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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



METALLIC MUSCLES:
NANOSTRUCTURES AT WORK

JEFF TH. M. DEHOSSON*! AND ERIC DETSI?

A bstract - Materials systems that can mimic the properties of muscles
upon an outside stimulus are coined ‘artificial muscles’ in analogy to human skele-
tal muscles, which are ideal actuators with high energy efficiency, fast strain-rate
response and high durability. The common use of existing materials as actuators
like piezoceramics and electroactive polymers are limited by several factors, includ-
ing low energy efficiency, low strain amplitudes, fatigue limit and high actuation
voltages needed. In this contribution we will show that nanoporous organometallic
materials can operate as actuators, thereby offering a unique combination of low-
-operating voltages, relatively large strain amplitudes, high stiffness and strength.
In particular, it will be discussed that, through a smart materials design, large mac-
roscopic strain amplitudes up to 10% and strain-rates up to 102s can be achieved,
roughly 2 and 5 orders of magnitude larger than before in any materials system, re-
spectively. In the summary and outlook, we introduce the concept of light-induced
actuation in metallic muscle systems, i.e. the direct conversion of solar energy into
mechanical work, without the need for external energy. Finally, as extension of this
energy theme, we further discuss energy-related fields in which nanoporous metals
may have a great impact.

Keywords: nanofoam, nanopores, actuators, sensors, muscles

INTRODUCTION TO NANOSTRUCTURED MATERIALS

Starting from the second half of the 20" century, our society has seen a great
amount of attention on the development of progressively miniaturized systems in
mechanical and electronic devices. In electronics, this development comes as part
of the well-known Moore’s Law, where computational power is expected to double,
on average, every fifteen months. Whilst this particular rate has been observed to
decrease, the principle is expected to hold for the foreseeable future [1]. It then be-
comes a matter of maintaining parity i.e. devices used in processors - transistors,
resistors, capacitors, etc., must continually be miniaturized for more of them to be
able to fit in the same operating space compared to their predecessors.

*Corresponding author: <j.t.m.de.hosson@rug.nl>; 'Department of Applied Physics, Zernike
Institute for Advanced Materials, University of Groningen, 9747AG Groningen, the Netherlands;
’Department of Materials Science & Engineering, University of Pennsylvania, Philadelphia PA
19104-6272, USA
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With this emphasis on miniaturization stemming from the electronics indus-
try, the same push has been seen in mechanical systems. In medicine and biology,
for example, there is a need for high-precision actuators and manipulators for work
on fluid filtration and living cell manipulation [2]. The increasingly popular lab-
on-a-chip technology takes advantage of highly miniaturized mechanical systems
- Micro-Electronic Mechanical Systems or MEMS - to fit efficient analysis systems
in a very small space. For progress in these fields there is a necessity for the con-
tinuous development of both materials with micro- and nanoscale functions and
of tools that can facilitate the production and characterization of these materials.

As arule, nanomaterials are defined as materials where one dimension of its
defining feature is smaller than 100 nanometers. This dimension is then consid-
ered negligible on the macroscale, and is the material’s defining property. In this
way, a two-dimensional (2D) material has a single dimension that is no larger than
100 nanometers, and such materials are commonly called thin films. Arrays of
thin films are commonly seen in the electric and electronic industry as transistors
or components in solar cells. Thin films are also used in catalysis and protective
coatings for enhanced corrosion resistance [3, 4].

Appropriately, a one-dimensional material has two dimensions under 100
nanometers. Common examples are nanowires and nanorods, the most prolific
example of which is the carbon nanotube. Arrays of nanowires can form aniso-
tropic films, where properties of the material vary depending on relative direction
of influence. We see such behavior in carbon fiber weave for structural uses [5].

At the lowest end of the scale are zero-dimensional materials, often called
nanodots. Of great interest to the electronics industry, they have unique photonic
and spin properties for use in the expected next generation of electronic devices:
molecular transistors, quantum bits etc. [6].

By appropriately expanding the dimensions of a nanostructured material
it is possible to make a material with very specific ordering tailored to suit the
needs of a particular function. As mentioned above, stacked thin films form a
three-dimensional structure with one-dimensional ordering. This principle can
be applied to a zero-dimensional material: by stacking the zero-dimensional unit
cell into three dimensions a three-dimensionally-ordered material can be made.

Mechanical displacement that comes as a result of an electric signal pass-
ing through a material is called actuation. In materials that produce an actua-
tion response, the reverse is often possible as well - an electric current can be
induced to flow if the material is deformed. The most common type of material
that shows such properties is described as piezoelectric, and of this class of materi-
als quartz is the best-known. Indeed, it is the piezoelectric property of quartz that
allows it to be used as an oscillating pace mechanism in the common wristwatch
[7]. The typical piezoactuator delivers a ~0.2% strain at a high potential of 150V.
Considering that it is desirable to see the use of actuation in low-voltage devices,
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such as MEMS, much lower operational parameters are required for the modern
actuating material [8].

Polymer-based actuation materials have been developed that offer extraor-
dinary capacity for induced deformation, but have the drawback of being weak
and compliant [8]. Extensive investigations by Gleiter, Kramer Weissmuller, Detsi
and DeHosson [9-12] have demonstrated the potential of nanostructured metals
to act as actuators, creating so-called “metallic muscles,” with the ability to demon-
strate the properties required of the modern actuator: low throughput voltage re-
quirements, high extension yield, strength and stiffness.

