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FASCINATING WORLD OF NANOSCIENCE
AND NANOTECHNOLOGY

Researchers whose work has led to significant discoveries, looking much
further, beyond the immediate resolution of technical problems, are asking them-
selves important questions such as: why individual phenomena occur, how they
develop, and why they work. In order to enhance our knowledge about the world
around us, and to see pictures of worlds that elude the human eye, through histo-
ry many experimental and theoretical methods have been developed and are still
being improved, including the development of telescopes and microscopes, which
enable us to see "very large" and "very small" things.

Researchers involved in the "big things" (the universe, galaxies, stars and
planets) have found that a galaxy of an average size of about 100.000 light-years
has, on average, around one quadrillion (10'°) stars. Researchers involved in the
"little things" (nanostructures, molecules, clusters of atoms, individual atoms,
atomic defects, etc.) have discovered that 1 cm3 of aluminum alloys also contains
approximately one quadrillion (10"°) nanoparticles that strengthen these alloys in
order to be utilized as a structural material for aircrafts, without which modern
transport is unimaginable. How do we count the number of stars in a galaxy or the
number of nanoparticles in an aluminum alloy? Relatively easy, because we can
see the nanoparticles in aluminum alloys using electron microscopes, and stars in
a galaxy using telescopes. Scientific discoveries form the basis for scientific and
technological progress, and one such example are the discoveries in the fields of
nanosciences and nanotechnologies.

Why is this monograph dedicated to nanosciences and nanotechnologies?

To answer this question, we must first answer the question: what are nano-
science and nanotechnology? In the inevitable Wikipedia, Encyclopedia Britannica
(and any other encyclopedia), dictionaries as well as internet sources, the terms
"nanoscience” and "nanotechnology" are related to the study, understanding,
controlled manipulation of structures and phenomena, and the application of
extremely small things, which have at least one dimension less than 100 nm.
Modern aspects of nanosciences and nanotechnologies are quite new and have
been developing intensively in the last twenty to thirty years, but the nanoscale
substances have been used for centuries, if not millennia. Particulate pigments, for
example, have been used in ancient China, Egypt, etc., several thousands of years
ago. Artists have decorated windows in medieval churches using silver and gold
nanoparticles of various sizes and composition, without understanding the origin
of the various colors. Nanoparticles that strengthen alloys of iron, aluminum and
other metals, have been used for over a hundred years, although they have not
been branded with a prefix "nano", but rather called "precipitates”. Scientific disci-



plines, involved in significant research activities related to nanoscience and nano-
technology, are: physical metallurgy, materials science and materials engineering,
chemistry, physics, biology, electrical engineering, and so on.

Where does the prefix "nano" come from? "Nano" comes from the Greek
words vavog, which means a dwarf, indicating a dimension of one nanometer
(1 nm), which represents one-billionth (10°) of a meter; Similarly, "nanosecond"
(ns) denotes a billionth of a second, and so on. This sounds a bit abstract to many;,
but to put things into context with which we are familiar, we can mention that the
diameter of a human hair, for example, is on average about 100.000 nm (10° nm
=100 microns = 0.1 mm), which is roughly the bottom threshold of human eye
detection; Thickness of newsprint on average is also about 100.000 nm = 100 pm =
0.1 mm; Person of 2 m height is 2.000.000.000 (2x10°) nm high. For comparison,
if we assume that the diameter of a children's glass marble was 1 nm, then the
diameter of the Earth would be 1 m.

When we talk about the structures of inorganic, organic and bio-nanosys-
tems, their dimensions are as follows: Diameter of carbon atom is in the order of
0.1 nm, or one-tenth of a billionth of a meter; Single-wall carbon nanotubes have
a diameter of around 2 nm, or 2 billionth of a meter; The width of the deoxyribo-
nucleic acid (DNA) chain is also about 2 nm, or 2 billionths of a meter; Proteins,
which can vary in size, depending on how many amino acids they are composed
of, are in the range mainly between 2 and 10 nm, or between 2 and 10 billionths
of a meter (assuming their spherical shape); Diameter of individual molecules of
hemoglobin is about 5 nm, or 5 billionths of a meter.

Indeed, these are small sizes, but why should they be important, or why
does size matter? When analyzing physical systems on the nanoscale, their funda-
mental properties change drastically. Consider the example, melting point of gold:
transition temperature of solid to liquid for gold nanoparticles ~4 nm in size, is
about 400°C, while the melting temperature of bulk (macroscopic) gold is 1063°C.
The same can be said for other properties: mechanical properties, electric conduc-
tivity, magnetism, chemical reactivity, etc., also may be drastically changed, which
means that nanosystems deviate from the laws of classical physics that describe the
motion of the planets, the direction of movement of a rockets which carry satellites
to explore space, etc. The base of this fascinating behavior of nanostructures are
bonds between the atoms. As structures become smaller, more atoms are present
on the surface, hence the ratio of the surface area to volume for these structures
increases dramatically. It results in a dramatic change of physicochemical prop-
erties of nanostructures from the bulk, as well as possible appearance of quantum
effects: nanoscale structures become stronger, less brittle, demonstrate enhanced
optical and catalytic properties, and generally, are very different compared to the
usual, macroscopic system dimensions to which we are accustomed to in everyday
practice.

This monograph comprises a number of contributions which illustrate the
sparkling and fascinating world of nanoscience and nanotechnology.



Nanoporous organometallic materials, that can mimic the properties of
muscles upon outside stimuli, are ideal actuators, thereby offering a unique com-
bination of low operating voltages, relatively large strain amplitudes, high stiff-
ness and strength. These phenomena are discussed in the manuscript of J. Th. M.
DeHosson and E. Detsi.

Drugs in nanodimension range will become much more efficient with re-
duced adverse effects. A typical example are drugs, carried by various types of
nanoparticles which have been previously functionalized, so as to only recognize
diseased cells which is a highly selective medical procedure on a molecular level.
Besides drugs, functionalized nanoparticles can carry radioactive material or a
magnetic structure, which in a strong magnetic field develop high temperatures,
and destroy cancer cells. Some aspects of electron microscopy utilized in the study
of biological nanostructures are discussed in the paper of A. E. Porter and I. G.
Theodorou.

Increased production of nanomaterials raises concern about their safety, not
only for humans but also for animals and the environment as well. Their toxicity
depends on nanoparticle size, shape, surface area, surface chemistry, concentra-
tion, dispersion, aggregation, route of administration and many other factors. The
review by M. Coli¢ and S. Tomi¢ summarizes the main aspects of nano-toxicity in
vitro and in vivo, points out relevant tests of demonstrating toxicity and explains
the significance of reactive oxygen species, as the main mechanism of nanoparticle
cytotoxicity and genotoxicity through the complex interplay between nanoparti-
cles and cellular or genomic components.

Carbon nanomaterials are a large group of advanced materials that are in
focus of extensive research, due to their interesting properties and versatile appli-
cability, especially carbon nanostructures doped by covalently bonded heteroa-
toms (N, B, P, etc.) which leads to improved properties. This topic is discussed in
the manuscript by G. Ciri¢-Marjanovi¢.

Combinations of optical, magnetic and photocatalytic properties of nano-
materials, especially those with large energy gaps, are of great interest for nano-
science and nanotechnology. One of such systems are TiO2 nanostructures with
different crystal lattices and shapes (spheres, nanotubes, nanorods), either pure or
hybrid, in the form of nanocomposites with matrices based on conducting poly-
mers, which is presented in the work of Z. Saponji¢ and coauthors.

Design and manufacturing of multifunctional nanomaterials is one of the
most important trends in materials nanoscience, where combining nanomaterials
of various characteristics, such as ferroelectrics, ferromagnetics and ferroelastics
can lead to achieving adequate multifunctionality, a good example of which are
multiferroic nanomaterials, presented in the work of V. Srdi¢ and coauthors.

Materials containing crystal grains of nanodimensions can demonstrate
dramatically improved properties. Theoretically as well as experimentally, it has
been shown that metallic nanostructures can attain a high percentage of theoret-
ical strength, which questions the classical definition of material strength, stated
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until recently by textbooks that does not depend on size of a tested sample. Some
aspects of mechanisms of formation, growth and shrinking of crystal grains are
discussed in the paper of T. Radeti¢.

Computational methods, including first principal calculations, have been
proven to be a powerful tool in allowing investigations of systems of various com-
plexities, spatial and temporal scales. This allows for screening of a large number
of systems, which is not experimentally feasible, and also the understanding of
general trends which is of great importance for both theoreticians and experimen-
talists. The use of this concept in applications of metallic and oxide nanoparticles
is described in manuscript of I. A. Pasti and coauthors.

Being aware of the importance of nanosciences and nanotechnologies and
their global impact on humanity, in the autumn of 2017, Serbian Academy of
Sciences and Arts launched a series of lectures dedicated to these topics from
which this monograph arose. We hope that this monograph will be of interest to
the reader and can serve as a motivation for creating opportunity for research to
those who want to find out more about these fascinating fields of sciences and
technologies.

Velimir R. Radmilovi¢
Serbian Academy of Sciences and Arts

Jeff Th. M. DeHosson
Royal Netherlands Academy of Arts and Sciences



OACHVMHAHTHNM CBET HAHOHAYKA I
HAHOTEXHOJIOTUJA

VcTpaskuBauu uuju je paj; 0Beo 10 3Ha4ajHUX oTKpuha Iiefiajy MHOTO fiajbe,
M3BaH HeIIOCPEIHOT pelllaBarba TEXHIYKIMX IIPOodIeMa, HOCTaB/bajy cedu BaXkKHa M-
Tama, Kao ILITO Cy: 3alITO ce flelllaBajy ofpeheHe mojase, kako ce OHe pasBujajy u
Ha Koju HauuH ¢pyHkumonuury? Kpos ucropujy je passujex Benuku Opoj ekcrepu-
MEHTA/IHUX Vi TEOPUjCKMX METOfIa, Koje ce 1 aH-fAaHac yHanpebyjy, kako ducmo
odoraTim 3Hame 0 CBETY KOjJ Hac OKPY)Kyje ¥ MOIVIM Jja BUAVMO C/IMKe CBETOBA
KOjJ MI3MIYY JbYZICKOM OKY, YK/by4yjyhu Ty 11 IIpOHa/Ia3aK Te/ieckora 1 MUKPOCKO-
Ia, Koju HaM oMmoryhaBajy fa BUJMMO ,,BeOMa BeJlKe” U ,,BeoMa Majie” CTBapH.

