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Abstract: The reckless use of non-replenishable fuels by the growing population for energy and the
resultant incessant emission of hazardous gases and waste products into the atmosphere insisted
that scientists fabricate materials capable of managing these global threats at once. In recent stud-
ies, photocatalysis employed focus on utilizing renewable solar energy to initiate chemical pro-
cesses with the aid of semiconductors and highly selective catalysts. A wide range of nanoparticles
has showcased promising photocatalytic properties. Metal nanoclusters (MNCs) with sizes below
2nm, stabilized by ligands, show discrete energy levels and exhibit unique optoelectronic proper-
ties, which are vital to photocatalysis. In this review, we intend to compile information on the
synthesis, true nature, stability of the MNCs decorated with ligands and varying photocatalytic ef-
ficiency of metal NCs concerning changes in the aforementioned domains. The review discusses
the photocatalytic activity of atomically precise ligand-protected MNCs and their hybrids in the
domain of energy conversion processes like photodegradation of dyes, oxygen evolution reaction
(ORR), hydrogen evolution reaction (HER) and CO: reduction reaction (CO2RR)

Keywords: photocatalysis; metal nanoclusters; CO2 reduction; hydrogen evolution reac-
tion; photodegradation

1. Introduction

Over the past several decades, the rising demands of the ever-growing population, excessive con-
sumption of non-renewable resources, resulting greenhouse gas emissions, and improper waste
disposal have greatly concerned humanity. The relentless efforts of the scientific community to-
wards this global crisis paved the way for more sustainable solutions like photocatalysis.
Photocatalysis appears to be a perfect fit as a greener alternative to resolve energy and pollu-
tion-related problems simultaneously, and it aids the completion of chemical processes with the
help of inexhaustible solar power, mitigates hazardous products like CO2 by photoreduction, and
produces cleaner fuels. In 1972, Fujishima and Honda were the first to apply this strategy for hy-
drogen evolution reaction through photocatalysis [1]. Later, photocatalysis with semiconductors
with sufficient bandgaps (i.e., TiO2, CdS, ZnO, Fe20s, and ZnS) did turn into a promising field of
study for researchers [2-6]. Nanotechnology has created revolutionary changes in this dimension
with the help of umpteen nanoparticles (NPs) which possess a high surface area and plasmonic
resonance. Noble metal nanoparticles such as AuNPs, AgNPs, PtNPs, IrNPs, OsNPs, RhNPs, and
RuNPs have been employed mainly for photocatalysis for decades, but the efficiency has not
reached the target level [7]. Apart from this, the mechanisms-related information in photocatalysis
driven by noble metal NPs with massive surface atoms did seem vague. Meanwhile, a new class of
zero-dimensional fluorophores, MNCs, proved dominant to their conventional nanoparticle ana-
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logs in various applications.

MNCs comprise a core with ten to hundreds of atoms protected by surface ligands like thiols,
proteins, peptides, enzymes, polymers, and DNA [8-11]. The emergence of these well-defined ag-
gregates with commendable surface-to-volume ratio, fully reduced atomic core, and dispersity on
catalysts made them the best choice for a wide range of applications [12]. Compared to bulk, MNCs
being a sub-nanometer-sized unit (< 2nm), exhibits quantum confinement effects as it approaches
the Fermi wavelength of conduction electrons, thereby splitting the continuous density of states
into discrete energy levels. As a result, MNCs possess molecule-like behavior and act as a missing
link between atoms/molecules and metal nanoparticles [13]. The atomic level precision of MNCs
assisted in confining size and analyzing involved mechanisms quite understandable. Due to these
factors, they have also been assigned a few other titles, such as quantum clusters (QCs) and mon-
olayer protected clusters [14,15]. Initially, gold nanocluster (AuNCs) were the focus of study due to
the simple synthetic routes, commendable stability and novel optical properties presented, even in
the absence of plasmonic resonance, which are all attributed to their shift in valency from Au (III) to
Au (I)/Au(0) in AuNCs [16].

The physicochemical properties of NCs are highly influenced by the size, metal core composition,
assembly architecture, and surface components [17-19]. In addition, MNCs are known for their at-
tractive optical characteristics, including tunable luminescence, HOMO-LUMO transitions, sub-
stantial Stokes shift, two-photon absorption, photostability, magnetism, chirality and biocompati-
bility [20,21]. Their photostability, biocompatibility, and low cytotoxicity, in turn, caused them to
be chosen for biomedical applications [22]. Monolayer-protected clusters are less aggressive and
relatively more stable than gas-phase clusters containing unsatisfied valence electrons in their free
state. Currently, further studies on the factors and their impacts on optical properties set forth new
developments in catalysis, biosensing, bioimaging, gene therapy, and drug delivery [13,23-26].
Tailoring a cluster’s distinctive optical and electronic properties by enhancing parameters like
formal charges, geometry, metal composition, and ligand plays a pivotal role in photocatalysis [27].
Despite these, MNCs with fully reduced metal atom cores have relatively low-band gaps, thus in-
hibiting photo-corrosion appreciably. Therefore, MNCs can be utilized, as photosensitizers and
cocatalysts, in energy-intensive processes like the photodegradation of dyes, ORR, HER, and
CO:2RR [28-31]. (Figure 1)

A comprehensive review of metal nanomaterials for heterogeneous catalysis has been written by
Liu and Corma [12]. Jianping Xie and colleagues highlighted in a minireview the major important
characteristics of MNCs, which are vital to photo and electro-catalysis [27]. This review aims to
update the literature on MNCs -synthetic routes, physicochemical properties, stability, and recent
advances with a focus on photocatalysis, particularly from 2016 onwards, since a comprehensive
review on catalytic applications of ligand-protected, atomically precise MNCs was published in
Coordination Chemistry Journal in 2016 to which the readers are referred to [32].
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83 Figure 1. Applications of MNCs in photocatalysis.
84 2.1. Chemical Composition and structural properties
85 The central metal atom, ligands, charge states and composition play a significant role in deciding
86 the physicochemical properties of MNCs. In general, MNCs are expressed by the molecular for-
87 mula [Mn(SR)m]4 (n- represents the number of metal atoms, m- represents the thiolate ligands (sta-
88 ple motif), and q denotes the net charge of the cluster) [33]. Engineering metal, ligand, and charge
89 state on an atomic level can alter the performances and physicochemical properties of MNCs. In
90 addition, the size (~2nm) and structure can be adjusted with atomic precision for new application
91 possibilities in various disciplines [34]. By analogy with the terminology employed in the protein
92 field, MNCs are composed of primary, secondary, and tertiary structures. Whereas the metallic
93 core is the primary structure, and the repetitive local structural motifs serve as a bridge between
94 the core and the ligands. These motifs are organic ligands, and surprisingly, the length or size, and
95 structure can be easily manipulated, resulting in a wide range of MNCs. The protective shell's ex-
96 terior structure is made up of spatial ligands. It has been highlighted that insight into the crystal
97 structure of the material is very crucial as it reveals information on the atomicity of the core, the
98 nature of the Au-S linkage, the chirality of the NCs, the arrangements of the ligands around the
99 metal core, and so on [35]. In recent times, crystal structures of some of the AuNCs such as
100 Au102SR44, [36] AuzsSRis, [36] AussSRz4, [37] AussSRas, [38] [Auzs (PPhs )10 (SR)s Cl2]*, [39] Au2sSReo,
101 [40] (where SR= thiolate) were resolved using various analytical techniques [41].
102 The molecular weight of MNCs is identified using mass spectrometry-based methods, like ma-
103 trix-assisted laser-desorption ionization-time of flight mass spectrometry (MALDI-TOF-MS) and
104 electrospray ionization mass spectrometry (ESI-MS) [42,43]. For MALDI analysis, traditional weak
105 organic acids are used as matrices to recognize the molecular mass of the core of the MNCs; Even
106 though it is a sophisticated analytical instrument, it also has some limitations. The weak organic
107 acid matrices employed in MALDI do not eliminate ligand fragmentation. The mass accuracy of
108 MS equipment is also decreased by the presence of significant chemical noise and/or an unresolved
109 isotopic pattern, which leads to the possibility of numerous molecular formulae being nearly iso-
110 baric and the potential for impurities or ligand fragmentation to produce significant chemical noise
111 that makes it difficult to assign atomic information. For instance, isotope-resolved mass spectrom-
112 etry has been pushed forwards by Antoine’s group to unravel the molecular formula of ultrasmall
113 NCs [44].
114 2.2 Synthesis of Metal Nanocluster

115 2.2.1 General Synthetic Methods
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116 A uniform, monodisperse catalyst with a known structure and composition should be desirable for
117 the development of an effective catalyst. There are several synthetic techniques that can be used to
118 produce luminescent metal nanoclusters with various sizes, structures, and surface characteristics.
119 The conventional methods to produce these luminescent metal nanoclusters are various template
120 methods, the photoreduction method, the sonochemical method, the microemulsion method, the
121 radiolytic method, the electrochemical method, microwave assisted synthesis seed growth method,
122 monolayer-protected method, phase transfer synthesis, etching method etc,. In general, the
123 nanocluster synthesis can be categorized as a top-down approach, bottom-up approach and in-
124 ter-cluster conversion approach [45].

