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it more competent for practical applications than other types of MOFs. Furthermore, the photoresponse
range and charge separation efficiency of UiO-66 can be significantly improved by rational design and
Keywords: adjustment. In this review, we aim to provide an overview of the latest advances in the modification
Metal-organic frameworks and design of UiO-66 for photocatalytic applications, including the selection of metal node, the function-
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Applications gen generation, organic pollutants removal, Cr(VI) reduction and so on, are elaborated. In particular, the
reaction mechanisms are principally highlighted. Finally, referencing these studies, future insights and
perspectives are proposed. Our intention is to comprehensively review various modified UiO-66 photo-
catalysts, which can stimulate for the design of efficient photocatalysts to make better utilization of solar

energy.
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1. Introduction

With accelerating of industrialization, the increasing consump-
tion of fossil fuels (oil, coal, natural gas, etc.) has triggered various
environmental issues and global energy challenges [1,2]. As aware-
ness of energy scarcity and environmental protection grows, signif-
icant efforts have been devoted to the exploitation of sustainable
energy resources [3-5]. Among all possible options, solar energy,
with its huge reverses, reliable, efficient, and environmental-
friendly, has been considered as the best energy resource to pro-
mote the carbon-neutral energy cycle and solve environmental
remediation issues for maintaining a sustainable planet [6-8].
Afterwards, artificial photocatalysis was initially developed by
Fujishima in 1972 s and TiO, was used as a photocatalyst to drive
water splitting under ultraviolet (UV) irradiation but with low effi-
ciency [9]. Accordingly, the active pursuit of effective and satisfac-
tory photocatalytic materials for overcoming deteriorating energy
crises and environmental problems is being carried out.

In recent years, metal-organic frameworks (MOFs), structured
by linking metal-containing units (secondary structural units) with
organic linkers, is emerged as a new class of coordination polymers
with finely tunable and permanent pore structures [10-13]. They
have enjoyed widespread interest in many areas, including photo-
catalysis [14-17]. To be specific, MOFs are so fascinating as photo-
catalysts because of the following points: (a) the ultrahigh porosity
and large specific surface area of MOFs could allow for high-
density adsorption and photocatalytic sites [18-21]; (b) the metal
ions/clusters or organic linkers in MOFs could be photoexcited to
generate photogenerated electrons and holes under illumination
[22,23]; (c) the variety of combinations between clusters and link-
ers hold great promise for rational design of MOFs in terms of
photofunctionality; (d) the intrinsic porous structure of MOFs is
favorable for substrates and products transportation in photocat-
alytic processes [24-26], and may provide additional channels for
the migration of photogenerated electrons, thus facilitating the
separation of photogenerated carriers [27]; and (e) pre-synthetic
and post-synthetic modifications of MOFs with rational function
and photoactive components can improve photocatalytic perfor-
mance [28].

Within the various types of MOFs, Ui0-66 (ZrgO4(OH)4(BDC);5),
the water-resistant zirconium-based MOF composed of Zr-based
building bricks and terephthalic acids (H,BDC) linkers, has
attracted great attention since its first discovery by Lillerud’s group
[18]. Each ZrgO4(OH),4 octahedron is coordinated with 12 H,BDC,
which is the highest coordination within the reported MOFs. Since
the pioneering discovery by Garcia et al. [29] that UiO-66 featured
intrinsic photocatalytic hydrogen generation activity under UV

irradiation, it has been intensively investigated in the heteroge-
neous photocatalysis. The advantages of UiO-66, such as large
specific surface area, high porosity, low density, and diversity of
topological structure, which make it more suitable for photocatal-
ysis than conventional inorganic semiconductor photocatalysts
[30-33]. In particular, UiO-66 features superior environmental
resistances (chemical, hydrothermal and mechanical stability) to
other MOFs. The thermal stability of most reported MOFs is
restricted to between 350 and 400 °C, however, UiO-66 can still
be unprecedented stable at 540 °C due to the strong Zr-O bond
with high coordination number [18]. Stability is a major issue for
MOFs used in practical applications [34,35]. However, by virtue
of the highly oxygenophilic capability of Zr**, Ui0-66 can be robust
and inert under various aggressive chemical conditions (benzene,
ethanol, acetone, etc.) and elevated pressures [18,36]. These dis-
tinctive advantages of UiO-66, which are unavailable in other
MOFs, are of particular relevance as these remarkable resistances
give UiO-66 inherent benefits over other MOFs in photocatalysis,
particularly under harsh conditions. Also, under UV illumination,
energy can be transferred from the organic linker H,BDC to the
Zr oxo cluster in Ui0O-66 [37]. Therefore, UiO-66 can be directly
applied as a photocatalyst in various photocatalytic systems. Nev-
ertheless, there are some problems with UiO-66 in photocatalysis.
It is worth noting that although UiO-66 exhibit intrinsic photore-
sponse, its photoactivity is not superior to that of conventional
semiconductor photocatalysts [30,32]. Moreover, UiO-66 possesses
miserable UV absorption with an absorption range edge around
310 nm due to m-m electronic jumping of the aromatic ring in
H,BDC, unlike other zirconium-porphyrinic MOFs (e.g., PCN-224)
with visible light response, which limits its light utilization in
the visible light region [38,39]. This suggests that UiO-66 accounts
for only 4% of overall solar energy, which largely limits the practi-
cal photocatalytic applications [37]. Furthermore, compared with
MIL-125, which also has similar UV absorption and wide band
gap (about 3.6 eV), but the electron transfer from the excited
organic linker to the Zr oxo cluster of UiO-66 appears to be ineffi-
cient because the Zr oxo cluster has a highly redox potential energy
level, leading to the deficient transfer and separation efficiency of
photogenerated charge carries [40]. Fortunately, due to the modu-
lar nature of Ui0O-66, it can be easily tailored by various functional
metal nodes/linkers, defect engineering or different photofunc-
tional components coupling to achieve light-responsive, high effi-
ciency of charge transfer and high-performance in photocatalysis
[41-44]. More importantly, the structural stability of Ui0-66 can
still be maintained after the incorporation of active functional
groups [45]. Summarizing, in sharp contrast to most reported
MOFs, UiO-66 is a remarkably intriguing material with unlimited
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Fig. 1. (a) Schematic diagram of the UiO-66 synthesis; (b) SEM images of Ui0-66; (c) simulated configuration of UiO-66, the zirconium, carbon, oxygen and hydrogen atoms
are red, grey, blue and white, respectively; (d) clear simulated conformation of UiO-66. Adapted with permission from Ref. [18,67], Copyright 2008 and 2018, American
Chemical Society. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

potential for photocatalytic applications in aqueous medium, even
in harsh conditions.

Up to date, several review papers covering general aspects of
various MOFs/MOFs derivatives have been published [46-50]. For
example, Dhakshinamoorthy et al. [37] discussed the advantages,
uniqueness, optimal design and applications of MOFs in photo-
catalysis. Recently, Kolobov et al. [51] reviewed how MOFs in pho-
tocatalysis worked like conventional semiconductors and how they
acted like infinite molecules in solution. The exploitation of Ui0-66
for light-harvesting and photocatalytic applications began with
Garcia et al. [29], who investigated hydrogen generation under
UV light from UiO-66 and amino-functionalized UiO-66. From then
on, Ui0-66 was also developed for other photocatalytic reactions,
including Cr(VI) reduction, oxidation of alcohols, and CO, reduc-
tion [52-54]. Meanwhile, in recent years, the exploitation and
modification of UiO-66 as photocatalyst have achieved ameliorated
photocatalytic performance and multifunctional development in
photocatalytic applications [55-57]. However, the photocatalytic
applications of UiO-66 to boost the carbon-neutral energy cycle
and address environmental remediation issues have only been
briefly described in some reviews, and their superior properties
in photocatalysis have not been elaborated [58,59]. For instance,
Xiang et al. [60] reviewed the synthesis, characterization and appli-
cation of defective metal organic skeletons, however, the unique
advantages of UiO-66 for photocatalysis have rarely been dis-
cussed. Therefore, it is quite essential to clearly summarize the
structure, modification methods, and applications of UiO-66 in
photocatalysis to provide researchers with a fundamental and
valuable guidance for the rational layout and research of UiO-
66-related photocatalysts.

2. Structure of UiO-66

Understanding the structure of the basic UiO-66 is a prerequi-
site for experimental research. The hydrothermal method is the
most typical and effective method to obtain high-quality UiO-66
(Fig. 1a). In general, zirconium source ZrCl, and the organic linkers
H,BDC were dissolved in the solvent DMF (N, N-
dimethylformamide), followed by adding acetic acid to form a
crystalline mother liquor, the obtained mixture was then crystal-
lized at 120 °C with 24 h. After filtration, the white solid was thor-
oughly washed in DMF and dried to obtain solid samples of UiO-66
[61]. However, most of these procedures require solvothermal syn-
thesis at relatively high temperature ranges and over long periods
of time (24 h), which is not conductive to the practical applications
of Ui0-66. Based on this, several studies have attempted to synthe-
size high-quality UiO-66 by solution-based synthesis at lower tem-
peratures [62,63]. Surprisingly, the crystallinity and porosity of the
UiO-66 synthesized by DeStefano et al. [64] at room temperature
were the same as those obtained at elevated temperatures. The
two-step synthesis procedure began with the preformation of the
secondary building unit intermediate at high temperature, fol-
lowed by its combination with the H,BDC at room temperature.
In order to avoid the use of high temperatures, strong acids, high
temperatures or excess reactants, liquid-assisted grinding and
solvent-free routes for the synthesis of UiO-66 have been devel-
oped, which can enable yields in the gram range [65]. By using a
Spex 8000 mill, 3 g of highly porous UiO-66 could be synthesized
in 75 min through liquid-assisted grinding ZrgO4(OH)4(C2H3C03)12
and H,BDC with methanol. For the solvent-free and low-energy
method, a physical mixture of ZrgO4(OH)4(C;H3C03);, and H,BDC
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was ground for a short time and subsequently exposed to metha-
nol vapour at 45 C, leading to the spontaneous assembly of UiO-
66. Furthermore, film deposition greatly increased the feasibility
of integrating UiO-66 into practical applications [66]. Specifically,
the Zr** generated by the corrosion of the anodic zirconium foil
was coordinated with the deprotonated BDC? in the solvent to
form the UiO-66 film covering the cathode and anode zirconium
foils.

Generally, the obtained UiO-66 crystals exhibit a well-defined
octahedral outline with a smooth surface as shown by scanning
electron microscopy (SEM) (Fig. 1b) [67]. The octahedral structural
unit of UiO-66 is made up of (ZrgO4(OH),4) metal clusters linked to
12 H,BDC coordination units. The six vertices of the Zrg-
octahedron are occupied by Zr** and the eight triangular faces
are covered by four p3-O and p3-OH groups, a three-dimensional
microporous structure with an octahedral central hole cage
(7.2 A) and eight tetrahedral corner cages (6.8 A) (Fig. 1 ¢,d) [18].
The theoretical values of specific surface area is 1187 m?/g [18].
The poor stability of MOFs due to the invertible nature of coordina-
tion bonds is generally considered to be the main obstacle to their
practical applications [34,35]. However, this does not occur in UiO-
66. The metal-linker bond strength is thought to be a major factor
in determining the stability of MOFs [68]. Due to the bond polar-
ization and high charge density, the strong affinity between car-
boxylate O atoms and Zr** can be formed in UiO-66 [36]. Thus,
UiO-66 features remarkable thermal and chemical stability as well
as mechanical stability beyond most reported MOFs [69]. Even at
540 °C or a high mechanical pressure of 1.0 MPa, UiO-66 can pre-
serve the integrity of its octahedral structure [18]. Moreover, it can
be incredibly resistant to chemicals, including benzene, acetone,
acid and DMF [70]. Silva et al. [29] tested in the laboratory that
Ui0-66 can be suspended in water for 4 h without changing the
porous structure even at 100 °C. All of these unique advantages
offer unlimited potential for photocatalytic applications of UiO-66.

It is noteworthy that UiO-66 is suitable as a semiconductor
material because of its intrinsic photocatalytic activity [29]. Mean-
while, Ui0O-66 has a characteristic UV absorption range edge
around 310 nm, which can be attributed to -7 electronic jumping
of the aromatic ring in the organic linker H,BDC [71]. Therefore,
under illumination, in the presence of the metal centers Zr and
organic linkers H,BDC, UiO-66 can be photoexcited to generate
photogenerated electron-hole pairs, and photogenerated electron
transferred from the photoexcited H,BDC to the Zr oxo clusters
in UiO-66 to generate Zr>* [37]. Through such a linker-to-metal

Guest
species
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charge-transfer (LMCT) process, the highest occupied molecular
orbital (HOMO) of UiO-66 is formed by the unoccupied d orbitals
of metal centers, and the lowest unoccupied molecular orbital
(LUMO) is mainly constructed by the outer orbitals of organic link-
ers H,BDC. However, there is a major limitation for its photocat-
alytic activity. The redox potential energy level of Zr oxo clusters
in UiO-66 is higher than that of LUMO in organic linker H,BDC
[72,73]. Therefore, it is difficult to accept photogenerated electrons
from the organic linker H,BDC, leading to inefficient charge trans-
fer from H,BDC to the Zr oxo clusters. Although the above reasons
lead to a relatively wide band gap of UiO-66, which make it some-
what difficult to be photoexcited under visible light, certain mod-
ification strategies can be used to overcome this problem and
develop efficient UiO-66-based photocatalysts.

3. Functional design of Ui0-66

Actually, UiO-66 has three types of active sites, including metal
nodes, organic linkers and guest active species (Fig. 2a), which can
be functionally modified with several methods to improve its pho-
tocatalytic performance, including (a) selecting functional metal
sites or organic linker to reduce the band gap between the valence
band (VB) and the conduction band (CB), therefore strengthening
its photoresponse range; (b) defect engineering to modulate
energy band and electronic structures together with tailored mate-
rial properties; (c) introducing metal modifications to create
another channel for charge separation and transfer, thereby
enhancing charge separation efficiency; (d) constructing dye sensi-
tization system to endow UiO-66 with visible light harvesting; and
(e) combining with other photoactive semiconductors to engender
matched band gap, facilitating separation and transfer of photo-
generated charge carriers, thus promoting photocatalytic activity.
These methods are specified below (Fig. 2b).

3.1. Functionalize organic linker H,BDC

Functionalized organic linker H,BDC is an effective way to
improve the photoresponse [74]. The modification of UiO-66 for
light-harvesting began with Silva et al. [29], who used the synthe-
sized amino-functionalized UiO-66 (Ui0O-66-NH,) for hydrogen
generation. They demonstrated that the -NH; group caused a shift
in the absorption spectrum towards the visible range (the strong
absorption band from 300 ~ 440 nm with a peak at 360 nm), com-
pared to the absorption range of UiO-66 (270 ~ 300 nm). The pres-
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Fig. 2. (a) Schematic illustration of the active sites available for modification of Ui0-66, including metal nodes, organic ligands and guest active species. (b) The specific
modifications to UiO-66, including selecting functional metal nodes or organic linkers, defect engineering, metal modifications, constructing dye sensitization system,

combing with other photoactive semiconductors.
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Table 1
Optical properties after modification of the benzene ring on H,BDC in UiO-66.
Organic linkers Optical Band Ref.
absorption  gap
edge (nm) (eV)
330 nm 3.91eV  [7476]
HOOC@COOH
NH, 450 nm 283 eV [76]
HOOCGCOOH
NO, 400 nm - [74]
HOOCGCOOH
Br 355 nm 3.88eV [74]
HOOC@—COOH
SH 450 nm 2.75 eV [42,76,78,121]
HOOC@—COOH
HS
OH 490 nm 2.69eV [76]
Hoocgcom
HO
COOH ~340 nm 3.62eV [77]
HOOC‘Q*COOH
HOOC
SCH,4 470 nm 2.80eV  [42]
HOOC‘G*COOH
H;CS
SO,H 425 nm 322eV  [42]

COOH

e
o
o
(@]

ence of -NH; was crucial for enhancing the photocatalytic perfor-
mance of UiO-66. Under optimum conditions, the maximum
hydrogen volume of UiO-66-NH; was 2.8 mL after 3 h, higher than
the 2.4 mL of UiO-66. Subsequently, Sun et al. [54] prepared mixed
UiO-66-NH,/Ui0-66-2,5-NH, by introducing a second amino
group to the partially amino-functionalized H,BDC, which exhib-
ited enhanced visible light absorption and photocatalytic activity
for CO, reduction compared to UiO-66-NH,. This study fully
demonstrated that further enhancement of light absorption can
be achieved by increasing the number of functional groups in the
organic linker or by a mixed-linker approach. It was further con-
firmed by Hendrickx et al. [75]. The authors investigated the effect
of modifying single and double electron-donating groups (OH, NH,,

Coordination Chemistry Reviews 458 (2022) 214428

SH) on organic functional groups on the intrinsic light absorption
capacity by means of theoretical and experimental studies. In the
cases of monofunctionalization, the maximum absorption of visi-
ble light increased from OH to NH, to SH, and this effect was fur-
ther enhanced in bifunctionalized cases. The band gap of UiO-66
can be tailored from 4.0 eV to 2.2 eV. This were because these
introductions allowed the LUMO to remain in situ while the HOMO
band moved upwards with the contribution of the electron-
donating groups, producing a fully filled energy gap state and an
effective reduced band gap. In 2019, Chen et al. [42] systematically
synthesized Ui0-66-X, by modifying H,BDC with different X groups
(X = -SH, -SCH3, -SO3H) to study the effect of sulfur-containing
groups modification on the band gap and photoactive features of
UiO-66. The obtained UiO-66-X, (X = -SH, -SCH3, -SOsH) showed
band edges of around 440, 470 and 425 nm compared to the poor
UV absorption of UiO-66 (320 nm), respectively. The authors sug-
gested that the electron donating capacity, geometry and dimen-
sions of the X group performed a decisive role in determining the
band gap of UiO-66-X,. -SCH3 was the strongest functional group
causing the remarkably decreased band gap and enhanced photo-
catalytic performance of UiO-66(SCHs),. Surprisingly, compared
to the most representative UiO-66-NH, which had no visible
light-induced photocatalytic hydrogen generation activity, Pt/
UiO-66-(SCH3), exhibited an efficient hydrogen generation rate
of 3871 pmol/g under the same reaction conditions. However, in
some reactions, the narrow band gap and excellent visible light
harvesting ability of modified Ui0-66 does not suggest exceptional
photocatalytic performance. Mu et al. [76] synthesized UiO-66 as
well as its isostructural derivatives UiO-66-X with NH,, Br, (OH),,
and (SH), functional group in aromatic ring of the organic linker
H,BDC for the photodegradation of Rhodamine B (RhB). X-ray
diffractometry (XRD) patterns showed that the five samples were
isostructural and the substitution of linkers did not affect the crys-
tal structure. Inferred from relevant characterization results, these
functional groups were present in the micropores and did not coor-
dinate with metal centers. UV-vis diffuse reflectance spectra (DRS)
indicated that the light absorption edges of Ui0-66-NH,, UiO-66-
(OH), and UiO-66-(SH), visibly shifted to the visible light region
(Table 1). Although UiO-66-(OH), and UiO-66-NH, possessed
apparent visible light absorption, both had significantly weaker
degradation efficiency than UiO-66-Br and UiO-66 with almost
no visible light absorption. Therefore, the light absorption ability
of modified UiO-66 was not the decisive factor in determining its
photocatalytic activity, other properties should also be taken into
account, such as the efficiency of charge separation and potential
relationship between the target and modified UiO-66. There are
also many relevant reports on ligand modifications of UiO-66 and
the corresponding photoresponse ranges are shown in Table 1.
Even more noteworthy is that the modification of organic linkers
may also allow UiO-66 to be better modified by other functional
substances in photocatalysis, resulting in better photocatalytic
properties and recycling reusability [77,78].

