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POTOKATAVIUTUYECKU AKTUBHBIE CAMOOYUIIIAIOIMUECA MATEPHAJIbBI
HA OCHOBE IIEMEHTA. COCTABBI, CBOMCTBA, IPUMEHEHHUE

Annomauus. B pabome nposeden 0030p cywecmsyowjux mexHono2uil noayyenus homoxamarumuyecku
AKMUBHBIX CAMOOYUWAIOUWUXCA MANEPUATLIO8 HA OCHO8E YeMEeHMA, 8 MOM YUCie DeMOHO08 U CYXUX CMPOUmeib-
HbIX cmecell. Paccmompenwl ucnonv3yemvie homoxamanumuueckue 000A6KU, 0COOCHHOCMU UX GNUSHUSL HA
yemenmuyto cucmemy. llpugedenvt npumensemvie Memoovl OYeHKU HOMoKAmaIumudecKol akmugHoCmu ca-
MOOYUWAIOWUXCA YEMEHMHBIX Mamepuanos. Ipoananuzupogansvt cocmagvl 6EMOHHBIX cMecell U UX C8Oli-
cmea, a makoice obracmu u nepcnexkmuasl npumerenus. Obo3HaueHvl 0OCHO8HbIEe NPOOIeMbl pa3spabomKuU, npo-
U3600CcmMEa U NPUMEHEHUS POMOKAMATUMUYECKU AKIMUBHBIX CAMOOYUWAIOWUXCSL MATNEPUATIO8 HA OCHOGE Ye-
menma. OcHo6Hble HanpagieHus pabomsl 8 0aHHOU 00IACIU 015 NOBbIUEHUSL CNOCOOHOCTIU K CAMOOYUULYEHUIO
Gomoxamanumuyecky aKmMuGHbIX CAMOOYULATOUUXCST MATNEPUATO8 HA OCHOBE YeMeHMA 3aKIIOYAlOMcs 6.
ONMUMUBAYUU MUKPOCIPYKIYPbL (hOMOKAMATUZAMOPA U KOMIOZUMA C €20 UCHOIb308AHUEM 8 HANPAGIECHUU
€030aHUs pA36UMOU NOBEPXHOCMU (YOMOKAMANUZAMOPA — UEPAPXUYHOU MUKPOCTPYKINYPbL, YMO UHINEHCU-
Guyupyem oupysuonnvle npoyeccol peazenmos GOmoKamarumuyeckux peakyull U ygeauuugaem niouaos
KOHMAKmMa pomoxkamanuzamopa ¢ 3azpasHumenem, d maxce no2nowaem u akKymyaupyem 60JHbulL Yibmpa-
Guonemosoco uznyuenus;, onmumMuzayuu Yaszoe020 cocmasa OUOKCUOa MUMana — NOUCK COOMHOMWEHUSL AHA-
MA3HOU U PYMUnbHOU ¢hazvl, npu KOMOPOM OOCMUSACMCSL MAKCUMATbHAS (YOMOKAMATUMUYECKAsT AKINUG-
HOCMb, 8blO0P IKOHOMUYECKU YeNeCcO00PaZH020 Memooda nepuooutecKko2o 0OHOBIeHU NOBEPXHOCHU OemOoH-
HbIX U30enUll, KapOOHU3UPOBAHHBIX 8 NpoYecce dIKCNLYaAmMmAayul, ¢ Yeabio 60CCMAHOBIEHUsI CHOCOOHOCTU K Ca-
MOOUULEHUIO.

Knwouesvie cnosa: ouoxcud mumana, homoxamanus, camooyujerue, yemeHm, 6emon, mexHoI02us

BBenenue. [{lemeHTHBIE MaTepUalibl, B YACTHO-
CTH OCTOHBI, SBISIOTCS CaMBIMU PaCIpPOCTPAHCH-
HBIMH MaTepUalaMU B CTPOUTEIBCTBE, a UX MPOU3-
BOJICTBO HanOoJee KPYITHOTOHHAKHBIM B CBOEH OT-
pacnu. [IppopuTeTHRIM HaTIPaBIEHHEM B CTPOUTEIh-
HOW WHIYCTPHH SIBIIIETCS CO3JIaHUE CTPOUTEIBHBIX
KOMIIO3UTOB C HOBBIMU cBoicTBamu [1—4]. B cBs3u
C 9TUM, IIPAMEHEHUE OETOHHBIX U3/IEHI B KAUECTBE
HOCHTENCH (hOTOKATAIN3aTOPOB, C IETBI0 CHUKCHHS
KOHIICHTPAIMK 3arpsa3HSIONINX BEIIECTB B aTMO-
chepe sBIsSETCS Iieaecoo0pasHbIM U O0OCHOBaH-
HBIM. JIOTIOJTHUTENHHBIM TOJOXHUTEIEHBIM 3 (heK-
TOM SIBIISICTCS JOCTHKCHHUE «CaMOOYHIICHHS I10-
BEPXHOCTH W3JIeNnii ¢ (oToKaTamu3aTopamMu, 4TO
MO3BOJISIET COXPAHATh HCXOAHBIE YUCTOTY U IIBET
KOHCTPYKITUH JJIUTEIHLHOS BPEMs B YCIOBUSAX BBICO-
KO3arpsi3HEHHOHM TOPOJICKON Cpellbl U MH(PaCTPyK-
Typsl. CITOCOOHOCTh ITOBEPXHOCTH CTPOUTEIHHBIX
MaTepUajIoB K CAMOOYUIICHUIO MO3BOJISICT YBEIH-
YUTH MIEPUO]] MEXK Ty padOTaMU IO OUHCTKE (pacasos,
YTO COKpAIIaeT 3aTpaThl HA OOCITYy)XKHBaHHUE 3TaHUHA
¥ COOpY>KCHHH [5].

