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Abstract 

Metal nanoparticles (MNPs) are widely used in photocatalysis as plasmonic photocatalyst or as 

cocatalyst supported on semiconductor photocatalysts. They play a crucial role in the adsorption 

and the activation processes of the reactants and the intermediates as well as in the separation of 

the generated electrons/holes charges. In this chapter we highlight the utility of the MNPs in 

various photocatalytic processes. First, we report and discuss the optical and electronic behaviors 

of the MNPs and how these properties make them promising in photocatalysis. Then, we discuss 

their different roles in photocatalytic, water splitting, CO2 reduction and green chemistry. 

 

Keywords: Metal Nanoparticles, Photocatalysis, Plasmon, Photon’s Energy, Green Chemistry 

 

1. Metal nanoparticles (MNPs): Definition and applications 

Metallic nanoparticles (MNPs) with the size range of 1-100 nm have attracted much 

attention because of their unique shape and size-dependent chemical and physical properties that 

differ from their bulk counterparts. Their first application goes back to antiquities where gold and 

silver NPs have been embedded in the stained-glass windows to make brilliant colors (Hunt, 1976) 

such as the synthesis of purple of Cassis by the reaction between gold trichloride (AuCl3) and Tin 

(Sn) as well as the heat treatment of gold powder with potassium silicate to obtain a red colored 

glass (Wisniak et al., 2009). Currently, metal nanoparticles are used in different domains such as 

sensors manufacturing (Liu et al., 2010), biomedicine (Fu et al., 2018; Venkatesh et al., 2018), 

optoelectronics (Wang et al., 2016) and solar cell manufacturing (Arinze et al., 2016). But, of the 



 3 

highly advanced applications of MNPs are found in catalysis despite their noted limitations in this 

domain (Zhou et al., 2018). 

Nowadays, the use of metal nanoparticles NPs as photocatalyst or co-catalyst to convert green and 

free light energy (solar light) into chemical energy is attracting much more attention (Han et al., 

2018; Liu et al., 2017 and Xiao et al., 2014). This is mainly due to the unique electronic and optical 

behaviors of MNPs which depend of their nature, morphology and size as we will see later in this 

chapter. 

2. Electronic and optical behavior of metal nanoparticles 

2.1. Local Surface Plasmonic Resonance (LSPR) 

The Local Surface Plasmonic Resonance refers to the collective oscillations of electrons at 

the interface of metal nanoparticles (NPs), which is produced through the interaction of metal NPs 

with incident light with specific wavelength. The resulted LSPR frequency can be easily measured 

by UV–Visible spectroscopy. For example, the UV–Visible absorbance spectra of spherical Cu, 

Au, and Ag NPs with diameters of 20 nm exhibit LSPR absorption bands with wavelength maxima 

at 580, 530, and 400 nm respectively (Liu et al., 2017). The LSPR of MNPs can be tuned by 

controlling its size and shape as well as the inter-NPs distance (Huang et al., 2006). In general, a 

red shift of the LSPR frequency is observed by increasing the corner sharpness of the NPs. This 

shift is caused by the accumulation of surface charges at the crystal corners leading to a better 

charge separation (Wiley et al., 2007). Increasing the NP size also red-shifts the LSPR frequency 

to the longer wavelengths. For example, the LSPR absorption peaks of gold nanorods shift from 

visible to the near infrared range by increasing the size ratio of gold nanorods from 2.4 to 5.5 nm 

(Wiley et al., 2007).  
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The oscillating electrons on the MNPs surface stimulated via light-MNPs interaction (called also 

hot electrons) have a femtoseconds lifetime. Their relaxation is then occurred through three 

possible pathways:  

a) by elastic radiative reemission of photons (photoluminescence) 

b)  via nonradiative Landau damping producing a local heating 

c) and/or via interaction of excited surface plasmons with an adsorbate acceptor.  

In general, these phenomena have a significant impact on the efficiency of the NPs when they are 

used as photocatalysts or co-catalysts.  

2.2. Energy transfer of the plasmon  

The energy transfer is a general phenomenon that is generally observed between a donor (in 

general at the excited state) and an acceptor. It occurs via different possible processes depending 

of the intrinsic properties of the donor and the acceptor. In the case of the energy transfer of the 

plasmon, the donor is the excited MNPs and the transfer is promoted through different possible 

pathways: 

(1) Elastic radiative reemission of photons: the relaxation of the hot electrons of the MNPs 

produces a photonic emission at higher wavelength of the excited source (Fig. 1). This emission 

can be absorbed by the chemisorbed molecules on the NPs surface initiating then a chemical 

reaction. Generally, this phenomenon requires large-sized particles (> 40 nm for AuNPs) and UV 

irradiation to achieve the excitation of the internal electronic transition of the adsorbed substrate. 

(2) Landau damping phenomenon: gives rise to electron-hole pair generation resulting from 

interband and intraband transitions. Electron-hole pairs can follow two routes: i) the energetic 

photo-excited electrons subsequently scatter into unpopulated electronic states of adsorbates which 

causes chemical bonds destabilization and ii) relaxation through electron-electron collisions and 
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electron-phonon interaction leading to a local heating. The heat is then transferred to the MNPs 

environment (reactant molecules and/or to the solution), increasing therefore the local temperature. 

This photothermal phenomenon can promote a chemical reaction when the thermal energy released 

is higher than the required barrier energy. 

(3) Chemical interface damping (CID): when excited surface plasmons interact with unoccupied 

adsorbate acceptors, they induce a direct electron transfer from the MNPs into the adsorbate. 

These energy transfer of plasmon is at the origin of the plasmonic photocatalysis where MNPs are 

used as isolated photocatalysts, as we will see in the “part 3” of this chapter. 

 

Fig. 1. Scheme showing the three possible dephasing mechanisms of the energy transfer of 

oscillating surface plasmons. Copyright 2014 American Chemical Society. Reprinted with 

permission from Kale et al., 2014. 

2.3. Local Electric Field (LEF) 

In addition to the presented pathways above, local electric field (LEF) is a common 

phenomenon for NPs. An oscillating electric dipole can be produced by exposure of MNP to an 
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irradiation near to their plasmon resonance frequency, producing an intense LEF near to the NP’s 

surface. Its intensity can be even up to 1000 times higher than that of the incident electric field. 

Furthermore, the presence of two or more NPs in a close proximity to each other, the electric field 

can be significantly more important than that on isolated NPs (Hao et al., 2004). For example, the 

increase of Ag nanocube inter-distances induces an enhancement of the electric field which 

promotes the electron-hole pair generation rate (Linic et al., 2011). This phenomenon has a 

significant impact on photocatalytic reaction by sub-exciting the hot electron generated at the 

interface of a semiconductor/MNPs.  

