Volume 6
Number 4
21 February 2024
Pages 1027-1276

Nanoscale
Advances

rsc.li/nanoscale-advances

ISSN 2516-0230

MINIREVIEW
ﬁ ROYAL SOC|ETY Cheng-Yu Wang, Tomoyuki Kurioka, Yung-Jung Hsu et al.

Manipulation of interfacial charge dynamics for metal-

“ OF CHEMISTRY organic frameworks toward advanced photocatalytic

applications




#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online
View Journal | View Issue

MINIREVIEW

Manipulation of interfacial charge dynamics for
metal—organic frameworks toward advanced
photocatalytic applications

i '.) Check for updates

Cite this: Nanoscale Adv., 2024, 6,
1039

Chien-Yi Wang,* Huai-En Chang,1® Cheng-Yu Wang, & *2 Tomoyuki Kurioka,*®
Chun-Yi Chen, @° Tso-Fu Mark Chang,” Masato Sone® and Yung-Jung Hsu & *2cd

Compared to other known materials, metal-organic frameworks (MOFs) have the highest surface area and
the lowest densities; as a result, MOFs are advantageous in numerous technological applications, especially
in the area of photocatalysis. Photocatalysis shows tantalizing potential to fulfill global energy demands,
reduce greenhouse effects, and resolve environmental contamination problems. To exploit highly active
photocatalysts, it is important to determine the fate of photoexcited charge carriers and identify the
most decisive charge transfer pathway. Methods to modulate charge dynamics and manipulate carrier
behaviors may pave a new avenue for the intelligent design of MOF-based photocatalysts for widespread
applications. By summarizing the recent developments in the modulation of interfacial charge dynamics
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the merits of MOFs and create versatile photocatalytic systems.

1. Introduction

Metal-organic frameworks (MOFs) have drawn attention as
promising photocatalysts due to their unique properties,
including adjustable light-harvesting over a broad range,
intrinsically pronounced charge separation favorable for
photoelectric conversion, and high surface area enabling easy
accessibility to reactants." By combining the advantages of
organic and inorganic properties, MOFs introduce themselves
as an excellent platform for photocatalysis. The metal nodes
occupied by coordinated organic linkers are generally less
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active,> and can be engineered to render functional sites by
defect introduction. In this regard, a workable method to supply
more exposed active metal sites in MOFs is to incorporate
coordinatively unsaturated open metal sites, which can effec-
tively improve the photocatalytic performance of MOFs.”®
Moreover, maneuvering the organic linkers can consolidate the
utility of MOFs as photocatalysts; research has demonstrated
that this is a reliable approach to tailoring the photocatalytic
properties. For example, functionalization of organic linkers
can adjust the band structure of MOFs, expanding the light
absorption range to enable broadband photon harvesting. The
introduction of specific functional groups can also affect the
excited state dynamics of MOFs to modulate charge transfer
dynamics, offering new opportunities to tailor the photo-
catalytic properties.®
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As a potential candidate for photocatalysts, MOFs possess an
intriguing mechanism associated with charge carrier genera-
tion and migration. Typically, the organic linkers of MOFs act as
an antenna to absorb the photon energy, producing electron-
hole pairs on the lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO)." The
photoexcited charge carriers can be separated through a ligand-
to-metal charge transfer (LMCT) pathway for further participa-
tion in desired catalytic reactions.'™* The efficiency of MOFs as
photocatalysts depends on the electronic properties of the
metal nodes and the organic ligands, which determine the light
absorption range, the redox potential, and the dynamics of
charge separation and transfer. By careful design and func-
tionalization, MOFs can be tailored to optimize these proper-
ties, thus enhancing their photocatalytic performance for a wide
range of applications, including dye degradation,”® water
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Scheme 1 Schematic illustration for engineering, photocatalysis and charge dynamics of MOF-based photocatalysts.

splitting," CO, reduction,” and N, reduction.'® Interfacial
charge dynamics are particularly important to the utility of
MOFs as photocatalysts because they dictate charge transfer
and carrier utilization, the two key processes associated with
photocatalytic ~ reactions.  After light irradiation, the
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photoexcited charge carriers can migrate from the interior of
photocatalysts to the surface and participate in redox reactions.
However, considerable charge recombination, inherently
competes with charge transfer processes, endangering charge
carrier utilization and lowering photocatalytic activity. It is

Yung-Jung Hsu is a Professor at
Department of Materials Science
and Engineering, National Yang
Ming Chiao Tung University,
Taiwan. He also serves as
a Specially Appointed Professor
at Institute of Innovative
Research, Tokyo Institute of
Technology, Japan. He received
bachelor's degree and PhD
degree in Chemical Engineering
from National Tsing Hua
University in Taiwan. After
working as a postdoctoral fellow
at National Tsing Hua University, he joined National Chiao Tung
University and started an independent research career in 2007. His
research interests include design of advanced nanostructures,
investigation of interfacial charge carrier dynamics, and develop-
ment of renewable energy technology.

Yung-Jung Hsu

Nanoscale Adv., 2024, 6, 1039-1058 | 1041


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00837a

Open Access Article. Published on 16 November 2023. Downloaded on 9/06/2026 2:38:45 PTG.

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

(cc)

Nanoscale Advances

crucial to comprehend how these charge carriers are trans-
ported, trapped, and recombined to optimize the resultant
photocatalytic properties."”” Knowing the fate of photoexcited
charge carriers and identifying the most decisive charge trans-
fer pathway can therefore provide critical insights into exploit-
ing MOF-based nanostructures as photocatalysts. Methods to
modulate charge dynamics and even manipulate carrier
behaviors may provide new opportunities for the intelligent
design of MOF-based photocatalysts for advanced applications.
However, knowledge and methods to manipulate interfacial
charge dynamics for MOF-based photocatalysts remain in their
infancy. In pursuit of intelligent design of MOF-based photo-
catalysts, a comprehensive overview of research advances in this
topic is necessary.

In the last three years, many reviews have been published on
topics associated with MOF-based photocatalysts. These reviews
mainly presented a summary of synthetic approaches,'>*
highlights of specific photocatalytic applications,******?* and
comprehensive strategies for improving photocatalytic
activity.?>>* The role of interfacial charge dynamics for MOFs in
photocatalytic reactions has only been highlighted in two rele-
vant reviews, which were published in 2020.°>* Reviews
summarizing the recent developments in the modulation of the
interfacial charge dynamics of MOF-based photocatalysts for
activity optimization remain scarce. As depicted in Scheme 1,
this minireview aims to recapitulate the recent developments in
strategies and approaches that can be used to modulate the
interfacial charge dynamics of MOF-based photocatalysts and
optimize photocatalytic efficiency. Section 2 of this minireview
introduces the fundamental principles that underlie ultrafast
laser spectroscopic techniques, including time-resolved photo-
luminescence (PL) and transient absorption (TA) spectroscopy,
to identify interfacial charge dynamics of semiconductor
nanostructures. Section 3 highlights how the composition of
metal ions and organic linkers affect the charge transfer
dynamics of MOFs along with their implications for photo-
catalytic properties. Section 4 discusses approaches used to
introduce heterojunctions into MOFs to modulate interfacial
charge dynamics and optimize photocatalytic performance.
Section 5 further highlights photocatalytic studies on covalent
organic frameworks (COFs), which are analogous to MOFs
except for the composition of metal nodes, to convey inspira-
tional information. This minireview ends with new insights into
tactics used to manipulate the interfacial charge dynamics of
MOFs, which may help shape the future of MOF-based
photocatalysts.

2. Principles of time-resolved PL and
TA

Ultrafast laser spectroscopic techniques have been intensively
employed to inspect interfacial charge dynamics for semi-
conductor nanostructures, especially those used for photo-
catalytic reactions.'”** By interrogating time-resolved PL and TA
data as a function of time and wavelength, dynamics can be
elucidated for the excited states of samples. For time-resolved
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PL spectroscopic measurements, the samples are usually
excited by a pulsed laser of picosecond widths. The emitted
photons at a selected wavelength are detected and counted as
a sequence of detection events in a single-photon counting
configuration. A histogram of the detection events is then
established by recording the time between the excitation pulse
and arriving photons, from which the time-domain PL decay
data can be obtained. Because the emitted photons originate
from the recombination of photoexcited electrons and holes,
the kinetics of the recorded PL decay describe the lifespan of the
photoexcited charge carriers. These data can be further ana-
lysed with a pseudo-first-order kinetics model to obtain a life-
time component characteristic for the fate of charge carriers
that occur in the excited state before relaxing to the ground
state. Due to the pseudo-first-order kinetics consideration, the
reciprocal of the lifetime component equates to the rate
constant in a specific carrier relaxation pathway. By analysing
the time-resolved PL data, a quantitative examination of the
specific charge transfer pathway can be readily carried out.***¢
However, most semiconductor nanostructures have low PL
quantum yields. The quality of the recorded time-resolved PL
data is therefore low; thus, further data analysis and interpre-
tation is difficult.

In addition to time-resolved PL, TA spectroscopy also adds
itself into the toolbox of inspecting charge transfer dynamics for
semiconductor nanostructures. The TA technique uses a pump
laser of short pulses (femtosecond to nanosecond) to excite
charge carriers of the samples. After a certain delay, an addi-
tional probe laser is employed to monitor the fate of these
charge carriers. By varying the delay between the probe and the
pump laser, the optical absorption change (AA) in the sample as
a function of time and wavelength can be received. The AA
profile at a specific wavelength contains dynamic information
on the deactivation processes for the excited state. By carefully
analyzing the AA profile with a delicate kinetics model, the
potentially involved carrier relaxation event can be interrogated
to convey quantitative information. Compared with time-
resolved PL, TA can better identify specific carrier relaxation
processes, especially those involving nonradiative pathways.
This feature is particularly important when investigating inter-
facial charge dynamics for semiconductor photocatalysts
because interfacial charge transfer pathways are intrinsically
nonradiative. In the following sections, we summarize various
approaches that have been adopted to modulate the interfacial
charge dynamics of MOF-based photocatalysts. With the use of
time-resolved PL and TA spectroscopy, the charge transfer
dynamics of the samples can be quantitatively described to offer
global feedback for further performance optimization.

