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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 is significantly limited: the most commonly used
semiconductors have a wide bandgap

Considering the ongoing energy crisis and (AEg =31 eV), restricting their ability to absorb

the high levels of environmental pollution, the

efficient utilization of renewable solar energy in only ultraviolet radiation, which accounts for
chemical transformations is of paramount merely 4 % of the total solar radiation reaching
importance for modern industry. In nature, this the Earth. In light of this limitation, active
occurs through photosynthesis. To replicate such research is being conducted to discover new
photochemical processes in artificial systems, materials and develop novel strategies for
the presence of photocatalysts is a necessary converting the energy of visible light —
condition. In early studies on photocatalysis [1] constituting about 42 % of solar energy — into
the electrochemical splitting of water was driven chemical energy.

by photoexcited charge carriers under the Metallic  nanoparticles have garnered
influence of ultraviolet radiation. Since then, significant interest for solar energy conversion
semiconductor photocatalytic materials (e.g., due to the excitation of localized surface
TiO, or ZnO) have been used in various plasmon resonance (SPR) [2]. The SPR

phenomenon, and hence the optical properties of
plasmonic nanostructures, can be readily tuned
varying their size, shape, material

photochemical reactions, particularly in water
splitting and organic transformations. However, b
the application of semiconductor photocatalysts Yy
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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
~ 107" s) or adiabatic lattice vibrations (within a
timescale of ~ 107'% 5). 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
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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 1-3eV [22,23]. Consequently, when
chemical energy is converted into electron flux
within a short timescale (~10"°s) — before
atomic vibrations can adiabatically dissipate the
energy (~ 107'% 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.1b 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 wused 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
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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.
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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 (), representing adiabatic and nonadiabatic
transition processes during the dissociative adsorption of a reactant molecule on a metal surface [48]
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Diagram of interband and intraband transitions illustrated for a gold nanoparticle (Au) (@): 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 (~ 1077107 s) [4, 5]
and the longer timescales of chemical reactions
(~107°+10°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
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Au/TiO, it was initially assumed that active
sites for reactions driven by hot electrons are
located onTiO, 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/TiO,
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.2b) [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 wunder light
irradiation. The study also revealed an increase
in the rate of CO oxidation on inverse catalysts
Cu,0O synthesized on hexoctahedral Au
nanocrystals under light irradiation, shedding
light on the effect of hot electron transfer
generated during surface plasmon decay.
Catalyst nanoparticles Cu,O were selectively
grown on the vertices of hexoctahedral Au

d  Hot carrier from
LSPR excitation

nanocrystals, and for comparison, core-shell
structures Au@Cu,O were also synthesized to
evaluate the CO oxidation reaction rates. Fig. 3 a
shows the band diagram at the Au/Cu,O,
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 Cu,O layer and
subsequently reach the Cu,O surface due to the
long mean free path in the oxide. The catalytic
reaction was conducted on both Cu,O/ Au and
hexoctahedral Au@Cu,O 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.

Hot carrier-induced
chemical reactions
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Fig. 3. Band diagram of the inverse nanocatalyst Cu,O / Au (a) and architecture of metal-insulator-metal (MIM)
nanostructures on a SiO, 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

ISSN 2079-1704. X®TI1. 2025. T. 16. Ne 2

carrier transferring from Au nanocrystals to
Cu,O nanoparticles may also increase. This
localized enhancement at the interface could



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

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 Cu,O 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:

(ho—eqy
fi

2
IPCE = C, ) O, (0),

(1)
where Cr is the Fowler parameter; ¢p is the
Schottky barrier height, and the absorption
efficiency is:

2 ey ma(o),
C

mR

Qabs (('0) = (2)
o 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

e(w)-¢,
a(m):3VZf5713E:’

3)

where V=§TCR3 is the volume of the

nanoparticle; €, is the dielectric constant of the

surrounding medium, and the dielectric function
of the nanoparticle material within the Drude
model is:
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(4)

6(0)):6 ) 0)((’0+iyeff) '

In formula (4): w, is the plasma frequency;
€” accounts for the interband transitions'
contribution to the dielectric function; y.g 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 ¢)
[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:

)

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

Yetf = Ybulk + Ys + yrad + ’Ychem >

V.= (0. R)E, (©6)
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Y rad

2 e +2¢, [O,R
c

= - ] (o, R);f. @)

In formulas (6) and (7) v¢ is the Fermi
velocity of electrons, and effective parameter
describing the degree of decoherence during
electron scattering:

2
.”/(co,R)zé; . 1—2VS sin-> +
4e”+2 | © ® v

%%f (HOS 2;;]}, (8)

where vy =ve /2R is the frequency of individual
electron oscillation.

