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HHPOPMAIIUA AJI1 ABTOPOB

CoopHuK HayuyHBIX TpynoB «HaHocucremu, nanomarepiaau, HaHorexHoJorii» (HHH) ny6aukyer emé
Heony6JINKOBaHHbIE U HE HAXOAAIIMECH HA PACCMOTPEHHUN [JId ONyOJUKOBAHUS B MHBIX N3LAHUAX HAyY-
Hble 0030PBI ¥ OPUTHMHAIbHEBIE CTATHY, COJEPIKAIIe U XapaKTePU3YIOllie Pe3yIbTaThl SKCIePUMEHTAb-
HBIX U TEOPETUUECKUX UCCJIeLOBAHU B 00acT PUBUKY, XUMUY, TEXHUKU, METOA0B CUHTE3a, 00paboTKMI
¥ AUArHOCTUKYM HAaHOPa3MEPHBIX CHCTeM M HAHOMACIITAOHBIX MaTePHAJIOB: KJACTEPOB, HAHOYACTHII,
HAHOTPYOOK, HAHOKPUCTAJJIOB U HAHOCTPYKTYP (2IaTUTONOL00HBIX U AP. OUOCUCTEM, aMOP(MHBIX U KOJI-
JIONIHBIX HAHOPa3MEPHBIX CUCTEM, HAHOCTPYKTYPHBIX IIJIEHOK U TOKPBITU, HAHOIIOPOIIIKOB U T.J.).

CraTby MyOJNKYIOTCA HAa OAHOM M3 JBYX A3BIKOB: aHIVIMICKOM MJIN YKPAUHCKOM.

CraTbu, B 0)OPMJIEHNH KOTOPBIX HE COOJIIOEHEI cieayolye npasuia qid mybaukamnuu 8 HHH, Bos-
BpaII[aloTCsA aBTopaM 6e3 pacCMOTPEHUA IO cyinecTBy. ([laToit mocTymieHnsa cunTaeTcsa JeHb IIOBTOPHOTO
IIPeJCTABJIEHUS CTATHY IIOCJIE COBJIIONeHUsI YKAa3aHHbBIX HIUKe IIPABUIL. )

1. CraTps 10/sKHA GBITH MOANIMCAHA BCEMU aBTOpPaMu (C yKadaHueM HX aJPeCcoB 3JIEKTPOHHOM I10YTHI);
ciaenyeT ykasaTs (paMuINIo, UMA U OTYECTBO aBTOPA, C KOTOPHIM pefaKnus OyAeT BeCTU IEePENucKy, ero
TIOYTOBRIH aspec, HoMep TesredoHa (hakca), agpec 3JIeKTPOHHOM ITOYTHI.

2. NanoskeHne NOJIKHO OBITH SICHBIM, CTPYKTYPUpPOBaHHBIM (paszenamu «1. Begenue», «2. Jkcie-
puMeHTasnbHasA/TeopeTuueckas MeTOguKa», «3. PesysabTraTsl u ux obcyxaeHue», «4. BerBogsl», «Iluru-
POBaHHAS JUTEPATYPa»), COKATHIM, 6e3 AJIMHHBIX BBEAEHUN, OTCTYILIEHUA U IIOBTOPOB, AYOJUPOBAHUSA B
TeKCTe JAHHBIX TabGJIUIl, PUCYHKOB U MOANNCEH K HUM. AHHOTAI[UA U pasxes « BeIBOABI» HOKHEI He 1y0-
JIMPOBATH APYT Apyra. YucaoBble JaHHbIE CJIeLYeT IPUBOAUTD B OOIIEIIPUHATHIX €UHUIIAX .

3. 06BéMm craThu nosKeH ObITH He 60s1ee 5000 ci0B (¢ yIETOM OCHOBHOT'O TEKCTA, TaGJINI], IOLIUCEH K
PUCYHKaM, cIiucka juteparypsl) 1 10 pucyHKoB. Bompocs!, cBA3aHHBIE ¢ IyOanKanueil HAyYHbIX 0030POB
(ue 6osee 22000 cioB u 60 pucyukos), perratorcs peaxosurerneiit HHH Ha ocHOBaHMM mpeABapuUTEIHLHO
IpeoCTaBIeHHOM aBTOPAMY PACIIIUNPEHHON aHHOTAI[UY PaGOTHL.

4. B pefaknuio mpegocTaBiasiercs 1 9K3eMILIADP PYKONNCH € WIIIOCTPATHBHBIM MaTepuajoM, Haleda-
TaHHBIN Ha Oymare ¢popmara A4 yepes JBOIHOI HHTEPBAJ B OAMH CTOJIOEI] C OJHOI CTOPOHBI JINCTA.

5. B pemaxknuio o0A3aTeqbHO IpefocTaBidercs (1o e-mail miu Ha KoMIakT-gucKe) Gaita pykomucu
craThbu, HaOpaHHBINA B TeKCTOBOM pegakTope Microsoft Word 2003, 2007 mau 2010 ¢ HagBaHUEM, COCTO-
AmuM us haMuIny IepBoro aBTopa (JaTuHuIeit), Hanpumep, Smirnov.doc.

6. IleuaTHBII BapUAHT PYKOIIUCH U €€ 3JIeKTPOHHA S BEePCUS JOJKHBI ObITh HACHTUYHBIMU U COJEPIKATD
5—7 ungexcos PACS (8 mocnexnneit pegaknuu ‘Physics and Astronomy Classification Scheme 2010’ —
http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition) u ammorammio (200—-250 cioB)
craTbu (BMecTe ¢ 5—6 Kiaro4eBbIMH cioBaMu). TeKCTHI YKPAaUHOSAZBIYHBIX CTATell JOJKHBI TaKiKe COLep-
JKaTh 3aryiaBre CTaTby (BMeCTe CO CIMCKOM aBTOPOB U aJpecaMy COOTBETCTBYIOIIUX YUPEeKAEHMHIt), pac-
mupensyto anaoranuio (300—350 cioB), KI0UEBBIE CI0OBA, 3aTOJIOBKY TA0IUI U TOAIINCH K PUCYHKaM Ha
aHIIMIICKOM s3bIKe. KpoMme TOro, comepixkaHusi aHHOTAIUM HA YKPAMHCKOM U aQHIJIMMCKOM S3BIKAX
JOJIXKHBI 6]:1’1‘]: UJOEHTUYHBIMU 110 CMBICJIY.

7. PucyHKH (TOJIBKO 4epPHO-0eJIble WJIN MOJYTOHOBbIE C TPaJanyeil ceporo) mIpeJjocTaBIAOTCA Ha OT-
[eJIbHBIX JINCTAX C YKasaHWeM HOMepa PUCYHKa U (paMuUINu IepBoro aBropa. Bce puCyHKY JOJKHBI OBITH
JIOIIOJTHUTEJIHHO IIPE/ICTaBJIEHBI B BUle OTAENIbHBIX (haiiioB (IIPeAIOUTUTENbHO B rpadudeckux ¢popmarax
TIFF, EPS nau JPEG) c HagBarHusaMu, cocToAuMu n3 ¢GaMuIny IepBoro aBTopa (JaTuHUIEH) 1 HoMepa
pucyHka, Hanpumep, Smirnov_fig2a.tiff. KauecTBo minrocrpaimii (B ToM Yucje IOJTYyTOHOBBIX) LOJIKHO
obecreunBaTh X BocupousBegenue ¢ paspemenrem 300—600 Touek Ha gr0iiM. [[OTOJIHUTEIBHO PUCYHKY
IIPeoCTaBIAITCA B hopMarTe IPOrpaMMbl, B KOTOPOI OHU CO3aBaJIUCh.

8. Hapnucu Ha pucyHKax (0COO€HHO Ha IOJYTOHOBBIX ) HaZI0 110 BOBMOYKHOCTY 3aMEHUTH OYKBEHHBIMU
o6o3HaueHNAMY (HaOpaHHBIMU HA KOHTPACTHOM (hoHE), a KpUBbIe 0003HAUNTD I{H(MPaAMU UJIN PASIHIHOIO
THUIA IUHUSMU/MapKepaMu, PasbsACHAEMbIMY B IOAIUCAX K PUCYHKaM uiu B Tekcre. Ha rpadukax Bce
JIMHUY/MapKEPHI JOKHBI OBITH YEPHOIO I[BeTa M JOCTATOYHBIX TOJIIIVH/PAa3MePOB I/ KaueCTBEHHOTO
BOCIIPDOM3BEEHNUsI B YMEHBIIIEHHOM B 2—3 pasa Buje (peKoMeHIyeMas IIMPWHA pucyHKa — 12,7 cm).
CHUMKHU [OJIKHBI OBITh YETKMMU U KOHTPACTHBIMUY, & HAANKUCHU U 0003HAUEHUS JOJIKHBI HEe 3aKDPHIBATH
CYII[eCTBEHHBIE AeTajy (s 4ero MOXKHO HMCIIOJIb30BaTh CTPEJIKM). BMmecTo ykasaHWs B IOJTEKCTOBKE
YBeJIMYEHUs [IPU CHEMKE JKeJIaTeJIbHO IPOCTAaBUTH MaciITad (Ha KOHTpacTHOM (oHEe) Ha OAHOM U3 HAEH-
TUYHBIX CHUMKOB. Ha rpadukax moAnucy K 0CsiM, BBIIOJHEHHbIE HA A3bIKE CTAThH, JOJDKHBI COJEDPIKATD
0003HaueHns (NI HANMEHOBAHU ) OTKJIAJbIBA€MbIX BEJIUUNH U Yepe3 3alsITYI0 UX eIUHUIILI U3MEPEHU .

9. ®opMmyasI B TEKCT HEOGXOJUMO BCTABIATH C IOMOIIbI0 pegakTopa popmysn MathType, mosHoCTHIO
cosmectumoro ¢ MS Office 2003, 2007, 2010.

10. Pucynku, a Tak:ke TaGJUIbI U IIOJCTPOUYHbIE MPUMeYaHUA (CHOCKM) JOKHBI NUMETh CILJIOIIHYIO
HyMepaIuio 10 BCeil craTbe.

11. CeplKu Ha JUTEpAaTypPHBIE NCTOUHUKY CJIEAYET JaBaTh B BHUE IOPAAKOBOIO HOMEpPa, HaleyaTaH-
HOT'O B CTPOKY B KBaApPaTHBIX CKOOKax. CIIMCOK JIUTEepaTyphbl COCTABIAETCSA B IIOPSIKE IIEPBOr0 YIIOMUHA-
HUS UCTOUYHUKA. IIpuMepsl 0POPMIIEHUS CCHLIOK IPUBEEHbI HUYKe; IPOCUM 00paTUTh BHUMAHNE Ha II0-
PANOK CJIeJOBAaHWUA MHUIIMAJIOB U (PaMUINI aBTOPOB, 6ubarorpadMuecKuX CBEAEHUN U HA Pasfe/UTelb-
Hble 3HAKU, a TaKKe Ha HEOOXOAMMOCTh YKa3aHUs BCEX COABTOPOB IIUTHPOBAHHON paboTH U (B KOHIE
KasKI0l cchliKku) eé nudposoro nuaentuduxaropa DOI, ecsiz TaKoBOII MMeeTCA ¥ COOTBETCTBYIOIIEH Iy6-
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OG6s3aTeIbHBIM TPEOOBAHMEM ABJISETCS IPESOCTaBIeHIe JOIIOJHUTEIBHOTO CINCKA IIUTUPOBAHHOM JuTepa-

Typs! (References) B matunckoit rpancaunrepanun (ciicrema BGN/PCGN; pekoMeHAyeMble TPAHCIUTEPATO-
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HU3OTATEJIBCKAA 9TUKA
M IIPEJOTBPAIIEHUE HEJOBPOCOBECTHOM IIPAKTHKH ITYBJIMKAIAIA
Penaxknuunonnas Kojierus cGOPHUKA HAYUYHBIX TPYAOB « Hanocucmemu, Hanomamepiaiu, HaHome-
XHOJ02Il» CJefyeT 9TUUEeCKUM HOPMAaM, IPUHATHIM MEXKIYHAPOAHBIM HAYYHBIM COOOIIECTBOM, U
IesaeT BCE AJIs TPeJoTBPaIlleHus JI0ObIX HapyIIeHuil nx. B cBoell feATeIbHOCTH pefaKIiusA Omupa-
eTcs Ha pekoMeHzanuy Komurera mo sTuke HayuHbIX nyoaukamuii (http://publicationethics.org).

O0s3aHHOCTH peJaKIuu

e Bce mpejcTaBeHHBIE CTATHU PELEH3UPYIOTCS 9KCIIEPTAMU B JAaHHON 00JIaCTH.

o Ilpu paccMOTpeHHU CTaThbM YUYHMTHIBAIOTCS €€ COOTBETCTBUE IIPeJMETHOH 00JacTu, 00O0CHO-
BaHHOCTb, 3HAUMMOCTb, OPUTUHAJIBHOCTb, YNTA0EJIbHOCTb U A3BIK (IPABOIMCAHUE).

o Ilo pesynabTaTaM peleH3WPOBAHUSA CTAThbs MOYKET OBITh HPUHATA K ONYOJMKOBAHUIO 6e3
IopaboTKU, IPUHATA ¢ JOPAOOTKON WM OTKJIOHEHA.

e OTKJOHEHHBIE CTAThU IIOBTOPHO HE PEIeH3UPYIOTCS.

e CraTbu MOryT OBITH OTKJIOHEHBI 0e3 PeleH3WU, €CJU OHU OYEBUAHBIM 00pa3oM He MOAXOMAT
UL TyOJUKaAIUN.

e Pepaknusa npuHUMAaeT pelleHWe O MyOJIMKaIUi, PYKOBOJACTBYSCH MOJUTHUKON KypHAaja, C
YUETOM [eiCTBYIOIIEro 3aKOHOAATEJILCTBA B 00JIACTH aBTOPCKOTO IIpaBa.

e He gomyckaerca K nyOoaukamuy nHGOPMAIUS, €CJIU MMEeTCS AOCTATOYHO OCHOBAHWI moOJa-
raTh, YTO OHA ABJISETCA ILJIATUATOM.

ITpu BHanmuumum Kaxkux-au60 KOH(MIMKTOB MHTEPecoB ((pMHAHCOBBIX, aKaJAeMUUYECKUX, JIUUHBIX)

BCe YYACTHUKU IIPOIiecca peleH3upoOBaHUsA AOJIXKHBI COOOIUTHL 00 9TOM pefkoJuiernu. Bee cmop-

HbIE BOIIPOCHI PACCMATPUBAIOTCS HA 3aCETAaHUN DEeIKOJIIErUN.

IIpuHATHIe K ONYOJMKOBAHUIO CTAThU PAa3MeEIAIOTCSI B OTKPBITOM JAOCTYIle Ha caiiTe cOOpPHUKA;

aBTOPCKHUE IIPAaBa COXPAHSIOTCA 34 aBTOPAMU.

BTuqecmne NIPUHUMIIBI B J€ATEJbHOCTU PELEeH3eHTOB

o PeleH3eHTH OLIEHUBAIOT CTATHHU [0 WX COAEP:KAHUI0, 6E30THOCUTENbHO K HAIMOHAIBHOCTH,
IOJIy, CEKCYAJbHOM OPUEHTAIUY, DPEJIUTMO3HBIM YOeKACHUSIM, STHUUECKOU NPUHAIJIEMHKHO-
CTH WX MOJUTUYECKUM YOeKIEeHUAM aBTOPOB.

o COoTpyOHUKU DENAKIMU He AO/KHBI COOOIIAaTh KaKyI0-Ir60 MHMOPMAIUIO O IOCTYIUBIINX
CTaThbAX JIWIAM, He ABJIAIINMCA PeleH3eHTaMM, aBTOPAMHU, COTPYAHUKAMU PefaKIuud U
U3aTeIbCTBA.

o PeneHsun IOKHBI OBITh IIPOBENEHBI 00BEKTUBHO. IlepcoHaNIbHAA KPUTHKA AaBTODPA HEIPHU-
emisieMa. PeleH3eHTHI 0653aHbI 000CHOBBIBATEH CBOIO TOUKY 3PEHUS YETKO M O0OBEKTUBHO.

o PenensupoBaHue MOMOTaeT M3JATENI0 IPUHUMATDL PEIIeHre W IIOCPEJCTBOM COTPYAHUYECTBA
C PeleH3eHTaM! U aBTOPaMH YJIYUYIIUTH CTATBIO.

e Marepuaibl, HOJyYeHHBIE IJIA PELEH3UN, ABIAITCA KOHPUIEHINAIbHEIMYA JOKYMEHTAMU U
PeLleH3UPYIOTCI aHOHUMHO.

e PemensenT Takke 00s43aH 00palaTh BHUMAHNE PEJAKTOpPA HA CYIIECTBEHHOE WM YaCTUUHOE
CXOJICTBO IIPEJCTABJIEHHON CTAaThbU C KAKOM-I100 MHOM paboToi, ¢ KOTOPOIl PelleH3eHT HeIo-
CPEeICTBEHHO 3HAKOM.

IIpuHIUIBI, KOTOPHIMY JOJIKHBI PYKOBOICTBOBATHCA ABTOPHI HAYYHBIX IyOIMKAIUIT

e ABTOpHI cTaTeil AOJYKHBI IIPEJOCTABJATH TOYHBIN OTYET O BBIMTOJIHEHHOH paboTe M OGBEK-
THUBHOE 00CY’KAeHIe e€ 3HAUNMOCTH.

e ABTOpHI CTAThU JOJIKHBI IIPEJOCTABJIATH HOCTOBEDPHBIE PE3YJILTATHI IIPOBENEHHOrO 0030pa U
aHaIM3a KCCIeJOBAaHUU. 3aBeIOMO OUIMOOYHBIE MIM CHATLCUDUINPOBAHHBIE YTBEPIKICHUS
HEIIPUEMJIEMBI.

e CraTbs LOMKHA COZEPKATh JOCTATOUHOE KOJMYEeCTBO MH(POPMAIUU IS IPOBEPKU U IIOBTO-
PEHUS DKCIEPUMEHTOB HJIM PACUYETOB APYIMMH HCCIeoBaTeasaMHu. MolleHHUYeCKue UIM 3a-
BeIOMO HeIpaBAWBLIE 3aABJIEHUS IIPUPABHUBAIOTCA K HEITUUYHOMY IIOBELEHUIO U SBJIAIOTCS
HENPUEeMJIEMBIMU.

e ABTOpPHI MOTYT IPELOCTABIATH OPUTMHAJIbHBIE PeryjsgpHble u 0030pHbIe pabGorel. Ilpm mc-
TOJIb30BAaHUY TEKCTOBON MM rpadudyecKoil wH(popMamuy, MOJYyUYeHHOH U3 PaboT APYTUX
I, 00g3aTeNbHO HEOOXOAMMEBI CCHIIKYM HA COOTBETCTBYIOIINE IYOJMKAIWN WUIN IUCHMEH-
HOe paspellleHNe UX aBTOPOB.

e TIloxmaua craTbu Gosiee YeM B OAWH KYPHAJ DaCIlleHHBAaeTCAd KaK HEITUUYHOE IIOBeLeHUe U
ABJISIETCA HEIIPUEMJIEMOI.

e ABTODPCTBO [JOJI’KHO OBITH OI'PAaHWYEHO TEMM, KTO BHEC 3HAUMTEILHBIN BKJAJ B KOHIIENIIIUIO,
paspaboTKy, NCIIOTHEHNE WY MHTEPIPETANIO 3adBJIEeHHOTO UCCIEeJOBAHUA.

e lcrouHUKU (PUHAHCOBOH IOANEPIKKY IMIYOJMKYEMOTO HCCIeLOBAHUS MOTYT OBITH YKa3aHbI.
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Development of Technologies for Obtaining Metal Powders
(Iron) from Production Waste and Studying Their Properties

Kh. M. Mamarakhimov and Kh. Kh. Sirojev
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The article discusses the modern methods of fabrication of iron powders,
carries out their classification, analyses the analytical data about powders
made from various types of raw materials. The kinetic regularities of the
reduction of iron oxides are analysed from the point of view of the ad-
sorption—autocatalytic theory. The structure and mechanical properties of
iron powders are considered. The morphology, structure, phase and ele-
mental compositions of the mill scale of the Uzbek Metallurgical Plant are
analysed. Technology for the recovery of scale is developed, including the
following stages: drying at 250-340°C, grinding in a ball mill for 2 hours,
magnetic separation, sieving through a 40-mesh sieve, mixing the charge,
recovery for 2 hours in H, at the temperatures: 650—-700°C (I zone), 950—
1000°C (IT zone).

¥V crarTi posrasmamTbCsa CydacHIi MeTOAM BUTOTOBJIEHHS 3aJIi3HUX ITOPOIII-
KiB, mpoBOAMTBHCA 1X KJacu@ikaimis, aHaJiBylOThCA aHAJITUYHI maHi mpo
TIOPOIIIKY, BUTOTOBJIEHI 3 pidHUX BUAIiB cupoBuHU. KiHeTnuHi 3aKOHOMipHO-
cTi BimZHOBJIEHHA OKcuUAiB PepymMy aHAIIBYIOThCA 3 TOYKHM 30pPYy aJCOpPOIliii-
HO-aBTOKaTaJiTUUYHOI Teopii. Po3riasaHyTo CTPYKTYpy Ta MexaHiuHi BJlacTH-
BocTi mopomikiB 3aiiza. IIpoamanisoBano mopgoJorio, CTpyKTypy, (PasoBuit
i eJleMeHTHHUII CKJIaAM BTOPUHHOI KY’KeJUIl Y30eI[bKOI0 MeTaJypIriiiHoro
3aBoay. P0o3p00/IeHO TEeXHOJIOTiI0 BifHOBJIEHHS KYIKEJNUIli, IO BKJIOUYAE Ha-
crynHi eranu: cymika npu 250—-340°C, muridyBaHHA B KyJbOBOMY MJIMHI
MPOTATrOM 2 TOAWH, MarHeTHe s0araueHHs (BiZJOKpeMJeHHSA), MMPOCiIOBAHHSA
yepe3 40-KoMipKoBe CUTO, 3MilllyBaHHA INIMUXTH, BiTHOBJIEHHA HpOTATOM 2
rogu y H, 3a temmeparyp y 650—700°C (I 3oma) i 950—-1000°C (II 30Ha).

Key words: iron powder, kinetics, reduction, iron oxide, adsorption,
structure, mechanical properties.
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1. INTRODUCTION

The most important task of the economic and social development of
the Republic of Uzbekistan is the acceleration of scientific and
technological progress in all branches of industrial production
through the use of new materials, progressive technologies, and
processes that ensure the predominant output of products with a
decrease in material consumption per unit of consumer properties of
machinery and equipment.

Powder metallurgy, which is one of the promising technologies of
metallurgical and machine-building production, is of great im-
portance in solving the problems posed, the methods of which make
it possible not only to create materials with new quality and
strength characteristics, but also to introduce waste-free or low-
waste technologies for the production of powder metal materials
and products of various appointments based on them.

If in the manufacture of parts by traditional methods (casting,
forging, stamping followed by mechanical processing) the metal uti-
lization factor is 0.4-0.6, then powder metallurgy allows increasing
it to 0.95-0.97 [1, 2].

Powder metallurgy processes, as a rule, proceed at temperatures
lower than in large metallurgy (0.7-0.8 from the melting point),
thereby providing energy savings. The energy consumption of pow-
der metallurgy is 29 MdJ/kg and is significantly lower than the en-
ergy consumption of foundry (34-38 MdJ/kg), cold stamping (41
MdJ/kg), hot stamping (46—49 MJ/kg), cutting (66—-82 MdJ/kg) [4, 5].

Powder metallurgy has one more advantage—environmental one,
because it is not associated with the release of harmful products
that pollute the environment.

A feature of powder metallurgy—the possibility of creating com-
pact materials from mixtures of powders, bypassing the stages of
melting and casting, opens up broad prospects for the development
of new powder metal materials with a variety of properties inherent
both in components of a metallic and non-metallic nature, and aris-
ing from the interaction of heterogeneous nanodispersed systems.

Using the methods of powder metallurgy, it is possible to obtain
composite products from so-called ‘pseudo-alloys’, the components
of which either sharply differ in melting temperature, or do not
fuse at all (tungsten—copper, tungsten—silver, copper—molybdenum,
etc.), but are widely used in electrical and radio engineering, elec-
tronics.

Powder metallurgy methods have created a large group of new
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composite materials, which include dispersion-hardened, antifriction
and frictional, cermets, fibre-reinforced materials, etc. Structurally,
this group of materials is a plastic metal matrix that cements the
inclusions of the hardening phase.

The development of fundamental and theoretical foundations and
new technologies created the prerequisites for expanding the range
and scope of powder products. If 20-25 years ago the bulk of pow-
der products was represented by parts of friction units (antifriction
and frictional), now more than 60% of manufactured parts are
structural, operating under conditions of complex stress and shock
exposure, elevated temperatures, corrosive environments, etc., when
high strength, density, impact strength, special properties are re-
quired from parts [6, 7].

2. THE RELEVANCE OF THE PROBLEM

At present, powder metallurgy is a rapidly developing industry, in-
cluding the production of powders, metals, and alloys with particles
of different dispersion, granules, threads, and other shapes; pro-
duction of various machine parts and devices, tools, and special-
purpose items; development and creation of metallic powder materi-
als and non-metallic substrates; strengthening and restoration of
machine parts and devices, as well as imparting increased mechani-
cal or special physicochemical properties to the surface of products
by methods of coating with powder composite materials.

In this regard, new promising processes for obtaining powder
products are being introduced into practice, as well as new types of
high-performance equipment; great attention is paid to scientific
developments in the field of powder metallurgy and materials based
on them [8].

Among the technological methods for the production of structur-
al products, the method of cold pressing in closed moulds with sub-
sequent sintering has the greatest application [9, 10].

The advantage of obtaining parts in this way is, first of all, high
productivity and the possibility of their mass production without
using or with the use of minor mechanical processing, which reduc-
es waste and metal losses by 10-15 times in the manufacture of
even products with complex shapes [11, 12].

This technology retains inexhaustible possibilities for the crea-
tion of new materials based on iron powders with the additional use
of alloying and heat treatment methods [13, 14].

In recent years, hot pressing technology has been rapidly develop-
ing, which consists of the simultaneous pressing and sintering of
powders, which makes it possible to obtain a dense product with a
certain level of mechanical properties. With hot pressing, it is pos-
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sible to significantly reduce the temperature process and thereby
slow down the recrystallization process that ultimately leads to the
formation of a fine-grained structure and an increase in mechanical
properties in the low-temperature region [15, 16].

In contrast to conventional sintering, the methods of hot mould-
ing of blanks and products are carried out on equipment that is
more complex, require special preparation of the tooling, and are
inferior to it in performance. However, the effect in terms of
strength properties and wear resistance is fully justified from both
the technical and economic points of view. Methods of hot working
with pressure are especially effective in the manufacture of large
products, using difficult to sinter or substandard powders when it
is necessary to obtain high density and strength of products, which
are unattainable under the conditions of conventional sintering.

Large losses of metal occur from corrosion and wear of structures
and machine parts. In this regard, a new direction of powder metal-
lurgy is acquiring great importance in increasing wear resistance
and corrosion resistance by applying powder materials to the sur-
face of products [17, 18].

Various methods of applying layers (surfacing, plasma spraying,
electrophoresis, vapour deposition, detonation spraying, etc.), as
practice shows, due to the small thickness of the coating, cannot
always be effectively used to protect the working surfaces of
equipment parts, tools and technological equipment operating in
hydroabrasive and aggressive environments, at high pressures and
elevated temperatures. Therefore, there is a need for a broad devel-
opment of work on the creation and implementation of technologies
for applying layers of more than 2 mm to ensure reliably a long
service life of equipment units.

In this respect, powder metallurgy methods are promising (cen-
trifugal, sintering, pressing with subsequent sintering, electrical
contact sintering, hot pressing, etc.), which make it possible to ob-
tain layers with high physical, mechanical and operational proper-
ties, and a given structure.

Among these methods, preference should be given to the hot
pressing method, since the application of pressure accelerates the
compaction process and the formation of strong contacts of the
powder coating with the substrate.

However, to solve the problem of strengthening the working sur-
faces of machine parts and mechanisms by applying layers by hot
pressing, it is necessary to study the physical and mechanical prop-
erties of powder layers on a compact basis, to identify the mecha-
nisms of compaction and formation of a joint depending on the pa-
rameters of hot pressing (temperature, pressure, isothermal hold-

ing).
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Thus, based on the analysis of literature data, it can be concluded
that the development of new technological solutions for the pro-
cessing of iron powders obtained from production of waste is possi-
ble only after a wide range of studies of their morphology, struc-
ture, physicochemical and technological properties, since, ultimate-
ly, they determine the conditions for forming and sintering, as well
as the mechanical and operational characteristics of materials based
on iron powders.

To develop technology for producing layers from powder materi-
als, it is necessary to study the kinetics of changes in the density of
the layer and the strength of its connection with the substrate, de-
pending on the type of starting materials and the main parameters
of hot pressing: temperature, pressure, isothermal holding.

3. RESEARCH METHODS

Metallographic, x-ray phase, and electron-microscopy analyses; test
for mechanical properties.

4. STUDY RESULTS

Methods for Obtaining Metal Powder Materials. To obtain iron
powders, a wide variety of methods are used that is explained not
only by the need for powders for various purposes but also by the
search for technologies, which would ensure the production of the
cheap and high-quality powders [19, 20]. The classification of
methods for producing iron powders is shown in Fig. 1.

In terms of composition, all iron powders can be classified into
two groups: low-carbon (iron powders proper) and alloyed iron pow-
ders [21-23].

The first group should include iron powders containing perma-
nent, hidden, and accidental impurities. Permanent impurities in-
clude sulphur, phosphorus, manganese, and silicon, which are pre-
sent in any steel, scale, or ore that can be the starting material for
producing iron powder. The content of these elements in powders is
usually in the range, wt.%: sulphur 0.01-0.04, phosphorus 0.01-
0.05, manganese 0.3-0.7, silicon 0.2-0.4.

Latent impurities (oxygen, hydrogen, nitrogen) present in the
feedstock for the production of iron powder in various quantities,
ranging from fractions of a percent in steels, and ending in percent
in scale and ores and remaining in small amounts in iron powders.

Accidental impurities are entering the starting materials for the
production of iron powders from steels, ores, scrap, and scrap met-
al.
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Fig. 1. Classification of methods for producing iron powders.

The presence of the listed impurities is an inevitable consequence
of the technological process of producing iron powder from carbon
steels, scales, and ores.

The second group should include iron powders containing alloying
elements in quantities exceeding impurity and introduced into the
powder particles by one of the following methods:

1. alloyed iron powders obtained by grinding or spraying alloy
steels, as well as their waste, followed by reduction annealing of
raw materials.

2. alloyed iron powders obtained by surface alloying of powder par-
ticles.

3. naturally alloyed iron powders obtained by reduction of naturally
alloyed ores, pulverized raw materials, or mill scale of alloyed
steels, or from shavings formed during the mechanical processing
of these steels.

Powders of this group obtained by various methods have the fol-
lowing composition, mass.% : iron 98.0-99.0, oxygen 0.02-1.0, car-
bon 0.005-0.12, silicon 0.006-0.64, phosphorus 0.001-0.5, manga-
nese 0.002-0.03, and sulphur 0.005-0.003.

For comparison, we note that the average content of impurity el-
ements in iron powders and cast steels (hot-rolled, carbon engineer-
ing) is approximately the same, except for the manganese content,
which in steels is brought to 0.9 mass.%.

Production of Iron Powders by the Reduction Method. A compari-
son of methods for the production of the iron powder allows us to
conclude that the oxide reduction process is the most promising
method for the production of cheap universal-purpose powder. Giv-
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en the high productivity of the recovery process, the use of cheap
raw materials and high-quality reductants, ensuring the complete-
ness of recovery, correct engineering design, and full automation of
technological cycles, it can be argued that the recovery process is
the most profitable from a technical and economic point of view for
obtaining cheap iron powders [24, 25].

The development of the industrial production of iron powders by
the reduction method was preceded by the development of the theo-
retical foundations of this process.

The kinetics of the reduction of iron oxides were studied, the
equilibrium constants of the ongoing reactions were determined,
and kinetic equations were derived, taking into account the influ-
ence of factors such as the rate of diffusion and chemical reactions
on the process rate [26, 27].

The existing methods for the reduction of iron oxides are classi-
fied according to the reductant used, the type of charge and the
method of feeding it into the reduction zone, the pressure of the
reducing gases, and the process temperature.

The reduction can be both an independent technological process
for obtaining iron powders (the raw material is scale, ore), and the
final part of the technological process in the production of powders
by crushing steel melts with water or compressed air, in which iron
particles are oxidized.

The process of reduction of iron oxides with hydrogen can be de-
scribed by the following chemical reactions:

3Fe,0; + H, = 2Fe;0, + H,O + 5.2 kcal,
Fe;0, + Hy, = 3FeO + H,0O — 15.2 kcal,
FeO + H,=Fe + H,O - 6.7 kcal,
Fe;0, + 4H, = 3Fe + 4H,0 — 43.4 kcal.

According to the adsorption—autocatalytic theory, the reduction
process consists of the adsorption of a reducing gas on the oxide
surface, the destruction of the oxide crystal lattice, the formation
of intermediate oxide phases, and, at the last stage, the metal
phase, desorption of gaseous reaction products from the surface of
particles [28].

The detachment of oxygen atoms from oxides during their reduc-
tion is thermodynamically easier than dissociation because, in the
course of the reaction, the energy of binding of oxygen with a re-
ducing agent is released. As a result, either the activation energy of
the reaction decreases, and the process is accelerated at a given
temperature, or the reaction becomes possible at lower tempera-
tures.
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The acceleration of the chemical interaction of oxides with a re-
ducing agent is also stimulated because the boundary between the
oxide and the metal reduced from it in most cases is a catalyst for
the process, as a result of which, it becomes autocatalytic one. For
this reason, the dependence of the free energy of the formation of
oxides on temperature makes it possible to estimate the relative
thermodynamic strength of these oxides upon reduction [29].
General Principles for the Recovery of Mill Scale. One of the ur-
gent problems of ferrous metallurgy is the use of secondary raw
materials and production wastes in the national economy, which are
not used in the smelting of high-quality metal in open-hearth and
electric arc furnaces.

Such production wastes include scale, which is formed during the
rolling of boiling carbon steels, containing 70-75% iron in the form
of oxides. In the rolling shops of metallurgical plants, tens of thou-
sands of tons of scale are accumulated, the chemical composition of
which depends on the operation of the rolling technological process,
at which it was formed. The purest scale is formed during the cool-
ing of rolled products in cold spans; it is not clogged with oxides
difficult to recover, does not require magnetic separation, and is
cheap and enough clean raw material source for obtaining iron pow-
ders.

Usually, mill scale is heavily contaminated with mechanical im-
purities, unstable in particle size distribution and bulk density,
which greatly complicates its use. Therefore, the scale is first sub-
jected to screening to separate large mechanical inclusions (14 mm?)
from it, then dried at a temperature of 350—-500°C. In this case, the
scale is freed from oils and other combustible impurities [30]. A
dried scale with a moisture content of no more than 0.5% is sub-
jected to magnetic separation to remove non-metallic inclusions,
mainly, silica. Then, the scale is milled in mills to a particle size
of <1.0 mm.

For the reduction of scale with hydrogen, continuous muffle or
tube furnaces with external heating are used. The dross is placed in
trays or boats that move continuously through the hot zone of the
oven. Hydrogen is supplied from the side of the refrigerator and
the counter-flow principle ensures the most complete recovery. The
time required for complete-scale recovery depends on its type, par-
ticle size, layer thickness, temperature, pressure, and humidity of
hydrogen, and other factors.

According to one of the options [31], the reduction is carried out
in a tubular two-zone furnace at 650—-700°C (I zone) and 700-800°C
(IT zone).

In another embodiment [32], the reduction is carried out in a
continuously operating conveyor furnace at 980°C. The recovery
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time is of about 5 hours, and furnace productivity is 90 kg/h.
There is a known method of reducing iron oxides by converted nat-
ural gas at 1100-1150°C [33].

It is proposed to make briquettes from scale and carry out reduc-
tion with natural gas conversion products at 900-950°C (stage 1).
Then, the obtained sponge iron (the degree of recovery is 90-96%)
is ground and additional reduction is carried out in hydrogen at
950-1000°C (stage 2) [34].

The work [35] presents the results of experimental studies of the
reduction of iron oxides with wet hydrogen at normal pressure and
isothermal conditions in the range 390-500°C. As a result of exper-
iments, it was found that the rate of reduction in the kinetic region
of reaction at normal pressure linearly depends on the concentration
of water vapour in the gas mixture at their low content, which can
be explained by a simple blocking of the active surface of the solid
phase by water molecules.

Complete reduction of fine fractions of iron oxides with moist
hydrogen is practically impossible due to the adsorption of water
vapour on their surface. Therefore, the reduction of iron oxides is
advisable to be carried out at moderate temperatures with complete-
ly dried hydrogen in installations operating on the counter-flow
principle.

Experiments have shown that under these conditions, fine oxide
particles with a large specific surface area also have a high reduc-
tion rate at low temperatures.

At the same time, an increase in the specific surface area of par-
ticles by several times does not entail the same increase in the re-
duction rate, which indicates a large influence of the internal poros-
ity of oxides on the reduction process.

Besides, an increase in the reduction temperature to 600-800°C

leads to a sharp decrease in the rate of the process due to recrystal-
lization of the metal powder, and the time required for the complete
reduction of fine oxides (< 0.05 mm) with hydrogen is longer than
the time required for the recovery of larger particles of 0.3-0.4
mm.
Study of the Morphology, Structure, Phase and Elemental Compo-
sitions of Mill Scale of the Uzbek Metallurgical Plant. Considering
that steel at the plant is smelted from scrap metal, one should ex-
pect the presence of a wide range of impurity elements in various
concentrations. Therefore, comparative studies of the morphology
and chemical composition of mill scale and iron oxide grade pure
for analysis (P.F.A.) were presented.

It has been shown that iron oxide particles have a generally
spherical shape, which is typical for a-Fe,O; [16]. The scale under-
study is granules of various sizes (up to 10 mm) of arbitrary shape
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b

Fig. 2. Microstructure of the initial scale (a, x150) and electron-
microscopy structure of milled scale (b, x17.500).
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Fig. 3. Section of the x-ray diffraction pattern of mill scale.

with a porous structure (Fig. 2) [16].

As can be seen from the x-ray diffraction pattern (Fig. 3), the
scale contains wistite (FeO) [0.248, 0.215, 0.151, 0.129, 0.123
nm?®], magnetite (Fe;0,) [0.248, 0.148 nm?], and there are traces of
hematite (a-Fe,0;) [0.252, 0.148, 0.110 nm®] (Fig. 3).

A comparison of the chemical composition of the scale of the
Uzmetkombinat with the results of the analysis of the scale of the
Orsk-Khalilovsk metallurgical plant (Table 1) indicates a significant
difference in their chemical composition.

The scale of Uzmetkombinat is a powder of low-alloy steels.

Before the investigation, the scale was dried at 300-400°C,
grinding in a ball mill at a ratio of the mass of raw materials and
steel balls of 1:1 for 1.3 and 6 hours.

After grinding, magnetic separation of the powder was carried
out on a belt transport shown in Fig. 4.
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Fig. 4. Installation of magnetic separation.
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Fig. 5. X-ray diffraction pattern of reduced iron powder at different tem-
peratures: a—600°C; b—700°C; ¢—800°C.

The scale powder is loaded in portions into the receiving hopper
(1), from which it is poured out by gravity in a layer of 0.5—1.0 cm
onto a conveyor belt (2) made of thin vacuum rubber. The conveyor
belt is driven by two rollers (3) and (4), one of which (4) is a per-
manent magnet. The rolls are driven by an electric motor with a
drive. The powder, moving along the conveyor, reaches the opposite
end, and its non-magnetic fraction is dumped down into the hopper
(5), and the magnetic fraction, as the effect of the magnetic field
weakened, is dumped into the hopper (6). Together with the parti-
cles of the magnetic fraction, 0.05-0.1 mass.% of non-magnetic
particles are entrained by mechanical adhesion, but their concentra-
tion does not significantly affect the quality of the final product.

The average chemical composition of the scale is given in the Ta-
ble 1.

After magnetic separation, the powder is poured into steel and
graphite boats in weights of 0.5, 1.0, 1.5 kg. In this case, the
height of the powder layer was of 10-30 mm.

The reduction was carried out in a stream of hydrogen in a sin-
gle-zone industrial furnace at 600, 700, and 800°C for 1 hour.
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Fig. 6. X-ray diffraction pattern of initial iron oxide (a) and reduced iron
at 800°C (b) for 1 hour.

The reduction of scale at 600°C leads to the formation of a-Fe
(=40%), FeO (=38%), [0.248, 0.153 nm?®] FeO" (=11%), Fe,O,
[0.297, 0.161 nm?®] (= 11%). The total iron content in the samples is
=80 wt.% (Fig. 5, a). The reduction of scale at 700°C forms the
system o-Fe (= 55%), Fe,0; [0.250, 0.116 nm?®], FeO [0.151, 0.123
nm?®] (=23%), FeO" (=15%), Fe;0, [0.161 nm®] (= 7%). The total
iron content in the samples is =87 wt.% (Fig. 5, b). The reduction
of scale at 800°C leads to the formation of the a-Fe (= 70%), FeO
[0.151, 0.124 nm?®] (2 30%), FeO" (= 830%). The total iron content in
the samples is = 94 wt.% (Fig. 5, ¢).

The FeO* phase present in all samples contains 48.5% Fe and
corresponds to the formula Fe,;;0 and corresponds to the prepara-
tion obtained by the decomposition of FeC,O, at 800°C (ASTM, 6-
0711) [37]. FeO* in terms of d(hkl) values differs from FeO present
in the initial scale and is, apparently, a solid solution FeO-Fe;0,
[0.868, 0.251, 0.220, 0.183, 0.163, 0.153 nm®] (based on FeO),
which is usually written as Fe, O (x> 0). To compare the results ob-
tained, we also analysed samples of iron oxide (P.F.A.) reduced at
800°C (Fig. 6, a).

However, due to the high chemical activity of the obtained ultra-
granular iron powders, the presented diffractogram (Fig. 6, b) de-
termines the phase composition of the already oxidized product. It
includes a-Fe, FeO [0.248, 0.215 nm®] and Fe,0,.

The spectral analysis of the samples obtained by reducing the
scale at 700°C is presented in Table 2.

A comparison of the results obtained with the results of the anal-
ysis of the content of impurities in the initial scale (Table 1) shows
that its reduction at 700°C leads to an increase in the concentration
of practically all the elements present. However, in reality, this is
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TABLE 2. Average chemical composition (wt.%) of the iron powder ob-
tained by reduction of scale at 700°C.

Element Si | Al | Ca | Mg | Ba Sr Mn Ti Cr Ag Pb
Mass.% 2.0 2.0 0.06 0.2 0.02 0.02 0.50 0.03 0.08 0.00010.006
Element Zb | Ni | Co | Mo | Sn Nb La Zr Ga Cu |other

Mass.% (0.008 0.20 0.01 0.01 0.003 0.007 0.007 0.004 0.0004 0.15 —

2.03
1.17

1.01 1.43

1.51 &l

1.29 9.48

1 ‘ 2‘.53
20

20-angle reflection

J —intensity

Fig. 7. X-ray diffraction pattern of iron samples obtained by reducing
scale in two stages: 1—650°C (1 hour); 2—800°C (1 hour).

due to the analysis methodology, which does not take into account
the reduction in the volume of dross after its recovery. Neverthe-
less, it can be argued that under the selected reduction conditions,
no significant refining of the product occurs [38].

As can be seen in Fig. 2, the results of electron-microscopy stud-
ies of the reduction products of scale, milled to different degrees of
fineness (10—-500 pum), showed that finer iron powders are obtained
from more dispersed scale, the pyrophoricity of which increases
with a decrease in the reduction temperature that is manifested in
terms of the thickness of the oxide film on the surface of particles.

Under the accepted experimental conditions, the lower layers of
the scale powder are not completely restored due to insufficient re-
covery time (600 and 700°C) or the difficulty of hydrogen penetra-
tion due to the formation of a dense surface crust by sintered iron
particles (at 800°C).
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Based on the data obtained, it was concluded that the reduction
process must be carried out in two stages at 600-700°C and 800°C.
It is necessary to add a baking powder to the scale composition—
soot or iron powder.

Based on these prerequisites, a series of experiments were carried
out to restore scale, ground in a ball mill for 1 hour, in a two-phase
furnace at temperatures: I zone—650°C; II zone—800°C.

For the study, steel and graphite boats were used, and the scale
powder was mixed with 5% graphite or 5—-10% iron powder. The
charge was poured both into clean boats and onto a thin layer of
iron powder.

The results obtained allowed us to conclude that under the select-
ed reduction conditions, soot practically does not contribute to the
reduction process and remains in the charge in a free state.

The best option is to recover the charge, which consists of a mix-
ture of scale (90%) and iron (10%) powders. However, the iron
powder sticks to the steel boat. Therefore, in terms of technology,
preference should be given to graphite boats. The results of x-ray
phase analysis of the product obtained by reducing a mixture of
scale (90%) and iron (10%) in graphite boats in two stages (1 hour—
650°C, 1 hour—800°C) showed that the resulting powder is 98%
from a-Fe [0.253, 0.248, 0.215, 0.129 nm?®] (Fig. 7).

However, during storage, there is the slow oxidation of iron

powder, [0.244, 0.212, 0.150, 0.128 nm?®]; therefore, experiments
proved the need to increase the temperature of the II stage of re-
duction to 950-1000°C (Fig. 8).
Technological Scheme of Obtaining Iron Powders by Reducing
Scale. Preparation of raw materials. If the scale is taken from per-
ennial dumps located in an open area, then it is preliminarily sub-
jected to screening and flotation with running water to remove
pieces of silica and alumina. The scale in the spans of rolling mills
is not subjected to such an operation.

The scale is dried at 250—-340°C to remove moisture, oil, etc. Mill-
ing of scale is carried out in a ball mill at a ratio of the mass of raw
materials and steel balls 1:1 for 2 hours.

After grinding, the powder is magnetically separated on a belt
conveyor equipped with an electromagnetic system to remove parti-
cles of impurities. The yield of the non-magnetic fraction is 3—-10%,
depending on the scale contamination.

The powders are sieved through a 40-mesh sieve to remove coarse
fractions, which are resent for grinding. The amount of the coarse
fraction usually does not exceed 3—5%.

Batch Preparation. To accelerate the reduction process and facili-
tate the circulation of hydrogen, 8-10 wt.% iron powder is added
to the scale powder. The batch is mixed in a mixer or ball mill for 1
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Fig. 8. X-ray diffraction pattern of iron samples obtained by reducing
scale in two stages: 1—650°C (1 h); 2—1000°C (1 h).

Fig. 9. The microstructure of an iron sponge was obtained by reducing the
mill scale, x1000. 1—a-Fe.

hour.
Scale Recovery. The charge is poured into standard graphite boats

with a layer thickness of 25-30 mm, which are placed in the muf-
fles of an industrial furnace consisting of two zones, and a refrig-
erator, and are continuously advanced using a pusher.

The temperature of zone I of the furnace is 650-700°C, zone II is
950-1000°C. Hydrogen is supplied from the side of the refrigerator
and the counter-flow principle ensures the most complete recovery.
The residence time of boats with a charge in each temperature zone
is 1 hour, i.e., the restoration process is carried out in 2 hours.
Grinding of the Sponge Iron. The resulting iron sponge (Fig. 9) is
subjected to grinding in a ball mill for 2 hours.

After grinding, the powder is sieved through a 60-mesh sieve.
Coarse fractions of the powder are returned to the initial cycle for



DEVELOPMENT OF TECHNOLOGIES FOR OBTAINING METAL POWDERS (IRON) 795
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Fig. 10. Technological scheme for obtaining iron powders from the scale of
the Uzmetkombinat.

batching the scale.

The technological scheme for obtaining iron powders from the
scale of the APO Uzmetkombinat is shown in Fig. 10.

