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Charge transfer and properties of localized plasmon
resonance in Ag-TiO, nanostructures

In the paper the results of the synthesis of Ag — TiO2 nanostructures are presented. Nanostructures consist
of a silver core and a TiO, semiconductor shell. The size of nanostructures (NSs), determined by the method
of dynamic light scattering, was 20 nm and 50 nm in different medias. The effect of the semiconductor shell
of TiO, on the properties of the localized plasmon resonance of silver nanoparticles is investigated.
The quantitative index of localized plasmon resonance in NSs (electron density) was deteriorated, while the
qualitative indicator of localized plasmon resonance (attenuation coefficient of plasma oscillations) can im-
prove in the case of a thin TiO, shell. After the synthesis of the TiO, shell an additional luminescence band of
the Ag — TiO, NS is observed. The observed luminescence is associated with charge transfer from TiO, on
Ag. The dependence of the maximum recombination luminescence band on the value of the charge on silver
nanoparticles is observed.

Keywords: localized plasmon resonance, silver nanoparticle, nanostructures, charge transfer, titanium
dioxide.

Introduction

The number of' applied applications of plasmon resonance observed in nanoparticles (NPs) and
nanostructures (NSs) of metals increases every year [1]. Compositions of the interrelated components
of various substances, one or several of which have linear dimensions in the nanorange are tak-
en to nanostructures. However, the wider practical application of metal NPs and NSs is limited by their
chemical activity [2]. This is due to the increase in the specific surface of the particles with a decrease
in their size [3]. One of the main ways to protect NPs from destruction is the synthesis of the protec-
tive shell. A schematic plot of the core-shell NS and their main geometrical parameters are shown
in Figure 1. The shell can be from both organic and inorganic materials. The most commonly used sub-
stances are oxide materials, such as TiO, and SiO, [1]. They are highly stable. Core-shell nanostructures
can be used for photocatalysis, in medicine, electronics and photovoltaics [4-6]. An important positive
quality of NS core-shell is the ability to change the characteristics of the resulting nanoparticles. In partic-
ular, it is possible to change the characteristics of localized plasmon resonance (LPR) of metal nanoparti-
cles.
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Figure 1. Schematic plot of Ag-TiO, nanostructures

Also for core-shell NSs can be observed that weren’t observed for metals NPs. One such effect is
charge transfer across the semiconductor/metal interface. Charge transfer can occur both from a metal nano-
particle to semiconductor when LPR is excited in it [7] and from TiO, when a semiconductor absorbs light
and electrons transfer to the conduction band of silver [8]. If a large amount of work is devoted to charge
transfer from metal to semiconductor, then the process of charge transfer from TiO; to metal is few under-
stood.

The aim of the present work was to study the charge transfer process in-nanostructures of the «plas-
mon core-semiconductor shell» and to study the influence of the semiconductor shell on the LPR of silver
nanoparticles.

Method of experiment

The method of synthesis of Ag-TiO, NSs, used in the work; is described in detail in [9]. Originally,
silver NPs were synthesized. To reduce the concentration of additional reagents in the solution, the pro-
duction of silver nanoparticles in water was carried out by laser ablation in a liquid. The setup diagram for
the production of nanoparticles and the conditions.for carrying out the synthesis are given in [10].

After the synthesis of silver NPs, titanium dioxide semiconductor shells (TiO,) were synthesized. The
core-shell nanostructures are synthesized by adding a solution of titanium tetraisopropoxide (TIPT) to an
ethanol solution of silver NPs. All of these components are added during vigorous stirring of the solution.
During the synthesis, the following ratio between'the reagents was mainly chosen: 6 pl of TIPT was added
to 1 ml of ethanol. In 10 ml of silver NP solution was added 1 ml of TIPT solution. After this, the reaction
mixture is stirred for 12 hours at room temperature in the dark. Also, besides the standard concentration of
TIPT, concentrations were used 2:times and 3 times less than the standard (concentrations TIPT of 50 %
and 30 % of the standard respectively).

The average sizes of the obtained NPs and NSs were determined by the method of dynamic light scat-
tering on the Zetasizer Nano ZS(Malvern) particle size analyzer. The morphology of the NPs was studied
on a Tescan Mira 3 scanning electron microscope (SEM). Absorption spectra were recorded on a
Cary 300 spectrophotometer (Agilent), and fluorescence was recorded on an Eclipse spectrofluorometer
(Agilent).

