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Effect of TNR/Ag/rGO film area on its photocatalytic activity

This paper presents the results of a study of the effect of the area of nanocomposite films formed by titanium
dioxide nanorods, silver nanoparticles and reduced graphene oxide (TNR/Ag/rGO) on its photocatalytic
activity. The active area of the nanocomposite films was S=1cm?, S=1.5cm?, S=2cm?, S=3cm?. The
photocatalytic activity of the samples was assessed by the value of the generated photocurrent per unit surface
of the film and the photodegradation of the methylene blue dye when the surface was illuminated with a light
source from a xenon lamp (300 W). A film with an area of 1 cm? generated 0.00042 A/cm?. With increasing
film area S=1.5 cm?, S=2cm?, S=3cm?, the photocurrent density was 0.00035 A/cm?, 0.00028 A/cm?,
0.00013 A/cm?, respectively. It was found that in the absence of a nanocomposite film, the degradation of the
dye is negligible. When the TNR/Ag/rGO film was immersed in a dye solution, the degradation of the dye in-
creased and amounted to 32, 59, 70 and 81 % for S=1cm?, S=1.5 cm?, S=2cm?, S=3cm? with an irradiation
duration of 240 minutes. The results obtained suggested that as the active surface area of the films increases,
their photocatalytic activity decreases. The decrease in photocatalytic activity is associated with surface
defects and an increase in film resistance.

Keywords: titanium dioxide nanorods, silver nanoparticles, reduced graphene oxide, film area, photocatalysis.

Introduction

Titanium dioxide (TiOy) is a promising semiconductor material in photocatalysis due to its optical,
structural, electrical characteristics, high chemical stability, low toxicity, low cost and high photocatalytic
activity [1-4]. Among the variety of TiO2 nanostructures, such as nanoparticles, nanostitches, nanotubes and
nanothreads, materials with one-dimensional transport of charge carriers are more promising [5]. One of
these is titanium dioxide nanorod (TNR), obtained by hydrothermal synthesis. By controlling the synthesis
conditions, for example, temperatures, concentrations of chemical reagents and the number of synthesis stag-
es, it is possible to control the geometric characteristics of TNR and films based on them [6]. Along with the
above advantages, films based on TNR have a number of disadvantages, the main of which are low absorp-
tion capacity in the visible range of the electromagnetic wave and the high rate of recombination of electron-
hole pairs [7]. There are many methods and approaches to expand the spectral sensitivity of TNR, for exam-
ple, introducing into the structure semiconductors with a narrower band gap, such as CdS CdSe CuO, etc. [8-
10]. The introduction of nanoparticles of noble metals Au, Ag, Cu is also promising, while the absorption
capacity is enhanced due to hot electrons of the metals and due to surface plasmon resonance [11-13]. To
suppress the rate of recombination of electron-hole pairs, graphene nanostructures are applied to the surface
or into the pores of TiO» nanostructures by electrochemical deposition or airbrush sputtering [14]. Graphene
can serve as both an effective conductor, facilitating efficient charge transfer, and absorb visible light, which
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increases sensitivity to it. By integrating TiO. with graphene, an improvement in the electronic and
photoelectric behavior of the material is achieved. This method can overcome some of the disadvantages of
one-dimensional TNR structures and create more efficient photocatalysts with reduced recombination and a
wider spectrum of light sensitivity [15, 16].

In our previous works, as well as in a number of other sources, it was shown that the introduction of na-
noparticles of noble metals Ag and reduced graphene oxide (rGO) into the TiO: structure significantly im-
proves its photocatalytic activity [17-21]. When assessing the photocatalytic activity of TNR or
TNR/Ag/rGO films, a film area of the order of 1 cm? was typically used. If the cost of the materials used is
reduced, this technology can potentially be commercialized. In this case, there will be a need to create films
on an industrial scale, which will lead to an increase in its area. However, a literature review showed that the
published works lack information on the effects of film area on its photocatalytic activity, which is the goal
of this work.

Experimental

To obtain TNR/Ag/rGO films with different areas, glass substrates with a conductive FTO layer (8
Ohm/cm?, Sigma-Aldrich) were cut into geometric dimensions, as shown in Figure 1.
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Figure 1. Schematic representation of films with different areas.

