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A ternary nanocomposite material based on TiO,, graphene oxide and core-shell nanostructures of
Ag/TiO, composition was obtained by a two-step hydrothermal method. The formation of a dual
TiO , -GO nanocomposite was confirmed by Raman spectroscopy data, where the nanocomposite spec-
tra contain peaks characteristic of both TiO , and graphene oxide. Studies of electrophysical character-
istics have shown that the addition of plasmon nanoparticles leads to an improvement in the charge-
transfer characteristics of the synthesized material. This is due to the fact that the charge transfer
resistance of a ternary nanocomposite material TiO ; -GO-Ag is noticeably lower than for pure TiO ;
(~ 13 times) and TiO ; -GO nanocomposite ( ~ 3 times). In addition, the prescence of Ag/TiO, core-
shell nanostructures in the TiO , -GO nanocomposite material leads to an increase in the efficiency of
conversion of incident light into photocurrent, which will be resulted in the growth of photocatalytic
activity of synthesized materials.

Keywords: titanium dioxide, graphene oxide, TiO ; -GO, ternary nanocomposite material, impedance
spectra.

Introduction

Titanium dioxide (TiO;) is one of the widely used semiconductor materials due
to its physical and chemical properties, such as high melting point, chemical
inertia, high phototransformation efficiency and photostability. It is used in
photocatalysis, solar batteries and sensor technology [1-3]. One of the possible
disadvantages of titanium dioxide is its optical characteristics due to the width of
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its band gap, which is equal to 3.0-3.2 eV depending on the structure of anatase
or rutile, which causes its light absorption and sensitivity of materials based on it
mainly to ultraviolet radiation. However, this disadvantage can be significantly
compensated by using a nanocomposite material based on TiO, and carbon
materials, which can include graphene.

Graphene, due to its unique structure and electronic properties, is widely
used in energy and environmental materials, such as solar energy conserva-
tion, photovoltaics, photoelectrochemical and photocatalytic generation of hy-
drogen/hydrocarbon fuels, and photocatalysis of organic pollutants [4-9]. In
recent years, composites based on TiO, and graphene with its modifications have
attracted a lot of attention, since they are more efficient at separating charges and
transporting electrons compared to pure TiO, [10-13]. Graphene also absorbs
both UV radiation and 1-2% of light in the visible range of the spectrum [14-18].

Interest in metal nanoparticles, in particular Ag, is related to their unique
optical and electronic properties. These properties are the result of the presence
of plasmon resonance in metal nanoparticles. To date, a lot of work has been
done on the use of Ag nanoparticles in medicine, photocatalysis, optoelectronics,
and many others [19-21].

However, the direct use of silver nanoparticles in titanium oxide and graphene
tilms is limited by a number of factors, such as oxidation of silver nanoparticles by
electrolyte and increased recombination processes in the material. This problem
can be resolved by using “core-shell” nanostructures, where the core - is a silver
nanoparticle, with a shell - TiO, , which will protect the metal nanoparticle from
oxidation by the electrolyte. Also, the presence of a semiconductor shell will
avoid recombination processes between the metal and the electrolyte.

In this work, a ternary nanocomposite material based on TiO,, graphene
oxide and the Ag/TiO, “core-shell” nanostructure (NS) was synthesized. It is
assumed that adding nanostructures to a double nanocomposite will improve the
photovoltaic properties of the material, which can be used in photocatalysis.

Experiment

Preparation of the TiO ; -GO nanocomposite material by hydrothermal synthesis
was carried out according to the method [22]. Previously, it was shown that the
highest increase in charge-transport parameters and photocatalytic activity of the
synthesized material were registered when the concentration of GO in relation to
TiO, was equal to 5 wt%.

Ag/TiO, core-shell NS with a core diameter of 20 nm and a shell thickness
of 6 nm were synthesized using the method described in [23]. The core- shell
particles were added to the TiO, and TiO, -GO paste and further mixed for 24
hours. After that, pastes with plasmon NS were deposited onto solid substrates
using the “spin-coating” method.

