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BBenenue

AKTYaJIbHOCTH padoOThbI

bnarogapsi koMIiekCy yHHMKalbHBIX CBOWCTB Zn(O cTayll OJHUM U3 HauOoiee
uccienyeMbix MarepuanoB XXI Beka c 1enbl0 pa3paboTku  (GOTO-syeeK IS
npeoOpa3oBaHusl COJHEYHOM OHHEPruM B XHUMHUYECKYI0 U DIEKTPHUYECKYIO,
(b oTOKaTANM3ATOPOB ISl OUUCTKHU OKPY>KaIOIIEH cpe/ibl, PYHKIIMOHAIBHBIX DJIEMEHTOB
OnTOANEKTPOHUKH [1, 2]. B sHeprernueckoit cTpykrype Zn(O BOCCTaHOBUTEIBHBIN
HOTEHIMA SIEKTPOHA Ha JHE 30HBI IPOBOAUMOCTH JIEKUT Bhile yposus HY /H,, a
OKHCIIUTENIbHBI TOTEHUUAN JBIPKU JIEKUT CYIIECTBEHHO Huxke ypoBHs O,/H,O0.
[Tostomy e~ /h* napa B 06nyuennoM yiusrpaduonaerom (Y®) Zn0 obnamaer ogHuM
U3 HaMBBICHIMX Cpelud (POTOKATAIN3aTOPOB OKUCIUTEIbHO-BOCCTAHOBUTEIBHBIM
MNOTEHIMAJIIOM, YTO MO3BOJISIET HUCIONb30BaTh €ro B (DOTOXMMHUYECKHX SUYEHKax s
IIOJIyYEHHsI BOJOPOJAa M OYMCTKM OKpyxkawomen cpenpl. dorokaramm3 Ha ZnO
3¢ (deKTUBEH B AErpajallid IIUPOKOrO CIEKTpa OpPraHMYEeCKHX U HEOPraHUYECKHUX
3arpsi3HUTENEN B OMOJOTMYECKH pa3jaraéMble WM MEHEE€ TOKCUYHBbIE OPraHUYeCKHe
coenuHenus [3, 4]. ZnO mMUPOKO UCMONB3YETCs Kak (POTOKATATU3aTOP JJIsi OUYHUCTKH
CTOYHBIX BOA [S5—T7].

Usnyyenue, aktuBHOe A pororenepanuu napsl e~ /ht B Zn0, nexur B YO
obnmactu A < 385 HM, Ha KOTOPYIO B COJIHEUHOM CIIEKTpe MPUXOAUTCs He Ooee 5%
sHepruu. sl paclimpeHusi akTMBHOM 00JacT B BHUJIMMYIO 4acTh criektpa ZnO
CEHCUOWIM3UPYIOT KpPaCUTEISIMM WJIM JONMUPOBAaHHMEM HMOHAMU METaNIOB U
HEMETAJUIOB,  CO3/al0T  KHUCJIOPOJHBIE  BAaKaHCUM B  IOBEPXHOCTHOM M
MIPUITIOBEPXHOCTHOM ciosix, [1, 8—10], co3garor komno3utel Zn0O ¢ y3KO30HHBIMHU
nosrynipoBoguaukami [1, 11, 12], miazmonsbie (hoTOKATATN3aTOPHl C HAHECEHHBIMH Ha
Zn0 HaHOCTpYyKTypupoBaHHbIMU Au, Ag, Cu. [13, 14]. locturnyra 3¢(heKTUBHOCTh
doTorNIeKTpUUECKUX  MpeoOpa3oBaTeneil  COJHEYHOM  SHEPTMM HAa  OCHOBE
ceHcubOunmzupoanHoro Zn0 ue menee 12% [15]. B pabotax [16, 17] BeIsIBiI€HA TaKkKe

3aBUCUMOCTh (oTOakTUBHOCTH Zn(O 0T pa3Mepa U (OpPMBbI YACTHUIl: BO3JEUCTBHE
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OoJibllIeld JOJM TOJBSIPHBIX TpaHeW NPUBOAUT K Oojbiiel (OTOKATATUTUYECKOM
akTUBHOCTU. Pe3ynbrarel pa®oTel [18] mpemyiararoT anbTepHATUBHOE NOHMMAaHHE,
OOHAPYXHUB TMOJIOKUTEIBHYIO KOPPEISIIHIO MEXAY J0JIeH OTKPBITHIX MOJSIPHBIX
rpaHeil W COJEpKaHMEeM BaKaHCHl MOBEPXHOCTHOTO KHCIOpoAa B 00pas3iax.
Kucnoponnsie Bakancum B ZnO BBICTYIIAIOT B KAa4yeCTBE IOTECHIMAIBHBIX SIM,
yJaBIWBas OJWH WIM JIBa AJIEKTPOHA, TEM CaMbIM YCKOPSS Pa3[elCHUE SJIEKTPOH-
JBIPOYHBIX APkl U, CIIEOBATENBHO, yBEIUYNBas (POTOKATATUTUYECKYIO aKTUBHOCTb.
COBOKYMHOCTh BBIIICTIEPEUUCICHHBIX (DAKTOB O3HayaeT, uyTo ZnO MOXKHO
UCIIOJIb30BaTh B IIMPOKOM CIIEKTPE ONTUYECKUX U AJIEKTPOHHBIX MPUIOKEHUH. Takxke
npuMevaresnbHo, 4to Zn0 daBisercss OUOCOBMECTUMBIM M 00JIalaeT BBICOKOM
MEXaHUYECKOM, TEPMHUUECKON U XUMUYECKON cTabmiIbHOCThIO. Takum obpazom, Zn0
MpUMEHNUM I co3fanust Y @-nazepoB [19], conmHeunbix 35emeHTOB [20], MOJIEBBIX
TpanzucropoB  [21], ¢doronpuemHukoB  [22], Tra3oBBIX ceHCOpoB  [23],
MbE302JICKTPUICCKHUX TeHepaTopoB [24] u B hoTokaranmze [25, 26].

[Ipn Bcem MHOroo0Opa3uu METOAOB HMCCIEIOBAHMS B3aUMOJECUCTBUI MPOCTHIX
ra3oB (0,, NO, CO, N,0, H, u 1. 11.) ¢ Zn0O BaXXHO OTMETUTh, YTO B OOJIHIIIUHCTBE
CJIy4aeB UCIIOJIb3YEMbIE YCIIOBHS B OKCIIEPUMEHTAX OCTAIOTCS JAJEKUMU OT PEAJIbHBIX.
Hampumep, wuccienoBanusi  HaHOpa3MepHbIX  00BeKTOB  ZnO  (peasjbHbIe
dboToKaTaIM3aTOPhl TPEACTABISIOT COOON TOPOIIKH, OTIUYAIOIMIUXCS OOJBIITNM
COOTHOIIIEHHEM MOBEPXHOCTH/0O0BEM U T. 1.), @ TAKKE HCCIECIOBAHUS C IPUMEHEHUEM
Takux MeTofoB Kak MK-cnekTpOoCKomus U 3JIEKTPOHHBIA MapaMarHUTHBIA PE30HAHC
(OIIP) xoTopble NMPUMEHSAIOTCS B OCHOBHOM Mpu HU3KHX Temmeparypax (T <<
290 K) 1 npu KOTOpBIX, OJTHAKO, aICOPOUPOBAHHBIE YACTHUIIBI MOTYT TEPSATh TAKUE
CBOMCTBA, Kak (OpMUPOBAHUE JOTMOJTHUTEIBHBIX aJCOpPOMPOBAHHBIX (OPM H
MUTpALMS UX [0 MOBEPXHOCTH. [lo 3TUM mpuyrHaM HUCCienoBaHUs 0O0pa3LOB MpU
KOMHATHOM TeMIlepaType WIPalOT BaXXHYIO pOJb B IOHMMAHUHM IIPOLIECCOB Ha
ITIOBEPXHOCTH PEAIBHBIX CUCTEM.

UccnenoBanusiMu  (POTOCTUMYJIMPOBAHHBIX ~ MPOLECCOB B  T'€TEPOTCHHBIX

cuctemax Ha Kadenpe doronnku CIIOIY 3anmmaroTcs yke MHOTO JECATUIIETHI CO
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BpEMEH MUOHEPCKUX paboT ocHoBaTes Kadeapsl akagemuka Tepennna A.H. B 1940-
e roael [27]. JanbpHellliee pa3BUTUE B HCCIEIOBAHUSIX TIE€TEPOTCHHBIX CHUCTEM
XapaKTEPU30BAJIOCh Pa3padOTKOM W BHEIPEHUEM HOBBIX METOJIOB W TOJIXOJIOB IS
aHaju3a in situ ra3oBoil U ajcoOpOUPOBAHHOM (ha3, ONTUUECKUX, AICKTPODHUINIECKUX
U DJIEKTPOHHBIX CBOWCTB TBEPJIBIX TEN C IEJIbIO BBISBJICHHS MEXaHU3MOB OTACIIBHBIX
cTaauil B POTOCTUMYJMPOBAHHBIX PEAKIMAX Ha TOBEPXHOCTH [28].

JlanHasi paboTa SIBUJIACh JIOTHUECKUM MPOIOKEHHEM paboT, MPOBOIUBIIUXCS HA
kadenpe poronuku pusmueckoro ¢akynprera CIIGI'Y. B uactHocTH, B paboTe [29]

ObLIa O6H3pY)KCHa H HCCICOOBaHA OJKOJIOITHMYCCKH Ba)XHasd Q)OTOKaTaHI/ITI/I‘-ICCKaSI

peakuusa NO + CO T; CO, + 1/2N, na karanmuzarope Mo0O3/Si0,, akTuBUpyemas B
cnekTpasibHoi obnactu 320 — 340 HM, a Takxke Ha Ti0, Degussa P-25 [30] u TiO,
Hombifine N [31], umeromux mnoriomenne B obOmactu A < 440 HM. beuio
YCTaHOBJICHO, 4TO camMoil appexkTuBHOM saBisgeTcs 061actb 365-404 HM.

Mexay TeM, MOTJIOIIEHHE B BUIMMON OOJACTH MOKHO CO31aTh, UCIOJIb3YS
ONTHUYECKU aKTUBHBIE COOCTBeHHBIC naedekThl [32—34]. Mcnomp3ys B KadecTBe
TeCTOBBIX peakiuu ¢otoancopoiuun (DA) kuciopoma u BOJIOPOAA, MOXKHO
MPOCJICIUTh MEXaHU3Mbl B3aUMOJICUCTBUS (POTOTCHEPUPOBAHHBIX HOCUTENCH C
afgcop0aToM Ha CTaaUSIX BOCCTAHOBIICHHMS M OKHucIeHus [35]. AHanu3 KUHETHUKH
(hOTOAKTUBUPOBAHHOIO HW30TOMHOIO0 OOMEHA KHCIOpOJa C OKCHAOM IO3BOJISIET
MPOCEANUTD MOJHBIN UK OKUCIUTEIbHO-BOCCTAHOBUTEILHOM peakiuu [36].

Jnst dyHIaMeHTaIbHBIX UCCIIEIOBAHUM peaKIvs:

N0+C0h—>vCOZaAC+1/2N2T. (B.1)
MpUBJIEKAaTEIbHA TEM, YTO, COBMEIIAasi MOHUTOPUHT TIPOJYKTOB B ra30Boi (haze macc-
CIIEKTPOMETPUYECKUM METOJOM C aHAJIW30M TNPOMEXYTOYHBIX IPOAYKTOB B
a71cOpOMPOBAHHOM daze METOIaMH HNK-Dypbe CIIEKTPOCKOMHUH u
tepmonporpammupyemort  mecopormu  (TII]), MOXHO mMONMYyYUTH OOUIUPHYIO
uHOpPMAIIMI0O O MEXaHMW3ME 3TOM MHOroCTaAuMHONW peakuuu. OKHUCIUTETHHO-
BOCCTAaHOBUTENbHAS peakius B.l mo3BojsieT uccienoBaTh MEXaHW3M (U3HYECKUX

3TanoB (OTOBO30YXACHUS CUCTEMBI, pEJIaKCalliy U Mepeaadyn SHEPrUu Bo30YKIECHUS
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AIEKTPOHHOM MOJICUCTEMBbl PEAaKTaHTAaM M IOCIEAYIOIINE PEAKIUU SJIEKTPOHHO-
BO30YKIeHHbIX MpekypcopoB [30, 37]. Ormerum, yto Monekyiasl NO u CO He
NOTJIOIIAIOT akTuBUpyromee Y® U BUIUMOE M3IYyYEHUE U HE BHOCAT MCKaXKEHUS B
uccieayemMblit criektp doroaktuBanuu Zn0. TakuM obGpa3zoM, peakiuio B.1 mMoxxHO
UCIIOJIb30BaTh B KAyecTBE TECTOBOM MpuU  pa3pabOTKE U CPaBHEHHH
BBICOKOA(P(EeKTUBHBIX (hOTOKATAIN3ATOPOB.

[Tpu 6mu30cTH poTokaTanuTuyeckux napamerpos Ti0, u Zn0 nociaenHuit UMeeT
pan npemmymects. B ortmmume or TiO, ZnO sABnserca NOPSIMO30HHBIM
HOJyIPOBOJJHUKOM, [MO3TOMY MOTJIOLIEHHE €ro B MPUIIOPOrOBOIl 00JaCTH CUJIbHEE,
yeM y Ti0,. [IonBM>KHOCTB 25IEKTPOHOB B Zn(O Ha J1Ba NOpsAKa Belme, yeM B 110,
[38], uTO pe3ko yBenuuuBaeT 3((HEKTUBHOCTh JIOCTABKU (POTOTEHEPUPOBAHHBIX
HOCHUTEJIEH K TIOBEPXHOCTHBIM IIEHTPAM pEaKUHH. ODHEPrusi CBA3M 3KCUTOHOB
cocraBisier 60 M3B [39], uro oOecrneunBaer uUX yCTOMYMBOCTh MpPH KOMHATHOM
temriepatype (kKT = 27 M3B). D10 Takke MO3BOJISIET pacCMaTpUBaTh BO3MOXHOCTb
APKCUTOHHOTO MeXaHu3Ma Bo30yxnaeHus Zn0.

Heabo  auccepTalMOHHON  padoOTbl  SBISETCS  SKCIEPUMEHTAIBHOE
HCCIIEIOBAHUE METOJIOB aKTHBALIMM HOMHHAJIBHO 4uCTOro (porokartanuzaropa ZnO,
OpUMEHSISE  pa3fuyHble CIOCOObI TpeIBapuUTeIbHON 00paboTku o00pasia, mpu
00Jy4eHHH B pa3HbIX CINEKTPAIbHBIX 00JaCTIX U C MCIOJIb30BAHUEM MPOCTHIX T'a30B
NO u CO.

JI1s oCcTHKEHMS! TIOCTaBJICHHOM 1€/ ObUIH PEIlIeHbI CISAYIOLINE 3a/1a4u:

e lccrnenoBars BO3MOKXHOCTB ITPOBEICHUS SKOJIOTHUECKU BaxHOM peakiuu NO + CO

h—>v CO3 apc + 1/2N, T (BoccTanosnennss NO no N, ¢ mapajenbHbIM OKHCIEHHEM
CO no CO,) mpu obmyuenuu ZnO B cmecu NO + CO wmertomamMu Macc-
CIIEKTPOMETPUM U TEPMOIPOTPAMMHUPYEMOUN JeCOPOLIMOHHON CIEKTPOCKOIHUH.
[IpoBecT wuccienoBaHWe CHEKTPOB ee  (HOTOAKTUBALMU, OCOOCHHOCTEH
KMHETUYECKUX TMapaMeTpOB pPEaKIMU, COCTaB MHTEPMEAMATOB M KOHEYHBIX

MIPOJYKTOB PEAKILINH.



Hccaenosats BO3MOKHOCTbH OOTJIONIEHUS YO " BUIUMOTO CBETa
dboTokaraiuzaTopoM Zn0O, WUCHONB3YysSd ONTUYECKH AaKTHBHBIE COOCTBEHHBIC

nehexTsl, GopMHUpYEMbIE METOJIOM CaMOCCHCHOWIu3anuu. B kadecTBe TECTOBOU

BbIOpaHa HKoJ0ornuecku BaxkHas peakuusit NO + CO ﬂ/ CO3 anc + 1/2N,1T.
HccnenoBaTh  CHEKTPaJbHYIO  XapakTepuCTUKy  (oroancopbuuun NO  Ha
CaMOCEHCHOMIU3UPOBAaHHOM oOpa3ie Zn0 ¢ 1enplo Moxy4eHus uHpopmamuu o
npupojie (OTOAKTUBUPOBAHHBIX LIEHTPOB.

CpaBHUTH d(DPEKTUBHOCTH aKTHBAIIUU IKOJIOTHYECKU BaxkHOU peakiuu NO + CO

v
— €0y a5c + 1/2N,T npu Bo30Y:k/ieHHH B 007aCTH KCUTOHHOTO pe3oHaHca (A =
382 HM) 1 MeX30HHOTO TorJIoNeHus (A = 365 HM).

Ha ocHoBe IMOJIYUYCHHBIX M JIUTCPATYPHLBIX JAaHHBIX IIOCTPOUTH I[GTEUII;HBIﬁ

h
MexaHu3M npoTtekanus peakuuu NO + CO e CO3 anc + 1/2N,T.

Haquaﬂ HOBHM3HA

BnepBrle  mokazano, 4Tto  ¢oTokaranuthueckas ~— peakuus ~ NO + CO

h—>v COjanc +1/2N,T  MoOXeT mHpoTEKaThb HAa  CaMOCEHCHOMIIM3MPOBAHHBIX
karanuzatopax Zn0,_, npu oomydernu Y @ u BugumMbiM cBeToM (A < 580 HM) nipu
KOMHATHOM Temmeparype. BBbISBIEHb YCIOBUST M OCOOEHHOCTH MPOTEKaHUs
peakuuu BocctanoBieHust NO no N,. [Tokazano, uto npu obnydenun Zn0 B cMecH
NO + CO JTOMUHHPYIOIAMHA SBJISIOTCS peakuun (dbopmupoBaHuUs
MPOYHOCBS3aHHBIX (hoToancopOupoBanubix popm NO no tex mop, moka NO
NpUCYTCTBYeT B Ta3oBoil ¢aze. B orcyrctBue NO B razoBoil ¢aze B xone
nocienytouero  B3aumojendcteust CO ¢ QoToreHepupyemMbIMH — LIEHTpaMu
(bopMUPYIOTCS KHCIOPOJHBIE BaKaHCUHU, U 00pa3yeTcsi MPOMEXKYTOUHBIH MPOTYKT
N,0, a 3ateMm N,.

VYcraHoOBIEHO, YTO BEIMYMHA KBAaHTOBOrO BbIxoja (oroaacopbunu NO umeer
Makcumymbl Tipu hv = 3.07 3B (4 =404 uM) u hv = 2.60 3B (4 = 480 um):

IEPBLIA MUK OTHOCUTCA K MOIIOIIEHHI0 F T -1ienTpaMu, BTopoil opMupyercs us3
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COBMECTHOT'0 BKJIaJla BAaKaHCUW ZN, 3aXBATUBIIMX OJHY AbIPKY V., (V™ 11enTp) u
F-uentpam. DOTH MNHKKA [JalOT OCHOBHOM BKJaJ B HaOmrogaeMmbiil 3ddext
doToancopoumu NO.

KBaHTOBBIN BBIXOJI peaKIUU MO BbIJEIEHUIO N, MakcUMaieH B BUIUMOU 00J1acTH,
CHEKTp JehcTBUs mpoctupaercs 10 A = 530 HM U TUNHYEH JJIs IUPOKO30HHOTO
OKCHJIa, CAMOCEHCHUOMIM3UPOBAHHOTO COOCTBEHHBIMU JIe(heKTaMU THUIIa AHUOHHBIX
Bakancuii Vt, V.0 (F*, F -uentpoB), Zn' 1 oTpuIaTeNnbHO 3apAkKeHHBIX KATHOHHBIX
Bakaucuit V., V2~ (V~, V2 -uentpos). bonee Bbicokuii, yeM B Y@ 006nacTH,
KBaHTOBBI BBIXOJ] pEaKIMU B BHJIAUMOW OO0JacCTH, HECMOTpPsI Ha HUBKYIO
MOBEPXHOCTHYIO KOHIEHTPALIMIO AKTUBHBIX IIEHTPOB OOBSICHAETCS OOJIbIICH, YeM
npu Y@ 3acBETKE OCBEIIAEMOW ITOBEPXHOCTHIO W JJIMTEJIBHBIM, [10 103 cex,
BpEMEHEM KU3HU (HOTOAKTUBUPOBAHHBIX [IEHTPOB.

BriepBble UCIOJIB30BaH SKCUTOHHBIN KaHal (oToakTuBauuu ZnO 115 mpoBeaeHUs

dorokatamutryeckorr peakuuu NO + CO i COyapc +1/2N, T ma ZnO. Ilpu
JIOCTaBKE DHEPTUU BO30YKICHHUS K IMOBEPXHOCTH JJICKTPHUECKH HEHTPaTbHBIM
HDKCUTOHOM OTCYTCTBYIOT TIIOTE€PH Ha PEKOMOMHAIIMI0O W Ha MPEOJIOJICHHUE
MTOBEPXHOCTHOTO MOTCHITMAIBHOTO Oapbepa, KOTOPHIE SBISIFOTCS OCHOBHBIMH TIPH
nepenoce (oTo-reHepupoBaHHbIX e~ /ht map. Jlns nmomaBiaeHus M3Iyd4aTellbHOTO
pacmaja JKCMTOHa Ha TOBEpXHOCTH ZnO co3laHa KBaHTOBO-pasmepHas 2D
ctpykrypa Zn0/Zn0,_, /0™, B KOTOPOH SKCUTOH pacmaaaeTcs Oe3bI3TydaTeIbHO
Ha Mapy JOJTOKUBYIIUX JOKAIBHBIX COCTOSIHUM 3JIEKTPOHA U JBIPKH, HA KOTOPBIX
U TIPOXOJIAT PEAKIIMOHHBIC aKThI.

Metonamu Macc-cnektpomerpun (MC) u TepMoaecOpOLMOHHON CIEKTPOCKOMUU
(THC) nccnenoBanbl HAYAIbHBIE, IPOMEKYTOYHBIE U KOHEUHbBIE MPOYKTHI PEAKITUU
B.1, ocoOeHHOCTH BIMSIHUSA APYT HA ApyTa MOJIEKYJ UCXOAHbIX Ta30B NO u CO npu

B3aMMOJICUCTBUM MX U UX cMecu ¢ ZnO B TeMHOTE U Tnipu obOmayudenuu. [loctpoen

h
JeTanbHbI MexaHu3M peakiuu NO + CO i COy apc + 1/2N; THA ZNO.
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ITos10:keHHUsA, BBIHOCMMbIE HA 3aIIUTY:
1) MeTonuka WHCCIIEIOBAaHUS AaKTHBAIMA ONTHYECKH AaKTHBHBIX COOCTBEHHBIX
nedexToB s mornomieHuss Y® u BuguMoro cmera ¢oTokatanmzaTtopom ZnO,

OCHOBaHHas Ha aHaym3e ckopoctet horoancopouuu NO, a Takxe BbiaeneHus N, B
hv
peaxkiuu NO + CO - CO, ,,c + 1/2N, T npu koMHaTHOI TeMneparype.

h
2) ®oroaktuBupyemas peakiusa NO + CO e COy a5 + 1/2N, T BoccTanoBneHus NO

10 N, u oxkucienust CO no CO, nipu odnydyenuu ZnO B YO u Bugumon o0s1acTsx

(365 HM < A < 578 HM).

h
3) @orokatanmutuyeckas peakuus NO + CO gy O apc T 1/2N, T, akTuBHpYyeMas Ha

Zn0/Zn0,_, /0~ nipu Bo30YXI€HUU SIKCUTOHHOTO PE30HAHCA.

HpaKTl/I‘IeCKaﬂ JHAYUMOCTDb paﬁoTbI

[Tonyuennas uadopMaius 00 yCIOBUSAX U OCOOEHHOCTAX MPOTEKAHUS PEAKIIUU

NO + CO T; COpapc +1/2N, T mpu o6mydenun ZnO MOXKET MCIONB30BATHECA B
OOHOBJICHUM COBPEMEHHBIX MPEJACTABICHUN O BO3MOXHOCTU (POTOKATATUTUYECKOM
OUYHCTKHU BO3/lyXa OT paclpOCTPAHEHHBIX MPOMBINUICHHBIX 3arpsizHuTeneit NO u CO.
Takke ykazaHHas peakius MOXKET ObITh MCIOJb30BaHA B KaY€CTBE MOJCIIBHOM, ISt
CPaBHUTEIPHOTO TECTUPOBAHHMSA W ampoOanuu (OTOKATATUTHICCKON aKTHBHOCTH
CO37aBa€MbIX HOBBIX (DOTOKATaIM3aTOPOB HA OCHOBE BeChMa TMOIYJSIPHOTO B
MPUKIIAJIHBIX HCCienoBaHusAX Zn0, Tak Kak 3Ta OKUCIUTEIbHO-BOCCTAHOBUTEIbHAS
peakius MpOTeKaeT ¢ yuyacTueM (POTOreHEPUPOBAHHBIX IICHTPOB 00OMX 3HAKOB.

[IpensioxkeHHBIA TOAXO0J K OMPEACIICHUI0 POJH Pa3IUYHBIX MMOBEPXHOCTHBIX
neHtpoB ZnO B dotoaacopouuu NO MoxkeT OBbITh HCIOJb30BaH B KauyeCTBE
abdexTuBHOrO Meroma uaeHTU(DUKAIMU (HOTOTEHEPUPYEMBIX MPU KOMHATHOM
TeMIepaType aKTUBHBIX IICHTPOB Ha MOBEPXHOCTH (POTOKATAIM3ATOPOB Ha OCHOBE
Zn0.

PesynbratTel, monyueHHbIE B JTaHHOW pabOTEe, MOTYT OBITh MCIIOJIL30BAHBI TIPH

pa3paboTKe, CO3/JaHUU M TECTUPOBAHUM PEATbHBIX (POTOKATATUTUYECKUX CUCTEM Ha
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OCHOBE ZN(0 W UHTEPHpPETALMU MTOTYy4YaeMbIX JAaHHBIX. Takke BaXKHO OTMETUTH, YTO
BCE MCCJIEAOBaHUA B JAHHOM paboTe MPOBEJACHHI HAa HOMUHAIBHO UYHCTOM
MOpOIKOBOM Zn(0 06e3 Kakux-1u0o JOMAHTOB, YTO MOXKET YHPOCTUTH CO3IaHHC
pEalbHBIX WM HOBBIX TECTOBBIX CUCTEM.

JIMYHBIA BKJIAJ aBTOPA

Bce mnpuBeneHHbIE B JIUCCEPTAIMOHHOW pabOTe pe3ysbTaThl MOIYYEHBI PH
HETMOCPEJCTBEHHOM yYacTWMU aBTOopa. JIMUHBIA BKIJIaJ aBTOpa COCTOUT W3 aHAIIU3a
JUTEPATyPHBIX JAHHBIX, MJIAHUPOBAHUS U BBIIOJIHEHUS BCEH 3KCIEPUMEHTAIBHOM
paboThl U 00pabOTKU JAaHHBIX. AHANU3 U OOCYXKJIEHUE IMOJYYEHHBIX PE3yJIbTAaTOB,
MOATOTOBKA MyOJUKAIlUi MPOBOJUINCH COBMECTHO C HAyYHBIM PYKOBOAUTEIEM H
coaBTopaMu pabot. [lanHas paboTa BHITIOJIHEHA MPU MOIEPKKE PECYPCHBIX IIEHTPOB
Hayunoro mapka CIIOI'Y: «/HHOBallMOHHBIE TEXHOJIOTMM  KOMITO3UTHBIX
HaHOMAaTepuasioBy, «®PU3UYECKUE  METOABl  HCCJIECNAOBAaHUS  MOBEPXHOCTUY,
«PentrenoaudpakiiioHHbIe METObI UCCIIEIOBAHUS, «Hanodoronuka,
«HanokoHcTpyupoBanue (POTOAKTUBHBIX MaTEPUATIOBY.

Anpobauusi padoThI

PesynbraTtel paOOThl OKIAABIBAIUCH HAa CIEAYIONUX CUMIIO3UyMax M
KOH(pepeHUusX:

International Student Conference «Science and progress», 10—12 Hosi6ps 2014
rona, Caunkrt-IletepOypr, Poccusi.

12th European Congress on Catalysis — EuropaCat-XII, 30 aBrycta — 5 ceHTs10ps
2015 roma, Kazann, Poccus.

21-a mexxayHapoHas KoHpepeHus no GOTOXUMUYECKOMY MPeoOpa3oBaHUIO U
3armaca’uio coiHeuHoM sneprun, 25—29 uromnst 2016 ronga, Cankt-IletepOypr, Poccus

4-1 MexnyHapoansiii Cummno3uym uMenu akajgemuka A. H. Tepenuna
«Monexynsipaast oronuka», 21-24 uronsa 2016 roga, Cankrt-Ilerepoypr, Poccus.

I[y6aukanuu

PesynbpTaThl paboOThl OMyOJMKOBAHBI B 2 CTaThiIX B OTEUECTBEHHBIX W

3apyOeXKHBIX KypHajgax U COOpHUKaX T€3UCOB 4 KOH(PEPEHIIUA U CUMIIO3UYMOB.
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CtpykTypa U 00beM JUCCEepTALUU

Jluccepranusi COCTOMT U3 BBEICHUS, 3-X IJ1aB, 3aAKIIFOYEHHUS], CIUCKA COKPALLICHUI
Y TEPMHMHOB, CIIHCKAa LIUTHPYyEeMOil uTepaTypbl. PaboTta uznoxxena Ha 121 ctpanuie
MeYaTHOrO0 TEKCTa, BKIoYaeT 38 pUCYHKOB M 2 TaOmuibl. CHOUCOK JIUTEpaTyphl
coaepxut 179 HaumeHOBaHUM.

Pabota BeimonHeHa Ha Kadeape GoToHukH ¢uznueckoro ¢akyiabreta CaHKT-

[TeTepOyprckoro rocy1apcTBEHHOTO YHUBEPCUTETA.
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I'naBa 1. BzaumopeiictBue O,, NO, u CO ¢ OKCHUI0OM NMHKA (JIMTEPATYPHBIN

0030p)
1.1 Kpucrajnandeckasi 4 3JIeKTPOHHAaSA CTPyKTYypa Zn0

B marepuanoBeneHUM OKCUJA IIMHKA KJIACCU(UUUPYETCS KakK IOIYHPOBOJAHHUK
rpynnsl [[-VI, KOBa€eHTHOCTH KOTOPBIX HAXOAUTCS HA IPaHULIE MEKIY MOHHBIMHU U
KOBaJICHTHBIMU NIOJTynipoBoHUKaMu. Hanbosee pacipoctpaHeHHAs KpUCTAIUIMYECKAs
MonuduUKaMs OKCHIa IMHKA — TeKcaroHaJlbHas TUIA BIOPLUT, KOTOPYIO MOKHO
IIPEACTABUTh KAaK TEKCArOHAJbHYI IUIOTHEWIIYIO YIIAKOBKY AHHOHOB, B KOTOPOWU
KaTUOHBl PABHOMEPHO 3aHUMAIOT IIOJOBHHY BCEX TETPAdAPUYECKUX IIYCTOT.
KoopnvHannoHHble 4Yuciaa [UHKA W KUACIOpoAa paBHbl 4 (TeTpadapuyeckas

KOODAUHAITHSA).
. 8
NneanbHoe 3HAUCHUE JUIS KPUCTALIHYECKOW CTPYKTYpBI BIOpIUTA c/a = \/; =

1.633. OrtTknoHEeHHWEe 3HaYeHUA C/a OT HWIACATBLHOTO OOBIYHO OOBSICHSIIOT
YCTOMYMBOCTBIO OOpa3yroOMICHCs KPUCTALTUYECKON CTPYKTYpbl WM CTENEHBIO
noHHOCTH cBsi3M [ 1]. U3BecTHBI Takke Oonee penkue MoaupuKaum: KyOndeckas Thmna
canepuT U KyOudeckas CTPyKTypa XJOpuia HaTpus, MOJTy4YEHHbIE MPHU BBICOKHX

JaBlieHUX. VX aneMeHTapHble SYEeUKU MpeACcTaBiieHbl HAa pucyHke 1.1 [1].

Pucynok 1.1. Kpucrannuaeckue cTpykrypsl Zn0: a — KyOudecKkas CTpyKTypa
XJIOpUIa HaTpust; 0 — KyOudeckas CTpyKTypa Tuna cajepur; B — rekcaroHajabHas
cTpyKTypa Bropuuta. Cepbie U yepHble chepbl 0003Ha4at0T aToMbl Zn u 0,

COOTBCTCTBCHHO.



14

dopma chaieputa MOKET ObITh YCTOMUMBOW MpW BblpammBaHuu Zn0 Ha
MOJJIOKKAX C KyOumdeckod pemeérkoi. ['ekcaroHalibHasi CTPYKTypa U CTPYKTypa
cdanepura He 00J1aJAI0T CHMMETPHEH TT0 OTHOIIEHUIO K MHBEPCUH. DTO MPUBOANT K
MbE302JICKTPUYECKUM CBOMCTBAM 3TUX MOAM(PUKALMA U MUPOIIEKTPUUECKUM
cBoiicTBaM rekcaroHaiabHoro Zn0O. Css3p B Zn0 npeuMyIIECTBEHHO HOHHAsA, YTO
OOBSICHAET CWJIbHBIE MbHE30AJIEKTpHUUECKUEe cBoWcTBa. OKCHJA IMHKA MOXET OBITh
MOJIYYCH TIPU COKUTAHWM WJIM OKHUCIICHWHW IIMHKA, 00’KMTOM Ha BO3yXE CEPHUCTOTO
[MHKA, TIPU MPOKAJIUBAHUM COJICH, OCAXKICHUEM aMMHUAKOM M3 KUIISAIIEr0 BOJHOTO
pacTBOpa a30THOKHUCIIOTO IuHKa. Da30BbIl NEpEX0/l BIOPIUTA B CTPYKTYPY KAMEHHOU
conmu ocyuiectBisiercss mon gasieHuem okoimo 10 T[Tla w  compoBoxmaercs
yMeHblieHueM oonsema 110 17% [40]. beuto o6HapyxkeHo, 4To JaHHas (da3a sBISETCS
MeTacTaOWIbHOM B TE€UEHUE IJIUTEILHOIO BPEMEHH MPU aTMOCHEPHOM JABJICHUU U
temmneparype Boime 370 K.

Kpucramnel Zn0O modTu Bcerjaa n-THIA, YTO SBISICTCS MPUYMHOM OOIIMPHBIX
uccienoBaHuii. [ mosydeHHsT MpOBOAMMOCTH p-TUNA TpeOyeTcs ompeaeieHue
ONTUMAJIbHBIX JIETUPYIOIIUX 3JIEMEHTOB U crioco0a ux BBeAeHus B cocTaB Zn0 [41].

Oxcu nMHKa BeTpevaeTcs B Buze oaHo- (1D), nByx- (2D), umu tpexmephsbix (3D)
CTpykTyp. OIHOMEpHBIE CTPYKTYPhl COCTABJISIOT CaMyl0 OOJBIIYIO0 Tpymimy,
BKJIIOYAIOIIYI0 HAaHOCTEPKHU [42—44 ], uribl [45], criupanu, OpY>KUHBI U KoJiblia [46],
nenTol [47], TpyOku [48—-50], mosca [51] u mpoBosioku [52—-54] (pucynok 1.2). Okcun
IMHKAa MOXHO TOJYYUTh M B JIBYXMEpPHBIX CTPYKTypax, TakKuX Kak
HAHOTUTACTUHBI/HAHOPEIIETKN W HaHoTaOneTku [55, 56]. Ilpumepamu 3D cTpykTyp

OKCHJa IIMHKA SIBIISIOTCS IIBETOK, OAyBAaHUMK, CHEKUHKA U T. 1. [S7-60].



Pucynoxk 1.2. [Ipumepst cTpykTyp Zn0: MBETOK (a) crepxau (b); HpOBOJIOKI/I (c,d)
[43, 49, 58, 60].

Jns  uccnenoBaHMs  DJIEKTPOHHOM  30HHOM — CTPYKTYPhl  MCHOJIB3YIOTCS
HKCIIEPUMEHTAJIbHBIE METO/AbI: (DOTOMHAYIMPOBAHHOE PEHTTEHOBCKOE MOTJIOIICHUE
[61], penTreHoBckasgs M (POTOIMHUCCHOHHAS CIEKTpockomnus [62—-64], mudpaxius
MEJUICHHBIX JJICKTPOHOB [65] W (OTOANEKTpOHHAs CHeKTpockomusi [66, 67].
DKCIepUMEHTAIbHBIE METOJIbI YCTAaHOBUJIM, YTO BaJICHTHAsi 30Ha Zn(O B OCHOBHOM
obpazoBana 3d-ypoBHAMH Zn U 2p-ypoBHsMu O, a 30Ha MPOBOJAUMOCTHU S-yPOBHSIMH
Zn. DKCNEpUMEHTAIBHO OMPEACICHHOE 3HAUEHUE IIUPUHBI 3allpElIEHHON 30HbI ZNn0
CO CTPYKTYpPOM BIOpIIMTA JEKUT B MHTEpBaje oT 3.2 3B no 3.4 3B [68]. UTo kacaeTcs
JIMCTIEPCHBIX 00PA3IIOB OKCH/IA IIUHKA, TO B 3TOM Cllydae IIMpHUHA 3alPelIeHHON 30HbI
3aBUCUT OT PA3IMYHBIX (HAaKTOPOB, HAMIPUMEDP, OT TEMIIEPATypPbl OTKHUTa OOpPa3IoB
Zn0. [69].

[TapannenbHO € SKCOEPUMEHTAIBHBIMM METOJAMHU MCCJIEAOBAaHUSA 30HHOM
CTPYKTYpbl ZnO UCHONb30BATUCH TEOPETUYECKHE pacyeThl: MeToA (yHKIHOHAIa
['puna u «mepBeie npuHIUILY [70-74]. B xone uccienoBanuii ObLIO TOCTUTHYTO
XOpolIee Corjacue Ha KauyeCTBEHHOM YPOBHE MEXIYy TEOPETUYECKUMU U

OKCIICPUMCHTAJIbHBIMHA JaHHBIMH O PaClpOCTpaHCHHUU BaJICHTHOM 30HBI, OAHAKO
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KOJINYECTBEHHBIC OIICHKM [IUPUHBI  3alpEIIeHHOW 30HbI OBUTM  JOCTATOYHO
IPOTUBOPEYMBLI, KpPOME TOT0O, OCTaBajach IpoOjemMa  IPOTHO3UPOBAHHS
pacnionioxxerust 3d-opouraneit Zn. B pabore [70] aBropamm ObLIO TMOKa3aHO, YTO
BKJTIOYCHHUE B pacueThl 3d-opOuTaiieii Zn mo3BojsieT JOOUTHCS XOPOIIETO COTJIaCHsI C

9KCIICPUMCHTAJIbHBIMN JaHHBIMU.
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Pucynoxk 1.3. 30HHas CTpyKTypa U IJIOTHOCTH 3JIEKTPOHHBIX COCTOSTHUN Zn0
(Bropuurt) [70].

N3 pucynka 1.3 BHIHO, YTO MHHMMYM 30HBI NPOBOJWMOCTH U MAKCHUMYM
BAJICHTHOW 30HBI PACIOJararoTcss B Touke [' 30HBI bpuinirodHa, COOTBETCTBYIOLIEH
3HAUCHUIO KBazuummyibca k = 0, ykaseiBasg, uro Zn0O SBIASETCS NMPSAMO30HHBIM
HOJIyIPOBOJHUKOM. 3d-OpOUTaIN ZN NPUBOIAAT K MOSIBICHUIO JIBYX TPYIII MOJOC B
touke ' B oOnactu sHepruii 4 — 6 3B HUke MakcMMyMa BaJIEHTHOM 30HbBI, KOTOpHIE
OOBIYHO MOKA3bIBAIOT PACHICIUIEHUE U JTUCIIEPCUIO0 BOJIHOBOI'O BEKTOpA BHE TOUKH [.
KpaiiHe nuHTEHCHBHBIE MMKH, BHI3BAaHHBIE 3TUMU 0a30BBIMU Ipynmnamu Zn3d, XOpoiio
BUJIHBl Ha TIJIOTHOCTH D3JIEKTPOHHBIX cocTostHuiM (pucyHok 1.3). Kpome Toro, 3d-
opouTtanu Zn AeUcTBYIOT 00Jiee TOHKO Ha CTPYKTYPY 30H IMOCPEICTBOM OTTaJIKHUBAHUS
p u d-mojoc, BbI3BaHHBIX TMOpUAM3ALMEN COOTBETCTBYIOIIUX COCTOSHUN (PUCYHOK

1.3). Tlosmocsl B obnactu ot 03B no —4 3B — cootBerctBytoT 2p-opoutaisam O.
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[Tonocsl, coorBercTBytOUME 2s-opOuTaiisaM O, MOSBISIIOTCS NMpUMEpHO Ha 15.5 —
18.5 5B Hmxke makcumMyma BaJleHTHOW 30HBI. PaccumTaHHOe 3Ha4YeHHE ITUPUHBI
3alpeleHHo  30HBl  coctaBwio 3.373B, 4ro xopomo coriacyerca C

OKCIICPUMCHTAJIbHBIMU JaAHHBIMMU.

1.2 ledexTHas noBepxHocTh Zn0

Hecrexnomerpus okcuaa unnka Zn0;_, BbI3BaHAa 00pa30BaHUEM COOCTBEHHBIX
To4ueuHbIX JedekToB. WM30BITOK Zn 1O CPaBHEHHIO CO CTEXHOMETPUYECKHUM
cootHomeaneM [Zn]:[0] =1 woxker OBITh O0O0YyCIOBICH 00pa3oBaHUEM Kak
MEX0y3€JIbHbIX aTOMOB IIMHKA, TaK U BakaHCUM kuciopoga. Oba tuma aedeKkToB
SBJISIIOTCS] IOHOPHBIMU U, 10 MHEHUIO OOJIBIIIMHCTBA UCCIIE0BaTENEH, OTBEYAIOT 3a /-
THUII POBOJMMOCTU MaTepHaa.

B cTpykrype Bropuuta Zn0 BO3MOKHBI JIBa BUIa MEK/I0y3€IbHBIX aTOMOB ITUHKA
(Zn;) n xucnopona (0;): OJHA HAXOIATCS B TETPAIPUUECKOM OKPYIKEHHH, PYTHE —
B OKTadipu4yeckoM. [ToMUMO Mex10y3eIpHOTO aToMa IIMHKAa MOTYT 00pa30BbIBATHCS
u BakaHncuu kuciopoza (Vy).

OOpa3zoBaHHE MOHU30BAHHBIX NEPEKTOB V,; W Zn; NPHUBOIUT K YBEIUUCHHIO
KOHIIGHTpAIlMU DJICKTPOHOB B MaTepuane. Takum o0pa3oMm, JOMOITHHUTEIBbHYIO
uHpopmaro o Haauuuu JAePeKToB B CTpyKType Zn0 1aer WuCCIeAoBaHUE
KOHIIEHTpAIlMU HOCUTENEH 3apsana. Tak, Hanpumep, i aHaJIn3a OTKIOHEHHUS COCTaBa
OT CTEXHOMETPHUH HCIIOJB3yeTCs MeTo u3Mepenus s dekxra Xomna [75, 76], omgHako
OH HE TO3BOJISIET CHeNIaTh OJHO3HAYHBIA BBIBOJ O Tipuponae aedexton. s
OOBSICHEHUS CYIICCTBOBAHUS COCIMHEHHS C HECTEXHOMETPUUYECKHM COCTaBOM
Znq,,0 aBTOpHI pabOTHI [75] mpeanosiaraloT HaAM4Me U30bITKA IIMHKA B CTPYKTYpe
OKCHJa IIMHKA, B TO BpeMs Kak aBTOpbl pabot [34, 76] mpenmonarairoT Haaudue
BAaKaHCUN KHUCJIOpPOJa, a HECTeXHoMeTpuuyeckyto (asy o0o3HauaoT kKak Zn0;_,.
OTKJIOHEHHE COCTaBa OT CTEXMOMETPUYECKOT0 HanboJiee XapaKTepHO IS TUICHOK U

HAaHOCTPYKTYDP, IOJYUYCHHBIX B HCPABHOBCCHLIX YCJIOBHIX.
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Hcnonb3oBaHuE TOYEUHBIX OOBEMHBIX M MOBEPXHOCTHBIX J1€(DEKTOB SIBIIAETCS
OCHOBOM Pa3pabOTaHHOTO HaMU METOJa «CaMOCEHCHOMIIN3AlUN» OKCUa HuHKa [34,
77, 78]. Takue nedexTsl MOTYT OBITH cO3/1aHbl BoccTaHOBIeHUEM Zn0 1o Zn0;_,
nyTeM HarpeBa B BakyyMe JIO TEMIIEpaTypbl pa3jlOXKEHUsS OKCHAA WU
(OTOBOCCTAHOBIICHHEM MTOBEPXHOCTH c oOpa3zoBaHuEM Zn0 o6mem)/
Zn0q _x (nosepxuocts)- B TIEPBOM cityuae HEHTPHI F- 1 V-Tuna odpasyrores B o0beme, a
BO BTOPOM cityyae JAePeKThl 00pa3yloTcs TOJIbKO Ha MOBEPXHOCTH.

Jlnst  uccnenoBaHWs TPUPOALI  Ne(EKTOB B OKCHAC IIMHKA TMPUMEHSIOT
HU3KOTEMIEpaTypHyto  (oromomunecuennuo. s HemonmupoBanHoro ZnO
XapakTepHa 3eyeHas JuHus B crnekrpe momuHectiennuu (E = 2.5 3B). Haubonee
YacTO €ro OTHOCAT K JOHOPHBIM JedeKTaM, Hampumep, 3apsSKEHHBIM BaKaHCHUSIM
KHUCIIOPOJIa, K aKIIENTOPHBIM JieexTam Vy,,, KOMIUIEKCHBIM Jle(heKTaM, BKIIOUAIOIIUM
B ce0s1 Zn;, Oz, Vo [1].

Jpyrum sKCIEpUMEHTAIbHBIM METOJIOM HCCIeA0BaHUS JNe(EKTOB B CTPYKTYpE
ZnO sBuseTCs ANEKTPOHHBIN NapaMarHUTHBIA pe3oHaHc [79-81]. B mpuBeneHHBIX
paboTax curHaiel ¢ g~1.96 OTHOCAT K COOCTBEHHBIM JAeeKTaM: MOHW30BAHHBIM
BaKaHCHsIM Kuciopona Vj; MexXI0y3eIbHOMY IUHKY ZN; ; KOMIUIEKcaM Je(eKkToB —
MEKI0Y3eJIbHOMY [MHKY Zn; W BakKaHCUsM Kuciopona V,; MOBEpXHOCTHBIM

BaKaHCUAM KUCIOPONA Vi syrf); CBOOOIHBIM DJIEKTPOHAM €™ ; JIOKaTM30BAHHBIM

AJIIEKTPOHAM  OKOJIO  Je(EKTOB H30BITOYHOTO IMHKA B CTpykType Zn0;
MEXJI0y3€JbHBIM HMOHAM KHCJIOpoaa; AedeKTaM KHUCIOpOJa; IMOBEPXHOCTHBIM U
O00OBEMHBIM JIOHOPAaM; CBSI3aHHBIM Ha JOHOPHBIX IEHTpax 3ieKTpoHaMm. CIOXHOCTb
OJIHO3HA4YHOU uHTepnpeTanuu curnana D[P cBsa3aHa ¢ TeM, UTO pacyeTHOE 3HAUCHUE
JUUISL DJIEKTPOHA CBSI3aHHOT'O C BaKaHCUEW KHUCJIOpoja cocrasisier nopsaka 2.01 [82,
83]. Ucxons u3 3TOro, HEKOTOPHIE aBTOPHI OOBICHSIOT CUTHAN ¢ g~1.96 Hanmnuuem
npuMeceil B 00pasiie uiu CABUIOM CUTHaja OT BAKAaHCUHN KUCJIOPO/a 3a CUET BIMSIHUS
npuMeceii. Haubonee pacnpocTpaHeHHONW WHTepHOpeTanueid curHaia ¢ g~1.96
SABJSCTCS  OTHECEHHME HMEHHO €ro K KHUCJIOPOJHBIM  BakaHcusiM  [82].

OKCIIEpUMEHTAIBHO aBTOpPHI [84] MOATBEPKAAIOT 3TO TEM, YTO IPU OTKUIE B
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atMocepe a30Ta MHTCHCUBHOCTh CHUTHAaja YBEIMYMBACTCS, a IpPU OTXKUTE B
KHCJIOPOACOIepIKalliel aTMoc(epe — yMEeHbIIaeTcs.

[TockonmpKy 9SKCHEpUMEHTAIbHBIE METOJbl HE TO3BOJIAIOT  OJHO3HAYHO
OIIPENeNIUTh MPUPOAY Ne(EeKTOB B OKCUIE IMHKA, JIJS UCCIeAOBaHUS Ae(PEeKTOB
IMPOKO TPHUMEHSIOTCS pacueTHble METOAbl. ABTOpPHI paloThl [85] paccuurtamu
PHEPTrUuu 00pazoBaHMsI COOCTBEHHBIX TOYEUHBIX NedekToB Zn(O ¢ UCHOIb30BaHUEM
NICEBAOINOTEHIINANA TUIOCKON BOJHBI. KoHIleHTpaus 1eeKToB B KpUCTAIIIE 3aBUCHUT

OT cBOOOIHOM sHepruu ['nb0ca oOpasoBanus nedexra AGy:

¢ = Nyjtes€Xxp (— ii;)a (1.1)
B
rae Ngjtes — KOHIEHTpAIMS YYAaCTKOB B KPUCTaJUIE, TJI€ MOXKET 00pa3oBaThCsl ATOT
nedexr, kp — xoHctanTta bonbimana, T — Ttemmeparypa. CB0OOOJHAs SHEPTHS
oOpazoBaHus ieeKTa OnpeaesieTcs Kak:

AGs = AEf — TASy + PAVg, (1.2)
rae AEf — HW3MEHEHHue OoOlIel >Hepruu, ASf — WU3MEHEHUE DHTPOINH, AVf —
u3MeHeHue oObema mpu oOpazoBanum aedekta. [lockonbky u3MeHeHHe oObema
JIOCTAaTOYHO MaJIo, a W3MEHEHHE DJHTPOMHUHU IS Pa3HbIX JACPEKTOB MPUMEPHO
OJIMHAKOBO, OCHOBHOM BKJaa B 3HaueHWe AGy BHOCUT o0Omias sHeprus. Huskas
SHEPrus 00pa30BaHUs MPUBOJUT K BHICOKON pPaBHOBECHOU KOHIIEHTpaIuu JAedeKTOB
JIAHHOTO THMA, IE(EKTHI ¢ BHICOKMM 3Ha4eHUEM AGy NPAKTUYECKH HE 0OPasyroTCs.
DHeprusi 00pa3oBaHus TOYEUHOTO JAedeKTa ¢ 3apsa/IoM g ONPeIeTIeTCs Kak:

Ef(q) = E**(q) — nznlzn — Nolo — 9EF, (1.3)
rae Et°t(q) — obuias sHEprus CUCTEMBI, COCTOSIIEH U3 Ny, U Ny aTOMOB LMHKA
KUCIIOpOAa, Uz, WU o — XUMHUYECKHME TOTEHUMAJbl IMHKA M KHUCJIOPOJa,
COOTBETCTBEHHO, Er — sHeprust ®epmu. Pe3ynbratsl pacuera sHEPTUH 00pa30BaHUS

nedexToB B Zn0 npencraBieHbl Ha pucyHke 1.4 [85].
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Pucynok 1.4. Paccuurannbie 3Hepruu 00pa3oBaHusi OCHOBHBIX COOCTBEHHBIX
TO4eUYHbIX Je(eKToB B Zn0 (1pu U30bITKE ZN) B 3aBUCUMOCTH OT MOJIOKEHUS
ypoBHs ®epmu. [Tokazanbl ToIbKO JeEKTh ¢ HAUMEHbIIEH YHEpTUel 00pa3o0BaHMUs.
HyneBoe 3nauenue ypoBHs depmMu COOTBETCTBYET BEpXHEMY Kpato BaJICHTHOW 30HBI.
«Octy — oktazapuveckoe Mexaoysnue [1].