Results and its discussion

Originally; silver NPs were synthesized. Their size was r; ~ 20 nm (Fig. 2, a), r; as pointed
in Figure 1. Then, an Ag-TiO, NSs with different thicknesses of the semiconductor shell was synthesized
in an ethanol solution (rg,y in Fig. 1). The obtained TiO, shell thickness in synthesized NSs was equal to
Ishe=23 nm (Fig. 2, b) and ry,.;=63 nm (Fig. 2, c¢). The use of NSs with a shell of different thickness will
allow you to determine the degree of influence of the semiconductor shell on the properties of decision
maker silver NPs. The concentration of NSs in solution was 4,1 * 10® mol/l. The sizes of NPs and NSs in
aqueous solution are shown in Figure 2 and Table.
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Figure 2. The size distribution of Ag (a) and Ag-TiO, nanoparticles with
a concentration TIPT of 30 % of the standard (b) and 50 % (c) in water

Table
Size and main characteristics of the absorption spectra of the.NSs «plasmon core/semiconductor shell»

Characteristics of solutions Particle size, max 122 3 als -
NP and NS nm abs. Aljp,nm | N,-107 cm v,-107 s

Aqueous solution Ag 20 416 45 7,46 3,64
Aqueous solution Ag-TiO,

(concentration of TIPT 30 % ) 43 - & 62 7,35 3,04
Aqueous solution Ag-TiO,

(concentration of TIPT 50 %) 84 424 >8 7,20 3,86
Ethanol solution Ag 50 407 65 - -
Ethanol solution Ag-TiO, 130 - - - -

Electron-microscopic studies of NPs and NSs showed that they are predominantly spherical in shape
and correspond to the results obtained in [9]. The Ag NPs and Ag-TiO, NSs in ethanol were also synthe-
sized. The main characteristics of the obtained NPs and NSs are shown in Table.

The absorption 'spectra: of silver NPs and Ag-TiO, NSs in ethanol and aqueous solutions are
shown in Figure 3. It is.seen from the figure that the maximum plasmon resonance of silver NPs is in
the range 410415 nm (curve 1). The absorption spectra of the NSs solutions are observed. As it is known,
the absorption band of TiO, is located in the ultraviolet part of the spectrum, starting at 360 nm. Therefore,
the change in-the absorption spectrum is due to the formation of TiO, particles in a solution with silver NPs.
With an increase of shell thickness in NSs from 23 nm (curve 2) to 63 nm (curve 3) a significant decrease in
the intensity of the plasmon resonance band of NPs in aqueous solution occurs (Fig. 3, a). The formation of
the Ti0, semiconductor shell is indicated by a decrease in the intensity of the plasmon resonance of silver
NPs and the red—shift of its maximum. A similar result was obtained for the absorption spectra of NPs and
NSs in ethanol (Fig. 3, b).
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Figure 3. Absorption spectra of the Ag (1) and Ag-TiO, (2, 3) with
Tsnen=23 nm (2) and rg,,;=63 nm (3) in aqueous (a) and ethanol (b) solutions

For spherical NPs, the frequency (@) corresponding to the maximum of the absorption spectrum is re-
lated to the plasmon resonance frequency (w,) by the following formula:

0="2 (1)
-

The half-width of the absorption spectrum is also one of the main characteristics of plasmon reso-
nance. It carries information on the distribution of LPR by size. The values A" and AL1/2 contain infor-

abs
mation on the relaxation of plasmon oscillations, electron density, and other characteristics of LPR. Thus,
knowledge of the maximum of the absorption spectrum and the shape of NPs makes it possible to deter-
mine the frequency of plasmon resonance of NPs and a number of important parameters characterizing the
properties of LPR.
For metals NPs, the position of the plasmon absorption band can be described by the following for-
mulas [11, 12]:

Ao = Ay (£7 % 2¢,) @
/Ij =4rn’c’me, | Ne?, 3)

where, }sz is the volume plasma wavelength in terms of the electron mass, g is the vacuum dielectric con-
stant, e is the charge of the €lectron, and N is the electron density in the particle; €” is the high—frequency
dielectric constant (for silver — about 4,9 + 0,3, for gold — 6,9 [13]) €, is the numerical value equivalent to
the square of the refractive index of the solvent. For ethyl alcohol, €, was taken equal to 3,7 [9].

