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Plasmon Effect of Silver Nanoparticles on the Sensitization of
Titanium Dioxide Nanorods with N719 Dye

G. Omarova,"” A. Sadykova,' T. Serikov,"" E. Seliverstova,' N. Ibrayev' and N. Nuraje>?

Abstract

The plasmon effect of Ag nanoparticles (NPs) on the sensitization of TiO, nanorods (NRs) with ruthenium dye N719 was
studied. TiO2 NRs were prepared by hydrothermal method. SEM analysis revealed that the synthesis resulted in the formation
of TiO2 NRs with a length of ~2.6 um and a diameter of 55 — 65 nm. The diameter of the deposited Ag NPs ranges from 5 to
12 nm. Measurements of the kinetics of fluorescence and long-lived luminescence of the dye showed that the lifetime of
both types of N719 luminescence is reduced by ~2.2 times in the presence of semiconductor. At the same time, along with
the dye fluorescence (near the 535 nm), a broad luminescence band at 720 nm was recorded, corresponding to the
recombination luminescence of TiO,. The results obtained indicate the electron transfer from both singlet- and triplet-excited
dye molecules to TiO,. The charge transfer efficiency was also evaluated from photovoltaic measurements of dye-sensitized
solar cells (DSSC) based on TiO, NRs with different concentrations of Ag NPs. The best photovoltaic parameters were
registered for the sample of TiO, NRs with Ag NPs, obtained from 1.5 mmol of AgNOs. In these samples the efficiency of the
solar cell was increased by 3.2 times compared to the sample without Ag NPs. The increase in efficiency is associated with
the improvement of charge transport characteristics of solar cells with Ag NPs, which was confirmed by impedance
measurements. The injection of hot electrons from Ag NPs into the TiO, conduction band is also possible, which contributes
to the enhancement of solar cell efficiency. The obtained data demonstrate the potential of using of plasmon effect of metal
NPs to enhance the efficiency of DSSCs and could be applied in the design of high-performance photovoltaic systems.
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1. Introduction inexpensive components, and theoretically high efficiency.!!-*!

Among third-generation solar cells, dye-sensitized solar cells At the moment, the efficiency of conversation of solar

(DSSCs) are one of the most extensively studied and have
attracted considerable research attention over the past fifteen
years. According to the search results with the “DSSC” word
an approximately one thousand annual publications are
displayed, which confirms the relevance of this area. The main
advantages of DSSCs are their simplicity of manufacture, the
possibility of assembling of flexible elements, the using of
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radiation into electricity with DSSC is lower than for the best
thin-film but
performance ratio can compete with traditional energy

cells, the theoretical calculated price-
sources.

As is well known, in DSSC cells, dye molecules absorb
photons and transfer electrons to the conduction band of the
semiconductor, from where charge carriers diffuse to the
counter electrode. The oxidized dye is reduced by the
electrolyte.’! Cell efficiency is determined by the balance
between electron injection from the dye to the semiconductor
and competing recombination processes.!®7]

Significant progress in improving the efficiency and
stability of DSSCs can be achieved primarily through the
optimization of charge transfer processes.l®! Therefore, the
issue of photoinduced interfacial charge transfer at the
“semiconductor—dye” interface has attracted considerable
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The
recombination processes largely depend on the energy level

research interest. rates of charge transfer and

alignment at the interface of the used materials, their

morphology, conditions, and chemical

interactions.”’ Generally, metal oxides like TiO2, SnO> and

preparation

ZnO are often used as semiconductors in DSSC cells due to
their suitable band gap width (3.0 — 3.6 eV), the ability to
control their properties by selecting the synthesis method and
conditions, optical transparency, and developed specific
surface area.l'>-'¥l At the same time, the most widespread use
in DSSCs is an array of randomly distributed spherical TiO»
nanoparticles with a layer thickness of ~10 pm.[') However,
unformed bonds between particles and grain disorder lead to
reduced mobility of charge carriers, their slow transport and
recombination in semiconductor films.'!7 In order to
DSSCs
dimensional nanostructured semiconductor photoanodes, such
of
semiconductors, which demonstrate superior charge transfer