VcTpaxxnBauu Koju ce daBe ,BeIMKMM CTBapuMa’~ (yHUBEP3yMOM, Tajak-
cMjaMa, 3Be3[jaMa I IIaHeTaMa) YCTAaHOBWIM CY fia jefHa Tajakcuja, oko 100.000
CBeT/IOCHMX TOIMHA, ¥ IPOCEKY CafApK! OKo jegHy dmmmjappy (10'°) 3Besna.
VcTpaknBaun Koju ce daBe ,ManuM CTBapuMa’ (HAHOCTPYKTYpaMma, MOJIEKY/IN-
Ma, KJTacTepyMa aToMa, Moje;HaYHIM aTOMIMa, aTOMCKUM JedeKTuma 1T.)
YCTaHOBWMIN CY Aa 1 cm® Jierype anyMuHmjymMa capyku oko jenHy dmnmjapay (10%)
HAHOYeCTHUIIA KOje 0jadyaBajy Ty /IeTypy, Kako Ou MOIJIa fia ce KOPMCTI Kao Mare-
pujas 3a u3pajiy Ba3gyxoIIoBa, de3 KOjiX je CaBpeMeH! TPAHCIIOPT He3aMUCTINB.
Kaxo MoxeMo 1pedpojatu 3Besie y jefHOj rajlakCyjy VI HAHOYECTHUIIE Y jeTHO]
JIeTypu aTyMuHUjymMa? PelaTuBHO J1aKo, 3aTO IITO y3 TOMOh e/IeKTPOHCKUX MU-
KPOCKOIIa MO>KEMO BIJIeTY HAaHOYeCTHUILIe Y JleTypaMa alyMUHIjyMa, a 3Be3jie y
rajlakcujama y3 nomoh reneckomna. Hayuna otkpuha mpepcraB/bajy 0oCHOBY Ha-
YYHOT ¥ TeXHOJIOIIKOT HAIIPETKa, a jeflaH TaKas IpumMep cy oTkpuha y odmactu
HaHOHAyKa M HAHOTEXHOJIOTHja.

3amTo je oBa MoHOrpaduja mocsehena HaHOHayKaMa ¥ HAHOTEXHOIOTMjaMa?

[la d1cMo ofroBOPM/IM Ha OBO NMUTaMe HajIpe MOPaMO /Ia YCTAHOBMMO
IITa Cy TO HAHOHAayKe U HaHOTexHosnoruje? Ilpema HemsdexxHoj Bukunennjn,
Ennuxnonenyjun bpurannim (may dumo Kojoj Apyroj eHIMKIONej), pedHM-
IVIMa, Kao ¥ M3BOPMMA Ca UHTEPHETa, II0jMOBU ,HAHOHAyKa M ,,HAHOTEXHOJIO-
ruja” ce OfHOCE Ha IIpOydYaBambe, pa3yMeBambe, KOHTPOIMCAHO MaHUITY/INCAE
CTPYKTYypaMa M I10jaBaMa, Kao U Ha IPUMEHY U3Y3€THO MaJINX YeCTUIIA, YNja je
HajMarbe jeffHa fuMeHsuja y oncery go 100 nm. Jako ¢y caBpeMeHu aclieKTy Ha-
HOHayKa M HaHOTEXHOJIOTHja CAaCBMM HOBM Y MIHTEH3MBHO C€ pa3Bujajy y IOC/IEN-
BUX IBajieceT 10 TPUeceT TOAMHA, OONNIM MaTepyje Ha HAaHO CKa/lu KOPNCTe
ce Beh BexoBNMMa, ako He 1 MwIeHrjymMmuMa. Ha nmpumep, oppebenn nmurmentn
kopuihenu cy jom y gpeBHoj Kuay n Erunry, mpe HeKOMMKO X1/bajia TOAMHA.
YMeTHMIIM Cy YKpalllaBa/iu IIpo30pe Ha CPehOBEKOBHIM LIpKBaMa KopucTtehn
cpedpHe I 37TaTHe HAHOYECTHIIE PA3/IMUNTe BeNIMHE VM CAcTaBa, P 4eMy HUCY
3HaJIM OfjaKje MoTu4y pasHe doje. HaHodecTuile kojuMa ce ojauyapajy yerype
reoxxba, anymMuHujyMa 1 Ipyrux MeTana, Kopucrte ce seh Buie oy cTo roguHa,
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MaKO Y HJUXOBOM Ha3MBY HUje cafpykaH npeduxc ,,HaHo , Beh ce odu4yHO Hasu-
Bajy ,Tano3n . HayuHe AMCUMIUINHE KOje Cy YK/bydeHe Y 3Ha4ajHe ICTPaXKMBauKe
aKTUMBHOCTY y 0O/IaCTM HAHOHAYKe U HAHOTEeXHOJIOTHje CY: pU3nIKa MeTalypruja,
HayKa 0 MaTepujaauMa ¥ MH>KelhepPCTBO MaTepujaa, XeMija, pusnuka, duonoruja,
€NIEKTPOTEXHIKA, U TAKO JaJbe.

Opaxie motnde npedukc ,HaHO ¢ IIpedukc ,HaHO” TOTNYE Off TPUKe pednt
VA&V0G, LIITO 3HAYM MATy/bakK, YKa3yjyhu Tako Ha IMEeH3Mjy Off jefHOT HAaHOMeTpa
(1 nm) xoja npencras/ba MuMjapauTH geo Merpa (10° m). Crmyao ToMe, ,HaHO-
ceKyHzia” (ns) 03Ha4YaBa MWIMjapANUTH [ieo ceKyHze. OBO MHOTMIMA MO>Ke 3By4aTH
IIOMaJIO aIlCTPAKTHO, MelyTuM, cTBapy MO>KeMO fia IIOCTaBUMO Y KOHTEKCT KOju
je HaMa II03HaT, U JlJa IOMEHEMO, Ha IIpPUMep, a IPEeYHMK BIACH JbyCKe KOCe y
npoceky n3uocu 100.000 nm (10° nm = 100 muxpona = 0.1 mm), IITO OTIIPUINKE
IpefiCTaB/ba IIpar OHOr'a IIITO MOXKE Jja Ce OIIa3) TOIMM OKOM. [led/b1iHa HOBUH-
CKOT mamupa y mpoceky takohe nsnocu oxo 100.000 nm = 100 um = 0.1 mm.
Ocoda BucuHe 2 m Bucoka je 2.000.000.000 (2x10°) nm. ITopebhewa pagn, ako
IPeTIIOCTaBUMO JIa je IPeYHMK Jednjer KIuKepa 1 nm, oHja Oy IpeYHNK [IaHeTe
3em/be M3HOCKO 1 m.

Kaza roBopuMo 0 cTpyKTypaMa HEOPTraHCKMX, OPTaHCKUX U IPUPOFHUX
HAHOCHICTEMA, BJIXOBE IMMeH3uje Cy crefiehe: mMpeyHNK aToMa yI/beHMKa je pefa
BenmyuHe 0.1 nm, a TO je jefiHa leceTMHA MUIUjapAUTOT Jje/la METPa; jeHO3MHE
yI/beHMYHe HaHOLIeBY MMajy IIPEeYHMK Off OKO 2 nm, a TO Cy AiBa MUIMjapAUTa
flena MeTpa; MMpUHA TaHIa Je30KcupudonyknenHcke kucenune (JTHK) Takobe
M3HOCK OKO 2 N, a TO CY IBa MUIMjapANTA ie/la MeTpa; IPEYHNK IIPOTENHA, YNja
Be/IMYMHA 4YeCTO Bapypa y 3aBYCHOCTH O} TOTa Off KOJIMKO Ceé aMMHO KICe/IMHA ca-
cToje, pena je BemuumHe 2—-10 nm, v nsMely fBa 1 feceT MUMMjapaUTHX JieT0-
Ba MeTpa (IIOf IPeTIIOCTaBKOM Jja Cy CepHOT 0d/MKa); IPEYHNK M0jeTHAaYHIX
MOJIEKY/Ia XeMOITIOSHA M3HOCK OKO 5 M, WIN 5 MWIMjapAUTHX [e/I0Ba MeTpa.

YucTtuny, 0BO Cy CBe MaJie AMMeH3uje, ajIi 3alITO O OHe yomuTe Tpedao
ma dymy BaxkHe, WM 3amITO je BenmnmunHa dutHa? Kaja ce anamsmpajy dpusmd-
KJ CHCTEMM Ha HaHO CKa/lM, BbJMX0Ba OCHOBHA CBOjCTBA Ce NPacTUYHO MEmHajy.
PasmoTpumo, Ha mpuMep, TauKy TOIbeIba 3/1aTa: TEMIIEpaTypa Ha KOjoj HaHOYe-
CTHLIE 371aTa pefja BeIMUMHe ~4 nm Ipenase U3 YBPCTOT Y T€YHO CTalbe M3HOCU
oko0 400°C, 10K je TeMIlepaTypa TOI/bebha MaKPOCKOIICKNX y3opaka 3nara 1063°C.
Ha ety HaumH Memajy ce U Heke pyre 0coOuHe: MeXaHU4Ke 0COOMHE, eleKTpud-
Ha IIPOBOJ/bMBOCT, MarHETU3aM, XeMIjCKa PEaKTUBHOCT UTJ,. MOTY IpaCTUYHO fia
ce IIPOMeHe, IITO 3HAYM JIa HAHOCKCTEMM OACTYIIajy Off 3aKOHa K/IacuHe QU3NKe
KOj! OINCYjy KpeTambe IIJIaHeTa, IpaBall KpeTama paKeTa Koje HoCe caTe/InTe 3a
UCTpaXxKMBambe cBeMupa nth. OBo GacuyHAHTHO OHAIIAkbe HAHOCTPYKTYpa I10-
Tide off Beza uaMeby aroma. IlITo cy cTpyKType Mame, TO je BUIIIe aToMa IIPUCYT-
HO Ha IIOBPILNHIY, YC/Ief] Yera ce OHOC IIOBPIINMHE I 3allpeMIHe OBUX CTPYKTYpa
npactu4Ho nosehasa. Kao mocmennia jaBpa ce pamariyHa npomeHa puamdko-
-XeMMjCKIX CBOjCTaBa HAHOCTPYKTYpa Yy OGHOCY Ha CTPYKTYpe MaKpOCKOIICKMX
AMMeH3Mja, Kao 1 Moryha rmojaBa KBaHTHMX edeKara: CTPYKType Ha HaHO CKaJIi
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nocrajy uBpirhe, Marmbe KpTe, IOKa3yjy do/ba ONTHYKA U KaTaTUTUYKa CBOjCTBA,
U, YOIILITEHO, BEOMa Ce PA3/IMKYjy Ofi CTPYKTYpa yodudajeHnx, MaKpOCKOIICKIX
[VIMEeH3Mja, Koje cycpeheMo y cBaKOJHEBHOj IIPaKCH.

