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Photocatalytic activity of the TIO2/Ag/rGO nanocomposite

The paper presents the results of a study of the photocatalytic activity of films formed by titanium dioxide
nanorods doped with silver nanoparticles and reduced graphene oxide. The obtained nanocomposite materials
were studied by optical spectroscopy, scanning electron microscopy, X-ray diffractometry, and Raman spec-
troscopy. The photocatalytic activity of the samples was evaluated by generating a photocurrent when, the su
face was illuminated by a modulated light source of a xenon lamp. In addition, the photocatalytic activity of
the samples was evaluated by the degradation of the methylene blue dye, which is a model. It waS found that
the introduction of silver nanoparticles and reduced graphene oxide into the pores of films made of'titanium
dioxide nanorods leads to an increase in the spectral sensitivity of the sample in the regioft of 400-500nm.
The increased sensitivity of the sample to visible light leads to an increase in photocurgént géneration and is
2.3 times higher than that of the original sample. Degradation of the methylene blue dye\after 100gminutes of
irradiation in the presence of a TiO2/Ag/rGO sample was 19 %. This is 3 times higher than in TiO2 nanorods
films and 2.3 times higher than TiO2/Ag films. The results of the conducted studies have shown that the im-
provement of photocatalytic activity is associated with a decrease in film resistancé, an expansion of spectral
sensitivity and an increase in the surface area of the nanorods.
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Introduction

Recently, semiconductors based on metal oxideséwiththigh photosensitivity and excellent physicochem-
ical properties have attracted wide attention due to theigpwidespread use for environmental restoration and
solar energy conversion [1-3]. As one of the prémising semiconductors, TiO2 nanostructures have been ex-
tensively investigated for photocatalysis and photogatalyti¢ splitting of water, due to availability, low cost
and good stability [4]. The most commonly used structiF@s in photocatalysis are titanium dioxide nanoparti-
cles, but they have a significant disadvantagetassociated with the implementation of 3—dimensional electron
transport. In addition, when films are made, from nanoparticles, unformed contacts between them affect the
possibility of electron transfer from onemanopatticle to another [5]. One-dimensional nanostructures, such as
titanium dioxide nanorods, may have a number of advantages over nanoparticles. For example, in nanorods,
electron transport is carried out'ioneydirection — along the walls. This can lead to a decrease in the electron
travel time from the charge generation ceénters to the current-removing electrodes [6]. Despite the advantages
of TiO> (TNR) nanorods o¥er nanoparticles, the wide band gap (~ 3.0-3.2 ¢V) and the rapid recombination
of photogenerated electron=héle pairs in TiO- still limit its widespread use in photocatalysis. Increasing the
sensitivity of TiO%%in the visible'region of the spectrum and reducing the recombination rate can be achieved
by adding nanoparticles offioble metals, such as silver and carbon nanostructures, such as graphene. It has
been reported that‘alloying with noble metals is an effective way to improve the optical and photoelectro-
chemicalgpropesties ofithe TiO: photocatalyst.

EF of nobleymietals with surface plasmon resonance (SPR) not only contributes to the genera-
tion“of electron-hole pairs by electromagnetic fields, but also increase light scattering in order to
capture_most’of the light for bonded semiconductors [7-10]. Numerous successful systems have
been creatéd using TiO: in combination with various noble metals, and represent great potential
for electrochemistry and photocatalysis.

Graphene with a two-dimensional planar structure has many advantages, such as high electron mobility,
ease of solution synthesis, unique optical, thermal and mechanical properties, with a wide range of applica-
tions from photocatalysis, electrochemical detection, transparent electrodes to lithium-ion batteries. Gra-
phene in its pure form is rarely used in photocatalysis, as it is hydrophobic. Therefore, it is more convenient
to use graphene oxides, for example, reduced graphene oxide (rGO), since it forms stable dispersions in wa-
ter. It is noteworthy that nanocomposite photocatalysts based on reduced graphene oxide (rGO) can quickly
transfer electrons and prolong the lifetime of charge carriers, which leads to an increase in quantum efficien-
cy. Graphene or its derivatives can also significantly improve the adsorption capacity of the target molecule
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due to its large specific surface area. In addition, due to the adjustable band gap and high transparency, the
light intensity practically does not change before it reaches the surface of the catalyst.

Thus, the creation of a triple hybrid system combining noble metal, TiO, and nanolists (rGO) to im-
prove the photocatalytic characteristics of the photocatalyst and the study of their mechanisms of action is a
very urgent task.