Composition and properties of iron powders. The iron powder ob-
tained by this technology is a-Fe and has the chemical composition
shown in Table 3. The results of studying the technological proper-
ties of iron powders are presented in Table 4.



796 Kh. M. MAMARAKHIMOV and Kh. Kh. SIROJEV

TABLE 3. Iron powder chemical composition.

Element Fe | Si | Al |[Mg|Mn| Ba | Ti | Cr
Content, mass.% | 98.9 0.3 0.1 0.01 0.2 0.009 0.001 0.05
Element Zr I S I C | 0, | Ca | Ni | Co |0ther
Content, mass.% | 0.001 0.03 0.05 0.2 0.008 0.1 0.04 0.15

TABLE 4. Technological properties of iron powders.

Particle size, mm |0.16-0.20|0.10-0.16|0.063-0.10|0.05-0.063 | 2°t les
than 0.05
Grading, % 1.5 10-30 20-35 20-30 15-30
Bulk density, g/sm? 2.2-3.0
Fluidity, s/50 g 40

Compressibility at

P =700 MPa, g/sm? 6.5-7.0

5. CONCLUSION

The modern methods of obtaining iron powders are considered, their
classification is carried out, and analytical data of powders made
from various types of raw materials are given.

The kinetic regularities of the reduction of iron oxides are ana-
lysed from the point of view of the adsorption—autocatalytic theory.
The principles of reduction of mill scale with hydrogen are general-
ized, the influence of external factors on the reduction process is
considered.

The structure and mechanical properties of iron powders are con-
sidered.

As concluded, regardless of the production method and raw mate-
rials, iron powders have different properties with the same chemical
composition.

The morphology, structure, phase and elemental compositions of
the mill scale of the Uzbek Metallurgical Combine are analysed. It is
concluded that it is a powder of low alloy steels.

The dependence of the change in the phase composition of iron on
the temperature and time of scale reduction is investigated. As a
result, an optimal mode of obtaining iron powder was developed,
the characteristics of which meet the GOST 9849-86 requirements.

The scale recovery technology has been developed, which includes
the following stages: drying at 250-340°C, grinding in a ball mill
for 2 hours, magnetic separation, sieving through a 40-mesh sieve,
mixing the charge, recovery for 2 hours in H, at a temperature: I
zone—650—-700°C, II zone—950—-1000°C.
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The effect of manufacturing process on the microstructure, phase compo-
sition, and properties of hard alloy VK8 that can be used for the cores of
small armour-piercing ammunitions is revealed. According to the results
obtained by scanning electron microscopy, x-ray phase analysis, and du-
rometry, the sintering kinetics of the hard alloy VK8 allows forming a
fine-grained microstructure with different levels of microstresses, depend-
ing on the production technique, which affects the mechanical properties
of the material.

BceranoBileHO BIJIMB METO/iB Olep:KaHHA Ha MiKPOCTPYKTYDPY, asoBuUil cKIaz
i BractTuBocTi TBepporo cmiaBy BKS, 110 Mo:ke BUKOPUCTOBYBATUCA B AKOCTL
MaTepiany s OpoHeOiliHUX cepAeuHUKiB cTpiiernbkoi 36poi. MeTtomamu pac-
TPOBOI eJIeKTPOHHOI MiKPOCKOIIii, peHTI'eHO()a30BOl Ta JIOPOMETPUYHOI aHAJIi3
BCTAHOBJIEHO, ITII0 KiHEeTHKa IPOIiecy CIiKaHus TBepaoro cimaBy BKS8, zamex-
HO BiJf MeTOny Ofep:KaHHsA, YMOKJIUBIIOE CHOPMYBATU APiOHOBEPHUCTY CTPY-
KTypy 3 Pi3HUM piBHEM MiKpOHAIIPY:KEHb, I110 ()OPMY€E MeXaHiUHi BJIacCTUBOCTI
Marepiany.

Key words: hard alloy, tungsten carbide, spark plasma-enhanced sintering,
electron beam-assisted sintering, radiation sintering, hardness, mi-
crostresses.
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1. INTRODUCTION

The use of materials in the arms industry requires the development of
high performance alloys with a given level of properties. The cores of
small armour-piercing ammunitions are the parts to which high re-
quirements are set; they should have a high penetrating ability, which
is provided by high kinetic energy and intactness of the core after
piercing. This problem is possible to solve by using for the core a mate-
rial with high strength, hardness, and specific weight. The combina-
tion of these characteristics can be achieved by using hard tungsten
carbide alloys. However, the use of standard hard alloy manufacturing
technologies does not provide maximum hardness and strength due to
the growth of tungsten carbide grains during sintering [1-3].

Currently, a mixture of WC—Co fine powders with a particle size of
about 1 um is used in order to provide high mechanical performance of
the hard alloys. One of the ways to create a fine-grained microstruc-
ture consists in the use of nanosize and submicron hard alloy powders
[4-6]. However, the production of nanosize powders is accomplished
by their difficult stabilization and requires energy-consuming grind-
ing in planetary mills or attritors that results in contamination of the
mixture, as well as intense deformation that increases absorbed energy
and ultimately leads to particle growth. A partial solution to this prob-
lem consists in manufacturing carbide nanoparticles by synthesis in
gas phase chemical reactions, or plasma chemical synthesis, which en-
sures a narrower particle size distribution and reduces excess energy
[7]. However, another problem of nanostructure formation in carbide
materials is the process of particle consolidation during sintering. The
sintering in the presence of a liquid phase leads to fast grain growth
caused by intensive mass transfer [8]. The diffusion processes can be
retarded in solid-phase sintering; however, this makes impossible to
get rid of residual porosity.

Traditional vacuum technologies of free sintering are not effec-
tive for producing hard alloy materials with nanostructures or fine
structures. One way to inhibit grain growth in hard-alloy mixtures
consists in applying pressure during sintering, which allows reduc-
ing the consolidation temperature. Such methods include hot static
(HP) and hot isostatic pressing (HIP) technologies [9—11]. However,
the disadvantage of these methods is the high probability of for-
mation of residual porosity in the material, because the consolida-
tion is performed mainly in the conditions of solid-phase sintering.
A promising method of forming non-porous hard alloys with fine
microstructure is spark plasma sintering (SPS), which implements
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rapid heating with a rate of about 400—500 degrees per minute [11—
13]. Heating with high rate, as well as applied pressure, allow to
reduce the sintering temperature to 1200-1300°C. Thus, it is neces-
sary to study in more detail the features of consolidation of the
WC-based hard alloys under the conditions of rapid sintering tech-
niques, including those with electron beam application.

The goal of the work is to establish the effect of sintering condi-
tions on the microstructure, phase composition, and properties of a
hard WC-based alloy with 8% Co (VKS8).

2. EXPERIMENTAL TECHNIQUES

As the object of research, a mixture of VK8 consisting of tungsten
carbide (92%) and cobalt bond (8% ) with an initial average particle
size of 5.5—6.0 um (determined at laser diffraction analyser Mal-
vern Mastersizer 2000, UK) was selected (Fig. 1, a). Since the par-
ticle size of the hard-alloy mixture should be less than 1 um, that is
necessary to activate sintering, the mixture was ground in a drum
ball mill with ethyl alcohol in a ratio of 1:4 for 120 hours. The av-
erage particle size after grinding was 0.80—085 um (see particle size
distribution in Fig. 1, b).

After grinding, a part of the mixture was mixed with a plasticizer
(solution of rubber in gasoline) in order to provide formability. After
mixing with the plasticizer, the mixture was dried in a drying cabinet
at 80°C for 3 hours to remove moisture. Then, granulation was per-
formed by rubbing the mixture through a sieve to ensure formability.
The formation of the mixture was carried out by static pressing in a
hydraulic press under a pressure of 50—-100 MPa, using the scheme of
bilateral pressing, which is necessary for producing parts with a ratio
H/D > 2. After forming, the samples were dried in a drying cabinet at
80°C for 3 hours to remove residual moisture.

The compacts were sintered in different ways: sintering in a vacuum

Y%

Volume, %
Volume,

0 1000
Particle Size, um Particle Size, pm

a b

Fig. 1. Particle size distribution of VK8 particles: initial mixture (a); after
grinding for 120 h (b).
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furnace, electron beam sintering, and spark plasma sintering. Vacuum
furnace sintering was performed in a vacuum electric resistance fur-
nace in graphite backfill (fraction —1 + 063) at 1450 + 10°C with iso-
thermal annealing for 60 min; the samples were heated with a rate of
200°C/h up to 400°C in order to remove gradually the plasticizer; then,
the heating rate was increased to 400°C/h.

Electron beam sintering was performed at ELA-6 unit, which al-
lows implementing sintering of cylindrical samples in both manual
and fully automatic mode with rotation around vertical and hori-
zontal axis. The advantage of electron beam heating is the ability to
change gradually and in a wide range the quantity of applied heat,
as well as the configuration of the heating zone. The unit is
equipped with vacuum equipment of Pfeiffer Vacuum GmbH (Ger-
many). Electron beam sintering was performed for 60 seconds in
different regimes, depending on the current (4—6 mA).

Spark plasma sintering was carried out in graphite moulds using
the unit of KSE®-FCT HP D 25-SD type (Germany) equipped with a
25-ton press and a vacuum chamber (with the possibility of using
inert gas). The mixture in a graphite mould was heated with a rate
of 300°C/min at a pressure of 25 MPa up to 1380°C and annealed at
this temperature for 3 min.

The microstructure of the samples was studied using a scanning
electron microscope REM-106I SELMI (Ukraine). X-ray studies of
phase composition were performed at a RIGAKU ULTIMA 1V diffrac-
tometer (Japan) using the Rietveld and Reference Intensity Ratio
(RIR) methods with CuK,,, (Acyxa =0.1541 nm). The microstresses
were determined by the Stokes—Wilson method using the software of
RIGAKU ULTIMA 1V diffractometer [14]. The HRA (Rockwell) hard-
ness was measured at TK-2 unit by indenting the sample surface by a
diamond cone according to the standard ISO 4498. The microhardness
was measured by the Vickers method on a microhardness tester LHVS-
1000Z (China) with a diamond indenter at a load of 1000 g.

3. RESULTS

The studies of the microstructure of the samples produced by different
methods showed that the porosity was below 0.5% (Figs. 2, 3) that was
confirmed by the results of density measurements by means of hydro-
static weighing; the density of sintered samples was of 14.6 g/cm? that
corresponds to the theoretical density of the VK8 alloy.

The studies of microstructure also showed that the samples pro-
duced by furnace sintering contained small amount of mn-phase
(CosW,C) inclusions, which was confirmed by the results of local
EDS and x-ray phase analyses (Fig. 3).

The hardness of the samples was in the range of 88—-94 HRA. The
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Fig. 2. Microstructure of VK8 alloy produced by different methods: vacuum
furnace sintering (a); electron beam sintering (b); spark plasma sintering (c).

lowest values corresponded to the samples produced by radiation
sintering (88—89 HRA); the samples sintered by electron beam and
spark plasma methods had the hardness not less than 93-94 HRA.

The studies of microhardness showed that after furnace sintering
the microhardness was about 15.0-15.5 GPa, whereas rapid meth-
ods led to its increase up to 17.5-18.0 GPa (Fig. 4).

The microstresses in different phases of the samples produced by
different techniques were also determined (Table).

4. DISCUSSION

The results of metallographic studies revealed that the sintering
conditions, namely the kinetics of the process, has a significant im-
pact on the formation of the structure of the hard alloy. For exam-
ple, furnace sintering leads to the formation of a structure with an
average grain size of 2—4 um (Fig. 2, a), i.e., grain growth occurs
due to recrystallization processes activated by long exposure at high
temperatures. Another feature of the microstructure formed upon
furnace sintering is the precipitation of a certain amount of the n-
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Fig. 3. Results of EDS and x-ray phase analyses of VK8 alloy: microstruc-
ture and local chemical composition after vacuum furnace sintering (a);
diffractograms after vacuum furnace and spark plasma sintering (b).

phase that is caused by the processes of partial decarburization of
the samples. The microstructures of the VK8 alloy after spark
plasma and electron beam sintering are somewhat similar to each
other (see Figs. 2, b, c¢): the grain size is about 1 um, i.e., almost the
same as the size of the particles in the initial powder mixture. It
should be also noted that the increase of exposure time during elec-
tron beam sintering up to 2 minutes can also lead to the formation
of a small amount of the n-phase.

The absence of the m-phase after spark plasma sintering (con-
firmed by the results of x-ray phase analysis; see Fig. 3, b) is ex-
plained by the fact that the process was performed in a graphite
mould, that prevented decarburization.

The results of durometry confirmed the dependence of the prop-
erties on the sintering kinetics: the values of hardness and micro-
hardness fully correlated with the grain size, so the highest hard-
ness and microhardness (93-94 HRA and 17.5-18.0 GPa, respec-
tively) were measured on fine-grained samples after electron beam
and spark plasma sintering. At the same time, furnace sintering
caused grain growth that resulted in lower hardness and micro-
hardness (88—89 HRA and 15.2-15.5 GPa, respectively).

The level of microstresses is one of the characteristics, which deter-
mines the physical and mechanical properties of a material. The meas-
urements of microstresses in the produced samples showed that the
highest compressive stresses were observed after spark plasma and
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Fig. 4. Microhardness (at load of 1000 g) of VK8 alloy produced by differ-
ent techniques: vacuum furnace sintering (I); electron beam sintering (2);
spark plasma sintering (3).

TABLE. Microstresses in the phase constituents of VK8 alloy produced by
different techniques.

Phase CSR" size. A Microstresses
No. Sintering method composition, % S1Z€ A lin phases, GPa
WC | Co WC | Co WC | Co
y Purnace sintering, expo- g, 6 150 235 -4.002 -0.164
sure time 60 min
Electron beam sintering,
2 exposure time 1 min 89 11 365 248 -10.23 -0.69
3 Spark plasma sintering, 99 8 101 89  -6.92 -2.66

exposure time 3 min

Note: “Coherent scattering region.

electron beam sintering (see Table). Higher microstresses appeared due
to higher sintering rates, which were accompanied by nonequilibrium
processes; after electron beam sintering, compressive microstresses in
the WC phase reached —10.23 GPa. The lowest microstresses of —4.002
GPa were predictably observed after vacuum furnace sintering with a
long isothermal exposure, which is explained by the fullness and com-
pleteness of the processes of grain consolidation and partial relaxation
of microstresses during slow cooling.

5. CONCLUSIONS

The effect of sintering regimes on the microstructure, phase composi-
tion, and properties of the hard alloy VK8 has been studied. It is shown
that the conditions of rapid sintering methods, such as spark plasma
and electron beam sintering, provide the formation of fine-grained mi-
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crostructure, high hardness and microhardness in the hard alloy VK8.
The features of the microstructure formation, namely the precipita-
tion of small amount of the n-phase with increasing exposure time dur-
ing electron beam sintering, are revealed for rapid methods. The corre-
lation between the sintering kinetics and the microstresses in the phase
constituents of the hard alloy VK8 is shown.

The studies have shown the prospects of rapid sintering tech-
niques for hard alloys and their advantage over traditional furnace
sintering. The results can be used in the development of the cores
of small armour-piercing ammunitions.
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BniuB TemioBoro pyxy JOMEHHOI CTiHKM HA TepMOIWHAMiYHi
BJIACTHUBOCTI 3aJi3HOT0 IMUJIiHAPUIHOTO HAHOIAPOTY

A. B. IlleBuenko, O. B. Ouitinuk

ITuecmumym memanoisurxu im. I'. B. Kypdiomosea HAH Ykpainu,
0yave. Axademira Bepradcvkozo, 36,
03142 Kuis, Ykpaina

HocrimKeHO BIIUB TEIIOBOrO Pyxy AoMeHHOi crinku ([IC) Ha eHTpomiro Ta
TEILJIOMiCTKiCTh €JIeKTPOHHO1, MarHOHHOI Ta oHOoHHOI ([leb6aiioBoi KOMIIOHEH-
TH) IMiACUCTEM 3aJTi3HOTO MUJIIHAPUYHOTO HAHOAPOTY. 3’sICOBAHO, ITT0 €HTPOIIiA
Ta TeIJIOMiCTKiCTDb, cipuumHeHi nuHaMikoio [IC, MOKyTh OYTH OLHOTO IOPA-
Ky 3 BiITTOBiAHUMY TepMOAWHAMIUHUMYU XapaKTEePUCTUKAMM BKa3aHUX BUIIE
migcucteM. BusHaueHo KpUTUUYHI napaMeTpu (JissMeTep HAHOAPOTY, TeMIlepa-
TYDPY), 32 AKUX Ma€ Miclle TaKe CTaHOBUIIE. 3aIIPOIIOHOBAHO MeXaHi3M 30iJb-
IIeHHS KPUTUYHOTO AisiMeTpa HaHOAPOTY IIIJISAX0OM 3MEHIIIeHHA HOoT0 HaMarHe-
TOBAHOCTH. BCTAHOBJIEHO, IO BeJWUYHHA AiAMeTpa 3aJIisHOrO0 HAHOIAPOTY, 3a
sskoro mosnoBxKHA [IC Tpanchopmyersea y JC y Burmazni BimoxoBoi ToukwH,
CKJIazac 38 HM.

The effect of the thermal motion of a domain wall (DW) on both the entropy
and the heat capacity of the electron, magnon and phonon (Debye component)
subsystems of cylindrical iron nanowire is investigated. As found out, the
entropy and the heat capacity caused by the DW dynamics can be of the same
order of magnitude with the corresponding thermodynamic characteristics of
above-mentioned subsystems. The critical parameters (nanowire diameter,
temperature) for such a circumstance are determined. The method of the crit-
ical nanowire diameter increase by means of the decrease of nanowire mag-
netization is proposed. As ascertained, the iron-nanowire diameter value, at
which the transition from the longitudinal DW to the domain wall in the
form of a Bloch point occurs, is equal to 38 nm.

Karouosi croBa: 3amisuuit HaHOAPIT, HAMarHeTOBAaHiCTh, TOMEHHA CTiHKa, Te-
MIJIOMiCTKiCTh, €HTPOIIid.

Key words: iron nanowire, magnetization, domain wall, heat capacity, entropy.
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1. BCTYII

OpHielo 3 akTyaJdbHMX 3amay (PisMKM HAHOPO3MiIPHMX CHUCTEM € BH-
BUEHHs BJIACTUBOCTeH (pepomarHernux umamomapotiB (PH), sacrocy-
BaHHA AKUX MAae€ BimirpaTu BasKJIUBY pPOJb Y HePCHeKTUBHUX HAHO-,
0io- Ta MemumuHMX TexHoJgoriax. Tak, Hanpukaazn, ®H posraagaioTb
AK OaraToobimAmoui mMaTepidaam AJsS JOCTAaBKHM JiKapChbKHUX IIpemapa-
TiB, JIKYBaHHSA OHKOJIOTIUHMX 3aXBOPIOBAaHb, PO3IrpiBy KpPioKoOHCEP-
BOBaHUX opraHiB i Oiosoriummx Txammu [1-5]. IIpuBabaioe 3acTocy-
BanHa PH y mpuctpoax sbepiranasa gaHux i HaHoceHcopuili [6—8].

BaxkiuBoio mpo0eMo0, BUPIIIeHHA KOl iCTOTHO PO3LINPIOE IIOTE-
HIign BupoBamxkenusa PH, e momyx MexaHisMiB KepyBaHHS iXHIMM
dismunuMu BiaacTuBocTaMu. OmHieo 3 BigmoBimeil Ha mocTaBJIeHY 3a-
JIauyy MOKe CTaTU KOHTPOJIbOBaHA NMHAMiKa MarHeTHUX MOMIIIOK. B
SKOCTi O3HaUeHUX 00’€KTiB IIEePCIEeKTUBHUM BUIJIANAE€ BUKOPUCTAHHSI
momenHux crtinok (IC), mo dopmyioThea B Hamoaporax. Takxi cucre-
MU ABJSIOTH CO00I0 CTiliKi HAHOYTBOPEHHS, AKi MOMiNAIOTL MarHeTHY
cTpyKTypy ®@H Ha obyacTi 3 MPOTUIEKHUMHU HaOpPAMKaMH BeKTOpa
HamaraetoBanoctu. OckinbKu Bcepeauni ®H mpakTuuHOo Hemae Je-
dexTiB (BigBosikaeMocs Bii HeomHOpPiZHOCTell iXHiX MOBEPXOHL, BBAa-
JKAlouM OCTAHHI MOCKOHAJIMMM), TO aJeKBATHUM BUIAETLCI MOIEJb
IC, 110 mepebyBalOTh Y CTaHiI TEILJIOBOTO PYyXy, CepemHsd IMBUIKICTH
SKOT0 BU3HAUaAEThCA TeMmmepaTtypoio ®H.

Buxomguu i3 manoro mogmeinio, B poborax [9, 10] mocrmimxysascs
BILIUB mo3m0B:KHBOI JIC (MarHeTHa CTPYKTypa SAKOI BH3HAUAETHCS
KOHKYpPeHIlielo 00MiHHOI Ta MarHerocratudHoi eHepriii ®H) y depur-
I'PaHaTOBOMY Ta HiKJeBOMY HMUJIIHAPHMUYHUX HAHOAPOTAX Ha iXHI Tep-
MOAMHAMiuHi BiIacTuBOCTi. ByJsio mokasaHo, ITO0 €eHTPOIIiA Ta TEmJI0Mi-
CTKicTb, symoBieHi auHamikoio [[C, MOXKyTh OYTH OOHOTO HMOPAIKY 3
aHaJOTiUHMMU XapaxkTepuctTukamMu (GoHoHHOI ([lebaiioBoi KOMIIOHEH-
TH), MATHOHHOI ¥ eJIeKTPOHHOI (IJIA HiKJEeBOr0 HAHOAPOTY) IIiICuCTEM
@®H. Binwm toro, B crartax [9, 10] mepexbadueno, 1o B cIabKUX Ma-
THeTHUX IOJAX (3HauHO MeHInux 3a 2nM, M — HaMarHeTOBAHICTbL
HAHOAPOTY) B POSTJIAHYTHUX CHCTEMAaxX MAa€ Miclle HeraTMBHUM Marme-
TOKAJOPUUYHUN e()eKT, TOOTO BimOyBaeThcs 3MEHINIEHHS TeMIIepaTypu
HAHOAPOTY 3i 30i/NbIIIeHHAM 30BHIIIIHHOTO MATHETHOIr'o moJid. Jlanumii
pesyIbTaT y3TOI:KYeThCA i3 (PyHAaMeHTAILHUM MIPUHIIUIIOM caMope-
I'YIBOBHUX TEePMOAWMHAMIUHMX cucTeM — mnpuHIunoMm Jle IllaTenbe—
Bpayna [11]. HaBenmeni ¢axTu cBiguaTh mpo MOMKJMBICTH BUKOPUC-
TaHHA ynHHUKA [C Aada BIiImMBY Ha TepMmoauHaMmiuui ctanu ®PH.

Caim sasHaumTH, IO IPOBEJeHi B HaBedeHUX BUINE POOOTaX MOCJIi-
MKeHHs MOKasaju 3MeHIeHHs BIIuBY JIC Ha eHTPOIIiio Ta TemioMic-
TkicTe @H i3 36igbieHHsaM ixHiX migsmerpiB. Byjgo Takosk BCTaHOB-
JIEHO 3aJIe’KHIiCTh BiANOBIAHMX KPUTUUYHUX AiaMeTpiB d. (Makcuma-
JBHUU AifAMeTep HAaHOAPOTY, 3a AKOTO € akTyaidbHuUM uyunHHUK [[C) He
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TiTLKY Bijf TeMmMIlepaTypu HaHouapoty T, aje ¥ Bil BeIMUYMHU HOro Ha-
MargeToBaHocTu M. Y 3B’A3KYy i3 IIMM CTAHOBUTH iHTEpeC PO3TJIAL
aHaJoriuHOl 3ajgaui [Jad 3aJi3HOro HaAHOAPOTY, HaMarHeTOBaHiCTh
SIKOTO TIOMITHO IIePeBUINyE€ HaMarHeTOBAHiCTh (hepUT-I'PAHATOBOTO Ta
HiKJIeBOTO APOTiB. ¥ JAaHOMY BHHOAAKY CJi OUiKyBATH OiJIBII Xapak-
TepHi TeMmepaTypHi 3anexHocti d. (M), ocobmuBo B JlebGaitoBiii o6ia-
cti Temmeparyp. KpiM Toro, BasKJIMBiCTL pOSTIALY 3a3HAUEHOI IIPO-
0sieMU BM3HAYAETHLCA TaKOK i TMM (paKToOM, IO 3aJIidHi HAHOAPOTH €
MEHIII TOKCUYHMM MaTepidsoM, aHik HikmeBi [12], mo pobuth ix
OiMbIlI IPUBAOIMBUMU OJIsI 3aCTOCYBAHHA B TaKUX O0JIACTAX MEIMILU-
HU, AK MarHeTHa Tepamid, agpecHa JOCTaBKa JIIKiB, IIpPOTe3yBaHHH,
HaHOHATpiBaHHA.

3amponoHoBaHa poboTa CTOCYETBHCA MOCIIIMKEHHS aKTyaJbHOCTHU
BILIMBY TEILJIOBOTO PyxXy Mo3moB:KHBLOI JIC HA eHTpPOIIiio Ta TerjoMic-
TKiCTh CKJIATOBUX IIimcucTeM (eJIeKTPOHHOI, MarHeTHOi, ()OHOHHOI)
3aJIIBHOTO IWJIiIHIPUYHOTO HAHOAPOTY, a TAKOMK 3HAXOMKeHHS BiAmo-
BiIHMX yMOB peaJisalrii maHoro sBHIIa.

2. BUPINIEHHA IIOCTABJIEHOI 3AJTAYI

Buxogsauu iz pesyabrariB [9], eHTpomito Sy, i TemaoMicTKiCTL Cpy,
gymoBJieHy pyxom JIC B3mOBK MOBroi oci IMuUIiHAPUYHOTO HAHOJPOTY,
MOJKHA 3aIllucaTu y BUTJISAMII:

S,y = NkBée’” (1+a)1+InD-0,5Ina)+0,5),
(1)

OSpw. = NkBie’“ (0,5+a+a2(1+1nD—0,51na)),

oa 20
me N = nd’L/(4c®) — kinbkicTs (hOHOHIB HAHOZPOTY, ¢ — CTaja I'pa-
THUII 3ajiza, L — OOB:KHHA HAHOAPOTY, d — JiAMeTep HaAHOIPOTY,
k; — BoneumamuoBa crama, a = E,, [(k,T), E,, = nAd’/5 — mose-
pxHeBa enepria JIC, A — craga obminy, & = (A/‘;EM 2)V2 _ egerTUB-
ua mupuna IC, D = d?A"?/@2J2yh), y=2-10'E'/c' — ripomarse-
THe BimHomeHHdA, i — Ilmankosa craia.

3asHaumMo, 1[0 BEeKTOP HaMarHeTOBAHOCTH IUIIHAPUYHOI'O HAHOI-
poTy, uepes HOro akCisiIbHy CHUMETPil0, BU3HAYAETHCSA OCOOJIUBOCTAMU
mar"eTHoi cTpykTypu IIC, camoopranisamii akoi BigmoBimae panm do-
HOHIB y MO3J0BXXHBOMY HANPAMKY HAaHOAPOTY. B mboMy BuUmankry iio-

Cpw = —Q

ro cepepHs HamarHeroBamicts M = -V '0F,,/0H (F,y — BimbHa
eHeprisa, obymosiena remiaoBuM pyxom IIC, V = ndzL/4 — o00’eM Ha-
HOZPOTY) Mae 6yTu HOpMoBaHA Ha 7d’/(4c?) — KimbKicTb (OHOHIB y

IomnepeyHoOMYy HaIpPAMKY. ¥ TOH Ke uyac, TepMOAWHAMIUHI HOTeHITid-
au Fpy, Spw Ta TEMJIOMICTKICTBL Cpy 3ajiedKaTh BiJ 3arajibHOTO YMCJA
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dononis @H, 1o i Bimobpaxkeno y gpopmyaax (1).

Harma amaniza BaHecKy /IC y TepMoamHaMiuHiI BJIACTUBOCTI 3aJIiszHO-
ro HAHOJPOTY IOJIATaTHMeE B IIOPiBHAHHI 3HAUEHb, AKi BU3HAYAIOTHCA
3 BupasiB (1), 3 BiAMOBiAHMMM CIIiBBiZHONIIEHHAMU OJIA HOTO €JIEKT-
POHHOI, MarHoHHOl Ta ()OHOHHOI IIiICHCTEM.

CmouaTKy BpaxyeMO eJeKTPOHHY IIPOBigHicT, HaHomapory. i

. . . nk, T

HBOT'O TEIJIOMICTKICTh eJeKTpoHiB Mae Buraax [13]: ¢, = Nk, B,
‘ 2E,

ne E, — enepria ®Pepmi. Bupaxkaioun B JaHOMY CHiBBiIHOIIIEHHi Te-

mnepatypy T depe3 sMiHHY @, OCTaHHIO (DOPMYJIy HMEepPerunieMo TaKUM
YUHOM:

nB
¢, = Nk , 2
e B2E ()

F

me B=n"?A">Md?*/a.
Amnaiiza Bupasy (2) mokasye, II0 BUpas [IJs eHTpomii S, eJeKTPoH-
HOl mimcucremu @H mae Buraan:

Puc. 1. TemneparypHi 3anesksocti BigHocHOI enTpomii m, =(S, —S,,)/S,
eJIEKTPOHHOI IiAcucTeMu Jis PiBHMX 3HAUYEeHb JiAMeTpa 3aji3HOTO ITWUJIiHI-
puunoro Hauozpory: I — d,=18m, 2 — d,=1,bu8M, 3 — d,=2 M, 4 —
d,=2,5aM, 5 — 1,=0,667."
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Puc. 2. TemmeparypHi 3a/I€KHOCT1 BIAHOCHOI TENNIOMICTKOCTH &, = (ce—cDW)/ c,
eJIeKTPOHHOI mifcucTeMu AJd PisHHX 3HaUeHBL AiAMeTpa 3ali3HOrO IMIIHJ-
puunoro Hauoxzpory: I — d,=18m, 2 — d,=1,buM, 3 — d,=2 M, 4 —
d,=2,5uM, 5 — £,=0,667.%

nB

S, = Nk, —.
2F,

3)

Pesynbrat obumcienb 3a Gopmynaamu (1)—(3) samemmuOCcTel
n, =(S, —Spw)/S, i & =(c,—cpy)/c, Bin smiHHOL @ mna mapamerpis
samiza: M =1,7-10° T'c, ¢=2,866-10"cm, E, =17,784-10 “epr,
A =2-10°epr/cm maBeneno Ha puc. 1 i 2. Byzemo mamami BBaxatu,
mo TepmonuHamiunmii BHecok IIC e axrTyamprum upu S,/S,, ,
ce/cDW <3 (muB. mpawmi n,, & =0,667 ma pucynrax). Toxi masa Bigmo-
BiHUX TeMIepaTypHUX iHTepBasiB eHTpomii AT, i TemnromicTKOCTH
AT,, maemo: d,=1 M, 1,043-10° K> AT, > 120,68 K, 1,043-10° K >
>AT,. >89 K; d,=1,5 uMm, 1,043-10° K>AT, s> 305,015 K, 1,043-10° K >
>AT,.>218,94K; d,=2 uMm, 1,043-10* K>AT, s>597,654 K, 1,043-10° K>
>AT,.>418,57TK; d,=2,5 um, 1,043-10° K>AT, s>1018,48 K, 1,043-10° K>

e,c—

>AT,, > 696,7 K.

3Barkaiouu Ha Te, 10 TeMmIieparypa Kiopi zamiza T,= 1043 K, Bep-
xHi rpanHuni temneparyprux inrepsainiB AT,g ta AT,. oome:xeHi T.
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3 HaBeJeHUX CHiBBigHOINIEHL BUIHO, IO 3i 30iMbIIeHHAM IiAMeTrpa
HAHOJAPOTY 3POCTAIOTh 3HAUYEeHHA HUKHIX rpaHuNb iHTepBaliB AT, g i
AT, ., To0TO Mae Micile 3MeHIIIeHHA BHecKy TemnoBoro pyxy IC B iio-
0 €HTPOIIil0 Ta TEIJOMiCTKiCTh.

SayBasKHUMo, 1110 HaBeJeHi BuIlie 3HaueHHa AT, 31 AT, . icToTHO MeHIIIi
3a TeMIIepaTypy BUPOAKEHHH eJleKTpoHHOI migcucremu (E,/kz=10°K),
IITO0 Y3TOIKYEThCA 3 BUMOIOIO 3acTocoBHOCTHU (hopmy (2), (3).

BpaxoByiounu [14], Bupasu AJA MarsoHHOTO BHECKY eHTpomii S, i
TEILJIOMiCTKOCTH C,, MOYKHA 3aIlCATH Y BUTJIAII:

g _ ONEL(/2(B/RT)”  _ 15Nk((5/2)(B/ksT,)"
" 167 o 32r°

e £(x) — PimanoBa nsera-pyHKILIA.

PesyabraTu mpoBemenux y BimmosimmocTi mo dopmya (1), (4) pos-
paxyHKiB Qyuruiit n, = (S, —Sy,)/S,, 1 &, =(c,,—Cpw)/c, HaBeneHO
Ha puc. 3 Ta 4. fIK i y BUIIagKy eJIeKTPOHHOI IIifiCCTEeMU, CIIOCTEpi-
TaeThCSA 3MEHINeHHSA MiANa30HiB aKTyaJbHUX TEMIEepaTypHUX iHTep-

)

1

Puc. 3. TemneparypHi sanexHocri BigHocHoi enTponii n, = (S, —S,,)/S, Ma-
THOHHOI ITifjcucTeMu IJA PiBHUX 3HAYEHb AiAMeTpa 3aji3HOTO IMMJIiIHAPUIHOTO
mamogpory: I —d,=1um,2—d,=1,58m,3 —d,=2uam,4 —n,, =0,667.3
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Puc. 4. TemneparypHi 3a1eKHOCTi BITHOCHOI TemnomicTkocTH &, = (C,,—Cpw)/C,n
MaTHOHHOI IificucTeMu AJsA Pi3HUX 3HAUeHb JifAMeTpa 3aJIi3HOrO MUIiHAPUYHO-
ro Hanoxpory: I —d, =1um,2—d,=1,5am,3 —d,,=28M,4 —¢,=0,667.

BaniB enrpomnii AT, s i Temnomicrkoctu AT, . 3i 30iibIIeHHAM JigMe-
Tpa HaHoxpory. HificHo, s d,=1um 1,043-10° K>AT,, >137,94 K,
1,043-10°K > AT,,. > 102,46 K; nns d,, = 1,5 um, 1,043-10° K >AT,, o>

>410,6 K, 1,043-10° K>AT,,.>284,34 K; nna d,,=2 um, 1,043-10° K>

m,e =

> AT, s>1030,54 K, 1,043-10°K > AT,, . > 632,4 K.

3asHaumMoO, IO 3aCTOCOBHICTH (opMys (4) BU3HAYUAETHCSI YMOBOIO
T>>1K (muB. [9]), Aka, AK Jerko O0aumTm, J00pe BUKOHYEThCA. B
TOli JKe uac, B obsacti Temmeparyp T <1 K ciaixm BpaxoByBaTu KBaH-
TOBUII XapaxkTep AMHaMiKM mo3moB:KHLOI JIC, AKa saBIAe coboi0 Mar-
HeTHUH coixitou Ttumy ‘kink’ (muB. pobotu [15—18]). [Tosaaxk mmaa ma-
THETHUX HAHOCTPYKTYP CJAYIIHUM € KBasWKJacUuHe HaOJIMKeHHA
[19], TO B ibOMY BUIIAAKY AJSA 3HAXOAMKEHHS CTATUCTUUYHOI CYyMU Ta
BiAMOBIZHMX TEPMOAMHAMIUHUX IMOTEHIIiANIB (BilbHOI eHeprii, eHTpO-
mii, Ti66coBa moTeHIIisANy), 3yMOBIEHUX TeIIoBUM pyxoMm IC, € ciy-
ITHUM 3acToCyBaHHs (opMainismy, BukJageHoro B [9]. IIpu mbomy
cam pyx JIC mae OyTu «IPOKBAHTOBAHUM» Y IUJIIHAPI JOBKUHOIO L.

¥ Bigmosigaocti go [13], Bupasu auaa enTpomii S,, i TemromicTKOC-
TH C,, (PoHOHHOI mixcucremu ([le6aiioBoi KOMIOHEHTH) 3aJi3HOIO APO-
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Ty 3alIuImeMO HACTYIIHMM YMHOM:

4n*(B/k,T,)?
5 b

me T, =464 K — JlebaiioBa TemMIepaTypa 3aJjisa.

3asHaumMo, 1o B obsacti Temneparyp T, >> T >>1 K entpomia Ta
TeIJOMiCTKiCTE (pOHOHHOI HmifcHCTEeMM iCTOTHO HEePEeBUIIYIOTH BiAImo-
BilHi XapaKTEepUCTUKMN eJeKTPOHHOI Ta MarHoHHOl KomIloHeHT. [liiic-
HO, Buxomadu 3 Gopmya (2)—(5), sHaAXOAMMO, III0: Se/Sph Ta #

2 3/2 3

L ~107 [EJ BT 2101 Se i Gnonqo0 Lij (5j =10". B
Con T ) E, S, Con T,

TAKOMY BUIIAAKY MOKHA IIepeadaumnTH, IO 3HAUEHHSA NisMeTpiB 3aJi-
3HUX HAHOIPOTiB, AKi 3a6e3meuyioTh aKTyaJbHiI TeMIlepaTypHi iHTep-
BaJIM, € HAa MOPSAOK MEHIINMH 3a BiJMOBiAHI BeIMUYMHU HOTO €JIEKT-
POHHOI Ta MATHOHHOI HifcHCTEM.

12n*(B/k,T,)’
5 b

S,, = Nk, ¢, = Nk, (5)

1,2

N,

0,4

Puc. 5. TemneparypHi samesxHocTi BifgHOCHOI eHTpomii m, =(S ph—SDW)/Sph
(GOoHOHHOI mifcucTeMU AJA PiBHMX 3HAUEHb AiAMeTpa 3aJi3HOTO IMUJIiHAPUU-
Horo Hauozapory: I — d,,=0,83um; 2 — d,,=0,358M; 3 — 1, =0,667; 4 —
dppor. = 0,3803 uM.®
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1,2—

—-0,4—

-0,8 T T T T T I T T T 1

Puc. 6. TemmeparypHi 3anesxHoCTi BinHOCHOI TemmomicTrOCTH &, = (C ,,—Cpw)/C,p

(GoHOHHOI mifcucTeMU AJA PiBHMX 3HAUEHb AiAMeTpa 3aJliBHOTO IMUJIiHAPUU-
Horo Hamogpory: I — d,=0,88m; 2 — d,,=0,35 5M; 3 — d,,=0,38 HM; 4
—E§,=0,667; 5 —d =0,39 am.°

‘ph,crg

O6uncieHHsa, npoBeAeHi y BiamoBimmocTi mo dopmya (1), (5) (mus.
TAKOXK puc. 5, 6), ysromKyHOTbcA i3 3a3HAaUEHUM BHUIIE HPUIIYIIEH-
vam: d,,=0,3 am, 67,44 K>AT,, s>11,38 K, 45,29 K>AT,, 29,11 K;
d,,=0,35 um, 57,656 K>AT,, s>20,44 K, 43,38 K>AT,,.> 15,43 K;
d,,=0,38 um, 40,62 K > AT,, s> 36,50 K, 38,65 K > AT, .> 22,47 K.

BoueBunab, 110 HaBeAeHi BeIWUNHHN NisSMETPiB, B CHUJIYy iXHBLOI IIOpi-
BHAHHOCTH 3 IIOCTifHOIO I'PATHUIII 3ajiza, Tpeda PO3TIAZATH BUKJIIO-
YHO AK OI[IHOYHi, IIPOTe, TAKMMMU, II[0 BKA3YIOTh HA TEHAEHIiI0 3MiHUI
inrepBaniB AT,, s i AT,, . i3 s0inemennam d,. Cuing sasHauwmrwm, 110
rpannyHi 3HavenHa AT, ¢ i AT,,. € icrorHo menmmumu 3a [leGaiioBy
TEeMIepaTypy 3ajisa, IO Y3TOAKYETbCSA 3 HAOJIMKEeHHIM, 3aKJjaje-
HUM y dopmysax (5), (6).

B BakgouHili yacTMHI IHOro PO3Oijly 3ayBasKMMO, IO OIIHKH,
mpoBeneHi ansa obaactu temneparyp T > T, (a > 1), BKasyoTh Ha cJja-
OKuii BIIMB TemioBoro pyxy JIC Ha eHTpomito Ta TeIJIOMiCTKicTh 3a-
JIIBHOTO HAHOAPOTY B JaHOMY TeMIlepaTypHOMY AiamasoHi — S, / S,
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i cpy /e, <107, ne S,, = 3Nk,(1+InT/T,), c,, = 3Nk,.

2. OBTOBOPEHHSA PE3YJIBTATIB

Buie 6yj10 BCTaHOBJICHO 3MEHINIEHHS AiANAa30HIB aKTyaJlbHUX TeMIIe-
paTypHuUX iHTepBaJiB 3i 30iMbITeHHAM AigMeTpa HaHoApoTy. Maxcu-
MaJIbHO MOMKJIMBE 3HAUEHHs IILOTO IapaMeTrpa OyaeMO PO3TJamaTH B
AKOCTi KpuTuuHOro niamerpa d.. OCKIiIbKM BepXHLOIO T'PAHUIIEIO
AT, ,.s 1 AT,, . € Temneparypa Kiopi T, sauisa, To Oyae IpuUpOSHBO
IO eJeKTPOHHOI Ta MArHOHHOI IIificMcTeM HAHOAPOTY BU3HAUaATU d,,
3 YMOBM PIiBHOCTM HHUIKHIX TI'paHMIIL 3a3HaUeHUX iHTepBaJiB Ti# e
remnepatrypi T.. B Taxomy pasi o0umcieHHA TOKAa3yiOTb, IO
decr 2,52 am, d,, =3 wm i d,., =201 am, d,., =2,33 HM
BigmoBigHO. BOquI/I,Z[b IT0 KPUTUYHOIO TEMIIEPATYPOIO0 PO3TJISHYTHUX
ABuUIl (MaKCUMAaJbHO MOJKJIMBOIO TeMIIEPATypoIio, 3a AKol umHHUK [[C
€ akTyalapHUM) Buctynae T, =1043 K.

B Toi1 ke uac, y BuUmamky (POHOHHOI HifcucTeMu, 3HAUYeHHS 000X
rpanunk inrepsanis AT, s i AT, menmi 3a Tp,. Tomy KopeKTHUM
Oyme BuU3HAYATH KPUTUYHUHN JigMeTep i3 HACTYOHUX yMOB:
Mpis (Do er Jmin = 05 667 i¢g,.(d ph e dmin = 0,667 . Buxopaun 3 HaBege-
HOI'0, 3HAX0IUMO d hcr (f 3803 mm (T = 38,55 K) (mus. puc. 5,
kpusy 4)i d,, ., = ,39 HM (T, or fC) (ouB. puc. 6, Kpusy 5).

ITopiBHAHHA OMep:KaHUX MaHUX 3 AHAJOTIUHMMU XapaKTepPUCTHUKA-
MU HikJeBoro HaHoapory [10] mokasye 3MeHINIeHHA 3HAUEHbL KPUTHUU-
HUX OigMeTpiB micucTeM, IO CKJIaAAIOTh 3adi3Hui HaHoapit. Takwmit
pesyabTaT € Hacaigkom Oinbinoi BeauwumuuM M ocramuboro. CrpaBmi,
301JIBbIITeHH HAMATHETOBAHOCTH HPUBOAUTH OO 3POCTAHHS IIOJS 3He-
Mmar"eryBauHa PH (Ha ogUHUIIO IIJIOIIWHU), AKe, B CBOIO UepTry, Mae€
BiiTIOBiZaT HAHOAPOTY 3 MEHIIIUM OiIMETPOM, IO U BUSABJIAETHCA B
oIep:;KaHMX HAMU KPUTUYHHNX 3HAUEHHAX IIHOT0 IIapaMeTpa.

BaxkauBo 3a3HaunTH, 0 3MiHHA BeJUYHHA 4 ABJsSE cO00I0 BimgHO-
mreHHsa eHeprii mosmoB:xuBOI JIC, AKa mOpPiBHIOE nAdz/S (muB. ¢op-
myay (1)), mo eHeprii TenaoBuX KoamBaHb cuctemu kgT. 3rigHo 3 po-
3paxyHKaMM, KPUTHUYHI 3HAUEHHA a4 3HAXOOATHCSA B iHTepBaii = 3,64—
8,24, mo Bumie 3a 1. [laHuii pesyabTaT BKa3ye HA MOMKJIUBiICTh BILJIU-
By unHHUKa [[C Ha TepMoamMHaAMiUHi BJIACTHMBOCTI HAHOAPOTY.

Bcranosiena Buile 0coduBicTh moBedinku d. (M) yMOMKJIUBIIIOE 3a-
MIPOIOHYBATH IPOCTUI MeXaHidM 30iJbIIeHHA KPUTUYHUX TisIMETpiB
mifcucTeM 3aJIi3HOTO HAHOAPOTY IIIAXOM 3MEHIIeHHA HOro HaMarHeTo-
Banoctu. Tak, smenurensas M no 10° T'c MPUBOIUTE O0: d =3,13 HM

(T, =1043 K), d(, =3,73 am (T, =1043 K), éz’,;'“j, =2,4 EM

e,cr,

(T,., =1043 K), ,W =278 mm (T, =1043K)id,, , =0,46 um
,.., =332K),d, =048 mm (T, , =26,67 K).
Ilpu M= 10rc d,. =834 HM ﬁcr =256 K), d,, =10,74 um

(T,, =226 K), d =5,85 mm (T

. o =92,3K), d,. =6,58 mm
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(T

m,cr,

o =72,34 K), dph,crs
(Tph,crc =6,8 K).

Jlerko GaumTH, IO 3MEHINEHHd HaMarHeTOBAHOCTHM 3aJIi3HOTO Ha-
HOZPOTY 0 M =10Tc OIpHBOAUTH AO iCTOTHOTO 36GiABIIEHHS KPUTHY-
HUX OiAMETPiB MO0 CKJAJOBHUX IIiJJCHCTEM.

Caig TakoK 3a3HAYNTH, IO 3HAUEHHA KPUTUUYHUX TEMIIepaTyp AJd
eJIeKTPOHHOI Ta MarHoHHOI mifcucrem ajaa M=10° Tc, aki ITOPiBHIO-
1ots 1043 K, ¢ nabamxenumu (1o mianx). BoHu o6yMoBAeH] OJU3BKI-
cTio euTpomnii Ta Tenaomictroctu [C (3a mammx mapaMmeTpiB) 10 aHa-
JoriuHMX xapakTepucTuk Aiaa M=1,7-10°Tc. Ik mOKasyo0Th o6umC-
JeHHA, NoJasbille 3MeHIITeHHs HaMarHeTOBaHOCTHU IMPUBOAUTHL /10 3HA-
YeHb €HTPOMIil Ta TEeNJOMIiCTKOCTH, 3HAUHO MEHIIIMX 34 IIoYaTKOBi. B
CBOIO UepTy, TaKNM TepMOJWHAMIUHHM CTAHAM BiAMOBiZaloThL OiabII
HU3BbKI Temmeparypu. Lleit dhakT i BimoOparKkyeThcs y 3HAUEHHAX KPHU-
TUUHUX TeMmieparyp Aaa M=10 Tc, icroTHO MeHIMX 3a Biamomimmi
BeJIMUMHU 3aJi3HOTO HAHOAPOTY 3 HaMarHeroBaHicTio M =1,7-10°T¢.

