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In this paper, is investigated the photocatalytic activity of a
nanocomposite material based on titanium and graphene oxides. The
sample was obtained by hydrothermal synthesis. The photoactalytic
activity of nanocomposites was studied by the transient responce of the
photoinduced current. Charge transfer resistances were also investigated
using electrochemical impedance spectroscopy. Identification of
nanocomposite materials was carried out using Raman and FTIR
spectroscopy. This combination shows that there is a connection between
the original components. Raman spectroscopy shows that the peaks
obtained are characteristic of both titanium dioxide and graphene oxide.
At the same time, the I /I . ratio shows the reduction of graphene oxide
during hydrothermal synthesis. And FTIR spectroscopy shows that there
is a Ti-O-C bond below the 1000 cm™ mode.

The absorption ability also affects the increase in the photocurrent of
the nanocomposite material. Absorption spectra show a shift to the long-
wavelength region of light due to the transparency of graphene oxide in
the visible region.

The concentration of graphene oxide plays an important role in
increasing the efficiency of the nanocomposite material. In this work, the
concentration of the graphene oxide is equal to 7 wt% with respect to
titanium dioxide.

Keywords: nanocomposite material, titanium dioxide, graphene
oxide, hydrothermal synthesis, photocatalytic activity.
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Introduction

Titanium dioxide (TiO,) has attracted a lot of attention due to its unique
properties, such as high chemical stability, non-toxicity, low cost, highly efficient
photocatalytic activity, ease of synthesis, etc. [1-3]. Currently used in catalysts,
dye-sensitive solar cells, water splitting, water purification, optical sensors and
rechargeable lithium-ion batteries, etc. Among other semiconductors, it has such
advantages, but TiO, absorbs only in the UV region, since the band gap is about
3.0-3.2 V.

Therefore, to solve this disadvantage, various methods have been used to
improve them, for example, alloying with noble metals and nonmetals, sensitization
with dyes, semiconductor compounds and layered semiconductors [4—8].

Graphene, a planar, hexagonal arrangement of carbon atoms, was the starting
point in all calculations for graphite, carbon nanotubes and fullerenes. The
unique physical properties of graphene (high surface area, excellent conductivity,
mechanical strength, transparency in the visible spectrum, etc.) make it very
promising for use in various fields of science and technology, such as electronics,
energy, biotechnology, etc. Along with graphene itself, its derivatives are of great
interest: graphene oxide (GO), reduced graphene oxide and graphene doped with
nitrogen. Theoretical and experimental studies show that graphene doping opens
up new possibilities for the physics and chemistry of this unique material.

Over the past decade, papers have been published reporting the production of
complexes based on graphene and TiO, nanoparticles [9-11]. Thus, nanocomposite
materials based on graphene oxide and TiO, are synthesized by various methods
that show high adsorption capacity, high photodegradation of dyes, high efficiency
of hydrogen decomposition.

One of the important properties of obtaining nanocomposite materials is the
concentration of the initial components. The concentration of graphene oxide in
TiO, strongly affects the electrophysical, photocatalytic and optical characteristics
of the nanocomposite. There are many works using different concentrations in the
synthesis of nanocomposites. Studies in this direction have shown that the optimal
concentration is the ratio of 5 wt % graphene oxide to TiO, [12].

In this work, nanocomposite materials based on titanium dioxide and graphene
oxide with a concentration of carbon-containing material equal to 7 wt % relative
to TiO2 were prepared. Also, this work is an intermediate experiment, which
determines that the efficiency of graphene oxide concentration of 5 wt % is the
most optimal concentration for the application [13].

Materials and methods

To prepare 7 wt % nanocomposite based on TiO, and GO, the following was
performed: 70 mg of graphene oxide was mixed with 210 mL of deionized water
and 210 mL of ethanol. Then the suspension was sonicated for 1 hour. After that, 1
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g of TiO, was added. The resulting mix was sonicated and stirred progressively for
2 hours with 30 min for each step until a homogeneous suspension was achieved,
which shows a uniform light gray color. The suspension was then poured into
a Teflon-lined autoclave and left for 24 hours at 120 °C for the synthesis of the
composite. After cooling to room temperature, the suspension was filtered and
rinsed with deionized water several times. The resulting product was dried at a
temperature of 60 °C.

The film of nanocomposite material was deposited onto the surface of the
FTO substrates with the spin-coating method. The deposited paste was prepared
from synthesized powder and ethanol. After application and drying, the film was
annealed in the Ar atmosphere for 2 hours at a temperature of 450 °C.

