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The article examines the impact of plasmon excitation on the surface of a spherical metallic nanoparticle on its 

catalytic properties, specifically the efficiency of hot electron generation (activity). The physical mechanisms behind 
the enhancement of catalytic activity under resonant excitation of surface plasmons are described. A mathematical 
model is proposed within the classical approximation to describe the relationship between the optical and catalytic 
properties of metallic nanoparticles. The model accounts for volumetric, surface, and radiative mechanisms of 
electron relaxation in the nanoparticle, as well as the Hagen–Rubens approximation for the absorption coefficient, 
which is valid within the studied frequency range. Numerical results obtained within the framework of the proposed 
model include frequency dependences of the real and imaginary parts of the nanoparticle’s dielectric function, the 
absorption efficiency, the Fowler parameter, and the efficiency of hot electron generation. An explanation is 
provided for the similarity in the frequency dependence curves of the real and imaginary parts of the dielectric 
function, the absorption coefficient, and the Fowler parameter for silver nanoparticles of varying radii. A 
comparison is made between the obtained numerical results and experimental findings by other researchers 
regarding the spectral dependences of hot electron generation efficiencies for nanoparticles made of various metals 
and silver nanoparticles of different radii. The study investigates the extrema of the frequency dependences of hot 
electron generation efficiency, finding that the number and spectral positions of the extrema significantly depend on 
the radius and material of the nanoparticles. It is demonstrated that the highest maximum corresponds to a 
frequency close to the surface plasmon resonance frequency. Practical recommendations are developed for selecting 
materials for spherical nanoparticles to be used as photocatalysts in the optical frequency range to enhance the 
efficient utilization of solar energy. 

Keywords: surface plasmon resonance, photocatalysis, activity, Fowler parameter, absorption coefficient, 
electron-hole pairs, hot electrons 
 

INTRODUCTION 

Considering the ongoing energy crisis and 
the high levels of environmental pollution, the 
efficient utilization of renewable solar energy in 
chemical transformations is of paramount 
importance for modern industry. In nature, this 
occurs through photosynthesis. To replicate such 
photochemical processes in artificial systems, 
the presence of photocatalysts is a necessary 
condition. In early studies on photocatalysis [1] 
the electrochemical splitting of water was driven 
by photoexcited charge carriers under the 
influence of ultraviolet radiation. Since then, 
semiconductor photocatalytic materials (e.g., 

2TiO  or ZnO ) have been used in various 
photochemical reactions, particularly in water 
splitting and organic transformations. However, 
the application of semiconductor photocatalysts 

is significantly limited: the most commonly used 
semiconductors have a wide bandgap 
( 3.1eVgE  ), restricting their ability to absorb 

only ultraviolet radiation, which accounts for 
merely 4 % of the total solar radiation reaching 
the Earth. In light of this limitation, active 
research is being conducted to discover new 
materials and develop novel strategies for 
converting the energy of visible light – 
constituting about 42 % of solar energy – into 
chemical energy. 

Metallic nanoparticles have garnered 
significant interest for solar energy conversion 
due to the excitation of localized surface 
plasmon resonance (SPR) [2]. The SPR 
phenomenon, and hence the optical properties of 
plasmonic nanostructures, can be readily tuned 
by varying their size, shape, material 
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composition, and the surrounding medium [3]. It 
is noteworthy that metallic nanoparticles possess 
catalytically active surfaces, enabling them to 
effectively absorb solar energy and facilitate 
photochemical reactions when used as photo-
catalysts [2, 4, 5]. Therefore, the application of 
metallic nanoparticles as photocatalysts holds 
great promise for significantly enhancing solar 
light absorption and converting light energy into 
chemical energy. 

Over the past decade, hot charge carriers 
(electrons and holes) generated during the decay 
of surface plasmons have been utilized for 
converting solar energy into electrical or 
chemical energy due to their unique properties 
[4, 6]. Hot electrons, in particular, contribute to 
increasing the maximum efficiency of single-
junction solar cells by minimizing energy losses 
and enhancing the open-circuit voltage. Research 
has been conducted on light-to-electric energy 
conversion based on hot electrons for next-
generation solar cells [7, 8]. Furthermore, hot 
electrons can participate in various important 
catalytic reactions, such as methanol and CO 
oxidation, water splitting, and more [9, 10]. 
While hot electrons can be generated in both 
metals and semiconductors under illumination, 
metals are more advantageous due to the absence 
of a bandgap [11]. 

Despite their practical importance, the 
relationship between the optical and catalytic 
properties of metallic nanoparticles remains 
unexplored. Investigating this relationship is thus 
a highly relevant research challenge. 

