed 'Z-
scheme’ electron-transfer chain in the liposome-MOF system.
Reproduced from ref. 53 with permission from Springer Nature, copy-
right 2021.

the optimized photocatalytic conditions, Zr-PCN-222(Zn)
showed HER efficiency around 1.5 mmol of H, per gram of
photocatalyst with MeOH, which is corresponding to an HER
rate of 65.8 ymol g~' h™'. On the other hand, Zr-PCN-222(Fe)
afforded the total accumulated H, and O, rate of 904 pmol g™*
and 275 pmol g7', respectively, after 110 h. However, a clear
decay in the OWS activity was observed upon five cycles and
was ascribed to a partial leaching of Zr and a significant
decrease of the surface area. Additionally, TAS measurements
indicated the formation of a charge-separated state and the
oxidation of water taking place on the positive holes within the
microsecond timeframe. Importantly, this study demonstrates
the achievement of noble-metal-free, PMOFs as photocatalysts
for sustainable OWS.

More recently, some of us reported the one-pot synthesis of
a mixed-metal MIL-173(Ti/Zr) phenolate PMOF and its appli-
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cation as a photocatalyst for OWS under simulated sunlight
irradiation (Fig. 17).'° Experimental characterization data
together with a computational approach revealed the location
of the HOCO in the porphyrin-based ligand, while the pres-
ence of Ti atoms contributes to the LUCO of the material and
decreases the band gap with respect to the parent MIL-173(Zr).
An optimized MIL-173(Zr/Ti)-40 having 40 mol% of titanium
inside the inorganic SBU exhibited the highest photocatalytic
activity of the series. The photocatalytic H,O oxidation by
MIL-173(Zr/Ti)-40 was confirmed using labelled H,"'®0, eviden-
cing the formation of '®0, via gas chromatography-mass spec-
trometry (GC-MS) analysis. The enhanced photocatalytic
activity observed in the case of the mixed-metal MIL-173(Zr/
Ti)-40 sample compared with the analogs with lower Ti
content was attributed to its superior photoinduced charge
separation efficiency, as revealed by PC and PL measurements.
Table 3 summarizes the selected examples commented above
that use PMOFs as photocatalysts for OWS.

In summary, PMOFs are among the most active MOF-based
materials for both the HER and OWS under visible or sunlight
irradiation. This can be primarily attributed to their superior
light absorption properties, enabling the capture of a signifi-
cant part of the visible light compared with non-porphyrin-
based MOFs, typically limited to absorption up to 450 nm. In
addition, incorporation of Pt through the metalation of the
porphyrin ligand is a unique strategy that has proved to be
more efficient in achieving high catalytic activities compared
with the use of Pt NPs. In general, PMOFs constructed from
high-valence ions, such as AI**, Zr*" and Ti**, are needed to
meet the requirements for the development of stable photoca-
talysts in water.

Considering the high tunability of PMOFs in terms of
organic ligand modification acting as photosensitizers, the
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Fig. 17 (a) Synthesis scheme for the mixed metal MIL-173(Ti/Zr), (b)
photocatalytic OWS under simulated sunlight irradiation using MIL-173
(Zr) and MIL-173(Ti/Zr) solids having different Ti at% contents, and (c)

photocatalytic stability upon 3 cycles. Reproduced from ref. 109 with
permission from the Royal Society of Chemistry, copyright 2022.
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possibility to prepare mixed-metal materials that favour the
photoinduced charge separation and the deposition of single
metals as co-catalysts, a further expansion of this field is
expected. Besides, as several examples have now shown the
possibility to achieve PMOF composites with other photoactive
materials such as carbon nitrides, these assemblies can
further promote the activities for OWS.

C. Water remediation

Clean freshwater is a prerequisite for life and its availability is
essential for supporting sustainable development in areas
such as energy, food production and healthy ecosystems.
Nevertheless, its supply is not secured for a growing part of the
population. During the last decades, increasing contamination
in water sources has led to the deterioration of water quality,
endangering health and progress. Human activities like the
overuse of agrochemicals, improper disposal of wastes,
leakage of septic tanks, or simply the lack of tertiary or qua-
ternary treatments of wastewater have led to the introduction
of emerging organic contaminants (EOCs) in the aquatic
environment. EOCs are newly detected organic pollutants,
including pharmaceuticals, personal care products, agrochem-
icals, and industrial compounds, presenting a serious concern
due to their toxic effects and potential bioaccumulation in the
food chain.""" Recently, the European Union (EU) Drinking
Water Directive set general drinking water quality standards
for some EOCs.''? For instance, the summed concentrations
of pesticides and their metabolites should be under 0.5 pg
L~'. However, approximately 80% of the total reported ana-
lysed pesticides concentrations were much higher than the EU
water quality standards (e.g. 40, 25 and 20-fold higher concen-
tration of amitrole, diuron and terbuthylazine herbicides in
the Arc river, France, respectively).'?

Despite conventional wastewater treatment, EOCs elimin-
ation remains insufficient, necessitating a development of
alternative more effective methods. In recent years, the scienti-
fic and industrial community has studied new processes to
eliminate EOCs from water (i.e. chlorination,"** sonodegrada-
tion,"™ inorganic heterogeneous catalysis''®). Among these
technologies, MOFs have also gained attention due to their
high tunability and porosity. First, archetypal MOFs like
MIL-53(Cr) and MIL-101(Cr) were reported in the adsorptive
removal of methyl orange (MO) dye,"'” or MOF-5 in the cata-
lytic degradation of an industrial product (phenol)."'® As the
implementation of MOFs based on photoactive molecules is
particularly well suited to this topic, PMOFs have been studied
as potential water remediation materials for EOCs removal
since 2017.

In order to provide a comprehensive overview and compare
the activity of each material, the composition and properties of
each PMOF or PMOF-based composite are presented in this
review. However, comparing the materials’ performances from
the published studies poses challenges due to varying testing
conditions (e.g. concentration of contaminant and PMOF,
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Table 3 Summary of selected examples using PMOFs as photocatalysts for OWS

General Ref.,
Photocatalyst Reaction conditions Activity remarks year

Liposome-based MOF
Pt-porphyrin and Ir-
bipyridine
(LED), 72 h
Zr-PCN-222(Fe)
Sun), 1.5 G filter, 22 h

MIL-173(Zx/Ti)-40

irradiation power, water source, a single contaminant or a
mixture of contaminants). It is also important to note that
reproducibility challenges exist in MOF synthesis."*® This can
lead to significant variability in Sggr values when the same
material is prepared by different research groups (as can be
observed in the tables below). This can be related to the pres-
ence and number of defects in the PMOFs, their purity or the
activation procedures used. Moreover, in a number of reports,
an initial adsorption step is employed to reach the contami-
nant adsorption/desorption equilibrium within the MOF;
however, information on the sorption kinetics and EOCs
adsorption capacities is often omitted. Considering the ulti-
mate goal of applying these materials in continuous flow water
treatment plants, where adsorption and photodegradation will
occur concurrently, studies performing simultaneous adsorp-
tion and photodegradation processes will be better suited for
practical implementation. Furthermore, the addition of co-
reactants (oxidants, scavengers) to achieve the EOCs’ degra-
dation hampers their real application in water treatment.

