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O NIOAI'OTOBKE MAT'UCTPOB HA ®AKYJIBTETE
HAYK O MATEPHAJIAX MI'Y

dakynpTeT HAyK O MaTepuajaXx — 3TO MEXKAUCHUIUIMHAPHOE Yy4ueOHOe
3aBeJieHNe, 3a/ladeii KOTOPOTO SIBISIETCS MOATOTOBKA BBICOKOKBATH(DHIIMPOBAHHBIX
CTICIIMAIUCTOB, CIIOCOOHBIX MPOBOJANTH UCCIICTOBAHMS B CMEXKHBIX OOJIACTIX XMMHH,
¢bu3uku M MexaHuku. 3a Bpems oOydyeHuss Ha DPHM cTyneHTsl mnpuoOpeTaroT
YCUJICHHYIO OOIIEHAYyYHYIO IMOATOTOBKY M XOPOIIWE HABBIKA IKCIEPUMEHTATHHON
paboTHI.

@dakynbTeT HayK O Marepuaigax IMPOBOAUT OOy4YEeHUE CTYJIEHTOB IO
AByXCTyneH4aTol (OakajaBp-MarucTp) CHUCTEME MOATOTOBKM CHEIHUANIMCTOB. B
2009 romy mporren BBITYyCK MepBbIX MarucTpoB mo HampasiaeHuo 020100 — «Xumusy»
(marucrepckas mporpamma «Xumusa TtBepaoro tena»). C 2013 roga BBITYCKAIHCH
MarucTphl, MPOMIEAIINE MOJTOTOBKY IO YKa3aHHOW MpoTrpaMMe, peaqu3yeMou B
paMKax coOcTBeHHOTro oOpa3zoBarenpbHoro cranjgapra MIY (OC MIY) mno
HanpaBieHuto «Xumus». C 2015 roga noAroToBka MarucTpoB BEOETCS IO
HaIpaBJeHUIO0 «XuMus, GU3NKa U MEXaHHKa MaTepraioB», U B 2017 roay BnepBbie
BBIMTYIIEHBI CTYICHTBI, TOATOTOBJICHHBIE 110 ATOM Mporpamme.

[IporpaMMa MOArOTOBKM MAarucTpoB BKJIIOYaeT B ce0sd 0a30BYyl0 4YacTb,
COCTOSIIIYI0 M3 IHKJIAa OOMIEKYIbTYpPHOM MOATOTOBKH («DPUIOCOPCKUE BOMPOCHI
€CTECTBO3HAHUD», «AHIIMUCKUNA s3bIK B cepe mpodecCHOHATBLHOro OOUIEHUS»,
«KomnploTepHble  TEXHOJOTMM B  Hayke M 00pa3oBaHUM»), a  TaKke
npodeccuonanpbHoro nukna («llepcrnekTuBHbIE HEOPraHUYECKHWE MaTepuaibl Co
cnenuaibHbiMM  QyHKIMSIMUY, «COBpEeMEHHbIE MPOOJIIEMbl MAaTEpUATIOBEACHUS,
«Mctopuss © METOJOJIOTHSIT HAyKW O Marepuanax», «MeToauka NnpernoJaBaHus
€CTECTBEHHOHAYUYHbIX JMCLMIUIMH», CHEUIPAaKTUKYM «MeToapl JIHAarHOCTHUKU
MarepuanioB», 4 3ad.en./80 yacoB J1a0OpAaTOPHBIX 3aHATHM, B paMKaX KOTOPOTO
3HaKOMATCA C OCHOBHBIMU MpPHUHLIMIIAMU pabOThl COBPEMEHHBIX IMPUOOPOB,
MPUMEHSAEMBIX MPU UCCIEAOBAHUHU (PU3UKO-XUMHUYECKUX M MEXAHUYECKUX CBOWCTB
MarepuanoB). BapuartuBHas YacTh MNOJITOTOBKH COACPKHUT JIEKIIMOHHBIE KYPCHI
JUCIUIUIMH MarucTepcKo mporpaMmbl (Takue Kak, «CynpaMoeKyyIsipHas XUMUS,
«buoneopranuueckas  xumus», «KoopaunanmonHass xumus. CoBpeMEHHbIE
acnekTe», «Hanoxumus», «MeTtamtoopraHudeckas XUMHs», 6 3a4.ell.), CIELKYPChI
no BbIOOpY cTyAeHTa (5 3ay.ell.), a TaKKe MPAKTUYECKUE 3aHATHSA, MO3BOJISIIOIINE
CTYIEHTaM OCBOMTH Pa3HOOOpa3HbIE METOJbl CHHTE3a BEIIECTB M MaTEpUajoB B
pamkax «Kadenpanproro crnermpaktukyma» (5 3ad.em., 108 gacoB mabopaTopHBIX
3aHATHI). Maructpantbl BTOPOro rojaa OOYy4YEHHUS NTPOXOIAT 3aKIIOYUTENbHYIO,
PAaCHIMPEHHYIO 4YacThb CHEIIPAKTUKyMa IO COBPEMEHHBIM Mpubopam  Jyis
JTUAarHOCTUKM  MaTepuasioB  (Tak  Ha3biBaeMmbli  «[IpuOOpHBIA  MPaKTHUKyM,
18 3au.en./180 wyacoB abOpaTOpPHBIX 3aHATHI), OCHOBHOW 3aJauell KOTOPOTO
SBJIIETCS TIOJATOTOBKA BBICOKOKBAJIM(UIIMPOBAHHBIX IOJIb30BATENEH (OMEpaTOpPOB)
Ui CaMOCTOSTEIbHOM pabOThl Ha CJIOXKHOM HaydHOM oOopynoBanuu. Cremyer
OTMETUTh, YTO OOBEKTaMU AHAJIMTUYECKOTO HCCIIENOBaHUS B XOJI€ BBINOJHEHUS
3a/1a4y CHELNPAKTUKYMOB SIBJISIOTCS, B 3HAUUTEIBHON MeEpe, BEIeCTBA U MaTEpHAJIbI,



CO3/1aBacMble B PaMKaxX MPUOPUTETHBIX sl (aKylbTeTa HAYYHBIX HANpaBICHHM,
pa3BHUBaeMbIX Ha (aKyJIbTETCKUX Kadeapax HaHoMaTepuanoB (3aB. Kadeapol — ui.-
kopp. PAH, mpod., nxnH EA. TymuwmH) #u MEKIUCIUTUIMHAPHOTO
MarepuanoBeneHus (3aB. kabeapoi — akaa. PAH, mpod., 1.¢.-m.H. B.M. Hesnes), a
Takke B JIaOOpaTOpHHM HOBBIX MAaTEpPHAIOB I COJHEYHOW SHEpPreTukd (3aB.
nabopatopueli — K.X.H. A.b. Tapacos).

Crynentst ®HM uMEIOT YHUKAJIbHYIO BO3MOXXHOCTb OCYILIECTBIISATh HAYUHYIO
JCSATEIPHOCTh W BBINOJHATH KBaTH(HUKAIMOHHBIE pabOTBl HE TOJBKO B
noapa3aeneHussx MOCKOBCKOTO YHHUBEPCHUTETa, HO W B KPYIMHEWIIUX HAyYHBIX
neHTpax Poccun, B 3apyOeKHBIX Hay4IHBIX IeHTpax. HamaguTh HaydyHBIE KOHTAKTHI
MO3BOJISIIOT CTAKUPOBKH, KOTOPHIE B paMKaxX HAyYHO-TIPOW3BOJCTBEHHOW MPAKTUKH
MIPOXOJISIT BCE MAarvCTPAHTHI TIEPBOTO roja 00ydeHus. Takue CTAKUPOBKH IMO3BOJISIOT
CTyJICHTaM 3HAKOMHUTHCA C PabOTON BEAyIIMX HAYYHBIX KOJIJICKTUBOB, Pa3BUBATH
CBOM HaBBIKM MaTEpPHAIOBEIOB-UCCIICIOBATEICH B paMKax pa3HBIX HAyYHBIX IIKOJI, a
BO BpeMs 3apyOeKHBIX CTOKHUPOBOK — €II€ M MPAKTHUKOBATHCS B OOIICHUH Ha
MHOCTPAHHBIX s3bIKaX. Bo BpeMs MNpakTUKU CTYJAEHThI OOOTamlaroTCs HAYYHBIMU
UJeSIMHU, 3aKJIAJbIBAIOT (PYHJIAaMEHT CBOEH Hay4YHOW pemyTaluy HJisi CIETYIOIINX
ypOoBHEN 00pa3oBaHusl (aCIUPAHTYypa, JOKTOPAHTYPA).

Maructpantbel-BeityckHUKA 2025 TOMa TPOXOAUIM TPAKTUKY B TaKUX
KpPYNHBIX Y4eOHO-HAy4YHBIX M HayuyHbIX LieHTpax Poccum kak MHctutyt oOmmieit u
Heopranndeckon xummn uMm. H.C. KypnakoBa PAH, Wucrturyr meramnyprum u
MarepuanoBeneHus uMm. A.A. baitkoBa PAH, MHcTUTyT (Qu3nyeckoldl XUMHUH H
anekrpoxumun uM. A.H. ®pymknna PAH, HMHCTUTYT 31€MEHTOOPraHMYECKHX
coenunennd nM. A.H. HecmesnoBa PAH, MHCTUTYT CHMHTETHYECKMX MOJMMEPHBIX
marepuasioB uM. H.C. EnukomomoBa PAH, ®OUI[ xumudeckoir ¢GU3UKH UM.
H.H. CemenoBa PAH, ®usnueckuit unctutyt um. I1.H. Jlebenesa PAH, Uncturyr
reoXuMUM U aHainutuyeckot xumuu uM. B.W. Bepuanckoro PAH, HWuctutyt
paguotexHuku u dnekTponnku uM. B.A. KorenpuukoBa PAH, ®UI] npobGrem
XUMUYECKON (pu3uku U meaunuHckod xumun PAH, WHctutyTt TeopeTmueckoil u
skcniepuMenTanbHoil onodusukun PAH, WMuctutyr katanmza um. K. Bopeckosa
CO PAH, [larectanckuii henepanbubiii uccienoBarenbckuit ientp PAH, MI'TY uwm.
H.D. baymana, HUTY MHCHC, CKOJKOBCKMII WHCTHUTYT HAyKH M TEXHOJIOTHH,
VYuusepcuter «Cupnyc», ®oung «HUP», OO0 «C-UunoBaun», AHO «Hayunblii
LEHTP NEpPCHEKTUBHBIX MEXKIUCUUIUIMHAPHBIX uccaenoBannii «Mupes» wu  np.
3apyOexHYyI0 CTaXKUPOBKY CTYICHTBI-BBIYCKHUKM npoxomwin B [lekuHckoM
TexHuueckoM mHctutyTe (Kutait), HayyHO-TEXHOIOIrMYECKOM YHUBEPCUTETE UMEHU
kopoutst Adnamisl (CaynoBckas ApaBus).

BaxxabiM (hakTOpoM, CIOCOOCTBYIOIIMM DPA3BUTUIO TBOPUYECKOW aKTUBHOCTH
CTYJICHTOB, SIBJISIETCS TO, YTO HaydHas paboTa BXOJWT B ydeOHBIN muraH. dopma
OTYETHOCTH — 00s3aTEIIbHBIC CTYICHUYECKHEe KOH(PEPEHIINH, KOTOPHIE TIPOBOASATCS TI0
OKOHYAHMHM KaxJa0oro cemectpa. O BBICOKOH HAyYHOW aKTHBHOCTH CTYJICHTOB
CBUJIETEIBCTBYET OOJIBIIIOE KOJTMYECTBO IMyOJIMKAIIMN B HAYYHBIX KypHAJaX, a TaKKe
y4acTHE CTYJEHTOB B POCCHUUCKMX M MEXKIYHAPOJIHBIX HAyYHBIX KOH(EpeHIHsX.
O6miee uwncno myOnMMKaUd BBITYCKHHUKOB Maructpatypsl 3a 2013-2024 rosmsr
MPEJICTABIICHO B TaOJUIIEC HIKE.



2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024
UYucno cTyIeHTOB, 23 18 19 12 22 22 23 22 21 22 35 37
3alMIABIITUX JIUTUIOM
Yucio pabor, 1 0 3 0 1 2 1 1 4 1 5 8
BBIMOJIHEHHBIX B
nHcturytax PAH
Yucno cTyIeHTOB, 21 16 19 11 21 20 23 20 18 18 26 26
UMEIOIIUX MYOIUKAIMN
O6miee uncio myonukanuii, | 247 | 132 | 196 | 85 236 | 270 | 151 | 223 | 182 | 145 | 252 | 200
W3 HUX CTaTel, 54 29 32 16 40 60 18 50 45 26 58 47
3asiBOK HA MATCHT 0 1 7 3 7 1 2 0 0 0 0 0
MaTeHTOB 0 0 3 0 0 2 0 4 2 0 3 1
YHCII0 OICHOK «OTIIHYHOY 20 14 17 11 19 15 22 22 17 18 32 31
«XOPOLIO» 1 3 2 1 3 6 1 0 3 4 3 6
«YIIOBIL» 2 1 0 0 0 1 0 0 1 0 0 0
«HEYAOBIL 0 0 0 0 0 0 0 0 0 0 0 0
UYwucno paboT, OTMEUSHHBIX 5 5 5 4 5 8 7 5 9 9 14 13
'K
Yucino AUIIIOMOB 15 7 7 5 10 15 15 17 12 10 | 25 14
C OTJIIMYHEM
Uucno BBITYCKHUKOB, 10 11 12 10 10 12 9 14 7 6 16 15
MOCTYTUBINUX B
acniupantypy PHM

B 2025 romy marucrepckue KBalH(pUKAIMOHHBIE paObOThl OyayT 3allUIIATh

38 BeimyckHukoB Maructpatypsl @HM MI'Y, B T.u. 6 cryaertoB CoBMECTHOTO
POCCUNCKO-KUTaCKOTO YHUBEPCHUTETA MockoBcKOro roCyJapCTBEHHOIO
yHuBepcuteta u llekuHckoro mnomurexHuyeckoro wuHcrtutyra (MI'Y-IIIIHN) B
[IsHpukIHE, NPOXOIAAIIMX BKIOUeHHOe o0yueHue Ha OHM. OOmee wyucio
myOJIMKaIMil BBITYCKHUKOB cocTaBisieT 255, u3 Hux 70 craTei.

Maructepckue paboThl BBINOJHSIMCH Ha Kadeapax HEOPraHMYECKOW XUMUH,
(hU3NYECKOM XUMHH, DJICKTPOXUMHH, PAJIUOXUMUM, OOIIEH XUMHUH, aHAIUTHYCCKOMN
XUMHH, BBICOKOMOJIEKYJIAPHBIX COCAUHEHHUM, XMMHUYECKOW TEXHOJIOTMH M HOBBIX
MaTepHuasioB, KOJUIOWAHOW XUMHUH XUMHUUYecKkoro (akynprera MI'Y, B naGoparopuu
HOBBIX MaTe€pUaJoOB I COJIHEYHON SHEPreTHKU U Ha Kadeapax HaHOMAaTepHUalioB U
MEXIUCIUIUIMHAPHOTO MaTepraioBeeHus1 (akyabTeTa HayK 0 marepuanax MI'Y, B
WNucturyTe oOwel n neoprannueckod xumuu um. H.C. KypnakoBa PAH, UuctutyTe
¢usnueckoit xumuum u anekrpoxumun uM. A.H. ®pymkuna PAH, Wuctutyte
aneMeHToopranndeckux coequuenui um. A.H. HecmesinoBa PAH.

OuenuBath pabOTHl OYIyT JBE BHICOKOKBAIM(UIIUPOBAHHBIE U OOBEKTUBHbBIC
KOMHMCCHM, BO3IJIABIIEMBIE JIOKTOPOM XxuMuueckux Hayk Kenko Banepuem
AJleKCaHJIpOBUYEM U JOKTOPOM XUMHYECKHMX Hayk bapaHoBckoit Bacuincoi
bopucoBnoii. B cocraB Kowmwuccuii, Hapsgy c¢ npenoaaBaressimu OHM wu
XUMUYECKOTO (haKyIbTeTa, BXOASAT MPEJCTABUTEIN YHUBEPCUTETOB M Poccuiickoii
akaJeMuu Hayk, Beaymue cneuranuctel UHCTUTYTOB PAH. Cexperapu I'DOK —
KaHauaar xuMudeckux Hayk CemeHoBa AHHA AJIeKCaHAPOBHA M KaHIWIAT
XUMUYECKUX HayK XapueHko AHapeit BacuibeBuy.

Hacrosimuii cOOpHHUK BKIIIOYAET JBE YACTH, KaXJas U3 KOTOPBIX OOBEIUHSIECT
MaTtepualibl K 3alldTaM BBIMYCKHBIX KBAIU(UKAIMOHHBIX pabOT MarucTpaHTamu
DHM Ba oxHOM U3 KOMHUCCHIA.



COCTAB I'OCYJIAPCTBEHHOMH DK3AMEHAIIMOHHOM

KOMUCCHHU Ne 2

no HanpapJeHu1o 04.04.02 «Xumus, pusnka 1 MeXaHUKA MATEPHATIOB)»

1 | Keuko Banepuit I.X.H., T.H.C., LleHTp TBep0da3HbIX MarHUTHBIX MATEPUAIIOB,
AnexcanapoBuY WNuctutyT 061melt n Heoprannueckor xumun uM. H.C. Kypnakosa PAH
(mpencenarens)

2 | AHTUTIOB wieH-koppecnionaeHT PAH, unen EBponeiickoli AkaaeMun Hayk,
EBrennit 1.X.H., Ipodeccop, 3aBeyI0IMNA Kadeapoil 3IeKTPOXUMUH,
Buxkroposuu 3aBeAyIOLMH JIabopaTopruel HEOPraHMYECKOW KPUCTANIOXUMHUH U

3aBeyronuil tabopaTopueit PyHIaMEHTAIBHBIX UCCIEAOBAaHUN
po0JIeM MOTYUYEHHs] AIFOMUHMSI, XUuMUdeckuil ¢pakynbrer MI'Y

3 | by3nuk BsuecnaB | akanemuk PAH, n.x.H., r.H.c., UHCTUTYT 0O011e# 1 HEOpPraHUYECKOM
MuxainoBud xumun uM. H.C. KypnakoBa PAH

4 | BacunweB Poman | a.x.H., mpodeccop, pakynbrer Hayk o MaTtepuaiax MI'Y; mpodeccop,
Bopucosuu 3aBeAyIONuH JlabopaTopuel XUMUHN U (PU3UKH MOTYITPOBOJHUKOBBIX U

CEHCOPHBIX MaTEpUaJoB, Kadeapa HEOPraHUIECKON XUMUH,
xumuaeckuit pakynprer MI'Y

5 | 'ynunun yieH-koppecnouaeHT PAH, n.x.H., mpodeccop, 3aBeTyromui
EBrenuii nabopaTtopueil HeOpraHMYeCcKOro MaTepuanoBeAeHUs Kadeapbl
AJekceeBUY HEOpraHMYeCKOW XMMHUU XUMU4Yeckoro ¢akyinbTera MI'Y, 3aBeayromuii

kadenpoit HaHOMaTEPHUAIOB M 3aMECTUTEID JiIeKaHa (haKynbTeTa HAYK O
Martepruasiax MI'Y 1o ”HHOBaIMOHHOW €SI TEIIbHOCTH

6 | Epemun Bagum n.¢.-M.H., mpodeccop, kKadenpa Guznueckor XUMUHA, XUMAYECKHUI
Brnangumuposuu dakynpTer MI'Y

7 | BaHoB yieH-koppecnonaeHT PAH, n.x.H., mupekrop MucTuTyTa 001IEeH 1
Brnagumup Heoprannueckoit xumuu uM. H.C. Kypnakosa PAH
KoncranTnHOBHY

8 | Kuckun Muxaun | a.x.H., mpodeccop PAH, B.H.c., mabopaTopusi XUMHUH
AnekcaHapoBHY KOOPJIMHAITMOHHBIX MOJIUSACPHBIX coenHeHnid, MHCTUTYT o011eit u

Heoprannueckoit xumuu uMm. H.C. Kypnakosa PAH

9 | KommakoB yieH-koppecnonaeHT PAH, n.1.1H., 3aBenyromuii 1abopatopueit
Anexceit MIPOYHOCTH U TJIACTUYHOCTH METAINIMYECKUX U KOMIIO3ULIMOHHBIX
I'eopruesnu MaTepuajgoB U HaHOMaTepuanoB, IHCTUTYT METaJILUTypruu U

MarepuanoBeaeHus uM. A.A. baiikoBa PAH

10| PymsHiieBa 1.X.H., podeccop, TabopaTopusi XUMHUH U (PU3UKU
Mapuna MOJIYIIPOBOAHUKOBBIX M CEHCOPHBIX MaTepUaloB, kadeapa
HukonaesBna HEOPraHNYeCKOW XUMUU, XuMudeckuil dakyinbter MI'Y

11| TananaeB MBan yieH-koppecnonaeHT PAH, 3amecturens reHepaibHOTO AUPEKTOPA 110
I'ynnapoBuu Hay4YHOU M nHHOBaMoHHOU pabore OUI[ Konbckuii HayuHbIi HEHTP

PAH

12| llleBenbKOB uiieH-koppecnonaentT PAH, n.x.H., mpodeccop, 3aBenyrommii kadeapoi
Anppeit HEOpPraHMYECKOW XMMHUU U 3aBEAYyIOIINN J1abopaTopreil HalpaBIeHHOTO
Biagumuposuy HEOPTraHWYeCKOro CUHTE3a, XMMHU4YecKuil paxkynprer MI'Y

13| Ammna Jlaga 1.X.H., B.H.C., Kadeipa HEOPraHMIECKON XUMHH, XUMUYIECKHI1
BanepneBHa ¢dakynprer MI'Y
CemeHOoBa AHHA | K.X.H., aCCHCTEHT Ka(eapbl HAHOMATEPHUAIOB, (PaKyJIbTET HAYK O
AnekcaHipoBHa Marepuanax MI'Y
(cexpeTapn)




PACIIMCAHUE 3AIIUT MATUCTEPCKUX KBAJIMOUKAIIMOHHBIX PABOT

21 mas (cpena)

Bpemsi | MarucrpaHrt Ha3Banmue pa6orsi MecTo BbINOJIHEHUS] Ppa0OTHI PykoBoauTtesn/-n Penensent
11:00 — . .
11:05 BerynurensHoe cnoBo [Ipencenarens ['ocynapcTBeHHOM 3K3aMEHALIMOHHON KOMUCCUH
11:05 — | 3pi0una Moaudukanus 3JIeKTpOJ0B U JlaGoparopusi MaTepHaIoB AJs K.X.H., H.Cc. boOBLIIEBa 305 K.X.H., H.c. KaTtopoBa HaTanbs
11:50 Anekcanmpa nHTep(HENCoB IS YITydIIeHHS AIEKTPOXUMUIECKUX TIPOIECCOB, BramumuposHa CepreeBHa
Wnbunnana IUKJIAPYEMOCTH HATPUH-MOHHBIX kadeapa SIeKTPOXUMUH, XUMHUECKUHA JlaGoparopusi MaTepHanoB AJs
AKKyMYJIATOPOB ¢dakynsrer MI'Y ANEKTPOXUMHUYECKUX UCTOUHHKOB
sHepruu Ne26, MOX PAH
11:50 — | OpmoB CenexTuBHAS SKCTPAKIUSL Jlaboparopusi TO3UMETPUH H K.X.H., C.H.Cc. EBcroHHMHa K.X.H., C.H.c. KazakoB AHnpeii
12:35 | Anexcei namnaaus(Il) N- u O-1oHOpHBIMH | paAMOAaKTUBHOCTH OKpY’KaloLIel cpenpl, Mapus BanepbeBna I'ennagpeBUY
KoHCTaHTHHO- | reTepOIUKINYECKUMHY JJUTaHaaMid | Kadeapa painoXUMHUN, XUMAYECKUN JlaGoparopus paIuOX1MUH,
BUY tdhakynprer MI'Y I'EOXU PAH
12:35 - | Kpot AHHa Koopannranus ypaHui-kaTHOHa, Jlabopartopusi TO3UMETPUH H K.X.H., C.H.Cc. BmacoBa K.T.-M.H., B.H.C. Kpyrickas
13:20 | JImutpueBHa a7IcOpOMPOBAHHOTO HA TIIMHUCTHIX | PaJHOAKTUBHOCTU OKPYKAIOLICH CPebl, Hpuna DHrenscoBHa Buxtopus Banepresna
MHUHEpaax kadenpa parnoXuMuu, XUMUYECKUI JlaGopartopusi KpUCTATIIOXUMUHU
tdhakynprer MI'Y munepanos, UI'EM PAH
13:20 -
13:50 ITepepriB
13:50 — | Motopun Erop | IlnanapHble KOMIO3UTHBIE Kadenpa nanomarepuanos, ®HM MI'Y K.X.H., gol. ['apmies K.X.H., B.H.C. bporiman Bukrop
14:35 | Anekcanppo- CTPYKTYpBI Ha OCHOBE TMOKCH]IA Axnexceit Buktoposuy; AHppeeBnd
BHUY TUTaHA U HAHOYACTULL 30JI0Ta U M.H.c. MOHX PAH Koznos | HWUJI repmoxumuu, xadenpa
cepedpa B CHEKTPOCKOIUHU Hannun AaapeeBud (u3nIecKo XUMHUH, XUMHUYECKUH
TUTaHTCKOTO0 KOMOMHAITMOHHOTO (hakynerer MI'Y
paccesiHus
14:35 — | benomecTtHbix | MeMOpans! Ha ocHOBe MXene B Kadenpa nanomarepuanos, ®HM MI'Y K.X.H., gol. Enucees K.X.H., C.H.C. SnpeIHIIeB Anekceit
15:20 Wnes MPOIECCaX OYUCTKH BOJBI AHppeii AHaTObEBHY; JmutpueBud
AnpapeeBnuy M.H.c. Kan Anéna JlaGoparopus cuHTE3a
CranucnaBoBHa (YyHKUINOHANBHBIX MaTEPUATIOB U
nepepadOTKH MUHEPAIEHOTO
ceipesi, MOHX PAH
15:20 — | 3axapoB DIIeKTPOAHBIC MATEPHAIBI JJIS Kadenpa nHanomarepuanos, DHM MI'Y K.X.H., 1o11. Enuceen K.X.H., B.H.Cc. bporiman Bukrop
16:05 Kupnnn CEJIEKTHBHOM dKCTPaKLUH JIUTHS U3 AHppelt AHaToIbEBHY AHppeeBnd
Cepreesnu BOJHBIX 3JIEKTPOJIUTOB HWJI Tepmoxumun, kadenpa

(hbU3MYECKON XUMHUU, XUMUYECKHIA
¢dakynsrer MI'Y




22 mas (4eTBepr)

Bpemsi | MarucrpaHr Ha3Banmne padoTsi MecTo BbINOJIHEHUS] pa0OTHI PykoBoauTesn/-n Penensent
11:00 — . .
11:05 BerynurensHoe cnoBo [Ipenceaarens ['ocynapcTBeHHOM 3K3aMEHALIMOHHON KOMUCCUH
11:05 — | Tarapenko I'uaporepmanbHbIl CHHTES, Kadenpa mexnucuurimHapHOTro K.X.H., fol. boiinoBa Onpra | K.X.H., TJIABHBIH MEHEIKEP
11:50 AptéMm CTPYKTYpa, dIEKTPUUECKUE U Marepuanosenenuss, ®PHM MI'Y BuagumuposHna I'aBpunos Anton MiBaHOBHY
FOpreBra onTHYECKHe cBoMcTBa MIEHOK VO, AO «Konbckas [MK»
11:50 — | Uxoy [I3pixao | OCOOCHHOCTH KPUCTALTH3ANNN JlaGopaTopust HeopraHNIEeCKOU K.X.H., CT. Tipert. JKapukoBa | K.T.H., H.C. baOkun Anekcanap
12:35 docharos LiIMPO4 (M = Fe, Mn) KpUCTaNIOXUMUH, Kadeapa Omunust BragumuposHa; BuxTtopoBnu
MPY COJTBBOTEPMAJIbHOM CUHTE3€ HEOpPraHWYeCKOW XUMUH; K.X.H., B.H.C. [[poxcKkuHd Kadenpa xomiongHol XUMHH,
MaTepuaioB JlabopaTopust MaTepHuaoB IS Oner AHnpeeBUY xumudecknil pakynprer MI'Y
3NEKTPOXUMHUYECKUX TPOIIECCOB,
Kadeapa IEKTPOXUMUH, XUMHUYCSCKUH
tdhakynprer MI'Y
12:35 — | Jlantun [é€Tp Hogslie amekTpogHbIe MaTepHalbl Jlaboparopust HeOpraHMIECKO K.X.H., go1. cTomMmuH K.X.H., B.H.C. J{poxcxun Oner
13:20 | Jdenucouu JUISL CHMMETPUYHOTO KpUCTaNIOXUMUH, Kadeapa Cepreit SIkoBieBUY AHppeeBnd
TBEPAOOKCHIHOTO TOINIUBHOTO HEOPraHMYEeCKON XUMHHU, XUMUIECKUN JlaGopartopusi MaTepuaaoB AJs
3JIEMEHTA Ha OCHOBE XKEJIE30- U thakynmprer MI'Y 3JEKTPOXUMUYECKUX TIPOLIECCOB,
TIOMUHHUKCOJIEPIKAINX OKCHJIOB Kadenpa 37eKTPOXUMUH,
CO CTPYKTYpO# IEPOBCKUTA xuMudeckuil pakymnprer MI'Y
13:20 -
13:50 [Tepepris
13:50 — | ITonkoB [lepokcunazanonooHas Jlaboparopus cuHTe3a GYHKUMOHAIBHBIX | A.X.H., Wi.-kopp. PAH 1.0.1., 3aB.71a0. KocTrox CBetnana
14:35 | Marsei AaKTUBHOCTb HAHOMAaTEpUaJIOB Ha MaTepHaJIoB U NepepadOTKU WBanoB Bragumup BukroposHa
AHpeeBrd OCHOBE JIMOKCUJIA LIEpHUsl: aHAJIU3 MuHepaiasHoro ceipbsi, MOHX PAH KoncrantunoBuy; JlaGopartopusi MOJIEKYIISPHON
KOJIOPUMETPHUUECKUM U k.0.H., c.H.c. Co3apykoBa 6uosorun, Menuko-reHeTHYeCKUi
XEMUITIOMUHECIIEHTHBIM METOIaMHU Mannna MaramenoBHa HAaYYHBIH EHTP UMEHHU aKaJleMHKa
H.II. boukoBa
14:35 — | Ymkaer ITouck, cuHTE3 U ANATHOCTHKA JlaGopaTopus HaIIPaBICHHOTO J.X.H., pod., B.H.C. K.X.H., ¢.H.C. Kazakos Cepreit
15:20 | Pamzmox HonatoB u HogardropuaoB Cs-SC | HEOPraHMYECKOTO CHHTE3a, Kadeapa Honrux Banepuii MuxaiinoBuu
MaxmynoBud HEOPraHMYECKONH XUMHH, XUMUYECKUN AdanacbeBuy; MexkadenpaibHasi HAy4HO-