OBa MoHOrpadmja cafipKyt HU3 pajjoBa KOji WIYCTPYjy daclMHaHTaH CBET
HaHOHayKa I HAHOTEXHOJIOTja.

HanonoposHu opranoMeTaaHM MaTepHjay, KOju MOTY [ja OIIOHAILAjy 0CO-
dune mymmha M3/10)KeHNX CIIOJbAIIBYIM MOACTUIAMMA, MJeA/THN Cy TIOKpeTadn,
KOju HyJie jeAMHCTBeHy KOMOMHAIN]y Ma/INX PajIHNX HAIIOHA, PeTIATVBHO BE/INKe
aMIUIUTYJle HAaIlpe3arba, BEMMKY KPyTOCT 1 cHary. OBe IlojaBe Cy OIMCaHe y pafy
unju cy ayropu I1. T. M. leXocon un E. [lercn.

JlexoBu y odnacTu HaHOfUMeH3uja he moctaTu MHOrO edpuKacHMju U ca
CMameHNM IITeTHUM edekTrMa. TummyaH npuMep cy JIeKOBU Koje IpeHoce
PasIMYNTU TUIIOBY HAHOYECTUIA, & KOje Cy MPEeTXOAHO (PYHKIMOHA/IN30BaHe
TAaKo fla Ipeno3Hajy camo odosesne henmje, mMTO MpefcTaB/ba BUCOKO CENEKT-
BaH IIOCTYIIaK Ha MOJIEKY/IapHOM HUBOY. [Iopen ekoBa, PyHKIMOHATM30BaHe
HAaHOYeCTHIle MOTy fa Oyly HOCauyl pafilOaKTVBHOT MaTepujaja My MarHe THIUX
CTPYKTYPa, KOjU Y jAKOM MarHeTHOM I10/bYy Pa3BUjajy BMCOKE TEMIIEPATYPE U TAKO
yHumTaBajy hennje paka. Onpehenn acrexTn eeKTpoHCKe MUKPOCKOIje KOju
ce KOPNCTe y IPOy4aBarby OMOJIOIIKIX HAHOCTPYKTYpa OIMCAHM Cy Y PafloBUMa
uyju cy ayropu A. E. Iloptep u 1. I. Teomopy.

IToBehaHa mponsBozba HAaHOMAaTepUjaIa N3a3MBa 3adPUHYTOCT Be3aHy 3a
BIXOBY de30eJHOCT, He caMo IO 37ipaBibe JbYAY, Beh 1 3a )KUBOTUIbE 1 )KMBOT-
Hy cpepiuHy. IbrxoBa TOKCMYHOCT 3aBMCHU Off BENMYMHE HAHOYECTUIIA, IUXOBOT
o0/1Ka, BeIMYMHE U XeMMje TIOBPIIIHE, KOHIIeHTpalluje, AUCIep3nje, CKTOHOCTH
Ka CTBapamy arjioMepara, Ha4lHa IIpYIMeHe, Kao ¥ MHOTUX Ipyrux ¢akropa. Pax
uuju cy ayropu M. Honnh n C. Tomuh faje mperieq rmaBHUX acrieKata HAHOTOK-
CMYHOCTH MH BUTPO U UH BUBO, yKa3yje Ha pelleBaHTHe TeCTOBe 3a yTBphusa-
€ TOKCUYHOCTH, II0jalllbaBa 3Ha4aj peaKTMBHOCTY MOJIEKY/Ia KMCEOHNKa, Kao
ITTABHOT MEXaHM3Ma IUTOTOKCMYHOCTH U TEHOTOKCUYHOCTY HAHOYECTUIIA KPO3
cnoxxeHo MehynejcTBo HaHOUecTHIIA 1 henmmjcKuX mmm reHCKMX KOMIOHEHTH.

YreHrYHY HAaHOMATEePUja/u IPEICTaB/bajy BEMMUKY IPYITy HAIIPEIHUX Ma-
Tepyjaja, Koju 300T CBOjUX 3aHUM/BUBMX CBOjCTaBa I MIMPOKe HPUMEHBUBOCTI
3ay3¥Majy LIEHTPATHO MECTO Y OIICEXKHMM MCTPAKMBAKMIMA, HAPOYUTO Kajja Cy Y
NUTalby YI/beHMYHE HAHOCTPYKType JONMPaHe PasHOPOJHUM aTOMMMA, ITOBE3a-
HMX KoBajleHTHMM Be3ama (N, B, P utz.), mto goBoau 0 modospluama BIXOBYX
cojcraBa. OBy Temy odpabyje pax uuju je ayrop I. Rupuh-Mapjanosuh.

KomOuHanuje onTUYKNX, MarHeTCKMX ¥ (OTOKATAIMTUIKIX CBOjCTaBa
HaHOMarepujaja, HAPOYUTO OHMX Ca BEIMKMM €HEPIUjCKUM IPOLEIIOM, Of Be-
JIMKe Cy BaYKHOCTH 32 HAHOHAyKe Ml HAHOTEXHOJIOTHje. JeflaH Off TAKBUX CUCTeMa
cy TiO, HaHOCTPYKTYpe ca pasMU4INTUM KPUCTaTHUM peleTKama 1 0dmniuma
(HaHOCepe, HAHOLEBY, HAHOWITANINAMK), Y YUCTOM WM XUOPUTHOM OONUKY, Y
00Ky HAaHOKOMIIO3MTA Ca OCHOBaMa Koje Cy Ha das3y MpOBOJTHMX MOMMepa,
IITO je IpeficTaBbeHo y pany 3. lllamomnha u capagnuka.
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[TpojexToBamwe 1 MPOU3BOAIbA MYITUDYHKIMOHATHIX HaHOMAaTepujaa
NPeJCTaB/bajy jeflaH Off HajBAKHUjUX TPEH0BA Yy HAHOHAYLM O MaTepujalnMa,
I7ie KOMOMHOBabe HaHOMaTepljaia Koji MOCeAyjy pasndnuTa CBOjCTBA, IOy T
depoenexTpruHocTy, Ppepomarnetnsma u GpepoeracCTUIHOCTH, MOXKe JOBECTH
JI0 IIOCTM3ama OAroBapajyhe MyITHQYHKIMOHATHOCTY, YUji CY Bodap mpumep
MynTrdeporyHy HaHOMATepujan, Koji Cy mpefcTaBbenn y pangy B. Cpauha n
capaJIHMKa.

Marepujanu Koju cafprKe KpUCTa/lIHa 3pHa HAHOAMMEH3Mja II0Ka3yjy 3HaT-
HO 1odosplraHe ocodyHe. Teopujckim 1 eKCIIepyMEeHTATHO je OKa3aHo Jja MeTaJl-
He HAaHOCTPYKTYype MOTY fia JOCTUTHY BUCOK IIPOLieHaT Teopujcke 4Bpcrohe, ITO
JIOBOZIM Y INTabe KIAcU4Hy AedrHMINjy uBpcTohe MaTepujaa, KojoM ce, 10 CKO-
PO, Y yIIOeHI[MMa HaBOAMIIO fla He 3aBUCHU Of Be/IMYMHe VICIIUTYBAHOT Y30pKa. Y
pany T. Pagetuh pasmarpanu cy Heku acrieKTu MexaHusama popMmpama, pacTta
U CMambMBamba KPUCTATHNUX 3PHA.

IToxasao ce ja padyHapcKe MeTOfe, YK/by4yjyhu Ty 1 mpopauyHe Ha dasu
IIPBOT NIPYHLMIIA, NIPeACTaB/bajy MONHY a/aTky koja omoryhasa ncTpaxupame
CHCTEMA Pa3INMYNTUX KOMIIEKCHOCTH, KaKO Ha UMEH3MOHO] TAKO M Ha BPEMeEH-
ckoj ckamm. OHe omoryhaBajy u mperyies; BemKor dpoja cucTeMa, IMTO eKCIIepu-
MEHTAJTHO HMj€ U3BOJI/bUBO, KaO U padyMeBarbe OIIITUX TPEH0BA KOju CY Off Be-
JINKOT 3Hayaja, KaKo 3a TeopeTryape Tako 1 3a eKcrepumeHTarope. Kopunrheme
OBOT KOHIIEIITa y IPMMEHM MeTaTHUX M OKCUJHUX HaHOYeCTHUIIA OIMCaHe Cy Y
pany unmju cy aytopu V. A. Tlamtu u capagauim.

CBecHa 3Hauaja HAHOHAyKa U HAHOTEXHOJIOTH]ja, Kao U HUXOBOT I7100aI-
HOT yTUIIaja Ha YOBe4aHCTBO, CpIICKa aKajieMyja HayKa 1 YMETHOCTH je Y jeceH
2017. rogyHe IIOKpEHYy/Ia Cepujy IpefaBama nocBeheny oBuM TeMama, Ha OCHOBY
KOjUX je HacTaza 1 oBa MoHorpaduja. Hagamo ce na he oBa MoHorpacduja dutn
3aHMM/BMBA YMTAOLY U Aa he MohM #a mOCIyX1 Kao MOTHUBAIVja 3a CTBapambe
IpWINKA 32 MCTPAKMBamba OHMMA KOjI >KeJle [ja Ca3Hajy HeITO BMUIIE O OBUM
dacuMHaHTHMM 00TacTVIMa HayKa M TeXHOJIOTHja.