3azHaumMo, 110 mo3aoB:KHA [[C yTBOPIOETLCS B AOCTATHBO TOHKUX
HaHoOApoTax. 30iJbIIeHHA AiAMeTpa HAHOAPOTY NPUBOAUTHL A0 TPAHC-
dopmanii gamoi HC y BioxoBy TOUKy, AKa aABJAE coDOI0 MarHeTHY
CHHI'YJIADHiCTh («MarHeTHmil iskak»). [I HAMATHETOBAHICTb MO’KHA

=235 mm (T, =85K), d,, =24 au

h,erg h,cr,

. r .
npeactaBuTu y Buraami M(r) = M — (r — pagiroc-BeKTOp, HpPoOBene-
r

HUil 3 IeHTPy Ba0X0BOI TOUKM Y JOBiJABHY TOUKY edeKTHUBHOI ciepn,
uto obmerkye ii maraetHy cTpyKTypy) [20]. Bigmosigto, emepria Buo-
XOBOI TOYKM BHU3HAYACTLCS OOMIHHOI0 B3a€EMOII€I0 Ta CTAHOBUTL

W =AM I dr(VM(r))2 = 8nAd . IlopiBHsSAHHS IBOrO BUpPAa3y 3
r<d

ereprieio E,, mokaaye, mo y @H, mismerep axux d > 86 (xna samisa

d > 38 um), peanisyerhea [IC y Buraazni BioxoBoi Touku.

Hanpukinmni saszHaunMo, II[0 HaABHICT, Yy MarHETHHX COJITOHIB
edexTuBHOI Macu [21-23] yMOMKAUBIIOE PO3TIALATH Mo3M0BKHIO JIC
i BioxoBy TOUKy AK KBasmuacTUHKM. Tomi, BpaxoByoouM, IIIO CUMET-
pig mMarHeTHOl CTPYKTypu BJOXOBOI TOYKM «BUIIE» CUMeTPii mosjo-
BsxkHBOI JIC, 3a aHajoriero 3 pesyjabTaramu pobortu [24], caix ouikry-
BaTH OLILIN ciaabkuii BuamuB TemyoBoro pyxy HC y Buraani Biaoxosoi
TOUKH Ha TepMOJMHaAMidyHi Ta MarHeToKaJiopuuHi BiactTuBocTi ®H.

3. BUICHOBRH

BcranoBieHO, M0 €HTPOHiA Ta TENJOMICTKICTh, CIPUUYMHEHI TeILJIo-
BUM PYXOM mo3AoBKHBLOI JIC, MOKYTh OyTH OJHOTO MOPAAKY 3 €HT-
poIliefo Ta TEIJIOMICTKICTIO €JIEKTPOHHOI, MarHoHHol Ta (OHOHHOI
([ebaitoBol KOMIIOHEHTH) MiICUCTEM 3aJIi3HOTO NMUJIHIPUUYHOTO HaHO-
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IpOTYy.

Busznaueno KpuTHUYHI 3HAUEHHS AiAMETPIiB i TemMmepaTryp HAHOIPO-
Ty, SIKi BiAIIOBiZaOTh 3a3HAUYEHOMY CTAHOBUIITY.

IloxasaHo, 1110 3MEeHITIIEHHSA HAMarHEeTOBAHOCTH HAHOAPOTY ITOCUJIIOE
ynHHUK BILINBY [IC Ha eHTpPOIIilo Ta TemJIOMiCTKiCTh HOTO CKJIATOBUX
migcucreM.

Ilepenbaueno 6inmbin caabKuit BIuB TemnoBoro pyxy JC y Buraami
Bi0oxoBOiI TOUKM Ha TepMOAMHAMIUHI Ta MarHeTOKAJIOPUUYHI BJIACTH-
BOCTi (hbepoMarHeTHUX HAHOAPOTIB.

PosriguyTti B poboTi ABUIA MOMKYTH 3HAUTH IPAKTUUYHE 3aCTOCY-
BaHHA B TEXHOJIOTiAX, IO I'PYHTYIOThCA HA TEPMOAMHAMIUHUX BJIaC-
TUBOCTAX (pepoMarHeTHUX HAHOAPOTIiB, AKi mictare IIC.
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tem for cylindrical iron nanowire with different diameters: 1—d, 6 =1 nm; 2—d, =1.5 nm;
3—d, =2 nm; 4—n,, =0.667.

4 Fig. 4. Temperature dependences of relative heat capacity g, = EnTCw of the magnon sub-

m

system for cylindrical iron nanowire with different diameters: 1—d, =1 nm; 2—d, =1.5
nm; 3—d, =2 nm; 4—n, =0.667.
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Bmepmre BuroroBiieHo dotouyTauBi miogm IlorTri rpadir/n-Si muaaxom
eJIeKTPOHHO-IIPOMEHEBOT'0 BUINIAPOBYBAaHHSA rpadiTy Ha migkaaguHKu 3 Si n-
tuny npoBinuHocTu. Ilokaszano, mo crBopeHi ¢otouytausi miongm IMMorTki
rpadit/n-Si MaTh BUCOTY IIOTeHIIisgabHOTO O0ap’epy y 0,46 eB i Taki ¢oro-
eJIeKTPUYHI mapamMeTpu: Hampyra xojoctoro xoxy V,.=0,33 B, ctpym Kopo-
Tkoro 3amMukaHHa I, = 0,38 MA, Koedimienr sanoBuenna FF = 0,35 3a ocsi-
tiaerHs y 80 mBr/cm®. Ixmi uyTamBicTe IO eleKTpPOMAarHETHOrO BUIIPOMi-
HEHHs Ta YYTJAWBICTH IOAO BUSBJIEHHSA 3HAXOLATHCA Ha PiBHI cBiTOBHMX
amajyioriB; Tomy Taki giogm IIloTTKi MOKyTH OyTH YCHIiIIIHO BUKOPHCTaHI
IJIs1 BUTOTOBJIEHHA (POTOIpUIMAUiB.

This paper presents the results of studies of the physical properties of
photosensitive Schottky graphite/n-Si diodes fabricated by deposition of
the thin graphite films by the electron beam evaporation in a universal
vacuum system Leybold—Heraeus L560 from compressed pellets of graph-
ite powder onto the substrates of n-type Si. The current—voltage charac-
teristics (at different temperatures) are measured. The dominant mecha-
nisms of the current transfer through the Schottky diodes in forward bi-
ases are determined. As revealed, the dominant current-transport mecha-
nism is conditioned by the generation—recombination processes. The pho-
tosensitive Schottky graphite/n-Si diodes possess produce a maximum
short-circuit current I,,=0.38 mA, an open-circuit voltage V,,=0.33 V,
and a fill factor FF=0.35 under standard illumination conditions (80
mW /cm?). The sensitivity (R) and detectivity (D) are determined. As es-
tablished, the studied Schottky graphite/n-Si diodes can be successfully
used as ultraviolet-radiation detectors in the photodiode mode of opera-
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1. BCTYII

IIpuanumoBMMHY 3acajaMHu TEeXHIUHOTO IIPOI'PECY € PO3BUTOK eHepre-
THUKMN, aBTOMAaTHU3allisd BUPOOHUIITBA TAa PO3POOKA HOBUX MAaTepisiis.
Taxi HOBI MaTepisiiu MaOTh BiAIOBiZATH CKJIAIHUM BHMOTAM CyYac-
HOI TeXHiKM CTOCOBHO a00 OKpPeMUX, JOCTATHLO UiTKO BHUPAKEHUX Xa-
PAKTepUCTUK, a00 KOMILIEKCiB BJIACTHBOCTEI.

Kapbou — 1ie ommH 3 HaWmomIMpeHimmux ejgeMeHTiB y BcecsiTi 3a
macoro micaa Iigporemy, Temito #1i Oxcureny. Tako 1e — oauH 3
HaAWMOOMINPEHIINX eJeMeHTiB Ha Hammii maaneti. Atomu KapGony
MalOTh BJIACTHBiCTL TriOpmamsarlii cBoOiX eJIeKTPOHHUX opdbitamei y
dopmMyBaHHI XeMiuHMX 3B’fA3KiB, II[0 IPUBOAUTL M0 HASIBHOCTH Pi3-
HUX #oro ajorpounumux ¢opm. HalimomupeHimumMu 3 HUX € rpadit Ta
IisMaHT, AKi MaoTh KapAnHAJbLHO PisHi (isuuHi BaacTHBOCTI.

I'padiToBi cTpu:KHi BUKOPHUCTOBYBAJINCSI y KPUCTAJIIUHUX OETEKTO-
pax mpuMiTHBHMX pagiompuiiMauiB. OgHaK IIIMPOKE 3acTOCYBAHHS
BYTJIEIIEBUX i BYTJICIIEBMiCHMX MAaTepPisiiiB B eJeKTPOHIIL 1 omToese-
KTPOHIIli posmouasiocs IIicis BIAKPUTTS ciMeiicTBa BYIJIEIIeBUX Ha-
HOMAaTepiamiB: (yjaepeHiB, ByIrieleBUX HAHOTPYOOK i rpadenis, za
o Oymo mpucymxeHo aBi HoOemiBebki mpewmii 3 ¢isuxu B 1998 Ta
2010 poxax.

CTBOpeHHs HAIIBIPOBIAHMKOBUX IPHJALiB 3i crabiipHMMHU mapa-
MeTpaMHt Ta BiATBOPIOBAHMMM XapaKTepPHCTHKaMHU MHOB’sd3ame 3 BHOO-
poM MaTepisaiiB, IO BiAmoBimaioTh meBHUM Bumorawm [1, 2].

Hemasmo rpagir 0ya0 BUKOPHCTAHO [AJA BUTOTOBJIEHHS HOBITHIX,
€KOJIOTIiYHO YMCTHUX 1 [elleBUX HAHOCTPYKTYPOBAHUX TOHKOILIiBKO-
BUX KOMIIOHEHTIiB €JIeKTPOHHUX IIPUJIAAIB HOBOTO HOKOJiHHA [3, 4].

Binbie Toro, HelomaBHi mOCHiI:KeHHS MOPQOJJOTIiUYHUX i CTPYKTY-
PHUX BJIACTHBOCTEM HapMCOBAHUX IpadiToBMUX ILIiBOK IIOKAa3yIOTh, IO
BOHU CKJIAZAIOTHCA 3 PO3YIOPAIKOBAHUX 3B’sA3aHUX IrpadiTOBUX MiK-
po- Ta HAHOYACTMHOK i HAHOILJIACTiBI[iB 8 MOHO- Ta KiJbKOX rpadeHo-
Bux miapiB. Tomy Taki IUIIBKM € OBOBUMIipHMMN HaAHOCTPYKTYPOBAa-
HUMU 00’eKTamu [5].

Hamri momepenni mocaimxeHHs IIOKasajau, IO PoOOUi eleMeHTH
€JIeKTPOHHUX IIPUCTPOIB MOKYTh OYTH CTBOPEHi Ha OCHOBI TOHKUX
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IIiBOK rpadirTy. 3oKpemMa, MU HOKA3aJl MOMKJINBICTh BUTOTOBJIEHHS
TOHKHUX ILIIBOK rpadiTy ABOMa MeETOAAMM: IIPOCTUM METOAOM IIepeHe-
ceHHsi rpadiroBol miaiBKu, HapucoBaHol Ha coxAxiii (NaCl) migkia-
IUHIT, OJIS BUTOTOBJIEHHS BUCOKOAKiCHUX (POTOUYTIUBUX Oap’epHUX
CTPYKTYP «OJIiBellb Ha HAIiBOPOBimHUKY» [6, 7] Ta MeTomoM eJeKT-
POHHO-IPOMEHEBOr0 BUIIapoByBaHHS [7, 8]. llumMm meTomamMu HaMu
O0yJio BUTOTOBJIEHO (pOoTOUYTIAMBi cTpyKTypu rpadir/SiC [9, 10] i rpa-
¢ir/CdTe [11, 12].

OCKiTbKM CHUJIIIIiHI € OCHOBHUM MAaTepifaJoM CydYacHOI HamiBIIPOBin-
HUKOBOI eJIEKTPOHIKM, CHJIOBOI €JIEKTPOHIKU Ta IeJIioeHepreTuKu, ak-
TyaJdbHUM € 3aBHaHHa crBopuTu mioau IllorTki rpadir/Si i mocaiguTu
iIXHi eJeKTpUYHi Ta (poToeSeKTPUUYHI BJIACTUBOCTI.

2. EKCIIEPUMEHTAJIBHA YJACTHHA

Hia suroroBaenHa gion IIIoTTKI BUKOPMCTOBYBAJM MOHOKPUCTAJIIU-
HUH CHJIILi#l n-TUIly OpoBimHOCTH 3 opieHTaliieo moepxui (100) To-
BiimHOIO y 330 MKM. 3HAUEeHHSA IHTOMOIO OIIOPY Ta KOHIIEHTpAIlil
HOCiiB 3apaAny AJad IUX KPHUCTANiB 3a KiMHaTHOI Temmepatypu (295
K) cranoBuau p =6 Om-cm i n=7,4-10"* cm™® Bignosigmo. 'mubuna 3a-
aaradHa piBHA Pepwmi anaa 6azoBoro marepiany (E,— Ep=0,27 eB)
BM3HAUaAJacsa 3 BUPA3y AJsA KOHIEHTpAIlil piBHOBaKHUX eJIEKTPOHiB:
n = 2(2nm, kT/h*)** exp{—(E, — E,)/(kT)} . 1ll06 yHUKHYTH DeKoMOi-
HaIlii Ha TUJIOBiMl CTOPOHI n-cuiilito Ta 3abe3meuuTH XOpolle 30u-
paHHA QOTOTEeHEPOBAHUX HOCIIB 3apdany, MM BUKOPHCTOBYBAJIU MiJK-
JaAVHKU, AKi BiKe MaJiu TUJIOBUII KOHTAKT i3 BOyJZOBaHMM BHYTPIIII-
HiM 10JieM, 1110 OYB BUTOTOBJEHUU NIJIAXOM HAIOPOIIEHHS IIapy BJa-
CHOTO TiAgporeHizoBaHOr0o amopdHoro cuiinitoo (a-Si:H) ToBiuHOIO Yy
~ 10 um aga macuBallii moBepxHi miaxaagmaku. HacTymuwuit map cu-
JbpHOJIeTOBaHOTO PochopoM TrimporeHizoBaHoro aMoOp(HOIro CHJIIITiio
n" (a-Si:H) ToBmuHOK yv = 20 HM OyB HaHECeHUH [JA CTBOPEHHS i30-
TUITHOTO IIepexony 3 BucoToio Oap’epy vy = 0,1 eB Ha 3axmiit croponi
Si, a ocranHiM Hamocuau 1map Al MeTomoM TepMiuHOTO BUIIAPOBYBaH-
HA.

Burorosnenusa pgiog IIlorTtki rpadir/n-Si O6yao mpoBemeHO oca-
MUKEeHHAM TOHKOI rpaditoBoi muaiBku Ha migkmagmaky Si(100) poswi-
pom 5x5x0,33 MM B yHiBepcanbHi#l BaKyyMmHi#l ycranoBii Leybold—
Heraeus L560 miasixoM BUIApOBYBAaHHS €JIEKTPOHHUM HYYKOM YNC-
TOTO MAaCHUBHOT'O NOJiKpucTagivaoro rpadiry. IHTeHCUBHiCTHL IyukKa
€JIeKTPOHIB, IIBUJAKICThL OCAMKEHHS Ta TOBIMHA ILIIBKU KOHTPOJIIO-
Bajlacs 3a JoImoMoroio KouTpoJsgepa ocamkeHHa INFICON XTC. Vupo-
IOBXK IIPOIlECY OCAKeHHSA SaJUIINIKOBUII THUCK Yy BaKyyMHIil Kamepi
6yB 6msbko 5-107° mb6ap. Ilpormec ocamxenus tpusas 1,5 xB. i3 cepe-
IHBOIO IBUAKIicTIO ocamkenusa y 0,27 am/c (TOBIIMHA ILIiBKM CKJAa-
mana 0nmsbKo 25 HM) 3a Temmeparypu migkjaasuaku y 723 K. Touki
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rpadiToBi ILIIBKM OJHOYACHO HAHOCHJIN HA CKJISAHY IIiAKJATUHKY IJId
aHaJidW IXHiX eJeKTPUYHMX i ONTHUYHUX BJacTuBocTell. EnexkTpuuni
Ta KiHeTUUYHi mapamMeTpd TOHKUX I'pa)iTOBUX IJIiBOK BUMiplOBaJu 3a
JOIIOMOTI'0I0 YOTHPHOX 1 MIICTHOX 30HAOBUX METOLiB BiAIOBigHO.

ComeKTep IPONYyCKaHHA TOHKUX TIpadiTOBUX ILIiBOK Ha CKJISHUX
OiAKJIaJMHKAX BUMIipIOBAJIM 3a AOIMOMOromo crextpodoromerpa CdD-
2000. ExcunepumMmeHTaJbHI gaHi Oyam BUMIpAHI B OiAmDasoHi DOBMKUH
xBuJjb Big 200 mo 1100 uMm 3 KpoxoMm v 1 HM.

CrmexTep OpPONYyCKAHHA TOHKHX TpadiToBMX ILIiBOK JIiHIHHO 3poc-
rae Big 60 mo 85% i3 so0inpmieHHaM moB:xuHMN xBuii Big 300 o 1100
HM.

Jiia ToHKOI rpadgiToBol IJIIBKM OHTOMAa eJeKTpUYHA HPOBiAHICTH,
KOHIIEHTpAIlis eJeKTPOHiB i ixHa ['osmoBa pyxauBicTh OyJIu BUMipaHi
3a KiMHaTHOI Temneparypu: 6=5,8 Om “cm ', n=5-10 cm 2, py=6-1072
cm®B ¢! Bigmosigmo. Umernii monikpucramiurmit rpadir, BUKOpHC-
TAaHUN B AKOCTI MillleHi IJis eJeKTPOHHO-IPOMEHEBOTO BUIAPOBYBaH-
HdA, Mae Ha ABa HOPAAKM BUIMy I['0JIJIOBYy DPYXJUBICTH €JIEKTPOHIB Yy
7,9 em>Blcl.

BoabTr-amIepHi xapakTepucTuku mpociaimiyBanux mion ITorTki Bu-
MiploBaJii 3a CTAHAAPTHOIO METOAUKOI0 3 BHKOPUCTAHHAM TOYHOTO
demTo/miko-ammepmerpa Keysight B2985A i3 BOygoBaHuM mKepesiom
(£1000 B); B akocti BonbTMeTpa BuKopuctoByBanau Agilent 34410A.

3. PE3YJIBTATH TA IX OBTOBOPEHHS

Ha pucynry 1 nmokasano TemHOoBYy BAX nmiogu IlorTki rpadir/n-Si 3a
kKimuaTtHOI Temmeparypu. Hocaimskysani miomgu IllorTki rpadir/n-Si
MaJii SACKPaBO BUpaKeHi MiogHi xapaKTepUCTUKU 3 KoedilieHTOM
BUNpPAMIeHHA RR ~ 5-10%.

Y
T

I, MA
N

Puc. 1. BoabT-amnepHi xapaktepuctuku mioxn IllorTki rpagirt/n-Si, sBumips-
Hi 3a KimMmHaTHOI Temmeparypu. Ha BcraBmi — mpawmi rinku BAX miox Ilor-
TKi rpadir/n-Si y mamiBmorapurmivEOMy MacmiTabi.!
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Bucora morennisnbHOro 6ap’epy ¢o= 0,46 eB (¢p,=¢eV,;, ne V,, —
KOHTaKTHA piskHMIA moTeHIlisaaiB) miox IIlorTki rpadir/n-Si ominio-
BaJlacA ILIAXOM eKCTpamoJdalii mpamoiainiiinoi ginauxkum BAX mo me-
peTuHy 3 Biccio HaIpyru.

[l BcTaHOBJEHHA JOMiHYBaJIbHUX MEXaHi3MiB CTpyMoOIepeHeCceH-
Ha B miomax IllorTki rpadirt/n-Si mpoaHasizoBaHo TemMmIepaTypHi 3a-
ae:xkHocti BAX (BcraBka ma puc. 1). Anamiza mpamux rinox BAX mi-
on IlMlorTki rpadir/n-Si, moOymoBaHMX y HaOiBJIOTapUTMiUYHOMY Mac-
mrrabi, mokasasa, 1o Ha sajexHocti Inl =f(V) crnocrepirarorbcsa mps-
MOJIiHIAHI OIIAHKK, IO CBiAUMTL HPO EKCHOHEHIIINHY 3aJIe’KHICThb
CTPYMYy BiJl HaIIpyru.

B pmamomy Bumaary BumipanHi BAX omnwucyoTbcAa 3a AOIOMOTOIO
cTaHIapTHOI (DOPMYJIH:

qV
I =1 exp|l +——]|, 1
0 Xp(nij 1)

ne I, — cTpym Hacuty, n — Koe(imieHT HeineaabHOCTH, B — DBoJbIl-
MaHHOBa cTajia, I’ — abcoJyiloTHA TeMIlepaTypa.

3HaueHHA Koedimienra HeimeambHOCTH 1 (Aln(l)/A(V) =e/(nkT))
amiHMOETRHCA Bim 2,5 mo 2,25 (3kT /e <V <0,5B) 3 migBuilleHHAM TeM-
neparypu Bim 294 go 320 K. 3HaveHHsa moKasHHKa HeigeaJabHOCTH,
OMu3bKi 70 2, MaOTh MOKJIUBICTH HPUITYCTUTU, IO OCHOBHUII MeXa-
HiZM CTPYyMOIIepeHEeCEHHA BUBHAYAETHCA r'eHepaIiHo-
pekomOinmamniiiHuMmu IpoliecaMu B 006JIACTi IIPOCTOPOBOTO 3apAny, a
caMe 3HAUEHHSA 7 3MiHIOEThCA Bif 2,5 mo 2,25 3 migBUINEHHAM TeM-
neparypu B inTepBasi 295-320 K (BcraBka Ha puc. 1). Ile cBiguuth
Opo Te, IO Yy BUINEe B3aNpPOIIOHOBAHUHN MTOMiHYBaJbHUN MeXaHi3M
CTPyMoOIlepeHeCeHHs, AKUHT 3yMOBJIEHU r'eHepariino-
pekomMOinamiiiHuMu mpomecaMu B 06JIACTiI TPOCTOPOBOTO 3apsamy, pPoo-
JIITh BHECOK eJIEKTPUUYHO aKTUBHI IIOBEepXHEBi cTaHU, pPO3MilleHi Ha
MeTaJayprifiHill posminpuiii Mexxi gocaimskyBanoi gioxm [13].

Hocraimxenuamu ocBiTimenux BAX mokasamo, 1o Taki miomu IIlor-
TKi € GOoTOUuyTINBUMU, AK BUAHO 3 PUC. 2, IPU OCBiTJeHHI OisiuM CBi-
Tiom inrencusHicTio y 80 MBtr/cm®; sBOpoTHiN cTpy™m I, 3pocTae B
MOPiBHAHHI 3 1OTO BEJWUYUHOIO Yy TeMpPABi I, MaiKe Ha aBa IOPAI-
KH.

YerBepTuii KBaapaHT ocBiTieHoi BAX e HalbiablII BaKJIUBUM,
OCKibKM BiH Bu3HA4ae Bci (oroeneKTpuuHi mapamerpu (puc. 3); 3
HBOTO BUAHO, 110 miomu IllorTki rpadirt/n-Si marTh Taki ¢oToemeKT-
puuHi mapameTrpu: Hampyra xoJioctoro xoxy V,.=0,33 B, ctpym Kopo-
TKOTO 3aMukanug I, = 0,38 MA, Koepitienr 3anosuenus FF =0,35 3za
inTencuBHOCTH OCBiTJIeHHA y 80 MBT/cMm?.

OiHuT TPOAYKTUBHICTH (hoTompuiiMaya OiJbIT KiJbKiCHO MOMKHA
3a JOIOMOTOI0 BUSHAUEHHS UYYTJIUBOCTU OO0 €JEeKTPOMAarHEeTHOTO BU-
npominenHsa (R) i uyramuBoctu miomo BusaBiaeHHs (DY), axi Bimobpa-
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Puc. 3. YerBepruii kBagpanT ocsitienoi BAX giox Ilortki rpadir/n-Si.?

JKaloTh UyTJIUBICTH poTompuiiMada A0 IMaZHOTO BuUIpoMiHeHHA [14]:

R = (Ilight - Idark)/Popt s (2)
D* = R A/(qudark) ’ (3)

Ie A — aKTuBHA ILIOINA poTompuiiMaya.

Ha sBcraBkax mo puc. 4, a, 6 masegeso R f(V,,,) i D'=f(V,,); 3
HUX BUAHO, II0 uyTauBicTs (R) mpu 30iabIIeHHI 3BOPOTHHOTO 3Mi-
mrenuda V,,, IJIaBHO 30iJBITYETHCS, IO 3yMOBJIEHO PO3IMIMPEHHAM 00-
JIACTA TPOCTOPOBOTO 3apAny (30iJBLIIIEHHSAM BHUCOTH MOTEHIiSAJIBHOTO
0ap’epy), YHACIIZOK YOro 3pocTae ePeKTUBHICTL po3mijieHHa (oTore-
HEePOBAaHUX eJEeKTPOH-IipKOBUX IIap, a UYTJAWBICTH IOA0 BUABJIECHHSI

E3 . . .
(D), arka omucye HOPMOBAHY HOTYXKHICTh OIPOMiHEHHs, IIOTPiOHY
IJA oJlep:KaHHA CUTHAJY Big ¢dorompuiiMaua Ha piBHI mIymMy, 3MeH-
LTYETHCS, IO 3yMOBJIEHO 3POCTAHHAM TE€MHOBOTO 3BOPOTHBOTO CTPYMY
1 orpy AKUM € €IeKTPUYHUM IIIYMOM y TaHOMY BUIIAAKY.

Bapro sasmaumTh, 0 3HAYEHHA YYTJIWUBOCTHU IIOJO BUABJIEHHSI,
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Puc. 4. 3ajeXHOCTI UYTJIMBOCTH [0 €JEKTPOMATHETHOro BuUIIpoMiHeHHA (R)
Ta UYTIMBOCTH INofo BuaBIeHHA (D) Bin mampyrum ana miox IlorTki rpa-
(iT/n-Si npu 3BOpPOTHROMY 3MimeHHi.*

onep:xkane nid manux gionx IToTTki, He mocTymaeThcsa 3HAUEHHAM, AKi
omep:kano mas ¢goroxmion Ha ocHoBi InGaAs, PbS, PbSe, a Tako:x Ha
IeKisbKa IOPANKIiB IIepeBUINy€e BiAIOBiAHI 3HaueHHa AJA GoTomion
Ha ocuoBi HgCdZnTe [15].

4. BAICHOBRH

Bmepite BuroroBieno gorouyrausi miomgm IllorTki rpadir/n-Si mero-
JIOM eJIEKTPOHHO-IPOMEHEBOTO BUIAPOBYBaHHS.

Bcranosaeno, mio BurotoBjeHi ¢orouyrausi giomm IlorTki rpa-
¢it/n-Si MaTh BUCOTY IOTeHIiAmbHOro 6ap’epy y 0,46 eB, a momi-
HYBaJIbHI MeXaHi3MH CTpyMOIIepeHEeCeHHs 3a MPAMUX 3MillleHb J00pe
OMMHACYIOThCA B paMKax TI'eHepalliiiHO-peKoMOiHAIIAHOTO MOIesio 3a
YYacTIO ITIOBEPXHEBUX CTAHIiB.

ITokasaHo, IO CTBOPEHi METOAOM €eJeKTPOHHO-IPOMEHEBOrO BHIIA-
poByBaHHA (orouyrausi miogu IlorTki rpadir/n-Si maioTh Taki ¢do-
TOEJEKTPUYHI mapaMeTpu: Hampyra xojoctoro xoxy V,.=0,33B,
CTPpyM KoOpoTKoro s3amukauus I, = 0,38 MA, xoedimieHT 3amoBHEeHHS
FF =0,35 3a ocBitserna y 80 MBr/cM?, a IXHA YyTJIMBICTL IO eJeKT-
pOMArHEeTHOTO BUOPOMiHEHHSA TAa UYTJAUBICTH ITOJ0 BUSIBJICHHS 3HAXO-
IATbCA Ha PiBHI cBiToBux amasoriB. Tomy Taki miomm IlloTTKi MoO-
JKYTh OyTHM YCIIIIIHO BMKOPHCTAaHI AJA BUTOTOBJIEHHS (oTompuiiMa-
uiB.

OUTOBAHA JITEPATYPA-REFERENCES

1. Z. 1. Alferov, Semiconductors, 32: 1 (1998);
https://doi.org/10.1134/1.1187350
2. C. Xie, Y. Wang, Z. X. Zhang, D. Wang, and L. B. Luo, Nano Today, 19:


https://doi.org/10.1134/1.1187350

830 M. M. COJIOBAH, I'. M. IMPOBUK, A. I. MOCTOBUMH, B. B. BPYC ra in.

10.

11.

12.

13.

14.

15.

41 (2018); https://doi.org/10.1016/j.nantod.2018.02.009

R. K. Arun, V. Gupta, P. Singh, G. Biswas, and N. Chanda, Chemistry Se-
lect, 4: 152 (2019); https://doi.org/10.1002/slct.201802960

N. Kurra and G. U. Kularni, Lab on a Chip, 13: 2866 (2013);
https://doi.org/10.1039/C3LC50406A

Y. Wang and H. Zhou, Energy Environ. Sci., 4: 1704 (2011);
https://doi.org/10.1039/COEE00759E

V. V. Brus and P. D. Maryanchuk, Carbon, 78: 613 (2014);
https://doi.org/10.1016/j.carbon.2014.07.021

M. M. Solovan, H. M. Yamrozyk, V. V. Brus, and P. D. Maryanchuk, East
Eur. J. Phys., 4: 154 (2020); https://doi.org/10.26565/10.26565/2312-4334-
2020-4-19

V. V. Brus et al., Nanotechnology, 31: 505706 (2020);
https://doi.org/10.1088/1361-6528/abceb55

M. N. Solovan, G. O. Andrushchak, A. I. Mostovyi, T. T. Kovaliuk,

V. V. Brus, and P. D. Maryanchuk, Semiconductors, 52: 236 (2018);
https://doi.org/10.1134/S1063782618020185

M. M. Solovan, H. P. Parkhomenko, and P. D. Marianchuk, Journal of
Physical Studies, 23: 4801 (2019); https://doi.org/10.30970/jps.23.4801

V. V. Brus, P. D. Maryanchuk, M. I. Ilashchuk, J. Rappich, I. S. Babiychuk,
and Z. D. Kovalyuk, Solar Energy, 112: 78 (2015);
https://doi.org/10.1016/j.solener.2014.11.023

V. V. Brus and P. D. Maryanchuk, Appl. Phys. Lett., 104: 173501 (2014);
https://doi.org/10.1063/1.4872467

B. L. Sharma and R. K. Purohit, Semiconductor Heterojunctions (Oxford—
New York: Pergamon Press: 1974).

X. Zhang, D. Hu, Z. Tang, and D. Ma, Applied Surface Science, 357: 1939
(2015); https://doi.org/10.1016/j.apsusc.2015.09.146

P. Long, S. Varadaraajan, J. Matthews, and J. F. Schetzina, Optoelectronics
Review, 10: 251 (2002).

Yuriy Fedkovych Chernivtsi National University,
2, Kotsyubynsky Str.,

UA-58012 Chernivtsi, Ukraine

2Nazarbayev University,

53, Kabanbay Batyr,

010000 Nur-Sultan City, Kazakhstan

! Fig. 1. Current—voltage characteristics of the Schottky graphite/n-Si diodes measured at
room temperature. The inset shows the forward I-V characteristic of the Schottky graph-
ite/n-Si diodes on semi-logarithmic scale.

2 Fig. 2. Dark and light (with illumination intensity of 80 mW/cm?) I-V characteristics of the
Schottky graphite/n-Si diodes.

3 Fig. 8. The fourth quadrant of the illuminated I-V characteristic of the Schottky graph-
ite/n-Si diodes.

4 Fig. 4. Dependences of sensitivity (R) and detectivity (D) on voltage for the Schottky
graphite/n-Si diodes at reverse bias mode.


https://doi.org/10.1016/j.nantod.2018.02.009
https://doi.org/10.1002/slct.201802960
https://doi.org/10.1039/C3LC50406A
https://doi.org/10.1039/C0EE00759E
https://doi.org/10.1016/j.carbon.2014.07.021
https://doi.org/10.26565/10.26565/2312-4334-2020-4-19
https://doi.org/10.26565/10.26565/2312-4334-2020-4-19
https://doi.org/10.1088/1361-6528/abce55
https://doi.org/10.1134/S1063782618020185
https://doi.org/10.30970/jps.23.4801
https://doi.org/10.1016/j.solener.2014.11.023
https://doi.org/10.1063/1.4872467
https://doi.org/10.1016/j.apsusc.2015.09.146

Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2021 IM® (IacturyT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainu)
2021, 1. 19, Ne 4, cc. 831-840 HazapykosaHo B YKpaiHi.

PACS numbers: 68.37.-d, 78.20.Ci, 78.40.-q, 78.66.-w, 78.67.Sc, 81.07.Pr, 82.35.Np

Low Cost and Excellent Optical Properties of PEO Doped
with CoFe,0, Nanoparticles for Optoelectronics Applications

Marwa Sajjad and Ahmed Hashim

College of Education for Pure Sciences,
Department of Physics,

University of Babylon,

Hillah, Iraq

Magnetic films of the polyethylene oxide (PEO) and cobalt ferrite nanoparticles’
(CoFe,0, NPs) nanocomposites are fabricated for magnetic, electronic, and op-
tical applications with low cost and low weight. The structural and optical prop-
erties of PEO/CoFe,O, nanocomposites are investigated. The results indicate
that the absorbance (A), absorption coefficient (o), extinction coefficient (%),
refractive index (n), real (g;) and imaginary (g,) parts of dielectric constant, and
optical conductivity (o) of PEO are increased with increasing of the CoFe,O,
NPs content, while the transmittance (T) and energy band gap (E,) are de-
creased as CoFe,O, NPs concentration increases. Finally, the results show that
PEO/CoFe,O, nanocomposites may be used for the flexible optoelectronics
fields.

MarszeTHi mIiBKY HAHOKOMITO3UTIB 3 okcuay mosaietuneny (ITEO) ra mamouacTu-
HOK KobanbToBoro hepury (CoFe,0, HY) BUTOTOBIAIOTHCA AJIs1 MArHETHUX, €Je-
KTPOHHUX 1 ONITUYHUX 3aCTOCYBaHb 3 HUSBKOIO BAPTICTIO Ta HU3HKOIO Baroiw. [lo-
CJHiZKeHO CTPYKTYpPHi # onTuuni BiactuBocTi HaHokommosutiBe IIEO/CoFe,0,.
PesynbTaTé MOKAa3yoOTh, IO CIIEKTPaJIbHA MTOTJIMHAIbHA 30aTHICTD (A), Koedilri-
€HT ToTJIMHAHHA (o), KoedimienT ekcTuHKINI (k), TOKA3HUK 3aJoMJIeHHS (1),
peasbHa () 1 yaABHA (€,) YACTUHU JieJIeKTPUYHOI KOHCTAHTH, a TAKOMK ONTHUYHA
npoBigHicTs (6) ITEO 36inbmryiorses 3i 36imbimenaam Bmicty CoFe,O, HY, Toxi
AK KoedirmienT mponyckanua (T') Ta mupuHa 3a60POHEHOI eHepreTUYHOI 30HU
(E,) smenmyioTbcsa y Mipy 30inbmenHs koHuerTtpanii CoFe,0, HY. Hapermri,
pes3yabTaTH MOKAa3yIoTh, 1110 HaHokoMmo3dutu PEO/CoFe,0, MO:KXyTh BUKOPUCTO-
ByBaTucA A 001acTelt TpancGOpMOBHOI (THYYKOI) OITOEJIEKTPOHIKHY.

Key words: polyethylene oxide, ferrite, nanocomposites, absorbance, energy
gap, optoelectronics.

KarouoBi cioBa: okcuj mosieTuieny, Geput, HAaHOKOMIIO3UTH, CIIEKTpaIbHa II0-
TJIMHAJbHA 3MaTHICTh, eHepreTuyHa IiINHA, OITOJEeKTPOHIKA.
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1. INTRODUCTION

Nanocomposites are a relatively new class of materials with ultrafine
phase dimensions, typically of the order of a few nanometres. The objec-
tives for preparation of enhanced performance nanomaterials are to ob-
tain a homogeneous distribution of the nanoparticles within the polymer
matrix, and to promote a strong interfacial adhesion between the matrix
and the nanofiller. Nanocomposites could dramatically induce im-
provements in mechanical and electrical properties, heat resistance, ra-
diation resistance and other ones because of the nanometre-size disper-
sion of the inorganic fillers in the organic matrix. An immense amount
of research and development has been devoted to characterizing and un-
derstanding the mechanical and physical properties of such nanocompo-
sites. In recent years, studies on the optical, thermal and electrical prop-
erties of polymer nanocomposites have attracted much attention in view
of their important applications in optical devices. The optical properties
of polymers can be enormously modified by addition of nanoparticles,
which react effectively with the host matrix due to their very large sur-
face areas with respect to macro- and microparticles[1].

Organic polymers show ample evidence of optical, electronic and op-
toelectronic properties and are at length used in optical devices like
lenses, optical waveguides, optical switches, light emitting diodes and
nonlinear optical applications extended use of optical polymers; there-
fore, it is advantageous to have polymers with a property, like refrac-
tive index, within a certain range [2].

Polyethylene oxide (PEO) is a linear and semi-crystalline polymer.
Because PEO is a linear polymer, the regularity of structure unit per-
mits a high crystallinity degree. The chemical structure of PEO con-
tains of polar group —O— that can interact/associate with the cations of
metal salt. Thus, PEO can solvate different types of salts. However,
the reactivity is very low because of its structural unit has C-H, C-C,
C—0 bonds. Due to this, it is stabilized chemically and electrochemical-
ly. However, a high concentration of crystalline phase within PEO pol-
ymer confines the conductivity [3].

Recently, attention in nanosize spinel ferrites has significantly in-
creased due to their importance in understanding the fundamentals in
nanomagnetism. Ferrite with remarkable magnetic and microwave ab-
sorbing properties has been widely used in the fields of data storage
devices, magnetic sensors, actuators, biotechnology, and audio tapes.
Ferrite properties strongly depend on the chemical composition, cation
distribution, sintering temperature and time, additive amount of the
cations and methods of preparation [4].
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CoFe,0, has received special attention because of its chemical stabil-
ity, large magnet astrictive coefficient, mechanical hardness high co-
ercivity, moderate saturation magnetization, and large magnetocrys-
talline anisotropy. The magnetic properties are dependent to the parti-
cle size. The energy of a magnetic particle was overall associated on the
uniaxial anisotropy, magnetization direction, and easy axis aligned
with the direction of external field. CoFe,0, is a hard magnetic materi-
al with high coercivity and suitable magnetization. These characteris-
tics, along with their tremendous physical and chemical stability,
make CoFe,O, nanoparticles suitable for applications such as high-
density digital recording disks and lithium batteries [5]. This paper
aims to investigate a new type of nanocomposites to use it for semi-
conductors and optoelectronics applications.

2. MATERIALS AND METHODS

Magnetic nanocomposites samples of polyethylene oxide (PEO) and co-
balt ferrite nanoparticles (CoFe,0, NPs) nanocomposites were fabricat-
ed by using casting technique. The PEO solution was prepared by dis-
solving 0.4 gm in 50 ml of distilled water by using magnetic stirrer. The
CoFe,O, NPs were added to the PEO solution with different weight per-
centages: 1.5, 3 and 4.5 wt.% . The optical properties of PEO/CoFe,0,
nanocomposites were measured by using the double beam spectropho-
tometer (Shimadzu, UV-1800A, Japan) in wavelength 200-800 nm.

3. RESULTS AND DISCUSSION

The variation of optical absorbance of PEO/CoFe,O, nanocomposites as
function of wavelength is shown in Fig. 1. The optical absorption anal-
ysis is an important tool to obtain optical band gap energy of crystal-
line matter, corresponds to the electron excitation from the valence
band to the conduction band, and can be used to determine the nature
and value of the band gap. The PEO/CoFe,0, nanocomposites showed
high absorbance in UV region due to the behaviour of CoFe,O, nanopar-
ticles, which are may be used as UV shielding and low-weight electron-
ics applications. An amount of CoFe,O, nanoparticles is required to re-
duce the value of gap energy in nanocomposites, and it has different
effect depending on type of polymer matrix. The insertion of the
CoFe,0, nanoparticles into the PEO films has a double effect because it
increases the energy of the CoFe,O, gap and decreases that of the poly-
mer and increase in charge-carriers’ numbers [6—15]. The absorption
coefficient (o) of nanocomposites is determined by [16]:

o=2.3034/t, (1)
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Fig. 1. Variation of optical absorbance of nanocomposites as function of wave-
length.
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Fig. 2. Variation of absorption coefficient for nanocomposites with photon
energy.

where A is the absorbance of sample, and ¢ is the sample thickness.
Figure 2 shows the variation of absorption coefficient for
PEO/CoFe,0, nanocomposites with photon energy of the incident light.
As shown in this figure, the absorption coefficient of PEO/CoFe,0,
nanocomposites is high at high energies. This means that the electron
transition has high possibility; i.e., the energy of incident photon is
enough to transit the electron from the valence band to the conduction
band, which due to the energy of the incident photon is greater than the
energy band gap. When the values of the absorption coefficient of ma-
terial are high o> 10* cm™, it is expected that direct transition of elec-
tron. While, when the values of the absorption coefficient of material
are low (o < 10* cm™), it is expected that indirect transition of electron.
The values of absorption coefficient of PEO/CoFe,O, nanocomposites
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are low (o < 10*) cm™*; the transition of electron is indirect. The absorp-
tion coefficient of nanocomposites increases with the increasing of the
concentrations of CoFe,O, nanoparticles. This is attributed to increas-
ing number of charge carriers [16], as shown in Fig. 3, and, hence, in-
crease the absorbance and absorption coefficient.

The non-direct transition model for amorphous semi-conductors is
defined as follows [17]:

ahv = B(hv-E,)"; (2)

Fig. 3. Microscope images of PEO/CoFe,0, nanocomposites (x10): a—for PEO;
b—for 1.5 wt.% CoFe, O, NPs; c—for 3 wt.% CoFe,O, NPs; d—for 4.5 wt.%
CoFe,O, NPs.
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Fig. 4. Values of energy band gap for allowed indirect transition.
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here, B is a constant, Av is the photon energy, E, is the energy band gap,
and r = 2 or 3 for allowed and forbidden indirect transition, respectively.

Figures 4 and 5 show the values of energies band gap for allowed and
forbidden indirect transition, respectively. These figures show that
the values of energy gap for allowed and forbidden indirect transition
decrease with increasing CoFe,O, nanoparticles’ concentration; this
decrease is due to CoFe,O, nanoparticles’ content, which is responsible
for the formation of some defects in the films. These defects produce
the localized states in the optical band gap and overlap. These overlaps
give an evidence for decreasing energy band gap, when the CoFe,O, na-
noparticles’ content is increased in the polymeric matrix. In other
words, the decreased optical gap reflects the increase in the degree of
disorder in the films [17, 18]. The extinction coefficient % is given by

20
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E .. eV

P

Fig. 5. Values of energy band gap for forbidden indirect transition.
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Fig. 6. Variation of extinction coefficient for nanocomposites with wavelength.
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using the equation [18]:
k =al/(4m). (3)
The refractive index n can be calculated by using the equation [19]:
n =1+ R"*)/A - R"?). 4)

Figure 6 shows the variation of extinction coefficient for PEO/CoFe,0,
nanocomposites as a function of wavelength. This figure shows that the
extinction coefficient of PEO increases with the increasing of the CoFe,O,
nanoparticles’ concentration; this is due to the increase in optical absorp-
tion and photon dispersion in the polymer matrix [19].

The refractive index of PEO/CoFe,O, nanocomposites as a function
of wavelength is shown in Fig. 7. As shown in this figure, the refrac-
tive index of PEO increases with the increasing of the CoFe,O, nano-
particles concentrations. It is decreased with the increase of the wave-
length. This behaviour is attributed to the increase of the density of
nanocomposites.

When the incident light interacts with a sample, it has high refrac-
tivity at UV-region; hence, the values of refractive index will be in-
creased [19].

The real (¢;) and imaginary (g,) parts of dielectric constant of
PEO/CoFe,0, nanocomposites are given by the following equations [20]:

g =n’—FK, (5)
&, = 2nk. (6)

The dielectric constant (with real and imaginary parts) of
PEO/CoFe,0, nanocomposites is shown in Figs. 8 and 9. From these
figures, it is clear that the increase in CoFe,0, concentration leads to
increase of absorption coefficient and refractive index and subsequent-
ly leads to increase of the real and imaginary parts of dielectric con-
stant of PEO [20].

The optical conductivity of PEO/CoFe,O, nanocomposites is deter-
mined by the equation [21]:

o = anc/(4n). (7

Figure 10 shows the variation of optical conductivity with the wave-
length for the PEO/CoFe,O, nanocomposites. This figure shows that
the optical conductivity of PEO/CoFe,O, nanocomposites is decreased
with the increase of the wavelength; this behaviour attributed to the
optical conductivity depends strongly on the wavelength of the radia-
tion incident on the samples of nanocomposites; the increased optical
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Fig. 7. Refractive index of PEO/CoFe,O, nanocomposites as a function of
wavelength.
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Fig. 8. Real dielectric constant of PEO/CoFe,O, nanocomposites.

conductivity at low wavelength of photon is due to high absorbance of
nanocomposites in that region and, hence, increase of the charge
transfer excitations.

The optical conductivity spectra indicate that the samples are trans-
parent within the visible and near infrared regions. In addition, the
optical conductivity of PEO is increased with the increase of CoFe,O,
nanoparticles’ concentration. This behaviour is related to the creation
of localized levels in the energy gap; the increase of CoFe,O, nanoparti-
cles’ concentration increase the density of localized stages in the band
structure. Hence, increase of the absorption coefficient consequently
increases the optical conductivity of PEO/CoFe,O, nanocomposites
[21-24].
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Fig. 10. Variation of optical conductivity with the wavelength of nanocompo-
sites.

4. CONCLUSIONS

In this work, the structural and optical properties of PEO/CoFe,0O,
nanocomposites have been investigated to use in optoelectronics appli-
cations such as sensors, solar cells, capacitors, transistors, diodes, etc.

The results indicated to the absorbance, absorption coefficient, ex-
tinction coefficient, refractive index, dielectric constant parts and op-
tical conductivity of PEO, which are increased with the increase in
CoFe,O, nanoparticles concentration, while the transmittance and en-
ergy band gap are decreased with the increase in CoFe,0, nanoparti-
cles’ concentration.

The PEO/CoFe, O, nanocomposites have higher absorbance in the
UV-region.
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This paper is focused on the structural, electronic, and spectroscopic
properties of PVA-PEG—Yttrium oxide blend (64 atoms), by using density
functional theory (DFT) at the BSLYP level with 6-311G basis set. All cal-
culations are performed with Gaussian 09 program and Gaussian view
5.0.8 program. The geometric properties include improving geometric op-
timization of bonds and angles. As the electronic properties, there are
considered such as ionization potential, electron affinity, chemical hard-
ness, chemical softness, electronegativity, total energy, cohesive energy,
energy gap, electrophilicity, and density of states (DOS). In addition, the
spectral properties are involved (IR, Raman, NMR, and UV-Visible). The
results show that the 6-311G basis sets are efficient and strongly suggest-
ed for heavy metals and give good relaxation for the structure. The re-
sults state that the yttrium oxide has the low LUMO-HOMO energy gap,
and it gives more biological activity ratios. The obtained results indicate
that the PVA-PEG-Yttrium oxide blend can be used in different fields
for electronics and photonics applications.