PHYSICAL MECHANISMS OF ACTIVITY 
ENHANCEMENT UNDER RESONANT 

SURFACE PLASMON EXCITATION 

Understanding the molecular mechanisms of 
energy conversion and dissipation phenomena at 
solid/gas or solid/liquid interfaces is one of the 
most critical challenges in heterogeneous 
catalysis [12–15]. Unraveling the mechanisms of 
molecular energy transfer on the surfaces of 
metallic catalysts is particularly complex, as 
energy dissipates through nonadiabatic 
electronic excitations (within a timescale of 
~ 10–15 s) or adiabatic lattice vibrations (within a 
timescale of ~ 10–12 s). The energy acquired by a 
metal surface from photon absorption, 
mechanical interactions, or exothermic catalytic 
reactions, as well as its dissipation at interfaces 
and surfaces, is mediated by the excitation of 

elementary processes. These include adiabatic 
atomic vibrations and nonadiabatic electronic 
excitations [15, 16]. Various mechanisms of 
energy transformation on metal surfaces involve 
nonadiabatic processes, such as the excitation of 
electron-hole pairs, exoelectron emission, 
chemiluminescence, and phonon scattering 
through adiabatic dissipation [17–21], as 
illustrated in Fig. 1 a. Electronic excitation 
during exothermic catalytic reactions, such as 
atomic and molecular adsorption, dissociative 
chemisorption, catalytic reactions between 
different chemical species, or photon absorption 
on the surfaces of metallic nanoparticles, 
generates streams of high-energy electrons with 
energy 1–3 eV [22, 23]. Consequently, when 
chemical energy is converted into electron flux 
within a short timescale (~ 10–15 s) – before 
atomic vibrations can adiabatically dissipate the 
energy (~ 10–12 s) – due to the significantly lower 
heat capacity of electrons, the energy transfer to 
the metal surface generates high-energy 
electrons that are not in thermal equilibrium with 
the surface metal atoms. These high-energy 
electrons are referred to as “hot electrons”      
[24–29]. 

Several studies have identified electronic 
excitations arising from chemical reactions on 
metal surfaces, as well as examined the influence 
of hot electrons on atomic processes [30–32]. 
Research on real-time detection of hot electrons 
and the correlation between hot electrons and 
reactivity or selectivity on catalyst surfaces 
addresses fundamental aspects of energy 
conversion and dissipation in solids [27, 33]. In 
quantum theory, the direct transfer of energy to 
phonons is an adiabatic process, for which the 
Born–Oppenheimer approximation is valid. This 
approximation is based on the fact that electrons 
move on much shorter timescales than nuclei due 
to the substantial difference in mass [34]. As a 
result, electronic transitions induced by nuclear 
motion are typically neglected, assuming that the 
electronic motion occurs instantaneously with 
respect to nuclear motion [35]. When this 
approximation holds – i.e., the kinetic energy of 
gas-phase molecules (atoms) is significantly 
greater than the phonon energy – energy transfer 
via phonons can be roughly estimated by treating 
the collision between a gas atom or molecule and 
a surface atom as inelastic. However, 
experiments have convincingly demonstrated 
that the Born–Oppenheimer approximation 
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breaks down in cases of gas-surface interactions 
due to the occurrence of various nonadiabatic 
processes [36]. Fig. 1 b illustrates one-
dimensional potential energy curves for adiabatic 
and nonadiabatic processes during the interaction 
of a gas molecule with a metal surface. Such 
potential energy curves are widely used in the 
study of nonadiabatic phenomena arising from 
charge transfer reactions involving gas-phase 
reactants with significantly differing 
electronegativities [15, 37]. These curves can 
also be used to describe the dissociative 
chemisorption of diatomic molecules on metallic 
surfaces [38, 39]. As a gas-phase reactant 
molecule approaches a surface metal atom, the 
molecular interaction is represented by the 
potential energy curves of the ground state 
before and after energy transfer. As shown in 
Fig. 1 b, the chemical reaction can proceed either 
adiabatically or nonadiabatically. In the Born–
Oppenheimer approximation, dissociative 
adsorption occurs adiabatically, following the 
potential energy curves of the ground state (blue 
line). In this case, the chemical energy exchange 
occurs via phonons. On the other hand, in the 
nonadiabatic case, a transition to a new state 
occurs at the intersection of the potential energy 
curves with one of the excited states after charge 
transfer, resulting in the creation of an electron-
hole pair (red line). The relaxation of an 

electron-hole pair occurs on a timescale ranging 
from femtoseconds to picoseconds, with an 
average free path of several tens of nanometers 
[40, 41]. Due to the unoccupied affinity level on 
the metal surface, further relaxation to the 
ground state may occur via photon emission 
(chemiluminescence) or exoelectron emission 
(excited electron into a vacuum) from highly 
exothermic surface adsorption states  
[15, 27, 42–46]. Moreover, to detect chemically 
induced exoelectrons or photons from the metal 
surface, the kinetic energy of the excited electron 
must exceed the work function of the metal, 
which is constrained in cases of adsorption of an 
electronegative molecule on a metal surface with 
a low work [47]. Thus, in surface chemical 
processes, from the perspective of a microscopic 
model, nonadiabatic processes predominate, and 
the timescale of charge transfer becomes 
comparable to the timescale of molecular motion 
[48, 49]. 

