DOI 10.31489/2020Ph3/13-21

UDC 544.526.2

T.M. Serikov*

Karagandy University of the name of academician E.A. Buketov, Kazakhstan
(*E-mail: serikov-timur@mail.ru)

The effect of electric transport properties
of titanium dioxide nanostructures on their photocatalytic activity

Annotation. Films formed by nanoparticles, nanorods and nanotubes of titanium dioxide with a thickness of
3.9, 4.0 and 4.1 pum, respectively, with an area of 2 cm® were obtained by various methods. Nanostructures
were characterized by X-ray phase analysis, scanning electron microscopy (SEM), BET (Brunauer-Emmett—
Teller), BJH (Barrett—Joyner—Halenda). The electric transport properties of the films were studied by imped-
ance spectroscopy. The photocatalytic activity of the samples was evaluated by the photocurrent and degrada-
tion of the methylene blue dye under xenon lamp illumination. The concentration of hydrogen released per
unit time was determined by gas chromatography in a standard quartz cuvette using a platinum electrode. The
study of texture characteristics showed that the obtained isotherms belong to type IV isotherms with a hyste-
resis loop, reflecting the process of capillary condensation in mesopores. The diffraction peaks for the films
of nanoparticles and nanotubes of titanium dioxide are identical and correspond to the 'tetragonal phase of
anatase, for films of nanorods to the tetragonal phase of rutile. When studying the electric transport properties
of films, it was found that films of titanium dioxide nanoparticles have a higher resistance associated with un-
formed bonds between nanoparticles. Despite the low specific surface area, titanium dioxide nanorods
showed higher photocatalytic activity than nanotubes and nanoparticles. The results are confirmed by meas-
urements of photocurrent, dye decomposition and the splitting of water molecules into hydrogen gas and ox-

ygen.

Keywords: nanoparticles, nanotubes, nanorods, titanium dioxide, BET, electric transport properties,
photocatalytic activity, hydrogen

Introduction

Development and research to create effective photocatalysts for the degradation of organic compounds
and toxic substances in drinking water, the splitting of water molecules into hydrogen and oxygen are the
promising direction in «green energy». Semiconductors, often used as photocatalysts, have the ability to gen-
erate reactive oxygen species (ROS) O,, 10, H,O, u OH. Over the past decade, nanostructures based on
titanium dioxide (TiO,) have been the most effective photocatalysts, due to their chemical stability, low cost,
fairly high oxidizing capacity;optical properties and features of electronic transport [1].

It is known that the photocatalytic activity of nanomaterials is influenced by many factors, the most sig-
nificant of which are the specific surface area, particle size, crystal phase, morphology, and electronic
transport. Heterogeneous catalysis between catalysts and reagents occurs mainly on the surface or at the in-
terface, so the efficiency depends partly on the specific surface area of the materials. A large specific surface
area will provide a large active contact area, allowing the adsorbed water molecules and hydroxyl to react
faster, and are also.a place for fixing organic molecules for photodegradation [2—4]. The specific surface area
increases/dramatically with decreasing crystal size, so small spherical nanoparticles (NP) have a large sur-
face area, making them the most common type of TiO,-based photocatalyst.. On the other hand, one-
dimensional (1D) TiO, nanostructures, such as nanotubes (NT), nanorods (NR), have unique properties and
advantages for photocatalytic reactions due to their 1D geometry [5,6]. Structures with direct electron paths
significantly increase the electric transport properties of films by excluding grain boundaries that occur when
using films made of TiO, nanoparticles. NP, NR, NT TiO, can be in 3 main crystal phases: brucite, anatase
and rutile. It is believed that the best photocatalytic activity is observed for anatase due to the lower recom-
bination rate and high adsorption capacity [7, 8]. Although there are other opinions, for example, it has been
experimentally proved that a mixture of the crystal phases of anatase and rutile shows better photocatalytic
activity than separately [9, 10]. Therefore, what kind of photocatalyst will work better is still not known: a
high specific surface area of NP TiO, or improved electron transport of NR and NT TiO..

