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NANOTECHNOLOGIES

BBEAEHME

HaHOTeXHOJIOTUH OCTAIOTCS OLHUM H3 IIepellOBhIX
HaIlpaBJIeHUM UCC/IeJOBAHHUI COBPeMeHHOI0 MaTe-
puanoBeneHUst. COrnacHo obIIeNPUHSITOMY OIpe-
IeJIeHUI0, K HAHOTeXHOJIOTHAM OTHOCHUTCS 00/1aCTh
HAY4YHBIX U IPUKIALHBIX HCCIELOBAHUH 110 MAHHU-
NyIsIUK 00beKTaMHU, XOTsI ObI ONMH TMHENHBIH pas-
Mep KOTOPBIX HAXOLHUTCS B AHaIa3oHe oT 110 100 HM.
K TakMM 00beKTaM MOKHO OTHECTH TOHKHe IIJIEHKH,
HAHOIIOPUCTBIe CTPYKTYPbl, HAHOTPYOKHU KM HAHO-
BOJIOKHA, HAHOLHUCIIEPCUH, HAHOYACTHUIIBEL U T.J.
3HAYUTEIbHBIN UHTEpPeC K HUM 00yCI0BIeH BO3-
MOSKHOCTBIO JOCTH>KeHH S Ollpe/le/leHHBIX CBOMCTB
IIS 1eJIOro psifia MIpUMeHeHHUI, HeJJOCTHUKH MBIX
JUISL KJIaCCUYeCKUX MaTepHuasnoB. Hanmpumep, HaHO-
YacTUIB 00/1a1al0T YHUKAJIBHBIMHU CBOMCTBAMHU
10 CPABHEHHIO C 06beMHBIMU MaTepHalaMH, OCHO-
BAaHHBIMH Ha TaKHUX 0COOeHHOCTSX, KaK pa3Mmep
(B TOM YHCJIe U OTHOLIEHHeE IIJIOMaAH [IOBEPXHOCTH
K 06pemMy), Mmopdonorus. K 3sTUM CBOMCTBAM MOKHO
OTHECTH XMMHUUYECKYI0 aKTHUBHOCTbD, IIOIJIONIeHHe
3Hepruu, 6HMOJOTHYeCKyI0 AKTHBHOCTD, 3JIeKTPOH-
Hble, OIITUYECKHEe, MeXaHUYeCKHe U MaTrHUTHEIE
CBOMCTBaA.

METOAbI UCCNIEAOBAHUA

0630p nmuUTEpaTyphl OB IPOBELEH C UCIIONb30BA-
HueM 6a3 maHHBIX Scopus, PUHII, Google.Scholar,
Espacenet ¥ 1p. ¥ BKJII0YaeT B cebst aHAIN3 JaHHBIX,
IIOCBSIIIEHHBIX IPUMEHEHHI0 HAHOYACTHILL B IIEPHUOJ
c 20051102022 rozm.

PE3YNIbTATbI U OBCYXAEHUA

CoBpeMeHHBIN ypOBeHb TeXHUKU IMpeAbsBIseT
MoBBILIeHHbIe TpeOOBaHUS K CBOMCTBAM U XapaKTe-
PHUCTHKAM MaTepHasioB, KOTOpPhle He BCerga MOTyT
ObITh OOecrevyeHBl 32 CUET UCIIONIb30BAHUS TPagu-
LIMOHHBIX MaTepHaIoB. UMeHHO 3TUM 06BbsIcHseTCA
MIOBBIIIEHHBIN HHTepeC K HAHOTeXHOJIOTHSIM BO BceM
mupe. C KaskJbIM FOZIOM OTKPBIBAIOTCSI HOBbIE CBOL-
CTBa U, KaK CJIe[ICTBHe, HOBble BO3MOXKHOCTH IIPU-
MeHeHUsI HAHOMaTepHaloB B Pa3TUYHBIX OTPACIIIX
IIPOMBIIIJIEHHOCTH. B JaHHOI paboTe pacCMOTpeHBI
HaIlpaB/eHHs, KOTOpble UMEIOT IIepCIIeKTHUBLI I1PO-
MBIIIJIEHHOTO BHepeHUs B O/M>KaHIIKe FOAbl UK
y>Ke IPUMEHSIOTCS.

MeauumHa

OnHoM w3 Haubojee IMepCIeKTUBHBIX U OBICTPO
Pa3BHUBAIOIIHUXCA OTpaCHeI;I IIpPUMEHEHHUS HaHOYa-
CTHUIL ABJISAIOTCA pa3/IMYHbIE HAIIPDABJIE€HHSA MegH~
IIMHBI. Hcmonp30BaHUe HAHOTeXHOJIOTUU B MeOgun-
OHHEe OTKPbIBA€T HOBbIE BO3MOXXHOCTH. HEKOTOpre
MeTO4bl Ha I_LaHHI:II;I MOMEHT TOJIBKO pa3p3.6aTbI-
BAIOTCsA, B TO BpeMs KaK OPpyrue HaXOLOATCA

INTRODUCTION

Nanotechnology remains one of the innovative fields
of research in modern materials science. According
to a commonly accepted definition, nanotech-
nology refers to the field of scientific and applied
research in manipulation of objects with at least
one linear dimension in the range from 1 to 100 nm.
Such objects include thin films, nanoporous struc-
tures, nanotubes and nanofibres, nanodispersions,
nanoparticles, etc. Intense interest in them is con-
ditioned by a possibility of achieving certain proper-
ties for a range of applications that are unattainable
for classical materials. For example, nanoparticles
have unique properties compared to bulk materials,
based on such features as size (including surface
area to volume ratio) and morphology. These prop-
erties include chemical activity, energy absorption,
biological activity, electronic, optical, mechanical
and magnetic properties.