To facilitate the comparisons, we normalize the pollutant
degradation activities to the quantity of removed pollutant (pg)
per catalyst amount (mg~') per reaction time (h™") (the nor-
malized values are underlined in the text), assuming the limit-
ations stated above. PMOFs have been proposed for the
removal of a wide range of contaminants, including dyes,
pharmaceuticals, and bisphenol compounds (see some
examples in Fig. 18). This review categorizes the best-perform-
ing PMOFs as a function of the EOCs’ origin. Additionally, the
removal of toxic metals and bacteria from water using PMOFs
is briefly discussed in the final section.

Dyes

Textile production is estimated to be responsible for about
20% of global clean water pollution from dyeing and finishing
products.’*® Particularly, wastewater discharges from textile
industries are highly coloured, containing several highly toxic
dyes and their breakdown products. This is particularly worry-
ing considering that clothing production doubled from 2000
to 2015. Aside from this, dyes have been classically used as
model molecules in water decontamination experiments for
the ease of monitoring of their degradation by spectroscopic
techniques. In 2017, the first report described the efficient

This journal is © the Partner Organisations 2024

Photocatalyst suspension, redox relays (tetrachlorobenzoquinone/
tetrachlorobenzohydrosemiquinone), and (Fe*'/Fe*"), H,O
(20 mL), light source 400 nm LED + 450 nm light emitting dioide

Photocatalyst (20 mg), Milli-Q water (20 mL), solar simulator (1

Photocatalyst (10 mg), H,O (20 mL), simulated sunlight
irradiation (Xe-Hg lamp 150 W, 1.5 AM filter), 35 °C, 22 h

836 and 418 pumol g™ for AQY 1.5 + 53,

H, and O,, respectively, 1% at 2021
after 72 h 436 nm

904 and 275 pmol g7, — 110,
for H, and O, respect- 2022
ively, after 110 h

381 and 145 umol g™ for AQY 0.11% 109,
H, and O,, respectively, at 450 nm 2022

after 22 h

HOOH
O -
N/\CH3

) Bisphenol A (BPA)

CHy HqC

Rhodamine B (RhB)

N,
Mt N

CH;

Ciprofloxacin (CIP) Tetracycline (TCL)

Fig. 18 Chemical structures of the most studied EOCs eliminated from
water by PMOFs.

photocatalytic performance of a 3D PMOF PCN-222(Zn) (see
the introduction and Fig. 1a for the material description).
PCN-222(Zn) is based on the Zn metalated ligand and was
studied for the degradation of rhodamine B (RhB) dye under
simulated sunlight conditions (Fig. 19)."' In a way to enhance
the photocatalytic properties of the material, TiO, NPs were
incorporated into the PCN-222(Zn) structure, leading to a

0,/1,0,

visible Iighy_'__:_ ............................. N

0,20, (0.046 V)

E/V vs. NHE
2

-OH/*OH (199 V)

Fig. 19 Schematic diagram of the possible visible-light-driven photo-
catalytic degradation mechanism toward the TP-222(Zn) composite with
the integration of TiO, NPs into PCN-222(Zn). Reproduced from ref. 121
with permission from the Royal Society of Chemistry, copyright 2017.
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TP-222(Zn) composite presenting relevant properties for water
remediation, such as high porosity (Sgpr = 1400 m*> g~*; pore
size ~ 13 & 37 A), chemical stability and absorption in the
visible light region. The TiO, NPs serve as electron acceptors,
generating a charge transfer that would a priori promote elec-
tron-hole pair formation and, therefore, improve the photo-
catalytic activity of the composite. In this study, a separation of
the adsorption and degradation steps was adopted: 40% of the
overall RhB was first adsorbed within the material in order to
enhance the subsequent photocatalysis due to the pollutant
proximity to the MOF active centres. The TP-222(Zn) composite
was able to fully degrade the RhB in water, and after 270 min
under irradiation, the dye degradation reached values 2.1
times greater than the ones obtained for the pristine PCN-222
(zn). Regarding the proposed photodegradation mechanism
(Fig. 19), the presence of TiO, NPs is necessary to significantly
improve the charge-separation efficiency, as demonstrated by
time-resolved photoluminescence (TRPL) and EIS. The active
species involved in the RhB photocatalytic degradation were
identified via the use of different scavengers. For instance, N,
drastically inhibited the RhB degradation, indicating the
major degrader role of the O, radical, whereas the effect of
HO'’ radical was evidenced in the presence of H,0, and isopro-
panol (IPA) as scavenger. In terms of recyclability, the photo-
catalyst was active during 4 consecutive cycles, with only 1.7%
of TiO, leaching, demonstrating its stability under the working
conditions (Table 4). In addition, the almost unchanged XRD
patterns and SEM images of TP-222(Zn) after the recyclability
studies confirmed the structural stability and the high dis-
persion of the TiO, NPs after catalytic tests.