In this work, three types of nanostructures were used: NP, NR and NT TiO,, which differ in geometric
characteristics, but have relatively the same thickness and area of the films. The most common, cheap and
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simple methods of nanostructure synthesis were used, such as hydrothermal synthesis for NR [11] and elec-
trochemical anodizing for NT [12, 13]. The characteristic difference between NT and TiO, nanorods is that
the former have an open internal channel, which should significantly increase their specific surface area.

Experimental

The synthesis of films formed by the NP TiO,

The film of NP TiO, was prepared as follows: 50 mg of TiO, colloidal titanium dioxide (Sigma Aldrich
company Degussa P25) was ground in a porcelain mortar with the addition of 2 ml of deionized water and
0.2 ml of acetone and mixed for 24 hours using a magnetic stirrer to form a homogeneous paste. The finished
paste was applied to the surface of pre-cleaned photo substrates (Sigma Aldrich, 8 Ohms/cm®) by the «doc-
tor—blading» method and dried at a temperature of 100 °C for 30 minutes. The film thickness was controlled
using tape applied to the edges of the substrate. Then the samples were calcined at a temperature of 500 °C
for 2 hours.

The synthesis of films formed by the NR TiO,

Nanostructured films based on HR TiO, were obtained by hydrothermal synthesis as follows: a solution
containing 15 ml of deionized water (H,O), 15 ml of hydrochloric acid (HCI) (36.5-38.0 %, Sigma—Aldrich)
and 0.25 ml of titanium butoxide CisH3¢0,4T1 (titanium butoxide, 97 %, Sigma—Aldrich) was prepared in a
50 ml stainless steel vessel. Then, pre-cleaned glasses with a conducting layer of ITO (Sigma-Aldrich,
8 Ohms/cm?) were placed in the same vessel with the conducting side down. The stainless steel vessel is
closed and placed in a convective oven at a temperature of 180 °C for 24 hours. The resulting samples were
washed with deionized water and dried at room temperature. Then the samples were calcined at a tempera-
ture of 500 °C for 2 hours.

The synthesis of films formed by the NT TiO,

The films were obtained by 2-stage electrochemical anodizing of pre-chemically polished, purified tita-
nium foil (VT1-0, 99.7 %, Russia) at a temperature of 57 °C. The thickness of the foil was 60 microns. As
the base of the electrolyte, C,HsO, was used, with a content of 0.3 wt.% NH,F and 2 wt% H,O. The cathode
was platinum foil. The distance between the cathode and the anode was 3 cm. The anodizing voltage is 40 V.
During the anodizing process, the solution was intensively mixed using a magnetic stirrer. During the first
stage of anodizing, a film of NT TiO, and hydrolysis byproducts is formed on the surface of the titanium foil
within 2 hours, which were removed from the surface of the foil in an ultrasonic bath, in a solution of hydro-
chloric acid. The duration of the second stage of anodizing was 4 hours. The amorphous phase of TiO, was
crystallized by heat treatment of samples in a muffle furnace at a temperature of 500 °C within 2 hours.

X-ray phase analysis of films was studied using a rint 2000 diffractometer (model D5005). Images of
the sample surface were obtained using a scanning electron microscope (SEM) MIRA 3 LMU (Tescan,
Czech Republic). The textural characteristics of synthesized samples were calculated on the basis of nitrogen
adsorption and desorption isotherms at a temperature of 77 K obtained at the quantachrome volumetric unit
(«Quantachrome Instruments», USA). The specific surface area of the samples was estimated by the
Brunauer—-Emmett-Taylor method (BET). To study the photocatalytic activity of films, the values of the
photoinduced current ‘and photodegradation of the methylene blue dye were measured. The photocurrent of
nanostructures with an illuminated area of 1 cm’ was measured at a constant potential of 0 V using a
potentiostat (ELINS R-20XV, Russia) in a standard three-clectrode cell. TiO, nanostructures were used as
the working electrode. The opposite electrode was a platinum foil, and an AgCl electrode was used as the
reference electrode. Measurements were made in an electrolyte of 0.1 M NaOH in a specially made
photoelectrochemical cell with a quartz window. When registering the photocurrent, titanium dioxide films
were irradiated with a 45 mW/cm” xenon lamp. The photoactivity of the films was evaluated in the reaction
of photodegradation of an aqueous MB solution. Plates with a size of 1x2 cm were vertically lowered into a
quartz reactor containing 50 ml of a MB solution with an initial concentration of 10~ mol/l and kept for
20 hours to exclude errors in measuring the optical density of the dye associated with the adsorption of mol-
ecules into its pores. The solution is continuously mixed using a magnetic stirrer. The system was irradiated
with a 45 mW/cm” xenon lamp.

