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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



NANOSTRUCTURES OF ELECTROCONDUCTING
POLYMERS AND CARBON NANOMATERIALS

PRODUCED BY THEIR CARBONIZATION

GORDANA CIRIC-MARJANOVIC*

Abstract - Conjugated polymers that are able to conduct electricity -
electroconducting polymers constitute a separate class of synthetic polymers. Typical
examples are polyaniline (PANI), polypyrrole (PPy), polythiophene (PTh), and their
derivatives. These polymers belong to the so-called ‘intelligent materials’ since they
possess complex and dynamic structures owing to whose design their properties can
be tuned and controlled, and their response to various stimuli can be manipulated.
Over the past decade there has been rapidly increasing interest in the nanostructures
of electroconducting polymers. They have elicited much interest because of funda-
mental aspects and their increased applicability, owing to their enhanced properties.
This paper focuses specifically on the most important findings of our research re-
lated to the synthesis, mechanism of formation, and physicochemical properties of
PANT and PPy nanostructures. Carbon nanomaterials constitute another large group
of advanced materials that have been the subject of extensive research because of
their interesting properties and versatile applicability. Particular attention is drawn
on carbon nanostructures doped by covalently bonded heteroatoms (N, B, P, etc.), the
introduction of which have led to their improved properties. We have been devel-
oping novel N-doped electroconducting carbon nanomaterials by applying the simple
method of carbonization of nanostructured PANIs. The morphology and properties
of produced carbon nanomaterials can be tuned by making an appropriate choice
of polymer precursor’s morphology and properties and by setting appropriate car-
bonization conditions. This class of nanomaterials exhibits excellent performance in
terms of their versatile applicability (supercapacitors, electrocatalysis, photocatalysis,
etc.). The selected results of our research on carbon nanomaterials produced from
nanostructured PANIs and PPys are presented.

Keywords: electroconducting polymers, nanostructures, carbon nanomate-
rials, carbonization, polyaniline, polypyrrole

INTRODUCTION TO ELECTROCONDUCTING POLYMERS

Electroconducting polymers (frequently referred to as conducting polymers,
CPs) constitute a separate class of conjugated synthetic polymers that are able to
conduct electricity, and are also called synthetic metals. Typical examples are pol-
yaniline (PANI), polypyrrole (PPy), polythiophene (PTh), poly(3,4-ethylenediox-
ythiophene) (PEDOT), and their derivatives (Fig. 1).

*University of Belgrade — Faculty of Physical Chemistry, Studentski trg 12-16, 11158,
Belgrade, Serbia; e-mail: <gordana@fth.bg.ac.rs>
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Figure 1. Typical electroconducting polymers (in their undoped forms): a) polyaniline,
b) polypyrrole, ) polythiophene, and d) poly(3,4-ethylenedioxythiophene)

Their particular structural forms (i.e. ‘doped state, with the specific oxida-
tion/protonation level) are inherently conducting and can achieve the range of
conductivity of metals (up to ~10° S cm™). However, besides electrical conductiv-
ity, they possess many other unique and interesting properties that are used for
multiple applications. The most important properties are: i) the ability to change
oxidation state and the extent of protonation, i.e. to exist in different acid-base
and redox forms and show redox-activity, ii) the ability to change colour once the
change in potential takes place (electrochromism), iii) the ability to switch from
conducting (doped) to a non-conducting (undoped) state upon alkali treatment,
and vice verca upon acid treatment (property especially usable for sensors), iv)
the ability to exchange dopant counterions that are attached to the polymer chains
and to simultaneously change the volume (property usable for actuators), v) some
of their structural forms may contain unpaired electrons and show paramagnet-
ism. The structure of CPs is versatile, dynamic, controllable and can be tuned by
choosing different synthesis conditions and/or post-synthetic treatment that also
dictates their properties (chemical, optical, electrical, electrochemical, magnetic,
mechanical, etc.). Simultaneously, it is possible to manipulate their response to
different stimuli (e.g. electrical). Given that they are capable of recognizing specif-
ic environmental stimuli, as well as of processing the information arising from
the stimuli, and of exhibiting the appropriate response to stimuli, CPs belong to
the class of the so-called intelligent materials [1]. The importance of research in
the field of CPs was recognized in 2000, when the Nobel Prize in Chemistry was
awarded to three scientists: Alan MacDiarmid, Alan Heeger and Hideki Shirakawa
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“for the discovery and development of conductive polymers”. The extended m-elec-
tron conjugation is the fundamental requirement for the electrical conductivity of
CPs (being predominantly electronic conductivity) as well as for the appearance
of other phenomena (optical, electrical, magnetic, etc.).

b) R R
R

Figure 2. Schematic presentation of conjugated 7 orbitals in substituted polythiophene
(R is the substituent): a) polymer chain form with full coplanarity of aromatic rings,
b) polymer chain with a deviation from coplanarity (twisted form)

Conjugation is realized by the overlap of the 7 orbitals, which is condi-
tioned by the coplanarity of aromatic rings in the polymer skeleton (Fig. 2). The
coplanarity of rings is also one of the requirements necessary for the extended
conformation of polymer chains and a good conductivity of CPs (Fig. 2). In addi-
tion to electronic conductivity, CPs also possess certain ionic conductivity due to
an electrolyte and a solvent incorporated during the synthesis. The experimental
conditions during the synthesis (e.g. type of counterions, temperature, pH, elec-
trode potential, etc.) affect the conductivity of the resulting polymer.

MOLECULAR STRUCTURE OF POLYANILINE AND POLYPYRROLE

PANT can exist in a variety of acid-base and redox forms [2]. The general
structural formula of PANI base forms, in which all nitrogen atoms are not proto-
nated, is presented in Fig. 3. Depending on the content of benzenoid (B) and qui-
nonoid (Q) rings, different forms are possible. The most typical forms are fully re-
duced form - leucoemeraldine (y=1), half-oxidized form—emeraldine (y=0.5), and
tully oxidized form—pernigraniline (y=0), but intermediate states are also possible.

The only electroconductive form of PANI is the protonated, half-oxidized
emeraldine salt form (PANI-ES), presented in Fig. 4 [2]. Experimental evidence
suggests that PANI-ES represents a mixture of polaronic and bipolaronic struc-
tures in various proportions, depending on a synthetic procedure, in which aniline
monomer units are exclusively connected by para N-C coupling.
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H/

Figure 3. General structural formula of PANI base forms. For leucoemeraldine,
emeraldine and pernigraniline form y takes values 1, 0.5 and 0, respectively. Benzenoid
and quinonoid ring are marked with B and Q, respectively.
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Figure 4. Typical structural forms of PANI: doping of nonconducting emeraldine base
by protonic acid (HA) to conducting PANI-ES and oxidative doping of nonconducting
leucoemeraldine to conducting PANI-ES form (A—denotes an anion, counterion). PANI-
ES may exist in two forms: polaron and bipolaron form. Green films of PANI-ES formed
on the wall of reaction flask (left) and on the platinum electrode (right) by the chemical
and electrochemical oxidative polymerization reactions, respectively, are also shown.

Oxidative doping -2ne” MV +2ne” Reductive dedoping



Nanostructures of electronducting polymers and carbon nanomaterials 127

An ideal polaronic form of PANI-ES (polaronic lattice’) can be presented
by the formula:
[(-B-NH*"-B-NH-) ] (A"),

where A~ is a counterion. Paramagnetism of this form originates from un-
paired electrons in —-NH** cation radicals (polarons).
The bipolaronic form of PANI-ES can be described by the formula:

[(-B-NH'=Q=NH'-), (-B-NH-), ] (A"),,

This form is dicationic, and it does not contain unpaired electrons. It is
widely accepted that the polaronic form with delocalized polarons is responsible
for the electrical conductivity of PANI [2, 3].

Besides ordinary PANI units, the presence of atypical structural units (such
as N—N and C—-C coupled aniline units, phenazine-, N-phenylphenazine-, and phe-
noxazine-type units, branched 1,2,4-trisubstituted and 1,2,4,5-tetrasubstituted ben-
zenoid units, substituted monoimino-1,4-benzoquinone units etc.) is also detected
in the PANT and oligoaniline samples, depending on the synthesis conditions [2, 3].

Typical molecular structures of protonated (salt form) and deprotonated
(base form) PPy are shown in Fig. 5 [4]. The distribution of positive charges on
PPy chains and the structures with unpaired electrons (polarons), similar to those
in PANT, is still open to discussion.

a)
/ \ NH NH |
“T “nH \ / \ /
- -n
b) _ _
/ \ NH NH, L
IRAY \
reduced units oxidized units reduced units -n

Figure 5. Structural forms of PPy: a) protonated (salt) form, and b) deprotonated (base)
form; A~ denotes a counter-ion originating from the acid HA

SYNTHESES OF POLYANIINE AND POLYPYRROLE

The most frequently used methods for the syntheses of CPs are the chemi-
cal and electrochemical oxidative polymerizations of monomer (aniline, pyrrole,
thiophene etc.) [1-3]. Other unconventional methods have been rarely used, e.g.
plasma polymerization [1,2].
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For the chemical polymerization, various chemical oxidants have been used
to initiate polymerization: ammonium peroxydisulfate [(NH,),S,0O,, APS], iron
(IIT)chloride, potassium dichromate, hydrogen peroxide, ceric sulfate, etc. [1-3].
Special cases represent chemical polymerizations catalyzed by the enzymes [5],
e.g. polymerization using the H,O, /horseradish peroxidase [6] or O /lacasse [7]
as oxidant/catalyst systems.