3. Effect of composition

MOFs consist of metal nodes coordinated with organic linkers.
By varying the metal and organic composition, the interfacial
charge dynamics of MOFs can be modulated to tailor the
resultant photocatalytic properties. Various modification
approaches have been employed to generate MOFs with varied
compositions, such as substituting central metal,>** replacing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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organic linkers,"**" and inducing unsaturated, defective
sites.”>** We introduce several representative works in this
section to emphasize the importance of the composition effect
on the interfacial charge dynamics for MOF-based
photocatalysts.

3.1 Engineering of metal nodes

Engineering metallic sites are the perfect starting point to create
MOFs with a variety of functionalities due to their modular
architecture and flexibility. Introducing specific metal sites can
not only facilitate interfacial charge transfer dynamics for MOFs
but also endow MOFs with enriched catalytically active centres.
Jiang and coworkers designed dual metal sites for MOFs
composed of [Sr(NH,-BDC)(DMF)],, for applications in photo-
catalytic NH; synthesis.?” Photocatalytic NH; synthesis from N,
is a carbon-neutral strategy, although its efficiency is impeded
by the activation of inert triple bonds. In N, activation, the
mechanism can be divided into two processes. The empty
d orbital of the metal accepts one electron from the ¢, bonding
orbital of N,. Afterward, the occupied d orbital back-donates
another electron to the 'TC; antibonding orbital of N,. Strong
electron acceptance and active sites with donation capacity are
needed to coordinate these two processes. The ionization
potential (IP) can be viewed as a descriptor of electron accep-
tance and donation capacity.** According to the theory of hard
and soft acids and bases (HSAB),* the hard acid with a high IP
value possesses strong electron acceptability, while the soft acid
with a low IP value prefers to donate electrons. Therefore, to
enhance N, activation, a promising strategy could involve the
deliberate design of bimetallic active sites within a MOF-based
photocatalyst. These bimetallic sites should exhibit distinct
electron acceptability, featuring one metal with strong electron-
accepting properties and another with weaker electron accept-
ability. This approach aims to uncouple the processes of elec-
tron acceptance and donation during the 7 back-donation
procedure, potentially leading to more efficient N, activation.
The metals in the active state are screened by the IP in the order
of Ba' < Sr" < Co" <Zn" < Ru** < Fe?", classified into soft acids,
borderline acids, and hard acids. In this regard, bimetallic
organic framework (BMOF) combinations with gradient IP
values are selected for study.

A typical scanning electron microscopy (SEM) image in
Fig. 1a shows that BMOF(Sr)-0.2Fe forms a well-defined crys-
talline structure and exhibits a prism morphology with clear
edges. The crystalline structure is well maintained, as shown by
the high-resolution transmission electron microscopy (HRTEM)
image in Fig. 1b. As shown in Fig. 1c, different bimetallic
combinations of soft and hard acids distinctly impact the NH;
evolution rate. BMOF(Sr)-0.2Fe, BMOF(Sr)-0.2Co, BMOF(Sr)-
0.2Ba, BMOF(Ru)-0.2Fe, BMOF(Co)-0.2Fe, and BMOF(Co)-
0.2Zn can produce 780, 659, 292, 55, 517, and 172 pumol g *
h™" NH;, respectively. The BMOF samples that simultaneously
contain two metal nodes with evident differences in hardness,
such as BMOF(Sr)-0.2Fe, BMOF(Sr)-0.2Co, and BMOF(Co)-0.2Fe,
exhibit much better photocatalytic activity than those con-
structed by two metal nodes with similar hardness. It can be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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found that the bimetal synergistic effect emerges only when an
electron acceptability difference is large enough between the
two kinds of metal nodes, which can be quantified by the
ionization potential difference (AIP).

Time-resolved PL analysis was conducted to explore the
charge transfer behavior of BMOFs. According to the PL decay
curves shown in Fig. 1d, the average PL lifetimes of MOF(Sr),
BMOF(Sr)-0.05Fe, BMOF(Sr)-0.1Fe, BMOF(Sr)-0.15Fe, BMOF(Sr)-
0.2Fe, and BMOF(Sr)-0.25Fe were 2.26, 3.02, 4.96, 6.68, 6.92, and
2.20 ns, respectively. This result indicated that an appropriate
content of hard acid metal can lengthen the photoexcited
carrier lifetime. Furthermore, the excess incorporation may
form an electron trap and decrease the separation efficiency of
the photoexcited charge carriers. Importantly, the AIP value
between the bimetal nodes greatly influenced the photoexcited
carrier lifetime. The large AIP value may have a positive effect
on suppressing carrier recombination, resulting in a prolonged
carrier lifetime. As shown in Fig. 1e, BMOF(Sr)-0.2Fe (soft and
hard acid) exhibited a longer carrier lifetime than that of
BMOF(Sr)-0.2Co (soft and borderline acid) and BMOF(Sr)-0.2Ba
(soft and soft acid). The very prolonged carrier lifetime for
BMOF(Sr)-0.2Fe accounted for its superior performance in
photocatalytic NH; synthesis.

Liu et al. proposed a two-step self-assembly process that is
simple and effective to functionalize UiO-67(bpydc) with Ru-
based photosensitizers and Co catalytic sites.*® The resulting
(Co/Ru),-UiO-67(bpydc) provided a molecular platform to
enable fast multielectron injection from photosensitizers
through the basal MOFs; in addition, the platform provides
catalytic centres, achieving efficient syngas production from
photocatalytic CO, reduction with a yield of 13 600 pmol g~*
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Fig. 1 (a) SEM and (b) HRTEM images for BMOF(Sr)-0.2Fe. (c) Results

of photocatalytic NHz synthesis under white light illumination on
various BMOFs samples. (d) Time-resolved PL data of MOF(Sr) and
various BMOF(Sr) samples. (e) Time-resolved PL data of BMOF(Sr)-
0.2Fe, BMOF(Sr)-0.2Co and BMOF(Sr)-0.2Ba. Reproduced with
permission from ref. 37. Copyright 2021, American Chemical Society.
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Fig. 2 (a) Results of photocatalytic CO, reduction under visible light

illumination over (Co/Ru),4-UiO-67(bpydc) and the corresponding
homogeneous counterparts. (b) Time-resolved PL spectra of (Co/
Ru), 4-UiO-67(bpydc) and Rug 3-UiO-67(bpydc). Excitation and emis-
sion wavelength were 450 nm and 700 nm, respectively. (c) Proposed
mechanism of interfacial charge transfer. Reproduced with permission
from ref. 38. Copyright 2019, Elsevier.

(Hy:CO = 2:1) in 16 h. This performance was almost 30- and
20-fold higher than that of the homogeneous counterparts of
Co>*/[Ru(bpy);]>" and Co(bpy)/[Ru(bpy)s]**, respectively. The
results of the microstructural investigation suggested that Ru,
Zr, and Co elements were uniformly distributed in the modified
MOFs. The ratio of Co/Ru significantly influenced the ratio of
the produced H,/CO, which can be systematically adjusted from
3.0 to 1.9. Compared to (Co/Ru), 4-UiO-67(bpydc), the homoge-
neous counterparts, ie, Co”'/[Ru(bpy);]”* and Co(bpy)/
[Ru(bpy)s]**, exhibited much lower yields of CO/H, production
(Fig. 2a). Time-resolved PL data confirm that the introduced Co
sites can accelerate the PL decay of the excited states of Ru-UiO-
67(bpy)s, shortening its carrier lifetime from 25.4 ns to 13.1 ns
(Fig. 2b). This observation confirmed that efficient electron
transfer occurred from the Ru-based photosensitizers to the Co
catalytic sites (Fig. 2c), which can account for the greatly
enhanced photocatalytic activity of (Co/Ru), ,-UiO-67(bpydc).

In the other study by Lin et al.,** a FeNi, BMOF composed of
Prussian blue analogs (PBA) was synthesized to perform pho-
tocatalytic CO, reduction. A trade-off effect from the synergy of
the two metal sites was demonstrated to optimize the perfor-
mance of CO, reduction. The synergy is based on the distinct
functionalities of Fe and Ni. Fe functions as a mediator to
promote interfacial electron transfer, while Ni works as the
active site to enable CO, adsorption and reduction. Time-
resolved PL data suggested enhanced charge transfer from
photosensitizer to FeNi,-PBA with increasing Fe content. By
delicately adjusting the number of Fe and Ni sites in MOFs,
a high CO yield along with a nearly 100% CO selectivity can be
achieved.

