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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



MODELLING AND SIMULATIONS
OF NANOSTRUCTURES

IGOR A. PASTI" ANA S. DOBROTA', SLAVKO V. MENTUS"?

ADbstract - Advancements in contemporary technologies require deep
understanding of the link between the structure and properties of novel materi-
als. Computational methods have been proven as a powerful tool in that quest,
allowing investigation of systems of various complexity and at different spatial and
temporal scales, with a desired composition and without any risk of contamination.
Moreover, constant increase of computational power allowed the application of
some of the most advanced computational methods at the scales which overcome
sub-nanometers (small molecules and clusters of atoms), usually considered as a
limit for first principles calculations. While the accuracy of such calculations reach-
es the experimental one, this approach also allows for the screening of a large num-
ber 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. This text will cover author’s recent experiences in modelling and simulation
of nanoscale systems of different complexity, including metal oxides, metals, carbon
materials, molecular networks and complex catalytic systems.

Keywords: nanostructure, materials modelling, electronic structure calcula-
tions, reactivity trends, multiscale modelling

INTRODUCTION

A macroscopic physical system can be characterized with a number of
well-defined physical properties which change drastically at the system bound-
ary. If the system is macroscopic, its surface has little effect on these properties
and the edge effects diminish rather quickly with the distance from the system
boundary. However, if one starts to reduce the system size, its surface-to-volume
ratio increases, its physical properties change, and new ones come into sight. With
the reduction of system dimensions down to nanometers, every atom, being con-
stituent of the system, starts to make a difference, opening a range of possibilities
for applying such a system in various contemporary technologies. However, with
new possibilities new problems also appear. This relates to the understanding how
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Chemistry, Studentski trg 12-16, 11158 Belgrade, Serbia; Serbian Academy of Sciences and Arts,
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such small systems exert their properties under different conditions, how these
properties can be controlled and tailored for a given application. For this reason,
a great deal of today’s materials science is focused on materials which have con-
stituents of internal structure in the nanometer range. These materials are called
nanomaterials and present the core of modern nanotechnology.

By definition, nanoscale is the “length range approximately from 1 nm to
100 nm” [1]. Following this definition, a nanomaterial is a “material with any ex-
ternal dimension in the nanoscale or having internal structure or surface structure
in the nanoscale” [1]. This means that nanomaterials are comprised either of a
nanoobject, having at least one external dimension in the nanoscale or can be con-
sidered as nanostructured materials. The latter class of nanomaterials has internal
or surface structure on the nanoscale. Nanoobjects could be classified as nanopar-
ticles, nanofibers and nanoplates [2]. While nanoparticles have all three external
dimensions in the nanoscale, nanofibers have only two, while nanoplates have only
one external dimension in the nanoscale. In principle, any class of materials can
be reduced to nanoscale, at least in one dimension. If one speaks of nanomaterials
intentionally produced to have selected properties or composition, such material
is called a manufactured nanomaterial [2]. However, if a nanomaterial is designed
for a specific purpose or function it is called an engineered nanomaterial [2]. While
these two classes of nanomaterials are formed by intentional human action, nature
itself provides a wide variety of natural nanomaterials.

Our focus will be on manufactured as well as engineered nanomaterials. A
good example of a nanomaterial is nanosized platinum. This material is routinely
made in form of nanoparticles and their dimensions are usually tuned to be below
10 nm. As platinum has a wide range of applications in modern (nano)technolo-
gies, primarily as a catalyst, reduction of the size of platinum particles is extremely
important due its high price. By reducing the size of particles, surface-to-volume
ratio increases, providing more surface sites for catalytic processes to take place.
Nevertheless, properties of platinum atoms located on nanoparticle surface differ
from those located in bulk Pt. Low coordination of surface atoms, combined with
the effects of edges inevitably lead to altered surface stability and reactivity. One
example of such behavior is platinum dissolution. While bulk Pt is very stable
and has high standard electrode potential, dissolution of nanosized platinum is
experimentally observed and presents a great problem for practical, long-term
applications [3-7]. Platinum nanoparticles applied as electrocatalysts in fuel cells
are usually deposited on some inert, electronically conductive support, as car-
bon. Optimal size of such nanocatalyst is around 4 nm. Simple calculation shows
that such nanoparticle contains around 2000 Pt atoms which can be distributed
within the nanoparticle in various ways, depending its shape. Properties of these
nanoparticles can be probed using a range of experimental techniques, as listed
in Table 1.
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Table 1. Main experimental techniques used to probe nanomaterial properties

Property Main techniques

Atomic force microscopy (AFM); Dynamic light scattering
Size (DLS); Transmission electron microscopy (TEM);
Scanning electron microscopy (SEM)

Atomic force microscopy (AFM); Transmission electron

Shape microscopy (TEM); Scanning electron microscopy (SEM)

External surface
(including pore surface
and pore distribution)

Gas adsorption measurement
(based on Brunauer-Emmett-Teller (BET) theory)

Crystal structure X-ray diffraction measurement (XRD)

Surface composition and X-ray photoelectron spectroscopy (XPS)

chemistry
Bulk composition and Inductively coupled plasma-mass spectrometry (ICP-MS);
chemistry Nuclear magnetic resonance (NMR)

If we take look at a nanoparticle, it is clear that its atomic structure must
not be disregarded. Moreover, due to a small number of atoms constituting a nan-
oparticle, its surface atoms have a different chemical environment, making every
atom essentially different. If platinum nanocatalyst is applied in a realistic system,
one will see the average response of the system in terms of performance. However,
in order to improve the properties of the nanocatalyst the main question is how
differently the surface atoms actually behave in a realistic system. If this question
is to be properly answered, one could optimize engineered nanocatalyts in order
to maximize their performance. Of course, it is possible to search for the solution
using a whole army of experimental techniques, but these techniques must fulfil
the requirement of atomic resolution with the possibility of differentiating the
states of the catalyst at timescales which correspond to reaction rates. Even though
a limited number of such studies can be found in modern scientific literature, their
routine application is not foreseen, and it is further de-stimulated by the price of
the required experimental facilities.