eliminate these shortcomings, can use one-

as nanorods,!'s!  nanotubes!’? and nanosheets2"]

properties.?'l It should be noted that the highest solar cell
12%) were TiO2
nanostructures using ruthenium pyridylthiocyanate complexes

efficiencies (around achieved for
with various substituents in the pyridine molecules, in
particular, dyes N3, N749 and N719.122231 Subsequently, using
alkoxysilyl- and carboxy-anchored organic dyes, the
efficiency of DSSCs was increased to 14%.24 The authors
indicate that the increase in efficiency is mainly associated
with
characteristics

improved light-harvesting and charge-transport

based on TiO»
nanostructures. Nevertheless, the efficiency of DSSCs

of working electrodes

remains low compared to theoretical calculations, so over the
past few years, attempts have been made to improve the
of dyes, 25201

semiconductors and metal

solar cells various
of different

nanoparticles,?”?8] quantum dots,?3% active layers of various

efficiency using

morphologies
morphologies®*? and new electrolytes.?) Among the
approaches mentioned, the most promising one seems to be
the using of plasmon metal nanoparticles (NPs) in the working
electrode.

Localised surface plasmon resonance (LSPR) of metal
NPs leads to improved optical absorption, generation of
charge carriers and overall efficiency of conversation of solar
radiation into electricity.l****) Among NPs with LSPR, silver
NPs demonstrate the highest plasmonic properties.4! In
Ref.# the photovoltaic characteristics of DSSC were
analyzed in detail, which depended on size of Ag NPs. It was
found that the efficiency of the solar cell was increased by
45%. In addition, the authors of Ref.[*¥! studied the effect of
embedding of Ag NPs into the TiO» and their influence on the
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photoelectric characteristics of DSSCs. Structural and optical
analyses confirmed that Ag NPs increase light harvesting due
to plasmon effects, improved charge transfer and reduced
electron-hole recombination. Also, the presence of Ag NPs in
TiO2 can lower the specific electrical resistance of thin
composite films and shifts its absorption to the visible and IR
ranges of the spectrum when the chlorophyll was adsorbed on
them.[*] Moreover, at a concentration of Ag NPs up to 45
mol%, the electrode exhibits n-type conductivity, while a
further increase in concentration led to a change in the
conductivity of the electrode, which made it possible to create
an electrode with p-type conductivity. The resulting
enhancement of the photoelectric activity of the cell can be
explained by the fact that the Z-scheme obtained in the
the
transformation of electron/hole pairs within the structure. A

photocathode enhances separation, diffusion and
heterojunction built according to the Z-scheme creates a path
that effectively separates these electron-hole pairs, preventing
their recombination and promoting the directed movement of
these charge carriers to designated reaction sites within the
photocathode. By ensuring a higher concentration of separated
electrons and holes, the use of a Z-scheme allows for more
efficient conversion of light energy into electrical energy. The
presence of Ag NPs reduces electron transfer and increases
recombination times.*! Similar work was carried out for
different TiO; structures. For example, it was shown that the
charge transfer resistance and light-harvesting was reduce, as
the increased efficiency of DSSC to 4.15%
hierarchically structured TiO; nanorods with Ag NPs

in the

deposited by photoreduction method, the absorption capacity
of the material was significantly improved.*

Despite the above-mentioned studies, the problem of the
influence of plasmonic NPs and their concentration on the
characteristics of DSSCs based on TiO» nanorods (NRs) and
N719 dye remains open. In addition, in published works, the
influence of Ag NPs on DSSC efficiency was mainly
evaluated using

impedance stationary

voltammetry, and photometry methods. In addition to the

spectroscopy,

above methods, in present work fluorescence spectroscopy
and time-correlated single photon counting were used, which
will provide additional information about the dynamics of
charge carrier transport from the dye to the semiconductor.