Benmumup P. Pagmunosnh
Cpiicka akagemuja HAyKa u yMemiHOCTHU

Iledp T. M. leXocon
Kpamescka xonangcxka akagemuja Hayka u yMeimHOCIHU



PROBING THE OPTICAL, MAGNETIC
AND PHOTOCATALYTIC PROPERTIES
OF DOPED TIO, NANOCRYSTALS AND
POLYMER-BASED NANOCOMPOSITES

FOR VARIOUS APPLICATIONS
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Abstract - This research paper focuses on doped TiO, nanocrystals
of different shape, size and structures, in addition to nanocomposites consisting
of TiO, nanocrystals and conductive polymers (Polyaniline (PANI)). The primary
objective of this research paper is to ensure understanding of the influence of size,
shape, structure and doping level on optical and magnetic properties of TiO, na-
noparticles, as well as the interaction between nanoparticles and PANI due to the
creation of desired photocatalytic properties of nanocomposites.

The doping of TiO, nanocrystals with rare earth ions opens up the possibili-
ty of controlling their optical properties. The Sm** doped TiO, faceted nanocrystals
exhibited red photoluminescence, associated with “G, ,-°H, (J=5/2, 7/2 and 9/2) f~f
transitions of Sm** in the 4f> configuration, after band-to-band excitation, confirm-
ing the accomplishment of energy transfers.

The Ni** doped TiO, nanocrystals enabled the synthesis of optically trans-
parent nanostructured films that showed room-temperature ferromagnetism with
almost closed loop (H,. ~ 150-200 Oe) and saturation magnetization in the range of
107-5x10 p,/Ni depending on dopant concentration. Ni** ions that substitute core
Ti atoms were found to participate in the light excitation processes, too.

The improvement of photocatalytic efficiency of TiO, nanocrystals by sur-
face modification with carbonized form of PANI was tested in degradation process-
es of Rhodamine B and Methylene blue. The carbonized PANI/TiO, nanocompos-
ites showed significantly higher photocatalytic efficacy compared to the bare TiO,
and the non-carbonized PANI/TiO, nanocomposites. Their photocatalytic activity
is influenced by their surface and crystalline structures, absorption coefficient in
the visible part of the spectrum, high mobility of charge carriers and finally by the
molecular structures of the organic dyes used.

Keywords: nanoscience, doped TiO,, optical and magnetic properties, nano-
composites, photocatalysis, carbonized polyaniline
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INTRODUCTION

According to the EU adopted definition, ‘nanomaterial’ means a natural,
incidental or manufactured material containing particles, in an unbound state
or as an aggregate (collection of weakly bound particles where the resulting ex-
ternal surface area is similar to the sum of the surface areas of the individual
components) or as an agglomerate (a particle comprising of strongly bound or
fused particles) and where, for 50% or more of the particles in the number size
distribution, one or more external dimensions is in the size range 1-100 nm [1].
Nanoscience, on the other hand, implies the study of nanomaterials that exhib-
it remarkable properties, functionality and phenomena. The fact that electronic,
optical, magnetic and photocatalytic properties as well as crystalline structure of
nanoparticles depends on their size, shape, surface structure and presence of do-
pants open up practically unlimited possibilities for innovations in terms of their
various applications.

Two well-known phenomena that appear as a consequence of nanometer
dimensions refer to metals and semiconductors. Namely, the changes that can be
observed in metal nanoparticles refer to modification in their optical character-
istics. Optical properties of metal nanoparticles are a matter of their size, shape
and composition [2]. As a result of the appearance of localized surface plasmon
resonance after interaction with the incident light, the absorption characteristics
as well as the Rayleigh scattering of metal nanoparticles begin to depend on their
shape and size. From that reason, for example, the color of spherical gold nano-
particles varies from orange, over green, and so on to pale yellow depending on
the size [3], while the color of silver nanoparticles changes from red to blue, etc.
if their dimension is reduced in the range below 100 nm. Such optical properties
of metal nanoparticles can be exploited for imaging in biological systems and op-
toelectronics devices [4].

Another striking feature of nanometer-sized materials is observed in the
semiconductors. In II-VI and III-V semiconductors a quantization effect that im-
plies an increase in their band gap energy with decreasing particle size is noticed.
In particular, if particle dimensions are less than the Bohr radius of exciton that
range from 1 to 10 nm depending on semiconductor, an increase of their band gap
energy will be observed [5]. This will result in a change in their electronic and op-
tical properties, which will be reflected, among others, in the different position of
the fluorescence maximum compared to bulk materials. In general, the maximum
fluorescence is shifted to higher energies with the reduction of the nanoparticles
dimensions. Semiconductor nanoparticles, the so-called quantum dots, can be of
great importance as a substitute for standard histological markers in biological
systems, providing greater resolution, higher intensity and emission lifetime.

Titanium (IV) oxide (TiO,) has been one of the most studied nanomate-
rials, in addition to the aforementioned quantum dots and metal nanoparticles,
ever since the time when Fujishima and Honda demonstrated the possibility of
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photo-electrolysis of water on TiO, electrodes [6]. TiO, is a semiconductor with
relatively wide band gap (3.2-3.4 eV), high transparency (A , < 390-400 nm) and
relatively high refractive index (~ 2.5). Most often occurs in three crystalline forms
(anatase, rutile, brookite) and rarely in the fourth (monoclinic TiO, B). TiO, is one
of the earliest studied n-type semiconductor photocatalysts that has been widely
used in environmental purification, self-cleaning, H, production, photosynthesis,
CO, reduction, organic synthesis, dye sensitized solar cells, etc. [7-11]. The fact
that TiO, absorbs in the UV range, below 400 nm, significantly influences their
application.

This review article focuses on wide band gap TiO, (non-doped/doped)
nanocrystals of different shape (spherical, tubular, rod-like), size, and structures
(crystalline and surface) as well as on hybrid materials-nanocomposites consisting
of these nanocrystals and conductive polymer Polyaniline (PANI).

To understand size, shape, structure and doping level influence the inherent
optical and magnetic properties of TiO, nanoparticles, as well as the interaction
between nanoparticles and polymer matrix (PANI), which occurs upon the cre-
ation of the desired photocatalytic properties of nanocomposites have been the
main research objectives.

TIO, NANOCRYSTALS DOPED WITH TRANSITION
AND RARE EARTH METALS

Optical properties of Sm** doped TiO, nanocrystals

Doping or introducing impurities/ions into semiconductor materials is
usually performed in order to control some of their properties. According to the
classical model of nucleation, the main obstacles to the success of this process
are: the non-competitiveness of the nucleation of doped and non-doped nano-
crystals from the kinetic aspect and a more favorable reaction path leading to
the formation of a critical nucleus consisting of pure material. For example: 2%
of Co?" ions eliminates about 35% of nucleation events during the synthesis of
ZnO due to an increase in the activation energy and critical radius of nucleation
[12]. On the other hand, according to Norris et al. who studied Mn doped II-VI
and IV-VI nanocrystals, doping efficiency is determined by three main factors:
surface morphology, nanocrystal shape, and surfactants in the growth solution
[13]. Their kinetics-based model predicts that impurities will be incorporated into
nanocrystals only if they can bind to their surface during growth, for a period of
time comparable to reciprocal growth rate. The binding energy of dopant ions
adsorbed at certain level determines the retention time and in particles that are
smaller than 2 nm there is no effective doping. These authors also found that the
diffusion of dopant ions within the nanocrystal had no role, and that it was pos-
sible on the surface.
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Taking into account all these findings our approach for obtaining high quali-
ty TiO, nanocrystals of different shapes and sizes doped with rare earth (Sm**, Eu**)
and transition metal ions (Mn?*, Ni*, Cu?*) rests on the use of titania nanotubes as
precursor. The synthesis of TiO, doped nanoparticles by solution chemical route,
hydrothermally, through shape transformation using dispersions of titania nano-
tubes in the presence of dopant ions as a precursor opened up the possibility for the
elimination of driving force problems that arise from the increase in the activation
energy for nanocrystal nucleation in the presence of the dopant ions and its conse-
quent exclusion during nanoparticle growth [14]. Besides the shape transformation
during the hydrothermal synthesis of doped TiO, nanoparticles, structural reorgan-
ization also occurs. We found that titania nanotubes were ideal starting materials
for reshaping because of the adequate ratio of surface and bulk (interior and exte-
rior) coordinatively unsaturated Ti sites [14]. Those coordinatively unsaturated Ti
sites generally appear as an accommodation of objects in the nanoscale regime for
high curvature and surface reconstruction [15]. Anatase TiO, nanocrystallites of
various sizes and shapes could be synthesized using the hydrothermal process and
nanotubes as a precursor simply by changing the concentration of nanotubes, pH
of suspension, temperature and time of autoclaving [16]. Scrolled titania nanotubes
are characterized by a large fraction (40%) of highly reactive undercoordinated in-
terior and exterior Ti atoms [17]. A strong adsorption of dopant ions at undercoor-
dinated sites that terminate layers of scrolled TiO, nanotubes before hydrothermal
treatment results in the formation of doped TiO, nanoparticles.

In Fig. 1 a conventional TEM image of open-ended scrolled TiO, nanotubes
used as a precursor for the synthesis of doped TiO, nanoparticles is shown. The
TEM image at higher magnification, inset, revealed multiwall morphology, diam-
eter of ~10 nm, inner diameter ~7 nm and inter-wall spacing of about 0.73 nm.
The length of nanotubes varies up to several hundred nm.

Single doping of TiO, nanocrystals with rare earth ions opens up the pos-
sibility of controlling the optical properties by the band gap structure of the semi-
conductor host. In general, TiO, is a suitable host material for rare earth ions, the
so-called phosphor materials, due to a large band gap, high refractive index and
lower phonon energy (less than 700 cm™). The rare earth doped semiconductors
are of interest in optical devices applications such as LEDs, displays, and optical
communications [18] as well as bio labels [19].

The Sm’* doped TiO, nanoparticles were synthesized by hydrothermal
treatment of dispersion of TiO, nanotubes in the presence of samarium ions with
the goal to sensitize Sm*®* ions by energy transfer from the crystal lattice of host
(TiO,) after its band-to-band excitation. Such energy transfer is achievable due
to the low phonon energy of TiO, and the higher energies of defect states in TiO,
than ‘G, , emitting level in Sm**.