125 2.2.2 Bottom-up Method

126 The bottom-up method uses metal salt, ligands and reducing agents as precursors. In this method,
127 nanoclusters are formed by wet chemical reduction of metal salts with a suitable reducing agent. In
128 the first stage, a metal(I)-thiolate complex is formed by reacting metal salt with thiolate ligand.
129 Then, metal(I)-thiolate complex is treated with a reducing agent such as sodium borohydride
130 (NaBHa4) or ascorbic acid to reduce M(I) to M(0) and produce M(0)@M(I)-based NCs [46]. This
131 method of synthesis is also known as one-step synthesis. Nigeshi et al. synthesized and isolated a
132 series of nanoclusters with different compositions (Au1(SG)w, Auis(SG)13, Aus(SG)us, Auze(SG)is,
133 Aun(SG)17, Auzs(SG)1s, Auz9(SG)20, Auss(SG)z2, and Ausy(SG)4) using glutathione (SG) as stabilizing
134 agent [47].

135 In some circumstances, the stabilizing ligand itself serves as a reducing agent, which eliminates the
136 need for a second reducing agent. This technique of synthesis is known as the biomineralization
137 method [48]. Other than wet chemical reduction, the photoreduction method is also employed to
138 produce luminescent metal nanoclusters, which initiate the reduction reaction in light. Zhou et al.
139 employed a photoreduction method for the synthesis of AuNCs stabilized by silane. The
140 silane-stabilized nanocluster was further used for the photodegradation of an organic dye methene
141 blue [49].

142 2.2.3 Top-down Method

143 In the top-down approach, ultra-smaller-sized MNCs can be prepared from larger-sized metal na-
144 noparticles/MNCs via chemical etching. Here, chemical etching is carried out between excess lig-
145 ands and larger metal nanoclusters to obtain metal NCs with smaller sizes. This is usually done in
146 the solution phase, either in one solution or in the interface of two solutions. Based on the use of an
147 etching agent, the etching method is classified into two categories, ligand etching and solvent
148 etching. One major advantage of nanoclusters produced by the etching method is the controlled size
149 focusing [50]. This method not only provides monodisperse metal nanocluster but also give alloy
150 nanocluster [51,52].

151 2.2.4 Inter-cluster conversion method

152 In the inter-cluster conversion method, the NCs formed via seed-mediated synthesis, cluster con-
153 version, metal exchange ligand exchange, and motif exchange. In this process, nanoclusters are used
154 as the starting material, and the structure of the nanoclusters is changed through the adjustment of
155 kinetic or thermodynamic parameters. The most common method for cluster conversion is the lig-
156 and exchange reaction (LER) [53]. LER is a widely used technique for modifying nanoclusters after
157 their creation. The adaptability of the gold and sulfur interphase makes this possible. The ability to
158 change the size and phase of clusters and impart fluorescence on nanoclusters for biological label-
159 ling purposes, are some advantages of LER. They can also increase the enantiomeric excess of al-
160 ready chiral clusters and give chirality to nonchiral clusters. In this way, LER broadens the range of
161 MNCs by forming distinctive and precise nanoclusters [54]. Wang and co-worker summarise the
162 various LER on thiolate-protected gold nanoclusters and their advantages [54-56].

163 Bootharaju et al. developed a procedure for reversible transformation of NCs with different size. A
164 reversible transformation of [Agss(SG)is to Aga(4-FIP)] or shrinkage of [Agu(4-FTP) to
165 Ag35(SG)1s] were carried out using the ligand SG and 4-fluorothiophenol (4-FTP) [57]. Similarly, an

166 electrochemical method for crystallization of NCs were put forward by Antonollo et al. [58]. Using
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167 this method a large quantity of high-quality crystalline Auzs(SR)is NCs can be obtained. This
168 method of crystallization can aid in determining the structure of new NCs, enabling a deeper com-
169 prehension of their molecular physiochemical characteristics.

170 The following section discussing certain widely used methods for producing metal nanoclusters
171 2.2.5 Monolayer-Protected Method

172 The monolayer-protected method is a simpler, direct and universal method to produce uniform
173 sized metal nanoclusters. This method is first introduced by Burst et al in 1994 for the synthesis of
174 metal nanoparticles protected by monolayer mercaptan ligands [59]. The method uses two-phase
175 method to extract Au(IIl) chloride, controlled the molar ratio of thiol molecules to Au(IIl) chloride,
176 and directly synthesized monolayer protected gold nanoclusters. Followed by this invention, the
177 Brust-Schiffin method has been widely used for the synthesis of various nanoclusters stabilized by
178 thiol. This method also named as ‘direct-synthesis method’. Tsukuda et al. used this method to
179 synthesize and separate a series of SG stabilized AuNCs (Auw(SG), Auis(SG)is, Auis(SG)us,
180 Aun(SG)1s, Aux(SG)17, Auzs(SG)1s, Au9(SG)20, Auss(SG)22, and Auss(SG)2., by adopting Busrt-schiffin
181 method [60]. One of the drawback of this method is the low product yield [61].

182 2.2.6 Etching Method

183 The etching method is one of the major top-down method for the synthesis of precise MNCs. By the
184 utilization of suitable etching agent, larger metal particles can be etched into NCs of precise size.
185 The etching method is classified into ligand etching and solvent based on selection of etching agent
186 [45]. Edinger et al. first time reported the etching property of mercaptan. He found that mercaptan
187 have the ability to remove the Au atoms from the surface of gold nanoparticles and further etched to
188 form AuNCs [62]. Followed by his invention, the etching strategy is widely exploited for the syn-
189 thesis of various NCs. Pradeep et al. synthesized used Auzs and Aus from mercaptosuccinic acid
190 protected larger sized gold nanoclusters using SG as the etching agent [63]. Xie et al. developed
191 solvent etching method for the synthesis of MNCs. In this method, they altered the hydrophilic and
192 hydrophobic properties of the clusters by electrostatic adsorption, then transferred the clusters from
193 the aqueous phase to the organic phase, etched them under mild reaction to obtain MNCs with
194 uniform size distribution [64].

195 2.2.7 Template Method

196 The template method is considered as one of the most popular bottom-up synthetic strategy of
197 MNCs in recent times. In this method uses ligands as reducing and stabilizing agent for the prepa-
198 ration of NCs. The template used to produce NCs are peptides, protein, polymer, dendrimer, DNA,
199 enzyme etc. The protocol for the synthesis of different ligand stabilized nanoclusters, their proper-
200 ties and applications are discussed in the text book entitled “Luminescent Metal
201 Nanoclusters-Synthesis Characterization and applications” [65]. Depending upon the ligands used
202 for stabilization, the properties, structure of the nanocluster varied. The aromatic amino acid pre-
203 sent in the macromolecule act as reducing agent and cysteine, amino group will stabilize the
204 nanocluster. The following section will discuss the trends in ligands used for the synthesis of
205 nanoclusters

206 2.2.8 Trends in ligands used for Nanocluster stabilization

207 Nanocluster chemistry starts from gas phase clusters. The gas phase cluster is the first reported
208 nanocluster, where the MNCs are formed by evaporation, and it is unprotected. These unprotected
209 clusters are observed to be very reactive to form larger-sized particles [66]. Therefore, proper stabi-
210 lization techniques should be used for MNC synthesis. The selection of ligands is an important step
211 in the controlled synthesis of the MNCs. The first ligand chosen for the synthesis of MNCs was
212 phosphine due to its high affinity towards metal ions. Briant et al. developed a synthetic strategy for
213 the preparation of icosahedral [Auis-(PMe2Ph)10Ci2](PFe)s [67]. Followed by a phosphine stabilized
214 cluster, various thiol-stabilized NCs were reported due to the relatively high affinity of sulfur to-
215 wards metal ions. Due to the insolubility of organic thiol-stabilized NCs in water, water-soluble