CpaBHeHue »dHeprud 0Opa3oBaHHsI COOCTBEHHBIX TOUYEUYHBIX JC(PEKTOB
MOKa3bIBaeT, 4To BakaHcuu kuciopona (V,) umeror Oojiee HUBKYIO JHEPTUI0
oOpa3oBaHuUsI, YeM MEXI0y3eTbHbIC aTOMBI IIMHKA (ZN;), U, CJIEA0BATEIbHO, JOJKHBI
OBITH OOJIee pacIpPOCTPAHEHBI B YCIOBUSAX M30bITKA MHKA. OJHAKO aHAIHU3 SHEPTUU
noHuzaiuu nedexros [86] (Tabiumia 1) CBUAETEILCTBYET O TOM, UTO HauOOJEe JETKO
JOJDKHA TIPOTEKATh MOHU3AINS MEXI0Y3eIbHOTO IIMHKA TI0 CPABHEHUIO C BaKaHCHEH
KHUCTIOPOJIa, W ATOT MPOIIECC B OCHOBHOM [OJDKEH BHOCUTH BKJIaJ B TIOBBIIIICHHE
KOHIIEHTPAIUH 3JIEKTPOHOB.

Ta6auna 1. DHeprun noHu3anuu AePeKTOB MPU KOMHATHOM TeMriepaTtype [86].

Toueunslii ned ekt DHeprust HOHU3auy, 3B

YA 0.05

2

n;” 0.20

L
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7 0.32
7% 2.0
Van 1.0
74 2.8

CornocrapiieHue KOHIIEHTpalui n1edekToB V) 1 Zn; ¢ KOHIICHTpaIue HOCUTEIeH
3apsiia B OKCHJE IIMHKA MPUBOJIUT K MPOTHUBOpEUHIo. B HEZOMMpOBaHHOM OKCHJIE
LIMHKA KOHIIEHTpalus d5ekTtpoHoB cocTasiaser 1017cm™3 [1]. U3 pacuetos [86]
CJIEIyeT, YTO 00pa30BaHUE COOCTBEHHBIX AEPEKTOB HE MOKET NPHUBOJUTH K TaKOU
OOJIBIIION KOHIEHTPAIUM TMOBEPXHOCTHBIX. MeXI0y3eIbHbIE aTOMbl IIUHKA UMEIOT
CPaBHUTEJIBHO BBICOKYIO SHEPIHIO 00pa3oBaHusi. UTO KacaeTcsi BAKAHCHM KUCIOPO/a,
TO OHHM CKOpEE SIBJISIOTCS OOBEMHBIMU JIeEKTaMu, YeM TOBEPXHOCTHBIMHU [87].

[[Inpoko pacupoCTpaHEH BapUaHT, COTJIACHO KOTOPOMY A-THUI IMPOBOJAMMOCTH
ZnO cBs3aH C BOJOPOJOM, KOTOPBIN BBICTYIIAET B KAYECTBE MOBEPXHOCTHOTO JlepeKTa
c sHepruent nonmzanuu 30 maB [1, 85, 88]. D10 mpeanonoxeHue 00yCIOBICHO TEM,
YTO BOJOPOJ BCErJga NPUCYTCTBYET IPU CHUHTE3€ OKCHAA ILMHKA Pa3JIMYHbIMU
METOJlaMU M MOXKET JIeTKO TudPyHAUPOBATH B KPUCTAIUT OKCUJA IIMHKA Oyarogaps
CBOEU BBICOKOM MOJBMYKHOCTH. PacueTsl MOKa3pIBAOT, UTO BCTPOCHHBIN B CTPYKTYPY
Zn0 BOAOPOJ BHOCUT CYIIIECTBEHHBIN BKJIaJ B KOHLICHTPAIUIO 3JIEKTPOHOB [89].

B pa6orax [90-93] npoBoaunuck TeopeTuyeckue uccueaopanus negexron Zn0.
JlaHHBIE O TEOPETUYECKU PACCUUTAHHBIX YPOBHAX SHEPTHH PA3IUUHbBIX JeheKkToB Zn0

coOpansl B padote [94] u npencraBieHsl Ha pucyHke 1.5.
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Pucynoxk 1.5. Paccuurannbie ypoBHU SHEPTUU Pa3INUHbIX JehekToB B ZnO
[94]. Vzn, Vi, V27 0603HAYAIOT HEHTPANBHYIO, OJHO3APAIHYIO U JIBYX3aPSIHYIO
BAKAHCHHU I[ITUHKA COOTBETCTBEHHO; Z n? uzZ nf — HEUTpaJbHbIC OKTA3PUUYECKOE U
TeTpadApUYecKOe UHKOBBIE MEKI0Y3us; Zn! u Zn?+ — onHozapsaanoe u
IIByX3apsIHOE IUHKOBbIE MeKI0y3us; V3 u V) — HelfTpanbHble KHCIOPOIHbIE
BaKaHCHU; VOJr u VO2 g— OJHO3apsIHAsA U ABYX3apsaHas KUCIOPOAHAs BakaHcuu; H; v
O; — BOAOPOAHOE U KUCIOPOJIHOE MEk10y31ue; 05, — aHTUCTPYKTYPHBII

KUCIOpO; Vi Zn; — KOMIUIEKC KUCIOPOIHAS BAKAHCUS U MEXKI0Y3EIbHBIN IIUHK.

B pa3HbIX HCClIeIOBaHUAX NPU pacyeTax MOIy4YalIuCh Pa3HblE YPOBHHU 3HEPIUU
JUTSL OAHOTO Y TOTO )K€ TUIa Ae(eKTa U, CJIe0BATEIbHO, OAHO3HAUYHASI UHTEPIPETALIMS
He moiydeHa. B pabore [95] Obuto mpemsiokeHO, YTO B pacdeTrax HEOOXOIUMO
YUUTHIBaTh  B3aUMOJEWUCTBHE  MEXKAYy OTHEIbHBIMH  JAedexTamu,  BKIIOYas
B3aMMOJICHCTBUE JIOHOP-IIOHOP, @ HE TOJBKO JOHOp-akuentop. B kwuciopon-
nepuutHoM Zn0 HaOIoAaeTcs B3aUMOICHCTBIE MKy KHCIOPOAHOM BakaHCUEH U
MEXIO0Y3JIUAMHU [IUHKA, YTO CHMXKAET MX SHEPTUI0 00pa30BaHMS U MOKET IMPUBECTH K

UX COBMECTHOMY CYIIIECTBOBAHUIO B I€PEKTHBIX KoMILIeKcax [95]. OueHb HeOoJIbIIOoEe
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KOJIMYECTBO palbOT TOCBALIEHO M3YYEHHUIO JIe(PEKTHBIX KOMIUIEKCOB, a He
OJTHOTOYCYHBIX Te(PeKTOB [96], 1 10 CUX MTOP PACCMOTPEHBI JATIEKO HE BCE BOBMOYKHBIC
ne(heKTHBIC KOMILIECKCHI.

Takum 06pa3om, B HACTOSIIEE BPeMsl HET €AMHOTO MPEJICTABICHUS O TOM, KaKHe
UMEHHO Je(hEeKThl ONMPENCIISIOT #-TUTl MPOBOJANMOCTH OKCHIA ITMHKA. DJICKTPOHHBIHN
TUI TPOBOAUMOCTH ZnO MOXeT ObITh OOYCJIOBIIEH KaK HaJU4YHeM COOCTBEHHBIX
neekToB W 00pa30BaHHEM HECTEXHOMETPHUYHOTO OKcuaa Zn;,,0, Tak #
NPUCYTCTBUEM  HEKOHTPOJIMPYEMBIX TpuUMeceid  (Hampumep, BOJOPOJ WM
YIJIEPOAOCOIEPKAIIUE COCAUHEHUSA), BCTPAUBAIOIIUXCS B CTPYKTYpy B IMpouecce

pocra.

1.3 Meroapl cencnOmauzanuu Zn0 Kk BUAMMOM 00/1aCTH U3JIyYCHUS

Tak Kak mMpHHA 3ampelieHHON 30HBI Okcunaa muHka ~3.1 — 3.3 3B [97], To
W3Iy4eHne, akTUuBHOE 1ist hororedeparuu napel e~ /ht B Zn0, nexur B YO obnactu
A <375 — 400 HM, HA KOTOPYIO B COJHEYHOM CIIEKTpe MpuUxoauTcs He Oomee 5%
sHepruu. [losTomy nenas o6nacts B uccnenoBanusax Zn0 cBsizaHa ¢ CEHCUOMIM3aIei
€ro K BUIUMOMY CBETY, UYTO TO3BOJHJIO OBl YBETUYUTh 3(H(HEKTUBHOCTH €ro
UCIIOJB30BaHUs B KadecTBe (POTOAKTUBHOrO wmartepuana B pasbl [1, 9]. [us
pacIIMpeHust aKTUBHOUW 00JIacTH B BUAUMYIO 4acTh criekTpa Zn0 CeHCUOUTU3UPYIOT
OpraHMYecKuMH Marepuaiamu [98] kpacuTenssMM WM JONUPOBAHHEM HOHAMH
MeTajuioB U HeMetaiwioB [1, 810, 99], co3zmaror komno3utsl Zn0 ¢ y3KO30HHBIMU
nosrynipoBoguaukami [1, 11, 12], miasmonsbie (HoTOKATATN3aTOPHI C HAHECEHHBIMH Ha
Zn0 HaHOCTpYKTypupoBaHHbIMU Au, Ag, Cu. [13, 14]. locturnyra 3¢(heKTUBHOCTh
doTornekTpuUecKX  mpeoOpa3oBaTeNeil  COJHEYHOM  JHEPrMM Ha  OCHOBE

ceHcuOunm3upoBanHoro Zn0 He menee 12% [15].
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1.3.1 JlonnpoBaHue HeMeETALJIAMU

Ocgemenue mieHok Zn0 /Si sugumbeiM cBetoM (A > 500 HM) [12] npuBoauT K
bOTOMHTYITUPOBAaHHON JaecopOiuu BoasHOoro mapa u (CO, B Ta3oByio (asy B
pesynbrare  (GOTOKATATUTUYCCKOW  JEeTrpajallid  OPraHWYECKUX  3arpsA3HEHUH,
OPUCYTCTBYIOIIMX HAa MOBepxHOCTH oOpasuoB ZnO0/Si. IlpeacraBieHHbie
CBUJIETEILCTBA BO3MOKHOCTHU CIIEKTPAJbHOM CEHCHOWIM3AlMM OKCHAA IMHKA C
MIOMOIIIBIO Si IMOKa3bIBAIOT MEPCIIEKTUBEI UCTIONb30BaHus MeToga ALD (atomic layer
decomposition) 11 HW3rOTOBJICHUS KOMITO3UIIMOHHBIX MAaTEpUaIOB Ha OCHOBE
KPEMHHUS, coyeTaromux (OTOBOJbTAUYECKUE CBOMCTBA U (POTOKATAIUTUYECKYIO

AKTUBHOCTH, MHAYIUPOBAHHYIO BUJIUMBIM CBCTOM.

st nonupoBanust ZnO a30TOM IPUMEHSIOT Pa3HOOOpa3HbIE METO/IbI, HAIIPUMEDP
nupodus [100, 101], unu mna3zmMeHHyo TepMooopadoTKy [102] — takum obpazom Zn0
CTAHOBUTCSI TOJYNPOBOAHUKOM p-Tuna. CorjmacHo pa6oram [100, 101], N-
JIETUPOBAHUE T€HEPUPYET HOBYIO MOJIOCY MOTJIOUICHMSI, OJM3KYI0 K BaJC€HTHOM 30HE
Zn0, ¢ KOTOPOU DJIEKTPOHBI U3 BaJEHTHOM 30HBI Zn0 COBEPIIAIOT IBYXCTYIIEHYATHIN
Nepexo/ B 30Hy IPOBOAMMOCTH C UCIIOJIb30BAHUEM BUAMMOIO CBETA, KAK IIOKA3aHO HA

pucyHke 1.6.
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Pucynoxk 1.6. [lornomenune BuauMoro usinyyenne Zn0 n0nMpOBaHHOTO a30TOM.

[100, 101]

1.3.2 /lonupoBaHue MeTaLJIaMu

Zn0O ponupyetrcss OOJBIIMM KOJWYECTBOM Pa3HOOOPA3HBIX MNEPEXOAHBIX
MeTaiioB, Takumu kak Cu [103], Cd [104], Co [105-110], Mn [104, 109, 112, 113],
Fe [104] u Ni [109].

Kaxnpiii 1OMaHT OKa3bIBAET YHUKAJIBHOE BJIMSIHHE HA ONTHYECKUE CBOMCTBA U
dboToKaTAMUTUUECKYI0 aKTUBHOCTh Zn(O. Korma HOHBI BBIIETIEPEYUCICHHBIX
NEePEXOAHBIX  METAUIOB  3aMEHSIOT  MOHBl  Zn?T  ma  TeTpadapudecku
KoopAauHupoBaHHbIH O B pemietke Zn0, MUpUHA 3alpPEHICHHON 30HBI CY)KAETCS
MOCPEICTBOM OOMEHHBIX B3aUMOACHCTBUM Sp-d opOUTaIeil Mex Ay dJIEKTPOHAMH 30HbI

MIPOBOJUMOCTH ¥ d-2JIEKTPOHOB TiepexoaHbIX MeTauioB [105-109, 111].

B OonbmmHCTBE cinydaeB aonupoBaHue Mn BBOIUT A€HEKTHBIE COCTOSHUS
BOJIM3M 30HBI MPOBOJAMMOCTH, OJHAKO, MPH ATOM IIUPUHA 3aMPEIICHHOW 30HbI

YMCHbBIIACTCA 3a CUCT MOABJICHNUA XBOCTOBBIX COCTOHHHﬁ, OJM3KHUX K BaJICHTHOM 30HE
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ZnO [112]. Beicokuii ypoBEeHb JIETUPOBaHUSA MnN TakKe MOXKET YBEIUYUTH IIUPUHY

3anpernieHHo# 30861 Zn0 [104] Ni [109] u3-3a adpdexra bypmreitna-Mocca [113].

B Bumumoii obnactu cmnekrtpa mnoriomenue Zn0O, B ciyyae jerupoBanus Co
cootBeTcTBYeT d-d mepexojam, 0OyCIOBIEHHBIM PACIICIIIEHUEM KPUCTANIMYECKOTO
noJist 3d-yposueii Co B pemetke Zn0. [1osSBASIOTCS TpU pa3IAYHBIX MTAKA MTOTIIOICHUS
npu 564, 610 u 652 um [105-109]. C yBenmnuennem koHueHtpauuu Co B ZnO,
YBEJIIUYUIIOCh  TIOTJIONIEHUWE BUJIMUMOTO CBETa M  KOHILEHTpalMs BaKaHCUU
MOBEPXHOCTHOTO Kuciopoaa [114]. ZnO, nonupoBaHHbli CO, TOKa3al JIy4IIyIO
aKTUBHOCTH B BUJIMMOU 00JIACTH CIIEKTpa U3NydeHus:, yeM Zn0 nonupoBaHHBIN Mn u
Ni, Omnarogapsi CpaBHUTEIBHO JIy4dlled KPUCTAIUIMYHOCTH H Oojee y3KOH

3anpelnieHHou 30ue [109].

1.3.3 KomMno3uTsl moaynpoBoagHuK/Zn0

B paGote [115] coobmiaetrcsi o BbicOKoM (poToakTuBHOCTH HaHouactul] Cu,0,
MOAU(PUITMPOBAHHBIX HAHOMPOBOJIOKaMH Zn0, npu 00JIy4eHUH B BUIUMOM 00JIacTH
cnektpa. Moaudukanus HaHOYACTHIL] OCYIIECTBIISIACh MyTeM (DOTOBOCCTAHOBIICHUS
U TIOCJIEIYIOLIEr0 BAaKyyMHOTO TEPMUUECKOI0 OTKUTa 00pasia.

Lam u gp. HaHocunu okcuasl Wo, Cu, Ni Ha HaHocTep:kHU ZnO METoa0M
rugporepMuueckoro ocaxaeHusi [116]. boimo oOHapykeHo, Onaronaps HaHECEHUIO
W O3 u CuO cyxaetcs LIMpUHA 3aNpelIeHHOM 30HbI Zn0, kKak nokazanu Y @-Buiumbie
criekTpbl auddy3Horo orpaxenus. Bece o0pasubl Zn0 ¢ HAHECEHHBIMU TUMH TPEMsI
OKCUJAMU TIEPEXOJHBIX METAJIOB TMOKAa3aIl OTIWYHYI (DOTOKATATUTUIECKYIO
aKTUBHOCTh B OTHOIICHWH Jerpaganuu (eHona moa aerctBueM Y D-BHAMMOTO
oOnydyeHusi. YcujeHue (POTOKaTATUTUUECKOW AaKTUBHOCTM B OCHOBHOM  OBLIO
00yCJIOBIEHO MEXIIOAYIPOBOAHUKOBEIM pacmpenenenneM e~ u h't 3a cuer
rerepornepexoaa Zn0 /W 05. @orokatanutndeckas aktuBHOCTH Zn0 /W 05 oka3anach

BBIIIIE, YeM y ynucToro Zn0 u kommepueckoro ¢orokaranuzaropa Ti0,.
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Liu u ap. momyuunu reTepocTpyktypy p — NiO/n —Zn0O B pe3ynbTaTe
JIBYX3TAITHOTO MTPOLECCa, COCTOSIIETO U3 HAYaIbHOTO ZNn0 ¢ TPEXMEPHOUN CTPYKTYPO
THUIIA LIBETOK, MTOJYYEHHOT'O0 METOJIOM XUMHUUYECKOTO OCAXACHUS U JUCTIEPTUPOBAHUEM
gactull NiO nipu nomontu kapOamuaa [117]. Mccnenopanue (orokaTamuTHYeCKOn
aKTUBHOCTU TIOKa3ajo, 4To TerepocTpykrypa p — NiO/n — Zn0O obGnamaer Gonee
BBICOKOHM (DOTOKATAIUTHUECKON aKTUBHOCTBIO, yeM uucthie NiO, ZnO B ciyyae
Jerpajgaliii KpacuTemsl «METUIICH OPAHXKEBBI» MO ACHCTBUEM YIbTPa(PHOIETOBOTO
U3ITy4YeHUs] W3-3a TOBBIIICHHOW »((EKTUBHOCTH (POTOreHepalud 3JIEKTPOHHO-
JBIPOYHBIX Map MpHU reTeporepexoqax p — n. B 1ie1om onrcanHas cTpaTerus CUHTE3a
OTKpPBHIBAET OOILIMPHBIE TMEPCIEKTUBBI ISl  Pa3paOOTKM  COCTaBHBIX P — N
HAHOCTPYKTYP MJIsi Pa3TUYHBIX BUJIOB MPWIOKEHUN: OT U30MPATEIbHBIX CEHCOPHBIX

YCTPOMCTB 10 POTOKATATIU3ZATOPOB C BHICOKOH MPOU3BOAUTEIBLHOCTBIO.

Borgohain u ap. cuHTe3upoBadu OJHOMEPHYIO rerepoctpykrypy CoFe,0, —
Zn0 W3 TONUATUJIICHIIIUKONS COHOXMMHYeckuM nyteM [118]. Meromamu
ANEKTPOHHON MuKpockonuu, UK-cnekTpockonuu U KOMOWHAIMOHHOTO PacCesHUs
OBLJIO OOHAPY’KEHO, YTO OJTHOMEPHBIC HAHOCTPYKTYphl cpeaneit miuuHbl 700 HM u
nuameTpoM 70 HM 00pa3yroTcsi B pe3yibTaTe reTeporeHHoi Hykieanuu Zn0 3a cuer
MOTJIONIEHU TOJIMATUIICHIJIMKONA Ha TMOBEpPXHOCTH HaHodacTHlbl CoFe,0,.
Hab6mrogaemoe ycuiienne ¢GOTOKATAIUTUYECKOW AaKTUBHOCTH 00pas3lia CBSI3aHO C
oOpa3zoBaHueM rerepornepexojia Ha rpanuie pasaena CoFe,0, u Zn0. OnHoMepHas
HaHocTpyktypa CoFe,0, —Zn0 mokazalia OTIMYHYI0 (HOTOKATAUIUTUYECKYIO
aKTUBHOCTbH B OTHOIIIEHWH BOCCTaHOBJICHUS (peHoipTanernHa npu yabTpaduosieToBoM
o0myueHnrd. MHOTOUYNCIICHHBIE MCCIIEIOBAHUS TTOKA3aJv, YTO CBOMCTBA 3TUX BHJIOB
KOMIIO3UTOB CHJIBHO 3aBUCAT OT pa3Mepa YacTHIlbl METasuia, AUCIEPCUU U COCTaBa.
Korma pasmep wwactun wmeramna MeHee 2.0 HM, KOMIIO3UTBI  IPOSIBIISIIOT
UCKJIIOYUTEIBbHOE KATAIMTUYECKOE MOBEACHUE. BhIJIO BBICKA3aHO MPEIOJI0KEHUE,
YTO CJIMIIKOM BBICOKAs KOHIEHTpAlMs METAUIMYECKUX YacTUIl YMEHbBIIIAeT

IIOTJIOIIICHUC (1)OTOHOB OKCHOOM IMHKA U ITO3BOJIACT MCTAJVIMYCCKUM YaCTHLaM CTaTb
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QJICKTPOHHO-ABIPOYHBIMU LCHTPaMU peKOM6I/IHaHI/II/I, 4TO IIPHUBOAUT K CHHUIKCHHIO

s HEeKTUBHOCTH.

Hakamada u n1p. Hanocunu Zn0 Ha Hanonopucteiii Au [119]. ZnO pacnbuieHHBII
Ha HAHOTIOPUCTOM Au, MPOSIBIISUT (POTOKATATUTHUECKYIO aKTUBHOCTD MPH ACTpagaiiu
BOJHOTO PAacTBOPA METHUJIOBOTO OPAH)XEBOTO MPHU BO30YKICHUU B BUIUMOM 00IacTH
u3ydeHus. B pacuerax W3 TepBBIX NPHUHIMUIOB (ab 1initio) OBLIO BBICKa3aHO
MIPEAIOJI0KEHNE O TOM, YTO YIDIOTHECHHE TIOBEPXHOCTHBIX PEIIETOK B HAHOTIOPUCTOM
Au JIOCTaTOYHO CY3WJIO 3ampelieHHyI0 30HY Zn(0, 4To o0ecnedyusio MOIJIOLIEHUE
BUJIMMOTO M3y4yeHUs. VI3MeHEeHHe TMOCTOSHHOM pEIIeTKH Ha IOBEPXHOCTU
HAHOMIOPUCTOTO AU WHIYIHMPOBAIO BCTPOCHHOE OJJIEKTPUUYECKOE TI0JIE€ BHYTpPHU
HaHeCEeHHOTO cinosi Zn(0. DTo mpuBeno K (orokaraauzy B BUIUMON 00JIacTH U
YBEIMYCHHUIO BPEMEHH JKU3HHU (DOTOTCHEPHUPOBAHHBIX JBIPOK U AJICKTPOHOB. DTH JIBA
dakTopa mpuBend K 00pa30OBaHHMIO MPOYHBIX CBsze Au/Zn0, OCyIIECTBISIIONTUX
dboToKaTaNM3 B BUAUMOM 00J1aCTU, TOCKOJIbKY MOBEPXHOCTh Au/Zn0 ouyeHb BenUKa

13-32 COOCTBEHHOM OOJIBIION IUIOIIAIN IOBEPXHOCTH HAHONIOPUCTOrO AU.

Chiu u np. wuccrnenoBanu BiIMsSHUE HaHouYacTUll Pt Ha (OTOKATAIUTUYECKYIO
aKTUBHOCTh  HAHOKOMIIO3UTOB  Pt/Ga-nerupoBanusiec ZnO  [120]. U3-3a
KOHKypHpYyIOm#uX  3G(EKTOB  MOTJIONICHUS/TPOITyCKaHusg  HaHodacTull  Pt,
3JIEKTPOHHO-/IBIPOYHOTO pa3/eIeHNs/pEKOMONHALINN U JIOKAJIBHOIO IIOBEPXHOCTHOTO
MJIa3MOHHOTO PE30HAHCA HEOOXOAMMO OBUIO OMpPEAENIUTh TOYHYIO KOHLIEHTPAIUIO
COJIEpKaHUsl HAHOYACTULl Pt, MPOSBISIONIYI0O MAaKCUMaIbHYIO (DOTOKATATUTHUECKYIO
aKTUBHOCTh OJHOMEpPHON CTpyKTypsl Pt/Ga nermpoBanHbix ZnO-rHOPUAHBIX
HaHOKOMIIO3UTOB.  Pt/Ga-nerupoBanHble  ZnO-rubpugHble  HAHOKOMITO3UTHI
NoKa3ajal 3HAYUTENIBHOE YBEJIMUYEHUE (POTOKATAIMTUUYECKOW AaKTUBHOCTH NpU
yIbTpaguoNIeTOBON 3acBeTke 254 HM mpumepHO B 2.7 pasza, 4TO BBIIIE, YeM
JEMOHCTPUPYIOT YHMCThIE HaHo4YacTulbl Zn0, nerupoBaHHele Ga. Pt HaHOYAaCTHLIBI
CO3Jal0T MHOTOUYMCIIEHHBIE JOMOJHUTENbHBIEC IIEHTPHI PoToaacopoimu. Kpome toro,
HAaHOYAaCTHULIbI Pt JeHCTBYIOT KakK IUIa3MOHHBIE LIEHTPBI, KOTOPBIE NEPEHOCAT

JOITIOJIHUTCIBHBIC (bOTOB036Y)KI[CHHBI€ «TOPAYHUCH OJICKTPOHEI, a TAaKXKC
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AJIEKTPOMAarHUTHYIO 3HEPIUI0 B HaHoyacTHlbl ZnO, nerupoBaHHble Ga, oOpasys
Oonbiie (OTOreHEPUPOBAHHBIX JIIEKTPOHOB U JBIPOK i Karanmu3a. OmHako
HaHOYacTulbl Pt yMEHBIIAIOT NMPOIyCKaHue cBeta K Zn0, merupoBaHHoro Ga, tem

CaMbIM YMCHbIIIAA @OTOK&T&HI/ITI/I‘{CCKYI-O AKTHUBHOCTD.

Senthilraja u ap. uccnenoBamm dortokaranuzarop Sr — Au — ZnO [121]. beuio
oOHapyxeHo, uto ST — Au — Zn0 6Gonee 3¢ dextuBeH, yeM Sr — Zn0, Au — ZnO,
gucteiii Zn0, xommepueckuit Zn0, TiO, — P25 u TiO, (Aldrich) mon nmeiictBuem
Y®-puaumoro cBera. Takke, Huang u np. umsroroBunu core/shell crpykrypy

dbortokaranuzaropa Zn/Zn0 [122, 123].

Mo>XHO co3/1aBaTh COEAMHEHHBIE KOJUIOMAHBIE CTPYKTYpPbI, HapuMmep, rpapeH
[124], mpu KOTOPBIX 00JIy4eHHE OJTHOTO TTOTYIPOBOJHUKA BBI3BIBAET OTKIIMK B APYTOM
NOJIyIPOBOJHUKE  HA  rpaHule pasaena Mexay Humu.  CoeauHEHHbIe
MOJIyIPOBOJHUKOBBIE  (POTOKATAIM3aTOPbl  MPOSIBISIOT ~ OYE€Hb  BBICOKYIO
(OTOKATATUTUYECKYI0 AKTUBHOCTh KaK JJIsi Ta30BbIX, TaK M JUIS JKUIKO(A3HBIX
peakuuii, 3a CUeT pa3lelieHusl 3apsA/la U YBEIUYEHHUS CHEKTPaJIbHOrO AHarna3oHa.
["'eomeTpus yacTull, TEKCTypa MOBEPXHOCTU U pa3Mep YaCTULl UTPAIOT BaXKHYIO POJIb B
nepeHoce. s a3gpdekTuBHOrO pasaesieHus 3apsijia BaXXHO 00€CeunTh HaJJIexallee
pasMelieHne  OTICNBbHBIX  MOJYNPOBOJHUKOB M ONTHUMAIbHYIO  TOJIIUHY
MOKPBIBAIOILLETO MOJYIPOBOJHMKA. HaHOKOMIO3UTHI YBEIMUMBAIOT ONTHYECKOE
NOTJIOIIEHHE M aJCOPOIMOHHYIO CHOCOOHOCTb, CBA3aHHYI0 C 3(QQPEKTHUBHBIM
NEPEHOCOM 3apsiaa (OTOreHepUPOBAHHBIX JIEKTPOHOB B 30HE MPoBOAUMOCTH Zn0 10

YPOBHSI, co3/1aHHOTO Tpaderom [125].

1.4 BzaumoneiictBue 0, ¢ NoOBepXHOCTHI0 ZNO

CucreMaThyecKkoe HW3YyYEHHE CHCTEMBI  KHUCJIOPOJ — OKHCh  IIMHKA
CTUMYJIUPYETCSI TeM, 4uTO »dJekTpodusnueckue [27], xkatanmutuueckue [126],

dbortokaranutuueckue [27] u dhorocopOunonnsie [127, 128] cBoiicTBa IUCIEPCHBIX
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cinoeB Zn0 CyUIECTBEHHO 3aBHCAT OT KOJMYECTBA U IPOYHOCTH CBS3H
aJICOPOMPOBAHHOIO KHUCJIOpPOAA, KOTOPBIM CO3[a€T AaKUENTOPHBIE YPOBHH B
3anpenieHHo 30He Zn0 [129]. U3BecTHO, uTOo ymMepeHHbld nporpeB T < 623 K B
KHCJIOPOJIE aKTUBUPYET OKHUCh IMHKA K ¢oTocopOimu kuciopoaa [127, 128] u
peakusaM GoTokaTanuTUdeckoro okucnenus [127, 130].

[IpotsmxkenHocTh TepmoiecooonnbiX (T[]) ciekTpoB XeMocopOUpOBaHHOTO Ha
Zn0 xucaopoaa v 60IbII0e KOJIMIecTBO MakcCUMyMoB [ 131—133] cBuaeTenbcTByeT 00
HPHEPreTUYECKOM  HEOJHOPOJHOCTH TOBEPXHOCTM M MHOrooopasum  Qopm.

Huskoremneparypusie nwmku TJ[  cnexkrpoB (T,

nec < 420 K) otHociTCA K

ancopouposannoi popme O, [133], a Beicokoremneparypuble (Tho. = 470 — 480 K)

CBSI3aHBI C TUCCOIMAMMPOBAHHBIMU O~ U 0?2~ . 3arnoyHeHue PAa3JIUYHBIX COCTOSIHUM B
3HAYMTEIIPHOM CTENEHM 3aBHCUT OT YCIOBHM TNIpEeABApPUTEIBHON 00pabOTKH
ajcopbeHTa. ITo CBsI3aHO ¢ OcoOeHHOCTAMH (GopmupoBanus nedexrton [126, 131,
132]. ITokpeiTue O, HAa BOCCTAHOBJIEHHOM 00pasiie, Mo JaHHbIM padoThl [134], moutu
B 200 pa3 mpeBbIlaeT MOKpbITHE Ha okuciaeHHOM. [Ipu atom popmer T/] criekTpoB He
OTJINYAJIUCh.

YBenuueHue aacopOIMOHHON EMKOCTH MPEABAPUTEIIHHO OCBEIIEHHBIX 00Pa3IIoB
MoJBEPKIaeT 0OHApYKEHHBIN paHee (HOTOCOpPOIMOHHBIN P deKT «mamsaTy [28] —
oOpa3oBaHuE€ IIEHTPOB ajcOpOLMK B pe3yJbTaTe JOKaau3allud HEPaBHOBECHBIX
HOCHUTEJIEW Ha TOBEPXHOCTHBIX COCTOSHUAX. [lo cpaBHEHMIO ¢ xeMocopOImeill Ha
HEHTpax «IaMATH» MPEUMYIECTBEHHO 3aMlOJIHSINCh BBICOKOTEMIIEpATYpHBIE (ha3bl
(420 K < Ty < 520 K), omnaxo HOBBIX (a3 agcopbumu He oOHapyxkeHo [131].

N3menenus B amcopOupoBaHHOM ciioe O, 1MOJ BO3JAEHCTBHEM CBETa BEIYT K
nepepacipee/iCHUI0 3apsaja Ha TOBEPXHOCTH. TakuM 00pa3oM, (GoToaecopOIys
KHCJIOpO/Ja CBsi3aHa ¢ oOpa3oBaHHWEM BBICOKOOOOTalieHHbIX cioeB [135], Y-
uHAynmMpoBanHou ancopOrmeit B UK-obmactu [27] W ¢ BO3HUKHOBEHHEM
momunecteHnuu [27]. B padote [131] nokazano, uro aecopbiust O, ¢ OCBEIIAEMOT0
oOpasiia MPUBOJIUT K €ro YMEHBIICHWIO B aJCOPOMPOBAHHOM CJIO€ M HE SIBJISETCS

CJICOCTBUECM (I)OTOXI/IMI/ILIGCKI/IX peaKuHﬁ C Y4AaCTHUECM KHUCIIOPOJOCOALCPKAIINX MOJICKYJI
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(H,0,CO0, CO,). ITpensioxeHo 1Be MOJICIIH, UCUEPITHIBAIOIIE OOBICHSIONINE OCHOBHBIC

uepThl 3 ekra. B unrepsane 10 Ty < 520 K:

Zn0 + hv, > e~ + h*, (1.4)
03 ane T AT = 05450 = 03 pas. (1.5)
IIpu Ty > 520 K:
Ozpc + hvy = 07, (hv, < hvy), (1.6)
2035c = 03 a5c = Oz ras (1.7)
Oane + Oane = (02)ane = 0za5c = 02 ras- (1.8)

[To manubiM pabotel [133] komuuectBO (oTomecopOupoBaHHoro 0, MOXKET
nocturath 20% OT HauyanbHOTO MOKPBITUS. bbu1o 00HapyxeHo [129], uTo ocBenieHne
Zn0O B CBEpXBBICOKOM BAaKyyM€ YMEHBIIAET BEIUUYHHY (POTORIEKTPUUECKOU pabdOThI
BBIXOJIa 32 CYET JWIOJIbHOM KOMIIOHEHTBI, HABOJUT ONTHUYECKOE IOIJIONICHUE B
obnmactu hv > 1.53B u Bbe3bIBaeT ¢otomecopOiuio kuciopoga. T IHPEeKTsI
OOBACHAIOTCS (DOTOAKTUBUPOBAHHBIM TEPEPACIIPEACIICHUEM 3JIEKTPOHOB MEXKIY
a71copOMpPOBaHHBIM KHCIIOPOJOM U IIOBEPXHOCTHBIMU COCTOSIHUSIMU
HEaJCOPOIMOHHOIO MPOUCXOKAEHUS B oKcuae. OOMydeHne CO3/1aeT Ha TOBEPXHOCTH
Katanu3aropa Ablpku [136], K KOTOpPBIM MUTPUPYIOT OJJIEKTPOHBI OT YACTHI]
ancopOenTa. IloBepXHOCTHOE TmoOJie 3apsiiOB CIIOCOOCTBYET IMEPEHOCY JBbIPOK Ha
MOBEPXHOCTh U Jpei(dy 3JIEKTPOHOB B 00beM oOpaslia, TeM caMbIM OcCialmsis
oOpaTHy10 peKOMOUHAIINIO U MOBbITIAs 3P(HEKTUBHOCTH (OTOATCOPOIUH.

ABTOpBI paboThI [133] mpemIoKuIN MeXaHu3M JAeCOPOINH KUCIOPOIa:

1. ®dyHnameHTanbHOE TOTJIONICHUE 3aMpelleHHOW 30HOW — TeHepalusi CBOOOIHBIX
HOCcHUTeJeH — HeUTpanu3anus HOHOB 0~ MOBEPXHOCTHOM PEIICTKHA — PEKOMOUHAIIMS
HEUTpaAIbHBIX ATOMOB B MOJIEKYJIBI — «OBICTpas» 1ecopOLurs KUCIOPOIa.

2. IlornomieHue  JOKAJbHBIMM  COCTOSIHUSIMM —  BO30Y)KJCHHE  JIOKAJIbHBIX
MOBEPXHOCTHBIX IIEHTPOB — MEPEX0]1 JIeKTpoHa ¢ 0~ Ha 3TU pa3psiKEHHBIE LIEHTPHI

— npekypcop 0, — «MeaneHHas» JecopOLns KUCI0pOoaa.
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B paGote [132] skcniepuMeHTaIbHO 0OHAPYKEH aTOMapPHBIN KUCIIOPOI, KOTOPBIH
oOpa3yercs B TMpolecce TMEepPecTPOKU CTPYKTYphl aJcOpOMPOBAHHOTO CJIOA,
BCJIE/ICTBUE TEPMOAKTUBHUPOBAHHON JHUCCOIMAIIMUA aJCOPOMPOBAHHOTO KHCIOpOa
npu T < 550 K. TepmoakTuBanus KHCIOPOJa COMPOBOXKIACTCA YBEIMUYCHHEM
aKTUBHOCTH M30TOIHOT0 oOMeHa [137].

®oT0aACOPOMPOBAHHBIN KHUCIOPOJ SABISETCS MPOMEKYTOYHBIM MPOIYKTOM B
peakiuu (POTOM30TOIMMHOTO 0OMEHA MOJIEKYIIPHOTO KUCIOPO/a C MOBEPXHOCTHIO ZNn0.
®opmbl poToamcopOHPOBAHHOTO KUCIOPOAA, UMEIOIIMe MakcuMyMbl B TJI criekTpe
pu 390 — 430 K, o6nagaror HanbonbInei akTuBHOCTHIO [138]. I1o maHHBIM paboOTHI
[134] ckopocTh (oToancopOuuMK TPOMOPIUOHATIbHA JABJICHUI0 W KOHIIEHTpaIuu
a7icOpOLIMOHHBIX LIEHTPOB Ha 3acBEUYEHHOM oOpasie. Bo-BTOpbIX, 3TH IIEHTPHI
HEOTHOPOJHBI. «DBBICTpBIC» IIEHTPHI UMEIOT Oosiblliee ceueHue 3axBata (2.0 X
10718 cm?), uem «memmenHsle» (1.3 — 2.0 X 10718 cm?). LleHTpBl, € KOTOPBIX
IPOUCXOAUT (PoToAecOopOIMs, O JAHHBIM TOH ke padOThl, UMEIOT 3HAYUTEIBHO
MeHblIee cedenne — (1.3 — 2.0) X 10718 cm?.

PesynbraTel skcrepuMeHTOB [126] mOKa3bIBalOT, YTO aJCcOpPOUPOBAHHBIM
KHCIIOPOJl, KaK NpaBWJIO, HE TOJBKO HEPAaBHOMEPHO HEOJHOPOJEH, HO M HE
YPAaBHOBEIIEH B XUMUYECKOM cMbIcie. [loaaepkka 3TOro mocieTHero yTBEepKICHHUs
MOXET OBbITh OOHapyX eHa B CHEHU(PUYECKOM BIUSIHUHU HJIEKTPOHHO-IOHOPHBIX
MOJIEKYJI Ha pa3InyHbIe BUJIBI aIcOpOMpoBaHHOTO Kuciopoa. K npumepy, Hamyck H,
Ha oOpazeny ZnO [126] c nmpenBaputenbHO afcOopOMpoBaHHBIM (O, TOKa3al, YTO B
OKUCJIEHUM BOJAOpPOJa U O00pa3oBaHUM BOAbl M THUIPOKCHIOB YYacTBYIOT
HU3KOTeMIIEpaTtypHbie  (Gopmel ancopouposanHoro kucnopoga (T, < 370K) u
¢opma T = 460 K.

B paGote [82] ObL10 HCCenOBaHO B OOIIEH CI0KHOCTH 14 OKHCIIOB METaJJIOB.
Jlums Ha Tpex (Ga, 03, BeO, Zn0) 6bimu oOHapyskeHbl curHaibl D11P, Tak v nHave
CBsA3aHHBIE C (QoTocopOuuMeld KHUCIOpPOJa WM €ro TEMHOBOM copOuued mnocie

MpEeABaAPUTEILHOTO 00TydeHust (TOCTCOpPOITUeit).
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B ncxonnom criekTpe HabroaaeTcs TobKo auHust ¢ g = 2.015 (nuk 1, pucyHok
1.7, a), cBsi3aHHasi ¢ MPUMECHBIMHU MMapaMarHUTHBIMHU LEHTpaMu (WK AePeKTamu),

JIOKAJIM30BAaHHLIMH B 00bEME MHUKPOKPHUCTAJLIIOB.

R

Il 1 1 1 |
1895 7,98 207 2,04 207 g

Pucynok 1.7. Cnextpst DI1P okcuaa nuHKa: @ — mociie 00JydeHHs B BaKyyMe
npu 300 K; b — nocne ¢otoancoporuu kucinopoaa npu 300 K (ycunenue

YBEJIMYEHO B 4 pasa); ¢ — «XOJOIHbIN curHam» [82].

OO6sryyeHre MpUBOIUT K MOSBICHUIO B CIEKTPE WHTEHCUBHOM JHUM ¢ g = 1.96
(pucyHok 1.7, cHEeKTp a), MPUIUCHIBAEMOM SJIEKTPOHO-U3OBITOYHBIM IIEHTPAM, B
OCHOBHOM JIOKQJIM30BAaHHBIM Ha TOBEPXHOCTH DBJEKTPOHAM, & TaK¥Ke CIOKHOTO
ACUMMETPUYHOI'O CUTHaja KOMIIOHEHTHI 2 u 3 B obnact oT g = 2.00 o g = 2.02,
KOTOPBIN MPUMUCHIBACTCS JIOKAIM30BAHHBIM Ha OBEPXHOCTU (POTOUHIAYLIUPOBAHHBIM
JLIPOYHBIM LIEHTPaM.

Bnyck kucnopoja Ha mpeaBapuTesbHO O00TyUYEeHHBIM 0Opasel] ¢ MoCeayolei

OTKAQ4YKOM OCTaBIIErocs B Tra3oBOW (aze KUCIOpoJa MPUBOAUT K MPAKTUUECKU
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MOJTHOMY HMCUY€3HOBEHHUIO JIMHUKU ¢ g = 1.96 u mosiBneHuto curHaina ¢ g, = 2.047,
g> = 2.010, gz = 2.003 (xommoHeHTsl 4, 5 cnekrp b Ha pucyHke 1.7); Takxke
YBEIUYMBACTCS  HMHTCHCHUBHOCTb  KOMIIOHEHTHI 3. CHI'HaJI  NPUIIHCHIBACTCA
(doToCOpOMPOBAHHOMY KUCIOPOAY, HaxoasmeMycs B popme 0 .

[Ipn Boycke Ha oxyaxzaeHHbIdA A0 77 K oOpasery Kuciopona BCE CUTHAJIBI
o0paTMO HCYE3al0T, HO MOSBISETCS HOBBIM CUTHal (CHEKTp ¢ Ha pUcyHke 1.7),
MPUMKACHIBAEMBIA aICOPOIIMN KHUCIOpOJa Ha JABIPOYHBIX I[EHTPAaX ¢ 0O0pa3oBaHHEM
komruiekca O .

[To3aHee 3TH MPenIoN0KEeHNs ObUTH IOITBEPKIEHBI APYTUMHU HCCIIEA0BATEISIMU
¢ mpuMeHeHHeM m3oToma 07, MMeromero mapamMarHMTHOE SO, YTO IIO3BOJISET
HOJIyYUTh JOMOJIHUTENbHYI0 UH(OpPMAILIMIO 32 CYET pacUICIUICHUS JIUHUNA B CHEKTpPE
OIIP w BBIIOTHUTH PACYEThl, MOATBEPKAAOIIME NPUHALICKHOCT CHUTHAIA
oOpazoBanuio O3 .

[Ipu Hammycke Bo1opoJa 0OHapykeHo, 4To 0OpazoBanue THna O, HEAKTUBHO (1S
€ro akTHBAI[MU HEOOXOIMMO JOTMOIHUTEIbHOE 00yUYeHHE). Y CTAHOBJIEHO TAaK¥KeE, YTO
HallyCK  BOJOpOJa MPUBOAMT K HEOOpPAaTHMOMY  HCUE3HOBEHUIO  JIMHHIH,
INPUNKUCHIBAEMBIX  JIOKAJIM30BAHHBIM ~HA  TMOBEPXHOCTH  (HOTOMHIYLUPOBAHHBIM
IbIpouHbIM 1eHTpaM. [locnme sToro curHan ot oOpa3oBanus O3 TpH HaIycke
Kuciaopona He HaOmonaercs. Eciam HamycTuTh BOAOpOA Ha oOpaszeln c yxe
oOpa3oBaHHbIMU KoMIUIeKcaMu O3, TO HaONIOAAETCsl MOCTENEHHOE YMEHbILIECHHE

HMHTCHCHMBHOCTH CHUI'HAJIa BIIJIOTH OO0 IIOJIHOI'O €0 NCYC3HOBCHHMI.

ComnocTaBisisi CHEKTpHI @, b u ¢ (pucyHok 1.7), HETPYTHO 3aMETUTh, UTO CUTHAJIBI
OIIP «MOJI0XKUTENBHOM ABIPKUY, «POTOCOPOUPOBAHHOTO KUCIOPOIa» U «XOJIOTHBIN
MMEIOT COBMAAAIOIIYIO MO TMOJOKEHUIO B CHEKTPE BHICOKOMOJIBHYI0 KOMIIOHEHTY 3,
BCJICJICTBHE YETO HE MCKJIOUYEHO, YTO KOMIIOHEHTa 3 BOOOIIEC HE MPUHAIJICKUT HU

OIHOMY M3 YKA3dHHBIX CUT'HAJIOB.
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1.5 Bzaumoneiicresue NO ¢ noBepxHOcThIO ZNO

Metonom MK-@ypbe cnekTpocKonmuH ycTaHoBieHO [139], uro okcua LMHKA,
MpPEeIBAPUTENILHO OYUILIEHHBI OT MOBEPXHOCTHBIX 3arps3HEHUI, UMEET BBICOKYIO
npo3paunocth B MK nuanazone 4000 — 1100 cM™ 1. Tombko HEKOTOpBIE IPYIIIbI
OCTaTOYHBIX I'HAPOKCHUIIOB IPUCYTCTBYIOT B ananasone 3700 — 3400 cm~ 1. Hanmyck
NO mnpusogut k pocty nonoc 1560, 1544, 1331, 1233, 1208, 980 u 893 cm™1,
COOTBETCTBYIOIIMX HUTPATaM M HUTPUTAM. ODTU MOJOCHI YJIAISIOTCS OTKAYKOM Mpu
KOMHATHOHM TeMIIEPATYypE.

NK-nponyckanue BOCCTaHOBIEHHBIX 00pa3oB Zn0 moka3ano Obl, 4TO IPOLECCHI
3axBaTa CBOOOJHBIX JJEKTPOHOB, oOpasyromuxcsi B (aze ZnO Bo Bpewms
BOCCTAHOBUTEIBHOU 00paOOTKH, BbI3BAaHbI B3auMoaeiicTBueM mMoJiekya NO. ABTOpHI
[139] mpemnoxunu auccoruaTuBHyro azacopbuuio NO ¢ yyacTueM CBOOOJHBIX
AIEKTPOHOB WJIU AJIEKTPOHOB, 3aXBAYEHHBIX KUCIOPOAHBIMU BAKAHCHUSIMU:

NO+e~ +V} - 0% +N. (1.9)

AHaNOrWYHBIM  cHeKkTpockonuueckuil  3¢pdext Obul  OOHapyXkeH mpH
B3aumozeiictuu NO ¢ BocctaHoBiieHHbIM Ti0, [140] 1 ObuT MHTEPIIPETUPOBAH TAKUM
xe oOpasoMm: Mosekyslbl NO  ObICTPO JUCCOLMHMPYIOT HAa TMOBEPXHOCTH
BOCCTAHOBJICHHBIX OKCHJOB TMOJYNPOBOJHHUKA M3-3a BJEKTPOHHOIO IepeHoca
CBOOOJHBIX JJIEKTPOHOB M3 oObeMa K MoJiekyine NO. Ilo nmanneiMm [139] Ha
BOCCTAHOBJICHHBIX 00pa3iax Zn0 NO pearupyeT ¢ aToMaMH a30Ta, 00pa3yroIUMHUCS
MIPU JUCCOLMAIIMY, B COOTBETCTBHUM CO CIICAYIOIIECH PEAKIIUEN:

NO + N - N,O0. (1.10)

Lunsford [141] mo cnexkrpam DIIP (curnan g = 1.96) caenan BBIBOJ, YTO UOH
NO; sBasiercs pesyiabTaToM TeMHOBOro B3auMoaenuctBusi NO ¢ Zn0 (T, = 77 K),
OTIpeICITMB HEPTHUto cBsI3u MoyIeKysbl NO ¢ ZnO: E .., = 0.5 3B.

B pabote [142] uccnenoBanuck xemocopOitus u hotoancopouus NO na Zn0 nipu
KOMHATHOM TeMIlepaType, a TakKe CONMPOBOXKAAIOLIEE WU3MEHEHHE MPOBOAUMOCTH

oOpasna. 3acBetka Zn0O B arMmochepe NO yMmeHbBIIAET SJIEKTPONPOBOAHOCTH, B
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pesynbraTte 3axBara d-3JieKTpoHa Ha XxemocopOupoBaHHbId NO. 3aXBaT MOJIEKYJIOU

NO kBa3ucBOOOIHOTO AIEKTPOHA TUIIMYECH [T OKCUAOB n-tumna [143, 144]. Bugumoe

obnydyenue Zn0 B unctoM NO jaeT CHIIbHO aacopOrpoBaHHbIC (POPMBI, KOTOPHIE HE

MOTYT OBITh yAaJeHbl BaKyyMHpPOBaHMEM IIpM KOMHATHOM Temrieparype. NO

dotoancopOuus c MOTpeOJIeHHEM JOHOPHBIX BAKAHCUM BKIIOYAET CIEIYIOIIYIO

MOCJIE0BATEILHOCTD PEAKITUI:

NO,,; = NO, ., (1.11)

NO,yc + e~ = NO,,. (1.12)

[Ipennoxxen MexaHHU3M TCEeBIO-KHUcIIOpoaHoro aAedekra [142], oOBsACHSIOMUN
IIPOBOJMMOCTH TOJYIIPOBOJHUKOB 1-THNA NpU xemocoporuu NO:

Onzc;aepx +NO = VO_ + N02_X6M0C0p6 (NOS’_xeMocop6)’ (113)

Vo =V, +e™. (1.14)

1.6 Bzaumoneiicteue CO u CO, ¢ noBepxHOCTHIO ZNO

Ancop6mus CO Ha ZnO conpoBoxaaercs nosiiienreM B MK criekTpe monocsl B
oomactu 2168 — 2192 cm™! [145-151], koTopas ucue3aeT INpU MOCIEMYIOIIEH
OTKAa4Ke MPY KOMHATHOU TEMIIEpAType, TO €CTh aJIcOPOLIUS ABIIsIETCS oOpaTuMoii [ 145,
146]. Ilonocy OOBIYHO MPUMKCHIBAIOT BUOpPAIIMOHHOW YacToTe MoJiekysbl CO,
afcopbupoBanHoil Ha noHax Zn?t [145-149, 151].

Seanor 1 Amberg [147] oObHapyxuin, 4to BuOparionHast yactora CO 3aBUCHUT
OT TmpeaBapuresnbHoil 00pabotku ZnO. ZnO BakyymupoBaHHbld npu 673 K ¢
MOCJIETYIOIIEH KHCIOPOIHOM 00pabOoTKOM MpH ITOM Ke TeMriepaTtype, naet nojiocy CO
2212 cm~ !, Ecam mocne 06paGOTKM KHMCIOPOJOM IIPOBOIMTCS KPAaTKOBPEMEHHOE
BaKyyMHUpPOBaHUE, U oOpazel] oXJaxaaeTcs J0 KOMHATHON TeMIlepaTyphl B BaKyyMe,
To mosioca CO capuraercs no 2187 cm~ 1.

Korga CO u CO, xoaacopOupytorcs Ha ZnO [145], yvactota CO caBuraercs

2183 nmo 2212 cm™!. Dror casur orpaxkaer ToT (akr, uro CO, YCHIUBAET
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JILIOUCOBCKYIO KHCJIOTHOCTh MOHOB Z7, KOTOPbI€ MEPBOHAYAIBLHO 00Jaal0T JABYMS
KOOPAMHAIIMOHHO-HEHACHIIIIEHHBIMU Y3JIaMH.

B pab6ote [152] Oblu onpeneneHbl SHEpruu CBsI3U MoJieKysbl CO ¢ noHaMu Zn
Ha yncTor moBepxHocTH Zn0: 0.24 3B u 0.37 3B nns venossiproii (1010) u nonspHoit
(0001) mOBEpXHOCTHIO COOTBETCTBEHHO.