METAL FOAMS AND NANOFOAMS

The principle of metallic composites has existed since the discovery that
alloying metals yield a material with the properties of both of its parts. Indeed, a
well-known alloy of copper and tin was the centerpoint of human civilization dur-
ing the aptly-named Bronze Age, where tools, coin and weapons were all forged
from the highly versatile metal [13]. Modern materials science is almost entirely
focused on the development of multi-component alloys with properties tailored to
tulfill specific functions [14, 15]. Taken from a wider point of view, a metal alloy is
a type of composite material, where a composite material is, in general, described
as a material composed of two or more different components.

When one of the components in a composite system is air, the system is
described as being porous. Porous systems come in two types — interconnected
and non-interconnected (alternatively, open-cell and closed-cell, respectively),
describing the relationship of the material’s pores: in the former, there exists a
continuous pathway between every single pore in the material and in the latter
the pores exist independently as separated islands. A porous system is typically
characterized by a high surface area-to-volume ratio due to the high amount of
air-to-solid interface area, as well as by a lower density and, by connection, by a
lower weight compared to its solid bulk counterpart.

To briefly mention terminology, a porous material is made up of pores,
struts and nodes. Pores are the encompassing term for the volume of air within a
foam and struts are solid material that merge at nodes and connect nodes together.

The popularity of macrofoams i.e. porous materials where pore size is above
the scale of tens of microns, stems from the intersection of a variety of desirable
properties in industry, see Fig.1 [16].

For example, aluminum macrofoam boasts a high stiffness-to-density ratio,
high capacity for energy absorption during compression, high temperature resist-
ance, electrical and thermal conductivity, good machinability and cheap produc-
tion costs [17]. Such properties make macrofoams attractive in the construction
and automotive industries, for example [18-22].
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Figure 1. In-situ deformation in a FEI-Philips XL30-FEG-ESEM of Duocel 40 PPI
macrofoam with a relative density of approximately 7%

While macrofoams are common materials with known applications in in-
dustry, the class of materials known as nanofoams is more exotic. Operating under
the same concepts as macrofoams in principle, nanofoams are characterized by
pore and strut sizes being at the nanoscale, in other words the greatest diameter
of a pore or strut must be considered a nanoscale dimension. For a more precise
definition, the International Union of Pure and Applied Chemistry has categorized
nanoporous metals into three groups, depending on the pore size: microporous
metals have pore size under 2 nm, mesoporous metals have pore sizes between 2
and 50 nm and macroporous metals have pore size above 50 nm.

Nanofoams share many properties with their macrofoam counterparts, such
as the high surface-area-to-volume ratio, as well as the capacity for cheap produc-
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tion and easy machinability. However, nanoporous foams have seen usage in many
applications beyond those of macrofoams, including nanofiltration systems, drug
delivery platforms, catalysis, sensing and actuation [23-28]. A major advantage
that nanoporous metals have is the ability to hold a lattice of nanoscale features
whilst being able to be easily handled and transported, something metallic nano-
particles, for example, cannot provide.

Production of disordered metal nanofoams

In the majority of cases, metal nanofoams are produced through dealloying
using leaching. For this process to work, an alloy must be produced between the
required metal and another that can be etched away in some manner. It is also
required that the two metals be able to form a solid solution, as any other morpho-
logy will not allow for the eventual formation of an isotropic structure of pores and
ligaments. This is often the limiting factor for the dealloying process of nanofoam
manufacture, as many metals do not easily form solid solutions, and if they do, it
may not be possible to selectively etch one of the components of the alloy system
whilst leaving the other intact.

Silver is alloyed with gold to form so-called “white gold,” an alloy commonly
used in jewelry. The versatility of the alloy stems from its ability to form a solid
solution at any ratio of gold to silver, allowing for fine control of porosity of a re-
sultant pure gold system, see Fig. 2.

Figure 2. Typical nanoporous Au
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While copper does not have alloy systems as simple as gold’s with silver,
copper-manganese forms a reliable solid solution across a wide range of compo-
sitions. Unfortunately, except at very low percentages, Mn tends to segregate out
of the solid solution and form a phase of pure Mn at low temperatures. This issue
is solved through rapid quenching from solid solution temperature. This process
prevents the formation of the pure Mn phase and, provided that the quenching
had occurred successfully, yields an ingot with a microstructure comparable to
that of Ag-Au alloy.

While the production of nanoporous metallic structures is well-document-
ed, up until recently very little was known about their mechanical properties — at
submicron scales, sample size has the possibility to produce a large effect on me-
chanical properties, where in macroporous foams cell size specifically does not
have an influence on material strength [29]. Indeed, it is highly uncertain that the
behaviors of macroscopic and microscopic foams will be at all similar in principle
and nature. Li and Sieradzki reported that porous Au undergoes a ductile-brittle
transition that seemed to be influenced by the microstructural length scale of the
material [30]. Biener et al. have continued this investigation into the mechanical
properties of nanoporous Au through nanoindentation [31]. They report the main
deformation mechanism during nanoindentation as a ductile, plastic densifica-
tion. Strong long-range stress fields, brittle fracture and crack emission were not
observed. They note that the scaling laws that are typically applied to macroporous
foams apply poorly to nanoporous metals, as they observe an experimental yield
strength of 145MPa instead of the expected 16MPa.

Volkert et al. performed microcompression experiments on FIB-milled mi-
cron-sized pillars of nanoporous Au with 15 nm diameter ligaments [32]. They
found that, while Young’s modulus values, as determined experimentally and as
predicted by scaling laws, do not show significant difference, there is a major in-
crease in yield strength as sample size decreases below 50um length scales. A yield
strength of 1.5GPa is predicted, which is several orders of magnitude above that of
typical bulk of Au. They interpret this effect as influenced by the increased stress
required to activate dislocation sources as ligament size decreases, until theoretical
shear strength is reached.

