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AuNP/TiO2 nanocomposite is promising for developing visible-light-induced 
plasmonic photocatalysis. The effective hot electron generation and 
inhabitation of electron-hole recombination are the paradigms for the 
efficiency of plasmonic photocatalysis. The photon-energy alteration in 
AuNP/TiO2 depends upon the shape, size, TiO2 phase, and crystallinity, 
irradiation wavelength, etc. For its movement, there are different 
suggestions, such as electron-phonon interaction, direct electron transfer, 
PRET, PIRET, remote activity mechanism, charge transfer mechanism, 
plasmon heating, Forster resonance energy transfer, etc.  Here, such different 
parameters and various physical mechanisms for its generation and role in 
the plasmon-induced photocatalysis by AuNP/TiO2 are being reviewed. 
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Graphical Abstract 

 

Introduction 

‘Hot-electron’ is a non-equilibrium ensemble 

of high energy carriers in a semiconductor 

device [1-5]. Either electrons or holes have 

gained very high kinetic energy after being 

accelerated by a strong electric field [6-8]. The 

excited localized surface plasmon resonance 

(LSPR) could directly translate the absorbed 

visible light into electrical energy by hot 

electron generation [9-15].  Generating hot 

electrons and preventing charge recombination 

is the key to effective plasmonic photocatalysis 

by AuNP/TiO2 [16-27]. However, the decreased 

turnover frequency (TOF) due to the 

recombination of the electrons (e-) and holes 

(h+), acute short lifetime, low migration rates, 

and uncertain diffusion directions are 

challenges for its practical applications [28-38]. 

To address these issues, the hot electrons' 

production and mechanisms must be properly 

understood for efficient electron storing, 

interfacial charge transfer, shuttle process, and 

synergy between AuNP and TiO2 [39, 40].  The 

AuNP/TiO2  nanocomposite brings a quasi-

Fermi level shift inside AuNP to advance the 

charge separation and raise the interfacial 

charge transfer process [35, 41]. The hot 

electrons are accumulated by forming a 

Schottky barrier between AuNP and TiO2 

heterojunction [11, 35]. The hetero-junction 

geometry between AuNP and TiO2 plays a 
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significant role in the hot electron generation 

and mobility [42-46].  TiO2's various phases 

and portions play significant roles in efficient 

charge transfer and separation. If the amount of 

TiO2 on AuNP is moderately lower, it fails to 

prevent the charge recombination by effective 

charge separation. If it is substantially higher, a 

damping effect occurs as the gold nanoparticle 

is covered with TiO2 [17]. For the excitation 

wavelength under visible light, the Schottky 

barrier between AuNP and TiO2 barred the 

movement of the electrons either way, except 

the LSPR excitation is strong enough to surpass 

the Schottky barrier [42, 43]. Under ultraviolet 

(UV) excitation, the photocatalytic activity is 

dropped as the AuNP works as a charge 

recombination center [44-49]. The excited hot 

electrons couple with the phonons and return to 

the ground state either by scattering the photon 

or by generating electric charge carriers [50-

52].  

Thus, it could be seen that adequate hot 

electron generation and minimization of the 

electron-hole recombination are the main 

determinants to control other parameters 

optimized for superior plasmonic 

photocatalysis. Yet, with all these, the 

generation of hot electrons on the AuNP surface 

and its streaming towards TiO2 is a subject of 

debate [53-56]. As this review article sheds light 

on different parameters and proposals made for 

generating hot electrons in AuNP/ TiO2, it 

would help in understanding the recent 

progress and factors that affect the plasmonic 

photocatalysis by AuNP/ TiO2 and leading to the 

designing of advanced AuNP/ TiO2 plasmonic 

photocatalyst. 

AuNP/ TiO2 geometry and hot electron 

generation 

Comparing the photoluminescence (PL) 

spectra of TiO2 and Au-TiO2 indicates that 

absorption losses are achieved when AuNPs are 

at the substrate- TiO2 interface. An efficient 

charge transfer leads to efficient electronic 

interaction between AuNP and TiO2. The PL 

spectra for both pure TiO2 and Au- TiO2, at 2.0 

eV, are due to the interfacial self-trapped 

electrons. The PL spectra below such optical 

band gap are associated with e-h+ 

recombination due to electronic defects (Figure 

1) [57]. The difference in photocatalytic 

activities between different shapes is related to 

the content of gold in the form of electropositive 

species (Au+) and the amount of Ti3+ defect 

centers [58]. For spherical AuNP/ TiO2, hot 

electron generation is affected by the surface-

to-volume (S/V) ratio [28, 40]. 

