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Preparation and study of electrophysical and optical properties
of TiO,-GO nanocomposite material

Nanocomposite material TiO,—GO was synthesized by hydrothermal method. The formation of
nanocomposite was confirmed by FTIR analysis. It is shown that the functional groups characteristic of
graphene oxide partially disappear in TiO,—GO, which indicates its partial reduction during synthesis. In ad-
dition, the appearance of a wide band below 1000 cm™ also indicates the formation of bonds between TiO,
and GO. EDS analysis showed the presence of titanium, oxygen and carbon in the powder of nanocomposite
material. Raman spectra of nanocomposite contain peaks typical for both TiO, and graphene oxide. Meas-
urements of the optical characteristics of the synthesized material showed that the absorption spectrum of the
nanocomposite shifted in the long-wave region relative to the absorption spectrum of the original compo-
nents, which may be the result of changes in the band gap of the semiconductor. Measurements of
electrophysical characteristics showed that the resistance to electronic transport of nanocomposite material is
much less than the value of this parameter obtained for pure TiO,, which leads to an increase in the efficiency
of the photocurrent conversion.
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Introduction

Titanium dioxide (TiO,) occupies a special place among semiconductor materials due to its physical
and optical properties, such as high melting point, chemical inertness, high efficiency of phototransformation
and photostability [1-3]. Titanium dioxide with a band gap of 3.2 eV is only sensitive to light with wave-
lengths below 380 nm, which are in the UV range. However, it is one of the most popular photocatalysts [4]
due to its high oxidation capacity and chemical stability in relation to the high acidity environment.

Semiconductor nanoparticles are aggregated, which leads to a decrease in the generation and transport
of charge carriers to the counter electrodes in photocatalytic and photodetecting cells. When used with
graphene, this problem can be solved. In this case, TiO, nanoparticles are evenly distributed in graphene and
easily form chemical bonds along the folds of graphene sheets or other defects.

Graphene with sp” hybridization has recently been widely used in almost all branches of science due to
its high mobility of charge carriers, high specific surface area and the possibility of chemical functionaliza-
tion and mechanical strength. Graphene also absorbs both UV radiation and 1-2 % of light in the visible
spectrum [5-8].

In this paper, a nanocomposite material based on TiO, and graphene oxide was synthesized. It is as-
sumed that the addition of graphene oxide will improve the electrophysical properties of the semiconductor
material, which can be used for photocatalysis and photovoltaics.

Method of experiment

Preparation of TiO,—GO nanocomposite material by hydrothermal synthesis was carried out as follows:
10 mg of graphene oxide (GO, Cheaptubes, USA) was mixed with 30 ml of deionized water purified by
Aquamax water purification system and 10 ml of ethanol in ultrasonic bath for 1 hour. Then, 1 g of TiO, was
added to the suspension of graphene oxide and the sonication and stirring were sequentially alternated for
2 hours, for each procedure for 30 minutes, until a uniform suspension of light gray color was achieved. Af-
ter that, the suspension is poured into a Teflon coated 100 ml autoclave and heated at 120 °C during 24 hours
for the synthesis of the composite. This process simultaneously restores graphene oxide (GO) to reduced
graphene oxide (rGO) by «taking» the electron from ethanol and forming Ti-O—C bonds of TiO, and rGO.
After cooling to room temperature, the suspension was filtered several times with deionized water and the
product was dried at 60 °C [9]. Under these conditions the ratio of GO to TiO, was equal to 1% in
nanocomposite material.
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To measure the electrophysical properties of the TiO,-GO nanocomposite material, films were prepared
by the «spin-coating» method (Vacuum Spin Coater, MTI Co, USA). The finished paste was applied to the
surface of a rotating substrate with a conductive layer of FTO. The substrate was rotating at a constant speed.
Speed mode was varied from 500 to 4000 rpm, rotation time — 10 s. It allowed to change the thickness of
the films obtained by varying the speed of rotation of the substrates. After application and drying, the film
was annealed in Ar atmosphere for 2 hours. Under the same conditions, films based on pure TiO, paste were
obtained.