 

3. Fundamental aspect of the use of MNPs in photocatalysis:  

3.1. Photocatalysis with supported metal NPs on semiconductors: General mechanism 

The use of MNPs in photocatalysis has been proposed to overcome some limitations of the 

semiconductor (SC) photocatalysts, initially discovered by Fujishima et al. in 1972 when a TiO2 

SC was used in electrochemical photolysis of water. When the SC is irradiated with an energy 

higher than its band gap energy, the electrons can be excited from the valence band (VB) of the 

SC to its conduction band (CB) resulting the formation of electron-hole pairs (charge carriers). 

These charges can initiate redox reactions with the adsorbed molecules on the SC surface. 

However, the SC photocatalysts generally presents some limitations, affecting their quantum 

efficiency, such as the wide band gap energy (selectively excited by UV light) and/or the fast 

electron–hole recombination (more than 95%). In this context, the modification of the SC surface 

by MNPs can enhance considerably the performance of the system. The MNPs is capable to extend 

the light absorption of the MNPs/SC composite to the visible light range or enhance the separation 

of the generated charge versus their recombination. E.g. the MNPs supported on the semiconductor 
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can play the role of an electron-pool by accumulating the generated electrons or holes. This 

capacity is crucial for a redox reaction that requires a multi- electrons/holes simultaneous transfer.  

There are different factors governing the interaction between the MNPs and the semiconductor. 

These factors explain the performance of the MNPs/SC systems in a photocatalytic reaction and 

are detailed in the following sections:  

3.1.1. Schottky barrier and Ohmic contact 

The engineering of semiconductors (SCs) by surface grafting of MNPs is one of the 

promising approaches to promote an efficient charge separation. This is principally related to the 

formation of a thermodynamic energy barrier at the metal-semiconductor interface, resulting from 

the equilibrium bended between the Fermi levels of the metal (EfM) and of the semiconductor 

(EfSC). This equilibrium depends strongly on the values of the electron affinity (χSC) of the 

semiconductor and the work function (W). This later corresponds to the required energy for the 

excitation of an electron from Fermi to the vacuum level. Depending on this, there are two modes 

of junctions: Schottky junction (WM ˃ WSC) (Fig. 2 (a)) and Ohmic contact (WM˂ WSC) (Fig. 2 

(b)), where WM and WSC correspond to the work function of the metal and the semiconductor, 

respectively. In the case of WM˃ WSC, for n-Type semiconductor, the electrons from the conduction 

band CB (with energy equal to ECB) migrate into the metal leaving positively charged holes (h+) 

at the valence band VB (with energy equal to EVB) of the semiconductor (Chouhan et al., 2018; 

Khan et al., 2015). Considering the low charge density on the later (typically 1017cm−3), the charge 

carries are transferred not only from the surface but also from the bulk. The flow of the charge 

carriers at the semiconductor/metal interface decreases and leads to the formation of a depleted 

layer (charge space layer). Consequently, an electric field is created from the positive depletion 

layer to the accumulated negative charges at metal surface leading to the formation of a Schottky 
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barrier (φSB). For a n-type semiconductor, the energetic height of the Schottky barrier φSB is given 

by Schottky-Mott equation that corresponds to the difference between the metal work function WM 

and the electron affinity χSC of the SC: φSB = WM - χSC. 

 

Fig. 2. Energy diagram of supported MNPs on n-Type semiconductor illustrating (a) the Schottky 

junction and the (b) Ohmic contact.  

 

The formation of the Schottky barrier at the metal-support interface not only acts as an 

electron trap container, but also promotes the generation of the active sites for reductive reactions, 
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and thus boosts the properties of MNPs/SC nanocomposite photocatalysts. Generally, the 

efficiency of the Schottky junction is higher than that of the Ohmic contact in photocatalytic 

reactions. The absence of a barrier in the case of Ohmic contact promotes the recombination of the 

charge carriers. The barrier level at the semiconductor-metal interface is strongly affected by the 

electronegativity and the work function of the metal as well as the nature of the SC. 

3.1.2. Quantum tunneling (QT) effect in MNPs/semiconductor composite 

As the size of metallic nanoparticles is lowered to sub-nanometer dimensions (d<0.5 nm), 

an electron tunneling through a conductive junction will be entrenched between them, allowing 

direct dipolar charge transfer. Quantum tunneling induces obvious modifications in the plasmonic 

mode, where a mirror-induced bonding dipolar plasmon (MBDP) mode changes to charge transfer 

plasmon (CTP) mode. Furthermore, QT induces enhancement in the conduction band gap and 

changes the near and far field properties of the systems, which can be observed by far-field optic 

and near field spectroscopy (Scholl et al., 2013; Ilawe et al., 2018).  

The interparticle spacing is a form of Fowler-Nordheim tunneling by the effect of an 

external high electric field. The quantum effect results in an electron tunneling from the conduction 

band of one nanoparticle to the other (Wu et al., 2013). The quantum tunneling effect in plasmonic 

systems can be affected by the: i) gap thickness; ii) morphological properties of the MNPs; iii) 

reflective index of the insulating spacer between the MNPs and iv) the wavelength of the incident 

light. For example, the plasmon tunneling was observed to be negligible at larger resonance 

wavelengths (Lee et al., 2019).  

QT concept can be extended to other plasmonic systems comprising noble metal and 

semiconductor, in which the hot electrons can migrate from plasmonic NPs to semiconductor CB 

with much lower energy than that required for over-barrier path.  
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3.2. Photocatalysis on isolated plasmonic NPs 

Despite the tunable and strong interaction between visible light and plasmonic NPs, the 

photocatalysis on isolated MNPs is not very developed. This is mainly due to the short lifetimes 

of short lifetimes of plasmon derived charge carriers as well as the rapid quenching of excited 

adsorbates at metal surfaces (Nitzan, 1981). However, a few interesting direct plasmon driven 

photocatalysis were reported with high efficiencies. The action mode on these photocatalysts is 

completely different than that of supported NPs on semiconductor composites and can follow three 

different pathways (two of them are discussed above in this chapter): i) nonradiative Landau 

damping (also known as indirect charge transfer); ii) chemical interface damping (CID) with 

weakly adsorbed substrate (or direct charge transfer) and iii) direct photoexcitation of the 

hybridized substrate–adsorbate bond. This later is promoted when the reactant is strongly 

chemisorbed on the metal where the orbitales of molecule are hybridized to form bonding and 

antibonding state with the metal orbitals. Then the new metal/molecule hybrid state can be 

activated by a direct photoexcitation causing an electronic transition between hybridized bonding 

and antibonding states (Kale et al., 2014). 

3.3. Photocatalysis on quantum noble metal 

Subnanometer metallic clusters constitute a cross-link between the limits of the single atomic and 

plasmonic NPs, giving rise to interesting electrical, optical and catalytic size-dependent properties. 