 

Figure 1. Photoluminescence (PL) spectra TiO2 and Au-TiO2 nanoparticles (Adapted with permission 

from ref. 57 Copyright 2020, Elsevier) [57] 
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The back reflection is reduced by placing the 

AuNP at the back of the TiO2, which is also 

affected by the morphologies and size of the 

nanocomposite (Scheme 2) [58, 59]. Au-

nanorods, Au- nano bipyramids, and Au 

triangular excitation wavelength, structure, and 

shapes are critical factors for hot electrons’ 

relaxation time  [60-65]. The lifetime of hot 

electrons follows the order: of sphere < rod < 3D 

hierarchical shape [66]. In another study, 

visible light photoactivity of AuNP with rutile 

powders TIO-6 (Au-TIO-6) follow the order: 

nanospheres (NSPs) > (nanorods) NRs > 

(nanostars) NSTs [58]. If the AuNP surface is 

asymmetric, the wave propagation length is 

extended, directing a large portion of the 

electromagnetic energy from the metal surface 

to the adjacent dielectric media [67, 68]. For 

non-radiative 'near-field' activities, the 

electromagnetic fields govern close to the 

antenna or scattering object, while 'far-field' 

characteristic prevails at longer lengths [52]. 

The density functional theory (DFT) study 

proposed that the adhesive energy between 

AuNP and TiO2 for the defect-rich non-

stoichiometric surface is higher and more 

effective for charge transfer [69-72]. In the 

quasi-static region, the excitation wavelength is 

significantly higher than the plasmonic 

particles, which would cause the optical 

response to be dipolar and show a Lorentzian 

line shape close to the resonance frequency. As 

a result, the nanoantennas are configured in an 

array which responds consistently with 

accumulated photocurrent [73].  As a result, 

nanoparticles with sharp edges (e.g., nanorice, 

nanostars, bipyramids, dendritic nanorod, 

nanostars) produce intense hot spots, which 

lead to several orders with higher sensitivities 

(Figure 2 and Scheme 1) [74-79]. These 

nanostructures work as nano-mirrors, and 

multiple numbers of reflections occur that could 

increase the mean path of the photon in the 

nanostructure, raising the capture rate of the 

photons [35, 80]. The photocurrent generation 

by dendritic branched Au/TiO2 is reported to be 

higher [78]. And, for confeito-like AuNP/TiO2 

nanoantennas, excited resonant plasmons could 

decay hot electrons over a potential barrier at 

the interface (Figure 3 and Scheme 2) [80, 81]. 

For nanotubes, the directional movement of the 

photogenerated charges takes place and 

nanorods show larger dephasing time and the 

plasmonic response could be extended from the 

visible to the near-infrared wavelength [82, 83]. 

For dumbbell-shaped Au/TiO2, the Au as the bar 

of the dumbbell acts as a photo-anode while the 

TiO2 as heads acts as a photo-cathode and an 

efficient charge transfer takes place [84, 85] 

(Scheme 3).

 

Figure. 2. SEM images of Au-TiO2: (a) gold nanorods, (b) gold nanospheres, and (c) gold nanostars 

at the surface of rutile TiO2 (Adapted with permission from ref. 58 Copyright 2020, Elsevier)  [58]. 
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Scheme 1. Effect of gold nanoparticle shapes on Au/TiO2 excitation under visible light and 

interaction between TiO2 matrix and gold nanospheres (a); gold nanostars (b); gold nanorods 

attached by elongated axis (c); and gold nanorods attached by narrower axis (d) [58] 

 

Figure 3 TEM (a–c) and HRTEM images (d–f) of CAuNP/TiO2 nanocomposite (medium Ti) 

synthesized for 24 h under different irradiation conditions: a, d in darkness, b, e under visible light, 

and c, f under UV light (Adapted with permission from ref. 17 Copyright 2020, Springer Nature) 

[17] 
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Scheme 2. Degradation mechanism of MB by CAuNP/TiO2 under visible light (A) and deactivation 

of TiO2 under UV irradiation (Adapted with permission from ref. 17 Copyright 2020, Springer 

Nature) [17] 

 

Scheme 3. Dumbbell-shaped Au/TiO2; the bar performs as photoanode, and the bells act as 

photocathode [88] 

AuNP/doped-TiO2 and hot electrons 

Sandwiching of a redox molecule between 

AuNP and TiO2 significantly affects plasmon by 

blocking the charge recombination process to a 

more significant extent. Introducing 

heteroatoms in titania generate additional 

allowed energy levels inside the wide bandgap. 