3.2 Modification of organic linkers

By altering the composition of organic linkers, the bandgap of
MOFs can be reduced to harvest an increased number of
photons from the solar spectrum; this method was demon-
strated to be an efficient strategy to tailor the photocatalytic
properties of MOFs.*® This approach further gestates a concep-
tion involving the selection of specific substituent groups to

1044 | Nanoscale Adv, 2024, 6, 1039-1058
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modify the organic linkers of MOFs; thus, a capacity for visible
light absorption is achieved. The successful substituent groups
include -NH,, -OH, -SH, and -NO,.*"*® On the other hand,
modification of organic linkers can tailor the band structure of
MOFs to modulate interfacial charge transfer dynamics. This
strategy also offers an effective route for optimizing the photo-
catalytic properties of MOFs. In Chen's study,” two linkers,
H,BDC-(SCH3), and H,BDC-(SOCH3),, with different ratios were
introduced to UiO-66 (Zr) through post-oxidation and direct
synthesis, producing mixed-linker UiO-66-(SCH3),-xh (x = 4, 9,
12, representing post-oxidation hours) and UiO-66-(SOCH3),(-
SCH3;),_, respectively. Pt was photodeposited on these MOFs to
serve as a cocatalyst for photocatalytic H, production (Fig. 3a).
In Fig. 3b, the photocatalytic H, production of the three mixed-
linker Pt/UiO-66-(SCH;),-xh and single-linker Pt/UiO-66-(SCH;),
was compared. Pt/UiO-66-(SCH;),-9h exhibited the maximum
rate of H, production, which was approximately 4.8 times that
of Pt/UiO-66-(SCHj3),. On the other hand, compared to the
single-linker UiO-66-(SOCH;) and UiO-66-(SCHj3), UiO-66-
(SOCH3),(SCH3),_» (x = 0.4, 0.6) exhibited markedly improved
photocatalytic abilities (Fig. 3c). Notably, the percentage of
BDC-(SOCH3), (23.9%) in UiO-66-(SOCH3)0.4(SCH3)1 6 is almost
identical to that of BDC-(SOCH3), (24.4%) in UiO-66-(SCH3),-9h.
However, the photocatalytic H, evolution rate of UiO-66-
(SOCH3)0.4(SCH3), ¢ is half of that of UiO-66-(SCHj3),-9h. The
performance difference between these two isostructural
complexes further reveals the fundamentally different charge
transfer dynamics involved.
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Fig. 3 (a) HRTEM image of UiO-66-(SCHsz),-9h deposited with Pt.
Results of photocatalytic H, production under visible light illumination
over (b) Pt/UiO-66-(SCHsz), and Pt/UiO-66-(SCHz),-xh, (c) Pt/UiO-
66-(SOCH=),(SCH3),_, (x = 0, 0.4, 0.6, 2). (d) TA spectra at various
probe delays and wavelengths for UiO-66-(SCHs), UiO-66-
(SOCH3)0.4(SCH3)16, and UiO-66-(SCH3),-9n. (e) Corresponding
kinetic traces at 640 nm. The pump wavelength was 400 nm. (f)
Proposed mechanism of interfacial charge transfer for UiO-66-
(SCH3),-xh. Reproduced with permission from ref. 40. Copyright 2021,
American Chemical Society.
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This marked difference was ascribed to the distinctive
molecular structure at the MOF surface. During the post-
oxidation process for UiO-66-(SCH;),-xh, the -SCH; groups on
the MOF surface were preferentially oxidized. The resulting -
SOCH; groups were concentrated on the surface of UiO-66-
(SCH3),-9h, which differs from the uniform distribution of -
SOCH; in the whole structure of UiO-66-(SOCHj3)y.4(SCH3)1.6.
The former localized molecular structure was feasible for reac-
tant access and charge transfer. Hence, the H, generation rate
of Ui0-66-(SCH;),-9h was much higher than that of UiO-66-
(SOCH3).4(SCH3)4 6, although they bear almost the same BDC-
(SOCH3;), ratio. To gain a deeper knowledge of the interfacial
charge dynamics, fs-TA spectroscopy measurements were
carried out on three representative samples. Fig. 3d shows the
TA spectra for UiO-66-(SCH3),, UiO-66-(SOCH3)0.4(SCH3)1 6, and
UiO-66-(SCH3),-9h as a function of probe delay time and wave-
length. An intense excited state absorption band centered at
approximately 640 nm was recorded. The kinetic traces at
640 nm were fitted with a multiexponential function, generating
average lifetimes of 4411, 3384, and 2964 ps for UiO-66-(SCHj3),,
UiO-66-(SOCH3)0.4(SCH3)16, and UiO-66-(SCH3),-9h, respec-
tively (Fig. 3e). Here, the shortest lifetime of UiO-66-(SCH;),-9h
indicated the fastest charge relaxation process results from the
best charge separation efficiency, consistent with the trend in
photocatalytic activity. A charge transfer mechanism based on
type-II band alignment was considered for UiO-66-(SCH;),-xh
(Fig. 3f). In this mechanism, the two linkers were incorporated
in the distinct region of the MOFs, forming a homojunction
composed of MOF-BDC-(SOCH3), and MOF-BDC-(SCHj3),.
Under light illumination, the photoexcited electrons were most
likely transferred from the conduction band of MOF-BDC-
(SOCH3;), to that of MOF-BDC-(SCH3),, whereas the photo-
generated holes were transported in the opposite direction. The
spatially separated electrons and holes can then participate in
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Fig.4 (a) SEM image of MIL-125-RV2". (b) Band structure of MIL-125-
NH, and MIL-125-RV?* concerning the redox potential of CO,/
HCOOH at pH = 7. (c) Results of photocatalytic CO, reduction under
visible light illumination over MIL-125-NH, and MIL-125-RV2*. (d)
Time-resolved PL spectra of MIL-125-NH, and MIL-125-RV?*,
Reproduced with permission from ref. 41. Copyright 2022, Royal
Society of Chemistry.
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proton reduction and scavenger oxidation, respectively, leading
to pronounced photocatalytic activity.

In the other study led by Wang et al.,** the band structure was
tuned by modifying MIL-125-NH, with viologen molecules
(RV*"); thus, the photocatalytic performance was improved. The
morphology of MIL-125-RV>" was essentially identical to that of
MIL-125-NH,, revealing the structural integrity of the MOF
skeleton upon modification (Fig. 4a). The band structures of
MIL-125-NH, and MIL-125-RV>** were determined from Mott-
Schottky measurements (Fig. 4b). Upon RV>" modification, the
conduction band level of MOFs was cathodically shifted by
0.23 V, which was beneficial for carrying out photocatalytic CO,
reduction to efficiently produce HCOOH. After 10 h of photo-
catalytic operation, the yield of HCOOH for MIL-125-RV>" was
12.13 mmol, substantially higher than that of MIL-125-NH,
(7.31 mmol) (Fig. 4c). Time-resolved PL spectra further showed
that the carrier lifetime of MIL-125-RV>" was significantly longer
than that of MIL-125-NH,. This observation indicated that the
introduced RV>* can coordinate interfacial charge transfer for
MOFs to prolong the carrier lifetime (Fig. 4d). For MIL-125-NH,,
the Ti** ions in the Ti-oxo clusters served as traps for photoex-
cited electrons, prohibiting their further participation in CO,
reduction. After RV>* was introduced, the electron trapping at
Ti*" could be mitigated, which facilitated further relaxation of
photoexcited electrons to the surface-adsorbed CO,. Under this
situation, the photoexcited electrons of MIL-125-RV>* had more
opportunities to participate in CO, reduction, leading to the
enhanced performance of HCOOH production.

3.3 Introduction of defects

Defects in MOFs have been characterized as local sites breaking
the periodical arrangement of atoms in the crystalline frame-
work. The missing organic linkers and missing metal clusters

1 MET-Cu-D

2 MET-Cu-R

3 MET-Cu

4 without catalyst
5 without EY

6 without TEA

7 without light

- EY T=3.05ns
+ MET-Cu T=3.00ns
+ MET-Cu-R T=296ns
+ MET-Cu-D 1=287ns
. TEA 1=225ns

Counts

30 60 90
Lifetime (ns)
Fig. 5 (a) SEM images of MET-Cu-D and MET-Cu (inset). (b) Results of
photocatalytic H, production under visible light illumination over the
three samples under different conditions. (c) Time-resolved PL spectra
of EY in the presence of the three samples. (d) Proposed mechanism of
interfacial charge transfer for MET-Cu-D. Reproduced with permission
from ref. 42. Copyright 2021, Elsevier.
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account for major defect types of MOFs. By introducing these
point defects, the physical and chemical properties of MOFs can
be tailored, providing another strategic maneuver to consoli-
date their utility in photocatalysis.*®** The attributes of defec-
tive MOFs as photocatalysts include enriched active sites,*>*
optimized acidity and basicity,****> modified band structure®**”
and additional pore space.’®*® Zang et al. used a competitive
coordination method to introduce ligand defects into Cu-
triazolate frameworks (MET-Cu).*” During the synthesis of
MET-Cu, adding N,N-diethylformamide can prohibit the coor-
dination of Cu with triazole ligands. This would create abun-
dant ligand vacancies (approximately 8%), producing an
appreciable amount of unsaturated Cu sites that can function
as active sites for photocatalytic reactions. In practice, the Cu
centres of MET-Cu were coordinated with six triazole linkers,
forming a well-defined octahedral morphology with a solid
skeleton structure. After ligand vacancies were introduced, the
defective MET-Cu (MET-Cu-D) contained an agglomeration of
irregular small particles (Fig. 5a). For comparison purposes, the
repaired sample (MET-Cu-R) was also prepared by passivating
the linker vacancies of MET-Cu-D through recoordinating tri-
azole linkers. The photocatalytic efficiency of H, production for
the three samples, i.e., MET-Cu, MET-Cu-D, and MET-Cu-R, was
then explored. In addition to the use of MOFs, eosin Y (EY) as
a photosensitizer and triethylamine (TEA) as a hole scavenger
were employed to conduct photocatalytic H, production. As
shown in Fig. 5b, MET-Cu exhibited negligible activity because
it did not possess open Cu centres that can serve as active sites
for proton reduction. In contrast, MET-Cu-D displayed
outstanding activity for H, production, presumably due to the
beneficial effect associated with the unsaturated Cu sites. In
comparison with MET-Cu-D, the activity of MET-Cu-R was
substantially reduced, suggesting that H, production deterio-
rated due to the passivation of linker vacancies. This compar-
ison further revealed the importance of introducing
unsaturated Cu centres as active sites for facilitating photo-
catalytic reactions.