Identification of the initial components in the nanocomposite material was
carried out using a microscope the Confotec MR520 microscope (Sol Instruments)
with a wavelength 632.8 nm laser excitation was used to register Raman spectra.
FTIR spectroscopy (FSM 1201, Infraspec) was used to record the IR spectra of
the composite material.

Results and discussions

Graphene oxide is characterized by two bands: D- and G-. The D-band of
about 1350 cm™! characterizes the degree of graphene defectiveness and is active
only if the defects participate in double resonance scattering near the Brillouin
zone [14]. The G-band is centered about 1590 cm™'. And TiO, of anatase structure
has six combinationally active peaks in the vibrational spectrum [15]. The ratio of
the intensities of D- and G-bands in the nanocomposite material was calculated to
be ID/IG equal to 1.4 for 7 wt %. The increase in ID/IG may be associated with
an increase in bond defects or the formation of a large number of small sp2-bound
carbon domains during the reduction process [16].

a) b)
Figure 1 — Raman (a) and FT-IR (b) spectra:
1 — graphene oxide, 2 - TiO,, 3 — TiO,-GO/3 %
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In the IR spectrum (Figure 1, b) of graphene oxide, there are bands
characterizing the fluctuations of oxygen-containing bonds: C-O (1095 cm™),
C-O-C (1261 cm™),C-OH(1454cm™), C=0 (1728 cm™'). An intense peak at 3441
cm! characterizes the fluctuations of OH groups in the composition of C-OH and
water. The peak at 1628 cm™ is associated with skeletal oscillations of graphene
oxide [17]. The same bands were registered in the spectrum. In a pure TiO, sample,
there is a low-frequency mode of about 500 cm!, which corresponds to the vibration
of Ti-O-Tibonds. Also, as can be seen from the spectrum, an intense band appears
around 3440 cm', which indicates that OH groups are adsorbed on the surface
of titanium dioxide particles. The TiO,~GO nanocomposite exhibits absorption
below 1000 cm™'. For the TiO,-GO nanocomposite, this band is very pronounced,
and its intensity increases with increasing GO concentration. This band is usually
considered as a combination of bands corresponding to the fluctuations of Ti-O-Ti
(695 cm™) and Ti-O-C (about 792 cm™) bonds [17]. This indicates that during the
hydrothermal reaction, graphene oxide interacts through the residual functional
groups of carboxylic acid with the surface hydroxyl groups of TiO, nanoparticles.

After the preparation of solid films of the nanocomposite material, the
absorption spectra, impedance spectra and transient characteristics of the
photocurrent of the nanocomposite material TiO,-GO and pure TiO, were studied.
The methods of sample preparation and the measurement technique are described
in detail in [18,19].

When studying the absorption spectra of nanocomposites, the data shown
in Figure 2 were obtained. It is known that the absorption spectrum of TiO,
manifests itself in the UV region of the spectrum of about 380 nm. Graphene and
its modifications are also absorbed in the UV range, and for graphene oxide, the
maximum of its absorption spectrum is 230 nm. At the same time, graphene oxide
films are practically transparent in the wavelength range from 400 to 800 nm [20].

When measuring the optical properties of the prepared films, it was found
that the absorption band of the semiconductor broadens into the visible range of
the spectrum in the nanocomposite material (Figure 2). A change in the absorption
spectrum in the long-wavelength region affects the width of the band gap of the
nanocomposite material, i.e. its decrease occurs.
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Figure 2 — Normalized absorption spectra of films:
1 - TiO,, 2 — graphene oxide, 3 — TiO,-GO/7 %

Next, the impedance spectra of the nanocomposite material were studied.
Impedance spectra in Nyquist coordinates based on films are shown in Figure 3a.
Based on the obtained impedance spectra, the main electric transport properties
of the films were calculated. The following parameters were determined: R, R ,
Kk > T, THE R, — charge-transfer resistance related to recombination of electron,
Rw — electron transport resistance in TiO,-GO, keff — effective rate constant for
recombination and t_,— effective lifetime of electrons [21].

Figure 3a shows that the diameter of the TiO,-GO/7 % film hodograph is
much smaller than that of TiO, films. This means that the studied samples have
a smaller amount of charge transfer resistance. The addition of graphene oxide
makes it possible to reduce the resistance values R, nR  of semiconductor samples.