The electrotransport properties of films were studied using the method of impedance spectroscopy.
Measurements of the impedance spectra were performed on the biologic (Science Instruments) impedance
meter. The amplitude of the applied signal was up to 25 mV, and the frequency range from 1 MHz to
100 MHz.
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Results and discussion

Diffraction peaks shown in figure 1(101), (004), (200), (105), (211), (204), (116), (220) and (215) for
NP and NT TiO; films are identical and correspond to the tetragonal phase of anatase (JCPDS, no. 84-1286,
a=>5b=0.1949 nm and ¢ = 0.1980 nm).
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Figure 1. Radiographs of nanostructured films TiO,

All diffraction peaks presented for NR films are in good agreement with the tetragonal phase of rutile
TiO, (JCPDS, no. 21-1276, a = b = 0.4517 nm and ¢ = 0.2940 nm). The presence of sharp peaks for NR in-
dicates that the films have good crystallinity. The diffraction peaks(002) and (101) were significantly ampli-
fied, indicating that the deposited film is highly oriented relative to the substrate surface.

Figure 2 shows the results of a study of the surface morphology of TiO, nanostructured films.
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Figure 2. SEM images of TiO, nanostructured films

Figure 2a shows that the presented NP TiO, film has a clearly defined granular structure. The average
particle diameter is 25 nm. Figure 25 shows that as a result of hydrothermal synthesis, nanorods made of ti-
tanium dioxide are formed on the surface of the FTO glass, located perpendicular to the substrate plane. The
average diameter of the nanorods is 100—120 nm, and the length is 4.1 microns. Figure 2¢ shows that as a
result of careful control of external conditions, films were obtained from tightly packed cylindrical geometri-
cally anisotropic titanium dioxide fragments located perpendicular to the foil plane. The porous structure of
the film and the size of individual channels, which are about 90 nm, are clearly visible. It is shown that the
surface of TiO, films is low-defect, and they themselves have a clearly marked channel along their entire
length. The thickness of all titanium dioxide nanostructures was selected so that their thickness was about
~4 microns. The thickness of the film from NP was controlled using tape (thickness of 1 layer ~2 microns), if
necessary, the number of layers applied was repeated. The film thickness of NR TiO, was controlled by the
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temperature and duration of hydrothermal synthesis, and NT TiO, by the time (4 hours) and the voltage
(40 V) of anodizing. The active area of all samples was 1 cm”.

The textural characteristics of TiO, nanostructures were calculated based on nitrogen adsorption and
desorption isotherms at a temperature of 77 K. To obtain the adsorption-desorption curve, a powder from NP
TiO, was used, and for NT and NR, the films were mechanically separated from the base. The isotherms are

shown in Figure 3a.
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Figure 3. Adsorption-desorption isotherms and pore size distribution of TiO, nanostructures

From the presented data, it can be seen that the nitrogen adsorption-desorption isotherms for all samples
have the same appearance, except for the volume of adsorbed nitrogen. At low relative pressures (P/P 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 samples of NP and NT TiO,, the volume of
adsorbed nitrogen increases, and an increase in the relative pressure range from 0.45 to 0.99 indicates the
presence of a mesoporous (2—50 nm) structure. For NR TiO,, the isotherm is characterized by a decrease in
the amount of adsorbate with an increase in P/Py; as well as negative values of this value. With repeated
measurements and an increase in the weight of the hitch does not lead to changes in the isotherm. Experi-
ments were carried out when the weight of the hitch was comparable to the weight of the hitch NT. Further
increase in the weight of the hitch forssamples from the NR was not possible, since its separation from the
surface of the substrate was difficult, the output was minimal. This may indicate a low surface of the test
sample (<1 m*/g). In accordance with the IUPAC nomenclature, the obtained isotherms belong to type IV
isotherms with a hysteresis loop, reflecting the process of capillary condensation in mesopores. The volume
of mesopores was calculated using the Barrett-Joyner—Halenda method and the pore size distribution was
obtained (Fig. 3b) for NP.and NT. For NR films, calculations were not performed using this method. From
the pore distribution curve for the NP film, one peak can be distinguished in the region of the pore diameter
of 10 nm. For films made of NT TiO,, two peaks can be identified in the region of the pore diameter of 10
and 55 nm. Pores with.a diameter of less than 10 nm are probably located on the inner or outer surface of the
walls of TiO, nanotubes. It should be noted that the samples also show the presence of macropores. The val-
ue of the surface area for films made of NR TiO, was estimated by the number of adsorbed molecules of the
methylene blue dye (Soecue=130 Az) on its surface. The results of the research are presented in Table 1.