The surface of morphology of the obtained nanocomposite materials was studied using a scanning elec-
tron microscope (SEM) Tescan Mira3. Also EDS of the samples was carried out on the SEM. The Confotec
MR520 microscope (3D Scanning Raman Confocal Microscope, Sol Instruments) with laser excitation at a
wavelength of 632.8 nm was used to record the Raman spectrum. The FTIR spectra were recorded using the
Fourier spectrometer FSM 1201 and the electronic absorption spectra were recorded using the Cary-300
spectrophotometer (Agilent). To measure the absorption of nanocomposite films, the samples were deposited
on quartz substrates.

The method of 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 xen-
on 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 25 mV,
and the frequency was ranged from 1 MHz to 100 mHz.

Platinum films deposited by an electrochemical method from an ethanol solution of H,PtCls on glass
substrates with a conductive layer of FTO were used as a counter electrode. The electrodes were glued to-
gether. The 25 pm thick polymer film Meltonix (Solaronix, Switzerland) served as a gasket between the
working electrode and the counter electrode in the cell. The electrolyte used was Iodolyte H30 (Solaronix,
Switzerland).

Results and its discussion

Figure 1 shows SEM images of neat materials and nanocomposites. The figure shows that nanoparticles
aggregated in the bulk sample of titanium dioxide. However, in the pictures a small number of micropores
can be distinguished. Graphene oxide has a layered structure, which is formed by separate sheets. In the syn-
thesis of nanocomposite material, titanium dioxide particles tend to be less aggregated. In the picture the
interparticle pores can be distinguished.

The presence of graphene oxide in the synthesized sample can be confirmed both visually and accord-
ing to the EDS analysis (Fig. 1d). Figure 1d shows that most part of the studied sample is represented by at-
oms of titanium and oxygen. The carbon content of the sample is low, due to the low GO concentration rela-
tive to TiO, (1:100) in the sample.

The measured Raman spectra are shown in Figure 2. Ttitanium dioxide with anatase structure has six
combination-active peaks in the vibrational spectrum (Fig. 2a): three Eg peaks centered at about 149, 183
and 630 cm™ (Eg(1), Eg(2) and Eg(3) peaks respectively), and two Blg peaks at 397 and 506 cm™ (denoted
by Blg(1) and B1g(2)), and Alg peaks at 481 cm™ [10].

In the Raman spectra of graphene oxide several bands can be clearly distinguished: D-band, which
characterizes the degree of defectiveness of graphene (V = 1350 cm™), G-band, which characterizes the
graphene in-plane vibrational modes of sp® hybridization — this parameter displays the degree of crystalliza-
tion of the material (V = 1586 cm™) and 2D band, which indicates the degree of graphitization and displays
the number of graphene layers (Vv =2700 cm™) [11].

Both TiO, and graphene oxide peaks are present in the Raman spectra of the synthesized material. This
confirms by the data obtained by EDS analysis of the samples.

Figure 3 shows the FTIR spectra for pure TiO, and graphene oxide powders, as well as for the TiO,—
GO nanocomposite material. FTIR spectra of graphene oxide shows the oscillations of bonds characteristic
of chemical groups: C-O (1095 cm™), C-O-C (1261 cm™), C-OH (1454 cm™), C=0 (1728 cm™). The intense
peak at 3000-3500 cm™ (3441 cm™) characterizes fluctuations of O-H groups in the composition of C-OH
and water. The peak at 1628 cm’' is called skeletal vibration of graphene oxide [12]. Figure 3 shows that the
functional groups characteristic for graphene oxide are absent.
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Figure 1. SEM images of powders
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Figure 2. Raman spectra of powders

The pure powder TiO, has a low-frequency mode of about 500 cm™, which corresponds to the vibration
of Ti-O-Ti bonds. Also, as can be seen from the spectrum, at 3440 cm’ there is an intense band, which indi-

cates that on the surface of titanium dioxide particles adsorbed OH group.

