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Active molecular units in metal organic
frameworks for artificial photosynthesis
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Andrea Pannwitz () *°

Metal organic frameworks (MOFs) are polymeric solid-state coordination compounds that can link photo-
active and catalytically active molecular entities and maintain their activity and mechanism within their 3D
structure, resembling the large photosynthetic apparatus in natural photosynthesis. This review categorizes
photocatalytically active MOFs according to their structural properties and the location of the photosensiti-
zer (PS) and catalyst (CAT) in the following types with respect to the linker and secondary building unit
(SBU): (I) the PS and CAT are represented or localized at the linker and SBU, respectively, (Il) the PS and CAT
are represented or localized by/at different linkers, (I1l) the PS and CAT are both bound to the SBU, (IV) the
PS and CAT are bound to the linker or SBU but as a PS-CAT dyad, and (V) the PS and/or CAT are assembled
non-covalently within MOF pores. Furthermore, all reported studies on artificial photosynthesis are sum-
marized in the context of light-driven H, evolution, CO, reduction, overall water splitting, water oxidation
and other oxidations such as alcohol and amine oxidation, which are relevant in the field of artificial photo-
synthesis. Additionally, this review presents an overview on the stability and repair strategies for these MOFs.

1. Introduction

Since fossil fuel supplies are limited, alternative energy
sources such as solar energy are becoming more significant in
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about photosynthetic processes in green plants provides a very
good perspective on the concepts needed and their interplay
in accomplishing sustainable light-driven catalysis. Translation
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of key concepts into artificial processes provides a very
attractive avenue for sustainable solar fuel generation and
other photochemical conversions. One of these promising
concepts is artificial photosynthesis, which links several
redox processes and utilizes light energy to perform precise
energy conversion, chemical synthesis, and, consequently,
energy storage."” Therefore, the development of artificial
photosystems or photocatalysts that mimic natural process
by converting H,O and CO, into energy-rich reduced pro-
ducts or organic compounds into valuable goods has
attracted considerable interest. In this regard, a general per-
spective on the elementary photochemical and -physical
steps in natural and artificial photosynthesis is provided to
highlight the inspiration for MOF designs discussed herein
and set the basis for the discussion on MOF-based solar fuel
generation.

1.1. Elementary photochemical and -physical steps leading
to photocatalysis

Generally, photocatalytic processes are initiated by (visible)
light excitation of a photosensitizer (PS), leading to the for-
mation of an electronically excited state PS*.>* As the uptake
of extra photonic energy makes PS* easier to be oxidized and
reduced simultaneously compared to its electronic ground
state, redox reactions with a variety of suitable reagents can
occur upon the absorption of photons. By increasing the
effective local concentration of these reagents and adjusting
thermodynamic driving force for desired forward electron
transfer via redox potential tuning, photocatalytic processes
can be improved.? Following photon absorption, the reduction
or oxidation of PS* is called reductive or oxidative quenching,
respectively, and regardless of the mechanism, both processes
lead to the formation of highly reactive reduced and oxidized
products. Consequently, efficiency-limiting charge recombina-
tion processes, which typically possess large driving force,
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Fig. 1 Principle of photochemical processes leading to redox processes
(PS: photosensitizer, OA: oxidizing agent, and RA: reducing agent).

have to be minimized by outcompeting them kinetically. If
this is achieved by comparably fast subsequent electron trans-
fer steps involving the transiently reduced or oxidized PS, i.e.,
PS™ or PS', respectively, the restoration of PS and, conse-
quently, closing of the catalytic cycle are achieved, as shown in
Fig. 1. In this scheme, if the oxidizing agent (OA) and/or the
reducing agent (RA) are represented by a (molecular) catalyst
(CAT) capable of facilitating specific small molecule activation,
artificial photosynthetic systems are generated.

1.2. Molecular building blocks in natural photosynthesis and
enzyme catalysis

Although at first sight the similarities between heterogeneous
photoactive MOF materials and the soft matter (= thylakoid
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membrane) embedded natural photosynthetic apparatus seem
limited, there are several commonalities, allowing the develop-
ment of biomimetic design strategies for the future optimiz-
ation of the photoactivity of MOFs. As generalized in Fig. 1,
nature has to adapt to the elementary processes to design an
efficiently performing photocatalytic processes, where light
excitation in the P680 and P700 dimeric chlorophyll reaction
centers ultimately leads to long-range charge transfers. The
reaction sequence in both schemes follows an oxidative
quenching mechanism. A detailed description is provided for
P700 in photosystem I of green plants, where the excited state
is quenched by electron transfer to the phylloquinone A1l
(vitamin K1) aided by auxiliary chlorophyll molecules (Fig. 2a).
This generates a charge-separated state with a distance of
25-30 A for the radical cationic P700 and anionic A1.>°
This efficient long-range electron transfer between molecular
entities is only possible because each entity is integrated
into a rigid protein scaffold, ensuring the optimal distance
and orientation to allow electron transfer to proceed with
high efficiency.” This large charge separation distance not
only effectively suppresses the thermodynamically favorable
back-electron transfer but also fast reduction of the P700
radical cation by plastocyanin, a copper-based protein. On the
other side of the redox chain, reduced A1l reduces an adjacent
iron sulphur cluster, which is also spatially fixed by protein
integration, consequently providing reducing equivalents
for final electron fixation via the conversion of NADP' to
NADPH,".

In enzymatic catalysis, besides long-range electron transfer,
other cofactors are also precisely managed by three-dimen-
sional biological scaffolds to influence the catalytic perform-
ances. Therefore, the outer coordination spheres play a signifi-
cant role. The third coordination sphere manages the long-
range transport of cofactors such as electrons, hydride equiva-
lents and other species to facilitate reactive pathways, while
the 2™ coordination sphere stabilizes the transition states and
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reactive intermediates through non-covalent interactions at the
molecularly defined catalyst. As a specific example (Fig. 2b and
¢), in proton reduction catalysts, [FeFe] hydrogenases (H,ases)
have dedicated substrate and product channels together with
an energetically highly tuned electron transport chain
(Fig. 2b).®° Importantly, the terminal hydride species, which is
crucial for the function of the enzyme, is kinetically stabilized
by hydrogen bonding interactions (Fig. 2¢). The formation of
the thermodynamically more stable p-H product is prevented
by a high energy transition state caused by interactions with
the surrounding peptide matrix. Specifically, catalysis proceeds
through a kinetically stabilized state before it converts to the
thermodynamically more stable, and thus less reactive ground
state. Therefore, this three-dimensional organization by
protein integration of photochemically and redox active mole-
cular building blocks into a suitable (soft matter) matrix pro-
vides the functional basis for harvesting solar energy in bio-
logical photosynthesis in a surprisingly good yield."®
Accordingly, the rational matrix immobilization of catalytically
active molecular species shows great potential for optimized
artificial (photo)catalytic systems.

1.3. Artificial photosynthetic systems and their
heterogenization

The above-described important steps in natural photosynthesis
and enzyme catalysis, such as (visible) light-induced charge
separation, suppression of charge recombination, terminal
charge consumption by chemical catalysis, and outer coordi-
nation sphere interaction in the catalyst, have been translated
to artificial systems (Fig. 2d-f). This started with the ground-
breaking work by Lehn and Sauvage in the late 1970s,"" gener-
ating a plethora of different functional unit-based materials
and molecular units. However, the integration of these simple
entities into function-enabling structural materials, e.g., to
achieve improved charge separation, has not been accom-
plished with sufficient precision to date. Thus, significant
effort has been devoted to the development of bulk material
photocatalysts such as metal oxides, metal chalcogenides, and
organic semiconductors, or nanoparticulate compounds and
their heterojunctions.'>>* However, the molecular systems or
structurally defined metal complexes are more relevant
because they provide definite active sites and distinctive reac-
tion mechanisms, and therefore can offer high product selecti-
vity, scalability and atom economy.>*?® Nevertheless, their
separated forms (Fig. 2d) often fail to achieve precise proximity
for electron transfer, leading to an increase in cross-reactivity.
Thus, to overcome this, molecularly defined oligonuclear
metal complexes containing PS bridged to CAT sites (Fig. 2e)
provide sufficient precision but require significant effort for
their synthesis.”” Most importantly, the commonly observed
lack of long-term stability and recyclability of homogenous
systems has led to the development of heterogenized
systems, trying to exploit the best properties of two com-
ponents, in which molecular units such as PS and CAT and
other cofactors are either directly assembled into a solid-state
structure or immobilized onto freestanding solid materials

This journal is © the Partner Organisations 2024
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Fig. 2 Electron transfer and catalysis aspects in biological blueprints vs. artificial photosynthesis. (a) Protein-bound functional building blocks in
photosystem |, where P = P700, Aja and Asp represent the phylloquinones of both active branches in photosystem |, and Fy is the first Fe;S4 cluster
of photosystem I. The protein scaffold is depicted in shaded grey. Reprinted with permission from ref. 5. Copyright 2022, the American Chemical
Society. (b) Depiction of the proton and electron transfer pathways of FeFe hydrogenase. Adapted with permission from ref. 8 and 9. Copyright
2020, National Academy of Sciences. (c) Active site of FeFe hydrogenase showing how the protonated bridgehead amino group can act via hydrogen
bonding to stabilize a hydride intermediate. Numbers indicate distances in A and the red-blue color scheme indicates negative and positive partial
charges, respectively. Adapted with permission from ref. 8 and 9. Copyright 2019, the American Chemical Society. (d—f) Schematic of artificial
photosynthesis (example: a typical photocatalytic reduction reaction) with active molecular units in (d and e) homogenous (PS, and CAT units are
either separated or connected), and (f) heterogenous (PS, CAT and other cofactor integrated MOF) conditions. (S = substrate, P = product, and D =
sacrificial donor). Purple sphere in (f) represents an additional function-built linker, which can provide intermediate stabilization of the substrate
through interaction and dotted circle is the pore of the MOF, indicating the feasibility of product diffusion.

(Fig. 2£).>**"?3731 This type of support should ideally provide tures such as cages, polymers, dendrimers, and zeolites are a
synthetic flexibility to adjust the chemical environment few examples of this tactic**° but they are frequently quite
beyond the initial coordination sphere, in addition to structu- challenging in terms of synthesis, and in particular zeolites
rally stabilizing the catalytic site.***® Supramolecular struc- have limited synthetic flexibility.

This journal is © the Partner Organisations 2024 Inorg. Chem. Front,, 2024, 11, 7682-7755 | 7685
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1.4. Scope of this article

Therefore, this review focuses on an alternative heterogeni-
zation approach that involves adding molecularly defined
catalytic/light-absorbing function to metal-organic frame-
works (MOFs), which are three-dimensional (3D) coordi-
nation polymers composed of metal cations or their clusters
(referred to as secondary building units or SBUs, respect-
ively), which are periodically linked by organic linker mole-
cules.®” When creating highly active catalysts, the high
interior surface areas and high porosity of MOFs are desir-
able characteristics. They may also be electrically conductive
through band-like charge transport or hopping mecha-
nisms.*® Furthermore, MOFs are desirable platforms for the
methodical engineering of outer-sphere interactions due to
their high degree of modularity and the available variety of
synthetic functionalization techniques utilizing organic
chemistry.**° Simultaneously, the high local concentration
of active components being linked within the MOF structure
leads to improved charge transfer properties, and thus opti-
mized photocatalytic activity.

COOH
a ' l @ b
Zn 0(co H,BDC Cu,(CO,),

& 0

H,BTC

View Article Online
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Therefore, we discuss MOFs in which their essential com-
ponents enabling artificial photosynthesis are molecularly
defined entities and will describe the construction opportu-
nities and classification of these MOFs for application in the
area of solar fuel generation. Importantly, herein, we summar-
ize the photocatalytic MOFs based on their reaction scope
including light-driven hydrogen evolution reaction (HER),
oxygen evolution reaction (OER), overall water splitting, CO,
reduction reaction (CO,RR), amine oxidation, and alcohol oxi-
dation reactions. Considering sustainability, we also present
general strategies for improving the stability of these MOFs
and repair approaches.

2. Construction of MOFs

MOFs are crystalline and porous materials assembled from
rigid bi- or multi-podal organic linkers connecting a metal
node or SBU into a three-dimensional (3D) lattice structure, as
shown in Fig. 3.*°7* The first example of this class of solid

COOH (V

COOH

Cr,X(H O)ZO(BDC)3 x F, OH

Zn,0(BDC), Cu,(BTC),
MOF-5 HKUST-1 MIL-101 (Cr)
COOH
d e
COOH O
Y O0H O
[VO(CO,),] H,BDC oo 21,0,(CO,), (H,0
2l - [Zn,(OH),(CO,),l.  H,BPDC 105(CO,)y (H;0),
V(OH)(BDC) Zn(OH),(BPDC), z, OS(TCPP H,), (H,0),
MIL-47 MOF-69A OF-545

Fig. 3 Representation of some common secondary building units (SBUs) and linker combinations to afford a selection of MOFs such as (a) MOF-5,
(b) HKUST-1, (c) MIL-101(Cr), (d) MIL-47, (e) MOF-69A, and (f) MOF-545. Atom labelling: C, black; O, red; metals, and blue polyhedra. H atoms are
omitted for clarity. Yellow and orange spheres represent the space in the framework. Reproduced with permission from ref. 51. Copyright 2017, the

Royal Society of Chemistry.
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materials was found in 1999, when Yaghi and co-workers crys-
talized a robust and highly porous solid (namely MOF-5: Zn,O
(BDC);(DMF)g(CH5Cl), BDC = 1,4-benzene dicarboxylate, DMF
= dimethylformamide).*’ This archetype solid was comprised
of Zn,0(CO,)s octahedral SBUs each linked by six chelating
BDC units to give a cubic framework. Following this seminal
work, the associated building blocks in the main type of
MOFs, i.e., metal-oxo clusters (referred to as M,,) bearing car-
boxylate organic moieties as functional linkers attached to
these clusters, can also be viewed as the nm-controlled version
of dye-sensitized solar cells (DSSCs) or dye-sensitized photo-
electrochemical cells (DSPECs), where dye (and/or CAT) cover
the surface of a metal-oxo semiconductor via carboxylate
anchors.** As illustrated by a few examples in Fig. 3, the vari-
ation in the linkers and SBUs can lead to diverse structures,
making MOFs highly tunable materials. The large number of
available SBUs and linkers enables the design of countless 3D
MOFs, showcasing unique structures, which differ in topology,
reactivity, stability, pore size, and internal surface
area.”>**%57 The geometry of the linker and SBU and their
connection also enables the creation of other structures, such
as zero-dimensional (0D) metal-organic polyhedra (MOPs),
and 2D-metal-organic layer (MOLs) structures.*>*® Superior to
the classical solid-state materials and semiconductors, MOFs
provide the beneficial mass transport characteristics of sub-
strates and simple product-catalyst separation, allowing their
facile recycling.*”***° Most importantly, the backbones (linker
and SBU) of MOFs can preserve their molecular characteristics
such as light absorption properties and redox activities within
these porous structures, allowing the bottom-up design of
functional (photocatalytically active) materials.

