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Pedepar

Oobwan xapakmepucmuka ouccepmayuu

Okcua IIMHKAa — KPUCTAJUIMYECKUM MaTepuan, CTaOWIbHBIM HpU HOPMAJIbHBIX
YCJIOBUSIX TOJIBKO B BUJIE OJTHOM aJUIOTPOIHON MOIU(DUKAIIUU, KOTOPasi UMEET CTPYKTYPY
BIOPIIUTA. DTa CTPYKTYpa ABJISIETCS] HEIIEHTPOCUMMETPUYHONW U B COYETAHUM C CHIIBHO
MOJIIPHON XUMHYECKOU CBSI3bI0 00YCIIaBIIMBACT BHICOKHM MHE303JICKTPUUECKHM d(PPEKT.
Okcusl 1WHKA SBISIETCS MOPSIMO30HHBIM — IOJIYIPOBOJHUKOM, UMEET IIMPUHY
3ampemeHnoit 30861 3,36 3B [Morko¢ H and Ozgiir U 2009 Zinc oxide: fundamentals,
materials and device technology (Weinheim: Wiley-VCH)], 4T0 COOTBETCTBYET SHEPIUU
dboToHa OnuxKHEN yIbTpadUOIETOBON 00JIACTH CIIEKTPA AIEKTPOMATHUTHOTO U3ITyYCHHUS.
YMeHblIeHNE pa3MepOB KPUCTAIUIA OKCH/IA IIMHKA 10 BelnurH MeHee 100 HM npuBoauT
K 3aMETHOMY YBEJIUYEHUIO MbE303JEKTPUUECKUX KOHCTaHT [Zhao M-H, Wang Z-L and
Mao S X Nano Lett. 4 (2004) 587-90], a Takxe CHUKECHHIO HHTCHCUBHOCTH ITPOIIECCOB
pEKOMOMHAIIMU JJIEKTPOHOB M JbIpOK. biarojgapsi CBOMM XapakTepUCTUKaM HAHO- U
MUKpPOYACTHIIBl OKCHJAA IIMHKA Hapsay C TEXHOJIOTHSIMH, OCHOBAaHHBIMU Ha (OTO- U
MbE303JICKTpUYECKOM d(PekTe, HaXOAAT MPpUMEHEHNE B ()OTOKATATIUTUUECKON OYUCTKE
BOJIbI M BO3/yXA.

AxmyanbHocms memwvl UCCIEIOBAHUS 00YCIOBJIEHA TEM, YTO OKCHJ IIMHKA MOXKET
MOTJIONIATh U3JIyYEeHUE BUIUMOM 00JIaCTH CIIEKTPA 3a CUET MOSBJICHUS IOTIOTHUTEIbHBIX
HSHEPreTUYECKUX YPOBHEW B 3alpelICHHOW 30HE, BO3HUKAIOUIMX BBUJY HAIUYHUA
MCKQKEHUN KPUCTALINYECKON PEIIETKH. DTO CBOMCTBO OKCUIA IMHKA UMEET HE TOJIBKO
TEOPETUYECKYI0, HO M TMPAKTUYECKYI 3HAa4yMMOCTh. Hamuuue nedextoB B
MOJYTIPOBOJHUKOBBIX KPUCTAIIAX PACUIUMPSET OMANa30H 3JIEKTPOMArHUTHBIX BOJIH,
CITOCOOHBIX MHUIIUUPOBATH (POTOKATATUTUUYECKYIO peakinio. B ciaydae okcuaa 1HUHKA
TaKOW JHUAMa30H MOXKET BKJIOYATh BOJHBI BUIUMOM O0OJIACTH CIIEKTpa, a 3HAYUT
dboToKaTamUTHUECKas PEaKIrs B TMPUCYTCTBUHM JC(PEKTHOTO OKCHJIA ITMHKA MOXKET
MPOTEKaTh MPU OOJYUYECHUM COJTHEUHOM paauaruen. KucimopoaHas BakaHcusi Hapsiay C
JIPYTUMHU TOUYCUYHBIMH nedexrtamu oOycraBiauBaeT Takoe morjomieHue. CyIiecTBYIOT

pa3Hble OILIEHKM TJIyOMHBI 3ajJeraHusi ypoBHsA KuciopojaHod BakaHcuu: oT 0,2 B
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[Bateman T B Journal of Applied Physics 33 (1962) 3309—12] no 1 3B [Janotti A and
Walle C G V de Rep. Prog. Phys. 72 (2009) 126501 ] anxe kpast 30Hbl IPOBOAUMOCTH.
O¢ddexTUBHBIM CIIOCOOOM YCTAaHOBIIGHUSI TJIyOMHBI 3ajieTaHusi YpPOBHS SBIIAETCS
U3MEPEHUE JJIMHBI BOJHBI 3JIEKTPOMArHUTHOTO W3YYE€HUSs, IMOJ JEHCTBUEM KOTOPOTO
uHULMupyercs (oTtokaTanuTuueckas peakuus. JloOaBneHue HaHoYacTHl] cepedpa K
JUCTIEPCHBIM YacTUIIAaM OKCHJIA IIMHKA CIIOCOOCTBYET MHTeHCU(UKaIu (HOoTOKaTaIn3a.
B nuccepranuu 3KCIIEpUMEHTANBHO HMCCIEIYETCS ABOMIONUSA JNe()EKTHOM CTPYKTYpbI
HAaHO- W MHUKPOYACTHUI] OKCHJa LIMHKA WM BBIABIAETCA pOJb ACPEKTOB B Ipoleccax
TIOTJIOICHHSI CBETa TAKUMHU HAaHO- U MUKPOOOBEKTaMHU.

Llenvio pabomer ABIANOCH YCTAHOBJICHHE BIUAHUS JEPEKTHOW CTPYKTYphl U
MOp(}OIOrHH HAaHO- U MUKPOUYACTHUI] OKCH/IA ITMHKA Ha ()OTOKATATUTUYECKUE CBOCTBA B
TOM YHUCJI€ B MPUCYTCTBHUHM HAHOYACTHI[ cepedpa MoJ JIeUCTBUEM 3JIEKTPOMArHUTHOTO
o0JyueHus yiIbTpa(roIECTOBOTO U BUAUMOTO JIMAINa30HOB.

3aoauu pabomwi 8xOUANU:

1. [Tomyyenue  cdepuveckux, CTEpKHEOOpPA3HBIX, IUIACTUHYATBIX U
3BE3AUAThIX HAHO- MU MHUKPOUYACTHI] OKCHJA IIMHKA, a TaKKe HaHOYacTHI] cepebpa
METOIaMH KOJUJTOMTHOW XUMUH.

2. UccnenoBanne aedeKkTHONW CTPYKTypbl, Mopdoioruu, (pazoBOro cocrasa,
AIIEMEHTHOTO COCTaBa M 30HHOM CTPYKTYPHI MOTYYCHHBIX HAHO- U MUKPOUYACTHI] OKCHJIA
[IMHKa METOJaMHU PEHTICHOBCKON IU(paKTOMETpUH, SICKTPOHHOW MHUKPOCKOIHUH,
G pepeHInanbHO-CKaHUPYIOIIEH KalopuMEeTpUH, UHPPAaKpACHOW CHEKTPOMETPUU U
criekTpooroMeTpun yabTpadroaeTOBOrO U BUAUMOTO JTUANAa30HOB.

3. HccnenoBanre KUHETHKU (HOTOKATAIUTHUECKOIO Ipolecca OKUCICHUS
¢dbeHoma, pacTBOPEHHOTO B BOJE, IMOJA JACWCTBHEM D3JIEKTPOMArHUTHOTO W3JIyYCHUS
yIbTPahHOIETOBOTO M BHUAMMOTO JIMAMA30HOB CIIEKTpPa NpPHU HAIWYUU HAHO- U
MUKPOYACTHI] OKCH/IA [IMHKA B TOM YHCJIE COBMECTHO C HAHOYACTHIIaMU cepedpa

4. Pa3paboTka ¢usznueckoid Monenu BIMSHUS Je()EKTHOM CTPYKTYphl U
MOP(OJIOTUM HAHO- M MHUKPOYACTHI] OKCHJIa IIMHKA Ha WX (POTOKATATUTUYECKYIO
aKTUBHOCTH B YCIOBUSIX  BO3JCHCTBUS  DJEKTPOMAarHUTHOTO  OOJIydeHUs

y.]IBTpa(I)I/IOJ'ICTOBOFO N BUAUMOI'O JUAIIa30HOB CIICKTPA.
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5. [Tomydyenne KOMIO3UIIMOHHOTO (POTOKATAIUTUYECKH aKTUBHOTO MaTepuaa
Ha OCHOBE MCCIIEJIOBAaHHBIX HAHO- U MUKPOYACTHI] OKCUA IIMHKA.

Hayunasa nosusna pabomel saxnouaemes 8 mom, umo:

1. BrisiBiieHs! ycnoBusi GOpMHUPOBAaHUS HAHO- U MUKPOYACTHUI] OKCH/Ia IUHKA B
dbopme cTepkHei, cdep, 3Be314aThiX MHOITOTPAHHUKOB, a TAK)KE IJIACTUHOK C BHICOKOM
IUIOTHOCTBIO Auciokanuii ~ 10 M2 u KMCIOpOAHBIMEM BAKaHCHSAMU B DE3YJILTATE
XUMHUYECKOMN peakIny B3auMOJICHCTBUS MPEKYPCOpa MHKA U TUIAPOKCHUIA KaJIHSL.

2. [Toka3zaHo, yTo oTxUr 1pu 650 °C HAHO- ¥ MUKPOIUIACTHHOK OKCHJA LIMHKA
C HCXOIHOM BBICOKOM IJIOTHOCTEIO AucIoKanuii ~ 10'° M2 1 KMCIOPOIHBEIMU BAKAHCHSAMU
CHOCOOCTBYET CABUTY CIIEKTpa IOTJIOLIEHUS 3JIEKTPOMArHUTHBIX BOJH B BUAMMYIO
00J1acTh CHIEKTpa.

3. VY CTaHOBIEHO, YTO MOTJIOLIEHNUE AIEKTPOMAarHUTHOTO U3IyYEHUs BUIUMOMN
YaCcTH CIEKTPa HAHO- M MUKPOIUJIACTUHKAMU OKCHJIa ITMHKA 00YCIOBICHO KUCIOPOAHBIMU
BAaKaHCHUSIMHU, PACTIOJIOKEHHBIMU BOJIM3U KPAEBbIX U CMEIIAHHBIX TUCIOKALUM.

4. [TokazaHo, 4TO HCNOJNB30BAaHME HAHOYACTHI] cepeOpa, Ha MOBEPXHOCTU
KOTOPBIX MTPU BO3ACUCTBUU 3JEKTPOMArHUTHBIM O0Jy4YE€HUEM C IITMHOUM BoaHbl 410420
HM 0O0pa3yloTCsl JIOKAJIM30BAHHBIE IJIA3MOH-TIOJSPUTOHBI, TO3BOJIIET YBEJIUYUTh
KOHCTaHTY CKOPOCTH (DOTOKATAJIMTUUYECKOTO OKHCIEHUs (eHoja B TpU pasa IMOA
JENUCTBUEM BJIEKTPOMArHUTHOTO U3JIy4YEeHHS YIbTpadruoiIeToBON 00JacTH (AJIMHA BOJIHBI
365 HM) U IIECTh pa3 MoJ ACHCTBUEM U3IIyUSHUS BUAUMOMN 00J1acTH (JiyTiHA BOJIHBI 410—
420 aM).

Memoowl uccneoosanus

JInst BBITIOJIHEHMSI TIOCTABJICHHBIX 3a7a4 OBUIM HCIIOJIb30BAaHBI COBPEMEHHbBIC
(bU3BUKO-XMMHUYECKHE METOAbl MCCIEOBAaHUS COCTaBa, CTPYKTYpbl, Mopdojoruu u
CBOMCTB IMOJIYYEHHBIX HAHO- U MUKPOYacTUL. JI0CTOBEpPHOCTH UCITOJIB30BAaHHBIX METOI0B
NoKa3aHa Jiajiee B TeKCTe aBTopedepara.

IIpakmuueckas 3Hauumocms pabomoi

1. PazpaboTan XuMUYeCKUil METO/T TIOTYUYECHUS HAHO- U MUKPOYACTHUI] OKCH]IA

MHKa pazHoil Mopdosoruu pazmepom oT 20 10 300 HM, IPUTOAHBIX JJIS UCIIOJIb30BAHUS
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B KAyeCTBE AaKTUBHOTO KOMIIOHEHTA COJIHEYHBIX MaHeNeil, KOMIIO3UI[MOHHBIX
MaTepHayioB ¢ MOJMMEPHON MaTpHIIeH, a TakKe B KauecTBe oTOKaTaIM3aTOpa.

2. [TommydyeHHble HAHO- ¥ MUKPOYACTHUIIBI OKCHJIA IUHKA B (OpPME MIIACTHHOK
MOKa3aJd  BBICOKYIO  (POTOKATAIMTUYECKYIO  aKTUBHOCTh  MOJ  JCUCTBUEM
AJIEKTPOMATrHUTHOTO OOJy4YEHHUs BUIAUMOW U YyJIbTpaduoIeTOBOM oOJacTeidl crekTpa B
X0/Ie OKHCIIeHUs eHOTIa, pACTBOPEHHOTO B BOJIE B KOHILIEHTpAaLUU A0 1 Mr/i.

3. N3roTtoBiieHbl 00pa3iibl KOMIO3UIIMOHHOTO (POTOKATAIUTUYECKA AKTUBHOTO
MaTepuaia Ha OCHOBE MOJYYEHHBIX HAHO- U MUKPOYACTHI] OKCU/JA [IMHKA U ONTHYECKU
MPO3pAYHOIl NOTUMEPHOU MaTpullbl 3 noauaumeTruicuiokcana (I1IIMC).

4. Pa3paboTan xuMuUYecKUid METOJ TOJYy4YEeHHs HAHOYACTHI] cepebpa, Ha
KOTOPBIX TP  BO3JIEUCTBUU  AJIEKTPOMArHUTHBIM  HW3JIy4deHUEeM, (QopMupyercs
JIOKATM30BAaHHBIH IJIA3MOH-TIOJISIPUTOH C PE30HAHCHOU JUTMHOU BOIHBI OoJibie 400 HM.

5. [TokazaHo, 4TO MOJy4eHHbIC HAHOYACTHUIIBI cepedpa MPOIEMOHCTPUPOBATIU
BBICOKYIO aHTUOAKTEPHAIbHYIO AKTUBHOCTb.

B Xone BBINMOJIHEHUS IHUCCEPTAIMOHHONW pPaOOThl OBLJIO TOJYYEHO 2 MATEeHTa,
KOTOpbIE YKa3aHbl B KOHIIE aBTOpedepara.

Ilonooicenus, viHOCUMbLE HA 3AWUNLY

1. Hano- 1 mMuKpoudacTuilbl OKCHA ITMHKAa B (pOpME IIACTHHOK C BBICOKOH
IUIOTHOCTBIO auciokanuii ~ 10" M? ¥ KMCIOpOIHBIMU BakaHCUSMH (OPMHUPYIOTCS B
BOJTHOM PacTBOPE ITUJICHTJIUKOJIS B PE3YIbTATE XUMUYECKOTO B3aUMOJEHCTBUS XJIOpUIa
LIMHKA ¥ TUAPOKCUIA KaJvs IPU UX MOJISIPHOM COOTHOIIEeHnH 1 k 15.

2. OTXUT HAaHO- U MUKPOTUIACTUHOK OKcuia 1uHka rnpu 650 °C cnocoOcTByeT
MEPEMENICHUIO KUCIOPOJHBIX BaKaHCUW K JHUCIOKAIMIM, OOJIaJaloluM KpaeBou
KOMITOHEHTOM, 4TO MPUBOAUT K 0Opa30BaHUIO Ne(HEKTHOrO KOMILJIEKCA: AUCIOKALHUS C
aTMOoC(epor KHCIOPOIHBIX BaKaHCHUH.

3. Hano- u MUKPOIUIACTUHKH OKCHJIa [MHKa MPOSIBIISIIOT
(OTOKATANUTUYECKYIO AKTUBHOCTh TOJl JAEMCTBHEM OOJy4Y€HHsS BHIUMOW OOJACTH
AIEKTPOMArHUTHOT'O CIIEKTPa BCJICACTBHE MOTJIOMIECHUS (POTOHOB ¢ JUIMHOM BOJHBI 410—
420 HM KHUCJIOPOJHBIMH BaKaHCHUSIMH, PACMOJOKEHHBIMUA BOJIM3M JUCIOKAIIUM,

00JaaroNMX KpaeBoil KOMIIOHEHTOM.
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Anpobayus pabomsi

e OrkpblTas wmkona-koHpepenuuss crpan CHI'  «Vaempamenkoszepnucmuole u
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o IX Mexnynapoanas mkona «@uizuueckoe mamepuainogederuey, TONbATTH,
Poccus, 2019.

e The 2d International Conference on Physics and Chemistry of Combustion and
Processes in Extreme Environments “ComPhysChem’2(0”, Samara, Russia,
2020.

e 50-1 Hayuynas u HayuHo-metoauyeckas KoHpepeHuus Yuupepcurera UTMO,
Cankr-Ilerepoypr, Poccus, 2021.

e X MexnayHapoaHas mkoja «@usuueckoe mamepuanosedenuey, TOJbATTH,
Poccus, 2021.

e 51-1 Hayuynas u mHayuyHo-metomudeckas koHpepenuus Yuupepcutrera UTMO,
Cankr-IlerepOypr, Poccus, 2022.

e XI Konrpecc Mmonoasix yuenoix, Cankr-Ilerepoypr, Poccus, 2022.

e 52-g Hayuynas u HayyHo-meTtoauyeckas kKoHpepeHnuus Yuupepcurera UTMO,
Cankr-Ilerepoypr, Poccus, 2023.

e XII Konrpecc monozasix yueHsix, Cankr-Ilerepoypr, Poccus, 2023.
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Hocmoeepnocms ~ nonyuenHvix — pe3yiemamos — OOecrneueHa — MPUMEHEHHEM
COBPEMEHHBIX  TOYHBIX  (PU3UKO-XMMUYECKHX  OKCIEPUMEHTAJIbHBIX  METOJ0B
UCCIIEIOBAHUS Mopdooruu, BHYTpPEHHEI CTPYKTYpHI, ONTUYECKUX u
(boTOKaTAMUTUYECKUX CBOMCTB HAHO- M MUKpoYacTHUIl. /{151 nmpoBeaeHUs nuccieqoBaHu
UCIIOJI30BAJIOCh ~ COBPEMEHHOE  AHAJIIMTUYECKOE  TIOBEPEHHOE  00OpyJIOBaHUE.
[TonydeHHbIe PKCIEPUMEHTATIBHBIE TAHHBIE COMOCTABIISUIUCH C JAHHBIMU, OMHCAHHBIMU
B HAy4YHOU JIUTEPAType, B T€X CIIydasixX, IJi€ 3TO ObLIO BOZMOMXHO.

Ilyonuxayuu

[lo wmarepuanaMm auccepranuu omnyOluMkoBaHO 9 crarel B JKypHaiax,
uHaekcupyembix B Scopus/Web of Science/PUHII, u3 Hux 3 cratbu onmyOJMKOBaHbBI B
OTEUECTBEHHBIX JXypHallax U 6 crareii — B 3apyOekHbIX XypHanax. Kpome Toro,
ommyOnrKoBaHoO 15 crareii B Marepuanax koHpepeHuuid. Cnucok onyOJuKOBaHHBIX paboT
MIpUBEJICH B KOHIIE aBTOpedepara.

Jluunwlii 6x1a0 aemopa COCTOUT B AHAIW3E€ HAYYHOW JIMTEpPATypbl IO TEME
JUCCEpTaIiK, B pa3pab0TKe METO/IOB MOJTYUYEHUsI HAHO- U MUKPOYACTHII, B IPOBEICHUN
UCCJIEIOBAHUM X CTPYKTYPbI, CBOMCTB U ()OTOKATATUTUYECKOW aKTUBHOCTH, aHAIN3E U
00CYXIEHUU PE3YJIbTaTOB SKCIIEPUMEHTOB 1 HAIMMCAHUU HAYYHBIX ITyOJIMKAIIUNA 110 TEME
JIMCCEpPTaLIUH.

Cmpyxkmypa u 06vem ouccepmayuu

HuccepranronHas paboTa COCTOUT U3 BBEACHUS, 5 IJ1aB, 3aKIIOYEHUS] U CIHCKA
HCIIOJIb30BaHHBIX NCTOYHUKOB. PaboTa n3noxena Ha 162 cTpaHuIiax, BKIOYAET B ceOs
28 pucyHkoB, 3 Tabmuubl. CIHCOK UCIOJIB30BAaHHOM JIUTEpaTyphl BKItOYaeT B cedst 111
HMCTOYHUKOB.

Cooeporcanue padomul

Bo 66eodenuu 000CHOBBIBAETCSI aKTyaIbHOCTh TEMBI IUCCEPTALIMM, CTABSIITCS LIEIb U
3a/layd HAy4YHBIX HCCIIEIOBAaHUM, (GOpMYIUPYyeTCS Hay4dHas HOBU3HA M TMpaKTHUECKas
3HAYMMOCTh JUCCEPTAIMOHHON PabOTHI.

Ilepsas enasa «OcHoHbIE CBOUCMBA HAHO- U MUKPOYACMUY OKCUOA YUHKA U

MemoObl UX noy4enusy» COCTOUT U3 1sATh pasaenos. Pasnen 1.1 «Oxcua nunka u odiactu
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€ro NPUMEHEHUS» HAYMHAETCS C ONMMCAHUS KPUCTAIUIMYECKOTO CTPOEHUS UCCIIEyEMOM
B paboTe aIoTpOnHON MoAU(UKAIMK OKCUJAa LHUHKA. JTa MoauduKauus HMeeT
CTPYKTYpPY BIOPLIUTA M OIMCBIBAETCS MPOCTPAHCTBEHHOM rpynnoi P6sme [Morko¢ H and
Ozgiir U 2009 Zinc oxide: fundamentals, materials and device technology (Weinheim:
Wiley-VCH], oTHOcsmielcs K TIEeKCaroHaJlbHOM CHHTOHUU. OJEMEHTApHAas s4YerKa
BIOpLIUTA UMEET OJHO BhiAeNeHHOe HanpasieHue [0001], copnmagaromiee ¢ mOBOPOTHOU
OCBIO IIECTOTO MOPSAKA, BCIEICTBUE YeTr0 OKCHJI IIMHKA JIEMOHCTPUPYET aHU3O0TPOIHUIO
¢uznyeckux cBOMCTB. TeH30p MbE303TEKTPHUUECKUX KOA(D(UIIMEHTOB BIOPLIMTA MMEET
TPU HE3aBHCHMBIX KOMIIOHEHTHI €33 = 1,321 Kin/M?, e3; = —0,573 Kn/m? u e;s =
—0,48 Kn/m?2. B ciydae Ipuiio;xeHds MEXaHUYECKON Harpy3ku B HanpasieHuu [0001]
KOMIIOHEHTBl €33 W €31 OTBEYAKT 3a IOJIIPU3ALMIO, BBI3BAHHYIO IPOAOJIBHON U
nonepeyHoil nedopmanueil COOTBETCTBEHHO. TpeTbs KOMIIOHEHTa €;5 OIMCHIBAET
NOJISIPU3AIINI0, BO3ZHUKAIOUIYIO BCIEACTBUE IepopMaluy CABUTA.

Oxcul IMHKA SBISETCS MPSAMO30HHBIM MOJYNPOBOAHUKOM. BennunHa ynenbsHOro
AJIEKTPOCONPOTUBIICHNA  0€31e(DeKTHOr0 OKCHJa IMHKA B  3aBUCUMOCTH  OT
KpucTauiorpaduueckoro HampaieHus oraudaetcs B 4—10 pas, oHa coctasmusier 1,6 u 17
Owm-cm Hampasienusix [0001] u tuna <1120> cootBercTBeHHO. HocuTemsimu 3apsaaa B
OKCHJIE€ IIMHKA BBICTYNAIOT 3JIEKTPOHBI, IIOCKOJIBKY €r0 ypoBeHb DepMu pacnoioKeH Ha
0,2 5B HMke Kpast 30HbI NpOBOAMMOCTH. [lInprHa 3anpenmeHHon 30Hbl OKCUAA LIWHKA
coctaBisier 3,36 3B, 4YTO COOTBETCTBYET 3HEPruuM (POTOHA BJIEKTPOMATHUTHOIO
U3ITy4YeHUs] OKHEH yabTpaduosieToBoil yacTu crekrpa. Kosadduiument ontudeckoro
HOIJIONIEHNs OKCHAa HuHKa coctasiager 107 cm! (A=365 um), mostomy riuyOuHa
NpOHUKHOBEHUs1 (OTOHOB B Kpucrtamui coctrarisier 100 um. B 3aBeprienun pasnena
NEPEUYUCIISIOTCS. OCHOBHBIE OOJIACTH TMPUMEHEHMsSI OKCHAA IMHKA, TaKhe Kak: B
TEXHOJIOTHSAX, OCHOBAaHHBIX Ha (OTO- W TbE30JICKTpUUYECKOM 3(dPeKTe, a Takke
($OTOKaTATUTUYECKON OYHCTKE BOJBI U BO3AyXa.

B pazgene 1.2 «BausiHue HECOBEPUIEHCTB KPHUCTAIUIMYECKOTO CTPOCHHSI Ha
CBOMCTBAa OKCHJa IIMHKa» paccMaTpuBaloTcs 3(G(EKThl, BBI3BAHHBIE TOYECUHBIMU
nedexraMu U auciokanusMu. KucimoponHas BakaHCHsl CHOCOOCTBYIOT MOSIBICHHIO

JOTIOJTHUTENBHOTO JIOKAJBHOTO YPOBHSI PHEPrMM B 3alpelleHHoM 30He. B pasnpene
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MPUBOJIATCSI Pa3HbIE OLIEHKW 3TOW SHEPrud. YPOBEHb PACIOJIOKEH HUXKE Kpask 30HbI
MIPOBOAUMOCTH Ha 3HaueHue paBHoe oT 0,2 3B [S. B. Zhang et al, Phys. Rev. B 63 (2001)
075205] no 1 3B [Anderson J. and Chris G Van de Walle, Reports on Progress in Physics.
72 (2009) 126501], mosToMy KHCIIOPOJIHAs BaKaHCHS CIBHUTAET CIIEKTP IOTJIOIICHUS
OKCHJa IIMHKa B BUJIMMYIO 00JIacTb. B oTiMune OT BakaHCHUU, AUCIOKALMS SIBISETCS
JUHEHHBIM Ae(EKTOM, TOITOMY JIOKAIbHBIC TOTIOJHUTEIBHBIC YPOBHHU, 00YCIIOBIICHHbBIE
OOOpBaHHBIMM XMMUYECKHUMH CBSI3SIMH, paclojaraiTcs BIOJb €€ JHUHUU U
BBICTPAMBAIOTCS B LIEMOYKY. B okcuiae HUHKA KpaeBas IUCIOKAlUsl BBICTYINAET B
KaueCTBE MPOBOJIHUKA 3JIEKTPOHOB [[llysanos JI.A., Cospemennas Kpucmanniocpagpus.
m.4. (1981) 496] u cnocoOCTBYET BBIXOJY JJIEKTPOHOB Ha MOBEPXHOCTHh KPHUCTALIA.
DIEeKTPONPOBOJHOCTh OKCHJAA ITMHKA BO3PACTACT C YBEJIWYEHUEM IUIOTHOCTU TaKUX
JTACJIOKAIIUM.

Ha cBolicTBa mMONYyNpOBOJAHMKA OKAa3bIBAIOT BIUSHUE TaKXkKe aTMOCQEPHI,
oOpa3oBaHHbIE TOYECUHBIMHU JeekTamMu BOMW3M auciokauuid [Peter Y.Yu., Manuel
Cardona, Fundamentals of semiconductors. Physics and material properties. (2005)
636]. B okcuae 1MHKa BBUY MOJSAPHOCTA XMMHYECKON CBSI3U MEXKAY NUCIOKAIUEH U
TOYEYHBIM JEPEKTOM TOMHUMO YIPYTOro B3aUMOJICHCTBUSL JCHCTBYIOT TakXke U
anekTpuueckue cuibl. Kak ommcano B pabdore [Hoeuxos U.U., eghexmoi
Kpucmaniuyecko2o cmpoenusi memannos. (1983) 232] xpaeBas U CMeEIICHHaA
JUCJIOKAIIMM  TPENICTABISAIOT  COOOM  DJEKTpUYECKWd  umoib. BOmu3um  kpas
AKCTPAIIOCKOCTH TOJIOKUTENIBHO 3apsKeHa O0JIaCTh CKAaTHUs, MO3TOMY KyJIOHOBCKHE
CHUJIbI OTTAJIKUBAIOT OJHOMMEHHO 3apsiKEHHbBIE KUCTIOPOIHBIE BAKAHCUH OT 3TOM 00JIACTH.
[Ipu TOM CHIIBI yIIPYTOro B3aUMOACHCTBUS MIPUTITUBAIOT BAKAaHCHUIO B 00JIaCTh CXKATHA,
KaK 3TO mokaszaHo B padore [Xupm [ic., Jlome U. Teopus oucnoxayuii. (1972) 600].
Takum o00pa3oM Ha KHCIOPOJHYIO BAaKaHCHUIO, PACIOJOXKEHHYIO BOIM3U Kpas
AKCTPAIUIOCKOCTH JEHCTBYIOT JBE MPOTHBOIMOJIOKHBIE I[10 HAMPABICHUIO CHIIBL.
PaBHOBecHe 3THX IBYX CHUJI SIBJISETCS YCIIOBUEM oOpazoBaHus atMochepnl KoTTpea.

B pazmene 1.3 «®oTtokaTaMTUYECKHE CBOMCTBA OKCHIA IMHKA» OOCYKIAeTCs
MeXaHu3M (oTokaTann3a, 3aKIIOYAONIUNACS B BO3JICUCTBUU (POTOIJIEKTPOHOB Ha

XMMHUYECKUE BellecTBa. B pasjienie mepedyucisitoTcsi CTPYKTYPHBIE XapaKTEPUCTHUKH,
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ompenenstone (OTOKATUIUTUYECKYI0 aKTUBHOCTh OKCHAA IIMHKA, TPOBOISTCS
aHAJIOTUU C JPYruMU TodynpoBogHukamu. Cpenu 0003HAYEHHBIX XapaKTEPUCTUK
BBIICIISIIOT BETTUYHMHY YACIBHON MOBEPXHOCTH, MOP(OTIOTHIO U TEPEKTHYIO CTPYKTYPY
o0Opa31oB okcuja uHKa. [ToBbIIIEHNE HHTEHCUBHOCTH (DOTOKATATUTHYECKOTO MpoIecca
JOCTUTAETCSA IyTEM YBEJIWYEHHUS YIEIbHONM MOBEPXHOCTH KpHUCTAIa OKCHUJA IIMHKA.
Hcnonp3oBanne (oTokaTanm3aTopa B BHJAE JUCIEPCHBIX YAaCTHII HAHO- U
MUKpoMaciiTaba IMO3BOJSET HE TOJIbKO TMOJHATH BEIUYUHY IUIOMIAAM AKTUBHOM
MOBEPXHOCTH, HO U CHU3HUTHh BEPOSTHOCTH PEKOMOHWHAIMHN (DOTOICKTPOHOB U JBIPOK.
Mopdonorus 4acTuil OKCHa IMHKA CKa3bIBAETCSI HA CKOPOCTH (poTOKaTanu3a Ojaroaaps
OTJIMYMIO B OrpaHke. B paszjene npuBoAsSTCS MpUMephl CpaBHEHUS (POTOKATATTUTUYECKOMN
AKTUBHOCTH YacTHUIl, UMEIONMX (QOpMy: IUIACTUHOK U CTepxkHed. Psam aBTOopoB
YTBEPXKJIAIOT, YTO HAMOOJBIITYI0 aKTUBHOCTH MPOSIBIISIOT HAHOIUIACTUHKY OKCH/JIA ITUHKA,
MOCKOJIbKY OHU MPEUMYIIECTBEHHO OTPaHEHbI KPUCTAIIOrPAPUIECKUMU TIIOCKOCTSIMU
(0001), B KOTOpBIX MOTYT pacnojiaraThCs KpaeBble AUCIOKAIMU, OJJHAKO, CYIIECTBYET U
WHasl TOYKa 3PEHUs, B COOTBETCTBUU C KOTOPON HAMOOJBIIEH aKTUBHOCTHIO 00JaJar0T
mwiockocty tuma {1010}. [IpumecHble aTOMBI B KPUCTAJUIE OKCHJA IMHKA U3MEHSIOT
CHEKTpPaJbHBIA  JAWANa30H  DJEKTPOMArHUTHOTO  OOJY4YEHUs, HHHUIIMHPYIOIIETO
(OTOKATAIUTUYECKYIO PEAKIUI0, a KHUCJIOPOJHBIE BaKAaHCUM B CJIydyae OTCYTCTBUS
JUCJIOKAITUI TOBBIIIAIOT CKOPOCTh (DOTOKATANIM3a 3a CUET YBEIMYECHHS KOHIICHTPAIUU
CBOOOJIHBIX DJIEKTPOHOB, T.K. MPOSBISIOT JOHOPHBIC CBOWMCTBAa B OKCHJE IMHKA. B
3aBEpIICHUE pa3efla MPUBOIATCA HPUMEPHI TOrO, KaK HAJIUYUE HWHIWBUILYaTbHOU
JUCJIOKAIIMM B TIONYMNPOBOJAHUKE CIIOCOOCTBYET TMOBBIMIEHUIO (HOTOKATATUTUYECKON
akTUBHOCTH [S.1.Cha et al, Nanoscale. 5 (2013) 753 ]. DopMynupyrOTCsl IPEANOI0KEHUS
00 aHasioruaHoMm 3¢ dexTe sl OKCHA IUHKA.

B pazgene 1.4 «Metonpl modydyeHUs] HAHO- M MHUKPOYACTHUIl OKCHAA IIUHKA»
pacKpbIBaeTCsl BIMSIHUE YCIOBUM (DOPMUPOBAHMS KPUCTALIOB OKCHA ITMHKA Ha HX
pasmep, Mopdosoruro u CTpykTypy. OCHOBHOE€ BHUMaHUE VACNIACTCS METOJaM
KOJUJTOMJTHOW XUMHUH, B KOTOPBIX POCT KPUCTATIIOB HHULIMUPYETCS XUMUUYECKON peaKnen
B3aUMOJICMCTBUS TIPEKypcopa LMHKA W MIEJOYd. B Xome SToro B3aMMOAECHCTBUS

I'HMAPOKCHU IHMHKA BBINAAACT B OCAAO0K KW BIIOCICACTBHH IIOABCPIracTCsd TepMI/I‘-IeCKOﬁ
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JECTPYKIIMH C OOpa30oBaHUEM JMCIEPCHBIX YACTHI[ WJIM TUICHOK OKCHIAa IIWHKA.
[IpuBoasTcss ycnoBusi (popMUpOBaHHMS YACTHUI[ OKCHJAa LHUHKA (MpUpoJa MpeKypcopa
[MHKA, TeMIepaTypa, MOJISIPHOE OTHOIIICHHE PEarupyrolIuX BEIIECTB, COCTAB YKUJKOU
Cpellbl, HaJIMYue JIOMOJHUTEIbHBIX IMOBEPXHOCTHO-aKTUBHBIX BELIECTB U p.).
AHaIN3UPYETCSA, KaK U3MEHEHUE O3THUX YCJIOBUU MO3BOJSET YIPABISTH CKOPOCTBHIO
bopMHUpPOBaHUS YACTHII, @ 3HAYUT M CTENEHBIO X AedekTHocTH. [locmeayrommii oT>kur
HAHOYACTHUIl OKCHJA IIMHKA, HE COAEPKAIINX TUCIOKALMH, IIPU Pa3HBIX TEMIIEPATYypax
(o1 250 °C 1m0 400 °C) criocoOCTBYET YBETUYCHHIO X (POTOKATATUTUYECKON aKTUBHOCTH
3a cueT nuddy3un KUCIOPOIHBIX BAaKAaHCUN W3 TIyOWHBI KPUCTaJIa B MTOBEPXHOCTHBIC
ciou [B. Tanujjal et al, Catalysis Today. 284 (2017) 11]. llpu nanpHeleM yBeIuYEHUN
TeMIEpaTypbl OTXKUTa HAOJIIOAAETCS CHUXKEHHIO (OTOKATATUTUUYECKON AaKTUBHOCTH
BBUJy YMEHBIIECHUS KOHIIEHTPALMH KUCIOPOAHBIX BAKAHCHIA.

B paznene 1.5 «Ponb nokanu30BaHHOTO TJIa3MOH-TIOJIIPUTOHA B (POTOKATAIIH3EH
paccMaTpWBaeTCs MeEXaHW3M HWHTEeHCH(HKAU  (HOTOKATATMTHYCCKOW  PEaKInH,
peanu3dyemMoil TNpH KOHTAKT€ HAHOYACTHUIBI OJIArOPOJHOIO0 METala M YaCTUIIBI
MIOJTYyITPOBOTHUKA. Y CKOpEeHHE (hOTOKATATUTHICCKOU PEAKITUH MMPOUCXOAUT B PE3yJIbTaTEe
nepeadyd UMITYJIbca OT JIOKAJTU30BAHHOTO IIJIA3MOH-TIOJIIPUTOHA K (OTORJIEKTPOHY
noJiynpoBogHuKa. DOTO’MEKTPOH Yy4acTBYeT B (POTOKATATUTHUYECKON peaKIuu.
Haubonbmuit apdext HabmogaeTcs B ciaydae, €CJiv YHEPrusl MIa3MOHHOIO pe30HaHCa
COOTBETCTBYET BEJIIMYMHE IIUPHUHBI 3aNPEIICHHON 30HBI (hoTokaTanu3aropa. [lo aToii
MPUYMHE B pabOTE UCIOJIB3YIOTCS HAHOYACTHUIIBI cepedpa, MOCKOJIbKY MUK MIa3MOHHOTO
pPE30HAHCA BOAHBIX JAMCIEPCHUM 3TUX YacTull, mpuHUMaeT 3HadeHue ot 380 mo 440 Hwm.
OTOT Juana3oH BKJIKOYAET JUIMHBI  BOJIH  DJIGKTPOMArHUTHOTO — WU3JIy4YECHHS,
COOTBETCTBYIOIIME 3HAUYCHUIO IITUPUHBI 3aMIPEIICHHON 30HbI OKCH/IA IIMHKA U 3HAYCHUSIM
SHEPIruil  JIONOJHUTEIBHBIX JIOKAJIBHBIX YPOBHEW, BbI3BAHHBIX KHUCIOPOJIHBIMU
BAKAHCHSIMU B OKCHUJIE I[UHKA.

B paznene nepedyucisitoTcs XMMUYECKHE METObI MOJyYeHUsI HAHOYACTHUIl cepedpa,
peanusyemMble B JKUJIKUX cpeAax. ITU METOAbl OCHOBBIBAIOTCS HA XUMUYECKOW pEeaKIUU
BOCCTAHOBJICHUSI HOHOB cepedpa ¢ 00pa3zoBaHUEM HEUTPaATIbHBIX aTOMOB U MOCIIEYIOIIEH

Kpucraumsaiuei. Pazmep u MopQosiorus peryimpyoTcs IyTeM BapbUPOBaHUS YCIOBUHN
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MPOTEKAHUS PEAKIIMU CHUHTE3a, TAKUX KAK MOJISIPHOE COOTHOILIEHUE W KOHIIEHTpalus
pearupyroumx B pactBope BewectB [Zhang W, Qiao X, Chen J and Wang H Journal of
Colloid and Interface Science 302 (2006) 370-3], a TakXe HaJW4YHUE JOMOJHUTEIBLHBIX
MMOBEPXHOCTHO-aKTUBHBIX BellecTB [Naderi O, Nyman M, Amiri M and Sadeghi R
Journal of Molecular Liquids 273 (2019) 645-52], [Zhao T, Sun R, Yu S, Zhang Z, Zhou
L, Huang H and Du R Colloids and Surfaces A: Physicochemical and Engineering
Aspects 366 (2010) 197-202].

Bo emopoii enase «Memoowvl ucciedoganusi c80UCME HAHO- U MUKPOUACHUY,
UCNONb308aHHbIE 8 pabomey TIPUBEACHO OIMMCAHUE U3MEPUTEILHOTO0 O0OpYIOBaHUS U
PEKUMOB, KOTOpbIE OBUIM HMCHOJB30BAaHBI JJIsi M3y4eHHs (HA30BOTO U DIEMEHTHOTO
COCTaBa, CTPYKTYphl, pa3MepoB, MoOp(doJoruM, a TakKe ONTHUYECKUX U
boTOKATAIUTUYECKUX  CBOMCTB.  Memod  uH@paxpachoi  cnekmpomempuu,
peanu3oBanHblii mpu momomu crnektpomerpa IR-Tracer-100 Fourier Transform
(Shimadzu, Snonwust), ObUI  WCHOJB30BAH JUISi  PETUCTpPAllMd  TOTJIOIICHUS
AIIEKTPOMArHUTHOTO M3JIy4YeHUsT HHGPaKpacHOro Juana3oHa C I1IeJbI0  BBISBICHUS
HaJW4us MpUMeced THIPOKCH/Ia IIMHKA B YaCTUIlaX OKcua nuHkKa. [Ipu nomoiu memoda
cnekmpoghomomempuu, peanuzopanHoro Ha crekrpodoromerpe UV-2600 (Shimadzu,
Snonus) ObUTM TTOTyYEHBI 3HAYCHUS Kpasi MOTJIOIEHUS 3JICKTPOMArHUTHOTO H3JTy4YeHHUS
YaCTUIIAMHU OKCHJIA IIUHKA W BEJIIMYMHBI MMUKOB IJIA3MOHHOTO pPE30HAHCA HAHOYACTHII
cepedpa. Inekmpornas Mukpockonus, B 4acTHocTu ckanupymomas CarlZeiss (Sigma,
I'epmanust) u npoceunBatomas JEM-2100F (Jeol, Slnonus), Oblia ucnosib30BaHa st
uccieaoBanus MOpGOJIOTHH U Pa3MEPOB TMOJTYUYEHHBIX HAaHO- U MHUKpo4YacTHll. Memoo
PEHM2eHOCMPYKMYPHO20 aHAAU3d, OCYIIECTBICHHBIH MpU TOMOIIU AudpakToMeTpa
XRD 7000 (Shimadzu, Snonus), 66U MpUMEHEH I onpeiesieHns (a3oBOro COCTaBa U
ne(eKTHOTO CTPOSHHUS HAaHO- U MUKPOYACTHIL. JIazepHas ougpakyus BOTHBIX CYCIIEH3HH,
COJICPKABIINX TIOJYYCHHBIC HAHO- M MHUKPOYACTHIIBI, Oblla WM3y4YeHA MPU TOMOIIU
ananuzatopa Sald-2300 (Shimadzu, SAnonus) ang onpeneneHus pacupeneaeHus YacTHI]
no pasmepam. Memoo peHmeeHOGIyOpecyeHmHo20 anaiuza ObUT WUCTIOIB30BaH IS
W3yUCHHs] DJIEMEHTHOTO COCTaBa HaHO- M MHKpoudacTull. Peanuzamus wmertoaa

ocymiecTBisuiachk npu nomotu cinekrpomerpa EDX-8000 Energy (Shimadzu, SInonus).
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Konnenrpamust geHosna, pacTBOPEHHOTO B BOJE, OMPEENSIIACh IyTEM PEruCTpaliu
XapaKTEPHOTO (IIyOPECIIEHTHOTO MUKa MPU MOMOIIH Memooda cCneKmpoghiyopumempuu,
peanmm3oBanHoro Ha mpubope RF-6000 (Shimadzu, Anonwus). Benmnuwmna yaenpHOU
MOBEPXHOCTH HAHO- U MHUKpouacTull Obuta ycraHoBiieHa Ha mpubope Surfer (Thermo
Scientific, CHIA) npu mnomouwu wmemooa bpynayspa-Ommema-Tennepa (BIT),
OCHOBAaHHOTO HAa W3MEPEHUH BETUYMHBI  (PU3MUecKOM  ajmcopOIuuM  a3oTa.
Memoo  ougppepenyuanvro-ckanupyrowei Karopumempuu ObUT pealu30BaH IpHU
nomomu mpudopa X-DSC 7000 (Hitachi, Anmonust) ana m3ydeHus TEPMOIMHAMHUKA
CTPYKTYPHBIX MpeoOpa3oBaHUM B HAHO- U MUKPOUYACTHUIIAX OKCHJA IMHKA B MPOIECC
OTXKHTIA.

Tpemws enasa «llonyuenue u uccieoosanue HaHO- U MUKPOUACMUY OKCUOA YUHKAY
COCTOMT M3 ABYX paznenoB. B pasznene 3.1 «llonyueHne HaHO- U MUKPOYACTHUIl OKCHIA
[MHKa» ONUCAaH METOJ CHUHTE3a OKCHJIA IMHKa B BHUJE JUCIIEPCHOTO MOPOIIKa,
ommyOnrKoBaHHbIN B pabotax A1, K1, K2 v 3annareHToBaHHbII B (hopme nuzoOperenus I11.
Metoa 0CHOBaH Ha B3aMMO/ICHCTBUU MPEKYpPCOpa IUHKA C THAPOKCUIOM KaJlvsl B BOJIHOM
pacTBOpPE STWICHIVIMKOJISA NMPH HAarpeBaHWM C MOCIEAYIOUUM OTKUIOM IOJTYyYEHHOTO
ocanka. B kauecTBe mpekypcopa ObUIM HUCIIOJIB30BAaHBI aleTaT W XJIOPUJ IIMHKA.
KoHuieHTpanus 3TUIeHr KOsl B BoJe coctaBwia ot 25 no 40 % wmacc. Ilapamerpsr
cuHTe3a TmpeacTaBieHbl B Tabmuie 1. B xome B3aumoneicTBus 00pa3oBBIBAJICS
THAPOKCHU]T ITUHKA, KOTOPBIHN IeTpaupoBaj ¢ 00pa3oBaHUEM KPUCTAILIOB OKCHUA IIMHKA,
BBIMIAJIaBIIMX B Bujae Oenoro ocaaka. [lomydeHHbId MOpOMIOK OBLT pa3iesieH Ha
HECKOJIBKO 4acTte n oToxkEH mpu temmeparypax 200 °C u 650 °C s yctpaHeHus
npuMecedl THApPOKCHUIA LHMHKA W Moaudukanuu nedektHoro crpoeHus. OTxur
OCYUIECTBJISUICS HA BO3JyX€ B TPHU CTaJMU: HArpeB, BBIAEPIKKA U OXJIAXKICHHE B MEYU.
JImuTenbHOCTh HAarpeBa W BBIIEPKKM COCTaBWia MO TpU 4vaca. [IpennoxkeHHbld MeTox
CHUHTE3a OB TaK)K€ MCIOJIb30BaH JUISl MOJYYEHUS! TUCIIEPCHBIX MHUKPOUYACTHUI[ OKCHAA

rajuidsi ¥ onucal B paborax 42, K3-K6.
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Ta6auua 1 — Bausaue ycaouii GopMHUpPOBaAHMSA HAHO- U MUKPOYACTHIl OKCHIA

UHKA HA UX MOP(OJIOTHI0

Konuenrpanus
ATUJICHTJIUKOJIS CxopocTh Mopdomnorus
Temneparypa [Ipexypcop
o B BOJHOM nepemMelt. YacTHI] OKCUAA
cunaTesa, °C IIMHKA
pactBope, % 00/MUH IIMHKa
Macc
70 25 Anerat 1500 Cdepuueckas
70 25 Arnerar 600 CrepxHeobpasHas
40-70 25 XJI0pHU/I 600 IlnactuHyaras
70 30-45 XJ10pHU/I 600 3Be3uaras

B pazgene 3.2 «Mopdonorus, cTpykTypa U CBOMCTBa YacTHI] OKCHUJA IIMHKA»
NPUBEACHBl CBEACHUS O TMOJYy4YEHHBIX dyacTuuax. OOpasipl MpeacTaBiIsid coOoM
NOPOLIKM HAHO- M MMKPOYACTHI[ OKCHJA LMHKA €O CTPYKTYpOH BIOpLUTA BHE
3aBUCUMOCTH OT ycJoBUil (opmupoBanus. [ledexkTHoe cTpoeHue MmoayyeHHBbIX YacTHUIL
OBLJIO UCCJEI0BAHO MPU MOMOILM METOJIa PEHTT€HOCTPYKTYpHOro aHanu3a. B Tabnuie 2
0000IIEHBI JaHHBIE O CTPYKTYPHBIX XapaKTEPUCTUKAX HAHO- U MUKPOIUIACTUHOK JI0 U
nocie otrxkura. IlpeacraBieHHbIE [aHHBIE MOKA3alM, 4YTO OTXHUI CHOCOOCTBOBAJ
U3MEHEHHUI0 MOp(OJIOTHH, MTPUBEJT HE3HAUUTEIbHOMY YBEIMUEHHUIO CPEIHEro pa3sMmepa
yactul ¢ 120 1o 140 HM 1 CyIIECTBEHHO CHU3WJIACHh BEJIMYMHA YIEIbHON MOBEPXHOCTH
gactui ¢ 31,68+0,28 10 9,06+0,38 M?/r. Takoe 3aMETHOE CHYIKEHHE BEJIMYHMHBI YAEIHLHOM
NOBEPXHOCTH SBJBUIOCH CIJIEACTBUEM JECTPYKLUMH HAHOYACTUL[ THUIAPOKCUIA IUHKA,
KOTOPbIE COXPAaHWJINCh CTAOUIILHBIMU B XOJI€ CUHTE3a U MMPUCYTCTBOBAJIM B 00pa3Lax 10

TOT0, KaK OHU OBLIN OTOXK)KEHBI.
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Tabanna 2 — CTpyKTYpHbIEe XapaKTePUCTHKH MOJTYy4YeHHBIX HAHO- U MHUKPOYACTHIL

OKCHIAa HMHKA

XapaKTepUCTUKHU
No |  HaHO- MUKPOILIACTUHOK Jlo oTxura Hocxe omxura
pu 650 °C
OKCHJIa IIMHKA
1 Cpennuii pazmep, HM 120 140
’ VYV nennHas HZOBerHOCTB, 31,68+0.28 0,06+0.38
M-~/T
Oxcun nmaKa P6smce ¢
3 @da30BbIN COCTAB MIPUMECSIMU THAPOKCUIA Oxkcua nuHka P6smce
IIMHKA
4 JIEMEHTHBIN COCTaB Zn, O Zn, O
Iapavetp a 3,251 3,251
5 pemerki, A C 5,209 5,206
’ c/a 1,603 1,601
Cpennuii pazmep
6 | oOmacTeit KOrepeHTHOTO 18,4+1,4 28,5+1,9
paccesiHus, HM
7 HJ’IOTHO(I:\:_I; %xfl(;:]goxaunﬁ, 1.540.3 0,640.1

Ha Puc. 1 mpexacraBinensl cnektpsl mnoriomenus B uHpakpacHor (MK) u
yibTpauoIeTOBOM 00nacTIX, a Takxke Trpaduk ckaHupyromeid aud@epeHnnanbHon
kamopumerpun (JICK) monydeHHBIX HaHO- ¥ MHKporuiacTuHOK. (OOpaboTka
PEHTIe€HOBCKUX AP HPpaKTOrpaMM OCYIIECTBISIACH PY IIOMOIIM MOCTPOCHHUS T'parKOB
“Strain size plot” (Puc. la), pasmep obnacteit korepentHoro paccesaus (OKP) Obin
ONpENENEH MO 3HAYCHWIO yIJIA HAKJIOHA IIOJYYEHHBIX JIMHENHBIX 3aBUCHUMOCTEM,
IJIOTHOCTH JAMCIIOKALWNA ObllIa paBHA OTHOUIEHUIO €MHUIIBI K KBajapaTy pasmepa OKP, a
TOYKAa IEPECEYEHUs] JIMHEHWHBIX 3aBHCUMOCTEM C OCBIO «Yy» IO3BOJIAJIO PACCUHUTATH
BENMYMHY MUKpoaepopmanuii. [ToydeHHble JaHHbIE CBUACTEIBCTBYIOT 00 U3MEHEHUH
pasmepa obiacteit korepeHTHOro paccesaus ¢ 18,4+1,4 mo 28,5+1,9 HM U IIOTHOCTH
aucnokamuii ¢ (1,5+0,3)-10"° m?  mo (0,6£0,1)-10" M2 Pesymsrater JICK (Puc. 16)
MOKA3aJy JiBa JHIOTEPMUYECKMX NuKa npu temmeparypax 118 °C m 232 °C, 4rto

COOTBCTCTBOBAJIO HAJIMYHIO ABYX aJUIOTPOITHBIX MOI[I/I(I)I/IKaI_[I/II\/JI IT'HAPOKCH A IMHHKA.
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[[InpuHa 3anpemeHHoN 30Hbl OKCH/IAa HUHKA B BUJE HAHOIUIACTUHOK JI0 U MOCJIE OTXKUTa
He3HauuTeIpHO n3MeHmwIachk ¢ 3,31 Ha 3,29 »B (Puc. 1B). Ha rpaduxe UK (Puc. Ir)
nokasano jasa nmuka 3380 cm! 1 3390 cM™!, cOOTBETCTBYIONIMX BEIECTBAM, COAEPIKALIMM
rUApoKcUIbHY0 rpymimy. Oxur rnpu 200 °C cnoco6cTBOBa HCYe3HOBEHUIO nrKa 3380

CM_I, 4dTO IIOATBCPAUIIO IIPCAIIOIIOKCHUC O IIPUPOIC ITUKA.
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Puc. 1 — XapakTepucTHKH NOJy4eHHbIX HAHOIJIACTHHOK OKCH/IA IIUHKA. (a)
rpaduxu Strain Size Plot, (0) cnekTp uHppakpacHoro norJiomeHus, (B) CeKTp
YJIbTPa(u01eTOBOIO NMOIJI0IEeHus, () KpuBas JudPepeHunaIbHO-CKAHNPYIOLIei

KAJOpUMETPHHU
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Ha Puc. 2 mnpencraBieHbl PEHTICHOBCKHE AM(PPAKTOrpaMMbl, THUCTOTPaAMMBbI
pacnpenenenus MIACTUHOK M0 pasMepaM M M300pa)KeHMsl, OJyUYEHHbIE MPU ITOMOIIU
CKAHHMPYIOILIEH JIEKTPOHHON MUKPOCKOIMHN HAHO- U MUKPOIUTACTHHOK OKCHJIA IMHKA J10

u niocne otxkura mpu 650 °C.
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Puc. 2 — XapakTepucTuKH N0JIy4YeHHbIX HAHOIUIACTHHOK OKCH/IA IIUHKA:
JIeBasi KOJIOHKA JJaHHbIE /10 OTKUIa, MpaBasi — mocJjie or:kura npu 650 °C. (a)
PEeHTreHOBCKHe u(ppaKTOorpamMmel, (0, B) TKICTOrPaMMBbl pacipeesieHus Mo
pasmepam, (T, 1) H300paKeHHs1, OJYUYCHHBIE IIPU MOMOLIHM CKAHUPYIOLIEro

JIEKTPOHHOI'0 MUKPOCKOIIa
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Yemeepmas enaéa «Domoxamarumuyeckue c60UCMEA NOJYYEHHbIX HAHO- U
MUKPOYACmMuUY OKCUOa YUHKa» COCTOUT U3 TISATU Pa3JIeiioB.

B paznene 4.1 «Meton npoBefeHus] (OTOKATATUTUUECKUX HCTIBITAHUID OMUCAHO
YCTPOMCTBO  JTAOOPATOPHBIX YCTAHOBOK, KOTOpbIE€ OBUIM  HCIOJB30BaHbI  JIJIsi
uccienoBanus GOTOKATATUTUYECKOW aKTUBHOCTH MOJYYEHHBIX YaCTHI] OKCHAA ITMHKA.
MeTton mpoBeneHus HCTBITAaHUM omMHMCcaH B paboTax aBTopa auccepTaunu A3 u A4.
@OTOKATATUTUYECKUE UCIBITAHUS TOJ JEHCTBUEM M3ITyYEHUSI BUIMMOW YacCTH CIEKTpa
OCYIIECTBIISUTMCh B YCTAaHOBKE, OCHAIICHHOW CBETO(UIBTPOM, TMOTJIOMIABIIEM
AIIEKTPOMArHUTHOE U3IyYEHHE C JJIMHOM BOHBI Kopoue 410 am. Takum oOpa3zom Boja,
coaeprkaiiasi peHos U 4acTULbl OKCHA LIMHKA, Oblja MOoABEpKEHA 00JIyUEHUIO CBETOM C
sHeprueit orona 2,95 3B u Hmxke. Mcxoanass KoHIeHTpaius (eHola B pacTBOpE
cocTaBisuia | Mr/i, KOHLEHTpalusl 4acTHll OKCUAA LUHKAa — | rp/i, KOHLIEHTpauus
Hanouactuil cepedbpa — 0,01 rp/i (1% ot comepxanust hoTOKaTaAIU3ATOPA).