The nanocomposite material TiO,—~GO exhibits absorption below 1000 cm™. This peak can be consid-
ered as a combination of oscillations of Ti-O-Ti and Ti-O-C bonds (about 792 cm™). The presence of Ti-O-C

bonds indicates that during hydrothermal reduction graphene oxide with residual functional groups of car-
boxylic acid strongly interacts with surface hydroxyl groups of TiO, nanoparticles and, ultimately,

a TiO,—GO nanocomposite material is formed.
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Figure 3. FTIR spectra of powders
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Figure 4. Absorption spectra (a) and the dependence of the optical density of nanocomposite films
on the substrate rotation speed ()

As is known, the edge of the TiO, absorption band appears in the UV region of the spectrum about
380 nm. Graphene oxide also absorbs in the UV region, the maximum of its absorption spectrum is 230 nm.
GO films are practically transparent in the wavelength range from 400 to 800 nm [8, 13]. Figure 4a shows
that the TiO,—GO nanocomposite actively absorbs light in the UV region of the spectrum. Along with this,
there is a broadening of the absorption band in the visible range of the spectrum. As shown in [14], this is
due to the fact that nanocomposite materials shift the edge of the band gap of the material in the long-
wavelength region of the spectrum.

Figure 4(b) shows the dependence of the optical density of TiO,—~GO nanocomposite films on the sub-
strate rotation speed. As can be seen from the figure, the increase in speed leads to a decrease in the optical
density of the samples, which indicates a decrease in the thickness of the films.

Next, the electrophysical characteristics of the material of the nanocomposite of TiO,—GO and pure
TiO, were studied. To obtain an equivalent circuit, the data of the measured impedance spectra were pro-
cessed in the EIS analyzer program. The resulting equivalent electrical circuit of the electrochemical cell is

shown in Figure 5 [15].
—R1 R2 W —|_—H 3—-|-
‘ CPE2Z
CPE1

Figure 5. Equivalent electric diagram
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On the basis of the obtained data (Fig. 6) the basic electrotransport properties of films were calculated,
where: k. — effective rate constant for recombination, 7., — effective lifetime of the electron, electron
transport resistance in the film of titanium dioxide is R,, charge-transfer resistance R, (R, =R, .. — R, ... )>

related to recombination of electron.

1600 —
2000

1400

1200 -
1500 o
4 1000 -|

1000 - 8O0

Im, Ohm
Im, Ohm

600 -

500 - 400

1235 2004

0 T T T T T T T T T T 0

1 T T T T T ¥ T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 Q 500 1000 1500 2000 2500 3000 3500 4000 4500
Re, Ohm Re, Ohm
a) b)

a) TiOy; b) Ti0,-GO: I — 500 rpm; 2 — 1000 rpm; 3 — 2000 rpm; 4 — 3000 rpm; 5 — 4000 rpm

Figure 6. Impedance of spectra

Table 1
Values of electrophysical parameters of TiO, films

Film Speed kef/‘a S_1 Teffs S Rk, Ohm RW, Ohm

500 rpm 10 0.1 24174 208.3

1000 rpm 13.895 0.072 2554.5 84.9

2000 rpm 13.895 0.072 2194.0 69.3

3000 rpm 5.1795 0.193 5411.7 48.2

4000 rpm 26.822 0.037 2485.5 423

From Table 1 it is seen that the best electro transport and conducting properties were recorded for TiO,

film deposited at a speed of 2000 rpm. For this sample, there is a minimum resistance value of the electro
transport 2194 Ohm. The maximum value of the resistance of electro transport are films deposited at a speed

of 3000 rpm.

