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PO3POBJIEHHA TA JOCNIAXEHHA KOMMO3UTHOr0 ENEKTPONITY

HA OCHOBI CUCTEMW LATP/LIPF_ INA NITIEBUX AKYMYIIATOPIB

I. B. Ticoscvkuii’*, C. O. Cononan’, A. I. Binoyc', B. I. Xomenxo?, B. 3. Bapcyxos®

"THemumym 3aeanvroi ma Heopeaniunoi ximii im. B. I. Bepradcvkoeo HAH Ykpainu, npocn. Aka-

demixa Ilannadina, 32/34, Kuis 03142, Yxpaina

’Kuiscokuil HAUioHANvHULl yHiéepcumem mexHonozil ma ousatiny, eéyn. Hemuposuua-/lan-

uenxa, 2, Kuie 01011, Ykpaina
*e-mail: i-lisovskii@i.ua

Husbkuit piBeHb 6esneku 3aBxpay OyB CTaOKuM Miclje NiTili-iOHHMX aKyMY/IATOPIiB i3
HOTIMEPHUM CeNapaTopoM, IPOCOYEHUM PiKUM eIeKTPOIiTOM. Y po6OTi MOKasaHO MOX-
JIMBICTb BUKOPUCTAHHA KOMIIO3UTHOTO €/IEKTPOJITY, AKUII CKIAIa€ThCA 3 IOPUCTOL Kepa-
MivHOi MaTpuIi mitiit-amominiit-turan-pocdary (Li Al [Ti (PO,),), mpocodenoi pinxum
enekTponiTom Ha ocHoBi LiPF . JTaboparopHi eneMeHTH, TOOYIOBaHi 3 BUKOPUCTAaHHAM KOM-
IIO3UTHOTO €/IeKTPOJIITY, IPOJEMOHCTPYBaIM BUCOKY CTabi/IbHICTD IpU TpUBaIOMy po3psi/
3apsAHOMY LIMK/IIOBaHHI 32 He3HAYHOTO IAJiHHSA ITOYaTKOBOI EMHOCTI MOPiBHAHO 3 mabo-
PAaTOPHUMM €7IEMEHTAMU 3 PILKUM €IeKTPOJIITOM.

Kmrouosi cmosa: NASICON, meron TBeprodasHuX peakiill, KOMIIO3UTHUI e1eKTpPOJIT,

TBEPAOTI/IbHI aKyMY/IATOPU.

BCTYII. Ximiuni mxepena crpymy (XIC)
BXe JIaBHO CTalM HeBiJ EMHOIO CKJIa/0BOIO
JKUTTSA KOXKHOI CY4acHOI TIOfVHMN. Hait6inpm
posnoBciofxeHnMn cepefi cydacHux XJC e
nirtiit-ionni akymynaropu (JIIA). Ix mmpoxko
BUKOPUCTOBYIOTD Y Pi3HMX €/IEKTPOHHUX IIPK-
CTPOSIX, TAKUX AK CMapTQoHu, PpoToamnaparuy,
HOYTOYKM TOIO. 3 OIVIAAY Ha BUCOKY TyCTH-
Hy eHeprii, J/IIA BBa)XalTb NepCIEeKTMBHUMU
JUKepenaMyl OJKUBJICHHS [UIA  el1eKTPOMOobi-
niB [1, 2].

JIna nepeneceHH: ioHiB niTito B JITA Buko-
PUCTOBYIOTH PiJjKi €IEKTPOJIITH, AKi B OCHOB-
HOMY CK/IaJal0TbCs 3 allpOTOHHMX OpraHiy-

HUX PO3YMHHUKIB i coneit nitiio [3-5]. Yepes
BMKOPVCTAHHSA CUCTEMM TONTIMEpPHNUII cenapa-
TOP/PifKuUil €eKTPOJIT BUHMKAE Lji/la HU3Ka
npobnem cydyacHux JIIA: By3pKuil iHTepBal
TEMIIEPAaTypPHOI Ta eIeKTPOXiMiuyHOI CTabiNb-
HOCTI, 3aIrp03a BUTOKY €JIEKTPOJIITY, IIOXKEXO0-
HeOe3IevyHicTh [6, 7].