B pasnene 4.2 «[lonyyeHue u ucciieqoBaHUE HAHOYACTHIL cepedpay OMHCaH METO.
CHUHTE3a HaHO4YacTUl| cepedpa, onyOauKoBaHHbINA B paborax A5, K7 u K8. Meron 6b11
OCHOBAH Ha PEaKIMH XUMHUYECKOTO BOCCTAHOBJIEHHS HOHOB cepedpa 1O aTOMOB C
NOCJIEAYIOIIEN KpHUCTAUIM3alueld B MPUCYTCTBUM ITOBEPXHOCTHO-AKTHBHBIX BEIECTB.
Yactuiel ObUIH MOJyYEHbI B PE3yJIbTaTe B3aMMOJCHCTBHS MEX1y HUTPATOM cepedpa U
T'UIPAa3MHOM B BOJHOM PAacTBOPE B NPUCYTCTBUU oJieaTa Kanus. [lanpHeilnas noaroToBka
BOJIHOTO pacTBOpa Obljia OCYIIECTBIIEHA ITyTEM M3BJICUEHHUS SKCTPAKLUEH oreara Kajus
B HEMOJIAPHBI OpPraHMYecKHil pacTBOPUTENb Uil MNPEAOTBPALIEHUS  BIUSHUSA
MOBEPXHOCTHO-AKTUBHBIX BEIIECTB Ha (POTOKATAIIU3 B XO/1€ a/ICOPOLIMK HA TOBEPXHOCTH
yacTull okcuaa urHka. Ha Puc. 3 nmoka3zaHno nzo0paxeHre HaHOYaCTHIL, IOy YEHHbIE ITPU
NOMOIIM CKAaHUPYIOUIETO 3JIEKTPOHHOTO MHKPOCKONAa W CHEKTP ONTHYECKOTO
NOTJIOUIEHHUs] BOJHOTO pacTBopa HaHodacTull cepeOpa. IlodydyeHHbIe 4acTUIBI UMEIH
auameTp oT 10 1o 30 am (Puc. 3a), MUK ONTHYECKOTO IMOTJIOMICHHUS BOJHOTO PacTBOPA

yacTtull umen 3HadeHue 412 um (Puc. 3a).
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Puc. 3 — XapakTepucTHKHM HAHOYACTHI cepedpa, (a) nu3o00pakeHus,
M0JIy4YeHHbIE PU MOMOIIH CKAHUPYIOLIEro 3JIeKTPOHHOI0 MUKPOCKOIA, (0)

CIICKTP ONTHYECCKOI'0O NMOIVIOIECHHUS BOAHOTO pacTBOpa HAHOYACTHUI cepeﬁpa

Ponr HaHowacTui, mposBIsAOMMX 3(PGeKT IUIa3MOHHOrO pe30oHaHca, B
dboTokaTanuze ObL1a KOJINYECTBEHHO OIICHEHA yTeM UCCIIEIOBaHUS
(OTORIEKTPUYECKUX  CBOMCTB  TOHKMX IUICHOB  OKCHJA  IIMHKA, MOKPBITHIX
HAaHOYACTHULIAMH cepelpa Mo yIbTpaproIeTOBbIM 00JydeHHEM. Bbl1o yCTaHOBIIEHO, YTO
HAHOYACTHUIIBI cepelpa MO3BOJUIIN YBEIUYUTh CHITY TOKA, BOSHUKAIOIIIETO B CJI0€ OKCH/IA
nuHKa B maTh pas ¢ 0,11 MA g0 0,50 MA. Pe3ynbTaTsl HcciienoBaHUM OIyOJIMKOBaHbI B
pabore A6.

B pazgene 4.3 «PesynpraThl (POTOKATATUTUYECKUX WCHBITAHUN HAHO- W
MUKpPOYACTHI] OKCUJA IUHKAa» MPEJCTaBICHbl JaHHbIE 00 AKTUBHOCTH IMOJYYEHHBIX
dboToKaTANMM3aTOPOB TMOJ| JEHCTBUEM U3IYYEHHUs] BHIUMOTO M YJIbTPa(HUOIETOBOTO
JIMANa30HOB CIIEKTpa Ha MpUMEpPEe XMMUYECKON peakuuu okucienus (enona. Jlanuwie
UCTIBITaHUH TIpuBeACHBI B paboTax A1, A4, K9-K11. DxciepuMeHTaIbHO JOKa3aHO, YTO
Mopdosorusi  4yacTHI[ OKCHJa IIMHKAa OKa3blBaeT BIUSHUE HA  CKOpPOCTb
dboTokaTanuTHUUECKOro okucieHus. KoHcTanTa CKopoCTH OKUCIEHHs (peHOoJIa COCTaBUIa
0,4+0,10 wac!, 0,6+£0,10 wac!, 0,9+0,40 wac!, nmna HaHOCTEpKHEN, CHEPUUECKUX
HAHOYACTUIl U HAHO- MHUKPOIUIACTUHOK COOTBETCTBEHHO. Bce MoJydeHHbIE 4YaCTHUILIbI

ObLIM ToziBepKeHbl oTxKuUry npu 650 °C u nanee ucnbITaHbl HA POTOKATATUTUYECKYIO
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aKTUBHOCTB. Ilocne omkmra KoHcTanta ckopoctu coctauna 0,4+0,10 gac!, 1,8+0,50
gac!, 1,9+0,06 wac! mis HaHocTepXkHEH, cPEpPUUECKMX HAHOYACTHI[ U HAHO- H
MUKPOIUIACTUHOK COOTBETCTBEHHO. BennunHa yAenbHON MOBEPXHOCTH COCTaBWJIA JO
omxura: 28,35+0,34 m>/r, 32,49+0,59 m%/r ,31,68+0,28 M?/r; mocie omxura 29,65+0,43
m2/T, 31,2640,59 Mm%/, 9,06:0,38 M?/r 111 HaHOCTEPKHEHN, CHEPUUECKUX HAHOYACTHUILL U
HaHO- MUKPOIUIACTUHOK COOTBETCTBEHHO.

Ha Puc. 4 moka3zaHpl KMHETHYECKHE KpPHBBbIE (POTOKATATUTHYECKOTO OKHCICHUS
dbeHosa B MPUCYTCTBUHU TIJIACTUHOK OKCHA ITMHKA. BBIIO MOKa3aHO, YTO TUIACTUHKH,
KOTOpbIE ObUTN 0TOKEHBI TpH 650 °C, moka3anu GoTOKaTATUTUYECKYIO aKTUBHOCTD IO/

nercTBUeM o0IyueHus: BUANMON obnactu ¢ JuinHou BoJiHbI 410 uM (Puc. 46). YacTuiist

c Japyrod mopdojorueil 1mociae OTKUra B aHAJOTUYHBIX  YCJIOBHUSIX  HE
IPOAEMOHCTPUPOBAIIN TAKOM aKTUBHOCTH.
Oonyuenue 365 nm Oonyuenue 410 um
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Puc. 4 - Kunernueckue KpuBbie (P OTOKATAIUTHYECKOT0 OKHUCJIeHUus eHoia B
NPUCYTCTBUM CHHTE3UPOBAHHBIX HAHO- M MUKPOILJIACTHHOK OKCH/AA LIUHKA, a
TaKKe B IPUCYTCTBUH OTOXKEHHBIX NPHU 650 °C HaHO- 1 MUKPOILIACTHHOK
OKCH/A IMHKA KaK OT/eJbHO, TAK M COBMECTHO C HAHOYACTHIIAMH cepelpa: (a)
NoJ AeiCTBHEM YJIbTPa(Puo0JeTOBOro 00/1y4eHus, (0) moa geicreueM 00J1y4eHUs

BUIUMOTO0 AHAIMa30Ha

B Tabnuue 3 conocTaBieHbl JaHHbIE KHHETUKUA (POTOKATATUTUYECKOTO MPOLECCA CO

CTPYKTYPHBIMHM XapaKTEPUCTUKAMH HAHO- U MUKPOIUIACTUHOK OKCHJIa LIMHKA, KOTOpPbIE
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OB WCIIOJIb30BAaHBI B WCIIBITAHUSX, BMECTE C HAHOYACTHIIAaMU cepebpa m 0e3 Hux.
Hcnonb3oBaHue HaHOUYAcTUIl cepebpa BMecTe C HAHO- WU MHUKPOYACTHIIAMHU B
dboToKaTanM3e, MO3BOJIMIIO YBEIMYNTh KOHCTAHTY CKOPOCTH B miecTh pa3 ¢ 0,05+0,01
1 110 0,3+0,01 vac! 0
yac™ 10 0,3+0,01 yac™ npu obnydeHun GoToHAMU BUIMMOTO JUana3oHa, U B TPU pa3a ¢
1,9+0,06 wac! mo 7,1+0,66 uwac! mpu oGnydenmu (oToHaMM yILTPa(HOIETOBOIO
JMana3oHa.
Ta6auna 3 — Biausinue CTPYKTYPHBIX XapaKTePUCTHK HAHO- M MUKPOIJIACTUHOK

OKCHJA IMHKA HA (l)OTOKaTa.]II/ITI/I‘IeCKyIO AKTHUBHOCTD

ITocne
XapakTepuCTUKH HAHO- ¥ MUKPOTUTACTUHOK Jlo omxura OTKILA TIDH
OKCH/JIa IIUHKA 650 © Cp
Y O® uznyuenue (365 HM) 0,9+0,40 1,9+0,06
KomcTarra Y O® uznyuenue (365 HM) ) 7.140,66

coBMecTHO ¢ AgNPs

clopocTH Buaumoe uznydeHue
OKHUCJICHUSA (410 1m) - 0,05+0,01

¢enona, yac™!

Buaumoe H3JIYYCHHUC

(410 ™M) - 0,3+0,01
coBMecTHO ¢ AgNPs
[ITupuHa 3anpeneHHon 30851, 3B 3,31 3,29
IInomans yaeapHON MOBEPXHOCTH, M>/T 31,68+0,28 9,06+0,38
CpenHuii pa3Mep 4acTull, HM 120 140
Pa3Mep o6racteit KOrepeHTHOTO pacCessHus, HM 18.4+1.4 28,5£1,9
Muxkponedopmarusi, &, 0,0014 0,0007
[TnoTHOCTH AUCIOKammiA, M~ - 101 1,5+0,3 0,6+0,1

B paznene 4.4 «Ponb nedekTHOrO CTpoeHUs: B (POTOKATATUTUYECKUX CBOMCTBAX
HAHO- ¥ MUKPOYACTHIl OKCHJIa IIUHKA» OMUCAH MEXaHU3M aAcopOinuu (pOTOHOB BUAUMOM
YaCTH CIIEKTpa TOJYYCHHBIMM HAHO- W MHUKPOYACTHUIIAMH OKCHJA IMHKAa B Qopme
mractTuHok. Ha Puc. 5 mnokaszana cxema, WUIIOCTPUPYIOLIAs OTOT MEXaHU3M,
NpUBEICHHBIM B pabore A7. DOTOH mOTIOIMAeTCs KHUCIOPOAHOW BaKaHCHUEH, B
pe3yibTaTe Yero akTUBUPOBAHHBINA (DOTOIEKTPOH ABUTAETCS BAOJb JIMHAH TUCIOKAITUU
K MOBEPXHOCTH KPUCTAJIJIA OKCH/IA ITMHKA U PUHUMAET y4acThe B POTOKATATUTHUECKOM
peakuuu. Ha Puc. 5 ¢oTodnexTpon o0o3HAUYEH 3€JeHON OKPYKHOCTHIO CO 3HAKOM

«MHUHYC».
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OTXHUT HAHOTUTACTMHOK OKCHJIa ITMHKAa CIOCOOCTBOBANl YBEIWYEHUIO CPEIHETO
pa3Mepa obJyiacTeli KOTEPEHTHOI'O0 pacCesiHHsl 32 CYET OoOpa30BaHMs JUCIOKAIMOHHBIX
cteHOK. OTHOBPEMEHHO TIPH 3TOW TeMIiepaType MPOoucXoauT Tudy3usi KUCITOPOTHBIX
BaKaHCUH K IUCIOKAUSIM. Pe3ynbTaThl SKCIEPUMEHTOB MMOKA3aJId, YTO IHEprusi GOTOHA,
aKTUBHpYIOLIEro (oToKaTAIUTUYECKU mpolecc paBHa 2,95 »B. Ilpu stom mupuna
3ampenieHHON 30HbI HCTIOIB30BAHHBIX B padoTe (hoToKaTanm3aTopoB coctaBmia 3,30 3B.
CnenoBatenbHO, TIyOMHA 3ajeraHus JAOMOJIHUTENBHOTO YPOBHS, OOYCIOBICHHOTO

KHUCJIOPOAHOW BakaHcuel, coctaBuiia 0,35 3B Huke Kpast 30HbI IPOBOJUMOCTH.

¢ O [000 ] ] 9KCTpaHJTOCKOCTL H20 - C02
0 /n

2 Vo A

[TpoMexyTOTHBIE
IPOAYKTHI OKUCICHHS

Brixon mucmokanuu

KpaeBoi ,Z[I/lCJIOl{aLll/[H

BeKTop Bmprepca é
_ ,. ............... I ) B
" [1 120] < .___---—.7 [1210] [1OBEPXHOCTD YaCTHIIBL

[2110]
a o

Puc. 5 — Cxema Biausinusi 1e)eKTHOT0 CTPOEHHUSI OKCHIA IMHKA HA

norJiomeHue (POTOHOB JIEKTPOMATHUTHOIO M3JIyYeHUs] BUIMMOI 00J1acTn
creKTpa. (a) JjeMeHTapHAs A4eiKa OKCH/IA IUHKA, HA KOTOPOH n300pakeHa
KpaeBasi IMCJI0KAIUA, Jexkamas B IockocTu (0001) u kucaopoaHas BAKaHCHs,
(0) moBepxXHOCTH YACTUIBI OKCH/IA IUHKA, HA KOTOPOH NMPOTEKaeT

(oroxaTanuTHUECKUI MPOLECC

Ponp nedextoB B (oTokaTanmze OblIa IKCIEPUMEHTATHHO TOATBEPXKICHA Ha
npuMepe OKucieHus (eHola B MPUCYTCTBUU JUCIIEPCHBIX YaCTHI] OKCHJA IIWHKA,
CpeIHUU pa3Mep KOTOphIX JOCTUT 44 MkM. YacTuiel ObBUTH TIOJyYEHBI METOIOM

PacTBOPHOTO CaMOBOCIUIAMEHSIIONIETOCS  BbIcOKoTemmepaTtypHoro cunte3a (CBC),
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OMMHMCAaHWE KOTOPOro TpuBeAeHO B padotrax A8 u KI2. Bricokas aepeKTHOCTh
oOecrieuynBanach ObICTPON CKOPOCTBIO CHUHTE3a, MOATOMY OOJBIIONW pa3Mep YacTHIl HE
BOCIIPETISITCTBOBAT  TPOSBICHUIO (hOTOKATAIUTUYECKOW aKTHBHOCTH. Pe3ynbTarhbl
(bOTOKATAMUTUYECKUX HCIIBITAHUI MOPOIIKOB OKCHAA IIMHKA, MOJYYEHHBIX METOIOM
CBC, npuBenens! B pabote A8.

B pazgene 4.5 «IlomydyeHrne MacCUBHOTO KOMIIO3UIIMOHHOIO MaTepHala Ha OCHOBE
HAaHO- U MHKPOIUIACTUHOK OKCHJA IIMHKa» OINKCaHa METOAWKA 3aKPEIUICHUS HAHO- U
MHUKPOIUIACTUHOK OKCHJIa IIMHKA HA IOBEPXHOCTU MOJMMEPHOTO HOCHUTEINS, OCHOBHOU
KoToporo siBisuics noauauMmetuicumiokcana (IIJIMC). JlanHbIi moAMMEpHBIN HOCUTEIb
OblT BBHIOpaH M3 Habopa MaTepHalioB Ha OCHOBAaHUM IMPOBEACHHUS 0030pa HAy4YHOMU
JUTEpaTypbl, OMyOJUKOBAHHOIO B BUJIE aBTOPCKOM cTtaThu A9. BBUY CBOIl HHEPTHOCTH
K BOJI€, OTITUYECKON MPO3PAYHOCTH B BUJIMMOM U YIbTpadroIeTOBOM 00JacTel CrieKTpa
anekTpoMarHutHoro wu3nydeHus [IJIMC wammyummm  oOpa3om  mojomien st
UCITOJIb30BAaHUS B KAUECTBE HOCUTENSI HAHO- U MUKPOYACTHI] (POTOKATAIIN3ATOPA.

Ha Puc. 6 mnpencraBiieH CHEKTpP ONTHYECKOTO MPOIMYCKaHUS MOJIYYEHHOTO
KOMIIO3ULIHOHHOTO Marepuaia. Beuny HE3HAYUTEIBbHOTO KOJINYECTBA
dotokatammzatopa (0,1 % Macc) KOMMO3UIIMOHHBIM MaTepuai OCTaJCsS MPO3PAUHBIM.
OTO0 MOXET OBITh MCIOJIB30BAHO JJI CO3/IaHUS MHOTOCIOMHONW (POTOKATATIUTUYECKON
sauelikin. KoHcTaHTa CKOpocTH (POTOKATAIUTUYECKOrO Mpouecca IMoj AecTBUEM
OoO0JydyeHHs BHIUMBIM CBETOM B MPHUCYTCTBUHM IOJYYEHHOTO MaTepHaia OKa3alach
pasnoii 0,05 yac™!, 4T0 COMOCTABMMO C KOHCTAHTOM CKOPOCTH B CIIy4ae MCIOIb30BAHMS
HAaHO- U MUKPOIUJITACTUHOK OKCH/JIA [IMHKA B BUJI€ MOPOIIIKA, TUCIEPTUPOBAHHOTO B BOJIE.
[Ipn »TOM B cCilyyae HCIOJIb30BaHUSI KOMIIO3MIIMOHHOIO MAaTepHalia KOHIIEHTpalus
yacTtull ¢poTokaranuzaTopa coctaBuiia 0,003 rp/i, a B ciydae UCIOIb30BaHUS MOPOIIIKA
— 1 rp/n. Takum 00pa3oM MPEACTABJICHHBIH MaTepHall TO3BOJIMII CHU3UTH PACXO]
dboTokaTanmM3aTOpa 3a CUET MPEAOTBPAIIECHHUS MPOIIECCOB arjiOMEPaIMK YaCTHUIl B X0

dboTokaranuza. Pe3ynbrarsl onyoirkoBanbl B pabotax A4, K13 u K14.
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Puc. 6 — CrieKTp onTHYECKOr0 MPONyCKaHUs 00pa3ia moJJy4eHHOT 0

(l)OTOKaTaJII/lTI/I‘{eCKOFO KOMIIO3HUIIMOHHOI'0O MaTEpHaJIa

B namou enage «llpakmuueckoe npumenenue noayueHHvlX HAHO- U MUKPOYACMUY
oKCUOa YuHKay TPUBEICHBI JAHHBIE O MPUMEHEHHUH TOJYYEHHBIX YaCTHIl OKCHA ITMHKA
B Mpolleccax OYUCTKH BOJbI OT TOKCHYHBIX OPraHUYECKHX BEIIECTB, B YACTHOCTH, B
nmpoiieccax (PUHAIHHOM OYMCTKH CTOYHBIX BOJ] HE(PTEXHMHUUYECKHX MPEINPUSTUH,
conepxkammux GeHon u Hedrenpoaykrsl. [lokazana Beicokas 3pPeKTUBHOCTD U3YUCHHBIX
(G oTOKaTaNM3aTOPOB, & TAKKE MPEICTABICHBI MATEHTHI, OJyYEHHBIE B XO/I1€ BHITOJTHEHUS
JUCCEPTAIIMOHHON paboThl. [lepCrleKTUBBI MPUMEHEHUsI TMOJTYYEHHBIX MAaTepUajoB B
TE€XHOJIOTUH MPOMBILIIEHHOW OYMCTKU CTOYHBIX BOJbI ONUCaHbI B pabote K15.

B 3axnouenuu chopmynnpoBaHbl OCHOBHBIE PE3YJIbTaThl PAOOTHI.

1. OmnpeneneHbl ONTUMATBHBIC YCIOBUS XUMHUYECKON peakinuu (POpMUPOBAHUS
ne(EeKTHBIX HaHO- U MUKPOYACTHUIl OKCHJIa LIMHKA, MPOTEKAOIIEH B BOJHOM PacTBOpE
STUJICHTJIMKOJIS.

2. Pazpabotan MeTO/1 OJTy4eHUs HAHO- 1 MUKPOYACTHI] OKCHJIA ITUHKA Pa3HOM
mopgonorun pazmMepom ot 20 10 300 HM ¢ BEICOKOH IFIOTHOCTEIO AucioKanuii ~101° m2
U CoJiepKalllie KUCIOPOIHbIE BAKAHCHH.

3. HOKaBaHO, 4TO B XOAC OTKHIAd B IMOJIYUYCHHBIX HAHO- WM MHKPOYACTHIAX,

uMermux ¢GopMy TUIACTUHOK, Tpu Temrepatype 650 °C BciaeAacTBHE BHYTPEHHUX
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MPOIIECCOB MEPEPACTPENICTICHUS] OCYIIECTBISCTCS B3aUMOJECHCTBUE KHUCIOPOIHBIX
BaKaHCHUM C TUCIIOKAIUSIMH, 00Ia1aI0IMMK KpaeBO KOMIIOHEHTOM.

4. BbisiBIEHO, YTO HAHO- W MUKPOIUIACTUHKH, COJAEpKalllUe KUCIOPOIHBIC
BaKaHCHMM  BOJM3M  KpaeBbIX W  CMEIIAHHBIX  JUCJIOKAIlUH,  MPOSBIISIIOT
(OTOKATAIUTUYECKYIO aKTUBHOCTh TOJ JCHCTBHEM O0IyueHUs (POoToHaMH BHIAMMOTO
nuaral3oHa ¢ JinHoi BoJHbl 410-420 aM.

5. [Ipennoxken cnoco® M3roTOBJCHUS (POTOKATATUTUYECKH aKTHBHOIO
KOMIIO3UIIMOHHOT'0 MaTepuralia Ha OCHOBE MOJIUIUMETHUIICUIOKCAHA U MTOJTYyYEeHHBIX HAHO-
Y MUKPOIUTACTUHOK OKCHJIa IIMHKA.

Bwiteoowt

1. HaHO- W MUKpPOIUIACTMHKM OKCHJA LHHKA C BBICOKOM IUIOTHOCTBIO
nuciokanuii ~10'° M2 u KHCIOpOIHBIMK BakaHCHAMY (HOPMUPYIOTCS B KUIKOM CpelIE B
X0JI€ XMMHUYECKOM pEeaKLMH B3aMMOJCHUCTBUS XJIOpHIA LMHKA M TUIAPOKCHIA KaJus,
IPOTEKAIOLIEH MPU BBICOKOW CKOPOCTU. BhICOKkas ckopocTh (OpMHUPOBAaHUS MIACTUHOK
oOycioBiieHa psiioM (aKTOPOB, TAKUX KaK: BHICOKOE MOJIIPHOE OTHOLIEHHE LIEI0YH K

npekypcopy (15 x 1), u onTUManbHbIA COCTaB KUIAKON cpeanl: 25% BOIHOTIO pacTBopa

TUJICHTJIUKOJISL.
2. CTpykTypHBIE TpaHCHOPMALMK HAHO- ¥ MUKPOIUIACTUHOK OKCHJIA IMHKA C
BBICOKOM IUIOTHOCTBIO jguciokamuii ~ 10° M? W KHCIOPOJHBEIMM BaKaHCHSMU

NpoucxXomaT B xojae oTxura npu 650°C BciaeAcTBUE BHYTPEHHUX IPOLIECCOB
B3aMMOJICHCTBUSL KUCIOPOJHBIX BaKaHCUM W C JAUCIOKAIMAMH, YTO MPUBOAUT K
0o0pa3oBaHUIO NE€(PEKTHOTO KOMILIEKCA: AUCIOKALUS C aTMOC(epoil KHUCIOPOIHBIX
BaKaHCHH.

3. Hano- u MUKPOTUIACTUHKH OKCH/JIa IIMHKa MIPOSIBIISIIOT
(GOTOKATAMUTUYECKYIO AKTUBHOCTh TOJ JEHCTBUEM SJIEKTPOMATHUTHOTO W3JIyYCHUS
BUJIMMOM 00JIaCTH CIIEKTPa BCIIECTBUE MOTJIONIEHUS (POTOHOB ¢ IITMHOM BOTHBI 410420
HM KHCJIOPOJHBIMU BaKaHCHUSIMU, PACIIOJIOKEHHBIMU BOJIU3H TUCIIOKAITUH, 00J1a1at0IINX
KpaeBoOW KOMIIOHEHTOW, ¥ TPaHCHOPTUPOBKE (OTOIJIEKTPOHOB K TMOBEPXHOCTH

KpucTajijia BAOJIb JUHHUN JUCIOKAIIHH.
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Synopsis
General description of the thesis

Zinc oxide — crystal material, that is stable at ambient condition only in a form of
one allotropy modification, which has a structure of wurtzite. This structure is non-centro
symmetry, and in combination with strong polar chemical bond makes for high
piezoelectric effect. Zinc oxide is a direct semiconductor, it has a band gap equal 3.36 eV
[Morkog¢ H and Ozgiir U 2009 Zinc oxide: fundamentals, materials and device technology
(Weinheim: Wiley-VCH], which 1is corresponds to near ultraviolet region of
electromagnetic radiation. Reducing of crystal size of zinc oxide to value less 100 nm
permits to significant increasing of piezoelectric constants [Zhao M-H, Wang Z-L and
Mao S X Nano Lett. 4 (2004) 587-90] and decreasing of inhibition of recombination
process of electron and holes. Nano- and microparticles of zinc oxide can be used in
technologies of photocatalytic purification of water and air together with applications
based on photo- and piezoelectric effect due to their characteristics.

Relevance of the topic of investigation is determined by a fact that zinc oxide can
adsorb the electromagnetic radiation of visible light of spectrum due to appearance of
additional energy levels in band gap, arising as result of existence of misfits in crystal
lattice. This property has not only theoretical but practical meaning. The presence of
defects in semiconductor crystals enhances the range of electromagnetic waves, which
can initiate a photocatalytic reaction. In a case of zinc oxide such a range is able to include
waves of visible region of spectrum, consequently the photocatalytic reaction in the
presence of defect zinc oxide can proceeds under solar radiation. Oxygen vacancy like
other point defects causes such adsorption. There are different estimates displaying how
deep the level of oxygen vacancy lies: from 0.2 eV [Bateman T B Journal of Applied
Physics 33 (1962) 3309—12] to 1 eV [Janotti A and Walle C G V de Rep. Prog. Phys. 72
(2009) 126501] below of the edge of conductivity band. Measuring of wavelength of
electromagnetic radiation, which activate the photocatalytic reaction is an effective
technique to estimate the location of the defect level. Addition of silver nanoparticles

together to disperse particles of zinc oxide allows to intensify the photocatalysis. In the
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thesis it is experimentally investigated the evolution of defect structure of zinc oxide
nano- and microparticles and it is displayed the role of defects in processes of light
adsorption by such nano- and microobjects.

The aim of the work was to find the influence of defect structure and morphology of
zinc oxide nano- and microparticles on the photocatalytic properties including in the
presence of silver nanoparticles under electromagnetic radiation ultraviolet and visible
regions.

Tasks include:

1. Fabrication of spherical, wire-like, plane-like, and star-like nano- and
microparticles of zinc oxide, and also silver nanoparticles, with methods of colloid
chemistry.

2. Investigation of defect structure, morphology, phase composition, chemical
composition, and band structure on obtained zinc oxide nano- and micropartilces with
methods of X-ray diffraction, electron microscopy, difference scanning calorimetry,
infrared spectroscopy, and spectrophotometry of ultraviolet and visible region.

3. Investigation of kinetics of photocatalytic oxidation of phenol, dissolved on
water, under radiation of ultraviolet and visible spectral parts in the presence of zinc oxide
nano- and microparticles including together with silver nanoparticles.

4. Creation of physical model of effect of defect structure and morphology of
zinc oxide nano- and microparticles on their photocatalytic activity under electromagnetic
radiation of ultraviolet and visible spectral regions.

5. Fabrication of composite photocatalytic active material based on
investigated nano- and microparticles.

Scientific novelty of the work is:

1. It is found the conditions of formation of zinc oxide nano- and microparticles
with shape of planes, wires, spheres and star-like with high dislocation density ~10'5 m
and oxygen vacancies as result of chemical interaction between zinc precursor and

potassium hydroxide.
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2. It 1s displayed that annealing of zinc oxide nano- and microparticles with
initial dislocation density ~ 10" m™ and oxygen vacancies at 650 °C allows to shift the
spectrum of adsorption of electromagnetic waves to visible region.

3. It is found that adsorption of electromagnetic radiation of visible part of
spectrum with zinc oxide nano- and microparticles is stimulated by oxygen vacancies,
located near to dislocations.

4. It is shown that using of silver nanoparticles, on the surface of which is
forming a surface plasmon polariton under radiation with wavelength 410—-420 nm,
allows to increase the rate constant of photocatalytic oxidation of phenol for three times
under electromagnetic radiation of ultraviolet range (wavelength 365 nm) and six times
under electromagnetic radiation of visible range (wavelength 410420 nm).

The methods of investigation

It was used modern physical-chemistry methods of investigation of composition,
morphology and properties of obtained nano- and micropartices for realizing the
formulated tasks. Validity of used methods is shown further in the text of synopsis.

Practical significance of the work

1. A chemical method has been developed for obtaining nano- and
microparticles of zinc oxide of various morphologies ranging in size from 20 to 300 nm,
suitable for use as an active component of solar panels, composite materials with a
polymer matrix, and also as a photocatalyst.

2. Obtained zinc oxide nano- and microparticles with plane shape showed high
photocatalytic activity under electromagnetic radiation of visible and ultraviolet spectrum
parts in process of oxidation of phenol, dissolved in water at concentration below 1 ppm.

3. It was manufactured samples of composite photocatalytically active material
based on obtained zinc oxide nano- and microparticles and optically transparent
polymeric carrier of polydimethylsiloxane (PDMS).

4. It was designed a chemical method of obtaining silver nanoparticles, on the
surface of which is forming a surface plasmon polariton with resonant frequency higher
400 nm.

5. It is shown that silver nanoparticles displayed high antibacterial activity.
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During implementation of thesis work it was received 2 patents, which are pointed
at the end of the synopsis.

Principal Statements to the Presentation

1. Nano- and microparticles of zinc oxide with shape of plane and high
dislocation density ~ 10'> m are forming in aqueous solution of ethylene glycol as result
of chemical interaction of zinc chloride and potassium hydroxide, realizing in conditions
of molar ratio 1 to 15.

2. Annealing of zinc oxide nano- and microparticles at 650 °C permits to
motion of oxygen vacancies to dislocations and formation of defect complex.

3. Zinc oxide nano- and microparticles display photocatalytic activity under
radiation of visible spectral range due to adsorption of photons with wavelength 410-420
nm by oxygen vacancies located near the dislocations.

Approbation of the work

e Open school-conference of the CIS countries “Ultrasmallgrain and
nanostructural materials”, Ufa, Russia, 2016.

o 42nd FEBS Congress, Jerusalem, Israel, 2017.

e VIII International school «Physical material science», Togliatti, Russia,
2017.

e 13th International exhibition of water management Ecwatech, Moscow,
Russia, 2018.

e [II Scientific-Technological Symposium “Catalytic hydroprocessing in oil
refining ", Lyon, France, 2018.

e The international conference “Advanced materials week” Saint Petersburg,
Russia, 2019.

e VIII International conference “Crystal physics and deformation behavior of
advanced materials”, Moscow, Russia, 2019.

e IX International school «Physical material sciencey, Togliatti, Russia, 2019.
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e The 2nd International Conference on Physics and Chemistry of Combustion
and Processes in Extreme Environments “ComPhysChem’2(0)”, Samara,
Russia, 2020.
e 50th Scientific and scientific-methodical conference of ITMO University,
Saint Petersburg, Russia, 2021.
e X International school «Physical material sciencey, Togliatti, Russia, 2021.
e 5lst Scientific and scientific-methodical conference of ITMO University,
Saint Petersburg, Russia, 2022.
e XI The Congress of Young Scientists, Saint Petersburg, Russia, 2022.
e 52nd Scientific and scientific-methodical conference of ITMO University,
Saint Petersburg, Russia, 2023.
e XII The Congress of Young Scientists, Saint Petersburg, Russia, 2023.
Validity of scientific results was provided with using of modern precise physical-
chemical experimental methods of investigation of morphology, internal structure, optic,
and photocatalytic properties of nano- and microparticles. It was used modern analytic
verified equipment for implementation of the investigations. Obtained experimental
results were compared with data, described in scientific literature, in those cases, where
it was possible.
Publications
Based on the results of thesis it was published 9 papers in journals, indexing in
Scopus/Web of Science/PUHLI, from among of them 3 papers were published in Russian
journals and 6 papers — in foreign journals. Moreover, it was published 15 papers in
bulletins on conferences. The list of papers is shown at the end of the synopsis.
The author’s personal includes analysis of scientific literature on the topic of the
thesis, design of synthesis methods of nano- and microparticles, realizing of investigation
of their structure, properties and photocatalytic activity, analysis and discussing of the

experimental results, and writing of scientific papers on the topic of the thesis.
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Structure and volume of thesis

Thesis consists of introduction, 5 chapters, conclusion, and list of references. The
work is presented in 162 papers, includes 28 figures, 3 tables. The list of references
includes 111 items.

Summary of the thesis

In the introduction it is proved the relevance of thesis topic, it is set the aim and tasks
of scientific investigations, it is formulated the scientific novelty and practical
significance of the dissertation work.

The first chapter “The basic properties of zinc oxide nano- and microparticles and
methods of their fabrication” consists of five sections. The section 1.1 “Zinc oxide and
fields of its application” begins from description of crystalline structure of researching in
the work allotropic modification of zinc oxide. This modification has a wurtzite structure
and it is described by space group P6smc [Morko¢ H and Ozgiir U 2009 Zinc oxide:
fundamentals, materials and device technology (Weinheim: Wiley-VCH |, which is related
to hexagonal crystal system. Unit cell of wurtzite has one unique direction, which is
coincide with six-fold axis so that zinc oxide has an anisotropy of physical properties.
Tensor of piezoelectric coefficients of wurtzite has three independent components e;3 =
1.321 ¢/m?, e3; = —0.573 ¢/m? u e;s = —0.48 ¢/m?. In a case of mechanical load
in direction [0001] components e33 u e34 reply for polarization, induced by longitudinal
and transverse deformation respectively. Third component e, describes a polarization,
arising due to shear deformation.

Zinc oxide is a direct semiconductor. The value of specific resistance of ideal zinc
oxide is differ by 4—10 times according to the crystallographic direction, it is reached 1.6
and 17 Q-cm in [0001] and type <1120> respectively. Electrons are charge carriers in
zinc oxide due to Fermi level is located 0.2 eV below of conductivity band. The band gap
of zinc oxide is 3.36 eV, that corresponds to energy of a photon of near ultraviolet
electromagnetic radiation. Coefficient of optic adsorption of zinc oxide is 10 cm’!
(A=365 nm), so that deep of light penetration into the crystal reaches 100 nm. At the end

of the section, it is enumerated the basic branches of application of zinc oxide, such as:
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technologies based on photo- and piezoelectric effect, and photocatalytic purification of
water and air.

In the section 1.2 “Impact of imperfections of crystal structure on the properties of
zinc oxide” it is considered the effects determined by point defects and dislocations. An
oxygen vacancy makes for arising of an addition local energy level in band gap. In the
section it is presented different estimates of this energy. The level is located below the
edge of conductivity band on value from 0.2 eV [S. B. Zhang et al, Phys. Rev. B 63 (2001)
075205]to 1 eV [Anderson J. and Chris G Van de Walle, Reports on Progress in Physics.
72 (2009) 126501], so that the oxygen vacancy shifts the adsorption spectrum of zinc
oxide to visible region. Unlike the vacancy, a dislocation is a linear defect, so the local
energy levels, formed on dangling chemical bonds are located along its line and create a
chain of levels. An edge dislocation in zinc oxide plays role of electron conductor
[Shuvalov L.A., Modern crystallography. v.4. (1981) 496 (in Russian)] and allows to
move electrons to the surface of crystal. Electrical conductivity of zinc oxide rises with
increasing density of such dislocations.

The semiconductor properties are also influenced by atmospheres formed by point
defects near dislocations [Peter Y.Yu., Manuel Cardona, Fundamentals of
semiconductors. Physics and material properties. (2005) 636]. In zinc oxide in view of
the polarity of the chemical bond between the dislocation and point defect in addition to
the elastic interaction also act electric forces. As described in [Novikov L1I., Defects of
crystal structure of metals. (1983) 232 (in Russian)], edge and mixed dislocations
represent an electric dipole. The compression region is positively charged near the edge
of the extraplane, so the Coulomb forces repel the similarly charged oxygen vacancies
from this region. At the same time, the elastic interaction forces attract the vacancy to the
compression region, as shown in [Hirt J., Lote 1. Theory of Dislocations. (1972) 600].
Thus, two opposing forces act on the oxygen vacancy located near the edge of the
extraplane. The equilibrium of these two forces is a condition for the formation of the
Cottrell atmosphere.

In the section 1.3 “Photocatalytic properties of zinc oxide” it is considered a

mechanism of photocatalysis, which is implying in action of photoelectrons on chemicals.
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In the section it is enumerated structure characteristics, which influence the photocatalytic
activity of zinc oxide, analogies with other semiconductors are made. Among of the
indicated characteristics, it is marked value of specific surface, morphology, and defect
structure of zinc oxide samples. Rising of photocatalytic intensity is achieved by
increment of specific area of zinc oxide crystal. The use a photocatalyst in from of
disperse particles nano- and microscale allows not only increase the value of active
surface area, but also to reduce the probability of recombination between photoelectrons
and holes. Morphology of zinc oxide particles impacts on the photocatalysis rate due to
different faceting. In the section it is gave examples of comparison of photocatalytic
activity of particles having plane and wire shapes. Some authors validate that zinc oxide
nanoplanes display the highest activity because they predominantly faceted with (0001)
crystallographic planes, which can be include edge dislocations. However, these is a
different viewpoint, according to that planes type {1010} are the most active. Doping
atoms, located in zinc oxide crystal, change a spectral range of radiation activating the
photocatalytic reaction, while oxygen vacancies in a case of absence of dislocations
allows to increment concentration of free electrons, because they show donor properties
in zinc oxide. At the end to the section, it is giving examples of rising of photocatalytic
activity of a semiconductor due to the presence of a single dislocation [S.I.Cha et al,
Nanoscale. 5 (2013) 753]. It 1s formulated assumptions about the similar effect for zinc
oxide.

In the section 1.4 “Obtaining methods of zinc oxide nano- and microparticles” it is
revealing the impact of formation conditions of zinc oxide crystals in their size,
morphology, and structure. It is basically pinpointed to methods of colloid chemistry,
where crystal growing is initiating by a chemical reaction of interplay between zinc
precursor and alkali. As result of this interaction, zinc hydroxide precipitates and
subsequently undergoes thermal degradation with the formation of dispersed particles or
films of zinc oxide. The conditions for the formation of zinc oxide particles (nature of the
zinc precursor, temperature, molar ratio of reactants, composition of the liquid medium,
the presence of additional surfactants, etc.) are given. It is analyzed how changing these

conditions makes it possible to control the rate of particle formation, and hence the degree
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of their crystallinity. Subsequent annealing of zinc oxide nanoparticles, which do not
include dislocations, at different temperatures (from 250 °C to 400 °C) makes for
increment their photocatalytic activity due to diffusion of oxygen vacancies from the deep
of a crystal to surface layers [B. Tanujjal et al, Catalysis Today. 284 (2017) 11].In a case
of following increasing of annealing temperature it is observing the reducing of
photocatalytic activity due to decreasing of concentration of oxygen vacancies.

In the section 1.5 “Role of localized plasmon-polariton in photocatalysis™ it is
considering the mechanism of acceleration of photocatalytic reaction, which is realizing
in a case of contact of a noble metal nanoparticle and a semiconductor nanoparticle.
Acceleration of photocatalytic reaction takes place as result of passing of momenta from
localized plasmon-polariton to photoelectron of semiconductor. The photoelectron is
involved to the photocatalytic reaction. The best effect is observed in a case, when energy
of plasmon resonance corresponds to value of band gap of the photocatalyst. For this
reason, in the work, it is using silver nanoparticles whereas plasmon peak of aqueous
dispersions on these particles reaches from 380 to 440 nm. This range includes
wavelengths of electromagnetic radiation, which correspond to value band gap and
energies of additional local levels, arising as result the presence of oxygen vacancies in
zinc oxide. In the section it is listed chemical methods to obtain silver nanoparticles,
realizing in liquid mediums. These methods are based on chemical reaction of reduction
of silver ions with formation of neutral atoms and subsequent crystallization. Size and
morphology is regulated by variation of conditions of synthesis [Zhang W, Qiao X, Chen
J and Wang H Journal of Colloid and Interface Science 302 (2006) 370-3], as well as
additional surfactants [Naderi O, Nyman M, Amiri M and Sadeghi R Journal of Molecular
Liquids 273 (2019) 645-52], [Zhao T, Sun R, Yu S, Zhang Z, Zhou L, Huang H and Du
R Colloids and Surfaces A: Physicochemical and Engineering Aspects 366 (2010) 197—
202].

The second chapter "Methods for studying the properties of nano- and
microparticles used in the work" describes the measuring equipment and modes that were
used to study the phase and elemental composition, structure, size, morphology, as well

as optical and photocatalytic properties. The method of infrared spectrometry
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implemented by means of an IR-Tracer-100 Fourier Transform spectrometer
(Shimadzu, Japan), was used to record the absorption of infrared electromagnetic
radiation to detect the presence of zinc hydroxide impurities in zinc oxide particles. Using
the spectrophotometry method accomplished on an UV-2600 spectrophotometer
(Shimadzu, Japan), the values of the absorption edge of electromagnetic radiation by zinc
oxide particles and the peaks of the plasmon resonance of silver nanoparticles were
obtained. Electron microscopy, in particular scanning Carl Zeiss (Sigma, Germany) and
transmission JEM-2100F (Jeol, Japan), was used to study the morphology and sizes of
the obtained nano- and microparticles. The method of X-ray diffraction analysis carried
out using a XRD 7000 diffractometer (Shimadzu, Japan) was used to determine the
phase composition and defective structure of nano- and microparticles. Laser diffraction
of aqueous suspensions containing the obtained nano- and microparticles was studied
using a Sald-2300 analyzer (Shimadzu, Japan) to determine the particle size distribution.
The method of X-ray fluorescence analysis was used to study the elemental composition
of nano- and microparticles. The method was realization by using an EDX-8000 Energy
spectrometer (Shimadzu, Japan). The concentration of phenol dissolved in water was
determined by recording a characteristic fluorescent peak using the spectrofluorimetry
method implemented on a RF-6000 device (Shimadzu, Japan). The specific surface area
of nano- and microparticles was determined on a Surfer device (Thermo Scientific, USA)
using the Brunauer-Emmett-Teller (BET) method based on measuring the amount of
nitrogen physical adsorption. The method of differential scanning calorimetry was
implemented using a X-DSC 7000 device (Hitachi, Japan) to study the thermodynamics
of structural transformations in nano- and microparticles of zinc oxide during annealing.

Third chapter “Obtaining and investigation of zinc oxide nano- and microparticles”
consists of two sections. The section 3.1 “Obtaining of zinc oxide nano- and
microparticles” describes a method of synthesis of zinc oxide in a form of powder,
published in paper A1, K1, K2 and patented as an invention PI. The method is based on
interaction of zinc precursor with potassium hydroxide in aqueous solution ethylene
glycol at heating with subsequent annealing of obtained sediment. Zinc acetate and zinc

chloride were used as the precursor. Concentration of ethylene glycol in water reached
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from 25 to 40%. Synthesis parameters is given in the Table 1. Zinc hydroxide was formed
as result of interaction, and then it was degraded with arising of zinc oxide crystals,
precipitated in a form of white sediment. The present powder was divided on several parts
and annealed at 200 °C and 650 °C for eliminating of impurities of zinc hydroxide and
for modification of defect structure. Annealing was fulfilled by three stages: heating,
exposure, and cooling into a furnace. Duration of heating and exposure was reached three
hours. The offered method of synthesis was also used for fabrication of disperse
microparticles of gallium oxide, it is described in works A2, K3-K6.
Table 1 — Influence of formation condition on the morphology of zinc oxide nano-

and microparticles

: Concentration of
Synthesis ethylene glycol in Zinc Mixing Momholqu of
temperature, . zinc oxide
N aqueous solution, % precursor | rate, rpm )
C particles
mass
70 25 Acetate 1500 Spherical
70 25 Acetate 600 Wire-like
40-70 25 Chloride 600 Plane-like
70 3045 Chloride 600 Star-like

In the section 3.2 “Morphology, structure and properties of zinc oxide particles” it
is shown a data about the obtained particles. The samples were powders of nano- and
microparticles with wurtzite structure regardless of the formation conditions. Defect
structure of the obtained particles was explored by method of X-ray diffraction analysis.
Tables 2 summarizes the information about structure characteristics of nano- and
microparticles before and after annealing. The present data demonstrates, that annealing
made for changing of morphology, led to insignificant increment of particle size from 120
to 140 nm and fundamentally decreased the value of surface area of particles from
31.68+0.28 to 9.06+0.38 m?*g. Such an appreciably lowering of surface area was a
consequence of destruction of zinc hydroxide nanoparticles, which had been kept stable

during the synthesis and were present in the samples before annealing.
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Table 2 — Structure characteristics of the obtained zinc oxide nano- and

microparticles

Characteristics of the zinc

oxide nano- and

Before annealing

After annealing at

i 650 °C
microplanes
Size, nm 120 140
Surface area, m%/g 31,68+0,28 9,06+0,38

Phase composition

Zinc oxide P6smc with
impurities of zinc

Zinc oxide P6s;mc

hydroxide
Element composition Zn, O /n, O
Lattice a 3,251 3,251
parameter, A c 5,209 5,206
’ c/a 1,603 1,601
Crystallite size, nm 18,4+1.,4 28.,5+1,9
Dislocation density, 1.540,3 0.640.1

m? 10"

In the Fig. 1 it is presented adsorption spectra of infrared (IR) and ultraviolet regions,
and also a plot of scanning difference calorimetry (DSC) of the obtained nano- and
microparticles. X-ray diffractograms were processed by plotting the "Strain size plot"
(Fig. 1a), the crystallite size was determined by the value of the slope angle of the obtained
linear dependences, the dislocation density was equal to the ratio of one to the square of
crystallite size, and the intersection point of linear dependences with the "y" axis allowed
calculating the microdeformation value. The data obtained indicate a change in the size
of the coherent scattering regions from 18.4+1.4 to 28.5+1.9 nm and the dislocation
density from (1.520.3)-10" m™ to (0.6+0.1) -10" m™. Results of DSC (Fig. 1 b) showed
two endothermal peaks at 118 °C and 232 °C, which is corresponded to the presence of
two allotropic modifications of zinc hydroxide. Band gap of zinc oxide nanoplanes was

insignificantly changed before and after annealing from 3.31 to 3.29 eV (Fig. 1 c¢). In the
IR plot (Fig. 1d) it is shown two peaks 3380 cm™! and 3390 cm™!, which are corresponded
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to substances, including hydroxide groups. Annealing at 200 °C made for vanish of the

3380 cm™! peak. That confirmed the assumption about the nature of the peak.
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Fig. 1 - Characteristics of the obtained zinc oxide nanoplates. (a) Strain Size
Plot, (b) infrared absorption spectrum between, (c) ultraviolet absorption

spectrum, (d) differential scanning calorimetry curve

The Fig. 2 shows X-ray diffractograms, histograms of size distribution of planes and
images of zinc oxide nano- and microplanes before and after annealing at 650 °C, made

by scanning electron microscopy.
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Fig. 2 — Characteristics of zinc oxide obtained nanoplanes: left column shows
data before annealing, right — after annealing at 650 °C. (a) X-ray diffractograms,
(b, ¢) histograms of size distribution, (d, ) images obtained by scanning electron

microscopy
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Fourth chapter “Photocatalytic properties of obtained zinc oxide nano- and
microparticles” consists of 5 sections.

In the section 4.1 “Realization method of photocatalytic tests™ it is shown design of
laboratory set-ups, which were used for investigation of photocatalytic activity of zinc
oxide particles. The method of the tests was described in works of the author of the thesis
A2 and A3. Photocatalytic tests under radiation of visible spectral part were implemented
in a set-up with light filter, which adsorbs electromagnetic radiation with wavelength
shorter 410 nm. Thus, water, contained phenol and zinc oxide nanoparticles, was
underwent by radiation of light with photon energy 2.95 eV and below. The initial
concentration of phenol in solution was 1 mg/l, concentration of zinc oxide particles — 1
g/1, concentration of silver nanoparticles — 0.01 g/1 (1% of the photocatalyst content).

In the section 4.2 “Obtaining and investigation of silver nanoparticles” it is described
a method of synthesis of silver nanoparticles, published in a paper A5, K7 and K8. The
method is based on a reaction of chemical reduction of silver ions to atoms with
subsequent crystallization in the presence of surfactants. The particles were obtained as
result of interaction between silver nitrate and hydrazine in aqueous solution in the
presence of potassium oleate. Further processing of the solution was fulfilled by
extraction of potassium oleate to a nonpolar solvent for prevention on influence of
surfactants on the photocatalysis in process of adsorption on the surface on zinc oxide
particles. In the Fig. 3 it is shown an image of nanoparticles, made by scanning electron
microscope, and spectra of optic adsorption of water solution of silver nanoparticles. The
obtained nanoparticles had diameter from 10 to 30 nm (Fig. 3a), peak of optic adsorption

of aqueous solution had a value 412 nm (Fig. 3a).
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Fig. 3 — Characteristics of silver nanoparticles, (a) SEM images, (b) spectra of

optic adsorption of aqueous solution of silver nanoparticles

The role of nanoparticles exhibiting the plasmon resonance effect in photocatalysis
was quantitatively evaluated by studying the photoelectric properties of zinc oxide thin
films coated with silver nanoparticles under ultraviolet radiation. It was found that the
silver nanoparticles allowed increasing the current strength of the zinc oxide layer by a
factor of five from 0.11 mA to 0.50 mA. The results of the research were published in
paper A6.

In the section 4.3 “Results of photocatalytic tests of zinc oxide nano- and
microparticles” it is presented a data about activity of obtained photocatalysts under
radiation of visible and ultraviolet ranges on an example of chemical degradation of
phenol. The test data were illustrated in works A, A4 and K9-K11. It was experimentally
proven that morphology of zinc oxide nanoparticles effected on the rate of photocatalytic
oxidation. Rate constant of phenol oxidation was reached 0.420.10 hour!, 0.6+0.10 hour’
1, 0.9+0.40 hour’!, for nanowires, spherical nanoparticles, and nano- and microparticles
respectively. All the obtained particles were annealed at 650 °C and then they were tested
on their photocatalytic activity. After annealing the rate constant was reached 0.4+0.10
hour™, 1.8+0.50 hour!, 1.940.06 hour! for nanowires, spherical nanoparticles, and nano-
and microparticles respectively. The value of surface area before annealing was

28.35+0.34 m?/g, 32.49+0.59 m?/g, 31.68+0.28 m?/g; after annealing was 29.65+0.43
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m?*/g, 31.26+0.59 m?/g, 9.06+0.38 m?/g for nanowires, spherical nanoparticles, and nano-
and microparticles respectively.

In the Fig. 4 it is presented kinetic plots of photocatalytic oxidation of phenol in the
presence of zinc oxide planes. It was shown that planes after annealing at 650 °C
displayed the photocatalytic activity under radiation of visible region with wavelength

410 nm (Fig. 4b). Particles with other morphologies did not show such activity after

annealing under similar conditions.
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Fig. 4 — Kinetic plots of photocatalytic oxidation of phenol in the presence of
synthesized zinc oxide nano- and microparticles, also in the presence of zinc oxide
nano- and microparticles annealed at 650 °C separately and together with silver

nanoparticles: (a) under ultraviolet radiation, (b) under visible light radiation

The Table 3 summarizes the data of kinetics of photocatalytic process and structural
characteristics of zinc oxide nano- and microparticles, which were used in the tests,
together with silver nanoparticles and without them. The use of silver nanoparticles
together with nano- and microparticles in the photocatalysis allowed to sixfold increase
the rate constant from 0.05+0.01 hour™ to 0.3+0.01 hour! under radiation of visible light

and threefold from 1.9+0.06 hour™ to 7.1+0.66 hour ' under ultraviolet radiation.
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Table 3 — Influence of structural characteristics on zinc oxide nano- and

microparticles on their photocatalytic activity

Characteristic of zinc oxide nano- and . Aft.er
microparticles Before annealing | annealing at
650 °C
UV radiation (365 nm) 0.9+0.40 1.9+0.06
Rate constant P
of phenol uv radlathn (365 nm) together ] 7 140.66
o with AgNPs
OXﬁda“_‘f“’ Visible radiation (410 nm) - 0.05£0.01
our Visible radiation (410 nm) ] 034001
together with AgNPs T
Band gap, eV 3.31 3.29
Surface area, m%/g 31.68+0.28 9.06+0.38
Average size, nm 120 140
Crystallite size, nm 18.4+1.4 28.5+1.9
Microdeformation, &, 0.0014 0.0007
Dislocation density, m™? - 10" 1.5+0.3 0.6+0.1

In the section 4.4 “Role of defect structure in photocatalytic properties of zinc oxide
nano- and microparticles” it if described a mechanism of adsorption of visible range
photon with the obtained zinc oxide nano- and microparticles with shape of planes. The
Fig. 5 shows a scheme, which is illustrated this mechanism, published in works A7. An
oxygen vacancy adsorbs a photon, and then activate photoelectron is moving along a
dislocation line to the crystal surface of zinc oxide and takes place in the photocatalytic
reaction. In Fig. 5 the photoelectron is marked by green sphere with a sign “minus”.

The annealing of zinc oxide nanoplates contributed to an increase in the average size
of crystallites due to the formation of dislocation walls. At the same time, the diffusion
of oxygen vacancies to dislocations occurs at this temperature. The experimental results
showed that the photon energy activating the photocatalytic process is equal to 2.95 eV.
At the same time, the band gap width of the photocatalysts used in this work was 3.30
eV. Consequently, the depth of the additional level due to oxygen vacancy was 0.35 eV

below the edge of the conduction band.



55

: O [0001] /Extraplane O - CO
A 2 2

7 By-products

of oxidation

an
-
-t
oooo
Pl
-t
wt

Output of dislocation on

Line of an,..=""

edge dislocation

Burgers vector

| S I
b=%a[1120] l/\;._.______? ."""“FﬂO] ©

The surface of a particle
[2110]
a b
Fig. 5 - Schematic diagram of the influence of zinc oxide defect structure on
the absorption of electromagnetic radiation photons in the visible spectrum. (a)
Elementary cell of zinc oxide, which shows the edge dislocation lying in the plane
(0001) and oxygen vacancy, (b) The surface of a zinc oxide particle on which the

photocatalytic process takes place

The role of defects in the photocatalysis was experimentally estimated on the
example of phenol oxidation in the presence of zinc oxide disperse particles, whose
average size reached 44 um. The particles were obtained by solution self-igniting high-
temperature synthesis (SCS), which is described in A8 and K12. The high defectiveness
was ensured by the fast synthesis rate, so the large particle sizes did not impede the
manifestation of photocatalytic activity. The results of photocatalytic tests of zinc oxide
powders obtained by the SCS method are given in paper AS.

The Section 4.5 "Obtaining a massive composite material based on nano- and
microplates of zinc oxide" describes the technique of fixing zinc oxide nano- and
microplates on the surface of a polymeric carrier, the main one being
polydimethylsiloxane (PDMS). This polymeric carrier was selected from a list of other
materials on the basis of a scientific literature review published as the author's article A9.

Due to its inertness to water and optical transparency in the visible and ultraviolet regions
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of the electromagnetic radiation spectrum, PDMS was the best suited for use as a carrier
for nano- and microparticles of the photocatalyst.

The optical transmission spectrum of the obtained composite material is shown in
the Fig. 6. Due to the insignificant amount of photocatalyst (0.1% wt), the composite
material remained transparent. This can be used to create a multilayer photocatalytic cell.
The rate constant of the photocatalytic process under the action of visible light irradiation
in the presence of the obtained material was found to be 0.05 h!, which is comparable
with the rate constant in the case of using zinc oxide nano- and microplates in the form
of powder dispersed in water. In this case, the concentration of photocatalyst particles
was 0.003 g/l in the case of composite material, and 1 g/l in the case of powder. Thus, the
presented material allowed to reduce the consumption of photocatalyst due to the

prevention of particle agglomeration processes during photocatalysis. The results are

published in paper A4, K13, K14.
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Fig. 6 — Optical transmission spectrum of a sample of the obtained

photocatalytic composite material

In the fifth chapter "Practical application of the obtained nano- and microparticles
of zinc oxide" the data on the application of the obtained zinc oxide particles in the
processes of water purification from toxic organic substances in the processes of final

treatment of wastewater from petrochemical enterprises containing phenol and oil
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products, are presented. The high efficiency of the studied photocatalysts is shown, and
the patents obtained in the course of the dissertation work are presented. The prospects of
application of the obtained materials in the technology of industrial wastewater treatment
are described in K15.