IIro craTTiO 30CepelsKeHO Ha CTPYKTYPHUX, €JIeKTPOHHUX 1 CIEKTPOCKOIIiY-
HUX BJIACTUBOCTAX cywmirri mosiBiuinmoBuit coupt (IIBC)/mosmieTuneHrIikoIb
(IIET) iz gomimikoio Y,0; (64 aTomu) i3 BUKOpUCTAaHHAM Teopii QyHKIioHA-
ay rycrunu (T®I') ma piBai BSLYP iz 6asucuaum mabopom 6-311G. Bcei pos-
PaxyHKM BUKOHYIOTBHCA 3a Aomomoror mporpamm Gaussian 09 i mporpamm
Gaussian View 5.0.8. T'eomeTpuruHi BJIACTHUBOCTI BKJIOYAIOTH IIOJJiNIIEHHSI
reoMeTpUuYHOI omTmMizaliii 3B’sa3KiB i KyTiB. B sSKOCTi eleKTPOHHHUX BJIaC-
TUBOCTEH PO3TJIANAIOTHCSA: IMOTEHIIiAN HOoHizallii, cropigHeHiCTh eJIeKTPOHIB,
XeMiuHa IyNOKicTh, XeMmMiuHa M’SAKiCTh, €JeKTPOHEraTUBHiCTh, IOBHA eHep-
rig, KoresiiiHa eHepridg, eHepreTWYHa IMiJIMHA, €JIeKTPOQiIbHICTE i rycTmHa
eJIeKTpOHHUX crauiB. Kpim Toro, samiani cmexkTpanbHi BiaactuBocti (I,
Pamanosi, AMP i y Bugumomy # yabTpadioseToBoMy AiAmasoHax cBiTia).
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PesynbTaTu mOKasyoTh, 1o 0asucHi Habopu 6-311G € edeKTUBHHUMH Ta
HACTifHO MPOMOHYIOTHCA JJIA BAKKUX METAJIB i JAIOTh XOPOINY peJsiaKcaIliio
IS CTPYKTypu. PesyabTaTy MOKa3ylOTh, III0 OKcul ITpito Mae HU3LKY eHe-
preruuny miinuay LUMO-HOMO, i Bin mae 6inbine xoedimienTtiB 6iomoriu-
Hol akTuBHOCTH. OmepsKaHi pes3yabTaTu CBiuaTh MPO Te, IO CYMIIl OKCHUIY
IIBC-IIET'-okcun ITpito Mo:ke BUKODPHCTOBYBATHCS B Pi3HMX 00JIACTAX A
3aCTOCYBaHHS €JEeKTPOHIKM Ta (POTOHIKU.

Key words: PVA/PEG blend, Y,0; admixture, NMR, spectral properties,
DFT, 6-311G basis, electronics.

Karouori cioBa: cyMimn mosiBiHiIOBUIM cIUPT/MOMieTUIEHTIIKONE, JOMIIIIKA
Y,0;, AMP, cnexkTpanbHi Biactusocti, T®I', 6-311G-6asuc, eleKTpoHIKA.

(Received 19 January, 2021; in revised form, 22 January, 2021 )

1. INTRODUCTION

Yttrium oxide is promising for chemical catalysis devices and for
optoelectronics. It is used for biological imaging applications [1].
Yttrium oxides are the two most important ceramic materials,
which have wide technological applications ranging from electron-
ics, optics, and mechanical engineering to catalyst support [2]. Yt-
trium and yttrium oxide has been studied both experimentally and
theoretically owing to their possible applications [3]. Nanocompo-
sites are a new-fangled class of materials made with nanosize fill-
ers. Nanosize inorganic particles mixed with organic polymer are
called organic—inorganic hybrids [4]. Polymer matrixes reinforced
with nanosize phase (nanofillers) such as nanoparticles, nanotubes,
nanosheets, and nanofibers, etc., called polymer nanocomposites,
have the physical properties of these composites mainly depending
on the contact of polymer molecules with nanofillers [5]. Transition
metal oxides are known for their great change in effects of chemical
and physical properties. Several of those materials undergo phase
transitions with interesting structural, electronic, and magnetic be-
haviours [6]. In nature, there is a water-soluble and easily degrada-
ble material; it is polyvinyl alcohol (PVA). Hence, it acts as an eco-
friendly polymer [7]. It may be applied naturally to create thin
films with metal oxide. Strong absorption properties are revealed
for PVA polymer in the range 300 to 500 nm in the ultraviolet (UV)
spectra [8]. There are many studies on some properties of doped
polymers like structural, optical, electrical, and electronic proper-
ties [9-36]. DFT is proven as very successful in calculating the
structural properties of condensed systems and electronic properties
of simple metals [37]. That distinguishes the method of density
functional theory is choosing the shape of function to compute the
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energy of bonding and exchange [38].

2. THEORETICAL PART

The total energy for a system is the sum of total kinetic and poten-
tial energies at the optimized structure such that the total energy
of the molecule must be at the lowest value because the molecule is
at the equilibrium point. This means the resultant of the effective
forces is zero. Cohesive energy is defined as ‘the energy necessary
to detaching the condensed material into separated atoms’. The re-
lation (1) is used to compute the cohesive energy, which means ‘the
difference between energy per atom of the bulk material at equilib-
rium and energy of a free atom in its ground state’ [39]:

E
Ecoh = (ﬂj - Efree - EO ’ (1)

n

where E,, is the total energy, E;,, is the free-atoms’ energy, n is
number of atoms, E, is the vibrational energy of ground states (ze-
ro-point).

The HOMO (the molecular orbitals of highest energy that is occu-
pied by electrons) and LUMO (the molecular orbitals of lowest ener-
gy that is not occupied by electrons) are main orbitals in calcula-
tions of such properties as the molecular interaction and the ability
of molecule to absorb a light. According to Koopmans’ theorem, the
band gap is given as follows [40]:

Eg = ELUMO - EHOMO' (2)

For the molecule, there is the magnitude of energy needed to
eliminate the electron from atom or isolated molecule and identified
as energy difference between the positive charge energy E., and
neutral one E,, by the following relation:

IP=E - E,,. 3

When electrons are additional to neutral atoms to form a negative ion,
it is stated as ‘the energy difference between the neutral energy E,
and the negative charge energy E._,’ by the following relation:

In molecular orbital (MO) theory within the limitation of

Koopmans’ theorem, the orbital energies of the frontier orbitals are
given as follow:
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IP =-Eyomo, (%)
EA = _ELUMO' (6)

The chemical hardness (1) is a measure of the range of resistance
to the transfer of charges [40, 41]. It is theoretically defined as ‘the
second derivative of electron energy in relation to the number of
electrons N’ for a constant external potential V(r) [41]:

1| 6°E 1|0 1|0X
AR A ™
14 v 1%
Finite-difference approximation for the chemical hardness gives:
IP-EA
= (8)

The chemical softness, S, is a ‘property of molecules that
measures the degree of chemical reactivity’. It is the converse of
the chemical hardness () [42]:

2
S = 10 ]\2] = N . 9)
2n| OE* |, o |,
The fundamental variation principle within the density functional
theory is the electron chemical potential, where the reactivity indi-
cator is related to how the electron energy E of molecules is

changed with changing the number of electrons (&) and the external
potential. Chemical potential p is defined as [43]:

K oN |’
where V is the potential of nuclei.
Then, we might define the electronegativity: ‘It is well-defined as

the force of an atom in a molecule to pull electrons to itself by Pau-
ling’ as the negative of the electron chemical potential [41]:

Xz—pz—{%} : (11)

R. Mulliken indicates electronegativity as ‘the average energy of
the ionization and electron affinity’ as follows [39]:

IP+EA
—

According to Koopmans’ theorem, ‘it is defined as the negative val-

X = (12)
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ue for average of the energy levels of the HOMO and LUMO’ [37]:

X — EHOMO + ELUMO . (13)

2

A measure of the stabilization in energy when the structure ob-
tains the added electron charges from the environment is defined as
electrophilicity [43]:

o =x/(2n). (14)

3. RESULTS AND DISCUSSION

Figure 1 shows the ‘optimized structure’ of PVA-PEG—Yttrium ox-

;.ﬁ |

g

,3':,

Fig. 1. Optimizing geometries of PVA-PEG—Yttrium oxide (64 atoms).

TABLE 1. Average bond lengths in [A] and angles in [degrees].

The geometric parameters The optimizable bonds | Values
(C-C) 1.53851
(C-0) 1.47131
Bonds, A (C-H) 1.09826
(0O-H) 1.01348
(Y-0) 2.31069
(0-Y-0) 67.13225
Angles, deg. (C-C-C) 118.26195
(C-0-H) 105.47317
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ide, which obtained by the ‘DFT method’ with wusing ‘three-
parameter hybrid-functional’ of Becke B3LYP with 6-311G basis
sets.

Table 1 shows the geometric parameters of PVA-PEG-Yttrium
oxide (64 atoms) including the bond length in [Angstrém] and bond
angle in [degrees] by the Gaussian 09-programs by using the DFT
with the B3LYP/6-311G level. The calculated values of bonds in
present work are in a well agreement with previous theoretical stud-
ies [44, 45].

Figure 2 and Table 2 show the results of FTIR obtained by using
the Gaussian view 5.0-program and density functional theory (DFT)
with 6-311G basis sets. Yttrium oxide produces variations in spec-
trum of PVA-PEG that comprises variation in the intensities and
shift in several bonds. These changes are credited to bindings of Yt-

30000

: T .
W Y“Y‘(— — Raman spectrum sealed by 1000000
200 — IR apectrun scaled by 1000000 | 23000

20000

1000

1500 15000

IR activity
Raman activity
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2500 b 5000
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Fig. 2. IR spectrum of PVA-PEG- Fig. 3. Raman intensities of PVA-

Yttrium oxide (64 atoms) at the PEG—Yttrium oxide (64 atoms) as a

B3LYP/6-311G basis set. function of vibrational frequency
using DFT/6-311G.

TABLE 2. IR frequencies with their assignments of PVA-PEG-Yttrium
oxide.

Typical vibrational

. . . i
Assignment | Type of vibrational mode [Frequency, cm frequency, cm !

Y-O stretching 200-390 200-400 [42, 43]
C-C stretching and bending 730-1560 700-1600 [46]
C-0 stretching 1140 1000-1280 [47]
C-0-C bending 1250 1238-1291 [47]
—-CH, in-plane bending 1355 1340-1465 [47]
C-H symmetric stretching 3055—-3046 3020-3080 [48]

O-H stretching 3226-3631 3200—-3640 [49]
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trium oxide with polymers.

Figure 3 shows the Raman spectrum of PVA-PEG—Yttrium oxide
(64 atoms). It is shown in this figure that the active region in IR
spectrum is similar with less activity in Raman spectrum [45]. In-
tensities in Raman spectrum rely on probability that a particular
wavelength photon will be absorbed.

Gauge-Independent Atomic Orbital (GIAO) method is used in the
present NMR calculations, and chemical shifts of the structure are
calculated at the same level. Absolute isotropic magnetic shielding
is converted into chemical shifts by referencing to the shielding of a
standard compound TMS computed at the same level. The chemical
shifts are stated in p.p.m. relation to TMS for 'H spectra as shown
in Fig. 4.

Figure 5 shows the visible and ultraviolet spectra reliant on upon
the electronic structures of the molecule. In Figure 5, absorption
intensity of PVA-PEG—Yttrium oxide (64 atoms) has high UV-Vis
spectra because adding the oxide leads to an increase in intensity of
absorbance. As a result, this is due to moving electrons from va-
lence level to the conduction band at these energies.

Table 3 shows the energy gap for PVA-PEG-Yttrium oxide (64
atoms). This result is in a good agreement with that in Refs. [44,

400 T T T T T T T 0.0035

350r /“\ 0.0030

0.0025

250
0.0020

] o 2001
0.0015
1501
| 0.0010
100}
sol 0.0005

: - 0 ) ] A 0.0000
20 26 28 29 30 31 31 32 1000 2000 3000 4000 5000 6000 7000 8000

o
QOascillator strenght

Degeneracy

Shielding, ppm Wavelength, nm

Fig. 4. Nuclear magnetic resonance Fig. 5. UV-Vis spectrum for PVA-
of PVA-PEG—Yttrium oxide (64 at- PEG-Yttrium oxide (64 atoms) us-
oms) in infrared spectrum as a func- ing BSLYP/6-311G.

tion of vibrational frequency.

TABLE 3. The values of energy gap in [eV] for the studied structures.

PVA-PEG-Y,0, (64 atoms)
Enono> €V Eiono> €V | E,, eV
3.02 0.008 3.028
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46] and refers that PVA-PEG-Yttrium oxide needs high energy to
donating or accepting an electron. Figure 6 illustrates the 3D dis-
tribution of HOMOs and LUMOs for the studied structures. From
these results, the calculated energy gap decreases with increasing
the number of atoms.

Table 4 illustrates the results for the total energy E,, in [a.u.]
and some electronic properties. The total ground state energy E,,

Fig. 6. The distribution of HOMO (up) and LUMO (down) for PVA-PEG-
Yttrium oxide blend containing 64 atoms.

TABLE 4. The values of some electronic properties in [eV] of the studied
structures.

Property PVA-PEG-Y,0; (64 atoms)
total energy -1347.381

cohesive energy —7.8947
ionization potential 3.02
electron affinity 0.008
electronegativity 1.514
chemical hardness 1.506
chemical softness 0.33
chemical potential -1.514
electrophilicity 0.760

polarizability, a.u. 213.58
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for PVA-PEG-Yttrium oxide is approximated by the summation of
all E,, for all atoms in the structure. It is identified that the fron-
tier molecular orbitals, the high occupied molecular orbitals HOMO,
and the low unoccupied molecular orbitals LUMO, show an im-
portant part for the reactant molecules in chemical reactions. It
may be concluded that less negative E,., value for structures might
be concerned with its higher LUMO energy level because it does not
need high energy to lose electrons from external orbitals. An inter-
esting conclusion may be drawn from these investigations, namely,
this factor can affect the value of cohesive energies. Here, the sys-
tem with larger E,., is more stable. The ionization energy I, and
electron affinity E, for PVA-PEG—Yttrium oxide are calculated ac-
cording to Koopmans’ theorem. These values show that the PVA-
PEG—Yttrium oxide needs to high energy to donating or accepting
an electron to become cation or anion because of the high value of
I; and low value of E,. The calculated values of electronegativity
E, and electrochemical hardness H show that structures have small
capability to electron transfer. The low value of the electronic soft-
ness S is a reflection to the large separation between the valence
band and conduction band. High hardness refers to high excitation
energies required to electron transfer for PVA-PEG—-Yttrium oxide.

In Table 4, PVA-PEG—Yttrium oxide has large absolute value of
chemical potential with low value of . Therefore, these are weak
nanocomposites to interact with other surrounding species or mole-
cule. The nanocomposites, which have high values of polarizability,
will be more effective, less stable, more softness and will have small

energy gap.

a

Fig. 7. The electron density distribution for PVA-PEG—Yttrium oxide con-
taining 64 atoms.
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Figure 7 illustrates the three-dimensional shape of electron densi-
ty (ED) distribution surfaces for the structures. The ED is distrib-
uted owing to distribution of all atoms in the space of the nano-
composites giving the total density of the electrons.

Figure 8 illustrates the electrostatic potential (ESP) distribution
surfaces for PVA-PEG—Yttrium oxide calculated from the total
self-consistent field approximation. The ESP distributions for the
structures are caused by repulsive forces or by attracting regions
around each nanocomposite. In general, the ESP surfaces for PVA-
PEG-Yttrium oxide (64 atoms) are dragged toward the positions of

Fig. 8. The electrostatic potential distribution surface for PVA-PEG-
Yttrium oxide (64 atoms) (left: counter 2D; right: 3D).

T
— Alpha DOS spectrum
— Beta DOS spectrum

— Toral DOS spectrum (scaled by 0.5)
5t — Alpha Occupied orbitals H
— Alpha Virtual orbitals
—  Beta Occupied Orbitals
— Beta Virtual Orbitals

LA

=20 =15 -10 =5 0 ] 10

Energy, eV

Fig. 9. Electron density of states as a function of bond length for PVA-
PEG-Yttrium oxide (64 atoms).
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negative charges in each molecule, which are the oxygen atoms of
high electronegativity (of 3.5 eV).

Further studying the strength of the reactions can be done by an-
alysing the orbital interactions between the PVA-PEG-Yttrium ox-
ide blend atoms in expression for the DOS, as shown in Fig. 9. The
high density of states at a specific energy level refers to the many
cases in the structure available for occupations.

4. CONCLUSIONS

The B3LYP/6-311G density functional theory validity is proved in
studying the geometry optimization and calculating the geometrical
parameters.

Energy gap is a useful inclusive property. Soft molecules have
small energy gaps and their electron density changes more easily
than in hard molecules.

The ESP is dragged towards the active sites in PVA-PEG-
Yttrium oxide structures.

The PVA-PEG—-Yttrium oxide structures can be used for differ-
ent optoelectronics applications.
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Zinc oxide nanoparticles are successfully synthesized via a thermal decomposi-
tion of the Schiff base complexes [(bis-N-(4-metoxy-benzylidene)-2-nitro-1,4
diaminobenzene) Zn(II)], [D1, Zn(II)] as precursor via calcification at the temper-
ature of 600°C for 3 hours in an electrical furnace and the air in the presence of
non-ionic surfactant [secondary alcohol ethoxylate (TERGITOL™ 15-S-40
(70% )] and polymer polyvinylpyrrolidone (PVP). ZnO nanoparticles are obtained
with average size of the crystals of 36.8 nm. The as-synthesized products are
characterized by powder x-ray diffraction (XRD), scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy (FT-IR); elemental analysis of
the particles is performed by energy dispersive x-ray spectroscopy (EDX).

HanouactTuaku okcuny IIUHKY yCIiNIHO CHHTE3YIOTHCA 3a AOIIOMOTOIO TEILIOBOTO
poskaananasa KomiuiekciB [Iuddosux ocHoB [(6ic-N-(4-MeToKci-6eH3MIiIEH)-2-
HiTpo-1,4 miamino6ensou) nueK(II)], [D1, Zn(I)] aK mpoBicHMKA Uepe3 KaJbIlu-
dikarrito 3a remneparypu y 600°C mporsrom 3 roanH B eJIEKTPUUHIN meui Ta moBi-
TPi B IPUCYTHOCTI HEMOHHOI ITOBEPXHEBO-aKTUBHOI PEUOBUHY [ BTOPUHHUH CIIMIP-
toBuit erokcuaar (TERGITOL™ 15-S-40 (70% )] i monimepuwuii mosiBimiamippo-
aigon (IIBIT). Hanouactuaku ZnO ofep:KyIOTh i3 cepefHIM pO3MipoM KPUCTATIB Y
36,8 aMm. IIoiiHO CMHTE30BaHI MPOAYKTU XapaKTEPU3YIOThCA IOPOIIIKOBOIO PEHT-
reHiBcbKo0 audpakitieio (XRD), ckaHyBaabHOIO €JIeKTPOHHOIO MiKPOCKOITiE€IO
(SEM), indpauepBOHOIO CIEKTPOCKOMmielo Ha ocHOBi meperBopy Pyp’e (FT-IR);
eJIeMEeHTHA aHaJli3a YaCTUHOK IIPOBOAUTHECA 34 JOIOMOTOI0 PEHTTE€HOCIEKTPAJID-
HOI CIIEKTPOCKOIIi1 Ha ocHOBI MeTou eHepreTmyHoi guctepcii (EDX).

Key words: thermal decomposition, Schiff base complexes, Zinc oxide na-
noparticles, Schiff bases of p-anisaldehyde.
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KarouoBi caoma: Tepmiume poskiaamanHsa, xommiexkcu IlIuddoBux ocHOB,
HamouactuHku oxkcuny Ilunky, IIuddoBi ocHOBU p-aHicOBOTO ajbaeriny.

(Received 14 December, 2020, in revised form, 19 December, 2021 )

1. INTRODUCTION

Recently, syntheses of materials of nanosizes have attracted atten-
tions attributed to their unique mechanical, physical, optical, and
magnetic properties [1]. The properties of nanomaterials stimulate
various applications in different technological fields such as elec-
tronics, catalysis, magnetic data storage, energy storage, structural
components, and ceramics [2]. Among inorganic material, Zinc oxide
(ZnO) [3] is semiconducting material with direct band gap of 3.3 eV
at room temperature and with unique properties such as optical
transparency, electric conductivity, piezoelectricity and near-UV
emission [4]. This metal oxide has a variety of applications including
chemical sensors [5], catalysts [6], UV light-emitters [7], photovolta-
ics [8], and cantilevers [9]. Several approaches have been engaged to
synthesize ZnO nanocrystals such as thermal methods [10], electro-
chemical methods [11], sol-gel methods [12], solid-state reactions
[13], chemical reduction and decomposition route [14], sonochemical
methods [15]. Most of these approaches require tedious processes,
expensive substrates, sophisticated equipment and rigorous experi-
mental circumstances. Recently, metal oxides’ nanoparticles have
been synthesized via thermal decomposition method of Schiff base
complexes [16] that returns to this method not only avoided usage of
the template and complex apparatus, but also affectivity in the
shape control of the preparation product. By selecting a proper pre-
cursor with a rational calcining procedure, products with unique size
and shapes could be obtained. This method also has extra ad-
vantages, including operational simplicity, high purity and high
yield of product, low-energy consumption and no special equipment
required [17]. However, in this work, ZnO nanoparticles have been
synthesized via thermal decomposition of Schiff base complexes [D1,
Zn(II)] as precursor by calcification in electrical furnace with non-
ionic surfactant and polymer polyvinylpyrrolidone (PVP).

2. EXPERIMENTAL PROCEDURE
2.1. Materials

Zinc nitrate 6-hydrat (10196-18-6), ethanol solution (16368), 2-nitro-
1,4-phenylenediamine (N21200), p-anisaldehyde (A88107), non-ionic


https://www.sigmaaldrich.com/catalog/search?term=10196-18-6&interface=CAS%20No.&lang=en&region=US&focus=product
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surfactant [secondary alcohol ethoxylate (TERGITOL™ 15-S-40
(70%)] (STS0003) and polymer polyvinylpyrrolidone (PVP40), all
the chemical reagents, were obtained from Sigma-Aldrich.

2.2, Preparation Ligand [Bis-N-(4-Metoxy-Benzylidene)-2-Nitro-1,4
Diaminobenzene]

The symmetrical Schiff base (D1) was prepared by refluxing (0.05
mole) of p-anisaldehyde and (0.025 mole) of 2-nitro-1,4-phenylene-
diamine in (30 ml) of dried ethanol for 4 h and cooling the reaction
mixture. The Schiff base was separated as orange needles and was
recrystallized twice from methanol (yield 90%). The compound is
stable at room temperature.

Figure 1 shows the chemical preparation of ligand (D1):

NO,

o
=
NO,
N N

ETOH 7 A\

2 +  HN NH, —)

Reflexe,4h

o
[e] o

\CH3 CH, Hyc”

Fig. 1.

2.3. Preparation of [D1, Zn(II)] Complex

Ligand D1 (2 mmole) was dissolved in 15 mL of ethanol, mixed with
Zn(NO;),-6H,0 (2 mmole, in ethanol) at 100°C and stirred for 2 h.
The dark orange precipitates were washed several times using dis-
tilled water and dried in the air.

2.5. Synthesis of ZnO Nanoparticles

Ligand D1 (2 mmole) was dissolved in 15 ml of ethanol, mixed with
Zn(NO;),-6H,0 (2 mmole, in ethanol) at 100°C and stirred for 30
min. Then, we added 7 gr of non-ionic surfactant and stirred con-
tinuously for 1 h. Finally, we add 3 gr of polymer polyvinylpyrroli-
done (PVP). ZnO nanocrystals were produced by subjecting the pre-
vious prepared complex [D1, Zn(II)] to thermal treatment at a rela-
tively low temperature (600°C) in the air, and after keeping the
thermal treatment at 600°C for 3 h. The white nanocrystals of ZnO
were cooled at room temperature, and then washed with ethanol and
distilled water for three times and dried in the air.
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3. RESULTS AND DISCUSSION
3.1. Characterization by Using FT-IR Spectroscopy

Compounds have been clearly characterized by using Fourier trans-
form infrared spectroscopy (FT-IR). The structure of Schiff base lig-
and was confirmed with disappearance of the amine and aldehyde
group and in the oxides; the corresponding peaks appeared in Fig.
2, a show FT-IR spectra of the precursors. Characteristic peaks at
1.635 cm™ are attributed to the C=N stretching, and 1560, 1348
cm ! belongs to nitrogroup NO,. The strong broad peak around 3463
cm ' belongs to N—-H group as result of tautomeric isomerism, and
at 3136 cm!, due to aromatic C—H.

FT-IR spectra of prepared nanoparticles are given in Fig. 2, b.
Strong broad peak around 479 cm™ shows a distinct stretching
mode of ZnO crystal. The broad absorption band of O—H stretching
(23500 cm™) is due to adsorbed water on the external surface of
the samples during handling to record the spectra.
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Fig. 2. FT-IR spectra of Schiff base ligand [D1] (a); FT-IR spectra of ZnO
nanoparticles (b).
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Fig. 3. Line (A)—UV-vis spectra for Schiff base ligand [D1]; line (B)—UV-
vis spectra for [D1, Zn (II)] complex.

3.2. UV-Vis Spectroscopy

The complexes have been confirmed by UV-vis spectroscopy, which
show shifts in the absorption peaks between ligand and their com-
plexes because of differences in electronic transitions.

In Figure 3, there are line (A) of UV-vis spectra of Schiff base
ligand [D1], and line (B), i.e., line (A) for [D1, Zn(II)] complex. The
ligand displays typical ligand-centred m — n’-transitions at 325 nm.
Upon co-ordination with Zinc ions, there are minor changes of these
bands. The visible spectra of complexes are clearly shown with line
(B); for Zn(II) complex, absorption appears at 465 nm, and they can
be assigned to d — d-electron transition or metal to ligand charge
transfer (MLCT).

3.3. Thermogravimetric Analysis of the Schiff Base Complexes

In Figure 4, the thermal behaviour of Zn(II) complex has been stud-
ied (by means of the TGA) under N, atmosphere from room temper-
ature to 950°C with the heating rate of 10°C per minute. We can
observe that the thermal decomposition ends at 600°C for the Zn(II)
complex. There is no mass loss up to ~ 250°C for confirming the ab-
sence of any crystalline water (solvent) molecules in the complexes,
Zn(II) complex loses ~99% of its weight via two thermal stages.
The increasing weight after thermal decomposition temperature is
definitely due to formation of Zinc oxide.
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Fig. 5. XRD spectrum for Zinc oxide.

3.4. X-Ray Structural Analysis for the Oxides

The phase identification of crystalline structure of the nanoparti-
cles was characterised by x-ray powder diffraction. The synthesized
sample was analysed by the CuK, x-ray diffractometer for confirm-
ing the presence of ZnO and identification of the structure.

Figure 5 shows the XRD patterns of ZnO nanoparticle synthesized.
The different peaks are observed at 20 = 31.94° (100), 34.55° (002),
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36.45° (101), 47.65° (102), 56.75° (110), 62.95° (103), 66.45° (200),
68.10° (112) and 69.20° (201), which are indexed to the hexagonal
wurtzite structure (COD Card No. 96-900-8878) (space group: P63m)
with lattice constants a = b= 3.2494 A and ¢ = 5.2054 A. The presence
of the (100), (002) and (101) planes in XRD patterns indicates the for-
mation of high purity of the ZnO nanoparticles. Further, no peaks due
to impurities were observed. Strong intensity and narrow width of the
ZnO diffraction peaks indicate that the resulting product was highly
crystalline [18]. Average size of ZnO nanoparticles can be estimated
using the Debye—Scherrer equation, which gives a relationship be-
tween peak broadening in XRD and particle size that is demonstrated
by the following equation: D, = EA/(B cos0), where D, is the crystal na-
noparticle size, k is Scherrer’s constant (0.89), A is x-ray wavelength
(0.15406 nm), B is the width of the XRD peak at half height, and 0 is
the Bragg diffraction angle [19]. By Match program [20] and using the
Scherrer’s equation, the average crystalline size of ZnO nanoparticles
is found of 38.22 nm.

3.5. Energy Dispersive X-Ray Spectrometry (EDX)

The chemical stoichiometry of ZnO nanoparticle was investigated
with EDX. This analysis was performed on three different areas
randomly across the investigated sample to determine the Zinc and
Oxygen ratio. Figure 6 shows the content of Zn, O and C elements
in the sample. As detected, it is indicating the high purity of the
synthesized ZnO. The Oxygen-to-Zinc weight ratio was found quan-
titatively from ~1 to 4, and atomic ratio was found from ~1 to 1,
respectively, indicating the stoichiometric formation of ZnO, while
4% Carbon weight ratio attributed to EDX sample holder.

3.6. Scanning Electron Microscopy (SEM) Measurement

The SEM image of prepared nanoparticles is given in Fig. 7. The
diameter of the nanoparticles is found to be in the range of 16—60
nm, and they are nearly spherical in shape.

4. CONCLUSION

In summary, we have synthesized ZnO nanoparticles using direct
thermal decomposition method. The preparation process of ZnO na-
noparticles is quite facile. XRD pattern indicates the formation of
ZnO nanoparticles of pure hexagonal wurtzite structure with aver-
age particle size found to be of 38.22 nm. Here, we report a simple,
green, low-cost, and reproducible process for the synthesis. In this
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Fig. 6. Energy dispersive spectrum indicating the chemical composition of
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Fig. 7. SEM image of ZnO nanoparticles.

process, surfactant (C12-14-secondary alcohol ethoxylate) was used
as both the medium and the stabilizing reagent, while polyvinylpyr-
rolidone (PVP) can serve as a surface stabilizer, growth modifier,
and nanoparticle dispersant.

5. HIGHLIGHTS

The XRD pattern confirmed the crystalline nature of ZnO nanopar-
ticles. As revealed from FT-IR pattern, the ZnO bonding and the
functional groups responsible for reduction of ZnO nanoparticles
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are presented. Structural morphology of ZnO nanoparticles was
studied by SEM analysis.
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In this work, new types of nanocomposites are fabricated from SrTiO,-
doped PVA-PAA blend for a high-sensitivity, flexible, high corrosion-
resistance, and low-cost pressure sensor. The microscopy images, FT-IR
studies and pressure-sensor application of PVA/PAA/SrTiO; nanocompo-
sites are examined. The PVA/PAA/SrTiO; nanocomposites are tested for
pressure sensor with range from 80 bar to 160 bar. The results indicate
that the PVA/PAA/SrTiO; nanocomposites have high sensitivity for pres-
sure.

VY miit po6oTi HOBI TMIIM HAHOKOMMIO3WTIB BUT'OTOBJIEHO i3 cymimi moJriBiHi-
goBuii cimpt (IIBC)—momiakpunawmin (IIAA), meroBamoi SrTiO;, mna mermre-
BOTO JaBaya THCKY BUCOKOI UYTJIMBOCTH, THYUYKOTO, BHCOKOTO OIIOPY KOPO-
3ii. IlepeBiperHo 300pakeHHS MiKpocKomii, mocaim:keHHsd iH(pPauepBOHOIO
CIIeKTpPOCKomico Ha ocHOBi meperBopy Pyp’e (FT-IR) i sacrocyBamusa A
maBaua Tucky HaHokommoauTiB IIBC/ITAA/SrTiO;. Hanoxkommosutu
IIBC/ITAA/SrTiO; BunpoOyBaHO AJs AaBaya THUCKY 3 AiamasoHoM Big 80
6ap mo 160 ©Oap. PesyabTaTu BKas3ylTh Ha Te, IO HAHOKOMIIO3UTU
IIBC/ITAA/SrTiO; MaroTh BUCOKY YUYTJIUBICTH IIOLO TUCKY.

Key words: polymer blend, PVA, SrTiO;, nanocomposites, pressure sensor.
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1. INTRODUCTION

Nanotechnology is promising as a fast growing area with its techno-
logical application for the reason of developed new substance in na-
nosize. It can be proved a boon, because it has a large possibility to
get benefits in fields as information and communication technology,
drug improvement, water decontamination [1]. In the class of new
materials, polymer nanocomposites have grabbed more attention due
to their enhanced electrical, optical and magnetic properties. These
materials possess increased modulus and flame resistance, and are
capable to preclude oxidation and agglomeration. These enhance-
ments in properties are due to interaction between nanoparticles
and polymer matrix. Addition of nanoparticles in polymer matrix
improves lifetime of nanoparticles, modifies the surface of nanopar-
ticles by passivation defect states, provide low cost, ease of device
fabrication and tuneable optical and electronic properties [2]. Poly-
mers have stability after chemical and physical doping with high
mechanical properties [3]. Integration of macro- and nanocomposites
has led to the development of a new class of nanocomposite materi-
als, which find vital approach in medicine, biology, industry and
defence. Polymers and organic materials have been receiving a great
deal of attention for their unique features offering to realize light-
weight, environmental friendly, flexible and cost effective electron-
ic devices [4]. Polyvinyl alcohol (PVA) is a polymer with carbon
chain backbone attached with hydroxyl groups. These OH groups
can be a source of hydrogen bonding and hence assist in the for-
mation of polymer blends. PVA is non-toxic, water-soluble synthetic
polymer, which is widely used in the polymer blends due to its good
physical and chemical properties, excellent film forming character-
istics, emulsifying capability, non-carcinogenic, biodegradable and
biocompatible qualities. These unique characteristics enable it for
its applicability in pharmaceutical fields, as drug coating agents,
material for surgical structures and cosmetic industries [56]. This
work aims to prepare of PVA/PAA/SrTiO; nanocomposites for low-
cost pressure sensors.

2. MATERIALS AND METHODS

In this work, the materials used are PVA (88 wt.%) and poly-
acrylamide (PAA) (12 wt.%) in a polymer blend and the SrTiO; na-
noparticles as additive. To get a homogeneous solution PVA-PAA
blend, magnetic stirrer is used in mixing process when each of the
PVA and PAA polymers are dissolved in distilled water. SrTiO; na-
noparticles are added to solution with concentrations of 0, 1.8, 3.6,
5.4 and 7.2 wt.%. To prepare the PVA/PAA/SrTiO; nanocompo-
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sites, the casting method is used. Films of PVA-PAA/SrTiO; nano-
composites are prepared by dissolving 1 g of PVA and PAA with
88:12 ratio in 30 ml of distilled water. The sample is placed be-
tween copper plate, and load is applied on two plates where sample
between them. The capacitance for different applied load in a range
80—-160 bar is measured by using LCR meter type HIOKI 3532-50
LCR HI TESTER at 100 Hz, which locally manufactured.

3. RESULTS AND DISCUSSION

Figure 1 shows microscopy examination of PVA/PAA/SrTiO, nano-

Fig. 1. Microscopy images (x10): (a) pure blend; (b) 1.8 wt.% SrTiO; nano-
particles; (c) 3.6 wt.% SrTiO; nanoparticles; (d) 5.4 wt.% SrTiO; nanopar-
ticles; (e) 7.2 wt.% SrTiO; nanoparticles.
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composites. The microscopy examination shows the distribution of
the SrTiO; nanoparticles in the polymer PVA-PAA blend. When
adding the SrTiO,; nanoparticles to the polymer PVA-PAA blend,
the concentrations of the charge carriers, which are absorbing the
photons, will increase as shown in Fig. 1, a, b, ¢, d and e.

Figure 1 shows that the SrTiO; nanoparticles are aggregated as
clusters at lower content. When increasing the ratio of SrTiO; na-
noparticles, they form paths network inside the PVA/PAA blend.

Figure 2 shows the FT-IR spectra of PVA/PAA/SrTiO; nanocom-
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Fig. 2. FT-IR spectra of PVA/PAA/SrTiO; nanocomposites: (a) pure blend;
(b) 1.8 wt.% SrTiO; nanoparticles; (c) 3.6 wt.% SrTiO; nanoparticles; (d)
5.4 wt.% SrTiO; nanoparticles; (e) 7.2 wt.% SrTiO; nanoparticles.
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posites.

The FT-IR studies of nanocomposites manifest the interactions in
nanocomposites. They show broad bands at 3237.97 cm™. The large
bands observed between 3550 and 3200 cm™ are linked to the
stretching O—H from the intermolecular and intramolecular hydro-
gen bonds. The vibrational band observed between 2840 and 3000
cm ! refers to the stretching C—H from alkyl groups. This correla-
tion was calculated through the ratio of the intensities associated
with vibrational bands of C—O (1710 cm™) and bending vibrations
related to CH, groups at § = 1460 cm ' that remains almost constant
[6]. The peaks at 1418-1424 cm™ were assigned to the C—O groups
of polymers matrix. The band observed at 2920 cm™ is characteris-
tic of an asymmetry-stretching mode of CH, group. The strong band
around 1086-1090 cm™ for all samples of nanocomposites is at-
tributed to the stretching mode of C—O group. The two strong bands
observed at around 1420 cm™ and 841 cm™ are attributed to the
bending and stretching modes of CH, group, respectively [7].

As noted from the FT-IR studies, there are no interactions be-
tween PVA—-PAA blend and SrTiO; nanoparticles.

Figure 3 shows a variation of the electrical capacitance for
PVA/PAA/SrTiO; nanocomposites with the pressure for different
concentrations of SrTiO; nanoparticles.

As shown, the electrical capacitance of PVA-PAA blend increases
as the pressure increases. There is an explanation of this behaviour:
the SrTiO; nanoparticles are aggregated as clusters in the

250+

—+— Pure

80 100 120 140 160
P, bar

Fig. 3. Variation of the electrical capacitance for PVA/PAA/SrTiO; nano-
composites with the pressure for different concentrations of SrTiO; nano-
particles.
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PVA/PAA blend and, hence, the electrical resistance is high. Apply-
ing the pressure causes a decrease in the distance between filler
particles inside the matrix and an increase in the number of con-
ductive paths that leads to decrease in the resistance of composites.
Hence, the resistance is low, and the electrical capacitance of
PVA/PAA/SrTiO; nanocomposites will increase [8—14].

4. CONCLUSIONS

In the present work, synthesis of PVA/PAA/SrTiO; nanocomposites
has been investigated.

The microscopy images, FT-IR analysis and pressure sensor appli-
cation were examined.

Finally, the results show that the electrical capacitance of
PVA/PAA/SrTiO; nanocomposites increases with the rise in pres-
sure that makes the PVA/PAA/SrTiO; nanocomposites useful for
pressure sensors’ applications with low cost, lightweight and high
sensitivity.
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In this paper, preparation of new pressure sensors with low cost and
lightweight, and their structural and dielectric properties are investigat-
ed. The pressure sensors are prepared from polyvinyl alcohol (PVA; 50
wt.%) and carboxyl methylcellulose (CMC; 50 wt.%) with different con-
centrations (1, 2 and 3 wt.%) of titanium-carbide nanoparticles. The die-
lectric properties are measured in the frequency range from 100 Hz to 5
MHz. The experimental results show that the dielectric constant and die-
lectric loss of PVA-CMC-TiC nanocomposites are decreased with increase
in frequency of applied electric field. The A.C. electrical conductivity in-
creases with increasing the frequency. The dielectric constant, dielectric
loss, and A.C. electrical conductivity of PVA-CMC blend are increased
with increase of concentration of TiC nanoparticles. The results of pres-
sure sensor application show that the electrical resistance of PVA-CMC—-
TiC nanocomposites decreases with increase in pressure.

V¥ miit poboTi mocaiiKeHO MPUTOTYBAHHS HOBUX AATYUKIB THCKY 3 HUSBKOIO
BapTiCTIO Ta HEBEJIMKOIO Baroio, a TaKOK IXHiI CTPYKTYPHI Ta miejdeKTpuuHi
BiacTUBOCTi. [JaTYMKM TUCKY TOTYIOThCA 3 mojiBiminmoBoro crupry (ITBC; 50
Bar.% ) i kapOokcuabnol merumianentososu (KMIL; 50 Bar.%) 3 pisHOI0O KOH-
nentpatieio (1, 2 i 3 Bar.% ) HaHOouacTMHOK Kapbixy Turany. HiemexTpuuni
BJIACTUBOCTI BUMipmOOThCA B Aiamaszoni uactor Big 100 I'm mo 5 MI'n. Exc-
TIEPUMEHTAJbHI pe3yJbTaTH IOKAa3yIoTh, IO MieJIeKTPUYHA MPOHUKHICTH i
mienexrpuuni BTpatTu HaHOKOoMIO3uTiB IIBC-KMII-TiC swmenmyiorbcsa 3i
301JILIIIEHHAM YACTOTH IIPUKJIALEHOTO eJeKTPUUYHOTO I0JA. EJIeKTpompoBis-
HiCTh 3MiHHOTO CTPYyMy 306iJbIIyeThcA 3i 36imbimeHHAM YacToTH. llierexT-
pUYHA TPOHUKHICTH, Ai€JEKTPUUYHI BTpATU I €JIEKTPOIPOBiIHICTE 3MiHHOTO
crpymy cymimi ITBC—KMII 36inbiiyroTsed 31 36ijgbIIeHHAM KOHIIEHTpAIlii
HanouacTuHok TiC. PesayabraTy 3acTOCyBaHHSA AaTUMKa THUCKY IIOKa3yIOTh,
o exexkTpuuHmil omip HaHokomMmo3uTiB IIBC-KMII-TiC moHumKyeTbcs 3i
301JIBIIIEHHAM THUCKY.

873



874 Ahmed HASHIM and Qassim HADI

Key words: nanocomposite, titanium carbide, conductivity, pressure sensor.

KarouoBi ciioBa: HAHOKOMIO3UT, Kapo6ix Tutamy, mpoBiAHiCTh, JTaTUYUK TUCKY.

(Received 17 November, 2020 )

1. INTRODUCTION

Recently there has been a constant search for new materials that
possess high dielectric permittivity and good mechanical properties
for important technological applications. Polymers are materials
with low-density flexible, easy to fabricate and superior in dielectric
breakdown strength and mechanically more compliant than the ce-
ramics, but its dielectric values are much lower than those of the
ceramics [1].

The addition of inorganic nanoparticles to polymers allows the
modification of the polymer physical properties as well as the im-
plementation of new features in the polymer matrix. With decreas-
ing particle size, the ratio of surface/volume increases, so that sur-
face properties become crucial. Smaller the particles are, more im-
portant will be the surface properties, thereby influencing interfa-
cial properties, agglomeration behaviour, and the physical proper-
ties of the particles. The intensity of these properties changes de-
pending upon the nature, composition, concentration and size of the
nanoparticles [2].

Addition of small amount of nanomaterial could improve the per-
formance of polymeric materials due to their small size, large spe-
cific surface area, quantum confinement effects, and strong inter-
facial interactions. Among these polymers, polyvinyl alcohol (PVA)
is a polymer that has been studied intensively due to its good film
forming and physical properties, high hydrophilicity, processability,
biocompatibility, and good chemical resistance. Polyvinyl alcohol is
a good insulating material with low conductivity; hence, it is very
useful in microelectronic industry. Its electrical conductivity de-
pends on the thermally generated carriers and the addition of suita-
ble dopants. Moreover, the PVA polymer extends the industrial ap-
plications in optical, pharmaceutical, medical, and membrane fields.
PVA is a semi-crystalline material with several interesting physical
properties, which are very useful in technical applications [1, 3].
Polymer nanocomposites containing semiconductor nanoparticles are
shown to be significant for building electronic and optoelectronic
devices, such as solar cells, light-emitting diodes, optical limiters,
and various types of sensors [4—6].

Many of the modern technologies require materials with unusual
combinations of properties that cannot be met by conventional met-
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al alloys, ceramics and polymers. Nanocomposite development pro-
vides for new technologies and business opportunities in many sec-
tors of aerospace, automobile, electronics and biotechnology indus-
tries.

Titanium carbide (TiC) is widely used as a reinforcing particle to
produce metal matrix composites due to its hardness, chemical iner-
tia, high melting point and stability. Composites comprising titani-
um carbide metal matrix can be characterized by a good wear re-
sistance with a relatively low coefficient of friction [7].

2. EXPERIMENTAL PART

The nanocomposites of PVA-CMC-TiC were prepared by dissolving
1 gm of PVA—-CMC blend in 20 ml of distilled water with concentra-
tion: 50 wt.% PVA and 50 wt.% CMC by using magnetic stirrer to
mix the polymers for 1 hour to obtain solution that is more homo-
geneous. The TiC nanoparticles were added to polymers’ mixture
with different concentrations (1, 2 and 3 wt.%). The casting meth-
od is used to prepare the samples of PVA-CMC-TiC nanocomposites
in the template (Petri dish has diameter of 10 cm). The samples
were prepared with thickness range 117-140 um.

The dielectric properties of PVA-CMC-TiC nanocomposite sam-
ples are studied with frequency range from 100 Hz to 5-10° Hz by
using LCR meter type (HIOKI 3532-50 LCR HI TESTER). The pres-
sure sensor of samples is investigated by measuring the resistance
between two electrodes on the top and bottom of the sample for dif-
ferent pressures’ range 80-200 bar.

The dielectric constant, &', of nanocomposites is defined by using
the following equation [8]:

g'=—", (1)

where C, is parallel capacitance and C, is vacuum capacitor.
The dielectric loss, €”, of nanocomposites is written by following
equation [8]:
e"=¢'D, (2)

where D is dispersion factor.
The A.C. electrical conductivity is defined by following equation [9]:

Oa.c. = WE"g, 3

where w is the angular frequency.



876 Ahmed HASHIM and Qassim HADI

3. RESULTS AND DISCUSSION

The FT-IR spectra for pure polymer blend and PVA-CMC-TiC
nanocomposite films are shown in Fig. 1. In the spectra of nano-
composites, the broad and strong band centred at 3366 cm™ is as-
signed to the stretching vibration of hydroxyl group OH. The band
observed at 1601 cm™ is assigned to the stretching vibrational band
of C=0. The two bands observed at 1416 and 1856 cm ™' are assigned
as CH; bending vibration and CH, stretching, respectively. The
band at 1056 cm™ arises from the C—O stretching vibration, while
the band at 917 cm™ results from CH, rocking vibration [10]. The
TiC nanoparticles cause changes in spectra of PVA-CMC, which in-
clude shift in some bonds and change in the intensities. These
changes attributed to interactions of nanoparticles with polymers.
The FT-IR studies show the non-interactions between PVA-CMC
polymer matrix and TiC nanoparticles [11].

The variation of dielectric constant for PVA-CMC-TiC nanocom-
posites with frequency at different concentrations of TiC nanoparti-
cles is shown in Fig. 2.

The polarized molecules or atoms in dielectric medium can align
in accordance with the applied electric field, which implies electro-
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Fig. 1. FT-IR spectra for PVA-CMC-TiC nanocomposites: a) pure
blend; b) 1 wt.% TiC nanoparticles; ¢) 2 wt.% TiC nanoparticles; d)
3 wt.% TiC nanoparticles.
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Fig. 2. Variation of dielectric constant for PVA-CMC-TiC nanocomposites
with frequency at room temperature.

magnetic energy to be transferred into materials. In Figure 2, the
behaviour of frequency-dependent dielectric constant of PVA-CMC—
TiC nanocomposites at room temperature is illustrated. The plot in-
ferred that the value of dielectric constant has a strong influence in
radiofrequency region. At lower frequencies, high values are no-
ticed that indicates that the four polarizations are active, whereas
at higher frequencies, due to the high periodic field reversal result-
ing in inertia of the dipolar moments, causes the reduction in the
values. An independent frequency trace is noticed beyond 1 kHz but
a substantial modification is achieved by the incorporation of TiC
nanoparticles in the matrix. A giant polarizability is noticed be-
cause the particles are relatively free to move in extended trajecto-
ries between the electrodes. The TiC exhibits a strong ionic polari-
zation due to the titanium and carbon ions and has a high value of
static permittivity, so that the increment in the values of relative
permittivity for the composites due to these mobile charge carriers
is expected.

Figure 3 shows the frequency-dependent dielectric loss of PVA-
CMC-TiC at room temperature. This curve possessed a similar trace
as the plot of dielectric constant, and the changes in steepness are
observed at the same frequency region. This phenomenon can be
identified as interfacial polarization (IP) where the high values are
presented at the low-frequency region. At higher frequencies, the
dipoles cause an inertia results from the electrical heterogeneity
known as Maxwell-Wagner—Sillars effect [12].