(hakynerer MI'Y

act. 4 /o X® I'puropsesa
Okxkcana [lerpoBHa

UcclIe0BaTeNbCKast JabopaTopus
(hyHIaMeHTaITbHBIX UCCIIeIOBAHU
npo0JIeM HOTyUeHHs ATIOMUHUS,
xuMudeckuil gakynerer MI'Y
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15:20 —

Uy UKUTUHD

CuHTe3 U POTOJIOMUHECIICHTHBIC

Kadenpa nanomatepuanos, DHM MI'Y;

K.X.H., Jloll. I'puropbena

K.X.H., c.H.c. KoBanes MBan

16:05 CBOMCTBa OPOMOBHCMYTATOB CO JlaGopaTopust HEOpraHUIECKOTO Amnacracus BagumoBHa AnexkcaHnpoBud
CTPYKTYpOU ABOWHOTO IMEPOBCKHUTA | MaTepuaioBeicHus, kKadeapa JlabopaTopust HOBBIX TEXHOJIOTUH
HEOPTaHUYECKOW XMMHH, XUMUICCKHMA METAJLUTUYECKUX ¥ KePAMHUYECKUX
(hakynmerer MI'Y marepuanon (Ned), UMET PAH
16:05 — | ‘Iu Baubcunb CuHTe3 IopHuCTHIX TUIEHOK cepedpa | Kadenpa nHanomarepuanos, DHM MI'Y K.X.H., 1ol. ['puropsesa K.X.H., ¢.H.c. CanoneroBa Huna
16:50 CO CTPYKTYpOH MHBEPTHUPOBAHHOTO Amnacracus BanumosHa AnexcaHIpoBHa
omana ajsl CIEKTPOCKOIHN HWJI kuHETHKH 3IIEKTPOTHBIX
TUT@HTCKOTO KOMOMHAIIMOHHOTO IpOIIecCOB, Kadenpa
paccestHus AIEKTPOXUMUH, XUMHUECKUH
dhakymerer MI'Y
23 mast (MATHUIA)
Bpemsi | MarucrpaHrt Ha3Banmue pa6orsi MecTo BbINOJIHEHUS] PpabOThI PykoBoauTesn/-u Peuensent
11:00 -
11:05 BcerynurensHoe cnoBo IIpencenarens ['ocynapcTBeHHOM 3K3aMEHALIMOHHOW KOMUCCHUA
11:05 - | X5 101 Hosele TpoiiHble rayuinasl B HWJI HeopraHMYecKuX KOMIO3UIMOHHBIX | K.X.H., H.c. DenopaeB MBaH | k.X.H., cT. mpen. 3axaposa Ejena
11:50 cucremax Ce-Pd-Ga u Ce-Ni-Ga: MaTepHasoB, Kadeapa oOmeH XUMIH, Hropesuu IOpneBHa
MOJIYYCHHE U KPUCTAJUIMYECKASI xumuaeckuit ¢pakymnprer MI'Y Jlaboparopus HanpaBICHHOTO
CTPYKTypa HEOPTraHNYECKOro CHHTE3a,
kadeapa HEOPraHUIECKONH XUMUH,
xuMudeckui pakynerer MI'Y
11:50 — | T'onuapoB I'erepo-OnmeTannaeckre Jlaboparopust xumuu 1 QU3UKU I.X.H., mpod. PymsHIIeBa K.X.H., B.H.c. Kanintanosa Onecst
12:35 Tumodeit xommiekcsl Ru(Il)/M (M=Fe?*, MTOJIYIIPOBOJTHUKOBEIX U CEHCOPHBIX Mapuna HukomaeBHa OJieroBHa
AHnpeeBud Fe®*, Hg?") kak MaTepuanos, Kadeapa HeOpraHNIeCKoH Jla6opaTopust 6MO0aHATUTHYECKUX
(hoTOCEHCHOMITU3ATOPHI IS XUMHH, XuUMH4YecKuil paxyiaprer MI'Y METOJIOB U ONITUYECKHX CEHCOPHBIX
ra30BbIX CEHCOPOB, pabOTaIOIINX B cucteMm, kadeapa aHATMTHIECKOM
OTCYTCTBUC TCPMHUYCCKOI'O HArpeBa XUMUH, XUMUYECKUN q)aKyn[,TeT
MI'Y
12:35 — | KupssiHOBa CuHTe3 TUTUH-TIPOBOJISAIINX JlaGoparopust OMOaHATUTHIECKHX K.X.H., B.H.c. Kanrutanosa K.X.H., C.H.c. KpuBenkuii Banepuit
13:20 | Anuna KepaMHUYECKUX 3JICKTPOIIUTOB [UISI | METOJIOB M ONTHYECKUX CEHCOPHBIX Onmnecst OnerosHa; BnaauMupoBud
BrnagumupoBHa | TBEPIOTENHHBIX AKKYMYJISTOPOB cucteMm, kaenpa aHaMTU4YeCKON xumun, | aci. 2 r/o ®HM Skosnes Jlaboparopus xumMun 1 GU3nKU
xuMudeckui hakynpTeT MI'Y WUnbs IBanoBuua TIOJIYITPOBOTHUKOBBIX U CEHCOPHBIX
MaTepuaoB, kadeapa
HEOPraHUYECKOW XMMHH,
xuMudeckui gakynerer MI'Y
13:20 -
13:50 [TepepsiB
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13:50 — | E II»itnmuan Jlutuii-npoBoasmii Jlaboparopust OMoaHATUTHYECKUX K.X.H., B.H.c. Kanutanosa K.X.H., acc. Pocisaxos Wnbs
14:35 TBEPAOTEILHBIN JICKTPOIUT CO METOJIOB M OITUYECKUX CEHCOPHBIX Onecs OneroBHa; BraauMupoBud
ctpykrypoit NASICON cucreM, kadeapa aHaUTHYECKON XumuH, | acil. 2 r/o ®HM fkosnes Kadempa MeKIUCHMIIIMHAPHOTO
xuMudeckuit gpaxkynprer MI'Y Wnbs NBanoBuY Matepuanosenenus, PHM MI'Y
14:35 — | Mopo3 HOmust [Tomygenne marepuanos Ha ocHoBe | HMJI xaTanmmza u ra30Boii SIEKTPOXUMHH, | K.X.H., H.C. CTOI00B I.X.H., T.H.c. IIngxtnHa AHHa
15:20 | JmutpueBHa BaHanaToB KobanbTa (II) m HuKens | kadexapa puznyeckoit XUMuH, Hmutpuit Hukonaesuy; BukTopoBHa
(IT) mIst AMEKTPOXUMUIECKHIX XuUMHUYeCKUH PakynpTer MI'Y nik. OcunoB Hukonaii JTaGoparopust GyHKIHOHAILHBIX
IPUIOKEHUH Hropesuy HAHOKOMIIO3UTOB, OTAEI KHHETUKH
u katanuza, OUIL] XD PAH
15:20 — | Xyan Iy Cunre3 MoHOMOHHBIX MaruuToB Ha | HUJI Heopranuueckoro I.X.H., mpod. Kazun K.X.H., H.c. BecenoBa Bapsapa
16:05 OCHOBE MOHOB AVMCTPO3Us U TepOUs | MaTepHaoBeAcHU, Kadempa [TaBenm EBrenneBud; OJieroBHa
B CTPYKTypax aJJFlOMHHATOB, HEOPraHUYCCKOW XMMHUU, XUMHUYCCKUN K.X.H., Jo1. Bacunber JIaGopaTopus HOBBIX
rajuiaToB U TUTAHATOB ¢dakynerer MI'Y Anekcannp BuranseBuy AHTHOAKTEPHUAIIBLHBIX
KOOPJIMHAIIMOHHBIX COeTUHEHHH,
MOHX PAH
16:05 -
16:30 ITogBenenue uToros
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AHHOTAIUNU MATUCTEPCKHUX
KBAJIMOUKAIIMOHHBIX PABOT

Moaudurkanus 3JIeKTPOAOB U MHTEeP(PeiicoB 1M yaydlIeHUs
HUKJIMPYEMOCTH HATPUM-UOHHBIX AKKYMYJIATOPOB

3viouna A. 1.

PykoBoauTenb: K.X.H., H.c. boObIIEBa 3.B.

Hatpuii-uoHHble aKKyMYJISITOPBI TIEPCIIEKTUBHBI JIJIS1 CTAIIMOHAPHBIX UCTOYHUKOB HEPTUU
1 2JICKTpOMOOWMIICH Oyarogapsi HU3KOM CTOMMOCTH M PAaCIPOCTPAHCHHOCTH HATPUS. DICKTPOIHBIC
Marepuaibl 00BIYHO UCCIEAYIOT B MOIySTUEHKaX ¢ HEOTPAaHUYCHHBIM 3a11aCOM MOHOB HATPHs, TIE B
KauecTBE MPOTUBORJIEKTPOJA UCHONIB3YyEeTCsl MeTaUTMUecKuid HaTpuil. OIHAKO TaKue YCIIOBUS HE
MOJIHOCTBIO OTPAXKAIOT PEaTbHYI0 padOTy aKKyMyJSITOpa. DJIIEKTPOXUMHUUYCCKUE XapaKTEPUCTHKU
MaTepuaoB B IMOJysSYeHKaxX MOTYT CYIIECTBEHHO OTJIMYAThCA OT TEX, YTO OHHM TOKA3bIBAIOT B
MOJIHBIX ~ SYEMKax, TJe 3amac HWOHOB OrPAaHMYCH KaTOAHBIM MatepuaiioM. Jlns Takux
JOJITOMTPAIOIINX TPUIOKEHUH, KaK JJICKTPOMOOWJIM M CTallMOHAPHBIC WCTOYHUKH DHEPTHUH,
BOKEH MapaMeTp COXPAHEHHUS €MKOCTH BO BpeMs IHUKIUPOBAHHS, MOCKOJBKY MOTEPS €MKOCTH
HAMPSIMYIO BJIMSIET HA CPOK CIYXKOBI aKKyMyJsiTOpoB. [loaTomy At koMMepIuanu3aiy HaTpUii-
MOHHBIX aKKyMYJISITOPOB HEOOXOJIMMO COCPEOTOUUTHCS HAa U3YUCHUU TOJHBIX sUYEeK.

B cBs3u ¢ oTHM, LETbI0 JAHHOM pabOTHI SIBISETCS MCCIECNOBAHUE HATPHUI-MOHHBIX
AKKYMYIIATOPOB B KOH(UTYpAllMU TOJIHON SYCUKH I MOBBIMICHUS COXPAHCHHSI €MKOCTH IPHU
JUTUTEIIBHOM LIUKJIMPOBAHUH.

B kagectBe anomHoro marepuaina Obul BbIOpaH Herpadutusupyembiii yriaepon (HC),
KOTOPBIN SIBIISIETCS HanOoJiee MEePCHEeKTHBHBIM BapHaHTOM. B KadyecTBe KaTOIHBIX MaTepUalioB
ucnonp3oBaguch ciaoucteiii  okcua (NaNiysFepsMny30,) u mupodocdar HaTpus-BaHagus
(NaVP,05). Jlist npoBeieHus SIEKTPOXHUECKUX IKCIIEPUMEHTOB ObLT U3TOTOBIICHBI 3JICKTPOIUTHI
cnenyromero coctaBa — 1M NaPFg B EC: DEC = 1:1 ¢ no6asnenuem 1% FEC u 1M NaPF; B EC:
PC = 1:1. HccnenoBanuck pa3ivyHbIe MapaMeTphl, TAKWE KaK COOTHOIIEHHWE MacC KaTOAHOTO U
AQHOJIHOTO MAaTEepHAJIOB, MPEHATPUPOBAHHUE, a TAKXKE JMAna3oH paboyero MmoTeHIuaia ¢ IENIbI0
BBISIBJICHHSI ONTUMAIIBHBIX YCTIOBUH 17151 9P PEeKTUBHOM pabOThl aKKyMYIIATOPOB.

W3mMeHeHne COOTHOIIEHW Macc KaTOJAHOrO W AaHOJHOTO MAaTepuajoB HE OKa3bIBAET
3HAYUTENILHOTO BIIMSHUS HA YJEIbHYI0 €eMKOCTh U KYJOHOBCKYIO 3((DEKTHUBHOCTD, OJTHAKO BIIUSIET
Ha COXpaHEHHWE EMKOCTH B MPOIECCe IMKIMPOBAHMS. DTO CBSI3aHO C TE€M, YTO TPHU H3OBITKE
KaTOJHOTO MaTepHualia HaTpHil MOXKET OCaKIaThCs Ha MOBEPXHOCTHU aHOAa. B pesynbrare ObLTU
OTpe/ieNieHbl ONTHMAJIbHBIC 3HaueHUs cooTHomeHuss Macc Uit NaNipzFei sMny 30, u s
NaVP,0;. Jlanee Obu1 wmccneoBaH auamna3oH padoyero mnoreHnuana. CHIDKEHHE BepXHeEU
TPaHMIBl TOTEHI[MATA TOMOTAaeT YMEHBIIUTh BIUSHUE TOOOYHBIX TMPOIECCOB, TaKUX Kak
OKHCJICHHE DJJICKTPOJIUTa Ha KaToje, HO TMPHU OTOM CHIDKAET OOIIYyI0 EeMKOCTh SYCHKH.
VYMeHbllIeHHEe HWKHEW TpaHUlbl [OTEHLIHAla TO3BOJSET HEMHOIO MOBBICUTh E€MKOCTb.
Haubonbiiee coxpaHeHne eMKOCTU JiA TONHOW sueiiku Ha ocHoBe NaNijsFe;sMny 30, mocne
200 muknoB HabOmomaeTcss mpu auanaszone 1.5-3.8 B. Taxxke ymamock A0CTHYB CYIIECTBEHHOTO
YBEMYEHUS] HavyajubHOM ynaenbHOHM emkoct (Ha 10-20%) moONHBIX s4Yeek 3a CUeT
MIPEeHATPUPOBAHUSL.

B xone uccrnenoBanus ObUTH ONPEEICHBl ONITUMATBHBIE COOTHOIIEHUS MAcC KaTOIHOTO U
aHOJTHOTO MaTepHajoB, ApPaMETPOB MPEHATPUPOBAHUS U JHMAMAa30H padoyero MmoTeHIMana, npu
KOTOPBIX JOCTHTAIOTCS HAWIy4ILIUE pe3yJbTaThl IO COXpPaHEHHUIO eMKocTd. IlomydeHHble
pe3yNbTaThl KpailHe BaXKHBI JJIs AalibHENIIeH pa3paO0oTKu HATPUH-UOHHBIX aKKyMYJIITOPOB.

15



IMy6auxamuu cryaeaTku (https://istina.msu.ru/workers/621790286/):

1. Lakienko G.P., Bobyleva Z.V., Gorshkov V.S., Zybina A.l., Drozhzhin O.A., Abakumov A.M.,
Antipov E.V, Design of the particle size and morphology of hard carbon anode materials for
sodium-ion batteries through hydrothermal carbonization // Journal of The Electrochemical
Society, 2024, 171 (6), P. 060512, doi: 10.1149/1945- 7111/ad51ad

2.Sultanova Y.V., Apostolova M.O., Maidan M.T., Zybina A.l., Fefelov M.A., Safiullina A.R.,
Kubarkov A.V., Sobolev N.A., Ryazantsev S.V., Alekseeva A.M., Bobyleva Z.V., Drozhzhin
O.A., Antipov E.V., Optimizing Disorder: Pretreatment Strategies for Saccharide- Based Hard
Carbon Anodes in Na-lon Batteries // Journal of The Electrochemical Society, 2024, 171 (12),
P. 120533, doi: 10.1149/1945-7111/ada069

3.Istomin S.Y., Pugolovkin L.V., Dosaev K.A., Mikheev I.V., Strebkov D.A., Zybina A.l., Tsirlina
G.A., The effect of turbostratic stacking and interlayer disorder on the birnessite recharging //
Journal of Solid State Electrochemistry, 2025. P. 1-16, doi: 10.1007/s10008-025-06274-5

Modification of electrodes and interfaces to improve cycling stability
of sodium-ion batteries

Zybina A.l.
Supervisor: PhD, research scientist Bobyleva Z.V.

Sodium-ion batteries are promising for stationary energy sources and electric vehicles due
to their low cost and prevalence of sodium. Electrode materials are usually examined in semi-cells
with an unlimited supply of sodium ions, where metallic sodium is used as a counterelectrode.
However, such conditions do not fully reflect the actual operation of the battery. The
electrochemical characteristics of materials in semi-cells may differ significantly from those
shown in full cells, where the ion supply is limited by the cathode material. For long-lasting
applications such as electric vehicles and stationary energy sources, the capacity retention
parameter during cycling is important, since loss of capacity directly affects battery life. Therefore,
for the commercialization of sodium-ion batteries, it is necessary to focus on the study of complete
cells.

In this regard, the purpose of this work is to study sodium-ion batteries in a full-cell
configuration to increase capacity retention during long-term cycling.

Non-graphitizable carbon (HC) was chosen as the anode material which is the most
promising option. Layered oxide (NaNiyzFeisMny30,) and sodium vanadium pyrophosphate
(NaVP,0;) were used as cathode materials. For electrochemical experiments, electrolytes of the
following composition were produced: 1M NaPFg in EC: DEC = 1:1 with the addition of 1% FEC
and 1M NaPFy in EC: PC = 1:1. Various parameters such as the mass ratio of the cathode and
anode materials, presodiation, and the operating potential range were studied in order to identify
optimal conditions for efficient battery operation.

Changing the mass ratios of the cathode and anode materials does not significantly affect
the specific capacitance and Coulomb efficiency, however, it affects the storage capacity during
cycling. This is because when there is an excess of cathode material, sodium can be deposited on
the surface of the anode. As a result, optimal mass ratio values were determined for
NaNiysFesMny 30, and for NaVP,O;. Next, the range of operating potential was investigated.
Lowering the upper limit of the potential helps to reduce the effects of side processes such as
electrolyte oxidation at the cathode, but at the same time reduces the overall capacity of the cell.
Reducing the lower limit of the potential allows you to slightly increase the capacity. The greatest
capacity retention for a full cell based on NaNiy;Fe;;3sMny 30, after 200 cycles is observed at a
range of 1.5-3.8 V. It was also possible to achieve a significant increase in the initial specific
capacity (by 10-20%) of full cells due to presodiation.
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During the study, the optimal mass ratios of cathode and anode materials, prenatation
parameters and the range of operating potential were determined, at which the best results in
maintaining capacity are achieved. The results obtained are extremely important for the further
development of sodium-ion batteries.

CenextuBHas 3xkcrpakuua najaaaaus(Il) N- u O-goHopubiMu
rerepouuKJINYeCKUMU JUTAHAAMM

Opnos A.K.

PykoBoauTens: K.X.H., ¢.H.c. EBctonnna M.B.

Mertambl matuaoBoi rpymnmbel (MIIIY), B "acTHOCTH mayuiaanii, UMEIOT CTPATETUYECKOE
3HaUEHUE JJI1 MHOIMX OTpaciedl IpPOMBILIUIEHHOCTH, BKJIIOYas aBTOMOOWIBHYIO, XMMHUYECKYIO,
IOBEJIMPHYIO W 3JIEKTPOHHYI0. VCTOIIeHne MPUPOIHBIX MECTOPOXKIEHUH M POCT MOTPEOHOCTH B
3TUX MeTajUlax CTUMYJHUPYIOT MOMCK aJIbTepPHATUBHBIX MCTOYHUKOB M Pa3paboTKy 3((eKTHBHBIX
METOAOB UX u3BieYeHHUs. OcoOblii HMHTEpeC MNPEeACTaBIAIOT BBICOKOAKTUBHBIE XKHJKHE OTXOJbI
(BAO) nepepaboTku 0TpabOTaBLIETO SAEPHOIO TOIUIMBA, COJEPIKALINE 3HAUYUTEIIbHbIE KOJIUYECTBA
naamus  u apyrux  MIII, npeumyliecTBEHHO B BHJE  HEPAJUMOAKTUBHBIX WU
cJ1a00PaMOAKTUBHBIX U30TOIIOB.

Llenpto maHHOW paboOTHl  sBIAETCS  pa3paboTka S(PQPEKTHBHBIX H  CEIIEKTUBHBIX
AKCTPAKLIMOHHBIX cucTeM g u3BiaeueHus namwiagusa(ll) u3 a30THOKHUCIBIX U COJSHOKHCIBIX
pacTBOpoB Ha ocHOBe N- u O-JOHOpPHBIX TI'eTEPOLUKINYECKHX JuranaoB. Oco0oe BHUMaHME
YAEIEHO MOJIEKYJSIPHOMY JAM3aliHy AKCTPAareHTOB JUIsl JOCTUKEHHUS ONTHUMAJIbHOIO COYETAHUS
AKCTPAKIMOHHOHN CIIOCOOHOCTH, CEJIEKTUBHOCTH U BO3MOKHOCTH PEIKCTPAKIUH.

B xone wuccnenoBanust Obul u3ydeH psag N- v O-JI0HOPHBIX JIMTaHJIOB Ha OCHOBE
¢benanTponuHa, HaQTUPUAMHA, TUPUANHA U OunupuaArHa. JKUIKOCTHYIO SKCTPAKIHMIO POBOAUIIM B
cucreme @-3/BomHbII pacTBOp ¢ pa3nuuHbIMU KoHUeHTpauusmu kucioT (HNOs, HCl) mpu
temneparype 25+1°C. KoHueHTpalnuio MeTaljIoB B BOJHOW (haze ompenensid MeTOJOM Macc-
CIEKTPOMETPUU C MHJIYKTHBHO-CBSI3aHHOM IJIa3MOM, a paauoHykiauaoB (**'Am, '“?Eu) — ramma-
CIIEKTPOCKOMUENH C HCIOJIb30BAHUEM BBICOKOYHCTOrO0 TepMmaHueBoro naerektopa GR  3020.
CrpykTypy 0Opa3yromuxcsi KOMIUIEKCOB YCTaHABIMBAJIU METOJAMHU CHEKTPO(OTOMETPUUECKOTO
TUTPOBAHMS B ALETOHUTPHUIIE U PEHTTEHOCTPYKTYPHOTO aHajln3a MOHOKPHCTAJJIOB, BBIPAILIEHHBIX
M30TEPMUYECKON TEpeKpUCTAIN3ANEe W3 cMecu xjopoopMa U aneroHuTpuna. s
OTIpe/IeNICHUs] CTEXHMOMETPUM KOMIUIEKCOOOpa30oBaHMUsl H3ydajlach Harpy3odHas CHOCOOHOCThb
JIMTaH/I0B MPH MOCTOSHHON KOHIEHTPAIMK SKCTPareHTa U BapbUPOBAaHUM KOHIICHTPALMH MaJJIaaus.

B xome wuccienoBaHMs BBISBIEHBI CYIIECTBEHHBIE pa3iMuMsl B OKCTPAKIIMOHHOU
CIIOCOOHOCTH H3YYEHHBIX JHraHjaoB. BeicokoaddekruBubie skctparentsl (DYP-9, ANA-238)
JTEMOHCTPUPYIOT K03 dunnenTsl pacnpenenenus 10 500 u 6sicTpoe qocTkenne paBHoBecus (20-
30 MuHYT), B TO BpeMsi KaK 3KCTpareHTsl co cpeaHeil apdekrruBHocThio (NL32, NL34, JIK-131)
XapakTepu3yroTcs 3HadeHusMu D=0.5-2,3 ¢ Oosiee ATUTEIHHBIM BpPEMEHEM YCTAHOBIICHUS
paBHoBecust (30-60 MuHYT). YCTaHOBJIEHA Y€TKasl 3aBHCHUMOCTh SKCTPAKIIMOHHOM CIIOCOOHOCTH OT
pasMmepa IMKJIAa 3aMECTHTENs B (DEHAHTPOJIMHOBBIX MPOM3BOJHBIX: MEPEXO0J]l OT MATUUICHHOTO K
CEeMUYWICHHOMY LIUKITYy YBEIUYHBAET 3((HEKTUBHOCTh HIKCTPAKUUHU. BakHBIM pe3yabTaToOM SIBIISETCS
oOHapyXeHHE pa3IMYHOTO IOBEJACHUS HUTPATHBIX U XJIOPUAHBIX KoMiuiekcoB mnamutagus(ll):
MaKCUMaJibHble K03(h(pULIMEHTHI pacnpeaeneHus Ui XJIOpUAa Najaans HIKe, YeM JJIs HUTpara.
IlokazaHo BBICOKasl CENEKTUBHOCTb M3YYEHHBIX JIMTAHJOB II0 OTHOIICHHIO K MNaUIaJUI0 B
MPUCYTCTBUHU JIAHTAHOWJOB W aKTUHUJIOB, ¢ KodpduiueHramu cenektuBHoctu a0 1000, yto
CYLIECTBEHHO IIPEBbIIIAET MUHUMAIBHO TpeOyeMoe 3HaueHue SF > 5.

B pesynbraTe mpoBENEHHOIO MCCIEIOBAHUS BIIEPBBIE YCTAHOBIIEHBI (YHIaMEHTAJIbHBIC
3aKOHOMEPHOCTH B PSAY CTPYKTYpa-CBOMCTBO AJisi N-TOHOPHBIX T'€T€POLMKINYECKUX JINTAH/IOB B
npoueccax skcrpakiuy namiagusa(ll). I[lomydyeHHnsle naHHbIE O BAMSHUM pa3Mepa METaJIOLMKIIA,
OPUPOJBl JOHOPHBIX AaTOMOB M KHCIOTHOCTH cCpeibl Ha 3((EeKTHUBHOCTb U CEIEKTUBHOCTH
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MU3BJICYCHUA ITOTCHIMAJIBHO ITO3BOJIAT pa3pa60TaTL MCTOAUKY BBIACJICHUA NaJUIagnsd, MOAXOAAIIYIO
AJI IPOMBIIIJICHHOT'O MaCHITa6I/IpOBaHI/I${.
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Selective palladium(l1) extraction by N- and O-donor
heterocyclic ligands

Orlov AK.
Supervisor: PhD, senior researcher Evsiunina M.V.

Platinum group metals (PGMs), particularly palladium, are of strategic importance for many
industrial sectors, including automotive, chemical, jewelry, and electronics. The depletion of natural
deposits and increasing demand for these metals stimulate the search for alternative sources and the
development of effective extraction methods. High-level liquid waste (HLW) from spent nuclear
fuel reprocessing is of particular interest, as it contains significant amounts of palladium and other
PGMs, predominantly in the form of non-radioactive or low-radioactive isotopes.

The aim of this work is to develop effective and selective extraction systems for
palladium(ll) recovery from nitric and hydrochloric acid solutions based on N- and O-donor
heterocyclic ligands. Special attention is paid to the molecular design of extractants to achieve an
optimal combination of extraction capacity, selectivity, and stripping efficiency.

In the course of the research, a series of N- and O-donor ligands based on phenanthroline,
naphthyridine, pyridine, and bipyridine was studied. Liquid extraction was carried out in an F-
3/aqueous solution system with various acid concentrations (HNOs, HCI) at a temperature of
25+1°C. The concentration of metals in the aqueous phase was determined by inductively coupled
plasma mass spectrometry, and radionuclides (**'Am, '*?Eu) by gamma spectroscopy using a high-
purity germanium detector GR 3020. The structure of the formed complexes was established by
spectrophotometric titration in acetonitrile and X-ray structural analysis of single crystals grown by
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isothermal recrystallization from a mixture of chloroform and acetonitrile. To determine the
stoichiometry of complex formation, the loading capacity of ligands was studied at a constant
extractant concentration with varying palladium concentration.

The study revealed significant differences in the extraction capacity of the studied ligands.
Highly effective extractants (DYP-9, ANA-238) demonstrate distribution coefficients up to 500 and
rapid equilibrium attainment (20-30 minutes), while extractants with medium efficiency (NL32,
NL34, JIK-131) are characterized by D values of ~0.5-2.3 with longer equilibration times (30-60
minutes). A clear dependence of extraction capacity on the size of the substituent cycle in
phenanthroline derivatives has been established: the transition from a five-membered to a seven-
membered cycle increases extraction efficiency. An important finding is the different behavior of
nitrate and chloride complexes of palladium(Il): maximum distribution coefficients for palladium
chloride are lower than for nitrate. The high selectivity of the studied ligands for palladium in the
presence of lanthanides and actinides was demonstrated, with selectivity coefficients up to 1000,
which significantly exceeds the minimum required value of SF > 5.

As a result of the research, fundamental structure-property relationships for N-donor
heterocyclic ligands in palladium(ll) extraction processes have been established for the first time.
The obtained data on the influence of metallocycle size, donor atom nature, and medium acidity on
the efficiency and selectivity of palladium extraction open up the possibility for directed synthesis
of new extractants with improved characteristics.

Koopaunanusi ypaHu/I-KAaTHOHA, 21COPOMPOBAHHOIO
Ha [VIMHUCTBIX MUHepaJjiax

Kpom A.J].

PykoBoamuTens: K.X.H., ¢.H.c. Biacopa I1.0O.