It is important to note that in the considered
case Yenem = 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]

G =, 9)

where ¢, is the Fermi energy; .4 (0)) is the
absorption coefficient.
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(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 7 — 0, the
absorption coefficient can be expressed a

A=1-7, (10)
where the reflection coefficient is

(n- 1)2 +x%°
=t (11)

+1) 4%
(n+1)

In formula (11) 7 is the refractive index, %
is the extinction coefficient. Substituting this into
we get:
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A= (12)
(7 +1) +%°

Since the complex refractive index
N =n+ix is related to the dielectric function
€=¢ +1¢, as

N =Ae, (13)

it follows that:
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ﬁ:\/%(el +y€ +e ) ,
2_ 622
2(61 +4/€ +622)

Combining expressions (12) and (14), we
obtain

% (14)

4

N | —

(61 +4/€ +e§)
: .
2
£1+ %(q +6 +6 )j TR —
2(61 +

A =
(15)

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

. z’(ile())—e(PB)2 “4((’3)62 (0))

IPCE(®) = , (16)
(©) (6(0)+26,) +& (o)
where the coefficient
R
= = 17
dhee. ™ a7

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
Au Ag Cu Pd Pt Al
Parameters

n,, 102 cm™ 591 5.85 17.2 2.53 9.1 18.2
e’ 9.84 3.70 12.03 2.52 442 0.7

ho,, eV 9.07 9.17 12.6 9.7 15.2 15.4
o> €V 0.023 0.016 0.024 0.091 0.069 0.082

Vg, 10° m/s 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, Ree(w) is a sign-changing
function, while Ime(w)>0 remains positive
throughout the studied spectral range. The curves
Re(Im)e(w) for particles of different radii are
qualitatively similar, and for R=25nm and
R =50 nm they are also quantitatively close. The
similarity of the calculated results for Ree(w)

and Ime(o) 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 (¢, =1) the function y(R)
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reaches a minimum at R,,=34.4nm. For
R <R, the function y(R) decreases because
vs(R) grows faster than y.,4(R). Conversely, for
particles with R>R.;, the function 7.4(R)
increases faster than y,(R) decreases. As a result,

Yo in this range.

R=25nm > Veff [R50 nm
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)e(w) the calculated results .4 (o)

for particles with R =25 nm and R =50 nm are
almost identical. However, for nanoparticles of

different metals, the .4(®w) 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 v, <o<w,, where the

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

R1- (18)

@,

the absorption coefficient becomes:

A = 2Y

@,

) (19)
and the real and imaginary parts of the dielectric

function are:

2
Q)
— €, ((,0) = ‘;’Y;ff

(20)

40

=20

Ime

20+

how, eV

ho, eV

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

A 10

ho, eV

10 2 1 1 1
2 4 6
ho, eV

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
. hoo— 2
IPCE(0)=. (fo—cg,) Yer
2
o O)p 4 'Yiff ®
€ +26m —E +('0p 0)6
21
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where .~ =20, 7 .
In the specified frequency interval v, <,

allowing us to neglect oscillatory terms in the
decoherence parameter expression (8). The
effective relaxation rate can then be expressed
as:

e

Yer = Youx T F > (22)
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where
- 3
2 31 L +26, [ @R ) [ ve
Plde” +2e, € R
(23)

The frequency dependences of absorption
efficiency are shown in Fig. 7. The maxima
O, (®) 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 .4 (®) the curves Qyps(®)

for nanoparticles of different metals are also
qualitatively similar, with the positions of their
maxima corresponding to the surface plasmon
resonance frequencies
(o?p” < mfp“ < mg,g < (of; < mf; < 033,'.

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 .4 (w) for both Ag

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

1
0 o R=100m] "

2—-R=25nm; a
3-R=50nm
10

10"

ho, eV

ho, eV

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

ho, eV

ho, eV

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
O, =€Py/h and a maximum ©, =0,

m

which satisfies the condition ¢ ((DSP) =—2¢, .

262

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

d

—5 IPCE (0)=0 (24)
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we derive a fifteenth-degree equation:

15
Y a0 =0, (25)
n=0

where:

_ 44 _ 44 _ _ 3 4
a, =e@y 7 "0, a=h7"0, a=0,a=8",, "0,

_ 2 2 4 _ 2 2 4
a, =—6eQyY -~ ®,,a =18ny, -~ o,,

a,=—eqy 7wt (7 48y ),

a,=h 7w (357 +1673, ), ay=-3e0,) (2777 (€7 426, )+ 21y 7O + Vo] )

ay =) (2777 (" +26, ) + 107, 77 0% + 573 |

a, = e, (74 e 426, ) =572 — A @ (€ + 26, )) : (26)
a, = h(7y§ulkm; 5.2 426, )~ 02 (7 426, )) ,

a1, = 260y Yy (Vour® + 577 (€ +26,)).