As shown in Figures 2, 3, the dielectric constant of PVA-CMC
blend increases with increase in TiC nanoparticles’ concentration;
this behaviour could be interpreted from both interfacial polariza-
tion inside the nanocomposite in applied alternating electric field
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and increase of the charge carriers.

The dielectric loss increases with increase in concentrations for
nanoparticles. The increase of dielectric loss of PVA-CMC blend
with increase in TiC nanoparticles’ concentration for related to the
increase of the number for charge carriers. At low concentrations of
TiC nanoparticles, they are formed as clusters; when the concentra-

—e+—pure

—i—1wt%
18 ——2wt%
14 ——3wt%

Dielectric Loss

100E:04  1.00E+05  100E+06  100E+07

F, Hz

03 T
1.00E+02 1.00E+03

Fig. 3. Variation of dielectric loss for PVA-CMC-TiC nanocomposites with
frequency at room temperature.

Fig. 4. Photomicrographs (x10) for PVA-CMC-TiC nanocomposites: a) for
pure; b) for 1 wt.% TiC nanoparticles; ¢) for 2 wt.% TiC nanoparticles; d)
for 3 wt.% TiC nanoparticles.
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tion of TiC nanoparticles increases, the nanoparticles form a con-
tinuous network in the nanocomposite [11], as shown in Fig. 4. In
Figure 4, the TiC nanoparticles’ arrangement in PVA—-CMC polymer
matrix is shown at magnification power (x10). The TiC nanoparti-
cles are aggregated as clusters at low concentrations. When increas-
ing the concentrations of TiC nanoparticles, the nanoparticles form
a continuous network inside the PVA-CMC blend [11].

The variation of A.C. electrical conductivity for PVA-CMC-TiC
nanocomposites with frequency for different TiC nanoparticles’ con-
centrations is shown in Fig. 5. The increase in A.C. conductivity is
due to increase in the composition of the TiC nanoparticles’ concen-
tration in polymer matrix resulting in relatively more number of
free charges carries. These charge carriers move in the amorphous
polymer matrix, and hence the conductivity increases. Thus, there
is a relation between the amorphous nature of the polymer film and
the conductivity [13].

In addition, the A.C. conductivity increases as TiC nanoparticles’
concentration increases. This result can be attributed to an increase
in the conductivity because of the increase in the charge carrier
density in the polymer blend and the increase of the free charge
carrier number [14].

Figure 6 shows variation of resistance for PVA-CMC-TiC nano-
composites with compression stress. Pressure sensors, which are
widely applied in automation equipment, robot arms, touch panels,
and cell phones, have been developed on the basis of piezoresistive,
piezoelectric, and capacitive principle. Pressure sensors need high
sensitivity and strong discriminatory abilities for wide applications

1.E-06

1.E-06

1.E-07

1.E-08

1.E-09

1.E-10

1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
F, Hz

A.C. Electrical Conductivity, S/em

Fig. 5. Variation of A.C. electrical conductivity for PVA-CMC-TiC nano-
composites with frequency at room temperature.
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Fig. 6. Variation of resistance for PVA-CMC-TiC nanocomposites with
compression.

[15]. As shown in Figure 6, the resistance for PVA-CMC-TiC nano-
composites decreases with increases in compression stress. This be-
haviour can be explained as follows: when stress is applied, it will
change the local dipole distributions and induce an electric field;
the induced electric field accumulates the charges at both the top
and the bottom of the sample [16].

4. CONCLUSIONS

The dielectric constant, dielectric loss, and A.C. electrical conduc-
tivity of PVA-CMC blend increase with increasing titanium carbide
nanoparticles’ concentration.

The dielectric constant and dielectric loss of PVA-CMC-TiC
nanocomposites decrease with increase of the frequency.

The A.C. electrical conductivity increases with increase of the
frequency.

The PVA-CMC-TiC nanocomposites films have high sensitivity
for pressure.
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Bionanocomposites for Pressure Sensors
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Synthesis of the polyvinyl alcohol (PVA)-starch (ST)-yttrium oxide (Y,0;)
nanocomposites and studying their structural and dielectric properties are
considered for the sake of high-sensitive pressure sensors. The nanocom-
posites are prepared by casting method. The PVA-ST blend is prepared
with following concentrations: 85 wt.% polyvinyl alcohol, 15 wt.%
starch. The effect of yttrium-oxide nanoparticles’ concentration on the
structural and dielectric properties of PVA—ST blend is studied. The die-
lectric properties of PVA-ST-Y,0; nanocomposites are examined in fre-
quency range from 100 Hz to 5 MHz. The results show that dielectric
constant and dielectric loss of nanocomposites are decreased with increase
in frequency of applied electric field. The A.C. electrical conductivity in-
creases with increase in frequency. The dielectric parameters (dielectric
constant, dielectric loss, and A.C. electrical conductivity) of PVA-ST
blend are increased with increase in yttrium-oxide nanoparticles’ concen-
tration. The PVA-ST-Y,0; nanocomposites are tested for pressure-sensor
application. The results show that the electrical resistance of PVA-ST-
Y,0; nanocomposites decreases with increase in pressure.

Cunresa wmHaHoxomMmo3utTiB moaiBimimoBuii conupt (IIBC)-kpoxmans (K)—
okcup Itpito (Y,0;) Ta BUBUEHHS iXHiX CTPYKTYPHHUX i TieJIeKTPUYHUX BJa-
CTUBOCTEH pO3TJIAJAIOTHCA 3apaju BUCOKOUYTJIWBUX JaTuuKiB Tucky. Ha-
HOKOMIIO3UTU ToTyIOTh MeTomoM Jurtsa. Cymim IIBC-K roryerbca 3 HacTy-
MHUMY KOHIeHTpamiamu: 85 Bar.% mnoJiBinisosoro coupry, 15 Bar.% Kpo-
xmaJjio. IociifKkeHO BIJIMB KOHIEHTpAIlil HAHOUYACTUHOK OKcuay ITpiro Ha
CcTPpYKTypHi Ta miemexTpuuni BaactuBocti cymimri IIBC-K. diemextTpuuni
BiactuBocti HaHokommo3utiB IIBC-K-Y,0; mocaimkymoTbca B Aisgmas3oHi
yactor Bix 100 T'm mo 5 MTI'n. PesyabraTé mOKasyoTh, II0 dieJIeKTPUYHA
mocTifiHa Ta AieJeKTPUUYHI BTpAaTU HAHOKOMIIO3UTIB 3MEHIIVIOTHCA 31 306i-
JBIIEHHAM YacCTOTH IIPUKJIAAEHOTO eJeKTPUYHOIO II0JIsA. KJIIeKTpompoBin-
HiCTh 3MiHHOTO CTPYMYy 306inbITyeThca 3i 36imbieHHAM yacToTH. I[iedexT-
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puuHi mapamerpu (IieleKTpuuHa KOHCTAHTA, AieJeKTPUUYHI BTPATHU Ta eJeK-
TpoupoBimHicTE 3MiHHOTO cTpyMy) cyMimri ITBC-K s6impmryrorbea 3i 36iab-
IIeHHAM KOHIIeHTpAaIlii HaHOYAaCcTMHOK oKcuzny Irpiro. HaHokommosuTu
IIBC-K-Y,0; TecTyroTbCcA Ha 3aCTOCYBaHHA NaTUWKiIB TuUCKY. Pesynabratu
MOKAa3yIoTh, IO eJeKTpuuHuii ouip HamokommosuTiB IIBC-K-Y,0; cmanae
3i 30i/JIBIIIEHHAM THUCKY.

Key words: conductivity, structure, Y,0;, nanocomposite, pressure sensor.

KarouoBi cioBa: eJeKTpPONPOBigHICTH, CTPYKTypa, Y,03;, HAHOKOMIIO3UT,
JaTIUK THUCKY.

(Received 17 November, 2020)

1. INTRODUCTION

Organic—inorganic nanocomposites are extremely promising for ap-
plications in light-emitting diodes, photodiodes, photovoltaic cells,
smart microelectronic device, and gas sensors among others. The
properties of nanocomposites films can be adjusted by varying the
composition. Their fabrication shares the same advantages of organ-
ic device technology such as low-cost production and the possibility
of device fabrication on large area and flexible substrates.

PVA is a potential material having high dielectric strength, good
charge storage capacity and dopant-dependent electrical and optical
properties. It has carbon chain backbone with hydroxyl groups at-
tached to methane carbons. These OH groups can be a source of hydro-
gen bonding and hence assist the formation of polymer composite[1].

Starch is the most abundant carbohydrate reserve in plants and is
found in leaves, flowers, fruits, seeds, different types of stems and
roots. Starch biochemical chain responsible for starch synthesis in-
volves glucose molecules produced in plant cells by photosynthesis.
Starch is formed in the chloroplasts of green leaves and amylo-
plasts, organelles responsible for the starch reserve synthesis of ce-
reals and tubers [2].

Yttrium oxide, as an important member among rare-earth com-
pounds, has been actively studied in the recent years. It is one of
the most promising elements for the fabrication of optoelectronics
devices and chemical catalysis. Y,0; can be used as high-efficient
additives and functional composite materials like yttria-stabilized
zirconia films. This material could be synthesized via several meth-
ods, including cathodic electrodeposition, gas-phase condensation,
precipitation, sol—gel, pyrolysis, solvothermal and hydrothermal
syntheses [3]. The addition of inorganic nanoparticles to polymers
allows the modification of the polymer physical properties as well as
the implementation of new features in the polymer matrix [4].
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Pressure sensors have a great significance for industrial equip-
ment, and they are widely used for the control and monitoring of
thousands of applications such as biomedical, environment, space,
and automobiles. Furthermore, piezoresistive pressure sensors have
been proposed to detect the strain by applying pressure to change
the resistance of test patterns. Materials typically used for piezore-
sistive pressure sensors are silicon, polysilicon thin films, bonded
metal foils, sputtered thin films, and inkjet printing films. General-
ly, piezoresistive pressure sensors are the most commonly employed
technology in the pressure sensor market owing to their advantages
of high sensitivity and low cost [5].

The idea of connecting two or more different constituents into
one substance gives almost infinite possibilities to create new engi-
neering materials characterized by variety of different properties.
Composite materials, because of these diverse properties, are suc-
cessfully used in almost all areas of industry and science [6—9]. One
advantage of nanoparticles as polymer additives appearing to have
is that compared to traditional additives, namely, loading require-
ments are quite low [10].

2. THEORETICAL PART

The dielectric constant, &', of PVA-ST-Y,0; bionanocomposites is
defined by the following equation [11]:

g=C,/C,, (1)

p

where C, is parallel capacitance and C, is vacuum capacitance.
The dielectric loss, &”, of PVA-ST-Y,0; bionanocomposites is
written by the equation as follows [12]:
e"=¢'D, (2)
where D—dispersion factor of PVA-ST-Y,0; nanocomposites.
The A.C. electrical conductivity of PVA-ST-Y,0,; bionanocompo-
sites is determined by the equation [12]:

Oa.c.= WE"gg, 3

where w—the angular frequency.

3. EXPERIMENTAL PART

The nanocomposite films are prepared from PVA-ST blend with dif-
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ferent of yttrium-oxide nanoparticles’ concentrations by casting
method. The PVA-ST blend is prepared by dissolving 1 gm of poly-
vinyl alcohol and starch in 20 ml of distilled water with concentra-
tions: 85 wt.% PVA and 15 wt.% ST by using magnetic stirrer to
mix the polymers for 1 hour to obtain solution that is more homo-
geneous. The Y,0; nanoparticles added to polymers’ mixture with
different concentrations 1, 2 and 3 wt.% . The samples of PVA-ST-
Y,0; nanocomposites are casted in the template (Petri dish has di-
ameter of 10 cm). The samples are prepared with thickness range
120-142 pm.

FT-IR spectra (Fig. 1) were tested in wave number range 500—
4000 cm ' by FT-IR (Bruker Company, German origin, type Vertex-
70). The nanocomposites’ samples are examined by using the optical
microscope (supplied from Olympus name (ToupView) type (Nikon-
73346)) with magnification (x10). The dielectric properties of PVA—
ST-Y,0; nanocomposites’ samples are tested within the frequency
range from 100 Hz to 5-10° Hz by using LCR meter type (HIOKI
3532-50 LCR HI TESTER). The pressure-sensor application of nano-
composites is investigated by measuring the resistance between two
electrodes on the top and bottom of the sample for different pres-
sures’ range 80—200 bar.

4. RESULTS AND DISCUSSION

The FT-IR spectra of PVA-ST-Y,0; nanocomposites are shown in
Fig. 1. As shown in Fig. 1, the broad peak around 3250 cm™ indi-
cates stretching of hydroxyl groups (O—H). The peak at 1087 cm™ is
due to the C-O stretch of secondary alcoholic groups [13].

Figure 2 shows the dependence of real dielectric constant on the
frequency at room temperature. It verifies that value of dielectric
constant for PVA-ST-Y,0; nanocomposites is high at low frequen-
cies since electric dipoles have enough relaxation time to be sup-
ported with the field. Thus, there is a high dielectric constant.
However, relaxation time decreases with increase in frequency as
dipoles do not get sufficient time to be supported with the field,
and the dielectric constant decreases. The values of dielectric con-
stant for PVA-ST-Y,0; nanocomposites rise with a dopant concen-
tration of yttrium-oxide nanoparticles.

This rise in dielectric-constant values could be ascribed by Max-
well-Wagner interfacial polarization [14] and increasing number of
charge carries as shown in Fig. 3. This figure shows that the Y,0,
nanoparticles are aggregated as clusters at low concentrations.
When increasing the concentration of Y,0; nanoparticles, the nano-
particles form a paths’ network inside the PVA-ST blend.

The variation of dielectric loss for PVA-ST-Y,0; nanocomposites
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Fig. 1. FT-IR spectra for PVA-ST-Y,0, nanocomposites; a—pure blend;
b—1 wt.% Y,0; nanoparticles; c—2 wt.% Y,0; nanoparticles; d—3 wt.%
Y,0; nanoparticles.

with frequency at room temperature with different concentrations
of yttrium-oxide nanoparticles is shown in Fig. 4. It is clear from
the graph that loss decreases with frequency. The higher value of
the dielectric loss for PVA-ST-Y,0; nanocomposites at the higher
concentration of yttrium-oxide nanoparticles can be understood re-
garding electrical conductivity, which is related to the dielectric
loss. Moreover, polyvinyl alcohol is polar polymer with polar bonds
and shows flexible polar groups since the bond rotating having in-
tense dielectric a-transition [14].

Figure 5 shows the variation of A.C. electrical conductivity for
PVA-ST-Y,0; nanocomposites with frequency at room temperature.
As the yttrium-oxide nanoparticles’ concentration is increased, the
inorganic filler molecules start bridging the gap separating the two
localized states and lowering the potential barrier between them,
thereby, facilitating the transfer of charge carriers between two lo-
calized states.
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Fig. 2. Variation of dielectric constant for PVA-ST-Y,0; nanocomposites
with frequency at room temperature.

Fig. 3. Photomicrographs (x10) for PVA-ST-Y,0; nanocomposites: (a) for
pure blend; (b) for 1 wt.% Y,0; nanoparticles; (¢) for 2 wt.% Y,0; nano-
particles; (d) for 3 wt.% Y,0; nanoparticles.

The frequency-dependent conductivity is conditioned by the hop-
ping of charge carriers in the localized state. The term hopping re-
fers to the sudden displacement of charge carriers from one position
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Fig. 4. Variation of dielectric loss for PVA-ST-Y,0; nanocomposites with
frequency at room temperature.
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Fig. 5. Variation of A.C. electrical conductivity for PVA-ST-PbO, nano-
composites with frequency.

to another neighbouring site and, in general, includes both jumps
over a potential barrier and quantum mechanical tunnelling [15].
Figure 6 shows the variation of electrical resistance for PVA-
ST-Y,0; nanocomposites with compression stress. From the figure,
the electrical resistance of nanocomposites decreases with increasing
the pressure. Typical piezoelectric polymers have a crystalline re-
gion that has an internal dipole moment. These dipole moments are
randomly oriented without any mechanical or electrical poling pro-
cess, and the net dipole moment is zero in these conditions. When
stress is applied to the stacked polymer chain region, it will change
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Fig. 6. Variation of electrical resistance for PVA—-ST-Y,0; nanocomposites
with compression stress.

the local dipole distributions and induce an electric field in the
stack. The induced electric field accumulates the charges at both
the top and the bottom of the film [16].

5. CONCLUSIONS

The dielectric properties (dielectric constant, dielectric loss, and
A.C. electrical conductivity) of PVA-ST-Y,0; nanocomposites in-
crease with an increase the yttrium-oxide nanoparticles’ concentra-
tion.

The dielectric constant and dielectric loss of PVA-ST-Y,0; nano-
composites are decreased with an increase of the frequency, while
the A.C. electrical conductivity increases with an increase of the
frequency.

The electrical resistance of PVA-ST-Y,0; nanocomposites de-
creases with an increase in pressure, and these samples have high
sensitive for pressure.
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Humidity Sensing Performance of Polymer Blend—Titanium
Nitride Nanocomposites: Structural, Electrical, and Optical
Properties
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Synthesis of new nanocomposite films of both the PVA-PAA blend and
the PVA-PAA blend doped by titanium nitride nanoparticles is investi-
gated for the sake of humidity sensors with low cost, light weight, flexi-
bility and high sensitivity. The structural, electrical, and optical proper-
ties of PVA-PAA-TiN nanocomposites are studied. The results concern-
ing electrical properties of PVA-PAA-TiN nanocomposites show that the
electrical conductivity of PVA-PAA blend increases from 4.3-10'' S/cm
to 6.1.10”° S/cm, if the titanium-nitride nanoparticles’ concentration in-
creases to 6 wt.% . In addition, the electrical conductivity of all samples
of PVA-PAA-TiN nanocomposites increases by one order, when tempera-
ture increases from 50°C to 80°C. The activation energy for PVA-PAA
blend decreases from 0.57 eV to 0.29 eV, when titanium-nitride nanopar-
ticles’ concentration increases. The optical-properties’ results show that
the transmittance of PVA-PAA blend decreases (to 83.5%) with increas-
ing the titanium-nitride nanoparticles’ concentration. The results concern-
ing PVA-PAA-TiN-nanocomposites’ applications for the sake of humidity
sensors show that the PVA-PAA-TiN nanocomposites have high sensitivi-
ty for relative humidity.

CuHTe3a HOBMX HAHOKOMIIO3UTHUX ILIIBOK SK CYMIiIlli IOJIiBiHiJIOBMIT ciMpT
(IIBC)—moniakpuisoa rucaora (ILIAK), tak i cymimi IIBC-ITIAK, merosamoi
HaHOYacTMHKaMMu HiTpuay Turany, OOCIiIMKyeTbCA 3apamy AATYUKIB BOJIO-
TOCTH 3 HU3bKOIO BapTiCTIO, HEBEJMKOIO Baroi, THYYKIiCTIO Ta BUCOKOIO Uy-
TauBicTio. JOCHiYKeHO CTPYKTYPHi, €JeKTPUYHI I ONTUUYHI BJIACTUBOCTI
HanokoMmmo3uTiB IIBC-IIAK-TiN. Pesyabpratu I0A0 €JeKTPUUYHUX BJIACTU-
Bocreit HaHokoMmno3utiB IIBC-IIAK-TiN mnokasymoTb, III0 €JeKTPOIPOBif-
micte cymimi IIBC-IIAK s6impmyersca 3 4,3-10" Cm/em mo 6,1-107°
CM/cM, AKINO KOHIEHTpAIlid HaHOUACTUHOK HiTpuay Turany s36iaburyerbcs
Io 6 Bar.% . Kpim Toro, eJeKTpompoBifHICTh BCiX 3pasKiB HAHOKOMIIO3UTiB

893



894 Ahmed HASHIM and Zinah Sattar HAMAD

IIBC-ITAK-TiN 36inbplIyeTbcsd Ha OAWH HOPSAAOK, KOJHU TeMIepaTrypa Iif-
BumyeThbesa Bix 50°C mo 80°C. Enmepria akrupamii cymimi IIBC-ITAK 3meH-
myetrbea Bim 0,57 eB mo 0,29 eB, Koam KoHIleHTpaIlid HAHOUYACTUHOK HiT-
puny Turamy as0inbiryeTbes. PesyiabTaTu IMOA0 ONTUYHUX BJIACTHUBOCTEM
IIOKAasyIoTh, 110 nposopicts cymimri ITBC-ITAK nmormxyetbesa (mo 83,5%) si
30iJIbIIIeHHAM KOHIIeHTpaIii HaHouacTmHOK HiTpuay Turamy. PesyiabraTn
mono 3actocyBaHHsa HaHoxoMmo3uTiB IIBC-ITAK-TiN sapaau maTuymkiB Bo-
JIOTOCTH TOKAas3yloTh, 110 HaHokoMmo3uTu IIBC—ITAK-TiN maioTh BHUCOKY
YYTJIUBICTH A0 BiJHOCHOI BOJIOTOCTH.

Key words: humidity sensors, nanocomposites, titanium nitride, conduc-
tivity, transmittance.

KarouoBi c1oBa: JaTuumKy BOJIOTOCTH, HAHOKOMIO3UTH, HiTpug Twurany,
€JIeKTPONIPOBiAHICTH, IIPO30OPiCTh.
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1. INTRODUCTION

Humidity has an important influence on several industrial processes
such as electronic, food or pharmaceutical manufacturing, food
storage, etc. All these processes, which can be affected by humidity,
require continuous monitoring of air humidity. In addition, proper
humidity levels can be critical to the quality of the product and
having the right humidity level can contribute to diminishing ener-
gy consumption [1]. Humidity sensors have gained advanced appli-
cations in industrial processing and environmental control. For
manufacturing, highly sophisticated integrated circuits in semicon-
ductor industry, humidity levels are constantly monitored in wafer
processing. There are many domestic applications, such as intelli-
gent control of the living environment in buildings, cooking control
for microwave ovens, and intelligent controller. In automobile in-
dustry, humidity sensors are used in rear window defoggers and
motor assembly lines. In medical field, humidity sensors are used in
respiratory equipment, sterilizers, pharmaceutical processing, and
biological products. In agriculture, humidity sensors are used for
greenhouse air conditioning, plantation protection (dew prevention),
soil moisture monitoring. In general industry, humidity sensors are
used for humidity control in chemical gas purification, dryers, ov-
ens, film desiccation, paper and textile production, and food pro-
cessing. Humidity sensor plays an important role in every part of
the Earth and automated industrial processes [2].

Several kinds of humidity sensors are available based on different
transduction principles, such as resistive, capacitive, optical, and
surface acoustic wave. However, resistive-type sensors have the ad-
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vantage to be cheaper and easier to read out over the other ones.
Typically, rigid substrates like ceramic, glass, or silicon are used as
the fundamental building blocks of humidity sensors; but, recent
advancements in the field of printed electronics show increased po-
tential for the substitution of rigid substrates by flexible ones,
since the latter potentially reduce the cost of sensors and offer good
mechanical flexibility. Examples of flexible sensors integrating ad-
ditional electronic functions like readout electronics, thermal com-
pensation systems, and other sensors have opened a new route to-
wards multifunctional sensors fabricated on flexible substrate [3].
Inorganic—organic nanocomposites are extremely promising for ap-
plications in light-emitting diodes, microelectronic packaging, au-
tomobiles, medicine, drug delivery, injection moulded products, op-
tical integrated circuits, sensors, fire-retardants, membranes, aero-
space, coatings adhesives, packaging materials, consumer goods,
etc. [4-10].

The properties of nanocomposites films can be adjusted by vary-
ing the composition. Their fabrication shares the same advantages
of organic device technology, such as low cost production and the
possibility of device fabrication on large area and flexible sub-
strates. Polyvinyl alcohol (PVA) is a potential material having high
dielectric strength, good charge storage capacity and dopant-
dependent electrical and optical properties. It has carbon chain
backbone with hydroxyl groups attached to methane carbons. These
OH groups can be a source of hydrogen bonding and hence assist
the formation of polymer composite [11]. Polyacrylic acid (PAA) is
a non-toxic, hydrophilic and biocompatible superabsorbent polymer
with a three dimensional (3D) network. PAA was chosen as a host
polymer in this research due to its fascinating behaviours such as
excellent stability in acidic and basic media, high ionic conductivi-
ty, strong adhesive properties, superior selectivity and permeability
and high ability to associate with a variety of multivalent metal
ions in solution. PAA can suppress the crystallization and form sta-
ble complexes with metal. The main reason for choosing PAA as a
host polymer is because of its high charge density based on carbox-
ylic (-COOH) functional group. This functional group favours the
bond formation, for example, ionic, covalent, hydrogen and co-
ordination ones, which can be used to form complexation with the
nanoparticles [12]. Lim et al. [13] studied the polyvinyl alcohol
nanocomposites containing reduced graphene oxide coated with tan-
nic acid for humidity sensor. The results showed that the PVA
nanocomposites showed excellent humidity sensing properties over
the wide relative humidity range and the long-term stability due to
the conductive property of the reduced GO and the enhanced me-
chanical strength by the effective incorporation of rGO-TA into the
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PVA matrix [13].

2. MATERIALS AND METHODS

Nanocomposites films of polyvinyl alcohol—polyacrylic acid blend
and polyvinyl alcohol—polyacrylic acid blend doped with titanium
nitride nanoparticles were prepared by using casting method. The
films of PVA-PAA-TiN nanocomposites were prepared by dissolv-
ing 1 gm of PVA and PAA in 30 ml of distilled water with concen-
trations 85 wt.% PVA and 15 wt.% PAA by using magnetic stirrer
to mix the polymers for 1 hour to obtain solution that is more ho-
mogeneous. The TiN nanoparticles were added to PVA-PAA blend
with concentrations 1.5, 3, 4.5 and 6 wt.% . The samples of nano-
composites were prepared with thickness range 115-122 um. The
D.C. electrical conductivity of films was measured by measuring the
D.C. electrical resistance by using the Keithley electrometer type
2400 source mater at different temperature 50—-80°C. The optical
properties of PVA-PAA-TiN nanocomposites were measured by us-
ing the double beam spectrophotometer (Shimadzu, UV-1800A) in
wavelength 240-820 nm. The each one of PVA-PAA-TiN nanocom-
posites samples was placed in box and the water vapour was used as
a source of humidity. The control network monitored and controlled
variations in humidity. The electrical resistance of PVA-PAA-TIiN
nanocomposites for different-humidity range 40-90% was measured
by using the Keithley electrometer type 2400 source mater.

The D.C. electrical conductivity (o) of PVA-PAA-TiN nanocom-
posites can be calculated by using the equation [14]:

o =L/(RS), (1)

where S—the open cross-sectional area, L—the length, and R—the
electrical resistance of a sample.

The electrical conductivity of PVA-PAA-TiN nanocomposites in-
creases with increasing temperature according to the relation [15]:

o = G, exp (— kE;,j, )
‘B

o—conductivity at temperature T, o,—conductivity at absolute
temperature zero, E,—activation energy, kz;—Boltzmann constant.

3. RESULTS AND DISCUSSION

Figure 1 shows the wvariation of D.C. electrical conductivity of
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Conductivity, S/em

Con. of TiN nanoparticles wt.%

Fig. 1. Variation of D.C. electrical conductivity of PVA-PAA blend with
concentration of TiN nanoparticles at 50°C.

PVA-PAA blend with concentrations of TiN nanoparticles at 50°C.
The D.C. electrical conductivity of PVA—-PAA blend is increasing
with the increase in TiN nanoparticles’ concentration and is notice-
ably increasing, when the concentration of TiN nanoparticles reach
to 4.5 Wt.o/o .

The increase of electrical conductivity with increasing TiN nano-
particles’ concentration is attributed to the increase of the charge-
carriers’ number with increasing TiN concentration [16]. When the
concentration of TiN nanoparticles reaches to 4.5 wt.%, the TiN
nanoparticles form a continuous network in the nanocomposite as
shown in Fig. 2. At low concentrations of TiN nanoparticles (1.5
wt.% and 3 wt.%), the nanoparticles are located in clusters, the
clusters are contacted at concentration of 4.5 wt.% for PVA-PAA
nanocomposites [17].

The effect of temperature on the D.C. electrical conductivity of
PVA-PAA-TiN nanocomposites is shown in Fig. 3. This figure
shows that the electrical conductivity of all samples is increased
with increase the temperature. The behaviour of electrical conduc-
tivity with temperature attributed to the increase the mobility and
number of charge carriers inside the PVA-PAA-TiN nanocompo-
sites [18], where PVA—PAA chains and TiN nanoparticles could act
as traps for the moving charge carriers by hopping process, the in-
crease in temperature causes to moving the polymers chains and re-
leasing the trapped charges [19]. So, the increase of current in
PVA-PAA-TiN nanocomposites with the increase of the tempera-
ture is attributed to two parameters: mobility and number of charge
carriers. The increase is exponential [20].

Figure 4 shows the variation of Inc with 1000/T for PVA-PAA-
TiN nanocomposites to calculate the activation energy for nanocom-
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Fig. 2. SEM images of PVA-PAA blend and PVA-PAA blend doped with
titanium-nitride nanoparticles: (a) pure PVA-PAA blend; (b) 1.5 wt.%
TiN nanoparticles; (¢) 3 wt.% TiN nanoparticles; (d) 4.5 wt.% TiN nano-
particles; (e) 6 wt.% TiN nanoparticles.

posites. The experimental results show that the activation energy
values are ranging from 0.576 eV to 0.295 eV for PVA-PAA-TIN
nanocomposites. The high value of activation energy for PVA-PAA
blend attributed to existence of free ions in the polymers. The de-
crease of activation energy of PVA-PAA-TiN nanocomposites with
the increase of the nanoparticles’ concentration related to increase
in localization of charge carriers causing higher electrical conduc-
tivity that is attributed to effect of space charge contribution,
which may play an important role in the charges’ transport [21,
22].

The variation of activation energy with TiN nanoparticles con-
centration is shown in Fig. 5. The activation energy of PVA-PAA-
TiN nanocomposites decreases with the increase of the TiN nanopar-
ticles’ concentration for all samples of nanocomposites. This behav-
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Fig. 3. Effect of temperature on the D.C. electrical conductivity of PVA-
PAA-TiN nanocomposites.

—— Pure
{7 ——1.5 wt.%
e ] —¢—3 Wt-%

‘ —— 4.5 wt.%
-18 4 w
19 :

—320 1

Inc

-21 3

—23 1

—924 r
2.8 2.85 2.9 2.95 3 3.05 3.1

1000/T, K

Fig. 4. Variation of Ilnc with 1000/T for PVA-PAA-TiN nanocomposites.

iour is due to creating local energy levels in the energy gap, which
act as traps for charge carriers [22]. At high TiN nanoparticles’
concentration, the activation energy has lower values, which are
attributed to formation a continuous network of nanoparticles in
the nanocomposite [23].

Figure 6 shows the variation of transmittance for PVA-PAA-
TiN nanocomposites with wavelength of the incident light. The fig-
ure shows that decrease in transmission of all samples at UV re-
gion; this is due to the excitations of donor level electrons to the
conduction band at these energies.
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Fig. 5. Variation of activation energy with TiN nanoparticles’ concentra-
tion.

Transmittance
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Fig. 6. Variation of transmittance for PVA-PAA-TiN nanocomposites with
wavelength of the incident light.

The low transmittance of samples at UV region is attributed to
the energy of photon enough to interact with atoms; the electron
excites from a lower to higher energy level by absorbing a photon of
known energy. The changes in the absorbed and transmitted radia-
tion can decide the types of possible electron transitions [24].

At visible and near infrared regions, the transmittance of all
samples has high values. This behaviour attributed to the energy of
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incident photons does not enough in energy to interact with atoms.
Thus, the photons will be transmitted when the wavelength increas-
es [25]; hence, the transmittance increases.

In addition, Figure 6 shows that the transmittance decreases with
increase in TiN-nanoparticles’ concentration; this is due to the ag-
glomeration of nanoparticles with increasing concentration and in-
crease of the number of charge carriers [26].

Figure 7 shows the variation of electrical resistance for PVA-
PAA-TiN nanocomposites with humidity at room temperature.
From the figure, the electrical resistance decreases with increase in
humidity. This behaviour may be attributed to the following possi-
bilities. (i) At low RH, mobility of TiN ions in the composite is re-
stricted due to curling up of polymer chains. As humidity increases,
polymer chain uncurls and becomes aligned by absorbing water mol-
ecules paving way for faster hopping of charge carriers, resulting
in increased sensing response of the composite. (ii) Porosity of the
polymers may facilitate absorption of water molecules as RH in-
creases causing a decrease in the impedance of the composite [27].
The resistance changes with increasing the humidity levels occur
because of adsorption and capillary condensation of water. At low
humidity levels, chemisorption takes place leading to the formation
of two surface hydroxyls with the charge transport occurring by the
hopping mechanism, while, at high humidity levels, water is phy-
sisorpted on the top of the chemisorbed layer. When water mole-
cules are available at low humidity, they chemisorb on grain surfac-
es of the ceramic to form hydroxyl groups as surface charge carri-
ers. When initial water molecules are adsorbed, each water molecule

150 4

—— Pure
——1.5 wt.%
120 ——3 wt.%
——4.5 wt.%
——6 wt.%
g %]
=
]
L
30 4
. \1 = 3
40 50 60 70 80 90

RH, %

Fig. 7. Variation of electrical resistance for PVA-PAA-TiN nanocompo-
sites with humidity at room temperature.
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is hydrogen-bonded to two hydroxyls, and the dominant surface
charge carriers will be H;O". When still more water is adsorbed,
clustering of the water molecules takes place, forming a liquid-like
multilayer film of hydrogen bonded water molecules, where each
water molecule is only singly bonded to a hydroxyl group. Since
dissociation of H,O" into H,0O and H' is energetically favourable in
liquid water, the dominant charge carrier in high moisture envi-
ronment is H" [28—30].

4. CONCLUSIONS

The D.C. electrical conductivity of PVA—-PAA blend increases with
an increase in TiN nanoparticles concentration and temperature.

The activation energy of PVA-PAA blend decreases with an in-
crease in titanium-nitride nanoparticles concentration.

The optical transmittance of PVA—PAA blend decreases with an
increase in titanium nitride nanoparticles concentration.

The PVA-PAA-TiN nanocomposites have high sensitivity for
relative humidity with low cost and low weight.
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In this paper, fabrication of new polymer blends for water absorption in crude
oil is used. The polymer blends are prepared from polyvinyl alcohol (60 wt.% )
and polyethylene glycol (40 wt.% ) with different concentrations of polyvinyl
pyrrolidone (10, 20, 30 wt.%). The structural, swelling and water absorption
properties of PVA-PEG—-PVP blends are studied. The results show that both
the swelling ratio and the water absorption of PVA-PEG blend increase with
increase in PVP concentration. In addition, the PVA-PEG—PVP blends have
good swelling and water-absorption ratio with the time.

Y po6oTi BUKOPHCTOBYETHCA BUTOTOBJIEHHS HOBUX IIOJIMEPHUX CcyMiIeit
IJIsT BOAOIIOTJIMHAHHA B cupoBit HadTi. IlosmimepHi cymimri rorymorbesa 3 mo-
aisiainoBoro couprty (IIBC; 60 Bar.%) i momietrmnenraikosaio (IIET; 40
Bar.%) s mouiBimimmippoaigonom (IIBII) pismoro xoumenrpamiero (10, 20,
30 Bar.%). HocaimkeHO CTPYKTYpHi, HaOpAKHI Ta BOJOMOTJIMHAJbHI BJIac-
tuBocTi cyminreit IIBC-IIET-IIBII. PesyabTaTi mMOKas3yoOTh, 110 KoedimieuT
HaOpaAKaHHA Ta rirpockomiudicTs cymimi ITBC-IIET 36inbmryrorhesa 3i 306i-
apirenuam koumeHTparii ITBII. Kpim Toro, cymimii IIBC-ITET-IIBII maioTh
XOPpOIIle CIIiBBiHOIIIEHHS HAOPAKAHHA Ta BOAOBOMPAHHS 3 YaCOM.
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1. INTRODUCTION

The term ‘hydrogel’ is used to describe materials, which are three
dimensional, hydrophilic, high-molecular-weight polymeric networks
capable usually for imbibing large amounts of water or biological
fluids or aqueous solutions within their structure near equilibrium
without dissolution. The interactions responsible for water sorption
by hydrogels are due to hydrophilic nature of functional groups on
the polymer backbone, which can be non-ionic (-OH, -O-, -NH,,
—CONH-, —-CHO) or ionic (-SO;H, -COOH, —-COONa, —-COONH,,
-NR,HX, etc.), and the existence of capillary areas and differences
in osmotic pressure. The forces, which make hydrogel dissolution
impossible, are presented by covalent bonds between individual pol-
ymer chains, hydrophobic and electrostatic interactions. Hydrogels
have numerous functional properties such as high water absorptiv-
ity, optical clarity, inherent compatibility in biological (aqueous)
fluids (i.e., biocompatibility), soft tissue-like behaviour, oxygen
permeability and elasticity, efc. Because of these versatile proper-
ties, they are important in different fields including pharmaceuti-
cals, biotechnology, agriculture, food processing and electronics.
Recently many researchers have focused on modifying hydrogels
with a view to enhance their water absorbency, gel strength, and
absorption rate [1].

In recent years, polymeric gels are the objects of intensive stud-
ies. Highly swollen polymers or copolymers are highly hydrophilic,
three-dimensional crosslinked polymeric structures, which are able
to swell in the aqueous environment. Hydrogels have found numer-
ous uses ranging from daily life applications, mainly due to their
high water absorption capacity to the development of new materials
for many different purposed applications. Hydrogels are inherently
soft, hydrophilic, porous, and elastic polymeric systems. The use of
polymer hydrogels as biopotential sorbent or carriers for the remov-
al of the model molecules from aqueous solutions or controlled re-
lease studies of them has been continued to attract considerable at-
tention in recent years. Hydrogels are polymers in three-
dimensional network arrangement, which are able to retain large
amount of water. In order to keep the spatial structure, the polymer
chains are usually physically or chemically crosslinked. Due to their
swelling capacity, hydrogels can be easily rinsed to remove reagents
residues. On the other hand, the big water content that makes hy-
drogels such a special class of materials. The importance of hydro-
gels in the biomaterial field is justified by some unique characteris-
tics: the elastomeric and soft nature of the hydrogels. Crosslinked
polymers capable of imbibing large volumes of water have found
widespread applications in bioengineering, biomedicine, and food
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industry and water purification and separation process. Due to its
swelling ability in water, hydrophilicity, biocompatibility, and no
toxicity, hydrogels have been utilized in a wide range of biological,
medical, pharmaceutical, environmental applications [2].

By the most used definition, hydrogels are polymer networks,
which are capable of absorbing and retaining large amounts of water
and biological fluids. The physical and chemical features of hydro-
gels are extremely important for choice of their specific applica-
tions. Normally, the behaviour of hydrogels depends on external
conditions, in which such materials are exposed. Thus, it is im-
portant to characterize the hydrogel properties in conditions similar
to that it will be applied. Important characteristic of hydrogels is
the biocompatibility. Because of this, hydrogels had been applied in
biomedical field. For instance, as prolonged or controlled drug deliv-
ery systems, contact lenses, biosensors, catheters, and tissue engi-
neering and organ reconstruction scaffolds are exceedingly common.
Hydrogels can be formed by either chemical or physical crosslinking
process or just by entangling of polymer chains. Galactomannan,
dextran, alginate, pectin, and chondroitin sulphate are good exam-
ples of natural polymers applied on hydrogel formulations. Among
the synthetic ones, polyvinyl alcohol (PVA), polyhydroxyethyl meth-
acrylate (polyHEMA), polyethylene oxide (PEO) and poly-N-isopropyl
acrylamide (PNIPAAm) may be cited from a plenty of others [3].

PVA is a non-toxic, water-soluble synthetic polymer and has good
physical and chemical properties and film-forming ability. The use
of this polymer is important in many applications such as controlled
drug delivery systems, membrane preparation, recycling of poly-
mers and packaging. Studies of the mechanism of dissolution and
changes in crystallinity and swelling behaviour of PVA and its
physical gel-forming capabilities have been carried out. PVA has
bioinertness, and it has many uses in medical applications such as
artificial pancreas, haemodialysis, nanofiltration, synthetic vitreous
and implantable medical device. Antithrombotic property, cell com-
patibility, blood compatibility and biocompatibility of PVA have
been studied extensively [4]. There are several studies of different
polymer blend [5—7] like PVA and its blends [8—15]. Polyvinyl pyr-
rolidone (PVP) is a well known biologically and eco-friendly polymer
and has been developed for biomedical applications. To improve its
mechanical properties, PVP is usually blended with other polymers,
which also enhances its biocompatibility and water uptake. It has
been pointed out that polymers or copolymers containing carboxylic
acid groups are highly desirable in biomaterials as such groups rep-
resent functionality useful for yielding a wide variety of biomedical
products. The swelling of hydrogels bearing weak acid moieties de-
pends on the acid content in the hydrogel, as well as on several oth-
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er variables such as the crosslinking density, pH, and ionic
strength. Polymer blends are aiming to bring together different
polymers completing each other favourable properties. Blending dif-
ferent polymers and yet conserving their individual properties in
the final mixture is an extremely attractive inexpensive and advan-
tageous way of obtaining new structural materials. The advantages
of polymer blend systems for controlled release applications may
include easy fabrication of devices, manipulation of device proper-
ties (hydration, degradation rate and mechanical strength), drug
loading and utilization of the dispersed phase domains as micro res-
ervoirs for enhanced release properties [1].

3. MATERIALS AND METHODS

The polymer blend of PVA-PEG were prepared with weight per-
centage of polyvinyl alcohol (60 wt.%) and polyethylene glycol (40
wt.%) by dissolving 1 gm of PVA and PEG in 20 ml of distilled wa-
ter by using magnetic stirrer to mix the polymers for 1 hour to ob-
tain more homogeneous solution. PVP was added with different
concentrations: 10, 20 and 30 wt.% . The casting method was used
to prepare the samples PVA-PEG—-PVP blend. The samples prepared
with thickness range 120—140 um. The structural, swelling and wa-
ter absorption properties were studied. The pre-weighed dry samples
were immersed in distilled water for 2 minutes at room tempera-
ture. The swollen polymer blend were then removed from distilled
water and weighed after removing surface water. The swelling ratio
was calculated as follows [16]:

Swelling ratio = (W, - W,)/W,, (1)
where W, is the weight of swelled sample, and W, is the weight of
dry sample.

The pre-weighed dry samples were immersed in distilled water at
room temperature and periodically weighed after soaking the sur-
face water. The water absorption was calculated as follows [16]:

Water absorbtion [%] =100 (W, - W,)/W, ; (2)

here, W, is the weight of swelled sample at time ¢.

4. RESULTS AND DISCUSSION

The water absorption and swelling dependency of the PVA-PEG
blend on PVP amount is shown in Fig. 1 and Fig. 2.
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Fig. 1. Effect of PVP concentration on water absorption of PVA-PEG
blend: a) for PVA-PEG blend; b) for 10 wt.% PVP; ¢) for 20 wt.% PVP;
d) for 30 wt.% PVP.

o ] @ 61 b
® 5 <
S~ Lol
oo o 4
5 ]
=, = 3
= = =
= £
n h

1 1

0 0 -

0 2 4 B 8 0 2 4 ] 8
Time, min Time, min
7 8
¢ _id

57 5 g
o s o '}
= B
o = 91
L =~
o w4 y
g £
= -
= =
2] 99}

1 13

a 1 0 -

0 2 4 6 8 0 2 ] 5 8
Time, min Time, min

Fig. 2. Effect of PVP concentration on swelling ratio of PVA-PEG blend:
a) for PVA-PEG blend; b) for 10 wt.% PVP; ¢) for 20 wt.% PVP; d) for
30 wt.% PVP.
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Fig. 3. Photomicrographs (x10) for PVA-PEG—PVP blends: a) for PVA-PEG
blend; b) for 10 wt.% PVP; ¢) for 20 wt.% PVP; d) for 30 wt.% PVP.
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Fig 4. FT-IR spectra of PVA-PEG—PVP blends: a) for PVA-PEG blend; b)
for 10 wt.% PVP; ¢) for 20 wt.% PVP; d) for 30 wt.% PVP.
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The water absorption and swelling of PVA-PEG blend are consid-
erably increased with the increase of PVP wt.% . This behaviour is
attributed to the availability of more sites for crosslinking [17], as
shown in Fig. 3.

FT-IR spectra of PVA-PEG-PVP blends for different concentra-
tions of PVP are shown in Fig. 4. It shows broad bands at around
3250 cm ™ for samples are observed due to OH groups in the poly-
mers blends chain. The bands at around 1280 cm™ were attributed
to the other bonds (C—O-C). The peaks at around 1470 cm™ were
assigned to the C—O groups of polymers matrix. The band at around
2890 cm ' was attributed to the C—H groups. The strong band at
1090 cm ™ for samples was attributed to the stretching mode of C—O
group. The two strong bands observed at around 1465 cm™ and 840
cm ' are attributed to the bending and stretching modes of CH,
group, respectively [18, 19].

5. CONCLUSIONS

The water absorption of PVA—-PEG blend increases with increase of
the PVP concentration.

The swelling ratio of PVA-PEG blend increases with increase of
the PVP concentration.

The FT-IR studies show that there are no interactions between
PVA-PEG polymer blend and PVP.
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Nanoparticles’ Thin Films by Anchoration

Ahmad Al-Hamdan', Ahmad Al-Falah?, Fawaz Al-Deri’,
and Marwa Al-Kheder?

!Department of Chemistry,

Damascus University,

Damascus, Syria

2Department of Chemistry, Faculty of Pharmacy,
Arab International University (AIU ),
Damascus, Syria

3Department of Chemistry,

Al-Furat University,

Deir Ez-zor, Syria

The polymer-nanoparticles’ thin films are fabricated by anchoring polymer
from reaction solution (monomer, alcohol and hydrochloric acid). The thick-
ness of the film increases with time and concentration of monomer and acid,
and it decreases at large concentrations of acid. The films have a rough sur-
face and peaks several times greater than the thickness. Thin films are
formed on a substrate of gold, ordinary glass and quartz. Film thickness is
between 106 nm and 1296 nm. Based on electrochemical impedance spectros-
copy, the ohmic resistances of films are of 1090, 235, 176 and 157 (= 12%)
Ohm at thicknesses of 780, 487, 102 and 65 nm, respectively, and the double-
layer capacitance is of about 149=+0.02 pF/cm?.

ToHKi IIiBKY MOJiMepPHUX HAHOUACTUHOK BUTOTOBJIAIOTHCA IIJIAXOM 3aKpim-
JIeHHA IIOJIiIMePY 3 PEaKI[ifHOTO po3unHy (MOHOMED, COHUPT i COJIsTHA KUCJIOTA).
ToBirHA MIIBKY 30iJIBITYETHCA 3 YaCOM i KOHIIEHTPAIIi€}0 MOHOMEPA Ta KIC-
JIOTH, i BOHA 3MEHITYEThCA 3a BEJIMKUX KOHIIEHTpaIliit Kucioru. ILmiBKu ma-
IOTH IIIEPCTKY ITOBEPXHIO Ta MiKU, 10 B KiJbKa pasiB MepPeBUNIYIOTH TOBIIIUHY.
ToHKi ITiBKM yTBOPIOIOTHCSA HaA MiAKJIAAWHIIL 3 30JI0Ta, 3BUYANMHOTO CKJIa Ta
KBapiy. ToBiuHA IIiBKY cTaHOBUTE Big 106 uM mo 1296 uMm. 3a taHUMU eJie-
KTPOXeMiuHOl iMIeZaHCHOI CIEKTPOCKOIIil aKTHWBHI eJIeKTPOOIIOPH IJIiBOK
cranoBasaTb 1090, 235, 1761 157 (£ 12% ) Om 3a Tropmuau y 780, 487, 1021 65
HM BifiTOBigHO, a [BOIIAPOBA €MHICTEL CTAHOBUTEL 61u3bK0 149+0,02 pF/cm?.