The aim of this work is to synthesize and study the photocatalytic activity of a nanocomposite material,
which consists of a film of titanium dioxide nanorods doped with silver nanoparticles and reduced graphene
oxide deposited on their surface.

Experimental

Films formed by TiO, nanorods were obtained on FTO substrates (7 ohms/cm?, Sigma—Aldrich) by hy-
drothermal synthesis in a sealed autoclave with a volume of 50 with a solution content containing 15 ml of
deionized water (H2O), 15 ml of hydrochloric acid (HCI) (36.5-38.0 %, Sigma—Aldrich) and 0.25ml of tita-
nium butylate C1sH3604Ti (titanium butoxide, 97 %, Sigma—Aldrich) at a temperature 0f’180%G,and a synthe-
sis duration of 18 hours. Then the samples were calcined at a temperature of 500 °C for 2 hours. Silverdiano-
particles were recovered on the surface of TiO, nanorods in a solution containing 0,2"g of polyvinylpyrroli-
done (PVP, molecular weight 40,000), 40 ml of deionized water and ethylene glyeolywith the addition of 2
mmol NaBH4. Then the film from the nanorods was immersed to the bottom ofithe vessel with the rods up
and kept in an oven at a temperature of 70 °C for 1 hour, removed and dried atyroom temperature. rGO
(99 %, Cheaptubes) was deposited on the surface of a film made of titanfumfdiexide nanorods containing
silver nanoparticles from a phosphate solution (0.5 g/l) by electrocheticalimethod using a standard three-
electrode system. After 5 minutes of deposition, the films werg,removed and washed several times with de-
ionized water. The deposition time is optimal, at which the maxifaum photocatalytic activity of the samples
is observed [11, 12].

The phase composition of the samples was studied by,X-ray-diffraction using an automatic powder dif-
fractometer STOE STADI-P (STOE & Cie GmbH) in the angle range 2 © 5-80°. X-ray images were analyzed
using the PDF-2 powder database, as well as the,standardiWinXPow software package. The morphology of
the surface was studied using a MIRA 3LMU scanning ele¢tron microscope (Tescan, Czech Republic). The
optical density of all samples was recorded on a CM'2203fspectrofluorimeter (Solar, Belarus). Raman spec-
tra were studied using a Confotec MR520 microscope (Sol Instruments), laser wavelength A=532 nm. The
photocatalytic activity of the samples was_evaluated by measuring the magnitude of the photoinduced current
with an illuminated area of 1 c¢m? in a_standasd\three-electrode cell using a CS350 potentiostat/galvanostat
with a built-in EIS analyzer (Corrtest Insttuments, China) in an electrolyte of 0.1 M NaOH. In addition, the
photoactivity of the films washewaluated by photodegradation of the methylene blue (MV) dye. A xenon
lamp with a power of 300 W/cm?y(Newpbrt, USA) served as a laboratory light source. The surface area of
the samples was estimatedgbyithe number of adsorbed dye molecules as follows: an aqueous solution of
methylene blue dye with a conCentration of 10 — ¢ mol/l was poured into three containers with a volume of
25 ml. Then, the films Weredlewered into the solutions for 20 hours. At the same time, the optical density of
the dye was determinedsevery 1 hour and the concentration of adsorbed molecules was calculated by the
formula

co NAC'V(

1-D,/D,)

where NA'is the Avogadro constant, C' is the concentration of dye molecules in the solution, V is the
volume of'the solution, S is the area of the adsorbent, D1 and D2 are the optical densities of the solution be-
fore and after sorption. The active surface of the films was calculated from the calculation of the area of one
molecule of methylene blue 130 A2.

Results and Discussion

Figure 1 shows SEM images of TiO, nanorods (a), TiO, nanorods with the addition of silver nanoparti-
cles (b) and deposited sheets of reduced graphene oxide (c).
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Figure 1. SEM images TNR (a), TNR/Ag (b), TNR/Ag/tGO (c) \

Figure 1a shows that TNRS is formed on the surface of the FTO substrat a result of hydrothermal

synthesis. As a result of image processing, it was found that the diameter of the nanorods varies from 100 to

180 nm. TiO2 nanorods are mainly located perpendicular to the substrate andyhave a length of about

4.1 microns. As a result of the chemical reduction of silver nitrate, silvenaneparticles are formed on the sur-

face of the nanorods. The diameter of silver nanoparticles varies from . In addition, the sizes of

silver nanoparticles were confirmed by the method of dynanﬁ ttering on Zeta Seizer (Malvern)

(Figure 2b). Electrochemical deposition of rGO on the surface N films leads to the formation of

