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Abstract

Photocatalytic reduction of carbon dioxide (CO,) is a promising technology for carbon recycling that offers both
environmental and economic benefits. Among the potential photocatalysts, metal nanoclusters (MNCs) stand out
as a class of materials with remarkable photophysical and photochemical properties. Despite the growing number
of studies on MNCs-based photocatalytic reduction of CO, in recent years, a systematic and comparative overview
of these studies is still lacking. This review provides a concise and comprehensive summary of the latest research
on MNCs-based catalysts for enhancing photocatalytic CO, reduction performance. Moreover, this review
highlights the challenges and opportunities in this field based on the current development trends.
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INTRODUCTION

Fossil fuels have been the dominant source of energy for various applications such as production,
transportation, and power generation throughout human history. However, the excessive consumption of
fossil fuels has led to the massive emission of carbon dioxide (CO,), which poses serious threats to energy
security and environmental quality" . Numerous carbon fixation strategies have been developed to address
these challenges, such as CO, emission reduction, CO, capture and storage (CCS), and CO, utilization"*"?.

CO, emission reduction involves the use of innovative technologies to lower the amount of CO, produced
during the production stage. However, these methods are often associated with high costs that are difficult
for the general public to bear. The CCS also received significant attention, but the high cost and leakage risk
limit its application on a large scale. CO, utilization, in contrast, is the most attractive path. Chemical
reforming, electrochemical reduction, biological reduction, and photochemical reduction are the leading
CO, utilization technologies. Photocatalytic CO, reduction (PCR) is a sustainable process. It does not
produce any toxic byproducts or cause any environmental pollution. PCR process can harness solar energy
to reduce CO, and produce valuable energy sources such as methane or methanol. Moreover, the PCR
process is usually operating under mild conditions of ambient temperature and pressure. These advantages
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make PCR a highly desirable method for completing the carbon cycle!**°.

In the past few decades, the development of PCR catalysts has shifted from early bulky metals to
nanostructured materials with specific properties”’. Nanoclusters (NCs) are a new class of materials
comprising a few to several hundred atoms surrounded by ligands. NCs have three components: the inner
core, the outer atoms, and the surface ligands (as shown in Figure 1)®”. NCs exhibit distinct physical and
chemical properties compared to nanoparticles and molecules due to their distinctive electronic and
geometric structures. The majority of the current NCs are metal nanoclusters (MNCs) with sizes ranging
from 0.1 to 5 nm (typically < 2 nm for MNCs)"", which is close to the Fermi wavelength (approximately
0.7 nm). Due to the quantum size effect, a single atomic change can drastically alter the electronic structure
and the physical and chemical properties of the clusters. Compared to conventional nanoparticles, MNCs
possess a much higher proportion of surface atoms. The surface atoms of MNCs have a low coordination
number, which results in high activity””. Furthermore, MNCs are easier to synthesize than individual atoms
and also have a larger surface area and more catalytic sites than bulk materials"*”.

Taking advantage of these inherent advantages, MNCs have been used as catalysts in various catalytic
processes. For example, Kurashige et al. investigated Au NCs as co-catalysts for H, evolution™.
Gautam et al. presented a series of Au, (GSH) NCs as co-catalysts on BaLa,TiO,, for photocatalytic water
splitting””. Numerous efforts also have been devoted to the development of MNCs-based photocatalysts to
further improve PCR performance®. For instance, Shoji ef al. reported Cu,O NCs as a general co-catalyst
and can be used in combination with various semiconductors to construct low-cost and efficient PCR
systems"™. Similarly, Gao et al. also reported Ag NCs as co-catalysts for selective CO, photoreduction to
CO™. Additionally, Bo et al. bridged Au NCs with ultrathin nanosheets via ligands for enhancing charge
transfer in PCR™". All these relevant reports above confirm that MNCs are promising catalyst candidates for
PCR.

However, the synthesis and utilization of MNCs for PCR remain challenging. It requires a comprehensive
understanding of their properties and catalytic reaction mechanisms. In this review, we provide a systematic
overview of the recent advances in MNCs-based catalysts for PCR applications. We first introduce a general
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Figure 1. Structures of MNCs of Ag,.Pt and Ag,, Pt"??. Copyright 2018, American Chemical Society.

method for preparing MNCs. Next, we review how MNCs can enhance the PCR process as catalysts. We
then classify the MNCs into two major categories: noble and nonnoble MNCs and summarize their
advantages for PCR applications. Finally, we discuss the current challenges and prospects of MNCs for PCR.
We hope this review will stimulate further research and innovation in this emerging field.