One of the consequences of downsizing the metallic particles to less than the electron wavelength 

is their quantum molecular dots with distinct energy levels resulting in a sizeable HOMO-LUMO 

band gap compared to that of SC (Attia et al.; 2017). For example, the hybridization between 4d 

and 5s in Ag bulk is obviously tuned by the extensive character of 5s electrons in their counterpart 

in Ag clusters which widens up their band gap energy (Lei et al., 2010). The increase of cluster 
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size is associated with a narrowing in the band gap. For small metal cluster, the band gap (Eg) is 

often calculated from the spherical Jellium model (Eg = EF/N1/3), where EF and N are the energy 

of Fermi level and the number of cluster atoms, respectively (Lin et al., 2009). 

In general, metallic clusters show unusual catalytic behavior for heterogeneous based 

photocatalysis under appropriate irradiation. The high ratio of surface atoms in the clusters 

facilitates both the interaction with the reactants and the desorption of the products, which 

increases the kinetics of the photocatalytic reactions. Importantly, the high surface/bulk atomic 

ratio of cluster is very advantageous to achieve some photocatalytic redox reactions that need 

multiple electron or hole transfer (e.g., CO2 reduction or water oxidation). In addition, Metallic 

clusters are considered to have a significant influence on the charge carrier lifetime by hindering 

the recombination of photoinduced electron-holes. Nevertheless, the subnano-clusters with 

multiple active centers cannot be always considered as the most suitable catalyst for a specific 

product. Thus, the number of atom (surface/bulk ratio) has an important impact on the reactivity 

of metal co-catalysts because the reaction is controlled by both kinetics and thermodynamics. The 

metal clusters can play the role of an intermediate relay for an electron transfer between a donor 

(D) and an acceptor (A) due its redox properties. For large sizes of metal particles, the transfer of 

electrons to A is not favorable while it can be irreversible in case of few atomic clusters (Belloni 

et al., 2006). Other limitations of the metal clusters (M) is related to their tendency of migration 

and aggregation into MNPs with larger size. 

3.4. Photocatalysis with non-plasmonic metal NPs 

Contrary to the MNPs, visible LSPR band peak can’t be observed in case of the non-

plasmonic metals such as Pd, Pt, Rh, Ru and Ir. However, they exhibit significant absorption in 

UV and/or visible light leading to an electron photoexcitation through strong interband transitions 



 12 

(Smith et al., 2015). These metals are widely used as co-catalysts in many photocatalytic reactions 

especially in organic synthesis field and H2 production from water (Davies et al., 2009). 

 

4. Typical applications of MNPs in photocatalysis 

4.1. Photocatalytic Water Splitting (WS) 

Water splitting to protons and O2 occurs naturally when the energy of a photon is absorbed by 

the leaves and converted into chemical energy through a complex photosynthesis process. 

Artificially, this process is highly endothermic (ΔH > 0) and requires huge amounts of input 

energy. For this reason, commercial hydrogen gas production results from natural gas or via water 

electrolysis splitting. Most of the semiconductors with suitable band structures for water splitting 

are generally active under UV light. Using MNPs/SC system presents a good alternative to 

overcome this problem and enhance the activity of the SC. The choice of the plasmonic 

photocatalyst for water splitting depends on several criteria including the electrical/electronic 

properties, the band gap energy, and the band edge position that must overlap the electrochemical 

reduction E°(H+/H2) and oxidation E°(O2/H2O) potentials of water. (Attia et al., 2017; Hisatomi et 

al., 2015). In a MNPs/SC system, the WS process takes place on both of electron enriched MNPs 

to reduce H+ into H2. This process is generally occurred when an electron transfer from the excited 

SC, under UV light, to the MNPs takes place (Fig.3). In that case, the water oxidation is promoted 

by interaction of water with the VB hole of the semiconductor producing O2 and H+. The excitation 

under visible light of the MNPs/SC system could induce another mechanism: the plasmonic hot 

electron migrates from MNPs to SC CB involving the generation of the H2 and O2 on CB and on 

the MNPs surface, respectively (Fig. 3). 
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Fig. 3 Photocatalytic Water splitting mechanism under UV irradiation (left) and under visible light 

(right). 

Despite that water oxidation and proton reduction can occur simultaneously in a MNPs/SC 

photocatalyst system, most of the studies focus on one half of the WS reaction: photocatalytic 

hydrogen evolution reaction (PHER) or photocatalytic oxygen evolution reaction (POER). In these 

two-half reactions an electron donor or acceptor are used to compensate the charge. Photoassisted-

electrochemical (PEC) water splitting is also investigated using MNPs/SC composite. The choice 

of the reaction is mainly related to the oxidation vs reduction capacity of the selected systems. In 

the following sections we summarize some examples used in HER, OER and PEC water splitting 

using MNPs as plasmonic photocatalysts and/or cocatalysts.    

4.1.1. MNPs in photocatalytic hydrogen evolution reaction (PHER) 

In general, the H2 production from water proceeds via H+ reduction and the oxidation of a 

sacrificial agent (e.g. methanol, isopropanol, triethanolamine, etc.). Among the noble metals, Pt is 

reviewed as the best candidate for hydrogen evolution by photocatalytic water splitting owing to: 

i) its large work function ii) the low Fermi level for photo-generated electron and iii) the special 

catalytic sites for hydrogen evolution resulted from its good ability to adsorb proton (Hu et al., 

2020; Sheng et al., 2013; Shi et al., 2018). When comparing the production of hydrogen in 

photocatalytic processes, under UV irradiation, using TiO2 decorated with different MNPs (Pt, Pd, 

Cu, Ru and Ag), hydrogen production decreased with the following order: Pt-TiO2>Pd-TiO2>Cu-
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TiO2>Ru-TiO2>Ag-TiO2>TiO2 (Beasley et al., 2020). A linear relationship between H2 production 

and the metal’s work function was observed. The reported work function of Pt, Pd, Cu, Ru, and 

Ag are 5.93, 5.60, 5.10, 4.71, and 4.26 eV, respectively and that of TiO2 is ranged from 3.8 to 6.0. 

The work functions of Ru, Cu, and Ag are less than or equal to that of TiO2 which makes easier 

the return back of the excited electrons from the metal to TiO2. This explains their lower activity 

(Fig. 4). However, higher work function differences (e.g., Pt and Pd) enhance the separation of the 

photogenerated charges and therefore the performance of the system. This also explain the use of 

the Pt as counter electrode for photoelectrochemical H2 production. 

 

Fig. 4. A schematic illustration of the electron flow under UV irradiation across 

metal/semiconductor (a) high Schottky barrier, (b) low Schottky barrier interface. 