Considering that, in the case of nanoobjects and nanostructures, one must
not disregard their atomistic (and consequently electronic) structure, it is expected
that the solution of the aforementioned problems can be sought in the application
of computational methods. These methods have their origin in computational sol-
id-state physics and quantum chemistry. Historically speaking, theoretical treat-
ment of a nanoobject would require the solution of the Schrédinger equation [8]
which would allow determination of desirable physical observables. Nevertheless,
it can be said without making a large mistake, that this task is impossible to ac-
complish for any realistic system of interest unless a number of approximations
is made. A breakthrough in the application of computational techniques in the
studies of electronic and crystal structure of materials was achieved with the de-
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velopment of Density Functional Theory (DFT) by Hohenberg and Kohn [9, 10].
For this accomplishment Kohn was awarded the Nobel Prize in Chemistry in 1998
[11].

As the computational treatment of nanoobject actually corresponds to the
description of its electronic structure, DFT is a natural choice for this task. DFT
stands on two pillar theorems, given by Hohenberg and Kohn for the case of an
arbitrary number of electrons in a box, subjected to external potential v(r) [9,10].
The first one states that the system is Hamiltonian and its ground state is uniquely
determined by the electron density #n(r). The other one recognizes that the total
energy of the system is determined by a universal functional F[n]. Energy is given
as E[n] = [v(r)n(r)dr + F[n] and takes on a minimal value for the ground state
n(r). Using the scalar electron density, instead of the many-body wavefunction,
simplifies the problem significantly [12]. However, the exact form of the universal
functional F[n] is not known. It consists of the kinetic energy of non-interacting
electrons, the energy of electron-electron interactions, and the exchange-correla-
tion energy (E_). This way, uncertainty is reduced to E_, which makes DFT some-
what approximate, and not first-principles in its full sense. Kohn and Sham [10]
derived the self-consistent equations which can be solved iteratively, starting from
a estimated n(r). After the convergence, the total energy of the system can be de-
duced. A proper choice of E_is of great importance for accurate description of the
system [13]. To account for the unknown E_, various approximations which have
proven successful in practice are used, the simplest one being the local density
approximation (LDA), employing E _of a uniform electron gas [14]. Somewhat
more complex are the generalized gradient approximation (GGA), in which E
depends both, on the electron density and its gradient [15], and meta-GGA, in
which the second derivatives are also included [16]. Hybrid functionals, which in-
clude a certain amount of Hartree-Fock exchange, are also widely used today [17].
Problems associated with the use of DFT approach are also connected with the
proper treatment of dispersion interactions [18, 19] which can be alleviated using
different semi-empirical terms, or modification of E__to explicitly treat dispersion
interaction. Another problem, which essentially lies in the foundations of DFT, is
self-interaction error which is especially severe in the systems with localized d and
f states and it is most commonly resolved using the ideas of the Hubbard model
[20], adding an extra on-site Coulombic interaction term to the d and/or f states
[21-23].

Nowadays, DFT has reached an excellent balance between accuracy and the
computational cost [24, 25]. When the DFT-based electronic structure calculations
are combined with the use of transition-state theory, which enables formulation of
microkinetic models [24, 26] and the incorporation of obtained parameters in ki-
netic Monte Carlo codes [27, 28], DFT-based studies stand on par with the experi-
mental research, mutually complementing each other. Moreover, computational
codes which employ DFT calculations are nowadays stable and benchmarked [29].
To illustrate the importance of accuracy, a simple calculation can be performed.
As the kinetics of elementary steps can be described by the Arrhenius equation, an
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error in the activation energy of only 0.06 eV changes the reaction rate by a factor
of 10 at room temperature (the error in the reaction rate, however, vanishes as the
temperature increases). Once the adequate equations are solved, depending on the
level of theory used, one can determine crystal and electronic structure, spectral,
magnetic and electrical properties of the system, time evolution, complete ther-
modynamics and so on. Moreover, as recently emphasized by our group [30], its
accuracy is high enough to explain and predict reactivity trends. Finally, although
direct application of the available codes seems rather tempting, these must not be
considered as black boxes. The use of DFT without the appropriate background is,
if nothing else, a brave deed.

MODELS

In order to reach ground state electronic structure of the investigated phys-
ical system, an appropriate model is needed. In principle, solving the equations
underlying both, DFT and wave-function methods will give the electron densi-
ty of wave function in a self-consistent manner, so the initial configuration of
atomic nuclei which span the system is needed. For finite size systems it is natu-
ral to define initial position of atomic nuclei (to which inner electron cores can
be added, following pseudopotential philosophy). This leads to a cluster model
which is typical for quantum chemical calculations of (relatively) small molecules,
combined with the wave-function based methods employing localized basis sets.
If an extended system is modelled using cluster model, it is set in such a way
that atoms are extracted from the system of interest in an arrangement which
corresponds to the intact system. This must be done in such a way that the main
physical and chemical properties of the modelled system are not affected by cluster
size. If one considers a crystalline material, it is natural to use periodic boundary
conditions in combination with plane waves which span basis set. This leads to
the slab model which is most frequently applied for modelling (nano)materials.
The choice of the slab model is similar to the definition of cluster model, but pe-
riodic boundary conditions allow simulation of extended (infinite) crystals. In
fact, most of the DFT codes which employ periodic boundary conditions (like
Quantum ESPRESSO [31, 32] or VASP [33-36]) are also suitable for modelling
isolated clusters. This is possible by adding a series of corrections which remove
interactions of the model with periodically repeated images. Once the model is
set up, the simulation can be done. This includes a range from the evaluation of
static properties, like the ground state geometric and electronic structure, to time
evolution of nanoscale systems.