In the conclusion the main results of the work are formulated.

1. The optimum conditions for chemical reaction of forming defect zinc oxide
nano- and microparticles in aqueous solution of ethylene glycol was determined.

2. The method of obtaining the zinc oxide nano- and microparticles different
morphology with the size from 20 to 300 nm with high dislocation density ~10'> m™ and
containing oxygen vacancies was developed.

3. It was shown that during annealing in the obtained nano- and microparticles
with plate shape at 650 °C due to internal drift processes the interaction of oxygen
vacancies with dislocations takes place.

4. Nano- and microplates containing oxygen vacancies near edge and mixed
dislocations were found to exhibit photocatalytic activity under the action of irradiation
by photons of visible range with a wavelength of 410—420 nm.

5. A method of making photocatalytically active composite material based on
polydimethylsiloxane and obtained nano- and microplates of zinc oxide was proposed.

Conclusions

1. Zinc oxide nano- and microplates with high dislocation density ~ 10> m™
and oxygen vacancies are formed in a liquid medium during the chemical interaction
between zinc chloride and potassium hydroxide occurring at high rate. Several factors,
such as high molar ratio of alkali to precursor (15 to 1) and optimal composition of the
liquid medium, lead to the high rate of plate formation: 25 % aqueous ethylene glycol
solution.

2. Structural transformations of nano- and microplates of zinc oxide with high
dislocation density ~ 10'> m? and oxygen vacancies occur during annealing at 650 °C due
to internal processes of interaction of oxygen vacancies and with dislocations, which

leads to the formation of defect complex: dislocation with oxygen vacancy atmosphere.
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3. Zinc oxide nano- and microplates exhibit photocatalytic activity under the
influence of electromagnetic radiation of visible spectrum due to the absorption of
photons with a wavelength of 410—420 nm by oxygen vacancies located near dislocations
with an edge component, and the transport of photoelectrons to the crystal surface along
the dislocation line.
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BBenenue

OkcuJl MHKAa — KPUCTAJUIMYECKUH MaTepuall, CTAOMJIbHBIA TpPU HOPMaJIbHBIX
YCJIOBHSIX TOJBKO B BHJIE OJTHOM aJUTOTPOITHON MOIU(UKAITNHN, KOTOPasi UMEET CTPYKTYPY
BIOPIIUTA. DTa CTPYKTYypa ABJISETCA HELIEHTPOCUMMETPUYHON U B COYETAHWUU C CHIIBHO
MOJISIPHON XUMHUUYECKOU CBSI3bI0 00YCIIaBIIMBAET BBICOKHUM MbE303JIEKTPUUECKUM 3P PEKT.
Okcua 1MHKa SIBIAETCS  MPSMO3OHHBIM — MOJYIPOBOJAHUKOM, HMEET IIHPUHY
3anpeeHHoit 30ub1 3,36 3B [Morko¢ H and Ozgiir U 2009 Zinc oxide: fundamentals,
materials and device technology (Weinheim: Wiley-VCH)], 4TO COOTBETCTBYET SHEPIUU
dboToHa OmmkHEN yabTpaduoIeTOBON 00JIaCTH CIIEKTPA AJIEKTPOMArHUTHOTO U3ITyYCHUSI.
YMeHblIEHNE pa3MEPOB KPUCTAIIIA OKCH/Ia IMHKA 10 BenyuH MeHee 100 HM npuBOIUT
K 3aMETHOMY YBEJIMYEHHUIO NMbE303JIEKTPUUECKUX KOHCTAHT [Zhao M-H, Wang Z-L and
Mao S X Nano Lett. 4 (2004) 587-90], a Takxe CHUKEHHIO HHTEHCUBHOCTH ITPOIIECCOB
PEKOMOMHAIIMU DJIEKTPOHOB U JBIPOK. biiaromapsi cBOMM XapakTEepUCTHKaM HaHO- U
MUKPOUYACTUIIBI OKCHJIa IMHKA HapsiAy C TEXHOJOTHSMU, OCHOBAaHHBIMU Ha (OTO- H
MbE302JIEKTPUUYECKOM (D PeKTe, HAXOAAT MPUMEHEHHE B (POTOKATATUTUIECKON OUUCTKE
BOJIbI M BO3/TyXA.

AxmyanbHocms memwvl UCCIEIOBAHUS 00YCIOBJICHA TEM, YTO OKCHJ IIMHKA MOXKET
MOTJIONIATh U3ITyYeHHE BUIUMOM O00JIACTH CIIEKTPA 3a CUET MOSBJICHUS JOTIOTHUTETHHBIX
HSHEPreTUYECKUX YPOBHEM B 3alpelieHHOW 30HE, BO3HUKAIOUIMX BBUJY HAIUYUS
MCKaXEHUW KPUCTAJUIMYECKON PEUIETKH. JTO CBOMCTBO OKCH/IA LIMHKA UMEET HE TOJIBKO
TEOPETUYECKYI0, HO M TMPAKTUYECKYI 3HAa4YMMOCTh. Hamuuue nedextoB B
MOJTYTIPOBOJHUKOBBIX KPUCTAIJIAX paCUIUpsieT IUana3oH 3JIEKTPOMArHUTHBIX BOJIH,
CIIOCOOHBIX MHUIIMUPOBATh (POTOKATAIUTUYECKYIO Peakiuio. B ciyudae okcuaa nuHKa
TaKoOW Juara3oH MOXET BKJIIOYaTh BOJIHBI BUIUMON O0JacTH CHEKTpa, a 3HAYMUT
dboToKaTamUTHUECKAs PEaKIUs B MPUCYTCTBUHM JCPEKTHOTO OKCHJA ITMHKA MOXKET
MpOTEeKaTh MPHU OOJYHYCHHH COJIHEUHOUW pamuanueit. Kuciopomnas BakaHcus Hapsay ¢
JPYTUMHM TOUY€UYHbIMU JedexTamu oOyciaBiuBaeT Takoe mnoromieHue. CyIiecTBYIOT
pa3Hble OIICHKM TJIyOWHBI 3ajJieraHusi YpOBHSA KucioponHoi Bakancuu: oT 0,2 »B
[Bateman T B Journal of Applied Physics 33 (1962) 3309-12] no 1 3B [Janotti A and
Walle C G V de Rep. Prog. Phys. 72 (2009) 126501 ] nvxe kpasi 30HbI IIPOBOJIUMOCTH.
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O¢ddexTuBHBIM CIOCOOOM YCTAaHOBIICHUSI TJIyOMHBI 3ajieTaHusi YpPOBHS SBIISETCS
U3MEpPEHUE JJIMHBI BOJHBI 3JIEKTPOMAarHUTHOTO W3Y4YE€HUS, MOJ JEHCTBUEM KOTOPOTO
UHUIMUpYyeTCs: (doToKaTanuThyeckas peakuus. JloOaBieHne HaHOYAcTHIl cepedpa K
JMCTIEPCHBIM YacTHUIIaM OKCHJIa IIMHKA CIIOCOOCTBYET MHTEHCU(DUKAIMU (POTOKATAIIM3A.
B nuccepranuu 3KCIIEpUMEHTANBHO HMCCIEIYETCS ABOMIONUSA JNe()EKTHOM CTPYKTYpbI
HAaHO- W MHUKPOYACTHUI] OKCHJAa LIMHKA M BBIABIAETCA pOJb ACPEKTOB B Ipolieccax
MOTJIONIEHUS CBETa TAKUMHU HAHO- U MUKPOOOBEKTaMHU.

Llenvio pabomsi SBASAIOCH YCTAHOBJCHHE BIMSHHUS IEPEKTHOW CTPYKTYyphl U
MOp(}OIOrHH HAaHO- U MUKPOUYACTHUI] OKCH/JIA ITMHKA Ha (POTOKATATUTUYECKUE CBOCTBA B
TOM 4YMCJI€ B IPUCYTCTBUM HAHOYACTHI] cepedpa MoJ IEeHCTBUEM 3JIEKTPOMArHUTHOTO
o0JrydeHust yiabTpadruoaeTOBOTO U BUIUMOTO JUATIa30HOB.

3aoauu pabomul xarOUANU:

1. [Tomyuenune  cepuyeckux, CTEpKHEOOpa3HbIX, IJJACTUHYATBIX U
3BE3AUaThIX HAHO- MU MHUKPOUYACTHI] OKCHJA IIMHKA, a TaKKe HaHOYacTHI] cepebpa
METOJIaMU KOJIJIOUJTHOU XUMHUH.

2. UccnenoBanne nedexkTHON CTpYyKTypbl, Mopdoioruu, (pa3oBOro CocCTana,
AJIEMEHTHOT'O COCTaBa M 30HHOM CTPYKTYpPhI MOJTYYEHHBIX HAHO- U MUKPOUYACTHI] OKCHJIA
IMHKAa METOJAAMH pPEHTICHOBCKOW AHU(PPAKTOMETPUH, 3IEKTPOHHOW MHKPOCKOIUH,
i pepeHInanbHO-CKaHUPYIOIIEH KalopuMEeTpUH, UHPPAaKpAaCHOW CHEKTPOMETPUHU U
CHEKTPO(HOTOMETPUHU YIIbTPAPUOIETOBOIO U BUAUMOIO AUAINA30HOB.

3. HccnenoBanre KWHETHKH (HOTOKATATUTHUECKOTO TMPOIecca OKUCICHHS
¢dbeHoma, pacTBOPEHHOTO B BOJE, MOJA JACWCTBHEM DSJIEKTPOMAarHUTHOTO W3JIyYCHUS
yJIbTPapuOIETOBOIO M BHUAMMOIO JMANa30HOB CHEKTpa MpPU HATUYUU HAHO- U
MUKPOUYACTHI] OKCH/IA IIMHKA B TOM YHCJIE COBMECTHO ¢ HAaHOYACTHIIAMH cepedpa

4. PazpaboTka ¢usnueckord Monaenu BIHUSHHUS Te()EKTHOW CTPYKTYPHI U
MOp(}oJIOrMM HAHO- W MHUKPOYACTHI[ OKCHJA LWHKAa HAa MX (POTOKATAIUTUYECKYIO
aKTUBHOCTH B YCIOBUSIX  BO3JCHCTBUS  DJCKTPOMAarHUTHOTO  OOJydeHUs
yJIbTPapUOIETOBOTO U BUAUMOIO AUANAa30HOB CIEKTPA.

5. [TomrydeHnne KOMIO3UIIMOHHOTO (POTOKATATUTHISCKH aKTUBHOTO MaTepuaia

Ha OCHOBC HCCJICIOBAHHBIX HAHO- U MUKPOYAaCTHUIl OKCH/IAa TWHKA.
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Hayunasa nosusna pabomel saxnrouaemes 8 mom, umo:

1. BrisiBiieHb! ycnoBusi GOpMHUPOBAaHUS HAHO- U MUKPOYACTHUI] OKCH/IAa IUHKA B
dbopMe TMIACTHHOK, CTEepXHEH, chep M 3BE3qUYaTbIX MHOTOIPAHHUKOB C BBICOKOM
IJIOTHOCTBIO AucIOKauid ~ 10 M2 M KMCIOPOOHBIMM BAKaHCUSIMH B DE3YJILTATE
XUMUYECKOM pEeaKMy B3aUMOJICUCTBUA MPEKYypCcOpa HUHKA U TUAPOKCUIA KA.

2. [Toka3zaHo, yTo oTxUr 1pu 650 °C HAHO- ¥ MUKPOIUIACTHHOK OKCHJA LIMHKA
C HCXOIHOM BBICOKOM IIIOTHOCTHIO AUCIOKauii ~ 101 M 1 KMCIOPOgHBIMK BAKAHCUSMH
CHOCOOCTBYET CABUTY CIIEKTpa MOTJIOMIEHUS SJICKTPOMArHUTHBIX BOJH B BUAMMYIO
00J1acTh CHIEKTpa.

3. VY CTaHOBIEHO, YTO MOTJIOIIEHNUE AIEKTPOMATHUTHOTO U3IyYEHUs BUAMMOU
YaCTH CIIEKTPa HAHO- U MUKPOILJIACTUHKAMH OKCUA IUHKA O0YCIIOBIEHO KUCIOPOAHBIMH
BaKaHCHUSMH, PACTIONOKEHHBIMHU BOJIM3U KPAEBbIX U CMEIIAHHBIX AUCIOKAIUI.

4. [TokazaHo, YTO HCINOJNB30BAaHME HAHOYACTHI] cepedpa, Ha MOBEPXHOCTU
KOTOPBIX ITPH BO3ACUCTBUU 3JEKTPOMArHUTHBIM O0Jy4Ye€HHUEM C IITUHOUN BoaHbI 410420
HM 0O0pa3yroTCs JIOKAJIU30BaHHbBIE IUIA3MOH-TIOJSPUTOHBI, IO3BOJIAET YBEJIWYUTH
KOHCTaHTy CKOpPOCTH (DOTOKATaIUTHYECKOTO OKUCIEHUs (eHona B TpHU pa3a MOJ
JEHCTBUEM 3JIEKTPOMAarHUTHOTO U3Ty4YeHHs! yAbTpadroiIeToBOW 00JacTH (JJIMHA BOJIHbI
365 HM) U IECTh pa3 MoJ ACHCTBUEM U3IIYUSHUS BUAUMOM 00J1acTH (Ji7TiHA BOJIHBI 410—
420 aM).

Memoowl uccnedosanus

JInst BBINOJIHEHMSI TIOCTAaBJIEHHBIX 3a7ad ObUIM HCIOJIb30BaHbl COBPEMEHHbBIE
(U3BUKO-XMMHUYECKHE METOAbl MCCIEIOBAaHUS COCTaBa, CTPYKTYphl, Mopdojorud u
CBOMCTB ITOJIyYEHHBIX HAHO- © MUKPOYacTULl. [J0CTOBEpPHOCTH UCITOIB30BAaHHBIX METOIOB
NoKa3aHa Jiajiee B TeKCcTe aBropedepara.

Ipaxmuueckas 3navumocms pabomul

1. Pa3zpaboTan XxMMUUECKHI METO]] MOJy4YE€HUsI HAHO- U MUKPOUYACTHUI] OKCUIA
IIMHKa pa3Hoit Mopdosoruu pazmepom oT 20 10 300 HM, IPUTOTHBIX AJISI UCTIOIB30BAHUS
B KAaueCTBE AaKTHMBHOTO KOMIIOHEHTA COJIHEYHBIX IaHENE, KOMIO3ULMOHHBIX

MaTEPUAJIOB C NOJUMEPHON MAaTPULIEH, a TAKXKE B KaueCcTBE (POTOKATAIN3aTOopa.
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2. [ToyyeHHBIE HAHO- U MUKPOYACTHIIHI OKCHJIa IIMHKA B (JOpME TMIIACTHHOK
MOKa3aJd  BBICOKYIO  (POTOKATAIUTUYECKYIO  aKTUBHOCTh  MOJ  JCUCTBUEM
AIIEKTPOMArHUTHOTO OOJyueHUs BUAMMON M yibTpaduosieTOBOW o0JacTeil crekTpa B
X0/J1e OKUCIEeHUS (eHOJIa, PACTBOPEHHOT'O B BOJIE B KOHIIEHTpAIMK 10 1 Mr/.

3. N3roTtoBieHbl 00pa3iibl KOMIO3UIIMOHHOTO (POTOKATAIUTUYECKA AKTUBHOTO
MaTepuraljia Ha OCHOBE MOJYYEHHBIX HAHO- U MUKPOYACTHUI] OKCUJA [IUHKA U ONTHYECKH
MIPO3pavyHON MOJIUMEPHOU MaTpuIlbl U3 nouauMeTuiacuiokcana (I1IJJMC).

4. Pa3paboTan XuMHYECKHMII METOJ TMOJy4YeHHS HAHOYacTHIl cepedpa, Ha
KOTOPBIX TP  BO3JIEUCTBUU  AJICKTPOMArHUTHBIM  HW3JIy4deHUeM, (popMupyercs
JIOKATN30BAaHHBIN IJIa3MOH-TIOJISIPUTOH C PE30HAHCHOU JUTMHOU BOIHBI OoJibiie 400 HM.

5. [Toka3aHo, 4TO MOTYyYE€HHbIE HAHOYACTHUIIBI cepedpa MPOAEMOHCTPUPOBAIIH
BBICOKYI0 aHTHOAKTEPUAIbHYIO AKTUBHOCTb.

B Xxone BBINMOJIHEHUS IHUCCEPTAIMOHHONW PaOOThl OBLJIO TOJYYEHO 2 MAaTEeHTa,
KOTOpPBIC YKa3aHbl B KOHIIE aBTOpedepara.

Tlonootcenus, viHoCUMbLE HA 3AUUNLY

1. Hano- U MuKpodacTHIbl OKCHJIa IMHKA B (hOpME IJIACTUHOK C BBICOKOM
IUIOTHOCTBIO quciokanuii ~ 10 M? ¥ KMCIOpOIAHBIMU BakaHCUSAMH (OPMUPYIOTCS B
BOJTHOM PacTBOPE ITUJICHTJIUKOJIS B PE3YIbTATE XUMUYECKOTO B3aUMOJEHCTBUS XJIOpUIa
LIMHKA ¥ TUAPOKCUAA KaJlvs IPU UX MOJISIPHOM COOTHOIEeHnH 1 k 15.

2. OTXHUT HAHO- U MUKPOIUIACTHHOK okcua IuHKa nmpu 650 °C crnocoOCTByeT
MEePEMEILICHUIO KHUCJIOPOJHBIX BaKaHCUW K JUCIOKAIMSAM, OOJaJaloluM KpaeBou
KOMIIOHEHTOM, 4TO MPUBOAUT K 00pa3oBaHUIO JAE(HEKTHOTO KOMILJIEKCA: TUCIOKAIUS C
aTMoc(epor KHCIOPOIHBIX BaKaHCHUH.

3. Hano- u MUKPOTUIACTUHKH OKCHJIa IIMHKA MIPOSIBIISIFOT
(GOTOKATAMUTUYECKYIO aKTUBHOCTh TIOJl JCHCTBHEM OOJydYeHUS BHIUMOW OOJACTH
AIEKTPOMArHUTHOT'O CIIEKTPa BCJICACTBUE MOTJIOMIECHUS (POTOHOB ¢ JUIMHOM BOHBI 410—
420 HM KHUCJIOPOJHBIMH BaKaHCHUSIMH, PACIOJOKEHHBIMUA BOJU3M JUCIOKAIIUM,

o0JagaroNMX KpaeBoii KOMIIOHEHTOM.
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Hocmoeepnocms ~ nonyuenHvix — pe3yiemamos — OOecrneueHa — MPUMEHEHHEM
COBPEMEHHBIX  TOYHBIX  (PU3UKO-XMMUYECKHX  OKCIEPUMEHTAJIbHBIX  METOJ0B
UCCIIEIOBAHUS Mopdooruu, BHYTpPEHHEI CTPYKTYpHI, ONTUYECKUX u
(boTOKaTAMUTUYECKUX CBOMCTB HAHO- M MUKpoYacTHUIl. /{151 nmpoBeaeHUs nuccieqoBaHu
UCIIOJI30BAJIOCh ~ COBPEMEHHOE  AHAJIIMTUYECKOE  TIOBEPEHHOE  00OpyJIOBaHUE.
[TonydeHHbIe PKCIEPUMEHTATIBHBIE TAHHBIE COMOCTABIISUIUCH C JAHHBIMU, OMHCAHHBIMU
B HAy4YHOU JIUTEPAType, B T€X CIIydasixX, IJi€ 3TO ObLIO BOZMOMXHO.

Ilyonuxayuu

[lo wmarepuanaMm auccepranuu omnyOluMkoBaHO 9 crarel B JKypHaiax,
uHaekcupyembix B Scopus/Web of Science/PUHII, u3 Hux 3 cratbu onmyOJMKOBaHbBI B
OTEUECTBEHHBIX JXypHallax U 6 crareii — B 3apyOekHbIX XypHanax. Kpome Toro,
ommyOnrKoBaHoO 15 crareii B Marepuanax koHpepeHuuid. Cnucok onyOJuKOBaHHBIX paboT
MIpUBEJICH B KOHIIE aBTOpedepara.

Jluunwlii 6x1a0 aemopa COCTOUT B AHAIW3E€ HAYYHOW JIMTEpPATypbl IO TEME
JUCCEpTaIiK, B pa3pab0TKe METO/IOB MOJTYUYEHUsI HAHO- U MUKPOYACTHII, B IPOBEICHUN
UCCJIEIOBAHUM X CTPYKTYPbI, CBOMCTB U ()OTOKATATUTUYECKOW aKTUBHOCTH, aHAIN3E U
00CYXIEHUU PE3yJIbTaTOB SKCIIEPUMEHTOB U HAMMMCAHUW HAYYHBIX MyOJIMKALUM 110 TEME
JIMCCEpPTaLIUH.

Cmpyxkmypa u 06vem ouccepmayuu

HuccepranronHas paboTa COCTOUT U3 BBEACHUS, 5 IJ1aB, 3aKIIOYEHUS] U CIHCKA
HCIIOJIb30BaHHBIX HCTOYHUKOB. PaboTa n3noxena Ha 162 cTpaHuiiax, BKIOYaeT B ceOs
28 pucyHKoB, 3 Tabmuubl. CIHCOK UCIOJIb30BAaHHOM JIUTEpaTyphl BKItOYaeT B ceds 111

HNCTOYHHKOB.
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I'JTABA 1. OcHOBHBIE CBOIICTBA HAHO- H MUKPOYACTHUI] OKCH/IA IIUHKA U METObI
HUX MOJIyYeHUs

1.1. Okcua nMHKA M 00J1aCTH €r0 NPUMEeHeHU s

Oxkcun 1uHKa 1pu aTMOChEpHOM JaBJICHUM CTAOWJIEH TOJIBKO B BUJE OJHOM
ATOTpONHON Moaudukanuu. OTa MOAU(PHUKALMSI HMEET CTPYKTYypy BIOpIUTA U
ONKCBIBAETCS MPOCTPAHCTBEHHOM rpymmoi P6smc [1], oTHOCSIIENCS K TeKCaroHaIbHON
CUHTOHMHM. OJleMEHTapHas s4eiika Bropuuta (Puc. 1) cocrour wu3 nBYyX
B3aMMOIIPOHUKAIONIMX TEeKCAarOHAJIbHBIX MPHU3M, OOJIAAOIIMX ITOBOPOTHOM OCKIO
niectoro nopsiaka. Kaxnas u3 npu3m COCTOUT U3 aTOMOB OJHOTO COPTa, TAKUM 00pazoM,
B KPUCTAJIJIE UMEIOTCS MOAPEIIETKA KUCIOPO1a U MOAPENIIeTKa IUHKA, COOTBETCTBEHHO.
Kaxx1plil aToM IUHKAa OKPYKEH YEThIpbMs aTOMaMU KHUCIOpoAa M HaoOOpOT; Takas
TeTpadapuueckas KoHdurypamus TumuyHa s ruopumusanuan SPY. Ocu  0Genx
NOJPEUIETOK COBHAAAKT C eAuHU4HbIM HampasiaeHueM [0001], BciencTeue yero
KPUCTaJUI OKCHAA LHMHKA JIEMOHCTPUPYET AHU30TPONHUIO CTPOEHUS U (PUIUUECKUX
CBOMCTB. CTPYKTYpHBIE XapaKTEPUCTUKH DIIEMEHTApHOW SYEMKM OKCHIA LIMHKA IpU
HOpMaJIbHBIX yciioBusAX Obutn uccnenoBanbl Kisi E.H. u Elcombe M.M. [2] nocpeacTtBom
MeToaa Audpakiuu HEUTPOHOB. Pe3ynbraThl McciieoBaHN MOKa3aiu, YTO MapaMeTpPhl
pelieTky cocTaBnsoT a=b=3,2501 A, ¢=5,2071 A, 06bem anemeHTapHOi sueiiky paBeH
47,63 A3, nonperuerku cMelIeHb! APy OTHOCUTENLHO Apyra BHojib Hanpasiaenus [0001]

Ha BennuuHy 0,3817c. CoOTHOLIEHHE MApPAMETPOB PEIIETKHA BJIEMEHTAPHOU SYEHKU

c 8
MJICATTBHOTO BIOpIMTA =~ = \/; = 1,633. OnHako B cilyyae OKCHAA IIMHKA 3TO

cooTHolienne cocrasiger 1,6021 [2] BBuAy MexaHWYECKOW aepopMalvid BIOJb
€IMHUYHOTO HampaBieHUs [3], BBI3BAHHON JJIEKTPOCTATUYECKHM B3aUMOJICHCTBUEM

MCXKAY MOHAMH KHUCJIOpOoda U LIUHKA.
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Puc. 1 - Crpykrypa 351eMEHTapHOM STYEHKH OKCUA IMHKA B aJUIOTPOITHOM

MOAM(DUKALIMH BIOPIIUTA
MexaHnyeckoe TMOBEACHHE  BIOPLUUTONOAOOHOIO  KpUCTala  ONUCHIBAETCA

MaTpULIEW MOAYJIEH YIIPYTOCTH, B KOTOPOM UMEETCS IISITh HE3aBUCUMBIX KOMITOHEHT (C,
1 .
Ci2, Cy3, Cs3, Cyq) 1 ogHa 3aBUcuMad (Cgg = 3 (Ci1 — C12)) [4]. O6bemublii Moy b FOHTra

MOJUKPUCTAIINYECKOTO0 oOKcujaa muHka coctabiser E=119,85 ITla [5], 3HadeHus
KOMITOHEHT MAaTpUIIbl, BEIpaXKeHHbIE yepe3 00beMHbI MoayJib FOHra paBubsl C;1=2,09E
[6], Ci=1,2E [7], Ci5=1,05E [6], Csx=2,11E [7], Cux=0,42E [7]. Hedopmarus,
BO3HUKAIOIAsA B CIydae MPHJIOKEHUS MEXAaHWUYECKOW Harpy3Kd Ha KPUCTAILT OKCHA
urHka B HanpasyieHuu [0001], onmuceIiBaeTCs NpoIOABHON M MEPEYHON KOMIOHEHTAMU
Ci1 u Cee cootBeTcTBeHHO. Decremps F. ¢ coaBTropamu pabote [8] oTrmeuaroT, 4yTo mnpu
HarpeBaHnM MOHOKpHcTauia okcunaa nuHka 10 600 °C 3naueHuss KOMIOHEHT Cyy 1 Ceg
JOTIOJTHUTEIPHO CHUXKAIOTCA OTHOCUTENhHO KoMmrmoHeHThl Cj;. KomebGanusi atomoB
KPUCTAJUTMUECKOW PENIeTKA OKCHAA IIMHKA OMUCHIBAIOTCS JBEHAANATHI0 (POHOHHBIMHU
MOJaMHU, B YHCJIE KOTOPBIX OJHA MPOJOJbHAs aKyCTUYecKas MOJa, JBE MOMEPEUHbIC
aKyCTUYECKHE MOJIbl, IECTh MOMEPEYHBIX ONTUYECKUX U TPU MPOJOJIbHBIX ONTHUYECKUX
MoJbI [4,9].

CoueraHne HEUEHTPOCUMMETPUYHON CTPYKTYPBI U BBICOKOM CTENEHBIO MOJIIPHOCTH
XUMHUUYECKON CBSI3M JIeNIa€T OKCHJl I[MHKA MATEpUAIOM C SIPKO BBIPAKEHHBIMU

IIbE302JICKTPUYECKMMU CBOMCTBaMU. B CpaBHEHMH € APYTMMH [OJIYIIPOBOJHUKAMHU,
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UMEIOIIUMH CTPYKTYPY BIOPIIUTA, TAKUMHU KaK OKCH OCpUIUIHS U CYIb(U] IIMHKA, OKCH/T
[MHKAa JIEMOHCTPUPYET HAHOOJbIlIee 3HAYCHHE MbE303JIEKTpUYECKOM KOHCTaHThI [10].
Martpuia nbe303JeKTPUUYECKUX KOHCTAHT BIOPIIMTA COCTOMT K3 TPEX HE3aBHUCUMBIX
KOMIIOHEHT e;s = —0,48 C/m?, e3; = —0,573 C/m? u e3; = 1,321 C/m? [6].
[Tonsipuzarusi, BbI3BaHHAS AcdopManiel KpUCTa/ula OKCHIA IMHKA B HaAINPaBICHUU
[000]] w mepneHIuKYyJISIpHOM €My OIIMCBhIBACTCS KOMIIOHEHTAMHM €33 U €34
COOTBETCTBEHHO, TPEThS KOMIIOHEHTA MATPHULBI MbE303JEKTPUUECKUX KOHCTAHT €45
OTMMCHIBACT DJECKTPUUYCCKOE T0JIC, BOHHUKAIONIECE B CIEACTBUC MedopMaluu CABUTA B
KpUCTaJlJIe OKCUA IIUHKA [4].

Harrison S.E. B paGote [11] BbICKa3bIBa€T MPEANOIOKEHHE O TOM, YTO
AIEKTPOCONPOTUBIICHUE OKCHAA LHUHKA oTiauyaerca B 4—10 pa3 B 3aBUCHMOCTH OT
KpucTtayuiorpaguueckoro  HampaBieHus. bonee TodHas  OIEHKAa aHU3O0TPOIUU
AJEKTPONPOBOJHOCTH KPUCTAIUIA OKCHIA IMHKA IPUBOIUATCS Sato Y. M €ro coaBTopaMu
B [12]. W 3mepsiss BOJbTAMIEPHYIO XAapaKTEPUCTUKY, OHM YCTAaHOBWIH, YTO
AJEKTPOCONPOTUBICHHE MOHOKpPHUCTAIA OKCUJa IMHKa coctasisier 1,6 u 17 Om-cm
Hanpasinenusx [0001] u Tuna <1120>, COOTBETCTBEHHO. I[Ipuy nmomomm wmerona
uccienosanus 3¢ ¢dexra Xomna npu pazueix remneparypax Look D.C. u coaBropsl [13]
YCTaHOBWJIU, YTO MPU KOMHATHOM TemIepaType KOHIEHTpaIUs CBOOOHBIX HOCUTEIICH B
okcuae nmHKa coctapiseT 6-10'° cm™, a ux mobuwisHOCT 205 cM?Blc!. Oxcnn nunka
ABJISIETCSA TPSAMO30HHBIM IOJYIIPOBOAHUKOM C IIMPUHOM 3aNpPEIICHHOW 30HBI PABHOMN
3,36 5B, uT0 COOTBETCTBYET SHEPTUU (POTOHA HIEKTPOMATHUTHOTO U3ITYUEHUs OIMKHEN
yibTpadHoIeTOBOM YacTu cnekTpa. Hocutensimu 3apsna B OKCHJE IIMHKA BBHICTYMAIOT
AJIEKTPOHBI, TOCKOJIbBKY ypoBeHb ero depmu pacnosoxked Ha 0,2 3B Huxe Kpas 30HbI
npoBoaumocTu  [14]. KoaddumueHT onTudeckoro IMOTJIONICHUS OKCHAA IIMHKA
cocraBmsier 10° cm! (A=365 HM), YTO COOTBETCTBYET IPOHUKHOBEHUIO (POTOHOB Ha
rnyouny 100 HM KpucTauia npu odmyuenuu [4,15].

[IpuBeneHHOE BBIIIE ONMUCAHUE CBOMCTB OKCU/IA IIMHKA JENAET €ro MPUTOIHBIM TS
WCMOJIb30BaHNA B KAaue€CTBE AKTUBHOTO MaTepualia B TMbE303JIEKTPUKE, CEHCOPHKE,
ONTOAJIEKTpOHMKE U T.1. Hampumep, B marente [16] ommcaH mNbe303JIEKTPUYECKUN

reHepaTop, CIIOCOOHBIN MPeoOpa30BBIBATh YHEPTUIO MATHUTHOTO TOJIS B DJICKTPUYECKUM
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TOK. B HaHOCTEP)KHSIX OKCHJA ITMHKA, 3aKPETUICHHBIX Ha JUAJICKTPUUECKOU TMOJIONKKE,
BO3HHMKAET DSJIEKTPUUYECKUN TOK 3a cyeT mbe3odddexra. MarHuTHbIE HAHOYACTHUIIHI,
3aKpETUICHHBIE Ha CTEPXKHSAX OKCHIA IMHKA, CTIOCOOCTBYIOT KOJICOAHUSIM BO BHEITHEM
MarHuTHOM Tionie. [Ibe3oanekTpuueckuii 3(p¢GeKkT okcuaa IUHKA TaKXKe IO3BOJISET
co3/aBaTh JATUYMKH BaKyyMa, KaK 3TO Moka3zaHo B padote [17]. K uncity uaMepuTenbHbIX
puOOPOB, B YCTPOMCTBE KOTOPHIX HCIIOJIB3YETCS OKCHJI ITMHKA, TaKXKE OTHOCIT M
ra3oBble CEHCOpBI. AZICOPOIIMS MOJIEKYJI ra3a Ha MOBEPXHOCTH OKCHAA IIMHKA MPUBOIUT
K U3MCHCHUIO AJIEKTPOCOMPOTHUBIICHHUS. N3mepsist BEITUINHY ATOTO
AIIEKTPOCONPOTUBIICHHUS, MOKHO OIIPEACIIUTH KOHIIEHTPAITIO0 XUMHYECKOTO COSTMHCHUS
B raze. CeHCOpbl Ha OCHOBE OKCHJA IIMHKA IO3BOJISIIOT W3MEPSTh KOHIEHTPAIMIO
yrapHoro rasa [18], Bogopoaa [19,20], okcunos azota [21] wu ap. MI3BeCTHBI CEHCOPHI,
paboTa KOTOPHIX BO3MOKHA MOJT JIEHCTBUEM YIIbTPa(UOIETOBOrO 00IyUSHHS, HAIPUMEDP
o30Ha [22]. Bo3HukHOBeHHE (POTOTOKOB B OKCHJE ITMHKA JICKUT B OCHOBE CO3JIaHUS
(GOTOETEKTOPOB, a TakXKe COJNHEYHBIX Oarapeii. B pgomonHeHwme Ko Bcemy
MEPEUUCIIEHHOMY Ba)XXHO OTMETHTh, YTO OKCHJI ITMHKA MOXET OBbITh HCIOJb30BaH B
KadecTBe QoTtokaTanuzaropa [23-25]. JletanbHo (poTOKaTaTUTHYECKUE CBOMCTBA OyAyT
PacCMOTPEHBI HIXKE.
1.2. Biausinue HECOBEPIIEHCTB KPUCTALJIMYECKOT0 CTPOEHHUSI HA CBOMCTBA

OKCHIAa IHMHKAa

Hckaxxenust (AepeKThl) KPUCTAUIMYECKOW PEIIETKH OKa3bIBAIOT BIIMSHUS Ha
CBOMCTBA peajbHbIX KPUCTAJIJIOB OKCHA IIUHKA, B YACTHOCTH K TaKUM J€(PEKThl MOKHO
OTHECTH TOBEPXHOCTh KpHUCTAUIa, JUCIOKAlUM, TOYEUHbIC Je(EKTh, a TaKxXe,
KOMILJIEKCHI BBIIICYTTOMSHYTBHIX JT€(PEKTOB.

[ToBepxHOCTh KpHUCTAJJIa OKCHJAA IIMHKA TMOKphITA KaK TMOJSPHBIMHU, TaK U
HETOJISIPHBIMU KpHUCTALIOTpapUICCKIMU IJIOCKOCTSIMH BBUY
HEIICHTPOCHUMMETPUYHOCTH CTpOcHUSA. I[loMsSIpHBIMH SBISIFOTCS IIJIOCKOCTH  Oas3mca
(0001)-O u (0001)-Zn, Torma Kak NPU3MaTHYECKHUE IUIOCKOCTH HEMOJAPHLI BBHIY
yepe0BaHus 3HaKa 3apsijia MOHOB, COCTABIISIONINX ATH IUIOCKOCTU. B padote [26] Wl

C. CpPaBHUBACT JJICKTPOHHEIC CBOMCTBA MOJIAPHBIX W HCIIOJIAPHBIX IJIOCKOCTEH OKCHuga
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nunka. OH yTBep:KaaeT, uTo nojspHas miockocts (0001)-O B oTiuume OT APYrUX
NpUOOpETAET METAUIMYECKUE CBOMCTBA B Cilydae aacopOLHK MOJIEKYJ XMMHYECKUUI
COCIMHEHUN, HampuMep BOAOPOAA, YTO MOXET OBITh BBI3BAHO HAJIWYUEM
MOBEPXHOCTHBIX YpoBHEN Tamma [27] u [llokiu [28] HA 3TOM MIIOCKOCTH.

Cpenu TodeuyHBIX 1e(PEKTOB B OMHCAHUHM OMTORJICKTPOHHBIX CBOMCTB HAMOOIBIIIHIA
WHTEpPEC NPEACTABISIOT KUCIOPOAHBIE BAKAHCUU, T.K. OHU MPOSIBISIOT JTOHOPHBIC
CBOMCTBA M YBEJIMYMBAIOT KOHIICHTPAIIMIO CBOOOJHBIX HOCUTEJECH B MOIYNPOBOJIHUKAX
n-tumna. I[lpenmeToM HaydyHOW OUCKYCCHHM OCTa€TCA TO, KAaKOE€ 3HAYEHUE SHEPruu
JIOKaJIBHOTO YPOBHS COOTBETCTBYET KUCIOPOAHOM BakaHcuu. Bateman T.B. B pa6ote [7]
YTBEPKIAET, YTO SHEPrus HOHM3ALHMM KHCIOPOAHOW BakaHcuu coctasisier 0,2 sB.
Pe3ynbTaThl TEOPETUYECKOIO MOJEIMPOBAHMS MPEACTaBIECHb B pabote [29], aBTOpPHI
ucnons3ys Meron Koxa-Illama [30], npuxoaaT K BbIBOAY O TOM, YTO SHEPreTHUYECKUIA
YPOBEHb, COOTBETCTBYIOIINI KUCIOPOJHON BAKaHCHH, pacnoioxkeH Ha 0,6 5B Hike kpas
30HbI TIpoBoauMOCTH. Janotti A. u Van de Walle C.G. [31] ompoBepraroT 3Ty TOUKY
3p€HUS U TOBOPAT, YTO KHUCJIOPOJHAS BAKAHCHUS CO3JACT SHEPre€TUYECKUN YpPOBEHb,
pacrionokeHHsli Ha 1 5B Hmke Kpag 30HBI npoBoauMocTH. Ilpm  aTom
HENPEIHAMEPEHHYIO 3JIEKTPONPOBOJHOCTh OKCHJA LHMHKA aBTOPBI CBA3BIBAKOT C
HaJIMYMEM aTOMOB BOJIOPOJId, PACTBOPEHHBIX B KPUCTAIUIE OKCHIA [IMHKA.

B ornuune or BakaHCHi AUCIOKAIMs SIBISCTCS JUHEWHBIM JIE(PEKTOM, MOITOMY
JIOKaJbHBIE YPOBHH, OOYCIOBJICHHBIC HAJIMYMEM OOOPBAHHBIX XMMHUYECKUX CBS3CH,
pacnoJiaratoTcs BJAOJb €€ JMHUU W BBICTPAMBAIOTCA B LENOuYKy. Soleimanian V. u
Aghdaee S.R. B pabore [32] ommchIBarOT 3aBUCUMOCTb ONTHYCCKHX CBOMCTB TOHKHX
MJIEHOK OKCHJA LMHKAa OT IUIOTHOCTU JucJoKaui. [ImeHKu ObUIM OTOXKEHBI MpHU
pazHeix Temrieparypax oT 350 °C mo 600 °C, miIoTHOCTh AMUCIOKAIMid B HUX ObLia
OIICHEHA MyTeM aHajn3a YIIUPEHUsI pEeHTIeHOBCKUX pediekcoB. CHMKEHNE TNIOTHOCTH
nucnokamuii ¢ ~10° M? mo ~10' M? nabmroganoch Npu yBEIMYEHHH TEMIIEPATYPHI
OTXKHIa U COMPOBOXKAAIOCH YBEJIMUYECHHEM BEIWYMHBI HIMPUHBI 3aMPEIIEHHON 30HBI C
3,36 3B no 3,47 5B. DieKTponpoBOSIIIME CBOMCTBA IUCIOKALMM B IJICHKAaX OKCUAA
MHKa wu3ydanuch Miyamoto K. ¢ coaBropamu [33], aBTOpBI MOKa3bIBalOT, YTO

HOABWKHOCTh DIEKTPOHOB € IJIEHKE MAaKCHMMalbHO Bo3pactaer n0 145 cm?Blc! mpu
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YCIIOBUM MHUHUMAJIBbHON MIIOTHOCTH auciokanuii. [Ipm 3ToM coobmaercs, 4ro Ha
AIEKTPONPOBOIHOCTD TUIEHOK BIMSIOT KPAEBbIE€ NUCIOKAIIMU U CMEILIAHHbIE, B TO BpEMS
KaK BHHTOBBIE HWMEIOT Cia0blii 3 @dEeKT. ABTOpHI MPEANOJararoT, 4YTO KpaeBas
JUCIIOKALMS TIOPOXKAAET IIEMOYKY AaKIENTOPHBIX YPOBHEW, B PE3YyJbTAaT€ YEro OHa
3aXBaThIBAET DJIEKTPOHBI MPOBOJAMUMOCTH, CHUXas 3JIEKTPOIPOBOJHOCTh KpPHUCTAILIA.
OTauume 3JIeKTPOHHBIX CBOMCTB JUCIOKALMM B MOTYNPOBOIHUKAX OOBSICHICTCS B KHUTE
bonu-bpyesuua B.JI. u Kanamnukosa C.I'. [34]. AkuenTopHble CBOKWCTBA MPOSIBIISIOT
JCIIOKAIINK, BJOJIb KOTOPBIX PACMOJIAaraloTCs HEHACHIIIEHHBICE XUMHUYECKUU CBS3H.
Jucnokanusi, NpOSBISAIONIAs JOHOPHBIE CBOWMCTBA, B N-MOJYNPOBOJHUKE OO0JIagacT
MOJIOKUTENIBHBIM ~ 3apsAIoM. Takasg [OHUCIOKalus OKPYKE€HAa  UUIMHIPUYECKOU
MMOBEPXHOCTHIO UHAYIIMPOBAHHOTO OTPUIIATEIHHOTO 3apsiaa. 1{ernoyka 10moaTHUTEIbHBIX
DHEPreTUYECKUX YPOBHEHM CO3/1a€T BAOJb JUCIOKAIMM HSHEPreTUUYECKUE 30HBI,
«auciaokaumonubie 30Hb». IllyBamoB JILA. ¢ coaBTtopamu [35] numyt, d4ro
TIOJIyIPOBOJHUKOBBIX KpucTammiax coemunennii A'BY! o6Gmamarommx 3HauuTenbHON
JI0JIel HOHHOM CBSI3H, CYIIECTBYIOT KpaeBble JUCIOKAINH, Jiexkalue B uiockoct (0001),
KOTOpBIC MPOSIBIISAIOT KaK JOHOPHBIE, TaK M aKIENTOPHbIC CBOWCTBA. B okcuje nuHka
TMOJIOKUTENBPHO — 3apsDKGHHBIE  JMCIOKAIMM  Jexar B 1iockoctd  (0001)-O,
AIIEKTPONPOBOIHOCTH BAOJIb TUHUM TAKOW AUCIOKAIIUU YBEIUUHNBACTCS.

Heobxoaumo mog4epKkHyTh, YTO JUCIIOKAIIMM B PE3yJIbTaTe B3aUMOJCHCTBHUS C
TOYEYHBIMU AedEeKTaMH, HAPUMEpP C BAKAHCUSMU, MOTYT OOpa30BBIBaTh Je(EKTHBIC
komruiekcbl. Xutp JIkx. u Jlore U. [36] moka3piBalOT, YTO BaKAHCHUM U MEXI0Y3JIUS
B3aUMOJICUCTBYIOT TOJIBKO C JMCIIOKALUSIMH, 00JIaJal0MMU KpaeBOi KOMIIOHEHTOM. B
00JlacTU CKaTUsl BO3HMKAET TMOBBIIICHHAS KOHIEHTpAlUs BaKaHCUM W TMOHMKEHHAs
KOHLEHTpalusd MEXA0y3Jini. BakaHcuss Tpu 3TOM pacmosiaraercsi BJIOJb Kpas
AKCTPAIIOCKOCTH. Tak KaKk XMUMHYECKUM MOTEHIMall BAKAHCUU HMMEET TPaJUuEHT IpHU
OTHAJICHUW OT JUCJIOKAllMM, TO BIOJIb 3TOr0 TpajueHTa OyAeT HaOJIoAaThCsS IMOTOK
BaKaHCUH, a caMa JUCIIOKAIKs OyAeT Mepeno3aTh MyTeM UCITyCKAHUS UM MOTJIOMICHUS
BakaHcHuM. B okcujie uHKa BBUTY MOJISIPHOCTA XMMUYECKOM CBSI3M MEXTY AUCIIOKAIUEH
U TOYEYHBIM Je(EeKTOM IOMUMO YIPYroro B3aUMOJEHUCTBHUS JEUCTBYIOT TaKXke U

anekTpuueckue cuibl. B pabdote [37] HosukoB WM.M. yTBepkmaer, 4To KpaeBas u



74

CMELIaHHas JHUCIOKAUWU SIBISIOTCS SJEKTPUUYECKUM JIMHEHHBIM JUIOJIEM, MO3TOMY
MMEHHO TaKue IUCJIOKAIMM MOTYT B3aUMOJCHCTBOBaTH C TOYEHYHBIMU JeheKTamH,
HECYIIUMU 3apsil. BOMM3M Kpas 3KCTparioCKOCTH TOJOKUTENBHO 3apsbkeHa 00JacTb
CKaTHsl, TMOATOMY KYJIOHOBCKHE CHJIBI OTTaJKHUBAIOT OJHOMMEHHO 3apsKEHHBIC
KHCIIOPOJHBIE BAKAHCUU OT 3TOU oOnacTu. [Ipu 3TOM CuIibl yIpyroro B3auMo1edCTBUS
NPUTATUBAIOT BAKAHCHIO B O0JIACTh C)KaTHA, KaK 3TO MOKa3aHo B padore [36]. Takum
00pa3oM Ha KUCJIOPOJHYIO BaKaHCHIO, PACIOJIOKEHHYIO BOJIU3H Kpasi SKCTPAILTIOCKOCTH
JEUCTBYIOT JIBE MTPOTHUBOIIOJIOKHBIE MO HAIIPABIEHUIO CUJIbl. PaBHOBECHE 3THX JBYX CHJI
ABJIIETCS ycloBUEM oOpas3oBaHusi atMocdepsl Korrpemra. B kadecTBe TOYEHUHOIO
nedekra B JaHHOW CUTYalluld MOKET BBICTYIIATh KaK IPUMECHBIA aTOM, TaK U BaKaHCHSI.
[ysamoB JILA. ¢ coaBropamu [35] nMmIyT, YTO 3JEKTPUYECKOE B3aUMOJACICTBUE
JUCIIOKALUH C 3apsHKEHHBIMU TOUEYHBIMU J1e(DEKTaMU B CITydae HOHHBIM U KOBAJIEHTHBIX
KPUCTAJUIOB MPOSBISIIOTCS  CUJIBHEE, 4YE€M B Cilydae MeTauioB. Jluciiokanuy,
YYaCTBYIOIIME B IUIACTHYECKOW AedopMaliK, CTAHOBATCA 3apSKEHHBIMU 32 CUET
NOSIBJIEHUSI HA HUX 3apsUKCHHBIX CTYIIEHEK B IIPOLIECCE JBMXKEHMS. Takue CTYNEHBKHU
MOTYT (pOpMUPOBATHCS Ha JIUCIOKALMU B PE3YJIbTATE YXO0Ja C Kpas MOJIYIUIOCKOCTH
BaKaHCUW  TOJ  JEHCTBUEM  TEIUIOBBIX  (prykTyamui.  DJIEKTPOCTaTHUECKOE
B3aMMOJICHCTBHE CTYNEHEK C TOYEYHBIMU JedeKTaMu NPUBOJUT K OOPa30BAHUIO
CKOILJICHUM, KOTOpbIE HOCAT Ha3BaHue 001akoB JleOas-Xrokkens [38].

Bnusinue neexTHhIX KOMIUIEKCOB Ha ONTO3JEKTPOHHBIE CBOMCTBA OKCUAA IIMHKA
omucanbl Ohno Y. c¢ coasropamu. Hanpumep, B pabotre [39] oHM pacKpbIBaroT
pe3ynbTaThl UCCIIEI0BaHUS (POTOTIOMUHECHEHTHBIX CBOMCTB KPUCTAJUIOB OKCH/IA [IUHKA,
coaepKamx J1eeKTHbIe KOMILIEKChl. MOHOKpPHUCTA/UT OKCUIA IIMHKA OBbLI MOBEPTHYT
rmacTUuecko nedopmalui mpy MOBBILIEHHBIX Temiiepatypax 650-850 °C wu mnpu
IIOCTOSIHHOM cKopocTu Harpy3ku 4-10* ¢! no meopmauuu casura 0,3. Harpyska Oblia
npuioxkena mnoj yrioMm 45 °C orHocurenbHo Hampasienus [0001]. ITnotHocTts
JOMCIOKAMi B KpHCTaie jgocTuria 3Hauenms  10°-10" w2 OGpasusl
IPOJAEMOHCTPUPOBAIH JIOMHUHECLICHIIMIO, COOTBETCTBYIOIIYIO SKCUTOHHOMN
U3JTy4aTelbHON peKOMOUHALNU, YHEPTUs AIMuUccuu ¢poToHa coctaBuia ot 3,100 no 3,345

»B. THTEHCUBHOCTH U3JIyUY€HHUs BO3pACTalia C POCTOM IJIOTHOCTH AUCIOKAIUA. ABTOPBI
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JIETIA0T BBIBOJI O TOM, UTO 3Ta SMHUCCHSI UCXOJIUT HE U3 AJIpa IUCIOKAI[UH, a U3 TOUYEUHBIX
ne(eKTOB, pacoNIOKEHHBIX BOMU3U auUcToKalui. DPOTOAMUCCHS TOBOPUT O HAIMYUU
JOTIOJIHUTENBHBIX JHEPreTUYECKUX YPOBHEHW B 3allpelleHHON 30HE. lloBbIIEHHBIE
TEMIIepaTyphl SIBIISIOTCS YCIOBUEM MHIPAIllMU TOYEUYHBIX Ne()EKTOB B HAaINpaBICHUU
nucnokanuii. Baxxno ormetuts, uto Janotti A. u Van de Walle C. G. B pabote [40]
YTBEPXKIAIOT, YTO TEMIIepaTypa MOBBIMICHUS WHTEHCUBHOCTH AU(P(Y3UH KHCIOPOIHBIX
BakaHcui coctapysieT 636 °C, U3 4ero MOXXHO CJieNiaTh BBIBOJ, 4TO B [39] peub unuer,
UMEHHO, O Je(PEKTHBIX KOMIUIEKCaX, 00pa30BaHHBIX AUCIOKAIMIMHU U KHUCIOPOIHBIMU
BakaHcusiMd. Ohno Y. ¢ coaBTopamu B pabGote [41] cpaBHMIM ONTHYECKHE CBOMCTBA
KpUCTAJUIOB OKCHJA IIMHKA, TMOJBEPrHYTHIX IJIACTHYECKUM JAehopMalsaM Kak IpU
MOBBLIIIEHHBIX TEMIIepaTypax, Tak M IPU HOPMaJbHBIX ycioBusx. MccnemoBarenu
YCTaHOBWJIU, YTO JUCIOKALIMH, BOSHUKIINE B KPUCTAJJIE OKCUA IMHKA P KOMHATHOMN
TeMIlepaType, SBISIOTCS IIEHTpaMH Oe3u3TydaTeIbHON peKOMOWHAIIUY, a JUCIOKAIIHH,
BBEJCHHBIE B KPUCTAJJI NIPU HArpeBe, oOpa3ylT C TOUYCYHBIMU Je(EeKTaMHU ILICHTPHI
U3ITy4aTeNIbHON pPEeKOMOMHAIMU. ABTOpPBI BBIJCISIIOT JIBA JIHEPTUYECKUX YPOBHS
U3JIy4aTeIbHON PEKOMOUHAIINY, PACIOJIOKEHHBIX HUKE Kpasi IIMPUHBI 3alpeilieHHON
3ol Ha 0,30+0,10 »B wu 0,05+£0,01 5B coorBerctBeHHo. IIpocTpaHcTBEHHOE
PACIIOJIOKEHUE JHMCIOKAlMid, BOKPYT KOTOPBIX BBICTPAMBAIOTCS OIKMCAHHBIE BBIIIE
TouyeuHbie nedekTsl, Ohno Y. ¢ coaBTOpaMu U3yUYWJIU MIPU MOMOIIU MPOCBEUYUBAIOIICH
AIEKTPOHHON MHUKPOCKONHMU W MPUBENH B cTartbe [42]. BBIICHWIOCH, YTO YpPOBEHD,
PAaCIOJIOKEHHBINM HUXE Kpass 30HbI npoBoaumoctd Ha 0,30+0,10 3B, cooTBeTcTBYET
ne(eKTHOMY KOMIUIEKCY, OOpa3oBaHHOMY M3 JOHOPHOIO TOYEYHOro Jaedekra u
ucIIoKaIuu, nexanie B miockoctu 6asuca (0001). [Ipu 3TOM ypoBeHb ¢ TIIyOMHOU
3aneranust 0,05+0,01 3B cooTrBeTcTByeT AehEKTHOMY KOMILIEKCY, OOpa30BaHHOMY
JUCJIOKAIIAEH, JIeKAIIEH B MPU3MATHYECKOMN INIOCKOCTH (ITOO), Y TOYCYHBIM JIe(PeKTOM,
oOJlaaloIMM  aKIIENTOPHBIMU CBOMCTBaMH. lIpencTaBieHHbIE BBIIIE CBEICHUS O
BIUSHUAU Je(EKTHOU CTPYKTYPhI Ha OMTORJIEKTPOHHBIE CBOWCTBA OKCHJA IIMHKA MOTYT
MO3BOJIUTh OOBSICHUTH U3BECTHBIE MTPUMEPHI (POTOKaTaIM3a B MPUCYTCTBUU Je(DEKTHOTO
OKCHJIa IIMHKA, a TaK)Ke CIPOTrHO3UPOBATH HE OINMHCAHHBIC paHee (HOTOKATATUTHUECKUE

CBOWCTBA.
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1.3. ®oTokaTaauTHYECKHE CBOMCTBA OKCH/IA IIHHKA

N3BecTeH psAl MPUMEPOB UCIIOIB30BAHUS IOJYNPOBOJHUKOBBIX MAaTE€pUAIOB B
KayecTBe KaTaiau3aTopoB U ¢poTokaramuzatopoB. ApreMbeB M.IO. u Ps6uyk B.K. B cBoeit
pabore [43] marOT UCTOPUYECKYIO CIPABKY O Pa3BUTHHM HAyYHBIX MPEJCTaBICHUI O
dotokaramuze, KpouioB O.B. B kHure [44] onuchIBaeT 3JEKTPOHHYIO TEOPUIO KaTaiu3a
Ha TOJYyIPOBOJHMKAX, B TOM YMCJIE Ha OKcuAax MmerauioB. [Io MHEHUIO akamemuka
[Tapmona B.H. [45] u3aMeHeHne CKOPOCTH WM MHULIMMPOBAHUE XMMHUYECKON PEaKIiu B
npucyTCTBUM  (OTOKaTaau3aTopoB  siBisieTcss  (GoTokaramu3zoMm. llpu  stom
(doToKaTanM3aTOp BCTYNAET B MHOIOKpPATHBIE MNPOMEXYTOUHBIE B3aUMOJEHCTBUS C
pearupyrolMHy BEIIECTBAMHU U PETEHEPUPYET CBOM XUMUYECKUN COCTAB IIOCIIE KaXA0T0
LHUKJIA TaKUX B3aUMOJICHCTBUM. [TpuHnMnuansHast cxema MEXaHHU3Ma
dboToKaTAMUTUUECKOTO Tpollecca mnpeactaBieHa Ha Puc. 2. M3 cxeMbl BUJHO, Kak
XUMHUYECKash  peakuus Ha  MOBEPXHOCTH  IIOJYIIPOBOJHUKA  WHULMUPYETCS
(OTOREKTPOHAMH, BO3HUKAIOIIMMHU B PE3YyJIbTaT€ BO3JECUCTBHS 3JIEKTPOMArHUTHOTO
oO0nyueHus ¢ dHeprueil (oToHa, MPEBHIIAIONIETO BEIMYMHY MIUPUHBI 3alpelIeHHON
30HbI TOJIyIPOBOJHUKA. B ciydaer mpoTekaHus mpouecca B BOA€ (POTOIIEKTPOHBI
WHUIIMAPYIOT 00pa30BaHKME aKTUBHBIX PAJIMKAIOB TUIPOKCUIIA U KUCIOPOAa, KOTOPBIE B

CBOIO 0YepPe/Ib CIIOCOOCTBYIOT XUMHUECKOMN IECTPYKIIUU PACTBOPEHHBIX B BOJIE BEIIECTB.
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Puc. 2 — IlpunnunuanbHas cxemMa MexaHu3Ma (poToKaTaIuTHIECKOTO poliecca

(Adapted from [46])

B 1955 rony Markham M.C. B pabGore [47] ykazama Ha TO, 4YTO
(OTOKATANIUTUYECKYI0 AKTUBHOCTh OKCHJA I[MHKA B CYLIECTBEHHOM CTENEHU
ONPENIEIAI0T CBOMCTBAa MOBEPXHOCTH. JlUCIIEpCHBIE YacTUIIbl OKCUA LIMHKA Pa3MepoM
okono 100 HM mnOpencTaBISAIOT HHTEPEC BBUAY BBICOKOW YAEIBHOW ITOBEPXHOCTH,
CHU)KEHUS BEPOATHOCTH MPOLECCOB PEKOMOMHALIUY 3JIEKTPOHOB U JBIPOK, T.K. HOCUTEH
3apsA0B OyIyT HaxOIUTHCS HA TMOBEPXHOCTH KPHUCTAIa, HAUOOJBIIETO KOJIMYECTBA
NOTJI0IAaeMbIX (POTOHOB, T.K. KOA(P(ULUHUEHT ONTUYECKOTO IMOTJIOMIEHUSI OKCHUJA LIMHKA
cocrasisier 107 em™! (A=365 um) [4,15].