The oxidation of aniline with APS is a frequently used reaction. It has been
typically performed at low pH (lower than c.a. 2.5) in the presence of strong dopant
acids, leading to PANI (Fig. 6) with granular morphology, good conductivity (~1 S
cm™') and high molar mass [1-3, 8]. In these cases anilinium cation is predominant
over neutral aniline in the system, as the pKa value of anilinium cation is 4.6.

1Oy o8 Q@J@f

4 Hso4

Polyaniline hydrogen sulfate

+10 n NH,HSO,

Figure 6. The reaction of anilinium cation oxidation with APS leading to PANT in its
conductive ES form. This reaction is predominant at low pH values when anilinium
cation is present in higher concentration related to neutral aniline.

In the cases with higher initial pH (higher than about 4.6), the neutral ani-
line is predominant over the anilinium cation, and its oxidation with APS can be
presented by the equation in Fig. 7 [9]. The mechanism of this reaction is different
from that in the case with high initial acidity [10-15].

In contrast to the reaction in Fig.6, which occurs via one exothermic step
with the preceding induction period, the reaction at higher initial pH, presented in
Fig.7, occurs via two exothermic phases separated with a plateau (Fig. 8), leading
to nanostructured PANIs that exhibit the morphology of nanotubes and/or nano-
rods. This reaction proceeds with a continual and pronounced decrease in the pH
of the reaction medium (Fig. 8) [9, 13, 14, 16], and therefore it is called the ’fall-
ing-pH method’ for producing 1-D PANI nanostructures, without added template.
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4n @NHZ + 5n (NH4)28203
: N
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HSO, HSO,

Polyaniline hydrogen sulfate
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+3nH,80, + 5 n (NH,),S0,

Figure 7. The reaction of aniline oxidation with APS leading to PANT in its electroconductive
ES form. This reaction is predominant at pH values higher than 4.6 when neutral aniline is
present in higher concentration related to anilinium cation.
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Figure 8. Changes in temperature (top) and acidity (bottom) during the oxidation
of 0.2 M aniline with 0.25 M ammonium peroxydisulfate in water, without added acid. There
are two exothermic reaction phases. (Reprinted and adapted with permission from Journal of
Physical Chemistry B, Evolution of polyaniline nanotubes: The oxidation of aniline in water,
by M. Trchova et al. 110, 9461-9468, Copyright (2006) American Chemical Society).
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SUPRAMOLECULAR STRUCTURE OF
ELECTROCONDUCTING POLYMERS

The Supramolecular structure of polymers can be defined as an assembly of
macromolecules into the well-defined objects that have a specific shape. CPs ap-
pear in a variety of supramolecular structures, such as rods, tubes, fibers, spheres
(hole or solid), sheets, belts, etc. The dimensions of supramolecular assemblies
can range from nanometers to micrometers. Nanosized supramolecular structures
are considered in the next subsection. Desired supramolecular structures of CPs
can be produced by applying the concept of self-organization of polymer/oligomer
chains using suitable conditions of syntheses, or by using different templates that
are added in the polymerization system with the aim of dictating polymer growth
i.e. the structure and organization of polymer chains [1]. The self-organization of
polymer/oligomer chains refers to their ability to assemble into thermodynam-
ically stable structures in which macromolecules are held together by different
noncovalent interactions: van der Waals forces, electrostatic interactions, hydro-
gen bonds, nt-m interactions, hydrophobic or hydrophilic interactions. Due to these
specific and directed interactions, a higher level of chain ordering occurs leading
to the formation of the stable, well defined structures. Self-organization is the
spontaneous appearance of ordering, governed by thermodynamically favoured
processes.

NANOSTRUCTURES OF ELECTROCONDUCTING POLYMERS

Nanostructures are objects (or structural arrangements) at the nanoscale,
with at least one dimension less than 100 nm. They are classified based on the
number of dimensions that are outside the nanoscale range as zero-dimensional
(0-D), one-dimensional (1-D), two-dimensional (2-D), and three-dimensional (3-
D). CPs exhibit all these types of nanostructures (Fig. 9) [17-19].

According to this classification, in zero-dimensional (0-D) nanostructures all
three dimensions are measured within the nanoscale, i.e. < 100 nm (Fig. 9a). Most
commonly, 0-D nanostructures are solid nanospheres (nanoparticles) [17, 20]. In
one-dimensional nanostructures (1-D), one dimension is outside the nanoscale,
while other two dimensions are within the nanoscale (Fig. 9b). This class includes
nanotubes, nanorods, nanofibers, and nanowires [17-19, 21]. In two-dimensional
nanostructures (2-D), two dimensions are outside the nanoscale, while third di-
mension is at the nanoscale, < 100 nm (Fig. 9¢). This class includes plate-like shapes
(nanosheets, nanoleaves, nanobelts...) [17, 22]. Three-dimensional nanostructures
(3-D) are complex hierarchical structures built of 0-D, 1-D and 2-D nanostructures
(Fig. 9d). Typical examples are bundles of nanotubes or nanofibers, dendritic struc-
tures, structures with the shape of star, urchin or flower of CPs [17, 23].
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Figure 9. Classification of nanostructures as 0-D, 1-D, 2-D and 3-D (left), and
the scanning/transmission electron micrographs of typical examples of CPs for each type
of nanostructures (right): a) nanospheres (Reprinted and adapted with permission from
Journal of Physical Chemistry C, Pt Nanoparticles Supported on Polypyrrole Nanospheres
as a Catalytic Counter Electrode for Dye-Sensitized Solar Cells, by S. S. Jeon et al. 115,
22035-22039, Copyright (2011) American Chemical Society), b) nanotubes/nanorods
(Reprinted and adapted with permission from Journal of Physical Chemistry B, Synthesis
and Characterization of Self-Assembled Polyaniline Nanotubes/Silica Nanocomposites,
by G. Ciri¢-Marjanovié et al. 113, 7116-7127, Copyright (2009) American Chemical
Society), ¢) nanoplates (Reprinted and adapted with permission from Macromolecules,
Controllable Synthesis of Polyaniline Multidimensional Architectures: From Plate-like
Structures to Flower-like Superstructures, by C. Zhou et al. 41, 6473-6479, Copyright
(2008) American Chemical Society), d) hierarchical flower-like structure (Reprinted and
adapted with permission from Macromolecules, Controllable Synthesis of Polyaniline
Multidimensional Architectures: From Plate-like Structures to Flower-like Superstructures,
by C. Zhou et al. 41, 6473-6479, Copyright (2008) American Chemical Society).
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The interest in CPs nanostructures has grown dramatically over the past two
decades. They have elicited much interest because of fundamental aspects (study
of the mechanism of their formation, specificities in molecular, supramolecular or
crystalline structure, etc.), as well as because of their possible applications, since
their performance is usually improved when compared to analogous materials
that are not nanostructured [1, 2, 17]. For example, they have exhibited improved
dispersibility and processability, higher capacitance in supercapacitors, shorter re-
sponse in sensors, etc. [1, 2, 17].

There is a large number of methods available for producing CPs nanostruc-
tures. They can be generally classified into chemical, electrochemical and physical
types of methods, Fig. 10. The present work is focused mainly on the chemical
methods, which can be divided into those with template and without template
(template-free), Fig. 10.

Methods for producing
nanostructures of EPs
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Figure 10. Main methods for producing nanostructures of CPs

Commonly used hard templates are porous materials, such as aluminos-
ilicate MCM-41, anodic aluminum oxide (AAO), or polycarbonate (PC) track-
etched membrane [24-26]. The porous hard template method enables the produc-
tion of 1D nanostructures of conducting polymers, e.g. nanofibers, nanorods or
nanotubes, whose diameter is determined by the diameter of the pores in the tem-
plate [17, 27]. As hard templates for the preparation of nanostructured conducting
polymers, small amounts of materials with desired nanostructured morphology
were used, i.e. nanostructured seed templates, such as carbon nanotubes (CNTs) or
V.0, nanofibers [28]. The shape of seed nanoparticles dictates the morphology of
the resulting conducting polymer [17].

The soft-template methods use various structure-directing molecules as
templates. They can be soluble oligomers and polymers, e.g. DNA [29]. Surfactants
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(e.g. sodium dodecyl sulfate (SDS), cetyltrimethylammonium bromide (CTAB))
[30, 31], amphiphilic acids (e.g. B-naphthalenesulfonic acid (B-NSA), p-tolue-
nesulfonic acid (p-TSA), dodecylbenzenesulfonic acid (DBSA)), or their mixture,
have been frequently used as soft templates [32-35]. Such molecules are able to
form, alone or with the monomer (e.g. aniline, pyrrole), supramolecular aggre-
gates, e.g. cylindrical micelles that further guide supramolecular organization of
resulting conducting polymer [17]. As an example, the chemical oxidative polym-
erization of the pyrrole monomer at the surface of sodium bis(2-ethylhexyl) sulfo-
succinate (AOT) reverse cylindrical micelles resulted in the formation of tubular
PPy nanostructures [36]. Dye molecules, such as methyl orange [37] or Acid Blue
25 [38], were used as soft templates for the production of PPy nanotubes [37] and
nanowires [38].