Table 1

Textural characteristics of TiO, nanostructures

Sample Surface area Pore volume, cm’/g
NP TiO, 73.218 m’/g 0.306 cm’/g
NR TiO, 62 cm”/ cm” -

NT TiO, 19.437 m’/g 0.122 cm’/g

From the presented data, it can be seen that the specific surface area of NP TiO, is 4 times higher than
NT TiO..
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Electric transport properties of nanostructured films were studied by measuring the electrical imped-
ance. Figure 4 shows the impedance hodographs in Nyquist coordinates for NP, NR, and NT TiO,.
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Figure 4. Impedance spectrum of titanium dioxide nanostructures

The values of the chain elements obtained in the framework of the model used are shown in Table 2.
One of the important parameters that can be determined from the measurement of the solar cell impedance is
the lifetime of charge carriers in a semiconductor film (t). Since the impedance measurements were made
when the film was illuminated, it can be concluded that t characterizes the lifetime of photoelectrons. The
calculations were performed using the methods described in [14;.15].

The effective electron diffusion coefficient Dy, the effective recombination rate k., the effective
electron lifetime T, the resistance to electron transportin Ry, titanium dioxide films, and the charge transfer
resistance Ry associated with electron recombination were calculated from the central arc of the impedance
spectra. The results are presented in Table 2.

Table 2
Electric transport parameters of solar cells based on TiO, nanostructures
Sample Desr, cm?/c! Ketr, ¢! Teffy C Ry. Ohm R,,, Ohm Con, Ohm-cm ¢! L, mkm
NP TiO, 6.7-10° 16 0.062 33015 11.9 206 3.9
NT TiO, 2.3-10° 12 0.083 13952 12.0 68 4.1
NR TiO, 3.6:10" 9.6 0.104 8480 36.0 32.5 4.0

The recombination rate (k.g) is directly proportional to the electron density in the trap state and the re-
combination rate'constant ¢ of the traps. In NP films, its value is 16, and for NR it is 9.6, which may indicate
that the density of electrons in the trap states is less in NR. The lifetime of the T electrons in the NP is low-
er than in films:made of NT and NR. This may be due to the rapid recombination of electrons and holes. The
resistance to€lectronic transport in TiO, (R,) for NP films is higher than in NR and NT.

Based on-this we can draw the following conclusion: High resistance in the films of NP is connected
with the unformed relations between the nanoparticles. Unformed bonds lead to an increase in surface de-
fects through which recombination occurs. The use of nanostructures with one-dimensional electron
transport reduces the resistance and speed of recombination processes. Despite the low specific surface area
of NR and NT than NP, they can be promising materials for photocatalysis. The photocatalytic properties of
films are shown in the Figure 5 below.
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Figure 5. Photocatalytic properties of titanium dioxide nanostructures