Mop@donorug 4dacTuil OKCHAA IMHKA CKa3bIBAETCS HAa CKOPOCTH (hOTOKaTanM3a
Onaronmapss OTIMYMIO B orpaHke. [IpMyMHBI Takoro BIMSHUS MOTYT 3aKJIOYaTbCsA B
aHU30TPOINUHU BJEKTPOMPOBOJAHOCTH KpUCTAUIOB okcuaa nuuka [11,12]. Jang E. S. ¢
coaBTOpamMu B pabote [48] MpUBOAAT pe3yJbTaThl CpaBHEHUS (POTOKATATUTUYECKOU
AKTUBHOCTHU YaCTHUIIl OKCUA ITMHKA Pa3HON MOPGOJIOTHH: HAHOTIJIACTUHKY, HAHOCTEPKHU
U MUKpocTepxkHHU. CKOpOCTh (POTOKATATUTUYECKOTO Pa3IOKEHUs MEPOKCHIa BOIOPOaa
B MPUCYTCTBUM HAHOIUIACTMHOK OKa3ajach B 2,5 pas3a BbIle, YeM B MPUCYTCTBUU
HAHOCTEpKHENH. ABTOPHI OOBACHSIIOT ATO SBJICHUE YBETUYCHHEM CYMMAapHOM TUIOMIAIH

NOBEPXHOCTH, TOKPBITOM  Kpucramuiorpapuueckumu  1iockoctsimu  (0001), 'y
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HaHOIUIACTUHOK 3,53 M?/T, B TO BpeMs Kak y CTEPKHEH 3Ta BeauuuHa cocrasiser 0,12
M%/r. B pa6ote [49] Li D. ¢ coaBTOpaMu IPUBOAAT PE3YJILTATHI (POTOKATATUTUUECKUX
UCIIBITAHUM YacTHI] OKCHIA ITMHKA pPa3HOW MOpP(OJIOTHH, aBTOPHI OTMEUYAIOT, UYTO
yBeJIMYEHHEe OTHOIIEHH S IIoNIael KpucTamiorpaduieckux miockocreit Tuma {1010} k
mockoctu (0001) ot 1,175 no 1,304 crmocoOCTBYeT BO3pacTaHNUIO KOHCTAHTBI CKOPOCTH
pasnoxenus aueranpaeruga ¢ 1,1-107 mo 4,6:107 mons/mun. Ilpu dTOM yaenbHas
IIOBEPXHOCTh YACTHUII CHIKAIACh ¢ 27,5 10 6,5 M?/T. DTa 3aBUCMMOCTh HE COOIIOIAETCS
IPH YCIOBMH JaIbHENIIEr0 CHUKEHHUS YAEIBHON oBepXHOCTH 10 1,2 M?/r. HekoTopsie
aBTOPbl YTBEPXKAAIOT, uTO IwlockocTd Tuna {1010} mposBisAioT Gojee BHICOKYIO
(OTOKATAIUTUYECKYIO aKTUBHOCTh, 4yeM IutockocTh (0001) [50,51], ogHako OHU HE
MPUBOMST JaHHBIC YACIBHON MOBEPXHOCTU ATUX KPUCTALIOTpadUUeCKUX IIOCKOCTEH.
Pe3ynbTaThl MOJIETUPOBAHUS DJIEKTPOHHOU CTPYKTYPhI U ONTHUYECKUX CBOMCTB Pa3HBIX
KpUCTAUIOTpaUUeCKuX  TUIOCKOCTEW,  BBIMIOJIHEHHBIC TPU  T[OMOIIM  TEOPUU
dbyHKIIMOHAJA TJIOTHOCTH, MpeAcTaBieHbl B pabore Zhang H. ¢ coaBTropamu [52]. Ha
OCHOBAHUW CPAaBHEHUS CBOWCTB YETHIPEX IIOCKOCTEM: (1010), (1120), (0001)-Zn,
(0001)-O, aBTopsl jenatoT BeiBojA, uTo (0001)-Zn mposBIAET MAKCHMAIIbHYIO
(bOoTOKATAMUTUYECKYIO aKTUBHOCTh BBUY TOTO, UTO YpoBeHb dDepMu Ha 3TOH IMITOCKOCTH
pacroJiaraeTcsi MAKCUMaJIbHOU OJIM3KO K KParo 30HBI IPOBOJIMMOCTH, YTO CITIOCOOCTBYET
YBEJIMUEHUIO dJeKTporipoBogHOCTH. [llepoxoBatocTh moBepXxHOCTH (DOTOKATAIM3ATOPA
3aMETHO CKa3bIBAETCS HA €ro akTUBHOCTU. B pabote [53] mokazano, uto popmMupoBaHue
MOBEPXHOCTHBIX AMOK pazMepoMm 10-20 HM B xoze TepMOOOpaOOTKH MPHUBEIO K
BO3pAaCTaHUI0  (POTOKATATUTHUYECKOM aKTUBHOCTH. B  pabore [54] ommcanbl
dboToKaTAMUTUYECKHE CBONCTBA UEPAPXUUECKUX CTPYKTYP Ha TOBEPXHOCTH MACCHUBHBIX
KPUCTAJJIOB OKCHJIA IIMHKA.

N3 yucna todyeuHbIX Ae(hEKTOB, OKa3bIBAIOIIMX BIUSHHE HA CBOMCTBA OKCHIIA
[MHKa, HauOoJsiee MOAPOOHO M3YyYaIuCh KUCIOPOJAHbIE BakaHCHUU. [JoHOpHBIE CBOICTBA
KUCJIOPOJAHBIX BAKAaHCUW CIIOCOOCTBYIOT YBEJIWYEHUIO KOHIICHTPAIIMU CBOOOHBIX
JIEKTPOHOB B OKCHJE IIMHKA M YCKOPEHHIO (DOTOKATATUTUYECKON peaKiuu,
cooTBeTcTBeHHO. B pabore [55] Bora T. ¢ coaBropamu MOKa3bIBaIOT PE3YJILTATHI

(GOTOKATAMUTUYECKUX HUCITIBITAHUN HAHOCTEP)KHEW OKCHUJa IIMHKA, COJEPKaIIUX
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KHCIIOpOHbIC BakaHCUU. CTEp>KHU OBLIM OTOXIKEHBI ITPH Pa3HBIX TeMriepaTypax oT 90
°C no 450 °C. KoHueHTpamusi KUCIOPOJHBIX BaKaHCHM Obljla OIlEHEHA MPU IMOMOIIU
(bOTOTOMUHUCIICHTHBIX CIIEKTPOB M COIMOCTAaBJICHA C BEJIMYNHON KOHCTAaHTBI CKOPOCTH
(bOTOKATAMTUTUYECKOTO OKUCIEHUSI (peHOoJIa. AKTUBHOCTh BO3pacTalia C yBEIMYECHHEM
TeMIiepaTypbl oTkura 10 250 °C, nanee cHUKanach. ABTOPbI O0BACHSIOT 3T0 A dy3uen
KUCJIOPOJIHBIX BAKAHCUW K TOBEPXHOCTHM CTepKHEW. KuciopogHele BakaHCUU
BBICTYMAIOT AaKTUBHBIMU 1IEHTpamMu ¢oTokaTanuzaTopa. JlanpHeliee yBelnueHUE
TEMIIEPATYpPhl OTXKUTa CIIOCOOCTBYET PeIaKCAIIMK KUCIOPOIHBIX BAKAaHCHUH.

Ponp pucnokanuii B (OTOKATAIMTUUECKUX CBOMCTBA OKCHJIA IMHKA HA JTAHHBIN
MOMEHT Hu3yuyeHa cnabo. OJHAaKo, MOXKHO TMpeanojararb, 4ro (hoToKaTaTuTHUYECKas
aKTUBHOCTb YAaCTUI[ OKCHJIa IIMHKA OyJeT BO3pacTaTh C YBEIMYEHUEM IUIOTHOCTH
KpaeBbIX TUCIIOKAIUH, Jexkamux B miockoctu 0azuca (0001) BBuay TOro, 4Tto BAOJb
TaKuX JHCIOKAIMN 3JIEKTPONPOBOJHOCTh BBIIIE, Y€M BAOJb Apyrux. Kpome Toro,
HaJW4yue BHYTPEHHUX HaIpsOKeHUM OyAeT CcrocoOCTBOBaTh — JOMOJHUTEIBHOMY
3apOXKIECHUIO 3apsIOB BBUAY SIPKO BBIPAKEHHBIX IbE303JIEKTpUUECKUX CBOMCTB [10].
beiio onucaHo BIMSHUE AUCIOKAUA Ha (DOTOKATATMTHUYECKYIO AKTUBHOCTH APYTHX
noaynpoBoAHUKOB, Hampumep TiO, [56]. TlokazaHo, 4TO HajIW4YMe JUCIOKAIMA B
CTEpKHE TONIMMHON O0K0J0 20 HM, paclojOKEHHBIX BIIOJb CTEPXKHS, YBEINYMBAECT
(hOTOKATATUTUYECKYIO aKTUBHOCTh. ABTOPBI TPEANOJIAraloT, YTO AUCIOKAIMS IPUBOIAT
K JIOKQJIbHOMY CHUKEHUIO IIMPUHBI 3aMPEIICHHON 30HBI 32 CUET CHUYKEHHSI HHXKHETO
opora 30HbI TPOBOJAUMOCTH.

doToKaTaTUTUYECKass OYMCTKA MO3BOJISIET YCTPAHUTH 3arpsi3HSIONINE BEIIECTBA,
PaCTBOPEHHbIE B KOHIICHTPAIUAX OJIM3KUX K TMPEICIbHO JOMYyCTUMBIM 3HAYCHUSM
(ITAK). Oxcup 1uHKAa dgBiIsSIeTCS OJHMM W3 Haubojee paclnpoCTPaHEHHbIX
dboToKaTAMM3aTOPOB B MEXKIAYHAPOJIHOM pbIHKE. OTIUYUTEIHHON OCOOCHHOCTHIO
ABJISIETCA TO, YTO OKCHUJ] IMHKA MOJIBEPTraeTCsi XUMUUECKON KOPPO3UH KAK B HIEJTOYHBIX,
TaK U B KUCIOTHBIX cpenax. Hanbosee mepcrneKTUBHO MPUMEHSTh OKCHJ IIMHKA JIs
OYHUCTKU CTOYHBIX BOJ, pH KOTOpBIX paBHa 7, HampUMEP OH HCMOJb3YETCS s

00paboTKH BOJIbI HEPTEXUMUIECKUX MPEINPUATHH, conepkamei dhenon [57-59].
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1.4. MeToabl MOJTy4eHUsSI HAHO- U MUKPOYACTHI] OKCH/IA IIUHKA

3amaya TOJIy4eHHs] JUCIEPCHBIX YacTHUI] 3aJaHHON Mopdonorueit, nedexTHoit
CTPYKTYpbl U pa3MepaMH MOXKET OBbITh YCHEIIHO pelieHa ITyTeM UCIOIb30BaHUs
MIPUHLUIOB KOJUIOMAHON XUMHH. B 3TOM citydae B JKHJIKOM pacTBOpPE OCYIIECTBISAETCS
HeoOpaTuMas XMMHUYECKas peakivs, pe3yjabTaToOM KOTOpOMl siBisieTcs (OpMUpPOBAHUE
TBepaoro  Tena. Tunm  XUMHUYECKOW  pEaKIUMu  ONPENENseTcsl  XapaKTepoM
dbopmupyromerocss  marepuana.  OKCHUIbl  METALIOB  MOJYy4YalOT TEPMUYECKON
JECTPYKIHMEH COOTBETCTBYIOUIUX THUIPOKCUIOB METAIOB, KOTOPHIE B CBOIO OYEpE.lb
0o0pa3yroTcs B pe3yJbTaTe XUMHUUYECKOTO B3aUMOJEHCTBHS COJIEH ATHUX METALIOB CO
nienioyamu. Mopdoiorusi, pasMepbl M BHYTPEHHSIS CTPYKTypa YacTUIl MPH STOM
BapbUpPYETCS MyTEM M3MEHEHUSI COCTaBa PEAKIIMOHHOW CMECU W YCJIOBUU MPOTEKAHUS
peakiuu. CocTaB MCXOAHOM PEaKIMOHHON CMECH CKJIAJbIBAE€TCS M3 TPEX OCHOBHBIX
TUIIOB KOMIIOHEHTOB: IIPEKYPCOP METAIA, IIEI0Yb U PACTBOPUTEND, UCIIOIb3YEMbIN B
KauecTBE Cpejlbl peakiuu CUHTe3a. B psnie ciydyaeB BBOJMUTCS €II€ OJJMH KOMIIOHEHT —
MMOBEPXHOCTHO-AaKTUBHBIE BEILIECTBA.

JInst moJiydeHus 4acTuIl OKCHJIa IIMHKA B KA4ECTBE MPEKypcopa UCHOJIb3YIOT COJIH
IIMHKA, TaKue Kak anerat [60-62], xinopua [63—65], nutrpat [66—68]. Pexe B muteparype
BCTPEUYAIOTCSI TPUMEPBI MCMOJIBb30BAHUS U JPYTUX MPEKypPCOpPOB: aleTuia amerar [S57],
nepxyopat[69], cynbdar[70] umu mnopomok MeramuiMdeckoro IuHka [54,71]. Tun
UCIIOJIB3YEMOr0 MPEKYpPCOpa OKa3bIBAET BIMSHHUE HA pa3Mep M KaueCTBO COJIbBATHOMU
000JI0YKH MOHA B PACTBOPE, UTO B pe3yJIbTaTe CKA3bIBAETCA Ha CKOPOCTH (POPMUPOBAHUS
YaCTHUIl OKCHUJIA IIUHKA, a CIIeJI0OBATENIbHO, HA X OTPAHKE U CTENEHU KPUCTAITMYHOCTH. B
4acTHOCTH, B paborax [65,72] mokazaHo, 4TO MPH MPOYUX PABHBIX YCIOBHSIX CHHTE3a
MCIIOJIB30BaHMUE alleTaTa [IMHKA MO3BOJISIET MOJy4aTh OTpaHEeHHbIE TIJIACTUHKU U KOHYCHI,
a UCTIOJIh30BaHUE XJIOPU/IA UM HUTpaATa — ChepruuecKue 4acTUIlsl 6e3 orpanku. B pabote
[57] aBTOpa MOKa3bIBAIOT, YTO MCIIOJIB30BAHUE alleTWIAlleTaTa ILMHKA MPUBEIIO K
00pa30BaHUIO arjJoMepaToB MEJIKHUX YacTHUI] pasMepoMm 15-25 HM, a HCMOJb30BaHUE
arerata — K 00pa3oBaHUIO YacTHIl B ()OpME COBEPIICHHBIX T'€KCATOHAIBHBIX KOHYCOB

BBICOTOM OKOJIO | MKM, cTopoHa KoHyca coctaBiser 300 HM. M3BeCTHbI mpuMepsl
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MOJTy4eHUs] cPepruecKrX YacTHI] U3 aierara IuHKa [69,73,74], omHOMEPHBIX YaCTHIT
(ctepxHeit u TpyOok) u3 amerara [51,58,75] u Hutpara nuaka [53,70,76], omHako
oOpa3oBaHHE NBYMEPHBIX YaCTHUIl B BUJIE IJIACTUHOK OMHCAHO B CITy4ae MCIOIb30BAHUS
XJIOpUJa LMHKAa B KadecTBe npekypcopa [58,71]. Ilpu sToM m3 xyopuja LHUHKA MpU
OTIPEJICTICHHBIX YCIOBUSIX MOTYT (OPMHPOBATHCS YACTHUIIBI pa3HOM Mopdosoruu,
HanpuMep ceprudeckue 9acTusl [65,77].

Tur menoyu, B3aMMOIEMCTBYIOIIEH C MOHAMU [IUHKA, TAK)KE B CYILIECTBEHHOU Mepe
BIIUSICT Ha XapaKTEPUCTHKU (DOPMUPYIOMIUXCS YaCTHUIl, B pabote [76] mpeacTaBicHBI
JJAHHbIC O BJIMSIHUM HAaWUMEHOBAHUS ILIEJIOYHOTO METallila B PANY: THUAPOKCHUI JIUTHUS
(LiOH), runpoxcun Hatpus (NaOH), runpoxcun kamms (KOH) u ruapokcup 1esus
(CsOH). Hcnonb3oBanue LiOH cnocobctByer (OpMHPOBAHHUIO T'€KCATOHAIBHBIX
nupamMujl, B OCTAJbHBIX clydasx (GopMupyroTcsi crepkHu. CKOpPOCTh XUMUYECKON
peakiuu cuaresa B pagy or NaOH no CsOH Bo3spacraer ot 0,7 10 1,94 uac™!, a anamerp
CTpPEXKHEH M OTHOIIECHUE JJIMHBI K AUAMETPy YMEHbIIalTCsA. B auTepaType onucaHbl
MIpUMEPHI CUHTE3a OTPAHEHHBIX YacTHI] ¢ ucnoab3oBanueM LiOH [78], ammuaka [68],
MoueBuHbBI [79,80]. Mcnonp3oBanue cHIbHBIX mienoded, Takux kak NaOH, KOH wu
CsOH, mo3BosieT mojydarh YacTHIbI C BBICOKOM KOHIIEHTparueil neexToB 3a cuer
BBICOKOM CKOpPOCTHM CHHTE3a, HAINPOTHB HCIOJIb30BaHUE ciabbix ocHoBanwii: LiOH,
MOYEBUHA UM aMMHaK [IO3BOJISIET TOJydYaTh YacTUI[ C BBICOKOM CTENEHBIO
KpucTauimyHOCTH. B pabote [66] omnuchiBaeTcs BIMSHUE IIEJIOYHM HA XMUMHYECKUE
nporecchl (POpMHUPOBAHUST OKCHJA ITUHKA, CPABHUBAJICA CHUHTE3 MPU HCIOIb30BaHUU
TUAPOKCUIA HATpUs MU BOJHOTO aMMHaka. ABTOPbl YTBEPXKIAIOT, YTO B Clydae
MCIIOJIb30BaHUs aMMHAaKa Peakiys MPOTEKAET B IBE CTaJIMU, HA nepBoil ctaauu ripu 100—
150 °C o6pa3zyercs amopdHbIN THIPOKCU/T IIUHKA, HA BTOPOU — OKCHJI ITMHKA, HO YK€ TPU
200-250 °C. B ciydae ucnoiab30BaHUs THAPOKCHUAA HATPUS MPOLIECC MPOTEKAET B OJHY
craquto npu 100-150 °C. Opnako, ommcansl HabmogeHus [70], B KOTOpBIX
ucnois3oBanue LiOH croco6cTBOBA MOTYYEHUIO YACTHUIL C HEPETYIISIPHOM CTPYKTYPOH,
a NaOH u KOH — nanoctepxHeil. 3BeCTHbI mpUMEpPHI MOITYUYECHHS] YaCTHUI] OKCHJIA
IMHKa 0€3 WCMOJb30BaHUS IIEJI0YM, OHM OCYILIECTBIISIOTCS IyTeM TEPMUYECKOU

JECTPYKIIMU COJIM, PACTBOPEHHOM B )KUJIKOM cpejie, pu temneparypax ot 95 °C [81] no



82

290 °C [50], mubo myTeM TepMHUUYECKOW IECTPYKIIMU OCajaKa THAPOKCHIA ITMHKA B
npouecce nocueayomiero orxkura ot 300 go 1000 °C [73,82,83]. B oTaenbHBIX Cllydasx
cama >KHJIKasi Cpe/ia MOXKET BBICTYIIaTh B KAUECTBE OCHOBAHMSI, HAIIPUMEP METaHOJ [84],
Osmarogaps cBoedt amdorepHocTH [85] MeTaHOT MOXKET MPOSBIATH OCHOBHBIE CBOMCTBA
IIPU B3aMMOJICCTBUM C BeIeCTBaMH, 00JadalOIUMH KUCIOTHOM MPHUPOJION, K KaKUM
OTHOCSTCS COJIM ITMHKA.

CBoiicTBa )XUAKON Cpelibl, B KOTOPOM MPOUCXOAUT (POPMUPOBAHUE YACTHUIL OKCHA
[MHKA, BIMSIOT HAa XOJI XMMHUYECKOW peakiMu HE TOJbKO B BHUJY CBOUX KHCJIOTHO-
OCHOBHBIX CBOMCTB, HO M 3a CYET OTJWYHUSA €€ BSI3KOCTH, MOBEPXHOCTHOW SHEPIHH,
PacTBOPUMOCTH B HEW MPOMEKYTOUHBIX COCIMHEHHUI U CAMOT0 OKCHa ITMHKA. B ciydae
€CJIM TUIPOKCHJI IIMHKA UMEET HU3KYIO PACTBOPUMOCTD B KHAKOM Cpesie, TO HACHIIIEHUE
pacTBOpa, BBINMAJICHUE €r0 B 0OCAJIOK U CIIeI0BATEIbHO (hOPMUPOBAHUE YACTHI] OKCHJIA
IIMHKa OyJIeT MpOTeKaTh OBICTpEe, TaKUM 00pa30M CBOMCTBA PACTBOPUTEIIS BIMSAIOT HA
KPUCTANIMYECKOE  COBEPIICHCTBO  (opMmupyrommxcs dactul. B pabore [86]
OMMCBHIBACTCS, KaK YBEJIMYCHHE IMHBI YIJICBOJOPOJAHOTO pPajuKajia aaudaTHIecKux
CIIUPTOB B TOMOJIOTUYECKOM PSIy OT 3TAHOJIA 10 TeKCaHoja-1 crnocoOCTBYET YCKOPEHUIO
PEaKIIUM CUHTE3a KPUCTAJIJIOB OKCHJIA IIMHKA. AHAJIOTUYHbBIC BBIBOJIBI aBTOPHI JEIaI0T B
pabote [75], rae yTBepkIaeTcs, YTo UCIIOIb30BaHUE 3TAHOJIA B KAUSCTBE CPEIbl PEAKIIUH
MO3BOJISIET TOJYYUTh HAHOCTEPKHU C COOTHONIIEHHWEM JUIMHBI K auamerpy 10:1, B
METaHOJ POPMHUPYIOTCS CTEP)KHHU ¢ cooTHOIeHHEM 4:1. OgHako B ciiydae JByXaTOMHBIX
CIIUPTOB cutyanusi oOpatHas. M3BeCTHBI MpUMEpPHl CUHTE3a YaCTHI[ OKCHJAa IIMHKA B
JIBYXKOMITOHEHTHBIX CpeJlaXx: CMECh 3TaHOJI-3TUJICHIIUuKOIb [60], MeTaHos-Boga [84],
ATUJICHTJIUKOIb-BOJIA [61,79,80,87]. KoHIleHTpalus BOAbI B pacTBOpE U3MeHsTcs oT 0 10
50 %. B unctoM MeTaHosie OKCHUJI IMHKA (OPMUPYETCS] B BUJE YACTUILl HETPABUILHOMN
dopmbl pazmepom okosio 50 uM. Ilpu moGaBneHWUM BOIBI B METAaHOJ OOpa3yrOTCS
OTPAaHECHHbIE YAaCTHUIBI B BUJE KOHYCOB, BBICOTAa KOHYCa CHMXXAETCA C YBEIMYCHUEM
KOHIIEHTpaIuu BoJibl. COOTHOIIIEHUE BOJIBI U STUJICHTJIUKOJIS B KUIKOU CpeJie HapsiIy ¢
JpYTMMHM TapaMeTpaMyd CHHTE3a SIBJISIETCA OJHUM W3 TJIaBHBIX, OINPEIEISIONINX
XapakTepUucTUKu (popMupyromuxcs yactuil. Tak, Hanpumep, B padote [74] npencrasieH

CHHTC3 4aCTHUIl OKCHMJAa IMHKA B OTHJICHIJIUKOJIC C I[O63BJI€HI/IGM BOJbI B KOHICHTPAIIUN
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1-4 % mo o6bemy. PacTBOp monBepraercsi 00pab0oTKe MUKPOBOJIHOBOMY OOJTyYECHHIO.
VYBenuueHue KOHIEHTPAIMK BOJIbI B PAaCTBOPE MPUBOIUT K BO3PACTAHUIO Pa3MEpOB
yactuil oT 20 10 65 uM. [Ipu 3TOM yacTullbl, OJyYEHHBIE B pacTBOpPE, coqepxaiieM 4%
BOJIbI, UMENU (POopMy rekcaroHajdbHBIX Npu3M. Mcrnonb3oBanue Oojee pa3zdaBICHHBIX
BOJHBIX PACTBOPOB JTUICHTIUKONSA (25-75%) ¢ 1enplo MOJydeHHUs OrpPaHEHHBIX
TFeKCarOHAJIbHBIX CTEPKHEH OKCHIa IMHKa omucaHo B pabotax [79,80]. CrepxkHu
HanOOJIBIIErO pa3Mepa U OTHOLIEHUS JTMHBI K TUaMeTpy (OPMHUPOBAIUCH B PACTBOPAX
c cogepxkanueM 50% stunienrnukoiia. B padote [79] conocraBisieTcsi BIUSHUE CBOICTB
BOJHBIX PAcCTBOPOB JIBYXaTOMHBIX CIHUPTOB B OOBEMHOM cooTHomeHudn | k 1 B
TOMOJIOTHYECKOM PSIAY: STUIICHIIMKOJb, TU3TWICHIJIUKOIb U TETPA3TUICHIJIUKOIb. B
TOM cClly4ae OTHOUIEHWE JJIMHBI CTEPKHA K €ro JHaMeTpy HaoOOpOT YMEHBIIAETCS.
ABTOpBI CBS3BIBAIOT PE3YJIbTAThl HUCCIEAOBAHUI C YMEHBIIEHHEM CKOPOCTH POCTa B
0CO0OOM HamNpaBJIEHUU KpUCTAJIIa OKCHU/IA IUHKA.

PerynupoBaHue CKOpOCTH peaKIMi CHHTE3a YaCTUL TAKKE MOKET OCYLIECTBIATHCS
IIyTEM WM3MEHEHHs MOJSIPHOIO COOTHOLIEHWS PEarupyrouiux BelIEeCTB (IpeKypcopa
IMHKAa W 1enoun). [[ByXBaJeHTHBIA IIMHK pPEArMpyeT C TUAPOKCHIAMH IIEIOYHBIX
METaJUIOB B MOJIIPHOM COOTHOLIEHMM | K 2. YBe/lW4YeHHE OTHOLIEHHUS IIEJIOYd K
NPEKYPCOPY CMEIIAET XMMHUYECKOE PABHOBECHE B CTOPOHY KOHEYHOIO IMPOAYKTA U
YCKOPSIET PEAKUWI0, a 3HAYUT M TO3BOJISIET TOJy4aTh YacTULBI C OoJbLIEH
KoHIleHTparelt nedextoB. B pabote [88] mpuBOmsATCS pe3ysbTaThl HCCIEIOBAHUMN
BJIMSIHUS KOHIIEHTPALIUU IIEJI0YX Ha pa3Mepbl GOPMHUPYIOIIUXCS HAHOCTEPKHEN OKCHIA
LMHKA. Y BEJIMYEHNE MOJIBHOTO OTHOILIEHUS TUAPOKCHIA HATPUS K alleTaTy UHKA € 5 10
20 mpUBOAUT K BO3PACTAaHUIO OTHOILICHWS JIMHBI K JAUAMETPY CTepkHel ¢ 1 go 5,
JIMaMETp CTEPIKHEN BO BCEX Cllyvasix paBeH 20 HM.

OTXUT MOTYYEHHBIX YaCTHUIl OKCHA IIMHKA MTO3BOJISIET OCYILIECTBUTh CTPYKTYPHBIE
TpaHcpopMaliK, MPUBEAs CTPOCHUE KPHUCTAJUIOB B 0oJjiee pPaBHOBECHOE COCTOSHUE.
Kucnopoanast Bakancus CTaHOBUTCS MOOMIIbHOM Tipu Temriepatype 636 °C, [40], Takum
oOpa3oMm oHa OyneT mepeMemarbes myteM nuddy3un B HAPaBICHUH K MOBEPXHOCTH
WM K AUCIIOKALNH, 00pa3ys Ne(EeKTHbIE KOMIIEKCHI.

HonyquI/Ie JUCIICPCHBIX YaCTUIl OKCHJa IHMHKa C BBICOKON IIJIOTHOCTBIO
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JUCIIOKAIM ¥ OOJIbIITMM 3HAYCHUEM KOHIICHTPAIMU KHUCJIOPOJHBIX BAKAHCHA MOXKET
OBITh OCHOBAHO Ha IPUHIIMIAX KOJUTOMAHOU XuMuH. [Tpu 3TOM peakiiys cuHTe3a J0HKHA
OCYIIECTBIATHCSA B CHJIIBHO HEPABHOBECHBIX YCIIOBUSX, KOTOPHIE MOTYT OBITH CO3/IaHBI
NyTeM BapbUPOBAHMSI HECKOJIBKMX IMMapaMeTpOB CHUHTE3a, TaKUX KaK HMCIOJIb30BaHUE
XJIOpH/Ia IMHKA B KayecTBE MpPEeKypcopa, THMAPOKCHIA Kaldus B KadyecTBE IIEJIOYH,
BOJHOTO pAacTBOpa OSTUJICHTJIMKOJS B KAaueCTBE CpeAbl PEaKIUd CHUHTE3a, a TaKKe
3HAYUTEIHLHOTO MOJIIPHOTO M30bITKA IIeJI0UH Ha/l noHamu IuHKa (15 k 1). KomOunanus
ATUX TTAPAMETPOB MOXKET MTO3BOJIUTH MAKCUMATIBLHO YBEIUYUTH CKOPOCTH (DOPMUPOBAHUS
KPUCTAJUIOB OKCHJA IIMHKA, a 3HAYMT IIOJYyYUTh BBICOKO JdEe(PEKTHHIE HAHO- U
MukpodacTuilpl. [locnemyromuid OoTXKUT mpu Temmeparype okoyio 650 °C  moinkeH
criocoOCTBOBaTh 00pa3oBaHUI0 Ae(EKTHBIX KOMIUIEKCOB U3 KUCJIOPOAHBIX BaKaHCUU U
JTUCJIOKAIIUM.

1.5. Poab JIOKaIM30BAHHBIX IUIA3MOH-TIIOJIIPUTOHOB B poTOKaTaIM3e

CKopoCTh (POTOKATATTMTUYECKON PEAKIIMM MOKET ObITh YBEJIMYEHA IPHU YCIOBHH
CONPUKOCHOBEHUS (POTOKATaIM3aTopa C HAHOYACTUIIAMU OJIaropoJHOrO MeTala,
nposiBisioniero  3gdext mimasMoHHoro pe3onanca  [89,90].  Jlokann3oBaHHBIM
MJIa3MOHHBIN PE30HAHC MOYXKET OBITh OMUCAH Kak (DOTOMHAYIIMPOBAHHOE KOJUIEKTUBHOE
KoJieOaHWe BaJIGHTHBIX AJIEKTPOHOB [91]. UWntencudukarmus QoTokaTanmsa
HaOMroaeTcss B pe3yJibTare IMepeAadyd HMITyJbCa OT JIOKAJU30BAHHOIO IUIA3MOH-
MOJIIPUTOHA K DJIEKTPOHAM MPOBOJUMOCTH TMOJYNPOBOAHUKA. DP(PEKT yCKOpeHus
(OTOKATANTUTUYECKOW pEaKIUU MPOSIBISETCS HauOoJiee CUIIBHO B Ciy4yae, €cliu JJIMHa
BOJIHBI JIOKAJW30BAaHHOIO TUIA3MOH-MOJISIPUTOHA COOTBETCTBYET BEJIWYMHE IIUPUHBI
3ampenieHHoN 30HbI moaynpoBoaauka [91]. Hanowactuipl cepebpa B 3aBUCUMOCTH OT
pasmepa MposBIAIOT 3(PPEKT IMIa3MOHHOTO pPE30HaHCa MOJ JESUCTBUEM OOJYyUYECHHS C
JUTMHOU BOJIHBI (hoToHA paBHOM OT 390 HM [92] mo 420 M [93], 4TO COOTBETCTBYET
sHeprun Qorona ot 3,20 3B mo 2,95 »B. Ilo stoii mpuumHe oHU 3>h(HEKTUBHO
UCIIOJIB3YIOTCSL JJI YCKOPEHUsS] (POTOKATATIMTUYECKUX MPOIECCOB, OCYIIECTBISIEMBIX B

MPUCYTCTBUM OKCHA IuHKa [94,95].
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Hanouactumpsl  cepebpa MOryT OBITh IOJYyYEHBl IMyTEM  XUMHUYECKOTO
B3aUMOJICUCTBUSA MOHOB cepebpa C COCIMHECHUSIMU, IPOSBIITIOLMMUA
BOCCTAHOBUTEJIBHBIE CBOMCTBA, B KUIAKOM pactBope. [lapameTpsl cMHTE3a HAHOYACTHIL
cepeOpa, NO3BOJIAIOIIME PETYJIUPOBATh pa3Mepbl U  MOP(OJIOrHI0, aHAJIOTMUYHBI
ONMCAHHBIM JUJIS MOJyYE€HHs AUCIEPCHBIX YacTUL] OKCcHJa IMHKA. K TakuM mapamerpam
OTHOCATCSA KOHILIEHTPALUH PEAarupyrolnux BEUIECTB, HAJUYHE MOBEPXHOCTHO-aKTHBHBIX
BEILECTB, a TAKXKE YCIIOBHUs NPOTEKAHMS PEakUUM CHHTE3a, TaKHE KaK TeMIeparypa,

HHTCHCUBHOCTD IICPCMCIUIMBAHUS PACTBOPA U JAPYTHUC.
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3akauenue k ['1ase 1

Okcusl 1WHKA, CTAaOWIbHBIA TIPU HOPMAIbHBIX YCJIOBHUSIX TOJIBKO BHJIE
BIOPLIUTOIIOO0HON aIOTPONHOW MOAU(UKAIIMN, HAXOAMUT IIUPOKOE NPUMEHEHHE B
(boTOKaTATUTUYECKONU OUUCTKE BOJIbI M BO3IyXa HAPSAY C TEXHOJIOTHSIMHU, OCHOBAHHBIMU
Ha QoTO- U Mbe303NIeKTpuueckoM 3P dekre. CTpyKTypa BIOPIUTA OTHOCUTCS KO BTOPOU
KpUCTAIUIOrpauueckoil KaTeropuu, MO OSTOW NPUYMHE MPOSBISET AHU30TPOIHUIO
CBOMCTB, YaCTHOCTH 3JIEKTPOIMPOBOTHOCTH, B OJTHOM BBIJIEJICHHOM HampasiieHuu. Kpome
TOTO, Hamu4ue Ie(EeKTOB, B YaCTHOCTH KPACBBIX M CMEIIAHHBIX JUCIOKAIUNA TaKKe
CKa3bIBa€TCS HA  AJIEKTPOIPOBOJHOCTHM OKcHAa ULuHKA. Ponb  nedexTtoB B
OITOAJIEKTPOHHBIX CBOMCTBAaX OKCHJA IIMHKA MOAPOOHO u3ydeHa. OmHako TIyOWHA
3aJIeTaHusl JJIEKTPOHHBIX YPOBHEN, 00pa30BaHHBIX HAJTUYUEM KUCIOPOIHBIX BAaKAaHCUH B
OKCHUJIE IMHKA SABJISIETCS MPEIMETOM HAYyYHOM AUCKyccuu. MccrepoBaTenu OLEHUBAIOT
rIIyOMHY TaKOTO YPOBHsI KaK, PacoJIOKEHHOTO0 HUXKE Kpas 30HBI MPOBOJUMOCTH Ha
BesimuuHy OT 0,2 3B 110 1 3B. B OCHOBHOM 3TH OLIEHKH HOCSIT TEOPETUUECKUN XAPAKTEP
U TOJy4YeHbl HAa OCHOBaHWM MojelupoBaHus. B mgaHHOI paboTe OyneT mnpeacTaBieH
MPOCTOM AKCIEPUMEHTAIBHBIN METO/I, MO3BOJISIOMINNA ONPEAEIIUTh MTyOUuHY 3ajeraHus
3TOr0 ypoBHS. MeTon peanusyercs IyTeM HaAOMIOAEHHMS 3a TPOTEKAHHEM
boTOKATAMUTUYECKON PEAKIIMH MO AeHCTBUEM 00IydeHHs] (POTOHAMH Pa3HOM SHEPIHH.
BrisiBnenue 3HAYCHUS JUTUHBI BOJIHBI o0Jry4yeHus, WHUIIMUPYIOIIETO
(bOTOKATATUTUYECKYIO PEAKIINIO TTO3BOJISIET MTOHATh, (POTOHBI KAKOH YHEPTUU MOTJIONIAET
KpUCTaJUI OKCHJA LIMHKA, JAXE€ €CJIM OHU HE MOTYT ObITb OOHAapy>KEHbl METOJ0M
U Py3HOTO OTpaKeHHUS.

[IpencraBienHass METOAMKA OMPEAECICHUS SHEPIMU MPUMECHOTO YPOBHS MOXKET
OBITH WCIOJIb30BaHA IS M3YYEHUS CBOWMCTB JIUCIEPCHBIX YacCTUIl JPYTHUX

MOJIYIIPOBOAHUKOB.
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TI'JIABA 2. MeToasbl ucc/ieIOBAHUS CBOWCTB HAHO- 1 MUKPO4YaCTHII,

HCII0JIb30BAHHBIE B padoTe

2.1. UudpaxpacHasi cneKkTpoMeTpusi

Hanuure npuMeceii ruipokcuia MMHKA B YaCTUIIAX OKCUJA ITMHKA OBLIO BBISIBICHO
P TIOMOIIU Memooa UHDPAKPACHOU CneKmpoMempuy, OCHOBAaHHOTO Ha PEruCTpaIiiu
CHEKTPOB TMOTJIOIMICHUS 3JIEKTPOMAarHUTHOTO W3NMydeHUs MHEpaKpacHOro Auarna3zoHa.
Pe3ynbTaThl CHEKTPOMETPUUECKUX HCCIEIOBAHUN OBbUIM COMOCTABIEHBI IOJO0CaAMU
MOTJIONIEHHUS, COOTBETCTBYIOIIMMH THUJPOKCHUJIa IHMHKA. Peanuzanus mertona Obuia
ocymiectBiaeHa mpu mnomomu crnekrpomerpa IR-Tracer-100 Fourier Transform
(Shimadzu, SAnonwust). CriekTpanbHBIN THana3zoH nprudopa ObLT OTpaHUYEH IpeaesiaMu OT
12500 cm! mo 240 cm™!, TounocTs onpenenenus MIMHLL BOMHBI cocTasisia 0,01 cm!,
MHTEHCUBHOCTH IOJIE3HOT0 CHUTHAJa K IIyMy COOTHOCWIOCh B mponopuusx 60000 k 1.
Jlnst ocylliecTBICHUSI U3MEPEHUS KaXKIbIA 00pa3ell YacTHUIl OKCHJIa IIMHKA MOJABEPTaJICs
COBMECTHOMY MOMOJTY € KpUCTaJJIaMU OpOMUJIa KaJusl B MaCCOBOM cooTHoIIeHuu 1 k 10
Y TIOCJIEIYIOIIEMY MPECCOBAHUIO U3MEIBLYEHHOTO OPOIIKA JJIsl TOJTyYEHUsI OTHOPOHOM
tabnetku. [IpurotoBiaeHne TabIETKU OCYIIECTBISIOCH TPU MOMOIIU THAPABINYECKOTO
npecca. Jlns xaxmoro oOpasiia ObUIO MOJYYEHO IO JEeCATh CIEKTPOB, KOTOpHIE
YCPEAHSIUCh TpU ToMoIu TporpaMMmHoro obecnedeHusi LabSolutions IR ¢ uenbio

IMOJIYUYCHHUSA KOHCYHOI'O CIICKTpA.

2.2. Metoa nud¢y3Horo orpaxeHus

[upuHa 3anpenieHHol 30HbI HUCCIEAYEMBIX O0pa3lloB HAaHO- M MHKPOYACTHIL
OKCHJIa IIMHKa ObLIa OmpeliesieHa MPU MOMOIIU Memoda Oughghysnoco ompadsxiceHus,
OCHOBAaHHOTO Ha BBIIBICHWU [IJIMHBI BOJHBI W3IyYeHHUs, MPU OOTyYEeHUH KOTOPBIM
HA0JII0JaeTCsl CUIIBHOE TOTJIONIEHUE HCCenyeMbIM MaTepraioM. OnpezienieHHas TakKuM
00pa30M JIJTMHA BOJIHBI COOTBETCTBYET KPAIO MOTJIOMIEHUS U COOTBETCTBYET MEK30HHOMY
nepexony  ANEeKTpoHOB. M3mepeHuss OBUIM  OCYHIECTBIEHBI HpPU  MOMOIIH
cuektpodoromerpa Shimadzu UV-2600 (Shimadzu, nonus), ocHamEHHOrO

unterpupytouieit chepoit ISR-2600Plus. Cnexrpanbhbiii nuana3on npudopa 185-1400
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HM, crnekTtpaibHoe pazpemeHue 0,01 um. Kosddumment onrtuueckoro orpakeHus
UCCIeNyeMbIX 00pa3lloB  CpaBHHUBAJICS C IOBEPXHOCTHhIO  cyibdara  Oapus,
UMUTHPYIOIIETO a0CONIOTHO Oenoe Tenmo, B wuHTerpupytomein cdepe. CrekTpbl
OoTpaxkeHus: 00padaThIBAJIUCh MPU IMOMOIIM MOMOIIBIO MPOTPAMMHOTO OOECTIeUEeHHUS
UVProde Shimadzu u Band Gap Calculation Excel Marco s mocTtpoeHus: rpaukoB
Tayna 1o dopmyne (1). B pesynsrate crpommuch rpaduxu B ocsax (hva) /™ — hy.
OTHOCHUTENIEHO TOCTPOCHHOTO Tpaduka TPOBOAWIACH KacaTelbHAs, IIUPUHA
3aMpelIeHHON 30HbI BBIUMCISIACH KAaK YUCIEHHO paBHAasi 3HAYEHUIO, MPU KOTOPOM
KacarelibHas MepecekaeT och abCIuce.
(hva)@/™ = A(hv — Ey), (1)

I'ne, E; — mmpuna 3anpemennoi 30uel, 9B; h — nocrosunas [Tnanka (6,626+ 107
JIx-c; v —yactoTa Kosiebanuii, ['i; o — koahPuIMEeHT NOrIOoIMIEeHHS; N — BEJIMYUHA,
ompenensemMas CTPYKTYpOMl 3alpelieHHOW 30HbI TOJYIPOBOAHUKA;, A —

KO3(PUIIMEHT NPONOPLIHOHATILHOCTH.

2.3. Cnexkrpodoromerpus

B pabotre memoo cnexmpogomomempuu ObUI UCHONB30BAH ISl ONpECICHUs
JUIMHBl ~ BOJHBI ~ TOTJIOMICHUS  DJIGKTPOMAarHUTHOTO  M3Jy4Y€HUS  BUAUMOU U
yIbTpadroaeTOBOM 00acTel CrieKTpa BOAHBIMU CYCIICH3USIMU HAHOYACTHUIl cepebpa u
BOAHBIMH pPAaCTBOpAMHU KpPACHTEIs, MPEAHA3HAYECHHOTO JUIsI TECTOBBIX HWCITBITAHUI
doTokaTammzaTopoB. [luk mornomeHuss HaHOYACTHUI cepedpa, MUCIIEPTHPOBAHHBIX B
BOJIC, COOTBETCTBOBAJI JIJTMHE BOJTHBI KOJICOAHWI ITOBEPXHOCTHOTO TIA3MOH-TIOJISIPUTOHA.
KonuenTpaius kpacurelns ¢ Oblla BEIYUCIICHA NpU oMol 3akoHa Jlabmepra-bypera-
bepa, maTemaTudeckoe onucanne KOTOPOro mpecTaBieHo B popmyie (2).

D =egl-c, (2)

I'me, D — OnTudeckass MIOTHOCTH pacTBopa (Oe3pa3MepHasi BEIUYWHA);, € —
KoaddunreHT onTryeckoro norioieHus BeecTBa, JI/MoJib-cM; 1 — JIJlnHa OonTHYecKoro
MyTH JIy4a B UCCIIEyEeMOM 00pasIie, CM.

OTHOCHTENbHAS KOHIICHTpAIlMS METUJICHOBOTO CHHETO Obljla M3MepeHa IyTeM

pPETUCTpAlMY MTUKA ONTUYECKOTrO MOJIOICHU C JJIMHOKW BOHBI 660 HM. MccnenoBanus
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ObuM peanu3oBaHbl Mpu nomoimu cnekrpodoromerpa I13-5400 Y@ (Ilpomdkoinad,
Poccust). CnekTpanbHblid quana3oH npubdopa Haxoauiics B npenenax ot 190 qo 1000 vM,

CIIEKTPAIEHOE Pa3pelIeHNe COCTaBIWIO | HM.

2.4. DJIeKTPOHHAS MHUKPOCKONHA

HccnenoBanue pasMepoB U MOP(HOIOTUU TMONTYYEHHBIX HAHO- U MUKPOOOBEKTOB
OCYILLECTBISUIOCH C TPUMEHEHHUEM METOJOB CKaHUpyroweu W Npoceedusaroujeu
9NeKMPOHHOU MuKpockonuu. JlJia peanu3aliuu HCCIIeIOBaHUN ObLIM HMCIOJIb30BAHbI
CKaHUpYIOIMH dJekTpoHHble Mukpockonbl CarlZeiss Sigma (Zeiss, ['epmanus).
[IpocBeunBaroias IeKTPOHHAsE MUKPOCKOIHUS Obla peanu3oBaHa npu nomoiu JEM-

2100F (Jeol, SAnonus), pazpenienue Mmukpockorna 0,19 awm.

2.5. PeHTreHOCTPYKTYPHBIH aHAJIN3

®a30BbIil cocTaB U JAePEKTHOE CTPOCHHE TIOJNYYECHHBIX MaTEpPHAIOB ObLI
UCCJIEIOBAH TP MOMOILH Memooa peHmeeHOCMpPYKmMYpHO20 aHAIU3d, OCHOBAHHOTO Ha
perucTpaidd  CHEKTpoB  AUGParupoBaHHOTO  PEHTTEHOBCKOTO  H3JIyYCHHUS.
WuTepnperanusi TMOJYYSHHBIX JAHHBIX OCYIIECTBISAIACh B paMKaxX KHHEMaTHYECKON
TEOPHUH PaCCEeSHUS PEHTTEHOBCKHX JIy4YeH, KOTopas OblIa BEIOpaHA BBHY BBITTIOJTHCHUS
ycinoBusi, omucanHoro Kpupormazom M.A. B pabote [96] u mpencTtaBieHHOTO B
ypaBHeHuH (3).

1< L« L, (3)

['me, A — JInwHa BONHBI PEHTICHOBCKOTO M3mydeHus, HM; L — Pa3smep oOmactu

KOTEpEeHTHOTO paccesnusi, HM; L. — JlnnHa skcTunkimu, HM; OlleHKa BEJIMYUHBI JJTUHbBI

HKCTUHKLMHU OCYIIECTBISIIACH IO opmydie (4).

J-sin@
A-a0-f’

L, = 4)

I'ne, 9 — O6beM dneMeHTapHOI sueiiku, A%; @ — Yron oTpaskeHus peHTTeHOBCKOTO

U3ITy4eHUs OT UCClieyeMoro Mmarepuaina; A — J[;mmHa BOJIHBI pEHTT€HOBCKOTO U3TyUYEeHHUS,
c g0 — 52 L2 — .10-13 : .

om; a’ =e“/m,-c* =28 -107"°, cM; m, — Macca CBOOOJHOIO 3JIEKTPOHA, KT; € —

aJeMeHTapHbIi 3apsn, Ki; ¢ — ckopocTh cBeTra B Bakyyme, m/c; f — cTpykTypHas
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aMIUTUTYJIa UIeaIbHOTO KpucTamia. B cootBeTcTBUE ¢ hopmyrnoii (4) cpenHuii pazmep
o0JacTeil KOrepeHTHOI0 KpHUCTallIa, CTPYKTypa KOTOPOTO MOXKET OBbITh M3yyeHa IpH
MOMOIIM KWHEMATHYEeCKOW TEOpHH B ciiydae AUGpaKIUd PEHTTCHOBCKUX JTydel, He
JIOJKEH MIPEBBIIATE | MKM.

Unentudukamums (a3, COCTABISIONIMX YaCTHUIbI, OCYIIECTBISUIOCH ITyTEM
COTIOCTABJICHUS TOJIYYEHHBIX CIEKTPOB PEHTIEHOBCKUX OTpPaXCHUN C 0a30i MaHHBIX
Powder Diffraction File (Bepcuss PDF-2 2022), npemocTtaBie€HHOW OpraHu3anuein
International Centre of Diffraction Data.

JedexTHoe cTpoeHHe YacTUll OKCHJIA [IMHKA OBLIO U3y4YE€HO P MOMOIIY aHaIu3a
dbopmbl mpodus PEHTIEHOBCKOTO pediiekca ¢ ydyeToM BKJIaJia MHCTPYMEHTAJIbHOM
NOTPENTHOCTH B PU3NYECKYIO IUPUHY JIMHUU. CpeaHuil pa3zMep 00acTeil KOrepeHTHOTO
paccesiHus ¥ IJIOTHOCTh TUCIIOKAIUKA OBLITM OIEHEHBI ITyTeM aHajdu3a YIIUPEHUs! MUKOB
PEHTT€HOBCKOTO OTPAXKEHHUSI B COOTBETCTBHE ¢ MoAEibI0 “Strain Size Plot”, onurcanHoi
B pabote [97]. Jlna ompeneneHus pa3sMepoB OO0JACTed KOTEPEHTHOTO pPacCEsHUS
CTPOUIIMCh JIMHEHHBIE 3aBHCHMMOCTH B ocax (d-B-cos0)> m d*B-cosd, rme d —
MEKIUIOCKOCTHOE pacCTOsHUE, § — mosymupuHa pediiekca, 0 — 3HaueHre OpIrroBCKOro
yria. Pacuer pasmepa obnactu xorepentHoro paccesuust (OKP) ocymectBisics u3
3HAUCHUS BEJIMYMHBI HAKJIOHA JIMHEWHOW 3aBUCUMOCTH, IUIOTHOCTh JMCIIOKAIUi Oblia
NpUHATa 0OOpPaTHO MPOMOPIMOHAIBHOM MO OTHOWEHUIO K kBagapaty OKP, nepeceuenue
JMHEWHOW 3aBUCHMOCTH C OChIO y TIO3BOJMJIO PACCUUTATh BEIUYUHY BHYTPEHHHUX
MUKpoAehopMarmii.

PeHTreHOCTpYKTYpHBIN aHaiu3 ObLI OCYIIECTBJICH MPU MOMOIIU AU(paKTOMETpa
XRD 7000 (Shimadzu, fnoHus), OCHalllEeHHOM MEAHBIM MCTOYHUKOM H3JIYUYCHHS C
nnuHo#M BonHb! 1,5406 A. Jluanason yrios ckanupoBanus audpakxromerpa ot 10 1o 150°

c marom ckanupoBanus 0,02°.
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2.6. Jlazepnas nudpakums

Pacnpenenenue mo pa3mepam 4acTull, AUCTIEPTUPOBAHHBIX B BOJIE, HCCIEA0BATIOCH
IpU TTIOMOIIH Memooa JazepHoul ougpaxkyuu. YacTUIbl B BUAE CYCIICH3UH PAaCCEUBAIOT
CBET Ha TOCTOSHHBIA TEIIECHBIM yTOJI, BEJIMYMHA YIJa 3aBUCUT OT JUaMeTpa YacCTHIL.
N3mepenre ObLIO OCYHIECTBICHO MpPHU MOMOINM JiazepHOro ananuzatopa Sald 2300

(Shimadzu, Snonus).

2.7. PentrenodyopecueHTHbIN aHAIU3

DNEeMEHTHBIM COCTaB MOJYYEHHBIX HAHO- M MHUKPOYACTHI[ OKCHJA IMHKA OBLI
U3YYEH NP MTOMOIIN Memooa peHmeeHoQiyopeyeHmno2o anaiuza. Meton oCHOBaH Ha
pEerucTpaly U3JIy4YeHUs C JUIMHOW BOJIHBI, XapaKTEPHOU MJIi aTOMOB OIPECIICHHOTO
XUMHUYECKOTO0 d1eMeHTa. MeTtoa ObL1 peanu3oBan rnpu nomoiu cnekrpomerpa EDX8000

(Shimadzu, SAAnonus).

2.8. Cnexrpodayopumerpust

Konuentpanust ¢eHona B (POTOKATATUTUUECKUX HCHBITAHUAX ONPEAENsUIach MpU
NOMOUIM  Memoda  cnekmpoghuyopumempuu, OCHOBAaHHOTO Ha  pErucTpaluu
XapaKTEPHOTo (JIyOpPECLIEHTHOTO OTKJIMKA, COOTBETCTBYIOIIETO MOJIEKYJIE (PEHOJIa BBUY
HAJIMYUS TPEX COMPSHKEHHBIX IBOMHBIX XUMUUYECKUX CBSI3€HM MEXIy aToMaMH YIJepoJa.
Jnsa  peanmuszaumn  MeTojga Oblla  TOCTPOEHA  IpajyHUpOBOYHAs  3aBHCHMOCTD
MHTEHCUBHOCTH  (JIyOpeCHEHUMHU OT KOHLEHTpauuu (¢eHola TMpu  HOMOIIU
nporpammHoro obecnedenus: LabSolutions RF. I'paduk 3aBucuMocTu npencraBieH Ha
Puc. 3. cTuHHOE 3HaU€HHE KOHLEHTpAUHu (PeHo1a MPUHUMAIIOCh CPEHUM U3 YETHIPEX
napajielbHbIX u3MepeHuil. Meroa 0wl peanu3oBad npu nomou npudopa RF-6000
(Shimadzu, Snonwus). CrnexkTpajdbHBI IHMAMAa30H W3MEPEHHs] MPUOOpa HAXOAUTCS B
npenenax ot 200 mo 900 uM, TouHOCTH M3MepeHus 0,2 HM, COOTHOIIEHUE TOJIE3HOTO

cursaia k mymy cocrasiser 1000 k 1.
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2.9. Metoa bpynayspa-Immera-Tesiepa (BIT)

BenuunHa yaenbHON MOBEPXHOCTH HAHO- U MHUKPOYACTHI[ OKCHJA IMHKA ObLIa
ompeesieHa TPy MOMOIIN Memooa bpynaspa-Ommema-Tennema (b3T), 0CHOBaHHOTO Ha
U3YYCHUH TIPOICCCOB (DU3MUYCSCKOM afCOpPOLMM MOJICKYJI a30Ta Ha IMOBEPXHOCTH
uccienyeMoro marepuaia. Meton ObuUT peanu3oBaH Ipu momomu npubopa Surfer

(Thermo Scientific, CIIIA).

2.10. InddepeHnuaibHO-CKAHUPYIOIIAS KAJOPUMETPHS

Hanuuue ocTaToOYHOro rUAPOKCHIA IMHKA B IMOJYYCHHBIX HAHO- © MUKPOYACTHIAX
OKCHJa TIMHKAa OBLIO YCTAHOBJIEHO TMPU TIOMOIIU Memoda OupdeperyuaibHo-
CKaHupylowell Kaiopumempuu, OCHOBAaHHOM Ha HM3MEPCHUU H3MCHEHUS JHTAJIBbITHH
UCCIIeyeMOro MaTepralia Ipyu HarpeBaHuu. MI3MeHEHHE SHTAJIBITNHU TIO3BOJISICT BHISIBUTD
SHIOTEPMHUYCCKUE M IK30TEPMHUSCKHUE TPOIECCHl TPU OINPEACICHHBIX TeMIIepaTypax.
BenuunHa TEIIOBOrO MOTOKA IMOKA3bIBAE€T KOJIMYSCTBO MPUMECHOTO THAPOKCH/IA [IMHKA.