There is a number of used methods without added template [17]: the fall-
ing-pH method [14, 39, 40] whose specific case is the dopant-free template-free
method (without added template and without added dopant acid) [9, 13, 15, 39, 41,
42], interfacial polymerization (usage of at least two immiscible, aqueous/organic
phases [43, 44]; the monomer is dissolved in one phase and the oxidant in the
other phase and the formation of conducting polymer nanofibers occurs at their
interface), the rapid mixing method [45, 46], etc. Electrochemical template-free
methods have been also reported. For example, a PPy nanofiber network was
electrochemically synthesized in an aqueous solution by using phosphate buffer
solution (PBS) in the absence of any (hard or soft) template [47]. In the proposed
mechanism for the nanofiber formation, the presence of the hydrogen bonding
between phosphate dopant ions and Py oligomers was suggested to be essential,
Fig. 11 [47].

©  HPO;/HPO; orCIO;
Py oligomer

Figure 11. Electrochemical template-free preparation of PPy nanofibers (Reprinted and
adapted with permission from Macromolecules, Template-Free Electrochemical Synthesis
of Superhydrophilic Polypyrrole Nanofiber Network by J. Zang et al. 41, 7053-7057,
Copyright (2008) American Chemical Society)
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Structural characterization of polyaniline 1D nanostructures
produced by the falling-pH method, without added template

FTIR spectra. - Itwasfound that the FTIR spectra of PANI nano-
tube/nanorods prepared by the falling-pH method in water without added acid
(initial pH about 7), without any template, exhibited some specific features, com-
pared to the spectra of ordinary), granular PANI-ES prepared from the highly
acidic media [9, 14, 39, 40], Fig. 12. The most important characteristic features
are: the appearance of the bands at about 1414 and 1445 cm™ attributed to specific
oligomers (these bands are especially pronounced during the early stage of the
reaction; the band at 1414 cm™ has been attributed to phenazine-type structural
units), the bands which indicate mono-, 1,2- and 1,2,4- substitution patterns on
benzene rings (observed at c.a. 695, 726, 740, 848, 860, 880, 906, and 974 cm’
!, indicating chain branching and the presence of phenazine-type units) besides
the 1,4-substitution pattern typical for linear chains in standard PANI (observed
through the band at c.a. 827 cm™), and the band at c.a. 1040 cm™ due to vibrations
of ~OSO," and SO," groups, indicative for benzene ring sulfonation and sulfation

FTIR spéctra of mono, 1,2-,
deprotonated samples in KBr|,1,2,4- and 1,4-
sulfonation / substitution

oligomers

Absorbance

2000 1500 1000
Wavenumber [cm™]

00

Figure 12. FTIR spectra of reaction intermediates/products collected at different
times during the reaction of aniline with APS in water (without added acid), and
then deprotonated. (Reprinted and adapted with permission from Journal of Physical
Chemistry B, Evolution of polyaniline nanotubes: The oxidation of aniline in water,
by M. Trchova et al. 110, 9461-9468, Copyright (2006) American Chemical Society).
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(Fig. 12) [9, 14, 39-41]. The spectra of reaction intermediates/products recorded
during the reaction show drastic change at the beginning of the second exothermic
phase (Fig. 12, 21. min). The bands indicative for branching and phenazine-type
units are relatively more intense in the spectra recorded before the second exo-
thermic phase (i.e. for t<21 min in Fig. 8); they are also seen later (for t > 21 min,
Fig.8), but dominating bands in the spectra are those characteristic of ordinary
PANI with linear chains and N-C4 coupled units.

The FTIR spectroscopy clearly showed that the molecular structure of PANI
nanotubes/nanorods produced by the falling-pH method, without added external
template, differed from that of ordinary, granular PANI produced from the highly
acidic media. The formation of phenazine-like units by the intramolecular oxida-
tive cyclization at the branching site after the oxidation of 1,2,4-trisubstituted ring
structure, and at the beginning of the chain after the oxidation of 1,2-disubstituted
ring structure, is shown in Fig. 13.
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Figure 13. Phenazine-like units formed a) at the branching site after the oxidation
of 1,2,4-trisubstituted ring structure, b) at the beginning of the chain after the oxidation
of 1,2-disubstituted ring structure. (Reprinted with permission from Journal of Physical
Chemistry B, Evolution of polyaniline nanotubes: The oxidation of aniline in water,
by M. Trchova et al. 110, 9461-9468, Copyright (2006) American Chemical Society).
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Raman spectra.-Similarly to the FTIR spectra, the Raman spectra
of PANI nanotube/ nanorods, prepared by the falling-pH method, show features
that indicate the presence of specific, phenazine-type units-containing structures,
in addition to ordinary benzenoid, quinonoid, and semiquinonoid structures [13,
14, 40, 41]. The bands attributable to phenazine-type units are observed at c.a.
1645-1630, 1420-1400, 1380-1365, ~575, and ~415 cm™', Fig. 14.

The Raman spectra of oligoanilines, produced in the earlier phase of the reac-
tion (at t< 21 min), differ from those of PANI nanotubes and nanorods, formed later
(t>21 min) [13]. Broadening of the bands observed for a later stage of reaction (for t
> 21 min, Fig. 14) indicated the formation of the conductive, polaron form of PANI.
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Figure 14. Raman spectra of reaction intermediates/products collected at different times
during the reaction of aniline with APS in water (without added acid), deposited on Si
windows. (Reprinted and adapted with permission from Journal of Raman Spectroscopy,
The chemical oxidative polymerization of aniline in water: Raman Spectroscopy, by G.
Ciri¢-Marjanovi¢ et al. 39, 1375-1387, Copyright (2008) Wiley).
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Formation mechanism of polyaniline nanotubes and
nanorods by the template-free falling-pH method

Our results showed that the morphology of PANI strongly depends on the
mole ratio of aniline and dopant acid (i.e. on the initial pH value, pH ), aniline
concentration, and the type of dopant acid [14, 16, 40, 41]. Thus, in the presence
of 5-sulfosalicylic acid (SSA), by varying initial mole ratio [SSA]/[aniline], PANI
nanotubes/nanorods are obtained at [SSA]/[aniline] = 0.25 and pH_ = 4.6, while
at [SSA]/[aniline] = 0.5 (pH_ = 3.5) and 1.0 (pH_ = 1.7) only granular morphology
is seen [14].

The nanotubes are well evidenced by TEM measurements that allow us
to see the hole interior of a tube, and thus this method allows us to distinguish
between nanotubes and nanorods. The examples of PANI nanotubes/nanorods,
prepared from the solution of SSA at pH = 4.6, and in water without added acid,
are shown in Fig. 15. Nanotubes have outer diameters in the range of 100-200 nm,
inner diameters of 10-60 nm, while their lengths are from 0.4 to 1.5 mm [14].
Nanorods, without hole interior, were also observed (Fig. 15 b).

SEI 20KV X20,000 1pm
UB-RGF

Figure 15. SEM (a) and TEM (b, c) images of PANI nanotubes/nanorods prepared by
the chemical oxidative polymerization—falling pH method with APS as an oxidant: (a,
b) from the solution with mole ratio [SSA]/[aniline] = 0.25 and pH =4.6, ¢) from the
aqueous solution without added acid. A 1D-nanostructure with a partly dissolved core is
shown in ¢). A nanorod is shown in figure b). (Reprinted and adapted with permission
from Carbon, High-performance charge storage by N-containing nanostructured
carbon derived from polyaniline, by N. Gavrilov et al. 50, 3915-3927, Copyright (2012)
Elsevier).

According to the concept developed by the groups of Stejskal and Ciri¢-
Marjanovi¢ [10-15], the growth of PANI nanotubes during the synthesis by the
falling-pH method is dictated by the self-organization of aniline oligomers formed
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in the early stages of the reaction. The ordered oligomers serve as internal tem-
plates for the growth of PANI 1D-nanostructures. It is suggested that the major
role in the self-organization of oligomers plays the thermodynamically favora-
ble m-1t stacking of substituted phenazines-containing oligomers (Fig.16.), based on
MM2/MNDO-PM3/COSMO computations [14]. The protonation of nitrogen at-
oms in phenazine rings causes the destacking [14].

N N
I IR
J .
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Figure 16. Thermodynamically favorable n-m stacking of substituted phenazine rings
between two phenazine unit-containing aniline oligomers, as shown
by MM2/MNDO-PM3/COSMO computations in ref. [14].

This ordering of oligoanilines leads to the formation of internal nanotem-
plates, such as needle-like nanocrystallites. They are nonconducting and contain
a high amount of fully oxidized, substituted phenazine and pernigraniline-like
oligomers. During the second exothermic reaction phase (polymerization phase),
these templates become coated with the conducting PANI-ES film, which leads to
the formation of nanorods with nonconducting oligomeric core and conducting
PANT wall. It was proposed that the dissolution of the core appeared when pH
fell below c.a. 2.5, initiated by the protonation of oligomers. This mechanism is
supported by TEM images, which show a ‘partly dissolved core; see Fig. 15¢). The
TEM measurements also support this concept by the observation that the wall
thickness of nanotubes is always about the same, while their diameter varies.

However, we have observed that in the case of different fenolic acid, i.e.
3,5-dinitrosalicylic acid (DNSA), despite similar initial reaction conditions (pH_
= 4.6, APS as an oxidant), the formation of nanotubes by the falling-pH method
was completely suppressed, and only nanorods as 1D-nanostructures were formed
[40], see Fig. 17.