RESEARCH METHODS

The literature review was conducted using Scopus,
RSCI, Google.Scholar, Espacenet and other data-
bases, and includes an analysis of data on nanopar-
ticle applications from 2005 to 2022.

RESULTS AND DISCUSSION

The current state of art increased demands on the
properties and characteristics of materials which
cannot always be achieved by using traditional
materials. This fact explains the increased interest
in nanotechnology worldwide. Every year new prop-
erties and, as a consequence, new opportunities for
the use of nanomaterials in various industries are
discovered. In this pape, we consider areas that have
prospects for industrial implementation in the com-
ing years or are already in use.

Medicine

One of the most promising and fastest-growing
applications of nanoparticles is in various fields of
medicine. The use of nanotechnology in medicine
opens up new possibilities. Some methods are cur-
rently under development while others are in clin-
ical trials or are already in use. In medicine, the
characteristics of nanoparticles are usually subject
to particularly stringent requirements.

The main application of nanotechnology in med-
icine, which is currently being actively developed,
involves the use of nanoparticles to deliver drugs
to certain types of cells (e.g. cancer cells). Polymer-
modified metal nanoparticles, such as cobalt oxide
nanoparticles coated with chitosan or modified
with addition of N-phosphonomethylimino diacetic
acid, are used for this purpose. These nanoparticles
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Ha CTaJHUH KIMHHUYECKUX HUCIBITAHUH HIH yKe
NIPUMEHSIOTCS. B MeguIIMHe 06BIYHO IPUMEHSIOTCS
ocobo skecTKHe TpebOBaHHUS K XapaKTepUCTUKAM
HaHOYaCTHII.

OCHOBHOe ITPUMeHeHHe HAHOTEXHOJIOTUH B MeJ 1~
LIMHe, KOTOPO€e B HACTOSIIIUI MOMEHT aKTUBHO Pa3-
BUBAaeTCs, BKJKOUYAET MCIOJb30BAHMe HaHOYa-
CTHUL AJS1 TOCTAaBKU JIEKAPCTB K ONpeesIeHHbIM
THUIIaM KJIeTOK (HalpuMep, K PaKOBBIM KJIeTKaM).
JlJ1s1 3TOT0 UCIIONIB3YIOTCSI HAHOYACTHUIIBI METAJIIOB,
MOIUGUILIMPOBAHHEIE ITOJTUMEPAMU, HANIPUMED,
HAHOYACTHUIIB OKCHUAA KObaIbTa, MOKPBIThIE XUTO-
3aHOM WU MOAUGHUIMPOBAHHBIE NoOaBIeHHUEM
N-docPoHOMETUTUMHUHOLHUYKCYCHOM KUC/IOTHL. ITH
HAHOYACTHUIIBl CKOHCTPYHPOBAaHBI TAKUM 06pa3oM,
YTO OHU IPUTITHUBAIOTCS K OOJPHBIM KJIETKaM, He
3aTparuBas 340poBble. HaHOYACTUIIAMH HEKOTO-
PBIX METAJIJIOB, TAKUX KaK TUTAH, BAHAIUH, XPOM,
PeHUH, 3070TO, MeAb U AP., IPOU3BOAIT TepPMO-
M3 PAaKOBBIX OIyXOJIel, UCIIONb3ys IpU obpaboTke
JTa3epHOe H3JIy4eHHe, KOTOpOe He IIOTJIOIAeTCs
TKAHSMHU 4YeJIOBEeKA, IIPYU 3TOM IIPOUCXOLUT Harpes
HAHOYACTHUL U TEPMHUYECKOe BO3LeNCTBHE Ha PaKo-
Bble KJIeTKH [1-10].

AHTHUMUKPOOHEBIE CBOMCTBA 3JIeMEHTOB IIpHUMe-
HSIOT U B buoMenunuue. Tak, HaIpuMep, HaHO4a-
CTUIIBI cepebpa UCIONB3YIOT IIPU pa3paboTke mepe-
BSI30YHBIX MAaTepPHUAJIOB HOBOTO ITIOKOJIEHU I, ITpera-
partoB s 06e33apaskUBaHUS PaH, TAKKe TOKA3aHa
BO3MOXKHOCTbh [IPOHUKHOBEHHU I HAHOYACTHL] cepebpa
CKBO3b MeMbOpaHy OaKTepHUI C AaTbHEUIIHUM HEeKpOo-
30M 3THX KJIETOK [3, 4, 9, 11-18].