BBa)xaroTp, 1110 HACTYIIHOIO T'eHEepalli€ro Xi-
MIYHUX JPKEPE/I CTPYMY CTaHyTh TBEP/IOTi/IbHI
akymyssatopu (TTA) [8-14]. Bonu He MicTATDH
Yy CBOEMY CKJIaJii JIETKO3aIMNUCTI OpTraHivHi
KOMIIOHEHTH 1 yepes Iie mo36aBeHi npoobaeMm
3arOpsAHHA, AKI IpUTaMaHHI aKyMyIATOpaM i3
PIAKMM €IeKTPOIITOM. SIK TBepji efIeKTpomiT
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IUI1 TBEPAOTIIPHUX aKyMY/IATOPiB OakaHO
BMKOPUCTOBYBaTM OKCHUJIHI CHCTEMU, OCKi/b-
KJ BOHM CTiiiKi fo Aiii Bosoru Ta arMocdep-
Horo noBitps [15]. Ile mae MOXXIMBicTD cripo-
CTUTK TEXHOJIOTII0 IXHBOIO BUTOTOBJIEHHS.
AJle BOHU TaKO>X MaIOTh IIeBHi Hemomiku. Haii-
Oi/IBII CYyTTEBMMM 3 HUX Ha CbOTOZIHI € HU3bKa
ionHa mpoBifgHicTb [16], HM3PKa CcTabiNMBHICTD
TBEPZIOTO €/IEKTPOJIITY 32 KOHTAKTY 3 MeTasle-
BUM J1iTieM [17-19] Ta Bucokmii omip Mexi 1mo-
ATy aKTMBHUIA MaTepias/TBepauil eNeKTPOIT
[20-22]. IIpoTe, mounHaroun 3 1960-x pokis,
aKTMBHO [OCTI/DKYIOTh MaTepianu 31 CTPyK-
typoro NASICON. Ili marepianm MaroTh Bif-
HOCHO BUCOKY ioHHY (Li") mpoBigHicTh, AKy 3a
HiIBUIIEHNX TeMIIEPATyp MOXKHA MOPiBHATU
3 IPOBIIHICTIO PiIKMX eNEeKTPOITiB [23].

OpHMMM 3 TIepCHEeKTUBHUX NPeCTaBHUKIB
Matepiais 3i crpykryporo NASICON e criony-
Ku JtiTiit-amoMiHiin-tutan-gocdaris  (LATP),
3arajipHa XiMiuyHa opMysa AKMX Ma€ BUITIAL
Li, AlTi, (PO,),. i marepiamu criiiki mo pii
BOJY, IIOBITPs Ta BOTHIO, BOJIOAIIOTh BYCOKOIO
ionHol0 mpoBipHicTIO (~10* CM/cM 3a KiM-
HATHOI TeMIlepaTypu), MAIOTh IIMPOKe BiKHO
e/IeKTPOXiMiYHOI cTabiibHOCTI [24].

OpHMM i3 MOK/IMBUX IIISXIB MJIS IIOMOIaH-
HA Tpo0/IeMM BUCOKOTO OHOPY MeXi Iopiny
KaTOfl/TBepAUIl €IeKTPOJIT Ha CbOTOJHI BBa-
JKaIOTb CTBOPEHHA KOMIIO3UTHOTO €7eKTPOJIi-
Ty Ha OCHOBI IIOJIiIMEPHOI MaTpuLIi i JIiTiiI-TIpo-
BiJIHMX HEOpraHiYHMX HAHOYACTUHOK [25, 26].
Bopnouac Taki KOMIO3KIIINIHI €IeKTPOIITH €
OinbiI Oe3reYHNMYU HOPIBHSIHO 3 CUCTEMaMM
HOJIIMEPHMIT CelapaTop/piiKuil €l1eKTPOIT.
OpHaxk Liell migxin He BUK/IIYA€E MOKIMBOCTI
KOPOTKOTO 3aMMKAaHH:, BUK/IMKAHOTO POCTOM
niTieBUX JeHApuUTiB. BapTo 3a3HaunTy, 110 3a-
MiHa IO/IIMEPHOI MaTpUIli Ha KepaMiyHy [103-
BOJIUTH CYTTEBO MiABUIUTY O€3IIeKy JiTiEBUX
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aKyMY/IATOPIB i HOBHICTIO yOe3meunTy Bifi Ko-
POTKOIO 3aMMKaHHSA Ta 3aTOPsHHA.

