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Photocatalysis exploits light to perform important processes as solar fuel production by water splitting,
and CO, reduction or water and air decontamination. Therefore, photocatalysis contributes to the satis-
faction of the increasing needs for clean energy, environmental remediation and, most recently, sanifica-
tion. Most of the efficient semiconductor nanoparticles (NP), developed as photocatalysts, work in the
ultraviolet (UV) spectral region and they are not able to exploit either visible (Vis) or near infrared (NIR)
radiation. This limitation makes them unable to fully exploit the broad band solar radiaton or to be applied
in indoor conditions. Recently, different approaches have been developed to extend the spectral activity
of semiconductor NP, like for example band-gap engineering, integration with upconversion NP and plas-
monic enhancement involving also hot-electron injection. Nevertheless, the use of organic molecules
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and metal complexes, for enhancing the photoactivity in the Vis and NIR, was one of the first strategies
proposed for sensitization and it is still one of the most efficient. In this minireview we highlight and criti-
cally discuss the most recent and relevant achievements in the field of photocatalysis obtained by exploit-
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1 Introduction

Photocatalytic processes exploit light, typically sunlight, to
achieve chemical reactions of enormous importance for the
human community." These processes can be utilized e.g. for
storing solar energy in the form of clean and abundant fuel,
H,, starting from water> ™ or to convert potentially hazardous
pollutants such as CO, into useful compounds.®” In organic
synthesis light-driven reactions have much weaker impact on
the environment than traditional thermal processes and they
can allow a better control on the selectivity.® ** Finally, photo-
catalysis can be exploited for the removal of chemical and bio-
logical contaminants from water and air both in outdoor and
indoor conditions.”*"*

Photocatalysis is a multistep process where a photoactive
system, the photocatalyst (PC), completes, in the simplest
case, three sequential processes: (i) photon absorption, (ii)
charge separation to produce hole and electrons and (iii) redox
reaction with reactants. The overall efficiency is hence, the
product of the efficiencies of the three processes. To be more
precise, a photocatalytic reaction is a thermodynamically
downhill process, while the thermodynamically uphill process
with AG > 0, like solar fuel production, is a photosynthetic
reaction.’® Nevertheless, in most cases this distinction is not
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ing dye sensitization either via dynamic or static quenching.

considered in the scientific literature. The most important
photocatalytic processes and in particular solar fuel pro-
duction, are not only strongly energetically demanding (AG >
0), but also they require additional energy to overcome the
high kinetic energy barriers (over-potentials), even in the pres-
ence of co-catalysts. Additionally, as shown in Fig. 1, before
the actual available reactive electrons and holes species are
formed, part of the energy of the initially absorbed photon is
dissipated through relaxation processes. As a consequence,
when simple schemes as the one in Fig. 1 are considered, high
energy UV photons are typically needed. For example, photo-
catalytic water splitting with a 96% quantum efficiency was
recently reported by Domen and co-workers using aluminium-
doped strontium titanate PC under UV light irradiation."”

Indeed, depending on the application, different spectral
signatures are required. In particular, broad spectrum activity,
ranging from the UV to the NIR'®*' is needed in order to
achieve highly efficient exploitation of the whole solar energy
spectrum for efficient solar fuel production and environmental
remediation. Good efficiency upon Vis light absorption is
necessary for most indoor applications involving the use of
artificial light sources. PC for organic synthesis need to be
responsive to powerful, safe and easily available light source
typically in Vis-NIR range.>’

In general, the strategies to enhance the response of PC in
the Vis and NIR regions can be, to some extent, grouped in few
general categories.” Among others, band-gap engineering, inte-
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Fig. 1 Left. Simplified energy diagrams for water splitting and CO, photoreduction. The actual energy need AG for water splitting is only 1.23 V that
corresponds to just about 1000 nm and hence to NIR region photons. Nevertheless, the overpotential for this multistep process is considerable and
higher energy is needed even in the case of the use of cocatalyst for reduction and oxidation. Additionally, as shown on the right, photon energy is
absorbed by the PC (AE,qs) transferring an electron from the valence band (VB) to the conduction band (CB), therefore producing the electron—hole
pair (process 1). Nevertheless, even in the case of poor charge recombination (process 2), several processes occur before the separated and trapped
electron are available for the reaction (including charge transfer to the cocatalysts). This reduces the amount of energy actually available for redox