Figure 5a shows the photo-feedback of titanium dioxide nanostructures when irradiated by an electro-
magnetic wave and its absence. All samples show fairly good stability. It should be noted that with an identi-
cal area and comparably the same thickness of films, the photocurrent for NR is 3 times higher than for NT,
and 5 times higher than for NP titanium dioxide:"At the same time, the value of the active surface area (Ta-
ble 1) is much lower for NR than for NP and NT. Given the above, we can conclude that the formation of
photocurrent is associated with one-dimensional electron transport along the surface of the nanorods. NT
titanium dioxide has a one-dimensional electron transport and a high specific surface area. The low value of
the photocurrent can be associated with a number of circumstances: when forming NT, titanium foil is used,
which has foreign impurities, such as Al, Zn, F, etc., which is simply impossible to exclude; during electro-
chemical anodizing, hydrolysisiproducts, TiF¢, can be formed on the surface of nanotubes; during heat treat-
ment of NT samples, ‘an additional oxide layer or barrier may occur due to partial peeling of the oxide layer
between the NT and the titanium foil. The low value of the photocurrent for NP can be associated with un-
formed bonds ‘between nanoparticles, which leads to rapid recombination of electrons and holes, as evi-
denced by the.results of the study by impedance spectroscopy. The photocatalytic activity of nanostructures
in the MB dye degradation reaction was studied (see Fig. 5b). When irradiated with a xenon lamp MB ye, its
concentration changed slightly. When irradiated for 4.5 hours in the presence of titanium dioxide films, its
concentration decreased linearly, which indicates its degradation. The results obtained show that the best
photocatalytic activity is the film from NR. Degradation to 95 % is achieved in 270 min., and for NT and NP
this time is much higher. It should be noted that this work was done solely to compare the photocatalytic ac-
tivity of titanium dioxide nanostructures with each other. Since the obtained results on the degradation of the
dye do not correspond to the values given in similar scientific papers published in journals. First of all, this is
due to the radiation source used. Usually, xenon lamps with a power of 100mW/cm?” or 300 W are used in the
works. In this work, 45 mw/cm?’.

Figure 5¢ shows a cell in which photocatalytic water splitting occurs. The cell material is quartz
(Minihua Store). The opposite electrode is platinum. Separation of solutions was performed using a Nafion
filter. Titanium dioxide nanostructures were used as the working electrode. Both sides of the cell were pre-
purged with a stream of argon gas. Then, when irradiated, the sample was sampled and identified using an
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Agilent gas chromatograph. Figure 5d shows that when using films from NR, hydrogen generation is higher
than for films from NT and NP.

Conclusions

Films were synthesized from NP, NR and NT of titanium dioxide with a thickness of 3.9, 4.0 and 4.1
microns, with an area of 2 cm”. The textural characteristics of films are studied. The obtained isotherms be-
long to type IV isotherms with a hysteresis loop, reflecting the process of capillary condensation in
mesopores. The volume of mesopores was calculated using the Barrett—-Joyner—Halenda method and the pore
size distribution was obtained. For NP films, the specific surface area was 73.218 m*/g, and for NR and NT,
62 cm*/cm’” and 19.437 m?/g, respectively. The diffraction peaks for NP and NT TiO, films are identical and
correspond to the tetragonal phase of anatase, for NR films, with the tetragonal phase of rutile. Electric
transport properties of nanostructured films were studied by measuring the electrical impedance. From the
central arc of the impedance spectra were computed effective diffusion coefficient D g of electrons; the
effective recombination rate k., the effective lifetime 1. of the electron, the resistance of electron transport
in films of titanium dioxide Ry, resistance of charge transfer Ry associated with the recombination of an
electron. High resistance in the films of NP is connected with the unformed bonds between nanoparticles.
Unformed relations lead to the increase of surface defects, which occur through recombination. The use of
nanostructures with one-dimensional electron transport reduces the resistance and.speed of recombination
processes. Despite the low specific surface area of NR and NT than NP, they can be promising materials for
photocatalysis. The photocurrent for RS is 3 times higher than for NT, and 5-times higher than for NP of ti-
tanium dioxide. The photocatalytic activity of nanostructures in the MB dye degradation reaction was inves-
tigated. When the dye was irradiated for 4.5 hours in the presence of titanium dioxide films, its concentration
decreased linearly, which indicated its degradation. The results obtained show that the best photocatalytic
activity is the film from NR. Degradation to 95 % is achieved in.270 min., and for NT and NP this time is
much higher. When splitting water molecules into hydrogen gas and oxygen, it was found that when using
films from NR, its release occurs significantly more than in NP and NT.
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T.M. Cepuxon

