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COIEPKXAHHUE

O noarotoBke MarucTpoB Ha (akyabTeTe HayK 0 Marepuainax MI'Y 1
CocraB ['ocygapcTBEeHHON SK3aMEHAIIMOHHON KOMHCCUU 4
Pacniicanue 3ammT MarucTepcKux KBaln(UKaImOHHBIX PaboT 6
AHHOTallMM MarucTepCcKuX KBaau(UKAMOHHBIX pa0OT 10

O MOAI'OTOBKE MAT'ICTPOB
HA ®AKYJIBTETE HAYK O MATEPHAJIAX MI'Y

dakynapTeT HayK O MaTepHajaXx — 3TO MEKIUCIUILUIMHAPHOE yueOHOE 3aBe-
JeHHe, 3aJayeil KOTOPOTo SBIISETCS IMOATOTOBKA BBICOKOKBAIM(DPHUIIMPOBAHHBIX
CHEIHMATUCTOB, CIIOCOOHBIX MPOBOAUTH MCCIEAOBAHUS B CMEKHBIX 00JACTIX XH-
MuH, GU3MKA 1 MEXaHUKU. 3a BpeMs o0ydenust Ha DHM crtynenTs npuoOperaror
YCHJICHHYIO OOIICHAYYHYIO MOATOTOBKY M XOPOIINE HABBIKU SKCIIEPUMEHTAIBHOM
paboTHI.

dakynpTeT HAyK O MaTepuagax MPOBOAUT OOy4YEHHE CTYJICHTOB IO JIBYX-
CTyIeH4YaToi (OakajlaBp-MarucTp) CUCTEME NOArOTOBKM cnenuanuctos. B 2009
roJy MNPOIEN BBITYCK MEpBhIX MaructpoB no HampasiaeHuro 020100 — «Xumus»
(marucrepckas mporpamma «Xumus TBepaoro Tena»). C 2013 roga BbITyCKaIuCh
MarucTphbl, MPOIIEININE MOArOTOBKY MO YKa3aHHOHM Mporpamme, peaau3yeMoil B
paMKax coOCTBEHHOro oOpasoBatenbHOro crangapra MI'Y (OC MI'Y) mo Ha-
npasiennio «Xumus». C 2015 roga noaAroroBka MarucTpoB BEJAETCS 1O HAINpaB-
neHuto «Xumus, pu3nKa 1 MexaHuka MarepuanoB», U B 2017 roay BrepBbi€ Bbl-
IIyILEHBI CTYIEHTHI, [IOArOTOBJIEHHBIE 10 3TOW IPOrpamMMe.

[Iporpamma moAroTOBKM MarucTpoB BKJIIOYAET B ceOsi 6a30BYyIO 4acTh, CO-
CTOSIIIIYIO U3 IUKJIa OOMIEKYIbTYpHON MoAroToBku («dumocodckre BOmpock ec-
TE€CTBO3HaHUS», «OCHOBBI HAYYHOr0 MepeBoAa», «KoMIbIOTEpHbIE TEXHOJIOTUU B
HayKe U 00pa30BaHUM»), a Takxke mpodeccruonanbHoro nukia («IlepcrnekTuBHbIC
HEOPTraHWYECKHE MaTepHalbl CO CIEeNHATBbHBIMU (GyHKIUIMI», «COBpeMEHHBIE
npoOJieMbl MaTepuanoBeneHus», «Victopust 1 MeToq0JIOrTusl HAyKU O MaTepua-
nax», «MeToauKa npenoaBaHusi €CTECTBEHHOHAYYHbBIX JUCHUIUIAHY, CIEUNpPaK-
TUKYM «MeToApl TUarHOCTUKU MaTepuaioBy, 4 3a4.em./80 4acoB 1abOpaTOPHBIX
3aHSTUN, B paMKaX KOTOPOT'O 3HAKOMSITCS C OCHOBHBIMU MPUHIIUTIAMU pabOTHI CO-
BPEMEHHBIX MPUOOPOB, TPUMEHSIEMBIX MPU UCCICAOBAHUN (PUBUKO-XUMUUYECKUX U
MEXaHMYECKUX CBOMCTB MaTepualioB). BapuaTuBHast 4acTh MOATOTOBKU COAEPIKUT
JIEKIIMOHHBIE KYPChl JUCHUIUIMH MaruCTepcKoi nmporpammel (Takue kak, «Cyrpa-
MOJIEKYJIsipHasi XxuMus», «buoneoprannyeckas xumus», «Koopaunanuonnas xu-
musi. CoBpeMeHHbIe acneKkThl», «Hanoxumus», «Metamioopranuyeckast XuMms»,
6 3a4.e.), CIIELIKYPCHI IO BBIOOPY cTyaeHTa (5 3ay.ell.), a TakKe MPAKTUIECKUe
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3aHATHSA, MO3BOJIAIOIIME CTYJEHTaM OCBOUTH Pa3sHOOOpa3HbIE METOABI CHHTE3a
BEILIECTB U MATEPUATIOB B paMKax CHEHIIpakTUKyMa «MeToibl MOIy4YeHHUs] MaTe-
puanoB» (5 3au.ef., 108 yacoB mabopaTOpHBIX 3aHATHI). MarucTpaHTbl BTOPOTO
rojila 00y4eHus NPOXOJAT 3aKIIOUHUTENbHYIO, PACIIMPEHHYIO YacTh CIELNPaKTH-
KyMa 0 COBPEMEHHBIM MpuOopam Jjisi JUAarHOCTUKH MaTepuasoB (Tak Ha3bIBae-
MbIil «IIpubopHbIl npakTukym», 18 3ad.en./180 yacoB mabopaTOpPHBIX 3aHATHI),
OCHOBHOM 3aJjauyeil KOTOPOro SIBJIIETCA MOATOTOBKA BHICOKOKBAIU(UIIMPOBAHHBIX
noJib30BaTelsiel (ONepaTopoB) Jisi CAMOCTOSITEIbHOW pabOThl HA CIOKHOM Hayd-
HOM 0bOopynoBanuu. CienyeT OTMETUTh, UTO 00ObEKTaMU aHAJIMTUYECKOTO UCCIIe-
JIOBaHUSI B XOJI€ BBHITIOJHEHHUS 3374 CHEIIIPAKTUKYMOB SIBIISIFOTCSI, B 3HAYUTENb-
HOM Mepe, BEIeCTBa U MaTepHaibl, CO3/IaBa€Mble B pPaMKaX MPUOPUTETHBIX IS
(dakynpTeTa HAyYHBIX HAMPABICHUN, pPa3BUBAEMBIX Ha (DaKyIbTeTCKUX Kadempax
HaHOMaTepHuanoB (3aB. Kadenpoi — wi.-kopp. PAH, npod., n.x.u. E.A. I'yaunun)
U MEXKIUCIUIUIMHAPHOTO MaTepuayioBeneHus (3aB. kadeaporr — akan. PAH,
npod., n1.¢.-m.H. B.M. Henes).

Crynentst ®HM uMEIOT yHUKAIBHYIO BO3MOKHOCTbh OCYILECTBJIATH HAy4-
HYIO JESTENbHOCTh U BBINOJHATH KBAaJTU(UKAIIMOHHbIE PA0OThl HE TOJIBKO B MO/I-
pazneneHusix MOCKOBCKOIrO YHHBEPCUTETA, HO U B KPYNMHEHUIINX HAYYHBIX LEH-
Tpax Poccun, B 3apyOexHbIX HaydHbIX LeHTpax. HamaguTh HaydHblE KOHTaKThI
HO3BOJISIIOT CTAXKUPOBKH, KOTOPBIE B paMKaxX HaYyYHO-IIPOM3BOJCTBEHHOM NPAKTH-
KU MPOXOAST BCE MaruCTPaHThI NIEPBOro rojga ooyuyeHus. Takue cTaXXUpoBKH I0O-
3BOJISIIOT CTYZEHTaM 3HAKOMHUTBHCSA C pabOTON BEAyIIMX HAy4YHBIX KOJUIEKTHBOB,
pa3BUBaTh CBOM HAaBBIKM MAaTE€pPUAJIOBEI0OB-UCCIEAOBATENEH B paMKaxX pa3HbIX Ha-
YUHBIX IIKOJI, @ BO BpeMsI 3apyO€KHbIX CTaXHPOBOK — €IE M MPAKTUKOBATHCA B
OOIIIEHUH Ha MHOCTPAHHBIX S3bIKaxX. Bo BpeMs MpakTUKU CTYIEHThI 000ramarwTcs
HAYYHBIMHU HJICSIMH, 3aKJIAIbIBAIOT (yHIAMEHT CBOECH HAyYHOW pemyTaluu IS
CJIEYIONUX YPOBHEH 00pa3oBaHus (aClMpaHTypa, JOKTOPAHTYpa).

Maructpantel-BeinyckHUKA 2018 roga mpoxoawsiM MPakTUKY B TaKHUX
KPYIHBIX Y4eOHO-HAyUYHBIX UM Hay4HbIX IleHTpax Poccum xak MHcTUTyT TeopeTu-
4yecKoil u sxcnepuMmenTanbHor ouopuszuku PAH, UnctutryTt oOuieit 1 Heopranu-
yeckoit xumuu um. H.C. KypnakoBa PAH, HanumoHnanbHblil Hcciien0BaTENbCKUMN
texHonornyeckuit yausepcurer « MUCHUCy», MHCTUTYT HEPTEXMMUYECKOTO CHH-
te3a PAH um. Tonmunena A.B. 3apyOexHyr0 CTaXKUPOBKY CTYACHTBI-BBIITYCKHUKH
npoxoamnu B University of Antwerp (benbrusi), University of Strasbourg (dpan-
uus), Fritz-Haber Institute (I'epmanus), University of Luxembourg (JIrokcem-
Oypr), bakunckoMm rocymapcTBeHHOM yHuBepcuteTe (Asepbaiimkan), Beinman-
HOBCKUI HayuHbIi UHCTUTYT (M3panib), HallmoHaNbHBIM MHCTUTYT HAyK O MaTe-
puanax (SAnonus), HaubsiHcKui TexHonornyeckuii yausepcuret (CuHramnyp),

BaxxapiM pakTOpoM, CIIOCOOCTBYIOIIMM Pa3BUTHIO TBOPUECKON aKTUBHOCTU
CTYJCHTOB, SBIIETCS TO, YTO Hay4yHas paboTa BXOAWT B yueOHBIN maH. Dopma
OTYETHOCTH — 00s3aTeIbHbIE CTYJCHUYECKHE KOH(EPEHIINH, KOTOPbIE IPOBOAATCS
M0 OKOHYAaHHUH Kaxaoro cemectpa. O BBICOKOW HAYYHOW aKTUBHOCTU CTYAEHTOB
CBUJIETENLCTBYET OOJIBILIOE KOJMYECTBO MyONMKAalUMA B HAyYHBIX JKypHaJax, a
TaKKE€ y4acTHE CTYJCHTOB B POCCHUHCKUX M MEXIYyHApOJHBIX HAy4YHBIX KOH(e-
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peHuusix. O0miee yuciio myOJIMKauui BeITYCKHUKOB MaructpaTypsl 3a 2012-2017

roJibl IPEJCTABIEHO B TAOJIHUIIE.

2013 | 2014 | 2015 | 2016 | 2017
YHCI10 CTYACHTOB, 3aIIUIIABIIAX TUTLIIOM 23 18 19 12 22
Yucno paboT, BBINOJHEHHBIX B MUHCTUTYTax PAH 1 0 3 0 1
YHCII0 CTYACHTOB, MMEIOIINX Ty OTHKAIIH 21 16 19 11 21
OGiuee yKcIo myONIuKaImi, 247 132 196 85 236
W3 HUX CTaTEH, 54 290 32 16 40
3asBOK Ha ITATEHT 0 1 7 3 7
MaTEHTOB 0 0 3 0 0
YUCII0 OLIEHOK «OTJIMYHO» 20 14 17 11 19
«XOpOLIO» 1 3 2 1 3
«yIOBJIETB.» 2 1 0 0 0
«HEYIOBIL» 0 0 0 0 0
Yucno pabot, otmedeHHBIX ['AK 5 5 5 4 5
Yuciio JUIIOMOB ¢ OTIUYHEM 15 7 7 5 10
Yucno BBITYCKHUKOB, ITOCTYITUBIINX 10 11 12 10 10
B acimpantypy PHM

B 2018 rony marucrepckue KBajau(puKalmoHHbIE pabOThl OyAyT 3aIIUIIATh
22 BeimyckHuka. OOmiee yncino ux myOnukanuii cocrasiser 270, u3 Hux 60 cra-
Tel, U 2 mareHTa Ha u3zobpereHue. Maructepckue padoThl BBIIOJHSJIUCH HA Ka-
denpax HEOpPraHWYecKoM XUMUHU, (PU3UUECKON XMUMHH, DJIEKTPOXUMHHU XHUMHYE-
ckoro ¢akynbrera MI'Y, Ha kadeapax HaHOMATEPUATIOB U MEKAUCITUTIIIMHAPHOTO
marepuanoseneauss OHM MIY, B HMOHX PAH, B AO «Hayuno-
IPOU3BOJICTBEHHOE NpeanpusiTie «Pannii».

OnenuBath paboThl OyAE€T BBICOKOKBAIU(PHUIIMPOBAHHAS U OOBEKTHUBHAS
KOMHCCHS, BO3IVIaBJIsieMas  4ieHOM-KoppecnoHaeHTom PAH,  moktopom
XUMHUYECKUX Hayk, npodeccopom ['exmanom Anekcanapom EdumoBnuem. B
coctaB Komuccuun, Hapsany c¢ npenoxaBaressimu OHM u  xumuueckoro
dakynpTeTa, BXOAAT mpeacTaBuTenn Poccuiickoil akajgeMuu HayK, BeIyIINe
cneuunanuctbl THCTUTYTOB PAH. Cekperaps 'AK — kaHAMIaT XMMUYECKUX HAYK,
accucteHT ®HM Konecuuk Upuna BanepreBna.




COCTAB

T'OCYJAPCTBEHHOHN 3K3AMEHAIIMOHHOM KOMUCCHUU

I'exman Anexkcannp Edu-
MOBUY

yineH-kopp. PAH, nokrop xuMm. Hayk, npod.,
HMHcTuTyT 001111 1 HEOPraHUYECKOM XU-

(mpencenarelb) muu PAH
2. | AatunoB EBrenumii yieH-kopp. PAH, noktop xum. Hayk, npod.,
BukropoBuu 3aB. Kadeapou, xumuueckuit G-t MI'Y
3. | by3nuk Bsiuecnas akagemMuk PAH, nokTop Xxum. HayK, 1. H.C.
MuxaiiioBuu NMET PAH, nupexkrop MHHOBalIMOHHO-
TEeXHoJioruyeckoro neHrpa PAH
«YepHOronoBka»
4. | I'apumieB Anekcei KaHIuAaT XUM. HayK, noueHt, DHM MI'Y
Bukroposnu
5. | P'yaunun EBrenuii Anek- yieH-kopp. PAH, nokrop xuMm. Hayk, npod.,
CeeBUY 3aB. kadeapoir, PHM MI'Y
6. | JloGpoBosibCcKuii JIOKTOP XUM. HayK, mpodeccop, 3aB. 1ab0-
FOpuit AnaTonbeBuY paropueit, UHcTUTYT 1Tpo0JieM XUMHUYECKON
¢dbuzukun PAH
7. | Epémun JOKTOp (hu3.-Mat. HayK, Tpod., XuMude-
Banum Brnagumuposuy ckuit -t MI'Y
8. | IBanoB Bnagumup wieH-kopp. PAH, noktop xuM. Hayk,
KoHcrantnHoBHY nupekTop MHcTuTyTa 0011eil 1 HeopraHu-
yeckon xumuu PAH
9. | MeBnes akanemuk PAH, nokrop ¢us.-mart. HayK,
Banentnn Muxannosuu npod., 3aB. kadhenpoir, DHM MI'Y
10. | KHoThKO JOKTOP XUM. HayK, mpodeccop, PHM MI'Y
Anekcanap BanepbeBud
11.| Konmakos yneH-kopp. PAH, 1okTop TeXH. HayK, 3aM.
Anexceii ['eoprueBny nupekropa MHCTUTYyTa METAJUTYypPIUM U Ma-
tepuanoBenenuss PAH
12.| Ky3nenoB Hukomnait Tumo- | akanemuk PAH, noktop xum. Hayk, npod.,
deeBuu HNHcTuTyT 00111 1 HEOPraHUYECKON XH-
muu PAH
13.| ITytisieB KaHAUJAT XUM. HAYK, IOLEHT, XUMHYECKUN
Banepuii liBanoBuu b-t MI'Y
14.| PymsinueBa MapuHna JIOKTOP XUM. HayK, IPod., XUMUYECKUMA (-T
HukonaeBHa MI'Y
15.]| Tananaes MBan ['yanapo- | Ynen-kopp. PAH, nokTop Xumnyeckux Ha-




BHNY

yK, ipoeccop, 3aB. 1ab. SAEPHBIX TEXHO-
aorui ®I'AOY BIIO /laiibHEBOCTOUHBIN
benepanbHblii YHUBEPCUTET

16. | TapacoB Anekceii bopuco- | K.X.H., 3aB. 1a0. HOBBIX MaTepUaOB 1Jis
BUY conHeuyHou sHepretukn, PHM MI'Y
17. | Xeiider Jlrogsur UmneBuu | qoxtop $hus.-mart. Hayk, mpodeccop, Be.
H.C., xumudeckud -t MI'Y
18.| LluBanze akagemuk PAH, noxtop xum. Hayk, mpod.,
Acnan FOcynoBuu nupektop MHcTuTyTa GU3NYECKO XUMUU U
anexktpoxumun PAH
19.| Yekmapen uynen-kopp. PAH, n.1.1., npod., Hay4HbIN
Anekcanap Muxainosud pykoBoautenb MIHCTUTYTA MaTepUAIIOB CO-
BPEMEHHOU DHEPTETUKU U HAHOTEXHOJIOTUN
PXTY nm. JI.1. MenneneeBa
20. | YUyparynos JOKTOP XUM. HayK, IpoQ., XUMUYECKUH (-T
bysar PaxmeroBuu MI'Y
21.| llleBenbKoOB JIOKTOP XUM. HayK, 1pod., 3aB. kKadenpoii,
Anpgpeit BnagumupoBuy xumuueckuid g-t MI'Y
22.| Smmna JOKTOP XUM. HAayK, B.H.C., XHMHUYECKUHI {-T

Jlama BanepbreBHa

MI'Y




PACIIMCAHME 3AIINUT MATUCTEPCKUX KBAJIMPUKAIINOHHBIX
PABOT CTYAEHTAMMUM ®HM B 2018 1.

22 masi (BTOPHHK)

DPUO Tema pa0doThI PykoBoaurein MecTto BbI- Peuensenr
AUILIOMHUKA MOJTHECHHSA
padoThI
1 | Moposos CuHTe3 1 uccienoBa- K.X.H., IOLIEHT kag. Heopra- K.X.H., JIOLIEHT
AHaTonmui Hue HOBbIX Fe- Hctomun Cepreit HUYECKOU I'apmes
BilagumupoBud | couepikalux nepos- SIxoBneBuu XMMHH, XUMH- | Anekcelt Buktopo-
CKHUTOB B KaU€CTBE yeckuid (-1 BHY, Ka. HAaHOMa-
3JIEKTPOAHBIX MaTe- MIy tepuanos, DHM
pHUaIOB B CUMMETPHY- MI'y
HOM TBEPJOOKCHIHOM
TOIUIMBHOM 3JIEMEHTE
2 | AHTUIIMH OKCH/IBI TIEPEXOIHBIX K.X.H., IOLIEHT ka¢. Heopra- K.X.H., H.C. Huku-
Henuc METaJUIoB Kak KaTamu- | Mcromuu Cepreit HUYECKOMN THHA
MuxaitnoBuu 3aTOPbI PEAKIMM BOC- SIkoBneBu4 XUMUH, XUMU- | Buxropust Auape-
CTaHOBJICHUS U BbIJIE- qecKuil -1 €BHa, Ka{. 3JeK-
JIGHUSI KUCIIOpoJa B My TPOXUMUU, XUMHU-
IICJIOYHON cpejie yeckuii -t MI'Y
3 | baxus TamyHa DIEeKTPOTIPOBOIAIINN II.X.H. XaMHU30B AO «HayuHo- | n.x.H., B.H.c. Depa-
rupoduIbHbBII adpo- Pycnan Xaxcero- IIPOU3BOJICT- nonTtos Hukomaii
rejib Ha OCHOBE KOMIIO- | BHUY, K.X.H., C.H.C. BeHHOe npes- | bopucosuu, kad.
31UTa U3 BOCCTAHOBNIEH- | bapaHuMkoB Anek- | mpusTue (bu3nyecKoii xu-
HOTO OKcHJ1a rpadeHa cannp EsrenbeBuu | «Panuity, MUHU, XUMUYECKUN
U YIJI€POJHBIX HAHOT- NOHX PAH b-r MI'Y
PYOOK KakK 3J1eKTpo/I-
HBII MaTepuai ajis
€MKOCTHOM JIEMOHU3a-
1M1 BOJBI
4 | Pynes DIeKpooCcCaKIeHUE K.X.H. c.H.C. UTkuc | xad. Heopra- I.X.H., ipod. [up-
Anexceit JINTUSL U3 CYIIEPKOH- Janunn Muxaiino- | HUYECKOU nuHa [Manuna
AHTOHOBHY LEHTPUPOBAHHBIX pac- | BUY XUMUH, XUMH- | AJIEKCaHIpOBHA,
TBOPOB 3JIEKTPOJIUTOB 4ecKuit -1 KaQ. INEKTPOXH-
MIy MHH, XUMUYECKHH

b-r MI'Y

5 | Kypb6arora
CuexxaHna
AnekceeBHa

Buopezopbupyemeie
MaKpOIIOPUCTHIC Kepa-
MHYCCKHUE MaTCpUaJIbl
B cucreme Ca(PO;), —
Ca,P,07, nonyuennsie
C UCIIOJIb30BaHIEM
crepeonuTorpadmde-
CKOH Ievatu

c.H.c, k.T.H. Cad-
ponosa T.B., acc.,
K.X.H. EBIOKHMOB
IL.B.

Kad. MexIHC-
LIUIUTUHAPHO-
ro MaTepHa-
JIOBEJICHH,
OHM MI'Y

K.T.H., 3aB. Ka{.
3axapoB Anek-
caHp

HBanoBuu, PXTY
uMm. 1. U, Menpe-
neeBa

6 | Pamxab3oma

Hloxpyxpys3
ConexKoOHU

CuHTEe3 ¥ CBOHCTBA
KOMITO3UTOB BOCCTa-
HOBJICHHOT'O OKCH/Ia
rpadeHna u nucynbhuga
MOJIMOCHA TS TIPH-
MECHCHUS B
(hOTOBOJIBTANYECKUX
yCTpOMCTBax

K.X.H., JOLEHT ['pu-
ropreBa AHacTacust
BaagumoBHa

kad. HaHOMa-
TEpHAJIOB,
OHM MI'Y

K.X.H., M.H.c. Kanu-
tanoBa Onecs Oune-
roBHa, Kad. HEOp-
TaHUYECKON XUMHHU,
XUMHYCCKHHA (-T
MI'Y




23 mas (cpena)

OUO Tema pa0doThI MecTo BBINOI- PykoBoaurenan Penenzenr
THILIOMHUKA HEHHS
padoThI
TuxoHOB Kad. MexXIICIUTI- K.(h.-M.H.
o OCTEOKOHTyKTUBHBIE b JUHCIL b >
AHppeit K.X.H., gou. [lyr- | nuHapHOro mare- c.H.c. Kap-
OromMaTepuansl 1 ;
AJexcaHIpOBHY N JsieB Banepuii puanoBeneHus, nywkuH EB-
KOCTHOMU IIJIAaCTUKU Ha o
. HBanoBuy; k.x.H.,, | DHM MI'Y reHul AJiek-
OCHOBE TH/IpOTeIIeH,
HAMOHEHHbIX (hoc(ha- acc. EBnoknmoB CaH/IPOBHUY,
ITaBen Baagumu- kad. BMC,
TaMU KallbIUs o
poBHmY XUMHYECKHUH
d-T MI'Y
Hacpunnuaos CHHTE3 U CEHCOPHEIC I.X.H., ipod. Py- | xad. Heopranuue- K.(b.-M.H., T0-
Abynkocum Du- CBOMCTBA HAHOKPH- MsHLEeBa MapuHa | CKOM XUMUH, XU- LIEHT 3aiilen
PY34>KOHOBUY cTaJuIMYecKnX okcuaoB | HukoiaeBHa MHUYECKUH (-T Buagumup
SnO, u In,03, cencu- MI'Y Bopucosuuy,
OMIM3MPOBAHHBIX Te- (huzngeckuit
TEPOLMKINYECKUMU db-T MI'Y
komruiekcamu Ru(Il)
Habepexubrit HanokoMmo3uTs! Ha I.X.H., npod. Py- | xa¢. Heopranuue- I.¢.-M.H.,
Hanuun Onero- ocHoBe In,O; s razo- | MsHIEeBa MapuHa | CKOM XUMMH, XU- B.H.c. ®opiu
BUY BBIX CEHCOPOB Hukonaesna MHUYECKHH (-T ITaBen Ana-
MIY TOJIbEBUY,
(husznyeckuit
db-T MI'Y
Koznos daauun Cunrte3 u QoToKaTamu- | K.X.H., JOICHT, kad. HaHOMaTepua- | C.H.C., K.X.H.,
AHnpeeBud THYECKHE CBOMCTBA lapmes Anekceit | o, DHM MI'Y Kpuenxwuit
KOMIIO3UIIMOHHBIX Ma- | Bukroposuu Banepuii Bna-
TEepHaIoB Ha OCHOBE JTUMHPOBHY,
OpykuTa kad. Heopra-

HUYECKOU XHU-
MHUHU, XUMHYE-

CKHUit (-1
MI'Y
Coxonosa IOmua | Tlonydenue niaéHox K.X.H., 3aB. J1a0. n1a0. HOBBIX MaTe- K.X.H., B.H.C.
[TaBnoBHA noguaa meu (I) c mo- | TapacoB Anekcell | puasioB ajst coi- Bapanunkos
MOILIbIO peakuroHHoro | bopucosuu HEYHOW SHEPreTH- Anekcanap
[OJIMMOAUTHOTO pac- ku, DHM MI'Y EBrenneBuy,
mraBa CH;NH;I-1, mist HMOHX PAH

MIPUMEHEHHUS B Ka4eCT-
B€ JBIPOYHO-
MIPOBOJIAIIETO MaTe-
puana nepoBCKUTHBIX
COJIHEYHBIX 2JIEMEHTOB

AHocoB AHJpeii
AJexcaHIpOBHY

CuHTe3 U uccienoBa-
HUE PTOPUIHBIX CO-
eJMHEHUN peliKo3e-
MEJIbHBIX 2JIEMEHTOB C
JFOMUHECIIEHTHBIMH
CBOMCTBAMHU

K. X. H., C.H.C.
I{pmMbaperko
Jmutpuit Mu-
XalnoBuy

Kag. HeopraHuue-
CKOM XUMHUH, XU-
MHUYECKHH (-T
MI'Y

K.X.H., B.H.C.
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AHHOTAIMM MATUCTEPCKUX KBAJIUPUKAIMOHHBIX
padoT

Cunrte3 ¥ uccienoBanue HoBbIX Fe-comepkamux nepoBCKUTOB B
Ka4vecTBe YJIEKTPOAHbIX MATEPUAJIOB B CHMMETPUYHOM TBEP/I0OK-
CH/IHOM TOIJIMBHOM 3JIEMEHTE

Mopo3zoe A.B.

PykoBojmTens: K.X.H., goueHt, Mctomun C. 5.

CuMMeTpHuuHbIe TBEpAOOKCUIAHBIE TOmMBHBIE 3NeMeHThl (CTOTD), roe aHon U KaTof
COCTOAT M3 OJTHOTO U TOTO K€ MaTepHuaa, MPUBJICKAIOT BCE O0JbIlIee BHUMAHHUE M3-3a BO3ZMOXK-
HOCTH IIUKJIMYECKU U3MEHSATH MOTOKHU TOILJIMBA U OKUCIIHTENS, N30eras KOKCOBOTO UM CEPHOTO
OTpaBIICHHS aHOJA. JTO MPOJUIEBAET CPOK CITY>KOBI M3IETHSI U MO3BOJISIET paboTaTh axke C 3a-
TPA3HEHHBIM TOIUIMBOM, HO TpeOyeT MOMOJHUTENBHBIX Pa3pabOTOK B 0OIACTH MaTepHalioB
AJIEKTPOJIOB, TaK KaK OHH JOJDKHBI COOTBETCTBOBAThH 00Jiee KECTKUM TPEOOBAHHUSIM K YCTONYIH-
BOCTH, KaTaJIUTUYECKOW aKTUBHOCTU U MPOBOJUMOCTH B aTMochepax Kak KaTOAHBIX, TaK U
AHOJHBIX Ta30B. [IepOBCKUTHI, IMEIOIIHNE B COCTaBe KaTHOHKI 3d-MeTamios, Takue kak Cr, Mn u
Fe, cumTatoTcss nydmmMmu KaHAWJATaMH JUIS DJIEKTPOJHBIX MAaTepUANOB B CHUMMETPUYHOM
TOTO.

Llenbto HacTosimiei pabOTHI SBISETCS CHUHTE3 U UCCIEIOBAaHHE HOBBIX MEPOBCKUTOMO-
no0HbIX okcuaoB cocTtaBa LajCasFei.y(Mo,Mg),03;5, x = 0.5-0.8, y = 0.4-0.5. JInsa noctmxe-
HUS 1eNH ObLTU MOCTaBJICHBI 33/]a4H CUHTE3a BHIIICYKAa3aHHBIX COCTABOB, U3YUEHHS MX BBICOKO-
TEMIIEPATyPHBIX CBOWCTB, TAKMX KaK TEPMHUECKOE PACIIMPEHHUE W IIIEKTPOIIPOBOJHOCTh, B TOM
yucie e€ 3aBUCUMOCTh 0T pOy M HCCIeI0BaHUS KaTAIUTUYECKON aKTMBHOCTH B KaTOJHOW U
AQHOJIHOM PEaKLUU.

Jlannble coequHeHus ObUTH MOTy4eHbl TBepA0(a3HBIM METOJIOM CHUHTE3a C OT’)KUTAMH Ha
Bozayxe mpu 900°C u 1300°C B Teuenue 24 u 72 4acoB, COOTBETCTBEHHO, a TAKKE 30JIb-I'€JIb
merozoM ¢ omkuramu npu 900 °C u 1100°C Ha Bo3ayxe B TeyeHue 12 ¥ 5 4acoB, COOTBETCT-
BeHHO. [lomydyennsie 00pa3ibl ObLTH OXapaKTepU30BaHbl METOIAMHU PEHTTeHO(A30BOT0 aHAIN3A
(PDA), BBICOKOTEMITEpAaTypHOH MOPOIIKOBON PEHTTEHOBCKOW MU(PAKIIMK, PACTPOBOU DIICK-
TPOHHOM MHUKPOCKOIHH, PEHTTCHOCHEKTPAILHOTO MHUKpPOAHAIN3a, MPOCBEUYHBAIOIICH JIICK-
TpoHHOU MHKpockonuu (dnekTponHas mudpaxmusi, HAADF STEM Beicokoro paspemieHus),
MeccOayIpOBCKOH CIIEKTPOCKONHHU, auiatroMerpun, TepmorpaBumetpuu (TI7), 4-X KOHTaKTHBIM
METOJIOM OIpEeIEICHUS SJIEKTPOIPOBOAHOCTH, CIIEKTPOCKOIINN UMIIEIaHCA.