In the formation of a shell of titanium dioxide on the surface of NPs, the electron density N will de-
crease. This, in turn, will-lead to an increase in sz (formula 3). This is expressed in the long—wavelength
shift of the maximum of the LPR. A decrease in the electron density N will lead to a decrease in the ab-
sorption intensity of the LPR, which is observed in Figure 3. These results show that the formation of the
TiO, film occurs on the surface of the Ag NPs.

As shown in [11, 12], under the condition that the radius is lower than the wavelength of the inci-
dent radiation, a linear dependence of the form is applicable:

2 2
1.6 1 ha (4)
k 6 6| 2 '
1 A ’
From the graph of the dependence of 7 o %ak—X , the parameters of the linear dependence

2 2
(formula 4) 6, and 0, were determined. Figure 4 shows the dependence of % on ( pesk —kj for solutions

A
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of silver NPs and NSs Ag-TiO,. Using the parameters 6; and 0,, the attenuation coefficient of plasma os-
cillations y was determined by the formula:

~ 27[6921/2
=
ﬂ“peak (5)
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Figure 4. Dependence of 1/k on A for a colloidal solution of silver
NPs (1) and Ag-TiO, NSs (2,3) with rg,e=23 nm (2) and rg,e;=63 nm (3)

The electron density N (formula 3) and the damping coefficient of plasma oscillations y are given
in Table. From the data in the table it can be seen that during the formation of the TiO, semiconduc-
tor shell, the concentration of electrons participating in the formation of LPR in silver decreases. This in-
dicates deterioration in the quality of LPR in plasmon NPs<when depositing a semiconductor shell on
them. The rate of damping of plasma oscillations varies in different ways depending on the thickness of
the TiO, shell. At small thicknesses of TiO,, the rate of damping of plasma oscillations decreases. This
can be seen both in the results given in Table and in [9]. With increasing shell thickness, the value of y for
Ag-TiO, (rshen=63 nm) increases. This leads to an'increase in the damping plasma of plasma oscillations.
In the case of NPs obtained in ethanol, the above calculation algorithm could not be used due to the inabil-

max

ity to determine the value A from the absorption spectrum of the obtained NS (Fig. 3, b, curve 2).

Titanium dioxide NPs have their own luminescence [8, 14]. However, because the luminescence oc-
curs with indirect optical transitions of an electron, the intensity of the glow is quite low. Figure 5 (a)
shows the luminescence spectra ofiethanol solutions of TiO, NPs and Ag-TiO, NSs. The excitation was
carried out by ultraviolet radiation with A.;=300 nm. The concentration of TiO, NPs and Ag-TiO, NSs
was chosen in such a way that the optical absorption of TiO, remained unchanged. The size of silver NPs
was 50 nm. It can be seen from Figure 6 (a) that the luminescence spectra of Ag-TiO, nanostructures are
significantly different from the TiO, luminescence spectra. In the luminescence spectrum of Ag-TiO,, a
new band appears with a maximum at 575 nm. This corresponds to the energy of 2,16 eV. This band was
registered by the authors of [8] and is explained by them as the luminescence of silver NPs during charge
transfer from TiO, to silver. The luminescence intensity of Ag-TiO, is much lower than the luminescence
intensity of TiO,; whichis also explained by the transfer of electrons from the conduction band of titanium
dioxide to‘the conduction band of silver NPs.

In the casejof an aqueous solution of Ag and Ag-TiO, NPs, the luminescence of Ag NPs was record-
ed (Fig. 5, b). For silver NPs, luminescence can be observed [15, 16] if their size is sufficiently small. This
luminescence is explained by the emission of small silver clusters [15]. An additional luminescence band
with a maximum at 540 nm appears in the luminescence spectrum for an aqueous solution of Ag-TiO,
NSs, as for an ethanol solution of Ag-TiO, NSs (Fig. 5 b, curve 2, 3).
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Figure 5. Luminescence spectra of solutions of Ag, TiO, and Ag-TiO, in ethanol (a) and in water (b)

A possible mechanism of charge transfer is described in [9] and is shown in Figure 5. In the first stage
of the process, the light quantum of TiO, is absorbed and the electron is transferred from the conduction
band of TiO, to the Fermi level (Er) of the metal NPs (Fig. 6, a). In the second- stage, the electron returns
from the Fermi level to the valence band of the semiconductor (E,). In this case, recombination luminescence
with the wavelength of the corresponding transition energy AE = Ex—E, can occur (Fig. 6, b). The value of
AE for the transition between the Fermi level of the solid body of Ag and Au and the valence band of TiO, is
2,9 eV [17]. At the same time, as shown in [18], the Fermi level of gold NPs can vary from the value ob-
served for atomic gold of 9,2 eV to a value corresponding to 'a bulk material (5,3 eV). However, the value of
the Fermi level depends both on the size and on the charge of the NPs [16].