Under resonant excitation of surface 
plasmons, hot charge carriers (electrons and 
holes) are generated, which, in turn, initiate 
photochemical reactions. Following the 
excitation of surface plasmon resonance, the 
oscillations of free electrons rapidly decay, 
resulting in the generation of hot electrons and 
holes (Fig. 2 a) within a timescale ranging from1 
to 100 fs. 

 
 
 
 

 

Fig. 1. Diagram of the main mechanisms of energy conversion and dissipation during surface chemical reactions, 
including the processes of nonadiabatic electron-hole pair excitation, chemiluminescence, and phonon 
vibrations (a), and one-dimensional potential energy curves (b), representing adiabatic and nonadiabatic 
transition processes during the dissociative adsorption of a reactant molecule on a metal surface [48] 

 
 



A.V. Korotun, D.V. Demianenko, V.I. Reva, R.A. Kulykovskyi 
__________________________________________________________________________________________ 

256                            ISSN 2079-1704. ХФТП. 2025. Т. 16. № 2  

 

Fig. 2. Diagram of interband and intraband transitions illustrated for a gold nanoparticle (Au) (a): I – interband 
transition; II – intraband transition; III – intraband transition assisted by a phonon to conserve momentum, 
and a schematic absorption spectrum of Au nanoparticles, which includes contributions from both intraband 
and interband transitions (b) 

 
For photochemical reactions induced by hot 

carriers, the mismatch between the short 
lifetimes of hot carriers (~ 10–15÷10–9 s) [4, 5] 
and the longer timescales of chemical reactions 
(~ 10–3÷100 s) [50] leads to low activity of 
plasmonic photocatalysts [2, 51]. To address this 
discrepancy, a strategy of plasmon-mediated 
electron transfer (PMET) in 
metal/semiconductor heterostructures has been 
developed [52–55]. Hot electrons generated on 
metal surfaces with sufficient energy can cross 
the Schottky barrier at the metal/semiconductor 
interface and subsequently be captured in the 
conduction band of the semiconductor. This 
strategy effectively extends the lifetime of hot 
electrons, enabling various reduction reactions to 
occur [56]. On the other hand, there are fewer 
strategies for manipulating hot holes compared 
to hot electrons [51, 57]. The faster relaxation 
dynamics and lower mobility of hot holes make 
their capture and stabilization more challenging 
than that of hot electrons [51, 58]. In 
photoelectrochemistry, an electric field is 
applied to force the separation of hot electrons 
and holes, thereby extending the lifetime of hot 
carriers [59]. Moreover, in photoelectrochemistry, 
it is possible to investigate the dynamics of hole 
transfer and electron transfer separately by 
localizing hot holes on photoanodes and hot 
electrons on photocathodes. Importantly, 
photocurrent characteristics provide valuable 
insights into the physical location of active sites 
and the energetics of hot carriers in plasmonic 
photocatalysis [60, 61]. 

The identification of active site locations on 
plasmonic photocatalysts is crucial [57, 62–64]. 
For instance, in the plasmonic heterostructure 

Au / TiO2 it was initially assumed that active 
sites for reactions driven by hot electrons are 
located on 2TiO  surfaces, while those for 
reactions driven by hot holes are found on Au 
surfaces [62, 63, 65]. However, recent studies 
have demonstrated that the active sites for hot 
hole-driven reactions reside at the Au / TiO2 
interface [51, 57, 64]. This discrepancy 
necessitates further investigation into the precise 
locations of these active sites. Studying the 
energetics of hot plasmon-generated carriers is 
challenging due to the complex electronic 
structure of plasmonic metals. For example, in 
Au nanoparticles, surface plasmon absorption, 
which generates hot carriers through intraband 
transitions, overlaps with the interband transition 
range, with most interband transitions occurring 
at shorter wavelengths (Fig. 2 b) [66–69]. 
Interband transitions produce more energetic    
d-band holes, while intraband transitions 
generate higher-energy s- and p-band electrons 
(Fig. 2 a) [66, 70]. The multitude of hot carrier 
generation mechanisms significantly complicates 
the design and optimization of plasmonic 
photocatalysts. Moreover, it should be noted that 
the resolution of electrochemical measurements 
typically spans from milliseconds to seconds, 
further challenging the precise characterization 
of active site dynamics. 