TuTaH THOKCHII HAHOKYPBLJIBIMIAPBIHBIH JJIEKTPJIIK TaChIMANAAY
KACHeTTePiHiH 0J1apAbIH (POTOKATAINTHKAJBIK OeJsiceHaiTirine acepi

OpTypni omicTepai KOMaHA OTBIPHIN, ayJaHbl 2 CM’, all KadbIHABIKTaps! 3,9, 4,0 xoHe 4,1 MkM 6GOmaThiH
HAaHOOOIIIEKTeP/ICH, HAHOTYTIKIIEIEPACH KOHE HAHOO3EKIIEIEePAEH TYpPaThiH KaObIPIIAKTAp CHHTE3JCIII.
HanokypsuibiMaap peHTreHai-(asanblk aHanu3, ckaHepieyin 31eKTpoHasl Mukpockonusi, BOT (Bpynayap,
Ommert xaHe Teitnop), BAX (Baperr—/[xoiinep—XaneHn) oaicTepiHin keMeriMeH cumatranisl. KaoOsipiak-
TapABIH AJIEKTP TachIMalgay KacHeTTepi MMIICIAHCTHI CIIEKTPOCKOMMS JIiCIMEH. 3epTTenreH. YITLIepHiH
(oTOKaTAINTHKANBIK OEJICEH/UIIT KCEHOH JIaMIACBIHBIH S>KapBIKTAHABIPYB! Ke3iHIe MEeTHJIEH KeTriulmip
OOSIFBIIBIHBIH JIETpalalisiChl JKoHE (OTOTOKTHI TipKey apKbUIbI OaralaHibl. Bipimik yakbITTa HIBIFapbUFaH
CYTETiHIH KOHIICHTPALMSACHl I[UIATHHA OSICKTPOABIHBIH, apHaibl KBAPHTBIK KIOBETACHIHBIH JKOHE a3
XpoMaTorpadUsAChIHBIH KOMEriMeH aHbIKTaldFaH. bBeTTik KacueTTepiH 3eprrey OapbIChIHAA aJbIHFaH
n3orepmanap IV TumiHe »kaTaipl jKOHE Me30Mopiapia KarmdUpIIbK KOHASHCAUs MPOLECIHIH OTeTiHIH
kepceTeni. TUTaH AMOKCHIIHIH HAHOOOIIIEKTEepI MEH HaHOTYTIKHICTICPiHiH IU(PAKIHUSIBIK MIBIHIAPbI
Oipmeil JkoHe aHaTa3[blH TeTparoHanbAbl (a3achlHa, HAHOO3EKIIENepaiH KaObIpIIaKTapbl pPYyTHIAIH
TeTparoHanb/bl (azackiHa coiikec keneai. KaObIpirakrapIbiH 37MeKTPIIiK KaCHETTEPiH 3epTTey Ke3iHae TUTaH
JUOKCHUAIHIH HaHOOemekTepi KaOBIpIIAaKTapbIHBIH HAHOOOIIIEKTEp apachlHAa e3apa Ty3UIMereH
GaiiimaHpIcTapFa OalIaHBICTBI YKOFAphl AJICKTP Ke[eprire He eKeHAIN aHbBIKTabl. BeTTiKk aynaHsl TOMEH
OoyrFaHbIHA KapamacTaH, TUTAaH IMOKCHAI HaHO©3CKIIeJIepi HAHOTYTIKIIeNep MeH HaHOOeIIeKTepre
KaparaHJa >KOFapbl ()OTOKATAIUTHKAIBIK OSNCEHIUIIK KOPCeTTi. AJIBIHFAH HOTIDKENIEp (OTOTOKTHI OJIIey,
OOSFBILITHIH bIIBIPAYHI KOHE Cy MOJICKYJIaNapBIHBIH CYTeT] ra3bl MEH OTTEriHe OeJIiHyl apKblIbl PACTaJIFaH.

Kinm ce3dep: HaHoGenIIeKTep,  HAHOTYTIKLIETep, HaHOO3eKuIenep, TUTaH auokcudi, BIT, amektp
TackIMaiiay KacheTTepi, PoTOKaTaNUTHKAIIBIK OSICeHALTIK, CyTeri.