The introduction of functional groups on the organic linkers of
Ui0-66 will influence the specific surface area, light absorption
capacity and electron density around the metal center. In particu-
lar, the higher electron density caused by the electron-donating
functional groups (-NH,, -SCH;3 and so on) will reduce absorption
energy and increase the potential for absorption in the visible
range of solar radiation, thus greatly increasing the photocatalytic
performance of the UiO-66. However, the introduction of func-
tional groups plays a restricted role in enhancing the LMCT excita-
tion, and the choice of substituents is limited, which leaves new
strategies for modification to be expected in the future. In future
research, it will be necessary to consider the effect of electron-
donating functional groups on the photocatalytic activity of UiO-
66 to better determine the appropriate number of functional
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groups on each linker. If possible, the introduction of different
groups onto the organic linkers could also be explored to explore
if there is a synergistic effect affecting the optical properties of
Ui0-66.

3.2. Select functional metal nodes

Another strategy to enhance photoresponse is to build mixed
metal nodes in UiO-66 [41,73,79]. By introducing new metal nodes,
the electron transfer between different metals formed can narrow
the effective band gap, which can also contribute to photocatalytic
performance by improving the charge separation efficiency [80]. In
recent years, Ti** has been widely introduced as metal node to co-
exist with the original Zr metal node in UiO-66. Sun et al. [80] first
successfully prepared Ti-substituted UiO-66-NH,(Zr/Ti) using a
post-synthetic exchange method, which exhibited enhanced CO,
reduction (5.8 mmol mol~! in 10 h) and hydrogen generation
(3.5 mmol mol~! in 9 h) activities under visible light. In contrast,
relatively weak CO, reduction (3.4 mmol mol~!) and hydrogen
production (2.4 mmol mol ') activities were obtained using UiO-
66-NH, as a photocatalyst. The enhanced performance derived
from the fact that the introduction of Ti can act as a mediator to
facilitate electron transfer as confirmed by density functional the-
ory (DFT) calculations and electron spin resonance (ESR). Con-
cretely, Ti** in Ui0-66-NH, (Zr/Ti) can accept most of electrons
from the excited state organic linkers to form the excited state
(Ti>*/Zr*")604(OH),. Due to the overlap of electronic states of Zr
and Ti atoms, Ti>* can further transfer electrons via oxo-bridged
Ti3*-0-Zr*" to Zr*" to form Ti*"-0-Zr3*. Such electron transfer was
very beneficial to enhance the photocatalytic performance as con-
firmed by other studies [73,79,81,82].

The complete replacement of the Zr node in Ui0O-66 by Ce to
form UiO-66(Ce), has also aroused similarly widespread interest
in the field of photocatalysis. Due to the introduction of the low-
lying 4f orbital of Ce**, Ui0-66(Ce) can exhibit strong absorption
in the ultraviolet-visible region (300-500 nm) and can also pro-
mote LMCT with negative LMCT energy, giving it a long-excited
state lifetime and outstanding photogenerated carrier separation
ability [83-86]. More intriguingly, the Ce**/Ce®* spontaneous redox
cycling can also greatly contribute to the photocatalytic activity of
UiO-66(Ce) in redox reactions [87-89]. In 2015, Lammert et al. [88]
demonstrated for the first time that UiO-66(Ce) synthesized by
DMF solvent method has hexanuclear clusters [CegO4(OH)4]'?*
with strong homology to UiO-66(Zr). Inspired by this work, Cam-
panelli et al. [90] developed a new method for the rapid and facile
synthesis of Ce-UiO-66 MOFs, with very small amounts of acetic
acid, differently substituted H,BDC linkers and Ce(NH,4),(NOs)s as
precursors. The theoretical calculations showed that the band
gap of the prepared UiO-66(Ce) was 2.99 eV, which was smaller
than the 3.91 eV of UiO-66. In the photocatalytic degradation of
organic pollutants, owing to the electrostatic interaction between
the aromatic ring and the Ce-O bonding/hydrogen bonding, UiO-
66(Ce) also can present favorable adsorption capabilities for
organic pollutants [85]. Although a number of theoretical calcula-
tions suggested that Ui0-66(Ce) had sufficient energy to be applied
in both oxidation and reduction, more experimental evidence is
still needed for these predictions.

Interestingly, it has been shown that Ti 3d can mix more effec-
tively with organic linkers than Ce** 4f, which facilitates the engi-
neering of band gap to achieve a response to visible light and
greatly improve LMCT [83]. Accordingly, Zhang et al. [91] prepared
bimetallic UiO-66(Ce/Ti) for the first time by incorporating Ti into
UiO-66(Ce) through facile cation exchange, which achieved enor-
mously enhanced photocatalytic performance. Fascinatingly, the
authors found the presence of abundant oxygen vacancy (OV) in
Ui0-66(Ce/Ti) for the first time by ESR, which was created by the
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transformation of Ce*" + Ti*" « Ce3* + Ti*" + OV. On one hand,
the abundant OV could introduce localized states lower than the
CB (the CB position shifted from —0.50 eV to —0.40 eV), resulting
in more effective LMCT and stronger visible light response than
UiO-66(Ce). On the other hand, the abundant OV can further work
as the charge carrier trap to maintain photogenerated electrons
and holes in the CB and VB, respectively. What’s more, the OV
could further induce the formation of redox Ce-OV-Ti defects,
which can facilitate the enhancement of redox capacity of UiO-
66(Ce/Ti). Therefore, the incorporation of Ti can greatly enhance
the photocatalytic capacity of the Ce**/Ce" redox cycle in UiO-66
(Ce).

The trimetallic UiO-66 may reap unexpected gains in photocat-
alytic performance with continuously studying the controlled
metal node strategy. Melillo et al. [61] developed five types of
UiO-66 materials (M: Zr, Zr/Ti, Zr/Ce, Zr/Ce[Ti, Ce) by controlling
metal node composition for photocatalytic overall water splitting.
Monometallic Zr- or Ce-containing UiO-66 was prepared by con-
ventional means of H,BDC and ZrCl, or Ce(NH,4),(NO3)s, respec-
tively. Bimetallic Zr- and Ce-containing UiO-66 (Zr/Ce) was
obtained through a mixture of H,BDC, ZrCl, and Ce (NH4),(NO3).
Other bimetallic and trimetallic UiO-66 (Zr/Ti, Zr/Ce/Ti) were
obtained by further ion exchange of the UiO-66 (Zr, Zr/Ce) materi-
als obtained above with the use of TiCl4(THF), as Ti source. Com-
pared to pristine UiO-66, all other samples showed a redshift in
light absorption or enhanced light absorption. Based on the UV-
Vis DRS, the estimated band gap values of the samples after the
modulated metal nodes were all lower than those of pure UiO-66
(Zr). This demonstrated that it is reasonable and effective to
enhance photoresponse by modulating the composition of the
metal node. Surprisingly, the UiO-66(Ce) exhibited higher visible
light absorption but lower activity, and the trimetallic UiO-66
(Zr/Ce[Ti) exhibited the strongest photocatalytic activity for overall
water splitting, which could yield 70 pmol g~! of 0, and
210 pmol g~ ! of H, under visible light irradiation. This suggested
that in the case of trimetallic UiO-66, the intensity of light absorp-
tion may not be the key factor in determining the photocatalytic
activity. The authors ascribed this to the collective cooperation of
the three metals within Mg*04(OH)32* clusters of UiO-66(Zr/Ce/
Ti) with distinct oxidation potentials, which was conducive to
the kinetics of the four-electrons-four proton process, thus facili-
tating the formation of O,.

As described above, the construction of polymetallic nodes and
the functionalization of organic linkers are both beneficial in
enhancing the photocatalytic performance. Furthermore, there
have been several efforts to combine both modifications in UiO-
66 to explore the effects on photocatalytic performance. For
instance, An et al. [92] synthesized a kind of modified UiO-66 with
bimetallic nodes (Zr and Hf) and functionalized linkers (H,BDC
with chlorine, thiol or hydroxyl groups) for visible-light-driven
nitrogen fixation. The Hf was successfully introduced into the
metal nodes of UiO-66 to form bimetallic Zr-Hf clusters, and the
regular octahedral shape of UiO-66 was retained due to its similar
atomic structure to Zr. However, further modified the bimetallic
UiO-66 with side-chain groups (-Cl, —2SH or -OH) in H,BDC, the
crystalline structure of UiO-66 also hardly altered, but its morphol-
ogy was apparently changed. In the metal nodes, the bimetallic Zr-
Hf clusters in UiO-66 could be attributed to the adsorption of nitro-
gen molecules and further activated N=N through the -
backbonding molecule mechanism. UiO-66 with a Zr/Hf molar
ratio of 1:1, denoted as U(0.5Hf), demonstrated much superior
adsorption probability and enhanced charge separation and trans-
fer efficiency than UiO-66(Zr) and UiO-66(Hf). This could be
ascribed to the difference CB positions between Hf-O cluster and
Zr-0 cluster, the electron could be transferred from Hf-O cluster
to Zr-O cluster. The Hf-O cluster served as the electron mediator
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to prolong the electron lifetime, while the Zr-O cluster acted as
active sites for nitrogen fixation. In the linkers, the light absorption
of all U(0.5Hf) was enhanced after organic linker functionalized.
Only U(0.5Hf)-2SH functionalized with two thiol groups in
H,BDC successfully extended the absorption edge from UV to vis-
ible light, with an absorption edge at 502 nm. Notably, U(0.5Hf)-
2SH showed the best charge separation and transfer efficiency
compared to all other samples. This could contribute to the intro-
duction of two thiol groups in the H,BDC of U(0.5Hf) with best
light absorption and utilization could efficiently generate elec-
trons, and then enhance the linker-to-metal-to-metal electron
transfer (electrons were first transferred from the linker to the
Hf-0 cluster, and then to the Zr-O cluster). As a result, under visible
light, U(0.5Hf)-2SH displayed the optimal photocatalytic nitrogen
fixation performance with an NH3 generation rate of 116.1 pmol
¢ 'h™! and a superior apparent quantum efficiency of 0.55 % at
420 nm.

Replacing all or part of the metal node Zr with Ce or Ti in the
secondary building units of UiO-66 is an effective strategy for
adjusting the position of the energy band edges and the band
gap, alternating hybridization level between the linker and the
metal center and realizing metal-centered electron localization.
Future work could revolve around the continued functionalization
of the organic linkers with electron-donating functional groups in
the case of metal center replacement in UiO-66 to explore whether
further LMCT can be facilitated.

3.3. Defect engineering

Structural defects are usually formed along with bond breakage
and reformation, lattice distortion and as well as electronic local-
ization at the time of their formation, then causing changes in
material properties [93]. Defect engineering is therefore an effec-
tive approach to modulate energy bands and electronic structures
together with tailored material properties [94-96]. By introducing
suitable structural defects into the crystal structure, it is possible to
achieve high charge separation efficiency and affluent active sites
[97,98]. In addition, the formation of defects on the surface and
internal nanopores could also be beneficial for the adsorption
[99,100]. For UiO-66, because of the strong chemical bonding of
the Zr atom to the oxygen atom and the coordination of a single
secondary building block of Zrg clusters with 12 H,BDC (the high-
est number of organic linkers and metal cluster Zrg coordination
available in MOFs), making a high tolerance for structural defect
tuning [101]. Structural defects are usually formed in response to
the missing of organic linkers H,BDC and Zrg clusters in nucleation
or post-synthesis process [41,102,103]. It has been revealed that
the framework structure of UiO-66 could remain unchanged with
the missing of up to 4.3 organic linkers per Zr oxo cluster [104].
Partial substitution of the organic linker H,BDC is an effective
way to modulate the defective structure of UiO-66 [43]. Vos et al.
[105] evaluated the effect of missing linker defects on the elec-
tronic structure of UiO-66 and discussed their ability to enhance
LMCT. The authors found that the nature of the UiO-66 defect
structures relied heavily on the coordination of the nodes, and
the nodes with the strongest local distortions had the greatest
influence on electronic structure. When only one H,BDC was
removed, the unoccupied d orbitals of Zr remained almost
unchanged from pure UiO-66(Zr). With the removal of more
H,BDC per node, the energy of d orbitals decreased, resulting in
nodes with enhanced charge transfer capabilities and therefore
improved the photocatalytic activity. Taddei et al. [106] first pre-
pared UiO-66 with defects using formic acid as the modulator, fol-
lowed by attaching a series of amino-functionalized benzoic acids
onto the defective sites through post-synthetic exchange, which
allowed the band gap of UiO-66 to be regulated in the range of
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4.1-3.3 eV. DFT calculations suggested that the narrowing of the
band gap was mainly caused by a rise in valence band energy
due to the availability of light-absorbing monocarboxylates. In
another work, Ma et al. [93] used acetic acid as the modulator to
synthesize UiO-66-NH, with controlled structural defects and sys-
tematically explored the influence of structural defects on photo-
catalytic performance. It was found that the structural defects in
Ui0-66-NH, were missing linker defects and caused by the substi-
tution of acetic acid for the linker. The surface area (705 to 1057 m?
¢~ 1) and pore volume (0.53 to 0.62 cm® g~!) increased with the
increased of structural defects. However, all UiO-66-NH, engi-
neered with controlled defects showed similar light absorption
and band gap (3.0 eV), indicating the light-harvesting ability of
UiO-66-NH, was hardly affected by the structural defects. Remark-
ably, in the presence of Pt NPs, all UiO-66-NH, engineered with
controlled defects exhibited volcanic growth of hydrogen genera-
tion activity up to 381.2 pmol g''h~!, far exceeding the negligible
activity of UiO-66-NH, synthesized without modulator. The
ultra-high activity stemmed from the fact that defect engineering
in Ui0-66-NH; could turn on photocatalysis and accelerate effec-
tive electron-hole separation, as unambiguously revealed by ultra-
fast transient absorption spectroscopy. Besides, there was an
optimal level of structural defects to promote electron-hole sepa-
ration, while excessive structural defects deteriorated into recom-
bination centers for electron-hole pairs, leading to a decrease in
activity. Fu et al. [107] obtained a series of defective UiO-66-
NH;(Zr) by simply adjusting the crystallization temperature in
the presence of hydrochloric acid as the modulator and examined
their photocatalytic activity in CO, reduction. Compared with the
defect-free Ui0-66-NH,, the photocatalytic CO, reduction activity
of the defective Ui0-66-NH, were significantly enhanced, and the
maximum generation of HCOOH was up to 129.8 umol g~'h~'. This
was because defective engineering created a more open framework
and active binding sites, which facilitated photogenerated charge
transfer. In addition, according to relevant reports, the following
approaches to creating structural defects can be considered: (a)
the use of ZrOCl,-8H,0 as Zr-precursor rather than ZrCly, would
allow the competition between the organic linker H,BDC and the
coordinated hydroxyl group as well as the coordinated water in
ZrOCl,-8H,0, resulting in less coordination of the organic linker
to the metal center Zr [81,108]; (b) synthetic conditions without
solvent (DMF) could reduce the solubility of the H,BDC linker, then
resulting in inferior coordination between clusters and linkers
[108]; and (c) the use of mixed metals node to generate missing
Zrg clusters, for instance, with the six-coordinated Ti linked to
fewer organic linkers compared with the eight-coordinated Zr ions
[41,79]. Moreover, cluster defects and linker defects could also be
easily introduced in UiO-66 under UV light compared to conven-
tional strategies (synthesis conditions, thermal activation, incorpo-
ration of modulators, etc.). Gao et al. [109] firstly introduced
photoexcited defects in UiO-66 for effective photocatalytic nitro-
gen fixation. It was found that the defects were successfully intro-
duced in UiO-66 and were caused by the decomposition of formic
acid and acetic acid in fresh UiO-66 under UV light. The band gap of
UiO-66 decreased from 3.32 eV to 2.73 eV after light irradiation,
suggesting that Ui0-66 with defects possessed visible light adsorp-
tion ability. The nitrogen photofixation performance of UiO-66 was
greatly enhanced after first light irradiation, with an enhancement
from 131 to 196 pmol h™! g~! compared to fresh Ui0-66. The
authors found that charge separation and transfer were not
responsible for enhanced performance as confirmed by the electro-
chemical results, but rather for the defects introduced in UiO-66
after light irradiation. Furthermore, the authors proved that the
remarkable improvement in nitrogen photofixation performance
was attributed to the metal-unsaturated coordination environ-
ment induced by linker defects instead of cluster defects.
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In summary, the creation of structural defects can make the
adsorption process easier and supply ample active sites for photo-
catalytic reaction. However, structural defects in the framework
tend to adversely affect the stability due to the reduced density
and rigidity of the framework, so controlling reasonable structural
defects remains challenging and potentially promising.

3.4. Introduction of foreign metal

3.4.1. Metal ions

The incorporation of metal-to-cluster (MCCT) and metal-to-
metal charge transfer (MMCT) by doping inorganic photocatalysts
with metals provides an effective technique to extend the range of
light absorption and possess appropriate active sites to enhance
photocatalytic performance [110,111]. Likewise, metal doped
modifications on UiO-66 have achieved a quantum leap in photo-
catalytic activity enhancement [112,113]. Embodied in, the intro-
duction of foreign metal ion induces MCCT or MMCT to construct
bimetallic UiO-66, which can promote effective charge separation
and broaden the photoresponse for excellent photocatalytic perfor-
mance [71,114]. More importantly, the incorporated metal ions are
not present in UiO-66 as the metal nodes, but on the surface or
chemically bonded to Zr oxo clusters or organic linkers.