TEM micrographs of polyhedral 0.4 at.% Sm** doped TiO, nanoparticles,
Fig. 1b, clearly show a relatively uniform size distribution in the range of 12-14
nm. On a high-resolution TEM image, Fig. 1c, high crystallinity can be perceived.
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Figure 1. TEM images (a) of titania nanotubes. Inset: at higher magnification,
(b) 0.4 at% Sm** doped TiO, nanoparticles, and (c) 0.4 at% Sm** doped TiO,
nanoparticles at higher magnification. (Reprinted from Journal of Luminescence
Vol. 143, M. Vranje$, J. Kuljanin-Jakovljevi¢, S. P. Ahrenkiel, I. Zekovi¢, M. Mitri¢,
Z. Saponji¢, J. M. Nedeljkovi¢, Sm** doped TiO, nanoparticles synthesized from
nanotubular precursors-luminescent and structural properties, pages: 453-458,
Copyright (2013), with permission from Elsevier).

X-ray diffractograms, Fig. 2, revealed the homogeneous anatase TiO, crys-
talline form of Sm’* doped TiO, nanoparticles, with characteristic diffraction
peaks that retained the corresponding intensity ratio, regardless of dopant con-
centration [20]. Other crystalline phases were not detected. Substitution of Ti** ion
(.= 0.964A) in anatase crystal lattice with the Sm’*ion (r, = 0.78A) induced the
increase of a and ¢ dimensions of elemental cell as well as its volume [20].

After excitation of TiO, nanoparticles (E >3.2 eV), the following relaxation
processes of photoinduced charge carriers occur: a) de-excitation of the electrons to
the bottom of the conduction band; b) electrons detained by defects near the con-
duction band; ¢) thermal excitation from the crystal lattice defects; e) de-excitation
of electrons to luminescent defects; f) non-radiative recombination process. It is
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known that the radiative luminescence in TiO, is rather weak while the nonradi-
ative charge-recombination path is dominant, due to the strong coupling of wave

functions of the trapped electrons and trapped holes with lattice phonons [21].
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Figure 2. XRD spectra of undoped, 0.16 and 0.4 at% Sm** doped TiO, nanoparticles.

Bragg peak positions, Miller indices, and peak intensities for anatase TiO, are included

for reference. (Reprinted from Journal of Luminescence Vol. 143, M. Vranjes,
J. Kuljanin-Jakovljevi¢, S. P. Ahrenkiel, I. Zekovi¢, M. Mitri¢, Z. Saponjié,
J. M. Nedeljkovi¢, Sm** doped TiO, nanoparticles synthesized from nanotubular
precursors-luminescent and structural properties, pages: 453-458, Copyright (2013),
with permission from Elsevier).

In Fig. 3a, the photoluminescence spectra of undoped TiO, nanoparticles
after excitation at A_ =365 nm is shown.

Broad and poorly structured emission spectrum with band centered at
A~450 nm is characteristic of TiO,, an indirect semiconductor, containing various
defects (lattice, surface and oxygen vacancies).

With the aim of confirming energy transfer from the TiO, host to Sm*, the
photoluminescence spectra of 0.16 and 0.4 at% Sm’* doped TiO, nanoparticles
after band to band excitation (A_ =365 nm) were measured, Fig. 3b. For Sm**
ions in the 4f° configuration, orange-red emission as a consequence of ‘G, ,-°H,
(J=5/2, 7/2 and 9/2) f-f transitions is distinctive [19, 22, 23, 24, 25]. In the spectra
in Fig. 3b three well-resolved emission bands that appear at 582, 612 and 662 nm
due to 4G5 /296H5/2, 4G5 /296H7 » and 4G5 /296H9 " crystal-field transitions, respective-
ly, implied the insertion of Sm** ions into quite regular environment [22]. The
most pronounced transitions, as expected according to the selection rule AJ==1,
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is ‘G,,,>°H,, The luminescence lifetime of ‘G, , of Sm’* determined by monitoring

emission decay of the ‘G, /2$6H7/2 transition at 612 nm, is 970 ps. The use of titania
nanotubes as a precursor in hydrothermal process for the synthesis of Sm** doped
TiO, nanoparticles have opened up the possibility for host-sensitized photolumi-

nescence upon band gap excitation to be observed.
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Figure 3. (a) PL spectrum of bare TiO, nanoparticles, (b) PL spectra of 0.16 and
0.4 at% Sm** doped TiO, nanoparticles (A_ =365 nm) and PLE spectrum of 0.4 at% Sm**
doped TiO, nanoparticles (A =612 nm). (Reprinted from Journal of Luminescence
Vol. 143, M. Vranje$, J. Kuljanin-Jakovljevi¢, S. P. Ahrenkiel, I. Zekovi¢, M. Mitri¢,
Z. Saponji¢, J. M. Nedeljkovi¢, Sm** doped TiO, nanoparticles synthesized from
nanotubular precursors-luminescent and structural properties, pages: 453-458,
Copyright (2013), with permission from Elsevier).
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Magnetic properties of Ni** doped TiO, nanocrystals

Theoretical considerations have proved that doped metal oxides can be con-
sidered as another viable candidate for diluted magnetic semiconductors (DMS),
besides the well-known III-V and II-VI semiconductors. Room-temperature fer-
romagnetism (Curie temperatures higher than room temperature) has been de-
tected in wide band metal oxides (TiO,, ZnO) doped with transition metal ions
(Co, Cu, Mn) [26-32]. The advantage of using single-crystalline DMS nanoparti-
cles in comparison to polycrystalline or bulk DMS is in lower probability of defect
formation and the agglomeration of dopants within DMS [33, 34]. This class of
nanoscale materials can be used as a component of spintronic devices enabling
simultaneous control of charge and spin.

In this study the hydrothermal synthesis of Ni** doped TiO, nanocrystals
that exhibit room-temperature ferromagnetism, using the dispersions of titania
nanotubes at different pHs as precursors, was reported. The conventional TEM
images of titania nanotube precursors and the Ni** doped TiO, nanoparticles syn-
thesized at pH=3 and p=H 5 are shown in Fig. 4. The diameter of nanotubes is
about 10 nm, Fig. 4a, while the Ni** doped TiO, nanoparticles synthesized at pH=3
are characterized by uniform size (d~20 nm) and shape, Fig. 4b. On the other
hand, the TEM image of Ni** doped TiO, nanocrystals synthesized at pH=5 re-
veals their different dimensions and various shapes (polygonal and rod-like), Fig.
4c [34]. The SAED patterns shown in Figs. 4b and c, have confirmed the anatase
crystalline structure of Ni** doped TiO, nanocrystals independently of applied
synthesis conditions.

It is known that doping of TiO, nanocrystals with transition metal ions
causes the red shift of absorption as a consequence of possible charge transfer
[35, 36]. In addition, the substitution of Ti ions with dopant of different valence
induces the formation of oxygen vacancies within TiO, crystalline structure [34],
then structure relaxation in DMSs and consequently enhanced magnetic proper-
ties. More precisely, enhanced magnetic properties come from the role of oxygen
vacancies as a mediator of exchange interaction between magnetic dopant atoms.
Namely, the electrons associated with defects in oxides occupy large Bohr orbital
and tend to form an impurity band mixing with the 3d states of dopant ions, al-
lowing ferromagnetic coupling [37].

In order to confirm the integration of Ni** within TiO, nanocrystals the
optical properties of powdered samples of the 0.25 at% and 1.48 at% Ni** doped
TiO, nanocrystals as well as bare TiO, nanocrystals were measured in a reflection
mode, Fig. 5 (34). The red shift of absorbance observed for both doped TiO, sam-
ples confirmed that electronic states of dopant atoms were coupled to the band
structure of TiO, nanoparticles [14].

An X-ray diffraction pattern (not shown) confirmed the anatase crystal
structure of Ni** doped TiO, nanoparticles independently of dopant concentration
that varied from 0.09 to 1.80 at% [34].
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Figure 4. TEM images of titania nanotubes (a), 0.25 at% Ni** doped TiO, nanoparticles
synthesized at pH 3; Inset: SAED pattern (b), and 1.48 at% Ni** doped TiO,
nanoparticles synthesized at pH 5; Inset: SAED pattern (c). (Reprinted from Journal
of Alloys and Compounds, Vol. 589, M. Vranjes, Z. Konstantinovi¢, A. Pomar,

J. Kuljanin Jakovljevi¢, M. Stoiljkovi¢, J. M. Nedeljkovi¢, Z. Saponji¢, Room-temperature
ferromagnetism in Ni** doped TiO, nanocrystals synthesized from nanotubular
precursors, Pages 42-47, Copyright (2014), with permission from Elsevier).



164 M. Radoici¢, M. Vranjes, J. Kuljanin Jakovljevi¢, G. Ciri¢ Marjanovi¢, Z. Saponji¢

100 L . L

90
80

70

S

c

S 504

O

@

T 40

x ]
307 —— undoped TiO,
20 ——0.25 at% Ni doped TiO,
104 —— 1.48 at% Ni doped TiO,

400 500 600

Wavelength (nm)

Figure 5. Reflection spectra of powders of 0.25 and 1.48 at% Ni** doped TiO,
nanocrystals and bare TiO, nanoparticles. (Reprinted from Journal of Alloys and
Compounds, Vol. 589, M. Vranjes, Z. Konstantinovi¢, A. Pomar, J. Kuljanin Jakovljevi¢,
M. Stoiljkovi¢, J. M. Nedeljkovi¢, Z. Saponji¢, Room-temperature ferromagnetism
in Ni** doped TiO, nanocrystals synthesized from nanotubular precursors,
Pages 42-47, Copyright (2014), with permission from Elsevier).

The room-temperature field dependence of the magnetic moments of films
made of 0.09, 0.25, 0.86, 1.48 and 1.8 at% Ni** doped TiO, nanoparticles, after
diamagnetic corrections are shown in Fig. 6.