Merton 6wt peasiuzoBan npu nomotnu npudopa X-DSC 7000 (Hitachi, Anonwms).
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3akaouyenue k ['1aBe 2

OnucanHple  BbIle  (U3UKO-XMMHUYECKHE  METOJbI  JKCIIEPUMEHTAILHOTO
WCCJICIOBaHMSI Pa3MEpPOB, BHYTPEHHEUW CTPYKTYphl, MOP(OJIOTHH, CBOWCTB, a TaKKe
(boTOKaTAMUTUYECKOW AKTUBHOCTM HAHO- W MHMKPOYACTHUIl PA3JIMYHBIX MaTepuasoB
SBJISIFOTCS COBPEMEHHBIMU, OOIIETIPUHATHIMU U MHGOPMATUBHBIMU. MICIIONBb30BaHHBIE B
paboTe cnekmpanvhblie Memoobl auaiu3a OCHOBaHBI Ha 3(QexTax MoraomeHus,
oTpaxeHus ¥ (IyOopeCCHIINH 3JIEKTPOMArHUTHOTO U3JIyYEHHS Pa3HOI0 IMarna3oHa BOJIH
UCCIICIOBAaHHBIMA ~MaTepuajiaM. BenuuuHa yJeapbHONM TMOBEPXHOCTH HAHO- W
MUKpOUYacTUI] OblJla YCTAaHOBJIEHA MPH MOMOIIK MeTona bpynayspa-Ommema-Tennepa
(b2T), 0CHOBAaHHOTO Ha MPUHIIMIIE U3MEPEHUS BEIMYMHBI (PU3UUECKOM aIcOpOIIUU a30Ta.
Memoo  oughgepenyuanvro-ckanupyrowel Kaiopumempuuy, WUCTOJIb30BAHHBIA s
u3ydeHus: (pa3oBOro COCTaBa HAHO- W MHMKPOYACTHI[ OKCHJA IIMHKA, OCHOBAaH Ha
OPUHIIMIIE PETUCTpaIlMi  TeruioBoro 3ddexra CTPYKTYypHBIX MpeoOpa3oBaHUil B
MaTtepuajiax B IIpollecC€ HarpeBa. OTH MPUHIUIBI MOJPOOHO HCCIEAOBaHBI,
OOIIIEU3BECTHBI U JIEKAT B OCHOBE YCTPOIMCTBA COBPEMEHHBIX U3MEPUTEIHHBIX TPUOOPOB.
AHanuTnyeckoe 000py10BaHUE, UCIIOJIB30BAHHOE B pad0TE, IOBEPEHHO, UMEET BHICOKYIO

TOYHOCTB, I1I0 3TOM IMPHUYHHC MMO3BOJIICT IOJIYYaTh JOCTOBCPHBIC JaHHBIC.
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I'JIABA 3. IlosrydyeHnne u ncciieIOBaHUE HAHOO00HEKTOB OKCH/IA IIUHKA

3.1. CuHTe3 HAHO- U MUKPOYACTHIl OKCHU/IA IMHKA

B mpencraBneHHoi paboTe HAHO- W MHKPOYACTHIIBI OKCHJA IIMHKA ObUIH
CUHTE3UPOBaHbI IIPU MOMOIIY OPUTHHAIIBHOTO crioco0a, onrcaHHoro B padotax A1, K1,
K2, na xoropsliii 6611 nomyuen nateHt I71. Ciocob6 0OCHOBAH Ha MPUHIIMITAX KOJUTOUAHON
XMMHHA W 3aKIIOYaeTcsi B (OPMHUPOBAHUM KPHUCTAJUIOB OKCHAA ILMHKAa B IIpOLECCE
TEPMOJECTPYKIIMU TUAPOKCHIA IIMHKA, KOTOPHIM B CBOIO ouepenb oOpasyeTcs B
pe3yibTaTe NPOTEKAHUS HEOOPAaTHMOI0 XHWMHUYECKOrO B3aMMOJEHCTBUS  MEXKIY
IIPEKYPCOPOM LIMHKA U LIEJI0YBI0 B BOAHOM PACTBOPE ITHIICHIVIMKOJIA. [IpeacTaBneHHbIi
CHOCO0 OTJIMYAET OT U3BECTHBIX aHAJIOIOB TEM, UYTO €TI0 PeaIN3alys OCYIIECTBISAETCS B
HEPaBHOBECHBIX YCIIOBHUAX, CKOPOCTh PEAKLIMY CHHTE3a YBEIMYECHA 3a CUET HECKOJIBKHUX
(akTOpOB: HCIIOJIB30BAHME XJOPHAA LIMHKA B KauyeCTBE MPEKypcopa, UCIOJIb30BAHHE
TUAPOKCHIA KallMsl B KAueCTBE LIEIOYM, OOJBIION MOJIAPHBIA HM30BITOK HIENOYH I10
OTHOULIEHUIO K MPEKYPCOPY, ONTUMAJIBHBIN COCTaB PACTBOPUTES, B KOTOPOM IIPOTEKAET

CHUHTC3, 4 TAKIKC OIITHUMAJIbHAA TCMIICPpATypa OTKUI'a ITOJTYUYCHHBIX YaCTUI OKCHAA IMHKA.

3.1.1. MaTtepuajbl 1 000py/I0BaHUE, UCTIOJIHb30BAHHbIE B CHHTE3€ HAHO- U

MHUKPOYACTHI OKCH/IA NUHKA.

PactBOp, B KOTOpOM MPOTEKAIA PEAKIIUS CUHTE3a YaCTHUI OKCHJIa IMHKA, COAEPIKaI
B CBOEM COCTaB€ BOJly, IOJTOTOBJICHHYIO MmyTeM. [loAroToBKa BOJIBI OCYHIECTBIISIIACH
npu nomomm guctwusatopa A3I3-10 (3aBon OMO, Poccust). BTopbiM KOMIOHEHTOM
Cpelbl peaklMyM CHHTE3a YacTHUIl BbICTyNaa AITWieHrIukoib (CAS Ne [107-21-1),
kBanuduranus yuctotbl YJA. I'mapokeun kanus (CAS Ne 1310-58-3) kBanuduxanuei
XY Obul UCHOJB30BaH B KaudecTBE IIeJo4Yd. B kadecTBe mpekycop IMHKA ObUIU
MPEeIJIOKEHBI IBE COJIM: anerar nuHka (CAS Ne 557-34—6) u xnopua uuHka (CAS Mo
7646—85—7), 00e nMmenu KBauPpuKaIo YucToThl XY.

OO0beM HCTONB3YEMBIX B CHHTE3€ KUIKOCTEH H3MEPSUICA MPU MOMOIIA MEPHBIX
nunuHapa oobemom 100 mut u no3zatopa nunerounoro (Thermo Fisher Scientific, CIIIA)

C MakcuMalibHbIM oOBeMoM IMpoOsl oT 1 mo 10 wmu. IlepememuBanue pacTtBopa
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OCYIIECTBIISUIOCH Tipu Tomotny Mexanmdeckux memanok ES-8300 (Dkpoc, Poccus) u
RW 20 Digital (IKA, I'epmanusi). Macca cbIpbeBbIX KOMIIOHEHTOB CUHTE3a U3MEPSIach
npu nomoiu 31eKTpoHHbIX BecoB HR-100A (AND, Sfnonust), makcumaibHOE H
MHUHUMQJIBHOE 3HAYEHUE H3MEpseMOM Macchl KOTOphIX paBHo 102 rp m 0,2 wr,
COOTBETCTBEHHO, morpeurHoctb uzMepeHusi 0,1 mr. HarpeB peakuumoHHOM cmecH
ocyliecTBisuicss npu nomoimu snekrpuuecko mautku EN-901 (Energy, Poccus).
TemnepaTypa cUHTE3a WM3MEpPsUIaCh MPHU MOMOIIM TMOTPYKHOM TEpMOIaphl, JAUANa3oH

u3MepeHus koropoi coctaBui ot -50 1o 300 °C, tounocts n3mepenus 0,1 °C.

3.1.2. MeToauka noJy4yeHusi HAHO- 1 MUKPOYACTHI[ OKCHIA IIHHKA

[lonydeHre 4YacTHI[ OKCHAA IIMHKA OCYILIECTBISUIOCH B BOJHOM pacTBOpE
ATWJICHIJIMKOJIS, OObeMHAas KOHIIEHTpaIMsi KOTOporo BapbupoBaiack oT 0 mo 45%. B
OJIMH JIUTP MPUTOTOBIEHHOTO PACTBOPA T00ABIISIICS THAPOKCU KAl B KOJIUYECTBE OT
28,0 no 41,1 rp, B pe3ynpTare 4ero Temrieparypa pactBopa Bo3pactrana. [Ipu stom
MOJISIPHOE OTHOIIEHHUE IIEJIOYM K MOHAM IIMHKa cocTaBmwio 10 u 15, cOOTBETCTBEHHO.
[TonydeHHasi cMech MEpeMENINBAIach 10 MOJTHOTO PACTBOPEHUS LIEIOUYU U OCTHIBAHUS
no 3HadyeHus ot 40 po 70 °C. Jlanee TemmepaTypa NOAAECPKUBAIACH MPU TMOMOILIH
ANIEKTPOHArPEBATEIbHOM IUIUTKU 0 OKOHYAHHUS Mpollecca CHUHTE3a. B peakluHnOHHYIO
CMECh T00aBISLIOCH 25 M1 BOAHOro 2M pacTBopa Mpekycopa LUHKA, IPUTOTOBIEHHOTO
C UCIOJb30BAHMEM JUCTWJIMPOBAHHOM BOJbl. Jlajiee peakuMOHHAs CMECh
IepeMeIInBaNach NPy MOCTOSHHOM TemmepaType B TeueHue 90 MHUHYT Ipu pa3HOU
ckopocTu oT 600 1o 1500 06/muH. [To okoHuanuu 90 MUHYT CMECh OTCTauBaIach, 0CaI0K
YaCTUI] OKCHJIA IIMHKA AUCIIEPTUPOBAIICS B JUCTUIUIMPOBAHHON BOJE TpH oMol Y 3B-
2,8 (Candup, Poccus). CycneH3usi 4acTHI] OKCHJIa IIMHKA OCaXJaach MPH MOMOIIH
nentpudyru Frontier FC5706 230V (Ohaus, CIIIA), pacTBop ynmamnsics, U Iporeaypa
MOBTOPSJIaCh TPU pas3a JJIS TMOJHOTO YCTPAHEHHUs IMOOOYHBIX MPOAYKTOB CHHTE3A.
[ToydeHHBIH MOPOIIOK YACTHUI] OKCH/JIAa IIMHKA MPOKAJIUBAJICS B CylImiIbHOM 1iKkady ES-
4620 (Oxpoc, Poccus) npu 105 °C B TeueHue 5 4acoB AJi OJHOTO yAAJICHHUS] OCTATOYHOM
Biaru. Jlamee mopolIok Kaxaoro oopaslia ObUI MOJACICH Ha HECKOJIBKO YacTel s

poBeAeHUs oTxura npu temreparypax ot 200 no 1000 °C B TeueHue Tpex 4acos, IO
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OKOHYaHHHN OTXKHIA 06pa3u51 OCTBIBAJIM BMECTE C Itedbio. OTKur OCYIICCTBIAJICA B

mydenbHoi neun FP-12 (Daihan, Pecriybnuka Kopes).

3.1.3. BrusiHue Ka4eCTBEHHOI'0 COCTaBa MPEKypcopa Ha MOP(OJIOTHI0 HAHO-

A MUKPOYACTHII

Ponp mpekypcopa nuHka B (GOPMHPOBAHUM YaCTHUIl MCCIEAOBATIACh MPHU YCIOBUH
MIOCTOSTHCTBA OCTAJbHBIX IapaMeTpoB cUHTE3a. CHHTE3bl OCYILIECTBISUINCH B 25 %
BOJHBIX PACTBOPAX STUICHIIUKOI Tpu Temneparype 70 °C u CKopocTH NepeMEIBAHMS
600 06/muH. MomsipHOe OTHOIIEHUE IIETOYH K MPEeKypcopy IMHKa coctaBmio 15 x 1.
Hcnonws3oBanue anerara v XJ0praa HUHKA O3BOJIMIIO TOJIYYUTh HAHO- U MUKPOYACTHIIBI
B (GopMe CTEp)KHEW W IUIACTUHOK COOTBETCTBEHHO. OOpasIpl OBLIM OTOXIKEHBI MPH
temriepatype 650 °C. Pe3ysnbrarbl MHKPOCKOIIMYECKHX MCCIEAOBAaHUM IOJYYEHHBIX
yacTul npezacrasieHsl Ha Puc. 4. U3 pucynka (Puc. 4a u Puc. 4B) BUIHO, 4TO OTKUT
CTEepIKHEH HE TPUBEI K U3MEHEHHIO MOP(HOJIOTHH U Pa3MEPOB YaCTHUII, OJJTHAKO TUTACTUHKU

(Puc. 46) usmenunu cBoro Ghopmy.

Puc. 4 — JlucnepcHble 4acTHILIbl, TOJy4YEHHbIE B 25% BOJIHOM PacTBOpE
ATWJICHIIIMKOJIS Npu TeMiiepatype cunte3a 70 °C u ckopoctu nepemermmanus 600
00/MUH. (a) IpH YCIOBUM MCTIOJIb30BAHUHM alleTaTa IMHKa B Ka4eCTBE MpeKypcopa, (0)

MIPU YCIIOBUU UCIOJIb30BAaHUU XJIOPUJIA IIMHKA B KAYECTBE MPEKypcopa



97

3.1.4. BiusiHMe MHTEHCHBHOCTH NepeMelIMBAHUS PEaKIMOHHOM CMeCH Ha

MOP(}0JIOTHI0 HAHO- U MUKPOYACTHIL

NHTeHCHBHOCTh TIEpEMEIINBAHUS PEAKIIMOHHOW CMECH OKa3zajia CYIIeCTBEHHOE
BIUsiHUE HAa Mopdosoruto yactuil. CpaBHUTENbHBIE CUHTE3bI ObUIM OCYIIECTBICHBI U3
areraTa IMHKa, UCTIOJB30BAaHHOTO B KAa4eCTBE MpeKypcopa, B 25 % BOTHOM pacTBOpeE
ATUJIEHIMKONA, Ipu Temnepatype 70 °C. MonsipHOe OTHOLIEHUE THAPOKCUAA Kalus K
MOHaM IIMHKa cocTaBmio 15:1 B 06oux ciydasx. CKOpOCTh MepeMeIIMBaHus MEHSIACh
ot 600 10 1500 06/mMuH, cuHTE3bI ocymecTBIUHCH pu momomu RW 20 Digital (IKA,
I'epmanus) u ES-8300 (Oxpoc, Poccus) cooTBEeTCTBEHHO. Pe3ynbTarhl 3J€KTPOHHBIX
MHUKPOCKOITMYECKHUX UCCIEAOBAHII MOP(OJIOTHN MOTYyUYESHHBIX YaCTHII IPEICTABICHBI Ha
Puc. 5. VI3 pucyHKOB BUAHO, 4TO B Clly4yae MMepeMENINBaHUS PEAKIIMOHHON CMECH MpU

1500 o6/mMuH 00pa3yroTcst yacTullbl, (hopMa KOTOPHIX OH3Ka K cheprudecKom, TuaMeTp

cthep cocraBisieT okos0 20 HM.

Puc. 5 — JlucnepcHbie 4acTUIlbI, MOTYUYEHHBIC U3 XJIOpUIA ITMHKA B 25 % BOJHOM
pacTBOPE ATUIEHIIMKOJISA Ipy TeMriepatype cunares3a 70 °C, mpu cKOpoCTsX

nepemMemuBanus (a) 600 06/muH, (6) 1500 06/Mun
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3.1.5. BriusiHue KOHIHEHTPALMH ITHJICHIJIMKOJISI B PEAKIIMOHHOM CMeCH Ha

MOp(l)OJ]OI‘l/IIO HAaHO- 1 MUKPOYaCTHUI

HccnenoBanue BIMAHMS KOHLIEHTPALUMU ATHICHIJIMKOJSI B COCTaBE PEaKLMOHHOU
CMECH Ha MOP(OJIOTUIO YaCTHUL UCCIIEN0BATIOCH MPU YCIOBUU MCIOIb30BaHUS XJIOPHUIA
LIMHKa B KayecTBE NpeKypcopa, Temmeparype peakuuu cuHresa 70 °C, ckopocTu
nepeMemBanus 600 06/mMuH. KoHIieHTparus STUIEHTIIMKOISA u3MeHs1achk ot 0 10 45%.
B cnydae ucnonb3oBaHus JUCTUIUIMPOBAHHOM BOJIbI B KAYECTBE CPEIbl ISl PEAKLUU
oOpasyromuiics Oenblii  O0CaJOK B TEUEHHWE HECKOJbKMX MHHYT TOCTOSHHOTO
IIEPEMEIINBAHUS PACTBOPSIICS, B PE3YJIbTaTE YEro PACTBOP CTAHOBWICS ITPO3PAYHBIM.
Habmrogaemplii 3¢¢dekT MoXeT TroBOpUTh 00 00pa3oBaHWU BOJOPACTBOPUMOIO
KOMIIJIEKCHOI'O COEAMHEHMUS IMHKAa. Hanuuuwe STUIIEHITIMKONSA B JaHHBIX YCIOBHUSAX
CHUHTE3a MPEAINOJIOKUTEIBHO SBISETCS OJHUM M3 Hauboyiee Ba)KHBIX IapaMeTpoB,
00ecIeynBaIINX 00pa30BaHUE TBEPABIX OCAIKOB TMIPOKCHIA U OKcuJa uHKa. Ha
Pruc. 6 mnpencraBiueHsl pe3ysnbTaTbl MHUKPOCKOIMMYECKUX HCCIEAOBAHMM YacTUL,
ITOJTyYEHHBIX B BOJHBIX PACTBOPAxX ATUJIEHIVIUKOIS B KOHIEHTpauusax ot 30 o 40 %. U3
PUCYHKOB BHUJIHO, YTO NPH YBEJIMYEHUU KOHLEHTPAIMU ITHICHIJIMKOJISA (POPMUPYIOTCS
yacTulbl  3BE3quartoil  Qopmbl, Mocienayoliee  BO3pacTaHUWE — KOHIIEHTpAlUU
sTuneHraukonst 10 40 % crnocoOCTByeT MOSIBIEHUIO Yy 4YacTHI] OoJiee BbIPAKEHHON
orpaHkd. M3 MOJy4EeHHBIX JaHHBIX MOYKHO CHEJNATh NPEAINOJOKEHUE O TOM, 4YTO
YBEJIMYECHHE KOHLEHTPAMU STUJIICHTIIMKOJS MO3BOJISIET MOJIy4aTh YaCTHUI[bl C MEHBILIUM
KOJIM4YECTBOM JAe(PeKkToB. OTKUT YaCTHUI] MPUBEI K OIIBIBAHUIO I'PAHEN YACTHUII, KaK 3TO

noka3ano Ha Puc. 6B u Puc. 6r.



Puc. 6 — I[I/ICHGPCHBIG YaCTHUIbI OKCHU/Aa TMHKA, ITOJTYYCHHBIC U3 XJIOpU/Ia IMHKA

npu temneparype cunreza 70 °C npu ckopoctu nepemernanus 600 o6/mMun (a) B 30%
BOJHOM pacTBOpE ITUIEHTIINKOIS, (0) B 40 % BOHOM pacTBOPE ITHIICHTIINKOJIS, (B)
30% BOJIHOM pacTBOpE ATHICHIIIUKOIS ¢ nocieayomuM omxkurom npu 650 °C, (1) 40%

BOJHOM PacTBOPE 3TUJIEHTJIMKOJIS € OCIEAYOUIMM OTKUTOM Ipu 650 °C
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3.1.6. BiiusiHue MOJISPHOT0 OTHOIICHUS IEJI0OYH K HOHAM IIUHKA HA

XAPAKTCPUCTUKH HAHO- H MUKPOILVIACTHHOK

Yactumpl, obmagasie Mopdoaoruei miIacTUHOK, OBLITN TOJYYECHBI TIPH YCIOBUU
MOJISIPHOTO OTHOIICHMSI IIEJIOYM K MOHAM IuHKa paBHoro 10 u 15. B oboux ciyuasx
cuHTe3 ocyulecTBisica npu temneparype 70 °C B 25 % BOJIHOM pacTBOpE
ATUJICHTJIMKOJISA MpU CKopocTu nepemeruBanus 600 o6/muH. B kadecTBe mpekypcopa
OBLT WCTIONB30BaH XJIOPHUJ IMHKA. Pe3ynbTaThl MUKPOCKOTHH TOJYYEHHBIX 00pPa3IoB
nokas3anbl Ha Puc. 7. [1nacTUHKY, MOTy4YEHHBIC TPU 3TUM YCJIOBUSIX, UMEJIA OJIMHAKOBYIO

MOp(l)OJ'IOl"I/IIO, AUaMCTp IINTACTHHOK COCTAaBHUJII OKOJIO 20 HM, JIMHA W IIHPHHA

Haxoawiack B ripegenax ot 100 o 300 um.

Puc. 7 — JlucnepcHbie 4acTUIlbI, MOTYUYEHHBIE U3 XJIOPUJA IIMHKA B 25 % BOJHOM
pactBope stuneHrukoss mpu 70 °C mpu ckopoctu nepemeruBanus 600 06/MuH. (a)
MossipHOE OTHOIIIEHHE 1IEeJI0YH K HOHaM ITHKa coctaBmiio 10 k 1, (0) MomspHaoe

OTHOILIEHHE IIEJIOYN K MOHAM IIMHKA cocTaBmwio 15 k 1
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3.1.7. Cragun ¢popMHpoOBaHHA YACTHIl OKCH/IA IMHKA B MpoLecce CHHTE3a

TemnepaTypa cuHTe3a OoTpas3uiach Ha CKOPOCTH (OPMHUPOBAHUS TUIACTUHOK, Kak
3T0 moka3aHo Ha Puc. 8. CpaBHUTENbHBIE HCCIEAOBaHUS MPOBOAUCH 25 % BOAHOM
pacTBOpE ATUJICHIIIUKOJS MPU UCTIOIB30BaHUU XJIOPUJIA IIMHKA B KAYECTBE MPEKypcopa
IIPY CKOPOCTH TiepemeruBanus pactBopa 600 06/MuH, MOISIPHOM OTHOIIICHUH IIEJI0YH K
noHam nuHka 15 x 1. I[Ipu atom Temneparypa cuntesa Obuta 70 °C. OOpasiibl 0TOMpanuch
Kaxple 10 MUHYT CHHTE3a 111 MUKPOCKOITMYECKUX UCCe0BaHui. 13 mpeacTaBneHHbIX
JaHHBIX BUIHO, YTO ITUIACTUHKY, MosydeHHble npu 70 °C, obHapysxeHbl uepe3 20 MUHYT

IIOCJIC Ha4YaJla CHHTC3a, JaJICC MOp(i)OJIOFI/ISI HC MCHJIACh.

Puc. 8 — Cranguu ¢popmupoBaHus IMIACTUHOK OKcHa IMHKA. (a) 10 muH, (6) 20

MuH, (B) 40 muH, (1) 60 MuH
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3.1.8. CuHTe3 MUKPOYACTHIl OKCH/IA FAJTUSA

OnucaHHBIN BBIINIE TOAXOA CHHTE3a OBLI TakKe ampoOMpoBaH Ha MpUMEpe
MOJIyYEeHHs TUCIIEPCHBIX YacTull okcuaa rammd (f-Ga,Os). Pe3ynbrarsl ncciieqoBaHus
omyOauKoBaHbl B pabotax A2, K3-K6. B xone B3auMOJICUCTBUS HUTpaTa TaJldsi U
aMMHaKa B BOJTHOM PacTBOpE MPU KOMHATHOM TeMIieparype ObLIN MOJIy4YeHBbI 00pa3Iibl
oenoro ocanka. XapaKTEpPUCTUKU TIOJYUYEHHBIX OO0pPA3LOB PETYIUPOBAINCH IMyTEM
M3MEPEHUSI MOJISIPHOTO OTHOIIEHUS aMMHaKa K npekypcopy rawus ot 0 go 15. Ilocne
CHUHTE3a BCE MOJIyYEHHbIE OCaIKH nojsepraiuch orxkury npu 900 °C Ha Bo3gyxe s
IIOJIHOTO  YCTPAHEHWs OCTaBUIMXCS HpuMecedl ruapokcuaoB ramus. OOpaser,
NOJIYYEHHBIA B PE3yJbTaT€ OTKHUIA OCaJKa BOAHOTO pacTBOpAa HUTpaTa ramius Oe3
noOaBlIeHMUsI aMMMakKa, TMPEACTaBIsl coboil  aMopdublii  ocagok. OTcyTCTBHE
KPUCTAJUIMYECKUX YACTUI[ BEPOSITHO TOBOPUT O (POPMUPOBAHUU JIUIb TUIPOKCUIHBIX
COEJIMHEHU TraJulnsl, aHAJIOTUYHO TOMY, KaK 3TO MPOUCXOAWIO B XOA€ B3AUMOJICHCTBHUS
peKypcopa IMHKa U LIEJI0YH B BOJHOM pacTBope 0e3 J00aBiIeHUs 3TUJICHIINKOIA. B
OCTAJIbHBIX CIIy4asX B XOJ€ CHUHTEe3a (DOPMHUPOBAIUCH SIUTUINTUYECKHE MUKPOUACTHULIBI
okcuna rammusa (B-GapOs). Pasmep dyacTull HEMOHOTOHHO 3aBHCEI OT MOJISIPHOTO
OTHOILIEHUS ILIEJI0YH K MPEKypCcopy Tajiusi, MpH 3TOM YacTUIbl HAaUOOJBILEro pa3Mepa
ObLIM TOJyYEHbl NPHU YCJIOBUM MOJIIPHOTO OTHOUIEHHUS WIEJIOYM K HUTPATy Tajlius

paBHOro 9. /lanpHeliiee yBelarueHue 10 15 NpuBoIUIIO K CHIKEHUIO Pa3MepOB.

3.2. CTpyKTypa M CBOMCTBA MOJYYEHHbIX YACTHI OKCHJIA HMHKA

Bce momydeHHple oOpasmbl MPEACTABISIM COOOM TOPOIIKM Oeoro IBeTa,
JHUCIIEPTUPOBAHUE KOTOPHIX B BOJIE ITPU MOMOIIM YJIBTPa3ByKa MO3BOJSIIO MOJTYYHUTH
ycToiuuBble cycrneH3uu. da3oBblii aHAIW3 MMOKa3all, YTO BCE 00paslbl MPEACTaBISIOT
co00# MOPOIIKN KPUCTAIJIOB OKCHJIA IIMHKA CO CTPYKTYPOU BIOPIIMTA, B KOTOPBHIX €CTh
pUMech THAPOKCHIA ITUHKA. BivsHue ycioBuil cHHTE3a Ha MOP(OJIOTHIO MOTYyYEHHBIX
yacTtull cymmupyet Tabmuna 1, u3 KoTopoit BUIHO, YTO MPEJCTaBICHHBIE 00pa3Ilbl MOTYT

ObITh OOBEMHEHBI B YETHIPE TPYNIBI 10 MOP(OIOTHYECKOMY MPU3HAKY: ChEeprUUecKue
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YaCTHUIIbl, CTEP)KHEOOpa3HbIE YACTHIIBI, IUTACTHHKA W YacTHIBI CO 3BE3A4aTOM
MOpPGOIOTHEH.

Tabnuna 1 — Biusuue ycnosuit popmupoBanus yactur ZnO Ha uX MOP(HOIOTHIO

Konnentpanus
STUJICHTJIUKOJIS CkopocTh Mopdonorus
Temnepatypa IIpexypcop
° B BOJIHOM NepeMEIIMBaHuUs, | YaCTHUI] OKCHJIA
cuHresa, °C LUHKA
pactBope, % 00/MuH [MHKA
Macc
70 25 Aunerar 1500 Cdepuueckas
70 25 Aunerar 600 CrepxHeoOpasHasi
40-70 25 XJ10puI 600 ILnactunyaras
70 30-45 Xopu 600 3Be3quaras

3.2.1. Cpepuueckue 4acTUIbl OKCHIA IUHKA

Yactunpl okcuja 1uHKa ¢ Mopdosorueit, 6au3koil kK chepuyeckom, oOiamanu
y3kuM pacnpeaeneHueM no pasmepam ot 20 mo 30 vm (Puc. 9a), rucrarpamma
pacnpenenenusi dactuil o pasmepam (Puc. 90) memoHcTpupyeT HE3HAYMTEIbHOE
conepkanue ppakuuu ¢ pazmepamu a0 100 oM. J[aHHBIE, TOTYyYEHHbIE TTPU MOMOIIU
CKaHHUPYIOUIEH JEKTPOHHOW MUKPOCKOIUH, MMOKA3aI1 HAJIMYUE arjiOMEepaToOB YaCTHUIL C
aHaJoruuyHbIMHU pazmepamu 10 100 HM. BenuurHa miomaau yJaeJlbHOW MOBEPXHOCTH
chepuueckux gactui cocrasuna 32,5 m%/r. [llupuna 3anpemensoi 30851 3,34 5B, Puc.
9. Ilopomiok morjoman 3IeKTPOMAarHUTHOTO H3JIy4YeHHUS B MH(pPaKpacHO 00JacTu

criexrpa ot 400 10 600 cM™!' Bo3pacTaso B muanasoHe.
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Puc. 9 — XapakTrepucTHKu Moy4eHHBIX CHEPUIECKUX HAHOYACTHUI] OKCHIA IIMHKA.
(a) u300pakeHus1, MOTYUYEHHBIE MPU MTOMOIIUA CKAaHUPYIOIIETO SJIEKTPOHHOTO
MUKpPOCKOTA, (0) rucTorpamMma pacipeaesIeHus] YaCTHIL IO pa3Mepam, (B) CIIEKTP
MOTJIONIEHUS SJICKTPOMArHUTHOTO U3JIYyYeHHS B YIbTpadroIeTOBON 00J1aCTH CIIEKTPa,
(T) CIeKTp MOTJIOMIEHHUS AICKTPOMArHUTHOTO U3TyUYCHUS OTOXOKEHHBIX chepruecKux

YaCTHI] OKCHA IIMHKA B WH(paKpacHOH 00JaCTH CIIEKTpa
3.2.2. YacTunpl OKCHAa IMHKA B (popMe cTepKHel

Yactuupl B popme HaHOCTEP )KHEH nMenu auameTp okoio 20 HM, JuyuHy 10 200 HM.
XapakTepUCTUKHU TMOJYYEHHBIX CTEPKHEOOpAHBIX YacTHUIl MpeacTaBieHbl Ha Puc. 10,
BEJIMYMHA YIENBHOM MOBEPXHOCTH 9acTHI] cocTapuia 28,0 M%/T, IHUpPUHA 3aIPEIEHHON
30HBI YacTHI] coctaBwia 3,27 3B, 3aduKcUpOBaHO TOTJOIICHUE SJEKTPOMATHUTHOTO
U3JTy4eHHs] B MH(paKpacHON 00acTH CHEKTPa, BOJIHOBOE YUCIIO U3ITyUYEHHE COCTABUIIO

400 u 60mee cm™' cm. Puc. 10r.
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Puc. 10 — XapaktepucTHKu NOJyYEHHBIX HAHOYACTHUI OKCH/Ia TUHKA B (hopme
CTepKHEM. (a) n300pakeHus1, NOJyUYECHHbIE TPU MOMOIIN CKAaHUPYIOIIETO 3JIEKTPOHHOTO
MHUKPOCKOTIIa, (0) THCTOrpaMMa pacipeiesieHus YacTHIl 1o pa3Mepam, (B) CIEKTP
MOTJIOIIEHUS 3JIEKTPOMArHUTHOTO U3JIy4eHHs B YJIbTpadroIeTOBOM 00JIaCTH CIEKTPA,
(T) CIeKTp MOTJIOIICHHS SJICKTPOMAarHUTHOTO M3Iy4eHHs B HH(paKpacHOU o0racTu

CIEKTpa

3.2.3. HacTulbl OKCHAA HUHKA B BUJ/IE IJIACTHHOK

JleekTHOE CTpOCHNE HAaHO- U MUKPOILJIACTUHOK OKCH/IA IIUHKA OBLIIO HCCIIEA0BAHO
IIPU TIOMOIIIA METOJIa PEHTTeHOCTPYKTYypHOTo aHanu3a. B Tabnuiie 2 0600111eHbI TaHHBIC
0 CTPYKTYPHBIX XapaKTePUCTUKAX HAHO- M MUKPOIUTACTHHOK 10 W TIOCJIE OTXKWTa.
[IpencraBieHHple JaHHBIE [IOKa3ald, YTO OTXKUT CHOCOOCTBOBajl HW3MEHEHUIO

MOpGOJIOTHH, MPUBET HE3HAYUTEILHOMY YBEIIMUCHUIO CPEIHEro pasmepa yactull ¢ 120
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no 140 um, pasMep obOnacTeil KOrepeHTHOro paccesHusi yenuumicsa ¢ 18,4+1,4 no
28,5+1,9 HM, IIIOTHOCTH AucHoKanui camsmnack ¢ (1,5+0,3)-10 m? go (0,6+0,1)-10"
M2 M CYIECTBEHHO CHU3WJIACH BEJIMYMHA yIEIbHOM IOBEPXHOCTH YacThl] ¢ 31,68+0,28
10 9,06+0,38 m?/r. Takoe 3aMETHOE CHUKEHHUE BEIMYUHBI YIEIbHON ITOBEPXHOCTH
SBJISUIOCH CJIEACTBUEM XMMHUYECKOW JECTPYKIIMEH HAaHOYacTUIl THAPOKCHIA ITMHKA,
KOTOPBIE COXPaHWINCHh CTAOUIILHBIMU B XOJI¢ CHHTE3a U MMPUCYTCTBOBAIM B 00pa3Iiax 10
TOT'0, KaK OHU OBLIM OTOKKCHBI.
Tabmuma 2 — CTpyKTypHBIC XapaKTEPUCTHKHU TTOJTYICHHBIX HAHO- U MUKPOYACTHII

OKCH 4 IMHKa

AapaKTepHCTHKN [Tocne omxura mpu 650
No |  HaHO- MUKPOILIACTUHOK Jlo oTxura oC
OKCHJIa IIMHKA
1 Cpennnii pazmep, HM 120 140
) VYV nennHas HZOBerHOCTB, 31,684+0.28 0,06+0.38
M-/T
Oxcun nmmaka P6smce ¢
3 @da30BbIN COCTAB IIPUMECSAMU THAPOKCHUAA Oxkcup nmuHka P6;3mce
LIUHKA
4 JIEMEHTHBIN COCTaB Zn, O Zn, O
Mapaner a 3,251 3,251
5 em‘; o 1;’& c 5,209 5,206
P ’ c/a 1,603 1,601
Cpennuii pazmep
6 | oOmacTeit KOrepeHTHOTO 18.,4+1,4 28,5£1,9
paccesiHus, HM
7 HJ’IOTHO(I)\:IF_I; %III/I(;ZIJ;IOKaHI/II/I, 1.540.3 0,640, 1

Puc. 11 npencraBnser cnekTpbl mnornonieHuss B uH(pakpacHoit (UK) wu
yibTpadroaeToBoi (00JacTsax), a Takke rpaduk ckanupyromer auddepeHuaibHON
kasiopuMetpuu (JICK) nomyueHHbix HaHO- 1 MUukporuiacTuHok. Pesynbratel JICK (Puc.
110) nokazanu aBa 3HAOTEpMUUYECKHUX MuKa mpu Temneparypax 118 °C u 232 °C, uro
COOTBETCTBOBAJIO HAJIMYHUIO JABYX aJJIOTPOIHBIX MOAu(UKALUN THIpOKcHIa nuHka. Ha

rpa¢uke UK (Puc. 11r) mokasano gsa muka 3380 cm! u 3390 cm™!, coorsercTByrOmmx
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BEII[ECTBAM, COJEPKAIUM TUAPOKCIIbHYI0 rpymmy. Oxur pu 200 °C cmocoOcTBOBaA
MCYE3HOBEHUIO MuKa 3380 c¢M!, UTO MOATBEPAWIO IPEANONOKEHUE O IPUPOJIE MHKA.
OOpaboTka pEHTreHOBCKUX aud@PpakTorpaMM  OCYMIECTBISLIACH TMPU  TTOMOIIH
noctpoeHus: rpadukos “Strain size plot” (Puc. 11a), pa3mep obiacteil KOrepeHTHOIO
paccesinusa (OKP) Obu1 onpesiesieH 1Mo 3HaUY€HUIO yTriia HAaKJIOHA MOJYyYeHHBIX JTUHEHHBIX
3aBUCUMOCTEH, TIIOTHOCTh UCIOKAIMi OblIa paBHA OTHOIICHUIO €UHUIIBI K KBaJApaTy
pasmepa OKP, a Touka nepeceueHust TMHEHHBIX 3aBUCUMOCTEN C OChIO «Y» MO3BOJIUIIO
paccumMTaTh BeIUINHY MUKpoaepopmanuid. [lomydeHHbIE TaHHBIE CBHIETEILCTBYIOT 00
M3MEHEHUH pa3Mepa obiiacteil korepeHTHoro paccesuus ¢ 18,4+1,4 no 28,5+1,9 um u
mwioTHocTd gucnokamuii ¢ (1,540,3)-10"° mM?  gmo (0,6+0,1)-10° M2 Ilupuna
3aMpenieHHON 30HbI OKCHIA ITMHKAa B BHJIEC HAHOIUIACTUHOK JIO0 W IIOCJIE OTXKWTA

He3HAYUTEIbHO M3MeHuack ¢ 3,31 Ha 3,29 3B (Puc. 11B).
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_ | R .
0,00018 7 U[i(jojgxgqg? 06. % 1 Jlo orkura
L o . - y 0
., 0.00016 Jlo oTKHra g ] QTA(Mr npu 200 (;0
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goooo12 | S 1 sBs0or g0 o
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Puc. 11 — XapakTepucTUKH NOJYyUYEHHBIX HAHOIJIACTUHOK OKCHUA IUHKA. (a) rpaduku
Strain Size Plot, (0) cnextp uHdpakpacHoro norioueHus B guanazone ot 3000 xo 4000
cM!, (B) criekTp ynbTpaduoNeToBOro noroumeHus, (r) Kpusas audQpepeHnuanbHo-

CKaHUPYIOLIEN KaJTOPUMETPUU
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Ha Puc. 12 mpencraBieHbl pEHTI€HOBCKHUE AU(PPAKTOrPAMMBbI, THCTOIPAMMBI
pacnpenenenus MIACTUHOK MO pa3MepaM M M300pa)KeHUsl, OJyUYEHHbIE MPU TTOMOIIU
CKAHHMPYIOILIEH IEKTPOHHON MUKPOCKOINHN HAHO- U MUKPOIUIACTHHOK OKCHJIA IMHKA J10

u niocie otrxkura rpu 650 °C.
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Puc. 12 — XapakTepuCTUKHN MOTYYEHHBIX HAHOTUIACTUHOK OKCUJA LIMHKA: JIEBast
KOJIOHKA JTaHHBIC JI0 OTXKUTA, ITpaBasi — nociie oTxura npu 650 °C. (a) peHTT€HOBCKHE
nudpakTorpaMmsl, (0, B) THCTOrpaMMBbI pacipe/iesieHus 1o pa3Mepam, (T, 1)

I/1306pa)KCHI/I$I, MMOJIYYCHHBIC ITPH ITOMOIIIU CKAHUPYIOIICTO 3JICKTPOHHOT'O MUKPOCKOIIA
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3akaouyenue k ['1aBe 3

B xo/e BBINOIHEHUS! UCCICAOBAHUM MPEIOKEH METOJ CHUHTE3a, MO3BOJISIIONIUI
peryiaupoBath Mopdosoruto, pazmep 1 1e(peKTHOCTh JUCTIEPCHBIX HAHO- U MUKPOYACTHIT
okcuja uHKa. OpUTrHHAIBHOCTH METO/Ia TOATBEPKIEHA TaTeHTOM Ha n3oopetenue I11.
[Ipy momolM MNpEeACTaBICHHOTO METOJa ObUIM MOJY4YEHBl YaCTHIIbI, O00JIagaronue
chepuvecKoii, cTepKHEO0Opa3HOW, IUIACTHHYATON, a TakXke 3Be3quarod (Gopmamu.
VYcTaHOBIEHO, YTO KA4eCTBEHHBIM COCTaB PEAaKIMOHHOW CMECH U WHTEHCUBHOCTh
MEepPEeMEIINBAHUS ~ OKa3bIBAIOT  OMNpPEACNAIONiee  BIUSHHUE HAa  MOPQOJIOTHIO
bopMUPYIOLIUXCSA JUCTIEPCHBIX 4YacTull. M3 uyucia mapaMeTpoB, MOBJIMSBIIUX Ha
MOP(OJIOTUIO YACTHUIL CIEAYET BBIACIUTD CIAEAYIOIINE:

1. HanmenoBanune mnpekypcopa I1uHKa. lcnons3oBaHue anerara ILHMHKA
MO3BOJIWIIO TMOJIYYUTh CPEpUUECKHEe U CTEPKHEOOpa3HbIE YACTHUIIbI, TUIACTUHYATHIE U
3Be34aThle YaCTHUIIbl OBLIM MOJIyYEHBI B XOJI€ B3aUMOJCHCTBHUS XJIOpHAA IIMHKA U
HIEJIOYH.

2. MHTEeHCHBHOCTh TEepeMeNInBaHus peakiuoHHol cMmecu. Cdepuueckue
HAHOYACTHUIIBI OKCHUJIA IIMHKA OBLIN TTOJTyYEHBI B pE3YyJIbTaTe CUHTE3a, MPOTEKABIIIETO MPH
nepeMemuBalid ~ 1pu ckopoctd 1500  oO/MUH, dYacTHIBI  IUIACTHHYATOM,
CTep>KHEOOpa3HO U 3Be3muaToil (opMbl (POPMUPOBATHCH B PACTBOPE, KOTOPHIX
nepemMemnuBaics npu ckopocta 600 0o0/MuH.

3. CunpHoe BIMSHUE HAa MOPQOJOTHUIO YACTUIl OKazajda KOHIICHTPAIIUS
STUJICHTJIMKOJISI B pacTBOPE, BHICTYMABILIEM B Ka4eCTBE CPElbl JJIsi CUHTE3a yacTuil. B
JTUCTUWITUPOBAHHON BOJIE YAaCTHUIIBI OKCHA IIMHKA HE (POPMUPOBAIIUCH, UCTIONb30BAHUE
25 % BOIHOTO pacTBOpa ATHJICHTIIMKOJSI B KAYECTBE PEAKIIMOHHOW CpeJbl TIO3BOJIHIIO
MOJTYYUTh YaCTHUIIbI cpepruuecKom, cTep:KHeoOpa3HoM U I1acTuHYaTor ¢hopmel. B ciyuae
MOBBIMICHUS KOHIICHTPAUU STUICHTIUKONSA 10 30-45 % ¢dopMUpOBaINCh YaCTUIIBI
3Be3q4aToi  (OpMBI, TPUYEM  TOBBIINICHHE  KOHIEHTPAIMH  ATUJICHTIUKOISI
CIIOCOOCTBOBAJIO YBEJIIMUCHUIO CTETICHU OTPAHKH YaCTHII.

4. OmnucaHHbIe BBIIIE TOIX0/IbI CHHTE3a OBUIM UCIIOJIB30BAHBI JIJIS TOTYUYEHUS

MHKpO4YaCTHUL OKCHUJa Irajljius.
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I'/TABA 4. ®oTokaTaJuTHYeCKHE CBOMCTBA MOJYYEHHBIX HAHO- 1 MUKPOYaCTHIL

OKCHIA IMHKA

4.1. Meroauka npoBeeHUs1 (POTOKATATUTHYECKHX MCTILITAHNH

[Ipouemypa mpoBeneHuss (HOTOKATATMUTHYCCKUX  UCHBITAHWA  TMOTYYEHHBIX
MOJIyIIPOBOJHUKOBBIX YaCTUI[ omucaHa B pabore A3 Ha mnpuMepe OKHUCICHUS
BOJIOPACTBOPUMOTO KPACUTENSI METHIICHOBOTO CUHETO B IPUCYTCTBUH BUCKEPOB OKCH/IA
Menu. Jjisi mpoBeneHUsT UCHBITAHUN YacTHUIIBl MOJYNPOBOAHUKA ObUIM MOMEIICHBI B
BOJHBI  pacTBOp, COJEpXkKaluid METWICHOBBIM cuHMU. PacTtBop  oOmydancs
AJEKTPOMArHUTHBIM ~ M3JIyYCHHUEM TMpPU TOCTOSHHOM IepememnBaHuu. [lanee
KOHIEHTpALUSl METUJICHOBOTO CHHEro u3Mepsuiach Iepuoaudecku. llomydeHHbie
3HAUEHUS HAHOCWIMCh HAa KHUHETWYECKHE TrpaduKu 3aBUCUMOCTH KOHIEHTpPAIUH
METUJIEHOBOTO CUHETO OT JJIMTENBHOCTH MpoBeaeHus (porokatanusa. BeiOop xapakrepa
JIMHUM alIpOKCUMALMK IIOJIYyYEHHOW 3aBUCUMOCTH OCYIIECTBIBUICA MO MOPSAAKY
XUMHUUYECKOUN peakiuu POoTOKATATUTUYECKOTO OKUCIeHUs. [Topsaok peakiuu B Kaxaom

cirydae ObLI OMPEICNICH My TeM MOCTPOCHUS rpaduka 3aBUCUMOCTH (DYHKIUU 110 popmyJie

(5) u (6).

ky=<In% (5)
1 C,—C (6)
ky = T .CO—-C'
I'me Cp — wu3HavaibHAs KOHIICHTpAIlUMs OKHCIseMoro BemiectBa, wmr/i; C —

KOHIICHTpAIUsI OKUCIISIEMOTO BEIIECTBA B OMNMpPEJCICHHBII MOMEHT BPEMEHH, MI/J; t —
JUTUTENIBHOCTh (DOTOKATAIN3a, Yac.

B cnyvasx, ecnu QpyHKIMs BUJa 5 oKa3blBaJIach JIMHEHHOM, (POTOKATATUTHUECKUN
MIPOIIECC OTHOCWIICS K XMUMHYECKOW peakUMy IEepBOro mopsnka. B cioydasx, ecinu
JUHENHOW OblTa QyHKIMS BUaa 6, PoTOKATATN3 CUUTAIICS PEaKIIUe BTOPOTO MOPSIIKa.
CHMKEeHUE KOHIIEHTPAMU OKUCIISIEMOTO BEIIECTBA B CIIy4ae PEaKIMU MEPBOro MOpsIKa
OMMHCHIBAJIOCH AIKCIIOHEHIIMATBHOW (QYHKIMEH BHUIA 7, B ClOydae peaklUud BTOPOTO

nopsiika — QyHKIuen 8.
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C = Coe ™kt (7)

Co

I'me k| — KoHCTaHTa CKOPOCTH (POTOKATATUTUYECKOTO IpOLEcca IEPBOIO MOPsIIKaA, Yac”
I; k, — KOHCTaHTa CKOPOCTH (POTOKATATUTUYECKOTO MPOLIECCa BTOPOTO MOPSIKA, 9ac™ .

KoHLeHTpanuss METHJIIEHOBOTO CHHEr0 ONpEeeisiach HPU INOMOILU Memood
cnekmpoghomomempuu, OMMMCAHHOTO BBIIIE B pazjeine 2.3.

Ha ocHoBanuu 0oTpaOOTaHHOW METOAMKHA Ha (POTOKATAIUTHUYECKYH) AKTUBHOCTH
ObLIM HCHBITAHbl MOJYYEHHbIE HAaHO- M MHUKpPOYACTHIBI OKCHJA IIMHKAa. B KauecTBe
OKHCIIIEMOTO BellecTBa ObLI BbIOpaH ()eHON BBHUAY TOTO, YTO BOJHBIA PacTBOp,
coJiep Kalinii (PeHo B KOHIIEHTpALMIX | MI/1 ¥ HIDKE, UMeeT HeUTpalibHyto cpeay u pH
= 7, B TaKUX YCJOBMSIX OKCHJ IIMHKA HE OyJeT MOABEpraThCsi XMMHUUYECKON KOPPO3HH.
HavanbHas KoHLIeHTpanus (peHosia Oblia ycTaHOBJIEHA Ha ypoBHE | Mr/n. KoHueHTpanms
(deHona u3MepsIach B COOTBETCTBHE C METOAMKOM, OoNMcaHHoM B pa3aene 2.8. [lopomiok
OKcHJIa ITMHKa B KojudecTBe 1 1/ qucnieprupoascs B 100 M1 BojgHOTO pacTBopa peHoa
Opyu TMOMOUIM yJbTpa3BykoBoi BaHHbl Y3B-2,8 (Candup, Poccust). Hanouactuibl
cepeOpa BBOAUIIMCH PacTBOP, COAEpKalIvil ()eHOJ M YacTUIbl OKCHJA LIMHKA, B BHUJE
BoJgHON cycrien3un B koinumuectBe 0,01 rp/n, urto cocraBiasio 1% oT maccel
¢doTokaTanuzaTopa. Jlanee nomydyeHHas CycrneH3us nepememnrbaiach Ha ckopoctu 500
o0/Mua mpu momoru MarHuTHod memanku US-1500A (PromEcolab, Poccusi) u
NOJIBEprajach BO3JCUCTBUIO 3JEKTPOMArHUTHOIO OOJYYEHUs YJIbTPAPpUOIETOBOTO
(nmuHa BoOJIHBI 365 HM) M BUAMMOTO (IiauHa BoJiHBI 410 HM) oOnacteld cnekrtpa.
HcTouyHNKOM yIbTpadHroIeTOBOTO U3IyUeHHUs CIyXHia JioMuHecieHTHas ammna TL-D
BLB 18 W (Philips, Huaepnanasr). O0nydyeHue CyCleH3WM YacTHI[ OKCHJAA ILIMHKA
(dboToHAMU BUIUMOTO AMAra3oHa OCyIIECTBISIIOCH C UCIOIb30BaHUEM JTFOMUHECIICHTHAS
namna TL-D BLB 18 W wu cBerodumibsrpa XKC-11 (Bnexrpocrexno, Poccus),
MOTJIOIIAIONIETO YIbTpaduosieToBoe u3iayueHue. OTaeneHne nopoiika OKCH1a MHKa OT
CYCIIEH3UHM C ILENbI0 M3MEPEHHUs KOHUEHTpauuu (HEeHosla OCYIIECTBISIOChH MyTeM

nentpudyrupoBanus npu nomomu neHTpudyru FRONTIER FC5706 230V (Ohaus
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Corporation, CIIIA). McTuaHOE 3HaYe€HNE KOHCTAHTHI CKOPOCTH (POTOKATATUTUYECKOM
PEaKIy ONpeNesIoch MyTeM apu(pMETUIECKOTO YCPETHEHHSI KOHCTAHT CKOPOCTH TPEX
napajuIeabHBIX SKCIIEPUMEHTOB. OTCYTCTBHE MOOOYHBIX MPOAYKTOB OKUCICHUS (eHOIa
nociae TpoBeAcHUs (OTOKaTalu3a TMOATBEPKIATIOCH TPU  TOMOIIM  Memood
cnekmpoghomomempuuy, OMUCAHHOTO B pazfene 2.3 C HCHOJIB30BAHMEM KBapIIEBOIi
KIOBEThl C JUIMHOM XoAa Jiyda paBHO 10 c¢M IO OTCYTCTBHIO IOJIOC ONTHYECKOIO
HOTJIOUIEHHs] BO BCEM JIMANa30HE U3MEpPEHUsl Npubopa. YBEIWYEHHE XOJa MO3BOJSET
MOBBICUTh  YYBCTBUTEIBHOCTh  MeTOAa. KOHTpOJbHBIE  AKCIEPUMEHTHI  OBLIU
OCYILIECTBJIEHBl 0€3 HCMONb30BaHUS  (OTOKATAIM3ATOPOB I JEMOHCTpaluu
cTabuiapbHOCTU (PeHoNa MoJ AEHCTBUEM YIbTPaduoNIeTOBOro OOIyUYEHHs, a TaKkKe IpU
nepeMEINBaHUU CyCIIEH3UH, coAeprkanieil (oTokaTanu3aTopbl U (EHON, B TEMHOTE O€3
yJIbTPapUOIETOBOIO OOJyUEHUS C LEJIbI0 MCKIIOUUTHh BEPOSTHOCTh MPOTEKAHUS
KaTaJIUTUYECKOTO Tpolecca, HE aKTUBUPYEMOTo cBeTOM. Bupa ¢oTokaramuTuueckoi
SYEHKHU, UCTIONH30BAHHOMN /IJIsl UCTIBITAHUM, a TaKKe CIEKTP ONTHYECKOTO MOTJIOMICHUS

cBeTounbTpa npeacrasieHsl Ha Puc. 13 u onucansl B pabote A4.
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Puc. 13 — Bupa dhoTokataquTHUEeCKOM SYCHKH, HCTIOJIb30BAaHHON B pabOTe IS

HUCIBITaHUS IMOJTYYCHHBIX HAHO- U MUKPOYAaCTHUI[ OKCHU A [IMHKA
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4.2.1Tos1yueHue M UCCAeA0BAHNE HAHOYACTHIL cepedpa

Metoauka moydeHus HaHOYACTHUIl cepeOpa, UCTIOIB30BAaHHBIX B JIaHHOUW paboTte,
onucana B nyosmkanusx A5, K7 u K8. Ilporiecc moiaydeHuss OCHOBaH Ha PEaKIUH
HEOOPaTUMOT0 XMMHUYECKOrO BOCCTAHOBJICHHUS MOHOB cepeOpa B BOJHOM pPacTBOpE,
pe3yJbTaTOM KOTOPOTO SIBISIIOCH (POPMHUPOBAHUE KPUCTATUIMYECKUX YACTHI] cepedpa.

PactBOp, B KOTOPOM MpOTEKaIa peakius CUHTe3a HAHOYACTHI] cepedpa, coaepKal
B CBOEM COCTaBE€ BOJY, IMOATOTOBJICHHYIO IyTEM JUCTWULIIUU M IOCIEIYIOEN
nenoHu3anuu. [loaroroBka BoJibl OCYIIECTBISIACH MpU TToMoly aucTuwiisitopa J13-10
(3aBog OMO, Poccus) u gemonnzatopa Simplicity UV (Milipore, CIIA). Cmsiruenue
BOJIbI OCYIIECTBIISIOCH A0 3HaueHus sjekrpornpoBoaHoctu 0,05 MCwm/cm. I'mapokcun
kaymst (CAS Ne 1310-58-3) kBanudukanueit XY u onenHoBas kuciora (CAS M 112—-80—
1) xBanmupukanuenn XY ObLIM UCTIOIB30BaHbI JIJIS1 IOJYYEHHUS MULIEIUT 0JieaTa Kallus, IpH
MOMOIIM KOTOPBIX OBUIM CTaOMIM3UPOBaHBI (HOPMUPOBABIIMECS YacTHUIBI cepedpa.
['uapasunruapar (CAS MNe 302—01-2) xBamudukamuein XY B CHHTE3€ BBIOJIHSII
(YHKIMIO BOCCTAHOBUTEJIS, WHUIIMMPOBABIIETO XUMHUYECKYIO pPEakIuio cuHTe3a. B
KauecTBe MpeKypcopa cepedpa ObLT ucmosib3oBaH HUTpAT cepedpa (CAS Ne 7761-88—8)
kBanmnpukannein XY. benszoin (CAS Ne 71—43-2) kBanudukaunein XY ObLT UCMIOIB30BAH
B KQU€CTBE HEMOJISIPHOTO OPraHUYECKOr0 PACTBOPUTENS JJIsl SKCTPAKIIUK OjieaTa Kajus
U3 BOJTHOM CYCIIEH3MH HAaHOYACTHIl cepedpa.