The Additional permitted energy levels in the 

bandgap stimulate the absorption of visible 

light photons and introduce an alternative 

pathway for electron-hole recombination. Hot 

electron generation is proposed otherwise for 

differently doped Au/TiO2 [86]. Here one non-

metal (nitrogen) and metal (iron) doped 

Au/TiO2 is discussed.  

The incorporation of N in the TiO2 lattice in 

the form of N-O-Ti and Ti-O-N leads to a 

reduction in bandgap energy (∼2.1 eV) by 

introducing localized states above the valence 

band. For nitrogen (N), the atomic radius is 

similar to the oxygen (O), which results in a 

mixture of Nitrogen 2p and Oxygen 2p to act as 

an activity source for visible light-generated 

metastable centers (Scheme 4) [86-89]. 

Nitrogen 2p states rise to allowed energy states 

just above the semiconductor's valence band 

(VB). The 3d states of the metal provide allowed 
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energy levels near the conduction band (CB). 

For, both tops of VB and the bottom of CB are 

broadened due to N doping in TiO2. , The 

schottky barrier at the interface, leads to a 

Fermi level shift to negative potential and 

increases the interfacial charge transfer 

process. Interrelationships, whether nitrogen is 

substitutional and interstitial in the lattice, are 

not clear; some results suggest that the state of 

N in titania and its effectiveness in extending 

the light absorption edge depends upon the 

preparation methods. 

 

Scheme 4. The mixture of Nitrogen 2p and Oxygen 2p in TiO2 acts as an activity source for visible 

light-generated metastable centers 

For metal doping, a systematic study with 21 

transition metals shows that Fe3+, Mo5+, Ru3+, 

Os3+, Re5+, V4+, Rh3+ photoactivity increases 

significantly in the liquid-phase degradation of 

CHCl3, while for Co3+ and Al3+ doping decreases 

it [90]. For Au/Fe-TiO2, PL spectra suggest that 

the charge recombination rate is inhibited 

effectively when Au is deposited on the surface 

of Fe-doped TiO2 as the e−s are trapped by AuNP 

while Fe3+ traps the h+s. The addition of Fe3+ 

introduces an impurity level in the bandgap to 

lead to a lower photocatalytic activity under the 

UV as the impurity level acts as a recombination 

center (Scheme 5). Some reports suggest an 

improved photocatalytic activity for Au/Fe-TiO2 

under visible and UV light by a synergy between 

AuNP and Fe3+ and TiO2 (Figure 4) [90].

 

Scheme 5. Band bending for Fe- doped TiO2; Fe3+ introduces an impurity level in the bandgap to lead 

to a detrimental effect on photocatalytic activity 



Hot electron in visible-light-induced plasmonic ...                                                                                40 

 

Figure 4 Degradation of methyl orange visible light illumination for 5h over (a) TiO2, (b) 0.57Fe-TiO2, 

(c) 2.0Au/TiO2, (d) 2.0Au/0.57Fe-TiO2  (Adapted with permission from ref. 90 Copyright 2020, 

Elsevier) [90]. 

Size of AuNP/TiO2 and hot electron 

The apparent Fermi level could be shifted by 

changing the size of AuNP [91]. Because of 

discrete energy levels for small-size AuNP, a 

more significant shift in the Fermi energy level 

is expected [91]. If the size of AuNP is small 

enough, the Fermi level of AuNP would be 

higher than the oxygen due to the quantum size 

effect and prevent the transfer. For smaller 

AuNP, the dephasing time becomes prolonged, 

and plasmon requires an optimum AuNP size 

for a large dephasing time [92, 93]. For bigger-

size AuNP, the Fermi level is lowered, which 

causes electron transfer from AuNP to TiO2 [94, 

95]. Large size AuNP shorter lifetime result in 

higher carrier production rates which mostly 

scatter the incident photons in the forward and 

backward directions via an absorption/re-

emission, whilesmaller nanoparticles trigger 

near-field enhancement [35, 52]. Some 

photocatalytic activity tests suggest that the 

adsorption of dying agents decreases with 

increasing Au amount, as some adsorption sites 

are blocked by AuNP. In reports for the 

degradation of methylene blue (MB) with fixed-

sized AuNP, the highest photocatalytic activity 

was observed when the TiO2 deposition was 

‘medium Ti (Ti/Au molar ratio: 0.018), 

compared to lower (Ti/Au molar ratio: 0.007) 

and higher Ti (Ti/Au molar ratio: 0.040) (Figure 

5) [17]. 