Weak ferromagnetic behavior was observed in all samples, with coercive
field of H_~ 200 Oe for the samples made of 0.09 and 0.25 at% Ni** doped TiO,
nanoparticles synthesized at pH 3, Fig. 6a. On the other hand, ferromagnetic
ordering with coercive field of H_~ 150 Oe for the samples made of 0.86, 1.48
and 1.80 at% Ni** doped TiO, nanoparticles synthesized at pH 5, Fig. 6b, were
also observed [34]. Room-temperature ferromagnetic ordering with saturation
magnetic moment in the range of 10°-5x10 y, per Ni atom was noticed for all
measured films made of Ni** doped TiO, nanoparticles. The saturation magneti-
zation observed in samples synthesized at pH=3, Fig. 6a, decreases with increasing
Ni content. The observed loss of magnetization could be caused by the exchange
interaction among Ni atoms incorporated in the nanoparticle or the absence of
ordering of Ni atoms within anatase crystalline lattice [34]. In the samples of 1.48
and 1.80 at% Ni** doped TiO, nanocrystals synthesized at pH=5, the saturation
magnetization values are one order of magnitude lower than that of the samples
synthesized at pH=3 (0.09 and 0.025 at%). The cause of the decrease of saturation
magnetization with dopant concentration increase, lies in different shapes of nan-
oparticles synthesized at pH=3 and pH=5. In other words, the presence of rod-like
particles in the samples synthesized at pH 5 might be an additional reason for the
lower values of magnetization compared to the doped nanoparticles without shape
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Figure 6. Isothermal magnetizations of the films made of 0.09 and 0.25 at% Ni** doped
TiO, nanoparticles synthesized at pH 3 (a) and 0.86, 1.48 and 1.80 at% Ni** doped
TiO, nanocrystals synthesized at pH 5 (b). (Reprinted from Journal of Alloys and

Compounds, Vol. 589, M. Vranjes, Z. Konstantinovi¢, A. Pomar, J. Kuljanin Jakovljevié,
M. Stoiljkovié, J. M. Nedeljkovié, Z. Saponji¢, Room-temperature ferromagnetism

in Ni** doped TiO, nanocrystals synthesized from nanotubular precursors, Pages 42-47,
Copyright (2014), with permission from Elsevier).

anisotropy, synthesized at pH 3 [34, 38, 39]. Since the oxygen vacancies within
crystalline structure of doped nanoparticles are donor type defects, the observed
larger saturation magnetization could be justified by their role of a mediator of the
exchange interaction between magnetic dopant atoms [34]. Taking into account
higher surface to volume ratio of Ni** doped TiO, nanocrystals synthesized at pH
3 (0.09 and 0.25 at% of dopant ions), due to their uniform morphology (size and
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shape), one could expect a larger number of interfacial defects/oxygen vacancies
in these samples in comparison to all samples synthesized at pH 5 (0.86, 1.48 and
1.80 at% Ni** doped TiO, nanocrystals) [34]. Assuming random orientation of
rode-like Ni** doped TiO, nanocrystals within nanoparticle films, the projection
of the magnetization vectors along the field direction will be probably lower [34].

This synthetic approach opened up the possibility for the synthesis of TiO,
nanocrystals doped with various transition metal ions that shows room-tempera-
ture ferromagnetic ordering [40, 41, 42].

PHOTOCATALYTIC PROPERTIES OF CARBONIZED
PANI/TIO, NANOCOMPOSITES

It is the photocatalytic activity of TiO,, particularly in the degradation pro-
cesses of organic molecules on the surface of TiO, nanocrystals that this material
is well-known for. Photocatalytic reactions on TiO, are driven by photo-excited
electron-hole pairs generated upon light irradiation of TiO, nanocrystals with en-
ergy equal to or greater than its Eg~3.2 eV.

These photogenerated electron—hole pairs may further migrate to the sur-
face of semiconductor where they could be involved in photocatalytic reactions.
Redox reactions ensue once photogenerated electrons reach the electron acceptors
such as O,, while the holes reach donors (e.g. H,O and OH") that have been ad-
sorbed on the surface of the semiconductor photocatalysts. Together, these highly
oxidant species contribute to the heterogeneous photocatalytic decomposition of
organic pollutants [43, 44].

The relatively large band-gap of TiO, nanoparticles (3.0-3.2 eV) limit their
optical absorption to the ultraviolet (UV) part of the solar spectrum that accounts
for ~ 5% of the solar irradiation received on the earth. Given the aforementioned
observation, the question always arises as to how to improve the photocatalytic ef-
ficiency of nanocrystalline TiO,. There are several pathways leading to the solution
of this problem as follows: a) doping with different ions that would be positioned
in a band gap, from an energy point of view, thus contributing to the excitation
of electrons with energy lower than 3 eV; b) coupling of TiO, nanocrystals with
visible light-responsive n-type semiconductor such as for example CdS forming
CdS/TiO, heterojunction. Due to the suitable positions of the conductive and va-
lence bands of CdS in relation to the positions of those in TiO,, it is possible to
expect an efficient charge separation and charge transfer, which leads to a reduced
recombination and finally towards an increase in the overall photocatalytic effi-
ciency of TiO,.

Our approach to solving the problem concerning the insufficient efficiency
of TiO, nanocrystals included the modification of TiO, nanoparticles with a con-
ductive polymer, PANI, i.e. the synthesis of nanocomposites [45]. The aim was
to take advantage of conductive properties of PANI that was in direct contact,
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electronically coupled, with TiO,, and would contribute to the increased sepa-
ration efficiency of photogenerated charges in TiO, [46-48]. PANI is one of the
most commonly used conductive polymers and has the following characteristics:
possess own conductivity due to the extended 1 conjugation of the basic chain,
thermal stability and reversibility between doped and neutral states. In addition,
PANI is an efficient electron donor and a hole acceptor. Its structure consists of
benzenoid amines and quinonoid imines. Otherwise, this polymer may have dif-
ferent redox or acid-base forms. Owing to the fact that PANI is N-containing poly-
mer, it can be utilized to produce a new class of 1-D nanostructured N-containing
carbon materials electronically coupled with TiO, that can be expected to be even
more efficient in charge separation processes on the surface of photo-excited TiO,
nanocrystals. In general, a nanocomposite comprising N-containing carbonaceous
material and TiO, nanocrystals is very simply synthesized by carbonization pro-
cess of PANI/TiO, nanocomposites at 650°C in an inert atmosphere [49-51].

It is well known that the significant improvement in photocatalytic activity
of TiO, is achieved when it is in contact with graphene structures, but preparation
procedure of these nanocomposites is not straightforward.

In order to avoid a more complex synthetic method for applying graphene to
the surface of TiO, nanocrystals, in this study we explored the influence of carbon-
ization of polyaniline in the presence of TiO, nanocrystals on their photocatalytic
activity. The photocatalytic efficiency of these nanocomposites was compared with
bare TiO, nanocrystals and non-carbonized PANI/TiO, nanocomposites following
degradation process of model molecules: Methylene blue and Rhodamine B.

Carbonized PANI/TiO, nanocomposites were synthesized using non-car-
bonized PANI/TiO, nanocomposite powder as a precursor, in an argon atmos-
phere by ramping temperature up from room temperature to 650°C, holding at
this temperature for 15 min, and cooling to room temperature. During the car-
bonization process, condensation of the rings from the PANI chains in nanocom-
posites results in the formation of cyclic and aromatic segments accompanied by
a change in the crystal structure of the TiO, nanoparticles [49, 52]. Changing the
crystalline structure of TiO, nanoparticles during carbonization at 650 °C contrib-
utes to increased photocatalytic efficiency of nanocomposites. The additional char-
acteristic of carbonized PANI structures is the possibility for nitrogen to occupy
three different positions: pyridine-like, pyrrole-like and substitutional (graphitic)
like. For the conductivity of carbonized PANI forms as for charge transfer to such
structures the existence of nitrogen is of great importance since it affects the elec-
tronic structure of the carbonized form [49].

Raman spectroscopy was used to confirm the carbonization efficiency and
presence of TiO, nanocrystals as well as the possible appearance of new crystal
form of TiO, (rutile). Raman spectra of precursor non-carbonized TP-50 nano-
composite sample (the initial [TiO2]/[ANI] mole ratio was 50) and carbonized
TPC-50 nanocomposite sample, for comparison, are shown in Fig. 7.
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Figure 7. Raman spectra of TP-50 nanocomposite (a), TPC-50 nanocomposite (b)
and bare TiO, NPs calcined at 650°C (b); Schematic presentations of possible
interactions between TiO, NPs and PANI before carbonization (c) and after
carbonization (d). (Reprinted from Applied Catalysis B: Environmental, Vol. 213,
M. Radoici¢, G. Ciri¢-Marjanovi¢, V. Spasojevi¢, P. Ahrenkiel, M. Mitri¢,

T. Novakovi¢, Z. Saponji¢, Superior photocatalytic properties of carbonized PANI/TiO,
nanocomposites, Pages 155-166, Copyright (2017), with permission from Elsevier).

The Raman spectrum of TP-50 nanocomposite sample, Fig. 7a, revealed
emeraldine salt form of PANI whose characteristic bands were observed at: 1598,
1513, 1345 and 1172 cm™! [45, 53]. The bands observed at 1569, 1410 and 617
cm™'in the Raman spectrum of sample TP-50 can be associated with the presence
of substituted phenazine structural units, known to be crucial for the formation
of PANI nanostructures [54, 55] and as we confirmed in our previous work they
were of great importance for the interaction of PANI chains and TiO, nanopar-
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ticles utilizing free-electron coupling on nitrogen atoms [56]. The bands that ap-
peared at 155, 421 and 617 cm™, Fig. 7b, can be assigned to the E_ phonon mode,

B, and E_modes of the anatase phase, respectively [57, 58, 591, which confirms
the presence of TiO, nanocrystals in the nanocomposite TPC-50. In the presence
of positively charged TiO, nanocrystals the initiation centers for polymerization
process are the protonated oligoanilines. Figure 7c shows a scheme of the possible
interaction between non-carbonized PANI and TiO, nanocrystals. On the other
hand, the carbonized nanocomposite sample TPC-50 possesses completely differ-
ent, i.e. more simple structure of Raman spectrum in comparison to sample TP-50.
The observed spectral changes with only two bands at 1584 cm™"and 1351 cm™
indicated significant changes in PANI molecular structures. Taking into account
that two bands at 1584 cm™ and at 1351 cm™ are assigned to graphitic G band
and D bands, respectively, it can be concluded that carbonized PANI structure is
significantly disordered [60, 61]. Disorders in molecular structure of carbonized
PANT affect its electronic structure, band gap, optical properties, and conductivity,
whose changes significantly influence the photoinduced charge transfer efficiency
and photocatalytic activity of TPC nanocomposites [49]. Some additional chang-
es observed in the Raman spectrum of TPC-50 refer to the appearance of new
bands characteristic for the rutile TiO, crystalline phase. Namely, carbonization
process at 650°C induced structural changes in anatase TiO, nanocrystals, i.e. a
rutile crystalline form partial transformation. Bands at 613, 447, 245 and 147 cm™!
are assigned to A, , E , second-order (two-phonon) scattering and B, modes of
rutile crystalline phase, respectively [58, 59, 62, 63]. The appearance of mixed
phase (anatase/rutile) TiO, nanocrystals, i.e. catalytic “hot-spots” at the interface
between two phases, favors photocatalytic processes [64] in the presence of TPC
nanocomposites.