OO0BbeM HCTONB3YEMBIX B CHHTE3€ JKUAKOCTEH H3MEPSUICS MPHU MOMOIIU MEPHBIX
muHapa oobemoM 100 mut u gozatopa nunetounoro (Thermo Fisher Scientific, CIIIA)
C MakCHUMaJIbHBIM 00BbeMoM TmpoOsl oT 0,1 mo 1 wmn. IlepeMemmBanue pacTBOpa
OCYILECTBIISIOCH ITpH oMol MarHuTHOUM Memanku US-1500A (PromEcoLab, Poccus).
Macca cbIpbeBbIX KOMIIOHEHTOB CUHTE3a U3MEPSIIACh MPU MOMOIIHU 3JIEKTPOHHBIX BECOB
HR-100A (AND, SnoHusi) MakCUMallbHO€ W MHHMMAJIbHOE 3HAUYCHHE H3MEpsSeMOM
Macchl KOTOpbIX paBHO 102 rp u 0,2 M COOTBETCTBEHHO, MOTPEIIHOCTh n3Mepenus 0,1
MI. OKCTpakius oJjieara Kajius W3 BOJHOW CYCIIEH3WHW B pacTBop OeH3oja
OCYILIECTRIISIACH MPU MOMOIIHU YJIbTpa3BykoBoil BaHHbl Y3B-2,8 (Candup, Poccus) u
RW 20 Digital (IKA, I'epmanus). Paznenenue BogHOM cycrieH3uH HAHOYACTHUI] cepedpa

U pacTBOpa oJieaTa Kajus B O€H30J1€ B ICIUTEIHLHON BOPOHKE 00beMoM 250 mil.
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CuHTE3 OCylIeCTBISICA NpH KOMHAaTHOM Ttemmeparype. B 200 wn
J€MOHU3UPOBAHHOM BOBI ObLIIO pacTBOpeHO 0,33 rp ruapoKcua Kaiaus pHU MOCTOSTHHOM
NEepEMENIMBAHUU 10 00pa30BaHUsl UCTUHHOTO pacTBOpa. Jlamee B MOIYYEHHYIO Cpery
IIpU MOCTOSIHHOM IiepeMeltnBaHuu Ha ckopocTu 500 06/mMuH Ob110 J00aBiaeHO 1,9 M
OJIEMHOBOM KHUCIJIOTHI. Kariu 0JIenHOBOM KUCIIOTHI paclolarajuch Ha MOBEPXHOCTHU BObI
BBHJIy HU3KOH IUIOTHOCTH M HU3KOW pacTBOpuMOcTH B Boje. Ilo mepe oOpasoBaHus
BOJIOPACTBOPUMOI'O oOJieaTa KaJlisd KallJld OJIEMHOBOM KHCIOTBl HCU€3alu, U Ha
MOBEPXHOCTU BOJABI OOpa3oBbIBajack ImeHa. llepeMemmBaHue OCYIIECTBIUIOCH 10
IIOJTHOTO PAaCTBOPEHMS OJEMHOBOW KHCIOTHI. 3aTe€M, B IIOJIYYECHHBIM MHIECIUIAPHBIN
pactBop Obwio jgoGasieno 0,031 wmi  ruapasuHrHApara ¢ MOCIETYIOIIUM
NepeMeIMBaHUEM B TE€UEHUE 2 MUHYT C LEJIbIO MOJHOTO yCpeaHeHus pactBopa. Ilocie
4Yero B MOJYyYEHHOW peakUMOHHOM cpene ObL1 pacTBopeH 1 mu 1M BomHOro pactBopa
HuTparta cepeOpa. PactBop Obul NPUTOTOBIEH TakKkK€ C  HCIOJIB30BAHUEM
JNeMoHU3MpoBaHHOM Boxbl. [locine BBeieHHS HMOHOB cepedpa LBET pacTBOP PE3KO
WU3MEHWICS Ha OPAaHXEBBIM M Jlajiee KOPUUHEBBIN. Jlanee pacTBOp nepeMenBaIcs pu
MOMOIIM MAarHUTHON MEIIAJIKU B TEYEHUE CYTOK CO CKOpPOCcThI0 S00 06/MUH.

[Tocnemyromiee otTaeneHue oJieaTa Kaidus OT CYCIIEH3MHM HAHOYacTHI[ cepedpa
OCYIIECTBISVIOCH IYTEM 3KCTpakuuu B OeH3o:1. i 3TOro B XMMHUYECKH CTakaH ObLI
noMelieH OEH30J1 U BOJIHAsI CYCIIEH3HUsl HAHOYACTULl cepedpa B 00beMHOM COOTHOUIEHUU
1 x 1. lanee nByxga3znas cuctema Obljia IOJBEPrHYTAa OJHOBPEMEHHOMY II€PEMEIINBAIO
U YyJIbTpa3ByKoBoil 00paboTke B TedeHue 10 munyt. [lomyuyeHHas mociie yka3aHHOTO
BpeMeHU OOpabOTKM BOJIHO-OCH30JIbHASI SMYJIbCUS TOMEINAJach B JACIUTEIbHYIO
BOPOHKY, B KOTOpOW BoiHas ¢aza ocenana, a OEH30J, COAEp)KalllMi oJjieaT Kajwus,
npeacTaBisl coboil BepxHioto ¢azy. [lonaHoe paszaeneHre 3MyIbCUU OCYIIECTBIISIIOCH
yepe3 CyTKH, Jajee BojgHas ¢a3za oTOupaiach yepe3 KpaH, pacloOKEHHbIA B HIKHEH
YacCTH BOPOHKH.

XapakTepuCTUKH MOJIyYEeHHBIX HAHOYACTHUI] cepedpa npeacrasiensl Ha Puc. 14. U3
JTAHHBIX BUJTHO, YTO YaCTHUIIBI UMEIH GopMy, OTU3KyI0 K chepudeckont, pazmep ot 10 10
30 M. /lyinHa BOJIHBI ONTHUYECKOrO IOIJIOLICHHS IMOJY4YEHHOM BOJHOW CYCIIEH3UU

HaHOYaCTHII cepedpa coctaBumna 412 M.
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Puc. 14 — XapakTepucTuku HaHOUYACTHIL cepedpa, (a) n300pakeHus, MOJTyYECHHBIC ITPU
MTOMOIIY CKAaHUPYIOIIETO AIEKTPOHHOTO MUKPOCKOTIA, (0) CIIEKTP ONTHYECKOTO

TIOTJIOIIEHUS BOAHOTO pacTBOpa HAaHOYACTHI] cepedpa

Ponws sddexra mmazmonHOr0 pezoHaHca B oTokaranmize ObLIa KOJTMYESCTBEHHO
OIICHEHa MYTEeM HCCIe0oBaHUS (DOTOIIEKTPUUYECKUX CBOMCTB TOHKUX IUJICHOK OKCHIA
[MHKA, TOKPBITHIX TMOJYUYCHHBIMH HAHOYACTHIIAMU cepeldpa. OKCrnepuMeHTaIbHas
METO/IMKA W PE3yJIbTaThl OMyOiMKOBaHbl B pabore A6. Hanouactuipsl cepedpa Obuin
HAaHECEHbl HA MOBEPXHOCTh IJIEHKH OKCHJIa IIMHKA, OTOxKeHHOU mpu 650 °C, B BUIe
BOJHOM  cycmeH3uu. Jlamee  TJI€HKM  OBUIM  BBICYHIEHBI U OTOMOKCHBI.
DNeKTPONPOBOAHOCTD MOTYUYECHHBIX TJICHOK ObLJIa U3MEpPEeHa B TEMHOTE U TIOJT ICHCTBUEM
coJiHeyHOro cBeta. [Ipu ycinoBuu o0mydeHHs 3JE€KTPONPOBOAHOCTD IJIEHOK COCTaBUIiIa
0,50 MA, B TO BpeMsi Kak 3JIEKTPOIPOBOAHOCTh IUIEHOK B TeMHOTe aocturana 0,11 MA.
Takum 00pa3oM, HAHOYACTHUIIHI cepedpa MOTIONIANIH JIEKTPOMArHUTHOE U3ITyYCHHE U

CIOCOOCTBOBAJIM YBEJIIMUEHHUIO SJIEKTPOIIPOBOJHOCTH B IMSTh Pas.
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4.3.Pe3ynbTaTbl GOTOKATAIMTHYECKHUX UCIIBITAHNA HAHO- 1 MUKPO4aCTHIL
OKCH/JIA HHHKA

4.3.1. KoHTpOJIbHBbIE IKCTIEPUMEHTHI

KoHTposnbHble (POTOKATaTUTUUECKUE UCTIBITAHUS OBLIM OCYIECTBIICHBI ISl TOTO,
9TOOBl ~ WCKIIOYWTh  BIMSHHE  TOOOYHBIX  TIPOIECCOB  HA  HaOIIOAAEMYIO
(GOTOKATATUTUYECKYIO aKTUBHOCTb. CrabunpHOCTh (peHOJIa TOJ JACUCTBUEM
yIbTpauOIETOBOTO 00IyUYECHHs UCCIEA0BaIach B (POTOKATAIMTUYECKON stuelike, Puc.
13, HO ©0€3 WuCHOJb30BaHUS YACTHUIl OKCHJIAa LIUHKA. Pe3ynpTaTbl H3MEPEHHS

KOHIIEHTpaluu (heHosa B X0/1€ UCIIBITaHUM NpecTaBiieHsl Ha Puc. 15.
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Puc. 15 — Pe3ynbTarbl KOHTPOJIBHBIX UCIBITAHUN U3MEPEHUSI KOHLEHTpAIMU (eHoIa:
(2) Mo AeHCTBUEM DIIEKTPOMArHuTHOTO 00yueHus 6e3 ¢hoTokaranuzaTopa, (0) B

MPUCYTCTBUH YACTHUI] OKCHUA IIMHKA O€3 00IydeHus

N3 rpadukoB BHAHO, UYTO TIPU YyCJIOBUM OOJy4YEHHS BOJHOTO pacTBOpa
AJIEKTPOMArHUTHBIM HM3Jy4eHHEeM C JUIMHOW BOJHBI 410 HM KoHIeHTpamus (eHona
omycTuiach Ha 3HadueHue okojo 80 % ot HayanpHOTO 32 80 WacoB HaOmoneHus. [Ipu
ATOM KOJieOaHHe 3HAUCHUN HE MO3BOJISET ClIeTIaTh BBIBOJI O TOM, UYTO TaKas JTUHUS TPEHA
OTpakaeT TeHJICHIIMIO MPOTEKaHUs Tpoliecca. AHAIOTHYHAs CUTYyalusi HabIto1anach B

ciydae oOmydeHus: BoAbl (OTOHAMHM ¢ JUIMHOW BONHBI 365 HM. OHeprus QoroHa



117

AIIGKTPOMArHUTHOTO HW3Jy4eHUsl yJIbTPaQHUOJIETOBOTO JAMala3oHa BBIIE SHEPIHU
(OTOHOB BUAMMOHM 00JAacCTH CHEKTpa, OAHAKO, IMOJ JEHCTBHEM YIbTPa(UOIETOBOTO
o0yueHHs B IEpBbIE Yachl HAOMIOCHHS KOHIIEHTpalus (peHoa ocTaBaiach Boiie. 13
CKa3aHHOTO MOXXHO CJI€JIaTh BBIBOJ O TOM, YTO CHM)KCHHME KOHIIEHTpalMH (eHoia
CBSI3aHO HE TOJILKO C XUMHUYECKOW JIECTPYKIMEH, a ¢ copOLMel Ha MOBEPXHOCTH CTEHOK
cocyna. I[Ipomeccol horomecTpykinu peHoma 6€3 UCIONb30BaHUS (POTOKATAIN3ATOPOB
OUYEHb HE3HAUMUTEIbHBI, IO3TOMY UMH MOXHO IIPEHEOPEYb.

KoHTponbHblE HCTBITAaHUS W3MEHEHHMsS] KOHIEHTpauuu ¢eHojla B MPUCYTCTBUU
YaCTUI[ OKCHJAa IMHKA B TEMHOTE OCYIIECTBISUIMCh C TPUMEHEHHEM IOPOIIKa,
npousBeneHHoro B cootrBerctBUEe ¢ ['OCT 1026273 «PeaktuBbl. OKHUCH ITMHKA.
Texuunueckue ycnoBus». Ha Puc. 16 mokasaHbsl pe3ysbTaTbl W3MEPEHHS IIUPUHBI
3alpEIIEHHON 30HBI W MHMKPOCKOIMYECKUX HCCIENOBAHUM KOHTPOJIBHBIX YACTHII.
KonTponbHblil 00paser] npeacTaBisi co0oil Oeblii MOPOIIOK YacTHIl OKCHUJA IIMHKA B
BUJIE€ OTPAHEHHBIX IeKcaroHalbHBIX Mpu3M BbicoTOM OT 100 mo 500 HM, AMameTpoM

oko:10 50 am. [Iupuna 3anpenieHHoN 30Hbl ATUX YacTHUll cocTaBuiia 3,26 5B.
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Puc. 16 — Xapakrepuctuku yactul, npousseaeHHbIX B coorBeTcTBUE ¢ [[OCT 10262

73 «PeakTuBbl. Oxuch nuHKA. TexHuueckue yciuoBus». (a) M3o00pakeHus, morydeHHbIE
MIPU TTOMOIIIM CKAaHUPYIOIIETO AIEKTPOHHOTO MUKPOCKOMa, (6) CreKTp MOriomeHust

3JEKTPOMATHUTHOTO U3ITyUYEHHUS B YIBTPAPHUOIETOBOM 00nacTu
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4.3.2. Pe3yabTaThl (OTOKATAIUTHYECKHAX UCTILITAHUN 3B€31YATHIX YaCTHII

OKCHIAa IHMHKA

Pe3ynbraThl POTOKATATUTHICCKUX HCTIBITAHUN 3BE3YATHIX YACTHUI OKCUIA ITMHKA
npeacTaBieHsl Ha Puc. 17. Ha rpadukax mnpeactaBieHbl KHHETHUYECKHE KpPUBBIC,
MOJIyYCHHBIC B XOJI€ MCHBITAHWA YaCTHUIl, TOJYYCHHBIX B BOJHBIX pPacTBOpPax
ATUJICHTJIMKOJIS pa3HON 00beMHOM KoHmeHTparuu: 35 %, 40 % u 45 %. Kak BuaHo u3
Puc. 6 yBennueHne KOHIICHTPAIMH ITHJICHTJIMKOJIS CITOCOOCTBOBAIO (DOPMUPOBAHHIO
gacTUI] C Oojee BBIPAKEHHON OTPaHKOH, OJHAKO CKOPOCTh (POTOKATAIUTUYECKOTO
OKHCJICEHHsI Y BceX oOpasloB OTJIMYAJIIOCh HE3HAauuTelbHO. IlepBhle BOCEMb YacoB
HaOJII0JICHHUS] BCE TPU KPHUBBIE HAXOAATCA B OJHOM KOPHUJIOPE 3HAYEHUU MPU TOM, YTO
JTAaHHBIE YKCTPANIOJIMPYIOTCS MO0 SKCIIOHEHIIMAIbHOU 3aBUcUMOCTH. [Tociie BocbMu 4acoB
CKOPOCTh (pOTOKATaIM3a B IPUCYTCTBUH HE OTOXKEHHBIX 00pa3IoB, MOTy4YeHHBIX B 40%
1 45 % BOAHBIX pacTBOpPAX ATUIICHIIIMKOJIA, pe3ko 3amesiercs (Puc. 17a), 4to MoxeT
TOBOPUTH O HAKOIUICHHH IMOOOYHBIX MPOAYKTOB OKHCIeHUs ¢eHona. dorokaraius B
MPUCYTCTBUM 4YaCTHUIl, MOJy4YeHHbIX B 35 % BOJAHOM pacTBOpe ITHICHIJIUKOJIS,
MOAYMHSIICS KWHETHKE MepBoro nopsijaka. Koncranra ckopoctu poTokarainza B TCUCHUE
BCET0 DKCIIEPUMEHTA B 5TOM ciydae coctasuna 0,234+0,05 wac!. O6pasipl, IOIyYeHHBIE
B pacTBOpax ¢ KoHuUeHTpauuenh stuieHrnukons 40 % u 45 % mnepBble BOCEMb YacOB
neMoHcTpupoBanu ckopocts 0,20+0,09 wac! u 0,28+0,11 gac! coorsercTBEHHO. OTHKUT
3BE3/14aThIX YACTHUII CIOCOOCTBOBAJI U3MEHEHUIO MOP(OJIOTHH, B YACTHOCTU OTUIHIBAHUIO
rpadeit (Puc. 6B u Puc. 6r), ogHako, HE CKa3aJicsl Ha CKOPOCTH (DOTOKATATUTUYECKOTO
npouecca. Koncranta ckopoctu cocrasuna 0,22+0,07 gac! u 0,21£0,07 wac! mis
YacTHL, IMOJYYEHHBIX B PacTBOpax C KOHUEHTpauuen stuineHrnukoss 40 % u 45 %,
COOTBeTCTBeHHO. Ilpm 53TOM mocie oTkKura HE HAOMIOAAI0Ch OTKIOHEHUS OT
AKCTIOHCHITMAJILHOIO 3aKOHA, OKHCIICHHE OIHMCHIBAIIOCH KMHETHKOW PEAKIIUH IIEPBOTO
nopsiaka. CTpyKTypHbIE U3MEHEHUS, BBI3BAHHBIC OTKUT'OM, HE CKa3aJuCh Ha CKOPOCTH

(hOTOKATAIIMTHYECKOMN PEAKIIUH.
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Puc. 17 — Pe3ynbrarsl (hOTOKATATMTUUECKUX UCIIBITAHUH, OCYIIIECTBICHHBIX MO/
JEUCTBUEM O0JTydeHHS 3JIEKTPOMArHUTHBIMUA BOJTHAMU YJIbTPadUOIETOBON YaCTHII
CIIEKTpa B MPUCYTCTBUU 3BE3UATHIX YACTHUI] OKCHJIA IIMHKA, TTOJTYYEHHBIX B BOJHBIX

pacTBOpPAX ATHIICHTJIMKOJIS pa3HOM KOHILIEHTpAIUu: (a) HE MOJBEPHYTHIX OTKUTY, (0)

MOABEPrHYTHIX OTKUTY TIpHU 650 °C

4.3.3. Pe3yabTarhl (POTOKATATMTHYECKUX UCTILITAHMI chepruUecKUX YaCTHIL

OKCHIAa IMHKAa

Chepuueckrie  HaHOYACTHMIIBI ~ OKCHJA  IMHKA  OBUIM  HWCHBITAaHBI  Ha
(bOoTOKATAMUTUYECKYIO AaKTUBHOCTD TOJI IEUCTBHEM YIbTpapuoIeToOBOTO n3nydenus. Ha
Puc. 18 mpexncraBieHbl pe3ynbTaThl UCHOBITAHWM YacTUI] 10 OTKUTa OKCHUIA IIMHKA,
YaCTHI] OKCHJIA IIMHKA J0 OT)KHra ¢ J00aBJIeHHEeM HaHOYACTHI] cepedpa, a TAKKe YACTHI]
OKCHJIa IIMHKA Mociie oTkura. Kunetudeckast Kpubasi (HOTOKATATUTHUYECKOTO OKUCIICHUS
dbeHoma, OCyHIIECTBICHHOTO B  NPHUCYTCTBHM  HMCXOJHBIX  YaCTHIl, OIKCaHa
HKCIOHEHIIMAJIbHON 3aBUCUMOCTBIO; OKHUCIICHHUE SIBIISIETCS] peaklUeil epBOro Mopsiaka.
KoncranTa ckopoctu cocrasuna 0,68+0,13 yac™!. B ocTanbHBIX Clydasx KHHETHYECKHE
KpUBBIC HE TMOAYMUHSIIOTCS IKCIIOHEHIIMATHHOMY 3aKOHY, YTO BEPOSTHO MOXET OBITh
OOBSCHEHO BBICOKOW CKOPOCTBIO OKHCIEHUA (PeHONMa W HAKOIUIEHUI0 MOOOYHBIX

MPOAYKTOB. YBeluueHue (HOTOKATATUUYECKOM AKTUBHOCTH TIOCJIE OTKHUIa BEPOSTHO
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BbI3BaHO Ju(p(Py3uel KUCIOPOAHBIX BaKaHCUW M3 TIyOMHBI HAHOYACTHIII Ha €€

MOBEPXHOCTh, KaK ATO IMOKa3aHo B padote [55]. -
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Puc. 18 — Pe3ynbrarsl (hOTOKATATUTHUECKUX UCTIBITAHUN CHEPUUECKUX HAHOYACTHI]

OKCHJa MHMHKA, OCYIICCTBJICHHBIX ITIO/ I[CﬁCTBPIGM YJIBTpa(l)I/IOJ'IGTOBOF (V) O6JIY‘I€HI/I}I

4.3.4. Pe3yabTaTbl GOTOKATAIUTHYECKUX UCTIBITAHUNA YACTHIl OKCH/IA IMHKA

B hopme cTepiKkHen

OTXXUT HAHOCTEP)KHEH OKCHJA IIMHKAa HE HW3MEHUI HX (OTOKaTaIMTHICCKOU
AKTUBHOCTH, KakK 3TO MokazaHo Ha Puc. 19. HMcnbiTaHus OCYyHWIECTBISIIMCH MO
nercTBueM ynbTpaduoneroBoro oOiayudeHus. Kunermdeckue KpuBble (poTokaranmmsa,
HAOJTFOMABIIETOCS B MPUCYTCTBHM HAHOCTEPKHEH 0 M TOCIE OTXKWTA, OMHUCHIBAOTCS
AKCIIOHEHITNAIBLHON 3aBHCHUMOCTBIO. O0a (OTOKATAIMTUYECKHUX IPOIIECCa OTHOCITCS K
XUMHYECKUM PEaKIHsIM TEpBOro mopsjaka. KoHcTaHTa CKOpOCTH OKHCIeHUs (eHoja
cocrasuna 0,38+0,06 wac™!' u 0,42+0,01 wac™' 10 ¥ MoCIIE OT)KUTa HAHOCTEPKHEHN OKCUIA
IIMHKa, cooTBeTCcTBeHHO. Kak mokazano Ha Puc. 10 mocne omkura mMopdosorus
CTepkHEW He wu3MeHWach. OTCyTCTBHE Ne(PEKTOB KPUCTAUTMYECKOM PEIIeTKH B
CTEP)KHSX BEPOSTHO BBI3BAHO OTHOCHTEIIBHO HHU3KOH CKOPOCTHIO HMX (DOPMHUPOBAHHS,

IMOCKOJIBKY B Ka4CCTBC IIPCKYPCOPA B CHHTC3C OBLI MCIOJIL30BaH alcTaT nMHKa.
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Puc. 19 — PGBYHBTaTBI (bOTOKaTaJII/ITI/I‘-IGCKI/IX HCIBbITAaHUA HaHOYaCTHI OKCHAA4 IIMHKAa B

(1)opMe CTep)KHCP'I, OCYHICCTBJICHHBIX 110 HGﬁCTBHCM YJIBTpa(i)I/IOJIGTOBOFO 06J'Iy‘-I€HI/I$I

4.3.5. Pe3yabTaTbl GOTOKATAINTHYECKUX UCTIBITAHUN MJIACTHHYATHIX

qJacTun OKCuJa HMHKa

@DOTOKATAIUTUYECKAE  MUCHBITAHUS  I[UIACTUHYATBIX YAaCTHUIl OKCHIA I[MHKA
OCYUIECTBJSUTUCH JCMCTBUEM H3IIYUYEHHS] KaK YJIbTpaduOJETOBOrO, TaK M BUIAUMOIO
nuanaszoHa. llpenmosaranoch, 4YTO MOTVIONIEHHWE (OTOHOB C JJIMHAMHU  BOJIH,
COOTBETCTBYIOIIIMX BUIUMOM 4YacTUL[ CHEKTpa, MOIVI0O HMMETh MECTO B Clly4yae
dbopmupoBaHusi  AedEKTHBIX  KOMIUIEKCOB, OOpa30BaHHBIX  JUCIOKALMSIMU U
KHCJIOPOAHBIMM BakaHcusiMu. Ha Puc. 20 mnoka3aHbl KWHETUYECKHE KpUBBIE
(GOTOKAaTaTUTUYECKOTO OKUCIeHUs (eHOJIa B MPUCYTCTBUH IIJIACTMHOK OKCHJIA IIMHKA.
[InactuHku, KOTOpBIE OB OTOXKEHBI Mpu 650 °C, mokazanu (HOTOKATaATUTHUECKYIO

aKTUBHOCTD MO/ ICHCTBUEM O0TydeHUsI BUIMMOMN 001acTh ¢ iinHo# BotHBI 410 M (Puc.

206).
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Puc. 20 — Kunetnueckue KpuBble OTOKATAIUTUYECKOTO OKUCICHUS (PeHoIa B
MPUCYTCTBUU CUHTE3UPOBAHHBIX HAHO- U MUKPOIUIACTHHOK OKCHJIa IIMHKA, & TAKXKE B
OPUCYTCTBUH OTOM¥OKEHHBIX P 650 °C HaHO- ¥ MUKPOIUIACTUHOK OKCH/IA IUHKA KaK
OTJIEJIbHO, TAK U COBMECTHO C HAHOYACTUIIAMU cepedpa: (a) Mol AeiiCTBUEM

yibTpaduoaeToBoro oomydeHus, (0) moa AeicTBueM 00IydeHHs] BUAUMOTO JIhara3oHa

B Tabnuiie 3 conocTaBieHbl JaHHbIE KHHETUKH (POTOKATAIMTUUECKOTO MPpoIecca co
CTPYKTYPHBIMH XapaKTEPUCTHKAMH HAHO- U MHKPOIUTACTUHOK OKCHJIA IIMHKA, KOTOPBIC
OBLIM MCIIOJIB30BaHBl B HCIIBITAHMSIX, BMECTE C HAaHOYACTHUIIAMHU cepedpa u 0e3 HHX.
Hcnonp3oBaHne HaHOYACTHI[ cepedpa COBMECTHO C HAHO- M MHKPOYACTHUIIAMHU B
dboToKaTanM3e, MO3BOIMIO YBEIUYHTh KOHCTAHTY CKOPOCTH PEaKIMU B IIIECTh pa3 C
0,05+0,01 wac™! 1o 0,3+0,01 wac™ mpu 06ayueHNn GOTOHAMY BUIUMOTO IUANIA30HA, U B
pu pasa ¢ 1,940,06 wac! go 7,1+£0,66 wac! mpm oOmyuenum (oToHaMM
yIbTpaHOICTOBOrO Juarna3oHa. BadkHO OTMETHTh, YTO MPUMEHECHHE HAHOYACTHII
cepeOpa  MO3BOJIMJIO  YBEIWYHTh  KOHCTAaHTY  CKOpPOCTH  ¢OoTOKaTaim3a |
(OTONMPOBOAMMOCTD INICHOK OKCHJIA IIMHKA Ha COIMOCTAaBUMBIC BEJIUYUHBI OT 3 J10 6 pa3.
Oxucienne (eHoma OTHOCHUTCS K pEakIWWd IEePBOTO IMOpsAKa TOJIBKO B CIIydae
dboToKaTanM3a MO JCHCTBHEM YIbTPa(HOIECTOBOTO OOJYYCHHS B MPUCYTCTBUHU
TUTACTUHOK OKCHJA ITMHKA, HE TIOJIBEPTHYTHIX OTXKUTY. B OCTaIbHBIX CITydasXx KHHETHKA

HC TOAYHHAJIACH OKCIIOHCHIHMAJIBbHOMY 3aKOHY. llaHHBIe WCHBITAHUH IIPUBCACHLI B

paborax A1, A4, K9-K11.
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Tabnuua 3 — BiivsgHue CTPYKTYpPHBIX XapaKTEPUCTUK HAHO- U MUKPOILJTACTUHOK OKCHIA

HHHKalﬂl@OTOK&T&HHTHqCCKYK)aKTHBHOCTL

XapakTepUCTUKU HAHO- U MUKPOIIJIACTUHOK ITocne oTxkura
Jlo oTxura o
OKCHJIa [TMHKA nipu 650 °C
Y® uznyuenue (365 HM) 0,9+0,40 1,9+0,06
Koncranra Y® uznyuenue (365 HM) i 7 140.66
ckopoctH coBMecTHO ¢ AgNPs 7
OKHCHGHH’I_I Bunumoe uznyuenue (410 Hm) - 0,05+0,01
deHnoa, gac B
uaumoe minyuyenue (410 um)
- 0,3+0,01
coBMecTHO ¢ AgNPs
[[IupuHa 3anpeiieHHoi 30161, 5B 3,31 3,29
I[Tnomaas y1eabHON TOBEPXHOCTH, M>/T 31,684+0,28 9,06+0,38
CpenHuii pazMep 4acTUll, HM 120 140
Pazmep obnacteit KOrepeHTHOTO pacCesHUS, HM 18,4+1,4 28,5£1,9
Mukponedopmariusi, &, 0,0014 0,0007
[110THOCTH auciokammid, M2 - 101 1,5+0,3 0,6+0,1

4.4. Poab MmopgoJsioruu u 1eeKTHOTO CTPOeHNs B (POTOKATAIMTHYECKUX

CBOMCTBAX HAHO- U MUKPOYACTHUI] OKCH/IA IIHHKA

B pesynbpraTe BBINOJHEHHOH pPAaOOTHI OBUIO AKCIEPUMEHTAIBHO JO0KAa3aHO, 4YTO

Mopdonorus U AehEeKTHOS CTPOCHUE YaCTHIl OKCHJA IIMHKA OKa3bIBAIOT BIIMSHUE HA

CKOPOCTh (POTOKATAIUTUYECKOrO OKuciaeHus. Poias Mopdonorun cymmupoBaHna Ha Puc.

21. Jns Toro, 4ToOBl CpaBHUTH (POTOKATATUTUYECKYIO AKTUBHOCTH YACTHUIl Pa3HOU

MOPQOJIOTUH, KOHCTAHTa CKOPOCTH OKHUCIICHHS (peHoJia Oblja OTHECEHA K UX yACIbHON

TJIOIIA/IA TIOBEPXHOCTH 10 (hopMmyIie

K
K, = =, 1/gac-m?
s

€))

I'ne K — Koncranra ckopocTy (POTOKATaTUTHYECKOTO OKUCIIEHHs (peHoIIa, Jac™

S — V nenpHas miomans NoBEPXHOCTH, T/M>

Ky -

KoucranTa

CKOpPOCTH

(hoTOKATATUTUYECKOTO

OKHUCJICHUA

deHona,

IPOTEKAIOIIETO Ha MOBEPXHOCTH | rpaMMa YacTHI OKCHA IIUHKA, 1/gac-m?
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Puc. 21 — 3HayeHus: BeIMYHHBI KOHCTAHThI CKOPOCTH (POTOKATATUTUYECKOTO

oKHCIIeHUs (eHoa, OTHECEHHAs K IUIOIIAAN YAEIbHON MOBEPXHOCTH 1/9ac-M?

N3 mnpencrtaBieHHBIX JAaHHBIX BHJIHO, YTO HAHO- W MHUKPOYACTHUIIBI pPa3HOU
MOPGOJIOTHH 10 BO3PACTaHUIO (POTOKATATUTHUECKOM MOTYT OBITh BBICTPOCHBI B PSI:
CTEpXHU > cepuyecKre YacTHUIlbl > IUIACTUHKU. [Ipu 3TOM OTXKUT OTpaxkaercs Ha
(hOTOKATAIMTHUECKON aKTHBHOCTH TOJIBKO B cliydae chepruIeCKUX YaCTHI] ¥ TUTACTHHOK.
OTXUT IJIACTUHOK MOKa3aJl HauOOJIBIINI pe3ysibTaT, IJIOMIAlb YACIHbHON MOBEPXHOCTH
yMenbImmnacsk ¢ 31,68+0,28 r/m? 10 9,06+0,38 1/M?, B TO BpeMsi KaK KOHCTaHTa CKOPOCTH
Bo3zpocia ¢ 0,9+0,40 gac! mo 1,9+0,06 yac™!, Takum 00pa3om (POTOKATATMTHUYECKAS
aKTUBHOCTh €JIMHMIIBI TUIOMIAAM TOBEPXHOCTH yBeaudwiach Ha ~ 10 pa3. OTxur
chepuueckux HaHodactuil pazmepoMm 20-30 HM He MMeEN MEHee SIPKO BbIPa’KEHHBIN
ahdexr. DoTokaTaTUTHUYECKass AaKTUBHOCTH I10J] JICHCTBHEM U3IyYCHUS BUIUMOU
00J1acTH CIIeKTpa Ha0JII0/1aJ1ach TOJIHKO B MPUCYTCTBUU OTOMOKEHHBIX TIJIACTUHOK OKCHJIA
IIMHKA. Y4YWUTbIBasg TOT (pakT, 4yTo HEpPrusi (POTOHA, aKTUBUPOBABIIETO (HOTOKATAIIH3,
cocTtaBuiia 2,95 5B, a mmpuHa 3anpenieHHoN 30HbI IIaCTUHOK — 3,3 3B, MOXHO cenarth
BBIBOJI O TTyOWHE 3aJleraHMsi SHEPTreTUYeCKoro ypoBHs. Pa3zHuIla 3TUX ABYX BEJIUYUH
coctaBuia 0,35 3B, 4TO COOTHOCUTCS ¢ JAHHBIMH, IIPEACTABICHHBIMU B padote [41], B
KOTOPOM aBTOpPHl yTBEpXkKIaldW, YTO Takas TJyOWMHA 3ajieraHds XapakTepHa s

ne(eKkTHOro KoMIuieKkca, 0Opa30BaHHOI'O KHCIOPOAHOM BaKaHCHUEH W JIHCIIOKAIUCH,
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pacmojoXeHHOW B IJIOCKOCcTH Oasuca. Takas aucinokanus o00JagaeT KpaeBou
KOMITOHEHTOM, a BaKaHCHM PACIOJararoTcsl BJIOJIb Kpasi SKCTPAIJIOCKOCTH B 00JACTH
ckatud [36]. T.k. XUMHUECKHE CBSI3U B OKCHAE IMMHKA 00JIaal0T BBEICOKOM CTEHEHBIO
MOJIIPHOCTH  MEXKAYy JUCIOKAIlMell W TOYeYHBbIM Je(EeKTOM MOMHUMO YIPYroro
B3aMMOJICUCTBUS JIEHCTBYIOT TaKXe U dJIeKTpuueckue cuwibl. KpaeBas u cmerniaHHas
JTUCIIOKAIINY SBJISIIOTCS] SJIEKTPUUECKUM JIMHEHHBIM JHUIOJIEM, TO3TOMY MMEHHO TaKue
JUCJIOKAIIM MOTYT B3aMMOJIEHCTBOBATh C TOYEUHBIMU AehEKTaMH, HECYLIUMU 3apsi
[37]. BOmm3u Kpasi 3KCTPAIUIOCKOCTH TIOJIOKHTEIIBHO 3apshKeHa o0JacTh CyKaTuf,
MOATOMY KYJIOHOBCKHE CHJIbI OTTAJKHMBAIOT OJHOMMEHHO 3apsKEHHbIC KHUCIOPOJHbIC
BaKaHCUU OT 3Toi obnactu. [Ipu 3TOM CHIIBI YyIIPyTroro B3auMOJCUCTBUS MPUTATUBAIOT
BAaKaHCHUIO B OOJIACTh CXKATHs, KaK ATO MOKa3aHo B pabore [36]. Takum oOpazom Ha
KHUCIIOPOJHYIO BAaKAHCHIO, PACIIOIOKEHHYIO BOJIM3U Kpasi SKCTPAIUIOCKOCTU JACHCTBYIOT
JIBE MPOTHUBOIIOJIOKHBIE MO0 HAMPABIECHUIO CUIIbI. PaBHOBECHE 3TUX JIBYX CHII SIBJISIETCS
ycioBueM o0pazoBanus atMmocdepsl Korrpesna.

Ha Puc. 22 npexacraBiena Mojienib, OMUCHIBaroas (POTOKATATUTUYECKYIO PEAKIIUIO
OKHcIieHUs (peHOJIa Ha TIOBEPXHOCTU YACTHUIbI OKCHJIA IIMHKA, coaepKanieil neQeKkTHbIe
KOMITJIEKC, OOpa30BaHHBIA JUCIOKAIMEH W KUCIOPOJAHBIMH BakaHCUAMH. Bakancus
norjiomaer (HOTOHBI BUIUMOUN 001acTH CrekTpa, chopMHUpOBaHHBIE (OTOIIEKTPOHBI
MepeMeIatoTCs BJOJIb JUCIOKAIIUUA HA OBEPXHOCTh YACTUIILI M YYACTBYIOT B OKUCIICHUU
MoJIeKyJibl eHosna. Mogenb omybinukoBaHa B pabote A7. CylieCTBEHHOE yBEIHMUCHUE
KOHCTaHThl ~ CKOPOCTHM  (DOTOKATAIMTHUYECKOM  peakiuu  MOoJ  JIeUCTBUEM
yAbTPadUOJICTOBOTO H3JIYUYCHHUS] B TMPUCYTCTBUU TaKUX YACTUI[ OKCHJA IIMHKA
OOBsICHAETCSI  TeM, 4YTO OOO3HAYeHHBIM  JEPEKTHBIH  KOMIUIEKC  SIBIISIETCS
JIOTIOJITHUTEJIbHBIM aKTUBHBIM LIEHTPOM, BCJICICTBUE YEr0 PE3KO BO3PAcCTaeT KOJIUYECTBO

aKTUBHBIX (POTOIJIEKTPOHOB.
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Puc. 22 — Cxema BausiHUSI J€()EKTHOT'O CTPOCHUSI OKCHJIA IIMHKA Ha TOTJIONIEHUE
(OTOHOB PIEKTPOMATHUTHOTO U3TYyUYEHUS BUAUMON 00JIaCTH CHEKTpa. (a)
DOnemeHTapHas sUeiika OKCuJa IMHKA, Ha KOTOPOM M300pakeHa KpaeBasi IUCIOKalus,
nexarnas B uiockoctu (0001) u kuciaopoanas Bakancusl, (0) HampaBJIeHUs, B KOTOPBIX
JIekKaT KpaeBble NUCIIOKAIUH, (B) TOBEPXHOCTh YaCTHUIIbI OKCH/IA IIMHKA, HA KOTOPOM

MPOTEKAET POTOKATATUTUYECKHUM MPOIIECC

Ponbp nedextoB B (oTokaTanuze OblIa 3KCIEPUMEHTANIBHO MOATBEP)KICHA Ha
npuMepe OKucieHus (eHola B MPUCYTCTBUU JUCIIEPCHBIX YacTHI] OKCHJA IIMHKA,
cpeaHuidl pasmep KoTopbix goctur 44 mkMm. YacTuipl ObUIM TOJYYEHBI METOJIOM
PacTBOPHOTO CaMOBOCIUIAMEHSIONIETocs BbicOkoTemmepaTtypHoro cunte3a (CBC),
OMHMCaHHue KOTOPOro ImpuBe/ieHO B padotax A8 u K12. Tlocne cuHTe3a 4acTUIIBI ObUIH
OTOXOKeHbl mpu Temmeparypax 500, 650 u 750 °C. Bsicokas neekTHOCTH
oOecrieuynBagach OYeHb OOJBIINONW CKOPOCTHIO CHHTE3a, MOITOMY KPYIHBIE pa3Mepbl
YaCTHUI] HE BOCIPENSTCTBOBAIN MPOSBICHUIO (POTOKATAIMTUYECKON AKTUBHOCTH Ha
npuMepe okuciieHus: (peHosia B BOJE MOJ JACHCTBUEM YIbTpadUOIETOBOrO 00IydeHUs
(365 HM). PesynbraThl (HOTOKATATUTHUYECKUX HCIBITAHUN TOPOIIKOB OKCHIA IWHKA,
nonyueHHbIx mMetogoM CBC, mpuBenenbl B pabore A8 u Ha Puc. 23. KoHcTaHThl
ckopoctu porokaranusa 0,46 gac™!, 0,44 gac™! u 0,56 yac™! 1719 MOPOIIOKOB, OTOKEHHBIX
npu 500, 650 u 750 °C cooTBeTcTBeHHO. TakuM 00pa3oM yBEITWYEHUE TEMIIEPATypPhl
OT)KMTa TIO3UTHUBHO CKa3ajloch Ha (POTOKATATUTUYECKOM aKTUBHOCTH YacCTHII,

nosryueHHsIx metojom CBC.
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Puc. 23 — PesynbTaThl (hOTOKATATUTUYECCKUX UCIIBITAHUI YaCTHIl OKCHIA ITUHKA,

IMOJIYYCHHBIX B XO0AC€ CaMOBOCINUIAMCHATOMICTOCA BBICOKOTCMIICPATYPHOI'O CUHTC34a

(CBC)

4.5. HOJIy‘{eHI/Ie MAaCCUBHOI'0 KOMIIO3UIIMOHHOI'0 MaTepuajia Ha OCHOBE HAHO- X

MHUKPOIUVIACTUHOK OKCH/IA IHHKA

st Toro, 4ToOBl UCKIIFOYUTH MPOIIECCHI ArJIOMEPAIMU YaCTUI] OKCHa IMHKA, YTO
CIIOCOOCTBOBAJIO K CHIDKEHHIO CKOPOCTH (DOTOKATATUTHIECKOTO MpoIiecca, ObLT MOTy4YeH
MACCHUBHBIA  KOMITIO3WIIMOHHBIH  MaTepuas, B  COCTaB  KOTOPOTO  BXOJWJIHU
CUHTE3UPOBAHHbIE HAHO- 1 MUKPOIUIACTUHKU. B KauecTBe HOcuTeNs (OTOKATATN3aTOPOB
ObL1 BBIOpaH s1acTomep Ha ocHoBe nonuaumeTmwicuiokcana (IIIMC) Sylgard 184 (The
Dow Chemical Company, CIIIA).

B 0030pH0ii crathe A9 ObLIN epeunciieHsl OcHOBHBIE cBo¥icTBa I[1/IMC, ncxons u3
KOTOPBIX  BHUAHO, TIOYeMYy O3TOT  JJIaCTOMEp  YCIEIIHO  HUCIOJIb3yeTcs B

dboToKaTaIUTUUECKOM HarpaBlieHuu. Bo-nepesvix, IIJIMC He Oyner mnoaBeprarbcs
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dboTOKaATAMUTUYECKON TECTPYKITMH, B CHITY CBOCH CTAOUIILHOCTH B YCIIOBHUSX TPOTEKAHUS
XUMHUYECKUX  peakluil okucieHus. Bo-emopwix, I[IJIMC oOnagaer HH3KOM
TOKCUYHOCTBIO, TMOATOMY MOXET OBITh HCIIOJIB30BAH B JKOJOTHYECKUX IIEIsIX. B-
mpemvux, IIJIMC He pacTtBopsieTcsI B BOJE, YTO IO3BOJISIET MCIOJIb30BAThH
KOMITO3UIIMOHHBIE MaTepHalibl Ha €ro OCHOBE B (DOTOKATamu3e MJIUTEIBHOE BpEMs.
Yemsepmoti npuuunou siBusercs tuapododHocts I[IJIMC, KkoTOpas MO3BOJSET
COpOMPOBATH U3 BOJIbI OPTAHUYECKUE COSAUHEHUS, B MOJIEKYJIIPHOM CTPOCHUH KOTOPBIX
UMEIOTCS HEMOJIApHBIE (PYHKIIMOHANbHBIC Tpymmbl. CopOIus TakuX COETUHEHUN
MO3BOJIIET YCKOPUTH Tporiecc hoTokaranuza. @eHOT OTHOCUTCS K YUCTY OPraHUuYECKUX
COCJIMHEHUM, KOTOpBhIE COPOMPYIOTCS HAa MOBEPXHOCTH CHIMKOHOBBIX 3JIaCTOMEPOB.
Bricokasi anre3usi mo3BOJISIET 3aKpenuTh yacTuilbl gorokaranuzatopa Ha IIJIMC, a
ONTHYECKas MPO3PAUYHOCTh B BUJIUMOM U YIbTpadUOJETOBOM O00JacTsIX CHEKTpa
AIEKTPOMArHUTHOTO U3JIYyYEHUS MTO3BOJISIFOT MOJIy4YaTh MHOTOCJIOWHBIE
(hOTOKATATUTUYECKUE SUCUKHU.

[TonydeHnue rnacTomMepa OCYIIECTBISIIOCh ITyTEM MEXAHUYECKOTO NIEPEMEIIMBAHUS
JIBYX JKMJIKUX KOMIIOHEHTOB Habopa Sylgard 184: ocHOBBI U OTBEpAUTEIISI B MACCOBOM
cootHomennu 10 k 1. JTamee B 6apokamepe, B KoTopoi 0611 co3nan BakyyM (0,06 MIla),
U3 TIOJYYEHHOT'O pacTBOpa ObLI M3BJIEUEH BO3AyX. JlJis 3THX 1iened ObUT UCTIONh30BaH
BakyymHbIii HaHOC VE135N (Value, Kurait). JlerasupoBaHHbIii pacTBOp 3aTBEp/AEBal
npu atrMocpepHoM naBieHun mpu Temneparype 115 °C B Teuenme 45 munyt. Ha
3aTBEPACBIIMNA  SJaCTOMEpP MEXaHUYeCKH ObUI HAaHECEH TMOpPOIIOK HAaHO- W
MUKPOIUIACTUHOK OKCHJa IMHKa. Jlanmee amacTomep ObUT MPOMBIT JIEMOHU3UPOBAHHOM
BOJIOM, TIOMEIIEH B JICMOHU3UPOBAHHYIO BOJAYy U 00paboTaH TMpuU TOMOIIU
yIbTpa3ByKkoBOil BaHHbl Y3B-2,8 (Candup, Poccust) ang yaaneHus He3aKperaEHHBIX
gactuly  ¢oTokaTaymzaTopa.  Meronuka — TodydeHHS — (POTOKATAIUTUYECKOTO
KOMITO3UIIMOHHOTO MaTepuaia onucana B paborax A4 u K13, K14.

OnTuueckue CBOWCTBA M BHENIHWNA BHJ IMOJY4YEHHOTO (HOTOKATAIUTUYECKOTO
KOMITO3UIIMOHHOTO Marepuajia IoKa3aHbl Ha Puc. 24. KoOMIO3UIIMOHHBIN
dboToKaTanu3aTOp MPEACTABIIS COOOM BU3YaJIbHO MPO3pPavHbIi 3J1aCTOMEP BBUY TOTO,

YTO YaCTHIIBI OKCUAA ITuHKa Ha moBepxHOCTH [IJIMC cocTaBnsinu ToHKH cinoi. CriekTp



129

ONTUYECKOr0 MPOIMYCKaHUSI JEMOHCTPUPYET MOJOCHl ¢ JIMHOW BoJIHBI 380 HM, 4YTO
COOTBETCTBYET  BEJIIMYMHE IIUPUHBI  3alpelIeHHOM  30HBI  OKCHJAA  IIMHKA.
PentrenoayopectieHTHBIN aHaIu3 3JIEMEHTHOIO COCTaBa d3jacToMepa MOoKas3al, 4To

MaccoBasi KOHIICHTpaIus okcuia uHKa 1o otHomenuto K IIJIMC cocrasuna 0,1 %.
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Puc. 24 — CriekTp oNTHYECKOTO MPOMyCKaHus oOpasiia MoJIydeHHOTO

(bOTOKaTaJII/ITI/ILIeCKOFO KOMIIO3BMIOUMOHHOI'O MaTCpHajia

@OTOKATATUTUYECKUE UCIBITAHUS MOJYYEHHOTO KOMIO3WIIMOHHOTO MaTrepuasna
OCYIIECTBJISUTUCH TOJT JACUCTBUEM 3JIEKTPOMArHUTHOIO W3JIyYEHUS BUIUMOU O0OJacTH
criektpa. Pe3ynbTaTel ucnbiTaHuil npencraBieHsl Ha Puc. 25. Kunetnueckas kpuBas
(doToKaTanM3a OMMCHIBAETCS HSKCHOHEHIMAIbHBIM 3aKOHOM, OKHCIIeHHE (eHomna
OTHOCHUTCS K pEaKI[Mu EPBOro MOopsiaKka, KoHCTaHTa ckopocTu coctaBuia 0,054+0,01 yac
!, Pesynbratel McnbITanuii onyOnukoBansl B padorax A4, K13 u K14. Konuenrpauus
¢dboToKaTanu3aTOpa B BOJE B CIIy4yae MCIOJIb30BAHUS CUIMKOHOBOTO KOMIIO3UIIMOHHOTO
matepuana coctaBuina 0,003 rp/a, B TO BpemMs KakK TIOPOIIKO HCIOJIB30BAICS B
KOHIIEHTpauu 1 rp/i. YUuTbiBas TO, YTO KOHCTAaHThI CKOPOCTH (DOTOKATATUTHIECKOTO

OKHUCJICHHUIA 110/, ,ZICfICTBPICM N3JTyUCHUA BI/I)II/IMOﬁ YacCTH CIICKTpa B obounx ClIy4dasXx paBHEI,
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HpeHCTaBHCHHBIfI KOMHO3HHHOHHBII>1 MaTcpHral IMO3BOJIICT 3HAYHUTCIIbHO CHU3UTDL PACXO/]

dboTokaTanuzaTopa.
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Puc. 25 — Pe3ynbTaThl (OTOKATATUTHUYECKUX UCTIBITAHUN KOMITO3UIITMOHHOTO
MaTepuasa, oJy4eHHOr0 Ha OCHOBE MOJIUAMMETUIICHIIOKCAHA U HAHO- U

MHUKPOILNIACTHHOK OKCH 4 INHKAa
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3akaodyenue Kk ['1aBse 4

BrInoiHEeHHbIE UCTIBITAHMSI TTOKA3aIM CYIIECTBEHHYIO POJb 1€(PEKTHOTO CTPOCHUS
B (DOTOKATATUTUIECKON aKTHBHOCTH HAHO- M MHUKPOYACTHUI[ OKHCIA IMHKA. Bhicokas
nedeKTHOCTh (POTOKATATM3aTOPOB K3 OKCHAA IMHKA CIHOCOOCTBYET YBEIUYEHUIO
dboToKaTANUTUYECKOU aKTUBHOCTH. Tak, Harpumep, MOPOIIKH, COCTOSIINE U3 1e(PETHBIX
YaCTUIl  pa3MEpPOM  HECKOJIBKO  JIECATKOB  MHUKPOH,  MPOJAEMOHCTPUPOBAIH
(bOoTOKATATUTUYECKYIO aKTUBHOCTD, COTIOCTABUMYIO C aKTUBHOCTbIO HAHOYACTHI]. OTHKUT
nedeTHbIX yacTull okcuja nuHka npu 650 °C nmpuBOAUT K BO3PACTAHHIO KOHCTAHCTHI
CKOPOCTH (POTOKATATUUECKON peakiuy BBUY MEPEMEIIECHUS BaKAHCUM K JUCIOKAIUSAM
U 00pa30BaHUIO JTOTIOJHUTEIBHBIX YPOBHEH B 3ampelieHHoi 30He. Hanbonee 3ameTHO
9TU CTPYKTYpHbIC TIPEBpalllcHUs BIHMSIOT Ha CBOCTBA IUIACTUHYATHIX YACTHII,
MPEUMYIIECTBEHHO MOKPBITHIX Kpuctamuiorpaguueckumu riockoctsmu (0001). bonee
TOT0, OTKUT PACHIMPSIET CIEKTP MOIVIOICHHS TAKUX HAHO- U MUKPOIUJIACTUHOK OKCHZA
[MHKA B BUAMMYIO 001acTh 10 3HaueHus 410 HMm. Takoil CABUT MOJOCHI MOTJOIICHUS
MO3BOJISIET  J0OUTHhCST  (DOTOKATATUTHUUYECKOM ~ AaKTUBHOCTH  TOJ  JICMCTBUEM
AJIEKTPOMArHUTHOTO OOJIydeHUsT HE TOJBKO YJIbTPaUOJIETOrOBOM, HO W BHAMUMOMU
00JIaCTH CHEeKTpa.

Hcnonb3oBanue cepeOpsiHbIX HAHOYACTUI] COBMECTHO C (POTOKATATUTU3ATOPAMH U3
OKCHJIa IIMHKA, TPOSIBISIOMMX 3()PEKT MIa3MOHHOIO PE30HaHCa, MO3BOJISIET KPAaTHO
YBEJIUYTh KOHCTAHTY CKOPOCTH (POTOKATAIUTUYECKON PEaKINH, TPOTEKAIOIEH KaK 1Mo/
JNEeUCTBUEM YIbTPaUOJIETOBOrO OOJIyYeHMs, TaK U TMOJ JACHCTBHEM OOJydYeHUS

(GboTOHaMM BUAMMON 00JIaCTH CIIEKTPA.
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I'TABA S. IIpakTHyeckoe NnpMMeHeHHe MOJTY4eHHbIX HAHO- U MUKPOYaCTHI]

OKCHIAa HMHKA

5.1. UcnpiTaHud noja AelicTBUEM COJTHEYHOr0 CBeTa

[lonydeHHbIE HAHO- W MUKPOIUIACTUHKM OKCHJA I[IMHKA OBUIM MCIHBITAHBI Ha
(OTOKATATUTUYECKYIO aKTUBHOCTH IO/ JICMCTBUEM COJIHEUHOW paauanuu. MeToauka
UCIIBITAaHUM ObLTa aHAJIOTMYHA, omnucaHHoM B pazgene 4.1. OTiauuUTENHHOM
OCOOCHHOCTBHIO  WCTBITAHWW, OCYIIECTBICHHBIX IOA  JCHCTBUEM  COJHEYHOTO
AIIEKTPOMArHUTHOT'O U3 IyUCHHUS, 3aKIH04YaIach B TOM, 4TO ()OTOKATAIN3 OCYIIECTBIISIICS
JIUIIb B TEYEHUE CBETOBOTO JHS, IMOCIIE HACTYIUICHUS] TEMHOTHI 00pa3ibl HOMENIAINCH B
M30JIMPOBAaHHBIN OT cBeTa ImKad. Ha ciemyrommii 1eHb uCnbITaHUsS BO30OHOBIISINCE. B
WCIIBITAHUSIX OBUIM 3aJICMCTBOBAHBI IOPOIIKH JIO M mociie oTkura mpu 650 °C.
WcnbiTanus ObUIH OCYILECTBIICHBI B pa3HOE BpeMs Tojia: B MapTe U B HOsI0pe. Pe3ynbTaThl

UCIIBITaHUM npesicTaBieHbl Ha Puc. 26.
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Puc. 26 — Pe3ynbTaThl (OTOKATATUTUUECKUX UCIIBITAHUHN MTOJTYUYEHHBIX HAHO- U

MUKPOIINIACTHUHOK I10 )IefICTBPleM COJIHCYHOT'O DJICKTPOMArHMTHOI'O U3JTyUCHUS

N3 mnpencraBieHHHOTO rpaduka BUIHO, YTO CKOPOCTh (DOTOKATAIUTHYECKOTO
okcuiieHHsl ¢)eHOoJIa 3aBUCela Kak OT TOro, B KaKOW Mecsll rojaa ObUTA MPOBEICHBI
UCIIBITAHUS, TaK W OT OTXKWUra TOJYYEeHHBIX 00pa3noB. KOHCTaHTBI CKOpPOCTH

doTokaramuTraeckoro okmcienus cocrasuan 0,149 wac!, 0,025 gac!, 0,411 wac! n
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0,121 gac™! ans ciydyaeB MCHBITAaHUS MCXOIHBIX YACTUIl B MAPTE, UCXOMHBIX YACTHIL B
OKTSIOpE, OTOMOKEHHBIX YacTHI[ B MapTe€ U OTOXOKEHHBIX YacTHI[ B HOsiOpe
COOTBETCTBEHHO. Pe3ynbTaThl HUCHBITAHUM, OCYIIECTBICHHBIX B HOAOpe, HeE
JEMOHCTPUPYIOT JKCIIOHEHIIMAIbHBIE 3aBUCUMOCTH OT JUIMTEIbHOCTH OKHUCIICHHUS
denona. BeposTHO, KoJieOaHUSI OTHOCUTEILHON KOHIIEHTpaluu (eHoia ObLIIN BbI3BaHbI
M3MEHECHUSIMU B MHTEHCUBHOCTU COJIHEUHOTO 00NydueHus1. V3 npe/icTaBIeHHBIX TaHHBIX
BUJIHO, YTO TOJyYCHHbIC TJIACTUHKU OKCHJIA IIMHKA MPOSBISIIOT (POTOKATATUTHYECKYIO

AKTHUBHOCTB 110/ ,ZIGfICTBI/ICM COJIHCYHOTI'O CBCTA.

5.2. [IpuMeHeHNe MOPOLIKA OKCH/IA IIHHKA MacCOBOI0 MPOU3BOJACTBA B
KauyecTBe (POTOKATAIN3ATOPA, NPETHAZHAYEHHOT0 IS OYUCTKH CTOYHBIX

BOJ OT (eHOJIa

B pesynbrare BBINOJHEHUS NUCCEPTAMOHHOW PaOOThI OBLUIO yCTAaHOBIIEHO, YTO
($oTOKaTATUTUUECKYIO aKTUBHOCTH MO/ JEHCTBHEM 3JIEKTPOMArHUTHOTO HM3IYUYCHHS C
JUTMHOU BOJIHBI 410 HM MposBIsieT Takxke (PpakIusl 4acTUIl OKCUAA IIMHKA, BXOJAIAs B
COCTAaB ITMHKOBBIX O€ITNJI, TIPOMU3BOIUMBIX B TPOMBITTUICHHBIX MacIITabax B COOTBETCTBHE
c 'OCT 10262-73 «PeaktuBbl. Oxuch LMHKA. TexHuyeckue ycioBus». Crocob
BBIJICJICHUSI AKTHUBHOW (pakiuu W3 IMHKOBBIX Oenwi ObLT pa3paboTaH B XOJe
BBINIOJIHEHUS JIMCCEPTAlMOHHOW paboThl M 3anareHToBaH (I12). B Hauyane UHKOBBIE
Oenuina ObUTM AUCTIeprupoBaHbl B 25 % BomHOM pactBope ammuaka ['OCT 3760-79 npu
MOMOIIM  yJIbTpa3BykoBo BauHbl Y3B-2,8 (Candup, Poccus). B pesynbrare
B3aMMOJICHCTBHSI aMMHaka W THUIPOKCHJIA LHWHKA 00pazoBaiach BOAOPACTBOpPUMAs
KOMILJIEKCHAsl ~ COJIb  IIMHKA, OTAEJIEHWE KOTOPOW  OCYHIECTBISUIOCH — IMyTEM
JucneprupoBanus nopoiika npu nomoinu neHtpudyru Frontier FC5706 230V (Ohaus,
CIIA). HyxHol ¢GoTOKaTAIMTUYECKOW AaKTUBHOCTHIO O00JIajay YacTHUIlBI, pa3Mep
KoTopbix He mpeBbiman 200 uMm. Pa3aenenue gacTuil mo ¢pakuusM OCYIIECTBISIOCH
nyTeM [EHTPpU(PYTUpOBaHHUS BOJHON CYCIICH3WH TIOPOINKA ITMHKOBBIX  OCJIHII,
oOpaboTanHbIX amMmuakoMm. lleHTpudyrupoBanue OCYIIECTBISIOCH TMPH CKOPOCTH
Bpaienust 6000 06/MuH B TeueHue 5 MUHYT. YacTuilpl, pa3mep KOTopbix npessbiman 200

HM, BBINAJAJIM HAa JHO LEHTPUPYTUPYEMOIrO COCyAa, MPU ITOM MeJKas (pakuus
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HaxXOJIUJIach B COCyJIe B BHIe BOAHOU cycnen3uu. Ha Puc. 27 mokaszanpl n3o00paxeHus
MOpoIIKa IMHKOBBIX Oenui (Puc. 27a) n aktuBHOM (ppakiuu yacTuil okcuaa nunka (Puc.
276), MOJTy4YeHHBbIE TPHU IOMOIIM CKAHUPYIOIMIEH SJIEKTPOHHOM Mukpockomnuu. Ha
PucyHnke BUIHO, UTO THAPOKCH/T LIMHKA MTPEICTABIICH B TOPOIIKE IIMHKOBBIX O€JIHII B BUJIE
amopdHo# (a3bl, cocTosIe u3 yactuil ¢ Gopmoii, 6JM3KoH K chepruueckoi, pasmMmepom

okoio 20 um. [Tociie 06paboTku aMmmMuakoM 3Toi a3l He ObLIO 0OHAPYKEHO.