Time-resolved PL measurements were further conducted to
study the influence of unsaturated Cu sites on the interfacial
charge dynamics of MET-Cu. Fig. 5¢ shows the time-resolved PL
spectra of EY in the presence of the three samples. For pure EY,
the recorded PL lifetime was 3.05 ns. When MET-Cu, MET-Cu-R,
and MET-Cu-D were dispersed in EY, the PL lifetime of EY was
reduced to 3.00, 2.96, and 2.87 ns, respectively. This phenom-
enon indicated that the photoexcited electrons of EY were
injected into MOFs, suppressing charge recombination for EY
to reduce the PL lifetime. Significantly, the presence of defective
MET-Cu-D caused the largest decrease in PL lifetime for EA,
suggesting that the unsaturated Cu sites in MET-Cu-D can most
effectively coordinate charge transfer dynamics for the injected
electrons. Based on these observations, a plausible mechanism
was proposed to account for the superior photocatalytic activity
of MET-Cu-D, as shown in Fig. 5d. Under visible light illumi-
nation, EY was excited to generate singlet-state EY'", followed
by fast relaxation to form triplet-state EY®". Subsequently, EY*"
was reduced by the hole scavenger and formed EY . Further
injecting electrons into MET-Cu-D recovered the ground-state
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EY. In addition, the injected electrons presumably transferred
to the unsaturated Cu centres, reacting with the adsorbed
protons to evolve H,. For defective MET-Cu-D, the unsaturated
Cu centres can function as active sites for H, production and
charge transfer mediators for the injected electrons. Due to the
improved reaction kinetics and enhanced interfacial charge
dynamics, MET-Cu-D exhibited superior photocatalytic activity
towards H, production.

He and coworkers used a similar approach to introduce
missing linkers to UiO-66(Zr) by adding an acetic acid (HAc)
modulator during the synthesis.** The defective UiO-66(Zr) not
only became visible light responsive but also possessed frus-
trated Lewis pairs, Zr**~OH, which were conductive to photo-
catalytic CO, reduction. As shown in the SEM images in Fig. 6a,
noticeable morphological changes were observed in UiO-66(Zr)
upon the introduction of missing ligands. Fig. 6b compares the
photocatalytic efficiency of non-defective UiO-66-0 and that of
four defective UiO-66-X (X = 2, 4, 6, 8) prepared with increasing
amounts of HAc. For non-defective UiO-66-0, its large bandgap
(3.92 eV) prohibited effective CO, reduction under visible light
illumination; as a result, nearly inactive performance was
observed. For the four defective UiO-66-X, a volcano-type activity
trend was found, in which UiO-66-6 showed the largest yield of
CO. This result indicated that an optimal content of missing
linkers generated the best photocatalytic activity for UiO-66-X.

To determine what generates the optimal content of missing
linkers, time-resolved PL analysis was performed to determine
the carrier lifetime. As displayed in Fig. 6¢c and d, the four
defective UiO-66-X samples all exhibited faster PL decay kinetics
than that of nondefective UIO-66-0. The computed average
lifetimes were 3.71, 3.34, 2.66, 2.12, and 2.29 ns for UIO-66-0,
UIO-66-2, UIO-66-4, UIO-66-6, and UIO-66-8, respectively. This
feature implied that missing linkers may improve charge
separation efficiency by accepting photoexcited electrons from
MOFs. Among the four defective MOFs, UiO-66-8 had the
shortest PL lifetime, implying that the fastest carrier relaxation
dynamics occur within UiO-66-8. The highest carrier mobility
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Fig.6 (a) SEMimages of UiO-66-6 and UiO-66-0 (inset). (b) Results of
CO production from photocatalytic CO, production under visible light
illumination over various UiO-66-X. (c and d) Time-resolved PL
spectra of various UiO-66-X. (e) Proposed mechanism of the energetic
state of missing ligands and derived band structure for various UiO-
66-X (X = 0, 2, 4, 6, 8). Reproduced with permission from ref. 43.
Copyright 2022, American Chemical Society.
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along with the most enhanced charge separation was therefore
expected for UiO-66-8, which can account for the best CO yield
observed. Note that a similar quantitative effect on interfacial
charge dynamics has been widely reported in semiconductor
heterostructure systems,'” which is decisive to the resultant
photocatalytic performance. Fig. 6e depicts a possible mecha-
nism that explains the role of missing ligands in mediating
interfacial charge dynamics for defective UiO-66-X. Analogous
to the creation of oxygen vacancies in oxide semiconductors,
introducing missing ligands in MOFs generates a positively
charged state termed V; located within the bandgap. Upon
bandgap excitation, V; can capture electrons and form neutral
VX, The electrons of V;* can then be excited to the conduction
band by irradiation with energy lower than the bandgap,
forming photoexcited electrons. Subsequently, the metal Zr
centres captured the photoexcited electrons to form a single
negative state Zr**, in which the CO, reduction reaction can
readily occur. The additional absorption band observed for UiO-
66-X in the longer wavelength region validated the above
contentions. The band structure derived from the Mott-
Schottky analysis further supported this argument. After
missing ligands were introduced, the whole band structure of
MOFs was lifted to a more cathodic level, which can increase the
reducing power of the photoexcited electrons to facilitate the
CO, reduction reaction.

4. Incorporation of heterojunction

The incorporation of heterojunctions that combine the desirable
properties of individual constituents into an integrated whole was
a significant step in achieving advanced photocatalysis for semi-
conductor nanostructures.®®®* Four types of heterojunctions have
been incorporated to design sophisticated photocatalysts,"”**%
including metal-semiconductor, graphene-semiconductor, semi-
conductor-semiconductor, and Z-scheme (or S-scheme) hetero-
junctions. Metal-semiconductor heterojunctions are
characteristic of pronounced charge separation and peculiar
plasmonic effect. Metal can function as electron acceptors, pro-
hibiting charge recombination to improve charge separation.®*
Some metals exhibit localized surface plasmon resonance
(LSPR),**7* amplifying light absorption and thus, increasing pho-
tocatalytic activity. However, only certain wavelengths can be
harnessed due to the narrow bandwidth of LSPR. Semiconductor-
semiconductor heterojunctions comprise either a type-1,” a type-
I*7® or a p-n interface.” Interfacial charge transfer can be
manipulated to allow effective carrier utilization, thereby
increasing the photocatalytic performance. Merging semi-
conductors with divergent bandgaps enables the capture of
a broader light spectrum. Nevertheless, the band edges must align
properly for efficient charge transfer, limiting the available semi-
conductor combinations. The charge carriers may also be trapped
at the interface, leading to reduced photocatalytic efficiency.
Graphene-semiconductor heterojunctions function on prin-
ciples similar to metal-semiconductor heterojunctions.***
Because of the superior electron mobility, graphene acts as an
electron acceptor for semiconductors, thereby reducing charge
recombination. Furthermore, graphene provides a protective
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layer against the photocorrosion of semiconductors, proven to be
a solution to resolve instability issues. However, ensuring
a robust interface between graphene and semiconductors is
challenging. Excessive graphene layers may obstruct light pene-
tration to the underlying semiconductor, compromising overall
photocatalytic efficiency. Z-scheme heterojunctions display
a vectorial charge transfer mechanism mimicking natural
photosynthetic processes.**® The separate charge carriers
possess substantially high redox powers to ensure superior
activity. Z-scheme heterojunctions can also incorporate semi-
conductors with diverse bandgaps for expanded light absorption.
However, creating an efficient Z-scheme system necessitates
a comprehensive understanding of the band structure of the
semiconductor. Occasionally, an additional electron mediator,
composed of metals®**® or graphene,* is indispensable to realize
vectorial charge transfer, complicating the configuration.

The approach of heterojunction incorporation has also been
widely adopted to construct sophisticated photocatalytic systems
based on MOFs. Compared with traditional semiconductor-
based heterojunctions, MOF-based heterojunctions exhibit
more favorable synergistic features by virtue of the easily tailor-
able material properties, which are generated by engineering
metal clusters and organic ligands.’®** Several advantages asso-
ciated with photocatalytic applications, including extended light
harvesting, pronounced charge separation, enriched active sites
and improved photostability, can be obtained by incorporating
heterojunctions in MOFs. Successful examples involve semi-
conductor coupling,®**® metal confinement,’”*® the introduction
of another MOF,”*'® and the addition of graphene.' The
promise of heterojunction incorporation for MOFs in photo-
catalytic applications from the perspective of interfacial charge
dynamics will be highlighted in this section.

4.1 Semiconductor coupling

Compared with semiconductor nanostructures, MOFs have
received more fundamental and technological interest in
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photocatalytic H, production under visible light illumination over five
relevant samples. TA spectra of (d) pure CdS. (e) Comparison of
kinetics profiles probed at 650 nm among pure CdS and the three CdS/
UiO-66. (f) Proposed mechanism of interfacial charge transfer for CdS/
UiO-66. Reproduced with permission from ref. 92. Copyright 2019,
American Chemical Society.
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photocatalysis due to their high tailorability and versatility in
property design. By coupling with a semiconductor possessing
suitable band alignment, the photocatalytic properties of MOF-
based heterojunctions can be substantially improved. In Xu's
study,” a stable MOF, UiO-66, was employed as a support to
deposit CdS nanoparticles in a controllable content (from 10 to
40 wt%), forming CdS/UiO-66 heterojunctions. When the CdS
content was 10 wt%, UiO-66 was found to induce uniform
growth of small CdS nanoparticles (Fig. 7a and b). Further
increasing the CdS content to 20 and 40 wt% led to significant
aggregation of the deposited CdS. Fig. 7c compares the photo-
catalytic activity of H, production among relevant samples
under visible light illumination. Pure UiO-66 did not produce
H, because of its large bandgap (4.1 eV). Pure CdS, on the other
hand, produced a small amount of H, due to its inadequate
capability as a single material. For CdS/UiO-66, the amount of
H, produced was largely increased, suggesting that the interplay
between UiO-66 and CdS can promote photocatalytic perfor-
mance. Among the three CdS/UiO-66 samples, the sample with
10 wt% CdS showed the highest H, production activity,
exceeding eight times the performance of pure CdS. The
decreased activity for CdS/UiO-66 with CdS contents of 20 and
40 wt% was attributed to the significant aggregation of the
decorated CdS, which may reduce the exposed active sites to
deteriorate the photocatalytic activity.