216 thiols were introduced to synthesize the NCs. Thiol-stabilized clusters were first introduced by
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217 Whetten et al [68]. The ligand used for the stabilization are SG, thiol molecules such as
218 phenylethanethiol, hexanethiol, octanethiol and dodecanethiol- mercaptosuccinic acid (MSA), etc
219 were used for the stabilization of nanocluster by taking the advantages of thiol-gold chemistry [69].
220 Later new possibilities were raised to create quantum clusters using a macromolecule template. In
221 this green synthesised macromolecules, such as various DNA, protein, polymers and dendrimers,
222 have been used for cluster stabilization and protection [65,70]. The template or ligand used for the
223 stabilization must have a high binding affinity towards the metals (Au, Ag, Pt etc.) in order to pre-
224 pare highly stable AuNCs with high monodispersed [71]. Figure 2 depicts the core-shell nature of
225 MNCs and can be prepared by selecting appropriate capping ligands [72]. The nanoclusters can be
226 synthesised using different ways such as chemical reduction, photoreduction, hydrothermal,
227 biomineralization and etching, etc, [73].

others
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"\) 2 :ﬁ;?“
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sl e d

228
229 Figure 2. shows a schematic representation of the ligands used for the MNCs synthesis. (core :
230 metal; shell: ligand)
231 Xie et al. first-time developed a biomineralization strategy for synthesizing highly luminescent gold
232 nanoclusters using BSA as protecting and reducing agent [74]. The red luminescent AuNCs com-
233 prise 25 gold atoms (Auzs). The same strategy is used for the synthesis of various other protein
234 protected metal NCs [47,75]. Recently, Mathew et al. synthesized a highly stable fluorescent glu-
235 ten-stabilized nanocluster. Gluten is a high molecular weight protein derived from wheat; it exhibit
236 enhanced stability towards reactive oxygen species [48].
237 Reaction duration, pH, temperature, type of ligand, template structure, reducing agent concentra-
238 tion, and Au®*/ligand ratio are crucial synthetic parameters for influencing the structure, size, sur-
239 face characteristics, oxidation state, and, consequently the optical properties of MNCs [48].
240 2.3 Key physicochemical properties of MNCs in photocatalysis
241 MNCs with specific structural designs and resultant exceptional physicochemical, electronic, and
242 optical properties gave birth to a plethora of distinctive materials capable of driving photochemical
243 reactions. Especially, tailoring their optical and electronic parameters could effectively alter their

244 light-harvesting abilities and render us a method to manipulate certain photocatalytic processes by
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245 inducing electron-hole pairs generation to attain maximum quantum yield. For photocatalysis, the
246 major criterion for choosing materials is the strong absorption of solar light [76]. It is worth noting
247 that the sunlight that reaches the earth consists of 3% UV light (280—400 nm), 45% visible light
248 (400-800 nm), and 52% NIR (and IR) light (800-2500 nm). Therefore, to make full use of solar en-
249 ergy, it is very important to improve the light-harvesting capability of semiconductors in visible
250 and NIR regions. This can be realized by designing efficient Au-modified photocatalysts. Both
251 metal nanoparticles and MNCs serve as photocatalysts for solar energy harvesting applications.
252 On this basis, the deposition of Au nanomaterials on the surface of semiconductors provides an
253 effective way to enhance their light-harvesting capability, especially materials with a large optical
254 gap and, therefore cannot absorb visible light. Due to the strong localized surface plasmon reso-
255 nance of AuNPs, the AuNPs-modified photocatalysts can exhibit remarkable light absorption en-
256 hancement in the visible light region. Similar to AuNPs, few-atom MNCs feature a suitable highest
257 occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) gap for visible
258 and even near-IR light absorption and a long lifetime of excited states for efficient charge separa-
259 tion, make them emerging candidates for solar energy harvesting applications. Both the types
260 MNCs, size, and ligands are fundamental determining factors for the responses to the wavelength
261 of the absorbed light, adding versatility to photo absorption properties as compared to plasmonic
262 particles.
263 Figure 3 shows the absorption spectrum and solar cells excited with AM 1.5 (100 mW cm™?) of
264 AusGSHis (where GSH is reduced glutathione). The overlapping region between these two curves
265 is a key component of photocatalysis. For AuNCs, efficient light energy conversion necessitates a
266 slow rate of excited state relaxation. Indeed, Au1sGSHus exhibited the highest electron transfer rate
267 and longest excited state lifetime of the NC series [76].

2.0

Au, GSH  Absorbance

Absorbance

Solar Flux x10" photons/s

400 500 800 700 800 900

Wavelength (nm)

268

269 Figure 3. UV-Vis absorption spectrum of Au»GSHis, and solar flux for AM 1.5. (Xenon lamp was
270 employed as the solar radiation source). Reprinted with permission from [76]. Copyright 2012
271 Royal Society of Chemistry

272 2.4. Optical Properties

273 2.4.1 Optical Absorption

274 Metal nanoparticles, having a size range of ~3 nm to 100 nm, obey the plasmonic regime where a
275 single surface plasmon resonance band dominates the optical spectrum and which has a far higher
276 number of atoms than the number of surface molecules that stabilize it (see Figure 4). In such a re-
277 gime (plasmonic regime), nanoparticles interact with the incident light, and surface plasmon res-
278 onance occurs, causing conduction band electrons to collectively oscillate and form characteristic
279 peaks (gold nanoparticle shows surface plasmon resonance at 520 nm) [77,78]. On the contrary, the
280 NCs have a very small number of metal atoms (such as 2, 8, 18, 25, 55, etc.), resulting in an optical

281 spectrum with several bands, distinctive energy levels, and quantum behavior [79].
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282 Figure 4. Elucidates the significant distinction between the atomic and bulk regimes concerning
283 size and optical properties. Reprinted with permission from [80] Copyright 2021 Nature.
284 Figure 4 depicts the electrical transitions between discrete energy levels in MNCs [81,82]. As the
285 particle diameter decreases, SPR peaks disappear gradually, as shown in Figure 4. The Kohn-Sham
286 orbital energy diagram of AuzsSRis nanoclusters indicates HOMO composed of triply degenerated
287 5d10 atomic orbitals and doubly degenerated LUMO, which are 6sp atomic orbitals of gold [83]
288 (Figure 4). Peak “a’ formed due to the HOMO (sp) to LUMO (sp), and peak ‘b’ is a mixed type band
289 (sp to sp and d to sp) transition. The peak ‘c” is formed due to the (d to sp) inter-band transition
290 (Figure 4). Moreover, the absorption of the nanoparticle depends on the metal nanoparticle size.
291 There are several factors that depend on the photocatalytic activity of the catalyst, such as increased
292 visible light absorption, smaller size, higher surface area, optimum band gap, etc. It is reported that
293 photocatalytic activity of the nanoparticle as well as NCs increases with decreasing size of the par-
294 ticle, even though they are absorbed in the visible region or UV region.
295 Recently, Rongchao ef al. have carried out a systematic analysis of the size effect on NCs and na-
296 noparticles for photocatalysis. Generally, the smaller NCs have larger specific surface areas and
297 thus more catalytic active sites than the larger NCs. The same observation is noticed in the case of
298 larger metal nanoparticles also [84,85].
299 2.4.2 Photoluminescence
300 The photoluminescence property of MNCs opens up possibilities and applications in a variety of
301 fields, including sensing, imaging, etc. [48,86]. The luminescence in MNCs depends on the geo-
302 metric and electrical structures of the metal core, as well as the ligand shell, alteration in the metal
303 core or ligands, one can tune its optical property. Such NCs can be thought of as a "multi-shell
304 system," comprising a metallic core containing a metal-metal bond, a metal-ligand staple motif as
305 an interface, and surface ligand molecules (see Figure 5). As observed in metal complexes, metal
306 nanocluster also exhibits a similar charge transfer or electron transfer process. These three shells
307 can interact with each other via ligand-to-metal core or ligand-to-metal-metal charge transfer or by
308 directly donating delocalized electrons from the ligands' electron-rich groups [11]. Certain broad
309 tendencies in de-excitation routes have been discovered following visible or near-UV absorption.
310 The experimental and theoretical data from the literature were used to produce the energy diagram
311 in Figure 5. As described in Figure 5, ligand-stabilized atomically precise AuNCs can be viewed as
312 a multi-shell system composed of a gold core (leading to core states), a gold-ligand interface
313 (mainly Au-S bonding leading to “surface” states) and a ligand shell. The three shells may com-
314 municate, leading to subtle charge transfer processes. Transitions from molecular orbitals with

315 strong ligand contributions to orbitals with high metal character (LMCT) and from metal-to-metal
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316 electronic transitions can cause near-ultraviolet and visible absorption. Clusters with a core of
317 metal atoms have an initial decay pathway that could result in emission in the visible spectrum. All
318 clusters have a charge-transfer component with a long-lived decay [87]. Furthermore, intersystem
319 crossings are associated with multiple energy transfers (reinforced intersystem crossing (ISC)),
320 which may result in an overall increase in photoluminescence (PL) emission and longer PL life-
321 times [79]. The luminescence property is affected by temperature, in such a way that, on decreasing
322 temperature, the HOMO-LUMO gap increases [46].
« surface » states ISC
(CT states) 3 N
Core ;
—*—states