In addition, MOFs can be functionalized with molecular
moieties to provide molecule-inherent photoactivity and cata-
lytic function. These units can be integrated into MOFs either
through covalent interactions using the linker and SBUs or by
non-covalent interactions within the pores (see Fig. 4). The
advantage of the covalent functionalization of the SBU and
linker is that the microscopic structural integrity of the MOF
and the structure of the added molecular components are typi-
cally maintained. In the case of non-covalent functionali-
zation, the pores of MOFs can be loaded reversibly with active
molecular components with an appropriate size in addition to
the uptake of the substrate. A molecular component relevant
to artificial photosynthesis (CAT or PS) can be incorporated
into MOFs using a direct one-pot synthesis method, as follows:
(i) via “linker engineering approach” (reactive center is structu-
rally tailored to serve as the linker during framework for-
mation) and (ii) encapsulation strategy. In contrast, post-syn-
thetic methods involve synthesizing molecular species and
MOF scaffolds separately, and then combining them by
soaking the virgin MOFs in a solution of the compounds or
their precursors. Therefore, this allows the molecules to dock
at a node (node-docking), linker (linker docking), or cavity
(ship-in-a-bottle), respectively. The details of these strategies
have been described in the review by Warnan and co-
workers.”” The direct injection of the molecular species into

This journal is © the Partner Organisations 2024
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Fig. 4 Schematic representation of the an exemplary MOF having three
distinct types of molecular component (PS/CAT) functionalizations via
covalent interaction at (a) linkers, (b) nodes/SBUs, and (c) non-covalent
interaction at the pores. In the same category of noncovalent encapsu-
lation (c), direct injection of the molecular components into the solution
during the photocatalytic experiment is also considered as the MOF
offers porous channels to transport and interact with the active sites.
(Additional molecular components include (a) an octahedral metal
complex with bipyridine-like dicarboxylate, (b) monocarboxylate
anchoring motif, and (c) coordinatively isolated segment. The SBU rep-
resents a metal-oxo cluster, while the linker is a biphenyl dicarboxylate.
The blue-highlighted regions emphasize the scaffolds connected to the
metal complex through anchoring motifs, with the sphere representing
the pore space within the framework.)

the solution during the photocatalytic experiment is also con-
sidered in the same category of noncovalent encapsulation
assuming that the MOF offers porous channels for the species
to interact with the active sites.

2.1. Modular MOF constructions for artificial photosynthesis

Molecular photoactive (PS) or catalytically active units (CAT)
can be incorporated/built into the MOF structure through
various synthetic steps, as described above. Therefore, the
resulting MOF structures can be grouped based on the localiz-
ation of the individual functional modules at or in the MOF,
leading to the following five options, which are also rep-
resented in Fig. 5.

2.1.1. Type I-MOF, linker-SBU. The organic or metalloli-
gand-based linker in MOFs acts as PS and SBU or an
additional molecular species covalently attached to SBU serves
as CAT (Fig. 5). Most of the examples in this section refer to
MOFs that are built from high-valent metal-based SBUs of Zr
(v), Ti(v), Ce(v), Ru(w), Eu(m), and Bi(m) and a strong light-
absorbing linker such as 2-aminoterephthalate (NH,-BDC), tet-
rakis(4-carboxyphenyl)porphyrin (TCPP), and Ru(u)-polypyridyl
carboxylate derivatives.>>”®* Typically, in metalloligand linker-
based MOFs, the origin of light absorption results from the
direct metal coordination sphere (for example, metal-to-ligand
charge transfer, MLCT-based excitation), whereas, in organic
linker-based MOFs, it can be ligand-centered (LC) or ligand-to-
metal charge transfer (LMCT) states that induce photoactivity.

Inorg. Chem. Front., 2024, M, 7682-7755 | 7687
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Fig. 5 Schematic representation of the types of photocatalytic MOFs
based on the localization of individual functional modules (Type |,
linker—SBU: bare/functionalized linker (PS)-bare/functionalized SBU
(CAT); Type I, linker—linker: bare/functionalized linker 1 (PS)—bare/
functionalized linker 2 (CAT); Type Ill, SBU-SBU: bare/functionalized
SBU (PS)-bare/functionalized SBU (CAT); Type IV, oligonuclear species
at the SBU or at linker: PS-CAT dyad at the linker or PS-CAT dyad at the
SBU; Type V: pore—MOF backbone: encapsulated or loaded species (PS/
CAT)-pristine MOF or covalently functionalized MOF (CAT/PS)). Color
code: yellow (PS); green (CAT); red line (covalently connected); yellow-
green gradient (indicating that the location of PS and CAT can be alter-
nated), dashed circle (pore occupied by a noncovalently attached or iso-
lated component).

The specific origin depends on the linker-SBU interaction and
their orbital contribution in the ground state (HOCO/VB,
highest occupied crystal orbital state/valence band) and
excited state (LUCO/CB, lowest unoccupied crystal orbital state/
conduction band) electronic structure. Despite the different
origins of light absorption, the charge separation between two
distinct scaffolds in these types of photocatalytic MOFs results
in a transiently oxidized species at the linker and a reduced
species at the SBU site (or vice versa in rare cases), which have
enormous potential to drive redox reactions. One classical
example is the Tig cluster-containing MOF, NH,-MIL-125(Ti)
(Fig. 6a), which yields formate during the reduction of CO,
under the irradiation of visible light in the presence of tri-
ethanolamine (TEOA) as a sacrificial electron donor.®® It was
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proposed that the NH,-BDC linker acts as the primary PS.
Upon photoexcitation, Ti** is reduced to Ti** by the transfer of
an electron from the excited NH,-BDC linker to the SBU, creat-
ing a charge-separated state that can reduce CO,. The electrons
for this process are provided by TEOA, which reduce the transi-
ently oxidized NH,-BDC back to its starting state.

Moreover, structural engineering of the organic linker in
type I-MOFs offers significant potential for (i) fine-tuning the
electronic structure and light absorption properties, (ii) enhan-
cing the charge carrier density and dynamics, (iii) modulating
the porosity, and (iv) achieving greater stability of the substrate
intermediate through interframework stabilization. This engin-
eering includes either the introduction of electron-withdraw-
ing and electron-donating substituents®® or the linear and
lateral m-expansion using oligo-arylene and azolinks.®”®°
Additionally, leveraging the semiconductive nature of MOFs
and the multinuclearity of the SBU, the SBU-based CAT can
accumulate multiple electrons simultaneously, making this
type of MOF suitable for all types of reduction reactions such
as HER, CO,RR and reactive oxygen species generation (ROS)
in the presence of a suitable donor.

2.1.2. Type II-MOF, linker-linker. In this type of MOFs, two
organic linker or metalloligand linkers are confined in a
closed space (Fig. 5). To ensure the structural integrity of the
MOF and its formation, a prerequisite for these MOFs is that
the linkers are similar in length. Importantly, one of these
molecularly defined units acts as PS and another unit serves
as CAT. This type of MOF is an ideal conceptualization of a
function-integrated system, where the role of the MOF struc-
ture is to provide a nanoreactor-like reaction space within the
porous channels’® and support the molecularly defined PS
and CAT unit to generate proximity between them to improve
the charge transfer. Both factors contribute to achieving
higher photocatalytic activity compared to their homogeneous
control.”*”7* One elegant example is the Zrg-based dual photo-
catalytic MOFs, namely mPT-Cu/Co comprised of a [Cu(PT)
(dppe)]PFs PS (dppe = 1,2-bis(diphenylphosphaneyl)ethane,
and PT = 4,4'-(1,10-phenanthroline-3,8-diyl)dibenzoate), and a
[Co(PT)]** CAT, yielding an impressive turnover number (TON)
of 18700 in the photocatalytic HER in the presence of
BIH (1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole)
which serves as a sacrificial electron donor (Fig. 6b).”>
Photocatalytic HER is initiated via the reductive quenching of
PS* by BIH, forming PS™, which subsequently injects electrons to
CAT for HER. Despite having a similar mechanism as observed
for the homogeneous system, the authors demonstrated that the
spatial proximity between PS and CAT (i) increased the stability
of PS and molecular CATs and (ii) accelerated electron transfer
processes between PS™ and CAT, which led to a significant boost
(almost 95-fold enhancement over their homogeneous controls)
in the photocatalytic activity of mPT-Cu/Co.

Moreover, this type II-MOF approach enhances the stability
of the coordination sphere for both molecular PS and CAT con-
currently within the MOF. This significantly contributes to
improving the overall efficiency compared to their homo-
geneous counterparts. Examples of this type of photocatalytic

This journal is © the Partner Organisations 2024
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MOFs are discussed in the respective chapters (Chapter
3.1-3.5).71737%7677 Additionally, this approach unlocks signifi-
cant opportunities for PS engineering. For example, Guo et al.
demonstrated a method to markedly enhance the sensitizing
capability of UiO-67 MOFs, composed of Ir/Cu or Ir/Co pairs,
by shifting the excited state distribution of Ir from *MLCT to
*IL (intraligand).”® This was achieved by incorporating a cou-
marin 6 (Cou-6) ligand to form the [Ir(Cou-6),(5,5"-dcbpy)]"
moiety (5,5-dcbpy = 2,2-bipyridine-5,5'-dicarboxylate), repla-
cing the 2-phenylpyridine (ppy) ligand in [Ir(ppy).(5,5'-
dcbpy)]". The resulting hierarchical organization of *IL MOFs,
paired with Co (for hydrogen evolution) or Cu (for CO,
reduction) catalysts, facilitates efficient electron transfer. This

This journal is © the Partner Organisations 2024

innovation led to remarkable photocatalytic H, evolution,
yielding 26 844.6 pmol g~*, and CO, photoreduction, achieving
a record HCOOH yield of 4807.6 pmol g~'. Additionally, the
isolated photocatalytic sites (PS/CAT pair) enable selective light
excitation, thereby preventing any unintended damage to the
modular construction.

2.1.3. Type III-MOF, SBU-SBU. The exploitation of photo-
catalytic MOFs with SBU/SBU-based PS/CAT pairs is less abun-
dant given that it is a synthetic challenge to achieve MOFs
with two molecularly defined units attached to two separate
SBU scaffolds (Fig. 5). Most importantly, bare SBUs are found
to be almost inert in harvesting visible light (Ces >* and Fe; "®

clusters are exceptional). However, the post-synthetic
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functionalization of the SBU by the carboxylate function of an
N,N'-chelating ligand (MBA = 2-(5"-methyl-[2,2"-bipyridin]-5-yl)
acetate), followed by metalation in the chelating sites made it
possible to achieve molecularly defined assemblies of PS/CAT
pairs with close proximity. The most precise example is Zr-
MBA-Ru/Mn MOFs, as reported by Karmakar et al’® The
chosen Zr-MOF (= MOF-808) was first post-synthetically modi-
fied through the solvent-assistant exchange of formates with
MBA ligands at the SBUs. By consecutive post-synthetic metala-
tion with [Ru(bpy),Cl,] and [Mn(CO);Br] both functional units
were installed at the N,N'-chelating sites of the MBA ligands to
afford the Zr-MBA-Ru/Mn-MOF (Fig. 6c¢). The built-in [Ru
(bpy)o(MBA)]** at SBU acts as PS and [Mn(MBA)(CO);Br] at SBU
acts as CAT for CO,RR, yielding a selectivity of >99% in CO for-
mation. The control experiments with Zr-MBA-Mn-MOF and
Zr-MBA-Ru-MOF separately employed as the photocatalyst
showed only trace amounts of a CO, reduction product, sup-
porting the hypothesis that the close proximity between the PS
and CAT within the MOF shortens the distances for the trans-
port of charge carriers. Interestingly, the photocatalysis experi-
ments were conducted without an exogenous electron donor,
implying that water may be the terminal electron donor.
Similar to type II-MOFs, this strategy also enables photo-
catalytic reactions within the isolated domains of the frame-
work. However, unlike the use of dicarboxylate entities, a
monocarboxylate-based entity is employed. This monocarboxy-
late entity is integrated either by replacing the surface carboxy-
late molecules attached to the SBU or by substituting one of
the SBU-linker coordination. This process reduces the dimen-
sionality and particle size of the MOF, allowing the active com-
ponents (PS and CAT) to access a greater number of sites at the
SBU.?%8! Moreover, the increased exposure to light, together
with these factors, plays a crucial role in heterogeneous photo-
catalysis, thereby enhancing the overall photocatalytic
performance.

