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Synthesis and study of photoelectrical properties of planar
ensembles based on TiO, and graphene oxide

In this paper, planar structures of various configurations based on TiO, and graphene oxide are synthesized.
Using SEM, it is shown that graphene oxide forms an insular film both on the surface and under the TiO, lay-
er during deposition. As well as SEM images show that TiO, nanoparticles on the surface of graphene oxide
are distributed as evenly as on the surface of FTO glass. The absorption spectra of synthesized films are a
combination of the absorption curves of the original components. In this case, there is a shift of the absorption
band of the planar structure nanocomposite to the longwave region. It is shown that in planar ensembles, the
photoelectrochemical activity of films is higher only for the first lighting cycle. Research shows that the
amount of graphene oxide affects not only the optical and photoelectrochemical properties, but also the elec-
trical parameters. The latter, in turn, show that the resistance decreases by 1.3 times in the planar structure of
graphene oxide with 30 layers. It was found that in planar structures of nanocomposite materials, the location
of graphene oxide also affects the overall properties of the material. Research shows that the best indicators
of photoinduced current generation are registered for the FTO/GO/TiO; structure. Thus, a nanocomposite ma-
terial in a planar structure based on TiO, and graphene oxide depends on the architecture of the location and
deposited volume of graphene oxide.

Keywords: semiconductors, graphene oxide, TiO,, planar structure, SEM image, photoinduced current, im-
pedance spectra, photocatalysis.

Introduction

Titanium dioxide (TiO,) is one of the most affordable photocatalysts due to its physicochemical proper-
ties. This semiconductor is distinguished by its strong oxidizing ability, non-toxicity, high chemical stability,
photoconversion efficiency and photostability. Currently, it is a very attractive material for photocatalysis,
photovoltaics, and optoelectronics. [1-3].

Graphene and its derivatives are very popular due to their electronic, mechanical, thermal and optical
characteristics [4-6]. Graphene has found application in nanoelectronics, chemical and biochemical sensing,
photocells and in photocatalysis [7-9].

Currently, graphene oxide (GO) is a very promising material for the development of hybrid structures
that can combine the properties of both GO and nanosized particles of metal oxide. Hydrothermal synthesis
is often used to create these structures. The resulting materials have higher photoelectric,
photoelectrochemical, and catalytic properties [10—13] compared to the initial semiconductor.

When used in photocatalytic cells, semiconductor nanoparticles easily form agglomerates in which the
generation and transport of charge carriers to the pick-off electrodes decreases. When using graphene oxide,
Ti0O, nanoparticles are uniformly distributed over the surface of graphene «sheets» and easily form chemical
bonds along the folds of their folds or other defects. The result is a material with improved photocatalytic
and photodetecting parameters [14].

In this paper, we propose a method for preparation of planar nanocomposite material based on films of
graphene oxide and TiO,. It is assumed that the addition of graphene oxide to the TiO, will improve the
photoelectrochemical properties of the semiconductor, which can be used to increase the efficiency of the
photocatalyst based on it.

Experiment

To prepare a material with a planar structure, single-layer graphene oxide (GO, Cheaptubes) and TiO,
(d>21 nm, anatase, 99.7 %, Sigma Aldrich), deionized water (purified using the AquaMax water treatment
system), ethanol (anhydrous) were used. The films were deposited on the surface of glass substrates coated
with a FTO conductive layer (Fluorine doped tin oxide coated glass slide, ~ 7Q / sq, Sigma Aldrich).

Graphene oxide films were prepared by airbrushing from water-isopropanol dispersion. The preparation
of the GO water-isopropanol dispersion was performed as follows: 4 mg of graphene oxide was mixed with
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1.8 ml of isopropanol (CsHgO) and 0.4 ml of deionized water. The resulting mixture was sonicated for
2 hours. For film deposition, a graphic airbrush was used, the nozzle diameter of which was equal to 0.2 mm.
The resulting films were dried at 80 °C in an oven for at least 3 hours to completely remove the solvent.

TiO, semiconductor films were deposited on the surface of FTO substrates by spin-coating method
from ethanol-based paste at a substrate rotation speed of 3000 rpm.