Generally speaking, the size of the model used to address desired physi-
cal and chemical properties will determine the accuracy and the quality of the
obtained data, but also the computational costs. Today, DFT is widely used as a
numerical simulation tool for investigating systems consisting of up to 10* - 10° at-
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oms, which is sufficient for the analysis of large molecules (DNA, polymers), solid
bulk materials (oxides, metals) and (complex) interfaces. Considering the number
of atoms which can be incorporated in DFT models, computational modelling is
de facto performed at the nanoscale.

As anticipated, the exactness of the model is crucial for the simulation of
nanomaterials properties or processes at the nanoscale. Nevertheless, some sim-
plifications have to be made. An excellent example for the limitations of theoreti-
cal modelling are electrochemical reactions. In electrochemistry, a wide variety
of processes can take place at the electronic conductor/ionic conductor interface
(electrode), and these range from electrocatalytic reactions and pseudo-faradaic
processes to purely adsorptive processes. Considering ‘true’ electrochemical re-
actions, i.e. Faradaic processes which involve charge transfer, virtually every elec-
trochemical reaction can be thought of as an electrocatalytic one [37] as electrode
reaction rates commonly depend on the physical and chemical properties of the
electrode material. As reviewed recently [30], computational methods have proved
to be powerful tools for investigating elementary steps of chemical reactions and
catalytic cycles and reveal the key properties of a catalyst while providing valuable
insights for the design of novel materials with improved catalytic performanc-
es. Moreover, the use of computational methods for the analysis of adsorption
processes can be considered as a routine task, excepting some complicated cases
where special treatments are necessary. Considering the fact that the electrocata-
Iytic activity of various materials can be analyzed in terms of adsorption properties
of reaction intermediates, it all comes down to the analysis of the interaction of
electrode materials with various species present at the electrode. However, the
electrochemical interface is extremely complex. There is a number of factors that
determine kinetics and thermodynamics of an electrode process. These factors
include: the coverage of the electrode surface, electrode potential, the presence
and the nature of solvent, pH value of the electrolytic solution and others. The
inclusion of all these effects into a computational model is rather demanding, if
not impossible. According to Santos et al. [38], this could present a major problem
for first principle modelling of the electrochemical processes in energy conversion
systems, as there is no proper way to account for the electrode potential in the
calculations [38]. Nevertheless, it appears that at least the treatment of the electro-
catalytic process does not require any explicit inclusion of the electrode potential
as the trends are usually captured correctly without the inclusion of the electrode
potential [39, 40]. Moreover, the presence of solvent can usually be disregarded,
while sometimes it can be included implicitly by a posterior correcting of the ad-
sorption energies of reaction intermediates [39, 40]. Hence, by disregarding the
effects of the electrode potential and the presence of solvent (in the first approxi-
mation) electrochemical processes are treated theoretically as the processes at the
solid/gas interface (Fig. 1).
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0, HO,

Figure 1. Simplification of an electrode interface on which oxygen reduction reaction

(ORR) takes place on thin film catalyst: ORR can be simulated as the reaction taking

place at gas/solid interface where the catalyst is modelled only by the thin film phase
(thin film support can be disregarded if the film is thick enough, see further).

In the continuation of this text we shall address examples of DFT modelling
of nanostructures of various sizes and complexity, emphasizing the possibilities
of DFT addressing physical problems at various spatial scales. The results which
will be presented have been obtained using slab models combined with the plane-
waves approach. Two DFT codes were used, Quantum ESPRESSO and VASP. It
should be noted that this is a selective review, and the examples shown from this
point on are results of the authors’ group.

SMALL SYSTEMS

Lateral dimensions of 1-2 nm

If one takes into account an average chemical bond length, which is approx.
0.15 nm, physical systems spanning up to 1 or 2 nm, consist of a relatively small
number of atoms which can be easily treated with moderate computational costs.
If the system is 1D (atomic array) there will be 100 atoms, while for 2D systems the
number of atoms is 10 to 100. In these cases, direct application of DFT is possible,
providing exceptional accuracy. The results can be used to explain experimental
observations, or to predict and design new materials, enabling development of
engineered nanomaterials.

Oxide-based materials

All elements in the Periodic Table form oxides. Their properties can be
rather different and in terms of conductivity they range from insulators to semi-
conductors and electronic conductors (possessing metallic properties). For this
reason, these materials are widely used in modern technologies. One of the most
vibrant fields of application is energy conversion, where oxide materials are im-
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plemented in metal-ion batteries, electrochemical capacitors, catalysis, electroca-
talysis, and so on.

Several classes of transition metal oxides, which have adequate crystal struc-
ture, are able to accommodate metal ions of interest (Li, Na, K, Mg) and are thus
used as electrodes in rechargeable batteries. One of these materials is V,O.. Its lay-
ered structure enables intercalation of Li (and other small) ions, so it can be used
as a cathode in metal-ion batteries. Li intercalation into V0O, is followed by a series
of first-order phase transitions, and reversible capacity corresponds to the phase
LiV,0.,. Further intercalation leads to irreversible transformations [41]. With the
theoretical capacity of approx. 294 mAh g™, VO, outperforms commonly used
cathode materials, making it a very promising cathode material for the next-gen-
eration of lithium-ion batteries (LIBs). In fact, the interest in V,O, as an electrode
material for LIBs and other types of metal-ion batteries has been revitalized due
to the use of lithium metal as anode [42] interest in complementary alkali-ion bat-
tery technologies has seen a tremendous resurgence. Out of the set of alternative
chemistries, V205has seen the most considerable and promising gains as a cath-
ode for Na-ion battery (NIB and extensive search for cathode materials beyond
LIBs [42-46] interest in complementary alkali-ion battery technologies has seen
a tremendous resurgence. Out of the set of alternative chemistries, V205has seen
the most considerable and promising gains as a cathode for Na-ion battery (NIB.
The layered structure of V,O, allows metal ion intercalation in-between V, 0, lay-
ers, causing the texture and morphology changes when metal ions are introduced
into the structure [41]. While the electrode materials obtained from V,0, show
higher energy and power density, and are generally easier to prepare than con-
ventional materials, the main drawback is the decrease in capacity during cycling,
which is assumed to arise from the issues associated with low conductivity and
material degradation [47]. One of the strategies to overcome the problems related
to stability and to improve the electrode performance of V,0O, is doping by vari-
ous transition metals, including Ag, Cu, Zn, Fe, Cr and Mn [48, 49], all of which
contribute to an improved stability and better intercalation behavior of metal ions
compared to pure V,O,. Experimental studies confirmed an increase of conduc-
tivity of V,O, upon doping without significant alteration of its crystal structure.
Without detailed insights provided from the experimental data, the effects of dop-
ing have to be addressed using computational approach. However, V,O, combines
two properties which make “standard” DFT fail. First, the interactions between
the layers are dispersive in nature, while the system is highly correlated, leading to
inaccurate description of the electronic structure within DFT. For this reason, we
have combined classical DFT, in the formulation of Perdew, Burke and Ernzerhof,
PBE [15], with D2 correction of Grimme [18] and DFT+U scheme [23]. This first
correction accounts for the dispersion interactions, while the second approach al-
lows correcting for the self-interaction error, as mentioned before. We have shown
that within the PBE+D2+ U approach [50] one can accurately describe both crystal
(Fig. 2) and electronic structure of pristine V, O, (Fig. 3). As can be seen from Fig.
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2, the error in prediction of crystal structure is most severe along the vector ¢ of
unit cell which corresponds to interlayer stacking. When dispersion correction is
not present, the error is around 15%, while addition of D2 correction reduces the
error to 3.5%, which is acceptable within DFT.