Plasmonic hot electrons, generated during 
non-radiative damping – a key mechanism for 
the decay of surface plasmons on metal surfaces 
– serve as important sources for enhancing solar 
energy harvesting efficiency [52, 71]. These 
findings pave the way for carefully designed 
heterogeneous catalysts that can leverage the full 
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solar spectrum by manipulating the size, shape, 
and composition of plasmonic metal 
nanoparticles [72, 73]. The concept of hot 
electron-driven reactions was first proposed in 
[74] and further developed in [27, 75–80]. To 
address the scarcity of hot electrons in metals 
with short mean free paths [81] employed a 
reverse catalyst composed of catalytically active 
oxides and noble metal nanoparticles as the 
source of surface plasmons under light 
irradiation. The study also revealed an increase 
in the rate of СО oxidation on inverse catalysts 
Cu2O synthesized on hexoctahedral Au 
nanocrystals under light irradiation, shedding 
light on the effect of hot electron transfer 
generated during surface plasmon decay. 

Catalyst nanoparticles Cu2O were selectively 
grown on the vertices of hexoctahedral Au 

nanocrystals, and for comparison, core-shell 
structures Au@Cu2O were also synthesized to 
evaluate the CO oxidation reaction rates. Fig. 3 a 
shows the band diagram at the Au / Cu2O, 
interface, where hot electrons are generated 
during surface plasmon decay in hexoctahedral 
Au nanocrystals excited by photons under light 
irradiation [82]. These hot electrons can then 
transfer to the catalytically active Cu2O layer and 
subsequently reach the Cu2O surface due to the 
long mean free path in the oxide. The catalytic 
reaction was conducted on both Cu2O / Au and 
hexoctahedral Au@Cu2O catalysts under light 
irradiation and under dark conditions to clarify 
the relationship between CO oxidation reactivity 
and the injection of hot electrons generated 
during surface plasmon decay in Au 
nanocrystals. 

 

 

Fig. 3. Band diagram of the inverse nanocatalyst Cu2O / Au (a) and architecture of metal-insulator-metal (MIM) 
nanostructures on a SiO2 substrate and the surface plasmon-catalyzed reaction under light irradiation (b) 
[81, 83] 

 
FDTD modeling indicates enhanced hot 

electron excitation around the edge regions of 
Au nanocrystals; thus, the probability of a hot 

carrier transferring from Au nanocrystals to 
Cu2O nanoparticles may also increase. This 
localized enhancement at the interface could 
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plausibly serve as a mechanism for hot electron 
transfer, assuming that hot electrons generated 
by excited surface plasmons at the interface can 
be transferred to Cu2O nanoparticles. In this 
context, studies of these inverse catalysts 
composed of chemically active oxides and noble 
metals could link the increased reaction rate to 
surface plasmon excitation on noble metal 
surfaces. This approach offers potential 
applications for hybrid oxide-metal nano-
catalysts in solar energy conversion due to the 
long mean free path of hot electrons in oxide 
materials. Moreover, for more effective 
utilization of hot electrons, in [83] it is 
demonstrated that the CO oxidation reaction rate 
can be increased by using two-dimensional 
arrays of metal-insulator-metal (MIM) 
nanoislands, which enable efficient movement of 
surface plasmon-induced hot electrons (Fig. 3 b). 

MATHEMATICAL MODEL 

Let us consider spherical metallic 
nanoparticles with a radii R, which are used as 
photoelectrodes (cathodes and anodes) and 
catalysts. These particles are characterized by 
their activity (hot electron generation efficiency), 
defined as follows:  

   
2

B
F absIPCE =

e
C Q

 






,          (1) 

where CF is the Fowler parameter; φB is the 
Schottky barrier height, and the absorption 
efficiency is: 
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1
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
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
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ω and c are the frequency of light, and the speed 
of light. 

In formula (2), the polarizability of a 
spherical metallic nanoparticle is given by  
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where 34

3
V R   is the volume of the 

nanoparticle; m is the dielectric constant of the 

surrounding medium, and the dielectric function 
of the nanoparticle material within the Drude 
model is: 

   

2

effi
p 

  
  

  .           (4) 

In formula (4): ωp is the plasma frequency; 
  accounts for the interband transitions' 

contribution to the dielectric function; γeff is the 
effective relaxation rate. 

In general, surface plasmons can decay 
through one of four relaxation channels 
(Fig. 4 a): 
1) Radiative scattering with the same energy as 
the incident light (elastic scattering), where the 
photon retains its original energy and is re-
emitted in a different direction; 
2) Scattering at the chemical interface, where 
the energy is dissipated at the interface between 
the metal and its surroundings; 
3) Surface scattering, which occurs due to 
interactions at the nanoparticle’s surface; 
4) Bulk scattering, involving interactions within 
the volume of the nanoparticle [84, 85]. 