HccnenoBanre MEXaHW3MOB B3aMMOJEHCTBHS MOHOB TSDKENBIX METAUIOB C TJIMHUCTBIMU
MUHEpAJIaMH SIBJISIETCS OJHHMM M3 OCHOBHBIX HAy4YHBIX HAIIPaBICHMUH, Pa3BUBAIOIIMXCS C LEJIBIO
COBEpIICHCTBOBAHNUS TEXHOJIOTHH 1O 3aXOPOHEHUIO PaJIMOAKTUBHBIX OTXOJOB M IIPOrHO3MPOBAHUS
MOBE/ICHUS 3arpsisHUTENel B okpyxkatouieil cpene. Ha ypoBHE Makpo-XapakTepUCTHK, TaKUX Kak
€MKOCTh KaTHOHHOTO 00M€Ha, aJiIcOPOLIMOHHAs CIIOCOOHOCTh U T.J., IOBE/IEHUE NOHOB METAJJIOB B
MIPUCYTCTBUHU TIJIMHHUCTBIX MHUHEPAJIOB JOCTATOYHO IIHMPOKO HccienoBaHo. OmHAKo, CTPyKTypa
a71copOMpPOBAHHBIX KOMIUIEKCOB Ha aTOMapHOM YPOBHE OCTaeTCsl HE /10 KOHLA M3YyYEHHOW BBUAY
OTpaHMYEHHOCTH Habopa MOAXOIALINX METOIOB aHATIN3A.

Ilenpto MarucTepckoil BBIMYCKHOM KBaIM(PHUKAIMOHHON pabOThl SBISUIOCH YCTAHOBIIEHUE
KOOpJAWHALMM YPAaHUJI-KaTUOHA HA IOBEPXHOCTH TIJIMHUCTBIX MHMHEPAJIOB IPYNIBbl CMEKTUTOB B
3aBHCHUMOCTH OT OCOOEHHOCTEHM CTpPOEHHUs TJIMHUCTOIO MHUHEpaja M BHEIIHUX YCIOBUH CpEIbl.
3anayu MCCIeI0OBaHUS BKJIIOYAJU: YCTAHOBJIEHUE MAaKPOCKONMHMUYECKHUX XapaKTEPUCTHK aacopOLuu
ypaHa Ha TJIMHUCTBIX MHUHepajlaX TPYMIbl CMEKTHTOB; MOJy4eHHE HH(MOPMALUU O JOKAJIBHOH
CTPYKType aJCcOpOMpPOBAaHHBIX KOMIUIEKCOB OJKCHEPHUMEHTAIbHBIMU METOJIaMHU; MOJIEKYJISIPHOE
MOJIETTUPOBAaHUE TOBEJACHUS YpaHWJI-KaTUOHA Ha TIOBEPXHOCTH TJIMHHCTOIO MHHeEpaia B
3aBHCUMOCTH OT €r0 CTPOEHUS; YCTAaHOBJIEHHE I'€OMETPHYECKUX IapaMeTpoB aJCOpOMPOBAHHBIX
KOMIUIEKCOB 33J1aHHOM CTPYKTYpBl paCU€THBIMH METOAAMM; YCTAHOBJIEHUE KOOPAMHALIUN ypaHWUII-
KaTHOHAa Ha TOBEPXHOCTH TIJIMHUCTBIX MHHEPaJOB HAa OCHOBAaHMM  pacyYeTHbIX U
9KCIIEPUMEHTAJIbHBIX 1aHHBIX.

s ycTaHOBIEHMS — IapaMeTpPOB  JIOKAJbHOTO  OKPY)KEHUs  YpPaHWJI-KaTMUOHA B
a7IcOpOMPOBAHHBIX  KOMIUJIEKCAX  HCIOJNb30BAJICS METOJl  CIIEKTPOCKONHH  PEHTT€HOBCKOIO
MOTJIONIEHUS] B 00JaCTH MPOTSHXKEHHOW TOHKOM CTPYKTYphl. AHAJIN3 MapaMeTpoB B3aUMOJEHCTBUS
YpaHWI-KaTHOHA C TJIMHUCTBIMA MHHEpAJaMH B 3aBUCUMOCTU OT BEJIMYMHBI U PACIHOJIOKEHUS
OTPHULATENILHOTO 3apsiia B CJIO€ MPOBOAMJICS C MOMOIIBIO METOAA KIIACCHYECKOM MOJEKYJISpHON
nuHaMHUKU. JlJ1g mojydeHusl mapameTpoB JIOKAJIBHOTO OKPYXKEHUS YpaHWJI-KaTHOHAa B 3aJaHHBIX
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KOH(UTYpausiX KPacBbIX KOMILJIEKCOB, MPUMEHSUTA METOJ] MOJICKYJISIPHON TUHAMHKHU W3 MEPBBIX
MIPUHIIUIIOB.

B xozme paboThl monmy4yeHsl 3aBUCUMOCTH KO3 QUIIMEHTa pacipeaeseHus ypaHUI-KaTHOHA
ot pH ansa rauH Tpex mectopoxaeHuil. OCHOBHBIM MapaMEeTPOM, BIMSIOIIUM Ha KOOPAWHAIIHIO
ypaHWJI-KaTHOHA Ha MOBEPXHOCTH TIMHUCTOTO MHHepana, siBisercss pH cpenpl. 3aBUCUMOCTH OT
crenu(pUUecKuX MapaMeTpoB OEHTOHUTOBBIX TJUH Pa3HBIX MECTOPOXKIECHUNH U HCXOIHOMI
KOHIIEHTpAllMM ypaHWI-KaTnoHa B juanazoHe 150-6500 Mkr/r He3HauuTenbHa. [lomydeHb
napaMeTpsl JIOKAIbHOTO OKPY)KEHUS ypaHWI-KaTHOHAa B Hambosiee YCTOMUYMBBIX KOMIUIEKCAX Ha
00k0BBIX TTOBepXHOCTAX TUTOB (110) 1 (010). Onucanue PKCIEPUMEHTATBHBIX TaHHBIX C TIOMOIIBIO
TEOpPETUYECKNX Mojeneil mokaspiBaer, uto: npu pH 3 mnpeobnamaromeit Gopmoii sBisiercs
BHEIIHEC(EPHBI KOMIUIEKC Ha 0a3albHOH MOBEPXHOCTU TJIMHUCTOTO MuHepana; npu pH 5
HauOOJBIIYIO J0MI0 B (PU3MKO-XUMHUYECKUX (POopMax ajcopOMpPOBAHHOTO ypaHa UMEET KOMILIEKC
=AlOHO,UO2(H.0)3 na mosepxuoctu (110); mpu pH 8 HanbobImii BKJIaJ BHOCAT KOMILICKCHI Ha
nosepxuoctu (010) ¢ koudurypamusamu =(Al/Mg)(OH)2UO2(H20)3 1 =MgOHSIOUO2(H20):s.

C nomompi0 KOMOWHAMK SKCHEPUMEHTAJIBHBIX M PACUETHBIX METOJIOB YCTaHOBJICHBI
KOOpJAMHAIMS W JIOKAIM3aLUs aICOPOUPOBAHHBIX KOMIUIEKCOB YPaHWI-KaTHOHA Ha MOBEPXHOCTHU
TJIMHUCTOTO MUHEpaia TPYIIbl CMEKTHUTOB B 3aBUCUMOCTH OT BHEIIHUX YCIOBU.
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The coordination of uranyl cation adsorbed on clay minerals
Krot A.D
Supervisor: PhD, senior researcher Vlasova I.E.

The study of the interaction between heavy metal ions and clay minerals is a major area of
research aimed at improving technologies for radioactive waste disposal and predicting the behavior
of pollutants in the environment. On a macroscopic level, the behavior of metal ions in clay mineral
systems has been well studied through measurements of cation exchange capacity, adsorption
capacity, etc. However, at the atomic scale, the structure of adsorbed complexes remains poorly
understood due to limitations in appropriate analytical techniques.

The aim of the work was to investigate the coordination of uranyl cations adsorbed on clay
minerals of the smectite group, as a function of structural features of these minerals and
environmental conditions. The research objectives included: determining the macroscopic
characteristics of uranium adsorption on smectite clay minerals; obtaining information on the local
structure of adsorbed uranyl complexes using experimental methods; simulations of the behavior of
uranyl ions on the surface of smectites, depending on their structure; calculating geometric
parameters of adsorbed complexes with a specific structure using computational techniques;
establishing the coordination of uranyl ions on smectite surfaces based on the combination of
computational and experimental results.

To determine the parameters of the local environment of adsorbed uranyl cation, extended
X-ray absorption fine structure spectroscopy was used. The analysis of the local structure
dependence on the magnitude and localization of the negative charge in the layer of clay mineral
was performed using the classical molecular dynamics simulations. The parameters of the local
environment of the adsorbed uranyl cation for specified configurations of edge complexes were
obtained using first principle molecular dynamics simulations.

In the course of the work, the dependences of the uranyl cation distribution coefficient on
pH for clays from three different deposits were obtained. The main factor affecting the coordination
of the uranyl cation on the surface of clay minerals is the pH of the solution. The dependence on
specific parameters of bentonite clays from different deposits and the initial concentration of uranyl
cation in the range of 150-6500 pg/g was found to be insignificant. Parameters of the local
environment of uranyl ions in the most stable complexes on the (110) and (010) surfaces were
determined. Analysis of experimental data using theoretical models demonstrated that: at pH 3, the
outer-sphere complex on the basal surface of clay mineral is the dominating complex; at pH 5, the
=AlOHO,UO2(H>0)3 complex on the (110) surface controls the adsorbed uranium speciation; at pH
8, the most significant part of the adsorbed uranium speciation consists of complexes with
configurations =(Al/Mg)(OH)2UO2(H20)3z and =MgOHSiIOUO2(H20)3 on the (010) surface.

A combination of experimental and computational techniques has been used to determine
the coordination and localization of adsorbed uranyl complexes on the surface of a smectite-type
clay mineral in a range of experimental conditions.

HJIaHaprIe KOMIIO3UTHBIC CTPYKTYPbI HA OCHOBE TMOKCH/IAa TUTAHA U
HaHOYaCTHUI 30J10Ta U cepeﬁpa B CHHIECKTPOCKOIIMU TUTAHTCKOI'0
KOMﬁI/IHaI[I/IOHHOFO paccessHus

Momopun E.A.

PykoBoaurenu: k.X.H., 1ou. ['apmes A.B.; m.H.c. Koznos /[.A.

CnekTpockonusi ~ TMTaHTCKOro  koMmOuHammoHHoro  paccesuust (I'KP)  saBnsercs
MEPCIIEKTUBHBIM METOJIOM JETEKTUPOBAHUS OPTaHUYECKUX COEIMHEHUN B MaJIbIX KOHIIEHTPAIUX.
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B nacrosiiiee Bpems Metoa HanOoJliee MIMPOKO peau3yeTcsl Ha MOA0KKAaX ¢ HAaHECEHHBIMU Ha MX
MOBEPXHOCTh HAHOYACTHIIAMM 30J0Ta M cepelOpa, ycuienue KP-curnama Ha Takux MOJUIOXKKaX
INPOUCXOTUT B pe3ylbTaTe BO30YXKIEHUS TOBEPXHOCTHOIO IUIA3MOHHOTO pE30HAaHCa Ha
MeTaJuIndeckux dvactuiax. OnHOW M3 aKTyalbHBIX 337ay, peIlaeMbIX NPU pPa3paboTKE TaKOro
METOJla aHallu3a, SBISAETCS CO3JaHHME MaTepHalioB JJisi MOJyYeHHUs MOMAJIOXKEK C PaBHOMEPHBIM
pacrnpeieieHueM METaJNIMYECKMX HAaHOYaCTHI] MO BCEW IOBEPXHOCTHU, YTO 0OecrnequT
BOCTIpon3BOAMMOCTh  curHaia ['KP, HeoOXomumyio Ui aHAJIMTHYECKUX  MPHIIOKEHHA.
[lepcrieKTUBHBIM ~ METOAOM  MOAU(DUKAIMK  TMOUIOKEK Ui  JOCTHXKEHUS PaBHOMEPHOTO
pacnpesielieHuss METAIMYECKMX HAHOYACTHI] 10 TOBEPXHOCTH SBISIETCd HUX MoauduKanus
HaHomuctamu 1102,  XapakTepu3ylOUIMMUCS  OOJBIIMMH  JIATCPAbHBIMU  pa3MepaMud U
o0ecTeYnBaOIIMMH TIOTHBIA KOHTAaKT C yYacTHLaMu Mertaiia. Kpome Toro, 3a cueT BBICOKOH
doTokartamuTudeckoii akTUBHOCTH T102 BO3MOKHO OKHCJICHHE HCCICAYEMBIX OpPraHUYECKUX
coequHeHUl mon  neiictBueM Y®-u3mydeHus, 4YTO OOYCIaBIMBAaeT BO3MOXKHOCTh  Kak
JETEKTUPOBAHUS AHAJIUTA B OKHCIEHHOM COCTOSSHUM O€3 BBEJICHHUS OKUCIUTENEH W3BHE, TaK U
MHOTOKPaTHOT'O UCIOJIb30BaHUS TOJIIOKKH UIS TPOBEICHUS aHAU3A.

TakuM 00pa3zom, IIeNbI0 JaHHOW pabOThl SBJISETCS MOJIYy4YEHHE IUIAHAPHBIX CHCTEM C
MOBEPXHOCTHI0, MOAN(DUIIMPOBAHHON AMOKCHIOM THTaHA C HAaHOYACTUIIAMH 30JI0Ta U cepedpa, u
JEMOHCTPUPYIOIIECH BBHICOKMN U PABHOMEPHBIA MO IIIOMAAX KOI(PPHUIMEHT yCUIIEHUS CUTHala
I'KP-cniekTpockomnuu.

JIist TOCTHOKEHHMS TIOCTABJICHHOM 1IeJM ObLIH MOJTY4eHbI CycrieH3ur HaHomcToB T102, mocie
4ero OHM ObUIM PaBHOMEPHO HAHECEHbl Ha MOMJIOKKH JJI JAIbHEWIIEro OCaXJACHUsS Ha HHX
HaHouacTul MeTtaioB. Hanowactunbsl AU u Ag ocaxnanu u3 pactBopoB HAuCls u AgNOs
COOTBETCTBEHHO, C UCIOJIb30BaHUEM BoccTraHoBUTeNss NaBHy, a 11 KoHTpoJIA pocTa u arperauuu
HAHOYACTHUI] HA I[OBEPXHOCTU NPUMEHSIM CTadmnu3aTopsl: noauBuHuwiInupponuaod (I1BII),
uermntpumerunamuia  Opomun (UTAB) wu  umurpar natpuss (NasCit). [Ins mnomydeHus
OMMeTaJUIMYeCKUX 4YacTull Ag@Au HaHOYACTUIBI cepedpa Ha MOBEPXHOCTU JTUOKCHA TUTaHA
nopammuBainu B pactBope LITAB, ackopounoBoit kucnorsl, NaOH u HAuCls. AHanmu3 mosxy4eHHbIX
MOJJI0KEK MPOBOJAWIHN, B TOM yucie Mmerogamu POM, ACM, KP-cniekTpockonuu.

B pesynbrare paboThl Oblia OTpaboTaHa METOAMKA MONYYEHHS 30JIe aToMapHO TOHKHX
JUCTOB JIMOKCUJA TWUTaHA, a TAaKKe YCTAaHOBJEHBbl YCJIOBUS (OPMHpPOBAHMS HA HMX OCHOBE
PaBHOMEPHOT'O MOKPBITUS Ha MOJUIOKKAX U3 crekia. OOHapyX eHO, 4yTo Oosiee IUIOTHBIH KOHTaKT
HAHOYACTHI] 30JI0Ta C AMOKCUAOM THUTaHA HaOIIOJaeTcs mociie oOpaboTKH MOJUI0KEK PacTBOPOM
xyiopuaa onosa (Il), uro obecrieunBaeT reTeporeHHBIM PpocT HaHOYacTHI] 3070Ta. [loka3aHo, uToO
n00aBIICHUEM CTaOWIIU3aTOPOB YIAeTCs KOHTPOJUPOBATh arperamuio HaHOYAacTHUI[ cepedpa B
IIPOLIECCE POCTA, 4YTO IO3BOJISIET MOJYy4aTh IOJUIOKKH, XapaKTEPU3YIOLIUECS KaK BBICOKHM
koaddunmentom ycunenus (KY) KP-curnana, Tak 1 paBHOMEpPHBIM paclipe/ieJIeHHeM HaHOYACTHII,
HeOoOXOUMBIM JJIs AajibHelmIero gopamrBanug. ©opmMupoBaHue OMMETAIITMYECKMX HAHOYACTHUIL
Ag@Au na nomgmoxkax TiO2 mpuBOAMT K 3HaunTeabHOMY yBeiauudeHuio I'KP-akrusHoctun (KVY
nocruraer (1,6£0,4)-10°).

Takum oOpa3zom, B pamkax BKP Obu1 momyden cencopubiii marepuan st ['KP-
CIIEKTPOCKOMHMH Ha OcHOBE HaHOMKMCTOB T102 M HaHowacTuil AU 1 Ag, IEMOHCTPUPYIOIINI BRICOKOE
ycuiienne KP-curnana u ero paBHOMEpHOCTB 10 MIOBEPXHOCTH MOJII0KKH.
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Planar composite structures based on titanium dioxide and
nanoparticles of gold and silver in surface-enhanced Raman
spectroscopy

Motorin E.A.
Supervisors: PhD, associate professor Garshev A.V.; junior researcher Kozlov D.A.

Surface-enhanced Raman spectroscopy (SERS) is a promising method for the detection of
organic compounds at low concentrations. Currently, the method is most widely performed on
substrates with gold and silver nanoparticles deposited on their surface; enhancement of the SERS
signal on such substrates occurs as a result of excitation of surface plasmon resonance on metal
particles One of the important tasks, which is solved in the development of such an analysis
method, is the development of materials for obtaining substrates with a uniform distribution of
metallic nanoparticles over the entire surface, which will ensure the reproducibility of the SERS
signal required for analytical applications. A promising method of substrates modification to
achieve uniform distribution of metal nanoparticles on the surface is their modification with titania
nanosheets characterized by large lateral sizes and providing sufficient contact with metal particles.
In addition, the titania high photocatalytic activity allows to oxidize the organic compounds under
UV irradiation, which makes it possible to detect the analyte in the oxidized state without the
introduction of oxidants externally, as well as multiple use of the substrate for analysis.

Thus, the aim of this work is the development of planar systems with a surface modified by
titania with gold and silver nanoparticles which exhibit high and uniform distribution of the SERS
signal.

To achieve this aim, titania nanosheets suspensions were prepared, and then they were
uniformly deposited on substrates for further precipitation of metal nanoparticles on them. Gold and
silver nanoparticles were deposited from HAuCls and AgNO3 solutions, respectively, using NaBH4
reducing agent, and stabilizers such as polyvinylpyrrolidone (PVP), cetyltrimethylamine bromide
(CTAB) and sodium citrate (NasCit) were used to control the growth and aggregation of
nanoparticles on the surface. To obtain Ag@Au bimetallic particles, silver nanoparticles on titania
surface were treated with a solution containing CTAB, ascorbic acid, NaOH and HAuUCIs. The
obtained substrates were analyzed by SEM, AFM, and Raman spectroscopy.

As a result of the work, the technique of obtaining the titania nanosheets sols was developed,
and the conditions for its uniform deposition on glass substrates were established. It was found that
a closer contact of gold nanoparticles with titania is observed after substrates treatment with tin (11)
chloride solution, which provides heterogeneous growth of gold nanoparticles. It is shown that the
stabilizers addition allows to control the silver nanoparticles aggregation during their growth, which
results to obtain substrates characterized both by a high enhancement factor (EF) of the SERS-
signal and a uniform distribution of nanoparticles necessary for their further growth. The bimetallic
Ag@Au nanoparticles formation on titania substrates leads to a significant increase of SERS
activity (EF reaches (1,6+0,4)-10°).

Thus, a sensing material for SERS based on titania nanosheets and gold and silver
nanoparticles was obtained. Such materials demonstrate high enhancement of the Raman signal and
its uniformity over the substrate surface.
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MemOpaHbl HAa ocHOBe M Xene B mpoieccax 04MCTKU BOIbI
benomecmuvix U.A.

PykoBoamuTenu: k.X.H., g1o1. EnuceeB A.A.; m.H.c. Kan A. C.

MXene — mpenacraBuTeNb Kjacca JBYMEPHBIX MaTepHasoB, O0JaJalOUIMX YHHMKaJIbHBIM
coyeTaHueM (PU3MKO-XMMUYECKUX CBOWCTB, YTO JENIACT MX MEPCIEKTHBHBIMHU MaTepUallaMH s
IPUMEHEHHs B MEMOPaHHBIX TEXHOJIOTHSX pazjesieHus. Bo3MOXHOCTh BapbUPOBAaHUS 3JIEMEHTHOIO
cocTaBa M CTPYKTypbl MXene 1o3BOJISIET HAllpaBJICHHO aJallTUPOBATh UX CBOMCTBA IUIS PELUCHUS
LIIMPOKOr0 Kpyra 3ajxad pasfesIeHMs, BKIIOYas CEJICKTUBHOE BBIJCICHUE OIPEIEICHHBIX
KOMIIOHEHTOB U3 CJIIOKHBIX cMmecell. IHTepec k MXene o0ycioBeH, ¢ OJHONW CTOPOHBI, BRICOKOU
3¢ GEeKTUBHOCTHIO MEMOPAH Ha OCHOBE OKCHJIa Tpad)eHa B IIpoLeccax BblIeNEHHs BOJHOM (a3bl, a C
Apyroi — WX COOCTBEHHBIMH INPEUMYIIECTBAMH, TAaKUMH KaK BBICOKAs 3JIEKTPOIPOBOAHOCTb,
MOBBIIIEHHAs] MEXAaHWYECKas >KECTKOCTb M IIUPOKUE BO3MOXKHOCTH XUMHUYECKOW MOIU(PHUKAINN
nosepxHocTu. Hekoropele mpencraBurenu MXene MOryT J€eMOHCTPUPOBATh (POTOKATATUTUUECKYIO
aKTUBHOCTb, YTO JIeJaeT UX BOCTPEOOBAaHHBIMHM B IpOLECCaX BOJOOYHMCTKH, HAlpaBIEHHBIX Ha
YAQICHHE OPTaHUYECKUX 3arpsA3HUTEIICH.

Ilenpto naHHOM paboOTHI SABJISIETCS U3y4EHHME MacconepeHoca (BOJbl, CIHMPTOB, TSHKEION
BOJbl U IIOCTOSIHHBIX Ta30B) uepe3 MeMOpaHHblEe CTPYKTyphl Ha ocHoBe MXene. B pamxax
MCCIICIOBAHMSI MTPOBOJIUTCS OIEHKA (DOTOKATATUTHUECKONW aKTHBHOCTH MOBEPXHOCTH HAHOIMCTOB
MXene ¢ nenpio onpeneneHus 3pGHEKTUBHOCTH UX UCIIOIb30BAHUS IS ISCTPYKIIMH OPraHHYECKUX
3arps3HuTeniell.  Takke paccMaTpuBaeTcsl BO3MOXKHOCTh  MOJUGHKAIMM  TOJOBOJIOKOHHBIX
KOHTAKTOPOB C HCIOJb30BaHWEM MXene i MHTEHCU(UKAIMH MPOIECCOB OYUCTKU BOJIBL. J{ist
JOCTUKEHHSI TIOCTaBJICHHBIX LE€JI€M TMpOBEAEH aHalu3 M pa3pabdoTKa METOJUK CHUHTE3a
MOHOCJIONHBIX HaHonucToB MXene. IlomydeHHble MaTepuanbl [ETaJIbHO OXapaKTEPU30BaHbI
KOMILIEKCOM (DPU3MKO-XUMHUYECKUX METOOB JJISi YCTAHOBJIEHUS B3aUMOCBS3M MEXIY YCIOBUSMHU
CUHTE3a U CTpYKTypoil MXene.

C nenbo U3y4eHUs1 MaccoNepeHoca MOCTOSIHHBIX T'a30B yepe3 MeMOpaHbl Ha ocHoBe MXene
Obula pa3paboTaHa dKCIIEPUMEHTaIbHAsl YCTAHOBKA JUIl MU3MEpPEeHMs ra3onpoHunaeMoctu. OneHka
(doTOKaTaIUTUUECKUX CBOMCTB MXene ocyliecTBiIsjach IyTEM CPaBHUTEIBHOTO aHalIM3a
KOHILEHTPAllMd MOJEJIBHOIO KpacuTels B Iepmeare, OTOOpaHHOM uepe3 paBHbBIE MPOMEXKYTKU
BPEMEHH, IPU BO3JIEHCTBUU YNbTPa(HOIETOBOTO U3NTydeHUs (IKCIIEPUMEHT B YCIOBHSIX CBETOBOIO
00JIy4eHHMsI) U B €r0 OTCYTCTBHE (IKCIIEPUMEHT B TEMHOTE).

Pe3ynbTarhl 3KCIEpUMEHTOB 1O (POTOKATAIUTUYECKOW AKTUBHOCTH IOKa3ald, 4YTO
KOHIIGHTpAlLlUsl MOJIEIBHOTO KpacuTellsl CHWXKalach, B TO BpeMs Kak oObeM Iepmeara
YBEIMUMBAJICA, 4YTO YyKa3blBaeT Ha IEPEHOC KpacuTens uepe3 MeMOpaHHYI0 CTPYKTYpY.
VY CTaHOBIEHO, YTO KOHLEHTpauus KpacuTels B IepMeare, IOJIYyYEHHOM B YCJIOBHSAX CBETOBOIO
oOiyueHus, ObLIa 3aMETHO HI)KE, Y€M B TEMHOBOM 3KCIIEPUMEHTE, 4TO CBUJETEIbCTBYET O
MPOSIBICHUH (POTOKATAIMTUUYECKON aKTUBHOCTH MaTepuaia MXene.

OmnpezneneHue ra3onpOHUIIAEMOCTH MEMOpaH OCYIIECTBIISZIOCH HA OCHOBE aHAIN3a
W3MEHEHHUs Tepenaja JaBlIeHUs MEeXAY HaJMeMOpaHHbIM M MOJMEMOpPaHHBIM IPOCTPAHCTBAMH.
IlonydyeHHblE 3HA4YE€HMsI Ta30NPOHULAEMOCTH BAapbUPOBAIUCH B 3aBUCUMOCTH OT MPHUPOABI
HCCIIEyEMOI0 Ta3a, YTO YKa3blBA€T HA IOTEHLUMAJIbHYIO BO3MOXHOCTb INPUMEHEHMS JIaHHBIX
MeMOpaH B Ipolieccax ra3opasaeaeHus.

B pesynbraTe, B paMkax JaHHOM paboThl OblUIa HCClIEOBAaHA Ia30MPOHUIIAEMOCTh MEMOpaH
Ha ocHOBe MXene mo OTHOIIEHHIO K TTOCTOSHHBIM T'a3aM, UCCIIeI0BaH MacCOIIEPEHOC BOJIbI, CITUPTA
U TSOKENOM BOJIBI, MCcieoBaHa (pOTOKaTAIUTUYECKasi aKTUBHOCTh CEJIEKTUBHBIX cioeB MXene Ha
pa3nuuHbIX HouIokKax. Kpome Toro, Obl1 pa3zpaboTaH MoAU(DUIMPOBAHHBIA MOJIOBOJIOKOHHBIN
KOHTAaKTOp € CEIEKTUBHBIM cii0eM MXene, HAaHECEHHBIM Ha BHYTPEHHIOIO IIOBEPXHOCTb BOJIOKOH, U
uccienoBana 3p(GEeKTUBHOCT €ro NpUMeHEeHuUs A1 (POTOKATATUTHUECKOH OYMCTKHU BOJIBI.
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IMyoauxamuu cryaenta (https://istina.msu.ru/workers/696289195/):

1.benomectarix U.A., Kan A.C., EnuceeB A.A., Moouguxayus memOpanHvix KOHMAKMOPO8 Ha
OCHO8e NOAbIX B0JI0OKOH ¢ nomowpio MXenes ons npoyeccoé ouucmru 600vr I XXIII
Bcepoccuiickasi mKoJ1a-KOH(pEPEHIUST MOJIOABIX Y4YeHbIX «AKTyajJbHble MNPOGJIeMbl
HEOPTraHWYeCKOil XWMHWH: XHMHSI M JKOJOTHs», COOpHHMK TpyaoB. KpacHoBumoBo, Poccus,

15-17 nosi6ps 2024, c. 37-38.

MXene-based membranes for water treatment
Belomestnykh I.A.
Supervisors: PhD, associate professor Eliseev A.A.; junior researcher Kan A.S.

MXene is a representative of a class of two-dimensional materials possessing a unique
combination of physical and chemical properties, which makes them promising materials for
application in membrane separation technologies. The possibility of varying the elemental
composition and structure of MXene allows to adapt their properties to solve a wide range of
separational problems, including selective separation of certain components from complex
mixtures. The interest in MXene is due, on the one hand, to the high efficiency of graphene oxide
membranes in aqueous phase separation processes and, on the other hand, to their own advantages,
such as high electrical conductivity, increased mechanical rigidity and wide possibilities of
chemical surface modification. Some MXene representatives can exhibit photocatalytic activity,
which makes them in demand in water treatment processes aimed to removing organic pollutants.

The goal of this work is to study the mass transfer (of water, alcohols, heavy water and
permanent gases) through MXene-based membrane structures. The study evaluates the
photocatalytic activity of MXene nanosheets surface in order to determine their efficiency for
organic pollutants degradation. The possibility of modifying hollow fiber contactors using MXene
to intensify water purification processes is also considered. In order to achieve the objectives, the
synthesis of MXene monolayer nanosheets has been analyzed and developed. The obtained
materials are characterized in detail by a complex of physicochemical methods to establish the
relationship between the synthesis conditions and the structure of MXene.

In order to study the mass transfer of permanent gases through MXene-based membranes, an
experimental setup for measuring gas permeance was developed. The photocatalytic properties of
MXene were evaluated by comparative analysis of the model dye in permeate sampled at equal time
intervals, when exposed to ultraviolet radiation (light experiment) and in its absence (dark
experiment).