 

Figure 5. Time course of decomposition rates of MB with CAuNP and CAuNP/TiO2 under visible light 

(Adapted with permission from ref. 17 Copyright 2020, Springer Nature) [17] 



N. Kamely                                                                                                                                                                                     41                          

TiO2 aggregation and hot electron 

generation  

TiO2 support causes multiple reflections and 

scattering that increase photon capturing 

probability [72, 96].  Charge recombination 

time showed a nonlinear relationship with TiO2 

diameter and diffusion distances for free 

electrons [97]. Photogenerated charges migrate 

to the interface when TiO2 thickness is less than 

carrier diffusion length (Scheme 6). For a wide 

TiO2 layer, internal carriers fail to spread on the 

surface and tend to recombine [98]. Between 

AuNP and TiO2, an optimum ratio is needed for 

effective plasmon excitation [99, 100]. 

 

Scheme 6. The exciting field (A) normal to substrate and particle-substrate distance below 1 nm; 

exciting field strongly modified (B) parallel to the surface; dependence is not obvious

Light wavelengths and hot electron 

The incident power variation at a single 

wavelength results in a linear response with 

photocurrent, suggesting the photocurrent is 

dominated by the conversion of single photons 

to single hot electrons [12, 101]. The work 

function of Au in a vacuum is ~ 4.78 eV, which 

tunes the plasmon resonance close to the near-

visible region [53, 102].  When LSPR irradiation 

is done under mixed UV and green light, the hot 

electrons overcome the Schottky barrier and 

are transferred from AuNP to TiO2 under green 

light. Under UV, these electrons are 

recompensed from TiO2 to AuNP and thus 

accelerate electron-hole recombination [17, 

54]. This is significant for the full wavelength 

application of Au/TiO2 as the flow of the hot 

electrons follows the opposite direction to the 

electron trapping by the Schottky barrier; it 

could cause a detrimental effect on the 

photocatalytic activity under the full light 

spectrum [37, 103]. Some instances also suggest 

that a small amount of UV with visible light 

contributes positively tomaking Au particles 

large enough to enable SPR-promoted electron 

transfer to the TiO2 conduction band (CB)’ 

[104].  

 

TiO2 crystallinity and hot electrons 

Both under UV-vis and visible light, the 

anatase/rutile composites (P25 and Hom) 

showed more significant activity in H2 evolution 

rates due to the electron transfer in both 

directions across the anatase/rutile interface 

[105]. Under visible light, no H2 was evolved 

with AuNP/anatase- TiO2 or the 

anatase/brookite composite. In-situ electron 

plasmon resonance (EPR) study showed an 

intrinsic increase of Ti3+ in the lattice, which 

raises the Schottky barrier at the interface and, 

as a result, hinders SPR-promoted hot electron 

transfer. This quantum tunneling probability ni 

is approached by the modified Fowler theory, 

which defines the number of “available” 
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electrons in the system through sufficient 

energy to overcome the potential barrier: 

ni ≈ 𝐶𝐹
(ℎ𝜈−𝑞𝜑𝐵)2

ℎ𝜈
                                               (1) 

where CF is the device-specific Fowler 

emission coefficient, hν is the photon energy 

and 𝑞𝜑𝐵 is the Schottky barrier energy. 

Photocatalytic activities of AuNP/anatase-

TiO2 and AuNP/rutile-TiO2 compared under UV 

and visible light show that AuNP/anatase-TiO2 

had higher activity under the UV-light for the 

reduction of nitrobenzene than Au/rutile-TiO2. 

While under visible light, the Au/rutile-TiO2 

showed superior activity for alcohol oxidation. 