2.1.4. Type IV-MOF, oligonuclear species at SBU or at
linker. Molecularly defined oligonuclear metal complexes con-
taining photocenters bridged to catalytic centers (PS-CAT) can
be employed to build MOFs using either the SBU or linker as
the binding site (Fig. 5). One recent example is two hexanuc-
lear zirconium (Zrg) cluster-based MOFs (namely PCN 224 and
PCN 222 with different topologies) comprised of Zn-TCPP
linkers, which have been post-synthetically modified with a
molecular CO,RR catalyst (namely, fac[Re'Br(CO);(qtpy)]
complex). The anchoring motif in qtpy (qtpy = 4,4':2',2":4,4"
"-quaterpyridine) uses its terminal pyridine N to coordinate the
central motif (Zn) of one or two Zn-TCPP linkers, resulting in a
self-assembled PS-CAT dyad-like system in both MOFs
(Fig. 6d). These hybrid MOFs (namely Re 222, and Re 224)
engaged in the photocatalytic CO,RR under visible light
irradiation in the presence of BIH, serving as sacrificial elec-
tron donor.?” The heterogenized dyad in these MOFs yielded a
significantly improved TON for solar CO,-to-CO reduction
compared to the homogeneous porphyrin-based PS-CAT dyad.
Moreover, these hybrid-MOFs delivered an alternative charge
carrier separation pathway, which functions in parallel to their

7690 | Inorg. Chem. Front, 2024, 1, 7682-7755

View Article Online

Inorganic Chemistry Frontiers

linker-SBU-based charge separation pathways. Therefore, a
wavelength-dependent photocatalytic pathway was observed,
where a shorter wavelength resulted in localized charge trans-
fers from the excited porphyrin linkers to the Zrg clusters, pro-
ducing formate. Alternatively, lower energy irradiation was
used to activate the CO-selective Re catalysts with exciton
migration enabling long-range, delocalized catalysis.
Generally, the type IV PS-CAT pair in TCPP-based MOFs coexist
with the type II and type I PS/CAT pair, resulting from the peri-
odic assembly of the porphyrin and semiconductive nature of
the MOF, which creates multiple photocatalytic channels for
redox reaction. The synergy among these photocatalytic chan-
nels and the long-range transportation of the charge carrier
resulted in a significant decrease in the recombination rate
and boosted the overall photocatalytic activity of the MOF. In
some specific examples, the dominance of type IV over other
types of photocatalytic channels and better product selectivity
were observed by (1) choosing a suitable source of light, as dis-
cussed above, and (2) utilizing a specific CAT entity in the dyad
such as an [FeFe] hydrogenase model®® and Pt(u), Pd(u)-based
single-atom catalysts (SACs).®*"®¢ Similarly, given the broader
potential for creating type IV PS-CAT dyads at the SBU, innova-
tive charge transfer complexes or monocarboxylate-based PSs
have been reported,®***®” which can electronically communi-
cate (via electron transfer) with the SBU through covalent con-
nections and sensitize pristine light-inactive MOF systems for
various photocatalytic reactions (Tables 1-4).

2.1.5. Type V-MOF, pore-MOF backbone. This type of
photocatalytic system is built with an ideal molecularly
defined species as one of the active units, which is either
added directly as a homogenous phase to a solid MOF dis-
persion at the time of photocatalytic reaction or encapsulated
in the MOF via non-covalent interaction prior to the photo-
catalytic reaction (Fig. 5). One of the perquisites in type
V-MOFs is that the active molecular species must fit into the
pore size of the MOF, and therefore the topology and linker
length of the MOF play a crucial role in achieving photo-
catalytic performances. There are many examples of this type
of photocatalytic system (see Tables 1-4), where the pristine/
covalently functionalized MOF particles serve as the chromo-
phore and the encapsulated/homogenous molecular units act
as the catalytic center or vice versa, building diverse MOF-sup-
ported PS/CAT pairs. In addition, some MOFs only serve as a
photo-inactive templating host to encapsulate both the mole-
cular PS and CAT units. One recent example from Stanley and
co-workers shows the immobilization of a CO,RR CAT [ReBr
(CO)3(4,4-dcbpy)] (4,4'-dcbpy = 2,2"-bipyridine-4,4'-dicarboxy-
late) and [Ru(bpy),(5,5"-dcbpy)]Cl, serving as PS onto the isore-
ticular series of Ui0-66, UiO-67, and UiO-68 (Fig. 6€).*® The
pore size determines the anchoring site (inside vs. outside),
which has a distinct impact on the electronic communication
between CAT and PS. This work provided a rational under-
standing of the host-guest effects, specific anchoring sites and
reactive center distance in the photocatalytic CO, reduction
(Fig. 5). However, this approach is no longer limited to carbox-
ylate linker-based MOFs, which now includes solution-state PS
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such as [Ru(bpy)s]** to unlock the SBU of non-carboxylate
linker-based MOFs. This includes the Cog-hydroxo cluster in
metal azolate frameworks (MAFs)®® and Co-imidazolate tetra-
hedra [Co(2-MIM),]*~ in zeolitic imidazolate frameworks
(Z1Fs).>® The former demonstrates water oxidation reactions
(OER) in the presence of Na,S,0s, while the latter is effective
in catalyzing CO, reduction reactions (CO,RR) in the presence
of TEOA. Recently, a new butterfly-shaped metal-bis(dithio-
lene) linker was developed, forming 2D metal-organic frame-
works (M-dcbdt, where M = Ni, Co, or Fe). The [Ru(bpy)s]**
with an [MS,]rich network was established as a promising
pair for the hydrogen evolution reaction (HER).”

3. Techniques for mechanistic
elucidations

Besides the development of techniques to address the chal-
lenge of size distribution, crystallographic properties, and por-
osities of MOF-based nanoparticles (NPs),”>% the understand-
ing of the elementary electron transfer steps originating from
the photoexcited states is essential in the context of catalysis
and artificial photosynthesis. A mechanistic understanding
allows the rational optimization for improved catalytic output
and in the best-case scenario (i) all incident photons get
absorbed by PS and (ii) the resulting excited states undergo
electron transfer steps with CATs and sacrificial reagents with
unity quantum yield. Furthermore, (iii) there are no unproduc-
tive charge recombination events, and thus charge separation
is solely used for catalytic turnover. However, this is not
usually the case, and therefore it is crucial to understand the
deviation in the real behavior of MOF-based systems from the
above-mentioned best-case scenario, ie., the extent to which
non-productive events occur in each step. However, it should
also be noted that due to the large size of MOF NPs and their
aggregates (often >100 nm), the typically applied optical tech-
niques suffer from strong light scattering, making the acquired
data difficult to interpret.”* Thus, during the preparation of
samples for optical spectroscopy and evaluating “molecular”
PS and CAT inside the MOF scaffold, special care must be
taken and a specific/an appropriate technique must be used to
collect meaningful data.’® One of the numerous advantages of
MOF-based photocatalysts over their homogeneous, freely
diffusing molecular counterparts is the close spatial proximity
of PS, CAT, and (sometimes) sacrificial reagents by design.
This increases their local concentration, and consequently the
efficiency of the desired electron transfer, minimizing unpro-
ductive diffusion processes. Proximity is not only realized by
attaching PS and CAT to the MOF skeleton, e.g., via carboxy-
lated linker systems, but can also be generated by the high
porosity of the MOF itself. Pore trapping of one or several of
the necessary components (also see type V in Fig. 5), i.e., host-
guest interactions, can experimentally be followed by tech-
niques such as IR spectroscopy, Raman spectroscopy,’® reso-
nance Raman®’ and (solid-state, ss) NMR spectroscopy’® but
also optical techniques such as steady-state UV-vis spec-
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troscopy.®® In contrast to crystallographic methods, which typi-
cally address long-range effects such as crystallinity, phase
identification, topology and 3D structure, IR, Raman and
ssNMR spectroscopy allow the local environments of the MOF
to be probed, which are important for efficient electron trans-
fer cascades induced by visible light.

3.1. Tools to study photon capture

Photocatalysis-inducing light absorption in MOFs can be
probed by steady-state UV-vis absorption spectroscopy.
However, in contrast to molecular systems, which are often
completely soluble in one or several suitable solvents, MOFs
are not. Thus, their optical properties are often determined in
the solid state using diffuse reflectance spectroscopy (DRS)
rather than in the liquid state, where diluted solutions and
classical cuvettes can be used for molecular systems.”®
However, some solution-state UV-vis measurements provided
an interpretable result for MOF particles possessing a size of
less than 100 nm and formed a stable colloidal solution when
dispersed in a solvent.”> After DRS data treatment with the
Kubelka-Munk function and/or from solution-state UV-vis
data, a comparison between an MOF and its soluble molecular
analogue is possible. Generally, the absorption properties of
the PS component as observed in the homogenous state can
be either retained or changed in an integrated-MOF platform
and varies from case to case. For example, the NH,-BDC linker
connected to a Ce(wv)-based SBU produced a new LMCT band
in the UiO-66(Ce)-NH, MOF, while the same linker retained its
ligand-centered absorption (LC) band in Zr(iv)-based UiO-66
(Zr)-NH, MOF.>* Additionally, density functional theory (DFT)
calculation is commonly used to theoretically interpret these
absorption features by estimating the band gap, and relative
orbital contribution of the components (metal and linker) at
the HOCO (VB) and LUCO (CB) level of the semiconductive
MOF.>**>% In contrast, upon the incorporation of a metalloli-
gand-based PS such as [Ru(bpy),(5,5-dcbpy)]** (ref. 100) and
[Cu(PT)(dppe)]" (ref. 75) into the MOF scaffold, their UV-vis
absorption properties did not significantly change, i.e., for the
rational bottom-up design of a MOF-based artificial photosyn-
thetic scheme, the UV-vis absorption properties of the dis-
solved molecular PSs and their analogues can be extrapolated.

3.2. Tools to study electron/energy transfer

Here, examples are presented where the methods of lumine-
scence quenching, optical transient absorption (OTA) and elec-
tron paramagnetic resonance (EPR) spectroscopy have been
used to elucidate the details of the respective light-driven pro-
cesses and catalysis. Once the steady-state absorption pro-
perties of the MOFs are known, examination of the processes
upon (visible) light absorption is possible.

One possibility to study electron transfer events originating
from PS* is time-resolved and steady state luminescence
(quenching) measurements. If a MOF-incorporated PS*
(MOF¥*) represents a luminescent species, then the influence
of a catalytic component (already in the MOF scaffold or intro-
duced later), and addition of various reagents (in variable con-
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centrations) such as electron donors and acceptors results in a
decrease in the emission intensity®*'°>'%* and shorter excited-
state lifetimes of PS* (MOF¥) in the case of successful electron
transfer. For example, this has been demonstrated by C. Wang
and W. Lin in an [Ru(bpy);]**-like metalloligand-based MOF
upon the addition of different tertiary amines, serving as
reductive quenchers of the Ru-based *MLCT state. These
authors not only determined the size-dependent effects on the
luminescence quenching efficiency but also the diffusion con-
stants for the various amines through the pores of the MOF
utilizing time-dependent luminescence data. If the size of the
electron donor was too large, no diffusion into the pores was
possible, and consequently no electron transfer, as indicated
by the observed reduction in luminescence intensity and life-
time. This also reveals important design criteria for well-
working photocatalytic MOF-based systems.'®® It is known that
crystalline MOFs with ordered networks offer an extra advan-
tage, which can facilitate the transport of excited states or
photoinduced charges to the surface or active site through
energy transfer and exciton migration processes. "%
Inevitably, the luminescence and charge or energy transfer
kinetics of PS* (MOF) are strongly influenced in these cases,
and they exert a significant impact in heterogenous photocata-
lysis. A detailed analysis of the time-resolved photo-
luminescence data allowed the excited state events in Re-
loaded UiO-67 MOFs to be rationalized (Fig. 7a). Excitation of
pristine UiO-67 MOF bearing a Zrs-based SBU and 5,5'-dcbpy
linker led to radiative (at 390 nm) and non-radiative de-
activation with rate constants of 7.7 x 10> s™* and 1.9 x 10" s*

View Article Online

Inorganic Chemistry Frontiers

respectively. The addition of a Re-sites to the framework
caused the deactivation of the excited state by Forster reso-
nance energy transfer (FRET) (Fig. 7b). It was demonstrated
that the population of the lower-lying singlet excited state of
[Re(5,5"-dcbpy)(CO);Cl], either by direct excitation or energy
transfer, led to rapid intersystem crossing to a mixed singlet-
triplet state, which decayed to the ground state by radiative
(610 nm) and non-radiative pathways with rate constants of 4.5
x 10° 57" and 5.1 x 10° s, respectively.'*® By applying similar
techniques, Ferrer et al. studied the photoredox properties of
an  [Ru(bpy),(5,5"-dcbpy)]*-incorporated MOF  (Rudcbpy-
Ui0-67(Zr)).'*° According to their investigation, the *MLCT
state generated upon visible light excitation decays partly to a
very long-lived (millisecond timescale) photoinduced charge-
separated state following similar behavior to that of analogous
[Ru(bpy)s]*" dissolved in water, except that the lifetime of the
soluble complex excited state is orders of magnitude shorter.
Contrary to homogenous conditions, it has been demonstrated
that MOFs provide a suitable platform for the PS, in which the
excited [Ru(bpy),(5,5-dcbpy)]”** triplet electrons transfer to
the MOF lattice cluster (e) and the charge on the oxidized
species migrates via the nearby linker (h) of Rudcbpy-UiO-67
(Zr) MOF upon visible light irradiation (Fig. 7c). Therefore, this
PET process inside the MOF leads to a distinct and durable
photoinduced charge separation state, which is beneficial for
the photocatalytic debromination of a-bromoketones to
achieve high conversions.