For instance, Xu et al. [71] firstly introduced Fe>* onto the UiO-
66 surface without destroying the UiO-66 skeleton structure to
synthesize FeUiO-66 for the oxidation of alcohols. The addition of
Fe3* resulted in a red-shifted absorption edge for FeUi0-66 com-
pared to pure UiO-66. In addition, based on MMCT excitation, elec-
tron transfer between Fe and Zr could extend the lifetime of
electrons and thus improve the efficiency of photogenerated
charge separation. At the same conditions, the photocatalytic con-
version of benzyl alcohol was only 10% when using UiO-66 with

limited absorption of visible light, where the introduction of Fe
increased the conversion to a maximum of 32%. Similarly, by
attaching Fe* to Zr oxo clusters, Xu et al. [114] obtained a strong
oxidation-capable Fe-UiO-66 photocatalyst via the microwave-
assisted method for photocatalytic C-H bond activation under
visible-light irradiation (Fig. 3a). It was found that original octahe-
dral structure of UiO-66 was retained after the incorporation of
Fe3*, and there were no additional particles outside or inside of
Fe-Ui0-66. Also, the incorporated Fe** ions were attached to the
Zr oxo cluster via the Fe-O-Zr connection and about 1.2 Fe atoms
present on each Zr oxo cluster in Fe-UiO-66. The successful intro-
duction of Fe3* jons via Fe-O-Zr connection was favorable to the
photocatalytic efficiency. The absorption edge of Fe-UiO-66 exhib-
ited a red-shift after Fe>* modification, indicating that the light uti-
lization efficiency of Fe-UiO-66 was enhanced. In the original
LMCT, it could induce the formation of an additional MCCT that
allowed Fe-UiO-66 to be excited by visible light. Accordingly, when
irradiated by visible light, photogenerated electrons could migrate
from Fe3* to Zr oxo clusters, resulting in an effective charge sepa-
ration that facilitated the oxidation reaction of the C-H bond
(Fig. 3b). Notably, the incorporated Fe3* ions to Zr oxo cluster were
more probable to act as oxidation sites and electron donors instead
of electron mediators to enhance charge separation under illumi-
nation. The results showed that in contrast to the negligible activ-
ity of UiO-66, the toluene oxidation of Fe-UiO-66 was 70.1% within
2 h and 96.9% within 3.5 h under visible light, and the selectivity of
benzoic acid was almost complete. Moreover, the reusability of Fe-
UiO-66 can be well maintained over at least 5 successive cycles
due to the stable immobilization of Fe in the Zr oxo clusters with
a low iron leaching rate of only 0.03 wt%.

Different from the former metal ion connection, Lee et al. [115]
introduced trivalent metal elements involving Cr(Ill) and Ga(III)
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into catbdc organic linker of catechol-functionalized UiO-66 as
robust photocatalysts for CO, photoreduction. The LMCT could also
occur between the catbdc organic linkers and the metal (Cr and Ga)
elements, while catbdc organic linkers were conductive to visible
light absorption for UiO-66 (Fig. 3c). Thus, this combined effect
allowed UiO-66-M(III) CAT to exhibit good performance for CO,
photoreduction. Under visible light irradiation for 6 h, UiO-66-
CrCAT and UiO-66-GaCAT could generate 51.73 + 2.64 pmol and
28.78 + 2.52 pmol of HCOOH with no change in activity over the
three cycles, respectively, from the photocatalytic reduction of
CO,. The authors also determined the photocatalytic activity of
Fe (IlI)-metalated UiO-66-CAT. Under the same photocatalytic con-
ditions, UiO-66-FeCAT could only produce a small amount of
HCOOH (1.47 pmol) due to the low redox potential of Fe(IIl). In
general, the introduction of oxidation-active metal elements such
as Fe into the backbone structure of UiO-66 has demonstrated to
be an effective and promising way to achieve modifications that
enhance the photocatalytic properties of UiO-66.

3.4.2. Metallic nanoparticles

In recent years, noble-metal nanoparticles (NPs) have grabbed
great attention owing to their potential in various applications,
especially in the field of catalysis [116]. In photocatalytic reactions,
the introduction of noble-metal nanoparticles in MOFs can: (a)
serve as visible-light harvesters with enhanced spectral absorp-
tion; and (b) serve as electron acceptors and active reaction sites.

Certain noble-metals such as Ag, Cu, when confined into nano-
metric size particles of the UiO-66, might enhance the photore-
sponse range through the local surface plasmon resonance (LSPR)
effect [117,118]. In particular, the collective oscillation of electrons
on metal surfaces confined in nanoscale cages could exhibit a char-
acteristic photoresponse band [37,119]. For example, in the short-
wave range, Au@UiO-66-NH, exhibited a similar light absorption
to UiO-66-NH,, but an energy band peak at 548 nm appeared for
the LSPR of Au [117]. Another function performed by noble-metal
NPs is to serve as electron reservoirs and as co-catalysts providing
active reaction sites and transferring electrons to the reactants
[120]. Under irradiation, the photogenerated electron could be
transferred from UiO-66 to noble-metal NPs, resulting in increased
lifetime of the photogenerated charge-separated state and
enhanced the photogenerated electron-hole separation efficiency.
In 2021, Mao et al. [121] reported that Au nanodots encapsulated
in the UiO-66-(SH), pores not only enhanced the visible light
absorption of UiO-66-(SH),, but also acted as photogenerated elec-
tron reservoirs because of the presence of Schottky junctions,
which contributed to the high photogenerated electron-hole sepa-
ration efficiency. Furthermore, the photocatalytic efficiency is clo-
sely correlated with the position of noble-metal NPs relative to the
MOF. For instance, Pt NPs were successfully introduced into the
UiO-66-NH, in two different ways (internally and externally as
Pt@UiO-66-NH, and Pt/UiO-66-NH,, respectively), and the results
showed that all Pt-decorated UiO-66-NH, photocatalysts exhibited
significantly greater photocatalytic hydrogen generation efficiency
compared to the poor activity of Ui0-66-NH, (1.72 pumol g'h™1)
[122]. The authors suggested that this was because the low overpo-
tential Pt was an ideal electron trap to offer redox reaction sites for
hydrogen generation, and the photogenerated electrons on the
UiO-66-NH, were transferred to Pt via the Schottky junction for
proton reduction. Strikingly, At the same Pt loading, the photocat-
alyst with Pt inside the Ui0-66-NH, (257.38 pumol g 'h™') exhib-
ited approximately 5 times better photocatalytic activity than the
external one (50.26 pmol g 'h~1!). This lied in the fact that the pho-
togenerated electron migration from UiO-66-NH; to the internal Pt
was much shorter than to the externally loaded Pt, effectively pre-
venting undesired photogenerated charge recombination. In addi-
tion, Pt NPs in Pt@UiO-66-NH, have better stability and
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recoverability due to the greater restriction in UiO-66-NH,, while
Pt NPs in Pt/ UiO-66-NH, were more likely to aggregate and leach,
leading to loss of activity.

Although the introduction of noble-metal NPs has greatly ame-
liorated the photocatalytic efficiency of UiO-66, the practical appli-
cation of photocatalysts containing noble-metals still has serious
problems, such as their scarcity and high price. It is therefore nec-
essary to develop suitable materials as cheap, efficient and sustain-
able substitutes to noble-metals as cocatalysts. In addition, as the
unique instincts of the noble-metals themselves, further work is
required to fulfill the requirements for excellent photocatalytic
activity in this area.

3.4.3. Single metal atoms

Actually, only a small fraction of the metal NPs on UiO-66, no
matter how finely dispersed they are, can participate in the photo-
catalytic process as photoactive centers. More often than not,
metal NPs of unsuitable size are inherently ineffective for the pho-
tocatalytic reaction, or even causing undesirable side reactions,
resulting in low atom utilization or low photocatalytic efficiency.
In recent years, single-atom catalysts (SAs) have drawn enormous
attention for their quantum size effects, unsaturated coordination
environments, and unique electronic structure properties [123-
134]. Compared with conventional metal NPs, SAs can induce
higher levels of atom use and expose plentiful photocatalytic sites,
which has been particularly efficacious in enhancing photocat-
alytic ability. In 2020, Wang et al. [135] successfully anchored Cu
single atoms to the UiO-66-NH, surface using a photoinduced
method to realize efficient photocatalytic reduction of CO, to liquid
fuels (Fig. 4a-e). Cu SAs species are coordinated to the NH, group
on Ui0-66-NH, and subsequently anchored upon visible-light irra-
diation. The relevant atomic structure characterizations revealed
that the Cu atoms were coordinated with two N atoms and
anchored at the atomic level by the UiO-66-NH, support. Cu SAs/
UiO0-66-NH, and Cu NPs/UiO-66-NH, exhibited similar light
absorption intensities due to the presence of visible-light harvest-
ing Cu, with a maximum absorption peak at 500 nm, but varied
considerably in their photocatalytic activity. The results also
showed that the charge transfer and separation efficiency of the
Cu SAs/Ui0O-66-NH, was significantly improved and far exceeded
that of the corresponding materials. The incorporation of Cu SAs
species could lead to the accumulation of photogenerated elec-
trons on Cu SAs/UiO-66-NH,, thereby facilitating the photoconver-
sion of CO, to liquid fuels. Under driven by solar energy, Cu SAs/
Ui0-66-NH, converted CO, to methanol and ethanol at rates of
5.33 and 4.22 pmol h™! g7!, respectively, much higher than the
pristine Ui0-66-NH, and Cu NPs/UiO-66-NH,.

In another case, Ma et al. [136] recently developed MOF sup-
ported SAs with a tunable coordination microenvironment for pho-
tocatalytic hydrogen generation via a facile microwave-assisted
approach. The -O/OHy groups of Zr oxo cluster in UiO-66-NH,
supplied the lone-pair electrons and charge balance to anchor
single Ni metal species. Subsequently, the coordination environ-
ment of single Ni metal species could be flexibly controlled to gen-
erate Ni; — X/UiO-66-NH, (X = S, O and Sox; ox, oxidation) by
hydroxylation, sulfidation, or further oxidation. It was found that
the single Ni; metal atoms were anchored on the neighboring -0/
OHx groups from a Zr oxo cluster of UiO-66-NH,, and the coordina-
tion microenvironment of Ni; were successfully modulated.
UV — vis spectra indicated that all Ni; — X/UiO-66-NH, did not
apparently influence the light absorption ability of UiO-66-NH,
and possessed a light absorption peak at about 370 nm. The
obtained Ni; — X/UiO-66-NH, featured close proximity to the pho-
tosensitive units and highest atomic availability, which facilitated
charge transfer. Thus, the performance of Ni;-X/UiO-66-NH, was
significantly higher than that of corresponding NiS or Ni NPs
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Fig. 4. (a) Synthesis illustration of the Cu SAs/UiO-66-NH, photocatalyst. Zr — O clusters, C, O and N atoms, Cu ions, and Cu SAs are represented in green, gray, red, blue,
orange, purple; (b) TEM and (c¢) HRTEM images of Cu SAs/UiO-66-NH,; (d) Aberration-corrected STEM images of Cu SAs/UiO-66-NH,. The red circles represent Cu SAs. (e) EDS
mapping images of Cu SAs/UiO-66-NH,. Adapted with permission from Ref. [135], Copyright 2020, American Chemical Society. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

supported by UiO-66-NH, in photocatalytic hydrogen generation.
Notably, compared to Ni;-O/UiO-66-NH, and Ni;-Sox/UiO-66-
NH,, the Ni;-S/Ui0-66-NH, containing sulfur-coordinated Ni sites
exhibited the best photocatalytic hydrogen generation rate of
1360 pmol g'h~!. The superior performance of Ni;-S/Ui0-66-
NH,; could be ascribed to the most appropriate Gibbs free energy
values (AGy-= —0.08 eV) of Ni;-S/Ui0-66-NH,, which suggested
the most efficient proton/electron transfer and easier hydrogen
molecular release, as confirmed by DFT calculations. Moreover,
the stability test indicated that the Ni;-S/Ui0-66-NH, was a partic-
ularly durable SAs with no decrease in activity after at least six
cycles, suggesting the robust bonding between single Ni; metal
atoms and the support. Most importantly, this facile microwave-
assisted sulfidation approach could be successfully extended to
other SAs supported by UiO-66-NH, to afford M;-S/UiO-66-NH,
(M = Co, Cu). The success of these studies demonstrates great
potential for optimizing the performance of Ui0-66 photocatalysts
at the atomic scale.
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3.5. Dye sensitization

The construction of dye-sensitized system is a relatively mature
approach to modify UiO-66 with visible light harvesting [137,138].
The huge specific surface area of Ui0O-66 provides potential adsorp-
tion sites, making it an excellent support material for dye mole-
cules such as Eosin Y (EY), RhB and Erythrosine B (ErB) etc.
Moreover, because of the existence of benzene rings in both dye
molecules and organic linkers of UiO-66, strong m-n stacking and
van der Waals interactions could occur between them, which could
facilitate efficient photogenerated electron transfer from the dye
molecules to well-ordered structure UiO-66 in dye sensitization
system (Fig. 5a) [139,140]. Yuan et al. [141] prepared the ErB-
sensitized octahedron UiO-66 for hydrogen generation, which used
Pt as a co-catalyst and L-ascorbic acid as a sacrificial reagent,
achieving the highest hydrogen generation rate of 4.6 mol h™!
under visible light. The absorption intensity of Pt-UiO-66 in the
visible-light region was significantly enhanced after ErB sensitiza-
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Fig. 5. Schematic illustration of the separation of photogenerated electron-hole pairs over (a) UiO-66 after photosensitization modification under visible-light irradiation; (b)
Calix-3 sensitized Pt@Ui0-66-NH, under visible-light irradiation; (c) UiO-66/semiconductor heterojunction photocatalysts under visible-light irradiation; (d) UiO-66/CNNS
photocatalyst under visible-light irradiation; (e) type-II heterojunction photocatalysts; (f) TiO,/UiO-66 heterogeneous photocatalyst under light (a 300 W xenon light)
irradiation. Adapted with permission from Ref. [142,148,156], Copyright 2020 and 2017, Elsevier, Copyright 2015, WILEY-VCH.

tion, and the spectra indicated mixed features of visible-light har-
vesting ErB dye and UV-light harvesting UiO-66 octahedrons.
Unexpectedly, the pristine Pt-UiO-66 sample had no hydrogen
generation activity due to its no visible-light harvesting nature,
while the ErB-sensitized Pt-UiO-66 achieved hydrogen generation
activity. The ErB-sensitized Pt-UiO-66 can be excited under visible
light, and the physical interaction force existed between benzene
ring in the ErB dye and organic linker H,BDC, resulting in effective
photogenerated electron injection from the excited ErB dye mole-
cule to Ui0-66 octahedron for hydrogen generation. However, after
three cycles of the photoreaction, the hydrogen generation activity
could only be maintained above 80%, which can be attributed to
the depletion of the ErB dyes or the instability between the ErB
dyes and UiO-66 under prolonged visible light irradiation, resulting
in a loss of the photocatalytic activity. Weak physical interactions
between dye molecules and UiO-66 often result in little adsorption
of dye molecules and instability after adsorption. It may also affect
the effective transfer of photogenerated electrons and make dye
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sensitized photocatalysts less stable and less reusable. For better
dye adsorption, Chen et al. [142] successfully established a Calix-
3-sensitized (cone-calixarene-based dye) system using UiO-66-
NH, embedded with Pt NPs for high-efficiency hydrogen genera-
tion under visible-light illumination. Four D-rt-A units in Calix-3
could be used as active components for light-harvesting to extend
the optical absorption of UiO-66-NH,. Based on the existing van
der Waals interactions and m-m stacking, the four carboxyl groups
present in each Calix-3 molecule could form hydrogen bonds with
the amino group in UiO-66-NH,. This could allow stable adsorption
of Calix-3 molecule and support the efficient transfer of photogen-
erated electron from the Calix-3 molecule to UiO-66-NH, and ulti-
mately to Pt NPs to generate hydrogen (Fig. 5b). The prepared
photocatalysts can achieve extremely elevated hydrogen genera-
tion activity (1528 umol g~'h~"). Fascinatingly, it can be cycled
at least three times with no significant reduction in photocatalytic
performance. It is worth noting that the formation of chemical
bonds between dye molecules and functional groups in organic
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linkers of UiO-66, such as amino groups, is also an effective
approach to construct the dye-sensitized system with better pho-
tocatalytic properties and stability [143]. For instance, Kumar
et al. [143] introduced EY dyes into the amine-functionalized
UiO-66-NH, through covalent interactions via dehydration cou-
pling reactions between the carboxyl groups in EY and the amine
groups in UiO-66-NH,. The obtained samples acted as robust and
green photocatalysts with excellent photocatalytic performance
towards activating C-H bond of tertiary amines. Moreover, the
photocatalysts can be cycled 10 times with no noticeable drop in
activity. Recently, Shi et al. [144] developed EY-sensitized UiO-
66-NH, for hydrogen generation using a solvothermal method, in
which EY was strongly chemically immobilized on UiO-66-NH,
via a bidentate bridging coordination (Zr — O — C = O — Zr)
between the two O atoms from —COOH group in EY dye molecule
and Zr atoms in UiO-66-NH,. The strong chemical bonds between
them resulted in an incremental loading of the EY molecules onto
Ui0-66-NH,, extending the photoresponse of UiO-66-NH, and
accelerating the migration of photogenerated electrons from the
EY with visible-light-harvesting to UiO-66-NH,, resulting in signif-
icantly better stability and hydrogen generation activity
(2760 pmol g~'h~1).

The construction of dye-sensitized UiO-66 has great potential
for photocatalysis due to the low cost, green, simplicity of opera-
tion and the abundance of properties. In brief, this strategy is
favorable for (a) enhancing the visible light absorption of UiO-66;
(b) generating the transfer of photogenerated electrons from the
dye molecules to UiO-66; and (c) optimizing the adverse environ-
mental impact of dyes. However, stability is still an issue that
needs to be carefully considered because of the secondary contam-
ination caused by the desorption of dyes, even though relatively
stable dye-sensitized systems have now been constructed.

3.6. Combination of UiO-66 with other semiconductors

The concept of constructing composite photocatalysts from
UiO-66 and other photoactive semiconductors for photocatalytic
applications provides several potential advantages over single
component photocatalysts: (a) the introduced photoactive semi-
conductors could serve as light harvesting center to increase the
solar light utilization ability of UiO-66; (b) the high surface area
and permanent porosity of UiO-66 can not only act as the active-
sites provider, but also serve as a support to avoid the aggregation
of the foreign nanoparticles; and (c) coherent interfacial connec-
tions between UiO-66 and the photoactive semiconductors could
offer extensive channels for transfer and separation of photogener-
ated charge.