Further work by Biener et al. investigated this elevated yield strength and
whether its origin was the microstructure of disordered nanoporous Au ligaments
or the specific size-dependent mechanical properties of Au [29]. This was per-
formed by preparing multiple samples with varying ligament sizes. It is established
that in the production of a nanoporous material it is possible to tune ligament
and pore size through varying dealloying conditions [33]. They observed a clear
influence of ligament size, such that the strength of nanoporous Au increases with
decreasing ligament diameter, and thus propose that the Gibson and Ashby scaling
model of foam plasticity needs to be adjusted to take into account ligament size
for nanoporous systems [34].
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Ordered metal foams and nanofoams

As is often the case for many novel materials, interest in producing a nano-
porous structure with an ordered, anisotropic pore structure came from observing
nature. Specifically, the opalescence effect — variation in color based on direction
of observation - seen in butterfly wings and mother-of-pearl stems from the or-
dered chitinous scales for the former or calcium plates for the latter serving as
photonic diffraction gratings.

The brilliant color variation seen in Fig. 3 is a light effect described as opal-
escence and is a result of an ordered nanoporous lattice acting as a series of wave-
guides, only permitting through light of a particular frequency, depending on
viewing direction. The use of waveguide materials such as these has been proposed
for use in optical circuitry [35].

Figure 3. Mother-of-pearl, photo by Roy Kaltschmidt, Berkeley Lab (a) and natural opal,
Department for Manufacturing, Innovation, Trade, Resources and Energy, Government
of South Australia (b)

With clear applications across many industries [36-38], three-dimension-
ally-ordered materials have garnered much attention [39]. As with all nanostruc-
tured materials, two methods of approach are viable for their production: top-
down and bottom-up. Top-down production focuses on reducing a bulk source
sample down to the correct size, shape and morphology through a variety of de-
structive production methods. Whilst the top-down method boasts a very logical
application with easy potential for iterative improvement, its greatest limitation
is the scale down threshold to which its production methods can reach - detail
at the nanometer scale is beyond the capabilities of the typical top-down method
[40-42]. The alternative is the bottom-up approach, where nanoscale features are
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assembled piece by piece into a full structure. This method allows for far finer
detail control and overall quality of the assembled structure, but is typically chal-
lenging to implement due to it often being a multi-stage process.

The top-down process of production of nanostructured materials typically
involves a starting bulk macroscale solid and then the use of one of several tech-
niques to achieve a nanostructure through size reduction. In medical applications,
a top-down method for the production of nanoparticle suspensions is high-pres-
sure homogenization, consisting of repeated forcing of a suspension through a
very thin gap at high velocity or media milling, which is the mechanical attrition
of suspended particles using glass or zirconium oxide [43]. Mechanical attrition
in general is a common procedure for the production of nanostructured materials,
and one example of such a procedure is the method of ball milling, where pow-
ders are sealed in a strengthened container with a set of hard metal spheres and
treated in a vibratory mill to elicit potential phase changes and the formation of
nanostructured grains in the processed particles [44]. More non-standard proce-
dures are also known: Yan et al. have proposed that, considering its simplicity and
capacity for high-resolution spatial imaging, an atomic force microscopy (AFM)
apparatus can be used to machine nanoscale features, and have demonstrated this
capability in aluminum [45].

Nanosphere templating - Asawhole, lithography is con-
sidered a top-down method, and is common in the electronics industry for the
production of microchips. However, it can be converted into a bottom-up method
by reducing the size of the initial template. This idea can be applied for 3D nanos-
tructures: a porous 3D template is constructed that allows for the introduction of
a particular material into the pore spaces within the template. After the template
is removed the result is a 3D “image” of the template’s pore network. This is called
inverse templating, and is the principal bottom-up method that allows for repeat-
able batch production in moderately large quantities, provided that the template
is easily constructed. For this purpose, self-assembling templates are highly valued
- templates whose component parts can, over time, arrange themselves into a de-
sired 3D pattern with no further intervention aside from the initial process setup.

Nanosphere templating uses the natural ability of silica or polymer (PMMA,
polystyrene, latex) nanospheres to reliably self-assemble into a template on a large
scale. The nanospheres are suspended in a solution and are allowed to naturally
settle over time, although centrifugation can be used to accelerate the process at
the expense of quality of ordering. An alternative method is to allow the spheres
to settle across a meniscus to improve ordering with the downside of the result-
ant template film being very thin. The spheres will preferentially settle into their
most low-energy configuration, which is a crystalline face-centered cubic (FCC)
arrangement. As the nanospheres settle, the solution evaporates and eventually a
dry nanosphere template remains, see Fig. 4.

A settled nanosphere template is typically weak, brittle solid, as the spheres
are held together only through van der Waals forces. Thermal processing can be
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applied to strengthen a finished template by furnace-treating the template to allow
necks to form between adjacent spheres.

HV |Spot| Mag |Det| WD |
10 kV| 3 [15000 xTLD /6.8 mm

Figure 4. Cross-sectional SEM micrograph of electroless Ni plated nanosphere
template on gold-plated silicon wafer after template removal

The appropriate temperature and time vary significantly by material, where
several minutes at 120°C is enough for polymers like polystyrene, and several hours’
processing at over 900°C is required for silica. The result is a much more robust tem-
plate that can withstand mechanical rigor, but may be more challenging to remove.