Hawubosee pacripocTpaHeHHOe IIPUMeHeHHe HAHO-
YaCTHUI] B MeJUIIMHE CBI3aHO C JTHATHOCTUKOM METO-
JaMH MarHUTHO-pe30HaHCHOM ToMmorpaduu (MPT)
u (KT). [lepBoe MoOKOJIeHHE 3K30T€HHBIX KOHTPACT-
HBIX BEIIeCTB COCTOSIJIO U3 BBICOKOCIIMHOBBIX I1apa-
MarHUTHBIX HOHOB METAJIJIOB, TAKUX KaK MapraHer|
(Mn?), skene3o (Fe3*) unu ragonunui (Gd3*). Begyrtcs
KCCIeJOBAHUS OTHOCHUTENBHO IIPUMEHEHHU N HAHO-
YaCTHI OKCHJA 30JI0Ta U XKene3a (Au-Fe;0,), HaHO-
YaCTHUI, HOHOB MeTAJIJIOB, IIOPUCTHIX IIOJBIX HAHO-
vacTtun Fe;O, 1 HAHOYACTHI] CIIJIABOB HA OCHOBE
sKejiesa, TaKUX KakK skeyie30-KobansT (FeCo) U skeme30-
miaaTtuHoBble (FePt) HaHo4YacTHIB [8, 10, 19-22].
B Poccuu Ha JaHHBIM MOMEHT /151 ITpoBefieHUst MPT
KCIIOJIB3YIOTCS TOJIBKO IIperapaThl Ha OCHOBE Iafo-
JIUHUS, TaK KaK TOJIBKO OHHU CePTHUPHUIMPOBAHEL,
O HAKO 3TH IIPelapaTsl UMeIOT Psif, II000UHBIX Jen-
CTBUU U 32 pybeskoM II0CTeIIeHHO OTKa3bIBAIOTCS
OT UX IPUMeHeHHU4 [23, 24].

[IepCIIeKTUBHBIMHU 0OJIACTSIMHU SIBISIOTCS TaKKe
XUPYPTUS U CTOMATOJIOTUS, I'Ie broKepaMudUe-
CKMe HaHOYaCTHUIIbI, TaKHe KaK dochaT KaJIbIlKA,
HUTpUJ 60pa, OKCUI OUHKA U AP., IPUMEHSIOTCS
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are designed in such way that they are attracted to
diseased cells without affecting healthy cells. Some
metal nanoparticles, such as titanium, vanadium,
chromium, rhenium, gold, copper, etc., are used to
perform thermolysis of cancerous tumours using
laser radiation that is not absorbed by human tis-
sue while heating the nanoparticles and thermally
affecting cancer cells [1-10].

The antimicrobial properties of elements are also
used in biomedicine. For example, silver nanopar-
ticles are used in development of new generation
dressings, wound disinfection preparations, also
a possibility of silver nanoparticle penetration
through the membrane of bacteria with further
necrosis of these cells has also been proved [3, 4, 9,
11-18].

The most common application of nanoparticles
in medicine relates to diagnostics by magnetic reso-
nance imaging (MRI) and (CT). The first generation
of exogenous contrast agents consisted of high-spin
paramagnetic ions of metals such as manganese
(Mn?Y), iron (Fe?*) or gadolinium (Gd3*). Research is
ongoing regarding the applications of gold and iron
oxide nanoparticles (Au-Fe;0,), metal ion nanopar-
ticles, porous hollow Fe;0, nanoparticles and iron-
based alloy nanoparticles such as iron-cobalt (FeCo)
and iron-platinum (FePt) nanoparticles [8, 10,
19-22]. In Russia, only gadolinium-based drugs are
currently used for MRI because they are the only
ones certified, but these drugs have a number of
side-effects and are being phased out abroad [23,
24].

Promising areas are also surgery and dentistry,
where bioceramic nanoparticles such as calcium
phosphate, boron nitride, zinc oxide, etc., are used
for production of implants, as well as in bone and
tissue regeneration [11, 25-27]. In this case, par-
ticular attention is paid to the toxicological char-
acteristics of materials and possibility of making
implants that provide long-term treatment by the
gradual release of drugs, such as antibiotics, into
the body.

Nanoparticles of titanium oxide, zinc oxide
and silver oxide are known to be used in cosmetic
and dermatological preparations, such as healing
creams (to treat scars, acne) and sunscreens [28-30].

When it comes to introducing new technolo-
gies, medicine is the most complex sector, due to
the high risks involved; a lot of research is carried
out and the materials used have to be strictly com-
pliant. Unlike other sectors, medicine does not
require as much material as current nanoparticle
technology can provide.

The medical applications of nanoparticles are
shown in Fig.1.
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IJ1sI IPOM3BOCTBA UMIUIAHTOB, a TaK>Ke IIPHU pere-
HepaLMU KOCTeH U TKaHeH [11, 25-27]. B faHHOM CI1y-
4yae, ocoboe BHUMaHHUe yIe/IsIeTCsl TOKCUKOJIOTHYe-
CKHUM XapaKTepPUCTHKAM MaTepHaoB U BO3MOKHO-
CTHU HU3IrOTOBJIEHHUS UMIIJIAHTOB, O6eCHe‘II/IBaIOH_[I/IX
IJINTeNbHOE JIeYeHHe 32 CYeT IIOCTeIIeHHOI0 BBICBO-
OokmeHU s TeKapCTBeHHBIX ITpellapaToB, HallpUMep
aHTI/I6I/IOTI/IKOB, B OpraHHU3M.

M3BeCTHB NPHMEHEeHHUS HAHOYACTHUIL] OKCHIA
THUTAaHA, OKCH/JA LIHHKAa U cepebpa B KocMeTHYe-
CKUX U OEePMATOJIOTHYEeCKHUX IIpellapaTax, TaKHUX
KaK 3a’KHUBJISIIONIMe KpeMa (A5 1eYeHHUs MIpaMoB,
aKHe), CONMHIIe3aMUTHBIE Kpema [28-30].