The explanation can be found in the light of the above described mech-
anism of nanotube formation by the oligomer core dissolution. In the presence
of DNSA the core shows the resistance to the dissolution, most probably due to
the strong n-m stacking and hydrogen bonding interactions between DNSA and
oligoanilines. This is supported by a known fact that the DNSA molecule is com-
pletely flat due to intramolecular hydrogen bonds and thereby is suitable for the
construction of hydrogen-bonded structural motifs. It was reported that DNSA
and phenazine formed a 1:1 molecular complex via hydrogen bonds and that the
formation of similar complexes was possible between DNSA and phenazine-con-
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taining oligomers [40]. It was found that the highest amount of well-defined nano-
rods was produced at mole ratio [DNSA]/[aniline] = 0.5 and aniline concentration
C,. =0.022 M.

Figure 17. PANI-DNSA nanorods produced at mole ratio [DNSA]/[aniline] = 0.5
and aniline concentration C, = 0.022 M. (Reprinted and adapted with permission
from Materials Letters, 3,5-Dinitrosalicylic acid-assisted synthesis of self-assembled

polyaniline nanorods, by A. Janosevi¢ et al. 64, 2337-2340, Copyright (2010) Elsevier).

CARBON NANOMATERIALS PRODUCED BY THE
CARBONIZATION OF NANOSTRUCTURED PANI AND PPY

The carbonization of nanostructured PANI and PPy in an inert atmosphere
(e.g. N,, Ar, He) has been shown to be a simple, efficient and scalable method for
producing interesting and widely applicable carbon nanomaterias with covalently
incorporated nitrogen atoms. Langer and Golczak found for the first time that
the nanotubular/microtubilar morphology of PANI was preserved after its car-
bonization [48]. They performed the carbonization of PANI nanotubes that were
synthesized by the oxidation of aniline with APS in an aqueous solution of NaCl
in the presence of surfactant CTAB at 800 °C during 120 min in He atmosphere.
The produced nanotubular carbon material had low conductivity, ~10° S cm.
Later, we have reported successful preparation of electroconducting carbonized
PANI nanotubes (~10° S cm™) by the carbonization of conducting nanotubular
PANTI prepared by the dopant-free template-free method [49]. Instead of heating
at constant temperature, we have used gradual heating from the room temperature
to 800 °C, in N, gas atmosphere. In ref. [48], unfavorable conditions for success-
ful graphitization and high conductivity were the presence of organic impurities
(surfactant), and the usage of overoxidized PANI precursor (prepared at mole
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ratio APS/aniline c.a. 9, which is much higher than the optimal value of 1.25 for
producing conducting emeraldine salt). It was shown by our and other groups, on
many examples of PANIs or PPys used as precursors, that their 1D-nanostructured
morphology (nanotube, nanorods, nanofibers...) was preserved upon carboniza-
tion (Fig. 18) and that electroconducting N-containing carbon 1D-nanomaterials
were produced by their carbonization [21, 49-56]. In addition to the fact that the
desired morphology of N-containing carbon nanomaterials can be adjusted by the
proper choice of precursor morphology, it was also shown that the properties (e.g.
electrical conductivity, textural properties, surface content of N- and O-containing
groups) of the produced carbon nanomaterial can be finely adjusted by tuning the
molecular structure (via synthesis conditions, e.g. by the choice of dopant ion) and
electrical conductivity of conducting polymer precursor, as well as by setting the
conditions of carbonization.

Figure 18. TEM images of salt form of PPy nanotubes (a) and product of their
carbonization (b). (Reprinted and adapted with permission from Journal of Physical
Chemistry C, Synthesis, Characterization and Electrochemistry of Nanotubular
Polypyrrole and Polypyrrole-Derived Carbon Nanotubes, by G. Ciri¢-Marjanovié et al.
118, 14770-14784, Copyright (2014) American Chemical Society).

There are only a few review articles that focus on carbon nanomaterials
produced by the carbonization of nanostructured PANIs and PPys [2, 57, 58].
Regarding the improvements of performance in various applications, it is an im-
portant finding that the nanotube/nanorod morphology of PANI precursors is also
preserved upon the carbonization of their composites with oxides, such as SiO,
[59] and TiO, [60].

Structure and properties of carbonized nanostructured PANIs and PPys

Different structures of carbonized nanostructured PANIs were suggested
in the literature. Three main types of nitrogen chemical states were reported to
be pyridinic, pyrrolic and quaternary nitrogen (Fig. 19), as determined by XPS
technique [2, 57, 58].
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Figure 19. Main types of nitrogen chemical state in carbonized nanostructured PANTs:
a- pyridinic, b- pyrrolic and c-quaternary nitrogen

A small amount of other species, such as N-oxide, was also found. The typ-
ical deconvolution of N1s peak of the XPS spectra of carbonized PANIs is shown
in Fig. 20. The binding energy values of c.a. 398.3, 399.8, 400.8 eV and 402.6-404.4
eV correspond to pyridinic nitrogen (N-6), pyrrolic nitrogen (N-5), quaternary
nitrogen (N-Q), and N-oxide species (N*-0), respectively, Fig. 20 [61, 62]. It is
suggested that phenazine (Phz)-type of pyridinic nitrogen also contributes to a
peak at c.a. 398.3 eV [61]. The presence of Phz-type rings in carbonized PANI is
expected since Phz-like structural units are constitutional units in nanostructured
PANT precursors prepared by the self-assembly method, and they can be formed
via crosslinking reactions during the carbonization of PANI, see Fig. 21 [49, 61].

Bulk nitrogen content in the nanostructured carbon materials produced
by the carbonization of nanostructured PANI salts was in the range 8.9-9.9 wt.%,
as determined by the elemental microanalysis [49, 52]. It was found that the total
surface content of nitrogen, determined by XPS, differed from the bulk content of
nitrogen. Generally, the surface concentration of heteroatoms (both nitrogen and
oxygen) was found to be lower than their bulk concentration, while the surface
carbon content was significantly higher than the bulk carbon content. These re-
sults indicated that the carbonization of the surfaces of all the used nanostructured
PANI precursors was much more efficient than their bulk carbonization [61]. The
surface fraction of nitrogen in carbonized PANIs varied in the range of 5.5-7.0
at.%, depending on the type of counter ion in the PANI precursor. Based on the
XPS analysis of the surface content and the elemental microanalysis of the bulk
content of nitrogen and carbon, it was concluded that 5-sulfosalicylate anions in
the structure of PANI precursor inhibited nitrogen release during the carboni-
zation most effectively and catalyzed the carbonization process more efficiently
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Figure 20. Fitted high-resolution XPS N1s spectra of three 1D-nanostructured
carbonized nanostructured PANIs, C-PANL.DNSA, C-PANI and C-PANIL.SSA,
prepared by the carbonization of 1D-nanostructured PANI salt precursors: PANI
3,5-dinitrosalicylate (PANL.DNSA) nanorods, PANI 5-sulfosalicylate (PANIT.SSA)
nanorods/nanotubes, and PANT hydrogen sulfate nanorods/nanotubes/nanosheets
produced without added acid (PANTI), respectively. (Reprinted and adapted with
permission from Carbon, High-performance charge storage by N-containing
nanostructured carbon derived from polyaniline by N. Gavrilov et al. 50, 3915-3927,
Copyright (2012) Elsevier).
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than hydrogen sulfate and 3,5-dinitrosalicylate counter-anions [61]. This finding
shows the importance of the counter anion type in PANI salt precursors on the
carbonization mechanism, and consequently on the physico-chemical properties
and behaviour of the produced carbon nanomaterial.
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Figure 21. The scheme of crosslinking of PANI chains during heating, as a consequence
of the thermally induced solid-state redox reaction of protonated iminoquinonoid units
(1, oxidant) with phenylenediamine segments (2, reductant) and the recombination
reaction of semi-quinonoid cation radicals (3), leading to formation of phenazine unit
(4), according to ref. [49].

Besides nitrogen, oxygen heteroatom is also present in the structure of na-
nostructured carbonized PANTIs. Surface oxygen groups are identified by the de-
convolution of the corresponding O1s XPS signals. Characteristic peaks are found
at binding energies of 530.7, 531.7 and 533.0 eV and attributed to C=O quinone
type groups (O-I), C-OH phenol groups (O-II)/ ether C-O-C groups, and -
COOH carboxyl groups (O-III), respectively [61, 62]. Both N and O heteroatoms
were found to be important for the properties of carbonized PANIs in their appli-
cations, such as electrocatalysis and charge-storage.

For all investigated cases of carbonization (gradual heating, in N, up to 800
°C) of nanostructured PANI salts precursors, prepared by the pH falling method
without template and containing different counter ions, we have found that the
electrical conductivity of produced nanostructured carbonized PANIs was higher
than that of the precursors, for at least one level of magnitude. For example, the
electrical conductivity increased from 0.04 S cm™ for PANIL.SSA to 0.8 S cm™! for
its carbonized counterpart, C-PANI.SSA [52].

Some drastic changes of the textural properties also occurred upon car-
bonization. By the nitrogen sorption measurements, it was found that the spe-
cific surface area (S,,) and micropore volume (V__ ) increased by one order of
magnitude upon the carbonization of nanostructured PANIs [52, 53]. For exam-
ple, S, increases from 34.0 to 317 m’g" and V___increases from 0.013 to 0.128
cm’g’as a consequence of the carbonization of PANI.SSA nanotubes/nanorods
[52]. However, again, the type of counter ion and fine differences in the molec-
ular structure of PANI precursor reflect the differences in textural properties of
produced N-containing carbon materials. Thus, the carbonization of PANI.DNSA
led to the completely microporous carbon material with small mesopore volume
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(V_...)» Fig. 22 [53], while the carbonization of PANL.SSA led to the increase of

bothV_ and V__,and gave micro/mesoporous material [52].
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Figure 22. Nitrogen adsorption-desorption isotherms of PANI.DNSA nanorods
(lower curve) and carbonized PANIL.DNSA nanorods (upper curve) (Reprinted with
permission from Microporous & Mesoporous Materials, Microporous conducting
carbonized polyaniline nanorods: Synthesis, characterization and electrocatalytic
properties, by A. Jano$evi¢ et al, 152, 50—-57, Copyright (2012) Elsevier). The empty
symbols are used for adsorption, whereas the filled symbols are used for desorption.