It has been demonstrated that the cationic counterparts Ptδ+ are more suitable for photocatalytic 

HER due of their lower adsorption ability toward H, comparatively to the deposited metallic Pt 

NPs. The binding strength between Pt and H atoms could be determined by the electronic density 

and energy level of the d-orbital for the Pt atom. The electronic density of the d band for the Pt 

cations is lower than that of metallic Pt clusters, which explain their higher H2 generation 

performance. It was also demonstrated that Pt4+ ions (embedded in LTA zeolite porous materials) 
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is more efficient to drive PHER as compared to sample containing selectively Pt0 NPs.  The higher 

H2 evolution efficiency was explained by the strong interaction between the isolated water 

molecules and the ionic Pt dispersed in the cavities of LTA, which provide more efficient electron 

transfer (Cheng et al., 2018). The metal-H bonding strength is weaker in case of Cu, Ag and Au 

due to their relatively high occupancy of the anti-bonding hydrogen (1s) and metal (d) states 

compared to Pt-group metals (Pt, Ru, and Ir). This is also an essential factor for the relatively low 

performance of the HER of these MNPs. The only limitation of the Pt is its high cost price. Pd 

could be an excellent alternative to replace platinum for photocatalytic HER owing to their 

comparable chemical features with large barrier height semiconductor junction in contrast to that 

of e.g. Au and Ag. Moreover, the price of Palladium is 20% cheaper than the Pt and 50 times more 

abundant.  

It should be noted that one of the challenges when a MNPs is used in photocatalytic hydrogen 

production is the water formation back reaction that competes with the water splitting process. 

Interestingly, it was demonstrated that the presence of CO traces on the surface of metallic co-

catalysts (Pt, Pd, Rh) might significantly inhibit the reverse reaction of water formation (Wang, 

2011). The presence of traces content of iodine ion limits also the water backward reaction by 

forming a protection layer on Pt NPs surface (Berto et al., 2016; Abe et al., 2003). Furthermore, 

similar behavior was observed by adding small amount of halogen ions. (Wang et al., 2018).  

 

 

4.1.2. MNPs in photocatalytic Oxygen Evolution Reaction (POER) 

POER is a kinetically challenging and multistep reaction. It requires a considerably large 

overpotential (1.23 eV Gibbs) coupled with four proton-electron transfers and O-O bond 
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formation. In a recent study using Kelvin probe force microscopy (KPFM) coupled with element 

mapping, highlights on the role of the MNPs water oxidation and O2 formation using Au/TiO2 as 

plasmonic photocatalyst model have been reported. It was shown that the difference between the 

work function of the tip and the sample (contact potential difference (CPD)) was significantly 

reduced compared to the pure TiO2. This was attributed to the formation of Schottky interfacial 

contact between Au and TiO2 (Moon et al., 2018; Wang et al., 2017). The surface photovoltage 

(SPV) profile proves that the plasmonic holes are mainly localized around Au/TiO2 interface. 

Therefore, Au-O-Ti interface is considered as the oxidation site. The crystallinity of the TiO2 

support have also an impact on the performance of the composites. The OER process was more 

efficient on Au/rutile than Au/anatase. This point was confirmed by Density Functional Theory 

(DFT). The result demonstrates that the calculated energy barrier, of the rate-determining step (the 

generation of *OOH intermediate), is smaller in the Au/rutile than that in Au/anatase interface (3.0 

eV vs 3.6 eV, respectively). 

 

Recent progress proved also a facet-dependent of the SC in POER over MNPs/SC photocatalytic 

system. The higher charge densities of some exposed facets of the semiconductors can 

significantly enhance the Stocky junction and therefore the spatial separation of the photoexcited 

electrons and holes (Bai et al., 2015). The oxidation state of the MNPs is also a decisive factor. In 

contract to the metallic Pt selectively active for PHER, its oxide form, particularly PtO, can 

promote either H2 or O2 evolution reactions and could efficiently decrease the kinetic overpotential 

and generate more active oxidation sites for water splitting (Fu et al., 2018; Li et al, 2017).  
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Other metal as Ir- and Ru-based materials are well known as one of the most effective photocatalyst 

for POER (Li et al., 2018). This is due to their specific local coordination environment facilitating 

water adsorption and oxygen evolution.  

In general, the POER field is much less developed in comparison with the PHER field due to the 

challenge of this reaction which requires sophisticated and stable photocatalytic systems with 

appropriate oxidation capacity. Photoelectrochemical cell present a good alternative for 

performing one-pot photoassisted water splitting water splitting. 

 

4.1.3. MNPs in photoassisted electrochemical water splitting  

Electrochemical systems, using photovoltaic cell or integrated photoelectrodes, have been widely 

used for water splitting. In the Photoelectrochemical Cell (PEC), the working photoelectrode 

comprising supported plasmonic nanoparticles absorb photons and generate the electron-hole 

pairs. The holes generated in the working photoelectrode (anode) react with the H2O to release 

oxygen (O2) whereas, the photogenerated electrons are flowed through an external circuit to 

cathodic counter electrode and react with H+ ions to evolve (H2) (Fig 5). The stability of each 

electrode and/or MNPs/SC catalyst are strongly dependent on the pH of the electrolyte. However, 

the material corrosion, the limitations of transport as well as the OH absorption at the 

semiconductor surface present the main challenges in the photoassisted electrochemical water 

splitting system. 
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Fig. 5. General mechanism of photoassisted electrochemical water splitting in PEC. 

 

4.2. MNPs in the photocatalytic reduction of CO2  

CO2 is one of the most stable compounds among carbon compounds. CO2 gas is linear and 

does not have a dipole moment. The one-electron reduction of CO2 occurs at very negative 

potentials (-1.9 V vs ENH), due in part to the energy required for a structural rearrangement of the 

linear CO2 to bridged CO2-•. This energy is much higher than the potential for reducing the 

conduction bands of the available photocatalysts. Therefore, the reduction of CO2 involves 

"activation", by adsorption to the active site of the photocatalyst, as a first step. This step is 

followed by the transfer of protons and multi-electrons to adsorbed/activated CO2. It is produced 

at relatively low energies (-0.3 / -0.6V (NHE)). Depending on the routes and reaction conditions, 

different end products can be obtained. Thereafter, controlling the selectivity toward the desired 
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product (e.g., methanol, CO, etc.) is highly required in order to eliminate an additional separation 

process which can be expensive. On the other hand, the multi-electrons transfer process required 

for CO2 reduction involves another important challenge in designing an efficient photocatalytic 

system by minimizing the recombination phenomenon. The induction of electrons from the 

photocatalyst conduction band to the adsorbed/activated CO2 must occur more quickly than 

electron-hole recombination. However, the timescale of electron-hole recombination is generally 

2-3 times faster than other electron transfer processes.  

Plasmonic metals are extensively used for CO2 photoreduction to maximize the lifetime of 

photogenerated charges, to activate the C=O bond of CO2 and to generate the intermediate species. 