3acBeTKa MPUBOJUT K JOMOJHUTENbHOU ajncopOuuu CO. Panee ObuIO moka3aHo,
yto oOmyuenue Ti0O, B CO HaBomuT moriomenne B Y®D-BumguMoin o06acTw,
0OyCJIOBJIEHHOE 3JIEKTPOHAMH MPOBOJMMOCTH, U MOJOCHl MOHOJEHTAaTHBIX (1450 —
1350 cM™ 1) u GupentantbX (1570 — 1315 cm™1) kap6onatos [37]. AHanoruuno
npu 3acBetke Zn0 B atMochepe CO TMOSBISAIOTCS TMOJIOCH KapOokcmiatHbix CO5
(momoca 1620 cm™!) wm kapbomatmeix CO; (1570 —1315cm™! u 1450 —
1350 cmM™ 1) crpykryp [153, 154]. Bonbmoe BiusHHE Ha (OPMUPOBAHHE
OTPHUIIATEIBLHO 3aPSKEHHBIX KOMIUICKCOB, ¥ CBS3aHHBIX C HHUMH ITOJIOKEHUU U
OTHOCUTEbHBIX HHTeHCcHBHOCTeM WK monoc, oxa3piBaeT mpenBapurenbHas

OKHCIIUTENIbHO-BOCCTAHOBUTEIbHAA 00paboTKa okcuia nuHka [145].

1.7 Peaknust NO + CO + hv - C0O, + 1/2N,

[IpakTrueckuii WHTEpeC K JaHHOM pPeakUWHd BbI3BAH YCYTyOJSIOIIMMCS
3arpsiI3HEHUEM OKpYKaromiend cpenbl okcuaoM yriepojaa CO u coeauneHusmu N Oy
[155], 9aTr0 co3maeT HEOOXOAMMOCTH TOHMCKA CIIOCOOOB OYMCTKH BOJBI M BO3yXa,
npeppamaommx 3arpsasaurenu B N, m CO,. Ilpm »sTtom mpecienyercsa Ueinb
UCITOJI30BaTh 3KOHOMHMYECKH IPUBJIEKATEIbHBI UCTOYHUK SHEPIUU — COJIHEYHOE

U3JTyYEHHUE.

1.7.1 Peakuust NO + CO + hv > CO, + 1/2N, na M003/Si0,

[IepBbIM B MUpe HcclieoBaHHBIM (poTokaTanuzaropom st peakuuu NO + CO +

hv - C0O, +1/2N, crana cuctema Mo0O3/Si0, [29]. TunuuHble KUHETUYECKHE
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KpUBBIEC PEaKINH, MOJy4YeHHbIC B pabote [29] npencrarieHsl Ha pucyHke 1.8. Peakius

doroaktuBupyercs B obmactu A < 360 HM Ha katanuzatope Mo05/Si0,.

0.09 ] lhv T T T T T T T T T T T T ]
0.08 -A"\}\D\ -
0.07 - A : -

- ' -
0.06 = 3 CcO ! =

- l "
005 NO I ]
0.04 - “ N CO, .

Partial pressure, Torr

I
0 100 200 300 400 500 600 700

Time. s
Pucynok 1.8. Tunuunas kuneruka peakiuu NO + CO + hv - CO, + 1/2N, na
Mo03/Si0, [29].
OT4YeTIMBO BBIJCISIIOTCSA 2 dTamna peakiuud (0COOEHHO TPU JIaBJIICHUSIX MEHbIIE
0.05 Topp). IlepBslii U3 HUX OTMPEAEIAETCS CIECIYIONUMHU TTapaMETPaMH:
e yBeJIMYECHHE cKopocTu noriomenus CO, Tak ke, kak u oopazoBanus CO, u N,O B
HaYyaJIbHBIN [IEPUO]I BPEMEHHU;
® IIPaKTUYECKH MOCTOSIHHAS CKOPOCTh pacxonoBanust NO, He yUUTbIBas HayalbHBINA
nepuon (10 50 — 60 cek);
e N, He oOpazyercs;

® BECh a30T, coaepxapiuiics B NO, nepemén B xoae peakuuu B N, 0.

[IepBbIi1 ATAIl 3aKAHYMBAETCS B TOUKE, ONPEACISIEMON CIEAYOIIUMU ITapaMETPAMU:
e mnapuuanbHoe aaBieHre NO yMEHBIIAETCS MPAKTUYECKH 10 HYJIA,
e mnapuuanbHoe naBieHre N, MOCTUraeT MaKCUMallbHOro 3HaueHus. HaumHaercs

BbIICIeHUE N, 3a cuet noriouienus N, O;
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d[co
¢ IIPOU3BOOHAA [dt ] AOCTUTACT MAKCHUMYMa.

Takne ocoOeHHOCTH Ha6JIIOI[aJII/ICI) BO BCeX 0€3 NCKITFOUCHUS OKCIICPUMCHTAX. Ha

MIEPBOM JTare BbhIpadaThIBaeTCA 3HAYUTENbHOE KonuecTBO N, 0 1o cxeme:

h
CO +2NO = €O, + N,0. (1.15)

Ortot N, 0 HaunHaeT nepepadbarbiBaThesi B N, TOJIBKO B XOJ/I€ BTOPOTO 3Tara Peakiiiu:

CO+N20h—>vCOZ+N2. (1.16)
Ha ocHoBe mosydeHHBIX AaHHBIX, B pabore [29] Obuia mpemsioKeHa cxema
peakimn NO + CO + hv - CO, +1/2N, ©Ha ¢dorokaramuzarope Mo0;/Si0,.
[Tpenmonaraercs, (B orauuaue ot [156]), 4To B JOMOTHEHNE K KaHAJIaM JIe3aKTHBAIUH,
nepeuncienasiM B (1.17), Bo3OyxneHHOE cocTosHne (Mo>t — 07)* MoxeT OBITH
notymieHo Mojekynamu NO 6e3 00pazoBaHus KaKOro-Ir00 MpoTyKTa:

~MoS* = 0% + v S5 ~(Mo%* — 07)* )

~(Mo5t —07)* b Mot = 0% + '

~(Mo>* — 07)* T Mo = 0% + hw
CO + ~(MoS* — 07)* 5 CO, + ~Mo** )

9 (1.17)

~(Mo5* — 07)* + NO S ~MoS+ = 02~ (1.18)

Wonsl Mo** B3aumozeiicTBytor ¢ Monekynamu NO ciefyomuM 00pa3oM:
~Mo**t + 2NO - ~Mo**(NO),, (1.19)
~Mo**(NO), » ~Mo®t = 0%~ + N,. (1.20)

Peakuun 1.17 u 1.18—1.20 onuceIBarOT nepBbIid 3Tall KHHETUYECKUX KPUBBIX HA
pucynke 1.8. Haubonee BeposatHblil myTh hopmupoBanust N, — 310 paznoxenue N, O
Ha nonax Mo** (sropoii sran):

~Mo** + N,0 » ~Mo®" = 0%~ + N,. (1.21)
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1.7.2 Peakuusa NO + CO + hv - CO, + 1/2N, na TiO, (Degussa P-25)

Craenyroumm (HoTOKaTaIM3aTOPOM, KOTOpOM Oblia uccienoBana peakmus NO +
CO + hv—- CO, +1/2N,, ctan TiO, (Degussa P-25) [30].

Ha pucynke 1.9 mnpencraBieHa KHMHETMKA pPEAKIMU HA NPEABAPUTEIBHO
BoccTtaHoBieHHOM T10, (Degussa P-25) npu 06s1ydeHrn CBETOM C IJTMHON BOJTHBI A >

380 um [30].
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Pucynoxk 1.9. Kuneruka peakuuu NO + CO + hv - CO, + 1/2N, na TiO,
(Degussa P-25) [30].

Habnrogaercs 3HaunmtenvHas TemHoBas ancopbOuus CO. B UK-cmektpe CO,
anpcopompoBanHoro Ha Ti0,, mocie BaKyyMHUPOBAHUS OCTACTCS IT0JI0CA TIOTJIOMIECHUS
2131 cm™ 1, xoTopas moaHOCTHIO McyesaeT npu Harpese 10 343 K [37]. Dra nonoca
oTHeceHa K Mousekyne CO, ancopbupoBaHHOM Ha uWoHax Ti3t wunmm BONM3M
KUCIOpPOMHbIX  BakaHcuil. Ilomocel mormomenus 2192cm™! u 2209 cm™?
cooTBeTCTBYIOT (O, cmabo CBSI3aHHOMY C KOOPJIWHAIMOHHO-HEHACHIIICHHBIMH

ponamu Ti%t.
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B ormmume ot CO, naBinenne NO ocTaercs NPaKTUYECKA IOCTOSIHHBIM B
OTCYyTCTBUU o0OsyueHus. I[loxm nelicTBHEM BUIUMOIO U3IMYyYEHUS MPOUCXOJUT
dotoancopoims NO Ha Ti0,. OngHOBpeMeHHO B Ta30Bo# (haze mosBisroTess N, O u N,.
[Tocne 500 munyT 0OmyueHust napieHue N, B ra3oBoi (aze JOCTUTAET MOJOBUHBI
HavyajapHOTO JaBiieHust NO B COOTBETCTBUHU CO CTEXMOMETPUEH PEAKIIUU:

NO + CO =C0, + 1/2N,. (1.22)

B Teuenne mepBprix 20-25 mMuHyT 0oOmydeHus naieHue CO HE3HAUUTEIHHO
YBEJIMYMBAETCS, TaK Kak, BCJIEACTBUE HEOOJBIIOr0 pocTa TeMmIepaTrypbl oOpasia,
4acTh MOJIEKYJ JiecopOupyercs ¢ moBepxHoctu Ti0,. lpu ganbHeinem 00Iy4eHUH
napieHre CO TMOCTENEHHO YMEHBINAETCS, B PE3yJbTAaTe PEAKIUH HAa MOBEPXHOCTH
TiO, obpazyercs CO,, KOTOPbIA MOXET OBITh MOJHOCTHIO YJAJIEH MPOrPEBOM 0
500 K. Ecnu peakmuto nmpoBoauth npu 350 K, To CO, BeIAemsieTcs: B Ta3oBy0 ¢azy
onHoBpemeHHo ¢ N, u N,0. beuio mokazano, yto ajacopOupoBanHbii CO, HE
OJIOKUPYET aKTUBHBIE LICHTPbI Ha MoBepxXHOCTH Ti0,.

Kunetnka peakuuu Ha OKHCIECHHOM oOpaslie B IIEJIOM CXOXKa C KUHETHUKOM,
HaOJII0aeMOM TPU UCIIOJIb30BAHUU TPEIBAPUTEILHO BOCCTAHOBJIICHHOTO OOpasIia.
Kunernka peakmuu mpu 00JydeHHH B O0JIACTH COOCTBEHHOTO TMOTIOMICHUsA (A =
365 HM) HJICHTUYHA TTOKA3aHHOU Ha pUCyHKe 1.9.

doTokaTanuTUyecKasi akTUBHOCTh 110, B BUIUMON 00JacCTH CIEKTpa CBsI3aHa,
10 KpalHEeW Mepe, C MPUCYTCTBUEM JIOKAIM30BAHHBIX 3JIEKTPOHOJOHOPHBIX LIEHTPOB
(noHOB Ti3*, F-, F +-ueHTpOB), MOTJIOMIAOIINX BUAUMBIA CBeT. [Ipemioxen
MexXaHu3M peakiuu [30]

[Ipu o6nyuenuu TiO, B cmecu NO + CO mpoucxogut 0oyiee 3HAUUTEITHLHOE
Boizienenue N, u N, O, yem B orcyTcTBUe CO B cucteme. [Ipu aTom Gosnbias gacts N,
BBIICNISIETCST B Ta30ByI0 (azy mociie 3aBepiieHus ¢otoancopouuu NO. Tor xe
pe3yJbTaT HaOIoaeTcs U B ciydae oonydenust Ti0, B CO nocne npeaBapuTebHON
dbotoancoporuu NO.

MeX30HHBIN IEPEXO0]] B IOBEPXHOCTHOM 30HE:

h
Ti**t + 02~ S T3 + 0, (1.23)
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Ti** +0~ +CO - Ti3*(e™) + CO,, (1.24)

NOaAC+Ti3+(e‘)’<2/>N0a‘AC+Ti4+. (1.25)

CBeT morjomaercs JIOKAJbHBIM LIEHTPOM W TMPOUCXOIUT IMEPEHOC JJIEKTPOHA Ha
MoJiekyiny NO:

NOzyc + NO - N,0 + 07, (1.26)

N,0 + Ti3*(e™) » N, + O~ +Ti*", (1.27)

0~ + NO,;c » NOy 5. (1.28)

CymmMapssbiid nporiece 3anucbiBaercs kak: NO + CO ﬂ/ CO3 anc + 1/2N,1T.
To ecTh MMeeT MeCTO CeNeKTHBHOE (POTOKATAIUTUYECKOe BoccTaHoBieHue NO
MOHOOKCHJIOM YTJIEPOJA 10 MOJIEKYJIIPHOTO a30Ta.

Onucannas cxema mpeanonaraer (GpopMupoBaHue aacopOupoBaHHbIX (O3 .,
Wi KapOoHatoB. bblIo OOHapykeHo, 4To KapOoHaThl Ha moBepxHocTH T1i0,
JIOCTAaTOYHO TEPMHUYECKH CTaOWibHbl: 10 JaHHbIM HK-cnekTpockonuu, 3TH
COEIMHEHUS pa3pylIaloTCs JIMIb YaCTUYHO npu HarpeBaHuu A0 340 K. OTo Moxer
OOBSACHUTH, MOYeMy Tra3000pa3Hbiii CO, He oOHapyXeH Mpu OOJy4YeHHH MpuU

KOMHATHOM TeMIIEpaType U MOSABIAECTCS TONIbKO Mpu obydennn npu 340 K.

1.7.3 Peakuusi NO + CO + hv - CO, + 1/2N, na TiO, (Hombifine N)

[Ipn wuccnemoBanusx peaknuuu NO + CO + hv - CO, +1/2N, Ha npyrom
obpasnie Ti0, — Hombifine N (anara3) [31], ObL10 TIOKa3aHO, YTO PEAKIIMSA HUMEET
KaueCTBEHHO T€ K€ OCHOBHBIE 3Tamnbl, yTO U Ha T10, Degussa P-25, u nporekaeT npu
oOnyuenuu kak Y@, tak u BunuMbiM cBeToM (A > 400 HM). [lepBbIii 3Tan BKiIO4aeT
aacopomuio NO. Bropoit atann — Beigenenue N,. Bropoit nmpoaykr CO, ocTaeTcst Ha
MOBEPXHOCTH W BBIJIEISIETCS] TIpH TiporpeBe B auana3one Temmepatyp 400 — 500 K
cornacHo ypasHeHuro aecopouun Ilonsuu-Burnepa 2-ro mopsaxa ¢ Ej. = 0.9 3B,

v=25x1012¢1,
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B xone peakuuu He ObUIO OOHAPYKEHO BBIACICHHS MPOMEXYTOYHOTO MPOIYKTa
N,0, B cuny oOpa3oBanus Ha mnoBepxHoctd Ti0, Hombifine N O6omee
CHJIBHOCBsI3aHHOM Qopmbl afacopobuuu N, 0, numeromieit nuk 380 K B T/l cniektpe.

OKCIEPUMEHTHI MPOBOIMWINCH MPH OOJYYEHUH B Pa3IMYHBIX CIIEKTPAIbHBIX
obnactax B auana3zone 300-440 HM. YcTaHOBIEHO, YTO caMOil >PPEeKTUBHON MO

JEWCTBUIO HAa TIEPBOM M BTOPOM 3Tanax siisiercs o01actb 365- 404 HM.

1.8 DKkcUTOHHBINM KaHAT aKTHUBAMU POTOKATAIMTHYECKUX peakuuid Ha Zn0

Eme  omHuMm  cnocoboM — yBenWYuTh  3(O@PEKTUBHOCTH  MPOTEKAHMS
dboToKkaTaMUTUUECKNX peakuuii Ha ZnO ABISETCS HCIOJb30BaHUE HKCUTOHA B
KaueCTBE MMEPEHOCUMKA YSHEPTUH.

OcHOBHasi MPUYMHA CHU)KEHUSI KBAHTOBOTO BBIXOJ[Aa PEAKIUU NIPU AKTUBALIUU B
Y@ obmactu — mnoTepu HOCHUTENEH NpU JABMKEHUU K MOBEPXHOCTHBIM LIEHTpaM
GoToKkaranMza — 3a C4eT pPEKOMOWHAIMK MapHOW e~ —h* u ¢ ueHTpamu
pexoMOuHaiuu. Kpome Toro, moBepXHOCTHBIN MOTEHIIUATBLHBIN Oaphep, CIOCOOCTBYS
BBIXOJly Ha T[IOBEPXHOCTb HOCHUTENIEH OJHOTO 3HAaKa, 3aJEpP>KUBAET HOCUTENH
MPOTHUBOIIOJIOXKHOTO 3HAKA.

[Tocne OTKpBITUS HEWUTpaNbHOW BO30YKICHHOW YaCTHUIIBI B KpHUCTaJUIAX,
Ha3BaHHOW SKcUTOHOM [157], A.H. TepeHuH npeanoXuna HUCMNOIb30BATh €€ A
aKTHBAllUM KaTAIUTUYECKUX PEaKUHM Ha MOJYNPOBOAHUKOBBIX KPUCTAIIIAX BMECTO
HocuTtenen 3apsaa [158]. Takum 0O6pa3om, yrmoMsiHyThIE€ BBIIIE MOTEPH MOTYT OBITH
3HAYUTEIHLHO YMEHBIICHBI, €CIIHU ISl TIEpeladyu SHEPTUH BO30YKIEHUS HCIOIb30BATh
SKCUTOHBI. Y HUKAJIbHO BBICOKAsl IHEPTHUSI CBSI3U IKCUTOHOB B Z1n0 coctasiisieT 60 M3B,
4TO 00€eCIeunBaeT CTabUABHOCTD Tap e~ /h* Bo Bpems ux mepeHoca nNpu KOMHATHOM
temriepatype (kT = 27 m3B). OnmHako SKCHTOH pacranaercs Ha TOBEPXHOCTH
U3JIy4aTeIbHO, MO-BUAMMOMY, IO 3TOM MPUYMHE AaKTUBHOCTh SKCUTOHOB IIPHU
dboTokaTanM3e Ha MOJYNPOBOJHMKAX JIO HEJABHETO BpeMEHUM He Oblia

AKCIIEpUMEHTAJIBHO MOATBepKIeHa [159].
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B pabGore [160] wuccrnemoBasioch BIUSHUE JecCOpOIMU KHUCIOpoAa Ha
(hOTOTOMHHECTICHITIIO OKCHJIA ITMHKA. bhUTo 00HApy»XEHO, YTO HE3aBUCUMO OT TOTO,
B Kakoi (opme KHCIOpoa aacopOupyeTrcss Ha MOBEepXHOCTH Zn0, ero JaibHeuIee
yaalieHue (ecopOlunn) ¢ MOBEPXHOCTH MPUBOJIUT K OOPAa30BAHUIO MOJOKUTEIHHO
3apsHKEHHBIX KHUCJIOPOMHBIX BakaHCcWid. B pe3ylbrare HAKJIOH IMOBEPXHOCTH 30H
YMEHBIIAETCS, YTO YBEIWYMBAET MEPEKPHITUE BOJHOBBIX (DYHKIIMI SJEKTpOHA U
JIBIPKA U CTIOCOOCTBYET MHOTOKPATHOMY YBEITUYCHHIO MHTCHCHBHOCTH SKCHUTOHHOM
JIOMHUHECIICHITHH.

B pa6ote [161] 6b110 OKa3aHo, yTO IoBepxHOCTHAs (poromomunectenius (DJI)
Ha Zn0 MOXeT ObITh NO/IaBJICHA CIIEIMAIbHON 00paboTKOM B aTMOc(epe KUcIopoa.
B atoii pabote anekTpoduznueckue napameTpsl oopasia (BenuunHa 6apbepa [llorTkwy,
JTUTIOJIBHOTO CJIOS a7ICOPOMPOBAHHOTO KUCTIOPO/1a, TOBEPXHOCTHOIO 3arubda 30H) in situ
KOHTPOJHUPOBAIUCH METOJIOM YIbTPAPHOIECTOBOMN (HOTOIIEKTPOHHOU CTICKTPOCKOITHH
(YO DIC) (8.433B) (mayuno-uccienoBatenbckas tiatdgopma Hawnomad, PI]
«Duznueckue METOIbI UccaeaoBaHus noBepxHoctu», Hayunsiit napk CII0I'Y). beina
MPOBENICHA MOCIEA0BATEILHOCT ITUKIOB OKUCIIEHUSI B COYETAHUU C JO3UPOBAHHBIM
($hOTOBOCCTAaHOBIIEHUEM MMOBEPXHOCTHOTO CJOs MyTeM (hoToaecopOmu Kucaopoaa B
CBEPXBBICOKOM  BakyyMe (KoJquuecTBO  (hOTOAECOPOMPOBAHHOIO  KHUCJIOpOAA
KOHTPOJIMPOBAIOCH MAaCcC-CIIEKTPOMETPOM). BbII0 MoKa3aHo, 4TO B pe3yJIbTaTe TAKOM
nporeaypsl (GopMUpyeTcss TOBEpXHOCTHas cyOMmoHocnoiHas 2D-ctpykrypa ZnO/

Zn0;_, /0~ (pucynok 1.10), apdexTrBHO TOAABIISIIONIAS YIKCUTOHHYIO DJI.
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Pucynok 1.10. Dneprernueckas crpykrypa Zn0O [161]. VB — BaienTHas 30Ha; CB —
30Ha npoBoauMocTH; V' Ly, VL, — ypoBHM Bakyyma JI0 U 1OCJIE 1eCOpOLUH
kucinoponaa; Er — yposenb ®epmu; Vg — 3aru6 30H; § — AuIONbHAsS KOMIIOHEHTA;
(@ — TepModJIeKTpuueckas pabota Beixosa; DOS — MIOTHOCTH 3alOJTHEHHBIX
ypoBHeit; E\, . — MakcumanbpHas TiryOnHa 30HaupoBanus sHeprun; N(E) —
IJIOTHOCTH 3aIOJTHEHHBIX YpOoBHEH coriacHo YDOC. 1 — okucIIeHHBIN oOpaser; 2
— BOCCTaHOBJICHHBIN; 3 — mociie GpoToaecopOLmu KUCIOPO/Ia.

B Takoil 2D-cTpykType 3KCHUTOH HE H3IydaeTcsi, HO pacnajgaeTcs Ha mapy
noAroxkuBymMx (10 8 X 103 ¢) 2/1eKTPOHHO-JOHOPHBIX M JBIPOYHBEIX LEHTPOB, Ha
KOTOPBIX U MOKET MPOUCXOUTH OKUCIUTEIbHO-BOCCTAHOBUTENbHAS peakius [ 159].

JleficTBuTensHO, Ha TpuMepe (POTOAKTUBHPOBAHHOTO HW30TOMHOTO OOMEHa
KHCJIOpOAa, KOTOPBIM HCIHOJB3YeTCSl B  KAueCTBE MOJEIU  OKHUCIUTEIbHO-
BOCCTAaHOBUTEBHBIX PEAKITNH, MMOKa3aHo, 4yTo dddextuBHOCTh 2D-cTpyKTYpHI ZN0 /

Zn0;_, /O~ mpu akTUBAIMM B OOJACTH PE30HAHCHOTO BO30YKIEHUS SKCHTOHOB
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NpuMepHO B ~8 pa3 BbIlIe, YeM B 00JIACTM MEXK30HHOTO morjomeHus [162].
Crenuguka peakiuu Tecta @HO 3akimodaeTcst B TOM, UTO OHA IPOTEKAeT B OMHApHOU
cucreme O,—-Zn0, u Ha POTOKATANIU3ATOP HE BIUAIOT UCXOJIHBIEC, MPOMEKYTOUHBIC U
KOHEYHBbIE MpOAYKTHL. OpHaKo BO3MOXKHO JIM IIPOBECTH  OKHUCIIMUTEIBHO-
BOCCTAHOBUTEIBHYIO PEAKIUIO B PEATBHBIX YCIOBUAX?

HccnenoBath 3TOT BOIPOC CTAJIO OJTHOM U3 IeJIe HacTosIIeH paboThI.

1.9 BeiBoabI U3 0030pa MTEPaATYPhI

B nocneguue rompl Zn(O 3aHMMaeT OJHO W3 BEAYLIMX MECT Cpeau
MOJIyIIPOBOJHUKOBBIX (hoTokaTanuzaropoB. dorokaranusz Ha Zn0 3¢ GdekTuBeH B
Jerpajaliiy MIUPOKOTO CIEKTpa OPraHUYECKUX U HEOPraHUYECKUX 3arpsi3HUTENICH B
OMOJIOTMYECKU pa3jiaraeéMble WM MEHEE TOKCUYHBIE OpraHuYecKue coeauHeHus [3].

Oco0eHHOCTH PIEKTPOHHOU CTPYKTYPbl Zn0 — G0JbIIas MUPUHA 3apeneHHOM
30HbI (~3.1 — 3.3 3B [97]) npu BenuuuHe 371eKTpOHHOTO cpoacTBa ~4.0 3B, BeicOkas
noasmxHocTh Hocureneil (200 cm? B™1 cexk™) mpu 300K [1]) caemamu ZnO
HaumOosiee akTuBHBIM (Hapsay ¢ Ti0O,) ¢OTOKaTanM3aTOPOM OKHUCIHUTENIBbHO-
BOCCTAaHOBUTENBHBIX peakimii. OxaHako mis ¢potoaktuBanuu Zn0 Heooxomumo YO
U3ITyYCHHUE, J0JS KOTOPOTO B COJHEYHOM CIEKTpe He mpeBocxoauT ~5%. Jlms
CMEIIEHUSI CIIEKTpa aKTUBHOCTU ZnO B BUAUMYIO 00JIACTh MCIOJIB3YIOT PAa3IUYHBIC
croco0 bl ceHcuOmwm3anuu Zn0 NONUpOBaHUEM MeTalaMu M HemeTauiamu [100—
113], opraHuueckuMu ceHcUOUIU3aTopamMu, (GOPMUPOBAHUE TETEPOCTPYKTYpP C
Y3KO30HHBIMH TOsTyIipoBoHuKamu [1, 11, 12].

Jlornuno, yto OOJBIIMKA MpOLEHT padoT mo ZnO B TMOCIeaHEEe Bpems
CKOHIIEHTPUPOBAH JMOO HAa CHMHTE3E HOBBIX JOMHPOBAHHBIX MopomkoB Zn0 [100—
113], nu6o Ha HaHOpa3MepHBIX 00bekTax [42—54]. Mexay TeMm, neTaabHbIi MEXaHUu3M
NEUCTBUS COOCTBEHHBIX AE(PEKTOB B (DOTOAKTMBHPOBAHHBIX IMPOIIECCAX OCTAETCS

HCU3YUCHHBIM.
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Hecrexnomerpus okcuaa uunka Zn0;_, BbI3BaHa 00pa30BaHUEM COOCTBEHHBIX
TO4euHbIX JedekToB. M30BITOK Zn TO CPaBHEHHIO CO CTEXHOMETPUUYECKHUM
cooTHomeHueM [Zn]:[0] =1 wMoxer OBITh OOYCIOBJICH OOpa30BaHHEM Kak
MEKI0Y3eIbHBIX aTOMOB IIMHKA (ZN;), TaK ¥ MEXI0y3elbHbIe HOHBI Kuciopoza (0;).
Ob6a Tuna pAeQeKTOB SBISIIOTCS JOHOPHBIMHM M, MO MHEHHIO OOJIBIIMHCTBA
uccleoBarenield, OTBEYAIOT 3a A-TUN MPOBOAUMOCTH Matepuaina. I[lomumo
MEX0Y3€JIbHbIX aTOMOB ITUHKA U KHUCIIOPOJa MOTYT 00pa30BBIBATHCS KUCIOPOIHBIC
(Vo) u munakoseie (Vy,,) BakaHcuu.

Hcnonb30BaHME TOUEUHBIX OOBEMHBIX M MOBEPXHOCTHBIX ACHEKTOB SIBISETCS
OCHOBOH pa3pabOTaHHOTO HAMH METO/Ia «CaMOCEHCHOUIM3ALMW» OKCUAA LMHKa |34,
77, 78]. Takue nedexTsl MOTYT OBITH CO3/1aHbl BoccTaHoBIeHUEM ZnO 1o Zn0;_,
MyTeM HarpeBa B BaKyymMe [0 TEMIEPAaTypbl pa3JIOKEHUS OKCUJA WIH
(hOTOBOCCTAHOBIICHHEM MTOBEPXHOCTH c o0pa3oBaHUEM Zn0 o6mem)/
Zn01 _x (nopepxuocts)- B TIEPBOM cityuae UEHTPBI F- 1 V-Tuna o0pasyrores B 00beme, a
BO BTOPOM ciiyuyae Je(eKThl 00pa3yloTcsi TOJIbKO Ha MOBEPXHOCTU. B 3TOi CBs3uU
HCCIICIOBAHUE  CCHCHOMIM3HMPYIOMIEH  CIOCOOHOCTH  COOCTBEHHBIX  JIe(pEKTOB
peanbHBIX CTPYKTYp Zn0 npruobperaeT NPUHIIMIHAIBHOE 3HAUCHHUE.

Peaxkius B.1 aBisieTcss He TOJIBKO MOACIBHOM, TO €CTh IO3BOJISIONICH BBISBUTH U
U3YUYUTh PA3JIMYHBbIE CBOMCTBA OKCHJA LMHKA B MPUHLHUIE, HO MU <(GKUBOI» —
MMEIOLIEH TEpPCIEKTUBBl NPUMEHEHHS B MPAKTUYECKOM CMbIcae. IlpakTuueckwnii
WHTEPEC K JTAaHHOW PEaKIMU BbI3BAH YCYTYOJSIONIMMCS 3arpsS3HEHUEM OKpPY Karolen
cpenpl okcuaom yriepoga CO wu coeguHenusimu NO, [155], 4dto co3gaer
HEOOXOJMMOCTh IOHCKAa CHOCOOOB OYHMCTKM BOJBI M BO3[yXa, MPEBPAIIAFOITUX
3arpsisautenu B N, u CO,. Ilpu »s3TOoM mpecneayeTcss UEIb HUCIOJIb30BaTh
PKOHOMUYECKH MPUBJIEKATEIbHBIN UCTOYHUK SHEPTUU — COJIHEUHOE U3JIyUEHUE.

Jlannas paboTa sSBISETCS JIOTUUECKUM TPOOJIKEHUEM UCCIICIOBAHUIN PEaKITuu
Ha Mo05/Si0, [29], na TiO, Degussa P-25 [30] u na TiO, Hombifine N [31],

IIPOBEJICHHBIX B HAILIEW HAYYHOM IPYIIIE.



48

[Ipu 6uzoctu hoTokataUuTHIECKUX mapameTpoB Ti0, u ZnO nociaeaHul UMeeT
pan npemmymects. B otmmume or TiO, ZnO saBnserca NPSIMO30HHBIM
MOJIYIIPOBOJHUKOM, TI09TOMY Y HEro TOIJIONIEHHWEe B MPUKPAeBOM o00JacTH
norJionieHus cuiibHee, yeM y 1i0,. ITogBrKHOCTB 31eKTpOHOB B Zn0 Ha Ba MOpAIKa
Bbimie, yeM B Ti0, [38], uTo pe3ko yBennuuBaeT 3PGEKTUBHOCTH JOCTaBKU
(dboTOoreHeprUpPOBaHHBIX HOCUTENEH K TOBEPXHOCTHBIM LIEHTPAM PEaKIUU.

Onnako, 3p(PEeKTUBHOCTh BUAUMOTO CBETa OTHOCUTEIBHO HHU3Kas U3-3a C1adoro
MOTJIONIEHUS 00pa3loM. YBEIUMYHUTh BEJIMYMHY KBAaHTOBOTO BbIXOJIa B 001acTH
COOCTBEHHOTr0 morionieHuss Zn0 MOXKHO, HUCIIOJIb3ysl B POJIM HOCHUTENS 3apsiia
HENUTpaJIbHYI0 BO30YK/IEHHYIO YACTUILY — 3KCHUTOH [ 157], mpeyioxKeHHY0 B KaueCTBE
aktuBaTopa dotokatanutuueckux peakuuii emie A.H. Tepenunsim [158].

AKTHUBHOCTh 3KCHUTOHOB TIpu (pOTOKATaau3€ Ha MOJYNPOBOJHUKAX ObLIa
noATBepxkAcHa B padote [159, 160]. beuia npoBeaeHa MOCIEA0BATEILHOCTD 1IUKIIOB
OKHUCJICHHUS] B COYETAaHUU C JIO3UPOBAHHBIM ()OTOBOCCTAHOBIEHUEM MOBEPXHOCTHOTO
ciost myteM (oToAaecopOLUKM KUCIOpPOAa B CBEPXBBICOKOM BakyyMe c(HopMUpOBao
MOBEPXHOCTHYIO cyOMOHOCTOMHYI0 2D-ctpyktypy Zn0/Zn0,_,/0~, 3ddbekTuBHO
MOAABJISAIONIAs dKCUTOHHYIO (oTomomuHecteHniuio [161]. B takoit 2D-ctpykType
SKCUTOH He M3Jy4aeTcsi, HO pachajgaercss Ha mapy AoAaroxupymux (mo 8 X 103 ¢)
ANEKTPOHHO-JIOHOPHBIX M JBIPOYHBIX IIEHTPOB, HAa KOTOPBIX W MPOUCXOAUT
OKHUCJIMTEIbHO-BOCCTAHOBUTENbHAS peakuus [159].

Ha npumepe doroaktuBupoBanHoro uzoronHoro oomena (®UO) kucnopona,
KOTOPBI HCIOJB3YETCS B KAYECTBE MOJIEIN OKHCIUTEIbHO-BOCCTAHOBHUTEIIBHBIX
peaknuii, TMoOKa3aHo, YTO J3PGEeKTUBHOCTh CTpyKTypel Zn0/Zn0;_,/O~ tpu
aKTUBAIIMKM B 00JIACTH PE30HAHCHOTO BO30Y’KJEHUS SKCHUTOHOB MPUMEPHO B ~ § pas
BBIIIIE, YEM B 00J1aCTH MEX30HHOTO ToronieHus [162]. Crneunduka peakuuu Tecta
®UO 3axmrovaercst B TOM, YTO OHA IpoTekaeT B OunapHoii cucreme 0,-Zn0, u Ha
dhoToKaTAIM3aTOp HE BIUSIOT UCXOIHBIC, MPOMEKYTOUHBIC U KOHEYHBIC MPOTYKTHI.

OI[HaKO BO3MOKHO JIM IIPOBCCTU OKUCIIUTCIIbHO-BOCCTAHOBHUTCIIbHYIO PCAKIMIO B
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PCaIbHBIX YCJIOBI/IHX? OTBeT HA ATOT BOIIPOC MBI U ITIOIIBITAJIMCH AAaTh B paMKax HaHHOﬁ

padoTHL.

HccnenoBaTh 3TOT BOMPOC CTANO €IIe OJHOM IEeNbl0 HAcTosIeH padoTel. Mbl

hv
BBIOpANIM DKOJIOTHYECKH BaxHyto peakimuio NO + CO — CO, + 1/2N, T, panee
UCCIIC/IOBAaHHYI0O HamMH Tpu  Bo3OyxneHun ZnO,_, B BUAUMOH obOiacTu

caMmoceHcuOumm3anuu [163].
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I'naBa 2. Texnuka u METOAUKA IKCIIEPUMCEHTA. XapaKTepnsaum] 06p33HOB

OKCHIAa IMHKA

Jns pemieHusi MOCTaBJICHHBIX 3aJa4 MCIOJIb30BallaCh SKCIEPUMEHTAIbHAs
YCTaHOBKA, MO3BOJSIONIAS MPOBOJIUTH KOMIUIEKCHBIE HMCCIEAOBAaHUS TEMHOBBIX M
doTompoiieccoB Ha MOBEPXHOCTH oOpasua. McciemoBanus mpoBOAMIM METOJAMU
dboToMaHOMETPUH, KHHETUYECKON (POTO-Macc-CIEKTPOMETpUH B Ta30Boi (aze u
METOJIOM TEPMOJCCOPOIIMOHHON CIEKTPOCKOIMM C MacC-aHalM30M TMPOIYKTOB
necopbuuu. s xapakrepusanuu oOpaslioB HMCHIOJIb30BAIN CIEAYIONIME METOJbI:
muppakuust  pentreHoBckux  gydedt  (JAPJI)  (Pecypcuwiit  Ilentp  (PLI)
«PenTrenoaudpakiimoHHble METOJBI HccieaoBaHus», Hayunwii mapk CIIOTY),
ynbTpaduoneroBas GorosnekrponHas crnekrpockomnus (YO OIC) (PL] «Dduznueckue
METO/Ibl HCCleoBaHusl moBepxHocTu», Hayunwni mapk CII6IY), meroq BET
(Brunauer—-Emmett-Teller) (P1l «/HHOBalMOHHBIE TEXHOJOTUU KOMIIO3UTHBIX
HaHoMatepuasioBy, Hayunwiii mnapk CIIOI'Y), cnektpockonus audgy3HOro
orpaxenuss (CHO) (P «Hanodotonuka», Hayunsiii mapxk CIIOI'Y),
mupdepenunansras yaprpaspykoBas crnekrpockonus (Y C) (PL] « MHHOBaMOHHBIE
TEXHOJIOTUM  KOMIIO3UTHBIX  HaHoOMarepuanoB», Hayuneiii mapk CIIOIY),
cKkaHupytomasi anektponHas mukpockonusi (COM) (Pl «HanokoncTtpyupoBanue

(boToakTUBHBIX MaTtepuanoB», Hayunsiii napk CIIOI'Y).

2.1 MeTtoabl uccjie10BaHUA

2.1.1 Macc-cneKTpoMeTprUYeCKUii MeTOI UCCJIeI0BAHUS

Macc-creKTpoMeTpusi — SKCIEPUMEHTAIIbHBIA METO/1 UCCIEA0BaHUS IPOLIECCOB,

MNPpOUCXOAAIIUX C ATOMaMHU N MOJICKYJIaMHU B FCTCpOFCHHOfI CUCTCME «Ta3 — TBEPAO0C

teno». C ero moMoONIbI0 MNPOBOJST aHAIU3 MPOAYKTOB (pEAareHTOB) pEaKUuil B



51

a7IcOpOMpPOBAHHON U Ta30BOM (pazax, OMpeNeNsioT KMHETHKY peakIiui, a CKOPOCThb
IPOIECCOB OMPEAENAIOT AUPPEPEHIUPOBAHUEM H3MEPSIEMON 3aBUCUMOCTH. 3Has
ATAJIOHHBIE MAaCC-CIEKTPHl OTACNbHBIX BEIIECTB, TO €CTh, 3HAs COOTHOIICHHUS TakK
HA3bIBAEMBIX OCHOBHOTO M OCKOJIOYHBIX IHKOB, MOXHO OIPEIETUTh COCTaB
aHAJM3UPYEMOU CMECH.

[IpumeHeHne  Macc-CHEKTPOMETPUYECKOTO0  METoJa TpPH  HCCIEAOBAHUU
a7ICOpOIIMOHHO-AECOPOIIMOHHBIX ~ TMPOLIECCOB  OCHOBAHO  HAa  PAacCMOTPEHUU
MaTepuajgbHOro OaiaHca B TreTeporeHHoil cucreme [164, 165], u mo3BOISIET
KOHTPOJIMPOBATh MaplUaIbHOE JaBJICHHE KOMIIOHEHTOB ra3oBoil ¢assl [166, 167].

B peaktop ¢ o6bemoM V', conepxkaniuit oOpaselr ¢ JOCTYITHOW AJisl aacopOLuu
IIomaapio A, ra3 HaTeKaeT Co CKOPOCThIO L 1 oTkauuBaeTcs co ckopocteio W. Ecnu

B PC3YIILTATC aI[COp6HI/IOHHO-I[GCOp6I_II/IOHHOFO Imponeccca U3MCHACTCA KOHICHTPAIIUA

dn
aI[COp6I/Ip0BaHHLIX MOJICKYJT N, TO CBA3b MCXKAY CKOPOCTBIO 3TOro Ipornecca E J51

M3MEHEHHEM 4YHClia MOJIEKYNl B ra3oBodt ¢aze AN ompenenseTcss ypaBHEHHEM

MaTepuaibHOro OajaHca:
dn _ 1 ,dAN

w
——=-(——+—=AN 2.1
au A ( dat + 14 ): (2.1)
rae AN = N — Ny — OTKJIOHEHHE YHCIIa MOJIEKYJI OT CTallMOHAPHOIO 3HaYeHus N,. B
CTal[MOHAPHOM COCTOSIHUM BETUYMHBI BXOSIIETO B PEAKTOP U BBIXOJSIIETO MOTOKOB

PaBHBI:

L =Ny~ (2.2)

w
Takum obpazom, Ny = L * 7, Tie T = — — XapaKTEPUCTUUECKOE BPEMSI OTKAUKH.
4

N3mepsa 3aBucumoctb AN OT t, MOXKHO KOHTPOJIMPOBATh KWHETHKY W3MEHEHMS
KOHIIEHTpAIUH a/ICOPOUPOBAHHBIX YaCTHUII.

B cratnueckoM WM KBa3UCTATUYECKOM pexXuMe (MpU MaloM OTOOpe rasza Ha
ananu3) L =0 u % — 0, 4TO MO3BOJIAET MPEHEOPEYb BTOPHIM WICHOM IMPaBOi 4acTu
ypaBHenus (2.1):

——=—— (2.3)
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[Tocne unTerpupoBanus umeem: —An = AN /A.

[Ipy MaHOMETpHYECKMX W3MEpPEHMSIX HW3MEHEHME CUrHana jaruuka AU
MIPOTNIOPIIMOHANIBHO M3MeHeHuto AaBiieHust AP B peakrope: AU = & ., X AP, 1€ € yan
— YyBCTBUTEIBLHOCTh MaHOMETpa. Takum 0Opazom:

AUV
—-An = ———
A'kB'T'fmaH

2.4)
rae kg — nocrosiHas boneimana, T — Temneparypa B rpaaycax KenbBuna.

IIpu Macc-CneKTpOMETPHIECKON PErUCTPAIli HOHHBIN TOK TAHHOW MACCHI [y, /e
MPOIMOPIIMOHAJIEH TIOTOKY COOTBETCTBYIOIIETO I'a3a, KOTOPbIN OTOMpAaeTCs JIs aHAIM3a
U OIIpENENseTCs pa3HOCTBIO AABJIEHUH B peakTope U ucrounuke noos (M), a Taxxe

BEIIMYMHON 7 OTKAuKH Tra3a W3 peakTopa 4Yepe3 MacC-CIIeKTPOMEeTp. 3Has

YYBCTBUTEIBHOCTh MACC-CIIEKTPOMETpA MO MOTOKY rasa (&yc), MOXKHO 3aIHCaTh:
Lynje = §mc* (N — Nyy) /7, Torza:

I /e'T
—An = e 2.
n A& e (23)

[Ipu u3yueHnu TepMoIecOpOIIMH, UCTIOIB3YIOT PEXKUM JTUHAMUYECKOTO BaKyyMa,

C TMOMOUIbIO TIOJHOLIEHHOM OTKauyKW Tra3a 4Yepe3 HWOHHBIA HCTOYHUK Macc-
AN
criekTpoMerpa. Eciau  BBITONHSAETCA  YCIIOBHE: iy > T TO  ypaBHeHue (2.1)

npruoOpeTaeT BU:
an 1 AN
Erriabries (2.6)

B sTom CJIydac SKCIICPUMCHTAJIBHO U3MEPACMas BCIIMYMHA OTKIIOHCHUA HOHHOI'O

TOKa OT MCXOJHOTO CTAlMOHAPHOrO 3HaueHUs Al . NPONOPIHMOHAILHA CKOPOCTH

HU3MCHCHMH YHCiia a,Z[COp6I/IpOBaHHBIX qaCTHUIl.

an - _ AIm/e
= 2.7)

TakuMm 00pa3oM, HCIIOJIB3YIOTCSA IBA PEKUMA U3MEPEHUS HA MacC-CIIEKTPOMETPE:
KBa3UCTATUYECKUM U JTUHAMUYECKU, B 3aBUCHMOCTH OT CO3/IaBAEMOI0 JAaBJICHUS B

peakTope.
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2.1.2 TepmonporpaMmMupyemasi 1eCOPOLIMOHHAS CIIEKTPOCKOIUS

CnoxHBIN mpoliecc B3aMMOJCUCTBUS YaCTUIl C TBEPABIM TEJIOM BKIIOYaeT 3
cTaauu: ajacopOLMi0, TMpeBpalieHUusT B aJCOPOMPOBAHHOM CJIO€, JECOpPOIHUIO
MPOIYKTOB peakiuu. Takum oOpa3zoM, amcopOmmsi U aecopOIus — HadaiabHas |
KOHEYHasi CTaJMM B3aUMOJCHCTBUS YAaCTUIl C TBEPABIM TEJIOM; AECOpPOIMS aaeT
CBEJICHMS O MPOUCLIECAIINX Ha TOBEPXHOCTH MPOLIECCaX U CBOMCTBAX MTOBEPXHOCTH.

B ocuoBe TJ/JC wucnons3yercs yBEIUYEHHE  BEPOATHOCTH  OTPHIBA

aJIcOpOMPOBAHHBIX MOJIEKYJI IPU HArpeBe aJicOpOeHTa U BbUIETAa UX B ra3oBylo (ha3zy.

. do
TepMoaecopOIMOHHBIN CIIEKTP MPECTABISIET 3aBUCUMOCTb CKOPOCTH J1€COPOIUU o

OT TeMnepatypsl afcopoerTa T mpu onpeaeIEéHHOM 3aKOHE U3MEHEHUS TEMIIEpaTyphl
ot Bpemenu T (t) (darie Bcero JTMHEHHOM).

Nzmepenus T/l cnekTpoB MpOBOJSATCS B JAMHAMUYECKOM BaKyyMme, MpU 3TOM
CKOPOCTh JeCOpOLIMH MPONOPLHOHATbHA U3MEHEHUIO HOHHOTO TOKa UM OIpeJeNseTcs
no ¢opmyne (2.2). B ciydae oZHOPOJHBIX HM30JIMPOBAHHBIX LIEHTPOB JecopOuus

onuceiBaeTca ypasHeHueM [losstHu-Burnepa:

Ea
— % = v, 0" T, (2.8)

rae 0 — MOBEpXHOCTHAsi KOHIIEHTpAIUs aJCOPOMPOBAHHBIX MOJICKYJ WM CTEIMEHb
3aroJHEHUSI IOBEPXHOCTH, V,; — YaCTOTHBIN (haKTOp, N — KUHETUYECKUN MOPSIIOK
peakuuu (1-i wim 2-i1), E, — sHeprus akTUBaIMU JecopOoumu, R — yHUBepcaibHas
razoBasi OCTosiHHasA, T — TepMOJAMHAMUYECKasi TeMIleparypa.

TJl cnextp mpencraBiseT U3 ceOs MUK C MAKCUMyMOM IIPU OMPEEICHHOM
temneparype T,,. B 3aBUCUMOCTH OT MPOYHOCTH CBSI3U MOJIEKYJ C IMOBEPXHOCTHIO
MaKCHUMYM CKOPOCTH JiecopOinu Oy1eT HaOMI0AaThCs MPU TOW UM UHOM TeMITepaType
T,,,, KoTOpas onpeneaEHHbIM 00pa3oM CBsi3aHa C IHEPrUel akTUBaluu necopouun E,
[136, 168, 169].

HauanpHO€ mOKphITHE 6 MOXKET OBITH OMPENEICHO U3MEPEHUEM TUIOIAN IO/

. do ..
KpUBOiM — (T):


http://ru.wikipedia.org/wiki/%D0%A3%D0%BD%D0%B8%D0%B2%D0%B5%D1%80%D1%81%D0%B0%D0%BB%D1%8C%D0%BD%D0%B0%D1%8F_%D0%B3%D0%B0%D0%B7%D0%BE%D0%B2%D0%B0%D1%8F_%D0%BF%D0%BE%D1%81%D1%82%D0%BE%D1%8F%D0%BD%D0%BD%D0%B0%D1%8F
http://ru.wikipedia.org/wiki/%D0%A3%D0%BD%D0%B8%D0%B2%D0%B5%D1%80%D1%81%D0%B0%D0%BB%D1%8C%D0%BD%D0%B0%D1%8F_%D0%B3%D0%B0%D0%B7%D0%BE%D0%B2%D0%B0%D1%8F_%D0%BF%D0%BE%D1%81%D1%82%D0%BE%D1%8F%D0%BD%D0%BD%D0%B0%D1%8F
http://ru.wikipedia.org/wiki/%D0%A2%D0%B5%D0%BC%D0%BF%D0%B5%D1%80%D0%B0%D1%82%D1%83%D1%80%D0%B0
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0, =— [ Zar. (2.9)

To dt

B metone T/IC ckopocTh U3MEPSIOT NPU JTUHEHHOM MOBBILIEHUH TEMIEPATYPBHI:
T =T, + PBt, rne f — ckopocTh HarpeBa (rpaj/MHUH), TOITOMY ypaBHeHHUE (2.8)
MOKET OBITh MPE0OPa30BaHO K BUY:

U %gne—% (2.10)

[Ipu nuueitHOM 3akoHe u3MeHeHHs TemmepaTypel T =T, + [t u ycioBuu
OJTHOPOIHOCTH IIEHTPOB, TO ecThb E # E(0), st n = 1 nonoxxeHue Mmakcumyma T, He
3aBUCUT OT HayaJlbHOrO TOKPHITHS 6, MUK HWMEeT PpEe3KUud chmag ¢
BBICOKOTEMIIEPATYPHOU CTOPOHBL. It n = 2 TeMmneparypa MakCHMyMa CMEILAETCs B
001acTh HU3KUX TEMIEPATYP C YBEINYECHUEM MOKPBITHS, TUK UMEET CHMMETPUUHYIO
dbopmy. Takum 00pa3oM, MOPSIOK PEAKIIUU 71 MOKHO ONPEICIUTh MO 3aBUCUMOCTH T,
OT HAa4aJIbHOTO MOKpBITUs 6 min o popme kpuBoit T/] cextpa.

Tak Kak Ha MOBEPXHOCTU UMEIOTCS Pa3IM4YHbIe aIcOPOLIMOHHBIE UEHTPHI, TO T /1
CHEKTp MPEACTaBIAECT COOOM CyNEepHoO3ULMI0 HECKOJIbKUX KpHuBBIX. CTporoe
paszie’eHue CeKTpa Ha OTAEJIbHbBIE TMKH BECbMa TPYIOEMKO U HE BCET1a BO3MOKHO.
Jns  chayyas  HEOJHOPOAHOW  TMOBEPXHOCTH  MCHOJIB3YETCS  MOJENb, Te
HEOJHOPOJHOCTh IOBEPXHOCTH XapaKTEPU3yeTCs HEJIMHEWHOM 3aBUCHMOCTBIO
HHEPryur aKTUBALUU JAECOPOLIMH OT NOKphITUA [29].

N3 TJl cnekTpa MOXKHO MOJIYYUTh Psij apaMeTpOB aJCOPOIIMOHHBIX COCTOSHHIMA

[132, 169, 170]:
1. ob1iee 3anogHEeHNnEe MOBEPXHOCTH aICOPOMPOBAHHBIMU MOJIEKYJIAMU;

2. 94uCI0 pa3snUIHBIX GOPM aacoOpOITUU U UX 3aCEIEHHOCTD O);

3. BEeIMYMHY PHEPTUU aKTUBALMU AecopOuuu E,;

4. IOPSIIOK PEAKIINH JIECOPOIUH T

5. «4acTOTHBIN (pakTop» (FHTPONUNHBIN MHOKUTENB) V.
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2.1.3 Cnexkrpockonus n1u¢¢y3Horo orpakeHust

Meton cniekrpockonuu nuddy3HOTO OTPAKEHHS UCTIONB3YETCS ISl U3MEPCHUS
CHEKTPOB TOTJIOIICHUSI ONTUYECKOrO0 H3IY4YeHHUs TMOPOIIKOBHIMU 00pa3namMu (B
nuanasone ot Y ® o 6mmxaero MK) [171]. JlaHHBIN MeTO 3aKTFOYACTCS B UI3MEPEHUHU
MHTEHCUBHOCTH JU(G(DY3HO OTpakEHHOTO CBETa OT CJIOS Ci1a0OMOTIIONMIAIOIIEro
MOPOIIKA, JUIA KOTOPOrO CHpaBedIuBO paBeHCTBO A +p =1, tne A — nomnd
MOTJIOIIEHHOT'O CBETAa, a P — J0JIsl OTpakeHHOTro cBeTa. B pamkax teopuun Kybenku-
MyHKa mOKa3aHa B3aUMOCBA3b KOAI((UIIMEHTa TOTJOIIeHUs B 3aKkoHe byrepa-
JlamGepra-beppa k.., ¢ KodDPUIMEHTOM OTpaKECHUS pP,, OCSCKOHEYHOTO CIIOS

moran (1_.000)2
S 200

noponika u pyHkuuen paccesaus s [171]: i

Opnnako, ganHas QopMmyjiia HE MOXKET MPUMEHSTHCS B CHEKTPAIBbHOM 00JIacTh
CHJIBHOTO MOIJIOIIEHUsI 00pa3LioM (YeMy KaK pa3 COOTBETCTBYET 00JIaCTh MEK30HHBIX
NEPEeX0/I0B OKCHAOB METAJUIOB) BBHUJAY JOMyIICHHS O cIabod MOTrIomaTelbHOMI
criocobHoCcTH 00pasna. OyHKIMS pacCcestHUsl S 3aBUCUT, B CBOIO OYEpPEe/b, OT JJIUHBI
BOJIHBI — S~1/A™, rme m 3aBUCHUT OT cpeaHero pa3Mepa JacTuil oopasma d (mist d >
IMkMmm=0,mm10.1<d<1mMkMmm=1;mmad < 0.1 MkMmm = 3) [171].