T.M. Cepuxon

Bausinue 31€KTPOTPAHCHOPTHBIX CBOWCTB HAHOCTPYKTYP IMOKCHAA TUTAHA
HA UX (POTOKATAIMTHYECKYIO AKTUBHOCTh

PaznmuuabiME MeTOJaMU OBUTH IMOJIyYCHBI TUICHKH, 0Opa30BaHHBIC HAHOYACTHIIAMH, HAHOCTCPXKHAMH H Ha-
HOTPYOKaMH OHOKCHIA TUTaHa, TOMIMHON 3,9; 4,0 1 4,1 MKM, COOTBETCTBEHHO, C IUIOLIAJBIO 2 cm?. Hauo-
CTPYKTYPBI OBUTH OXapaKTepHu30BaHbI METOAOM PEHTTeHO()A30BOr0 aHaIN3a, CKAHUPYIOLIMM JJICKTPOHHBIM
MuKpockoniom, merogamu bOT (Bpynaysp, Ommer u Teitnop) u BXXX (baperr—/xoitnep—Xanenn). Dnek-
TPOTPaHCIOPTHBIE CBOMCTBA MJICHOK HUCCIIE0BAHBI METOJOM MMITEIAHCHOH crekTpockonuu. DoToKaTaauTH-
YECKYyI0 aKTHBHOCTH 00pa3lOB OLECHHUBAIU MO (OTOTOKY M JETrpaJallii KPACHTEIsl METUICHOBOTO roiayboro
MIPY OCBEIICHHUSIX CBETOM KCEHOHOBOMH JIaMITbl. KOHIIGHTpAIIHIO BBIICIIEMOTO BOJIOPO/Ia B CIMHUIY BPEMCHH
OTIPEIEIISUTA METOZIOM T'a30BOM XpoMaTorpauu B CTAHIAPTHOW KBApIICBOI KIOBETE C MCIOJIL30BAHUECM ILIa-
THHOBOTO 3JIeKTpoJia. VccnenoBanusi TEKCTYPHBIX XapaKTEPUCTHK ITOKA3alld, YTO MOTyYSHHBIC U30TEPMBI OT-
HOCATCS K H30TepMaM ThIa [V ¢ meTineid ructepesnca, 0Tpaxas Iporece KammUIIPHO KOHICHCAIIH B ME30-
nopax. ndpakunoHHbIe MHKH IS MICHOK HAHOYACTHIl U HAHOTPYOOK JAMOKCHIA TUTAHA UICHTHYHBI H CO-
OTBETCTBYIOT T€TparoHaabHOU (a3e aHartasa, ISl IICHOK M3 HAHOCTep)KHEH — TeTparoHajIbHOH (asze pyTu-
na. [lpu uccienoBaHuU AIEKTPOTPAHCIIOPTHBIX CBOWCTB IUICHOK OBLIO YCTAaHOBJICHO, YTO IUICHKH M3 HAaHOYA-
CTHUI[ AMOKCHA THTaHa 00JafaloT Gosice BHICOKMM CONPOTHBICHUEM, CBA3aHHBIM C HE(OPMOBAHHBIMHU CBS-
35IMH MEXIy HaHOYacTHIaMu. HecMOTpsl Ha HU3KYIO YAEIBHYIO MOBEPXHOCTh, HAHOCTEPKHU JTUOKCUIA TH-
TaHa EMOHCTPHUPOBAIN 00Jiee BBICOKYIO (DOTOKATATUTHYCCKYIO aKTHBHOCTh, YeM HAHOTPYOKH W HaHOYACTH-
bl [lonydeHHBIC pe3ynbTaThl MOATBEPKAAIOTCS U3MEPCHUAMH (OTOTOKA, Pa3I0KEHUEM KPacUTEIsl H pac-
MIEeIIEHUEM MOJIEKYIT BOJIBI Ha Ta3000pa3HbIiA BOJOPO U KHCIOPO]I.
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Kniouesvie cnosa: HaHOYACTUIIBI, HAHOTPYOKH, HAHOCTEP KHH, AUOKCH] TUTaHa, BOT, anekTpoTpaHcopTHBIE
CBOWCTBA, (POTOKATAIUTHYECKAS AKTHBHOCTb, BOJOPO/I.
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