Diblock copolymer templatin g -Inprinciple, any sort
of material with submicron-scale features that exhibits ordering can be used as
a template, provided that interconnected voids exist between the features. One
such material is the so-called “block copolymer”. In such a material, two covalent-
ly-linked polymers, or blocks, undergo a process called microphase separation, i.e.
attempt to separate as oil and water would, but are limited in their capacity to do
so due to cross-linking. An enthalpy-entropy balance governs the specific manner
in which this separation occurs. By controlling the compositions of the component
block, it is possible to influence the phase behavior of the copolymer and thus
form a variety of phases: lamellar, cylindrical and spherical phases are common,
classical phases, with the perforated lamellar, gyroidal and ordered bicontinuous
double diamond phases are seen more rarely. In all cases, depending on the com-
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position, one block forms the specific feature that the morphology is named after
and the other forms a matrix around the feature.

Remarkably, all resultant structures show a high degree of ordering of their
characteristic unit cell. As such, if, once a particular phase has been formed, one of
the blocks of the copolymer could be removed whilst leaving the other preserved,
the resultant polymer matrix could be used as an organic template. Of the possible
phases formed by diblock copolymers, the gyroid phase is most interesting due
to its repeating, long-ranged ordering of a three-dimensional feature. See Fig. 5
[46-49].

Figure 5. TEM observation of ordered block co-polymer + electroless Ni plating

In other words, the gyroid morphology offers the strongest potential for use
as a template to produce a three-dimensionally-ordered nanofoam [50].

METALLIC MUSCLES: HOW DOES IT WORK?

The actuation mechanism in metallic muscles based on nanoporous metals
with high surface-to-volume ratios is different to piezoceramics [51]. As a starting
point, note that in crystalline materials, surface atoms have fewer neighbors than
those in the bulk. This results in unbalanced interatomic surface bonds, which in
turn gives rise to an excess negative surface charge. The unbalanced surface bonds
will redistribute at the surface so as to strengthen the surface atoms by shortening
the interatomic distance with respect to the bulk [52]. Shortening of the surface
interatomic distance results in a positive surface stress (tensile stress, i.e. a posi-
tive displacement to bring the atoms back to an equilibrium distance with respect
to the bulk [53, 54]). Subsequently, a positive charge injection at the surface will
neutralize the existing excess negative surface charge, thereby lowering the tensile
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surface stress. This results in the relaxation of the surface atom positions via an in-
crease in the interatomic spacing. In order to preserve the mechanical equilibrium,
bulk atoms experience less compressive stress, resulting in a positive outward (ten-
sile) displacement [55]. Obviously, these surface stress-induced deformations are
not detectable in macroscopic dense metals, but they are thought to become sig-
nificant in nanostructured metals where the fraction of surface atoms versus bulk
becomes substantial. For actuator applications, the electronic charge distribution
at a nanoporous metal interface can effectively be tuned in an aqueous electrolyte
during cycling voltammetry experiments, where relatively small electrical voltages,
of the order of 1V, are needed to bring positive or negative charge carriers (ions)
from the electrolyte to the nanoporous metal interface [56, 57].

CHALLENGES AND OPPORTUNITIES

Although nanoporous metal actuators offer a unique combination of low
operating voltages, relatively large strain amplitudes, high stiffness and strength,
the emergence of nanoporous metal actuators in practicable applications is still
delayed. The challenge to their further development in viable applications can be
considered threefold, but principally concerns the aqueous electrolyte that is need-
ed to inject electronic charge in the space-charge region at the metal/electrolyte
interface [58]. Firstly, an aqueous electrolyte limits the usage of metallic muscles
to wet environments, whereas most of the practical applications require artificial
muscles that can operate in dry environments. A second major concern is that the
relatively low ionic conductivity of aqueous electrolytes limits the actuation rate of
the actuator. Simply replacing the aqueous electrolyte by a solid one is not a better
alternative because the actuation rate of all-solid-state electrochemical actuators
is more severely hampered by the low room-temperature ionic conductivity of
solid-state electrolytes. The third and final concern is the severe coarsening (un-
desired growth) of the ligaments in nanoporous metals during electrochemical
processes [59] including actuation via redox reactions. Specifically, the undesired
ligaments growth (coarsening) will cause the metallic muscle to lose in perfor-
mance as a function of time, since the strain amplitude in nanoporous metal ac-
tuators is ligament-size dependent as shown in Fig. 6, where strain amplitudes are
plotted as a function of the average ligament size. Consequently, ligaments growth
in nanoporous metals during electrochemical actuation is undesirable.

In view of these various restrictions caused by the electrolyte, an electro-
lyte-free approach is desirable for actuation in nanoporous metals. In fact, the fol-
lowing features are a prerequisite for a breakthrough in the field of artificial mus-
cles: (i) no usage of aqueous or solid electrolyte, (ii) a fast actuation rate and (iii) a
single actuating component as in piezoelectric materials. In order to tackle those
problems, in our Applied Physics-Materials Science group of the Zernike Institute
for Advanced Materials in Groningen, we have been developing advanced nano-
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porous metals composites for a new electrolyte-free actuation concept in metallic
muscles, including nanoporous gold/SnO2 (Fig. 7) and nanoporous gold/polymer
composites (Fig. 8). In the latter case, we have specifically been exploiting nano-
porous gold/polyaniline composites to put metallic muscles to work [12, 60, 61].
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Figure 6. Ligament size-dependence of the charge-induced strain in nanoporous metals.
The strain amplitude recorded on five NPG (nanoporous gold) samples with different
ligament sizes decreases with increasing ligament size. This shows that ligaments growth
during electrochemical actuation is undesirable.

