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Abstract

Photocatalytic reduction of CO, to produce valuable fuels or chemicals is a promising CO, utilization technology, which is of great
significance for carbon emission reduction. The unique features of the UiO series of metal-organic frameworks (MOFs), such as the excellent
water and chemical stability, notable structural tunability, broad and adjustable light-harvesting capacity, strong electron-hole separation
ability, and high porosity and specific surface area, make them a class of photocatalysts with great potential for the CO, reduction reaction
(CO,RR). Significant progress has been made in the development of efficient UiO-based photocatalysts for CO,RR. This paper provides a
summary of recent research advances in UiO-MOFs for photocatalytic CO,RR. The characteristics, synthesis methods, and modifications of
UiO-based materials, along with their photocatalytic performance, are described. Various modification strategies for UiO-MOFs, including
band-gap engineering, defect engineering, introduction of metal species, and construction of composite materials, are summarized and
discussed. The challenges facing UiO-MOFs in photocatalytic CO,RR and potential future development directions are also presented. This
review is intended to provide insights into CO, photoreduction using UiO-based materials and to encourage further research and
development in this promising field.
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1. Introduction

The rapid development of industry and the extensive use of fossil fuels have led to a sharp increase in greenhouse gas concentrations
since the last century. CO, the major component of greenhouse gases, accounts for approximately 72% of total emissions!!l. China’s
carbon emissions have increased significantly since 2013 and are expected to reach their peak by 2030?.. As key technologies for CO,
emission reduction, carbon capture, utilization, and storage have attracted considerable attention in recent decades. In particular,
CO, utilization, which involves converting CO, into high-value fuels or chemicals, has been widely studied because it contributes to
achieving a sustainable carbon cycle.

The conversion or catalytic transformation of CO, into chemicals is a promising approach to utilize excess CO,. However, due to the
chemical stability of CO,, its activation requires overcoming significant kinetic inertia and a high thermodynamic energy barrier,
necessitating substantial energy input to break the C=0 double bond. Artificial photosynthesis, an eco-friendly technology that
mimics natural photosynthesis, converts light energy into chemical energy. Photocatalytic CO, reduction is the central process in
artificial photosynthesis. Solar energy is abundant, freely available, renewable, and environmentally friendly. Consequently, there has
been growing interest in photocatalytic CO, conversion. Various photocatalysts have been extensively studied over the past few
decades, including metal-organic frameworks (MOFs)*°l, jonic liquids!’-®], covalent organic frameworks!’"!!l, core-shell
nanomaterials!'?, and inorganic semiconductors such as oxides!'>"'> and sulfides!'l

MOFs, an emerging class of crystalline materials with periodic porous structures, have attracted widespread attention in the field of
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photocatalysis!*!7 191 due to their unique properties, including broad and tunable light-harvesting capacity, strong electron-hole
separation ability, highly compatible and adjustable structures, uniformly dispersed and easily accessible catalytic active sites, as well
as high porosity and specific surface area (SSA). However, most MOFs still suffer from certain limitations that hinder their practical
applications, such as the structure collapse under strong acidic or alkaline conditions, or at elevated temperatures and pressures,
along with poor water stability, limited conductivity, and inadequate chemical stability.

The UiO series of MOFs (represents the University of Oslo) exhibit significant advantages in photocatalysis due to their remarkable
stability and cycling performance. The high bond energy of the Zr-O bond (~800 kJ mol ') endows UiO-MOFs with outstanding acid
resistance, water resistance, and thermal stability (up to 500 °C), which are markedly superior to those of most other MOFs!*20221, In
the context of photocatalytic CO, reduction reaction (CO,RR), the tunable energy band structures of UiOs make them a promising
class of photocatalysts capable of modulating product selectivity with relative ease. Consequently, UiO-based materials have been
extensively studied for photocatalytic CO,RR, and substantial progress has been made in this field.

Several reviews have examined the use of UiO-66-based materials as photocatalysts for addressing environmental issues!*?! and
degrading aquatic pollutants!*!l, as well as the applications of UiO-67 in various fields>>?°l. However, there is currently no review that
specifically focuses on the advances of UiO-MOFs in photocatalytic CO,RR. Therefore, this paper provides a comprehensive overview
of the synthesis and modification of UiOs materials, along with recent research progress on modified UiO and their composites as
photocatalysts for CO,RR. In addition, the challenges and future prospects of UiO-based photocatalysts for CO,RR are discussed.

2. Synthesis and Modification of UiO-MOFs
2.1 Synthesis of UiO-MOFs

The UiO series of MOFs are a class of porous materials constructed from Zr,0,(OH), secondary building unit (SBU) and various linear
dicarboxylic acid ligands, such as 1,4-benzenedicarboxylic acid (H,BDC) for UiO-66, 4,4’-biphenyl dicarboxylic acid (BPDC) for UiO-67,
and 4,4’-triphenyl dicarboxylic acid (TPDC) for UiO-68. These materials feature a three-dimensional porous framework composed of
an octahedral central pore cage and eight surrounding tetrahedral corner cages*°.

The main synthesis methods for UiO-MOFs include solvo-/hydrothermal, microwave-assisted, mechanochemical, and
electrochemical approaches!?”). Among these, the solvo-/hydrothermal method is the most commonly used and is also considered the
most effective for producing high-quality UiO-MOFs. As shown in Figure 1, typical solvo-/hydrothermal synthesis involves mixing
ZrCl, or ZrClO, with organic linkers, specifically H,BDC, BPDC and TPDC, in dimethylformamide (DMF), followed by a solvothermal
reaction at a specific temperaturel?*-?°l. The physicochemical properties of the resulting UiO materials, including morphology, particle
size, and crystallinity, are significantly influenced by the reaction temperature and the addition of modulators. Although this method
can yield UiO products with excellent crystallinity and well-ordered morphology, it generally requires a long time (typically 24 to 48
hours) and the use of toxic organic solvents such as DMF, along with relatively high energy consumption.
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Figure 1. Synthetic routes and structure diagrams of UiO-66. Reproduced with permission from referencel®?l. Copyright © 2022 Elsevier; UiO-67. Reproduced with
permission from reference*. Copyright © 2021 Wiley, and UiO-68. Reproduced with permission from reference”®. Copyright © 2021 American Chemical Society.
H,BDC: 1,4-benzenedicarboxylic acid; BPDC: 4,4-bipheny! dicarboxylic acid; TPDC: 4,4-tripheny! dicarboxylic acid.

Microwave-assisted synthesis allows precise control of reaction conditions, including temperature and pressure, promotes crystal
nucleation, shortens synthesis time, and enables the production of nanoscale UiO materialsi*%3!l. This method is highly efficient and
consumes less energy during synthesis, thereby facilitating batch production. However, it also presents challenges such as high
equipment cost and limited reaction scale, which hinder its application in efficient large-scale production.
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Mechanical grinding is a green synthesis method that uses little or no solvent and avoids high temperatures, strong acids, and
excessive reactants, while offering high UiO yield and a short reaction timel3?.. The framework is formed either through direct
grinding or via spontaneous self-assembling by mixing solid reactants and exposing them to organic vapors. This method is simple,
efficient, and environmentally friendly. However, the reaction rate during mechanical grinding is difficult to control, which limits the
understanding of its mechanism at the molecular level. In addition, the crystallinity, porosity, and SSA of the resulting products are
generally lower than those obtained by solvothermal synthesis.

The electrochemical synthesis method uses metals as the source of metal ions, thereby effectively avoiding the influence of anions
(CI', NO3, SO,%, etc.). Under appropriate conditions of electrolyte composition, voltage, and reaction time, UiO materials synthesized
by this method exhibit notable advantages, including high purity, good porosity, and uniform morphology!*?l. Additionally, it is
considered one of the promising approaches for achieving continuous production of UiO-MOFs under mild reaction conditions*.
However, this method typically results in low yields and is prone to producing by-products.

2.2 Modification of UiO-MOFs

UiO-MOFs have demonstrated considerable potential in photocatalysis. However, pristine UiO materials typically exhibit strong
ultraviolet absorption but little to no visible light response, resulting in relatively poor photocatalytic activity. Through rational
design and modification, key properties such as optical response range and charge separation efficiency can be significantly
improved. Generally, modification strategies for UiO-MOFs fall into two main categories: de novo synthesis and post-synthetic
modification (PSM).

De novo synthesis primarily involves replacing the reagents used in the synthesis of UiO-MOFs, such as modifying the organic linkers
to introduce various functional groups into the UiO frameworks!®l. This method enables the preparation of modified UiO materials
with high purity and uniform quality. It also provides considerable flexibility and controllability. By adjusting reaction parameters
such as temperature, pressure, and solvent, the crystal shape, morphology, and pore structure of the resulting UiOs can be effectively
tailored to meet specific application requirements. However, this approach can be challenging due to the unpredictability associated
with introducing functional species, particularly those with large molecular sizes, into the UiO synthesis system.