ADVANTAGES OF MNCS AND COMMON SYNTHESIS METHODS

Advantages of MNCs

MNCs show a very different energy level structure in comparison with large-size nanoparticles (as shown in
Figure 2). MNCs change the electron energy level near the Fermi level from quasi-continuous to discrete,
resulting in energy level splitting or energy gap widening”>*!. The discrete energy levels allow the electrons
in MNCs to jump between energy levels and interact with light, which enhances the separation of electrons
and holes™. Additionally, MNCs also have a small energy gap and absorb light in the visible and near-
infrared regions®*. Furthermore, MNCs are stable against oxidation or reduction by photogenerated
electrons or holes””**. More importantly, MNCs have a high specific surface area, a high fraction of low-
coordinated atoms, a quantum size effect, a tunable composition, and a unique surface structure (e.g.,
pocket-like sites) due to their ultra-small size. These unique features of MNCs make them an emerging class
of photocatalytic materials with increasing interest*. Moreover, their precise atomic-level structures enable
fundamental research on the photocatalytic mechanisms, which provides theoretical guidance for the design
of new photocatalytic materials and improves catalytic performance!.

The synthesis methods of MNCs
There has been much research into the synthesis of MNCs, so we have summarized the commonly reported
synthesis methods in the literature as follows"':

(1) Reduction growth method"” (as shown in Figure 3 a—c): The metal core is created by reducing the
respective metal ions. Therefore, the strength of the chosen reducing agent and the kinetic regulation of the
reduction process are crucial for synthesizing the desired product.

(2) Seed growth method™’ (as shown in Figure 3 c—d): Smaller-sized MNCs are used as seeds to induce
nucleation, resulting in the growth of larger-sized MNCs over time. The regulation of the crystal growth
process is noteworthy.
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Figure 2. Geometric and electronic structures of single atoms, NCs, and nanoparticles™>. Copyright 2018 American Chemical Society.
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Figure 3. Common methods for the synthesis of MNCs: (a—b) formation of M(I)-SR complexes, metal atom (M(1)), thiolate ligand
(SR), (b—c) reduction growth, (c—d) seeded growth, (c—f) alloying reaction, (c—g) ligand-exchange process, (c—h) self-assembly of
metal NCs, and (d—e) evolution from metal NCs to metal nanocrystalst". Copyright 2016, American Chemical Society.

(3) Alloying method"* (as shown in Figure 3 c—f): The introduction of other metals for doping could be
accomplished through the template exchange method, where the difference in electrode potential between
the two metals serves as the driving force for the substitution reaction.

(4) Ligand exchange method (as shown in Figure 3 c—g): In principle, the ligand exchange method is
similar to the alloying method in that both involve an exchange process, but the objects exchanged differ.
For example, template exchange generates alloying NCs, whereas ligand exchange refers to preparing MNCs
by exchanging the protective ligand layers on their periphery.
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(5) The current atomically precise nano-chemistry is indeed moving toward the programmable synthesis of
MNCs with control over the structure, such as the bcc, fcc, hep, decahedra, icosahedra, multi-tetrahedral
network, etc. (as shown in Figure 4)*>*. This programmable synthesis of MNCs offers promising

opportunities for designing their structures and enhancing their catalytic performance”.

THE PCR MECHANISM OVER MNCS-BASED PHOTOCATALYSTS

PCR involves multielectron reduction, and various products can be obtained via different reduction
pathways, such as CO, CH,, HCOOH, C,H,, HCHO, and CH,OH. Below are the reduction potentials (E,, V
vs. NHE) required for these products:**

CO,+e - CO, E ,=-1.900V (1)

CO, + 2H" + 26 - HCOOHE, = -0.610 V (2)

CO, +2H" +2¢ - CO + H,OE,=-0.530 V (3)
2CO, +2H" + 26 - H,C,0, E, =-0.913 V (4)