Gold core

Gold-ligand interface : Au-S contribution

Ligand shell
323
324 Figure 5. Schematic representation of the relaxation pathways of ligand-stabilized atomically pre-
325 cise AuNGs. Illustration of structural bonds and the metal-ligand interface by bringing in AuNCs
326 as an example
327 2.4.3 Two-photon Absorption:
328 Two-photon-absorbing (TPA) photocatalyst uses near-infrared low-energy photons [88] for
329 photocatalysis. The unique nonlinear optical (NLO) properties of sub-nanometer core-sized clus-
330 ters of MNCs exhibit outstanding characteristics [21]. Compared to conventional organic dyes,
331 MNCs show superior two-photon absorption cross-sections (TPA). Although these two-photon
332 processes in small numbered MNCs are well established, the basic photophysical mechanisms be-
333 hind them still need to be better understood. Generalizations based on complementary theoretical
334 and experimental studies have been made possible by their two-photon absorption properties [89].
335 It is reported, that the TPA characteristic of AuNCs and AgNCs can be enhanced by the concept of
336 “ligand-core NLO-phone” [90,91]. The different electron or charge transfer processes between the
337 metallic core and ligand are essential for boosting the transition dipole moments leading to en-

338 hanced TPA cross sections (as exemplified in Figure 6 with Agis(SH)1u1 nanoclusters).
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339 Figure 6. TDDFT TPA spectra of Agis(SH)u nanoclusters for the lowest energy structure (left pan-
340 el). Leading excitations responsible for the large TPA cross-sections illustrating the participation of
341 the ligands and the core are also shown (right panel).

342 2.4.4 Chirality

343 The photocatalytic activity induced by chiral metallic particles varies with the helicity of the illu-
344 mination light [92]. MNCs such as gold quantum clusters display fascinating chiral properties [93].
345 Moreover, the chirality depends mainly on three factors [46]; (a) fundamental chirality is induced
346 first by atomic packing mode, (b) the geometrical isomerisms of the surrounding motifs, and (c) the
347 natural chiral characteristics of the protective ligands and their arrangements covering the metal
348 core [51]. Figure 7a illustrates the two enantiomers of Au2s(TBBT)20, where the origin of chirality is
349 primarily rooted in the rotating arrangement of the four dimeric staples as well as the arrangement
350 of the bridging thiolates (quasi-D2 symmetry) [40]. Of note, the SR-Au-SR units of AuNCs display
351 chirality, a chiral center at each sulfur atom, and can exist in either a (R, R)/(S, S)
352 trans-configuration or an (R, S) cis-configuration. Indeed, the electronic structure of the sulfur atom
353 in the SR-Au-SR units can be regarded as the sp3 type, where the electrons participate in four tet-
354 rahedral kinds of interactions [94]. This bonding motif then creates a chiral center at the sulfur (Fig.
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357 Figure 7. a) The two enantiomers of Auzs(TBBT)2’, where TBBT = 4-tert-butylbenzenethiolate, ex-

358 hibiting a rod-like Aux kernel consisting of two interpenetrating cuboctahedra. b) Structures of the
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359 (R, R)-trans (left) and (R, S)-cis (right) configurations of two thiolate ligands. Reprinted with per-
360 mission from [40,94]. Copyright 2016 Elsevier.

361 2.5. Stability

362 Metal clusters shielded by thiolates or polymers are attractive possibilities for nanoscale devices
363 [95]. For instance, among various GSH-protected AuNCs, Au2sSRis is the most stable one [96]. The
364 isolated Auss clusters exhibit an amazing resistance to oxidation, even when exposed to oxygen
365 atoms and radicals produced by oxygen plasma [97]. When the particle size is decreased to 1.6 nm,
366 the metallic component's spectral weight increases rapidly, indicating that these particles are more
367 oxidation-resistant. This resistance is much more for the case of naked Auss clusters. In addition,
368 ligands influence the stability of MNCs such that the thermal stability of captopril-protected Auzsis
369 more when compared to GSH-protected AuNCs [98].

370 Doping the central metallic core Auzs with other elements like Cu and Pd altered the geometric
371 structure and increased the resistance to deterioration, respectively [99]. To illustrate this, Negishi,
372 Y., Kurashige, and co-workers [100] doped the Au(SG)is with Pd leading to the formation of
373 Pd1Au24(SCi2Hzs)1s. [Pdi@Au2s(SCi2Hzs)18] is a binary Pd Au core-shell nanocluster in which Pd is
374 positioned at the center of the icosahedral core of the nanocluster. This has been prepared by re-
375 placing the central Au atom of [Au24(SCi2Hzs)18] with Pd, and the resulting binary mixture exhibit
376 increased thermodynamic stability. The stability against degradation is analyzed by monitoring the
377 absorption spectra of a toluene solution containing [Au2s(SCi2Hzs)1s] and [Pdi@Au24(SCi2Hoas)1s].
378 They found that [Au24(SCi2Hzs)18] was stable for up to 30 days in an organic reactor containing tol-
379 uene as solvent. Thus, they noticed that Pd-doped AuNCs exhibited increased thermodynamic
380 stability and stability against degradation. Similar trends are observed with Pt doped metal
381 nanoclusters [101].

382 The spectral profile evolves with time, and after 30 days, it resembles that of PdiAu24(SCi2Hzs)1s
383 rather closely and the ESI MS spectrum shows just a single peak that may be ascribed to
384 Pdi1Au24(SC12H2s5)18 [102]. The strong interaction energy between Pd and Au24(SCi2Hzs)18 was proved
385 by the DFT calculation of Jiang et al. Consequently, with the Au24(SCi2Hzs)s frame, Pd develops an
386 intermetallic structure and on the strength of this PdiAu2s(SCi2Hbas)is presents higher thermody-
387 namic stability than Auzs(SCi2Hzs)is. On the other hand, doping the Auzs(SC2HaPh)is with Copper
388 reduced its overall nanocluster stability [103]. Doping with copper formed Cu-1Au-24(SC2HaPh)ss.
389 In comparison to Auzs(SC2HsPh)is, the optical absorption spectra moved toward lower energy,
390 suggesting that the HOMO-LUMO gap has shrunk.

391 The electronic density of states study of Auzs(SR)1s!- reveals its electronic state of Auis core (8 elec-
392 trons) protected by six [(SR)sAuz] complexes [68]. The superior stability for Auzs(RS)is is achieved
393 by structural toughness and an 8 e- shell of delocalized Au(6s) electrons for the anion. The gold
394 nanocluster superatom model expands the jellium model [104] to explain multiple ligand-protected
395 AuNCs with closed valence-electron shells (2, 8, 18, 20, 34, 40, etc.). The metal core is regarded as a
396 single atom in the super atom hypothesis. The extraordinary stability of these NCs emerges from
397 the regular closure of outer electronic shells [105]. Even if strong structural and electronic stabili-
398 zation occurs for Auzs(RS)is, the nature of protecting ligands affect the stability of the cluster. The
399 role of isomer was studied using para, meta, and ortho MBA stabilized NCs [106]. Figure 8 shows
400 the isomeric effect of MBA on the stability of Auxs(MBA)1sNCs. The steric hindrance of the carbox-
401 ylic groups plays a major role. The m-MBA and o-MBA ligands stabilized nanocluster shows no-
402 ticeable steric hindrance at the gold core's surface, which leads to significantly lowering the binding