The results of the photocatalytic activity experiments showed that the model dye
concentration decreased while the permeate volume increased, indicating the dye transfer through
the membrane structure. It was found that the concentration of dye in the permeate obtained under
light irradiation conditions is lower that in the dark experiment, indicating that the MXene material
exhibited photocatalytic activity.

The gas permeance of the membranes was determined via analyzing the change in pressure
drop between the above- and under- membrane spaces. The obtained values of gas permeances
varied depending on the nature of the studied gas, which indicates the potential application of these
membranes in gas separation processes.

As a result, the gas permeance of MXene-based membranes of permanent gases, mass
transfer of water, alcohol and heavy water were studied, the photocatalytic activity of MXene
selective layers on different substrates was investigated. In addition, a modified hollow-fiber
contactor with MXene selective layer applied on the inner surface of the fibers was developed and
the efficiency of its application for photocatalytic water purification was investigated.

27


https://istina.msu.ru/workers/696289195/

3J1€KTpOIlHI)Ie MaTepuaJabl AJs CEJIEKTUBHOM IKCTPAKIMH JIUTUHA U3
BO/IHbIX 3JICKTPOJIUTOB

3axapos K.C.

PykoBoaurens: k.X.H., g1om. Eancees A A.

B ycnoBusx rinobampHOro mepexoja K YriaepoAHO-HEHTpaIbHOW SKOHOMHKE BeAETCA
aKTHBHas pa3pabOTKa aJbTEPHATHBHBIX TEXHOJOTMHA TOJYYCHUSI JIUTHUS, KOTOPBIA HIrpaeT
KIIFOUEBYIO POJIb B COBPEMEHHBIX CHCTEMax HAKOIICHUS 3Hepruu. Benyiue MUpoBbIe MOCTaBIIMKU
nutus, Bkmoyas Kwutai, CIIA, Yunu u bBonuBuio, NnperMyIeCTBEHHO HCHOJIB3YIOT METO/]I
UCTIIAPEHHSI COJIOHYAKOBBIX BOJI, OOTraThIX cOMsMH JUTHSA. OIHAKO JaHHBIA METOJ HE TMOAXOIUT IS
ycioBuii Poccun, MOCKOJIBKY IIaCTOBBIE BO/BI, COAEPIKAIINE JTUTHIM, UMEIOT HU3KUE KOHLIEHTPaLUU
MOHOB MeTalljla, a KIMMaTHYeCKHE YCIOBUS HE TMO3BOJSIOT J(PQPEKTUBHO MPUMEHSTh
HCHIApPUTEIbHBIE TEXHOIOTHH.

Llenpto maHHON pabOTHI SABIAETCS pa3pabOTKa M MCCIEAOBAHHUE SJICKTPOIHBIX MaTepHAIIOB
U1 EMKOCTHOM IKCTPAKIMK JTUTHUS U3 BOJHBIX PACTBOPOB C HU3KUM COJIEpP>KaHHEM MOHOB METaJlia.
Jlis OCTHKEHUsS STOW Lenu ObUIM TMOCTaBJICHBI CIENYIOIIME 33Jayd: CHHTE3 KOMIIO3UTHBIX
AJIEKTPOJIOB HA OCHOBE M3BECTHBIX KaTOMHBIX MarepuanoB (LiMn:0s, LiFePOa, LiNio,sMn1,s04),
ONTUMHU3AIIMS COCTaBa MPOBOASIICH 100aBKU, pa3paboTKa METOJUKHU HaHECEHUSI aKTUBHOTO CJIOS, a
TaKKe ornpezeneHnue paboynx napaMeTpoB Mpoliecca CeNEKTUBHOTO U3BIICUECHUS JTUTHSL.

B kauectBe cpencTB IOCTHKEHHUS LeU OBUIM HCIOJIb30BAHBI CIENYIOIIME MOAXOAbl U
METOJIMKHM: KOMIIO3UTHbIE 3JIEKTPOJbl CHUHTE3UPOBaHbl C J100AaBIEHUEM IMPOBOJAIIEH CaXu B
MaccoBbIX cooTHomenusx 1:1, 1:4 u 1:10. JlucneprupoBanue akTUBHOH (a3bl OCYIIECTBISIOCH B
IJIAHETAPHOW  MIapoBOM  MeNbHUIE. [lonydeHHBbIE TMOPOIIKA  HCCIEIOBAIUCH  METOAAMU
PEHTTEHOCTPYKTYPHOI'O aHajlM3a M pacTpOBOW DJIEKTPOHHOM MMKPOCKONMM Uil aHajlu3a
Mopdonoruu. DIEKTPOJbl U3rOTABIMBAINCH METOJOM TpadapeTHON MeyaT Ha TMOJJIOKKaX C
cepeOpSHBIM U TJIATUHOBBIM TOKOMPOBOAAIIUME ciosMHu. [Iporecc EMKOCTHOM SKCTPaKIIUU JTUTHS
pean30BbIBAJICS. B IOJYyaBTOMaTHYECKOM PEXKHUME C IMOATANHBIM MPOBEACHHUEM HHTEPKAJSALUH,
IIPOMBIBKHA M JAcUHTepKasinuu. CocTaB 3i1r0ara ONpenessuics METOAOM HMHAYKTUBHO CBS3aHHOMN
ia3MeHHoit Macc-criektpomerpuu (ICP-MS).

VYcTaHOBIIEHO, YTO JYYIIMM KaTOIHBIM MaTEpUaioM JJsl SKCTPAKLUMU JIUTHS W3 BOJHBIX
eKTponuToB  siBigercs LiMn2Os. OnTumanbHbIl nmoTeHuMan copOuuu Ui 3(deKTUBHOTO
u3BnedeHus autus coctasnset 0,5 B. Haubonee Bbicokas 3 peKTUBHOCTh U3BJIEUEHUS JOCTUTHYTA
IIpU MCIIOJIb30BAaHUM pacTBOpoB ¢ KoHueHTpauued mutusg 100 m 300 wmr/n. KomnosuTHble
JJEKTPOABl C  COOTHOIIEHMEM  AakKTUBHOIO  Marepuana K  yniepogHou  macre  1:1
IPOJAEMOHCTPUPOBAIM  HAWIYYIIYI0  JJEKTPOXMMMUYECKYIO  CTa0WJIBHOCTb M EMKOCTb.
Mopdornoruueckuil aHaan3 Mokas3aja paBHOMEPHOE pacrpeiesieHne akTUBHON (pa3bl Ha MOATIOKKE U
HaAEXHOE CLEIJIEHHE ¢ TOKOIIPOBOSIINM CIOEM.

[TocraBneHHass 1esnb MO pPa3pabOTKe M MCCIAEAOBAHUIO SPPEKTUBHBIX AJIEKTPOIHBIX
MaTEpUajoB Uil EMKOCTHOM HSKCTPAKLUM JINTUS U3 BOJHBIX PAacTBOPOB YCIEUIHO JOCTUTHYTA.
Pa3paboranHble 3I€KTPOJBl JIEMOHCTPUPYIOT BBICOKYIO CEJIEKTHBHOCTb, CTaOMJIBHOCTh U
MPUMEHUMOCTh B YCJOBHMSIX HHM3KUX KOHUEHTpAalUN JUTHUS, XapaKTEepHBIX I POCCHUHCKUX
paccosos.

Myoauxamuu cryaenra (https://istina.msu.ru/profile/itsmywind/):

1. CadponoBa T.B., AxmenoB M.P., 3axapos K.C., Motopun E.A., IlllatanoBa T.b., ®ununmos
SL1O., Mypamko A.M., ®ununnosa T.B., boiinosa O.B., Konechuk W.B., 'anuna O.T., Kazun
ILE, Cesoiicmea nopowikos, cunmesupo8aHHbviX U3 B0OHLIX PACMBOPO8 CUTUKAMA HAMPUi U
cynvpama sncenesa Il Crexao u kepammka, 2024, 97 (5), c. 30-46.
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2. 3axapoB K.C., KypacoB M.B., Ksammoso-xumuueckue pacuémei dHepeuu  cessel
2-opomakponeuna memooom Xapmpu-@oxa [/ MexnyHapoaHasi CTyJdeHYecKasi Hay4dHas
koHepenuust MockoBckoro IMoantexa CHK-2024", c6opuuk Te3ucoB. Mocksa, Poccusi, 1-26
anpeins 2024.

3. 3axapoB K.C., KypacoB M.B., Auanuz eozmodcnocmu npumenerus KEAHMOBbIX 2eHepAmMopos
CIYHAUHbIX Yucel 6 Kauecmee pacnpeoeinennozo demekmopa [/ Bcepoccuiickasi Hay4YHO-
npakTuyeckasi  KoHdepenmusi "MaremaTuka: TeopeTHYeCcKHe W NPHUKJIATHbIE
uccjaenosanmus, 2022,

4, Jlaitbare JI.C., Ocamguenko A.B., 3axapuyk M.A., AmOpo3eBuu C.A., CemtokoB A.C., Hukonaes
B.I'., 3axapoB K.C., Ilepenenuuna A.C., CmupnoB M.C., OuunnuxkoB O.B., Hccredosanue
JIIOMUHECYEHMHBIX CBOUCME KOJIOUOHBIX KEAHMOBLIX moyek Ag2S 60 @HewHeM d1eKmpuyecKom
none [/ BpIcTpoNpoTEeKAaIONIMe 3JIEKTPOB3PbIBHbIE, JIEKTPOHHbIE M 3JIEKTPOMATHUTHbIE
Npouecchl B MMITYJIbCHOM 3JIEKTPOHHKE U ONTOYJIeKTPOHUKe, 17-18 Hos10ps 2021.

Electrode materials for selective lithium extraction
from aqueous electrolytes

Zakharov K.S.
Supervisor: PhD, associate professor Eliseev A.A.

In the global transition to a carbon-neutral economy, alternative technologies are being
actively developed to produce lithium, which plays a key role in modern energy storage systems.
The world's leading lithium suppliers, including China, the USA, Chile and Bolivia, mainly use the
method of evaporation of salt water rich in lithium salts. However, this method is not suitable for
Russian conditions, as formation waters containing lithium have low concentrations of metal ions,
and climatic conditions do not allow effective application of evaporation technologies.

The aim of this work is to develop and study electrode materials for capacitive extraction of
lithium from aqueous solutions with low content of metal ions. To achieve this goal, the following
objectives were set: synthesis of composite electrodes based on known cathode materials (LiMn2Oa,
LiFePOs, LiNio,sMn1,504), optimisation of conductive additive composition, development of active
layer deposition technique, and determination of operating parameters of lithium selective
extraction process.

The following approaches and techniques were used as means to achieve the goal:
composite electrodes were synthesised with the addition of conductive carbon black in mass ratios
of 1:1, 1:4 and 1:10. Dispersion of the active phase was carried out in a planetary ball mill. The
obtained powders were examined by X-ray diffraction analysis and scanning electron microscopy to
analyse morphology. The electrodes were fabricated by screen printing on substrates with silver and
platinum conductive layers. The process of capacitive lithium extraction was realised in semi-
automatic mode with step-by-step intercalation, washing and deintercalation. The composition of
the eluate was determined by inductively coupled plasma mass spectrometry (ICP-MS).

It was found that the best cathode material for lithium extraction from aqueous electrolytes
was LiMn20Oa. The optimum sorption potential for efficient lithium extraction is 0.5 V. The highest
extraction efficiency was achieved using solutions with lithium concentrations of 100 and 300
mg/L. Composite electrodes with a 1:1 ratio of active material to carbon paste showed the best
electrochemical stability and capacity. Morphological analysis showed uniform distribution of the
active phase on the substrate and reliable adhesion to the conductive layer.

The aim to develop and investigate efficient electrode materials for capacitive extraction of
lithium from aqueous solutions was successfully achieved. The developed electrodes demonstrate
high selectivity, stability and applicability in conditions of low lithium concentrations typical for
Russian brines.

29


https://istina.msu.ru/workers/551746482/
https://istina.msu.ru/workers/700900612/
https://istina.msu.ru/conferences/presentations/700900853/
https://istina.msu.ru/conferences/presentations/700900853/
https://istina.msu.ru/conferences/696288134/
https://istina.msu.ru/conferences/696288134/
https://istina.msu.ru/workers/551746482/
https://istina.msu.ru/workers/700900612/
https://istina.msu.ru/conferences/700900929/
https://istina.msu.ru/conferences/700900929/
https://istina.msu.ru/conferences/700900929/
https://istina.msu.ru/conferences/presentations/700903162/
https://istina.msu.ru/conferences/presentations/700903162/
https://istina.msu.ru/conferences/presentations/700903162/
https://istina.msu.ru/conferences/700903145/
https://istina.msu.ru/conferences/700903145/

I'uaporepMajibHBIA CHHTE3, CTPYKTYPA, JJIEKTPHYECKUE U
ONTHYECKHE CBOMCTBA MIEHOK VO?

Tamapenko A.1O.

PykoBomuTens: k.X.H., go1. boiinosa O.B.

Psin peBONIOIMOHHBIX HAay4HBIX OTKPBITMH B caMOM KOHLIe XX BeKa IO3BOJIUI CO3JaTh
MOIIIHbIE KOMITAKTHbIE UCTOYHHUKHU U uyBcTBUTENbHbIE NeTekTopbl MK u TT'11 BonH, Onarogaps yemy
UK u TT'n ontosnexkTpoHUKa Havyajla CTPEMUTENIBHO BHEIPATHCA B IMPAKTHYECKOE HCIIOIb30BAHUE.
Hecmotpst Ha mocneaHue BHEYATISAIOUIME JOCTHKEHUS TeXHOJoruu mnpousBoictsa MK u TI'n
OITORJIGKTPOHUKH BCE €IlI€ HCIBITHIBAIOT OCTPYI0 MOTPEOHOCTh B pa3paboTKe HOBBIX Oojee
COBEPILEHHBIX YCTPOWCTB YNPABJICHUS BOJHAaMHU. B JaHHBII MOMEHT MHOTHE NEPCHEKTUBHBIC
NPAKTUYECKHE TPWIOKEHUS OTrpaHuyeHbl dS(P(GEKTUBHOCTHIO aMIUIMTYIHBIX W (Pa30BbIX
moayssitopoB MK u TT'n uznydenus.

MHoroo6emaronumM KJIaccoM MaTepHaloB MJii HCIOJb30BAHUS B MPOU3BOJUTEIBHBIX
ammmutyaabix  TI'm momymaropax u WK ycrpolicTBax SIBISAIOTCS COCTUHEHHS C  (ha30BBIM
nepexonoM. Jmokcun Banamus (VO2) mperepreBaeT oOpaTuMbiii (ha3oBBIN MEepexoa JAUAICKTPUK-
metain (JI-M) npu temneparype 68°C Mexay u3oauMpyromeii MOHOKIMHHON (azoit VO2(M1) ¢
BbIcOKOU mpo3pauynocThio B MK u TI'n auanazone u meramunyeckoit pytunbHoit (azoir VO2(R) ¢
CWIbHBIM oTpakeHueM u noriouieHrueMm MK u TI'n nznydenus. [louck uaeanbHoro 0anaHca Mexay
rinyounoit monynsauuu UK u TT'p u moporom ontu4eckoro WM TEPMHUUYECKOTO 3aIlycKa SBISETCS
KIIFOUEBOM 3a/1aueil npu co3nanuu 3PGEeKTUBHOTO MOYISTOPA HA OCHOBE JTUOKCHUIA BaHA U

JUis  CHIKEHHS TOopora ONTHYECKOTO/TEPMHUYECKOTO 3allycka HEO0OXOAMMO ITOHHU3HTH
teMneparypy nepexona JI-M. CoriacHo nocieIHuM JIUTEpaTypPHbIM JaHHBIM CaMbIM J1€HCTBEHHBIM
pellleHneM 3Toi 3aaun sABnseTcs neruposanue VO, KpYIHBIMU KaTHOHaMH, Hampumep, Mo®*, Nb®*
wm W®. B HacTosimee BpeMs H3BECTHO MHOMKECTBO ra3o(a3HBIX METOJOB CHHTE3a ILIEHOK
VO2(M1), oaHako OONBIIMHCTBO W3 HHUX SBISIOTCS CIOXKHO KOHTPOJUPYEMBIMH H3-3a
MCIOJIb30BaHUS BBICOKOBAKYYMHOI'O OOOpYJOBaHUS, YTO HE MOJAXOAUT JUIsI KPYIHOMACIITAOHOTO
IIPOU3BOJCTBA YCTpoiicTB Ha ocHoBe VO2. IlodTOMy mOHMCK HOBBIX TNIPEKYpPCOpPOB s
TUIPOTEPMANIBHOTO Ocax1eHus IIEHOK VO2 SBIseTCs BaKHOM 3a1ayeil.

B nmannoii pabote BmepBble mpeiokeH crmocod momydeHus mi€¢Hok VOz u3 6e3BomHON
IIPEKYPCOPHON CHCTEMBI, a TaKXKe MOJydyeHbl MIEHKH cocTaBa Vi1xM0xO2 B rupporepMaibHbIX
ycnoBusix. CoBokymHocThio MeTofoB P®A, KP cnekrpockornuu, POIC, ACM, POM, 4-x
KOHTaKTHOTO METO/Ia HU3MEpEeHMs 3JeKTpuuyeckoro comnpotusieHus u MK-cnekrpockonuu BO
BpeMEHHOW o0nacTu ObUIM HcCIeoBaHbl (a30BbI cocTaB, MOp(doJIOTHs, MHUKPOCTPYKTYpa,
AJIEKTPUUYECKUE U ONTHUYECKHE CBOMCTBA IUIEHOK. Yanoch MOMY4YUTh (pa3bl TBEPIBIX pacTBOPOB
V1xM0xO2 ¢ conepxxkanmem mommbaeHa a0 15% B BuIe OJHOPOIHBIX IUICHOK. JlermpoBanwue
MOJIMOJICHOM IMPUBOJMT K CHW)KEHHIO Temreparypbl mepexona J-M (mo 45°C) mpu coxpaneHun
BBICOKOM TiyOMHBI Monyisuuu (>70%) u y3koil mernu rucrepesuca. IlomydeHHble mMarepuaibl
MOTYT OBbITh MCIIOJIb30BaHbI /Il U3TOTOBJIEHHUS BEICOKOA(P(GEKTUBHBIX YCTPOHCTB MaHumysiiuu MK
U3ITyYEeHUS.

IMy6ankamun cryaenta (https://istina.msu.ru/profile/Artem_Tatarenko/):
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Nano Materials, 2021, 4 (10), p. 10592-10600.

2. Grebenchukov A., Boytsova O., Tatarenko A., et al., Infrared and terahertz spectra of Sn-doped
vanadium dioxide films // Ceramics, 2023, 6 (2), p. 1291-1301.

3. Boytsova O., Zhukova I., Tatarenko A., Shatalova T., Beiltiukov A., Eliseev A., Sadovnikov A.,
The Anatase-to-Rutile Phase Transition in Highly Oriented Nanoparticles Array of Titania with
Photocatalytic Response Changes // Nanomaterials, 2022, 12 (24), p. 4418. doi:
Nanomaterials10.3390/nan012244418.
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Hydrothermal synthesis, structure, electrical and optical properties
of VO: films

Tatarenko A.Y.
Supervisor: PhD, associate professor Boitsova O.V.

A number of revolutionary scientific discoveries at the very end of the 20th century made it
possible to create powerful compact sources and sensitive detectors of IR and THz waves, due to
which IR and THz optoelectronics began to be rapidly introduced into practical use. Despite the
recent impressive achievements in IR and THz production technology, optoelectronics still
experience an urgent need to develop new, more advanced wave control devices. At the moment,
many promising practical applications are limited by the efficiency of amplitude and phase
modulators of IR and THz radiation. A promising class of materials for use in productive amplitude
THz modulators and IR devices are phase-change compounds. Vanadium dioxide (VO2) undergoes
a reversible insulator-to-metal (MIT) phase transition at 68°C between the insulating monoclinic
phase VO2(M1) with high IR and THz transparency and the metallic rutile phase VO2(R) with
strong IR and THz reflection and absorption. Finding the ideal balance between the IR and THz
modulation depth and the optical or thermal triggering threshold is a key challenge in creating an
efficient vanadium dioxide-based modulator.

To reduce the optical/thermal triggering threshold, it is necessary to lower the I-M transition
temperature. According to the latest literature, the most effective solution to this problem is doping
VO, with large cations, such as Mo®*, Nb> or W®*. Currently, many gas-phase methods for
synthesizing VO2(My) films are known, but most of them are difficult to control due to the use of
high-vacuum equipment, which is not suitable for large-scale production of VO2-based devices. In
this paper, a method for producing VO: films from an anhydrous precursor system is proposed for
the first time, and films of the V1.xMoxO2 composition are obtained under hydrothermal conditions.
The phase composition, morphology, microstructure, electrical and optical properties of the films
were studied using a combination of XRD, Raman spectroscopy, XPS, AFM, SEM, 4-contact
method for measuring electrical resistance and IR spectroscopy in the time domain. It was possible
to obtain phases of v1.xM0xO2 solid solutions with a molybdenum content of up to 15% in the form
of homogeneous films. Molybdenum doping leads to a decrease in the MIT transition temperature
(to 45°C) while maintaining a high modulation depth (>70%) and a narrow hysteresis loop. The
resulting materials can be used to manufacture highly efficient IR radiation manipulation devices.

Ocobennoctu kpucraansanuu gpocparoB LiMPO4 (M = Fe, Mn)
MPH COJIbBOTEPMAJILHOM CHHTE3€ MATEPHAJIOB

Yoncoy L[3vixao

PykoBoaurtenu: K.X.H., B.H.C. poxokun O.A.; K.X.H., cT. niper. XKapukona 2.B.

Jlutnit-uonneie akkymynstopsl ¢ LiFePO4 (LFP) B xaduecTBe kaToma KOMMeEpIHAaIH30BaHbI
U IIUPOKO HCHOJB3YIOTCA B TOBCeAHEBHOW xu3HH. LFP obnamaer crabunpHOW CTpyKTypoil n
XOpolIel MUKINPYEMOCThIO, yTO cocTaBisieT Oosee 1500 UKIOB, HO €ro YHEPrOEMKOCTh YCTYIaeT
OKCHUJHBIM KaTOJHBIM MaTepuanamMu coctaBisieT ~560 Bt-u/kr. C nmpyroit croponsl, LiMnPOs,
KOTOPBIN TakKe UMEET CTPYKTYPY OJMBMHA, 00J1alaeT BBICOKOH sHeproeMkocThio (=700 BT u/kr),
OJTHaKO OBICTPO AETPAIMPyeT MPH NUKIUPOBaHUU. ETO CTpyKTypa OKa3pIBaeTCsl HecTaOMIIbHA M3-32
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obpasoBanus Mn** npu 3apsje, KOTOpBIH MOKET muCHpoHopruoHuposath Ha Mn?* u Mn* ¢
JanbHEHIINM pacTBOpeHHeM B »jekTponuTe. Kpome Toro, obpasosamme Mn3* B pesymsrate
apdekra SAna-Temnmepa HCKakaeT CTPYKTYpPY, BBI3bIBas OBICTPYIO JIeTpajalfio MaTepuania.
[ToaToMy o0cCOOBIi WHTEpPEC TMPEACTaBIsSET MaTepuall, COBMEMIAOIINNA JOCTOMHCTBA 000UX
COCTaBOB — HHEProdPPeKTUBHOCTh W CTaOUIBHOCTH. B KadecTBe HamOojee MEPCHEKTUBHOTO
cocTaBa paccMmarpuBaeTcs TBepablid pacTBop LiMngsFeosPOa.

Llenbio paboOTHI CTANIO UCCIIEAOBAHUE 3aBUCUMOCTH MOP(OJIOTUH U pa3Mepa YacTHIL, a TAKKE
ANEKTPOXUMHUUYECKHX  XapakTepucTtuk obpasnoB LFePOs, LMnPOs wu LMnosFeosPOq,
CUHTE3UPOBAHHBIX B BOJIC U B CMECH BOJIbI C JUATUIICHTIIMKOJIEM (B COOTHOLIeHHUH 1:1), OT BpemeHn
COJIBBOTEPMANIBHOTO cuHTE3a. 115 3TOro chopMyIupOBaHbI CICIYIOIIUE 3a1aUH:

1. Cunre3s o6pasio LiFePO4, LIMNPO4 u LiMng sFeosPO4 cosbBoTepMaibHBIM METOZIOM B
BOJIE U B CMECH BOJIbI U AUATUJICHIJIMKOJIS B COOTHOLIEHHUH 1:1

2. IloaTBep:xneHue (ha3oBOro cocTaBa MOIyYeHHBIX 00pa3oB MeTogoM POA

3. UccnenoBanue MOpQOIOruy NOTYIeHHBIX 00pa3ioB MetogqoM COM

4. IIpuroToBieHUe SJIEKTPOAOB U OINpEAETCHUE OSJICKTPOXUMHUYECKUX XapaKTEPUCTHUK
MOJIy4YE€HHBIX 00pa3IoB.

B pesynbrate paboter ObiTH cuHTe3upoBanbl 30 oOpasmoB. CornacHo nanHbiM PDA, Bce
MOJIy4eHHBIE O00pa3ipl — oOJHOGAa3HbIe. YTOYHEHHbIE MapaMeTpbl KPHUCTAJUIMYECKON peleTKu
XOpOILO COTJIACYIOTCS C JIUTEpaTypHbIMH JaHHbIMH. [locTpoeHHble TIpaduku 3aBUCHMOCTH
nonymmpuHbl pediexca (311) oT BpeMeHH CHHTE3a IEMOHCTPUPYIOT HETMHEHHBIH XapakTep, 4To
TOBOPUT KOHKYPUPYIOIIMX MEXaHW3Max (OpMHUpOBaHUS M pOCTa dYacTull. Pe3ynbraTsl
MUKPOCKOIUU TOATBEPANIA HEMOHOTOHHOCTh POCTAa YACTHI[, XapaKTepHYIO i1 BCEX Tpex
cocraBoB. Jlms Bcex 30 00pa3ioB MPOBOAMUIIOCH TaJbBAHOCTATUYECKOE IUKIUPOBAHUE B
MoJysiYeiikax ¢ JUTHEBBIM aHoaoM. OOHapyKeHO, YTO HAMOOJBIIYIO PaspAIHYI0 €MKOCTh [0
160 MAY/r (~95% oT Teoperuyeckoil) aeMOHCTPHUPYIOT obOpaszensl LFP, a o6pasusr LFMP
JEMOHCTPUPYIOT pa3psaaHyto eMKocTh A0 150 MAY/T (~90% OT TeopeTndeckoii).

IMyoauxamuu cryaenta (https://istina.msu.ru/workers/755689717):

1. Izeixao Y., 3axapuenko T.K., Komnozumnvie xamoousvie mamepuanvt Ha ochose LiFePOs4 ona
meepoomenvhvlx aumuesvlx axkkymynamopos [ XXXI MexayHapoanas KoHgepeHIus
CTYAEHTOB, ACHHUPAHTOB H MOJOAbIX YueHbIX «JlomonocoB 2024», Mocksa, Poccus,
12-26 anpens 2024.

Crystallization features of LIMPO4 (M = Fe, Mn) cathode materials
in solvothermal synthesis

Zhou Zihao

Supervisors: PhD, leading researcher Drozhzhin O.A.; PhD, senior lecturer
Zharikova E.V.

Lithium-ion batteries with LiFePO4 (LFP) as the cathode have been commercialized and
widely used in daily life. LFP has a stable structure and good cyclability, with more than 1500
cycles. However, its energy density is inferior to oxide cathode materials, being approximately 560
Wh/kg. On the other hand, LiMnPOg4, which also has an olivine-type structure, has a high energy
density (approximately 700 Wh/kg), but it degrades rapidly during cycling. Its structure turns out to
be unstable due to the formation of Mn®* during charging. Mn®* can disproportionate into Mn?* and
Mn** and then dissolve in the electrolyte. In addition, the formation of Mn3* due to the Jahn-Teller
effect distorts the structure, causing rapid degradation of the material. Therefore, a material that
combines the advantages of both compositions — energy efficiency and stability — is of particular
interest. As the most promising composition, the solid solution LiMngsFeosPOas is considered.
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The aim of this work was to study the dependence of the morphology and particle size, as
well as the electrochemical characteristics of the LFePO4, LiIMnPO4 and LiMnosFeosPO4 samples,
synthesized in water and in a mixture of water and diethylene glycol (in a ratio of 1:1), on the time
of solvothermal synthesis. Accordingly, the following tasks were formulated:

1. Synthesis of LiFePOas, LiIMnPO4 and LiMngsFeosPOs samples by the solvothermal
method in water and in a mixture of water and diethylene glycol in a ratio of 1:1.

2. Analysis of the phase composition of the obtained samples by X-ray powder diffraction
(XRPD).

3. Investigation of the morphology of the obtained samples by scanning electron microscopy
(SEM).

4. Preparation of electrodes and study of the electrochemical characteristics of the obtained
samples.

As a result of the work, 30 samples were synthesized. According to the XRPD data, all
samples are single-phase. The refined parameters of the crystal lattice are in good agreement with
the literature data. The plotted graphs of the dependence of the half-width of the (311) reflection on
the synthesis time demonstrate a non-linear character, indicating competing mechanisms of particle
formation and growth. The microscopy results confirmed the non-monotonic growth of particles,
which is characteristic of all three compositions. Galvanostatic cycling was carried out for all 30
samples in half-cells with a lithium anode. It was found that the LFP samples exhibit the highest
discharge capacity of up to 160 mAh/g (~95% of the theoretical value), while the LFMP samples
exhibit a discharge capacity of up to 150 mAh/g (~90% of the theoretical value).

HoBble 3j1eKTpoAHbIE MATEPUAJIBI 1JIsi CAMMETPHUYHOIO
TBEPAOOKCUIHOT0 TOILIMBHOIO 3JIEMEHTA HA OCHOBE KeJie30- U
AJIOMUHHICOEPKAIMUX OKCHI0B CO CTPYKTYPOIi MEPOBCKUTA

Jlanmuwn I11.]/].

PykoBoauTens: K.X.H., 1o1. Mctomun C.41.