&y =61y, (€ + 2, )(ybulkwg, + (e + 2em)) ,

)4 = 3€QyY (600 +2e, )2 ) ay5 = MY (ew +2¢, )2 .

The roots of equation (25) were determined numerically for spherical nanoparticle catalysts made of
various metals within the frequency range 0.01 eV <h®0<6.02 eV . The calculation results are presented

in Table 2.

Table 2. Calculation results ®

extr

Parameter Ag Au Cu Pt
ho,,, eV 3.181 2.327 3.089 5.070
0.5
hol!) | eV 4327 0.5 0.5 ol
5.905 :
: 0 9.434-10*
IPCE (70, ) 2.921-10°* 0 0 a1
1.702-10°*
3.219
4.354
3.320
ha) oV 4.449 2.608 5347 0.055
4.884 6.014 5361 5.202
5.007 :
5.905
3.122-10°°
2.889-10" 3
4 4 1.700-10 P
PCE (710" 2.813-10 1.263-10 4 9.105-10
¢ ( (”m“) 3.625-10°* 2.977-107 1.243 104 3.612-10°°
348510 1.228:10
1.702-10°*
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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, o, is slightly higher than

X

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.

IPCE

IPCE

I—R=10nm;
10 2—-R=25nm;
3—R=50nm

ho, eV

2 4 6
hw, eV

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

a b c
Interband ’ —e— Plasmonic Cu/TiO,
4 Ag back contacts excitation . e
- € TInterband 4 —e— Plasmonic Au/TiO,
e Interband
) EL‘ transition \o 3 transition
3. TiO,— Pt 7 Py 020 AR <
* ) Row 1 “F 4s band ol Interband
2FTO 02 excitation
.
R
1. Glass substrate 3d band
0
400 500 600 700 800 900
A, nm
d e '
Interband  ——— Cy 160 nm f 440 ° u ¥
. I 140 nm ™
= CXCIATION e A1) 15 — 120 nm £ 435 |
1 o) % e °
o = 80 nm = B
2 °\h] 0 — 60 nm £ e o ®
g | 6 - — 50 nm w425 @ -
O 40 nm = ™
£ & S0
& [ Interband 05 g
< transition A 415 ¢
! 410 @

400 500 600 700
A, nm

800 900 400

Fig. 10.

40 60 80 100 120 140 160
Ag thickness, nm

Schottky Plasmonic Nano-Diode: Diagram, Hot Electron Formation Explanation, and Theoretical and

Experimental Results: a — Representative schematic of a Schottky plasmonic nano-diode Au/ TiO, used to
detect hot electron flux; » — Mechanisms of hot electron extraction from the plasmonic structure Cu/ TiO,;
¢ — Incident photon-to-electron conversion efficiency (IPCE) as a function of wavelength measured on
plasmonic nano-diodes Cu/TiO, and Au/TiO,; 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 TiO,; f — IPCE measurement results for solar cells Ag/TiO, 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]
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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.10a,b show a plasmonic

Schottky nanodiode Au/TiO, used for hot
electron detection [94] and an energy diagram
illustrating the principle of hot electron
extraction on the plasmonic structure Cu/ TiO,
[95]. The Schottky barrier at the interface
between the plasmonic metal and TiO, allows
hot electrons to transfer to the TiO, acceptor
layer before they undergo thermalization.
Fig. 10 ¢ compares the incident photon-to-
current conversion efficiency (IPCE) as a
function of wavelength, measured on plasmonic
photodiodes Cu/ TiO, and Au/ TiO,. There is a
clear distinction between the IPCE(L) 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(A) 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(w) 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(A) dependences
was characterized by comparing the hot electron
injection  efficiency of Ag/Au, alloy
nanoparticles on a TiO, 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(A) curves from 169 solar cells Ag/ TiO,
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composed of TiO, layers of varying thickness
and Ag nanoparticles of different radii [96].
Experimental measurements of IPCE(L) 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 TiO, 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



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

the largest amplitude for gold and silver reported in the literature. This correspondence
nanoparticles are in the visible (optical) spectrum. applies to the red shift of the maxima IPCE with
Therefore, gold and silver nanoparticles are increasing radii of silver catalyst particles, as
preferable for use as photocatalysts. well as the significant dependence of hot

A qualitative correspondence was found electron injection probability on the material of
between the numerical results for hot electron the nanoparticles.

generation efficiency obtained within the
proposed model and experimental results

IlinBUIIeHHS AKTHBHOCTI MeTAaJIeBOI HAHOYACTUHKHU-KATATi3aTOPa NMPHU 30y/1’KEeHHI
JIOKAJII30BAHOT0 MJIA3MOHHOI0 PEe30HAHCY HA il MOBEPXHi