Figure 8 shows the TEM images of nanocomposite sample TPC-80 with the
corresponding selected area diffraction pattern. An increase in TiO, particle size is
observed. The spotty ring SAED pattern, Fig. 8b, indicates the presence of anatase
and rutile crystalline structures in polynanocrystalline TPC-80 sample [64]. The
TEM image at higher magnification, Fig. 8¢, confirmed a uniformly deposited
layer of carbonized form of PANI whose thickness is ~0.6 nm. The lattice spacing
value of 0.35 nm obtained by FFT operations can be assigned to (101) direction
of anatase TiO, [65].

The influence of carbonization process at 650°C on crystalline structure of
TiO, nanoparticles in nanocomposites has been carefully studied on three samples
with different initial [TiO,]/[ANI] mole ratios (20, 50 and 80) using XRD meas-
urements. Figure 9 shows the XRD patterns of bare TiO, nanoparticles, bare TiO,
nanoparticles calcined at 650°C and nanocomposite samples TPC-20, TPC-50 and
TPC-80.
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Figure 8. TEM image of TPC-80 nanocomposite sample (a), the corresponding SAED
pattern (b), TEM image at higher magnification of representative anatase TiO, NP (c) and
the corresponding FFT pattern (d). (Reprinted from Applied Catalysis B: Environmental,

Vol. 213, M. Radoi¢i¢, G. Cirié-Marjanovié, V. Spasojevi¢, P. Ahrenkiel, M. Mitri¢, T.

Novakovi¢, Z. Saponji¢, Superior photocatalytic properties of carbonized PANI/TiO,

nanocomposites, Pages 155-166, Copyright (2017), with permission from Elsevier).

It is clear from Fig. 9 that in all TPC nanocomposite samples a crystal-
line mixture of anatase and rutile TiO, nanoparticles exists independently of
the amount of carbonized PANI in samples. This finding supports the changes
observed in the Raman spectrum of sample TPC-50 confirming that carboniza-
tion at 650°C introduces an additional crystalline structure. All diffraction peaks
characteristic of anatase phase located at: 20=25.4°(101), 37.8°(004), 48.0°(200),
54.5°(105), 62.2°(204) (JCPDS 21-1272), as well as of rutile phase located at
20=27.5°(110), 36.1°(101), 54.4°(211) (JCPDS 21-1276) were observed in all TPC
samples. In addition, it should be pointed out that in spite of identical experi-
mental conditions during the synthesis of TPC samples the anatase to rutile ratio
was different from one sample to another. The only way this observation could
be explained is by the different amount of carbonized PANI on the surface of
TiO, nanoparticles caused by different initial aniline/TiO, nanoparticles mole ra-
tio [66]. Different initial amount probably affects the different thickness of car-
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Figure 9. XRD patterns of colloidal TiO, NPs before and after calcination at 650°C
and nanocomposite samples TPC-20, TPC-50, and TPC-80. (Reprinted from Applied
Catalysis B: Environmental, Vol. 213, M. Radoi¢i¢, G. Ciri¢-Marjanovié, V. Spasojevié,
P. Ahrenkiel, M. Mitri¢, T. Novakovi¢, Z. Saponjié, Superior photocatalytic properties

of carbonized PANI/TiO, nanocomposites, Pages 155-166, Copyright (2017),
with permission from Elsevier).
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bonized PANI layer on TiO, nanoparticles by inducing different heat flow and
consequently the changes in crystalline structure of TiO, during carbonization.
Moreover, the thicknesses of carbonized layers in TPC samples are too tiny to be
detected with XRD. On the other hand, different anatase/rutile ratio in TCP na-
nocomposites dovetails well with the observation that the calcination of bare TiO,
nanoparticles at 650°C induces, almost completely, the disappearance of anatase
crystalline phase (1%), Fig. 9, which confirms the role of carbonized layer on the
surface of TiO, nanoparticles. In support of that, the largest amount of nitrogen
(0.306%), among all measured samples, has been obtained for the sample TPC-20
by elemental analysis. The largest amount of nitrogen corresponds to the high-
est amount of carbonized PANTI in that sample and consequently to the lowest
percentage of rutile (<10%), as revealed [66]. In addition, there is a space for the
influence of morphology and the molecular structure of PANT chains before car-
bonization on the anatase/rutile ratio [66].

In our previous work we successfully applied non-carbonized PANI/TiO,
nanocomposites for the degradation of Rhodamine B and Methylene blue using
white light and revealed that such nanocomposite system showed higher photo-
catalytic efficacy compared to bare TiO, NPs [45]. We concluded that photocata-
lytic efficacy strongly depended on the surface structure of nanocomposites, but
at the same time the molecular structure of organic dyes must also be taken into
account. From the photocatalytic point of view, the main objectives of the pres-
ent study are the improvement of the overall photocatalytic efficiency/activity of
TiO, nanocrystals by surface modification with carbonized PANI form and the
mechanistic understanding of the photocatalytic degradation processes of model
pollutant molecules. Nevertheless, the challenges that are reflected in the mini-
mization of the electron/hole recombination in TiO, nanoparticles, provision of
highly adsorptive active sites, achieving a uniform coating and optimum thickness
of conducting polymer layers still remain.

The photocatalytic activities of TPC [20, 50, 80] nanocomposites were test-
ed by monitoring the degradation process of dye molecules (Methylene blue and
Rhodamine B) after white light illumination. As showed in Fig. 10, decreases in
concentrations of dyes versus illumination time were followed spectroscopically
(UV-Vis).

The sample that exhibited maximum photocatalytic efficacy in the degrada-
tion of Methylene blue is TPC-80. In the presence of this sample the degradation
of Methylene blue was achieved within 60 min, Fig. 10a, while the sample TPC-50
removed 89% of MB for the same illumination period. The most inefficient system
for 60 min of illumination was TPC-20. Nevertheless, it is interesting to note that
sample TPC-80 is characterized by the lowest adsorption capacity (Q__ = 1.360
mg/g) for tested dye, while the sample TPC-20 possesses the highest specific surface
area (S, = 35 m*/g) [66]. The lowest photocatalytic activity of sample TPC-20 can
be explained with the smallest pore size (4 nm) compared to other samples. For
successful degradation of Methylene blue, in general, the influence of pore size was
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Figure 10. Changes of relative concentrations of Methylene blue (a) and Rhodamine B
(b) during the photodegradation in the presence of TPC nanocomposites and bare TiO
NPs calcined at 650°C. (Reprinted from Applied Catalysis B: Environmental, Vol. 213,
M. Radoidié, G. Ciric’-Marjanovic’, V. Spasojevi¢, P. Ahrenkiel, M. Mitri¢,

T. Novakovi¢, Z. Saponji¢, Superior photocatalytic properties of carbonized PANI/TiO,
nanocomposites, Pages 155-166, Copyright (2017), with permission from Elsevier).
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less important compared with the influence of interactions between dye and pho-
tocatalyst [66]. Namely, nitrogen in thiazine group of Methylene blue could ensure
the efficient hydrogen-bonding interaction of N- -H-N type with an H atom from
-NH groups (e.g. from a pyrrole-type group) in TPC nanocomposites, particularly
in the sample with the highest percentage of nitrogen such as TPC-80 (0.3056%),
which could also lead to greater overall photocatalytic efficiency [66]. It should be
mentioned here that all carbonized TPC nanocomposite samples showed signifi-
cantly higher photocatalytic efficiency than non-carbonized PANI/TiO, nanocom-
posites, thereby confirming that carbonization of PANI contributes more efficient-
ly to charge separation in photo-excited TiO, nanocrystals [66]. In our previous
work we tested the photocatalytic degradation of Methylene blue in the presence
of non-carbonized PANI/TiO, nanocomposites with the same initial ratio of TiO,
nanocrystals and aniline (50:1), as in the TPC-50 sample [45]. Within 6 hours of
white-light illumination, only 57% of Methylene blue degraded in the presence
of non-carbonized PANI/TiO, nanocomposites, clearly indicating a significant in-
crease in the degradation efficiency in the presence of a carbonized sample.

As per photocatalytic efficiencies of TPC nanocomposites in the process of
degradation of Rhodamine B similar results were obtained, as shown in Fig. 10b.
Namely, after 90 min of illumination, the resulting degradation efficiency varied
from 80% to 96% depending on the initial ratio of TiO, nanocrystals and aniline
in TPC nanocomposites [66]. As in the case of degradation of Methylene blue, the
photocatalytic activity of non-carbonized PANI/TiO, samples in the degradation
process of Rhodamine B was significantly lower, i.e. only 48% of Rhodamine B was
degraded after 6 hours of illumination [66]. Nevertheless, carbonized PANI/TiO,
sample, TPC-50, with the same initial ratio of TiO, and aniline, degraded 92% of
Rhodamine B already after 90 min of illumination. A slightly greater activity dur-
ing degradation process of RB demonstrated sample TPC-80 (95%, after 90 min of
illumination) (66). Similar photocatalytic activities of two carbonized PANI/TiO,
samples (TPC-50 and TPC-80) characterized with different initial TiO,/aniline ra-
tio could be found in their comparable pore volumes (0.095 and 0.131 cm?/g) [66].
Larger pore volumes allow easier access of RB molecules to the surface of TPC
photocatalyst, taking into account their dimension and steric hindrance, which
leads to greater efficiency of photocatalytic processes [66]. The observed dominant
photocatalytic activities of the sample TPC-80 in degradation processes of both
dyes, MB and RB, could be also explained by the lowest level of agglomeration in
this sample, as SEM characterization (not shown) revealed [66].