CO, + 4H" + 4¢ — HCHO + H,OE, = -0.480 V (5)
CO, + 6H" + 6 - CH,OH+ H,O E, = -0.380 V (6)
CO, +8H"+ 8¢ —» CH+2H,OE =-0.240 V (7)
2CO, + 12H" + 12¢ > C,H,+ 4H,O E, = -0.349 V (8)
2CO, + 14H" + 14¢ - CH+4H,O E, = -0.270 V (9)
3CO, +18H" + 18¢ - CHOH + sH,OE, = -0.310 V (10)

The ultra-small size of NCs gives them a strong quantum size effect, exhibiting discrete energy levels that
allow electrons to undergo a leap from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO), and electron-hole separation occurs. The energy gap of MNCs is
typically less than 2.2 eV, allowing photocatalytic reactions under visible light irradiation. Therefore, MNCs
can be considered semiconductor nanomaterials for photocatalytic reactions with small band gaps.

The mechanism of MNCs as catalysts in the PCR process is as follows (as shown in Figure 5)**°. After
irradiating the MNCs-based catalyst with light with photon energy equal to or greater than the band gap
energy, the electrons transfer from the valence band (VB) to the conduction band (CB) to generate
photogenerated electrons and holes. The photogenerated holes are transferred to the surface active sites for
the oxidation reaction, as shown in process (1) of Figure 5. In process (3) of Figure 5, photogenerated
electrons are transferred to the surface-active site for the reduction reaction. Therefore, the photocatalytic
performance is affected by the incident light absorption capacity and charge separation efficiency. To fully
utilize the energy from solar radiation, the band gap of the photocatalyst should be below 3.1 eV to
maximize light absorption™”. Most of the solar radiation energy reaching Earth is in the visible spectrum.
Additionally, the generated electrons and holes do not always migrate to the surface of the photocatalyst
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Figure 5. Photocatalytic process of MNCS[AQJ.Copyright 1995, American Chemical Society.

and react optimally. Occasionally, photogenerated electrons and holes will combine inside the catalyst [as
shown in process (2) in Figure 5] or on the surface [as shown in process (4) in Figure 5] in a brief period,
releasing energy in the form of heat or light that can result in a significant reduction in photocatalytic
efficiency.

Therefore, the MNCs-based materials used to improve the PCR process must satisfy the following
conditions: (1) Smaller energy gaps, typically exhibiting significant absorption in the visible or near-infrared
region, make it easier to form photogenerated electron-hole pairs; (2) Good photostability, not readily
oxidized or reduced by photogenerated holes or electrons. Long lifetimes of photogenerated electrons and
holes so that the electron-hole pairs can participate more in redox reduction; and (3) The large specific
surface area provides more catalytic sites, allowing free electrons to react with CO, via charge transfer to the
composite surface’®.
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PROGRESS OF MNCS-BASED CATALYSTS IN PCR

MNCs have garnered attention for their potential to improve PCR performance due to their unique and
desirable properties. Several reasons contribute to the focus on MNCs for PCR, including:

(1) High catalytic activity: The small size and high surface area-to-volume ratio of MNCs result in a high
catalytic activity, which can enhance the efficiency of the PCR.

(2) Improved charge transfer: MNCs have been shown to improve the charge separation and transfer
processes in photocatalytic systems, leading to higher photocatalytic activity.

(3) Tailor-made properties: The properties of MNCs can be easily tuned or customized by controlling the
size, shape, and composition, allowing for better control of their catalytic activity.

Overall, MNCs have shown great potential for enhancing PCR performance. Continued research on MNCs
can contribute to the development of sustainable and efficient CO, reduction systems. Many strategies have
been proposed to use MNCs as catalysts for improving PCR performance. This section reviews the recent
advances in MNCs-based catalysts for enhancing PCR performance. We classify the MNCs-based catalysts
into two subsections, nonnoble (e.g., Cu"**, CdS"?, Fe, Co"", Ni, Cu) and noble MNCs-based (e.g., Au'’,
Ag"®, Pt) catalysts”™. Then, we describe their respective roles as catalysts for improving the PCR process.
The photocatalytic performance of various MNCs-based catalysts under visible-light irradiation is presented
in Table 1.