Considering the description of the electronic structure, PBE and PBE+D2
lead to significantly underestimated band gap. Upon the inclusion of the on-site
Coulombic U term gap opens progressively with the value of U. Using U= 6 eV it
was possible to fully reproduce experimentally measured band gap, which is close
to 2.2 eV [51].

Once the theoretical approach was set, we investigated the effects of doping
of V.0, with all 3D metals, from Sc to Zn, taking into consideration both, inter-
stitially and substitutionally doped V,O.. Using rigorous theoretical treatment, we
have predicted the appearance of magnetism upon doping and the changes of the
electronic structure of parental V,O.. To be precise, we observed that, upon dop-
ing band gap narrowing of V,O, occurs which is in line with the experimentally
observed conductivity increase. Such changes can be clearly seen in Fig. 4, where
Density of States (DOS plots) of doped V,0, are shown. Narrowing of the band gap
is due to dopant states which are hybridized with the states of parental VO, lattice.

computational scheme: ® PBE (+U) e PBE (+U)+D2
. — :

T T '
5.00 |- N 1356% ] L] u 15.54%

. 480 | .

< L 4

'S 460 351% i

B Y 1.92% ° ™ Y o T (] J
4.40 |- ’ exp
1 " 1 " 1 " 1 " 1 i 1 i 1 "
3.65 |- L]
2.64%
| u °
n

= 3.60 | n _

< 360 o 046% ° A 1.45%[

) ) o hd Il exp ]
3.55 - of 0.45% A
3.50 1 1 L 1 y 1 " 1 " 1 1 1 n 1
11.60 |- ° 0.56% .

=z } ° ex

3 V031 ¢ ° 1.15% ’
11.40 | u - ® o _

u n 216% |
11.20 I 1 1 | 1 1 I
0 1 3 4 5 6
Ulev]

Figure 2. Dependence of the unit cell parameters of pristine V,O, on the applied
value of U, depending whether D2 correction was applied (circles) or not (squares).
U = 0 is equivalent to plain PBE or PBE+D2. Indicated numbers note the relative errors
(given in %) of calculated lattice parameters with respect to the experimental values
(underlined numbers are for PBE+U+D2 scheme). Reproduced from ref. [50] with
permission from the PCCP Owner Societies.
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Figure 3. Calculated band gaps of pristine bulk V,O, using PBE+U (squares) and
PBE+U+D2 (circles), top, and density of states (DOS) obtained using PBE+U+D2
approach, bottom. Top of the valence band is set to 0 eV. Reproduced from ref. [50]
with permission from the PCCP Owner Societies.
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Figure 4. Projected density of states and the corresponding 3D charge density
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The results are presented for the case of V,O, doping with Mn, Fe, Co and Ni
(left side - interstitial doping, right side — substitutional doping). Vertical dashed lines
in the DOS plots indicate Fermi levels. Reproduced from ref. [50] with permission
from the PCCP Owner Societies.
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This example shows how DFT calculations can be used to address a large
number of systems, providing valuable information for practical applications, and
also to acquire a deep insight which was not possible to obtain using an experi-
mental approach.

In addition to batteries, oxides are also frequently applied as catalyst sup-
ports. For this purpose, chemically inert oxides are used, like MgO. By combining
proper surface chemistry of oxides with high dispersion of the catalyst, perfor-
mance can be significantly boosted. Upon the increase of catalyst dispersion one
can reach monoatomic limit entering the field of single atom catalysts. In this
limit each atom bears catalytic function which maximizes catalyst utilization. The
choice of proper support-catalyst combination can be difficult to achieve and com-
putational tools can be very valuable in this sense. As an example, we show the
results of a computational DFT study which analyzes the reactivity of transition
dimmers supported by MgO in a combinatorial fashion [52]. Not only that the
preferred surface structures could be identified in this way (Fig. 5), but also the
reactivity of low coordinated atoms can be directly probed.
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Figure 5. Optimized geometries of the ground state configurations of M1M2 bimetallic
dimers on defect-free Mg(001). Reproduced from ref. [52] with permission from
the PCCP Owner Societies.

Using the CO molecule as a reactivity probe, we have shown that the
chemisorption properties of low coordinated metal atoms on MgO, which are
associated which catalyst performance, can be directly linked to the electronic
structure of supported atoms in dimers (Fig. 6).
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Figure 6. Correlation between CO adsorption energy E_, (CO) on Pd (left)
and Pt (right) atoms in MgO(001)-supported PAM or PtM dimers with the position
of the corresponding d-band center (E,). Vertical M1Pd dimers are attached to
MgO(001) with M1-end. For “vertical” PtRu initial configuration is the preferential
one (see Fig. 5). Data for CO adsorption on Pd and Pt monomers are also included.
Reproduced from ref. [52] with permission from the PCCP Owner Societies.