To examine the interfacial charge dynamics for CdS/UiO-66
heterojunctions, fs-TA spectroscopic measurements were con-
ducted by pumping the samples at 400 nm and probing them
from 450 to 750 nm. As displayed in Fig. 7d, pure CdS showed
three noticeable features at 460 nm, 500 nm, and the region
beyond 600 nm. The negative absorption band at 500 nm was
assigned to the 1S exciton bleach of CdS resulting from the state
filling of the 1S(e) level at the conduction band.**” The positive
absorption band at 460 nm was associated with the photoin-
duced absorption of the 1S exciton.'”® The broad bleaching
band at approximately 650 nm was related to the signal of
photoexcited electrons, which resulted from accelerated
quenching in the presence of an electron scavenger. The
kinetics of the bleach recovery at 650 nm were further examined
to investigate the fate of the photoexcited electrons. As
compared in Fig. 7e, the three CdS/UiO-66 samples exhibited
much faster bleach recovery than that of pure CdS, suggesting
the prevalence of an additional electron relaxation pathway at
the CdS/UiO-66 heterojunctions. Mott-Schottky analytical
results further revealed a type-II band alignment for CdS/UiO-66
(Fig. 7f). Under this situation, the photoexcited electrons of CdS
preferentially transferred to UiO-66, thereby accelerating the
bleach recovery processes of electrons probed at 650 nm.
Significantly, the trend in bleach recovery kinetics for the three
CdS/UiO-66 samples was consistent with the variation in the
corresponding photocatalytic activity, i.e., the sample with the
fastest bleach recovery kinetics had the highest photocatalytic
activity. This consistency illustrated that UiO-66 can facilitate
charge carrier separation for CdS to optimize H, production
activity. The findings from this work also highlight the unique
features of MOFs in promoting the structural dispersion of the
coupled semiconductor, securing surface active sites to ensure
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utility in photocatalysis. A similar approach has been adopted
to couple UiO-66 with g-C;N, for enhanced photocatalytic H,
production.®® The shortened PL lifetime of heterojunction re-
flected efficient photoexcited electron transfer from g-C;N, to
UiO-66 through a type-II pathway. The separated electrons can
readily participate in the H, production reaction.

The location of the coupled semiconductors at the specific
site of MOFs also significantly impacted the effectiveness of
interfacial charge transfer for MOF/semiconductor hetero-
junctions, which is an adoptable route to optimize photo-
catalytic efficiency. In Ghosh's study, CdS was introduced to
Zr*"-based MOF-808 at two distinct locations, i.e., inside the
cavities of MOF-808 (denoted as CdS,@MOF-808) and outside
the surface of MOF-808 (denoted as CdS/MOF-808-cys), creating
two analogous heterojunctions.” As displayed in Fig. 8a and b,
the TME analytical results confirmed the microstructural
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Fig. 8 TEM images of (a) CdS;@MOF-808, (b) CdS/MOF-808-cys. (c)
Results of photocatalytic H, production under visible light illumination
over the two samples. (d) Comparison of kinetics profiles probed
around 480 nm between the two samples. (e) Proposed mechanism of
interfacial charge transfer for CdS and MOF-808. Reproduced with
permission from ref. 93. Copyright 2019, Royal Society of Chemistry.
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features of CdS,@MOF-808 and CdS/MOF-808-cys, in which the
confinement of CdS nanoparticles inside the pores of MOF-080
and the presence of CdS nanoparticles on the external surface of
MOF-808 can be identified. Note that the content of the coupled
CdS was fixed so that photocatalytic H, production could be
equitably compared. As revealed in Fig. 8¢, CdS,@MOF-808 had
a substantially higher H, yield than CdS/MOF-808-cys, sug-
gesting that introducing CdS inside the cavities of MOF-808 can
achieve better photocatalytic performance due to the confine-
ment effect. To understand this confinement effect from the
charge dynamics point of view, TA measurements were con-
ducted by pumping the samples at 400 nm and probing them
from 420 to 650 nm. The two heterojunction samples share
similar spectral features associated with CdS, i.e., one positive
absorption band below 440 nm, one primary negative bleach
band at approximately 480 nm, and another broad negative
bleach band from 500 to 650 nm. The bleach recovery at
approximately 480 nm reflected the depletion of the photoex-
cited electrons at the conduction band of CdS, which was
further traced in Fig. 8d to interrogate the fate of the photoex-
cited electrons. The kinetics profile of CdS/MOF-808-cys
comprised three time constants of 0.83 ps (33%), 21 ps (53%),
and 3.12 ns (14%). The two fast recovery components were
related to the trapping of the photoexcited electrons at the
defect states, in which the relatively slow component was
associated with the recombination of the photoexcited elec-
trons with the trapped holes. Compared with CdS/MOF-808-cys,
CdS,@MOF-808 displayed faster kinetics of bleach recovery,
showing three time constants of 0.22 ps (44%), 13.2 ps (31%),
and 384 ps (25%). This outcome suggested that the photoex-
cited electrons of CdS can be more easily delocalized in
CdS,@MOF-808. The separated photoexcited electrons can then
readily participate in photocatalytic H, production. As shown in
Fig. 8e, density functional theory (DFT) calculations revealed an
interfacial electron transfer pathway from Cds to the Zr*" sites
of MOF-808. For CdS,@MOF-808, because CdS was confined in
close proximity to the Zr** sites of MOF-808, a shorter electron
transfer path from CdS to MOF-808 was considered. This spatial
confinement may promote more effective charge separation and
increase the photocatalytic activity of CdS,@MOF-808 as
observed.

In addition to enhancing charge separation, MOFs can
improve photostability for coupled semiconductors, which is an
effective strategy to increase the durability of those suffering
from photocorrosion issues. In Deng's study, Cus(BTC), was
employed as the MOF model to protect Cu,O photocathodes
from photocorrosion during the CO, reduction process.”* As
displayed in Fig. 9a and b, Cu;(BTC), with a protruding
columnar morphology was grown on the surface of the Cu,O
thin films. The performance of Cus(BTC),/Cu,O in photo-
electrochemical (PEC) CO, reduction under visible light illu-
mination was examined. Fig. 9c compares the production yield
of CO between Cuy(BTC),/Cu,O and pristine Cu,O under
different conditions. In darkness, Cus(BTC),/Cu,O showed a CO
yield that was 2 times higher than that of pristine Cu,O. This
result signified that the Cu atoms of the deposited Cu;(BTC),
supplied incremental active sites for facilitating CO production

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Top-view and (b) cross-section SEM images of Cus(BTC),/
Cu,0. (c) Results of CO production from PEC CO, production under
visible light illumination over pristine Cu,O and Cus(BTC),/Cu,O. (d)
Corresponding photocurrent generation for an extended period. (e)
Comeparison of kinetics profiles probed at 630 nm between pristine
Cu,0 and Cus(BTC),/CuyO. (f) Proposed mechanism of interfacial
charge transfer for Cus(BTC),/Cu,O. Reproduced with permission
from ref. 94. Copyright 2018, Wiley.

from CO, reduction. Under visible light illumination,
Cu;(BTC),/Cu,O exhibited a threefold increase in CO yield
relative to pristine Cu,O. The increasing activity enhancement
suggested that the deposited Cuz(BTC), promoted effective
charge separation for Cu,O by accepting the photoelectrons
from Cu,O. The delocalized electrons can then readily partici-
pate in CO, reduction. During PEC operation, pristine Cu,O
tended to undergo oxidative photocorrosion, which can
consume photoexcited electrons to compromise the effective-
ness of CO, reduction. In Fig. 9d, the unstable, declining
photocurrent generation of pristine Cu,O was characteristic of
serious photocorrosion. Cuz(BTC),/Cu,O, however, exhibited
stable and constant photocurrent generation, suggesting that
the deposited Cu,(BTC), can protect the underlying Cu,O from
photocorrosion. Due to this protection, both the faradaic effi-
ciency and solar-to-CO, conversion efficiency were substantially
enhanced.

A type-II band alignment was also considered for Cuz(BTC),/
Cu,O heterojunctions. Under light illumination, the photoex-
cited electrons of Cu,O preferentially transferred to Cus(BTC),
and participated in CO, reduction. To probe this process, TA
measurements were conducted by pumping the samples at
480 nm. Fig. 9e compares the kinetics profiles of the photoin-
duced absorption decay between pristine Cu,O and Cus(BTC),/
Cu,O. Pristine Cu,O showed biexponential decay kinetics with
two lifetime constants of 1 ps and 560 ps. As depicted in Fig. 9f,
the fast decay was assigned to the electron relaxation within the
conduction band of Cu,O, whereas the slow decay was ascribed
to the subsequent electron-hole recombination. Upon the
deposition of Cuz(BTC),, only the fast decay component with
a lifetime of 8 ps was observed. Because Cu;(BTC), attracted
photoexcited electrons from Cu,O, the intrinsically slow elec-
tron-hole recombination was prohibited. This interfacial elec-
tron can accelerate excited state deactivation, resulting in the
quicker kinetics of photoinduced absorption decay observed for
Cu;(BTC),/Cu,0. This study revealed that Cuz(BTC), plays
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multiple roles in enhancing the CO, reduction performance of
Cu,O photocathodes, including roles as a photocorrosion
inhibitor, active site provider, and charge separation enhancer.