Nonnoble MNCs-based catalysts in PCR

Nonnoble MNCs offer a wide range of material selection options, and commonly available and inexpensive
metals such as Fe, Ni, Cu, and Al can be used to prepare MNCs. Additionally, they are generally less costly
compared to noble MNCs, resulting in lower preparation costs. In addition, semiconductor materials with
wide energy gaps, such as TiO,, SrTiO,, BiVO,, Ta,N,, g-C,N,, CdS, and MoS,, are the most widely used
photocatalysts™’. However, most required light sources are in the ultraviolet spectrum, with low solar
utilization and high electron-hole complexation rates, resulting in low photocatalytic reaction
efficiency . Consequently, using nonnoble MNCs as co-catalysts is suitable for overcoming these
disadvantages®. Due to the advantages mentioned above, nonnoble MNCs-based catalysts are primarily
employed for surface modification of semiconductor materials to enhance PCR performance. The reaction
process for nonnoble MNCs-based catalysts to improve PCR performance by surface modification
techniques has two steps, namely visible-light-induced interfacial charge transfer (IFCT) between the MNCs
and semiconductor materials and the multielectron reduction of oxygen molecules mediated by the co-
catalytic promoter effect of the MNCs!**..

Preparation of nonnoble MNCs-based catalysts by impregnation to enhance PCR performance

Photocatalysts composed of nonnoble MNCs and semiconducting materials are typically fabricated by the
impregnation method'*”. Impregnation is a method of incorporating one material into another by soaking
or spraying the material onto the surface of the other. Impregnation involves the following steps: The
prepared semiconducting material is soaked or sprayed with the MNCs’ solvent, which contains a
suspension of MNCs, and allowed to dry. The MNCs are then deposited onto the surface of the
semiconducting material. The impregnated semiconducting material is then calcined at high temperatures
to remove the solvent and stabilize the MNCs on the surface of the semiconducting material. The
impregnation method allows for the controlled deposition of MNCs onto the surface of semiconducting
materials, thereby preparing materials with good photocatalytic activity.
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Table 1. Performance of various noble & nonnoble MNCs used for PCR

Sample Performance References
Cu (ID-TiO, CO, generation rate = 0.13 pmol/h; quantum efficiency = 27.7% [671
Cu(ll)-Nb-doped TiO, CO, generation rate = 0.20 pmol/h; quantum efficiency = 25.3% [69]
Cu(l)-TiO, after the coordination of oxygen and metal CO, generation rate = 0.40 pmol/h; quantum efficiency = 68.7% [75]
Fe(llD-TiO, CO, generation rate = 0.40 umol/h; quantum efficiency = 53.5% [77]
Fe(ID-Ti(IV)-TiO, CO, generation rate = 0.69 pmol/h; quantum efficiency = 92.2% [79]1
Ni/TiO, CH3CHO production rate = 1.42 pmol g-cat” [81]
TiO,_,/CoO, CO production rate = 1.2473 umol/g/h; CH, production rate = 0.0903 pmol/g/h [82]
CeO,-S/Znin,S, CO productivity of 1.8 mmol/g/ with a rate of 0.18 mmol/g/h [83]
AuNCs/TiO,/Ti;C, with CBD method CO yield of 27.5 umol/gin 3 h; CH,, yield of 42.11 pmol/g in 3 h [87]1
SNO/CdSe-DET CO production rate = 36.16 umol/g/h [102]
Au-NC@UiO-68-NHC CO production rate = 57.57 umol/g/h [107]

The initial focus of the research was to improve the visible light sensitivity of TiO, semiconductors by using
Cu(II) or Fe(IlT) NCs as co-catalysts (as shown in Figure 6)!**). However, this photocatalytic system has
limited catalytic efficiency because IFCT occurs only at the TiO,/MNCs interface. Liu et al. designed a TiO,
photocatalyst that can respond to visible light based on the principle of energy level matching*”. The energy
level occupied by the N-doped particles below the conduction band of TiO, matches the potential of the
Cu®'/Cu' redox couple in the Cu(II) NCs. The matched energy levels facilitate the efficient transfer of
photogenerated electrons from the doped Nb state to the Cu(II) NCs, thereby contributing to the efficient
multielectron reduction of oxygen molecules (as shown in Figure 7). This method provides a practical
and strategic approach to creating new MNCs materials with effective photocatalytic properties.

