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Abstract: Photocatalytic water splitting and carbon dioxide (CO,) reduction provide promising solutions to global energy
and environmental issues. In recent years, metal-organic frameworks (MOFs), a class of crystalline porous solids
featuring well-defined and tailorable structures as well as high surface areas, have captured great interest toward
photocatalytic water splitting and CO, reduction. In this review, the semiconductor-like behavior of MOFs is first
discussed. We then summarize the recent advances in photocatalytic water splitting and CO, reduction over MOF-based
materials and focus on the unique advantage of MOFs for clarifying the structure-property relationship in photocatalysis.
In addition, some representative characterization techniques have been presented to unveil the photocatalytic kinetics
and reaction intermediates in MOF-based systems. Finally, the challenges, and perspectives for future directions are

~
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1. Introduction

Fossil fuels, such as coal, oil, and natural gas, serve
approximately 80% of human energy requirements. Un-
fortunately, fossil fuels are a nonrenewable resource and
inhomogeneous distribution in region, while responsible for
the excessive emission of CO,, SO,, NO,, particulate
pollutants, etc. Among the various emissions, CO, causes a
severe greenhouse effect, which has become one of the
greatest threats to the sustainable development of mankind.
In a word, the overreliance on fossil fuels has led to the
serious energy crisis and greenhouse effect that the world is
facing today. There is a global consensus to pursue
sustainable and renewable energies and reduce atmospheric
CO,. In the past decade, great efforts have been devoted to
developing various approaches toward sustainable energies,
including solar energy, wind energy, nuclear energy, etc.l"

Solar energy is the most abundant energy source in
nature, and is capable of supplying more than a thousand
times the total world energy consumption. However, solar
energy is diffuse and intermittent, making it very difficult to
apply directly. There is a demand to convert solar energy
into usable and storable chemical energy. In natural photo-
synthesis, plants can harvest solar energy to produce
biomass from H,0O and CO,. Inspired by this, scientists
proposed artificial photosynthesis to mimic natural photo-
synthesis. In 2010, the US Department of Energy (DOE)
established the Joint Center for Artificial Photosynthesis
(JCAP) with the goal of producing H, and carbon-based
fuels from CO, and H,O via solar energy.”) H, is an ideal
zero-emission fuel that can be used to produce fuel and
electricity with water only as the combustion product.
Meanwhile, the conversion of CO, into fuels will help to
achieve a sustainable carbon cycle and alleviate the critical
greenhouse effect.’

Artificial photosynthesis usually proceeds in the follow-
ing steps (Figure 1): Step 1: A photocatalyst absorbs photons
with an energy higher than its band gap to generate
electron-hole pairs. Step 2: The electron-hole pairs are
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separated and migrate to the surface of photocatalysts.
Step 3: The photogenerated carriers drive redox reactions.”
Photocatalysts, including homogeneous and heterogeneous
systems, are at the core of artificial photosynthesis. Homo-
genous photocatalysts are mainly molecular materials with
well-defined and easily modified structures.” They are good
candidates to investigate the structure-property relationships
in photocatalysis. However, homogeneous catalysts and
reactants are soluble and uniformly mixed, which gives rise
to technical difficulties in catalyst cycling and economic
disadvantages. For heterogeneous photocatalytic systems,
catalysts and reaction species exist in different physical
phases, which can be easily reused and meet industrial
needs.”! Nevertheless, the structural control of traditional
heterogeneous catalysts at the atomic level, and accordingly
the precise investigation of related reaction mechanisms is
usually challenging. As an alternative, a class of crystalline
porous materials, metal-organic frameworks (MOFs) con-
structed by metal ions/clusters and organic linkers, feature
atomically precise and tailorable structures as well as unique
physicochemical properties,” bridging the gap between
heterogeneous and homogeneous catalysts.®) MOFs have
emerged as excellent photocatalysts in photocatalytic water
splitting and CO, reduction in recent years."

In this review, we first clarify the fundamentals, e.g.
semiconductor-like behavior and merits, of MOFs toward
photocatalysis in Section 2. Given that some excellent
reviews on photocatalytic water splitting and CO, reduction
over MOFs have been published over the past decade,” we
provide an overview of recent developments in MOF photo-
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Figure 1. Schematic diagrams of the three steps within a photocatalytic
reaction and various potentials for typical water splitting and carbon
dioxide reduction (V vs. RHE, pH=0).
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catalytic water splitting and CO, reduction with a focus on
understanding the structure-property relationship in photo-
catalysis in Sections 3 and 4. In addition, typical space- and
time-resolved characterization techniques to investigate the
kinetic behavior in MOF-based photocatalysis, and techni-
ques for tracing reaction intermediates and charge transfer
are discussed in Section 5. Finally, the challenges and further
opportunities of MOFs for water splitting and CO, reduction
are envisioned.

2. Fundamentals of MOFs for Photocatalysis
2.1. The Semiconductor-like Behavior of MOFs

Although recent publications related to MOF photocatalysis
are increasing geometrically in recent years, the issue
regarding MOFs as semiconductors or molecular entities
assembled in a periodic fashion remains highly controversial.
From the definition of semiconductors, early-stage studies
on semiconductors can be traced back to the 19™ century,
when semiconductors were defined as materials with con-
ductivity lying between metals and insulators."” In terms of
conductivity, most MOFs should be considered as molecular
aggregates due to their poor conductivity. However, with
the development of theory and application scenarios, many
materials with poor conductivity, such as TiO,, ZnO,
diamond, etc., are defined as semiconductors.''! Therefore,
it might not be accurate to tie together the question of
whether MOFs are semiconductors with conductivity.
Currently, it is generally accepted that there are three
features for semiconductors: 1) their conductivity increases
with increasing temperature; 2) doping can change their
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conductivity; and 3) photoconductivity, that is, semiconduc-
tors can produce carriers under light."” In a very early work,
Garcia, Corma and co-workers compared the photoinduced
charge separation behavior of MOFs with that of zeolites,
supporting the conclusion that MOFs are semiconductors.!"”
Xu etal. provided clear electron paramagnetic resonance
(EPR) evidence on the photogenerated electrons and holes
located on the Zr-oxo cluster and the linker of PCN-222,
respectively, which further supports the charge transfer
behavior of MOFs."® Band bending is an important semi-
conducting behavior that causes the driving force for
interfacial charge transfer in semiconductor composites.*!
Recently, the band bending behavior in MOFs was demon-
strated by surface photovoltage (SPV) spectra by the Jiang
group.' A representative MOF, MIL-125-NH,, was inte-
grated with the metal oxides of MoO; and V,0s to obtain
MoO4/MIL-125-NH, and V,0s/MIL-125-NH,, respectively.
The energy level difference drove electrons to migrate from
the highest occupied molecular orbital (HOMO) of the
MOF to the conduction band minimum (CBM) of the metal
oxides (Figure 2a), resulting in upward band bending and
much enhanced photocatalysis. To rationalize this, the SPV
signals were collected. Compared with the parent MOF,
both composites displayed significantly stronger SPV signals
(Figure 2b), manifesting the increment of the hole accumu-
lation concentration on the MOF surface. This work unveils
the band bending behavior of MOFs, which is characteristic
of classical semiconductors based on band theory.

In addition, according to the IUPAC recommended
terms in photocatalysis, a semiconductor is a material whose
electrical conductivity (k) increases exponentially with
increasing temperature, obeying Van’t-Hoff’s law:"
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where AH is the enthalpy of conduction, R is the molar gas
constant, and 7 is the temperature. Following this definition,
some other results from previous reports support the semi-
conducting nature of MOFs.') Regarding semiconducting
properties and the definition of IUPAC, MOFs could indeed
be considered as a kind of semiconductor; or at least, MOFs
possess semiconductor-like behaviors, as evidenced by many
experiments.

On the other hand, the well-accepted charge transfer
process, such as linker-to-metal charge transfer (LMCT), in
MOFs reveals their localized band structures, suggesting
that MOFs are more likely molecular catalysts rather than
classical semiconductors.”*!”! Meanwhile, it is worth noting
that there are even sporadic contradictory cases between
theory and experiment. For example, the LMCT process is
adopted to explain the charge transfer process of UiO-66, as
also evidenced by EPR spectra."® However, theoretical
calculations prove that both the HOMO and the lowest
unoccupied molecular orbital (LUMO) of UiO-66 are
localized in the linker,™ that is, the linker-to-linker charge
transfer (LLCT) process should occur to UiO-66. Taken
together, some theoretical uncertainties remain to be
addressed, and further efforts are required to understand
the more likely dual nature of MOFs compared with
classical semiconductors and molecular catalysts."!

2.2. The Merits of MOF Photocatalysts

As an emerging class of photocatalysts, MOFs have many
unique advantages compared with semiconductor photo-
catalysts. First, the diversified organic linkers and metal
nodes as well as the reticular nature of MOFs enable the
high programmability of their structures. By altering or
furnishing the organic linkers and metal nodes, the photo-
sensitivity range can be extended from ultraviolet to visible
and even to infrared light.”"! In addition, the HOMO and
LUMO positions can be directionally regulated, thereby
influencing the redox ability of MOFs and controlling the
reaction selectivity.’’ Moreover, the MOF structure is
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highly compatible, which facilitates the incorporation of
different guest species or integration with diverse
substances.®**! The photosensitizers or active sites can be
flexibly immobilized by the MOF skeleton or encapsulated
into the MOF pore space. Second, the structural defects in
photocatalysts act as electron-hole recombination centers,
mostly leading to negative photocatalytic performance.*"!
The perfect crystal structure with fewer defects in MOFs
would be beneficial to suppress the recombination of
electrons and holes.”™ Third, the porous structure and
large surface area of MOFs present significant advantages,
providing more exposed active sites and substrate transport
channels in photocatalysis, compared with other photo-
catalysts. Especially, the porosity is favorable to the timely
redox reaction of charge carriers with substrates, thereby
reducing the charge diffusion distance and suppressing the
bulk recombination of electrons and holes. Based on Mie
scattering theory, the interior cavity of hollow nanostructure
can greatly enhance light harvesting by multiple reflection
and scattering.”” Similarly, it was evidenced that MOFs can
enhance the light absorption in solar cells, which is likely
due to the multiple reflection and scattering of light in the
porous pocket of MOFs.”! Furthermore, as porous materi-
als, the density of MOFs is much lower than that of
conventional inorganic semiconductors, facilitating light-
weight devices, and practical large-scale applications.”!
Finally, the well-defined and tailorable structural features of
MOFs make them an ideal platform for understanding the
structure-activity relationship.