(AEusab_)-

gration with up-conversion NP and plasmonic enhancement®'
involving also hot-electron injection,*” are included. The use
of molecular photosensitizers (PS), as those shown in Fig. 2,
was proposed for extending the spectral response of photo-
catalytic systems since four decades, nevertheless this
approach is still one of the most efficient.”® The most recent
and promising approaches for molecular based sensitization
include the incorporation of the PS in the PC nanostructure,
especially in the case of Metal Organic Framework (MOF)>* or
Covalent Organic Framework (COF),>> or the exploitation of
multiple sequential photon absorption.”® Depending on the
strategy, the PS can be either (i) integrated in the PC, (ii)

Alexandra Mavridi-Printezi (right), Arianna Menichetti (left)
and Moreno Guernelli (center)

Alexandra Mavridi-Printezi (right), Arianna Menichetti (left) and
Moreno Guernelli (center) are PhD students in the group of Prof.
Marco Montalti. Their main research activity is the development
of organic and inorganic photoactive supramolecular and/or nano-
structured platforms for energy conversion, environmental reme-
diation and ROS photogeneration. The materials on which their
research projects are focused include metal-oxide and metal nano-
particles, graphene and related materials, organic chromophores
and melanin-like NP.

9148 | Nanoscale, 2021,13, 9147-9159

bound covalently or non-covalently to PC or can be (iii) free in
solution. In the first two cases, during the excitation the PS is
already “interacting” with the PC and the excited PS is
quenched by the PC “statically”, typically via electron trans-
fer.”” In the third case, the free PS is excited and then it
diffuses toward the PC creating some delay between excitation
and sensitization through the “dynamic” process. As a draw-
back, relatively long excited state lifetimes are requested for
the dynamic sensitization. On the other hand, back-diffusion
after electron injection can lead to kinetic stabilization of the
charge separated pair, while in the case of static processes, fast

charge recombination typically occurs, unless charge
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Fig. 2 Examples of PS molecules covering the Vis-NIR absorption window. The optical properties can be finely tuned by changing the substituents
or the central metal (in the case of porphyrins, phthalocyanines and naphthalocyanines. The choice of the substituents affects also the solubility,
aggregation properties, and the interaction with the different photocatalytic materials.

migration and stabilization takes place (also involving
cocatalysts).®

In addition, as shown in Fig. 3, sensitization occurs, in the
simplest case, via electron injection from the excited PS to the
PC VB producing the oxidized PS. Often sacrificial agents (e.g.
triethanol amine, TEOA) are used to restore the PS but this
actually alters the energetic balance of the overall photo-
catalytic process. As a result, for a better exploitation of the
energy of Vis-NIR photons, more sophisticated photocatalytic
schemes involving multiple photon (sequential) absorption, as
the Z-scheme shown in Fig. 3, are necessary.

Another parameter that has to be considered in photocata-
lysis is oxygen, that is typically present in the reaction environ-
ment, and which can quench the PS or be involved in alterna-
tive photocatalytic cycles.*®
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Going back to spectral sensitivity, as shown in Fig. 2, the
optical properties of the molecular PS are strongly affected by
the presence of substituents. Interestingly the effect of substi-
tution can be, to a large extent predicted, by computational
chemistry.>**° Recently it was, for example, demonstrated as a
slight difference in the structure, as the one between chloro-
phyll and bacterochlorophyll, results in substantial shift of the
absorption energy.*'**

Even though one of the main challenges in photocatalysis
is the development of materials that exploit light energy more
and more efficiently, it is still difficult to univocally quantify
this efficiency and its dependency on the irradiation
wavelength.**

Considering for example the definition of quantum
efficiency or quantum yield of a photoreaction®* it may appear

PC2

AE

usab.

PC1

Fig. 3 Top. A molecular PS can absorb photon of lower energy with respect to the PC and then inject an electron into the CB of the PC that then
can perform reduction. Differently from the direct excitation of the PC sensitization does not produce h* in the PC but in the oxidized PS (PS*). If a
sacrificial agent is used for reducing the PS, its degradation has to be considered in the energetic balance, reducing the actual amount of usable
energy. Bottom. An effective way to achieve more energetic processes is the combination of the energy of two photon absorbed by the PS (process

1) and by a second PC (PC2, process 2) in a Z-scheme.
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surprising that a PC can, in principle, absorb light poorly at a
given wavelength showing a high quantum efficiency anyway.
For this reason, new definitions have been introduced to con-
sider the effect of the wavelength as the apparent quantum
yield or, specifically for hydrogen production, the solar-to-
hydrogen efficiency (STH).> Nevertheless, the actual compari-
son of results from different research groups is still in many
cases very difficult, especially when multiple photon absorp-
tion is involved, where the efficiency of the process becomes
dependent on the irradiation intensity and the spectral
distribution.