Notably, in metallic nanoparticles, the 
population of hot electrons increases due to the 
excitation of localized surface plasmon 
resonance (Fig. 4 b). The energy of collective 
oscillations of free electrons can be transferred to 
ground-state carriers, resulting in the generation 
of additional hot electrons [4]. However, 
thermalization of hot electrons via electron-
electron and electron-phonon scattering occurs 
within just a few picoseconds, limiting their 
practical applications. In this context, the 
Schottky metal-semiconductor junction provides 
a representative strategy for collecting hot 
carriers before they lose their energy (Fig. 4 c) 
[86]. Simultaneously, the strong interaction 
between light and surface plasmons leads to the 
confinement of incident light near the metal 
surface, enhancing the near-field strength around 
metallic nanoparticles, enabling them to function 
as optical antennas. 

The effective relaxation rate is determined 
by the additive contributions of bulk, surface, 
radiative scattering, and chemical damping: 

eff bulk s rad chem=        ,           (5) 

where γbulk = const depends on the specific 
metal. Expressions for the surface relaxation and 
radiative damping rates are as follows [87]: 

  F
s ,

v
R

R
  A ,            (6) 
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In formulas (6) and (7) νF is the Fermi 
velocity of electrons, and effective parameter 
describing the degree of decoherence during 
electron scattering: 
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where νs = νF / 2R is the frequency of individual 
electron oscillation. 

It is important to note that in the considered 
case γchem = 0, as no localized states form around 
adsorbed atoms (molecules), unlike 
nanoparticles coated with a surfactant layer 
[90, 91]. 

The Fowler parameter is defined as [92] 

 
F

F8
C







,             (9) 

where F  is the Fermi energy;    is the 

absorption coefficient. 
 

 

Fig. 4. (a) Diagram illustrating the relaxation mechanisms of surface plasmons via elastic (radiative) scattering, 
damping at the chemical interface, and bulk scattering. The inset on the right shows the energy diagram 
for direct charge transfer due to damping at the chemical interface (left) and indirect transfer of hot 
carriers across the interface caused by bulk scattering (right) during surface plasmon decay; (b) Schematic 
representation of hot carrier generation on a metallic nanoparticle through localized surface plasmon 
resonance; (c) Energy diagrams of metal-semiconductor Schottky junctions for the extraction of hot 
electrons (left) and hot holes (right) [6, 84, 88, 89] 

 
Since the transmission coefficient T → 0, the 

absorption coefficient can be expressed a 

1   ,           (10) 

where the reflection coefficient is  

 
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In formula (11) n  is the refractive index,  
is the extinction coefficient. Substituting this into 
we get: 

 2 2
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1

n
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Since the complex refractive index 
in   is related to the dielectric function 

1 2i     as 

  ,           (13) 

it follows that: 
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Combining expressions (12) and (14), we 
obtain 
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            (15) 

Substituting all defined quantities into (1), 
we arrive at the final expression for activity 
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where the coefficient 

3

2
m

F

=
2

R

c
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is a constant determined by the particle's radius, 
material, and the surrounding medium. 

For numerical calculations, we will use 
expressions (2), (9), (15), and (16), considering 
relations (3)–(8). 

RESULTS OF CALCULATIONS AND 
DISCUSSION 

Calculations were conducted for spherical 
nanoparticle catalysts made of various metals 
with different radii. The parameters of the metals 
required for the calculations are presented in 
Table 1. 

 

Table 1. Parameters of metals (see, for example, [87, 91] and references therein) 

              Metals 

Parameters 
Au Ag Cu Pd Pt Al 

22 3, 10 cmen   5.91 5.85 17.2 2.53 9.1 18.2 
  9.84 3.70 12.03 2.52 4.42 0.7 

, eVp  9.07 9.17 12.6 9.7 15.2 15.4 

bulk , eV  0.023 0.016 0.024 0.091 0.069 0.082 
6

F , 10 m / sv  1.41 1.49 1.34 2.84 2.98 1.91 

 
 

The frequency dependences of the real and 
imaginary parts of the dielectric function for Ag 
nanoparticles of different radii are shown in 
Fig. 5. Notably,  Re   is a sign-changing 

function, while  Im 0   remains positive 

throughout the studied spectral range. The curves 
   Re Im   for particles of different radii are 

qualitatively similar, and for R = 25 nm and 
R = 50 nm they are also quantitatively close. The 
similarity of the calculated results for  Re   

and  Im   for nanoparticles with radii of 25 

and 50 nm arises from the fact that the effective 
relaxation rates for such radii are nearly 
identical. As shown in [87] for spherical silver 

nanoparticles in Air ( m 1 ) the function  R  

reaches a minimum at Rmin = 34.4 nm. For 
R < Rmin the function γ(R) decreases because 
γs(R) grows faster than γrad(R). Conversely, for 
particles with R > Rmin the function γrad(R) 
increases faster than γs(R) decreases. As a result, 

eff eff25 nm 50 nmR R 
    in this range. 

Fig. 6 presents the frequency dependence 
curves of the absorption coefficient for Ag 
nanoparticles of different radii. Notably, as in the 
case of    Re Im   the calculated results  (ω) 

for particles with R = 25 nm and R = 50 nm are 
almost identical. However, for nanoparticles of 
different metals, the  (ω) curves are 

qualitatively similar, with the quantitative 
differences determined by material 
characteristics such as the plasma frequency and 
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the contribution of the crystal lattice to the 
dielectric function. 