U3 Bcex cymiecTByOmmx (OTOKATAIN3aTOPOB
camMoe HIMPOKOe NMPHMEHEHWE Ha NaHHBI MOMEHT
Halea HaHO- U MuKpopasMmepHbiii TiO, aHaTa3HOMH
Moaudukamuu. HecMOTpst HA OTHOCHUTEIIEHO BBICO-
KOE 3HAYCHUE IIMPHUHBI 3aMPEIICHHON 30HbI, PABHOM
3,2 5B, 10 cpaBHEHHUIO C IPYTUMHU U3BECTHBIMH I10-
mynpoBogHuKamMu, Hanpumep, SiC — 3,0 3B, WOs —
2,6 3B, Fe,03; — 2,1 3B, CdS — 2,25 3B, CdSe — 1,7

3B, GaP — 2,25 3B, GaAs — 1,4 3B, TiO, xapakrepu-
3yeTcsl CTaOMIIBHOCTBIO U OCOOBIM CTPOCHHEM 30H-
HOW CTPYKTYPBI, OOYCJIOBIHMBAIOIICH €TI0 BBICOKYIO
(HhOTOKATATMTUYCCKYIO aKTUBHOCTE [6, 7]. Tlomumo
OTJIEIBHBIX COEAMHEHUH N3BECTHO TAK)Ke IpUMEHe-
HHE cucteM, Harpumep, InP-CdS, ZnTe—-CdS, n1bo
nmorupoBanue TiO, aTromamu yriiepoja, a3oTa WIH
cepsl [8—10]. M3BecTHO monmydeHne HOTOKATAIIUTH-
YECKUX KOMITO3UITUOHHBIX MAaTePUAIOB IyTeM Oca-
xaenus yactuil Ti0, Ha WHEPTHBIC HOcUTEH. B Ka-
YECTBE WHEPTHBIX TOJUIOKEK HUCIOIB3YIOT THOKCHU]
KpEMHUsI, aKTUBUPOBAHHBIA YTJIEPOJ, MOPICHHT,
ueonurt [11-14]. 3a cueT yBenuyeHus: aKTUBHOM MO-
BEPXHOCTH M paBHOMEpHOro pacupenencauto Ti0;
Ha TIOBEPXHOCTU aJCOPOEHTOB, CKOPOCTh CAMOOYH-
IICHUS YBEIIMINBACTCA.

DOTOKATATUTHIECKOE OKHCIUTEIIEHO-BOCCTA-
HoBHTENbHOE neiictBue TiO, mMo3BONIAET CHMXKATH
KOJIMYECTBO 3arps3HSIONIMX BEIISCTB, TAKUX Kak,
okcubl a30Ta (NOy), TIeTyure opraHndecKue CoeIu-
uHenns (JIOC) un okcuasl cepol (SOx), Kak Ha TTOBEPX-
HOCTH MaTepuajoB, Tak W B Bo3ayxe. Kpome Toro,
3¢ dert hoToKaTATUTHIECKOTO CAMOOYHIIICHHUS pac-
MPOCTPaHsAETCS HA MHOTHE JAPYTHUE OpPTraHUYecKHe
MaTepuaibl W KUBBIE OPTaHW3MBI: OpraHUYecKas
MOYBa, )KHP, MACIIO, TUIECEHB, BOJIOPOCITH, OaKTEpUU
u 11p. OCHOBHBIMHU TPOTyKTaMu ()OTOKATAIIA3A SBJIS-
IOTCS KHCJIOPOJ, ITHOKCHI yTiepona, BOJa, CYIb-
(haTel, HUTPATHl U HUTPUTHI [ 15—17].
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Peakunsa Ha TOBEpXHOCTH TBEPABIX YACTHUI] Ka-
Tanu3atopa BO3HHKAeT OJyiarojapsi MOTJIONICHUIO
KBaHTOB CBETa, BBHI3BIBAOINNX (U3UYECKUE TPO-
LIECCHI PA3JI0KEHUSI OPTAaHUUECKUX coeuHEeHuH [ 18,
19].

A+K+hv—>B+K (1)

rae A — UCXOJHBIC peareHThl, B — MpoaXyKThI peak-
mun, K — xaranuzarop, hv — sHeprust poroHa naja-
IOIIETO Ha MMOBEPXHOCTH (POTOKAaTaIH3aTOPA.

Hecmotps Ha To, 4TO HCCIenoBaHUE POTOKATA-
JIM3aTOPOB U UX MPUMEHEHUs Havanock B 1972 roxy
[20], Ha mAaHHBIN MOMEHT B O0JIACTH CTPOUTEIHHOTO
MaTepUaIOBEJCHHS OCTACTCS 3HAYUTEIHHOE KOJH-
YECTBO BOMPOCOB, CBSI3aHHBIX C TIOBHIIICHUEM «IIPO-
M3BOJUTENHHOCTHY (OTOKATATUTHUECKAX PEAKITHIA
B Cpelle IIEeMEHTHBIX MAaTEePHAaJIOB U TOBBIIICHUS UX
JIOJITOBEYHOCTH.

OcHoBHas yactb. Ha tepputopun PO cneru-
QJIbHBIC CBOWCTBA (POTOKATATUTHYECKMX OETOHOB
cornacao ['OCT 57255-2016 «berons! ¢porokaranu-
TUYECKU aKTHBHBIC CaMOOYHINAroIuecs. TexHuue-
CKHE YCIIOBHUS) XapaKTEPHU3YIOTCS CIIEAYIONIINMH T10-
Ka3aTesIMu:

— CIIOCOOHOCTHh K CAMOOYHIIECHHUIO, OMIPEeIIs-
eMasi I3MCHCHHUEM KPacBOIr0 yrila CMayvBaHUS O]
BO3JICHCTBHEM YIbTPAQHOIECTOBOTO U3MYYCHHUS TIO-
ClIe TIPEABAPUTENIFHOTO «3arpsi3HEHHSD TTOBEPXHO-
CTHU OJICMHOBOU KUCIIOTOH;

— pazioxeHue (MUHEpaTU3alns) 3arps3HUTe-
JIel BO3/yXa: OKCUJIOB a30Ta U JICTyYUX OpraHuye-
CKHX BEILECTB.

CTouT OTMETHUTH, YTO JAHHBI HOPMATHUBHBIN
JOKYMEHT Oa3upyeTcss Ha psalie MEKIYHAPOIHBIX
cragmaproB (MCO 22197-1:2007, UCO 22197-
3:2011, UCO 27448:2009), B CBSI3H C UeM, BBIIIICYKa-
3aHHBIC METOJIbI OLICHKH (POTOKATATUTHICCKHUX Oe-
TOHOB TMPHUMEHSAIOTCA WCCIIEOBATESIMH MHOTHX
CTpaH.