To create a planar structure, 2 types of samples were prepared. In the first type, the GO film was
sprayed directly onto the FTO surface, and a semiconductor film was deposited over it. In the second type,
thin films of graphene oxide were deposited on top of a TiO, film. The thickness of the graphene oxide films
was different — 2 and 30 layers. The prepared samples of the first type (FTO/GO/TiO; structure) with 2 lay-
ers of graphene oxide are denoted as la, and with 30 layers as 1b. Samples of the second type
(FTO/Ti0Oy/GO structure) with 2 layers of graphene oxide marked as 2a and with 30 layers — as 2b. Next,
the obtained films were annealed in an Ar inert atmosphere at 450 °C.

The surface morphology of the obtained composite materials was investigated using a Tescan Mira-3
(Tescan) scanning electron microscope (SEM).

The optical properties of the films were recorded using a Cary-300 spectrophotometer (Agilent). To
measure the optical characteristics of the film, they were deposited on quartz substrates. To study the kinetics
of transport and recombination of charge carriers, the samples were illuminated with a xenon lamp with a
radiation power of 100 mW/cm” (Cell Tester Model#CTAAA, Photo Emission Tech. Inc., USA) in a stand-
ard two electrode cell. Z-500PRO impedance meter (Elins) was used for this purpose. The amplitude of the
applied signal was 25 mV, and the frequency was varied from 1 MHz to 100 MHz. Platinum films deposited
by the electrochemical method from an ethanol solution of H,PtCls onto glass substrates with a conductive
layer of FTO were used as counter electrode. The electrodes were glued together. Meltonix polymer film was
used as a gasket between the working and counter electrode in the cell. Iodolyte was used as the electrolyte.
The area of the illuminated area was equal to 0.16 cm’. In all samples, the electrolyte volume in the cells, as
well as the thickness and area of the films were the same. The measured impedance spectra were analyzed
using the EIS analyzer program. The equivalent electrical circuit of the electrochemical cell used for analysis
was shown in ref. [15].

The transition photocurrent characteristics of the obtained materials were studied by recording the pho-
tocurrent in a standard three electrode photoelectrochemical cell with a quartz window on a P-30J
potentiostat-galvanostat (Elins). Ag/AgCl electrode was used as a reference. The radiation source was served
a diode lamp with a power of 35 mW/cm”. The studied samples were deposited by centrifugation on the sur-
face of substrates with FTO, which were connected to the working electrode. A platinum electrode was con-
nected to the negative potential. The measurements were carried out in an electrolyte of 0.1 M NaOH.

Results and its discussion

During the study of the structural characteristics of the synthesized samples by using of SEM
(Figure 1), it was found that in planar structures, as in samples of pure TiO,, titanium dioxide particles are
aggregated.

Figure 1. SEM image of planar structures

From SEM images of films la and 2a, in which the thickness of the graphene oxide films was equal to
2 layers, it can be seen that GO is deposited in the form of an island film. In the film with 30 layer of GO,
graphene oxide almost completely covers the substrate. At the same time, «folds» and «wrinkles» that are
formed during the deposition of graphene oxide are clearly distinguishable on the surface of TiO.,.
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The data, obtained under study of optical characteristics, are shown in Figure 2. It is known that
the absorption spectrum of TiO, appears in the UV region of the spectrum at about 380 nm. Graphene oxide
also absorbs in the UV range; its absorption spectrum reaches a maximum at 230 nm. In this case, GO films
are almost transparent in the wavelength range from 400 to 800 nm [16, 17].

In the planar structures of GO/TiO, and TiO,/GO the absorption band of the semiconductor broadens to
the visible spectral range up to 510 nm (Figure 2). It is also seen that the nanocomposite actively absorbs
light in the UV region of the spectrum. Previously, it was shown in refs. [12, 18] that the semiconductor band
gap changes in the nanocomposites. This contributes to a wider spectral sensitivity of nanocomposite materi-
als, as well as improving their photoelectrochemical properties.
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Figure 2. Normalized absorption spectra of films of: | — TiO,; 2 — la,3 — 1b,4 —2a,5 —2b

Next, the photoelectric characteristics of TiO, and planar structures were studied, with the help of
which their photocatalytic activity can be estimated. The photoinduced current values was measured for
20 seconds when the light was turned on and off cyclically.