B 4acTH BHeJpPeHUS HOBBIX TEXHOJOTUH MeJH-
LIMHA SBJISeTCS CAMOM CJIOKHOM OTPaC/Iblo, BBUAY
BBICOKOTO PHCKA ITPOBOAUTCSI MHOTO HCCJIeOBAHU,
a HCII0Ib3yeMble MaTepHaJIbl OJISKHBI CTPOTO COOT-
BeTCTBOBATH TPE6OBaHI/IHM. B otnu4yue ot APYyTHUX
oTpacieH, MefHULIMHe TPeOyIOTCS He TaKHe 60/b-
mue o6beMBl MaTepHasaa, KOTOpble MOTI'YT ObITH 06e-
CIiedeHbl HhIHEMIHHU MM TE€XHOJJIOTUSAMU II0IyYeHU
HAaHOYACTHII.

HamnpaBieHHUs IPUMeHeHHU I HAaHOYACTHI B 061a-
CTU MeIUIIMHEBI U306paskeHbI Ha PUC.1.

DHepreTuka

B mocnenHHe rofbl B MUPe CyLlecTByeT TPeHJ
Ha II0CTeIleHHBII [epexo]] K aJbTepPHaTHBHOM 9Hep-
reTHKe, a [I0Jly4eHHe BBICOKKX I0Ka3aTesnen sdpdek-
TUBHOCTH HeBO3MOyKeH 6e3 MCII0/Ib30BaHUSI COBpe-
MEeHHBIX TeXHOJOrMM. HaHOTeXHOIOTUU I103BO-
JAT PeIIUTh NPobaeMBbl, KOTOPble IPensiTCTBOBAIU
Pa3BUTHIO a1bTePHATUBHOMN SHEPreTUKHU, B TOM
YHc/le U CHHU3UTh ce6ecTOMMOCTD IMOAydaeMoOH
371eKTPOIHEPIUHU.

B BolOpOAHOL SHepreTHKe HAHOYACTHU LBl UCIIOIb™
3yIOTCSl CPa3y B HeCKOJIbKUX HaIllpaB/leHUIX: GOTO-
3JIeKTPOXHMMHUECKOe pa3jiokeHHe BOAbl, GOTOKa-
TaJIMTHYeCKoe Moly4YeHHe BOLopo/ia, TBepAoTe/b-
HOe XpaHeHHMe BOJ0POo/ia U TOIJIHBHbIE 31eMeHTEHI
C IPOTOHHOOOMEeHHOM MeMbpaHOoM. OKCHABI TUTAHA
Y I HKA SIBJISIIOTCS [10J1yIIPOBOJHKMKAMH C IMIHUPOKO
3ampelleHHON 30HOM M MCIIONB3YIOTCS B KauecTBe
doToaHoma A1 pasaokeHHUs BoAwl [31]. [lng mony-
YeHHUs BOJOPO/a YaCTO HMCIONb3yeTCsl aTIOMUHUHM,
KOTOPBIH 06pa3yeT OKCH/BI, COeJUHSSICh C KHCIOPO-
JOM K3 BOJIbI, BBICBOOOXK1asl IIPK 3TOM BOJOPOZ,. IIpu
3TOM IJIOIa/b IIOBEPXHOCTH aJIOMHUHUS UTPaeT
3HAYHMMYIO POJIb U IPUMeHeHHe HaHOYaCTHI] alio-
MHHHS MOXeT IOBBICUTh 3P PeKTUBHOCTb ITHUX IIPO-
1eccos [32-34].

OfHO M3 yHUKAJIBHBIX CBOMCTB HAHOYACTHI] 0be-
CIleYMBAeTCsl OTHONIeHHeM 6OJIBIION IIJIOIIA [ bIO
IIOBEPXHOCTHU K 00BeMY, UTO JleflaeT UX I1epCIIeKTHB-
HBIMU JJ11 IPUMeHeHH s B KauecTBe KaTalnu3aToPOB.

El

[AnarHocTuka
Diagnostics
gg HaHo4acTuubl ;
BoccTaHoBneHme B MEANLINHE [locTaBka
TKaHei Nanoparticles neKapcTs
Tissue repair [ INMEdICINES—  Dryg delivery
NeveHne

Obes3apaxuBaHue paKoBbIX OMyxonew [Jlepmatonoruns
Disinfection Treatment Dermatology

ofcancerous tumours

N
& 8

Puc.1. Obaacmu npumeHeHUs HAHOYacmuy, 8 MeduluHe
Fig.1. Applications of nanoparticles in medicine

Energy production

In recent years, there is a trend towards a grad-
ual transition to alternative energy sources how-
ever here achievement of high efficiency levels is
impossible without the use of modern technology.
Nanotechnology will solve the problems that have
hindered development of alternative energy, includ-
ing reducing the cost of electricity produced.

In hydrogen energy, nanoparticles are used in sev-
eral applications: photoelectrochemical water decom-
position, photocatalytic hydrogen production, solid-
state hydrogen storage and proton exchange mem-
brane fuel cells. Titanium and zinc oxides are wide
bandgap semiconductors which are used as pho-
toanodes for water decomposition [31]. To produce
hydrogen, aluminium is often used to form oxides by
combining with oxygen from water, releasing hydro-
genin the process. At the same time, the surface area
of aluminium plays a significant role and the use of
aluminium nanoparticles can increase efficiency of
these processes [32-34].