Puc. 27 — N300paxeHnus, NoJly4eHHbIE TPU MOMOIIN CKAaHUPYIOIIEH 3JIEKTPOHHOU

Mukpockonuu. (a) [Topoiok uHKOBBIX Oenwit, (0) akTUBHAs (DpaKIIKs YacTUIl OKCHUJIA

MUHKA

doToKaTamuTUYECKass aKTUBHOCTh YaCTHI] IIMHKOBBIX O€IUI U BBIJACICHHON
aKTUBHOW (paKkIUM YacTUI] OKCHAAa LWHKA OblIa W3y4eHa TMOj JeWCTBHUEM
ANIEKTPOMArHUTHOTO HM3IY4YCHHUS BUAUMOMN OONAaCTHU CIEKTpa, Pe3yibTaThl HCIBITAHHUMA
npencrasieHsl Ha Puc. 28. 13 mpencTaBiaeHHBIX JaHHBIX BHJIHO, YTO MOPOIIOK, HE
MOABEPrHYTHIM  00pabOTKE aMMHakoOM U pa3AciicHUuI0 Ha ¢pakiuu myTeM
HeHTpU(yTrupoBaHusi, He MPOSBUI AaKTUBHOCTH MPH YCIOBUH OOIy4YeHHs] (HOTOHAMU C
nHOU BostHBI 410 HM. KoHcTanTa ckopocTr OTOKATAIUTHYECKOTO OKUCIICHUS (PeHoma
B INIPUCYTCTBMM 4YaCTHMI[ aKTUBHOM (pakuum cocrasuna 0,033 wac™!, oxmcinenue

MPEJICTaBISIIO COOON PEAKITHIO TIEPBOTO TOPSIKA.
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Puc. 28 — Pe3ynbTaThl (OTOKATATUTHUYECKUX UCTIBITAHUHN TTOPOIITKA OKCUIA IMHKA,

npousBeneHHOro B cootBercTBue ¢ [ OCT 1026273

[Topo1i10K ITUHKOBBIX OEJIUIT MPOAEMOHCTPUPOBA BHICOKYIO (DOTOKATAIUTUUECKYIO
aKTUBHOCTh OKHclieHus ¢eHonma B crounod Bojge AO «HoBokyiObieBckuit
HedrenepepadbarpiBatomuii  3aBoa» I[TAO «HK «Pocuedth» mon naeicTBueM
AJIEKTPOMArHUTHOTO M3IMy4eHHsl yibTpaduosieroBoi obnactu crnekrpa. IlepcrnekTuBsl
MPUMEHEHUSI TOJIYYEHHBIX MAaTE€pUaJOB B TEXHOJOTHHM MPOMBINUIEHHON OYHMCTKHU

CTOYHBIX BOJIbI OTNUCaHbI B padote K15.
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5.3. AHTHOaKTEepHaIbHbIE CBOMCTBA MOJYYCHHBIX HAHOYACTHL cepedpa

B pamkax nuccepTalldOHHOW paOOThl OBUIM JIOMOJHUTEIBHO HCCIEAOBAHbI
aHTHOAKTEpHAIbHBIC CBOWCTBA HAHOYACTHI cepebpa, CHHTE3UPOBAHHBIX IS
YBEJIUYEHHS CKOpOCTH (oToKaTanu3a. Pe3yabTaThl HccaeoBaHui ObUTH Oy OJIMKOBaHbI
B pabote A4. AnTubakTepranbHble CBOMCTBA ObUIM UCCIIEA0BAHBI ITyTEM HAOIIOCHUS 3a
MOBEJICHUEM OJHOKJIETOYHBIX MPOKAPUOTHUUYECKUX MHUKPOOPTaHU3MOB KHUIIIECYHOM
nanouku E.coli. Kynetypa E.coli 6bina BbIpaiieHa npu temmeparype 37 °C B KuJakon
MUTATEIPHOW CpeJie, COCTaB KOTOPOH COAEpXkal THUIAPOIU3AT ObIYEeH CHIBOPOTKHU.
["oTOBBIE KJIETKH OBLIM COOpPAHBI IyTEM HEHTPU(DYTUPOBAHUS U CYCIICHAUPOBAHBI B BOJIE.
Bonnas cycnensus kinetok B oobeme 0,95 mi nepememmBanack ¢ 0,05 mi cycrneH3nu
HaHouacTull cepedpa. [lomydeHHas cycneH3us mocie paz0aBieHUsl BOJIOM B E€CATh pa3
HAaHOCWJIaCh Ha CIoM arap-arapa B cTekigHHOM 4amke Iletpu. Kononun
MHUKPOOPraHU3MOB pa3BUBANKUCH npu Temreparype 37 °C. Pe3ynbTaThl UCCIE€qOBaHUM
npeactaBieHsl Ha Puc.  29. Ha rpaduke BugHO, 4YTO HAHOYACTHIIBI cepedpa,
JTUCTIEPTUpPOBaHHBIE B BOJe B KoHUeHTparmuu 0,1 MMOIB/T MOJABISIOT POCT

MHUKPOOPraHU3MOB B T€UeHUE 48 4acOB.

B Konuenrtpauwus Hanodactuil cepedpa 0,01 MM

B Konuenrpauus Hanovactui cepedpa 0,1 MM

Konyenrpauus nurpara cepedpa 0,0035 MM

Lg(CFU/mL)

0 0.5 1 2 3 24 48

JIInTeIpHOCTE HaOTIOIEHIIA, Jac

Puc. 29 — Pe3ynbTathl ucciaenoBanuii aHTUOAKTEpUATILHBIX CBOMCTB HAHOYACTHII

cepebpa
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3akawuenue k ['1aBe 5

[Toy4yeHHbIE B XOJIe BBINOJTHEHHUS PabOThl (yHKIHUOHAIbHBIE MaTepHUaibl OBLIU
UCTIBITaHBl B XO7€ (DOTOKATATIMTUYECKOTO OKHCIICHUS, MPOTEKABIIETO MOJA JCHCTBHEM
cojiHeyHOM paauaiuu. [lomydeHHble YacTUIIbl, AUCTIEPTUPOBAHHBIE BOAHOM PacTBOPE
deHoa, MPOSIBUIIM BBICOKYIO AKTUBHOCTh IIPHU O0JIyYEHUHU COJTHEYHBIM CBETOM.

Dddext hoToKaTaTUTHIECKOTO OKUCICHUS (PEHOJIa MPOSBUIN HE TOIHKO YaCTHIIHI,
MOJIyYCHHBIE B XOJI€ BBIMOJIHEHUS MPEACTaBICHHOW pabOThl, HO U YACTHUIIBI OKCHAA
[MHKa, Mpou3BoAuMbIE MaccoBo B cooTBerctBue ¢ ['OCT 3760-79. Ilopomiku,
BBIITYCKaEMBbIE 10 TAHHON METOJIMKE, COAEPKAT B ceOe (DpaKIMIO YACTHI] OKCU/IA [IMHKA,
MPOSIBIISIIONTYI0  (DOTOKATATUTUYECKYI0 aKTUBHOCTh TMOJ JCHCTBUEM OOJydEHUS
dboToHaMu BUIUMOM 00J1acTu criekTpa. B manHoi padoTe onrcana METOuKa U3BJICYEHUS
Takol (¢pakiMd H3 MapTUU TMOPOIIKA OKCHAA IIMHKA MAacCOBOTO IPOU3BOICTBA.
MeTonuka 3anuiieHa maTeHToM.

JIONOTHUTENBHO M3Y4Y€Hbl AHTHOAKTEpUaJIbHbIE CBOMCTBA HAHOUYACTHUIl cepedpa,
UCIIOJIb30BAaHHBIC i1 MHTEHCU(UKAIMU (DOTOKATATUTUIECKOTO Ipoliecca. BrisiBieHa
BBICOKAsi aHTUOaKTepuasbHas aKTHUBHOCTb HAHOYACTUL cepedpa, MO3BOJISOLIas
JOTIOTHUTENBHO  JI€3UH(UIIMPOBATH OYHUIIIAEMBbIE€ CTOYHBIE BOJbI B CiIy4ae HX

COBMCCTHOT'O HUCITIOJIB30BaHUA MECTE C (1)OTOKaTaJ'H/ISaT0paMI/I.
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3akJ/l0ueHne K AuccepTanum

[IpencraBieHHble pPe3yJbTaThl HUCCIEAOBAHUM (POTOKATATIUTUYECKUX CBOMCTB
OKCHJIa IIMHKA MOTYT Jiedb B OCHOBY CO3JaHUs MPOMBIIIJIEHHON T€XHOJIOTUU OUYUCTKHU
CTOYHBIX BOJI OT (peHoJ1a. DOTOKATAINU3 OCYIIECTBIISETCS TP KOMHATHOM TeMmeparype,
4YTO JaeT €My IMPEUMYIECTBO C TOYKU 3pPEHHS] CEOECTOMMOCTU IMepej] OYMCTKOM,
OCYILIECTBIISIEMOM B ropsuei BoAe. Tak Hampumep, B padote [98] mokazaHa TeXHOIOTHUS
OYHUCTKH BOABI OT (peHosia B aBTOKIaBe mpu Temreparype oT 150 °C mo 180 °C u
nasnenuun ot 0,3 MIla no 1,5 MIIa. Oxucnenue ¢deHona 10 00pa3oBaHUs YTICKUACIOTO
rasza B xone ®enrton-mpouecca [99] ocymectusercs npu 140 °C. @oTokaranuTuyeckas
TEXHOJIOTUSI HE OCTaBJsIeT MOOOYHBIX TMPOMYyKTOB. JlaHHasi OCOOEHHOCTH JlaeT
dboToKaTaIn3y BaXKHOE MPEUMYIIECTBO IMEpe]l COPOIMOHHBIM METOJOM OYMCTKHU, TJIE
GbyHKIHMIO cOpOeHTa MOXKET BBINMOJHATH prucoBas cosoMa [100], meomutsr [101], rouHa
[102] u ap. ®oTokaranus MO3BOJISET OCYIIECTBISTh YOPEKTUBHYIO OUUCTKY BOJIBI IIPU
pH=7,00 u He TpedyeT ucCnoyib30BaHUs MaTEPUAIIOB, CTOMKUX B arPECCUBHBIX YCIIOBHUSX.
B pa6ore [102] noka3aHo, Kak KOJIMYECTBO COPOMPOBAHHOTO IIMHOM (PeHOJIa JOCTUTAET
MaKCUMAJIBHOTO 3HayeHus B kucinon cpene npu pH=2,00. O3oHMpOBaHME BOAHI,
conmepxkaieir (enomn, crocobctByer cHuxkeHuto pH mo 3navenus 2,75 [103].
doTokaTanu3 NpeaHa3HavYeH JJIsl OCYIIECTBICHUS OYMCTKU CTOYHOM BOJbI, COJIEPKAILECH
(heHOJ B KOHIIEHTpAIlMU MeHee 1 MI/JI, 4TO MO3BOJIsIeT JOCTUTaTh 3HAUEHUN MPEIeIbHO
JOMyCTUMOM KoHIleHTparuu. B pabore [104] omumcana meTonuka yIbTpa3ByKOBOU
OUYUCTKHU BOJIbI OT (DEHOJIa B MPUCYTCTBUM HAHOYACTHUI] TUOKCHUA TUTAHA, IE CXOJHAs
KOHLEeHTpaus (enona cocrapuia 100 Mr/i, a ouncTKa NO3BOIMIIA CHU3UTH €€ JIUIIb J10
11 wmr/n. [lpuBeneHHbIE AOBOJBI TO3BOJISIIOT PEKOMEHIOBATH TMOJTY4YEHHBIE HAHO- U
MUKPOYACTUIIBI OKCHJA [IMHKA JIJIs peannu3anuu (GUHAIbHOW OYHMCTKU CTOYHBIX BOJ OT
dbeHoma C TENbI0 JTOCTMXKCHHS 3HAUYCHUS TPENETbHO JOMYyCTUMON KOHIIEHTpAIUH,
paBHoro 0,001 mr/m, B coorBerctBue ¢ I'H 2.1.5.689-98 [105].

doTokaTaTuTUYECKas TEXHOJOTHs, OCHOBAaHHAas Ha UCIIOJIb30BaHUM HAHO- U
MUKPOYACTHI] OKCHJIa ITMHKA, MOXET ObITh PEKOMEH/IOBAHA ISl OYMCTKUA CTOYHBIX BOJT

NPEANPUATANA XUMUYECKON U HEPTEXUMHUUECKOW MpoMbliieHHOCTH. Hanpumep, ¢peHon
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oOpa3zyercs B OOJBIIMX KOJIMYECTBAX HA MPOU3BOACTBE (eHoNbHBIX cMod [106], peHon-
snokcuaubix cMoll [107], mectuuumoB [108], xamposaktama [109], comepxurcs B

CTOUYHBIX BOJaX mpeanpustaii nepeBoodpadotku [110], HedrenepepadoTku [111].

Buoieoowt

1. HaHo- ¥ MUKpOIJIACTUHKKA OKCHJA LHMHKA C BBICOKOM IUIOTHOCTBIO
nucnokauii ~10'° M2 1 KucI0poAHBEIMU BakaHCHAMU (POPMUPYIOTCS B JKHIKOM Cpelie B
X0JIe XMMHMUYECKON pEaKlUM B3aUMOJICUCTBUSA XJIOpUJAa IMHKA M TUAPOKCHIA Kayus,
MpOoTEeKaroued Mpy BICOKOM CKOpPOCTU. Bhicokasi ckopocTh hOpMHUPOBaHUS TIIACTUHOK
oOycIoBiieHa psAoM (PaKTOpOB, TAKMX KaK: BHICOKOE MOJISIPHOE OTHOIIEHHUE IIEIOYH K

npekypcopy (15 x 1), u onTuManbHbI cocTaB KUAKON cpeabl: 25 % BOAHOTO pacTBopa

TUJICHTJINKOJISL.
2. CTpyKTypHBIE TpaHC(HOPMALUK HAHO- U MUKPOILIACTHHOK OKCHJIA IIMHKA C
BBICOKOM IUIOTHOCTBIO jguciokamuii ~ 10° M? W KHCIOPOOHBIMM BaKaHCHSMHU

IpoucxonsT B Xxoje omkura npu 650 °C BciaeACTBUE BHYTPEHHUX MPOIECCOB
B3aMMOJICUCTBUS KHCIOPOIHBIX BAKAaHCUW WM C JHUCIOKAIUSIMH, YTO TPUBOAHUT K
o0pa3oBaHUI0 Je(DEKTHOTO KOMIUIEKCA: IHUCIOKAlUs C aTMoc(epod KHUCIOPOIHBIX
BAKAHCUH.

3. Hano- U MUKPOTUTACTHHKA OKCHIA ITUHKA MIPOSIBIISIOT
(bOTOKATAMUTUYECKYIO AKTUBHOCTH TOJ JEHCTBHUEM SJIEKTPOMATHUTHOTO W3JIyYCHUS
BUJIMMOM 00JIaCTH CIIEKTpa BCJICICTBUE MOTJIOIEHHS POTOHOB C JIMHOM BoJsiHbI 410420
HM KHCIJIOPOJHBIMHU BaKaHCHUSIMU, PACTIOJI0KEHHBIMU BOJIM3U AUCIIOKAIIHM, 00J1aJal0IInX
KpaeBOM KOMIOHEHTOW, ¥ TPaHCHOPTUPOBKE (OTOIJIEKTPOHOB K TMOBEPXHOCTH

KpucTajajia BAOJIb JUHHUH JUCIOKAIIUH.

bnazooapnocmow

PabGora BeImonHeHa npu noxanepxkke (enepanpHoro mnpoekrta «llepenossie

HH)XCHCPHBIC IHIKOJbID»
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Cnmcok cokpameHui

AgNPs CepeOpsinble HAHOYACTHUIBI

BIT meton bpynaspa-Ommera-Tennera

JACK HuddepenunanpHas ckaHUPYIOIas KaJIOPUMETPHUSI

OKP OGnacTh KOrepeHTHOTO paccesiHus

K IIpenenbHO-m0mycTHMAas KOHIEHTPALUS

IIJIMC IonuauMeTHICUI0KCaH

CBC CaMo0BOCIITAMEHSIOIUICS BBICOKOTEMIIEPATYPHBIA CUHTE3
UK WnppakpacHblil 1Mana3oH 3J€KTPOMAarHUTHOTO U3JIyYESHUS
XY XUMUUYECKAN YUCTHIN

YJIA Yucte! 115 aHaIn3a
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CJioBapbp TEepMHHOB

aM(i)OpCTHOCTBI CITOCOOHOCTH BCHICCTBA MMPOABJIATH KaK IICJIIOYHBIC, TAK U KUCIIOTHBIC

CBOMCTBA
atMocdepa Korrperia: ckorieHrne ToueuHbIX AeeKTOB BOIU3H TUCIOKAITUN

663H3J’Iy‘{aTeJII>H8JI peKOM6I/IHaHI/IH: peKOM6I/IHaHI/I5{ QJICKTPOHA U ABIPKH oe3 BBIACIICHUA

DHEPI'MH B BUJIE DJIEKTPOMATHUTHOTO U3YUYEHUS
BHUCKEP: OJJHOMEPHBI HAHOOOBEKT
€IMHUYHOE HAlpaBJIEHUE: HE KpUCTaIOrpapuueckoe HalpaBieHUE

H3JIydaTcJibHasA peKOM6I/IHaHI/I5[Z peKOM6I/IHaHI/I$I QJICKTPOHA U JABIPKH C BBIJICJICHHUCM

9HCPIr'u B BUAC SJICKTPOMAIrHUTHOI'O U3YyUCHUA

JIOKQJIU30BaHHBIN IIa3MOH-TIOJIAPUTOH: KOJIJICKTHUBHBIC KoaeOaHus QJICKTPOHOB

IMPOBOAMMOCTH B MCTAJINIMYCCKUX HAHOYACTHULIAX

METUJICHOBBIM CUHUI: KpacsIiee BEIeCTBO, MPEACTaBIISIONIee COO0M TEMHO-3€eIEHbIE

KPHUCTAJLIbI

MULEJUISIPHBIN PaCTBOP: PacTBOP, COJIEPKAILIUA MULIEIUIbI, aCCOLMATBI AU(PUIBHBIX

MOJIEKYI.

obnako Jlebas-XroKKesl: CKOTUICHHE TOYEUHBIX 3apsKEHHBIX J1e(DEKTOB BOKPYT

IUCIIOKALIHA

IMOBCPXHOCTHO-AKTUBHOC BCIICCTBO: BCIICCTBO, ITIOBBIMIAIOIICC ITIOBCPXHOCTHOC

HaTsOKCHHUE Ha TpaHMIle pas3zena ¢as

MPOKAPUOTUYECKUIT MUKPOOPTaHU3M: OJIHOKJIETOYHBI MUKPOOPTaHU3M, HE

00JaIaroIHil KJICTOYHBIM SIIPOM U IPYTUMU MEMOpPaHHBIMH OpTaHelJIaMu

(bOTOKaTaJ'H/IS: NU3MCHCHUC CKOPOCTH UJIIKM HHUIIMHUPOBAHHC XUMHUYECKOMN pPCaKkuun B

IMPHUCYTCTBUHU IMOJYIIPOBOJAHUKA
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IIMpUHA 3alpelIeHHON 30HbI: (U3MUecKass BEIMYMHA, YHMCICHHO paBHAs SHEPrUH,
KOTOpPYI0 HEOOXOAUMO TMepeAaTh BAJICHTHOMY JJEKTPOHY MOJIYNPOBOAHUKA JJIs

MNEPCeMCIICHUA B 30HY IIPOBOAUMOCTHU

OKCTPAKIHUA: ITPOICCC U3BJICYCHUA BCUICCTBA U3 paCTBOPA IIPHU ITOMOIIU PACTBOPHUTCILA

(9KCTpareHTa), He CMEIIUBAIOUIETOCs C PACTBOPOM

OMYJIbCH: AUCIICPCHASA CUCTEMA, 06pa30BaHHa;1 B3aMMHO HCPACTBOPUMBIM

KUIKOCTAMU
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Abstract- The article provides the data on the influence of substructure of zinc oxide plate-like microparticles on
their photocatalytic activity in the phenol oxidation reaction when exposed to solar, visible, and ultraviolet light.
Thermal treatment of microparticles in air controls their substructure. It has been shown that an increase in the size
of coherent scattering areas (up to 140nm) and formation of the ordered dislocation substructure in microparticles
substantially raise the rate of photocatalytic oxidation. The relatively large size of particles (about 0.5um in two
dimensions) allows to easily separate them from the purified water after photocatalysis applying microfiltration.

Highlights

A method has been shown for obtaining ZnO microparticles with the visible-light photocatalytic activity. An
ordered dislocation structure ensures the visible-light photocatalytic activity.

Air annealing is used to control the dislocation structure of ZnO microparticles.

The reasons for the visible-light activity of ZnO microparticles with ordered dislocation structure have been
considered.

Keywords: Photocatalysts, visible light, zinc oxide plates, heat treatment, substructure, phenol, water
purification, wastewater cleaning
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1. Introduction

Zinc oxide (ZnO) is the second most abundant material after titanium dioxide (Ti0z2), used in the technologies
for wastewater cleaning from hardly oxidizable organic compounds [1]. The work [2] shows that the adsorption
rate of dye, dissolved in water and dragged during photocatalysis, is higher on the ZnO surface than on the TiO2
surface, what indicates that it is more preferable to use the first one. Both materials have high corrosion resistance
in the course of photocatalytic process, are biocompatible [3] and highly active, when exposed to ultraviolet light.

The properties of ZnO and TiO2 catalysts, used to clean the water, have been the subject of intensive studies
[4-8]. Among factors, influencing photocatalytic activity, there are chemical composition, size of photocatalyst
particles, and defect structure of the material. Doping of the photocatalyst material with impurity
atoms results in the growth in photocatalytic activity when exposed to ultraviolet rays, and its emergence when
exposed to visible light. Such an approach to changing photocatalytic activity is applicable both to ZnO [9-11],
and TiOz2 [12—-15]. However, such toxic metals as, for example, cadmium [11], iron [16], cobalt [17] and others are
often used as dopants. There are also known examples of utilising photocatalysts based on two oxides [18]. The
use of toxic materials adversely affects the properties of the purified water. For example, the work [19] describes
the poisonous effect of TiO2 nanoparticles, doped with the atoms of nickel, copper, manganese, and iron on fish.

Defect structure is also an essential factor affecting the photocatalytic activity of both TiO2[20-22], and ZnO
[23-25]. Here, there are known studies [23-25], which indicate that the defects in ZnO nano- and microparticles
can induce photocatalytic activity when exposed to visible light. The similar examples have been reflected in the
patents [26, 27].

There are different types of defects in ZnO, which affect its photocatalytic activity: oxygen vacancies [24,28—
32], and interplane clusters of zinc atoms [33]. Papers [24, 28—32] present the data on reduction in the band gap
near the surface of ZnO particles due to formation of oxygen vacancies. These defects specify the photocatalytic
activity of the material when exposed to visible light. ZnO annealing at the specific temperature facilitates
intensification of the particles’ activity at the expense of diffusion of oxygen vacancies from deep within the crystal
into near surface layers. At the higher annealing temperatures, the activity of photocatalysts decreases since the
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concentration of oxygen vacancies in the material declines. The literature provides different values of optimal
annealing temperature: 250°C [24] or 350°C [29], or 400°C [32].

The article [34] provides the data demonstrating that annealing at 800°C contributes to the increase in
photocatalytic activity with respect to unannealed specimens due to faceting of the surface and predominant
formation of crystallographic planes of {1010} type. It is also known that the inner structure of ZnO affects its
photocatalytic properties; it can be characterised by the size of coherent scattering areas when conducting X-ray
structural analysis [35]. ZnO microparticles in this work were obtained in the solution during chemical interaction
between zinc acetate and triethylamine. Annealing at 600°C has led to the increase in the average size of coherent
scattering areas and the rate of photocatalytic phenol degradation. However, no reasons for the relationship between
defect substructure and photocatalytic activity have been identified.

The present work studies the processes related to the evolution of substructure of ZnO microplates obtained
using hydrothermal method, during annealing at the temperatures from 200 to 1000°C, and the influence of
substructural parameters of the material on its photocatalytic activity in the visible light spectrum by the example
of phenol oxidation.

Phenol is highly toxic [36]; when dissolved in potable water, phenol adversely affects reproductive and
immune health of mammals [37]. Chemical industry produces great quantities of phenol, which is used in
manufacturing phenolic resins [38], phenolic-epoxy resins [39], pesticides [40], and others. Phenol is also a by-
product when producing caprolactam [41], in wood processing [42] and petroleum refining operations [43]. Waste
waters of chemical industries contain phenol as a pollutant. Hence, studying photocatalytic activity of the
considered ZnO microparticles by the example of phenol oxidation is of great relevance.

2. Experimental procedure
2.1 Synthesis of ZnO microparticles

Zn0 particles were obtained using hydrothermal method [44]. High-purity chemical reagents, fabricated by
“Khimreaktiv”’, were used for the synthesis. Zinc chloride in 6.8 g/l concentration was dissolved in one liter of
ethylene glycol water solution (25% of volume). The obtained solution was further heated to 70 °C, constantly
mixed using a mechanical stirrer at 600 rpm mixing rate. Potassium hydroxide in 42 g/l concentration was added
to the heated solution. After the addition of potassium hydroxide, the solution turned white due to formation of
Zn0 particles. Mixing was underway during 2 hours at a constant temperature, followed by washing out of the
obtained sediment from by-products using distilled water. The sediment was multiply dispersed in the water, and
further deposited using centrifuge Ohaus Frontier FC5706 (USA); washing out procedure was thrice repeated. The
produced ZnO powder was dried in the drying oven Ekros ES-4620 (Russia). It was further divided into 4 parts
and thermally processed in the electric muffle furnace Snol 8.2/1100 (Lithuania) at 200-1000°C temperatures in
air. The material obtained in the form of microparticles was thermally processed according to the following
procedure: heating - 3 hours, exposure - 3 hours, and slow cooling together with the furnace.

2.2 Methods for studying the structure, morphology, and properties of the obtained particles

The morphology of the obtained ZnO microparticles was studied using scanning electronic microscope Carl
Ziess Sigma (Germany), and laser analyser Sald 2300 Shimadzu (Japan). The composition of elements was
examined using X-ray fluorescent spectrometer EDX 8000 Shimadzu (Japan). X-ray diffractometer Shimadzu
XRD 7000 (Japan) together with Topas and differential scanning calorimeter X-DSC 7000 Hitachi (Japan) were
applied to define the phase composition and lattice parameters. The band gap of microparticles was determined
employing the method based on measuring the absorption edge at the diffusion reflection, by UV-2600
Spectrophotometer Shimadzu (Japan). Absorbance spectra in the IR area were obtained using spectrometer
Shimadzu IR Tracer 100 (Japan).

2.3 Photocatalytic tests
Photocatalytic activity of the obtained particles was examined when exposed to the solar light and the light
of an ultraviolet fluorescent lamp of 365nm wavelength, and the light filtered using a light filter transparent to
radiation of more than 410nm wavelength. The particles were dispersed in the water solution of phenol. Phenol
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concentration in water amounted to 1mg/l, concentration of particles — 1g/l. The particles in each case were
dispersed in a glass using ultrasound bath and were further mixed with a magnetic stirrer at a rate of 500rpm during
the experiment. A change in phenol concentration throughout the experiment was defined using fluorimeter
Shimadzu RF-6000 (Japan).

3 Experimental results
3.1 Morphology and structure of the obtained particles

Characteristics of the particles obtained in the various annealing modes, are given in Table 1. The particles
in the initial state had a form of plates 20-50nm thick and up to 500nm long and wide Fig. 1 a-c).The presented
images demonstrate (Fig. 1) that the form of particles subjected to annealing in the range up to 650°C, didn’t
significantly change, and their average size remained equal to 550...580nm (Table 1). Here, the size of the particles
subjected to annealing at 1000°C, increased about 4-5 times. After drying, the powder of ZnO microparticles was
beige-coloured, and after annealing it became yellow. An increase in annealing temperature caused brighter yellow
staining. After drying and annealing in the “0”, “1” (200°C) and “2” (650°C) modes, the particles were easily
dispersed in the water using ultrasound bath, forming a milk-like suspension. Microparticles, produced in the
course of annealing in the “3” mode (1000°C), deposited to the vessel bottom even after their processing with
ultrasound in water. Composition of the elements in the specimens was studied through energy dispersive X-ray
analysis (EDX) and local X-ray spectral analysis directly in the scanning electronic microscope. The data of the
two methods are in good agreement with each other: microparticles contain only zinc and oxygen (Table 1). X-
ray structural analysis of all the specimens has shown (Fig.2a), that their crystal lattice represents zinc
oxide with wurtzite structure, P63mc space group. The size of coherent scattering areas (CSAs) of the initial
specimen amounted to 36nm. In the course of annealing at up to 650°C temperatures, CSA size increases more
than 3 times and reaches 140nm. The c/a ratio of the lattice parameters remained unchanged in all cases and
amounted to 1.602. As the annealing temperature increases, microstresses inside the particles first increase and
then decrease (Table 1). The ratio of the intensities of reflections from crystallographic planes (1010)/(0002)
slightly increased with the growth in annealing temperature up to 650°C, however, after annealing at 1000°C it
decreased more than 5 times.
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Fig. 1. Images of the obtained zinc oxide particles in the scanning electronic microscope: (a), (b) initial
state, (¢) after annealing at 200°C, (d), (e) after annealing at 650°C, (f) after annealing at 1000°C
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Fig. 2. X-ray diagram (a) and calorimetric curve (b) ZnO microparticles
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The results of studying the initial specimens using differential scanning calorimetry (DSC) are given in Fig.
2b. Two endothermic peaks on the diagram at 118° and 232°C indicate that there are two phases of zinc hydroxide.
A peak-wise calculated change in the enthalpy amounted to 8.12 and 7.29J/g, respectively.

The band gap of the obtained specimens (Table 1) was defined by the diffuse reflection method using
spectrophotometer with integrating sphere. The studies have shown that the band gap of ZnO plates varies from
3.21 to 3.28eV, and it slightly decreases when the annealing temperature increases. Initial and annealed specimens
were also examined using infrared spectroscopy (Fig. 3). It follows from the acquired dependencies that the initial
specimen and the specimen annealed at 200°C absorb infrared radiation in the areas of 3390 and 3380cm-1,
respectively. IR absorbance spectra of the particles annealed at the temperatures higher than 200°C have not these
peaks.

/l=1Intial

I|l=200°C 3380 em— >
=650°C \

1000°C

e W,

0’ T T
2 000 2500 3 000 3 500 4 000

Wavenumber (cm™)

Fig. 3. Infrared spectra of absorbance of the obtained ZnO microparticles after annealing at the specified
temperatures
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Table 1. Characteristics of the obtained ZnO microparticles

Annealing mode 0 1 2 3
Annealing temperature, °C - 200 650 1000
Annealing time, hour - 3 3 3
Band gap, eV 3.28 3.26 3.21 3.21
Average size of particles, 570 550 530 2125
nm
a 3.252 3.251 3.259 3.256
Lattice
parameter, C 5.211 5.208 5.220 5.215
A
c/a 1.602 1.602 1.602 1.602
Ratio of the intensities of
crystallographic planes 2.080 2.138 2.348 0.422
(1010)/(0002)
Chemical composition Zn, O Zn, O Zn, O Zn, O
Constant of phenol 0.45 0.21 1.72 0.16
oxidation rate
Coherent scattering areas
(calculation by Rietveld 36 45 140 80
method), nm
Microstresses, &, 0.0007 0.0009 0.0005 0.0001
Density of dislocations
Y0155 0.62 0.45 0.18 -
Substructure DlslocaFlon Heterogenous Dislocation Polycrystal
chaotic cellular ordered aggregates

3.2 Photocatalytic properties of the obtained particles

Photocatalytic activity of both initial and annealed obtained particles was studied in the reaction of phenol
degradation in water solution upon exposure to ultraviolet fluorescent lamp (365nm), solar radiation (Fig.4) and
visible light (Fig.5).

The curves presented in Fig.4 and Fig.5 demonstrate that only particles annealed at 650°C show
photocatalytic activity upon exposure to visible light. In this case, the rate of photocatalysis upon exposure to
visible light is considerably lower than that upon exposure to UV lamp. Phenol is fully oxidised when exposed to
visible light (410nm) during 70 hours (Fig.5), and it occurs only in 3-4 hours upon exposure to UV-radiation
(365nm) (Fig.4). It is seen from Table 1 and Fig.4 that the constant of the oxidation reaction rate in the case, when
the particles annealed at 650°C are used, increases more than 3 times with respect to the initial rate (Fig.4), what
is hard to explain within the existing model hypotheses. Annealing of particles at 200°C and 1000°C resulted in
reducing the photocatalytic oxidation rate constant.

The mechanism of phenol oxidation with oxygen dissolved in water is studied in detail in the works [45] and
[46], where it is proved that phenol is oxidised with benzene ring opening with the subsequent formation of carbon
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dioxide and water [47—49]. In this case, excluding annealing at 1000°C (Fig.4 and Fig.5), the relationship between
natural logarithm of the ratio of initial molar phenol concentration and concentration as of the certain time In(Co/C)
and the duration of photocatalytic process is linear, whence it may be inferred that these oxidation reactions belong
to the first-order reactions [50].
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Fig.4. Dynamics of photocatalytic phenol degradation when exposed to ultraviolet, solar light, and upon
exposure to the light filtered using a 410nm light filter in the presence of the initial and ZnO
microparticles annealed at the different temperatures
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Fig.5. Dynamics of photocatalytic phenol degradation when exposed to the light filtered using a 410nm
light filter in the presence of ZnO particles annealed at 650° C

4 Discussion

In the authors’ opinion, the main reason for photocatalytic activity of the described ZnO particles, annealed
at 650°C, upon exposure to visible light is a special ordered dislocation structure. When annealing the particles
within 200-650°C, their dislocation substructure is transformed from chaotic to ordered (Table 1), here, a minor
reduction in the zinc oxide band gap is noted, however, its photocatalytic activity (Fig.4) substantially increases
when exposed to ultraviolet radiation.

Measuring a half-width of X-ray lines in the annealed specimens at 650°C [43] has shown that it is
proportionate to tangent of sliding angle, what indicates that the particles have ordered dislocation structure, what
is also confirmed by the calculations using Williamson and Hall method [51]. Here, no analogous dependence was
found when analysing the structure of initial and particles annealed at 200°C and 1000°C, however, it allowed to
identify that the density of dislocations, evaluated by the method proposed in the work [45], in the obtained particles
decreases during annealing by 30-50%. A smoother surface of specimens annealed at 650°C, as compared to the
initial ones, a pattern of changing half-width of X-ray lines and minor distortions of lattice demonstrate that the
substructure of annealed microparticles is more ordered, dislocations
line up in walls.

Faceting of ZnO particles also constitutes an essential factor affecting their photocatalytic activity. In this
case, as in the case described in the work [34], the ratio of the lines’ intensities (1010)/(0002) changed by about
10-15% between the initial particles and the particles that had the maximum activity. In the work [34] this ratio
was related to the photocatalytic activity of the particles.

Furthermore, the admixtures of zinc hydroxide phase in the particles were likely to affect their photocatalytic
activity. It is difficult to identify zinc hydroxide phase by X-ray method due to its low content, however, DSC
method allows to register it (Fig. 2b). Each peak appears to correspond to a certain allotropic modification of
Zn(OH)2. Degradation of zinc hydroxide is accompanied with formation of ZnO, reduction in roughness of the
particles’ surface and absorption of energy.

Absorption of electromagnetic waves in these areas implies that there are hydroxyl groups on the surface of
particles [52], at that, two peaks are seen on the diagram, which seem to correspond to the two allotropic
modifications of zinc hydroxide compounds. It is in agreement with DSC data (Fig.2b). The specimen annealed at
650°C does not absorb IR electromagnetic radiation in this area and does not have peaks on calorimetric curve,
what confirms the absence of zinc hydroxide. Perhaps, zinc hydroxide turned into zinc oxide in such a way that
the intensity of reflecting X-ray lines from planes (1010) increased, faceting of microparticles changed, and
roughness decreased. Annealing at 1000°C facilitated an about 4-5-fold sharp increase in the size of particles, that
may be attributed to agglomeration and formation of polycrystal aggregates from microparticles (Table 1) involves
transformation of the initial substructure with chaotic pattern of dislocations into heterogenous cellular substructure
after annealing at 200°C, and ordered dislocation structure after annealing at 650°C, which contributes to the
emergence of photocatalytic activity when exposed to visible light. Annealing of powder from 550nm ZnO
particles during 3h at 1000°C facilitated transformation of monocrystal particles into polycrystal aggregates, their
size therewith increased to 2pm.

S Conclusion

The authors have presented the method for synthesising ZnO microplates and examined their properties in
the work. The obtained microplates have shown good photocatalytic activity when exposed to solar light and
ultraviolet radiation; and have also been active upon exposure to visible light of 410nm and greater wavelength.
The work has demonstrated that photocatalytic activity of ZnO microplates significantly depends on their
dislocation substructure, which can be changed through annealing. The authors have found the best conditions for
annealing are at 650°C during 3 hours. In this case, the initial dislocation chaotic substructure is transformed into
the ordered one. Microparticles with optimal ordered substructure and 100-140nm sizes of X-ray coherent
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scattering areas (CSAs) have shown maximum activity when exposed to both ultraviolet, and visible
electromagnetic radiation. The photocatalyst designed by the authors has been patented [44].
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Ellipsoid-shape acid-resistant microparticles of f-GayOs are synthesized as a result of chemical reaction of gal-
lium nitrate and ammonia in an aqueous solution with subsequent annealing of received sediment in air. It is
shown that particle size depends in non-monotonous manner on the molar ratio of reacting substances. The
maximum value of length and diameter (1718 + 291 nm and 746 + 198 nm, respectively) is obtained at
ammonia to gallium nitrate ratio of 9:1. A decrease in particle size is observed both with reducing and increasing

of the ratio. The particles have a layered structure with layer thickness 30 + 5 nm.

1. Introduction

Gallium oxide in the form of monoclinic allotropic modification
(B-Gaz0s3) is a wide-band semiconductor, which is promising as an active
material for gas sensors [1], photodetectors [2], and photocatalysts [3]
able to perform under the influence of aggressive media. This property
results from the good resistance of $-GayOs to alkalis and acids. For
example, Shigeo Ohira et al. described the resistance of -GazO3 mono-
crystals to various acids [4]. The authors noted that the highest corro-
sion rate 86.6 nm/hour occurs in 60.5 % nitric acid solution at 120°C,
while no corrosion is observed under the influence of the same solution
at 60°C.

Due to high acid-resistance monoclinic -GayOs is also attractive as a
photocatalyst for purification of wastewater and exhaust gases from
acids. In particular, Baoxiu Zhao and Pengyi Zhang showed photo-
catalytic degradation of perfluorooctanoic acid in the presence of
B-Gaz03 nanoparticles under UV irradiation with a wavelength of 254
nm [3]. It should be noted that a-GayOs and p-GayOs exhibits the
maximum photocatalytic activity in comparison with other phase
modifications of gallium oxide (8- and y-GaO3) [5,6]. In addition to the
phase composition, the material morphology [7] and shape [8] affect
the photocatalytic activity of semiconductor particles. Therefore, we
assume that disperse particles of p-phase of GayOs exhibit the shape-
dependent photocatalytic activity due to the anisotropy of physical
properties.

Sol-gel synthesis allows to fabricate disperse particles with different

morphology. Usually, the synthesis techniques are based on the inter-
action of a metal precursor and an alkali. This reaction results in hy-
droxides of the corresponding metal, which undergo thermal
decomposition with the subsequent formation of metal oxide. For
example, p-GaO3 particles can be synthesized as a result of interaction
of gallium nitrate and ammonia at 100 °C. Variation in ammonia con-
centration allows to change pH index of aqueous solution of gallium
nitrate from 5 to 14 and to synthesize particles with various
morphology, i.e., wires, plane layers, and star-like particles [9,10].

In the present work we demonstrate that the size of ellipsoid-shape
B-Gap03 microparticles (MPs) formed as a result of chemical interac-
tion of gallium nitrate with ammonia depends on the molar ratio of the
solution components.

2. Experimental
2.1. Chemicals

Gallium nitrate (Ga(NOs)3-8H0) was chosen as a precursor for
synthesis of $-GayO3 MPs; deionized water was used as a solvent for
synthesis; 25 % aqueous solution of ammonia (NH4OH) was used to
initiate synthesis; 70 % aqueous solution of nitric acid (HNOg3) was
applied as an aggressive medium in acid resistant tests.
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Fig. 1. SEM images of MPs synthesized at different molar ratio of ammonia to gallium nitrate (A/G) in aqueous solution for samples: (a) Ga-I (A/G = 0), (b) Ga-II (A/
G = 3), (c) Ga-Ill (A/G = 6), (d) Ga-IV (A/G = 9), (e) Ga-V (A/G = 12), (f) Ga-VI (A/G = 15).

2.2. Synthesis

MPs were fabricated as a result of chemical reaction between gallium
nitrate and ammonia in deionized water at room temperature and
constant stirring (350 rpm) for 30 min. Six sets of MPs were made and
labeled as Ga-I, Ga-IlI, Ga-III, Ga-IV, Ga-V, and Ga-VI samples, respec-
tively. At the first stage of synthesis, six equal portions (40 ml) of gallium
nitrate solution (concentration 0.05 M) in deionized water were pre-
pared. Then 25 % aqueous solution of ammonia was added to each
portion except Ga-I sample. Ratio of molar concentrations of ammonia
to gallium nitrate (A/G) was varied from 3 to 15 for solutions for Ga-II to
Ga-VI samples. The volume of ammonia solution for those cases was
varied from 0.84 ml to 4.2 ml. List of samples is given in Table S1. After
one-hour dissolving of ammonia a white sediment precipitated from
each of solutions. Then, the solutions were kept for one hour at 105 °C
until water completely evaporate. To obtain MPs, the sediments were
annealed in air at 900 °C for one hour.

2.3. Acid resistant tests

The fabricated MPs were tested for acid resistance by immersion in a
70 % aqueous solution of nitric acid at room temperature for 24 h. After
the immersion the particles were washed with distilled water and dried
at 105 °C until a constant weight was achieved.

2.4. Characterization

Microparticle size distribution and their morphology were analyzed
with scanning electron microscope Tescan Mira 3 (Czech Republic) and
software Digital Micrograph (USA). The particle size measurement error
was equal to the standard deviation found from the particle size distri-
bution function. X-ray diffractometer Shimadzu XRD 7000 (Japan) was
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Fig. 2. Dependence of the average sizes of MPs on the molar ratio of ammonia
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Fig. 3. SEM images of Ga-IV p-Ga,O3 MPs before (a) and after (b) acid resistant tests.

used to phase identification based on the PDF-2 2013 database from the
International Center of Diffraction Data (ICDD).

3. Results

Fig. 1 presents electron microscopy images of synthesized MPs. Ga-I
sample contained no separate MPs (Fig. 1 a). Samples Ga-II to Ga-VI
consisted of dispersed ellipsoidal MPs with the length from 0.7 to 1.7
pm (Fig. 1 b-f). MPs possessed a rough surface and demonstrated a
layered structure with layer thickness 30 + 5 nm.

Fig. 2 shows the change in the MPs length and diameter depending
on the molar ratio A/G, which is caused by the increase of ammonia
concentration. MPs with the biggest sizes were found at the molar ratio
A/G = 9. The established dependencies have non-monotonous char-
acter, the plot maxima are located closely to A/G = 9 that corresponds to
Ga-IV MPs. The aspect ratio (length to diameter) of the fabricated par-
ticles varied from 2 to 2.65 and did not correlate with ammonia con-
centration. In addition to the graphics shown in Fig. 2, the measured
characteristics of the samples are summarized in Table S1 in the sup-
plementary file.

X-ray diffractometry investigations proved that MPs from Ga-II to
Ga-VI samples had a monoclinic crystalline structure, which correspond
to p-phase of GayOs, while Ga-I sample had an amorphous nature. The
diffraction patterns recorded for Ga-I and Ga-IV samples are given in the
supplementary file as Fig. S1 and Fig. S2, respectively. The patterns had
been matched to the PDF-2 2013 database from the International Center
of Diffraction Data (ICDD).

Acid resistant tests showed that the exposure of MPs to nitric acid
caused no changes in the particles size and surface roughness (Fig. 3).
The acid resistance the p-GapOs microparticles demonstrated allows
their use in aggressive media.

4. Discussion
Thermal treatment of gallium nitrate aqueous solution without

ammonia according to the scheme described above did not lead to the
formation of p-GapO3 MPs. The $-GayO3 MPs formed only due to the

chemical interaction between gallium nitrate and ammonia in aqueous
solution with subsequent annealing. Several intermediate chemical
substances can form as a result of ammonia interaction with gallium ions
in the solution. Among them Ga(OH)s [11] and GasO7(OH) [12] with
different crystal structures can be mentioned. We suppose that the in-
termediate products in our synthesis were identical as the temperature
was the same in all synthesis processes.

The ellipsoid-like shape and the layered internal structure of the
particles, as we found, was also observed in a number of studies
[10,13-15]. According to Refs. [13,15] rod-like GaO(OH) particles were
found at the intermediate stage of synthesis leading to GayOs after
calcination. The surface of GaO(OH) particles was smooth, but it became
rough with the annealing temperature above 280 °C, and the particles
acquired plate-like (layered) internal structures. The elongated shape of
the particles was controlled by the growth kinetics of crystal facets with
the preferential growth direction lying along the c-axis of GaO(OH).

It should be noted that in works [13,15], as well as in our study,
ammonia played the role of alkali in sol-gel synthesis and could affect
the reaction rate. We assume that the variation in MP sizes can be
explained by the different reaction rate during the synthesis and the shift
of chemical equilibrium. This was shown for other materials [16] on the
examples of synthesis of ZnO nanowires and nanorods, when the rising
of alkali concentration increased nanowire aspect ratio. In our experi-
ments the maximum crystal growth rate was obtained at ammonia to
gallium nitrate ratio of 9:1 (A/G = 9).

5. In conclusion

We have investigated the process of f-Ga;O3 MP formation based on
the chemical interaction between ammonia and gallium nitrate in an
aqueous solution with subsequent annealing. The synthesized particles
have sub-micron sizes, a layered structure, and an ellipsoid-like shape.
The dependence of the length and diameter of MPs on the molar ratio of
ammonia to gallium nitrate has been demonstrated. The dependence is
non-monotonous with the largest MP sizes observed at the ratio of
ammonia to gallium nitrate 9:1. Fabricated MPs have demonstrated a
good resistance to nitric acid. The results of this study can be useful in
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developing the chemical synthesis methods of disperse gallium oxide
particles relevant for further applications as acid-resistant photo-
catalysts and active working parts in UV detectors.
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Abstract. This article described the photocatalysts for wastewater treatment based on copper oxide
(IT). Research results of CuO nanowhiskers photocatalytic properties are showed and a series of
nanowhiskers tests on organic pollutant (methylene blue) are given. It is shown that the copper
oxide nanowhiskers able to purify water from organic pollution.

1. Introduction

Nowadays, the number of environmental problems requires the development of efficient
heterogeneous photochemical methods of degradation of various kinds of organic pollutants [1-3].
Heterogeneous photochemical process is a highly promising method for this purpose [1-3]. For
example, such substances as herbicides are one of the pollutants which can be detected in
wastewater due to their widespread use at cultivation of crops [4, 5]. Polycyclic aromatic
hydrocarbons can also be found in the wastewater, they enter the environment with transport,
energy and industrial waste. These pollutants are formed by combustion of gasoline, oil, coal, gas,
bitumen, timber (by combustion of all flammable materials). Polyaromatic hydrocarbons include
phenol, it takes a large part of the world chemicals production. Ethylene glycol also obtained
widespread in production, the polyol and another organic pollutant, and it is used in various kinds
of equipment. These materials are contaminants and their penetration to the wastewater may affect
the whole ecosystem [5].

Therefore there is a need for new efficient methods of wastewater treatment from organic
pollutants. Photocatalysis is considered as one of the most careful approach to the environmental
remediation as well as organic pollutants are decomposed into harmless components, such as carbon
dioxide, water and inorganic nontoxic gases. Now many devices and products are applied, using the
principle of photocatalysis. For example, domestic and industrial photocatalytic air purifiers,
antibacterial filters, anti-fog glass, self-cleaning coatings, wastewater purifiers have spread.

There are a number of suitable semiconductors for use as a photocatalyst, such as iron oxide,
copper oxide, zinc oxide, titanium dioxide.

At present time the most studied photoactive material is titanium dioxide. Titanium dioxide
(TiOy,) is a photocatalyst for decomposition of various organic pollutants due to several advantages,
such as low toxicity, low cost, good stability and high photocatalytic activity. Although TiO, has
high photocatalytic activity compared to many other photocatalysts, its photocatalytic efficiency is
still limited by the high rate of recombination of charge carriers. Various modifications of the TiO,
were proposed to further enhance of its photocatalytic performance, such as the use of noble metals,
metal oxides, non-metal ions and dyes [6, 7]. In recent years, the role of a co-catalyst in increasing
of the efficiency of photocatalytic semiconductor photocatalyst has been allocated due to its ability
in facilitating charge separation and suppress corrosion of photo semiconductor photocatalyst [8-
12]. The crucial task is to find materials that could compete with TiO,. One of such materials may
be copper oxide.
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Copper oxide (II) — CuO - is a p-type semiconductor with a band gap of 1.4 eV [13]. In recent
years, CuO is intensively studied for the conversion of solar energy into electricity. Theoretically,
the efficiency of this process for CuO is 11.9%. Furthermore, CuO is the photocatalyst that’s
operating by visible light [3]. Copper oxide can be used as a photocatalyst for the purification of
wastewater from organic pollutants such as phenol, ethylene glycol, etc. [4].

In this study, we investigated the photocatalytic activity of the CuO nanowhiskers (obtained by
thermal oxidation of copper particles) by decomposition of model pollutant (methylene blue).

2. Materials and methods

At the first stage copper coating was prepared by electrodeposition using sulfurous copper
electrolyte (250 g/l of copper sulfate and 90 g/l of sulfuric acid), the electrolytic copper anode.
Stainless steel mesh (type “12X18H10” in accordance with Russian steel nomenclature) with cell
size 40 um and 30 um diameter wire was used as a substrate. The mesh was purified by alcohol in
ultrasonic bath.

Deposition was carried out at room temperature. Electrolysis was conducted in a two-electrode
cell using a potentiostat-galvanostat "Elins" in galvanostatic regime with current density
j=20mA/cm? and electrodeposition time t = 5 hr. For obtaining of whisker structures the sample was
heat treated in air in a muffle furnace PM-700p at T = 400 °C for 4 hours after plating. For
photocatalytic test, whiskers were ultrasonically separated and dispersed in water.

Model pollutant was methylene blue, its concentration was analyzed according to the Beer—
Lambert-Bouguer law by spectrophotometer PE5S400UV in a quartz cuvette with OPL equals to
1 cm. Before the analysis samples were purified from whiskers by centrifugation (Frontier FC5706)
at 6000 rpm for 10 minutes.

3. Results and discussion
3.1. Features of whisker structure

The optimal heat treatment conditions - 400 °C for 4 hours - were chosen experimentally from
temperature range between 200 °C and 900 °C (Fig. 1).

The Fig. 1 shows that the temperature of nanowhiskers obtaining influence on the_length and
density. But at temperature above 600 °C the amount of whiskers were reduced. The optimum
temperature for maximum concentration and length of whisker structures is close to 400 °C [14,
15]. Nanowhiskers diameter in this case is below 100 nm and the length ranged from 5 to 15 um.
Their density on the substrate reaches 10'° cm™, and they fill practically all carrier cells forming
“whiskers forest” on the surface.
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Figure 1 — Thermal study of copper oxide whisker structures: a - 200°C, b - 300°C,
¢ -400°C, d - 500°C, e - 600°C, f - 700°C, g -800°C, h - 900°C (for 4 hours)

3.2. Photocatalytic properties

To perform the photocatalysis whiskers were separated from the mesh surface by treatment in an
ultrasonic bath at 35 kHz frequency and power of 50 W for 1 hour. The optimum concentration of
whiskers for the experiment was 1 g per 1000 ml of solution.

Figure 2 shows the “nanowhiskers forest” obtained from copper oxide at 400 °C for 4 hours on
the surface of mesh carrier and on the copper particle.

20 pm 5um

High-vac.  SEl. PC-std, 15kV x 1000 01.04.2016. 016502 High-vac. SEI PC-std. 15kV x 4000 05.05.2016 016985

Figure 2 — “nanowhiskers forest” obtained from copper oxide
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Homemade batch reactor (storage capacity 100 ml) consisting of magnetic stirrer, air compressor
with aerator and fluorescent or ultraviolet light was used for photocatalytic test.

Methylene blue with concentration of 5 ppm was chosen as a model pollutant. Equilibrium
sorption was carried out in a dark cabinet for 30 min. After that the lamp was turned on to carry out
the photocatalysis process.

Total time of photocatalysis was 4 hours, samples were analyzed every hour.

To analyze samples were centrifuged at 6000 rpm for 10 minutes. Analysis of the kinetics of
photo-degradation of methylene blue was carried out by PE-5400UF spectrophotometer in a quartz
cuvette. The following notation is used.

Sample 1 - the initial concentration of methylene blue.

Sample 2 - sorption equilibrium after 30 minutes in the reactor.

Sample 3 - 1 hour of photocatalysis.

Sample 4 - 2 hours of photocatalysis.

Sample 5 - 3 hours of photocatalysis.

Sample 6 - 4 hours of photocatalysis.

Methylene blue absorption peak at 665 nm was used for the analysis of concentration
measurement. Results of spectrometric research of CuO nanowhiskers activity to the decomposition
of methylene blue are presented in Table 1.

Table 1 — Photocatalytic activity of CuO whiskers in daylight

Ne t, [min] A v, [mg/1] v, [%] Q[%]
1 0 1.052 4.95 100 0

2 30 0.348 1.64 33.08 66.92
3 60 0.343 1.61 32.60 67.39
4 120 0.301 1.42 28.61 71.39
5 180 0.276 1.30 26.24 73.76
6 240 0.255 1.20 24.24 75.76

t —time, A — optical density, v — methylene blue concentration Q - percentage of methylene blue decomposition.

Result of experiment is that methylene blue concentration decreased by 75% in four hours.
The graph of optical density vs. wavelength for samples 1 to 6 is shown in Figure 4.

1,2
1,1
1
0,9
e
= 0,8 Sample 1
g 07
= 06 Sample 2
® Sample 3
205 amp
E. Sample 4
0,4
e
0,3 Sample 5
0,2 Sample 6
0,1 \.—
0
200 300 400 500 600 700

wavelength [nm]

Figure 4 — Spectrophotometric graph of optical density distribution for presented samples

Experiments show that copper oxide (II) nanowhiskers, due to the small band gap, can operate at
visible and ultraviolet radiation.
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Table 2 — Photocatalytic activity of CuO whiskers in UV light

No t, [min] A v, [mg/1] v, [%] Q[%]
1 0 1.047 4.93 100 0

2 30 0.256 1.21 24.45 75.55
3 60 0.17 0.80 16.24 83.76
4 120 0.144 0.69 13.75 86.25
5 180 0.139 0.65 13.28 86.72
6 240 0.131 0.62 12.51 87.49

t —time, A — optical density, v — methylene blue concentration Q - percentage of methylene blue decomposition.

Other experiments under the same conditions were carried out with the commercial
photocatalysts CuO and TiO, (Sigma Aldrich) (tables 3-5) to compare the effectiveness of the CuO
whiskers. The size of commercial copper oxide particles of less than 50 nm.