Tomy MeToM0 11i€l po60TH 6YI0 CTBOPEHHS
KOMIIO3/THOTO €/IeKTPOJITy Ha OCHOBi IIO-
pUCTOI KepaMi4HOI HeOpraHidyHOl JiTii-IIpo-
BimHoi Matpuui LATP, HamoBHeHOI pifkum
enekrponitom LiPF, i mocnimxenns 3asnave-
HOI CuCTeMU Y Ta0OPATOPHUX elleMEeHTaX.

EKCIIEPVMIMEHT I OBI'OBOPEHHA PE-
3YJIbPTATIB

Oodeprcanns meepooeo enexmponimy LATP.
Cunres yactuHok LATP nposogunmu Metogom
TBepHoda3HNX peakuiil. K BuXigHi peareH-
TU /11 CUHTE€3y BUKOPUCTOBYBA/IN TifIpOKCHT,
nitito LiIOH-H O, okcup  amominizo A1203,
okcup, turany TiO,, aurizpodocdar amoniro
NH, H, PO, (Bci peakTupn «x. 4.»).

CyMill BUXiZHUX Ppe€areHTiB y cTexiome-
TPUYHUX CIIBBiJHOLIEHHAX T'OMOTI€Hi3yBa-
M B IIaHeTapHOMY MunHi «Retsch PM100»
y CepeloBMIIi €TUIO0BOTO CIMPTY BIIPOJOBXK
3 rop. 3a mBUAKOCTI o6epranHs 300 06/xB i
CYUIVMIN IO TIOBHOTO BUJIAJIEHHA PO3YMHHMKA.
ITicna BupaneHHsa po3YMHHMKA POJYKT IPO-
ciroBa/Ii 4epes CUTO Ta MiifaBaau ABOCTaLiN-
HOMY TepMOOOPOOIEHHIO BIIPOJOBX 3 TOAUNH
(T,=500 °C, T,=850 °C) mna QopmyBaHHA
Kkpuctaniggoi crpykrypu tury NASICON.

CmeopeHHs KOMNO3UMHO20 eNeKmpPOsIinty.
Insa omep>kaHHA KepaMikyM Ha OCHOBI 4acTH-
HOK LATP mo cuHTe30BaHOrO MOPOLIKY [j0fa-
Banmu 5 %-71 BOGHUIT PO3YMH IOJIiBiHIZIOBOTO
CIUpTy Ta npecyBamy B TabmeTku (d=16 mm,
p=80 MIIa). IIpecoBani 3aroToBKM crikaam
3a temneparypu 1140 °C ympoposx 2 rof.
IIBupkicTp HarpiBy craHoBmiaa 5°C/xs. Ilic-
A OXONMOIKeHHA KepaMiKy mmidyBamy mjsa
MOKpAIlleHHsI MeXi Mail0yTHbOTO KOHTAaKTY.
Ha ocHoBi ofep>xanoi kepamiku 0yno cTBope-
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HO 3pasKy KOMIIO3UTHOTO €IeKTPOJIITy pi3HOI
roBuuuu (0,8 MM Ta 1,6 MM), SIKi ABIAIN CO-
6010 nopucry kepamiky LATP, npocoueny 1M
posunny rekcadpropdocdary nirito (LiPF,) y
cyMilli pO3YMHHYKIB — eTVIKapOOHaT/ aieTnI-
KapOOHaT/fieTIIeHKapOOHaT y CIIiBBiTHOIIIEH-
Hi 1:1:1. [lna mocmimpkeHHA el1eKTPOXiMiYHUX
BJIACTMBOCTEN  OIEP’)KAaHOTO  KOMIIO3MTHOIO
€/IEKTPOJIITY Ta BCTAHOBJIEHHA IIOTEHIiINIHOI
MOX/IMBOCTI J10r0 BMKOPVCTAHHA Y TBEPHO-
TIIBHUX aKyMy/IATOpax Oyno IpOBeIeHO Tec-
TYBaHH: 1a00paTOPHUX efleMeHTiB. [locmimky-
Ba/IV HACTYIIHI Ta00paTOpPHI efleMeHTH:

e Ne 1 — enmemeHTH, MOOYOBaHi HA OCHOBI
nonimepHoro cenaparopa «Celgard 2400» ToB-
HIVMHOK 25 MKM, IIPOCOYEHOTO PiIKUM e/leK-
Tponitom LiPF (xomipka mopiBHAHH);

e Ne 2 — enmeMeHTH, OOYOBaHi Ha OCHOBI
komno3uTHoro enekrponity LATP/LiPF, ToB-
muHoio 0,8 MM;

e Ne 3 — eneMeHTH, NOOYAOBaHI Ha OCHOBI
xomnosutHoro enektponiry LATP/LiPF, ToB-
IIMHOIO 1,6 MM.

AK KaromHMII MaTepial BUKOPUCTOBY-
Bamu KoMmepuiiiHmit  3pasok LiNiCoMnO,
(Lithium Nickel Manganese Cobalt Oxide)
(Ni:Co:Mn=5:2:3, B mogansmomy NMC 523),
BUTOTOBJIeHOro KommnaHiero «MTI». Ik anop-
HUII MaTepian 6Y/I0 BUKOPUCTAHO MeTaJIeBUIL
T

Katopm KOMipky NOpiBHAHHA TOTYBaln
LI/IAXOM IIepeMilllyBaHHA KaTOJHOTO MaTepi-
armry NMC 523 3 pozunaom [IBJJ® (monisini-
nigeHTopun) y N-MeTwI-niponifioHi, caxero
Ta rpaditoM 3a criBBifHOIIEHD 85:7:4:4 Mac%.
OTpuMaHy CyCrieH3i10 HaHOCH/IM Ha a/TIOMiHie-
BUJ CTPYMOBUII KOJIEKTOP TOBLIMHOI 20 MKM
3a poromoror artikatopa “Doctor Blade”.
JInsa BulaieHHsA OpraHivHOrO PO3YMHHMKA KO-
JIEKTOD i3 HAHECEHOI MACOI0 CII0YATKYy Harpi-

https://ucj.org.ua

Ba/M BIIpojoBx 30 xB 3a Temneparypu 100 °C.
Katopgu BanbuoBamm i BUPIBHIOBaHHA Ta
YIIIbHEHHA  KOMIIO3MIIIIHOTO — Marepiainy.
Enextpony 6y/10 BUTOTOB/IEHO 32 JOIIOMOTOIO
IIPOCIYKM Y BUITIALL JUCKY AiaMeTpoM 16 mMm.
BuroToBseHi enekTpony Cymman 3a TeMiepa-
typu 120 °C ynpognosx 12 rog.

Y BuIajgKy KOMipOK i3 KOMIIO3UTHUM €JIeK-
tponitom LATP/LiPF, cycnensioo HaHOCUIN
Oe3rocepeHbO Ha KepaMiyHy MaTpMUIIO Ta
cyumm 3a temneparypu 120 °C ynpoposx
12 rop. YijinbHUTM KaTOGHUI MaTepias y 1jbo-
MY BUIIAJKy He 6YI0 MOXX/IVIBYIM.

Obnaonanns. ®as3oBuil ckmap 3paskiB
BCTaHOB/IIOBA/INM PEHTIeHO(Aa30BUM aHali-
3oM (PDA) na iudpakromerpi «JPOH-4-07»
(CuKo-BumpomineHHs) B iHTepBami 20 =
10-60° i3 xpokoMm sitoMku 0,02° Ta excrosu-
niero 10c. [l Bu3HAUYEHHA PO3MipiB Ta MOp-
¢ororii cMHTe30BaHUX YaCTVHOK BUKOHYBAIN
€JIEKTPOHHO-MIKPOCKOIIIYHI  JOC/IiJ>KEHHS.
MikpodoTtorpadii 3HiManu Ha TpaHCMICiiTHO-
My €IeKTPOHHOMY MiKpockomi «JEM-1230»
(pipma «JEOL», AmoHisn).