PSM is also an effective approach to introduce functional groups into UiO-MOFs by modifying metal clusters or ligands after the initial
synthesis. PSM enables the incorporation of a variety of functional moieties into the framework while preserving the original UiO
structure. Through this method, UiO materials can be functionalized with various auxiliary groups and/or combined with other
materials to form composites. The in situ growth method®**7l is commonly employed to generate UiO-based composite materials.
Other approaches, such as electrostatic self-assembly!*!], microwave-assisted synthesisl*°l, and ultrasonic mixing!*’), are also utilized
for preparing UiO-containing composites. Compared with de novo synthesis, PSM allows for the introduction of a broader range of
functional species, including those that are sensitive to or incompatible with the conditions required for constructing UiO
frameworks, as well as those that might otherwise interact with undesirable sites and produce unwanted byproducts. This makes
PSM a highly suitable method for tailoring and optimizing modified UiOs and their composites for specific applications. However, the
distribution of functional units in materials prepared by PSM is often less uniform than that achieved through de novo synthesis.

3. Research Progress of UiO-MOFs in Photocatalytic CO,RR

Photocatalytic CO,RR technology enables the light-driven catalytic conversion of CO, into sustainable, renewable clean fuels or high
value-added chemicals. Depending on the reaction pathway, different reduction products can be obtained, mainly including CO, CH;
OH, HCOOH, HCHO, and CH,. In a photoactive MOF material, the highest occupied molecular orbital (HOMO) level is primarily
determined by the HOMO of the organic ligand, while the lowest unoccupied molecular orbital (LUMO) level is mainly influenced by
the redox potential of the metal-oxygen cluster. As a result, oxidation and reduction reactions generally take place on the organic
linker and the metal-oxygen cluster, respectively.

The LUMO and HOMO energy levels of MOFs can be precisely tuned within a narrow range. For an MOF photocatalyst to be active in
CO, reduction, its LUMO must be at a higher energy level than the redox potential (E,) of the corresponding CO, reduction
half-reaction, which varies depending on the target product. For example, the E, for CO, reduction to CO is -0.53 V (vs. NHE at pH 7),
while the values for reduction to HCOOH, CH;0H and CH, are -0.61 V, -0.38 V and -0.24 V, respectively (Figure 2). The high degree of
compositional and structural tunability of MOFs makes it possible to design photocatalysts with suitable LUMO levels to drive CO,
reduction toward specific desired products.

For most reported UiO-based photocatalysts, the primary products of photocatalytic CO,RR are CO and HCOOH. This is mainly
because the LUMO energy levels of most UiO-derived catalysts are more negative than the redox potentials (E,) required for the
reduction of CO, to these products. In addition, the complexity of the reaction pathways influences product selectivity. The
conversion of CO, to CO or HCOOH involves a relatively simple two-electron transfer process, which is easier to achieve. In contrast,
the formation of other single-carbon or C,. requires multi-electron transfer and/or multi-step reactions, making these
transformations more challenging.
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Pure UiO materials exhibit poor performance in photocatalytic CO,RR, and the main reasons are as follows: (1) pure UiOs have
relatively broad band gaps and almost no visible light absorption, which limits their light utilization ability; (2) the relatively long
electron transport path in pure UiO materials makes it easy for photoproduced carrier recombination; (3) pure UiO materials possess
low chemical adsorption capacity for CO, and lack a stabilizing effect on key intermediates of CO,RR; (4) the single surface active site
of pure UiO materials sometimes cannot meet the demand for multi-step reactions and drive multi-electron transfer processes. Thus,
to enhance the photocatalytic performance of UiO materials for CO,RR, several modification methods have been developed, including
(i) band-gap engineering by regulating the metal node or organic linker to adjust the position of the energy band level, (ii) defect
engineering to introduce impurity energy levels and modulate the local electronic structure, (iii) introduction of metal single atoms
(SAs) or nanoparticles (NPs) to boost charge separation efficiency, and (iv) combination with other photoactive semiconductors to
construct interfacial built-in electric fields for facilitating the separation and migration of photoproduced carriers. These
modification strategies will be discussed successively in the subsequent sections of this article.

co,
reduction
LUMO product
ele e e V vs. NHE
CO,+2e +2H* — HCOOH E,=-0.61V
9 CO, +2¢+2H* - CO +H,0 E~=-0.53V
CO,+4e +4H" — HCHO + H,0 E=-0.48V

CO,+ 6e+ 6H* — CH,OH+H,0 E=-038V
CO,+ 6e+ 6H" - CH,+ H,0 E=-0.24V
h+ h+ h+ h+

HOMO s

oxidation

Figure 2. Photocatalytic CO, reduction over MOFs. LUMO: lowest unoccupied molecular orbital; HOMO: highest occupied molecular orbital; MOFs: metal-organic

frameworks.

3.1 Band-gap engineering

The photocatalytic activity of UiOs can be improved by regulating their band structures through metal node modulation or organic
ligand functionalization (Figure 3). For photocatalytic CO,RR, most studies have focused on reducing the band gaps and extending the
visible-light photoresponse ranges of UiO-based materials to enhance their photocatalytic efficiency.
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Figure 3. Schematic diagram of two typical types of band-gap engineering of UiO-66.
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3.1.1 Modulation of organic linker

Modifying the bridging linker is an effective approach to alter the energy band level positions of UiO-MOFs. The introduction of
ligands with different functional groups can change the HOMO levels of UiO materials, thereby adjusting their band gap widths and
physicochemical properties. For example, the presence of -CH; and -NH, groups on H,BDC can reduce the band gap of UiO-66 to
varying degrees due to their differing electron-donating abilities, which lead to different extents of upward shifts in the HOMO
levell*!l, Specifically, substitution -NH, and -CH; groups can reduce the band gap of hep UiO-66 (originally 4.07 eV) to 2.92 eV and
3.93 eV, respectively. In contrast, -COOH functionalization increases the band gap!*?, limiting the optical response of the material to
the ultraviolet region. As shown in Figure 4, a variety of linkers have been employed in the syntheses of UiO derivatives.

COOH COOH COOH COOH
NH, NH, SH SCH,
H,N HS CH,S
COOH COOH COOH COOH
1 2 3 4
COOH COOH COOH
SOH Ho
OH OH
HO,S
COOH
COOH COOH
5 6 7
B F F
ane LYo rooe{ Y Qrame e Yo
CH, CH, CF,
8 9 10

O~

> &
. O QL.
I N N

1" 12

Figure 4. Different organic linkers used to synthesize UiO-MOFs or modified after synthesis. MOFs: metal-organic frameworks.

Light-harvesting modification of UiOs began with the work of Silva et al.[3], which demonstrated that the presence of -NH, groups on
the linker in UiO-66 extended its absorption spectrum into the visible light region, thereby enhancing its photocatalytic performance
for the hydrogen evolution reaction. In addition, it has been well established that the light-harvesting capability can be further
improved by increasing the number of functional groups in the ligand or by using mixed linkers. Sun et al.l'!l synthesized a mixture of
NH,-UiO-66 and 2,5-NH,-UiO-66 using organic linkers containing one and two -NH, groups (1 and 2), which exhibited showed higher
photocatalytic CO, reduction activity toward HCOOH (41.4 imol g h'!) compared to pure NH,-UiO-66. This improvement was mainly
attributed to the enhanced light absorption and CO, adsorption resulting from the presence of additional -NH, groups.

UiO-66-X, (X = -SH, -SCH3, -SO3H) synthesized by modifying H,BDC with different sulfur-containing groups (compounds 3 to 5),
exhibited significantly increased band edge wavelengths in the range of 425-470 nm compared with pure UiO-66 (320 nm). This
enhancement was found to depend on the electron-donating ability, geometry, and size of the functional group!*>. Among these,
-SCH; was the most effective, and UiO-66-(SCH;), showed a markedly reduced band gap (2.80 eV vs. 4.07 eV for UiO-66) along with
improved photocatalytic performance. In addition, it has been demonstrated that introducing -OH and double -OH groups
(compounds 6 and 7) into UiO-66 can also reduce its band gap to 2.2 eVl*°l. Wang et al.l'’) prepared three functionalized UiO-67
materials using different ligands (compounds 8 to 10). Without the use of any organic solvents or sacrificial agents, UiO-67-0-(CH3),
exhibited an excellent CO yield for photocatalytic CO,RR, reaching 178 pmol g * h'. This enhancement can be attributed to the fact
that, compared with the -CF; group, the -CH; group increases CO, adsorption capacity and reduction potential while facilitating the
separation and transfer of photogenerated charge carriers.
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In addition to the direct synthesis of UiO-MOFs using functional bridging ligands, a PSM approach can also be employed to introduce
functional species onto the linkers of UiO materials. Three UiO-68 MOFs with F-, CH;- and OCH;-functionalized linkers (compounds 11
to 13) were prepared via amine-aldehyde condensation of UiO-68-NH, with 3-fluorobenzaldehyde, 3-methylbenzaldehyde, and
3-methoxybenzaldehyde, respectively!*®l. These materials showed varying photocatalytic performance for CO,RR toward CO due to
differences in charge separation and band gap characteristics. Among them, UiO-68-OCH3, containing an electron-donating group,
exhibited the best catalytic ability, achieving a CO production rate of 118.12 ymol g'! h'! under visible light irradiation.