403 energy required for the fragmentation of Au-S bond
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409 3.  Application of Nanoclusters in Photocatalysis
410 Over time, research on the relevance of cleaner fuels, alternate potential energy sources as well as
411 tools to alleviate, pollution have been gainful. Research on visible light photocatalysis over the past
412 decade has drawn much attention in this line. Semiconductor heterogeneous nanotechnolo-
413 gy-based photocatalysts lasted long enough and showcased their prominence in this specialty. At
414 present, material chemists are busy preparing competent monometallic or hybrid entities by com-
415 bining conventional semiconductors with suitable pre-catalyst/co-catalysts to bring about the best
416 results in photocatalysis. MNCs have proved their supremacy in multiple economic and sustaina-
417 ble processes of photocatalysis such as photodegradation of organic pollutants, photocatalytic Hz
418 splitting, photoreduction of COz, oxidation and hydrogenation reactions, etc. The fast recombina-
419 tion of e/h* of semiconductors, noble metal/metallic/non-metallic moieties on semiconductors
420 support extending photocatalytic activity towards the visible range.
421 Photostability and recyclability are considered major factors to consider during photocatalysis. The
422 photocatalytic stability of NCs has been improved by incorporating a suitable catalyst, which fur-
423 ther enhances the efficiency of the catalysis [107,108]. Duan and his co-workers developed TiO2
424 supported AgNCs for the photocatalytic removal of NO. They have studied the photostability of
425 the TiO2-NCs shows excellent photostability and recyclability [109]. A similar observation has been
426 observed by Yu et al. and they found that TiO2 nanocrystals supported-Au2s(SR)1s show outstand-
427 ing photostability in cycle studies and enhanced photoactivity for the methyl orange (MO) degra-
428 dation [110].
429 The following section discusses the role of MNCs in photocatalytic as cocatalysts as well as cata-
430 lysts in various light conversion processes.
431 3.1 Photodegradation of organic pollutants
432 Globalization-led industrialization, to satisfy the needs of the world’s population, has led to a steep
433 rise in harmful pollutants in the environment at an alarming rate. The organic pollutants from tex-
434 tile industries majorly constitute azo dyes, while inorganic pollutants hold oxidized heavy metals.
435 These under-treated materials containing carcinogenic effluents are being dumped into the soil and

436 water and have already created damages beyond repair to humans as well as to the aquatic flora



Nanomaterials 2023, 13, x FOR PEER REVIEW 13 of 37

437 and fauna. Initiating action plans to safely remove them without the formation of other stable
438 secondary pollutants demanded scrutiny. Methyl orange (MO), rhodamine B (RB), malachite green
439 (MG), and methylene blue (MB) are some of the commonly found, dyes that have been present in
440 industrial effluents. Reactive oxygen species (ROS) such as superoxide radicals (O?-) and hydroxyl
441 radicals (OH-) are the prime contributors and starting materials in the degradation of these toxic
442 materials [111].

443 Titania (TiOz2), ZnO, SiOz, Nb20s, etc. have been reported widely as a solution for pollution initiated
444 by organic pollutants through photodegradation [112,113]. These semiconductor systems ensure
445 photostability, low cost, mere toxicity, and a fundamental level of oxidative ability. However, the
446 fast recombination of electron-hole pairs before taking part in the surface reactions reduces the rate
447 of the photoreactions. Grafting small nanoparticles on TiOz, which can act as a co-catalyst to effi-
448 ciently absorb in the visible and possibly NIR range, acts as an electron acceptor, and in turn, sup-
449 presses the recombination of photo-excited electron—hole pairs would dramatically enhance their
450 efficiency. As the research studies progressed, metal nanoparticle-incorporated versions of semi-
451 conductors became the focal point. MNCs linked to semiconductor systems as support have pro-
452 foundly influenced the works in photocatalytic degradation of cationic and anionic dye pollutants
453 as they could enable us to engineer the bandgap width [114,115].

454 Zhu and co-workers prepared AuNCs coupled with toroid structured per-6-thio-3-cyclodextrins
455 placed on the TiO:2 surface (TiO2-Au NCs@B-CD) provided a better space for the Au cores to inter-
456 act with the incoming pollutants through a host-guest interaction trap [116]. This synergistic effect
457 between the nanocluster metallic core, peculiar ligand cavities, and support system increased the
458 photodegradation rate of methyl orange (MO) to 98% in 10 minutes. Concurrently, the integrated
459 material’s rate constant values for photodegradation (1st cycle=0.31min", 5th cycle= 0.15min) were
460 phenomenal in comparison with TiO2(1st cycle= 0.12min) even after five cycles. Sharma and
461 co-worker studied Au-TiO2 conjugated nano-assembly as photocatalysts under both UV and visible
462 light by utilizing methylene blue and a common organic pollutant carbendazim [117].

463 The mechanism for photocatalytic degradation of dyes using Au-TiO:z can be explained by follow-
464 ing reaction pathways

465 Au+hv — Aue

466 Aue + TiO2 — h+(Au) + e-(TiOz2)

467 e-(TiO2) + Oz — TiOz2 + «O>

468 *O2- + H* - HOO®

469 HOOe + e-(TiO2) + H* — H202 + TiO2

470 H202 + e-(TiO2) — ¢OH + OH- + TiOz2

471 h+(Au) + H2O — Au + H* + «OH

472 h+(Au) + OH  — Au +  OH-

473 Organic pollutants + Oz-¢ or ¢ OH- — CO2+ H20 +....

474 Gowswami et al. created colloidal nanocomposite material with TiO2/Nb20s conjugated to silver
475 NCs with captopril as a ligand. They have varied the niobium loading in the incorporated product
476 to investigate the adhesion of the material towards cationic and anionic dyes as well as their
477 photodegradation capability [118]. As per the analysis, the mentioned nanocomposite with 48.1%
478 niobium loading and Ag NCs resulted in the ternary junction, which narrowed down the recom-
479 bination rates and the surface acidity caused the Ag NCs ligands’ end groups to polarize COOr,
480 thereby attracting the cationic dyes for effective 100% degradation with high photostability. Spec-
481 troscopic techniques validate that Ag NCs are the reason behind absorption in the visible light re-

482 gion and act as oxidative sites. They also initiate electron transfer from the valence band of the NCs
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483 to the conduction band of nanocomposites. Samai’s group made polyethylene imine template Ag
484 NCs incorporated with CeO2 nanoparticles for degrading acridin red dye photo-catalytically [119].
485 XPS mechanistic work and radical experiments pin down their radical pathway leading to 42% to
486 80% degradation in 2 hours with 1.07% and 3.10% Ag NCs loading, respectively. The reduction
487 potential and two oxidation potentials vs NHE values were recorded with cyclic voltammogram to
488 be -0.64V, 0.07V, and 1.03V, respectively (Figure 9).
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490 Figure 9. Schematic representation of the mechanism of the photocatalytic degradation of Acridine
491 Red in the presence of the AgNC/CeO:2 nanocomposite under UV light irradiation. Reprinted with
492 permission from [119] Copyright © 2018 John Wiley & Sons.

493 ZnO nanoparticles decorated with Ag NCs were established as a prospective candidate for Orange
494 II (OII) dye degradation under both UV and white light by Rodriguez and co-worker [120]. Atomic
495 force microscopy (AFM) confirmed the deposition of NCs moiety on ZnO rather than the substitu-
496 tion of the metallic core itself. Additionally, the optimal loading range of Ag on ZnO was found to
497 be 1.3% w/w and it indeed ensures an ample number of interaction sites for the pollutants to ap-
498 proach ZnO nanoparticles. Figure 10 shows the spectroscopic and morphological characterization
499 of AgNC-decorated ZnO nanoparticles. Vidal et al. formulated green emitting stable closed-shell
500 electronic structured and recyclable CuNCs to degrade MB under UV and Visible light irradiation
501 [121]. UV-Vis data and administered multiple photoluminescence emission peaks were an indica-
502 tion of a mixture of clusters and LDI-TOF spectrometry approves proposed structural formulas of

503 Cu NCs: [Cuis(CH:COO)(OH)]2and [CusO2(CHsCOO):N(CsHo)sNa]2
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507 with different silver loadings (right). Reprinted with permission from [120] Copyright 2019 MDPIL.
508 Light-steered preparation of 3-mercaptopropyl trimethoxy silane (MPTS) stabilized AuNCs, and
509 their performance in photodegradation of MB was examined by Zhou ef al. [49]. It was observed
510 that the NCs decolourize the dye progressively, and the colour fades completely in 60 mins.
511 Man Cao and his co-worker synthesized a self-assembled silver nanocluster for photocatalytic
512 degradation of sulfur mustard simulant (2-chloroethyl ethyl sulfide, CEES), a toxic vesicant against
513 human proteins and DNA, which can cause skin blisters, eye, and respiratory system irritation, and
514 even fatal damage. The silver cluster assembled material is prepared using a photosensitizer
515 5,10,15,20-tetra(4-pyridyl)porphyrin (TPyP) as the organic linker and which linked with 12-core
516 silver chalcogenolate cluster to form [Agi2(St Bu)s(CFsCOO)3(TPyP)]n, (designated as AgiTPyP).
517 They reported 98 % degradation of CEES with 1% loading [122,123].
518 Wen and co-workers developed a highly stable core-shell type catalyst for photo-redox reactions.
519 The photostability of the nanocluster was improved by loading it on a SiO2 sphere by utilizing
520 multifunctional branched poly-ethylenimine (BPEI) as a surface charge modifying, reducing, and
521 stabilizing agent. Then TiO2 was coted SiO:-Au GSH clusters-BPEI to form SiO:-Au GSH clus-
522 ters-BPEI@TiO2 core-shell structure further significantly improve the photocatalytic efficiency for
523 dye degradation of organic dye (Rh B) [124].
524 3.2 Oxidation and hydrogenation processes
525 Application of NCs in oxidation and reduction processes is still underway. Oxidation and hydro-
526 genation reactions in most reported cases specifically depend on their electronic structures, as
527 electron-hole separation remains the key to it. Researchers have carried out typical oxida-
528 tion-reduction reactions like high selectivity styrene oxidation [125], aerobic oxidation of amines to
529 imines [126], and cyclohexane or phenol derivatives [127] in the presence of MNCs, especially
530 AuNCs. In 1987, Haruta and co-workers were the first to initiate oxidation of CO with few atom
531 AuNCs along with a-Fe203, NiO, and Co3Os at low temperatures [128]. After two decades, a
532 mechanistic view of photocatalysis of Auz nanoclusters with TiO2 as support under visible and
533 near-infrared emissions was illustrated by Kogo and co-workers [129]. They attached AuNCs to
534 TiOz so that the excited electrons could be transferred to the conduction band of TiO2 with ease and
535 can aid in the reduction of Ag+ in the counter electrode, and the generated holes (h*) could perform