Key words: polymer thin films, anchoring, 2-formyl pyrrole, polyformyl
pyrrole.
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KarouoBi caoBa: mosiMepHi TOHKI MHIiBKM, HOpUKpinaeHHs, 2-(hopMiabHMHI
mippoJ, moJsigopmia mippodr.

(Received 27 January, 2021; in revised form, 31 December, 2021 )

1. INTRODUCTION

Conducting polymers such as polypyrrole, polythiophene, polyfuran
and its derivatives have received great attention because of their wide
applications [1-3]. They used in sensors, biosensors [4, 5], solar cells
[6], optical displays [7], light emitting diodes [8], electrochromic devic-
es [9], capacitors [10], rechargeable batteries [11], enzyme immobiliza-
tion matrices [12], membranes [13], and gas separation membranes
[14]. Conducting-polymers’ thin films are the most important applica-
tions [15]. The fabrication method of thin films varies according to the
polymer and the substrate. Thickness, surface morphology, electrical
current-conducting properties and polymer may select the thin films
applications [16]. Polypyrrole and poly(2-formylpyrrole) thin films
have been widely studied due to their applications [17, 18] in catalysts
[17], modified electrode [19], photocatalysts [20], solar cells [19], and
medical implants [21]. For best applications, the preparation of thin
films of the conductive polymer with good properties is needed [22].
However, the development of effective and precise methods for control-
ling the organization of the polymer in the solid state has been limited
because polymers often fail to assemble into organized structures due
to their amorphous character and large molecular weight [23].

In this paper, we fabricated poly(2-formylpyrrole) nanoparticles’
thin films by anchoring them from reaction solution. Thickness, sur-
face morphology and electrochemical properties of poly(2-
formylpyrrole) films were also studied.

2. EXPERIMENTAL
2.1. Materials

Pyrrole-2-carboxaldehyde 98% sigma, hydrochloric acid 35.5%
sigma, and golden electrodes (CBC China).

2.2. Measurements

Thin films were characterized by UV spectrometer of PG model T72
between 400 and 800 nm. Electrochemical impedance spectroscopy
(EIS) is applied using in KCIO, (1M) solution, 1 mA/cm? and 0.58 V in
the range of 0.1-10 kHz (AMEL model 2550). Thin film morphologies
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were examined with AFM (Nanosurf model eseyscan2).

2.3. Thin Films’ Fabrication

The film was fabricated by anchoration in the reaction solution (2-
formyl pyrrole (10 mmole, 0.97 g) was dissolved in the methanol
(50 ml); then, hydrochloric acid 35.5% (20 ml) was added). The
substrate was immersed in the reaction solution after adding the
acid, and left in the solution for some time and removed from the
solution. The substrate with film was washed with deionized water,
then, with alcohol and left to dry without touching the film sur-
face.

Effect of immersed time, acid concentration, and monomer con-
centration was studied. The thickness of film was determined by
weight method.

3. RESULTS AND DISCUSSION
3.1. Characterization of PFPy Thin Films

Figure 1 shows the film images formed at different times, acid, and
monomer on glass as substrate. The films seem darker with increas-

[H+]=6M M AM M [M]= 0.01M 0.02M 0.05M
[M]=0.05M, t=6h [H+]=4M , t=6h

HZI|| #_ ‘IO| 7 ‘ 8|

24h

t=168h 120 h 72h
[M]=0.05M , [H+]=4M

6h

Fig. 1. Film images formed during different times and at many concentra-
tions of acid and monomer on glass.
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ing the concentration of acid and monomer concentration and time.
After 120 hours, they become more thickness and were easily sepa-
rated from the substrate to make flakes. This means that, with
higher acid or monomer concentration, the polymer precipitated
faster, and the films would be more thick and dark.
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Fig. 2. a—absorption spectra of the films; b—absorption vs film thickness.
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Fig. 3. UV-Vis spectrum (b, d and f) of the films. (a, b and ¢) thickness vs
monomer, acid concentration and time.
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3.2.1. UV-Vis Spectra

UV-Vis spectra were recorded for dry films on glass in the visible
field only. Figure 2, a shows the absorption spectra of the films
studied at different thicknesses. The films have a maximum absorp-
tion peak at 490 nm. Figure 2, b shows absorption at 490 nm wave-
length vs film thickness. By the Beer—Lambert law, the absorption
coefficient of the films was linear (¢' = 0.01 nm™).

3.2.2. Effects of Monomer, Acid Concentration and Time on the
Anchoring Films

The effects of monomer, acid concentration and time on the fabrica-
tion of films were studied. Figure 3 shows UV-Vis spectrum of the
films and thickness vs monomer, acid concentration and time. Film
thickness becomes greater when acid, monomer or time increase,
but high concentration of acid gives low thickness because it helps
dissolve the polymer and damage the film. The films were fabricat-
ed on a substrate of gold, ordinary glass and quartz. No effect of
substrate type was observed on the thickness of film.

3.2.3. Surface Morphology

Figure 4 shows the AFM images of the polymer films on glass as
substrate. Surfaces of films seem as balls that merge together to
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Fig. 4. AFM images (3D, topography and elevation distribution) of the polymer
films on glass as substrate: a) thickness = 106 nm; b) thickness = 918 nm.
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form rough surface and had a lot of mountains. The surface be-
comes less rough for more thickness and the mountains become
fewer and higher. As noted in Fig. 4, a, its thickness is 106 nm,
and the maximum height of its mountains is of 197 nm, while, in
Fig. 4, b, the thickness is 918 nm, and the maximum height of its
mountains is of 1550 nm.

From above, making films can be described as follows: when pol-
ymer formed and precipitated, the active pointes in surface of sub-
strate absorb polymer chains. They accumulate on surface and grow
to join together, and form a rough layer, which seems as joined
balls (as in AFM; Fig. 4). Some pointes grow faster and make moun-
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tains. As well, when polymer chains form faster (by high concentra-
tion of monomer or acid), film will be rapidly formed too.

3.3. Studying the Electric Resistance of Films

In order to study the electrical conductivity of films, the electrical
resistance between two electrodes of gold, which were immersed in
the reaction mixture, was measured versus time.

Figure 5 shows the electrical resistance and films’ thickness vs
time, and Fig. 6 shows the electrical resistance vs film thickness.
At first, the films are thin, and their resistance is low; then, it in-
creases to maximum value. After that, film becomes less resistant
because surfaces of films become roughness. When the thickness of
the polymer becomes so large, the resistance is increased signifi-
cantly. This is due to the multilayers in film, which cause addition-
al resistance between the layers.

3.4. Electrochemical Impedance Spectroscopy

Figure 7 shows the electrochemical impedance spectrum (EIS) for
four films precipitated on the gold. All curves have semi-circular at
high frequencies and linear at low frequencies. With low thickness
film, semi-circular part is less clear.

In order to analysis the EIS results, we fitted the impedance data
to equivalent electrical circuits (Fig. 8), which consist of a first re-
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Fig. 7. Nyquist plot for films at gold.
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W

R,

Q R,

Fig. 8. Equivalent electrical circuits for the films.

TABLE 1. Volumes of electrical circuits.

Thickness, nm R,, Ohm W, mOhm™2 | R,, Ohm | Q, pF/cm?

780 31+2 740+15.3 1090=+56 0.149+0.03
487 301 387+8.4 235+42 0.156+0.03
102 292 42+3.5 180=+27 0.148+0.02
65 32+3 27+1.6 162=+18 0.143=+0.02

sistance (solution resistance R;), Warburg impedance (noted W), or
capacitance is therefore ascribed to the diffusive capacitance. War-
burg impedance is in parallel with the faradic component, which is
composed of resistance R, serially associated with a capacitance Q.
Resistance R, is the sum of the charge transfer and the ohmic re-
sistance of film, while @ is the double-layer capacitance (see Table).

4. CONCLUSIONS

Polymer nanoparticles’ thin films were fabricated by a simple and
easy method by anchoring poly(2-formylpyrrole) in reaction solu-
tion. Polymer thin films can be formed on a substrate (glass and
gold) by immersing the substrate in the mixture reaction. The
thickness of the film increases with time and concentration of mon-
omer and acid, and it decreases at large concentrations of acid. The
films had a rough surface and peaks several times greater than the
thickness. Electrical resistance of films decreases with the surface
roughness and increases with thickness. The best thin films with
less resistance can be made by a mixture reaction consisted of mon-
omer concentration 0.01 M, acid 4 M, and for the time of 24 h.

5. HIGHLIGHTS

Novel polymer thin films were fabricated by a simple and easy
method by anchoring polymer in reaction solution.
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Control of film thickness by procedural factors in the experiment
(time and concentration of the reaction materials) is provided.

The used polymer is new and previously unused, easy to prepare
and has good properties.
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A series of Ag/TiO, is prepared by the chemical deposition method using
silver nitrate and suspension of TiO(OH), following sonication and treat-
ment up 600°C. Silver nanoparticles are deposited on the surface and in-
side of TiO, nanoparticles depending on the Ag concentration. The Ag/TiO,
composites are characterized by x-ray diffraction, transmission electron
microscopy, scanning electron microscopy, Raman and photoluminescence
spectroscopies. The optical activity of Ag/TiO, with significant attenuation
of photoluminescence in the range of 480—600 nm, a shift of mode E, from
143 to 150 cm ™! and FWHM from 12 to 19 cm™! are revealed due to de-
creasing of TiO, crystallites. The optical activity is increased after loading
with Ag because metal particles offer electron traps to decrease the recom-
bination of holes and electrons, especially, with Ag loading of 8 wt.% . The
obtained results indicate lower toxicity of nanoparticles in the glycer-
ine + water suspension; regardless of the introduction of silver molecules in
amount of 4 or 8 wt.%, their CCs., values are of 50 ug/mL and 3.9-58.5
ug/mL for the MDBK and MDCK cells, respectively. Instead, TiO, nano-
particles in C,H,OH + 1.3-propanediol with the introduction of silver mole-
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cules are significantly more toxic for the MDBK cells compared to the pure
TiO,; their CC,, values are of 6.5 and 4 pg/mL.

Cepiro Ag/TiO, omep:KaHO METOAOM XEMiUHOTO OCAIKEHHA 3 BUKOPUCTAH-
HaM HiTpaTy cpibaa Ta cycmeusii TiO(OH), micas yabTpasBYKOBOTO Ta Tep-
moo0pobaenua go 600°C. HanouactTuuku cpibya ocimaioTh SAK Ha IIOBEpPXHI,
TaK ycepeAwHi HaHouacTMHOK camoro TiO, B 3aje)XHOCTi Bif KOHIIEHTpaIii
Ag. Komnosutu Ag/TiO, 6yno oxapaxTepusoBaHo audpakxiiiero PeHTreHis-
CBKUX IIPOMEHiB, IIPOCBIiT/IIOBAJILHOIO EJIEKTPOHHOI0 MiKpPOCKOIi€lo, CKaHY-
BaJIbHOIO EJIEKTPOHHOIO MiKpocKomieio, PamaHOBOIO Ta (DOTOJTIOMiHECIIEHT-
HOI0 cneKTpocKomiamu. Ilokasano ontmuny axtuBHicTs Ag/TiO, i3 3HaU-
HUM ocJyabjeHHAM doToaoMiHecieniii B miamasoni 480—-600 M, 3cyBoM
monu E, Bixm 143 mo 150 e ' i FWHM six 12 g0 19 cm ! BHacHifoK 3MeH-
meHHsa KpucraiaitiB TiO,. OnTmuHa aKTUBHICTH 3pocTae 3i 30iJMBITEHHAM
KoHmeHTpatii Ag no 8 mac.% . Omep:kaHi pe3yJbTaTH CBiquaTh PO MEHIIY
TOKCUYHICTL HAHOYACTHMHOK Yy CyCIeH3il riimepuH + Boma; HesaJle:XHO Bif
BBeJeHHSA MOJIEKYJ ApreHTymy B Kingbkocti 4 abo 8 mac.%, ix sHaueHHS
CC;, cramoBunu 50 mMir/miu i 3,9-58,5 mrr/ma gna kiaitua MDBK (Hupku
6urka) ta MDCK (Hupku cobaxu) BiamoBimuHo. HartomicTe HaHOYaCTMHKU
TiO,, posuuueni B C,H,OH + 1,3-nponanzgiosi nmpu BBeAeHHI MoJyieKya Apre-
HTYMY, OyJau 3HAUYHO Oinbin ToKcumuHmMMU Aaa KiaitTuHa MDBK y nmopiBHaAHHI
3 yuctuM TiO,; ixui saauenna CC,, cranosuau 6,5 Ta 4 MKI/MII.

Key words: Ag/TiO,, irradiation, Raman spectra, photoluminescence, de-
fects, optical activity, cytotoxicity.

Karouosi croBa: Ag/TiO,, onmpominennsi, PamanoBi cumexkTpu, doTosomMiHe-
CIleHIlidA, nedeKTH, ONTUUYHA aKTUBHICTH, IUTOTOKCUYHICTD.

(Received 2 February, 2021 )

1. INTRODUCTION

Titanium dioxide was used as a photocatalyst and has attracted sci-
entific interest for many years [1-3]. Heterogeneous photocatalytic
oxidation is a promising technique for the complete oxidation of
dilute organic pollutants in the waste gas stream. Many organics,
bacteria, virus can be oxidized to CO, and H,O at room temperature
with TiO, catalysts in the air when illuminated with UV or near-UV
light. The UV light excites electrons from the valence band to the
conduction band. The resulting electron/hole pairs can then migrate
to the surface and initiate redox reactions with adsorbed organics.
Nowadays, different kinds of methods, including shape, size, and
facet control, element doping have been developed to effectively en-
hance the photocatalytic performance through increasing the broad
absorption of sunlight, prolonging the lifetime of photoinduced car-
riers, and enhancing the optical activity and photocatalytic stability
of TiO,. For example, via shape control, doping with metal or non-
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metal elements, dye-sensitization, and construction of heterostruc-
tured photocatalyst systems by combining them with plasmonic
metals (i.e., Ag, Au, Pd, Pt) or other semiconductors [4—10]. Noble
metal nanoparticles (NPs) can show SPR (surface plasmonic reso-
nance), which can be tailored by engineering the shape, size, and
surroundings [7—10]. Therefore, noble metal NPs cannot only
strongly absorb visible light but also can serve as an electron sink
and source of active reaction sites [11].

Morphology-controlled rutile titanium (IV) oxide (TiO,) and ana-
tase TiO, usually prepared by a hydrothermal method and their sur-
faces were selectively loaded with Au, Ag, and Au—Ag bimetallic
nanoparticles (NPs) by photo-deposition to obtain visible light-
responsive photocatalysts [12].

The authors [13—14] note that when doped with metals (rare
earth) elements, it is possible to shift to the visible region, but the
photocatalytic activity decreases, especially in the UV range. For
the electronic interaction, nitrogen is good because electrons can
pass for the dopant of the orbitals 2p or 3p to the 3d orbital Ti, and
the width of the forbidden band decreases.

TiO, powders doped with Ag, Fe enhanced the photocatalytic and
bactericidal activity [15—18]. For example, Ag concentration from
2.46 to 6.0 wt.% showed increasing of bacteriophage virus inactiva-
tion rate 7 times. Therefore, the duration of the disinfection pro-
cess reduced from 5 to 0.75 min [15]. Der-Shing Lee, Yu-Won Chen
have shown the optimum Ag loading (2 wt.%) for excellent meth-
ylene blue destruction under UV-light irradiation [18].

The bactericidal effect on bacillus Kochi has been studied using
TiO,—Ag—SiO, photocatalyst [17]. The synthesized composite charac-
terized by a higher surface area 164 m®g™ in comparison with P25.
Thus, the ability to inactivate composite photocatalyst occurs over a
wide spectral range of UV irradiation with an intensity of 2.5
mV-cm 2. However, the high absorbance of visible light does not al-
ways increase the photocatalytic activity. Sometimes, cation doping
leads to a certain number of defects in TiO,, which can act as cen-
tres for the recombination of charges.

Ag-TiO, were coated on glass substrates with different dopant
concentrations (1%, 3%, 5%, 7% and 10%) and annealed at 550°C
[19]. The crystalline structure and phase formation of Ag—TiO, was
examined using XRD. The HRTEM analysis of pure and 5% Ag-
doped TiO, thin films was revealed that the particles are spherical
with sizes around 23.8 and 11.6 nm, respectively. The Raman spec-
trometer was also used to identify the phase formation and vibra-
tional modes in the prepared silver-doped TiO, coatings. Ag-doped
TiO, nanoparticles show characteristic photoluminescence (PL) cor-
responding to the visible spectral range with excitation at 325 nm.
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The intensity of luminescence emission decreases with doping of
silver ions due to decreasing bandgap TiO, from 3.2 to 2.7 eV.

Considering the methods of synthesis and study of nanocomposite
properties with oxide NPs, especially of TiO,—Ag (Au), has not yet
received information on the effectiveness of their use. The reason
for all would be to use expensive isopropoxide (butoxide), precur-
sors. Using cheap TiCl, as the precursor of TiO, does not allow ob-
taining the composite system with the required properties due to
the complexity of the control of the hydrolysis process, the difficul-
ties associated with the removal and the highly reactive reaction by-
products (HCl). However, methods of surface modification of TiO,
in the synthesis of composites in most cases do not cause difficul-
ties and apply industrial processes.

Therefore, the modification of TiO, with Ag has attracted inter-
est for optical and photocatalytic applications. The silver ion-doped
TiO, attracts much attention due to its outstanding photocatalytic
activity and antibacterial activity. However, the withdrawal of na-
nosize powder catalyst particles from the liquid suspension is diffi-
cult. This leads to the formation of secondary pollution and can be
catalyst loss activity.

The present paper focuses on the surface structure, cytotoxicity,
spectroscopic features (light irradiation 325, 488 nm) of Ag/TiO,
series prepared by chemical deposition method using silver nitrate,
and suspension of TiO(OH),. The effect of Ag-loading at 4 wt.% and
8 wt.% on the microstructure, Raman and photoluminescence prop-
erties are studied and discussed.

2. EXPERIMENTAL
2.1. Synthesis of TiO,/Ag

The raw material for obtaining the sample was a suspension of hydrat-
ed titanium dioxide TiO(OH), (metatitanic acid), which is a product of
the intermediate stage of processing of titanium concentrates and
slags at the plant ‘Sumykhimprom’. The suspension was heated at
600°C with a heating rate of 5°C/min to obtain TiO, powder. Nanosize
particles of titanium dioxide modified with silver were obtained in
aqueous solutions of TiO(OH), by adding alkali to form anatase modifi-
cation with a range of silver concentrations from 0 to 8 wt.% . Samples
number TiO,, ATO4 (4 wt.% Ag), ATO8 (8 wt.% Ag).

2.2. Characterization

The crystalline nature and phase formation of Ag—TiO, powders are
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known using powder x-ray diffractometer (DRON 3M) with cobalt
anode tube. Mira 3 Tescan with EDX (Oxford INCA x-act) was used
to study morphology and elemental analysis. The particle shape and
size are found with high-resolution transmission electron microscopy
(TEM JEM-1400). TEM study of the morphological features of nano-
particles was conducted. The obtained suspensions were mixed ac-
tively for 5 min. The drops of the finished suspensions were placed
on copper grids coated with a formvar film, which was reinforced
with carbon. The samples of nanoparticles dried at room tempera-
ture were analysed using a TEM JEM-1400 (Jeol, Japan) at an accel-
erating voltage of 80 kV. Electron diffraction of nanoparticles was
performed on TEM with the same accelerating voltage, with the in-
troduction of a field aperture and removal of an objective aperture.
Raman spectroscopy, photoluminescence emission spectra of powders
(Horiba Jobin-Yvon T64000) was used to study the structural prop-
erties of silver ions doped TiO, powders using Ar—Cr laser at 488 nm
for Raman and He—Cd laser at 325 nm for PL.

2.3. CYTOTOXICITY ASSAY

MTT-assay was used for the analysis of cell viability [19]. The
MDCK cells (Madin—Darby canine kidney cells) obtained from the
Institute of Epidemiology and Infectious Diseases Named after L. V.
Gromashevsky of the Academy of Medical Sciences of Ukraine and
the MDBK cells (Madin—Darby bovine kidney cells) obtained from
the tissue culture collection of the Institute of Virology of the Bul-
garian Academy of Sciences were used.

Cells were maintained in sterile plastic falcon (Sarstedt, Germa-
ny) in a growth medium composed of 45% DMEM (Sigma, USA),
45% RPMI 1640 (Sigma, USA) and 10% foetal bovine serum (Sig-
ma, USA) heat inactivated at 56°C, with antibiotic gentamycin (100
ug/mkL) (Sigma, USA).

For the study, the attached cells were trypsinizated for 3—5 min,
and then cells were counted and distributed in 96-well plate with
density 30.000-50.000 cells in each well. The plate was incubated
for 24 h at 37°C in a 5% CO, atmosphere to allow the cells to attach
to the bottom of the well. After 24 h of growing, monolayer of the
MDBK and MDCK cells in 96-multiwell plates were incubated with
TiO, nanoparticles (NPs) at concentrations of 100, 10.0, 1.0, and
0.1 pg/mL. Nanoparticles were diluted in growth medium for cell
cultures. Control cells were incubated with fresh medium lacking
NPs for 72 h. A total of 20 pL of MTT solution 3-(4.5-
dimethylthiazol-2-yl)-2.5-diphenyl tetrazolium bromide (Sigma-
Aldrich, USA) was added to wells and cells were incubated at 37 °C
and 5% CO, for 3—4 h, then the medium was removed and 150 uL
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of 96% ethanol was added. The plates were read using a Multiskan
FC (Thermo Scientific, USA) with a 538-nm test wavelength. The
percentage of cell viability under the condition of TiO, NPs action
was calculated using formula:

% of cell viability (or mitochondrial activity) =.A/B-100,

where A is the mean optical density of the studied samples at a cer-
tain concentration, and B is the mean optical density of the control
cell samples. NPs concentration, at which cell viability was inhibit-
ed by 50% (CC;,), was estimated in comparison to the control cells
not treated with NPs.

3. RESULTS AND DISCUSSION
3.1. XRD Analysis

X-ray diffraction (XRD) patterns used to examine the phase identi-
fication and structural properties of the Ag—TiO, powders. Figure 1
shows the XRD pattern of Ag doped TiO, powders. The observed
XRD patterns of all Ag-TiO, series well matched with standard
JCPDS File No: 894921. XRD results clearly show that the Ag—-TiO,
powders revealed the formation of a tetragonal anatase. The TiO,
powders showed several diffraction peaks at 20=25.34°, 37.83°,
48.11°, 53.94°, 55.15°, 62.79° were indexed as (101), (004), (200),
(105), (211), respectively, which close to values [20]. In our obser-
vation, the diffraction pattern of Ag—TiO, powders exhibit, no oth-
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Fig. 1. XRD patterns of TiO,—Ag
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er peaks related to the brookite or rutile phase, which indicates that
the powders are in a single anatase phase. In case of lower amount
of Ag doped TiO, (4 wt.%), no extra peak assigned to Ag was
founded, feasibly due to highly dispersion. However, at higher
amount of Ag (8 wt.%) doping, the weak diffraction signal is ap-
peared at 20 =38.15°, 44.38°, 64.45°, and 77.32° corresponding to
metallic Ag (JCPDS #89-3722) having a cubic crystalline structure
with parameter lattice a =4.0862 close to [21]. When the doping of
Ag, a strain is induced in the TiO, crystal lattice due to the occur-
rence of ionic radii mismatch, the ionic radii of Ag" (1.26 A) being
greater than Ti*" (0.68 A) permits only a little amount of Ag" going
into the periodic crystal lattice of TiO, by replacing the Ti*' ions
[20] changing of the lattice periodicity. In addition, the parameter
FWHM at 20 =25.3° is decreased from 0.4101 to 0.3815 (Table 1)
may be due to defects contribution on the surface of TiO,.

3.2. EDX

The EDX method (Fig. 2) found that the content of elements for
pure TiO,: Ti—54.25 wt.%; 0—43.93 wt.%, S—0.5 wt.%. The S
content can be explained as follows, the raw material TiO(OH), syn-
thesized by a specific technology of the plant ‘Sumykhimprom’ in
sulphuric acid. Therefore, even with repeated washing powder, the
sulphur residue is in the raw material. The content of elements for
doped TiO,: Ti—46.27 wt.%; 0—49.69 wt.%, S—0.14 wt.%, Ag—
3.3 wt.%. There is also an amount of carbon. The results obtained
by the EDX method indicate the non-stoichiometry of oxide na-
nopowders (Ti/O < 2).

3.3. TEM

The morphology of materials such as shape and particle size is ana-
lysed by TEM. Figure 3, a—c show the morphologies of the Ag/TiO,
samples. Ag nanoparticles on TiO, support were dispersed and the
sizes of Ag nanoparticles were 35—40 nm. There was no clear corre-
lation between Ag loading and Ag particle size because Ag particles
were very homogeneously distributed. Moreover, the sizes of TiO,
initial particles were 20—30 nm. After loading of Ag, the sizes of
TiO, particles decreased to 13—20 nm. A ‘ball-shaped’ particles of
silver with developed crystalline structure in TiO, (diffraction elec-
trons) were observed.

The results in Figure 4 show that TiO, can be present in tetrago-
nal phase (defected state), and Ag phase with a cubic crystalline
structure (sample ATOS8), which correlate with XRD results.
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TABLE 1. The structural parameters of TiO,, and Ag/TiO, powders.

Sample 20 FWHM d, A Phase
TiO, 25.32 0.3895 3.5170 *
36.93 0.5045 2.4339
37.79 0.4968 2.3806 *
38.58 0.4422 2.3335
48.04 0.4245 1.8940 *
53.91 0.6804 1.7007
55.06 0.4757 1.6680 *
62.16 0.5637 1.4934
62.72 0.5476 1.4813 *
68.82 0.5391 1.3642
70.31 0.6221 1.3390 *
74.03 0.4632 1.2806 *
75.07 0.5369 1.2654 *
76.01 0.7301 1.2520 :
ATO4 25.34 0.3831 3.5151 *
36.93 0.4868 2.4341 :
37.84 0.5308 2.3777 *
38.55 0.4492 2.3355 *
48.08 0.4309 1.8925 *
53.95 0.5664 1.6997 *
55.10 0.4767 1.6667 *
62.13 0.6087 1.4941 :
62.68 0.7564 1.4822 *
68.84 0.6463 1.3638 *
70.39 0.4573 1.3376 *
74.04 0.5725 1.2804 :
75.08 0.6040 1.2652 *
76.03 0.6777 1.2518 )
ATOS8 25.31 3.5185 0.3676 *
36.92 2.4348 0.4257 )
37.80 2.3799 0.3955 *
38.12 2.3609 0.1922 +
38.57 2.3341 0.2670 *
44 .32 2.0437 0.2485 +
48.05 1.8937 0.3689 *
53.88 1.7017 0.4026 #
55.08 1.6674 0.4144 *
62.10 1.4947 0.5067 #
62.71 1.4816 0.4412 *
64.44 1.4459 0.1512 4
68.76 1.3653 0.5403 *
70.29 1.3392 0.4155 %
74.01 1.2808 0.4600 *
75.08 1.2652 0.5057 %
76.04 1.2516 0.3850 *
77.36 1.2335 0.1786

Note: ATO—argentum titanium dioxide, “—anatase, +—Ag.
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Fig. 2. SEM micrograph (a) and EDX spectra 2—3 (b) of the ATO4 powder.

Fig. 3. TEM images of pure TiO, (a), ATO4 (b), and ATOS8 (c¢) powders.

The hydroxyl group content on the TiO, surface samples is im-
portant for antimicrobial and photocatalytic properties because in
the process of UV irradiation OH groups on the defective surface of
TiO, are active due to hole capture with subsequent formation of
*OH radicals for the destructive of toxic organic substances or
pathogens. Besides, the presence of silver provides an efficient pro-
cess of photogeneration of electrons, their transfer from the con-
duction band Ag to the TiO, with the subsequent formation of the
Schottky barrier, which inhibits the rate of recombination of photo-
generated charges.

Ag and TiO, have different work functions, (®TiO,=4.2 eV,
®Ag=4.6 eV) and hence, when silver is in contact with TiO,, elec-
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Fig. 4. Electron diffraction of pure TiO, (a), ATO8 (b) powder.

trons will transfer from TiO, to silver. These electrons transfer to
silver, and loads on the surface of silver will be scavenged by the
electron acceptor, thus decrease the recombination between elec-
trons and holes; thereby, silver atoms act as electron traps. The
electron-hole recombination is the main reason for low efficiency of
TiO, photocatalysts [20—24]. Therefore, the existence of silver atom
in Ag/TiO, can facilitate the transport of more holes to the surface
and enhance the optical activity. The Ag particles on TiO, act as
electron-hole separation centres. The photo-generated electrons
transferred from the TiO, conduction band to metallic silver parti-
cles on TiO, are thermodynamically possible, because the Fermi lev-
el of TiO, is higher than that of silver metals [23, 24]. The Schottky
barrier is formed at the Ag-TiO, contact region, which improved
the charge separation and thus retards the recombination of the
photo-generated electrons and holes. The photogenerated electrons
accumulated on the surface of Ag have a good fluidity and can be
transferred to oxygen molecules, which is absorbed on the surface
of Ag.

3.4. Raman

Figure 5 shows the Raman spectra of Ag doped TiO, powders. The
powders showed several Raman bands located at 142 cm™ (E,), 196
cm ' (E), 396 cm™ (By), 513 cm™ (A, + By,), and 636 cm™ (E,),
which is close to [25]. The strong and sharp Raman peak located at
142 cm™, which denotes the formation of the anatase phase [21,
25]. In our observation, the Raman spectra of Ag—TiO, powders ex-
hibit no other peaks for the brookite/rutile phase, which confirms
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Fig. 5. Raman spectra of TiO, (1), ATO4 (2), ATO8 (3) powders.

that all powders are in a single anatase phase (correlation with
XRD). The peak intensities found to decrease whereas the width of
peak increases because of the lattice distortion and presence of de-
fect levels. The most intense band E, (1) is shifted in the high-
frequency side from 142 to 149 cm™, while its half-width (FWHM)
increases from 11 to 19 cm™. Lattice deformation, defects and crys-
tallite size have a strong influence on the shear, expansion of peaks
and the intensity of Raman peaks [26].

According to the calibration curve [27], we obtained that the av-
erage size of anatase crystallites for doped powders is 10 and 8 nm
at a silver content of 4 and 8 wt.%, respectively. As well known,
the doping with metal ions in the optimal concentration prevents
the growth of nanocrystallites [28]. The decrease in the size of TiO,
particles when replacing Ti*" ions with Ag" ions is associated with
the passivation of the boundaries of TiO, grains by doping impurity
ions, which leads to a violation of structural symmetry, and hence
to reduce nanoparticle sizes [29]. TEM images of the samples are
confirmed too. The doping by the silver to maintain charge neutral-
ity creates oxygen vacancies in the TiO, lattice. If the silver ion re-
places the Ti*" ion during doping, the bonds of the Ti—O-Ti complex
will be distorted and new bonds of the Ag—O-Ti or Ag—O—Ag com-
plexes will be formed. Therefore, the disruption of Ti—O-Ti bonds
and the formation of new Ag—O bonds will affect the combination-
active modes and will lead to the expansion and shift of the bands
for Raman TiO, doped with silver.

There is a high-frequency shift and increase in the half-width of
the E, (1) band at 142 cm™ and E, (2) band at 196 cm™', while the
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B,, band at 636 cm™ and A,, /B,, at 513 cm™' show a low-frequency
shift and a significant increase in half-width in the Raman spectra
of silver-doped nanopowders. A wide complex band in the range of
220-300 cm™ is due to the processes of multiphonon scattering
[30]. Since in the Raman spectra all oscillations move mainly oxy-
gen atoms, the introduction of silver atoms changes the local coor-
dination of oxygen around Ti*".

The appearance of structural defects because of doping, which
leads to a distortion of octahedra of crystal structure TiO4, the oc-
currence of oxygen vacancies, Ti*" ions, surface states, must be ac-
companied by changes in radiative recombination due to changes in
the electronic structure within the bandgap. This primarily refers
to the recombination of autolocalized excitons at TiO4 centres and
radiation associated with different F-centres due to the presence of
oxygen vacancies [31]. The location of the radiation bands, as well
as changes in their positions and intensities, depend on the size of
TiO, nanocrystals and the concentration of the doping impurity,
which determine the type and density of donor and acceptor centres
on the oxide surface and, as a consequence, photoluminescence spec-
tra [32].

3.5 PL Spectra

Figure 6 shows the photoluminescence analysis of Ag/TiO, doped
series. The addition of silver atoms leads to a significant (15 times)

Intensity, arb. un,

L L 1 L 1 L 1 n 1 L 1 L
350 400 450 500 550 600 650
Wavelenght, nm

Fig. 6. PL spectra of TiO, (1), ATO4 (2), ATOS8 (3) powders.
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quenching of photoluminescence. For TiO, powder with 8 wt.% sil-
ver atoms, it has a more pronounced character than with an Ag
content of 4 wt.% . This attenuation of the photoluminescence in-
tensity indicates a general decrease in the mutual recombination of
photoinduced charge carriers. The doping by silver atoms causes not
only general damping of the PL intensity but also a shift and de-
crease in the band intensity in the region of 480-490 nm, which
corresponds to the recombination of autolocalized excitons due to
distortion of the TiOg; octahedron.

The latter is possible both due to the displacement of Ti and O
atoms due to substitution by a much larger Ag atom and due to a
change in their ionic state, which is manifested in the interatomic
bonds in the TiO; octahedron. The nature of TiO,; distortions, in
turn, affects the possibility of autolocalization of excitons and,
thus, the increase in the probability of photogenerated charges com-
ing to the surface, which can further improve the photocatalytic
reactions involving TiO,. In addition, there is a redistribution of
intensity between the bands due to the recombination of autolocal-
ized excitons and the radiation of F-centres. The high-frequency
shift of all these lines may be due to changes in the size of the
nanocrystallites, which is confirmed by the results of Raman spec-
troscopy. The oxygen vacancies in the TiO, lattice are a kind of in-
trinsic defect, which creates intermediate energy states within the
bandgap of titania. These oxygen vacancies act as photoinduced
electron (¢) and hole (k") pair recombination centres. Therefore,
this emission has occurred from the recombination of e /h" pair via
oxygen vacancies.

Thus, oxygen vacancies form both in the volume of nanocrystals
and on their surface, it is possible to form several localized elec-
tronic states for anatase. In addition, it should also be noted that in
the process of photochemical transformations the formation of new
donor and acceptor levels. Thus, the energy electron structure with-
in the bandgap in nanocrystalline doped Ag/TiO, samples can be
complex. Therefore, it contributes to the sensitization of semicon-
ductor nanoparticles to visible light, thus, improves the relaxation
of electronic excitation, and therefore complicates the understand-
ing of the nature and dynamics of photochemical transformations
necessary to create conditions that reduce losses of photogenerated
charge carriers.

3.6. Cytotoxicity of Suspensions with Powders TiO,—AG

Determination of the cytotoxicity of titanium dioxide (TiO,) with
different percentages of argentum (Ag) is an integral component of
any drug development process. The research was carried out using
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Fig. 7. The effects of the TiO, NPs in glycerine + water suspension (a) and
in a C,H,OH + 1,3-propandiol suspension (b) on the viability of the MDBK
cells.

the MTT-assay.

It was shown that TiO, NPs in glycerine + water suspension pos-
sess significant cytotoxicity at concentrations of 100 pg/mL, as
MDBK cells viability decreased by more than 84% (Fig. 7, a). How-
ever, at a concentrations of 10.0+0.1 pug/mL, they were non-toxic
because reduced cell viability by a maximum of 15% . TiO, NPs with
Ag (4-8 wt.%) in C,H,OH + 1.3-propanediol suspension at a concen-
tration of 100 and 10 pg/mL were toxic for MDBK cells, as they
suppressed their viability by 65-91% (Fig. 7, b).

As shown in Figure 8, a, the composition of TiO, without Ag,
with 4 wt.% and 8 wt.% Ag in glycerine + water were less toxic on
the MDCK cells compare to mnanoparticles of TiO, in the
C,H;OH + 1.3-propandiol. Thus, these samples do not decrease the
cell viability at a concentration from 0.1 to 10 pg/ml. The inhibi-
tion of mitochondrial activity detects only at a concentration of 100
ug/ml, the percentage of life were at range from 8 to 33%.
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Fig. 8. Viability of the MDCK cells cultivated on the different samples of
TiO, and TiO, with Ag in glycerine + water (a) and at C,H,OH + 1,3 pro-
pandiol (b).

Our results on the MDCK cell line clearly show that TiO, with 8
wt.% Ag in the C,H,OH + 1,3-propandiol was highly toxic at a con-
centration of 10 and 100 ug/ml. The inhibition of cell viability was
97% (Fig. 8, b). Other samples, TiO, without Ag and TiO, with 4
wt.% Ag were toxic only at a high concentration of 100 ug/ml.
Thus, the inhibition of mitochondrial activity was 96%. It should
be noted that in minimal dilution inhibition of cell viability de-
creased to the control sample.

Using the linear regression model in Microsoft Excel (predictor
function) [32] and dose-dependent values of the NP cytotoxicity, it
was estimated that for MDBK cells the CCx, indexes of TiO, NPs
regardless of the solvent equalled 50 ug/mL (Table 2), while, for
MDCK cells, the CC;, index of TiO, diluted at C,H,OH + 1.3-
propandiol was lower in 2.5 times as compared with glycer-
ine + water suspension. The obtained results indicate lower toxicity
of nanoparticles in the glycerine + water suspension, regardless of

TABLE 2. NPs concentration, at which cell viability was inhibited by 50%.

Solvent—glycerine + water

Type of cells TiO, ATO4 ATOS8
CC;, (for the MDBK cells), pg/mL 50 50 50
CCs, (for the MDCK cells), pg/mL 42.8 39 58.3
Solvent—C,H,OH + 1.3-propandiol
CC;, (for the MDBK cells), pg/mL 50 6.5 4
CC;, (for the MDCK cells), pg/mL 17.4 36.9 2.3
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the introduction of silver molecules amount of 4 or 8 wt.%, their
CC;, values were 50 pg/mL and 3.9-58.5 ug/mL for the MDBK and
MDCK cells, respectively. Instead, TiO, nanoparticles in
C,H,OH + 1.3-propanediol with the introduction of silver molecules
were significantly more toxic for the MDBK cells compared to the
pure TiO, NP, their CC,, values were 6.5 and 4 pug/mL.

4. CONCLUSIONS

Nanopowders Ag/TiO, successfully obtained by chemical deposition
technique. The effect of Ag concentration on the structural, mor-
phological, cytotoxicity and optical properties, PL emission behav-
iour has been systematically studied. The crystallite size decreased
with cumulative concentrations of Ag doping. The crystalline phase
of the Ag—-TiO, was confirmed using XRD, and Raman analysis. The
average size of pure and 8 wt.% Ag" doped TiO, particle was de-
termined to be 25-30 and 13-15 nm, respectively, using the TEM
images. The optical activity of Ag/TiO, with significant attenuation
of photoluminescence in the range of 480-600 nm, a shift of mode
E, from 143 to 150 cm™ and FWHM from 12 to 19 cm™ was stated
due to decreasing of TiO, crystallites to 8 nm. As a result of the
cytotoxicity studies, it was shown that the type of solvent depends
on the toxicity level of the studied nanoparticles for the cell cul-
tures. Thus, the studied nanocomposites in C,H;OH +1.3-
propanediol increases the inhibition of cell viability compared to
nanoparticles in glycerine + water. In addition, it was determined
that increasing the concentration of silver leads to increased cyto-
toxicity for cell cultures. The results obtained made it possible to
determine CC;, values, which are the primary test for subsequent
antiviral activities.
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Gas-Sensing Fluorescent Nanostructured Composites with
Coumarin Dyes and CdTe Semiconductor Nanoparticles for
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The paper presents the results of the study of the spectral-luminescent prop-
erties of solutions and nanostructured composites, which include some cou-
marin dyes (coumarin 4, coumarin 7), semiconductor nanocrystals (CdTe
quantum dots), as well as values of their spectral shifts depending on the me-
dium. The effect of enhancing the fluorescence intensity of coumarin dyes by
CdTe quantum dots through nonradiative energy transfer is revealed. The
fluorescence sensitivity of the synthesized systems to ammonia and acetone
vapours in the air is shown, that manifests itself by means of the decrease in
the fluorescence intensity proportional to the analyte concentration. For
ammonia, the response to a vapour concentration of 10 p.p.m.is 13.2 +0.6%,
and for 5000 p.p.m., it is 74.0 £ 1.1% . For acetone, the response to a vapour
concentration of 33 p.p.m. is 0.56 + 0.08% ; for 67 p.p.m., it is 1.2+ 0.1%,
and for 133 p.p.m., it is 2.2+ 0.1% . Recovery of sensory properties of such
systems after desorption of analytes’ molecules is revealed. The created
nanostructured composites are promising as sensor elements of devices for
non-invasive medical diagnostics of several pathologies, such as lung cancer,
liver and kidney diseases, diabetes mellitus, heart failure, pancreatitis, by
determining the concentrations of their biomarkers in human exhaled air:
ammonia and acetone.

V¥V crarTi HaBeneHO pPe3yJabTATH HOCIIIMKEHHS CIEKTPAIbHO-JIIOMiHECIIEHTHUX
BJIACTHBOCTEIl PO3YMHIB i HAHOCTPYKTYPHUX KOMIO3UTIB, III0 BKJIIOYAIOTDH PAL
KyMapUHOBUX OapBHUKIB (KymMapuH 4, KyMapuH 7), HaIiBOPOBiIHWUKOBUX Ha-
HOKpucTagiB (kBauToBux TouoK CdTe), a TaKoK BEeIWMUYMHU IXHiX CIEKTPAJb-
HUX 3CYBiB B 3aJIe?KHOCTI Big cepemoBuina. BuaBieHo edeKT migcuaeHHa iHTeH-
CUBHOCTHU (pJrroopeciieHIii KyMaprHOBUX OapBHUKIB KBAHTOBUMM TOUYKAMU
CdTe miaxom 60e3BUIIPOMIHIOBAIBHOTO HepeHocy eHeprii. Ilokasano ¢uroopec-
IMeHTHY YyTJNBiCTHL CHHTE30BaHUX CHCTEM A0 IMapiB aMisIKy i alleTOHY B IIOBiT-
pi, IO TIPOABISAETHCA Y MOHMKEHHI iHTeHCUBHOCTHU (DJIIOOPECIIEHITil, ITpomop-
MiftHOMY KOHIIeHTpaMii anasity. g aMmigKy BiATyK Ha KOHIIEHTPAILilo HapiB y
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10 p.p.m. ckaagas 13,2+ 0,6% , za 5000 p.p.m. — 74,0 £ 1,1% . s ameTony
BiITYK Ha KOHIIEeHTpaIllifo mapiB y 33 p.p.m. ckaagas 0,56 + 0,08%, ma 67
p.p.m. —1,2+0,1%, ana 133 p.p.m. — 2,2+ 0,1% . BuasieHo BiqHOBIeHHS
CEHCOPHUX BJIACTHUBOCTEl TAKMX CHCTEeM ITIiciid JecopOIii mMoJyieKysa aHATITiB.
CTBOpeHi HAHOCTPYKTYPHI KOMIIO3UTH € IIEPCHeKTUBHUMHU SIK CEHCOPHI eeMe-
HTU IPUJALIB /I HeiHBa3MBHOI MeIWYHOI MiITHOCTUKHU PAMY IIaTOJIOTii, Ta-
KUX AK PaK JIeTeHiB, 3aXBOPIOBAHHA MeUiHKM Ta HUPOK, ITYKPOBUi Aisgber, cep-
IeBa HEeJJOCTAaTHICTh, TAaHKPEATHUT, IIJIAXOM BU3HAUEHHS KOHIIEHTPAI[il IxXHixX
6ioMapKepiB y BUANXYBAHOMY IIOBiTPi JIOAMHN — aMisKy ¥ alleToHy.

Key words: sensor, coumarin dyes, acetone, ammonia, fluorescence, quantum
dots.

Karouosi c1oBa: cencop, KyMapruHOBi OapBHUKM, alleTOH, aMisik, ()Iropeciie-
HITidg, KBAaHTOBi TOUKH.

(Received 4 February, 2021 )

1. INTRODUCTION

Studies in the field of molecular spectroscopy and luminescence
have received new pulls in connection with the development of
works on optical sensorics of chemical compounds [1]. The develop-
ment of fluorescent gas sensor systems is becoming increasingly
important to solve a wide range of problems that require determin-
ing the concentrations of various components of the gaseous envi-
ronment: environmental monitoring (living and working areas), de-
tection of biomarker molecules in human exhaled air, and others.
Such sensor systems can be created using micro- and nanotechnolo-
gy, which will provide miniature, reliable, and relatively inexpen-
sive detectors and sensor systems.

Nanosensors based on nanoparticles and molecules of organic
fluorophores placed in organic or inorganic matrices are used to de-
tect gases. Fluorescent optical chemosensors in which the output
signal is a change in the fluorescence properties of the sensor mate-
rial are among the most promising, due to the high sensitivity of
the fluorescence signal to certain agents, and as a consequence, the
ability to detect ultra-low concentrations of analytes [1—4].

One of the important practical applications of such sensors can be
a non-invasive diagnosis of diseases by analysis of exhaled air,
which can be an alternative to blood and urine tests. The connection
between some pathologies and the increase in the concentration of
certain biomarker molecules is well established. Today, some of the
most studied and most important biomarkers in exhaled air are
ammonia and acetone [5]. Ammonia is a marker of liver and kidney
dysfunction, lung cancer, etc., and acetone is a marker of diabetes,
pancreatitis, heart failure, lung cancer, etc. [5—8].
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The use of coumarin dyes as fluorophores is promising, which is
based on information about their spectral-luminescent properties, as
well as the ability to intermolecular interactions and the formation of
proteolytic forms [9]. There are many reports of studies of coumarin
fluorophores in sensors that are sensitive to ammonia vapour [1, 9],
but due to several disadvantages (low selectivity, low sensitivity limit,
etc.), they have not yet found practical application. In [10, 11], it was
shown that some coumarin dyes show fluorescent sensitivity to the
presence of acetone in liquids, but there are no data on the study of
their sensor properties to acetone vapours currently. Therefore, it is
important to further study coumarin dyes to create highly sensitive
fluorescent sensors of ammonia and acetone in a gaseous medium.

To increase the sensitivity of such fluorescent sensors, it is of inter-
est to investigate the use of the effects of enhancing the fluorescence
of organic dyes located near nanoparticles. According to the works
[12-16], nanoparticles of metals or semiconductors (quantum dots)
near fluorophores can significantly increase the intensity of their ra-
diation due to non-radiative, so-called Forster resonance energy trans-
fer (FRET) from nanoparticles to fluorophores molecules. When two
objects (donor and acceptor) converge to the distance of the Forster ra-
dius (approximately, of 10 nm) and the fluorescence spectrum of the
donor overlaps with the absorption spectrum of the acceptor, the prob-
ability of energy transfer without radiation increases significantly be-
tween them.

This paper is concerned with the creation of gas-sensing fluores-
cent nanostructured composites with coumarin dyes and semicon-
ductor nanoparticles CdTe and the study of their optical properties
and sensory sensitivity to acetone and ammonia vapours.