N3mepenust nmpoBoAUIUCH HA ABYXJiaydeBoM criektpodoTomerpe Cary 5000 (PL]
«Hanodoronuka», Hayunsiit napk CIIOI'Y), ocHalieHHOM HHTErpupytoiei chepoi.
Huddy3Ho OTpakeHHBI OT HCCIEAyeMOro obOpaslia CBET C JIMHONW BOJHBI A
cobupa’ncst HUHTerpupytomei chepoit B TenecHoM yrie 27 Ha (GOTONPUEMHHUK U €ro
CUTHAJ CpaBHUBAJICA C CUTHAJIOM Ju(@Py3HOTO OTpaKEHHs HSTalloHA (MAcaTbHO
OTPaXKaOIIEr0 CBET BEIIECTBA C OTPAXKAIOMIEH CIMOCOOHOCTBIO Pyranon = 1, WIH
BEIIIECTBA C 3apaHee M3BECTHOM OTpaXkarollel crmocoOHOCThIO0). B kauecTBe sTanmoHa
ucnons3zoBaics BaS0,. Ilomydaemas BenuunHa p(A) OOBIYHO TPEACTaBISETCS B
oTHocUTeNbHBIX eauHunax oT 0 mo 1 (wmm ot 0 mo 100%). N3mMeHeHus: CreKTpoB
nuddy3HOro oTpakeHUss B XOJ€ Pa3IUYHBIX 00pabOTOK oOpasiia KOppeaupyroT C

U3MEHEHUSIMHU KOd(PPUImeHTa moraomenus (C TOUHOCTHIO 10 (YHKIIMHA PACCESTHHUS S,
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OOBIYHO sIBJISIIOLIEHCS TiIaakor (yHkiuen jamHbl BosHBI) [171]. Takum obOpazom,
aHANMM3UPYS PA3HOCTHBIE CIIEKTPHI A0 M TOCIE KaKOH-THMOO0 0O0pabOTKH, MOXKHO
MOJIYYUTh WH(OPMAITUIO O BIUSHUU TOW WM WHOW OOpaOOTKM HA TMOTJIOIICHHE

obpasra.

2.2. JKCIepUMEHTAJIbHAS YCTAHOBKA

B cocraB 3kcnepuMEHTanbHOM YCTAaHOBKH, HA KOTOPOW IPOBOJUIIUCH
UCCIICOBAHUs, BXOJWJIM:  PpEaKTOp, CHUCTEMa  HallyCcka TIa30B, CHCTEMa
CBEPXBBICOKOBAKYYMHOM OTKayKH, CHUCTEMa YIIpaBJIEHUS TeMIlepaTypoil oOpasua u
cucrema apromaruszanuu Ha 6asze [IK. MccnenoBanus ganHoi paOoOThl MPOBOJUINCH
Ha HKCIIEPUMEHTAJIbHON YCTaHOBKE, CX€Ma KOTOPOM MPEACTABICHA Ha pucyHke 2.1. B
3aBUCHUMOCTH OT YCJIOBHUM M LEIEH JKCIIEPUMEHTOB MEHSUINCh TOJBKO CHUCTEMBI

OCBEIICHUS ¥ (JOPMBI pEaKTOPOB.

BCHTHIIb
HATCKaTCJIb

(e T

peaxTop

v

N,O
NO

A
LEOJIUTOBEIH
Hacoc

HarpeBarciib

Pucynok 2.1. Cxema s3kcniepuMeHTalIbHON ycTaHOBKU (M, — manometp [Tupanu,
M. — abcontoTHbIN MaHoMeTp, MC — Macc-criektpometp, V; — oobeM jjist

nepenycKanus ra3oB B V, — o00beM 11 MPUTOTOBIICHUS TA30BOM CMECH ).
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CocraB razoBoi (asbl U MPOAYKTOB J€COPOLIMH KOHTPOJIUPOBAIU C MOMOUIBIO

MOHOMOJILHOTO Macc-crekTpoMerpa AIIJIM-1. Pazpemaromiast croco6HOCTh Macc-
M .
CHIEKTPOMETpa — = 150 na yposue 10%. PaGounii Bakyym B Macc-CEeKTPOMETpE HE

xyxke P = 1077 Topp cos3maBaics M NONIEPKUBAICI HE3aBUCUMOM CHCTEMOM
CBEPXBBICOKOBAKYYMHOM  OTKAQUKW,  BKJIIOYAIONIEH  I[IEOJUTOBBIA  HAcoC W
MarHutopaspsaaasid Hacoc Hopa-100.

VYnpasnenne wmacc-cnektpomerpoM AIIJIM-1 BXoauT B cocTaB KOMILIEKCa
aBTOMaTHU3allMM, CO3JaHHOTO aBTOpoM [166] Ha 0a3e MepcOHAIBLHOIO KOMIIbIOTEPA,
moxyJist coopa ganubix LCard L-440 u 6noka tepmoperyisaiuun TPM-101 (Ogen).

Macc-cnexktpometp AITJIM-1 B cuily KOHCTPYKIIMU TPEIPEaKIIMOHHOTO 00bemMa
Y peakTopa M03BOJISI IPOBOJIUTH U3MEPEHUS KaK B KBa3UCTATUYECKOM PEXKUME, TaK U
B ipoTouHOM. [Ipu paboTte B MpOTOYHOM peKUME MOTOK raza MpoXO Uil YEPE3 PEaKkTop
Y OTKQYMBAJICS HAMIPSIMYIO Y€pe3 HOHHBIN UICTOUYHUK Macc-crieKTpomeTpa. B mogo6HOM
pexuMe IMHAMUYECKOE JaBJCHUE raza HajJ oOpa3loM MOIJIO BapbUPOBATHCS B
ananasone 1077 — 1073 Topp, YTO MO3BONSUIO KOHTPOJIMPOBATH a7COPOLUOHHO-
JeCOPOIIMOHHBIE MPOIECCHI C BHICOKOW YyBCTBUTEIBLHOCTBIO.

Bo Bpems skcniepuMeHTOB 00beM V, ¢ IPUTOTOBICHHON Ta30BOM CMECHIO (MM
YUCTBIM T'a30M) COCAUHSJICSA C PEAKTOPOM C MOMOIIBI0 BeHTU IS, [Ipu KuHeTHYecKux
MCCIIEIOBAHUSI YACTh T'a3a 0TOMpaIach Ha aHAJIN3 B MacC-CIIEKTPOMETP Yepe3 BEHTUIIb-
HaTeKaTelb (KBa3UCTATUYECKUN PEKUM), a Tpu peructpauuu T[] cnexTpoB Bce
YacTUIIbl B Ta30BOil (haze OTKAYMBAIKHChH YEPE3 MACC-CHEKTPOMETp (IMHAMHYECKUN
PEXKUM).

Takke peakTop OCHAILIEH CTallMOHAPHBIM HarpeBaTesieM U TEPMONapoi XpOMeETb-
aJFOMeJIb I TEpMOOoOpabOTOK 00pa3iia U JIMHEHHOro Harpesa npu uzMepenun T/1
cnekTpoB. [yt y100CTBa MPOBOAMMBIX SKCIIEPUMEHTOB (00TyUEHHUS U MOCIIEAYIONIETO
HarpeBa (TepmojiecopOLMK)) HarpeBaTeidb ObUI CHA0XKEH CIEUUATbHBIM OKHOM CO
CbEMHOM KpBIIIKOW B HIDKHEW 4vacth. Takum oOpa3om, oOpasel; Haxoauics B

3amkHyTOM 0o0beme mpu HarpeBe (TJIC), dro obecrneunBamo rapaHTUPOBAHHYIO
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JMHEHHOCTh HarpeBa, a MpHU DKCIEPUMEHTaxX C OCBellleHHeM oOpasia (KIOBETHI)
MCKJIIOYAJIOCh MOMaJaHUuEe CTOPOHHETO CBETA.

Cucrema ympaBlieHHS TemIepaTypoil oOpaslia BhIIONIHEHA Ha 0Oa3e Oioka
tepmoperyisiiun TPM-101 (OBen) u paboraer no npuniuny [TWJ[-perynupoBanus
[166]: TPM ocymiecTBIsIET CICKEHHUE 32 TEKYIIUM 3HAYEHHUEM TeMIIepaTyphbl Trexymee
(c mepuogom 1 ¢), U B Cllydae €ro OTKJIOHEHHMS OT 3aaHHOM T, 040e KOPPEKTUPYET
curdan [IINM ympaBieHus MUTaHUEM HArPEBATEA.

Hcnonb3yembie CUCTEMBbl yIpaBlieHUs oOpaslia IMO3BOJIIIOT HarpeBarh (WU
OCTyXaTh) 0Opa3zer 1o JuHerHomy 3akony T = T, + [t, rae f — CKOpOCTh HarpeBa
(0.1 — 2 K/c), u crabunusupoBath Temmeparypy oopasua B quanazone 300 — 870 K

¢ Tounoctrio + 0.5 K.

2.2.1 PeakTopbl

B pabote ncnonab30Banuch 1Ba pa3iudHbIX PEakTopa HUIUHAPUYECKOU (GOPMBI,
HO pa3HBIMU CIOCOOAMU yCTAaHOBKM 0Opa3lloB — HACHITHOW o0pazer] («0ouka») u
HAaHECEHHBIN HA CTEHKY LIWJIMHIPUYECKOW KIOBETHI.

B 06oux ciiydasix B kauecTBe Marepuaia Jijisi peaKTOPOB UCIOJIb30BAJICS KBapIT
0 MPUYMHE €ro Mpo3padyHocTd B Y@ u BUAMMON 0OJACTH H3IYUYEHHUS, a TaKXKe
BBICOKOW TEPMHUUECKOIN YCTOMUMUBOCTHIO (/151 TPOBEEHUS HarpeBa oopasua 10 823 K
B onbiTax TII/T).

Peaxtop Nel npeactanisii coboit nunuuap Jproapa ¢ mupokuM ropiaomM o0beMoM
30 cM3 ¢ HackIIHBIM 00pa3oM (pucyHok 2.2 a). OcBelenue 00pa3sia IPOU3BOIUIOCH
CHU3Y, COOTBETCTBEHHO TOJI00Has ¢opma peakTopa TMO3BOJISTIA MHOTOKPATHO
MTOBBICUTH 3(PPEKTUBHOCTDH UCIIOIB30BaHUS (POTOHOB B 00J1aCTH CJIA00OT0O IMOTJIOMSHHUS
(B BUOMMON 00J1acTH) 3a CUET MHOTOKPAaTHBIX MEPEOTPaXEHUH OT MOBEPXHOCTU

oOpasna (pucyHok 2.2 0).
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a 0

Pucynoxk 2.2. Peaktop Nel: a — ¢opma peakropa — muimsap Jproapa ¢ HaChIITHBIM
00pa3ioM; 0 — cxemaTuueckoe n300pakeHus X0a JIy4eil Mpu MHOTOKPATHBIX
MEPEOTPAKEHUAX CBETA OT MMOBEPXHOCTHU 00Opa3La.

OnnHako, B X0/Ie MepBOii 4acTh pabOThI OBLIO BHIICHEHO, UTO MPHU UCIOIb30BAHUH
Takoil (pOpMBI KIOBETHI, a TaK)Ke M3-3a OOJIBIION MacChl MOPOIIKOOOpa3HOro oOpasia
(5.6 ) peructpaiiusi CKOpoCTel peakiuu ocliokHeHa Auddy3ueit mTpoMeKyTOUHBIX U
KOHEYHBIX MPOIYKTOB uepe3 obOpaszeu. IIpenBapurenbHO OBLIO YCTaHOBJIEHO, YTO
aKTUBHOCTB 06pasia (mo DA NO 1 = 404 nm) B HOBoif KfoBeTe (=~ 10™> MoHOCTOs)
o KpaliHell Mepe Ha MOPSAJOK OOJbIIE, YeM B CTapol kiosere (Gouke) (~ 107°
MOHOCJIOSI), HECMOTpPSI Ha COOTHOIIIEHHWE Macc o0pasioB ~ 19 pa3 B Mmojiab3y OOUKH.
Kpome Ttoro, yeenmnuninoces paspemenne T/[ crnektpos. IlosTomy BO BTOpOW yacTu
paboThI UCIIOJIBL30BAJICS, BO-MIEPBBIX, 00pasel] ¢ MeHbIel maccoit (okosio 300 mr), a
BO-BTOPBIX, ObLI HAHECEH W3 BOJHOW CYCIEH3UM B BUJE TOHKOTO CJIOSl Ha CTEHKH

WIMHIPUYECKOH KBapIieBoil KioBeThl (h = 40 MM, d = 15 MM) — pucyHok 2.3.

Zn0O

Pucynok 2.3. Peakrop Ne2.
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[I10THOCTL CJI04, TakuM oOpaszoM, cocTaBisiua 15 mr/cM?. Ilormomenue
00pa3IoM B JaHHOM CJIy4ae COOTBETCTBOBAJIO MOTJIOUICHUIO TIOCKOTO 00pasIia.
Ha pucynke 2.4 npenctaBieHsbl sl CpaBHEHUS CIEKTPHI MOTJIONMICHUST 00pa3IoB

Zn0 B peaktope Nel (pucynok 2.2) u peakrtope No2 (pucyHok 2.3), a Takxke

(Abszno)
K02(GPUIUEHT dPPEKTUBHOCTU ) = R
(AbSZTlO)HJIOCKaH
hy (aB)
34 32 3 2,8 2,6 2.4 2,2
-100 L I T I T I T I T I T I T I T
] 3
90 - _.-T s
i - ot
80 -
70 4 Jd4
60 -
= 50 = 3
< *1 I
8 40-
30 - 42
20 -
p . 1
10 4 41
0 T I T I T I T I T
350 400 450 500 550 600

A (HMm)

Pucynok 2.4. Cnextpsl nornomierust Zn0: 1 — miockum o0pas3iom u
oOpasiom B peaktope Ne2; 2 — oOpasiiom B peaktope Nel; 3 — koadduruent
3¢ (HEeKTUBHOCTH Y.

CrieKkTpbl TOTJIOMIEHUS 00pa3oB OBLIM MOJyYEHbI C MOMOIIBIO JBYXJIYUYEBOTO
cnexktpodoromerpa UV-Vis-NIR Cary 5000, ocHallieHHOT0 HHTETpupyIoliei chepoil.
Hubdy3Ho otpaxeHHBI OT wHcciaeayeMoro obpasiia CBET C JJIMHOW BOJHBI A
cobupaeTcss HHTErpupyomie cepoii B TeraecHoM yrie 27 Ha GOTONPUEMHHUK U €ro
CUTHAJ CPaBHUBAETCS ¢ CUTHAIOM MU} (Py3HOTO OTpaskeHHUs 3TaJOHA C OTpaXKArOIIeH
cocobHocThi0 = 1. B kadecTBe sTajmona wucmnosb3oBaics BaS0,. U3mepsmch

CIICKTPbLI IOITIOMICHHA HCIIOCPCACTBCHHO B HCIOJB3YCMBIX B OKCIICPHMCHTAX
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peaktopax Nel u Ne2 i BbIsICHEHUS BIMSIHUS UX (POPMBI Ha MOTJIOLIEHUE, & TAKKE,
JUISl CPAaBHUTEJIBHOTO aHallM3a, B IUIOCKOM KroBeTe. BBIACHWIIOCH, 4TO oOpasel B
peakTtope No2 mMeeT MOTJIOMICHUE aHAJIOTHYHOE TMOIJIOMICHUIO B TIIOCKOW KIOBETE C
TOYHOCTBIO 110 5%.

Takum oOpa3om, mpu wHcnonb3oBaHMM LWIHHApa Jlptoapa (peaktop Nel),
HalpuMep, Ha JUIMHE BOJHBI MAaJaoNIero H3Iy4eHUus: 546 HM KOJIMYECTBO
MOTJIONICHHBIX (POTOHOB B MATH pa3 OoJblIe, YeM B IUNIOCKOM oOpasiie. B Y® obnactu
s dextuBHOCTL peakTopa Nel He mpesbimaer 2. Peakrtop No2 wmcmombs3oBancs st
HKCIEPUMEHTOB C 00JlydeHHeM Tojbko B Y® obmactu, rae ¢gopma peakropa Ha

SCI)CI)CKTI/IBHOCTB IMOTJIOCHHWA CBETA BIIMAHHWA ITPAKTUYCCKHW HC OKa3bIBaJia.

2.2.2 Cucrema Hanmycka raszos. UcnoJsb3yemble ra3pl

Cuctema Hamycka ra3oB V) (pucyHok 2.1) mo3BojisieT NpOU3BOAUTH XPaHEHHUE,
OYHUCTKY Y JIO3UPOBAHHBIN HAIyCK MCCIIEAYEMBIX Ia30B B MIPEIPEaKkTOPHbIA 00beM I/,
(pucyHok 2.1), 1 0OTTyJia B KaMepy peakTopa. PeakTop moakirodancs yepes nepexosl
«KBapl — CTEKJIO» U «CTEKJIO — KOBap» K CHCTEME HaIlyCKa ra3oB, BBIIIOJIHEHHOW U3
HEPKaBEIOLIEH CTalli, Yepe3 CBEPXBbICOKOBAKYyMHBIN BeHTWIb JY-10.

Bce »5meMeHTBI CHCTEM HallyCKa BBINOJIHEHbl W3 HEP)KaBEIOUIEH CTalu
12X18H10T, Bce QuanmeBble COSIUMHEHUS — Ha MEIHBIX YIUIOTHCHHSIX. Paboumii
BakyyM B peakTtopax (He xyxke P = 1077 Topp) co3maercs MOCIEIOBATEILHON
0e3MacisHOM OTKAaYKOM LIEOJIUTOBBIM M MarHUTOpa3psAIHbIM HacocamMu. Cucrema
pEerucTpali JaBJIEHUS COCTOUT U3 MAaHOMETPOB JIByX THIIOB: MEMOpaHHO-
eMKocTHOro Setra 764 (M,4., pucyHok 2.1) B cucteme Hamycka ra3os (V;, pucyHok 2.1)
u mMaHomeTpoB [lupanu B npeapeakiuonHoMm oobeme (V,, pucyHok 2.1) u B kamepe
peakTopa, 4To MO3BOJSET aHATU3UPOBATH CYMMAapHOE JABJIEHHE U TOYHO JO3UPOBATh
HaITycKaeMble Tas3bl. Mcnonb3oBaHue abCOMOTHOrO MaHomeTpa M,g. (pucyHok 2.1)
JUISl TPAJyUPOBKH TIO3BOJIMJIO TOJy4YaTh Pe3yJbTaThl B aOCOIOTHBIX EIMHHUIIAX

[MOJIEKYJIBI X M~ 2] 178 MOKPBITUH ¥ [MOJIEKYJbI X ¢~ 1 X cM™2] s BenuuuH
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noTokoB. Manometp [lupanu crnocoOeH perucTpupoBaTh JABIECHUE B AUANa3oHE OT
0.0001 Topp mo 0.3 Topp, MeMOpaHHO-eMKOCTHOM MaHOMeTp Setra 764 — oT
1075 Topp 1o 1 Topp. Bce manomerps! [Tupanu GbUIM OPOrpagyHpOBaHbl O BCEM
MCIIOJIB30BaHHBIM T'a3aM C HUCMOJIb30BaHUEM MaHoMmeTpa Setra 764. Mcnonb30Baiuch
ra3pl B METAUNIMYECKUX WM CTEKISHHBIX OaJIOHaX, MOJCOCIMHEHHBIX K CHCTEME
yepe3 BeHTwm JY-10.
Hcnonvzyemuie 2azvl. B padbote ObUIM UCIIOJIB30BaHbI Ta3bl 0,, 72(76(0 eCTECTBEHHOTO
M30TOMHOTO cocTaBa U u3oTon-odorameHHbiit NO (95% 15N160) BbICOKOI YUCTOTHI
(99.9%). Mcnonp3oBaHue H30TOMOOOOTANIEHHBIX CMECEU MO3BOJWIO CENapUpOBATH
peareHThbl ¥ IPOyKThl B3aUMOJICUCTBUS B cMecu 2C0— 5 NO.

[lepen HamyckoM ra3pl MOABEPrajUCh OYUCTKE OT MpUMECEH METOI0M

HU3KOTEMIIEPATYPHOTO (PPAKIMOHUPOBAHHUS.

2.2.3 Cucremsbl 00,1y4eHusi B Y® U BUAUMOM 00J1aCTH

B mepBoit yacti paboThl A 00iydeHus oOpasiia MCIOIb30BaIl OCBETUTEIH:
prytabie namisl (JIPII-250), kcenonoByto namiry (Osram XBO 150W/4). OtnenbHbie
CHEKTpaJbHBIC  JIMHAW  PTYTH  BBUICISIM  CTAHAAPTHBIMH  CTEKJISTHHBIMU
ceeropuiabTpamu JIOMO (CII0) ¢ ucnonbp3oBaHUEM TEIJIOBOTO BOASHOTO (UIILTpA.
CrekTpalbHBIE  XapaKTePUCTHUKA  TPOMYyCKaHUS  KOMOWHAIMKA  CTEKJISHHBIX
CBETOPWIHTPOB M3MEpsUIM Ha JABYXJIydeBOM crekTpodoromerpe  Specord.
MHTEeHCHBHOCTh CBETa, MAJaloIIero Ha o0pasel, U3Mepsd TIpaayupOBaHHBIM
dboroaiemeHTOM ¢  MaccuBHBIM  (otokatomom D17 [172], a  Takxke
IIUPOKOUATIA30HHBIM  (OTOAMOMHBIM J1azepHbIM AaTaukomM PD300-UV-ROHS.
MHTEHCHBHOCTh  TAJAIONIET0 MOHOXPOMATHYECKOTO M3JIy4YeHHUs, W3MEpeHHas
rpaJyHpOBaHHBIM MO TEPMOCTOIOUKY (oTodaemenTom D17, 6bina mopsaka ~ 101°

[poToHOB cM™2 ¢™1] (Tabmuna 2).
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Tabumuna 2. Mcnons30BaHHbIE KOMOMHALIMK CBETOQUIBTPOB [l BBIACICHUS
OTZIETBHBIX CIIEKTPAJIbHBIX JUHUM pTyTHOU Jamiibl J[PII-250 u kceHoHOBOM

gammnbl Osram XBO 150W/4 1 ”HTEHCUBHOCTH MaJIA0IIETro Ha 00pasell 3mydeHusl.

VYOC6 |[YDOC1 PKCI10+ PKC11+ [2KC12 [KC17+ | KC18+ |OC13+
+bC7 | +bC8 |IIC13 | CC15 |+CC5 |C3C20+ | IIC7 KC7
365 M [380 um |404 um |436 am |465 um | C3C21 | 546 um [578 um

490 am
Lanasomee 6.07 2.48 1.55 342 2.5 1.34 7.96 5.65
, X 1015 + + + + + + + +
$OTOHOB 0.04 0.05 0.04 0.05 0.06 0.07 0.16 0.12
cMm2 ¢t

Boixondmuii M3 MCTOYHUKA H3IIYYEHHS CBET COOHMpalcs KOHACHCOPOM B
napasuiesibHbIN mydok. O0ydeHue odpasia IpoBOIUIOCH Yepe3 BOASIHON PUIbTp Juist
UCKIIIOUeHUs HarpeBa oOpasua 3a cueT MK usnydenus ucrounuka. s ocnabnenus
CBETOBOI'0 MOTOKA (TIpY HEOOXOAUMOCTH ) UCIIOIB30BAIMCH KOMIUIEKTHI HEUTPaTbHBIX

crekod Tuna « HC» u3 ctangaptHoro Habopa ceetopmibTpoB JIOMO (pucyHok 2.5 a).

BO/ISTHOM
OUIBTP
Y S
MOHOXPOMATOP
hv o KCBY-1
% / —_—
MCTOYHHK
a i I/f pTyTHas namia
s | JAPII-500
cBeTouibTp
a 0

Pucynok 2.5. Cucremsl o0ryueHusi: a — peaktopa Nel; 6 — peaktopa Ne2.

Bo BTOpoOit yacTu paboThl B Ka4eCTBE MCTOYHUKOB M3IYUEHHUS HCIOJb30BAJICS
Y®-cserognonq RF-UVXC35LN-UD (Refond) ¢ makcumymom wu3nydenus A =
382 HM, 4TO COOTBETCTBYET MOJIOCE PE30HAHCHOTO BO30YXKIEHHUS SKCUTOHA, a TAKXKe

prytaas namna JIPIII-500 c¢ npumenennem Mmonoxpomatopa KCBVY-1 (4,44 =
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365 HM) (pucyHok 2.5 0), 9YTO COOTBETCTBYET MEK30HHOMY BO30YKJICHHUIO 00Opasiia
Zn0O. VIHTEHCHMBHOCTh TMANAOIICTO HW3IyYCHHUS B OO0OWX CIIydasX, H3MEpeHHas
KaauOpoBaHHBIM (oTodneMenToM F17, cocraBuna =~ 101 poTonos cm™2 ¢ 1.
CrekTp MOIJIOWEHHOTO O00pa3lOM U3JIyYEHHs] CBETOAMOJA JIEKUT BHYTPH
o0JacTd pPE30HAHCHOTO BO30YXKJIEHUS SKCUTOHA NpPH KOMHATHOM TemImepaType
(pucynok 2.6, xpuBble 1 u 2). Kpuas 3 Ha pucyHke 2.6 mpeacTaBiseT CIEKTp
BO30Y>KIAIOIIET0 CBETa C JUIMHOM BOJHBI A = 365 HM, H3]Iy4aeMOro pTyTHOH JIaMIIOi
JIPII-500. Takum o6pa3om, CIIEKTPhI ABYX BHIOPAHHBIX HCTOYHUKOB U3JTYyUEHHUS JTUIITH
HE3HAYNUTEILHO MepeKphIBatoTcs B ooactu 365 — 375 HM. OGpaTuTe BHUMaHUE, YTO

kak mMosiekynsl NO, Tak u CO He NOIIOAIT akTupHpyromee Y®D-nsnydeHue W,

CJICOOBATCIIbHO, HC HCKAXXAal0OT I/ICCJIC,I[yeMblﬁ CIICKTp (bOTOaKTI/IBaIJ;I/II/I.
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Pucynok 2.6. Cniextpsl: 1 — pe3oHaHCHOTO BO30YKIeHUS (DOTOITFOMUHECIICHITUN

Zn0 mipy KOMHATHOW Temmepartype (110 JaHHBIM paboThI [162]); 2 — moromnieHus

00pa3IioM U3JTy4eHUsl CBETOIMO/Ia ¢ MAKCUMyMOM A = 382 HM; 3 — MoTJIoIIeHUs
oOpasiom usnyuenus prytHoi gammsl J[PII-500 ¢ makcumymom A = 365 HM,

BhIZIesieHHOe MOoHOXpoMaTtopoM KCBYVY-1 (u3mepen doroanementom F17).
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2.3 O0pasen ZnO u xapakrepu3auusi

B pabote wuccnemoBanics BBICOKOAUCTEPCHBIA TOpomok ZnO «OcY 12-2y.
VnenbHasst moBepxHocTh (ompeneneHHas wmeroaoMm BET, (aacop6uus N,),
apromatusupoBanHas  cuctrema  ASAP  2020MP  (Micromeritics),  PII
«/IHHOBAIIMOHHBIE TEXHOJIOTMM KOMIIO3UTHBIX HaHOMaTepuaaoBy», HayudHblii mapk
CII6I'Y) nopomika Zn0 pasna 20.33 M? /T ¢ coAepKaHMEM OCHOBHOTO BEILECTBA HE
Menee 99.99%. B nepBoii yactu paboThl Macca oOpasiia cocTaBiisiia 5.6 T, BO BTOPOid

— 300 mr.

YUCTBIA Nnopowok ZnO

5000

MHTEHCUBHOCTb, MMN/cekK

O_JLJJL._JL_JLJJJ

20, rpaaychl

Pucynok 2.7. PenrtrenoctpyktypHbiii ananu3 Zn0 Ocl 12-2.
UccnenoBanmst  (a3oBoro  cocraBa  TMOPOIIKOB  METOAOM  TU(DPaKIUH
PEHI€HOBCKUX Ty4den (nudpakTomeTp Bruker D2 Phaser, PI]
«PentrenoandpakiimoHHble METONbI uccienoBanus», Hayunbeiii mapk CIIGIY)
nokasaiu, uto oopaser] Ha 100% coctout u3 daszel Bropuut. Ha pucynke 2.7 Haz 0Cbio

abcuucc KopoTKkMMH 4veproukaMu (bars) mokaszanbl peduekchl (a3pl Boopuur. B
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IPUHLINIIE, MOXHO CUMTATh, 4TO (Pa30BbIi COCTaB 00Pa3L0B HE MEHSIICS 3HAYUTEIBHO
B XOJI€ CEPUH IKCIIEPUMEHTOB.

[lo pmanHbpIM aHamu3za MeToAoM U depeHIHanIbHON  yIbTPa3BYKOBOM
criektpockonuu (Mastersizer 3000 (Malvern), PIl «MHHOBanmoHHBIE TEXHOJIOTHH
KOMIO3UTHBIX HaHoMaTtepuanos», Hayunsrit mapk CIIOI'Y) (pucyHok 2.8) yacTuIlbI
oOpa3ua MnpeacTaBisioT cOO0H KOHIIIOMEpaThl KpUCTAIUTOB. Pa3Mepsl OTAENbHBIX
KpuctauiutoB, 1o gaHHbiM COM  (Zeiss  Crossbeam  1540XB,  PI]
«HanokoHcTtpynpoBanue GpoToakTUBHBIX MaTepuanoBy, Hayunsiit mapk CII6IY), ot

100 HM (pucyHok 2.9).

10,0
8,0
6,0

4,0

obbemHan nnoTHocTb (%)

0.0 T T T T T TTTTIT T T TTTTIT T T TTTTTIT 1T T TTTT I T TTTTIm
0,0 01 1.0 10,0 1000 10000 10 000,0

pasmMep 4YacTuy (MKM)

Pucynok 2.8. Pactipegenenue kourinomeparoB Zn0 OcH 12-2 no pazmepy.

Pucynok 2.9. U3o06paxenue nopouika Zn0 OcY 12-2, nonydyeHHoe Ha

CKaHHUPYIOUIEM 3JIEKTPOHHOM MHUKPOCKOTIE.
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UToOBl MCKIIOYUTH 3aBUCUMOCTH XapakTepa aJacopOluy TMpU KOMHATHOMN
TeMIepaType OT CTENEHU TUIpaTallui TOBEPXHOCTH, MOJIEKYJIbI BOJIbI, @ TAKXKE IPYTHE
3arps3HEHUs] yAASUIM TMPEIBAPUTENIbHBIM TporpeBoM Zn(O B TMOTOKE YUCTOTO
(99.99%) xucnopona (P = 0.2 Topp) npu 823 K B TeueHue aByX 4acoB JI0 MOJHOTO
HMCUYE3HOBEHUSI B MAacC-CHEKTPE BBIXOJAIIETO IOTOKAa CJEAOB OKHUCISIEMBIX
3arpsA3HCHUU.

B nepBoii yactu paboThl (HackimHOM oOpa3zelr B peaktope Nel) mcmnonb3oBann
«OKHCIICHHOE» COCTOsTHHE 00pasna Zn0, moiryqaemMoe mporpeBoM Zn0 B KUCIOPOAEC
npu 823 K B Teuenue 1 yaca ¢ nocineayromuyM JUHEUHBIM OCTBIBAHHEM B KUCIIOPO/JIE C
BakyymupoBanuem npu 1T = 670K. [uknasl «BOCCTaHOBICHUE-OKUCICHUE
NPOBOAWINCH ~ MHOTOKpPaTHO, TEM  CaMbIM  IOJdy4Yas  BOCHPOU3BOIUMBIE
XapaKTEPUCTHKHU 00pa3La.

[lepen skcrnepuMeHTaMH BO BTOpPOM 4YacTH palboThl (0Opa3ell HAaHECEH Ha
OOKOBYIO CTEHKY peaktopa Ne2) oOpazell MOATrOTaBIUBAJICS CIEAYIOIUM 00pa3oM:
nporpeB B armocdepe kucimopoma a0 823 K — octeiBanue gm0 673K —

BaKyymupoBaHue rmpu 673 K — ocTbiBaHME 10 KOMHAaTHOM TeMIepaTypbl — 3aCBETKa

2,-1

oopasma A = 365HM (I35 =~ 10'° poTronoBcm™?c™, t=10mMuH) —
KpaTkoBpeMeHHbId Hamyck kuciopoaa (P = 0.1 Topp) — nporpeB no 473K B
BaKyyMe.

Y@ 3acBetka npuBogmia K (poTomecopOLMH MOJEKYJISIPHOTO KHUCIOpOAa C
MOBEPXHOCTU U (HOTOIAECTPYKIUHU IMOBEPXHOCTHOTO CJosl 3a c4eT (oTojecopouuu
CTpyKTypHOro kuciopona. KomudectBo (HoT0/1€COPOMPOBAHHOTO MOJEKYJISIPHOTO
KHUCTIOpOJia U3 aJCOPOMPOBAHHOTO CJIOS M aTOMapHOrO W3 TMOBEPXHOCTHOIO CJOS
CTPYKTYpbl ONPENEsId MacC-CIEKTpoMeTpudeck [36]. B pe3ynbraTe 4acTUYHOTO
BOCCTAHOBJICHUS Ha TIOBEPXHOCTH QopMupoBaics 3arud 30H BHH3 [159].
[Tocnemyromas agcopOIusi KUCIOPO1a MPUBOAUT K (POPMUPOBAHHIO HA MIOBEPXHOCTU
2D-ctpykrypsl Zn0/Zn0,_, /O~ [161], npeactasnstomas co0oii siMy, C BHyTpEHHEH

CTOPOHBI TTOBEPXHOCTU OrpaHUYeHHYIO OaphepoM IIloTTkH, a ¢ BHEITHEH CTOPOHBI

moJieM aJCcOpOMPOBAHHOTO KHCopoaa. MiMeHHO B 3TOW KBaHTOBO-pazMepHOU 2D-
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CTPYKTYpE 3KCUTOH pacrnaaaeTcst 0e3b3/Iy4yaTesIbHO Ha Mapy JOJT0XKHUBYIIUX [IEHTPOB

[159].
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I'naBa 3. ®orokaranuTudeckas peakuusa NO + CO + hv - CO, + 1/2N,

akTuBupyemasi Ha ZnO B Y® u BUAMMOI1 00/1aCTAX

3.1 BBeaenue

OnHUM 13 TPAKTUYECKUX MPUMEHEHUN OKCHIA IIMHKA SIBJISIETCS UCTIOJIb30BaHUE
€ro B KauecTBe (hOTOKATAIM3aTOPA I OYMCTKH OKPY’KAIOIICH Cpebl, HApUMeED, IS
OYUCTKU CTOYHBIX BOJ [5—7]. OcoOnIit maTepec B XXI Beke ZnO npeacTaBisieT Kak
OUYEHb MEPCIEKTUBHBIN MaTepuan il OYHUCTKU 3arps3HEHHOTO BO3JyXa KPYIHBIX
rOpoJIoB OT TPOIYKTOB MPOMBIIUIEHHOTO MPOU3BOJCTBA, a TaKXKe BBIXJIONA
JBUTATEJICH BHYTPeHHETO cropanusi. OiHOM 13 po0sIeM SIBISIETCS YAAICHUE BPEAHBIX
oKcuJI0B azota u yriepoaa (NO u CO) u3 Bo3ayxa, HallpuMep, 4epe3 BOCCTAHOBIICHHUE
NO no N, n okucnenue CO no CO,. Okcuasl a30Ta 3aHUMAIOT BTOPOE MECTO IOCIE
JMOKCHJIA CEPBI IO BKIIA/ly B YBEJIIMUEHHUE KUCITOTHOCTH O0caakoB. CO omaceH TeM, 4To
COCMHSECTCS C TEeMOIVIOOMHOM KpOBHM, B pe3yJibTare 4Yero ooOpasyercs
KapOokcuremorjoOuH. [loBeImieHre ypoBHS KapOOKCUTeMOTJIOONMHA B KPOBU MOKET
BbI3BaTh HapylIeHUE PYHKIUN HEHTPATIbHON HEPBHOM CUCTEMBI: OCIIa0EBAIOT 3PEHHE,
peakiusi, OpUeHTAIUsl BO BPEMEHU W MpocTpaHcTBe. [lpu 3TOM BKIag BHIOPOCOB
aBTOTpaHCTIOpPTa B ()OPMHUPOBAHUE YPOBHS 3arpsi3HEHUS BO3yXa OKHCIaMH a30Ta
OKa3bIBaeTCs B 2 pa3a 0oJibllle, 4eM BKJIaJl BELIOPOCOB MPOMBIIIUICHHBIX MPEANIPUITHM,
a OKHCBIO yriieposia — noutu B 20 pa3 Oosbliie.

Buemnee wu3nyuenue, akTuBHOe ausa (ororenepanuu map e /hT B ZnO,
HEOOXOAUMBIX JJI MPOBEAEHUS (POTOKATATUTUUECKUX PEAKIUNA MO TpaHCHOpMALMH
MPOYKTOB 3arpsi3HEHHS OKpYyX)atomiei cpeapl JexuT B YO obnactu (A < 385 HM).
JlaHHOE ycCJIOBHE OCYIIECTBICHHSI (POTOKATATUTHUYECKUX peakiuii Ha Zn0 MOXXHO
00eCIeuuTh ¢ MOMOIIBI0 O0bIYHBIX YD jgamn. OJHAKO KOJWYECTBO AJIEKTPOIHEPTHH,
HeoOxoauMoe 11l reHepanun Y ® o0iydeHus: B MPOMBIIUICHHBIX MacliTadax, CTOJb
OTPOMHO, YTO €7[Ba JIU TMPEACTABIACTCS YKOHOMHUYECKH BBITOJHBIM. 3HAYUTEIbHBIN
WHTEpPEC NJisi HWCMOoJb30oBaHUs Zn(O Ui YKa3aHHBIX IEJIed MPEeACTaBISIET COOOM

«OecCTUIaTHBIINY UCTOYHUK CBETOBOM aHeprun — ConHile. OnHako, Ha Y uznydeHue,
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JIOCTUTAIOIIEe MOBEPXHOCTh 3€MJIM, B COJTHEYHOM CHEKTpe MPUXOAUTCs He Oosee 5%
DHEPIUM, YTO 3aMETHO IMPEIITCTBYET NpPAaKTHUYEeCKoMy IpuMeHeHutro Zn0O. Ha
BUJIUMYIO K€ 4acTh chnekTpa npuxoautrcs okoyio 40% sHepruu. Takum oOpaszom,
BO3ZHMKAET 33jJlaya pacUIuPUTh aKTUBHYIO 0051acTh Zn0 B BUAMMYIO 001aCTh.

Jnsg  pacmipeHuss akTHBHOM 00JacTM B BHAMMYKO YacTb chektpa ZnO
CEHCUOWJIM3UPYIOT KpPAaCUTEISIMU WM JIONUPOBAHHUEM HOHAMU METAJIOB U
HEMETAJUIOB,  CO3/JAaI0T  KHUCJIOPOJHBIE  BAKAHCMM B  IOBEPXHOCTHOM H
IPUIIOBEPXHOCTHOM closix, [1, 8—10], co3maror kommo3utsl ZnO ¢ y3KO30HHBIMH
nonynpoBogaukamu [1, 11, 12], mma3smMoHHbIE (hOTOKATATHU3aTOPHI C HAHECEHHBIMH Ha
Zn0 HaHOCTpYKTypupoBaHHbIMU Au, Ag, Cu. [13, 14]. locturnyra 3¢(heKTUBHOCTh
(GOTORNIEKTpUUECKUX  MpeoOpa3oBaTeneii  COJHEYHOM  SHEPrMM HAa  OCHOBE
ceHcuOunmzupoBanHoro Zn0 He menee 12% [15].

Mexay TeM, MOTJIOIIEHHE B BHUIMMON OOJACTH MOKHO CO31aTh, UCHOJIb3YS
ONTHUYECKHU aKTUBHBIE COOCTBEHHBIC 1eeKThI [32—34].

[lenbto paboOThI, ONKMCAaHHOW B JAHHOW TJiaBe, SBIISIOCH HCCIIECIOBAHKE
BO3MOXXHOCTH caMoceHcuOmnu3anuu Zn0 CcoOCTBEHHBIMH Je(eKTamMu I €ro
¢doToakTHBalMKU Kak B Y@, Tak U B BUAUMOM 00JaCTIX CIIEKTpa. A TakKe MPUMEHUTD
TEOPHUIO0 APKCUTOHHOTO MEXaHU3Ma MpPOTEKaHUsl (OTOKATAIUTUYECKHX pEeaklHnid Ha
Zn0, uccnenoBaHHyto B pabotax [159-162]. B kaduecTBe TeCTOBOM BHIOpaHA peaKITus
B.1: uzyuanoce B3aumopeiictsuss NO, CO u cmecu NO + CO ¢ poToakTuBUpyeMOit
Y® u BUAUMBIM CBETOM MOBEPXHOCTHIO Zn0 merogamMu (poroMaHoMmeTpuH, (GoTo-
MacC-CIEKTPOMETPUHA U TEPMOIIPOTPaMMUPYEMOM J1€COPOLIMOHHON CHEKTPOCKOMHH.
JInst aHanu3a aKTUBHBIX LIEHTPOB M MOCTPOEHHUS MEXaHU3Ma PEaKIUu HCCIIe0BAIH
CHEeKTpbl €€ (OTOAKTUBALMHU, OCOOEHHOCTH KHWHETHYECKHX MapaMeTpoB, COCTaB
WHTEPMEIUATOB U KOHEYHBIX MPOIYKTOB PEAKITUH.

UccnenoBanca BeicokoaucnepcHbil mopomok Zn0O Mapku «OCH 12-2», c
coAep>KaHUEM OCHOBHOTO BellecTBa He MeHee 99.99%. KomruiekcHbie uccnenoBanus
MPOBOJMIINCH HA KCIEPUMEHTAIBHON YCTaHOBKE (PUCYHOK 2.1), ONMCaHHOM B TJiaBe

2. HacemHoit oOpasenr Zn0O maccoil 5.6 T HaXoawiics B peakTope — IMHIMHAPE
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Jlproapa, 4TO MO3BOJIMJIO MOBBICUTH 3(PPEKTUBHOCTH HCIOJb30BaHUSA (DOTOHOB B
o0nactu ¢1aboro MOTJIOMICHUS 32 CYET MHOTOKPATHBIX OTPAKEHUH OT MOBEPXHOCTH
oOpasria.

CocraB razoBoii (asbl U MPOAYKTOB JAECOPOIIMHN KOHTPOJIUPOBAIN C MOMOUIBIO
MOHOIOJBHOT0 Macc-cnektpomerpa AlIIJIM-1, nms KoTOporo ObLIM OIpEneICHBI
YYBCTBUTEIBHOCTH KO BCEM HCIOJIB3YEMbIM Ta3aM U BO3MOXHBIM MPOAYKTaM,
ONpEJIENCHbl COOTHOUICHUSI OCHOBHBIX W  OCKOJIOYHBIX THKOB, IPOBEICHbI
TpaayupOBKH O MOTOKY ra3oB, ONpeIeTIeHbl KOHCTAHTHI CKOPOCTH YOBIBaHHUSA ra3a u3
peakIMOHHOrO o0beMa 3a cueT oTOopa MpoObl Ha Macc-aHanu3. s paszneneHus
pEareHTOB M MPOIYKTOB PEAKITUI HCIIOIB30BAIN M30TOMOOOOTAIeHHBIN a3 1Y NI60
(6onee mogpoOHO CM. TIIaBy 2).

[Iponyktel B anacopOupoBaHHON (ase KoHTpoiupoBaiu Merogom TIIJ]
cnektpockonuu (cM. ra. 2). Pa3dopoc B uHTeHcuBHOCTSIX T/l cnekrpoB mnpu
UJICHTUYHBIX MPEIBAPUTEIBHBIX 00pab0oTKaxX He mpeBbIma 5%.

Jns  oOmyyeHus o0Opa3lOB CBETOM pAa3IMYHOTO CHEKTPAJBbHOTO COCTaBa
ucnosib3oBa  pryTHyto jgammy JIPIII-250 u kceHoHnoByro mammy Osram XBO
150W/4, ocHaimennble cTekIsiHHbIMA — cBeTodunbTpamMu JIOMO wu BoOASIHBIMU
bunbrpamu 1751 uckimodeHus MK-cocrapnsroniedt uznydyenus. [logpoOuee cucrema

o0JTydYeHus OIMCaHa B TJaBe 2.

3.2 TemHoBoe 1 poTocTUMYIHPOBaHHOE B3aumoaeicreue NO, CO u cmecu

NO + CO ¢ Zn0,_,

3.2.1 O6anyuenue Zn0O,_, B cmecu NO + CO

O6napyxeHo, uto Y®D-Buaumas 3acsetka Zn0 B cmecu NO + CO npuBOIUT K
pe3komy majenuto nasiaeHust NO c BeiienieHueM B ra3oByto ¢asy N, O, KOTOpbIi najee

BoccTaHaBiauBaetcs 10 N, (pucynku 3.1, 3.2).
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Pucynok 3.1. Tunuynas ku"etnka peakuuu B.1 Ha Zn0O npu 001ydeHUn NOJTHBIM

cBeToM pryTHOM Jamnbl J{PII-250.

22

20 = CO, =151x10"] ]

18] ——N,, 4=0.77x10"
— —a— NO, A=1.79x10"| ]

; —v—N,0, 4=0.25x10""|
1,4 4 +hv .

1,2 S

1,0 S

Nx10'" monekynb

0,8
06
0,4

0,2+

bk
vvvvvvvv',""
i

0,0

I I
0 50 100 150
BpemMsA, CeK

T T
200 250

Pucynok 3.2. Tunnuynas kuaetnka peakiuu B.1 Ha Zn0 npu 0611y4eHIN BUANMBIM

cBeToM (A > 390 HMm).
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Boinenenne N, HauumHaercs 1mocie 3aBeplueHus Qoroaacopouuu NO. B
orcytctBue CO BbIienenus N, B ra3zoByro (a3y He oOHapykeHo. Poct naBnenus CO
Ha HA4aJIbHOM 3Tare Mpu 00Jy4eHUH MOJIHBIM CBETOM (pUCYHOK 3.1) BBI3BaH JABYMsI
NPUYUHAMU: C OJIHOM CTOpPOHBI, HE3HAUUTENIbHBIA HarpeB oOpaslia o0iydeHHeMm (cC
300 o 307 K) npuBoaut k necopOmuu ciabocBsi3aHHBIX Mosiekyd CO; ¢ apyrou
CTOPOHBI, BO3MOXHO YacCTHMYHOE BhITeCHeHHE Mosiekysn CO mpomykramu PA NO.
OTMeTHM, YTO MOCJE BKIIIOUEHUS 3aCBETKH CKOPOCTh noryionieHus NO 3HAaYUTEIbHO
oosbie, yem CO, u Macc-6ananc mo snementam C, N, O B ra3oBoi (ha3e HapyIIaercs.
OTO O3HAYaeT, YTO BAXKHYIO POJIb BO BCEM IMPOIECCE UTPAIOT aJcOpOMpOBaHHbBIC
UCXOJ/IHBIC, MPOMEXKYTOYHBIE M KOHEUHBIE MPOAYKTHI. XapakTep KUHETHUUECKUX
kpuBblX CO 1 NO TUNWYEH IJs UCXOAHBIX MPOAYKTOB, a N, — i1 KOHEYHOTO.
BTtopoii koneunsiit mpoaykT — CO, B Ta30BoM (paze He OOHAPYKEH, OH HAKAIIJIUBACTCS
B aJICOpPOMpPOBaHHOM cocTosiHMU. Kunertuueckas kpuBasi BwiieneHuss N,O umeer
MAaKCHUMYM B CPEIHEUN YaCTH, UYTO CBOMCTBEHHO TPOMEKYTOUYHBIM MTPOLYKTaM.

HaGmronaercs ya0BIETBOPUTENIBHBIN B MIpe/ieax MOTPEUIHOCTH Macc-0anaHc 1o
azory B rasoBoii (daze: —An(NO) ~ 1.8 X 1017 wMomexkyn B cpaBHEHHH C
2[(An(N,0) + An(N,) =~ 0.9 x 1017 monekys]. D10 03Hauaer, uro N-comeprKaiime
(GhopMBI HE OCTarOTCA aACOPOMPOBAHHBIMU B KOHIIE PEAKIIMH B 3aMETHBIX KOJTUYECTBAX.

Ha xoneuHom starie B ra30Bo# ¢aze ocTaeTcsi He3HauuTeIbHOE KosmdecTBo N, O
(me 6omee 10% ot N,), MOCKOIBKY 3ajaud MojdHOW mepepabotku N,O B NaHHBIX
OMbITaX HE cTaBUJIOCh. M3BecTHO, uTo N,O doToKaTamTuTUYeCKu pasnaraerca Ha Zn0
[173]. Kunernueckue oCOOCHHOCTH peakiiuu B.l aHagoruyHbl HAOJIIOIaBITMMCS
panee Ha Ti0, Degussa P-25 [30].

Jlst aHanm3a cocTaBa W DHEPTUU CBSI3U aJCOPOMPOBAHHBIX MPOMEKYTOUHBIX U
KOHEUHBIX MPOAYKTOB ucmnonb3oBain T/C ¢ Macc-CIEKTpOMETPUYECKUM aHATU30M

necopoupyemort ¢aszpl (cMm. pazzen 2.1.2). B merone ucnonb3yercs ypaBHEHUE

Eq

dao % _Za
Burnepa-Tlonstau st ckopocTu AecopOuum: —— = En Ome RrT.

B skcniepuMeHTe CKOPOCTH JECOPOITUHU OTPEEISETCS MACC-CIIEKTPOMETPHUIECKI

M0 BEJIMYMHE TTOTOKA MOJIEKYJI ¢ 00pa3iia B pekuMe MPOTOYHOTO peakTopa [174].
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[Ipu anamuze TJI cnekTpoB ajacOpOUPOBAHHBIX MPOAYKTOB PEAKIUU TIO
OKOHYAaHUU 00JTyUeHHUS HEPa30KEHHbIM Y D-BUAUMBIM CBETOM JIaMITbl (PUCYHOK 3.3)
WM BHJIMUMOM KOMIIOHEHTOW (pUCYHOK 3.4) YCTaHOBJIEHO, YTO €IUHCTBEHHBIM
POaAYKTOM JiecopOiuu siBnsetcs: CO,, KOTOPBIN BhIACISIETCS TTpH mporpese a0 823 K.
TJl cmekTpbl cOCTOAT W3 OCHOBHOTO MakcumyMma (B obmactu 750 — 800 K) wu
Hu3KoTeMneparypubix ied — B obmactu T > 500 K (pucynok 3.3) u T > 600 K
(pucyHok 3.4).

_2)

4 ! | : | ! | ! | ! |

CO,, A=1,48*10" 5
CMoaenupoBaHHbIE MUKK:
(1oro nopagka)

3] |1-E,_=15198B
2-E,_=1619B
3-E,=17938B
4 - Enec= 1,96 3B
5-E, =209 3B

3 -1
ckopocTb aecobpuuu (10 monekynbl ¢ cm

T T
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Pucynoxk 3.3. T/] cnextp npoaykToB peakiuu B.1 mocne o0ayueHus moJTHbIM

cBeToM (pucyHoK 3.1).
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CO,, A=1,4*10"
CmMmogennpoBaHHbIe NMUKK:
(1oro nopagka)

3] |1-E _=1902B
oec
2- Enec= 2,03 2B

3-E_=2,18 3B

CKOpoCcTb aecobpyunun (108M0ne+<ynb| ¢’ cm'z)

0 T T I T I T
300 400 500 600 700 800

Pucynok 3.4. T]] ciektp npoaykToB peakiuu B.1 nmocne 001ydeHust BUAUMBIM
cBeToM (A > 390 M) (pucyHok 3.2).