536 oxidation of donors (phenol derivatives or formic acid) in working electrode (Figure 11).
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538 Figure 11. Photocatalytic oxidation ability. Reprinted with permission from [129] Copyright 2010
539 Elsevier.
540 Similarly, Zhu et al. did a comparative study to figure out the capabilities of a set of superatoms to
541 oxidize styrene- Auzs(SR)is, Auss(SR)24, and Auwu(SR)eo with diameters of 1nm, 1.3nm, and 1.6nm
542 respectively [130]. However, their studies reassured the size and electronic structure dependence of
543 photocatalytic abilities, and Au2s NCs gave the highest average of ~27 + 1.0% as the smaller the
544 superatom, the higher the HOMO-LUMO gap (1.3eV). Later, Chen & group loaded
545 [Auzs(PPhs)10(SR)sCl2] on P25 to convert benzylamines to imines; TOF was recorded to be 1522 h-!
546 for 4-methylbenzene and other amines too showed appreciable conversions (73-99%) [126]. The
547 attempts to learn the possible conversion route using time-dependent density functional theory
548 (TD-DFT) calculations, Fourier-transform ion cyclotron resonance mass spectrometry (FT-IC-MS)
549 with electrospray ionization (ESI), and trapping intermediates with scavengers (K25:0s and am-
550 monium oxalate) confirmed the presence of +2 charge on the cluster. Hence the photo-catalytically
551 induced electron could lead to oxygen radical formation and thereby persuade conversions. Stud-
552 ies with organic support too have gained momentum over the years. Gold nanocluster with organic
553 supports (polyvinylpyrrolidone (PVP) & polyperoxyacetic acid (PAA)) was analyzed by
554 H.Tsunoyama and co-workers. X-ray photoelectron spectroscopy (XPS) & X-ray absorption near
555 edge structure (XANES) reinforced the existence of negatively charged clusters which led to the
556 production of superoxide- or peroxy-radicals required to jump-start the photocatalytic reactions
557 [131]. Their activities and recyclability were keenly observed for CO oxidation. In addition, this set
558 of reactions enlightened the research community about the prime role of NCs in oxidation and
559 reduction reactions.
560 Hamoud and co-workers studied the photocatalytic activity of Ag NCs encapsulated into zeolite
561 (ZX-Bi zeolite) for photooxidation of methanol under visible light. They have found that the
562 Ag/ZX-Bi exhibits very low, activity compared to the activated sample at 200 °C (Ag/ZX-Bi_200)
563 [132].
564 3.3. Photocatalytic H2 production

565 3.3.1. Hydrogen Evolution Reaction
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566 The demand for green energy sources better suited for the environment is rising due to the reduc-
567 tion and environmental pollution generated by conventional energy resources. While the distinct
568 qualities shape, hydrogen gas is an acceptable renewable energy source for a sustainable future
569 [133]. Ahluwalia and co-workers studied the fuel economy of hydrogen-fueled fuel cell (H2-FCV)
570 vehicles and common gasoline-fueled passenger cars in 2003 [134]. In 1972, Fujishima et al. first
571 discovered that water could be divided into H2and Oz in the presence of light [1].

572 Catalysts based on the metals such as Ti, Cobalt, Nickel, Iron, and Molybdenum are widely used as
573 catalysts for electrochemical Hz production [135]. After that, the catalytic efficiency of metal oxides
574 and metal nitrides was enhanced by incorporating suitable cocatalysts into these semiconducting
575 materials. The Co-catalytic activity of metal nanoclusters has been studied in the recent past due to
576 its excellent optical, electronic, and catalytic activity. The NCs were incorporated into various
577 semiconductors to enhance the catalytic activity by suppressing the electron-hole recombination
578 rate.

579 Kamat et al. studied the photoelectrochemical and photocatalytic production of H2 using GSH sta-
580 bilized AuNCs-TiO: film hybrid system under visible light irradiation [135]. Liu ef al. carried out a
581 detailed investigation on the photocatalytic activity of AuNCs as cocatalysts in highly ordered
582 nanoporous layer-covered TiO:2 nanotube arrays (NP-TNTAs). The photocatalytic activity of
583 NP-TNTAs/AuNCs was analyzed by monitoring the photodegradation of organic dyes,
584 photocatalytic reduction of aromatic nitro compounds, and photoelectrochemical water splitting
585 [136]. Similarly, AuNCs loaded on SrTiOs were studied for HER and found the enhanced catalytic
586 activity of SrTiOs in the presence AuNCs as Cocatalyst [137].

587 The quantum confinement of MNCs enables the charge transfer, easy adsorption, and desorption
588 of intermediates and thereby fastens the photocatalytic hydrogen evolution reactions (HER) [29].
589 Sub-nanosized clusters of silver adsorbed on specific sites of gold nanorods (GNRs) disturb the
590 growth symmetry of Au facets and lead to anisotropy [138]. In the presence of a hole scavenger,
591 namely ethanol, and in the absence of electron scavengers like Oz, the photoelectrons accumulate in
592 GNRs with Ag clusters. Moreover, on low UV light irradiation, Ags clusters at a concentration of
593 0.43pug within the GNRs show high Ha production efficiency of 10%. Similarly, the loading of 1 wt%
594 of sub-nm Au clusters in CdS uplifts the photocatalytic H2 production about 35 times that of the
595 unmodified CdS under visible light [139]. The comparison of sub-nm Au-loaded CdS with Pd/CdS
596 and Rh/CdS of similar size revealed that the 3-nm sized Au/CdS was a better co-catalyst.

597 Likewise, monolayer niobate (HTi2NbO7) nanosheets with Pt NCs proved themselves as potential
598 photocatalysts for high H2 production [140]. Monolayer niobate nanosheets enable the charge sep-
599 aration between photoelectrons and holes and display 5 times higher photocatalytic H2 production
600 than that observed in its layered form. 1 wt% Pt NCs loaded to niobate nanosheets via
601 photoreduction presented increased activity due to the close contact between the HTi2NbO7
602 nanosheets and Pt nanocluster. On light irradiation, electrons migrated to the conduction band
603 moved to the surface of nanosheets. Since Pt has a higher work function than niobate nanosheets,
604 these electrons on the surface of nanosheets transfer to Pt and form Ho.

605 While Cheng and co-workers [138] revealed the effective co-catalytic effect of sub-nano-sized Pt-Au
606 alloy clusters in photocatalytic H2 evolution. The synergistic effect of 0.5 wt% of both Pt and Au
607 clusters dispersed in TiO:2 (Pt-Au/T) creates increased charge separation, and 80.1 pmol h™! of Hz is
608 evolved with a quantum efficiency of 50% at 365nm. As with HER, a similar strategy has been es-
609 tablished for enhanced efficiency for OER by using the nanocluster as a cocatalyst [141]. Au2s NC-
610 CoSe2 composite was studied for OER activity and found enhanced OER activity in the presence of
611 Aus/CoSe:2 obtained a current density of 10 mA ¢cm2 at a small overpotential of ~0.43 V (cf. CoSez:
612 ~0.52 V). The ligand and gold cluster size can also tune the catalytic performance of the composites.
613 Yang et al. also illustrated the effect of heteroatom doping on the photocatalytic activity of
614 PtAgu-loaded graphitic carbon nitride (PtAga/g-CsN4) and found that PtAg2s/g-CsNs shows higher
615 efficiency for photocatalytic H2 production than Agzs/g-CsNa alone [142].