LSPR favored induced interfacial electron 

transfer (IET) from AuNP to rutile-TiO2 due to 

significant decoupling between the LSPR and 

inter-band transition modes [106]. The 

absorption of Ti-OH stretching modes of 

Au/TiO2 is in the order of Au/ rutile rods (RR) ≈ 

Au/3D hierarchical rutile (3DR) < Au/ Anatase 

rods (RA) ≈ Au/ (Large anatase spheres) LA < 

Au/(Small anatase spheres) SA and the 

plasmonic photocatalytic activity under visible 

light was reported to be the order of Au/SA < 

Au/P 25 < Au/RA < Au/LA < Au/RR < Au/3DR 
69. It is, therefore, evident that for anatase, the 

electron transfer takes place through tunneling, 

while for rutile, it is the direct electron transfer 

through the contact layer. Discussions of 

different energy band diagrams between 

AuNP/anatase-TiO2 and AuNP/rutile-TiO2 

suggest the Schottky barrier not to be the 

determining factor for forward electron 

transfer. At the same time, for the reverse 

direction, its role is vital to be taken into 

consideration. The lower photocatalytic 

performance by Au/SA hetero-structure could 

be due to the incomplete depletion layer and 

low band bending. This causes an easy overpass 

of electrons from TiO2 CB to AuNP, contributing 

to faster recombination. For AuNP/rutile-TiO2, a 

band shift (∼0.294 eV) induces large VB 

bending, which results in slower charge 

recombination than anatase-TiO2 [66]. 

 Again a plot between visible-light activity 

and AuNP size showed a volcano-shaped curve 

for Au/rutile-TiO2, suggesting an optimum size 

for effective photocatalysis, while for 

Au/anatase-TiO2, a rare dependency upon the 

size of the AuNP was seen [106]. For different 

crystalline planes, the efficient injection of 

plasmonic hot electrons is attained by 

incorporating TiO2 [001] facets with the AuNP 

due to the “surface heterojunction”. A 

comparison of Au (111) attached to TiO2 (110) 

reconstruction cells displays that it leads to the 

most stable interfacial configuration for TiO2 

[107]. 

Mechanisms for hot electrons in AuNP/TiO2 

plasmonic photocatalysis  

Electron-photon interaction  

For both Plasmon resonance energy transfer 

(PRET) and scattering effects, the enhancement 

is observed at the wavelength where the 

semiconductor resonance and the plasmon 

resonance overlap. For the hot-electron 

transfer, the enhancement could occur even at 

energies below the semiconductor band, which 

is characteristic of hot electron/hole transfer 

[50]. The plasmon-excited hot electrons lose 

coherence rapidly and formulate a non-

equilibrium Fermi-Dirac-type distribution 

through random thermalization by Auger 

scattering. Besides the formulation of hot 

electrons through plasmon excitation, incident 

photons with sufficiently high energies can also 

cause direct inter-band excitation to the empty 

d-band of noble metals from the filled sp-band 

[108]. The energized electrons redistribute 

energy through a three-step relaxation process: 

step I Fermi-Dirac line distribution in less 

than 1ps through electron-electron (e−-e−) 

scattering [11, 109]. 
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Step II Strong electron-photon interaction 

with electron velocity reduction resulted in 

metal lattice heating for a few picoseconds [110, 

111]. 

Step III Depending upon the material, 

particle size, and thermal properties and, 

environment, heat is propagated to the 

surroundings of the metallic structure through 

phonon-phonon (ph-ph) interaction from a few 

picoseconds to tens of nanoseconds [112, 113]. 

Simultaneously the hot-electron decay leads to 

plasmonic heating [114]. For plasmonic 

heating-based manipulation, the 

thermophoresis, Marangoni effect, and thermal 

convection are being studied and require 

further investigation [113]. 

Plasmon resonance energy transfer (PRET) 

The spatial distribution of excited electrons 

and holes by the plasmonic resonance energy 

transfer (PRET) depends upon the electric field 

intensity (Scheme 7). It provides a root for the 

photocurrent where the carrier travels a 

smaller distance after photon absorption. PRET 

comes under indirect photocatalysis, where the 

distribution of excited electrons is similar to 

photoexcitation. PRET probability increased for 

metal nanoparticles with a combination of 

elastic dephasing, radiative, and non-radiative 

decay. As a result, it provides an enhanced 

electric field intensity in a small, well-defined 

semiconductor region. If the metal nanoparticle 

on the surface of the semiconductor forms 

localized states by Fermi-level pinning, it would 

cause more band bending by forming an energy 

barrier between e− and h+ [50].  