From this initial work, dyes degradation remained an
important topic for EOCs photodegradation by PMOFs and
related composites. Interestingly, RhB is the most studied
molecule, and is found in 7 over the 9 dye-dedicated articles.
For this reason, RhB is used in this section to compare the
photocatalytic efficiency of different PMOFs. When comparing
2D and 3D materials (Table 4), a generally superior pollutant
removal in 3D materials is observed, probably as a result of the
higher accessible porosity in these structures. Furthermore,
the lack of information regarding the dyes adsorption process
(adsorbed amount, time to reach the equilibrium, etc.)
hampers a detailed comparative revision of the photocatalytic
performance of each material. Another challenge in comparing
dyes elimination using PMOFs is the implementation of
various additional techniques to enhance degradation, such as
the ultrasound in the elimination of MO by (2D) Zn-TCPP
MOF,"?* or the possible simultaneous adsorption/photodegra-
dation of the RhB, methylene blue (MB) and Congo red (CR) in
2D Cu-TCPP MOF."® Taking into account the normalized
values (Table 4), it can be observed that PMOF-based compo-
sites present overall a better catalytic efficiency than their
single PMOF counterparts. These composites are mainly
formed by combining the PMOF with semiconductors, like
TiO,,"*! Fe,0;,'** Zn0' or In,05,'*® and in all cases the
improved activity is ascribed to the favourable charge transfer
capability.'?”1%8
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That is the case of two PCN-222 nanocomposites:
Fe;0,@Si0,@PCN-222(Fe),'** and
2N-CDs@PCN-222@PNIPAM™° based on the iron and free-
base porphyrin respectively. These composites are prepared by
direct synthesis of the MOFs in media containing Fe;O0,@SiO,
magnetic microspheres or carbon dots (CDs), respectively. In
the latter case, a further modification of the material’s surface
with a catechol-terminated thermo-responsive poly(N-iso-
propylacrylamide) (PNIPAM) having various chain lengths is
performed. The two composites display very different poros-
ities with the Sggr being significantly higher for
Fe;0,@Si0,@PCN-222(Fe) than for
2N-CDS@PCN-222@PNIPAM (Sggpr = 2000 vs. 288 m> g ',
respectively). This is probably due to the presence of the
PNIPAM polymer in the second composite strongly reducing
the accessible porosity. An RhB adsorption step was
implemented in both cases, after which photodegradation
values of 552 and 474 pug mg™' h™' were obtained with
Fe;0,@Si0,@PCN-222(Fe) and 2N-CDs@PCN-222@PNIPAM,
respectively.  Considering the photocatalytic reaction,
Fe;0,@Si0,@PCN-222(Fe) was irradiated with a higher inten-
sity than 2N-CDs@PCN-222@PNIPAM (500 vs. 300 W) and
without a cut-off filter (including both the UV and visible
ranges), and that could also account for its better photo-
catalytic performance. Furthermore, Fe;0,@SiO,@PCN-222
(Fe) was able to remove, even at higher percentages, the ery-
throsine B (EryB) and Rose Bengal (RoseB) dyes with 99 and
98% elimination rates after 2 h irradiation, corresponding to
594 and 588 pg mg™' h™!, respectively. The degradation
mechanism was studied through the addition of different sca-
vengers and highlighted the predominance of the superoxide
radical ("O,") in the pollutants’ photodegradation. Both com-
posite materials were demonstrated to be catalytically active
after 3 and 5 consecutive cycles, respectively, maintaining their
crystalline structure along all the experiments, as evidenced by
PXRD.

A related study described the synthesis of a capsule-like bi-
metallic Hf-PCN-222(Ni) where Hf*" is part of the inorganic
SBU, while Ni*" ions are bonded to the N inside the porphyrin
rings, and the free-base counterpart Hf-PCN-222."*" Authors
described the simultaneous removal of four dyes using Hf-
PCN-222 where the porphyrin is in its free base form, using
visible light (Xe lamp 300 W) in only 2 h, reaching degradation
percentages of 99.7% for RhB (40% adsorption/desorption
equilibrium, 2 h), 98.6% for basic violet 14 (BV14, 87%),
55.5% for crystal violet (CV, 30%), and 67.9% for acid black
210 (AB210, 27%). The removal efficiencies increased for the
metalated form of the MOF, Hf-PCN-222(Ni) reaching degra-
dation percentages of 100% for RhB (99% adsorption/desorp-
tion equilibrium, 2 h) and BV14 (87%), 70% for CV (60%) and
83% for AB210 (47%). These differences in the total removal
percentages may be related to the higher surface area of the
Ni-metalated MOF (Sggr = 2000 vs. 1010 m? g™ %). The superior
surface area for the latter does not seem intuitive considering
its higher density, and the authors argue that the co-existence
of Ni** and Hf*" prominently increases the pore size (from
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2.5 nm in Hf-PCN-222, to 2.26 nm in Hf-PCH-222(Ni)) and
gives a more uniform pore distribution. Regarding the photo-
catalytic degradation mechanism, the use of p-benzoquinone
(p-BQ) scavenger in the RhB degradation experiments con-
firmed that superoxide radicals are the main reactive species
when using Hf-PCN-222. In contrast, with Hf-PCN-222(Ni) as
the photocatalyst, the addition of ammonium oxalate demon-
strated that the holes (h") were the major reactive species.
Finally, the cyclability of the materials was tested only using
RhB dye instead of the mixture of contaminants. Hf-PCN-222
(Ni) was demonstrated to be efficient (up to 90.6% of RhB
elimination after 3 cycles) and structurally stable (PXRD) after
3 consecutive RhB removal cycles while the non-metalated
MOF lost its crystallinity and its catalytical activity consider-
ably decreased in the third cycle. No information is provided
regarding the recyclability of the material in a mixture of
contaminants.

As most MOFs are generally in powder form, they are
difficult to recover and recycle from the solution, and this
limits their real application in water remediation. Recently, a
membrane based on the composite material formed from
PCN-224, tannic acid and polyvinylidene fluoride (PCN-224/TA/
PVDF) was fabricated via an in situ deposition method, allow-
ing the anchoring of PCN-224 NPs on the surface. The mem-
brane was tested for oil-in-water separation and MB/RhB
adsorption/photocatalytic degradation.®® This membrane
exhibits a high separation efficiency of above 99% for a series
of oil-in-water emulsions, as well as adsorption efficiencies
above 98.5 and 99.4% for MB and RhB in the concentration
range of 10 to 50 ppm, respectively. Under a 300 W Xe lamp
irradiation, a degradation rate of 95.6% for MB was observed
in 60 minutes, and no significant decrease in photocatalytic
activity was found after five cycles. Further tests developed
using 1,3-diphenylbenzofuran (DPBF) as scavenger demon-
strated the 'O, photogeneration capacity of the membrane,
singlet oxygen being the main active species in the dye photo-
degradation reactions. The membrane exhibited good renew-
ability and reusability, being a promising material for appli-
cation in wastewater remediation; however no information
regarding MOF stability within the membrane is provided.

Eventually, a Zr-based, nanosized mixed-ligand MOF
(nMLM) composed of porphyrin and pyrene derived ligands
was reported by Lee et al.'*® Although not clearly specified, the
MOF structure was claimed to be close to the ones of PCN-222
and NU-1000, which are MOFs based on the TCPP and pyrene
tetracarboxylate ligands, respectively. The ratio of porphyrin to
pyrene ligands was 27% as deduced from liquid nuclear mag-
netic resonance (NMR) of the digested MOF sample. nMLM
displays a large surface area of around 2310 m”> g™, and its
photocatalytic performance in the photodegradation of RhB in
the presence of hydrogen peroxide as oxidant was assessed.
The reaction rate constant of 0.01117 min~" was determined
for nMLM, which is about 2.9 and 2.5 times greater than those
of PCN-222 and NU-1000, respectively. Furthermore, through
trapping experiments using different scavengers, the authors
showed that "OH, "0, and h" are the active species for this
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process, with the major contribution of the photogenerated
holes. The synergistic effect of combining pyrene and por-
phyrin is ascribed to an efficient and sequential electron and
energy transfer between pyrene, porphyrin and the inorganic
SBU, resulting in an improved charge separation. In addition,
nMLM maintained the photocatalytic performance after three
recycling tests on RhB degradation; however the material was
not characterized after the recycling tests.