[Ipn ™MopenupoBaHuu (pas3yioKEHUH) HKCIepuMeHTadbHbiX T/ crnekTpos
npeanosiarajiy, 4YTo SHEprusi akTUBAaLUMU JecCOpPOLMU HE 3aBUCUT OT MOKPBITHS, T. €.
E;oc(8) = const, 4T00BI BEIABUTH KAYE€CTBEHHO OCHOBHBIC 0coOenHocTH T/I cniekrpa.
B nacrosimeit padote T/] cnexktpsl cMoaenupoBanbl cymmont T/ mukoB necopOumu 1-
ro nopsaka (n = 1) ¢ mapamerpamu v = 102 ¢!, B = 20 K/MuH u 3naueHnsMu
SHEPruil akKTUBAIMK JECOPOLMHU, PEACTABICHHBIMU HEMOCPEICTBEHHO Ha PUCYHKaX
3.3-3.4,3.8-3.10. lia mopenunpyeMbIx B fasbHeNHmeM T /] ciekTpoB nepBOTo Mopsiaka
HAJIMYUE HECKOJIbKMX MOHOIIMKOB B CHEKTpe necopbupyemoro CO, yKka3bpIBaeT Ha
HYHEPreTUYECKYI0 HEOJHOPOAHOCTh MOBEPXHOCTH MO OTHOIIECHHIO K ajncopouun CO,
WM Ha HAJIMYUE HECKOJIBKUX TUIOB LIEHTPOB aACOPOIIIH.

Ananu3 paznnunii TJI crieKTpoB, MOTYUYEHHBIX MPHU 3acBETKAaX B Y O-BUANMOI U
BUJIMMOM 00sacTsx (cpaBHeHHE PHUCYHKOB 3.3 u 3.4) BBIXOAWUT 3a pPaMKH JAHHOM

paboTHI.
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I[JISI IIOCTPOCHUA MCXaHHU3Ma PCAKIHK HCCICAOBAHbBI OTACIBHBIC CTaJauu

nmponecca, NpeaAcCTaBJICHHBIC AaJICC.

3.2.2 TemHoBas U ¢poToMHAYLMPOBaHHAasA aacopouus CO

Hamyck B peaktop CO 1ipu KOMHAaTHOM TEMIIEpaType COPOBOKIAAETCS OBICTPOI
oOpatumoit ancopOuueit CO. BenuuuHa MNOKPHITUS NMPU HAYaJbHOM JaBICHUU B
peaktope P, = 0.07 Topp He npepbimaer 10~* monocnos. Ilo nuTepaTypHBIM
JTaHHbIM, afcopouust CO conpoBoxkaaercs nosieaeHueM B UK cnekrpe Zn0 nonockl B
obmactn 2168 — 2192 cm™! [145-151], koTopas mcde3aeT IPU IOCIEAYIOIIEH
OTKay4Ke NMPY KOMHATHOW TEMIIEPATYPE, TO ECTh aicOpOLUs ABIsETCs oOpaTumoi [ 145,
146]. ITonocy 0ObBIYHO MPUMUCKHIBAIOT KOJIeOaHUsIM MOJIeKyJibl CO, ancopOupoBaHHOM
Ha noHax Zn?* [145-149, 151].

3acBeTKa MPUBOJUT K JomoMHUTEIbHOHN ancopouuu CO. Cormacao MC naHHBIM
CO, He BbIACHAETCS B ra3oBylo (azy HU B XOJi¢ TEMHOBOW ajcopOIuu, HU IPHU
ob6myuenuu B CO. Panee nokazano, uto oonyuenue Ti0, B CO HaBOIUT MOTJIOIICHUE
B Bunumon-UK o6nactu, 00yclnoBI€HHOE AJIEKTPOHAMH MPOBOJAUMOCTH, U TIOJIOCHI
moHoaeHTaTHbIX (1450 — 1350 cm™!) wu  OumenTtantaeix (1570 — 1315 cm™1)
kapOoHatoB [37]. AHATOTUYHO, MO JUTEPATYPHBIM JTaHHBIM, MpHU 3acBeTke Zn0 B
armoc(epe CO TOABIAIOTCS MONOChl Kapookcunateix CO, (monoca 1620 cm™ 1) u
kapboHatHeix CO3 (1570 — 1315 m 1450 — 1350 cm~ 1) crpykryp [153, 154].
bonbmoe BnusHre Ha (HOPMHUPOBAHME OTPHUIATEIHHO 3aPSHDKCHHBIX KOMILJIEKCOB, H
CBSI3AHHBIX C HHMMHU TOJIOKEHUWA W OTHOCUTENIbHBIX WMHTeHcuBHOCTeW MK momoc,
OKa3bIBaET IMpeBAPUTENIbHAS OKUCIUTEIbHO-BOCCTAHOBUTEIbHAS 00pab0TKa OKCHAA
uuHka [145].

[Tocne ancopbmuu CO B mnocnenyromem TJ[ crnektpe (pucyHok 3.5),
npucytctByer C0O,, 4To TOBOPUT 00 okuciaeHuu CO CTPYKTYPHBIM KHCIIOPOIOM

MOBEPXHOCTH 00paslia, MpeABapUTeIbHO OKUCIeHHOro npu 823 K.
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Pucynok 3.5. T]] cnektp npoaykroB TemHOBOM 1 DA CO (A > 390 HM) Ha ZnO
(Py (CO) = 0.07 Topp unentuuno P, (CO) B cmecu NO + CO (pucysku 3.1, 3.2)).

Bricokoremneparypuple T/l mUKM HMMEIOT HECUMMETPUUYHYIO (GOpMY, YTO
YKa3bIBa€T HA MEXaHU3M MOJIEKYJSIPHOU JecopOLMH MO MEPBOMY MOPSIAKY, TO €CTh
pa3pbiB CBsI3U MoOJieKyabl (O, Kak IeNoro ¢ meHTpom ajacopomuu. M3 pucynka 3.5
BUJIHO, YTO CHUMYJIMPYIOIIME MOHONMKM HE 3alOJHAIOT SKCIepuMeHTanbHble T/1
CIEKTpBl. JTO, KaK U B Clydae pUCYHKOB 3.3, 3.4, yKa3bIBa€T HA DHEPrETHUYECKYIO
HEOJHOPOJHOCTD ITOBEPXHOCTH.

Anammzupys TJl cnextpsl TeMmHOBOM U @A CO (pucyHok 3.5), MOKHO cAenaTh
BBIBOJI, YTO OCBELIEHUE CIOCOOCTBYET OOpPAa30BAaHUIO MPOYHO CBA3AHHBIX CTPYKTYD
CO, (muxku B obmactu 500 —800K). Mamoe pasnmuuue mIomanen
HU3KoTeMnepatypHbix mukoB CO mipu 345 — 360 K npu agcopbumm B TEMHOTE U Ha

CBETy OOBSCHSETCS TEM, UTO 3HAYHWTelIbHas 4dYacTh cjabo cBszanHoro (O



78

necopOupyercs B XO€ BaKyyMupoBaHusi mnepea peructpamnueirt T/l cmekrtpa, yuTo

COrjacyercs ¢ JUTepaTypHbIMU JaHHBIMU [37].

3.2.3 TemuoBas u poronHayunpoBannas aacopouust NO

NO ob6parumo aacopoupyetcsi Ha HeocBermeHHoM obpasme. [Ilpu T = 300 K u
P,(NO) = 0.013 Topp, nokpsiTue cocrapuser ~ 0.8 X 10™> MoHOCTO4.

[Ipn xkomuatHOU Temmepatrype NO amcopOupyercs Ha oOpasie (pucyHok 3.6),
BoiiesieHnst N, O B Tra3oByto a3y He HaOmrogaeTcs. 3aCBETKa BhI3bIBACT MHTEHCHUBHYIO
dboroaacopbuuo NO u Beinenenue N,O (pucynok 3.6). Ilocnenyromue 30 MUHYT
3aCBETKU HE TpUBEIM K MOsiBIeHU0 N,, HecMOTps Ha TO, yTo NO MOJHOCTBHIO

doToancopOupoBaics, a gaBiaeHue N, JOCTUIIO0 MaKCUMyMa.

TeMHOBag:
1.4 - —a0— NO
1 —4—N,0
L
1,2 4 2=404 ym:
+404 HM ’
NO —0— NO
1,0
=
% 05 -
5
= +Zn0O
>
= 5 =
|y
o]
=
0,4 -
0,2 -
0=0 1 I L 1 s I 1
0 500 1000 1500 2000 2500
BpEMS, CeK

Pucynok 3.6. Kunetnueckue kpuBbie TeMHOBOM 1 poTo (A = 404 HM) agcopOruun
NO na Zn0/Zn0,_,/0~ (P,(NO) = 0.05 Topp). Kpacuast 1uHus — ITHHCHHBIH

y4acTOK KUHETUKH @A NO, 110 KOTOPOMY PaCCUUTHIBAIICSA KBAHTOBBIM BBIXOJ.
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O6nyuenne ZnO B NO BUAUMBIM CBETOM (HOPMHUPYET CHIBLHO CBS3aHHBIC
azcopOrpoBaHHbIE POPMBI, KOTOPBIE HE MOTYT OBITh YJ1aJI€Hbl BAKYYMHUPOBAaHUEM MPU
KOMHAaTHOM Temmneparype. CoriacHo nuTepaTypHbIM JaHHbBIM, 3acBeTka Zn0O B
atMochepe NO yMeHbIIAeT 3JIEKTPONpPOBOAHOCTE [142], B pe3ynbrare 3axBaTta d-
JIeKTpoHa Ha xeMocopoupoBanHbli NO. dortoaacopbumst NO, ¢ pacxoJoBaHHEM
JOHOPHEIX (opM, BKIro4aeT cinepyromue peakuuu: NOpy; = NOype, NOyc +e™ -
NOgpc.

3axBar MousieKyJoili NO  KBa3UCBOOOJHOTO 3JEKTPOHA TUIOWYEH IS
MOJTYTIPOBOJHUKOBBIX OKCUIOB METAJJIOB 1-THIIA.

YcranoBneHo, uro ckopoctb @A NO NMHEWHO 3aBUCUT OT MHTEHCHUBHOCTHU
najaromiero manyyenus. Onnako, kpuBasg @A NO He ONUCHIBAETCS KUHETUYECKUMU
KPUBBIMUA MEPBOrO0 MWJIM BTOPOTrO MOPSAKA, YTO TOBOPUT O COCYLIECTBOBAHUU
Heckoyibkux MexanusMoB @A NO. C uenvio nostydyeHus uHGOpMAIUU O MPUPOJIC
(OTOAKTUBUPOBAHHBIX IIEHTPOB, OTBETCTBEHHBIX 3a DA, ObUIM MpOaHATU3UPOBAHBI
cneKkTpayibHbIe Xxapakrepuctuku @A NO.

Ha pucynke 3.7 npencraBiieHa CIEKTPaJIbHASI 3aBUCUMOCTh KBAHTOBOT'O BBIXOZA
DA NO na Zn04_,.

DKCMEPUMEHTHI Ha BCEX BHIOPAHHBIX JIJTMHAX BOJIH MPOBOAWIIN MPU UICHTUYHBIX
HavganbHBIX yenoBusx (T = 300 Ku Py (NO) = 0.013 Topp). Kanrossiit Beixog ©A
NO paccyuTsiBancs 10 HavYanbHOU CKOPOCTH Vo (NOgoroanc) POTOPEAKIMM, ISt YETO
BBIOMpAJICS JIMHEWHBIA y4yacTOK (mpumep — pHUCYHOK 3.6, KpacHas mnpsmasi)

COOTBETCTBYIOIINX KHHETHUECKUX KpUBBIX PA NO:

Y(1) = W x 100%.

A,a6c
Nj a6c = Kkl — 4nCIO (HOTOHOB, MOMIOMIAEMBIX OKCHIOM LIMHKA B CEKyHIy, kK =

100—p

o0 KOd(PUIIMEHT TOTJIOMEHNUs 00pa3lioM M3Iy4YeHHUS] Ha COOTBETCTBYIOIICH

JJIMHE BOJIHBI (PUCYHOK 2.4), I, ; — MHTEHCUBHOCTD NAJAIOLIEr0 U3/1y4eHuUs (Tabnuna

2).
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Pucynoxk 3.7. CrnektpanbHasi 3aBUCUMOCTbh KBaHTOBOTO Bbixoga @A NO na Zn0,_,
(T = 300K, Py = 0.013 Topp).

Y CTaHOBJICHO, YTO BEIMYWHA KBAHTOBOTO BBIX0JIa HIMEET MAaKCUMYMEBI TIpH hv =
3.07 3B (A =404 um) u hv = 2.6 3B (4 = 480 um) (pucynok 3.7). Panee namu 1o
cnexktpaM nudQy3HOro OTpakeHHs BBIACNICHa Tojioca moriomenus hv = 3.1 3B,
OTHECEHHAs K BAKAHCHU KUCIOPOJa, 3aXBaTuBILel oquH dnekTpon Vb (F*-uenrp) u
nosioca hv = 2.4 3B, oTHecenHnas k F-1ieHTpaM (BakaHCUM KHUCIIOPOa, 3aXBATUBIIICH
nBa >nextpona V2 [175]). B pabore [176] ciexTp nornomenus okcuaa Zn0 B 061acTu
2.2 — 3.4 3B paznoxeH Ha WHIUBUYAIbHBIE TTOJOCH], COOTBETCTBYIONINE Ne(eKTam:
MIEPBBIN MUK COBNAJAET C MOIJIoMmeHuEM F +-ueHTpa, muku 2.6 3B u 2.5 3B oTHECEHBI
COOTBETCTBEHHO K BAKaHCUM ZMN, 3aXBaTUBIUEH OAHY IBIPKY V., (V-uentp) u x F-
HeHTpaM. ODTH TNHUKH JAal0T OCHOBHOM BKiax B HaOmomaembii addext ®A NO.
VYuuthiBas peanbHOe paspelieHue crektpa Bo30yxkaeHuss ®A NO, coBnageHue
cnekTpoB  Bo3Oyxaenuss @®OA wu mornomenus ZnO  cienyeT  NPU3HATH

YAOBIIETBOPUTENbHBIM. Panee mokaszaHo [177], 4yTo UMEHHO ATH LIEHTPbl HauboJjee
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akTUBHBL B  (OTOaACOPOLIMOHHBIX U (DOTOKATATUTHUYECKUX  pEAKIMUSAX Ha
IIMPOKO30HHBIX OKcuAax. Kak BuAHO W3 pucyHKa 3.7, HE3HAUUTENbHBIM BKJIAJ B
CyMMapHbIi 3(D(EeKT Aar0T Takke MEXIyy3elbHble HOHBI Kuciopona O; , BAKaHCUU
nMHKa, 3axpatuBiue e Ablpkd Vz. (VO-mentps). CyMMa yKa3aHHBIX HOJIOC
MO3BOJISIET ANIPOKCUMHUPOBATH CHEKTPaJbHYIO 3aBUCUMOCTh @A NO ¢ TOYHOCTBHIO
~97% (pucyHoxk 3.7).

Ha pucynke 3.8 npencrasiensl T/l ciekTpbl TPOAYKTOB TEMHOBOM M TEMHOBOM
aacopomum + ¢otoamcopbimn uncroro NO Ha ZnO mpu paBHBIX HaYaJIbHBIX

naBieHusx NO.

I.Lé) T I T I T f’{f T I T I T I T I T I T
1,6 4 =

7 || —=— NO (remosanson), a=1,11*10"" 2 |
2 144 |——o0, a=0,12*10" ]
? * 17

P —4&— NO (rauroeer), A=0,27*10 3

c 1,24 CMoaoenupoBaHHbIE MUKW: » .
g | (Toro nopsaaka)
S 10 1(NO)-E,_=1,073B 1
= ] 2(NO)-E =1,79 3B

= oec

5 084 3(NO)- E_=2082B 4 -
o 1 —

S 06 4(0)-E =208 3B ]
[1}]

=3

2 0,4 -

9] ;

o 1 :

g 0,2 4 =0,001-

x 1 *0,001 ek\

0,0 4+———+1 :
299 300 301 400 500 600 700 800 200
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Pucynoxk 3.8. T/] cnextp npoayktoB TemHOBOM U DA NO (A > 390 um) Ha Zn0O
(Po(NO) = 0.017 Topp unerruuno Py(NO) B cmecu NO + CO (pucynku 3.1, 3.2)).
3HaunTeNbHAS YaCTh CJIA00CBSA3aHHBIX ajcopOoupoBanHbIX hopMm NO ynamsercs
Ipyu BaKyyMHpPOBAaHWW peakTopa IpH KOMHATHOW Temmeparype. B  cmekTpax
MPOSIBISIIOTCS 3 THMa afcoOpOMpPOBAHHBIX (POPM, UMEIOIINE MAKCUMYMbI J€COPOIHH

mpu Ty ~ 400 K (Epe = 1.073B), T, ~ 650 K (Ejec = 1.793B) u T3 = 760 K



(Ezec = 2.08 3B). B nepsbix nByx nmkax gecopoupyercs NO. OnHaxo, TPETHH MUK
NO conpoBoXxaaeTrcss WACHTUYHBIM MO (opMe U TOJOXKEHHI0 MaKCUMyMa MUKOM
MOJIEKYJIIPHOTO KHUCJIOpPOJa. JTO yKa3blBaeT Ha €IMHBbIA HUCTOYHUK OOOUX IHKOB.
TakuM UCTOYHMKOM MOXET OBITh TUCCOIMATHUBHAS AecopOrus HUTpuToB NO, win
HurpatoB NO;,

BBICOKOTEMIIEpATypHbIE POPMBI crielIUUIHBI IMEHHO A5 hoToaacopOuuu NO.

[Ipu uccinenoBanuu NpoayKkToB TeMHOBOM ancopoiuu NO + CO metomom TIIJ]
(pucynox 3.9) obOnHapyxeHwsl necopOuus CO, ¢ makcumymom mwuka npu 771K,

necopouust CO npu 367 K, necopbuus NO ¢ makcumymamu okoisio 378 K, 690 K,

730 K.

BO3MOXHO OTpHOATCIIBHO 3apsKCHHBIX.

3.2.4 TemuoBas ancopouus NO + CO
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Pucynoxk 3.9. T/] cnextp npoaykToB TeMHOBOM ancopOiuu cmecu NO + CO Ha ZnO
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Hanuuue 3ameTHOro kosnuuectBa npoaykroB B T/l cmekrpe ykas3blBaeT Ha
HEMOJHYI0 00paTUMOCTh TEMHOBOM aJCOPOLIMU CMECH Ta30B.

N3 T/] cnexkTpoB mociie TEMHOBOM BBIIEPKKH B cMeCH (PUCYHOK 3.9) BUIIHO, UTO
3HAYUTENIbHAs YacTh CJIa00CBsI3aHHBIX afcopOrupoBaHHbIX popMm NO u CO ynansercs
IIPY BaKyyMHPOBaHUU PEAKTOpPa IPH KOMHATHOM TeMIepaType — HadalbHbIE TOUKH
CIIEKTPOB BBIHYKJE€HHO yMHOKeHbI Ha 0.001 ns coxpaHeHust y1o0HOro maciirada B
o0nactu BbICOKHX TemrepaTyp. CpaBHeHue noiyueHHBIX T[] crekTpoB mpoayKToOB
TeMHOBOH ancopoimu cmecu NO + CO (pucynok 3.9) u unctoro NO (pucysok 3.8),
BbIsIBIIsIET dopmy ancopbupoBanHoro NO (muk 4, pucyHok 3.9) ¢ Tyae = 730K
(Ejec ® 1.945B), kotopas oOpasyerca B CMecM. OHEPIMM  aKTUBAlMU
au3koremieparypaoi Gopmel CO (E,e. = 13B) u BbicokoTEMIIEpaTYpHOH (DOPMEI

CO; (Egec = 2.1 3B) ocrarorcs neusmeHHbIMU (pucyHku 3.5, 3.9) B npucyrcteuu NO.

3.2.5 Anaqms stanos peakuuu NO + CO + hv - €0, ,,. +1/2N, T

[TonydeHHbIE KUHETUYECKHE JIaHHBIC COTJIACYIOTCS C paHee MPeJIoKEHHBIM
JIBYX3TalTHBIM MEXaHU3MOM OKHUCIIMTEIIbHO-BOCCTAHOBUTENBHOM peakiuu B.1 [30].

[TepBsbiii Tamn, BoccranoBieHue NO 1o N, O, onuchIBaeTCs peaklmeil:

hv
CO +2NO — CO, + N,0. (3.1
N,0 sBisieTcss MPOMEXKYTOYHBIM TPOAYKTOM, Ha UYTO YKa3bIBaeT crenuduyeckas
dbopma ero KHHETUYECKON KPUBOH, MPOXOAIICH Yepe3 MaKCUMYM (pUCYHOK 3.2).

Ha Bropom stane N, O BoccTtanaBnuBaercs 10 Ny:

O+ N,0 5 €O, + N, 3.2)

Ha nepBom stane peakiuu B.1, KOTOpbII 3aKaHYNBAETCA B MOMEHT 3aBEPILICHUS

®A NO, kak yxe ObUIO CKa3aHO BBIIIE, BbIAEIEHUs MOJIeKyll N, B ra3oByto (a3zy He
oOHapyxeHo. TJ[ cnekrp aacopOMpOBaHHBIX MPOAYKTOB MEPBOr0O 3Tama IMOCIie

OTKA4KH Ta30BOM a3kl mpescTapiieH Ha pucyHke 3.10.
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Pucynok 3.10. T/ cnextp noce 3aBepmieauss ®A NO B cmecu NO + CO + hv
(tpy = 10 MuH) (mapamMeTpbl CMECH UIACHTUYHBI TIPEICTABIICHHBIM Ha PUCYHKaxX 3.1,
3.2,3.9).

KonnuectBo BoccTanoBieHHOro NO HaxXoAWTCS U3 MaTepUalbHOIO OajaHca Io
a3oty: An(NOporoanc) = An(NO,y,e) + 2An(N,0,,,).

KomnuectBo NO, Bwiaensemoro npu temneparypax 320 — 400 K, nepenuko,
Monekyasl NO co3nanu npodHble cBA3U ¢ Zn0 u nposBWINACH B T[] ciekTpe TONbKO
npu Beicokux (T > 670 K) temnepatypax.

Hannbie T]I ciekTpoB MPOAYKTOB COOTBETCTBYIONIUX peakuuil (pucyHku 3.8, 3.9)
MOATBEPKIAI0T POCT KOJIMYECTBA aJcOpOMpOBaHHbBIX MoseKy pu DA. Habnrogarorces
Tpu ¢opMmbl agcopbupoBanHoro NO — HuskoTemneparypHasi okoynio 370 — 380 K
(Ezec = 13B) u nBe BoicokoTemneparypubie Gopmbl. IlepBas u3 HUX NPOSABIAETCS B
BUJe MHMKA C Ty = 650K (E .. =~ 1.843B), y BrOopoii Qopmel Benmmumubl Ej ..
Pa3IMYAIOTCA AJ11 TEMHOBOM U (POTOAKTUBUPOBAHHON GopM — E o & 1.94 3B (Tya =

740K) m E . = 2.083B (Tyax = 760 K) coorBerctBenno. Takum o0pasom,
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00JlyuyeHHEe HE3HAUYUTEJbHO YBEJIWYMBAET SHEPIHIO CBA3U aJCOPOMPOBAHHON (HOPMBI
NO. ®opma, umeromas E .. = 1.84 3B sBisieTcs, mo-BUANMOMY, MPEKYPCOPOM JIJIs
BTOPOTO ATara.

Takum oOpa3om, Ha mepBOM dTane peakiuu B.l Ha moBepxXHOCTH 00pa3yrOTCS
yraepon comepxkamme Qopmel:  Znt — CO, Zn** —CO, CO,, CO;, u a3or
conepxamue: Zn*t — NO, NO~, NO,, NO*. N,0 Bbliensercs B razoByio (asy.

Bropoii atan — BoccranoBinenue N,O no N, u paspsanka CO, . Ha pucynke 3.11
IIPEACTABJICHA CHEKTPAJIbHAs 3aBUCHUMOCTb KBaHTOBOro Bbixoma N, Ha ZnO.
Makcumymbl (404 HM 1 490 HM) MOBTOPSIIOT MaKCUMyMbI KBaHTOBOTO Bbixoaa DA
yuctoro NO (pucyHok 3.7), 0OlHaKO BeJIMYMHA KBaHTOBOTrO Beixoaa N, Gosiee yuem B 20

pa3 MEHbIIIE BEJIMYMHBI KBAaHTOBOTO Bhixoga @A NO.

A(HM)
375 400 425 450 475 500 525 550
! I . I . I . I L I . I ! I L I

0,40 4 -

0,35 { d
© 0,30 4 I 436 HM T -
EN 0.25 - 404 HMm l l )|
g 0,20 - -
X YT 385 um {\/-E I
0 4 4
m
< 0,15 4 l -
£ 4 546 ym 4
O #io l *
e o
g - -
x 0,05 4 -

0,00 T T T T T T T T T T T T

3.4 3.2 3,0 2.8 2,6 2.4 2.2
hv (3B)

Pucynok 3.11. CnexrpanbHasi 3aBUCUMOCTb KBaHTOBOTO Bbixona N, B cmecu NO +

CO na ZnO.
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Kak cnenyer u3 kuHeTHKU peakiuu (pucyHku 3.1, 3.2), MOJIEKYJSPHBIA a30T
oOpa3yeTcss uepe3 BOCCTAaHOBJIEHHE MNpoMexyTouHoro mpoaykra N,0. Obpariaer
BHUMAaHUeE, 4TO BbifienieHue N, HauuMHaeTcsl TOAbKo nocie 3aBepiieHus @A NO. Oto
03HAYaeT, YTO 3aXBaT AIEKTPOHA C DIEKTPOHHO-I0HOPHBIX HenTpos (V,F (F*-uentp),
Vy (Znt)u V2 (F-uentp)) monexynoit NO 6onee >3ppekTHBEH, 4eM UCCOLUATHBHEII
3axBaT ero Monekyiaour N,O0. Cxopoctu mnorjomeHuss N,O wu Bbigenenus N,
COMOCTAaBUMBI, TO €CTh peakmus B aacopOMpoBaHHOW ¢aze HE SABIICTCA
JUMUTHUPYIOINIEH. 3aMETHUM, YTO BEJIMYMHA KBAHTOBOTO BbIX0/1a N, B BUIUMOI 00JIaCTH

BILIOTH 10 530 HM BhrIlIE, YeM B Y.

3.2.6 Buusinue 00/1yvyenus u aaBjeHus CO Ha nporekanue peakuuu NO + CO +

hv - €0, ;. + 1/2N, 1

Uccnenosanue npoaykToB B3aumonaeictsus CO ¢ Zn0,_, (pucyHok 3.12) npu
Pa3IMYHBIX HAYAJIBHBIX YCJIOBUAX IIOKA3aJI0, YTO IMPU YBEJIMYECHHH HAYaJIbHOIO
napiennss CO B nBa pasa miomaan nmukoB CO u CO, (xpuBble 1, 2 pucyHok 3.12)
pacTyT no-pa3zHomy: CO yBenmuuuBaercs B ~3 pasa, a CO, B ~1.5 paza.

Onnako cymma miomanei nukos CO u €O, ynBauBaeTcsi. ITO 03HAYAET, UTO MPH
TakoW mpeaBapuTesibHOW 00padoTke oOpasua (cMm. pazgen 2.3) axacopbuus CO
MIPOUCXOIUT B OCHOBHOM Ha KaTHOHAX Zn ¢ o0pa3oBaHUEM Cla0OCBS3aHHBIX (HOpM
Zn — CO, xotopbsle MOTYT ObITh yaaneHsl HarpeBanuem 110 400 K. [Tonoxxenue nuka
necopbuuu CO nocie TEMHOBBIX peakiyii He MeHsieTcst (KkpuBble 1, 2, 3 pucyHnok 3.12),
a nonoxkenue nuka €0, 3aBUCUT OT CTENEHU MOKPBITHS: MAKCUMYM ITUKAa CMEIIAETCS
B CTOpOHY Oojiee HM3KMX TEMIIEpATyp C YBEIMYCHUEM MOKPBHITHS (KpuBbie 1 u 2
pucyHok 3.12). Takoif MaKCUMaJIbHBIN CABUT OOBIYHO XapaKTePEH IS aCCOIMATHBHOM

JeCOpOIIU UIIH T1eCOPOIMU ¢ HEOTHOPOIHON TOBEPXHOCTH.
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Pucynok 3.12. T]I criekTpbl IpOIYKTOB TEMHOBOTO B (POTOCTUMYIUPOBAHHOTO
B3aumogeiictsuit CO ¢ Zn0/Zn0,_,/0~: 1 —CO (P, = 0.05 Topp); 2— CO
(Py = 0.1 Topp); 3— CO (P, = 0.05 Topp) + NO (P, = 0.05 Topp); 4 — CO
(Py = 0.05 Topp) + hv.
N3 pucynka 3.12 BugHo, u9rTo Haumbombemee KoiaumdectBo O,
TepMoecopOupyeTcss Tocie TeMHOBOro B3aumojeictBus cmecu NO + CO ¢ ZnO

(xpuBas 3). D10 o3HayaeT, utro NO cnocoOCTBYyeT 00pa3oBaHUIO LEHTpoB O~ Mg

aacoporuu CO [163]:
NO,,. + Zn*(e”) » NO~ + Zn** (3.3)
NO;,c + NO - N,0 + 0~ (3.4)

CO+ 0 - CO; - CO, T +Zn*(e”,F) (3.5)
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Ot (akThl MOATBEPKAAIOTCS B TOM UHKCIE U YPABHEHHEM MaTe€pUaIbHOTO
cananca mo CO u CO;,,.: nodasnenue CO k NO NpUBOAMT K JONOJHUTENILHOM
aacopouun ANO = 0.7 X 1017 MOJIEKYJ, B CBOIO ouepenb maobasiaeHue NO k CO
npuBoauT K noseienuio ACO; ., = 0.69 X 107 no cpasnenuo ¢ TJI crexTpom
TeMHOBOTO B3aiiMoercTBust CO ¢ ZnO (pucyHok 3.12).

Ha pucynke 3.13 npenctraBieHbl KUHETUYECKHE 3aBUCUMOCTH KOHIEHTpAIIUiA

peareHToB U NMpoayKToB TeMHOBOM aacopomuu NO 6e3 CO u B cmecu NO + CO.

1.4 -
-
S
X
=z O NO (+CO
S, 0.64 +o0pazern ( )
§ ]
€ 04-
02- NOGLO) A ATRANAAAAA ,
| A ALY e N20 'y
0.0 J——ALLDALLLANDALNLNNADLANLALALLLLND
0 500 1000 1500 2000 2500
1, CeK.

Pucynok 3.13. Kunernueckue kpuBble TeMHOBOU ajcopouuu NO u NO B cmecu

NO + CO (P,(NO) = P,(CO) = 0.05 Topp) na Zn0/Zn0;_,/0".

Hamyck cmecu NO + CO na oOpa3zen mpuBoauT K ObicTpoii aacopommu CO u NO,
¢ popmupoBanueM cinabocsazannbix popm NO~, CO — Znt, CO — Zn?*, xoropsle
obln omucanbl Bbimie. JloGaBnenne CO B cmech kK NO 3HAYUTEIBHO YCKOPSIET
aacop6uuro NO, tak kak ajacop6uus CO mpUBOAUT K BOCCTaHOBJIEHUIO Zn(, 4To

MOATBEPKAACTCS, B YaCTHOCTH, yCKOopeHueM obOpazoBaHusi N,O (pucynok 3.13), u
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reHepaluyel MoBepXHOCTHBIX KUCIOPOAHBIX BakaHcui Vi, (F-uentpoB) [163]. Takum
oOpa3oM, MpH B3aUMOAECUCTBUM C MoOJekyloil CO ynansercss MOBEPXHOCTHBIN
a7IcOpOMPOBAHHBIN U CTPYKTYpPHBIN Kucaopoa O~ . DIEKTPOHbI, FEHEPUPOBAHHBIE MPU
(GopMHpPOBaHMU KUCIOPOIHON BaKaHCHU Vpy, TOKAIU3YIOTCS Ha KAaTHOHAX HUHKa (Zn™)
¥/WIIK Ha CaMOM BakaHCHH, 00pa3sys F ¥ -LeHTpbl, akTuBHEIE B ancopoumu NO.

Ha pucysnke 3.14 npeacrtasnensl T/l cnekTpsl nmpoiykToB B3aumoaeicteus NO ¢

Zn0/Zn0,_, /0~ B npucytctBum CO u 6€3 Hero (cM. pucyHoK 3.13).

E_.»>B

1 1.2 1.4 1.6 1.8 2 2.2
7 T T T T T T T T T T T T T T T

NO + ob6pasen : NO + CO + obpaser :

64 —&a—NO %3 —=—NO %3 J|
—8A—N,0x10 —4&—N,0xI0
—8—CO x3

dN/dtx10%, monexyser ¢ ~lem=2

Pucynoxk 3.14. T/l ciextpsl mpoaykToB peakiuit NO + Zn0/Zn0;_,,/O” u NO +
CO+ Zn0/Zn0;_,/0".

B npucyrctBun CO Habmonaercs yBenndeHue koianuectBa N, O Kak B ra30BOi
daze (pucynok 3.13), Tak U B a7cOpOUPOBAHHON, KOPPETUPYIOIIEE C YMEHBIIIEHUEM
HU3KOoTeMnepatypHbix popm NO (pucyHok 3.14).

Ha pucynke 3.15 mokazano pazgenenune crtaauii doroamncopbumun NO wu

nocieayrmiei poropeakunun CO ¢ poroancopobupopanubiM NO. Ha untepsane 1 NO
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MoJHOCTRIO (hoToaacopoupoBaics (A = 382 HM), a B razoBoit ¢aze nosswics N,O B

konuuectBe =~ 30% (B nepecuere Ha coaepxkanue N) oT HauabHOTo Koinudecta NO.

14

382mM 382 um 382 mm
o T —— , Bl sensansvssamsnse .
124 & Bk : o :
% ' % . :" .
- L . : .\ i
! " H a "
104 o : \ 3 :
= 18 .8 3 £ g 1
% opd H1 3 & 28 ¥ 3 :
5, ! : : - o :
ﬂj :n & . : \l" -
2oosd - 1
ll i ’ ] L :
‘o
| \
4 -
A

1, CEK.

Pucynok 3.15. Kunernueckue KpuBbI€ MOTYYEHHbIE MPU 00JIy4eHUH 00pa3ua
Zn0/Zn0;_, /0" B: 1 —NO;2 —NOy;c + CO;3 —NOy5 + NOyye + COyp ©
OTKA4KO# OCTaBIIMXCS MPOLYKTOB B Ta30BOM (pa3ze B KOHIIE KaKI0Tr0 ATana.

[Tocne otkauku N, O Ha uHTEepBaje 2 MpoBeeHa 3acBeTKa oOpa3sla B atMochepe
CO. 3ametrHo BblzenieHUe MoJiekyl NO, BBITECHEHHBIX C IIEHTPOB ajCcOpOLUU
mosiekynamu CO. N,O BwiensieTcs B ra3oByr0 (pa3y B KOJIMYECTBE B 5 pa3 MEHbIIIE,
4yeM Ha uHTepBasie 1. 3To KoppeaupyeT ¢ COOTHOIIeHHeM AaBieHuit NO Ha IepBOM U
BTOPOM OJTamax M IOKa3blBaeT, 4To Ha oOpazoBanue N,O0 pacxoxyercs NO
MIPEUMYIIIECTBEHHO M3 Ta30BOM (pa3bl, XoTsa Ha oOpasie azcopbupoBano a0 65%
azoTocojepxkamux Gopm, 00pazoBaHHbIX Ha MHTEpBasie 1. O6myyenue B CO (pUCyHOK
3.15, untepBan 2) Beaer K BbaeneHuto N, B ra3oByio ¢asy, OJHAKO C MEHBIIEH

CKOPOCThI0, ueM npu ooyuenuu cmecu NO + CO (pucyHok 3.1 a).
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Ha untepane 3 poroancopobuuss NO HeckoabKo ciiabee, yeM Ha uHtepBaie 1. B
razoByio (a3zy Beiaensiercss N, O u, B oTiinuue oT uHTepBana 1, N,.

W3 naHHOrO »SKCHEpUMEHTa CleayeT, 4To s Haubonee 3(PGEeKTUBHOTO
BocctaHoByeHust NO 1o N, O u 3atem N, O 1o N, HEOOX0AMMBI 00 TyUYeHHUE U HAJTMUHe
CO B Ta3oBoit dase.

B npoBeneHHbIX 3kcriepuMenTax (pucyHku 3.12—3.15) Habmoaa10Cch YCKOPEHHE
aacopouun NO ¢ oJHOBpeMEeHHBIM BbljieNieHneM N, O Kak NMpu BKIIOYEHUU 3aCBETKU
oOpasua, Tak u npu jpob6asieHun CO B cMmecb. Takum o0Opa3oM, yCTaHOBJICHA
KaueCTBEHHAas 3aBUCUMOCTh 3 dexTuBHOCTH BoccTaHoBleHuss NO no N,0O u 3arem

N50 no N, ot coueranus ycinoBuii 3acBeTkH 1 konnmdectBa CO B razoBou cmecu NO +

Co.

h
3.3 ®orokaraauTnyeckasi peakuusi NO + CO 5 €Oy, +1/2N;, 1,

akTuBupyemasi Ha Zn0/Zn0,_,/0~ npu Bo30y>KIeHHH IKCUTOHHOTO

pe3oHaHca

B npenpigymem paszgene 3.2 wuccienoBanach CIEKTpajlibHasi 3aBUCUMOCTD
KBAHTOBOI'O BbIXoJla peakiuu B.1, xapakrepusyromas 3p¢heKTUBHOCTh MOTJIONIEHUE
COOCTBEHHBIX AHUOHHBIX M KATHOHHBIX BakaHcud (ueHtpel F u V Ttuma
COOTBETCTBEHHO) JIJIsi caMOoceHcuOmnmm3anuu Zn0 K BUAUMOM 001acTu criekTpa [32,
163]. UccnenoBanre mokas3ano, 4TO KBaHTOBBIM BbIxon peakiuu NO + CO + hv —
CO, + 1/2N, npu 3acBeTKE CBETOM BHJIUMOIO JHana3oHa MPaKTUYECKH Ha MOPSIOK
OoJibilie, 4yeM Mpu 3acBeTke B Y® nuamazoHe 3a CYET yBEIWYEHHUS OCBEIIacMOil
MMOBEPXHOCTH TMOPOIIKOBOTO KaTanu3aTopa (Kod(PQHUIIMEHT MOTJIOMEeHUsS kK Mal) u
CO3/IaHUSI  JIOJITOKUBYIIMUX AaKTUBHBIX I1IeHTpoB. OnHako 3ddextuBHOCTh FE
dboToakTUBaIIUU ObLJIA HUKE, YeM B 00J1aCTH MEK30HHOTO IMOTJIOIICHUS U3-3a HU3KOM
KOHIICHTpAIIUU CTPYKTYPHBIX Ne()EKTOB M, KaK CJEICTBHUE, CJIa00TO MOTJIOMICHHUS

oOpasiom.
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B paborte, onucaHHON B JaHHOM pasfelie, NPEIINPHUHSTA MONbITKA COEIUHUTH
BBICOKHI KOA((UIMEHT MOTJIOMIEHUsI IKCUTOHAMU C BBICOKOW 3(()EKTUBHOCTHIO
nepesayd SHEPTruu BO30YXKACHUS XMMHUYECKUM peareHTaM MyTeM CHUKEHHsSI MOTephb
IpU MEepeHoce 3HEpruu B TBepAoM Tene. C 3TOW Lenbl0 B KayeCTBE MEPEHOCUUKA
DHEPrUU BBIOPAH 3JEKTPUUECKN HEUTPAIBbHBIN 3KCUTOH [159—-162].

bbulo mokazaHo, 4YTO B pe3yibTaTe TakoW mpouexypsl (QopMUpyeTCs
MOBEpXHOCTHasE cyOMoHochnoiHas 2D-ctpykrypa Zn0/Zn0;_,/0~, 3ddekTuBHO
noaasisiromas SKCUToHHY10 DJI. B Takoit 2D-CTpyKType I3KCUTOH HE U3Iy4aeTcsi, HO
pacmazaeTcs Ha mapy OoArokuBymmx (1o 8 X 103 ¢) s1neKTpOHHO-IOHOPHBIX U
JBIPOYHBIX IIEHTPOB, HA KOTOPHIX U MPOUCXOAUT OKUCIUTEIHHO-BOCCTAHOBUTEIHHAS
peakuus [159], nanpumep, (POTOAKTUBUPOBAHHBIM H3OTONHBIM OOMEH KHUCIOpOJa
[162]. beuto mokaszano, 4to 3gdextuBHOoCTh 2D-cTpyKTYypsl Zn0/Zn0,_, /O~ npu
aKTUBALlMU B 00JIACTH PE30HAHCHOIO BO30YKJIEHUSI SKCUTOHOB MPUMEPHO B ~8 pa3
BbIILIE, YEM B 00JaCTH Mex30HHOro norjouieHus. Cneunduxa peakuuu tecta DUO
3aKJII0YaeTCsl B TOM, YTO OHA MpoTekaeT B OuHapHoil cucteme 0,-Zn0, u Ha
(doToKaTanM3aTOpP HE BIUSAIOT MUCXOJAHBIE, IPOMEXKYTOUHBIE U KOHEUHBIE MPOIYKTHI.
OmHaKo BO3MOXHO JIM TMPOBECTH OKUCIUTEIbHO-BOCCTAHOBHUTEIBHYIO PEAKIIHIO B
peanbHbIX YCIOBUSIX?

HccnenoBath 3TOT BOMPOC CTajo IENbI0 HAcTosmed paboTel. MbI BbIOpamm

DKOJIOTUYECKHU BAXXHYIO pEaAKLHIO NO + CO iﬂ: CO,+1/2N, T, paHee
UCCIENOBAHHYIO HaMH T@pu  Bo30yxiaeHun 7ZnO B BuguMoil  obOnactu
camoceHcubOmmmzanuu [163]. s cpaBHEHHUS HMCMOJIb30BaHBI 00JIACTH MEK30HHOTO
B30y xkaeHus (A = 365 HM) U monoca pe30HAaHCHOTO BO30OYKIIEHHUS dKCHUTOHA (A =
382 HM). IlepBuunblii (oroduznueckuil axT BO30OYXKIEHUS KaTaau3zatopa MpHU
B3aMMOJICHCTBUU C DKCUTOHOM:

exc(e” + h*t) +Zn?t0%" - Zn* + 0~ (3.6)

h
Hanee peaxkuuss NO + CO i CO, +1/2N, mporekaeT B 2 CTaguu 1O CIICHAPHIO,

aHAJIOTUYHOMY B pazaene 3.2 [163].
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Ha pucynke 3.16 mpencraBiieHbl 3aBUCHMOCTH KOHILIEHTpPALMil PEareHTOB U
npoAyKToB peakiuu B.1 ot Bpemenu npu obmydenun Ha A = 382 HM (a) u Ha A =
365uM (6). Hamyck cmecu NO + CO compoBokgaeTcsi OBICTPOH TEMHOBOM
azcopOuueil 00oux ra3oB C BbIAEIIEHUEM B ra3oByto a3y N,O. 3acBeTKa BKIOYEHA

HE3aJI0JIT0 10 TosiHO# agcopommu NO.

H+ L+ obpazen

—0—NO ((eeo) —o—NO

1.2 C,O 1.2 T €o
—A-N0 ‘ —a—N,0

——N, | —v—N,

L+hy 382 HM
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*!

0.6 4 0.6

0.4 4

0.4

0.2 4

Q
Stee,
iy,
2y S22
LYW ,“:.:,',',lg_(‘uuuu«( 1
LNV n:;::: :.
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a 0
Pucynok 3.16. 3aBUCUMOCTH KOHILIEHTPALINI peareHTOB U NPOyKTOB PEaKIUU
B.1 ot Bpemenn Ha Zn0 /Zn0,_, /0~ npu obmyuernn: a — A = 382 HM; 6 — A =
365 um, (T = 300K wu P, (NO) = P,(CO) = 0.05 Topp). UHTEHCHBHOCTH

MAa/af0IIETo U3MyueHus: Igg, = I35 = 5 X 101 poToHoB cM~2¢c™ L.

Brinenenne N, HaunHaercs nociie 3aBepineHus Goroancopoumu NO TOIbKO MpU
Hannuuu CO B ra3oBoil ¢aze. Xapakrep kuHeTnueckux KpuBbix CO u NO TUNUYEH
JUIS. UCXOAHBIX MPOAYKTOB peakuuu, a N, — I KOHEYHOTrO. BTOpOM KOHEUHBIH
npoanykt — (€O, B Ta30BoM (¢aze He O0OHApYyKEeH, OH HaKaIlJIMBaeTCs B
ancopOupoBaHHOM cocTosiHuU. Kunernueckass kpuBas BeineiaeHus N,O wumeer
MaKCUMYM B CpPE€HEN YaCTH, YTO TUIIMYHO JJIs1 IPOMEKYTOUHBIX ITPOITYKTOB.

[Tockonbky NO mNOpakTUYECKH TMOJTHOCTBIO aJCOPOUPOBANICA B TEMHOBBIX

yCIOBUSIX (pUCyHOK 3.16 a), 17151 CpaBHUTEIHHOTO aHATIN3a KWHETUYECKUX ITapaMeTPOB
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BbIOpaH BTOpOI1 3Tamn peakuuu B.1 — BblieneHue B ra3oByro a3y MOJEKYJISPHOTO
azota N,. Ha pucysnke 3.17 npeacraBieHsl mporiecchl Beiaenenus N, (a) u N, O (6) mpu
obonyyernnu A = 365 um u A = 382 HM. Peakuus B.1 mporekaer mpu o0nydeHnn Kak
Ha A =382HM, Tak U Ha A = 365 HM. Yuyactok maaeHus maeieHus N,O0 (A =
382 HM) XOpOIIO OMUCHIBACTCS AKCMOHEHUMATbHONW (PYHKIMEH, YTO TOBOPUT O

MIEPBOM MOPSJIKE MPOTEKAIOIIEH PEaKIUu.

J+obpasen
0.5 0.5 thy
365 uM
SBZHM_V-V'VLVVV J p :
0.4 - eV 0.4
~ N ~. i
=) N >
X i ~ = _
. 03 V’ 3 0.3
g b4 g
g 024 P4 § 024
o ] g, |
365 nm ~
0.1 0.1
0.0 4+——— — 77T 0.0 +—Ar—v
0 50 100 150 200 250 0
t, MHH.
a 0

Pucynok 3.17. Beigenenue B razoByto azy: a — N, u 6 — N, 0 B peakuuu B.1 npu
3acBeTkax Ha A = 382 HM u A = 365 HM. OcBeneHHOCTh 00pa3iia B 000UX Ciydasx
OJIMHAKOBA.

Jlnst konmuuecTBeHHOTO cpaBHEeHHS 3 dekTuBHOCTENl A = 365 HM u A = 382 HM
BbIOpaH HaYaJIbHBIN JTUHEHHBIA y4acTOK KUHETUKU N, (pUCYHOK 3.17 a, yepHbIE JIUHUH).
O} dexTuBHOCTh U KBAHTOBBIN BBIXOJT a30Ta MpU 00iydeHuu Ha A = 382 HM B 5-7 pa3
Ooxbiie, ueM Ha A = 365 HM.

Ha pucynke 3.18 npuBefieHbl KUHETUKHU peakiuy B.1 B TEMHOBBIX YCJIOBUSX U MO
«IMaMATH», TO €CTh C MPEeABAPUTEIBHON 3acBeTKOW B Bakyyme Zn0/Zn0,_,/0~ A =

382 umM B Teuenue 1 gaca.
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Pucynoxk 3.18. Dddekt «mamatn»: mpenBapuTenbHas 3acBeTka 1 vac A = 382 HM u
HaITyCK cMecH (KMHETHKW OTMEUEHBI I[BETHOM 3ainBKoi). CpaBHEHHE C TEMHOBBIM

HanyckoM NO + CO (mycTble QUrypKn).

N,O cymecTBeHHO OOJbIlle, YeM B TEMHOBOM OIBITE. A30T B Ta3oBoil (haze
nosBUJICA. Bce 3TO roBOpHT O TOM, YTO WM3Iy4yaTeNbHBIA pacmaj SKCUTOHA Ha
MOBEPXHOCTH Zn(O 3HAYNTEIHLHO YMEHbIIAETCs Onarojaps IBYMEPHOW CTPYKType
Zn0/Zn0Y"*/0~, B KOTOpO#l SKCHTOH O€3bI3IydaTeNbHO PACHANaeTCsd Ha Iapy
JOATOKMUBYIMX (10 6 X 103 ceK) >IeKTPOHHBIX M IBIPOYHEIX AKTHBHBIX LIEHTPoB. Ha
OTUX MEH T D a X DTambl PEaKIUd MOTYT MPOUCXOJUTh MHOTOKpPaTHO — 3 EKT
«maMsaTH» Ha ocBemeHne. et «maMaTu» npu o0mydeHuu cBeToMm ¢ A = 365 HM

3HAYUTENLHO cjadee h3-3a MaJoro BPCMCHH KU3HU LICHTPOB.
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3.4 Mexanusm peakuuu NO + CO + hv - €0, ,,. + 1/2N, T akTuBupyemoii Ha
Zn04_,

[TonyueHHbIE KMHETUYECKHE JIaHHBIE COTJIACYIOTCSI C paHee MPeJI0KEHHBIM
JIBYX3TAlTHBIM MEXaHU3MOM OKHUCIIUTEJIbHO-BOCCTAaHOBUTENBHOM peakiuu B.1 [30].

[IepBsiii aTarm, BoccranosieHue NO 1o N, O, onuchIBaeTCs peaklMe:

hv
CO + 2NO = €O, + N,O. (3.1)
N,O sBaseTcs NPOMEXYTOUYHBIM IMPOAYKTOM, Ha UYTO YKa3bIBaeT creruduyeckas
(bOpMa €ro KHHETUUECKOH KpHBOﬁ, HpOXO,Z[iIHlef/'I 9€pe3 MaKCUMYM.

Ha Bropom stane N, O BoccTtanaBnuBaercs 10 Ny:

C0+N20E>/C02+N2. (3.2)

W3 pe3ynbTaToB MPUBEIEHHOTO Pa3IokKeHUs (PUCYHOK 3.7) BUJTHO, YTO OCHOBHOI

BKJIaJl B IIOTJIOLIEHUE BHOCAT II0JIOCHI, COOTBETCTRYIOMME Bakancusam V' (F T -uientp),

Vi (V- —uenrp) u V0 (F-uentp). Jlna ommcanms xunetuku DA NO c

dbopMHUpOBaHHEM PA3JIUYHBIX  aJCOPOMPOBAHHBIX (POPM MOXKHO MPEIJIONKUTH
CIICYIOIIYIO IIETOYKY PEaKIIHi.

Ha xopOoTKOBOJTHOBOM Kparo KpuBOH d(PPEKTUBHOCTA 00Pa3yIOTCs AIEKTPOHHO-

ABbIPOYHLIC IMAPbI:

h
Zn?* + 0%~ 5 Zn* + 0. (3.7)
B nonoce 404 uM Bo3moxkeH mpouecc [178]:
h
F*+0 BF +0- > F*+0" +e, (3.8)
rne F*— Bo30yxaeHHoe cocTosiHue F 1eHTpa.