As for PHER, Pt-supported TiO2 (Pt/TiO2) was the most extensively employed system for selective 

formation of methane in CO2 photoreduction (Wang et al., 2012; Xie et al., 2013; Xiong et al., 

2017). This is due to its highest work function (5.65 eV) and better electron transfer ability to TiO2 

that is required for efficient CO2 reduction. Pt is able to capture and accumulate the photogenerated 

electrons under UV irradiation form the SC valence band, facilitating then the CH4 formation by 

8-electrons transfer. DFT calculations and in-situ Fourier transform infrared spectroscopy (FTIR) 

measurements revealed that CO is an unmissable intermediate in the photocatalytic CO2 reduction 

to CH4 on Pt NPs according to the following pathway:  

CO2→ CO2−→ H2CO3 → HCOOH → CO → HCHO → CH3OH → CH4. (6) 

The activity and selectivity of CO2 photoreduction vs H2 is highly dependent by the size of Pt NPs. 

By decreasing the size of Pt NPs the charge transfer efficiency increased, resulting in high 

performance of both CO2 reduction and H2 production, but with higher selectivity towards 

hydrogen over methane. It was demonstrated that the terrace sites of Pt nanoparticles favored CH4 

formation, however, the low blended sites are more active to generate the competitor hydrogen 
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((A) Dong et al., 2018). The photocatalytic CO2 reduction can be significantly improved by 

constructing co-catalysts with high-indexed facet. PtCu alloy concave nanocubes with (730) facet 

deposited on C3N4 nanosheets, was found to be more efficient for selective production of CH4 

comparatively to PtCu (100) facet ((A) Lang et al., 2017). It was demonstrated that the adsorption 

and activation of CO2 can be increased on the (730) high-index facets that contain more low-

coordinated metal active sites. Comparing to Ag@Cu2O, the Pt@Cu2O showed a higher selectivity 

in the CO2 conversion to CH4 vs PHER (Wang et al., 2020).  

AuNPs showed also good catalytic activity in the photoreduction of CO2 into CH4 under visible 

light. It can further react with the CO2 to form CH4 through a general mechanism illustrated in Fig. 

6. Under visible light irradiation, the plasmonic MNPs (e.g. Au) transfer the hot electron to the SC 

conduction band. First, the H2O is oxidized on MNPs hole to produce required H+ for methane 

formation. The methane evolution takes place on the SC conduction band by the reduction of CO2 

in presence of H+. 

 

 

Fig. 6.  General mechanism of CO2 conversion to methane on MNPs/SC under visible light. 
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The incorporation of RuO2 as co-catalyst with Au NPs enhances the CO2 reduction selectivity 

toward CH4, where Au NPs and RuO2 NPs act as electron trapping agents and hole collectors, at 

the external surface, and the inner surface, respectively ((B) Dong et al., 2018). Ag based 

photocatalyst exhibited also a good CO2 reduction. Ag NPs enhance the accumulation of the 

photogenerated electrons, required to achieve the multi-electron transfer’s reaction (Xu et al., 

2019). Introducing Ag NPs and intrinsic defects to TiO2 can change the band gap of the 

photocatalyst which may enlarge the absorption of the samples in the visible light and the near-

infrared regions and therefore enhance CO2 photoreduction to obtain CO (Zhang et al., 2018). The 

effectiveness of CO2 photoreduction over Ag-TiO2 (anatase) samples, depends on the oxidation 

state of Ag (Handoko et al., 2019). For a material containing a mixture of Ag0 and AgI, electron 

conduction and electron pool may occur on Ag0, whereas adsorption of CO2 or stabilization of 

some relevant intermediates may proceed on AgI.  

The deposition of Pd on TiO2 can enhance the selectivity of photoconversion of CO2 to CO (Su, 

2019). The twin defects on the surface of Pd nano-icosahedrons co-catalyst provide highly 

catalytic active sites for the activation of CO2 molecules, and boosted the photocatalytic 

performance in CO2 reduction to CO ((B) Lang et al., 2017). A comparison was reported 

concerning the effect of supporting different metals Pd and Au on the surface of layered H2SrTa2O7 

(HST) for CO2 photoreduction (Chen et al., 2019). the Pd/HST sample displays the highest activity 

in the photocatalytic conversion of CO2 to CO. However, Au/HST exhibits the highest activity in 

H2 generation due to its relatively low overpotential for H2. By taking into account the result with 

methane formation on Au/TiO2 cited above, we conclude that the support also may play a crucial 

role on the reaction selectivity. 
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Mutli-carbon products were also produced from the photocatalytic reduction of CO2 over 

some supported MNPs. Au@TiO2 yolk–shell hollow spheres promote the formation of high-rank 

carbon species (C2H6), rarely obtained in the common CO2 photocatalytic reductions. The 

formation of •CH3 radical is the key step in this reaction. Here, Au NPs play an admitted role by 

generating a strong electric filed promoting the accumulation of the •CH3 radicals with a high 

concentration on the TiO2 surface. Then, a dimerization process is promoted and a C–C bond is 

formed (•CH3 + •CH3 → C2H6).  Furthermore, for the TiO2 relatively distant from the Au 

electromagnetic local field, a deficient amount of •CH3 radicals may induce the formation of CH4 

through a combination with H+ and e−.  CH3OH and CO has been also produced during the 

photoreduction of CO2 over Au NPs incorporated TiO2 nanowires under low-energy visible light 

and Au loaded TiO2 nanorods (brookite) under UV (365 nm) (Ohno et al., 2014; Tahir et al., 2015). 

Moreover, the production of formaldehyde was reported during the reduction of CO2 over Au 

modified titanate species supported on SBA-15 under high-energy UV irradiation (Mei et al., 

2013). The different facets of Pd photocatalyst found to have a strong effect on CO2 photoreduction 

(Cao et al., 2012). The tetrahedral Pd nanocrystals with exposed {111} facets were more efficient 

to convert CO2 compared to cubic Pd nanocrystals with exposed {100} facets. This was related to 

the different properties of the two facets regarding the charge transfer ability, the CO2 adsorption 

energy and the desorption energy of CH3-OH molecules. 

Hybrid materials decorated with MNPs are also investigated in the photocatalytic reduction 

of CO2. Au anchored in metal organic framework (MOF) structure (hybrids of thin porphyrin 

paddle-wheel framework-3 nanosheets PPF-3) exhibited high photocatalytic activity for CO2 

conversion into HCOOH in acetonitrile/ethanol solution under visible light. This material with 

nanosheet morphology can facilitate the accessibility of catalytic sites and accelerate the mass 
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and/or electron transfers. The efficiency of Au/MOF in the photoreduction of CO2 into HCOOH 

was mainly related to plasmon resonance energy transfer. In this reaction, ethanol is playing the 

role of a hole scavenger and a proton source. A mixture of methanol/acetaldehyde is observed on 

Cu decorated graphene oxide (Cu/GO) (Shown et al., 2014). However, it is difficult to understand 

the role of copper in the CO2 photoreduction due to the co-existence of different valence/forms 

and the possible interchange between them during the reaction. The co-existence of Cu(I) and 

Cu(0) was beneficial for the CO2 photoreduction, while an excess of Cu(0) was undesirable for the 

reaction. It was also reported that Pd-based photocatalyst not only favor the photoreduction of CO2 

to CO and CH4, but also could enhance the selectivity towards other products like: HCOOH (Raja 

et al., 2011) and C2H6 (Hong et al., 2014).  