Bisphenol compounds

Bisphenol compounds (BPs) represent another group of exten-
sively studied targets for photocatalytic degradation using
PMOFs (Table 5). The most common bisphenols found in pol-
luted waters are bisphenol A (BPA), an organic molecule often
used in plastics and resins fabrication,"**> and bisphenol F
(BPF), an analogue molecule used as a substitute for BPA."*°
Extensive monitoring of BPA in various environmental media
has been conducted over the last years. In 2009, a statistical
analysis considering 89 investigations concluded that the
median environmental BPA concentrations for fresh surface
water for North America and Europe were 0.081 and 0.01 pg
L7, respectively."®” Although these values remain below the
available regulatory criteria (1.5 and 0.15 ug L™, respectively),
the elimination of these types of pollutant has to be addressed
since BPs are endocrine disruptors and present highly toxic
effects in living organisms."*®

A literature survey and normalization of the results
(Table 5) show that Zr-based PMOFs are the most effective in
BPA photocatalytic degradation. As addressed in the introduc-
tion, several topologies can be obtained when combining
TCPP ligand with a Zre node, in closely related conditions
including PCN-223, PCN-224, PCN-225, and MOF-525, corres-
ponding to the shp, she, sqc, and ftw topologies, respectively.
In these syntheses, the amount of used modulator (mono-car-
boxylic acid) is a critical parameter to drive specific MOF
phase formation. The influence of the topology on the photo-
catalytic degradation performance of BPA was investigated by
Li and coworkers."*® The morphology of synthesized PCN-223,
PCN-224, PCN-225, and MOF-525 solids was characterized by
SEM as cubic (500 nm), cubic (300 nm), rod-shaped (7 x 2 pm)
and cubic (5 pm) crystallites, respectively. Through XPS and N,
sorption analysis, the authors found that MOF-525 has a much
higher C=0 content (around 74.36%) and a larger (Sggr of
2167 m” g~') compared with the other three phases. From the
series, PCN-225 and MOF-525 were efficient in the degradation
of BPA at variable pH conditions (pH = 3-9) and high salinity
(in the presence of NaCl, Na,SO,;, NaNO; or NaHCOj;). The
results showed high rates of BPA elimination (98 and 100% for
PCN-225 and MOF-525, respectively), probably due to the
important BPA adsorption (76 and 78%, respectively) associ-
ated with the very high MOF surface areas (2167 and 1080 m?*
g ")."% In the case of MOF-525, it was proposed that a high
number of structural defects (lack of TCPP linkers) results in
the decrease of the energy level of Zr atoms, facilitating the
charge transfer for the photocatalysis process. The BPA photo-
degradation mechanism was investigated (Fig. 20), and the use
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Fig. 20 Scheme of the degradation of contaminants using Zr-based
PMOFs. Reproduced from ref. 139 with permission from Elsevier, copy-
right 2022.

of p-BQ scavenger evidenced the predominant role of "O,”
active species. On the other hand, the attenuation of the BPA
degradation after the addition of r-histidine (LH) (only scaven-
ging '0,) indicated the essential role of the singlet oxygen
when the addition of Na,C,0, demonstrated the contribution
of photogenerated holes. Furthermore, the BPA degradation
was poorly influenced in presence of the K,C,0, scavenger,
associated with the contribution of e~ and HO™.'*°
Recyclability experiments of MOF-525 reached 80% pollutant
removal efficiency after 6 consecutive cycles, although the crys-
tallinity of the sample was affected as indicated by peak broad-
ening. Additionally, XPS studies revealed a partial oxidation of
the MOF upon recycling. Interestingly, the extent of material
degradation was found to be lower in NaCl-containing water,
closer to real complex conditions in wastewater, and leading to
a better recovery of the materials’ activity.

A 2D PMOF composite was also used for BPA photocatalytic
degradation. Here, the 2D Co-TCPP MOF consisting of a
layered structure formed by the coordination of TCPP to four
Co paddlewheel metal nodes (Co,(COO),), was decorated with
2D black TiO, (B-TiO,_,) nanosheets.’*" In contrast to the posi-
tive results observed for dye elimination, the combination of
the MOF with the semiconducting nanoparticles in Co-TCPP
MOF®@B-TiO,_, led to a lower BPA removal (estimated at only
96 pg mg~' h™") when compared with 3D single MOF materials
(Table 5). As mentioned previously, a comparison is challen-
ging since our calculations assume a linear relationship
between the amount of removed pollutant and the light-
exposure time, which is not always true. In order to consider
comparable exposure times, normalized data were also calcu-
lated for the composite after 1 h irradiation, reaching a value
within the same range as the pristine Co-TCPP material
(160 pg mg™" h™), which is a good catalytical performance
considering the lower lamp intensity (300 vs. 500 W). The
effective photocatalytic performance of the composite is a
priori due to the presence of oxygen vacancies on B-TiO,.,
expanding the visible light absorption to the infrared region
due to the presence of Ti*" and oxygen vacancies. The authors
corroborated this fact by observing an increase in the degra-
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dation performances when using a larger amount of catalyst,
up to a limit in which the catalyst could lead into visible light
exposure blockage, resulting in lower contaminant removal.
Degradation tests performed with variable concentrations of
BPA showed that the degradability increased from 60 to 99%
in a 2 h reaction time, with an initial BPA concentration
decreasing from 90 to 10 mg L. This demonstrates the influ-
ence of the pollutant concentration for both adsorption and
photocatalytic performances. The composite showed stable
photocatalytic activity over four cycles, with preserved crystalli-
nity. However, the cyclability study was conducted in distilled
water, and the material’s performance may differ in real waste-
water conditions where diverse organic contaminants, ionic
species, and/or organic matter are present.

Pharmaceuticals

Pharmaceutical products include all compounds used to
prevent, treat or alleviate symptoms caused by a disease or
ailment (anti-inflammatory drugs, antiepileptics, statins, anti-
epileptics, hormones, beta-blockers, antibiotics, antidepress-
ants, contrast agents, veterinary drugs, etc.)."**'** Although
these substances are essential to human and animal health,
low concentrations of these compounds as well as their metab-
olites or degradation products can produce physiological
alterations in organisms living in polluted waters and can also
reach humans.'*® Furthermore, the poor removal of pharma-
ceuticals in wastewater treatment plants makes them priority
substances in decontamination processes. In this regard, the
EU commission has recently published an amendment on the
Water Framework Directive incorporating pharmaceuticals
(among other substances) as a priority group in water manage-
ment and in the determination of environmental quality stan-
dards."*® Several studies quantified these compounds in the
environment, obtaining alarming high concentrations,
especially in water bodies in which wastewater is disposed.
Regarding PMOFs, they became a hot topic for the degradation
of this kind of contaminant as evidenced by the number of
reports summarized in Table 6.