B nanunHOBONHOBOW monoce (2.53B — 2.6 3B) mpoucxomut QoToreHepanus

AIIEKTPOHA U ABIPKU:

h
Zn* =3 Zn?* + e, (3.9)
F+hv(253B)>F"+e™, (3.10)
V= + hv (2.6 3B) - V2~ + h*. G.11)

Hanee cnenyrot peakiuu NO ¢ GoTOreHepUpOBAHHBIMU HOCUTEIISIMU
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NO,,. + Zn* - NO~ + Zn**, (3.12)
0~ + NO,y,. > NOZ 4. (3.13)
BTopuunblie peakiuu B aacopOUpoBaHHOM (ase:
NO;.+ NO - N,0 + 0", (3.14)
N,O + Zn*(F*,e) » N, T +Zn** + 07 (0fa). (3.15)
Zn** +0~ +NO - Zn* + NO; + F™, (3.16)
Zn*t + 0>~ + NO; » Zn+ NO3. (3.17)

Kak Buaum, B mponeccax 3.7-3.10 reHepupylOTCS 3JIEKTPOHHO-IOHOPHBIC
ueHtpsl, nparomme ¢opmel NO~, NO,, NO;. Kpome toro, mpu Hanmycke NO
oOpa3zyrorcs ¢1abo CBA3aHHBIE HUTPO3UIbHBIE KOMIUIEKCh Zn — NO, natomue B UK

1

cnektpe moaocel 1915 cm™! m 1900 cm~1. DTu momockl yaanaroTcs oTKauKoi mpu

KOMHATHOHM TeEMIIEPATYPE.
OoOpaszoBanue CO, u CO; Ha mnoBepxHOCTH ZnO mnpu OOIyYEHHH MOMXKHO
npencTaBuTh B3aumonenctsueM (O ¢ OplpodHbBIMH LeHTpaMu 07, B TOM 4YHUCIE

00pa30BaBIIMMHUCS B pe3yJibTare peakuuu 3.14:
0~ +C0O - CO,, (3.18)
0™+ CO — CO3 4, + V,(FF). (3.19)
Bosmoskna niepesapsizka CO, ¢ oOpa3oBaHUEM SJIEKTPOHHOTO IIEHTPA:
CO; +Zn** - Zn*(e7) + CO, 4. (3.20)

Cam mponecc MOXKHO ONMCATh YIPOILIEHHOW peakiuen Ha OCHOBE peakuuid 3.17, 3.19:

Zn** + 07+ CO - Zn*(e™) + (€CO3)apc (3.21)

B cBoro ouepenp, CO; 5, MOKET HOpMHUPOBATH KapOOKCHIaTHBIA CO, KOMILIEKC,

B3auMoOJEicTBYs ¢ Zn', mnm kapOoHaTHeli kommieke COz [148, 149], npwu
B3aUMO/ICHCTBUU C ABIPOYHBIM IIEHTPOM:

COy ape + Zn* & CO; + Zn2*, (3.22)

COy 4y + 0~ = CO3. (3.23)
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[TpuBeneHHbIE CTPYKTYPBI OKCUAOB YIIEPOAA POUYHO CBSI3aHbI C TIOBEPXHOCTHIO
u ypanaotes aumb npu HarpeBe no 750 — 800 K. Bmecre ¢ Tem, TJI crektpsl
JIEMOHCTPHUPYIOT Ha OCBEIIAeMON MOBEPXHOCTH CIA0OCBSI3aHHBIE KapOOHHMIIBLHBIC
rpynnst Znt — CO, ynanseMsle OTKauKON PH KOMHATHON Temrieparype. IMeHHO 3Tr
CTPYKTYpPBI BCTYIAIOT B PEAKIIMIO HA IIEPBOM dTalle.

OpHako  3acBeTKa  MPUBOJAUT K  HE3HAUUTEIBHOW  JIONOJHUTEIBHOM
dotoancopbimu CO, xak O0bu10 0OHapy)keHo u3 T/ cnexktpoB (pucyHok 3.12), u3 gero
CJAEMYET BBIBOA, 4TO KOMMYECTBO (CO;),,. YBEIMYMBAETCA B PE3YJLTATE 3aCBETKH
Zn0 B cmecu NO + CO B OCHOBHOM Ha ABIPOYHBIX LEHTpax U3 peakuuu 3.14, u B

pesynbrare BoccTaHoBieHUsA NOy

h
Zn?* + 0%~ + NO,,c & NO3 1 + Zn*, (3.24)

Cramuu BTOpOTO dTama Takke TPeOYIOT (POTOAKTHBAIIMH, KaHAIBI KOTOPOM
paccMoTpeHbl Bbllie. B3aumopeiictBue CO ¢ AbIpouHbIM IeHTpoM O~ BeneT K
oOpaszosanuto F- win F*-nenrtpa (Bakancuu V), ¢ IoKanM3aluedl >IeKTpOHA Ha

KaTHOHE WK F-1ieHTpe.

NO; mnpu B3aumopeiicTBuu ¢ Zn*, mepexoaur B C1a00CBA3AHHOE COCTOSHUE

NO,:
h
NOj + Zn* & Zn2* + 02~ + NO,. (3.25)
N,0 dopmupyercs npu B3ammozeiicteuu NO~™ u NO,;. (3.14) uepes

oOpazoBanue numepa N,O,. B cBoio ouepenp N,0O BoccTaHaBIMBAEeTCS JO

MOJICKYJIIPHOT'O a30Ta IMPH JUCCOLIUATUBHOM 3aXBaTC 3JICKTPOHA 110 CXCMC:!

N,O + Zn*(F*,e) » N, T +Zn** + 07 (0fa). (3.26)

¢ hopmupoBaHueM JIaOuJIbHOro 0~ Ha MOBEPXHOCTH, UJIM C 3aIIOJHEHUEM BaKaHCHU:
V™ +hv-> V2 +ht, (3.11)
CO, + F?** - C0, + F*, (3.27)

Ft+N,0 > N, +0". (3.28)
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CyMMapHBI MpOIECC 3aMKHYTOIO LHKJA, BKJIIOYAIOUIETO MEPBBIM U BTOPOM

hv 1
sransbl, 3anuceiBaeTcsa Kak: NO + CO — €0, 4, + ENZ T.

Peaknumn 3.7-3.28 ucyepnbIBaroIle ONUCHIBAIOT CEJIEKTHUBHOE BOCCTAHOBJICHUE
NO B npucyrctBur CO 10 MOJEKYJIIPHOIO a30Ta € NapajulesibHbIM okucienueM €O
no CO, na noepxHocTH ZnO npu ¢otoaktuBauuu peakuuu B.1 B Y®-Buaumoint
obnactax. doroancopobuposannsie popmel NO~, NO;, NO — Zn** mpaxrtudecku
MOJIHOCTBIO BOCCTaHABIMBAIOTCA 10 N, TpH JOMOJHUTEIBHOM OOIyYEeHUH, O YEM
CBUJETEIBCTBYET MaTepUaIbHbIN OallaHC MO a30Ty B ra30BoH (ase.

[lepeunciieHHbIE peaKUUUW MOTYT OBITh HAIJISIAHO BHU3YaJIM3UPOBAHBI IIPH

MTOMOIIIM PEAKIIMOHHOTO IUKJIa (pucyHok 3.19):

O 37-311 Zn++NO-(anc) NO

hv NO2_(u;w) wzo
3.12 3.14

Zn'+NO, .., Zn"+0O
b CO
3.7-3.11
329
NO 3.24
CO,
Zn"+0" Zn
3.15 £ N.O
3.24
NO
3.21 N,

7n’ <_7_<_' Zn>+O
co, CO

Pucynoxk 3.19. [{ukn ¢porokatanuTuueckoit peakuuu B.1.
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Taxke Ba)KHO OTMETUTh, YTO KBAaHTOBBIN BBIXOJ] IO BbIAENeHUIO N, B BUAUMOU
obnactu BmiIoTh 70 530 HM BbImie, yeM B Y® ob6mactu. DTO 0OBSACHSAETCS ABYMS
00CTOSTENbCTBAMH. BO-TIEpBBIX, KOHIIEHTpANUs COOCTBEHHBIX IOBEPXHOCTHBIX
nedexkroB B ZnO;_,, TOTJIOMAIOIINX B BHUAMMOW O0JIACTH, HE MPEBOCXOIHUT =~
10! cM™2. D10 ObecmeunBaeT BHICOKYIO HPO3PAYHOCTh KPMCTAUIATOB B BHIUMOI
00JlacTH W, KaK CIEICTBHE, YBEIMYCHHE Ha HECKOJIBKO IOPSAKOB 3aCBCUCHHOM
MIOBEPXHOCTH IO CPABHEHMIO C 3acBETKON B Y® oOnactu. Bo-BTOpBIX, €ciau Bpems
KU3HH (OTOreHepUpOBaHHOM mapsl e /h* 1o pexombunanun ounenusaercs B 1077
CEKYHJI, TO BpeMsl KHU3HH (POTOAKTUBUPOBAHHEIX Ae(EKTOB MOkeT pocturarh 103
cekyHa1. IMEHHO COBOKYMHOCTh 3THUX (PaKTOPOB 00ECIIEYMBACT BHICOKYIO BEIHUYHHY

KBAHTOBOT'O BBIXOJIA.
3.5 BoiBOABI K IJ1aBe

BHGpBBIe SKOJIOTUYECKH BaKHAs OKMCIHMTENIbHO-BoccTaHoBUTEeNnbHass NO + CO

h—>v N; T +C0, ,,. oOHapykeHa U HCCIeI0BaHa Ha CAMOCEHCHOMIM3UPOBAHHOM OKCHJIE
1uHKa Zn0; _, TIpu ocBeleHu B Y D-BUIUMOM 001acTaX criekTpa. KBaHTOBBIM BBIXO/T
peakiuu 1mo BblJeaeHu0 N, MakcUMajeH B BUIUMOW 00JIaCTH, CIEKTP IEHUCTBUS
npoctupaercss 10 A = 530HM ©W THOMYEH I8 IIMPOKO30HHOTO OKCHJA,
CaMOCEHCUOMIIM3UPOBAHHOTO COOCTBEHHBIMH Je(EKTaMH THUIIA AHUOHHBIX BaKaHCUN
VS, VY (F*, F-uentpoB), Znt u oTpUIaTeNbHO 3apssKEHHBIX KATHOHHBIX BAaKAHCHIA
Vi, VA7 (V~, V2 -nentpos). bosee Bbicokuii, uem B Y® 0671acTH, KBAHTOBBIH BBIXOJ
peakiuy B BUIUMOM 00JIaCTH, HECMOTPS Ha HU3KYIO MMOBEPXHOCTHYIO KOHIICHTPAIIUIO
aKTUBHBIX IIEHTPOB OOBSACHAETCS Ooiblneit, ueM mpu Y@ 3acBeTKe OCBEIIaeMoun
MOBEPXHOCTBIO M JUIMTENbHBIM, 10 103  cexyHnm, BpeMeHeM — KM3HM
(hOTOAKTUBUPOBAHHBIX IIEHTPOB.

Peakumss B.l mporexkaer B nBa srama. IlepBwiid stanm xapakrepusyercs DA

MCXOJHBIX MPOIYKTOB ¢ 00pazoBanuem CO, ,,. ¥ BocctanoBnenuem NO no N,O0:
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h
CO +2NO = CO, + N,0. (3.1)
[Tocne 3aBepuieHuss @A NO HauyuMHAETCd BTOPOW ATall — BOCCTAHOBJICHHUE

pomexyTouHOro npoxaykra N,O no Ny:

CO+N20T>/COZ+N2. (3.2)

Koneunsnii mpoaykr CO, ocTaeTcsi B aacOpOMPOBAHHOM COCTOSHUU W MOXKET
OBITh BBIJICIIEH TEPMUUYECKU B CTEXHOMETPUUECKOM COOTHOILIEHUU.

Ha ocnoBanuu T/] ciexktpoB u nmurepatypHbix AaHHbIX 10 UK-Pypbe criekTpam

MMPCAJIOKCHBI CTPYKTYPHI IIPOMCKYTOYHBIX aI[COP6]_II/IOHHBIX KOMIIJICKCOB.

Oco0eHHOCTH KMHETUKH (PoTo-akTuBUpOBaHHOM peakuuu NO + CO T; 1/2N, T
+C0y4;c Ha Zn0O;_, B OCHOBHBIX YEPTax IOBTOPSAIOT IIONYYEHHBIE DPaHEE JJIsd
nuokcuna thuraHa mapku Degussa [30], ogHako BeaMuMHA KBAHTOBOIO BBIXOJA U
CIIEKTp JIEUCTBUS MPEBOCXOAAT 3TH napametrpsl ais Ti0, (Degussa).

BHGpBBIe HCII0JIb30BaH YKCUTOHHBIM KaHall AKTHUBallM1 S5KOJIOTHYCCKH BaYKHOU

dboTokatanmutuueckon peakiuu NO + CO }i} CO, +1/2N, na Zn0. 3pPexTuBHOCTH
KaHaJla PKCUTOHHOTO BO30Y>K/IeHus Obljia MmoKa3zaHa paHee B padote [162] Ha npumepe
MOJICJIbBHOM OKHCJIUTEIbHO-BOCCTAHOBUTENBHOW peakuuu (POTOM30TOMHOrO OOMEHa.
Opnnaxko peakius ®UO npotekaer B OunapHoii cucteme Zn0- 0, 1 0CTaeTCs BOIPOC
— COXpaHUTCS JM AaKTHUBHOCTH (hOoTOKaTanu3aTopa B arMocdepe peabHOI
peakuuonHoil cmecu? IIpoBeneHHbie B JaHHOW paboOTe SKCIEPUMEHTHI JaH
MOJIOKUTENIbHBIA OTBET Ha 3TOT BOMPOC. DTO MO3BOJISIET PEKOMEHAOBATh CHCTEMY
Zn0/Zn0,_, /O~ 1 OYMCTKHA BO3AYUIHOW Cpebl B 3aMKHYTBHIX TOMEIICHUAX C
WCIIOJIb30BAaHUEM NIl akTUBauu  ¢oToKaTaim3aTopa  BBICOKOA(D()EKTUBHBIX
PE30HAHCHBIX CBETOJIMOAHBIX UCTOUHUKOB cBeTa (LED), uznydaromux B SKCUTOHHOM
obnactu ZnO0.

Jlng  MOJeNnbHOM  OKHCIHUTEIbHO-BOCCTaHOBUTEIbHOU peakuun NO + CO

hv
- (C0, + 1/2N, (A =382HM) mnogy4YeHHBIC BEJIWYMHBI KBAHTOBOTO BbIXONMA Y

(KOTMYECTBO aKTOB Ha MOTJIOMICHHBIN KBaHT) U 3 PeKTUBHOCTH E (KOJNYECTBO aKTOB
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Ha MaJalIIMA KBAHT) MPU SKCUTOHHOM BO30YykaeHuu Ha A = 382 HM B 5-7 pa3
OombIIIe, YeM TTPH BO30YKICHUH B 00JIACTH MEX30HHOTO TTOTJIomeHnst Ha A = 365 HM.

I[CT&JIBHO HN3YYCH MCXAHH3M JOKOJOTIMYCCKH Ba)KHOM (I)OTOKaTaJII/ITHIIEECKOI\/JI

h
peakiuu NO + CO = C0O, + 1/2N, na Zn0, B iponomkennn padotsl [163].
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3akioueHue

I1o pe3ynbpraTtam mccinenoBanus B3aumoaeuctsuss CO, NO u cmecu NO + CO ¢
MMOBEPXHOCTHIO ZNn(, nipenBapuTesbHO okuciaeHHoro npu 823 K, B TeMHOTE U npu
¢doroakTuBanuu o0ayyeHruem B Y O-BUAMMON 00JaCTH yCTAHOBJICHO:

1) Kontakt CO c obpasuoMm ZnO 1pu KOMHATHOM TeMIepaType COMPOBOXKIACTCS
obicTpoil ancopOumeit CO, sBisromeiics oOparumoit. [lokpeitue CO 1npu
HavaIbHOM JaBieHuu B peaktope Py = 0.07 Topp ne npesbimaer 10™* MonOCIOSL.
O6nyuenne Zn0O B CO NpUBOJUT K HE3HAUUTEILHON JIOTIOTHUTEILHON aIcOpOIIu
CO. Cornacio MC nanapiM CO, HE BBIICISECTCS B Ta30BYIO (a3y HU B XOJI€
TEMHOBOU ajncopOiuu, HU npu obnydennu B CO. B mocnenyromem TJ criektpe
HaOmoJaTCa  HU3KoTeMmnepaTypubli 1Mk CO  (Ep. = 13B,T =390K) n
BBICOKOTEMIEPATYPHBIN MK NPOYHO CBA3aHHBIX CTPYKTYp CO; (Epe. =~ 23B,T =
740 K). O6nyuenue ZnO B CO compoBoxaaercsi oopazoBanuem CO,, TO €CTh
okucienreM CO ¢ BOBIEYEHUEM CTPYKTYPHOT'O KMCIOPOa MOBEpXHOCTH ZNn0.

2) NO obpatumo ajncopoupyercs Ha HeocBeneHHoM obpasie ZnO. [lpu T = 300 Ku
Py(NO) = 0.013 Topp, mnokpeitHe cocraBuser = 0.8 X 107> wmonocnos. B
nocnenyromem T/I cnekrpe nposisisiercs Hu3koTemneparypsas popma NO (Eje. =
1.073B, T = 400 K).

O6syuenue B NO BbI3bIBaCT UHTEHCUBHYIO (poToancopoumio NO u BelieeHHE
N, 0 B razoByto a3y, N, npu 3Tom He Beiensercs. B T]I ciekTpax BhISBICHBI TpU
THUIIA aICOPOUPOBAHHBIX POPM, UMEIOIINE MaKCUMYMBbI iecopOumnu npu T; = 400 K
(Egec = 1.073B), T, = 650 K (Epee = 1.793B) u T3 =~ 760 K (E . = 2.08 3B). B
NepBBIX JBYX mHKax jgecopoupyercs NO, a Ttperuit muk NO (760 K)
COMPOBOXKIAETCA HMACHTHUYHBIM 1O (OpME U TMOJIOKEHUI0O MAKCUMyMa IHUKOM
MOJIEKYJIIPHOTO KHCJIOPOJa, YTO MOKET OBITh MPHUIIMCAHO JUCCOLUATUBHON
necopOruu HuTpUTOB N O, mn HutpatoB NO5.

3) Hanyck cmecu NO + CO na oOpa3zer] npuBoAUT K ObicTpoit agcopbumu CO u NO, ¢

BblIeJIeHMEM B ra3oBylo ¢aszy N,0. YBenuuenue nasnenus CO B cmecu ¢ NO
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3HAYUTENBHO ycKopsieT ajacoporuio NO, tak kak angcopOuuss CO NPUBOIUT K
BOCCTAHOBJIIEHUIO Zn(0, 4YTO TMOATBEPKAAETCA, B YACTHOCTH, YCKOPEHUEM
obpazoBanus N,0. Ilocnenyromuit TJ| cmektp mokazan paecopbouuro CO, ¢
MakcumyMoM nuka ripu 771 K, CO nipu 367 K, NO ¢ makcumyMamu okoJio 378 K,
690 K, 730 K.

O6ayuenne YO uinm BuauMbiM cBeToM Zn0 B cmecu NO + CO npuBOAUT K
pe3komy majeHuto nasiaenuss NO ¢ BbigeneHueM B razoByio ¢azy N,O, KOTOpHIii
nanee BoccraHaBiauBaercs 10 N,. Peakuns nporekaer B nBa 3tana. [lepBbiid aTan
BKJIIOYAaeT  (POTOCTUMYJIMpOBaHHY0  aicopbouuto NO u  ¢dopmupoBaHHe
MPOMEXYTOUHBIX MPOAyKTOB (N,O0 B razoBoil (aze u psiag komrmuiekcoB NO,,
a7IcopOMpoOBaHHbIX Ha MoBepxHOCTU ZNn0). BTOpoil sTan HaunHaeTcs TOJIBKO MOCIIe
3agepmieHus @A NO u BkimoyaeT pacxof aacopOoupoBaHHbix ¢opm NO Ha
npou3BoicTBO N, 0 ¢ mapajuielibHbIM BOCCTAHOBIIEHUEM MocienHero 10 N,. Bropoii
KOHEUHBIA MPOAYKT peakuun — CO, — HaKalIMBaeTcs B aJCOPOMPOBAHHOM
CHJILHO CBSA3aHHOM COCTOsHMH (E . = 2.1 3B) n BeIICIAETCA B X0O/1€ NPOrpeBa Ipu
temriepatypax 500 — 800 K.

Xapaktep MpOTEKaHUs PEAKIMU U COCTaB (HOPMHUPYIOMIUXCS MPOIYKTOB Ha
MOBEPXHOCTU U B ra3oBoil (ha3e He 3aBHUCIAT OT CHEKTPAIbHOIO COCTaBa CBETA,
KOTOPBIM BIIMSIET JUIIb HAa CKOPOCTh MPOTEKAHUSA PEaKUMH (MU €€ OTACIIbHBIX
ctaguit). IlpennokeH MexXaHW3M OTHEIbHBIX CTaAud pEaKIUU C Y4acTHEM
HCXOJHBIX PEAreHTOB U MPOMEKYTOUYHBIX MPOAYKTOB, B KOTOpoM ajicopoius NO u
NocJeaytonme TpaHchOpMaIlMi €ro TPOU3BOJHBIX MPOUCXOAAT C YydacTUEM
(OTOAKTMBUPOBAHHBIX LEHTPOB JIEKTPOHOAOHOpHOro tuma: V,t (F*-umentp),
V;y (Znt) m V? (F-uenrp), a peakuum okucieHus CO ¢ LEeHTpamu
AIEKTPOHOAKIIENTOPHOIO THUMA (IBIPOYHbIE IEHTPHI): O~ .

CyMMapHBIii TPOIECC 3aMKHYTOTO IIMKJIA, BKIIOYAIOIIET0 MEPBbIM U BTOPOM

hv
sransbl, 3anuckiBaercs kak: NO + CO = €O, ,,c + 1/2N, 1.
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4)Ilo pe3ynbTaTaM U3MEpPEHHUs CIEKTPAJbHBIX XapakTepucTuk (oroaacopoumu NO,
YCTaHOBJICHO, YTO BEJIMYMHA KBAaHTOBOTO BBIXOJa UMEET MAKCUMYMBI MpU hv =
3.073B (A =404 uM) u hv = 2.6 3B (1 = 480 um). IlepBbIii UK COBIAIAET C
noromenreM F*-uenrpa, nuku 2.6 3B u 2.5 3B oTHECEHBI COOTBETCTBEHHO K
BAaKaHCUU ZN, 3aXBAaTUBILEH OHY IbIPKY V7, , (V-1eHTp), 1 Kk F-uenTpam. OTu nuku
JAl0T OCHOBHOW BKJaag B HaOmomaemsli  3ddext doroaacopounu NO.
He3HaunTenpHbIi BKIIAJ B CyMMAapHBINA 3QQEKT Tal0T TAKXKE MEXKYY3€IbHbIC HOHbBI
kuciaopoga O;, BaKaHCUM IIMHKA, 3axXBaTWBIIME aBe Abipku V72, (V°-mentphr).
CyMMa yKa3aHHBIX IIOJIOC IIO3BOJISIET ANIMPOKCUMHUPOBATh CHEKTPATbHYIO
3aBUCUMOCTH oToancopoiuu NO ¢ TouHOCTHIO ~97%.

CrnexTpalibHasi 3aBUCUMOCTh KBaHTOBOTrO Bbixona N, B peakiuu B.1 Ha Zn0
nokazana MakcuMyMsl 404 HM 1 490 HM, 4TO MOBTOPAET MAKCUMYMBbI KBAHTOBOT'O
BbIxona @A uncrtoro NO. Ilockonbky BblaeneHne N, HaYMHAETCS TOJBKO MOCIIE
3apepiieHuss @A NO, TO 3TO 03HA4YaeT, YTO 3aXBaT AJIEKTPOHA C BJIECKTPOHHO-
nonopubix nentpos (V; (F*-uenrp), V;,, (Zn*) u V2 (F-uenrp)) monekysnoit NO
6onee 2 hekTUBEH, YeM JTUCCOLMATUBHBIN 3aXBaT ero MoJyiekyioit N,O. Bennunna
KBaHTOBOTO BbIXx0aa N, B BUIUMO#M 00nacTw BIUIOTh A0 530 HM BbIme, uem B Y D.

5) UccnenoBanue peakiuu B.1 Ha ctpykrype ZnO/Zn0;_, /0™, chopMupoBaHHO¥ 1O
nporeaype, onucaHHod B [161], mpu oOdaydyeHun B 00JIACTH COOCTBEHHOIO
MIOTJIOICHHSI BHE MOJOCHI SKCUTOHHOTO norfonieHus (A = 365 HM) u B MakcumMyMme
AKCUTOHHOM T0JIoCh (A = 382 HM) nokazano, 4To d(PPEeKTUBHOCTh U KBAaHTOBBIN
BBIXOJI a30Ta B 5—7 pa3 Gombine npu o0mydeHnn A = 382 HM, yeM MpH 00ITydeHUN
A = 365 HM. TloBenenne cormacyercs ¢ TUIOTE30M, mpeayioxeHHon B [159, 161],
4T0 B Takod 2D-CTpyKType 3KCHUTOH pacmagaeTcs Ha Tapy AONTOXKUBYIIHX (10
8 X 103 ¢) SNIEeKTPOHHO-IOHOPHBIX M JBIPOYHBIX LIEHTPOB, HA KOTOPBIX MOTYT

MMPOHUCXOAUTHh OKHCIUTCIIbBHO-BOCCTAHOBUTCIIBHBIC PCAKITHUH.
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OcHOBHBIE PE3YJIbTATHI, MPEACTABICHHBIE B TUCCEPTAIMH, OIyOJIMKOBAaHbI B
pabotax [163, 179] u nonoxens! Ha 4 POCCUNUCKUX U MEKTYHAPOIHBIX KOH(PEPEHIUIX
U CUMIIO3UyMaXx.

ABTOp BBIpa)Kae€T HCKPEHHIOI 0J1aroJapHOCTh HAYyYHBIM PYKOBOAMUTEISIM —
npodeccopy Jlnucauenko Annmpero ArnpeeBuuy, bacoBy JIpBy JleonunoBudy u moi.
MuxaitnoBy Pycnany BsdecinaBoBuuy 3a HEOLEHHMYIO IMOMOIIb B OOYYEHHH H
MPOBEICHUH HAyYHO-UCCIIENOBAaTENbCKOM paboThl. Takke aBTOp BbIpaXkaer
osmaronapHocts koseram u3 CIIOI'Y — Turoy B.B., 3aiiueBy H.A., Hukutuny K.B.,
bapunosy /[.C., Hairanosy JI.JI., ITerpoBoit A.O., Kprokosoii O.H. 3a nonnepxky u
NOMOILIb B TMOJYYEHUU pPe3yJibTaToB. J[aHHas paOoTa BBINOJHEHA MPH MOANECPKKE

dbonna PODU B pamkax rpanta Nel8-03-00754.
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Cnucok coxkpanieHuid ¥ TEpMHUHOB

DA — doroamcopoums

Y® — ynerpaduoner

OIIP — 5neKTpOHHBIN MTapaMarHUTHBIA PE30HAHC

TIIJI — Tepmonporpammupyemas aecopOrus

MC — Macc-cnekTpoMeTpus

THAC — TepmoaecopOIIMoOHHAas CIIEKTPOCKOITHS

ALD — atomic layer decomposition

TJI crieKTp — TepMOACCOPOIIMOHHBIN CIIEKTP

®JI — dhoTOoNIOMUHECTICHIIUS

YO O@3C — yapTpaduoiieroBas (POTOIIEKTPOHHAS CIEKTPOCKOIUS
®UO xucnopoaa — GOTOU30TOMHBIN 0OOMEH KUCTOpOAA

JIPJI — nudpaxuust peHTT€HOBCKUX JTy4dein

BET — Brunauer—-Emmett-Teller

CHO — cnekrpockonus 1uhHy3HOro OTpasKeHUS

JAYC — nuddepennumanbHas yabTpa3ByKoBasi CIEKTPOCKOIHS
COM — ckaHupyomas 3JIeKTPOHHAsT MUKPOCKOTIUS

N — UCTOYHUK MOHOB

UK wu3nyuenne — uHdpakpacHOe U3TyUeHHE

Pl — pecypcHblil eHTp

+hv, —hv — Ha pucyHKax o0003HayalOT MOMEHTHl Hadajla M OKOHYaHWII,

COOTBETCTBEHHO, 00JIy4eHHs oOpa3la.
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Introduction

Actuality of work

Due to the complex of unique properties, Zn0O has become one of the most
researched materials of the XXI century to develop photocells for converting solar
energy into chemical and electrical, photocatalysts for environmental purification,
functional elements of optoelectronics [1, 2]. In the energy structure of ZnO, the
reduction potential of the electron at the bottom of the conduction band lies above the
H*/H, level, and the oxidative potential of the hole lies significantly below the
0,/H,0 level. Therefore, e~ /h™ vapor in ultraviolet (UV) irradiated ZnO has one of
the highest redox potential among photocatalysts, which makes it possible to use it in
photochemical cells for hydrogen production and purify the environment.
Photocatalysis on ZnO is effective in the degradation of a wide range of organic and
inorganic pollutants into biodegradable or less toxic organic compounds [3, 4]. ZnO is
widely used as a photocatalyst for wastewater treatment [5—7].

The radiation active for photogeneration of the e~ /h* pair in ZnO lies in the UV
region A < 385 nm, which accounts for no more than 5% of the energy in the solar
spectrum. To expand the active region into the visible part of the spectrum, ZnO is
sensitized with dyes or doping with metal and nonmetal ions, oxygen vacancies are
created in the surface and near-surface layers, [1, 8—10], ZnO composites with narrow-
band semiconductors [1, 11, 12], plasmon photocatalysts with nanostructured Au, Ag,
Cu deposited on ZnO are created. [13, 14]. The efficiency of photovoltaic solar energy
converters based on sensitized Zn0O has been achieved by at least 12% [15]. In [16,
17], the dependence of the photoactivity of ZnO on the size and shape of particles was
also revealed: exposure to a larger proportion of polar faces leads to greater
photocatalytic activity. The results of work [18] offer an alternative understanding,
revealing a positive correlation between the proportion of open polar faces and the

content of surface oxygen vacancies in the samples. Oxygen vacancies in Zn0O act as
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potential wells, trapping one or two electrons, thereby accelerating the separation of
electron-hole pairs and, consequently, increasing the photocatalytic activity.

The combination of the above facts means that ZnO can be used in a wide range
of optical and electronic applications. It is also noteworthy that Zn0O is biocompatible
and has high mechanical, thermal and chemical stability. Thus, ZnO is applicable for
the creation of UV lasers [19], solar cells [20], field-effect transistors [21],
photodetectors [22], gas sensors [23], piezoelectric generators [24] and in
photocatalysis [25, 26].

With all the variety of methods for studying the interactions of simple gases (0,
NO, CO, N,0, H,, etc.) with Zn0O, it is important to note that in most cases the
conditions used in experiments remain far from real. For example, studies of nanoscale
ZnO0 objects (real photocatalysts are powders with a large surface/volume ratio, etc.),
as well as studies using methods such as IR spectroscopy and electron paramagnetic
resonance (EPR), which are used mainly at low temperatures (T << 290 K) and at
which, however, adsorbed particles may lose properties such as the formation of
additional adsorbed forms and their migration over the surface. For these reasons,
studies of samples at room temperature play an important role in understanding the
processes on the surface of real systems.

Studies of photostimulated processes in heterogeneous systems have been carried
out at the Department of Photonics of St. Petersburg State University for many decades
since the pioneering work of the founder of the department, Academician A.N. Terenin
in the 1940s [27]. Further development in the research of heterogeneous systems was
characterized by the development and introduction of new methods and approaches for
in situ analysis of gas and adsorbed phases, optical, electrophysical and electronic
properties of solids in order to identify the mechanisms of individual stages in
photostimulated reactions on the surface [28].

This work was a logical continuation of the work carried out at the Department of

Photonics of the Faculty of Physics of St. Petersburg State University. In particular, in

h
[29], an ecologically important photocatalytic reaction NO + CO i CO, + 1/2N, was
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detected and investigated on the Mo0O5/Si0, catalyst activated in the spectral region
of 320 — 340 nm, as well as on Ti0, Degussa P-25 [30] and TiO, Hombifine N [31]
having absorption in the region A < 440 nm. It was found that the most effective area
1s 365 — 404 nm.

Meanwhile, absorption in the visible region can be created using optically active
intrinsic defects [32—34]. Using the photoadsorption (PA) reactions of oxygen and
hydrogen as test reactions, it is possible to trace the mechanisms of interaction of
photogenerated carriers with adsorbate at the stages of reduction and oxidation [35].
The analysis of the kinetics of photoactivated isotope exchange of oxygen with oxide
makes it possible to trace the complete cycle of the redox reaction [36].

For fundamental research, the reaction:

N0+C0’2C02ad5+1/2N2T. I.1
1s attractive because by combining the monitoring of products in the gas phase by the
mass spectrometric method with the analysis of intermediate products in the adsorbed
phase by the methods of IR-Fourier spectroscopy and thermoprogrammable desorption
(TPD), it 1s possible to obtain extensive information about the mechanism of this
multistage reaction. The redox reaction I.1 makes it possible to investigate the
mechanism of the physical stages of photoexcitation of the system, relaxation, and
transfer of the excitation energy of the electronic subsystem to reactants and subsequent
reactions of electronically excited precursors [30, 37]. Note that NO and CO molecules
do not absorb activating UV and visible radiation and do not distort the studied
spectrum of ZnO photoactivation. Thus, reaction 1.1 can be used as a test in the
development and comparison of highly efficient photocatalysts.

With the proximity of the photocatalytic parameters Ti0, and ZnO, the latter has
a number of advantages. Unlike TiO,, Zn0O 1is a direct band semiconductor, so its
absorption in the near-threshold region is stronger than that of TiO,. The electron
mobility in ZnO is two orders of magnitude higher than in TiO, [38], which
dramatically increases the efficiency of photogenerated carrier delivery to the surface

reaction centers. The binding energy of excitons is 60 meV [39], which ensures their
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stability at room temperature (kT = 27 meV). This also allows us to consider the
possibility of an exciton mechanism of ZnO excitation.

The purpose of the dissertation work is an experimental study of activation
methods of nominally pure photocatalyst Zn0, using various methods of pretreatment
of the sample, under irradiation in different spectral regions and using simple gases NO
and CO.

To achieve this purpose, the following tasks were solved:

e To investigate the possibility of carrying out an environmentally important reaction

NO + CO T; CO; gas + 1/2N, T (reduction of NO to N, with parallel oxidation of
CO to CO,) when irradiated with ZnO in a mixture of NO + CO by mass
spectrometry and thermoprogrammable desorption spectroscopy. To study the
spectra of its photoactivation, the characteristics of the kinetic parameters of the
reaction, the composition of intermediates and final products of the reaction.

e To investigate the possibility of absorption of UV and visible light by the Zn0O
photocatalyst using optically active intrinsic defects formed by the method of self-

sensitization. The environmentally important  reaction NO + CO

it CO, 4as + 1/2N,T was chosen as a test reaction.

e To investigate the spectral characteristic of photoadsorption of NO on a self-
sensitized Zn0O sample to obtain information about the nature of photoactivated
centers.

e To compare the activation efficiency of the ecologically important reaction NO +

h
COSC 03 qas + 1/2N,T when excited in the exciton resonance region (A =
382 nm) and interband absorption (4 = 365 nm).

e Based on the obtained and published data, to construct a detailed mechanism of the

h
reaction NO + CO = €0, ggs + 1/2N,1.
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Scientific novelty

e [t was shown that the photocatalytic reaction of NO + CO ’2)/ CO, qas + 1/2N,T can
occur on self-sensitized catalysts Zn0;_, under irradiation of UV and visible light
(1 < 580 nm) at room temperature. The conditions and features of the reduction
reaction of NO to N, are revealed. It is shown that when irradiated with ZnO in a
mixture of NO + CO, the reactions of the formation of strongly bound
photoadsorbed forms of NO are dominant if NO is present in the gas phase. In the
absence of NO in the gas phase, during the subsequent interaction of CO with the
photogenerated centers, oxygen vacancies are formed, and an intermediate product
N, 0 is formed, and then N,.

e [t has been established that the quantum yield of NO photoadsorption has maxima
at hv = 3.07 eV (1 =404 nm) and hv = 2.60 eV (1 = 480 nm): the first peak
refers to absorption by F* centers, the second is formed from the joint contribution
of Zn vacancies that captured one hole V;,, (V™ -center) and to F-centers. These
peaks make the main contribution to the observed effect of NO photoadsorption.

e The quantum yield of the N, release reaction is maximal in the visible region, the
spectrum of action extends to A = 530 nm and is typical for wide-band oxide, self-
sensitized by intrinsic defects such as anionic vacancies V,t, V.0 (F*, F-centers),
Zn* and negatively charged cationic vacancies V,,,, V2, (V~, V2 -centers). The
higher quantum yield of the reaction in the visible region than in the UV region,
despite the low surface concentration of active centers, is explained by a longer
lifetime of photoactivated centers than with UV illumination of the illuminated
surface and a long, up to 103 sec.

e For the first time, an exciton ZnO photoactivation channel was used to conduct a

hv
photocatalytic reaction of NO 4+ CO — CO, 445 + 1/2N,T on Zn0O. When the
excitation energy is delivered to the surface by an electrically neutral exciton, there
are no losses for recombination and for overcoming the surface potential barrier,

which are the main ones when transferring photo-generated e~ /h* pairs. To
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suppress the radiative decay of the exciton, a quantum-dimensional 2D structure
Zn0/Zn0,_, /0~ was created on the ZnO surface, in which the exciton decays
radiationlessly into a pair of long-lived local states of an electron and a hole, on
which reaction acts take place.

e The initial, intermediate, and final products of the reaction I.1, the peculiarities of
the influence of the molecules of the initial gases NO and CO on each other during
their interaction and their mixture with Zn0O in the dark and under irradiation were

studied by mass spectrometry (MS) and thermal desorption spectroscopy (TDS). A

h
detailed mechanism of the reaction of NO + CO — C 05 qas + 1/2N,T on ZnO is

constructed.

Provisions submitted for protection:
1) A method for investigating the activation of optically active intrinsic defects for the
absorption of UV and visible light by the ZnO photocatalyst, based on the analysis

of the rates of photoadsorption of NO, as well as the release of N, in the reaction of
h
NO + CO i CO; 4as + 1/2N,T at room temperature.

h
2) Photoactivatable reaction NO + CO =S¢ 05 qas + 1/2N, T for reduction NO to N,
and oxidation CO to CO, under irradiation of ZnO in the UV and visible regions

(365 nm < 1 <578 nm).

h
3) Photocatalytic reaction NO + CO 5S¢ 0, qas + 1/2N,T activated on Zn0/Zn0;_,/

O~ when exciton resonance is excited.

Practical significance of the work

The information obtained on the conditions and features of the reaction NO + CO

h
%c 03 qas + 1/2N,T on ZnO under irradiation can be used in updating modern ideas
about the possibility of photocatalytic air purification from common industrial
pollutants NO and CO. Also, this reaction can be used as a model, for comparative

testing and approbation of the photocatalytic activity of the new photocatalysts being
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created based on Zn0, which is very popular in applied research, since this redox
reaction takes place with the participation of photogenerated centers of both signs.

The proposed approach to determining the role of various ZnO surface centers in
NO photoadsorption can be used as an effective method for identifying photogenerated
at room temperature active centers on the surface of Zn0O-based photocatalysts.

The results obtained in this work can be used in the development, creation and
testing of real photocatalytic systems based on ZnO and interpretation of the obtained
data. It is also important to note that all the studies in this work were carried out on
nominally pure powder ZnO without any dopants, which can simplify the creation of
real or new test systems.

Personal contribution of the author

All the results given in the dissertation work were obtained with the direct
participation of the author. The author's personal contribution consists of the analysis
of literary data, planning and execution of all experimental work and data processing.
The analysis and discussion of the obtained results, the preparation of publications was
carried out jointly with the supervisor and co-authors of the works. This work was
carried out with the support of the resource centers of the St. Petersburg State
University Science Park: "Innovative technologies of composite nanomaterials",
"Physical methods of surface research", "X-ray diffraction research methods",
"Nanophotonics", "Nanoconstruction of photoactive materials".

Approbation of the results

The results of the work were reported at the following symposiums and
conferences:

International Student Conference "Science and progress", November 10—12,
2014, St. Petersburg, Russia.

12th European Congress on Catalysis — EuropaCat-XII, August 30 — September
5, 2015, Kazan, Russia.

21st International Conference on Photochemical Transformation and Storage of

Solar Energy, July 25-29, 2016, St. Petersburg, Russia
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Chapter 1. Interaction of 0,, NO, and CO with zinc oxide (literature review)

1.1 Crystal and electronic structure of Zn0O

In materials science, zinc oxide is classified as a semiconductor of group [1-VI,
whose covalence is at the boundary between ionic and covalent semiconductors. The
most common crystalline modification of zinc oxide is the hexagonal wurtzite type,
which can be represented as the densest hexagonal packing of anions, in which cations
uniformly occupy half of all tetrahedral voids. The coordination numbers of zinc and

oxygen are 4 (tetrahedral coordination).

The ideal value for the wurtzite crystal structure is c/a = g ~ 1.633. The deviation

of the c/a value from the ideal is usually explained by the stability of the resulting
crystal structure or the degree of ionic bonding [1]. Rarer modifications are also known:
cubic type sphalerite and cubic structure of sodium chloride obtained at high pressures.

Their elementary cells are shown in Figure 1.1 [1].

a b C
Figure 1.1. Crystal structures of Zn0O: a — cubic structure of sodium chloride; b —
cubic structure of sphalerite type; ¢ is the hexagonal structure of wurtzite. The gray

and black spheres represent the Zn and O atoms, respectively.
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The form of sphalerite can be stable when growing Zn0O on substrates with a cubic
lattice. The hexagonal structure and the sphalerite structure do not have symmetry with
respect to inversion. This leads to the piezoelectric properties of these modifications
and the pyroelectric properties of the hexagonal ZnO. The bond in ZnO is
predominantly ionic, which explains the strong piezoelectric properties. Zinc oxide can
be obtained by burning or oxidizing zinc, by firing zinc sulfide in air, by calcining salts,
by precipitation with ammonia from a boiling aqueous solution of zinc nitrate. The
phase transition of wurtzite into the rock salt structure is carried out under a pressure
of about 10 GPa and is accompanied by a decrease in volume to 17% [40]. It was found
that this phase is metastable for a long time at atmospheric pressure and temperature
above 370 K.

ZnO crystals are almost always n-type, which is the reason for extensive research.
To obtain p-type conductivity, it is necessary to determine the optimal alloying
elements and the method of their introduction into the composition of Zn0 [41].

Zinc oxide occurs in the form of one- (1D), two-(2D), or three-dimensional (3D)
structures. One-dimensional structures make up the largest group, including nanorods
[42—44], needles [45], spirals, springs and rings [46], ribbons [47], tubes [48—50], belts
[51] and wires [52—-54] (Figure 1.2). Zinc oxide can also be obtained in two-
dimensional structures, such as nanoplates/nanolattices and nanotablets [55, 56].
Examples of 3D structures of zinc oxide are flower, dandelion, snowflake, etc. [57—

60].



Figure 1.2. Example of the ZnO structure: flower (a); rods (b); waves (c, d) [43, 49,
58, 60].

Experimental methods are used to study the electronic band structure:
photoinduced X-ray absorption [61], X-ray and photoemission spectroscopy [62—64],
diffraction of slow electrons [65] and photoelectron spectroscopy [66, 67].
Experimental methods have established that the ZnO valence band is mainly formed
by 3d Zn levels and 2p O levels, and the conduction band s by Zn levels. The
experimentally determined value of the band gap of Zn0O with the wurtzite structure
lies in the range from 3.2 to 3.2 eV [68]. As for dispersed zinc oxide samples, in this
case the band gap width depends on various factors, for example, on the annealing
temperature of Zn0O samples. [69].

In parallel with experimental methods of studying the ZnO band structure,
theoretical calculations were used: the Green functional method and the "first
principles" [70-74]. During the research, a good agreement was reached on a
qualitative level between theoretical and experimental data on the propagation of the
valence band, however, quantitative estimates of the band gap width were quite

contradictory, in addition, the problem of predicting the location of 3d orbitals of Zn
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remained. In [70], the authors showed that the inclusion of 3d orbitals of Zn in the

calculations makes it possible to achieve good agreement with experimental data.

m (“

Energy (eV)

)
73

e = = o=

Figure 1.3. Band structure and electronic states density of ZnO (wurtzite) [70].

Figure 1.3 shows that the minimum of the conduction band and the maximum of
the valence bands are located at the point I" of the Brillouin zone corresponding to the
quasi-pulse value k = 0, indicating that ZnO is a straight-band semiconductor. 3d-
orbitals of Zn lead to the appearance of two groups of bands at point I' in the energy
range 4 — 6 eV below the maximum of the valence band, which usually show splitting
and dispersion of the wave vector outside point I'. The extremely intense peaks caused
by these Zn3d base groups are clearly visible on the density of electronic states (Figure
1.3). In addition, the 3d-orbitals of Zn act more subtly on the structure of the zones by
repelling the p and d bands caused by the hybridization of the corresponding states
(Figure 1.3). Bands in the range from 0 eV to —4 eV correspond to 2p-orbitals O. The
bands corresponding to the 2s-orbitals O appear about 15.5 — 18.5 el below the
maximum of the valence band. The calculated value of the band gap width was

3.37 eV, which is in good agreement with experimental data.
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1.2 Defective ZnO surface

Nonstoichiometry of zinc oxide Zn0,_, is caused by the formation of its own
point defects. The excess of Zn in comparison with the stoichiometric ratio [Zn]: [0] =
1 may be due to the formation of both interstitial zinc atoms and oxygen vacancies.
Both types of defects are donor defects and, according to most researchers, are
responsible for the n-type conductivity of the material.

Two types of interstitial zinc (Zn;) and oxygen (0;) atoms are possible in the
structure of wurtzite Zn0: some are in a tetrahedral environment, others are in an
octahedral one. In addition to the interstitial zinc atom, oxygen vacancies (V) can also
be formed.

The formation of ionized defects V,; and Zn; leads to an increase in the
concentration of electrons in the material. Thus, additional information about the
presence of defects in the structure of ZnO is provided by the study of the charge
carriers concentration. For example, to analyze the deviation of the composition from
stoichiometry, the Hall effect measurement method is used [75, 76], but it does not
allow us to draw an unambiguous conclusion about the nature of defects. To explain
the existence of a compound with a non-stoichiometric composition Zn,,,0, the
authors of [75] assume the presence of an excess of zinc in the structure of zinc oxide,
while the authors of [34, 76] assume the presence of oxygen vacancies, and the non-
stoichiometric phase is designated as Zn0,_,. The deviation of the composition from
stoichiometric i1s most characteristic for films and nanostructures obtained under
nonequilibrium conditions.

The use of point volume and surface defects is the basis of the method of "self-
sensitization" of zinc oxide developed by us [34, 77, 78]. Such defects can be created
by reducing Zn0O to Zn0,_, by heating in a vacuum to the decomposition temperature

of the oxide or by photo-healing the surface to form Zn0 yo1ume)/ZN01—x (surface)- In

the first case, F- and V-type centers are formed in the volume, and in the second case,

defects are formed only on the surface.
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Low-temperature photoluminescence is used to study the nature of defects in zinc
oxide. The undoped ZnO is characterized by a green line in the luminescence spectrum
(E = 2.5 eV). It is most often attributed to donor defects, for example, charged oxygen
vacancies, to acceptor defects V,,,, complex defects including Zn;, 0,,,, V, [1].

Another experimental method for studying defects in the ZnO structure is electron
paramagnetic resonance [79-81]. In the above works, signals with g~1.96 are
attributed to intrinsic defects: ionized oxygen vacancies Vj; interstitial zinc Zn;;
complexes of defects — interstitial zinc Zn; and oxygen vacancies V;; surface oxygen

vacancies Vs, r); free electrons e™; localized electrons near defects of excess zinc in

the ZnO structure; interstitial oxygen ions; oxygen defects; surface and bulk donors;
electrons bound on donor centers. The difficulty of unambiguous interpretation of the
EPR signal is due to the fact that the calculated value for the electron associated with
the oxygen vacancy is about 2.01 [82, 83]. Based on this, some authors explain the
signal with g~1.96 by the presence of impurities in the sample or by the shift of the
signal from oxygen vacancies due to the influence of impurities. The most common
interpretation of the signal with g~1.96 is to attribute it to oxygen vacancies [82].
Experimentally, the authors [84] confirm this by the fact that during annealing in a
nitrogen atmosphere, the signal intensity increases, and during annealing in oxygen-
containing atmosphere, it decreases.

Since experimental methods do not allow determining the nature of defects in zinc
oxide, computational methods are widely used to study defects. The authors of [85]
calculated the formation energies of ZnO intrinsic point defects using the
pseudopotential of a plane wave. The concentration of defects in the crystal depends

on the Gibbs free energy of defect formation AGy:
AG

¢ = Ngjres€Xp (— ;j‘)’ (1.1)

where Ng;;.c — concentration of areas in the crystal where this defect can form, kp —

Boltzmann constant, T — temperature. The free energy of defect formation is defined

as:
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AGy = AE; — TASy + PAVy, (1.2)
where AEf — change in total energy, ASy — entropy change, AV; — volume change
during defect formation. Since the volume change is quite small, and the entropy
change is approximately the same for different defects, the main contribution to the
value of AGy is made by the total energy. Low energy of formation leads to a high
equilibrium concentration of defects of this type, defects with a high value of AGf are
practically not formed. The energy of formation of a point defect with charge q is
defined as:

Es(q) = E**(q) — nznlizn — Nolo — qEF, (1.3)
where Et°t(q) — the total energy of a system consisting of n,, and n, zinc and
oxygen atoms, Uz, U o — chemical potentials of zinc and oxygen, respectively, Ex
— Fermi energy. The results of the calculation of the energy of defect formation in

Zn0 are shown in Figure 1.4 [85].

Formation Energy (eV)

Fermi Level (eV)

Figure 1.4. Calculated energies of the formation of the main intrinsic point defects in
ZnO (with an excess of Zn), depending on the position of the Fermi level. Only
defects with the lowest formation energy are shown. The zero value of the Fermi

level corresponds to the upper edge of the valence band. "Oct" is an octahedral

interstitial [1].
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A comparison of the energy of formation of intrinsic point defects shows that
oxygen vacancies (V,) have a lower energy of formation than interstitial zinc atoms
(Zn;), and, therefore, should be more common under conditions of zinc excess.
However, the analysis of the ionization energy of defects [86] (Table 1) indicates that
the ionization of interstitial zinc should proceed most easily compared to the vacancy
of oxygen, and this process should mainly contribute to an increase in the concentration
of electrons.

Table 1. Ionization energies of defects at room temperature [86].

Point defect Ionization energy, eV
Zn; 0.05
VA 0.20
V5 0.32
V5" 2.0
Vin 1.0
Vi 2.8

Comparison of the concentrations of defects V,, and Zn; with the concentration of
charge carriers in zinc oxide leads to a contradiction. In the undoped zinc oxide, the
electron concentration is 107¢m™3 [1]. It follows from calculations [86] that the
formation of intrinsic defects cannot lead to such a large concentration of surface
defects. Interstitial zinc atoms have a relatively high energy of formation. As for
oxygen vacancies, they are more likely to be bulk defects than surface defects [87].

There is a widespread variant according to which the n-type of ZnO conductivity
is associated with hydrogen, which acts as a surface defect with an ionization energy
of 30 meV [1, 85, 88]. This assumption is since hydrogen is always present during the
synthesis of zinc oxide by various methods and can easily diffuse into a zinc oxide
crystal due to its high mobility. Calculations show that hydrogen embedded in the Zn0O

structure makes a significant contribution to the electron concentration [89].
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Theoretical studies of ZnO defects were carried out in [90-93]. Data on

theoretically calculated energy levels of various ZnO defects are collected in [94] and

are presented in Figure 1.5.
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Figure 1.5. Calculated energy levels of various defects in Zn0O [94]. V., V..,
V2. denote neutral, single-charge and double-charge zinc vacancies, respectively;
Zn? and Znf — neutral octahedral and tetrahedral zinc internodes; Zn; and Zn?* —
single-charge and double-charge zinc internodes; V) and V,, — neutral oxygen
vacancies; V; and V5*— single-charge and double-charge oxygen vacancies; H; and
0; — hydrogen and oxygen interstitial; 05, — antistructural oxygen; V,Zn; —

complex oxygen vacancy and interstitial zinc.

In different studies, different energy levels for the same type of defect were
obtained during calculations and, therefore, an unambiguous interpretation was not
obtained. In [95] it was suggested that the calculations should consider the interaction
between individual defects, including the donor-donor interaction, and not only the
donor-acceptor. In oxygen deficient Zn0O, there is an interaction between the oxygen

vacancy and the zinc internodes, which reduces their formation energy and can lead to
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their joint existence in defective complexes [95]. A very small number of papers are
devoted to the study of defective complexes rather than single-point defects [96], and
far from all possible defective complexes have been considered so far.

Thus, there is currently no single idea of which defects determine the n-type of
conductivity of zinc oxide. The electronic type of conductivity of ZnO can be caused
both by the presence of intrinsic defects and the formation of non-stoichiometric oxide
Zny,,0, and by the presence of uncontrolled impurities (for example, hydrogen or

carbon-containing compounds) embedded in the structure during growth.

1.3 Methods of ZnO sensitization to visible radiation region

Since the band gap of zinc oxide is ~3.1 — 3.3 eV [97], the radiation active for
photogeneration of the e~ /h* pair in ZnO lies in the UV region A < 375 — 400 nm,
which accounts for no more than 5% of the energy in the solar spectrum. Therefore, a
whole area of ZnO research is associated with its sensitization to visible light, which
would increase the efficiency of its use as a photoactive material at times [1, 9]. To
expand the active region into the visible part of the spectrum, Zn0O is sensitized with
organic materials [98] dyes or doping with metal and nonmetal ions [1, 8—10, 99], Zn0O
composites with narrow-band semiconductors are created [1, 11, 12], plasmon
photocatalysts with nanostructured Au, Ag, Cu deposited on Zn0O. [13, 14]. The
efficiency of photovoltaic solar energy converters based on sensitized ZnO has been

achieved by at least 12% [15].