In TiO,, the charge transfer resistance is equal to R,=2294.0 Ohms, and
in TiO,-GO/7 % is equal to R,=2696.8 Ohms. Thus, the data show that when
graphene oxide is added by 7 wt %, the charge transfer resistance decreases by 5
times. It is also seen that the Rw — in the film is 82.7 Ohms, which means that the
resistance to electronic transport is almost 1.5 times higher than in TiO,. This can
be explained by the fact that with an increase in the content of graphene oxide at
the «TiO,-GO/electrolyte» interface, the number of injected electrons increases,
which undoubtedly increases the rate of charge recombination. But in this case,
there is an increase in the resistance of electronic transport in the film itself between
the electrons. And the lifetime of electrons in a nanocomposite film shows that
the electrons are not in an excited state for a long time.
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a) b)
Figure 3 — Impedance spectra in Nyquist plots (a) and (b) Transient response of
the photocurrent of samples: 1 —TiO,, 2 — TiO -GO/7 %.

Table 1 shows the values of the electrophysical parameters of the TiO, film
and the nanocomposite material. Using the EIS—-analyzer software package, R,
and R are calculated, and k ; is determined by the maximum of the hodograph
arc using the formula w__ =k .. The thickness of the films was determined using
a TESCAN Mira3 scanning electron microscope.

Tabnuua 1 — Electric transport parameters of TiO, and TiO,-GO/7%

Sample K, s T p MS R,, Ohm R, Ohm
TiO2 13.895 72 2194.0 69.3
TiO,-GO/7% 1148.7 0.9 2696.8 82.7

The transient characteristics of the photoinduced current are shown in Figure
3, b. Photoelectric characteristics of TiO, and TiO,-GO/7 % with which their
photocatalytic activity can be estimated.

The magnitude of the photocurrent of a TiO,-based film is ~30 pA (Figure
3b). When the sample was irradiated, the magnitude of the photocurrent increased
by 2.5 times. Also, a high generation of photoinduced current for the first turn-on
cycle was recorded for nanocomposite films. Since the efficiency of photocatalytic
splitting of water into molecular oxygen and hydrogen will directly depend on
the magnitude of photoinduced electrons, it can be assumed that when using
synthesized nanocomposites, hydrogen generation will be higher compared to
other similar nanocomposites.

Conclusion

Samples based on TiO, and graphene oxide with the addition of 7 wt% were
prepared and their optical, photoelectric and electrophysical characteristics were
studied.
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Measurements of the optical characteristics of the synthesized material
showed that the absorption spectrum of the nanocomposite material corresponds
to the spectra of the initial components. At the same time, there is a slight shift
of the absorption band of the nanocomposite to the long-wavelength region. The
transient characteristics of the photocurrents show an increase in the photoinduced
current of the nanocomposite material. Studies of impedance spectra have shown
that when graphene oxide with a concentration of 7 wt % is added, it has the
opposite effect, i.e. the resistances of nanocomposite films increase. This work
shows once again that there is an optimal concentration of graphene oxide. In
previous studies, it was shown that the optimal concentration is 5 wt % [13]. This
work was carried out while searching for such a ratio and these results do not
affect any previous experiments.

Thus, when determining the optimal concentration, such ratios as 1,3,5,7,10
wt % [21] of graphene oxide with respect to TiO, were chosen. A comprehensive
study of these samples shows that the best effect in terms of electrophysical and
photocatalytic characteristics shows 5 mass %.
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I'PA®EH OKCUJAIHIH HAHOKOMITO3UTTIK MATEPUAJIIBIH
DOOTOKATAJIUTUKAJIIBIK BEJICEHAIVIITTHE 9CEPI

Amanmvie  olcymvicma  muman  JcoHe  2pagen  okcuomepite
He2iz0es12eH HAHOKOMNO3UMMIK MAmepuaiovly (omoxamaiumuKaibiy
bencenoiniei 3epmmenodi. Ynei eudpomepmusiivls cuHmes 90ICiMeH
anvinovl. Hanoxkomnoszummepoiy @omokamaniumuxanvl, OenceHoiniel
domoundykyusianean MoKmMuly OmMNeni cunammamanapvl OoubIHUA
anvinovl. CoHOati-ax 2eKmpOXUMUSLIbIK UMREOAHC CNEKMPOCKONUACHIHbIY
KOMeziMeH 3apsomol maculmanoay Kedepeici 3epmmenoi.
Hanoxomnosummix — mamepuandapovt  anvikmay — Kombunayusineix
wawvipay dscone UK @ypve mypieHOipy cnekmpocKonusiapsl apKblibl
grcyseze  acvipvliobl. OcblHOAl KOMOUHAYUSIBIK 3epmmey 0acmankl
KOMNOHeHmmep  apaceiHoa  bainanvic  6ap  ekewin  Kepcemeoi.
Kombunayusnvlx wawvlpay cnekmpocKonusacsl Homuoicecinoe naiod
bonean wblHOap Muman OUOKCUOI MeH 2pageH OKCUOIHe MOH eKeHiH
kopcemedi. byn ocazoaida I /I.  Kamwvinacer 2u0pomepmusnbiK
cunmes Kesinoe epagpen OKCUOIHIH KAInblHA Kenmipyin kepcemeodi. UK
cnexkmpockonusicol 1000 em™! mooacvinan memen Ti-O-C 6atiranvicol 6ap
eKeHiH Kepcemeoi.