2. Experimental section

2.1 Materials

Major part of chemical reagents and materials used in this
work were purchased from Sigma—Aldrich, including:
titanium butylate Ci6H3604Ti 97%), titanium
tetraisopropoxide (TTIP, 99.999%), silver nitrate (AgNOs3,
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99.998%), sodium borohydride (NaBH4, 98%), FTO glass
substrates (fluorine tin oxide, 7 Q/cm?), N719 dye (di-
tetrabutylammonium cis-bis(isothiocyanato)bis(2.2’-
bipyridyl-4.4’-dicarboxylato)  ruthenium  (II),  95%),
polyvinylpyrrolidone (PVP, M,=40 000, 99%), hydrochloric
acid (HCL, 36.5%), nitrogen (anhydrous, 11.5-12.8%),
H,PtCls (99.9%). lodolyte H30 and Meltonix film were
purchased from Solaronix.

2.2 Material preparation

2.2.1 Synthesis of NRs

TiO, NRs were obtained by hydrothermal synthesis according
to the method described in the Ref.*” Briefly, FTO-coated
glass substrates were pre-cleaned in an ultrasonic bath in a
mixture of deionized water, acetone and 2-propanol (1:1:1
volume ratio) for 30 minutes. Then, the substrates were placed
by conductive side down in an autoclave filled with 35 mL of
deionized water, 35 mL of HCI and 0.35 mL of titanium
butylate. Next, the autoclave was placed in an oven and kept
at a temperature of 160°C for 6 hours. The autoclave was then
cooled to room temperature in a natural environment. The
resulting films of TiO, NRs were washed with isopropanol,
then with deionized water, and calcined at 500°C for 2 hours.

2.2.2 Synthesis of Ag NPs

To obtain Ag NPs on the surface of TiO> NRs, chemical
deposition was used.[*®! For this purpose, 0.2 g of PVP was
dissolved in 40 mL of H>O and C;HsO> (1:1 by volume) and
0.2 mg of NaBHs was added upon vigorous stirring. The
resulting mixture was mixed for about 5 minutes. Substrates
with TiO2» NRs were immersed into the prepared solution.
Then, the required amount of AgNO3 was added and the vessel
was kept in an oven at 70°C for 2 minutes. The concentration
of Ag NPs deposited on the surface of TiO> NRs was varied
by changing the molar mass of added AgNOs: 0.5, 0.75, 1.0,
1.5, and 2.0 mmol. Accordingly, samples of NRs with different
concentrations of Ag NPs are designated as TAg 0.5,
TAg 0.75, TAg 1.0, TAg 1.5, and TAg 2.0, respectively.
Then, the sample was washed with deionized water and dried
at room temperature. The chemical reaction of silver reduction
under these conditions is as follows Eq. (1):

2AgNO; + 2NaBHs— 2Ag + Hat+ BoHg + 2NaNO; (1)

2.3 Assembly of DSSC

To assemble the DSSCs, the films obtained in section 2.2 were
used. N719 ruthenium dye was deposited onto the TiO:
surface by adsorption from an ethanol solution. The dye
concentration in solutions was 10 mol/L. After complete
drying, the samples were washed with an equal amount of
for the counter electrodes was

ethanol. Platinum films

deposited on FTO from an ethanol solution of H,PtCis using
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an electrochemical method. FTO substrates were sequentially
cleaned using detergent, deionized water, acetone, and 2-
propanol for 1 hour using an ultrasonic bath. The substrates
were then heated to 90°C for 30 minutes to completely remove
the organic cleaning agents. Electrochemical deposition of Pt
was carried out in a standard three-electrode cell using FTO-
coated glass as the working electrode, a Ag/AgCl electrode as
the reference, and a graphite rod as the counter electrode.
Aqueous solution of H,PtCls (10 mM) with KC1 (10 mM) as
the supporting electrolyte was used. Platinum was deposited
at —0.5 V (vs. SCE) for 5 min at room temperature, resulting
in a uniform Pt layer on the FTO surface. The electrochemical
deposition process ensures uniform Pt coverage and enables
precise control of the film thickness by adjusting the applied
potential and deposition time. This step is critical, as the film
thickness directly affects light absorption and charge transfer
from the electrolyte to the dye: an overly thin film reduces
catalytic activity and hinders dye regeneration, whereas an
excessively thick  film decreases conductivity, light
transmittance, and charge-transport properties.

