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Photocatalytic water splitting of nanocomposite
materials based on TiO, and rGO nanorods

The paper presents the results of a study of films formed by titanium dioxide nanorods and deposited on their
surface of reduced graphene oxide by electrochemical deposition. Nanostructured films based on TiO,
nanorods were prepared in a 100 ml stainless steel autoclave with a fluoroplastic insert from a solution con-
taining 35 ml of deionized water (H,0), 35 ml of hydrochloric acid (HCl) (36.5 %, Sigma—Aldrich) and
0.25 ml of titanium butylate C;cH340,4Ti (97 %, Sigma—Aldrich). The addition of reduced graphene oxide to
the structure of titanium dioxide nanorods increases the specific surface area of nanostructures from
29.3 m%g to 63.1 m*/g. Calculations based on the film impedance spectra have shown that the optimal depo-
sition time of reduced graphene oxide on the surface of TiO, nanorods is 3 minutes, since it has a low recom-
bination coefficient and a long electron lifetime. Studies of the photocatalytic activity of nanomaterials and
registration of the released hydrogen and oxygen gases have shown that when the films are irradiated for
5 hours, the amount of hydrogen released varies from 50 to 225 mmol/cm?.
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Introduction

Hydrogen is practically not found on Earth in its pure form and must be extracted from other com-
pounds using various chemical methods. According to the source [1], 75 million tons of hydrogen are con-
sumed annually in the world. Moreover, three-quarters of it is carried out by steam conversion of methane
and natural gas, and this consumes about 205 billion m® of gas. Almost everything else is obtained from coal
and only 0.1 % (~100 thousand tons) is extracted by splitting water by electrolysis or in
photoelectrochemical cells and solar thermochemical systems. Sunlight can be used to directly produce hy-
drogen from water using modern photoelectrochemical, thermochemical, and photobiological processes. Di-
rect use of sunlight is the most efficient way to produce hydrogen, as it avoids energy losses. According to
the European Commission, the main investors in the development of hydrogen energy were the United States
(~$500 million), Japan (~$300 million) and the EU countries (~$230 million). The leading countries also
include South Korea (~$100 million) and China (~$60 million). In the future, the main regions for fuel cell
sales are India, China, and Africa, where the development of the telecommunications market is largely con-
strained by an imperfect power supply system. In the countries of the former USSR, including Kazakhstan,
investments in the development of hydrogen energy are very small. Therefore, conducting fundamental re-
search that will generate new scientific information can contribute to the development of hydrogen produc-
tion technologies in our country.

In the process of photodegradation of water, there is a need to create highly efficient photocatalysts that
can absorb solar radiation and divide the water molecule into hydrogen gas and oxygen.

For effective photocatalytic splitting of water, photocatalysts are used, the band gap of which should
cover the oxidation potentials of water, which are +0 and +1.23 V with respect to the normal hydrogen elec-
trode (NHE) at pH= 0. Such photocatalysts include wide-band semiconductors such as ZrO,, ZnO, TiO,,
WOs [2, 3], perovskite materials of the composition CaTijesCug 203, Rh/Ta/F: SrTiO;, Cr/Ta/F: SrTiOs,
etc. [4].