The excited-state dynamics in MOFs can also be followed by
optical transient absorption (OTA) spectroscopy using UV or

a C
. / \ Rudcbpy-Ui0-67 Co’, co,
hv Z RU\
532 nm S y
l bpdc Rudcbpy Zrg04(OH)s
b Re-Ui0-67-6 € —®
® AN i
IO ST Energ, n - ® N
® w\f& Re(bpydo)CONCE | Crroroem
—_— osing . Ru*dcbpy-UiO-67
Aot 320 nm . N, Relbpyde)CO)CI py i PET
o 88Ul , . .
“ gl §el@ A ‘22”"‘ g8 _|. ii Photo-induced charge separated state (~ 11,8 ps).
g 8% | X 5 S| o .
® 3| B&|: @% ® 5|8 Ru species involved
= S cSX | x n o
el £ 2 E2l| 5 iii electron migration
24 . .
2|~ iv Very long-lived charge separated state (>10 ms).
v No Ru species involved

Uio-67 Re(bpydc)(CO),CI

Fig. 7

(a) Idealized representation of UiO-67 octahedral cavity doped with Re(bpydc)(CO)sCl and (b) simplified Jablonski diagram of UiO-67 and

Re-UiO-67-6. (1) Excitation at 320 nm of the UiO-67 MOF results in the formation of *UiO-67*, which can decay to the ground state by emission or
non-radiative relaxation (2). [Re(bpydc)(CO)sCl] incorporated in the MOF, as in Re-UiO-67-6, can be excited either by energy transfer from the MOF
(3) or direct excitation (4). This singlet excited state undergoes intersystem crossing (5) and then decay to the ground state via photoluminescence
or non-radiative relaxation (6). Rate constants in (2) represent the excited state evolution of pure UiO-67 with no rhenium complex, given that the
fluorescence of the MOF in Re-UiO-67-6 is too quenched to obtain quantum yield and lifetime data. Adapted with permission from ref. 108.
Copyright 2022, Elsevier. (c) Proposed PET process upon 532 nm laser excitation of the Rudcbpy-UiO-67(Zr) MOF. Adapted with permission from
ref. 109. Copyright 2018, the American Chemical Society.
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vis pump and probe pulses. Data analysis of OTA can reveal
electron transfer events by identification of the excited state
absorption (ESA) or ground state bleach (GSB) signals, which
are similar to the signals obtained from spectroelectrochem-
ical measurements of oxidized or reduced PS and CAT. The
appearance of signals, and especially their decay can be kineti-
cally analyzed to provide information on the rate of electron
transfer and potential charge recombination events. In con-
trast to the OTA analysis of soluble molecules inside the classi-
cal cuvette, samples of MOF-based systems are measured in
thin films. For example, S. Yang et al. analyzed a mixed-linker
MOF with Ru-PS and Pt-CAT moieties designed for light-driven
hydrogen evolution. The kinetic analysis of the OTA spectra
revealed that compared to the Ru-only MOF, the excited-state
lifetime of the Ru-based *MLCT state was reduced by a factor
of 4 in the presence of the Pt center. This was assigned to the
successful electron transfer from Ru-PS to Pt-CAT.”* The
kinetic analysis of the obtained OTA signals in the presence of
various reagents such as sacrificial electron donors and CATs
can also be used to unravel the sequence of individual electron
transfer steps in MOF-based photocatalysts. In the OTA spectra
on the nanosecond timescale, a mixed-linker Zn-PS/Pt-CAT
system showed a remarkable decrease in the Zn-PS* lifetime
compared to the Zn-PS-only MOF, whereas the addition of the
electron donor phenol had no effect. Thus, it could be con-
cluded that oxidative quenching of Zn-PS* occurs via electron
transfer to the neighboring Pt-centers followed by the regener-
ation of Zn-PS with phenol."*°

Electron paramagnetic resonance (EPR) spectroscopy inter-
rogates unpaired electrons at specific parts of MOF-based
photocatalysts and can support the results from OTA spec-
troscopy, Le., it can verify successful charge transfer events.
The EPR signals are very sensitive to the surrounding micro-
environment, thus providing a more site-specific statement on
charge localization compared to the typically broad signals
obtained by OTA. In a representative study, a MOF-based
photocatalyst for CO, reduction bearing Ru-linkers and {Eu},
active sites was analyzed by EPR spectroscopy in the presence
of TEOA as an electron donor. Upon irradiation, charge trans-
fer to the {Eu}, SBU was confirmed as broad EPR signals,
which were attributed to Eu(u). Interestingly, when CO, was
introduced, the EPR signal immediately disappeared, confirm-
ing electron transfer to CO,.”*

3.3. Tools to study the catalysis and products

Once the electron transfer among PS, CAT and other (sacrifi-
cial) agents has occurred, the utilization of the photogenerated
charges via catalytic turnover is necessary. To achieve the
latter, the substrates need to bind to the metal-containing CAT
to be activated. Therefore, the CAT needs to offer open coordi-
nation sites. The formation of open binding sites is either
linked to the charge transfer process itself, e.g, as in [(bpy)Rh
(Cp*)X]-based CATs, where ligand X is lost from the metal
upon Rh reduction,""! or the open binding site is formed
directly from the electronically excited state. Interestingly,
time-resolved IR spectroscopy could reveal the photoinduced
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dynamics on the MOF scaffold itself, potentially opening the
vacant coordination sites necessary for catalytic activity at the
SBU.""? IR spectroscopy in a diffuse reflectance setup (DRIFTS)
was also used to monitor the final step of the photocatalytic
cycle, i.e. substrate conversion at CAT. Maji and co-workers
observed the CO, to CO reduction at the Re-site of a type III
MOF bearing Ru-PS and Re-CAT attached to the SBUs. The
gradual conversion of the Re-bound COOH species to Re-
bound CO species was followed by the formation of character-
istic IR bands.®’ Moreover, small molecular products can be
identified and quantitatively analyzed using chromatographic
techniques such as gas chromatography (GC) and liquid
chromatography (LC) coupled with mass spectrometry (MS), as
well as spectroscopic methods such as nuclear magnetic reso-
nance (NMR). Additionally, tools such as GC-MS and NMR
allow isotope tracing experiments with substrates such as
13C0,/H,"®0, enabling the study of the reaction mechanisms.

4. Examples of MOFs in visible light-
driven catalysis

Based on the above-described categorization of MOF designs,
the following chapter discusses their applications in various
fields, mainly including solar fuel-related light-driven catalysis,
e.g., hydrogen evolution reaction (HER), oxygen evolution reac-
tion (OER), overall water splitting, CO, reduction reaction
(CO2RR), and oxidative organic transformation (benzyl amine/
alcohol oxidation) reactions.

4.1 Hydrogen evolution reaction (HER)

HER is a two-electron reduction reaction, which occurs at a
specifically designed catalytic site. In most cases, HER is inves-
tigated independently of the challenging water oxidation reac-
tion (OER), and thus is fueled by a parallel oxidation reaction
with a solution-state sacrificial electron donor such as BIH,
TEOA, ascorbate, and EDTA (ethylenediaminetetraacetic acid).
From a thermodynamic perspective, the catalytically active
component must have suitable redox potentials to drive the
2H'/H, reduction process, and from a kinetic perspective, it
must have accessible coordination sites for binding the sub-
strate such as water or H' for generating and stabilizing the
reactive metal-hydride intermediate. This intermediate either
by homolytic (metal-hydride reacts with another metal hydride
to generate H, via reductive elimination) or heterolytic path-
ways (the metal hydride is further reduced and protonated to
form H,) yields the product H,.>' In the context of MOF
research, photocatalytic HER has made progress from two
standpoints, as follows: (1) improvement in light absorption
capacity and (2) utilization of well-characterized/nature-
inspired molecular system by adopting the functionalization/
encapsulation strategies (see Table 1). It has been previously
reported that MOFs containing Ti(iv) and Ce(wv)-based SBUs co-
ordinated to an electron-rich organic chromophore linker,
such as NH,-BDC, demonstrate photocatalytic HER
activity.""*'"”  Recently, some new organic/metalloligand
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linker-based MOFs have been introduced in this area taking
advantage of the well-characterized polypyridyl complexes of
Ru(u),*>'*® 1r(m),"*® and Cu(1),”* and porphyrin-based metal
complexes.''®'?° Additionally, MOFs with some noble metal-
based SBUs such as Ru(ut),, Eu(m), and Pr(u1) have been found
to achieve very high (gravimetric) TONs due to their superior
catalytic activity.’>"*"** For example, the Lin group syn-
thesized two MOFs, namely Ru-TBP and Ru-TBP-Zn, bearing
Ru(m), paddlewheel-like SBUs and porphyrin-derived tetracar-
boxylate linkers (TBP and TBP-Zn, where TBP is the tetraanion
of 5,10,15,20-tetra(p-benzoic acid)porphyrin, which is com-
monly referred to as TCPP in other reports), and studied their
HER activities in acetonitrile (MeCN) solution with H,O as the
proton source and TEOA as the sacrificial electron donor
under visible light (Fig. 8a)."*° Despite having a similar ET
mechanism (excited porphyrin transfer electron to Ru(ui),
SBUs, Fig. 8a) in both MOFs, the HER activity of Ru-TBP-Zn
(TON: 39.4) was found to be higher than that of Ru-TBP (TON:
21.2) after 72 h irradiation. This was ascribed to the significant
role of Zn in enhancing the molar absorptivity of Ru-TBP-Zn.
Furthermore, the enhanced HER activity of Ru-TBP-Zn com-
pared to the homogeneous TBP-Zn control (TON: 1.4) con-
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Fig. 8 (a) Schematic representation of the Ru-TBP (Zn) crystal structure
assembled from metalloporphyrin-centered tetracarboxylates and Ru
(), paddlewheel (SBU), showing the Vvisible light-driven HER.
Photoexcited porphyrin ligands inject electrons to adjacent Ru, SBUs to
reduce protons to hydrogen. Subsequently, the oxidized porphyrin
ligands are reduced by sacrificial TEOA to regenerate the photocatalytic
system. Adapted with permission from ref. 120. Copyright 2018, the
American Chemical Society. (b) Sequentially installed Cu()-PS and Fe()-
CAT in Zrg-mPT to afford Fe(i)-X@Zrg-Cu (X = Br~, Cl7, AcO~, and BF;")
and proposed photocatalytic cycle for H, evolution. Adapted with per-
mission from ref. 71. Copyright 2020, the American Chemical Society.
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firmed that the proximity of the Ru(m), SBUs and porphyrin
ligand (~1.1 nm) as well as their hierarchical organization
played a key role in facilitating multielectron transfer to drive
the photocatalytic HER. The above-mentioned crucial factors
for increased TON in type I-based photocatalytic HER MOFs
have been commonly highlighted in several studies.''®
Inspired by the —[FeFe]- and [NiFe]-hydrogenase model in
nature,'** numerous additional molecular entities such as Cu
(1) and Ni(u)-EDTA, [Co(dmgH),(4-COOH-py)Cl] (dmgH = di-
methylglyoxime, py = pyridine), and Ni(SH)(OH,) and metal
sites such as Fe(u)-X (X = Br™, CI7, AcO™, and BF,"), Ti(w), and
Co(1) species have been created in MOFs by modification of
their SBUs. Evidently, they promoted the efficiency of the MOF
and offered a selective pathway for HER by their specific
functions.”""****% One elegant example is Fe(n)-X (X = Br
CI7, AcO™, and BF,") supported on a Zr, cluster, which consti-
tuted the SBU of a mixed-linker MOF containing nitro-quater-
phenyl dicarboxylate and PT (Fig. 8b).”* The PT-sites were used
to assemble a [Cu(PT)(dppe)]"-type PS by a series of post-syn-
thetic modifications. The resulting Fe-X@Zr,-Cu promoted the
light-driven HER with a TON of up to 33 700 and TOF of up to
880 h™'. The HER activities of Fe-X@Zre-Cu were found to cor-
relate with the lability of the counter anion X, which is consist-
ent with the generation of open coordination sites at the
single-atom Fe centers by de-coordination of the labile X
groups to facilitate the formation of Fe-hydride intermediates
(Fig. 8b). The modification of the SBUs in the bulk structure of
NH,-BDC-based MOFs with a large coordination sphere
species is challenging due to their pore restrictions. However,
these species can be covalently grafted to the SBUs precisely at
the surface level. Recently, Zhang et al. employed a straight-
forward post-synthetic modification involving an amide reac-
tion to graft [Pt(bpy)Cl,] onto the surface of NH,-MIL-125."°
They demonstrated that the electron-withdrawing effect of the
[Pt(bpy)Cl,] complex allowed it to serve as a highly efficient
electron acceptor, which shifted the photoinduced charge
migration pathway from internal BDC — TiO, migration to
external BDC-PtN, migration. The assembled structure
(NML-PtN,) demonstrated a 225-fold increase in photocatalytic
hydrogen evolution activity (7.608 mmol g* h™") compared to
the pristine NH,-MIL-125. However, further post-modification
of the Pt coordination sphere with an additional bipyridine to
produce NML-PtN, resulted in a 2.26-fold reduction in the
hydrogen evolution performance. The authors identified the
spatial hindrance and increased Gibbs free energy as the
primary causes for this decreased efficiency, which was sup-
ported by both theoretical and experimental evidence.

The attachment of a polypyridyl-based metal complex as an
additional molecular CAT in the linker leads to the construc-
tion of a type II PS/CAT pair (linker-linker) in MOFs. Therefore,
several MOFs from the UiO family were built using a PS/CAT
pair such as Ru/Pt,”>’* Ru/Fe,”” and Cu/Co”” for photocatalytic
HER. For example, an Ru/Pt pair covalently attached to two
separate 5,5-dcbpy linkers of the UiO-67 MOF provided close
spatial proximity for efficient electron transfer from the excited
PS [Ru(5,5'-dcbpy)(bpy),]** to the CAT [Pt(5,5-dcbpy)]**. The
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oxidatively quenched PS was re-reduced to its initial state by
the sacrificial electron donor Na,EDTA and the reduced CAT
induced the HER in the MOF (Fig. 9a).”® In addition, the
increased stability of PS and CAT in the MOF enhanced the
HER activity to several orders of magnitude in comparison to
their homogenous control. Unlike the molecular catalytic
entity, SACs are also known for their HER activity and were
easily created in porphyrin-based MOFs'*°™*** employing the
porphyrin cavity. Categorically, under these circumstances,
these types of MOFs create multiple photocatalytic channels
(type I: linker-SBU, type II: linker-linker, and type IV, not ideal
dyad: linker-SAC), which can participate in HER. For example,
single atomic Pt(u) in the porphyrin cavity of the PCN 222
MOF bearing Zrs clusters’*' or AI-TCPP MOF bearing Al,
cluster'®” induced the linker to cluster charge transfer mecha-
nism by promoting the charge transfer from the porphyrins
(PS) to Pt(u) ions (CAT) in the framework, resulting in a signifi-
cant improvement in their HER activity compared to their pris-
tine systems. Recently, Kim et al. discovered that the HER
activity of Pd(u) SACs in a TCPP-based MOF of Cu, clusters out-
performed Pt(u) SACs because of the longer lifetime of the
photogenerated charge carriers and higher charge transfer
efficiency of the former.®® In another study, Wang et al
demonstrated that loading 2 wt% Pt particles as a cocatalyst in
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Pd/Yb-PMOF (MOF based on Pd-TCPP linkers and Yb, clusters)
enhanced the HER activity by nearly threefold compared to the
control (Yb-PMOF, 2 wt% Pt). This improvement was attributed
to the synergistic catalytic effect between the central Pd in the
linker and the Yb ions in the SBU."** Recently, the biomimetic
[Fe,S,] model [(i-SCH,),NC(O)CsH,N]-[Fe,(CO)q]** was used by
Sasan et al. and introduced into this type of porphyrin-based
MOF via the self-assembly molecular recognition approach
(Fig. 9b). The central single atom (Zn) at the porphyrin pocket
of the MOF (namely ZrPF) provided an axial coordination
interaction to the pyridine-N from the [Fe,S,] model by
forming [FeFe]@ZrPF MOF assemblies and created ideal mole-
cular PS-CAT dyad-like systems within the MOF. With this
unique type IV PS-CAT pair, the MOF assemblies retained their
catalyst-specific function and HER pathway, while improving
the HER activities and stability of the [Fe,S,] model signifi-
cantly than their homogenous control in terms of rate and
total hydrogen production yield.