In short, introducing functional groups into the organic ligands of UiOs influences their charge separation efficiency, light-harvesting
ability, and electron density around the metal nodes. In particular, increasing the electron density through electron-donating groups
can reduce the band gap energy of UiO materials and enhance their absorption in the visible light range, thereby significantly
improving their photocatalytic performance. However, the enhancement effect of functional group introduction on linker-to-metal
charge-transfer (LMCT) excitation is limited, and the variety of applicable substituents remains restricted.

3.1.2 Modulation of metal nodes

Modulation of metal centers is another effective strategy to alter the energy band level positions of UiO materials. Constructing
mixed-metal nodes in UiO-MOFs through metal substitution can introduce intermetallic charge transfer and enhance optical
properties, thereby improving photocatalytic performance. By partially or fully replacing Zr metal nodes with other metals such as
Til*9511) cel2, cub?l, and Hf5Y, electron transfer between the different metal centers can be facilitated. This modification lowers the E,
of the metal center, narrow the effective band gap of UiO materials, and enhances charge separation efficiency*’l.

Sun et al.b% prepared a Ti-substituted UiO material, NH,-UiO-66(Zr/Ti), via a post-synthetic exchange (PSE) treatment. This material
exhibited enhanced photocatalytic activity for CO,RR toward HCOOH, achieving a yield of 580 Umol mol ! h'! under visible light
(420~800 nm), compared with 340 iUmol mol* h™! for the unsubstituted analogue. Electron spin resonance characterization and
density functional theory (DFT) calculations confirmed that Ti atoms contributed significantly to the bottom of the conduction band
(CB) in the modified catalyst, promoting Ti-mediated electron migration from the 2-aminoterephthalic acid linker to the Zr center,
thereby improving catalytic performance (Figure 5a). Subsequently, a mixed-ligand and mixed-metal UiO-66 material was also
synthesized via the PSE method and applied as a photocatalyst for CO,RRP!. Similarly, results indicated that the presence of the Ti
moiety was essential for the visible-light-driven photocatalytic CO,RR, as it enabled the metal nodes to accept electrons from the
ligands. In addition, the use of a mixed ligand system consisting of 2-amino- and 2,5-diaminoterephthalic acid further enhanced the
photocatalytic performance of the UiO catalyst by introducing new energy levels, thereby broadening the optical response range and
facilitating charge migration.

OYs s . N

|4+ CO,0rH,0
-\fe reactive ]
mediator site
|3+ r4+

HCOO-or H,

organic
linker *

s
v >4
\ Defective Ui0-67 Zr/Cux%-Ui0~67 /

Figure 5. (a) Photocatalytic CO,RR mechanism over Ti modified NH,-UiO-66. Reproduced with permission from reference®”. Copyright © 2015 Royal Society of Chemistry;

(b) Schematic diagram for the synthesis of Cu modified UiO-67. Reproduced with permission from reference™. Copyright © 2025 Elsevier. ATA: 2-aminoterephthalic acid;
CO,RR: CO, reduction reaction.
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Cu has also been employed to modify the metal nodes of UiO-67. Bimetallic UiO-67-(Zr/Cu) materials were prepared by in situ
anchoring of Cu atoms onto the Zr clusters of linker-defective UiO-67 (Figure 5b)I>3l. Experimental results demonstrated that the
formation of Zr-O-Cu sites effectively promoted CO, adsorption, charge migration, and charge separation. Moreover, the bimetallic
synergistic effect facilitated the generation of C, intermediates during the CO,RR. As a result, the optimized catalyst with a Cu loading
of 2 wt% exhibited excellent photocatalytic activity (69.1 pmol g'! h™!) and 100% selectivity for the conversion of CO,RR to C,H, under
visible-light irradiation.

In addition to PSE, an in situ metal exchange process was also employed to fabricate a Ti-modified NH,-UiO-66 materiall*’l. A decrease
in band gap was observed for both catalysts synthesized via post-synthetic and in situ metal exchange methods. Despite differences in
synthesis routes and Ti loadings, both catalysts exhibited significantly enhanced photocatalytic performance for CO,RR toward
HCOOH production, attributed to their broadened light absorption range, which was nearly twice that of unmodified NH,-UiO-66.
Beyond monometallic substitution, multimetallic UiO-66 materials incorporating Ce, Ti and Zr were also developed for the selective
photocatalytic methanation of CO, under simulated sunlight, using RuOx as co-catalystl>2l. It was found that the Zr/Ce/Ti-UiO-66
catalyst outperformed monometallic Zr- and Ce-UiO-66, as well as bimetallic Zr/Ce- and Zr/Ti-UiO-66, achieving a CH, production
rate of 1,900 pmol g'* after 22 hours of photoreaction. Spectroscopic characterization and photocatalytic experiments confirmed that
the excellent activity was due to a dual photothermal and photochemical mechanism.

In the Zry SBUs of UiO materials, partially or completely replacing the Zr metal nodes with other metal ions is an effective strategy to
shift the band edge and band gap position, modify the hybrid energy levels between the SBU and the organic ligand, and achieve
electron localization at the metal center.

3.2 Defect engineering

Defects in MOF materials are generally classified into two categories: metal defects and ligand defects (Figure 6). Metal defects
typically result from the absence of metal nodes or the partial replacement of metal ions by others metal species. Ligand defects, on
the other hand, often arise from the absence of organic linkers or the substitution of linkers with other molecules. It is widely
accepted that the crystal structure determines the properties of materials, and the formation of structural defects is usually
accompanied by bond breakage and recombination, lattice deformation, and electron localization>>l. These microstructure changes
caused by defect engineering can either alter the original properties or impart new functionalities to the materials. In addition, the
formation of surface defects and internal nanopores also facilitates molecular adsorption>®l. Defect engineering therefore provides an
efficient strategy to regulate the physicochemical properties of MOFs, including their stability, adsorption capacity, and catalytic
performancel®’l, Moreover, defects can act as active sites and promote the separation of electrons and holesl®8l. As such, defect
engineering is considered an effective method for tuning the band structure and electronic properties, and for customizing the
functionalities of MOF materials>’l.

N\
/

Linker

defect Microstructure

CO, adsorption
Active site

Band structure

Cl_t,% ’ Stability
defect { 2

- o o o o o o
-_—een o o e e e e o e e Em

Figure 6. Schematic diagram of two typical types of UiO defects.

In the case of UiO series of MOFs, the strong chemical bonds between Zr and oxygen atoms, as well as the high coordination of each
Zr,SBU with 12 organic linkers, make these materials highly tolerant to structural defect modulation. Defects in UiO materials
generally arise from the absence of ligands and/or Zr-O clusters during the nucleation or PSM process. For UiO-66, it has been shown
that the framework structure can be maintained even when each Zr-O cluster lacks up to 4.3 organic linker ligands!®’l. The main
strategies for introducing structural defects in UiOs include the following: (a) Replacement of Zr precursor: Using ZrOCl,'8H,0 instead


https://doi.org/10.70401/smd.2025.0011

Smart Mater Devices. 2025;1:202506 | https://doi.org/10.70401/smd.2025.0011 Page 8 of 24

of ZrCl, allows competition between the dicarboxylate organic linker and water molecules in ZrOCl,-8H,0[°!], thereby reducing
coordination between the Zr cluster and the ligand. (b) Solvent-free synthesis®?:: This method reduces the solubility of organic
linkers, leading to coordination discrepancies between clusters and ligands. (c) Use of modulators[®®¢‘l: Monocarboxylic acids such as
HCOOH, benzoic acid, CH;COOH, and CF;COOH can act as modulators, forming defects in UiO frameworks through various
mechanisms, including inducing ligand deficiency via competitive coordination, etching the lattice through chemical reactions, and
regulating crystallization dynamics by altering the reaction environment. (d) Introduction of competitive metal precursors: This
approach can form mixed-metal nodes and Zr, cluster-missing defects, such as introducing six-coordinated Ti in place of some
octa-coordinated Zr ionsl°!l. (e) PSEI*’l: Through solvent-assisted ligand exchange, specific species can be anchored at defect sites
generated by modulator-induced competitive coordination, enabling the synthesis of UiO materials with diverse functional groups
and characteristics.