[[Iupoko Takke pacpoCTPaHEH METOJ UCCIe-
JIOBaHUSI CIIOCOOHOCTH K CaMOOYHIIEHUIO MaTepH-
aya, OCHOBAaHHBIH HA OLIEHKE Pa3JIOKEHHS OpraHude-
CKoro nurmeHra (poxamMuH b) Ha ero moBepxHOCTH
TOJT BO3/ICUCTBUEM YIIBTPA(PHOICTOBOTO N3TYUCHUS,
HOPMHUPOBAaHHBIA  UTAIBSIHCKAM  HAIIMOHAIBHBIM
craggaproM UNI 11259 «Omnpenenenne porokara-
JIUTHYECKON aKTUBHOCTU THAPABIMYECKUX BSIKY-
X — POAAMHH TECT».

TexHomornn momy4eHus (POTOKATATUTHIECKU
AKTUBHBIX CAMOOYHIIAIOIINXCS MaTePUAIOB Ha OC-
HOBE IIEMEHTAa MOKHO Pa3/IeIUTh HA TPU OCHOBHBIC
TPYTIIIEL.

1. Hanecenne MOKPHITHIHA, coaepKammx (HOTo-
KaTajau3aTop, Ha MOBEPXHOCTh TOTOBBIX OCTOHHBIX
mnenuit [21];

2. Beenenue dorokaramuzaTopa B 00beM Oe-
TOHHBIX H3JEIHH B TpoIlecce MPOM3BOJACTBA [22,
23];

3. Co3nmaHue ABYXCIIOMHBIX OETOHHBIX H3JIC-
JIUH, COCTOSIINX U3 OCHOBHOTO CJIOSI M TIOBEPXHOCT-
HOTO CJI0sI ¢ hoToKaTamuzaropom [24, 25].

Jns peanuzanuu mepBoro crnoco0a HM3BECTHO
MIPUMEHEHHUE TOKPBITHH, MMONyYeHHBIX CMEIICHHEM
nmopuctbix mMukpochep TiO,, Genoro mopTianmie-
MEHTa ¥ BOJBI B COOTHOIICHUSIX: BOJA/IEMEHT
(B/I)=0,6, TiO»/nement=0,3. IlopucTeie MUKpPO-
cheper TiO, mmenu pasmep mopsaka 500 HM, 1mO-
MUMO aHaTa3zHoW Momudukamuu TiO, comepxkanmu
9,1 % pyrtuna. HaneceHnne NOKpHITHS HA MOUIOKKY
OCYIIECTBISUIOCh  «HOXEBBIM» MeTojoM  (doctor
blade method) [26]. TounuHa co3qaBaeMOro MOKpPHI-
Tua okono 77 MkM. [lo cpaBHEHHIO C YHCTBIM Iie-
MEHTHBIM JaHHO€ (DOTOKATATUTUYECKOE MOKPBITHE
obecreunsio 3pGHEKTUBHOE PA3IIOKEHUE OJICMHOBOM
KHCIIOTHI, pe3a3ypuHa U aneranbpaeruaa [27].

CBoto 3(h(peKTHBHOCTh B KAaYECTBE TOKPBITUH
JIOKa3alll CHCTEMBI THIA «IIpPO — 000J0YKa» CO-
ctaBa SiO>—TiO». IIpenmyiiecTBO HCIOIB30BAHUS
SiO, B JaHHBIX CHCTEMaX 3aKJIOYAeTCsS B €ro BBICO-
KOM XHMHYECKOM CPOJICTBE C TIPOAYyKTaMH ruapaTa-
LM LIEMEHTA, a, CJIeIoBaTEILHO, 00ECIIEUMBAET 00-
pazoBaHHE XMMHUYECKUX CBSI3€H B pe3ysibTaTe Myll-
IIOJIAHOBOHM peakluu | yiyulieHue aare3uu. [lopo-
mok coctaBa Si0,—Ti0, B kommgecTse 0,025 Mr pac-
TBOPSUTU B 2 MJI BOJIBI ¥ PACTIBUISITN HA [IEMEHTHBIE U
LIEMEHTHO-TIECYaHbIE IUIACTUHKY IUIOIIA b0 16 cM?,
Pa3mep simpa SiO; coctaisn 95 HM, ToJIIKHHA 000-
mouku TiO; — 25 am. TiO, peacTaBiieH TOILKO aHa-
TazHoH Moan¢ukanuen. Beicokas goTokaTanuruye-
CKasi aKTUBHOCTb JIAHHBIX MOKPBITHH, paBHas GoTo-
KaTaIMTHYECKON aKTUBHOCTU MPOMBIIIIICHHOTO (O-
tokatanmzaropa AEROXIDE® TiO; P 25, moarsep-
KJICHa 00CCIIBEUMBAHUEM TIOBEPXHOCTH B PE3yJib-
Tare Aerpaganuu pogamunaa b [28].

[Tpu ncnonp3oBaHUH BTOPOTO METOIA TEXHOJIO-
TUS TIONYYCHHS CaMOOYMIIAIOIIUXCS OETOHOB HE
TpeOyeT JOIMOIHUTEIHFHOTO 000PYIOBaHUS M HE OT-
JUYaeTcsl OT OOBIYHON TEXHOJIOTHH IPOU3BOJACTBA
oetonoB [29, 30]. ['maBHas 3a7a4a, KOTOPYIO HEOO-
XOJIUMO PENIUTH MPH MPOU3BOJCTBE, 3TO paBHOMEP-
HOE pachpezielieHue 4YacThll (OTOKaTanu3aTtopa B
o0wveme Oerona. [Ipobaema paBHOMEPHOTO pacrpe-
JICIICHUST BO3HUKAET W3-32 BHICOKOH YJIENEHOU IMO-
BepxHOocTH (oTokaraiamzaropa: ot S50 [31] o
300 m%/r [11]. Kak roBOpHIIOCH BBIIIE, PEIICHUEM
JTAHHOW TIPOOJIEMBI SIBIISICTCSI HAHECEHUE YaCTHII JTU-
OKCH/Ia TUTaHAa Ha KPEMHE3eMHBI HOCHUTEIh METO-
oM ocaxaeHus [12—14].

