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Photocatalytic activity of the T1O2/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 sur-
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 region of 400-500 nm.
The increased sensitivity of the sample to visible light leads to an increase in photocurrent generation and is
2.3 times higher than that of the original sample. Degradation of the methylene blue dye after 100 minutes 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 resistance, 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 oxides with high photosensitivity and excellent physicochem-
ical properties have attracted wide attention due to their widespread use for environmental restoration and
solar energy conversion [1-3]. As one of the promising semiconductors, TiO, nanostructures have been ex-
tensively investigated for photocatalysis and photocatalytic splitting of water, due to availability, low cost
and good stability [4]. The most commonly used structures in photocatalysis are titanium dioxide nanoparti-
cles, but they have a significant disadvantage associated 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 one nanoparticle 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 in one direction — along the walls. This can lead to a decrease in the electron
travel time from the charge generation centers to the current-removing electrodes [6]. Despite the advantages
of TiO, (TNR) nanorods over nanoparticles, the wide band gap (~ 3.0-3.2 eV) and the rapid recombination
of photogenerated electron-hole 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 of noble 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-
chemical properties of the TiO; photocatalyst.

LF of noble metals 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 created using TiO2 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 (H20), 15 ml of hydrochloric acid (HCI) (36.5-38.0 %, Sigma—Aldrich) and 0.25 ml of tita-
nium butylate C1sHzsO4Ti (titanium butoxide, 97 %, Sigma—Aldrich) at a temperature of 180°C and a synthe-
sis duration of 18 hours. Then the samples were calcined at a temperature of 500 °C for 2 hours. Silver nano-
particles were recovered on the surface of TiO2 nanorods in a solution containing 0.2 g of polyvinylpyrroli-
done (PVP, molecular weight 40,000), 40 ml of deionized water and ethylene glycol, with the addition of 2
mmol NaBH.. Then the film from the nanorods was immersed to the bottom of the vessel with the rods up
and kept in an oven at a temperature of 70 °C for 1 hour, removed and dried at room temperature. rGO
(99 %, Cheaptubes) was deposited on the surface of a film made of titanium dioxide nanorods containing
silver nanoparticles from a phosphate solution (0.5 g/l) by electrochemical method using a standard three-
electrode system. After 5 minutes of deposition, the films were removed and washed several times with de-
ionized water. The deposition time is optimal, at which the maximum 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 standard WinXPow software package. The morphology of
the surface was studied using a MIRA 3LMU scanning electron microscope (Tescan, Czech Republic). The
optical density of all samples was recorded on a CM 2203 spectrofluorimeter (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 cm? in a standard three-electrode cell using a CS350 potentiostat/galvanostat
with a built-in EIS analyzer (Corrtest Instruments, China) in an electrolyte of 0.1 M NaOH. In addition, the
photoactivity of the films was evaluated by photodegradation of the methylene blue (MV) dye. A xenon
lamp with a power of 300 W/cm? (Newport, USA) served as a laboratory light source. The surface area of
the samples was estimated by the 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 were lowered into the solutions for 20 hours. At the same time, the optical density of
the dye was determined every 1 hour and the concentration of adsorbed molecules was calculated by the
formula

_N,CV

C (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/rGO (c)

Figure 1a shows that TNRS is formed on the surface of the FTO substrate as 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. TiO; nanorods are mainly located perpendicular to the substrate surface and have a length of about
4.1 microns. As a result of the chemical reduction of silver nitrate, silver nanoparticles are formed on the sur-
face of the nanorods. The diameter of silver nanoparticles varies from 20 to 40 nm. In addition, the sizes of
silver nanoparticles were confirmed by the method of dynamic light scattering on Zeta Seizer (Malvern)
(Figure 2b). Electrochemical deposition of rGO on the surface of TNT/Ag films leads to the formation of
rGO sheets on its surface. Figure 1c shows that graphene oxide sheets partially envelop the surface of the
rods.