Applications of carbon nanomaterials produced
by the carbonization of nanostructured PANIs and PPys

It was shown that N-containing carbon nanostructured materials produced
by the carbonization of nanostructured PANIs and PPys are promising materi-
als for various applications: electrocatalysis [52, 53, 62—68], supercapacitors [54,
61, 66, 69, 70], electroanalysis [71-73], sensors [74], fotocatalysis [75], batteries
[76-78], hydrogen adsorption [80], etc. They can be used as-prepared, post syn-
thetically activated, or within the composites with metals (Pt, Pd, Fe), metal oxides
(TiO,, MnO,, MnFe O,), carbon (nano)materials, etc. Here, some selected exam-
ples of applications of carbonized PANIs and PPys are presented.

Application in electrocatalysis of oxygen
reduction reaction. - Different carbon-based materials have been
intensively studied in recent years with the aim of replacing expensive and scarce
platinum as electrocatalyst for the oxygen reduction reaction (ORR) in fuel cells
as promising power sources. It was shown that nitrogen doping of CNTs led to the
significantly improved ORR activity of the resulting NCNT material [81].
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We have synthesized N-containing carbon nanomaterials, abbreviat-
ed as C-PANL.DNSA, C-PANI.SSA and C-PANI, by the carbonization of three
1D-nanostructured polyaniline (PANI) salt precursors: PANI 3,5-dinitrosalicy-
late (PANIL.DNSA) nanorods, PANI 5-sulfosalicylate (PANL.SSA) nanorods/na-
notubes, and PANT hydrogen sulfate nanorods/nanotubes/nanosheets produced
without added acid (PANI), respectively, and have compared their electrocatalyt-
ic activity for ORR, Fig. 23 [62]. The measurements were performed in alkaline
solution using rotating disk electrode voltammetry. It was shown that the electro-
catalytic activity changed in the order C-PANL.DNSA < C-PANI < C-PANIL.SSA.
The differences in electrocatalytic activity of these N-containing carbon materials
were explained by the differences in their textural properties (determined by N,
sorption analysis), the surface content of nitrogen and the surface content of pirid-
inic nitrogen group (measured by XPS). C-PANI.SSA has the highest content of
mesopores, highest surface content of nitrogen (7.04 at.%) and the highest surface
content of pyridinic nitrogen (51%). This material shows excellent electrocatalytic
activity with the most positive onset potential amounting to — 0.15 V vs. SCE at
the catalyst loading of 250 pg cm™ and -0.05 V vs. SCE at the catalyst loading of
500 pg cm™ [52, 62]. An apparent number of electrons exchanged per O, mole-
cule amounted from c.a. 2 for C-PANIL.DNSA to c.a. 3.7 for C-PANLSSA, Fig.23.
By comparing the results with other carbon nanomaterials it was concluded that
C-PANI.SSA and C-PANI represented excellent ORR electrocatalysts for applica-
tion in low temperature fuel cells. For example, they exhibit properties comparable
to that of vertically aligned N-containing carbon nanotubes (NCNTs) [81]. Also,
both C-PANI.SSA and C-PANI display onset potentials up to even 100 mV more
positive, with the increased number of electrons consumed per O, molecule in
the investigated potential window, compared to different nanostructured carbon
materials studied in the work of Kruusenberg et al. [82]. It was found that a low
temperature hydrothermal treatment of C-PANT in alkaline medium at 200 °C
significantly improved electrocatalytic behaviour toward ORR [66].

Carbonized nanotubular PPys (C-PPy-NTs) have been also probed as the
electrocatalyst for ORR [54, 83]. High ORR activity has been observed with the
onset potential at —0.1 V vs. SCE and apparent number of electrons consumed per
O, molecule above 3 [54]. This high electrocatalytic activity has been linked with
a high fraction of mesopores and the presence of pyridinic and pyrrolic nitrogen
surface groups, as well as with a high degree of structural disorder.

Application for supercapacitors. - Supercapacitors
are devices that can store energy at a high rate by forming electrochemical double
layers of charges (electrochemical double layer capacitors) or through fast pseudo-
capacitive surface redox reactions (pseudo-capacitors). They exhibit a high power
density and long cyclic stability, and use high surface area electrodes. The application
of various nanostructured materials for supercapacitors has been the subject of in-
tensive research aiming at providing enhanced energy density of these devices [84].
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Figure 23. Left: SEM images of nanocarbons (C-PANIs) derived from different 1-D
nanostructured PANI precursors that are prepared from the solution of SSA (PANL
SSA), DNSA (PANL.DNSA) and without added acid (PANLH,O). Right: Background-
corrected RDE voltammograms of oxygen reduction (sweep in anodic direction) on
PANI-derived-nanocarbon-modified GC electrodes in O,-saturated 0.1 mol dm? KOH
(loading 250 mg cm™; rotation rate 600 rpm, sweep rate 20 mV s™'). (Reprinted and
adapted with permission from Journal of Power Sources, Electrocatalysis of oxygen
reduction reaction on polyaniline-derived nitrogen-doped carbon nanoparticle surfaces
in alkaline media, by Gavrilov et al. 220, 306—-316, Copyright (2012) Elsevier).

1D-nanostructured N-containing carbon materials, which we have synthe-
sized, C-PANI.DNSA, C-PANI.SSA and C-PANI, have been shown to be suitable
materials for supercapacitors, Fig. 24 [61]. The specific capacitance has changed in
the following order: C-PANI-DNSA < C-PANI < C-PANI-SSA, Fig. 24. The high-
est capacitance of 410 F g', at scan rate 5 mV s, has been exhibited by C-PANI.
SSA. At 10 A g'!, capacitance has showed stable value of 200 F g™! during 5000
cycles. The best charge storage performance of C-PANIL.SSA has been attributed
to its highest surface content of total N, the highest surface content of pyridinic N,
the highest electrical conductivity and highest content of mesopores.

Hydrothermal alkali treatment (HAT) of C-PANT at 200 °C led to the signifi-
cant improvement of charge storage performance [66]. Gravimetric capacitance
increased up to 2 times related to untreated C-PANI and amounted to 363, 220
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and 432 F g*!, in 6M KOH, 2M KNO, and 1M H,SO4, respectively, at 5 mVs™. The
capacitance retention upon increasing sweep rate was also improved. The observed
charge storage performance improvement was attributed to the redistribution of
the N-containing surface groups, the increase of the surface nitrogen content and
the increase of the surface oxygen content caused by HAT, providing an easier
access of the electrolyte species responsible for double layer formation and pseu-
do-faradaic reactions.
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Figure 24. Left: galvanostatic charge/discharge curves of N-containing carbon materials:
C-PANIL.DNSA, C-PANI and C-PANLDNSA, in 6 M KOH solution, at a current density
of 1 A g'. Right: Cyclic voltammograms of these carbon materials in 6M KOH,
at the common scan rate of 20 mV s'. (Reprinted and adapted with permission from
Carbon, High-performance charge storage by N-containing nanostructured carbon
derived from polyaniline by Gavrilov, et al. 50, 3915-3927, Copyright (2012) Elsevier).

Application in electroanalytics. - Carbonized na-
nostructured PANTIs, C-PANIL.DNSA, C-PANI and C-PANIL.DNSA were tested as
electrode materials for the detection of nitrite ions and ascorbic acid using linear
sweep voltammetry, based on the electrochemical oxidation of these analytes [72].
All three materials showed very good electrocatalytic activity for nitrate ions and
ascorbic acid sensing. The lowest peak potential showed C-PANI for nitrite ion
(+0.87 V vs. SCE), and for ascorbic acid oxidation both C-PANTI and C-PANI.SSA
(c.a.+0.13 V vs. SCE). This behaviour is explained by the differences in morphol-
ogy, textural properties and differences in the surface content of oxygen- and ni-
trogen-containing groups. All three materials contain nanorods, while nanotubes
are present only in C-PANT and C-PANI.SSA, therefore it is possible that nanopar-
ticle surfaces in the last two materials possess a larger amount of edge-plane-like
sites that enable faster electrode kinetics. The accessibility of the analyte, which
depends on the pore structure of electrode materials, is better in C-PANI and
C-PANI.SSA due to the larger fraction of mesopores in these materials compared
with C-PANL.DNSA.
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CONCLUSIONS AND OUTLOOK

Electroconducting polymer nanostructures have been intensively investi-
gated in the last two decades. Their preparation and characterization have elicited
much interest because of their significantly enhanced dispersibility and process-
ability, and substantially improved performance in many applications, in com-
parison with granular and colloidal varieties. Various template and template-free
methods have been developed for the preparation of conducting polymer nano-
structures. Nevertheless, to devise simple and efficient preparation methods that
would lead to highly controllable morphologies and particle sizes, especially on
a large scale, is still challenging. Unique structural properties, atypical for the or-
dinary PANI with granular morphology, have been observed for nanostructured
PANIs produced by self-assembly approach, and some new insights into the mech-
anism of aniline polymerization leading to PANI nanostructures have been pro-
vided. Several concepts on the mechanism of nanostructure formation have been
offered, however it is still not fully understood.