Significantly faster degradations of Methylene blue and Rhodamine B in
the presence of various carbonized PANI/TiO, nanocomposites (TPC) than in
the presence of bare TiO, nanocrystals was confirmed from the kinetic model
assuming the use of low dye concentration that further allowed the application
of classical first order equation. First order kinetics in the presence of TPC nano-
composites revealed a linear relationship (not shown) between the degradation
rate constants (k_ ) of Methylene blue and Rhodamine B, calculated from the
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first-order kinetics, and initial TiO,/ aniline mole ratios. The reaction rate con-
stants of Methylene blue removal via photocatalytic degradation increased from
k,,,= 0-018 min" for nanocomposite sample TPC-20, over k = 0.035 min™' for
sample TPC-50, to k_ = 0.078 min™" for sample TPC-80. The reaction rate con-
stant of Rhodamine B removal for sample TPC-20 was 0.017 min™', while for
samples TPC-50 and TPC-80 reaction rate constants were 0.030 and 0.033 min™!,
respectively [66].

Improved photocatalytic efficiency of carbonized TPC nanocomposite sam-
ples compared to precursor non-carbonized PANI/TiO, nanocomposites, could be
also explained by different crystalline structures of TiO, nanoparticles. Namely,
during carbonization process of PANI the crystalline structure of TiO, nanoparti-
cles is also changed resulting in the appearance of rutile crystalline form. The ex-
istence of both anatase and rutile crystalline forms of TiO, in the same nanocom-
posite sample improves the photoinduced charge separation that opens the way
for more efficient photocatalytic processes. It is known that visible light induced
charges in rutile TiO, phase are stabilized through electron transfer to lower ener-
gy anatase lattice trapping sites [64]. In this way, catalytic “hot spots” are created at
the rutile-anatase interface, which lead to overall increase of titania photocatalytic
activity [66]. The reason for the largest rate constants (k) observed in degrada-
tion processes of both dyes in the presence of sample TPC-80 could be find in fact
that sample TPC-80 contains 38% of the rutile phase [66]. This amount of rutile
is very close to reported content in mixed phase TiO, (Degussa commercial pow-
der), which shows an excellent photocatalytic activity in the degradation processes
of test molecules [67, 68].

In addition, to explain more efficient photoinduced charge separation in
TPC nanocomposites, compared to non-carbonized PANI/TiO, nanocomposites,
the presence of nitrogen in such carbonized nanostructures should be also taken
into account, Scheme 1. In general, nitrogen doping of carbonized systems affects
their electronic structures by inducing a significant increase in conductivity due
to the recovery of the sp* graphene network disturbed by defects (disrupted con-
jugation sites, vacancies, etc.) [69].

The graphene-like carbonaceous materials in contact with metal-oxide semi-
conductors usually have a role of electron acceptors and transporters, which could
improve overall photocatalytic performances of nanocomposites contributing to
the decrease of charge (electron-hole pairs) recombination [66]. Wang et al. re-
ported that the existence of nitrogen in carbonaceous structure increased the elec-
tronic density of states near the Fermi level, providing efficient electron transfer
from TiO, nanocrystals [70]. Efficient electron transfer, on the other hand, enables
the extended life time of holes, which eventually lead to higher photocatalytic ef-
ficiency of nanocomposite systems. An additional role of nitrogen in carbonized
structure, such as TPC nanocomposites, is to provide anchor sites for TiO, nano-
particles establishing close interfacial contact between carbonized PANI and TiO,,
and further stabilizing the nanocomposite system [71, 72].
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Scheme 1. Photoinduced charge separation in TPC nanocomposites. (Reprinted from
Applied Catalysis B: Environmental, Vol. 213, M. Radoi¢i¢, G. Ciri¢-Marjanovi¢,
V. Spasojevi¢, P. Ahrenkiel, M. Mitri¢, T. Novakovié, Z. Saponjic’:,

Superior photocatalytic properties of carbonized PANI/TiO, nanocomposites,
Pages 155-166, Copyright (2017), with permission from Elsevier).

SUMMARY

The obtained results revealed that the nanocomposites based on carbonized
form of conductive polymer PANI and TiO, nanocrystals had a great potential
for application in the photocatalytic degradation processes of organic pollutants.
Such nanocomposite system showed significantly higher photocatalytic efficiency
compared to bare TiO, nanocrystals and nanocomposites based on the non-car-
bonized form of PANI and TiO, nanocrystals. The optimization of carbonization
process and conditions for the synthesis of non-carbonized precursors (pH, type
of acid dopant, etc.) opens up the possibility to increase the photocatalytic activity
of carbonized PANI/TiO, nanocomposites.

The hydrothermally induced shape transformation of titania nanotubes in
the presence of transition metals or rear earth ions opened up numerous possibi-
lities for the synthesis of optically or magnetically active doped TiO, nanocrystals
of various size and shapes. This approach to the synthesis of doped samples elim-
inates the driving force problem that arises from the increase in the activation
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energy for nanocrystal nucleation in the presence of the dopant ions and its con-
sequent exclusion from the crystalline structure during nanoparticle growth. The
shape transformation from titania nanotubes into nanoparticles in the presence of
dopant ions induces structural reorganization too, while at the same time avoids
the nucleation stage and problems related to it.
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Mapuja Pagouuuh, Muna Bpawew, Jagpanka Kymanun
Jaxosmwesuh, Iopgana Bupuh Mapjanosuh, 3opan Ilaiiorwuh

NCIIMTUBAILE OITTUYKNX, MATHETHUX U1
OOTOKATAJIMTNYKMNX OCOBMHA JOITMPAHUX
TIO, HAHOKPUCTAJIA U HAHOKOMIIO3UTA HA

BA3V IIOJIMMEPA 3A PA3JIMYNTE ITPVIMEHE

Pesuwme

VcnutuBaHe cy gonmpaHe 1 HeflonupaHe HaHOYecTue TuTaH (IV) okcupa
(TiO,), BenmKOr eHeprujcKor Mpolena, pasananTux odnuka (chepuyanu, Tydy-
nmapHy, wranuhacTy (eMMnconHm)), BeIMYMHa KPUCTATHUX CTPYKTYpa, Kao 1
XUOPUIHY MaTepyjan-HaHOKOMIIO3UTH Ha a3y IPOBOJHOT IoIMMepa (T1omma-
uwnuH, ITAHW) n Ha"nouecTuija TiOZ.

VicnuTtrBama yTullaja BemudnHe, od/mKa, CTPyKType 1 HMBOA JOMMpa-
HocTy HaHodecTuia TiO, Ha BUXOBe ONTUYKe, MaTHETHE M POTOKATATUTIUIKE
ocoduHe, Kao 1 pasyMeBame MHTEPaKIMje HAHOUeCTUIIA 1 TIOJIIMePHe MaTpulie
(ITAHM) y nusby Kperpama HaHOKOMIIO3UTa OAroBapajyhnx ¢poTokaTamuTU4Kmux
CBOjCTaBa MPECTaB/bajy IJITaBHE IIPaBlie OBOT MICTPaKMBaba.
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Od31pom Ha CTPYKTYpy eHepreTcKor Iporiena Hanodectuia TiO,, formpa-
b€ jOHVMA PETKUX 3eMajba OTBapa MOIyNHOCT 32 KOHTPO/TY BbMXOBYUX ONTUYKIX
kapakTepuctuka. Hanokpucrann TiO, monupanu jonnma Sm’* mokasyjy HapaH-
HacTO-LipBeHy eMICHjy, Koja je nocneanua f-f mpenasa jona Sm* (‘G, ,>°H, (J=5/2,
7/219/2)) n xoja morBphyje mocrojamwe eHeprujckor Tpancdepa. Jonnpame Ha-
Houectuna TiO, jonuma Ni** oTBapa MOryhHOCT 3a CMHTe3y TpaHCHApPEHTHMUX
HaHOCTPYKTYPHUX (PMIMOBa KOju IOKa3syjy ¢pepomarneTHo ypeheme Ha codHO]
Temnepatypu (H, ~ 150-200 Oe) u caTypaiony Maruetusanujy y oncery 10--
5x107 pB/Ni, Y 3aBMCHOCTM Of KOHIIEHTpaL/je JOIIaHTa.

Cnepgehy vsb 0BMX McTpakuBama o je mosehame poTokaTanuTIyKe
ebMKacHOCT/aKTUBHOCTU HaHOYecTHIa TiO, MOBPIIMHCKOM MOAMUKAIMjOM
nposopuuM [TAHV nonumepom y xapdonusoBanoj hopmu, y3 gepuHucame
MeXaHM3Ma Ipoleca poToKaTaIUTUIKe Jerpajialyje MOjen MOIeKyIa MeTH-
nencko 1wiasor (Methylene blue) u pogamuua b (Rhodamine B). ¥ nmopebemy
ca HeMOAU(NUKOBaHNM HaHOYeCTHI[aMa TiOz, HAHI/I/TiO2 HaHOKOMIIO3UTH, €K-
cuuroBaHy denoM cBeT/ouhy, okasamu cy 3HauajHo Behy goTokaTamuTUIKy
edukacnocr. [Iponec xkapdonnsanuje monmarnmmaa y IAHN/TiO, narokomro-
3UTHUMA je I0Beo 10 jasber nmosehama muxose poTOKaTAMNTIYKE e(PUKACHOCTIL
doToKaTaINTNIKA AKTYUBHOCT HAHOKOMIIO3HTA je YCIOB/bEHA IBUXOBOM HOBP-
IIMHCKOM CTPYKTYPOM, BCOKOM MOOMIHOLINY HOCMIalja HaelleKTpucama I all-
COPIILMOHUM KOe(UIVjeHTOM IIO/IMaHWIVHA Y BUJBUBOM JIeNy CIIeKTpPa, Kao 1
MOJIEKY/ICKOM CTPYKTYPOM UCIIUTUBAHKX doja.