The MOFs with type V PS/CAT pairs include various
examples within the scope of HER (see Table 1). For example,
Co-dioxime-diimine (Co(im)-L,),"** [Co(TPA)CI]CI (TPA = tris(2-
pyridylmethyl)amine),"*® [Co(bpy)s]**,"*” and Pt(u)"**-based
HER CATs were encapsulated in numerous visible light active
MOFs (see Table 1). The solution-state [Fe,S,] model directly

[FeFe]@ZrPF

(a) Representation of the SBU (red balls), PS linker (yellow rods), and CAT linker (purple rods) in UiO-67 MOF and proposed reaction scheme

for the photocatalytic reduction of protons in the presence of EDTA-2Na (light source: LED A > 420 nm). The backbone of the MOF is shown as the
octahedral cavity, where additional rods (grey) represent the bpdc linker (2,2'-biphenyl dicarboxylate). Adapted with permission from ref. 73.
Copyright 2015, the Royal Society of Chemistry. (b) Building blocks and an additional CAT unit in the [FeFel@ZrPF MOF (color scheme: Zr, green; Zn,
dark grey; C, light gray; O, red; N, blue; Fe, light green; and S, yellow) for photocatalytic HER in the presence of ascorbic acid as a sacrificial donor
(D). Adapted with permission from ref. 83. Copyright 2014, the Royal Society of Chemistry.
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injected into a light-harvesting Gd-based MOF bearing a
4,4' A"-tricarboxyltriphenylamine (TCA) linker was examined by
Wu et al.’*® Alternatively, the direct injection of solution-state
PS can be used when the solid MOF contains an active CAT at
its scaffold. For example, Eosin Y has recently been incorpor-
ated in a mixed-linker MOF of Cu (Zr/Cu-(H,BDC-BPD)), where
Zr serves as CAT at the SBU.'° Similarly, in a 2D MOF
(M-dcbdt) composed of a butterfly-shaped metal-bis(dithio-
lene) linker and divalent cations (M = Ni, Co, or Fe), the solu-
tion-state PS [Ru(bpy);]*" can interact with the [MS,] units to
facilitate the hydrogen evolution reaction (HER).' Li et al
developed a similar [MS,]-rich network in a 2D conjugated
MOF nanostructure (HTHATN-Ni-NS) using an HTHATN linker
(HTHATN = hexathiohexaazatrinaphthylene).’*! By integrating
an additional Pt(u) site at the uncoordinated NN sites of the
linker, they constructed a bimetallic HTHATN-Ni-Pt-NS. This
structure exhibited high electrical conductivity and an efficient
hydrogen evolution rate of 47.2 mmol g~* h™*, which was 13.5
times higher than that of the pristine HTHATN-Ni-NS under
visible light irradiation. The experimental and theoretical ana-
lyses revealed that the introduction of a small amount of Pt(u)
provided catalytically active metal sites and optimized the
AGy-« value of the Ni(u) centers, thereby enhancing the proton
reduction performance. Pullen et al. exploited the same PS [Ru
(bpy)s]** in a solid-state MOF (UiO-66/[Fe-Fe]) containing an
[Fe,S,] model ([FeFe](dcbdt)(CO)s, H,dcbdt: 1,4-dicarboxylben-
zene-2,3-dithiolate).'*>'*® Interestingly, according to the latter
example, the authors hypothesized that only the surface-
exposed [FeFe] centers were active in photocatalysis. This unex-
pected phenomenon was proposed to be due to intracrystal
linker scrambling, which brings structurally intact catalysts
from the crystal interior to the surface, where they can partici-
pate in catalysis. This explanation also suggests that [[FeFe]
(dcbdt)(CO)g] in the inner MOF layers is not reduced during
earlier photocatalytic HER cycles, and only a fraction of the
total CAT species remains active during the initial round of
irradiation.

4.2. CO, reduction reaction (CO,RR)

The CO, reduction reaction (CO,RR) is a multi-electron and
multi-proton process and can yield a variety of reaction
product(s), such as CO, HCOOH, MeOH, and even longer
chain alcohols and higher alkanes. Some of these reaction pro-
ducts can be used as reagents or liquid fuels. Therefore, artifi-
cial CO,RR systems not only help in establishing a second
carbon cycle parallel to the natural one but potentially attenu-
ate the adverse effects of CO, on the climate by utilizing it as a
C1-feedstock. However, most molecular CATs mainly produce
a two-electron reduction product, i.e., CO or HCOOH, and typi-
cally have the following chemical composition: fac-[M(bpy)
(CO)X]"" with M = Re(1), Mn() (X = CI~, Br™, PR, etc.) produ-
cing CO as the main product, [Ru(bpy)Cl,(CO),] and [Rh(bpy)
(cpr)cl]” (Cp* = n5-CsMe;) producing HCOOH as the main
product, and [M(cyclam)]** with M = Co(u) or Ni(u) (cyclam =
1,4,8,11-tetraazacyclotetradecane) as well as porphyrin com-
plexes, mainly with Co as the central metal, also yielding CO
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as the main product. In view of the material incorporated in
the MOF architectures, these systems bearing bpy ligands offer
options for metal-containing linkers (type II, see Fig. 5) or
attachment to SBUs (type I or type III). Similarly, metal-con-
taining tetra-carboxylated porphyrins can also be used as
linkers in MOFs. In contrast, the cyclam systems only enable
noncovalent incorporation in the pores of the MOF (type V).
Additionally, the chemistry and catalytic behavior of CATs in
solution have been investigated in great detail, and thus also
reviewed extensively over the years.'**'*® Consequently, their
requirements for optimal catalytic activity are known. This
allows the rational embedding of these CATs into suitable
matrices for the design of well-functioning and heterogenized
artificial photocatalytic systems. Redox-active SBUs such as
Zre, Tig cluster, and Co-imidazolate tetrahedra [Co(2-MIM),]*~
in a solid MOF were also utilized via PS installation.®®'*7148
Encouraged by the beneficial aspects of MOF-integration such
as improved (long-term) stability, recyclability and improved
activity due to the spatial proximity between the CAT and PS,
many of the above-listed CO,RR CATs have already been inves-
tigated in an MOF-based artificial photocatalytic scenario (see
Table 2). One of the most commonly used CO,RR CATs for
incorporation in MOFs is Re-based complexes containing
mono- or di-carboxylated bpy-like ligands together with 3 CO
ligands and a sixth ligand X completing the coordination
environment around Re (see Fig. 6e). In a study employing
three different MOF matrices, namely UiO-66, -67, and -68, in
combination with [ReBr(CO);(4,4"-dcbpy)] linkers as CAT and
[Ru(bpy),(5,5"-dcbpy)]Cl, linkers as PS, it was determined
whether both are outside or inside the MOF or whether only
CAT was incorporated via H-bonding with the linker-based
NH,-groups.®® The obtained data were evaluated as follows:
high photoactivity and rapid deactivation of the UiO-66 con-
taining system, which does not allow stability by neither
increasing the uptake of CAT nor PS; low activity for UiO-67,
which only takes up CAT and shows mediocre activity, and
higher stability for UiO-68, incorporating PS and CAT. This
clearly highlights that the MOF-matrices need to be fine-tuned
to the specific PS and CAT species to enable optimal photoac-
tivity. A similar effect was also observed for the MIL-101-
NH,(Al) MOF matrix."*® The incorporation of molecular PS
and CAT in the pores led to improved and longer duration of
photocatalytic activity from initially 1.5 h under homogeneous
conditions to 40 h under the chosen MOF conditions. The de-
activation was mainly ascribed to the degradation of PS, and
thus a restart of the photocatalytic CO,RR process could be
achieved by adding additional PS.

Interestingly, further development in the field led to biomi-
metically optimized photocatalytic activity. A mixed-linker
MOF (Re-MOF-NH,) bearing 5,5-dcbpy and NH,-functiona-
lized 2,2-biphenyl dicarboxylic acid (H,bpdc-(NH,),) in a
rational proportion was prepared, followed by the covalent
attachment of [Re(CO);(5,5"-dcbpy)Cl] (abbreviated as ReTC) to
create ZrgO4(OH)4(ReTC); 26(bpde-(NHy),)4.08(bpdc)o.ss, allow-
ing intermolecular stabilization of the carbamate intermedi-
ates in an enzyme-like fashion (Fig. 10a). This was demon-
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CH,selectivity: > 99%
Rate: 460 pmol g1 h!

Engraft into MOF pore

CT complex provides visible
light absorption and enhances
electron transfer kinetics

TE/\;{FAH
BNA*

BNAH**

’/—\BNAH
Myt

[PBA*-MV*]2+*

MOF-808-PBA-MV | o- /‘
PBA-MV2*

Pore Confinement of Donor-Acceptor (CT) complex

Fig. 10 (a) Structure and cooperative interaction between an amino-
functionality of Hybpdc-(NH,), and H,ReTC within the UiO-67-based
mixed-linker MOF employed in the photocatalytic CO,-to-CO conver-
sion. Atom labelling: C, black; O, red; Zr, blue polyhedra; Re, yellow; and
Cl, green. H atoms are omitted for clarity. Adapted with permission from
ref. 150. Copyright 2017, Nature. (b) Schematic of grafting a donor—
acceptor (PBA-MV) complex to MOF-808 (Zr) pore for visible light-
driven CO, reduction to selective CH,4; production. Here, the D-A
complex acts as a light harvester to boost the electron flow near the
catalytic site in the presence of light. Adapted with permission from ref.
151. Copyright 2017, Nature.