Next, the electrodes obtained were sealed with 30 um
Meltonix film (Solaronix). lodolyte H30 (Solaronix) was used
as the electrolyte in the DSSCs, which was poured between
two sealed electrodes through a pre-made hole that was

subsequently hermetically sealed.

2.4 Materials characterization

The surface morphology of TiO> NRs and films with Ag NPs
was studied using a Mira 3LMU scanning electron microscope
(SEM, Tescan). To obtain information about the elemental
composition of the received samples an energy dispersive
analysis (EDA, Oxford Instruments) was used. The phase
composition of the samples was studied using X-ray
diffraction (XRD, Rigaku) with a CuKa radiation source,
A=1.54060 A. The diffraction pattern was analyzed and the
phases were identified using a database and the standard
WinXPow software package. The sizes of the synthesized Ag
NPs were evaluated by dynamic light scattering method (S90
analyzer, Malvern).

Absorption spectra were registered with Cary 300
spectrophotometer (Agilent). Photoluminescence spectra of
the samples were recorded on Eclipse spectrofluorometer
(Agilent). The samples were placed in an Optistat DN optical
cryostat (Oxford Instr.) and evacuated to a residual pressure of
8:10-2 mbar. The long-lived luminescence decay kinetics were
recorded with an FLS1000 spectrometer (Edinburgh Instr.).

The fluorescence lifetimes were determined using a time-
system (TCSPC,
Becker&Hickl) at an excitation wavelength of Aexc =532 nm.

correlated single photon counting
The fluorescence lifetime was estimated from the SPCImage

software (Becker&Hickl), where the intensity of luminescence
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Fig. 1: SEM images of the surface of TiO, NRs before and after deposition of Ag NPs: a) TiO, NRs; b) TAg 0.5; ¢) TAg 0.75; d)
TAg 1.0;e) TAg 1.5; f) TAg 2.0. In the inset — increased part of TEM images of TiO, NRs with Ag NPs.

decay was described by the Eq. (2):

n

19 =) aexp(—t/7)

i=1

2)

where 7; is the lifetime, a; is an amplitude or contribution of
the i-th component (%; a;= 1.0).

The photovoltaic parameters of DSSCs were measured
using a CT50AAA solar radiation simulator (PET, Photo
Emission Tech. Inc.) equipped with a 100 mW/ cm? Xe lamp
with an AM 1.5 filter. Impedance spectroscopy was used to
analyze the electrophysical characteristics of the samples.
Data were taken in the frequency range from 1 MHz to 100
MHz on a potentiostat with an EIS analyser (CS350, Corrtest
Instruments).

3. Results and discussion

SEM images of the surface morphology of TiO; films with and
without deposited Ag NPs are shown at Fig. 1. It is seen that
TiO, NRs have a predominantly perpendicular orientation
relative to the substrate plane.

The average length of TiO, NRs is ~2.6 um with an
average diameter of 55 — 65 nm. As a result of chemical
reduction of silver nitrate with sodium borohydride, spherical
Ag NPs are formed on the surface of the NRs (Fig. 1b).
According to the SEM data, the average size of Ag NPs varies
from 7 to 25 nm. With increasing of AgNO3 concentration, a
growth in the number of silver NPs on the surface of TiO2 NRs
is observed (Fig. 1(c — f)). The difference between the Ag NPs
sizes determined from SEM images and the values obtained
from DLS data (fig. 1 and 3b) is due to the difference in

4| Eng. Sci., 2025, 37, 1782

measurement conditions. The SEM images show NPs in an
adsorbed state on the TiO; surface, where partial aggregation
is possible, which visually increases the size of the observed
objects. Meanwhile, the data obtained from optical
measurements and calculations reflect the average effective
size of dispersed Ag NPs in solution. Thus, the discrepancy in
values is due to both the aggregation of NPs on the surface
during sample preparation for SEM and the difference in
measurement techniques.