Figure 2a shows the spectrum of maps of the presence of chemical elements in the TNR/Ag/rGO sam-
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Figure 2. EDX 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 TNR/Ag/rGO surface

It can be seen from the presented data that Ag is evenly distributed over the entire surface and excludes
aggregation of nanoparticles.

Figure 4 shows the X-ray diffraction of the studied samples. It was found that the films formed by TNR
belong to the tetragonal modification of rutile (JCPDS, No. 21-1276), which is characterized by reflexes in
the 27.4°, 36.1°, 41.3°, 54.4°, 62.9° and 69.9°. When silver nanoparticles are deposited, four additional peaks
appear on the X-ray at 38.11°, 44.27°, 64.42° and 77.47° corresponding to the lattice planes (111), (200),
(220) and (311) (JCPDS No. 07-0783). There was no registration of peaks corresponding to graphene in our
experiments, due to the low detection limit.
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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 B1g, Eg, Alg
modes.
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Figure 5. Raman spectra (a) and absorption spectra (b) of TR, TNR/Ag and TNR/Ag/rGO samples

The addition of silver nanoparticles to the structure of titanium dioxide nanorods does not lead to the
appearance of new bands, since metals are not combinationally active. However, we observed a 2-fold de-
crease in the intensity of the bands compared to the original sample, which may be due to the partial block-
ing of the surface of the nanorods by silver nanoparticles, preventing excitation by laser radiation. With the
deposition of rGO, the peaks of raman scattering from the nanorods noticeably decreased, while peaks of
raman scattering of light from rGO appear in the region of 1350, 1590 cm, which characterize the degree of
graphene defectiveness.

Figure 5b shows the normalized absorption spectra of nanostructured films. The absorption of TiO na-
norods is in the ultraviolet region, the edge of the spectrum is in the region of 380-400 nm. The introduction
of Ag nanoparticles leads to a change in the absorption spectrum and is characterized by the presence of a
small shoulder in the region of 420-430 nm. Obviously, this is due to the absorption capacity of Ag nanopar-
ticles in this area. It can be seen from the insertion of Figure 4b that the maximum absorption spectrum of Ag
nanoparticles is in the region of 410-430 nm. The TNR/Ag/go nanocomposite material allows to absorb
much more light in the visible region of the spectrum compared to pure titanium dioxide and with doped Ag
nanoparticles. The edge of the absorption band of the nanocomposite is shifted relative to the TiO2 band,
which indicates a decrease in the band gap of the composite material.

Figure 6a shows the dependence of the density of the generated current when the surface is illuminated
by a light source and when it is turned off. The samples demonstrate excellent stability over the time period
presented. When the surface is illuminated, the current density instantly reaches its maximum. From the data
obtained, it can be seen that sensitization of the surface of the nanorods by Ag and rGO nanoparticles leads
to an increase in photocurrent, as for TNR. Thus, for TNR/Ag/rGO, the photocurrent density is 2.3 and 1.3
times higher than TN and TNR/Ag, respectively.
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Figure 6. Photocurrent density (a), degradation of the dye MV (b) and the dependence of the 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 the discoloration of the heterocy-
clic dye MV under the action of UV radiation. The photodegradation curves of MG are shown in Figure 6b,
where CO is the initial concentration, and C is the dye concentration at the time of measurement. MV itself
shows almost no self-decomposition during prolonged irradiation. In contrast, 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 activity 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 time, the optical density of the dye was measured at certain
intervals (Figure 6¢). It can be seen from the figure 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 and 49.37*1014 molecule/cm? respectively were sorbed in TNR/Ag
and TNR/Ag/rGO. If we take into account, 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 indicate that the addition of Ag and rGO nanoparticles leads to an increase in the
active surface area of the nanorods.