TBepaookcuauplii  TommuBHBIA  3neMeHT (TOTD) — anekTpoxuMudeckoe  yCTpOMCTBO,
npeodpasyroliee XUMUUYECKYI0 SHEPTHIO B 3JIEKTPUUECKYI0 0€3 cTaiuu ropeHus Torumba. OgHUM
W3 aKTHBHO pa3BUBAIONINXCS HampasieHuil TexHonorun TOTD sBisieTcst co3aHie CHMMETPUIHBIX
TOTO (C-TOTD), B KOTOPBIX KATOJHBIA U aHOTHBIN MaTepHaIbl UMEIOT OJJUHAKOBBIN XUMUUECKUH
cocraB. B kauectBe anektponHoro matepuana C-TOTD ucnonab3yroTcsi OKCHUIBI CO CTPYKTYpOil
nepoBckuTa cocraBa ABOs, rae B - katnon 3d-metaina.

bnaronaps HanMuuiO KHUCIOPOA-MOHHOM MPOBOAMMOCTH (DeppUTHI MOKA3bIBAIOT BHICOKYIO
3¢ GEeKTUBHOCTH B KauecTBe 3JekTpoaHoro Matepuana TOTD. Ognako ux ¢as3oBas ycTOWYMBOCTH B
BOCCTAHOBUTEJIBHOM aTMoOc(epe OrpaHu4eHa, IOITOMY C LENbl0 €€ IMOBBIEHUS OOBIYHO
MPOBOJIUTCS. YaCTHYHOE 3aMellleHHe Fe Ha KaTHOHBI C YCTOMUYMBOHM CTeneHblo OKucieHus. B
HacTosel pabore B KadecTBe anekTpoaHoro marepuana C-TOTD wuccnenyrorcs MepoBCKUTHI
coctaBa LaogCag2FeixAlxOs.5, KOTOpBIE paHee HE H3YYaIHCh.

LaosCag2FeixAlxOss (X = 0-0.3, Ax = 0.1) ObLIH MOTyYEHBI METOIOM TBEPA0(a3HOTO CHHTE3A.
YcranoBneHo oOpa3oBaHue TBepaoro pactBopa B mpexaenax X =0-0.2. Okcuabl MOKa3bIBaIOT
JIOCTaTOYHO BBICOKYIO 3JIEKTPOIPOBOJHOCTh Ha BO3/AyX€, KOTOpas CHMKAETCS C YBEIHMUYEHUEM
cogepxkanus Al (o1 63.5 Cwm/ecm mis x =0.0 mo 18.2 Cm/em mis x =0.3 mpu 900 °C). s
OTIpeJIeJIEHUs] YCTOWYMBOCTH B BOCCTAHOBUTENIBHBIX YCIOBUSX MOPOIIKOOOpa3HbIEe 00pa3libl ObLTH
otoxokeHbl B atMocdepe Ar/Hz. Pentrenogaszoseiii ananmu3 (POA) nokasai, 4to npu TemiepaType
omxkura 900 °C LaogCag2Fe0s5 (LCF) wactuuno BocctaHaBmuBaeTcs ¢ obOpasoBanuem LaOz u
a-Fe, omnmako mnpu yBenmmyenun conepxkanus Al 1o X =0.2 oOpazoBaHue IaHHBIX (a3 He
Habmonaaercs. [Ipu 800 °C ¢a3zoBoro pacnajga He 0OHAPY>KEHO HH [T OJTHOTO COCTaBa.
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IIo COBOKYIHOCTM M3y4YEHHBIX BBICOKOTEMIIEPATYPHBIX CBOMCTB KakK IEPCIEKTUBHBIN
AJIEKTPOHBIN MaTepuan BbiOpaH Matepuan coctaBa LaogCag2FeosAlo 2035 (LCF-A102). MeTtogom
munatomerpun onpenened KTP marepuana LCF-Al02, xotopsiii cocrasun 10.2 ppm K. POA
mokasajl OTCYTCTBHE Xumuyeckoro B3aumojeiictBus LCF-AlI02 u TBepmoro ssiekrposura
Ce09Gdo.101.95 (GDC) ¢ obOpasoBanmem mpuMecHbIX (a3 BmioTh g0 1300°C. s u3ydeHwus
anekTpoxumuueckor akTuBHOCTH LCF-Al02 B peakiiuu BOCCTaHOBJICHHUSI KHCIOPOJa U CPaBHEHUS
€ro CBOHCTB ¢ wu3BecTHbIM MaTepuanioM LCF  ObTM  HM3TOTOBIEHBI CHMMETPUYHBIE
ANEKTPOXUMHUUYECKHE sSUYeKku KoHburyparuu anektpon/GDC/anektpon.  MenkoaucnepcHbie
nopomiku coctaBoB LCF u LCF-Al02 Obutn CMHTE3UPOBAHBI IUTPATHBIM METOJIOM DJIEKTPOIHBIC
MaTepuaibl METOAOM TpadapeTHONH MeyaTH HAHOCWIIM Ha IMOBEPXHOCTb TBEPIAOTO AIIEKTPOJIHTA
GDC u omxkwuranu npu temreparype 1150 °C na Bo3ayxe. HccnepoBaHue 3J€KTPOXUMHUYECKUX
XapaKTePUCTHK  DJEKTPOJHBIX MaTepHaioB  ObUIO  BBIIIOJHEHO  METOJIOM  HMIIEJaHCHOU
CHEKTPOCKOIUU IO TPEXIIIEKTPOIHON cxeMe MoAKIoUeHus: B uutepnaie temmneparyp 600-900 °C u
napUUaIbHBIX AaBieHusx kuciaopoaa pO2 ot 0.05 no 1 aTm.

[IpennoxeHHbI MaTepHal IEMOHCTPUPYET BEIMYMHY MOJISPU3ALMOHHOTO COMPOTUBICHUS
rpanunel  LCF-Al02/GDC cpaBHuMyl0 ¢ TakoBoW [uisi HepomupoBaHHoro wMatepuana LCF.
[TokazaHo, 4TO JMMHUTHUPYIOIIUMU CTAIUSIMH PEAKIMA BOCCTAHOBJIECHHUS KHCJIOPOJia Ha JAaHHBIX
MEPOBCKHUTAX, HauboJiee BEPOSTHO, SABIAIOTCS IMpOLIECC TMepeHoca 3apsaa, MPOTEKAIoUUil Ha
Tpex(dazHol rpaHulle ra3/3JaeKTPOI/IIEKTPOIUT U MOBEPXHOCTHAS AUPDY3Us.

IMyoauxamuu cryaenta (https://istina.msu.ru/profile/Petr L/):

1. Jlantun I1.JI., Wcromun C.A., JleickoB H.B., Hogwvlie asnexmpoousie mamepuanvt o0nas
CUMMEMPUYHO20  MBEPOOOKCUOHO20  MONIUBHO20 — dNIeMeHma Ha  OCHO8e  Jcene3o- U
AIOMUHUTICOOEPAHCAWUX OKCUO08 CO cmpyKkmypoul neposckuma (Ycemuwitr) /I MekayHapoaHas
HAay4YHasi KOH(epeHIUsI CTYyJeHTOB, ACHHUPAHTOB U MOJOABIX Y4€éHbIX «JloMOHOCOB-2025),
MI'Y um. M.B. Jlomonocosa, Poccus, 15-24 anpens 2025.

2. Jlanrun I1.[., Ucromun C.A., JIeickoB H.B., Hogvie mamepuanvt cummempuunoco TOTO na
OCHOBe JiceNe30 U AIOMUHULL COOePACAUUX OKCUA08 co cmpyKkmypol neposckuma (CmeH0o8ulil)
/I XXIII Beepoccuiickasi mKoJ1a-KOH(epeHIHsI MOJIOABIX YUYeHBIX «AKTYaJbHbIE NPOOIeMbI
HEOPraHU4YeCcKOW XUMHM: XUMHS U IKOJI0TUsI», Poccus, 15 Hos1Opst - 17 nexadpst 2024.

3. Jlantun I1.J., Uctromun C.A., JIeickoB H.B., Hogvie mamepuanvt cummempuunoco TOTO mua
OCHOBe OKCUO08 dcelle3a U aloMunus co cmpykmypou neposckuma I/ 17-e MexayHapoaHoe
coBelianne «@yHaaMeHTAIbHBbIE M TPHUKJAJAHbIe MP00JieMbl MOHUKH TBEPAOTO Tejlay,
Poccus, Yepnoromnoska, 17-23 uronst 2024.

4. Safronova T.V., Laptin P.D., Zybina A.l, Liao X., Shatalova T.B., Boytsova O.V.,
Khayrutdinova D.R., Akhmedov M.M., Xu Z., Kolesnik 1.V., Kaimonov M.R., Gavlina O.T.,
Akhmedov M.R. Powders Synthesized from Calcium Carbonate and Water Solutions of
Potassium Hydrosulfate of Various Concentrations // Compounds, 4 (4), p.650-663,
https://doi.org/10.3390/compounds4040039

Novel electrode materials for symmetrical solid oxide fuel cell based
on iron- and aluminum-containing oxides
with the perovskite structure

Laptin P.D.
Supervisor: PhD, associate professor Istomin S.Ya.

A solid oxide fuel cell (SOFC) is an electrochemical device that converts chemical energy
into electrical energy without the combustion stage of fuel. One of the actively developing
directions in SOFC technology is the creation of symmetrical SOFCs (S-SOFCs), where the
cathode and anode materials possess identical chemical compositions. Perovskite-structured oxides
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with the formula ABOs, where B is a cation of a 3d-metal, are utilized as electrode materials for
S-SOFCs.

Due to their oxygen-ion conductivity, ferrites exhibit high efficiency as SOFC electrode
materials. However, their phase stability under reducing atmospheres is limited; thus, partial
substitution of Fe with cations having stable oxidation states is typically employed to enhance
stability. In this work, perovskite materials with the composition LaosCao2Fei-xAlxO3.5, which have
not been previously studied, are investigated as electrode materials for S-SOFCs.

LaosCaog2FeixAlxOs5 (x =0-0.3, Ax =0.1) were synthesized via solid-state reaction. The
formation of a solid solution was confirmed within the range x = 0-0.2. The oxides demonstrate
relatively high electrical conductivity in air, which decreases with increasing Al content (from
63.5 S/cm for x=0.0 to 18.2 S/cm for x =0.3 at 900 °C). To assess stability under reducing
conditions, powdered samples were annealed in an Ar/Hz atmosphere. X-ray diffraction (XRD)
analysis revealed that LapsCao2FeOs.s (LCF) partially decomposes at 900 °C, forming La>,O3z and
a-Fe. However, increasing the Al content to x = 0.2 suppresses the formation of these phases.
No phase decomposition was observed for any composition at 800 °C.

Based on the collective analysis of high-temperature properties,
Lao.sCao2FeosAlo203.5 (LCF-Al02) was selected as a promising electrode material. Dilatometry
determined the thermal expansion coefficient (TEC) of LCF-Al02 to be 10.2 ppm K.
XRD confirmed the absence of chemical interaction between LCF-Al02 and the solid electrolyte
Ce0.9Gdo.101.95 (GDC), with no impurity phase formation up to 1300°C. To study the
electrochemical activity of LCF-Al02 in the oxygen reduction reaction and compare its properties
with the known LCF material, symmetric electrochemical cells with the configuration
electrode/GDCl/electrode were fabricated. Fine powders of LCF and LCF-Al02 were synthesized
via the citrate method. Electrode materials were screen-printed onto GDC electrolyte surfaces and
annealed at 1150 °C in air. Electrochemical characterization was performed using impedance
spectroscopy with a three-electrode setup in the temperature range 600-900 °C and oxygen partial
pressures (pO.) of 0.05-1 atm.

The proposed material demonstrates polarization resistance at the LCF-Al02/GDC interface
comparable to that of the undoped LCF. It is shown that the rate-limiting steps of the oxygen
reduction reaction on these perovskites are most likely the charge transfer process occurring at the
gas/electrode/electrode/electrolyte triple-phase boundary and surface diffusion.

Hepoxcnna:&anonoﬁnaa AKTUBHOCTb HAHOMATCPHAJT0B HA OCHOBE
AUOKCHUIA IEPpUs: aHAJIU3 KOJOPUMETPUICCKUM U
XEMUWJIIOMUHECHEHTHBIM METOJaMHU

Ilonkoe M.A.

PykoBoaurenu: k.6.H., ¢.H.c. Co3apykoBa M.M.; a.x.H., ui.-kopp. PAH MBanos B.K.

[To manHpIM MexayHapoaHOro coro3a Teopetnueckod M mnpuknagHoi xumun (IUPAC),
HampaBJICHHBI  cHHTe3  OWOJIOTMYECKM  aKTUBHBIX  HAHOMAaTepUasoB,  0OJAJaroIIMX
(bepMeHTOno/1I00HOI aKTUBHOCTHIO U CIIOCOOHBIX YYacTBOBaTb B PETYJISIUN OHOXMMHUYECKHUX
MPOIIECCOB, SABJISIETCS OAHON M3 Hanbojee AMHAMHYHO Pa3BUBAIOIIMXCA 00JIaCTe COBPEMEHHOI'O
MarepuaioBeneHus. B cBs3u ¢ 3TUM, pa3paboTka HaIeKHBIX METOJOB aHAIHM3a (hepMEHTOTI0100HOM
aKTUBHOCTH HAHOMAaTEpHAaJlOB C 33JaHHOM CTPYKTYPOH M XMMHUYECKUM COCTAaBOM IIPE/ICTaBISET
cO0O0H aKTyaJlbHYIO U BaXHYIO 33/1a4y.

B kauyectBe 00bekTa uccaenoBaHus ObLT BEIOpaH HAHOKPUCTAJUTMYECKUN TUOKCH]L LIEpHs —
MaTtepuai, o0JaJaluil IMHUPOKUM CHEKTPOM OHOKAaTaTUTHYECKOM aKTUBHOCTH, B TOM 4YHCIIE
MEePOKCHU1a3010J00H0H. DepMeHTHI Kilacca NEPOKCHIA3 U UX MUMETHKHU UTPAIOT KIIFOYEBYIO POJIb B
perysuu MeTaboiau3Ma akTHUBHBIX (POPM KHUCIOPOJa B KMBBIX CHCTEMax, YTO JIENIAeT CO3JaHHe
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HOBBIX MAaTE€pPHAJIOB HA OCHOBE JMOKCHJA LIepUsi OCOOCHHO MEPCIEKTUBHBIM IJII OMOMEANIIMHCKUX
MIPUMEHEHUH.

[{enbro 1aHHOM paOOTHI SBIISETCS CHHTE3 arperaTUBHO YCTOWYMBBIX KOJUIOMIHBIX PACTBOPOB
HAHOKPHUCTAJUIMYECKOTO  JAMOKCHIA UepHs, (QYHKIHOHATH3UPOBAHHOTO OHOCOBMECTHMBIMU
JaurasgamMu (IUTpaT- U ackopOaT-aHMOHAMHU) HCCieloBaHuE (PU3UKO-XUMUYECKHX XapaKTEPUCTUK
MIOJIyYEHHBIX HAHOMATEPHAJIOB C HCIOJIb30BAHMEM KOMILUIEKCA B3aWMOJOMNOJHSIOIMIMX METOJ/IOB
aHaJlM3a W OLEHKH WX MEPOKCHUIA30MO000HON aKTHMBHOCTH JIBYMS HE3aBUCHUMBIMHU METOIAMH —
KOJIOPUMETPUYECKUM U XEMUITIOMUHECLICHTHBIM.

DNEKTPOCTaTUYECKH CTAOWJIM3UPOBAHHBIA 30JIb JAMOKCHIA Iepusi ObUl CHUHTE3UPOBAH
METOJIOM TEPMOTUIPOJM3a BOJHOTO pacTtBopa rekcanutparouepata(lV) ammonusa. [ns
(YHKIIMOHATN3allMM  TIOBEPXHOCTH HAHOAMCIIEPCHOTO JHOKCHIA Iepusi OHOCOBMECTUMBIMU
HU3KOMOJIEKYJISIPHBIMH JIMTaHAaMU (LIUTPaTOM aMMOHHS M ackopbaTtoMm HaTpusi) ObUIM BbIOpaHbI
MoJbHBIE cooTHomeHus aurana:CeOz B nuanazone ot 0.125:1 mo 2:1. BeiOpaHHbIle COOTHOLICHHUS
o0ecrieunBal 4aCTUYHOE WM TMONHOE MOKphiTHe Hanodactull CeOz muranmamu. [lomydeHHBIC
MaTepuaigbl OBbUIM OXapaKTepU30BaHBl KOMILJIEKCOM B3aMMOJOMOJHSIONIMX METO/J0B aHalIN3a,
BKJIIOYasi PEeHTreHO(a30BbIi aHalN3, MPOCBEYMBAIOIIYI0 PACTPOBYIO 3JEKTPOHHYI0 MHUKPOCKOIIHUIO,
JTMHAMUYECKOE paccessHue cBera, copouuto azora, POOC, UK u Y d-cnektpockonuto. Pe3ynbrarst
MOKa3ajii, 4TO CTabuiIu3anus 30Jeil JOCTUTAeTCs 3a CUET JIEKTPOCTAaTUYECKOr0 B3aWMOACUCTBUS
MEXIY IMOJIOKUTEIFHO 3apsHKCHHOM IMOBEPXHOCTBIO JHOKCHAA MLepus U KapOOKCHUIHLHBIMU
rpyIIaMy JTUTaHI0B.

[lepokcuaazonono0Has aKTUBHOCTH HAHOMATEPUAJIOB HAa OCHOBE IUOKCHIA IEepHs Oblia
MOATBEPXKJIEHA JBYMs HE3aBUCHUMbIMU MeTojgaMu. Komopumerpuueckuil aHaiu3 IOKas3al, 4YTo
KUHETHKa okucieHus 3,3°,5,5’-rerpaMeTunOCH3UIMHA B TPHUCYTCTBHM HAHOYACTHUI JAHOKCHIA
LepUsi COOTBETCTBYET Mozaenu Muxasnmuca-MeHnteH. PaccuuTaHHble i HAaHOMATE€pUAJIOB Ha
ocHoBe CeO: karanuTUYeCKUE MapaMeTpbl (KOHCTaHTa Mmuxasiuca, KaTaIUTUYeCKash KOHCTAHTA)
COIIOCTaBUMBI C XapaKTEPUCTUKAMH MPHUPOAHOTrO (epMeHTa — MEePOKCHAa3bl U3 KopHel xpeHa. C
MOMOINBI0  XEMUJIFOMHUHECIIEHTHOTO METOJa OBbUIM  OMpENeieHbl KOHCTAHTBI  CKOPOCTEH
3JIEMEHTapHbIX pEaKUMid OKHUCIECHHMS JIIOMHUHOJA NEPOKCHUAOM BOJOPOJAa B IPHUCYTCTBUU
HaHoyacTHl] Jauokcuaa uepusa. Ilpu yBennuenunm coorHomenus nuranaa ot 0,125:1 mo 2:1
HaOJII0JaeTCsl 3HAUUTEIIbHOE YMEHBIIICHUE KaTaTUTUYECKON aKTUBHOCTH HAaHOMATEepUaJioB B 4 pasa,
YTO BEPOSITHO CBSI3aHO C YMEHBIIICHUEM KOJIMYECTBA AKTUBHBIX IIEHTPOB HA MMOBEPXHOCTU YACTHII.

Hanomatepuanbl ¢ MonbHBIM cooTHOmeHWeM iuraia:CeOz paBHbiM 1:1, B auamaszone
koHueHTpauui ot 0,1 70 1 MM npoeMOHCTPUPOBAIHM HU3KYIO IIUTOTOKCUYHOCTH MO OTHOILIEHUIO K
ME3EHXHMAaJIbHBIM CTBOJIOBBIM KJIETKaM YeJIOBEKa.

TakuMm oOpa3om, OBLIHM MONTY4YeHBI OMOCOBMECTUMBIE HAHOMATEPUANIBI HA OCHOBE TMOKCUAA
Hepusi C pEeryiupyeMor MepoKCHIa30M0I00HON aKTHBHOCTBIO, COMOCTAaBUMOM C MPHUPOIHOM
MEPOKCUAA30d M3 KOpHEW XpeHa. BrepBble MPOBEIEHO COIMOCTABICHUE BO3MOKHOCTEU
KOJMYECTBEHHOTO  aHajh3a  MEepOKCHUIA30MOJO0HOM  aKTHUBHOCTM  HAaHOMAaTepuaioB ¢
WCIIOJIb30BAaHUEM MPHUHIMIHUAIBHO Pa3HBIX AHATUTHYECKUX METOJIOB — KOJIOPUMETPUYECKOTO M
XEMUITIOMUHECIICHTHOTO.

IMyoauxamuu cryaenra (https://istina.msu.ru/workers/350236126):

1. Popkov M.A., Sheichenko E.D., Filippova A.D., Tronev L.V., Novoselova K.N., Trufanova E.A.,
Vasilyeva D.N., Protsenko M.R., Sozarukova M.M., Baranchikov A.E., Ivanov V.K., Peroxidase-
like activity of photochromic PVP-stabilized tungsten oxide nanoparticles: assessment by
independent chemiluminescent and colorimetric assays // Nanosystems: Phys. Chem. Math.,
2025, 16 (1), 22-29. DOI: 10.17586/2220-8054-2025-16-1-22-29

2. Panova, L.V., Brusova, M.M., Krut’ko, D.P., Lemenovskii D.A., Popkov M.A., Afanasov M.1.,
Dyadchenko V.P., Burlutsky R.O., Panov Y.M., loutsi V.A., Hydrosilylation of ferrocene-
containing alkenes and alkynes as a route to siloxane aerogels modified with ferrocene // Russ.
Chem. Bull., 2024, 73, 396-413. DOI: 10.1007/S11172-024-4147-4

36


https://istina.msu.ru/workers/350236126

10.

11.

12.

13.

14.

Panova, L.V., Lemenovskii, D.A., Afanasov, M.l., Popkov M.A., Burlutskiy R.O., Brusova
M.M., Talanova V.N., Kholodkov D.N., Ferrocene-Modified Siloxane Aerogels // Russ. J. Phys.
Chem. B., 2024, 18, 1745-1751. DOI: 10.1134/51990793124701045

Taran G.S., Sheichenko E.D., Popkov M.A., Novoselova K.N., Kochenkova Yu.A., Filippova
A.D., Baranchikov A.E., Ivanov V.K., Hydrothermal Synthesis of Aqueous Sols of Lactic Acid-
Stabilized Nanocrystalline Hafnium Dioxide and Their Enzyme-Like Activity // Russ. J. Inorg.
Chem., 2024, 69, 2099-2108. DOI: 10.1134/s0036023624602927

Kornienko A.l., Teplonogova M.A., Shevelyova M.P., Popkov M.A., Popov A.L., Ivanov V.E.,
Popova N.R., Novel Flavin Mononucleotide-Functionalized Cerium Fluoride Nanoparticles for
Selective Enhanced X-Ray-Induced Photodynamic Therapy // J. Funct. Biomater., 2024, 15(12),
373. DOI: 10.3390/jfb15120373

Kameneva S.V., Yorov K.E., Kamilov R.K., Kottsov S.Yu., Teplonogova M.A., Khamova T.V.,
Popkov M.A., Tronev L.V., Baranchikov A.E., lvanov V.K., Epoxide synthesis of binary rare
earth oxide aerogels with high molar ratios (1:1) of Eu, Gd, and Yb // J Sol-Gel Sci Technol.,
2023, 107, 586-597. DOI: 10.1007/S10971-023-06149-Z

Panova L.V., Lemenovskii D.A., Afanasov M.I. Krut’ko D.P., Popkov M.A., Burlutskiy R.O.,
Brusova M.M., Koel M., Bolobajev Yu., Talanova V.N., Buyanovskaya A.G., Ferrocene-
Modified Resorcinol-Formaldehyde Aerogels // Russ. J. Phys. Chem. B., 2023, 17, 1526-1533.
DOI: 10.1134/S1990793123070175

Kameneva S.V., Popkov M.A., Tronev I.V., Kottsov S.Yu., Sozarukova M.M., Ivanov V.K.,
Photochromic aerogels based on cellulose and chitosan modified with WO3s nanoparticles //
Nanosystems: Phys. Chem. Math., 2022, 13 (4), 404-413. DOI: 10.17586/2220-8054-2022-13-
4-404-413

[onkoB M.A., Buokomnozumsl HaA OCHOBe UENNION03bl U XUMO3AHA, MOOUDUYUPOBAHHbLE
nanouacmuyamu CeOz u WO3 Il 1X Beepoccuniickuii Mosionexubiii HaydHblii popym «Hayka
oynymero — Hayka wmousoabix», cOopuuk te3ucoB. Camapa, Poccus, 29 oktsa0ps -
1 Hos0ps 2024, c. 259.

IonkoB M.A., CozapykoBa M.M., bapanuukoB A.E., BanoB B.K., Ilepoxcuoaszonooobmnas
axmuenocmo 3o0nei CeQa, cmabunusuposannvix anmuoxcudanmamu [/ XXIT MenaeseeBckuii
che3/l o o01ei 1 NPUKJIAAHON XUMHHU, cOOpHUK Te3ucoB. Cupuyc, Poccust 7-12 oxta0ps 2024,
T.1.c. 177.

[HonkoB M.A., Tpoues U.B., Co3zapykoBa M.M., KameneBa C.B., Cunmes Hogbix ubpuomvix
aspozeneil Ha 0CcHoGe OUONOUMEPOB, MOOUDUYUPOBAHHBIX HAHOYACMUYAMU OKCUOO8 MEmAaiilos
// Hoevle nonumepnvie komnosuyuonnvlie mamepuanvi. XVIII MexayHapoaHoii Hay4Ho-
npaKkTuyeckoii koHdepeHuun « MUKUTaeBCKUe YTeHHsD», cOOpHUK Te3ucoB Hanpunk, Poccus,
4-11 nrons 2022, c. 283.

HonkoB M.A., KotioB C.1O., KameneBa C.B., O6vemnvle nanoxomnosummusie mamepuanst Ha
OCHO6€ Ueliojlosvl U XxumosaHa, MO@M@ML!MPO6GHHE)Z€ Harnodacmuuyamu OKCUO08 Memallod //
Bropoii mexayHapoaHblii cuMno3uym «XHMHUsSl AJsi OMOJOrMU, METUIUHBI, JKOJIOTHU W
CeJILCKOr0 X03siicTBa», cCOOpHUK Te3ucos, r. Cankt-Iletepoypr, Poccus, 6-8 mexabps 2021, c.
138.

Kameneva S.V., Popkov M.A., Kottsov S.Yu., Kozlova T.O., Synthesis of nhanocomposites films
and aerogels based on biopolymers modified with oxides nanoparticles // Illecras
Me:xkayHapoaHass KoH(pepenuus crpan CHI' «3oab-renb CHHTe3 M HCCIeJ0BaHUE
HEOPraHW4YeCKUX COeAUHEHUI, THOPUIHBIX PYHKIMOHAIBHBIX MAaTEPUATIOB U JTUCIEPCHBIX
cucrtem» - «SOL-GEL 2020», c6opauk te3ucos. Camapkan ¥Y30ekucras, 11-15 oktsa6ps, c. 48.
IHonkoB M.A., Tpones WM.B., Koruo C.IO., KameneBa C.B., Cumme3z u uccnedoganue
Mopgonozuu  KOMRO3UMHBIX —ajdpoceiieli HA OCHO8e OUONOIUMEPOS, MOOUPUYUPOBAHHBIX
nanouacmuyamu CeQOz [/ XI MexnyHapoaHasi Hay4yHasi KoHpepeHuusi "KuHeruka mu
MeXaHu3M KpucTtaum3anuud. Kpucragam3zanus W marepuajbl HOBOIO IMOKoJieHus',
cobopuuk Te3ucos. Banoso, Poccust, 20-24 centsops 2021, c. 129.

37



15. [lonkoB M.A., TlonnoB A.JI., KameneBa C.B., Cunme3z komnosumuvlx mamepuaniog Ha OCHOGe
ouonoaumepos, MOOUPUYUPOBAHHBIX — HAHOUACMUYAMU — OKCUOO8 Yepusi U  BOabhpama:
anmubaxkmepuanvhvie ceoucmsa |/ X1 KoHdepeHuusi MoOJIOABIX YYeHbIX MO o0IIeli W
HEOpraHu4ecKoi XumMum, cOOpHuK Te3ucoB, Mocksa, Poccus, 6-9 anpens 2021, c. 270.

16. [TonkoB M.A., KameneBa C.B., Haunoxomnozummuvlie mamepuanivl HA OCHOBe OUONOIUMEPOS,
MOOupuyuposannvix Hanouacmuyamu oxcuoos yepus (IV) u eonvgppama (VI) [/ MaTepuaini
Me:ka1yHapoaHOro MOJIO/Ie;KHOT0 Hay4yHOro opyma «JIOMOHOCOB-2021» [DneKTpOHHBIH
pecypc] — Mocksa, Poccus, 12-23 anpens, 2021.

Peroxidase-like activity of cerium dioxide-based nanomaterials:
analysis by colorimetric and chemiluminescent methods

Popkov M.A.

Supervisors: PhD, senior researcher Sozarukova M.M.; Dr. habil., corresponding
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According to the International Union of Pure and Applied Chemistry (IUPAC), the directed
synthesis of biologically active nanomaterials possessing enzyme-like activity and capable of
participating in the regulation of biochemical processes is one of the most dynamically developing
areas of modern materials science. In this regard, the development of reliable methods for analysing
the enzyme-like activity of nanomaterials with a defined structure and chemical composition
represents a relevant and important task.

Nanocrystalline cerium dioxide, a material with a wide range of biocatalytic activity,
including peroxidase-like activity, was chosen as the object of study. Enzymes of the peroxidase
class and their mimetics play a key role in the regulation of reactive oxygen species metabolism in
living systems, which makes the creation of new cerium dioxide-based materials particularly
promising for biomedical applications.

The aim of this work is to synthesize aggregatively stable colloidal solutions of
nanocrystalline cerium dioxide functionalized with biocompatible ligands (citrate and ascorbate
anions), to study the physicochemical characteristics of the obtained nanomaterials using a set of
complementary methods of analysis and to evaluate their peroxidase-like activity by two
independent methods - colorimetric and chemiluminescent.

