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Phfunp wpnhwhwimpmbp

Uhpjwnidu  upplipug  qupquibmd  Bb wprgmbwpbpmpub gpkpk ponp
nunnipjntitipp, nph wpmyniipnwd opkgop Ubkdwiunud  E puwdwplpud
uwppwnpmukph unbnduwb b qupgugdmb wwhwbgwplyp, npp YpEph dwpglught
YEluwgnpsmtbmpub juquuibpydwt  wkyh  pupdp  dwlhwprulh: Uhu
whuwilynitihg wirun]t) juplnp Ba dwpgne wennempiuit U wnjuwiagmpui hbn
JuupJws pubnhputpp, npnbg  wwywhnuwb  hhdtwljub  Gpuwoluhpp  hnwuh
wiinuubiquyhlt hwdwljwpgbph tbpypoadp b gpubg &oqppun unuwpnid b Ldwb
hudwupgbph hhdbwlwi, Yuphnpugniu punuinphsubpp ukiunpubpt b, npnbg
$hqhyuyui pinipugpbphg £ juhnjws wdpnne hwdwljupgh wohiunnibwynipyndip:
Manhpp B wnlbih £ Yuphnpdnnd, Gpp anupp qlincd | dwpnluyhte gnpéntibnpyub
mnpubbpmd pmbudnp,  wuyppibwduubg quqbph,  glngnn opquibnuljmb
vhwgnupniaitiph U wy) wmbuwyh ynipbph gninpphutiph huyntwpbpdwt U gpubg
UnbgElnpughwmbph  swhdwb  dwupl: Uyuwypung, pwpdp  qquymbmpjudp,
phnpnnniblmpundp, Juymbmpjundp, (opp swubpm] b gnipulihp ququihi
ukbunputiph Wwwpuwundub wmbbnnghwikph dowuynudp U ppuig hhuwb Jpum
ukbunputiph ywwpwunnulu o hpuenidp hun wpghwljwb pughpubp G

Ququyhlt ukbunpbbph Gwhugsdwb U ququqquynibnipiub wwpwdbnpbph
pupkunjdwt hudwp wowewpldnn hhdbwljwb dogbjubpp bkpuonid Bb Bplym
Jjupunpugnyh punquigphshiip. ququqquynia Wyniph hown plnpnipinis’ hhdinws
wfiwy; qugh  Wuwndudp  myph phthwljub ujinpynipjut Ypw
(mnunppghntyntunppghnt Epingpltp, phlpwljul skwlghmitp) b ququqquynih
niph  hudwywmuwupiub  dhpnljurngyusph thpm.p]m.h‘ huph  wrtbim]
ququqqunil yunnphgnmd phpupiughl qugh nhynighnt ypngtuttipp [17: Quuyus wji
pwlh, np wyu Unphubph  oppwbwlubpmd  bopwgmyh  wkbnnghwbtkph U
Yndynqhugghtt mpbkph Ypw hpdudws ukbunpbbph unbnddwb mngnmpjudp
Junwpylyp U Juunupynud Bu dbdwduduy wppiunwbplikp, uwljujt  wpgph
wwhwbptikpht wupnpempjudp pudupupnn wwpudbnpbpm| ukbunpubp ghohu
squb: Fwquqquyniimipmibp npnoynud £ $pqhjuphthuljut U juemguspuyhb
puquuphy] gnpdnubbph  dhwdwdwbwljju  wgnkigmpjudp, npnbg  ouwynhuduy
huwdwinnpnyeincun Ypbph ukttunph wopiunniuynipjub pupdp dwuprnulh [2]:
Uohuwwnwhiph hhudtuuljwbh hywnwlubpp

‘Luthuugdshy b quipguighiti pattun]np, wuypnthwwnwbg qugqbph, gunnn opquitiwljub
upwgnpibibph 4wy Wmpkph  qonpppltph blwufundp  pupdp
wpmnibun] bunipjudp oduinjwd Yhuwhwnnpnsuyhtt nhghunhy ukttunputp hhuln]weé
dhusuh, kpYswih U trusunh huwbnunnig]wsputiph b nduynghwnuwhi ynupbkph Jpu:
Zubquuwmbnpkh htnwqnnk] yuunpuumws ukbunpbph BEjupuphdhwlwt b
ququqquyniinipiult ywpwdbnpbpp U htwpudnp wkpingnghwlwb dkpanhkpp,
npnup Jhubgkgukh wbh jun]wpl]ws yuwpudbupbpm] uktunpuyhtt hwduljupgbph
unbtnsuuir



UghuwwnwbpmJ wmnw [ty b ymdn] by kb hnlyw bk

1. Uhliptgk] Jhuwhwnnppujhtt dhw- b pugquuynduynubun iwbnurenigwépubp,
npnup pupdp qguynibnipinil, juyniinipnih b phwupnpniawynipnih jgniguptinhka
pobunp, wuypimbwduubg quqbph, gunnn opquulwi Yhwgnipymbbph b wyg
wbkuwh yniptph gninpohitkph undude:

2.2knmmgnuty L Jtpnwhk] uhbpbqués Wnwebph  Guonmgdwépught b
tiklpinpubhqhlwlwb wwputnptpp:

3.Uowljty b qupgqugik) wmbuninghwljwbh nhdhuubn' vnwgjws Jurmgubphtinhg
Yhuwhwnnprsughll nhqhunh] ukbunpiibph guwwpuouomiub b gpuibg pingpuqgpbph
hton junwjuplwml hwtwp:

4. ZEnmwmgnunl) yuwnpmunduws ubkbunpibph ququqquymbmpubt ywopudbupbpp b
npuig whimnnihuynipjubt yuydubbbpp gpubp Bupupybing dwbpuynyhin
(jwpnpuwwnnn thnpdwnpldub:

5.2tnp phpjws dpdwpuwpuiub wfubbph b gpuby mundbhwuppmpymbbbph
wprgnipmd ykp hwbl] ququqqumimpiub  ywpwdbnpbph  udupldubb
nunyus fuunhputipp U npuig hwpun]np (nsnudubnp:

Uwnwgdwd wpmynibiphl wnwljwb Gnpny

1.Uswljdty £ unp wmblunnghuywi nhdhditp, npnugm] hwennlty £ uwnwbug
Jjurujuptih ywpwdlnpbpny dhw- L puqiuljnduyniutibn twanuengwspubp,
npntg wjuy ponunppmpnibbipl wnwehl wbqud oquuugnpdt] b npybu
ququqquynih ympbp mjjug quqh huyubwpbpdub hwdwp:

2.Uoulj]t E ququypb ubkbunpbbph wywwnpwundwh tnop jud  puduplus
wbibininghwjubt  Jykponubp U hwenrmly £ wuwwmpuwuwbp  pwpdn
wprynitbubnmpjudp wohiwwnnng ubbunpuyht hwmdwljwpgbp, npnby bhdiwlwb
punipugpbpp, hiswyhuhp Gl quymbmpniip, qquymimpub wjuqugnyb skdp,
wpwqugnpdnipnihp, pbnponnuaulmeintap b wphunwbpughll shpduunh&ubp,
hudbdmunms woljwm wy ukbunplkph pimpwgptph htw, fuljwinpbl pupEjudytg
El:

Uspluwwnmbipmu ibphuwywmgws hbnwgninmpmuiiik frulyul u

1. Uhbupbqwd Yhumbwnnprpsught twbinjunmgyusphbpp gnpstwmjumbimd Yhpunkih
k. ququyhtt ubtwnpubpnwd stnphp] wwpwdbnpbph juyninmeuit b gusp
huptwpdtiph:

2.Ujuunkin ogunugnpéynn twtinlnuuynghwnuyghti Ynupbnh phuhwiui b Jbhubthuui
Yuynitmipymbip, hlsybu bl gpubtg ny pocbudnp (huk)p oy Eu wughu gpntg
hhtfmlt Jpw wuwwpwunus ubkbunpbitph Epupunbt U wbiduwbg Yhpunmd
hpwwui vhpuuypbpnud:

3.Ukwunpubpnud npujtiu ququqquynit hwdwljuipg oquuugnpénn dkwwnopuhnubph
U ppwby bpdwb Jpw bwinhndwynqpuughtt Gmpbph gumsp  huphwpdbpp L
Yhpurmpiniip hwmpuljhg wy npppubiEpnud pepmad B dkp ubbunpltph qnpsuwljuib



Jhpwrdwi juyb hbwpwynpnipiut U hwdwnbnbhnyewbh wy) wkhbninghwitph
hhwn:

4. Uouiljjws tmnljurnigjuspuyhti uktiunputph nuika thnpp swihubp, gynipuiljhp Gu
U oquugnpsdwbh hunfwp winjbwu, npnbp gqnpshwlub Yhpuenput  bwdwp
juplunpugnyl swithnpnohsubip Bu:

5.2quynua ynyetiph b ukhunpwyhtt hwdwljupgbph yuwnpuuwndwi nkjuuninghwi
pajuutt wupg £ tdwi b tinpp  Jwupwnwpbbphg  Jbshh wbgubpm
hitmpun|npnipjundp oduws, npnlp pnyy b tmwnhu mUbbm guwsp huphwpdtpny,
pupdpn JEpupuugp hmpjudp odndus, gnpstwljminid hhpunkih ukbunpibp:

MNw wimpubp bhplju wé hhiwlwi npoypik

1. Puquuyumnn wsuwstgphtt  bwlnfjunnynuljuibpp (RULIY) b ZnO-h  wwppbp
jnbiighbwmpughwitiph Gkpunienidp hwdwuunwupubwpup SnG:-h b Fe20s-h Uk
wwwhngb B gpwsth tjuumlwdp pupdp ququqquymumpmnti (S=Roy/Rawq) (Uplish
500):

2. Yon. 20 % Nb2Os-h bbpunidnudp SnOx-h dke U nyupuiwbmpmlwmgnyl (MU
SQunugquypltph wrjuynipniip ququqquynia twunjurnigusph dwljbplinygpht
hotigpty Gh hbignijugdws Gupught qugh (2U%) ublunph wohiunwbpuhi
obpuwmunpdmbp (50 °C-m]) b pupdpugpl) ququqquyniimpnitp (Uhlgh 45 %) m
wpugqugnpdnipntip (wpdwgquipdub dudwbwljp pnybhbkphg Wwwugkp £ Jhbsh
Juypljubbibkp):

3. Suipphip Ynhghhwnpughwitpny Ru(OH)Cl: Juwnmuwhquhtt niph hubnudp UL
(wSpuwstiughtt  bwbnjunnnduljibp)/SnO:  bwlinjuomgwspuyht  uklunph
dwltplnyphl pEpkl £ hqnpnipul quqh bjundwdp ukbunph ququqquyniimpyub
(2.5 mbgqu) nL wpwquignpénypub (wpdwgquipdubh dudwblyp pnuykubkphg tjwgbp
E dhlst Juypljmbibitp) popbjudiwb b wopaunmbipughl shpdwuwnh&wbh bjuquub
{50 °C-m):

4. Ga0s:5nOz-h ibpuintsmup IneOs-nid, FKLI-tikphtip’ Fe:Os-nid, CoxOs-hlip’ SnOo-
nl b Laan-hhn\ ZnO-nud plipti Bl npuing pupdp ququqquyniinipimi (Uhtsh 300)
Epwinih gninpohubkph tljundudp:

5. MU Swrwquypbtiph  weljuynuyeiniut buljwbnpkt pupbunlp | U.lghtnnhb‘
Fe2Os+0.1mun.% Sn tuwlnjunrmguspuyhr ukliunph wwpudkupkpp
(wpdwquibpywt dudwbwljp ponwhkubphg Wwqblp £t dhtph Juypljjwbbbkp, huly
qulqu.quu.l]m.hmp]m.hn\ hwuk) dhish 4.2):

6. Fe20::Zn0O (60:40 Un(.%) twmbinljurniguspujhtt uktiunph' wdntthuyh tundwdp
ququqquyniinipiuml ijuqugnyb okdp 250 °C wohiwwmbpughl obkpdwunplmbnud
Enk k14 ppm:

7. Co2Os-h L RLUI-bbkph nmmpplp hnbgbuwpughwmbbph tEpudnsnidp SnO2-h ke L
MU dunugqupiubnh wrjunipiniap ququqquynis ywljbphingpeht phpkp Ghopusih
whkpopuhnh  bwlnjwemgyuspughtt  ublunpUbph  pimpwqgpbph  (wdupyuub
{(ququqquyniini pymibit m&k k1.5 whqud):
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8. La20:-h  wmwppkp Ynughtinnpughwiubpm] hwgkgws ZnO-h hhdwi  1pw
yunpuur]ws hwinjurniguspuhh ubkliunpubphg wnuy] kjugnyh
ququqquyniimpnil (120) gmgupbply £ ZnO<2 wwn.% La> hunmgwspp:

9. Zudmymunuwupiwb - wkuinmnghwljumb  nEdhdbbph  plnpmpudp  vnwgl k
npupnn] hughgus b wdhustuyhtt twbnpnnmjuljubpn] $ncilghntiwug]us
SnO:-h  uwyuwhuh twbnljurmgudphtn, npnbp  phuhwlui  wqpubyniphkph
uuumfwdp gmgupkpt) i pupdp ququqqunibmipymb (dhligh 400):

10. Uwqbknpnbiughlt  thnobgpdwhh  wbpuininghwmljmbt  phdhdubph  (ghuEpuwnnpp
hqnpmpml, thnobgpdwtr dwdwbiwly, wwlynhph shplwuwhd&wih b wyh) Lhow
ouljnwip phpkp t Fe:0sZn  puwquupmipbnuhtt yniph L wshiustugha
bwbnlhwomigwsphiph hwynny uhlipbquwb:

Swumqnmpmbhitpg

Uwnbkbhwpnumpub  hpdbtwlwml  wpymbphbpp wyuqmlly &b 28 ghunwljub
woumunbipibpnu, 17 ghrnmdnnndubpmd b 5 wpinnbmgpbpmad:

Uwnbbhwnumpumt  phduyng wywgmwd  wojmnwbpubpp  bEpuymgdus &b
unbkhwinunipjui Yipenud:

Uoawwnwb wpn b dunjw

Uwnkuwhinunyeiniup punugus t akipuwsnypintuhg, hhig ginguiikphg U 260 wunw
yjupnitiwyng gpuljubnipjutt guiiljhg: Uohaiumunumbpnud wieljw ku 176 tjup b 18

wirpgniuwly, hul] woluwwmbiph phhwbnip Swduyp 260 by k:
Uzhunnwmbph prjubigmbn pioiig

Lhpwsuluwh dwumy bkplupngdus b phuwgh wpnhwlwimpymibp, duwbbpop|wms &
wojimunwbiph tyunwlp b wowewnpués m pusdws julnhphikpp, gnyg E wpdus
unugws wprynibpbibph ghnwljumb tnpnypep U gnpstwljutt wpdtpp, hipybu twb
pEpws Eb wuonywbinipyub tepluymgdus hhdtulwb gpogpubpp:

Upwght gihmu ubkpiuymgdus &b wydd wnljwm ququyht ukbunpbikph whuwljbbpp,
Yhuwhwnnprsught dkunwnopupnuyhtt  ququypth  ubunplbph  Yurmigdusépp b
wrubdhwhwalnpnuabtppn: Ujuinkn abpjuyugdws ki bub pugnud gnpéntubph
wqnpkgnipnibp ukunph ququqquniinipjui wywpwdbinpbph Ypw, hisuhuhp Gu
qquynit punubph hwunmpmitp, hwwhlbtph swiubpp, ququqguymb bynph
dwykphnyph juquupwbnipniap b wyjic Ujuinbn bwl Gpluyugws Bu Jkpght
tuphbbpnid wupphp htnhtwljutnh nnuhg wnwgwplpjws
pombunp/yuypimbwduuubg  quqbph, ghnnn  opqubwlwh  dhwgmpmnibitbph U
opwdhh whpopuhnh ukliunplitph ptmtpwqpbpp:

Spypopn qilumd tbiplujugfws B dkp Ynndhg dwlplws opmsth, hknnijwgws
huypuyhlt qugh L pnipwih Gundwdp qquynut ukbunpbbph wuwnpuuwdwi
wnkjubnnghwml, pbhsybu bwbh  uwnuglws  qquymt gmpbph  Yuemguspuyghb,
bty npuphvhwljwib b ququqquyniinyeywb phnypugnbipp: Uyuinbkn ukplupugdus Gu
il JEpp tpdwé quqtiph ququqguyniiinipjub Ukhubhquikpp b gpubg Jpw wgpnn
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Fe205:ZnO  pwnuiupp  hbnwgnulp £ tub $njuubgdub Hhlwpnuught
dwtpunhwuwlyny (PEU) (EFTEM Jeol 2200 FS, University of Chemistry and Technology,
Prague): Plsutu Eplinud | LY. 36a-c-hg, ZnO-h htipumgnbim junniguspl whithwyn
b Fe20s nu ZnO Unipbph poupbnuijub hwppnipniubiitph hknunnpnupniibikpp (d)
huduwyunuupiwbwpup  unugyl; b 050d U 025 wd: Chwpjws wwpusph
(bElunpnlh) nhdpulighnl wwunltpp (SAED) gnyg b wdly, np whlipkqus tynipp
puquupniptiquyht £ (LY. 36d):

Bopuwwgnipymbtbph  dwunud  widhnthywd B wnbkbwhinungeyub  gihaun]np
Eqpuhwlgmubbpp b wpyniipbbpp:

1. Mmhynp/FTUUI/SNO(1:66)/Pd  Qunmgywopp gmgupkpl) bt pudulub ks
ququgqunitiimpiubh mpdbputp (wdbh pub 400) U hwgkguwi punipughp 9pwsh
Wjwundwdwp, dhtynbe wohnp/WOs-Sn02(1:9)/Pd ubkbunpt mibh qphpb qdwghb
puntpwghp, vwluyh wnbh gusdp qquynibmpnii:

2. Fe205:Zn0O ukbiunpp opwshih 75-2000 ppm  Ynugktinpuighwbibph nhpnypnod (200-
250 °C ohpdwuwmhdwiiughtt mhpnypnwl) gngupbpl) b hunul] wpdwquipdwui
YEpumuqidwb phmpwghp, wpwq wpdwgubp (48-911)), uwluyh dwdwbwyh
pupwgpnul nhu] by £ nhdwnpnipyui thnpp hts oknnud uyqphuui wpdbphg: 200 °C
wohuwnubpuyhtt shipduunh&wunud ukunph wpdwquitpn bty £ wbhh pwit 1137
U gty Eghfwnpnipyut wpdtiph 90 %-hg pupdp Jplubqinad:

3. RULISNO: qynit ukbunpp gnguiphply £ pupdp qquynibingpinis ospustuth guisn
nbghbwmpughwitph  bWjwwdwdp  (25-1000 ppm),  hlsybu  Gub  pwpd
phwpnymbwlnipmb b Ypyhbhopmb: Ukbunpl wpdwquibipt £ unylhuly 25 ppm
epwstih bljwuntiwdp, nph nypmu qquymb okpuh nhuwnpm pyntlip dynpaft) Eunfbh
pwi 2.5 mbquu: Uktiunpp gniguipkply £ bl pupdn wpuiquignpdnyeinia (nuuabyuly
Yuypljmblip) U wpdwquibiph Juyniinipmeh paquiwphy] Lynudubph bundudp:

4. SnO2+NbOs  (80:20 Yon.%) ublunpp 250°C obpudwuwmp&wimd ZU%-h wwppkp
jnbighbwmpughwitiph nhypnd gnigupkply £ 15 %-hg 45 % wpdwqubp: Uktunph
wpdwqubpdub b YEkpuljubqiiub dwdwbwlubpp Juypljyuiikph Yupgh G

5 In20x:Ga20s (96:4 Yo%) phpwjuhg pwpdpbw&wpuught  dwghbnpnbght
thnohgpuwb tnubuljm] buwnbgyly B thnpkgpdwi 15 1 25 pnuytk wibinnnupudp
punubplbkp, npniug hwuwnmpnlibpn tnkp b hwdwywnwumbupwp 125 td b 180
d: UdEph pupul punuibpp hodbdwnwpup wEh pupdp b qdught qquymbm pynih
t gmgupbply 2U%-h bhuwndwdp 250 °C-nuwd: 2U%-h Gjundwdp wnun] Gpugnygh
qguyniunipnibp ghnyb kb hnokgpdwi 60 Yin hgnpnipjwi nhwypnud (thnptgpdwi
hwunmunnih winympjub ghypmd), npp dwdwbwl dhwdnpdk £ bywunun]np
Yyunmgqusp  ZU%-h  umblnyubph wnunppghwh U nbwh  punubph janpp
nhdnghuyh hudwp:

6. 2n-q  tnwbwln] wwwopwuimlt E hqopnipwlh uklunp' hhdidws
Yndynqhunught TLW/SnO: furmigdusph Ypu: Uklunph dwlkplnypp wwun|b k
0.01 unj 1 0.03 unp swhwpwduny Ru(OH)Cl:-h bu.lbllm.]pm{‘ npykiu qquyniunipiniun
pupbjugnn juwwihq: Uklunpbbpp uub) B qquyniimpnih gnigupkpl) wpnbh
120 °C obpdwumnp&wiimd b wnw]b pupdp qquymbmpjudp £ odunjws tinky 0.03 ung
Ru(OH)Cl5-m] hwigkgus ubiiunpp:
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7.5n02/PULN/Pd ukibunph minwtmgnyl qquyniunipiniip hgnpnipwith ijundwdp
nhwyk] £ 0.03 Unp Ru(OH)Cl: nugkunpughwny juwnuhquyhtt iniph r}htq_pnuf
nmluyh wyu nEwpnnd mpqumhpdmh dwdwmbwlhbpp Enky Go pmt[mllmh ks 2-3 .,
hulj 0.01 un; Ru(OH)Cls-h qhulpnul 30-40 1].: Yuuyuljgnn ix]nl.ph unihypnuh kuh
hun] kjnuwihg htivin 0.03 Unp Ru(OH)Cls-ny hwighigws Jurnigwspp wijkh qquynia &
nupdk| hqnpnipuwbh Wwundwdp 250 °C-hg gusp shplwunhlwbbbpnid, uvwluygh
wnunjl] pupdp qgunibnipynmt gpuiigly £ 0.01 unp Ru(OH)Cl: Jjuwnwihquuht
hun] Ejdwi rll:ulpnu[‘ 300 °C-nud:

8. a-FexO3/FTLIV (25:1) iyniph hhdwh Jpw wwupwum(l) b iwbnndynguowghi
ubkbunp U swdu]b ngpuw  qupuibmpimibp  Epwbngh  Gjuwudwdp: Uklunpp
wpdwquibipt t Epwlinih gninpohitkphtt uljuws 150 °C-hg, hul] wpnkic 200 °C-nud
wpdwqmbpp hwuby £ dnwn 100-h: Uhhtingl Yntghlunpughugh nypnid ubbunpl
u]th pult 5 whqud wlk) wpdwqubp £ gmgupbpl)] wiynhngh bljundwdp, pub
onpwslh, Ukpwh b hgnpniypwbh:

9. MU dwruquypubnh wqpbgnipniip SnOz2+42 wn %Co205 ukiunphlt ukiyuljuyhh
obplmunplmbimy odwnk] b qquymumppudp 150 ppm  bpwbimh  qninpshlkph
wnjuynypjudp ukliunph ghudwngpoupnibp inpby £ Unn 400 Ohu-ny: Uklunph
wpdwguibipp 900 ppm Lpwinih gninpohubtnh Wjundudp nupunpudwingwljugnyh
dunuquyplitph wqnbgnipjudp uktywlughlt okplwmumh&mbimd Enk t wbh pub
24 %: 200 °C ohipdwuwmhdwmunid uktunph wpdwquipp 0.5 ppm Epwinih tjuwndwdp
tinkp £ wbih puia 3.5:

10. ZnO<La> punubph hhfwb  Jpom ygwuopwum|ty b Epubnh  gwdp
nbgEinpughwmtph Wwudwdp pupdp qqumumpudp odndué nhqhuwnjy]
ublunp: La-h hpuljub Ynughtiwpughwtt punuupnw bl £ 0.81 wmn%, npp
Fuluwibinpkl sh wwppbm]b] uqpliwlub hmoywpljoght wpdbphg (1 wn%): “FTIR
wbuwihqp gnyg £ by ZnO-h plmgdgws whljp b O-H hadpbph puguljuympmbup
uytjupmd: Uklunpp qquyniinupinis £ gnigupbipb] ujuwd Epwbingh suypwhtn
gudp hnbigkhunpughuhg (0.7 ppm) b wpdwquip/Yynugklinpughw Yuawsnieinchb
nibikghly E wlubuwyn gduwyht pumpwghp: Ukbunpp gnigupbpty | iwh wpdwgqupdub
pwpdn Yplubihnipeinia b pupdp pinponnuawljnyeinca:

11. Munmpwuwny k) £ wghknniuh uh'uunp‘ Fez0:+0.1u1n.% Sn Wyniph hhuwi Jpu: MU
dunuquyplbph wrjuympmnith bulwbnptl pupbut | ukbhunph wpdwquipp o
wpugqugnpdnipnthp: Ukliunpp wghnnuh gninpohutnh Gumndudp gmgupkpby £
pujujui puipdn wpdwguibp (4.2) gnpstuljubinud Juypywbttph pupwgpnud (32 4).):
225 °C h 250 °C gbpiwunplmbibpmyd MU fdmnwquypbbpp pupbjudb) B ukbunph
ququqquyniim pyub ywpudbnpbpp:

12. Fe20::ZnO tyniph hhudwl Ypu twhuugdy b U yyuwwnpuuu] by £ rbghuinhy ukbiunp:
FeOs:ZnO ublunpp qquymunmpimb E gmgupbpl)  wunbhwlh Suypwhbn gusp
ynbigklnpughwbibph tluntudp ubliunph qquymb punubph ghiwnpnipmbp
thnhuby | 1.5 wbquu wiunuhwyh 14 ppm Ynugkiiinpughuwjh nkuypowd:

13. Mhuindwquyplt vhbpbquiwlt Enubwlm] wywupwouml] &b ZnO+1wwn. %La,
ZnO+2wmwn. %La b SnO2+ 2 wwn. % Co Yhpwuhwlwmb phpwpibitp: Znosns LacwsiO

Jurngywdpn gmguiptinli] £ qquyniinyepubl un]ljh qud wpmouipubpn spuisth
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wtpopuhnh Wywundwdp, plg npnd, 210 td hwunnm pjudp punubpp gniguptpt)
wybiih pupdp qquynitmpini wohwwnmwbpughtt wdth guwédp obpdwunmhdwtinid
(Rqua/Ren=78, n=1800 ppm, T=250 °C): Ukn ukliunpp puduljui Ypluth wpdwquipt &
10 ppm qugh bywwndwdp, vwlugh ghpiwbwlwmt DRAEGER” phwnblnnpp wju
Ynugtunpughuyh tjundwdp qquynibnipgni sh gmigupbply: SnOz <Co> ubkliunpp
qquniunmpmnil t gniguptnt) 75 ppm H20:-h tljwwndwdp 220 °C-nud:

14. Mhundwquyhtt vhbipbquub tnwtwlind wwwnpwundt] b ZnO-h 5 phpwultp
hwgbgws 05; 1; 15; 2; 25 wwn.% La20s-nd U npubighg tuwnbtgdl] th pupuly
twbinjuemgduéuyhl punubpbbtn: Quily k wbpwith wnwppbkp
Ynughbnmpughwiitpny hwglgws ZnO<La> ubkbunpbbtph wpdwquipp 100 ppm
onpwsth whpopuhnh wnjuynmipudp 150 °C-mid b wnwdbjugnyb wpdwqup (120)
gniguptpt £ ZnO<2 wwn.% La> Yunnigquébpp:

15. Munpuuunyby k2 un.% Co-m] huighgus SnO: phpuu' whin$uquyht nhwlghuygh
uhliphqumt kqubmlym]: ‘Unythuly opwshh whpopuhnh Swypwhtn gusp 875 ppb
ynbghtinpughwh  phwypmid  ubbunph  wpdwqubpp bk B 28 L 215
hudwywnwuhwbiwpwp 100 °C b 150 °C shpdwunhdwbitbpnid: 150 °C-nid opustih
wtpopuhnh Ynughunpughuwyh wdht qnigpiipug uktunph wpdwqubipn gduyhtt wak)
E dhigl 300:

16. SnO2<Co>/FULIV yniph hhtfwl Jpu wuwnpuuu] by Bl £hnth ququyyhtt ukliunplibp
b hwbquuwbnpbt nunidbwuhpdl] gputly ququgquniimpyub pnupwgpbpn
onuslih wtpopuhnh wnwppbp Ynughunmpughwtph wnljuym pudp
woluwnwbipuhtt mwpptp ohipdwunhdwbittpnd: Uthunpp gnigupbipty b qpliph
wdpnnonipjudp Jhpuwubqunn wpdwquipdwb punipwghp b Suypwhbn gusdp
qqunibnipyub tjuqugnyb okl (4.4 ppm): Utunpp 105 ppm 9opwsth wyhpopuhnh
qnnpohlibph woluynpjudp gmgupkpt) b pudulwb pupdp qquyniimpynith 237:

17. €huhwljult unbgdwb tnubwlnd ywunpuwuudl] £ SnO/RULIV (75:25 191.%)
SYynib uktiunp b hinwgnudty gpw pinipugpbpp opusth whpopuhnh Wjwwndwdp:
PULI-ikph wpwtghdp nunuin] by | 15-20 Uy, hul bpljupnpintip’ 200-900 Wy
whpnyputpnud: C-h hpuub Ynbghtnpughwtt SnO/AULIV Wynipnid tnkp k
24.47 §on.%, punuiph wuppuyght pupuntqnud C, Ol Sn muppbpp puofudws b tinty
gptipt hwwuwpwswth, hul pbhngbiyuwb wwulbipnd  wolw &b ok whwgh
opuhnh b wshiwsth whitpp: Apubu wohiwwnmwbpughtt ohipdwuwnhdwb phnpdt) &
ubiyuluyhl  ghplwunh&mbp MU Swnwquyplbtph woljumpudp: Uklunph
wpdwqubpdub wpdtiputipp qugh Ynbgtlnpughuyh 1.5 ppm-hg 56 ppm mhpnypnid
piyws Eu Gty 44-300  dhpwluypmid b uyl  gnigwpbply o pwpdp
phnpnnnibwmenit:

18. SnO2<Co> ukliunpp GRE-h Wjuwundwdp qqunitnipmil | gnigupbpt] uljuws 100 °C
obpUmunh&mbhg, hull GLU-h, BUS-h b M%-h tjundudp 150 °C-hg: SnO2<Co>
ublunpp gniguiptipty b qquynitinipinit hpyphwnh qoinpohttiph Wjwndwdp ujuws
25 ppm  Unbgtbwmpuwghuyhg, hull  qquynitmpimip  quphth 125 ppm
Ynugkinpughwyh nhwypnud tnty k dnw 15: FULIW/SnO: ukliunpp qquniinipinit k
gniguptpt] M%-h, GUD-h b SU-h Wjuwndwdp vjuwéd hwdwywunwuuwbwpwp
50°C, 100°C L 120°C wopiwunwbpuhlt oipdwunhdwbitphg: Usluwmnwbipuwyhle
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oyuhuwy ohipdwunhfwminud (200-220 °C) FULIV/SnO: ubkliunph nhhlwnpmpmniin
thnthnpudby k42, 125 b 5.5 whqud hwdwywnuwupwbwpwp 19%-h, GUD-h L $U-h
qnnpohliiph wnljuynipudp:

19. Uwqubunpniughtt  thnpbgpdwt Gnubwln wdskgdl]; U hbunwgqnudbtp o
ninnquhuwyug nmpnipjudp quuwynpjuws wsppwsth bwbnlhwnmgduspbp:
Uhhghmuuyhtt wwlnpph  funppnipnpn Yonup bywunuinp wupdwbbkp sh
wwwhndt] twhnpngnjuljubph wgh hwdwp: Si(100) dwlbpingpht wdbgws
twbnjuomgduéplipn nhudt] G gpuwtg SEU wwulbpbbpnwd, hul npubg
Nuwdwlywb uybunpoid wnjw whiybpp hwunty th hbpuwgntiug Yunnigusdph
wnluynipnibp:

20. Uhtiptiqyty | Fe20s:Zn0O phpwiu b hwbiquuwbinpbi hinwugnundt gpu pniptnught
huwnynipnibiitpp: ®EU wwwnlbpbbphg wthwyn bt bnl) ZnO-h htpuwgntuy
Yuoniguwspp b Fe:Os ni ZnO  Wniphph poipbinujub hwppnipyniubtiph
htpwnpnipmibttpp hwdwywnwupiwbwpup vnwugdlyp o 05ud b 0.25 ud:
Chnpws nwpusph (kEwnpnih) nhdpulghnt wunnltpp (SAED) gnyg b by, np
uhlptqué Wnien puquupnipbnuyhi b
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Pestome

[uccepTaumoHHasa paboTa nocssLLeHa U3roTOBIEHWNIO U UCCEN0BAHNIO METANINOKCULHbIX
HaHOCTPYKTYPHbIX ra30BbIX CEHCOPOB. Pa3paboTaHbl HOBble TEXHOMOTMYECKUE METOAbI
CUHTEe3a MONYNPOBOLHNKOBBIX MHOIOKOMMOHEHTHbIX HaHOCTPYKTYPHbIX COeAWHEHWUW W
M3rOTOB/IEHNS Ha WX OCHOBE ra30BblX CEHCOPOB. CUCTEMATUYECKU WCCNef0BaHbI
XapaKTEPUCTUKN CUHTE3MPOBaHHbLIX HAHOCTPYKTYP W NapameTpbl ra3ovyBCTBUTENIbHOCTM
M3roTOB/MEHHBIX CEHCOPOB. JlMccepTaunoHHas paboTa COCTOMT W3 BBEAEHWS, MATU [N1as,
3aKNIOYEHNSA U CNUCKa NINTepaTypbl.

Bo BBefeHUM npefcTaBleHa aKTya/lbHOCTb TeMbl, CHOPMY/IMPOBaHbLI Lefb paboThl,
MOCTaB/eHHbIE W peLleHHble 3a/ia4u, NoKa3aHbl Hay4yHas HOBM3Ha U NPaKTUYecKas LeHHOCTb
MOMYYEHHbIX pe3ynbTaToB, a TakkKe MpuBedeHbl BbIHECEHHbIE Ha 3alUTy OCHOBHble
MOJSIOXEHUS.

B nepBoii rnaBe npeAcTaBfeHbl TUMbl CYLECTBYIOLWMX B HACTOsLlEe BPems ras3oBbIX
CEeHCOpOB, CTPYKTYpa W OCOBEHHOCTW MNOMYNPOBOAHWUKOBBLIX METaNNOKCUAHBIX [a30BbIX
ceHcopoB. OMWCaHO BAWAHWME MHOTOYMCNEHHBbIX (aKTOPOB, TakKMX KakK TO/LWMHA
YYBCTBUTENIbHOW M/IEHKWU, pa3mepbl 3epeH, MOpPQONorns NOBEpXHOCTW YyBCTBUTENbHOIO
matepuana u [pyrue, Ha napameTpbl ra304yBCTBUTE/NIbHOCTU CeHcopa. [lpuBefeHsbI
XapaKTePUCTUKN MPeAsIOXEHHbIX B MOCNefHVE TOAbl pa3HbIMW aBTOpaMu CEHCOPOB [AJif
06Hapy>eHUs TOKCUMUHbIX/B3PbIBOOMACHBLIX a30B, NETYYMX OPraHUYecKUX COeAMHEHWIA 1
MepeKncun BOLOPOAa.