3. Photocatalytic Water Splitting
3.1. The Brief Mechanism

Photocatalytic water splitting consists of two half-reactions,
known as the oxygen evolution reaction (OER) and H,
production (also called hydrogen evolution reaction, HER).
It is an uphill reaction that should overcome an energy
barrier of 1.23eV. To achieve overall water splitting, in
principle, the band gap energy (E,) of MOFs should be
>1.23 eV to meet the thermodynamic requirement, and the
LUMO (also called CBM) and HOMO (also called valence
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Figure 2. (a) Schematic mechanism for band bending and built-in electric field formation, as well as related energy levels of both components in
the MOF composites. (b) SPV spectra of MIL-125-NH,, MoO;/MIL-125-NH,, and V,05/MIL-125-NH,. Adapted with permission." Copyright 2022,

Wiley-VCH.
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band maximum, VBM) of the photocatalyst should be above
the proton reduction potential (HyyH" =0V vs. NHE, pH=
0) and below the water oxidation potential (H,0/0,=
1.23 V, vs. NHE, pH =0), respectively.

In addition to the thermodynamic requirements, there
are also kinetic challenges in photocatalytic water splitting.
The generation, separation and transfer of photogenerated
carriers typically occur in the range of a few femtoseconds
to nanoseconds; however, the surface redox reactions take
much longer (microseconds to seconds), resulting in rapid
recombination of photogenerated charge carriers.*** To
overcome this obstacle, sacrificial agents that react more
readily with photogenerated carriers, are usually required.
The H, production or O, evolution reactions with the
assistance of sacrificial agents are referred to half-reactions,
in which only the positions of LUMO/CBM and/or HOMO/
VBM are required for redox reactions in thermodynamics.
In addition, it should be noted that some sacrificial agents
can also release H, by photoreforming.”® Moreover, the
overpotential, which means the potential difference above
the equilibrium potential, should be overcome.””*! Conse-
quently, the introduction of suitable co-catalysts is preferred
to reduce the overpotential.l**"

3.2. Photocatalytic Hydrogen production

The attempt to use MOFs for photocatalytic hydrogen
production dates back to 2009.°" In this work, a Ru-based
MOF was adopted to provide the active sites for H,
production in the presence of Ru(bpy);ClL, MV*" (N,N'-
dimethyl-4,4"-bipyridinium), and ethylenediaminetetraacetic
acid disodium (EDTA-2Na). Since then, a diversity of MOF
systems have been developed to split water into hydrogen
under light irradiation.™ In early-stage reports, MOFs were
basically used as an alternative to conventional inorganic or
molecular photocatalysts, where a dye-sensitization
strategy,’” the formation of heterojunctions,™! the introduc-
tion of active species,* etc., were employed to improve
their light-response and hydrogen production activity. With
gradually deepening research, MOFs present their unique
advantages in photocatalysis, especially in the exploration of
structure-performance relationships.”’ In the following sec-
tions, we mainly discuss the modulation of photosensitive
organic linkers and catalytic sites in MOFs to illustrate the
structure-activity relationship in photocatalytic hydrogen
production in the presence of sacrificial agents.

3.2.1. The Regulation of Photosensitive Organic Linkers

The organic linkers usually serve as antennas for light
harvesting in MOF photocatalysis.”! The photoresponse of
MOFs was found to be adjustable via linker modification for
enhanced photocatalytic performance since 2010.%! UiO-66,
a stable MOF was performed to split water into hydrogen
under light irradiation. Though it did not display activity
under visible light due to its negligible visible light response.
To increase its photosensitivity, the 1,4-dicarboxybenzene
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(BDC) linker in UiO-66 was replaced with BDC-NH, to
give isoreticular UiO-66-NH,. The absorption spectrum was
remarkably extended to the visible region by -NH, group
decoration, leading to H, production activity under visible
light irradiation. Light absorption is an important aspect of
an excellent photocatalyst.*®! The diversity of linkers in
MOFs enables flexible regulation of their light absorption.
The m-electron rich linkers,”'*¥"% such as porphyrins,
phthalocyanine, pyrene, etc., and modification of organic
linkers with electron-rich groups,"”**'“*! such as -NH,, -OH,
-SH, etc., have been introduced to MOF skeletons to
improve photosensitivity.

Not limited to light absorption, the linker distribution in
MOFs was found to exert a unique influence on
photocatalysis.* Two isoreticular single crystals of UiO-68
and its photoactive analog of UiO-68-TZDC were prepared
by high-throughput synthetic methodologies. To elucidate
the impact of the TZDC distribution on photocatalytic
performance, UiO-68-TZDC, (x represents the TZDC ratio)
was synthesized via a solvent-assisted linker exchange
(SALE) process. With the increase of the TZDC precursor
concentration, fluorescence confocal microscope indicated
that TZDC gradually diffused from the periphery to the
interior of UiO-68 and gradually formed a uniform distribu-
tion (Figure 3a). Interestingly, as the MOF structure
changed from a core-shell to a homogeneous structure, the
photocatalytic H, production activity exhibited a volcano-
shaped curve and reached its maximum at x=10%.
Furthermore, by prolonging the TZDC exchange time, the
structure of UiO-68-TZDC,., changed from a core-shell to
a homogeneous structure and the photocatalytic activity
decreased, further illustrating the higher activity of the core-
shell structure (Figure 3b). This work highlights the influ-
ence of photosensitizer distribution on photocatalytic per-
formance.

MOFs are constructed by metal nodes and organic
linkers, where LMCT, LLCT, metal-to-linker charge trans-
fer (MLCT) and metal-to-metal charge transfer (MMCT)
processes can be involved in the charge transfer paths of
MOFs. Thereby, modulation of linkers can easily regulate
the charge separation efficiency of MOFs. Typically, the
LMCT energies (Epyer) of UiO-66(Ce)-X with different
functional groups were investigated by theoretical
calculations.’™ The density functional theory (DFT) calcu-
lation results indicated that there was a more negative Ejy;cr
in the MOFs with electron donating groups (such as -NH,),
which is more favorable for charge separation. Several
experiments have confirmed this theoretical prediction. For
example, the photocatalysts of x%-MIL-125-(SCHj;), were
prepared through an SALE process and photoelectrochem-
ical characterizations manifested that the introduction of
-SCH; promoted photogenerated charge separation and
carrier density.”!? Similarly, UiO-66 modified by BDC-
(SCH3;), and BDC-(SOCH;), was fabricated as a platform to
investigate the effect of linkers on charge separation
efficiency (Figure 4a).’”! Photoelectrochemical characteriza-
tions and femtosecond transient absorption spectroscopy
revealed the enhanced charge separation efficiency in
mixed-linker UiO-66. Most recently, Jiang and co-workers
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for UiO-68 counterparts and UiO-68-TZDC, respectively. (b) The amount of H, production after 6.5 h photocatalytic reaction of UiO-68, UiO-68-
TZDC and UiO-68-TZDCx solids (x=3, 10, 35, and 50%) prepared at 3 (filled circles) and 24 h (empty square). Adapted with permission.?"
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found that MIL-125-X can mimic the natural dark reaction
and demonstrated the significant linker substituent effects
on charge separation and dark reaction activity (Fig-
ure 4b).P¥ MIL-125 is constructed by the Ti-oxo cluster and
BDC linker, featuring an evident photochromism under
light irradiation due to the long-lived Ti** with electron
storage capability. The color of MIL-125 changed shortly
from white to blue and electrons were reserved in Ti-oxo
clusters under light irradiation. When the Pt nanoparticles
(NPs) were introduced as an electron acceptor into the
photoexcited system, the electrons transferred immediately

Angew. Chem. Int. Ed. 2023, 62, €202217565 (6 of 26)

from the Ti-oxo cluster to the Pt cocatalyst to drive
hydrogen production accompanied by gradual color fading
in the dark. Significantly, UV/Vis absorption and in situ
EPR spectra demonstrated the electron donating effect of
the substituents can greatly prolong the Ti** lifetime and
accelerate charge transfer, resulting in superior dark photo-
catalysis.

3.2.2. The Regulation of Catalytic Sites

The high overpotential is an important obstacle for photo-
catalytic H, production by using the pristine MOF. There-
fore, suitable cocatalysts, particularly Pt NPs, are commonly
incorporated into MOFs to reduce the overpotential of
hydrogen production and promote charge separation. The
size, distribution, and interfacial environment of Pt NPs
exert remarkable impacts on charge separation and photo-
catalytic activity.®*3**} The Pt NPs with small size can
promote charge transfer efficiency, and thus enhance photo-
catalytic H, production activity.”® However, the small size
leads to agglomeration due to the high surface energy, which
can possibly be suppressed by the confinement effect of
MOFs. Typically, Wang etal. reported two stable and
photoactive UiO-type MOFs loading Pt NPs for photo-
catalytic hydrogen production. The small Pt NPs of 2-3 nm
and 5-6 nm were obtained in the MOFs with different pore
sizes by in situ photo-deposition method (Figure 5a).[*” The
resulting Pt@MOFs displayed good recyclability and high
stability in photocatalytic reaction. Using a similar synthetic
strategy, Pt NPs were introduced into the pores of Pd-PCN-
222(Hf) by in situ solvent reduction approach, and the Pt
NPs grew along the orientation of the pore with 3 nm width
and 7-15 nm length (Figure 5b).!! The composites displayed
a high photocatalytic H, production rate of
22674 umolg 'h~'. More importantly, the Pt NPs retained
their original morphology and dispersion after the reaction.
In fact, a lot of studies underline the excellent confinement
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Adapted with permission.*” Copyright 2012, American Chemical
Society. (b) Procedures of fabricating Pt@Pd-PCN-222 (Hf). Adapted
with permission.*"! Copyright 2019, The Royal Society of Chemistry.

effect of MOFs for the stabilization of active metal
species.?

Supporting surfactant-protected metal NPs as cocatalysts
on supports is usual, where the morphology and size of
metal NPs are more controllable. However, the role of the
surfactant in photocatalysis remains unclear.’”*! To clarify
this, Xu etal. investigated the influence of interfacial
polyvinylpyrrolidone (PVP) between MOF and Pt cocatalyst
on electron transfer in photocatalytic hydrogen
production.*®! The Pt NPs with different levels of PVP
coverage were encapsulated into UiO-66-NH,, in which Pt
NPs and the MOF had similar morphology and size (Fig-
ure 6). Photocatalytic dynamic experiments suggested that
the existence of PVP impeded interfacial charge transfer. As

e

* * 2Cl, + BDC-NH, Meerwein’s salt

* In situ assembly treatment

Plpye NPs Pty»@UIO-66-NH,

Pt pyp@UIO-66-NH,

& &
S 7ici P, FCHZICl, #H,PICI, S ooc,
o

H,, in situ reduction H,, in situ reduction fe

P@UIO-66-NH, PLFC@UIO-66-NH,
Figure 6. Schematic showing the synthetic strategies for introducing Pt
NPs with different levels of PVP coverage and incorporating Fc electron
mediator into UiO-66-NH,. Adapted with permission.*”! Copyright
2021, Wiley-VCH.
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a result, the Pt@UiO-66-NH, with clean Pt surface presented
the highest photocatalytic hydrogen production activity. To
further accelerate the interfacial charge transfer, ferrocene
carboxylic acid (Fc) was introduced as an electron mediator,
leading to further enhanced photocatalytic activity. This
work demonstrated the negative effect of surfactants on the
surface of Pt cocatalyst in photocatalytic interfacial charge
transfer and highlights the critical role of interfacial micro-
environment for photocatalysis.