Metal clusters displayed also some efficiency in the CO2 photoreduction.  Single silver atoms, 

confined into the layered channels of hollandite manganese dioxides (HMO) as semiconductor 

support, show high efficiency to convert CO2 to CH4 under visible irradiation which was 1.52 folds 

higher that of silver nanoparticles. This revealed that downsizing noble metal to single atomic level 

on the surface of photocatalysts may maximize the fraction of accessible active sites for the 

adsorption and the activation of CO2 (Ding et al., 2019). The stabilized silver clusters by 

polymethacrylic acid (AgNCs-PMAA) on TiO2 nanoparticles exhibit a remarkable efficiency for 

the reduction of CO2 to CO under visible light (Zhang et al., 2018). This is due to the electron 

transfer from the CB of TiO2 to the LUMO (~0.26 eV) of Ag clusters (Cheng et al., 2012). 

Similarly, the presence of Pt octamer clusters on the surface of TiO2 (101) (Yan et al.., 2018) 

promotes the first step of the CO2 reduction by strong adsorption of HCOO- and OH- species. The 

enhanced CO2 adsorption strength at Pt clusters is mainly related to the formation of strong 

bonding orbitals between the molecular states of CO2 with d-orbital of Pt which increase the charge 



 24 

accumulation in CO2 surface and facilitate the formation of the CO2- anion intermediate. The 

formation of this anion is the first and decisive step for the reduction process (Yang et al., 2014).  

Despite the advance in the use of the MNPs in the CO2 reduction the main challenge resides in the 

competitive reduction reaction of protons vs CO2 on the MNPs.  

 

4.3.  MNPs in green chemistry 

4.3.1. MNPs in the Selective photooxidation of alcohol 

The alcohols oxidation to carbonylic derivatives is a great practical interest in the synthesis of 

valuable chemical intermediates (Mallat et al., 2004; Enache et al., 2004). However, the 

conventional oxidation methods for alcohols using highly harsh oxidants (i.e., chromates and 

permanganates) can produce environmentally harmful waste (Metzger et al., 1998; Menger et al., 

1981). Therefore, the introduction of catalytic systems using molecular oxygen from air is 

preferred for a greener and cheaper process. MNPs is often used in the selective photooxidation 

process. The application of gold nanoparticles dispersed on carbonic supports where reported early 

for thermal oxidation of ethylene glycol, D-glucose, glycerol and phenylethane-1,2-diol under O2 

(Prati et al., 1999). However, a high temperature and O2 pressure were required causing a 

selectivity issue. Basing on the knowledge of SPR beneficial effect of metallic nanoparticles in 

photocatalysis, well detailed above, its application was extended to alcohol selective 

photooxidation under milder conditions. The Numerous models of Au/TiO2 systems reported in 

the literature aim to obtain a better selectivity and enhanced activity. The oxidation of alcohol 

takes place on electron-deficient MNPs surface to compensate the charge after the electron transfer 

from the MNPs to the excited semiconductor. In case of TiO2, the molecular O2 is first reduced on 

TiO2 surface to generate O2- which interact with alcohol’s hydrogen to produce H2O or H2O2 as 
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by-product with the desired aldehyde or ketone. (Fig. 7 top). In the photooxidative process a high 

yield can be obtained under mild condition (room temperature, low pressure) which avoid the 

selectivity issues. However, a direct oxidation of the alcohol and/or subproducts on TiO2 cannot 

be excluded. Thus, minimizing this undesired reaction can enhance the selectivity toward partial 

oxidation vs total oxidation.  

Different Au/TiO2 photocatalysts were tested in the selective oxidation of alcohol. The variety 

of these systems comes from the structural and shape of TiO2 and/or AuNPs designed from various 

synthetic procedure. Three distinguish roles of AuNPs in the selective alcohol oxidation, have been 

reported in the literature. This totally depends on the environment of the NPs. E.g. Tsukamoto et 

al. (2012) demonstrate that the heterojunction of TiO2 composed from anatase and rutile promote 

the migration of AuNPs and their stabilization at the anatase/rutile interface (Fig. 7 a). The activity 

was increased by 5 times in comparison with that of AuNPs supported on pure anatase TiO2 and 

tested under similar condition. The photocatalytic improvement of TiO2 containing heterojunction 

site was explained by the following process: The thermodynamically favored electron 

accumulation in the conduction band (CB) of rutile can realign the energy level which allows the 

electron transfer from rutile to anatase (Fig. 7 a). This charge separation at the interface enables 

smooth e- transfer from the photoactivated Au particles to TiO2 and consequently a more efficient 

photocatalytic activity.  
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Fig. 7. Top: General mechanism of isopropanol photooxidation with AuNPs@TiO2, Bottom: 

different configuration of Au/TiO2 systems used in selective oxidation of alcohol. Copyright 2012 

and 2019 American Chemical Society. Reprinted with permission from Tsukamoto el al. 2012 and 

Shiraishi et al. 2019. 

However, one of the major challenges in Au/TiO2 photocatalytic system is the ability of a hot 

electron to overcome the Schottky barrier between AuNPs and TiO2.  Introducing Lewis acid 

species (e.g. Nb5+) in the system can limit this phenomenon (Fig. 7b) (Shiraishi et al., 2019). The 

cations neutralize the negative charge of the Au particles and results in a narrower depletion of the 

Schottky barrier. However, loading an excess amount of Nb5+ lead to the formation of polynuclear 

Nb2O5 aggregates which decrease the electron density of Au particles as well as their SPR 

absorption.  
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The increase of the interfacial area between Au and TiO2 can be achieved by the elaboration of Au 

and TiO2 particles with comparable size. In this context, the synthesis of nanosized Au and TiO2 

seems like a convenient approach but still suffer from NPs agglomeration. This issue was avoided 

by the preparation of AuNPs (4 nm) and TiO2NPs (6.4 nm) in the SBA-15 channels to obtain the 

Au/TiO2 composite uniformly dispersed in the channels of SBA-15 (Au/TiO2/SBA-15) (Fig. 7c) 

(Chen et al., 2015). The plasmonic composite was applied in photooxidation of benzyl alcohol and 

its activity was compared with conventional AuNPs supported on anatase/rutile TiO2 composite 

(Au@P25). Interestingly, the composite Au/TiO2/SBA-15 was two times more efficient than 

Au@P25. Additionally, the recombination of charge carriers could be largely decreased due to the 

large interfacial area between Au and the small TiO2 particles. On the other hand, the SBA-15 

presents a high affinity to alcohol which decrease the diffusion limit of substrate. 

Compared to AuNPs, few works where reported using other MNPs. For example, RuNPs (<5 nm) 

dispersed on TiO2 nanobelt was tested on photooxidation of benzyl alcohol in gas phase at 250 °C. 