3.6.1. UiO-66 as cocatalyst for photocatalysis

There is still a part of researches applying the composite of UiO-
66 and other photocatalysts for photocatalysis under visible-light
illumination. Owing to the inherent inactivity of UiO-66 upon vis-
ible light, when combined with other photocatalysts it can only act
as cocatalyst to (a) reduce the particle size and preventing the
aggregation of other photocatalysts [145]; and (b) provide signifi-
cant surface area for adsorbents adsorption and active sites for the
reaction [146-151]. Specifically, it can accept electrons generated
by light-excited semiconductors, and then react with the adsorbed
molecules (Fig. 5¢). Shi et al. [148] adopted a facile strategy to pre-
pare UiO-66/CNNS (2D atomic carbon nitride nanosheet) photocat-
alysts through electrostatic self-assembly of positively charged
UiO-66 with negatively charged CNNS and they found that this
photocatalysts showed efficient conversion of CO, to CO
(59.4 pmol g~! within 6 h illumination). In the aforementioned
composite, CNNS were uniformly covered on the surface of UiO-
66 without much aggregation, and there was a coherent and inter-
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face between CNNS and UiO-66. Moreover, based on the CO,
adsorption isotherms and UV-vis absorption spectra, UiO-66/
CNNS exhibited a maximum CO, uptake of 32.7 cm® g~ ! and
enhanced light absorption ability with an absorption edge at about
440 nm by adding CNNS. Meanwhile, electrons from photoexcited
CNNS could be injected into UiO-66 due to the formation of nano-
junctions in UiO-66/CNNS, which could greatly inhibit the recom-
bination of photogenerated carriers in CNNS and provide
sufficiently long-lived electrons for the activation of adsorbed
CO, in Ui0-66 and production of CO (Fig. 5d). Therefore,
UiO-66/CNNS achieved markedly enhanced photocatalytic perfor-
mance toward conversion of CO, to CO, which was over 3 times
than that of CNNS (17.1 pmol g~ 1). In addition, employing the vir-
tues of UiO-66 as a cocatalyst, a novel series of UiO-66/CdIn,S,
nanocomposites for visible light-driven decontamination of tri-
closan and hydrogen generation has been prepared by Bariki
et al. [149]. The prepared nanocomposites with hierarchical flow-
erlike 3D-microspheres consisted of well-dispersed spherical
UiO-66 (20 ~ 40 nm) immobilized on high aspect ratio CdIn,S4
nanosheets. Such unique hierarchical microflower structure would
offer highly exposed reaction sites and enhance the structural sta-
bility. UV-vis DRS indicated that the UiO-66/CdIn,S4 nanocompos-
ites showed stronger light absorption range (590-640 nm) than
UiO-66. PL (photoluminescence) emission spectra confirmed that
the intensity of UiO-66/CdIn,S4 nanocomposites was significantly
lower than that of pure UiO-66, which was attributed to the effi-
cient charge carrier separation property between UiO-66 and
CdIn,S,. Also, owing to the constructive band alignment between
UiO-66 and CdIn,S,, the photogenerated electrons could be easily
transfer from the CB of CdIn,S4 (-0.87 eV) to the LUMO of UiO-66
(-0.6 V), which enhanced the photocatalytic performance. The opti-
mal nanocomposites exhibited remarkable photocatalytic effi-
ciency towards triclosan decontamination ((0.0094 min~') and
hydrogen generation (2.95 mmolg~'h~!), far stronger than the
pure CdIn,S; and UiO-66. In another work, such flowerlike 3D-
microspheres were also achieved by Liu et al. [152], which UiO-
66 were uniformly embedded into ZnIn,S, flowerlike micro-
spheres. The introduction of appropriate amount of UiO-66 can sig-
nificantly improve the migration of electrons from photoexcited
Znln,S, to the surface of photocatalysts and elevate the separation
efficiency of photogenerated carriers. Furthermore, the nitrogen
adsorption-desorption isotherms indicated the introduction of
UiO-66 enhanced the specific surface areas of photocatalysts and
facilitated the photocatalytic reaction. As a result, the prepared
photocatalysts displayed excellent photocatalytic Cr(VI) reduction
activity with a reduction rate of up to 99% after 60 min irradiation,
far exceeding either Ui0-66 or ZnIn,S, alone.

The combination of UiO-66 as a cocatalyst with other high-
performance semiconductors not only can compensate for the
weak visible light absorption of UiO-66, but can also provide fast
migration of the charge carriers and high resistance to recombina-
tion by the tight interfacial contacts, making it an effective and
simple method to modify UiO-66 for photocatalysis. Meanwhile,
this overlooks the potential of UiO-66 to be available under visible
light after appropriate modification, and photocatalytic activity can
be further enhanced.

3.6.2. UiO-66 as photocatalyst for photocatalysis

From the above, it can be concluded that various approaches
have been proposed to improve the photoresponse and charge sep-
aration efficiency of UiO-66. Remarkably, engineering heterojunc-
tions in photoresponsive UiO-66 have been demonstrated to be
one of the most promising methods for the modification of UiO-
66, as it is simple, feasible and effective for the spatial separation
of electron-hole pairs. In general, the heterojunction is defined as
an interface created by the compounding of two different semicon-
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Society.

ductors with inequitable energy band structure, which may lead to
energy band alignment [153,154]. According to current researches
on the modification of heterojunctions in UiO-66, three types can
be distinguished: straddling gap (type-I) (Fig. 5e), staggered gap
(type-lI) (Fig. 6a), Z-scheme heterojunction (Fig. 6¢) [155]. Ma
et al. [156] developed TiO,/UiO-66 type-I heterojunction photocat-
alysts by a reflux-solvothermal approach for CO, reduction. Trans-
mission electron microscopy (TEM) images revealed that
crystalline TiO, covered on the smooth surface of UiO-66. The elec-
trostatic repulsion between the positively charged ultrafine TiO,
NPs on UiO-66 surface ensured fully naked sites and high CO,
uptake of 78.9 cm® g~! for the hierarchical porous TiO,/UiO-66.
Compared to the UV absorption of pure UiO-66, the TiO,/UiO-66
presented enhanced light absorption and almost overlapping with
TiO, due to dominant content of TiO, in the composite. Under UV-
vis-IR light, the photogenerated electrons and holes in UiO-66
would migrate to TiO, because the well-matched band gap. And
the conversion of CO, to CH4 and CO took place on the CB of TiO,
with the highest formation rate of CH; and CO achieved
17.9 pmol g'h™! and 1.9 pmol g'h~!, respectively. Meanwhile,
the photogenerated holes accumulated at TiO, enabled the oxida-
tion of the adsorbed H,0 molecules to produce O, (Fig. 5f). Su et al.
[157] prepared Cdp2ZnggS@UiO-66-NH, type-I heterojunction
photocatalysts via a facile solvothermal method for photocatalytic
hydrogen generation and CO, reduction driven by visible light. The
TEM images indicated that the Cdg,Zng gS nanoparticles were well
dispersed on UiO-66-NH, surface. The UV-vis spectrum of Cdg-
Zny sS@Ui0-66-NH, showed longer absorption wavelengths com-
pared to the pristine UiO-66-NH,. UiO-66-NH, alone could not
be acted as an effective photocatalyst, with a negligible hydrogen
generation rate. With the introduction of CdgZng S, the hydrogen
generation performance of UiO-66-NH, was significant improved.
It was found that the prepared samples exhibited excellent photo-
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catalytic performance due to the efficient electron-hole separation
achieved through the type-I heterojunction between the
Cdo2Zng gS and the UiO-66-NH,, as confirmed by PL and photocur-
rent results. The optimized composite exhibited remarkably
enhanced photocatalytic activity towards hydrogen generation
(5846.5 umol h™! g ') and the reduction of CO, to CHs;OH
(6.8 umol h~! g~1). No significant decrease in photocatalytic activ-
ity of the resultant hybrids after 4 consecutive cycles.

In the type-I heterojunction photocatalyst, the photogenerated
electrons and holes will be migrated to the same semiconductor,
making impossible to effectively separate charge carriers. In addi-
tion, such a charge transfer and separation process allow redox
reactions to occur on semiconductors with lower redox potentials,
dramatically reducing the redox capacity of type-I heterojunction
photocatalysts. However, the charge transfer phenomenon of
type-II heterojunction photocatalyst could allow for the spatial
separation of charge carriers on both semiconductors, thereby
increasing the overall photocatalytic efficiency (Fig. 6a)
[158-160]. Recently, enormous efforts have been invested to the
construction of type-II heterojunction photocatalysts by combining
Ui0-66/Ui0-66 derivatives with different semiconductors, such as
TiO, [161-163], metal sulphides [121,157,164-167], covalent
organic framework (COF) [168,169], graphitic carbon nitrides
(g-C3Ny) [151,170-172] and others [173-177]. For example, Liang
et al. [177] present a facile and effective condensation strategy to
develop Zinc phthalocyanine (ZnTCPc)/UiO-66-NH, type-II hetero-
junction photocatalysts, which demonstrated high-performance of
methylene blue (MB) degradation under visible light. This high
activity could be ascribed to the efficient charge separation and
transfer realized through the type-Il heterojunction between
UiO-66-NH, and ZnTCPs through the covalent amide structure.
The mechanism for the degradation of MB by ZnTCPc/UiO-66-
NH, heterostructures was recommended by the authors in
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Fig. 6b. In detail, because of the higher LUMO of ZnTCPc¢ than UiO-
66-NH,, the photogenerated electrons could be migrated from the
LUMO of ZnTCPc into UiO-66-NH, and then O, molecules to form
superoxide radicals (eO3) around the surface of UiO-66-NH,.
Meanwhile, the active substances (photogenerated holes, h*) gen-
erated by UiO-66-NH, were migrated and accumulated into the
HOMO of ZnTCPc. The formed h* and «03 were primarily involved
to the degradation process of MB. Additionally, ZnTCPc/UiO-66-
NH, photocatalyst can maintain excellent stability after 5 recycles.
Moreover, morphological modulation of heterojunction photocata-
lysts is essential for improving the photoactivity of type-II hetero-
junction photocatalysts. Chen et al. [168] developed UiO-66-
NH,@hydrazone-linked COF (TFPT-DETH) core-shell heterojunc-
tion photocatalyst with a type-II heterojunction, the obtained cat-
alyst possessed good photocatalytic performance toward hydrogen
generation. UV-vis spectrum of all UiO-66-NH,@TFPT-DETH
observed a slight red-shift compared to UiO-66-NH, after the
introduction of TFPT-DETH. The electrochemical results revealed
that the hetero-framework UiO-66-NH,@TFPT-DETH featured
boosted charge transfer. Beyond the effective electron-hole separa-
tion within type-II heterojunction, UiO-66-NH,@TFPT-DETH pos-
sessed a core-shell structure with a large contact interface that
can further improve the separation efficiency of electron-hole
pairs. The optimal photocatalyst with a suitable shell thickness of
approximately 20 nm exhibited a remarkable hydrogen generation
activity (7178 pumol g'h™!), which was approximately 3 times
higher than that of the pure TFPT-DETH. In addition, the strong
covalent bonding formed by the shell-core structure conferred
strong photochemical stability to UiO-66-NH,@TFPT-DETH, result-
ing in no significant loss of activity within 12 h of light exposure.
Furthermore, the introduction of cocatalysts for the construction
of ternary heterojunction photocatalysts is beneficial for optimiz-
ing the performance of type-II heterojunction photocatalysts.
Zhang et al. [171] confined carbon nanodots (CDs) to the pores of
UiO-66-NH, to construct CDs@UiO-66-NH;/g-C5N,4 ternary photo-
catalysts for hydrogen generation. UiO-66-NH, presented angular
particles around 200 nm in average size on the surface of sheet-
like g-C3N4, while CDs with an average size around 0.7 nm were
well distributed in CD@UiO-66-NH;/g-C3N,4. As regard to other
counterpart materials, UV-vis spectrum of CD@UiO-66-NH,/g-
C3N4 exhibited a significant red-shift with the absorption region
extending to 800 nm. The electrochemical measurements indi-
cated the separation of photogenerated charges efficiency of
CD@Ui0-66-NH;/g-C3N4 was considerably improved by construct-
ing heterojunction and incorporating CDs. The type-II heterojunc-
tion significantly promoted the electron-hole separation
efficiency between the UiO-66-NH, and the g-CsN,. Importantly,
the introduced ultrasmall CDs extensively enhanced the photocat-
alytic hydrogen generation activity of the nanocomposites under
visible light irradiation. This was because the ultra-small CDs in
the UiO-66-NH, not only enhanced the light-harvesting ability of
this nanocomposites, but acted as an effective cocatalyst to receive
photogenerated electrons from the CB of UiO-66-NH, for hydrogen
generation. Subsequently, the CD@UiO-66-NH,/g-C3N,4 achieved an
excellent hydrogen generation rate of up to 2.930 mmol g 'h~?,
which was 38.6, 32.4 and 17.5 times better than that of UiO-66-
NH,, g-C3N4 and UiO-66-NH,/g-C3Ny4, respectively.

In general, type-II heterojunction photocatalysts demonstrate a
broad photoresponse range, favorable electron-hole separation and
fast charge transfer rates. Nevertheless, though type-II heterojunc-
tion photocatalysts have received extensive research with such
mentioned advantages, there are still some challenges that may
limit their practical application: (a) the migration of photogener-
ated electrons and holes to lower CB and VB on the semiconductor,
respectively, greatly limiting the redox capability; (b) the isotropic
migration of electrons/holes from high VB/CB to low VB/CB would
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be physically hindered by the mutual repulsion of identical
charges, respectively [155].

Fortunately, in 1979, Bard et al. [178] first developed the Z-
scheme charge transfer mechanism to address these challenges.
The charge transfer mechanism of Z-scheme heterojunction photo-
catalyst is quite distinct from type-II heterojunction (Fig. 6¢) [179].
In this way, compared to the other heterojunction photocatalysts,
Z-scheme heterojunction photocatalysts also achieve high charge
separation efficiency, but without any loss of its own strong redox
capacity. Furthermore, owing to the electrostatic attraction
between photogenerated charges of different electronegativity,
the transfer of charge carriers will become easier and more physi-
cally rational. Accordingly, the design of Z-scheme heterojunction
photocatalysts have drawn considerable interest in recent years,
also over UiO-66 [77,180-185]. For instance, Subudhi et al. [183]
designed phosphotungstic acid (HPW)@UiO-66 via a hydrothermal
method for H, evolution and photodegradation of tetracycline
hydrochloride (TCH). Under solar-light irradiation, 30 wt%
HPW®@UiO-66 showed a maximum degradation rate of 87.24% for
TCH, and a hydrogen generation of about 353.89 pmol/h. The
charge transfer way in HPW@UiO-66 was consistent with Z-
scheme heterojunction rather than type-II, which can be explained
for the following reasons: (a) the PL result demonstrated the quick
recombination of photogenerated electron-hole pairs; (2) the pho-
togenerated electron at the low VB (0.26 eV) of HPW in type-II
heterojunction was not available to react with O, to generate 05
(02/e0; = —0.33 eV vs normal hydrogen electrode (NHE)), but
the fact that e03 was the active agents participating in TCH pho-
todegradation has been confirmed by the scavenger test. Therefore,
the mechanism of Z-scheme can be able to more closely delineate
the charge transfer route of the degradation process (Fig. 6d).
Moreover, the construction of hierarchical microarchitectures can
further facilitate the electron-hole separation of Z-scheme hetero-
junction photocatalysts. Mu et al. [77] introduced MoS; nanosheets
in Z-scheme UiO-66-(COOH),/ZnIn,S, to construct novel efficient
photocatalysts with 3D hierarchical microarchitectures for hydro-
gen generation and Cr(VI) reduction. It was found that after a
one-step hydrothermal treatment, MoS, nanosheets and ZnIn,S,
with flower-like microspheres were closely contacted, and UiO-
66-(COOH), nanoparticles were decorated on ZnIn,S, nanosheets.
The formed hierarchical microarchitecture in UiO-66-(COOH),/
ZnIn,S4/MoS; provided an improved surface area to contact reac-
tants, as revealed by N, adsorption-desorption. UV-vis DRS sug-
gested that UiO-66-(COOH),/ZnIn,S4/MoS, showed an intense
light response enabling improved solar energy utilization. Notice-
ably, PL spectra consistently suggested that UiO-66-(COOH),/
Znln,S, showed a weaker emission profile than pristine Znln,S,,
indicating a rapid charge transfer in UiO-66-(COOH),/Znln,S,. Fur-
thermore, the PL emission profile of UiO-66-(COOH),/ZnIn,S,/
MoS, decreased significantly after the introduction of MoS,,
demonstrating that MoS, could further effectively enhance the
transport properties of photogenerated electrons. The tight interfa-
cial interactions between UiO-66-(COOH),, MoS, and ZnIn,S, can
provide highly exposed photocatalytic active sites and further pro-
mote electron-hole separation through Z-scheme mechanism,
thereby enhancing photocatalytic performance. Attractively, under
simulated solar irradiation, the optimized photocatalyst demon-
strated highly efficient hydrogen generation (18.794 mmol h™!
g 1) and Cr(VI) reduction (0.06850 min~'), about 15.3 and 6.7
times higher than that of pristine ZnlIn,S,, respectively.