Bo BTOpOi rnaBe npefcTaBneHbl paspaboTaHHas HaMy TEXHONOrMA W3roTOB/EHWA
CEHCOPOB, YYBCTBUTE/IbHLIX K BOLOPOAY, CXMKEHHOMY HeDTAHOMY rasy u 6yTaHy, a Takxe
CTPYKTYPHbIE, 3/IEKTPOXUMMYECKNME " ra3oyyBCTBUTE/IbHbIE XapaKTePUCTUKN
CUHTE3UPOBAHHBbIX YYBCTBUTENbHbLIX MaTepuanos. [IpefcTaBfieHbl Takke MexaHW3Mbl
rasoyyBCTBUTENBHOCTM K BbllleyKa3aHHbIM rasaM W BAMAKOWME Ha HUX (akTopbl. B
yacTHocTu, BBefeHne B 3nOr u TerO3 pasHbIX KOHLEHTPauWil, COOTBETCTBEHHO,
MHOFOCTEHHbIX Yr1epoHbIX HAHOTPY60K (MYHT) 1 XnO no3sonunno o6ecneynTs BbICOKYHO
rasouyBCTBUTENbHOCTL (8=Kesay/Kras) ceHcopoB K Bogopogdy (4o 500). BeegeHue B 3nOr
20Bec.% Ne>203 ©  Bo3feiicTBMe  ynbTpadnoneToBbix (Y®d) nyyeidi Ha MOBEPXHOCTb
rasouyBCTBUTE/IbHOW HAHOCTPYKTYpPbl NO3BONIO CHWU3UTL Paboyyto Temmepatypy ceHcopa
CXVKEHHOro HedpTaHoro rasa (Ha 50 °C), a Takke NOBbICUTb ra304yBCTBUTENIbHOCTL (10 45%).
1 6bicTpofeiicTBMe (BpeMs OTK/IMKa YMeHbLUAeTCs C MUHYT A0 CekyHn). [lo6aBneHune Ha
noBepxHocTb YHT(yrnepogHble HaHOTPYOKM)/8MO02 HaHOCTPYKTYPHOIO CeHCopa pasHbIX
KOHLUEHTpauuin  katanutuueckoro Bewectea 11M(OH)C13 npuBeno K  yny4lleHWUo
rasouyBCTBUTENbHOCTW (B 2.5 pa3a) n GbICTpOLEiCTBMA (BPEMS OTK/MKa YMEHbLUMAOCH C
MWUHYT [0 CEKyHZ), a Takke K NMOHWKeHW0 pabouyeli Temnepatypbl (Ha 50 °C) ceHcopa rasa
n306yTaH.
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B TpeTbeii rnaBe npefcTaBfieHbl XapakTepUCTUKM paspaboTaHHbIX HaMy CeHCOPOB,
YYBCTBUTENbHLIX K JIETYYNM OpPraHMYecKUM COeAMHEHUAM, TaKUM KaK 3TaHO/, aueToH U
aMMmuak. 3gecb NOAPOBHO OMWcaHbl pesynbTaTbl UCCMEefOBaHMA CTPYKTYpbl, cOCTaBa U
[PYrvx (U3NYecKMX CBOWCTB MOMYYEHHbIX ra304yBCTBUTENbHLIX MaTepuanos. MpuBeaeHbI
TAKKE  XapakTepuUCTUKW  YyBCTBUTENbHOCTW,  CTabWIbHOCTW,  ObICTPOAENCTBMS  ©
CeNeKTUBHOCTM U3roTOB/EHHbIX CEHCOPOB BbllleyKa3aHHbIX ra3oB. B yacTHOCTW, BBefeHWe
Ga2Ch:SnCpB ImCh, MYHT B Fe"O, C0203 B SnC2 1 barO3 B ZnO nprBEN0 K NX BbICOKON
rasovyscTBuTensHocTH (0o 300) K napam aTaHona. BosgelictBre Y® nydeli 3HaYMTENbHO
ynydwunno napametpbl [erO3+0.1a1.% Sn HaHOCTPYKTYPHOro ceHcopa aueToHa (Bpems
OTK/IMKA YMEHbLUUNOCL C MWHYT [0 CeKyHZ, a ra3ouyBCTBUTE/IbHOCTb focTurna 4.2).
MUHMMaNbHbIA MOPOT ra3ovyBCTBUTENbHOCTM Fe203:Zn0 (60:40 M0n.%) HaHOCTPYKTYPHOIO
CeHcopa K ammuaky pasHsanca 14 ppm npu pabouein Temnepatype 250 °C.

B ueTBepTOi1 rnase NpeacTaBneHbl TEXHONOMMYECKME 3Tanbl U3rOTOB/IEHWA pa3paboTaHHbIX
CEHCOpPOB  MepekMcuM  BOAOPOAa W pesynbTaTbl  M3MEpeHWidi  MmapameTpoB KX
ra3oyyBCTBUTENbHOCTA EMKOCTHbIM, BONbTAMMEPHLIM W Pe3NCTUBHLIM MeTodamu. 3fecb
npeacTaBfieHbl TaKXKe XapakTepucTUKK pa3paboTaHHbIX HaMW TMOKMX CEHCOPOB Mepekucu
BOAOpPOAa W pe3ynbTaTbl  UCCMEAOBaHWA  BAWMAHUA  U3rMOGOB  MOAMOXKKM  Ha  UX
rasouyBCTBUTE/bHbIE NapamMeTpbl. ByacTHOCTK, BBeAeHWe B SNC2pasNyHbIX KOHLEHTpaLuii
C0203 1 MYHT, a Takke B03feiicTBME YD nyuyeli Ha ra3ouyBCTBUTE/bHYHO MOBEPXHOCTb
NPUBENN K YNYYLLEHUIO XapaKTepUCTUK HAHOCTPYKTYPHbIX CEHCOPOB Nepekucy BoAopoaa
(rasouyBCTBUTENBHOCTL BO3pocna B 1.5 pasa). Cpefy HAHOCTPYKTYPHbLIX CEHCOPOB Ha OCHOBE
ZnO, cofepxalymx pasnuyHble KoHUeHTpaummn TarO3, HaubobLUY ra3ouyBCTBUTENIbHOCTb
(120) umena cTpykTypa ZnO<2 ar.% La>.

B nATO rnase npescTaBfeHbl XapaKTePUCTUKM ra304yBCTBUTE/IbHOCTU CEHCOPOB BOEHHbIX
TOKCUYHbIX areHToB (BTA) 1 NpoMbILLNEHHbIX TOKCUYHbIX BewecTB (MTB). MpeacTaBneHsl
TEXHOMOTNA BblPaLLMBaHNA YINEePOAHbIX HAHOCTPYKTYP M UX XapakTepucTuku. OnucaHbl
TaKKe TEeXHONOTMYeCKMe 3Tanbl CUMHTE3a KEepaMWUYeCKMX MULLEHeld U  CTPYKTYpHble
XapaKTepUCTUKN  NONUKPUCTANNNYeCKUX  MatepuanoB.  O6OOLLEHbI  MeXaHWU3Mbl
ra3oyyBCTBUTENBHOCTY PE3NUCTUBHBIX CEHCOPOB U XMMUYECKNE PeakLun pasnnyHbIX rasos. B
4acTHOCTU, MNOAGOPOM COOTBETCTBYIOLMX TEXHONOTMYECKUX PEXMMOB OblIN MOMYYEHbI
TakMe HaHOCTPYKTYypbl Sn02, HACblleHHble KO6anbTOM W (YHKLMOHANU3UPOBaHHbIE
YrNepoAHbIMU HaHOTPY6KaMK, KOTOPbIE MNPOABWAN BbICOKYI Ta304yBCTBUTENLHOCTL K
XUMUYeckuM areHTam (1o 400). HyBCTBUTENBLHOCTb CeHCopa SNC>2, HACbILLEHHOT 0 KO6anbToM,
K pa3NMyHbIM KOHLEHTpaLMAM NapoB 3apuHa u unputa 6bina namepeHa B "University of
Defence” (YHuepcuTeTe 060p0oHbI, Yexus). CeHcop Sn02<Co> nposBu YyBCTBUTENBLHOCTb
K napam unpuTa HaumHas ¢ KOHLUeHTpauu 25 ppm. YyBCTBUTENLHOCTL CEHCOpa cocTaBunia
okono 15 npw KoHUeHTpauuy napos 3apuHa 12.5 ppm npu pa6ouyeii Temnepatype 210 °C.
MpaBunibHaa pa3paboTKa TEXHOMOTMYECKUX PEXMMOB MAarHeTPOHHOIo  pacnblieHus
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(MOLITHOCTL TeHepaTopa, BpeMsi paclbLICHIA, TeMIlepaTypa NMOAJIOKKE H Ap.) IpHBeIa K