In a recent work, an iron-based PMOF (Fe-TCPP), consisting
of TCPP ligands and Fe; clusters (Fe;O(COO)¢), was syn-
thesized in a nanorod shape using a surfactant-assisted solvo-
thermal procedure. Considering the normalized data pre-
sented in Table 6, Fe-TCPP presents the best removal
capacities, surpassing the rest of the reviewed reports. Notably,
it achieved 100% of ciprofloxacin (CIP) elimination in only
40 minutes under a 300 W Xe lamp irradiation, corresponding
to a normalized value of 631 pg mg™" h™.'*” Although details
on the contribution of the adsorption step are lacking, it
should be noted that the potential incomplete solvent elimin-
ation during the activation process (60 °C under vacuum over-
night) results in a low accessible porosity (34 m*> g™').
Consequently, the primary photocatalytic activity of Fe-TCPP
in CIP elimination could predominantly be located on the
external surface of the particles (2 pm x 100 nm). The reported
degradation mechanism is based here on the photo-Fenton
reaction in the presence of H,O,. The addition of tert-butyl
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alcohol as a scavenger led to a decrease of the degradation
rate, highlighting the main contribution of HO" to CIP degra-
dation.™® The ligand-to-cluster charge transfer favoured the
reduction of Fe** to Fe**, which in turn generated more HO" by
reducing H,0, and enhanced CIP removal rates. The pseudo-
first-order reaction kinetic fitting revealed a significant self-
enhancement of the rate constant (k) for CIP degradation after
20 minutes, which is attributed to the incremental concen-
tration of accumulated HO™ within 40 min. Comparative ana-
lysis with other Fe-MOFs tested in photo-Fenton reactions for
CIP degradation, such as MIL-100(Fe), demonstrated that Fe-
TCPP exhibited kinetic constants 3 and 29 times higher for the
first half and second half of the process, respectively, than
those achieved by the MIL-100(Fe)."*” The potential iron
release was monitored for a cycle, obtaining a total leaching
value of 0.1 mg L™, below the fixed environmental concen-
tration standards (0.3 mg L™').'*° The authors demonstrated
that 85% of the removal efficacy was maintained after 5 cycles,
suggesting a partial catalyst poisoning. Furthermore, PXRD
and SEM results revealed that the morphology and structure of
the material did not significantly change throughout the
cycles, although a decrease in crystallinity was observed.

In a different study, a series of PCN-224 with different par-
ticles sizes (150, 300, 500, and 6000 nm) was prepared by
adjusting the synthesis parameter (i.e., amount of modulator,
synthesis temperature, time). The materials were then exam-
ined for CIP removal from water. The 300 nm particle size
PCN-224 reached the best performance with an 84% removal
within 3 h, but corresponding to a relatively low normalized
value of 33 pg mg™' h™."*® When compared with the previous
Fe-TCPP, the degradation rate of PCN-224 is notably lower,
despite its much higher Sggpr (1616 m* g7' vs. 34 m* g™'), and
the use of a more intense light source (500 vs. 300 W Xe lamp).
However, the adsorbed CIP content prior to light irradiation
was not specified. Furthermore, PCN-224 was able to degrade
tetracycline (TCL), a well-studied molecule in the context of
PMOFs (see Table 6), reaching 92% removal and corres-
ponding to 36 pg mg~' h™. The photodegradation properties
of both CIP and TCL by PCN-224 remained stable over 5 con-
secutive cycles. Considering the potential influence of a
mixture of contaminants on the elimination capacity of MOFs,
such research should be encouraged. It is interesting to high-
light here the TCL degradation performance of the (2D) Cu-
TCPP (Sger = 343 m” g7') which exhibited a twice higher nor-
malized value (62 pg mg™~" h™" after 6 h), in comparison with
PCN-224."%

TCL degradation capacity significantly increases when
PMOF-based composites are used as photocatalysts. As already
discussed for the case of dye degradation, the presence of
semiconducting NPs on PMOF structures generally enhances
the catalytical activity of the materials by promoting an
efficient interaction between the electronic bands of both
materials.”>”*?® A relevant example is the ZnIn,S,/MOF-525
composite (Sggr = 225 m” g~'), which achieved a 94% TCL
removal within 1 h under visible light irradiation (300 W Xe
lamp)."*! Prior to irradiation, an adsorption/desorption equili-

This journal is © the Partner Organisations 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3qi01996a

Review

View Article Online

'y 12d 1541380 St 10d JUEInjjod pasowa1 31l Aq paje[nO[ed BIRP PAZI[BULIOU :AJIAIIOR PAZI[BULION ,, ‘PAUOTIUSW JON :JAN dUI[0AdR11)
TIDL ‘ourpruiAdAXoyIawipe)[ns [JASS ‘SUIpnIueI (ANY ‘UID0IAX0 DO ‘uaxoideu :XJN ‘UIexojIou XN ‘uajoidnqr :ndy ‘OrUaJOdIp I ‘urdexopoidd :J1D p1oe suqiyo :yD ‘ounddnue 1y

Lo
T20T MW 90°TT
‘961 ¥ 11 79 0T ‘66< S 0S ‘€9 ‘aNy dwrejax  00€T 1z 0€-LLL-NDd®ddDL
wu gy <Y
£20T durer
‘YeET ¥ 1ie¢ 0¢ 18 0S 0S ‘0T “IDL 9X M 00S  0STT 1z SION®SY
wu gy <Y
120T durey
‘et S S0 €0 0TT G116 0S 00T ‘0T “IDL 9X M 00€ 88¢C 1Z  IWVAINd®7Te-NDI®SAD-NT
wu gy <Y
£20T durey
‘I6T S 9'0°T STl o ‘76 ST 00T ‘0T “IDL 9X M 00€ sk 44 iz STS-IOW/¥seuruz - saysodwio)n
wu gy <Y
TT0T durey
‘YT S 9°0:9°0 1€9 00T € 0§ ST dID 9X M 00€ 43 ad ddDI-2d
€€ ¥8 ¥ ‘0€ dID wu 0¢h < ¥
120T durer
‘0ST S 1€ 9¢ 6 1 ¥ ‘0€ “IDL 9X M 00S  919T 1z ¥2C-NOd
wu 0% < ¥
€202 durer
‘66T 9 S0°T 79 ¥6 ot 00T ‘0T “XAN 9X M 0SE  OFLT JH VA-ddDI1-JH
78 0 ‘66< XdN
79T°0 6% ‘18
¥61°0 16 L6
€0€T 96T°0 98 ‘86 ST ‘0% ‘XdN 1y31] TB[OS
XdN TLT0 1¥ ‘98 0€ ‘0€ ‘T°0 paje[nuis
€20T ‘NSS
YST AN 1€ 79T°0 6S ‘18 S B NdI ‘Ad ‘VD IV dwreax  0S¥T iz (2dD)¥ET-NOd
wu gy <Y
910T durer
‘eST € €S 6S 66< S 0S ‘0€ ‘ad 9X M 00S 9SL 1z PET-NDd A0ONd-Ad€
6¢ 47 00T ‘0T “XAN
79 Ly 00T ‘0% “IDL wu 0z <V
020T durey
‘et AN 749 STT 98 S 00T ‘0% ‘DLO 9X M 00€ £ve no dddDI-nD A0Nd-AT
1K 3194D (W) (,_u (o%) uondiospe (Bu) (Tw) swngoa {(,_T  921nosojoyd (3 [ePN SIONd
“308 Wi} UOTJeIPRLIT 1sA[ere0 TME ue) [enrur junowre dw) uonNeNUIIUOD NEU
‘own -njjod pasowar 3r) ‘uonepeidaq 1sA[eIRD “queinyjod Ladg

