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Abstract. The influence of the plasmon effect of metal nanoparticles on electron transfer from Eosin and
Rhodamine B dyes to TiO, was studied. Spectral-kinetic measurements showed that, compared to SiO,, not only
the intensity but also the fluorescence lifetime of both dyes decreases on the TiO, surface, which indicates the
charge transfer from the dye to the semiconductor. In the presence of core@shell (Ag@TiO,) plasmon
nanostructures, an intensification of the fluorescence of both dyes is observed, as well as a decrease in the
duration of the dyes emission. The optimal concentration for which the maximum plasmon effect was recorded is 3
wt% of Ag@TiO,. The plasmon effect also leads to an increase in the efficiency of sensitization of the
semiconductor by molecules of the dyes under study, which is expressed as an increase in the photovoltaic and
charge-transport characteristics of the semiconductor films. The results obtained on the plasmon effect on the
charge transfer process in the dye/semiconductor system can be used in the development of devices for
photovoltaics, photocatalytic, and optoelectronic elements.
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1. Introduction

Solar energy is one of the most widespread energy resources on our planet, which far exceeds the total
needs of Earth [1]. Solar energy can be converted into electrical energy [2,3], obtain an environmentally
friendly and economically profitable fuel — hydrogen, and effectively purify water resources from various
pollutants [4,5]. In photovoltaic elements based on semiconductors and their sensitizers, the main processes
are the absorption of light and its further transformation through photoinduced charge separation at the
semiconductor/dye interface [6-9].

The process of generation and transfer of photoinduced charge carriers between dye molecules and a
semiconductor plays a key role in the efficiency of photovoltaic systems [10-13]. One of the ways to increase
their efficiency is to improve the absorption of light by both a semiconductor and its sensitizer, as well as
creating of conditions for the effective separation of electron-hole pairs in such a system. A promising
strategy for enhanced performance of photovoltaic systems is the integration of plasmon nanoparticles of
metal (NPs) into the working electrode of device. This makes it possible to significantly increase the light-
harvesting characteristics of the sensitizing layers [14-18] without affecting their functionality.

Metal NPs are characterized by strong interaction with incident photons through the excitation of
localized surface plasmon resonance (LSPR), which can facilitate the transfer of energy and/or electrons
from the NPs to both the sensitizer and the semiconductor. After the LSPR excitation, an enhanced
electromagnetic field is formed around the NPs, which affects on the rate of intramolecular transitions of
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sensitizer molecules [19,20]. Currently, a limited number of works are devoted to a comprehensive analysis
of the interaction in the “dye/semiconductor/plasmonic NPs” systems. For example, the method of the model
Hamiltonian was used in Ref. [21], which includes the processes of plasmon-induced energy transfer
(PIRET) and charge-transfer (PICT) processes from the Au NPs to the dye molecules. It was found that
PIRET deforms the dynamics of the wave packets of the excited state of the molecule. It led to the increased
absorption and growth of the electron density in the LUMO orbitals of the dye molecule, which leads to a
10-fold improvement in the separation of charge carriers. A PIRET from plasmonic NPs to dye molecules
was also studied in [22]. It has been shown that PIRET leads to the delayed photoluminescence in metal-
conjugated fluorophores. The observed increase in the fluorescence lifetime in metal-conjugated
fluorophores was confirmed by theoretical calculations. The delayed luminescence of the dye indicates a
longer stay of the molecule in the excited state, which will increase the probability of electron and/or energy
transfer to the semiconductor.

By the authors of [18] the electron injection kinetics from a dye into mesoporous TiO, layers has been
studied. Multistage ultrafast electron injection in the time range of 300-400 fs was shown. The introduction
of Ag NPs led to ultrafast and enhanced electron injection and a decrease in charge recombination dynamics.
In this paper, the concentration dependence of the plasmon effect of Ag NPs on the sensitization process of
TiO, semiconductor films was investigated. The influence of the core@shell (Ag@TiO,) nanostructures
(NSs) on various ways of the enhancement of the efficiency of charge carriers transfer and transport in the
“dye/semiconductor” system is considered.