The carbonization of PANI and PPy nanostructures is a simple and efficient
way to fabricate N-containing carbon nanomaterials with the desired nanostruc-
tured morphology, textural characteristics, electrical conductivity, amount of in-
corporated nitrogen, and other properties. The properties of the resulting carbon
nanomaterial are determined by the characteristics of the polymer precursor and
the conditions of the carbonization process. Future research is directed towards the
development of new advanced nanomaterials based on carbonized nanostructured
PANT and PPy, with high performance for applications such as electrocatalysis,
fotocatalysis, supercapacitors, sensors, electroanalytics, adsorbents, membranes,
etc. More systematic studies are needed in order to find relationships between the
polymer precursor structure and properties and the structure and properties of re-
sulting carbon nanostructures. Especially important is the possibility of tuning the
types of N- and O-containing functional groups in the carbon nanomaterial by the
structural modifications of polymer precursor. Further work on the preparation of
composite materials of carbonized conducting polymer nanostructures with vari-
ous metals, oxides, carbon nanomaterials (graphenes, carbon nanotubes/nanofib-
ers, etc.), or organic/bioorganic compounds, opens up some new perspectives that
can lead to further improvement in their performances for various applications.
Another direction in research includes the introduction of other heteroatoms (P,
B, etc.) in the structure of carbonized nanostructured conducting polymers with
the aim of producing new advanced nanomaterials.

REFERENCES

[1] G. G. Wallace, G. M. Spinks, L. A. P. Kane-Maguire, P. R.Teasdale, Conductive
Electroactive Polymers: Intelligent Polymer Systems, CRC Press, New York, 3rd ed.
2009, ISBN 978-1-4200-6709-5.



Nanostructures of electronducting polymers and carbon nanomaterials 149

[12]
[13]

[14]

G. Ciri¢-Marjanovi¢, Recent advances in polyaniline research: polymerization mech-
anisms, structural aspects, properties and applications, Synth. Met. 177 (2013) 1-47.
A. Janogevié, B. Marjanovi¢, A. Raki¢, G. Ciri¢-Marjanovié, Progress in conduct-
ing/semiconducting and redox-active oligomers and polymers of arylamines, J.
Serb. Chem. Soc. 78 (2013) 1809-1836.

J. Stejskal, M. Trchova, P. Bober, Z. Moravkova, D. Kopecky, M. Vrnata, J. Prokes,
M. Vargac, E. Watzlov, Polypyrrole salts and bases: superior conductivity of nano-
tubes and their stability towards the loss of conductivity by deprotonation, RSC
Adv. 6 (2016) 88382—-88391.

G. Ciri¢-Marjanovi¢, M. Milojevi¢-Raki¢, A. Janosevi¢ Lezaié, S. Luginbiihl, P.
Walde, Enzymatic oligomerization and polymerization of arylamines: State of the
art and perspectives, Chem. Pap. 71 (2017) 199-242.

L. Pasti, M. Milojevi¢-Raki¢, K. Junker, D. Bajuk-Bogdanovi¢, P. Walde, G. Ciri¢-
Marjanovi¢, Superior capacitive properties of polyaniline produced by a one-pot
peroxidase/H,O,-triggered polymerization of aniline in the presence of AOT vesi-
cles, Electrochim. Acta. 258 (2017) 834—841.

K. Junker, R. Kissner, B. Rakvin, Z. Guo, M. Willeke, S. Busato, T. Weber, P. Walde,
The use of Trametes versicolor laccase for the polymerization of aniline in the pres-
ence of vesicles as templates, Enz. Microb.Technol. 55 (2014) 72-84.

J. Stejskal, R.G. Gilbert, Polyaniline. Preparation of a conducting polymer, Pure
Appl. Chem. 74 (2002) 857-867.

M. Trchova, 1. Sedénkova, E. N. Konyushenko, J. Stejskal, P. Holler, G. Ciri¢-
Marjanovi¢, Evolution of polyaniline nanotubes: The oxidation of aniline in water,
J. Phys.Chem. B. 110 (2006) 9461-9468.

G. Ciri¢-Marjanovi¢, M. Trchova, J. Stejskal, “MNDO-PM3 study of the early
stages of the chemical oxidative polymerizarion of aniline”, Collect. Czech. Chem.
Commun. 71 (2006) 1407-1426.

G. Ciri¢-Marjanovi¢, M. Trchova, and J. Stejskal, “Theoretical Study of the Oxidative
Polymerization of Aniline with Peroxydisulfate: Tetramer Formation’, Int. J. Quant.
Chem. 108 (2008) 318-333.

B. Marjanovi¢, L. Jurani¢, G. Ciri¢-Marjanovié, Revised mechanism of Boyland-
Sims oxidation, J. Phys. Chem. A 115 (2011) 3536—3550.

G. Ciri¢-Marjanovi¢, M. Trchova, J. Stejskal, The chemical oxidative polymerization
of aniline in water: Raman Spectroscopy’, J. Raman Spectrosc. 39 (2008) 1375-1387.
A. Jano$evi¢, G. Ciri¢-Marjanovi¢, B. Marjanovi¢, P. Holler, M. Trchovd, . Stejskal,
Synthesis and characterization of conducting polyaniline 5sulfosalicylate nano-
tubes, Nanotechnology. 19 (2008) 135606.

G. Ciri¢-Marjanovi¢, E. N. Konyushenko, M. Trchovd, and J. Stejskal, “Chemical
Oxidative Polymerization of Anilinium Sulfate versus Aniline: Theory and
Experiment’, Synth. Met. 158 (2008) 200-211.

G. Ciri¢-Marjanovi¢, I. Holclajtner- Antunovié, S. Mentus, D. Bajuk-Bogdanovi¢, D.
Jesi¢, D. Manojlovi¢, S. Trifunovi¢, J. Stejskal, Self-assembled polyaniline 12-tung-
stophosphate micro/nanostructures, Synthetic Metals. 160 (2010) 1463—1473.

G. Ciric’:-Marjanovic’, Polyaniline Nanostructures, Chapter 2 in Nanostructured
Conductive Polymers, Ed. A. Eftekhari, John Wiley & Sons, Ltd, Chichester, UK.
2010, pp. 19-98.



(21]

Gordana Ciri¢-Marjanovi¢

J. Stejskal, I. Sapurina, M. Trchova, Polyaniline nanostructures and the role of ani-
line oligomers in their formation, Prog.Polym. Sci. 35 (2010) 1420-1481.

C. Laslau, Z. Zujovic, J. Travas-Sejdic, Theories of polyaniline self-assembly:
Towards an expanded, comprehensive Multy-Layer Theory (MLT), Prog. Polym.
Sci. 35 (2010) 1403—-14109.

G.M. Neelgund, A. OKki, A Facile Method for Synthesis of Polyaniline Nanospheres
and Effect of Doping on Their Electrical Conductivity, Polym. Int. 60 (2011)
1291-1295.

A. JanoSevi¢ Lezai¢, D. Bajuk-Bogdanovi¢, M. Radoi¢i¢, V. M. Mirsky, G. Ciri¢-
Marjanovi, Influence of synthetic conditions on the structure and electrical prop-
erties of nanofibrous polyanilines and their nanofibrous carbonized forms, Synth.
Met. 214 (2016) 35-44.

J. Han, G. Song, R. Guo, Nanostructure-Based Leaf-like Polyaniline in the Presence
of an Amphiphilic Triblock Copolymer, Adv. Mater. 19 (2007) 2993-2999.

G. Li, S. Pang, G. Xie, Z. Wang, H. Peng, Z. Zhang, Synthesis of radially aligned
polyaniline dendrites, Polymer. 47 (2006) 1456-1459.

C.-G. Wy, T. Bein, Conducting polyaniline filaments in a mesoporous channel host,
Science. 264 (1994) 1757-1759.

S. M. Yang, K. H. Chen, Y. E. Yang, Synthesis of polyaniline nanotubes in the chan-
nels of anodic alumina membrane, Synth. Met. 152 (2005) 65-68.

N.-R. Chiou, L. J. Lee, A. J. Epstein, Porous membrane controlled polymerization of
nanofibers of polyaniline and its derivatives, . Mater. Chem. 18 (2008) 2085-2089.
K. Jackowska, A. T. Biegunski, M. Tagowska, Hard template synthesis of conducting
polymers: a route to achieve nanostructures, J. Solid State Electrochem. 12 (2008)
437-443.

X. Zhang, W. ]. Goux, S. K. Manohar, Synthesis of polyaniline nanofibers by ‘nano-
fiber seeding} J. Am. Chem. Soc. 126 (2004) 4502-4503.

P. Nickels, W. U. Dittmer, S. Beyer, J. P. Kotthaus, E. C. Simmel, Polyaniline nanow-
ire synthesis templated by DNA, Nanotechnology. 15 (2004) 1524-1529.

T. Jeevananda, J. H. Lee, Siddaramaiah, Preparation of polyaniline nanostructures
using sodium dodecylsulphate, Mater. Lett. 62 (2008) 3995-3998.

X. Wang, M. Shao, G. Shao, Z. Wu, S. Wang, A facile route to ultra-long polyaniline
nanowires and the fabrication of photoswitch, J. Colloid Interface Sci. 332 (2009)
74-77.

G. M. do Nascimento, C. H. B. Silva, and M. L. A. Temperini, Electronic structure
and doping behavior of PANI-NSA nanofibers investigated by resonance Raman
spectroscopy, Macromol. Rapid. Commun. 27 (2006) 255-259.