Contrariwise to plasmonic NPs, the UV irradiation was required to obtain benzaldehyde with 80 

% of yield (Tian et al., 2016). RuNPs was also supported on magnetic N doped carbon (Ru@N-C) 

in order to be recycled by applying an external magnetic field to isolate the supported catalyst 

(Dabiri et al., 2019). In contrast to TiO2, Ru@N-C showed an absorption band at 420 nm which 

render it active under visible light irradiation to yield 90 % of benzaldehyde. 

The application of the MNPs for the selective oxidation under mild conditions open the routes for 

other applications in catalysis, where the hydrothermal factors promotes the overoxidation of the 

desired product. 
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4.3.2. MNPs in formic acid reforming and photoassisted SCR 

In a very recent study performed by our group, sub-nanometer silver clusters trapped into faujasite 

framework (Ag@ZX-V) shows an interesting activity in the formic acid reforming (El-Roz et al., 

2018) and photoassisted Selective Catalytic Reduction (SCR) with NH3 (Hamoud et al., 2019) at 

RT and under visible light. In liquid phase, it was shown that the generated sub-nanosized Ag 

clusters excited by visible light exhibit a strong stability (16 h of reaction), good activity and high 

selectivity (> 99%) for the decomposition of formic acid into H2 and CO2. (Fig 8 a) This reaction 

is proposed as a reversible chemical storage of H2 and suffer from the low selectivity to form CO 

when a semiconductor is used. This high performance of the Ag@ZX-V was attributed to the 

LSPR effect of silver nanoclusters and the formation of the AgNPs during the reaction (Fig. 5a). 

The same sample demonstrates an efficiency in the deNOx via photoassisted SCR reaction at a 

relatively low temperature (150°C) in gas phase. At RT, the silver clusters induce selective photo-

oxidation reactions of NH3 due to the formation of highly oxidant singlet oxygen via an energy 

transfer from the excited silver clusters/NPs to the triplet of oxygen: NH3	
!!""⎯$	•NH2 

!!"		"⎯$	NO (Fig. 

5b). However, increasing the temperature to 150°C promotes the SCR process vs the oxidation 

and a conversion of 18% of NOx to N2 was occurred. This was attributed to the plasmonic local 

heating of silver clusters which can promote intermediate species e.g. NH2NO and NH2NO2 

inducing the reduction of NOx (Fig. 8 b). 
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Fig. 8. a) The decomposition of formic acid into H2 and CO2 over Ag0@ZX-V under visible light 

(liquid phase) and b) the proposed photo-SCR reaction mechanisms at RT and T=150 °C over 

Ag@ZX-V catalyst (El-Roz et al., 2018; Hamoud et al., 2019). Copyright 2018 and 2019 

American Chemical Society and Elsevier, respectively. Reprinted with permission from El-Roz et 

al. 2018 and Hamoud et al. 2019.  

 

4.3.3. MNPs for Nitroaromatic photoreduction 

The nitroaromatic reduction is an important method to produce anilines or azo compounds which 

are very useful in pharmaceutical, pesticides, dyes and other synthesis (Kahl et al., 2000; Ali et al., 

2018).   

Earlier, the photo-assisted selective reduction of nitroaromatics toward anilines was applied by 

using the TiO2 (P25) under UV irradiation (Bresova et al., 1997). In order to achieve a better charge 

separation, AgNPs (1.5 nm) was introduced to TiO2 by photodeposition method. The reduction of 

nitrobenzene was tested under UV irradiation in methanol to obtain selectively the aniline with a 

two times faster reaction rate than that with P25. However, the application under visible light 

irradiation still much more attractive. In this context, AuNPs was photo-deposited on Ag-TiO2 to 

(a) (b)
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obtain Ag-TiO2/AuNPs composite with absorption band around 550 nm (Tanaka et al., 2013). The 

catalysts were used for nitrobenzene reduction under visible light in isopropanol to obtain 

selectively the aniline with acetone as oxidation product of isopropanol. 

ZrO2 was applied as inert support for AuNPs and the material was directly used for nitroaromatic 

reduction under visible light. Interestingly the selectivity was exclusively oriented toward the azo 

compounds. On the other hand, the alloys Au-Cu@ZrO2 prepared in the same conditions produces 

only aniline products. Herein the bond strength between the reaction components with metal can 

be crucial for the reaction selectivity (Zhu et al., 2010; Xiao et al., 2016). The reaction orientation 

toward aniline or azo compound was also possible with AuNPs@Al2O3 by using two different 

sources of hydrogen. By using HCOOH no coupling (azo) product was obtained and the reaction 

was completely oriented towards the formation of aniline (Chaiseeda et al., 2017). The role of the 

AuNPs is to generate hot electrons and holes at surfaces which further generate AuNPs−H species 

by abstracting hydride from a hydrogen donor (e.g. isopropanol) and leaving acetone as oxidized 

product. This Au−H bond is relatively stable at the AuNPs surface which transfers hydride to 

nitroarene and regenerate the catalyst. Furthermore, two hydrides transfer leads to the formation 

of nitroso-arene by eliminating water. Then nitroso-arene hydrogenation leads to the 

hydroxylamine which is the key intermediate in this catalytic process. The hydroxylamine is then 

converted to aniline (pathway A, Fig. 9) or to the azoarene after the hydroxylamine coupling with 

nitroso-arene (pathway B, Fig. 9).   
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Fig. 9.  Detailed mechanism for the direct photoreduction of nitroarene on gold nanoparticle. 
 
 
Metal oxides with oxygen vacancies HxMoO3-y have attract much attention as a plasmonic 

alternative to conventional noble metals which also acts as metallic nanoparticles support (Cheng 

et al., 2016).  These materials were applied as support for PdNPs, RuNPs and both of Pd and RNPs 

in paranitrophenol (PNP) reduction using H2 for depollution purposes/ The mechanism consists in 

the adsorption of PNP over nitro group and H2 (formation of hydride) over Pd surface. The excited 

electrons of plasmonic HxMoO3–y supports are quickly transferred to the surface of the metal NPs 

under visible light to assist the hydrogenation of nitro groups resulting in the formation of the 

paraaminophenol (PAP). 
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4.3.4. MNPs for Photoassisted carbon-carbon cross coupling 

C−C coupling reactions is one of the most important strategies in synthetic organic chemistry. 

Palladium-catalyzed cross-coupling methodologies have revolutionized synthetic organic 

chemistry and honored by Nobel prize in 2010 "for palladium-catalyzed cross couplings in organic 

synthesis" (Echavarren et al., 2010). The aptitude to break the aryl-halogen bond is a determinant 

factor in the cross-coupling reactions. This process consists offering an electron donation from M 

(e.g. Pd) to the antibonding orbital LUMO of substrate which weaken the aryl-halogen bond. 