Nonnoble MNCs-based catalysts improve PCR performance by increasing vacancies and defects

Nonnoble MNCs-based catalysts are not limited to simple grafting modifications as co-catalysts. It was
discovered that the performance of PCR could be enhanced by increasing the vacancies and defects. By
generating oxygen vacancies, these modifications increase the surface negative charge density”. Upon
exposure to light, the oxygen vacancies accumulate additional negative charges that contribute to the
extension of the visible light absorption of semiconductor material, making the metal oxide capable of
activating CO,"”.

Nolan et al. present a study of electron and hole localization in low-coordinated titanium and oxygen sites
of free and metal oxide-supported TiO, nanocrystals (as shown in Figure 8A)"”. This approach highlights
how nonnoble MNCs can enhance oxygen and metal coordination by modifying semiconductor materials.
The structure of MNCs as catalysts in semiconductors reveals a significantly different metal and oxygen
coordination environment compared to that of the unmodified semiconductor”*””. Low-coordinated metal
and oxygen sites are crucial as charge carrier capture sites and active sites for target molecules, such as
carbon dioxide and water™. Thus, Liu et al. developed a more sophisticated synthesis strategy by employing
MNCs with poorly coordinated metal and oxygen sites as catalysts””’. Liu et al. also demonstrated that
amorphous Ti(IV) NCs promoted the oxidation of organic compounds effectively (as shown in Figure 8B)
and that TiO, with Fe(III) and Ti(IV) NCs as catalysts achieved a Q.E. of 90% (as shown in Figure 8C)""”.
Additionally, Cheng et al. recently published the first study on Cu clusters mediated into Cd vacancies at the
edges of CdS nanorods for photocatalytic CO, conversion®™. Billo et al. reported a Ni-NCs/TiO, catalyst
with improved PCR performance®’. The Ni-NCs and O vacancies provide energetically stable CO, binding
sites for CO, reduction, allowing for rapid electron transport for enhanced solar energy harvesting®''. This
method enhances the photocatalytic activity and selectivity of Ni/TiO, via a synergistic interaction in which
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the active center increases activity by lowering the activation barrier energy for CO, dissociation, and CO,
molecules can bind to Ni and defect sites. Li et al. developed an effective photothermal catalyst by
modifying TiO, nanotubes with a minute amount of CoO, and oxygen vacancies. The results demonstrated
that introducing oxygen vacancies facilitated the charge separation and dispersion of CoO, co-catalysts, in
which grafted CoO, acted as hole traps and promoted the release of more protons (as shown in Figure 9)*.
In addition, Hou et al. have significantly enhanced the activity by constructing CeO, NCs with surface
defect sites via a “partial sulfation” technique. The underlying principle of this strategy is improving the
surface electronic properties of CeO,-S NCs, which in turn induces the appearance of several Ce’ and
oxygen vacancies™. The photogenerated electrons were captured by oxygen vacancies on the
CeO,-S/Znln,S, catalyst and subsequently transferred to CO,, promoting CO, activation (as shown in
Figure 10). This discovery also provides information regarding the optimization of PCR.

Noble MNCs-based catalysts in PCR
While the high cost of noble MNCs limits their use in large quantities, they possess large energy bandwidths
and high electron densities that enable them to rapidly receive and release electrons. This results in the high
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catalytic activity of noble MNCs"*. Noble MNCs are also known to exhibit unique electrical and
thermodynamic properties, which allow them to perform reactions that other catalysts cannot. For instance,

they are being utilized in biological research.

Noble MNCs-based catalysts improve PCR performance by cluster beam deposition

The acids and ligands used in conventional surface modification techniques have a chemical contamination
effect on the MNC:s (the effect causes the change of a single atom to have a significant physical and chemical
effect on the MNCs). Cluster beam deposition (CBD) was proposed to avoid the chemical contamination of
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MNCs. CBD produces cluster-modified semiconductor materials with exceptional photocatalytic properties
by forming clusters in a gaseous environment and then soft-landing them on supports with precise control
over their size, shape, and composition (as shown in Figure 11)"*). After deposition, unlike wet chemistry,
no additional calcination or activation steps are required*. The vapor-phase Au NCs deposition method
permits the placement of all active particles on the surface. Li et al. also prepared Au NCs/TiO,/Ti,C, and
Au nanoparticles/TiO,/Ti,C, by deposition and precipitation”. The optimized Au NCs/TiO,/Ti,C,
exhibited higher yields of reduced CO, to CO and CH, than Au-nanoparticles/TiO,/TiCO, and P-Au-
nanoparticles/TiO,/TiCO, (as shown in Figure 12)"*". CBD for MNCs synthesis not only reduces the risk of
chemical contamination but also ensures that the MNCs are evenly distributed over the semiconductor
surface and reduces costs.