To date, the noble metal Pt is the most commonly used
cocatalyst in photocatalytic hydrogen production. However,
its high cost greatly limits its practical application. There-
fore, it is necessary to minimize the noble metal loading and
develop noble-metal-free cocatalysts. Single-atom catalysts
have been developed to minimize the noble metal amount
and maximize the usage efficiency.®**™*! In addition to
decreasing the amount of noble metals, diverse noble-metal-
free sites, such as metal complexes,*! sulfides,*! and
phosphides,! etc., have been developed as cocatalysts for
photocatalytic hydrogen production. Hydrogenase is consid-
ered to be the most active natural water reduction catalyst
consisting of Fe and other base metals.”! Pullen etal.
incorporated a [FeFe]-hydrogenase analogs of [FeFe]-
(dcbdt)(CO)¢ into UiO-66 to replace noble metal cocatalysts
for photocatalytic hydrogen production.*) The homoge-
neous photosensitizer of [Ru(bpy);]Cl, was introduced to
improve the photocatalytic activity under visible light
irradiation. To promote the charge transfer efficiency
between photosensitized units and hydrogenase, the [FeFe]-
hydrogenase analogs were immobilized into a porphyrin-
based MOF, ZrPF ! giving rise to high photocatalytic
hydrogen production rate under visible light irradiation.

Metal phosphides are evidenced to replace noble metals
in various catalytic reactions, which can catalyze reduction
reactions or undergo transformation to new active oxygen-
containing catalysts in oxidation reactions.*! The Stylianou
group combined Ni,P NPs with MIL-125-NH, for photo-
catalytic hydrogen production.[** The optimal photocatalyst
exhibited a H, evolution rate of 894 umolg 'h™' which is
3 times higher than that of Pt/MIL-125-NH,. To elucidate
the reasons why the catalytic performance of Ni,P is
superior to that of Pt, Jiang and co-workers pre-synthesized
monodisperse Pt and Ni,P NPs and introduced them into
UiO-66-NH, for photocatalytic hydrogen production. Both
cocatalysts featuring similar loading amounts and particle
sizes were uniformly dispersed in UiO-66-NH,.l"! Electro-
chemical tests indicated that Pt was thermodynamically
more favorable than Ni,P, but Ni,P was superior in kinetics
supported by kinetic experiments and ultrafast spectroscopy.

In addition, many base metal-complex catalysts have
been developed for water splitting to produce hydrogen.
However, these molecular catalysts suffer from poor recycla-
bility and photoresponse. Integration of photosensitive units
and molecular-based catalysts into MOFs offers a feasible
solution to solving the challenges.’***1 Typically, Lin and
co-workers designed a Zre-mPT MOF with UiO-69 topology
containing phenanthroline.*! A cuprous photosensitizing
unit (CuPS) and Fe catalytic sites were integrated into one
skeleton at a close distance (/1 nm) by the phenanthroline
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linker and p;-OH of ZrsO,(OH), cluster, respectively,
affording FeX@Zr-Cu (Figure 7a). In photocatalytic experi-
ments, the optimal FeBr@Zr,-Cu showed 10 times and
27 times higher than the hydrogen production activity of the
combination of Zri-Cu and FeBr, and a mixture of
homogeneous CuPS and FeBr,, respectively. Besides the
introduction of external photosensitizers, using organic link-
ers as photosensitizers is an easier way to establish proximity
between photosensitizers and catalytic sites. The Jiang group
immobilized high-loading (>4 wt %) single-atom Ni sites
onto the Zrs-oxo cluster of UiO-66-NH, via a microwave-
assisted method, yielding Ni;-X/UiO-66-NH,."**¢! The peri-
odic and close arrangement between the linker antenna and
Ni sites can reduce the electron transfer distance and
facilitate charge separation. To unveil the effect of different
microenvironments around Ni sites on photocatalytic per-
formance, different Ni sites of Ni;-S, Ni;-O, and Ni;-S., were
fabricated (Figure 7b), among which the activity of Ni;-S/
UiO-66-NH, was the best. The results suggest that MOFs
not only stabilize the active sites, but also inherit the facile
modification of homogeneous catalysts, while creating a
close distance between catalytic centers and photosensitizers
to improve charge transfer efficiency.

Considering the diversity of MOF components, the
active metals for proton reduction, such as Ni, Cu, Pb, etc.,
can be directly adopted to construct MOFs, allowing for
photocatalytic  hydrogen production without guest
cocatalysts.”? Tanaka and co-workers reported a Pb-MOF,
KGF-1, which was composed of three-dimensionally ex-
tended sulfur SBUs.’ Theoretical calculations and time-
resolved microwave conductivity suggested KGF-1 had a
semiconductor-like electronic structure with a high pseudo-
photoconductivity comparable to that of conductive MOFs.
In the presence of Na,EDTA sacrificial agent, the pristine
KGF-1 exhibited a photocatalytic H, production rate of
25.5 umolg 'h™' without additional cocatalysts (Figure 8a).
A stable MOF nanobelt denoted as Ni-TBAPy-NB was
prepared through exfoliating its single crystal for photo-
catalytic hydrogen production.”’¥! The organic linker of
1,3,6,8-tetrakis(p-benzoic acid)-pyrene (H,TBAPy) linker
acted as the photosensitizer. The [Ni;Os] cluster nodes
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Figure 8. (a) Schematic illustration of the photocatalytic process of
KGF-1. Reproduced with permission.’? Copyright 2020, American
Chemical Society. (b) The photocatalytic hydrogen production mecha-

nism of Ni-TBAPy-NB. Adapted with permission.*’¥l Copyright 2022,
American Chemical Society.

possess a similar chemical composition to that of NiO,,
which is widely employed as a cocatalyst for proton
reduction (Figure 8b). The photocatalytic experiments were
conducted in an aqueous solution in the presence of ascorbic
acid as the sacrificial agent. Strikingly, the optimal apparent
quantum efficiency (AQE) of this nanobelt reached 8.0 %
under 420+ 10 nm light irradiation without additional coca-
talysts. The remarkable photocatalytic performance was
ascribed to the highly efficient LMCT process.

3.3. Photocatalytic Oxygen Production

In comparison with hydrogen production, the oxidation of
water to O, is a four-electron process and involves several
reactive intermediates, resulting in more challenging reac-
tion kinetics.” In addition, the common sacrificial agents for
water oxidation, such as [S,04]*", Ce**, etc., have strong
oxidizability.***" Accordingly, these impediments account
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Figure 7. (a) The structure of the Cu photosensitizer and Fe catalytic sites in FeX@Zre-Cu. Adapted with permission.*1 Copyright 2020, American
Chemical Society. (b) Procedures of synthesis of Ni;-X/UiO-66-NH, and their corresponding schematic structures. Adapted with permission ¢l

Copyright 2021, American Chemical Society.
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for the very limited reports on photocatalytic water
oxidation over MOFs.[!"4!

Introducing catalytic sites capable of water oxidation is
an effective strategy to achieve water oxidation in MOFs.
Paille etal. incorporated P,W;Co, polyoxometalates
(POM) into porphyrinic MOF-545 for photocatalytic oxygen
production. The calculations indicated that P,W sCo, was
located near two Zrg-oxo clusters, where the interface
between MOF and POM was connected via H-bonds,
leading to a strong host-guest interaction to stabilize the
POM (Figure 9a). Photocatalytic OER activity was per-
formed in a borate buffer in the presence of Na,S,0; as the
sacrificial agent. P,W;;Co,@MOF-545 presented the best
OER activity among all counterparts, and the amount of O,
evolution increased linearly and reached a plateau after
1hour due to the exhaustion of Na,S,0O4 (Figure 9b).
Subsequently, they processed the water oxidation system of
P,W,;Co,@MOF-545 into a thin film device for electro- and
photocatalysis (Figure 9¢),*® which showed a higher
turnover number (TON) than the above powder system.

Some stable Co- and Fe-based MOFs have been
discovered to drive photocatalytic water oxidation due to
the intrinsic water oxidation activity of Co-oxo and Fe-oxo
clusters.*®1 In this case, the photosensitizer of [Ru-
(bpy);]Cl, was added to harvest visible light, while further
efforts are needed to develop photocatalysts that can drive
oxygen production under visible light irradiation. Previous
work reported that Fe-UiO-66 achieved water oxidation and
C—H activation by harvesting visible light,”' in which a
metal-to-cluster charge transfer (MCCT) process occurred
through modifying Fe*" to the Zr-oxo cluster. These high-
valent metals not only contribute to a narrow band gap to
enhance light absorption, but are also beneficial to the
stabilization of holes compared with organic linkers, facili-
tating the visible light-driven water oxidation.
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Figure 9. (a) The structure of P,W;3Co,@MOF-545, and (b) the kinetic
plots of O, production of P,W;;Co,@MOF-545 (blue),
P,W,5Co,@MOF-545 recycled once (red), twice (pink), and the mixture
of homogeneous TCPP-H, and P,W,4Co, in solution (green). Adapted
with permission.*® Copyright 2018, American Chemical Society.

(c) Schematic illustration of constructing P,W;;Co,@MOF-545 devices.
Adapted with permission.”® Copyright 2019, American Chemical
Society.
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3.4. Photocatalytic Overall Water Splitting

Photocatalytic overall water splitting (OWS) is the process
of dissociation of water to H, and O, without the addition of
sacrificial agents, which is a grail reaction in photo-
catalysis.[*® There are very limited reports on photocatalytic
OWS over MOFs, in which the activity remains rather
low."