Table 2
Values of electrophysical parameters of TiO,—GO films

Film Speed kef/‘a S_1 Tefps S Rka Ohm Rw, Ohm

500 rpm 10 0.1 3521.5 48.4

1000 rpm 26.822 0.037 3075.9 1196

2000 rpm 7.1969 0.139 4400.7 66.9

3000 rpm 51.767 0.02 2052.9 30.5

4000 rpm 10 0.1 4307.2 127.5

Table 2 shows the electrophysical parameters of the TiO,-GO nanocomposite material. As can be seen

from Table 2, that in films deposited at a rotation speed of 3000 rpm, the resistance of electronic transport is
equal to R;=2052.9 Ohm, which is the minimum value compared to other samples. The minimum value of
the resistance of electronic transport when measuring the impedance means that the films have large values
of electrical conductivity, since the resistance is inversely proportional to the conductivity. R,, — in the film
Ti0,-GO 3000 rpm is 30.5 Ohms and shows that in the nanocomposite material resistance to electronic
transport is negligible. And in the sample applied at a speed of 1000 rpm, R,, is equal to 1196 Ohm, which is
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much more than the above value. This suggests that electronic transport in thick films is carried out with low
efficiency.

Effective lifetime of the electron (z,;) in a sample of 2000 rpm is more than in the other samples. For
films deposited at a speed of 4000 rpm, the electrophysical parameters are close in value to that, obtained at
2000 rpm. Studies have shown that the best mode for deposition of TiO,-GO films is the rotation speed of
3000 rpm.

Thus, studies have shown that hydrothermal synthesis forms a bond between the particles of TiO, and
graphene oxide sheets, which indicates the production of nanocomposite material. This was confirmed by the
EDS analysis data on the presence of titanium, oxygen and carbon in the powder of nanocomposite material.
The Raman spectra of the nanocomposite show peaks characteristic of both TiO, and graphene oxide. Ac-
cording to the FTIR spectra in TiO,—GO functional groups characteristic of graphene oxide partially disap-
pear, which confirms its partial recovery during synthesis. In addition, the appearance of a wide band below
1000 cm™ indicates the formation of a connection between TiO, and GO.

Measurements of the optical characteristics of the synthesized material have shown that the absorption
spectrum of the TiO,—~GO nanocomposite is shifted to the long-wave region relative to the absorption spec-
trum of the initial components, which may be the result of changes in the band gap of the semiconductor.

Measurements of the electrophysical characteristics of the nanocomposite material showed that the re-
sistance to electronic transport is much less than in pure TiO,, which leads to an increase in the efficiency of
the photocurrent conversion.

This work was performed within the framework of the research grant AP05132443, funded by the Min-
istry of education and science of the Republic of Kazakhstan.
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Ti0,-GO HAHOKOMIIO3UTTIK MAaTEPHAJIbI AJTy ME€H OHbIH 3JIeKTP(PU3NKAJIBIK
’K9HE ONTUKAJIBIK KACHeTTepiH 3epTTey

TiO,—GO HaHOKOMIIO3HUTTIK MaTepHalIbl THAPOTEPMAIIBI diceH cuHTe3es . HAaHOKOMITO3UTTIH KYpbUTYBI
UK-ranmay wMoamimertepi apkpuibl pactanabl.  TiO,—GO HaHokoMmmo3uTiHAe TpadeH OKCHAIHE ToH
(GYHKIMOHANBI TONTAP XKaPbIM-)KapThUIaH JKOFaNa/ibl, SIFHW CUHTE3 OapbIChIHIA OHBIH JKapThUIal KaJIlblHA
KeneTiHi kepcerinren. ConpiMen Katap 1000 cM' TeMeH KeH *OMaKThIH maiiga 6omysl aa, TiO, xone GO
apacbiHa OailaHbICThIH KypbulyblH ponesngeiini. OJC Tannay HaHOKOMIIO3MTTI MaTepUAIbIH YHTaFbIHIA
TUTAHHBIH, KOMIPTEKTIH JXOHE OTTeriHiH Oap OoiybH kepcerTi. CHHTe3#eNreH MaTepHalAbIH ONTHUKAJIBIK
CHIaTTaMaapbiHbIH OJILICYJepi HAHOKOMIO3HUTTIH JKYTHUTy CHEKTpi, 6acTalnkbl KOMIIOHEHTTEPIIH KYThUTY
CIIEKTpJICpiHe KaparaH/a, Y3bIHTOJKBIHIBI aifiMakka Kapail )KbUDKbIFaHbIH KOPCETTi, SIFHU OHBIH HOTHKECI
JKApPTHUIAOTKI3TIIITIH THIBIM Cally 30HACBHIHBIH ©3repyi OOJybl MYMKIH. DIeKTp(HU3UKAIBIK CHIAaTTaMa-
JapbIHBIH OJILICYJIepi Ke3iHIe HAHOKOMITO3UTTIK MaTepUalbIH JIEKTPOH TachIMalllaHybl Keaeprici Taza TiO,
MOH/IEPIMEH CaJIBICTBIPFaHAa KOIl ece TOMEHJIriH KOpCeTTi jkoHe (DOTOTOKTHI TYPJICHAIpYIE THUIMILTIriH
JKOFapbLIaTyFa OKEJIIl COKTBIPAIbL.