NP-Au NP-Au/SnO, NP-Au/SnO, NP-Au/SnO,

Figure 7. Nanoporous-Au/SnO, composite. (a) Scanning electron micrograph showing
the bicontinuous morphology of NP-Au and (b) NP-Au/SnO, composite. SnO, was
grown into pores of nanoporous Au by electrochemical deposition. (c,d) High resolution
transmission electron micrographs showing a ~10 nm-thick coating of SnO, covering
the ligaments of NP-Au.
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Figure 8. Microstructural characterization of NPG/PANI. (a) Scanning electron
micrograph showing the bicontinuous morphology of NPG. (b, ¢) Scanning
and transmission electron micrographs showing a ~5 nm-thick PANI skin covering
the ligaments of NPG. The inset of ¢ displays the EDX spectrum of PANIL C and N
come from aniline (C6H7N), Cu and Au come respectively from the Cu grid used
as sample holder and the NPG. (d) Fracture cross-section of NPG/PANT; it can
be seen that the polymer envelope covering the ligaments is present into the bulk
of the composite material.

The development of a nanoporous gold/polyaniline composite starts with
the synthesis of nanoporous gold (NPG) using the standard dealloying method
[62-68]. The typical bicontinuous morphology of the synthesized NPG is shown
on Fig. 7a and Fig. 8a. Next, we use the electropolymerization procedure to grow
a uniform nanocoating of polyaniline (PANI) onto the internal surface area of
NPG [10, 11]. Dopant sulfate anions co-adsorbed in the polymer coating matrix
are then exploited to tune the electronic charge density at the NPG/PANI interface
and subsequently generate macroscopic dimensional changes in our NPG, as it
will be shown in the next sections.
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A schematic illustration of our NPG/PANI bulk heterojunction actuator is
shown in Fig. 9a-d.
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Figure 9. The NPG/PANI bulk heterojunction actuator. (a, ¢) The main part of the
actuator consists of NPG whose ligaments are coated with a ~5 nm-layer of PANL (b)
One edge connected to the positive terminal of the voltage supplier consists of NPG. (d)
The other edge connected to the negative terminal consists of NPG having its ligaments
covered with ~10 nm thick layer of PANL (e) Energy-level diagram of the NPG/PANI/
Au system in the absence of external electrical potential.

The actuator is connected to the voltage supplier in one of the following two
configurations: NPG/PANI/Au with NPG as anode and solid Au as cathode, or
Au/PANI/NPG with solid Au as anode and NPG as cathode. Both configurations
can be used because the two contact electrodes consisting of NPG and dense Au
are made of the same material. Since the work functions of NPG and solid Au are
comparable with the highest occupied molecular orbital (HOMO) of PANI on the
one hand [69], and since PANI is a p-type semiconductor on the other hand [70],
electronic charge transport in the NPG/PANTI hybrid actuator is only controlled by
conduction of holes (i.e. “hole-only” device), because the high offset between the
Fermi level of the metal and the lowest unoccupied molecular orbital (LUMO) of
PANT restricts electron injection from the metal into the LUMO of the polymer
[71]. We used an external electric potential to inject holes from the metal anode
(either NPG or solid Au) into the HOMO of the PANI nanocoating [72]. A par-
ticularity of NPG/PANI/Au and Au/PANI/NPG configurations is that electronic
charges injected from the anode flow through the PANI coating before reaching
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the cathode. We have found that the electronic charge transport through the poly-
mer coating follows an Ohmic behavior at ambient temperatures [73].

We have measured reversible dimensional changes in the NPG/PANI bulk
heterojunction material during successive forward-reverse voltage cycles between
0 and 2 V, and at various sweep rates ranging from 1 to 2000 mV/s. Note that
when metallic muscles are put to work via aqueous electrolytes, the corresponding
dimensional changes vanish at sweep rates beyond few tens of mV/s. In contrast,
reversible dimensional changes were still observed in our NPG/PANI electro-
lyte-free actuator at sweep rates far beyond 1 mV/s as illustrated in Fig. 10a and
10b, where the strain amplitudes are plotted as a function of time and sweep rate,
respectively.
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Figure 10. Fast actuation responses. Reversible dimensional changes are recorded
at various sweep rates far beyond 1 mV/s (a) as a function of the time and (b)
as a function of the sweep rate.

By setting the sweep rate at 2000 mV/s, a strain of ~0.05% was achieved in
our electrolyte-free actuator in 1 s, rather than 1400 s as with the electrolyte [74].
This corresponds to a strain rate of 5x10* per second, which is thus about 1400
times higher than that achieved in metallic muscles via an electrolyte. These re-
sults demonstrate that by virtue of the novel electrolyte-free actuation approach,
metallic muscles can operate in dry environments at high strain rates, much higher
than those of common electrochemical artificial muscles. Besides electrolyte-free
actuation, it is worth mentioning that we have also exploited the combination of
a nanoporous metal and a polymer to add a new functionality to metallic muscles
operating in aqueous electrolytes. Specifically, when our NPG/PANI composite is
used as an electrochemical actuator, the NPG undergoes reversible dimensional
changes while the PANI undergoes reversible changes in color during oxi-dizeda-
tion/reduction [11].

As mentioned above, dimensional changes could take place in nanoporous
metals as a result of electronic charge accumulation in the space-charge region at
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the nanoporous metal interface. This should be the case for our NPG/PANI com-
posite, if an opposite space-charge builds up in the polymer coating during the
voltage sweeps. However, we have found that hole-transport in the PANI coating
is governed by an Ohmic current, rather than a space-charge limited-current [75].
This excludes the possibility of dimensional changes in our NPG/PANI composite
as the result of the build-up of a space-charge in the polymer coating. As sche-
matized in Fig.11a, in its non-conducting state, the blue emeraldine base form of
PANI consists of electrically neutral molecular chains [76].
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Figure 11. Potential-induced charge redistribution at the NPG surface. (a) Undoped
PANI (blue insulating emeraldine base). (b) Doped PANI (green conducting emeraldine
salt). (c) NPG/PANI interface in the absence of an electrical potential. Both positive
and negative charge carriers along the polymer chains are held together by electrostatic
interaction. An initial electronic charge distribution exists at the metal surface. (d)
NPG/PANTI interface in the presence of an electrical potential. Positive charge carriers
along the polymer chains become involved in electrical conduction; localized negative
charge carriers along the polymer chains electrostatically interact with the positive metal
electrode, giving rise to electronic charge redistribution at the metal surface.