1.3.1 Doping with nonmetals

Irradiation of Zn0/Si films with visible light (1 > 500 nm) [12] leads to
photoinduced desorption of water vapor and CO, into the gas phase as a result of
photocatalytic degradation of organic contaminants present on the surface of Zn0/Si

samples. The presented evidence of the possibility of spectral sensitization of zinc
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oxide using Si shows the prospects of using the ALD (atomic layer decomposition)
method for the manufacture of silicon-based composite materials combining
photovoltaic properties and photocatalytic activity induced by visible light.

Various methods are used to dope Zn0O with nitrogen, for example pyrolysis [100,
101], or plasma heat treatment [102] — thus ZnO becomes a p-type semiconductor.
According to [100, 101], N-doping generates a new absorption band close to the Zn0O
valence band, from which electrons from the ZnO valence band make a two-stage

transition to the conduction band using visible light, as shown in Figure 1.6.
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Figure 1.6. Absorption of visible radiation of nitrogen doped Zn0O [100, 101].

1.3.2 Doping with metals

Zn0 1is doped with a large number of various transition metals, such as Cu [103],
Cd [104], Co [105-110], Mn [104, 109, 112, 113], Fe [104] and Ni [109].

Each dopant has a unique effect on the optical properties and photocatalytic
activity of Zn0. When the ions of the above transition metals replace the ions of Zn?*

with tetrahedrally coordinated O in the ZnO lattice, the band gap narrows through the
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exchange interactions of sp-d orbitals between the electrons of the conduction band
and the d-electrons of transition metals [105-109, 111].

In most cases, Mn doping introduces defective states near the conduction band,
however, the band gap decreases due to the appearance of tail states close to the valence
band of ZnO [112]. A high level of Mn doping can also increase the band gap of Zn0O
[104] Ni[109] due to the Burstein-Moss effect [113].

In the visible region of the spectrum, the absorption of Zn0, in the case of Co
doping, corresponds to a d-d transition due to the splitting of the crystal field of 3d Co
levels in the ZnO lattice. Three different absorption peaks appear at 564, 610 and 652
nm [105-109]. With an increase in the concentration of Co in Zn0, the absorption of
visible light and the concentration of surface oxygen vacancies increased [114]. ZnO
doped with Co showed better activity in the visible region of the radiation spectrum
than Zn0O doped with Mn and Ni, due to comparatively better crystallinity and a
narrower band gap [109].

1.3.3 Composites semiconductor/Zn0

In [115], high photoactivity of Cu,0 nanoparticles modified with ZnO nanowires
is reported when irradiated in the visible spectral region. Modification of nanoparticles
was carried out by photo-reduction and subsequent vacuum thermal annealing of the
sample.

Lam et al. applied oxides of Wo, Cu, Ni to ZnO nanorods by hydrothermal
deposition [116]. It was found that due to the application of W05 and CuO, the width
of the ZnO band gap narrows, as shown by UV-visible diffuse reflection spectra. All
Zn0 samples with these three transition metal oxides deposited showed excellent
photocatalytic activity with respect to phenol degradation under UV -visible irradiation.
The increase in photocatalytic activity was mainly due to the inter-semiconductor

distribution of e~ and h™ due to the Zn0O /W05 heterojunction. The photocatalytic
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activity of Zn0O /W 05 was higher than that of pure Zn0O and a commercial photocatalyst
TiO,.

Liu et al. obtained the p — NiO /n — ZnO heterostructure as a result of a two-stage
process consisting of an initial ZnO with a three-dimensional flower-type structure
obtained by chemical deposition and dispersion of NiO particles using carbamide
[117]. The study of photocatalytic activity showed that the p — NiO/n — Zn0O
heterostructure has a higher photocatalytic activity than pure NiO, ZnO in the case of
degradation of the dye "methylene orange" under the action of ultraviolet radiation due
to the increased efficiency of photogeneration of electron-hole pairs at p —n
heterojunctions. In general, the described synthesis strategy opens up extensive
prospects for the development of composite p — n nanostructures for various types of
applications: from selective sensor devices to high-performance photocatalysts.

Borgohain et al. synthesized a one-dimensional heterostructure of CoFe,0, —
Zn0 from polyethylene glycol sonochemically [118]. Using electron microscopy, IR
spectroscopy and raman scattering, it was found that one-dimensional nanostructures
with an average length of 700 nm and a diameter of 70 nm are formed as a result of
heterogeneous nucleation of Zn0O due to the absorption of polyethylene glycol on the
surface of the nanoparticle CoFe,0,. The observed increase in the photocatalytic
activity of the sample is associated with the formation of a heterojunction at the
interface of CoFe,0, and Zn0. The one-dimensional nanostructure of CoFe,0, —
Zn0O showed excellent photocatalytic activity with respect to the reduction of
phenolphthalein under ultraviolet irradiation. Numerous studies have shown that the
properties of these types of composites strongly depend on the size of the metal particle,
dispersion and composition. When the metal particle size is less than 2.0 nm,
composites exhibit exceptional catalytic behavior. It has been suggested that too high
a concentration of metal particles reduces the absorption of photons by zinc oxide and
allows metal particles to become electron-hole recombination centers, which leads to

a decrease in efficiency.
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Hakamada et al. applied ZnO to nanoporous Au [119]. ZnO sprayed on
nanoporous Au showed photocatalytic activity during degradation of an aqueous
solution of methyl orange when excited in the visible radiation region. In calculations
based on first principles (ab initio), it was suggested that the compaction of surface
gratings in nanoporous Au sufficiently narrowed the Zn0O band gap, which ensured the
absorption of visible radiation. A change in the lattice constant on the surface of the
nanoporous Au induced a built-in electric field inside the deposited ZnO layer. This
led to photocatalysis in the visible region and an increase in the lifetime of
photogenerated holes and electrons. These two factors led to the formation of strong
Au/Zn0 bonds that perform photocatalysis in the visible region, since the Au/Zn0O
surface is very large due to the nanoporous Au's own large surface area.

Chiu et al. investigated the effect of Pt nanoparticles on the photocatalytic
activity of Pt/Ga-doped Zn0O nanocomposites [120]. Due to the competing effects of
absorption/transmission of Pt nanoparticles, electron-hole separation/recombination
and local surface plasmon resonance, it was necessary to determine the exact
concentration of the content of Pt nanoparticles exhibiting the maximum
photocatalytic activity of the one-dimensional structure of Pt/Ga doped ZnO-hybrid
nanocomposites. Pt/Ga-doped ZnO-hybrid nanocomposites showed a significant
increase in photocatalytic activity at ultraviolet illumination of 254 nm by about 2.7
times, which is higher than demonstrated by pure Zn0O nanoparticles doped with Ga.
Pt nanoparticles create numerous additional photoadsorption centers. In addition, Pt
nanoparticles act as plasmon centers that transfer additional photoexcited "hot"
electrons, as well as electromagnetic energy into Zn0O nanoparticles doped with Ga,
forming more photogenerated electrons and holes for catalysis. However, Pt
nanoparticles reduce the transmission of light to Zn0O doped with Ga, thereby reducing
the photocatalytic activity.

Senthilraja et al. examined the ST — Au — ZnO photocatalyst [121]. It was found
that Sr — Au — Zn0 is more effective than Sr — Zn0O, Au — Zn0O, pure ZnO,
commercial Zn0, TiO, — P25 and TiO, (Aldrich) under the action of UV-visible light.
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Also, Huang et al. manufactured the core/shell structure of the Zn/Zn0 photocatalyst
[122, 123].

It is possible to create connected colloidal structures, for example, graphene [124],
in which irradiation of one semiconductor causes a response in another semiconductor
at the interface between them. Coupled semiconductor photocatalysts exhibit very high
photocatalytic activity for both gas and liquid-phase reactions, due to charge separation
and an increase in the spectral range. Particle geometry, surface texture and particle
size play an important role in the transfer. For effective charge separation, it is
important to ensure the proper placement of individual semiconductors and the optimal
thickness of the coating semiconductor. Nanocomposites increase the optical
absorption and adsorption capacity associated with the effective charge transfer of
photogenerated electrons in the ZnO conduction band to the level created by graphene

[125].

1.4 Interaction of O, with the ZnO surface

The systematic study of the oxygen—zinc oxide system is stimulated by the fact
that the electrophysical [27], catalytic [126], photocatalytic [27] and photosorption
[127, 128] properties of dispersed ZnO layers significantly depend on the amount and
bond strength of adsorbed oxygen, which creates acceptor levels in the ZnO band gap
[129]. It is known that moderate heating T < 623 K in oxygen activates zinc oxide to
oxygen photosorption [127, 128] and photocatalytic oxidation reactions [127, 130].

The length of the thermal desorption (TD) spectra of oxygen chemisorbed on Zn0O
and a large number of maxima [131—133] indicate the energy heterogeneity of the
surface and the variety of shapes. The low-temperature peaks of the TD spectra (T <
420 K) belong to the adsorbed form O, [133], and the high-temperature peaks (Tz.s =
470 — 480 K) are associated with dissociated 0~ and 0%~. The filling of various states
largely depends on the conditions of pretreatment of the adsorbent. This is due to the

peculiarities of the formation of defects [126, 131, 132]. The O, coating on the reduced
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sample, according to [134], is almost 200 times higher than the coating on the oxidized
one. At the same time, the shapes of the TD spectra did not differ.

An increase in the adsorption capacity of pre-illuminated samples confirms the
previously discovered photosorption effect of "memory" [28] — the formation of
adsorption centers as a result of localization of nonequilibrium carriers on surface
states. In comparison with chemisorption, high-temperature phases (420 K < Tg,s <
520 K) were predominantly filled at the memory centers, but no new adsorption phases
were detected [131].

Changes in the adsorbed layer O, under the influence of light lead to a
redistribution of charge on the surface. Thus, oxygen photodesorption is associated
with the formation of highly enriched layers [135], UV-induced adsorption in the IR
region [27] and with the appearance of luminescence [27]. It was proved in [131] that
desorption of O, from the illuminated sample leads to its decrease in the adsorbed layer
and is not a consequence of photochemical reactions involving oxygen-containing
molecules (H,0, CO, CO,). Two models have been proposed that exhaustively explain

the main features of the effect. In the interval T, < 520 K:

Zn0 + hv, > e~ + ht, (1.4)
03 aas + 1" = 0z aas = 07 gas- (1.5)
AtaTy.s > 520 K:
Ogas + hv, = 045 (hv, < hvy), (1.6)
20445 = 0345 — 03 gass (L.7)
Oaas + Oaas = (03)aas = 02 aas = 0z gas- (1.8)

According to [133], the amount of photodesorbed O, can reach 20% of the initial
cover. It was found [129] that ZnO illumination in ultrahigh vacuum reduces the
magnitude of the photovoltaic work of the output due to the dipole component, induces
optical absorption in the region hv > 1.5 eV and causes photodesorption of oxygen.
These effects are explained by the photo-activated redistribution of electrons between
the adsorbed oxygen and the surface states of non-adsorption origin in the oxide.

Irradiation creates holes on the surface of the catalyst [136], to which electrons migrate
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from the adsorbent particles. The surface field of charges promotes the transfer of holes
to the surface and the drift of electrons into the sample volume, thereby weakening
reverse recombination and increasing the efficiency of photoadsorption.

The authors of [133] proposed a mechanism for oxygen desorption:

1. Fundamental absorption by the band gap — generation of free carriers —
neutralization of O~ surface lattice ions — recombination of neutral atoms into
molecules — "fast" oxygen desorption.

2. Absorption by local states — excitation of local surface centers — electron transfer
from O~ to these discharged centers — precursor 0, — "slow" oxygen desorption.

In [132], atomic oxygen was experimentally detected, which is formed during the
restructuring of the adsorbed layer structure due to thermally activated dissociation of
adsorbed oxygen at T < 550 K. Thermal activation of oxygen is accompanied by an
increase in the activity of isotope exchange [137].

Photoadsorbed oxygen is an intermediate product in the reaction of photo isotope
exchange of molecular oxygen with the ZnO surface. The forms of photoadsorbed
oxygen having maxima in the TD spectrum at 390 — 430 K have the greatest activity
[138]. According to [134], the photoadsorption rate is proportional to the pressure and
concentration of adsorption centers on the illuminated sample. Secondly, these centers
are heterogeneous. The "fast" centers have a larger capture cross-section (2.0 X
10718 ¢m?) than the "slow" ones (1.3 — 2.0 x 10718 ¢m?). The centers from which
photodesorption occurs, according to the same work, have a much smaller cross-
section — (1.3 — 2.0) x 10718 cm?.

The experimental results [126] show that the adsorbed oxygen, as a rule, is not
only unevenly inhomogeneous, but also not balanced in the chemical sense. Support
for this last statement can be found in the specific effect of electron-donor molecules
on various types of adsorbed oxygen. For example, the launch of H, on a sample of
Zn0 [126] with pre-adsorbed O, showed that low-temperature forms of adsorbed
oxygen participate in the oxidation of hydrogen and the formation of water and

hydroxyls (Tzes < 370 K) and form Tj,s = 460 K.



150

A total of 14 metal oxides were investigated in [82]. Only three (Ga,05, BeO,
Zn0) showed EPR signals somehow related to oxygen photosorption or its dark
sorption after preliminary irradiation (postsorption).

In the initial spectrum, only a line with g = 2.015 (peak 1, Figure 1.7, a) is
observed, associated with impurity paramagnetic centers (or defects) localized in the

volume of microcrystals.
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Figure 1.7. EPR spectra of zinc oxide: a — after irradiation in vacuum at 300 K;

b — after photoadsorption of oxygen at 300 K (gain increased by 4 times); ¢ — "cold
signal" [82].

Irradiation leads to the appearance in the spectrum of an intense line with g =
1.96 (Figure 1.7, spectrum a) attributed to electron-redundant centers, mainly localized
on the surface of electrons, as well as a complex asymmetric signal of components 2
and 3 in the region from g = 2.00 to g = 2.02, which is attributed to photoinduced

hole localized on the surface centers.
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The injection of oxygen to the pre-irradiated sample with subsequent pumping of
the oxygen remaining in the gas phase leads to the almost complete disappearance of
the line with g = 1.96 and the appearance of a signal with g; = 2.047, g, = 2.010,
g3 = 2.003 (components 4, 5 spectrum b in Figure 1.7); the intensity of component 3
also increases. The signal is attributed to the photosorbed oxygen in the form of O, .

When oxygen is injected into an oxygen sample cooled to 77 K, all signals
reversibly disappear, but a new signal appears (spectrum c in Figure 1.7) attributed to
oxygen adsorption on hole centers with the formation of a complex O .

Later, these assumptions were confirmed by other researchers using the isotope
07, which has a paramagnetic core, which allows us to obtain additional information
by splitting lines in the EPR spectrum and perform calculations confirming that the
signal belongs to the formation O .

When hydrogen is injected, it is found that the formation of type O, is inactive
(additional irradiation is necessary for its activation). It has also been established that
hydrogen injection leads to the irreversible disappearance of lines attributed to
photoinduced hole centers localized on the surface. After that, the signal from the
formation of O3 is not observed when oxygen is released. If hydrogen is released onto
a sample with already formed O3 complexes, then a gradual decrease in signal intensity
1s observed until its complete disappearance.

Comparing the spectra a, b and ¢ (Figure 1.7), it is easy to notice that the EPR
signals of the "positive hole", "photosorbed oxygen" and "cold" have a high-field
component 3 coinciding in position in the spectrum, as a result of which it is possible

that component 3 does not belong to any of these signals at all.
1.5 Interaction of NO with the ZnO surface
It was established by the method of IR-Fourier spectroscopy [139] that zinc oxide,

previously purified from surface contaminants, has high transparency in the IR range

of 4000 — 1100 cm™1. Only some groups of residual hydroxyls are present in the
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range of 3700 — 3400 cm™1. The assumption of NO leads to the growth of bands
1560, 1544, 1331, 1233, 1208, 980 and 893 cm ™! corresponding to nitrates and nitrites.
These strips are removed by pumping at room temperature.

IR transmission of the reduced ZnO samples would show that the capture
processes of free electrons formed in the ZnO phase during the reduction treatment are
caused by the interaction of NO molecules. The authors [139] proposed dissociative
adsorption of NO with the participation of free electrons or electrons trapped by oxygen
vacancies:

NO+e  +V} - 0% +N. (1.9)

A similar spectroscopic effect was detected in the interaction of NO with reduced
TiO, [140] and was interpreted in the same way: NO molecules rapidly dissociate on
the surface of reduced semiconductor oxides due to the electron transfer of free
electrons from the volume to the NO molecule. According to [139], on the recovered
samples, ZnO NO reacts with nitrogen atoms formed during dissociation in accordance
with the following reaction:

NO + N - N,O0. (1.10)

Lunsford [141] concluded from the EPR spectra (signal g = 1.96) that the ion
NO; is the result of the dark interaction of NO with ZnO (T,x, = 77 K), determining
the binding energy of the molecule NO with ZnO: Ep;,,4 = 0.5 eV.

Chemisorption and photoadsorption of NO on ZnO at room temperature, as well
as the accompanying change in the conductivity of the sample, were studied in [142].
The illumination of ZnO in the atmosphere of NO reduces the electrical conductivity,
as a result of the capture of the d-electron on the chemisorbed NO. The capture of a
quasi-free electron by the NO molecule is typical for n-type oxides [143, 144]. Visible
irradiation of ZnO in pure NO yields highly adsorbed forms that cannot be removed by
vacuuming at room temperature. NO photoadsorption with the consumption of donor

vacancies includes the following sequence of reactions:

NOyqs = NOggs, (1.11)

NOggs + e~ = NO . (1.12)
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A mechanism of pseudo-oxygen defect [142] is proposed to explain the conductivity

of n-type semiconductors during chemisorption NO:

Oszu_rf + NO = VO_ + N02_chemisorbed (No?:chemisorbed)l (1-13)
Vy =V, +e . (1.14)

1.6 Interactions of CO and CO, with the ZnO surface

The adsorption of CO on ZnO is accompanied by the appearance of a band in the
IR spectrum in the region of 2168 — 2192 cm™! [145-151], which disappears during
subsequent pumping at room temperature, so the adsorption is reversible [145, 146].
The band is usually attributed to the vibrational frequency of the CO molecule adsorbed
on ions Zn?* [145-149, 151].

Seanor u Amberg [147] found that the vibration frequency of CO depends on the
pretreatment of Zn0. ZnO evacuated at 673 K, followed by oxygen treatment at the
same temperature, gives a CO band of 2212 cm ™. If short-term vacuuming is carried
out after oxygen treatment, and the sample is cooled to room temperature in vacuum,
then the CO band is shifted to 2187 cm™1.

When CO and CO, are coadsorbed on Zn0 [145], the frequency of CO shifts from
2187 cm™! to 2212 cm™!. This shift reflects the fact that CO, enhances the Lewis
acidity of Zn ions, which initially possess two coordination-unsaturated lattice sites.

In [152], the binding energies of the CO molecule with Zn ions on the pure surface
of ZnO were determined: 0.24 eV and 0.37 eV for nonpolar (1010) and polar (0001)
surfaces, respectively.

[llumination leads to additional adsorption of CO. It was previously shown that
Ti0, irradiation in CO induces absorption in the UV-visible region due to conduction
electrons and bands of monodentate (1450 — 1350 ¢cm™?1) and bidentant (1570 —
1315 cm™1) carbonates [37]. Similarly, when the illumination of ZnO in the
atmosphere of CO lines appear carboxylate CO; (strip 1620 cm™1) and carbonate CO3
(1570 — 1315 cm™! and 1450 — 1350 cm™1) structures [153, 154]. Preliminary
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redox treatment of zinc oxide has a great influence on the formation of negatively
charged complexes, and the positions and relative intensities of IR bands associated

with them [145].

1.7 Reaction NO + CO + hv —» CO, +1/2N,

The practical interest in this reaction is caused by the worsening pollution of the
environment with carbon monoxide CO and compounds NOy [155], which creates the
need to find ways to purify water and air that turn pollutants into N, and CO,. At the
same time, the aim is to use an economically attractive source of energy — solar

radiation.

1.7.1 Reaction NO + CO + hv > €O, + 1/2N, on M003/Si0,

The first photocatalyst studied in the world for the reaction NO + CO + hv
- C0, + 1/2N, was the system Mo0O3/SiO, [29]. Typical kinetic reaction curves
obtained in [29] are shown in Figure 1.8. The reaction is photoactivated in the region

A < 360 nm on the catalyst Mo05/SiO,.
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Figure 1.8. Typical reaction kinetics NO + CO + hv —» CO, + 1/2N, on
Mo05/Si0, [29].
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2 stages of the reaction are clearly distinguished (especially at pressures less than
0.05 Torr). The first of them is determined by the following parameters:
e an increase in the rate of absorption of CO, as well as the formation of €O, and N,0
in the initial time period;
e the almost constant rate of expenditure is, not taking into account the initial period
(up to 50-60 seconds);
e N, is not formed;

e all the nitrogen contained in NO was transferred during the reaction to N, 0.

The first stage ends at a point defined by the following parameters:

e partial pressure of NO decreases to almost zero;

e partial pressure N, O reaches its maximum value. The allocation of N, begins due to
the absorption of N, 0;

d[co] )
" reaches a maximum.

e derivative

Such features were observed in all experiments without exception. At the first

stage, a significant amount of N, O is produced according to the scheme:

h
CO + 2NO = CO, + N,0. (1.15)

This N, O begins to be transformed into N, only during the second stage of the reaction:

CO+N20h—>VCOz+N2. (1.16)

Based on the data obtained, a reaction scheme was proposed in [29] NO + CO +

hv - C0O, + 1/2N, on the photocatalyst Mo0O5/Si0,. It is assumed (in contrast to
[156]) that in addition to the deactivation channels listed in (1.17), the excited state
(Mo°* — 07)* can be extinguished by NO molecules without the formation of any

product:

~Mo®* = 0% + hv 5 ~(Mo5+ = 07)* )
~(Mo>t — 07)* D MoS* = 0% + by
~(MoS5* — 07)* 35 ~MoS* = 02~ + ha

CO + ~(Mo5* — 07)" 3 €O, + ~Mo*+ )

., (1.17)
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~(Mo>* — 07)* +N0}2>/~Mo6+ = 0?%". (1.18)

Mo** ions interact with NO molecules in the following way:
~Mo** + 2NO - ~Mo**(NO),, (1.19)
~Mo**(NO), » ~Mo®" = 0%~ + N,,. (1.20)

Reactions 1.17 and 1.18-1.20 describe the first stage of the kinetic curves in figure
1.8. The most probable way of N, formation is the decomposition of N,0 onions Mo**
(second stage):

~MO4+ + N20 - ~MO6+ = 02_ + Nz. (121)

1.7.2 Reaction NO + CO + hv - CO, + 1/2N, on TiO, (Degussa P-25)

The next photocatalyst that investigated the reaction NO + CO + hv
- C0, + 1/2N, was Ti0O, (Degussa P-25) [30].
Figure 1.9 shows the kinetics of the reaction on the previously reduced TiO,

(Degussa P-25) when irradiated with light with a wavelength A > 380 nm [30].
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Figure 1.9. Reaction kinetics NO + CO + hv - CO, + 1/2N, on Ti0O, (Degussa P-
25) [30].
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Significant dark adsorption of CO is observed. In the IR spectrum of CO adsorbed

1 remains, which

on TiO,, after vacuuming, an absorption band of 2131 cm~
completely disappears when heated to 343 K [37]. This band is attributed to the CO
molecule adsorbed on Ti3* ions or near oxygen vacancies. The absorption bands
2192 cm™! and 2209 cm™! correspond to CO weakly bound to coordination
unsaturated ions Ti**.

Unlike CO, the pressure of NO remains almost constant in the absence of
irradiation. Under the influence of visible radiation, photoadsorption of NO to TiO,
occurs. Simultaneously, N,O and N, appear in the gas phase. After 500 minutes of
irradiation, the pressure N, in the gas phase reaches half of the initial pressure NO in
accordance with the stoichiometry of the reaction:

NO + CO = C0O, + 1/2N,. (1.22)

During the first 20-25 minutes of irradiation, the CO pressure increases slightly,
since, due to a slight increase in the sample temperature, some of the molecules are
desorbed from the TiO, surface. With further irradiation, the CO pressure gradually
decreases, as a result of the reaction, CO, is formed on the surface of Ti0,, which can
be completely removed by heating up to 500 K. If the reaction is carried out at 350 K,
CO0, is released into the gas phase simultaneously with N, and N, 0. It has been shown
that the adsorbed CO, does not block the active centers on the surface TiO,.

The kinetics of the reaction on an oxidized sample is generally similar to the
kinetics observed when using a pre-reduced sample. The kinetics of the reaction under
irradiation in the self-absorption region (4 = 365 nm) is identical to that shown in
Figure 1.9.

The photocatalytic activity of TiO, in the visible region of the spectrum is
associated, at least, with the presence of localized electron-donating centers (ions Ti3*,
F-, F*-centers), absorbing visible light. The reaction mechanism is proposed [30]

When Ti0, is irradiated in a mixture of NO + CO, a more significant release of
N, and N, O occurs than in the absence of CO in the system. In this case, most of the

N2 is released into the gas phase after the completion of photoadsorption of NO. The
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same result is observed in the case of TiO, irradiation in CO after preliminary

photoadsorption NO.
Inter-zone transition in the surface zone:
h
Ti*t + 02~ S T3 + 0, (1.23)
Ti** + 0™+ CO -» Ti3*(e™) + CO,, (1.24)
h
NO g, + Ti?*(e™) & NO,. + Ti**. (1.25)

The light is absorbed by the local center and the electron is transferred to the molecule

NO:

NOL ;s + NO = N,0 + 0™, (1.26)
N,0 + Ti3*(e™) » N, + 0~ +Ti*", (1.27)
0~ + NOggs = NOJ g5 (1.28)

The total process is written as: NO + CO T; CO, .4 + 1/2N,T.
That is, there is a selective catalytic reduction of NO by carbon monoxide to molecular
nitrogen.

The described scheme assumes the formation of adsorbed CO; .4, or carbonates.
It was found that carbonates on the T'i0, surface are thermally stable enough: according
to IR spectroscopy, these compounds are destroyed only partially when heated to
340 K. This may explain why gaseous CO, is not detected when irradiated at room

temperature and appears only when irradiated at 340 K.

1.7.3 Reaction NO + CO + hv - CO, + 1/2N, on TiO, (Hombifine N)

In studies of the NO + CO + hv - C0O, + 1/2N, reaction on another TiO,
sample — Hombifine N (anatase) [31], it was shown that the reaction has qualitatively
the same basic steps as on Ti0, Degussa P-25, and proceeds under both UV and visible
light irradiation (4 > 400 nm). The first step involves adsorption of NO. The second
step involves the release of N,. The second product CO, remains on the surface and is

released when heated in the temperature range of 400 — 500 K according to the
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Polanyi-Wigner 2nd order desorption equation with E;.s =09eV, v =25X
1012 571,

No release of the intermediate product N, O was detected during the reaction, due
to the formation of a more strongly coupled form of N,0 adsorption on the TiO,
Hombifine N surface, which has a 380 K peak in the TD spectrum.

Experiments were performed under irradiation in various spectral regions in the
300-440 nm range. It was found that the region of 365-404 nm was the most

effective in the first and second stages.

1.8 Exciton channel activation of photocatalytic reactions at ZnO

Another way to increase the efficiency of photocatalytic reactions on Zn0 is to
use the exciton as an energy carrier.

The main reason for the decrease in the quantum yield of the reaction during
activation in the UV region is the loss of carriers as they move to the surface centers of
photocatalysis, due to the recombination of paired e~ — h™ and with the recombination
centers. In addition, the surface potential barrier, contributing to the exit of carriers of
one sign to the surface, detains carriers of the opposite sign.

After the discovery of a neutral excited particle in crystals, called an exciton [157],
A.N. Terenin suggested using it to activate catalytic reactions on semiconductor
crystals instead of charge carriers [158]. Thus, the losses mentioned above can be
significantly reduced if excitons are used for excitation energy transfer. The uniquely
high binding energy of excitons in ZnO is 60 meV/, which ensures the stability of
e~ /h™ pairs during their transfer at room temperature (kT = 27 meV).

However, the exciton decays radiatively on the surface; apparently, for this
reason, exciton activity in photocatalysis on semiconductors has not been

experimentally confirmed until recently [159].
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The effect of oxygen desorption on the photoluminescence of zinc oxide was
studied in [160]. It was found that regardless of the form in which oxygen is adsorbed
on the ZnO surface, its further removal (desorption) from the surface leads to the
formation of positively charged oxygen vacancies. As a result, the slope of the zone
surface decreases, which increases the overlap of the electron and hole wave functions
and contributes to a multiple increase in the exciton luminescence intensity.

In [161] it was shown that the surface photoluminescence (PL) on ZnO can be
suppressed by a special treatment in an oxygen atmosphere. In this work, the
electrophysical parameters of the sample (Schottky barrier value, dipole layer of
adsorbed oxygen, and surface bending zones) were controlled in situ by UV
photoelectron spectroscopy (8.43 eV) (Nanolab Research Platform, Resource Center
"Physical Methods of Surface Research", SPbU Science Park). A sequence of
oxidation cycles was performed in combination with dosed photoreduction of the
surface layer by photodesorption of oxygen in ultrahigh vacuum (the amount of
photodesorbed oxygen was monitored by a mass spectrometer). This procedure was
shown to form a Zn0/Zn0,_, /O~ 2D surface submonolayer structure (Figure 1.10)

that effectively suppresses exciton PL.
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Figure 1.10. Energy structure of Zn0O [161]. VB — valence band; CB — conduction
zone; VL, VL, — vacuum levels before and after oxygen desorption; Er — Fermi
level; V¢ — zone bending; § — dipole component; ¢ — thermoelectric work
function; DOS — the density of filled levels; E,,;, — maximum depth of sounding
energy; N(E) — filled level density according to the UPS. 1 — oxidized sample; 2
— reduced; 3 — after oxygen photodesorption.

In such a 2D structure the exciton is not emitted, but decays into a pair of long-
lived (up to 8 x 103 sec) electron-donor and hole centers, on which the redox reaction
can occur [159].

Indeed, using the example of photoactivated oxygen isotope exchange, which is
used as a model for redox reactions, it has been shown that the efficiency of the 2D
Zn0/Zn0,_, /0~ structure when activated in the resonance excitation region of
excitons is approximately ~8 times higher than in the interband absorption region

[162]. The specificity of the POIE test reaction is that it proceeds in the 0,—- ZnO binary
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system, and the photocatalyst is unaffected by the initial, intermediate, and final
products. However, is it possible to carry out the redox reaction under real conditions?

To investigate this question was one of the goals of this work.

1.9 Conclusions from the literature review

In recent years, ZnO occupies one of the leading places among semiconductor
photocatalysts. Photocatalysis on ZnO is effective in degrading a wide range of organic
and inorganic pollutants into biodegradable or less toxic organic compounds [3].

ZnO electronic structure peculiarities — large band gap width ~3.1 — 3.3 eV
[97]) at electronic affinity value ~4.0 eV, high carrier mobility (200 cm? V~1 sec™?)
at 300 K [1]) made ZnO the most active (along with TiO,) photocatalyst of oxidation-
reduction reactions. However, the photoactivation of ZnO requires UV radiation,
whose share in the solar spectrum does not exceed ~5%. Various methods of Zn0O
sensitization by doping with metals and nonmetals [100—113], organic sensitizers,
formation of heterostructures with narrow-gap semiconductors are used to shift the
Zn0 activity spectrum to the visible region [1, 11, 12].

Logically, a greater percentage of recent work on ZnO has focused either on the
synthesis of new doped Zn0O powders [100—113] or on nanoscale objects [42—-54].
Meanwhile, the detailed mechanism of intrinsic defects in photoactivated processes
remains unstudied.

The non-stoichiometry of zinc oxide Zn0O,_, is caused by the formation of
intrinsic point defects. The excess Zn over the stoichiometric ratio [Zn]: [0] = 1 can
be due to the formation of both interstitial zinc atoms (Zn;) and interstitial oxygen ions
(0;). Both types of defects are donor and, according to most researchers, are
responsible for the n-type conductivity of the material. In addition to inter-nodal zinc
and oxygen atoms, oxygen (V) and zinc (V) vacancies can form.

The use of point volume and surface defects is the basis of our developed method

of "self-sensitization" of zinc oxide [34, 77, 78]. Such defects can be created by
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reducing Zn0 to Zn0,_, by heating in vacuum to the decomposition temperature of

the oxide or by photo-reducing the surface to form Zn0 o1ume)/ZN01—x (surface)- In

the first case, F- and V-type centers are formed in the volume, while in the second case
defects are formed only on the surface. In this regard, the study of the sensitizing
capacity of intrinsic defects of real ZnO structures become of fundamental importance.

Reaction I.1 is not only a model reaction, i.e. it allows revealing and studying
various properties of zinc oxide in principle, but also "live" one, having prospects of
application in practical sense. Practical interest in this reaction is caused by the
worsening pollution of the environment with carbon monoxide CO and compounds
NO, [155], which creates the need to find ways to purify water and air, transforming
pollutants into N, and CO,. The aim is to use an economically attractive source of
energy-solar radiation.

This work is a logical continuation of the reaction studies on Mo05/SiO, [29], on
TiO, Degussa P-25 [30] and on Ti0O, Hombifine N [31] carried out in our research
group.

With the proximity of the photocatalytic parameters of TiO, and ZnO, the latter
has a number of advantages. Unlike TiO,, ZnO is a direct-gap semiconductor, so its
absorption in the near-edge absorption region is stronger than that of Ti0,. The
electron mobility in ZnO is two orders of magnitude higher than in TiO, [38], which
dramatically increases the efficiency of delivering photogenerated carriers to the
surface reaction centers.

However, the efficiency of visible light is relatively low due to the weak
absorption of the sample. It is possible to increase the quantum yield in the absorption
region of Zn0O by using a neutral excited particle, an exciton [157], proposed as an
activator of photocatalytic reactions by A.N. Terenin [158] as a charge carrier.

The activity of excitons in photocatalysis on semiconductors was confirmed in
[159, 160]. A sequence of oxidation cycles in combination with dosed photoreduction
of the surface layer by oxygen photodesorption in ultrahigh vacuum was carried out to

form a Zn0/Zn0,_,/0~ surface submonolayer 2D-structure that effectively
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suppresses exciton photoluminescence [161]. In such a 2D-structure, the exciton is not
emitted, but decays into a pair of long-lived (up to 8 x 103 sec) electron-donor and
hole centers, on which the redox reaction occurs [159].

Using the example of photoactivated oxygen isotope exchange (POIE), which is
used as a model for redox reactions, it is shown that the efficiency of the
Zn0/Zn0,_, /0~ structure when activated in the resonance excitation region of
excitons is approximately ~ 8 times higher than in the interband absorption region
[162]. The specificity of the POIE test reaction is that it proceeds in the O,- Zn0O binary
system, and the photocatalyst is unaffected by the initial, intermediate, and final
products. However, is it possible to carry out the redox reaction in real conditions? The
answer to this question we tried to give within the framework of this work.

To investigate this question was another goal of this work. We chose the

h
environmentally important reaction NO + CO Zc 0, + 1/2N, T, previously studied

by us in the excitation of Zn0,_, in the visible region of self-sensitization [163].
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Chapter 2: Technique and methodology of the experiment. Characterization of

zinc oxide samples

For the solution of the set tasks the experimental installation allowing to carry out
complex researches of dark and photoprocesses on a surface of a sample was used. The
studies were carried out by methods of photomanometry, kinetic photo-mass
spectrometry in the gas phase and the method of thermodesorption spectroscopy with
mass analysis of desorption products. The following methods were used to characterize
the samples: X-ray diffraction (XRD) (Resource Center (RC) "X-ray diffraction
methods of research", SPbU Science Park), ultraviolet photoelectron spectroscopy
(UPS) (RC "Physical methods of surface research", SPbU Science Park), BET
(Brunauer-Emmett-Teller) method (RC "Innovative technologies of composite
nanomaterials", Research Park SPbU), diffuse reflectance spectroscopy (DRS) (RC
"Nanophotonics", Research Park SPbU), differential ultrasonic spectroscopy (DUS)
(RC "Innovative technologies of composite nanomaterials", Research Park SPbU),
scanning electron microscopy (SEM) (RC "Nanoconstruction of photoactive

materials", Research Park SPbU).

2.1 Research methods

2.1.1 Mass spectrometric method of research

Mass spectrometry is an experimental method to study the processes occurring
with atoms and molecules in a heterogeneous "gas-solid" system. It is used to analyze
the products (reactants) of reactions in the adsorbed and gas phases, to determine the
kinetics of reactions, and the rate of processes is determined by differentiating the
measured dependence. Knowing the reference mass spectra of individual substances,
1.e. knowing the ratios of the so-called main and fragmentation peaks, it is possible to

determine the composition of the mixture under analysis.
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Application of the mass spectrometric method in the study of adsorption-
desorption processes is based on consideration of the material balance in a
heterogeneous system [164, 165], and allows controlling the partial pressure of gas
phase components [166, 167].

In a reactor with a volume V containing a sample with an area A available for
adsorption, gas flows in at a rate L and is pumped out at a rate W. If the concentration

of adsorbed molecules n changes as a result of the adsorption-desorption process, the
: . : d :
relationship between the rate of this process d—’; and the change in the number of

molecules in the gas phase AN is determined by the material balance equation:

dan 1 ,dAN w
_E_Z(7+;AN)’ (21)

where AN = N — N, — is the deviation of the number of molecules from the stationary

value N, . In the steady state, the values of the incoming and outgoing flows are equal:

L =Ny~ (2.2)
Thus, Ny = L - t, where T = %— characteristic pumping time. By measuring the

dependence of AN on t we can control the kinetics of changes in the concentration of

adsorbed particles.
In static or quasi-static mode (with little gas sampling for analysis) L = 0 and% -

0, which allows us to neglect the second term of the right-hand side of the equation
(2.1):
_an _ 1dAN (2.3)

dt A dt’
After integration we have: —An = AN /A.
With manometric measurements, the change in the sensor signal AU is
proportional to the change in pressure AP in the reactor: AU = ¢,,,, X AP, where
¢ man — the sensitivity of the pressure gauge. Thus:

AUV
—-An=———,
A'kB'T'fman

(2.4)

where kg — Boltzmann constant, T — temperature in degrees Kelvin.
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In mass spectrometric registration, the ion current of a given mass I, is

proportional to the flow of the corresponding gas, which is sampled for analysis and
determined by the pressure difference in the reactor and the ion source (IS), as well as
the value 7 of the pumping of gas from the reactor through the mass spectrometer.

Knowing the sensitivity of the mass spectrometer to the gas flow (& y5), we can write:
Imje = $ms " (N — Nig)/7, then:

1 T
—An = 2L 2.5
n A& ys (2.3)

When studying thermodesorption, a dynamic vacuum mode is used, with full gas
: : . A :
pumping through the ion source of the mass spectrometer. If the condition ﬁ > TS

met, then equation (2.1) takes the form:

an 1 AN
In this case, the experimentally measured value of the deviation of the ion current

from the initial steady-state value Al . is proportional to the rate of change in the

number of adsorbed particles:

an _ _ Almje (2.7)

dat Aéys

Thus, two modes of measurement on the mass spectrometer are used: quasi-static

and dynamic, depending on the pressure created in the reactor.

2.1.2 Thermal programmable desorption spectroscopy

The complex process of interaction of particles with a solid includes 3 stages:
adsorption, transformations in the adsorbed layer, desorption of reaction products.
Thus, adsorption and desorption are the initial and final stages of interaction of particles
with a solid; desorption provides information about the processes and surface
properties that occurred on the surface.

TDS is based on the increase in the probability of the adsorbed molecules

detaching when the adsorbent is heated and escaping into the gas phase. The
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: : de
thermodesorption spectrum represents the dependence of the desorption rate — on the

adsorbent temperature T under a certain law of temperature change with time T(t) (most
often linear).

TD spectra are measured in a dynamic vacuum, where the desorption rate is
proportional to the change in ion current and is determined by formula (2.2). In the
case of homogeneous isolated centers, desorption is described by the Polanyi-Wigner
equation:

Ea
— 2 = v, 0" T, (2.8)

where 68 — surface concentration of adsorbed molecules or degree of surface filling, v,,
— frequency factor, n — kinetic order of reaction (1st or 2nd), E, — desorption
activation energy, R — universal constant gas, T — thermodynamic temperature.

The TD spectrum is a peak with a maximum at a certain temperature T, .
Depending on the bond strength of the molecules with the surface, the desorption rate
maximum will be observed at a particular temperature T,,,, which is definitely related
to the desorption activation energy E, [136, 168, 169].

The initial coverage 8, can be determined by measuring the area under the curve
% (T):

0, =— [ Lar. (2.9)

To dt
In the TDS method, the velocity is measured with a linear increase in temperature:
T =T, + pt, where f — heating rate (deg/min), so equation (2.8) can be
transformed to the form:

R %gne—% (2.10)

With a linear law of temperature change T = T, + ft and the condition of
homogeneity of the centers, i.e. E # E(0), T,, does not depend on the initial coverage
8, the peak has a sharp drop on the high-temperature side. For n = 2 the temperature
of the maximum shifts to the low temperature region with increasing coverage, the

peak has a symmetrical shape. Thus, the order of reaction n can be determined from
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the dependence of T,,, on the initial coating 8, or from the shape of the TD spectrum
curve.

Since there are different adsorption centers on the surface, the TD spectrum is a
superposition of several curves. Strict separation of the spectrum into separate peaks is
very laborious and not always possible. For the case of an inhomogeneous surface, we
use a model where the surface inhomogeneity is characterized by a nonlinear
dependence of the desorption activation energy on the coating [29].

A number of adsorption state parameters can be obtained from the TD spectrum
[132, 169, 170]:

1. total surface occupancy by adsorbed molecules.

2. The number of different forms of adsorption and their occupancy 6.

3. The value of the desorption activation energy E,.

4. The order of the desorption reaction n.

5. The "frequency factor" (entropy multiplier) v.

2.1.3 Diffuse reflectance spectroscopy

The diffuse reflection spectroscopy method is used to measure the absorption
spectra of optical radiation by powder samples (in the range from UV to near-IR) [171].
This method consists in measuring the intensity of diffusely reflected light from a layer
of weakly absorbing powder for which the equality A + p = 1 is true, where 4 is the
fraction of absorbed light and p is the fraction of reflected light. Within the framework
of the Kubelka-Munk theory, we show the relationship between the absorption
coefficient in the Bouguer-Lambert-Berre law k,; and the reflection coefficient pe,

_ 2
of the infinite powder layer and the scattering function s [171]: k‘lb = = (12 5 =)

However, this formula cannot be applied in the spectral region of strong sample
absorption (which corresponds to the region of interband transitions of metal oxides)
due to the assumption of weak absorptivity of the sample. The scattering function s

depends in turn on the wavelength — s~1/A1™, where m depends on the average
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particle size of the sample d (ford > 1 um m =0; for 0.1 <d <1um m = 1; for
d<0.1umm=3)[171].

The measurements were performed on a Cary 5000 double-beam
spectrophotometer (RC "Nanophotonics", SPbU Science Park) equipped with an
integrating sphere. Diffusely reflected light with wavelength A from the sample under
study was collected by the integrating sphere in the solid angle 2w on the photodetector
and its signal was compared with the diffuse reflection signal of the standard (ideally

reflecting substance with reflectance preference = 1, or substance with known

reflectance in advance). BaS0O, was used as a standard. The resulting value p(A) is
usually presented in relative units from 0 to 1 (or 0 to 100%). Changes in the diffuse
reflectance spectra during the various sample treatments correlate with changes in the
absorption coefficient (to the accuracy of the scattering function s, which is usually a
smooth function of wavelength) [171]. Thus, by analyzing the difference spectra before
and after any treatment, it is possible to obtain information on the effect of one or

another treatment on the absorption of the sample.

2.2. Experimental setup

The experimental setup in which the studies were carried out consisted of the
reactor, the system of gas injection, the system of ultrahigh-vacuum pumping, the
system of sample temperature control, and the PC-based automation system. Studies
of this work were carried out on an experimental setup, the scheme of which is shown
in Figure 2.1. Depending on the conditions and goals of the experiments, only the

lighting systems and shapes of the reactors were changed.
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Figure 2.1. Schematic of the experimental setup (Mp; — Pirani gauge, M ;s —
absolute pressure gauge, MS — mass spectrometer, I/; — volume to bypass gases in

V, — volume for the preparation of the gas mixture).

The composition of the gas phase and desorption products were monitored using

an APDM-1 monopole mass spectrometer. The resolution of the mass spectrometer

M . :
in 150 at 10%. Operating vacuum in the mass spectrometer was not worse than P =

1077 Torr and was maintained by an independent system of ultrahigh-vacuum
pumping including a zeolite pump and a Nord-100 magnet-discharge pump.

The control of the mass spectrometer APDM-1 is a part of the automation
complex created by the author [166] on the basis of a personal computer, a data
collection module LCard L-440, and a thermoregulation unit TRM-101 (Oven).

The APDM-1 mass spectrometer, due to the design of the pre-reaction volume
and reactor, allowed measurements to be made both in the quasi-static mode and in the
flow mode. When operating in the flow-through mode, the gas flow passed through the
reactor and was pumped directly through the ion source of the mass spectrometer. In

this mode the dynamic gas pressure over the sample could vary in the range of 1077 —
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1073 Torr, which allowed the adsorption-desorption processes to be monitored with
high sensitivity.

During the experiments, the volume V, with the prepared gas mixture (or pure
gas) was connected to the reactor using a valve. During kinetic studies, part of the gas
was sampled for analysis in a mass spectrometer through a leakage valve (quasi-static
mode), while during registration of TD spectra all particles in the gas phase were
evacuated through a mass spectrometer (dynamic mode).

The reactor was also equipped with a stationary heater and a chromel-alumel
thermocouple for thermal treatment of the sample and linear heating when measuring
TD spectra. For convenience of the experiments performed (irradiation and subsequent
heating (thermodesorption)), the heater was equipped with a special window with a
removable cover at the bottom. Thus, the sample was in a closed volume during heating
(TPD), which ensured guaranteed linearity of heating, and during experiments with
illumination of the sample (cuvette) the penetration of extraneous light was excluded.

The sample temperature control system is based on the TRM-101 (Aries)
thermoregulation unit and operates on the principle of PID regulation [166]: the TRM
monitors the current temperature value T,y rene (With a period of 1 s), and in case of
its deviation from the preset T, corrects the PWM control signal of the power heater.

The used sample control systems allow heating (or cooling down) the sample
according to linear law T = T, + [t, where [ is the heating rate (0.1 — 2 K /sec) and
stabilize the sample temperature in the range of 300 — 870 K with the accuracy of

+ 0.5K.

2.2.1 Reactors

Two different cylindrical reactors were used in the work, but with different
methods of sample installation — a bulk sample ("barrel") and applied to the wall of a

cylindrical cuvette.
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In both cases, quartz was used as the material for the reactors because of its
transparency in the UV and visible region of radiation, as well as its high thermal
stability (for heating the sample to 823 K in the TPD experiments).

Reactor Nel was a wide-necked Dewar cylinder with a volume of 30 cm3 with a
bulk sample (Figure 2.2 a). The sample was illuminated from below, so this form of
reactor allowed the efficiency of photons in the region of weak absorption (in the
visible region) to be increased many times due to multiple re-reflections from the

surface of the sample (Figure 2.2 b).

Zn0O

a b
Figure 2.2. Reactor Nel: a — reactor form — Dewar cylinder with a bulk sample; b
— schematic representation of the ray path during multiple re-reflections of light
from the sample surface.

However, during the first part of the work, it was found that the registration of
reaction rates is complicated by the diffusion of intermediate and final products through
the sample when using this form of cuvette, as well as due to the large mass of the
powdered sample (5.6 g). Preliminarily, it was found that the sample activity (by PA
NO A = 404 nm) in the new cuvette (= 10™° monolayer) was at least an order of
magnitude greater than in the old cuvette (barrel) (= 10~® monolayer), despite the
sample mass ratio of = 19 times in favor of the barrel. In addition, the resolution of the
TD spectra increased. Therefore, in the second part of the work, firstly, a sample with
a smaller mass (about 300 mg) was used, and secondly, it was applied from an aqueous
suspension as a thin layer on the walls of a cylindrical quartz cuvette (h = 40 mm,

d = 15 mm) — Figure 2.3.
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Figure 2.3. Reactor Ne 2.

The density of the layer was thus 15 mg/cm?. Absorption of the sample in this
case corresponded to absorption of a flat sample.
Figure 2.4 shows for comparison the absorption spectra of Zn0O samples in reactor

1 (Figure 2.2) and reactor 2 (Figure 2.3), as well as the efficiency factor y =

(Abszno)cylinder
(AbSzno)flat '
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Figure 2.4. ZnO absorption spectra: 1 — flat sample and sample in reactor Ne

2; 2 — sample in reactor Ne 1; 3 — efficiency factor y.
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The absorption spectra of the samples were obtained using a UV-Vis-NIR Cary
5000 dual-beam spectrophotometer equipped with an integrating sphere. Diffusely
reflected light with wavelength A from the studied sample is collected by the integrating
sphere in solid angle 27t on the photodetector and its signal is compared with the signal
of diffuse reflection of the standard with reflectance = 1. BaS0O, was used as the
standard. Absorption spectra were measured directly in reactors Nel and No2 used in
the experiments to find out the effect of their shape on absorption, and, for comparative
analysis, in a flat cuvette. It turned out that the sample in reactor No2 has an absorption
similar to that in the flat cuvette with an accuracy of 5%.

Thus, when using a Dewar cylinder (reactor Nel), for example, at an incident
wavelength of 546 nm, the number of absorbed photons is five times greater than in a
flat sample. In the UV region, the efficiency of reactor Nel does not exceed 2. Reactor
Ne2 was used for experiments with irradiation only in the UV region, where the form

of the reactor had almost no influence on the efficiency of light absorption.

2.2.2 Gas inflation system. Gases used

The gas inlet system V; (Figure 2.1) allows storage, purification and dosed
injection of the studied gases into the pre-reactor volume V, (Figure 2.1), and from
there into the reactor chamber. The reactor was connected through the transitions
"quartz-glass" and "glass-kovar" to the gas inlet system, made of stainless steel,
through ultrahigh-vacuum valve DU-10.

All elements of the inlet system are made of stainless steel 12X18H10T, all flange
connections are on copper seals. Operating vacuum in reactors (not worse than P =
1077 Torr) is created by sequential oil-free pumping by zeolite and magnet-discharge
pumps. The pressure recording system consists of two types of pressure gauges: a Setra
764 membrane capacitance gauge (M., Figure 2.1) in the gas inlet system (V;, Figure
2.1) and Pirani gauges in the pre-reaction volume (V,, Figure 2.1) and in the reactor

chamber, which allows for analysis of the total pressure and precise dosing of inlet
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gases. The use of the M, absolute gauge (Figure 2.1) for graduation allowed results
in absolute units [molecules X cm™2] for coatings and [molecules X sec™! X cm™2]
for flux values. The Pirani gauge is capable of recording pressures ranging from
0.0001 Torr to 0.3 Torr, the Setra 764 membrane capacitance gauge from 10> Torr
Torr to 1 Torr. All Pirani gauges were calibrated for all gases used using the Setra 764
gauge. The gases used were in metal or glass cylinders connected to the system through
DU-10 valves.

Gases used. We used gases 0,, 2C7¢0 of natural isotopic composition and
isotope-enriched NO (95% 2°N1¢0) of high purity (99.9%). The use of isotope-enriched
mixtures allowed the separation of reagents and interaction products in the °N60
mixture.

The gases were purified of impurities by low-temperature fractionation prior to

venting.

2.2.3 UV and visible irradiation systems

In the first part of the work to irradiate the sample used illuminators: mercury
lamps (DRSh-250), xenon lamp (Osram XBO 150W/4). Separate spectral lines of
mercury were distinguished by standard glass light filters LOMO (SPb) with the use of
a thermal water filter. Spectral transmission characteristics of glass filter combinations
were measured on a Specord dual-beam spectrophotometer. The intensity of light
incident on the sample was measured with a graded photocell with a F17 array
photocathode [172] and a PD300-UV-ROHS wide-range photodiode laser sensor. The
incident monochromatic radiation intensity measured by the thermocouple graded

photocell F17 was of the order of ~ 10> [photons cm™2 sec™1] (Table 2).
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Table 2. Used combinations of filters to separate spectral lines of mercury lamp

DRSh-250 and xenon lamp Osram XBO 150W/4 and intensity of incident radiation

on the sample.