In addition to the changes of reactivity of low coordinated atoms by dimer
formation (Fig. 6), alteration of reactivity, in addition to the modification of the
strength of anchoring to the surface, can be achieved by introduction of defects
and impurities in the oxide support [53]. Using periodic DFT calculations, we
have recently predicted that single Pd and Au atoms behave differently when sup-
ported by doped MgO(001) surface. Upon doping of surface with B, C and N,
both, Pd and Au bind more strongly to impurity sites, when compared to pristine
MgO(001) [54]. However, their reactivity is also affected and on doped support
Pd atoms are less reactive then Pd atoms supported by pristine MgO(001). In
contrast, Au atoms become much more reactive, which we consider as a conse-
quence of pronounced charge rearrangement in the case of Au deposited on doped
MgO(001) (Fig. 7). In all cases, the CO molecule, used as a reactivity probe, was
activated, which was indicated by the elongation of the C-O bond. This leads to
the conclusion that doping of oxide support can be an elegant strategy to tune
reactivity of single atom catalysts.

Nanostructured metals have a number of applications. Here, we shall focus
on the catalytic applications where, in contemporary technologies, platinum group
metals dominate over other metals. Possible reason for such a situation is high
stability of platinum group metals and low dissolution tendency. Nevertheless, the
price of platinum group metals is a great problem for their practical application
and various solutions to overcome this problem have been offered. One of the
possible solutions is the design of so-called core-shell nanoparticles [55-61].
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Figure 7. Charge difference plot for the case of CO adsorption on Au (top row) and Pd
(bottom row) supported on N-doped MgO(001). Left column depicts the case of metal
adsorbed on impurity site while right column is for the case of metal on O 3N site.

The isosurface values are +0.0008 e A~ (blue - build up of charge density, yellow — depletion of
charge density). Reproduced from ref. [54] with permission from the PCCP Owner Societies.

Modelling of metals and metallic systems

In these systems, the expensive core of a nanoparticle (which does not have
any catalytic function) is replaced with a less expensive metal or alloy. Hence,
only the shell contains expensive platinum group metals, which reduces the price
of the catalyst. As such, the core should be selected in such a way to provide good
adherence to the shell and not to affect the catalytic performance of the shell. One
can also ask the question concerning the thickness of the shell: how thick does
the shell have be so that the effects of chemical composition of the core are no
longer relevant? Moreover, if the effects of chemical composition of the core are
not seen, there is another effect which relates to the lattice mismatch between the
core and the shell. Namely, as the shell grows over the core, interfacial layers of
the shell adjust to the lattice parameter of the core. This inevitably results with the
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surface strain of the shell, which can further affect its surface layers’ composition,
electronic structure, dissolution tendency and ultimately reactivity.

While it is rather difficult to answer all these questions using an experi-
mental approach, the use of DFT calculations can provide valuable insights into
strategies for the design of novel core-shell catalysts. In our recent contribution,
we have addressed the effects of strain on the surface composition, dissolution and
electronic structure of thin PdsM and Pt M films (M = Cu, Ag, Au) over various
supports, as a model of core-shell (electro)catalysts [62]. A part of the surface of a
core-shell nanocatalyst was modelled using various supports (WC, Cu, Ag, Au, Pd
or Pt), with (111) orientation for the case of FCC metals and (0001) for the case
of WC. The latter substrate was of particular interest as we have shown previously
that WC support has very strong influence on the overlayer structure and reactiv-
ity [63-65]. In order to estimate segregation tendencies in Pd,M and Pt M shells,
DFT calculated total energies of pristine and segregated surfaces which were com-
pared in order to evaluate segregation energies (Eseg) [66], as:

seg = EX—seg - Estoich (1)

In the equation above, E, _ and E_, stand for the total energy of the seg-
regated slab and the total energy ot the stoichiometric slab, respectively. Moreover,
dissolution energies of Pd, Pt, Cu, Ag and Au were evaluated for stoichiometric
and segregated surfaces, while electronic structure was described using d-band
centers, which are known as very good descriptors for surface reactivity [67] (see
also Fig. 6). As the film is grown on the support in an epitaxial manner, the effects
of support were tested by varying the thickness of the film (overlayer). The results
of the set of the exact calculations on support/overlayer systems were compared
with the results of the calculations for the strained overlayers. Strain in the over-
layers was introduced in the range +6% (in lateral directions). Once the strain
dependence of aforementioned properties was known, it was possible to evaluate
them for any strain within a given range. Subsequently, the segregation and dis-
solution energies were estimated for the lattice parameter corresponding to the
lattice parameter of the support. We observed that the properties of overlayers
approach those of pure strained overlayer surfaces as the thickness of the overlayer
approaches three atomic layers (Fig. 8).

The obtained results allowed us to conclude that the properties of the shell
in a core-shell catalyst can be reliably estimated using the lattice mismatch be-
tween the core and the shell. In other words, if the shell is thick enough (more
than three atomic layers), electronic structure, composition, stability and reactiv-
ity will be dominated by surface strain. This allows for the screening of desirable
core-shell combinations based on the lattice mismatch in order to rationalize the
number of candidates which can be tested experimentally.
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Figure 8. Top left: slab models of segregated and stoichiometric surface both, with and
without support; top right: correlation between calculated and estimated dissolution
energies for studied core-shell model systems; at the bottom the same correlations
are given for dissolution energies and d-band centers. Adapted from ref. [62] with
permission from the PCCP Owner Societies.