VYcranoBiieHo, uto ciaoxsble okeuabl LaiCaFey(Mo,Mg),055, x = 0.5-0.8, y = 0.4-
0.5 KpUCTATU3YIOTCS B CTPYKTYPHOM THIIE poMOWUYecku HMckakeHHoro nepoBckuta GdFeOs,
O0HApYKEHO YaCTHUYHOE YHOPSIOYCHHE KAaTHOHOB B B-monpemérke, 94To0 MPUBOIUT K MOHO-
KIIMHHOMY HCKaXXCHHIO CTPYKTYpbl. YKa3aHHbIE COCTaBbl yCTONYMBBI KaK B OKHCIIUTEIHHOMH,
TaKk ¥ B BOCCTAHOBUTEIBHON aTMocdepe, a TaKKe XUMHUIECKA HHEPTHBI IO OTHOIICHHUIO K CTaH-
naptaeIM saektpoiautaM TOTD Bmwiots 10 900°C. Mx k03 (UIMEHT TEPMUYECKOTO paCIIUpe-
uust (KTP) cocrasmsier 11.4-12.7 ppmK™' B Temnepatypaom unTepane 298-1173K, uro 6mmsko
k KTP GDC (12.5 ppm*K™). B BoccranoButensroii atmochepe (Ar/Ha, 8%) KTP pacrer 0
12.1-15.4. DnexTponpoBOIHOCTh Ha BO3AYXE PacTET ¢ pocToM coaep:kanus Ca u Fe u nqoctura-
er 6 Cwm/cM mHa Bosmyxe u 25 Cm/em B 8% Ar/H, mpu 900°C mus  cocrasa
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Lay3Cag7FeosMgo.17sM0¢ 22503.5. YBenndueHue 37aeKTpONpOBOIHOCTH CBA3AHO C POCTOM UMCIIaA
cesiseii Fe-O-Fe, kommuecreom Fe'' u KHUCJIOPOJHON HECTEXUOMETPUU B CTpyKType. [lonspuza-
IIMOHHOE CONMPOTHBIICHHE Ha rpanmie 3mektpor-GDC cocraBmster 2.55 Q*cm® mpu 900°C.
[{uknupoBaHue B pa3IUYHBIX aTMoc(depax Mmokasano HaJW4Hhe MEepeKIIOUeHUss MEXIy MpPOBO-
JMMOCTBIO P-TUIIA B CIIy4ae BO3/AyXa M n-tuna B ciaydae 8% Ar/Ho.

[To coBOKymHOCTH CBOMCTB CIOXHBIN okcuj coctaBa Lag3CagsFeosMgo.175sM0p22503.5

SBIIIeTCS Haubojee MNEPCIHCKTUBHBIM B Ka4YC€CTBC JBJICKTPOAHOI'O MarcpHaia CUMMCETPUYIHOI'O

TOTD.

Iyoauxanuu cryaenta: (http://istina.msu.ru/profile/Onotole1538/)
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Synthesis and investigation of novel Fe-containing perovskites as
electrode materials in symmetrical solid oxide fuel cell

Morozov A.V.

PykoBoautens: PhD, assistant professor, Istomin S. Ya.

Symmetrical solid oxide fuel cells (SSOFC), where the anode and cathode consist of the
same material, attracted increasing attention due to the possibility to modify cyclically fuel and
oxidant streams, avoiding coke or sulfur poisoning of the anode. This prolongs the life of the
device, and even allows to work with contaminated fuel, but requires further development in the
field of electrode materials, as they have to follow more strong requirements for stability, cata-
lytic activity and conductivity in the atmospheres of both the cathode and anode gases. Perovs-
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kites containing 3d-metal cations, such as Cr, Mn and Fe, are considered to be the best candi-
dates for electrode materials in a symmetric SOFC.

The aim of this work is the synthesis and investigation of new perovskite oxide compo-
sition La;_ CaFe;.((Mo,Mg)yOs;, x = 0.5-0.8, y = 0.4-0.5. To achieve the goal, the tasks of
synthesizing the compositions, studying their high-temperature properties, such as thermal ex-
pansion and electrical conductivity, including its dependence on pO, and studies of the catalytic
activity in the cathodic and anodic reaction were set.

These compounds were prepared by a solid-phase synthesis method with air annealing at
900 ° C and 1300 ° C for 24 and 72 hours, respectively, and a sol-gel method with annealing at
900 ° C and 1100 ° C in air for 12 and 5 hours, respectively. The samples were characterized by
powder X-ray diffraction (XRD) including high-temperature X-ray powder diffraction, scan-
ning electron microscopy, X-ray microanalysis, transmission electron microscopy (electron dif-
fraction, high resolution HAADF STEM), Mossbauer spectroscopy, dilatometry, thermogravi-
metry (TG), 4-contact electrical conductivity measurements, impedance spectroscopy.

Complex oxides La;.(CasFe;.y(Mo,Mg)yOs.5, x = 0.5-0.8, y = 0.4-0.5 were found to
crystallize in an orthorhombically distorted perovskite GdFeOs-type structure, partial ordering
found in B-cation sublattice, which leads to monoclinic distortion of the structure. These com-
positions are stable in both oxidizing and reducing atmospheres, and are chemically inert with
respect to standard SOFC electrolytes up to 900 ° C. Their thermal expansion coefficient (TEC)
is 11.4-12.7 ppmK-1 in the temperature range 298-1173K, which is close to the TEC of GDC
(12.5 ppm * K-1). In the reducing atmosphere (Ar / Hz, 8%), the TEC increases to 12.1-15.4.
The conductivity of the air increases with increasing Ca and Fe content and up to 6 / cm in air,
and 25 S / cm at 8% Ar/H, at 900°C for the composition Lag3Cag7FegsMgo.175M00.22503.5. The
increase in electrical conductivity is associated with an increase in the number of Fe-O-Fe
bonds, the amount of Fe*" and oxygen non-stoichiometry in the structure. The polarization re-
sistance at the electrode-GDC interface is 2.55 Q*cm” at 900°C. Cycling in different atmos-
pheres showed a switching between p-type conductivity in air and n-type in 8% Ar/Ho.

The complex oxide of composition Lag3Cag7FeosMgo.17sM0¢.22503.5 1s the most prospec-
tive as an electrode material of a symmetrical SOFC.
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4. Morozov A.V., Istomin S.Ya., Abdullayev M.M., Batuk M., Hadermann J.,. Kazakov S.M.,
Sobolev A.V., Presniakov I.A., Antipov E.V., Evaluation of novel Fe-containing perovskites
as electrode materials in symmetrical solid oxide fuel cell// XXV International conference
of students, PhDs and young scientists '""Lomonosov', 2018.

5. Abdullayev M.M., Morozov A.V., Istomin S.Ya., Antipov E.V., High-temperature proper-
ties of novel (La,Ca)(Fe,Mo,Mg)Os.s perovskites/ XVI Conference of young scientists
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""Actual problems of inorganic chemistry: from basic research to modern technolo-
gies", School of Young Scientists '"Materials for electrochemical energy", 2017, p. 20.

Oxcuabl NepexoaHbIX METAJLUIOB KAK KATAJIN3ATOPbI PeaKuuil BOC-
CTAHOBJICHUS M BbIJIeJICHUSI KHCJIOPOAA B LIEJOYHOM cpejie

Anmunun J[.M.

PykoBoauTens: K.X.H., goueHt, Mctomun C.51.

Ha ceromusmHwii 1eHh OCHOBHOM MPOOJIEMOI pereHepaTHBHBIX MISIOYHBIX TOILTUBHBIX
sanemeHToB (ILITD) oTcyrcTBHe OM(YHKIMOHANBHBIX KaTalU3aTOPOB, MPOSBISIONIMX aKTHUB-
HOCTh KaK B PEaKI[MU BOCCTAaHOBJICHMSI, TaK M B PEAKIUU BbIACICHUS Kucioponaa. Mcnonb3yro-
mecst karanuzatopsl (Pt u e€ crutaBsl B peakiu BOCCTaHOBJIEHHs kucinopoaa, IrO; u RuO; B
peaKIM BBIJACICHUS KHUCJIOPOJa) CYIIECTBEHHO YBEJIMYMBAIOT CTOMMOCTH PEreHEpaTHBHBIX
HITD. Ognako ObIIO MOKAa3aHO, YTO BMECTO TAKUX JOPOTOCTOSIIUX KaTaTu3aTOPOB MOKHO HC-
noJb30BaTh okcuabl 3d-MetayuioB. [Ipu aTom cioxable okcuabl 3d-merannoB konna psiga (Fe-
Ni) co CTpyKTypaMu, OTHOCSIIMMHUCA K ToMmonorudeckomy psay Panmiecnena-Ilonmepa
Ap11BnOsnt1 SIBISFOTCSI TAKAMU TTEPCTICKTUBHBIMEA MaTepUaiaMi. B 9aCTHOCTH, K HUIM OTHOCST-
Csl HUKENaThl JTJAHTaHa M CTPOHIIMS CO CTPYKTypoil mepBoro romosora Pagnnecnena-Ilonmepa
Lay «SrxNiO4 (x = 0; 0.5; 1.0) u coequHEHUS ¢ OOJBIIMM COACp)aHUEeM St 1 3amereHueM Ni Ha
Fe LagsSr; sNiyFe; 040 (x=0.3;0.4;0.5;0.6).

Llenbio Moeii paboThI SIBIISIETCSI M3y4YeHHE BO3MOXHOCTH Hcmoib3oBanus Ni- u Fe- co-

nepxxamux okcunoB (La,Sr)(Ni,Fe)Os.5 B KauecTBe KaTaau3aTopoB BOCCTAHOBJICHUS U BbIJIEIIC-
HUS KUCIIOpOJa B IIENOYHOU cpeae. [ qocTuxkenus 1enu ObUTA MOCTaBJICHBI CIAeAYIONINe 3a-
Ja4u:
1) cuHTe3 BBICOKOAMCIEPCHBIX MOPOMKOB OKcUIoB LarSryNiOs (x = 0; 0.5; 1.0) u
Lag sSr; sNixFe; x04:0 (x=0.3; 0.4; 0.5; 0.6); 2) xapakTepu3anus MOJYYEHHBIX 00pa3IOB IPH
MOMOUIN PAa3INYHbIX (U3UKO-XUMHUYECKUX METOJOB HCCIENOBaHMS; 3) H3YUYCHHE peakiuil
ANEKTPOXUMUYECKOTO BOCCTAHOBJICHHSI U BBIJCJICHUS KUCIOPOA B IIEJIOYHOU Cpefie C UCIOIIb-
30BaHHEM METO/a BPAIAIOUIETroCs IUCKOBOTO 3JIEKTPO/Ia.

Bce okcunel, m3yueHHbie B paboTe, ObUIM MONTYYeHBI MOAU(DHUIIMPOBAHHBIM METOJIOM
[Teunnu. [ns 3TOro K pacTBoOpy, CoAepKaliemMy pacTBOpUMbIe coiau metamioB, DTA, numon-
HYIO KHCIIOTY TpH MepeMeNINBaHuU J00aBIsUIM pacTBOp ammuaka 1o pH = 7.5. 3arem nobasis-
U TUTHIECHTIUKONG (JID17), M moTy4YeHHBIH pacTBOp YIapuBaIH A0 00pa30BaHUS T'YCTOTO Te-
as1. Tenb omkurana B mydenbsHoii ieun npu ~ 500°C, a 3aTeM Ha Bo3ayxe (WM B atMochepe Ar
B i La;NiOy.s) mpu 800°C-900°C, 12 vacos.

[Tomyuennbie 0Opa3ibl OBLIM OXapaKTEPU30BaHBI METOJAOM PEHTIeHO(A30BOTO aHATH3a
(PDA), pacTpoBoii 3nekTpoHHOM MuKpockonuu (POM), Hu3koTemiepatypHoi copOiueit azorta
(bOT). ITo nanubM PDA Bce oOpa3iibl moayuniauck ongHodasaeivMu. Vcxons u3 nanueix POM,
00pa3ubl NPeJCTaBISAIOT COOOW NUCIEPCHBIE MOPOLIKK ¢ pazMepoM vacTull nopsaka 100 HM.
Kucnoponnoe conepxkanue Ni-copeprxkaniux oOpasioB ObLIO OMpPENeIeHO METOAOM HOJIOMET-
pudeckoro TuTpoBaHus. Mx xumudeckwii coctaB orBeuaeT Qopmynam  LapNiOy s,
Lal_ssI‘o,sNiO4_03 n LaSrNi03,92.

DNEKTPOXUMHUYECKast CTAOMIBHOCTh U aKTHBHOCTh B PEAKIIMSIX BOCCTAHOBIICHUS U BBI-
JIEICHUST KUCJIOpOo1a OBLIM UCCIIEIOBaHBI METOMAaMH UKJIMYECKOU BombTammnepoMerpuu (LIBA)
Y BOJIbTAMIIEPOMETPHH Ha BPAIIAIOIIEMCS AUCKOBOM 3JIEKTpoje. B kauecTBe 0Opas3IoB cpaBHe-
HUs OBUTH MCTIOJIb30BaHbI XopoIo uzydeHHbie okcoruapokcuabl NiOOH u (N1,Fe)OOH, rakxe
OXapaKTepU30BaHHBIC BBHIIIICHAMMMCAHHBIMEI METOIaMH. B pe3ynbrate JaHHOM paOdOoThI MOKa3aHo,
YTO B PEAKIMU BOCCTaHOBIEHUs Kucaopoaa LagsSr sFep4NipcO4 n LaSrNiO4 geMoHCTpUpYIOT
HU3KYI0 KaTaJIUTHYECKYI0 aKTHBHOCTB, IPU STOM OHA MPAKTHYECKU HE OTIUYACTCS OT TAaKOBOU
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1uig yriepoja. B To ke Bpemsi, B peakliuy BblJIeNeHUs Kucnopoaa Bce Fe-conepkaiue okcuabl
OoJsiee aKTUBHBI, 4YeM HUKesnaThl. [Ipy 3TOM pu HOPMHUPOBAHUU KPHUBBIX HA TOBEPXHOCTHBIE aK-
TUBHbIE HEHTpPHI, Npu noteHuanax E < 1.55 B cambiM akTuBHBIM Oka3biBaeTcs (N1,Fe)OOH, a
npu E>155B- Lao_5SI'1_5Fe().7Nio,304.
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Transition metal oxides as catalysts for oxygen reduction reaction

and oxygen evolution reaction in alkaline media
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Nowadays the main problem of regenerative alkaline fuel cells (AFC) is the lack of bi-

functional catalysts that are active both in the oxygen reduction reaction (ORR) and oxygen
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evolution reaction (OER). The catalysts that are used now (Pt and its alloys in the ORR, IrO,
and RuO; in the OER) significantly increase the cost of regenerative AFCs. However, it has
been shown that instead of such costly catalysts, 3d-oxide oxides can be used. For that complex
3d-metal oxides, containing Fe and Ni with the structure of the first homologue of Ruddlesden-
Popper series Ap+1BnOsnt1 are one of the promising materials. In particular, promising com-
pounds of this series are lanthanum and strontium nickelates with the structure of the first ho-
mologue of Ruddlesden-Popper series La, SryNiO4 (x = 0; 0.5; 1.0) and compounds with a
large La and Ni substitution on Sr and Fe Lag sSr; sNixFe; xO4 (x =0.3; 0.4; 0.5; 0.6).

In this context the aim of my work was to study the possibility of using Fe- and Ni- con-

taining oxides (La,Sr)(Ni,Fe)O4.s as the catalysts for ORR and OER in the alkaline medium. To
achieve it we have set the following tasks:
1) synthesis of highly dispersive powders of La,«SrxNiO4 (x = 0; 0.5; 1.0) and Lag sSr; sNixFe;.
x04:0 (x=0.3; 0.4; 0.5; 0.6); 2) characterization of the obtained samples with various physical
and chemical methods; 3) the study of ORR and OER in the alkaline medium using the rotation
disk electrode method.

All samples were obtained by the modified Pechini method. In this method the solution,
containing soluble metal salts, EDTA and citric acid, was titrated with ammonia solution to the
pH = 7.5. After that, diethylene glycol (DEG) was added, and the resulted solution was evapo-
rated to form a gel matrix. Then this gel was preheated at 500°C with final annealing in air (or
Ar in the case of a La;NiOg4.5 sample) at 800°C and 900°C for 12 hours.

The obtained samples were characterized by powder X-ray powder diffraction (XRPD),
scanning electron microscopy (SEM) and low-temperature nitrogen adsorption (BET). Accord-
ing to XRPD data, all samples were single-phase and contain oxides with K,;NiF-type structure.
Based on the SEM data, the samples look like dispersed powders with a particle size of about
100 nm. It For the samples without Fe, the oxygen content was determined by iodometric titra-
tion. The chemical composition of oxides obtained at 900°C corresponds to the following for-
mulae: LazNiO4,15, Lal.ser.SNiO4,03 and LaSrNi03_92.

Electrochemical stability and activity in ORR and OER was studied with cyclic voltam-
metry (CV) and CV with rotating disk electrode (RDE). As the reference samples well-studied
NiOOH and Ni(Fe)OOH were used. As the result of this work, it is shown that in the ORR,
La sSr; sFep4Nig 04 and LaSrNiO4 oxides show low catalytic activity that practically does not
differ a lot from that for carbon. At the same time, it was found that in the OER, all Fe-
containing oxides are more active than pure nickelates. In this case, after normalizing curves to
the surface-active centers, Ni(Fe)OOH becomes the most active at potentials E < 1.55 V, and
LagsSry sFeg7Nig30sat E>1.55 V.

DJIEKTPONPOBOAAINI THAPOGUIBLHBIA a3POreJib
HA OCHOBE KOMIIO3UTA U3 BOCCTAHOBJICHHOT0 OKCH/IA rpadpeHa u yr-
JIEPOTHBIX HAHOTPYOOK KaK JIEKTPOJAHbIM MaTepPHAJI IJIsl eMKOCT-
HOM J1eMOHM3AIIUHU BOAbI

baxus Tamyna

PykoBonurens: a.X.H. Xamu3oB P.X., k.x.H. bapanuukoB A.E.

Hay4HO-TeXHHUYECKHI MPOrpecc HEBO3MOXEH 0e3 CO3[MaHHs W WCIIOJIIb30BAaHUS HOBBIX
MaTEpUAJIOB C HEM3BECTHBIMU paHee cBolicTBaMHU. K uncity Takux MaTepuaigoB OTHOCATCS ad3po-
rejid - Ype3BbIYANHO JIeTKHMEe U BbICOKOMOpHCThIE (99% u BhIlIE) MaTepuanbl, oOjanaroniue
IINIOTHOCTBIO, CpaBHHMOﬁ C IJIOTHOCTBIO I'a30B, HO IO IMPOYHOCTHU CPAaBHUMBIC C TBCPAbIMU TC-
namu. HemHoroumncneHHble paboThI, OIMyOIMKOBaHHBIE B MOCIEIHUE TOMABI, CBUACTEIBCTBYIOT
06 AKTYAJIbHOCTU HU3YYCHUS U BO3MOKXHOCTH NPUMCHCHUS SJICKTPOIIPOBOIANINX KOMIIO3UTHBIX
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a’poresieid ¢ BBICOKOW MOPUCTOCTHIO M PA3BUTOM MOBEPXHOCTHIO B KAYECTBE JJIEKTPOJOB IS
€MKOCTHOM IEMOHU3AINH BOJIbI — IEPCIIEKTUBHOTO HAIPABJICHUS B 00JIACTH JEMHHEPATH3AINH
BOJIHBIX pacTBOpoB. OHa U3 MPOOJIEM COCTOUT B TOM, YTO THOPUIHBIE adPOTENN U3 yTIIepPO/-
HBIX HaHOTPYOOK U rpadeHa SBIAIOTCS THAPO(YOOHBIMU MaTepHaliaMu U 00JIaaloT BOAOOTTAN-
KUBAIOIIMMH CBOMCTBAMMU.

B cBsi3u ¢ 3TUM yenvro Hamieil paboThl SBISIETCS MOMYyYEHHUE BBICOKOTIOPHCTOTO 3JIEK-
TPOMPOBOSIIETO U THAPOMUIBHOTO MaTepuaia Jjisi eMKOCTHOW (MEeMOpaHHOM) NEeMOHU3AINH
Boabl. Hamm 3adauu:

e 0TpaboOTKa BCEX XMMHUECKUX CTATUN CHHTE3a KOMIIO3UTHOTO a’3pOreis U3 yriIepoHbBIX
HaHOTPYOOK M oKcHa rpadena (IoIy4aeMoro, B CBOIO o4Yepelb, U3 rpaduTa) ¢ UCIOIb-
30BaHHEM U3BECTHBIX U MOIUPUIIUPOBAHHBIX METOIHK;

e pa3paboTKa METOJUKH JTUO(DUIN3AINN TTOTYYSHHOTO KOMIIO3UTHOT'O MaTepHaa;
u3yudeHne (PU3NKO-XUMHUECKUX CBOMCTB KOHEYHOTO MPOJIYKTa;

® CO3JaHHE Ha €r0 OCHOBE MOPHCTHIX AIEKTPOAOB U UCIBITAHHE BO3MOKHOCTH OCYIIIECTB-
JICHUS] eMKOCTHOM JIeMOHM3AIIH.

IlepBoii yacTpio Hamiel paboThl OB CHHTE3 OKCHJA TpadeHa MOIUPHUIMPOBAHHBIM METO-
nom Xammepca. CHHTE3 MPOBOAMIN M3 MEJIKOAUCIIEPCHOTO rpadura BO3NEUCTBUEM CHIIBHBIX
okucnurenei. Cienyroomme CTaaud — MOJyYeHHE KOJJIOWAHOTO PacTBOpa HAa OCHOBE OKCHJA
rpadeHa W MHOTOCIIOMHBIX YIJIEPOJHBIX HAHOTPYOOK, BOCCTAHOBJICHHE KOMITO3UIIMOHHOTO
MaTepuajia ¢ MCHOJIb30BAHUEM IIIIOKO3bI, THO(MUIbHAS CYIIKa, MUKPOBOJIHOBass 00paboTka u
ruapopUIN3aLrs CHHTE3UPOBAHHOTO a3pOresl.

B xome pabGorel Obuta paspaboTaHa MoAM(DUIIMPOBaHHAs  METOJMKAa  CHUHTE3a
ANEKTPONPOBOIALIETO a3poreisi Ha OCHOBE KOMIIO3UTa U3 BOCCTAHOBIIEHHOTO OKcHja rpadeHa
U YIJEPOAHBIX HAHOTPYOOK, OTJMYAIOMIAACAd OT M3BECTHBIX TEM, YTO B KayecTBe
BOCCTAaHOBUTENSI OKCHJA rpadeHa B YCIOBUSX IMOJYYEHHUS MPOMEKYTOUHOTO KOMIIO3UTHOTO
THIPOTENs] HUCIONb3YyeTCs TJI0OK03a, a TakkKe TeM, YTO CTaJud TepPMHUYECKOH 00paboTKu
MPOMEKYTOYHOTO M KOHEUYHOTO MPOIYKTOB MPOBOAAT ¢ momomibio CBY — uznydenus. beuia
NpeUIo’KeHa METOJUKa TruaApoduiIn3anuu asporens 0e3 MoTepu ero sneKkTponpoBogHocTH. C
MOMOIUIBIO TPEUIOKEHHBIX METOJMK OBLIM MOJY4YEeHBI 00pa3libl, CaMblid JETKU U3 KOTOPBIX
umen miotHocts 0,02 T/eM’, nopuctocts 99,1%, cymmapHbii o0beM mop 46,5 eMoT,
ANEKTPONPOBOAHOCTD 2=+ (0,2 CM/M, yaenpHYIO TUIONIAAh TOBEPXHOCTH Me30mop — 10 500 M/T.

[TonmyuyeHHbIi asporenb ObUT MCMONB30BaH Ui M3TOTOBICHHS OOpA3LOB 3JIEKTPOJIOB IS
€MKOCTHON MeMOpaHHOW  jaewoHm3aruu. OOpatumas  3JIEKTPOCOOPIMOHHAS  E€MKOCTh
3JIEKTPOOB MO XJIOPUAY HATpUs NpU BHEIIHEM HampspkeHuu 1,2 B coctaBunma 67 mr/r mpu
WCXOJIHOM KOHIIGHTpauuu coju | 1/m (mpu crarmdeckoMm pexume) u 20 Mr/r — mpu
koHneHTpanuu 0,1 /71 (B TMHAMHYECKOM PEKUME).
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Conductive and hydrophilic reduced
graphene oxide/carbon nanotube composite aerogel as an electrode
material for the capacitive deionization of water

Bakhia Tamuna

Scientific advisors: Doctor of Chemical Sciences Khamizov R.Kh., PhD in
Chemistry Baranchikov A.E.

Scientific and technological progresses are impossible without the creation and use of
new materials with previously unknown properties. These materials include aerogels -
extremely lightweight and highly porous (99% and more) materials with the density
comparable to that of gases, but with strength close to solids. A few works published in recent
years indicate the relevance of studying and the possibility of using conductive composite aero-
gels with high porosity and developed surface as an electrode material for the capacitive deioni-
zation of water. This field is a promising direction in the demineralization of brackish water.
Unfortunately, composite materials, which based on carbon nanomaterials, are hydrophobic and
have water-repellent properties.

In this context, the aim of this work is to obtain highly porous conductive and hydrophil-
ic material for the membrane capacitive deionization (MCDI) of water. We have set the follow-
ing tasks:

e to work out all the chemical stages of the synthesis of composite aerogel from carbon
nanotubes and graphene oxide (obtained, in its turn, from graphite) using well-known
and modified methods;

e to develop a procedure for hydrophilization of the obtained composite material;

e to study of the physical and chemical properties of the final product;

e to create porous electrodes (composite-based) and testing the possibility of carrying out
the MCDI.

The first part of our work was the synthesis of the graphene oxide by the modified Hammers
method. The synthesis was carried out from finely dispersed graphite by the action of strong
oxidants. The next steps are the preparation of a colloidal solution based on graphene oxide and
multilayered carbon nanotubes, the reduction of composite material using glucose, freeze dry-
ing, microwave treatment and the hydrophilization of synthesized aerogel.

In the course of the work, we developed a modified synthesis method of the conductive
aerogel, which based on the composite of reduced graphene oxide and carbon nanotubes. The
developed procedure differs from the known ones in that glucose is used as a reducer of
graphene oxide under conditions of obtaining an intermediate composite hydrogel, and also the
stages of heat treatment of the intermediate and carrying out final products with the microwave
radiation. We have proposed a hydrophilization technique of the aerogel without its electrical
conductivity decreasing. Samples were prepared using the proposed methods, the lightest of
which had a density of 0,02 g/cm3, a porosity of 99,1%, a total pore volume of 46,5 cm’/g, an
electrical conductivity of 2 + 0.2 S/m, a specific mesopore surface area - up to 500 m?/g.

The synthesized aerogel was used for the fabrication of electrodes for capacitive membrane
deionization. The reversible electrosorption capacity of electrodes for sodium chloride was 67
mg / g at the initial salt concentration of 1 g /1 (in batch mode) at an external voltage of 1,2 V
and 20 mg / g at a concentration of 0,1 g/ 1 (at dynamic conditions).
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DJIEKTPOOCAK/IEHUE JIUTHUS U3 CYNEPKOHLIEHTPUPOBAHHBIX PACTBO-
POB 3J1eKTPOJIUTOB

Pynes A.A.

PykoBojauTelnb: K.X.H., ¢.H.c. UTkuc JI.M.

Merannndeckuil JIMTHN SBISIETCS MAaTEPUAIIOM UL OTPULIATENIBHOIO 3JIEKTPOA JIUTHH-
MOHHBIX aKKyMYJIATOPOB C HauOOJIbIIEH TEOPETUYECKH BO3MOKHOU yJIENbHOM eMKOCTho. Of1-
HAKO, Ha JIAaHHBI MOMEHT €r0 MCIOJb30BaHNE HEBO3MOXKHO M3-3a TOTO, YTO JINTUH UMEET TEH-
JEHLUIO K Pa3BUTHIO MOP(OIOruyeckoi HeCTaOMIBHOCTHU TIPH 3JIEKTpoocaxaeHuH. [Ipu ocax-
JICHUW JTUTHIA (OPMHUPYET UTOJIbUATHIE CTPYKTYPBI, KOTOPBIE MPUBOIAT K CHIDKECHHIO [TUKITHYE-
CKOM yCTOMUMBOCTH M CepbE3HBIM MpolieMaM ¢ Oe3onacHocThi0. Ha TaHHBIN MOMEHT He cylie-
CTBYET TOYHOTO IMOHUMAaHHUsI MEXaHU3Ma ATOrO IMpoLEecca, OJHAKO MHOTHE JaHHbIE YKa3bIBalOT
Ha KJIIOYeBYI0 poib naccuBanMoHHoM miueHku SEI (solid electrolyte interphase) Ha moBepxHo-
cti autud. OMH U3 CIOCOOOB CTAOMIM3UPOBATH JIEKTPOJIUT U YMEHBIIMTH TOMMHY SEI —
UCIIOJIb30BaTh CYNEPKOHLUEHTPUPOBAHHBIE AJIEKTPOJIUTBHI. JTa KOHLEMIUS OCHOBBIBAETCS Ha
TOM, YTO COJIbBATUPYS COJIb PACTBOPUTEIb MIOHUKAET CBOIO AKTUBHOCTh U MEJIJIEHHEE pearupy-
€T C METAJUNINYECKUM JINTHUEM.

[enpro nanHOM pabOTHI SIBISETCS PACIIMPEHUE IEKTPOXUMUUYECKOTO0 OKHA CTaOUIIbHO-
CTH 3JIEKTpOJIMTa U Moaudukanus coctaBa U cBoicTB SEI myTem yBenuueHHs KOHIEHTpAaLUU
aneKTposnTa. Jns JOCTHKEHUS 3TOM 11eNn OBLIM MOCTaBJIEHbI CIEAYIOIINE 3a/1a4u: ONPEAEIUTh
BJIMSIHUE KOHLIEHTPALUU 3JIEKTPOJIUTA HA MACCUBALMIO JTUTHEBOIO JIEKTPOJA, ONPEIEINTD, Ka-
kue napameTpbl SEI MeHsI0TCS pyU U3MEHEHUH KOHLEHTPALMHU AJIEKTPOJINTA U KaK 3TO BIUSAET
Ha MOP(OJIOTHIO IEKTPOOCcaXAeHHOro JUTus. Tak xe 11 onleHku cBoiicTB SEI n Mmopdornoruu
TUTHSL OBUT IPUMEHEH METOJ HEHTPOHHOU pedIeKTOMETPUH, Pe3yIbTaThl KOTOPOH Tak ke He-
00X0/1MMO OBLIO COTJIacOBaTh C APYTUMH aHAIUTHUECKUMHU METOTUKAMH.