strated to produce an approximately 3-fold increase in photo-
catalytic activity for the conversion of CO, into CO."° Similar
results were also observed by Batoo et al. for the UiO-67 MOF
(Cu/1,-Zr-BPDC/BPyDC) composed of [Cu(5,5'-dcbpy)]”* and I,-
BPDC."? Interestingly, under 450 nm light irritation, the Cu()
complex in Cu/I,-Zr-BPDC/BPyDC was shown to solely produce
MeOH from CO, in the presence of [Ru(bpy);]** and TEOA,
while the photoactive [Re(CO)3(5,5-dcbpy)Cl] in the Re-
MOF-NH, MOF was demonstrated to produce CO under visible
light (400-700 nm) in the presence of TEA. However, given
that Re is a very expensive and rare metal, recent developments
in this field allowed it to be replaced by its lighter group 7 ana-
logue, Mn. This more sustainable version of a CO-yielding
CO,RR CAT was also incorporated into MOF architectures. Lin
and co-workers reported a direct isostructural comparison of
Re and Mn CATs, which were both incorporated in Hf;,-based
metal-organic layers (MOLSs) containing [Ru(bpy);]**-based PS
as the linkers.">® The replacement of the capping carboxylates
by mono-carboxylated bipyridines enabled subsequent CAT
integration using the respective [M(CO)sCl] precursors (M =
Re, Mn). With BNAH or BIH, as easy to oxidize electron
donors, the Re-based system proved to be ca. 4 times more
efficient that the Mn-based MOLs. Nevertheless, the same Mn-
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based CAT proved to be active in a Zr-MOF-808-based system
coupling CO, reduction with water oxidation, ie., it could
drive the reductive half reaction of an artificial photosynthetic
system.”® A more detailed discussion can be found in Chapter
3.4. covering this topic. Using the same MOF, and by confining
the charge transfer complex within the MOF pores, this group
also reported CH, formation (7.3 mmol g™, 99% selectivity)
from the Zre-SBU in an aqueous solution of BNAH and TEA
(Fig. 10b)."' To accomplish this, 1-pyrenebutyric acid (PBA)
was post-synthetically grafted to the defect-engineered Zr-
MOF-808 by replacing the exchangeable formate groups.
Subsequently, methyl viologen (MV) was incorporated in the
confined space of the post-modified MOF to form a donor-
acceptor complex. This complex acted as an antenna to harvest
visible light and regulate the electron transfer to the catalytic
center (Zre cluster), enabling the visible light-driven CO,
reduction reaction. In contrast to the two reports on Re
described above, Mn-based CATs were also incorporated in
MOFs not only by mono-carboxylated bpy for SBU-attachment
but also as linkers. The use of UiO-67 with 5,5-dcbpy moieties
allowed subsequent modification with [Mn(CO)sBr].*>*
Interestingly, during photocatalytic CO,RR in a DMF/TEOA
mixture with [Ru(dmbpy);]** (dmbpy = 4,4-dimethyl-2,2-bipyr-
idine) as freely diffusing PS, the main product was formate
(HCO,™), and when attaching the same PS to the SBU, as
described above, CO was the main product. A long irradiation
time (18 h) yielded a TON of 110 with a quantum yield of
6.7%, where in the first 4 h, the quantum yield even
approached 13.8%, which are relatively high numbers. Due to
their capability to catalyze multiple reductive transformations,
[(bpy)Rh(Cp*)Cl]"-based systems have been investigated in
great detail.">® Besides HER and organic transformations such
as nicotinamide and carbonyl reductions, this CAT is also
known to carry out CO,RR. Utilizing an UiO-67 framework, the
linker exchange reaction with [(5,5"-dcbpy)Rh(Cp*)Cl]CI (or the
Rh-bound Cl~ being replaced by H,O) yielded the respective
Rh-functionalized MOF. In the presence of [Ru(bpy);]Cl, as PS
and TEOA as sacrificial electron donor under an atmosphere
of CO,, the main photocatalysis product was H, but CO,RR
products were also detected. Formate was produced ca. half as
efficiently as H, and the selectivity of HCOO™ over CO was
greater than 9:1."° In a very similar system, HCOO™ and H,
were formed in an approx. 1:1 ratio and the MOF-based
photocatalytic approach proved to be as efficient as the mole-
cular approach, while representing better stability and higher
selectivity for CO."> In a structural closely related system,
entrapping of PW;,0,,°>” in the pores of the MOF led to a ca.
2-fold increase in photocatalytic activity for CO,RR, yielding
HCOO™. This was ascribed to the POM acting as an electron
relay, and thereby optimizing the electron transfer between
[Ru(bpy)s]** PS and [(5,5-dcbpy)Rh(Cp*)CI]Cl CAT.'*® Finally,
the Rh(Cp*) unit was also included in MOF architectures utiliz-
ing hydrogen bonding between and the amino groups of
MIL-101-NH, and the carboxylates of [(4,4"-dcbpy)Rh(Cp*)Cl]
Cl. Similarly, the PS [Ru(bpy),(4,4-dcbpy)](PFs), was also intro-
duced."™ Interestingly, and in contrast to the two reports dis-
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cussed above, exclusive formate formation was found.
Moreover, the comparison between both PS and CAT being
incorporated into the MOF vs. experiments with a PS only in
the pores and without carboxylate anchors yielded a lower
amount of formate. This again highlights the beneficial effect
of the MOF skeleton bringing PS and CAT in closer proximity
to ultimately improve the electron transfer, and therefore
photocatalytic output. As described above, [(bpy)Rh(Cp*)Cl]'"-
like CATs are also capable of reducing oxidized nicotinamides
such as biologically active NAD" and NADP'. This reactivity
was exploited by Farha and colleagues in a photobiological
network, where they introduced [(5,5-dcbpy)Rh(Cp*)Cl] as
linkers into the NU-1006 framework together with the enzyme
FDH (FDH = formate dehydrogenase), which reduced CO, to
formate when being trapped in the pores of the MOF. Utilizing
pyrene-based linkers as PS and TEOA as the sacrificial electron
donor, electron transfer from PS to the Rh centers led to
NADH formation inside the pores of the MOF, ie., in very
close proximity to the entrapped FDH, which could directly
consume these biologically usable reducing equivalents to
drive overall photocatalytic CO,RR with a TOF of 865 h™*.*'!
Recently, Li et al. developed a Zr-based MOF (GDUT-8) featur-
ing uniquely thiophene-functionalized biphenyl dicarboxy-
lates.”” Upon light irradiation, the adjacent thiophene pen-
dants in GDUT-8 underwent a Scholl reaction, transforming it
into GDUT-8-Ox. This transformation significantly enhanced
the electrical conductivity of the MOF by two orders of magni-
tude (from 2.3 x 107> S em™" to 6.1 x 10~° S em™"), facilitating
the more efficient transport of photogenerated carriers. With
the improved ligand-to-cluster charge transfer (LCCT)
efficiency and a broader absorption profile (extending from
400 to 800 nm), GDUT-8-Ox (1078 pmol g~* h™) outperformed
GDUT-8 (533 pmol g* h™) in photocatalytic CO, reduction,
producing formate with 100% selectivity.

4.3. Oxygen evolution reaction (OER)

The oxidation of H,O to O, (2H,0 — O, + 4H' + 4e”) has
always been a challenging task and is considered to be the bot-
tleneck in the development of sustainable artificial solar fuel
generation and water splitting systems. It requires the transfer
of four electrons and rearrangement of multiple bonds, includ-
ing the formation of the O-O bond at the catalytic site, which
either takes place via radical-oxo-coupling (interaction of two
M-O units, I2M mechanism) or water nucleophilic attack
(WNA mechanism at single metal site). Subsequently, the
respective peroxide species [M-O-O-M] and [M-O-O-H] can
undergo further oxidation to release O, (see Fig. 11).

The complexity of the whole process makes the overall reac-
tion kinetics intricate.®®'®® In nature, the majority of redox
processes occurs at the molecularly defined catalytic site via
either one- or two-electron processes. Also, in artificial cataly-
sis systems, one- or two-electron processes are typically easier,
and therefore CAT decomposition’® and the formation of
highly reactive oxidized intermediates via H,O — "OH + H' +
e~ are frequently faster than O, production.'®® Primarily, the
CAT must possess a suitable potential match to accumulate
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Fig. 11 Schematic representation of the two mechanistic pathways for
O-0 bond formation for single-site (solvent water nucleophilic attack,
WNA) and dinuclear (interaction of two M—-O units, 12M) artificial oxygen
evolutions catalysts (OECs).

four equivalents of electrons from the PS and oxidize the water
molecule to O, (+1.23 V vs. NHE). Several other factors such as
pH of the medium and sacrificial acceptors also play a role.
Overall water splitting is associated with a large overpotential
and high activation barrier. Currently, the water oxidation half
reaction is studied by using sacrificial acceptors such as
[S,05]>~, TCBQ (tetrachloro-benzoquinone), Fe** and Ce**. Ag*
is typically avoided as oxidant, given that it can form catalyti-
cally active nanoparticles.'®>'® In the context of MOFs, car-
boxylate linker-based type I-MOFs are restricted to reduction
reactions (HER and CO,RR), and there are few examples
reported with the functionalization of the linker or SBU (type
II-V herein, see Table 3). In the type II category, Wang et al.
reported the synthesis of MOF flakes composed of linkers
functionalized with an [Ru(bpy);]**-type PSs ([Ru(bpy).(5,5™
dcbpy)]*") and iridium bipyridyl CAT ([Ir(5,5"-dcbpy)’") in a
Zri,-based SBU (Zrio(ps-O)g(ps-OH)g (p2-OH)e). Irradiating this
MOF with LED light at 450 nm yielded O, in the presence of
different sacrificial acceptors such as Na,S,0g, TCBQ, and
Fe®". Interestingly, the authors could realize overall water split-
ting by co-assembling this MOF with a HER MOF within lipid
bilayer vesicles (see Chapter 4.4 for more details)."*® Of course,
it will be desirable to replace rare earth metals, such as Ru and
Ir, numerous earth abundant and 1°* row transition metal-
based OECs are available with Mn, Fe, Cu or Co, partly
inspired by the natural Mn,Ca OEC."®® However, incorporating
them in MOF architectures requires careful synthetic linker
design prior to the synthesis of the MOF or a suitable post-
functionalization strategy to integrate them into the MOF.
Meanwhile, polypyridyl-based carboxylated linkers are very
elegant, but their complexes (PS or CAT) often suffer from
degradation after prolonged reaction times. Consequently,
carbon-free molecular CATs, such as polyoxometalates (POMs),
have emerged as OECs. POM-based CATs can be incorporated
within the pores of MOFs (type V) by using the MOF building
blocks as PS. Another option is the incorporation of a well-
known solution state PS within the pores and the SBU acting
as CAT‘1647166

A specific example in this context is the exceptionally stable
cobalt-based MOF (MAF-48: [Cog(OH),(H,0),(bdt)s]) consisting
of a 1,4-benzenedi(1H-1,2,3-triazole) linker (H,bdt) and Cog(p,-
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(a) Coglpa-OH)e(Rtrz),, cluster (Rtrz™ = 1,2,3-triazolate group), (b) network topology (octanuclear clusters: violet polyhedra and bistriazolate

ligands: blue sticks), and (c) 3D coordination framework (CoNsOs3 units: violet polyhedra) of MAF-48 (hydrogen atoms are omitted for clarity). (d)
Proposed reaction mechanism for using MAF-48 as CAT for light-driven water oxidation. Adapted with permission from ref. 165. Copyright 2019, the

Royal Society of Chemistry.

OH)g(Rtrz),, cluster (Rtrz™ = 1,2,3-triazolate group from bdt)
(Fig. 12a-c). Additionally, Ru(bpy);>" was added to the pores
and visible light irradiation in the presence of Na,S,0s yielded
0, with a TON ~ 1.2 x 10°'® According to the mechanistic
investigations, the p,-OH group within the {Cog(4-OH)s} SBU
actively participates in the reaction, providing an oxygen
vacancy site with optimal OH™ adsorption energy. Each facet
of {Cog(ps-OH)s} coordinates hydroxyl anions linking four
coplanar Co" ions in the conventional p, mode, forming a
{Co4(p4-OH)} unit (abbreviated as 1), which serves as the fun-

P,W,,Co,@MOF-545

[2re(15-0)a{5-OH)(OH)o(H,0)s]'*

damental catalytic site for water oxidation (see Fig. 12d).
Briefly, (i) complex 1 is oxidatively activated by the photo-gen-
erated hole. (ii) The nucleophilic attack of the water molecule
forms an O-O bond. (iii) Complex 1b is oxidized to complex
1c. (iv) Complex 1c is further oxidized to evolve O,,
accompanied by the regeneration of 1. Another example encap-
sulates POM-based OECs within the large pores of porphyrin-
based MOFs. Dolbecq et al. immobilized a sandwich-type
[(PW034),C04(H,0),]'” in the hexagonal channels of the
MOF-545 framework bearing Zre-based SBU (Fig. 13)."°7

e
2- -
SO, +50, POM-red
7 {TCPP-MOF}*~ 0
5,04 x5 . ’
- <Y -
{TCPP-MOF} * N
g \/.\Y, N
WK % Py Lo
’ Dh5> {TCPP-MOF} ™\ 500 1-ox 2

Fig. 13 POM@MOF-545 components: (a) P,W15Co4 POM; (b) TCPP-H, linker; (c) Zr-based unit; and (d) P,W,5Co,@MOF-545. (e) Schematic repre-
sentation of the proposed mechanism for the light-driven OER by P,W;3Co,@MOF-545. Adapted with permission from ref. 124. Copyright 2018, the

American Chemical Society.
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Elucidation of the mechanism revealed that first light was cap-
tured by the porphyrin, followed by the excited state under-
going one-electron oxidation by the sacrificial electron accep-
tor, and then one-electron oxidation of the POM evolved O,
after accumulation of 4 oxidizing equivalents.

4.4. Overall water splitting/reaction

In contrast to Chapters 4.1 to 4.3, which only covered reductive
or oxidative half reactions catalyzed by MOFs and with the
help of sacrificial agents, the overall water splitting reaction
driven by visible light and MOF-based CATs is very rare, as
described in this chapter. The 2H,0 — 2H, + O, reaction rep-
resents the “holy grail” of solar energy conversion. However,
there is a limited number of reports utilizing molecular or
molecular-like approaches with all active components being
part of a single system (e.g. all compounds dissolved in one
solution). The challenges associated with this approach are
diverse, as follows: (i) undesirable charge recombination
events of reduced CATs for reductive substrate transformations
with oxidized CATs for OER and (ii) the reduced or oxidized
product being poisons for the oxidative or reductive half reac-
tions, respectively, the electron transport processes, and many
more. Consequently, the typical systems for the overall water
splitting do not contain all the active components in one
homogeneous solution but instead embedded by some means
in a molecular- or material-based boundary separating the two
half reactions and the catalytically produced products to avoid
the cross-reactivity described above. Interestingly, with the
help of liposome architectures this has been achieved for two
MOF-based overall water splitting system. In their Z-scheme-
inspired work, Wang and colleagues utilized two separate Hf
(v)-based MOF architectures (namely WOR and HER consist-
ing of 5,5'-dcbpy, and TCPP linkers, respectively) with type II
PS/CAT pairs (according to the classification shown in Fig. 5)
and organized (i) [Ru(bpy).(5,5'-dcbpy)]**/[Ir(5,5-dcbpy)
(H,0),]*"-modified WOR MOF inside the hydrophilic liposome
interior, and (ii) Zn-TCPP/Pt-TCPP-modified and pentafluoro-
propionic acid-capped HER MOF nanosheet inside the hydro-
phobic bilayer.''® As a redox shuttle bifunctional system con-
sisting of an Fe(u)/Fe(n) pair for the reactions in a hydrophilic
environment, a chlorinated quinol/quinone pair for charge
transport in a hydrophobic environment was used. Individual
testing of the HER and OER MOFs showed dramatically higher
activity of the HER-MOF, indicating that the overall water split-
ting reaction will be OER activity-limited. A variety of other test
reactions and the formation of H, vs. O, in the ratio of ca. 2:1
indicated an overall water splitting reaction and a quantum
yield of 1.5 + 1% under 436 nm LED irradiation. In another
study, Lan et al.** developed a trifluoroacetate (TFA)-capped
MOF monolayer laterally connected by PS/CAT pairs and a
cofactor such as an amino acid (AA), which was applied as an
artificial metal-organic enzyme (MOZ) for overall CO, photore-
duction. The single solid MOF with -diimine and -dicarboxy-
late linker (Lyn: 4,4'-di(4-benzoato)-2,2"-bipyridine) and Hfj,
clusters enabled the rational integration of type I-based PS/
CAT pairs-AA cofactors, as follows: (1) [Ir(Lan)(Len)a] /[Ir
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(H-MBA)Cp*Cl]"-GIn for OER and (2) [Ir(Lxy)(Lcn)2] /ferric pro-
toporphyrin haemin-Asn for CO2RR (Lcy: 2-(2,4-difluorophe-
nyl)-5-(trifluoromethyl)pyridine), H-MBA: 2-(4-methyl-[2,2-
bipyridin]-4-yl)acetic acid, Cp*: pentamethylcyclopentadienyl,
Gln: glutamine, and Asn: asparagine. The resultant Z schemes
systems possessed the capability to catalyze OER and CO,RR
simultaneously in the presence of a catalytic amount of [Co
(bpy)s]** redox mediator. The authors also demonstrated the
critical role of AA residues. For instance, Asn with a high pkK,
offered H-bond interactions with CO, and associated inter-
mediates, while GIn with a small pK, value sped up the PCET
process in OER. The contribution of both factors significantly
promoted the overall reaction efficiency.