One of the unique properties of nanoparticles is
provided by their large surface area to volume ratio,
which makes them promising for use as catalysts. For
example, efficiency of platinum and palladium based
catalysts [42], suitable for use in fuel cells, is signifi-
cantly increased by the use of nanoparticles. The deg-
radation rate of such catalysts is 7-8 times lower than
that of conventional ones [35]. Other promising cata-
lysts are tungsten, vanadium, cerium, copper, zinc
and titanium oxides, etc. [36-42].

Nowadays, the main ways of storing and trans-
porting hydrogen are liquefaction and compression
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Tak, HanpuMep, 3¢PeKTUBHOCTh KaTaaKu3aTopa
Ha OCHOBe IUIATHUHBI U HaJNafgus [42], IPpUTOLHOIO
ISl UCIIOB30BAHHSA B TOIJIUBHBIX 3JIeMEHTaX,
IIpPH IPUMeHeHHUH HAaHOYACTHI] 3HAUYUTEJIBHO yBe-
nu4duBaeTcs. CKOPOCTh Aerpajaluy TakKUX KaTa-
JN3aTOPOB B 7-8 pa3 MeHbIIe, YeM TPaAHI[HMOH-
HBIX [35]. J[pyTEMHU [epCIeKTUBHBIMH KaTaIH3aTo-
PaMHU SIBJSIOTCS BOIbOPaM, BAHAAUH, LIepHI, Meb,
OKCHJIBI IMHKA U TUTaHA U AP. [36-42].

Ha ceromHSIIHUH OeHb OCHOBHBIMHM CIIoCObaMu
XPaHEeHUsS U TPAHCIIOPTUPOBKH BOJOPOAA SIBISIOTCS
CKH>KeHHe U CKaTHe B Ta3000pa3HOM COCTOSIHUH.
Pa3BUTHe BOLOPOSHON SHePreTUKH TpebyeT HOBBIX
6e3omacHbBIX U 6ojiee melIeBhIX CII0CO60B, OMHUM
M3 KOTOPBIX MOKET OBITh CHHTE3 HAHOUACTHIL] C Pa3-
BUTOM IIOBEPXHOCTBIO. B IIepByIo ouepenb HHTepecC
IIpefCcTaBaAsieT MAarHUM M3-3a CBOEM pacHpocTpa-
HEHHOCTH, a TAK3Ke MHOTOKOMITOHEHTHBIE a3POTeNH
Ha ero ocHoBe [31, 43, 44].

OnHOM U3 npobsemM COMTHEUHOH SHEPreTUKU
SIBJISIETCS 3AIbIJIEHHE [IOBEPXHOCTE!, UTO CHUKAET
30 PeKRTUBHOCTE COTHEYHBIX 3JIeMeHTOB. B 2012 roxmy
Obl1a BBINYII€HA CepPHUsI ITaHeleH, B KOTOPBIX HCIIONb-
3yIOTCSI CAMOOYHINAIOIIKeCs] CTeK/Ia C HAHOIIOKPHI-
TUsIMHU [45]. KpoMe Toro, pa3jauyHble HAHOYACTUILBI
HCIIONB3YIOTCS B KaueCTBe BBICOKOIIPOK3BOAUTENb-
HBIX IT0JIyIIPOBOJHHUKOB N- U P-THIIA, A TAKKe B Kaue-
CTBe 3aMEeHBI OPraHUYECKUX KPACUTEJIEH, UTO TaKKe
BJIMSIeT Ha BBIXOJ JHEPIUHU COMHEUHBIX 3IeMEHTOB
[46-51].

B TpaAMIIMOHHOM yIJNIeBOJAOPOLHOMN SHEpPreTHKe
TOXKe eCTh MeCTO HaHOYAaCTULIaM. Tak, HAaIIpUMep,
KCITONIb30BAHUE SKUIKOCTEH C HAHOYACTUIIAMH (KOJI-
JIOMI0B) IT03BOJISIET [IOBBICHU T U3BJIEKAEMOCTh HebOTHU
Y3 roponbl. OBbIYHO )11 ITOBBIIIEHU ST HePTeOTHAYHN
HCIIONB3YIOT XUMHUUeCcKoe, TepMHUUeCKOoe HUJIH I10TH-
MepHOe 3aBOJLHEHHe, OLHAKO Pa3IoKeHHe IIOJIHU-
MepPOB U ITOBEPXHOCTHO-AaKTHUBHBIX BELIECTB BIeYET
HOOIIOJIHUTEIbHBIEe 3aTPAThl M HaTrpy3Ky Ha 3KOJI0-
ruto. [lepCcrieKTUBHBIM METOZIOM IIOBBIIIEHU I HedTe-
OTJAYU SABISIOTCS HAHOYACTULBI OKCUI0B MAaTHU S,
ATIOMHUHUS, LIUHKA, GUPKOHUS, 0JI0BA, Keje3a,
HUKeJsl, THAPOGOOHOr0 OKCHUAA KPEMHUS U OKCHUA
KpeMHHUSsI, 06paboTaHHOIO CUJIAHOM, IIpeKJe BCero
3a CYeT U3MeHeHM s CMauyMBaeMOCTH, yIyUlleHHUs
IIOJBUKHOCTH 3aXBaueHHOM HeTH, YCUIEHUS KOH-
COMUIALMH ITeCKOB U CHUKeHU S Meskpa3HOoro HaTs-
sKeHus [52, 53].

HampaBieHus IpUMeHeHU s HAHOYACTHULL B obi1a-
CTH 3HEPTeTHKH HU306paskeHBbl Ha PHUC.2.