The choice of the core@shell NSs is due to the fact that often organic dyes and electrolyte is used in
photovoltaic systems to regenerate dye molecules. In the electrolyte plasmonic NPs can degrade or form an
oxide layer on the surface, which reduces the LSPR effect. Core@shell NSs will protect the metal NPs from
oxidation by electrolyte. Also, the presence of a semiconductor shell will avoid the occurrence of
recombination processes between the metal NPs and the dye.

2. Experimental part

To study the dynamics of charge transfer at the “semiconductor/dye” interface, two types of
semiconductors as SiO, (Silufol) and TiO, (Sigma Aldrich) were selected, and Rhodamine B (RB) and Eosin
as dyes. Semiconductor films with an area of 2 cm? were obtained. Next, a 1 mL of dye solution with a
concentration of 10 mol/L was dropped on the surface of SiO, and TiO, films. After that, the samples were
dried at room temperature for 2 hours.

To study charge transfer at the “semiconductor/dye” interface in the plasmon field Ag@TiO, NSs were
synthesized, where the core is the Ag NPs and shell is TiO,. NSs were obtained according to the method of
[23]. In detail, the synthesis of Ag@TiO, NSs was carried out according to the following method. First,
cores were synthesized — Ag NPs. To do this, 0.1 mmol of AgNO; (99.8%, Sigma Aldrich) is added to a
solution of polyvinylpyrolidone (PVP, Sigma Aldrich) in ethylene glycol (0.5 g per 25 mL). Next, the
mixture is heated with intensive stirring at 50°C for 10 minutes, after which the temperature is increased to
120°C and heated for another 30 minutes. During the reaction, the solution turned yellowish-brown, which
indicates the formation of silver NPs. The obtained Ag NPs are separated from ethylene glycol by
centrifugation (8000 rpm, 30 min) and washed several times sequentially with acetone and ethanol. In this
way, the Ag NPs are converted to absolute ethanol, and then a TiO, shell is synthesized around the obtained
Ag NPs. To do this, a solution of titanium tetraisopropoxide (Ti(OCH(CHj3),)4, TIPT, Sigma Aldrich) is
added to the solution of plasmonic NPs with intensive stirring. The volume ratio of TIPT and Ag NPs was
equal to 1:10, respectively. The formation of titanium dioxide occurs as a result of the following chemical
reaction [22]:

Tl(OCH(CH3)2)4 + C2H5OH — T102 + 4(CH3)2CHOH

The resulting mixture was shaken for 24 hours on a multifunctional rotator at room temperature in the
dark. The formation of a TiO, shell around the Ag NPs was checked both by changing the size of the metal
NPs before and after the addition of TIPT using dynamic light scattering (Zetasizer Nano ZS analyzer,
Malvern). Measurements showed that the average diameter of the Ag NPs were 26+7 nm (Figure 1a), and the
Ag@TiO, NSs were 44+18 nm (Figure 1b). That is, the average thickness of the shell is ~9 nm. The
uniformity of the coating of silver NPs with a semiconductor shell was studied using scanning electron
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microscopy (SEM, Mira 3LMU, Tescan). As the SEM studies have shown, the TiO, shell evenly covers the
synthesized silver NPs. The obtained Ag@TiO, NSs have a spherical shape.
s T RSUTURRR . 0p . e o

20F e .................... ................. ...... : :
' ' ' 204 R L

Mumber {Percent)
Mumber (Fercent)

Size (d.nm) Size (d.nm)

a) b)

300 400 500 600 700 800
, 1M

c)
Fig.1. Size distribution (a, b) and absorption (c) spectrum of Ag NPs before shell synthesis (a) and NSs Ag@TiO,
(b), as well as SEM image (d) of Ag@TiO, NSs