Consequently, a large number of organometallic complexes with different electronic properties 

were reported in this field (Buchwald, 2008). Depending of the substrate, the reaction is oriented 

toward: 

- Suzuki-Miyaura when aryl boronic acid is incorporated to obtain aryl-aryl bond. 

- Heck-Mizoroki when vinyl group is employed to prepare polysubstituted alkenes 

- Sonogashira coupling when a terminal alkyne is used to obtain disubstituted alkynes. 

Photo-assisted electrons transfers from MNPs surface to the LUMO of the substrate is a famous 

strategy to achieve a better activity. Several studies on PdNPs (supported on semiconductive 

supports or alloyed with gold) were reported for developing light driven Suzuki-Miyaura, 

Sonogashira and Heck-Mizoroki coupling. The overall mechanistic pathway of these 

photocatalytic systems consists in the generation of an electron-hole pairs by the excitation of the 

semiconductor upon light irradiation (UV or/and visible). This is followed by the transfer of the 

photoexcited electrons to Pd. Electron-rich Pd0 then undergoes oxidative addition of aryl-halogen.  

The first reported system for Suzuki cross coupling was proposed in 2013 where Pd NPs was 

deposited on mesoporous carbon nitride (g-C3N4) (Li et al., 2013). The composite was used to 

catalyze the Suzuki-Miyaura coupling of iodobenzene and benzeneboronic acid under UV-visible 
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light irradiation at room temperature. However, the product yield was decreased by filtering off 

the UV part of the Xenon lamp. An activity improvement under visible light was then reported by 

doping the Pd@g-C3N4 with reduced graphene oxide (rGO) (Zhao et al., 2019). The electron 

transfer from the semiconductor to Pd is directly related the band gap value of the semiconductor 

(2.7 eV for g-C3N4). Thus, the choice of a support with a lower band gap that absorb visible light 

may explain the higher photocatalytic efficiency. In this context, Silicon Carbide (SC) with low 

band gap (~2.4 eV) was proposed as a support of PdNPs (Jiao et al., 2015). Among all, Pd@SiC 

was the much efficient for Suzuki-Miyaura of iodobenzene and phenylboronic acid coupling under 

visible light at 30°C where the recorded TOF is 1053 h-1 versus 304 h-1 and 523 h-1 for g-C3N4, 

rGO-doped g-C3N4, respectively. Conjugated porous polymers, combining semiconductive π-

conjugated skeletons with permanent pores have been also used as supports for Pd NPs for photo-

assisted Suzuki-Miyaura coupling. For example, the PdNPs supported on the conjugated 

microporous poly(benzoxadiazole) network (B-BO3) (Wang et al., 2015), were efficient for the 

aryl-bromide or aryl iodide coupling with phenyl boronic acid. Additionally, it was reported that 

the Conjugated Nanoporous Polycarbazole (CNP) with the lower band gap (2.0 eV) is highly active 

for photocatalytic activation of aryl chlorides in the Suzuki-Miyaura coupling i(Guo et al., 2019). 

This is a very challenging topic due to the inert nature of the C-Cl bond which generally needs 

excess strong base and high temperature to be activated (Barder et al., 2005). 

Other works proposed the use of gold nanoparticles to enriches the Pd NPs by hot electron coming 

from SPR upon exciting AuNPs under Vis-NIR irradiation (Wang et al., 2013).  (Xiao et al., 2014). 

A significant enhancement of the activity of Au-Pd alloy systems was reported.  

 For Sonogashira coupling a deprotonation of terminal alkyne is required to be coordinated with 

Pd metal.  Pd@SiC used in Suzuki-Miyaura coupling was also reported for Sonogashira coupling 
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by introducing phenylacetylene instead of boronic acids (Wang et al., 2017). A good activity was 

observed in the activation of the aryl-bromide and aryl-iodide. However, a relatively high 

temperature (120 °C) was required. TiO2 (P25) was also reported as a support for Pd NPs for 

Sonogashira coupling (Elhage et al., 2018). Contrary to Pd@SiC, this catalyst was very efficient 

at room temperature under 425-nm LED irradiation. 

The application of MNPs in the photo-assisted C-C coupling was successfully extended to Heck-

Mizoroki coupling which is a powerful tool for the preparation of polysubstituted alkenes (Heck 

et al., 2004). In this process, the coupling product is obtained from a fast coordination–insertion 

process of alkenes to the Ar–Pd–I complex followed by β-hydrogen elimination. PdNPs supported 

on CNC was reported in Heck-Mizoroki coupling, showing a good overall performance under 

visible light (Guo et al. 2016). On the other hand, a more sophisticated magnetic support 

constituted from rGO, Multi-Walled-Carbon-Nanotubes (MWCNT) and CaFe2O4 (Pd-

rGO/CNT/CaFe2O4) was also used as a support for PdNPs showing a good activity with iodoaryle 

and a remarkable recyclability by applying an external magnetic field to isolate insoluble catalytic 

materials (Bagherzadeh el al. 2019). 

The different pathways demonstrating the active involvement of the MNPs in the photoassisted 

green chemistry, are illustrated in Fig. 10.  
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Fig. 10. Plausible mechanistic pathways for photo-assisted Suzuki-Miyaura, Sonogashira and 

Heck-Mizoroki coupling using Pd@Support as photocatalyst model. 

5. Conclusion 

This chapter describes the development of metal nanoparticles in photocatalysis by presenting the 

fundamental theoretical aspects as well as the research progresses in this field according to three 

applications: 1. Photocatalytic water splitting; 2. Photocatalytic CO2 reduction; 3. and photoassited 

Green chemistry. The characteristic driving forces of the photocatalytic activity of MNPs/support 

are related to the LSPR of the MNPs, the enhanced charge carrier separation as well as the local 

heating.  Furthermore, the catalytic activity can be related to other intrinsic properties such as: the 

MNPs size, the MNPs/Photocatalyst interface area and the nature of the supports (inert or 

semiconductor). Extrinsic factors can also impact the activity of the MNPs photocatalyst based 

system. Depending of the reaction condition the MNPS can act with the reactants as electron donor 

(reduction) or electron acceptor (oxidation). This depends on different factors as the reactant 

nature, the reaction conditions (temperature, pressure, atmosphere), the support as well as the 

irradiation wavelength. In another word, depending of the intrinsic and extrinsic factors, the same 

MNPs provides the active sites for water oxidation to produce O2 or for protons reduction to 
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produce H2. In the case of CO2 reduction or green chemistry, the selectivity can be oriented 

according to the choice of the MNPs.  

Despite the interest offered by the use of the MNPs in photocatalysis for converting light energy 

into chemical energy, this technology seems to be a bit far from commercialization. The main issue 

before reaching this objective is mainly related to the lack in stability of the MNPs under irradiation 

leading to changes in the material morphology and consequently loss of catalytic performance. In 

addition, in most of the applications, artificial UV light sources are required. However, many 

recent research efforts demonstrated that the choice of the support can significantly enhance the 

stability of the MNPs and/or their performance under solar light. 
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