An electrostatically stabilised cerium dioxide sol was synthesised by thermohydrolysis of an
aqueous solution of ammonium hexanitratocerate(IV). Molar ratios of ligand:CeO> in the range
from 0.125:1 to 2:1 were chosen to functionalise the surface of nanodispersed cerium dioxide with
biocompatible low molecular weight ligands (ammonium citrate and sodium ascorbate). The
obtained materials were characterised by a set of complementary analytical techniques including X-
ray phase analysis, transmission scanning electron microscopy, dynamic light scattering, nitrogen
sorption, XRD, IR and UV spectroscopy. The results showed that the stabilisation of the sols is
achieved due to the electrostatic interaction between the positively charged surface of cerium
dioxide and the carboxyl groups of the ligands.

The peroxidase-like activity of cerium dioxide nanomaterials was confirmed by two
independent methods. The colourimetric analysis showed that the kinetics of 3,3°,5,5°-
tetramethylbenzidine oxidation in the presence of cerium dioxide nanoparticles conforms to the
Michaelis-Menten model. The catalytic parameters (Michaelis constant, catalytic constant)
calculated for CeO»-based nanomaterials are comparable to the characteristics of the natural
enzyme, horseradish root peroxidase. The rate constants of elementary reactions of luminol
oxidation by hydrogen peroxide in the presence of cerium dioxide nanoparticles were determined
using the chemiluminescence method. When increasing the ligand ratio from 0.125:1 to 2:1, a
significant 4-fold decrease in the catalytic activity of nanomaterials was observed, which is
probably due to a decrease in the number of active centres on the particle surface.
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Nanomaterials with a ligand:CeO> molar ratio of 1:1 in the concentration range from 0.1 to
1 mM demonstrated low cytotoxicity towards human mesenchymal stem cells.
Thus, biocompatible cerium dioxide-based nanomaterials with regulated peroxidase-like activity
comparable to natural peroxidase from horseradish roots were obtained. The possibilities of
quantitative analysis of peroxidase-like activity of nanomaterials using fundamentally different
analytical methods - colorimetric and chemiluminescence - were compared for the first time.

Ilouck, cMHTE3 M JUATHOCTUKA iHoaaTOB U ionaTtdropuaoB Cs-SC
Ynoorcaes P.M.

PykoBoauTenu: 1.X.H., B.H.C., mpod. Jonrux B.A.; acn. 4 r/o I'puropsena O.I1

JlazepHble YCTpPOICTBA MIMPOKO HCIIOJNB3YIOTCS B CHCTEeMax KOMMYyHMKauui. [loBbimeHue
3G GEKTUBHOCTH M JalibHEHIIee pa3BUTHE MX MPUMEHEHHUS HACTOSTEIbHO TPEOYIOT pacIlupeHus
paOouero uama3oHa KOTepeHTHOro wusiaydeHus. [IpeoOpa3zoBaHue H3IyuyeHHUs] CTaHAAPTHBIX
KOMMEPYECKUX HCTOYHHKOB B HEOOXOIMUMYIO YAacCTOTHYIO OOJIACTh BO3MOXXHO B HEJIWHEHHO
ontuueckux (HJ/IO) xpucramiax, IJe NpUd B3aUMOJEHCTBUU CBETOBOM BOJIHBI C BEILECTBOM
BO3HUKAET SIBJIEHUE BTOPOM ONTHYECKON I'apMOHHUKH, IOPOXKJIAIOIIEe CBETOBOM JIyd C YABOSHHON
gacToToi. CTpOro HEOOXOIUMBIM TpeOOBaHHEM, MPEABSIBISIEMbIM K TAKUM KPHCTAJIaM, SIBISETCS
OTCYTCTBHE IIEHTPa CHMMETPUU B HX CTPYKTypax. JIsi MX MPakTHYECKOro HCIOJIb30BAHHS B
kayectBe /IO maTtepualloB MM HEOOXOAMMO Takke o0JajaTh CIHOCOOHOCTBIO TE€HEPHPOBATH
CUTHQJI BTOPOM TapMOHMKH BBICOKOW MHTEHCHBHOCTH, 00JaJaTh ONTHYECKOW MPO3PAYHOCTHIO B
IIUPOKOM  JMala3oHe YacTOT, JIEMOHCTPHUPOBATH BO3MOXKHOCTH (Da30BOTO  COTJIIACOBAHHMA,
XapaKTepu30BaThCs BEICOKUM 3HAUEHHEM IIOPOra Ja3epHOrO UCKAXKEHUS.

B coorBercTBHM €O CKa3aHHBIM, Mbl B CBOH pa0oTe BeIM MCCIEIOBAHHE B JaHHOM
HAIpaBJICHUH, BBIJBUHYB B KaueCTBE €ro OCHOBHOHM 3aJayM - ycTaHOBJEHHE (Da30BOro cocrapa
MPOAYKTOB THIPOTEPMAIBHOTO CHHTE3a B PA3IUYHBIX HOAATHBIX M HMOAAT()TOPUAHBIX IIC3HiA-
cKaH/ueBbIX cucTemMax. C 1enbio 0OHapyKEHUsI HOBBIX COEIMHEHMH 3aJaHHOTO KJlacca.

CuHTE3 TPOBOIMIM THAPOTEPMAIBHBIM METOAOM B CTaHIAPTHBIX aBTOKJIAaBax O0BEMOM
25 wmiu, ¢yrepoBaHHBIX Te(PIOHOBBIM. [IpOIOIKUTENTHHOCTS OIBITOB COCTaBisIa 5-7 CYTOK TMpH
Temneparype, kak mpasuio, 230°C. B pspe ciydaeB mnpoBogwin cuHTe3 1pu  275°C.
IlepBoHauyabHBIA BBIOOP MCXOJHBIX COCTaBOB MIMXTHI JUISI THIPOTEPMAILHOTO CHHTE3a MBI
OPOBOIMIIA C y4eToM UWHPOpPMAMKA O TIONydYEeHHH W3BECTHBIX CIOXHBIX HOJATOB U
MOJATPTOPUIHBIX COEAMHEHUH IIETOYHBIX M TPEXBAJEHTHBIX METAJIJIOB, HA OCHOBAHUHU YETO MbI
c(OpMHPOBATIM CXEMBbI HAIIMX CUHTE30B. B OONBLIMHCTBE CiIydaeB CepUM HAIIMX CUHTE30B MbI HE
HaOmomany  (OpMUpOBaHHME JIBYXKAaTHOHHBIX COCNWHEHWHA, W JIMIIb TpPUA TOAKUCICHUH
peaKIMOHHON cpeabl HaMu TojydeHa HoBas (aza CSaHSc(I03)s, 4TO MOKET OBITH CBA3aHO C
OosbILION pa3HHIIEN PAaCTBOPUMOCTH LI€3UEBBIX U CKAHAMEBBIX NMPOU3BOAHBIX B BOJHBIX PACTBOPAX.
BBenenne B HCXOAHYIO MIUXTY (PTOPUIHBIX KOMIIOHEHTOB B YCIIOBHSIX HAIIUX SKCIIEPUMEHTOB HE
NpUBEJIO K 00pa30BaHUIO CMEIIAHOAHMOHHBIX coeluHeHuil. Pe3ynpTaThl kKauecTBeHHOTo EDX
aHaJM3a KPUCTAUIOB HOBOW (ha3bl mokaszanu, uto B ee coctaB Bxoaiar Cs, Sc, I, (O). I[To manHbIM
PCA ee crpykTypa MNpHHAUIEKHUT K TPUKIMHHOW LEHTPOCUMMETpUYHOM rpymmne P-1 u
XapaKTepu3yeTcsi mapaMeTpaMH dIeMeHTapHoi sueiiku: a = 7.8530(16) A, b = 7.8884(16) A,
c=15.80512) A, a = 97.07(3)° B = 98.12(3)°%, v = 98.71(3)°. CTIpyKTypa COAEpKUT JBa
Kpuctamtorpadpuyeckn HezaBucuMbix atomMa Cs m Sc, 6 aromoB |, 18 aromoB O. OGa aroma
cKaHaus (QOpPMHUPYIOT IePOpPMHpPOBAaHHBIE OKTadpbl. KoopamHammoHHOe umciao aroma Csl
coctaBisieT 7, a atoma CS2 paBHO 6. Y BceX aTOMOB HMOJa KHCJIOPOAHOE OKPYKEHHE COCTOHT W3
Tpex OJIM3KHUX JIUTaHA0B, ONpeNeNAIomuX nupaMuianbayto rpynny 103E. OqHOTHITHBIE TOIU3PHI
B OIHCHIBAEMOW CTPYKTYpE HEMOCPEICTBEHHO MEXIY COO0I HE COCTBIKOBBIBAIOTCS, HO KaXK/IbIE TBA
nosimaapa atoMoB CS1 coeawHSIIOTCS Yepe3 OKTadAp SC2, a Kaxkawle aBa mommdapa CS2 — yepes
okTa3aAp SCl. DT TpexueHHble IPYNIUPOBKHU coenuHsoTes: HoHaMHu |03 B TpexMepHBIH Kapkac.
UK cnexTp HOBOH a3kl Mokasal, 4To OHA Ipo3pauHa B obmactu 1750 — 3000 cm, a oxoso
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3500 cm! 3ameTHa MOIOCA HOIJIONIEHUS, KOTOPas MOKET ObITh 00yCJIOBIeHa HATUYUEM CBs3H H-O
B 3TOM KPHUCTaJIIe, a TTONOCH B HHTepBane 595 - 1000 cm™ cpsa3piBatoTcs Hamu ¢ konebarmsamu |-O.
Pesynbrathl Tepmuueckoit nuarnoctuku CSaHSc(103)e CBUACTEIBCTBYIOT 00 YCTOHYHMBOCTH 3TOTO
COEMHEHMS BIUIOTH 10 TemmepaTypsl 425°C, mocie 4ero HauMHAeTCsl TPEXATalHbIA IpoLecc
Pa3IoKEHUS M0/1aTa, 3aKaHYMBAIOIIUICS PU TeMItepaType nopsiaka 925°C.

Search, synthesis and diagnostics of iodates and iodate fluorides Cs-Sc
Uljaev R.M.
Supervisors: Dr. habil., professor Dolgikh V.A.; PhD student Grigorieva O.P.

Laser devices are widely used in communication systems. The demands for increasing
efficiency and further development of their application require expanding the working range of
coherent radiation. Conversion of radiation from standard commercial sources into the required
frequency range is possible using nonlinear optical (NLO) crystals, wherein the interaction of a light
wave with matter causes the phenomenon of the second optical harmonic, generating a light beam
with a doubled frequency. A necessary requirement is the absence of a center of symmetry. For
their practical use as NLO materials, the crystals must also be able to generate a high-intensity
second harmonic signal, exhibit optical transparency in a wide frequency range, and to demonstrate
the possibility of phase matching, and a high laser distortion threshold.

In accordance, we performed research in this direction with the main task - of establishing
the phase compositions of the products of hydrothermal synthesis in various iodate and iodate
fluoride cesium-scandium systems, with the aim of discovering new compounds.

The synthesis was carried out by the hydrothermal method in standard 25 ml autoclaves
lined with Teflon. The duration of the experiments was 5-7 days at 230°C. In some cases, the
synthesis was carried out at 275°C. We initially selected the initial compositions of the batch for the
hydrothermal synthesis taking into account information on the production of known complex
iodates and iodate fluoride compounds of alkali and trivalent metals, on the basis of which we
formed the schemes of our syntheses.

In most cases formation of di-cationic compounds, was not observed and only when
acidifying the reaction medium, we obtained a new phase Cs2HSc(103)s. This is likely due to the
large difference in the solubility of cesium and scandium compound in aqueous solutions.
Introduction of fluoride components into the initial batch did not lead to formation of mixed-anionic
compounds. The results of the qualitative EDX analysis of the crystals of the new phase showed that
it contains Cs, Sc, I, (O). According to X-ray diffraction data, its structure belongs to the triclinic
centrosymmetric group P-1 and is characterized by the following unit cell parameters:
a=7.8530(16) A, b = 7.8884(16) A, c = 15.805(2) A, 0. = 97.07(3)°, B = 98.12(3)°, y = 98.71(3)".
The structure contains two crystallographically independent atoms of Cs and Sc, 6 atoms of |,
18 atoms of O. Both scandium atoms form distorted octahedra. The coordination number of the Cs1
atom is 7, and that of the Cs2 atom is 6. The oxygen environment of all iodine atoms consists of
three close ligands forming a pyramidal 103E group. The se polyhedral are not directly joined, but
every two polyhedra of Csl atoms are connected through a Sc2 octahedron, and every two Cs2
polyhedra — through a Scl octahedron. These three-membered groups are connected by 103 ions
into a three-dimensional framework. The IR spectrum of the new phase showed that it is transparent
in the range of 1750 — 3000 cm™, and around 3500 cm™ an absorption band is noticeable, which can
be caused by the presence of the H-O bond in this crystal, and the bands in the range of 595 — 1000
cm™ are associated by us with 1-O vibrations. The results of thermal diagnostics of Cs2HSc(103)s
indicate the stability of this compound up to a temperature of 425°C, after which a three-stage
process of iodate decomposition begins, ending at a temperature of about 925°C.
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CuHTte3 ¥ GOTOTIOMIHECHEHTHBIE CBOIICTBA OPOMOBUCMYTATOB
CO CTPYKTYPOH IBOMHOIO MEPOBCKUTA

Yorcy Uorcununo

PykoBoaurens: K.X.H., 1ou. [' puropsesa A.B.

OOmyr0 XUMHUYECKYl0 (OpPMYIIy JIBOMHBIX TalOTCHUIHBIX IICPOBCKHTOB  MOXKHO
npencraButh kak A2B*B*"Xe, riae A - He6OMbIIOH OpraHMuecKuil MM HEOPraHMUECKUil KATHOH B
KyOOOKTa3IpUUECKOM MO3UIMK, B - KaTHOHBI METa/NIOB B OKTadAPHUYECKUX MO3UIMAX, a X -
raJlOTCHU-aHUOH. Takue COeNMHEHHS HWMEIOT KyOMYeCKYI CTPYKTYpPY C MPOCTPaHCTBEHHOH
rpynmoii Fm3m. Cpenu Bo3MOXKHBIX cocTaBoB A2B*B**Xs coenunenne Cs2AgBiBre snsercs
OJHUM W3 HEMHOTHX YCIIEUIHO CHHTE3MPOBAHHBIX, CTAOMJIBHBIX MPH KOMHATHOW TemIleparype H
OTHOCUTEIIFHO HETOKCHYHBIX JBOWHBIX TIEPOBCKHTOB. [lo nmaHHBIM (HOTOIFOMUHECIIEHTHOTO
aHanM3a, 3anpeinieHHas BenuuuHa coeamnHeHus CS;AQBIBre cocraBmsier 1,95 3B. Mo nmanHbIM
aHau3a crekTpa qudGy3HOro OTPAKCHHUS, BEIMYMHA 3allPEIICHHOM 30HbI coeaunenus: CS2AgBIBrs
cocraBisier 2,19 3B. HecmoTps Ha TepMUYecCKyr0 CTaOMIBHOCTh U (POTOCTAOMIBHOCTH ITOTO
COCJIMHEHUSI, HETpsMasi 3alpelleHHasl 30Ha OrPaHUYHBACT €ro MPUMEHEHHE (POTOICKTPUICCKUX
ycrpoiicTBax. YTOOBI pemmTh 3Ty mpolieMy, ObUIM MPEINPUHATH TOIMBITKH PETYIHpPOBAThH
3allpPeHICHHYIO 30HY MaTepualia IyTeM JICTUPOBaHMS.

B wucciaemoBanum ABOMHOrO rajoreHuaHoro mepoBckuta CSpAgBio1251nog75Cls amamus
CTIEKTPOB (POTOTFOMUHECHICHIINH TTOKA3aJl, YTO HAPYIIAETCS 3alPELICHHBIN M0 YeTHOCTH MEePEX0a U
COXpaHsSeTCs CTPYKTypa ¢ MPSIMOM 3alpelIeHHON 30HOM, COCTaB UMEET M3ITydYeHUE TEIJIoro 0eoro
cBeTa ¢ kBaHTOBOU 3 dexTuBHOCTRIO QoTomomunectenuu (PLQE) 70,3%, yTo HaMHOTO BbIIIIE,
yeM PLQE u3BecTHBIX CBUHIIOBBIX IEPOBCKUTHBIX MaTepuaioB. Lleibi0 Hay4YHo#l padoThl SBISIICS
CHUHTE3 W H3y4eHHE cepuu (HOTOaOCOPOIMOHHBIX M (DOTOTFOMUHECIICHTHBIX CBOWCTB CIIOKHBIX
rajoreHu1oB obiero cocraBa CspAgBiix(Sb/In)xBre (x = 0 - 1) u u3ydyeHHe UX ONTHYECKUX
CBOMCTB.

OOpasipl  IBOMHOTO  MEPOBCKUTA  TeopeThueckoro  coctaBa  CS2AgBi1xShyBrs,
Cs2AgBi1xInkBrs u Cs2AgBi1xShx2Ink2Brs (x = 0 - 1) 6bUIM CHHTE3UPOBaHBI TBEPAO(A3HBIM HITH
rerepodazHeIM amIysbHbIM MetoaaMu. [lo pesyneratam PDA o00pa3noB nmoka3aHo oOpa3zoBaHHE
das3er aBoiinoro mepoBckuta CSpAgBIBre, omHako B oOpasiiax MPHUCYTCTBOBAIH M IMPUMECHBIC
¢daspl. Cpenu Hux aBoitHON ramorenua CssBioBro seisiercs ocHoBHO# mpumechio. OOpasiibl
3aMEIICHHBIX JBOWHBIX OPOMOBHUCMYTATOB TeopeTuueCkoro cocraBa Cs3Biz.xShxBrg, CssBiz-xInxBrg
u Cs3BizxyInkShyBre, tae x = 0 — 1, coaepraiu OCHOBHO#M MPOAYKT co cTpyKTypoii Cs3BizBro.

[To cnektpam auddy3noro otpaxkeHus oopasnoB Cs2AgBiixSbxBrs (x = 0 - 1) moxHO
CKa3aTh, YTO C POCTOM COJEp>KaHHsI CYpbMbI Kpail IMOIJIOIIEHUS CMEIIAeTcs B CHHIOI O00JIacTb
cnekrtpa ot 2,29 3B 5o 2,38 3B.

Cnektp oTomomunecenun coeaunenns Cs;AgBiBrs npu 293K MOKHO TpeICTaBUTh Kak
cyneprio3unuio crekrpoB (mpu 619+20 am u 700450 M) um CszInzBrg (mux mpu 650+£50 HM).
Ananus criektpoB cepun CS2AgBi1-xINxBre mokas3an He3HAYNTEIbHBIC CABUTH JBOHHOTO MaKCHMyMa
B CHHIOIO 00JIacTh, YTO MOXXET OBITH CBS3aHO C POCTOM KoJiMuecTBa mpumecei. MccnenoBanue
ciektpoB oTomromunectieHmu cepun CS2AgBIi1xINy2Shy2Brs mokasano mosBiacHHE Iieya MpU
750 HM.

Jns cepun 00pa3lioB 3aMELICHHBIX JIBOMHBIX OPOMOBHCMYTAaTOB TEOPETHYECKOI'O COCTaBa
Cs3Bi2-xShxBrg, Cs3Biz-xInxBro u Cs3Bio-x-yINxkSbyBrg, rae x = 0 — 1, Habmromaetcst HeOONBIIONH CABUT
MOJIOKEHHSI MAKCUMyMa B KpPacHYIO 00J1acTh CIIEKTpa.
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Synthesis and photoluminescent properties of bromobismuthates
with a double perovskite structure

Zhu Zhilin
Supervisor: PhD, associate professor Grigoryeva A.V.

The general chemical formula of double halide perovskites can be represented as
A,B™B3*Xs, where A is a small organic or inorganic cation in the cuboctahedral position, B is metal
cations in octahedral positions, and X is a halide anion. These compounds have a cubic double
perovskite structure with the space group Fm3m. Among the possible compositions of A2B*B*"Xs,
the compound Cs2AgBiBre is one of the few successfully synthesized, stable at room temperature,
and relatively non-toxic double perovskites. According to photoluminescence analysis, the
forbidden band gap of Cs.AgBiBrs is 1.95 eV. From the diffuse reflectance spectrum analysis, the
forbidden band gap of Cs,AgBiBrs is 2.19 eV. Despite the thermal and photostability of this
compound, the indirect forbidden band gap limits its application in optoelectronic devices. To
address this issue, attempts have been made to modify the band gap by doping the material.

In the study of the double halide perovskite Cs2AgBio.1251no.875Cls, the photoluminescence
spectrum analysis showed that the parity-forbidden transition is violated, and the structure with a
direct band gap is preserved. It emits warm white light with a photoluminescence quantum
efficiency (PLQE) of 70.3%, which is much higher than the PLQE of known lead-based perovskite
materials. The aim of the study was to synthesize and investigate a series of photoabsorption and
photoluminescent properties of complex halides with a general composition of
Cs2AgBI1x(Sb/In)xBrs (x = 0 - 1) and study their optical properties.

Samples of double perovskite with theoretical compositions Cs2AgBii1xShxBre,
Cs2AgBi1xInkBrs, and Cs2AgBi1xShx2Iny2Bre (x = 0 - 1) were synthesized by solid-state or
heterophase ampoule methods. X-ray diffraction (XRD) results showed the formation of the
Cs2AgBiBrs double perovskite phase, though impurity phases were also present. Among them, the
double halide Cs3Bi2Brg was the main impurity. Samples of substituted double bromovismutates
with theoretical compositions CszBizxSbxBrs, CssBixxInxBrg, and CszBiox-yInkShyBrg (x = 0 - 1)
contained the main product with the Cs3Bi2Brg structure.

Based on the diffuse reflectance spectra of the Cs,AgBi1-xSbxBrs (x = 0 - 1) samples, it can
be said that as the antimony content increases, the absorption edge shifts to the blue region of the
spectrum from 2.29 eV to 2.38 eV.

The photoluminescence spectrum of CspAgBiBre at 293K can be represented as a
superposition of spectra (at 619420 nm and 700+50 nm) and CsslInzBrg (with a peak at 650+50 nm).
Analysis of the spectra of the Cs2AgBi1xInxBre series showed minor shifts of the double maxima
toward the blue region, which could be related to an increase in the number of impurities.
Investigation of the photoluminescence spectra of the Cs:AgBi1-xInx2Sbx2Bre series revealed the
appearance of a shoulder at 750 nm.

For the series of substituted double bromovismutates with theoretical compositions
Cs3Bi2-xSbxBrg, CssBizxInkBrg, and Cs3Bio-x-yInxkSbyBrg (x = 0 - 1), a slight shift of the maximum
toward the red region of the spectrum was observed.
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CuHTe3 MOPUCTHIX IVIEHOK cepedpa cO CTPYKTYPOu
HHBEPTHPOBAHHOI0 OIAJIA JJISl CIIEKTPOCKONMUH TMTAaHTCKOIO
KOMOMHAIIMOHHOI'0 PacCesiHUs

AHn Bouwvcuno

PykoBoaurens: K.X.H., nou. ['puropsesa A.B.

Merannuueckue uHBepTHpoBaHHble onanbl (MO) — »3TO mopuctble Marepuansl ¢
MCKYCCTBEHHON CO3JaHHOH CHUCTEMOIl IMOp, OOBIYHO CHUHTE3UpPYEMbIE C IPUMEHEHHUEM IPSIMOTO
onana B KayectBe TeMiulata. OIHUM W3 NPUMEHEHUH METAJUIMYECKUX IMOJJIOKEK CO CTPYKTYpOM
MO sBnsercs CreKTpOCKONUsI TMTaHTCKOTo komOwmHarmonHoro paccesHus (I'KP). Ha mpakrtuxe
I'KP-criekTpocKomus 4acTo MPOBOJAMUTCS C UCTIOIB30BAHUEM KOJUIOM1a cepedpa MK 30JI0Ta UITH JKe
Ha MOJAJIOKKE, CoJeprKallell HaHopa3MepHoe cepedpo MM 30510TO. [IoBEpXHOCTHBIE IIa3MOHBI
cepeOpa U 30J10Ta BO30YKIAIOTCS JIa3epOM, YTO MPHUBOAUT K YBEIUYEHHUIO 3JIEKTPUUYECKOTO MO
BOKpyr MeTayia. [loCKONbKY MHTEHCHBHOCTb KOMOWHAIMOHHOIO PAacCEsHUs IPONOPLHUOHAIbHA
3JIEKTPUUECKOMY TIOJTIO, H3MePEMbIii CUTHAJ 3HAYUTENBHO Bo3pacTaeT (10 10 pas).

Ilenpto naHHOM paOOTHI SIBISJICA CHHTE3 M HCCIIEAOBAaHHE MOPUCTHIX IUIEHOK cepedpa co
CTPYKTYpO HMHBEPTUPOBAHHOIO OMaja, a TaKXKe H3y4yeHUE BIUSHUS TOJIIMHBI IUIEHOK Ha
BO3MO)XHOCTh IPAaKTUYECKOIO0 NpHUMEHEHUs MmarepuanoB B cnekrpockonuu ['KP B OmmxkHem
MH(PAKPaCHOM Jluana3oHe.

Mertonbl  M3ydeHUs IUICHOK cepebpa BKIIOYAIM  CKAaHUPYIOLIYIO  3JIEKTPOHHYIO
Mukpockonuio (COM), cnekrpockonuio 3epkanbHoro otpaxeHus (C30), CHEKTpOCKONUIO
TUTAaHTCKOTO KoMOuHanmoHHoro paccesaus (I'KP).

B pamkax paGoTbl cuHTE3MpOBaHBl MUKpochepsl noauctupona auamerpoM 350+24 um. B
AIIEKTPHYECKOM ITOJI€ TIOTYUEHBI OMajIoBble MaTpUIlbl. OnaoBble MAaTPHIIBI OBLTH CHHTE3UPOBAHBI B
AJIEKTPUUYECKOM Tojie Ha sJnekTpoaax Au/ITO ¢ wucnonb3oBaHWEM pa3IHYHBIX KOHICHTpAIUN
KOJUIOUJTHBIX pacTBOPOB mojuctupoia (0,25 mr/mi, 0,5 mr/mi, 1,4 mMr/mo).

Cepebpsnbie 1O Obutn 1osTyyeHbl METOJIOM MOTEHLMOCTATHUECKOTO 3JIEKTPOOCAKICHUS U3
ANEKTPOJIUTOB cepedbpa ¢ koHueHtpauusmu 0,056 mons/n u 0,112 mons/n. Merogom COM
MIOKa3aHO, 4TO (paKTUYECKask TONIHHA Koxcn 00pa3110B, MOMYyUeHHBIX ¢ 3aekTpoautoM 0,112 mons/n
Ag, Oosiee TOYHO COOTBETCTBYET TEOPETHUECKOW TONIIMHE Kreop. ITO OOBACHAETCS TEM, YTO YEM
BbIIlIE KOHIIEHTpanusi Ag, TeM paBHOMEpPHEE MPOUCXOAUT 3JIEKTPOOCAXKJEHUE METalsla B IOpPbI
ANEKTPO/A.

beun nonydensl cepeOpsiuble miueHkd MO ¢ HOpMUpPOBaHHBIMM TOJIIMHAMH (TOJIIMHA
cepeOpsHON  IUIEHKHW/AWaMeTp TMONUCTUPOIbHBIX MuKpochep) k=0,2-0,7. Ilokazano, drto
¢daktuueckue tommuHel oopasnoB MO ¢ k=0,3-0,7 cornmacyrorcs ¢ TEOPETUYECKUMHU M OIIUOKOI
AK<0,05. U3yuanacek 3aBucumocts C30 mis 00pa3ioB cepedpsiabix MO ¢ 3kcneprMeHTaTbHBIMU
sHaueHusiMu k=0,2-0,7. Msmepenune C30 mnokazano, uro y mwieHok ¢ k=0,2-0,4 nabmromaercs
YMEHBILIEHNE 3€PKaIbHOTO OTPAXXKEHMsI C YBEJIMYECHHUEM HOPMHUPOBAHHOM TOJIIMHBI, a y TJIEHOK C
k=0,4-0,7 nabmoaeTcsi yBeJIHUCHHE 3€PKATBHOTO OTPAKEHHS C €€ YBEITUYCHUEM.

CpaBaenne C30 mnpsMBIX ONAlOB M MOJYYEHHBIX ¢ UX ucnoib3zoBanueM MO cepebpa
MIOKa3aJI0, YTO YeM Oouibliie KOHIIEHTpausi MUKpochep MOJUCTHPOIIa B KOJUIOUAHOM PacTBOPE, TEM
MEHBIIIE 3ePKATHHOE OTPAKEHHE TOJMYUYCHHBIX 00paslloB cepedpa, YTO MOXKET OBITh CIICJICTBHEM
OoJbLIIeH CTeTeHN YHOPsI04eHUsI MUKpocdep B MOTUCTUPOIBHBIX TUIEHKAX.

['KP-cniekTpockonus Oblja MpoBe/ieHa Ha MOPHUCTHIX IUIEHKaX cepedpa ¢ HOPMUPOBAHHBIMU
tommuHamMu  k=0,2-0,5, TONXy4eHHBIX C HCHOJH30BAHWEM MATpPHUIl C pa3TMYHOH XHUMHUYECKOU
npensictopueid.  Pesynbprar  pacueta  KOA(QQUIMEHTOB  yCWJICHHS  MOJAEIBHOIO  aHaJIMTa
(METHJICHOBOTO CHHEr0) Ha IOBEPXHOCTH 00pa3loB ¢ HOpMHUPOBaHHOM TommmHON K=0,4 mokasan
3HayeHns KodddumueHToB ycuneHns EF14%6,7-10°, EFgs~5,4-10% EFo25~4,2-10* (mo muky
1626 cm?).
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Synthesis of porous silver films with inverse opal structure
for Surface-Enhanced Raman Spectroscopy

Yang Wenxin
Supervisor: PhD, associate professor Grigorieva A.V.