CkopocTh maccuBalMy JIUTUS OblUIa M3MEPEHA MPU MOMOIIU CIIEKTPOCKOIUU 3JIEKTPO-
XMMHYECKOro nmnenasca. [lpu momMomu 31eKTpOXUMHUYECKUX METOJIUK ObLIO OLEHEHO BIIHs-
HUE KOHIICHTPAIIUH AJICKTPOJIUTA HA KYJIOHOBCKYIO 3(h(hEKTUBHOCTH IEKTPOOCAKACHUS JTUTHS.
Tax >xe 1 uccienoBaHusl MPOLECCOB, MPOTEKAIOIINX MPU OCAXACHUN U PACTBOPEHUU JINTHS,
HCIOJIb30BAJIMCh AJIEKTPOXUMUYECKHE KBAPLEBbIE MUKPOBECHI. {151 omnpeneneHust TOMIIUHBI U
coctaBa SEI in situ Obl1 IpUMEHEH METOA HEUTPOHHOH pediekTromeTpun. /i MOoATBEPKAECHUS
PE3yJIBTATOB, MOYYaeMbIX HEUTPOHHOU pedieKTOMETpHeH, MOP(OIOTHS OCAXKICHHOTO JINTHUS
Obu1a u3yuyeHa npu nomou ACM u POM.

Kax mokaszanu muzMepeHus 37IeKTPOXMMHUYECKOTO MMIIEIaHCa, YBEIMUEHUE KOHIIEHTpa-
UM 3JIEKTPOJIUTA JEUCTBUTENBHO MPUBOANUT K CTAOWIN3ALUU JIMTHEBOIO JIEKTPO/a U YMEHb-
IIEHUHM CKOPOCTHU ero naccuBauuu. HelTpoHHas peduieKToMeTpHs Tak K€ MOATBEPHKAAET, UTO
00pa3yIoLIMiCs B CyNEpKOHLEHTPUPOBAHHBIX 3JekTponuTax SEI neficTBUTENbHO TOHBIIIE, YeM
B pa30aBICHHBIX, OJJHAKO KYJOHOBCKas 3()()EeKTUBHOCTh OCAXKICHUS JIUTUS B TAKUX YCIOBHIX
MO-TIPEKHEMY OCTAETCS] HEBBICOKOM.

B paGore ObIIO TIOKa3aHO, YTO MPH YBETUUECHUH KOHIICHTPALIMH AJIEKTPOJIUTA ICHCTBH-
TEJIbHO YBEJINYMBACTCS €ro CTaOMIBHOCTD M 3aMeJIsieTcs naccuBalus autus. Takxke Obuia oT-
paboTaHa M yCIENIHO HMCIIOJIb30BaHAa METOAMKA in situ HEHTPOHHOU pedIeKTOMETPUH, PE3yIb-
TaThl KOTOPOM COIJIACyIOTCA C IPYTMMH IIUPOKO PacHpOCTPAHEHHBIMM METONMKaMH. Tak ke
ObUIO MOKa3aHo, YTO yMeHblIeHne Tonuabl SEI 3a cuer ncnoiap30BaHusl CynepKOHIIEHTPUPO-
BaHHBIX 3JICKTPOJIMTOB HE OKA3bIBAET CYILECTBEHHOIO BIMAHUSA HA MOP(OJIOTHIO JIEKTPOOCAXK-
JI€HHOT'O JIUTHUS.
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Electrodeposition of Lithium from superconcentrated electrolytes
Rulev A.A.

PykoBomutens: Ph.D, leading researcher, Itkis D.M.

Metal lithium is the most desired negative electrode material for the Li-ion batteries due
to its highest theoretical capacity. However, nowadays its application is hindered by tendency to
develop morphological instability during electrodeposition. During deposition process lithium
tends to form needle-like structures, which lead to irreversible capacity loss and safety con-
cerns. Up to now there is no clear understanding of underlying mechanisms of this process, but
most authors highlight the key role of SEI layer on lithium. A possible approach to influence
this layer is to utilize superconcentrated electrolytes. This concept is based on increased stabili-
ty of solvent molecules solvating ions.

Purpose of this work is to broaden electrochemical stability window and to modify SEI
composition and properties by increasing concentration of electrolyte. The goals are to investi-
gate influence of electrolyte concentration on lithium electrode passivation ability and further
on the morphology of electrodeposited lithium. Also, goals were to validate the neutron reflec-
tometry method and utilize it for in situ monitoring of lithium electrodeposition.

Passivation rate was evaluated using electrochemical impedance spectroscopy. Coulom-
bic efficiency of lithium electrodeposition was evaluated using electrochemical techniques.
Moreover, to investigate processes occurring during lithium electroplating we have utilized
EQCM technique. Neutron reflectometry was utilized to monitor SEI formation and lithium
electrodeposition in situ. To validate results from NR and to investigate lithium morphology
AFM, SEM and visible light microscopy were used.

Impedance measurements have confirmed that increasing concentration do stabilize the
electrolyte. Neutron reflectometry studies also confirmed that SEI layer formed in concentrated
electrolytes is much thicker than in dilute ones. However, coulombic efficiency measurements
and morphology observations indicated that increase of concentration has no effect on lithium
morphology.

23



In this work it was shown that increasing of concentration does stabilize electrolyte.
Neutron reflectometry was validated using AFM and successfully utilized to monitor SEI for-
mation. However, it was demonstrated that decrease of SEI thickness and stabilization of elec-
trolyte have no effect on lithium morphology.
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buope3opoupyemMmblie MAKPONOPHUCThIE KePaMUYeCKHe MATePUAJIbI B
cucreme Ca(PQO;),-Ca,P,07, mosrydyeHHbI€ ¢ HCIOJIb30BAHNEM CTe-
peosutorpagpudeckou 3D-neuaru

Kypbamosa C.A.

PykoBoaurenu: k.T.H., c.H.c. Cadponosa T.B., k.x.H., acc. EBgokumos I1.B.

Martepuansl, IpeIHa3HauYeHHbIE TSI KOCTHON UMIUIAHTAIUH, JOJKHBI ObITH OMOCOBMEC-
TUMBIMH, OCTEOKOHIYKTHBHBIMH U CTIIOCOOHBIMH K pe3opommu. @ocdarsr kaneius (PK) ¢ co-
otHomeHrueM Ca/P<1,67 6HOCOBMECTHMBI 3a CUET CXOJICTBA C HEOPTAHUYECKOM COCTaBISIONICH
€CTECTBEHHOIN KOCTHOM TKaHU YeJIOBEKa, a X CIIOCOOHOCTh K pe30pOILMU BO3PACTAET C YMEHb-
menneM cootHomieHnus Ca/P. [lomydyeHrne XOpomIMX OCTEOKOHIYKTHBHBIX CBOWMCTB, 00YCIIOB-
JICHHBIX BBICOKOH MPOHHMIIAEMOCTBHIO U TOPUCTOCTHIO, BO3MOXHO C HCIOJIB30BAHUEM METOJIOB
3D-nevaru (Hamp., crepeonuTorpaduu) B mporecce GopMOBaHHUS.

Hens manHO# paboThl — MOJIydeHHE PE30POUPYEMBIX MAKPOIOPUCTHIX KEpaMUYECKHX
kanpiuiidocdarupix MarepuanoB ¢ cootHormenueM 0,5<Ca/P<1 c ucnons3oBanuem s ¢Gop-
MOBAHHUS METO/A CTEPEOTUTOrpapUUECKOM MMevaTy, a TakKe UCCIIeJOBaHue UX CBOUCTB. OObeK-
TaMd HCCIEAOBaHUs CcTanu mnopouku nupodocdara kamsuus CaP,0; (Ca/P=1; 0 mon%
Ca(POs),), momudocdara kameuus Ca(POs), (Ca/P=0,5, 100 mon.% Ca(POs3);), mopomkoBbie
cmecH, copepxamue 5, 10, 15, 20 u 50% Ca(POs),, cycneH3uu s cTepeoauTorpaduyecKkoit
neyaTH, mpeKkepaMuueckue monydadpukarel «mnoaumep — nopomok @Ky, a Takxke IIoTHas U
Makpormopuctas kepamuka B cucteMe Ca(PO;),-Ca;P,07 ¢ 3amanHON apXUTEKTYpOil TOPOBOTO
IIPOCTPAHCTBA (TUIIA KTUPOU).

Jlnst cuHTe3a MCXOMHBIX MOPOITKOB K PACTBOPAM KUCIOT (MOJIU- Wi mHUpodochOopHOii), To-
JYYEHHBIX C TIOMOIIBI0 HOHHOTO 0OMEeHa (CTaTHYECKUM M TMHAMUYECKHM METOJIOM) U3 PacTBO-
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poB moy- Wi nupodocdara HATPUs, TPUIUBAIH PACTBOP aleTaTa KaJbIHs, CMEIIAHHBIA C
BOJHBIM pacTBOpoM ammuaka, u npoBoauiu 10 pH = 10. Ilocne ¢unpTpoBaHus U Cymku ObLTH
MOJly4eHbl ~ peHTreHoamopdHble  ocaaku  ruapatupoBaHHelx @OK  Ca(PO;3),*H,O wu
Ca,P,07*2H,0. TlonyueHHbIe TOPOILIKA CMEIIMBAIU B 3a/IaHHBIX COOTHOIICHMSX, J1€3arperu-
poBaJIM W TIOJBEPraan TepMudeckoit oopabotke npu T=500°C. Ilocie npeaBapuTeNBHON TEP-
MOOOPaOOTKH MOPOIIKK 00Jaanu cepoit OKpackoi, 00yCIOBICHHON MPUCYTCTBUEM MPOAYKTOB
TEPMHUYCCKOH JECTPYKIMH IMOOOYHOTO MPOIYKTAa PEaKluy — aleraTa aMMOHUS. 3aTeM 3TH IT10-
pourku ne3arperupoBanu ¢ [IAB u ucnons3oBany 1js MPUTOTOBJICHUS CBETOOTBEPKIAEMBIX
CyCIICH3H sl cTepeonuTorpadudeckoid nedatu. [IpucyTcTBUE B CyCIieH3WH, MPEIHA3HAYCH-
HOM 1711 (OpPMOBAHUS, OKPAITMBAIONIETO KOMIIOHEHTAa MO3BOJISIIO 3HAUUTENBHO yIyUYIIUTh Jia-
TepaJlbHOE pa3pemnieHue nedatu. [loydeHHbIe B pe3ynbTaTe cTepeoauTorpaguueckoil neyaru
peKepaMuyecKkue moyhadpruKaThl COCTaBa «IOJIUMEP-MOPOIIOK docdara KanblUsD MOABEP-
rajid TEPMHUYECKON 00paboTKe /IS YOaJIeHUs ITOJIMMEepa U TIOJydeHUsT KepaMUKHU 3aIaHHOTO CO-
CTaBa M apXUTEKTYPHI.

da3oBblii cocTaB kepamuku ObuT TpenctarieH -Ca(POs),, tpomenutom CasPcOj9 u P-
Ca,P,07, ITomudocdar kanpius paccMarpuBaics kak crekaromas (10 20%) u/uinu mopoodpa-
3yromasi Jo0aBKa MPH MOJIyIeHUN KepaMuKd. [1opHCTOCTh MOTYYEHHBIX C TTIOMOIIBIO CTEPEOITH-
TorpaduvecKkol meyaTH KepaMHUYeCKHX MaTepHalloB cocTaBisia Oonee 85%, a MpOYHOCTH Ha
cxarue nocrurana 2-3 Mlla. MccnenoBanus matepuaios in vitro, BKJIo4asi TECThI Ha IIUTOTOK-
CUYHOCTbH, a TAK)K€ PACTBOPUMOCThH B HEHTpATbHON M KUCIOW Cpelie, MOKa3alu, YTO MOTy4YeH-
HBIC MaTCPUANIBI SIBJISTFOTCSI OMOCOBMECTHMBIMU M XapaKTEPHU3YIOTCS JOCTATOYHOU CKOPOCTHIO
pe3opOrun.

PazpaboTannbie MakpornopucTeie kepamudeckue mMatepuansl B cucreme Ca(PO3),-Ca,P,07,
0071a/1at0T BBICOKUMHU OCTEOKOHIYKTUBHBIMH CBOMCTBAMHU M MOTYT OBITH PEKOMEHIOBaHBI IS
WCIIOJIb30BaHUS B KAY€CTBE KOCTHBIX MMILIAHTATOB HETIOCPEACTBEHHO HMJIM B Ka4eCTBE HEOpra-
HUYECKOU pe30pOrpyeMoii OCHOBHI 711 KOHCTPYKIUI TKaHEBOW WHKEHEPHUH.
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Bioresorbable macroporous ceramic materials in the system of
Ca(PO;),-Ca,P,0; obtained by means of
stereolithographic 3D-printing

Kurbatova S.A.

Scientific advisors: Ph.D., Senior Researcher Safronova T.V., Ph.D., Assist. Prof.
Evdokimov P.V.

Materials for bone implantation should be biocompatible, osteoconductive and resorba-
ble. Calcium phosphates (CP) with the Ca/P ratio less than 1,67 are biocompatible due to the
similarity with the inorganic constituent of native bone tissue, and their resorption ability in-
creases with a decrease of the Ca/P ratio. Obtaining of good osteoconductive properties (due to
high penetration and porosity) is possible by means of 3D printing methods (for example, ste-
reolithography) used as a way of molding.

The aim of this work was to create resorbable macroporous calcium phosphate ceramic
materials with the 0,5<Ca/P<I ratio using stereolithographic printing for molding, as well as
ceramics properties investigation. The powders of calcium pyrophosphate Ca,P,07 (Ca/P=1; 0
mol.% Ca(POs),), calcium polyphosphate Ca(POs), (Ca/P=0,5, 100 mol.% Ca(PO3),), powder
mixtures containing 5, 10, 15, 20 u 50% Ca(POs),, suspensions for stereolithographic printing,
pre-ceramic composite materials "polymer — powder of CP", as well as dense and macroporous
ceramics in the system Ca(POj3),-Ca;P,07 with a pre-defined pore architecture (such as a "gyro-
1d") were the objects of this study.

To synthesize the initial powders, a solution of calcium acetate mixed with an aqueous
solution of ammonia was added to acid solutions (poly- or pyrophosphoric) obtained by ion ex-
change (static and dynamic method) from sodium poly- or pyrophosphate, and pH was adjusted
to 10. After filtration and drying, X-ray amorphous precipitates of hydrated CP Ca(PO3),*H,0O
and Ca,P,07*2H,0 were obtained. Then the CP powders were mixed in predetermined propor-
tions, disaggregated, and heat treated at T=500 °C. Powders after preliminary heat treatment
had a gray color due to the presence of ammonium acetate (by-product) thermal decomposition
products. After that, these powders were disaggregated with the surfactant and used to prepare
light-curing suspensions for stereolithographic printing. The presence of the coloring compo-
nent in the slurry allowed to improve significantly the lateral resolution of the printing. The pre-
ceramic products "polymer — calcium phosphate powder" obtained by stereolithography, were
subjected to heat treatment to remove the polymer and obtain ceramics of the pre-determined
composition and architecture.

The phase composition of the ceramics was represented by B-Ca(POs;),, tromelite
CasPs019 and B-Ca,P,07. Calcium polyphosphate was considered as a sintering (up to 20%)
and/or pore-forming additive in the preparation of ceramics. The porosity of the ceramic mate-
rials obtained by stereolithography was more than 85%, and the compressive strength reached
2-3 MPa. In vitro studies of materials, including tests for cytotoxicity and solubility in neutral
and acidic environment, revealed that the materials are biocompatible and characterized by a
sufficient rate of resorption.

The developed macroporous ceramic materials in the Ca(PO;),-Ca,P,07 system have
high osteoconductive properties and can be recommended for using as bone implants directly or
as an inorganic resorbable basis for tissue engineering scaffolds.
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CuHTE3 U CBOIICTBA KOMIIO3UTOB BOCCTAHOBJIEHHOI'0 OKCHU/IA I'Pa-
¢ena u qucyabPuaa MoandaeHa 1 NIPUMEeHeHUs B GOTOBOJIbTAN-
YeCKHUX YCTPOoHCcTBaX

Paoocabzooa I11.C.

PykoBonurenb: K.X.H., 1ou. [' puropresa A.B.

OnHoit u3 HanboJee akTyadbHBIX 00JacTell MPUMEHEHHUS IBYMEPHBIX MaTEPHAJIOB SIBIISIOT-
Csl COJTHEUHbIe OaTapeu - YCTPONCTBa, MpeoOpa3yrolire SHEPTUIO0 COTHEYHOTO CBETa B IIEKTPH-
yeckuil ToK. ['padeH 1 0THOCITIOMHBIE AUXATBKOTCHUABI EpeX0oaHbIX MeTaiioB (AIIM) sBisroT-
Csl IEPCHEKTUBHBIMU MaTepuajgaMu JJig YIbTPATOHKUX OMNTO3JEKTPOHHBIX YCTPOMCTB ClENYyIO-
niero mnoxkosieHusl. IToMHMO CX0KeCTH MHUKPOCTPYKTYpPbl U MEXaHHMYECKHX CBOWCTB, 00a MmaTte-
puana o0beAUHSET MOMYPOBOJIHUKOBBIN XapaKTep MPOBOJIUMOCTH, OOITHOCTh HOCUTENEH 3apsi-
na (IBIPOYHO-TIPOBOAIINE MaTepuaisl), Hanmnaue dp¢dekra poronpoBoaumoctu. ['paden sBis-
eTcsi c1a0bIM MOTJIOTUTENIEM COJTHEYHOTO CBETA, OJIHAKO IMOTJIOMIAET B IIUPOKOM JHAIa30He Yyac-
TOT OT yIbTPaUOIICTOBON 10 WHPPAKPACHOH 00JIACTH M 00J1aaeT MEPCIIEKTUBHBIMU (OTOIIPO-
BOJSIIMMHU CBOWCTBAMHU JAJISl CO3JIaHUSI MYJIbTHYACTOTHBIX IeTeKTOpoB. Monocmoun JIIIM o06na-
JAafOT CYIIECTBEHHO OOJIBIINM IMOTSHIIHAIOM B Ka4eCTBE TIOTJIOTUTEIICH COTHEYHOTO CBETA.

B nanHoii paboTe uccienoBaicss BoccTaHOBIEHHBIN okcua rpadena (BOI'), nomyueHHbIH
C TIOMOIIBIO MOIU(DHUIIMPOBAHHOTO MeTo/a Typa, ¢ MOCIEIYIONUM COJbBOTAPMAIILHBIM BOC-
CTaHOBJICHHEM B CpeJie OpraHM4ecKux pactBoputeneil. O6pasibl oxapakTepu30BaHbl C MpUBIe-
YEHHUEM COBPEMEHHOTO0 KOMIUIEKCAa METOJOB (PU3MKO-XUMHUYECKOTO aHajiu3a. YCTaHOBJICHO,
YTO 3TAHOJI U U3OIPOIMAHOJ SBJISIOTCS HE TOJBKO CPENOil MPOBEACHUS PEaKLUii, HO U YHUBEP-
CAJIbHBIM PEareHTOM — BOCCTAHOBHTEIIEM. Y CTAaHOBIIEHO, 4TO 3()(EKT OT MPUCYTCTBUS PACTBO-
pennbix BocctanoBureneit (N,H4SO4, NaBH4) B criupToBoii cpene He cymecTBeHeH. CormacHo
naabeM KP-criekTpockonuu, B CIIEKTpax OKCUAA Tpad)eHa U BOCCTAHOBICHHOTO OKcHa rpade-
Ha MPUCYTCTBYIOT JIBa TJIaBHBIX MHKa: G-TUHUS, XapaKTepHU3yolias KoieOaHusi CHCTEMBI Sp
yriepoanbix cBsze (~1580 CM_I) (rpadurononobnast 30ua), 1 D-muauun (nedekTHas 30HA)
(~1330 CM'I). CuuTtaercs, 4to nossieHue D-nmuHum 171 00pa3noB okcuaa rpadena u BoccTa-
HOBJICHHOTO OKcHJa Trpad)eHa CBUACTEILCTBYeT 00 oOpa3zoBaHUM Ne(DEKTHOH CTPYKTYPHI 11O
OTHOIIICHUIO K rpadury.
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Cormacio nanHbiM MK-CrieKTpOoCKONUM MOKHO YTBEpXAaTh, YTO BOCCTAHOBJICHHE KH-
ciopoicoaepxamux rpynn okcuaa rpadena (C=0, -OH, C-OH, C-O-C) nmpoucxoauT mpaxkTu-
yecku MoJaHOCThIO. CriekTpsl POOC okcupa rpadeHa u BOCCTAHOBIGHHOTO OKCHaa rpadeHa
Takke moarBepxkaarT pesynbratel MK-cnektpockonuu. B dotosnekrponnom crektpe C 1s
OKcH1a rpad)eHa OTYETIIMBO HAOJIIOIAI0TCS JIBA TIMKA C SHEPTUsMU cBsi3u 284,6 u 286,5 3B, ko-
topbie mpunucanbl cBa3siM C-C u C-O-C. JIBa HaOM0MaI0MUXCS  TOTIOHUTEIBHBIX COCTOSHUS
¢ sHeprusimu cBsizu 287,8 u 289,0 3B coorBerctBytoT rpynmam C=0 u C(O)O. [ns onpenene-
HUSl UX OTHOCUTENIbHBIX KOHIIEHTPAIMi ObUIO UCIIOIb30BAHO OMHCAHME HU3KOIHEPTeTUUECKOTO
COCTOSIHUSI CTIEKTPOM BOCCTAQHOBJICHHOTO OKcHJa rpadeHa, YIIMPEHHOTO U HAWTYy4IIero ero
OTMHCaHUsl U HOPMUPOBAHHOTO B 06nacTu m-n* caremmra (~ 290,5 3B).

MertogoMm Mex(ha3HOTO HAHECEHMs TMOJYy4YeHBl KOMIIO3WTHBIE TUIeHKH MoS,-BOI co-
CTOSIIIME U3 BEPTUKAIBHO BBIPOBHEHHBIX JUCTOB JIIIM, paBHOMEpPHO MOKPBIBAIOIINX MOBEPX-
HocTh TwieHOK BOI'. Cunre3upoBan HaHOKOMIO3UT MoS,-BOI' myTem mpocToro cosibBoTep-
MaJIbHOTO MeTOoJa. AHaINU3 JaHHbIX POM yka3biBaeT Ha KOpPpEIsALUI0 COOTHOIEHUs MoS, :
BOTI" ¢ MUKpOCTPYKTYpOIl U ONTHYECKUMHU CBOMCTBAMH MPOJTIYKTa.
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Synthesis and properties of reduced graphene oxide and molybde-
num disulphide composites for the application of photovoltaic de-
vices

Radzhabzoda Sh.S.

Supervisor: Ph.D., associate professor Grigoryeva A. V.

One of the most relevant areas of application of two-dimensional materials are solar batte-
ries - devices that convert the energy of sunlight into electric current. Graphene and single-layer
transition metal dichalcogenides (TDM) are promising materials for ultrathin optoelectronic de-
vices, the next generation. Both materials are hole-transport materials (HTM) which are promis-
ing for flexible electronics. Graphene is a poor absorber of sunlight providing visible light ab-
sorption by 2.3%. Monolayers of TDM also have potential as absorbers of sunlight and can in-
clude ultra-thin photoelectric devices due to their semiconductor nature.

In this paper, a reproducible method for obtaining reduced graphene oxide from organic
solvents is used, the samples were characterized with the use of a modern complex of physical
and chemical analysis methods. It is established that ethanol and isopropanol can be not only
the reaction medium, but also a universal reagent - a reducing agent. According to the Raman
spectroscopy data, two main peaks are present in the spectra of graphite, graphene oxide, and
reduced graphene oxide: the G line characterizing the sp” vibrations of the carbon bonds (~
1580 cm™) (graphite-like zone) and the D-line (defect zone) (~ 1330 cm™). It is believed that
the appearance of a D-line for samples of graphene oxide and reduced graphene oxide indicates
the formation of a defective structure with respect to graphite.

According to IR spectroscopy data, it can be argued that the reduction of oxygen-
containing groups of graphene oxide (C = O, -OH, C-OH, C-O-C) occurs almost completely.
The XPS spectra of graphene oxide and reduced graphene oxide also confirm the results of IR
spectroscopy. In the photoelectron spectrum of C 1s graphene oxide, two peaks with binding
energies of 284.6 and 286.5 eV, which are attributed to the C-C and C-O-C bonds, are clearly
observed. For an adequate description of the spectrum, it is necessary to introduce two addition-
al states with binding energies of 287.8 and 289.0 eV, which correspond to the groups C = O
and C (O) O. To determine their relative concentrations, the low-energy state was described by
the spectrum of the reduced graphene oxide, broadened for its best description and normalized
in the -1 * satellite region (~ 290.5 eV).

The MoS,-rGO nanocomposite consisting of vertically aligned superfine MoS, sheets un-
iformly covering the entire surface of rGO was synthesized using a simple hydrothermal me-
thod. The SEM analysis clearly shows the influence of the GO mass percentage on the mor-
phology of the nanocomposite and the role of rGO as a potential substrate for obtaining such a
unique morphology.
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OCTEOKOHIYKTHBHBIC 0MOMATEPHAJIbI VISl KOCTHOM IVIACTUKH HA
OCHOBe IrujaporeJsiei, HaANOJHeHHbIX GochaTaMu KaJabIUA

Tuxonoes A.A.

PykoBoaurenu: k.x.H., nou. [lytnsaes B.U., k.x.H., acc. EBnokumos I1.B.

[Tpu BoccTaHOBICHUH (DYHKIIMI TOBPEKISHHBIX KOCTHBIX TKAHEH M 3aMEHE YTPaueHHOU
KOCTH HEOOXOJUMO WCIOJIh30BaTh MMIUIAHTATHI U3 Pa3lMYHBIX MaTepuanos. [Ipu BBemeHuu
nonuMepHoi (asbl, olnajaroniel BSI3KOYNPYTMMH MEXaHWYECKHMHU CBONCTBaMH, BO3MOXKHO
CO3/IaHNE KOMIIO3UIIMOHHOTO MarepHualia, KOTOpbIid 00paTuMo AePOpMHUPYETCS B OTHOCUTEIHHO
HIMPOKUX Tpedenax ©Oe3 3aMETHBIX MexaHWdyeckux HampsbkeHuil. [lomumo momoOust
XUMHYECKOTO COCTaBa, apXUTEKTOHMKA MaTepuaia JO0DKHA CIOCOOCTBOBATH IMPOTEKAHHIO
OMOJIOTUYECKNX TIOTOKOB, TPOPACTAHWIO HATUBHOW KOCTHOM TKaHu (T.e. (opmMupoBaTh
OCTEOKOH/IyKTUBHBIC CBOWMCTBA) M OIpPEACATh HEOOXOIUMbIC MEXaHUYECKHE XaPAKTEPUCTUKH
(IpOYHOCTH/)KECTKOCTH ).

Llenpro paboTHI cTana pa3paboTka OCTEOKOHAYKTUBHBIX KOMITO3UIIMOHHBIX MAaTEepPHAIOB
C BSI3KOYTIPYTMMHU CBOWCTBAMHU Ha OCHOBE HANOJHEHHBIX (hochaTamMul KalbLus TUIpOreneit s
WX HUCIOJIb30BAHUS MPU PEKOHCTPYKIIMU KOCTHON TKaHU. OCHOBHBIMU 3aJlauaMy OBLIM CHHTE3
cnouctbix docdaro kampnus (Opymmra CaHPO42H,0 u okxrakaneumueBoro ¢ocdara (OKD)
Cag(HPO4)2(PO4)4-5H,0), MIPOEKTUPOBAHUE APXUTEKTYPBI OCTE€OKOHIYKTUBHBIX
BBICOKOTIPOHUIIAEMBIX ~MEXaHMYECKHM COBMECTHMBIX MaTepHuasioB, ampolaius crnocoOoB
paBHOMEPHOTO HamoMHEHWs Tuiaporeneil ¢ocdaramMu KambIus, ONPENETICHHE OCHOBHBIX
nmapamMeTpoB crepeosnrorpaduueckoit 3D-neuaTy OMOKOMITO3UTOB THAPOTENb/Pochdar KaabIus
(Tum W KOHULEHTpauus (OTOMHHUIMATOpPA, CTEMEeHb pa30aBlICeHUs MOHOMEpPA, CTEICHb
HATIOJIHEHMs TIOPOIIKOM), IPOBEICHUE PEOJIOTUYECKUX, MEXaHMYECKHX U OMOJIOrMYeCcKHX
WCIBITAHUN TTOTyYEHHBIX KOMIIO3UTOB.

B xome nanHOI paboOThl HCCIENIOBAINCH THUAPOTENIM HA OCHOBE MOJIMATUIICHIIIUKOIb
muakpuanara (II9I-IA), koTopble dYalle BCEro MUCHOIB3YHOTCS A PEreHEpallud MSTKHX
TKaHel opraHusma. [[msi cozmaHus KOMIO3UTOB TOTOBUJIACH CYCIIEH3UsI HA OCHOBE BOJHBIX
pactBopoB Ouonorndecku coBmectumbix [IOI-JIA  (M,=700 [la), ¢dortounumnmaropa
Irgacure®819 (hermaduc(2,4,6-TpuMeTriIoen30mn)pochUH OKCHI), KPACUTEIS XHHOIHHOBBIN
KEITHIA, a TaKKe HAIMOJHUTENS:a) CHHTE3UPOBAHHBIX MOpoikoB Opymuta u OK®D; 6) coneit

30



CaCl, wm cmecu NaH,PO, wu Na,HPO,. Kommosutbl momy4amd — METOIOM

crepeonutorpapuyeckoil 3D-medat B pe3ynbTare peakuud (OTONOIMMEPH3ALMU KHUJIKOU

CYCIIEH3UH IO/ BO3/AE€WCTBHEM BHEIIHEro MCTOYHMKA cBera - DLP-mpoextopa 3D-mpunrepa

Ember (Autodesk, CIIIA).

[IpoBeneHo MaTeMaTH4ecKoe MOJAETUPOBAHUE IKCIIEPUMEHTOB 10 MPOTEKAHUIO BOABI U
OHOOCHOMY  OJHOCTOPOHHEMY HArpyXeHUIO pa3jIM4YHBIX AapXUTEKTYp C  OTKPBITOH
MaKpOMOPHCTOCTBIO C IENbI0 ONpeAeieHrs Hanbojiee NMPOHWUIAEMON W HauMEHee KEeCTKOU
apXUTEKTYpbl MAaKpOIIOPUCTOrO MarepHaia. beljao moka3aHo, 4To Haubosiee MPOHHUIIAEMBIMU U
MOJATIMBBIMU SABISIOTCA CTPYKTypbl KenbBuHa m Tuma «rupoun» c¢ 70% nponei mop. s
CYCHEH3HMH pa3InYHOIo COCTaBa OINpeJeseHbl (POTOUYBCTBUTENBHOCTh M KPUTHUECKAsl SHEPTUs
MOoJIUMEpU3allMM B 3aBUCUMOCTH OT KOHIIEHTpauuu (OTOMHUIMATOpa, KpacuTens U
apmupymomeil no6asku. [Ipu HamonHeHuu cycrieH3uu nopomkoMm (1o 10% macc.) ynaBanock
MOJyYUTh KOMIIO3UTHI C PaBHOMEPHBIM pacIpeleieHueM J00aBKM MO 00bEMY T'MIPOTENs.
MexaHn4yecKkue XapaKTepUCTHKH HEHATOJIHEHHBIX THAPOresel U KOMIIO3UTOB OIpPEIEsINCh B
XOJIe PEOMETPUUYECKUX OCHMWUISILIMOHHBIX UCHBITAHUN. YNIpyrue MOIYJIH CABUTA COCTABUIHU OT
40 xITa go 400 kIla B 3aBUCHUMOCTH OT COCTaBa CyCII€H3UH, Bsi3kue Moaynu casura — ot 1 klla
1o 6 klla, yTo cooTBeTCTBYET (hakTOPY MOTEPH — B 2-8°.