Defect structures have a significant impact on the photocatalytic performance of UiOs. Wang et al.[®’! synthesized several UiO
materials, denoted as UiO-6X-NH, (X = 6, 7, and 8), containing different dicarboxylate linkers and NH,-modified defects, and evaluated
them for photocatalytic CO,RR. Among them, the 3,5-diamino-benzoate-modulated NH,-UiO-66 exhibited the highest catalytic
activity for CO production (17.5 pmol g * h'!), attributed to its lowest absorption energy (E,y), achieving 2.4 times the activity of
benzoate-modulated UiO-68-NH,. Subsequently, the authors prepared a series of UiO-66-NH,-X materials with defect types, including
ligand vacancy defects (X = LV), missing-cluster defects (X = MC), and linker defects compensated by CH;COOH and HCOOH (X = AA and
FA, respectively) (Figure 7a). Theoretical calculation and experimental results confirmed that UiO-NH,-LV exhibited the best
photocatalytic CO,RR activity among the four, with a CO yield of 30.5 ymol g'! h'{, which was 9.2 times higher than that of
Ui0-66-NH,-MC (Figure 7b). DFT calculations revealed that the presence of defects would adjust the values of LMCT energy (E; y;cp) and
E.ns during photocatalysis, thereby resulting in different photocatalytic activities over these UiO-66 derivatives. UiO-NH,-LV possessed
the smallest sum of E;ycr and E,,s, which effectively reduced the energy barrier in the rate-controlling step of CO, reduction.
Furthermore, UiO-66-NH,-LV demonstrated excellent stability and recyclability, maintaining its catalytic activity over six consecutive
reaction cycles (Figure 7c).
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Figure 7. (a) Different defect synthesis routes of UiO-66-NH,; (b) Photocatalytic performance of various catalysts and (c) Cyclic experiments of UiO-66-NH,-LV. Reproduced

with permission from referencel®. Copyright © 2022 Elsevier.
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In addition to defect type, the degree of ligand vacancies in UiOs materials can also influence their photocatalytic activity. It has been
found that a greater number of ligand vacancies per metal node in UiO-66 leads to a lower E;r, resulting in enhanced CO
evolutionl®®., A series of UiO-67 materials with varying numbers of linker defects were synthesized by adjusting the amount of HCOOH
used during synthesis, and they exhibited different photocatalytic CO, reduction activitiesl°’l. Among them, the catalyst UiO-67-200
showed the best catalytic performance for converting CO, to CO, achieving a yield of 12.29 umol g* h™!, which was 5.25 times that of
UiO-67-0. These results demonstrated that an appropriate level of linker defects can enhance the separation efficiency of charge
carriers and promote LMCT.

By altering the synthesis temperature, several types of defective NH,-UiO-66 materials were prepared using HCI as a modulating
agent and applied as photocatalysts for CO,RRP7. Compared with non-defective NH,-UiO-66, these defective catalysts exhibited
significantly enhanced photocatalytic activity, with a maximum HCOOH production rate of 129.8 ymol g'* h''. The improved catalytic
performance was attributed to the more open framework structure and the increased number of active sites generated through
defect engineering, which facilitated the transfer of photogenerated charge carriers.

In summary, defect engineering, achieved by adding modulators, adjusting synthesis temperatures, and altering synthesis precursors,
can create more open frameworks and increase the number of active binding sites in UiO-MOFs. As a result, it can effectively
accelerate photoinduced charge transfer and suppress the recombination of photogenerated charge carriers, thereby enhancing the
photocatalytic CO, reduction capacity of UiO materials.

3.3 Introduction of metal species

In recent years, numerous studies have focused on enhancing the photocatalytic performance of UiO-MOFs by doping or loading
metal species into UiOs (Figure 8). Introducing metal components enables both metal-to-metal and metal-to-cluster charge transfer,
providing an effective strategy to expand the light absorption range and improve charge separation efficiency, thereby enhancing the
overall photocatalytic performance of UiO catalysts.
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Figure 8. Schematic diagram of the modification of UiO-66 with metal species. SAs: single atoms; NPs: nanoparticles.

3.3.1 Introduction of metal single-atom site

Single-atom catalysts have attracted significant attention due to the unsaturated coordination environment and unique electronic
structure of atomically dispersed active sites. These catalysts enable high atomic utilization and provide abundant photocatalytic
active sites. Anchoring metal SAs onto the surface of UiO materials is considered an effective approach to address the issue of
insufficient photogenerated charge separation. Moreover, the incorporation of single-atomic sites into UiOs can introduce additional
photocatalytic active sites and facilitate charge transfer, thereby enhancing overall photocatalytic performance. Fe-, Co-, Ni-, and
Cu-based single-atom catalysts have been widely studied for photocatalytic CO,RR, as their unfilled 3d orbitals can efficiently
accelerate the transfer of photogenerated charges in the system!®®l. It is important to note that these metal sites introduced into UiOs
do not form part of the metal nodes. Instead, they are located on the surface or are chemically bonded to the organic linkers or
Zr-oxygen clusters.

A photoinduction method was developed by Wang et al.l®! to anchor Cu SAs onto the -NH, moieties of NH,-UiO-66 (Figure 9a).
Compared with pristine NH,-UiO-66 and the Cu NPs/NH,-UiO-66 composite, the synthesized Cu SAs/NH,-UiO-66 exhibited
significantly enhanced visible-light photocatalytic performance for CO,RR, producing CH;OH and C,HsOH at rates of 5.33 and
4.22 umol g'' h'!, respectively. This high catalytic activity was attributed to the introduction of Cu SAs, which facilitated electron
enrichment on the catalyst surface and improved photogenerated charge separation. Similarly, Zn SAs were anchored onto


https://doi.org/10.70401/smd.2025.0011

Smart Mater Devices. 2025;1:202506 | https://doi.org/10.70401/smd.2025.0011 Page 10 of 24

NH,-UiO-66, and the resulting catalyst demonstrated excellent activity for the reduction of CO, to CO"°L In another study, the
photocatalytic performance of Bipy-UiO-67 was enhanced by incorporating Co SAs. The modified catalyst exhibited improved CO,
adsorption capacity and CO evolution efficiency for photocatalytic CO,RR compared to the pristine Bipy-UiO-671"1,

Vis
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Figure 9. (a) Synthesis procedure of Cu SAs/NH,-UiO-66. Reproduced with permission from reference!®. Copyright © 2020 American Chemical Society; (b) Synthesis

procedure of Co- and Re-UiO-67. Reproduced with permission from referencel””.. Copyright © 2020 American Chemical Society.

Using UiO-66-(0H), as the structural precursor, single-atomic Co?" sites were anchored onto the Zr-O nodes of metal-organic-layer
nanocages synthesized via a cosolvent approach!’?. The photocatalytic performance of the resulting catalyst was evaluated for CO,RR
and showed an exceptionally high CO production rate of 7,740 ymol g ' h™!, along with excellent stability, maintaining 97.1% product
retention after five cycles. This outstanding photocatalytic activity was primarily attributed to the unique nanocage structure, which
facilitated greater exposure of Co?" sites through the large-area 2D UiO-66-based nanosheets and enhanced local CO, due to the
presence of abundant surface hydroxyl groups.

In addition to metal SAs, incorporating metal complexes into UiOs is also an effective strategy to introduce isolated metal sites and
enhance catalytic activity. Re(CO);Cl-modified UiO-671"3 was synthesized using a rhenium complex bearing dicarboxylic acid
functionality and applied in photocatalytic CO,RR to produce CO, achieving a high turnover number of 10.9, which was three times
that of the homogeneous Re complex. Four types of half-sandwich Ru and Rh molecular complexes were incorporated into UiO-67
frameworks via a PSE strategy and used as photocatalysts for CO,RRI7%. It was demonstrated that catalysts containing Rh-OH, or
Ru-OH, exhibited superior catalytic activity compared to those containing Rh-Cl or Ru-Cl. Two metal ion-doped UiO catalysts,
Re-UiO-67 and Co-UiO-67, were synthesized through a combined solvothermal and post-metallization strategy (Figure 9b)7>l, Both
UiO-67-based MOFs showed significantly higher CO, adsorption capacities compared to the pristine material. Among them, Co-UiO-67
exhibited much higher photocatalytic activity for CO,RR with a CO evolution rate of 3,292.5 pmol g h™!, in contrast to 412.5 ymol g*
h't for Re-UiO-67. This superior performance was attributed to the enhanced charge transport properties of Co-UiO-67 and the
unsaturated coordination of its Co active sites, which improved CO, adsorption capacity.