2. EXPERIMENTAL

We used such materials and reagents: ethanol 96%, acetone (‘extra
pure’), ammonia solution 10% (aqueous), coumarin 4 (chemical formu-
la 7-Hydroxy-4-methylcoumarin, produced by Avocado), coumarin 7
(chemical formula 3-(2-Benzimidazolyl)-7-N,N-(diethylamino)—
coumarin, Alpha-Aconis), CdTe quantum dots (produced by BukNano-
Tech) with a particle size of 2.3 nm, a quantum yield of 30%, and lumi-
nescence at wavelengths of 530—535 nm, stabilized by the surfactant
thioglycolic acid (TGA), pH = 11; silica gel 60 (pore size 6 nm) with a
specific surface area of 500 = 50 m?/g and a particle size of 87-63 um
(UkrOrgSyntez), hydrophilic pyrogenic silica ‘Aerosil’ brand A-380
with a specific surface area of 3.8-:10? m?/g, polymer ethylene-vinyl ace-
tate (EVA). The materials of the sorbents were selected due to their de-
veloped surface, which determines their high sorption properties.
Recording of absorption spectra and fluorescence excitation spec-
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tra were performed on the Specord M40 UV-VIS spectrophotometer
(manufactured by Carl Zeiss Jena). Fluorescence spectra were meas-
ured using the SL40-2 spectrometer (Solar TII). Kinetics of fluores-
cence was obtained on the FLx800T fluorimeter (BioTek Instru-
ments) and on the Specord M40 UV-VIS. The Justor 1100DG (man-
ufactured by Nichiryo) and the Research (Eppendorf) manual pi-
pettes were used to dispense a given volume of liquid substances.
Reagents were weighed on the electronic scales AD50 (Axis).

The semiconductor laser with a wavelength of 405 nm and the
ultraviolet 370-375 nm LED were used as sources of fluorescence
excitation for measuring fluorescence spectra.

Alcohol solutions of coumarin dyes at concentrations of 107® M
and 10™* M were prepared by dissolving in ethanol a dry portion of
the dye. Samples of composite structures of two types were created.
In the first case, the formation of composite structures involved the
layer-by-layer application of their components. On a heated to 80°C
glass substrate, EVA polymer was applied, after that, on the poly-
mer layer, a layer of silica gel 60 was immobilized. On the resulting
two-layer composite, the mixture of the solution of coumarin 7 in
ethanol (concentration 10 M) with the aqueous solution of colloidal
quantum dots CdTe in the ratio (1:1) was applied. The resulting
composite was dried at a temperature of 65-70°C. The obtained
samples were translucent with a matte surface and had a size of
7x35+2 mm and a thickness of 80+5 um (without substrate). In
the second case, samples were created by applying a layer of Aerosil
A-380 with immobilized coumarin 4 to the glass substrate. Immobi-
lization of coumarin 4 on Aerosil was performed by sorption from
the ethanolic solution of the dye with concentrations of 10® M and
10™* M, followed by drying at room temperature.

Air mixtures with the required concentration of the analyte (ace-
tone or ammonia) were obtained by the static volumetric method of
preparation of gas mixtures, similar to that described in the inter-
national standard ISO 6144:2003 [17].

Measurement of the fluorescence response of nanostructured com-
posite samples to the presence of certain concentrations of analytes
in the gas samples was performed as follows. The synthesized sam-
ples were fixed in the quartz gas cuvette, which was placed in the
measuring compartment of the fluorimetric device. Next, the fluo-
rescence intensity kinetics of the samples was recorded. A certain
volume of the prepared air mixture with the given concentration of
analyte was cyclically pumped through the cuvette for a definite
time at the first stage of the measurement. On the second, there was
a pumping of clean air through the cuvette. The difference in the
fluorescence intensity of the sample before pumping the gas mixture
and at the end of pumping was considered the fluorescent response
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of the sample. All data were registered in automatic mode with fur-
ther processing on PC. Fluorescence excitation was performed at 485
nm and registration was at 528 nm for the samples with coumarin 7.
Fluorescence excitation was performed at 340 nm and registration
was at 360—600 nm for the samples with coumarin 4.

3. RESULTS AND DISCUSSION

We investigated the spectral-optical properties of ethanolic solu-
tions of fluorescent dyes, aqueous solutions of quantum dots, as
well as their donor-acceptor mixtures. The absorption spectra and
the fluorescence spectra of ethanolic solutions of coumarin 7 and
coumarin 4 dyes are presented in Fig. 1 and Fig. 2. Absorption (D)
was measured in absolute units of optical density, and fluorescence
(I) was measured in relative units of intensity.

The absorption spectrum of the ethanolic solution of coumarin 7
(Fig. 1 (1)) has a wide band in the range of 370-480 nm with a maxi-
mum near A,,, = 430 nm. The fluorescence spectrum (Fig. 1 (2)) has a
band with a maximum at A,,, = 508 nm. The widths of the bands (full
width at half maximum—FWHM) were I' =150 nm and I' = 51 nm, re-
spectively. The concentration of the dye coumarin 7 in ethanol was 107®
M; the excitation of fluorescence was at A =405 nm.

The absorption spectrum of the ethanolic solution of coumarin 4
(Fig. 2 (1)) has a band in the range of 260—-400 nm with a maximum
Mpax = 324 nm. The fluorescence spectrum (Fig. 2 (2)) has a band
with a maximum at A,,, =453 nm. The widths of the bands were
I'=45 nm and I' =57 nm, respectively. The concentration of the
coumarin 4 dye in ethanol was 10™ M; the excitation of fluores-
cence was at A =370-375 nm.

We have performed experiments to detect the effect of CdTe
quantum dots on the fluorescence of the ethanolic solution of cou-
marin 7. The results showed an increase in fluorescence of coumarin
7 in ethanol by 57% when it mixed with the solution of CdTe quan-
tum dots in a ratio of 1:1. This evidences that FRET takes place be-
cause there is an overlap of the fluorescence band of quantum dots
and the absorption band of coumarin 7.

We will use the obtained spectra of coumarin 7 and coumarin 4
in ethanol solutions to compare with the spectra of composite struc-
tures, which include these dyes. It will allow us to study the spec-
tral behaviour of molecules of these dyes depending on the molecu-
lar environment. It should be noted that our experimental data on
ethanolic solutions of the studied dyes coincide with the known
spectra [18] that indicates the reliability of our results.

A study of the spectral-optical properties of the samples was per-
formed in order to determine the spectral ranges for the experi-
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Fig. 1. Spectra of optical absorption (1) and fluorescence (2) of ethanolic
solution of coumarin 7 with a concentration of 107 M.
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Fig. 2. Spectra of optical absorption (I) and fluorescence (2) of ethanolic
solution of coumarin 4 with a concentration of 10™* M.

mental study of the sensory properties of the synthesized samples
of nanostructured composites based on coumarin dyes, CdTe quan-
tum dots, and silicate matrices.

The spectra of matrices without fluorophores (polymer ethylene-
vinyl acetate (EVA) with a layer of silica gel 60 as well as Aerosil A-
380) obtained by us showed the practical absence of their own fluores-
cence at the wavelengths of the fluorescence range of coumarin dyes
and quantum dots. This indicates that the fluorescence of the synthe-
sized samples is due to the fluorescence of coumarin 4 or coumarin 7
molecules and CdTe quantum dots, and not the matrix material.

Figure 3 shows the absorption and fluorescence spectra of the syn-
thesized composite structures with coumarin 7. As can be seen in Fig. 3
(1), the sample based on EVA and silica gel 60 with coumarin 7 and
quantum dots of CdTe has a wide absorption band of 404—550 nm, with
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Fig. 3. The spectra of optical absorption (1) and fluorescence (2) of the
sample of composite structures based on EVA and silica gel 60 with cou-
marin 7 and CdTe quantum dots.

a maximum of about A,,, = 441 nm. After 550 nm, the absorption spec-
trum reaches a value of approximately D = 0.33, due to the scattering of
light by the sample. The fluorescence spectrum of the sample (Fig. 3 (2))
has a band with a maximum A, = 478 nm. The fluorescence bandwidth
was ['=118 nm. The intense band in the range of 385—-430 nm corre-
sponds to the excitation radiation of the laser A = 405 nm. The width of
the absorption band because of the shape of the spectrum could not be
determined exactly, it is approximately 80 nm. For such samples, a
bathochromic (red) shift of the absorption band is observed in compari-
son with the ethanolic solution of coumarin 7 (Fig. 1) by 11 nm, while
for the fluorescence band, a hypochromic (blue) shift of 30 nm.
Since the samples based on Aerosil A-380 with coumarin 4 were
opaque due to high light scattering by Aerosil, instead of absorption
spectra, fluorescence excitation spectra were measured, which general-
ly essentially correspond to the absorption spectra of fluorescent sub-
stances [19]. Figure 4 shows the fluorescence and fluorescence excita-
tion spectra of the synthesized composite structures with coumarin 4.
The sample has a fluorescence excitation band of 310-360 nm with a
maximum A, = 340 nm (Fig. 4 (1)). The fluorescence excitation band-
width was I' = 45 nm. The fluorescence spectrum of the sample (Fig. 4
(2)) has a band of approximately 400600 nm. The intense band in the
region of 360—450 nm corresponds to the excitation radiation of the la-
ser A =405 nm (horizontal section I = 2168 corresponds to the ‘upper
counts’ of the device). The position of the maximum and the width of
the fluorescence band are difficult to establish due to the illumination
of the excitation radiation in this area. For such samples, a batho-
chromic shift of the fluorescence excitation band by 16 nm is observed
in comparison with the absorption band in the ethanolic solution of
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Fig. 4. The spectra of fluorescence excitation (1) and fluorescence (2) of the
sample of composite structures based on Aerosil A-380 with coumarin 4.

coumarin 4 (Fig. 2).

The presence of shift of fluorescence bands of coumarin dye mol-
ecules in SiO, matrices (silica gel 60 and Aerosil A-380) relative to
ethanol is explained by us that the medium of the matrixes has a
higher polarity because the spectral behaviour of coumarin dyes de-
pends on the polarity of the medium [20].

The study of the sensory properties of the created composite
structures to ammonia and acetone was carried out, that is the flu-
orescence response of the samples interacting with analyte mole-
cules in the air. The concentration of ammonia and acetone in the
air was considered as the base, i.e., equal to zero, because in pure
air the concentrations of these VOCs were much lower than those
studied. Our experiments showed the presence of an evident sensory
response of samples with coumarin 7 to ammonia and with couma-
rin 4 to acetone (in air medium), which corresponds to a decrease in
fluorescence intensity.

Figure 5 shows the fluorescence kinetics of the synthesized com-
posite structures with coumarin 7 when they interact with ammonia
molecules in the air. 500 ml of the air mixture with 5000 ppm (i.e.,
million™) of ammonia was pumped in the time interval of 620—-1100
seconds, and a decrease in fluorescence by 72% is observed. The cu-
vette with the sample was pumped with clean air in the time inter-
val of 1100-2500 seconds, during which the fluorescence intensity
of the sample was restored. Already in 1400 seconds, the fluores-
cence intensity was restored to 90% of the initial level. We inter-
pret these results as follows. When air with ammonia is pumped,
the process of sorption of ammonia molecules on the developed pore
surface of the matrix element, silica gel 60, takes place. These mol-
ecules interact with immobilized molecules of coumarin 7 dye, re-
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Fig. 5. The kinetics of fluorescence (normalized to 100%) of composite
structures based on EVA and silica gel 60 with coumarin 7 and quantum
dots of CdTe when interacting with ammonia in the concentration of 5000
ppm in air. I—the beginning of pumping the air mixture with ammonia;
2—the beginning of pumping pure air.

sulting in a decrease in fluorescence intensity. This is due to the
presence of a specific chemical interaction of ammonia molecules
with coumarin cations and the formation of coumarin anion-
ammonium cation complexes [1] that indicates a static mechanism
of fluorescence quenching. The reverse process of desorption of
ammonia molecules occurs during pumping with clean air, with the
fluorescence signal of the sample is restored.

Figure 6 shows the kinetics of the fluorescence of the synthesized
composite structures with coumarin 4 when interacting with ace-
tone molecules in air. 1000 ml of the air mixture with 133 ppm of
acetone was pumped during a time interval of 120-240 seconds, and
the fluorescence was gradually decreased by approximately 2.2%.
The cuvette with the sample was pumped with pure air in the time
interval 240-470 seconds, and the fluorescence intensity of the
sample was restored. Already after 230 seconds of the pumping, the
fluorescence intensity was almost completely restored to the value
of 99.8% of the initial one. We explain the mechanisms of falling
and restoring the fluorescence intensity of such samples similarly:
the sorption—desorption processes of acetone molecules on the pore
surface of Aerosil A-380 and quenching of the fluorescence of dye
molecules take place. However, the quenching of coumarin 4 fluo-
rescence, unlike to coumarin 7, occurs due to the non-radiative de-
activation of the excited state of coumarin 4 molecules by acetone
molecules, the so-called dynamic quenching of fluorescence [10].
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Fig. 6. The kinetics of fluorescence (normalized to 100%) of composite
structures based on Aerosil A-380 with coumarin 4 when interacting with
acetone in the concentration of 133 ppm in air. I—the beginning of pump-
ing the air mixture with acetone; 2—the beginning of pumping pure air.
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Fig. 7. Bar charts of the fluorescent responses (normalized to 100%) of the
composite structures with coumarin 7 (a) for ammonia concentrations of 10
ppm and 5000 ppm, and with coumarin 4 (b) for acetone concentrations of 33
ppm, 67 ppm, and 133 ppm. I—the initial fluorescence intensity of the sam-
ple; 2—the fluorescence intensity after interaction with the analyte.

Figure 7 shows the fluorescent responses of the composite struc-
tures with coumarin 7 (Fig. 7, a) and coumarin 4 (Fig. 7, b) for dif-
ferent concentrations of ammonia and acetone in the air, respective-
ly. As can be seen in Fig. 7, a, the response to 10 ppm of ammonia
was 13.2+0.6%, and to 5000 ppm was 74.0+1.1% . The response
to 33 ppm of acetone was 0.56 + 0.08%, to 67 ppm was 1.2+0.1%,
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and to 133 ppm was 2.2+0.1% (Fig. 7, b). For both samples, the
correlation of the value of the fluorescent response with the value
of the concentration of analyte molecules in the air is observed.

Thus, we have shown the presence of a significant fluorescent
response of the samples, as well as we demonstrated an evident cor-
relation between the value of the fluorescence signal decrease of the
samples and the change in analyte concentration in the air and the
ability to restoring after ventilation. All this suggests that the
composite structures created by us have a significant sensory sensi-
tivity to ammonia molecules (composite with coumarin 7) and ace-
tone molecules (composite with coumarin 4).

4. CONCLUSIONS

The spectral-optical properties of ethanolic solutions of fluorescent dyes
of coumarin 7 and coumarin 4 as well as synthesized nanostructured
composites, which include these dyes, are obtained. The presence of a
significant shift of the spectral bands of coumarin dyes in the matrices
of the synthesized samples in relation to the spectral bands of these dyes
in ethanol has been demonstrated. This indicates a significant effect of
matrix molecules on the electronic structure of the energy levels of
coumarin dyes molecules. It was found that when mixing the CdTe quan-
tum dots (fluorescence band position A,,, =530 nm) with the ethanolic
solution of coumarin 7 dye, the fluorescence intensity of the dye in-
creased by 57% . This made it possible to increase the fluorescence inten-
sity signal of the synthesized samples with coumarin 7 as well as to in-
crease the sensory sensitivity of such samples to ammonia molecules. It
has been shown that the composite structures with coumarin dyes devel-
oped by us show fluorescent sensitivity to molecules of ammonia (con-
centrations range 10—5000 ppm) and acetone (concentrations range 33—
133 ppm) in the air. This sensitivity is due to static fluorescence quench-
ing of QD (CdTe)—coumarin 7 complexes or dynamic fluorescence
quenching of coumarin 4 molecules by molecules of the analytes.

The presence of a significant response of the synthesized by us
nanostructured composites to ammonia and acetone molecules, as well
as the ability to repeatedly restore the signal after aeration of samples
with clean air, gives prospects for the use of these materials in portable
sensors for non-invasive disease diagnosis, environmental monitoring.
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Features of Mineralization of Hydroxyapatite on the Surface
of Calcium-Silicophosphate Glass-Ceramic Materials in vivo
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The features of mineralization of hydroxyapatite (HAp) on the surface of
calcium-silicophosphate glass-ceramic materials in vivo are analysed. It is
found that the implantation of biomaterials based on BS-11 and ASZ-5
bioactive glass-ceramic materials characterized by a strengthened struc-
ture and an adjustable level of resorption implements the chemical and
biochemical mechanisms of formation of the apatite-like layer. The peculi-
arities of compositions and technologies for obtaining bioactive glass—
ceramic materials for replacement of bone defects are analysed. The condi-
tions for the formation of an apatite-like layer in vivo on the surface of
glass-ceramic materials are established. These ones include crystallization
process of fine-dispersed HAp, ensuring the reactivity of glass-ceramic
materials due to destruction of them, initiation of the nucleation of non-
stoichiometric HAp on the surface of materials. As determined, the stimu-
lation of the adsorption process of proteins on the surface of the ASZ-5
and BS-11 glass-ceramic materials is realized by ensuring the values of
the surface microroughness index R,=2.6 and 6.0 um and the surface free
energy of 51.5 and 74.6 MJ/m?, respectively. For the developed glass-
ceramic materials based on calcium-silicophosphate glasses, the formation
of a sitallized structure under conditions of low-temperature heat treat-
ment makes it possible to provide their operational properties close to
those for bone cortical tissue (K,.=2.44 and 2.8 MPa-m'/?, HV = 7800 and
3800 MPa, Gy, =160 MPa). This fact allows us to consider them as
promising when creating implants, which can be used to replace the stati-
cally and dynamically loaded areas of bone tissue in orthopaedics and
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maxillofacial surgery. This one, together with the shortened periods of
resorption and mineralization of bone tissue, will increase the efficiency
of prosthetics by halving the rehabilitation period for patients and avoid-
ing the necessity for repeated operations.

IIpoananizoBaro ocobamBocTi MiHepasizaiii rigzpoxcuanatury (I'Am) Ha mo-
BepxXHi KalbIili-cuiIikodochaTHUX CKJIOKPUCTATIUHUX MAaTepisdiB in vivo.
BcramoBieHno, 1o 3a immiaHTarii G6iomarepiasiB Ha ocHOBiI 0i0aKTUBHUX
cxJokpucramriuaux wMmarepiamis BC-11 ta AC3-5, aki xapaKTepusayioThCsA
3MIITHEHOIO CTPYKTYpPOIO Ta Per'yJbOBaHUM DPiBHEM pesopOIrii, peanisdyerbcsa
xeMiuHU i 6Gioxemiunmit MexaHidaMu (popMyBaHHA aNaTUTOMOLIOHOTO IIAPY.
IIpoananizoBano ocobGamMBOCTI cKJIagiB i TexHoJorii omep:kaHHA OioaKTHB-
HUX CKJIOKPHCTAJIUHUX MaTepidaaiB mja 3amimieHHa [gedeKTiB KicTKwH.
BceranoBieHo ymMoBu (pOpMyBaHHS allaTUTOIOAIOHOTO IIapy B YMOBAax in vivo
Ha IOBEePXHi CKJIOKPHCTAJIUHUX MAaTepPisajiB: peaJisallid mpoliecy KpHCTaJi-
3a1ii ToHKoaucmepcuHoro I'At, 3abesneveHHA peaKkIliiiHOI 3TaTHOCTU CKJIOK-
PHUCTATIYHMX MATepiANiB 3a paxyHOK AeCcTPYKINi ix, iHimiamis sapogkoyT-
BOpeHHs HecTexiomerpmuHoro I'Anm Ha moBepxHi MartepisniB. Busnaueno,
110 CTUMYJIIOBAaHHSA IIpOIlecy amcopOIii mporTeiHiB HA MOBEPXHi CKJIOKpPHUCTA-
JiYHUX MAaTepidiB peaisdyeThbcsa 3a paxXyHOK 3abes3meueHHs 3HAUEHb IIOKAas3-
HUKa MiKpPOIIIEPCTKOCTH IOBEPXHI CKJIOKpHcTadiuHmxX MarepisamiB AC3-5 i
BC-11 R,=2,6 i 6,0 MKM Ta BinbHOI eHeprii mosepxHi 51,5 i 74,6 Ml /Mm>
BigmoBigHO. s pO3pOOJEHUX CKJIOKPUCTATIIUYHUX MATEPiAIiB Ha OCHOBI
KanbLifi-cunikodochaTHux cTeKoa (GopMyBaHHSA CUTANi30BAaHOI CTPYKTYPHU B
yMOBax HH3bKOTEMIIEPATYPHOTO TEePMiuHOTO 00pOOJeHHS YMOKJIMBIIOE 3a-
GesmeunTy IXHi eKcmayaralliifiHi BJIACTHUBOCTi, AKiI HaOMMMKeHI A0 TaKuxX
BJIACTHBOCTell AJA KicTKOBOI KopTumKaiabHOI TKanmuu (K, =2,44 Ta 2,8
MIIa-m'?, HV="7800 i 3800 MIla, o, =160 MIIa), nac 3Mory BBasKaTu ix
TIEPCIIEKTUBHUMHU IJIA CTBOPEHHSA iMIJIAHTATiB, IO MOKYTH OYTHM BUKOPUC-
TaHi I8 3aMiHM CTAaTHYHO Ta AUHAMIYHO HaBaHTAMKEHUX IiJISHOK KiCTKOBOI
TKAQHMHU y OopTomexii Ta 1miesienHo-jautesiit xipyprii. Ile pasom 3i ckopoue-
HUMU CTPOKaMM pe3opOIiii Ta MiHepasisamii KicTKOBOI TKaHMHU LacThb 3MO-
Iy migBuinuTy e(peKTHUBHICTh MPOTE3yBaHHS 3a PAaXYHOK CKOPOUEHHS BABiUi
nepiony peabimiTaiiii mamieHTiB i BUKJIIOUEHHA ITOBTOPHUX OIepaIfii.

Key words: glass-ceramic materials, biomaterials, in vivo, apatite-like lay-
er, bone tissue.

KarouoBi cioBa: cKJIOKpUCTANiIuHI MaTepisnm, O6iomarepisanu, in vivo, ama-
TUTOMOAIOHMIH I1ap, KiCTKOBA TKaHWHA.

(Received 11 February, 2021 )

1. INTRODUCTION

The development of medical science and technology requires the
creation of materials for obtaining bone tissue substitutes of a new
generation, intended for long-term functioning in the body [1]. Ma-
terials for the manufacture of implants must ensure biocompatibil-
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ity for a long time, namely, do not change the physicochemical
properties, do not cause chronic inflammation, and do not show a
carcinogenic effect, not subject to calcification. However, it should
be emphasized that, along with the ability to calcify, mineralization
of calcium-containing compounds plays an important role in the res-
toration of the function of bone tissues and their formation [2].
Therefore, to ensure the biocompatibility of the implant, it is im-
portant to correct these processes, which are similar in their mech-
anism. The effectiveness of the functioning of bone endoprostheses
is ensured by the formation of a strong adhesion layer in the im-
plant—bone system, which is realized due to the mineralization of
apatite-like structures. To achieve the latter, it is important to take
into account the theoretical approach to substantiating the calcifi-
cation of biomaterials.

The primary stages of calcification, in the cellular approach, are
associated either with the presence of already dead cells (as in the
case of treated biological tissues), or with the death of recipient
cells that adhere to the biomaterial. At present, a theory based on
the formation of calcium—phospholipid—phosphate complexes is be-
ing widely tested, the reason for the formation of which is the af-
finity of acidic phospholipids for calcium ions. It is envisaged that
the presence of such complexes in metastable solutions of calcium
and phosphates provokes the precipitation of insoluble crystals of
hydroxyapatite (HAp) [3].

The concentration theory allows one to take into account and
evaluate the role of the concentration of calcium and phosphate ions
in the intercellular fluid. Known physicochemical theories associate
the formation of heterogeneous nucleation centres of HAp crystals
with the macromolecular stereoconfiguration of collagen or consider
the transformation of crystalline HAp precursors such as amor-
phous calcium phosphate (ACP) [3]. The concentration theory is
clearly realized in the implantation of biomaterials based on bioac-
tive ceramic [4] and glass-ceramic materials characterized by a
strengthened structure and an adjustable level of resorption [5].

The complexity of the simultaneous providing with high strength
of the implant—bone bond for a short time depends primarily on the
bioactivity of the glass material and its ability to form a thin apa-
tite-like layer on its surface [6, 7]. This can be achieved by hetero-
geneous nucleation of apatite crystals by the presence of Si—OH, Ti—
OH, Zr—OH structural elements on the surface of materials. At the
stage of collagen fibre synthesis and at the initial stages of bone
biomineralization, silicon is associated with calcium, initiating the
process of deposition of bone minerals, and is an important ‘transi-
tional’ element in the formation and development of cartilage and
bone structures.
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It should be noted that the identification of mineralization prod-
ucts is important from the point of view of the fact that the crys-
tal-chemical structure of the resulting hydroxyapatite also depends
on the composition of the physiological medium, because during the
growth the crystals capture impurities of cations from the medium
and form nonstoichiometric solid solutions. Therefore, it is worth
talking about the appearance of apatite-like structures on the sur-
face of calcium phosphate biomaterials, rather than pure hydroxy-
apatite. Obviously, these structures are close to bone ones, since the
chemical composition of bone hydroxyapatite somewhat differs from
the stoichiometric composition of natural and artificial analogues in
the Ca:P ratio, as well as in the presence of ion impurities, the total
content of which may exceed 5%.

The use of bioactive resorption glass-ceramic materials [8], which
are close to bone tissue in chemical and phase composition, as bone
tissue substitutes can significantly reduce the time of their fusion
with bone tissue. However, the high level of resorption of such ma-
terials can lead to the formation of an inhomogeneous, fragile bond-
ing layer between the implant and the bone, especially under stress.
Therefore, it is a detailed study of the mineralization process of bi-
oactive glass-ceramic materials during the entire in vivo period that
will make it possible to assess the effectiveness of the use of im-
plants with different resorption periods.

2. EXPERIMENTAL
2.1. AIM Setting and Research Methodology

The aim of this work is to determine the features of the mineraliza-
tion of hydroxyapatite on the surface of calcium silicophosphate
glass-ceramic materials in vivo.

The phase composition of the materials was studied using x-ray
phase (DRON-3M diffractometer) and petrographic (NU-2E optical
microscope) methods of analysis.

The structure of the surface layer of glass-ceramic materials
(GCM), which was removed after implantation, was investigated us-
ing x-ray spectral analysis (scanning electron microscope RES Tesla
3 LMU with a resolution of 1 nm using an Oxford X-max 80 mm
energy dispersive spectrometer).

Evaluation of the hydrolytic destruction of the developed materi-
als was carried out in non-enzymatic media using the extreme (ES)
and simulated solutions (SS) tests according to ISO 10993-14-2011
by weight loss in the corresponding B;s and Bgg solutions.

The surface free energy (SFE) value of the experimental materi-
als was determined by the Owens—Wendt—Rabel-Kaelble method,
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according to which the surface energy of a solid includes two com-
ponents: dispersive and polar ones. This method provides for the
calculation of the SFE based on the contact angle between the mate-
rial surface and various liquids, followed by the calculation of its
two surface free energy components using the Mathcad computer
software. To improve the accuracy of the obtained values, six lig-
uids with known polar and non-polar components of surface tension
were used. Surface microrelief was determined as the arithmetic
mean of the deviation of the surface profile (R,) using a Surtronic
3+ profilometer.

Vickers hardness (HV) and fracture toughness index (fracture
viscosity, K;;) were determined by indenting the Vickers pyramid
under the load of 5000 g on it for 10 measurements using a TMV-
1000 device. Compressive strength (G, [MPa]) was determined
according to GOST 8462-85.

Histological analysis of bone tissue regeneration was performed
after the GCM-based implant was inserted into the distal metaphy-
sis of the femur of rats on the first, 7", 14™ and 28™ days after
implantation. After each term, the activity of alkaline phosphatase
was determined by the kinetic method in the serum of rats. The
studies were carried out on the base of the laboratory of connective
tissue morphology of the Sytenko Institute of Spine and Joint Pa-
thology N.A.M.S. of Ukraine.

2.2. Peculiarities of Compositions and Technology of Bioactive
Glass-Ceramic Materials

To study the peculiarities of the formation of an apatite-like layer
on the surface of bioactive glass-ceramic materials (GCM) in vivo,
materials differing in structure and resorption capacity were chosen
BS-11 [9] and ASZ-5 [10].

To obtain BS-11 and ASZ-5 GCM, the glasses based on calcium
silicophosphate systems with SiO, content in the range of 47-55
wt.%, the degree of connectivity of the silicon-oxygen framework
(&) 0.28 and the CaO/P,0; ratio 1.7—4.0 were synthesized (Table 1).
This is to ensure their biological activity by finely dispersed crystal-
lization of HAp and initiation of its nucleation on the surface of
materials in vivo. The glasses contain Al,O; and B,0; to provide
structural strength, which determines their ability to resorption
and mechanical loads.

Zn0, Zr0,, TiO,, CaF, and CeO, as nucleation catalysts were add-
ed into the AS-5 glass to control the apatite formation processes. To
approximate the glass composition to the composition of natural
bone tissue in the process of mineralization, the trace elements
(Cu,0, V,05, M0oO,, CoO, Sr0O, La,0;) of 0.1 wt.% were introduced.
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TABLE 1. Generalized chemical composition of glasses (in [wt.%]) and the
ratio of phase-forming components.

o Glass-Forming Phase-Forming Modifiers @
o Components Components o
o0 éc g
28 %=
'M p—
5 O |8i0,| AlLO, + B,0, |CaO + CaF, + P,0,|Ca0O/P,0,|R,0| RO |RO, 8 §
= S
BS-11 55.0 10.0 25.0 4.0 10.0 — — —
AS-5 47.0 6.0 29.4 1.7 10.5 2.6 4.4 0.1

AS-5 and BS-11 experimental glasses were obtained by glass
technology: melted under identical conditions at temperatures of
1523 and 1723 K in corundum crucibles, followed by the cooling on
a metal plate. To obtain GCM by ceramic technology, there were
used powders of model glasses milled to a residue on sieve No. 063
of no more than 5% . The samples were prepared by the method of
semi-dry pressing, formed in the form of cylinders with a diameter
of 4 mm and a height of 10 mm using a 2% solution of carboxyme-
thyl cellulose as a temporary binder.

To increase the fracture toughness of the GCM, zirconia stabi-
lized with yttrium oxide was additionally introduced into the AS-5
glass composition. Such a sample of GCM was marked with ASZ-5
and was used for further research. The transformation strengthen-
ing of the glass matrix was carried out due to the controlled transi-
tion of tetragonal ZrO, to the monoclinic phase, which is accompa-
nied by volume increase of 3 vol.% [11, 12].

Heat treatment of materials was carried out at 1023 K during 30
min for ASZ-5 and at 1323 K during 30 min for BS-11. After heat
treatment, the GCMs were characterized by insignificant porosity
(up to 10%), which is a consequence of sintering of narrow-fraction
glass powders with a particle size of <60 pm.

2.3. Characterization of Bioactive Glass-Ceramic Materials

Glass-ceramic materials are characterized by a fine-dispersed vol-
ume-crystallized structure with a HAp content of 55-60 vol.% (Ta-
ble 2). Providing the sitallization process of the initial glasses un-
der the conditions of low-temperature short-time heat treatment
makes it possible to form a high-strength structure of GCM, which
is capable of withstanding variable dynamic loads. Along with this,
in the glass structure, in addition to the presence of calcium phos-
phates, sybotaxic groups of future apatite-like crystalline phases
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TABLE 2. Characteristics of the GCM composition, structure and destruc-
tion.

Marking of Samples

Indicators BS-11 | ASZ.5

The crystalline phase content (HAp), vol.% 55.0 60.0
The degree of the s111'con—oxygen framework 0.28 0.98

bonding (fg)

Roughness (R,), um 6.0 2.0
Surface free energy, mJ/m?* 51.50 74.59
Material destruction, wt.% Bgg 0.20 0.44

(ISO 10993-14-2001) By 2.00 2.96

are formed, which are potential nucleators during the formation of
a mineralized layer in vivo on the implant surface.

Stimulation of the protein adsorption process on the surface of
the GCM is realized by ensuring the values of the structural
strength index fg5;=0.28 and the surface microroughness indicators
(Table 2). This will provide an increase in the SFE index in vivo by
increasing the proportion of the electrostatic component of the
chemical bond in the glass.

The ASZ-5 GCM is characterized by the highest values of weight
loss, despite its location in a low-silica area. With a simultaneously
higher HAp content, this material, in comparison with BS-11, is
characterized by a higher reactivity and ability to accelerate the
formation of an apatite-like layer in vivo. These assumptions are the
basis for studies on the features of nucleation and growth of non-
stoichiometric hydroxyapatite (nHAp) on the surface of calcium sil-
icophosphate glass-ceramic materials in vivo.

3. RESULTS AND DISCUSSION

3.1. Hydration and Nucleation of Apatite on the Surface of Bioactive
GCM in vivo

In the first hours of in vivo contact, hydrolysis and condensation
processes occur on the GCM surface. The materials are hydrolysed
with the formation of a gel-like silica-rich layer saturated with OH™
groups. The structural elements =Si—OH provide areas for heteroge-
neous nucleation of apatite crystals.

The study of the surface morphology of the implant material and
bone tissue showed that, for the BS-11 GCM on the 1 day of expo-
sure, the hydrolysis process with the formation of =Si—OH bonds
and their subsequent polycondensation =Si—OH + HO-Si= — =Si—0O—
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Si= + H,0 are observed. The result is the formation of a thin gel-like
layer of silicic acid in the form of nanoinhomogeneities over the en-
tire surface of the material under study and individualized spheres
of amorphous calcium phosphate (ACP) (Fig. 1, a I, II) as a precur-
sor of nHAp crystals. For the ASZ-5 GCM, against the general
background of spheres of the silica-gel layer (Fig. 1, b I), single
crystals, which have a plate-like shape, are observed (Fig. 1, b II). A
manifestation of the intensification of the nucleation process of
nHAp crystals is a change in the parameters of the crystal lattice of
apatite-like structures and the morphology of crystals, which
change during the growth of crystals.

At the initial stages of growth (7—14 days), both materials under
study are characterized by the formation of solid solutions with a
structure that is very different from the structure of nHAp. How-
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Fig. 1. Surface structure of bioactive GCM: BS-11 (a); ASZ-5 (b) after 1
day of exposure; BS-11 (c¢); ASZ-5 (d) after 7 days of exposure.
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ever, the growth of crystals for the experimental GCM, as well as
the mechanism of nucleation, is significantly different.

Thus, on the 7™ day, BS-11 GCM is still characterized by the pres-
ence of a silica-gel layer and an accumulation of nanoinhomogeneities,
which form flat (Fig. 1, ¢ I) and convex spheres (Fig. 1, ¢ IT). A decrease
in the size of inhomogeneities and an increase in their number indicate
the formation of a significant number of crystallization nuclei. For
ASZ-5 GCM, during the mentioned period, the simultaneous presence
of a silica-gel layer and platy crystals (Fig. 1, d I) is observed; they
form aggregates of different sizes (Fig. 1, d II).

3.2 Growth of Crystals on the Surface of Bioactive GCM in vivo

After 14 days of implantation, the BS-11 GCM is a multiphase sys-
tem, which consists of individual spherical and platy crystals rang-
ing in size from 0.5 to 5 um (Fig. 2, a I) and their clusters of about
10 um, which form a single crystalline block. The presence of a sig-
nificant amount of spherulites is evidence of the formation of
amorphous calcium phosphate (Fig. 2, a II), which is a precursor of
the formation of native bone.

For the ASZ-5 GCM, inhomogeneities are represented by spheru-
lites, which form ridges and spalls (Fig. 2, b I). This process is ac-
companied by a phase rearrangement of ACP, followed by levelling
of the surface and the formation of a layer-by-layer structure of the
material with the presence of platy crystals of nHAp (Fig. 2, b II).

After 28 days of implantation, the formation of nHAp aggregates
is observed in the structure of the BS-11 and ASZ-5 GCM implants
(Fig. 2, ¢, d I), which are similar to crystals for mature lamellar
bone (Fig. 2, ¢, d II). At the implant—bone interface, it is observed
the formation of a transition layer containing, like the implant ma-
terial, crystals of the platy structure of carbonate hydroxyapatite
(CHAp). This is due to the incorporation of carbonate ions into the
apatite lattice, which affects the mineralization process.

The intensification of nucleation for the ASZ-5 GCM makes it
possible to form CHAp on their surface even on the 28th day in vi-
vo. They are crystals from prismatic to acicular of a hexagonal syn-
gony, assembled into aggregates (Fig. 2, d II). Crystals of CHAp are
present in the form of plates ranging in size from 50x20 nm to
25%(2—5) nm, which are oriented in a certain way with respect to
the axis of collagen fibres.

3.3. Mineralization of Bioactive GCM in vivo

For experimental GCM, due to an increase in the calcium concentra-
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Fig. 2. Surface structure of bioactive GCM: BS-11 (a); ASZ-5 (b) after 14
days of exposure; BS-11 (c¢); ASZ-5 (d) after 28 days of exposure.

tion and accompanying factors in the environment, the process of
appearance of CHAp crystals around the implant (osteoinduction) is
‘triggered’.

The confirmation of the fact that, after the formation of the bio-
active GCM-—collagen bond, osteoblasts mineralize the osteoid area
formed by the synthesis and secretion of matrix bubbles, is the ap-
pearance of an alkaline phosphate phase in high concentrations. The
microenvironment inside the matrix bubbles promotes the formation
of nHAp crystals.

Thus, according to the results of biochemical analysis of the blood
serum of rats after implantation of the BS-11 and ASZ-5 GCM sam-
ples, the dynamics of alkaline phosphatase activity was found in ac-
cordance with the stages of bone tissue regeneration of the implants:
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on the 7" day, 411.80+27.60 U/L; on the 14" day, 952.50 + 63.30
U/L; on the 30™ day, 828.00 + 98.60 U/L. It was established that, on
the 7™ and 14™ days, the activity of alkaline phosphatase increases
that indicates its release by osteoblasts during bone formation. On
the 30™ day, a slowdown in this process shows the gradual comple-
tion of the process of bone tissue remodelling.

Mineralization of new bone tissue, as well as its growth (oste-
oconduction), on the surface of GCM-based implants is possible,
when a significant surface area of contact between the biological
fluids and the implant is provided, that is, with a sufficient porosi-
ty (= 30%) of the latter.

Even on the 30™ day of implantation, microscopically, the area of
removal of the pin on histopreparations of animals with an implant
based on the BS-11 GCM was represented by a cavity, on the perim-
eter of which mainly newly formed trabeculae from coarse fibrous
and lamellar bone tissue, areas of fibroreticulate tissue of an osteo-
genic nature and centres of dense connective tissue were determined
(Fig. 3, a). In the bone tissue that forms the cavity paries for a giv-
en period, even in the cortical part, there is lamellar bone tissue,
which has a significant density of osteocytes in narrow lacunae that
surround the intercellular matrix. The boundary between the regen-
erate and the maternal bone is clearly defined.

30 days after the operation, the formation of lamellar bone tis-
sue, the trabeculae of which were directed along the surface of the
injected material, was noted around the site of implantation of the
ASZ-5 GCM. It was on this basis the newly formed bone could be
distinguished from the maternal one. The reorganization of the
bone regenerate is evidenced by the presence of clastic structures of
osteons, irregular cement lines (Fig. 3, b).

Implantation

Fig. 3. Fragment of the distal metaphysis of the rat femur after injection
of BS-11 (a) and ASZ-5 (b) samples.
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With the use of the developed materials as implants, regeneration
has a more favourable course, as evidenced by the restoration of the
bone structure on the 30™ day of observation, when a part of the
regenerate (50% for BS-11 GCM and 70% for ASZ-5 GCM) in the
defect is represented by a mature lamellar bone.

Thus, taking into account the mechanical properties of BS-11 and
ASZ-5 GCM, which are close to those properties for bone cortical
tissue (K;c=2.44 and 2.8 MPam'? HV=7800 and 3800 MPa,
Goompr = 160 MPa), implants based on them can be used to replace the
statically and dynamically loaded areas of bone tissue in orthopae-
dics and maxillofacial surgery.

The introduction of implants based on bioactive glass-ceramic
materials BS-11 and AC3-5 with reduced terms of resorption and
mineralization of bone tissue will increase the efficiency of pros-
thetics by halving the rehabilitation period for patients and elimi-
nating repeated operations.

4. CONCLUSIONS

The regularities of mineralization of calcium-containing compounds
during the formation of bone tissue on the surface of bioactive
glass-ceramic materials with different resorption periods have been
established. It has been determined that the implantation of bio-
materials based on bioactive glass-ceramic materials characterized
by a strengthened structure and an adjustable level of resorption
implements the chemical and biochemical mechanisms of the for-
mation of an apatite-like layer.

The features of the compositions and technologies for obtaining
bioactive glass-ceramic materials for replacement of bone defects
were analysed. It has been established that the provision of biologi-
cal activity along with high strength of glass-ceramic materials can
be realized by their sitallization and the formation of HAp crystals
under conditions of low-temperature one-stage short-time heat
treatment of glasses of calcium silicophosphate systems character-
ized by a SiO, content of 45-55 wt.%, f5;=0.28 and the ratio
Ca0O/P,0,=1.7-4.0.

The conditions for the formation of an apatite-like layer in vivo
on the surface of the GCM were analysed. These ones include crys-
tallization process of finely dispersed HAp, ensuring the reactivity
of the GCM due to their destruction, and initiation of the nuclea-
tion of nHAp on the surface of materials.

It was determined that the stimulation of the adsorption process
of protein on the surface of the GCM is realized by providing the
values of the surface microroughness index for ASZ-5 and BS-11
GCM R,=2.6 and 6 pm and SFE 51.5 and 74.6 MJ/m?, respectively.
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The features of hydration and nucleation of HAp on the surface
of bioactive GCM in vivo were established, which consist in the hy-
drolysis process with the formation of =Si—OH bonds, their poly-
condensation and the formation of a thin gel-like layer of silicic ac-
id in the form of nanoinhomogeneities and individualized spheres
and ACP plates (1 day) and aggregates (7 days), forming ridges
with the subsequent layer-by-layer structure of the material with
the presence of lamellar crystals of nHAp (14 days), which are re-
crystallized into crystals of CHAp, oriented with respect to the axis
of collagen fibres (28 days), followed by the formation of the bioac-
tive GCM—collagen bond.

The activity of osteoblasts, which mineralize the osteoid area
around the implant based on bioactive GCM, is determined by the
activity of alkaline phosphatase. It is confirmed the formation of
mature lamellar bone tissue, when using the developed bioactive
glass-ceramic materials and the expediency of their use as biocom-
patible materials for bone tissue regeneration within one month.
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Today, nanocomposites based on magnetite (Fe;0,), zinc oxide (ZnO), tita-
nium oxide (TiO,) doped with metal cations are widely used to create new
kinds of biocompatible materials, which are characterized by unique com-
plexes of physical-chemical properties. The semiconducting-nanoparticles’
coating by metals leads to their stabilization in corrosive biological media
and affects their electrical, magnetic, catalytic, and plasmonic properties
too. The achievements during recent years in the field of producing com-
posites based on nanosize particles of different nature are demonstrated in
a given review article. The basic methods for materials’ preparation,
properties, and the possible fields of their application are summarized.

Croromui Hasorommosutum Ha ocHOBI marHerutry (Fe;O,), oxcumy Iunky
(ZnO), oxcuny Turamy (TiO,), Jeropanux KaTioHaMu MeTaJiB, IIUPOKO BU-
KOPHCTOBYIOTHCA AJIA CTBOPEHHS HOBUX BUIIB 0iOCyMiCHMX MaTepisiB, 1[0
XapaKTepu3yIOThCAd YHIKAJIbHUMU KOMILIeKcaMu (HisuKo-XxeMiuHUX BJIACTH-
BocTelt. IIOKpPUTTA HAMiBOPOBIIHMKOBUX HAHOUYACTHHOK MeTajlaMU IIPUBO-
IUTH 0 crabimisarii iXx y Koposifinux 0ioJOTiYHMX cepemoBHINAX i BILIMBAE
TAaKOXKX Ha IXHi eJeKTpWuHi, MarHeTHi, KaTaJiTH4YHi Ta IJIA3MOHHIi BJIACTH-
BocTi. JlocATHEHHS OCTAaHHIX POKIiB y ranaysi BUPOOGHUIITBA KOMIIOSUTIB Ha
OCHOBiI HAHOPO3MipHUX YaCTUHOK Pi3HOI HNPUPOAY IIPOAEMOHCTPOBAHO B Ja-
Hi#f orssamosiii crarri. IlimcymoBaHO OCHOBHI MeTOAM IIiATOTOBKU MAaTEPifA-
JIiB, BJIACTMBOCTI Ta MOKJIMUBi chepu 3aCTOCYBaHHSA 1X.

Key words: Fe;O,, ZnO, TiO,, nanocomposites, nanoparticles, structure,
conductivity, bactericidal action.

Karouori caora: Fe;O,, ZnO, TiO,, HAaHOKOMIIO3UTH, HAHOUYACTUHKU, CTPYK-
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1. INTRODUCTION

Nowadays, it will not be an exaggeration to attribute the spread of
viral infections and ensure the biological safety of the population to
the global problems of the XXI century. According to statistics,
every year, 15 million people die in the world. Viral infections have
a division into new (emergent) and secondary (re-emergent). The
second type includes avian influenza viruses (A (H5N1)) (1997), A
(HIN2) (1999), A (H7TNT7) (2003), A (H7N3) (2004), A (H7TN9) A
(H10N8) (2013), including pandemic virus A (HIN1) pdm09 (2009),
coronaviruses (SARS viruses, 2002, Middle Eastern respiratory
syndrome MERS-CoV, 2012), etc. The urgency of the research topic
is due to the need to develop the latest effective means of prevent-
ing the spread of viral pathogens that can lead to epidemics and
pandemics.

Functional nanocomposites based on metal oxides as TiO,, ZnO,
and Fe;0, doped with noble metals and rare-earth elements (REE)
can be a perspective material for the new kind of bioactive photo-
catalysts creation, whereas, the presence of REE in the structure of
the zinc and titanium oxides enhances their photocatalytic activity.
The inclusion of noble metal cations in the crystal lattice of iron
oxides enhances their optical properties [1-2]. In addition, effect of
UV irradiation on metal oxide catalysts promotes to appearance
their photobactericidal activity [1-10].

This paper presents the composite nanomaterials for the devel-
opment of novel water purification technologies. The unique sur-
face, optical, and catalytic properties of nanomaterials based on ox-
ide nanoparticles of different nature are present to the wastewater
treatment. The aim is to analyse the state-of-the-art of the given
rapidly developed research area.

2.METHODS OF PREPARATION AND PROPERTIES OF COMPOSITES
WITH TiO, NANOPARTICLES

In the past 10 years, TiO, nanopowder through photocatalytic activ-
ity, chemical resistance and non-toxic can be used as an effective
agent for the treatment of organic and inorganic substances, patho-
gens of various types in the environment [7—10]. The unique prop-
erties of TiO,, especially nanoscale one, used to address important
energy and environmental issues have caused the recent emergence
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of large scientific works on the synthesis and study of its antivirus
properties and then search for ways of its practical application The
antiviral activity of TiO, anatase nanoparticles against human ade-
novirus 5 serotypes was between 45% and 95% dependence on par-
ticles size [8].

The authors [1-7] note that the doping by metal (rare earth) ele-
ments allows shifting to the visible region, but the photocatalytic
activity may decrease, especially in the UV range. For the electronic
interaction, nitrogen is good because of electrons can pass for the
dopant of the orbitals 2p or 3p to the 3d orbital Ti, and the width
of the forbidden band decreases. The photocatalytic activity de-
crease of doped TiO, powders in the visible region, especially in the
polluted environment is an urgent problem to solve [10-17].

TiO, powders doped with Ag, Fe enhance the photocatalytic and
bactericidal activities [20—23]. For example, Ag concentration from
2.46 to 6.0 wt.% showed increasing of bacteriophage virus inactiva-
tion rate by 7 times. Therefore, the duration of the disinfection
process reduced from 5 to 0.75 min [20]. Der-Shing Lee and Yu-
Won Chen have shown the optimum Ag loading (2 wt.%) for the
excellent methylene blue destruction under UV-light irradiation
[24].

The bactericidal effect on the bacillus Kochi has been studied us-
ing TiO,—Ag-SiO, photocatalyst [23]. The synthesized composite
characterized by a higher surface area of 164 m®g™ in comparison
with P25. Thus, the ability to inactivate composite photocatalyst
occurs over a wide spectral range of UV irradiation with an intensi-
ty 2.5 mV cm™. However, the high absorbance of visible light does
not always increase the photocatalytic activity. Sometimes, the cati-
on doping leads to a certain number of defects in TiO,, which can
act as centres for the recombination of charges.