Takum o0Opa3zoM, B xone paboTel pa3paboTaH OMOKOMIIO3UTHBIA Marepuai, Io
XMMHYECKOMY COCTaBY U CTPYKTYpPE CXOAHBII C HATUBHOM KOCTHOW TKaHbIO, KOTOPBIH 00ianaer
BA3KOYNPYTMMH MEXaHMYECKUMU CBOMCTBaMU 1 oOpatumoit nedopmarueit 10 20% u no3posser
TIOJTHOIICHHO 3aITOJTHATH 1e()EKTHI CIIOKHON (POPMBI.
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Osteoconductive hydrogels filled with calcium phosphates for bone
grafting

Tikhonov A.A.

Scientific advisors: Ph.D., Assoc.Prof. Putlayev V.I., Ph. D., Assist.Prof. Evdoki-
mov P.V.

Implants based on various materials should be used for restoring the functions of dam-
aged bone tissue and replacing the lost bones. When a polymer with viscoelastic mechanical
properties is introduced, it is possible to create a composite material that reversibly deforms
within relatively wide borders without significant mechanical stress. In addition to the similarity
of the chemical composition, architecture of the material should facilitate the flow of biological
streams, the native bone ingrowth (i.e., osteoconductive properties) and determine the required
mechanical characteristics (strength/ stiffness).

The aim of the work was the development of osteoconductive composite materials with
viscoelastic properties based on calcium phosphate-filled hydrogels for their use in the recon-
struction of bone tissue. The main objectives were: a) synthesis of layered calcium phosphates
(brushite CaHPO4-2H,0O and octacalcium phosphate (OCP) Cag(HPO4)2(PO4)4-5H,0); b) archi-
tecture design of osteoconductive highly permeable and mechanically compatible materials; c)
testing the ways of uniform filling of hydrogels by calcium phosphates; d) determination of ste-
reolithography printing basic parameters of biocomposites hydrogel/calcium phosphate (type
and concentration of photoinitiator, the degree of dilution of the monomer, the degree of powd-
er filling); e) carrying out the rheological, mechanical and biology tests of the biocomposites.

In the course of this work, hydrogels based on polyethylene glycol diacrylate (PEG-
DA), which are mostly used for the regeneration of the soft tissues of the body, were investi-
gated. To create the biocomposite, slurry was prepared based on aqueous solution of biocompat-
ible PEG-DA (M,, = 700 Da), photoinitiator Irgacure®819 (phenylbis (2,4,6-trimethylbenzoyl)
phosphine oxide), quinoline yellow dye, and the filler: a) synthesized powders of brushite and
OCP; b) salts of CaCl, or a mixture of NaH,PO,4 and Na,HPO,4. The composites were prepared
by means of stereolithography as a result of the photopolymerization reaction of the liquid sus-
pension under the influence of an external light source - the DLP projector of the 3D printer
Ember (Autodesk, USA).

The experiments on the flow of water and uniaxial one-sided loading of different archi-
tectures with open macroporosity were modelled to determine the most permeable and the least
rigid architecture of macroporous material. It was shown that the Kelvin structures and the "gy-
roid" type with 70% pore fraction are the most permeable and flexible. For suspensions of dif-
ferent compositions, photosensitivity and critical polymerization energy are determined depend-
ing on the concentration of the photoinitiator, the dye and the reinforcing filler. When the sus-
pension was filled with powder (up to 10% by weight), it was possible to obtain the composites
with a uniform distribution of the additive in volume of the hydrogel. The mechanical characte-
ristics of unfilled hydrogels and composites were determined by rheometric oscillation tests.
Elastic shear modulus ranged from 40 kPa to 400 kPa depending on the composition of the slur-
ry, viscous shear modulus - from 1 kPa to 6 kPa, which corresponds to the loss factor - at 2-8 °.

Thus, the biocomposite material has been developed that is similar in chemical composi-
tion and structure to native bone tissue, which possesses viscoelastic mechanical properties and
reversible deforms up to 20% and allows full filling of defects of complex shape.
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CuHTe3 U CEHCOPHBbIE CBOMCTBAa HAHOKPHCTAINYECKHUX OKCH/IOB
SnO; u In,03, CeHCHOMIN3UPOBAHHBIX IeTEPOUMKINYECKUMHE KOM-
miiexkcamu Ru(Il)

Hacpuoounos A. D.

PykoBoautens: a.x.H., npod. Pymsuuera M.H.

OnHoif n3 Hambosiee aKTyaJbHBIX O0JAacTeld MPUMEHEHUsS! MOIYHPOBOJHHKOBBIX OKCHIOB
SIBJSIIOTCS. XUMHUYECKHE Ta30BbIE CEHCOPHI - YCTPOMCTBA, Npeobpasyromue nHPOpMaIH0 00 u3-
MEHEHHUHU COCTaBa ra3oBoi (hasbl B 3JEKTpUUecKuid curHai. [loytn Bce MOIyNpOBOIHUKHU OOJIa-
JAl0T CEHCOPHBIM 3¢ (dEeKTOM, OAHAKO, UMEHHO TpYyINa MOJIYNPOBOJHUKOBBIX OKCHUIOB SnOa,
Zn0O, In,03, WO; xapakrepusyercs peKOpJAHON ra30BOM 4yBCTBUTEIBHOCTHIO. OTHAKO peaKINu
«TBEpAOe-Ta3» MPOTEKAIOT Ha MOBEPXHOCTH IMOJYIPOBOJHUKOBBIX OKCHJIOB IpPHU TeMIlepaTypax
250-500°C. Takas Temreparypa HEOOX0AUMa sl TIOBBIIIICHHUS KOHIICHTPAIIMHA CBOOOIHBIX HOCH-
Tesel 3apsiia, akTUBALMK XMMHUYECKHUX PEeaKIMil Ha MOBEPXHOCTH U 1€COPOIIMH POAYKTOB peak-
uU. AJIbTEpHAaTUBOM TEPMHMUECKOMY HArpeBy MOXKET BBICTYNATh aKTHBALMs MPOIIECCOB HA IO-
BEPXHOCTH TOJIYITPOBOAHUKOBBIX OKCHUIOB MO/ IEHCTBUEM CBETA.

O6’b€MHBI€ I_HI/IPOKOBOHHI:IG OKCHUIbI METAJIJIOB Hp03paqH51 B BUINMOM JHAITa30HEC CHGKTpa.
Jlist peasii3aiuu MEXaHU3MOB (DOTOAKTHUBAIIMK B YCIOBUSAX M3ITyYCHHS BHIUMOTO JHarna3oHa He-
00X0UMO CO3/ITaHUE HAHOKOMITIO3UTOB HAa OCHOBE HAHOKPHUCTAJUTMUECKUX MOIYTPOBOTHUKOBBIX
OKCUJIOB U (hOTOCEHCHOUITN3aTOPOB, 00ECTICUNBAIOIIUX YYBCTBUTEIHLHOCTh MaTepraia K U3yde-
HUIO BUAMMOTO JMANa3oHa CrieKkTpa. B cBs3u ¢ 3TUM, B HACTOAIIEH paboTe UCCIEIyIOTCS HOBBIC
Marepuaabl Ha OCHOBE HAaHOKPUCTAUIMUECKHX OKCHUIO0B SnO; u InyOs, ceHCHOMIN3UPOBAHHBIX
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rerepounkinyeckumMu komiuiekcamu Ru(Il), koTtopeie 06sagatoT ra3oBoil 4yBCTBUTEIBHOCTBIO
IIpY KOMHATHOU TeMIIepaType B YCIOBHUIX OOIy4YEeHHUS] CBETOM BUJMMOIO IMana30Ha.

Jlnst HaHOKpHUCTAIITUYECKUX OKCUIOB SnO; 1 InyO3, MOMTyYEHHBIX METOIOM OCAXKICHHS U3
pacTBopa, ¥ CEHCUOMIN3UPOBAaHHBIX MaTepUAIOB Ha UX OCHOBE MCCIIECOBAHBI CEHCOPHBIE CBOM-
cTBa 1o oTHomeHnio K NO, mpu KOMHAaTHON TeMIlepaType, B YCIOBUAX MEPUOAMYECKON TOI-
CBETKU CUHUM (Amax = 470 HM), 3€1€HBIM (Amax = 525 HM) U KPacHBIM (Amax = 630 HM) cBeTOM.
YcranosneHo, uTo SnO; HEe TPOSABIAET (OTOTYBCTBUTEIHHOCTh U CEHCOPHBIC CBOWCTBA B YCJIO-
BUAX U3MepeHuil. Moaudukamnusi moBEpXHOCTH MONYMPOBOAHUKOB OPraHUYECKUMH KpacHuTe-
JISIMUA TIPUBOJUT K BOSHUKHOBEHMIO (DOTOUYBCTBUTEIBHOCTH B BUIAMMOM JIMANa30HE U TOSBIIC-
HUIO BOCIIPOU3BOJIMMOTO CEHCOPHOTO CUTHajia Mo oTHoueHuIo0 kK NO, ¢ KOHIIeHTpaluel B mpe-
nenax 0.25 - 2 ppm.

CornacHo pe3ysbTaTaM TEPMHUYECKOIO aHaAJIM3a CEHCHUOWIN3MPOBAaHHBIX MaTE€pHajoB re-
Tepouukiandyeckue komuiekceol pyreHus (II) maunnator pasnaratecs mpu T > 200°C. Ilostomy
CEHCOpHBIE M3MEPEHUs TaKkke ObUIM NpPOBEIEHBbl NMPU HAarpeBe B MHTepBaje TemmepaTryp 50-
200°C no otHomenuto Kk NH3 u CO ¢ xonnenrpanusamu 20 ppm. beuio ycraHoBieHO, YTO CEH-
COpHBIM CUTHaN JUId MOJU(HUUMPOBAHHBIX 00pas3loB Ha OocHOBe SnO, mpuMepHO B 2 pasa
0O0JIBIIIe TT0 CPABHEHUIO ¢ MOIUPHUITMPOBAHHBIMU 0OpasiaMu Ha ocHoBe In,Os. [l Bcex oOpas-
II0OB MaKCHMaJlbHasl BEJIMYMHA CEHCOPHOro curHaia Habmopaercs npu T=175 u 200°C, npuuem
CEHCOPHBIN OTKJIMK MO OTHOUICHHIO K aMMHUaKy OOJIbIe YeM K yrapHomy rasy. HaOmromaembrit
s ekt MoxkeT GBITh 06ycIoBIeH crocodHocThI0 Ru™ 1 Ru™ 06pasoBsBaTh KOOpAMHAIIMOH-
HBIE COeIUHEHNI ¢ aMMuakoM. OKHCIEHNE Ru™? bi(s) Ru” u Ru™ Bosmoxuo BCJIEACTBUE TEPMHU-
YEeCKOI'o HarpeBa CeHCUOMIN3UPOBAHHBIX MaTEpPHAIOB HA BO3LyXe.
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Synthesis and gas sensor properties of nanocrystalline SnO, and
In,0; sensitized with heterocyclic Ru(Il) complexes

Nasriddinov A.F.

Supervisor: D.Sc., Professor Rumyantseva M. N.

One of the most topical applications of the metal oxide semiconductors is chemical gas
sensors — devices that convert information on the change in the composition of the gas phase
into electrical signal. Almost all semiconductors demonstrate this effect; however, the group of
wide band gap semiconductor oxides including SnO,, ZnO, In,O3, WOs, is characterized by
record gas sensitivity. The "solid-gas" reactions occur on the surface of semiconductor oxides at
temperatures of 250-500 °C. This high temperature is necessary to increase the concentration of
free charge carriers, to activate chemical reactions on the surface and to desorb reaction prod-
ucts. An alternative process to thermal heating may be the light irradiation.

Bulk wide band gap metal oxides are transparent in the visible range of the spectrum. To
activate the photoactivation mechanisms under visible light irradiation, it is necessary to create
new materials containing nanocrystalline semiconductor oxides and photosensitizers that could
provide the sensitivity to the visible light.

In the present work, new materials based on nanocrystalline SnO, and In,Os, sensitized
with Ru(II) heterocyclic complexes, which have gas sensitivity at room temperature under irrad-
iation with visible light were investigated.

SnO; and In,O3 nanocrystalline semiconductors were synthesized by the precipitation me-
thod. According to the results of X-ray diffraction analysis, all studied powders are single-
phase. The diffraction pattern of SnO; corresponds to a phase with a tetragonal cassiterite struc-
ture, In,O; - a phase with a cubic bixbyite structure.

For pure and sensitized SnO, and In,O3 samples the sensor properties toward NO, were
investigated at room temperature under periodic illumination conditions with blue (Amax = 470
nm), green (Amax = 525 nm) and red (Amax = 630 nm) light. It was found that SnO, does not ex-
hibit photosensitivity and gas sensor properties under measurement conditions. Modification of
the surface of semiconductors with organic dyes leads to the appearance of photosensitivity in
the visible range and the appearance of a reproducible sensor signal during exposure to NO/air
gas mixtures (0.25 - 2 ppm NO; in dry air).

The results of thermal analysis of sensitized materials have shown that heterocyclic ruthe-
nium (II) complexes begin to decompose above 200 °C. Therefore, sensor measurements were
also carried out toward 20 ppm NH3 and CO under heating in the temperature range 50-200 °C.

It was found that the sensor signal of modified SnO, based samples is approximately 2
times larger than the In,O3 ones. For all samples, the maximum value of the sensor signal is ob-
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served at T = 175 and 200 °C, and the sensor response to ammonia is greater than to carbon
monoxide. The observed effect may be due to the ability of Ru™ and Ru™ to form coordination
compounds with ammonia. These most stable oxidation states of ruthenium can be formed by
Ru™ oxidation to Ru™ and Ru™ during thermal heating.
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Hanoxommno3utsl Ha 0cHOBe In, O3 1J1sl ra30BBIX CEHCOPOB

Habepeorcnwiii /1.0.

PykoBoautens: a.x.H., npod. Pymsuuera M.H.

JleTekTUpOBaHNE TOKCHYHBIX M B3PBIBOOIACHBIX Ta30B SBISICTCS aKTyaJbHOU MpoOJe-
MOI\/'I IJIA OKOJIOTUU U HpOMBIH_IHCHHOCTI/I. B KAa4dCCTBC pa60qer0 MaTepI/IaJIa I'a30BbIX CeHCOpOB
BBICTYIAIOT MOJYITPOBOJIHUKOBBIE OKCH/IBI METAJJIOB, Takue Kak In,Os, SnO,, WOs, ZnO u npy-

rue. Ux

MIOBEPXHOCTh 00JIaAaeT BBHICOKMMHU aJCOPOLMOHHBIMU CBOMCTBAMU M UYpE3BbIYAITHO

YyBCTBHUTEJIbHA K Ta30BOMY cocTaBy atMocdepbl. OCHOBHBIMH MTPOOJIEMaMu ra30BbIX CEHCOPOB
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SIBJIIOTCS. HU3Kasl CEJIEKTUBHOCTh M 3HEPro3arparhl Ha HarpeB /10 pabodeil Temneparypsl. Mo-
IudUKas MOBEPXHOCTU MOITYTPOBOAHUKOBBIX OKCHIOB KaTaJTUTHUECKUMHU I00aBKaMHU MOKET
MIPUBOJIUTH K CHIKEHUIO paboyeil TeMIepaTypbl CEHCOpa U MOBBILICHUIO CEJIEKTUBHOCTH MaTe-
puasa K KOHKpeTHOMY ra3y. CeleKTUBHOCTh CEHCOPHOTO MaTepHalia U ero ontuMaibHas pado-
qasi TEMIIepaTypa 3aBUCAT OT TUIIAa MOAU(HUKATOpa U CIIOc00a €0 BBEJCHHUSI.

Llenbto maHHOW paboOTHI sBNsETCS U3yueHUe BIUsSHUS MoaudukatopoB Ag u CeOx Ha
PEaKIMOHHYIO CIIOCOOHOCTh MOBEPXHOCTH HaHOKpUcTauindeckoro In,O3 mpu B3auMoaencTBuu
¢ razamu-BocctaHoBurensimMu (CO, NHj3) mpu HarpeBanuu u ¢ razamu-okucnutensiMu (NOy)
IIpY KOMHATHOH TemmepaType B YCJIOBUSAX OOIy4YEHHM CBETOM BMJIMMOrO jauarna3oHa. B Ha-
CTOSIIEE BPEMsI CEHCOPHBIE CBOMCTBa HAHOKOMIIO3UTOB Ha ocHOBE [nyO3, MOAMPUIIIPOBAHHOTO
cepeOpoM, U3y4aroTcs MPEUMYIIECTBEHHO O OTHOIIECHUIO K ()OPMAIIBACTHILY, TAHOIY U Ta3aM-
okucnurensiM. Jlnokeun uepust u komno3utsl CeO,/Ag HaXOIAT MPUMEHEHHE B KaTalu3e, CeH-
COpHBIE CBOMCTBA TaKUX MaTEpHUaJIOB M3Y4YEHBI HEIOCTAaTOUYHO. B paboTe mocraBiieHsl cienyto-
e 3afaun: 1) cuHTe3 HaHOKpUCTaIndeckoro In,Os 1 KOMITO3UTOB Ha €r0 OCHOBE C YacTHIIA-
Mu cepedpa u CeOy, UCCIIEIOBAHNE X COCTaBa, XUMUYECKOTO COCTOSIHUSI TIOBEPXHOCTH U TIa-
pamMeTpOB MUKPOCTPYKTYPBI; 2) HCCIEAOBaHNE CEHCOPHBIX CBOMCTB MOTYYCHHBIX MATEPHAIIOB B
YCIIOBHSIX OOJIy4eHHs] CBETOM BHIMMOTO JWAaNa30Ha MPU KOMHATHOM TEMIIEpaType W B TEMHO-
BBIX YCIIOBUSIX MPU HArpeBaHUH.

B xoxe paboThl OBLIM CHHTE3UPOBAHBI U MCCIEAOBAHBI TPU cepun 00paszoB. CuHTE3
MOy IPOBOIHUKOBOI MaTpHIIbI — HAaHOKpUCTaIndeckoro InyO; mpoBOAMIN METOIOM XUMHUYE-
CKOTO OCa)/ICHUS U3 pacTBoOpa:

2x In(NO3); + 6x NH3-H,0O — x InyO5 - 3x H,O + 6x NH4NO3
¢ mocienyone repmudeckoii oopadotkoit mpu 300 °C. Moaudukauo moBepXHOCTH cepeod-
poM juist I u II cepuit 00Opa3noB nMpoBOAMIM IMyTE€M BOCCTaHOBIEHHS NoJ Y@ u3iIydeHueMm B
BOJHOM PAaCTBOpE INIMLEPUHA U ATAHOJA, COOTBETCTBEHHO:
Ag'+e — Ag; R-CH,-OH + 2h" — R-COH + 2H".
Moauduxkaruio nosepxHoctu auokcuaom nepust as 11 u 111 cepuit mpoBoamim MeTo10M Ipo-
MUTKHU C MOCIEeIYIONINM TEPMUUECKUM Pa3ioKeHHEM MPEKypcopa:
(NH4)2C€(NO3)6 — CCOQ + 6N02 + Nz + 4H20.
Moaudukanuio noBepxHoctu cepedpom Il cepum 06pa3ioB MPOBOIUIN METOIOM MPOIHUTKH:
2AgNO3; — 2Ag + 2NO; + O,.

Metogamu POA, POSC, POM 0110 yCcTaHOBJIEHO, YTO TIPU BOCCTAHOBJICHHH 107 Y D
U3Iy4YeHneM o0pa3yercsl KpucTauinueckas ¢asza cepedpa ¢ OKUCICHHOW MOBEPXHOCTHIO, TIPEe/-
cTaBystoas co0oi arperatbl MUKpOHHBIX pazMepoB ¢ OKP nopsinka 18 HM. YBenuueHue temM-
nepaTypbl OTXKHUra MPUBOAWT K MOBBIIICHUIO COACpXKaHUS MeTaummueckoro cepedpa. CeOx u
Ag, HAHECEHHBIC METOJIOM IPOIHUTKH, MPEACTABISIIOT co00l peHTreHoamopdHbie da3zpl. Meto-
nom [IOM ycraHOBIIEHO, YTO cepedpo pacmpeeneHo Ha moBepxHocTH In,O3 B BUIE MONUKpPU-
CTaJUTMYECKUX HAHOYACTHI] C pazMepamu oT 5 110 34 HM.

3a cyeT 3JeKTPOHHOM CEHCHMOMWIM3AlUK ¢ YYacTHEM YacTHIl cepedpa HabIoJanoch mo-
BhlllIeHHE ceHcopHoro curHaina Ha CO u NHj nipu temneparypax vmxe 200 °C. Beenenue au-
OKCHJa LIepHs MOBBIIIAET JI0JII0 OKUCIECHHOTO cepedpa U 4yBCTBUTEIHHOCTh CEHCOPHOTO KOM-
MO3UTA K TAKUM ra3aM-BOCCTaHOBUTENSAIM Kak NHs.
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Nanocomposites based on In,0; for gas sensors
Naberezhnyi D.
Supervisor: Dr. Sci., prof. Rumyantseva M.

Detection of toxic and explosive gases is important task for the environmental monitor-
ing. Metal oxides such as In,O3, SnO,, WOs3, ZnO are used as sensitive materials in semicon-
ductor gas sensors. Surface of these oxides is characterized by high adsorption properties and is
extremely sensitive to the atmospheric gas composition. The main problems of semiconductor
gas sensors are low selectivity and high energy consumption necessary for heating up to operat-
ing temperature. Modification of the surface of semiconductor oxides by catalytic additives can
lead to a decrease of working temperature of the sensor and to an increase in the selectivity of
the material to a target gas. The selectivity of the sensor material and its optimum working tem-
perature depend on the type of additive and the method of its introducing into semiconductor
matrix.

The aim of the work is to reveal the influence of modifiers Ag and CeOx on the chemical
activity of the surface of nanocrystalline In,Oj; in the interaction with reducing gases (CO, NH3)
under heating and with oxidizing gases (NO,) at room temperature under irradiation with visible
light. At present, the sensor properties of nanocomposites based on In,Os, modified with silver,
are studied mainly to formaldehyde, ethanol and oxidizing gases. Cerium dioxide and compo-
sites CeO,/Ag are used in catalysis, but the sensor properties of such materials have not been
investigated sufficiently. The following tasks are set in the work: 1) synthesis of nanocrystalline
In;O; and In,Os-based composites with silver and CeOy particles, investigation of their compo-
sition, chemical state of the surface, and microstructure parameters; 2) investigation of the sen-
sor properties of the synthesized materials under irradiation of the visible light at room tempera-
ture and under dark conditions with heating.

Three series of samples were synthesized and investigated during the work. Synthesis of
the semiconductor matrix — nanocrystalline In,O; was effectuated by chemical precipitation
from the solution:

2x In(NO3); + 6x NH3-H,0O — x InyOs - 3x H,O + 6x NH4NO3
followed by heat treatment at 300 °C. Modification of the surface by silver was carried out by
photoreduction under UV radiation in an aqueous solution of glycerol and ethanol, respectively:
Ag +e — Ag; R-CH,-OH + 2h" — R-COH + 2H",
or by impregnation and thermal decomposition:
2AgNO;3; — 2Ag + 2NO; + O,.
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Modification of the surface with cerium dioxide was made by impregnation followed by ther-
mal decomposition of the precursor:
mH4)2C€(NO3)6 — C602 + 6N02 + Nz + 4H20.

Using the XRD, XPS, SEM methods it was found that silver forms metal crystalline
phase with 18 nm crystallites combined into micron-sized aggregates. The surface of Ag par-
ticles is partially oxidized. An increase in annealing temperature leads to an increase in quantity
of metallic silver. CeOx and Ag deposited by the impregnation method forms X-ray amorphous
phases. Using TEM it was found that silver is distributed on the In,O3 surface in the form of
polycrystalline nanoparticles with size from 5 to 34 nm.

An increase in the sensor signal to CO and NH3 was observed at temperatures below
200 ° C due to electron sensitization effect. An increase in proportion of oxidized silver and an
increase in the sensitivity toward NH; was observed with the introduction of cerium dioxide.
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IHoayuyeHue u ucciaeg0oBaHue POTOKATAIUTHYECKUX CBOHCTB
KOMIIO3UIIMOHHBIX MAaTEPHAJIOB HA OCHOBE OpPyKHUTA

Ko3znos J[.A.

PykoBonurens: K.X.H., 1ou. ['apmes A.B.

TpaauumoHHO MaTepHanaM Ha OCHOBE JIMOKCHJIA TUTaHA yJesseTcsl 00JIbII0e BHUMAHNE
B reTeporeHHoM (otokartanuse. bonpioe yncio paboT HaMpaBIeHO KaK Ha HUccieqoBaHue (o-
ToKatanmuTudeckor akTuBHOCTH (DKA) nuokcuma Tutana pa3naugHoro (a3oBoro cocraBa, Tak v
KOMIIO3UTHBIX MaTEpUaJoB Ha €ro ocHOBe. BcenencTBue Gosiee mpocToro crnocoda moiayyeHus,
OCHOBHOE BHHMAaHHE yJENIeTCsl MaTepuantaM Ha OCHOBE PYTWJIa M aHaTa3a, OpYKHT ke 10 CHX
1op ABISIETCS HAMMEHEe MCClieoBaHHON Moaudukanueil quokcuaa turana. [Ipu stom, B psae
paboT OTMEUarOTCs 3HAUUTENbHBIE OTIMYUS 30HHBIX CTPYKTYP Pa3IUYHBIX MOJU(PUKALMNA TH-
OKCHJa TUTaHA, YTO MOXeT 00BsICHATH paznnuus B KA nmogobHbIx MarepuanoB. Moauduka-
LUl TMOKCHJIa TUTAHA YaCTHLIAMHU METAJJIOB U MOJIYNPOBOJHUKOB SIBJISETCS OJHUM U3 Haubo-
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nee 3¢ dekTuBHBIX crioco6oB noBsieHnss PKA 3Toro Marepuasna nmpu o0ydeHHH IEKTpOMar-
HUTHBIM n3inydyeHueM Y@ u BUAMMOro auanas3oHa. JlaHHble CBOWCTBA OOBIYHO CBSA3BIBAIOT C
MIPOCTPAHCTBEHHBIM pa3ieieHueM (POTOTCeHEPHPOBAHHBIX HOCHTEJICH 3apsiioB, U KaK CIENCT-
BUE, YBEIMUYCHUEM BPEMEHU JKM3HM 3JIEKTPOH-ABIpOYHBIX map. Hecmorps Ha 3710, B paborax,
KaK IPaBUJIO0, HEJOCTATOUHO BHUMAHUS yJIEsIeTCs UCCIe0BaHuIO (Pa30BOro coctaBa AMOKCHIA
TUTaHa U MOP(OJOTHH KOHTAKTa €ro ¢ MOAU(UIMPYIOIUMH YaCTULIAMH, B CBSI3U C UM, OTMe-
yaroTcs pa3nuuus B @PKA HIEHTHYHBIX 0 XUMUYECKOMY COCTaBY KOMIIO3MLIMOHHBIX MaTepua-
JIOB.

B xone BbInoaHEHMs TpeACTaBIseMO pabOThl ObLIIO YCTAHOBJIECHO BIUSHUE HAHOYACTHUIL
MOJYTIPOBOIHUKOB M MeTauioB Ha PKA auokcuaa tutana B Mogudukanuu Opykuta. Takum
o0pa3om, Hebl0 TaHHOW padoThI ABISUIOCH HccinenoBanne KA KoMmo3uToB Ha OCHOBE Opy-
KHTa, MOAU(PHULIMPOBAHHOIO HAaHOYACTULIAMH MeTaioB (Au, Ag) u noaynpoBoaHukoB (WOs,
CdSe, BiOI).

JUis TOCTH)KEHUs] TOCTaBJIEHHOW Leny OBbLIM CHHTE3MPOBaHBbI 00pasiibl 01HO(A3HOTrO
OpYKHTa C BBICOKOW CTENEHBIO KPHCTALIMYHOCTH. BpyKuT OBUI MoOSTydeH B XOAE THAPOTEp-
MaJIbHOM 00pabOTKH B IIEIOYHOM Cpejie JTaKTaTHOro KOMIUIEKCAa TUTaHa. Y CIIOBHSI NOJTY4YEeHUs
omHo(azHOro OpyKHTa OBUTH HAlICHBI BAPEUPOBAHUEM YCIIOBHIA CHHTE3a (TeMIiepaTypa 1 KOH-
LeHTpanus peareHTos).. JlanpHelmas Mmoaudukanns OpykuTa MpOBOIMIACE ITyTEM OCAKICHUS
Ha €ro MOBEPXHOCTh HAHOUYACTHI] U3 pacTBopa. [lomydyeHHble MaTepuabl ObUIN POAHATIUZNUPO-
BaHBbI C UCIIOJIb30BAHUEM METOJIOB PACTPOBOM M MPOCBEUNBAIOIIEN MIEKTPOHHON MUKPOCKOIINH,
pEHTreHoBCKOM nudpakuuu. /s ncciaenoBaHusl ONTUYECKUX CBOMCTB BCEX MOIYUYEHHBIX KOM-
MO3UTOB OBUIM HCHOJb30BAHBI METOJbI crieKTpockomuu auddysnoro orpaxenus (CHO) u
CIEKTPOCKOIMH XapaKTEPUCTHUECKUX MOTePh 3Hepruii anekTpoHoB (CXII33). ®KA nomyuen-
HBIX MAaTepHajoB HCCIEIO0BANACh IyTEM H3MEPEHHUs] CKOPOCTH OOECIBEYMBAHMS METHIJIOBOTO
OpaHKEBOTO.

MetonaMu peHTreHOBCKOM TU(PAaKIUU M MPOCBEUYMBAIOLIEH 3JIEKTPOHHONW MHMKPOCKO-
UM [T0Ka3aHO, YTO OT MUKPOMOP(OJIOTHH KPUCTAJUIUTOB JUOKCHIA TUTAHA 3aBUCUT  MHKPO-
MopGoJI0THsl MOAU(DULIMPYIOIIUX HAHOYACTHIL BCIEACTBUE MX I'€TEPOr€HHOI0 3apojblieodpa-
30BaHUs.

Pe3ynbrarhl BBHITTOJIHEHHONW paOOThI YKa3bIBAIOT Ha TO, YTO MakcuMaibHass OKA komrio-
3UTOB Ha OCHOBE OpyKHTa HAOIIOAAETCS P COACPKaHUN MOAUDUIIMPYIOIUX YacTUIl He Oosee
5 MOJIBHBIX MPOILICHTOB, YTO yKa3biBaeT Ha yBenndueHne @KA BciencTBue B3aMMHOIO BIMSHUS
qyacTul] OpyKuTa U MOJU(PHUKATOPOB.
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Synthesis and photocatalytic properties of composite materials
based on

Kozlov D.A.
Scientific supervisor: PhD in Chemistry, Ass. Prof. Garshev A.V.