The resulting NSs were doped into the semiconductor layers. The concentration of Ag@TiO, NSs in
TiO, paste was equal to 1, 2, 3 or 5 wt%. The samples obtained are designated as TCS-1 (TiO,+core@shell,
1wt%), TCS-2, TCS-3 and TCS-5. The registration of the fluorescence lifetime of dyes in the time-correlated
photon counting mode was performed with the Becker&Hickl TCSPC system. The samples were excited by
a femtosecond FX200 laser (SolarLS) with A= 515 nm and pulse duration of T = 150 fs. The fluorescence
lifetime was estimated using the SPC Image software [24] according to the procedure described in [24-26].

Dye-sensitized solar cells (DSSC) were assembled to study the effectiveness of sensitization of titanium
dioxide by excited states of dyes. For this purpose, a working electrode of TiO, or TSC was formed on the
surface of FTO-coated glasses (8 Ohms/cm?, Sigma-Aldrich). Electrochemically deposited Pt was used as
the counter electrode [27]. An iodide/triiodide electrolyte (lodolyte Z-150, Solaronix) was used as the
electrolyte. The sorption of Eosin or RB was carried out within 24 hours from an ethanol dye solution with a
concentration of 10 mol/L. The DSSC was assembled according to the works of [10, 27-29]. The
photovoltaic parameters of the cells were obtained from the curent-voltage characteristics recorded with solar
radiation simulator CT150AAA (PET Photo Emission Tech.) at AM 1.5. The source power is 100 m\W/cm>.
The charge-transport properties of the prepared films were estimated from impedance spectroscopy data in
the frequency range from 1 to 100 MHz using a potentiostat/galvanostat with an integrated EIS analyzer
(CS350, Corrtest Instr.). Based on the data obtained with the using of the equivalent scheme (Figure 2), the
following parameters were evaluated [16, 30]: effective lifetime of charge carriers z., resistance to the
electron transport in the material Rs(R1) and Ry s the resistance of charge carriers’ transport.

CPE
Fig.2.Equivalent electrical circuit for DSSC analysis.
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3. Results and discussion

The main condition for effective sensitization of a semiconductor by dye molecules is the location of its
LUMO orbital above the bottom of the TiO, conduction band (CB) on the energy scale. As can be seen from
Figure 3, both RB and Eosin satisfy this condition. The values of HOMO/LUMO levels from the Refs.
[31,32] were used to plot the diagram. The CB of SiO; is located higher than the LUMO level of RB or Eosin.
Therefore, when the dyes are photoexcited, the charge transfer from the dyes to SiO, will not occur.
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Fig.3. (a) Energy diagram for the TiO, and dyes; (b) fluorescence decay kinetics of Eosin on the surface
of porous SiO, or TiO, films.

In ethanol solution, the maximum of absorption band of RB exhibits at 545 nm, and the maximum of
fluorescence band is at 565 nm. For Eosin, these parameters are at 525 and 545 nm.

Measurements of the spectral luminescent properties of dyes have shown that in the adsorbed state, the
absorption and fluorescence spectra of RB are bathochromically shifted on the surface of SiO, (~20 nm
compared with the dye solution in ethanol). On the surface of TiO,, the absorption and fluorescence bands of
both dyes undergo to hypsochromic shift (~5 nm compared with the dye solution in ethanol). At the same
time, the fluorescence spectra of the dye are broadened.

The efficiency of charge transfer from dyes to a semiconductor was estimated from the fluorescence
decay kinetics (Figure 3, Table 1). The fluorescence decay kinetics is bi-exponential. It can be seen from the
data that not only the intensity, but also the lifetime of the luminescence of both dyes decreases on the
surface of TiO,. At the same time, the luminescence intensity was decreased by 1.95 times for RB, and by
almost 52 times for Eosin. The average fluorescence lifetime <t4> of RB in the presence of TiO, was
decreased by 4.2 times. Whereas for Eosin, this ratio is equal to 7.1 times.