To investigate the role of the coordination environment around single metal sites in photocatalysis, UiO-Co-N, (x = 2, 3, 4) catalysts
with different numbers of coordinated N atom numbers around Co sites were synthesized based on the UiO-67-20% material that was
obtained by a mixed-ligand strategy with 20% H,bpydc and 80% H,bpdcl’?l. Among these catalysts, UiO-Co-N; exhibited the highest
photocatalytic performance for CO, conversion to CO. This superior activity was attributed to its fast charge transfer dynamics and
the low electronic density of Co(Il) sites, which resulted in reduced energy barriers for CO,RR.
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The unique structural tunability of UiOs makes them an ideal platform for the introduction of catalytic single metal sites and the
precise modulation of their coordination microenvironment, thereby enabling excellent photocatalytic performance for CO,
reduction.

3.3.2 Introduction of metal NPs

In photocatalytic reactions, metal NPs introduced into UiOs can not only enhance absorption in the visible-light spectrum but also
serve as electron acceptors and active sites. Certain metal NPs, such as Au, Ag, and Cu, can broaden the optical response range
through localized surface plasmon resonance (LSPR) when confined with nanoscale UiO particles. In particular, the collective
oscillation of electrons on the surface of these metals, when restricted within a nanoscale cage, may give rise to characteristic optical
response bands.

The Au/NH,-UiO-66/graphene (GR) catalyst was synthesized by co-modifying NH,-UiO-66 with Au NPs and GRI’’7l. Although the Au
particles exhibited a wide size distribution (3-33 nm), the catalyst still demonstrated higher photocatalytic CO, reduction activity and
greater selectivity toward HCOOH compared to NH,-UiO-66/GR and pristine NH,-UiO-66. This improvement was attributed to the
LSPR effect of the Au NPs, which enhanced visible light absorption, and the excellent conductivity of GR sheets, which helped
suppress the recombination of photogenerated electron-hole pairs.

In addition, the spatial position of precious metal NPs relative to UiOs has a significant impact on photocatalytic efficiency. Two
modified NH,-UiO-66 materials, with Pt NPs located on the surface and inside the nanochannels, namely Pt/NH,-UiO-66 and
Pt@NH,-UiO-66 respectively, both exhibited superior photocatalytic performance compared to pristine NH,-UiO-6678l. Notably,
Pt@NH,-UiO-66 showed approximately five times the efficiency of Pt/NH,-UiO-66, primarily due to its shortened electron migration
distance, which facilitated the separation of photogenerated electron and hole pairs. Similarly, a series of hybrids incorporating Pt
NPs (approximately 4 nm in size) in different positions, interior, exterior, or both interior and exterior, of flower-like NH,-UiO-68 were
synthesized using various preparation methods and Pt loadings (Figure 10)[7’), Among them, Pt(2)@NH,-UiO-68, with 2 wt% Pt loaded
inside the porous framework, exhibited the highest visible-light photocatalytic activity for the conversion of CO, to CO. These results
demonstrated that proper positioning and loading of Pt NPs within the catalyst can enhance their interaction with NH,-UiO-68 and
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Figure 10. Synthesis procedures of various Pt NP-loaded UiO-68 catalysts. Reproduced with permission from reference””’. Copyright © 2019 Royal Society of Chemistry.

NPs: nanoparticles.

Furthermore, the size of metal NPs also has a significant impact on catalytic efficiency. Four Ag@UiO-66 catalysts with varying sizes
and loading of Ag NPs were prepared via in situ growth of Ag NPs within the nanopores of SH-functionalized UiO-66[%°l. The Ag
loadings on these catalysts were 8.32%, 23.27%, 39.79%, and 51.20%, with corresponding Ag NP sizes of 1.06 nm, 1.9 nm, 2.0 nm, and
5.0 nm, respectively. Photocatalytic tests showed that the catalytic activities of Age@UiO-66 followed a volcano-type trend as the size
of Ag NPs increased. The catalyst with an average Ag particle size of 2.0 nm and a loading of 39.79% exhibited the best activity for
photocatalytic CO,RR to produce CO as well as a small amount of hydrocarbons, due mainly to its good balance in Ag loading and
mass transfer within the nanochannels.

Beyond noble metals, non-noble metal NPs have also been introduced into UiOs for photocatalytic CO,RR. Several Co-decorated
NH,-UiO-66 catalysts with varying Co loadings were synthesized by post-synthetic NaBH, treatment®'], The catalyst with 5wt% Co
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loading showed the most prominent photocatalytic activity for CO,RR, with a CO evolution rate of 1,930 umol g'* h™!, which was 10.2
times that of the unmodified catalyst. This high catalytic performance was mainly due to the high dispersion of Co on the catalyst
surface, which accelerated charge transfer and separation during catalysis. Six types of metal NPs, namely Au, Cu, Ag, Pt, Pd, and Ni,
were supported onto UiO-66 as photocatalysts for CO,RRI®?l. The integration of Au and Cu NPs into UiO-66 obviously boosted the
catalytic performance of CO, reduction to CH;0H and C,HsOH. It was because of the incorporation of metal NPs that leads to the LSPR,
thus promoting the light absorption capacity, efficient charge dynamics, charge separation efficiency, as well as the production of
electron-hole pairs.

As it turns out, introducing metal NPs into UiO-MOFs can enhance their photocatalytic performance by improving visible light
absorption, promoting charge transfer during photocatalysis, or inhibiting the recombination of electron-hole pairs. However, the
types of metal NPs introduced into UiO materials remain limited, and most of them are precious metal NPs. Therefore, it is necessary
to continue developing more suitable materials to serve as co-catalysts.

3.4 Combination with other materials

Due to the high carrier transport resistance, low structure order, and narrow band gap of UiO materials, the separation efficiency,
transfer efficiency, and adsorption capacity of photogenerated charges in pristine UiOs are far from ideal. As a result, extensive
research has focused on enhancing the photocatalytic performance of UiOs by combining them with other materials, such as
sulphidesl?7-#3], lead-free halides[®** %%, and other MOFs!®*’l. Compared with single-component catalysts, constructing composite
photocatalysts offers several potential advantages. First, the introduced photoactive semiconductor can serve as a light-harvesting
center to improve solar energy utilization. Second, the UiO component, with its high porosity and SSA, can provide active sites and
prevent the aggregation of external NPs. Third, the formation of tight interfacial connections between the photoactive
semiconductor and UiO can create effective pathways for the migration and separation of photogenerated charges.

3.4.1 As co-catalysts for photocatalytic CO,RR

In some studies, UiOs have been combined with other photocatalysts and used as co-catalysts. The primary functions of UiOs as
co-catalysts in photocatalysis include providing a robust scaffold to support and stabilize other photocatalysts, as well as offering a
high SSA for the adsorption of reactants. For example, a composite photocatalyst, Ni@Ru-UiO-67, with visible-light response was
fabricated by encapsulating a Ni(II) molecular catalyst into Ru-UiO-67 via a “ship-in-a-bottle” strategy!®®l. This composite exhibited
excellent catalytic activity, selectivity, and durability for photocatalytic CO,RR toward CO. The high performance was attributed to
the efficient transfer of photoelectrons generated by the Ru centers to the Ni(Il) active sites. Tan et al.l*°! synthesized a soluble UiO-66
(NH,OH) and applied it as a co-catalyst for photocatalytic CO,RR to CO. The resulting CO yield reached 30.6 umol h! with 5.0 mg
sample, which was 1.5 times higher than that of its insoluble analogue.

3.4.2 Construction of heterojunctions

Constructing heterojunctions has proven to be a highly promising strategy for modifying UiOs to enhance their photocatalytic
properties, owing to its simplicity, feasibility, and high efficiency in facilitating the separation of photogenerated electron-hole pairs.
Extensive research has been devoted to combining UiO-MOFs with other materials through various methods to construct
heterojunctions, and significant progress has been made in this areal3”.°°l. Based on current studies on UiO heterojunction
modification, three types of heterojunctions have been developed: type-II, Z-scheme, and S-scheme.

A type-1I heterojunction consists of two staggered semiconductors (PS-1 and PS-1I). As shown in Figure 11a, PS-1I possesses a lower
oxidation potential and a higher reduction potential compared to PS-I. Under appropriate light excitation, photogenerated
electron-hole pairs are produced under suitable light excitation. Electrons transfer from the CB of PS-II to the CB of PS-1, while holes
move in the opposite direction, resulting in the effective separation of photoinduced electron-hole pairs. Table 1 summarizes
relevant studies on UiO-based type-II heterojunction materials for photocatalytic CO,RR conducted over the past five years.