Generally, materials based on titania used in heterogeneous photocatalysis.

A large number of papers are dedicated to both at the investigation of the photocatalytic
activity (PCA) of different titania modifications and composites based on its. Due to the simpler
synthesis method, the main focus is on materials based on rutile and anatase, brookite is still the
least investigated modification of titanium dioxide. At the same time, in a number of papers
significant differences in the band structures of various titania modifications are noted. It may
explain the different PCA of the titania and titania based composite materials which are similar
in chemical composition. Modification of titanium dioxide by metal and semiconductor nano-
particles is one of the most effective ways to increase the titania PCA both under UV and visi-
ble irradiation. Such effects are usually associated with the spatial separation of photogenerated
charge carriers, and hence, the lifetime of electron-hole pairs increases. In spite of this, in the
works insufficient attention is paid to the studying of the titania phase composition and the
morphology of its contact with modifying particles. It may contribute to different PCA for the
composites materials which are similar in chemical composition.

In the presented work, the effect of nanoparticles of semiconductors and metals on the
PCA of brookite based nanocomposites was established. Thus, the aim of this work was to in-
vestigate the PCA of composites based on brookite modified with metal (Au, Ag) and semicon-
ductor (WO3, CdSe, BiOI) nanoparticles.

To achieve this aim, samples of single-phase brookite with a high crystallinity were syn-
thesized. Brookite was obtained under hydrothermal conditions using the lactate complex of
titanium in alkaline medium. The synthesis conditions for the single-phase brookite had been
found by the variation of temperature and concentration of the reagents. Then single-phase
brookite have been used for modification by depositing of the nanoparticles from the solution
onto titania particles surface. The obtained materials were analyzed using scanning and trans-
mission electron microscopy, X-ray diffraction. To study the optical properties of the obtained
composites, the methods of diffuse reflectance spectroscopy (DRS) and electron energy loss
spectroscopy (EELS) were used. The PCA of the obtained materials was studied by the mea-
surement of the rate of decoloration process of methyl orange.

X-ray diffraction and transmission electron microscopy data showed the effect of titania
crystallite micromorphology on the micromorphology of modifying nanoparticles due to their
heterogeneous nucleation.

The results of the work indicate that the maximum PCA of composites based on brookite
is observed when the content of modifying particles is not more than 5 mole percent, such in-
crease of PCA likely caused by the mutual influence of the brookite and modifier particles.
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Hony4yenue niaéHok uoauaa meau (I) c mnoMoub0 peaKMOHHOTO
noaunoauaHoro pacmiaasa CH;NH;I-I, nis npumenenust B kadecT-
Be AbIPOYHO-NIPOBOAAEIr0 MATEPHAJIA MEPOBCKUTHBIX COJTHEYHbBIX

3JICMEHTOB

Coxkonosa I0.11.

PykoBoauTens: K.X.H., 3aB.J1a0. Tapacos A.b.

[TepoBckuTHast poTOBOIBTAMKA HA JAHHBIM MOMEHT SIBIISICTCS HamOoJiee JTHUHAMUIHO
pa3BHBaroIIelics 00IacThI0 COTHEUHOM 2HepreTuky. CONHEYHbBIE AIEMEHTHI Ha OCHOBE THOPU-
HBIX OPTaHO-HEOPTAaHWYECKUX TMEPOBCKUTOB COUYECTAOT B ceOE BBHICOKYIO 3PPEKTUBHOCTH C Jie-
IIEBU3HON M MPOCTOTON M3roToBieHus. [IpuHImI paboThl TaKUX 3JIEMEHTOB OCHOBAaH Ha IMPO-
CTPAHCTBEHHOM Da3JeieHUH (OTOTEHEPUPYEMBIX JIEKTPOH-ABIPOUHBIX Map, 00pa3yroNMXcs B
CBETONOTJIOMIAIOIIEM CJIOE, C MTOMOILBIO 3JIEKTPOH- U JIBIPOYHO-NIPOBOASIINX MaTepuayioB. Mc-
MOJIb3YEMbIC B HACTOSIIEE BPEMsI OPTraHWMYECKHUE ABIPOYHO-TIPOBOJISIINE MAaTEPHAIBI 00JIaaloT
HU3KOW XMMHUYECKON M (POTOCTAOMILHOCTBIO, a TAKXKE BBICOKOM CTOMMOCTBIO MO CPAaBHEHUIO C
HEOPTaHWYECKUMHU aHAJIOTaMH, KOTOpbIe Oosiee CTaOWIBHBI, JCHICBHI M MOTYT XapaKTepH30-
BaThCsl Ha HECKOJBKO MOPSIIKOB 00Jiee BHICOKOM MPOBOAMMOCTHI0. OTHUM U3 CaMBIX MEpCIeK-
TUBHBIX cpenu HuX cuntaetcs unoaun mean (1), ogHako 3¢(HEeKTHBHOCTEL 3JIEMEHTOB Ha €ro OC-
HOBE ToKa He mpeBbicuia 17,6%, 4To 00bsCHSAETCS, B YACTHOCTH, HEONTHUMAIbHON MOpdoIoru-
el MJICHKU, HAHECEHHOM KJIACCUYECKHUMU METOJIaMH.

B 2016 romy ObuT OTKPBIT KUIKAN TPU KOMHATHOM TeMIIEpaType MOJUUOAUTHBIA pac-
mnaB (PIIP) B cucteme CH3NH;I-1,. C ero momomipio yaanock B OHY CTaUIO MOJIYYUTh OJHO-
POJHBIE U CIUIOLIHBIE KPYITHO3EPHUCTHIE MJIEHKH MEPOBCKUTA U3 METAINIMYECKOro cBuHLA. [lo-
CKOJIBKY PacIUIaB COIEPKUT 3JIEMEHTAPHBIN WO/, B3aUMOJICCTBUE C HUM METAJTIMYECKON MeIn
MOXKET OTKPBITh HCCJIENOBATENsIM NPUHIUIUATHHO HOBBIE CIIOCOOBI MOJNYYEHUS ABIPOYHO-
MIPOBOJIAIIIETO CJIOSI MOJUAA MEIU HEMTOCPEICTBEHHO B COCTaBE HEOOXOIUMBIX CIIOEB COTHEYHO-
IO 3JIEMEHTA, II03TOMY MCCIIEIOBAHUS B JAHHOM HaIlpaBJICHUU BECbMa AKTYyaJIbHBI.

[enbro manHOM pabOTHI SIBISUIACH Pa3pabOTKa METOIUKH TOJIYUYEHHUS! TOHKUX CILTOIIHBIX
IJICHOK MOAMIA MEIH MYTEM B3aUMOJEHCTBUS PEAKIIMOHHOTO TOJUHUOAUAHOIO paciljlaBa coOCTa-
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Ba CH3NH;l-1; ¢ meTaimmmgeckoit meapto. J[iist 3Toro HeoO6xo 1Mo OBUTO IPOBECTH aHAN3 (a3,
00pa3yromuxcs Mpy B3aMMOJCHCTBUM paciljiaBa ¢ METaUNIMYECKOW MeIbl0, YCTaHOBUTH BIIUS-
HUE YCJIOBUH MPOBEICHUS CHHTE3a Ha MOP(OJIOruio mieHoK moauaa meau Cul, mpennokuTh
ONTUMAaJIbHBIE YCJIOBUS TOJIYYEHHUs IUICHOK MOJIWJA MEIU Pa3IMYHON TOJIMHBI B MPOLECCE
KOHBepcHUU Meau ¢ nomolibio PIIP, n3yunts onTHYECKUE U IJIEKTPUUECKUE CBOMCTBA TJIEHOK
Cul, mony4yeHHBIX NpU KOHTAKTE PACILIaBA C METAJUIMYECKON MEIbI0 M, HA OCHOBAHHUM IOJY-
YEHHBIX JTaHHBIX, CJICJIATh BBIBOJ O MEPCIEKTHUBAX MCIIOIb30BAaHUS OMKMCAHHOTO METO/AA MpUMeE-
HUTEJIBHO K IEPOBCKUTHBIM COJIHEYHBIM 3JIEMEHTAM.

B pesynbraTe mpoBeNEeHHBIX MCCIEIOBAaHUN HAWIACHBI IPUHIIUIIAATEHO HOBBIE CITOCOOBI
MOJTy4eHHUsI KaK TONCTHIX (~1-2 MkM), Tak U TOHKUX (~200 HM) omgHO(A3HBIX TUIEHOK HOAMIA
MeJI B peakiuu KoHBepcuu Meau pacruiaBom coctaBa CH3NH;1-1,, ycranoBnen coctaB mo6ou-
HOM (ha3bl, oOpa3ytoreiics npu B3auMoaelicteuu PIIP ¢ Menpio u onpeeneHsl yCloBus ee cy-
[IECTBOBAHUS, TTOJYYEHbI CIUIOIIHBIE IUICHKW MOJNIa MEAW PA3JIMYHONW TOJIIWHBI, COCTOSIINAE
13 KPYIHBIX 3€PEH, MOHOJUTHBIX B HAIPABIEHUN HOPMAJIU K OBEPXHOCTH, a TAKXKE U3MEPEHBI
uX (yHKIIMOHAIBHBIC CBOWCTBA.

Takum 00pazoMm, MONyYeHHUE IBIPOYHO-TIPOBOISIIETO CIIOS MOAWAA MEAHU HAJS MEepOB-
CKUTHBIX COJIHEUHBIX 3JIEMEHTOB ITyTEM KOHBEPCHUHM MEIW PEAKIMOHHBIM MOJUHUOIUIHBIM pac-
maBoM CH3;NH;3I-1; sBrsieTcst HOBBIM M MOTEHIUAIBHO MEPCIEKTUBHBIM MOJIX0J0M, KOTOPBII
MOJKET MO3BOJIMTH MOBBICUTH 3(()EKTUBHOCTh HAMOOJIEe JACIIEBBIX H CTAOWIBHBIX TEPOBCKHT-
HBIX OaTapeil Ha OCHOBE HEOPTaHMYECKUX JIBIPOYHO-TIPOBOISAIINX MaTepUaoOB.
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Synthesis of copper (I) iodide films by means of reactive polyiodide
melts CH;NH;I-1, intended for use as hole-conducting material of
perovskite solar cells

Sokolova I.P.
Advisor: PhD, Head of the laboratory Tarasov A.B.

At the moment perovskite photovoltaics is the most dynamically evolving area of solar
energetics. Solar cells based on hybrid organic-inorganic perovskites combine high efficiency
with cheapness and ease of their manufacture. The principle of operation of such cells is based
on the spatial separation of photogenerated electron-hole pairs formed within the light-
absorbing layer by means of charge-selective materials. Organic hole-conductive materials,
which are widely used now, have low chemical and photostability, as well as high cost
compared to inorganic analogs, which are more stable, less expensive and characterized by
several orders of magnitude higher conductivity. Copper iodide (I) is considered to be one of
the most promising material, however the efficiency of the elements based on it has not yet
exceeded 17.6%, which may be due to the non-optimal morphology of the film applied by clas-
sical methods.

In 2016, reactive polyiodide melt (RPM) CH3NH;sl-I,, liquid at room temperature, was
discovered. Now it is possible to obtain the homogeneous and continuous coarse-grained pe-
rovskite films in one-step in reaction of metallic lead with the RPM. The melt contains elemen-
tary iodine, so the interaction of metallic copper with it could become fundamentally new way
of obtaining a hole-conducting layer of copper iodide directly in the composition of the
necessary layers of a solar cell. Therefore, studies in this direction are very relevant.

The aim of this study was to develop a technique for obtaining thin continuous films of
copper iodide by reacting of the melt CH3NH;3I-1, with metallic copper. It was necessary to de-
termine the phases formed during the interaction of the melt with metallic copper, to establish
the effect of the synthesis conditions on the morphology of the copper iodide films, to find the
optimal conditions for obtaining copper iodide films of different thickness during the conver-
sion of copper by the RPM, to study the optical and electrical properties of the films Cul, ob-
tained in reaction of the melt with metallic copper and, on the basis of the data obtained, to
draw a conclusion about the prospects of using the described method in the perovskite solar cell
fabrication process.

As a result of this study, brand new methods of the production of both thick (~ 1-2 um)
and thin (~ 200 nm) monophase films of copper iodide in the copper conversion reaction by a
melt of the composition CH3NH;sI-I, were found, the composition of the by-product, formed in
the interaction of the RPM with copper, and the conditions for its existence were determined,
continuous copper iodide films of various thicknesses, consisting of large grains, monolithic in
the direction of the normal to the surface were obtained, and their functional properties were
measured.

Thus, the preparation of a hole-conducting copper iodide layer for perovskite solar cells
by conversion of copper with a reactive polyiodide melt CH3NH;slI-1, is a new and potentially
promising approach that can improve the efficiency of the most stable low-cost perovskite solar
cells based on inorganic hole-conducting materials.
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CuHTte3 n ucciaenoBanue GTropuaHbIX COCAMHEHUN pPeaKo3eMelIb-
HBIX 3JICMEHTOB C JIOMHHECHEHTHBIMU CBOMCTBAMH

Anocos Andpeti Anexcanoposuu

HayuHbIi pyKOBOIUTENE: K.X.H., C.H.C. [IpiMOapenko J[. M.

dTopUaHBIE MaTepUaibl MIMPOKO PACIIPOCTPAHEHBI BO MHOTHX IPOMBIIIICHHBIX U Ha-
YUHBIX 00JacTAX, TAKUX KaK OMOBH3ayNW3allus, IPOU3BOACTBO JIa3€POB, ONTUYECKUX MaTepua-
JIOB U JIa)K€ COJTHEUHBIX OaTapeil Ojarojapsi BHICOKOM MPO3PAavHOCTH, HU3KOW sHEpruu (OHO-
HOB, HU3KOH CTOMMOCTH M IIPOCTOTE mosrydeHus. OcoOblii mHTepec B ONTUKE MONIYyYHiIu GTopu-
IIbI, TOTIMPOBAHHBIE peAKO3eMeNbHbIMU AnieMeHTamu (P33), ob6nanaromniye JTIOMUHECIIEHTHBIMHU
cBoiictBamu. Hekortopeie u3 Hux, Hampumep, NaY73Ybo2EropFa, 006mam1a10T cmocoOGHOCTEIO
npu nornomennn MK-u3nyueHuss ucnmyckaTb BHIUMMOE. OTO CBOWCTBO Ha3bIBAeTCs all-
KOHBepCHsl. AM-KOHBEPCHOHHBIE MaT€pUANIbl MOTYT OBITh MOJTYYEHBI B BUIE TIOPOIIKOB, MIICHOK
Y HAHOYACTHI[ Pa3IMYHBIMU METOJaMH, OJHAKO, JJIS BCEX ONTHYECKUX MPUMEHEHUU CYIIECT-
BYIOT 00mIue TpeOoBaHusl, TaKue KaKk HHU3Kas MPUMECHOCTb, (a3oBasi OAHOPOJHOCTh M Mayioe
KOJIMYECTBO Je(PEKTOB. DTH TpeOOBAHMSI OTPAHWYUBAIOT CIIEKTP METOJIOB IMOJYYCHHUS JTaHHBIX
MaTepuaoB.

enpro manHO#M pabOTHI SBISIETCS MOJTYyYE€HHE HEOPTaHUYECKUX JTIOMHHECIICHTHBIX Ma-
TepHasioB Ha ocHOBe GTopuaoB P30 u BbisBIeHHE (AKTOPOB, BIUAIOMINX HA UX IMHCCHOHHBIC
CBOICTBA.

OpHuM U3 caMbIX YHUBEPCAIBHBIX MOJIXOJO0B JJIs MOTy4YeHUs (GTOPUAHBIX MaTEpPHAIOB
SIBIIICTCS TEPMOJIN3 (DTOPUPOBAHHBIX KapOOKCWIATOB. Tak TpPH COBMECTHOM Pa3lIOKCHUU
TpudTOpareTaToB HaTpus U UTTpuUs npu Temnepatype ~ 300 °C obpazyercs NaYFy:
Na(CF;COO) + Y(CF;COO); — NaYF, + (CF3;CO),0 + CO + CO,

MeTo10M TepMOJIM3a MOXKHO MOJYYUTh KaK YaCTHIIBI U MOPOIIKH, TaK U TIIEHKH (PTOPH-
noB P30 ¢ MHTEHCUBHOW an-KOHBEPCHUOHHOM JIIOMHHEcLeHIIueH. B pamkax pa®oTsl MOpOIIKU
¢dropunos P30 cocraBoB REF;, AREF, u AF-AREF4 (RE =Y, Lu, Nd, Yb, Er, Tm, Ho; A = Li,
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Na) ObUTH MOJYyYEHBI METOJOM TEPMOJIM3a CIHPTOBBIX TEJIEH C TaKUMHU TeIeo0pazyroIUMH
areHTaMu Kak JUATHWICHTPHAMHH U TPUPTOPYKCYCHAs KHCIOTa. YCTAaHOBJIEHO, YTO BIIHMSHHE
aMUHHBIX TeJIe00pa3yroIIUX areHTOB MPUBOJUT K MTUPOTHIPOIN3Y U 00pa30BaHUIO OKCOPTOPH-
noB. Takke mpoBeleHa cepusi IKCIEPUMEHTOB 1o HuskoremneparypHomy (T = 400-600 °C)
oTxKUTY 3BTeKTHUecKOoro coctaBa NaF-NaYF, (T, = 632°C).

[Tokazana BO3MOXHOCTh MonmydeHus: yucTor (as3sl B-NaYF, npu nepekpucrannmzanuu 3BTEK-
THKH C MOcaeayroniei orMbiBKor oT NaF.

An-xoHBepTHUpYIOIKE MOpoIKH cocTaBoB RE(75YbooLngpaFa, ARE(78YbooLngpoFs 1
AF-ARE(73Ybo2Lngp:Fs (RE =Y, Lu; Ln = Er, Tm, Ho; A = Li, Na) Obun ucciejoBaHbl Me-
TOJIOM ONTHUYECKOM CIEKTPOCKONHUHU MPH BO30YKIAroeM JiazepHoM u3nydeHuu (A = 980 Hwm).
Y CcTaHOBIIEHO, YTO HAMOOJIBINEH HHTEHCUBHOCTHIO M 3()()EKTHBHOCTHIO TIPEOOpa30BaHUs YHEP-
rur 00mamarT mopomku coctaBa NaY73YbooErgpoFs, 9TO cormacyercst ¢ nurepatypHbIMU
nanabpiMU.  [loka3aHo BiHMsSHHE MaTpUllbl Ha dS()QPEKTUBHOCTP W HMHTCHCHUBHOCTH aIl-
KOHBEPCHOHHOM JIIOMUHECLICHIINH.

BrITiosTHEH KOJUTOMIHBIN CUHTE3 al-KOHBEPTUPYIOIUX HAHOYACTHII (PTOPUIOB B CMECIX
OpPraHMYECKUX PaCTBOPUTENICH Ha OCHOBE OKTaJeIleHa METOJAOM TEPMOJIH3a U IO OOMEHHOH Me-
Toauke. YacTuiibl ObUTH BBIJIEICHBI U3 KOJUIOUIHBIX PACTBOPOB, OTMBITHI U 0XapaKTEPU30BaHbBI
MeToJIoM peHTreHodazoBoro aHanusa. [lokazaHo, uto 6ojee HU3Kas TEMIEpaTypa pa3NoKeHUs
HATPHUEBOTO MPEKypPcopa MOKET MPUBOJUTH K IMOTYICHHIO MPUMECHBIX (ha3 ¢ HEJJOCTATKOM Ha-
Tpusi. Taxke ObUT IPEIIOKEH BHICOKOKHUIISIINNA PACTBOPUTEND JIJIsl CHHTE3a YacTHII, HE HUCCIIe-
JOBaHHBIN paHee — auOyTriadTanar. [TokazaHo, 4To MoMydeHHBIC B TUOYTII(TATIATE YACTHIIBI
CIOCOOHBI an-KOHBEPTHPOBATb.

JI1s1 HaHeCceHUs TUICHOK METOJOM BBITSTHBAHUS M3 PACTBOPA C MOCIESAYIOMIUM OTKUTOM
ObUTa  CKOHCTPYMpOBaHa yCTaHOBKA, TMO3BOJIAIOIIAS MOJy4aTh MHOTOCIIONHBIE — am-
KoHBepTHpyomue Gropunnabie mokpeitus. [Tomyuensr wienkn NaYF4:YDb, Er Ha koTophIx Ha-
OMro1aeTCsl an-KOHBEPCHSL.

CuHTe3, CTPOEHHUE U JIOMHUHECIIEHTHbIE CBOMCTBA
KOMILIEKCOB JIAHTAHU/IOB C
2-(TO3MIaMUHO)-0eH3WIMAeH-/V-(apUJI0MJI)-THAPA30HAMM

Koesanenxo A./1.

PykoBojauTeInb: K.X.H., C.H.C. YTOouHHKOBa B.B.

Marepuansl Ha OCHOBE COCIMHEHMM JaHTAaHUAOB O00JIATAI0OT OCOOBIMH OINTHYECKUM
CBOMCTBAMM, TAKMMM KaK Y3KHE€ IIOJIOCBHI JIIOMHHECLEHIUH, MOCTOSHCTBO IOJIOXKEHHS IOJIOC
JIOMHUHECHEHIIMA ¥ OOJBIINE BPEMEHA JKM3HM, YTO JEJaeT MX HE3aMEHUMBIMU B Pa3IMYHBIX
00J1acTsIX HAayKHd M TeXHUKHU. IlepCreKTHBHBIMHM MaTepHajaMM SIBJISIOTCS KOOPAMHAIMOHHBIE
coenuHenus (KC) nantaHuaoB, KoTopble O1aroiapsi BBEICHNUIO OPraHUYECKOTO JUTaHa MOTYT
JI€MOHCTPHPOBATh BbICOKHE KO3(D(PULIMEHTHI MOISPHONH SKCTUHKLIMU U JTOCTaTOYHYIO IMOJIBUXK-
HOCTb HOCHUTEJNIEH 3apsja AJis UX INPUMEHEHUs B OMOBU3yaIM3allUd U OPraHUYECKUX CBETOU3-
nyyatonmx auogax (OLED).

OcoOblif  MHTEpEC B  KauecTBE  JIMTAHJOB  BbI3bIBAIOT  N-3aMELICHHbIE
2-T03MaTaMUHOOEH3MINICHBI, KOMIIJIEKCHI d-37IEMEHTOB ¢ KOTOPBIMHU JAEMOHCTPUPYIOT MHTECH-
CUBHYIO JJIOMUHECIICHIINIO U YK€ 3apEKOMEHI0BaNu ce0s1 kKak amuccroHHble ciion OLED. B To
e BpeMsl, CHHTE3 KOMILJIEKCOB JIAHTAHUJIOB C MOJO0OHBIMU JMTaHAaMH ellle He ObLI M3Y4YeH U
SIBJIIETCS CIIOKHOW M MHTEPECHON HayuyHOU 3anayeil. [loaToMy 11ebi0 paboThI SIBIISIETCS CUHTES,
UCCIIEIOBAHUE CTPYKTYpbl M JIIOMHUHECLEHTHBIX CBOWCTB KOMIUIEKCOB JIAHTAHUIOB C
2-(TO3MIIaMUHO )-0eH3MIH1eH-N-(apHiIon1)-Tujpa3oHaMu, a TaKKE BO3MOXXHOCTU MX IMPUMEHE-
HUS B OMOBH3YaJIM3allMU U CBETOU3IYYAIOIUX YCTPOHCTBAX.
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B pa6ore 6buUI0 TONMyYEHO MATH pasnuuHbiX Jurangos (HoL"), oTmuyarommxces apuio-
uibHBM 3amectuteneM —C(0)-R” (R' = Ph, R* = 2-rumpokcudennn, R’ = 4-mupuaun, R* =
2-madri, R® = 2-xmop-4-dropdermn). Kommmexest Ln(HL'),X (X = Cl, NOs), Ln(L")(HL")
(n=1-4) u K[Ln(L"),] (n=1, 4) ObLx MOJIy4YEHBI B COOTBETCTBUM C YPABHEHHUAMHU PEAKIIUIA:

LnX;3-6H,0 + 2KHL'-H,0 = Ln(HL"),X + 2KX + 6H,0,
Ln(OH); + 2H,L" = Ln(L")(HL") + 3H,0,
Ln(L")(HL") + KOH = K[Ln(L"),] + H,O.

[To naHHBIM PEHTreHOCTPYKTYPHOI'O aHaJIM3a BCE KOMIUIEKCHI JIAHTAHUIOB COJAEpKaT
MOHOSIEpHbIE (PparMeHTHI [Ln(HXL")z](ZX'l)+ (x=0, 0.5, 1), ctpoeHre KOTOPBIX, KaK U KOOPIU-
HAIIMOHHOE OKpYskeHue Ln’", He 3aBUCAT OT COCTaBa KOMILIEKCOB.

Kommrekest Eu(HL'),Cl, Eu(L")(HL"), Eu(L*)(HL?) 1eMOHCTPHPYIOT CHIBHYIO 3aBHCH-
MOCTb MHTEHCUBHOCTH MOHHOHM JIIOMHUHECLEHIIMU OT TeMIepaTypbl, KOTOpas OObSICHAETCS TeM-
TIepaTypHO-aKTHBUPOBAHHBIM MPOLECCOM TIEPEHOCA SHEPIHH ¢ Dy ypoBHs noHa Eu’ Ha BbI-
LIeJIeXaluid TPUIUIETHBIM YPOBEHb JIMI'aHZAa, B TO BpeMs Kak B KOMIUIEKCAX Eu(L3)(HL3 ),
Eu(L*)(HL") MOMHHECIIEHIHS eBPOIHIS IPAKTHYECKH OTCYTCTBYET 3a CUET IEPEHOCA SHEPIHH
Ha COCTOSIHHE C MEPEeHOCOM 3apsija ¢ JIMranjaa Ha metaml. [logoOHas 3aBUCUMOCTh MHTEHCHB-
HOCTH JIOMHMHECIEHIMH OT TeMIepaTypsl mo3somuna mpemioxuts Eu(HL'),Cl, Eu(L")(HL"),
Eu(L*)(HL?) B kauecTBe JTIOMHHECIEHTHEIX TEPMOMETPOB, YyBCTBHTEIBHOCTh KOTOPBIX TOCTH-
raet 12 %/K. beuta npeanoxkeHa yHuBepcaiabHas GopMyJa, MpeACcKa3bIBAONIast 3HAYCHUS TyB-
CTBUTEJIBHOCTH JIFOMUHECLIEHTHOTO TEPMOMETPA, OCHOBAaHHOTO Ha TPEXYPOBHEBOW CUCTEME, C
norpemHocTbio Mmenee 20%.

Kommiekcsl UTTepOust IEMOHCTPUPYIOT BBICOKYIO HHTEHCUBHOCTH MH(ppakpacHoi (UK)
JIIOMUHECIEHIINH, KBAaHTOBBIE BBIXObI KOTOPOW JoCcTUTraloT 1.4%, 1 HU3KYIO TOKCUYHOCTh, YTO
MO3BOJISIET PEKOMEH/10BaTh UX B KaUeCTBE MAaTEepHUaJIOB Uil OMoBU3yanu3anuu. IpQeKTuBHOCTh
snekrpomomuHectennun OLED, ocHoBanubix Ha kKomiuiekcax K[Yb(L"),] (n=1, 4), nocruraer
385 mkWt/Wt, 4To sSBIsieTCS OJHUM U3 PEKOPAHBIX 3HAYCHHII.
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Synthesis, structure and luminescent properties of lanthanide com-
plexes with 2-(tosylamino)-benzylidene-/N-(aryloyl)-hydrazones

Kovalenko A.D.

Scientific advisor: Dr., senior scientist Utochnikova V.V.

Materials based on lanthanide compounds possess unique optical properties, such as
line-like luminescence bands, constant position of luminescence bands and long luminescence
lifetimes, that makes them indispensable in various fields of science and engineering. Particu-
larly promising are lanthanide coordination compounds which can possess high molar absorp-
tion coefficient and sufficient charge carrier mobility for their application in bioimaging and
organic light emitting diodes (OLEDs).

N-substituted 2-(tosylamino)-benzylidenes attract particular interest as organic ligands
as their complexes with d-elements possess intensive photoluminescence and have been proved
as OLED emitting layers. At the same time, synthesis of lanthanide complexes with such li-
gands is a difficult task that has not yet been solved. Therefore, the main goal of this work is
synthesis and investigation of the structure and luminescence properties of lanthanide complex-
es with 2-(tosylamino)-benzylidene N-(aryloyl)-hydrazones as well as their approbation as ma-
terials for bioimaging and OLEDs.

Five different ligands (H,L") with different aryloyl substituent -C(O)-R" (R' = Ph, R* =
2-hydroxyphenyl, R? = 4-pyridine, R* = 2-naphthyl, R’ = 2-chloro-4-fluorophenyl) were ob-
tained in the work. Complexes Ln(HL"),X (X = Cl, NO;), Ln(L")(HL") (n=1-4) and K[Ln(L"),]
(n=1, 4) were obtained according to the reactions:

LnX;3:6H,0 + 2KHL'-H,0 = Ln(HL'),X + 2KX + 6H,0,
Ln(OH); + 2H,L" = Ln(L")(HL") + 3H,0,
Ln(L")(HL") + KOH = K[Ln(L"),] + H,0.

According to X-ray crystallography data, all the obtained complexes consist of mono-
nuclear species [Lo(HL"),] %" (x = 0, 0.5, 1), their structure, as well as Ln®" coordination en-
vironment, does not depend on the complex composition.

Eu(HL'),Cl, Eu(L")(HL"), Eu(L*(HL?) possess strong dependence of ionic lumines-
cence intensity on temperature, which is described by temperature-activated back energy trans-
fer from europium Dy level to ligand triplet level T, while europium luminescence in
Eu(L’)(HL?), Eu(L*)(HL") is quenched by the energy transfer from europium Dy level to li-
gand-to-metal charge transfer (LMCT) state. This dependence of europium luminescence inten-
sity on temperature allows to propose Eu(HL"),Cl, Eu(L")(HL"), Eu(L*)(HL?) as luminescence
thermometers which demonstrates sensitivity values up to 12 %/K. The formula predicting the
sensitivity of luminescence thermometer based on three-level system with error less than 20%
was proposed.

Ytterbium complexes possess high-intensity near infrared (NIR) luminescence, its quan-
tum yield values reached 1.4%. Taking into account the low toxicity of ytterbium complexes,
they can be recommended as materials for bioimaging. Electroluminescence efficiency of
OLEDs based on K[Yb(L"),] (n=1, 4) reached 385 mkW1t/Wt, which is one of the highest values
for Yb-based OLEDs in NIR range.
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Tepmoannamunyeckue GyHKIUM CBUHIIA, 0JI0BA M TEPMAHUA B
TBEPAOM M KUJIKOM COCTOSIHMM: KPUTUYECCKUH AHAJIU3 U ANINPOK-
CUMalMA JAHHBIX

HKunun M. A.

PykoBoauTelnn: K.X.H., H.c. babkuna T.C.