One the other hand, the Z-scheme mechanism can be
attained by coupling MOFs with a semiconductor that can
induce vectorial charge transfer. Kong's group reported the
synthesis of UiO-66-(COOH),/ZnIn,S, hybrid photocatalysts for
applications in H, production and Cr’* reduction.”® Because of
the band alignment at the interface, the photoexcited electrons
of UiO-66-(COOH), were recombined with the photogenerated
holes of ZnIn,S,. This vectorial charge transfer led to the
accumulation of photoexcited electrons at ZnIn,S, and the
concentration of photogenerated holes at UiO-66-(COOH),,
realizing the Z-scheme mechanism. The observed prolonged PL
lifetime for UiO-66-(COOH),/ZnIn,S, suggested the prevalence
of charge carrier recombination at the interface. By virtue of the
Z-scheme mechanism, UiO-66-(COOH),/ZnIn,S, photocatalysts
possessed enhanced reducing and oxidizing powers, thus
exhibiting superior activity toward H, reduction and Cr’"
reduction.

4.2 Metal confinement

The profitable features of noble metal nanoparticles, including
their unique electronic structure and peculiar optical proper-
ties, have been utilized in semiconductor photocatalysis.'”*** It
is therefore not surprising to see the entry of metal nano-
particles in the MOF-based photocatalytic systems.””*® Due to
the porous nature and robust structure of MOFs, they are ideal
supports for metal nanoparticles. In particular, the uniform
nanopores in MOFs can provide confined environments to
enable size control over the target metals and can simulta-
neously guarantee that the reactant molecules are accessible to
the active metal sites. This feature is especially important for
maximizing the utilization of surface active sites in metals since
metal nanoclusters or even metal single atoms can be incor-
porated. Furthermore, organic ligands can function as anchors
to stabilize tethered metals, ensuring their long-term effective-
ness in heterogeneous catalysis. Jiang's group utilized the
confined cavities of MOFs to enable the intercalation of single
Pt atoms.”” An Al-based porphyrinic MOF, termed Al-TCPP,
which has four pyrrolic N sites, was employed. As Fig. 10a
shows, because of the strong interaction with the pyrrolic N
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Fig. 10 (a) Schematic illustration for the intercalation of single Pt

atoms in the confined cavity of Al-TCPP. (b) Comparison of kinetics

profiles probed at 540 nm among the three samples. Reproduced with

permission from ref. 97. Copyright 2020, Royal Society of Chemistry.
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atoms, single Pt atoms can be stabilized in the square-planar
cavities of the porphyrin struts in AI-TCPP. The resultant
single Pt atom-loaded AI-TCPP (denoted as Al-TCPP-0.1Pt, Pt
content = 0.1 wt%) showed a major Pt size distribution between
0.1 and 0.2 nm. On the other hand, Pt nanoparticles 3 nm in
size were prepared in advance and introduced to the external
surface of AI-TCPP. This Pt-mixed Al-TCPP (denoted as Al-TCPP-
PtNPs) served as a control sample so that the performance in
photocatalytic H, production could be compared. The
comparative results showed that pristine AI-TCPP was nearly
inactive towards H, production under visible light illumination,
which was ascribable to the pronounced charge recombination.
Al-TCPP-0.1Pt and Al-TCPP-PtNPs were considerably active due
to the enhanced charge separation rendered by Pt. Noticeably,
Al-TCPP-0.1Pt exhibited a turnover frequency that was 30 times
higher than that of AI-TCPP-PtNPs, indicating that loading Pt in
the cavities of AI-TCPP was more effective in promoting pho-
tocatalytic performance.

To gain more insights into the cause, TA analysis was con-
ducted to investigate the interfacial charge carrier dynamics.
The samples were pumped at 400 nm and probed between 520
and 640 nm, a spectral region associated with the trap states of
photoexcited electrons. Fig. 10c shows the resultant kinetics
traces for the photoinduced absorption signals at 540 nm.
Pristine Al-TCPP featured a slow decay process with a lifetime
component longer than 4 ns. This feature suggested that the
photoexcited electrons were stably trapped and hardly utilized
for H, production. An evident acceleration of decay kinetics was
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Fig. 11 (a) Schematic illustration for three distinct scenarios of
incorporating Pt nanoparticles in NH,-UiO-68. (b) Results of CO
production from photocatalytic CO, reduction under visible light
illumination over relevant samples. (c) Time-resolved PL spectra of
pristine NH,-UiO-68 and various Pt-incorporated NH,-UiO-68.
Excitation and emission wavelength were 360 nm and 475 nm,
respectively. Reproduced with permission from ref. 98. Copyright
2016, Wiley.
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observed for AI-TCPP-PtNPs, showing a dominant lifetime of
861 + 103 ps. The acceleration in kinetics occurred because an
additional electron transfer pathway from AI-TCPP to Pt nano-
particles emerged. This may accelerate the removal of the
trapped electrons and allow them to participate in H, produc-
tion. As a result, AI-TCPP-PtNPs exhibited noticeable photo-
catalytic activity. The acceleration of decay kinetics became
more pronounced for AI-TCPP-0.1Pt, showing two lifetime
components of 2.2 £+ 0.2 ps (50%) and 200 + 8 ps (50%). This
outcome signified that loading a small content of single Pt
atoms in the cavities of AI-TCPP can maximize the effectiveness
of interfacial charge transfer, leading to very enhanced photo-
catalytic activity, as observed. This study delivers an innovative
yet reliable approach for the stabilization of single metal atoms
by exploiting the microstructural characteristics of MOFs,
which provides new opportunities for using MOF-based heter-
ojunctions for advanced photocatalytic applications.

The benefits of loading metals precisely in the cavities of
MOFs in photocatalysis were highlighted in Guo's study.”® As
illustrated in Fig. 11a, the following scenarios for the incorpo-
ration of Pt nanoparticles in Zr-MOF and NH,-UiO-68 were
systematically compared: (A) Pt was embedded outside the
cavities of NH,-UiO-68 (denoted as Pt/NH,-UiO-68); (B and C) Pt
was embedded inside the cavities of NH,-UiO-68 (denoted as
Pt@NH,-UiO-68); and (D) Pt was embedded outside and inside
the cavities of NH,-UiO-68 (denoted as Pt-NH,-UiO-68). These
Pt-loaded NH,-UiO-68 samples were used as photocatalysts to
perform CO, reduction under visible light illumination. Fig. 11b
shows the comparative results obtained for CO yields, from
which several important points can be summarized. First, the
presence of Pt enhanced the CO production yield of NH,-UiO-68
regardless of the scenario of Pt incorporation. This outcome
revealed the necessity of incorporating metals to enhance the
photocatalytic activity of MOFs. Second, among all the Pt-
incorporated NH,-UiO-68 samples, Pt(2)@NH,-UiO-68 (Pt
content = 2 wt%) generated the highest CO yield, approximately
three and two times the performance of Pt(2)/NH,-UiO-68 and
Pt(4)-NH,-UiO-68, respectively. The performance of Pt(2)
@NH,-UiO-68 was also better than that of Pt-mixed NH,-UiO-68
(denoted as Pt(2) + NH,-UiO-68). The superior activity of Pt(2)
@NH,-UiO-68 disclosed the advantageous feature of loading
metals inside the MOFs for achieving superb photocatalytic
performance. This feature was further examined by looking into
the interfacial charge dynamics of the samples using time-
resolved PL spectroscopy. As shown in Fig. 11c, the PL life-
time of NH,-UiO-68 was largely reduced after Pt was incorpo-
rated. The occurrence of photoexcited electron transfer from
NH,-UiO-68 to Pt accounted for the observed reduced lifetime,
which can explain the enhanced photocatalytic activity. Among
all the Pt-incorporated NH,-UiO-68 samples, Pt(2)@NH,-UiO-68
displayed the shortest PL lifetime. This result suggested that the
effectiveness of interfacial electron transfer can be greatly
enhanced by loading Pt inside NH,-UiO-68. In this situation, the
incorporated Pt was in close contact with NH,-UiO-68, which
can facilitate interfacial electron transfer to maximize the
photocatalytic performance. Another important point noticed
from Fig. 11b was the performance comparison with the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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analogous MOF with shorter linkers, NH,-UiO-66. Inferior
performance of CO production occurred because shorter
organic linkers endow MOFs with a weaker CO, adsorption
capacity. This outcome also emphasized the significance of
engineering organic ligands to tailor the material properties of
MOFs to optimize photocatalytic efficiency.

4.3 Another MOF introduction

Due to the presence of independent active sites, merging two
MOFs into a whole may generate multiple synergies and diver-
sified configurations that can provide a robust and flexible
foundation for photocatalysis.”>**® For instance, the mixed
metallic active sites in the merged MOFs can work together to
achieve intermediate interaction strengths with reactant mole-
cules, improving activity and selectivity. The inclusion of
multiple types of organic ligands may also equip the merged
MOFs with multifunctional surface moieties, increasing their
adaptability in complex reaction environments. One MOF has
been modified with the other MOF to expand the heterojunction
family for advanced photocatalysis. In Huang's study, a hierar-
chical core@shell MOF@MOF heterojunction was proposed by
depositing UiO-67-NH, on the first-grown PCN-222-Ni.*® Based
on the results of radial spin-trapping experiments, a Z-scheme
band alignment was considered for the resulting core@shell
PCN-222-Ni@UiO-67-NH, heterojunctions (denoted as P@U).
As displayed in Fig. 12a, under light illumination, the photo-
excited electrons of UiO-67-NH, recombined with the photo-
generated holes of PCN-222-Ni. This would lead to the
accumulation of photoexcited electrons at PCN-222-Ni, which
had a higher conduction band level, and the concentration of
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Fig. 12 (a) Proposed Z-scheme charge transfer mechanism for P@U.