S=3 cm?

TNR with a rutile phase was obtained by hydrothermal synthesis in a stainless steel autoclave with a
fluoroplastic vessel. To do this, 12 ml of deionized water, 12 ml of hydrochloric acid (36.5 %, Karagan-
dareaktivsbyt), 0.275 ml of C1sH3s04Ti (97 %, Sigma-Aldrich) were poured into a vessel with a volume of
50 ml and mixed in an ultrasonic bath for 3 minutes. Then, the pre-cleaned FTO glass substrates were placed
into a vessel with the conductive side up, sealed tightly and placed in an electronic oven (8.2/1100, SNOL)
for 6 hours at a temperature of 180°C. After cooling, the samples were removed, thoroughly washed with
deionized water and subjected to heat treatment in an oven at a temperature of 500°C for 2 hours. The
introduction of silver (Ag) nanoparticles was carried out by chemical deposition. To 0.2g of
polyvinylpyrrolidone (PVP), 20 ml of H,O and 20 ml of C;HsO, and 2 mmol of NaBH,4 were added. The
substrates were kept in an oven at 70 °C for 2 minutes, washed with deionized water and dried at room
temperature rGO (99 %, Cheaptubes) was deposited onto the surface by electrochemical deposition. The
rGO powder was dispersed in a phosphate solution (0.5 g/L), then treated in an ultrasonic bath for 2 hours.
The deposition of rGO onto the TNR/Ag surface was carried out using a standard three-electrode system.
The working electrode was TNR/Ag, the counter electrode was Pt foil, and the reference electrode was
Ag/AgCI. After 5 minutes of deposition, the films were removed and washed several times with deionized
water.
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The surface morphology and microstructure of the resulting composite was studied using a Mira 3MLU
scanning electron microscope (SEM) (Tescan). Spectrophotometric measurements were carried out on a
Solar CM 2203 scanning spectrophotometer (Solar) in the wavelength range 190-750 nm. The film resistance
was determined using the impedance spectroscopy method in the frequency range from 1 MHz to 100 MHz.
For this purpose, the working electrode (test samples) and the counter electrode made of Pt (Platisol T/SP,
Solaronix) deposited on FTO were glued together with a polymer film 25 um thick (Melotonix, Solaronix).
The electrolyte used was iodide/triiodide electrolyte (lodolyte Z-150, Solaronix). The photocatalytic activity
of the samples was assessed by measuring 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). Platinum foil served as the counter electrode, and an AgCl electrode was used as the
reference electrode. The measurements were carried out in a 0.1 M NaOH electrolyte in a specially manufac-
tured photoelectrochemical cell with a quartz window. In addition, the photoactivity of the films was as-
sessed by photodegradation of the methylene blue (MB) dye. Methylene blue dye is used as a model pollu-
tant. A xenon lamp with a power of 300 W/cm? was used as a radiation source in all experiments (Newport,
USA).

Results and discussion

Figure 2 (a, b) shows micrographs of the surface morphology of the TNR film before and after deposi-
tion of Ag and rGO nanoparticles. Figure 2a shows that as a result of hydrothermal synthesis, titanium diox-
ide nanorods are formed on the surface of the FTO substrate, mainly perpendicular to the surface of the sub-
strate. The length of the nanorods is about 2.1 microns, the average diameter of the nanorods is 80-90 nm. As
a result of the chemical reduction of silver nitrate, Ag nanoparticles are formed on the TNR surface. The
deposited Ag nanoparticles are evenly distributed over the entire surface of the samples and envelope the
walls of TNR films, at the same time creating roughness. The average diameter of nanoparticles is 25-30 nm.
Also, on the surface of TNR/Ag films, rGO sheets are visible, which were deposited by electrochemical
method. The figure shows that graphene sheets partially envelop the TNR/Ag surface.

Figure 2. SEM images of the TNR surface before (a) and after (b) deposition of Ag and rGO.

8 BecTHuk KaparaHgmMHCKOro yHusepcureTa



Effect of TNR/Ag/rGO film...

TNR/Ag/rGO TNR/Ag/rGO 5

S=1cm? S$S=1.5 cm?