uondiospy  ,A1ANOR PIZI[EULION

Inorganic Chemistry Frontiers

uonepeibap onAjeyecoyoyd jeonnasewdeyd ul S{OWd 9 d19el

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd TOTT:Z 9202/. /7 U0 papeojumod 720z Areniged Tz Uo pausiond 801y sseooy usdo

Inorg. Chem. Front., 2024, 1, 2212-2245 | 2233

This journal is © the Partner Organisations 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3qi01996a

Open Access Article. Published on 21 February 2024. Downloaded on 4/7/2026 7:11:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

brium was reached after 40 minutes with 40% of TCL
adsorbed. The total elimination reached 94%, corresponding
to 125 pg mg~' h™'. The proposed mechanism involves the
major role of ‘O,” and holes in the photocatalytic process.
Both active species participate in the oxidation of TCL, even-
tually breaking it down to H,0, CO, and other small molecular
substances.'*!

Similarly, a composite material
2N-CDS@PCN-222@PNIPAM (Sggr = 288 m” g~ ') achieved 91%
of TCL elimination under the same irradiation conditions.
This corresponds to a normalized value of 110 pg mg™* h™*
close to the previous composite. The initial TCL adsorption
step in this case reached 75%."*°

Mixed linker Zr-based MOFs have also been considered for
the photodegradation of pharmaceuticals. PCN-134 is based
on a layer-pillar structure, where 2D layers are formed by the
coordination of Zrg clusters with benzene-1,3,5-tribenzoate
(BTB) and then connected by TCPP pillars. The occupancy of
the pillar porphyrins can be varied to a certain degree allowing
the isolation of defective materials with tuneable sorption pro-
perties.’®” In 2019, PCN-134 was studied for the elimination of
diclofenac (DF) by Gao et al.'® Note that the synthesized
material presents lower crystallinity and Sggr than in the
initial report (756 vs. 1946 m”> g~ ). The effect of the amount of
TCPP defects on the sorption capacities was investigated, and
the highest DF uptake (0.7 mmol g~") was observed for a TCPP
molar ratio of 30% (33.3% for the defect-free structure). The
effect of NaCl addition to the DF aqueous solutions was found
to be detrimental through inhibiting the electrostatic inter-
actions between the DF molecules and the MOF. The photo-
catalytic activity towards DF degradation under a 500 W Xe
lamp reached a removal rate >99% in 5 h and the recyclability
tests showed a 95% removal at the third cycle. However, the
material was not characterized after photocatalysis.
Interestingly, the scavenging experiments evidenced that the
mixed linker MOF was highly efficient for singlet oxygen pro-
duction in comparison with a single TCPP-based counterpart
(PCN-224).

More recently, free-base, Fe and Cu metalloporphyrin ver-
sions of PCN-134 (Sgpr = 1450, 443 and 933 m” g™, respect-
ively) were considered for the simultaneous removal of 5
different pollutants (antipyrine - AT, clofibric acid - CA, diclo-
fenac - DF, ibuprofen - IBU and sulfadimethoxypyrimidine -
SSM), simulating the conditions (0.1 ppm) found in wastewater
(Fig. 21).">* However, distilled water was used to prepare the
contaminant solutions. The Fe and Cu modified versions of
PCN-134 showed improved performances in terms of adsorp-
tion rates and degradation efficiency. For instance, in the case
of PCN-134(Fe), after 3 h under simulated sunlight irradiation,
respective removals of 81, 86, 98, 97 and 81% for AT, CA, DF,
IBU and SSM were achieved. Note the major contribution of
the initial adsorption step to the removal efficiency as it
accounted for 59, 41, 86, 91 and 49% removal, respectively.
Although the normalized values are extremely low in compari-
son with other reports (Table 6), all the targeted pollutants
were removed at high percentages from the media, reaching
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Fig. 21 Simultaneous adsorption and photodegradation of different
pharmaceutical molecules by PCN-134. Reproduced from ref. 154 with
permission from Elsevier, copyright 2023.

almost complete elimination for DF and IBU. High-perform-
ance liquid chromatography coupled to mass spectrometry
(HPLC-MS) was used to study the degradation process, identi-
fying the intermediate species. Also, quenching experiments
were applied to get insight into the related mechanism, pro-
posing "0, and 'O, as the major reactive species for the
photocatalytic degradation. In addition, the material preserved
its crystallinity after photocatalysis as evidenced by PXRD.

In short, all these results demonstrated the potential of the
PMOF-based composites for the elimination of pharmaceuti-
cals from water.

Heavy metals

Beyond the EOCs category, PMOFs and PMOF-containing com-
posites have been investigated in water remediation for the
removal of heavy metals through photocatalytic reduction.
Particularly, PMOFs have been primarily studied for the elim-
ination of the Cr®* ion, commonly used in industrial processes
and known for its high water solubility, toxicity and carcino-
genic nature."”'*® Its reduced form, Cr**, is less harmful and
can be easily precipitated as Cr(OH); to be removed from water
under neutral or alkaline conditions."*®

In this way, PCN-222(M) (M = H,, Zn**, Cu**, Ni**, Co*",
Fe**, and Mn®*) was used as a catalyst for the Cr®" reduction
reaction.'® After 1 h-equilibrium, a K,Cr,0, aqueous solution
(10-20 ppm) mixed with methanol was irradiated using three
18 W white LED lamps (>400 nm). Within 25 minutes, a
notable 100 and 76% of Cr®" reduction was achieved for
PCN-222(H,) and PCN-222(Zn), respectively. The authors
argued that the presence of methanol in the reaction media
enhanced the scavenging of holes, facilitating the photogene-
rated electron transfer to the Zr-O catalytic site which reduces
Cr®" to Cr**. Moreover, PCN-222(H,) preserved 95% of its cata-
Iytic activity after ten consecutive cycles. Structural analysis
through PXRD, FTIR and UV-Vis spectroscopy confirmed the
preservation of the framework structure.