In this minireview we will focus on the role of molecular PS
in photocatalysis as a strategy able to extend the spectral
activity of PC in the Vis and NIR region. We would like to
underline that, also considering the vastity of this topic, in
this work we do not aim to give a comprehensive overview of
the scientific production in the field, but rather to present
briefly a selection of the most recent and interesting develop-
ments, focussing on different materials used either in hetero-
geneous or homogeneous photocatalysis.

2 Heterogeneous photocatalysis

Several different semiconductors have been proposed for
heterogeneous photocatalysis. A large number of them is very
effective upon UV exposure, but they show poor photocatalytic
efficiency upon irradiation in the Vis or in the NIR.

2.1 Metal oxide NP

Most metal oxide semiconductor NP, and in particular TiO,,
are efficient photocatalysts under UV irradiation, but because
of their broad electronic band gap they do not absorb Vis
light.” Structure modification by hydrogenation and reduction
treatments, to produce “black” TiO,, contributed only in part
to the increase of the Vis-driven photocatalytic activity.*> In
fact, this activity of inorganic semiconductor NP in the Vis-NIR
can be enhanced by conjugating them either to up-conversion

nanoparticles (UCNP) or to plasmonic metal structures.’®>®
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Sensitization with inorganic quantum dots and carbon or gra-
phene dots has been also reported.?* Moreover, the successful
application of metal oxide as PC for solar light based H,
photogeneration,*® CO, photoreduction, environmental
remediation and organic synthesis have been described
bibliographically.*"** It must be noted that the sensitization
of TiO, by ruthenium(u) trisdiimine complexes (in particular
[Ru(bpy);]**, bpy = 2,2 -bipyridine) in order to achieve photo-
catalytic H, production under Vis light was already reported in
1981.>* More recently, various dyes, including diketopyrrolo-
pyrrole,*® phenothiazine derivatives,** phenoxazine and carba-
zole derivatives,*’ as well as perylene monoimide,*® have been
immobilized on semiconductors.

An interesting alternative to conventional photosensitiza-
tion was recently proposed by Wurthner and Xie (Fig. 4), who
developed a TiO, modified PC*” for hydrogen evolution based
on a sequential dual photon absorption according to a scheme
previously proposed by Konig and coworkers.*®*? The PC was
obtained by grafting to TiO, NP a perylene bisimide (PBI) dye
able to absorb green light, forming a stable radical anion. The
previously formed species could absorb in a second step NIR
giving finally, a stable PBI dianion. In a further stage, the
dianion absorbed red light photons and, once excited, injected
an electron into the TiO, NP leading to hydrogen evolution at
a rate as high as 1216 pmol h™" g™, Being still under discus-
sion,’® this mechanism has been recently investigated by ultra-
fast transient spectroscopy.>!

A different PBI was also proposed by Bonchio and Prato as
a PS for achieving the most critical step of water splitting, the
water photo-oxidation to produce oxygen.*> More in detail, a
photo-anode, that was able to mimic the natural photosystem
11, was constructed by the functionalization of nano-WO; with
a hierarchically organized PBI/polyoxometalates (POM)>?
system. In this system the formation of large two-dimensional
paracrystalline domains was observed and a light-harvesting
efficiency higher than 40%, with a peak quantum efficiency
under green light irradiation (1 > 500 nm), was demonstrated.

In another interesting example, Huang and Liu adopted
also a supramolecular approach in order to expand the photo-
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Fig. 4 (a) lllustration of the chemical structure of PBI dye. (b) UV/Vis absorption spectra of PBI in the absence of oxygen and in the presence of
sacrificial thioethanolamine in the dark, and of its two anion forms produced by light irradiation in the presence of the same sacrificial agent. Inset in
(b) exhibits the images of the solutions in cells. (c) Schematic representation of the hydrogen evolution including the charging processes of PBI
through multistep photo-induced electron transfer and the upcoming charge transfer from the PBI dianion to TiO, NP. The positions of the energy
levels for both radical anion and the dianion are estimated based on the cyclic voltammetry results. Normal hydrogen electrode is symbolized as
NHE. This figure has been reproduced from ref. 47 with permission from John Wiley and Sons, copyright 2020.
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Fig. 5 (a) Chemical structure of calix[4]arene-based dye. (b) UV-Vis absorption spectra of calix[4]arene dye, gel-TiO,, and dye-TiO, with different
content of the first (c) Illustration of the band structure and total mechanism of the system for (top) H, evolution in water solution and (bottom) CO,
reduction of calix[4]arene -TiO, in DMF solution. All the potential noted are against normal hydrogen electrode (NHE). This figure has been repro-
duced from ref. 54 with permission from Royal Society of Chemistry, copyright 2020.