[Tpu morydenuu OETOHHOM cMecH oToKaTau-
3aTOp BBOJIAT Iepe.T T00ABICHUEM BOIbI 3aTBOPCHHUS
B CYXYI0 CMECh WJIA TOTOBAT CYCIIEH3HUIO (hOoTOKATA-
JU3aTopa, HAIPUMEpP, B PacTBOPE BOJBI M 3TAHOJIA,
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YTO, OJTHAKO, MOXKET 3aMeUINTh MpOoIlecC TuipaTa-
nuu nemenTta. Ilocime Habopa MpoYHOCTH OETOHA
TiO, mpucyTcTByeT BO BCEH €ro CTPYKType, OH HE
BCTYIMAaET B PEAKIUIO C KIMHKEPHBIMU MUHEpaIaMH
Y TIPOIYKTaMH THAPATAINN IIEMEHTa, TaK KaK sBIIs-
eTCsl CTAaOMIIHHBIM U BBICOKO MHEPTHBIM MaTEPHAJIOM
[12, 13,17, 32, 33].

[Ipu TperbeM crocobOe BEpXHUI CIION TaHEIeH
TONIIUHONH 5 MM OB IPHUTOTOBJICH W3 CMECH IIe-
MeHTa, mecka, BoAel U TiO: (83,4 % amatasa, 4a-
CTHIIBI pa3mMepoM | MKM) TpH COOTHOIICHUSIX
1:2,75:0,484:0,05, coorBercTBeHHO. ddHeKTHB-
HOCTH ouwmiieHuss Bo3myxa oT NOy cocraBuia
31,3 %, onHako 3a 4 Mecsiia B pe3ylbTare Ipolec-
COB BBIBETPHBAHUS M KapOOHU3AIMH 00Pa3IThl IOTe-
psmm 80,4 % cBoelt poToKaTaTMTHIECKONW aKTHBHO-
ctu [34].

Brusaue TiO, Ha cBOMCTBA IEMEHTHOTO KaMHS
1 OCTOHA 3aBUCHUT OT €ro M03upoBKH [32, 35-41].
Tax ¢ yBenmmuenuem no03upoBku TiO> o1 5 10 10 %
OT MacChl IIEMEHTAa OTMEYAETCS YBEIWYCHUE TeIl-
JIOTHI M CKOPOCTH THApATanuy neMeHTa. Jlokasaso,
YTO JIUOKCHUJ THTaHA BIIMSAET HA TUAPATAIMIO Iie-
MEHTa ITyTeM YCKOPEHHUS TeTEPOTCHHOTO 3apO/IbIIIIC-
obpazoBanus [37, 38, 42—43]. D10 moaTBEpIKAACTCS
TaK)Ke COKpAaIeHHEeM CPOKOB Hadaa M KOHIIA CXBa-
ThiBaHusA [39].

[Momumo yckopsiromiero aevicteus TiO, Ha ruj-
paTanmio CIJIMKATOB KaNbls, JOKa3aHO YCKOPEHHE
00pa30BaHUs TUAPOCHINKATOB KAIBIIUS U YMEHBIIIC-
HUE cofiepkanus nopTianauta. CTpyKTypa [eMeHT-
HOT'O0 KaMHS, MOJU(HUIIMPOBAHHOTO HaHOJHCIIEPC-
HBIM JTHOKCHIOM THUTaHa, XapaKTepPH3yeTCs MPHUCYT-
CTBHEM Ha €ro MOBEPXHOCTH IUIACTUHOK THUTaHATa
KaJbIus, a Takke HAaJMYMEM B MHUKpOIIOpax Oosee
Pa3BUTHIX HTOJIBYATHIX KPHCTAJUIOB THUAPOCHITHKA-
TOB KaJIBIIUS ¥ BOJIOKOH TOOEPMOPHUTOBOTO TE€JIsl, KO-
TOpBIE CIOCOOCTBYIOT CHW)KCHHUIO Je(EeKTHOCTH
CTPYKTYPHI, TIOBBIIIEHUIO TIOTHOCTH U TPOYHOCTH
LIEMEHTHOTO KaMHs [32].

HccnenmoBanne BIMSHUS — JUCIIEPTUPOBAHUS
YIBTPa3ByKOM B BOJHO-CITUPTOBOM CpeJie AMOKCHAA
TUTaHa Ha CTPYKTYpPY IIEMEHTHOTO KamHs B CyTOY-
HOM BO3pacCTe MOKa3aJi0 NHTCHCH(DHUKAIMIO TeTepo-
TeHHOTO 3apOBIIIe00pa30BaHIsI STPHHTUTA U TIOPT-
JAH/AWTA 32 cUeT 0O0pa3oBaHMs OTPUIATENFHO 3apsi-
YKEHHBIX HAHOCTPYKTYpPHUPOBAaHHBIX yacTHI [36].

TiO, MoeT BBICTYIaTh KaK MHEPTHBINA HAIOJ-
HUTEIb, 3aIOJHAA IMyCTOTHl MEXAY YacTUIAMU Iie-
MEHTa, YTO MMPUBOIUT K YBEITUUCHUIO IIPOYHOCTH H3-
JeNAsT W CHUKCHHUIO BOJIOTIOTJIONICHHSI 3a CYET
YIUIOTHEHHSI CTPYKTYpHL. MccrnenoBanocs BIuMsHEE
0,5-2 % nanopasmeproro TiO, Ha mMpoUYHOCTH Iie-
MEHTHOTO KaMHs Ha 28 CyTKH TBepAcHUs. BbIsiB-
JICHO, YTO BBEJICHUE JOOABKU MPUBOIUT K YBEIHUE-
HUIO TPOYHOCTH Ha C)KaTHE W W3TUO IIEMEHTHOTO
KaMHs, a ONTHUMalIbHas JTO3UpOBKa cocTamisieT 1 %

[40]. Beenenue TiO, B xomuyectBe 5 % okasajia
HETaTHBHOE BIUSHHUE, TIPUBENIa K YMEHBIICHHIO
MPOYHOCTH Ha U3ruo [41].

Cpenu npuMepoB HATYPHBIX UCCIeJ0BaHUM (o-
TOKATAJIUTHYECKUX IIEMEHTHBIX MaTEPUAaJIOB BbIJIC-
JSIFOTCS: UCKYCCTBEHHO CO3/IaHHBIC Y3KUE YIIUIIBI BO
@®paHuuyu, CTEHbl KOTOPBIX OOIIMBaIUCh (OTOKATa-
JUTHYECKAMH TTAHENISIMU, YTO TIO3BOJIMIO CHHU3HTH
koH1eHTpanuio NOy Ha 36,7-82 % 1o cpaBHEHHIO C
ynunamMu 0e3 (oTokaTanmuTHUeckux maHenei [44],
OeToHHBIE OJOKH JOPOKHBIX MOKPHITUH B benbruu,
Hunepmarnax u CIIA 3a 1 rog obecnieuniig CHIDKe-
Hue koHueHTpauu NOx Ha 20 %, 38 % u 85 % co-
OTBETCTBEHHO [45—47].