The transfer energy AE from the Fermi level is2,3:eV. At the same time, the increase in the thickness
of the TiO, shell from 23 nm to 63 nm does not lead to a significant increase in luminescence with a maxi-
mum at 540 nm or a shift in the maximum of the luminescence band at 540 nm. This suggests that the lumi-
nescence at 540 nm is formed by transferring a charge from a layer of titanium dioxide bordering on silver.
In this case, the thickness of the TiO, shell does not have a large effect on the value of AE. Therefore, the
outlying TiO, layer from the silver does not participate in the charge transfer process. In the luminescence
spectrum of aqueous solutions of Ag-TiO, NSs, no luminescence of TiO, is observed. Perhaps this is due to
the low value of the quantum yield of the luminescence of TiO, in comparison with the luminescence of Ag
clusters.

As shown in [18], the value.of the Fermi level (Er) depends both on the size and on the charge of the
low frequency. The decrease in the value of Er should occur with a decrease in the size of the NPs. In our
case, the value of AE increases with decreasing size of the low frequency. Silver NPs with a diameter of 50
nm have AE = 2,16 eV, silver NPs with a diameter of 20 nm have AE = 2,3 eV. The observed values of AE
for different Ag=Ti0, NSs are related to the charge value for silver NPs. At the NPs with d=20 nm, a more
negative charge should be presented compared to the NPs with d = 50 nm.
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Figure 6. Mechanism of charge transfer and luminescence in the Ag-TiO, NSs
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Thus, the paper presents the results of the synthesis of Ag-TiO, nanostructures. Measurement of the
size and shape of the obtained NSs. The size of the NSs was determined using the method of dynamic
light scattering. When using the absorption spectra of solutions of NPs and NSs, the electron density
and attenuation coefficient of plasma oscillations y were determined. It is shown that the TiO, semiconductor
shell reduces the electron density concentration of plasmon NPs. In this case, the damping rate of plasma
oscillations varies in different ways and depends on the thickness of the synthesized shell. With a small
thickness (rg,.;=23 nm), the decay rate decreases. With a large shell thickness (ry,.;=63 nm), the oscillation
damping rate y increases. The obtained results show that the quantitative indicator of NPs in NSs (electron
density) is deteriorating, while the qualitative indicator of LPR (attenuation coefficient of plasma oscilla-
tions) can improve in the case of a thin TiO, shell (rg=23 nm). Also, after the synthesis of the TiO, shell,
an additional luminescence band of the Ag-TiO, NSs occurs. This luminescence is associated with.charge
transfer from TiO, to Ag. The dependence of the maximum recombination luminescence band on the value
of the charge on silver NPs is observed.

This work was supported as part of scientific-research grants of the Ministry of education and science
of the Republic of Kazakhstan (AP05133724) and (BR05236691).
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H.A. Adanacee, H.X. Ubpaes, D.2K. Anuxaiinapoa