TNR/AG/rGO | 5t 5w~ TNR/AG/rGO s vt
S$=2 cm? e .. =0 S=3 cm?

500 um

Figure 3. Surface morphology of samples.

Figure 3 shows micrographs of TNR/Ag/rGO films with different areas. The figure shows that increas-
ing the area of the TNR/Ag/rGO film obtained by hydrothermal synthesis does not lead to significant chang-
es in the structure. The film surface is smooth, without visible surface defects.

The photocatalytic activity of the nanocomposites was assessed by the degradation of methylene
blue (MB) dye. MB is used as a model dye, which is the source of any contaminants. When films placed in
an aqueous solution of this dye are irradiated with light rays, a decrease in the optical density of the dye is
observed, which indicates the gradual degradation of molecules in the solution under the influence of light
rays. For each sample, an aqueous solution of MB dye with a concentration of 10 mol/L was poured into a
container with a different volume, and the optical density of the dye was determined at certain time intervals.
MB volume

S=3.0cm? — 60 ml

S=2.0cm? — 40 ml

S=15cm?— 30ml

S=1.0cm? — 20 ml.

Figure 4a shows an example of dye photodegradation. At the absorption peak of 662 nm, a change in
the absorbance of the MB dye was observed. The photodegradation curve is shown in Figure 4b. As can be
seen from the figure, with long-term irradiation, the degradation of MB without a film is less pronounced. In
the presence of the film formed by TNR/Ag/rGO, significant degradation of the methylene blue dye is
observed (Fig. 4b). In the presence of a film with an area of 3 cm?, the degradation of the dye over a time
period of 240 minutes reached 81 %, and when using a film with an area of 2 cm?, 1.5 cm? and 1 cm?, this
parameter in the specified period of time was only 70, 59, 32 %. The results obtained indicate that in a film
with an area of 3 cm?, the rate of dye degradation increases in relation to films with an area of 2 cm?, 1.5 cm?
and 1 cm?,
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Figure 4. Photocatalytic properties of TNR/Ag/rGO films at different areas.

And also, the photocatalytic activity of the samples was assessed by the response of the photocurrent
when irradiated with artificial sunlight with periodic on-off for 10 s. In the absence of lighting, the
photocurrent is zero, but when the light is turned on, its density instantly increases. From Figure 4c it can be
seen that the maximum value under illumination for a sample with an area of 1 cm? is 0.00042 A/cm?, for a
sample with an area of 1.5 cm? it is 0.00035 A/cm?, for a sample with an area of 2 cm? it is 0.00028 A/cm?
and 0.00013 A/cm? for a sample with an area 3 cm2. All samples show stability over time when recording
photocurrent. From the results of the study, we can see that as the area increases, its photocatalytic activity
also increases. This means that it increases the likelihood of reactions and allows them to interact better with
the catalyst.

Figure 4d shows impedance hodographs as a function of Nyquist coordinates for all samples studied.
Using the central arc of the hodograph, which characterizes the processes occurring in the nanocomposite,
the main electrical transport properties of the film were calculated using methods described in the
literature [22].

The resistance to electron transport in a nanocomposite Ry and the charge transfer resistance Ry will
depend directly on the number of electrons received from the number of free electrons. If we take into ac-
count that the dimensions and thickness of the semiconductor film are identical for all systems, accordingly,
only the deposited layers of graphene oxide will affect the resistance value. The brief calculations performed
are presented in Table.
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Electrical transport properties of films based on nanocomposite materials

Name of samples and Rw, Ohm Rk, Ohm ®max Hz Teff, SEC
measurement error

TNR/Ag/rGO -1cm? 71.4 2345.5 295.9 0.003
Error, % 9.2 2.0 - -
TNR/Ag/rGO-1.5cm? 55.8 2669.9 12.2 0.082
Error, % 0.7 2.6 - -
TNR/Ag/rGO -2cm? 242.2 4733.5 2.6 0.377
Error, % 0.9 3.7 - -
TNR/Ag/rGO -3cm? 43.0 5934.2 1.7 0.573
Error, % 1.6 4.1