Metallic inverse opals (10) are porous materials with an artificially created pore system,
usually synthesised from straight opal. One of the applications of metal substrates with 10
structures is surface-enhanced Raman scattering (SERS) spectroscopy. SERS spectroscopy is
typically performed using silver or gold colloids or on substrates containing nanoscale silver or
gold. The surface plasmons of silver and gold are excited by a laser, resulting in an increase in the
electric field around the metal. Since the Raman intensity is proportional to the electric field, the
measured signal increases significantly (up to 10! times).

The aim of this work is to synthesise and investigate Ag films with inverse opal structure
and to study the effect of varying conditions on the properties of the synthesised films.

The research methods include scanning electron microscopy (SEM), specular reflectance
spectroscopy (SRS), surface-enhanced Raman scattering spectroscopy (SERS) and other methods.

As part of the work, polystyrene microspheres with a diameter of 350+24 nm were
synthesised. Opal matrices were obtained in the electric field. Opal matrices were synthesised in the
electric field on Au/ITO electrodes using different concentrations of colloidal polystyrene solutions
(0.25 mg/ml, 0.5 mg/ml, 1.4 mg/ml).

Silver 10s were prepared by potentiostatic electrodeposition from silver electrolytes with
concentrations of 0.056 mol/L and 0.112 mol/L. It is shown by SEM that the actual Kexpe thickness
of the samples obtained with 0.112 mol/L Ag electrolyte corresponds more closely to the theoretical
kieor thickness. This is due to the fact that the higher the Ag concentration, the more uniform the
electrodeposition of metal into the pores of the electrode. Silver 10 films with normalised
thicknesses (silver film thickness/diameter of polystyrene microspheres) k=0.2-0.7 were obtained. It
was shown that the actual thicknesses of 10 samples with k=0.3-0.7 agree with the theoretical ones
and the error Ak up to 0.05. The SRS dependence was studied for silver 10 samples with
experimental values of k=0.2-0.7. The SRS measurement showed that films with k=0.2-0.4 exhibit
a decrease in specular reflectance with increasing normalised thickness, while films with k=0.4-0.7
exhibit an increase in specular reflectance with increasing thickness.

The SPRs of direct opals synthesised under different conditions and silver 10s obtained
using them were measured. It was found that the higher the concentration of polystyrene
microspheres in the initial colloidal solution, the smaller the specular reflectance of the obtained
silver samples, which may be due to the different degree of microsphere ordering in polystyrene
templates. SERS spectroscopy was performed on porous silver films with normalised thickness
k=0.3-0.5 obtained using matrices with different chemical prehistories. The result of calculation of
the enhancement factors of the model analyte (methylene blue) on the surface of samples with
normalised thickness k=0.4 showed the values of enhancement factors EF1.4~6,7-10°, EFo5~5,4-10%
EFo25~4,2-10% (based on the peak at 1626 cm™).

HoBgble Tpoiinbie rajaanabl B cucteMax Ce—Pd—Ga u Ce-Ni—Ga:
NMOoJIy4YeHHE U KPUCTAINYECKas CTPYKTypa

Xo FOu

PykoBoaurens: K.X.H., H.c. Degopaes MBan Uropesnu

B nacrosiniee Bpemsi akTUBHbBIE BEyTCs MOUCKH MHTepMeTamniyeckux coeaunenuit (MMC)
PEAKO3EMEINIBHBIX DJIEMEHTOB C CHUJIBHBIMU 3JEKTPOHHBIMHM KOppeslALMsIMH. B uacTHOCTH, Takue
NMC ob6pasyrorcs B cucremax R-T-X (R — peakosemenbHblii oeMeHT, T — mepexoanblii d-mertai,
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X — p-anemeHT 13-15 rpynm) u MOTYT MpPOSIBIATH Takue creluduueckue (pu3ndeckue CBONCTBA,
KaKk oOpa3zoBanne KoHmo-pemeTok, Tsokemo-pepMHUOHHAs CBEPXIPOBOIUMOCTD, (IYKTYyalluu
BaJICHTHOCTH, U Ap. HecMOTps Ha 3HAYMTETHHOE YHCIO OTKPBITHIX B IOCJICTHUE TOJBI TPOWHBIX
raumaoB B cucremax Ce—Pd-Ga u Ce—Ni—Ga, umeromiascs B JutepaType HHOOpMAIUS O
CTPOCHUU 3TUX TPOWHBIX CHCTEM SIBIISICTCS HETIOJTHOM.

[lens pabOTBI — MOUCK M ONPEACICHHE KPUCTALTUYECKUX CTPYKTYP HOBBIX TPOWHBIX
rauoB B cucremax Ce—Pd-Ga u Ce-Ni—Ga.

CruiaBbl TOTOBHJIM B DJIEKTPOJIYTOBOM 1e4yn B atMocepe aproHa, 3aTeM OTXKUTAIH B Ie4ax
AJIEKTPOCOIIPOTUBIICHUSI B BAKYYMHUPOBAHHBIX KBapIeBBIX amitynax. Jlajgee oOpasisl uccienoBaim
METOAaMU CKaHMPYIOLIEH 3JIEKTPOHHOMU MHUKPOCKOITUH (CBM), JIOKAJIBLHOTO
peHTreHocnekTpaibHoro ananusa (JIPCA), peatrenodazoBoro aHaimsa MeTo oM nopoiika (POA),
pentreHoctpyktypHoro ananmm3a (PCA), nuddepeHnuanpbHOl CKaHUPYIOMEH KaJopUMETPUU
(ICK), mpocBeuunBarolieit 35ieKTpoHHON Mukpockonuu (II1OM).

B mnacrosmeit paboTe ObUIO YCTaHOBJIEHO CYIIECTBOBAHHE IBYX HOBBIX COCIUHEHHH,
copepkammx 33,3 ar. % wuepust: Ce(Pd,Ga)2 co crpykrypubim tunom KHgr u CesPdsGa co
crpyktypubiM  TUnioM  CesPdsSi  (CTpykTypbl 00OMX COEIMHEHHE HMEIOT CHMMETPHIO
MPOCTPAHCTBEHHON Tpymmbl Imma). ITlonydeHHBIE HOBBIC COCIUHEHUS CPAaBHHBAIA C YKE
usBectHbiM coeaunenneM CePdGa (ctpykrypubiit Tun TiNiSi, npoctpancTBeHHas rpymma Pnma)
JUIsS YCTAHOBJICHUS] CTPYKTYPHBIX 3aKOHOMEPHOCTEH, BO3HUKAIOIIUX NP YBEIHUCHUH COICPIKAHUS
nayutagus. Kak u coequnenne CePdGa, daser Ce(Pd,Ga)2 u CeszPdsSi nmposiBisiror Kongo-s¢hdekr.

Taxke HamMu OBUT TIOJIYYEH CIUIAB, MPEJICTABISIONINI COOOW TBEpABIA PacTBOp Ha OCHOBE
opropombuueckoro coequnenus L-CePds (Pmma, Ne51) cocrasa Cel6Pd80Ga4, miast koroporo
XapaKkTepHa pa3jNvHas CTCIICHb Pa3ylMopsIOYCHUS KPUCTALTMYCCKONH CTPYKTYPHI IPH MOHMKEHUU
temrepatypsl oTkura ot 800°C (mpu KOTOpOH CTPYKTypa COCIUHEHHUS ONM3Ka K KyOMYEeCKO#) 10
500°C.

Oo6Hnapy:xeno HoBoe TpoitHoe coeaunenne CePdsGaisx) (x = 0,24), KOTOpoe OTHOCUTCS K
paHee HEH3BECTHOMY CTPYKTYPHOMY THITY (IIPOCTpaHCTBEHHAs rpymnma Pnma, Ne62) u coaepKut B
CBOCH KPHCTAITMUECKOM CTPYKTYPE KaHaJbl C HEPETYJSIPHBIM HAIIOJTHEHUEM MX aTOMaMH Tajliains
U TajuTusl.

B cucreme Ce-Ni-Ga na wusokonienrpare nepus 33 ar. % Obuio 0OHapyKeHO HOBOE
tpoitHoe coenuHenne CesNi2Gas, omHaKO KpUCTaUTMUECKas CTPYKTypa MJaHHOW (as3bl K
HACTOAIIEMY BPEMEHH HE YCTaHOBJICHA.

IyOonukanum cryjaeHra:

1. X5 10., ®enopaes U.U., I'pudanos A.B., Bknao 6 uzyuenue mpexKxoMnoHeHmMHOU CUCHEMbl
Ce-Pd-Ga // XIII Bcepoccuiickasi KoH(epeHIUs] ¢ MEKIYHAPOAHbIM ydacTHeM XHUMMHS
TBEPAOro Teia U pyHkumoHaabHble MmaTtepuaibl 2024, Canxr-Ilerepoypr: BUH PAH, 2024,
C. 165.

2. ®enopaes U.U., Cemeno A. B., X5 0., JlynaeB C.®., I'pudanos A.B., Hosvie mpoiinvie cannuov
yepuss Ce(Pd,Ga) u Ce3PdsGa // Coopuuk crareii X| MexIiyHapoaHoii Hay4YHO#
koHepenuuu, 19 — 23 mas 2025, Munck, M3garens A.H. Bapakcun Munck: 2025. (B nmeyatn)

Novel ternary gallides in Ce-Pd-Ga and Ce-Ni-Ga:
preparation and crystal structure

He Yu
Supervisor: PhD, research scientist Fedorayev I.1.

Currently, active searches are underway for intermetallic compounds (IMC) of rare earth
elements with strong electron correlations. In particular, such IMCs are formed in R-T-X systems
(R is a rare earth element, T is a transition d-metal, X is a p-element of groups 13-15) and can
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exhibit such specific physical properties as the formation of Kondo lattices, heavy-fermion
superconductivity, valence fluctuations, etc. Despite the significant number of ternary gallides
discovered in recent years in the Ce—Pd-Ga and Ce—Ni—Ga systems, the information available in
the literature on the structure of these ternary systems is incomplete.

The aim of the work is to search for and determine the crystal structures of new ternary
gallides in the Ce—Pd-Ga and Ce—Ni—Ga systems.

The alloys were prepared in an electric arc furnace in an argon atmosphere, then annealed in
electric resistance furnaces in evacuated quartz ampoules. The samples were then examined using
scanning electron microscopy (SEM), local X-ray diffraction analysis (LSXA), powder X-ray
diffraction analysis (PXR), X-ray diffraction analysis (XRD), differential scanning calorimetry
(DSC), and transmission electron microscopy (TEM).

In this work, the existence of two new compounds containing 33.3 at. % cerium was
established: Ce(Pd,Ga)> with the KHg> structural type and CesPdsGa with the CesPdsSi structural
type (the structures of both compounds have the symmetry of the Imma space group). The obtained
new compounds were compared with the already known CePdGa compound (TiNiSi, Pnma space
group) to establish the structural patterns that occur with an increase in the palladium content. Like
the CePdGa compound, the Ce(Pd,Ga). and CesPdsSi phases exhibit the Kondo effect.

We also obtained an alloy representing a solid solution based on the orthorhombic
compound L-CePds (Pmma, No. 51) of the composition Cel6Pd80Ga4 (at. %), which is
characterized by varying degrees of disordering of the crystal structure with a decrease in the
annealing temperature from 800 °C (at which the structure of the compound is close to cubic) to
500 °C.

A new ternary compound Ce2PdsGai.x) (X = 0.24) was discovered, which belongs to a
previously unknown structural type (space group Pnma, No. 62) and contains channels in its crystal
structure with irregular filling with palladium and gallium atoms.

A new ternary compound CesNi>Gas was discovered in the Ce-Ni-Ga system on 33 at. %
cerium isoconcentrate, but the crystal structure of this phase has not yet been established.

I'eTepo-OnmeTtaandeckne komiuiekesl Ru(Il)/M (M=Fe®*, Fe**, Hg?")
KaK ()OTOCEHCHOUIN3ATOPDI JJIsl TA30BbIX CEHCOPOB,
pa0oTaloImMX B 0TCYTCTBHE TEPMHYECKOI0 HATPeBa

T'onuapos T.A.

PykoBoauTens: A.X.H., mpod. Pymsuuera M.H.

[TomympoBOTHUKOBEIE PE3UCTHUBHBIC TA30BbIE CEHCOPHI MpeIHA3HAYCHBI JIJIs1 OOHAPYKEHUs
TOKCHYHBIX U B3PBIBOOMACHBIX T'a30B B CIIEIOBBIX KOHLEHTpalusx. B kauecTBe 4yBCTBUTEIBHOTO
MaTepuaja UCIOJB3YIOT IUPOKO30HHEIE TOIYIPOBOTHUKOBEIE OKCHIBI n-Tuna (SnO2, 1N203, ZnO,
WOs3 u ap.). B3aumonelicTBue Ta30B ¢ MOBEPXHOCTHIO OKCUJA (aACOPOIIHsI, XUMUYECKasi peaKkius,
MEPEHOC 3aps/ia) BBI3BIBAET HM3MEHEHHE COMPOTHBICHUS YYBCTBUTEIBHOIO CJIOS, KOTOPOE
npeoOpasyercsi B JEKTpUUYeCKUid cuTHaJl. OCHOBHBIMU HEJIOCTATKAMH TAaKHX CEHCOPOB SIBIISIIOTCS
HM3Kas CTaOMJIBHOCTD U €J1a0ast CEJIEKTUBHOCT.

Jnsi moBBIIEHUSI YYBCTBUTEIBHOCTH CEHCOPOB U YCKOPEHHS MOBEPXHOCTHBIX pPEAKIUN
He0o0X0JIMM TEPMHUUYECKUN Harpes, pH 3TOM pabouas Temreparypa cocrasisier 150-500 °C. Taxoi
TEMITIEPAaTYPHBIA PEXUM DHEPrOEMOK M COKpAIaeT CPOK CIyXObl ceHcopa. CHmkeHune pabodeit
TEMIIEPATypPhl TOCTUTAETCS 32 CYET BBEJIEHUS MOIU(PUKATOPOB M KaTaau3aTopoB. [lepcreKTHBHBIM
pelIeHreM SIBISIETCS MPUMEHEHUE OPTraHUYeCKHX KpacUTeNel, crmocoOCTBYIOMMX (OTOTeHEpaIu
HOCHUTENEeH 3apsga ToJ JCHCTBHEM CBETa BHUIAMMOTO JHana3oHa W aKTUBAIIUM XHUMHYECKUX
MPOLIECCOB HA MOBEPXHOCTU OKCHJA, YTO MO3BOJIIET CHU3HUTH pabdouyl0 TemrepaTypy CeHcopa 10
KOMHATHOM.
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B nanHoli pabote B KauecTBe MarepHaja JJs ra30BOr0 ceHcopa OblI ucmonb3oBaH In20s,
MOJTYYCHHBI METOJOM OCAXKJEHHUS W3 PacTBOpa C IMOCIEnyIomeld TepMuueckoi obpaborkoii. B
KAaueCTBE CEHCHOWIM3aTOPOB HCIOJIB30BAUCh OPTaHUYECKUE MOHOMETAJUTMYECKHUE KOMILICKCHI
Ru(ll) u rerepobumerammuueckue Ru(Il)/M (M=Fe**, Fe**, Hg*). B xome pab6oThl OblLin
HCMOJIb30BaHbl Clieylomue MeToApl aHanu3oB: PDA, POOC, VY®-ugumas, KP u UK
CIIEKTPOCKOMHS, Macc-crieKTpomeTpusi. CEeHCOpHBIE CBOMCTBA MaTepHalioB ObLUTH HCCIICIOBAHBI 110
orHomenntio kK NOz, NO, NHz, CO u neryunm opranmueckum coenunenusm (JIOC) npu
KOMHATHOM TeMIIepaType B YCIOBUSIX (DOTOAKTHBAIIMY BUJAUMBIM CBETOM.

YcranoBieHo, uTo Moaudukanus kKomruiekcamu Ru(ll) mpuBomuT K CymieCTBEHHOMY
YBEIMUEHUIO ceHCopHOro oTkiuka InpO3 mpu nerextupoBanuu NO2 u NO, a Takxke yBenTu4uuBaeT
crocobHocTh Marepuana kK Qoromecopormun NO,. Bpemenue BTOpOro KaTHOHAa CHUXKAET
YyBCTBUTEIBHOCTh MOJU(UIIMPOBAHHBIX MaTepUaoB. OJTOT 3(PdEeKT MOXKET OBITh 00YCIOBIJICH
n3MeHeHrueM nosnoxkenuss B3MO komrekca, uto cHmkaeT d3pdextuBHOCTh hoToaecopommu NO».

[Tpu neTEeKTUPOBAHUH T'a30B BOCCTAHOBUTEJICH MOKHO BBIICIUTH CIEAYIONIUE TCHICHINH:

1) CHHTE3UpOBaHHBIC MAaTEpUAIbl HE MPOSBIISIOT CCHCOPHBIX CBOWCTB MPH JCTEKTUPOBAHUH
yrapHOTO Ta3a, OJJHAKO OOJIAJar0T YyBCTBUTEIbHOCTHIO K NH3 M yieTydnM opraHuveckum
COCIMHEHUSIM — (OpMaIIbACTHLY, AlleTOHY, O€H30ITyY;

2) HH OIWH W3 BBIOPAHHBIX KAaTHOHOB Fe?* Fed, Hg2+ HE TIOBBIMIACT CHEIU(DUIHOCTH
B3aUMO/ICHCTBHS THOPUIHBIX MATEPUATIOB C U3YYCHHBIMH ra3aMH.
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Heterobimetallic complexes Ru(11)/M (M=Fe#*, Fe**, Hg?")
as photosensitizers for gas sensors operating without thermal heating

Goncharov T.A.

Supervisor: Dr. habil., professor Rumyantseva M.N.

Semiconductor resistive gas sensors are designed for the detection of toxic and explosive
gases at trace concentrations. Wide-bandgap n-type semiconductor oxides (such as SnOgz, In20s,
Zn0O, WOs, etc.) are typically employed as sensing materials. The interaction of gas molecules with
the oxide surface — through processes such as adsorption, chemical reaction, and charge transfer —
leads to a change in the resistance of the sensing layer, which is then converted into an electrical
signal. The main limitations of these sensors include poor long-term stability and low selectivity.

Improving sensor sensitivity and accelerating surface reactions require thermal activation,
with typical operating temperatures ranging from 150 to 500 °C. Such thermal conditions are
energy-intensive and reduce the operational lifespan of the sensor. The operating temperature can
be lowered by incorporating surface modifiers and catalytic additives. A promising approach
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involves the use of organic dyes, which facilitate the photogeneration of charge carriers under
visible light irradiation and enhance chemical activity on the oxide surface. This strategy allows the
sensor to function efficiently under ambient conditions.

In this study, In2Oz obtained by solution precipitation followed by thermal treatment was
employed as the sensing material for gas sensors. Organic monometallic Ru(ll) complexes and
heterobimetallic Ru(I1)/M complexes (M=Fe?*, Fe%*, Hg?*) were used as sensitizers. The following
analytical techniques were applied: XRD, XPS, UV-visible, Raman and IR spectroscopy, as well as
mass spectrometry. The sensing properties of the materials were investigated with respect to NO,
NO, NHs, CO and volatile organic compounds (VOCs) at room temperature under visible light
photoactivation.

It was found that modification with Ru(ll) complexes significantly enhances the sensor
response of In,O3 towards NO2, NO and improves the material’s ability for NO2 photodesorption.
The introduction of a second metal cation reduces the sensitivity of the modified materials. This
effect may be attributed to changes in the HOMO energy level of the complex, which decreases the
efficiency of NO2 photodesorption.

The following trends were observed in the detection of reducing gases:

1) The synthesized materials exhibit no sensor response to carbon monoxide but demonstrate
sensitivity to NH3z and VOCs such as formaldehyde, acetone, and benzene;

2) None of the selected cations (Fe?*, Fe®*, Hg?") enhance the selectivity of the hybrid
materials towards the investigated gases.

Cunre3s HHTHﬁ-HpOBOI[HHIHX KEPpaMHUYCCKUX IJICKTPOJIUTOB 1
TBEPAOTCIBbHBIX AKKYMYJIATOPOB

Kupvanoea A.B.

PykoBoguTenu: k.X.H., B.H.c. Katmranosa O.0.; acn. Sxosnes N.1.

CTpeMuTeNIbHO pa3BUBAIOIINECS COBPEMEHHBIE TEXHOJOIMHM TPEOYIOT HCIIOJIb30BaHUS
aBTOHOMHBIX U 3()()eKTUBHBIX XUMUYECKUX UCTOUHUKOB Toka (XUT). JIugepom B JaHHOM oTpaciu
SIBIISTIOTCS TNTUH-MOHHBIE aKKYMYJISITOPBI, OJlarofapsi X BBICOKHM YJEIbHBIM XapaKTePUCTUKAM H
osicTpoTe Tmepe3apsga. OaHaKko, poCT MOTPEOIIEMON PIEKTPOIHEPTUU CTANl MPUUNHON CHUKEHUS
0€30IaCHOCTH KUAKO(A3HBIX 3JIEKTPOXUMHUECKUX CHCTEM B pe3yJbTaTe aKTUBALUHU MOOOYHBIX
MIPOIIECCOB, K KOTOPHIM OTHOCSITCSI HEPaBHOBECHBI POCT JIMTUEBBIX JIEHAPUTOB M TEIUIOBOM Pa3TOH.
[TosTOMy TEpCHEKTUBHBIM HAIPABICHHEM, IT03BOJISIIONIMM TOBBICHTH TPOU3BOJUTEIHHOCTh M
ynenbnyto sHepruto XUT, cunraercs nepexos K TBEpAOTEIbHBIM KEPAMUYECKUM 3JIEKTPOIUTAM,
Onmarosapss UX BBICOKOW TEPMHUECKOW M MeXaHWdeckoil crabuibHOCTH. TeM He MeHee B cuily
HOBH3HBI TEMAaTHKHU B JIUTEPAType MPAKTUYECKH HE YCTAHOBJICHHI (DyHIaMEHTaJIbHBIE KOPPEISAIUN
MEXy MUKPOCTPYKTYPOH KEPaMUKH U PE3YIbTUPYIOMIMMHU IIEKTPOXUMUYECKUMHU TIOKA3aTeISIMH.
B nmanHoii pabore B kadectBe LiT-mpoBoasiiero coemuHeHHs —WMCIONb30BaaHM - (Baszy
Liz4Alo4Ti16(PO4)s (LATP) co crpykrypoit NASICON, koTopasi XapakTepus3yercsi BBICOKOIl
WOHHOM MPOBOJMMOCTHIO U XUMHUYECKOH CTAaOMIILHOCTBIO Ha BO3/IyXE.

B cBsi3u c BblIecKa3aHHBIM, 1€NIb JaHHOW pabOTHI 3aKJI0YaeTCs B pa3paboTKe MOJIXO0A0B K
CHHTE3y MEIKO3epHUCTON Li*-mpoBomsieli KepaMuKH C YIy4YIICHHBIMH SKCIUTyaTallHOHHBIME
XapaKTepUCTHKaMH. J{JIs1 TOCTH)KEHUS TaHHOH TIeTTM OBIITH ITOCTaBJICHBI CIICTYOIINE 3a/1a9u:

1. Cunre3 nopomkoB LATP pa3nu4HOro rpanyaoMeTpu4eckoro cocTaBa;
2. Konconunamus cyOMUKpOHHOW KE€paMUKH C Bapualleldl THIOB CIEKAaroIuX J00aBOK s

MIOJIABJICHUS] aHOMAIILHOTO POCTA 3€PEH;

3. Pa3paboTka moX0/10B K CIIEKAaHHIO BBICOKOTUIOTHON HaHO-kepamuku LATP;
4. WccnenoBanue HYHKIMOHAIBHBIX CBOMCTB MOMyYeHHOM LiT-mpoBosiieii kepaMuKu;
5. DNEeKTPOXMMHUYECKOE TECTHUPOBAaHHE TBEPIOTENbHBIX 3JEKTPOJIUTOB coctaBa LATP B

CHMMETPUYHBIX U TIOJHBIX JINTHEBBIX TYCHKAX.
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C uenbto npumeHenus yactul] LATP BapeupyemMoro rpanysioMeTpuuecKkoro cocraBa ObLTH
anpoOupoBaHbl PA3JIMYHbIE MOAXObl K CHHTE3y. Tak, MpeJKepaMu4ecKue MUKPO-NIOPOLIKU ObUIH
MOJTy4YeHbI TBEpA0(a3HBIM METOJIOM C ONTHMH3HUPOBAHHBIMU MapaMeTpaMu OTKUTa U nomodna. s
cunTe3a Hanowactull Li*-mpoBomsmeit dasel B gaHHON padore ObUT MOAMMHUIUPOBAH 30JIb-
HOJMMEPHBIN METOJ, MO3BOJIAIOLNI SHEPro3(PPEKTUBHO MOTYHaTh MEIKOJUCIIEPCHYIO (DPAKIHIO C
xapakTepHbiM pasmepoM ~ 50 uM. JlampHelmass padora B pamkax BKP Oblma mocsieHa
pa3paboTke pa3IMyHBIX TMOAXOIOB K KOHconupanmuu kepamuku LATP  Bappupyemoro
I'paHyJIOMETPUYECKOr0 COCTaBA.

B mporecce ucciienoBanuii ObLIO YCTAHOBIICHO, YTO ClieKarolue 100aBku Ha ocHoBe SiO2
NPEJOTBPALIAIOT AHOMAJBHBIH POCT 3€peH NpU YIYYIICHHH TPAHCHOPTHBIX M MEXaHHMYECKUX
xapakTepucTuk. IlomydeHHass OIHOpOAHAs MHKPOCTPYKTypa TIIO3BOJIWIA HPOAJHUTH CPOK
AKCIUTyaTauu 3aekTpoauTa ¢ 80 10 250 4 B CHMMETPUYHBIX TBEPAOTENbHBIX siueiikax Li||LATP]|Li
U COXPaHUTh YAETbHYIO eMKOCTh Ha ypoBHE 140 MA T/4 npu ckopoctu nepesapsiaa 0,6C B mOIHBIX
cucremax cocraBa LFP||LATP||Li. Jdpyrum ucciemoBaHHBIM MHUKPOCTPYKTYPHBIM ITapaMeTpoM ObLIT
rpaHyJIOMeTpHYECKuii pasmep 3epen Li*-mpoBomsiimeit ¢assl. B pesynbrare 1mokasaHo, 4To HaHO-
KepaMHKa 00Ja/laeT YIy4dlIeHHON MeXaHM4YeCKOW CTaOMIIBHOCTBIO, MPEOTBpallas Jerpaaaluio
AJIEKTPOJIMTA TP 3/X TECTHPOBAHUH.

B pamkax mnpopnenaHHoi pa®oTbl Obul pa3paboTaH KepaMHUYECKHH 3JIEKTPOJIUT COCTaBa
LATP ¢ oaHOpOOHOM ¥  MEJIKO3EpHUCTOW CTPYKTYpPOH, HYTO TMO3BOJMIO  YIyYIIUTH
Pe3yIbTHPYIOLIHE OKCIUTyaTaIl[HOHHBIE XapaKTEPUCTHKH TBEPIOTEIBHBIX JUTHEBBIX
aKKyMYJISATOPOB.
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Synthesis of lithium-ion conducting ceramic electrolytes
for all-solid-state batteries

Kirianova A.V.

Supervisors: PhD, senior researcher Kapitanova O.O.; PhD student Yakovlev L.I.

Rapidly developed modern technologies require autonomous and efficient chemical energy

sources. One of the leaders in this industry is lithium-ion batteries due to their high specific
characteristics and fast recharging rate. However, the increasing energy consumption has caused a
safety hazard of liquid-phase electrochemical systems as a result of side processes, including non-
equilibrium growth of lithium dendrites and thermal runaway. Therefore, solid-state ceramic
electrolytes are considered as a promising direction to improve the performance and specific energy
because of their high thermal and mechanical stability. Nevertheless, due to the novelty of this
topic, fundamental correlations between the microstructure of the ceramic material and the resulting
electrochemical performance haven't been deeply studied in the literature. In the present work, the
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Li14Alo4Ti16(POs)z (LATP) phase with NASICON structure was used as a Li*-conducting
compound because of its high ionic conductivity and chemical stability.

In connection with the above, the aim of this work is the development of synthesis
approaches for fine-grained Li*-conducting ceramics with improved performance characteristics. To
achieve this goal, the following tasks were solved:

1. Synthesis of LATP powders with different particle size;

2. Sintering of sub-micron ceramics with varying additives for suppressing abnormal grain
growth;

3. Development of sintering approaches to obtain high-density LATP nano-ceramics;

4. Functional properties investigation of the obtained Li*-conducting ceramics;

5. Electrochemical testing of LATP solid-state electrolytes in symmetric and full lithium cells.

In order to utilize LATP particles with varying size distribution, different synthesis
approaches were performed. Thus, ceramic micro-powders were obtained by solid-state method
with improved annealing and grinding parameters. For the synthesis of Li*-conducting
nanoparticles, the sol-polymer technique was modified to achieve an energy-efficient production of
a fine LATP with a size of ~ 50 nm. Further work was focused on the development of sintering
approaches of varying ceramic particles.

During the research process, it was determined that SiO-based sintering additives prevented
abnormal grain growth with improving transport and mechanical characteristics. The obtained
uniform microstructure resulted in extended electrolyte lifespan from 80 to 250 h in symmetric
Li||LATPJ|Li solid-state cells and maintained specific capacity ~140 mA-g/h at 0.6 C-rate in full
LFP||[LATPJ|Li cells. The grain size of the Li*-conducting phase was another microstructural
parameter studied. As a result, we demonstrated that the nano-ceramics have improved mechanical
stability, preventing electrolyte degradation during electrochemical testing.

In this work, a ceramic LATP electrolyte with a uniform and fine-grained microstructure
was developed to improve the resulting performance characteristics of solid-state lithium batteries.