Huang and co-workers reported the immobilization of
the active hydrogen production site of Ni** into an Al-
BDC-NH, MOF by coordination with -NH,. In the photo-
catalytic process, the electrons produced by BDC-NH, were
transferred to Ni*" sites to participate in water reduction,
while the holes reserved on the linker drove water
oxidation.”™® The dual-cocatalyst strategy was found to be
effective for photocatalytic OWS over MOFs.[*®?] Pt and
RuO, were introduced to MIL-125-NH,, which successfully
drive water splitting into H, and O,.**"! Furthermore, Zhang
et al. achieved photocatalytic OWS by loading Pt and MnO,
inside and on the surface of UiO-66-NH,, respectively
(Figure 10).* The spatially separated cocatalysts greatly
accelerated the separation of electrons and holes and
prolonged their lifetimes, promoting the OWS performance.
Melillo et al. constructed a trimetallic UiO-66(Zr/Ce/Ti) for
photocatalytic OWS, in which mixed metal UiO-66 was
more favorable to water oxidation process than UiO-66,
leading to a better OWS performance.[*! Recently, a stable
Ti-based MOF, IEF-11, was reported for photocatalytic
OWS.™ Surprisingly, IEF-11 can drive photocatalytic OWS
without activity loss over 10 days.

Single-component catalysts directly driving photocata-
lytic OWS remain a grand challenge because the bands
must simultaneously satisfy the positions of H, and O,
production. The Z-scheme is a two-step water splitting
approach consisting of two different semiconductors that
drive oxidation and reduction reactions, respectively, which
can overcome the thermodynamic limitation of single-
component photocatalysts.”*! Recently, the Wang group
assembled two MOFs for H, production and water
oxidation reaction (WOR) into one liposome constructing
a Z-scheme for photocatalytic OWS.®! The MOF for H,
production was a Hf-based MOF nanosheet containing Zn-
porphyrin as photosensitizers and Pt-porphyrin as water
reduction sites, which was functionalized with pentafluoro-
propionic acid to create a hydrophobic surface. The WOR-
MOF with hydrophilicity was constructed from Zr-oxo
clusters and 2,2'-bipyridine-5,5'-dicarboxylic acid (BPYDC)

. A MnSO, e N
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Figure 10. The synthetic route to Pt@UiO-66-NH,@MnO,. Adapted
with permission.*d Copyright 2020, Wiley-VCH.
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linkers, where the [Ru] and [Ir] molecular catalysts were
incorporated by the BPYDC acting as photosensitizers and
catalytic sites, respectively (Figure 11a and 11b). Both
MOFs were installed in the hydrophobic bilayers and the
aqueous phase of one liposome, respectively (Figure 11c).
The carrier transport between the two MOFs was con-
nected by the Fe**/Fe** and TCBQ/TCBQH redox relays
to avoid charge recombination. The optimal hybrid system
achieved photocatalytic OWS with an apparent quantum
yield of (1.5+1) %.

4. Photocatalytic CO, Reduction

The basic principle of photocatalytic CO, reduction is
similar to that of water splitting. However, the CO,
reduction process involves multiple proton-coupled elec-
tron transfer (PCET) processes accompanied by various
intermediates on catalytic sites, leading to the challenge of
regulating product selectivity.! In addition, CO, is a gas
molecule bearing a large bond energy, and interacts weakly
with a majority of catalysts, resulting in limited interac-
tions. As a class of porous materials, MOFs are considered
promising candidates for CO, capture.”**! Furthermore,
the structural tailorability of MOFs allows the installation
of different active sites, which facilitates the regulation of
various reaction intermediates for high selectivity. In this
section, the photo-driven half reactions of CO, reduction
involved in two-electron and multi-electron processes are
first discussed. Next, given the structural compatibility of
MOFs, the tandem reactions of 2-electron products to
valuable products are introduced. In addition, the potential
advantages of MOFs in the photoreduction of low CO,
concentration are illustrated with examples. Finally, an
overview of recent advances in the photocatalytic overall
reaction of CO, is presented.
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4.1. Half Reactions
4.1.1. Two-electron Process

Various metal complexes have been reported for the
photoreduction of CO, to CO or HCOOH with high
selectivity, but they usually suffer from deactivation and
sluggish charge transfer during the reaction.”” MOFs have
been extensively applied as a platform to simultaneously
integrate homogeneous photosensitizers and catalytic units
for CO, photoreduction, which can address related chal-
lenges in molecular systems.”

In the early work reported by Lin and co-workers, a
molecular photocatalyst, Re'(CO);(bpy)X, was incorpo-
rated into the UiO-67 skeleton for photocatalytic CO,
reduction. Under UV irradiation, the Re sites drive the
reduction of CO, to CO, exhibiting higher stability than the
homogeneous counterpart.”! To improve photocatalytic
performance under visible light irradiation, the molecular
photosensitizer of [Ru(dmb);]** was physically mixed with
a similarly structured MOF to drive CO, reduction under
visible light irradiation.F*! However, these photosensitizers
are usually expensive and must be excessively introduced,
and cannot be recycled after the reaction. Moreover, the
random distribution of photosensitizers and MOFs in the
reaction system is also not conducive to charge transfer.
Integration of these photosensitive molecules with catalytic
units into one MOF backbone has been developed to
overcome the above drawbacks."*®# Typically, the Cu
photosensitizer and Re(CO);Cl sites were incorporated
into a single MOF to afford mPT-Cu/Re (Figure 12a)."*!
This composite drove photoreduction of CO, to CO with a
95-fold improvement over their homogeneous counterpart
due to the close proximity between photosensitizers and
Re sites accompanied by a faster charge transfer. Mah-
moud et al. assembled a dicarboxylic acid linker containing
photoactive Ru(cptpy), sites with ZrOg clusters, resulting
in a stable MOF named AUBM-4 (Figure 12b).?" In
photocatalytic CO, reduction, an intramolecular MLCT
process in which the electrons transferred from Ru to cptpy
linker drove the photoreduction of CO, to HCOOH under
visible light irradiation (Figure 12c). Recently, Liao and co-

%‘
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Sonication
Extrusion

Figure 11. The structures of (a) MOF for H, production and (b) WOR-MOF. (c) Schematic illustration of assembling the two MOFs into liposome
to construct Z-scheme. Adapted with permission.* Copyright 2021, Nature Publishing Group.
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photoreduction over AUBM-4. Adapted with permission.?™

! Copyright 2019, American Chemical Society. (d) Schematic diagram of the electrostatic

self-assembly strategy and its advantage over previous works. Adapted with permission.*?® Copyright 2021, American Chemical Society.

workers developed an electrostatic self-assembly strategy,
in which the electrostatic interaction between MOF and
photosensitizer greatly stabilized the molecular photosensi-
tizer and saved its amount.’*! The negatively charged 2D
framework of Cu-HHTP possessed a pore size of 1.66 nm,
where the photosensitizer [Ru(phen);]** was assembled
into the pores of Cu-THPP via electrostatic interaction
(Figure 12d). The strong interaction between the MOF and
photosensitizers can greatly accelerate the charge transfer
from [Ru(phen);]’* to Cu catalytic sites. As a result,
although the amount of the photosensitizer was only
approximately 1/500 compared with that in previous
literature, the composite showed a high CO production
rate of 130 mmolg 'h™! and even maintained high activity
under natural sunlight.

The nature of MOFs greatly facilitates the structural
regulation of both photosensitizers and active units for
unveiling intrinsic mechanisms in photocatalytic CO, con-
version. Zhuo et al. integrated Ru(bpy); photosensitizer
and Cu catalytic center into the Eu-bpy MOF for photo-
catalytic CO, reduction (Figure 13a).5*! Interestingly,
changing the coordination anion of Cu from CI- or adenine
to pyridine resulted in a decrease in the production of
HCOOH, while the amount of CO increased greatly.
Theoretical calculations revealed that the selectivity of CO,
reduction was controlled by H-bond between the Cu sites
and CO, intermediates, which was favorable for the
intermediate hydrogenation to HCOOH instead of CO
(Figure 13b). Pyridine suppressed H-bond formation, re-
sulting in a lower energy barrier for CO formation. This
work proposed an approach to control the selectivity of
CO, photoreduction at molecular-level. In addition, the
host-guest interaction between molecular photosensitizers
and catalytic sites has a significant impact on photocatalytic

Angew. Chem. Int. Ed. 2023, 62, €202217565 (11 of 26)
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Figure 13. (a) Schematic diagram of integrating the Ru photosensitizer
and the Cu catalytic unit into an Eu-bpy MOF for photocatalytic CO,
reduction. (b) The H-bond interaction of different coordination anions
with CO, and the corresponding photocatalytic selectivity to HCOO™.
Adapted with permission.®? Copyright 2021, American Chemical
Society. (c) Schematic diagram of the different positions of the [Re]

active site (orange) and the [Ru] photosensitizer (red) in UiO-66, -67,
and -68. Adapted with permission.” Copyright 2020, Wiley-VCH.

performance. To investigate these effects, Fischer, Warnan
and co-workers immobilized the guests of molecular [Re]
catalytic site and [Ru] photosensitizer into the hosts of
isoreticular MOFs, i.e. UiO-66, -67, and -68, investigating
the influence of different host-guest interactions on catalyst
stability and charge transfer between the active center and
photosensitizer in photocatalytic CO, reduction.”! Be-
cause of the different cavity sizes of isoreticular UiOs, the
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[Re] and [Ru] complexes were anchored onto the particle
surfaces of UiO-66; the [Re] and [Ru] were stabilized in
the cavities and onto the surface of UiO-67, respectively;
while both [Re] and [Ru] were inside the cavities of UiO-
68 (Figure 13c). As a result, these composites presented
very different photocatalytic activity and stability, high-
lighting the perfect candidate of MOFs as a platform to
study the host-guest interactions of molecular-based cata-
lysts.

The abundant modifiable sites in linkers and metal
clusters, as well as the pore space enable the fabrication of
MOF composites with diverse functional species for
improved photocatalytic CO, conversion.” Ye and co-
workers incorporated Co sites into the porphyrin units of
MOF-525 for photocatalytic CO, reduction./*¥l The atomic
dispersion of Co sites significantly accelerated charge
separation, and promoted CO, activation. This work high-
lights the structural advantages of MOFs for stabilizing
atomically dispersed active sites. Yaghi, Yang and co-
workers prepared Ag nanocube@Re-MOF photocatalysts
for CO, photoreduction (Figure 14a),*! where the Ag
nanocube with a strong localized surface plasmon reso-
nance (LSPR) effect can extend the photoresponse and
lead to a strong electromagnetic field to promote the CO,
reduction activity. TiO, is the most classic semiconductor
for photocatalysis. Ultra-small anatase TiO, NPs were
encapsulated into MIL-101 pores to form a heterojunction
for CO, photoreduction (Figure 14b).”* The optimal
composite exhibited an AQE of 11.3% for the overall
reaction of CO, to CO. Zhang and co-workers developed a
template strategy to graft ultrathin Co-based and Cd-based
MOLs on graphene oxide (GO) for photocatalytic CO,
reduction.’*! GO can not only stabilize the MOLs, but also
act as an electron mediator to accelerate charge transfer,
and the optimal Co counterpart showed an ultrahigh CO
activity of 216.2 mmolg'h™'. The integration of enzyme
and MOF into one system to construct a semi-artificial
photocatalyst is a promising avenue for high CO,
photoreduction.™ Formate dehydrogenase was immobi-
lized into photoactive NU-1006 for photocatalytic CO,
reduction, where the Rh complex acted as an electron
mediator to accelerate charge transfer between the enzyme

iO,in-MOF composite containing various
molecular compartments

Figure 14. (a) The structures of Re-MOF and the schematic diagram of
plasmon-enhanced photocatalytic CO, reduction over Ag nanocu-
be@Re-MOF. Adapted with permission.”* Copyright 2017, American
Chemical Society. (b) Schematic diagram of the TiO,-in-MOF compo-
sites. Reproduced with permission.®*¥ Copyright 2020, Nature Publish-
ing Group.
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and MOF. In the presence of the coenzyme NADH, the
semi-artificial photocatalyst can selectively convert CO, to
HCOOH with a high activity.