PANI becomes conductive (green emeraldine salt) by protonic acid doping
or oxidative doping. During oxidative doping, an electron is removed from the
pi-conjugated backbone, resulting in a free radical and a positive charge (poly-
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meric cation) as schematized in Fig.11b. In the case of sulfuric acid doping [27]
the charge neutrality in the doped PANI is maintained by negative sulfate counter
ions co-adsorbed into the polymer matrix during the doping process [77-79]. The
schematic structure of a doped PANI chain is shown in Fig.11b; both polymer cat-
ions and sulfate counter anions are held together by electrostatic interactions [80].
In the absence of an external electrical potential (“off” stand in Fig. 11c), polymer
chains adopt shapes that favor minimal intra- and inter electrostatic interactions
in the molecular chains. These shapes can be linear as reported by Lee et al. for a
monolayer coating of PANI on a single Au crystal [78]. When a suitable electrical
potential is applied on the hybrid actuator, e.g. in the NPG/PANI/Au configuration
(“on” stand in Fig.11d), holes are injected from the positive NPG electrode into
the PANI coating. The transport of these holes across the polymer film involves
the cations and free radicals on the pi-conjugate backbone, the positive charges on
the pi-conjugated backbone become mobile during electrical conduction whereas
the negative sulfate counter ions are localized along the chains. The total amount
of negative charges in the polymer matrix, arising from co-adsorbed sulfate an-
ions was estimated for a 5 nm-thick PANI coating and was found to be ~3.2 C
per m’ coating, assuming that each repeating unit of PANI contributes with two
sulfate anions as illustrated in Fig.11b. This amount of charge is comparable to the
quantity of electronic charge involved in dimensional changes in nanoporous met-
al/electrolyte hybrid actuators. During the potential sweeps, this relatively large
amount of negative charge dispersed into the thin polymer matrix electrostati-
cally interacts with the positive NPG electrode. PANI molecular chains undergo
conformational changes in order to bring the sulfate anions (i.e. negative charge
carriers) in the proximity of the positive metal electrode; sulfate anions present
in the first monolayer of PANT are eventually electro-adsorbed onto the metal
electrode as reported by Lee et al. and illustrated in Fig.11d [25]. The electrical
potential-induced interactions between sulfate anions and the ligaments of NPG
give rise to electronic charges redistribution at the ligaments interface. Typically,
the delocalized free electrons in the metal move from the interface towards the
bulk, leaving the metal interface with positively charged metal ions (see Fig.11d).
These metal cations consist of nuclei and inner-shell electrons of metal atoms. As
mentioned, the delocalization of negative charges from the metal surface towards
the bulk weakens the interatomic bounds between metal surface atoms, resulting
in relaxation of these metal surface atoms. This gives rise to an increase in tensile
stress at the surface of the ligaments. Due to the high surface-area-to-volume ratio
of NPG, the dimensional changes in the ligaments result in an overall macroscopic
volume change in the NPG electrode, which is experimentally measured during
forward voltage sweeps in the NPG/PANI/Au configuration.

During the reverse voltage sweep where the applied electrical potential is
gradually removed, electrostatic interactions between the negative sulfate ions and
the positive metal electrode gradually vanish, charge redistribution takes place
again at the metal interface and the initial charge distribution is restored.
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Although the dimensional changes in the NPG/PANI hybrid actuator do
not come from actuation in PANI as emphasized above, in the present under-
standing of the process, it is believed that conformational changes in the polymer
chains play an important role during actuation: (i) changes in molecular shapes
of the polymer bring the sulfate anions in the proximity of the metal electrode, or
take these counter anions away from the metal electrode depending on the sign
of the potential applied at this electrode. (ii) The high rate of which conducting
polymers undergo conformational changes as highlighted by Yip and co-workers
[81] might justify the high actuation rate recorded on the NPG/PANI composite
material: rapid shape changes in polymer chains favor a fast exposure of sulfate
anions to the positive NPG electrode and consequently rapid charge redistribution
at the NPG interface. In contrast, when ions are transported through an electro-
lyte, a high actuation rate is hampered because of the low ionic conductivity of
electrolytes [82].

SUMMARY AND OUTLOOK

In conclusion, we have demonstrated a new electrolyte-free approach to
generate work from metallic muscles made of nanoporous metals with high sur-
face-area-to-volume ratios, by exploiting a nanoporous metal/polymer interface
rather than the common nanoporous metal/electrolyte interface. In this actuation
concept, a doped polymer coating is grown onto the ligaments of a nanoporous
metal and dopant counter ions present in the polymer coating matrix are exploited
to modulate the electronic charge distribution at the nanoporous metal surface,
resulting in surface stress changes and dimensional changes in the nanoporous
metal. With this actuation approach, the various drawbacks encountered in me-
tallic muscles operating in aqueous electrolytes have been overcome. In particu-
lar, the electrolyte-free actuator consists of a single-component hybrid material,
in contrast to the three-component configuration required in nanoporous metal/
electrolyte composite actuators; the nanoporous metal/polymer hybrid actuator
is an all-solid-state device like piezoceramic actuators, and its actuation rate is
about three orders of magnitude higher than that of metallic muscles operating in
aqueous electrolytes.