Preparation of Noble MNCs-based catalysts by preventing clusters from aggregating improve PCR performance
Due to their large specific surface area and high surface energy, noble MNCs are typically
thermodynamically unstable and susceptible to migration and agglomeration under light irradiation or
high-temperature conditions, resulting in a substantial decrease in catalytic activity and selectivity"***.
Therefore, strategies to prevent cluster aggregation on the carrier are necessary to enhance their

photocatalytic performance.
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colloidal Au modified FTO. The inset image in (B) shows the global view of deposited Au NCs'®. Copyright 2021, Wiley-VCH.
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Figure 12. (A) Schematic illustration of hot electron transfer from an excited plasmonic state on the gold nanoparticle to the TiO,
conduction band. Formal Quantum Efficiency (FQE) under (B) UV and (C) green light illumination as a function of Au NCs coverage on
TiO, P25, Copyright 2018, Wiley-VCH.

Bard proposed traditional Z-scheme photocatalysts in 1979, which can improve charge separation
efficiency and retain strong redox capabilities. This system consists of two semiconducting materials with
appropriate intermediate couples, such as Fe’*/Fe*", 10°/T, and I’/T"”. These two semiconductors have
band structure configurations that differ. In a perfect process, photogenerated holes in the VB of PC I react
with electron donors to produce electron acceptors. Photogenerated electrons in PC IT’s CB react with
electron acceptors to produce electron donors. Then, photogenerated electrons in PC I's CB and holes in PC
II’s VB participate in the reduction and oxidation reactions, respectively (as shown in Figure 13)***, This
mode of charge transfer can endow this system with powerful redox capability and spatially distinct redox
reaction sites. Deng ef al. developed PCR catalysts based on Z-scheme Au NCs (as shown in Figure 14)".
By combining with the photogenerated electrons in the coupled semiconductor, the photogenerated holes
in the Au NCs can be consumed. This combination prevents the self-oxidative aggregation of Au NCs and
increases their stability, thereby enhancing their photocatalytic activity". Therefore, it is essential to
combine NCs with suitable semiconductors when constructing a Z-scheme heterojunction system.
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In addition to Z-scheme heterojunction structures, S-scheme heterojunctions are utilized to fabricate
catalysts for improving PCR performance. (as shown in Figure 15A)"". S-scheme heterojunction has the
following advantages: (1) the photocatalytic system can have both a wide photo-response range and a strong
redox ability; (2) the large internal contact area and the rapid separation of carriers in the S-scheme system
suppress the photo-induced electron-hole pair combination, which further improves the photocatalytic
ability”*'. Ke et al. initially fabricated a novel S-scheme SNO/CdSe-DET composite and investigated its
PCR activity (as shown in Figure 15B)". The SNO/CdSe-DET composites exhibited excellent CO,
photoreduction stability. Such a superior activity should be ascribed to the S-scheme system, which benefits
the separation of the photogenerated carriers and promotes the synergy between CdSe-DET nanorods and
SNO nanosheets by strong chemical-bonding coordination.

The encapsulation of MNCs in metal-organic frameworks (MOFs) has also garnered considerable
interest"”'*". By encapsulating MNCs within the environment of the MOFs structure, their fluctuations and
aggregation can be effectively reduced, resulting in improved stability and catalytic efficiency. The MOFs
structure prevents MNCs from interacting with undesirable species in the reaction environment, which can
have a detrimental impact on their performance. Furthermore, the highly porous and interconnected
structure of MOFs enables the efficient mass transfer of molecules to and from the active sites of MNCs,
thereby enhancing their catalytic activity"*. Overall, the MOFs-encapsulated MNCs show enhanced
stability and improved performance, making them highly attractive for improving PCR performance.
Indrani Choudhuri and Donald G. Truhlar studied a composite material containing a Cd,Se, cluster in the
pore of NU-1000 MOF. The Cd,Se,@NU-1000 composite permits electron transfer from the visible-light
photo-excited organic linker to the lowest unoccupied orbital of the inorganic cluster, which can result in
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charge separation (as shown in Figure 16A and B)"*. Jiang et al. present a heterogeneous nucleation
strategy for stabilizing and dispersing ultrasmall Au NCs in an NHC-functionalized porous matrix (as
shown in Figure 16C)"”". The Au NCs are embedded in the MOF material to prevent cluster aggregation. It
gives the composite material a high degree of photostability and chemical stability. During the PCR process,
the Au-NC@MOF composite demonstrates outstanding and consistent activity (as shown in

Figure 16D)"". Therefore, MOFs are ideally suited for photocatalysis design.