The CO, photoreduction activity of pristine MOFs was
reported by the Li group at the very early stage.” The
high-density Ti sites in MIL-125-NH, can drive CO, to
HCOOH under visible light irradiation. To further extend
the light response, a porphyrin MOF, PCN-222, was
adopted for CO, photoreduction, where HCOOH can be
produced on the Zr-oxo clusters via the classical LMCT
process. More importantly, a long-lived electron trap state
in PCN-222 was detected by ultrafast transient absorption
spectroscopy. This work highlights the advantages of the
well-organized molecular arrangement in MOFs over
random molecular systems.’ Currently, both organic link-
ers and metal nodes of MOFs have been widely accepted as
catalytic sites for photocatalytic CO, reduction.”® In
particular, the different facets of MOFs, which generally
expose different ratios of linkers and metals in MOFs, can
strongly affect photocatalytic performances.””! Yang et al.
fabricated two MOLs of Ni-MOL-100 and Ni-MOL-010
that exposed (100) and (010) facets, respectively, displaying
different CO, photoreduction performance (Figure 15a).5"
In comparison with the (010) facet, there were more
coordination unsaturated Ni’* sites with a close distance
on the (100) facet. DFT calculations revealed that neigh-
boring Ni sites interacted more strongly with CO,, leading
to bent absorption modes of CO, on the (100) facet.
Consequently, Ni-MOL-100 exhibited better CO, photo-
reduction activity (Figure 15b). Likewise, Sun, Wang and
co-workers developed an ultrasound-assisted method to
fabricate ultrathin MIL-125-NH, nanosheet with exposed
(110) facet, denoted T110NS.F™ T110NS exhibited higher
CO, reduction activity than bulk NH,-MIL-125 exposed to
(001), (110), or (111) facets. DFT calculations and kinetic
characterizations manifested the superior performance of
T110NS resulting from the exposed abundant Ti atoms that
are beneficial to charge separation.

4.1.2. Multi-electron Process

The multi-electron reduction of CO, to hydrocarbons,
alcohols and C,, products is more attractive yet more

Ob

pzaco zam,

12

©

Product yield (mmol/g)
»

Synergistic
Catalysis 0 - < .
Bulky Ni-MOF  Ni-MOL-010  Ni-MOL-100

Figure 15. (a) Schematic diagram of bulky Ni-MOF, Ni-MOL-010, and
Ni-MOL-100 and their different environments of Ni sites. (b) The CO,
photoreduction over Ni-MOF, Ni-MOL-010, and Ni-MOL-100. Adapted
with permission.’’? Copyright 2021, Wiley-VCH.
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challenging than the above two-electron reduction process
to CO and/or HCOOH."*** Although the energy required
in thermodynamics decreases with the increasing number
of electrons involved in the CO, photoreduction (Figure 1),
the process involves multi-step hydrogenation and/or C—C
coupling processes accompanied by diverse intermediates,
giving rise to significant challenges in product selectivity.
MOFs feature highly designable structures for rationally
configuring various active sites to modulate the interaction
with different intermediates in photocatalytic CO, reduc-
tion, thereby possibly promoting the selectivity of multi-
electron products.””

Particularly, the formation of CH, is an 8-electron
process that requires the highest electron number among
the C, products of CO, reduction. Inspired by dynamic
active sites in enzymatic catalysis, a self-adaptive dual-
metal-site pairs (DMSPs) was developed to spontaneously
modulate the ad-/de-sorption of the diverse intermediates
in the photoreduction of CO, to CH,, achieving a high
photocatalytic CH, selectivity.”* The self-adaptive DMSPs
were fabricated by means of modifying the flexible
ethylenediaminetetraacetic acid (EDTA) chelating Cu and
Ni sites onto the coordinatively unsaturated Zr-oxo clusters
of MOF-808 (Figure 16a). Theoretical calculations revealed
the dynamic behavior of the DMSPs (Figure 16b) and the
continuously evolving arrangement of dual sites keep the
optimal bonding energy with different C1 intermediates,
thus preventing the desorption of intermediates into by-
products. The interfacial H-bond stabilizes these intermedi-
ates to finally produce CH,.””" The Ng group incorporated
Cu,0O nanowires into Cus(BTC),, affording core-shell
composites of Cu,0@Cu;(BTC),. The hybrid catalyst gave
rise to a 100 % selectivity for photocatalytic CO, reduction
to CH,. The infrared spectra revealed the existence of rich
uncoordinated carboxyl groups at the interface between
Cu,0O and the MOF, which can form hydrogen bonds with
the *CO, *CHO, *CH,0, and *OCHj; reduction intermedi-
ates of CO,. The hydrogen bond interaction can stabilize
these intermediates to prevent their desorption, resulting in
a lower energy barrier for CH, production.
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In comparison with the conversion of CO, to multi-
electron C; products, there are very few examples on the
extra C-C coupling process to C,, products by MOF
photocatalysis.’” The Cu-based catalysts have shown
superior performance for C—C coupling to C,, products.[®’!
Wang et al. reported a photoinduction method (PIM) to
anchor Cu single atoms (Cu SAs) on UiO-66-NH, (Fig-
ure 17a), where calculations revealed that Cu SAs facili-
tated the formation of CHO* and CO* intermediates that
are readily coupled on Cu sites to CH;CH,OH, achieving a
higher photoreduction activity of CO, to CH;0OH and
CH;CH,OH than that of Cu NPs/UiO-66-NH, and the
parent MOF (Figure 17b).*! Except for classical Cu sites,
the construction of a Zr-O-Mo interface has also been
reported to assist C—C coupling.”* The authors pre-
synthesized the missing-linker defective UiO-66, followed
by reacting with MoS, precursor resulting in the hybrid
material of d-UiO-66/MoS,. The Zr-O-Mo interface can
reduce the energy barrier of HOOC-COOH* formation
and accelerate multi-step hydrogenation process, thereby
promoting the CH;COOH production (Figure 17¢). As a
result, the optimal hybrid photocatalyst showed a photo-
catalytic CH;COOH production activity of 39.0 ymolg™'h™
with H,O vapor as the electron donor (Figure 17d).

4.1.3. Tandem Reaction

Compared with inert CO,, CO is a more active feedstock,
which has been extensively employed to prepare C,.
products and fine chemicals such as alcohols, aldehydes
and carboxylic acids.®™ However, the colorless, odorless,
and toxic CO gas is dangerous in both laboratorial and
industrial applications. Given the recent advances in the
photoreduction of CO, to CO with high activity and
selectivity, the conversion of CO from photocatalytic CO,
reduction into valuable products through tandem reactions
would be promising.® In tandem reactions, the coopera-
tive involvement of multiple catalytic sites is required,

Cu?*/Ni2* [ COZ
Activated
O b/
%% &»\Y
MOF-808-CuNi MOF-808-CuNi-CO,*

’;&\\1.5ps

Figure 16. (a) lllustration of the structure of MOF-808-CuNi. (b) The dynamic behavior of dual-metal sites. Adapted with permission.** Copyright

2021, Nature Publishing Group.
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Figure 17. (a) Synthetic scheme for the synthesis of Cu SAs/UiO-66-NH, photocatalyst. (b) The photocatalytic CO, reduction performance of
different counterparts. Adapted with permission.?™ Copyright 2020, American Chemical Society. (c) Schematic diagram of the Zr-O-Mo interface
promoting photoreduction of CO, to CH;COOH over d-UiO-66/MoS,. (d) Kinetic plot of photocatalytic CO, reduction over d-UiO-66/MoS,.

Adapted with permission.® Copyright 2021, Wiley-VCH.

thereby MOFs would be a good candidate for easily
integrating various active sites into a single framework.!*?

Ni-based MOFs usually exhibit high selectivity in the
photoreduction of CO, to CO, which is favorable for
subsequent conversion.’1 Niu et al. reported a spongy Ni-
based MOF for photocatalytic CO, reduction, which
presented high activity and near 100 % selectivity in the
photoreduction of CO, to CO. Subsequently, Ag NPs were
decorated on the surface of the Ni-MOF, and the CO was
further converted into CH;COOH with high activity (Fig-
ure 18a).*] Carbonyl synthesis is an important industrial
reaction by using CO as feedstock. Zhang and co-workers
integrated ultrafine CuPd NPs into PCN-222(Co) to drive
photocatalytic carbonylation reactions through a tandem
reaction, in which the toxic CO was replaced with CO, as
the starting material.®®! In this tandem reaction, PCN-
222(Co) initially reduced CO, to CO with a high selectivity,
meanwhile, the incorporated CuPd NPs can catalyze a
Suzuki coupling reaction of iodobenzene and phenylbor-
onic acid, in which CO inserted into the phenyl-Pd-I
intermediate to yield the final benzophenone (Figure 18b).
The tandem reaction mechanisms were proposed based on
13C-labeled and control experimental results. Recently, the
Lan group reported that a bulk MOF, NNU-55-Ni, could
be in situ spontaneously exfoliated into nanosheets during
photocatalytic CO, reduction to CO. The produced CO
was transferred into a chamber reactor to synthesize a
series of diethyltoluamides by participating in the amino-
carbonylation reaction in the presence of Pd(PPh;), as the
catalyst.[>
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Figure 18. (a) Schematic diagram of the tandem reaction for converting
CO, to CH;COOH. Reproduced with permission.!®”? Copyright 2017,
The American Association for the Advancement of Science. (b) The
tandem synthesis of benzophenone through CO, as feedstock.
Reproduced with permission.”®! Copyright 2021, American Chemical
Society.