616 Similar to Au, Ag, Pt, and Pd NCs, Cu nanocluster is also used as a photocatalyst for various pho-
617 toreactions. Barbara et al. developed in situ formations of CuNCs over hexaniobate nanosheets for

618 photocatalytic H2 evolution reaction. The electrostatic interactions between Cu and Ni lead to the
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619 decoration of NCs over hexaniobate nanosheets, increasing electron-hole separation and thus en-
620 hanced efficiency for Hz2evolution [121,143-145].

621 3.3.2. Photocatalytic Water Splitting

622 SG stabilized AuNCs (Auzs(SG)1s) were incorporated on BaLasTi:O1s for photocatalytic water split-
623 ting. The catalytic activity of sub-nanometer-sized Au-BaLa4Ti4O15 compared with larger-sized
624 gold nanoparticles found 2.6 times higher catalytic activity for AuNC composite [146]. Recently,
625 Hanieh Mousavi and Co-workers studied the photocatalytic production of H2 using AuNCs as
626 Co-catalyst. They have prepared a nanocomposite (AuiitNC-AlSrTiOs-rGO) containing AuNCs,
627 RGO, and AlSrTiOs, and the composite showed enhanced photocatalytic water splitting under UV
628 light irradiation [147].

629 Moreover, by monitoring nanocluster size, the photocatalytic activity of the whole system can be
630 varied. Heiz, Feldmann, and co-workers modified cadmium sulfide (CdS) nanorods with a series of
631 Pt NCs such as PtsNC, Pt2NC, PtsasNC, PtssNC, and PtssNC and found that Ptss/CdS exhibits the
632 highest activity for photocatalytic water splitting, due to the well-known quantum confinement
633 effect, where the bandgap increases with a decrease of the NC size [148]. Rongchao and his
634 co-worker reported a detailed review of the effect of the size of NCs in photocatalysis [85].

635 The photocatalytic activity of the co-catalyst was studied by monitoring the doping of heteroatom
636 on the NCs. Negishi et al. demonstrated that doping Pt on Auzs NC enhances the water-splitting
637 activity, while Pd doping reduces the water-splitting activity. They proposed that the doping po-
638 sition plays a role in the catalytic activity. The doped Pd is located at the surface of the metal-cluster
639 cocatalyst, whereas Pt is located at the interface between the metal-cluster cocatalyst and the
640 photocatalyst [149]. In addition to the above studies, scientists are exploring the efficiency of
641 photocatalytic water using composites, including MNCs with g-CsNs nanosheets, TiOz, etc [150].
642 3.5 Photocatalytic CO2 reduction

643 Nowadays, reducing greenhouse gas emissions from various photovoltaic (PV) systems has be-
644 come one of the scientific community's primary concerns [151]. Carbon dioxide (COz) is one of the
645 chief greenhouse gases that influence the heat content of the earth’s atmosphere [1]. With a focus on
646 reducing CO2 emissions, novel technologies are adopted for the production of commodity chemi-
647 cals by using CO: as feedstock [152]. The conversion of CO2 to value-added chemicals or other
648 hydrocarbon fuels such as methane, ethylene, and carbon monoxide by utilizing energy from
649 non-fossil resources such as solar energy increases carbon recycling and assists in fuel production
650 [153,154]. Solar-driven transformation of CO: into valuable products could be achieved through
651 two major approaches such as photocatalytic and electrochemical CO2 reduction processes [155]. In
652 1978, Halmann utilized p-type semiconductors for the photo-electrochemical reduction of CO:
653 [156]. Methanol and Carbon monoxide obtained from the conversion of CO: are identified as useful
654 feedstocks [157]. The former synthesizes other hydrocarbon fuels, while the latter is used for
655 Fischer-Tropsch syntheses.

656 CO2 is a thermodynamically stable molecule, and catalysts assist the electrochemical CO:z reduction
657 reactions and aid in achieving the desired product [158]. MNCs possess ultrafine structure, elec-
658 tronic and optical properties [34] and function as electrocatalysts and photocatalysts [27]. Various
659 features of MNCs, such as size, core, composition, surface ligands, charge state, and geometry, in-
660 fluence their electro and photocatalytic behaviors [27]. Colombo Jr and co-workers studied femto-
661 second electron-hole recombination in TiO2- NCs and explained the intra-cluster dynamics [159].
662 The study demonstrates the steps involved in electron trapping, recombination, and formation of
663 long-lived species. Kauffman et al. studied the weak reversible interaction between CO: and
664 Auzs(SC2HsPh)is- clusters [160]. The electrochemical reduction of CO2 using Auss catalyst in aque-
665 ous 0.1 M KHCOs showed maximum CO production at -1.0 V with 100% Faradaic efficiency. The
666 electrochemical CO:z reduction performance of silver NCs confined in bovine serum albumin
667 (AgNC@BSA) is enhanced via polyoxometalates [a-5iW12040]* [161].

668 The presence of suitable photocatalysts possessing features such as high light absorptive power,

669 convenient catalytic sites, and low activation energy enhances the photocatalytic reduction of CO:
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[162]. The small-scale size of MNCs of about 2nm, interfacial surface, energy gap, tunable chemical
properties, and quantum confinement are the advantages of ultrafine MNCs for CO: reduction
over metal nanoparticles [163]. Titanium dioxides or titania are widely used semiconductors and
have a broad range of applications, including the photoreduction of CO2 [164]. Doping and deco-
ration with other elements or metal ions strengthen its photocatalytic activity by reducing its band
gap. In addition to these elements, attaching NCs to TiO: makes it a potent visible light
photocatalyst [165]. Inserting Ti** ions into the TiO2creates isolated states in the presence of UV and
visible light. The electrons are trapped in these states, and due to recombination with charge car-
riers’ photocatalytic activity is decreased. On combining Ti* introduced TiO: with NCs of Cu (II)
oxides (i.e., Cu (II)-TiO2@Ti%*), electrons from the isolated states of Ti* move to the surface of Cu (II)
NCs. Hence, the photocatalytic activity of Cu (II)-TiO2@Ti* under visible light is raised and de-
composed gaseous 2-propanol (IPA) completely to yield ~18 pmol CO:2 generation. On UV irradia-
tion, copper oxide (CuxO) NCs incorporated in strontium titanate nanorod thin film [166] and ni-
obate sheets [144] showed selective CO production from photocatalytic CO2 reduction.

Product selectivity towards CH4 and CO is shown by brookite TiO2 quasi nanocubes (BTN) on
surface decoration with Cu-NCs (Cu-BTN) under xenon lamp irradiation [167]. XRD diffraction
peaks exhibit the presence of Cu-NCs only on the surface of BTN. The total consumed electron
number (TCEN) is utilized for examining overall photocatalytic CO2 reduction. Ata 1.5 % optimum
concentration of Cu-NCs in BTN, maximum photoactivity with TCEN of 150.9 pumolg'h' and
highest production rate of 4.23 pmolg'h"' CO and 17.81 umolg'h"' CHa is observed (Figure 12).
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711
712
713
714
715
716
717
718
719
720
721 Figure 13. In situ DRIFTS IR spectra of H20 (a) or CO2/H:0 vapor (b) interaction with pristine BTN,
722 1.5% Cu-BTN, and 0.5% Cu/BTN. Reprinted with permission from [167] Copyright 2017 American
723 Chemical Society.
724 In situ, DRIFTS IR spectra suggested COs* intermediate for CO formation and HCOs for CHa
725 (Figure 13a). Cui et al. worked on the role of bridging ligands and metal ions grafted to AuNCs in
726 the photocatalytic conversion of CO2 to CO [168]. The functionalization of L-cysteine with
727 SG-protected Au nanocluster (Au-GSH NCs) helps bind metal cations such as Fe? Co?* Ni%, and
728 Cu? and thus improves the selective CO production. Under visible light along with CO2 and H:0,
729 Co? cation within Au nanocluster (Auc-C-Co) at an optimum concentration of 4 pmol exhibited
730 maximum CO production of 3.45 umol. Great-l1h-1. Similarly, via 3-mercaptopropionic acid
731 (MPA), Co?* is grafted to the surface of Au nanocluster (Au-MPA-Co) and exhibited high-rise in
732 photocatalytic activity compared to (Au-C-Co) through strong interlinkage between S-metal cation
(Figure 14).
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745 Figure 14. (a) Average production rates of CHs, CO, and Hzin light driven CO2 reduction with H20