catalytic efficiency of TiO, in the Vis region. In this case, TiO,
NP, after being functionalized with a new calix[4]arene dye,
were loaded with a rhenium complex Re(bpy)(CO);Cl for CO,
reduction to CO (Fig. 5).>*

Targeting the same photocatalytic process Meyer and co-
workers functionalized NiO NP, using a Zr*" based layer-by-
layer procedure and a phosphonate derivative of [Ru(bpy)s]*",
in order to produce a donor-chromophore-catalyst assembly
for the photoreduction of CO, to CO.*>

Inorganic semiconductor nanomaterials offer as major
advantages high chemical and photochemical stability and a
relatively high efficiency of the charge separation process with
the formation of long-lived reactive species suitable for solar
fuel production. Nevertheless, it is worth considering that in
the case of photosensitization the stability of the PS itself may
become a major concern and the long term efficiency of
hybrid organic PS/inorganic semiconductor in the Vis-NIR
region has not been clearly explored yet.

2.2 Perovskites

The use of metal halide perovskite (MHP) in photocatalysis is
limited®® mostly because of their poor stability and of the fast
electron-hole recombination.”””® Although several strategies
have been proposed to overcome these obstacles®***?° it is
worth noticing that even in the case of perovskite-based PC the
use of a molecular PS can allow their easy integration in a
Z-scheme by coupling two photocatalytic processes, as recently
demonstrate for overall water splitting (Fig. 6).%"

2.3 2D Materials

2D materials like graphene,®*®* TMDs,*"*> MXenes®® and
black phosphorus absorb efficiently Vis/NIR light and they
have been extensively used for Vis-NIR photocatalysis.'®
However, these materials are either conductors or they show
fast recombination of the photo-generated electron-hole pair,
therefore they found application in photocalatysis mostly as
cocatalysts.®*!

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Schematic illustration of Z-scheme splitting using Ruf(n) tris-
diimine dye for sensitization of Al,Oz/Pt/HCa;NbsO;o nanosheets in
combination with PtO,/H-Cs—WOs. This figure has been reproduced
from ref. 61 with permission from American Chemical Society, copyright
2020.

Recently, graphitic carbon nitride (g-CN) on the contrary,
has found wide application as PC.%”

Graphene. Recent attempts to open the band gap of gra-
phene in order to exploit it as PC, include nitrogen doping and
production of graphene quantum.®® In this last case, sensitiz-
ation with rhodamine was utilized for H, generation.*

MXene. Thanks to its 2D structure and electronic conduc-
tivity, MXene was recently exploited as an electronic acceptor
able to favor the charge separation in semiconductors, recal-
ling the role of graphene.”®”" In particular, MXenes were used
as co-catalysts for Vis-NIR based H, production in combination
with COFs,”* CdS nanorods’® or Pt NP.”* On the other hand,
sensitization with molecular PS has been rarely documented. A
recently reported exception was the use of Eosin Y for the sen-
sitization of a TiO,/Ti;C, composite on amorphous carbon.”

Black phosphorous. Differently from other phosphorous-
based materials,”®”® black phosphorous (BP) is a 2D material
with a bandgap (0.3-1.5 eV) dependent on the number of
layers.”” However, even if BP absorbs Vis/NIR, its photo-
catalytic efficiency is still low and its quantum efficiency has

Nanoscale, 2021,13, 9147-9159 | 9151
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not been extensively studied yet.®“®' BP is almost always
associated with other materials in order to be competitive for
photocatalytic applications.®’*** For example H, production
under Vis/NIR irradiation was achieved by 2D/2D heterojunc-
tion of BP and carbon nitride (BP/g-CN)®* and either by combi-
nation with CdS NP®® or with MoS,-BP/GO.%¢

Similarly to MXene, BP was rarely sensitized with molecular
PS. A recent example was presented by Xue et al, who
suggested an Erythrosin B-sensitized system, using BP/Pt as a
co-catalyst for photocatalytic H, production under Vis light
irradiation.®”