EDA showed (Fig. 2) that the samples contain O and Ti
patterns, which correspond to TiO> NRs. Also, the sample
contains Sn, Ca, Na, and Cl atoms (within the margin of error),
which corresponds to the composition of the glass substrate
and the FTO conductive coating.

In the EDA spectra of TAg samples, an Ag patterns is also
visible along with the patterns described above (Fig. 2 (b —f)).
At the same time, the amount of Ag increases with increasing
NPs concentration from 1.9% for the TAg_0.5 sample to 6.8%
for TAg 2.0.

The XRD spectra of the TiO2 NRs have shown (Fig. 3a)
the main reflections corresponded to the tetragonal
modification of rutile (27.4°,36.1°,41.3°, 54.4°, 56.53°, 62.9°
and 69.9°) that are indicated by (110), (101), (200), (111),
(210), (211), (002), (310) and (301) Miller indexes,
respectively (JCPDS, No. 21-1276, rutile). When Ag NPs
were deposited, characteristic peaks of Ag appear at 38.11°,
44.27°, 64.42° and 77.47°, which correspond to (111), (200),
(220) and (311) Bragg reflections and related to the cubic
structure.
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Fig. 2: EDA spectra of TiO2 NRs (a), TAg 0.5 (b), TAg_0.75 (¢), TAg_1.0 (d), TAg 1.5 (e), TAg_ 2.0 (f).
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Fig. 3: XRD spectra of TiO, nanorods before and after Ag nanoparticle deposition (a), absorption spectra of Ag nanoparticles in

solution (b).

The absorption spectra of Ag NPs in HoO and C,HsO-
solutions (1:1 % by volume) is presented at Fig. 3b. As it is
known, the absorption spectra of silver NPs depend on their
size.[?*I The growth in the size of NPs lead to the bathochromic
shift of the maximum of the absorption spectrum and to its
broadening. Measurements demonstrated that the maximum
of the absorption band of Ag NPs exhibits at 408—410 nm for
all samples. The dynamic light scattering has shown that Ag
NPs have an average diameter of 5 — 12 nm. The largest part
of NPs (about 52%) has a diameter of 8 — 9 nm. The data
obtained indicate that increasing the amount of AgNOs3 in the
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solution does not result in larger Ag NPs, while the increase in
optical density reflects a higher number of NPs in the samples.
The absorption spectrum of TiO, NRs without and with
deposited Ag NPs (Fig. 4a) demonstrates that the absorption
of NRs film exhibits primarily in the UV region of the
spectrum, with a maximum at 350 nm. In the presence of Ag
NPs, broadening of the absorption of TiO, NRs into the visible
region is observed, with the appearance of a second absorption
band with a maximum at 430 — 450 nm. The observed shift is
caused by collective oscillations of electrons on the surface of
Ag NPs and corresponds to the absorption of plasmon NPs.

Eng. Sci., 2025, 37,1782| 5
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Fig. 4: Absorption spectra of TiO, NRs before and after Ag NPs deposition (a) and normalized absorption and fluorescence spectra
of N719 dye in ethanol solution (b). The fluorescence spectra of the dye were recorded at different excitation wavelengths (Aexc)-
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Fig. 5: Fluorescence spectra of N719 molecules in a PVB film and on the surface of TiO, NRs doped with dye (a, Aexc=510 nm); the
influence of concentration of TiO, NPs on the fluorescence decay kinetics of N719 dye in PVB film (b, Awe=550 nm).