The construction of heterojunctions is the most effective and
straightforward way to enhance photocatalytic performance.
This can not only avoid the disadvantage of inefficient
electron-hole separation suffered by the single component, but
also create a synergistic effect that greatly enhances the
photocatalytic performance. Based on this, future research could
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Table 2
Summary of photocatalytic reactions on CO, reduction, hydrogen generation organic pollutants removal and Cr(VI) reduction using various modified UiO-66 photocatalysts.[a]
Photocatalysts BET Band gap Reaction Photoactivity Reaction conditions Recycled  Ref.
times
NH,-Ui0-66 778 m*g~'  NJA The conversion of CO,  1.32 pmol h™! 50 mg of photocatalyst, 60 mL of MeCN and one [54]
mixed NH,-Ui0-66 734m’g'  N/A to HCOO™ 2.07 pmol h™! TEOA (5/1 v/v), 500 W Xe lamp, N/A [54]
800 nm > A > 420 nm
TiO,/Ui0-66 452m?g' 332eV The conversion of CO, 17.9 umol g'h™! 50 mg of photocatalyst, H,0 as electron donors, ~Five [156]
to CHy 300 W Xe lamp
TiO,/NH,-Ui0-66 202m?g™! 3.20eV  The conversion of CO, 4.24 umol g'h™' 3 mg of photocatalyst, H, as sacrificial agents, ~Three [161]
(TiOy); to CO 150 W Xe arc lamp, % > 325 nm
2.70 eV
(Ui0-66-
NH,)
CTU/0.6TiO, 177m?g' 2.59eV  The conversion of CO, 31.32 umol g'h~! 100 mg of photocatalyst, 2 mL of distilled H,O, Four [163]
to CO, CH4 (CO), 300 W Xe lampi > 300 nm
0.148 umol g 'h~!
(CHa)
0-ZnO/rGO/ Ui0-66- 877.3 m? 298 eV  The conversion of CO, 34.83 umolg'h™' 100 mg of photocatalyst, 100 mL of NaHCO3 Six [185]
NH, g! (0-Zn0O)  to CH30H and HCOOH (CH30H), aqueous solution (0.1 mol/L), 300 W Xe lamp,
2.82 eV 6.41 umol g'h™' %> 420 nm
(Ui0-66- (HCOOH)
NH,)
UiO-66-NH3/2 wt% 642.5 m? N/A The conversion of CO,  28.8 umol within ~ N/A 5 mL of TEOA and 3 mL of H,0, 500 W Xe  Six [204]
CNTs g ! to HCOOH 4 h of lamp, % > 400 nm
illumination
Ui0-66-NH/2 wt% GR  791.2 m? 2.64 eV The conversion of CO,  35.5 pmol within 20 mg of photocatalyst, 40 mL of DMF, 5 mL of Eight [176]
g ! to HCOOH 4 h of TEOA and 3 mL of H,0, 300 W Xe lamp,
illumination A > 410 nm
NUZ/HGN-35% 335m?g! 258eV  The conversion of CO, 31.6 umol g'h™' 10 mg of photocatalyst, 1 mL of TEOA and Five [181]
(NUZ) to CO 20 mL of H,0, 300 W Xe arc lamp, A > 400 nm
2.10 eV
(HGN)
Cu SAs/Ui0-66-NH, 856.5 m? N/A The conversion of CO,  5.33 umol g'h™! 0.1 g of photocatalyst, 50 mL of H,0 and 0.1 mL  Four [135]
g! to CH50H and C;HsOH  (CH50H), of TEOA, 300 W Xe lamp, A > 400 nm
422 pmol g'h ™!
(C,HsOH)
Ui0-66 N/A N/A Hydrogen generation 2.4 mL within 3 h 45 mg of photocatalyst, 22.5 mL of water and  ~ [29]
(Pt as cocatylst) methanol (3/1 v/v), 200 W Xe-doped Hg lamp
Ui0-66-NH, N/A N/A Hydrogen generation 4.5 mL within 3 h ~ [29]
(Pt as cocatylst)
Pt@Ui0-66-NH; 867m?g ! NJA Hydrogen generation 257.38 umol g 10 mg of photocatalyst, 18 mL of acetonitrile, ~ Four [122]
Th! 0.2 mL of H,0 and 2 mL of TEOA, 300 W Xe
Pt/Ui0-66-NH, 879m?g! NJ/A Hydrogen generation ~ 50.26 umol g 'h™!  lamp, A > 380 nm Four [122]
GOWPt@U6N-8 mL N/A N/A Hydrogen generation 18.15 mmol g 10 mg of photocatalyst, 0.05 g of Six [217]
Th! Erythrosiner B, 0.5 mL of TEOA and 100 mL of
MeCN, 300 W Xe lamp, % > 420 nm
Pt@Ui0-66-NH,-100 948 m?g ! 3.02eV  Hydrogen generation  381.2 umolg'h™' 10 mg of photocatalyst, 27 mL of acetonitrile, ~ Ten [93]
0.5 mL of H,0 and 2.5 mL of TEOA, 300 W Xe
lamp, A > 400 nm
Ui0-66@ZnIn,S,4 N/A 2.59 eV Hydrogen generation 3061.61 pumol g 40 mg of photocatalyst, 85 mL of H,0 and Four [167]
Th! 15 mL of TEOA and 85 mL of H,0, 300 W Xe
lamp, A > 400 nm
CdS/Ui0-66(10) N/A 24eV Hydrogen generation 1725 pmol g 'h™! 16 mg of photocatalyst, 31 mL of 27:3:1 MeCN/  Three [67]
(CdS) lactic acid/H,0, 300 W Xe lamp, A > 380 nm
4.1 eV
(Ui0-66)
MoS,/Ui0-66/CdS 407.63 m> NJA Hydrogen generation 650 pmol h™! 20 mg of photocatalyst, 80 mL of aqueous Four [218]
g! solution containing 10% of lactic acid, 300 W Xe
lamp, A > 420 nm
Ui0S-Cds0.7 4472 m? 2.98 eV Hydrogen generation 15.32 mmol g~ 10 mg of photocatalyst, 20 mL of aqueous Four [78]
g (Ui0-66- Th! solution with 0.35 mol/L Na,S03-9H,0 and
(SH),;) 0.25 mol/L Na,S03, 225 W Xe lamp,
780 nm > A > 420 nm
TCPP@UiO-66(25%) 1002 m? N/A DF degradation 99 %in4 h 5 mg of photocatalyst, 50 mL of DF solution Four [43]
g! 350 W Xe lamp, 200 nm < 2 < 1200 nm
CoUiO-1 (Zr: Co mole 81518 m?> ~3.64 eV TC degradation 94 % 20 mg of photocatalyst, 100 mL of TC solution  Four [228]
ratio=1) g! (20 mg L™1), 300 W Xe lamp
Ag,C05/Ui0-66 522m?g! NJ/A Rh B degradation Mostly removed 15 mg of photocatalyst, 30 mL RhB aqueous Four [227]
in2h solution (0.03 mM), 500 W halogen lamp,
g-C5N4/Ui0-66 1133 m? 3.79 eV Rh B degradation 0.00899 min~! 20 mg of photocatalyst, 50 mL of RhB solution  Four [151]
(solvothermal g! (10 ppm), 500 W Xe lamp, 420 nm < A < 760 nm
reaction)
g-C3N,4/Ui0-66 384m?g ! 272eV MB degradation about 100 %¥in4 h 50 mg of photocatalyst, 200 mL of MB solution  Five [172]
(anneal) (10 mg L"), 350 W Xe lamp,

15

420 nm < % < 780 nm

(continued on next page)
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Table 2 (continued)
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Photocatalysts BET Band gap Reaction Photoactivity Reaction conditions Recycled Ref.
times
Ui0-66@Zn0/graphene  626.55 m? 2.3 eV TC and 81% (TC) and 20 mg of photocatalyst,50 mL of pollutant Four [184]
oxide g ! malathion degradation 100% (malathion) solution (20 mg/L), 500 W Hg lamp, A > 400 nm
in 90 min
BiOBr/UiO-66 N/A 2.80 eV Atrazine degradation about 88% in4 h 25 mg of photocatalyst,50 mL of Four [232]
atrazine solution (5 mg/L), 300 W Xe lamp,
A > 400 nm
S-TiO,/UiO-66-NH, 167.17 m? 2.75eV Cr(VI) reduction 94.9 % in 45 min 10 mg of photocatalyst, 50 mL of K,Cr,05 Four [162]
g ! solution (5 mg L~! Cr(VI)), 50 mW LED lamp
g-C3N,4/Ui0-66 434m?g' ~2.78 eV Cr(VI) reduction 99 % in 40 min 100.0 mg of photocatalyst, 200 mL of K,Cr,0;  Six [182]
solution (10 mg L~! Cr(VI)), 300 W Xe lamp
U-OCI-Ti 462m’g' 264eV Cr(VI) reduction N/A 40 mg of photocatalyst, 40 mL of Cr(VI) Two [81]
solution (50 ppm), 300 W Xe lamp
Uio - 0Cl — N N/A N/A Cr(VI) reduction 89.4%in3h 40 mg of photocatalyst, 40 mL of Cr(VI) Three [108]
solution (50 ppm), 300 W Xe lamp
UiO-66-NH, N/A N/A Cr(VI) reduction >98.0% in 2 h 20 mg of photocatalyst, 30 mL of Cr(VI) Twenty [243]
membrane (5 ppm), 300 W Xe lamp, A > 400 nm
AgCO@Ui0/GO N/A N/A Cr(VI) reduction, MB almost 100% 20 mg of photocatalyst, 100 mL of Cr(VI) Four [180]
membrane degradation (10 mg/L) of 100 mL of MB (20 mg / L), 500 W

Xe arc lamp

[a] Abbreviations: BET = Brunauer — Emmett — Teller specific surface area; MeCN = methyl cyanide; TEOA = triethanolamine; NA = not available; 0-ZnO/rGO/UiO-66-
NH,; = Oxygen-defective ZnO/reduced graphene oxide/UiO-66-NH,; GR = graphene; CNTs = carbon nanotubes; DMF = N,N-dimethylformamide; NUZ/HGN-35%=UiO-66-NH,/
g-C3N4-35%; SAs = single-atom catalysts; GOWPt@UG6N = graphene-wrapped Pt@UiO-66-NH,; Ui0S-CdS0.7 = Ui0-66-(S-CdS), with 70 wt% of Cd(NOs),-4H,0; TCPP = tetrakis
(4-carboxyphenyl) porphyrin; DF = diclofenac; TC = tetracycline; Rh B = rhodamine b; MB = methylene blue; LED = light emitting diode; U-OCI-Ti = ZrOCl,-8H,0-based Ui0O-66
with Ti substitution; UiO-OCI-N = ZrOCl,-8H,0-based nonsolvent-assisted UiO-66; AgCO@UiO/GO = Ag,CO3;@UiO-66NH;/graphene oxide.
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Fig. 7. Schematic illustration of (a) the mechanism for photocatalytic reaction about CO, reduction, hydrogen production, removal of organic pollutants, and Cr(VI) reduction
over UiO-66-based photocatalyst; (b) the proposed mechanism for photocatalytic CO, over NH,-UiO-66 under visible-light irradiation; (c) the proposed mechanism for
photocatalytic CO, over TiO,/UiO-66-NH, heterojunctions; (d) the proposed mechanism for photocatalytic CO, over CTU/TiO,. Adapted with permission from Ref.

[54,161,163], Copyright 2017 and 2019, Elsevier, Copyright 2013, WILEY-VCH.

focus on the preparation of other high-performance
semiconductor@UiO-66 heterojunction photocatalysts by taking
the advantages of UiO-66. In addition, the rational design of
heterojunction photocatalysts with efficient structures is still
necessary. For instance, the formation of strong chemical bind-
ing interactions between the individual components of the
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heterojunction could be an interesting topic for future research,
which could not only further enhance the electron-hole separa-
tion efficiency but also benefit the stability of the composites.
More importantly, further systematic studies are also needed
to directly reveal the actual transport routes of electron-hole
pairs at the heterojunction interface.
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4. Photocatalytic applications of modified UiO-66

Decreasing society’s dependence on fossil fuels and alleviating
the environmental hazards of industrialization are among the most
urgent energy and environmental challenges we face today
[186,187]. Modified UiO-66 possess superb water stability, high
photostability, fast photogenerated charge separation and migra-
tion rate, making these materials to be the ideal photocatalysts
for boosting the carbon-neutral energy cycle and solving environ-
mental remediation issues. In this section, modified UiO-66 photo-
catalysts in the field of photocatalysis related to CO, reduction,
hydrogen generation, environmental remediation (removal of
organic pollutants, Cr(VI) reduction and so on) are introduced
(Table 2). The main steps in the photocatalytic process over the
modified UiO-66 photocatalysts are illustrated in Fig. 7a: (a) the
adsorption of CO,, protons, organic pollutants and Cr(VI) by the
porous modified UiO-66; (b) the absorption of light photons by
the modified UiO-66 photocatalyst to generate electron-hole pairs;
(c) the separation and migration of these photogenerated charge
carriers (Eq. (1)); and (d) the reduction of the adsorbed CO, to valu-
able chemicals/fuels (Eq. (2)), protons to H; (Eq. (3)), and Cr(¥T) to
Cr(III) (Eq. (8) and (9)) by photogenerated electron at the CB, and
the oxidation of organic pollutants to harmless degradation prod-
ucts by photogenerated hole, 05 and hydroxyl radical (eOH) (Eq.
(7)) [188,189]. And 03 are obtained from the reduction of oxygen
by photogenerated electrons (Eq. (4)), while «OH might be gener-
ated by the reaction of photogenerated holes with OH™ or H,0
(Eq. (5) and (6)).

UiO - 66 - based photocatalysts ™ e~ + h * 1)
CO; + e~ — valuable chemicals/fuels
(CO,CH,4, COOH,CH;0H and soon)

2H* +2e —H,

0, +e —-0;

h* +OH —-OH

h* +2H,0-2.-0H + H*

Organic pollutants + -OH, -0, orh *

— Degradation products
Cr,02” +14H " 4+ 6e” —2Cr’ © + 7H,0

CrO;” + 4H,0 + 3e” — Cr(OH); + 50H"

4.1. Boosting the carbon-neutral energy cycle

Society’s ongoing dependence on fossil fuels and the growing
energy demand make the emission of carbon dioxide into the
atmosphere a serious global problem [190-193]. Carbon dioxide,
methane and hydrogen are thought to be at the heart of a possible
solution to this problem by achieving a carbon-neutral energy
cycle [194]. Specifically, this problem could be potentially
addressed through the deployment of CO, capture and storage,
methane as a transitional fuel and hydrogen as a long-term fuel.
Absolutely, in this energy cycle, other available carbonaceous fuels
are also available as alternatives to fossil fuels [195,196].
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4.1.1. CO5 reduction

As part of CO, capture and storage step, UiO-66 could be
employed as an CO, solid adsorbent by virtue of its capacity to
adsorb CO, at room temperature with low energy requirements
[197-199]. Besides, in accordance with the deployment of sustain-
able development and the transitional fuels, the conversion of CO,
into valuable chemicals/fuels (such as CH,4, CO, HCOOH and so on)
through artificial photosynthesis has grabbed extensive attention
[200-203]. By virtue of its porous nature and its modified photocat-
alytic properties, UiO-66 can achieve both adsorption and conver-
sion of CO,. For instance, by complete replacement of the organic
linker H,BDC over UiO-66 with H,ATA, Sun et al. [54] developed
Ui0-66-NH, with visible-light response toward the conversion of
CO, to HCOO™. The presence of the -NH, groups were beneficial
for the adsorption of CO, by MOF. At 1 atm and 273 K, the maxi-
mum CO, adsorption of Ui0-66-NH, was 68 cm® g~!, higher than
Ui0-66 (53 cm® g~ 1). The yield of HCOO™ over NH,-Ui0-66 reached
13.2 pmol in 10 h, however, UiO-66 exhibited negligible ability for
CO, conversion, and this could be contributed to visible-light har-
vesting of the H,ATA linker and photogenerated electrons injection
from H,ATA to Zr oxo clusters in UiO-66-NH, (Fig. 7b). The authors
confirmed the stability of UiO-66-NH, with no significant change
in structure after the reaction. The prolonged photocatalytic reac-
tion showed a steady increase in HCOO™~ production over 24 h,
which further supported the stability of UiO-66-NH, during photo-
catalytic reaction. Furthermore, the authors partially replaced the
H,ATA over UiO-66-NH; with 2,5-diaminoterephthalic acid to pre-
pare mixed UiO-66-NH,, which demonstrated a further enhanced
visible-light response and greater adsorption of CO, with the sec-
ond NH, groups. As expected, under the identical conditions, the
mixed UiO-66-NH; produced 20.7 mmol of HCOO™ in 10 h, exceed-
ing by>50% compared to UiO-66-NH; (13.2 mmol). The mixed UiO-
66-NH, produced 7.28 mmol HCOO™ under irradiation at wave-
lengths>515 nm, while no HCOO~ was detected for UiO-66-NH,
under irradiation in this spectral region. This work confirmed that
amine-functionalized UiO-66 can exhibit CO, photocatalytic
reduction activity by the introduction of aromatic molecules with
NH, groups in the organic linker.

Loading semiconductor materials onto the UiO-66 surface to
form heterojunctions is an effective and facile approach to boost
photocatalytic properties by preventing the aggregation of semi-
conductor materials to more exposed active sites [165]. For
instance, Ma et al. [156] developed TiO,/UiO-66 heterostructures
as efficient photocatalysts for CO, conversion by assembling TiO,
nanoparticles on UiO-66. The TiO,/Ui0-66 with adding 10 mg
Ui0-66 showed significantly higher specific surface area (452 m?/
g) than TiO, (213 m?/g) as a consequence of loading of UiO-66
(1268 m?/g). Additionally, the TiO,/UiO-66 heterostructures fully
maintained the light absorption ability of TiO, without shielding
by UiO-66 incorporation, and possessed the similar bandgap
energy of 3.32 eV to TiO,. Using water as proton donors, the
TiO,/UiO-66 heterostructures with adding 10 mg UiO-66 reached
the best CH, formation rate of 17.9 pmol g~ 'h~! and photocatalytic
selectivity of 90.4 %. Under light irradiation, the exposed UiO-66
and the outer layers of TiO, could readily absorb photons to gener-
ate electron-hole pairs, and the photogenerated electron-hole pairs
will be separated according to the type-I heterojunction charge
transfer due to the well-matched band gap (Fig. 5f). The photogen-
erated electrons reduced the adsorbed CO, to generate CH,, while
the holes reacted with surface H,O to produce O,. However, the
authors found that the enhanced photocatalytic activity was not
primarily accomplished by efficient internal photogenerated
charge transfer and separation, which can be principally con-
tributed to valid enrichment of CO, molecules in the exposed
active sites, and particularly noticeable in diluted condition. More-
over, the TiO,/UiO-66 heterostructures exhibited good stability
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during 5 cycling tests due to the strong interfacial interaction
between UiO-66 and TiO, preserving the composite structure. Pho-
tocatalytic activity is not proportional to the CO, molecules’
adsorption capacity, which has an optimum percentage of loading.
Using as-prepared UiO-66-NH, and TiO, nanosheets, Crake et al.
[161] constructed novel TiO,/Ui0-66-NH, photocatalysts for
adsorption and conversion of CO,. Under UV-vis irradiation, the
as-prepared photocatalysts containing 25 wt% UiO-66-NH, exhib-
ited the greatest photocatalytic ability toward conversion of CO,
to CO (4.24 umol g'h~"), and containing 37 wt% Ui0-66-NH, pos-
sessed the maximum CO, molecules uptake capacity
(0.56 mmol g 1). This result can be explained by the following pos-
sible reasons: (a) the appropriate UiO-66-NH; content acted as the
support to provide suitable porosity for CO, adsorption and pre-
vent TiO, nanoparticles from aggregating to more exposed active
sites, but excess UiO-66-NH, would make it contain small amounts
of photoactive TiO,, resulting in reduced photocatalytic ability; (b)
the formation of TiO,/Ui0-66-NH, heterojunctions can accelerate
charge transfer and avoid the recombination of charge carriers,
and yet excess UiO-66-NH, may diminish the number of hetero-
interfaces in TiO,/UiO-66-NH, nanohybrids (Fig. 7c). The type-II
heterojunction charge transfer (Fig. 7c) allowed quick migration
of photogenerated electrons from the UiO-66-NH, CB to the TiO,
CB and holes to the opposite direction. Subsequently, CO, were
photocatalytically reduced to CO by photogenerated electrons pri-
marily on TiO,. Moreover, this photocatalyst exhibited no apparent
deactivation after three consecutive times.