Some quantum dot (QD) materials, such as Cs,AgBiBr,*! and CsPbBr;[°!l, have been combine with UiO-66 and its derivatives to
construct type-II heterojunction photocatalysts. These composites exhibited significantly enhanced photocatalytic efficiency for CO,
reduction, primarily yielding CO, due to rapid charge separation and transfer at the interface. In particular, the
Cs,AgBiBry/Ce-UiO-66-H composite achieved a high CO generation rate of 309.01 ymol g'! h'!, which was approximately 2.7 and 2.1
times greater than those of pristine Ce-UiO-66-H and Cs,AgBiBr,, respectively®®l. This outstanding catalytic activity can be attributed
to the following factors: (i) the close interfacial contact inhibited the agglomeration and decomposition of Cs,AgBiBr, QDs; (ii) more
structural defects were introduced into the Ce-UiO-66-H framework by Cs,AgBiBr,; and (iii) good band alignment and high electron
mobility promoted efficient charge separation. It can be seen that the combination of halide QDs and UiO-MOFs is conducive to the
dispersion of QDs, and the constructed compact heterojunction contact surface improves electron mobility and carrier separation
efficiency, thus achieving better performance in photocatalytic CO,RR.

To improve the electron-hole separation ability of BiOBr, type-II heterojunctions BiOBr/NH,-UiO-66 containing Lewis basic moieties
were constructed by depositing NH,-UiO-66 onto BiOBr (Figure 11b)I®°l. These composites exhibited high CO yields up to
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9.19 umol g'' h'! in photocatalytic CO,RR, which was four times that of pure BiOBr. Liu et al.[’?l synthesized a composite, Cu
SAs@PCN@UIO, by confining polymeric carbon nitride (PCN) with Cu SAs inside defective NH,-UiO-66 nanocrystals using a
straightforward low-temperature thermolysis method. Cu SAs@PCN@UiO exhibited high activity for photocatalytic CO, conversion to
CH;0H, with a remarkably high product yield of 4,150 pmol g'! h'!, along with small amounts of CH;CH,0H and trace CH,. It was
demonstrated that both the doping of Cu SAs and the formation of heterojunction between the UiO shell and the incapsulated Cu

SAs@PCN contributed to the highly efficient generation of CH;OH.
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Table 1. UiO-based type-II heterojunction catalysts for photocatalytic CO, reduction.

Catalyst Condition? Product Yield (umol g" h'')  Ref.

NH,-Ui0-66/CdIn,S, 50 mg sample, 100 mL H,0, 25 °C, 300 W Xe lamp co 11.24 [37]

Ui0-66/Bi,05Br, 30 mg sample, 50 mL H,0, 5 °C, 300 W Xe lamp CcO 835 [38]

Cs,AgBiBrg QDs/Ce-UiO-66-H 15 mg sample, 50 yL H,0, 300 W Xe lamp Cco 309.01 [84]

BiOBr/NH,-Ui0-66 10 mg sample, 10 mL H,0, 300 W Xe lamp co 9.19 [85]

NH,-UiO-66@MIL-101 30 mg sample, 15 mL H,0, 300 W Xe lamp COCH, 267.9018.63 [871

CsPbBr; QDs/Ui0-66(NH,) 10 mg sample, H,O/ethyl acetate (1/300), 5 °C, 300 W Xe COCH, 98.573.08 [91]
lamp, A = 420 nm

CuSAs@PCN@UIO 5mg sample, 3 mL TEA,7 mL MeCN/H,0(6/1), A = 420 nm CH50H 4,150 [92]

MIL-125,,@Ui0-66 1 mg sample, 0.5 mL H,0, 0.2 MPa, 300 W Xe lamp,A>  CO 56.4 [93]
420 nm

NH,-Ui0-66/g-C3N,/CdTe 2 mg sample, 4 mL MeCN,1 mL EtOH, 300 W Xe lamp, A > HCOOH 24.6 [94]
400 nm

g-C3N/Ui0-66(Zr/Ce) 20 mg sample, 15 mL MeCN, 5 mL H,0, 300 W Xe lamp, A CH;0OHC,H;OH 54.7138.10 [95]
> 420 nm

NH,-Ui0-66/Ce(HCOO), 10 mg sample, 20 mL H,0, 1 mLTEOA, 25°C, 300 WXe  CH, 128.81 [96]
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lamp
Cu,0@Cu@NH,-Ui0-66 3 mg sample, 2 mL TEOA, 300 W Xe lamp, A > 400 nm COCH, 20.908.30 [97]
HTINbO-/UiO-66 10 mg sample, 0.8 mL TEOA, 1.6 mL H,0, 300 W Xe lamp CO 410 [98]
N-CNDs/NH,-UiO-66 2 mg sample, 5 mL MeCN/TEOA(4:1), 300 W Xe lamp, A> HCOOH 80.5 [99]
400 nm
BiOBr/UiO-66(Ce) 10 mg sample, 10 mL H,0, 300 W Xe lamp, A > 420 nm Cco 20.4 [100]

2 TEA: trimethylamine; TEOA: triethanolamine.

Some double MOF-based type-II heterojunctions have been developed. A type-II heterojunction material, NH,-UiO-66@MIL-101, was
fabricated via a solvothermal approach by depositing nanoscale NH,-UiO-66 onto MIL-101*7l. The resulting heterostructure enhanced
the separation of photogenerated charges and facilitated interfacial electron migration (Figure 11c). As a result, the composite
exhibited superior photocatalytic activity for CO,RR compared with both pristine MOF components, achieving CO and CH, production
rates of 267.90 and 18.63 umol g'! h'!, respectively. These rates were more than three times those of MIL-101(Cr) and approximately
5.75 times those of NH,-UiO-66. Three types of core-shell heterostructures were constructed by loading UiO-66 onto MIL-125 with
different exposed crystal planes via an epitaxial growth strategy!®’l. Among them, MIL-125,,@UiO-66 exposing {111} crystal plane
showed the highest CO formation rate, reaching 56.4 Umol g'! h!, along with excellent selectivity (99%) for visible-light photocatalytic
CO,RR without the need for a photosensitizer or sacrificial reagent. These values were 11.3 and 1.4 times those of pure UiO-66 and
MIL-125,,, respectively. This outstanding catalytic performance was attributed to the improved separation of photoproduced carrier
separation via the type-II heterostructure and the exposure of more active Ti sites on MIL-125,,@UiO-66.

Some studies have combined UiO-MOFs with g-C;N, for catalyst modification to reduce quenching of photoproduced charge carriers
and improve sunlight utilization efficiency!®‘l. A 2D g-C;N,/UiO-66(Zr/Ce) composite with a type-II heterostructure was synthesized
through a solvothermal method, using g-C;N, supported Zr and Ce SAs as metal sources of UiO-66 nanosheets, forming interfacial
N-Zr/Ce-0 bonds!®*l. Under visible light, this composite efficiently catalyzed CO,RR to produce CH;OH and C,HsOH, with evolution
rates of 54.71 and 38.10 Umol g! h™!, respectively. This high catalytic activity was attributed to the facilitated delocalization and
migration of photoelectrons from the conjugated 7T structure of g-C;N, to UiO-66 via the N-Zr/Ce-O bonds. Additionally, the strong
coordination interaction between the two materials endowed the composite photocatalyst with excellent stability during
photocatalytic CO,RR, maintaining catalytic activity after 12 cycles.

Although type-II heterojunctions can to some extent enhance the separation efficiency of photogenerated electron-hole pairs, they
often sacrifice the high redox capability of photocatalysts, resulting in unsatisfactory photocatalytic performance. To address this
challenge, Z-scheme heterojunctions have been introduced. Under light irradiation, as illustrated in Figure 12a, electrons in the
valence band (VB) in PS-I are first excited to its CB, and then migrate to the VB of PS-II. Consequently, photoproduced electrons and
holes accumulate in PS-II and PS-I, respectively, which possess higher reduction and oxidation potentials. This process not only
promotes effective separation of photoproduced electron-hole pairs but also optimizes the redox potential. Relevant studies on
UiO-based Z-scheme heterostructure materials for photocatalytic CO,RR over the past five years are summarized in Table 2.

The NH,-UiO-66/Cu,0/Cu material with an indirect Z-scheme heterostructure was constructed by coupling Cu,0 with NH,-UiO-66 for
photocatalytic CO, conversion to CO!'°!l. This composite achieved CO production rates of up to 4.54 pmol g'! h't, which were 37.8 and
50.4 times higher than those of NH,-UiO-66 and Cu,0, respectively. The superior photocatalytic performance was attributed to the
effective formation of the Z-scheme heterostructure (Figure 12b), in which NH,-UiO-66 prevents Cu,0 from photocorrosion and
enhances CO, adsorption capacity, while Cu acts as a mediator to promote electron transfer and provides active sites.