The absorption spectrum of the dye in ethanol (Fig. 4b) is
represented by a broad band in the wavelength range of 300 —
650 nm. In the visible region of the spectrum, two bands with
maxima at approximately 380 and 530 nm are observed. It is
known that the intense absorption band in the region of 300 —
310 nm corresponds to the intramolecular T—xt* transition of
the bipyridine ligand.!*>>% The band around 380 — 400 nm is
the result of ligand-to-ligand charge transfer (LLCT) and
metal-to-ligand charge transfer (MLCT), while the band with
a maximum at 540 — 550 nm corresponds to low-energy charge
transfer between ligands. When the dye molecules were
excited at Aexe = 380 nm, the maximum fluorescence band
exhibits at 430 nm, and when Aexc = 530 nm, the maximum
fluorescence spectrum occurs at 550 nm. In both cases, the
emission is caused by relaxation from the MLCT state, which
arises as a result of charge transfer from the Ru(II) centre to
the mw*-orbitals of the bipyridyl ligand.’'? Broad emission
bands and a distinct Stokes shift (~100 nm) indicate significant
geometric changes of molecule in the excited state, which is
characteristic of ruthenium complexes with polypyridine
ligands.>34 Measurements demonstrated that upon adsorption
of the dye onto the surface of TiO, NRs, as well as upon

6 | Eng. Sci., 2025, 37, 1782

doping of a polyvinyl butyral (PVB) polymer film with N719
molecules (dye concentration was 10 mol/L), the absorption
and fluorescence spectra of the dye were bathochromically
shifted by ~5 — 10 nm. Polymer films were prepared by casting
from solution in order to record the fluorescence decay
kinetics of dye, which was completely quenched on the
surface of TiO, NRs.

Fig. 5a presents the emission spectra of dye molecules in
PVB and on the surface of TiO> NRs. Excitation in the short-
wavelength absorption band of the dye (Aexc=380 nm) led to
the appearance of luminescence from the FTO substrate.
Therefore the excitation of the samples was performed with
Aexc=510 nm. Upon this excitation no luminescence was
observed for the samples of neat TiO2 NRs. For samples
doped with dye, a decrease in the intensity of dye
luminescence was observed. At the same time, along with the
dye's fluorescence band with a maximum at 535 nm, a broad
emission band was recorded in the 650 — 800 nm range with a
maximum at ~720 nm. The recorded luminescence refers to
the recombination luminescence of TiO> NRs emitted from
defect levels located in the band gap of semiconductor.> It
should be noted that the positions of the luminescence maxima
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could be varied depending on the excitation wavelength and
the nature of the defects associated with TiO, modifications in
the form of anatase and rutile. This has been observed
previously and discussed in detail in the Ref.[5]

The appearance of recombination luminescence in a
semiconductor is the result of charge transfer from the dye to
the semiconductor. To confirm this, additional measurements
were carried out, where TiO, NPs of various concentrations
(from 0.01 to 0.06 mol/L) were added to the polymer film with
N719. Measurements showed (Fig. 5b) that the decay kinetics
of dye fluorescence in the absence of TiO, NPs is
monoexponential with a lifetime of 10 ns. When the maximal
concentration of TiO, NPs was added, a 14-fold decrease in
dye fluorescence intensity was observed. At the same time, the
duration of N719 fluorescence (Areg=550 nm) was decreased
to 4.6 ns, or almost ~2.2 times.

It is known that N719 dye molecules have a high yield in
the triplet state, from which TiO, sensitization also possible.>”
Long-lived luminescence, spectrally coinciding with the
spectrum shown in Fig. 5, was observed for the samples of
TiO2 NRs doped with dye molecules. The decay kinetics of the
long-lived luminescence of the dye and TiO» were recorded at
560 and 720 nm, respectively (Fig. 6a).
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Fig. 6: Spectrum (a) and decay kinetics (b, Aw=720 nm) of long-
lived luminescence of N719 in PVB and on the surface of TiO>
NRS (Aexc=510 nm).

Engineered Science Publisher

Measurements revealed that the decay kinetics of long-
lived luminescence of N719 in the polymer film is described
by a monoexponential function with a lifetime of 127+3 ps at
Areg=560 nm and 98+3 ps at Arg=720 nm (Table 1). On the
contrary, on the surface of the semiconductor, the decay
kinetics of the of the dye's long-lived luminescence is
biexponential, which indicates the process of charge transfer
in the dye/semiconductor system.

Table 1: Lifetime of long-lived luminescence of N719 dye in
PVB film and on the surface of TiO; NRs (Aexe = 520 nm).