Table 1. Integral intensity (1) and lifetime (t)* of fluorescence of dyes on the surface of porous SiO, or TiO, films

Sample | 1u) | <w>(ns) | 7 (ns) | A%) | 1, (ns) | A(%)
RhB
SiO, 128.12 1.55+0.01 0.950+0.01 59.0 2.30+0.01 41
TiO, 65.65 0.3740.01 0.156+0.01 79.0 0.99+0.01 21
Eosin
SiO, 1705.04 1.49+0.01 0.995+0.01 54.3 2.094+0.01 45.7
TiO, 32.88 0.21+0.01 0.130+0.01 81.0 0.556+0.01 19.0

*<ty> — average lifetime of fluorescence estimated form the equation -3 , Where 7 is the lifetime of the i-th
Tfl Zl ATi

component of fluorescence decay, A; is the magnitude (the part of contribution) of i-th component of fluorescence

decay (Z A =1,0).
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The observed quenching of the fluorescence lifetime indicates the electron transfer from an excited dye
molecule to a semiconductor [31]. In the case of Eosin, charge transfer from the dye to the semiconductor is
carried out more efficiently.

A pure TiO, film, which was not sensitized with a dye, demonstrates a low-intensity signal associated
with scattered radiation. The lifetime of such signal is ~10 ps, which is associated with the instrumental
response function (IRF) of the measuring system. Since the wavelength of the exciting laser does not
coincide in position with the absorption of TiO,, the recorded signal can be considered as a background
signal. When the Eosin and Rhodamine were adsorbed into TiO, films without plasmon NSs, the duration of
the recorded signal from the dye was on an order of magnitude longer.

Measurements showed that in the presence of plasmon NSs, an intensification of fast fluorescence of
both RB and Eosin is observed (Table 2). Changes in the fluorescence intensity of the dye registered at
various concentration of core@shell NSs have a nonlinear character with a maximum at 3 wt% for RB and
Eosin. At the same concentrations, the maximum reduction in the fluorescence lifetime of the dye is
observed. A further increase in the content of plasmonic NSs in the film leads to a decrease in the intensity
enhancement of the dyes and the restoration of the luminescence lifetimes to its original value.

Table 2. Effect of Ag@TiO,NSs concentration in TiO, film on the intensity (1) and average fluorescence lifetime
(<t5>) of dyes.

Core@shell concentration(wt%) | 1(ru) ] lrcs/lo | <> (ns) | <Th 105> /<T>
RB

TiO, neat 12.2 — 0.01 —

TiO, 65.7 — 0.370+£0.01 —
TCS-1 250.3 3.8 0.367+0.01 0.99
TCS-2 281.6 4.3 0.323+£0.01 0.87
TCS-3 329.3 5.0 0.299+0.01 0.80
TCS-5 321.1 4.9 0.327+0.01 0.88

Eosin

TiO, neat 12.2 — 0.01 —

TiO, 32.89 — 0.210+£0.01 —
TCS-1 86.7 2.6 0.205+0.01 0.98
TCS-2 124.7 3.8 0.200+0.01 0.95
TCS-3 136.7 4.2 0.190+0.01 0.90
TCS-5 131.2 4.0 0.207+0.01 0.99

The observed increase in the fluorescence intensity of dyes is associated with a plasmon enhancement
of the radiative rate of fluorophore molecules in the near field of plasmon NPs, as shown in Ref. [25,33]. The
decrease in fluorescence enhancement may be result of two factors. The first of them relates to the quenching
of the fluorophore by plasmon NPs through the Forster energy transfer [25,33]. The second channel can be
associated with a plasmon enhancement of the quenching of dye molecules by electron transfer to the CB of
a semiconductor.
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Fig.4.The effect of the concentration of the core@shell NSs on the CVC (a) and impedance spectra (b) of DSSCs
sensitized by Eosin.
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To detail these channels, the photovoltaic and charge-transport properties of DSSCs with the addition of
plasmon NSs sensitized by RB or Eosin were estimated. In the absence of plasmon NSs in the TiO, film, the
current density, which is directly related to the number of photogenerated charge carriers in the working
electrode, is equal to 0.0007 A/cm? and 0.00088 A/cm? for Eosin and Rhodamine B, respectively (Figure4,
Table 3).