YCIIEIHOMY cHHTe3y nonukpucraiindeckoro Fe:0s:ZnO u yriepogHbx HAHOCTPYKTYP.

Summary

The dissertation is devoted to the preparation and investigation of gas sensors based on
metal oxide nanostructured materials. New technological methods for the synthesis of
semiconductor multicomponent nanostructured compounds and for the preparation of gas
sensors based on these materials were developed. The characteristics of the synthesized
nanostructures and the gas sensing parameters of the fabricated sensors were studied in detail.
The dissertation comnsists of an introduction, five chapters, conclusions, and a list of
references.

The dissertation begins with an introduction, where the relevance of the topic is presented,
the purpose of the work and the problems presented and solved are formulated, the scientific
novelty and practical importance of the obtained results are shown, and the basic results to
be defended are presented.

The first chapter presents the types of gas sensors currently available and the structure and
features of semiconductor metal oxide based gas sensors. The influence of different factors on
the gas sensing parameters of the sensor, such as the thickness of the sensitive film, grain
sizes, the surface morphology of the gas sensing material, etc., are also presented here. The
characteristics of gas sensors for toxic/explosive gases, volatile organic compounds, and
hydrogen peroxide vapor proposed by various authors in recent years are also presented here.

The second chapter presents the manufacturing technology of fabricated sensors sensitive
to hydrogen, liquefied petroleum gas (LPG), and butane developed by us, and the structural,
electrochemical, and gas sensing characteristics of the obtained sensitive materials. The gas
sensing mechanisms for above-mentioned gases and possible factors affecting them are also
presented here. In particular, the introduction of multi-walled carbon nanotubes (MWCNTSs)
and different concentrations of ZnO into SnO: and Fe2Os materials, respectively, provided
high gas sensitivity (S=Ra/Rgas) to hydrogen (up to 500). The introduction of 20 wt. % Nb20s
into SnO: material and the presence of ultraviolet (UV) rays on the surface of the gas-sensitive
nanostructure lowered the operating temperature of the LPG sensor (by 50 °C) and increased
the gas sensitivity (up to 45%) and the speed (response time reduced from minutes to
seconds). The addition of Ru(OH)Cls catalyst with different concentrations to the surface of
the carbon nanotubes/SnO: nanostructured sensor led to an improvement in the gas
sensitivity (2.5 times) and speed (response time decreased from minutes to seconds) of the
sensor to isobutane gas and a decrease in the operating temperature (by 50 °C).

The third chapter presents the characteristics of the developed sensors sensitive to volatile

organic compounds such as ethanol, acetone, and ammonia. The results of research on the

40



structure, composition, and other physical properties of gas-sensitive materials are presented
here in detail. The gas sensing characteristics of the fabricated sensors such as sensitivity,
stability, speed, and selectivity are also presented here. In particular, the introduction of
Ga205:5n02 in In2oOs3, MWNTs in Fe203, Co20s5 in SnO:2 and La20s in ZnO materials resulted
in their high gas sensitivity (up to 300) to ethanol vapors. The presence of UV rays
significantly improved the parameters of the Fe2Os+0.1 at.% Sn acetone nanostructured
sensor (the response time decreased from minutes to seconds and the gas sensitivity reached
up to 4.2). The low detection limit of the Fe203:ZnO (60:40 mol.%) nanostructured sensor to
ammonia was 14 ppm at the working temperature of 250 °C.

The fourth chapter presents the fabrication steps of hydrogen peroxide vapor sensors and
the measurement results of the gas sensing parameters by capacitive, voltammetric, and
resistive methods. The characteristics of the developed flexible hydrogen peroxide vapor
sensors and the effect of bending on these parameters are also presented here. In particular,
the introduction of different concentrations of Co20s and MWNTs into SnO: material and
the presence of UV rays on the gas-sensitive surface improved the characteristics of hydrogen
peroxide nanostructured sensors (gas sensitivity increased 1.5 times). Among the
nanostructured sensors based on ZnO material saturated with different concentrations of
La20s, the ZnO<2 at.% La> structure showed the highest gas sensitivity (120).

The fifth chapter presents the gas sensing characteristics of the fabricated sensors sensitive
to chemical warfare agents (CWAs) and toxic industrial chemicals (TICs). A technological
description of the growth of carbon nanotubes and their characteristics are also presented
here. The technological steps for synthesizing ceramic targets and the structural
characteristics of polycrystalline materials are also described here. The gas sensing
mechanisms of resistive sensors and the chemical reactions of various gases are summarized
here. In particular, with the selection of appropriate technological modes, SnO: based
nanostructures saturated with cobalt and functionalized with carbon nanotubes were
obtained, which showed high gas sensitivity to CWAs and TICs (up to 400). The sensitivity
of a cobalt-doped SnO: sensor to different concentrations of sarin and yprite gas was
measured at the University of Defense (Czech Republic) within the NATO project. The
SnO2<Co> sensor showed sensitivity to yprite gas from a concentration of 25 ppm. The
sensitivity of the sensor to 12.5 ppm sarin concentration was about 15 at 210 °C. Besides, the
effective development of magnetron sputtering technological regimes (power of the
generator, sputtering time, substrate temperature, etc.) led to the successful synthesis of

Fe205:Zn0 polycrystalline material and carbon nanostructures.
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