In a different study, PCN-222(M) (M = H,, Zn**, Fe**, Co*")
was used in a sonophotocatalysis setup (Fig. 22)."'°!
Sonophotocatalysis was proved effective in preventing the
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Fig. 22 Photocatalytic reduction scheme of Cr®* to Cr** using
PCN-222 materials as catalysts throughout sonophotocatalytic pro-
cesses. Reproduced from ref. 161 with permission from American
Chemical Society, copyright 2021.

agglomeration of the heterogeneous photocatalysts and accel-
erating the mass transfer of reactants, as well as removing
surface impurities through the formation of gas bubbles. The
experimental procedure involved an initial 1 h adsorption step,
followed by visible light irradiation (300 W Xe lamp) and ultra-
sound treatment (20 kHz, vibration intensity of 30-120 W).
While PCN-222(Zn) and PCN-222(H,) allowed the removal of
94.2 and 93.8% Cr®", respectively, PCN-222(Fe) exhibited the
lowest Cr®" conversion of just 59.7%. These results agree with
the low PC response observed for PCN-222(Fe), indicating that
the incorporation of paramagnetic Fe®" ions in porphyrin
ligands reduces the charge photogeneration in the MOF. The
proposed reduction mechanism involved a light-triggered
charge transfer from the porphyrin excited state to the Zr-O
catalytic centre that is capable of reducing Cr®" to Cr**. The
simultaneous use of light and ultrasound accelerated the mass
transfer, promoting the interaction between the Cr®" and the
catalytic active sites of the PCN-222 (Fig. 22). The recyclability
of the catalyst was demonstrated through 3 consecutive cycles
maintaining efficient Cr®* elimination rates.

Based on this, it can be deduced that among the PCN-222
series, PCN-222(H,) and PCN-222(Zn) emerge as highly effective
catalysts for Cr®" reduction, reaching conversions rates exceeding
94% in notably short reaction times (40 and 30 min, respectively).
A remarkable efficiency was maintained in the first example,'®
whereas a gradual loss of activity (from 94 to 90% of elimination
after 3 cycles) in the latter case could be due to the harsher con-
ditions related to the ultrasound treatment.

Bacteria

Bacteria comprise an important source of water pollution,
being the origin of severe health issues and waterborne dis-
eases.'® Different techniques (e.g. chlorination, ozonation,
chlorine dioxide or coagulation) are normally applied to purify
water. However, we should consider that these technologies’
limitations rely on the toxic disinfection byproducts that are
often generated.'® In that sense, the use of catalysts for the
acceleration of pathogen inactivation has become an interest-
ing green alternative to conventional methods."®* "

Regarding catalytic disinfection, few recent works describe the

This journal is © the Partner Organisations 2024

View Article Online

Review

bactericidal effect of PMOFs under irradiation. This is the case
of the 2D layered material (2D)-ZnTCPP, previously referred to
in this review for its bisphenol removal capacities, which is
able to eliminate >99.99% of an Escherichia coli colony (107
CFU mL™"; CFU: colony forming unit) when using a concen-
tration of 128 pg mL™' of the catalyst under Xe lamp
irradiation (100 mW cm™?) for 30 min."” Another reported
work illustrates the capacity of PMOF GXNU-1 to reduce by
95% the initial concentration of a Staphylococcus aureus colony
(~2 x 10® CFU mL™") under light irradiation (60 mW c¢m?)
when in the presence of 5 mg mL™' of the catalyst for
30 min.'®” A PMOF-containing heterojunction material, com-
posed of Prussian Blue and PCN-224, also demonstrated very
effective sterilizing rates for the elimination of Staphylococcus
aureus and wound healing activity under visible light
irradiation.’®® In all these cases, the effective antibacterial
effect is a consequence of the large amount of ROS generated
upon the PMOFs’ irradiation, and these are considered very
active species for pathogen and bacterial inactivation.

To summarize, this section highlights that PMOFs have
emerged as promising class of photocatalysts for water con-
taminant removal. In particular, the incorporation of semicon-
ducting NPs in PMOF-composites has proved to be a relevant
strategy for enhancing pollutant (such as dyes and pharmaceu-
ticals) photodegradation by promoting charge separation.
Incorporating metalated porphyrins as MOF ligands has some-
times been shown to facilitate electron transfer from the met-
alloporphyrin excited state to the catalytic centre of the MOF
(metal clusters). However, the complexity of the photophysical
processes involved in the photocatalytic reaction path raises chal-
lenges in finely designing and tuning materials for improved
activity without compromising the chemical stability. Moreover,
comparing TOFs in the reported studies is difficult due to varying
conditions and a lack of experimental details (e.g composition,
accessibility of the active sites). Nevertheless, PCN-222(Hf) has
emerged as one of the best-performing PMOFs for contaminant
removal, exhibiting an excellent performance of 2.8 and 2.1 mmol
mmol ™ h™ for BV14 and RhB removal, respectively, as well as
good values for CV and AB210 dyes (1.3 and 0.7 mmol mmol
h™" respectively). Beyond EOC removal, related issues of water
decontamination have been successfully tackled, such as the
photocatalytic Cr®" reduction to its less harmful trivalent form.
Other related examples include water sterilization, in which
PMOFs'?* or their composites'®® are exploited to generate ROS
capable of killing bacteria. Freshwater was also harvested by solar
evaporation using the photothermal effect of a PMOF;'®® however
this last topic remains for now far less studied. Overall, PMOFs
offer a wide range of possibilities for effective water
decontamination.

D. Conclusions and outlook

Porphyrins belong to the unique class of tetrapyrrolic com-
pounds that have found application for the construction of
artificial photosynthetic systems. Advances in designing and
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synthesising coordination chemistry networks have paved the
way for water-stable, porous and functional architectures. In
this context, PMOFs have exhibited remarkable potential over
the past decade as active and stable photocatalysts for the
solar-driven production of fuels and the degradation of pollu-
tants in water.

In the field of solar fuel generation, PMOFs have been
extensively employed as photocatalysts for the HER in the pres-
ence of SEDs. The achieved results indicate that PMOFs
exhibit outstanding activities under solar light irradiation
when compared with other MOFs. This is mainly attributed to
their capability to absorb a broad range of visible light, as well
as the ability to chelate relevant metal ions inside the por-
phyrinic core as single metal atom sites.

Since their initial application in 2012, PMOFs as HER
photocatalysts have witnessed a substantial increase in
examples, with most of the water-stable photocatalysts being
built with AI**, Zr*" or Ti*" as well as In*" or Ru®*" metals
together with porphyrin-based organic ligands like TCPP. A
common strategy to enhance their photocatalytic activity
involves the deposition of metallic NPs as specific HER co-cata-
lysts that improve the photoinduced charge separation
efficiency. Importantly, some examples have shown that meta-
lation of the porphyrin core with single atoms like Pt results in
more active photocatalysts compared with the use of metallic
NPs. Recent reports have explored PMOF composites with
materials like CN, resulting in more efficient heterojunction
photocatalytic systems compared with the individual constitu-
ents. Remarkably, since 2021, a few studies have shown the
possibility of using PMOFs as photocatalysts for solar-driven
OWS into H, and O, although the obtained efficiencies
remain, for now, far from industrial applications.