Noble MNCs-based catalysts improve PCR performance by photosynthetic biohybrid system

Noble MNCs exhibit excellent biocompatibility, minimizing interference with the inherent functions of
living organisms. This advantage allows noble MNCs to be used in the biological field. To link pre-
assembled biosynthetic pathways with inorganic light absorbers, a photosynthetic biohybrid system (PBS)
was developed. Both the high light-harvesting efficiency of solid-state semiconductors and the superior
catalytic performance of whole-cell microorganisms are inherited by this strategy*. For instance,
Zhang et al. utilized Au NCs as biocompatible intracellular light absorbers in PBS"”. A biocompatible light
absorber circumvents slow electron transfer kinetics and functions of the existing PBS as an inhibitor of
reactive oxygen species to maintain high bacterial activity. With the dual advantages of light absorption and
biocompatibility, this PBS can efficiently absorb sunlight and transfer photogenerated electrons to cellular
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metabolism, allowing for several days of continuous CO, fixation (as shown in Figure 17)"*. The method of
constructing PBSs offers a novel concept for PCR.

To summarize, compared to noble MNCs-based catalysts, nonnoble MNCs-based catalysts have a lower
price, greater availability, a more comprehensive selection of materials, and better stability. The
disadvantage is that the catalytic effect of the PCR process is inferior to that of noble MNCs. Furthermore,
noble MNCs-based catalysts exhibit better biocompatibility. However, the scarcity of precious metals causes
them to be expensive. The high specific surface area of noble MNCs-based catalysts can cause aggregation.
Maintaining the long-term stability of the composites under in situ light conditions is challenging, a
bottleneck in developing noble MNCs-based catalysts for practical applications. Thus, adopting strategies to
prevent cluster aggregation on the carrier (such as Z/S-scheme heterojunction or MOF structure) is
essential for their photocatalytic performance.

SUMMARY AND PROSPECTS
Artificial carbon fixation has stimulated the development of PCR as a promising technology. MNCs are a
new potential photocatalyst with unique physical and chemical properties. To improve PCR performance,
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various advanced techniques have been widely explored. Due to the fast progress of this field, a summary of
recent studies is essential for both new and experienced researchers in related fields. In this review, we
summarize the recent advances in MNCs-based catalysts for PCR. We first introduce the synthesis of
MNCs. Then, we explain the mechanism of photocatalysis based on MNCs-based catalysts. Finally, in the
section on advanced MNCs-based catalysts for PCR, we classify MNCs into nonnoble MNCs and noble
MNCs and summarize their role as catalysts in enhancing PCR performance. In the future, it is believed that
there will be more strategies to optimize the design of MNCs-based catalysts for PCR. Therefore, we want to
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emphasize the outlook for catalysts based on MNCs:

(1) The majority of current research is devoted to the development of transition MNCs. However, other
types of NCs, such as alloy NCs, also merit investigation and consideration.

(2) The selectivity of CO, reduction by MNCs-based catalysts used to enhance the PCR process is still not
good, and most systems can only reduce CO, to C, products such as CO. Therefore, how to improve the
selectivity of PCR through material and system design is an important challenge at present.

(3) In the PCR process, MNCs are mostly used as co-catalysts/photosensitizers for semiconductor
nanomaterials. It is hoped that in the future, there will be MNCs that can be used directly in PCR with
excellent performance.

(4) The PCR efficiencies are still lower than commercial targets, and a firm understanding of how these rich
structures of MNCs affect catalytic performance has yet to be fully achieved. The reaction pathways at the
atomic level have yet to be determined. Therefore, further research should be dedicated to enhancing the
activity of PCR processes and monitoring the structure of MNCs during reactions to further establish the
precise correlation between structure and catalytic performance.
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