Among the listed photocatalysts, titanium dioxide (TiO,) occupies a special place due to its physical,
optical, electrical and photocatalytic properties. Using various synthetic approaches, it is possible to obtain
zero-dimensional, one-dimensional and two-dimensional nanostructures of titanium dioxide [5-7]. Its one-
dimensional formations, such as nanorods, have a number of advantages over zero-dimensional and two-
dimensional ones. 3—dimensional electron transport is carried out in films made of TiO, nanoparticles.
The features of agglomeration of dioxide nanoparticles during thermal annealing significantly affect the pos-
sibilities of electronic transitions between them. Non-intensive chemical binding leads to a decrease in the
efficiency of electron transport. In view of this, when using TiO, nanorods in the process of photocatalytic
decomposition of water, it is possible to expect a preferential transport of electrons along their walls, which
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will reduce the transfer time from the charge carrier generation centers to the chemical reaction boundary,
and also, when optimizing the design will allow to achieve a smaller number of surface defects. In addition,
TiO, nanorods in controlled synthesis may have a higher specific surface area than spherical nanoparticles.
However, a significant disadvantage of TiO, nanorods is its wide band gap (about 3.2 eV), which indicates
the absorption band only in the ultraviolet region of the electromagnetic wave. Increasing the sensitivity of
such films in the visible region can be achieved by using hybrid nanostructures, for example, in combination
with graphene. To date, graphene (a monatomic layer of graphite) nanostructures are promising materials for
use in photovoltaics, electronics, photocatalytic water splitting and in systems for cleaning from organic pol-
lutants [8—11]. Grapheme is optically transparent, chemically functional, has a high mobility of charge carri-
ers and the value of the specific surface area. The production of graphene nanostructures is well studied and
it can be easily obtained by the well-known Hammer method [12]. In practice, graphene oxide is often syn-
thesized. However, for the transport of electrons through the material, it is necessary to restore the sp” aro-
matic structure of graphene oxide, which results in reduced graphene oxide. Often, recovery occurs by chem-
ical, photochemical, and hydrothermal methods [13—15]. The use of graphene nanostructures in semiconduc-
tor films made of titanium dioxide nanorods will improve the separation of electron-hole pairs, increase the
absorption capacity of semiconductor films in the visible region of the electromagnetic wave, and lead to an
increase in the specific surface area of nanostructures as a whole. These factors are expected to significantly
improve the photocatalytic activity of the films.

Experimental

Nanostructured films based on TiO, nanorods were prepared in a stainless steel autoclave with a
fluoroplastic insert. A solution containing 15 ml of deionized water, 15 ml of HCI (36.5 %, No. 320331,
Sigma—Aldrich) and 0.25 ml of titanium butylate C;sH304Ti (97 %, No. 244112, Sigma—Aldrich) was
poured into a 50 ml fluoroplast insert. TiO, nanorods were synthesized on FTO substrates (7 ohms/cm?”, No.
735167, Sigma—Aldrich), previously purified by ultrasound treatment in a mixture of deionized water, ace-
tone and 2-propanol (volume ratio 1 : 1 : 1) for 30 min. The prepared FTO substrates were then placed in the
autoclave with the conductive side down. The temperature treatment was carried out in a convective furnace
(8,2/1100, SNOL). The furnace temperature and the synthesis duration are 200 °C in the range from 100 °C
to 200 °C and from 6 to 24 hours, respectively. The resulting samples were washed with deionized water and
dried at room temperature. The samples were then calcined at a temperature of 500 °C for 2 hours in air.

Further, to obtain the NR TiO,/rGO composite material, commercial rGO powder (Reduced Graphen
Oxide, Cheaptubes Inc.) was delaminated in 0.1 M pH 9.32. phosphate buffer solution (PBS, Na,HPO,, and
NaH,P0O,) and treated in an ultrasonic bath for 90 min to form a brown colloidal RGO dispersion with a con-
centration of 0.5 mg/ml. The deposition was carried out using a three-electrode system (HC TiO, as the
working electrode, Pt foil as the counter electrode, and Ag/AgCl electrode as the reference electrode) at the
ELINS electrochemical plant (R-20XV, Russia). The number of graphene oxide sheets deposited was con-
trolled by a deposition time of 1 to 15 minutes. After precipitation the NR TiO,/rGO composite material was
washed with ethylene glycol and deionized water and then dried at room temperature.

Images of the sample surface were obtained using a scanning electron microscope (SEM) (MIRA 3
LMU, Tescan). The voltage at the accelerating electrode was 20 keV.

Spectrophotometric measurements were carried out on an automatic scanning spectrophotometer Solar
CM 2203 (Solar) in the wavelength range of 250—-800 nm with a spectral resolution of 0.5 nm.

The textural characteristics of synthesized samples were calculated on the basis of nitrogen adsorption and
desorption isotherms at a temperature of 77K obtained at the quantachrome volumetric unit («Sorbi», USA).
The specific surface area of the samples was estimated by the Brunauer-Emmett—Taylor method (BET).

A photoelectrochemical cell was used to record the released hydrogen. The cell window is quartz
(Minihua Store). The opposite electrode is platinum. The solutions were separated using a Nafion filter.
Nanostructures of titanium dioxide and graphene oxide were used as the working electrode. Both sides of the
cell were pre-purged with a stream of argon gas. Then, when the sample was irradiated, samples were taken
and identified on an Agilent gas chromatograph (Lomonosov Moscow State University).