Graphitic carbon nitride (g-CN). This organic semi-
conductor exhibits Vis light response, because of its narrow
and tunable band gap and an excellent chemical stability.®”
Among the strategies proposed, in order to increase the small
surface, reduce the high electron-hole recombination and
tune the optical properties of this material, are included non-
metal doping, thermal exfoliation, carbon-dots
functionalization®®’ and more recently incorporation into
heterojunction.®” All these strategies aimed to the production
of PC suitable for solar water splitting,”® CO, reduction,*®°"9>
environmental remediation'®?® and organic synthesis.’*%°

In the past, several light-harvesting units have been
exploited to extend the spectral activity of g-CN, such as Eosin
Y,%” phthalocyanine,’® % and porphyrin.'*****

Da Silva and co-workers sensitized g-CN by means of free-
based porphyrins to promote H, production under UV-Vis
irradiation.'® Moreover, several metalloporphyrins can be
used as PS in carbon nitride for H, production.'®® However,
porphyrin often has a double role in the enhancement of g-CN
photocatalytic activity, behaving both as PS and co-catalyst by
inhibiting charge recombination.'””""'" Resiner, in particular
developed a system where a polymeric cobalt phthalocyanine
was used to functionalize g-CN working purely as a co-catalyst
for CO, reduction.*?

2-CN sensitization by phthalocyanine was applied also for
H, production. For this purpose, Zeng et al. exploited a zinc
phthalocyanine''® and Yi et al. a copper phthalocyanine.'*

Moving toward different examples, Yuan et al. enhanced
the photocatalytic water oxidation under Vis light by using
3,4,9,10-perylenetetracarboxylic acid anhydride as a sensi-
tizer.""> In another interesting example, Chlorine e6 was used
as a NIR biosafe PS."'® The resulting system had absorbance
within 200-1400 nm and could be suitable in energetic,
environmental and biological applications.

In a late work, oxidized g-CN rich in hydroxyl and carboxyl
functional groups was selected as a support, able to bind with
multiporphyrin arrays via a layer-by-layer assembling to
achieve a nanocomposite, that eventually exhibited dramatic
photocatalytic Vis-light degradation of Rhodamine B and
phenol.'?® Although g-CN is surely a promising material for
Vis-NIR based photocatalysis both for its intrinsic low band
gap, chemical composition, simplicity of preparation and low
cost, it still has not been demonstrated to be competitive with
respect to inorganic semiconductor in term of charge separ-
ation efficiency and long term stability.

9152 | Nanoscale, 2021, 13, 9147-9159
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2.4 Metal organic frameworks (MOF)

Metal-organic frameworks (MOF), also known as porous
coordination polymers, have been applied effectively for a
variety of Vis light-activated processes like H,
production,'*”**® CO, photo-reduction,"****! photo-degra-
dation of dyes and pollutants,'**'** disinfection of bacteria>*
and various organic reactions.'*>'*® Advantages of MOF
include the presence of pores for selective introduction of sub-
strates,>® easy modification for single atom catalysis'>’ and
bandgap tunability with plasmonic NP."*® On the other hand,
main concerns are the moderate water stability of MOF'*® and
the low mobility of photogenerated electrons and holes."*°
Unfortunately, numerous MOF exhibit optical absorption only
in the UV region.>® A simple and effective molecular strategy in
order to overcome the aforementioned obstacles, and therefore
tune the optical properties, is based on the choice of the
ligands, which can act as an ‘incorporated’ light-absorbing
antenna exploiting ligand to metal charge transfer (LMCT)
processes.'>*'¥1:132 Another possibility is the use of an ‘exter-
nal’ photosensitizers (PS) either via dynamic or static
quenching.*

An interesting example of the first strategy was recently pro-
posed by Cadiau et al. who exploited a titanium MOF contain-
ing a pyrene derivative as Vis light-responsive photocatalyst for
a range of reactions including hydrogen evolution (Fig. 7a).*?
Isaka et al. developed a set of titanium based MOF with
different organic ligands able to absorb light up to 500 nm
and they demonstrated their applicability for the photo-
catalytic synthesis of hydrogen peroxide in a two phase
system.'**