Table 3 — Photocatalytic activity of CuO particles in daylight

No t, [min] A v, [mg/1] v, [%] Q[%]
1C 0 1.028 4.84 100.00 0.00
2C 30 0.911 4.29 88.62 11.38
3C 60 0.902 4.25 87.74 12.26
4C 120 0.823 3.88 80.06 19.94
5C 180 0.745 3.51 72.47 27.53
6C 240 0.698 3.29 67.90 32.10

t —time, A — optical density, v — methylene blue concentration C - percentage of purified liquid.

Table 4 — Photocatalytic activity of CuO particles in UV light

Ne t, [min] A v, [mg/1] v, [%] Q[%]
1C 0 1.025 4.83 100.00 0.00
2C 30 0.926 4.36 90.34 9.66
3C 60 0.662 3.12 64.59 35.41
4C 120 0.647 3.05 63.12 36.88
5C 180 0.525 2.47 51.22 48.78
6C 240 0.496 2.34 48.39 51.61

t —time, A — optical density, v — methylene blue concentration Q - percentage of purified liquid.

Titanium oxide (IV) - a semiconductor with a wide band gap 3.2 eV [16]. The size of the used
commercial titanium oxide particles was 21 nm. The experiment with titanium oxide was carried
out under ultraviolet light, since the band gap of titanium oxide does not allow to work under the
visible light range.

Table 5 — Photocatalytic activity of TiO,in UV light

No t, [min] A v, [mg/1] v, [%] Q[%]
1T 0 1.046 4.93 100.00 0.00
2T 30 0.958 4.51 91.59 8.41
3T 60 0.170 0.80 16.25 83.75

t —time, A — optical density, v — methylene blue concentration Q - percentage of purified liquid.

TiO, almost completely cleaned the sample from pollutant in one hour.
Comparative analysis of the photocatalytic activity of CuO whiskers and particles are shown in
Figure 5 and 6 for ultraviolet and visible light, respectively.
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Figure 5 — Diagram of photocatalytic decomposition of methylene blue under UV light
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Figure 6 — Diagram of photocatalytic decomposition of methylene blue under visible light

The graphs show that the decomposition of methylene blue is provided by all photocatalysts. The
titanium oxide is more active under UV light, it is almost completely decompose methylene blue
just in 1 hour but it does not work under the visible light. CuO nanowhiskers decompose 75% of

methylene blue, this is the best result under visible light. Commercial CuO nanoparticles showed
lower activity than whiskers.

4. Conclusion

In the work the analysis of photocatalytic properties of CuO nanowhiskers and commercial
photocatalysts such as copper oxide and titanium oxide nanoparticles was carried out. Due to
structural compliance of chromophores and used in this work methylene blue, it can be assumed
that the photocatalyst based on copper oxide whiskers can decompose substances such as
rhodamine, acridine and substances with similar chemical structure. The degradation of
polyaromatic hydrocarbons such as anthracene, phenol and ethylene glycol is also possible.

The comparison of photocatalytic properties with commercial photocatalysts showed that CuO
whisker structures have high photocatalytic potential for further use. Methods for their preparation
and separation from water are relatively simple and inexpensive.
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Abstract We describe production and photocatalytic
properties of a material based on polydimethylsiloxane
(PDMS) as a carrier substrate coated with micropar-
ticles of zinc oxide (ZnO). The ZnO microparticles are
fabricated by our original hydrothermal method and
intentionally have a defect structure. According to our
understanding, this peculiar defect structure con-
tributes to the greatly enhanced photocatalytic prop-
erties of the ZnO material. The resulting photocatalyst
demonstrates high activity under visible light (410 nm)
in the process of phenol degradation in water solution,
while generally ZnO is inactive below the UV range.
In addition, we compare the photocatalytic activity of
our ZnO/PDMS composite to that of the same ZnO
powder suspension in a similar setup. We find that the
same activity is achieved by three orders of magnitude
smaller amount of ZnO in our composite compared to
the powder suspension. The ZnO/PDMS interface
exhibits sufficiently strong bonding for stable operation
that is ensured during material production. The
obtained photocatalytic material preserves the trans-
parency of PDMS due to the low amount of attached
ZnO (about 0.1% by mass). The transparency of the
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photocatalytic ZnO/PDMS material enables easy per-
formance upgrades by constructing multilayer or man-
ifold fluid treatment devices.

Keywords Coating, Photocatalysis, Adhesion,
Polydimethylsiloxane, Visible light

Introduction

Water pollution is a serious problem tightly related to
industrial activities and extensive use of synthetic
materials worldwide. Phenolic compounds are among
the chemicals of major concern in this regard." Phenol
is an important industrial chemical produced on a large
scale from petroleum and is w1dely used as a precursor
to many important materials.” At the same time,
phenolic compounds have been enlisted by the United
States Environmental Protection Agency (US EPA)
and the European Union (EU) as pollutants of priority
concern and noted to be toxic causing severe short- and
long-term effects in humans and animals.>* In partic-
ular, phenol and its vapors are corrosive to the eyes,
the skin, and the respiratory tract, and they can cause
systemic poisoning and harmful effects to the central
nervous system and heart resulting in dysrhythmia,
seizures, and coma.”””’ Long-term or repeated expo-
sure of the substance may have harmful effects on the
liver and kidneys.®

Among the methods of purification of wastewater
from toxic organic substances, photocatalysis is an
attractive technology that while being environmentally
friendly demonstrates hlgh efficiency in degradatlon of
various organic pollutants’ including phenols'®!" with-
out formation of toxic byproducts. Unlike other
advanced oxidation processes (AOP), photocatalysis
may utilize solar light as an energy source to initiate
the degradation.
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Photocatalysis is based on interaction between
semiconducting material, photons, and molecules of
pollutants. If the photon energy is higher than the
width of the band gap, electrons and holes from
valence band move to conduction band, and then
chemical oxidation of organic molecules takes place.

Properties of semiconductor materials, such as a
chemlcal compos1t10n crystal structure, particle
size,'*'* defect state,'”"” and shape, influence the

band structure. At the present time, several photocat-
alytic materials are known 1nclud1ng TiO,, 18
Zr0,," Cu0,2?* and Sn0,.%° Many of them have
low toxicity, but a wide band gap (3.2-3.4 eV) prevents
applications under visible (Vis) light that are possible
when the width of the band gap is below 3eV.
Fabrication of low-toxic photocatalysts active under
Vis light is implemented by doplng with metal atoms>®
or by modification of defect states.'®?"-**

In this work, we describe the production of a
photocatalytic device operating in the Vis range built
with ZnO particles deposited on the surface of poly-
dimethylsiloxane (PDMS) as a carrier. To achieve this
effect, we employ enhanced photocatalytic character-
istics of ZnO with specific dislocation structure pro-
duced by our orrglnal and recently patented method.”
Such modified ZnO in powder form demonstrated high
efficiency in phenol degradation under stimulated solar
light that contained both Vis and UV radiation.” In
the present work, we compare the efficiency of ZnO/
PDMS composite to that of ZnO in the form of
a particle suspension. The choice of materials is con-
ditioned by several important criteria. Zinc oxide
belongs to photocatalysts with low toxicity and can
display oxidation act1v1ty under Vis light due to
a certain defect structure.'”'* Moreover, ZnO Eartl—
cles display prominent antibacterial properties®’* that
should protect a photocatalytic device from brofouhng
PDMS-based composnes gained increased attention in
recent years,” for efficiency in immobilization of
photocatalysts***> and transparency both in UV and
Vis range.

Experimental

The main stages of the preparation and operation of
the ZnO/PDMS photocatalytic device are schemati-
cally shown in Fig. 1.

Sample preparation

Polydimethylsiloxane (PDMS) samples were prepared
using Sylgard 184 Silicone Elastomer Kit (Dow Corn-
ing, USA) that consisted of two components (base and
curing agent). The samples were obtained by mixing
the base and curing agent in the ratio of 10:1 followed
by heating at 115°C for 45 min. The samples were
cylindrical slabs of 4 cm diameter with a total mass of

each sample of 10 g. Zinc oxide particles were fabri-
cated by our original hydrothermal method consisting
of decomposition of zinc hydroxide in a solution of
water and ethylene glycol (see reference (29) for
details). PDMS-ZnO composite was created by
depositing ZnO particles onto the PDMS sample
mechanically. Excess ZnO was removed by treating
samples in an ultrasonic bath for 10 min.

Characterization

The materials used in production were investigated by
several methods. Shape and size of obtained particles
and surface of PDMS-ZnO samples were studied with
scanning electron microscope (SEM) (Carl Zeiss
Sigma, Germany). UV/Vis absorption spectra of
ZnO/PDMS samples were measured with Promecolab
PE-5400 UV spectrophotometer (Russia). Structure
studies of ZnO were realized with X-ray diffraction,
Shimadzu XRD 7000 (Japan). Elemental composition
of samples was analyzed with EDX-8000 Energy-
Dispersive X-ray Fluorescence Spectrometer Shi-
madzu (Japan). Brunauer-Emmett-Teller (BET) anal-
ysis of specific surface area was carried out with
Thermo Scientific Surfer (USA). Elemental analysis
was performed with EDX (EDX-8000 Energy-Disper-
sive X-ray Fluorescence Spectrometer Shimadzu,
Japan). Wetting contact an§le with water was mea-
sured by the circle method.?

Photocatalytic tests

Photocatalytic activity was studied under ultraviolet
and visible light for the process of oxidation of phenol
dissolved in water. Phenol concentration was measured
with a Shimadzu RF-6000 spectrofluorophotome-
ter (Shimadzu, Japan). Either ZnO powder or
PDMS/ZnO composite was placed in a glass flask with
water solution containing 1 ppm of phenol. Lumines-
cent lamp (365 nm, 18 W) was used as a light source.
For Vis light tests, UV filter was added to isolate the
system from UV light and conduct the measurements
under Vis light only (Fig.2) in the range of wave-
lengths from 410 nm and above.

Results and discussion

According to our SEM observation and XRD diffrac-
tion, ZnO powder consisted of particles mainly in the
size range of approx. 100-400 nm (Fig. 3a) with
wurtzite structure (Fig. 3b). Average crystal size
according to our XRD data was 60 nm, meaning that
the particles consisted of few crystallites. The EDX
analysis revealed only the presence of Zn and O.

The obtained elastomers coated with ZnO particles
were optically transparent (Fig. 4a). Concentration of
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Fig. 1: Main stages of the ZnO/PDMS photocatalytic device manufacturing and exploitation: (a) deposition of ZnO particles
onto PDMS substrate, (b) removing the excess ZnO particles, and (c) photocatalytic operation
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Fig. 2: Experimental cell (inset) for photocatalytic tests
with optical characteristics of the UV filter used for
measurements in the Vis range

ZnO in PDMS/ZnO composite was approx. 0.1% by
weight. We found that at concentrations higher than
0.1%, ZnO particles would not stick properly to
PDMS. Specific surface area of 9.1 + 0.4 m* g ' was
found for the composite by BET analysis. The presence
of ZnO on the surface of PDMS did not affect the
wettability of the material. The contact angle of water
droplet both for coated and uncoated PDMS was
98° + 3° (Figs. 4b and 4c).

According to our photocatalytic activity tests, the
ZnO particles were active not only under UV radiation
as is generally expected for ZnO material, but also
under Vis light (Fig. 5). Moreover, we found that
under Vis light, activity of the ZnO particles in the
form of coating was well above that of a ZnO powder.
To achieve the similar phenol decomposition rate that

is obtained with 1 g of free powder per liter of polluted
water, the total amount of ZnO on the surface of
PDSM-ZnO composite had to be only 0.003 g per liter
(Fig. 5a). When such small amount was tested in the
form of free powder, no considerable decomposition
was detected under Vis light. The possible explanation
for the observed activity difference between powder
and coating forms is that the fixing of photocatalysts on
a carrier prevents agglomeration of its particles that
otherwise would reduce photocatalytic activity as
shown in reference (37).

Decomposition rate under UV light was noticeably
higher, especially for the free powder form (Fig. 5). In
general, observed decomposition rate can be relatively
well approximated with exponential decay and ex-
pressed by rate constant k as follows:

C = Cpe ™™ (1)

where k is rate constant of degradation of phenol, 1/h,
Cy is initial concentration of phenol, mol/L, C is
concentration of phenol at measuring moment, mol/L,
and ¢ is duration of photocatalytic process until phenol
concentration value C, hour.

For Vis light (Fig. 5a), the rate constant was similar
for both forms of ZnO: ko = 0.052 h™! for 1 g of
ZnO powder and kppms/zno = 0.056 h~! for the ZnO/
PDMS composite. Under UV light (Fig. 5b), kz.0 =
1.996, ZnO/PDMS composite kppms/zno = 0.107 h'.

We also performed additional measurements for
lower concentrations of ZnO particles. When the
amount of ZnO on PDMS was reduced five times
(from 0.1% to 0.02% by weight), the rate of phenol
oxidation under UV light decreased from 0.107 to
0.005 h~' (Figure S1 in Supporting Information).
When the concentration of ZnO powder in suspension
setup was reduced to 0.03 g/L and 0.003 g/L, the rate
constants were decreased to kz,o = 0.320 h™! and
kzno = 0.101 h 1, respectively, with the latter being
very close to that of the ZnO/PDMS composite with
0.1% concentration (See Figure S2 in Supporting
Information). These results indicate that the depen-
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dence of phenol degradation on ZnO concentration is
not linear. Finding the accurate dependence requires
additional studies and lies outside the scope of the
present work. Moreover, as a checkpoint, we made
sure that pure PDMS material without ZnO particles
did not show any decomposition activity under UV
light.

We conclude that under Vis light, ZnO/PDMS
composite is significantly more effective than free
ZnO powder suspension. Moreover, attachment to
PDMS allows problems to be overcome that are typ-
ically associated with filtration of nano- and micropar-
ticles from water after photocatalysis performed with
ceramic membranes as carriers. Remarkably, due to
the very low amount of attached ZnO, ZnO/PDMS

material remained transparent, opening an opportunity
to create a multilayer photocatalytic cell, consisting of
several ZnO/PDMS composites divided by gap to
allow water flow. It should be noted that ZnO/PDMS
material described in the present work is more
suitable for the final-stage purification of wastewater
at low phenol concentration (1 ppm). At 10 ppm, the
oxidation rate decreased ten times as demonstrated in
Figure S4 in Supporting Information.

To gain a better understanding of the reasons
behind photocatalytic activity of our ZnO in Vis range,
we measured the bandgap width of the particles and
found the value of 3.21 eV. It should be appreciated
that the spectrophotometer shows the edge of absorp-
tion by the whole surface; therefore, we suppose that
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this value characterizes the average band gap of the
whole area. Since the photocatalysis occurred under
the 410 nm light (2.9 eV), we suppose, that due to
defects of crystal lattice, there are areas on the surface
of the particles with different band gaps. There are a
number of works describing that the defect state of
ZnO 1nﬂuences its photocatalytic activity under Vis
light.!”*

In addltlon we performed the analysis of dlslocatlon
structure by Wllhamson Hall X-ray analysis.” The
dependence of tangent of Bragg angle on half-width of
X-ray reflections is linear (Figure S3 in Supporting
Information), which indicates accumulation of disloca-
tions in grain boundaries of particles. Dislocations
create additional energy levels inside the band gap,
and accumulation of energy levels leads to the fusion
of the levels. As a result, areas with distorted crystal
lattice and decreased width of band gap appear on the
surface of the particles. The measured dislocation
density was found to be 0.18 x 10" m~" and micros-
tress in the particles ¢y = 0.0005.

Finally, let us note on the recyclability of the
described ZnO/PDMS composite material. Despite
being nontoxic for the environment, silicone materials
have poor biodegradability. Most commonly, silicones
can be recycled at specialized private recycling plants.
Simple recycling can include cleaning or shredding into
small flakes followed by direct dispersing of the flakes
in raw silicone prepolymer before curing. More
advanced and expensive recycling routines involve
heat-assisted decomposition with silicone oil as the
possible output. Powder from simple silicone combus-
tion could also be used for the fabrication of superhy-
drophobic surfaces.”” The ZnO/PDMS photocatalyst
material could be recycled in a similar manner with
ZnO in mind. After recycling with embedded ZnO, the

freshly recycled material would have slightly 1ncreased
stiffness and possibly increased hydrophobicity.*?
Finally, our reported ZnO partlcles can be potentially
used in anticorrosive coatings*' and other applications,
as briefly discussed in the Supporting Information.

Conclusions

We tested photocatalytic activity of sub-micron (200—
400 nm) ZnO particles with a special defective struc-
ture for the process of phenol degradation in water.
ZnO particles were tested in the form of a free powder
suspension and in the form of a coating on a PDMS
carrier. It was found that when deposited on PDMS,
photocatalytic activity of ZnO was significantly higher
than that of a free powder both under UV and Vis
light. However, the effect was especially pronounced
in the Vis range. Three orders of magnitude lower
amount of ZnO was required when deposited on
PDMS to achieve the same phenol degradation rate as
in the case of ZnO powder suspension. The rate of
photocatalytic decomposition of phenol under UV
light was still higher than under Vis light, especially in
the case of the powder suspension. Notably, UV light
catalysis was found to be less sensitive to particle
agglomeration in the ZnO suspension. Due to the very
low amount of attached ZnO, ZnO/PDMS material
remained optically transparent, opening an opportu-
nity to create a multilayer photocatalytic cell, consist-
ing of several ZnO/PDMS composites divided by gap
to allow water flow. Our research indicates that ZnO/
PDMS composite could serve as a highly efficient
photocatalyst for water purification from organic con-
taminant under Vis light.
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Abstract. Silver nanoparticles (SNP) were fabricated by method of chemical reduction of silver
ions to Ag(0) in aqueous solution in the presence of surfactant micelles. Hydrazine hydrate was
used as a reducing agent. Solution of SNP had brown-yellow color; median linear size of SNP
was approximately 35 nm: and they showed absorption maximum at 420 nm. Toxicity of the
SNP was tested in E. coli K802 cells. The particles displayed antimicrobial activity. Effect of
SNP on mammalian copper metabolism was tested in mice. Atomic silver was found in blood
serum, it was taken up by hepatocytes, inserted to active centers of ceruloplasmin, secreted to
blood, and excreted through bile and urine. After cancellation of the SNP injections, silver
concentration decreased in extracellular fluids. It is likely that SNP were corroded to form
Ag(l), which integrated to copper turnover. The effects of silver intervention in copper
metabolism of mammals as well as using SNP to trace copper transfer are discussed.

1. Introduction

Silver nanoparticles (SNP) are modern functional materials, which are widely used in many
branches of human activity [1]. SNP are fabricated by various methods based on chemical,
physical or biological synthesis [2]. All the known SNP possess antimicrobial properties
irrespective of the method of their fabrication. Some of SNP also demonstrate antitumor activity
in vivo and in vitro [3]. These properties cause the high demand for SNP synthesis and
characterization. Despite the shortage of studies of SNP impact on human health it is generally
believed that SNP toxicity in mammals is low. However, commercialization of nanoparticles
might offer possible risks once they are liberated in the environment, raising the probability of
potential influence of SNP on mammals. So, it is not sufficient to evaluate perspective SNP
only from the points of low fabrication costs and antimicrobial properties; potential risks of
influence on humans should also be studied.

At present, there are no conventional assays to evaluate SNP toxicity in mammals. It has
been shown in many studies that SNP exhibit toxicity towards the cultured human cells of
various origins. SNP are absorbed by the cells, accumulated in phagolysosomes and induce
apoptosis [4]. However, cultured cells may not be viewed as a relevant model for evaluating
SNP toxicity in humans. Using of zebrafish (Danio rerio) as an established animal model
system for SNP toxicity assay is currently growing. Adult zebrafish and its developing embryos
is a valuable model for nanoparticle toxicity assessment. Different types of parameters

© 2016, Institute of Problems of Mechanical Engineering
© 2016, Peter the Great St. Petersburg Polytechnic University
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(hatching achievement rate, developmental malformation of organs, damage in gill and skin,
abnormal behavior (movement impairment), immunotoxicity, genotoxicity or gene expression,
neurotoxicity, endocrine system disruption, reproduction toxicity and finally mortality) can be
studied using zebrafish [5]. However, while the data from these investigations have important
theoretical significance, they cannot be easily extrapolated to humans as fishes and mammals
are phylogenetically distant groups and have many habitat-specific differences in their
metabolism. There are also attempts to study acute SNP toxicity in laboratory rodents. SNP are
applied by intravenous or intranasal injections in extreme concentrations. In these studies it has
been shown that the toxicity of intravenously injected SNP is inversely related to their size. In
mice, 40 nm particles did not exhibit toxicity while 10 nm SNP were highly toxicity [6].
However, 100 nm particles caused neurodegenerative changes after intranasal applications [7].
These studies indicate the potential toxicity of SNP, but they still are a poor model of typical
human exposure to SNP in practical applications.

We think that the studies of SNP intervention in mammalian copper metabolism are
among the most adequate estimates of SNP toxicity. Copper is a trace element, which is
essential for all aerobic organisms. Its role as a cofactor of vitally important enzymes
determines its biological significance [8]. On the contrary, silver is abiogenic (non-essential)
element: up to now no biological process was described that would require silver. However,
Ag(l), which is the only stable ion of silver in aqueous systems, is isoelectronic to Cu(I) and
has a similar ionic radius. It is known that SNP corrode in biological media with the formation
of Ag() [9]. Copper in the enzymes is tightly bound by preorganized coordination spheres,
which are adapted to Cu(I)«>Cu(I) transitions of the copper ion in the catalytic redox cycle. In
mammals, copper cofactors of cuproenzymes (catalytic copper) comprise the largest fraction of
cellular copper. The turnover of copper in this fraction and the consequences of its disorders
are well studied [10]. Another biological function of copper was discovered recently: copper
takes part in cell signaling, regulation of proliferation, apoptosis, neovascularization and
neurotransmission (regulatory copper) [11]. Localization of regulatory copper, its redox states,
metabolic cycles, or the specific binding proteins are mostly unknown. The consequences of
disturbances in the homeodynamics of the regulatory copper have not been studied either. Vital
function of copper is combined with high toxicity of ‘free’ copper ions, which provoke
formation of reactive oxygen species (ROS) and oxidative stress [10]. The conflict between the
essential and toxic properties of copper is resolved by dedicated systems of copper transport in
the cell and the extracellular fluids [10]. The proteins of this system ‘pack’ copper ions and
safely transport them in Cu(]I) state. Ag(I) ions, which are similar to Cu(I) ions, are mistakenly
recognized by many copper transporters and intervene in the copper metabolism [12]. The
intervention may result in decrease of cuproenzyme activity (Ag(I) may displace copper in
active center but it cannot oxidize), disturbance in gene expression, cell cycle progression,
tumor growth etc. (Ag(I) may substitute for Cu(l) in regulatory processes). The above
considerations indicate that the specification of SNP should include the evaluation of SNP
influence on mammalian copper metabolism.

In the present work new SNP species were fabricated by chemical synthesis and
characterized by various methods. Antibacterial activity of SNP and ability of SNP to intervene
in copper turnover in the body of laboratory mice were evaluated. The emergence of silver in
blood serum, bile and urine was used as the main criterion for evaluation of SNP intervention
in the copper turnover.

2. Objects and methods of characterization
2.1. Fabrication and characterization of SNP. Sigma Aldrich chemicals: silver nitrate
(AgNO3, CASNe 7761-88-8), oleic acid (CASNe 112-80-1), potassium hydroxide (CASNe
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1310-58-3), hydrazine hydrate (N2Hs-H>O, CASNe 302-01-2), and distilled water prepared by
distiller DE-10 (EMO, Saint-Petersburg Russia) were used.

SNP were fabricated by method of chemical reduction of silver ions [Ag(I) - Ag(0)] in
aqueous solution in the presence of surfactant micelles. During chemical reaction silver ions
were reduced to atomic state, after that created atoms were agglomerated and crystallized to
SNP. Micelles of potassium oleate absorbed on the particle surface and prevented nanoparticle
agglomeration. Synthesis of SNP included several stages. At first, potassium hydroxide (0.84
g) was dissolved in 200 ml distilled water. Then 0.9 ml of oleic acid was added to prepared
alkaline solution. The molar ratio of oleic acid and potassium hydroxide was 1:1. Mixture was
blended with 500 rpm by magnetic stirrer US-1500A ULAB to complete dissolution of oleic
acid and potassium oleate was synthesized. Surfactant foam was formed onto solution surface
. Next, 1 ml of 1M aqueous AgNO3 and 0.03 ml of NoH4-H>O were added to micellar solution.
The molar ratio of AgNO3 and N>Hs was 1:1. During the synthesis the solution changed color
from uncolored to brown-yellow. Stirring was processed for about 5 minutes. Then the solution
was maintained in dark box during a day.

Linear sizes of SNP were measured by Laser Diffraction Particle Size Analyzer,
Shimadzu SALD-2300, Japan. UV/vis absorption spectra were made by spectrophotometer,
Promecolab PE-5400 UV, Russia. Studies of nanoparticle structure were performed with X-ray
diffraction (XRD), Shimadzu XRD 7000, Japan.

2.2. Biomaterials and bio-objects. Biological objects were represented by bacterial cells
(E. coli strain K802) and C57BL 7-9 week-old male mice (16-20 g body mass) purchased from
nursery “Rappolovo” (Leningradskaya region, Russia). The methods of SNP application are
described below.

E. coli cells were grown in liquid nutrient medium based on bovine serum hydrolyzate
(Samson-Med, St. Petersburg) at 37 °C. At the end of exponential growth phase, cells were
collected by centrifugation and resuspended in water. 50 uL of cell suspension were mixed with
950 uL of the SNP solution and incubated for various time intervals at 25 °C prior assessments.
After the treatment the cells were titrated by successive 10-fold dilution method to assess cell
viability by colony forming ability on agar plates. E. coli colonies were formed overnight at 37
°C, the results were expressed as colony formed units (CFU).

Animals were maintained in polycarbonate cages with wood shavings in a temperature-
controlled facility (23 — 25 °C) under a 12:12-h light-dark cycle and 60 % humidity; food and
water was provided ad libitum. Procedures involving the animals and their care were conducted
in conformity with the institutional guidelines, which are in compliance with national (Order
N267 of the Ministry of Health of the Russian Federation, June 19, 2003; Guide for the Use of
Laboratory Animals, Moscow, 2005) and international laws and policies (EEC Council
Directive 86/609, OJ L 358,1, December 12, 1987; Guide for the Use of Laboratory Animals,
U.S. National Research Council, 1996).

Experiments were carried out on the three groups: mice were treated intraperitoneally
with 0.03 umol SNP per 1 g of body weight daily for 7 days, (Group 1, n = 10) and were
assessed on day 7. Mice of group 2 (n = 5) received analogous injection for 7 days, followed
by 9 days without treatment and assessed on day 16 of experiment. The intact untreated mice
(Group 0, n = 5) were used as a common reference group for groups 1 and 2. The mice were
sedated using diethyl ether vapor and were euthanized by cervical dislocation, which was
performed by skilled personnel. Blood was collected from the eye vessels. Tissues samples
were collected post mortem and stored at -80 °C before using. Serum samples were collected
by centrifugation after clot formation. To collect bile samples, gallbladders were carefully
separated, placed in Eppendorf type tube, minced with scissors, centrifuged for 15 min at
10000xg, and the supernatant (bile) was collected. Urine was collected during urination.
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Specific activity of ceruloplasmin (Cp) was estimated by assay-in-gel methods. After
non-denaturizing 8% PAG electrophoresis, the gels were stained with o-dianisidine to
determine the oxidase activity of Cp [13]. Atomic silver and copper concentration was
measured by FAAS with electrothermal atomization and Zeeman correction of non-selective
absorption by ZEEnit 650P spectrometer (AnalytikJena, Germany). For measurement of the
atomic concentrations the samples were dissolved in pure HNOs.

One-way ANOVA tests were performed with post hoc Bonferroni correction, and 95%
confidence intervals were constructed using Excel software (Microsoft; Redmond, WA).
Changes were considered significant at P < 0.05 level.

3. Results and discussion

3.1. Properties the fabricated silver nanoparticles. 5 mM solution of the fabricated
SNP had brown-yellow color. Their UV/vis absorption spectra presented highly symmetric
bands of absorption, with peak maxima at 420 nm (Fig. 1a), which indicated the excitation of
surface plasmons typical of SNP and proved the formation of SNP. The size of nanoparticles
varied from 30 to 55 nm as evidenced by laser difractometry. More than 70% of the particles
had the size in the range 35-38 nm. (Fig. 1b).
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Fig. 1. Characteristics of SNP. (a) UV/Vis spectra of the SNP. (b) Distribution of the SNP
bytheir linear size.

The obtained SNP differ by several properties (Table I) from the SNP species that we
have described previously [14].

Table 1. Properties of the SNP fabricated for this study and described earlier.

Parameters SNP (new) SNP2 [14]
Solvent Distilled water Distilled water
Silver nitrate 500 540
Reaction mixture Flavonoid - 910
composition, mg/l Hydrazine hydrate 160 -
B-cyclodextrin - 1130
Potassium oleate 960 -
Synthesis, time 1 day 2 min
Particle size, nm 35 25
Solution color Brown-yellow Reddish-brown
Absorption band maximum, nm 420 330

Another reducing agent (hydrazine) was used for fabrication, while potassium oleate
foaming agent was used as the stabilizer. The same concentrations of new and previously
described SNP possessed different color; this effect was explained by the differences in SNP
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median size. New species of nanoparticles was tested for antimicrobial activity and possibility
to enter copper metabolic pathways in mouse.

3.2. Toxicity of silver nanoparticles. The new SNP under study displayed time- and
dose-dependent antibacterial activity (Fig. 2), which was retarded as compared to silver nitrate.
These SNP were generally less toxic to E. coli cells than the previously described SNP2 [14].
So, 24 h treatment of E. coli cells with 10 uM of SNP2 reduced the concentration of viable cells
down to the detection limit (< 10> CFU/ml).

Meanwhile, incubation with new SNP in the same conditions did not reduce the CFU count,
which was the same as in the reference (cells incubated with water) even after 48 hours of
incubation.

Interestingly, that the bacterial growth curves for both SNP’s and AgNOs were biphasic.
In all cases, the survival of the bacteria decreased in 30 minutes, then raised and dropped again
through 2 hour. It is possible that this phenomenon is due to the mobilization of a system that
protects E. coli cells from an excess of copper. E. coli cells have a multi-component homeostatic
system for the detoxification and efflux of copper ions [16]. This system includes the P-type
Cu(I)-ATPase [17], the multi-copper oxidase CueO [18], and the four-part Cus copper proton-
driven efflux complex CusCFBA [19]. All of these proteins are able to recognize and bind both
copper and silver ions. At high SNP concentrations or prolonged their action of the protective
effect system is reduced.

a 100 1{M SNPs b

0.5
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Fig. 2. The dependence of survival of E. coli cells on time of treatment with solutions of silver
nanoparticles and on their concentrations. (a) Growth of E. coli strain K802 on agarose plates.
(b) Dependence of CFU of E. coli (log scale) on time of treatment with 10 uM (black) and 100
uM (gray) solutions of silver nanoparticles, or 3.5 uM AgNOs (light).

3.3. Intervention of silver nanoparticles in the copper metabolism of mice. The ability
of SNP to intervene in mammalian copper metabolism was assessed by measuring copper status
indexes (CSI) in blood serum of mice, treated with SNP. The indexes comprised total copper
concentration, and the content of holo-ceruloplasmin (Cp, a copper containing blood serum
glycoprotein, which is a multicopper ferroxidase facilitating transmembrane iron transport and
also an extracellular copper transporter [15]). The indexes were measured in mice that received
intraperitoneal injections of SNP for 7 days; just after the last treatment or 9 days later. The
concentration of silver in body fluids was also measured. Specifically, silver was measured in
bile, this extracellular liquid is known as the main route of normal copper excretion. It is known
that normally copper is not excreted with urine. However, in the conditions of failure or
overload of bile excretion system (Wilson disease; embryonal type of copper metabolism), a
fraction of copper is removed from the body with urine. So, silver concentration was also
measured in the urine. The data were processed and converted to relative values (UN percent)
for more convenient comparison and display. The data presented in Fig. 3 indicate that injection
of SNP caused 10-fold decrease in ceruloplasmin-specific oxidase activity in the blood serum
of the treated mice.
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Fig. 3. Dynamics of copper and silver distribution in the body of the mice treated with silver
nanopaticles. Concentrations and enzymatic activities are expressed as percent of the respective
Group 0 (reference) values. Blood serum: oxidase activity (blue), copper (red) and silver
(green); (G.0) — control, Group 1 (G.1) — treated with SNP, 7 injections, and Group 2 (G.2) —
treated with SNP, 7 injections, followed by no treatment for 9 days. Liver: copper (red) and
silver (green) concentrations in liver tissue of the same murine groups, respectively.
Ordinate: %.

Total copper concentration decreased only 2-fold (9.5 uM in control group versus 5.0 uM
in the mice of Group 1). These results are in good agreement with the modern concept of murine
serum copper metabolism: in mice, only half of serum copper is associated with Cp [16]. The
data firmly indicate that the injected SNP corrode; silver ions are transported through the
bloodstream to the liver, where they are inserted to Cp and impair its catalytic activity. In group
1, blood serum silver concentration comprised 1.7 uM. Assuming that 1 holo-Cp molecule
contains 6 — 8 copper atoms, the concentration of missing (displaced) copper is 4.5 uM, and 1.7
uM of silver are bound to Cp, we may estimate that Cp of mice, which received SNP, contains
approximately 1 silver atom for every 3 copper atoms. Nine days after the cease of SNP
injections (Group 2) oxidase activity increased up to 60 % of its value in the untreated mice
(Fig. 3). The concentration of copper increased correspondingly (up to 6.5 uM), while silver
concentration decreased (down to 1.4 uM).

Copper concentration in liver did not significantly change throughout the experiment (it
varied around 0.08 pumol/g tissue in the groups). Liver is the main site of silver accumulation
during SNP treatment [12, 14]. Silver concentration in liver reached 0.3 pmol/g tissue after 7
days of SNP injection and persisted for 9 days after the cease of the injections. At the same
time, in the body of the treated mice, silver was present in metabolically active form because
silver was found in bile analogously to copper. Silver concentration in bile samples from Group
1 is almost 2 times higher than copper concentration (38.7 uM silver versus 23.0 uM copper).
After the cease of SNP treatment silver concentrations in bile decrease but their absolute values
are still high (17.3 pM in Group 2 versus 38.7 uM in Group 1). In bile samples from Group 1,
the presence of silver was accompanied by the decrease in copper concentrations (from 23.0
uM in Group 0 to 18.1 uM in Group 1). Copper concentrations in bile samples from Groups 1
and 2 did not differ significantly (10.7 and 10 uM, respectively). In urine samples from Group
1 silver concentration comprised 1.1 uM, it dropped to 0.05 uM after the cease of SNP
injections (G. 2).

The presented data firmly showed that silver ions, but not the whole SNP, were present
in bloodstream, liver tissue, bile and urine. In liver, silver ions were inserted to Cp, secreted to
the bloodstream, recaptured by liver and excreted through bile. So, they were trafficked by
copper transporters through the intracellular and extracellular copper transport routes. As silver
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from these SNP remains metabolically accessible, it is rapidly excreted and the impaired
enzymatic activities are recovered. So, we may suggest that small concentrations of SNP should
possess low and transient toxicity in mammals.

Gene expression

[

HIF1
\ T 7 angiogenesis
I""- e
/I\\
ERK Unknown copper-mediated
e | Pro-and anti-apoptoticfactors
Apoptosis

Cell migration
Proliferation

XIAP

Unknown copper-induced
pro- and anti-oncogenes

Fig. 4. The potential pathways of silver intervention in the functions of regulatory copper. The
diagram displays: HIF1 and p53 —transcription factors, which are related to copper, and regulate
the expression of many target genes; ERK and XIAP — members of cell signaling pathways,
which control cell proliferation, death and migration; copper dependent processes (e.g.
angiogenesis); and hypothetical copper-dependent activators and inhibitors of apoptosis and
carcinogenesis.

4. Conclusion

The data on regulatory copper in the mammalian cells are very scarce. It is not known how
copper, which was imported into the cell, enters the regulatory pool, so we do not know if silver
can get to this pool and disturb copper regulatory functions. A diagram in Fig. 4. shows the
relations between the regulatory copper and fundamental cellular processes or events, which
can be possibly influenced by silver from the SNP [11]. If these influences do exist, then SNP
may prove to be effective against tumor growth and neurodegeneration.
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Abstract. In this work, zinc oxide thin films doped with Al were prepared using sol-gel
deposition technique. Fabricated films were up 1 pm thick and contain several layers of ZnO:Al
deposited on quartz substrate. The films had prevalent (001) growth orientation. The resistivity
of the films was reduced significantly after annealing in vacuum (10 Pa) at 650 °C and
achieved 0.3 Q-cm. The optical properties of ZnO:Al/AgNP films were tested. The extinction
spectra of the films showed the shift of AgNP plasmon resonance with respect to the position
being characteristic to silver nanoparticles on fused quartz substrate. The optical radiation
action increased the conductivity of ZnO:Al/AgNP films 5 times. An observation of
photocurrent was associated with the excitation of plasmon resonance in nanoparticles and was
described by the mechanism of "hot" electrons injection in the conduction band of ZnO: Al.

1. Introduction
Transparent conducting oxides (TCO) have received great attention owing their electrical and
optical properties and widely used as transparent electrodes in flat panel displays, solar cells,
touch panels [1-5]. Most known are indium tin oxide (ITO), fluorine doped tin oxide (FTO), or
doped zinc oxide. All of them are belong to the class of wide band gap semiconductors.
Nowadays worldwide development is in progress ofthe search of alternative energy sources.
The efforts are directed on increase of the efficiency of photoelectric devices with reduction of
their cost. Multilayered oxide film with metal nanoparticles as an effective element of
photoelectric conversation is the promising functionality component for photoelectric devices.

In the last decade, the metal nanoparticles owing to plasmon properties are considered as
"activators" in photovoltaics [6]. The plasmon particles embedded in an environment of a
semiconductor act as an accumulating light energy element that starts the mechanism of photo-
induced charge separation. First, the effect of plasmon induced charge separation was published
in 1996 and pointed to the generation of electron-hole pairs in the semiconductor of TiO2, which
are located in contact with the metal resonance particle [7]. Up to date there are studies related
to plasmon generation of «hot» electrons applied to photovoltaic and photocatalysis devices.
Most of these studies devoted to the investigation of gold and silver nanoparticles in contact
with TiO [8-14].

In this study, electrical and optical properties of transparent conducting ZnO:Al/AgNP
multilayer films were investigated. ZnO:Al multilayers were deposited onto substrate by sol-
gel technique. Silver nanoparticles were deposited from silver colloidal solution. As a result
our technology allowed to fabricate conducting layers with plasmon nanoparticles.

© 2016, Institute of Problems of Mechanical Engineering
© 2016, Peter the Great St. Petersburg Polytechnic University
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2. Preparation and characterization of samples

Zn0:Al films were prepared by sol-gel method using spin coating technique. The sol solution
consisted of zinc acetate dehydrate [Zn(O2CCHs),, ZnAc] and aluminum nitrate [AI(NO3)3]
was dissolved in ethanol with concentration of 0.7 mol/l. Monoethanolamine (MEA) was used
as a stabilizer. The molar ratio of MEA/ZnAc was 1:1. The investigations were carried out up
to 6 % Al/Zn volume fraction. To yield a homogeneous solution the prepared sol was stirred at
room temperature. The fused quartz plates with 15 mm in diameter were used as substrate. The
film was deposited layer by layer on the substrate. The total thickness of ZnO:Al films was 0.4-
0.5 pm.

The phase crystallinity and structural properties of the films were analyzed by X-ray
diffractometer Rigaku Ultima IV with CuKa radiation (A = 0.1542 nm). Figure 1 shows
diffraction patterns of undoped ZnO film and ZnO films with Al content of 1 % and 3 %. All
films are polycrystalline with hexagonal wurtzite type structure and prevalent (0001) growth
orientation; c-axis is perpendicular to the substrate. As shown in Fig.1 there are no significant
differences in diffraction patterns for doped and undoped ZnO films except slightly shift of
(001) peak.
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Fig. 1. XRD patterns of ZnO, ZnO:Al (1 %), ZnO:Al (3 %) films (up to down).

Impurity phases such as Al, Al,O3 have not been detected which indicates that ions Al**

replace ions Zn>' without lattice disturbance of hexagonal wurtzite ZnO structure. The
substitution of zinc by aluminum leads to shortening of c-axis since the aluminum ionic radius
less than the ionic radius of zinc. Therefore, according to Bragg relation this displacement leads
to the increase of diffraction angle as observed in diffraction patterns for (001) peak.

The surface morphology of the films was studied by scanning electron microscope JEOL
JCM 6000. ZnO:Al films had a grain structure with grains size of 15-30 nm.

3. Electrical properties of ZnQO:Al films

In this work the effect of heat treatment conditions at drying and annealing regimes of ZnO:Al
films with different content of Al (1-6 %) on their electrical properties was studied. The
electrical resistivity of films was measured by 4-probe method with used source meter Keithley
2450.

The electrical resistivity decreased with increasing of Al content and reached minimum
at Al/Zn ratio of 3 %. An inverse dependence of films resistivity on aluminum concentration in
ZnO:Al occured due to higher electron mobility of donor ions Al** replaced cation positions
Zn**. The further increase of aluminum concentration led to increasing of resistivity due to
limited number of vacancies for substitution. Extra atoms of aluminum worked as additional
scattering centers decreasing therefore the conductivity.
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As a part of investigation the dependence of electrical resistivity of ZnO: Al (3 %) film
on annealing conditions was studied. The lowest resistivity of the film was about 0,3 Q-cm on
condition of annealing of each deposited layer at 650 °C. Moreover, the last annealing was

occurred in vacuum (107 Pa). The electrical resistivity of ZnO: Al films owing to absence of
chemisorbed oxygen on oxide films surface decreased by annealing in vacuum.

4. Optical and photovoltaic properties of ZnO:Al/AgNP multilayer films

Optical absorption measurements of films were performed with fiber spectrometer
AvaSpec-2048.

4.1. Optical properties of ZnO:Al films. Figure 2 shows the extinction spectra of ZnO,
ZnO:Al (1 %), ZnO:Al (3 %) and ZnO:Al (6 %) films. All films are transparent with sharp

absorption edge in near UV. The films transmittance is about 90% in the visible region at
wavelength above 500 nm.
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Fig. 2. Optical extinction spectra of ZnO, ZnO:Al (1 %), ZnO:Al (3 %)
and ZnO:Al (6 %) films.

By increasing of the percent ratio Al/Zn the absorption edge is shifted to shorter
wavelength (a blue-shift). The maximum shift is observed at 3% aluminum content.

4.2. Localized surface plasmons: theory. Plasmonic excitations or collective
oscillations of the conducting electrons caused by the oscillating electromagnetic field of the
light being incident on metal nanoparticle. The subsequent polarization effects and restoring
forces allow for the occurrence of resonance behavior [15]. The interaction of a particle size r
with the electromagnetic field can be analyzed using the simple quazi-static approximation
provided that r«4. In this case, we can consider spheroid nanoparticle as a homogeneous,
isotropic sphere of radius r located in a uniform, static electric field ET). In [16] it was shown
that applied field induces a dipole moment inside the sphere of magnitude

B = 4meyerd £7%medium
- 0 0-
€+2€medium

(1

Here ¢ is the wavelength dependent complex dielectric function of the metal of the nanoparticle
and €,egium 18 that of surrounding dielectric.

To describe the surface plasmon resonance the polarizability a is introduced, defined via
P = goear’E,. (2)

In the case of spherical metal nanoparticle with radius r the complex function a is given as
E—E i

o = 41_[1,3 medium .
€+2€medium

3)
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The polarizability experiences a resonant enhancement under the condition that
le + 2&medium| 18 @ minimum, which for the case of slowly varying Im[e] around the resonance
simplifies to

Re[e] = —2&medium- 4)

This relationship expresses the strong dependence of the resonance frequency on the
dielectric environment. The resonance redshifts as €,eqium 18 increased. For silver spherical
nanoparticles in air a resonance position is around 350 nm.

Plasmon resonance of spheroid nanoparticle is observed as a peak in the optical extinction
spectrum. For a sphere of volume V and dielectric function ¢, the expression for the extinction
cross section is

Im[e]
(Rele]+2emedium)?+Im[e

_ g9 3/2
Cext - 9?Smedium /

1171 5)

Here w is the frequency of an incident light.

4.3. Optical properties of ZnO:AI/AgNP multilayer films.To prepare multilayers
ZnO:Al/AgNP films a thin layer of silver nanoparticles in aqueous solution was deposited on a
fused quartz substrate dried and annealed. Over the prepared film of silver nanoparticles layers
of ZnO: Al (3 %) were deposited and annealed at 650 °C in air.

The extinction spectrum of the film ZnO: Al (3 %) with silver nanoparticles demonstrates
plasmon resonance (Fig. 3). The peak in the extinction spectrum of the film ZnO: Al
(3 %)/AgNP is shifted relative to the peak position for silver nanoparticles on quartz to longer
wavelengths (a redshift). It should be noted that the display of the plasmon peak in the
extinction spectrum of the film ZnO: AlI/AgNP shows on the fact that silver atoms do not react
with atoms of ZnO:Al. The shift of the peak position in extinction spectrum of the film ZnO:
Al/AgNP causes by covering silver nanoparticles by ZnO:Al layers with refraction index higher
1 (for air).
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Fig. 3. Extinction spectra: 1- film of silver nanoparticles on fused quartz substrate;
2- Zn0O:Al (3 %) film; 3- ZnO:Al (3 %) film with silver nanoparticles.

4.4. Photoconductivity of ZnO:Al/AgNP multilayer films. The dark current of ZnO:Al/
AgNP multilayer film was about 1.1-10% A. For reference ZnO:Al film without silver
nanoparticles prepared from the same sol and in the same temperature conditions had the same
value of dark current.

The conductivity of ZnO:Al/AgNP films was increased 5 times up to 5.0 10* A by the
optical radiation action (daylight). This photoeffect caused by the excitation of plasmon
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resonance in silver nanoparticles and could be described by the following mechanism. Non-
radiative damping of the plasmon resonance in silver nanoparticles led to the formation of "hot"
electrons with sufficient energy to overcome the energy threshold at nanoparticle/metal-oxide
interface and to inject them in the conducting band of semiconductor. Plasmon silver
nanoparticles can generate "hot" electrons with energies from the Fermi level up to 4 eV. The
concentration of "hot" electrons and their energy distribution depended on the size and shape
of the nanoparticles, the maximum concentration was observed in the plasmon resonance
frequency [18].

5. Conclusions

In this work, the dependences of electrical properties of ZnO:Al films with different percent
content of Al prepared at different temperature conditions were studied. The lowest resistivity
of the ZnO:Al film with Al/Zn fraction 3 % was about 0.3 Q-cm on condition of annealing of
each deposited layer at 650 °C and the last annealing was occurred in vacuum (107 Pa). ZnO:Al
films had sharp absorption edge in near UV. The films transmittance was about 90 % in the
visible region at wavelength above 500 nm. The extinction spectra of the ZnO:Al/ AgNP
multilayer films demonstrated the shift of AgNP plasmon resonance with respect to the position
being characteristic to silver nanoparticles on fused quartz substrate. The optical radiation
action increased the conductivity of ZnO:Al/AgNP films 5 times. An observation of
photocurrent was associated with the excitation of plasmon resonance in nanoparticles and was
described by the mechanism of "hot" electrons injection in the conduction band of ZnO: Al.
The photoeffect allowed to consider ZnO:Al/ AgNP multilayer films as functional element of
photovoltaic devices.

This work was supported by Russian Science Foundation (grant RSF No.14-29-00086).
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Abstract. The present paper describes the effect of the structure of zinc oxide on its optical, electrical and
photocatalytic properties. Examples of the influence of defects and lattice symmetry on photocatalytic ac-
tivity are given. It is shown that oxygen vacancies allow to increase the rate of photocatalytic reaction due
to donor properties and faceting allows to change the photocatalytic activity due to anisotropy of electric
conductivity of zinc oxide. The mechanism of the influence of the dislocations and complex defects on zinc
oxide photocatalytic properties is proposed. The present data can be used for development of photocatalysts
based on zinc oxide, and for describing the photocatalytic properties of other semiconductors.

1. INTRODUCTION

Photocatalytic technology of water and air purification
allows to reduce concentration of toxic substances be-
low threshold limit value without formation of by-
products. The purification is based on chemical degra-
dation of pollutants interacting with photoelectrons on
the surface of semiconductor nano- and microparticles.
Behavior of electrons in a photocatalyst is determined
by the most important semiconductor properties, such
as band structure, electron mobility, carrier concentra-
tion, absorption coefficient of electromagnetic radia-
tion, etc.

Overwhelming majority of photocatalysts have a
crystal structure so their properties are directly de-
pendent on lattice symmetry according to the Curie's
principle [1]. Faceting of semiconductor particles in-
fluences the intensity of photocatalysis [2]. Moreover,
photocatalytic properties of semiconductors are de-
pendent on lattice distortions such as point defects
[3,4], dislocations [5,6], grain boundaries [7]. At the
present time there is no consensus on how structure of
semiconductor impacts its photocatalytic properties.
Comparison of optical and electronic properties of

semiconductor with the intensity of photocatalytic re-
action can be used to reply to this scientific question
and to design the photocatalysts for industrial and eco-
logical application.

Zinc oxide is one of the most mentioned photocata-
lysts due to high effectiveness, low cost, and low tox-
icity. In this paper we review the structure and photo-
catalytic properties of zinc oxide. It is shown how
morphology, crystal structure and lattice distortions of
zinc oxide nano- and microparticles influence the rate
of photocatalytic reaction.

2. ZINC OXIDE AND ITS
APPLICATIONS

Only one allotropic modification of zinc oxide is stable
at ambient conditions [8]. This modification has the
wurtzite structure (Fig. 1) and it is described with
space group P63mc, which belongs to hexagonal crys-
tal system. There is one unique direction [0001] in the
crystal so zinc oxide displays anisotropy of structure
and properties. Unit cell of wurtzite includes two inter-
penetrate hexagonal prisms, which have a six-fold ro-
tate axis coinciding with the unique direction. Each of
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[0001]

Fig. 1. Structure of unit cell of wurtzite-like zinc
oxide.

these prisms consists of atoms of the same kind, there-
fore the crystal consists of oxygen and zinc sub-cells.
Each anion is surrounded with four cations and vice
versa, this tetrahedron coordination of atoms in unit cell
means formation of sp> hybridization of atomic orbitals,
which causes a chemical bond to take intermediate place
between covalent and ionic types [9]. Combination of
such chemical bond with non-centrosymmetric struc-
ture of wurtzite promotes pronounced piezoelectric
properties of zinc oxide. In comparison with other
wurtzite-like semiconductors zinc oxide has the largest
piezoelectric constants [10].

Tensor of wurtzite piezoelectric constants has
three independent components ey; =1.321 C/m?,
e;; =—0.573 C/m? and ¢5=-0.48 C/m? [11]. In a
case of mechanical load along [0001] direction com-
ponents ey, and e;, correspond to polarization caused
by longitudinal and transverse deformation, respec-
tively. The third component ¢;5 describes the polari-
zation arising as a result of shear deformation.

Zinc oxide is a direct bandgap semiconductor.
The electrical resistivity of defect-free zinc oxide, de-
pending on the crystallographic direction, differs by
4-10 times [12]: 1.6 and 17 Q-cm in the [0001] and
<1120> close-packed directions, respectively [13]. In
zinc oxide electrons serve as charge carriers, since its
Fermi level is located 0.2 eV below the conduction
band. The band gap of zinc oxide is 3.37 eV, that cor-
responds to the photon energy of electromagnetic ra-
diation in the near ultraviolet part of the spectrum.
The optical absorption coefficient of zinc oxide is
1073 cm™'; therefore, the depth of photon penetration
into the crystal is 100 nm [8,14].

Due to these properties, zinc oxide is used in op-
toelectronics, electronics, as a piezoelectric, and it is
also one of the most common photocatalysts. As a re-
sult of its amphoteric properties, zinc oxide is suscep-
tible to corrosion in both slightly acidic and slightly

alkaline media. As a photocatalyst, it can be recom-
mended for the final purification of wastewater from
petrochemical enterprises from highly toxic sub-
stances (for example, from phenol [15]).

3. ROLE OF CRYSTAL DISTORTION
IN PROPERTIES OF ZINC OXIDE

The spatial arrangement of crystal defects signifi-
cantly affects the optical and electrical properties of
semiconductor materials. While point defects create
local distortions of the band structure, linear defects
lead to the formation of chains of changed energy
states. Since zinc oxide is an n-type semiconductor,
when considering the photocatalytic properties, de-
fects exhibiting donor properties are of greatest inter-
est. It is known that an oxygen vacancy exhibits do-
nor properties in zinc oxide, but the energy of the
level associated with an oxygen vacancy remains a
subject of discussion.

Bateman [16] indicated that the ionization energy
of an oxygen vacancy is 0.2 eV. Zhang et al. [17] pre-
sented the results of modeling, which show that the
oxygen vacancy creates an additional level located
0.2 eV below the conduction band. This viewpoint is
refuted by Janotti and Van de Walle [18] claiming
that the oxygen vacancy is a deep donor, which lies
1 eV below the conduction band. The depth of the
level caused by the oxygen vacancy determines how
much the energy of the photon that can be absorbed
by zinc oxide is reduced.

Unlike the vacancy, a dislocation is a linear defect,
therefore, local additional levels due to dangling chem-
ical bonds are located along its line and form a chain
of levels. Soleimanian and Aghdaee [19] described the
dependence of the optical properties of thin zinc oxide
films on the dislocation density. The films were an-
nealed at different temperatures from 350 °C to 600 °C,
and their dislocation density was estimated by X-ray
reflection broadening analysis. A decrease in the dis-
location density from ~10'> m2 to ~10'* m2 was ob-
served with an increase in the annealing temperature
and was accompanied by an increase in the band gap
from 3.36 eV to 3.47 eV.

The electrically conductive properties of disloca-
tions in zinc oxide films were studied by Miyamoto et
al. [20], who showed that the electron mobility in the
film increases to a maximum of 145 cm?V~'-s™! under
the condition of a minimum dislocation density. It is
reported that the electrical conductivity of the films is
affected by edge dislocations, while screw and mixed
ones have a weak effect. The authors suggested that the
edge dislocation generates a chain of acceptor levels,
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Fig. 2. An edge dislocation lying in (0001)-O plane.

because of which it captures conduction electrons, re-
ducing the electrical conductivity of the crystal.

Shuvalov et al. [21] reported that semiconductor
crystals of ATBY! compounds, which have a signifi-
cant proportion of ionic bonds and edge dislocations
lying in the (0001) plane, exhibit both donor and ac-
ceptor properties. In zinc oxide negatively charged
dislocations lie in the (OOOT)—O plane (Fig. 2), and
the electrical conductivity along these dislocations
lines is increased.

4. PHOTOCATALYTIC PROPERTIES
OF ZINC OXIDE

To find the correlation between the structure and pho-
tocatalytic properties of a semiconductor, it is neces-
sary to consider the mechanism of photocatalysis.
The scheme of the mechanism of the photocatalytic
process is shown in Fig. 3. It shows that the chemical
reaction is initiated by an electron activated by elec-
tromagnetic radiation having energy of photon equal
to the band gap of the semiconductor.

Reducing the size of a semiconductor crystal to
less than 100 nm makes it possible to suppress the
recombination of electrons and holes, increase the
area of the active surface, and the lifetime of free car-
riers on this surface. For this reason, semiconductors
in photocatalysis are used in the form of nano- and
microscale dispersed particles. The morphology of
zinc oxide particles affects the rate of photocatalysis
due to the difference in faceting. The reasons for this
effect may lie in the anisotropy of the electrical con-
ductivity of zinc oxide crystals [12,13].

Jang et al. [23] presented the results of a compar-
ison of the photocatalytic activity of zinc oxide parti-
cles of different morphology: nanoplates, nanorods,
and microrods. The rate of photocatalytic decompo-
sition of hydrogen peroxide in the presence of nano-
plates was 2.5 times higher than in the presence of
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Fig. 3. Scheme of the photocatalytic process. Repro-
duced with permission from Ref.[22]. Copyright
(2020), Elsevier.

nanorods. The authors explain this phenomenon by
an increase in the total surface area covered with
(0001) crystallographic planes. This area is 3.53 m?/g
for nanoplates and 0.12 m?/g for nanorods.

Li et al. [2] noted that an increase in the ratio of
the areas of crystallographic planes {1010} to (0001)
from 1.175 to 1.304 contributes to an increase of ac-
etaldehyde decomposition rate constant from 1.1 to
4.6 (mol-1077)/min. In this case, the specific surface
of particles decreased from 27.5 to 6.5 m?/g. This de-
pendence is not observed under the condition of a fur-
ther decrease in the specific surface area to 1.2 m%/g.
Some authors claim that {10 10} planes exhibit higher
photocatalytic activity than (0001) [24, 25], but they
do not provide specific surface area data for these
crystallographic planes.

The results of modeling the electronic structure
and optical properties of different crystallographic
planes, performed using the density functional the-
ory, are presented by Zhang et al. [26]. Based on a
comparison of the pro