Ha tepputopun P®, Ha HacTOSIIIIMIT MOMEHT OT-
CYTCTBYET OIBIT NMPUMEHEHHS (HOTOKATATUTHUCCKH
AKTUBHBIX CAMOOYMILAIOIIMXCS MaTepHajoB Ha Oc-
HoBe leMeHTa. OJTHAKO UX BHEJPEHHE SBISICTCS TIep-
CIIEKTHBHBIM JUISl TAKUX HAIPaBJICHUN KakK: MPOU3-
BOJICTBO OT/EJIOYHBIX CMeceid U COOpPHBIX 3JIEMEH-
TOB, OCTOHHBIX IMAHEJNEH, 3JIEMEHTOB JOPOKHBIX U
MOCTOBBIX KOHCTPYKIIUH, TIOKPBITHS JIOPOT.

3akiarouenne. TakuM 00pa3oM, MOKHO BBI-
JIETUTH CJEAYIONINE OCHOBHBIE TIPOOIEMBI pa3-
paboTKH, MPOU3BOJCTBA U IPUMEHEHUS (POTOKA-
TAIUTAYECKH AKTHUBHBIX CaMOOUYMIIAIOIIUXCS
MAaTepHAJIOB Ha OCHOBE LIEMEHTA!

— CJOXHOCTh PaBHOMEPHOTO paclpe/elICHHs
HAHO- ¥ MUKPOPa3MEPHBIX (POTOKATATU3ATOPOB MPH
UX MaJbIX A03UpOBKax (10 5 %) B o0beMe Cyxux
KOMIIOHEHTOB OCTOHHOH CMeCH;

— CHIKCHHE (U3UKO-MEXaHMYECKHX XapaKTe-
pUCTUK OETOHHBIX M3[ENUHN MPU BBICOKUX JAO3UPOB-
Kax (hoToKaTamM3aTropa B X cocTtase (CBBILE 5 %);

— cHmwkenue 3¢ @deKkTuBHOCTH (OTOKATAIN3A
NpU CMEIIUBAHUU (POTOKATAIN3ATOPA C KOMIIOHEH-
TamMu OETOHA BCJIECJICTBHE YMECHBLICHHUS! KOIMYECTBA
MOTJIONIAEMOTO CBeTa (MHTMOMPOBAHKE TPAHCIIOPTA
(HhOTOHOB) U CBOOOIHOM TOBEPXHOCTH (MHTHOMPOBa-
HHe Tuddy3un peareHToB) A NpoTeKaHus GpoToka-
TIUTHYECKUX PEaKIINi;

— HEJIOJITOBEYHOCTh (DOTOKATATHTUYECKUX II0-
KPBITHH B pe3ynbTaTe MX CIa00W aare3wd K IOI-
JIOXKKE;

— notepst HoToKaTAIUTHIECKOro 3 dekTa B KO-
POTKHE CPOKH B pe3yibraTe KapOOHU3AIUH TOBEPX-
HOCTH LIEMEHTHOTo MaTepHuana. [Ipu sToM mpucyrt-
ctBue TiO; yckopsieT kKapOOHU3AIMIO B pe3yJIbTaTe
MOBBIIIICHHON KoHIeHTpauuu CO, BOMM3u (GoToka-
TAINTHYECKH AKTUBHOHN IMOBEPXHOCTH.

OcHoBHBIE HanpaBJeHUs PadOTH B JaHHOW 00-
JIACTH JUTS TIOBBIIIEHHUS CIOCOOHOCTH K CAaMOOYHIIIE-
HUIO (DOTOKATATMTUYECKU aKTHBHBIX CAMOOYHINAIO-
MIMXCS MaTePHaIOB Ha OCHOBE IIEMEHTA!

— ONTUMU3AIINS MUKPOCTPYKTYPBI (POTOKATAIH-
3aropa W KOMIIO3UTa C €ro KCIIOJIb30BAHHEM B
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HaIpaBJIeHUH CO3aHMA Pa3BUTON OBEPXHOCTH (ho-
TOKaTaIn3aTopa (B TOM YHCIIE Pa3BUTOI OPUCTOCTH
Mo 00beMy) — UEPAPXUIHON MHKPOCTPYKTYPBI, UTO
uHTeHCUPUUUpyeT nudQy3noHHBIE TPOLECCH pea-
TCHTOB (POTOKATAIUTHYCCKUX PEAKIV W YBEIUYH-
BaeT IJIOMAAb KOHTaKTa (poTOKaTalnu3aTropa C 3a-
TPSA3HHATENEM, a TAKKE MOTJIONIACT U AKKyMYJIUPYET
(3amepxuBaeT B 00ObeMe (hOTOKaTanu3aropa Ha 0O-
Jiee JOITOe BPEMsl) BOJHBI YIIBTPa(PHOIECTOBOTO M3-
JTy4eHHUS;

— onTuMm3anms (Ha30BOr0 COCTaBa JUOKCHUJIA
THUTaHa — MIOMCK COOTHOIIICHHUS aHATA3HOW U PyTHIIb-
HOW (ha3bl, MPU KOTOPOM JTOCTUTACTCS MaKCHMAllh-
Has (OTOKATAITUTUIECKAS AKTUBHOCTE;

— BBIOOP PKOHOMHYECKH IICJIeCOO0pPa3HOTO Me-
TOJIa TIEPHOJANIECKOr0 OOHOBICHUS TOBEPXHOCTU
OCTOHHBIX W3/ICTHUI, KapOOHW3UPOBAHHBIX B IPO-
IIecce IKCIUTyaTalny, C IeJIbI0 BOCCTAHOBJICHHUS CITO-
COOHOCTH K CAMOOYHIIICHHUIO.