Dynamic sensitization was proposed by Wang et al. in the
case of three isostructural MOF, namely MOF-Ni, MOF-Co, and
MOF-Cu, which were used in combination with the PS [Ru
(bpy)s]** for enhanced Vis absorption. In particular, due to the
matched LUMO positions between the two components, the
photogenerated electrons in the LUMO of the PS could migrate
to the surface of the MOF-based catalyst, eventually leading to
effective CO, reduction with selectivity up to 97.7% in the case
of MOF-Ni (Fig. 7b)."** Similarly Xu et al. suggested a NH,-
MIL-101(Fe) MOF-derived hybrid hollow metal phosphide with
high photocatalytic activity and with a H, evolution rate up to
13.81 mmol g~ h™" upon Eosin Y sensitization."*® A recent
case of static photosensitization was reported for Rhodamine
B, which was exploited as a PS, able to improve the photo-
catalytic capacity of MIL-125(Ti). The dye could be strongly
anchored on the surface of the MOF leading to 90% efficient
MO degradation under Vis light via hole and superoxide free
radical generation.'®® Similarly, Li et al. encapsulated different
dyes (Basic Yellow 24, Basic Red 14 and Methylene Blue) to Cu-
MOF, with significantly lowered energy band gap values and
enhanced photodegradation ability up to 97.3%."”

Recently porphyrinic Zirconium MOF have also be demon-
strated to be efficient visible light activated PC for PET-RAFT
polymerization.'*® MOF are very versatile structures in which
molecular PS can be easily integrated to extend the spectral

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1nr01401c

Published on 10 May 2021. Downloaded on 7/15/2025 5:09:47 PM.

Nanoscale

c direction
-4 NP
10O XXX
ras N Y
o P & =
Ti(iPro),
‘IH‘
\‘\v.vl-" O e €5
XXX XXX on
.}:X‘v. ooy A

View Article Online

Minireview
b direction 7/ R
sy 4 N S | Ny
(\ 4 N
TIPA w ”/\l’\\ ! Selectivity > 97% n“/\ll‘\‘
TIPA ':"' \/ oo ®
(0.\ - i o
-§n P
(b) >l S

Fig. 7 (a) Schematic illustration of the one-step synthesis of the titanium-based MOF from the 4,4',4",4"'-(pyrene-1,3,6,8-tetrayl)tetrabenzoic acid
ligand. In the c direction there are views of the stimulated structure emphasizing on the microporous channels, while in the b direction the views of
the Ti—-O-Ti chains along the b axis are presented. Ti is illustrated with blue colour, C with dark brown and O with red. H atoms are excluded. (a)
This figure has been reproduced from ref. 133 with permission from John Wiley and Sons, copyright 2020. (b) Proposed photocatalytic mechanism
of MOFs in the presence of PS for the CO, photoreduction to CO. (b) This figure has been reproduced from ref. 135 with permission from American

Chemical society, copyright 2019.

responsivity to the Vis-NIR window. Although, the chemical
stability of these materials is still a major concern together
with the poor charge mobility and electron/hole separation
efficiency.

2.5 Covalent organic framework (COF) and conjugated
organic polymers (COP)

Covalent organic frameworks (COF) are polymers with tunable
porosity, n-conjugated structure, and good chemical stability
used for Vis light-based water splitting, CO, photo-reduction,
dye degradation, and organic synthesis.'®>>1397143

Even though COF are semiconductor materials, their design
is based on a molecular approach, and the photophysical and
photochemical properties strongly depend on the choice of the
incorporated molecular building blocks: triazine, pyrene, por-
phyrin, thiophene, or sulfone, etc."** An interesting strategy,
able to promote efficiency of photo-generated electron-hole
pairs, avoid recombination of charge, and improve light har-
vesting ability, was achieved by Li et al. by the introduction of
electron D-A (donor-acceptor) molecular moieties in COF for
sunlight-driven H, evolution (Fig. 8)."*®

In a different approach a molecular PS, [Ru(bpy)s]*", was
incorporated in the pores of a new water-soluble 3D COF
together with POM to achieve H, photoproduction."*®

Integration of a Re(bpy)(CO);Cl homologous in the structure
of a crystalline COF was exploited by Fu et al. for highly specific
Vis photo-conversion of CO, into fuels."*” In another case, in
order to extent the spectral activity of terpyridyl-based, 2D
lamellar COF-909 nanorods coordination to copper was applied
by Dong et al.**® The added metal centers enhanced also the
electrons-holes separation providing specific binding sites, able
to improve the recognition of target organic toxicants.

An interesting synthetic approach of COF was achieved by
Yu et al. by polymerizing an Eosin Y precursor (Fig. 9) in a con-
jugated structure that exhibited high activity for the photo-
catalytic reduction of CO, to CO in the presence of gaseous
H,0."° Importantly, the production rate was up to 33 pmol
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Fig. 8 Donor—Acceptor (D—A) MOF system synthesized under solvo-
thermal condition. This figure has been reproduced from ref. 145 with
permission from John Wiley and Sons, copyright 2021.