A.B. Kopotyn, /I.B. lem’sinenko, B.I. PeBa, P.A. Ky1ukoBcbkuii

Hayionanvuuii ynieepcumem «3anopizvka noaimexmixay
eyn. Yuieepcumemcwvka, 64, 3anopisxcocs, 69063, Vkpaina, andko@zp.edu.ua
Inemumym memanoghizuxu im. I'.B. Kypoiomosa Hayionanvroi akademii nayx Yrpainu
bynvs. Akademixa Bepnaocvkoeo, 36, Kuis, 03142, Ykpaina

B pobomi posenamymo numanns npo 6naus 30V0iCeHHs NIA3MOHI6 HA Noeepxui cghepuunoi memanegoi
HAHOUACMUHKY HA [T Kamauiimuuui 61acmusocmi, a came, eQeKmueHicmy 2eHepayii 2apsuux eneKmpoHis
(axmusHicms). Onucano npuyuny (Qizuuni Mexauizmu) 30i1bUleHHs. KAMaiimuiHoi akmueHOCMi Npu Pe30HAHCHOMY
30V0JICEeHHT NOBEPXHEBUX NIA3MOHIE. B KIACUYHOMY HAOIUNCEHHT 3AaNPONOHOBAHO MATNEMAMUYHY MOOEb, AKA ONUCYE
36 "A30K MidiC ONMUYHUMY MA KAMATIMUYHUMU 81ACMUBOCTNAMU Memanesux HaHoyacmuHox. Mamemamuuna moodens
eépaxogyc 06 ’cmHull, NoGepxHesull ma padiayitHuil MeXaumizmu peraxkcayii eieKmponié y HaHOYacmuHyi ma
Habaudcenns Xaeena — Pybenca 0ns koegiyicnma noeaunanus, cnpageonuse 8 00CaiOHCyBaAHOMY OiANa30Hi 4acmom.
Yucenvni pesyibmamu 8 pamkax 3anponoHo8aHoi MoOeni OMmpUMano 01s YACMOMHUX 3dTedcHocmell OTUCHOI U
VA6HOT yacmun Odierekmpuunoi Qyuxyii nanouacmunxu, egpekmugHocmi ma Koe@iyicuma no2IuHaKuHs, napamempa
Daynepa ma edpexmusnocmi eenepayii capauux enekmponie. Hasedeno nosacrenus 01U3bKOCMi KPUSUX 4ACMOMHUX
3anexcHocmeti OIUCHOI U ys6HOI uwacmuu OleleKmpuyHoi QYHKYIl HAHOYACMUHKU, KOe@IYicHMAa NO2TUHAHHS ©
napamempa Daynepa 0nf CPIOHUX HAHOYACMUHOK-KAMANI3amopié pisHoz2o padiyca. IIposedeno nopisHsHHS
OMPUMAHUX YUCETLHUX PEe3VIbMAamis i3 eKCNepUMEeHMANbHUMU Pe3YTbMAamamy IHWUx asmopis 015 CHeKMpaibHUx
3anexdcHocmeli  eQpeKmusHocmell 2eHepayii 2apavux eieKmpoHié HAHOYACMUHOK pIZHUX Memanie I CcpibHUX
HaHOYACMUHOK pi3Ho20 padiyca. J[0CHiOdNceHO Ha eKcmpemyMm YaCmOMHI 3aNeHCHOCMI eeKmugHoCmi 2eHepayii
2apaqux eiekmponie. Bemanoeneno, wo KinvKicms i CneKmpanoHe NONONCEHH eKCMPeMyMie CYmmeEEo 3anedHCUmy
810 padiyca i mamepiany nanoyacmunox. Iloxazano, wo HAUOIILWUL MAKCUMYM BIONOBIOAE YACTNOMI, OAU3LKIL 00
Yacmomu NoBepxHeso20 NIAA3MOHHO20 pe30HaHcy. Pospobneno npaxkmuuni pexomenoayii wodo mamepianie
chepuyHUX HAHOYACMUHOK, AKI OOYIMIbHO BUKOPUCMOBY8amMU AK (omoxamanizamopu 8 OnmuyHOMY Oianasomi
ygcmom 3 Memoro Ol eheKmusHO20 BUKOPUCAHHS COHAYHOL eHepeil.

Knrouosi cnosa: nosepxmesuil niasmMOHHUL pe30HAHC, omokamanis, axkmueuicms, napamvemp Dayrepa,
KoepiyicHm no2iuHanHs, eleKmpoHHO-0IPKOGI napu, 2apsadi eleKmponu
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