Direct electron transfer (DET)  

Direct electron transfer (DET) forms the 

electron-hole pairs directly independent of the 

light absorption characteristics of the 

semiconductor. Energy is considered to be 

stored in plasmon either by hot electrons or the 

local electric field. Electrons with energy 

spreading on LSPR peak wavelength stimulate 

hot electrons by oscillation. These oscillations 

are damped rapidly by radiative scattering due 

to the emission of photon or non-radiative 

electron-phonon and electron-electron 

scattering. Hot electrons with energy 

proportionate to the incident photons’, 

overcome the energetically unfavorable 

Schottky barrier at the hetero-junction (Scheme 

7) [115]. 

 
Scheme 7. Schematic representation of hot electron transfer process in (A) Plasmon-induced hot-

electron transfer mechanism. (B) Direct metal-to-semiconductor interfacial charge-transfer 

transition mechanism. (C) Plasmon-induced metal-to-semiconductor interfacial charge-transfer 

transition mechanism [116] 
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Plasmon-induced resonance energy transfer 

(PIRET) 

For Plasmon-induced resonance energy 

transfer (PIRET), the plasmonic enhancement 

depends upon the spectral overlap and does not 

require physical contact or electronic alignment 

for electron transfer, unlike DET [115]. The 

non-radiative hot electrons are transferred 

even the TiO2 and AuNP are separated by an 

insulator [108, 117]. The electrons and holes 

are excited directly through the non-radiative 

relaxation of the localized surface plasmon 

dipole above and below the bandgap [118, 119]. 

The largest enhancement occurs when plasmon 

dephasing is closer to the semiconductor and 

overlaps with the band edge due to strong 

coupling to the weak band edge states (Scheme 

7) [119]. The strength of PIRET depends upon 

the overlap of semiconductor’s band edge 

(absorption band) with the LSPR resonance 

band, as well as the distance between the 

plasmonic metal and semiconductor dipole. 

There are suggestions that DET and PIRET can 

exist depending upon material parameters 

when charge transfer creates undesirable 

effects, such as carrier equilibration issues or 

material degradation [115]. 

Remote activity mechanism 

In the ‘remote activity mechanism,’ 

photocatalysis starts degrading the dye 

touching the surface [120-122]. A ZnO 

combined TiO2 film with AuNP causes remote 

oxidation of polyvynilydenefluoride films on 

octadecyltriethoxyl modified glass surface 

[121]. It is proposed that the active species from 

the film's surface migrate to the substrate by 

water and oxygen in the gas phase (Scheme 8).  

 

Scheme 8. Proposed remote activity mechanism in Au/TiO2 [120] 

Charge transfer mechanism 

Charge separation in excited AuNP is 

explained by photoresponse spectrum 

coincidence with the surface plasmon 

absorption band [60, 120] (Scheme 7). Charge 

separation in AuNP/ TiO2 provide oxidation 

potential for AuNP and reduction potential for 

TiO2 [97, 120]. For TiO2, electron diffusion is 

faster than hole migration due to charge 

jumping to the neighboring sites [120]. Transfer 

of e-s produces more efficient charge separation 

due to the surface barrier between AuNP and 

TiO2 and reduces charge recombination [120].  

A shift in the Fermi level towards more negative 
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potential increases energetics, enhancing the 

charge transfer process . AuNP tends to undergo 

quantization, and the charge equilibrates with 

the Fermi level [91]. For, this type of 

mechanism, the e-s are transferred from TiO2 to 

AuNP if the concentration of AuNP is higher due 

to hindering the LSPR-promoted electron 

transfer [36, 91]. Consequently, AuNP causes 

string and shuttling of electrons in the 

photocatalytic process. The Fermi level of a 

semiconductor could be directly related to the 

number of electrons on the surface by the 

relation [91]: 

  𝐸𝐹 =  𝐸𝐶𝐵 + 𝑘𝑡𝑙𝑛𝑛𝑐/𝑁𝑐                                 (2) 

ECB: conduction band energy level versus NHE  

nc: density of accumulated electrons 

Nc is the charge carrier density of the 

semiconductor  

Shifting of AuNP Fermi lFevel towards more 

negative potential leads to a move towards the 

TiO2 CB due to more significant electron 

accumulation. A shift of the Fermi level 

improves the interfacial charge-transfer 

process and better the reduction ability [91, 

123]. 

Plasmonic heating and hot electron transfer  

Due to strong electron-phonon coupling in 

the metal nanoparticle, plasmon thermalizes 

itself for a few picoseconds. It results in a large 

introduction of electrons in TiO2 [50, 92]. 