—_—

rGO sheets on its surface. Figure 1c shows that graphene h partially envelop the surface of the
rods.
Figure 2a shows the spectrum of maps of the pres emical elements in the TNR/Ag/rGO sam-
ple.
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Figure 21 analysis of TNR/Ag/rGO (a) and size distribution of silver nanoparticles determined on Zeta Seizer

According to the results of studies of the elemental composition of the TNR/Ag/rGO sample,
it was shown that 4 elements were identified in the samples, such as Ti, O, Ag and C. The ele-
ments Ti and O belong to titanium dioxide, which form the basis of the film, therefore its percent-
age ratio is significantly greater than the rest and amounts to 50 and 32 % respectively. The pres-
ence of Ag (10 %) and C (8 %) is a confirmation of the formation of silver and nanoparticles on
the surface of the semiconductor film.
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Figure 3 shows the mapping of chemical elements on the TNR/Ag/rGO surface.
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Figure 3. Mapping of chemical elements on the AglrGO surface

1 d over the entire surface and excludes

It can be seen from the presented data that Ag is evenly
aggregation of nanoparticles.
Figure 4 shows the X-ray diffraction of the studie

belong to the tetragonal modification of rutile (JCPDS,
the 27.4°, 36.1°, 41.3°, 54.4°, 62.9° and 69.9°. noparticles are deposited, four additional peaks

appear on the X-ray at 38.11°, 44.27°, 64.42° and orresponding to the lattice planes (111), (200),
(220) and (311) (JCPDS No. 07-0783). Therewas no registration of peaks corresponding to graphene in our
experiments, due to the low detection limit.

as found that the films formed by TNR
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Figure 4. X-ray diffraction patterns of TNR, TNR/Ag, and TNR/Ag/rGO samples

Figure 5 shows the Raman spectra of TR, TNR/Ag and TNR/Ag/rGO. For TNR, intense three combina-
tionally active optical phonon modes 144, 445 and 610 cm-1 are observed, which belong to the Blg, Eg, Alg

modes.
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Figure 5. Raman spectra (a) and absorption spectra (b) of TR, TNR/Ag and T g/rGO samples

arlorods does not lead to the
0 , we observed a 2-fold de-

The addition of silver nanoparticles to the structure of titanium dio
appearance of new bands, since metals are not combinationally active.
crease in the intensity of the bands compared to the original saip may be due to the partial block-
ing of the surface of the nanorods by silver nanoparticles, prevefting ¢ tion by laser radiation. With the
deposition of rGO, the peaks of raman scattering from the ods, noticeably decreased, while peaks of
raman scattering of light from rGO appear in the region, of 4350, 1590 cm!, which characterize the degree of
graphene defectiveness.

Figure 5b shows the normalized absorptio

viously, this is due to the absorption capacity of Ag nanopar-
n of Figure 4b that the maximum absorption spectrum of Ag

small shoulder in the region of 420-430 nm.
ticles in this area. It can be seen from the i
nanoparticles is in the region of 4104

glof the density of the generated current when the surface is illuminated
by a light source and whe ed off. The samples demonstrate excellent stability over the time period
presented. When illuminated, the current density instantly reaches its maximum. From the data
obtained, it can b nsitization of the surface of the nanorods by Ag and rGO nanoparticles leads

to an increase in ent, as for TNR. Thus, for TNR/Ag/rGO, the photocurrent density is 2.3 and 1.3
times hi T TNR/Ag, respectively.
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Figure 6. Photocurrent density (a), degradation of the dye MV (b) and the dependence of ghe'optical density of the dye
on the sorption time (c) for TNR, TNR/Ag and TNR/Ag/rGO

The photocatalytic activity of the samples was studied by observing ghe diScoloration of the heterocy-
clic dye MV under the action of UV radiation. The photodegradation curvesfof MG are shown in Figure 6b,
where CO is the initial concentration, and C is the dye concentration at the timie of measurement. MV itself
shows almost no self-decomposition during prolonged irradiation. Tangontrast, MB demonstrates a clearly
positive degradation process in the presence of TR, TNR/Ag and “TNR/Ag/rGO nanocomposite. The degra-
dation of MV after 100 min of irradiation in the presence of a TNR/Ag/rGO sample was 19 %, which is 3
times higher than in TNR and 2.3 times higher than TNR/Ag®It is obvious that the nanocomposite
TNR/Ag/rGO exhibits a significant increase in photocatalytic agtivity than individually. Next, the active sur-
face area of the samples was estimated. To do this, the samples were kept in a container with a dye with a
known concentration for 20 hours. At the same timejthe optical density of the dye was measured at certain
intervals (Figure 6¢). It can be seen from thegfigure that'after 5 hours of sorption, the change in the optical
density of the dye is insignificant, which indicates their saturation. Thus, it was found that 36.18*1014 were
sorbed in TNR films, and 44.66*1014 afi@49.37*1014 molecule/cm? respectively were sorbed in TNR/Ag
and TNR/Ag/rGO. If we take into acedunty, that the area occupied by 1 MV dye molecule is 130 A2, then the
active surface area for TNR will be 4.7*1017 A2, for TNR/Ag 5.8*1017 A2 and for TNR/Ag/rGO 6.4*1017
A2. The results obtained indicateythatithesaddition of Ag and rGO nanoparticles leads to an increase in the
active surface area of the nanereds:.