Several Z-scheme heterojunctions, MoS,@NH,-UiO-66, were synthesized by combining MoS, with different morphologies and
NH,-UiO-66 with varying grain sizes, and were applied for photocatalytic CO, reduction!'®?. Among them, the flower-like composite
based on 100 nm NH,-UiO-66, as shown in Figure 12c,d, exhibited the best photocatalytic performance due to its well-matched
micro-geometric configuration. It achieved a CH, yield of 27.18 umol g h'! and a selectivity of 82.44%. This excellent catalytic activity
can be attributed to the intimate heterointerface between the small-size NH,-UiO-66 and the flower-like MoS,, which possesses
superior basal plane curvature. This configuration significantly increased the contact barrier and promoted interfacial charge
transfer.

A type of core-shell Z-scheme heterojunctions NH,-UiO-66@Pro-COF-Br, was constructed by in situ growth method via the Schiff-base
reaction!'®?l, In these hybrid materials, the porphyrin units on the Pro-COF-Br shell functioned as light-harvesting centers, greatly
extending the light absorption range. At the same time, the formed Z-scheme heterostructure and the C=N bonds acted as bridges to
significantly enhance charge migration and separation (Figure 12e). As a result, these composites exhibited excellent catalytic
performance for CO,RR under visible light, achieving CO production rates up to 26.59 pmol g* h't.
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Table 2. UiO-based Z-scheme heterojunction catalysts for photocatalytic CO,RR.

Yield (umol g7 h

Catalyst Condition Product 1y Ref.

CdS@NH,-Ui0-66 1 mg sample, 150 pL H,0, LED lamp co 280.5 [83]

NH,-Ui0-66/Cu,0/Cu 50 mg sample, 100 mL H,0, 20 °C, 300 W Xe lamp co 4.54 [101]

f-MoS,@NH,-Ui0-66 5 mg sample, 4.9 mL MeCN, 0.1 mL H,0, 25 °C, 300 W Xe lamp COCH, 23.1627.18 [102]

NH,-UiO-66@Pro-COF- 10 mg sample, 0.3 mL 2M H,SO,, NaHCO3, 300 W Xe lamp co 26.59 [103]

Br

CdS/Ag-AgBr/Au-UiO- 500 mL 0.1 M KOH/Na,SO4/Na,S, 2.0 M NaNO,, 500 W Xe lamp CH30H 1,939° [104]

66(Ce)

g-C3N,/NH,-Ui0-66 10 mg sample, 20 mL H,0O, 1 mL TEOA, 10 °C, 300 W Xe lamp, A >420 ~ COCH, 21.65%73.40° [105]
nm

Zn-NH,-Ui0-66/Ce0, 10 mg sample, 20 mL H,0, 1 mLTEOA, 10 °C, 300 W Xe lamp, A >420  COCH, 22.5253.18 [106]
nm

SiWgCo3@NH,-Ui0-67 5 mg sample, 5 mL MeCN/H,0/TEOA(48:1:1), 300 W Xe lamp, A > 420 nm CO 1533 [107]

SiWgCo3@NH,-Ui0-68 co 46.6

COF-366-Co/NH,-Ui0-66 5 mg sample, 10 mL MeCN/H,0/TEOA(3:1:1), 10 mg [Ru(bpy)5]Cl,-6H,0, CO 4,092.16 [108]
150 W Xe lamp

Ag/UiO-66@g-C3N, 10 mg sample, 30 mL H,0, 80 °C, 300 W Xe lamp CH30HCO 17.7611.45 [109]
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CuO/Ag/UiO-66 30 mg sample, 100 mL H,0, 0.3 MPa, 300 W Xe lamp HCOOH ~63 [110]
NH,-Ui0-66/CeCO30H 10 mg sample, 20 mL H,0, 1 mL TEOA, 10 °C, 300 W Xe lamp COCH, 1039702 [111]
0-ZnO/rGO/NH,-Ui0-66 100 mg sample, 100 mL 0.1 M NaHCOs, 300 W Xe lamp, A > 420 nm CH3;OHHCOOH 34.836.41 [112]

a: The unit is umol g; CO,RR: CO, reduction reaction.

In addition to single heterostructure, double Z-scheme heterojunctions have also been also constructed and applied for
photocatalytic CO,RR. A catalyst with double Z-scheme heterojunctions was prepared by hand-grinding CdS/Ag-AgBr nanocrystals
with Au-supported NH,-defective UiO-66(Ce), and employed for the photocatalytic CO,RR to produce CH;OH!"'%4. The CH;0H yield over
this catalyst reached 1,939 pmol g within 4 h, which was approximately 5 times and 4.4 times higher than those achieved by the
single Z-scheme heterojunction systems of Au-supported NH,-defective UiO-66(Ce) and CdS/Ag-AgBr, respectively.

Based on the concept of the direct Z-scheme heterojunction, the S-scheme heterojunction was proposed to address charge transfer
limitations in type-II and conventional Z-scheme heterojunctions. An S-scheme heterojunction is composed of a reduction
photocatalyst (RP) and an oxidation photocatalyst (OP) with staggered band structure (Figure 13a)l'*3l. When RP comes into contact
with OP, electrons from the RP migrate to the OP at the interface, resulting in the RP and OP sides becoming positively and negatively
charged, respectively. Meanwhile, the interface between OP and RP forms downward or upward band bending and a built-in electric
field that drives the transfer of photoproduced electrons from the CB in the OP to the VB of the RP. In addition, the band bending and
Coulombic attraction between holes in the RP and electrons in the OP further promote this charge migration. In contrast, the built-in
electric field, band bending, and Coulombic repulsion inhibit the migration of electrons from the CB of the RP to that of the OP, as
well as the movement of holes from the VB of the OP to that of the RP. As a result, the S-scheme heterostructure enables both efficient
charge separation and strong redox capacity, thereby enhancing photocatalytic performance. Table 3 summarizes recent studies on
UiO-based S-scheme heterojunction materials for photocatalytic CO,RR over the past five years.
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Figure 13. (a) Charge migration processes in an S-scheme heterostructure. Reproduced with permission from referencel’'*l. Copyright © 2021 Wiley; (b) Mechanism of visible
light photocatalytic CO,RR over Ce/Zr-NH,-UiO-66/CdIn,S,. Reproduced with permission from referencel''™. Copyright © 2024 Elsevier; (c) Mechanism of photocatalytic CO,
RR over NH,-UiO-66/RGO and the corresponding differential charge density. Reproduced with permission from referencel’'”\. Copyright © 2022 Elsevier. CO,RR: CO,

reduction reaction; CB: conduction band; VB: valence band; OP: oxidation photocatalyst; RP: reduction photocatalyst.
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Table 3. UiO-based S-scheme heterojunctions catalysts for photocatalytic CO,RR.

Catalyst Condition Product Yield (umol g h™") Ref.

Ce/Zr-NH,-Ui0-66/CdInS, H,0, simulated solar irradiation Cco 6.01 [114]
NH,-Ui0-66/RGO 30 mg sample, 100 mL H,0, 20 °C, 300 W Xe lamp Cco 23.54 [115]
Cs3Bi,Brg QDs@UiO-66 30 mg sample, 0.5 mL H,0, 80 kPa, 300 W Xe lamp COCH, 41.736.17 [116]
NH,-UiO-66/CuZnS 20 mg sample, 84 mg NaHCO;, 0.3 mL 2M H,S0,, 300 W Xe lamp Cco 22.58 [117]
CdSeTe QDs/NH,-Ui0-66  MeCN/H,0(4:1), TEOA, C3yH,,Cl,NgRU-6H,0 co 228.68 [118]
TTCOF/NH,-Ui0-66 5mg sample, 5 yL H,0, 300 W Xe lamp, A > 420 nm CcO 6.56 [119]
NH,-Ui0-66/SiC 20 mg sample, 84 mg NaHCO;, 0.3 mL 2M H,S0,, 300 W Xe lamp, A > 420 nm CO 7.30 [120]

CO,RR: CO, reduction reaction.

A type of S-scheme heterojunction, Ce/Zr-NH,-UiO-66/CdIn,S, with varying Ce contents, was synthesized by modifying
NH,-UiO-66(Ce/Zr) with CdIn,S, through an in situ hydrothermal co-synthesis strategy and was applied for photocatalytic CO,RR to
produce CO and CH,[''Yl, Without the use of any sacrificial reagents, the composite with a Ce:Zr molar ratio of 2:8 exhibited the
highest CO production rate of 6.01 umol g"! h™* and a selectivity of 54.98%. These values were 3.72 and 17.83 times higher than those of
CdIn,S, and NH,-UiO-66, respectively. This high photocatalytic reduction performance was attributed to the oxygen vacancies
generated by doping mixed-valence Ce ions (Ce%/Ce*), as well as the enhanced charge separation efficiency resulting from the
formation of the heterojunction (Figure 13b).