Since the studied processes occur in the 
frequency interval eff p    , where the 

reflection coefficient can be approximated using 
the Hagen–Rubens relation [93] 

eff2
1

p


 


 ,           (18) 

the absorption coefficient becomes: 

eff2

p





 ,           (19) 

and the real and imaginary parts of the dielectric 
function are: 

 
2

1 2

p 
  


  ;  

2
eff

2 3

p 
 


 .        (20) 

 

 

Fig. 5. Frequency dependences of the real (a) and imaginary (b) parts of the dielectric function for Ag nanoparticles of 
different radii: 1 – R = 10 nm; 2 – R = 25 nm; 3 – R = 50 nm  

 

 

Fig. 6. Frequency dependences of the absorption coefficient for Ag nanoparticles of different radii (a) and those for 
nanoparticles of various metals with a radius R = 25 nm (b) 

 
Substituting relations (19) and (20) into 

formula (17), we obtain the following expression 
for the frequency dependence of activity: 

   2 2
B eff
2 32 2

4 eff
m 2 6

IPCE =

2 p
p

e



  


  
       



 

B , 

            (21) 

where 2 p B B . 

In the specified frequency interval s  , 
allowing us to neglect oscillatory terms in the 
decoherence parameter expression (8). The 
effective relaxation rate can then be expressed 
as: 

eff bulk 2
=  


K

,          (22) 
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where 

3

2 m F

m m

23 1

4 2
p

p

R v

c R





           

 
  

K .

            (23) 

The frequency dependences of absorption 
efficiency are shown in Fig. 7. The maxima 

 absQ   occur at similar frequencies for 

particles of different radii (indicating a slight red 
shift in frequencies) corresponding to the surface 
plasmon resonance frequencies. The amplitude 
of this maximum increases with increasing 
particle radius. As with  (ω) the curves Qabs(ω) 

for nanoparticles of different metals are also 
qualitatively similar, with the positions of their 
maxima corresponding to the surface plasmon 
resonance frequencies 

Au Cu Ag Pd Pt Al
sp sp sp sp sp sp           . 

Regarding the Fowler parameter, as shown 
in Fig. 8, it decreases with increasing frequency 
in the infrared and visible regions of the 
spectrum and sharply increases in the near-
ultraviolet region. This behavior qualitatively 
mirrors the dependence of  (ω) for both Ag 

nanoparticles of different radii and nanoparticles 
of different metals with the same radius. 

 

 

Fig. 7. Frequency dependences of absorption efficiency under the same parameters as in Fig. 6 

 

 

Fig. 8. Frequency dependences of the Fowler parameter under the same parameters as in Fig. 6 

 
The frequency dependences of activities are 

shown in Figure 9. These dependences exhibit a 
minimum corresponding to the frequency 

min Be     and a maximum max sp   , 

which satisfies the condition  1 m= 2sp   . 

To confirm this, we investigate the extrema 
of expression (21). From the extremum 
condition: 

 IPCE 0
d

d
 


          (24) 
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we derive a fifteenth-degree equation:  
 

15

0

0n
n

n

a


  ,                     (25) 

where: 

4 4
0 B pa e  K , 4 4

1 pa  K , 2 0a  , 3 4
3 bulk8 pa    K , 

2 2 4
4 B bulk6 pa e    K , 2 2 4

5 bulk18 pa    K ,  4 3
6 B bulk8pa e     K K , 

 4 3
7 bulk3 16pa    K K ,   2 2 2 4 2

8 B m bulk bulk3 2 2 2p p pa e            K K , 

  2 2 2 4 2
9 m bulk bulk2 2 10 5p p pa           K K , 

    22 2 4 2
10 B m bulk bulk m7 2 5 4 2p pa e              K K ,              (26) 

    22 4 2 2
11 bulk m bulk m7 5 2 4 2p pa              K K , 

  2
12 B bulk bulk m2 5 2pa e        K , 

    2
13 bulk m bulk m6 2 2pa             K , 

 22
14 B bulk m3 2a e      ,  22

15 bulk m2a       . 

The roots of equation (25) were determined numerically for spherical nanoparticle catalysts made of 
various metals within the frequency range 0.01 eV 6.02 eV  . The calculation results are presented 
in Table 2. 
 