G. M. do Nascimento, C. H. B. Silva, C. M. S. Izumi, and M. L. A. Temperini, The
role of cross-linking structures to the formation of one-dimensional nano-organ-
ized polyaniline and their Raman fingerprint, Spectrochim. Acta Part A. 71 (2008)
869-875.

L. Zhang, M. Wan, and Y. Wei, Nanoscaled polyaniline fibers prepared by ferric
chloride as an oxidant, Macromol. Rapid Commun. 27 (2006) 366-371.

W. Zhong, J. Deng, Y. Yang, and W. Yang, Synthesis of large-area three-dimensional
polyaniline nanowire networks using a ‘soft template, Macromol. Rapid Commun.
26 (2005) 395-400.



Nanostructures of electronducting polymers and carbon nanomaterials 151

[36]

(37]

J. Jang, H. Yoon, Formation Mechanism of Conducting Polypyrrole Nanotubes in
Reverse Micelle Systems, Langmuir. 21 (2005)11484-11489].

J. Kopeckd, M. Mrlik, R. Olejnik, D. Kopecky, M. Vrnata, J. Prokes, P. Bober, Z.
Moravkova, M. Trchova, J. Stejskal, Polypyrrole Nanotubes and Their Carbonized
Analogs: Synthesis, Characterization, Gas Sensing Properties, Sensors. 16 (2016)
1917.

P. Bober, Y. Li, U. Acharya, Y. Panthi, J. Pfleger, P. Humpoli¢ek, M. Trchov4, J.
Stejskal, Synth. Met. 237 (2018) 40—49.

M. Trchova, J. Stejskal, Polyaniline: The infrared spectroscopy of conducting poly-
mer nanotubes, Pure Appl. Chem. 83 (2011) 1803-1817.

A. Janosevi¢, G. Ciri¢-Marjanovi¢, B. Marjanovié¢, M. Trchova, J. Stejskal,
3,5-Dinitrosalicylic acid-assisted synthesis of self-assembled polyaniline nanorods,
Mater. Lett. 64 (2010) 2337-2340.

A. Raki¢, D. Bajuk-Bogdanovié, M. Mojovi¢, G. Ciri¢-Marjanovié, M. Milojevic,
S. Mentus, B. Marjanovi¢, M. Trchova, J. Stejskal, Oxidation of aniline in dopant
free template free dilute reaction media, Mater. Chem. Phys. 127 (2011) 501-510.
A. A. Raki¢, M. Vukomanovi¢, S. Trifunovi¢, J. Travas-Sejdic, O. Javed Chaudhary,
J. Horsky, G. Ciri¢-Marjanovié, Solvent effects on dopant-free pH-falling polymer-
ization of aniline, Synthetic Metals. 209 (2015) 279-296.

X. Zhang, C. Chan-Yu-King, A. Jose, and S. K. Manohar, Nanofibers of polyaniline
synthe sized by interfacial polymerization, Synth. Met. 145 (2004) 23-29.

J. Chen, D. Chao, X. Lu, and W. Zhang, Novel interfacial polymerization for radially
oriented polyaniline nanofibers, Mater. Lett. 61 (2007) 1419-1423.

J. Huang and R. B. Kaner, Nanofiber formation in the chemical polymerization of
aniline: A mechanistic study, Angew. Chem. Int. Ed. 43 (2004) 5817-5821.

J. Qiang, Z. Yu, H. Wu, D. Yun, Polyaniline nanofibers synthesized by rapid mixing
polymerization, Synth. Met. 158 (2008) 544-547.

J. Zang, C. Ming Li, S-J. Bao, X. Cui, Q. Bao, C. Q. Sun, Template-Free
Electrochemical Synthesis of Superhydrophilic Polypyrrole Nanofiber Network,
Macromolecules. 41 (2008) 7053-7057.

J. J. Langer, S. Golczak, Highly carbonized polyaniline micro- and nanotubes,
Polym. Degrad. Stab. 92 (2007) 330-334.

S. Mentus, G. Ciri¢-Marjanovié, M. Trchov4, J. Stejskal, “Conducting carbonized
polyaniline nanotubes”, Nanotechnology. 20 (2009) 245601 (10 pp).

M. Kyotani, H. Goto, K. Suda; T. Nagai, Y. Matsui; K. Akagi, Tubular-Shaped
Nanocarbons Prepared from Polyaniline Synthesized by a Self-Assembly Process
and Their Electrical Conductivity, . Nanosci. Nanotechnol. 8 (2008) 1999-2004.
M. Trchov4, E. N. Konyushenko, J. Stejskal, J. Kovarovd, G. Ciri¢-Marjanovi¢, The
conversion of polyaniline nanotubes to nitrogen-containing carbon nanotubes and
their comparison with multi-wall carbon nanotubes, Polym. Degrad. Stab. 94 (2009)
929-938.

A. JanoSevié, I. Pasti, N. Gavrilov, S. Mentus, G. Cirié—Marjanovié, J. Krsti¢, J.
Stejskal, Micro/mesoporous conducting carbonized polyaniline 5-sulfosalicylate
nanorods/nanotubes: Synthesis, characterization and electrocatalysis, Synth. Met.
161 (2011) 2179-2184.



152

(53]

(54]

[63]

[64]

Gordana Ciri¢-Marjanovi¢

A. Janosevi¢, I. Pasti, N. Gavrilov, S. Mentus, J. Krsti¢, M. Mitri¢, J. Travas-Sejdic,
G. Ciri¢-Marjanovi¢, Microporous conducting carbonized polyaniline nano-
rods: Synthesis, characterization and electrocatalytic properties, Microporous &
Mesoporous Materials. 152 (2012) 50-57.

G. Ciri¢-Marjanovié, S. Mentus, 1. Pasti, N. Gavrilov, J. Krsti¢, J. Travas-Sejdic, L. T.
Strover, J. Kopeckd, Z. Moravkova, M. Trchova, J. Stejskal, Synthesis, Characterization
and Electrochemistry of Nanotubular Polypyrrole and Polypyrrole-Derived Carbon
Nanotubes, J. Phys. Chem. C. 118 (2014) 14770-14784.

H. Dong, Jr WE Jones, Preparation of submicron polypyrrole/poly(methyl meth-
acrylate) coaxial fibers and conversion to polypyrrole tubes and carbon tubes,
Langmuir 22 (2006)11384-11387.

S. Shang, X. Yang, X. M. Tao, Easy synthesis of carbon nanotubes with polypyrrole
nanotubes as the carbon precursor, Polymer. 50 (2009) 2815-2818.

G. Ciri¢-Marjanovi¢, 1. Pasti, S. Mentus, One-dimensional nitrogen-containing car-
bon nanostructures, Prog. Mater. Sci. 69 (2015) 61-182.

G. Ciric’-Marjanovic’, L. Pasti, N. Gavrilov, A. Jano$evi¢, S. Mentus, Carbonised pol-
yaniline and polypyrrole: towards advanced nitrogen-containing carbon materials,
Chem. Pap. 67 (2013) 781-813.

G. Ciri¢-Marjanovi¢, 1j. Dragicevi¢, M. Milojevi¢, M. Mojovi¢, S. Mentus, B.
Dojc¢inovi¢, B. Marjanovi¢, J. Stejskal, Synthesis and Characterization of Self-
Assembled Polyaniline Nanotubes/Silica Nanocomposites, J.Phys.Chem. B. 113
(2009) 7116-7127.

M. Radoi¢i¢, G. Cirié-Marjanovi¢, V. Spasojevi¢, P. Ahrenkiel, M. Mitri¢, T.
Novakovi¢, Z. Saponji¢, Superior photocatalytic properties of carbonized PANT/
TiO, nanocomposites, Appl. Catal. B: Environm. 213 (2017) 155-166.

N. Gavrilov, I. A. Pasti, M. Vujkovi¢, J. Travas-Sejdic, G. Ciri¢-Marjanovig, S. V.
Mentus, High-performance charge storage by N-containing nanostructured carbon
derived from polyaniline, Carbon. 50 (2012) 3915-3927.

N. Gavrilov, I.A. Pasti, M. Mitri¢, J. Travas-Sejdi¢, G. Ciri¢-Marjanovi¢, S. V.
Mentus, “Electrocatalysis of oxygen reduction reaction on polyaniline-derived ni-
trogen-doped carbon nanoparticle surfaces in alkaline media’, Journal of Power
Sources. 220 (2012) 306-316.

N. Gavrilov, M. Dasi¢ Tomi¢, 1. Pasti, G. Ciri¢-Marjanovié, S. Mentus, Carbonized
polyaniline nanotubes/nanosheets-supported Pt nanoparticles: Synthesis, charac-
terization and electrocatalysis, Mater. Lett. 65 (2011) 962-965.

N. Gavrilov, M. Vujkovi¢, L.A. Pasti, G. Ciric’-Marjanovic’, S. V. Mentus,
Enhancement of electrocatalytic properties of carbonized polyaniline nanoparticles
upon a hydrothermal treatment in alkaline medium, Electrochim. Acta. 56 (2011)
9197-9202.

J. Miliki¢, G. Ciric’-Marjanovic’:, S. Mentus, D. M. E Santos, C. A. C. Sequeira, B.
Sljuki¢, Pd/c-PANI electrocatalysts for direct borohydride fuel cells, Electrochim.
Acta. 213 (2016) 298-305.