JneKTPOHMUKA

OnHoO U3 IIepBBIX IIPOMBIIIJIEHHBIX HpI/IMeHeHI/IfI
HAaHOYaCTHUIL B 3JIEKTPOHHKE ~ I1aCThI OJI IIPUIIOA,
TaKHe IIPUIIOU OTIHNYAI0TCsA BBICOKOM IIPOYHOCTbBIO,
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in gaseous state. The development of hydrogen energy
requires new safer and cheaper methods, one of them
could be nanoparticles due to their surface area. First
of all, magnesium is of interest because of its prev-
alence, as well as of the multi-component aerogels
based on it [31, 43, 44].

One of the problems of solar energy is surface dust-
ing, which reduces efficiency of solar cells. In 2012,
a series of panels were released that use self-clean-
ing glass with nanocoatings [45]. In addition, various
nanoparticles are used as high-performance n- and
p-type semiconductors and as a substitute for organic
dyes, which also affects the energy yield of solar cells
[46-51].

There is also a place for nanoparticles in the con-
ventional hydrocarbon energy. For example, the use
of fluids with nanoparticles (colloids) can increase
recoverability of oil from rocks. Chemical, thermal
or polymer flooding is generally used to enhance oil
recovery but degradation of polymers and surfactants
entails additional costs and burdens on the envi-
ronment. Nanoparticles of magnesium, aluminum,
zinc, zirconium, tin, iron, nickel, hydrophobic sili-
con oxide and silane-treated silicon oxide are prom-
ising methods of enhanced oil recovery, primarily by
changing wettability, improving mobility of trapped
oil, enhancing sand consolidation and reducing
interfacial tension [52, 53].

The energy production applications of nanoparti-
cles are presented in Fig.2.

Electronics

One of the first industrial applications of nanopar-
ticles in electronics is in solder pastes, such solders
have high strength, wear resistance and heat resis-
tance due to their intermetallic composition [54].

Some metal oxides have the properties of semicon-
ductors with tunable bandgap width, their films are
of great interest for micro- and optoelectronics, and
solar cells [55]. Other oxides, such as zirconium diox-
ide, exhibit dielectric properties and can be used as
an insulator in transistors [56].

A number of works indicate the promising use of
silicon nanoparticles [57] and tin [58] in lithium-ion
batteries to increase the reversible power up to 360%,
compared with traditional graphite batteries, with
the particle size having a direct influence on the bat-
tery lifetime. There are also ongoing works on the use
of vanadium oxide nanoparticles as the cathode for
lithium-ion batteries [38], tin oxide [58] for sodium
and potassium-ion batteries and manganese oxide in
lithium-ion batteries [59].

The use of nanoparticles as detection elements can
greatly increase their sensitivity. Due to their small
size, such detectors need only a few molecules to
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Fig.2. Applications of nanoparticles in the energy sector

HM3HOCOCTOMKOCTBIO U TEPMOCTOMKOCTEIO 3a CYeT
HHTepMeTa/IUIOB B cocTaBe [54].

HexkoTopble OKCHU/ABI MeTaJIJIOB HMEIOT CBOMCTBA
MOJIYIIPOBOAHUKOB C I[IepecTpalBaeMOM IMKHPUHOU
3aIlpelleHHOM 30HBI, UX IIJIeHKHU IIPeACTaBsIOT
60BIION UHTEpecC AJSl MUKPO- U OITO3JIeKTpPO-
HHKH, COJTHEUHBIX 3/IeMeHTOB [55]. [pyrye okCUIBI,
HaIllpuMep JUOKCHAA LUPKOHHS, MPOSIBIASIOT
OU3/IeKTPUUeCKHe CBOMCTBA M MOTYT ObITh HCII0/Ib-
30BaHBI B Ka4eCTBe MU30/I1TOPa B TPaH3UCTOpax [56].

Psim paboT cBUIETE/IBCTBYET O MePCIeKTHBHOCTU
NpHUMeHeHHS B ITUTHH-HOHHBIX aKKyMYJIITopax
HaHOYaCTHUIL KpeMHUA [57] 1 onoBa [58] A1s yBenu-
YeHHU s peBepPCHBHOK MOIIHOCTHU A0 360%, 110 cpaB-
HEHHMIO C TPaAHLMOHHBIMHA I'PAaPUTOBBIMH, IIPHU-
YeM pa3Mep 4YacCTHI OKa3blBaeT HeIlloCpeJCTBeH-
HOe BJIHSIHHE Ha CTOMKOCTb aKKYMYJSITOPOB.
Taxske BefyTCsl paboThI [0 IpUMeHEHHUI0 HaHO4Ya-
CTHI] OKCHJI0B BaHaIMs B KadyeCcTBe KaToJa JIMTUH-
HOHHBIX aKKYMYIsTOpoB [38], okcupma onosa [58]
JJISI HATPUU- U KaJIMHU-HOHHBIX, OKCH/IOB MapraHia
B JIMTUHM-UOHHBIX aKKYMYJISITOPOB [59].