Table 2. Calculation results extr  

Parameter Ag Au Cu Pt 
, eVsp  3.181 2.327 3.089 5.070 

0.5 
4.327  

min , eVi  
5.905 

0.5 0.5 
0.047 

0.5 

0 
2.921·10–4 

  minIPCE i  

1.702·10–4 
0 0 

9.434·10–4 
0 

3.219 
4.354 
4.449 
4.884 
5.007 

 
max , eVi  

5.905 

2.608 
6.014 

3.320 
5.347 
5.361 

0.055 
5.202 

3.122·10–3 
2.889·10–4 
2.813·10–4 
3.625·10–4 
3.485·10–4 

  maxIPCE i  

1.702·10–4 

1.263·10–3 
2.977·10–5 

1.700·10–3 
1.243·10–4 
1.228·10–4 

9.105·10–6 
3.612·10–3 
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The analysis of the calculated results allows 
for the following conclusions: 
– the number and positions of the roots of 
equation (25) within the studied interval are 
significantly influenced by the material of the 
nanoparticles; 
– other roots either lie outside the studied 
interval or are paired complex conjugates; 

– one of the roots, max  is slightly higher than 
the classical plasmon frequency excited on the 
surface of a spherical nanoparticle of the 
corresponding metal; 
– the use of Au nanoparticles as photocatalysts 
is advisable since their maximum activity is 
located in the visible spectrum, which accounts 
for 42 % of solar energy. 

 

 

Fig. 9. Frequency dependences of activity under the same parameters as in Fig. 6 

 
 

 

Fig. 10. Schottky Plasmonic Nano-Diode: Diagram, Hot Electron Formation Explanation, and Theoretical and 
Experimental Results: a – Representative schematic of a Schottky plasmonic nano-diode Au / TiO2 used to 
detect hot electron flux; b – Mechanisms of hot electron extraction from the plasmonic structure Cu / TiO2;   
c – Incident photon-to-electron conversion efficiency (IPCE) as a function of wavelength measured on 
plasmonic nano-diodes Cu / TiO2 and Au / TiO2; d – Absorption spectra of plasmonic Cu and Au 
nanoparticles; e – illustration of a library comprising 169 different hot-electron-based solar cells with varying 
Ag nanoparticle radii and thickness TiO2; f – IPCE measurement results for solar cells Ag / TiO2 with 
different Ag nanoparticle radius; g – Positions of plasmonic resonance peaks (SPR) as a function of Ag 
nanoparticle radius for two different libraries, illustrating the red shift with increasing particle radius [94–96] 

  



Enhancing the activity of a metallic nanoparticle catalyst through localized plasmon resonance excitation on its surface 
_________________________________________________________________________________________________ 

ISSN 2079-1704. ХФТП. 2025. Т. 16. № 2                          265 

A comparison of the obtained results with 
existing theoretical and experimental findings 
was conducted. For this purpose, a metal-
semiconductor Schottky diode that utilizes 
plasmon-induced hot electron fluxes was 
analyzed. Fig. 10 a, b show a plasmonic 
Schottky nanodiode Au / TiO2 used for hot 
electron detection [94] and an energy diagram 
illustrating the principle of hot electron 
extraction on the plasmonic structure Cu / TiO2 
[95]. The Schottky barrier at the interface 
between the plasmonic metal and TiO2 allows 
hot electrons to transfer to the TiO2 acceptor 
layer before they undergo thermalization. 
Fig. 10 c compares the incident photon-to-
current conversion efficiency (IPCE) as a 
function of wavelength, measured on plasmonic 
photodiodes Cu / TiO2 and Au / TiO2. There is a 
clear distinction between the IPCE(λ) peaks for 
the two metals: 457 and 675nm for Cu and 
600 nm for Au. This difference arises from the 
variations in the resonance wavelengths 
corresponding to the absorption cross-section 
maxima of Au and Cu nanoparticles (Fig. 10 d). 

Experimental results indicate the presence of 
two maxima IPCE(λ) for Cu nanoparticle 
catalysts and one maximum for Au 
nanoparticles. The authors of [96] explain this by 
noting that the shallow d-state of Cu atoms 
(2.15 eV) creates favorable barrier heights for 
the collection of hot electrons generated by both 
intraband and interband excitations (Fig. 10 b). 
However, the mathematical model proposed in 
the study is classical and does not account for the 
atomic structure of nanoparticle catalysts, which 
is why the IPCE(ω) curve for Cu particles in 
Fig. 9 b exhibits a single maximum. Given the 
above, it can be concluded that the choice of 
nanoparticle material influences the probability 
of hot carrier injection by altering the 
wavelength (frequency) of the surface plasmon 
resonance and the interfacial energy barrier. The 
influence of material on IPCE(λ) dependences 
was characterized by comparing the hot electron 
injection efficiency of Ag/Au, alloy 
nanoparticles on a TiO2 film with pure Ag and 
Au counterparts, which are used as 
photoelectrochemical elements [97]. 
Additionally, changes in the size or shape of 
plasmonic nanoparticle catalysts can tune the 
flow of hot electrons resulting from surface 
plasmon decay. Fig. 10 e shows part of a library 
of IPCE(λ) curves from 169 solar cells Ag / TiO2 