The photocurrent of a TiO, — based film was equal to ~23 pA (Figure 3a). When sample 1b was irradi-
ated, the photocurrent was increased of 1.5 times. Also, a high photocurrent generation for the first switching
cycle was recorded for films 1a, where the film thickness of graphene oxide was 2 layers. Thinner films gen-
erate a little less current. At the same time, for samples where graphene oxide was deposited on top of the
conductive layer, the parameters were lower on 10 %.

Since the efficiency of the photocatalytic splitting of water into molecular oxygen and hydrogen will di-
rectly depend on the number of photoinduced electrons, it can be assumed that when using planar structures
based on TiO, and graphene oxide, hydrogen generation will be higher compared to other similar
nanocomposites.
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Figure 3. Transient characteristics of the photocurrent (a) and impedance spectra
in the Nyquist plot (b) of films: 1 — TiO,; 2 — la, 3 — 1b,4 — 2a, 5 — 2b.
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It should be noted that lower photocurrent generation for thinner graphene oxide films is related to their
structure. As was shown earlier in [19], thin GO films are inhomogeneous, which leads to large values of the
transport resistance of charge carriers. Nevertheless, it can be unequivocally stated that the presence of
graphene oxide in the planar structure leads to an increase in the photocatalytic activity of semiconductor
coatings. It is much more efficient when graphene oxide is located under a TiO, layer.

Further, the electrophysical characteristics of planar structures and nanocomposite material were
studied. The impedance spectra in the Nyquist coordinates based on the films are presented in Figure 3b.
Based on the obtained impedance spectra, the main electric transport properties of the films were calculated.
Parameters, such as R, — charge-transfer resistance related to recombination of electron, R, — electron
transport resistance in TiO,-GO, k.; — effective rate constant for recombination and z,; — effective lifetime
of electrons [20] were obtained.

Figure 3b shows that the diameter of the hodograph of a TiO, film is smaller than that of most other films.
This means that the studied samples have a smaller amount of charge transfer resistance. The addition of
graphene oxide makes it possible results in lower the resistance values R and R,, of semiconductor samples.

Table 1 shows the values of the electrophysical parameters of the TiO, film and planar structures. Using
the EIS — analyzer software package, R; and R,, w are calculated, and k. — is determined by the maxi-
mum of the hodograph arc according to the formula ®,,,» = ks The film thickness was determined using a
TESCAN Mira3 scanning electron microscope.

Table 1
The value of the electrophysical parameters of TiO, films and planar structures
Sample Kegr, S Tefr, MS Ry, Ohm R,, Ohm
TiO, 13.895 72 2194.0 69.3
la 5,1795 193 2327,9 1221,8
1b 3,7276 268 3693,7 11,8
2a 2,6827 373 6274,8 30,8
2b 2,6827 373 5185,2 54,8

In the sample 1a, the charge transfer resistance is R, = 2327.9 Ohms and is the smallest value among
planar structures were obtained. But R,, in this film is equal to 1221.8 Ohms, which means that the resistance
to electronic transport in the film is very large compared to other samples. With an increase in the number of
graphene oxide layers to 30, the charge transfer resistance also increases by 1.6 times. Nevertheless, this
sample characterizes the best electrophysical parameters compared to other planar structures.

When the GO film was deposited onto TiO,surface, the resistance of both charge transfer and electron
transport of such a structure were also increased. In sample 2a, R; = 6274.8 Ohms and in 1.7 times more than
in sample 1b. Also in sample 2b, the value of the charge transfer resistance is R; = 5185.2 Ohms, which is in
1.4 times higher than the value for the more optimal sample 1b. Thus, it was shown that the architecture of a
planar nanocomposite (the location of GO on the surface or under TiO,) affects its electrophysical parame-
ters. At the same time, improved properties show samples where GO films are deposited between TiO, and
FTO. However, when graphene oxide is added to TiO, in planar structures, the electrophysical characteristics
do not decreases with respect to resistance. This is due to the high resistance values of graphene oxide itself.