Modelling of carbon nanostructures

Carbon forms a wide variety of nanostructures, but the most investigated
is graphene. It is a two-dimensional sheet of carbon atoms arranged in a honey-
comb lattice [68]. Unique electronic structure, combined with high surface area,
exceptional thermal and mechanical properties made graphene attractive for many
applications [69, 70]. It is also known to be chemically inert, only weakly inter-
acting with other chemical species [71, 72]. However, a better understanding of
graphene reactivity would be useful for a variety of applications, where graphene
or other carbon materials are the key elements. In order to investigate the reac-
tivity of pristine graphene we have conducted an extensive computational study
which addressed atomic adsorption on pristine graphene [73]. In this study, we
have included all the elements of the PTE located in rows 1 to 6, excluding lan-
thanides. Due to inertness of the m electron cloud of pristine graphene it was clear
that the treatment of dispersion interactions must be considered, so we have ap-
plied different computational schemes, including PBE, PBE+D2, PBE+D3 [19]
broader range of applicability, and less empiricism. The main new ingredients are
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atom-pairwise specific dispersion coefficients and cutoft radii that are both com-
puted from first principles. The coefficients for new eighth-order dispersion terms
are computed using established recursion relations. System (geometry and vdW-
DF2 calculations [74, 75]. Pristine graphene was modeled using a one atom thick
sheet corresponding to 4x4 cell of graphene, containing 32 atoms. In spite of the
fact that single atoms are very reactive species, calculated adsorption energies were
rather small, typically under 2 eV (Fig. 9).

PBE+D2

PBE+D3

Figure 9. Calculated adsorption energies of the elements located in rows 1-6 of the PTE
on pristine graphene. Four different computational schemes are applied, as indicated in
the figure. Adapted from ref. [73], ©Elsevier 2018.

Once the adsorption energies were calculated it was obvious that a clear
trend along the rows of PTE can be observed. Adsorption energies were found to
have minima for the elements with filled electronic shells (Fig. 9). The inclusion of
dispersion interactions led to more exothermic adsorption for all the investigated
elements. Dispersion interactions were found to be of particular importance for
the adsorption of low atomic weight earth alkaline metals, coinage and s-metals
(11th and 12th groups), high atomic weight p-elements and noble gases.

Due to demonstrated low reactivity, practical applications of graphene in
the fields of energy conversion or catalysis require its appropriate functionaliza-
tion. In other words, graphene has to be made less ideal. The simplest way to
accomplish this is to make a vacancy in the carbon lattice. A vacancy contains
three dangling bonds and presents the center of altered reactivity [76-78]. In the
existing literature it was not possible to find a comprehensive overview of the
interaction of a wide variety of chemical elements with a single vacancy (SV) in
graphene. For this reason, we have performed another systematic study covering
chemical elements in rows 1-6, interacting with a single vacancy in graphene [79].
In contrast to pristine graphene, we found very strong binding of, basically, all the
studied elements (Fig. 10) with graphene single vacancy.
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Figure 10. Calculated adsorption energies of the elements located in rows 1-6 of the PTE
on pristine graphene. Four different computational schemes are applied, as indicated in
the figure. Adapted from ref. [79] with permission from the PCCP Owner Societies.

Once again, when adsorption energies were known with high accuracy it
was possible to observe some general trends. It was observed that the adsorption
energy scale with the cohesive energies of pure elements follow a simple rule-of-
thumb: the higher is the cohesive energy, the element will interact more strongly
with the SV site in graphene (Fig. 11). Besides, as thermodynamics are known
from the DFT calculations, it was possible to calculate the dissolution potentials
of single metal atoms embedded in graphene single vacancy site (Fig. 11). When
looking over the entire Periodic Table it was clear that most of the metals en-
trapped in graphene vacancy behave “more noble” than their pure phases. This
means that such systems can potentially be used as single atom catalysts with a
wide range of thermodynamic stability.

From Fig. 11 it is interesting to observe very high stability of, for example,
Fe, Co and Ni embedded in single vacancy, as these elements easily dissolve in
acidic media. One could ask the questions whether these elements (in the form of
single atoms) can be used as electrocatalysts as they have very high thermodynam-
ic stability and whether the use of such systems (M@SV-graphene) could provide
catalytic action. Taking, for example, the oxygen reduction reaction (ORR), one
can use DFT modelling to investigate its steps on M@SV-graphene catalysts. We
have performed such analysis and observed that Ni and Co embedded in graphene
single vacancy site can easily cleave O-O bonds in O, molecule, upon protonation
during ORR process (Fig. 12). These results enabled us to explain improved ORR
activity of mesoporous carbons containing traces of Ni and Co [80].

Besides the formation of vacancies in graphene, attachment of various func-
tional groups on its surface can also play a significant role in alteration of its prop-
erties. Oxygen functional groups are inevitably present on graphene surface and
this can have a very important role in charge storage applications of graphene [81].
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We have used DFT modelling to investigate the alteration of structural, electron-
ic, and chemical properties of oxygen-functionalized graphene [72], its ability to
store alkali metals [82], the interactions between oxygen functional groups over
graphene basal plane [83], the interactions of oxygen functional groups with hete-
roatoms incorporated in graphene basal plane [76], and so on.
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Figure 11. Top: Correlation between the cohesive energy and the adsorption energy
calculated using vdW-DF2 scheme, bottom: Average electrode potentials for
the dissolution of metal adsorbed at the SV site of graphene. Numbers next to symbols
denote the PTE group. Data points give the average electrode potential obtained using
four computational schemes while the error bars indicate their variation among the used
methods. Note that the data points for the electrode potentials of the considered metals
are not linked to pH scale. Horizontal lines give electrode potentials for the pure metallic
phases of given elements. Reproduced from ref. [79] with permission from the PCCP
Owner Societies.
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Figure 12. Optimized structures of Co@SV-graphene and Ni@SV-graphene with
O, and ORR intermediates. Bond lengths are given in angstroms. Adsorption energies
of O, and ORR intermediates are given in parentheses below the presented structures
and are in eV units. Reproduced from ref. [80].

C..(OH),

Cs,(OH),

Figure 13. Charge difference plots for alkali metal adsorption on OH-dimer
and tetramer on graphene. Yellow surfaces indicate charge gain, while grey surfaces
indicate charge depletion (compared to non-interacting metal and nOH-graphene).