Table 3. Effect of the concentration of Ag@TiO, NSs in the TiO, film on the photovoltaic and charge-transport
parameters of DSSCs sensitized by RB or Eosin.

Sample | Up(mV) [ Jo(A/em®) | Efficiency (%) | R(Ohm) | Ry(Ohm) |  1(9)
RB
TiO, 64.00 0.00088 0.0047 15.00 1000 0.36
TCS-1 71.00 0.00089 0.0068 18.00 820 0.27
TCS-2 72.00 0.00100 0.0072 21.00 580 0.24
TCS-3 77.00 0.00110 0.014 23.00 190 0.22
TCS-5 80.00 0.00109 0.0074 26.00 250 0.26
Eosin
TiO, 65.00 0.00070 0.0010 25.00 1008 0.32
TCS-1 72.00 0.00080 0.0018 13.00 900 0.24
TCS-2+ Eosin 81.00 0.00090 0.0027 12.00 810 0.22
TCS-3+ Eosin 87.00 0.00098 0.025 35.00 400 0.18
TCS-5+ Eosin 82.00 0.00110 0.021 8.00 600 0.22

The addition of Ag@TiO, NSs leads to an increase in the values of the short-circuit current density.
This is reflected in the increased efficiency of DSSCs. The maximum increase in the efficiency of solar cells
was recorded at an Ag/TiO, concentration equal to 3 wt% for both dyes. Impedance measurements and
estimation of electrophysical parameters have shown that the resistance and effective lifetime of charge
carriers T in the TiO, film decreases under the influence of the plasmon effect of Ag NSs. Thus, the R
resistance of TCS-3+dye films are almost in 2.5 times and 5 times less for Eosin and RB, respectively, than
in TiO,+dye samples. The resistance to electronic transport of films decreased from 1008 to 400 Ohms for
Eosin and from 1000 to 190 Ohms for Rhodamine.

Thus, it can be seen that the addition of core@shell NSs to the volume of the semiconductor leads to a
reduction in the lifetime of charge carriers in the semiconductor, preventing their recombination. This is
reflected in an increase in the efficiency of electron migration and counting from the semiconductor surface,
leading to an increase in the photocurrent density and an increase in efficiency of DSSCs.

4. Conclusions

The plasmon effect of metal nanoparticles on electron transfer to TiO, from Eosin and RB dyes has
been studied. Spectral-kinetic measurements have shown that, compared with SiO,, not only the intensity but
also the duration of fluorescence of both dyes decreases on the surface of TiO,. At the same time, in the case
of Eosin, charge transfer from the dye to the semiconductor is carried out more efficiently. In the presence of
plasmonic NSs, an intensification of fast fluorescence of both dyes is observed, as well as a decreasing in the
luminescence lifetimes. The optimal concentration for which the maximum plasmon effect was recorded is
equal to 3 wt% of Ag/TiO, NSs. The observed increase in the intensity and decrease in the fluorescence
lifetimes of dyes is associated with a plasmonic enhancement in the radiative rate in dyes molecules in the
near field of plasmonic NSs. Measurements of electrophysical parameters have shown that the plasmon
effect also leads to an increase in the efficiency of semiconductor sensitization by molecules of the studied
dyes, which is expressed in an increase in the photovoltaic and charge-transport characteristics of the studied
semiconductor films. Detailed establishment of the ways of exposure of plasmonic NPs on various ways of
sensitization enhancement of the TiO, by dye molecules will be studied in our further research.
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