An interesting observation is that a thin polymer coating grown onto the
metallic ligaments of nanoporous gold can be exploited to add a new functionality
to nanoporous metals operating as electrochemical actuators. By doing so, a me-
tallic muscle would become smarter because in addition to its reversible dimen-
sional changes, it also undergoes reversible changes in color. This combination of
electromechanical and optical properties could open the door to new applications
in artificial muscles. A straightforward application includes a metallic muscle that
can give feedback on the progress on its work simply by changing its color [61, 83].
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Moving forward, we anticipate that nanoporous metallic actuators could
play a key role in novel energy-efficient MEMS technologies, far beyond the low
actuation voltage concept discussed in the present contribution. As a future di-
rection, and building upon our previous work on light interaction with monolith-
ic nanoporous metals [83], we have been exploring ways of taking advantage of
light-matter interaction to develop a new class of autonomous metallic muscles
that can operate under light irradiation. Light-induced actuation, the direct con-
version of solar energy into mechanical work without the need for external elec-
trical energy supply is highly desirable in several MEMS technologies, including
scanning mirrors used in a wide range of applications involving deflection of light
such as laser beam positioning, optical switching, LIDAR, laser displays, barcode
reading and microscopy [84-97]. In LiDAR for instance, the profiles of objects
such as landscapes and buildings are mapped using scanning mirrors, which col-
lect laser pulses from the measuring object and deflect them to a photodetector
(87, 88, 94, 95]. Key components in MEMS scanning mirrors are microactuators
including piezoelectric, electrostatic, thermal, and magnetic actuators [84, 85, 96,
98-102]. Currently, there are several ongoing challenges involving these microac-
tuators. Two of these changes include:

(i)  The necessity to use small voltages and small currents at small length scales
and in mobile applications [103-108]. For instance, in the case of electro-
static microactuators, which consist of parallel capacitor plates [98], a rela-
tively “high electric voltage” of the order of tens up to hundreds of volts
is usually required to charge and induce actuation through the attractive
electrostatic force between the two plates [94, 109]. In the case of thermal
microactuators [98], where electric power is used to heat the actuating com-
ponent through the Joule effect and induce actuation by thermal expansion,
a relatively “high input electric current” of the order of tens up to hundreds
of milliamps is required [110, 111]. A similar high input electric current is
also needed in magnetic microactuators [95, 98] in order to induce a mag-
netic field around the actuating material and generate actuation through
Lorentz forces. Microactuators operating with small voltages or small cur-
rents are more suitable for small length scale and mobile applications. In
particular, while high-voltage microactuators, such as electrostatic and pi-
ezoelectric ones do not necessarily need a high input power for actuation,
their high-voltage requirement restricts their use in mobile applications
where they can only be powered by low-voltage batteries [103, 104]. On
the other hand, high-current microactuators, such as thermal and mag-
netic ones, are associated with high-power consumption since the driving
power for actuation is proportional to the current. Therefore, developing
and integrating low-current actuators in microscale systems is desirable and
compatible with the growing awareness for sustainability.
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(ii)  The desire to remove wire connections at the microscale, as they commonly
give rise to undesirable contact resistances and heat issues at small length

scales [112-116].

Light-induced actuation represents a promising approach to overcome
these drawbacks [117-125], and we have been exploring a new sustainable ac-
tuation mechanism in monolithic nanoporous metal/semiconductor composites
during which light is used to remotely induce mechanical work without the need
for any wired connections at the microscale. This new actuation concept uses 3D
high-surface-to-volume ratio nanoporous metals, in which the pore walls are con-
formally coated with a semiconducting nanolayer as in our previous work from
Fig. 7, in the case of NP-Au/SnO,, to form a 3D Schottky junction. Light-induced
charge transfer across the Schottky junction (i.e. reversible transfer of electrons
between the conduction band of the semiconductor and the metal Fermi level)
is harnessed to optically manipulate the density of free electrons at the metal/
semiconductor interface, and produce significant surface stress and strains in the
3D metal/semiconductor nanocomposite. An illustration of this new actuation
mechanism is shown in Fig. 12, along with the conventional actuation mechanism
in aqueous electrolytes. We anticipate that the resultant light-induced actuation
in metallic muscles will enable sustainable MEMS scanning mirror applications
as illustrated in Fig 13.