Conclusion

Thus, the influence of Ag nanoparticles and rGO impurities on the structural, optical, structural and
photocatalytic properties of films formed by TiO, nanorods has been studied. The formation of Ag nanopar-
ticles with a cubic structure and gan layers on the TNR surface is confirmed by the presence of reflexes on
X-ray and sRaman 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-wavelength region relative to the absorption spectrum of TNR, possibly as a result of changes in the
band gap of 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, [1.A. Kanbupbaera, A.C. bantabexos, A.b. Kyansimbekosa

T102/Ag/rGO HaHOKOMIO3UTIHIH (POTOKATAIUTHKAIBIK 0eJICeHIiTiri

Makanaza KyMic HaHOOOIIIEKTEPIMEH JXOHE TOTBIKCHI3JAHABIPBUIFAH rpa)eH OKCUAI TYHABIPBUIFAH TUTAaH
IUOKCHUJII HAHOO3EKIIENepiHeH TY3UITeH KaObIpIIaKTapAblH (OTOKATATUTHKAIBIK OCNCEHIUNTH 3epTTey
HOTIDKENEpl KeNTIpiireH. AJNBIHFAaH HaHOKOMITO3UTTIK MaTepHaIap ONTHKAIBIK CIIEKTPOCKOMHS, CKaHEp-
JeyIi SNeKTPOH/IBI MHKPOCKOMHMS, PEHTIeHAIK THU(PAKTOMETPHS JKoHE PaMaH CIEKTPOCKOMMSCHI apKbLIbI
3epTTengi. YrinepaiH (GOTOKaTAINTHKAJIBIK OeNCeHUTIrT OeTiHe KCEHOH IMaMBIHBIH MOIYJILIUsIaHFaH XKa-
PBIK K©3IMEH jKapbIKTaHABIPBUIFAH Ke3Jeri pOTOTOKTHIH reHepanusiceiHal Oarananasl. COHbIMEH KaTap YIIri-
niepaiH (HOTOKATATUTHKAJIBIK OCICEHITIT MBICA PETiHE KOJAAHBIIFAH METHIICH KOK OOSFBIIIBIHBIH BIIbIPA-
yBI apKbUIBl OarananraH. TUTaH IMOKCHII HaHOO3EKIIeNepiHeH Ty3elIreH KaObIpIIakTapIblH KeyeKTepiHe Ky-
Mic HaHOO®JIIIEKTePiH JKoHEe TOTHIKCHI3NAaHABIPbUTFaH TpadeH okcuiH eHrizy 400-500 HM alimarbIHAa YIITi-
HiH CHEKTPIIK Ce3iMTaJIBIFBIHBIH JKOFaphUIAYbIHA OKEJICTiHI aHBIKTaNAbl. YJTiHIH KepiHy OOJBICBIHIA Ka-
PBIKKa Ce3IMTaJIbIFbIHBIH KOFapbLIaybl (JOTOTOK I'eHEPALHSCHIHBIH KOFapbhlIayblHA OKeJe/l skoHe 6acTarKbl
yiirire Kaparanaa 2,3 ece jxorapbl ekeni kepcerinai. TiO2/Ag/rGO yuricinig kateicybiver 100 MHHYT coyite-
JICHyZIeH KeiliH MeTHIIeH KoK OOSFBINTHIH bIAbIpaysl 19 % xypansl. byn TiO2 HaHOTOPIBI KaOBIpIIaKTapbIHA
Kaparanna 3 ece xoHe TiO2/Ag KaOwIpinakrapbiHa Kaparania 2,3 ece xorapbl. JKyprisinren seprreynepin
HOTHXKeNepi (POTOKATATUTUKANIBIK OCICEHIUTIKTIH KaKcapybl KaObIpIIaKTap/IbIH KeIepriCiHiH TOMEHICYIMEH,
CHEKTPJIIK Ce3IMTAIBIKTBIH KCHEIOIMEH KOHE KaOBIPIIAKTApAsIH OCTiHIH VJIFAIOBIMCH OaiIaHBICTBI €KEHIH
KOPCETiNIi.