Femtosecond spectroscopy study of hot 

electrons takes 240 fs for electron injection, and 

therefore, many concluded that it is impossible 

to determine the mechanism of the hot electron 

injection [50, 124]. Electron-phonon coupling 

causes an increase in the lattice temperature, 

which modifies itself with the equilibrium size 

of the particles by ΔR/R =RΔTl/3, where R is the 

coefficient for thermal expansion. 

Electrons generate high ‘hot electron 

pressure’ on the nuclei at higher temperatures. 

The contribution of this hot electron pressure to 

the expansion factor could be given by,   

α = 1
B⁄ (λC1 + 2

3⁄ Ce(Te))                           (3) 

where Ce and Cl are the electronic and lattice 

heat capacities, Te is electronic temperature, B 

is the bulk modulus, and λ is the Gruneisen 

parameter for lattice.  

From equation (3), first term on the right-

hand side talks of lattice contribution to 

expansion, and the second term is associated 

with hot electron pressure. As for a non-

spherical AuNP, multiple vibrational modes 

would be excited along different dimensions to 

contribute to elevate hot-electron pressure 

[109]. Dephasing of plasmon resonance either 

by the intrinsic damping processes of metal 

nanoparticles or by electron surface scattering 

causes photon absorption. This absorption of 

photons leads to the excitation of electrons 

spread over different levels in CB. This excited 

electron quickly equilibrates by electron-

electron scattering in a few hundred 

femtoseconds, creating hot electron 

distribution. The hot electrons' distribution 

relaxes through phonon emission within a few 

picoseconds. Such coupling between the 

phonon modes and the hot electrons could be 

expressed by the two-temperature model 

(TTM). The rate of energy exchange between 

the phonons and electrons is given by, 

Ce(Te) ⅆTe ∕ ⅆT = −g(Te − T1)                     (4) 

Where Te and Tl are the electronic and lattice 

temperatures accordingly;  

Cl is lattice heat capacity, Ce(Te)=γTe is 

temperature-dependent electronic heat 

capacity, and g is electron-phonon coupling 

constant. 

Ce is temperature-dependent,and the time 

required for electron-phonon coupling depends 

on initial electronic temperature [109].  

Förster resonance energy transfer  
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If the radiative decay channel is negligible, all 

the light absorbed moves into hot carriers [12, 

125]. The Förster resonance energy transfer 

(FRET) is where the excited state of the 

semiconductor is quenched by AuNP [50, 119]. 

Consequently, it is considered  back reaction, 

does not involve any charge transfer, and occurs 

on a similar scale of PRET [50]. Although FRET 

does not involve the emission of any photon, 

donating the photoluminescence donor is 

critical for both quantum yield and emission 

spectrum [50]. The plasmonic dipole-dipole 

coupling takes place before Stoke’s shift. It 

causes dephasing of the combined dipole 

moment and allows a red or a blue-shifted 

energy transfer by absorption and emission 

overlap. The plasmon initiates a population and 

moves to the semiconductor via PIRET, while 

the semiconductor leads to population transfer 

through FRET. If the dephasing of the 

semiconductor is faster than the plasmon, the 

largest PIRET transfer occurs. Thus, when 

PIRET becomes less effective, FRET turns 

stronger and, vice-versa [126-128].  

Conclusion 

The hot electrons are generated due to 

surface plasmon decay to the conduction band 

of TiO2. To introduce new effective green 

catalysts, the separation of the electron-hole 

recombination by the hot carrier generation is 

the key. Efforts are being made for superior 

morphology control, novel hybrid structure, 

suitable energy coupling to achieve better 

efficiency and stability. To achieve this goal, 

further ‘light’ on understanding the hot 

electrons in AuNP/TiO2 is essential. From this 

perspective, we reviewed and summarized the 

different parameters and proposals made on 

generating hot electrons and their roles. Based 

on current illustrative inquiries, there are 

several operating parameters such as size and 

shape, loading amount, irradiation wavelength, 

and crystalline phases of TiO2, and the 

mechanism takes place in different ways, such 

as electron-phonon interaction, direct electron 

transfer, PRET, PIRET, remote activity, charge 

transfer, plasmon heating, Forster resonance 

energy transfer, etc.  Future experiments will 

provide more insightful details on the effects of 

such parameters on the generation and the 

movement of the hot electrons in AuNP/TiO2. 
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