Cs;Bi,Bry QDs were incorporated into UiO-66 to form an S-scheme heterojunction!''°l, which combined the high porosity and SSA of
UiO-66 with the superior power conversion capability of the QDs. It was demonstrated that the composite material Cs;Bi,Br,@UiO-66
exhibited better photocatalytic activity for CO,RR compared with the composite of large-sized Cs;Bi,Bry, and UiO-66. An S-scheme
photocatalyst, NH,-UiO-66/CuZnS, was also constructed to reduce the band gap of ZnS by in situ growing NH,-UiO-66 on CuZnS via a
microwave hydrothermal method!''7l. This system enabled a thermally assisted photocatalytic CO, reduction process. The reaction
temperature increased to 54.2 °C due to the photothermal conversion effect of CuZnS, resulting in a CO yield of 22.85 umol g* h'’.

The covalent bonds in heterostructure composite materials can accelerate interfacial electron transfer, shorten the migration path of
photoproduced electrons, and enhance the electron utilization rate. Zhao et al.l'’> reported a type of covalently bonded
NH,-UiO-66/RGO composite photocatalyst for CO,RR (Figure 13c). The presence of covalent bonds in these composites rendered them
highly catalytically active, achieving CO yields up to 23.54 ymol g!, which was approximately 13 times that of pure NH,-UiO-66.
Another covalently linked heterostructure, CdSeTe QDs/NH,-UiO-66, was prepared via the introduction of an acylamino group!!'sl. It
was shown that the acylamino group functioned not only as a photogenerated charge transfer channel between the two components
but also as a stabilizing agent for the QDs. The optimized catalyst achieved a CO generation rate of 228.68 umol g*!, which was 4 and
13 times higher than those of CdSeTe QDs and NH,-UiO-66, respectively.

The construction of heterojunction is the most effective and straightforward approach to enhance catalytic performance. It can
overcome the limitations of single-component materials that suffer from inefficient electron-hole separation and can generate
synergistic effects that significantly improve photocatalytic properties. Therefore, future research should focus on developing more
efficient and stable heterojunction structures to further improve electron-hole separation efficiency. In addition, the actual transport
pathways of electrons and holes at heterojunction interfaces require more systematic investigation.

3.4.3 Other methods

In addition to serving as a co-catalyst and forming heterojunctions, UiO-MOFs can also be combined with other materials to leverage
their inherent properties for enhancing photocatalytic activity. This enhancement can be achieved by reducing the agglomeration of
UiO-MOF particles, improving the conductivity or light utilization efficiency of composites, constructing strong coordination bonds,
or increasing CO, adsorption capacity.

A poly(triphenylamine) (PTPA)-decorated NH,-UiO-66 photocatalyst was prepared through a hydrothermal process!'?!l, in which
NH,-UiO-66 NPs were highly dispersed on PTPA, which possesses a large surface area (Figure 14). PTPA not only stabilized NH,-UiO-66
NPs against aggregation but also provided an electron transport channel that facilitated rapid separation of electrons and holes. The
resulting composite photocatalyst exhibited enhanced CO, adsorption capacity and improved visible light response, leading to better
photocatalytic performance for CO, reduction to HCOOH. The sample containing 30 wt% PTPA showed a photocatalytic activity 5.5
times higher than that of pure NH,-UiO-66. Using a microwave-induced approach, well-distributed UiO-66 nanocrystals were grown
in situ and assembled onto GR to form an NH,-UiO-66/GR hybrid!'??l. This composite displayed high activity and selectivity for
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visible-light-driven photocatalytic CO,RR toward HCOOH, achieving a HCOOH production rate of 443.75 pmol g'* h'!, which was 11
times that of pure NH,-UiO-66. The excellent catalytic performance was attributed to the small particle size of NH,-UiO-66 crystals
and their uniform distribution on the GR surface, the strong CO, adsorption capacity, and the robust interaction between the two
components formed during the microwave-assisted synthesis process.
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Figure 14. (a) Schematic diagram of the composite structure and proposed photocatalytic CO,RR mechanism of PTPA/NH,-UiO-66. Reproduced with permission from
referencel’?"). Copyright © 2021 Elsevier; (b) Synthesis procedure of TiO,@UiO-67. Reproduced with permission from referencel’**. Copyright © 2025 Elsevier. CO,RR: CO,

reduction reaction.

Based on UiO-67, Saadh et al.l'?’l developed a series of composite materials, TiO,@UiO-67, with varying Ti contents by in situ binding
TiO, nanosheets onto UiO-67 with linker defects, thereby forming charge-polarized active sites at the TiO, and UiO-67 interface.
These composites exhibited highly activity and selectivity for visible-light-driven photocatalytic CO,RR to produce ethane, achieving
yields of up to 79.3 umol g'! h™* with 100% selectivity.

4. Conclusions and Prospects

Over the past few years, numerous UiO-based photocatalysts have been evolved for CO, reduction. The significant advantages of
UiO-MOFs, including large SSA, permanent porosity, abundant active sites, efficient charge separation, and high thermal and chemical
stability, provide a unique platform for the development of efficient photocatalysts. As a result, related research has entered a
flourishing stage. Due to the limited photocatalytic efficiency of pristine UiO materials, various modification strategies have been
employed to improve their performance, mainly including band-gap engineering, defect engineering, introduction of metal species,
and combination with other materials. The functional modification of UiO-MOFs and their applications in photocatalytic CO,RR have
been comprehensively reviewed and discussed in this article. Through the modification of UiOs, the following primary objectives can
be achieved: (1) increasing specific surface area to enhance CO, adsorption capacity and the concentration of active sites, (2)
broadening the light absorption range and improving light utilization efficiency, (3) introducing effective active sites to enhance
reaction efficiency, and (4) constructing tight interfacial connections between active sites and other components to provide faster
pathways for photogenerated charge carrier transfer and separation.

Although considerable advances have been made in the development of UiO-based materials for photocatalytic CO,RR, their practical
applications remain limited. To address this issue, several challenges should be taken into consideration in future research.

(1) Various sacrificial electron donors are widely used in nearly all reported UiO-based photocatalyst systems; however, they have
received very limited attention to date. On the one hand, it would be an interesting research direction to investigate the influence of
sacrificial reagents and their reaction products on the photocatalytic performance of UiO-based materials. On the other hand, the
selection of low-cost, abundant, and sustainable sacrificial agents should be carefully considered. Additionally, coupling with other
photocatalytic processes such as oxidation or pollutant degradation to replace traditional sacrificial reagents is expected to enhance
the overall economic feasibility.

(2) There is limited research on the photocatalytic mechanism of CO,RR over UiO-based materials. Gaining more direct evidence on
the transfer process of photoproduced charge carriers would represent a significant advancement in understanding the
photocatalytic mechanism. Therefore, it is highly desirable to employ in situ characterization and time-resolved detection techniques
combined with DFT calculations to obtain more intuitive and accurate results by investigating the electronic and structural evolution
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of UiO-based photocatalysts, as well as the dynamics of charge carriers.

(3) Developing highly selective catalysts for the production of specific single products has always been a key goal in photocatalytic
CO,RR. However, for most UiO-MOF-based catalysts, CO is usually the main product, often accompanied by by-products such as CH,.
Therefore, there is a strong demand to achieve selective control over the generation of specific single products through sophisticated
catalyst design, particularly by fine tuning of the local structure of catalytic active sites and the band structure of the photocatalyst.

(4) Most research in this area is conducted at the lab scale, typically using an Xe lamp as the excitation source, and simple target
substances allow UiO-based photocatalysts to perform their catalytic function under relatively mild conditions. However, it is
important to note that the photocatalytic performance of these catalysts under actual sunlight, in the presence of other ions, varying
pH values, and complex environments, may differ significantly from lab results. Additionally, most UiO-based photocatalysts are used
in powder form with catalytic systems, which poses challenges for recycling efficiency and stability in large-scale applications.

Furthermore, for practical applications, UiO-MOFs generally face challenges such as complex synthesis process, the use of large
amounts of toxic organic solvents during synthesis, relatively high production cost, and the need to improve stability, recyclability, as
well as acid and alkali resistance. To address these issues, it is necessary to develop synthesis methods that are environmentally
friendly, energy-efficient, simple, capable of producing high crystallinity materials, and suitable for large-scale production.
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