Graphene oxide (SLGO, Cheaptubes), TiO, (d>21 nm, anatase, 99.7%, Sigma
Aldrich), deionized water (purified using the Aquamax water treatment system),
and ethanol (anhydrous) were used to prepare the TiO,-GO nanocomposite
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material. The films were deposited onto the surface of glass substrates coated with
a conductive layer of FTO (Fluorine doped tin oxide coated glass slide, ~7 () /sq,
Sigma Aldrich). Iodolyte (HI-30, Solaronix) and Meltonix (25 um, Solaronix)
were used during the assemblying of cells for electrophysical measurements. All
reagents were analytically pure and used without additional cleaning.

The surface morphology of the obtained composite materials was investigated
by scanning electron microscope (SEM) Tescan Mira-3 (Tescan) and transmission
electron microscope (TEM) JEM-1400Plus (Jeol) with an accelerating voltage of
120 kV. The Confotec MR520 microscope (Sol Instruments) with a laser excitation
at 632.8 nm was used to register Raman spectra.

The impedance spectroscopy was used to study the kinetics of transport and
recombination of charge carriers. Measurement of impedance spectra was carried
out under illumination of samples by xenon lamp light with radiation power of
100 mV/cm? (Cell Tester Model#CTAAA, Photo Emission Tech. Inc., USA) on
Z-500PRO impedancemeter (Elins, Russia). The amplitude of the applied signal
was equal to 25 mV, and the frequency was ranged from 1 MHz to 100 mHz.

The photocatalytic activity of the obtained materials was studied by registering
the photoinduced current in a standard photoelectrochemical three-electrode cell
with a quartz window on a P-30] galvanostat (Elins). Ag/AgCl was used as
the reference electrode. The samples was illuminated with diode lamp with a
power of 35 mW/cm 2. The samples were deposited by centrifugation onto the
surface of the FTO substrates that were connected to the working electrode. A
platinum electrode was connected to the negative potential. The measurements
were carried out in 0.1 M NaOH electrolyte.

Results and discussion

Shows the SEM image of the TiO ; -GO nanocomposite material are shown in
the Figure 1. It is seen that TiO, nanoparticles are aggregated in a bulk sample
of semiconductor. However, a small number of micropores in the images are
distinguished. It is known that graphene oxide has a layered structure, which is
formed by separate sheets. In hydrothermal synthesis of nanocomposite material,
titanium dioxide particles tend to be less aggregated.

TEM images of the TiO ; -GO nanocomposite material also show presence of
TiO, nanoparticles and graphene oxide sheets (Figure 1(b)). The “core-shell”
nanostructures are also clearly visible on TEM images.

SEM and TEM images show that graphene oxide sheets are dispersed over the
entire volume of synthesized nanocomposites. This can facilitate more efficient
injection of photogenerated electrons into graphene sheets, which will ensure
their further transport to the FTO layer and their registration.

To quickly identify the synthesized nanocomposite, Raman spectroscopy is
used, which confirms the obtaining of the TiO ; -GO nanocomposite material. The
Raman spectra of TiO, indicate an anatase structure that has six combinationally
active peaks in the vibrational spectrum [24]. The Raman spectrum also shows
D- and G- bands of graphene oxide [25]. Thus, both TiO, and graphene oxide
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Figure 1. SEM (a) and TEM (b, c) images of the synthesized TiO , -GO nanocomposite (b) and the Ag/TiO , NS (c) and
the Raman spectrum (d) of: 1-TiO 5 , 2-TiO , -GO.

peaks are present in the Raman spectra of the synthesized material.