Hanoxomnosummix mamepuanovly @omoazvinbiHbIY
JIc02apulIaybliHa deymy Kabiiemi Oe ocep emeoi. JKymoliny cnekmpiepi
KOpiHemiH auMakmasavl 2pager OKCUOIHIN MONIOIPIIcl APKbLIbL HCAPLIKIMbIH
Y3bIH MOJKBIHObIK, AUMABbIHA AYbICYbIH KOpCemeoi.

I'pagen  oxcudiniy ~ KOHYeHmMpayuscbl  HAHOKOMNOIUMMIK
Mamepuandvly MUiMOLNIZIH apmmulpyod YIKeH pen amkapaovl. byn
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Jrcymeicma  epagher OKCUOIHIY KOHYESHMpAyusicol Muman OUOKCUOIHe
Kamvicmol 7 macca % Kypauobl.

Kinmmi coe3zdep: nanokomnozummix mamepuan, muman OUOKCUOI,
epagen  okcuodi, 2uOpPOMEPMUANLIK CUHME3, QOMOKAMATUMUKALBIK,
bencenoinix.

*A. JK. ZKymaovexoe'
'TopaiirsipoB yHuBepcuteT, Pecniybnuka Kasaxcras, r. [laBmozgap.
Martepuan noctynun B pefakuuio 16.05.23.

BJIUSHUE OKCUJA TPAOEHA HA ®OTOKATAJIUTUYECKYIO
AKTUBHOCTb HAHOKOMIIO3UTHOI'O MATEPUAJIA

B oannoii pabome uccredosana pomoxamanumuueckas akmueHoCmy
HAHOKOMNO3UMHO20 MAmMepuanld Ha OCHO8e OKCUO08 MUMAHA U
epagena. Obpaszey ObLL NOTYUEH MEMOOOM SUOPOMEPMATIbLHO20 CUHMESA.
DomoakmanumuiecKkas akmueHOCMb HAHOKOMNO3UMOE ObLIU NOJYYEHbl
N0 NEpexOOHbIM XAPAKMEPUCUKAM (HOMOUHOVYUPOBAHHO20 MOKA. A
MaKice ¢ ROMOWbIO DNEKIMPOXUMUUECKOL UMNEOAHCHOU CReKMPOCKONUell
ObLIU UCCTIEO08AHBI CONPOMUBTICHUSL NepeHoca 3aps006. Moenmuguxayuro
HAHOKOMARO3UMHBIX MAMepUanos nposoounu ¢ nomowwpro Paman u UK
¢ npeobpazosanuem @Dypve cnekmpockonuu. JanHas KoMOUHayuUs
NOKa3bleaem, Umo UMeemcs C6:i3b MeHCOY UCXOOHBLMU KOMHOHCHMAMU.
Paman cnekmpockonus nokazvieaem, 4mo noay4eHHble RUKU XAPAKMEPHbL
Kak 011 OUOKCuOa mumana maxk u oas oxcuoa epagena. Ilpu smom
coomnowenue I /I . noxasvieaem soccmanosienue okcuoa epagena npu
euopomepmanvhom cunmese. A HK-cnekmpockonus nokazvléaem, umo
umeemcs ceszv Ti-O-C Huoce moder 1000 em.

Ha ysenuuenue pomomoka HAHOKOMNO3UMHO2O —Mamepuand
makoice uusiem abcopoyuornas cnocobnocmys. Cnekmpuvl NO2IOUEeHUS.
nokazvleaiom cogue 6 OIUHHOBOTHOBYIO 001ACMb Cc8ema 3a cuem
npO3PAYHOCIMU OKCUOA 2paghena 8 8UOUMOLL 0bIacmu.

Bonvuyro pons 6 nosvluenuu 3¢hpexmusHocmu HAaHOKOMNO3UMHO20
Mamepuana uepaem KoHyenmpayus okcuoa epagpena. B oannoi pabome
KOHYeHmpayus oxcuda epagpena pasna 7 macc % nO OMHOWEHUIO K
OUOKCUOY MUMAHA.

Knrouesvle cnosa: HaHOKOMRo3ummublil Mamepuas, OUOKCUO MUmand,
oKkcud epaghena, 2UOPOMEPMANbHLIU CUHME3, QOMOKAMAIUMULECKAL
AKMUBHOCb.
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