Isosurface values are +0.0015 e A, Reproduced from ref. [83] with permission
from the Royal Society of Chemistry.
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Considering the storage of alkali metals on oxygen functionalized graphene,
DFT calculations have been particularly useful for the identification of redox-ac-
tive domains of functionalized graphene basal plane. One of the main conclusions
in the mentioned studies is that the redox activity cannot be limited to one oxygen
functional group. Rather a whole assembly of these groups, and a certain domain
of the basal plane, are involved together in the localization of an electron provided
through the external circuit and the stabilizing interaction with M* ion coming
from the electrolyte, so that the process of alkali metal ion storage on oxygen func-
tionalized graphene can be presented (under electrochemical conditions) as [83]:

C,(OH), +M* +e — (C(On)" )Mm* (2)

Such behavior can be depicted using charge difference analysis. In this
approach, ground state charge densities before and after M* interaction with
graphene sheet, obtained in DFT calculations, are compared. Fig. 13 shows how
OH dimers and tetramers localize charge upon the interaction with Li, Na and K.

MODELLING OF MEDIUM SIZE SYSTEMS

Lateral dimensions up to 10 nm

The systems with lateral dimensions up to 10 nm contain from a couple of
hundreds to couple of thousands of atoms. There are examples of direct use of DFT
calculations for systems of this size, but these cases are rather rare [84]. However,
increasing strength of today’s computers and existing large scale computational
infrastructure make such calculations possible. In contrast to the cases demon-
strated in Section 3, the size and complexity of these systems make systematic
studies rather demanding and computationally expensive. Hence, the use of DFT
calculations is, in this case, primarily for explanatory purposes.

Here, we shall show an example of the application of DFT calculations for
the systems containing hundreds of atoms in the case of ordered molecular net-
works on metallic surface. Individual adsorbates on metallic surfaces exhibiting
a Shockley surface state are known to scatter this electronic state [85]. Thus, with
the help of artificially fabricated on-surface structures, the surface state can be
confined and thereby, quantum units can be generated [86-88]. A practical way to
fabricate arrays consisting of hundreds of quantum units is provided by on-surface
self-assembly, ultimately assuring high precision concerning the individual quan-
tum unit, the periodicity of the array and the coupling with the surrounding units
[89]. The coupling strength depends on the properties of the confining barrier,
especially on its interaction with the surface. Recently, it was observed that the
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coupling strength can also be tuned by dosing different adsorbates on confining
barrier which form a network over Ag(111) surface [90]. Taking C_ and Xe atoms
as adsorbates, it was observed that the C_ adsorbs inside the pore and affects in-
ter-pore coupling, while Xe adsorbs on confining barrier (molecule on Ag(111)
surface) (Fig. 14).
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Figure 14. Left: STM images and ST'S spectra of adsorbate-modified confining barriers;
right: charge difference analysis of C_ and Xe adsorption on confining barrier + Ag(111)
surface system. Reprinted with permission from ref. [90].

Copyright 2018 ACS Publications.

The use of DFT calculations for this system required certain simplification
in order to derive an adequate model. It was not possible to reproduce an entire
pore, so, as a model a 10x10 cell of Ag(111) was taken with one confining barrier
molecule on top of it. When adsorbates were added it was confirmed that C_ tends
to bind to Ag(111) next to the confining barrier, while Xe atoms adsorb on top
of the confining barrier molecule. Moreover, it was shown that Xe does not affect
electron density distribution of confining barrier + Ag(111) surface system, which
is not the case for C_ (Fig. 14) where it was found to affect the charge distribution
significantly, which allowed to explain experimentally observed changes in scan-
ning tunnelling spectroscopy (STS) spectra (Fig. 14).
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MODELLING OF LARGE SYSTEMS
Lateral dimensions — tens of nm

When a nanostructure or nanoobject spans over tens of nanometers, it con-
sists of thousands of atoms. Direct application of DFT, or any electronic struc-
ture calculations, is not feasible in this case. Thus, modelling requires significant
simplification and various strategies can be used for this purpose. One of the
possibilities is to model parts of a large nanostructure, as described in Section 3.
Modelling of core-shell nanocatalysts described previously is also an example of
“local modelling” of a large nanosystem. Another option, particularly when the
system is complex, is to address thermodynamic properties of building units in
order to rationalize experimentally observed behavior.

An example of decomposition approach can be found in Ref. [91] where
reduced graphene oxide/Ni foam composite (rGO@Ni) was used as an electro-
catalyst for hydrogen evolution reaction (HER) (Fig. 15). The catalyst was made
by electrochemical reduction and deposition of graphene oxide (GO) onto the Ni
foam substrate.

*% -,
0.8 pristine graphene W
.0 —k CxlOH),
-1.24

1.4+

1.6
— 1.8 H spillover Heus/Ni(001)
§ 3 201 ) -
E 2.2- CO0p ' ml

247 a—‘% H,../Ni(001)

Figure 15. Left: SEM micrographs of rGO/Ni foam electrocatalysts (A and B); right:
thermodynamic consideration of H interaction with constituents of the system.
Bottom right: models of rGO used in the work. Adapted from ref. [91] with permission
from the PCCP Owner Societies.
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Due to the complexity of rGO@Ni electrocatalyst it was not possible to
model it as such. However, by analyzing the interactions of H, formed upon water
discharge, with Ni surface, the possibility of formation of Ni-hydride and the inter-
action of H with rGO, it was possible to propose the mechanism of the improved
HER activity of such catalyst. Namely, H transfer (spillover) from Ni surface to
rGO is energetically more favorable than Ni-hydride formation, so H atoms dur-
ing HER get transferred to rGO. In this way, Ni surface gets cleaned and active
sites for H,O discharge are recovered without activity losses due to hydride for-
mation. Once H atoms are on rGO, they recombine quickly and H, is produced.
As a result, rtGO@Ni catalyst outperforms Pt/C nanocatalyst in terms of activity
and stability under operating conditions [91]. The described study led us to ask a
question if the strategy for making metal/rGO composites can be generalized. In
principle, if the catalyst formed by rGO deposition on Ni shows improved HER
performance due to H spillover, then Ni deposited on rGO (Ni@rGO) should also
show better HER performance then rGO or Ni.