IIppMeHeHHe HAaHOYACTHUIL B KadyeCcTBe JeTeKTH-
PYIOLIMX 3JIeMEeHTOB MOKeT 3HaUHTe/IbHO ITIOBEICUTD
MX 4yBCTBHUTEJBHOCTh. 3a CYeT MaJjIoro pasmepa
TaKHM JIeTeKTOpaM [0CTaTOYHO HeCKOJIbKO MoJie-
KYJI AJ151 K3MeHeHH I CBOMX 3JIeKTPHYeCKHUX XapaK-
TePHUCTHK, TAKHMX KaK eMKOCTb HUJIK COIIPOTHBIIE-
Hue. [Iy1s1 o6HapysKeHH I HCII0/b3yIOTCS pa3/THYHbIe
MeTaJIIbl, TaKHe KaK 30JI0TO, IIJIaTHHA, Ha/UIaJuH,
cepebpo, menp, Kob6aneT U Ap., BKIOYAS pefKo3e-
MeJIbHBIe MeTaJI/abl. JJaTYMKH U CEHCOPHl Ha HaHO-
YacTUIAX MOTYT IIPUMEHSTHCS A5l 0OOHAPY>KeHHU ST

Puc.3. Obaacmu npumeHeHUs HAHOYACMUL, 8 3AeKMPOHUKE
Fig.3. Applications of nanoparticles in electronics

change their electrical characteristics such as capac-
itance or resistance. Various metals such as gold,
platinum, palladium, silver, copper, cobalt and oth-
ers, including rare earth metals, are used for detec-
tion. Sensors and transducers based on nanoparti-
cles can be used for gas leak detection, anti-terrorism
purposes as well as for analysis of water, air, soil and
even food quality [60, 61].

The fields of application of nanoparticles in elec-
tronics are shown in Fig.3.

Industry

There are many industries in which nanoparticles
are used. In this section we consider applications of
nanoparticles in products for such industries as avi-
ation, shipbuilding, mechanical engineering, met-
allurgy, agriculture, parts and assemblies for energy
and electronics industries described above, and many
others.

Another important difference between nanopar-
ticles and bulk material must not be forgotten, the
change in thermodynamic characteristics - the melt-
ing point depends on the particle size. Due to the
large number of atoms near the surface of the par-
ticle, the Debye temperature differs significantly.
These properties are of great interest in such pro-
cesses as sintering and mechanoactivation [62].

Nanoparticles are used to fabricate ceramic, matrix
and polymer-matrix composites [63, 64]. Aluminum
and yttrium oxides are applied to make optical ele-
ments whose characteristics cannot be obtained by
other methods [65]. Metal matrix composites pro-
duced using nanoparticles as alloying elements

VoL.16 No.1 2023 NANO INDUSTRY



HAHOTEXHO/OrUU

yTedeK ra3a, B aHTUTePPOPUCTUYECKUX LIeNsX,
a Tak>ke JIJIsl aHA/IM3a KauyeCTBa BOLBI, BO3AyXa, [I0UB
Y IasKe KayeCTBa IIHINeBBIX IPOAYKTOB [60, 61].

HanpaBieHHUs NIPUMeHEHHUSI HAHOYACTHI] B 3JIeK-
TPOHHKe HU300paskeHbl Ha PHUC.3.

lMpombilAeHHOCTb

OdeHb MHOI'O MOXKHO II€PEYHC/ISIT OTPACIeH IIpo-
MBIIIJIEHHOCTH, B KOTOPBIX IIPHMeHeHHe HaHOoYa-
CTHILl MMeeT MeCTO. B maHHOM pa3fJese paccMo-
TpPeHBl HallpaB/JIeHUs IPUMEHEHHS HAHOYACTHIL
B M3[e/MHUX JJIsl TAKUX OTpacjeH, Kak aBHa-, Cyo-,
MaIIHMHOCTPOeHHE, MeTaJIIyPrus, CeIbCKOe X035IH-
CTBO, IeTaJIN U Y3JIBL 151 OIMCAHHBIX BBIIIe SHEPre-
THUKH U 3JIeKTPOHUKHU U MHOTHUX IPYTHX.

Henp3s 3ab6bIBaTh ele 00 04HOM BasKHOM OT/IMUYUH
HaHOYaCTHUIL OT 06beMHOT0 MaTepHana, U3MeHe-
HUU TePMOJHMHAMHUYECKUX XaPAaKTePUCTHUK — TeM-
IepaTypa IJIaBAeHHUS 3aBUCUT OT pa3Mepa 4acTHII.
B cBs3U ¢ 60JBIIMM KOIHMYECTBOM aTOMOB BOIM3HU
[IOBePXHOCTH YaCTHIIBI, TeMIlepaTypa [lebas cyiue-
CTBEHHO OTIHYaeTcsi. Haubonpm KUy HHTEpeC 3TH
CBOMCTBA IIPeCTABISIOT B TAKUX IIpolieccax, Kak
CIleKaHHUe U MeXaHOaKTHUBaludg [62].