¢~ ' h™" and the selectivity as high as 92%. A rational design of
COF, reported by Kang et al., allowed to combine programmed
spectral sensitivity to photocatalytic selectivity in organic syn-
thesis. These authors were the first who showed an example of
Vis light-driven asymmetric photocatalysis.">® As for other
polymeric materials, because of the lack of a crystalline struc-
ture, photo-induced charge separation and migration is poorly
efficient in COF and COP. Nevertheless, this drawback is par-
tially compensated by the high versatility of design that allows
the simple tuning of the optical properties by incorporating
specific molecular absorbers.
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Fig. 9 (Top) Synthetic pathway for the production of the conjugated
Eosin Y-functionalized COFs. (A) UV-Vis absorption spectra of Eosin Y
and of the Eosin Y functionalized polymers, PEosin Y=N, where N = 1-3
(B) Schematic illustration of CB and VB of PEosin Y-N (C) Transient
photocurrent responses of PEosin Y-N at 1 > 420 nm (D) time-resolved
fluorescent decay spectra (TRFDS) of PEosin Y-N at 640 nm upon
irradiation at 405 nm (E) average production rates of CO from CO,
photoreduction in the presence of PEosin Y—N for 50 h at 1 > 420 nm (F)
reflectance infrared Fourier transform spectra (DRIFT) of PEosin Y-N for
CO, and H,O absorption and their photoreactions under Vis light
irradiation. The bands with significant changes are represented with full
lines referring to the decreasing or gradually disappearing bands, and
with dashed lines referring to the newly appearing or increasing bands.
This figure has been reproduced from ref. 149 with permission from
John Wiley and Sons, copyright 2019.

3 Homogeneous photocatalysis

In homogeneous photocatalysis photochemical reactions are
typically initiated by the absorption of light by a molecular PS
in the reaction solvent.’

The excited PS is hence involved either in single electron
transfer (SET), in the case of photoredox catalysis, or triplet
energy transfer (EnT) via Dexter mechanism schematized in
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Fig. 10 Simplified schematic illustration of the concept of photocataly-
sis. This figure has been reproduced from ref. 10 with permission from
Royal Society of Chemistry, copyright 2018.

Fig. 10.%'%'3! Recently, special attention have been devoted to a
more general understanding of the role of singlet and triplet
excited states in photoredox catalysis.'”> Advantages of using Vis-
NIR light for photoexcitation include: (i) use of light sources
safer than UV, (ii) reduced photodamage of the PS, (iii) increased
selectivity and (iv) for NIR, the possibility of using non-transpar-
ent reaction vessels. The main strategies to exploit the Vis-NIR
region in homogenous photocatalysis are two and namely: (i)
development of new PS and (ii) multiphoton (sequential) absorp-
tion.”® Regarding the former strategy, the efficiency in specific
spectral regions depends on the optical properties of the PS
itself. Typically used PS, like [Ru(bpy)s;]** and [Ir(ppy)s]’, absorb
only partially in the Vis region (4 < 500 nm) possessing a moder-
ate molar absorption coefficient (¢ ~ 10°-10* M™" em™). The
search for new PS with enhanced absorption in the Vis-NIR is
hence very active. Castellano for example recently proposed a
new cyclometalated Ir(m) diimine PS for homogeneous photo-
catalytic hydrogen production under Vis light.">?

At the same time the number and variety of chemical pro-
cesses that can be achieved with Vis-NIR active PS is impress-
ively increasing. Recent examples of visible light driven photoca-
talysis include, for example, direct isotopic carboxylate exchange
of C(sp®) acids with labeled CO,.">* Strong bis-cyclometalated
iridium PS with electron-rich b-diketiminate ancillary ligands
were demonstrated to yield effcient photoredox transformations
of unactivated substrates using blue or green visible-light.'*>

Synthesis of unnatural o-amino acids via stereoselective
C-radical addition to a chiral glyoxylate-derived N-sulfinyl
imine was achieved by visible light-promoted photoredox cata-
lysis using either metal-bases and metal-free PS.">°

A novel strategy was also proposed where CO, released by
decarboxylation of amino acids (a typical waste byproduct) was
used for photoredox-neutral carbocarboxylation of alkenes.">”

In general, large scale application of photocatalysis needs
largely available, inexpensive PS that do not contain precious
metal.