Nevertheless, this can be avoided if after doping the photocata-
lyst is annealed additionally. For example, the annealing of TiO,—Co
photocatalyst at 100, 400, 600, and 800°C for 180 min resulted in
30, 50, 90, and 60% photodestruction of 2-chlorophenol, respective-
ly [25]. Thus, the annealing temperature for doped anatase (500—
600°C) increases the crystallinity and reduces the recombination of
electron—hole pairs.

The presence of Ti*" defects for the synthesized sample could be
the reason for bandgap decrease in this semiconductor to 2.75 eV
and growth of MO (methyl orange) anode oxidation currents under
UV irradiation at high scan rates (above 50 mV/s) and potentials
below 500 mV (SCE) comparing with standard samples [15]. The
photoelectrocatalytic activity of samples is defined by the dispersity
and form nanoparticles.

Thus, the photocatalytic degradation is an efficient and economi-
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cal method that attracted increasing attention [20—-29]. This is be-
cause it is particularly useful for cleaning biologically toxic or
nondegradable materials such as aromatics, pesticides, petroleum
constituents, and volatile organic compounds in wastewater. The
contaminant materials are converted largely into stable inorganic
compounds such as water, carbon dioxide, and salts, i.e., they un-
dergo mineralization. Additionally, other features such as morpho-
logical architecture, the nature of catalyst, and surface properties
affecting photocatalysis will be considered when designing a stable
and efficient catalyst material.

3. NANOMAGNETITE DOPED WITH NOBLE METALS

Core & shell type nanocomposites are attractive to practical applica-
tion in biological and medical studies due to the combination of
their useful physical-chemical properties such as optical (plas-
monic), (super)paramagnetic, catalytic, accompanied with biocom-
patibility as well.

3.1. Typical Synthesis Methods to Obtain Core and Shell Type
Nanocomposites

Generically, the obtaining of core and shell type nanocomposites
based on ferromagnetic cores covered with precious (noble) metal
shells includes the synthesis of iron oxides nanoparticles and the
following formation of noble metal shell on their surface [30]. Now-
adays, core & shell type nanocomposites are usually formed via as
follow:

1) coprecipitation of ferric and ferrous salts in weak-alkaline wa-
ter dispersion medium and reduction of noble metal shells on their
surface [31];

2) microemulsion method [32, 33];

3) separate sedimentation of the nucleating seeds (magnetite and
gold) and formation of corresponding composites using organic sub-
stance [34].

Less commonly applied methods are closely connected with the x-
ray emission [35], laser ablation [36], sonochemical reaction [37],
‘wet’ chemistry [38], and photochemical reduction [39].

According to published data, the process of the formation of
cores and shells is possible in two phases system (microemulsion
method), as well as in water [38] or organic medium only [39]. Re-
cently, the combined method including the formation of ferromag-
netic core in organic medium and formation of noble metal shell —
in water was proposed [40].
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The carrying out of the surface separated reductive—oxidative
reaction on the steel-solutions of noble metals interface may be re-
ferred to alternative synthesis procedure to obtain core and shell
type nanoparticles [41]. In the first stage of the process, Fe(II)-
Fe(IIT) layered double hydroxides (LDHs) are formed on the steel
surface contacting with distilled water in the open-air system. Tak-
ing into account strong reductive properties of Fe(II)-Fe(III) LDHs,
their following contact with water medium containing noble metal
aqua forms leads to phase transformation of LDH into magnetite
particles accompanied with reduction of precious metals on their
surface or it leads to the inclusion of Ag, Au, Pt or Pd cations into
the crystal lattice of magnetite. The concentration of noble metals
in the initial solutions influences degree of a core covering and the
thickness of the shell at all. The main advantages of the procedure
lie in the simplicity of the method, the absence of necessity to use
superficially active substances (SAS), various reducing agents, and
high concentrated ferric—ferrous solutions to form core particles as
well.

To obtain ferromagnetic cores, it is wusually applied -co-
precipitation in the water medium in the presence of inorganic fer-
rous and ferric salts and base solution NaOH or NH,OH under
standard conditions [42] or in the nitrogen atmosphere by the addi-
tion of a reducing agent, for example, sodium citrate [43]. In addi-
tion, the reductant simultaneously plays the role of stabilizing sub-
stance [44]. Numerous synthesis methods of obtaining ferromagnet-
ic nanoparticles were described in several reviews [45]. Nanosize
iron oxides for biomedical applications are usually obtained via pol-
yol synthesis, preparation of microemulsions, co-precipitation, de-
composition of organic species, etc. Thus, nanocomposites based on
iron cores and silver shells were produced under the standard condi-
tions in the solution containing argentum nitrate, ferrous salt, bo-
rohydride, and sodium citrate [46]. As the determinative factors of
obtaining nanocomposites, the sequence of solutions blending, and
time of reagents addition was found.

Hydroxylamine, citrate, or sodium borohydride are most com-
monly used as reducing agents [47]. To reduce the silver layer onto
nanomagnetite surface, tartaric acid was used [48]. However, the
application of various SAS and organic components to obtain core
and shell type nanocomposites is impossible for structures prepared
for biomedicine, so in that case, there are preferable to use various
biocompatible substances. For example, Fe;0, and Au particles were
synthesized via a combination of chemical and biological route [49].
Ethanolic extract of Eucalyptus camaldulensis was used to reduce
aurum on the magnetite surface from the water solution of HAuCl,.

Therefore, we need to develop effective materials for preventing
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Fig. 1. SEM images: a—TiO,—Ag (4 wt.%) (x19300); b—Fe;0,—Ag (x16900).

the bacteria from environmental because of pandemic spreading.
The idea is the creation of functional composites based on magnetite
and anatase with cations of Ag, Pt, Pd, which exhibit bactericidal
and antiviral activities under the UV irradiation for purification
water and air.

Functional nanocomposites based on metal oxides as TiO,, Fe;0,
doped with noble metals and rare-earth elements (REE) can be a
perspective material for the new kind of bioactive photocatalysts
creation, whereas, the presence of REE in the structure of the zinc
and titanium oxides enhances their photocatalytic activity [30]. The
inclusion of noble metal cations in the crystal lattice of iron oxides
enhances their optical properties [31] accompanied by superpara-
magnetic properties and high catalytic activity for phospholipids.

Our team synthesized bioactive magnetite and anatase doped cati-
ons of Ag, Pt, and Pd with a concentration in the interval 0-5
wt.% (Fig. 1). Noble concentrations influence surface structure and
magnetic properties of as-prepared and UV-irradiated nanocompo-
sites doped with Ag, Pt, Pd. EDX analysis testifies composition of
TiO,~Ag (Ti—58.6 wt.%, 0—36.69 wt.%, Ag—4.12 wt.%) and
Fe;0,—Ag (Fe—50.84 wt.%, 0—44.92 wt.%, Ag—4.3 wt.%).

According to obtained data, the UV irradiation changes the spine
quantity in the structure of the nanocomposites and it shifts the
characteristically lines to high energy.

3.2. Study of Adsorption and Phagocytosis of Magnetite Particles
by U-937 Cells

Our study of the magnetite nanoparticles adsorption and their
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phagocytosis by U-937 cells was performed using the Lilly cyto-
chemical method. Incubation of U-937 cells with magnetite particles
was performed in phosphate-buffered saline for 15-120 min. Ac-
cording to the obtained data (Fig. 2), magnetite with a nanometer
particle size is adsorbed on the cell surface and does not show signs
of phagocytosis. The obtained data indicate that, during the entire
period of observation in the cells of the control group, there were
not detected granules, which include Fe?" and/or Fe®".

Magnetite obtained on the surface of the iron with particles size
1 um was identified on the cell surface in the form of both aggre-
gates and individual particles. For 15 min of incubation at the point
of contact of magnetite with the cell, there was observed bending of
the cytoplasm. Phagocytic magnetite particles are also present in
some cells. The amount of phagocytosed and adsorbed magnetite in
the cells increased during 2 h of observation. The adsorption of
natural microsize magnetite by the cell surface is similar to the ad-

Fig. 2. Cells of the U937 line (human leukemic monocyte lymphoma cell
line): a, b—system cells; in-cells after incubation with nanosize magnetite
particles; ¢, d—cells after incubation with microsize particles of magnet-
ite. Notice: scale is 10 pm.
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sorption of the synthesized analog, but during 120 min of incuba-
tion, the amount of phagocytosed and adsorbed natural magnetite in
the cells increased and exceeded the values obtained for artificial
magnetite. Moreover, in some cells, phagocytosis was accompanied
by cell death and disintegration. Based on the obtained results, it is
concluded that the magnetite obtained by the method of rotational
corrosion dispersion has less biological activity compared to natural
and this makes it suitable for further use in various biological sys-
tems.

Thus, the study of the interaction of tumour cells of the promon-
ocytic leukaemia line U-937 with magnetite particles obtained by
the method of rotational corrosion dispersion, as well as microsize
particles of natural magnetite proved their lack of cytotoxic proper-
ties. The revealed dependence of the cytotoxic activity of other
iron-oxygen-containing minerals on their nature and particle size is
due to a possible criterion for the selection of ferromagnetic mate-
rial concerning its suitability for medical and biological research.
Nanosize magnetite particles form a complex with transferrin, a
natural transporter of iron, and accumulate in mitochondrial and
cytosolic cell fractions. The tested particles of iron—oxygen-
containing minerals are recognized as suitable for the creation of
nanosize magnetic carriers.

4. MANUFACTURING AND PROPERTIES OF ZnO
NANOSTRUCTURES

Among the metal oxide nanoparticles (NPs), ZnO a wurtzite n-type
semiconductor and which have potential material for biosensing and
gas sensing application because of their unusual properties, like di-
rect bandgap (3.37 eV), high exciton binding energy (60 meV), and
resistivity (107 to 10° Q-cm), including high surface area, high cat-
alytic efficiency, nontoxicity, chemical stability, and strong adsorp-
tion ability. ZnO nanostructures (NS) due to their unique properties
have the possibility of using in the ultraviolet (UV) photodiodes,
piezoelectric devices, chemical sensors, etc. [50]. In the last years,
ZnO has been more actively studied as a cost-effective and eco-
friendly photocatalytic material for the cleaning of the environment
from persistent organic pollutants, bacteria [51, 52]. ZnO films and
nanostructures were deposited on Si substrates by MOCVD using
single-source solid-state zinc acetylacetonate (Zn(AA)) precursor
[63]. Doping by silver was realized in-situ via adding 1 and 10
wt.% of Ag acetylacetonate (Ag(AA)) to zinc precursor. The
MOCVD method of growth allows us to deposit the different types
of ZnO nanostructures morphologies (Fig. 3).

It was shown that Ag doping affects the ZnO microstructure via



SYNTHESIS, STRUCTURE AND BIOMEDICAL APPLICATION OF NANOCOMPOSITES 975

Fig. 3. SEM images of ZnO:Ag nanostructures: nanorods (a), nanowires (b)
and nanoteats (c) deposited on Si substrates.

changing the nucleation mode into heterogeneous and thus trans-
forming the polycrystalline films into a matrix of highly c-axis tex-
tured hexagonally faceted nanorods or nanowires. Ag doping leads
to increasing of the work function value from 4.45 to 4.75 eV that
is attributed to Ag behaviour as a donor-type impurity. It was ob-
served that near-band photoluminescence of ZnO NS was enhanced
with Ag doping because of quenching deep-level emission. Observed
considerable amplification of near-band photoluminescence in Ag-
doped ZnO NS comparison with undoped ZnO may be caused by sur-
face plasmon resonance, which, as we believe, can be used for the
development of the effective photocatalytic devices based on Ag-
doped ZnO NS for the disposal of the environment from organic pol-
lutants and bacteria, etc.

Besides, the nanosize ZnO particles having a large specific sur-
face and high surface energy, upon settling on the surface of a bac-
terium, easily destroy the cell membrane and penetrate the micro-
organism. In this case, the balance of metabolism and energy with
the environment is disturbed, and the bacterium death occurs. To
increase the bactericidal activity of ZnO-based nanostructures, all
types of modifications are used [50-54]. Thus, the creation of
structures of ZnO/Au, Ag, Cu leads to an increase in the ROS (su-
per radical oxides) release rate due to the separation of electron-
hole pairs at the Schottky barrier and decrease in their recombina-
tion, acceleration of the generation of such pairs caused by the in-
fluence of surface plasmons and the shift of the absorption edge
towards the visible light. In such structures, charge transfer from
Au and Ag to ZnO can cause an electrostatic attraction between pos-
itively charged metal particles and negatively charged bacteria, in-
creasing bactericidal activity. In addition, noble metals themselves
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have bactericidal properties of a wide spectrum of action.

The authors of chapter [54] discussed the application of various
nanomaterials (such as metal nanoparticles, metal oxides (TiO,,
Zn0, Ce0,, Fe;0,), carbon compounds, filtration membranes, etc.) in
the field of wastewater treatment by photocatalysis. In the last
years, most photocatalysts have been specifically devised for appli-
cation under sunlight, but many researchers focused attention on
UV-active systems [54]. Thus, here, we will differentiate between
UV- and visible light or sunlight-active nanoscale semiconductors.
This chapter [54] also includes a description of the most studied
photocatalytic reactions related to water purification, the degrada-
tion of emerging pollutants, and disinfection procedures.

Considering the methods of synthesis and study of nanocompo-
sites properties with oxide NPs, especially of TiO,, has not yet re-
ceived information on the effectiveness of their use. The reason for
all would be to use expensive Ti precursors. Using cheap TiCl, as
the precursor of TiO, does not allow us to obtain the composite sys-
tem with the required properties due to the complexity of the con-
trol of the hydrolysis process, the difficulties associated with the
removal, and the highly reactive reaction by-products (HCI). How-
ever, methods of the TiO,-surface modifying in the synthesis of
composites do not cause difficulties in most cases and could be suc-
cessfully applied to industrial processes.

Thus, it is a global task to create a composite photogenerator
based on TiO,, Zn0O, Fe;O, to control the distribution of
h + (generation), and then applying for the effective destruction of
toxic organic substances and pathogen microorganisms due to the
high concentration of oxide radicals.

5. SUMMARY

Thus, nanosize core & shell type composites containing iron oxide
cores (magnetite or maghemite) and noble metal shells (in particular
gold or silver) are one of the most perspective materials for biomed-
ical applications due to combinations of magnetic, optical, colloid-
chemical properties, as well as because of the possibility to biofunc-
tionalization of the surface of the composite. The variation in the
physicochemical characteristics of nanocomposites based on ferri-
magnetic cores and a noble metal shells opens for us great possibili-
ties for their usage as a platform for the development of highly ef-
fective diagnostic and therapeutic tools with selectivity at the level
of individual cells and biomacromolecules. The superparamagnetic
properties of Fe;0, and Ag® shell composite particles and the photo-
catalytic properties of TiO, nanopowder in combination with the
bactericidal and antiviral activity of both, which can be significant-
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ly increased under the influence of UV radiation, are the basis for
the creation of new protective composite materials. Variation in the
material composition of such a composite, the structure of oxide
particles and the form of their composition of modifying compo-
nents will optimize the photoactive composite system, which will
show the greatest antiviral activity initiated by the action of UV
radiation. The obtained nanocomposite (in the form of powder or
film) can be used in the creation of technical means and prevention
of the spread of infectious diseases in a confined air environment
(transport, public places, and hospitals).

Summarised results show that the photocatalysis of composites
TiO,, ZnO appears to be an interesting approach to water purifica-
tion, offering the possibility of using sunlight as a sustainable and
renewable source of energy. This technology is based on the pres-
ence of a semiconductor that can be excited by light with energy
higher than its bandgap, inducing the formation of energy-rich
electron—hole pairs that can be involved in ORR (oxygen reduction
reaction). Recent progress has explored the chemical nature of na-
noscale semiconductors to improving their electronic and optical
properties, enhancing their photoresponse to visible light. In addi-
tion, nanomaterials typically have high reactivity and a high degree
of functionalization, large specific surface area, size-dependent
properties, etc. They can application in water purification.

During doping by Ag, important work function to our TiO,,
Fe,0,, and ZnO has, and maybe, the transfer of electron will take
place from Ag to conducting band oxide to achieve Fermi level equi-
librium following by localized surface plasmon resonance. The fea-
tures of proposed with us doped oxide nanoparticles (specific
nanostructures) due to catching and holding of microorganisms,
generation of oxidizing radicals by photocatalysts under UV irradia-
tion, mechanical damaging of microorganisms, and inactivation of
microorganisms. We are going step-by-step to discover all compo-
nents and deliver all evidence of such a concept for the effective
antimicrobial guard.

However, the questions that have arisen since the start of the
COVID-19 coronavirus pandemic, which spreads mainly with air
droplets, suggest that scientists will soon turn their attention to
cleaning the water and air from microbiological contaminants. By
taking into account the advantages of the photocatalytic properties
of ZnO over TiO,, one can expect the problems that have arisen to
be solved in particular thanks to zinc-oxide nanomaterials.
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In this research, ZnO nanoparticles are doped with the manganese (Mn)
and gadolinium (Gd) ions using chemical co-precipitation method. The ef-
fects of dopants on the structural, morphological and optical properties of
ZnO are investigated. In addition, the antimicrobial activity of ZnO nano-
particles doped with the Mn and Gd metallic ions are revealed. The struc-
tural, morphological and optical properties are characterized using x-ray
diffraction (XRD), scanning electron microscopy (SEM) and ultraviolet-
visible (UV-Vis) spectroscopy. The XRD results reveal the synthesized na-
noparticles possessed hexagonal phase of wurtzite structure and average
crystallite size of 31-38 nm. The decreases in crystallite size, lattice pa-
rameters, unit volume and bond length are observed after incorporation of
the Mn and Gd ions into the ZnO matrix. On the other hand, increments
in strain and concentration of defects are observed after the Mn and Gd
doping. Scanning electron-microscopy images show spherical shape with
well-defined distributions observed. The energy band gaps estimated from
ultraviolet-visible absorption spectra are found to be 3.35, 3.28 and 3.07
eV for undoped ZnO, Gd-doped and Mn-doped ones, respectively. The an-
timicrobial activity of undoped, Mn- and Gd-doped ZnO nanoparticles are
tested against gram-negative bacteria (E. coli and P. aeruginosa), gram-
positive bacteria (S. aureus and B. subtilis) and fungus (C. albicans) using
agar-well diffusion method. The results indicate that the antimicrobial
activity of doped ZnO nanoparticles is higher as compared to undoped ZnO
nanoparticles. As also found, the gram-positive bacteria are more suscep-
tible to ZnO nanoparticle than gram-negative bacteria and fungus.

Y unwomy pochimxenni HamouacTuHKu ZnO JeryroTbcsa HoHamMu MaHTraHy
(Mn) ra T'agoninio (Gd) 3a ZOIMOMOTOI0 XeMiYHOTO METOZY CHiBOCAIKEeHHA.
HocaigsxkeHo BIJIUB JeryBaHHA Ha CTPYKTYpPHiI, MopdoJoriuni # ontwuHi
BiactuBocTi ZnO. Kpim Toro, BUABJIEHO aHTUMiKPOOHY aKTUBHICTH HaHOYA-
cruuok ZnO, serosanmx meraniunumu omamu Mn i Gd. CTpyxkTypHi, MOp-

981
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¢osoriuHi ¥ ONTHUYHI BJIACTUBOCTI XapaKTepU3YIOTLCS 3a JOIIOMOTOI0 PEeHT-
reHiBcsKol mudpaxmii (PI), ckanyBaJabHOI eIeKTPOHHOI MiKpockomii i cme-
KTpocKoImii y BuauMiii Ta yiabTpadioseroBiii obsactax cBitsa. Pesyiabratu
PIl moxasyioTh, 1110 CUHTE30BaHI HAHOYACTUHKN MAaJId TeKCaroHaJbHy (dasy
CTPYKTYPHU BIOPIIUTY Ta cepenHiil posmip xpucraiity y 31-38 mm. 3meH-
IIeHHs PO3Mipy KPHUCTAJiTy, HmapaMeTpiB I'paTHHUIli, 06’eMy eJgeMeHTapHOIL
KOMIpKY Ta MOBXKUHU 3B’A3KY CIIOCTePiraloThCA MicJd BTiJIeHHA ioHiB Mn
ta Gd mo marpuri ZnO. 3 iHImoro 60Ky, 36inbIleHHA medopMalrii Ta KOHIe-
Hrpamii gedeKTiB cmocrepiraioTbes micas geryBamaa Mn i Gd. CxkanysBanbui
eJIeKTPOHHO-MiKPOCKOIIiUHi 300paskeHHA IOKa3yoThb chepuuny ¢opmy 3
YiTKO BU3HAUEHUMM PO3MOJIiJaMM, IO cHocTepiraioThcA. EHepreTnuHi 30HHI
HIiJIMHU, OIiHeHi 3 yJabTpadioIeTOBO-BUAMMUX CIEKTPIB NMOTJIWHAHHSA, BU-
asunuca y 3,35, 3,28 i 3,07 eB gna menerosanoro ZnO Ta jerosanoro Gd i
Mn BigmoBimHO. AHTMMiIKpPOOHA AaKTHBHICTL HeJIETOBaHUX Ta JeroBaHux Mn
i Gd mamouactuHOK ZnO mepeBipAeTbCA NPOTH TpaMHETaTUBHUX OaKTepiit
(E. coli i P. aeruginosa), rpaMIo3UTUBHUX O0axTepiii (S. aureus i B. subtilis)
i rpubka (C. albicans) 3a momoMorow iMyHOAU(DY3iMHOTO METOAYy B arapoBoO-
My reji. PesyibTaty mokasyoTh, [0 aHTUMiKpOOHA aKTHBHICTBH JIeT'OBaHUX
HaHouacTHHOK ZnQO BuIlle B IOPiBHAHHI 3 HeJeTOBAHMMM HAaHOUYACTUHKAMU
Zn0. fAx Ttaxok 3’scyBaJiocsd, TPaMIIO3BUTHUBHI GaKTepii GiILINI CIIPUIHATIN-
Bi mo HaHouacTuHOK ZnO, Hi’K rpaMHeraTuBHi 0aKkTepii Ta rpubOK.

Key words: Zn, ¢¢Mn, (,0, Zn, ¢3Gd, ,O, co-precipitation method, structure,
antimicrobial activity.

Karouori camoBa: Zn, ¢sMn, (.0, Zn, ¢sGd, (2O, MeTOn cmiBOCamKeHHs, CTPYK-
Typa, IPOTUMIKPOOHA aKTUBHICTB.

(Received 11 December, 2020; in revised form, 31 December, 2021 )

1. INTRODUCTION

Nanoparticles (NPs) are special classes of organic or inorganic ma-
terials having size in the range of 1 to 100 nm in at least one di-
mension. They have unique and enhanced functional properties such
as high surface area to volume ratio and more atoms on their sur-
face than their micro- or macro-scale counterparts owing to their
nanoscale feature [1]. Metal oxide nanoparticles are important ma-
terials, finding applications in a diverse range of activities. Among
them, ZnO NPs have many significant features such as chemical
and physical stability, large exciton binding energy (60 meV), wide
band gap, intensive ultraviolet (UV) and infrared (IR) adsorption
[2-5]. ZnO NPs also have several advantages due to low toxicity,
biosafe biocompatibility and biodegradability, which make the mate-
rial important for antibacterial, antifungal, and wound healing ap-
plications [6—9].

Several studies have been conducted on various factors affecting
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the shape, size, optical properties and applications of ZnO NPs. The
factors are precursor concentrations [10], temperature [11, 12], sur-
factant concentrations [13, 14], dopant concentrations [15], solvent
medium and pH of the reaction mixture [16, 17]. Doping is one of
the strategies to modify the structural, morphological and optical
properties of ZnO nanoparticles and enhance its applications such as
antimicrobial activity.

In addition, several available reports deal with the particle size-
dependent antimicrobial activity of ZnO nanoparticles (NPs), where
antimicrobial activity is inversely related to the particle size.
Hence, the crystal size of ZnO nanoparticles needs to be reduced for
better antimicrobial activity [18]. The antimicrobial activity of un-
doped and doped zinc oxide nanoparticles has also been studied
against gram-negative and gram-positive bacteria using chemically
synthesizing method [19]. The main mechanism of antimicrobial ac-
tivities of ZnO NPs is the electrostatic interaction between ZnO NPs
and cell membrane of the bacteria, penetration of ZnO NPs into the
inside of bacterial cell wall, and the formation of reactive oxygen
species (ROS) inside the cell of bacteria, which destroys the cyto-
plasm of the bacteria [20]. It is reported that gram-negative bacte-
ria are more resistant against ZnO NPs than gram-positive bacteria
due to that it has double cell membrane structure (outside and cy-
toplasmic membrane) and the difference in intracellular antioxidant
content [21].

Many researchers reported the synthesis and characterization of
zinc oxide nanoparticle doped metals in separate studies for differ-
ent precursors at different conditions using different synthesis
methods. But, to date results there is a controversy and debate on
the influence of these dopants on the structural, morphological and
optical properties as well as on the antimicrobial activity of ZnO
nanoparticles. Therefore, in this research, it is intended to investi-
gate the effects of Mn and Gd dopant ions on the structural, mor-
phological and optical properties of ZnO nanoparticle and on its an-
timicrobial activity.

2. MATERIALS AND METHODS
2.1. Materials

The precursor chemicals for the synthesis of pure and doped ZnO
NPs are zinc acetate dihydrate (Unichem, India), sodium hydroxide
(Alpha Chemika, India), Manganese acetate dihydrate (Unimag. me-
dia, India) and Gadolinium chloride hexahydrate (uni. Himedia, In-
dia). Culture media such as Miiller—Hinton agar (M173-500G HiMe-
dia, India), tryptone soya agar (T131-500G HiMedia, India), and nu-
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trient broth (N173-500G HiMedia, India) for cultivation of the test
organisms and used for the determination of antimicrobial activity
of ZnO nanoparticles. Dimethyl sulfoxide (Unichem, India), ethanol
and double distilled water were used as the solvent. Antibiotic gen-
tamicin was used as positive control. All chemicals are analytical
grades and do not undergo further purification.

2.2. Synthesis Methods

For synthesis of pure ZnO, 21.95 g of zinc acetate dihydrate was
completely dissolved in 100 ml of deionized water and 0.2 M of
aqueous NaOH solution was added drop wise to the mixture. Later,
the solution was stirred for 30 minutes and placed at room temper-
ature for 5 hrs for precipitation to occur. This one resulted in the
formation of white coloured precipitates in the reaction mixture. In
order to separate the precipitates, the reaction mixture was filtered
and washed several times using double distilled water and ethanol
to remove impurities. Finally, it was oven-dried at 60°C for 17 hrs.
The calcination of the white powder was performed at 200°C for 2
hrs in a muffle furnace (model No. MC2-5/5/10-12, Biobase,
Chine).

Similarly, to prepare Mn and Gd ion doped ZnO NPs we followed
the already developed procedures by [22]. In order to synthesis of
7Zn, ¢sMn, o,O nanoparticle, 0.54 g of manganese acetate dehydrate
was dissolved in 100 ml of deionized water and it was mixed with
an aqueous zinc acetate dihydrate solution (21.95 g of zinc acetate
dissolved in 100 ml of deionized water). 0.2 M of NaOH solution
was added drop by drop to the above homogenous mixture to get a
white precipitate with pale green colour. For drying and calcina-
tion, similar procedures mentioned above were repeated. Similarly,
for the synthesis of Zn,4Gd, O nanoparticle, 0.5478 g of gadolini-
um chloride hexahydrate was dissolved in ethanol: double distilled
water (50% :50%) and it was mixed with zinc acetate dihydrate so-
lution (21.95 g of zinc acetate in 100 ml of deionized water).

2.3. Characterizations

X-ray diffractometer (XRD-7000, Shimadzu Co., Japan) to investi-
gate the x-ray diffraction pattern of NPs by generating CuK, radia-
tion, A =1.54056 operating at a voltage of 40 kV and applied cur-
rent of 30 mA. It is used to determine the crystalline phase of the
undoped, Mn and Gd-doped ZnO nanoparticles. Intensities were
measured at room temperature at an angle range of
20 =10°< 20 < 80°. All the diffraction peaks are well indexed to the
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hexagonal ZnO wurtzite structure (JCPDS 36-1451). The average
crystallite size estimated from the Debye—Scherrer formula [23]:

p=_"*_| (1)
Bcos6

where A, 0, B and D are x-ray wavelength, Bragg’s diffraction an-
gle, full width at half maximum of the peak and average grain size
of the crystallite, respectively. The lattice parameters a and ¢ and
the spacing distance d,,, for the wurtzite structure of ZnO were cal-
culated using Egs. (2) and (3):

1 X
_ L 2
“= 5 sin6 @
A
= . 3
¢ sin 0 (3)

The dislocation densities (5), the micro-strain (g), the volume (V)
of the unit cell for hexagonal system, the bond lengths (L), and the
positional parameter (u) of undoped and doped ZnO nanoparticles
were calculated by using Eqgs. (4)—(8) [24]:

1
o= 2’ 4)
_ Pcos6
=y (%)
V =0.88a’%, (6)
a’ 1 2 5
L_\/{§+(E—uij, (M)
a2
u —§+0.25. (8)

The morphology of undoped and doped ZnO NPs was studied us-
ing a scanning electron microscope (Hitachi, H 7600). In SEM char-
acterization, powder was mounted on a sample holder coating with a
conductive metal. The samples were scanned with focused fine
beams of electrons. The surface characteristics of the sample were
obtained from the secondary electrons emitted from the sample sur-
face [25].

The optical characterization of ZnO NPs was carried out using
UV-Vis spectroscopy. The band gap energies are calculated using
Eq. (9) [26]:
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E, :E:1240e
A A
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where & is the Planck’s constant (6.626-1072* J-s), c¢ is the light ve-
locity (3-10° m/s), and A is the wavelength.

2.4. Determination of Antimicrobial Activity of ZnO NPs

The antimicrobial properties of undoped, Mn-doped and Gd-doped
ZnO nanoparticles were determined against gram-negative bacteria
(E. coli and P. aeruginosa), gram-positive bacteria (S. aureus and B.
subtilis) and fungus (C. albicans) using agar-well diffusion method.
Dimethyl sulfoxide and standard antibiotic gentamicin were used as
negative and positive control for the bacterial strains respectively.
The strains were transferred to nutrient broth and incubated to
grow aerobically at 37°C for 24 h until it achieved the turbidity of
0.5 McFarland standards. 0.01 mL of each sub-cultured bacteria
were spread using sterilized cotton swab on 20 mL of sterilized mol-
ten and cooled MHA and TSA media, respectively. Subsequently,
agar wells of 5 mm diameter were prepared on different plates with
sterilized stainless steel cork borer and labelled properly. Different
concentrations of (100, 150 and 200 pg/ml) of solutions were added
into well using micropipette. The plates containing the microbes
and nanoparticles were incubated at 37°C for 24 hrs in case of bac-
teria and 28°C for 48 hrs in case of yeast. The plates were examined
for evidence of zones of inhibition, which appear as a clear area
around the wells. The diameter of zones’ inhibition measured and
means value expressed in millimetres and compared with the stand-
ard drug gentamicin. All experiments were performed three times
and the results were averaged.

3. RESULTS AND DISCUSSION
3.1. X-Ray Diffraction (XRD) Analysis

The structural analyses of pure ZnO and doped (Zn,¢Mn,,,O and
7n, 4sGd, ;0) nanoparticles are depicted in Fig. 1, a—c. The diffrac-
tion peaks observed at 20 =31.7480°, 34.4191°, 36.2366°, 36.6165°,
47.5244°, 56.5660°, 56.8454°, 62.8533°, 66.3569°, 67.9250°,
69.0605° and 76.9425° correspond to (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004) and (202) planes, respective-
ly. All the diffraction peaks are attributed to wurtzite structure of
Zn0O as compared to JCPDS file for ZnO (JCPDS card No. 36-1451)
with space group P63mc and lattice parameters a=b=3.25 A and
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Fig. 1. X-ray diffraction patterns of (a) pure ZnO, (b) Zn, 4sMn, ,O- and (c)
Zn, 9sGd, 0,O-doped NPs.

c¢=5.206 A, which is in good agreement with previous reported in
the literature [27, 28]. The sharp peaks and high diffracted intensi-
ty clearly indicated the crystalline nature of the particles. Similar
patterns were also observed for Mn and Gd-doped ZnO NPs. The
XRD results have no peaks correspond to Mn and Gd as well as
MnO and Gd,O; confirmed that Mn*™ and Gd* ions have clearly re-
placed the Zn?*" without introducing any impurities into the ZnO
host lattice. On the other hand, the incorporation of Mn and Gd
ions into ZnO host lattice or the replacement of Zn ions by Mn and
Gd ions results in decrease the intensity of (101) peak which depicts
that the decrease in the degree of crystallinity of samples as con-
centration of the defects in the sample increases [29].

The peak shift of (100), (002) and (101) are analysed using XRD.
It is clearly seen that the FWHM slightly increases after adding the
Mn and Gd dopants, indicating the growth of constrain of the crys-
talline or changes in the crystal strains according to the theory
stated Eq. (5). In addition, peaks of (100), (002) and (101) slightly
shift towards higher angles compared to undoped. The peak (100) is
shifted from 31.7480° to 31.7506°, 31.7604° for Zn,,Mn,,,0 and
7n, ¢sGd, 2,0, respectively. Similarly, the peak of (002) is shifted
from 34.4191° to 34.4304°, 34.4359° for Zn,Mn,,,0O and
7n, ¢sGd, o5, respectively. In the case of (101), it is shifted from
36.2366° to 36.2419° and 36.2532° for Zn 4Mn;,,0 and
7n, 4sGd, (20, respectively. Such a shifting of the XRD peaks depicts
a lattice contraction and is attributed to the strain of the compound
and mismatch of the ionic radii of Gd*" (1.95°), Mn*" (0.66°) and
Zn*" (0.74°) or replacement of some Zn cations with Mn and Gd ions
in each compound [30].
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On the other hand, the shift in the diffraction peaks is ascribed
to the decrease in the crystallite size after the doping of Gd and Mn
into the ZnO host lattice which results in the replacement of Zn ion
with Gd and Mn ions and the formation of compression stresses in
the ZnO that cause the positive shift of the ZnO peak. The positive
shift indicates that when Gd and Mn are introduced into the ZnO
matrix, the lattice contracts and the lattice parameter decreases.
Thus, the positive peak shift is an indicator of incorporation of Mn
and Gd dopants into the Zn sites [31].

The average crystallite size was estimated using Debye—Scherrer
formula (1) and found to be 38, 36 and 31 nm for pure ZnO and
Mn-, Gd-doped ZnO, respectively. The average crystallite size of
Mn- and Gd-doped ZnO NPs is smaller as compared to pure ZnO
NPs. FWHM of diffraction peak of ZnO (101) increases for Mn and
Gd dopants; consequently, the size of nanoparticles decreases which
is in agreement with results reported in literature [32]. The de-
crease in the crystallite size is attributed to the decrease in nuclea-
tion and growth of ZnO nanoparticles with the doping.

The values of lattice parameters (a, c), unit cell volume, bond
length and positional parameter are calculated using Eqs. (2)—(8)
shown in Table 1. It is observed that the unit cell volume, lattice
parameters and the bond length slightly decreased after Mn and Gd
doping, which might result from the difference in the ionic radii of
Zn*, Mn?" and Gd*', respectively. The smaller ionic radius of Mn?*
than Zn?" results in the decrement of lattice parameter values of a
and ¢ whereas for larger ionic radius of Gd*" than Zn?' the incre-
ment of lattice parameter values of a and ¢ would be expected but
decreased due to strain as shown in Table 2. This slight variation in
the lattice parameters of Zn, sMn, ,,O and Zn, ¢Gd, ;O is due to the
substitution of Gd and Mn ions with different ionic radii. The
slight variation in the aspect ratio (c¢/a) suggests that the Mn and
Gd dopant ions are well substituted into the ZnO crystal lattice and
indicated that the hexagonal wurtzite structure of ZnO is not al-
tered due to Mn and Gd dopant ions [31]. The volume of the unit
cell of doped ZnO NPs is decreased due to decrement of the lattice
parameters after doping. The calculated values are 47.61, 47.50 and
47.01 A? for ZnO, Zn,osMn, 0,0 and Zng ¢50Gd, 0:0 respectively. This
indicates that the addition of dopant ions into host lattice occupy
partially in tetrahedral Zn positions. There is a strong correlation
between c¢/a ratio and u. In this study, the c¢/a ratio reveals small
perturbation for Mn and Gd doped ZnO NPs. The values of ¢/a and
u parameters are given in Table 2. Moreover, the substitution of Mn
and Gd ions results in significant changes in Zn—O bond length.
From the Table 1, it is observed that the Zn—O bond length of pure
ZnO NP is 1.979 A. The bond length values decreased with Mn and
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TABLE 1. Lattice parameters, cell volume and bond length of pure ZnO,
Zn, osMn, ;0 and Zn, 44,Gd, (2O nanoparticles.

Lattice
3 Positional Zn—0-bond
No.  Samples ZarZTitegs Volume (1), A parameters (u)|length (L), A
1 undoped ZnO 3.2505.206 1.601 0.379 1.979
2 Mn/ZnO 3.2405.204 1.606 0.379 1.973
3 Gd/ZnO  3.2305.202 1.600 0.379 1.968

TABLE 2. Dislocation densities and microstrain of undoped ZnO,
Zn, ¢sMn, ,,0 and Zn, ¢sGd, ,,O nanoparticles.

Samples Dislocation density, lines/m? | Microstrain, x107*
pure ZnO 6.9252.10™4 7.72

Zn, osMny 4,0 7.7160-10™* 7.98

Zn, 4sGd; 4,0 1.0405-10"%° 9.37

Gd-doped ZnO samples due to the replacement of Zn** ions in ZnO
lattice [33].

The reduction in the crystallite size is due to the distortion in a
host ZnO lattice by the incorporation of foreign impurities and the
presence of Mn?" and Gd*" into host lattice sites hinders the nuclea-
tion and subsequent growth rate of ZnO NPs. The substitution of
Mn?* and Gd*" ions in the interstitial positions of host ZnO lattice
influences the concentration of the interstitial Zn, O and Zn vacan-
cies. The detection of small changes in 20 values and peak broaden-
ing of diffraction peaks are due to the increase of microstrain and
line broadening effect caused by size and microstrain of NPs.

The dislocation densities and microstrain of ZnO NPs were calcu-
lated from Eqs. (4), (5) [33], and given in Table 2. Comparably, the
microstrain values increase for Mn®*" and Gd?*' doped ZnO NPs due
to the relaxation of strain in the respective unit cells, which alters
the size and shape of the particles [34].

3.2. Scanning Electron Microscopy (SEM) Analysis

The morphologies of undoped, Mn- and Gd-doped ZnO nanoparticles
were studied using SEM images. Figures 2, a—c show the morpholo-
gies of ZnO, Zn,4Mn, .0 and Zn,Gd, .0 NPs respectively. The
particle agglomeration as well as narrow particle size distribution is
observed in all of the samples. Scanning Electron Microscopy (SEM)
images showed spherical shape with well-defined distributions were
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observed [34].

Fig. 2. SEM images of (a) undoped ZnO, (b) Zn,¢Mn,,,O NPs, and (c)
Zn, ¢sGdy ;O NPs. The particle agglomeration as well as narrow particle
size distribution is observed in all of the samples.
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Fig. 3. The ultraviolet-visible absorption spectra of (a) pure ZnO, (b)
Zn, 4sGd, 02O NPs, and (c¢) Zng gMn, ;O NPs.
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3.2. UV-Vis Spectroscopy Analysis

The effect of Mn and Gd doping on the optical properties NPs are
shown in Fig. 3, a—c. The absorption peaks are observed at the
wavelength of 370, 377 and 403 nm for undoped ZnO, Zn, ¢Gd, O
and Zn, osMn, ,O, respectively. The corresponding optical band gap
energy calculated using Eq. (9) was found to be 3.35, 3.28 and 3.07
eV, respectively. The ultraviolet absorption peaks regions are due to
transition of electrons from valence band (VB) to conduction band
(CB) [35]. It is observed that ZnO NP exhibited blue shifted absorb-
ance peak as compared to its bulk counterpart having absorbance
peak at 386 nm (3.2 eV) at room temperature. On another hand, de-
crease in the energy band gap of ZnO NPs with the doping of Mn
and Gd ions, and this shift is ascribed to the influence of dopant
ions. The interaction of d electron of Mn ion and f electron of Gd
ion with sp-electron of ZnO may cause the dopant-induced states
within the energy gap of ZnO NPs. These states correspond to the
dopant additional pathways for electronic transition, thus, giving
rise to the red shift of absorption due to incorporation of Mn*" and
Gd?* ions into ZnO matrix [36].

3.3. Antimicrobial Studies

Figures 4, a—e demonstrate antimicrobial activity of pure ZnO,
Zng ¢sMny 0,0 and Zn, ¢3Gd, ;O nanoparticles against different patho-
gens (P. aeruginosa, E. coli, S. aureus, B. subtilis, and C. albicans)
at the concentrations of 100, 150 and 200 ug/ml. The mechanism of
antimicrobial activity are attributed to the release of Zn*", Mn*" and
Gd®" ions in dissolution as well as the electrostatic attraction be-
tween negatively charged bacterial cells and positively charged na-
noparticles, internalization into the bacterial cell wall and for-
mation the reactive oxygen species (ROS) such as H,0,, hydroxyl
radical OH", superoxide anion radical O, , which cause damage to
intracellular components such as DNA and cellular proteins, and
may even lead to cell death [18—20]. The effects of concentrations
on the antimicrobial activity of ZnO NPs are illustrated in Tables
3—5. It is observed that the zone of inhibition increases as the con-
centrations of NPs increases for both pure and doped NPs.

The interaction between the NPs and the cell wall of bacteria has
been changed due to doping of Mn and Gd. Doping Mn and Gd with
ZnO may lead to the variation in grain size, optical, morphology,
and solubility of Zn®*' ions. All these factors have a significant ef-
fect on the antibacterial activity of ZnO [18—20]. In this study, the
antimicrobial activity of ZnO NPs is increased with decreasing size
of the crystal and energy band gap. It is observed that Zn, (3Gd, ,O
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Fig. 4. The antimicrobial activities of (a) Zng4Mn,,,;O NPs applied on
P. aeruginosa, (b) pure ZnO NPs applied on E. coli, (¢) Zn,Gd,,,0 NPs
applied on S. aureus, (d) Zn,Gd, ;O NPs applied on B. subtilis, and (e)
Zng 45Gdy ;O NPs applied on C. albicans with different concentrations (100,
150 and 200 pg/mL).

showed better antimicrobial activity than Zn,4Mn, ,,0 and undoped
ZnO due to its small size as shown in Tables 3—5. A large number of
studies investigated on the considerable impact of particle size on
the antibacterial activity, and the researchers found that control-
ling ZnO-NPs’ size was crucial to achieve best bactericidal response,
and ZnO NPs with smaller size (higher specific surface areas)
showed highest antibacterial activity [20].

The growth of all bacteria and fungus are more affected by Gd**-
and Mn?'-doped ZnO nanostructures as compared with pure ZnO
NPs. The other reason for the increment of antimicrobial activity of
Gd doped ZnO NPs is ascribed to large generation of ROS species as
doping creates a large number of defects which increases ROS spe-
cies and consequently it increases antimicrobial activity. In general,
nanoparticles with better photocatalytic activity have larger specific
surface areas and smaller crystallite sizes, which increase oxygen
vacancies, resulting in more ROS. Furthermore, due to the various
surface—interface characteristics may have different chemical—
physical, adsorption—desorption abilities in the direction towards
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TABLE 3. Zones of inhibition of ZnO, Zn, Mn,,,0 and Zn,¢Gd,,,O on
different types of pathogens with concentration of 100 pg/mL.

Zones of inhibition [mm]

Types at the concentration of 100 pug/ml of NPs
of pathogens undoped ZnO |Zng¢sMn, 0,0 | Zn, sGdg 020 g(iréf;rggll;l
E. coli 5 8 18 19
P. aeruginosa 6 5 15 17
B. subtilis 7 10 20 28
S. aureus 7 15 19 29
C. albicans 4 10 15 21

TABLE 4. Zones of inhibition of ZnO, ZnyMn; 0 and Zn,qGdg,,0 on
different types of pathogens with concentration 150 pg/mL.

Zones of inhibition [mm]
Types at the concentration of 150 pg/mL of NPs

of pathogens undoped ZnO | Zn, ¢sMn, 1,0 | Zng ¢sGdg 20 %iﬁgi?;gi?
E. coli 8 10 20 19
P. aeruginosa 7 10 15 17
B. subtilis 8 17 25 28
S. aureus 9 20 25 29
C. albicans 6 10 20 21

bacteria, make sure in different antibacterial performances. The re-
sults have revealed that Gd- and Mn-doped ZnO nanostructures will
be a promising candidate to be used for potential drug delivery sys-
tems to cure some significant infections [37, 38].

In the present study, we also found that gram-positive bacteria
were more sensitive than gram-negative bacterial strains and fun-
gus against the NPs tested as shown in Tables 3-5 for different
concentrations. All NPs that means pure ZnO, Mn- and Gd-doped
Zn0O NPs were more sensitive to S. aureus and E. coli as indicated in
tables. The more activity of NPs towards gram-positive bacteria is
ascribed to the difference in their structure and chemical composi-
tion. The cell wall of gram-positive bacteria has single membrane
whereas the gram-negative bacteria cell wall has outside and inside
cytoplasmic membrane as well as lipopolysaccharide, which covers
peptidoglycan. Therefore, in this case gram-positive bacteria cell
surface results in more destruction and cell death than gram-
negative bacteria. It was also reported earlier that various bacterial
strains had considerably different infectivity and tolerance levels
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TABLE 5. Zones of inhibition of ZnO, Zn,oMn,,,0 and Zn,Gd,,,O on
different types of pathogens with concentration 200 pg/mL.

Zones of inhibition [mm]
Types at the concentration of 200 pg/mL of NPs

of pathogens undoped ZnO | Zn, ¢sMn, 0O | Zn, sGdy 020 g(iréf;rggll;l
E. coli 9 10 20 19
P. aeruginosa 8 10 15 17
B. subtilis 10 18 30 28
S. aureus 11 22 29 29
C. albicans 6 18 21 21

towards the different agents including antibiotics [39].

4. CONCLUSIONS

The structural, morphological and optical properties of ZnO nano-
particle doped with manganese (Mn) and gadolinium (Gd) ions, and
their antimicrobial activity were investigated.

The nanoparticles were characterized by XRD, SEM and UV-vis
spectroscopy. The XRD result revealed that the synthesized ZnO
NPs were in nanometre range with average crystallite size of about
31-38 nm from the Scherrer’s formula. The lattice parameters, unit
cell volume and bond lengths were decreased with the doping with
Gd and Mn. On the other hand, physical defects and dislocations
were increased. It was also perceived that XRD peaks shifted to
higher diffraction angles due to the difference of the ionic radii of
Mn?*, Zn** and Gd*". Morphological studies obtained from SEM have
revealed the formation of spherical nanoparticles for all samples.
Optical band gap energy was found to be decreased with doping due
to the introduction of new energy levels in the energy band gap.

The zone of inhibition was observed against pathogenic bacteria
and fungus strains and suggests that Zn, ,3Gd; ;0 and Zn;4sMn, (.0
showed good antimicrobial activity on gram-positive bacteria (S. au-
reus and B. subtilis), gram-negative bacteria (E. coli and P. aeru-
ginosa) and fungus (C. albicans) than the undoped ZnO nanoparti-
cles.

In addition, the results of this study depicted that the antimicro-
bial activities of synthesized NPs were increased with the concen-
tration and size decrement of the crystal. Furthermore, the results
indicated that the gram-positive bacteria were more sensitive to all
undoped, Mn- and Gd-doped ZnO NPs than gram-negative bacteria
and fungus.
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