HaHoOYaCTHIIBI HCIOJB3YIOTCS OJIsI CO3LAHUS
KepaMHYeCKUX, MATa/JJIOMAaTPUUYHBIX U IIOIH-
MepPHO-MAaTPUYHBIX KOMIIO3UTHBIX MaTepHaIOB
(63, 6G4]. OKCHBI ATIOMHHUS U UTTPHUS UCIIONb3Y-
FOTCSL 1151 CO30aHUSI OIITUYECKUX 3JIeMeHTOB, Xapak-
TePUCTUKHU KOTOPHIX HEBO3MOXKHO IIOJIYYHUTH IPY-
TUMH MeTomaMH [65]. MetanioMaTpUYHbIe KOM-
IIO3UTHI, II0JIyUYeHHBIe C HCII0JIb30BAHHMEM HaHOYA-
CTHII B Ka4eCTBe JIerHPYIOLINX 3/IeMeHTOB, JeMOH-
CTPUPYIOT pabourie XapaKTePUCTHUKH, KOTOPHIe IIpe-
BBIIIAIOT B HECKOJIBKO Pa3 XapaKTePUCTHUKH 06BeM-
HBIX MaTepHaJIoB. B KauecTBe MaTPUILIBl B OCHOBHOM
HCIIOIb3YIOTCS CIIJIABBl ATIOMUHUS, MeiH, TUTAHA,
MarHusl, a yIPOUYHSIONMMH YaCTUIIAMHU BBICTYIIAIOT
OKCHbl, HUTPUIBl U KapOUIbl pa3TUYHBIX MeTall-
0B [66-69]. Tak, HAIpUMep, UCIBITAHHUS Ha pac-
TSORKeHU S 06pasioB U3 06bI9HOr0 craBa AZ91D u ¢
nobaBneHueM 1% 06. HAHOYACTULL HUTPUA ATIOMU-
HUS II0Ka3a/I IIOBLIIIeHHe MeXaHUYeCKUX CBOKMCTB
Ha 44% [69]. HaHouacTHULIBI MOMUOIEHA TPUMEHSIIOTCS
IIJIS CO3MAHU A TAKKUX OTBETCTBEHHBIX 3/IEME@HTOB, KaK
PEeHTreHOBCKHe TPYyOKH, BAKYYMHBIe KJIaIlaHbI [67].

HaHoYacTUIBl HAIIIK MIHUPOKOE IPHUMeHeHHe
B IIOKPBITHSX [36, 63]. B mepByIo ouepenb, A CO3-
OaHus TUAPOGOOHBIX MOBEPXHOCTEH, KOTOPHIE
SABJASIOTCS CAMOOUYMIIAIIUMUCI. HaHOYACTHUIIBI
OKCHU[IAa TUTaHA, KPeMHHUS, LUPKOHUS U [JUHKA,
HaIlpHMep, UCIIONb3YIOTCS IS MOKPBITHS KOPIIY-
COB CYZOB BO M30e>KaHHe HapacTaHUS MHUKpooOpra-
HH3MOB U, KaK CJIeJCTBHUEe, CHUXXKeHUS KOJIHNYeCTBa
npocToes [70].
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exhibit performance characteristics that are several
times higher than those of bulk materials. The
matrix materials used are mainly alloys of alu-
minium, copper, titanium, magnesium, while
the strengthening particles are oxides, nitrides
and carbides of various metals [66-69]. For exam-
ple, tensile tests of specimens made of conven-
tional AZ91D alloy and with the addition of 1%
vol. aluminum nitride nanoparticles showed an
increase in mechanical properties by 44% [69].
Molybdenum nanoparticles are used for develop-
ment of such critical elements as X-ray tubes and
vacuum valves [67].

Nanoparticles have found wide application in
coatings [36, 63] primarily to fabricate self-clean-
ing hydrophobic surfaces. For example, nanoparti-
cles of titanium oxide, silicon, zirconium and zinc
are used to coat ship hulls to avoid microbial foul-
ing and, consequently, reduce downtime [70].

Introduction of nanoparticles into various lubri-
cants helps to improve their tribological proper-
ties. In [71] the effect of bismuth nanoparticles on
tribological properties of BS900 and BS6500 lubri-
cants was studied. At that, as regards light lubri-
cant, the friction coefficient decreased from 0.091
to 0.052 (at particle concentration of 900 mg/l), for
heavy lubricant from 0.074 to 0.047 (310 mg/1).

There are studies confirming the possibility of
using silicon nanoparticles for water purification
(11, 72] and in agriculture [72, 73], but these meth-
ods are not yet widely used.

The fields of application of nanoparticles in
industry are shown in Fig.4.

CONCLUSIONS

The analysis of literature has shown that in recent
years scientists have been actively working to
expand the range of applications of nanoparticles
in various industries. It should be noted that the
application fields of nanoparticles are not lim-
ited to those described, the use of nanoparticles is
growing year by year same as the development of
their methods of manufacture.
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BBeseHHMe B pa3s/IM4YHble Macjla HAaHOYACTHUIL
crmocobCTByeT yaydlleHHIO UX Tpuboisorude-
CKHUX XapaKTepUCTUK. B pabore [71] uccrenosa-
JIOCh BIUSHHE HAaHOYACTHUI] BUCMYTa Ha Tpubo-
JIOTUYeCKHe CBOMCTBa Macesn BS900 u BS6500.
IIpu 3TOM [JISl JIETKOTO Macjaa Ko3QPUIIHMeHT
TpeHHus cHHU3uICS ¢ 0,091 go 0,052 (mpu KOH-
MeHTpaluu JyacTtuly 900 MT/11), OJISI TSSKEJI0Tro -
¢ 0,074 mo 0,047 (310 mr/mn).

EcTp McclIenO0BaHUS, IMOATBEPXKAAKIIHNE BO3-
MOXHOCTb IIPHMMeHeHH S HAHOYACTHUI, KpeMHHU S
IJIS OYUMCTKHU BOABI [11, 72] U B C@IBCKOM XO3SIHMCTBE
[72, 73], ogHaKO MHUPOKOr0 IpUMeHEeHHS 3TH CIIO-
COOBI ITOKA He ITOTYYHIIH.

HamnpapneHus IPpUMeHeHU s HAHOYACTHLL B IIPO-
MBIIIJIEHHOCTH M306paskeHBI HA pHUC.4.
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