T
13 <t>%3
Sample I 3 A Az
(ps) (ps)
(us)
N719 in PVB
)ureg=560 nm 0.1 — — = — 127
Areg=720 nm 02 - - - - 98
TiO2 NRs+N719
0.2 0.7
Areg=560 nm 32 90 5 220 5 187
0.2 0.7
Areg=720 nm 71 44 5 180 5 146

Thus, for 560 nm, the lifetime 1 of dye luminescence is in
1.4 times shorter than the duration of dye luminescence in a
polymer film. For Ag=720 nm, this parameter reduced by 2.2
times. The appearance of the second component 1 is possibly
related to the manifestation of recombination luminescence of
TiO2 NRs, therefore the duration of the second component in
TiO2 NRs+N719 samples is higher than in the pure dye film
(Fig. 6b).

The efficiency of charge transfer from the dye to the
semiconductor was also evaluated from the photovoltaic
characteristics of DSSCs based on the prepared films (Fig. 7a).
It is seen, that in the absence of Ag NPs, the efficiency of
DSSCs is equal to 0.86%, with a short-circuit current density
(Jsc) of 4.05 mA/cm? and an open-circuit voltage (Voc) of 325
mV. The specified efficiency is not a record for DSSCs, since,
for greater sorption of dye molecules and their excitation
throughout the entire depth, the optimal thickness of the
semiconductor layer should be about 10 — 12 um. In our
studies, the thickness of the rods does not exceed 2.6 —2.7 um,
as the hydrothermal synthesis method does not allow to obtain
the films of greater thickness.

However, from the current-voltage characteristics (CVC)
of DSSCs it is seen, that the presence of Ag NPs into the
structure of the semiconductor layer results in the growth of
the efficiency of solar cell (Table 2). Thus, in the TAg 0.5
sample, the I is equal to 4.72 mA/cm?, and the Vo is 373 mV.
A further increase in the concentration of precipitated Ag NPs
initially leads to an increase in efficiency, followed by a
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Fig. 7: Current-voltage characteristics (a) and impedance spectra (b) of the DSSCs based on the TiO, NRs,; doped by N719 dye and

Ag NPs.

Table 2: Photovoltaic parameters of DSSCs based on the TiO, NRs, doped by N719 dye and Ag NPs.

DSSC type Voc (mV) Jsc (mA/cm?) FF Er (%)
TiO2 NRs + N719 325 4.05 0.30 0.86
TAg 0.5 +N719 373 4.72 0.34 0.92
TAg 0.75+N719 401 5.42 0.37 1.06
TAg 1.0 +N719 409 5.53 0.31 1.27
TAg 1.5 +N719 691 8.90 0.52 2.72
TAg 2.0 +N719 506 6.52 0.34 1.72

decrease, indicating the presence of an optimal concentration
of Ag NPs in the semiconductor. The best photovoltaic
parameters were observed for the TAg 1.5 sample where Jgc
was increased to 8.9 mA/cm? and the Vo to 691 mV. The
efficiency of the DSSCs based on the TAg 1.5 sample is
2.72%, which is 3.2 times higher than that of the sample
without Ag NPs. It is reasonable to assume that the increase in
DSSCs efficiency is primarily influenced by the LSPR of Ag
NPs, since the thickness of the TiO» NRs films is the same and
dye molecule adsorption was carried out under identical
conditions. Moreover, the experimental data indicate the
existence of an optimal concentration of Ag NPs.

The electrochemical impedance spectra in Nyquist
coordinates are shown in Fig. 7b and Table 3. The spectra
obtained were analysed using the Corrtest Instruments
software, and an equivalent circuit consisting of series (Rs) and
parallel (R,) resistances and a constant phase element (CPE).
CPE is a constant phase element and represents a capacitive
resistance that does not vary on the frequency. According to
the theory and methodology described in Refl®® Rs
characterizes the equivalent resistance to electron transport in
TiO; and all intercontact layers, while R, characterizes the
resistance to charge carriers transport associated with
recombination at the nanocomposite/electrolyte interface.
Selecting numerical values for the specified parameters, the
impedance spectra of the presented equivalent circuit were
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selected so that they overlapped with the measured spectra
with an error of no more than 0.5%. Further, the effective
electron lifetime (tefr) and recombination rate constant (Kefr)
were calculated from the hodograph arc.