Based on the obtained impedance spectra for the films the electrophysical parameters of the Z-500PRO
impedance meter (Elins, Russia) were calculated when irradiated with a xenon lamp with a power of 100
MW/cm?. The amplitude of the applied signal was up to 25 mV, and the frequency range was from 1 MHz to
100 MHz. Platinum coatings used as the opposite electrode were deposited from an ethanol solution of
H2PtClI6 by electrochemical method on glass substrates with a conductive layer of FTO. The electrodes were
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glued together. A polymer film Meltonix (Solaronix, Switzerland) with a thickness of 25 microns served as a
spacer between the working electrode and the removal electrode in the solar cell.

Results and discussions

Figure 1 shows the surface morphology of NR TiO, films. As can be seen from the figure, before the
deposition of graphene oxide nanolayers, the film consists of titanium dioxide nanorods. The average length
of the nanorods disoriented with respect to the substrate surface in this case was ~120 nm and the average
diameter ~ 43 nm (Fig. 1a).

A-clean; b-1 min.; ¢-3 min.; d-5 min..

Figure 1. SEM images of the NR TiO,/rGO nanocomposite

When the deposition time is about 1 minute, graphene oxide sheets are formed on the surface of the NR.
Graphene oxide is dispersed over the entire surface of the TiO, NR, which can form a conducting network
between them. With an increase in the duration of the deposition process to 3 and 5 minutes, the number of
deposited sheets increases, and with a 5 minute deposition the surface is completely covered with graphene
oxide flakes. This will allow the TiO, NR to inject its photogenerated electrons into the graphene oxide
sheets under the action of light, ensuring their efficient transport to the FTO layer and further registration of
the photocurrent.

The study of the specific surface area of nanocomposite materials was carried out by the method of low-
temperature nitrogen adsorption. To do this, the nanocomposite material is separated from the substrate. If
necessary, the process was repeated until sufficient mass was obtained to change its specific surface area.
The samples were thermotrained at a temperature of 95°C for 180 minutes in the «SorbiPrep» pretreatment
unit with a constant flow of adsorbate gas at a speed of 2 I/min. The measurement was carried out at a liquid
nitrogen temperature of 77 K. Nitrogen was used as an adsorbate. Table 1 shows the dynamics of measuring
the specific surface area of nanocomposite materials of the composition NR TiO,/rGO as a function of the
electrochemical deposition time.

Table 1
Specific surface area of nanocomposite materials of the composition NR TiO,/rGO and NT TiO,/rGO

Specific surface area Full pore volume
Ne Sample p Sper. m? /e \;)p, o’ /e
1 rGO 600 0.416
2 NR TiO, 29,3 0,165
3 NR TiO,/ rGO 1 min 45,1 0,213
4 NR TiO,/ rGO 3 min 52,8 0,231
5 NR TiO,/ rGO 5 min 63,1 0,249
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From the presented data it can be seen that the addition of TiO2/mgo to the HC structure significantly
increases the specific surface area of the nanostructures. Thus, for HC films the specific area before the dep-
osition of graphene oxide was 29.3 m®/g, after which it increased to 63.1 m*/g, as well as the volume of the
adsorbed gas.

The nitrogen adsorption-desorption isotherms for all samples have the same appearance, except for the
volume of adsorbed nitrogen. At low relative pressures (P/Py less than 0.1) an increase in nitrogen adsorption
is observed on the isotherms, which indicates the presence of micropores. With an increase in the relative
partial pressure for the samples, the volume of adsorbed nitrogen increases. In accordance with the [IUPAC
nomenclature, the obtained isotherms belong to the type IV isotherms with a hysteresis loop, reflecting the
process of capillary condensation in mesopores.

The electric transport properties of nanocomposite materials were studied by the method of impedance
spectroscopy. From the central arc of the impedance spectra, the effective recombination rate keff, the effec-
tive electron lifetime teff, the electron transport resistance in titanium dioxide films Rw, and the charge
transfer resistance Rk associated with electron recombination were calculated according to the above meth-
od. Figure 2 shows the hodographs in Nyquist coordinates for the synthesized samples.
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Figure 2. Impedance spectra of nanocomposite materials

The electron transport resistance in the nanocomposite Ry, and the charge transfer resistance Ry will de-
pend directly on the number of electrons received from the number of free electrons. If we take into account
that the size and thickness of the semiconductor film are identical for all systems only the deposited layers of
graphene oxide will affect the resistance value. The brief calculations are presented in Table 2.