Conclusion

Samples based on graphene oxide and TiO, were prepared in the form of a planar structure and their
photoelectric and electrophysical characteristics were studied. SEM studies have shown that graphene oxide
forms an island film during deposition, both on the surface and under the TiO2 layer. SEM images clearly
show graphene oxide sheets. Measurements of the optical characteristics of the synthesized material showed
that the absorption spectrum of planar structures corresponds to the spectra of the starting components.
In this case, a slight shift of the absorption band of the nanocomposite to the long-wavelength region was
observed. The transient characteristics of the photocurrents of planar structures show an increase in the
photoinduced current only for the first illumination cycle, and in the future the photocurrent decreases. Stud-
ies of the impedance spectra showed that the addition of graphene oxide in the form of a planar structure
does not contribute to a decrease in the resistance of semiconductor films due to the high resistance value of
graphene oxide itself.
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The results can be used for development of photocatalytic materials for the UV and visible spectral
ranges, as well as relevant in areas requiring photodegradation of organic compounds.
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TiO, :xoHe rpadeH okcUi Heri3iHaeri MIAHAPJIBIK aHCAMOJIbEPAiH
(oTo3JIEKTPIIIK KacueTTepPiH 3epTTey KIHe CHHTEe3Iey

Maxkamnana TiO, >xoHe rpadeH OKCHII HeTi3iHAe apTYpIli KOHGUTYpaIMsUIBI ITAHAPIIB! KYPBUIBIMIAp CHHTE3-
nenaren. COM kemerimer rpaden okcuai To3anmaraHma TiO, KaGaThIHBIH acThIHAA apajablK IUICHKAHBI
ty3eni. Connaii-ak, rpaden oxcuai 6erinne TiO, nHano6emmexrepi FTO mbiHbl Getinae Gipkenki GemiHreH.
CuHTe3enre ieHKaNapAblH CiHIpY CIEKTpliepi GacTankbl KOMIOHEHTTEPAIH CiHIpY KHCBIKTapBIHBIH KOM-
OuHatwschH Oinaipeni. by perre sxocnapiibl KypbUIBIMHBIH HAHOKOMIIO3UT XKYTY JKOJIAFbIHBIH Y3bIH TOJIKBIHIBI
aiiMakka aybICybl OaiikarraH. [maHapIbIK aHCAMOIIBIEPIC TUICHKATAPIBIH (POTOIEKTPOXUMHISIIBIK OCICeHIUTIr
JKAPBIKTAHIBIPYABIH OIpiHIII IWKII YIIIH FaHA XKOFaphl eKEH/Ir KOPCeTUIreH. 3epTTey HOTIKECI KOPCETKeHEH,
rpa)eH OKCHAIHIH CaHBI ONTHKAJIBIK XoHE (OTONICKTPOXUMISIIBIK KacHeTTepre FaHa eMec, COHBIMEH Karap
2JIEKTp TmapamMeTpiiepine ae acep eremi. COHFbUIaphl 63 Keserinae, 30 KadaTThl rpad)eH OKCUIIHIH )KOCTIAPIIBI
KypbUlbIMbIHAA 1,3 ece KenepriHiH asaiifaHblH KepceTTi. HaHOKOMIIO3MTTI MarepHalIaplblH IUIaHAPJIbI
KYpbUIBIMIAApbIHAa rpadeH OKCHIIHIH OpHaNacybl [a MaTepUalibIH JKallbl KAaCHETTEpiHEe ocep eTeTiHi
anpiktanFad. FTO/GO/TiO, KypbUlbIMBlL YIIiH (OTOMHIYLMPIICHTEH TOK TI€HEPALMSACHIHBIH €H JKaKChI
KepceTKimTepi TipkenreHiH kepcerkeH. Ocburaiimia, TiO, jkoHe rpadeH OKCHIl HeTi3iHAeri MIaHapIIbIK
KYPbUIBIMIarbl HAHOKOMIIO3UTTIK MaTepual OpHaJacy apXUTEKTypachlHa KOHE rpadeH OKCHAI KarbUIFaH
KeJleMiHe OailJIaHBICTHI.