OCHOBy TCPMOANHAMUNYCCKUX PACUCTOB COCTABJIAIOT HAJACIKHBIC CBCACHHSA O TECPMOJUHAMUYCCKUX CBOﬁ-
CTBaX WHAMBHUIYAJIbHBIX KOMIIOHEHTOB, OTHOCUTEIBHO KOTOPBIX OTCUMTHIBAIOTCSI CTaHJAPTHBIC
¢ynkuun obpasoBanus ¢az. [TosToMy cocTaBUTENM TEPMOAMHAMUYECKUX CIIPABOYHHUKOB BCe-
I'Zla HAYMHAIOT C NMPEACTABICHUS CBOMCTB MMEHHO OJHOKOMIIOHEHTBIX CHUCTEM. TeII0EMKOCTh
SBJIAETCS OAHUM M3 BaXXHEHIINX TEPMOAMHAMUYECKUX CBOMCTB, TaK KaK IO3BOJISET pacCUUTATh
Pa3HOCTh AHTAIBIUHN, SHTpONHIO U dHepruto [ mb6ca. B HacTosiee BpemMs 1JIsi ONTMCAHUS TEM-
NepaTypHON 3aBUCUMOCTH TEIUIOEMKOCTH HCIIOJIb3YIOTCS MOJIMHOMUAIBHBIE MOJIEIHN, KOTOPbIE
MTO3BOJIAIOT JI€KBATHO OIMCBIBATH DKCIEPUMEHTAJIBHBIE JTaHHBIE B ONPEACICHHBIX HHTEPBAJIAX
TEMIIEPATyp U HE MOAXOAST IJIs SKCTPAIOJIALNN 3a MPEAEIbl ITUX UHTepBasoB. /st onucanus
TEMIIepaTypPHOI 3aBUCHMOCTH TEIUIOEMKOCTH BO BCEM MHTEpBaJie CYIIECCTBOBAHUS TBEPIOH da-
361 [.®. BOpoHMHBIM OBUIO TPEIIOKEHO HCIOJB30BaTh JTHUHEHHYI0O KOMOWHAIMIO (yHKIUN
[Tnanka-OiHIITENHA. DTOT METO HYXAAETCS B MPOBEPKE U JOKA3aTEIbCTBE KOPPEKTHOCTH 10~
JIy4aeMBbIX pe3yJIbTaTOB.

Llenpto paboThI OBLIO MPOBEPHUTH BO3MOYKHOCTH MCIIOJIB30BAHUS BBINICYKa3aHHOTO TTO/I-
X0Ja Ul MOJy4YeHHUs Habopa caMOCOIVIACOBAHHBIX TEPMOAMHAMUYECKUX (PYHKUUN MHIUBHILY-
anpHbIX BemecTB (Pb, Sn, Ge) B TBepoM COCTOSIHUM M OTHCAHUS MOBEICHHS TEIJIOEMKOCTH
pacmaBa. [y TOCTH)KEHUS! IOCTaBJIEHHON LesI OBbUIM MOCTaBJIEHbI 33a4y: IOUCK U KpUTHYE-
CKUI OTOOp JUTEPAaTYpPHBIX CBEIECHUM, IPU OTCYTCTBUU JIUTEPATYPHBIX JaHHBIX, TMOO HEOOXO-
JUMOCTH MX YTOYHEHHs, IPOBOJMUIIOCH JOTIOJIHUTEIBHOE IKCIIEPUMEHTAIbHOE UCCIEIOBAHNUE C
MOCIICAYIOIIEH COBMECTHOM 00paOOTKOM TOTyUEeHHBIX 3HAYCHU.

OKCIIEpUMEHTAIIBHOE MCCIEA0BAHNE TEPMUUYECKUX CBOWCTB BELLECTB IIPOBOAMIN METO-
IaMH  aanabaTUYecKOl KaJIOpUMETPHH, KajlopuMeTpuu cOpoca u auddepeHnmanbHo-
CKaHUPYIOLEH KaopuMeTpuu. [Jiist onucaHus 3aBUCUMOCTH TEIJIOEMKOCTH U NPUPALLEHUS JH-
TamblUMA U1 TBEpAOW a3bl HMCIOJB30BAIM JHHEHHYI0 KomOuHamuio ¢yHkuuii [lnanka-
OiHIITeHa B nporpaMmmMHoM Komiuiekce CpFit, 1uid pacruiaBa Oblla caesiaHa MoNbITKa OnMca-
HUS CBOWCTB C MCIIOJIB30BAHUEM «MOJEIH JIBYX COCTOSIHHID.

IIpoBeneH KpUTHYECKUI aHAIU3 JTUTEPATYPHBIX JAHHBIX 110 TEIUIOEMKOCTH U MpUpAalle-
HUIO SHTAJbIIMU CBUHIIA, OJIOBA U T€PMaHHsl, HA OCHOBAaHHUH YETO ONPEAEIICHBI YCIOBHS IPOBE-
JIeHUs] TEPMOXUMUYECKHUX HKCIEPUMEHTOB IS MOJIydeHUs HepocTaroue nadopmarnuu. M3me-
PEHBI: TEII0EMKOCTh oJi0Ba B uHTepBaie 90-160K, npupamienue sHTaIbIMK 0JI0BA U CBUHIIA B
pacraBax METaUIOB, yTOUHEHBI MapaMeTpbl (a3oBbIX nepexoaoB. Ha npumepe cBuHIA, 0J10Ba
Y TEpMaHHUs MIPOBEACHO COTJIACOBAHUE JAAHHBIX M3 PA3HBIX UCTOYHHUKOB M IPOTECTHPOBAHA MeE-
TOJIMKA OIHUCAHUS TEMIIEPATypHOW 3aBUCUMOCTH TEIUIOEMKOCTH KPUCTAUIMYECKUX (a3 ¢ uc-
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MOJIb30BAHKUEM JIMHEHHOW KoMOuHarmu ¢yHkimid [lnanka-DitHmTeiina. [lomydeHo anamutuye-
CKO€E OIMCAaHUE CBOMCTB )KMJKHX METAJIIIOB.

[Tokazano, 4ro nuMHEHHass KOMOWHAaNMsA OrpaHHYeHHOro 4yucna ¢yHkmuid [lnanka-
OHHIITEHHA [TO3BOJIIET OMMCATh TEMIIEPATYPHYIO 3aBUCUMOCTD TEIUNIOEMKOCTH CBHHIIA, OJIOBA U
repMaHusi BO BCEM MHTEpBaJie cyliecTBoBaHUs TBepAor (asel. it Sn, Ge u Pb paznuna mex-
Ny 3HAYEHUSIMU CTaHAapTHOW sHTponuu npu 298.15 K, paccuntaHHO# ¢ HOMOUIBIO JTUHEHHON
komOuHarmu Gyskmit [Tnanka-DitHmrelina 1 pu skcrpanomsanuu k 0 K o 3akony ky6oB [le-
6asi, TIOMafaeT B Mpe/esbl IOrPEMHOCTel OeHKH S 205 15. ONTHMH3HPOBAHHBIC 3HAUYCHUS TEp-
MOJMHAMUYECKUX (PyHKIMH CBUHIA, OJOBAa W T€pMaHUS B TBEPJAOM U KHUJIKOM COCTOSHUU
YTOUHSIOT UMEIOIUECS CIIPABOYHbIE JTAaHHBIE M MOTYT OBITh HCIIOJIb30BAaHbl B COBPEMEHHBIX
AJIEKTPOHHBIX TEPMOJUHAMUYECKHUX 0a3axX JaHHbBIX.

IIyoaMkanuu cTyaeHTa:
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thermodynamic description of data for pure Pb from 0 K using the expanded Einstein model
for the solid and the two state model for the liquid phase// Calphad, 2018, 60, c. 144-155.

2. Kunmun M.A. Onmumuzayus onucanus mepmoOUHAMUYECKUX CEOUCME CEUHYA, 0]108d U 2ep-
manus /| MeskayHapoaHasi HayYHasi KOH(epeHIUsl CTYIeHTOB, ACMPAHTOB M MOJIOJbIX
yueHnbIx «JlomonocoB-2018», Mocksa, Poccust, 9-13 anpesns, 2018

English version
A thermodynamic functions for solid and liquid pure Pb, Sn and

Ge: critical analysis and approximation of data.
Zhilin M. A.

Pykosogutens: Ph.D., R. Babkina T.S.

Reliable data of pure elements thermodynamic properties are basis for all thermodynam-
ic calculations because standard functions of phase formation are counted relative to them.
Therefore, the compilers of thermodynamic reference books always begin with a representation
of the properties of single-component systems. The heat capacity is one of the most important
thermodynamic properties of substances, because it allows us to calculate the enthalpy incre-
ment, entropy, and Gibbs energy from it. Nowadays polynomial models are used to evaluate the
temperature dependence of specific heat, which can adequately describe the experimental data
only at certain temperature ranges and are not suitable for extrapolation beyond those ranges.
Voronin G.F. was proposed to use a linear combination of Planck-Einstein functions to describe
the temperature dependence of the heat capacity from 0K to melting point. This method requires
verification and proof of the obtained results.

The aim of the work was to test the possibility of using such an approach to obtain a set
of self-consistent thermodynamic functions of pure substances (Pb, Sn, Ge) in the solid state
and define the behavior of the heat capacity of the melt. To accomplish this aim, assignments
were set up: the collection and critical review of literary information, carry out additional expe-
riments where necessary and the calculation.

An experimental investigation of the thermal properties of substances was carried out by
the methods of adiabatic calorimetry, drop calorimetry and differential-scanning calorimetry.
To describe the heat capacity and enthalpy increment for the solid phase, the CpFit software
complex was used, an attempt to apply the "two-state model" for the melt was made.

In work result the critical analysis of the literature data on heat capacity and enthalpy in-
crement of lead, tin, and germanium was carried out, additional experiments were carried out.
The heat capacity of tin in the interval 90-160 K, increment of the enthalpy of tin and lead melts
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have been measured, the parameters of the phase transitions have been refined. On the example
of lead, tin, and germanium, the data was reconciled from different sources and the technique
for describing the temperature dependence of the heat capacity of crystalline phases was tested
using a linear combination of Planck-Einstein functions. An analytical description of the proper-
ties of liquid metals was obtained.

It is shown that a linear combination of a limited number of Planck-Einstein functions
makes it possible to describe the temperature dependence of the heat capacity of lead, tin, and
germanium from OK to the melting point. For Sn, Ge, and Pb, the difference between the values
of the standard entropy at 298.15 K, calculated using the linear combination of the Planck-
Einstein functions and extrapolation to 0 K according to the Debye-cubes law, falls within the
error estimates of S%og ;5. The optimized values of thermodynamic functions of lead, tin, and
germanium in solid and liquid states refine the available reference data and can be used in mod-
ern thermodynamic databases

Publications:
Crpanuna B uctune https://istina.msu.ru/profile/ZhilinMA/

1. Khvan A.V., Dinsdale A.T., Uspenskaya 1.A., Zhilin M.A., Babkina T.S., Phiri AM. 4
thermodynamic description of data for pure Pb from 0 K using the expanded Einstein model
for the solid and the two state model for the liquid phase// Calphad, 2018, 60, c. 144-155.

2. Zhilin ML.A. Optimization of description of the thermodynamic properties of lead, tin and
germanium // International scientific conference of students, graduate students and
young scientists ""Lomonosov-2018", Moscow, Russia, April 9-13, 2018

IHosyyeHue NMJIEHOK € 3JIEKTPOHHOM NMPOBOJAUMOCTHIO M3 30J1ei HA-
HOKpPEeMHUA
Jlasvioosa JI.B.

PykoBoaurenu: B.H.c., K.X.H. JlopodeeB C.I'. , unx. by6enos C.C.

Kpemuuii — kiaccuueckuil moixynpoBOAHUK, KOTOPBIN SABISETCS OCHOBOW it 95% mo-
JYTIPOBOJHUKOBBIX YCTpOicTB. [IpernMy1iecTBO HaHOKpeMHUs (HK-Si) 110 CPaBHEHUIO C 00BEM-
HbIM KPEMHHEM 3TO BO3MOXKHOCTh IUCIEPIHMpPOBaHMS HK-SI1 B Pa3JIMYHBIX CPElax, YTO JaeT
BO3MOKHOCTh JIETKOT'O MOJYYEHHs IOJYNPOBOJAHUKOBBIX IUICHOK M3 30J€M HK-Si MEeTOJ0M
CcTpyiiHOUM meuyaTu. HemoctaTkoMm TIIEHOK HK-Si, TOMy4aeMbIX W3 30JI€H, SBISETCS MX OYCHBb
HU3Kas 3JEKTPOHHAs MMPOBOAUMOCTh. M3-3a yero mpu M3MEpeHusX Ha BO3/ayXe HalOiojgaeMas
IIPOBOAMMOCTh MOHHAs, BbI3BaHHAs a/1cOpOLUEl BOJIBI.

Ilenb nanHON PabOTHI COCTOUT B MOJYYEHUH MJICHOK C 3JIEKTPOHHOM MTPOBOIUMOCTBIO U3
30yieli HaHOKpeMHUs. [l JOCTIDKEHHs TaHHOW el OBUIH MOCTaBJICHBI CIEAYIONINE 33auu:
HalTH croco0 MosyuyeHHsl OJHOPOJIHBIX IUIEHOK M3 30JIeH HK-Si, HAYYUTHCS U3MEPSTH IUIOT-
HOCTB IUICHOK U3 HK-Si M HAWUTH CITOCO0 e¢ YBEIIMYCHUS; TPOBECTH U3MEPEHHE JIeKTpodu3nde-
CKUX CBOMCTB IJICHOK HK-S1 M YCTaHOBUTH 3aBUCHUMOCTbH 3JEKTPONPOBOAHOCTU OT IIOTHOCTH
MIJICHOK HK-S1.

OnpoOoBaB pa3iaryHble METOAMKH HAaHECEHHUs IUIEHOK, ObLI BBIOpPAH METOJ OCAXKAECHUS
30151 HK-S1 B LIEHTpoOeXHOM ToJie. [{i1st onpenenenus moBEpXHOCTHOM MIIOTHOCTH MPUMEHSIIH 2
METOAMKH: TIO TOIJIOLIEHUIO PEHTI€HOBCKON (DIIyOpeCLeHIIMH 30JI0Ta, HANBUICHHOTO Ha MOJ-
JIOXKKY TIepe]l HAHeCEHHEM TUICHKH HK-S1 ¥ 110 CTIIEKTpaM ONTHYECKOTO MOTJIOIIEHUS TICHKH HK-
Si. Jlnist onpenienieHus TONIIUH MJIEHOK ObUIO MCIIOJIB30BaHO TPU METOJ1A: CTE-NpoduIoMeTpus,
CDOM ckoJja TUIeHOK M onTHYecKas mpoduiioMeTpus. s mOCTENeHHOTo MOBBIMICHUS TJIOTHO-
CTH IJICHOK HK-Si NPUMEHSUIM TePMUYECKUN OTXKHUI B BaKyyMHUPOBAaHHBIX 3alasHHBIX KBaplie-
BBIX AMITyJIaX MPH Pa3INYHbIX TEMIIEpATypax.

[Tnenkn HK-Si, HOTy4YaeMble U3 30JIeH HaKalbIBAaHUEM M OCAXJICHHEM B IIEHTPOOEKHOM
10JIe UMEIOT IUIOTHOCTh B 5-10 pa3 Hmke Teopermueckoi. OTHKUT YBETUYMBAET IUIOTHOCTh
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1ieHoK. [Ipu ayieKTpoHanbUIEHNN TUIEHOK U3 30JIel HK-S1 B CIIUPTE MOJIy4aeTcsi KOMIO3UT HK-
Si ¢ momumepom. Ilpu orxure rieHok HK-Si B BakyyMme npu 1000 °C npoucxoauT paspylieHue
mieHoK, 10 900 °C mieHKH cTaOUIbHEIL.

[To naHHBIM M3MEpPEHMSAM MEPEXOJHbIX U BBIXOJHBIX BAX mosieBbIX TpaH3UCTOPOB U3-
TOTOBJICHHBIX Ha MCCJIEIOBAHHBIX TUIEHKAaX HK-Si JIETHPOBAHHBIX (POCPOPOM M OTTOKEHHBIX B
untepsane temueparyp ot 300 °C go 1000 °C, mieHKH UMEIOT 3JE€KTPOHHBIN THUI IPOBOAUMO-
cti. T1oJBMXHOCTE DIIEKTPOHOB B OTOXOKEHHBIX IUICHKAaX HK-Si, JETHPOBAaHHOTO (pocdopom,
HEMOHOTOHHO 3aBHCHT OT TEMIIEPATyphl u3MepeHuit u umeet makcumyM npu 110 °C nocruras
lem™B ¢

Iyoamkanuu cTyaeHTa:

1. HassinoBa [I.B. Onpedenenue nnomnocmu nieHox, nOny4eHHbIX U3 30.1€il HAHOKpeMHus [/
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2. Davydova D., Dorofeev S., Kononov N., Bubenov S. Low-density nanosilicon films depo-
sited from sols /| MSU-IFW-ILTPE joint workshop. synthesis, theoretical examination
and experimental investigation of emergent materials, 2017.

Fabrication of films with electron conductivity from nanosilicon
sols

Davydova D.V.
Advisors: Ph.D. Dorofeev S., engr. Bubenov S.

Silicon is a classical semiconductor, which is the basis for 95% of semiconductor devic-
es. Advantage of nanosilicon (nc-Si) in comparison with bulk silicon is the possibility of nc-Si
dispersion in various media, which makes it easy to obtain semiconductor films from nc-Si sols
by inkjet printing. The disadvantage of nc-Si films obtained from sols is their very low electron
conductivity. Because of that, conductivity observed by the measurements in air is ionic, caused
by adsorption of water.

The purpose of this work is to obtain films with electronic conductivity from sols of na-
nosilicon. To achieve this goal, the following tasks were set: to find a method for obtaining ho-
mogeneous films from nc-Si sols, to learn how to measure the density of nc-Si films and to find
a way to increase it, to measure the electrophysical properties of nc-Si films and to establish the
dependence of the electrical conductivity on the density of nc-Si films.

After testing various methods of films deposition, we chose the nc-Si sol sedimentation
in centrifugal field. Two methods were used to determine the surface density: by absorbing the
X-ray fluorescence of gold deposited on the substrate prior to deposition of the nc-Si film and
from the UV-visible absorption spectra of the nc-Si film. To determine film thicknesses, three
methods were used: step-profilometry with preliminary vacuum deposition of a titanium layer
(200 nm) to prevent probe failure in loose films, SEM of cross sections of the films and optical
profilometry with preliminary deposition of Al film to align the optical characteristics of the nc-
Si film and substrate. To gradually increase the density of nc-Si films, thermal annealing was
used in vacuum sealed quartz ampoules at different temperatures.

nc-Si films obtained from sols by drop-casting or by precipitation in a centrifugal field
have a density of 5-10 times lower than the theoretical value. Thermal annealing increases the
density of the films. Electrospray deposition of nc-Si sols in alcohol yields a nc-Si - polymer
composite films. Annealing of nc-Si films in a vacuum at 1000 °C leads to the destruction of the
films, but up to 900 °C the films are stable. The mobility of electrons in annealed nc-Si films
doped with phosphorus does not monotonically depend on the measurement temperature and
has a maximum of 1 cm*-V'-s™.

54



According to measurements of the transient and output [-V curves of the field-effect
transistors fabricated from the investigated nc-Si films doped with phosphorus and refined in
the temperature range from 300 °C to 1000 °C, films have an electronic conductivity type.

Publications:

1. Davydova D. Determination of the density of films obtained from the sols of nanosilicon //
The International Scientific Conference of Students, Post-Graduate Students and
Young Scientists '"Lomonosov-2017", Moscow State University. M.V. Lomonosov,
2017.

2. Davydova D., Dorofeev S., Kononov N., Bubenov S. Low-density nanosilicon films depo-
sited from sols // MSU-IFW-ILTPE joint workshop. synthesis, theoretical examination
and experimental investigation of emergent materials, 2017.

CuHTe3 M JINMUHECLHEHTHbIE CBOMCTBA CJOUCTBIX IT'HAPOKCH/IOB
peako3eMesbHbIX 371eMeHTOB (Y, Eu-Th), uHTepKajupoBaHHBIX
OeH30JIUKApOaKCcHJIaTaMM M CyJIb(PodeH30aTaAMHU

Aboycamopos b.A.

PykoBonurenu: k.X.H., c.H.C. A.E. bapanuukos, acn. A.Jl. SnpeiHies

Crnouctele ruApPOKCUABI peako3emenbHbIX eMeHToB (CIT P3D) mpencrasmsitor coboit
HOBOH KJIacC CJIOHMCTBIX aHMOHOOOMEHHBIX coenuHeHui coctaBa Lny(OH)sX-nH,O (rme Ln =
PEAKO3EMEINbHBIN 71eMEHT U X = UHTEpKaJIUpPOBaHHBIM aHHOH). IHTepec K HOBOMY KJ1accy co-
eIMHEHUH 00yCIIOBJIEH BO3MOKHOCTBIO COUeTaHMs crenuduueckux cBoict P30 (onTuueckux,
MarHMTHBIX, KaTaJIUTUYECKUX) U UHTEPKAIMPOBAHHBIX B UX MEXKCIO0EBOE MPOCTPAHCTBO aHHO-
HOB C LIEJbIO CO3JJaHUs MOJU(YHKIMOHAIBHBIX MaTepuasioB. JIIOMUHECLIEHTHbIE CBOMCTBA Ka-
THOHOB P30 B JaHHBIX COETMHEHUSX MOKHO BapbUPOBATh, KaK IIyTEM U3MEHEHUsI KATHOHHOIO
coctaBa CI' P3O (BBezieHHEe KaTHOHOB TepOMs U €BPOIHUs), TaK U IyTEM U3MEHEHUS] aHHOHHOTO
COCTaBa, CEHCUOMIM3UPYIOIIETO WM racsiero JromMuHecteHuo P33, Cpean unTepkanupye-
MBIX OPraHMYECKUX aHHOHOB OCOOBIH MHTEpEC MPECTaBIIAIOT apoMaThdeckue OeH30JIKapOOoK-
CWJIaThl, KOMILIEKCHI P30 ¢ KOTOpPBIMU HM3BECTHBI CBOEH BBICOKOH CTaOWMIBHOCTHIO, HHTEHCUB-
HOW M yHpaBisieMOll JrOMHHECLEHIMEN (ITyTeM BHEIPEHUs 3aMEeCTUTENIel M I'eTepoaToMOB B
apoMaruueckuil 1uki). [leapio manHoi paboTHI cTana pa3paboTka METOJIOB CHHTE3a U HU3yue-
HUE JIIOMHUHECIIEHTHBIX CBOMCTB crnoucThiXx ruapokcuaoB P332 (Y,Eu-Tb), cogepxamux OeH-
30KapOOKCHIIaT-aHUOHBI  (Tepedranata, Qranara, wuszodramara, 2-cymbdobenzoara, 3-
cynbhobdensoata u 4-cynbpoOeH3oarta).

Jlng cuHTe3a CIOUCTBIX TuapokcunoB P30, comepkalux opraHMYeCKHE aHUOHBI, HC-
MIOJIB30BANIM J1Ba moaxona. IlepBwlii 3aximrodasncss B IOJMYYEHUHU CIOUCTBIX THUAPOKCOXJIOH-
noB/HUTpaToB P30 M mocienyromuM MpoBeACHNEM ¢ UX yJYaCTHEM aHMOHOOOMEHHBIX PEeaKIHi
npu pH 5-7, B T.4. B yCIOBUSX TUAPOTEPMATbHO-MUKPOBOIHOBOH (' TMB) 06pabotku mpu 140-
200°C. Bropoii moaxo 1 ObUT OCHOBaH Ha MPOBEACHUH OJTHOCTAAUITHOTO TOMOT€HHOTO TUIPOIIHU-
3a coneit P33 B mpucytcTBuM MHTEpKanupyemoro uoHa B ycioBusix ' TMB oOpaGotku. Ananu3
COCTaBa, CTPYKTYpPbl, MOP(HOJIIOTHH U JIIOMUHECLIEHTHBIX CBOMCTB MOJy4YEHHBIX MPOIYKTOB IpO-
BOJWIM C HCIIOJIb30BAaHUEM METOJIOB PEHTI'CHOBCKOW IU(PaKIUU, PacTpOBOM 3IEKTPOHHON
MHKPOCKOIIMM,  PEHTTEHOCHEKTPAJIbHOIO  MHMKpPOAHAIN3a, JIOMHHecueHTHoW u  HK-
CIIEKTPOCKOIINH, TEPMUUECKOI0 ¥ XUMUYECKOTO aHAIMU3A.

[Ipennoxen onnocraguitneiii MeTon cuHTe3a CI' P30, nHTepkanupoBaHHBIX aHHOHAMHU
OEH30JIKapOOKCUIIATOB, B YCIOBHUSX THMAPOTEPMaIbHO-MUKPOBOIIHOBOM 00paboTku. OH mO3BO-
JseT moMyuuTh Kpuctaymmmmaeckue ¢asel CI' P33, comepkamue tepedranar u 4-cynbhodbeH3oar
aHnoHbl. BriepBeie mokazano, uro ['TMB-06paboTka MoxeT SBISAThCS 3(G(HEKTUBHBIM MOIXO-
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JIOM K YBEIMYEHHUIO CKOPOCTH TPOTEKaHUs aHHMOHOOOMEHHBIX peakuuii. Ilpum mpoBeneHun
aHMOHOOOMEHHBIX peakiui ¢ OeH30JIAuKapOOKCHIIaTaMu yBelauueHue temieparypsl [ TMB-
00paboTku npuBoUT K yBenmueHuto pazmepa OKP CI' P33, a B ciyuae cynbhoOeH30aTOB — K
amopdu3anuu MpoAyKTa. Y CTaHOBJICHO, YTO BCE MHTEPKAIMPOBAHHbIC aHHMOHBI CEHCHOWIN3U-
pyiot momuHectenmmio Eu’” B cioncTeIx rumpokcnaax. BappupoBanne cocTaBa TBEPABIX pac-
tBOpoB CI' Gd;<Eug 1xTbo 9x, HHTEpKATHPOBAHHBIX 4-CyNb(OOEH30aTOM, TO3BOJIET YIPABIAThH
TIEPEHOCOM SHEPIUH BO30Y KICHNS Mex Ty KaTroHamu Tb> ™ n Eu’”.
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Hybrid materials of layered rare earth hydroxides (Y, Eu-Tb) and
aromatic dicarboxylates or sulfobenzoates: synthesis and lumines-
cent properties

Abdusatorov B.A.

Supervisor: PhD, Senior Research Scientist A.E. Barantchikov,
PhD student A.D. Yapryntsev

Layered rare earth hydroxides (LRHs) represent a new family of layered host com-
pounds of Lny(OH)sX-nH,O composition, where Ln = rare earth element and X = intercalated
anion. Emerging interest in LRHs is mainly due to the possibility of combining specific proper-
ties of lanthanides (including optical, magnetic and catalytic properties) with the flexibility of
intercalation hosts and host-guest ability for the creation of novel multi-functional materials.
The luminescent properties of rare earth cations in these compounds can be tuned both by
changing the cation composition of the LRHs (solid solutions containing terbium and europium)
and by intercalating anions which can sensitize or quench the rare-earth luminescence. Among
intercalated organic anions benzene carboxylates have particular interest due to the stability,
intense and controlled luminescence (by introducing substituents and heteroatoms in the
aromatic ring) of their complexes with rare-earth cations. In the present work, we focused our
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efforts on the development of novel techniques for the synthesis and the analysis of luminescent
properties of the layered rare-earth (Y, Eu-Tb) hydroxides intercalated with benzene carbox-
ylate anions (terephthalate, phthalate, isophthalate, 2-sulfobenzoate, 3-sulfobenzoate and 4- sul-
fobenzoate).

Two methods have been used to obtain layered rare-earth hydroxides containing organic
anions. The first one included the synthesis of layered rare-earth hydroxochlorides/nitrates fol-
lowed by anion-exchange reactions at pH 5-7 under ambient conditions or using microwave-
assisted hydrothermal treatment (HMT) at 140-200°C. The second method was based on a one-
step homogeneous hydrolysis of rare-earth salts in the presence of intercalating anions under
HMT. The composition, structure, morphology and luminescent properties of the obtained
products were analyzed using X-ray diffraction, scanning electron microscopy, X-ray microana-
lysis, luminescent and IR spectroscopy, thermal and chemical analysis.

A novel one-step synthetic technique based on hydrothermal-microwave treatment for
the synthesis of LRHs intercalated with benzene carboxylates was proposed. It allowed to ob-
tain crystalline LRHs containing terephthalate and 4-sulfobenzoate anions. For the first time it
was shown, that HMT could be an effective approach to increase the rate of anion exchange
reactions. In the case of anion exchange reactions with benzene carboxylates, the increase in
temperature of HMT resulted in an increase in LRH particle size while in the case of sulfoben-
zoates it leads to the amorphization of the product. It was found, that all the intercalated anions
sensitize the luminescence of Eu’" in layered hydroxides. The variation of the composition of
Gd, xEuy.1xTbg ox solid solutions intercalated by 4-sulfobenzoate, allows to control the excitation
energy transfer between Tb>" and Eu®" cations.
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JAM3jieKTpuYecKue U JJIOMUHECHEHTHbIE CBOMCTBA TPOMHBIX (oc-
(aToB KaJAbUUSA, HUHKA U PeIKO3eMeJIbHBIX 3JIEMEHTOB

Aboypaxmonos C./.
Pyxosooumenu: 0.x.n., npog. Jlazopax bB.U., acn. Kykoseckas E.C.

CBeroamMoAbl CUMTAIOTCA HamOoJee MEePCHeKTUBHBIMU TBEPAOTEIbHBIMU HUCTOYHHKAMH
CBETa M3-3a MX BBIJAIOIINXCS CBOMCTB: BBICOKOW YHEProd(EeKTHBHOCTH U CBETOBOW CTaOMIIb-
HOCTH, U B HACTOSIIEE MTUPOKO UCIOIB3YIOTCS B PA3IMYHBIX 00JACTSIX MpoMbliuieHHOCTH. [1o-
JTy4deHrne ogHO(a3HBIX JTIOMHUHO(POPOB MPEICTABIACT 3HAYUTEIHHBIN HHTEPEC U3-3a UX MPEBOC-
XOJHBIX TOKa3aTeneil LBeTonepeqayd M MPOCTOH AIEKTPOONTUYECKOM KOHCTPYKUUHU ISt
VIOpPaBICHUSI PA3MTUYHBIMA I[BETAMH 1O CPAaBHEHUIO CO CMEIIAHHBIMH JIOMHHO(MOpaMH.
CTpyKTypa BHUTIOKUTa OJIarompuUsTCTBYET M30BAJICHTHBIM U T€TEPOBAJNICHTHBIM 3aMEICHUSM.
3aceneHne pa3HBIX KATHOHHBIX MO3UIHMHA B CTPYKTYpe MOHAMH IMEPEXOIHBIX MeTaisioB u P33
MIPOMCXOJUT COTIACHO UX pa3Mepam, YTO OTKPBIBAET BO3MOXHOCTbH JAJIs IEJICHANPABICHHOTO
pa3MeleHusi KaTHOHOB IO TISATH MO3UIHMSIM M, COOTBETCTBEHHO, IMOJIyYEHHS] CErHETOIICKTPH-
KOB, aHTHCETHETOAIEKTPUKOB U JIIOMUHO(DOPOB C 3aJaHHBIMU XapaKTEPUCTUKAMH.