JIMTUH-TIPOBOASILIIUNA TBEPAOTEIbHBIN JICKTPOJIUT
co crpykrypoid NASICON

E [ Dununs

PykoBogurenu: k.X.H., B.H.c. Kanuranosa O.0.; acn. SIkones N.1.

beicTpoe pa3BuUTHE MPOMBINIIEHHOTO OOIIECTBA W POCT YHMCIA TPAHCIOPTHBIX CPENCTB C
JBUraTeIsIMM BHYTPEHHEIO CropaHHsl NpPUBENM K 3HAYUTEIBHOMY YBEIHMYEHHUIO IOTpeOIeHus
TPaJUIMOHHBIX HEBO300OHOBIISIEMBIX MCKOMAeMbIX BUIOB TOIUIMBA. Cpeay pa3inuyHbIX TEXHOJIOTHH
HAKOIJICHUS] W Tepelaud SHEPrUM JIMTUH-UOHHBbIE akkymynartopbl (JIMA) BelaensioTcs Kak
MepeIoBOe pelIeHre Oaroapsi CBoei BHICOKOW MIIOTHOCTU dHepTrun. OTHAKO COBPEMEHHBIE JIUTHII-
VWOHHBIE AKKYMYJSATOPBl B OCHOBHOM HCIOJB3YHOT OpPraHUYECKUE JKUIKUE DJIEKTPOJIUTHI,
HCIIOJIb30BaHUE KOTOPBIX MPUBOJIUT K Ipobiemam Ge3omacHOCTH. JleTyuecTh U BOCIUIAMEHSEMOCTh
ATUX DJIEKTPOJIMTOB CO3JAI0T PUCKU yTE€UYeK, BO3TOpaHUil U B3phIBOB. bojee Toro, kommepueckue
KHUJIKUE DIIEKTPOJIUTHBIE CUCTEMbl XMMUYECKH He CTa0WIbHBI K METaNIMYeCKOMY JIUTHIO HU
MEXaHMUYECKU HE YCTOWYMBHI B Mpolecce 00pa3oBaHUs JIMTHUEBBIX JICHIPUTOB MPU HCIIOIB30BAHUN
MEPCIEKTUBHOTO JIMTUEBOTO aHOAA, 4YTO YXYALIAeT XapaKTepUCTUKH Oaraper W CHIKaeT eé
0€301acHOCTb.

Ha nanHBIf MOMEHT B JMTEpaType HE TaK MHOTO paloOT, MOCBAIIEHHBIX CHHTE3Y TOHKHX
KEepaMHUYECKHUX JTUTHI-TIPOBOASIINX MEMOpaH, OCHOBAHHBIX Ha OTHOCUTEIHLHO MPOCTOM U JIEHIEBOM
MeTOZIe TUIEHOYHOTO JIUThS, KOTOPbIE OBl JIEMOHCTPUPOBAIM BBICOKHE 3HAUEHHUS OTHOCUTEIHHOMN
IUIOTHOCTM M HOHHOM mpoBomuMmocTd. B maHHOM pabore B KayecTBE JIMTHH-TIPOBOASAIIETO
coenuuenust ucnonb3oBad  (asy Li1aAlosaTite(POs)3 co crpykrypoii NASICON, kotopas
XapaKTepHU3yeTCs] BHICOKOH MOHHOW MPOBOAMMOCTBIO U XMMHUYECKON CTaOMIIBHOCTBIO Ha BO3AYyXE.
Takum 00pa3oM, Lenbi0 pabOTHl SBISJIOCH IMOMYyYEHHE TOHKMX MEMOpaH JMTUH-TIPOBOASLIETO

51



TBepaoro osnekrponuta cocraBa Lii4AloaTiie(POs)3 ¢ BBICOKOW HOHHOW TPOBOJMMOCTBIO U
OTHOCHTEJIbHOW TUIOTHOCTBIO.

3aauaMu SIBJISUINCH:

A) Cunre3s nmpeakepamuueckoro mopoiika cocraBa Liz 4Alo4Ti16(POa)s.

b) IIpurorosneane memOpan TBepaoro anekrpoinuta Lis 4Alo4Ti1s(POs)s MeTomom

TOHKOIIJIEHOYHOTO JINThSI KOMITO3UTHOM IMOJIMMEPHON CMECH Ha BOJHOM OCHOBE.

B) ITon6op onTuMalIbHBIX TEMIIEPATYPHBIX PEKUMOB JUIsl CIIEKAHUS TUTUH-ITPOBOASILEH

KEPaMUKH.

') 3y4enune CBOMCTB MOMYyYCHHBIX 00pa3ioB TBepaoro snekrpoauta LitaAlgaTiye(PO4)s:

OTHOCHUTEJIBHOW INIOTHOCTH U HOHHOW POBOAUMOCTH

[Mpenkepamuueckuii mopomok cocraBa LiiaAlosTi16(POs)s cuHTE3upOBaH TBEpaOha3HBIM
meTomoM. ONTUMHU3HPOBaHBI YCIOBUS TBepaodasHoro cuurteza mopornka LiisAlgsaTiie(POs)s, a
TaKKe CIeKaHus TaOleTOK Ha ero OcHoBe. [loydeHbI KOMIIO3UTHBIE CMECH Ha OCHOBE
NOJMBUHUJIOBOTO  CIUPTA, [DIUIEPHHA, IIOJIMAKpWIaTa aMMOHUSI W CHHTE3HMPOBAHHOTO
npeakepamuueckoro mopomika Li1aAlosTits(POs)s. IlomoOpaHo onTHManIbHOE COOTHOIICHHE
KOMIIOHEHTOB ISl TIOJyYEHHS MEMOpaH METOJOM TOHKOIUIEHOYHOTO JIUThSI C HAMITy4YIIUMHU
(GYHKIIMOHATIBHBIME  XapaKTepucTHKaMu. [logo0paHbl ONTUMANIbHBIC PEKUMBI TEMIIEpaTypHOU
00pabOTKH /IS TOJTyYEHHSI TOHKHX KEPaMHUYECKUX MEMOpaH, OTHOCHTEIbHAS TUIOTHOCTh KOTOPBIX
cocraBuia Ha ypoBHe 80%, a MOHHAs IIPOBOAMMOCTb Topsaka 1x10* Cwm/cm, uTo OTKpBIBaeT
BO3MO)XHOCTh TIOBBIIICHUS YACIbHBIX EMKOCTHBIX XapaKTEPUCTHK TBEPIAOTCIbHBIX JIMTHEBBIX
AKKyMYIISITOPOB.

I[My0nuKanum cTy1eHTKH:

1.E TIbiuunb, AxoBnes W.M., KamnuranoBa O.0O., Jlumuiti-npogooswuti meepoomenvHblil
anekmponum co cmpykmypoti NASICON // MexayHapoaHasi Hay4yHasi KoOHQepeHIusi
CTYIEHTOB, ACIIHPAHTOB M MOJIOABIX Y4éHbIX «JloMmoHOCOB-2025)», cOOpHUK Te31COB. MOCKBa,
Poccus, 11-25 anpens 2025.

Lithium-conducting solid-state electrolyte
with NASICON structure

Ye Peilin
Supervisors: PhD, leading researcher Kapitanova O.0.; PhD student Yakovlev I.I.

The rapid development of industrial society and the increasing number of internal
combustion engine vehicles have led to a significant rise in the consumption of traditional non-
renewable fossil fuels. Among various energy storage and transmission technologies, lithium-ion
batteries (LIBs) stand out as an advanced solution due to their high energy density. However,
modern lithium-ion batteries primarily use organic liquid electrolytes, which pose safety concerns.
The volatility and flammability of these electrolytes create risks of leakage, fires, and explosions.
Moreover, commercial liquid electrolyte systems are chemically unstable toward metallic lithium
and mechanically unstable during the formation of lithium dendrites when using a prospective
lithium anode, which degrades battery performance and reduces safety.

Currently, there are relatively few studies in the literature dedicated to the synthesis of thin
ceramic lithium-conducting membranes based on a relatively simple and cost-effective tape-casting
method that demonstrate high relative density and ionic conductivity. In this work, the NASICON-
structured Li1sAlo4Ti16(POas)s phase was used as the lithium-conducting material due to its high
ionic conductivity and chemical stability in air. Thus, the objective of this work was to produce thin
Li14Alo4Ti1e(PO4)s lithium-conducting solid electrolyte membranes with high ionic conductivity
and relative density.
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The tasks included:

A) Synthesis of a preceramic Lii.aAlo.4Ti1.6(PO4)s powder.

B) Preparation of Lii.4Alo.aTi1.s(PO4)s solid electrolyte membranes using an aqueous-based

composite polymer slurry via tape casting.

C) Optimization of sintering temperature regimes for lithium-conducting ceramics.

D) Investigation of the properties of the obtained Lii.sAlo.aTii.s(PO4)s solid electrolyte

samples: relative density and ionic conductivity.

The preceramic Lii.aAlo.aTii.s(PO4)s powder was synthesized via a solid-state method. The
conditions for solid-state synthesis of the Lii.4Alo.aTii.s(PO4)s powder, as well as the sintering of
pellets based on it, were optimized. Composite slurries were prepared using polyvinyl alcohol,
glycerol, ammonium polyacrylate, and the synthesized preceramic Lii.aAlo.4Ti1.s(PO4)s powder. The
optimal component ratios for producing membranes via tape casting with the best functional
characteristics were determined. The optimal thermal treatment regimes were selected to obtain thin
ceramic membranes with a relative density of ~80% and an ionic conductivity of ~1x10* S/cm,
which opens the possibility for improving the specific capacity characteristics of solid-state lithium
batteries.

IHosyyenune MaTrepuaJioB Ha OCHOBe BaHaaaToB KoOasbTa (I1)
HukeJd (I1) xos1 31eKTpOXuMHUYEeCKUX NPUJI0KEHU I

Mopos 10.]].

PykoBoaurenu: k.X.H., H.c. Cton6oB JI.H.; mmx. Ocunos H.1.

B coBpeMeHHOM MHpE MOWCK pEIICHHS NMPOOJIEeM TOCTABKH, MPEOOPA3OBAHMS U XPAHCHHUS
SHEPTUHU BBICTYNAET OJHOW W3 Hambosee OBICTPO pa3BUBAIOUIMXCsA oOnacTted Hayku. Pactymias
MOTPEeOHOCTh B 00Jiee eMKUX M MOIIHBIX YCTPONCTBaX XpaHEHUS SHEPTUu SIBJSETCS CIEeICTBUEM
IIUPOKOTO PACIpPOCTPAHEHUS JJICKTPOHHOW ammaparypbl BO BceX cdepax Hamel KU3HH.
CHa0xeHue »OTOW ammapaTypbl SHEprued ans mojanepkaHuss ee OecrepeOoiHON paboTh
MIpPEJICTaBIsIeT CO0O0M OAMH U3 BKHEHIIIUX BOMPOCOB 00ECTICUEHHS IHEPTeTUUECKOI O€30MacCHOCTH.
Buenpenne Takoro BHAa MCTOYHHMKA TOKA, KaK CYMEPKOHJIEHCATOpa, WIM HOHUCTOpA, YacTo
MO3BOJISIET ONTUMU3UPOBAThH JTMHEHHBIE pa3Mephl YCTPOIMCTBA U YBEIMYUTHh CPOK pabOThI mpubdopa
3a cyeT OOINbIIeH MPOAOKUTENBHOCTH JKU3HH CYMEepKOHIeHcaTtopa. TemmepaTypHble paMKd WU
MOIIIHOCTh MOHHMCTOPOB JOCTATOYHO BEJIIMKH, TaK YTO MPAKTUYECKH JIFOObIe HApaOOTKH MO ITOU
TEeMe, PaCHIUPSIONIME BO3MOXKHOCTH UX MPAKTUUECKOTO MCIOJIb30BaHUS B YCTPOMCTBAX XPaHEHUS
SHEPTUH, OyIyT MOJIE3HBI.

CynepKkoHJEHCAaTOpbl, WM HWOHHUCTOPBI, SBISIOTCS OJHUM HW3 BApUAHTOB »3JIEMEHTa
AJEKTPOXUMHUUYECKONU MMM, TMPETHA3HAUYCHHOTO [UJIs 3amacaHus 3Heprud. OT TpaJauIIMOHHBIX
AKKyMYJISITOPOB MX OTJWYAeT OOJIbINAsi MOITHOCTh, a OT KOHACHCATOPOB BO3MOXHOCTh OTJaBaTh
SHEPTUI0 MOPUMOHHO. Takke OHU MOTYT HCHOJB30BaTbC BMECTE€ C aKKyMYJISTOPOM MJis
WCIIO0JIH30BaHUS HAKOTJIEHHOTO 3apsi/ia 10 MaKCUMYyMY.

B moeii pabote o meroauke cunaTe3a Co3V20g ObIa MoTydeHa CMeCh BaHAIATOB KOOAIbhTa
W BaHAJMUS PA3HBIX COCTAaBOB CIEAYIOIUM O0pa3oM: CMeENIald pPacTBOPHI BaHaJaTa aMMOHUS
NH4VOs, runparupoBanHoro Hurpara kodansra Co(NO3)2*6H20, moueBunsl (NH2).CO, ¢ropuna
ammonusi NH4F. Tlocme noGaBnmeHuss K pacTBOPY KaXKIOTO KOMIIOHEHTA PEAKIIMOHHYIO CMECh
nepememBan npu 70°C B TedeHue moiydaca. 3aTeM cMech MoaBeprain o0paboTke mpu
temneparype 140°C B aBToknaBe B TeueHue 12 yacoB. Taxxke mpoBesn aHAJIOTHYHbIE CUHTE3bI TPU
temneparypax 120°C u 160°C. Ilomumo 3T0r0, OB MPOBEAECHBI CUHTE3bI 00PA3I0B, I/I€ BMECTO
coiu KoOanmbTa 06T B3sT Xsopua Hukens NiCl*6H:0.

[To pentrenHodasoBoMy aHalW3y U B CIy4ae CEepUHM C HHUKEIEM, U B Cllydae CEepuH C
KOOQJITOM OBLITH IMOJYYCHBI Kak UCKOMBIe (a3el coctaBa M3V20g, Tak n BaHaaatel Bujga M2V207,
okcuabl MO, a takke BaHagat CoV20g B citydae koOanbTa. B peHTreHOrpamMmax st HUKEIs JIIs
BCEX YCIIOBUH MO Temreparype pediiekc OCHOBHOM (a3bl HaXOAWTCS TpUMEpHO Ha 35° u ero
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MHTCHCUBHOCTh YBEJIMUYUBACTCSI C POCTOM TemIieparypsl. Jlins kobajabTa TakoW TEHAEHIMHM HE
Habmo1aeTcs: peduieKc CMelaeTcsi B CTOPOHY OOJIBIIUX YIJIOB, MHTEHCUBHOCTh HE 3aBHCHUT OT
Temneparypbl. Bee 00pasnbl 061aiaoT cxoxeil KOMKooOpa3Hoil Mop(dosIoTHei.

IIpu omxure Hamboyee NEPCHEKTHBHOTO oOOpa3lla W3 CEepUM HUKENS YAelbHAs IJIONIAIb
IIOBEPXHOCTH yMeHbInaercs ¢ 105 mM%r mo 55 m%/r, HO pediexc, coorBercTByromuii NizV20s,
ocTasicsl TAKUM K€ UHTEHCHUBHBIM.

B pesynbraTe mpoaenaHHBIX SKCIEPHUMEHTOB OBUIO OMPEAETICHO, YTO B CIIydae CHHTE3a C
COJIBIO HUKEJS MOJIy4ajoch MEHbIIE IpuMecei, pediieKcsl Ha peHTreHorpaMmax ObIIM YeTde, YeM
B ciaydae ¢ KobOampToM. JlanpHeliue 3KCHEPUMEHTHI MO ONPEICIICHUI0 3JIEKTPOXUMHUECKUX
XapaKTePUCTHK U3 UMEIOIIUXCS CEepUil MPOBOAMIM ¢ 0OpasiioM, noxydeHHoM npu 160°C, a taxxke
ObUIM TIOJIy4eHB CMEIIAaHHBIE BaHAAAThl HHKENs W KoOanmbTa. EMKOCTH BaHagaTa HHKeI,
MMOCYMTAHHAs 110 KPUBBIM 3apsiaa-paspsjia B TPEXDISKTPOIHOM siuelike, coctaBuiia 28 D/r.

Myoaukamuu cryaentku (https://istina.msu.ru/profile/MorozY ulia/):

1. Mopo3 10.J1., Anpeianes A.Jl., [omocennsviii cudpoaus mumpama eeponusi 8 NPUCymcmeuu
apomamuueckux kapookcunamos [l IX Koudpepenuuss Moaoabix Yduenbix mo OOmei u
Heopranunueckoii Xumuu, cOopuuk te3ucoB. Mocksa, Poccust, 9 — 12 anpenst 2019, c. 185.

2. Mopo3 IO0.J1., Koro C.}O., Unsepmuposamnvie adspocenu — HOBblU KIACC NOIUMEPHBIX
aspoeenetl, NOIYYAEMbIX C UCNONb30BAHUEM 2€Jisl OUOKCUOA KpeMHUsi 6 Kawecmee memniama I/
Marepuanbl MexkIyHApOIHOT0 MOJIOAE:KHOTO HaydHoro ¢opyma «JIOMOHOCOB-2020»
[Dnextponnsiii pecypc| ISBN 978-5-317-06417-4.

Synthesis of materials based on cobalt and nickel vanadates
for electrochemical applications

Moroz Y.D.
Supervisors: PhD, research scientist Stolbov D.N.; engineer Osipov N.I.

In the modern world, finding solutions to the challenges related to energy delivery,
conversion and storage is one of the most rapidly developing fields of science. The growing need
for more capacious and powerful energy storage devices is a consequence of the widespread use of
electronic devices in all areas of our lives. Supplying such devices with energy to maintain their
function uninterrupted is one of the most important issues in ensuring energy security. The
introduction of such a type of energy source as a supercapacitor, often allows optimizing the linear
dimensions and increasing the service life of the device due to the longer service life of the
supercapacitor. The temperature range and power limits of supercapacitors are quite wide, so almost
any developments on this topic that leads to their practical use in energy storage devices will be
useful.

Supercapacitors are one of the variants of an electrochemical circuit element, designed to

store energy. They differ from traditional batteries in their high power, and from capacitors in the
ability to give off energy in portions. They can also be used together with a battery to use the
accumulated charge to the maximum.
In my work on the method of synthesis of CosV2Og, a mixture of cobalt and vanadium vanadates of
different compositions was obtained as follows: solutions of ammonium vanadate NHVOs,
hydrated cobalt nitrate Co(NO3)2*6H.0, urea (NH2).CO, ammonium fluoride NH4F were mixed.
After adding each component to the solution, the reaction mixture was stirred at 70°C for half an
hour. Then the mixture was treated at a temperature of 140°C in an autoclave for 12 hours. Similar
syntheses were also carried out at temperatures of 120°C and 160°C. In addition, syntheses of
samples were carried out, where nickel chloride NiCl,*6H20 was taken instead of cobalt salt.

According to X-ray phase analysis, both the desired phases of the M3V20g composition and
vanadates of the M>V.07 type, MO oxides, and also vanadate CoV20s in the case of cobalt were
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obtained in the case of the nickel series and in the case of the cobalt series. In the X-ray diffraction
patterns for nickel, for all temperature conditions, the reflection of the main phase is located at
approximately 35° and its intensity increases with increasing temperature. No such trend is
observed for cobalt: the reflection shifts toward larger angles, the intensity does not depend on
temperature. All samples have a similar lump-like morphology.

In case of the most promising sample from the nickel series, after annealing the specific surface
area decreases from 105 m?/g to 55 m?/g, but the reflection corresponding to NisV2Os remains just
as intense.

As a result of the experiments, it was determined that in the case of synthesis with nickel
salt, fewer impurities were obtained, and the reflections on the X-ray patterns were clearer than in
the case of cobalt. Further experiments to determine the electrochemical characteristics from the
existing series were carried out with a sample obtained at 160°C, and mixed nickel and cobalt
vanadates were also obtained. The capacity of nickel vanadate, calculated from the charge-
discharge curves in a three-electrode cell, was 28 F/g.

CuHTe3 MOHOMOHHBIX MATHUTOB HA OCHOBE HOHOB AUCIIPO3UA U
Tepﬁl/lﬂ B CTPYKTYpax aJilOMUHATOB, I'aJIlJ1IaTOB U TUTAHATOB

Xyan [lyyu

PykoBoautenu: a.x.H., npod. Kazun I[LE.; k.x.H., go1. Bacunses A.B.

CoBpeMEeHHYIO XKU3Hb TPYAHO MPEICTaBUTh 0€3 XpaHEeHUs MH(POpPMAIMHU B AJIEKTPOHHOM
Bujge. MoHoMmosekynsipHble MarHutbl (MMM) sBAsiOTCS MHOrOOOEIIAIOIIMMHU  3JIEMEHTaMU
MarHMTHOM NaMATH MOJIEKYJISIPHOTO pa3Mmepa. Takue OOBEKTbl MPEICTaBISIOT HHTEpPEC B
MPAKTUYECKOM ILIaHE, MOCKOJIbKY MOTYT Jiedb B OCHOBY MAarHMTHOTO HOCHTENs HH(opmanuu
OecIpereIeHTHO BBICOKOW IUIOTHOCTH. AJBTEPHATUBON  KJIACCUYECKUM  (PeppOMarHUTHHIM
MaTepuajgaM MOTYT CTaThb MOHOMOJIEKYJISIpHbIE MAarHUThl. MOHOMOJIEKYJSIpHbIE MAarHUThl — 3TO
IIapaMarHUTHBIE MOJIEKYJIbI, KOTOPBIE HUKE OIIPEJIEIICHHON TEMIIEPATypbl MOT'YT HEKOTOPOE BpeMs
COXpaHATh HAMarHM4€HHOCTb, YTO MOXET HAWTH NPUMEHEHUS B BBICOKOIUIOTHOM XpaHEHUU
nH(pOpMaIiyi, MarHUTHBIX KyOuTax, u T. A. OCHOBHBIMU XapakTepucTukamu MMM sBistorcs
BpeMsl pejaKkcaluyd HaMarHW4eHHOCTH, TeMIleparypa OJOKMpPOBKM HaMarHuueHHocTu Tg u Oapwep
nepemarauunBanusi Ueff, ¢ yBelMueHHEM Oapbhepa BO3pacTalOT CTa0MJIBHOCTh HAMAarHWYEHHOTO
COCTOSIHMSI M TeMIiepaTypbl 6okupoBkd MMM. HenaBHo Obla mokazaHa MeIJICHHAsT pellakcarus
HAMarHM4eHHOCTH B HYJIEBOM IT0JIE€ B COEMHEHUSX METAJLUIOB CO CTpyKTypoil Pamicnena-Ilonmepa
— HOBBIW THIT CTPYKTYPBI JJIs 1n3aiiHa MOHOMOHHBIX MarHUToB (MUM). ITockonbky monsl d- niu f-
METaJJIOB OOBIYHO COJAEpKAT HECMapeHHBbIC SJEKTPOHBI, OHU OOBIYHO SBJISIOTCS MarHUTHBIMU
nentpamu. Jlo cux mop mMaTpuunbie coenunenus At MUM 6wt BechbMa OrpaHUYCHBI.

TakuM o00pa3oM, LEIbI0 JAHHOW padOThl SBISETCS CMHTE3 MOHOMOHHBIX MAarHMTOB Ha
OCHOBE COEJMHEHHI METaIOB, IeTupoBaHHbIX Tb u Dy.

Jlns cuHTe3a 00pasloB B HAcTosIIeNd paboTe HCIONb30BaIM TBepAo(a3Hbli MeTo. bpimmn
CHHTE3MPOBaHbI 00pasiel coctaBoB: BalaixDyxGaOs u BalaixThxGaOs, rme x = 0,05, 0,1, 0,2,
0,3. B paHHHX uCClleOBAaHMIX Hallleil HaAy4HOH Tpymnmbl ObLIO 3aMEYeHO, YTO 0Opa3lbl rajulaToB
CTPOHITUS U JIaHTaHA MUMENH MPUMECH OKCcHJIa JTJaHTaHa. UToObl MoMyduTh Ooliee YUCTYIo a3y, MbI
MPUMEHIIIN TTapaJuIeNIbHOE JISTHpOBaHUE ABYyMs kKatnoHamu coctaBa SrixCaxlLaixDyxGaOs m Sri-
xCaxLaixThxGaOas. C 1enbto paciupeHus CeKTpa MaTPUI] IPUTOAHBIX VIS TU3aiiHa MOHOMOHHBIX
MarHuTOB MBI HCIOJb30BAJIH IMEPOBCKUTONON00HBIE (a3el psna Pamicnena-Ilonmepa cocraBa
SrLa1xDyxGazO7, amomunatel SrLaixDyxAlOs u tutanatel NalLaixDyxTi2Os, NalLai-xDyxTiOs.
Jlnig u3yueHus ($a30BOro cocraBa M KpUCTAIIMYECKON CTPYKTYpPhI 00pa3lioB Mbl IPUMEHSIN METOT
MOPOIIKOBOM PEHTreHoBCcKOM audpaxiuu. 1o TaHHBIM peHTreHOBCKOH AU(paKIMKU yCTaHOBIEHO,
YTO TMPU MAJIOM CojiepkaHuu TepOus u auctposus (10 10%) momydaroTcsi 00pasibl coepiKalimne
ueneBble (paspl rayiaToB, ATIOMHUHATOB M THUTAHATOB, a cojepxkaHue mnpumeceil Mmenee 5%.
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CpaBuuBass pe3ynbraThl PDA mist 00pas3ioB, JETUPOBAHHBIX OJHUM KATHOHOM M JIBYMs
KaTHOHAMH, MbI BUIUM, YTO BTOPBIE MOJy4yaroTcs 6os1ee (pa3oBOYNCTHIMHU.

Jlyist ompenienieHrss MarHUTHBIX CBOMCTB MPOBOWIA U3MEPEHUS 00pa3iloB B MEPEMEHHBIX U
MOCTOSIHHBIX moyisiX. B oOpasumax  SrLaoesDYoosAlOs u  Srlao.gsDyo.osGasO7 wabmromanack
MeJUIeHHas pesiakcalysi B HyJaeBoM mosie. Marpuna tutanata NalLaooDyo 1 TiOs sBisiercs: Haubosiee
IIepPCIIEKTHBHOM - MAKCUMAIbHBIN 6aphep mepeMaranunBanns 116.59(4) cm™! B HyneBoM BHemHeM
MMOCTOSTHHOM MarHUTHOM TIOJIE.

Takum oOpa3om, B JaHHOI paboTe ObUIM YCHEIIHO CHHTE3UPOBAHBl MOHOMOHHBIE MarHUTHI
HA OCHOBE MOHOB JIUCIIPO3US U TepOUS B CTPYKTypax allOMHHATOB, T'aJUIATOB M TUTAHATOB, CPEIU
KOTOPBIX MaTpHUIla TATAHATA UMEET HauOOIBIIHI Oapbep MepeMarHiYuBaHus.

IMy6auxamuu crynentku (https://istina.msu.ru/workers/695697540/):
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MockoBckas o0nactb, Poccust, 15-17 HosiOps 2024.
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cmpykmypou KoNiFs necuposannvix P32 [1 XXXI MexayHapoaHasi KondepeHIHsI CTY/IeHTOB,
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Synthesis of single ion magnets based on dysprosium and terbium ions
in aluminates, gallates and titanates structures

Huang S.
Supervisors: Dr. habil., professor Kazin P.E.; PhD, associate professor Vasiliev A.V.

It is difficult to imagine modern life without storing information in electronic form. Single-
molecule magnets (SMMs) are promising elements of molecular-sized magnetic memory. Such
objects are of practical interest because they can form the basis of a magnetic storage medium of
unprecedentedly high density. SMMs can become an alternative to classical ferromagnetic
materials. SMMs are paramagnetic molecules that can be magnetized below a certain temperature,
which can find applications in high—density information storage, magnetic qubits, etc. The main
characteristics of SMMs are the magnetization relaxation time, magnetization blocking temperature
Tg, and magnetization reversal barrier Uess. With an increase in the barrier, the stability of the
magnetized state and blocking temperatures of SMMs increase. Recently, a slow relaxation of
magnetization in zero field was shown in oxide metal compounds with the Radlesden-Popper
structure - a new type of structure for the design of single-ion magnets (SIMs). Since d- or f-metal
ions usually contain unpaired electrons, they are usually magnetic centers. Until now, matrix
compounds for SIMs have been very limited.

Thus, the aim of this work is to synthesize S|Ms based on oxide metal compounds doped
with Th and Dy.

The solid-phase method was used to synthesize the samples in this work. Samples of the
following compositions were synthesized: BalLa:xDyxGaOs and BalLaixThxGaOs, where x = 0.05,
0.1, 0.2, 0.3. In the early studies of our scientific group, it was noticed that samples of strontium and
lanthanum gallates had impurities of lanthanum oxide. In order to obtain a purer phase, we also
tried parallel doping with two cations of the composition SrixCaxLai-xDyxGaOas and SrixCaxLai-
xTbxGaOas. In order to expand the spectrum of matrices suitable for the design of S|Ms, we used
perovskite-like phases of the Radlesden-Popper series of the composition SrLaixDyxGazOz,
aluminates SrLai;xDyxAlO4 and titanates NalLaixDyxTi2Os, NaLai1xDyxTiOs. To study the phase
composition and crystal structure of the samples, we used the powder X-ray diffraction method. X-
ray diffraction with a low content of terbium and dysprosium (up to 10%) shows that phases of
galates, aluminates and titanates are formed, and the impurity content is less than 5%. Comparing
the X-ray diffraction data for samples doped with one cation and two cations, we see that the second
are more phase-pure.

To determine the magnetic properties, the samples were measured in AC and DC fields.
Slow relaxation in zero field was observed in SrLao.9sDYo.05sAI04 and SrLap.esDyo.05GazO7 samples.
The NalLagoDyo.1TiO4 titanate matrix is the most promising, its maximum magnetization reversal
barrier is 116.59(4) cm™ in zero external constant magnetic field.

Thus, in this work, S|Ms based on dysprosium and terbium ions in the structures of
aluminates, gallates and titanates were successfully synthesized, among which the titanate matrix
has the highest remagnetization barrier.
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DneKTpoHHAasi BEpCHsi OpOIIIOPHI

4acTh 1

Ha ob6noocke npeocmasneno POM-uzobpadicenue nopucmoii nieHku cepeopa co CmMpyKmypoll
uHeepMUpoBanHo2o onana. Aemop — evinyckHuya mazsucmpamyper PHM MIY 2025 200a
An Bonwvcuno.
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