Table 2
Electric transport properties of films based on nanocomposite materials
Sample Kegr, ¢! Teff, C Ry¢. Om R, Om
NR TiO, 15 0,06 45 3
NR TiO,/ rGO 1 min 12 0,08 42 2
NR TiO,/ rGO 3 min 11 0,09 39 2
NR TiOy/ rGO 5 min 14 0,07 41 2

The method allows us to calculate the main electric transport properties of nanocomposite films. How-
ever, a number of conclusions can be drawn from the results obtained. From the tabular data it can be seen
that in the TiO, / mgo_3 min NR a low recombination coefficient and a long electron lifetime are observed.
This indirectly indicates that in these cells the recovery of the electrolyte at the electrolyte/catalyst interface
(graphene oxide) is more efficient than in the others.

The edge of the absorption spectrum of HC TiO, appears in the UV region of the spectrum around
380 nm. RGO also absorbs in the UV zone, the maximum of its absorption spectrum is at 230 nm. At the
same time, the RGO film is almost transparent in the wavelength range from 400 to 800 nm. SiO,-GO
nanocomposites also actively absorb 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.
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Figure 3. Absorption spectra of a nanocomposite of the composition NR TiO,/rGO

Next, the photocatalytic activity of nanomaterials was investigated. The results of the experiments are
shown in Figure 3.
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Figure 4. Photocatalytic cleavage of NR TiO,/rGO water

From the presented data it can be seen that the addition of TiO, to the HC structures in various concen-
trations leads to an increase in their photocatalytic activity and water splitting. Moreover, it is necessary to
determine the optimal concentration of graphene oxide. In this case, the best generation of hydrogen is ob-
served by electrochemical deposition within 3 minutes, compared to other nanocomposite layers.

Conclusion

Electrochemically, sheets of reduced graphene oxide were deposited on the surface of the TiO, NR at a
deposition time of 1, 3, and 5 minutes. The influence of the preparation conditions of nanostructured materi-
als on their specific surface area, structure, electrophysical, optical and photocatalytic properties is investi-
gated. The addition of TiO, rGO to the NR structure significantly increases the specific surface area of the
nanostructures. Thus, for NR films the specific area before the deposition of graphene oxide was 29.3 m/g,
after which it increased to 63.1 m®/g, as well as the volume of the adsorbed gas. Low recombination coeffi-
cient and long electron lifetime are observed in films made of HC TiO, / rGO 3 min.
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TiO, xone rGO Heri3iHaeri HAHOKOMIO3UTTI MaTepHuaJIapaa
(poToKaTANN3 APKBLIBI CY/bI BIABIPATY

Makanana TUTaH AUOKCHJI HAHOO3EKIIeIepi )KoHe OHBIH OeTiHe 3JIEKTPOXUMISIIBIK dMICIMEH TYHIBIPBUIFaH
rpadeH OKCHAIHEH KaJbINTacKaH KaObIpHIakTapisl 3epTTey HoTwkenepi kenripinred. TiO, HaHO®O3€eKIIeNepi
HETI3IHJe ’KacalfaH HAHOKYPBUIBIMIABI KaObIpmakrap kememi 100 My ToT OGacmaiTeIH OoNaTTaH >KoHE
(TOpoOIUTACTTAH JKacaFaH aBTOKIAB iIIiHJE CHHTE3/eNe/]i. ABTOKIIABTHIH imIiHe 35 MJI HOHCHI3IaHIBIPBUIFaH
cy (Hy0), 35 ma ty3 xeiukeuier (HCI) (36,5 %, Sigma-Aldrich) xone 0,25 mi TuTan OyTHUIATHIHBIH
CisH3604Ti (97 %, Sigma—Aldrich) koceiHmpickl 0ap CYHBIKTBIK JaiiblHaanaapl. TUTaH JHOKCHII
HAaHOO3CKUICIEPiHiH KypamMblHa TpadeH OKCHIIH KOCY, HAaHOKYPBUIBIMAAPIbIH MEHIIIKTI OeTiHiH ayMarblH
29,3 M%/ r-Hau 63,1 M*/ r-Fa neitis apTThIpansl. KaObIpIIakTapablH HMICIAHC CIIEKTPIEPiH KOTAAHA OTHIPHIII,
xyprizinren ecenreynep TiO, HaHOe3eKIIenepiHiH OeTiHe rpaeH OKCHAIHIH OHTAWIBI TYHIBIPY yaKBITHI 3
MHUHYTTBI KYpalTBIHABIFBIH KOpPCeTTi, ce0e0l OHBIH pekoMOuHaIus kKod(dunmenTi esre yirinepre Kaparanaa
TOMEH JXOHE DJIEKTPOHIAPIBIH OMip CYPy YakbITHI korapbl. HanomarepmanmapaslH (OTOKaTATUTHKAIIBIK
OeJCeHIIIri MEeH CyTeri )KoHe OTTETiHiH OeJiHreH ra3apbiH TipKeldy OapbIChIHIA, KaOBIpIIAKTapasl 5 caraT
coymeneHaipy Kesinae GeriHeTiH CyTekTiH Momepi 50-1eH 225 MMOTIb / cM>-Te [eifiH e3repeTiHin KopCeTTi.