4.1.4. Low Concentration CO, Reduction

Currently, the reported works of CO, photoreduction are
generally investigated in pure CO,. However, the concen-
tration of CO, available from actual industrial processes is
low. In terms of high CO, enrichment capacity of MOFs, it
is possible to achieve low pressure CO, photoreduction.®!
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The CO, enrichment capacity in MOF pores for low-
pressure CO, photoreduction was confirmed by Kitagawa
and co-workers.™™ The molecular catalyst H,RuCO was
incorporated into UiO-67 by post-synthetic exchange
(PSE) method, affording Zr-bpdc/RuCO composite. The
composite exhibited a high affinity for CO,. As a result, it
maintained the high activity for photoreduction of CO, to
HCOOH even under 5% CO, (Figure 19a). Similarly, the
TiO,/UiO-66 composite showed potential for low-pressure
CO, reduction even under 2 % CO,.[*

Proton reduction is the major competitive reaction
during photocatalytic CO, reduction; therefore, suppress-
ing proton reduction is an essential solution to low pressure
CO, reduction. Typically, a Ni-MOF monolayer (Ni MOL)
displayed higher selectivity than Co MOL in the photo-
reduction of dilute CO, to CO.*¥ The stronger CO, but
weaker H,O adsorption energy of Ni MOL was responsible
for its higher selectivity (Figure 19b). Zhang, Liao and co-
workers constructed a series of isoreticular MOFs whose
metal nodes were modified by Cl or OH.***! For low
pressure CO, photoreduction, the nodes modified by OH
presented a higher activity than those modified by Cl
(Figure 19c). DFT calculations manifested that OH can
significantly weaken the binding energy of H,O with metal
nodes while enhancing the CO, absorption (Figure 19d),
resulting in the higher selectivity.
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Figure 19. (a) The photocatalytic CO, reduction performance of Zr-
bpdc/RuCO (3) and homogeneous [Ru'"(bpy) (terpy) (CO)](PFe) (1)
under different CO, pressures. Adapted with permission.**! Copyright
2016, Wiley-VCH. (b) The CO, and H,0O adsorption energies of Ni
MOLs and Co MOLs. Adapted with permission.’*¥ Copyright 2018,
Wiley-VCH. (c) The photocatalytic CO, reduction over MOFs modified
by -Cl or -OH under pure CO, (blue) and 0.1 atm CO, (orange), and
(d) the binding energies of OH and Cl counterparts with H,0 and CO,.
Adapted with permission.*¥ Copyright 2018, American Chemical
Society.
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4.2. Overall Reaction

The overall photocatalytic CO, reduction means that
photocatalysts drive CO, reduction with H,O directly in
the absence of sacrificial agents. In contrast to the very few
examples in photocatalytic OWS, the overall reaction of
CO, photoreduction with water vapor under gas-solid
mode has been reported with more examples.*) The
overpotential for water vapor oxidation is lower than that
of aqueous water, which may account for a relatively easier
overall CO, photoreduction process in the gas-solid mode.
In addition, the products of the gas-solid mode are prone
to hydrocarbons due to the easier deoxygenation process of
CO,."! Some classical MOFs have achieved photocatalytic
overall CO, reduction in gas-solid mode.’%! The Cao
group systematically investigated the influences of the
strong coordination interaction between linkers and metal
nodes on photocatalytic CO, reduction under gas-solid
condition.® The investigated PCN-601 consisted of Ni-
oxo cluster coordinated with porphyrin via pyrazolyl
groups (Figure 20a), with a stronger bond strength than the
analogous PCN-222 formed by carboxylate porphyrin link-
er. The DFT calculations and kinetic experiments sug-
gested that the strong interaction between the pyrazolyl
group and Ni-oxo cluster significantly accelerated the
LMCT process. As a result, PCN-601 achieved a photo-
catalytic overall CO, reduction with CH, and H,O, as
products, the activity of which was far superior to that of
PCN-222, homogeneous Ni;TCPP and Pt/CdS (Figure 20b).
This work highlighted the importance of coordination
spheres on MOF photocatalysts. Similarly, the mixed-metal
porphyrinic Ti/Zr-MOF-525 showed higher selectivity and
activity in the photoreduction of CO, to CH, than their
single-metal counterparts.[*®"!

Despite the great progress in gas-solid phase overall
CO, photoreduction, this overall reaction in liquid phase
indeed remains a great challenge.l”! Recently, the integra-
tion of CO, reduction and H,O oxidation catalysts into a
single framework has shown the progress.’ The Ru-
bipyridyl complexes and Co-imidazolate sites are classic
water oxidation and CO, reduction sites in photocatalysis,
respectively. Huang et al. incorporated [Ru(Hip);]Cl, into
MAF-34-Co to partially replace cobalt sites, yielding MAF-
34-CoRu (Figure 21a).") The [Ru(Hip),]Cl, unit acted as
both a photosensitizer and an oxygen production site. In

) 10.1 &
ga 6.0 L
3 3
is 8 3
] £
'a 3 =
2 -
(=] o
[} 20
- 1 2
4 0.5 0.6 ]
2 Y
50 0 £
2 S S P 0%, Loy, Loy, Vi, &
A A e o8y, N N5 T,
\o’uv Qcﬁ Qc'é \A\‘b‘ ’/0‘7& 60y 22> Cay,

Figure 20. (a) The structure of PCN-601. (b) The photocatalytic CO,
reduction activity of different photocatalysts. Adapted with
permission.”® Copyright 2020, American Chemical Society.
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Figure 21. (a) The topology structures of MAF-34-CoRu and (b) its
photocatalytic CO, reduction plots along with time. Reproduced with
permission.””” Copyright 2022, American Chemical Society. (c) Sche-
matic diagram of photocatalytic overall CO, reduction over the
Z-scheme formed by (left) CO, reduction and (right) water oxidation
MOZs. Adapted with permission.®’¥ Copyright 2022, Nature Publishing
Group.

the absence of any sacrificial agent, MAF-34-CoRu
achieved the photocatalytic overall CO, reduction with
100 % selectivity of CO accompanied by stoichiometric O,
(Figure 21b). Subsequently, MAF-34-CoRu was adopted to
drive CO, photoreduction in 15 % diluted CO, reduction
under the gas-solid mode which maintained a comparable
performance to pure CO,. In another work, the hetero-
metallic Fe,M cluster in NNU-31-M was applied to drive
overall CO, photoreduction,! where the high valent Fe
and low valent metal M (M =Zn, Co, Ni) were proposed to
participate in H,O oxidation and CO, reduction, respec-
tively. The optimal NNU-31-Zn exhibited the highest
HCOOH yield with 100 % selectivity and stoichiometric
O,. Inspired by natural photosynthesis, the fabrication of
Z-scheme has been developed to drive overall CO, photo-
reduction. Recently, Lan etal. developed MOF-based
artificial enzymes (MOZ) for CO, photoreduction, where
catalytic sites, photosensitizers, and amino acids (AA)
were integrated into one MOF monolayer.”’¥! The AAs
with small pK, in MOZ can accelerate the PCET process,
and the AAs with high pK, will provide H-bond inter-
actions with CO, and related intermediates, accordingly
promoting CO, reduction. The optimal artificial enzyme
showed high TON and selectivity in CO, photoreduction.
Meanwhile, photocatalytic WOR can also be achieved by
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altering the composition of MOZ. As a result, the MOZs
respectively bearing the capabilities of WOR and CO,
reduction were integrated into one system to construct a
Z-scheme, achieving the overall CO, photoreduction (Fig-
ure 21c¢).

5. Advanced Characterization Techniques

In efforts to design highly efficient photocatalysts, charac-
terization techniques are crucial to unveil the light
absorption, charge separation, and surface redox reactions
in photocatalysis. The characterization techniques for
photocatalysis have been mentioned in several reviews.*
Given that the atomically well-defined and tailorable
structures of MOFs offer a great opportunity to explicitly
understand photocatalytic mechanisms, advanced techni-
ques appear to be particularly important. In this section,
we first focus on time- and space-resolved techniques to
disclose charge reaction kinetics in MOF photocatalysis.
Then diffuse reflectance infrared Fourier transform spec-
troscopy, electron paramagnetic resonance spectroscopy,
and X-ray photoelectron spectroscopy for identifying
photocatalytic intermediates and related mechanisms are
discussed.

5.1. Transient Absorption Spectroscopy

Electrochemical measurements, such as electrochemical
impedance spectroscopy (EIS), transient photocurrent,
fluorescence emission, etc., provide convenient access to
disclose the charge transfer kinetics. However, the time-
resolution of electrochemical techniques is only in the level
of microseconds to seconds. Transient absorption spec-
troscopy (TAS) is a pump-probe technique, in which the
photocatalysts are excited by pump light followed by
monitoring of the relaxation process via the probe light.%!
Depending on the frequency of the pulsed laser, the time-
resolution of TAS is in the range from fs to ns. Recently,
fs-scale ultrafast TAS has become a powerful tool to reveal
the photocatalytic charge transfer behaviors in
MOFS.[17’33b’43a'49f]

The modification of organic linkers in MOFs with
electron-rich groups, such as -NH,, is a common approach
to extend light absorption. The charge separation kinetics
of two representative photoactive MOFs, MIL-125 and
MIL-125-NH,, were studied by ultrafast TAS in combina-
tion with visible light and mid-IR probes, revealing that the
-NH, can not only promote the light response but also
stabilize the holes to prolong charge lifetime as well.l'”? The
transient absorption spectra in the 500-750 nm range
showed the signals of MIL-125 rapidly decayed to the
ground state and were accompanied by a negative absorp-
tion of stimulated emission (<525 nm) (Figure22a). In
contrast, MIL-125-NH, displayed an intense and broad
transient signal (Figure 22b). The kinetics plots clearly
indicated the much longer charge lifetime of MIL-125-NH,
than that of MIL-125 (Figure 22c). Furthermore, TAS in
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Figure 22. The TAS of (a) MIL-125 and (b) MIL-125-NH,. (c) The kinetic plots of MIL-125 and MIL-125-NH, in the range of 560-610 nm. (d) The

kinetic plots of the visible region (orange), C—C (purple) and C—N stretching vibration (blue) for MIL-125-NH,. Adapted with permission.

Copyright 2016, Wiley-VCH.

the IR region was performed to trace the kinetics of holes
(on linkers) through probing the vibrations of organic
groups in linkers. The feature signals of -NH, group in
MIL-125-NH, were recorded. Compared to the asymmet-
rical N—H stretching vibration, a more obvious redshift
transient signal of symmetrical N—H stretching vibration
indicated the production of positive aniline radical in the
BDC-NH, linker. The slower decay of the amino-related
C-N signal (1256 cm™") than the C—C stretching vibration
(1325 cm ™) further supported the hole stabilizing effect of
-NH, (Figure 22d).