CpaBHUBas METO/IBI ITOJTy4EHUS (DOTOKATATIUTH-
YECKHX CaMOOYMINAIOMINXCS OETOHOB MOYKHO TOBO-
PHUTH O TOM, YTO HaHeceHHe (POTOKATATHTHUECKUX
MOKPBITHHA aKTyalbHO JIJIS YK€ TOTOBBIX COOPYXKe-
HUH, B CITy4ac K€ CTPOUTEIhCTBA HOBBIX OOBEKTOB
HauOoJIee 1es1ecoodpa3Ho 00beMHoe BeAeHue GHOTo-
KaTaJu3aToOpOB B TIOBEPXHOCTHBIM CJIOW HU3IETUM.
Hanubiii crioco0 obecneynBaeT JOIATOBEYHOCTDH (o-
TOKATAIUTUIECKOTO 3P PeKTa.

Hcmounuxk ¢unancupoeanusn. Vccrnedosanue
8bINONIHEHO 3a cuem 2panma Poccuiickoz2o HayuHozo
¢onoa (npoexm Ne 19-19-00263).
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PHOTOCATALYTIC ACTIVE SELF-CLEANING CEMENT-BASED MATERIALS.
COMPOSITIONS, PROPERTIES, APPLICATION

Abstract. The paper reviews the available technologies for producing photocatalytic active self-cleaning
materials based on cement, including concretes and dry building mixtures. Used photocatalytic additives and
their influence on the cement system are considered. The applied methods for assessing the photocatalytic
activity of self-cleaning cement materials are presented. The compositions of concrete mixtures, their proper-
ties, areas and prospects of application are analyzed. The main problems of development, production and
application of photocatalytic active self-cleaning materials based on cement are presented. The main direc-
tions to increase the self-cleaning ability of photocatalytic active materials based on cement are: optimization
of the microstructure of the photocatalyst and the composite with its use in the direction of creating a developed
surface of the photocatalyst — hierarchical microstructure; it intensifies the diffusion processes of photocata-
Iytic reaction reagents and increases the contact area photocatalyst with a pollutant, it absorbs and accumu-
lates ultraviolet radiation waves, optimization of the phase composition of titanium dioxide - search for the
ratio of the anatase and rutile phases, at which the maximum photocatalytic activity is achieved, choosing of
economically feasible method for periodical updating of the surface of concrete products carbonized during

operation in order to restore self-cleaning ability.

Keywords: titanium dioxide, photocatalysis, self-cleaning, cement, concrete, technology.

REFERENCES

1. Tolstoy A.D., Lesovik V.S., Glagolev E.S.,
Vodopyanov 1.0. Self-restoration hardening systems
of high-strength concrete of a new generation. IOP
Conference Series: Materials Science and Engineer-
ing. 2019. Vol. 560 (1). Article No. 012156.

2. Fediuk R.S., Svintsov A.P., Lesovik V.S.,
Pak A.A., Timokhin R.A. Designing of special con-
cretes for machine building. Journal of Physics: Con-
ference Series. 2018. Vol. 1050 (1). Article No.
012026.

3. Klyuev S., Klyuev A., Vatin N. Fine-grained
concrete with combined reinforcement by different
types of fibers. MATEC Web of Conferences. 2018.
Vol. 245. Article No. 03006.

4. Botsman L.N., Strokova V.V., Ogurtsova
Y.N. Properties of energy effective concrete based
on artificial granulated aggregate. Materials Science
Forum. 2018. Vol. 945. Pp. 244-249.

5. Janus M., Zajac K. Concretes with Photo-
catalytic Activity, High Performance Concrete Tech-
nology and Applications. Salih Yilmaz and Hayri
Baytan Ozmen, IntechOpen. 2016. Available from:
https://www.intechopen.com/books/high-perfor-
mance-concrete-technology-and-applications/con-
cretes-with-photocatalytic-activity

6. Gratzel M. Photoelectrochemical cells. Na-
ture. 2001. Vol. 414. Pp. 338-344

7. MacPhee D. E., Folli A. Photocatalytic Con-
cretes - The interface between photocatalysis and ce-
ment chemistry. Cement and Concrete Research.
2016. Vol. 85. Pp. 48-54.

8. Kirovskaya LA, Timoshenko O.T., Karpova
E.O. The catalytic and photocatalytic properties of

InP-CdS and ZnTe-CdS system components
[Kataliticheskie i fotokataliticheskie svojstva kom-
ponentov sistem InP-CdS, ZnTe-CdS]. Russian Jour-
nal of Physical Chemistry A. 2011. Vol. 85. No. 4.
Pp. 633—-636. (tus)

9. Zhang J., Liu Z. Fabrication and characteri-
zation of Eu?*—doped lanthanum-magnesium-gal-
lium /TiO,-based composition as photocatalytic ma-
terials for cement concrete-related methyl orange
(MO) degradation. Ceramics International. 2019.
Vol. 45 (8). Pp. 10342-10347.

10.Perez-Nicolas M., Navarro-Blasco I., Fer-
nandez J.M., Alvarez J.I. Atmospheric NOx re-
moval: study of cement mortars with iron- and vana-
dium-doped TiO, as visible light-sensitive photo-
catalysts. Construction and Building Materials.
2017. Vol. 149. Pp. 257-271.

11.Falikman V.R., Vainer A.Ya. New high per-
formance nanoadditives for photocatalytic concrete:
synthesis and study [Novye vysokoeffektivnye nan-
odobavki dlya fotokataliticheskih betonov: sintez i
issledovanie]. Nanotechnologies in construction.
2015. Vol. 7. No. 1. Pp. 18-28. (rus)

12.Gubareva E.N., Ogurtsova Y.N., Strokova
V.V., Labuzova M.V. Comparative evaluation of the
activity of silica raw materials and photocatalytic
composite material based on them [Sravnitel'naya
ocenka aktivnosti kremnezemnogo syr'ya i fotoka-
taliticheskogo kompozicionnogo materiala na ego
osnove]. Obogashchenie Rud. 2019. No. 6. Pp. 25—
30. (rus)

13.Gubareva E.N., Baskakov P.S., Strokova
V.V., Labuzova M.V. Features of the structure of
sols of titanium dioxide and morphology of the films
based on them [Osobennosti struktury zolej dioksida

22



Becmuuxk BI'TY um. B.I'. lllyxosa

2020, Ne3

titana 1 morfologii plenok na ih osnove]. Bulletin of
the Saint Petersburg State Institute of Technology
(Technical University). 2019. No. 48 (74). Pp. 78—
83. (rus)

14.Labuzova M.V., Gubareva E.N., Ogurtsova
Y.N., Strokova V.V. The Use of the Photocatalytic
Composite Material in the Cement System
[Ispol'zovanie fotokataliticheskogo kompozicion-
nogo materiala v cementnoj sisteme]. Stroitel'nye
materialy (Construction materials). 2019. No. 5. Pp.
16—21. (rus)

15.Chen J., Poon C. Photocatalytic construction
and building materials: from fundamentals to appli-
cations. Building and Environment. 2009. Vol. 44.
Pp. 1899-1906.