Conclusion

Thus, the inflaence of Ag nanoparticles and rGO impurities on the structural, optical, structural and
photocatalytic preperties of films formed by TiO> nanorods has been studied. The formation of Ag nanopar-
ticles with a cubic stsucture and gan layers on the TNR surface is confirmed by the presence of reflexes on
X-ray andgsRaman spectra, respectively. Measurements of the optical characteristics of the synthesized mate-
rial showed.that the*absorption spectrum of the TNR/Ag/rGO and TNR/Ag nanocomposite is shifted to the
long-wayelength region relative to the absorption spectrum of TNR, possibly as a result of changes in the
band gaphof the semiconductor and the absorption capacity of Ag. The synthesized TNR/Ag/rGO nanocom-
posite showed a significant increase in photocatalytic activity with respect to the degradation of MV under
the action of UV light and generation of photocurrent. In the presence of TNR/Ag/rGO film, MG degrada-
tion was 19 %, which is 3 times higher than in TNR and 2.3 times higher than TNR/Ag. The increase in pho-
tocatalytic activity is associated with an expansion of spectral sensitivity and an increase in the active surface
area of the samples.
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T.M. Cepuxos, I1.A. Xanbupoaesa, A.C. bantabekon, A.b. Kyansimbekosa

TIO2/Ag/rGO HaHOKOMITO3UTIHIH (POTOKATAJIMTHKAJIBIK 0eJIceHaiiri

Makanana Kymic HaHOOONIICKECPIMEH JKOHE TOTHIKCBHI3IaHABIPbUIFaH TpadeH OKCUI TYHIBIPbUIFAH TUTaH
JMOKCH/II HaHOO3eKIfeNepilicH Ty3UireH KaObIpIIAKTapAbIH (OTOKATATUTHKAIBIK OEICeHIUTIriH 3epTTey
HOTIKeNepi KenTipifitend AfbIHFaH HAHOKOMIIO3UTTIK Marepuajiap ONTHKAIbIK CIEKTPOCKOIHS, CKaHep-
Jeyur SNIeKTPOHABI MHKPOCKOIHNS, PEHTTEHAIK Iu(pPaKTOMETpHs KoHE PaMaH CIEKTPOCKOIHMACH! apKbLIbI
3eprreni. YarifiepaiH (OTOKaTaTuTHKAIBIK OeCeH/Iiiri OeTiHe KCEHOH MIAMBIHBIH MOIYJISIMSIIAHFAH Ka-
PBIK K©31MCH JKaphIKTAHABIPLUTFAH Ke3eri pOTOTOKTHIH reHepanusiceiHan Oarananasl. COHbIMEH KaTap YIIri-
nepaiH GOTOKaTANUTHUKAIBIK OSJICEH/ALTIr MBICa PETiHAe KOJIIAHBLUIFAH METHIICH KOK OOSIFBIIIBIHBIH BIABIPa-
ybI apKbUTBl Oakanatrad. TUTaH THOKCHII HaHO®3EKIIeNepiHeH Ty3elreH KaObIpIIakTapIblH KeyeKTepiHe Ky-
Mic HAHOOOMIUEKTepiH JKOHE TOTHIKCHI3NaHAbIpbUFaH rpaden okcunin enrizy 400-500 um alimarbiHaa yiIri-
HIHgCHCKTPIIK Ce3IMTANIBIFBIHBIH KOFapbUIayblHA OKEJICTIHI aHBIKTAIABL. YJITiHIH KOpPiHy OOJBICHIHIA *Ka-
PBIKKa Ce3iMTalIbIFBIHBIH JKOFapbUIaybl (POTOTOK MeHEPALUSCHIHBIH KOFapblUIayblHa OKENIEeAl )KoHEe OacTaIKbl
yJITice Kaparannaa 2,3 ece sxorapbl ekeHi kepcerinai. TiO2/Ag/rGO yricinig karsicysiMer 100 MEHYT coyite-
JeHyieH KelliH MeTHIIEH KoK OOSFBIIITHIH bIAbIpaysl 19 % kypansl. By TiO2 HaHOTOPIBI KaObIpIIAKTAPbIHA
kaparanga 3 ece xoHe TiO2/Ag kaObIpmrakTapbiHa Kaparannaa 2,3 ece sxorapbl. JKyprisinren 3eprreynepaiy
HoTIDKeTepi (POTOKATATNTHKAIBIK OEICeHIUTIKTIH jKaKcapybl KaObIpLIaKTapIblH KeAEPriCiHiH TOMEHACYiMEH,
CIIEKTPJIIK Ce3IMTaJIBIKTHIH KEHCIOIMEH JKOHE KaObIpIIaKTapAblH OCTiHiH YJIFalObIMeH OallaHbBICTHI KCHIH
KOpCeTii.