These Ni@rGO catalysts were further produced by electrochemical dep-
osition on rGO (formed during Ni deposition by GO reduction) and their HER
performance was confirmed to be better than HER performance of Ni catalyst
[92]. DFT modelling of such a complex was, again, impossible, although DFT was
used to understand initial steps of Ni deposition on rGO, using “local approach”
However, in order to explain high HER activity, which also depended on the elec-
trodeposition time in a non-monotonous way, another modelling approach was
used. Namely, Kinetic Monte Carlo (KMC) simulations were employed [28, 93,
94]. This approach allows following the evolution of the system looking only at the
slow processes which are defined before simulation. In this sense, KMC cannot
provide new physics and chemistry but can deal from tens to hundreds of thou-
sands of atoms, addressing temporal and spatial scales which are well beyond the
limits of DFT methods. A general scheme for modelling HER on supported nano-
catalyst was previously established [95] and employed for this purpose. The effects
of H spillover, previously proposed for rGO@Ni catalyst, were tested by changing
support (rGO) coverage by Ni particles (catalyst) and simultaneous variation of H
spillover rate from the catalyst to the support (Fig. 16).

By changing surface coverage, the effects of deposition time were ad-
dressed. When the results of KMC simulations were compared with the experi-
mental ones, it was concluded that there is optimum electrodeposition time, i.e.
support coverage by catalyst, which maximized catalytic activity. This is the case
only if the spillover rate is sufficiently high (Fig. 16), otherwise catalytic activ-
ity increases monotonically with the number of catalytically active sites (i.e. Ni
coverage). The knowledge accumulated using KMC simulations was applied to
further improve HER activity of Ni@rGO by electrochemical formation of Ni-
Mo@rGO catalysts [96].
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Figure 16. Model of Ni@rGO catalyst with various surface coverage by Ni particles.
Lateral dimensions are approx. 50 nm x 50 nm (top), the results of KMC simulations
for different catalyst/support configurations and H spillover rates (middle) compared

with experimentally measured HER currents for the catalyst obtained by changing
Ni electrodeposition time (HER overvoltage —0.3 V). Reproduced from ref. [96] with

permission from the PCCP Owner Societies.

CONCLUSION AND OUTLOOK

Computational modelling of nanoobjects and nanostructures provides valu-
able atomic-level information necessary to understand the physics and chemistry
at nanoscale. In authors” opinion, Density Functional Theory provides an optimal
balance between the accuracy, computational cost and the possibility to address
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the objects at various spatial scales. While modelling of small nanoscale systems,
up to a hundred atoms is rather simple, treatment of larger systems, with thou-
sands of atoms is still difficult and requires large scale computational facilities.
Further integration of computational modelling in modern nanoscience is antic-
ipated in the coming years due to the constant growth of computational power,
development of novel theoretical methods and improved algorithms for solving
equations which describe physical systems at various levels of complexity. The
impact of multiscale modelling by combination of DFT and other approaches,
like Monte Carlo simulations, will grow over time and will allow addressing local
physical and chemical properties with the accuracy which approaches the exper-
imental one as well as the possibility to analyze spatial and temporal scales which
are far beyond the limits of advanced electronic structure methods.
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Wiop A. Iawiau, Ana C. [Jodpoina, Cnasxo B. Mentiyc
MOJJEJIMPAILE VI CUMVYJIAIIMJA HAHOCTPYKTYPA

Pesume

Hampepak caBpeMeHNUX TeXHOJIOTMja 3axTeBa (yH[JaMEHTATHO pasy-
MeBamwe Be3e msMehy cTpykrype m cBojcTaBa HOBMX MaTepujanma. Metope
IIpopadyHa 1 CUMYyJIalyje IoKa3ase Cy ce Ka0 MONHO CpefiCTBO Y UCIIUTUBAY
OBUX Be3a, oMoryhasajyhu aHanusy cucTeMa pasIn4uTUX HUBOA CIIOXKEHOCTH,
Ha pas3IM4UTUM IIPOCTOPHUM U BPEMEHCKNUM CKalaMa, Ca JKe/beH!M CaCTaBOM
u 6e3 MKaKBOT pusuKa off KoHTamuHanyje. llltaBuie, KOHCTaHTHO moBehame
pavdyHapCKUX pecypca oMoryhmio je mpuMeHy HEKMX Off HajHAIIpeTHUjUX METOfia
IIpopavyyHa Ha CKa/IM Koja IpeBa3uIasy cy0-HaHOMeTapCKy (Maly MOMeKy/In 1
KJIaCcTepy aToMa), Koja ce 0OMYHO cMaTpa IPaHuUIoM 3a ab initio mpopadyHe. Vako
Ce TAaYHOCT TAKBUX M3padyyHaBamba IpuOIVKaBa IrpelIkamMa eKCIIepuMeHTa, OBaj
npuctyn takohe omoryhasa (Teopujcky) mperpary Bemmkor 6poja cucrema, ITo
HIje eKCIIEPYMEHTATHO U3BOJ/bUBO, KA0 I PasyMeBalbe OIIITUX TPEHJI0BA KOjI
CY of BEJIMKOT 3Hayaja, KaKo 3a TeopeTudape Tako U 3a ekcrepumenraTope. OBo
IOI7IaB/be NPUKa3yje MCKYCTBa ayTopa y MOJleIMpamy 1 CUMYy/allljaMa cucTeMa
HAHOMETAPCKUX JVIMEH3Nja pa3IninuTe CI0KEeHOCTH, YK/by4ayjyhu okcupe MeTara,
MeTajle, yIJbeHYHe MaTepujaje, MOJIEKY/ICKe MpeXe 1 C/I0JKeHe KaTaIUTIYKe
CHCTeME.