In contrast to the systems described above, two other
reports are available describing CO, reduction in an aqueous
medium in the absence of any sacrificial acceptor. Wang and
co-workers reported the selective formation of CO together
with O, formation by a recyclable Cu-TCPP-based MOF hybri-
dized with TiO,. The authors obtained indirect proof via EPR
spectroscopy and radical trapping experiments and proposed
that CO formation occurs at the Cu site, while OER proceeds at
the TiO, semiconductor.'®® In contrast, the system from Maji
and colleagues employed a type III MOF with [Ru(bpy);]**-like
PS and [Mn(bpy)(CO);Br]-like CAT both being attached to the
SBUs of Zr-MOF-808. This MOF yielded CO with >99% selecti-
vity as well as O, in a ca. 2:1 ratio (CO/O,), as determined by
GC-MS. The authors hypothesized that the SBU acts as OER
CAT.”

4.5. Oxidative organic transformation of alcohols and amines

Photocatalytic oxidation reactions of organic molecules are
thermodynamically downhill processes'®® and are either
associated as side reactions in HER/CO,RR due to the utiliz-
ation of alcohols or amines as sacrificial electron donors or as
target reactions in the presence of an oxidant for producing
value-added chemicals. Under an aerobic atmosphere and in
the presence of O, and H,0, multiple ROS can be produced,
which can result in very complex reaction pathways and
different product distributions (see Fig. 14). Specifically, the
presence of hydroxyl radicals, "OH, often causes the over-oxi-
dation to carboxylic acids and the further degradation of

E vs NHE

", 0,
0.5+ T, A
0,/0,-(-0.33V) L‘V
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Ou 0095 710 ROS

HOMO/VB

oy, N B e
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Fig. 14 General illustration of possible reactive oxygen species (ROS) in
MOF-based photocatalysts responsible for oxidation reactions under an
aqueous and aerobic conditions.'”*
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organic molecules into CO, and H,0."”° One example in this
context is the overoxidation of benzyl alcohol to the undesir-
able benzoic acid by photogenerated ‘OH. Overoxidation and
degradation can be avoided by using relatively mild oxidants
such as the superoxide anion radical (O,™") or singlet oxygen
(*0,). Given that the band positions of the photocatalysts and
the redox properties of the photogenerated species usually play
a decisive role in generating these specific oxidants, light-
driven oxidant generation can lead to increased efficiency and
product selectivity in the desired conversion. Within the scope
of photocatalytic oxidations with MOFs, the following conver-
sions are the most relevant to date and discussed in this
chapter, as follows: (1) oxidation of benzyl alcohols and (2) oxi-
dative coupling of amines, which are highly customizable on a
case-by-case basis. Most importantly, the types of PS/CAT pairs
in some of these MOFs affect the reaction mechanism and the
catalytic results are specifically exemplified here. Additionally,
Table 4 lists more reported examples.

The NH,-BDC'>"* and TCPP'’>'’° linker-based MOFs
with PS/CAT pairs at the linker and SBU (type I) are well known
in catalyzing the oxidation reactions of alcohols and amines
under visible light. For example, Li and co-workers'”” reported
the oxidation reactions of a series amines to imines with con-
version yields of around 41-99% and selectivity of around

Fig. 15
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-90% using molecular O, as an oxidant over the NH,-
MIL-125(Ti) MOF under visible light irradiation. According to
the experimental observation and ESR studies, the authors
proposed that the Ti(wv) center of the SBU is initially photore-
duced to Ti(m) via LMCT, and then the reduced species trans-
fers the electron to O, to form O, ~, which then further reacts
with the C-centered radical originating from the amines to
produce the imine via subsequent steps (Fig. 15a). A similar
photocatalytic mechanism for the visible light-driven oxidative
coupling of amines was proposed by Niu et al. when working
with the innovative MOF NaRh-SiW;,, a POM node-based crys-
talline MOF comprised of a paddlewheel Rh,(OAc), linker."””
In general, POMs are reported to be good CATs for promoting
0, reduction into O,”~ within MOFs.'*®'7® In particular, the
NaRh-SiW,, MOF reported by Niu achieved a yield of 96.1% in
photocatalytic imine production with TON of 480.5 and it was
much more active than individual Rh,(OAc), or POMs."”” In a
separate work, Zhou et al reported a TCPP-based MOF
(namely, PCN 22) comprised of a Ti(wv) SBU for the photo-
catalytic alcohol oxidation reaction with TEMPO (2,2,6,6-tetra-
methylpiperidinyloxyl) as an additional oxidant."”> The
PCN-22/TEMPO system achieved 28% conversion in 2 h with
almost 100% selectivity for the corresponding benzaldehydes.
The author proposed that the TCPP linkers in the MOF are
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(a) Proposed mechanism of photocatalytic amine oxidation over NH,-MIL-125(Ti). Adapted with permission from ref. 173. Copyright 2015,

Elsevier. (b) Proposed mechanism for PCN-22/TEMPO system. Adapted with permission from ref. 175. Copyright 2015, the Royal Society of
Chemistry. (c) Illustration of simultaneous proton reduction and selective benzylamine oxidation over Pt/PCN-777 by photocatalysis. Adapted with
permission from ref. 182. Copyright 2018, WILEY-VCH Verlag GmbH & Co. (d) Proposed mechanism for photocatalytic coupling of amine by the
UiO-66-NH, under anaerobic condition. Adapted with permission from ref. 174. Copyright 2019, Elsevier.
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excited by visible light, followed by electron injection into the
Ti;O, clusters to yield [TCPP]". Meanwhile, TEMPO is oxidized
to TEMPO" by [TCPP]", which selectively oxidizes the alcohol
to aldehyde by a two-electron transfer mechanism (Fig. 15b).
This mechanism is claimed to be similar to the dye-sensitized
mechanism in a dye/TiO,/TEMPO system.'’® Br~ is another
example of a co-catalyst used by Wei et al. in the NH,-MIL-125
(Ti)/NaBr system, which facilitated the oxidation of alcohols to
their corresponding carboxylic acids.'®® This system is versa-
tile, efficiently converting a wide range of substrates, including
both aliphatic and aromatic alcohols. The process involves a
photoinduced single-electron transfer (SET) from Br~ to NH,-
MIL-125 (Ti), generating highly reactive bromine radical
species. These species significantly enhance the photocatalytic
activity for the oxidation of alcohols to acids. The oxidative
transformation of alcohols and amines under anaerobic con-
ditions is often overlooked during HER/CO,RR processes.
However, various groups recently reported MOF systems
capable of simultaneously producing both oxidized and
reduced products.’”*'®! For instance, Jiang and co-workers
employed a Pt-loaded type I-MOF (namely PCN-777) as an
innovative platform to simultaneously produce specific imines
(486 pmol g~' h™", almost 100% selectivity) and H, (332 pmol
g~' h™"), which were intrinsically separated in the solution and
gas phase, respectively (Fig. 15c)."®* PCN-777 is composed of
Zrg-based SBU and 4,4',4"-(1,3,5-triazine-2,4,6-triyl) tribenzoic
acid (H3TATB) linker. The linker is an expanded n-conjugated
unit and improves the charge separation. Pt was encapsulated
as nanoparticles to serve as a cocatalyst for H, generation in
the Pt/PCN 777 system. As a plausible mechanism for the oxi-
dative coupling process of benzyl amine, the authors stated
that the catalytic HER site is fed by a proton transfer (PT)
process similar to a previously reported example,'”* while the
photogenerated holes on the HOMO of MOFs activate benzyla-
mine to the carbocationic species PhCH,NH,"". The resulting
intermediates are further coupled with the unreacted benzyla-
mine to form the target product N-benzylbenzaldimine
(Fig. 15d). Recent advances in MOFs have led to the develop-
ment of mesoporous, photoactive MOFs, such as LTG-NiRu,
reported by Bai et al.'® This MOF, constructed from a [Ru
(phen);]**-derived metalloligand (L4) linker and Ni*" nodes,
featured highly stable 1D channels with a pore diameter of
2.1 nm. LTG-NiRu exhibited exceptional catalytic activity in the
aerobic photocatalytic oxidative coupling of amine derivatives,
achieving nearly 100% conversion of benzylamines within 1 h
under visible light. Moreover, LTG-NiRu was experimentally
validated for its high stability, excellent reusability, and effec-
tiveness in synthesizing over 20 chemical products through
oxidative cycloaddition, demonstrating its potential for gram-
scale synthesis.

The Lin group developed a UiO-67 MOF, named Zr-Cu/Fe-1
with a covalently integrated PS/CAT pair [Cu'(5,5-dcbpy)
(dppe)](PFe)/[Fe™(5,5"-dcbpy)(OH)]Cl, (type II according to the
classification in Fig. 5). A dual photocatalytic cycle for the
aerobic oxidation of benzyl alcohol is proposed and depicted
in Fig. 16a."® Upon photoirradiation, the [Cu(1)]-PS in the
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MOF is first excited to [Cu]*, which is subsequently oxidized
by O, to generate O,"~ and [Cu(u)]. The strongly oxidizing [Cu
()] efficiently oxidizes [Fe(ur)-OH], which is formed by the
deprotonation of H,O on the acidic Fe(ur) center to generate
the highly reactive "OH. Through hydrogen atom transfer
(HAT), "OH rapidly oxidizes the alcohol to generate alkoxyl
radical species as the key intermediate, which subsequently
transforms into the aldehyde product. In the presence of H,O,
the generated [Fe(u)] undergoes hydrolysis to afford [Fe(i)-
OH] for the next oxidation cycle. A dual photocatalytic cycle is
also noticed in several MOFs (see Table 4)'7%'%71% containing
an excited triplet state dominant organic/metalloligand linker,
providing an additional photocatalytic channel for producing
'0, via energy transfer and oxygen sensitization. For example,
Jin and co-workers integrated an electron donor 5,15-di(p-ben-
zoato)porphyrin (H,DPBP) as a linker into a naphthalene
diimide (electron acceptor)-based Zr-MOF (Zr-NDI) to con-
struct the mixed-linker MOF Zr-NDI-H,DPBP, which benefits
from the two linkers with similar geometry and connectivity."*
The resultant mixed-linker MOF enabled photocatalytic
aerobic oxidative coupling of benzylamine to imine at a rate of
136 mmol g~' h™". The authors demonstrated with experi-
ments and DFT calculations that this specific MOF uses both
the electron transfer and energy transfer cascade (Fig. 16b) to
transform O, to O," and '0O,, respectively. Consequently, it
was possible to oxidize benzylamine to PhCH,NH, ", which
then reacts further with ROS to yield the respective imine. By
applying the mixed-linker strategy, a pillared-layer Zn-MOF
(MOF-LS10) was constructed using 2,3,5,6-tetrakis(4-carboxy-
phenyl)pyrazine (H,TCPP) and 2,5-di(pyridin-4-yl)thiazolo[5,4-
d]thiazole (DPTZTZ)."** Unlike previous examples, MOF-LS10
offers a single photocatalytic channel through an electron
transfer process that generates O, radicals, facilitating the
benzylamine coupling reaction under visible light irradiation.
The control experiment with its isoreticular MOF-LS11 (con-
structed using BTEB*~ and DPTZTZ, H,BTEB = 1,2,4,5-tetrakis
(4-carboxyphenyl)benzene) and MOF-LS12 (constructed using
TCPP*~ and DPB, DPB = 1,4-di(pyridin-4-yl)benzene) showed
that the photocatalytic amine coupling activity followed the
order of MOF-LS10 > MOF-LS11 > MOF-LS12, demonstrating
the synergistic role of the pyrazine and TZTZ structural units
in MOF-LS10.

Fe-based SACs within the light-absorbing porphyrin
scaffold of PCN 224 MOF (type IV) provide another specific
route to convert alcohol into aldehyde and accelerate the oxi-
dation kinetics (Fig. 17a)."> The Fe**/Fe*" pair facilitates the
generation of ROS (e.g., O, and "OH) from inactive H,0, by a
light-driven Fenton-like free-radical chain mechanism.
However, the role of the Fe’” sites in the photocatalytic oxi-
dation reaction varies.®”'®® Recently, Jiang and co-workers
reported the synthesis of a MOF (namely, Fe-UiO-66) PS/CAT
pair by incorporating Fe** into Zr, clusters (type IV, Fig. 17b).*
As established from experimental and in situ EPR studies,
newly built FeO,~Zr, clusters not only enhanced the light har-
vesting capacity and but also promoted ‘'OH and O, for-
mation at the FeO, and Zr, clusters, respectively, via the metal-
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to-cluster charge transfer (MCCT) pathway. The key role of this
‘OH is to activate the unreactive C-H bonds of toluene to form
benzyl radicals in the first step and promote the oxidation of
benzaldehyde in the later stage to benzylic acid. Moreover,
ROS generation via different types of photocatalytic channels
and their role in catalytic oxidation reaction are also reflected
in type V-MOFs such as [Ru(bpy);]*" encapsulated MIL-125-
NH,,"”” and even in more complex systems such as Cu()W-
DPNDI (see Table 4)."%*

5. Stability of MOFs — reuse, repair
and recycle

The structural stability of the natural photosynthetic appar-
atus, specifically the individual molecular reactive sites and
their macromolecular scaffold, represents the basis for achiev-
ing continuous photoactivity. Even under varying photon flux,
temperature, etc., it guarantees light absorption-induced
charge separation, electron transport, and catalytic turnover
for water splitting. Nevertheless, even the precisely tuned
natural photosynthetic apparatus suffers from light-induced
degradation but repair processes allow the recovery of its
initial photoactivity.'®® In contrast, most molecular com-
ponents degrade easily under homogeneous conditions and
they are not easily recoverable and reusable in the hom-
ogenous state. Additionally, besides some specific examples,
repair processes are not known.”*® Due to the integration of
molecular components into large scaffolds, MOF-architectures
offer great potential for stability improvement, recycling and
repairing of the active components. In terms of recycling,
MOFs offer the benefit of heterogeneous (photo)catalysts,
given that they can be centrifuged or filtered from the reaction
mixture and be reused in a new round of catalysis. Commonly,
“digesting” and “chemical recycling” are performed to regener-
ate the MOFs.>®" Alternatively, the so-called heterogeneous
MOF material can be embedded in a flow-reactor and be oper-
ative in continuous flow.?°>>%* Of course, the reuse of MOFs
in (photo)catalysis is only worthy when the active functional
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units remain intact. Given that the 3D-structure of MOFs has a
coordination framework, which provides some protection
against the wundesirable dimerization, aggregation and
decomposition of the active molecular units, MOFs are ideal to
provide stable and reusable (photo)catalysts. Some reported
examples of MOFs surpassing molecular homogeneous cataly-
sis systems in terms of stability are outlined in the following
section.