Calculations have demonstrated that the Rs resistance for
all samples was changed when the Ag NPs were deposited.
Considering that the total area of all films is 1 cm?, the
observed changes can be attributed only to the presence of Ag
NPs. The data presented indicates that as the Ag concentration
increases, the film's resistance gradually decreases, and when
oversaturation with NPs occurs, it increases again.

Table 3: Numerical values obtained from the calculations of the
parameters of the equivalent circuit of DSSCs based on the TiO-
NRs, doped by N719 dye and Ag NPs.

Sample Rs (Ohm) Rp (Ohm)  7Tefr (s)  ketr (s
TiO2 + N719 31.7 1386.5 0.11 8.92
TAg 0.5+N719 305 1175.0 022 446
TAg 0.7 +N719 28.5 820.3 0.23 4.36
TAg 1.0+N719 270 665.8 026  3.76
TAg 1.5+N719 253 322.5 0.56 1.78
TAg 20+N719 295 1600.6 011 9.12
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It could be attributed to the effective filling of the
semiconductor conduction band with electrons from
photoexcited N719 dye molecules under the influence of

LSPR of Ag NPs, or to the injection of hot electrons of Ag NPs.

Similarly, it can be seen that the effective lifetime of electrons
before their recombination increases, while the rate constant
decreases, indicating that the LSPR effect of Ag NPs
contributes to the effective population of the semiconductor
with photoexcited dye electrons.

4. Conclusion

TiO, NRs with various concentrations of Ag NPs on their
surface were synthesized. The Ag NPs were obtained via a
deposition method. According to SEM images, the TiO,NRs
are oriented predominantly perpendicular to the substrate,
while the Ag NPs are uniformly distributed across the surface.
The size of the deposited NPs ranges from 5 to 12 nm, and
they exhibit absorption at 410 nm. Quantitative and qualitative
elemental analysis confirmed that an increase in the molar
mass of AgNOs leads to a change in the concentration of
deposited Ag NPs from 1.9% to 6.8% relative to the total
volume. XRD analysis revealed that the TiO> NRs has a
tetragonal rutile phase.

The influence of TiO, NRs on the spectral and
luminescent properties of the N719 dye was studied. It was
shown that adsorption of the dye on the surface of TiO, NRs
leads to a bathochromic shift in both absorption and
fluorescence bands. For TiO, NRs+ N719 samples,
recombination luminescence of the semiconductor was
observed, which is attributed to the sensitization of the
semiconductor by N719 dye molecules. The addition of TiO»
NPs to the polymer film of the dye resulted in a 2.2-fold
reduction in the fluorescence lifetime of the dye. Moreover,
the decrease in the long-lived luminescence lifetime of N719
adsorbed on the TiO, NRs surface was also 1.4 — 2.2 times.
These results indicate the charge transfer from both singlet and
triplet excited states of the N719 dye molecules to TiO».

The effect of plasmonic Ag NPs on the sensitization
efficiency of TiO, NRs with the N719 dye is demonstrated.
The TAg 1.5 sample exhibited the highest photoelectric
characteristics, showing a 3.2-fold increase in efficiency
relative to the Ag NPs-free sample. Impedance measurements
indicated that film conductivity increased with Ag NPs
loading on the TiO> NRs. This may result from effective
population of the semiconductor conduction band by electrons
from photoexcited N719 molecules facilitated by the Ag NPs;
injection of hot electrons generated in the Ag NPs into the TiO»
conduction band is also possible. A detailed mechanism of the
efficiency enhancement in the studied DSSCs will be
investigated in our future work. The obtained results
demonstrate the potential of using of LSPR of metal NPs to
improve the efficiency of solar cells based on semiconductor
nanostructures, and may also be applied in the design of high-
performance nanophotonic and photovoltaic systems.
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