As far as nanoporous metallic systems are concerned, besides in the field
of sensors and actuators, they might have a significant impact in the field of ener-
gy-related materials. New technologies for vehicles such as battery electric vehicles
could contribute significantly to fixing our environmental issues, mainly caused
by our high consumption of fossil fuels and air pollution by combustion vehicles.
Lithium-ion batteries have long been seen as very promising power sources for
electric vehicles. However, nowadays, there are strong indications that lithium-ion
technology could not revolutionize the transportation sector. The specific ener-
gy of state-of-the-art lithium-ion batteries is still relatively low, compared to that
of internal combustion vehicles. Besides, raw lithium resources are not available
for large-scale electrochemical energy storage applications. Lithium-ion technol-
ogy makes use of lithium-ion insertion in the bulk of a solid host anode material.
The short lifetime and failure of high-capacity metal-ion batteries are caused by
the large volume changes taking place in the anode during metal-ion insertions
[126-128]. Although for lithium-ion batteries it is now well-recognized that porous
architectures can be used to effectively accommodate these large volume changes
[129, 130] and to allow rapid transport of lithium ions throughout the electrode
material, so far, nanostructured porous anodes have not yet being exploited in great
detail. Recently we have synthesized hierarchical nanoporous tin for high-perfor-
mance lithium-ion batteries anodes, as illustrated in Fig. 14 [131, 132]. The fol-
lowing burning questions should be addressed in this research: does a nanoporous
architecture improve the performance of battery anodes? If so, how?
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Figure 12. (a) Conventional actuation concept in nanoporous metals. Electrochemically
formed electrical double layer at the interface of a high-surface-to-volume ratio
nanoporous metal is responsible for surface-stress induced strains. (b) Our suggestion
for a new actuation concept in nanoporous metals. Optically formed electrical double
layer at the interface of a high-surface-to-volume ratio nanoporous metal is responsible
for surface-stress induced dimensional changes.
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Figure 13. Wireless and sustainable (driven by visible light) microcantilever based on
nanoporous metal composite, capable of deflecting a laser beam during actuation.
Such a microactuator could be attractive for large-aperture LiDAR systems.
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Figure 14. Nanoporous Tin (NP-Sn) as anode material for the next generation Li-
ion battery (a) As-synthesized fine NP-Sn powder dispersed on a carbon substrate.
The powder particles have random shapes and random size in the sub-10 um ranges.
(b) High magnification SEM showing that the powder particles are porous. (c) The
ligaments exhibit granular-like morphology. TEM analysis reveals that these granular
ligaments are in turn porous (not shown). (d) Examples of galvanostatic curves obtained
using Li*. Good stability over a few hundred cycles can be achieved [12].
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To provide answers to these important questions we propose operando ex-
periments that should provide the very first experimental insights into the reaction
mechanisms and phase performance during insertion/extraction of ions in/out the
anode material in the case of dealloyed nanoporous systems.

In this contribution we did not touch in detail on recent advances in nan-
oporous materials for renewable energy resources conversion into fuels. In [133]
we have presented an overview of common selective leaching strategies for the
fabrication of 3D nanoporous materials, the applicability of these materials as hete-
rogeneous (electro)catalysts for the conversion of renewable energy resources into
tuels. The high internal surface area, high density of active catalytic sites, and re-
markable intrinsic properties of these 3D nanoporous materials make them very
attractive for large-scale applications. In fact, several recent reports have demon-
strated the high performance dealloyed bulk nanoporous NiFe-based systems as
water oxidation electrocatalysts [134, 135]. The performance of dealloyed 3D na-
noporous catalyst materials can further be improved through structural design.
Here, we believe that the ultimate architecture for this type of applications should
involve hierarchical porous structures, where the big porous structures will ac-
count for mass transfer in/out the bulk of the material, while the small pore struc-
tures provide a large internal surface area for the catalytic reaction. Therefore,
since roughly any type nanoporous material can be made utilizing the various new
dealloying strategies, it should be possible to make nanoporous architecture of any
material identified as high-performance (electro)catalyst.
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Ile¢p TeXocon u Epux eiticu
METAJIH MUIINKEN: HAHOCTPYKTYPE Y AKIIUU

Pesume

MeTaHU CUCTEMM KOjU OIIOHAIIajy ocoduHe Muimha ycIoB/beHe Crojba-
IIBJM CTUMY/IAljaMa, Ha3BaHe ,BelITauKuM MumhiMa’ 1o aHaIornju ca CKe-
JeTHUM MuIuhyMa, ueanrHy Cy MOKPeTauy ca BUCOKUM CTEIIEHOM eHepreTcKe
epuKacHOCTH, dp3uM lepOPMALMOHNM OTOBOPOM I BETMKOM M3 PK/bIBOLINY.
Yoduuajeno kopumrhemwe nocrojehux marepujaia sa mokperade, Kao LITO CY M-
e30KepaMIKa U eleKTPOaKTUBHI IIO/IIMepPH, OTPaHNYEHO je ca Bulie GpaxkTopa,
yK/bydyjyhu Many eHepreTcky epukacHOCT, Maje aMIIUTY/e fedopMaliyje, orpa-
HUYeba 3aMOPOM U BUCOK/M HATIOHOM TIOTPEOHNUM 32 MOKpeTame. Y OBOM IIpH-
nory nokasahemo 1a HAHOIIOPO3HM OpPTaHO-MeTaTHV MaTepujaniy MOTy Jia pajie
Kao IIOKpeTauy, ca jeAMHCTBEHOM KOMOMHAIMjOM 0COdMHA: HICKUM pajHIM Ha-
IIOHOM, PeIaTYBHO Be/IMKUM aMIUIUTy#aMa fedopManije, BeTMKoM Kpyromhy
n yBpcrohom. ITocedHo he dutu pasmMoTpeHO KaKo, KpO3 MHTETUTEHTHO IIPOjeK-
TOBame MaTepujaja, HoCcTuhy BeMnKy MaKpOCKOIICKY aMIUIUTYRY Aedopmariyje,
1o 10%, u Benmuky dp3uny gepopmaruje, 1o 10-2 s-1, mITo je MpUSMIDKHO A0 Ba,
Tj. 10 IIeT pefioBa Ben4nHa Behe, pecleKTBHO, HETO Y S1/I0 KOM MaTtepujay 1o
cazia. Y 3ak/pyuKy u dyayhum msrienuma yserrheMo KOHIEIIT CBET/IOCHO-aKTUBY-
pajyhux mokperaya y cucremuma Ha dasy MeTanHux Muinnha, OfHOCHO AUpeKTHe
KOHBep3uje coapHe eHepryje y MeXaHU4KM paj, Oe3 JofaTHe CIIOo/bHE e/IeKTPUY-
He eHepruje. Ha kpajy, Kao HacTaBak oBe TeMe Be3aHe 3a eHeprujy, AuckyroBahe-
MO 001aCTH Y KOjIM HaHOTIOPO3HM MaTepyjaiu MOTY MMAaTH BeTUKIU JOTIPIHOC.