Further, the electrophysical characteristics of the TiO;-GO nanocomposite
material and pure TiO, were studied. To obtain an equivalent circuit, data from
the measured impedance spectra were processed in the EIS analyzer program. To
analyze the experimental curves and evaluate the charge transport properties of
films, a simple equivalent electrical circuit of an electrochemical cell was used,
which is a special case of the circuit from the References [12, 26]. Figure 2(a)
shows the impedance spectra of the samples. The figure shows that the lowest
resistance has TiO ; -GO nanocomposite material with the addition of Ag/TiO,
NS.

Based on the obtained data (Figure 2(a)), the charge transport properties of
films were calculated, where: Ry is the charge-transport resistance related to
recombination of electron, Ry is the electron transport resistance in TiO, -GO,
kegs is the effective rate constant for recombination, and 7 .¢; is the effective
lifetime of electrons. Table 1 shows the electrophysical parameters of the TiO; -
GO nanocomposite material.
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Figure 2. Impedance spectra (a) and transient characteristics of the photoinduced current of films based on:
1-TiO , +Ag, 2-TiO2-GO, 3-TiO 5 -GO+Ag.

Table 1.
Charge transport parameters of TiO,, TiO ; -GO films and with the addition of
Ag/TiO, NS.
Samples Keffs (s71) Teffr (8) | Ry, (Ohm) | Ry, (Ohm) | <J>,
(mkA /cm?)
TiO, 0.5 2.00 29656.0 35.4 30.8
TiOy+Ag 7.9 0.12 2229.0 33.0 61.7
TiO,-GO 16.0 0.06 1031.0 39.0 714
TiO,-GO+Ag | 19.3 0.05 361.0 43.0 194.0

Table 1 show that when the core-shell NS was added to the titanium dioxide
film, the charge transfer resistance decreases. The pure TiO, sample has the
highest Ry compared to other samples. This parameter was reduced by almost
13 times under the addition of Ag/TiO, NS to pure TiO,. For films based on
TiO; -GO nanocomposites, Ry has lower value. At the same time, the addition
of Ag/TiO, NS to the TiO, -GO nanocomposite results in a 2.8-fold decrease
in Ry compared to TiO;-GO. Thus, the impedance spectra of the obtained
samples show that in the presence of Ag/TiO, NS in the TiO, and the TiO, -GO
nanocomposite results in the decreasing of the charge transfer resistance by 13
and 2.8 times, respectively.

Figure 2(b) shows the photoelectric characteristics of ternary nanocomposite
materials and TiO , , which allow us to evaluate their photocatalytic activity. The
intensity of the photocurrent was measured for 20 seconds when the light was
cycled on and off. It is seen, that the ternary TiO;-GO nanocomposite with
the addition of the core-shell NS shows a high photocurrent density J, which
is equal to 194 pA. It is worth noting that when the sample is illuminated, the
generation of photoinduced electron-hole pairs manifests itself as a large burst
of photocurrent. After that, the charge carriers migrate from the inner part
of the film to the surface and the activity decay. The subsequent decrease in
photocurrent indicates that recombination is taking place inside the film.

Thus, performed study has shown that hydrothermal synthesis produces
a nanocomposite material based on TiO;, and graphene oxide. In the Raman
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spectra of the nanocomposite exhibits maxima that are characteristic of both TiO
and graphene oxide.

Studies of electrophysical properties show that the addition of the Ag/TiO»
core-shell NS to TiO, and the TiO, -GO nanocomposite improves the electro-
physical properties, in particular, the charge transfer resistance. It is shown that
when Ag/TiO, was added, R; was reduced by 13 and 2.8 times compared to
neat TiO, and TiO ; -GO, respectively.

Studies of photovoltaic properties have shown that he generation of pho-
toinduced current increases to an average of 194 pA in the samples based on
nanocomposite with the addition of Ag/TiO, NS.

Thus, these parameters directly show that using of core-shell nanostructures
in the TiO ; -GO nanocomposite allow to enhance the charge-transport parameters
of semiconductor films, which, in turn, affect the photocatalytic activity of the
synthesized material.
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