Kinm ce30ep: tutan auokcuni, rpaden okcuzi, TiO,—GO, HAHOKOMIO3UTTIK MaTepUal, UMIEIAHC CIIEKTPi.

A. K. Kymabekos, H.X. NU6paes, E.B. Cenuepcrona, I'.b. Kamanosa

[Hosyuyenune u uccaeg0BaHUeE FJIEKTPOPUINIUECKUX
U ONITUYECKUX CBOICTB HAHOKOMIIO3UTHOTr0 Matepuaja TiO,—GO

I'mppoTepManbHEIM METOJOM CHHTE3MPOBAH HaHOKOMITO3MTHBEIN Marepuan TiO,—GO. OGpa3oBaHne HaHO-
KoMno3uta Obuto moarBepxkaeHo AanHbiMH MK-anamusa. ITokazano, uto B TiO,—GO yacTHYHO HCUe3alOT
(bYHKIMOHAIBHBIE TPYIIIbI, XapaKTepHbIe U1 OKCUIa rpad)eHa, 4To CBUACTEIBCTBYET O €ro YaCTUYHOM BOC-
CTAHOBJICHHH B X0JI¢ CHHTe3a. KpoMe TOro, mosiBIeH e HPOKOi mo1ock! Hmke 1000 cM™' Takke cBHIETEb-
cTByeT 0 (opmupoBanun cBsizu Mexay TiO, u GO. D/IC aHanu3 nokasan HalUYUe TUTAHA, KHUCIOPOAA U YT-
Jeposia B MOPOIIKe HAHOKOMIIO3UTHOTO MaTepuana. B PamaH cnekTpax HaHOKOMITO3MTa UMEIOTCS ITUKH, Xa-
pakrepHble kKak s Ti0,, Tak n okcuna rpadeHa. M3MepeHns: ONTHYECKUX XapaKTePUCTUK CHHTE3UPOBAHHO-
TO MaTepHalla OKa3aJli, YTO CIIEKTP IOTJIOMIEHHs] HAHOKOMIIO3HTa CABUHYT B JUIMHHOBOJHOBYIO 00JIaCTh OT-
HOCHTEIIBHO CIIEKTpa MOTJIOIICHUS HCXOAHBIX KOMIIOHEHTOB, YTO MOJXKET SIBIISITHCS PE3yJIbTaTOM M3MCHEHHUS
HMIMPUHBI 3aMPEIIEHHON 30HBI MOTYNIPOBOAHNKA. M3MepeHns 3neKTpopU3nIecKuX XapaKTEPUCTHK TOKa3any,
YTO CONPOTUBIICHUE NEKTPOHHOMY TPAHCHIOPTY HAHOKOMIO3UTHOTO MaTepHalla HAMHOTO MEHBIIE 3HAUECHUS
9TOTO MapameTpa, HoIy4eHHOro st yiuctoro TiO,, 4TO IPHUBOIUT K NOBBILICHUIO 3} (EKTUBHOCTH Mpeodpa-
30BaHHs (POTOTOKA.

Kniouesvie crosa: nuokcun tutaHa, okcun rpadena, TiO,—GO, HAaHOKOMIIO3UTHBIA MaTepHall, MMIICAAHC
CIIEKTPBHIL.

60 BecTHuk KaparaHguHckoro yHuBepcuteTa