Table

The resistance of TNR/Ag/rGO films with an area of 3 cm? is 3 times greater than that of a film with an
area of 1 cm? and is 1902 Ohm and 5733 Ohm. And for films with an area of 1.5 cm? the resistance value
was 2496 Ohm, and 3878 Ohm for a film with an area of 2 cm?. Based on the hodograph, the electron
lifetime Terr Was calculated in films and nanocomposite materials. According to the results obtained, the
effective lifetime of an electron in a sample with an area of 3 cm? is 0.573 seconds. Samples with an area of
2, 1.5 and 1 cm? with a time of 0.377, 0.082 and 0.003 seconds, respectively. It follows that as the area of the
films increases, the effective lifetime of the electron in the sample increases. A long electron lifetime
increases the probability of electron recombination in trap states associated with both structural and surface
structural defects. In addition, as the film area increases, the film resistance also increases, which also
impedes the transport of photogenerated electrons. The table also shows the measurement error values as
percentages. In general, the magnitude of errors is in the confidence interval from 0.5 to 5 %.

Conclusions

Thus, it was found that as the active area of the TNR/Ag/rGO nanocomposite increases, its
photocatalytic activity decreases. It was found that with the same duration of irradiation (240 min) of the dye
in the presence of films, the degree of its degradation is different. In the presence of a film with an area of
S=3cm?, during the above period of time the dye reached 66 % degradation, and with S=1cm? the degree of
dye degradation was 83 %. It should be noted that the volume of dye increased with increasing film area.
Similar results were obtained for the magnitude of the generated photocurrent per unit surface of the sample.

The results obtained led to the conclusion that as the active surface area of the films increases, their
photocatalytic activity decreases. The decrease in photocatalytic activity is associated with an increase in
film resistance, associated with surface defects. Since the charge transfer resistance Ri increased with
increasing area of the nanocomposite.
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TNR/Ag/rGO kadbIpmakTapbl ayJaHBIHBIH (POTOKATATUKAIBIK
OesiceHainirine acepi

Makanaza TUTaH KOCTOTBHIFBI, KYMiC HAaHO©3EKIIENepi jKOHE KaiTa KallblHA KeNTipiNreH rpadeH OKCHIi
(TNR/Ag/rGO) HaHOKOMMO3UTTIK KaOBIPIIAKTAp ayJaHBIHBIH, OHBIH ()OTOKATATUTHKAIBIK OCICCHIUTITiHE
acepi Typalibl 3epTTEY HOTIDKeNepi KenTipiareH. HaHOKOMIO3UTTIK KaOBIpIIaKTapAblH OCICeH I ayaaHaaphl
S=1cm?, S=1.5 cm?, S=2cM?, S=3cm? Kypaiiabl. Yirinepain poTokaTaluTHKANBIK GeIceHainir kadppmak Oe-
TiHiH OipJiriHeH anblHFaH (OTOTOK Meepi koHe KceHOH maMmblHbIH (300 BT) xapbIk ke3imeH GetTTi a-
PBIKTaHIBIPY Ke3iHe METHJICH KOK OOSFBILTHIH (POTOAErpafaluusachl 6oibHma Garananasl. 1 cM? aymaHmbl
KaOBIpIIaKTHIH (HOTOTOK THIFBI3ABIFEI 0.00042 Alcm? Kypaznel. KaOsIpmakTap ayaaHbIHBIH YIFalobiMeH S=1.5
cM?, S=2¢M?, S=3cM? POTOTOKTHIH THIFBI3ABIFEI colikecinme 0.00035 A/cm?, 0.00028 A/cm?, 0.00013 A/cm?
Kypazabl. HaHOKOMITO3HUTTIK KaObIpIIak OonMaraH Ke3/1e OOSFBIIITHIH JeTPaIalischl IaMatbl eKeHIIr aHbIK-
tanael. TNR/Ag/rGO kaObIpiiaFbiHbIH OOSFBINI epiTiHAICIHEe OaThIPBIIFaH Ke3/eri OOSFBIITHIH Jerpatanus-
cbl S=lcM?, S=1.5 cm?, S=2cm?, S=3cMm? aymaHnapeIHaa coysIeeHy y3akThiFsl 240 MunyT Gonranaa 32, 59,
70 sxone 81 % octi. Hatmxenep kaOblpurakrapaslH ayqaH OeTiHIH ecyiMeH, onapAblH (OTOKATATHTHUKAIBIK
OenceHmimiri TeMeHeHTIHIH KopceTTi. POToKaTaMUTHKAJIBIK OSIICEHALTIKTIH TOMeHIeyl OeTKi akayiaapMeH
JKOHE KaOBbIpIIaKTapAbIH KeIePTriIepiHiH )KOFapbulaybIMeH OaiIaHbICTHI.