Ilenpto maHHOM pabOTHI SABISETCSA TMOJYYCHHUE M HCCICAOBAHHE BUTIOKHUTOIMOIOOHBIX
docdartos cocraBa CagZnR(PO4)7, rne R = P33, Y, Bi, Sc ¢ 3ananubiMu (PU3NKO-XUMUIECKUMHI
CBOWCTBaMH, TaKXKe YCTAHOBJICHHE 3aKOHOMEPHOCTEH B CUCTEME COCTaB — CTPYKTypa — CBOMCT-
Ba MOJyYEHHBIX COCTUHEHHIA.

®ocpater CagZnR(PO4)7 (R = P33, Y, Bi, Sc) npuroroBieHsl METOI0M TBEPIOPA3HOTO
cuHTe3a M3 crexuoMerpuueckux  kommuectB CaCOs (x.4.), R,Os (x4.), ZnO (x.4.) u
CaHPO4-2H,0 (x.4.). CuHTe3 MPOBOAWIA HA BO3AYyXE B AIYHIOBBIX TUTJIAX MPH TEMIEpaType
1323 K B reuenue 100 4y c TpeMsi POMEXKYTOUHBIMU [TEPETUPAHUSIMU.

JudpakrorpaMmbl cHHTE3UpOBaHHBIX 00pa3ioB coctaBa CagZnR(PO4); (R = La-Er, Bi)
MaJi0 OTJIUYAIUCh OT 3TaoHHOUN nudpaktorpammel mist B-Casz(POy4), (Ne70-2065). st o6pas-
11oB ¢ R=Tm-Lu, nabnronaercst nanuuue npumecu ¢pocdara COOTBETCTBYIOIIETO PEAKO3EMENb-
Horo sneMenTa. Bennunna curnana ['BIT mins CagZnR(POy); Hesnauntensna (~0.1-0.2 en. ot
KBapIIEBOTO ATAJIOHA), YTO TOBOPUT O HAIMYUH IIEHTPA CUMMETPHH Y TIOTYYEHHBIX COSAMHCHUN.
JlpnexkTpruueckue HMCCleOBaHus MOKa3ald HalU4Yhe aHTHCETHETOAJIEKTpUYecKoro (azoBOro
nepexozaa mnepBoro poaa. Ilpu HarpeBanuu (pazoBoMy Mepexody MPEIIIecTBYET XapaKTEpHBIN
MaKCHUMyM Ha TEMIIEpPaTypHbBIX 3aBUCHMOCTSX IuasekTpudeckoil nmponunaemocta &(T) u tan-
renca auanekrpuueckux norepsb tg O(T). Temneparypa Kiopu s momyueHHbIX 00pa3IoB Jje-
XKUT B TemrneparypHoMm untepBaie 550-600 °C. Temmepatypsl (pa3oBOro mnepexoja, moiaydeH-
HbIE METOZaMU JudJIeKTpuueckoii ciekrpockonuu U JICK moka3piBatoT XOPOIIYIO0 CXOAUMOCTb.
HccnenoBanue JTIOMUHECIIEHTHBIX CBOMCTB BBIABIIIO, 4TO coeauHeHne CagZnEu(PO,); nposis-
JSIeT MHTEHCHBHYIO JIIOMHUHECLEHIIMIO B KPAaCHOM 00JacTH CHEKTpa, & HHTCHCUBHOCTh JIIOMH-
HECILICHIINM U TIOJIOKEHUE JIMHUKA B CIIEKTPE HE 3aBUCHUT OT YCJIOBUW CHHTE3a U 00pabOTKH 00-
pasna xuakuM azoroM. [Ipu sTom HabmOgaeTCs yBENTNYEHNE HHTEHCUBHOCTH JIIOMUHECLICHITNH
st CagZnEu(PO4); mo cpaBuenuto ¢ CagEu(POy4); B 1,5 pasa.

B pesynbrate paboThl OBUIM MOJYYEHBI BUTIIOKUTONOAOOHBIE (ocdaThl cocraBa
CagZnR(POy)7, tne R = P33, Y, Bi. UccrnenoBanbl ux HEMMHEHHO-ONTHYECKHE, INEKTPOPU3U-
YeCKHEe U JIIOMUHECIICHTHBIE CBOMCTBA. Y CTAHOBIJIEHO, UTO MOJY4YEHHBIC COCIMHEHUS SIBIISIOTCS
HEHTPOCUMMETPHUYHBIMU U KPUCTAJUIM3YIOTCS B MPOCTPAHCTBEHHOH rpymme R3c. CuHTEe3Upo-

BaHHBIE (PochaThl MPOSBIAIOT aHTHCETHETOIJICKTpUUECKHe cBoicTBa. [lokazaHo, 4TO 3aMeHa
+ +
Ca’" ma Zn? MPUBOJIUT K YBEITUYEHUIO MHTEHCUBHOCTH JIIOMUHECIICHIINH.
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Dielectric and luminescent properties of triple phosphates of cal-
cium, zinc and rare earth elements

Abdurakhmonov S.D.

Supervisors: D.Sc, Professor Lazoryak B.I., PhD student Zhukovskaya E.S.

White light-emitting diodes (WLEDs) are considered as the most promising solid-state
light sources because of their outstanding properties of high energy efficiency and light stabili-
ty, and are now widely used in various industries. The formation of phosphors with single phase
is one of the important factors because of their excellent color rendering indexes and the elec-
tro-optical design being simple to control the different colors in comparison to mixed phos-
phors. The whitlockite structure favors isovalent and heterovalent substitutions. The occupancy
of different cationic positions in the structure by ions of transition metals and REE occurs ac-
cording to their size, which opens the possibility for the purposeful substitution of cations in
five positions and, accordingly, the obtaining of ferroelectrics, antiferroelectrics and phosphors
with given characteristics.

This work aimed to obtain and study the whitlockite-like phosphates CasZnR(POy)7,
where R = REE, Y, Bi, Sc with specified physico-chemical properties, and also the establish-
ment of regularities in composition-structure-properties of the obtained compounds.

The phosphates CagZnR(PO4); (R = REE, Y, Bi, Sc) were prepared by solid-state reac-
tion method from stoichiometric mixtures of CaCOs (99.9%), R203 (99.9%), ZnO (99.99%) u
CaHPO4-2H,0 (99.9%). The mixture was heated in alumina crucibles at 1323 K for 100 h with
several intermediate grindings.

The diffraction patterns of synthesized samples CagZnR(PO,); (R = La-Er) differed only
slightly from the standard diffraction pattern for B-Cas(POs), (Ne70-2065). For samples with R
= Tm-Lu, an impurity of the phosphate of corresponding rare-earth element is observed. A very
weak SHG response (~ 0.1-0.2 unit of quartz etalon) detected for CagZnR(POs); strongly
suggests a centrosymmetric crystal structure. Dielectric investigations revealed the presence of
an antiferroelectric first-order phase transition. When heated, the phase transition is preceded by
a characteristic maximum on the temperature dependences of permittivity £(T) and the dielectric
loss tangent tan &(T). The Curie temperature of the obtained samples lies in the temperature
range 550-600 °C. DSC anomalies are observed whose positions agree well with the dielectric
constant anomalies. Investigation of luminescent properties revealed that the compound
CagZnEu(PQOy4); exhibits intense luminescence in red region of spectrum, and the luminescence
intensity and the position of spectral lines do not depend from the conditions of preparation and
processing of the sample by liquid nitrogen. The luminescence intensity of CagZnEu(POy); is
about 1.5 times higher than that of CagEu(PQOy4);.

Whitlockite-like phosphates CagZnR(PO,); were obtained, where R = REE, Y, Bi, Sc, as
a result. Their nonlinear optical activity, electrophysical and luminescent properties were inves-
tigated. The obtained phosphates are centrosymmetric and crystallize in R3¢ space group. The
synthesized phosphates exhibit antiferroelectric properties. It is shown that substitution of Ca*"
by Zn®" leads to increasing of luminescence intensity.
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MeTamaTepuaJjibl HA OCHOBE MAaCCHBA 30JI0THIX M CepeOPAHbIX HA-
HOHUTEN B MAaTPHUILIEe AaHOAHOI'0 OKCU/IA ATIOMHUHMSA

Jleonmuvees A.11.

PykoBoauTens: K.X.H., B.H.c. Hamonsckuii K.C.

AKTyanbHOHU 3a7aueil COBPEMEHHOTO MaTepUaIoBEIECHUS SBISETCS MOUCK METO/0B IO-
Jy4YeHUs] TUIEPOOIMYECKIX METaMaTepHIIOB, CIIOCOOHBIX YNPABIATh MOTOKOM 3JIEKTPOMAarHuT-
HOTO M3JIyYEHHUs ONTHYECKOro Irarna3oHa. JlaHHBIA KJIACC MAaTEPHAIIOB MEPCIEKTUBEH IS CO3-
JaHWsl Ha UX OCHOBE HOBBIX THUIIOB AHTEHH 3JIEKTPOMAarHUTHOIO M3JIY4YE€HMs, Cpel C OTpHLa-
TEJIBHBIM IIOKA3aTeJIeM MPEIOMIICHUs, TUIIEPJINH3 U 3JIEMEHTOB, IO3BOJISIONNX MOJIy4aTh U30-
OpakxeHHe HaHOOOBEKTOB C Pa3MEPOM MEHEE JUIMHBI BOJIHBI BUJUMOIO CBETAa, BEICOKOUYBCTBHU-
TEJNBHBIX ONTHYECKUX CEHCOpOB. /I MOCTMKEHUS TUIIEPOOTMUECKOTO 3aKOHA JUCIIEPCUU He-
00X0/IMMO OTPAHUYUTH CBOOOJHOE IBM)KEHUE JIEKTPOHOB BJOJb OJHOW WM JIByX KOOPJIUHAT,
YTO peaqu3yercs B TOM YHUCIIE B MACCHBE COHAIPABICHHBIX METAUIMYECKUX HAHOCTEP)KHEU B
IOUBJIEKTPUYECKON MaTpuLE.

Henbto nanHON paboOTHI CTAIO MOJSyYEHUE MPO3PAYHBIX HAHOKOMITIO3UTOB HA OCHOBE 30-
JIOTBIX U cepeOpsIHBIX HAHOCTEP)KHEH B MaTpHIle aHOJHOI'O OKCHAA AJFOMUHUS C TOYHBIM KOH-
TPOJIEM UX T€OMETPUYECKHUX ITaPaAMETPOB.

MaccuBbl 30J0TBIX M CepeOPSHBIX HAHOCTPYKTYpP OBLIM IMOJIyY€HBI C MOMOIIbIO TEM-
IUTATHOTO 3JIEKTPOOCAKICHHS ¢ IMPUMEHEHUEM MaTpHI] aHOJHOTO okcuaa amoMuHus (AOA),
o0yafarouX MUIMHAPHUECKUMH KaHanaMu. B onpenenéHHbIX yCIOBHUIX aHOIUPOBAHMS HOPHI
YIOPSIIOYUBAIOTCS B IByMEPHBIN I'€KCArOHAIBHBIM MacCHB, YTO 00ECIIEUYNBACT BHICOKYIO TUIOT-
HOCTh UX PAacIHOJIOXKEHUs U y3KOoe pacIpenesieHue mo pasmepaMm. B xone pabotel Obu1o ycTa-
HOBJICHO, YTO YBEJIIMYEHHE TEMIIEPATyPhI IEKTPOJIUTA IPUBOAUT K 3HAUUTEIBHOMY YCKOPEHHIO
(bopMHpPOBaHUS OKCUJHBIX IUIEHOK M CMEILECHUIO HUKHEH M BEpXHEH I'paHUIl CMEIIAHHOIO pe-
KFMa aHOJMPOBAHUS B 00JIaCTh MEHBIINX HAaNpPsDKEHUN. M3-32 3TOT0 CHMYKAETCS CTENEeHb YII0-
pAOOYEHHS TIOPUCTOM CTPYKTYpbI IUIEHOK, Noiay4yeHHbIX B 0,3 M maBeneBol KMCIOTE IIPU Ha-
npsokerann 40 B. [{ns popmMupoBaHus MaCCHBOB METAITMUECKUX HAHOCTEP)KHEH MCIIOIb30BAIIH
MOPHUCThIE TUIEHKH, CUHTE3WPOBaHHbIE MPpHU TeMrepaTtype aiekrponura 20 °C, Tak Kak OHU 00-
JAJaT y3KMM paclpeAcsICeHHEM KaHaJIOB II0 pa3MepaM, NMPAaKTHYECKH HE YCTYMNarT IO Ipo-
3pavyHOCTH IUIEHKaM, nosydeHHbIM npu 0 °C, u npu 3ToM 00pazyroTcs 6osee yem B 4 pasa Obl-
cTpee.

3onoThle U cepeOpsHble HaHOCTEP)KHU (hopMupoBanu B Matpuile AOA ¢ moMoIpko mo-
TEHIIMOCTATUYECKOIO JIEKTPOOCAKICHUS B TPEXIIEKTPOAHON IIEKTPOXUMHUYECKOHN SUEHKE U3
KOMMEPUYECKH JTOCTYIHBIX AJMEeKTponuToB, comepxkammx 10 r/m Au[CN], u 12 r/n Ag[CN],,
COOTBETCTBEHHO. OrpaHndeHue 3apsaaa OCAKACHUS MO3BOJIMIO TOYHO KOHTPOJIUPOBAThH AJIMHY
HAHOCTEp)KHEH B UpokoM auanasoHe oT 200 HM no 2 Mxm. Ha cnekrpe nponyckanus nomy-
YEHHBIX HAHOKOMITO3MTOB HAOJIOJAIOTCS JBA MUHUMYMA, COOTBETCTBYIOIIHE BO30YKICHHUIO
MIOTIEPEYHOTI0 U MPOAOJIBHOIO JBHKEHUS JJIEKTPOHOB IIPOBOAMMOCTH B MeTaiie. Ilomoxkenue
PE30HAaHCHBIX MOJ 3aBHCHUT OT XMMHUYECKOI0 COCTaBa HAHOCTEPKHEN M UX F€OMETPUYECKHX I1a-
paMETpPOB, @ UHTEHCUBHOCTD — OT yIJIa IaJICHUs CBETA.

VYBenuueHne IIMHBI HAHOCTEPXKHEH MPUBOAUT K YMEHBIIECHUIO IPO3PAYHOCTH HAHO-
KOMITIO3UTOB, YTO HE MO3BOJISAET MEPEMEINATh MOJI0KEHUE JIMHHOBOIHOBOIO PE30HAHCA B ILIH-
POKOM JAMamna3oHe JUIMH BOJH. [t pemeHus 3Toil npobiieMbl ObLIO MPEUIOKEHO YMEHBUIUTD
CTENEHb 3aII0JHEHUs MaTpUIbl METAUIOM IMyTéM OJOKMpOBKM yacTu mnop. Ilocnennee ObL1o
JOCTUTHYTO C IMOMOILBIO YBEJIUYECHUS HANPSOHKEHUSI B IIPOLIECCE MOJIYUYEHUS] OPUCTON MIEHKU
AOA. Tlpu 5TOM 4YacTh MOp YBEJIMYMBAETCS B pa3MeEpPE, a OCTaBIIMECS MPEKpaIiatoT CBOM POCT.
N3meHeHue BEpXHEW I'PaHULIBI HANPSIKEHUs, 1O KOTOPOH IPOUCXOJUIO €r0 YBEIWYEHUE, I10-
3BOJISIET TOYHO KOHTPOJIMPOBATh JIOJI0 OJOKMPOBAaHHBIX 1Mop. C yMeHbIIEeHHEM OOBEMHOTO 3a-
MOJTHEHHUSI TIOP METAJIJIOM HaOII0IaeTCs KPacHbIM CABHUT JITMHHOBOJIHOBOTO PE30HAHCA.
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Metamaterials based on arrays of gold and silver nanowires in
anodic aluminium oxide matrix

Leontev A.P.
Scientific advisor: Ph.D., leading researcher Napolskii K.S.

The development of preparation methods of hyperbolic metamaterials, which can ma-
nipulate the flow of light, is one of the challenges of modern material science. This class of ma-
terials is promising for creation of a new type of antennas for electromagnetic radiation, media
with a negative refractive index, hyperlenses and objects allowing the imaging in subwave-
length range, high-sensitive optical sensors. For implementation of hyperbolic dispersion law
free movement of electrons has to be limited along one or two coordinate axis that occurs for
example in arrays of co-directional metallic nanorods embedded in dielectric matrix.

The aim of the present work is design of transparent nanocomposites based on gold and
silver nanorods embedded in anodic aluminium oxide matrix with precise control of geometri-
cal parameters.

Arrays of gold and silver nanostructures were prepared using templated electrodeposi-
tion using anodic aluminium oxide (AAQ) with cylindrical channels as a porous matrix. Under
certain anodizing conditions the channels are arranging in hexagonal lattice that provides high
pore density and narrow pore size distribution. It has been shown that the increase in electrolyte
temperature leads to significant acceleration of oxide film formation and shift of the lower and
upper boundaries of mixed regime to lower voltages. As a consequence, the degree of pore or-
dering for AAO films obtained in 0.3 M oxalic acid at 40 V decreases with temperature. To cre-
ate arrays of metallic nanorods the matrices synthesised at the temperature of 20 °C were used,
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because they possess narrow pore size distribution, have the transparency almost the same as
films obtained at 0 °C and in comparison with the latter are formed more than 4 times faster.

The potentiostatic electrodeposition of gold and silver into AAO matrices was carried
out in a three-electrode electrochemical cell using commercial electrolytes containing 10 g/l
[Au(CN),] and 12 g/l [Ag(CN),]", respectively. The control of deposition charge allows one to
control the length of the nanorods in the range from 200 nm to 2 um precisely. On the transmis-
sion spectrum of obtained nanocomposites two minima was observed, which correspond to ex-
citation of transversal and longitudinal plasmons. The position of the resonant modes depends
on chemical composition and geometrical parameters of nanorods, the intensity of resonant ab-
sorbance depends on the incidence angle of light.

The increase in the length of the nanorods leads to the decrease in the transparency of
nanocomposites that did not allow to tune the position of longitudinal resonance though the
wide range of wavelengths. To reduce the filling factor of AAO template with metal, partial
blocking of pores was realised. The increase in anodization voltage during AAO formation re-
sults in the rise of interpore distance. This process accompanies by the increase of pore diameter
of part of the pores, whereas other pores stop growing. The change of the upper limit of anodiz-
ing voltage allows one to control the number of blocked channels precisely. The red shift of
longitudinal resonance with the decrease in pore filling factor with metal is experimentally ob-
served.
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OaHonOMEHHbIE YaCTHLBI reKcaeppuTa CTPOHIUMS ¢ BBICOKOM
CTENEeHBbI0 3aMeLleHU ’kKejle3a Ha AJTIOMUHUI
l'opbaues E.A.

PykoBoauTelnb: K.X.H., 1oueHt Tpycos JLA.

VYBenuueHne KO3PUUTHUBHOW Cuibl (Hc) MarHUTHBIX (DEPPUTOB — OYEHb Ba)kHasA, HO
CJIO’KHAs 3ajjaya, pelleHrue KOTOpo HeoOXOAMMO JJsl pacIIMpeHus: 00J1acTH UX MPUMEHEHHUS.
YacTuuHOE 3aMeIIeHHE aTOMOB jKejle3a B CTPYKType rekcadeppuToB M-THIAa Ha aTOMUHHNA
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(MFe,.:Al,O19, M = Pb, Ba, Sr) nonroe Bpems BBI3bIBAJIO HHTEPEC YUICHBIX BO3MOKHOCTBIO pe-
TYJTUPOBAHUS KOIPIUTUBHOM CHJIBI MaTepuaia B MUPOKUX mpenenax. OaHako A7 MOTydeHHUs
rexca)eppUTOB C BEICOKHM COJIEPIKAaHUEM ATFOMHUHHUS (X > 2), HeOOX0IUMO TIPOBEJCHUE CHHTE-
3a TpU BBICOKHX TeMIlepaTypax, uTo, KaK MPaBUIO, MPUBOJIUT K 0Opa30BaHUIO MOIUIOMEHHBIX
YaCTUI] ¥ MAJCHNIO0 KOOPIUTHBHON cribl. TakuM 00pa3oM, 10 HEJaBHETO BPEMEHH He OBLIO 110-
ay4eHo rekcadepputos ¢ Hc Boime 13 k3. B 2012 rogy Obu1o cooOI1eHO 0 NOTy4YeHUH reKca-
depputa SrFegAl4O19 ¢ He = 18.1 kD, ogHaK0 HAMAarHMYEHHOCTh HACHIIICHUS JaHHOTO MaTe-
puaia Oblja CyIIECTBEHHO HIKE TEOPETHUECKOM.

Lenbro HacTosAMIEH pabOTHI SBISIETCS TOTYYSHHE OJHOIOMEHHBIX YaCTHII reKkcadeppura
CTPOHIIHSI C BBICOKMMHU CTETICHSIMU 3aMEIlEHUS] HOHOB JKeje3a alIOMHHUEM M U3yUYeHUE UX Mar-
HUTHBIX CBOMCTB. BbIIM mocTaBieHbl cieayromue 3aga4yu: 1) pazpaboTaTe METOIUKY CHHTE3a
onHoda3Heix 00paszuoB SrFe . AlyO19 u Sri.12Cay12Fe2,Al 019 (x =0 — 6) ¢ 0THOJOMEHHBI-
MU YacTHLAMHU; 2) ONpenenuTh (pa3oBblii cocTaB 00pa3oB U MOP(OIIOTHIO YACTHII B 3aBUCHMO-
CTH OT XUMHUYECKOTO COCTaBa IIUXTHI, TEMIEPATypPhl U MPOAOHKUTEIHLHOCTH OTKUTA; 3) Hccle-
JIOBaTh MarHUTHBIE CBOMCTBA IMOJYUYEHHBIX 0Opa3Il0B: MAarHUTHBIC TUCTEPE3UCHI, TEMIIEPATYPHI
Kropu, mornomieHue MUIIUMETPOBOTO 3IEKTPOMArHUTHOTO W3Ty4YeHUs; 4) yCTaHOBUTH OCO-
OEHHOCTH KPUCTAJUIMIECKOH CTPYKTYpBI 00pa30B B 3aBUCMMOCTH OT COCTaBa M ONPEACIHUTh MX
BIIUSTHUE HA MarHUTHBIE CBOWCTBA.

Jliist cuaTe3a 00pa3ioB ObuTa pa3padboTana Moau(UKAIHS IUTPATHO-HUTPATHOTO METO1a
roMoreHusanuu. JINMOHHYIO KHCIIOTY ¥ HUTpaThl MeTtaluioB (Sr, Ca, Fe, Al) B MonsHOM cOOT-
HomIeHUH 3:1 pacTBOPSUIM B IUCTUJUTMPOBAHHOM Boje. Jlanee pacTBOpPHI MOJBEpraiy yrnapuBa-
HUIO Ha necyaHoi Oane. [Ipu 3TOM MPOUCXOIUIO CaMOBO3TOpaHKE IUTPAaTHOTO pacmiasa. [lo-
JyYeHHBIA TOPHUCTHIA MPEKYpPCOp OTKUTAIW B IUIATUHOBOM THUIJIE Tpu Temmeparypax 900 —
1400°C u pa3nuyHbIX BpeMEHaX BbIIEPKKU. MarHuTHbIE TUCTEPE3UCHI ObLIM MOTYYEHbl METO-
namu CKBU/I- 1 BUOparimoHHOW MarHeTOMETPUN B MarHUTHBIX TOJsiX 10 9 Ti mpu 5 — 300 K.
Kpucrannuueckass ¥ MarHUTHasE CTPYKTYpPbl 00pa30B OBLTH MCCIEIOBAHBI C MOMOIIBIO MOPOIII-
KOBO# nmudpakiuu cuHxpoTpoHHOro peHrreHoBckoro (ESRF, I'peno6ns, HUL KUCH), a Tak-
xe HerirporHoro (®JIBP, OUAN, [Ayona) uznyuenuid. [Tornomenne MUTMMETPOBOTO H3Tyde-
HUS OBIJIO U3yUYEHO C MIOMOMIBIO TeparepIioBoii criekrpockonuu B nuanasone 100 —400 [T,

Pa3meps! momydeHHBIX 9acTHI] TekcaeppuToB BapbupyloTcs B uHTEpBaiie oT 50 g0 600
HM, 9TO MEHBIIIE KPUTHUYECKOTO AMaMeTpa MAarHUTHOTO JAOMEHa Juis rekcadeppura. YBemude-
HUE COJIep’KaHus aJlOMUHUS B rexcadeppure MPUBOIUT K MaJeHUI0 HAMarHWYEHHOCTH HAChl-
IICHUS, POCTY KOAPLUUTHBHON CHIIBI ¥ 4acTOTHI peppoMaruuTHoro pezonanca (OMP). B cepun
Sriv12Cay12Fe 2,AlO19 ko3pruTHBHAS cwita gqocturaet 36 k9, a wactora ®MP 250 I'Tu. O6-
paslibl, coepKalue KaNbIHA, TPOSBISIOT 3HAYUTEIHLHO 00JIee BHICOKHE KOAPLIUTHUBHBIC CHJIBI
MIpU TOW K€ HaMarHMYEeHHOCTH HachimeHus. st oopasna Sty s4Cag 46FessAls sO19 ¢ yMeHbIie-
HUEM TeMIIepaTypbl KOOPLUUTHUBHAS cuila NMpoxoauT depe3 MakcuMyM npu 180 K, nocturas 42
K3, uro Ha 17% BeIllIe, 4eM NpU KOMHATHON Temneparype. OpueHTUPOBAaHUE YACTHULl JAHHOTO
o0pasua B mojauMepe mpuBoauT K pocty He 10 40 k3 npu Mr/Ms = 0.9.

Takum o00pa3om, OBUIM TIOJYYEHBl OJHOJOMEHHBIC YAaCTHUIBI TeKcadeppHuTOB
SrFe 2. AlyO19 1 Sry.12Cay2Fe12:AliO19 (x = 0 — 6), KOTOpBIE MPOSBISIOT PEKOPIHBIC CPEAU
(beppuTOB 3HAUEHHUS KOADPLUUTUBHOM cUiIbl U 4acTOThl OMP.
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Single-domain strontium hexaferrite particles with high substitu-
tion degree of iron by aluminium

Gorbachev E.A.
Scientific advisor: ph.d., associate professor Trusov L.A.

The increase of magnetic ferrites coercivity is very important for expanding their indus-
trial applications, however it is a difficult issue. Partial substitution of iron atoms by aluminium
in M-type hexaferrities (MFe;,..AlyO19, M = Pb, Ba, Sr) has been of a great interest due to a
possibility to vary their coercive fields in a broad range. However, the production of highly Al-
substituted hexaferrites (x > 2) requires very high temperatures and generally leads to multido-
main particles, which exhibit very low coercivity. Thus, till recently the hexaferrites having
coercivity over 13 kOe has not been obtained. In 2012, hexaferrite material SrFesAl4O;9 with
the coercivity of 18.1 kOe was reported, but its saturation magnetization was significantly lower
than theoretical value.

The goal of this work was to synthesize single-domain strontium hexaferrite particles
having high alumumium content and to study their magnetic properties. The following tasks
were assigned: 1) to develop a technique for synthesis of single-domain hexaferrite particles of
SrFe ».:AlyO19 and Sry.12Cayi2Fe1n Al O9 (x = 0 — 6) compositions; 2) to study phase compo-
sition and particles morphology with respect to precursor composition, temperature and anneal-
ing time; 3) to investigate the magnetic properties of the samples: the magnetic hysteresis, Curie
temperatures and millimeter waves absorption; 4) to study the crystal structure details and their
impact on the magnetic properties of the hexaferrites.

We developed a modification of citrate-nitrate homogenization method to produce the
samples. Citric acid and metal nitrates (Sr, Ca, Fe, Al) with mole ratio 3:1 were dissolved in dis-
tilled water. Then the solution was evaporated in a sand bath until the auto-combustion of the
citrate melt. The obtained porous precursor was annealed in a platinum crucible at temperatures
900 — 1400°C and various exposure times. The magnetic hystereses were examined by SQUID
and VSM measurements at fields up to 9 T and at temperatures 5 — 300 K. Magnetic and crystal
structures of the samples were studied via synchrotron x-ray (ESRF, Grenoble and NRC Kur-
chatov Institute, Moscow) and neutron (HRFD, JINR, Dubna) powder diffraction. The absorp-
tion of millimeter waves was studied by terahertz time-domain spectroscopy (THz-TDS) at 100
—400 GHz.

Particle sizes of obtained hexaferrites range from 50 to 600 nm, which are less than crit-
ical domain diameter. The increase of x leads to the drop of the saturation magnetization and the
rise of the coercivity and the natural ferromagnetic resonance frequency (FMR). In samples Sr;.
w12Cay12Fe12.xAlO19 the coercivity and FMR frequency reach 36 kOe and 250 GHz, correspon-
dingly. Ca-doped samples display higher coercivities at similar magnetizations. At low tempera-
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tures the coercivity of Srgs4CagaFessAlssO19 passes through maximum of 42 kOe at 180 K,
that is 17% higher than room temperature value. The particle alignment in a polymer also leads
to the growth of H¢ up to 40 kOe at loop squareness Mr/Ms = 0.9.

Thus, single-domain hexaferrite particles of SrFe;» Al,O19 and Sry12Cay12Fe12xALO9
(x =0 - 6) compositions were obtained. The samples demonstrate record-high coercivity values
and FMR frequencies among modern ferrite materials.
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Kossonanbie yacTuibl rekcageppura CTpOHIMSA: MOP(OJIOrUs,
MOAM(PUKANUA OBEPXHOCTH, YIIOPSAA0OYCHUE

Anoxun E.O.

PykoBonurenb: K.X.H., 1oueHT Tpycos JLLA.

Koimonapl MarHUTOTBEPIBIX YACTHUI] TeKCAPEPPUTOB — ITO HOBBIH W MaJOWU3yYCHHBIN
KJIaCC MarHUTHBIX )KI/IIIKOCTGI\/'I. B otianuwme ot TPAAUITUOHHBIX MarHUTHBIX )KI/IIIKOCTGI\/'I Ha OCHO-
BE CyleprapaMarHUTHBIX YaCTHII, YaCTUIBl B MOJOOHBIX CHCTEMaX HECYT 3HAUUTEIBHBIN I0-
CTOSIHHBI MarHUTHBIN MOMCHT, 4TO OHNpCALCIACT UX OC060€ IIOBCACHHUEC BO BHCHIHUX MAIrHUT-
HBIX TOJISIX U CJIOKHYIO CTPYKTYPHYIO OpTaHU3aIHIO.