5.1. Stabilization of photosensitizers

The reduced species [Ru(bpy);]’, generated from [Ru(bpy)s]**
via reductive quenching, can lose a bipyridine (bpy) ligand
over extended periods in solution unless faster electronic com-
munication occurs with an electron-accepting CAT.>°>*°® This
issue can be circumvented in MOF-supported photocatalysis.
In a recent study, Solé-Daura et al. encapsulated the
[PW1,040>" (PWy,) POM in a [(Cp*)Rh(bpydc)Cl]*-functiona-
lized UiO-67 MOF and demonstrated CO,RR in the presence of
TEOA as a sacrificial donor. This study revealed that the encap-
sulated POMs act as efficient electron reservoirs, reacting with
the photochemically reduced [Ru(bpy);]" and transferring elec-
trons to the Rh CAT integrated in the MOF. This process favors
the regeneration of the oxidized PS over its unproductive
degradation, thereby boosting the TONs of the photocatalytic
system.”” Cu'-based PS with the general formula [Cu(PP)
(NN)]" (PP = diphosphine and NN = diimine derivatives) tend
to dissociate into a homoleptic [Cu'(NN),]" species in hom-
ogenous solution when irradiated.*®® Recently, Lin et al
showed that the deactivation of molecular [Cu(Me,PT)(dppe)]
PF, occurs rapidly during HER with [Co(phen)Cl,] as the mole-
cular CAT.” Experimentally, this was based on time-dependent
and decreasing H, production and a rapid reduction of the
MLCT band of [Cu(Me,PT)(dppe)]PFs upon irradiation
(Fig. 18). However, when the respective molecular entities ([Cu
(PT)(dppe)]PFs and [Co(PT)Cl,]) were assembled in a Zrs-based
dual MOF, namely mPT-Cu/Co, it not only yielded an impress-
ive TON of 18700 (~95 times higher) in comparison to its
homogenous control under identical conditions but also
showed recyclability for three consecutive runs without a sig-
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Fig. 18

Wavelength nm.

Wavelength nm.

(a) Time-dependent TOF curves of mPT-Cu/Co (black) and Me;Lc, + Co(phen)Cl; (red) in the first 5 h of photocatalytic HER, where Me;Lc,

is [Cu(Me,PT)(dppe)IPFe, and UV-vis absorption changes for Me,Lc, (b) and mPT-Cu (c) under catalytic HER conditions (N, atmosphere,
CH3CN : AcOH = 1.97: 0.03) at different irradiation times. Adapted with permission from ref. 75. Copyright 2020, the American Chemical Society.
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nificant decrease in activity. The underlying reason for the
repeated high photoactivity is assumed to rely on the main-
tained crystallinity of mPT-Cu/Co during HER as obtained
from the powder X-ray diffraction (PXRD) studies and induc-
tively coupled plasma mass spectrometry (ICP-MS), which
revealed <1.4% Cu and <0.1% Co leached in the supernatant.

5.2. Stabilization of molecular catalysts

Using [FeFe]-hydrogenase mimics, an often-observed side reac-
tion in homogeneous systems is the dimerization or tetrameri-
zation of [FeFe]-centers due to the de-coordination of the brid-
ging sulfur ligand (Fig. 19a).>°>*'° The [FeFe]-hydrogenase
active site model complex has been employed in various types
of MOFs and achieved a significant improvement in HER
activity under irradiation in comparison to their homogeneous
control.””78%139:142143211 1n an exemplary study (Fig. 19b),"*>
IR investigations after the ceased H, catalysis revealed that the
majority of the [FeFe] active sites were still structurally intact.
Furthermore, it was hypothesized that only the surface-
exposed [FeFe] centers were active in photocatalysis. In a
follow-up study,'*® it was shown that the photocatalytic HER
activity from a suspension of UiO-66-[FeFe](dcbdt)(CO)s in a
solution of [Ru(bpy);]*" and ascorbate could be recovered after
60 min of stirring by replacing mainly the PS-electron donor
solution, which indicated that mainly the molecular homo-
geneous PS is not recyclable, not the CAT. Similarly, for
another Fe-based system (but not hydrogenase mimic), the
authors reported the prevention of active Fe-site aggregation in
a series of bifunctional Fe-X@Zrs-Cu MOFs (X = Br~, Cl™, AcO™
and BF,”) comprised of Cu-PSs and catalytic Fe(u) supported
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on SBUs for photocatalytic H, evolution (Fig. 19¢).”* The pre-
vention of dimerization is also relevant in [M(NN)(CO),;X] CATs
for CO, reduction (M = Mn, Re). These systems are well-charac-
terized in homogeneous solution but deactivation via dimeri-
zation is a common side reaction in these catalytic
processes.'*>*1>?13 Heterogenizing these molecular CATs in
MOFs enables their spatial isolation to be maintained, leading
to the significant inhibition of dimer formation, and thus pro-
longed stability of the CAT, resulting in a higher TON and pro-
longed catalytic activity.>'**'* For example, Li et al. combined
an [Ru(bpy)s;]**/[Re(bpy)(CO);X] pair within a MOF (Ru-
MOF-253-Re) comprised of Al(m)-based SBUs and 5,5-dcbpy
linkers.>'* ICP analysis revealed that only 1.6% of the incorpor-
ated Re leached from the solid MOF in the solution, present-
ing indirect evidence that dimerization was significantly ham-
pered inside the MOF.

5.3. Repair of active molecular units in MOF

In terms of reusing MOFs for catalysis, the most problematic
issue that arises with most innovative MOF systems is the
potential deactivation of CAT or PS after photolysis and due to
diffusive loss.>'® As discussed above, nature also teaches
mankind that even the most sophisticated systems may suffer
from unavoidable degradation,”® and in this case, green
plants have developed complex repair strategies. Thus, related
strategies can possibly be applied in MOF-based photocatalytic
systems to regenerate their active molecular unit. A respective
self-healing strategy was recently reported for a platinum-
based 5,5'-dcbpy system with an [Ir(bpy)(ppy).]-type PS in an
Ui0-67-type MOF structure (namely, Pt,_Ir_BUiO) (Fig. 20a).>'®

Earth-abundant
Cu photosensitizers

SBU-stabilized

Fe sites ( 9!
_—_\ - 1
N
a
; § § Fe Fe L
J ,
o, ? \ '
O
NN ;;;",:;:fn
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(a) Dimerization of one-electron reduced model complexes of the [FeFe]-hydrogenase active site, which can be prevented owing to their

incorporation in MOFs.2%9210 (p) [FeFe] hydrogenase active site model complexes incorporated in an MOF (UiO-66-[FeFe](dcbdt)(CO)e) with aq. [Ru

(bpy)sI**

and ascorbate for the photocatalytic reduction of protons. Adapted with permission from ref. 142. Copyright 2013, the American Chemical

Society. (c) Schematic illustration of Fe-X@Zrg-Cu-catalyzed, visible light-driven HER and catalytic site stabilization via site isolation. Adapted with

permission from ref. 71. Copyright 2020, the American Chemical Society.
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Fig. 20 (a) Schematic operation principle of a self-healing MOF

(Pt,_Ir_BUIO) and the corresponding homogeneous system. Adapted
with permission from ref. 216. Copyright 2016, the American Chemical
Society. (b) Post-synthetically incorporated molecular cobaloxime cata-
lyst (1) on the aromatic rings of MIL-101(Cr) for photocatalytic proton
reduction with Eosin-Y and TEOA. Adapted with permission from ref.
219. Copyright 2018, the Royal Society of Chemistry.

The authors successfully created a self-healing MOF catalyst by
preventing the formation of colloidal platinum by increasing
the ratio of 5,5-dcbpy to platinum. This allowed the broken
platinum-diimine bonds to re-form, thereby enabling continu-
ous HER. In other examples with cobaloxime-based HER CATs
(Fig. 20b), the integration of cobaloximes into the MOF frame-
work showed the following benefit: it was reported from the
homogeneous system that upon (light-driven) reduction, the
cobaloxime CAT cobalt center dissociates from the ligands, fol-
lowed by aggregation and deactivation to nanoparticles.”*”*'
However, the incorporation of cobaloxime in the MIL-101(Cr)
MOF architecture using the ship-in-a-bottle approach resulted
in the effect that the dissociated ligand stayed close to the
metal center and could re-coordinate, overall stabilizing the
CAT. Additionally, the leaching was compensated by adding
more cobaloxime, which restored the catalytic activity by up to
60% of that of the starting material.**°

5.4. Overall stability of MOF architecture

Besides a few robust MOF series such as UiO, ZIF, MIL, PCN,
and NU, many MOFs have weak metal-linker coordination,
which is prone to collapse in humid environments, both in the
dark and under irradiation. This degradation leads to the loss
of their modular structure, crystallinity, and more importantly,
their active sites. From a fundamental perspective, MOFs with
a low lattice energy are generally unstable in aqueous solu-
tions. For instance, MOFs with dipositive metal ion SBUs such

7742 | Inorg. Chem. Front., 2024, M, 7682-7755
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as Zzn**, Cu®*, and Co*" are less stable compared to MOFs with
SBUs carrying multiple positive charges, such as Fe; in
MIL-100 and MIL-101 or Zrg in the UiO series, which exhibit
much higher lattice energy and water stability.®® Additionally,
the higher degree of hydrolysis or solvolysis of the metal
centers due to their Lewis acidity poses significant challenges
for the long-term stability of MOFs in solvent
environments.*****! Among the various strategies for increas-
ing the overall stability linker modulation/design,***** and
post-synthetic modification has been used mostly in the
context of photocatalytic reaction. One elegant example of the
latter approach is the post-synthetic modification of a por-
phyrin titanium-based MOF (GIST-1) with various types of
hydrophobic alkyl chains such as HPA (hexylphosphonic acid),
DPA (dodecyl-phosphonic acid), and OPA (octadecylphospho-
nic acid).”®® These modifications do not alter the intrinsic
structure of the frameworks but produce hydrophobic Ti-MOFs
(HPA/DGIST-1, DPA/DGIST-1, and OPA/DGIST-1, respectively),
which show higher activity in the selective reduction of CO, to
HCOO™ and improved stability in humid environments.

6. Conclusion and outlook

In summary, MOF architectures offer a combination of the
benefits of modular and well-defined molecular CATs and PSs.
This includes the ability to tailor the properties and enhance
the (photo)activity of MOF by structurally altering their build-
ing blocks. Additionally, MOF architectures also provide the
advantages of heterogeneous systems, such as stability, recycl-
ability, and ease of handling. Currently, most MOFs in the
field of artificial photosynthesis apply metal-oxo cluster-based
SBUSs (e.g. zirconium oxo-cluster) and the linkers are typically
carboxylate species of porphyrin, bipyridine and others
bearing sites for the coordinative attachment of PSs and CATs.
Additionally, similar to natural enzymes, the pores within the
structure of MOFs can provide active and selective reaction
centers. Typically, the molecular properties of the individual
building blocks such as light absorption and catalytic activity
are maintained compared to homogeneous solution and the
molecular entities often exhibit diminished degradation rates
once incorporated in the MOF structure. Unlike standard
heterogeneous catalysts, the activity of MOFs is not limited to
their surface, but the entire coordination network provides
pores with (photo)active reaction sites. Depending on the
desired topology, 2-dimensional and 3-dimensional structures
can be constructed, and based on the choice of CATs, which
retain their reactivity pattern upon integration in MOFs, the
knowledge-guided implementation of the desired light-driven
catalytic conversions is possible. Moreover, by tuning the pore
size of MOFs, the selectivity in catalysis can be tuned.
Although the close spatial proximity of the photo-active PS
in the MOF structure can hinder light-driven conversions by
inner filter effects and intermolecular annihilation deactiva-
tions in the excited states, the activity of MOFs is often higher
than their homogeneous counterparts. Additionally, the het-
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erogenization of the molecular units provides stability to the

components and offers

recyclability to quasi-molecular

(photo)catalytic systems, which makes these MOFs an interest-
ing class of materials.

In the future, even more sophisticated architectures will be
possible, e.g., potentially utilizing the fixed positioning of
molecular CATs within the MOF framework to couple oxidative
and reductive light-driven conversions similar to natural

photosynthesis.
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TATB 4,4',4"-s-Triazine-2,4,6-triyl-tribenzoate

TCA 4,4',4"-Tricarboxyltriphenylamine

TCBQ Tetrachlorobenzoquinone

TCPP/TBP Tetrakis(4-carboxyphenyl)porphyrin

TEMPO 2,2,6,6-Tetramethylpiperidinyloxyl

TFPP 5,10,15,20-Tetrakis-(2,3,4,5,6-pentafluorophe-
nyl)-porphyrin

Terpy 2,2":6',2"-Terpyridine

TEOA Triethanolamine

TET Tetracene

THF Tetrahydrofuran

TIB 1,3,5-Tris(1-imidazolyl) benzene

TP Tris(4-( pyridin-4-yl)phenyl)amine

TPA Tris(2-pyridylmethyl Jamine

TPHN (2"-Nitro[1,1":4',1":4",1""-quaterphen-yl]-4,4"
"-dicarboxylate)

TPP Triphenylphosphine

Tp-PABA Triformylphloroglucinol coupled
p-aminobenzoate

TTPy 1,3,6,8-Tetra( pyridin-4-yl)pyrene

XantP Dimethyl-4,5-bis(diphenylphosphino)
xanthene
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