Kinm coe30ep: THTaH AMOKCHUIIHIH HAaHOO3EKIIeepi, KyMic HAHOOOIIIEKTePi, TOTHIKCHI3IaH IbIPbUTFaH rpadeH
OKCHJII, (hOTOKATAITU3.
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doToKaTAINTHYECKAS] AKTHBHOCTHL HaHOKoMmo3uTa T102/Ag/rGO

B cratke mpencraBieHbl pe3yabTaThl HCCIENOBaHUS (DOTOKATATUTHYECKON aKTUBHOCTH IUICHOK, 00pa3oBaH-
HBIX HAHOCTEPXKHSAMHU TUOKCHJIA TUTAaHA, OMUPOBAHHBIX HAHOYACTHUIIAMH cepedpa U BOCCTAHOBJICHHOTO OK-
cuna rpadena. [lomydeHHbBIC HAHOKOMIIO3UTHEIC MaTEPUAIBl HCCIICAOBAHBI METOJJAMH ONTHYECKOH CIIEKTPO-
CKOIIUY, CKAHUPYIOIICH JJICKTPOHHOW MHKPOCKONHH, PEHTTCHOBCKOW JU(PAKTOMETPUH, paMaH-
CHEKTPOCKONUH. DOTOKATAIUTHUECKYI0 AKTUBHOCTH OOpa3LOB OIEHMBAJIM O TeHepauuu (POTOTOKa mpu
OCBEIICHHH OBEPXHOCTH MOIYJIMPOBAHHBIM HCTOYHHKOM CBETa KCEHOHOBOH Jamibel. Kpome Toro, oToka-
TaIUTHYECKask aKTHBHOCTH 00pa3IoB ObUIa OLICHEHA 10 Aerpajallii KpacuTelsl METHICHOBOTO T0JIy0oro, Ko-
TOPBIN SIBIAETCS MOAETBHBIM. Y CTAaHOBJICHO, YTO BHEIPEHHE B MOPHI IJICHOK M3 HAHOCTEPXKHEH AMOKCHIA
TUTaHA HAHOYACTHI] cepedpa U BOCCTAHOBICHHOT'O OKCHJIA TpadeHa MPUBOJUT K IMOBBIIICHAO CIICKTPATBHOM
9yBCTBHUTENHHOCTH 00pa3ia B oonactu 400—-500 uM. [1oBbIIIeHHAs: 9yBCTBUTEIBHOCTh 00pasiia K BHIHMOMY
CBETy NPUBOANT K POCTY TeHepanuy (GOTOTOKa M B 2,3 pasa BbINIe, YeM y HCXOJHOTO obpasma. [lerpamganus
KpacuTelsl METHIICHOBOTO roiryooro nocie 100 muu oGiydenus B mpucyrctBun obpasua TiO2/Ag/rGO co-
craBuna 19 %. 310 B 3 pasa Belllle, 4eM B IUIEHKaX W3 HaHocTepxkHed TiO2 u 2,3 pasa Bblle, YeM IUICHKAX
TiO2/Ag. Pe3yabTaThl MPOBEICHHBIX HCCIEI0BAHMIA MIOKA3aIIH, YTO yAydlleHHe (GOTOKATATHTHIECKON aKTHB-
HOCTH CBSI3aHO C MOHM)KEHHEM CONPOTHBIICHUS IJICHKU, PACHIMPEHUEM CIEKTPaJIbHOW YyBCTBUTEIBHOCTU H
POCTOM BEJIMYHHBI IUTOLTA 1 TOBEPXHOCTH HAHOCTEPIKHEH.

Kriouegvie cno6a. HAHOCTEP)KHU JUOKCUJIA THTAHA, HAHOYACTHULBI cepeOpa, BOCCTAaHOBICHHBIH OKCcUN Tpade-
Ha, (poToKaTAIHN3.
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