As mentioned above, partially or completely substituting the
organic ligand H,BDC of UiO-66 with a light-harvesting organic
ligand can broaden its optical absorption. In addition to the organic
linker partial substitution of UiO-66 for the CuTCPP (Cu(II) tetra(4-

co,
CH,OH, HCOOH

UiO-66-NH,

Coordination Chemistry Reviews 458 (2022) 214428

carboxylphenyl)porphyrin) with light-harvesting characteristic,
Wang et al. [163] integrated as-prepared CTU (CuTCPP ¢ UiO-66)
or TU (TCPP ¢ UiO-66) and inorganic semiconductor TiO, to syn-
thesize CTU/TiO, and TU/TiO, nanocomposites toward the conver-
sion of CO, to CO, respectively. After the introduction of CuTCPP
into UiO-66, the absorption intensity of the CTU dramatically
enhanced in visible light region due to the great light-harvesting
capability of CuTCPP. The maximum CO production rate of the
CTU/TiO, nanocomposites reached 31.32 pmol g'h™!, larger than
TU/TiO, and single TiO,. For photocatalytic activity better than
TU/TiO, can be ascribed to the coordination of Cu?* ions with the
nitrogen atoms in TCPP, and thus forming another LMCT to amelio-
rate photocatalytic reactions. The 7-fold greater photocatalytic
activity than pristine TiO, was primarily due to the improved
charge separation caused by the high-efficiency synergistic effect
between them. As shown in Fig. 7d, under Xe lamp light, both
CTU and TiO, can be excited to generate electron-hole pairs. The
type-II band alignment after combination induced a rapid transfer
of photogenerated electrons from the CTU LUMO to the TiO, CB
and holes to the opposite direction, thus improving charge separa-
tion. The photogenerated electrons in the CB of TiO, can reduce
CO, to CO and low yielding methane (0.148 pmol g'h™"). Addi-
tionally, the formation of oxygen vacancies during the synthesis
of CTU/TiO, was confirmed by X-ray photoelectron spectroscopy,
which could provide sufficient photoactive sites for CO, reduction
and facilitate charge transfer. Taking advantage of the significant
effect of oxygen defects on photocatalytic performance, Meng
et al. [185] synthesized an innovative oxygen-defective ZnO (O-
Zn0)/reduced graphene oxide (rGO)/Ui0-66-NH, multiphase com-
posite for photocatalytic reduction of CO, to CH30H and HCOOH
via a solvothermal method. The best-in-class photocatalytic

AR
UIO-66-NH,

Fig. 8. Schematic illustration of the proposed mechanism of photocatalytic CO, over (a) the 0-ZnO/rGO/UiO-66-NH,; (b) UiO-66-NH,/GR hybrids; (c) NUZ/HGN-35%; (d) Cu
SAs/UiO-66-NH,. Adapted with permission from Ref. [135,176,181,185], Copyright 2020, American Chemical Society, Copyright 2018, Elsevier, Copyright 2019 and 2018,

American Chemical Society.
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activity was exhibited by the as-prepared photocatalysts, where
the evolution rates of CH;0H and HCOOH were as high as 34.85
and 6.40 umol g~ 'h~?, respectively. The presence of oxygen vacan-
cies was vital in promotive photocatalytic activity, which can facil-
itate the adsorption and activation of CO,, and might sever as
photogenerated electron acceptors to hinder the photogenerated
charge recombination. The transfer of photogenerated electron-
hole on prepared photocatalyst followed the Z-scheme mecha-
nism. Specifically, the CB (-0.65 eV vs NHE) of UiO-66-NH, was
more negative compared to the CO, reduction potential (CO,/CHs-
OH =-0.38 eV and CO,/HCOOH = -0.61 eV), the electrons accumu-
lated on the CB of UiO-66-NH, can easily reduce CO, to CH30H and
HCOOH (Fig. 8a). Moreover, the introduction of rGO with electrical
conductivity, which can not only reinforce the contact between
UiO-66-NH; and O-ZnO, but also generate new photogenerated
electron transfer channels, thus significantly increasing the reduc-
tion efficiency (Fig. 8a). After six cycles, the photocatalytic activity
of 0-ZnO/rGO/Ui0-66-NH, did not decrease significantly, and the
crystal structure and morphology of the material did not change
noticeably after the reaction. These implied that the high stability
of the 0O-ZnO/rGO/UiO-66-NH, during the photocatalytic CO,
reduction.

In contrast to the above method of constructing heterojunc-
tions, coating UiO-66 on the surface of nanomaterials is another
available way to strengthen the photocatalytic performance. For
example, by using UiO-66-NH, and carbon nanotubes (CNTs) as
photocatalyst and co-catalyst, respectively, Wang et al. [204] pre-
pared hierarchical UiO-66-NH,/CNTs heterojunctions for CO,
reduction. After exposure to visible light for 4 h, the maximum
HCOOH evolution of 18.2 pmol was achieved with 2 wt% CNTs in
UiO-66-NH,/CNTs, due to the tight binding of UiO-66-NH; to CNTs
and uniform dispersion of UiO-66-NH; on CNTs surfaces. Their cat-
alytic ability derived from the visible light excitation of UiO-66-
NH, to yield photogenerated electron-hole pairs, after which the
holes reacted with H,O molecules to form H* intermediate prod-
ucts, and then produced HCOOH in gradual hydrogenation with
CO, molecules. Besides, after six cycles, Ui0-66-NH,/CNTs hetero-
junctions maintained relatively stable photocatalytic activity and
intact crystal structure, due to a good connection between them.
In addition, the robust photocatalyst, UiO-66-NH, nanocrystals
(14.5 nm) highly dispersed onto graphene (GR) by a facile
microwave-induced method, was prepared for CO, reduction
[176]. UiO-66-NH, were uniformly dispersed on the surface of
GR, and the aggregation of UiO-66-NH, synthesized by
microwave-induced method can be well avoided by introducing
GR. Due to the better interactions of the -NH, groups with CO,,
UiO-66-NH,/GR showed an excellent CO, adsorption ability with
a maximum uptake of 73 cm® g~'. Photoelectrochemical results
indicated the introduction of GR on UiO-66-NH, could improve
the utilization visible light efficiency and enhance electron transfer
by alleviating recombination of photogenerated electron-hole pairs
in UiO-66-NH,. The obtained UiO-66-NH,/GR hybrids displayed
the maximum selectivity of 78.6% for CO, to HCOOH reduction,
in which CO, photoreduction efficiency (35.5 pmol within 4 h of
illumination) reached approximately 11 times higher than pristine
UiO-66-NH,. This extraordinary photocatalytic activity was princi-
pally derived from the synthetic route of the microwave-induced
method. This synthetic route enabled the rapid in situ crystalline
growth of Ui0-66-NH, on GR due to the presence of local “super
hot” dots on GR, resulting in suitable particle size, strong junctions
and well dispersed on GR [205]. These advantages provided short
paths and little resistance to charge transfer in photocatalytic pro-
cess [206]. Meanwhile, under visible light irradiation, the high gen-
eration of HCOOH was well-maintained even after eight cycles,
which indicated that the excellent stability of UiO-66-NH;,/GR syn-
thesized by microwave-induced method. Moreover, the CB of UiO-
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66-NH,/GR hybrids was —0.82 eV, higher than the CO,/HCOOH
reduction potential (-0.66 eV) and can trigger the conversion of
CO, to HCOOH (Fig. 8b) [207,208]. With a view to maximizing
the CO, reduction efficiency of heterojunctions, the choice of syn-
thesis method is of particular importance. To further confirm it,
Wang et al. [181] presented a series of UiO-66-NH;/g-C5N, com-
posites containing 35 wt% g-C3N4 via in situ solvothermal, physical
and electrostatic method, respectively. After 12 h of illumination,
maximum photocatalytic efficiency achieved by in situ solvother-
mal synthesis of samples, and the obtained CO yield of 31.7
umol g 'h~!. After the introduction of g-C5N,, the absorption edges
of Ui0-66-NH,/g-C5N,4 showed slight red shifts and enhanced light-
harvesting ability due to the interaction between UiO-66-NH, and
g-C3Ny. Compared to samples synthesized by other synthetic
methods, in situ solvothermal process, the — NHy groups on
ultra-thin g-C3N4 can be used to immobilize the UiO-66-NH,
nanocrystals to form the NHy — Zr — O bond, allowing them to
be tightly joined (Fig. 8c). The CB positions of Ui0-66-NH, and
g-C3N4 were — 0.65 and — 1.24 eV vs NHE. Thus, based on the ther-
modynamics, UiO-66-NH; and g-CsN,4 possessed matched CB posi-
tions to the reduction of CO, to CO (—0.48 V vs NHE). It was this
chemical bonding that enabled faster interfacial charge mobility
between UiO-66-NH, nanocrystals and g-C3Ny, leading to elevated
photocatalytic CO, reduction performance. The chemical bonding
also effectively immobilized UiO-66-NH, on g-CsN4 and sup-
pressed the leaching of UiO-66-NH,, which led to the good stability
of Ui0-66-NH,/g-C5N,.

Single-atom catalysts with sufficient catalytic active sites and
high atomic availability, bringing catalytic science to an atomic-
scale perspective, have attracted widespread attention [123-134].
Wang et al. [135] recently employed a photoinduction method to
chemically immobilize isolated Cu SAs into UiO-66-NH, structure
to obtain Cu SAs/UiO-66-NH, with coordination mode of atomic
level. The loadings of Cu elements were 0.39 wt% in Cu SAs/UiO-
66-NH,, lower than 0.82 wt% in Cu NPs/UiO-66-NH,. TEM images
(Fig. 4b, c) did not observe visible sign for the presence of Cu NPs
in Cu SAs/Ui0-66-NH,, but isolated Cu SAs as identified by aberra-
tion corrected high-angle annular dark-field scanning TEM
(Fig. 4d). The relevant atomic structure characterizations revealed
that the Cu atoms were anchored with two N atoms at the atomic
level by the UiO-66-NH, support. Cu SAs/UiO-66-NH, and Cu
NPs/UiO-66-NH, exhibited similar light absorption with a maximum
absorption peak at 500 nm, revealing that the presence of Cu can
enhance visible light harvesting ability. However, after 10 h of con-
tinuous illumination, the formation rate of methanol and ethanol for
Cu SAs/Ui0-66-NH, were approximately 5.33 and 4.22 pmol g 'h™,
respectively, which were significantly greater than Cu NPs/UiO-66-
NH, and the trace products of pristine UiO-66-NH,. This indicated
the importance and high atomic usability of the incorporation of
Cu SAs. Time-resolved PL spectra demonstrated that markedly pro-
longed lifetime of photogenerated carriers in Cu SAs/UiO-66-NH,.
Also, the significantly enhanced charge separation efficiency of Cu
SAs[UiO-66-NH, as revealed by photoelectrochemistry properties.
These results indicated that the separation and transfer efficiency
of Cu SAs/UiO-66-NH, was remarkably improved due to the
increased electron trapping ability of Cu SAs in UiO-66-NH,.
The plausible mechanism of CO, reduction was proposed by the
authors in Fig. 8d. As normal, photogenerated electron-hole pairs
were excited and generated over UiO-66-NH, upon visible light,
and then photogenerated electrons transferred from H,ATA to the
Zr oxo cluster. Notably, photogenerated electrons can also be
transferred to Cu atoms and changed their valence state, then acti-
vating CO, adsorbed on UiO-66-NH, to gradually form ethanol and
methanol under adequate photogenerated electrons in Cu SAs. More
importantly, the stability test indicated that the Cu SAs/UiO-66-NH,
with no visible active degradation after four cycles, suggesting the
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Fig. 9. Schematic diagrams for (a) the synthesis of Pt/Ui0-66-NH, and Pt@UiO-66-NH,, highlighting the photocatalytic hydrogen production process on Pt@UiO-66-NH5; (b)
photocatalytic hydrogen evolution over Pt@UiO-66-NH, with structural defects; (c) the mechanism involved in the bidirectional electron transfer between the inner and
outer decoration of UiO-66-NH,. Adapted with permission from Ref. [93,122,217], Copyright 2019, 2016 and 2018 WILEY-VCH.

robust bonding between isolated Cu SAs and the UiO-66-NH,
support.

4.1.2. Hydrogen generation

Hydrogen, as a long-term and clean fuel, is the ideal alternative
to fossil fuels and can help maintain a sustainable energy future
[209-213]. Recently, tremendous progress has been devoted to
employing artificial photocatalytic materials to decompose water
for hydrogen generation [188,210,214-216]. Similarly, the
exploitation of modified UiO-66 for hydrogen generation through
water splitting has attracted considerable interest. For instance,
Silva et al. [29] selected UiO-66 and aminated-UiO-66 (UiO-66-
NH,) as photocatalysts for hydrogen generation in water/methanol
mixtures. The authors found that UiO-66 and UiO-66-NH, were
isoreticular and the introduction of -NH, groups present in the
micropores. Nevertheless, the presence of -NH, groups possessed
dramatic effect on the photocatalytic performance of UiO-66.
Exposure of UiO-66 in water/methanol with visible light did not
lead to hydrogen generation. Similarly, UV irradiation of UiO-66
did not detect hydrogen in a solution without sacrificial electron
donors. In contrast, UiO-66 exhibited poor hydrogen generation
activity only in the presence of methanol as a sacrificial electron
donor and UV illumination. Another, UiO-66-NH, demonstrated a
slightly better hydrogen generation activity and emerged with an
additional light photoresponse than pure UiO-66 owing to the
presence of the NH, groups. Obviously, the presence of —NH,
caused a new strong absorption band at 300 ~ 440 nm, which
was not present in the parent UiO-66. However, the authors did
not proceed to investigate the hydrogen generation activity of
UiO-66-NH, under visible light. Additionally, the authors intro-
duced Pt NPs on the UiO-66 and UiO-66-NH, surface, respectively,
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and achieved a significant increase in hydrogen generation activity.
The authors further clearly confirmed that methanol was the most
likely hydrogen source, and water improved the photocatalytic
performance. Also, the spectroscopic evidence based on laser flash
photolysis supported long-lived charge separation of UiO-66.
These works carried out by the authors, although they did not
achieve satisfactory results in terms of photocatalytic activity, pro-
vides an opportunity for future functional modifications of UiO-66.

Further, by introducing Pt NPs into different positions of amino-
functionalized UiO-66-NH,, Xiao et al. [122] prepared Pt-decorated
UiO-66-NH; nanocomposites (Pt/UiO-66-NH, and Pt@UiO-66-
NH,), verified the feasibility of hydrogen generation under visible
light and the influence of different Pt NPs modification positions
on hydrogen generation activity (Fig. 9a). No accumulation of Pt
NPs occurred in Pt/UiO-66-NH, and Pt@UiO-66-NH, and their par-
ticle size remained around 3 nm. Both samples exhibited approxi-
mately the same band gap (2.76 eV), but Pt@UiO-66-NH,
possessed a stronger absorption than Pt/UiO-66-NH,. This was
ascribed to the close packing between UiO-66-NH, and Pt which
contributed to markedly high scattering at long wavelengths.
Under visible-light irradiation, all Pt-decorated UiO-66-NH,
nanocomposites displayed remarkably ameliorated hydrogen pro-
ductivity over pure UiO-66-NH, due to the low overpotential of Pt,
which acted as an ideal photogenerated electron capture and a
reduction site for hydrogen generation. However, the Pt@UiO-66-
NH, displayed a significantly enhanced hydrogen generation rate
(257.38 mmol g'h™!), which was approximately 5 times better
over Pt/Ui0-66-NH; (50.26 mmol g'h™'). The strengthened cat-
alytic activity was owing to the shorter electron transport distance
and better charge separation efficiency of Pt NPs decorated within
Ui0-66-NH,. Moreover, the decoration of Pt NPs within the
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Ui0-66-NH, can effectively protect against leaching and agglomer-
ation of Pt NPs, exhibiting high stability and recyclability. Besides,
with the superiority of the Pt NPs decoration inside UiO-66-NH,
(Pt@U6BN), Wang et al. [217] also demonstrated that wrapping
the outer surface of Pt@U6N with graphene oxide served to facili-
tate photogenerated electrons transfer on the surface (Fig. 9c).
Except for pre-functionalization of organic linkers, the construc-
tion of dye-sensitized systems using RhB dye and ErB dye to sensi-
tize Pt loaded UiO-66, is also an efficient strategy to enhance the
visible light photoresponse [137,141]. In addition, defect engineer-
ing is available for modulating the energy band and electronic
structure of semiconductor materials [106]. Ma et al. [93] used
acetic acid as the modulator to introduce structural defects in
UiO-66-NH,-X (X = the molar equivalents of acetic acid), systemat-
ically investigated the effect of structural defects on photocatalytic
performance. All UiO-66-NH,-X had a strong light-harvesting
capacity and were almost independent of the structural defects
or particle size. However, negligible hydrogen generation
(9.4 pmol g''h~!) achieved by Pt@Ui0-66-NH,-0 with few struc-
tural defects. With increasing structural defects, the photocatalytic
hydrogen generation efficiency exhibited a volcano-type trend.
Pt@UiO-66-NH,-100 had the most moderate defect structure for
causing the energy of the unoccupied d orbital of Zr atoms to
decrease and promoting photogenerated electron-hole separation,
exhibiting the highest activity (381.2 umol g 'h~!) (Fig. 9b). More-
over, Pt@Ui0-66-NH,-100 can be recycled at least 10 times and its
structure well retained without significant leaching or aggregation
of Pt NPs, showing excellent prospects for practical applications.
The encapsulation of Pt NPs in MOFs has been shown the
enhanced photogenerated electron-hole separation. Similarly, this
could also be achieved with encapsulation of Au nanodots in MOFs.
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+
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o
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Au nanodots in the pores of thiol-functionalized UiO-66 though the
adsorption force of thiol worked as photogenerated electron accep-
tors due to the Schottky junction, resulting in highly efficient sep-
aration of charge carriers [121]. Although the encapsulation of
noble-metals has been shown to explosively strengthen photocat-
alytic activity, its cost and scarcity will hinder large-scale dissem-
ination. Moreover, the excess concentration of noble-metal NPs
will agglomerate on the surface, becoming the recombination cen-
ter of photogenerated charge carriers and reducing catalytic
efficiency.