Results of (b) HCOOH, (c) CO and CH,4 production from photocatalytic
CO, production under visible light illumination over relevant samples.
(d) Time-resolved PL spectra of relevant samples. The excitation
wavelength was 375 nm; emission wavelength was 475, 500, and
480 nm for pure PCN-222-Ni, pure UiO-67-NH,, and P@U, respec-
tively. Reproduced with permission from ref. 99. Copyright 2022,
Royal Society of Chemistry.
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photogenerated holes at UiO-67-NH,, which had a low valence
band level. Because the electrons and holes were situated at
energetic levels with high redox potentials, remarkable photo-
catalytic efficiency was expected for P@U. Fig. 12b and c
summarize the results obtained for photocatalytic CO, reduc-
tion. Compared with pure PCN-222-Ni and pure UiO-67-NH,,
P@U displayed substantially higher yields of liquid (HCOOH)
and gaseous products (CO, CH,). Further insights into the
interfacial charge dynamics at the Z-scheme heterojunction of
P@U can be acquired from the time-resolved PL data in
Fig. 12d. Both PCN-222-Ni and UiO-67-NH, components
exhibited well-defined PL emission bands in response to
pronounced electron-hole recombination, showing PL lifetimes
of 1.81 and 1.77 ns, respectively. Upon the formation of the
core@shell heterojunction, the PL emission was largely
quenched along with a greatly reduced lifetime of 0.76 ns. These
data supported the Z-scheme charge transfer mechanism,
which further accounted for the observed superior photo-
catalytic performance of P@U.

On top of the enhanced activity, the selectivity of a target
product can also be improved by employing core@shell
MOF®@MOF heterojunctions. Shi's group reported the synthesis
of core@shell Fe-MOF@Ni-MOF heterojunctions (denoted as Fe/
Ni-TX, where X = reaction temperature in °C) for applications in
photocatalytic CO, reduction.’® Note that the photocatalytic
experiments were carried out by adding [Ru(bpy);]** as a photo-
sensitizer, triethanolamine (TEOA) as a sacrificial reagent and
acetonitrile as a solubility enhancer of CO,. Fig. 13a and
b summarize the comparative results. Under optimal synthetic
conditions, the core@shell heterojunction, ie., Fe/Ni-T120,
exhibited a considerably higher yield of CO than that of its
pure counterparts. This superiority was ascribed to the
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Fig. 13 (a and b) Results of CO and H, production from photocatalytic
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(c) Time-resolved PL spectra of relevant samples. (d) Proposed
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duced with permission from ref. 100. Copyright 2012, American
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prevalence of interfacial charge transfer and effective charge
separation, as derived from the much faster PL decay kinetics
observed in Fig. 13c. Much significantly, Fe/Ni-T120 achieved
a remarkable 92.1% selectivity of CO from CO, reduction. This
value surpassed the performance of most state-of-the-art photo-
catalysts reported, highlighting the capability of core@shell
MOF®@MOF heterojunctions with bimetallic active sites for
mediating the reaction pathways of CO, reduction. Fig. 13d
shows a plausible mechanism that accounts for CO production
from photocatalytic CO, reduction over Fe/Ni-T'120. Under visible
light illumination, Fe/Ni-T120 can be sensitized by [Ru(bpy);]**
and excited by incident light, producing photoexcited electrons
to manage the production of CO. As a sacrificial reagent, TEOA
can reduce [Ru(bpy)s]>* to recover its original state. Meanwhile,
H,O can consume photogenerated holes to complete the whole
reaction. This study features an innovative bimetallic organic
skeleton for core@shell MOF@MOF heterojunctions, in which
the two metals can work together to manage CO, reduction.

5. COFs as an analogue

The photocatalytic activity of MOFs is accentuated by their
unique porous structures with various dimensions. However,
most of these structures are unstable in water or solvents with
highly coordinating reagents, which prevents the repeated use
of MOFs as photocatalysts.'**°® COF-based photocatalysts are
potentially preferable to MOF-based photocatalysts. As an
analog of MOFs, COFs share many similar characteristics with
MOFs. The most significant difference between COFs and MOFs
is how their two-dimensional (2D) or three-dimensional (3D)
porous frameworks are constructed. MOFs are connected by
coordination bonds between metal ions and coordinative
organic linkers. In contrast, COFs are connected by covalent
bonds between rigid organic motifs (knots) and linkers
composed of light elements (e.g., B, C, N, and O). As covalent
bonds are more robust than coordination bonds, COFs exhibit
better chemical and thermal stability than MOFs. Photoactive
units in COFs can be installed into robust frameworks through
strong covalent bonds, suppressing their photocorrosion and
enabling long-term use.'*”'*® In addition, the mass density of
COFs is generally lower than that of MOFs due to the absence of
metal ions. Therefore, COFs are expected to exhibit greater
adsorption capacity than that of MOFs.'**'

The first synthesis of COFs''* was ten years after that of
MOFs.'** Therefore, compared with MOF-based photocatalysts,
the research field of COF-based photocatalysts is in the early
stage. On the other hand, various photocatalytic reactions, such
as water splitting, CO, reductions, photodegradation of organic
dyes, and photocatalytic transformation of organic compounds,
achieved by MOF-based photocatalysts can also be realized by
COF-based photocatalysts, indicating that COFs photocatalysts
are promising photocatalysts.'® In this section, we will briefly
introduce COF-based photocatalysts as an analog of MOF-based
photocatalysts. The main focus will be on how the chemical
structures of COFs affect their photocatalytic activities because
their chemical structures are strongly related to their electronic
properties, such as bandgap and charge carrier mobility.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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5.1 w-Conjugated structures

In general, a narrow bandgap improves the efficiency of solar
energy harvesting, which enhances photocatalytic activities.
One approach used to manipulate the bandgap of COFs is
designing extended m-conjugated moieties in-plane and in the
layer stacking direction. Through extended m-conjugated
moieties, photoexcited charge carriers can be transported
through the whole COF network for delocalization, which not
only narrows the bandgap of COFs but also reduces the possi-
bility of charge carrier recombination. Upon the extension of
the -conjugated moieties, the absorption range of organic
molecules with 7-conjugated moieties in their skeletons can be
shifted to longer wavelengths. To design fully sp>-carbon-linked
COFs, poly(p-phenylene) linkers are often chosen first. The
optical properties of COFs and their pore size are easily
controlled by changing the number of repeating units of poly(p-
phenylene) linkers. Zhang's group synthesized fully sp>-carbon-
linked COFs that contain polyphenylene linkers with different
lengths and investigated how the length of the polyphenylene
linkers affects the optical properties and photocatalytic perfor-
mance."»""* They demonstrated that an increase in the
repeating units of poly(p-phenylene) linkers was found to
enhance the light-harvesting ability of the synthesized COFs,
which increased the activity for photocatalytic H, production
under visible light irradiation. However, increasing the length
of poly(p-phenylene) linkers installed into fully sp*-carbon-
linked COFs does not always improve photocatalytic perfor-
mance. Meier and coworkers prepared covalent triazine-based
frameworks composed of triazine rings as knots and different
poly(p-phenylene) spacers as linkers via acid-catalyzed cyclo-
trimerization (CTF-n, n = 1-4)."** Fig. 14a shows the corre-
sponding molecular structure of CTF-n. The light absorption
characteristics of CTF-n can be readily tuned by changing the
phenylene units. As displayed in Fig. 14b, the bandgap of CTF-n
gradually decreased from 2.95 to 2.48 eV as the number of
repeating phenylene units increased from 1 to 4, suggesting
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Fig. 14 (a) Synthesis of CTF-n via acid-catalyzed cyclotrimerization.
(b) Corresponding absorption spectra. (c) Calculated reducing (EA, IP¥)
and oxidizing potentials (IP, EA*) for CTF-3. (d) Relationship between

H, yield and number of repeating phenylene units for CTF-n. Repro-
duced with permission from ref. 115. Copyright 2017, Elsevier.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

that the light-harvesting efficiency improved. On the other
hand, DFT calculations showed that the redox powers of CTF-n
also varied with phenylene units. As Fig. 14c summarizes, the
oxidizing power of CTF-n decreased as the phenylene units
increased, while the reducing power of CTF-n remained nearly
unchanged. The compromise between improved light harvest-
ing and decreased oxidizing power led to the highest photo-
catalytic activity of H, production observed for CTF-2 (Fig. 14d).
These studies highlight how the photocatalytic activity of COFs
can be controlled by tuning the structural features.

5.2 Donor-acceptor (D-A) units

Another approach used to tune the bandgap of COFs is
installing D-A components into their frameworks. The intro-
duced donor and acceptor units strongly interact with each
other, which results in the hybridization of the energy levels of
the donor and acceptor units to form the HOMO and the LUMO
for the D-A components. As illustrated in Fig. 15a, the new
hybridized HOMO has a higher energy level than the donor
units, whereas the new hybridized LUMO has a lower energy
level than the acceptor units, which narrows the bandgap. In
addition, D-A components facilitate electron transfer from
donor units to acceptor units, which reduces the recombination
of photoexcited electron-hole pairs. Wang and coworkers
demonstrated that an sp®-carbon-based COF with D-A compo-
nents showed a higher photocatalytic H, production activity
than that of its analogs without D-A components.*® Three
vinylene-linked two-dimensional COFs (BTH-1, BTH-2, and
BTH-3) containing benzobisthiazole (BTH) units were synthe-
sized using different C; symmetrical aldehydes (TA, TP, and TS)
(Fig. 15b). Among the three synthesized COFs, BTH-3 composed
of BTH and TS showed the narrowest bandgap (1.42 eV) because
the donor-acceptor interactions between the electron-donating
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Fig. 15 (a) Diagram of molecular orbital interaction between donor
and acceptor moieties and the formation of a new bandgap in D—-A
components. (b) Synthetic procedures of BTH-1, BTH-2, BTH-3. (c)
Corresponding absorption spectra. (d) Results of photocatalytic H,
production under visible light illumination over the three samples.
Reproduced with permission from ref. 116. Copyright 2022, Springer
Nature.
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benzotrithiophene units and the cyano-vinylene linkages con-
necting the electron-deficient benzobisthiazole units were
strong (Fig. 15c¢). The results obtained from photocurrent
measurements and electrochemical impedance spectroscopy
suggested that BTH-3 exhibited better charge separation and
transport properties than BTH-1 and BTH-2. This was because
of the introduced D-A components into the frameworks of BTH-
3. With these beneficial features, BTH-3 showed much higher
photocatalytic activity than that of BTH-1 and BTH-2 (Fig. 15d).