Ag-TiO, HaHOKYPBUIBIMIAPBIHAA 3APAATHI TACKIMAJIIAY
JKIHE JIOKAJ/IbI IJIA3MOH/BIK Pe30HAHC KacueTTepi

Maxkamaga Ag-TiO, HaHOKYPBUIBIMIAphl CHUHTE3IHIH HOTIKENepi KenTipinreH. HaHOKypbeIIbIMmap KyMic
ssapochiHal xoHe Ti0, jkapThUIaleTKI3rill KaObIpiarbiHaH Typaabl. KongaHbUFaH epiTKIIITiH Tayenaiirine
0allIaHBICTBl JKApPBIKTHIH JUHAMUKAIBIK MIAMIBIPAY OiCiIMEH aHbIKTalFaH HaHOKypbUibIMAapasH (HK)
ommemi 20 HM xoHe 50 HM Kypansl. TiO, jkapThUIAHOTKI3rilI KaOBIPIIAFBIHBIH KYMIiC HaHOOOINIIEKTePiHiH
JIOKaJIBI TUIa3MOHJIBIK PE30HAHC KacueTTepine acepi seprreni. HK-na jokanusl miIasMOHIBIK Pe30HAHCTHIH
CaHABIK KOPCETKIilIl (JIEKTPOHBIK THIFBI3/BIFGI) HAIIApIIaiibl, anaiaa JOKaIAbl IIa3MOH/IBIK PE30HAHCTHIH
camablK KepceTKimi (Iura3MaisIK Tepoernicrepain emry koddduimenti) TiO, kaOBIKIIAcH jKyka OoyFaHIa
JKakcapateiHbl jgonenneHni. ConbiMeH Karap TiO, kaObIKmiacelHbIH cuHTe3iHeH Keiiin Ag-TiO; HK-na
JIFOMHUHECLICHIMSHBIH KOCBIMIIIA JKONarbl Gaiikan/pl. BakpuiaHaTeiH skapkeipay TiO,-neH Ag-ra3apsaThiH
TachIMaJlalTyblHa ~ OaifmaHblcTel  Oonbim  TaObimamel.  Kymic  Hb-nme  3apsarsin MoHiHE — Toyemni
PEKOMOMHAIMSUIIBIK JTIOMHHECIICHIIMS HKOJIaFbIHBIH MAKCUMYMBbI OaifKasi/ibl.

Kinm ce30ep: noxannpl IUIa3MOHJABIK PE30HAHC, KyMic HaHOOeNLIEKTepi, HaHOKYpPBUIBIMAAD, 3apsij
TachIMalliay, TUTaH JHOKCHUII.

J.A. AdanacweB, H.X. U6paes, 2.2K. Anuxaiigaposa

Ilepenoc 3apsiia U CBONCTBA JIOKAJIN30BAHHOI' 0
IUIA3MOHHOTI'0 pe30HaHca B HaHOCTPYKTypax Ag-TiO,

B craTbe npuBeneHbl pe3ynbTaThl CUHTe3a HAaHOCTPYKTYP Ag—Ti0,. HaHOCTPYKTYpBI COCTOAT U3 cepedpsHO-
ro sJpa ¥ NouynpoBoaHnKoBoii o6osouku TiO,. Pasmep Hanoctpykryp (HC), onpeneneHHblii METOIOM H-
HaMHUYECKOTO paccestHus cBeta, cocTaBmwil 20 HM U 50 HM B 3aBHCHMOCTH OT HUCIIOJIB30BAHHOTO PACTBOPUTEIIS.
HccnenoBano BiusiHUE MOTYNPOBOAHNKOBOI 00onouky TiO, Ha CBOMCTBA JIOKAJIM30BAaHHOTO IIA3MOHHOTO
pe3oHaHCca HAaHOYACTHUIl cepedpa. YCTaHOBIEHO, YTO KOJMMYSCTBEHHBIH TOKA3aTelNb JIOKAIN30BAHHOTO IIIa3-
MoHHOTO pe3oHanca B HC (31ekTpoHHas IIIOTHOCTB) YXyANIAeTCs, B TO BpeMs KaK KauyeCTBEHHBIH ITOKa3a-
TeJTb JIOKATM30BAaHHOTO MIa3MOHHOTO pe30HaHea (K03 UUMCHT 3aTyXaHHsl IIIa3MEHHBIX KOJICOaHHiT) MOXKeT
YIIy4IIUThCS B ciiydae TOHKOH obOonouku TiO,. Takxke mocne cunresa obonouku TiO, Habmogaercs: 1onoi-
HUTeNnbHas nojoca momuHecteHnun HC Ag-TiO,. HaGmomaemoe cBeueHue CBsI3aHO ¢ MEPEHOCOM 3apsiia C
TiO, na Ag. HaGmopaercst 3aBUCMMOCTh MAaKCHMYyMa MOJIOCH! PEKOMOUWHAIL[IOHHOM JIIOMUHECLICHIINH OT 3Ha-
yenus 3apsiia Ha HU cepebpa.

Kniouesvie cnosa: NoKaan30BaHHBIN IJIA3MOHHEIN PE30HAaHC, HAaHOYAaCTULIa cepe6pa, HaAHOCTPYKTYDPBHI, II€pe-
HOC 3apsja, TUOKCHUJ TUTaHA.
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