Kinm ce30ep: nHanoctepykeHs, rpadeH okcui, 6eTTik aynaH, CyabIH (OTOBIABIPAYHL.

T.M. Cepuxos, A.E. CagsixoBa, I1.A. )Kanbup6aesa, A.C. banra6ekos, A.C. KatomoBa

PoTOKATAINTHYECKOE PACIIEIIEHHE BOAbl HAHOKOMIIO3UTHBIX
MaTepuaaoB Ha ocHOBe HaHocTep:xkHel TiO, u rGO

IIpencTaBineHbl pe3ysbTaThl HCCICIOBAHUS IIIEHOK, 00pa30BaHHBIX HAHOCTEPXKHSAMH JHMOKCHIA THTaHa M
OCaXJEHHBIX Ha MX IIOBEPXHOCTb BOCCTAHOBJIECHHOTO OKCHZA IpadeHa, METOLOM IEKTPOXMMHYECKOTo Oca-
xaeHus. HaHoCcTpyKTypHpOBaHHbIE IUICHKH Ha OCHOBE HaHocTepxkHed TiO, mosydanu B aBTOKIJIABE U3 He-
prKaBerolei cranu ¢ GpropomaacToBoil BcraBkoi oobemoMm 100 M1 U3 pacTBOpa, colepKaiero 35 Ml Aeuo-
HuzoBanHOH Boasl (H,0), 35 mi consnoit xkucnotst (HC) (36,5 %, Sigma—Aldrich) n 0,25 mn 6ytunara -
ta"a C;¢H;3604Ti (97 %, Sigma—Aldrich). /lobaBienne B CTpyKTypy HaHOCTEp)KHEl JUOKCHAA THTaHA BOC-
CTAHOBJICHHOTO OKCHJIA Ipa)eHa YBEIMYHBACT YAEIbHYIO ILIOMAb IOBEPXHOCTH HAHOCTPYKTYP OT 29,3 MY/T
10 63,1 M*/r. TIpoBeIeHHBIE PacueThl MO CIEKTPAM HMIIEJAHCA IUICHOK [OKA3all, 4TO ONTHMAIEHOE BPEMs
OCaXJeHMsI BOCCTAHOBIICHHOT'O OKCH/Ia IpadeHa Ha MOBEepXHOCTh HaHOcTepikHeH TiO, cocraBiser 3 MUH, Tak
KaK JUIsl Hero HaOJoaeTcss HU3KUi K03 GUIMEHT PeKOMOMHALMN U JJIUTEIbHOE BPEMS JKH3HH JIEKTPOHOB.
HccnenoBanust (HOTOKATANUTHYECKOI aKTUBHOCTH HAHOMATEPHAJIOB M PETHCTPALUS BBIACISIEMbIX I'a30B BO-
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JI0pOZia ¥ KUCJIOPOoJia MOKa3alli, YTO NPH OOJIyYCeHUH IUICHOK B TEYEHHE 5 U KOJIMYECTBO BBIIEIAEMOTI0 BOJIO-
poza Bapsupyercs ot 50 10 225 MMOIB/cM.

Kniouegbie cnosa: HaHOCTEp)KEHb, OKCHI TpadeHa, yaenbHas ITOBEPXHOCTb, (HOTOPACIICIUICHHE BOIEI,
o0irydyeHue.
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