5.3 Pros and cons

2D or 3D porous structures inherent to COFs are theoretically
limitless, owing to the vast array of knot and linker units that can
be synthesized through organic synthetic protocols. The versa-
tility of these building blocks allows for the precise design and
customization of COFs, leading to an expansive diversity of
structures with tailor-made pore sizes, geometries, and func-
tionalities. This adaptability makes COFs highly suitable for
arange of catalytic applications. The synthesis of crystalline COFs
necessitates the incorporation of specific functional groups,
which often involves complex multi-step synthetic procedures.'"”
This can elevate the production costs due to the laborious nature
of these processes. Additionally, the polycondensation reactions
used to link monomer units into COFs demand extensive opti-
mization, further contributing to the complexity and expense of
COF development."® While COFs are regarded as chemically
more stable than MOFs due to the nature of their reversible
covalent bonds, this reversibility can present a conundrum.
There is a compromise between the crystallinity and stability of
COFs. Achieving high crystallinity in COFs may lead to a reduc-
tion in their stability, and enhancing stability could result in
lower crystallinity of COF."'”'*

Many COFs are synthesized as nanocrystalline samples, which
imposes additional challenges for structural characterization."

View Article Online
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This complexity obscures the clear elucidation of the photo-
catalytic mechanisms tied to their well-ordered structures. In
contrast, MOFs boast well-defined and tailorable porous struc-
tures with high crystallinity, which can be more straightforwardly
assessed through crystallographic techniques. This clarity in
structural definition aids in the exploration of the interplay
between the microstructure of MOFs and their photocatalytic
properties.* Moreover, the metal centers within MOFs serve as
catalytic sites for a multitude of complex reactions," under-
scoring the multifunctionality of MOFs in photocatalytic appli-
cations. This versatility, combined with the more accessible
structural analysis, positions MOFs as more feasible candidates
for photocatalyst applications compared to COFs. Despite the
promising attributes of COFs, MOFs currently stand out as the
more practical option for photocatalysis owing to their well-
characterized structures and versatile catalytic capabilities.

6. Summary and perspectives

As summarized in Table 1, manipulating the charge transfer
dynamics of MOFs through composition engineering and het-
erojunction incorporation can provide a concise picture and
knowledge for the creation of robust photocatalytic systems for
desired usage based on MOFs. As highlighted in this minire-
view, considerable efforts have been dedicated to modulating
the interfacial charge dynamics of MOF-based photocatalysts
for performance optimization. Other approaches that have been
adapted in semiconductor-based photocatalytic systems can
also be applied to tailor the photocatalytic properties of MOFs.
For example, by maneuvering electric and magnetic fields,"****”
the behavior of charge transfer of MOFs can also be managed to
enable activity maximization. Considering these advancements,
certain measures must be taken to overcome challenges
currently facing MOF-based photocatalysts in order to

Table 1 Summary of the composition of the introduced MOFs, the approach of modification, the photocatalytic reaction scenario and the

resultant behavior of charge transfer dynamics

MOFs Modification Photocatalytic application ~Charge dynamics Reference
[Sr(NH,- Sr/Fe N, reduction Prolonged PL lifetime for long-lived carriers 37
BDC)(DMF)],
Ui0-67(bpydc) Co/Ru CO, reduction Shortened PL lifetime for efficient electron transfer 38
PBA FeNi, CO, reduction Shortened PL lifetime for efficient electron transfer 39
UiO-66 -SCH; & -SOCHj; H, production Shortened TA lifetime for fast charge relaxation 40
MIL-125-NH, RV* CO, reduction Prolonged PL lifetime for mitigated electron trapping 41
MET-Cu Linker vacancies H, production Shortened PL lifetime for efficient electron transfer 42
UiO-66 Linker vacancies CO, reduction Shortened PL lifetime for efficient electron transfer 43
UiO-66 CdS (type-1I) H, production Shortened TA lifetime for efficient electron transfer 92
MOF-808 CdS (type-1I) H, production Shortened TA lifetime for efficient electron transfer 93
Cuz(BTC), Cu,O (type-1I) CO, reduction Shortened TA lifetime for efficient electron transfer 94
UiO-66 2-C3N, (type-1I) H, production Shortened PL lifetime for efficient electron transfer 95
UiO-66-(COOH),  ZnIn,S, (Z-scheme) H, production & Cr®* Prolonged PL lifetime for prevalence of interfacial charge 96
reduction recombination
Al-TCPP Pt single metal H, production Shortened TA lifetime for efficient electron transfer 97
UiO-68-NH, Pt metal CO, reduction Shortened PL lifetime for efficient electron transfer 98
PCN-222-Ni UiO-67-NH, (Z- CO, reduction Shortened PL lifetime for efficient electron transfer 99
scheme)
Fe-MOF Ni-MOF CO, reduction Shortened PL lifetime for efficient electron transfer 100
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accelerate their widespread application. First, a comprehensive
understanding of the charge transfer pathways involved in the
whole photocatalytic process is indispensable, especially for
those containing parallel and sequential reaction steps.'?****
Monitoring individual charge transfer pathways and piecing
together the chain of events is important for establishing
a veritable working mechanism. How to design experimental
procedures to identify the spectral signatures of specific charge
transfer pathways is essential for clarifying the charge transfer
scenario. In this regard, adding suitable scavengers to deter-
mine the signals of associated species can provide an intelligent
approach to directly probe the dynamics of the species of
interest."***** However, the produced data can be complex and
challenging to interpret. Advanced data analysis with the aid of
models and algorithms may be necessary to extract meaningful
information.”*> Besides time-resolved PL and TA, transient
surface photovoltage also offers a valuable tool for studying the
charge transfer and separation efficiency of photocatalysts.***
This technique involves monitoring the change in the surface
potential of a photocatalyst upon exposure to light. When
charge carriers reach the surface of the photocatalyst, they
induce a change in the local electric field, which in turn affects
the surface potential. The separation of charges creates a spatial
charge distribution that can be detected as a transient surface
photovoltage. By analyzing these signals, the effectiveness of
charge carrier generation, separation, and transportation can
be inferred, providing crucial information for understanding
interfacial charge dynamics of a photocatalyst. On the other
hand, real-time observations of the charge transfer dynamics of
MOF-based photocatalysts under working conditions are
important for elucidating the intricate mechanistic details.
Specifically, the influence of external factors, such as the pres-
ence of reactants and electrolytes and changes in pH and
temperature, must be assessed. While the in situ time-resolved
PL and TA studies can offer invaluable insights, the chal-
lenges associated with experimental complexity, sample prep-
aration, and data analysis need to be addressed. Other real-time
analytical techniques, such as in situ X-ray photoelectron spec-
troscopy™**** and operando Raman spectroscopy,***’ can
provide complementary information to the establishment of
a veritable working mechanism.

Furthermore, similar to the future blueprint in other pho-
tocatalyst categories,®***'* near-infrared responsive MOFs are
urgently needed and are necessary for realizing wide-spectrum-
driven photocatalysis. The answer to this problem may involve
introducing organic linkers with intrinsic near-infrared
absorption. Successful examples have included large w-conju-
gated porphyrin linkers'® and ruthenium complexes with -
conjugation ligands.™® Due to the prevalence of ligand-to-
cluster or ligand-to-ligand charge transfer, photoexcited
charge carriers can be secured to carry out efficient photo-
catalytic reactions. An additional approach to the development
of near-infrared responsive MOFs can also be realized by means
of upconversion nanoparticle integration.****> By maneuvering
the untapped near-infrared energy to harness the entire solar
spectrum, the photocatalytic performance of MOFs can be
increased to an advanced level. When exploiting near-infrared

© 2024 The Author(s). Published by the Royal Society of Chemistry
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responsive MOFs, conventional trial-and-error attempts in
materials synthesis should be avoided. In this sense, a para-
digm shift in the design of next-generation photocatalysts has
occurred with data-driven materials and methods to search and
screen through machine learning***** Due to the advancement
in mathematical algorithms, large-scale data analysis can be
managed to accelerate the identification of the target MOFs.
The concurrent examination of interfacial charge dynamics for
the developed near-infrared responsive MOFs is also essential
for bridging the gap between fundamental knowledge and
practical applications. accessing state-of-the-art
instrumentation that probing charge transfer
processes in near-infrared spectral regions is technically chal-
lenging, which can be a barrier for researchers from other
disciplines. Addressing these challenges will be the principal
for pushing forward the blossoming development of near-
infrared responsive MOFs in photocatalysis. Overall, by link-
ing interfacial charge dynamics to photocatalytic performance,
this mini review establishes the design rules and principles for
engineering MOFs with superior capabilities and widens the
horizon of possibilities for continuously using MOFs in
advanced photocatalytic reactions.

However,
enables
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