The noble-metals can be used as co-catalysts to enhance the
hydrogen generation efficiency of modified UiO-66 photocatalysts,
however, UiO-66 also can be more effective co-catalysts for pro-
moting hydrogen generation activity with other semiconductor
materials. Peng et al. [167] developed effective visible-light-
driven photocatalysts (UiO-66@ZnIn,S,4) by encapsulating UiO-66
octahedral nanoparticles with ZnIn,S; nanosheets for hydrogen
generation (Fig. 10a). Almost no H, was generated when using
UiO-66 alone because UiO-66 has negligible visible light absorp-
tion. Notably, the hydrogen generation rate of the optimum UiO-
66@ZnIn,S; was 3061.61 pmol h™! g!, which was consider-
ably>5% Pt loaded ZnIn,S, and Ui0-66/ZnIn,S,. This demonstrated
that the hierarchical structure with a tight contact interface
formed by the surface modification of UiO-66 on ZnIn,Sy
nanosheets can effectively facilitate photogenerated charge carrier
separation. The mechanism of high hydrogen generation perfor-
mance in the UiO-66@ZnIn,S, were proposed in Fig. 10b. It was
suggested only the ZnIn,S, with visible-light harvesting could
generate charge carriers. The photogenerated electrons at the CB
(-1.01 eV vs NHE) of ZnIn,S4 could be rapidly injected to the LUMO
(-0.64 eV vs NHE) of UiO-66 because of more negative CB of

ZnCl, + InCl, + TAA

80°C,2h

MOF

Fig. 10. Schematic illustration of (a) the synthetic process for UiO-66@ZnIn,S, photocatalyst, (b) the photocatalytic mechanism for hydrogen evolution over UiO-66@ZnIn,S,
photocatalyst under visible light irradiation; (c) the photocatalytic mechanism for hydrogen evolution over CdS/UiO-66 composites. Adapted with permission from Ref.

[67,167], Copyright 2018, American Chemical Society and Copyright 2020, Elsevier.
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Fig. 11. Schematic illustration of (a) the fabrication of MoS,/UiO-66/CdS composites; (b) the charge transfer in the MoS,/UiO-66/CdS composite under visible light
irradiation; (c) the synthesis process of UiOS-CdS composites; (d) the charge transfer process over UiOSCdS0.7 photocatalyst under visible light irradiation. Adapted with

permission from Ref. [78,219], Copyright 2021 and 2015, Elsevier.

Znln,S,, and then reacted with H* to generate H,. Meanwhile, the
photogenerated holes at the VB of ZnIn,S4 were quenched by the
sacrificial agent, avoiding the recombination of charge carriers.
Notably, during the photocatalytic reaction, the wavelength of inci-
dent light largely influenced the rate of hydrogen generation and
apparent quantum yield of the Ui0-66@ZnIn,S,. Upon 400 nm inci-
dent monochromatic light, UiO-66@ZnIn,S; possessed a high
apparent quantum yield of 19.39% than at 420 nm (9.84%), indict-
ing visible light excitation can indeed drive hydrogen generation.
Additionally, after 4 cycles, the hydrogen generation efficiency of
UiO-66@ZnIn,S, did not deactivate apparently, demonstrating
the good stability of the prepared photocatalyst.

The same is true for metal sulfide modification of UiO-66, Xu
et al. [67] developed a series of CdS/UiO-66 nanocomposites to
generate hydrogen from photocatalytic water splitting. The system
employing UiO-66 alone did not generate hydrogen due to its
unresponsive property to visible light. After modifying UiO-66
with CdS, CdS/UiO-66 nanocomposites featured absorption proper-
ties of both constituents, and the visible absorption increased with
increasing CdS content in the nanocomposites. All the CdS/UiO-66
nanocomposites showed considerably enhanced photocatalytic
hydrogen generation activity than pure CdS. The best hydrogen
generation activity can reach 1725 pumol g'h~! by CdS/UiO-66
(10). On the one hand, UiO-66 can act excellent support to main-
tain a well-dispersed nature and constrain the size of CdS particles,
resulting in sufficient photocatalytic active sites. On the other
hand, the appropriate band positions of CdS and UiO-66 allowed
it thermodynamically possible for photogenerated electron trans-
fer from the CB (-0.7 eV vs NHE) of CdS into LUMO (-0.6 eV vs
NHE) of Ui0-66 in CdS/UiO-66 composites, which was favorable
for significantly inhibiting the recombination of photogenerated
charge carriers (Fig. 10c). Eventually, elevated photocatalytic
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hydrogen generation activity was achieved by CdS/UiO-66. How-
ever, CdS/UiO-66 showed relatively poor stability and recyclability,
and can only maintain high hydrogen generation activity in three
cycles, which may greatly limit its prospects in practical
applications.

Ui0-66 with large specific surface area and is able to greatly dis-
perse CdS particles, and MoS, as co-catalyst, Shen et al. [218]
developed MoS,/UiO-66/CdS photocatalysts for hydrogen genera-
tion driven by visible light. In detail, upon the illumination of a
300 W xenon lamp, MoS, were photodeposited on prepared UiO-
66/CdS composites to synthetic MoS,/Ui0-66/CdS via a photo-
assisted strategy (Fig. 11a). Interestingly, using MoS,-CdS as a
comparison, the as-prepared photocatalysts with the same amount
of MoS, demonstrated much higher hydrogen generation activity,
indicating the importance of the presence of UiO-66. Additionally,
the results manifested that the hydrogen generation activity of
MoS,/Ui0O-66/CdS was greatest when MoS, content reached 1.5%,
after which the photocatalytic activity decreased along with the
content increased. This is most likely due to the light-shielding
effect of MoS,, and the excessive MoS, content with too much light
absorption weaken the photoexcitation of CdS [219,220]. When
containing 1.5 wt% MoS, and 50 wt% UiO-66, the MoS,/UiO-66/
CdS composites reached up to 650 pmol h~'hydrogen generation
rate, 60 times that of CdS counterparts. The photocatalytic hydro-
gen generation mechanism of MoS,/Ui0-66/CdS was proposed in
Fig. 11b. It was suggested that CdS could be photoexcited under
visible light (A > 420 nm). The photogenerated electrons in the
CB of CdS can directly migrate to MoS, nanosheets or migrate to
UiO-66 followed by MoS, nanosheets, then reacting with the
adsorbed H" ions to generate hydrogen. Simultaneously, the photo-
generated holes in the VB of CdS would be quickly scavenged by
lattice acid. In order to more firmly anchor CdS on UiO-66 and
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effective prevention of CdS aggregation, Mao et al. [78] first immo-
bilized Cd?* ions in the Ui0-66-(SH), cavities by coordination with
thiol groups under alkaline conditions to form UiO-66-(S-Cd),, and
then reacted with thiourea to develop UiO-66-(S-CdS), (Fig. 11c). A
great number of CdS quantum dots were uniformly attached on
external surface (about 3 nm) and/or encapsulated within the cav-
ity (about 1 nm) of UiO-66-(SH), without any agglomeration. After
incorporating CdS into UiO-66(SH),, the absorption edges of UiO-
66-(S-CdS), showed a large red-shift and positioned between CdS
(550 nm) and UiO-66-(SH), (450 nm). Notably, the existence of
thio linkage linkers between them could play a role as the effective
bridge that greatly facilitated the interfacial transfer of carriers
(Fig. 11d). Subsequently, the optimized UiO-66-(S-CdS), with
40 wt% of Cd(NOs),-4H,0 showed the best photocatalytic hydrogen
generation activity under visible light irradiation without noble-
metal co-catalysts, with a yield of 15.32 mmol g 'h~! and an
apparent quantum efficiency of 11.9%, which was much stronger
than the above discussed photocatalysts. Moreover, the morphol-
ogy of the Ui0-66-(S-CdS), remained unchanged during a 48-h test,
demonstrating the exceptional stability of the UiO-66-(S-CdS)s.

4.2. Solving environmental remediation issues

4.2.1. Removal of organic pollutants

With the rapid expansion of modern industry, there is a grow-
ing concern about the deteriorating environmental pollution
[221-223]. Industrial wastewater contains a large number of
organic pollutants (e.g., dyes, sulfamethazine, pharmaceuticals,
pesticides etc.), causing potential harm to the environment and
human health [224-226]. In recent years, photocatalysis as an
effective strategy has been widely employed to degrade pollutants.
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Currently, an increasing number of scholars are researching on
UiO-66-based materials used as some of the most effective photo-
catalysts for removing these organic pollutants [147,164,227].

4.2.1.1. Antibiotics. Antibiotics are omnipresent in the aquatic envi-
ronment today due to their widespread production and applica-
tion. Their carcinogenicity, persistence, mutagenicity, aquatic
toxicity and other ecological effects have caused widespread con-
cern [228]. The modified UiO-66 has the advantages of excellent
porosity, high photoactivity and good water stability, making it
an ideal platform for photocatalytic removal of antibiotics. In the
photocatalytic degradation of organic pollutants, the adsorption
of pollutant molecules is the first step and one of the important
factors that determine the degradation efficiency of organic pollu-
tants [229]. Gao et al. [43] successfully introduced TCPP into UiO-
66 by the method of “one-pot synthesis”, which was employed to
degrade diclofenac (DF). Through the experiment of maximum
adsorption capacity, the authors pointed out that the adsorption
of TCPP@UiO-66 composites on pollutants was not only simple
physical adsorption, but also through electrostatic interaction,
Lewis acid-base interaction, m-m interaction, anion-m interaction,
hydrogen bonding. In addition, the most suitable TCPP@UiO-66
complex was photocatalytically efficient in the degradation of DF
with 99% removal under simulated sunlight irradiation. The high
efficiency of the photoreaction process was confirmed by the
authors to contain type II photosensitization reaction and photo-
catalytic process (Fig. 12). In photosensitization reaction, under
irradiation, TCPP can be excited to yield ![TCPP]*. What's more,
rapid production of the sensitizer triplet state >[TCPP]* through
inter-system crossover process, which can be used to generate '0,
with undissolved O, for the degradation of DF. In photocatalytic
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Fig. 12. Schematic the types Il photosensitization reaction and photocatalytic process in TCPP@UiO-66. Adapted with permission from Ref. [43], Copyright 2020 American
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process, under sunlight irradiation, the TCPP linkers are excited to
transfer photogenerated electrons into Zr ions, then yielding [TCPP]".
In addition, photogenerated electrons and holes are produced and
photogenerated holes can take part in the degradation of DF.

The introduction of small amounts of transition metal elements
into the framework of MOFs can be a significant contribution to the
optimization of adsorption and photocatalytic performance. Cao
et al. [228] reported degradation of tetracycline (TC) by a series
of Co-containing Ui0-66 CoUiO-66. The authors found that the
amount of TC adsorbed by CoUiO-66 increased with increasing
cobalt content. This may be due to the valence electrons provided
by the doped cobalt, which facilitated the binding of the adsorbed
TC to the metal center [230]. What is more, the doped cobalt also
contributed to the photodegradation process, which could induce
an additional light photoresponse and facilitate the electron trans-
fer though MMCT excitation between Co and Zr species. With such
a dual effect, under simulated sunlight exposure, the degradation
of adsorbed TC molecules over CoUiO-66-1 (the molar ratio of
the Zr: Co was 1:1) can reach over 94% of the initial concentration.
Under simulative sunlight irradiation, CoUiO-66 could be photoex-
cited to generate electron-hole pairs, and photogenerated electrons
transferred from the photoexcited H,BDC to the Zr oxo clusters and
then to Co. Based on MMCT excitation between Co and Zr species,
the electron-hole pairs were effectively separated. The photogen-
erated electrons reacted with O, to generate -O; and subsequently
yielded -OH. Then the formed -O3 and -OH effectively degraded TC
molecules. The effect of pH on degradation efficiency of CoUiO-66-
1 studied and the result indicated that, the adsorption of TC rose
with increasing pH and then decreased, with a maximum at 10.
The reason was explained as that, different pH values could affect
the protonation state of the TC and the CoUiO-66-1 surface charge,
which will change their interaction forces.

4.2.1.2. Dyes. In recent years, the water environment has been
forced to accept a large amount of dye effluent from the textile,
paper and printing industries, which poses a serious threat to
human health. Fortunately, the modified UiO-66 photocatalyst also
excels at removing dyes. Sha et al. [227] first developed a series of
Ag,C03/Ui0-66 composites for the degradation of RhB with supe-
rior photocatalytic activity through a simple solution method. In
all of the prepared Ag,C0O3/Ui0-66 composites, the RhB molecules
were largely removed within 2 h. Photocorrosion was still a very
common phenomenon in most Ag,COs-based photocatalysts. How-
ever, after four cycles of degradation experiments, the Ag,CO3/UiO-
66 composites were still able to retain most of their initial photo-
catalytic activity. This suggested that a strong interaction between
Ag,C03 and the UiO-66 support, which was beneficial for inhibiting
the photocorrosion of Ag,CO3; and improving the structural stabil-
ity of the final photocatalyst.

Recently, the modification of UiO-66 with g-C3N4 have gathered
much notice in photocatalytic degradation of organic dyes because
of its low-cost, proper band structure (2.7 eV), non-toxic and
chemical stability properties [170,202,231]. In 2018, Zhang et al.
[151] fabricated low-cost g-C3N4/Ui0-66 nanohybrids under
solvothermal condition for the degradation of RhB. The prepared
photocatalysts possessed high degradation activity
(0.00899 min~!), which was mainly ascribed to the remarkable
structural stability and permanent porosity of UiO-66, the obvious
visible light response of g-C3Ny4, as well as the synergistic effect of
the two monomers. The synergistic effect derived from matched
energy band structure of the two monomers, which can induce
the directional transfer of electrons, thereby avoiding the recombi-
nation of charge carries. To be specific, both UiO-66 and g-C3N,4
could be excited under artificial solar light irradiation, the photo-
generated electrons on CB (-0.79 eV vs NHE) of g-CsN, were
injected into CB (-0.53 eV vs NHE) of UiO-66. Meanwhile, the CB
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of Ui0-66 and g-CsN, were more negative than 0,/e03 potential
(-0.33 eV vs NHE), the O, would be reduced by photogenerated
electrons to form 05. Besides, the adsorbed water molecule can
be oxidized by photogenerated holes of UiO-66 to produce ¢OH
due to the VB (+3.31 eV vs NHE) of UiO-66 was more positive than
«OH/H,0 potential (+2.4 eV vs NHE). Eventually, RhB were domi-
nantly degraded by the strongly oxidizing h*, ¢05 and eOH. After
4 cycles of RhB oxidation, the photocatalytic ability of g-CsNy4/
UiO-66 showed no obvious deactivation, indicating that the photo-
catalyst exhibited good stability and could be adapted repeatedly
for RhB removal. However, given the complexity of the synthesis
requiring two solvothermal reactions, Zhang et al. [172] adopted
a straightforward method to thermally anneal the mixture of
UiO-66 octahedrons and g-C3N,4 nanosheets in air atmosphere to
obtain UiO-66/g-C3N4 (UC) hybrids for the oxidative removal of
MB under visible light. UC hybrids exhibited an absorption edge
at around 480 nm and thus responded to visible light because of
the existence of g-CsN4 nanosheets (about 485 nm). Moreover,
the exceptional heterojunction between g-CsN4 and UiO-66 can
promote charge transfer because of the inner electric field, ulti-
mately boosting photocatalytic efficiency for removal of MB. The
best removal efficiency was obtained for UC hybrids capable of
removing almost all MB in 240 min. Additionally, after five cycles
of degradation, the degradation efficiency of MB did not decrease
significantly and the crystal structure of UC was well maintained,
and the loss of UC during the recycling process was minimal.

4.2.1.3. Other organic pollutants. In addition to antibiotics and
organic dyes, several studies have focused on the removal of other
organic pollutants by modified UiO-66 photocatalytic systems. For
instance, Fakhri et al. [184] successfully synthesized two ternary
heterojunctions (UiO-66@metal oxides/graphene oxide) containing
different metal oxides ZnO and TiO,, for the photodegradation of TC
and malathion (as a member of organophosphates) pollutants in
the environment using a straightforward ultrasound-
solvothermal technique. This design developed a ternary hetero-
junction Z-scheme mechanism and created compact atomic deco-
rations, dense oxygen functionality, better dispersion, good
separation of carriers, good electron mobility on graphene oxide
layers and high specific surface area. Subsequently, under optimal
conditions, Ui0-66@Zn0/graphene oxide showed the highest pho-
todegradation efficiency for TC (81%) and malathion (100%) within
90 min. Xue et al. [232] fabricated the photocatalyst BiOBr/UiO-66
with visible light responsive through a simple solution process, and
applied it to the degradation of atrazine. Compared with pure
BiOBr, the photocatalytic performance of BiOBr/UiO-66 material
for the degradation of atrazine upon visible light irradiation was
significantly improved, up to about 88%. However, the degradation
efficiency of atrazine was considerably reduced when this catalyst
was applied to actual water bodies. Moreover, the sulphate and
bicarbonate ions in water exhibited a significant inhibition of pho-
tocatalytic degradation efficiency of atrazine by BiOBr/UiO-66.

4.2.2. Anion reduction (Cr(VI), Se(VI))

Hexavalent chromium (Cr(VI)), one of the heavy metal ions, is
the most toxic form of Cr and is approximately 300 times more
toxic than trivalent Cr (Cr(Ill)) [233]. Due to their high toxicity,
there is an urgent requirement for practicable and efficient meth-
ods to remove these Cr(VI) contaminants [234]. In this regard, the
modified UiO-66 photocatalyst shows extraordinary adsorption
and photocatalytic degradation of Cr(VI). Li et al. [162] developed
series S-TiO,/UiO-66-NH, nanocomposites via the incorporation
as-prepared S-TiO, into the framework of UiO-66 by facile ball-
milling method for Cr(VI) reduction (Fig. 13a). U1T3 (composite
with a mass ratio of 3 between S-TiO, and UiO-66-NH;) demon-
strated optimum reduction efficiency, achieving a 94.9 % Cr(VI)
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The proposed mechanism for Cr(VI) reduction over g-C3N4/UiO-66. Adapted with permission from Ref. [162,182], Copyright 2020 and 2019, Elsevier.

reduction in 45 min, followed by a complete reduction in 75 min.
The authors confirmed that the strong interaction between them
gave U1T3 an excellent charge separation and transfer efficiency.
The authors also revealed the type-Il mechanism of heterojunction
photocatalytic system about the Cr(VI) reduction (Fig. 13b). It was
suggested that both UiO-66-NH, and S-TiO, could be excited under
visible light irradiation. The photogenerated electrons in the LUMO
of Ui0-66-NH, can direct migrate to the CB of S-TiO, and partici-
pate in Cr(VI) reduction, due to LUMO of UiO-66-NH, (-0.6 eV vs.
NHE) was higher than CB of S-TiO, (-0.35 eV vs. NHE). Further-
more, because the LUMO of UiO-66-NH, (-0.6 eV vs. NHE) and
CB of S-TiO, (-0.35 eV vs. NHE) were higher than that of O,/e03
(-0.33 eV vs. NHE), ¢O53 could be produced (Eq. (4)) to involve in
Cr(VI) reduction to Cr(VI) but exerted minor effect. What’s more,
this composite also can be used as a bifunctional photocatalyst
for the oxidation of bisphenol A, where ¢O3 and photogenerated
holes can be used in this reaction process. In the 4th cycle, because
of the adsorption of Cr species on the photocatalyst surface, the Cr
(VI) removal rate of U1T3 decreased to 85.0%. However, it was still
much stronger than the UiO-66-NH, (34.8 %) and S-TiO, (23.7 %),
indicating the better reusability and stability of U1T3.