M. Vujkovi¢, N. Gavrilov, L. Pasti, ]. Krsti¢, J. Travas-Sejdi¢, G. Ciri¢-Marjanovié, S.
V. Mentus, Superior capacitive and electrocatalytic properties of carbonized nano-
structured polyaniline upon a low-temperature hydrothermal treatment, Carbon.
64 (2013) 472.



Nanostructures of electronducting polymers and carbon nanomaterials 153

[67]

N. M. Gavrilov, I. A. Pasti, G. Ciri¢-Marjanovi¢, V. M. Nikoli¢, M. P. Marceta
Kaninski, S. S. Miljani¢, S. V. Mentus, Nanodispersed platinum on chemically
treated nanostructured carbonized polyaniline as a new PEMEFC catalysts, Int. J.
Electrochem. Sci. 7 (2012) 6666 — 6676.

E Zhou, G. Wang, F. Huang, Y. Zhang, M. Pan, Polyaniline derived N- and
O-enriched high surface area hierarchical porous carbons as an efficient metal-free
electrocatalyst for oxygen reduction, Electrochim. Acta. 257 (2017) 73-81.

M. Yang, B. Cheng, H. Song, X. Chen, Preparation and electrochemical perfor-
mance of polyaniline-based carbon nanotubes as electrode material for superca-
pacitor, Electrochim. Acta. 55 (2010) 7021-7027.

L. S. Ghadimi, N. Arsalani, A. G. Tabrizi, A. Mohammadi, I. Ahadzadeh, Novel
nanocomposite of MnFe O, and nitrogen-doped carbon from polyaniline carbon-
ization as electrode material for symmetric ultra-stable supercapacitor, Electrochim.
Acta. 282 (2018) 116-127.

M. Malii¢, A. Janosevi¢, B. Sljuki, 1. Stojkovié, G. Ciri¢-Marjanovi¢, Exploration of
MnO,/Carbon Composites and Their Application to Simultaneous Electroanalytical
Determination of Pb(II) and Cd(II), Electrochim. Acta. 74 (2012)158-164.

D. Mici¢, B. Sljuki¢, Z. Zujovi¢, J. Travas-Sejdi¢, G. Ciri¢-Marjanovié, Electrocatalytic
activity of carbonized nanostructured polyanilines for oxidation reactions: Sensing
of nitrite ions and ascorbic acid, Electrochim. Acta. 120 (2014) 147-158.

B. Sljuki¢, D. Mici¢, N. Cvjeti¢anin, G. Ciri¢-Marjanovié, Nanostructured materials
for sensing Pb(IT) and Cd(II) ions: manganese oxyhydroxide versus carbonized
polyanilines, J. Serb. Chem. Soc. 78 (2013) 1717-1727.

L. A. Pati, A. Janogevi¢ Lezai¢, G. Ciri¢-Marjanovié, V. M. Mirsky, Resistive gas
sensors based on the composites of nanostructured carbonized polyaniline and
Nafion, J. Solid State Electrochem. 20 (2016) 3061-3069.

M. Radoi¢i¢, G. Ciri¢-Marjanovié, V. Spasojevié, P. Ahrenkiel, M. Mitri¢, T.
Novakovié, Z. Saponji¢, Superior photocatalytic properties of carbonized PANI/
TiO, nanocomposites, Appl. Catal. B: Environm. 213 (2017) 155-166.

X. Xiang, Z. Huang, E. Liu, H. Shen, Y. Tian, H. Xie, et al. Lithium storage perfor-
mance of carbon nanotubes prepared from polyaniline for lithium-ion batteries,
Electrochim. Acta 56 (2011) 9350-9356.

Z. Wang, X. Xiong, I. Qie, Y. Huang, High-performance lithium storage in nitro-
gen-enriched carbon nanofiber webs derived from polypyrrole, Electrochim. Acta
106 (2013) 320-326.

G. Xu, B. Ding, P. Nie, L. Shen, ]. Wang, X. Zhang, Porous Nitrogen-Doped Carbon
Nanotubes Derived from Tubular Polypyrrole for Energy-Storage Applications,
Chem. Eur. J. 19 (2013) 12306-12312.

S. Han, Y. Aj, Y. Tang, J. Jiang, D. Wu, Carbonized polyaniline coupled molyb-
denum disulfide/graphene nanosheets for high performance lithium ion battery
anodes, RSC Advances. 5 (2015) 96660-96664.

Y. Z. Chen, H. Y. Zhu, Y. N. Liu, Preparation of activated rectangular polyani-
line-based carbon tubes and their application in hydrogen adsorption, Int. J.
Hydrogen Energy. 36 (2011) 11738-11745.

N. Alexeyeva, E. Shulga, V. Kisand, I. Kink, K. Tammeveski, Electroreduction of
oxygen on nitrogen-doped carbon nanotube modified glassy carbon electrodes in
acid and alkaline solutions, J. Electroanal. Chem. 648 (2010) 169-175.



154 Gordana Ciri¢-Marjanovié

[82] I Kruusenberg, J. Leis, M. Arulepp, K. Tammeveski, J. Solid State Electrochem. 14
(2010) 1269-1277.

[83] Liu Q, PuZ, Tang C, Asiri AM, Qusti AH, Al-Youbi AO, et al. N-doped carbon
nanotubes from functional tubular polypyrrole: a highly efficient electrocatalyst for
oxygen reduction reaction, Electrochem. Commun. 36 (2013) 57-61.

[84] X. Zhao, B. Mentoza-Sanchez, P. Dobson, P.S. Grant, The role of nanomaterials in
redox-based supercapacitors for next generation energy storage devices, Nanoscale.
3(2011) 839-855.

Topgana HRupuh-Mapjanosuh

HAHOCTPYKTYPE EJIEKTPOITPOBOJHMX ITOJIMMEPA
M YTJbEHMYHN MATEPUJAJIV ITPOM3BENEHN
BNXOBOM KAPBOHMI3ALIMTJOM

Pesume

KonjyroBanu nomiMepu Koju 1MMajy CIOCOOHOCT Jja IIPOBOJie eIeKTPUYHY
CTPY]y — enexitipotiposogHu ionumepy, IpefCcTaB/bajy HOoCeOHy KIacy CUHTeTIY-
Kkyx nonmuMepa. Tumaay npuMepn cy nomanwmH (PANI), nmomummpon (PPy),
nomutuode (PTh) n wuxosn gepusary. OBM onuMepy NpuUIafajy TAKO3BAaHUM
‘MHTE/IUTeHTHMM MaTepyjaayMa’ 3aTO IITO IOCEAYjy KOMIUIEKCHe U AMHAMUYKe
CTPYKTYpe€ 4MjM [U3ajHMPambeM Ce€ MOTY IOfleIaBaTy ¥ KOHTPOIMCATH HBIXO-
Ba CBOjCTBA, OJJHOCHO TIOfI€NIABAT/ HUXOB OITOBOP Ha PasjIM4MUTe CTUMYIIyCE.
Toxom mpoTeksie meneHnje yop3aHo ce mosehaio MHTepecoBambe 3a HAHOCTPYK-
Type e/l1eKTpOoIpoBOfHMX HonuMepa. OHe cy M3a3Bajle BEJIMKO MHTEPeCOBalbe,
KaKo ca (yHZaMEHTA/THOT aclleKTa TaKo U Ca aclleKTa IpUMeHa, 3axBasbyjyhm
nodosplraHuM cBojcTBUMa. OBaj paf je mocedHO (POKycMpaH Ha HajBaKHUje pe-
3y/ITaTe HAIVX MCTPaKMBamba y 0d/acTU CHHTe3e, MeXaHn3Ma GopMupama 1
$U3MUKOXeMMjCKUX CBOjcTaBa HaHOCTpykTypa PANI u PPy. Vimenuunu nawo-
maillepujanuy TPeNCcTaB/bajy APYTy BeIUKY IPYITy HallpEeJHUX MaTepujaa Koju Cy
dVIM ITpefiMeT OTNICEKHMX UCTPAXKMBaba 30T CBOjMX MHTEPECAHTHUX CBOjCTaBa I
pasHOBpcHMX pyuMeHa. [TocedHa makma je duma nocseheHa yr/beHUYHNM HaHO-
CTPYKTypaMa JOIMPaHUM KOBAJIEHTHO Be3aH!UM xeTepoaromuma (N, B, P, utp.),
4yje yBoheme Bomy nodobInamy cBojcTaBa. My cMo passujany HoBe N-onypane
€/IEKTPOIIPOBOJIHE YITbeHNIHE HAaHOMAaTepjajie IPUMEHOM je[JHOCTaBHE METOfie
KapOoHM3alije HAHOCTPYKTYPHUX IOMMaHnImHa. Mopdosoruja v CBojcTBa OBUX
YIJbeHUYHNX HaHOMaTepyjaia MOTy ce MOJeIIaBaTy IIOTOfHNM u300poM Mopdo-
JIOTHje U CBOjCTaBa IOIMIMEPHOT IIPEKypcopa I 3aflaBambeM OfroBapajyhux ycmosa
kapdonusanuje. OBa K/1aca HaHOMaTepHjaja IoKa3yje ofIdHe eppopMaHce KO
Pa3MMYNTHX IpYMeHa (CylepKOHIEH3aTOpy, elleKTpOKaTanmnsa, poTokaTanmsa u
ip.). Y pajy Cy Ipe3eHTOBaHM ofadpaHM pe3y/lITaTy HallMX MCTPaKMBama Ha
HOJbY YIJbeHMYHMX HAHOMAaTepHjasa fodMjeHnx 13 HaHOCTPYKTypHux PANI u PPy.