5.2. X-ray Absorption Spectroscopy

Although TAS allows us to understand the kinetic behavior
of photocatalysts from fs to ps scales, it is hard to
accurately determine the direction of charge transfer, i.e.
the process of electron transfer from photosensitizer to
catalytic site. Given the well-defined light antenna and
active sites in MOFs, in situ X-ray absorption spectroscopy
(XAS) is applied in combination with TAS to elucidate the
relationship between the structural evolution of catalytic
centers and charge transfer kinetics, by which the direction
of electron transfer can be determined.”! Particularly, a
representative photocatalytic H, production system of Co-
Ru-UiO-67 containing a Ru-based photosensitizer and Co-
based catalytic sites was fabricated to reveal the intermedi-
ate species and reaction dynamics via in situ XAS and fs-
TAS (Figure 23a)."! The fs-TAS results first confirmed
the charge separation process via electron transfer from the
Ru complex to the Co sites, where the electron transfer
process is much faster than the charge recombination
process together with the formation of transient Co
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intermediates for photocatalysis (Figure 23b). To establish
the relationship between the evolution process of Co
intermediates and the electron transfer process, in situ
XAS was conducted to collect the structural information of
Co intermediates. The in situ X-ray absorption near-edge
structure (XANES) spectra showed a remarkable red-shift
in both region I (edge) and region II (above-edge oscilla-
tions) (Figure 23c). The edge shift to lower energy
indicated the reduction of Co?* to Co™, while the shift of
above-edge oscillations manifested the enlarged Co-L
bonds (L is coordinating atom). After turning off the light,
the changed XANES spectra were recovered to their
original state, indicating that these signal changes were not
from catalyst degradation. Furthermore, the Fourier-trans-
formed X-ray absorption fine structure (XAFS) spectra
confirmed that the reduction process of Co*" to Co™ was
ascribed to the enlarged Co-L bonds to Co-N (1.98 A to
2.11 A) and Co-Cl (225 A to 2.28 A) bonds in the first
shell (Figure 23d). This work disclosed the formation of a
long-lived Co* intermediate in photocatalytic H, produc-
tion, which originated from the electron transfer process
from the Ru photosensitizer to Co sites.

5.3. Kelvin Probe Force Microscopy

Kelvin probe force microscopy (KPFM) is a technique to
measure the contact potential difference (CPD) between
the probe tip and sample surface, which can reflect the
surface work function of photocatalysts.” Recently, the in
situ photon-irradiated KPFM technique has been employed
to disclose the spatial location of the photogenerated
electrons and holes in photocatalysis, where the surface
photovoltage (SPV) can be collected by measuring the
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Figure 23. (a) Synthetic scheme of Co-Ru-UiO-67. (b) The kinetic plots of Ru-UiO-67 and Co-Ru-UiO-67. (c) The in situ XANES spectra of Co-Ru-
UiO-67 before and after light irradiation. (d) Fourier-transformed XAFS spectra of Co-Ru-UI0O-67 before and after light irradiation. Adapted with

permission.*” Copyright 2018, American Chemical Society.

CPD change under light irradiation, thereby realizing the
space-resolution of charge kinetics.#*7%

Recently, Ma and co-workers investigated the spatial
charge distribution in a MOF homojunction with the help
of in situ photon-irradiated KPFM.™! In this work, they
developed a “transition metal NPs-directed MOF growth”
strategy to synthesize a MOF composite composed of
concentric MOF(s)/MOF(1) nanoplates (Figure 24a and
24b). The two stacked MOF nanoplates showed different

a ¥ ] TCPP Grow
¥ — R =
¥ g Co?*
Hollow Hollow

Au/Ag nanocubes Co-MOF nanoplate

Grow

< \/ Grow along

energy levels due to the different chemical compositions
and crystal structures, leading to a homojunction interface
(Figure 24c). The homojunction composite resulted in a
better CO, photoreduction activity than the single MOF
counterpart. To visualize the charge separation in the
homojunction structure, the in situ photon-irradiated
KPFM was carried out. In the dark, the small MOF(s)
showed a lower CPD signal than the large MOF(1) due to
the higher surface work function of the MOF(s) (Fig-

b
v
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Figure 24. (a) Schematic diagram of the procedure to prepare MOF homojunction. (b) The image of MOF homojunction. (c) The energy diagram
of MOF homojunction. (d) The CPD signal in the dark and under light irradiation. (e) The SPV image of MOF homojunction obtained by
subtracting the potential in the dark from that under 50 W light irradiation. Adapted with permission.”®! Copyright 2021, Nature Publishing Group.
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ure 24d). Upon light on, a more negative SPV signal was
observed in MOF(s) than in MOF(l) (Figure 24e). The
opposite SPV signals demonstrated the electrons accumu-
lated on the surface of MOF(s) yet holes migrated to the
MOF(1), which further supported the existence of homo-
junction. Apart from the homojunction, the charge distri-
bution on the heterojunction between atomic-layer Fe,O;
and 2D Zn-TCPP was revealed by in situ photon-irradiated
KPFM.I"

5.4. Diffuse Reflectance Infrared Fourier Transform Spectroscopy

Diffuse reflectance infrared Fourier transform spectro-
scopy (DRIFTS) is an analytical technique for collecting
diffuse scattered signals from infrared radiation on pow-
ders. DRIFTS provides an approach to probe the structural
information of photocatalysts and reaction inter-
mediates.[®>71 In terms of MOFs, DRIFTS has been
developed to assess the electron states and coordination
microenvironment of catalytic sites, detect the structural
transformation of MOFs, determine the cluster defect sites
and the modified species, and trace the reaction intermedi-
ates, and so on.[#2>#3.440.72]

DRIFTS is recognized as an important tool for the
detection of CO, reduction intermediates to disclose the
catalytic mechanism. Maji and co-workers investigated the
reaction mechanisms in the photoreduction of CO, to CO
over Zr-MBA-Ru/Re-MOF." After introducing CO, and
H,O into the system, the monodentate carbonate group
(m-CO;*") appeared at 1314 and 1509 cm™', which origi-
nated from the reaction of CO, and H,O. Upon light
irradiation, the crucial intermediate COOH* for CO, to
CO gradually enhanced at 1620 cm ' accompanied by the
formation of CO*(2060 cm™") (Figure 25a). Based on these
intermediates, the proposed catalytic path is illustrated
(Figure 25b).

Although DRIFTS represents a powerful tool to
capture reaction intermediates, it should be noted that
some detected intermediates by DRIFTS spectroscopy
could not be involved in the reaction mechanism."
Therefore, the reliable mechanism should be based on the
combined analysis of DRIFTS results together with other
related data.

a 1314 cm* 1509 cm-! 2060 cm-! b
1620 cm! co*
COOH*
3 CO,(g) — CO,* (™
N S V2 S @
o
g CO, + e + H* — COOH* 3)
2
I COOH* + e + H* —» CO*+ H,0 (4)
<
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background

1000 1250 1500 1750 2000 2250
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Figure 25. (a) The in situ DRIFT spectra and (b) proposed mechanism

of CO, photoreduction over Zr-MBA-Ru/Re-MOF. Adapted with
permission.”* Copyright 2021, The Royal Society of Chemistry.
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5.5. Electron Paramagnetic Resonance Spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy is a
technique to detect the unpaired electrons in molecules or
solid materials. The EPR signals originate from the
resonance transitions between the energy levels of electron
spins under static magnetic field, which is highly sensitive
to the geometric structure and chemical microenvironment
of paramagnetic species. In particular, many paramagnetic
species, such as transition metal ions, active radicals, etc.,
are involved in catalytic reactions.” Currently, EPR
spectroscopy has been widely applied to diversified cata-
lytic systems.

In addition to the signals from reaction intermediates,
there are many transient paramagnetic signals in MOFs
accompanied with the gain or loss of electrons of organic
linkers and metal nodes during the photocatalytic process.
Based on these transient signals, we can propose charge
transfer and catalytic mechanism.”* Typically, Yan et al.
developed a dinuclear Eu™, MOF for photocatalytic CO,
reduction (Figure 26a).7* In situ EPR experiments were
performed to reveal the photoinduced electron transfer
process (Figure 26b). Under irradiation with visible light, a
broad and a weak EPR signals can be observed at g=2.23
and 4.61, respectively, which can be assigned to Eu?* metal
species. When CO, was introduced into the system, the
EPR signal of Eu’' was strongly suppressed due to
electron transfer from Eu’" to CO,. This work proved the
LMCT process in MOF photocatalysis by EPR signals from
reduced metal species; however, the oxidized linker signals
corresponding to the holes are unclear. In another work,
direct evidence of photogenerated electrons and holes

D
(*2

— Light, N,
— Light, CO,

—— Without light

Normalized intensity

100 200 300 400 500 600
Magnetic field (mT)

Q

— MIL-125-NH,/rGO
— MIL-125-NH,
—rGO

Light-Dark difference\/

Light

Intensity (a.u.)

Dark

332 334 336 338 340 342 344
Magnetic filed (mT)

310 315 320 325 330 335
Magnetic field (mT)

Figure 26. (a) Schematic charge transfer process in the dinuclear Eu'",
MOF. (b) EPR spectra of Eu-MOF under different conditions. Adapted
with permission.’*¥ Copyright 2018, Nature Publishing Group. (c) EPR
signals related to porphyrin mt-cation radical in PCN-222. Adapted with
permission." Copyright 2018, The Royal Society of Chemistry. (d) EPR
spectra of rGO, MIL-125-NH,, and MIL-125-NH,/rGO. Adapted with
permission.’*! Copyright 2018, American Chemical Society.
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produced via LMCT process was clearly obtained by EPR
spectroscopy.l” PCN-222 is a representative porphyrinic
MOF in which an enhanced porphyrin n-cation radical
signal was detected by EPR under illumination (Fig-
ure 26¢c), while the EPR signal for the homogeneous
porphyrin molecule gave no apparent change. The porphyr-
in n-cation radical signal unambiguously demonstrated that
the photogenerated holes were located on the ligand,
supporting the LMCT process.

The interactions between composite photocatalysts are
important for enhanced photocatalytic performance. The n-
7 interaction between reduced graphene oxide (rGO) and
MIL-125-NH, was confirmed by EPR.*! Compared with
the EPR signals of MIL-125-NH, and rGO, the composite
signal was significantly broadened and accompanied by
splitting and displacement (Figure 26d). This phenomenon
was attributed to the extended delocalization and rapid
spin-lattice relaxation of the n-electrons in rGO, as well as
the enhanced spin-orbital coupling between rGO and MIL-
125-NH,.