With regard to the previously mentioned disadvantages of type-
Il heterojunction photocatalyst, the construction of Z-scheme
heterojunction photocatalyst has been proven to a convenient
and effective strategy to avoid these problems. Yi et al. [182] also
fabricated series Z-scheme g-C3N,4/Ui0O-66 heterojunctions follow-
ing a straightforward ball-milling method, which were employed
as white-light reactive photocatalysts to achieve extraordinary
reduction of Cr(VI). The influence of initial pH on the Cr(VI) reduc-
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tion was investigated and the results manifested that a relatively
lower pH was preferable for Cr(VI) reduction. When pH = 2,
BG60U40 containing 60 wt% g-C3N,4 and 40 wt% UiO-66 achieved
the best-in-class Cr(VI) photocatalytic reduction efficiency of 99%
within 40 min. This was because under low pH, Cr,0%~ was the
dominant form of Cr(VI) and the excessive H* could facilitate the
conversion of Cr(VI) to Cr(Ill) [235]. However, Cr(VI) was mainly
present as CrO3~ and the corresponding efficiency was affected
in the opposite way under alkaline conditions [236]. Moreover,
under high pH conditions, Cr(OH); precipitates formed by the
reduction process will hide the active sites with reduced Cr(VI)
reduction performance [237]. The authors also proposed that g-
C3N4/Ui0-66 was consistent with the Z-scheme mechanism for
Cr(VI) reduction (Fig. 13c). Such an electron transfer process can
optimize the redox capability of Z-scheme heterojunction photo-
catalysts by maintaining the photogenerated electrons in g-C3Ny,
which had a high reduction capability to Cr(VI) reduction via
sequential one-electron-transfer steps [238,239]. To be specific,
the CB (-0.91 eV vs NHE) of g-C3N, was more negative than that
of Cr(VI)/Cr(IIl) pairs (1.05 eV vs NHE), and the electrons can read-
ily reduce Cr(VI) to form Cr(III). The Cr(VI) reduction efficiency of
BG60U40 did not decrease significantly after six runs and main-
tained its structural integrity, indicating that BG60U40 can stably
and efficiently operate in long-term photocatalytic reactions.
Recently, by using the ZrOCl,-8H,0 as the Zr precursor, NH,-
BDC as organic linkers, and following postsynthetic treatment by
Ti ion substitution, Feng et al. [81] synthesized Ti-incorporated
ZrOCl,-8H,0-based Ui0-66-NH, U-OCI-Ti as robust photocatalysts
for Cr(VI) reduction (Fig. 14a). Due to the competition of the H,ATA
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organic linkers with the hydroxyl ion groups and coordinated
water in ZrOCl,-8H,0, and the fact that the six-coordinated Ti
was attached with fewer organic linkers compared to the eight-
coordinated Zr ions, a high density of defective pores was gener-
ated along with the absence of organic linkers. Such a high density
of defective extent would allow a large number of unliganded Ti
and -NH,; groups to be exposed on the surface as light harvesting
and Cr(VI) adsorption sites. Subsequently, under a 300 W xenon
lamp irradiation, U-OCI-Ti can be photoexcited to create photogen-
erated electrons and holes. Then, because of the LMCT (NH,-BDC to
Ti-O-Cr cluster) and MMCT (Ti and Zr species) processes, photo-
generated electrons in these processes participated in the reduc-
tion of the adsorbed Cr(VI) (Fig. 14b). In addition, this research
group has also demonstrated that defect rich UiO-66 synthesized
by using ZrOCl,-8H,0 as Zr precursor and without solvent-
assisted synthesis conditions was effectively useful for adsorbtion
and photocatalytic reduction of Cr(VI) [108]. Due to H,BDC linker
can only substitute part of ZrOCl,-8H,0’s hydroxyl ion groups
and the coordinated water and the dissolution of organic linkers
without the help of organic solvents, defect rich UiO-66 can be
obtained, exposing more —-OH and -OH, groups for the adsorption
of Cr(VI) [240,241]. What’s more, the positively charged UiO-66
samples can further adsorb anionic Cr(VI) ions (HCrOz and Cr,0%
~) via electrostatic effects (Fig. 15a). In the photocatalytic process
(Fig. 15b), the adsorption of colored Cr(VI) by UiO-66 samples
endowed UiO-66 visible light responsive, which was then excited
by light to produce charge carriers (electrons and holes), resulting
photogenerated electrons to reduce Cr(VI). Subsequently, the
reduced cationic Cr(Ill) can desorb from cationic UiO-66. The pre-
pared defect rich Ui0O-66 achieved high adsorption and photocat-
alytic degradation performance of Cr(VI) (89.4 % in 3 h), and
remained stable after three consecutive cycles.

For those photocatalysts in the form of micron/nanopowder, it
is difficult to achieve separation and recovery in wastewater,
which seriously hinders their practical application [242]. In view
of this point, Du et al. [243] developed UiO-66-NH, membrane
photocatalysts on o-Al,03 carriers using a reactive seeding
method. The authors found that the Cr(VI) reduction efficiency
over UiO-66-NH, membrane was slightly lower than UiO-66-NH,
powder. The authors speculated that this was mainly because the
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significantly reduced contact area between Cr(VI) and UiO-66-
NH, membrane compared with the powder form of UiO-66-NH,.
However, after twenty runs, UiO-66-NH, membrane could still
achieve about 94.1% Cr(VI) photocatalytic reduction efficiency
and retain its crystal structure, which demonstrated photocatalysts
in the form of membranes was favorable for recyclability and
structure stability [244]. In the photocatalytic reduction of Cr(VI),
under intermittent visible light irradiation, UiO-66-NH, be pho-
toexcited to generate electron-hole pairs. The flat-band potential
(-0.83 V vs. Ag/AgCl at pH = 6.8) of Ui0-66-NH, was more negative
than the Cr(VI)/Cr(Ill) (+0.51 V). Thermodynamically, the reduction
of Cr(VI) to Cr(Ill) can be achieved by photogenerated electrons on
the UiO-66-NH, membrane. Furthermore, the authors also simu-
lated the environment of the real lake to study the effect of foreign
ions for Ui0-66-NH, membrane on Cr(VI) reduction. The results
revealed that the existence of common foreign ions had no signif-
icant adverse effect on Cr(VI) reduction for UiO-66-NH, membrane,
which demonstrated feasibility for future applications in real water
environments.

In the photocatalytic process, photogenerated electrons are the
main active species for Cr(VI) reduction. Notably, photogenerated
holes and the formed ¢OH might exert a minor reverse effect on
Cr(VI) reduction, which could allow Cr(V) to oxidize back to Cr
(VI) [238]. In the absence of sacrificial agents, the problem can be
solved in another way. Zeng et al. [180] developed Ag,CO;@UiO-
66-NH,/GO membranes for the simultaneous removal of organic
dyes and Cr(VI), which were self-assembled by vacuum filtration
of graphene oxide (GO), UiO-66-NH, and Ag,COs; at a membrane
surface. The as-prepared membrane can nearly remove all
adsorbed Cr(VI) and organic dyes. The removal pathway and mech-
anism were proposed and confirmed by authors (Fig. 16). Under
visible light, the photogenerated electrons at the VB of UiO-66-
NH; and Ag,CO3 will be excited to the CB, and the electrons will
inject from Ag,COs into the VB of UiO-66-NH,, then consumed
by the holes. Of note is that the electrons created on UiO-66-NH,
could be directly involved in the Cr(VI) reduction, avoiding photo-
corrosion by Ag,COs. Subsequently, the photogenerated holes on
Ag,C0Os3 can be used to directly or indirectly (formation of ¢OH) oxi-
dize the absorbed organic dyes by hydrogen bonding, electrostatic
interaction, and 7-m interaction of GO and UiO-66-NH, (Fig. 16).
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What'’s more, ¢05 can also act as active components to participate
in organic dyes degradation. In this way, both organic dyes and Cr
(VI) are removed simultaneously, while effectively avoiding Cr(V)
to oxidize back to Cr(VI). The experimental results indicated that
the removal efficiency of Cr(VI) and dyes by Ag,CO;@UiO-66-
NH,/GO membrane under light conditions was almost 100%.
Selenium(Se) is an essential nutrient, but excessive intake may
pose a health risk and cause alkali or other diseases [89]. The
reduction capacity exhibited by the modified UiO-66 has been
applied to the photoreduction of Se(VI) for environmental remedi-
ation. Tu et al. [41] employed a microwave-assisted approach to
substitute Zr in Ui0-66 with Ti (UiO-66(Zr/Ti)-M) and used it for
the reduction of Se(VI). Although the microwave-assisted synthesis
of Ui0-66(Zr/Ti)-M had similar photocatalytic activity to that of the
conventional high energy-consuming synthesis of UiO-66(Zr/Ti)
from solvothermal approach (UiO-66(Zr/Ti)-S), UiO-66(Zr/Ti)-M
required less synthesis time and was highly promising in terms
of practical utility (Fig. 17a, b). The exchange rate of UiO-66(Zr/
Ti)-S was only about 35% after 2 d and still below 60% after 8 d,
while UiO-66(Zr/Ti)-M surprisingly reached>50% after 4 h. Notably,
UiO-66(Zr/Ti)-M with the introduction of Ti exhibited vastly better
photocatalytic reduction of Se(VI) than the negligible activity of
UiO-66 (Fig. 17b). Specifically, the incorporation of Ti could act
as an electron trap to effectively capture photogenerated electrons
to improve the LMCT from photoexcited H,BDC to Zr oxo clusters.
Furthermore, based on Ti incorporation, the group [91] also intro-
duced Ti into UiO-66 with Ce as the metal node (UiO-66(Ce/Ti)) to
obtain significantly enhanced photocatalytic efficiency for TC
degradation and Se(VI) reduction. The authors found that the intro-
duction of Ti in UiO-66(Ce) induced the formation of OV due to the
Ce-Ti synergistic effect (Ce*" + Ti>* — Ce3* + Ti*" + OV). Specially, to
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balance intrinsic Ti>* defect in electrical charge, the lattice oxygen
will be removed to form OVs, which can trap the electron from Ti>*
to form Ti*", and Ti** also can be reduced to Ti** upon electron
donor (Ce®*) and light irradiation. The OV can could as a capture
center for electron and hole and facilitate the formation of oxida-
tive ¢O; and eOH. Subsequently, UiO-66(Ce/Ti) showed better
degradation efficiency than the other samples, with more than
80% of the TC degraded within 1 h (Fig. 17e). Additionally, OV could
also bring in local states lower than CB (Fig. 17d), which were very
beneficial for LMCT. Because of the greatly enhanced LMCT, the
photogenerated electrons in UiO-66(Ce[Ti) performed the reduc-
tion of Se(VI) with higher efficiency than other samples (Fig. 17f).

5. Conclusion and outlooks

Due to the remarkable characteristics, intrinsic photocatalytic
activity, remarkable thermal and chemical stability of UiO-66, its
related research has achieved its flourishing stage. In this review,
the functional modifications of Ui0-66 and the applications of
modified UiO-66 for photocatalytic CO, reduction, hydrogen gen-
eration, removal of organic pollutants, and Cr(VI) reduction were
summarized and discussed in detail. Because UiO-66 suffers from
inefficient photocatalysis, various approaches have been used to
modify UiO-66 to form effective photocatalysts, including selecting
functional metal nodes or organic linkers, defect engineering,
metal modifications, constructing dye sensitization system, comb-
ing with other photoactive semiconductors. The principles for
designing and modifying UiO-66 to perform in photocatalytic reac-
tions could be clearly illustrated as follows: (a) the permanent
pores and larger specific surface area of UiO-66 could increase
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the concentration of adsorption and reaction active sites; (b) vari-
ous modifications could boost the sunlight utilization of UiO-66;
and (c) tight interfacial connections between UiO-66 and the
photofunctional components can offer widespread channels for
transfer and separation of charge carriers. As a result, modified
UiO-66 photocatalysts often demonstrate significantly out-
performance of single UiO-66.

During the last few years, various modified UiO-66 photocata-
lysts for the CO, reduction, hydrogen production, removal of
organic pollutants, and Cr(¥I) reduction have been developed.
With their striking advantages such as permanent pores, larger
specific surface area, abundant active sites, thermochemical stabil-
ity and effective charge separation, they will present a distinct
window for developing robust photocatalysts. Although consider-
able progresses have been made in the field of photocatalysis based
on UiO-66 materials, the practical applications of these photocata-
lysts are still limited. In order to enable the widespread application
of these materials in practical production, it deserves great consid-
eration to the following challenges in the future.

(1) Much of the work in this research area has been conducted
through laboratory-scale experiments that typically used Xe lamps
(light cut k > 420 nm) as the light source. And laboratory-scale
experiments are often only single target substance, which is mild
and comfortable for the modified UiO-66 photocatalyst to perform
its catalytic action. However, it is worth noting that photocatalysts
may have different photocatalytic efficiency in actual sunlight,
with other co-existing ions, at different pH, and in complex envi-
ronments than those demonstrated in the laboratory. It is also
noted that in most cases, only a few photocatalysts were used.
Therefore, considerable efforts are still needed to achieve practical
applications for modified UiO-66 photocatalysts.

(2) Diverse sacrificial electron donors have been widely applied
to nearly all published systems about modified UiO-66 photocata-
lysts for photocatalytic applications. On the one hand, it would be
fascinating to unveil the effects of sacrificial agents and their reac-
tion products on the photocatalytic ability of modified UiO-66 pho-
tocatalysts. On the other hand, careful consideration should be
given to the selection of sacrificial agents that are low-cost, plenti-
ful and sustainably available.

(3) Co-catalysts are an essential component of many photocat-
alytic systems. Noble-metals, such as Pt, Au and Pd, have been con-
sidered as a viable co-catalyst for a wide range of photocatalytic
systems. However, photocatalysts using noble-metals as co-
catalysts are still challenging to scale up for synthesis and cost
for practical applications. Several other types of co-catalysts, such
as MoS,, reduced graphene oxide, have been used in visible light
responsive photocatalytic systems to demonstrate their potential
for practical applications. In further studies, the development of
noble-metal-free co-catalysts should be emphasized to better
understand their role in photocatalytic systems.

(4) Some theoretical insights are necessary in the exploration of
the reaction mechanism. The redox potential of the target reac-
tants should be given for further comparison with the correspond-
ingly modified UiO-66 to show that the reaction is
thermodynamically feasible. However, these aspects are somewhat
vague and underexplored in some of the current research work.
Additionally, there are also few investigations on the mechanism
of water-splitting and CO, photoreduction in modified UiO-66,
especially the current perception of the photogenerated charge
transfer and photocatalytic reaction paths remains ambiguous.
Specifically, it would be a great leap forward in understanding
the mechanism of photocatalysis if further and more direct evi-
dence of the actual photogenerated charge transfer process could
be found. What's more, it is also critical to understand the product
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distribution, electronic structure and structural property relation-
ships in modified UiO-66 with high charge utilization efficiency
by DFT calculations.

(5) UiO-66-based photocatalysts are currently at their infancy
and possess tremendous opportunities in future energy renewable
and environmental remediation. Notably, the construction of mul-
tifunctional photocatalysts is an exciting but challenging task,
implying that both oxidation and reduction reactions should occur
simultaneously in a single system. So far, photoreduction of Cr (VI)
and oxidation of alcohols and, hydrogen generation and CO, reduc-
tion have been achieved in one photocatalytic system. Multifunc-
tional UiO-66-based photocatalysts are desirable for more types
of reactions in one system.

(6) Modification of organic linkers of UiO-66 with electron-
donating groups has been shown to enhance light absorption,
while existing studies have been limited to the effect of a single
functional group on the photoactivity of UiO-66. Increasing the
number of functional groups on each linker to improve this effect,
as well as determining the appropriate number of functional
groups on each H,BDC to achieve optimal performance, could be
considered in the future.

(7) Partial or total metal substitution with metals such as Ti, Ce,
etc. in the ZrgO4(OH)4 metal cluster of UiO-66 is a promising mod-
ification method to adjust the band gap, the LMCT and the degree
of hybridization between the metal and the organic linker. How-
ever, the effect of the number and position of individual metals
in the metal cluster on the photoactivity of UiO-66 is still
unknown. In the future, precise tuning of the position and number
of metal centers (e.g., Zr,TinCeg.m-nO4(OH)4) can be carried out
theoretically and experimentally to achieve targeted optimization
of key electronic structure parameters. Furthermore, after tuning
the metal nodes, other modifications can be further utilized to
enhance the photocatalytic activity, including functionalization of
organic linkers, photosensitization, and introduction of photoac-
tive substances.

(8) Most modified Ui0O-66 photocatalysts are applied in powder
form for photocatalytic reactions, which poses challenges for large-
scale processes related to recovery efficiency and stability. Notably,
some studies related to the modification of UiO-66 into membrane
photocatalysts have been reported, which are more suitable for
large-scale applications than powder photocatalysts. Membrane
photocatalysts are not only similar to powders in terms of photo-
catalytic efficiency, but also retain their activity and structural
integrity after recycled many times in photocatalytic reaction sys-
tems. Therefore, the development of more efficient membrane
photocatalysts could be considered in the future.

(9) Several faster, solvent-free and energy-efficient approaches
to the synthesis of UiO-66 compared to conventional solvothermal
method have been reported, such as microwave-assisted, electro-
chemical film deposition, mechanochemical and so on. These
approaches have the potential to increase the widespread avail-
ability of UiO-66, but few studies have actually been applied to
the synthesis of highly efficient modified UiO-66. It is necessary
to explore these synthetic approaches to achieve industrial produc-
tion of modified UiO-66. In addition, these convenient, efficient
approaches methods could be adapted to the synthesis of other
types of microporous MOFs to improve their practical accessibility.
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