746 in the presence of TEOA, catalyzed by 10-mg Au-MPA-Co grafted with 4 umol Co?* (b) The
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747 binding energy of S-Co bond in the coordination of Co with L-cys and MPA. Reprinted with per-
748 mission from [168] Copyright 2018 American Chemical Society.
749 Zhang and co-workers [144] developed a quasi-ternary complex consisting of polymethacrylic acid
750 stabilized Ag NCs (AgNCs-PMAA), carbon monoxide dehydrogenase (CODH), and TiO2 nano-
751 particles and under visible light CO2 reduction results generation of CO with 20 s turnover fre-
752 quency at 25°C Jiang, et al. [169] upgraded the chemical stability of AuNCs (Au-NCs) by combining
753 with a metal-organic framework (UiO-68) through N-Heterocyclic carbene stabilizing ligands
754 (NHC) and denoted as AuNC@UiO-68-NHC. The photocatalytic activity AuNC@UiO-68-NHC
755 enhanced due to strong covalent bond formation between AuNCs and UiO-68 facilitated by
756 Au-NHC bridges. This enabled easy movement of excited electrons from the Fermi levels of
757 AuNCs to the conduction band of UiO-68-NHC and thus, the recombination of photogenerated
758 electrons and holes is reduced (Figure 15) [169].
759
760 Figure 15. (a) CO evolution period of photocatalytic CO2 reduction using UiO-68-NHC,
761 Au-NC@UiO-68-NHC, UiO-68-NHz, and Au/ UiO-68-NH: as photocatalysts upon AM 1.5G irradi-
762 ation. (b) Time courses of photocatalytic CO: reduction on Au-NC@ UiO-68-NHC under AM 1.5 G
763 irradiation for 12h, with evacuation every 4 h (dashed line). Reprinted with permission from [169]
764 Copyright 2021 Wiley.
765 The selective production of CO and the presence of CHs and H> as side products is observed. Billo
766 and co-workers developed an effective photocatalyst with dual sites by making oxygen vacancies
767 in Ni-NCs loaded in black TiO:2 (Ni/TiO2[Vo]) [170]. Ni and oxygen defective sites act as dual sites,
768 lessen the C-O bond strength and support the separation of charge carriers (Figure 16). On light
769 irradiation from a halogen lamp, Ni/TiO2[Vo] produced 10 umol g-cat! of acetaldehyde,18 times
770 higher than TiOz. Thus, the study refers to a different approach for enhancing photocatalytic CO2
771 reduction by introducing active dual sites in photocatalysts. Recently, El-Roz et al. prepared a silver
772 nanocluster-based catalyst for
773 onverting formic acid to CO2 and H2under visible light irradiation. Here the nanocluster was in-
774 corporated into a nano-sized zeolite crystal [169].
775 Table 1 summarizes the utilization of nanocluster as a co-catalyst/catalyst for various photoreac-
a
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tions.

Figure 16. (a) Band edge positions. (b) Schematic illustration of photocatalytic CO2 reduction

mechanism of Ni/ TiO2[Vo]. Adapted from Ref [169].

Table 1: Summary of Literature Reports on the Use of nanocluster in Catalysis

Sl Photocatalyst Co catalyst Application Efficiency Reference
NO
1 TiO2-Au NCs@p-CD AuNC coupled with Photodegradat 98% degradation [116]
per-6-thio-p-cyclodex ion of dyes in 10 minutes of
trin (SH-B-CD) exposure.
2 Ag/TiO2/Nb AgNC stabilized by Photodegradat 100% [118]
Captopril ion of dyes. degradation
3 AgNC/CeO2 AgNC stabilized by Photodegradat 80% degradation [119]
Polyethylene imine ion of dyes. in 2 hours
(PEI)
4 ZnO-Ag NCs. AgNC Photodegradat 100% [120]
ion of dyes. degradation in 1
hr
5 CuNC: No Cocatalyst Photodegradat 100% [121]
[Cus(CH3COO)(OH)]? ion of dyes. degradation in 1
and 6%hr
[Cuz4O2(CH3COO)sN(C

4Ho)sNa]?
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AuNC@MPTS
(MPTS-3-Mercaptoprop

yl trimethoxysilane)

No cocatalyst

Photodegradat

ion of dyes.

100%
degradation in 1

hr

[49]

(Ag2TPyP)

No cocatalyst

Photodegradat

ion of dyes.

98% degradation

[123]

SiO2-Au GSH

clusters-BPEI@TiO2

SiO2-Au GSH

clusters-BEPI

Photodegradat
ion of organic

dyes.

99.1%
degradation in

0.5 hr

[124]

Auzs NC -TiO2

Auzs NC

Oxidation of
phenol
derivatives
and
ferrocyanide
and reduction
of Ag+, Cu2+,

and oxygen

[129]

10

AusNC

No Catalyst

oxidation of
styrene and
hydrogenation
of
a,B-unsaturate

d ketone

27 +1.0%

[130]

11

[Auzs(PPhs)10(SR)sCl2]-T
iO2

AuNC:

[Au2s(PPhs)10(SR)sCl2]

Oxidation of
benzylamines

to imines

73-99%

[126]
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12

Ag/ZX-Bi_200

Ag NC:
(Ag/ZX-Bi_200)

Photooxidation

of methanol

49.60
mmol-g-!-cm?
after 12 h of

reaction

[132]

13

Aux-GSH NCs @TiO:

Aux-GSH NCs

Production of

H>

0.3 mmol of

hydrogen/h/g

[171]

14

Aux/NP-TNTA

NP-TNTAs- TiO2

nanotube arrays

AuNC

Photodegradat
ion of organic
dyes,
photocatalytic
reduction of
aromatic nitro
compounds,
and
photoelectroch
emical water

splitting.

[136]

15

(Au2s(SG)1s)-BaLa4 TisOn

5

AuNC: (Auzs(SG)1s)

Photocatalytic

water splitting

190 pmol/h

[146]

16

Auzs/SrTiOs

AuNC

Hydrogen
evolution

reaction

41.2 umol/h of H

[137]

17

AuwiNCs -AlSrTiOs
GO

Aui01NCs

photocatalytic
production of
Ho>,

photocatalytic

385 +22 nmol h™!

[147]
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water splitting

18 GNRs-AgNCs AgNCs Hydrogen 10% [138]
evolution
GNRS-Gold nanorods .
reaction
19 Pt/ HTi2NbO7 PtNC Higher H2 10 pmol h! [140]
production
Monolayer niobate
(HTi2NbOy)
20 PtssNC-CdS PtssNC Photocatalytic 1.5%o h [148]
water splitting
Modified cadmium
sulfide (CdS) nanorod
21 Au2Pd NCs Au2Pd NCs and photocatalytic 100-150 umolh [149]
-BaLasTi4O15 & Au2sPt Au2Pt NCs H2 evolution
NCs- BaLasTisO15
22 PtAg2 NC-g-CsN4 PtAg2a NC photocatalytic 39.7 umolh! [142]
Hz production
23 Cu-BTN -TiO2 CuNCs: (Cu-BTN) Photocatalytic 150.9 pmol g1 h! [167]
CO2 reduction
24 Metal cations -Fe?, Au NCs: (Auc-C-Co) Photocatalytic 3.45 [168]
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Co?, Ni?* and Cu?* & (Au-MPA-Co) COz2 reduction pmol-great 1-h!
25 CODH/AgNCs-PMAA/ Ag NC coupled with Photocatalytic turnover [172]
TiO:2 PMAA COz2 reduction frequency of 20
s1
CODH-carbon
monoxide
dehydrogenase
26 Au-NCs @MOF Photocatalytic 57.6 umol g'th! [169]
CO2 reduction
27 Ni-NCs-TiO2 Ni-NCs photocatalytic 10 pmol g-cat™ [170]
CO2 reduction
28 AgNC@ZX-V No Cocatalyst reforming of 99% selectivity [173]
formic acid to
Hzand CO2

5. Conclusion and Future Perspective

MNCs are an under-explored class of nanomaterials with an unimaginable grade of potential. The
review summarizes recent progress in the metal nanocluster-based photocatalyst for various
photocatalytic reactions, correlating it to their structure and properties to boost single metal, alloy
hybrid systems and nanocomposite systems effectiveness. However, research on MNCs has not
surpassed the embryonic stage yet. In particular, preventing aggregation, effective capping agents
or stabilizers, optical & electronic structures, metal-support bonding, mechanistic learning, in situ
characterization techniques, structural model theories, and appreciable yield yearn for more atten-
tion. Gold and AgNCs still dominate a major fraction of scientific publications in this domain;
works on other transition metals could be more productive and cost-effective. The recyclability of
MNC s in photocatalysis with adequate stability after multiple cycles have to be extensively ana-
lyzed. At the same time, computer simulations could open the world of possibilities of metal NCs
to us, and recent additions to the software have proven their effectiveness. Ofrnete; NCs can plau-
sibly be the answer for low carbon fuels, a milestone to sustainable development and an affordable
photocatalyst.
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