Kinm co30ep: TMTaH MUOKCHUAIHIH HAHOO3EKIIENEP, KyMiC HAHOOOIIIIEKTEPi, TOTHIKCHI3aHABIPbUIFaH rpadeH
okcuni, (hoToKaTaIN3.
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doTokaTaINTHYECKAS] AKTUBHOCTH HaHOKoMMno3uTa TIO02/Ag/rGO

B crarbe mpencTaBieHbl pe3ybTaThl HCCIENOBaHUA (OTOKATAIMTUYECKON aKTUBHOCTH IUICHOK, 00Opa3oBaH-
HBIX HAHOCTEPXKHAMH JAMOKCHJA THTAaHA, JOMHPOBAHHBIX HAHOYACTHIIAMU cepeOpa U BOCCTAHOBICHHOTO OK-
cuza rpadena. IlomyueHHbIe HAHOKOMITO3UTHBIE MaTePUAIbl UCCIIEIOBAHBI METOJAMH ONTHYECKON CIIEKTPO-
CKONUM, CKaHUPYIOLIEH 3JICKTPOHHOH MHKPOCKOIIMM, PEHTICHOBCKOW JU(PAKTOMETPUM, paMaH-
criekrpockonuy. POTOKATATMTHYECKYI0 aKTMBHOCTH OOpa3slOB OLEHMBAIM IO TeHepanuu (OTOTOKAa Ipu
OCBEILEHNN MOBEPXHOCTH MOJYJIMPOBAHHBIM MCTOYHHUKOM CBETa KCEHOHOBOH samnbl. Kpome Toro, goroka-
TaJINTUYECKAs aKTUBHOCTH 00pa31oB OblIa OLIEHEHA O JeTpajaliii KPacHTeNs METUIIEHOBOTO roiay0oro, Ko-
TOPBII ABJIAETCA MOJEIBHBIM. Y CTAHOBJIEHO, YTO BHEAPEHME B MOPHI IUIEHOK M3 HAHOCTEPIKHEH AMOKcHiaa
TUTaHa HAHOYACTHI] cepebpa M BOCCTAHOBIEHHOTO OKcHJIa rpad)eHa MPUBOJUT K MOBBIIICHHUIO CIIEKTPAIbHO

Y4yBCTBUTENILHOCTH 00pa3ua B o01acti 400—500 um. INoBblleHHas YyBCTBUTEIBHOCTh 00pa3La K BUIUMOMY

CBETY NPUBOJAUT K POCTy reHepauuu GoroToka u B 2,3 pasa BbIlIE, YeM y UCXOIHOr0O oOpasua. | a
KpacuTelsi MeTWIEHOBOro rosyooro nocie 100 muH oOmydeHus B npucytcTBun obpaszua TiOz/A co-
craBuna 19 %. Oro B 3 pasa BeilIe, yeM B IUIeHKax u3 HaHoctepxkHed TiO2 u 2,3 pasa BeiIe, 4 e
TiO2/Ag. Pe3ynbTaThl NPOBEACHHBIX HCCICAOBAHUH MTOKA3alIM, YTO YJIydlIeHHe (OTOKATAIN KOMaKTHB-
HOCTH CBSI3aHO C TIOHH)KEHHEM COIPOTHUBJICHHUS IUICHKH, PACLIMPEHUEM CIIEKTPaIbHOIl 4yBCTB U u

POCTOM BCIMYUHEI IJIOIIAN ITOBEPXHOCTH HaHOCTer(Heﬁ.

Kniouegvie cnosa: HAaHOCTEP)KHHU IHOKCHIA TUTaHA, HAHOYACTHUIBI cepeOpa, BOCCTAHOB. bl OKCHA rpade-
Ha, oTokaTau3.
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