Despite these considerations, MOFs and specifically PMOFs
stand out as the most versatile porous materials available so
far. Anticipated developments in the coming years include tai-
loring PMOFs and PMOF-based composites energy band dia-
grams through synthesis and post-synthesis methods along
with the combination of in situ characterization, to meet the
thermodynamic requirements of the OWS under sunlight
irradiation. For example, the functionalization of the porphyri-
nic ligands can be used to modify the HOCO level and
enhance the efficiency of H,O oxidation to O,. Similarly, pre-
paring mixed-metal nodes can be employed as a strategy to
adjust the LUCO position, affecting the proton reduction reac-
tion performance. Employing PMOFs with two selective co-cat-
alysts for the HER and OER represents a promising approach
to enhance overall process efficiency. Another encouraging
pathway involved developing PMOF heterojunctions with suit-
able energy band level diagrams to improve photoinduced
charge separation and OWS efficiency. Overall, dynamic
research is expected to drive the field of solar fuel production
using PMOFs as photocatalysts, particularly in the context of
H,O splitting into H, and O, using solar light irradiation.

Regarding water decontamination, current research predo-
minantly focuses on fundamental aspects including adsorp-
tion, catalytic performances and underlying mechanisms. In
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addition, a growing number of studies explore close-to-real
pollution conditions, aiming to eliminate a mixture of con-
taminants while assessing the reusability of PMOFs to demon-
strate their potential in this area.

However, analogous to solar fuel production applications,
the promising research is still in its early stages and far from
practical applications. In this sense, it is imperative to highlight
the lack of key information in some reports, such as the nature
of the water source, the catalyst particle size, cocatalyst content,
identification and toxicological evaluation of degradation pro-
ducts and quantitative assessment of potential metal/ligand
leaching from PMOFs during degradation. These details are
crucial for evaluating the practical utility of PMOFs. Additionally,
realistic aspects, such as the use of wastewater containing a
complex mixture of organic and inorganic contaminants, con-
tinuous flow operation conditions and long-term recyclability
and regeneration tests (>100 cycles), need further investigation
for real-scale applications. The significant challenges associated
with implementing PMOFs in actual industrial processes encom-
pass operational optimization, device development and cost con-
siderations (e.g. precursors, safe and efficient scale-up, shaping,
devices). In this sense, utilizing sunlight as an energy source can
significantly reduce operational costs.

These challenges are inherent to the novelty of the research
field. In this context, photocatalytic properties of porphyrins
and their ability to activate molecular oxygen have already
been successfully applied in pilot units for either a well-estab-
lished hydrocarbon oxidation process'’® or an advanced fine
chemical synthesis of artemisinin (malaria treatment drug)."”*
Moreover, it is crucial to strike a balance between the cost con-
siderations and societal evolution leading to new health and
environment regulations. Regarding efficiency, MOFs demon-
strate significant technological advancements for eliminating
emerging contaminants compared with existing processes.
From this perspective, PMOF-based materials hold substantial
potential for providing innovative solutions to address emer-
ging pollutants in real contaminated waters.

Finally, an emerging trend draws closer the two appli-
cations by adopting the dual-functional photocatalysis
approach, wherein the HER for solar fuel production is syner-
gistically combined with the oxidative photodegradation of
pollutants.’”* This innovative strategy offers the potential to
substitute SEDs by toxic pollutants. While this strategy is cur-
rently limited regarding PMOFs, dynamic scientific progress is
anticipated in this area.

List of acronyms

AB210 Acid black 210

AQY Apparent quantum yield
AT Antipyrine

BDC 1,4-Benzenedicarboxylate
BET Brunauer-Emmett-Teller
BPA Bisphenol A

BPF Bisphenol F
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BPs Bisphenol compounds

BTB Benzene-1,3,5-tribenzoate

BV14 Basic violet 14

CA Clofibric acid

CDs Carbon dots

CIP Ciprofloxacin

CN Carbon nitride

CR Congo red

COF Covalent-organic framework

Ccv Crystal violet

DF Diclofenac

DFT Density functional theory

DMF N,N-Dimethylformamide

DPBF 1,3-Diphenylbenzofuran

EDX Energy dispersive X-ray

EIS Electrochemical impedance spectroscopy

EOCs Emerging organic contaminants

EPR Electron paramagnetic resonance

EryB Erythrosin B

EU European Union

FTIR Fourier transform infrared spectroscopy

GC-MS Gas chromatography-mass spectrometry

HER Hydrogen evolution reaction

HOCO Highest occupied crystal orbital

HPLC-MS High-performance liquid chromatography coupled
to mass spectrometry

HSAB Hard and soft acids and bases

IBU Ibuprofen

ICP-MS Inductively coupled plasma mass spectrometry

ICP-OES Inductively coupled plasma optical emission
spectroscopy

IPA Isopropanol

LH L-Histidine

LMCT Ligand-to-metal charge transfer

LUCO Lowest unoccupied crystal orbital

MB Methylene blue

MNSs MOF nanosheets

MO Methyl orange

MOFs Metal-organic frameworks

NFX Norfloxacin

NHE Normal hydrogen electrode

nMLM Nanosized mixed-ligand MOF

NMR Nuclear magnetic resonance

NPs Nanoparticles

NPX Naproxen

OER Oxygen evolution reaction

OTC Oxytocin

OWS Overall water splitting

p-BQ para-Benzoquinone

PC Photocurrent

PL Photoluminescence

PMOFs Porphyrin-based metal-organic frameworks

PNIPAM  Poly(N-isopropylacrylamide)

PVDF Polyvinylidene fluoride

PXRD Powder X-ray diffraction

RhB Rhodamine B

This journal is © the Partner Organisations 2024

View Article Online

Review
RND Ranitidine
ROS Reactive oxygen species
RoseB Rose Bengal
SBU Secondary building unit
SED Sacrificial electron donors
SEM Scanning electron microscopy
SSM Sulfadimethoxypyrimidine
STEM Scanning transmission electron microscopy
STH Solar-to-hydrogen
TA Tannic acid
TAS Transient absorption spectroscopy
TBP 5,10,15,20-tetra( p-benzoic acid)porphyrin
TCL Tetracycline
TCPP Tetrakis(4-carboxyphenyl)porphyrin
TEM Transmission electron microscopy
TEOA Triethanolamine
TGA Thermogravimetric analysis
TNTs Titanate nanotubes
TOF Turnover frequency
TON Turnover number
TRPL Time-resolved photoluminescence
UV-Vis Ultraviolet-visible spectroscopy
WOR Water oxidation reaction
XANES X-ray absorption near edge structure
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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