16.Hela R., Bodnarova L. Research of Possibil-
ities of Testing Effectiveness of Photoactive TiO- in
Conrete [Issledovanie vozmozhnosti testirovaniya
effektivnosti  fotokataliza — TiO, v betone].
Stroitel'nye materialy (Construction materials).
2015. No. 2. Pp. 77-81. (rus)

17.Faraldos M., Kropp R., Anderson M.A.,
Sobolev K. Photocatalytic hydrophobic concrete
coatings to combat air pollution. Catalysis Today.
2015. Vol. 259. Pp. 228-236.

18.Lukuttsova N.P., Postnikova O.A., Soboleva
G.N., Rotar D.V., Ogloblina E.V. Photo-Catalytic
Pavement on the Basis of Additive of Nano-Disperse
Titanium Dioxide [Fotokataliticheskoe pokrytie na
osnove dobavki nanodispersnogo dioksida titana].
Stroitel'nye materialy (Construction materials).
2015. No. 11. Pp. 5-8. (rus)

19.Lukuttsova N.P., Postnikova O.A., Pykin
A.A., Lasman I.A., Soloduhina M.Yu., Bondarenko
E.A., Suleymanova L.A. Efficiency of Use of Nano-
disperse Powder of Dioxide of the Titan in the Pho-
tocatalysis [Effektivnost' primeneniya nanodis-
persnogo dioksida titana v fotokatalize]. Bulletin of
BSTU named after V.G. Shukhov. 2015. No. 3. Pp.
54-57. (rus)

20.Fujishima A., Honda K. Electrochemical
Photolysis of Water at a Semiconductor Electrode.
Nature. 1972. Vol. 238. Pp. 37-38.

21.Chen M, Chu J.W. NOy photocatalytic deg-
radation on active concrete road surface-from exper-
iment to real-scale application. Journal of Cleaner
Production. 2011. Vol. 19. Pp. 1266-1272.

22.Aissa A.H., Puzenat E., Plassais A.,
Herrmann J.M., Haehnel C., Guillard C. Characteri-
zation and photocatalytic performance in air of ce-
mentitious materials containing TiO,. Case study of
formaldehyde removal. Applied Catalysis B: Envi-
ronment. 2011. Vol. 107 (1-2). Pp.1-8.

23.Diamanti M.V., Lollini F., Pedeferri M.P.,
Bertolini L. Mutual interactions between carbonation
and titanium dioxide photoactivity in concrete.

Building and Environment. 2013. Vol. 62. Pp. 174—
181.

24 .Fiore A., Marano G.C., Monaco P., Morbi A.
Preliminary experimental study on the effects of sur-
face-applied photocatalytic products on the durabil-
ity of reinforced concrete. Construction and Building
Materials. 2013. Vol. 48. Pp. 137-143.

25.Timokhin D.K., Geranina Yu.S. Titanium
Dioxide as a Photocatalyst in Cement Concrete [Di-
oksid titana kak fotokatalizator v cementnom
betone]. Scientific Review. 2015. No. 8. Pp. 46-50.
(rus)

26.Wong Y.Q., Meng HF., Wong H.Y., Tan
C.S., Wu C.Y., Tsai P.T., Zan H.W. Efficient semi-
transparent organic solar cells with good color per-
ception and good color rendering by blade coating.
Organic Electronics: physics, materials, applications.
2017. Vol. 43. Pp. 196-206.

27.Yang J., Wang G., Wang D., Liu C., Zhang
Z. A self-cleaning coating material of TiO, porous
microspheres/cement composite with high-efficient
photocatalytic depollution performance. Materials
Letters. 2017. Vol. 200. Pp. 1-5.

28.Wang D., Hou P., Zhang L., Xie N., Yang P.,
Cheng X. Photocatalytic activities and chemically-
bonded mechanism of SiO>@TiO, nanocomposites
coated cement-based materials. Materials Research
Bulletin. 2018. Vol. 102. Pp. 262-268.

29.Boonen E., Akylas V., Barmpas F., Boreave
A., Bottalico L., Cazaunau M., Chen H., Dacle V.,
De Marco T., Doussin J.F., Gaimoz C., Gallus M.,
George C., Grand N., Grosselin B., Guerrini G.L.,
Herrmann H., Ifang S., Kleffmann J., Kurtenbach R.,
Maille M., Manganelli G., Mellouki A., Miet K.,
Mothes F., Moussiopoulos N., Poulain L., Rabe R.,
Zapf P., Beeldens A. Photocatalytic de-pollution in
the Leopold II tunnel in Brussels, Part I: Construc-
tion of the field site. Journal of Environmental Man-
agement. 2015. Vol. 155. Pp. 136-144.

30.Gallus M., Akylas V., Barmpas F., Beeldens
A., Boonen E., Boreave A., Cazaunau M., Chen H.,
Daele V., Doussin J.F., Dupart Y., Gaimoz C.,
George C., Grosselin B., Herrmann H., Ifang S.,
Kurtenbach R., Maille M., Mellouki A., Miet K.,
Mothes F., Moussiopoulos N., Poulain L., Rabe R.,
Zapf P., Kleffmann J. Photocatalytic de-pollution in
the Leopold II tunnel in Brussels, Part II: NOy abate-
ment results. Building and Environment. 2015. Vol.
84. Pp. 125-133.