Kinm ce30ep: sxapThuiait eTkisrimtep, rpaden okcumi, TiO,, mmaHapielK KypsutelM, COM cyperi,
(hOTOMHIYIUPIIEHTeH TOK, IMIEIAHC CIIEKTPi, (hOTOKATAIHU3.

A. K. Kymabekos, A.E. CagsixoBa, E.B. CenuBepcToBa

CuHre3 u nccienoBanne (pOToITEKTPUUYECKUX CBOMCTB
IUIaHAPHBIX aHcamOJieid Ha ocHoBe TiO, u okcuaa rpadgena

B crarse cuHTE3MpOBaHBI INIAHAPHBIE CTPYKTYPHI pa3iimdHoON KoH(urypammu Ha ocHoBe TiO, M okcuaa rpa-
¢ena. [Tpn momomm COM nokaszaHo, YTO NPH HAITBUICHUH OKCUA rpadeHa GopMUpyeT OCTPOBKOBYIO IUICHKY
KaK Ha MOBEPXHOCTH, TaK U noA cioeM TiO,. A tarke COM-n300pakeHHs MOKA3bIBAIOT, YTO HAHOYACTHUIIBI
TiO, Ha moBepxHOCTH OKcHIa rpadeHa pacnpeneneHsl Tak )Ke PaBHOMEPHO, Kak M Ha nosepxHoctd FTO
crexia. CreKTpbl MOMIOMEHUS CHHTE3UPOBAHHbIX IUICHOK HPEJCTABIAIOT KOMOMHAIMIO KPUBBIX HOTJIOLIC-
HMS MCXO/IHBIX KOMIIOHEHTOB. IIpH 3TOM HabII0AaeTCs CIBUI HOJIOCHI MOIVIOLIEHNS] HAHOKOMIIO3UTA TIaHap-
HOU CTPYKTYpHI B JUITMHHOBOJHOBYIO 001acTh. [lokazaHo, 4TO B IUIaHApHBIX aHCAMOISIX (OTODIEKTPOXUMH-
Yyeckast aKTHBHOCTH IIIGHOK BBIIIE TOJBKO JUIS ITEPBOTO UKIJIA ocBemieHus. [1o pesympraTaM mccienoBaHus
BUJIHO, YTO KOJIMYECTBO OKCHIA rpa)eHa BIMSIET HE TOJIHKO Ha ONTHYECKHE M (DOTOINIEKTPOXHUMHUUECKUE
CBOIfcTBa, HO M Ha DJIEKTPUUECKHE IapaMeTprl. Ilociennue, B CBOIO 04epenb, IIOKa3bIBAIOT, YTO MPOUCXOIUT
yMeHbLICHHEe conpoTHBieHus B 1,3 pa3a B miaHapHoi# cTpykType okcuaa rpadena ¢ 30-m cioem. YcraHoB-
JIEHO, 4TO B IUIAHAPHBIX CTPYKTYPaX HAHOKOMIIO3UTHBIX MAaTepUaOB PACIIOIOKEHHE OKcua rpad)eHa TakKe
BIIMSIET Ha oOLIMe cBoiicTBa MaTepuana. OnpeneneHo, uto s crpyktypbl FTO/GO/TiO, 3apeructprupoBaHbl
HaWIy4llke NOKa3aTesM TeHepauun (GOTOMHIYLIMPOBAHHOIO TOKa. TakuM 00pa3oM, MOXKHO 3aKJIIOUUTh, YTO
HaHOKOMITO3UTHBIN MaTepHall B IUIAHAPHOH CTpyKType Ha ocHoBe TiO, U okcuaa rpadeHa 3aBUCUT OT apXu-
TEKTYpHI PAacIOJIOKEHHS 1 HAHECEHHOT0 00beMa OKCH] rpadeHa.

Kniouesvie crnosa: noaynpoBoaHUKH, oKcHI rpadena, Ti0O,, manapuas ctpykrypa, COM-u3obpaxenue, ¢o-
TOMHAYIIUPOBAHHBINA TOK, UMIICJAHC-CIICKTPBI, (JOTOKATAIIH3.
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