Although EPR spectroscopy is widely applied into
catalytic studies, the limitations should be noted. Firstly, its
time-resolution within 10 ns is not sufficient to detect some
intermediates.”™ To solve this, spin trap reagents and low-
temperature experiments, such as using 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) to capture -OH, might be
helpful. Secondly, quantification is difficult in EPR, where
signal intensity is affected by many factors including spin
state, relaxation times, experimental parameters and so on.
Thus, accurate quantification depends on standard samples,
but most standard samples are not readily available.l’*

5.6. X-ray Photoelectron Spectroscopy

When X-ray irradiates the surface of materials, the X-ray
photons can be absorbed by the inner electrons of
materials, causing the electrons to escape the constraint of
the nucleus and become free photoelectrons. The energy of
photoelectrons is highly dependent on the type of element
and the chemical states. X-ray photoelectron spectroscopy
(XPS) is an analytic approach to measure the kinetic
energy of photoelectrons, which has become one of the
most widely used tools in catalytic studies./**"]

In addition to providing information about the elemen-
tal composition and chemical state in the catalysts, XPS has
been developed to investigate charge transfer in photo-
catalysis. Specifically, Lan and co-workers fabricated a
COF-318-TiO, photocatalyst for CO, photoreduction.™"
Band analysis indicated that the charge transfer pathway in
the composites could obey a Z-scheme mechanism (Fig-
ure 27a). To support the Z-scheme mechanism, in situ XPS
was conducted to reveal the direction of electron flow.
Under light irradiation, a positive shift of Ti 2p binding
energy was observed (Figure 27b), which manifested the
decrease in electron density at Ti sites, supporting the
Z-scheme mechanism that the electrons might flow from
TiO, to COF-318. Similarly, the S-scheme heterojunction
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Figure 27. (a) The Z-scheme electron transfer mechanism in COF-318-
TiO,. (b) The in situ XPS for Ti 2p of COF-318-TiO, in the dark and
under light. Adapted with permission.”" Copyright 2020, Wiley-VCH.

over NH,-UiO-66@DAT-HOF was evidenced by in situ
XPS.I>

6. Summary

In this review, we first introduce the semiconductor-like
behavior of MOFs, and summarize the recent advances on
photocatalytic water splitting and CO, reduction over
MOFs. To understand the photocatalytic mechanism, the
time- and space-resolved techniques of TAS and KPFM, as
well as XAS, DRIFTS, EPR, and XPS for tracing reaction
intermediates and mechanisms are discussed. Although the
present reports demonstrate the great potential of MOFs in
photocatalytic water splitting and CO, reduction, the
challenges exist and further efforts need to be made for
further development in this field.

Firstly, the evolution rate, such as pmol/gh, is widely
used to present the photocatalytic activity in MOF photo-
catalysis. However, rate is usually influenced by light
source, catalyst amount, temperature, pressure, etc. In this
regard, AQE, i.e., the efficiency based on photon number,
may be a better metric.”” In addition, photocatalytic water
splitting and CO, reduction over MOFs mostly occur in the
presence of sacrificial agents, which greatly limits their
practical application and produces unwanted waste. Sacrifi-
cial agents are also unfavorable to MOF stability. Typically,
carboxylate MOFs are unstable to the alkalinity of amines,
such as triethylamine, the most commonly used sacrificial
agents in MOF photocatalysis. For water splitting, although
MOFs for photocatalytic OWS have been reported sporadi-
cally, the reproducibility remains to be examined and there
is a lack of rational guidance on catalyst design. Regarding
CO, reduction, although the overall CO, reduction seems
more workable in a gas-solid mode, great efforts should be
devoted to improving the activity and the value of
products. Recently, the piezoelectric effect has presented
potential in promoting MOF photocatalysis.”” The external
field can accelerate charge directional migration and affect
the charge spatial distribution, which might be an attractive
strategy to enhanced photocatalysis.

Secondly, catalyst stability remains a concern for MOF
photocatalysis. Particularly, the long-term photostability of
MOFs should be noticed. It was reported that carboxylate
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MOFs undergo photodecarboxylation, whose porosity and
surface area have changed, while XRD and some routine
characterizations cannot definitely show their
decomposition.”™ Moreover, the decomposition of solvent
and carbon residues sometimes leads to false positive
activity.” The *C-labeled technique is usually adopted to
determine the origin of carbon products in CO, photo-
reduction, but there are some issues worth noting,® such
as partial molecular ion peaks only, the mismatch between
the intensity of total ion flow and the total molecular ion
peaks, and mismatch of the ratio of *C and 'O fragments,
which might result in false positive results. For example, a
typical “C-labeled CO mass spectrum was reported in
many photocatalytic CO, literatures (Figure 28). However,
there are some potential puzzles in this spectrum. Mass
spectrum is a technique for detecting the fragments of a
molecule, in which the ®CO peak may originate from the
fragment of *CO,. Meanwhile, the molar ratio of C and O
in CO is 1, whereas the signal of '°O is much higher than
BC in this spectrum, which more likely comes from “CO,
(the molar ratio of O and C is 2). In brief, this kind of
spectrum possibly show the fragment of *CO, rather than
BCO. Similarly, in photocatalytic water oxidation, the
sacrificial agents of persulfates potentially behave as an
oxo-transfer reagent, leading to additional O, rather than
producing from H,O. The source of the oxygen atoms in
the O, should be determined by using H,'%0.[*

Last, the organic groups of MOFs lead to background
noise and poor reproducibility in characterization, e.g.
DRIFTS, Raman spectroscopy, which interferes with the
investigation on the reaction mechanism. Also, the irradi-
ation stability of some MOFs is poor due to the weak
coordination bonding. In this case, it is unfavorable to use
the common in situ spectroscopy and electron microscopy
characterizations.®™ It is essential for the development of
more sensitive and nondestructive characterization techni-
ques.

Given the atomically precise and tailorable structures,
MOFs show high customizability in light adsorption, redox
ability, and catalytic sites, which offer excellent compati-
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Figure 28. A typical questionable mass spectrum demonstrating the
production of *CO from *CO,.
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bility with various photocatalytic reactions and provide a

powerful platform for investigating structure-performance

relationships in photocatalysis. Here we propose some
prospects for the possible future development of MOF
photocatalysis.

a) The LMCT process is currently an almost universal
principle for designing MOF photocatalysts that can
greatly promote charge separation.’” The LMCT
process relies heavily on open-shell metal nodes, which
presents two sides—the open-shell metal nodes not only
behave as the channels of electron transfer but also
possibly serve as the centers for the recombination of
electrons and holes.® Recently, the LLCT, MLCT, and
MMCT processes have shown potential advantages in
photocatalysis.”'®3 These different charge transfer
processes may overcome the drawbacks of LMCT in
specific application scenarios. For example, MTV-MIL-
100 exhibited a high photocatalytic activity in NH;BH;
hydrolysis via a MMCT process, which is superior to
MIL-125 featuring LMCT process.*

b) Compared to conventional photocatalysts, MOFs
present their particular advantages. The variety of
organic linkers and metal nodes endow MOFs with more
tunable structures and physicochemical properties. More
importantly, given the structural tailorability and com-
patibility of MOFs, the active sites can be rationally
installed/manipulated to achieve synergistic catalysis and
tandem catalysis toward highly valuable products in CO,
photoreduction. The recent tandem catalysis of CO, to
carbonylation through CO intermediate seems to be a
promising strategy.” In addition, the unique stimuli
responsiveness and the flexible backbone of MOFs will
lead to different host-guest interactions.®! Meanwhile,
based on the atomically precise structure of MOFs in
combination with advanced characterization techniques,
we can unambiguously elucidate the structural evolution
of active units and explore the influence of the micro-
environment around catalytic sites on photocatalysis.[*!

¢) Up to now, there have been more than 90000 kinds of
MOFs, while over 500000 structures have been predicted
with the aid of computer science.®” In most cases, the
metal nodes of MOFs are metal ions/clusters. Recently,
polyoxometalates®™ and organolead halide hybrids®
have been developed to coordinate with organic linkers
to construct MOFs. The polyoxometalate-based MOFs
exhibit a stronger redox ability for the photoreduction of
CO, to CH,, and the latter enables enhanced carrier
mobility, which inspires us to adopt diverse clusters to
develop new MOFs. It should be noted that the
emerging artificial intelligence (AI) and big data techni-
ques would be powerful tools in the on-demand synthesis
of MOFs."!

d) Itis a challenge for conventional semiconductors to drive
photocatalysis under infrared (IR) light that is composed
of ~50 % of the solar spectrum. MOFs would be better
candidates for harnessing IR light due to the tunable
organic linkers. Recently, Zeng et al. designed a series of
porphyrin-based MOFs with different n-electrons for
CO, photoreduction, the light adsorption range of which
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can be modulated from visible to IR light. The optimal
MOF can reduce CO, to HCOOH with a remarkable
AQE of 1.11% under IR light irradiation.”"¥! Incorpo-
ration of guest species is another way to extend light
harvesting of MOFs to the IR region for
photocatalysis.* However, it should be noted that the
excitation energy of IR light is low, making it hard to
drive the reactions with high redox potentials. The
photothermal effect of IR light could be an alternative
solution, where the “hot spots” around catalytic sites can
greatly accelerate the reaction."!

e) An overall reaction without sacrificial agents remains
the goal in photocatalysis, yet the sluggish water
oxidation reaction is hard to overcome. Dual-functional
photocatalysis was reported to meet this challenge,
where dye degradation and/or organic oxidation to
valuable chemicals were adopted to couple with photo-
catalytic H, production and CO, reduction instead of
simply consuming sacrificial agents, providing a more
sustainable strategy.!’”

f) At present, most photocatalytic CO, reduction experi-
ments are conducted under pure CO,; however, the real
CO, emitted from real industrial processes is at a low
concentration and contains O, that quenches reduction
reaction immediately. MOFs exhibit the potential to
achieve low concentration CO, photoreduction,® yet
related studies are still preliminary and further advances
are expected to achieve photocatalytic CO, reduction
under oxygenated conditions. More importantly, MOFs
can be fabricated into devices, e.g. membranes; MOFs
possess low density, high surface areas, high porosity and
well-controllable structures, which would be favorable to
the direct adsorption of CO, from gas phase in real
industrial applications. %

In summary, while research on photocatalysis has been
ongoing for over half a century, the study of MOFs for
photocatalysis is in its infancy. Undoubtedly, the high
surface area, compatible, well-defined and tailorable struc-
tures of MOFs are very important strengths toward photo-
catalysis. We are confident that MOFs will not only provide
deeper insights into photocatalysis, but also guide to the
development of efficient photocatalysts for water splitting
and CO, reduction.
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