Kinm ce30ep: TMTaH KOCTOTHIFBIHBIH HAHOO3EKIIENepi, KyMic HAHOOOMIIEKTEPi, KaiiTa KajlblHa KeNTipiIreH
rpadeH OKCHJIi, KaOBIpIIaK ayaaHbl, poToKaTamms.
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Binsinue muiomaan u miaeHkd TNR/AQ/rGO Ha e€ (poTOKATAINTHYECKYI0 AKTHBHOCTD

B cratbe npencTaBieHbl PE3YIbTATH HCCIENOBAHUS BIMSHUS TUIONIAI HAHOKOMITO3UTHBIX TIJIEHOK, 06pa3o-
BAHHBIX HAHOCTEPIKHAMHU JHOKCHA TUTaHa, HAHOYACTHI[AMHU cepeOpa U BOCCTAHOBIEHHOTO OKCHA rpadeHa
(TNR/Ag/rGO), Ha eé (HOTOKATATUTHYECCKYIO aKTHBHOCTh. AKTHBHAS IUIONIAh HAHOKOMIIO3UTHBIX ILIEHOK
cocraBuna S=1 cM?; S=1,5 cM?; S=2 cm?; S=3 cm?. DOTOKATAIMTUYIECKAs AKTHBHOCTL 00Pa3loB OLEHUBAJIACH
0 BeJMYMHE FEHEPHPYEMOT0o (POTOTOKA C EMHHUIIBI TOBEPXHOCTH IUIEHKU U (JOTOJETpaiallii KPACUTENIs Me-
THJICHOBOTO TOJyOOTO MPH OCBEIICHUHU TOBEPXHOCTH HCTOYHHKOM CBETa OT KCeHOHOBOU iammbl (300 BT).
Inenxa muomansto 1 cm? renepuposana 0,00042 A/cm?. C poctom momamy mieHok S=1,5 cm?; S=2 cM?;
S=3 cm? mnotHOCThL oToTOKA coctaBuna 0,00035 A/cm?; 0,00028 A/cm?; 0,00013 A/cM?, COOTBETCTBEHHO.
BBUIO YCTAHOBIIEHO, YTO TIPU OTCYTCTBMM HAHOKOMITO3MTHOM TUIEHKH JErPaJals KPACUTENA HE3HAYNTEIbHA.
Tlpu norpy»xenun B pactBop Kpacurens mieHkrn TNR/AgQ/rGO nmerpaiarus KpacuTenst BO3pOcia H COCTaBHIIA
st S=1 cm?; S=1,5 em?; S=2 cm?; S=3 cMm? 32, 59, 70 u 81 % nipu muurtensHOCTH 00mydenus 240 mun. Tlomy-
YeHble PE3yNbTAaThl MO3BOJIMIIN TPEATIOI0KUTE, YTO ¢ POCTOM AKTUBHOM IUIONIAIX TIOBEPXHOCTH IUIEHOK MX
(oToKaTanuTHIECKass aKTHBHOCTh yMeHblnaeTcsi. CHIbKeHHE (POTOKATaTUTHYECKOH aKTUBHOCTH CBA3aHO C
MOBEPXHOCTHBIMH JIe()eKTaMU U POCTOM CONPOTHUBJIEHHS TIEHOK.

Knroueegvie cro6a: HAaHOCTEPIKHU THOKCHIA THTaHa, HAHOYACTHIIBI cepebpa, BOCCTAHOBICHHBII OKCHI Tpade-
Ha, IUIONIa b [UIEHKH, (JOTOKATAIIHU3.
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