UFS6+ |[UFS1+ JS10+P JS11+S US12+S | JS17+S [JS18+PS |OS13+
BS7 BS8 S13 S15 S5 ZS20+S 7 ZS7
365 nm 380 nm 404 nm 436 nm 465 nm | ZS21 546 nm |578 nm
490 nm
ltauing, | 6.07 2.48 1.55 3.42 2.5 1.34 7.96 5.65
X 1015 + + + + + + + +
photons 0.04 0.05 |0.04 0.05 0.06 0.07 0.16 0.12
cm™? s 1

The light coming out of the radiation source was collected by a condenser in a

parallel beam. The sample was irradiated through a water filter to exclude heating of

the sample due to infrared radiation of the source. To weaken the light flux (if

necessary) the sets of neutral glasses of "NS" type from the standard set of LOMO
filters were used (Figure 2.5 a).

light filter

|| light source

monochromator
KSVU-1

mercury lamp
DRSh-500

Figure 2.5. Irradiation systems: a — reactor Nel; b — reactor No2.

a

b

In the second part of the study, the RF-UVXC35LN-UD UV-LED (Refond) with

the emission maximum A = 382 nm, which corresponds to the exciton resonance

excitation band, and the mercury lamp DRSH-500 with the KSVU-1 monochromator
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(Anax = 365 nm) (Figure 2.5 b), which corresponds to the interband excitation of
Zn0 sample were used as radiation sources. The intensity of incident radiation in both
cases measured by a calibrated F17 photocell was =~ 101 photons cm™2 sec™1.

The spectrum of the LED radiation absorbed by the sample lies inside the
resonance exciton excitation region at room temperature (Figure 2.6, curves 1 and 2).
Curve 3 in Figure 2.6 represents the spectrum of excitation light with wavelength A =
365 nm emitted by the mercury lamp DRSH-500. Thus, the spectra of the two selected
emission sources overlap only slightly in the region of 365 — 375 nm. Note that both

NO and CO molecules do not absorb the activating UV radiation and, therefore, do not

distort the studied photoactivation spectrum.

2.0 5

power, a.u.

0.5

0.0

350 ‘ 32)’0 ' 3;’0 I 3;40 ‘ 3.(;0 ' 4(l)0 ' 4;() ‘ 450 ‘ 4%0 '_4!10
A, M
Figure 2.6. Spectra: 1 — resonance excitation of ZnO photoluminescence at room
temperature (according to [162]); 2 — absorption of LED radiation with maximum
A = 382 nm; 3 — absorption of mercury lamp DRSH-500 radiation with
maximum A = 365 nm, separated by KSVU-1 monochromator (measured with

F17 photocell).

2.3 ZnO sample and characterization

The highly dispersed ZnO powder "OSCh 12-2" was investigated in the work.
The specific surface (determined by the BET method (N, adsorption), automated
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system ASAP 2020MP (Micromeritics), RC "Innovative technologies of composite
nanomaterials", SPbU Science Park) of Zn0O powder is equal to 20.33 m? /g with the
main substance content not less than 99.99%. In the first part of the work, the mass of

the sample was 5.6 g, and in the second part, it was 300 mg.

pure ZnO powder

5000

O_Jddk I8 JL_JLJJLH L JUM

30 60 90
20, degrees

intensity, cps

Figure 2.7. Rangtgenostructural analysis ZnO OSCh 12-2.

Studies of the powder phase composition by X-ray diffraction (Bruker D2 Phaser
diffractometer, RC "X-ray diffraction methods of research", SPbU Science Park)
showed that the sample consists 100% of the wurtzite phase. In Figure 2.7 short dashes
(bars) above the abscissa axis show the reflexes of wurtzite phase. In principle, we can
assume that the phase composition of the samples did not change significantly during
the series of experiments.

According to the data of differential ultrasonic spectroscopy (Mastersizer 3000
(Malvern), RC "Innovative technologies of composite nanomaterials", SPbU Scientific
Park) (Figure 2.8) the particles of the sample are conglomerates of crystallites. The size
of individual crystallites, according to SEM data (Zeiss Crossbeam 1540XB, RC
"Nano-construction of photoactive materials", SPbU Science Park), from 100 nm

(Figure 2.9).
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Figure 2.8. Size distribution of Zn0O OSCh 12-2 conglomerates.

Figure 2.9. Scanning electron microscope image of ZnO OSCh 12-2 powder.

To exclude the dependence of adsorption character at room temperature on the
degree of surface hydration, water molecules as well as other impurities were removed

by preheating Zn0O in a flow of pure (99.99%) oxygen (P =~ 0.2 Torr) at 823 K for
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two hours until traces of oxidizable impurities completely disappeared in the mass
spectrum of the outgoing flow.

In the first part of the work (bulk sample in reactor 1) we used the "oxidized" state
of the ZnO sample obtained by heating ZnO in oxygen at 823 K for 1 hour followed
by linear cooling in oxygen with vacuuming at T = 670 K. The reduction-oxidation
cycles were performed many times, thereby obtaining reproducible sample
characteristics.

Before the experiments in the second part of the work (the sample was applied to
the side wall of reactor No2), the sample was prepared as follows: warming in oxygen
atmosphere to 823 K — cooling to 673 K — vacuuming at 673 K — cooling to room
temperature —  illumination of the sample with A = 365nm (I35 =
10® photons cm™2sec™?, t ~ 10 min) — brief oxygen induction (P = 0.1 Torr) —
heating to 473 K in vacuum.

UV illumination led to photodesorption of molecular oxygen from the surface and
photodestruction of the surface layer due to photodesorption of structural oxygen. The
amount of photosorbed molecular oxygen from the adsorbed layer and atomic oxygen
from the surface layer of the structure was determined mass spectrometrically [36].
Partial reduction resulted in the formation of a downward curvature of the zones on the
surface [159]. Subsequent adsorption of oxygen leads to the formation of a 2D
Zn0/Zn0,_, /0~ structure on the surface [161], which is a pit bounded by a Schottky
barrier on the inside of the surface and an adsorbed oxygen field on the outside. It is in
this quantum-sized 2D structure that the exciton decays emission-free into a pair of

long-lived centers [159].
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Chapter 3: Photocatalytic reaction NO + CO + hv — C0O, 54 + 1/2N, T

activated on ZnO in UV and visible regions

3.1 Introduction

One of the practical applications of zinc oxide is its use as a photocatalyst for
environmental treatment, for example, for wastewater treatment [5—7]. ZnO is of
particular interest in the XXI century as a very promising material for purifying the
polluted air of large cities from the products of industrial production, as well as the
exhaust of internal combustion engines. One of the problems is the removal of harmful
nitrogen and carbon oxides (NO and CO) from the air, for example, through the
reduction of NO to N, and oxidation of CO to CO,. Nitrogen oxides are second only to
sulfur dioxide in contributing to the acidity of precipitation. CO is dangerous because
it combines with blood hemoglobin to form carboxyhemoglobin. Increased levels of
carboxyhemoglobin in the blood can cause impairment of central nervous system
functions: vision, reaction, orientation in time and space are weakened. At the same
time, the contribution of motor transport emissions to the level of air pollution by
nitrogen oxides is 2 times greater than the contribution of emissions from industrial
enterprises, and carbon monoxide — almost 20 times greater.

The external radiation active for photogeneration of e~ /h™ pairs in ZnO required
for photocatalytic reactions to transform products of environmental pollution lies in the
UV region (A < 385 nm). This condition for the implementation of photocatalytic
reactions on ZnO can be achieved using conventional UV lamps. However, the amount
of electricity required to generate UV irradiation on an industrial scale is so huge that
it hardly seems cost-effective. Of considerable interest for the use of ZnO for these
purposes is the "free" source of light energy — the Sun. However, the UV radiation
that reaches the surface of the Earth in the solar spectrum accounts for no more than
5% of the energy, which significantly hinders the practical application of Zn0O. The
visible part of the spectrum accounts for about 40% of the energy. Thus, the challenge

arises to expand the active region of ZnO into the visible region.
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To extend the active region into the visible part of the spectrum ZnO is sensitised
by dyes or doped with metal and nonmetal ions, oxygen vacancies are created in the
surface and near-surface layers [1, 8-10], ZnO composites with narrow-gap
semiconductors are created [1, 11, 12], plasmonic photocatalysts applied by
nanostructured Au, Ag and Cu on Zn0. [13, 14]. Photovoltaic solar energy converters
based on sensitized Zn0 have achieved at least 12% efficiency [15].

Meanwhile, absorption in the visible region can be created using optically active
intrinsic defects [32-34].

The aim of the work described in this chapter was to investigate the possibility of
self-sensitization of ZnO by its own defects for its photoactivation both in the UV and
visible regions of the spectrum. As well as to apply the theory of the exciton mechanism
of photocatalytic reactions on Zn0O investigated in [159—162]. Reaction I.1 was chosen
as a test one: the interaction of NO, CO and NO + CO mixture with UV- and visible-
light photoactivated ZnO surface was studied by photomanometry, photo-mass
spectrometry and thermal-programmed desorption spectroscopy. To analyze the active
centers and construct the mechanism of the reaction, its photoactivation spectra,
peculiarities of kinetic parameters, composition of intermediates and final reaction
products were studied.

Highly dispersed ZnO powder of "OSCh 12-2" mark, with the main substance
content not less than 99.99%, was investigated. Complex studies were carried out on
the experimental setup (Figure 2.1) described in chapter 2. A bulk ZnO sample
weighing 5.6 g was placed in a reactor-cylinder Dewar, which allowed increasing the
efficiency of photons in the region of weak absorption due to multiple reflections from
the sample surface.

The composition of the gas phase and desorption products were controlled using
an APDM-1 monopole mass spectrometer, for which the sensitivity to all the gases and
possible products used was determined, the ratio of the main and fragmentation peaks
was determined, gas flow calibrations were performed, and the rate constants of gas

decrease from the reaction volume due to sampling for mass analysis were determined.
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Isotope-enriched gas 5.6 r was used to separate the reagents and reaction products (see
Ch. 2 for more details).

The products in the adsorbed phase were controlled by TPD spectroscopy (see
Ch. 2). The variation in the intensities of TD spectra at identical pretreatments did not
exceed 5%.

To irradiate the samples with light of different spectral composition used mercury
lamp DRSh-250 and xenon lamp Osram XBO 150W/4, equipped with glass filters
LOMO and water filters to exclude the IR component of the radiation. The irradiation

system is described in detail in Ch. 2.

3.2 Dark and photostimulated interaction NO, CO and mixture NO + CO with
Zn04_,

3.2.1 Irradiation Zn0O4_, with mixture NO + CO
It was found that UV -visible illumination of Zn0O in the NO + CO mixture leads to

a sharp drop in NO pressure with the release of N, O into the gas phase, which is further
reduced to N, (Figures 3.1, 3.2).
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Figure 3.1. Typical kinetics of reaction 1.1 on ZnO under full-light irradiation of
mercury lamp DRSh-250.



185

2‘2 \L ZI O I T I 1
1 +/n 17| ]
E‘O—IIIIII = CO, A=1.51x10"| 4
154 | e N, A=077x10"| ]
28 assdasnan 2 E
w 16 | —+—NO, 4=1.79x10"| ]
8 ] ‘i »— N0, 4=0.25x10" |
14 ' 4
3 ] ‘;Hhv ]
g 124 b . M
- b | N -
= 4 t L i %
= 0.8 : L 7 o ..'....-.noo“““
0,6 4 1. ...oo 3-.._7.... _
1 3 oY By
0.4 4 oo ol
] “h ".o'. J
0.2 4 PYRLAAAA il o 4 0 S o
-y ¥
0.0 ] -v"' ‘52&0..‘ e YT YYYryyyy
a 1 T g T T T T
0 50 100 150 200 250
time, min

Figure 3.2. Typical kinetics of reaction 1.1 on Zn0O under visible light irradiation
(A > 390 nm).

The release of N, begins after the completion of NO photoadsorption. In the
absence of CO, the release of N, into the gas phase was not detected. The growth of
CO pressure at the initial stage during full-light irradiation (Figure 3.1) is caused by
two reasons: on the one hand, a slight heating of the sample by irradiation (from 300 K
to 307 K) leads to desorption of weakly bound CO molecules; on the other hand, partial
displacement of CO molecules by NO PA products is possible. Note that after switching
on the illumination, the absorption rate of NO is much greater than that of CO and the
mass balance for the elements C, N, and O in the gas phase is disturbed. This means
that the adsorbed initial, intermediate, and final products play an important role in the
whole process. The nature of the kinetic curves of CO and NO is typical of the initial
products, and N, is typical of the final product. The second final product, C0,, is not
detected in the gas phase; it accumulates in the adsorbed state. The kinetic curve of
N,O release has a maximum in the middle part, which is characteristic of the
intermediate products.

A satisfactory mass balance for nitrogen in the gas phase is observed within the
margin of error: —An(NO) ~ 1.8 x 107 molecules compared to 2[(4n(N,0) +
An(N,) =~ 0.9 X 1017 molecules]. This means that the N-containing forms do not

remain adsorbed in appreciable amounts at the end of the reaction.
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At the final stage, an insignificant amount of N,O remains in the gas phase (no
more than 10% of N,) since the task of complete recycling of N, 0 in these experiments
was not set. It is known that N, O photocatalytically decomposes into Zn0O [173]. The
kinetic features of reaction I.1 are similar to those previously observed on TiO,
Degussa P-25 [30].

TDS with mass spectrometric analysis of the desorbed phase (see Section 2.1.2)
was used to analyze the composition and binding energy of the adsorbed intermediate
and final products. The method uses the Wigner-Polany equation for the desorption

rate:

g vy —Ea
_d_T - %Qne RT, (2.10)

In the experiment, the desorption rate is determined mass spectrometrically by the
magnitude of the molecule flux from the sample in the flow reactor mode [174].

When analyzing the TD spectra of the adsorbed reaction products at the end of
irradiation with undiluted UV-visible lamp light (Figure 3.3) or visible component
(Figure 3.4), it was found that the only desorption product is CO,, which is released
upon heating to 823 K. The TD spectra consist of a main maximum (in the region of
750 — 800 K) and low-temperature shoulders — in the region of T > 500 K (Figure
3.3)and T > 600 K (Figure 3.4).
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Figure 3.3. TD spectrum of reaction products 1.1 after full light irradiation (Figure
3.1).
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Figure 3.4. TD spectrum of reaction products 1.1 after visible light irradiation (A4 >
390 nm) (Figure 3.2).



188

When modeling (decomposing) the experimental TD spectra, we assumed that the
desorption activation energy does not depend on the coating, i.e., E4.5(8) = const, in
order to reveal qualitatively the main features of the TD spectrum. In the present work,
the TD spectra were modeled by summing the 1st order TD peaks of desorption (n =

1) with parameters v = 1012 sec™?!

, B = 20 K/min and the values of desorption
activation energies shown directly in Figures 3.3-3.4, 3.8-3.10. For the first-order TD
spectra simulated hereafter, the presence of several monopics in the spectrum of
desorbed CO, indicates the energy heterogeneity of the surface with respect to the
adsorption of CO, or the presence of several types of adsorption centers.

It is beyond the scope of this work to analyze the differences in the TD spectra
obtained by illumination in the UV-visible and visible regions (comparison of Figures
3.3 and 3.4).

In order to construct the reaction mechanism, the individual stages of the process

presented below were investigated.

3.2.2 Dark and photoinduced adsorption of CO

Injection of CO into the reactor at room temperature is accompanied by rapid
reversible adsorption of CO. The magnitude of coverage at the initial pressure in the
reactor Py = 0.07 Torr does not exceed 10™* monolayer. According to literature data,
CO adsorption is accompanied by the appearance of a band in the region of 2168 —
2192 cm™! in the IR spectrum of ZnO [145-151], which disappears during subsequent
pumping at room temperature, that is, adsorption is reversible [145, 146]. The band is
usually attributed to vibrations of the CO molecule adsorbed on the ions Zn?* [145—
149, 151].

The irradiation leads to additional adsorption of CO. According to MS data, CO,
1s not released into the gas phase during either dark adsorption or irradiation in CO. It
has been previously shown that irradiation of Ti0, in CO induces absorption in the

visible-IR region due to conduction electrons and bands of monodentate (1450 —
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1350 cm™1) and bidentate (1570 — 1315 cm™1) carbonates [37]. Similarly, according
to the literature data, the ZnO light-up in the CO atmosphere produces carboxylate CO5
(1620 cm™! band) and carbonate CO3 (1570 — 1315 cm™tand 1450 — 1350 cm™1)
structures [153, 154]. The formation of negatively charged complexes, and the
associated positions and relative intensities of the IR bands, is greatly influenced by
the redox pretreatment of zinc oxide [145].

After CO adsorption, in the subsequent TD spectrum (Figure 3.5), CO, is present,
indicating CO oxidation by structural oxygen of the sample surface pre-oxidized at

823 K.
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Figure 3.5. TD spectrum of dark and PA products CO (A > 390 nm) on ZnO
(Py (CO) = 0.07 Torr identical to Py (CO) in the NO + CO mixture (Figures 3.1,
3.2)).

The high-temperature TD peaks are asymmetric in shape, indicating a first-order
molecular desorption mechanism, i.e., breaking the bond of the CO, molecule as a

whole with the adsorption center.
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Figure 3.5 shows that the simulation monopics do not fill the experimental TD
spectra. This, as in the case of Figures 3.3, 3.4, indicates the energy heterogeneity of
the surface.

Analyzing the TD spectra of dark and PA CO (Figure 3.5), we can conclude that
illumination promotes the formation of firmly bound CO, structures (peaks in the
500 — 800 K region). The small difference in the areas of low-temperature CO peaks
at 345 — 360 K during adsorption in the dark and in the light is explained by the fact
that a significant part of weakly bound CO is desorbed during evacuation before

recording the TD spectrum, which agrees with the literature data [37].

3.2.3 Dark and photoinduced adsorption of NO

NO reversibly adsorbed on the unlit sample. At T =300 K and P,(NO) =
0.013 Torr, the coverage is =~ 0.8 X 10~> monolayer.

At room temperature, NO is adsorbed on the sample (Figure 3.6), no release of
N, 0 into the gas phase is observed. [llumination causes intense photoadsorption of NO
and release of N, 0 (Figure 3.6). Subsequent 30 minutes of illumination did not lead to
the appearance of N,, even though NO was completely photoadsorbed and the pressure

of N, 0 reached its maximum.
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Figure 3.6. Kinetic curves dark and photo (1 = 404 nm) adsorption of NO on
Zn0/Zn0,_, /0~ (P,(NO) = 0.05 Torr). The red line is the linear section of the
NO PA kinetics by which the quantum yield was calculated.

Irradiation of ZnO in NO by visible light forms strongly bound adsorbed forms
that cannot be removed by vacuuming at room temperature. According to the literature
data, illumination of Zn0O in an NO atmosphere reduces the electrical conductivity
[142], as a result of d-electron capture on the chemisorbed NO. NO photoadsorption,
with expenditure of donor forms, involves the following reactions: NOyqs = NOgqys,
NOg4s + €~ = NO_y .

The quasi-free electron capture by the NO molecule is typical of n-type
semiconductor metal oxides.

It was found that the PA rate of NO depends linearly on the intensity of the
incident radiation. However, the PA NO curve is not described by first- or second-order

kinetic curves, suggesting the coexistence of several PA NO mechanisms. In order to
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obtain information on the nature of the photoactivated centers responsible for PA, the
spectral characteristics of PA NO were analyzed.
Figure 3.7 shows the spectral dependence of the quantum yield PA NOon Zn0, _,.
A (nm)
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Figure 3.7. Spectral dependence of quantum yield of PA NO on Zn0;_, (T =
300K, Py = 0.013 Torr).
Experiments at all selected wavelengths were performed under identical initial
conditions (T = 300 K u Py(NO) = 0.013 Torr). The quantum yield of PA NO was
calculated from the initial rate vo(NOppotoaas) Of the photoreaction, for which the

linear section (example — Figure 3.6, red line) of the corresponding kinetic curves of

PA NO was chosen:

Y(/l) — 170(1\71(\),z)h0t0ads) % 100%.

Aabs

Ny aps = klinciq — the number of photons absorbed by the zinc oxide per second, k =

1(1(()):) — 1s the absorption coefficient of the sample at the corresponding wavelength

(Figure 2.4), I;,,c.iqa — Intensity of incident radiation (Table 2).
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It was found that the quantum yield value has maximums at hv = 3.07 eV (4 =
404 nm) and hv = 2.6 eV eV (4 = 480 nm) (Figure 3.7). Previously, we identified
from diffuse reflectance spectra the absorption band hv = 3.1 eV, attributed to the
oxygen vacancy capturing one electron V¥ (F* center) and the band hv = 2.4 eV,
attributed to F centers (oxygen vacancy capturing two electrons V,? [175]). In [176],
the absorption spectrum of Zn0O oxide in the range of 2.2 — 3.4 eV was decomposed
into individual bands corresponding to defects: the first peak coincides with the
absorption of the F* center, the 2.6 eV and 2.5 eV peaks are attributed, respectively,
to the Zn vacancy capturing one hole V.., (V center) and to F centers. These peaks
provide the main contribution to the observed PA effect of NO. Given the real
resolution of the PA NO excitation spectrum, the coincidence of the PA excitation and
absorption spectra of ZnO should be considered satisfactory. It has been previously
shown [177] that these centers are the most active in photoadsorption and
photocatalytic reactions on wide-gap oxides. As can be seen from Figure 3.7, the inter-
nodal oxygen ions O;, zinc vacancies capturing two holes V2, (V°-centers) also
contribute insignificantly to the total effect. The sum of these bands allows us to
approximate the spectral dependence of PA NO with an accuracy of ~97% (Figure 3.7).

Figure 3.8 shows the TD spectra of the products of dark and dark adsorption +
photoadsorption of pure NO on ZnO at equal initial NO pressures.
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Figure 3.8. TD spectrum of dark and PA NO products (A > 390 nm) on Zn0O

(Po(NO) = 0.017 Torr identical to Py(NO) in mixture NO + CO (Figures 3.1, 3.2)).

A significant fraction of the weakly bound adsorbed forms of NO is removed
when the reactor is evacuated at room temperature. The spectra show 3 types of
adsorbed forms having desorption maxima at T; = 400 K (E, s = 1.07 €V), T, =
650 K (Egos = 1.79€eV)and T3 = 760 K (E 4.5 = 2.08 eV). In the first two peaks, NO
1s desorbed. However, the third peak of NO is accompanied by an identical peak of
molecular oxygen in shape and position of the maximum. This indicates a single source
for both peaks. Such a source may be the dissociative desorption of nitrite NO, or
nitrate NO,, possibly negatively charged. Note that both high-temperature forms are
specific for photoadsorption of NO.
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3.2.4 Dark adsorption NO + CO

At research of products of dark-time adsorption of NO + CO by TPD method
(Figure 3.9) the desorption of C0O, with peak maximum at 771 K, desorption of CO at
367 K, desorption of NO with maximums about 378 K, 690 K and 730 K were found.
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Figure 3.9. TD spectrum of products of dark adsorption of NO + CO mixture on Zn0O
(the mixture parameters are identical to those shown in Figures 3.1, 3.2 and 3.8).

The presence of a significant number of products in the TD spectrum indicates the
incomplete reversibility of the dark adsorption of the gas mixture.

From the TD spectra after dark soaking in the mixture (Figure 3.9) it is clear that
a significant fraction of the weakly bound adsorbed forms of NO and CO is removed
when the reactor is evacuated at room temperature-the starting points of the spectra are
forced to be multiplied by 0.001 to maintain a convenient scale in the high temperature
region. Comparison of the obtained TD spectra of the products of dark adsorption of
the NO + CO mixture (Figure 3.9) and pure NO (Figure 3.8), reveals the form of
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adsorbed NO (peak 4, Figure 3.9) with T,,,, = 730 K (E .s = 1.94 eV), which is
formed in the mixture. The activation energies of the low-temperature form of CO
(Eges = 1 eV) and the high-temperature form €O, (E 4.5 = 2.1 eV) remain unchanged
(Figures 3.5, 3.9) in the presence of NO.

3.2.5 Analysis of reaction steps NO + CO + hv - C05 .43 + 1/2N, 1

The kinetic data obtained are in agreement with the previously proposed two-step
redox reaction mechanism I.1 [30]. The first step, the reduction of NO to N,O0, is

described by the reaction:

h
CO +2NO = CO, + N,0. 3.1)
N, 0 is an intermediate product, as indicated by the specific shape of its kinetic curve
passing through the maximum (Figure 3.2).

In the second stage N, 0O is reduced to N,:

CO+N20T>/C02+N2. (3.2)

At the first stage of reaction 1.1, which ends at the time of completion of the NO

PA, as mentioned above, the release of N, molecules into the gas phase was not
detected. TD spectrum of adsorbed products of the first stage after pumping out the gas

phase is shown in Figure 3.10.
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Figure 3.10. TD spectrum after the completion of PA NO in the mixture NO + CO +
hv (ty, = 10 min) (the mixture parameters are identical to those shown in Figures
3.1,3.2,3.9).

The amount of reduced NO is found from the material balance of nitrogen:
An(NOphoroaas) = An(NOgyqs) + 2An(N,0yqs).

The amount of NO released at temperatures of 320 — 400 K is small, the NO
molecules created strong bonds with Zn0O and appeared in the TD spectrum only at
high (T > 670 K) temperature.

The data of TD spectra of the products of the corresponding reactions (Figures 3.8,
3.9) confirm the increase in the number of adsorbed molecules during PA. Three forms
of adsorbed NO are observed: a low-temperature form around 370 — 380 K (Eges =
1 eV) and two high-temperature forms. The first of them appears as a peak with T}, =
650 K (E .5 = 1.84 eV), the second form has different E_des values for the dark and
photoactivated forms — E ;.5 = 1.94 eV (Tyqx = 740 K) and E 4,5 = 2.08 eV (Tax =
760 K) respectively. Thus, irradiation slightly increases the binding energy of the
adsorbed form of NO. The form having E;,.; = 1.84 eV is apparently the precursor for

the second stage.
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Thus, the first step of reaction 1.1 produces on the surface carbon-containing forms:
Znt — CO0, Zn** — CO, CO;, CO3, and nitrogen containing: Zn?** — NO, NO~, NO;,
NO™. N,0 is released into the gas phase.

The second stage is the reduction of N,0 to N, and the discharge of CO, . Figure
3.11 shows the spectral dependence of the N, quantum yield on Zn0O. The maxima
(404 nm and 490 nm) repeat the PA quantum yield maxima of pure NO (Figure 3.7),

but the N, quantum yield value is more than 20 times less than the PA quantum yield
value NO.
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Figure 3.11. Spectral dependence of N, quantum yield in NO + CO mixture on Zn0O.

As follows from the reaction kinetics (Figures 3.1, 3.2), molecular nitrogen is
formed through reduction of the intermediate product N, 0. It is noteworthy that the
release of N, begins only after the PA of NO is complete. This means that electron
capture from electron-donating centers (V,t (F*-center), V,,, (Zn*) u V2 (F-center))

by the NO molecule is more efficient than dissociative capture by its N, O molecule.
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The rates of N, 0 uptake and N, release are comparable, that is, the reaction in the
adsorbed phase is not limiting. Note that the quantum yield of N, in the visible region

up to 530 nm is higher than in the UV.

3.2.6 Effects of irradiation and CO pressure on the reaction NO + CO + hv —
CO; s +1/2N, T

A study of the products of the interaction of CO with Zn0;_, (Figure 3.12) at
different initial conditions showed that when the initial CO pressure is doubled, the
areas of CO and CO, peaks (curves 1, 2, Figure 3.12) grow differently: CO increases
by ~3 times, and C0O, by ~1.5 times.

However, the sum of the peak areas of CO and CO, doubles. This means that
during this pretreatment of the sample (see section 2.3), CO adsorption occurs mainly
on Zn cations with the formation of weakly bound Zn — CO forms, which can be
removed by heating to 400 K. The position of the CO desorption peak after dark
reactions does not change (curves 1, 2, 3 of Figure 3.12), and the position of the CO,
peak depends on the degree of coverage: the peak maximum shifts toward lower
temperatures with increasing coverage (curves 1 and 2 of Figure 3.12). This maximum
shift is usually characteristic of associative desorption or desorption from an

inhomogeneous surface.
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Figure 3.12. TD spectra of products of dark and photostimulated interactions CO
with Zn0/Zn0,_,/O~: 1 —CO (P, = 0.05 Torr); 2— CO (P, = 0.1 Torr); 3 —
CO (Py = 0.05Torr)+ NO (P, = 0.05 Torr); 4 — CO (P, = 0.05 Torr) + hv.

Figure 3.12 shows that the greatest amount of €O, is thermodesorbed after dark
interaction of the NO + CO mixture with ZnO (curve 3). This means that NO promotes
the formation of O~ centers for CO adsorption [163]:

NOg4s + Znt(e™) » NO™ + Zn?* (3.3)
NOZ, + NO = N,0 + 0~ (3.4)
CO + 0~ = CO; - CO, T +Zn*(e™, F+) (3.5)

These facts are confirmed, among others, by the material balance equation by CO

and CO, 44,: addition of CO to NO leads to additional adsorption ANO = 0.7 x 1017
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the addition of NO to CO results in ACO, 545 = 0.69 X 1017
spectrum of dark interactions CO with ZnO (Figure 3.12).

Figure 3.13 shows kinetic dependences of concentrations of reagents and products

of dark adsorption of NO without CO and in the mixture NO + CO.
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Figure 3.13. Kinetic curves of dark adsorption of NO and NO in the mixture NO +
CO (P,(NO) = Py,(CO) = 0.05Torr)on Zn0O/Zn0,_,/0".

Putting NO + CO mixture on the sample leads to rapid adsorption of CO and NO,

with the formation of weakly bound forms NO~, CO — Zn*, CO — Zn?*, which were

described above. The addition of CO to NO in the mixture significantly accelerates the

adsorption of NO,

since CO adsorption leads to the reduction of ZnO, which is

confirmed, in particular, by the acceleration of N,0 formation (Figure 3.13), and the

generation of surface oxygen vacancies V, (F-centers) [163]. Thus, surface adsorbed

and structural oxygen O~ is removed during the interaction with the CO molecule. The

electrons generated during the formation of the V,, oxygen vacancy are localized on the

zinc cations (Zn‘)

adsorption of NO.

and/or on the vacancy itself, forming F* centers active in the
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Figure 3.14 shows the TD spectra of the interaction products of NO with
Zn0/Zn0,_, /0™ in the presence of CO and without it (see Figure 3.13).
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Figure 3.14. TD spectra of NO + Zn0/Zn0,_, /O~ and NO + CO + Zn0O/Zn0;_,/
O~ reaction products.

In the presence of CO, an increase in the amount of N,O both in the gas phase
(Figure 3.13) and in the adsorbed phase is observed, correlating with a decrease in the
low-temperature forms of NO (Figure 3.14).

Figure 3.15 shows the separation of the NO photoadsorption and subsequent CO
photoreaction stages with photoadsorbed NO. At interval 1, NO was completely
photoadsorbed A = 382 nm), and N, O appeared in the gas phase in the amount of =

30% (in terms of N content) of the initial amount of NO.
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Pucynok 3.15. Kinetic curves obtained by irradiating the sample Zn0/Zn0,_, /0~
in: 1 —NO;2—NOgqs + CO;3—NOyqs + NOygs + COqqs with pumping out the
remaining products in the gas phase at the end of each stage.

After pumping N, O at interval 2, the sample was illuminated in a CO atmosphere.
The release of NO molecules displaced from the adsorption centers by CO molecules
is noticeable. N, O is released into the gas phase in an amount 5 times smaller than in
interval 1. This correlates with the ratio of NO pressures in the first and second stages
and shows that NO is consumed primarily from the gas phase to form N,0, although
up to 65% of the nitrogen-containing forms formed in interval 1 are adsorbed on the
sample. CO irradiation (Figure 3.15, interval 2) leads to the release of N, into the gas
phase, but at a lower rate than the NO + CO mixture irradiation (Figure 3.1 a).

At interval 3, NO photoadsorption is somewhat weaker than at interval 1. N,0
and, in contrast to interval 1, N, is released into the gas phase.

It follows from this experiment that the most effective reduction of NO to N,O

and then N, O to N, requires irradiation and the presence of CO in the gas phase.
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In the experiments performed (Figures 3.12-3.15), an acceleration of NO
adsorption with simultaneous release of N,0 was observed both when the sample was
illuminated and when CO was added to the mixture. Thus, a qualitative dependence of
the efficiency of NO reduction to N,0 and then N,O to N, on the combination of the
illumination conditions and the amount of CO in the NO + CO gas mixture was

established.

3.3 Photocatalytic reaction NO + CO + hv - CO, .45 + 1/2N, T activated on

Zn0/Zn04_,/0~ by exciton resonance excitation

In the previous section 3.2, the spectral dependence of the quantum yield of
reaction 1.1, which characterizes the absorption efficiency of intrinsic anionic and
cationic vacancies (F and V type centers, respectively) for ZnO self-sensitization to the
visible region of the spectrum, was studied [32, 163]. The study showed that the
quantum yield of the reaction NO + CO + hv — C0O, + 1/2N, when illuminated with
visible light 1s almost an order of magnitude greater than when illuminated in the UV
range due to the increased illuminated surface of the powder catalyst (the absorption
coefficient k is small) and the creation of long-lived active centers. However, the E
efficiency of photoactivation was lower than in the interband absorption region because
of the low concentration of structural defects and, as a consequence, the weak
absorption of the sample.

In the work described in this section, an attempt was made to combine the high
absorption coefficient of excitons with the high efficiency of excitation energy transfer
to chemical reagents by reducing the energy transfer losses in the solid. To this end, an
electrically neutral exciton was chosen as the energy carrier [ 159—-162].

It has been shown that this procedure results in the formation of a
Zn0/Zn0,_, /0~ surface submonolayer 2D structure that effectively suppresses

exciton PL.
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In such a 2D-structure, the exciton is not emitted but decays into a pair of long-
lived (up to 8 x 103 sec) electron-donor and hole centers, on which the redox reaction
occurs [159], such as photoactivated oxygen isotope exchange [162]. It has been shown
that the Zn0/Zn0,_, /O~ 2D-structure activation efficiency in the resonance exciton
excitation region is approximately ~8 times higher than in the interband absorption
region. The specificity of the POIE test reaction is that it proceeds in the 0,-Zn0
binary system, and the photocatalyst is unaffected by the initial, intermediate, and final
products. However, is it possible to carry out the redox reaction under real conditions?

To investigate this question was the purpose of the present work. We chose the

environmentally important reaction NO + CO g CO, + 1/2N, T, previously studied
by us during ZnO excitation in the visible region of self-sensitization [163]. The
interband excitation region (1 = 365 nm) and the exciton resonance excitation band
(A = 382 nm) were used for comparison. The primary photophysical act of catalyst

excitation during interaction with the exciton:
exc(e” + ht) +Zn?*t0%*" - Zn* + 0~ (3.6)

Then, the reaction NO + CO h—>V C0, + 1/2N, proceeds in 2 stages according to
the scenario similar to that in section 3.2 [163].

Figure 3.16 shows the time dependences of the concentrations of reactants and
reaction products I.1 when irradiated at A = 382 nm (a) and at A = 365 nm (b). The
induction of the NO + CO mixture is accompanied by rapid dark adsorption of both
gases with release of N,0 into the gas phase. The illumination is switched on shortly

before complete adsorption NO.
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Figure 3.16. Time dependences of concentrations of reagents and reaction
products I.1 on Zn0/Zn0,_, /0~ at irradiation:a— A = 382nm;b— A =
365 nm, (T = 300 K and P, (NO) = P,(CO) = 0.05 Torr). Intensity of incident

radiation: Isg, = I35 = 5 X 101 photons cm™2s71,

The release of N, begins after the completion of NO photoadsorption only in the
presence of CO in the gas phase. The character of the kinetic curves of CO and NO is
typical for the initial reaction products, while N, is typical for the final product. The
second final product, CO,, is not detected in the gas phase; it accumulates in the
adsorbed state. The kinetic curve of N,O release has a maximum in the middle part,
which is typical for intermediate products.

Since NO was almost completely adsorbed under dark conditions (Figure 3.16 a),
the second stage of reaction 1.1, the release of molecular nitrogen N, into the gas phase,
was chosen for a comparative analysis of the kinetic parameters. Figure 3.17 shows the
processes of N, (a) and N, O release (b) at A = 365 nm and A = 382 nm irradiation.
Reaction 1.1 proceeds during irradiation at both A = 382 nm and A = 365 nm. The
pressure drop section of N,O (A = 382 nm) is well described by the exponential

function, which indicates that the reaction proceeds in the first order.
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Figure 3.17. Emission into the gas phase: a— N, and b— N, 0 in reaction 1.1 at
irradiations at A = 382 nm and A = 365 nm. The illuminance of the sample in both
cases 1s the same.

To quantitatively compare the efficiencies of A = 365 nm and A = 382 nm, the
initial linear section of the N, kinetics (Figure 3.17 a, black lines) was chosen. The
efficiency and quantum yield of nitrogen when irradiated at A = 382 nm is 5-7 times
higher than at A = 365 nm.

Figure 3.18 shows the kinetics of reaction I.1 under dark and "memory" conditions,

that is, with pre-illumination in vacuum Zn0/Zn0,_, /O~ A = 382 nm for 1 hour.
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Figure 3.18. The "memory" effect: 1 h preillumination with A = 382 nm and
mixture influx (kinetics are marked with a colored fill). Comparison with the dark

NO + CO bulking (empty figures).

N, O significantly more than in the dark experiment. Nitrogen in the gas phase
appeared. All this suggests that the radiative decay of the exciton on the ZnO surface
is greatly reduced due to the two-dimensional structure of Zn0/Zn0'~* /0~ in which
the exciton is emission-free decomposed into a pair of long-lived (up to 6x10"3
seconds) electronic and hole active centers. At these centers, the reaction steps can
occur repeatedly-the "memory" effect on illumination. The "memory" effect when
irradiated with light of A = 365 nm is much weaker because of the small lifetime of

the centers.
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3.4 Mechanism of the reaction NO + CO + hv = C0, ;4 + 1/2N, T activated

on Zn04_,

The kinetic data obtained are in agreement with the previously proposed two-step
redox reaction mechanism 1.1 [30]. The first step, the reduction of NO to N,O, is

described by the reaction:

h

CO + 2NO = CO, + N,0. 3.1)
N, 0 is an intermediate product, as indicated by the specific shape of its kinetic curve
passing through the maximum.

In the second stage, N, O is reduced to N,:

C0+N20T>/C02+N2. (3.2)

The results of the above decomposition (Figure 3.7) show that the main
contribution to absorption is made by the bands corresponding to vacancies V,t (F*-
center), V,,, (V ~-center) and V,? (F-center). To describe the kinetics of PA NO with the
formation of various adsorbed forms, the following chain of reactions can be proposed.

At the short-wave edge of the efficiency curve, electron-hole pairs are formed:

h
Zn?* + 0%~ 5 Zn* + 0. (3.7)
In the 404 nm band, a process is possible [178]:
h
F*+0> B F +0- > F*+0" +e, (3.8)
where F* — the excited state of the F center.

In the long-wave band (2.5 eV — 2.6 eV’) there is photogeneration of electron and hole:

Int 3 g2t e (3.9)
F+hv(25eV)—>Ft+e, (3.10)
V-+hv(26eV) > V2 +ht. (3.11)
Next are the reactions of NO with photogenerated carriers:
NOg4s + Znt - NO™ + Zn?*, (3.12)
O~ + NOg4s = NO; 445- (3.13)

Secondary reactions in the adsorbed phase:
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NOZ ;s + NO - N,0 + 0™, (3.14)

N,0 + Zn*(F*,e) » Ny T +Zn?" + 07 (0% cice)s (3.15)
Zn** + 0~ +NO - Zn* + NO, + F™, (3.16)
Zn**t + 0%~ + NO; » Zn+ NO3. (3.17)

As we see, in processes 3.7-3.10 electron-donor centers are generated, giving the
forms NO~, NO,, NO5. In addition, NO influx produces weakly bound Zn — NO
nitrosyl complexes that give 1915 cm~! and 1900 cm™! bands in the IR spectrum.
These bands are removed by pumping at room temperature.

The formation of CO, and CO; on ZnO surface during irradiation can be
represented by the interaction of CO with hole centers O™, including those formed by
reaction 3.14:

0~ +C0O - CO,, (3.18)
0~ 4+ CO - CO5 gqs + V,(FH). (3.19)

Overcharging of CO, with the formation of an electron center is possible:
CO; + Zn?** - Zn*(e™) + CO, gq4s- (3.20)

The process itself can be described by a simplified reaction based on reactions 3.17,
3.19:

Zn?T + 07+ CO - Zn*(e™) + (CO,) gqs (3.21)

In its turn, CO, 445 can form the carboxylate CO, complex by interacting with

Zn™, or the carbonate complex CO3 [148, 149], by interacting with the hole center:
COy gas + Znt & CO; + Zn?t, (3.22)
COygqs + 0™ — CO53. (3.23)

These carbon oxide structures are firmly bound to the surface and are removed
only when heated to 750 — 800 K. At the same time, TD spectra show on the
illuminated surface weakly bound carbonyl groups Zn* — CO, removed by pumping

at room temperature. It is these structures that enter into the reaction in the first step.
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However, the backlighting leads to little additional photoadsorption of CO, as
detected from the TD spectra (Figure 3.12), from which it follows that the amount of
(CO;) q4s Increases as a result of the Zn0O backlighting in NO + CO mixture mainly on

the hole centers from reaction 3.14, and the reduction NO, ,4,:
h
Zn?* + 0% + N0y, & NO3 gy + Zn*, (3.24)

The stages of the second stage also require photoactivation, the channels of which
are discussed above. The interaction of CO with the hole center O~ leads to the
formation of the F- or F*-center (vacancy V), with localization of the electron at the
cation or F-center.

NO; interacting with Zn*, goes to the weakly bound state NO,4:

h
NO; + Zn* & Zn?* + 0%~ + NO s (3.25)
N, 0 is formed by the interaction of NO™ and NO, 4, (3.14) through the formation
of the dimer N,0, . In turn, N,0 is reduced to molecular nitrogen by dissociative

electron capture according to the scheme:

N,0 + Zn*(F*,e) > N, T +Zn%* + 07 (0% tice)- (3.26)
with the formation of labile O~ on the surface, or with the filling of a vacancy:
V- +hv > V2 +ht, (3.11)
CO; + F?** -» C0, + F*, (3.27)
F*+N,0 > N,+0". (3.28)

The total process of the closed loop, including the first and second stages, is

h
written as: NO + CO — (CO2) gas + %Nz T.

Reactions 3.7-3.28 exhaustively describe the selective reduction of NO in the
presence of CO to molecular nitrogen with parallel oxidation of CO to CO, on the Zn0O
surface upon photoactivation of reaction 1.1 in the UV-visible region. The photo-
adsorbed forms NO~, NO,, NO — Zn** are almost completely reduced to N, under

additional irradiation, as indicated by the material balance of nitrogen in the gas phase.



212

The listed reactions can be visually visualized using the reaction cycle (Figure

3.19):

NO Zn++NO_(ads) NO
hv _ N.O
Noz (ads) \2
Zn'+NO, Zn"+0O

hv CO

NO
O,
Zn2+ £l Oz- Zl’l+
N.O

NO

Figure 3.19. Photocatalytic reaction cycle 1.1.

It is also important to note that the quantum yield of N, emission in the visible
region up to 530 nm is higher than in the UV region. This is explained by two
circumstances. First, the concentration of intrinsic surface defects in Zn0;_, that
absorb in the visible region does not exceed =~ 10! ¢m™2. This provides a high
transparency of crystallites in the visible region and, as a consequence, an increase by
several orders of magnitude in the illuminated surface compared to illumination in the
UV region. Secondly, while the lifetime of the photogenerated e~ /h™ pair before

recombination is estimated at 10™° seconds, the lifetime of photoactivated defects can
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reach 103 seconds. It is the combination of these factors that provides a high value of

the quantum yield.

3.5 Chapter Conclusions

The environmentally important redox NO + CO ’g N, T +CO0, 4qs was first
detected and studied on self-sensitized zinc oxide Zn0,_, under UV-visible light. The
quantum yield of the reaction on the release of N, is maximum in the visible region,
the spectrum extends up to A = 530 nm and is typical for a wide-band oxide, self-
sensitized by intrinsic defects such as anion vacancies V,, Vg (F*, F-centers), Zn™
and negatively charged cation vacancies Vj,, V2, (V~, V¥ -centers). The higher
quantum yield of the reaction in the visible region than in the UV region, despite the
low surface concentration of active centers, can be explained by the longer lifetime of
photoactivated centers, up to 103 seconds, than in the UV illumination of the
illuminated surface.

Reaction I.1 proceeds in two stages. The first stage is characterized by the PA of

the initial products with the formation of CO, .45 and the reduction of NO to N, O:

h
CO + 2NO = CO, + N,0. (3.1)
After the completion of PA NO, the second stage begins — the recovery of the

intermediate product N,0 to N,

CO+N20E>/C02+N2. (3.2)

The final product CO, remains in the adsorbed state and can be thermally
separated in the stoichiometric ratio.

Based on TD spectra and literature data on FTIR spectra, structures of

intermediate adsorption complexes were proposed.

h
The peculiarities of kinetics of photo-activated reaction NO + CO 51 /2N, T

+CO0, 445 On Zn04_, in the main lines repeat the obtained earlier for Degussa titanium
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dioxide [30], However, the quantum yield value and action spectrum exceed these
parameters for Ti0, (Degussa).

The exciton channel activation of the ecologically important photocatalytic

reaction NO + CO h—>v 1/2N, T +CO, 44s on ZnO was used for the first time. The
efficiency of the exciton excitation channel was shown earlier in [162] using a model
redox reaction of photoisotope exchange as an example. However, the POIE reaction
proceeds in the binary Zn0O- 0, system, and the question remains whether the activity
of the photocatalyst in the atmosphere of the real reaction mixture will be preserved.
The experiments carried out in this work gave a positive answer to this question. This
allows us to recommend the Zn0/Zn0,_,/O~ system for purifying the air
environment in confined spaces using high-efficiency resonant LED light sources

emitting in the exciton region of ZnO to activate the photocatalyst.

For the model redox reaction NO + CO ﬂ/ 1/2N; T 4+CO0; 445 (A = 382 nm) the
obtained quantum yield Y (number of acts per absorbed quantum) and efficiency E
(number of acts per incident quantum) for exciton excitation at A = 382 nm are 5-7
times greater than the excitation in the interband absorption region at A = 365 nm.

The mechanism of the ecologically important photocatalytic reaction NO + CO

h
i 1/2N, T +CO04 445 on Zn0O, in continuation of [163].
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Conclusion

The results of the study of the interaction of CO, NO and NO + CO mixture with

the surface of Zn0, pre-oxidized at 823 K, in the dark and under photoactivation by

irradiation in the UV -visible region established:

1)

2)

3)

CO contact with the Zn0O sample at room temperature is accompanied by rapid
adsorption of CO, which is reversible. CO coating at the initial pressure in the
reactor Py = 0.07 Torr does not exceed 10~* monolayer. Irradiation of Zn0 in
CO results in negligible additional adsorption of CO. According to MS data CO, is
not released into the gas phase during either dark adsorption or CO irradiation. In
the subsequent TD spectrum, a low-temperature CO peak (E o = 1eV,T =
390 K) and a high-temperature peak of firmly bound CO, structures (E .5 =
2 eV, T =740 K) are observed. The irradiation of Zn0O in CO is accompanied by
the formation of CO,, that is, the oxidation of CO involving structural oxygen of
the ZnO surface.

NO is reversibly adsorbed on the unlit ZnO sample. At T = 300 K and P,(NO) =
0.013 Torr, the coverage is =~ 0.8 X 107> monolayer. The subsequent TD
spectrum shows a low-temperature form of NO (E;.s = 1.07 eV, T = 400 K).
NO irradiation induces intense photoadsorption of NO and release of N, O into the
gas phase, while N, is not released. The TD spectra reveal three types of adsorbed
forms with desorption peaks at T; = 400K (E4z.s =1.07€V), T, = 650K
(Eges = 1.79€V), and T3 = 760 K (E .s = 2.08 eV). The first two peaks desorb
NO, whereas the third NO peak (760 K) is accompanied by a peak of molecular
oxygen identical in shape and position of the maximum, which may be ascribed to
dissociative desorption of nitrites NO, or nitrates NO5.

Running a mixture of NO + CO on the sample leads to rapid adsorption of CO and
NO, with release of N,0O into the gas phase. Increasing the CO pressure in the
mixture with NO significantly accelerates the adsorption of NO, since the

adsorption of CO leads to the reduction of Zn0O, which is confirmed, in particular,
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by the acceleration of N,0 formation. A subsequent TD spectrum showed
desorption of CO, with a peak maximum at 771 K, CO at 367 K, and NO with
peaks around 378 K, 690 K, 730 K.

UV or visible light irradiation of Zn0O in a mixture of NO + CO leads to a sharp
drop in NO pressure with the release of N,O into the gas phase, which is further
reduced to N,. The reaction proceeds in two stages. The first step involves
photostimulated adsorption of NO and the formation of intermediate products (N, O
in the gas phase and a number of complexes of NO, adsorbed on the ZnO surface).
The second step begins only after the completion of the NO PA and involves the
consumption of adsorbed forms of NO to produce N, 0O with a parallel reduction of
the latter to N,. The second final product of the reaction, CO,, accumulates in the
adsorbed strongly bound state (E . = 2.1 eV) and is released during heating at
temperatures 500 — 800 K

The nature of the reaction and the composition of the formed products on the
surface and in the gas phase do not depend on the spectral composition of light,
which affects only the rate of the reaction (or its individual stages). The mechanism
of individual reaction stages with the participation of initial reagents and
intermediate products has been proposed in which the adsorption of NO and
subsequent transformations of its derivatives occur with the participation of
photoactivated centers of electron-donor type: V,* (F* center), V,,, (Zn*) and V?
(F center), while the CO oxidation reaction with the centers of electron-acceptor
type (hole centers) O~ .

The total process of the closed loop, including the first and second stages, is written

as: NO + CO i COy qas +1/2N, T.

According to the results of measurement of the spectral characteristics of NO
photoadsorption, it was found that the quantum yield value has maximums at
3.07 eV (A = 404 nm) and hv = 2.6 eV (A = 480 nm). The first peak coincides
with the absorption of the F* center, the 2.6 eV and 2.5 eV peaks are attributed

respectively to the Zn vacancy capturing one hole V,,, (V-center), and to the F-
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center. These peaks provide the main contribution to the observed NO
photoadsorption effect. A minor contribution to the total effect is also given by the
inter-nodal oxygen ions 0;, zinc vacancies capturing two holes V2, (V °-centers).
The sum of these bands allows us to approximate the spectral dependence of NO
photoadsorption with the accuracy of ~97%.

The spectral dependence of the quantum yield of N, in reaction I.1 on Zn0O showed
maximums of 404 nm and 490 nm, which repeats the maximums of the quantum
yield of pure NO PA. Since the release of N, begins only after the PA of NO, it
means that the electron capture from electron-donating centers (V,* (F* center),
Vs (Znt)and V2 (F-center)) by NO molecule is more efficient than its dissociative
capture by N,0 molecule. The value of the quantum yield of N, in the visible
region up to 530 nm is higher than in the UV.

5) A study of reaction 1.1 on a Zn0/Zn0;_, /O~ structure formed according to the
procedure described in [161] when irradiated in the eigen absorption region outside
the exciton absorption band (A = 365 nm) and at the exciton band maximum (A =
382 nm) showed that the efficiency and quantum yield of nitrogen were 5—7 times
greater with A = 382 nm irradiation than with A = 365 nm. The behavior is
consistent with the hypothesis proposed in [159, 161] that in such a 2D structure
the exciton decays into a pair of long-lived (up to 8 X 103 sec) electron-donor and

hole centers on which redox reactions can occur.

The main results presented in the thesis were published in [163, 179] and
presented at 4 Russian and international conferences and symposiums.

The author expresses his sincere gratitude to the supervisors — Professor Andrey
Andreevich Lisachenko, Lev Leonidovich Basov and Associate Professor Ruslan
Vyacheslavovich Mikhailov. Mikhailov Ruslan Vyacheslavovich for their invaluable
help in training and research work. The author is also grateful to colleagues from St.
Petersburg State University — V.V. Titov, N.A. Zaitsev, K.V. Nikitin, D.S. Barinov,
L.L. Shaitanov, A.O. Petrova, and O.N. Kryukova for support and assistance in



218

obtaining results. This work was supported by the Russian Foundation for Basic

Research under Grant No. 18-03-00754.



219

List of abbreviations and terms

PA — photo adsorption

UV — ultraviolet

EPR — electron paramagnetic resonance
TPD — thermal programmed desorption
MS — mass spectrometry

TDS — thermal desorption spectroscopy
ALD — atomic layer decomposition

TD spectrum — thermodesorption spectrum
PL — photoluminescence

UVS — ultraviolet photoelectron spectroscopy
POIE — oxygen photoisotope exchange
XRD — X-ray diffraction

BET — Brunauer-Emmett-Teller

DRS — Diffuse reflectance spectroscopy
DUS — differential ultrasonic spectroscopy
SEM — scanning electron microscopy

IS — 1on source

IR — infrared radiation

RC — resource center

+hv, —hv — in the figures denote the moments of the beginning and the end,

respectively, of the irradiation of the sample.
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