Lenb naHHOM paboOTHl — pa3paboTaTh METOJBI MOJIYYEHUS] KOJUIOMAHBIX YacTHUI] T'eKca-
deppuTa CTPOHIHS Pa3THIHON MOP(OIOTHU U METOBI MOAU(DUKAIIUHN X TOBEPXHOCTH, a TaK-
K€ U3YUYMTh UX OpPraHU3alliIo B pacTBope. bbuin nmocraBieHsl ciaenyrone 3ajaun: 1) cuaTe3n-
pOBaTh MarHUTOTBEPIIIC HAHOUYACTHUIBI TeKcadeppruTa CTPOHIMS pazaudHoi Mopdonoruu; 2)
MOJYYUTh HA UX OCHOBE CTAOMJIbHBIC BOJHBIC KOJUIOMIHBIE PAacTBOPHI; 3) UCCIENOBATh CTPYK-
TYpPHYIO OpraHM3aIMI0 YacTUIl B pacTBopax; 4) pa3paboTarh METOAWKH (PYHKIHOHATH3AIIUN
YaCTUI] MOKPHITUAMHU JUOKCHIA KPEMHUS; 5) U3YUUTh MUKPOCTPYKTYPY MOKPBITUN M CTaOWIIb-
HOCTh MOAM(DHUIINPOBAHHBIX KOJIOWIAHBIX YaCTHII B BOJHOU Cpee.
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Komnnongapie gacTuIbl ObUTH 0XapaKTEPH30BAHBI C TIOMOIIBI0 METOAA PEHTTEHO()a30BO-
IO aHanu3a, MarHUTHBIX U3MEPEHHI B MOCTOSIHHBIX TOJSX, MPOCBEYMBAIOIICH M PAcTPOBOM
AIIEKTPOHHON MHUKPOCKOIINU. MarHUTHBIE )KUAKOCTH Ha OCHOBE JTAHHBIX YaCTHUI] HCCIIEIOBAHBI C
MOMOIIIBIO CIEKTPO(GOTOMEPHH B BUIUMON 00JaCTH, METOJa TUHAMUYECKOTO CBETOPACCESHUS,
MarHUTHBIX U3MEPEHUHN B TIOCTOSTHHBIX M TIEPEMEHHBIX TTOJISIX, IIPOCBEYMBAIONICH ONTHYECKON U
PacTpoBOM KPHOAIIEKTPOHHONH MUKPOCKOIHUMN, a TaKkKe C TMOMOIIbIO MaJIOYTJIIOBOTO PEHTTEHOB-
CKOTO PaCCEesTHHS.

B pabote npemnoxkena crparerusi KOHTPOIs pa3mepa U (GopMbl HaHOYACTHUIL Tekcadep-
pHUTa CTPOHIMS TPH CHHTE3€ METOJOM KpUCTAJUIM3aluu OopaTHBIX cTékos. [lomydeHsl cra-
OUNbHBIE BOJHBIC KOJUIOMIHBIE PACTBOPHI C YaCTUIIAMU TeKcadeppuTa CTPOHIIHS TIIACTUHYATOM
(d/h > 10) u uzotpomHoii (d/h = 1.5) popmbl. YCTaHOBICHO TOBEICHNE KOJUIOUIOB B COCTOSTHUH
«TapaMarHuTHOTO Ta3ay MOJl NeHCTBUEM MEPEMEHHOT'O0 MAarHUTHOTO TOJIS Pa3MTUYHON YaCTOTHI:
BpallleHHe, BpalICHHE C OTCTaBaHUEM IO (a3e W KoJIeOaHUsI OKOJIO HEKOTOPOTO MOJIOKCHHUS
paBHoBecus. C momonisio MYPP u3yueHa cTpykTypHasi opraHu3aiiusi 4acTUI] B KOHLIEHTPUPO-
BaHHOM COCTOSIHUM <OKHJIKOTO KpucTaimiay. [loka3aHo, 4To moJ AeWCTBHEM MarHHTHOTO IOJIS
gacTUllbl 00pa3yloT HUTEBUIHBIC TUHAMUYECKUE arperaTbl U3 MapajjielbHO OPUEHTHPOBAHHBIX
TUTACTUHYATBIX YaCTHIl, & BapbUPOBAHUE KUCIOTHOCTH CpENbl MPUBOJUT K U3MEHEHHIO pac-
CTOSIHUA MEXKAY yacTuaMu. C MOMOIIbIO0 KPUODIEKTPOHHON M ONTUYECKON MUKPOCKOITUU U3Y-
YEHO CTPYKTYypUpPOBaHHE KOHJIEHCATa HA MUKPOYPOBHE.

C nomompsto ruaponuza TOOC nomyuensl komno3utsel SrFei,019/Si0; co cTpykTypoit
«s1po-o0osnoukay. CpenHsis TOJNIIMHA MOKPBITUS Bapbupyercs oT 15 mo 25 HM; monoOHbIe
KOMITO3UTHI MOTYT OBITh JUCTHIEPTHPOBAHBI B BOJE MO JCUCTBUEM YIbTPa3BYKa; MOTYYCHHbBIE
30JIM OCTAIOTCS B KOJUIOMJHOM COCTOSTHUU Oosiee 24 dacoB. PazpaboraHa meTojuka mepeBoja
KOJUIOMIHBIX PacTBOPOB B IIENIOUHYIO Cpely 0e3 MOTepH KOJUIOMAHON CTAaOUIBHOCTU C MOMO-
IIBIO KUCJIOTHOTO THPOJIM3a CHIIMKATA; TPU 3TOM TMPOUCXOAUT MOTUPHUKAIMS IMOBEPXHOCTH
YacTUIl TOHKUM CII0EM JTMOKCHAa kKpeMHus (MeHee 5 HM). [lokazaHo, 4To KOJUIOMABI MOIU(U-
IIUPOBAHHBIX YACTHUI[ COXPAHSIOT cTabmiIbHOCTh B uHTepBajie pH ot 6 1o 11. Ilogo6Hble yacTu-
116l OBUTH WCIIONB30BaHbI IS JaJbHEHIIEero nopamuBadus ¢ moMoiipio TOOC mis morydeHus
CTa0MIIBHBIX B KOJUIOMIHOM BHJIE HAHOKOMIIO3UTOB SrFe;,01¢/S10,.

Takum oOpa3om, B AaHHOW paboTe IMOTYUYEHBl KOJUIOMIAHBIC YaCTHIBI rekcadeppura
CTPOHLIUS C pa3IMuHONW MOp(oJorue, pa3paboTaHbl pa3IMyHble METOAUKH MOAU(DUKALIUN HX
MOBEPXHOCTU MOKPBITUAMH AMOKCHIA KPEMHHUS, a TaKKe M3yuyeHa CTPYKTypHasl OpraHu3aius
YACTHIl B COCTOSTHUSX «TAPaMarHUTHOTO Ta3a» U «OKUAKOTO KPUCTAIIIA.
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Strontium hexaferrite colloidal particles: morphology, surface
modification and ordering

Anokhin E.O.

Scientific advisor: ph.d., associate professor Trusov L.A.

Colloids based on hard magnetic hexaferrite particles are new and not clearly understood
class of magnetic fluids. Unlike traditional ferrofluids based on superparamagnetic particles,
particles in such systems carry a significant permanent magnetic moment, which determines
their special behavior in external magnetic fields and a complex structural organization.

The goal of this work was to develop methods for obtaining colloidal particles of stron-
tium hexaferrite of various morphologies and methods for modifying their surface, and also to
study their structural organization in solution. The following tasks were set: 1) to synthesize
hard magnetic strontium hexaferrite nanoparticles of various morphologies; 2) to obtain stable
aqueous colloids based on these particles; 3) to study the structural organization of the particles
in the solution; 4) to develop methods for the particles functionalization by silica coatings; 5) to
study the microstructure of the coatings and the colloidal stability of the modified colloidal par-
ticles.

Colloidal particles are characterized using XRD, magnetic measurements in permanent
field, transmission and scanning electron microscopy. Ferrofluids based on these particles are
studied using spectrophotometry in the visible region, the dynamic light scattering method,
magnetic measurements in DC and AC fields, optical and scanning cryo-electron microscopy,
and also using small-angle synchrotron X-ray scattering.

The strategy to control the size and shape of strontium hexaferrite nanoparticles obtained
by borate glasses crystallization was proposed. Stable aqueous colloids with strontium hexafer-
rite plate-like (d/h >10) and isotropic (d/h = 1.5) particles were obtained. Various modes of be-
havior of the colloidal particles in a state of "paramagnetic gas" in alternating magnetic field are
shown: the rotation, lagging and rotation, and oscillations around the equilibrium position. The
structural organization of the particles in a concentrated "liquid crystalline" state was studied
using SAXS. It was shown that in a magnetic field the particles formed filamentary dynamic
aggregates of parallel-oriented particles; varying the acidity of the medium led to the change of
the distance between the particles. Using cryo-electron and optical microscopy we revealed the
structure of the condensate at the micro level.

Using hydrolysis of TEOS, composites of SrFe;20,¢/Si0, with a core-shell structure
were obtained. The average thickness of the coating varied from 15 to 25 nm; such composites
could be dispersed in water using sonication; the resulting sols remained in the colloidal state
for more than 24 hours. A technique of transferring of the colloidal particles to an alkaline me-
dium without loss of the colloidal stability by acidic hydrolysis of silicate was developed; while
the surface of the particles was modified by a thin layer of silica (less than 5 nm). It was shown
that the colloids of the modified particles remained stable in the pH range from 6 to 11. Similar
particles were used for further growth by TEOS in order to obtain colloidal stable nanocompo-
sites SrFe ,01¢/S10,.

Thus, in this work strontium hexaferrite colloidal particles of various morphologies were
obtained, different methods for modifying their surface with silica coatings were developed, and
the structural organization of the particles in the low-concentration state of "paramagnetic gas"
and concentrated "liquid crystalline" state was studied.
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CopOuust u nuddy3us razoBbIxX cMeceid B MOJIUMepPax ¥ KOMIIO3H-
TaX HA UX OCHOBeE

Tuwxun Anexceii Anexcanoposuu

PykoBoautens: K.X.H., acc., [letyxos /.1.

B Hacrosimmee Bpemsi B Hayke BCE OOJblliee BHUMAHHE yJIENSAETCS MCCIEOBAHUIO MaTe-
pHAJIOB, KOTOPBIE MOTYT OBITH UCIIOJIB30BAaHKI B MpoIleccax MeMOpaHHOTro razopasaencHus. [lpu
3TOM B IIEPBYIO OYepelb 0OpamaloT BHUMaHUE Ha TPAHCTIOPTHBIE CBOMCTBA JAHHBIX MEMOpaH-
HBIX MaTepuanoB. Kak u3BecTHO, B MPOMBIIUICHHBIX MpOIEccax ra3opa3zelieHusi, B OCHOBHOM,
WCTIOJB3YIOTCSl HEMOPHCTHIC TTOJIMMEPHBIE MEMOpaHHBIE MaTepHAIIBI, B KOTOPHIX I'PAJHEHT KOH-
[EHTPALMU Ta30B U MapoOB, PACTBOPEHHBIX B MOJIUMEpE, SBISETCS IBUXKYIIECH CHUIION mpoliecca.
OpHako, MPOHUIIAEMOCTh MEMOPAHHOTO MaTepraia U €ro CEJICKTUBHOCTh 3aBHCAT OT KO3 Gu-
UEHTOB copOumu 1 AuQQy3un ra3os, a B Cliydae MPOMBIIICHHO BaXHBIX MPOIECCOB Ta30pas3-
neneHust (HampruMep, OYMCTKA TOMYyTHOTO ra3a) He0OX0IUMO IMOHUMATh BIIMSHUE Ta30B HA JIaH-
HBIE MTapaMeTPhl IPU COBMECTHOM TPAHCIIOPTE.

TakuMm o0pazom, 1enblo JaHHON pabOThl CTAJI0 M3YyYEHUE BIUSHUS COPOLMM TSHKEIBIX
yIIeBOI0pOA0B Ha MU (y3rMOHHBIE U COPOIMOHHBIE XapAKTEPUCTUKH CTEKIOO0Opa3HBIX MOJIU-
MEpPOB C LENBI0 CO3/IaHUSI BBICOKOCEIEKTUBHBIX CTAOMIBHBIX MOJMMEPHBIX MeMOpaH. [y BbI-
MIOJTHEHUS TaHHOM 3a/layi B paMKaxX pabOThl MPOU3BOAUIOCH UCCIEIOBAaHHE COPOIIMOHHBIX Xa-
PaKTEPUCTUK MEPPTOP-2-METHI-3-3THITUOKCOJIA; U3yUeHHE COPOIMU OMHOYHBIX T'a30B B I0-
mumepe PIM-1; uccnenoBanue TedeHHs] cMeCH T'a30B uepe3 MeMOpaHy U COBMECTHOE BIIUSHUE
ra3oB Ha COpOIMOHHBIE XapaKTEPUCTUKH IPYT IpyTa.

B nannoii pabote g usmepenus: Kodh(GUIMEHTOB paCTBOPUMOCTH Ta30B B MOJIHMEPE
MBI HCIIOJIb30BAIN OOBEMHBIN JECOPOIIMOHHBIN METOJ C XpOMAaTOrpa(uIecKuM JIEeTEKTHPOBA-
HueM. JlaHHBI METO/A OTIUYAeTCs BBICOKOM HAIEKHOCTHIO U TOYHOCTHIO, & TAKXKE TOCTATOYHO
MPOCT B UCIIOJIHEHUH. B paMkax pa®oThl ObIT MCCIIEIOBAH TPAHCIIOPT Pa3IMYHBIX Ta30B Yepes
MeMOpaHbI ephTop-2-MeTHII-2-3TUIIIMOKCONAa U yepe3 MmemOpansl PIM-1.

Ha mepBoM sTame paboThl OBUIO TPOW3BEICHO HCCICAOBAHUE COPOITMOHHBIX CBOHCTB
MeMOpaH nepdTop-2-MeTun-2-3tuinanokcona. [lokazano, 4To u30TepMbl COPOLIMU TA30B JIU-
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HEWHBI B UCCIIEyEMOM JIMaNla30He JABJICHUM, U3 JaHHON 3aBUCUMOCTU OBUIM ONPEIENIEHbI KO-
3G GUIMEHTHl PACTBOPUMOCTH Ui Pa3IUYHBIX Ta30oB (BCe JaHHbIE MMEIOT pa3MEpHOCTb
cM (1.y.)/(em’(momimepa)-atm)): Ny — 0.68; 02 — 0.77; CO, — 4.10; CH, — 1.18, 4T0 COOTHOCHT-
Csl C TAaHHBIMU ISl TOTMMEPOB aHAJIOTUYHOTO cTpoeHus: st noaumepa AF2400 koaddunmen-
THI PACTBOPUMOCTHU JTaHHBIX Ta3oB coctaBisiioT 0,64; 0,88; 3,4; 1,23, coorBercTBeHHO. Kpome
toro, 1151 O u CO, ObUIM OCTPOCHBI TEMIIEPATYPHBIE 3aBUCUMOCTH KO3 PHULIHEHTOB copOLuH,
Ha OCHOBaHUM KOTOPBIX OBLIO pacCUMTAHO 3HAYEHHUE SHTaNbIHH copouunu: -8 xJx/momnb. [Tpu
uccinenoBanuu noaumepa PIM-1 Obu10 mokazaHo, uto uzorepmsl copOruu N, u O, Takxke Ju-
HEHHBI: KOdQHUIHUEeHTH pacTBopuMocTh coctaBmwmm 2,13 u 2,08, coorBercTBeHHo. OmHaKoO,
uzotepmbl copobunu CHy, CO,, 1-C4H o u C4H;o HEMUHEHHBI U OMUCHIBAIOTCS MOJEIBI0 OMMO-
TaTbHON COpOIMU. DKCTPANONISIUs 3aBUCHMOCTH TTO3BOJISIET PACCYMTATh MAaKCUMAIIbHOE 3Ha-
yeHune koddduumenta copbuuu >tux razon: 7,97; 15,28; 92,59; 202,25. Kpome Toro, s mo-
mumepa PIM-1 uzmepena coBmecTHast copOLus ra30B: MeTaHa U OyTaHa; KHUCJIOPOJAA U a30Ta.

Ha ocHOBaHuM NaHHBIX, MOJTYYEHHBIX B paboTe, HaMH ObUIM CAETaHbl CIEAYIOIINE BbI-
BOJBI: TTOKA3aHO, YTO IS TOJUMeEpa MmepPTop-2-MeTHII-2-3THITUOKCOTIa U30TePMbI cOpOIInn
ra3oB JHMHEWHBI B HCCIEJYEMOM [aBJIEHUH, YTO MO3BOJSET HCHOJIb30BAaTh 3aKOH I'eHpu uis
OINMCAHUs TAHHBIX U30TEPM M ompenaenacHus KodguuueHToB copOunu. [lomydyeHHble 3HaUeHUS
CBHUJIETENILCTBYIOT, YTO JIaHHBIN MOJIMMEPHBII MaTepuan He yCTyMaeT CyLIeCTBYIOIIUM aHao-
ram. [{ns nonmumepa PIM-1 nokasaHno, 4To U30TepMbl COPOLIMY PA3IUYHbIX Fa30B OYIyT ONMUCHI-
BaThCsl IByMsI MoJIelsIMU: copOumu ['eHpu u 6MMoaanbHOM copOImu.
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Sorption and diffusion of gas mixtures in polymers and composites
based on them

Tishkin Aleksei

Scientific adviser: Ph.D., Assistant Petukhov Dmitry

Recently there has been an increased interest in study of materials for membrane gas
separation. The most important properties of such materials are connected with membrane
transport ability. Industrial methods of gas separation usually involve non-porous polymeric
membranes, and the driving force for transport is the activity gradient of the gas absorbed in the
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membrane. Membrane permeability and selectivity depend on sorption and diffusion coeffi-
cients, and it is essential to realize the influence of gas properties on these parameters during the
joint membrane transport in industrial processes, such as purification of associated petroleum
gas.

Therefore, the goal of this work is to study the influence of heavy hydrocarbons sorp-
tion on vitreous polymers sorption and diffusion properties with a view to create highly selec-
tive polymeric membranes with high stability. To reach this goal, the study of perfluoro-2-
methyl-3-ethyl dioxol sorption properties, the study of sorption of separate gases in the first po-
lymer with intrinsic microporosity (PIM-1), the study of gas transport through the membrane
and joint influence of gases on their properties were performed.

In this work, the bulk desorption method with chromatographic detection was used to
measure the gas solubility coefficients in the polymer. This method is not only highly reliable
and accurate, but also rather simple to perform. Within the project, the transport of various gas-
es through perfluoro-2-methyl-3-ethyl dioxol and PIM-1 membranes was studied.

In the first step, the study of perfluoro-2-methyl-3-ethyl dioxol membrane sorption
properties was performed. The solubility coefficients for various gases were determined as N, —
0.68; O, — 0.77; CO, — 4.10; CH4 — 1.18 cm” (stp)/cm’ polymer atm). These values correspond
with data for polymers with similar contents, as for the AF2400 polymer the coefficients for
these gases are 0,64; 0,88; 3,4; 1,23 respectively. Besides, the temperature dependence of O,
and CO; sorption coefficients was determined, and the enthalpy was calculated as -8 kJ/mol ac-
cording to these data. The study of the PIM-1 membrane showed that N, and O, sorption iso-
therms were also linear, and the solubility coefficients were found to be 2,13 and 2,08 respec-
tively. However, the sorption isotherms of other gases (CH4, CO,, i-C4H;¢ and C4H;() were
nonlinear, and they exhibit dual-mode sorption behavior, as they usually do for vitreous poly-
mers. Extrapolation of a nonlinear model helped to calculate the maximum values of sorption
coefficients for these gases: 7,97; 15,28; 92,59; 202,25, respectively. The joint sorption of mix-
tures of methane with butane and oxygen with nitrogen in the PIM-1 membrane was also meas-
ured.

According to the received data, the following conclusions can be drawn: the sorption
isotherms of perfluoro-2-methyl-3-ethyl dioxol are linear within the studied pressure limits, and
it is possible to use Henry’s law to describe these isotherms and to determine sorption coeffi-
cients. It was shown that the essential parameters of this polymer are not lower than its existing
analogues. The PIM-1 sorption isotherms differ for various gases and they exhibit either Hen-
ry’s sorption or dual-mode sorption behavior.
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«upPy3uss *HAMBUAYATBHBIX ['a30B ¥ ra30BbIX CMeceil yepes3 Me-
30lI0PHCThIe MEMOPAHBI B IPOMEKYTOYHOM pPeKUMeE TeYCHU»

Ioozonun C.K.

PykoBoautens: K.X.H., noueHT EnuceeB A.A., k.X.H., M.H.C. [letyxos J[.U.

MemOpaHHBIE TEXHOJIOTUU TONYYMIH MIUPOKOE PACIIPOCTPAHEHUE 32 MOCIEIHUE HECKOIb-
KO JIECSITHJICTUH B MPOMBINIICHHON 1 OBbITOBOM oumcTke. [locneanue moctrkeHus B 00gacTu
MEMOpaHHOT0 MaTepUaJIOBEICHUs MTO3BOJIWIN YMEHBIIUTh CPEIHUM qHaMeTp mop MeMOpaH 10
HECKOJIbKUX HaHOMETpoB. CerosHs MeMOpaHbl CO CPEAHUM JUAMETPOM IOpP B UHTEPBAJIE OT 5
10 100 HM IIMPOKO HUCHOJB3YIOTCSA B ra30BOM U KMIKOCTHOM (UIBTpalMM, BKIIOYas yJIbTpa-
GuIbTpanuio, mepBanopanuio, miazMadepes, a TakkKe B KadyecTBE TBEPJOrO CYIIOPTa IS
(bopMHpOBaHUS ACUMMETPHUHBIX I'a30CEIEKTUBHBIX MeMOpaH. Bce 310 00ycioBiuBaeT BbICO-
KM Hay4HbII MHTEpEC K U3YUEHUIO0 MEXaHU3MOB TPAHCIIOPTa Yepe3 Me30NopucThie cpenbl. On-
HaKO HEOOXOIMMBIM YCJIOBHEM JUIsl KOPPEKTHOTO OMMCAaHUs MPOLIECCOB MACCOMEPEHOCca yepes
KaHaJbl HAaHOMETPOBOT'O pa3Mepa SIBISETCS NOHMMaHUE Ipolecca B3aUMOAECHCTBHE MOJEKYJ
rasa co CTeHKaMH Iop MeMOpaHBbl U 1epeiaya UMITyJIbca OT MOJIEKYJ ra3a K CTEHKaM IOpbI.

B kauectBe 00s1acTH, B KOTOPOM MOTEHIMAILHO MOTYT HMCIIOJIb30BAaThCs PE3yIbTAaThl JdaH-
HOT'O HCCJIEZIOBAaHUSI MOXXHO BBIIEIUThH CO3/IaHHE PEaKTHBHBIX JBUTATENEN Ha XOJIOIHOW TsTre,
00JTaafoIMX TaKUMH MPEUMYIIECTBAMH, KaK MPOCTOTAa KOHCTPYKIUH, BO3MOKHOCTh Oe3omac-
HOW SKCIUTyaTallui ¥ Majblil yJenbHbli Bec. CyIeCTBEHHBIM HEIOCTaTKOM TaKUX CHUCTEM SIB-
JISIOTCS HU3KUE 3HAYEHUS] PEAKTUBHOW TATU U YAEIBHOTO MMITyJbca. B CBA3M € 3THM, LIENBIO
JTaHHOM paOoThl OBIJIO U3yUeHHE Mepeauu UMITyJIbCa MOJIEKYJIaMHU Ta3a MpU B3auMOJIeHCTBUU
CO CTEHKAaMHU IOP HAHOIOPHUCTBIX MEMOpaH C pa3InYHBIMU JUAMETPAMU KaHAJIOB U MOCTPOCHUE
MOJIEJIN TaKUX B3aMOIENCTBU.

Jnist mpoBeieHHsT SKCIIEPUMEHTOB ObLTa CKOHCTPYHPOBAHA OIBITHAS YCTaHOBKA, NPEICTaB-
Jsitomas coOoi BaKyyMHYIO CUCTEMY C 3aKJIIOYEHHOW B Hee KOHCTPYKIMEH mojBeca sSYeKH ¢
MEMOpPaHOl M TEH30METPUYECKOr0 AaTyuKa, MPEAHA3HAUYEHHOrO JJI PErucTpal TSATOBOTO
ycunus MeMOpaH, cO3JaBaéMOro IOTOKOM Ta3a, MpOTeKaroIuM 4yepe3 MemOpany. IloTok rasa
3aJaBaliCsl PEryJSITOpaMU TIOTOKA, a JaBICHHUE JI0 U TOCIe MEMOpaHbl PETUCTPHPOBAIIOCH TIPH
MOMOIIM JaTYUKOB JABJICHUs, PACHOJI0KEHHBIX B CBOOOJHOM 00bEMe YCTAaHOBKH M IEpes] BBO-
JIOM ra3a B 00beM U3MepHuTeNnbHOU stueliku. [Ipu npoBeneHnn sKkcrepuMenTa cBOOOAHbIN 00BEM
YCTAHOBKHM OTKA4MBaJCs 0 AaBieHHs 1 mMOap, mocie 4ero B siueiiky ¢ MeMOpaHOW IMojaBayn
MOTOK rasa.

bbutn mpoBesieHbl AKCIEPUMEHTHI 110 PErUCTPAllMM TATOBOTO YCHJIMS B 3aBUCHUMOCTH OT
TpaHCMEMOPAHHOTO JaBJICHUS U XMMHUYECKOM HPUPOJIbI MPOTEKAIOIIEro ra3a JJis HaHONIOPH-
CTBIX MEeMOpaH ¢ pa3lIU4YHOl AIMHON U TUaMeTpoM KaHaJIOB B AuamnazoHe oT 25 10 300 HM. bel-
JI0 TIOKa3aHo, YTO Iepeiaya UMITyJIbca MEMOpaHe CyIIECTBEHHO 3aBHCHUT OT pealn3yeMoro Me-
XaHHU3Ma TEUEHHs U XapakTepa B3auMOJICHCTBUS MOJIEKYJI CO CTeHKaMHM 1op MeMOpaHsbl. Tak e
MIOKAa3aHo, YTO JJIs1 MeMOpaH ¢ 6opIMM 1uameTpoM mop (6osxee 200 HM) HabIO1AaeTCs IMHEN-
Hasl 3aBUCHMOCTb BEJIMYMHBI IIEPEaHHOTO UMITYJIbCA OT CKOPOCTHU MOTOKA raza B PeKUME BS3-
KOTO TEUEHHs raza B HaHOKaHajiaX (MpUOJMKEHHE CIUIOIIHOM cpeibl), a UIsi MeMOpaH ¢ MEHb-
muM JuamerpoM mnop (Meree 100 HM) XapakTepHO HeNMHEHHOE MOBEACHUE, BBUIY IMEpeHoca
rasza 1o MexaHu3My KHYACEHOBCKOW MU(Qy3un, Ipyu KOTOPOM Tepeada UMITYJIbCa OT MOJICKYJT
ra3a K MeMOpaHe IIPOUCXOIUT 3a CUET He3epKaJIbHbBIX COyAapeHUH.

B nenom, s HaHOMOPHUCTBHIX MEMOpPaH XapaKTEPHO M3MEHEHHE CO3JaBa€MOro TATOBOIO
yCUJIMs BO BpeMeHHU. B HayanbHbIE MOMEHT BpEMEHH 3HAUYE€HUE TATOBOTO YCUIIMSA UMEET MUKO-
BBIIl Xapakrtep, mocie 4ero camxkaercs (B Teuenne 10-20 ¢) u ctabunmusupyercs B peKUMe CcTa-
IIMOHAPHOT0 TedyeHus. Takoil xapakTep mepeaayd UMITyJibca OOBACHSETCS NepepacipeaesieHu-
eM npoduiIsl JaBJIeHUS B KaHajJaX MeMOpaHbI ¢ TeYCHHEM BpeMeHU. MaKCUMallbHO JOCTHTHY-
ThI€ 3HAUYEHHUSI YIETBHOTO TAr0BOro ycuius coctasistor 0,24 u 0,028 H/em’ B CTallMOHAPHOM M
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HECTAIMOHAPHOM peXMMax. bbula OlleHeHa M0Js MOJIE3HBIX B3aMMOJACHCTBHI B 3aBUCUMOCTH
OT MOJIEKYJISIPHOM Macchl ra3a U yCJIOBUHN MpOBEIEHUs M3MepeHuil. briio mokaszaHo, 4to cre-
MEHb W3BJICUYCHMSI MOJIE3HOTO MMITyJIbca cocTaBisieT 10 20% TeninoBoi CKOPOCTH MOJEKYT B
pexuMe cTaroHapHoro Teuenus u gocturaet 100% B HeCTalMOHAPHOM PEXHUME.

« The diffusion of individual gases and gas mixtures through meso-
porous membrane in the transitional flow region »

Podgolin S.K.

Supervisor: PhD., associate professor Eliseev A.A., PhD., research assistant Pe-
tukhov D.I.

Membrane technology has been widely spread over the past few decades in industrial and
household purification processes. Recent advances in the field of membrane materials have
made it possible to reduce the average pore diameter of membranes to several nanometers. To-
day, membranes with an average diameter in the range of 5 to 100 nm are widely used in gas
and liquid filtration, including ultrafiltration, pervaporation, plasmapheresis, and successfully
utilized as solid supports in asymmetric gas-selective membranes. All this causes a high scien-
tific interest in the study of mechanisms of transport through mesoporous media. However, the
necessary condition for a correct description of mass transfer processes through nano-sized
channels is the understanding of the process interaction of gas molecules with pore walls and
impulse transfer from gas molecules to the walls of the pores.

The results of this study are potentially attractive, in the fields of cold-thrust propulsion
systems that have advantages such as simplicity of design, the possibility of safe operation and
low specific weight. A significant disadvantage of such systems is low values of reactive thrust
and specific impulse. In this regard, the aim of this work was investigation of impulse transfer
characteristics for gas molecules penetrating the nanoporous membranes with different channel
diameters and elaborating a model for the process.

To carry out the experiments a vacuum system was designed and constructed with mem-
brane cell and tensometric sensor enclosure to record the traction force of the membranes pro-
duced by the flow of gas flowing through the membrane. The gas flow was regulated by the
flow controllers, and the pressure before and after the membrane was registered by means of
pressure transducers located in the free volume of the unit and before entering the gas into the
membrane cell. During the experiment, the free volume of the unit was evacuated to a pressure
of 1 mbar, and a gas stream was fed into the cell with the membrane.

Experiments were carried out to register the traction force depending on the transmembrane
pressure and the chemical nature of the flowing gas for nanoporous membranes with different
lengths and channel diameters in the range from 25 to 300 nm. It was shown that the transfer of
momentum to the membrane essentially depends on the gas flow mechanism and the nature of
the interaction of molecules with pore walls. For membranes with a large diameter of the pores
(more than 200 nm), a linear dependence of the transmission impulse on the gas flow rate is ob-
served as governed by a viscous gas flow regime in nanocannals (continuous medium approxi-
mation), while for membranes with smaller pore diameter (less than 100 nm) a nonlinear beha-
vior is typical, due to the gas transfer by the Knudsen diffusion mechanism, where impulse
transfer occurs through absorption-desorption mechanism at the pore walls.

In general, nanoporous membranes are characterized by time-dependent trust. At the initial
moment the value of thrust has a peak character, than decreasing (within 10-20 s) and stabiliz-
ing in the stationary flow regime. The behavior of impulse transfer is explained by the redistribu-
tion of the pressure profile in the membrane channels over time. The maximum achieved values
of the thrust force are 0.24 and 0.028 N / cm? in stationary and non-stationary flow regimes. An
effective impulse transfer rate was estimated depending on the molecular weight of the gas and
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the measurement conditions. It was shown that the recovery of the useful impulse attains 20%
of the thermal velocity of gas molecules in the stationary flow regime and ~100% in the non-
stationary regime.
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