31.Stepanov A.Y., Sotnikova L.V., Vladimirov
A.A., Dyagilev D.V., Larichev T.A., Pugachev
V.M., Titov F.V. Synthesis and Research of Photo-
catalytic Properties of TiO»-based Materials [Sintez
i issledovanie fotokataliticheskih svojstv materialov
na osnove TiO;]. Bulletin of Kemerovo State Univer-
sity. 2013. No. 2 (54). Pp. 249-255. (rus)

23



Becmuuxk BI'TY um. B.I'. lllyxosa

2020, Ne3

32.Tyukavkina V.V., Tsyryatyeva A.V. The
structure of the cement stone modified by nanodis-
persed titanium-bearing additive [Struktura cement-
nogo kamnya, modificirovannogo nanodispersnoj ti-
tanosoderzhashchej dobavkoj]. Proceedings of the
Fersman Scientific Session of the Geological Insti-
tute of the Kola Scientific Center of the Russian
Academy of Sciences. 2019. No. 16. Pp. 597-601.
(rus)

33.Slesarev M.Y., Popov K.V. Study of effi-
ciency of photo-catalytic concrete application in ur-
ban construction [Issledovanie effektivnosti prime-
neniya fotokataliticheskih betonov v gorodskom
stroitel'stve]. Modern construction and architecture.
2017. No. 3 (07). Pp. 18-20. (rus)

34.Bogutyn S., Arboleda C., Bordelon A.,
Tikalsky P. Rejuvenation techniques for mortar con-
taining photocatalytic TiO, material. Construction
and Building Materials. 2015. Vol. 96. Pp. 96-101.

35.Khataee R., Heydari V., Moradkhannejhad
L., Safarpour M., Joo S.W. Self-cleaning and me-
chanical properties of modified white cement with
nanostructured TiO. Journal of Nanoscience and
Nanotechnology. 2013. Vol. 13. Pp. 5109-5114.

36.Lukuttsova N.P., Pykin A.A., Postnikova
0.A., Golovin S.N., Borovik E.G. The structure of
cement stone with dispersed titanium dioxide in daily
age [Struktura cementnogo kamnya s dispergiro-
vannym dioksidom titana v sutochnom vozraste].
Bulletin of BSTU named after V.G. Shukhov. 2016.
No. 11. Pp. 13-17. (rus)

37.Jayapalan A.R., Lee B.Y ., Kurtis K.E. Effect
of Nano-sized Titanium Dioxide on Early Age Hy-
dration of Portland Cement. In: Bittnar Z., Bartos
P.J.M., Nemecek J., Smilauer V., Zeman J., editors.
Nanotechnology in construction: proceedings of the
NICOM3 (3rd international symposium on nano-
technology in construction). Prague, Czech Repub-
lic. 2009. Pp. 267-273.

38.Lee B.Y., Kurtis K.E. Influence of TiO, Na-
noparticles on Early C3;S Hydration. Journal of the
American Ceramic Society. 2010. Vol. 93. Pp. 3399—
3405.

Information about the authors

39.Lee B.Y. Effect of titanium dioxide nanopar-
ticles on early age and long term properties of ce-
mentitious materials. PhD thesis, School of Civil &
Environmental Engineering, Georgia Institute of
Technology, August 2012. 227 p.

40.Li H., Zhang M., Ou J. Flexural fatigue per-
formance of concrete containing nano-particles for
pavement. International Journal of Fatigue. 2007.
Vol. 29. Pp. 1292-1301.

41.Zhang M., Li H. Pore structure and chloride
permeability of concrete containing nano-particles
for pavement. Construction and Building Materials.
2011. Vol. 25. Pp. 608-616.

42.Rashad A.M. A synopsis about the effect of
nano-titanium dioxide on some properties of ce-
mentitious materials — A short guide for civil engi-
neer. Reviews on Advanced Materials Science. 2015.
Vol. 40. Pp. 72-88.

43.Lackhoff M., Prieto X., Nestle N., Dehn F.,
Niessner R. Photocatalytic activity of semiconduc-
tor-modified cement-influence of semiconductor
type and cement ageing. Applied Catalysis B: Envi-
ronmental. 2003. Vol. 10. Pp. 205-216.

44.Maggos T., Plassais A., Bartzis J.G., Va-
silakos C., Moussiopoulos N., Bonafous L. Photo-
catalytic degradation of NOx in a pilot street canyon
configuration using TiO.-mortar panels. Environ-
mental Monitoring and Assessment. 2008. Vol. 136.
Pp. 35-44.

45.Beeldens A. Environmental Friendly con-
crete pavement blocks: air purification in the centre
of Antwerp. 8th International Conference on Con-
crete Block Paving, November 6—8, 2006 San Fran-
cisco, California USA. 2006. Pp. 277-284.

46.Ballari M.M., Brouwers H.J.H. Full scale
demonstration of air-purifying pavement. Journal of
Hazardous Materials. 2013. Vol. 254-255. Pp. 406—
414,

47. Cackler T., AllemanJ., Kevern J., Sikkema
J. Technology Demonstrations Project:
Environmental Impact Benefits With “TX Active”
Concrete Pavement in Missouri DOT Two-Lift
Highway Construction Demonstration. Final Report
I, lowa State University. 2012. 119 p.

Antonenko, Marina V. Researcher. E-mail: labuzova326@mail.ru. Belgorod State Technological University named af-
ter V.G. Shukhov. Russia, 308012, Belgorod, 46 Kostyukova st.

Ogurtsova, Yulia N. PhD, Assistant Professor. E-mail: ogurtsova.y@yandex.ru. Belgorod State Technological Univer-
sity named after V.G. Shukhov. Russia, 308012, Belgorod, 46 Kostyukova st.

Strokova, Valeria V. DSc, Professor. Email: vvstrokova@gmail.com. Belgorod State Technological University named
after V.G. Shukhov. Russia, 308012, Belgorod, 46 Kostyukova st.

24



Becmuux BI'TY um. B.I'. [llyxosa 2020, Ne3

Gubareva, Ekaterina N. Engineer. E-mail: ekaterina.bondareva@rambler.ru. Belgorod State Technological University
named after V.G. Shukhov. Russia, 308012, Belgorod, 46 Kostyukova st.

Received in Desember 2019

Jns uuTHpOBaHMUsI:
Anronenko M.B., Orypnosa HO.H., Ctpokosa B.B., I'ybapesa E.H. ®oTokataauTHuecKu aKTHBHBIC CAMOOYH-

LIAIOIIMecss MaTepuanbl Ha ocHOBe meMeHTa. CocTaBbl, cBoiicTBa, mpuMeHenue // Bectauk BI'TY um. B.I.
[yxosa. 2020. Ne 3. C. 16-25. DOI: 10.34031/2071-7318-2020-5-3-16-25

For citation:

Antonenko M. V., Ogurtsova Yu.N., Strokova V.V., Gubareva E.N. Photocatalytic active self-cleaning cement-
based materials. Compositions, properties, application. Bulletin of BSTU named after V.G. Shukhov. 2020.
No. 3. Pp. 16-25. DOI: 10.34031/2071-7318-2020-5-3-16-25

25