For this reason Chen et al. developed a new strong Vis-light-
absorbing copper-based PS with an e as high as 160 000 M~
em™" at 518 nm."*® By adopting a through-bond energy trans-
fer from boron dipyrromethene (Bodipy) the excitation
efficiency of Cu(i) complex was 62 times enhanced. In another
important development, Zhang et al. proposed a zirconium(iv)
PS with ligand-to-metal charge-transfer excited states and
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Fig. 11 Schematic illustration of photoredox catalysis via sensitized
triplet—triplet annihilation upconversion. The photosensitizer is symbo-
lized as PS, while the annihilator as A. This figure has been reproduced
from ref. 26 with permission from John Wiley and Sons, copyright 2020.

demonstrated its applicability for photoredox catalysis. This Zr
complex showed a broad absorption band, centered at 525 nm,
and an exceptionally long-lived triplet LMCT excited state (z =
350 ps), featuring highly efficient photoluminescence emission
(@ = 0.45) and a peculiar delayed fluorescence."*®

Regarding the development of new PS, it is worth underlin-
ing that absorption of low energy photons produces excited
state with poor energy content, hardly exploitable for most
valuable chemical reactions. Consequently, the combination of
photons of low energy to produce high energy species, in new
photocatalytic scheme is surely a promising strategy.”® In this
context, some years ago the reduction of aryl halides by con-
secutive Vis light-induced electron transfer processes was
reported.”® The photocatalytic mechanism was investigated
more in detail by the group of Schanze.>!

In alternative, the sequential absorption of two low energy
photons has been recently proposed for example by Ravetz et al.
who demonstrated that molecules absorbing infrared light can
be used for photoredox catalysis exploiting triplet fusion upcon-
version (Fig. 11); a process that transforms two low energy
poorly reactive triplet excited states into a high energy reactive
one. The resulting system containing a PS and an annihilator is
able to accomplish a wide range of photoredox reactions under
NIR light illumination.'®® Similarly, Mahammed et al. reported
triplet-triplet annihilation upconversion for phosphorus corrole
complexes.'®" Recently, Nicewicz’s group demonstrated the for-
mation, upon sequential multiple photon absorption, of a
neutral acridine radical with a maximum excited-state oxidation
potential similar to elemental lithium.'®>

4 Conclusions and perspective

In this minireview, Vis-NIR activation of PC by using molecular
absorbers has been demonstrated to be still a valid approach
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almost even after 40 years from its introduction. Indeed, the
most recent sensitization strategies exploit both new PC and
new PS, but also new synthetic approaches as the incorporation
of molecular absorber in the PC structure. Eventually, the devel-
opment of new PS and new scheme of photoreaction involving
multiple photon absorption has been achieved in many cases.
In general, the molecular strategy is very direct and can be
easily adapted by most PC. On the contrary, a main concern is
still the use of PS based on rare transition metal complexes like
Ru and Ir. In principle, the materials discussed in this minire-
view have been demonstrated to be suitable for multiple Vis-
NIR based photocatalytic applications, ranging from solar fuel
production to environmental remediation. Nevertheless in-
organic semiconductor nanostructures demonstrated to be still
superior in term of stability and charge separation efficiency
and they are still a primary choice for long term use as in the
case of platforms for solar energy conversion. On the other
hand, materials like MOF and COF can be easily designed to
exploit Vis-NIR light and thanks to their porosity and ability of
binding target molecules like CO, are promising alternative to
inorganic semiconductor, although further efforts are required
in order to improve their efficiency and stability.

In general, it must be noted that the global scale appli-
cation, as solar fuel production (from water or CO, abetment)
or environmental remediation, require a photocatalytic
scheme based on low cost, non-toxic materials easily produci-
ble on the large scale.*® For this materials like g-CN are attract-
ing increasing attention although their photocatalytic pro-
perties still need improvement.

Even if less strictly, the above mentioned features are also
important in the case of homogenous photocatalysis applied
to organic synthesis.

In this context, the use of organic PS and multiphotonic
scheme is surely promising. Nevertheless, the long-term stabi-
lity of organic PS in view of their real application needs still to
be demonstrated and reassured. Up to now, the comparison of
the actual photocatalytic efficiency of the different systems is
complicated by the variety of experimental conditions and in
particular, by the use of sacrificial agents, the decomposition of
which needs indeed to be considered in the overall energetic
storage balance. In general, the efficiencies that have been
reported for photocatalytic solar fuel production do not seem to
meet the huge energy demands of the modern society, demon-
strating how challenging photocatalysis is and the need for even
more dedication and effort, also in terms of investment.
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