composed of TiO2 layers of varying thickness 
and Ag nanoparticles of different radii [96]. 
Experimental measurements of IPCE(λ) reveal 
that increasing the radius of Ag nanoparticles 

results in a red shift of   max IPCE   in the 

range of 400–450 nm for a constant TiO2 layer 
thickness (Fig. 10 f). Further confirmation of the 
role of surface plasmon resonance is the 
observed shift of IPCE to longer wavelengths 
(lower frequencies) with increasing Ag 
nanoparticle radius (Fig. 10 g). This finding 
correlates with the slight red shift of the maxima 
in curves 1–3 (Fig. 9 a) as the Ag nanoparticle 
radius increases. Moreover, changes in 
nanoparticle shape also affect electron-
stimulated photoluminescence and the 
photocatalytic activity of metallic nanoparticles, 
as the position of the surface plasmon resonance 
depends on their morphology [98]. 

CONCLUSIONS 

Relationships for the frequency dependences 
of the absorption coefficient, Fowler parameter, 
and hot electron generation efficiency for 
spherical metallic nanoparticle catalysts, 
considering relaxation processes within the 
nanoparticles, have been derived. 

It has been found that the frequency 
dependence curves of the real and imaginary 
parts of the dielectric function, absorption 
coefficient, and Fowler parameter for silver 
nanoparticle catalysts with radii of 25 and 50 nm 
are practically identical. This phenomenon is 
associated with the fact that, at these sizes, the 
effective relaxation rates are nearly equal due to 
the compensation of reduced surface relaxation 
rates by increased radiative damping rates as the 
nanoparticle radius grows. 

Numerical calculations indicate a qualitative 
similarity between the frequency dependence 
curves of the absorption coefficient and the 
Fowler parameter, which is related to their 
proportionality within the proposed mathematical 
model. 

An investigation of the extrema in the 
frequency dependence of hot electron generation 
efficiency during surface plasmon decay was 
conducted. It was demonstrated that the positions 
and numbers of maxima depend on the size and 
material of the nanoparticles. The maxima for Al, 
Cu, Pd, and Pt nanoparticles are located in the 
ultraviolet spectral region, while the maxima with 
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the largest amplitude for gold and silver 
nanoparticles are in the visible (optical) spectrum. 
Therefore, gold and silver nanoparticles are 
preferable for use as photocatalysts. 

A qualitative correspondence was found 
between the numerical results for hot electron 
generation efficiency obtained within the 
proposed model and experimental results 

reported in the literature. This correspondence 
applies to the red shift of the maxima IPCE  with 
increasing radii of silver catalyst particles, as 
well as the significant dependence of hot 
electron injection probability on the material of 
the nanoparticles. 

 
 
 
 

Підвищення активності металевої наночастинки-каталізатора при збудженні 
локалізованого плазмонного резонансу на її поверхні 
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В роботі розглянуто питання про вплив збудження плазмонів на поверхні сферичної металевої 
наночастинки на її каталітичні властивості, а саме, ефективність генерації гарячих електронів 
(активність). Описано причини (фізичні механізми) збільшення каталітичної активності при резонансному 
збудженні поверхневих плазмонів. В класичному наближенні запропоновано математичну модель, яка описує 
зв’язок між оптичними та каталітичними властивостями металевих наночастинок. Математична модель 
враховує об’ємний, поверхневий та радіаційний механізми релаксації електронів у наночастинці та 
наближення Хагена – Рубенса для коефіцієнта поглинання, справедливе в досліджуваному діапазоні частот. 
Чисельні результати в рамках запропонованої моделі отримано для частотних залежностей дійсної й 
уявної частин діелектричної функції наночастинки, ефективності та коефіцієнта поглинання, параметра 
Фаулера та ефективності генерації гарячих електронів. Наведено пояснення близькості кривих частотних 
залежностей дійсної й уявної частин діелектричної функції наночастинки, коефіцієнта поглинання і 
параметра Фаулера для срібних наночастинок-каталізаторів різного радіуса. Проведено порівняння 
отриманих чисельних результатів із експериментальними результатами інших авторів для спектральних 
залежностей ефективностей генерації гарячих електронів наночастинок різних металів і срібних 
наночастинок різного радіуса. Досліджено на екстремум частотні залежності ефективності генерації 
гарячих електронів. Встановлено, що кількість і спектральне положення екстремумів суттєво залежить 
від радіуса і матеріалу наночастинок. Показано, що найбільший максимум відповідає частоті, близькій до 
частоти поверхневого плазмонного резонансу. Розроблено практичні рекомендації щодо матеріалів 
сферичних наночастинок, які доцільно використовувати як фотокаталізатори в оптичному діапазоні 
частот з метою більш ефективного використання сонячної енергії. 

Ключові слова: поверхневий плазмонний резонанс, фотокаталіз, активність, параметр Фаулера, 
коефіцієнт поглинання, електронно-діркові пари, гарячі електрони 
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