BumiproBanns 3sapAny/pospany excnepu-
MEHTA/IbHUX MAaKeTiB JIiTifl-IOHHUX aKyMYy-
nsaropiB  (JITA) mpoBopmmiy 3a [JOIIOMOTOIO
6araTokaHajbHUX moTeHIiocTaTiB «ARBIN»
(«MITS Pro Software MSTAT 32», «Arbin
Corporation», USA) i «VMP3» («Bio-Logic-
Science Instruments», ®pannis). [Ina Bcra-
HOBJIEHHSI ITOBTOPIOBAHOCTI OfIEP)KaHMX pe-
3y/IbTaTiB OY/I0 JOCTIIKEHO cepilo 3 3-X KoMi-
POK, MOOY/IOBaHUX HA OCHOBi KOMIIO3MTHOTO
€JIEKTPOJITY LATP/LiPF6 ToBIIMHOIO 0,8 MM,
Ta 3-X KOMipOK, HOOy/[0BaHMX HA OCHOBi KOM-
nosutHoro enektponity LATP/LiPF  ToBuu-
HOI0 1,6 MM.

3rigHo 3 pesynpratamu POA (puc. 1), ogHo-
¢asHmit miTin-amoMiHii-TUTaH-docdar yTBO-
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proBaBcs TicisA TepMoobpobenHs 3a 850 °C.
PospaxoBani 3a pganmmu P®PA kpucranorpa-
¢biuHi mapameTpu mokasany, 10 CHHTE30BaHi
3pa3KM XapaKTE€PU3YIOTbCA TIeKCarOHaJIbHOI0
CTPYKTYpPOI0O Ta HaJeXaTb JI0 IPOCTOPOBOL
rpymu R3¢ i MaroTh mapametpu a = 8.503 A Ta
c=20.787 A, V =1301.46 A’. 3 opepxanmx
YAaCTMHOK Y IIOJA/IBIIOMY BUTOTOBJIA/IN Kepa-
MiYHY MaTpUII0 KOMIO3UTHOTO €I€KTPOJITY.

-
)
-
o

20 30 40 50 60
26 ()
Puc. 1. Pesynbratu POA wactunox LATP, ozep-
JKaHMX METOIOM TBepAo(dasHMX peakxiill, Mmicisa
TepMOOOPOO/IeHH 3a Pi3HUX TeMIepaTyp

| I

1

—_

-
y—
=

(012)

10 20 30 40 50 60
26 ()
Puc. 2. Pentrenorpama Kepamiki, oTpuMaHOl

Ha ocHoBi yactuHOK LATP 3a Temmeparypu cri-
KaHHA 1140 °C
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Ha puc. 2 mpencraBieHo peHTTeHOrpamy
KepaMiKl, OTPMMAaHOI Ha OCHOBi YaCTMHOK
LATP 3si crpykryporo NASICON micna cmi-
KaHHA 3a Temneparypu 1140 °C. 3rigHo 3 pe-
synbratamy POA, kepamika € ogHOa3HOI.

Ha puc. 3 mpencraBneHo Mikpodororpa-
¢iro moBepxHi KepaMiky Ha OCHOBI YaCTMHOK
LATP 3i crpykryporo NASICON.

J

" 4
%2,000 4 10 MKM

\ : )
. '
v
SEl /20kV wmomth;o‘,
IMMM -Le Mans ™ %

Puc. 3. Mikpodororpadis noBepxHi Kepamiku,
OTpMMaHOI Ha OCHOBi yacTMHOK LATP 3a Tem-
nepaTypu ciikanHs 1140 °C

Kepamiuni 3pasky, IOpPUCTICTb AKMX CTa-
HOBWIa 12%, Oy IpocodeHi pigkuMm enex-
TporntitoM — 1M posguuny LiPF, y cymimii etu-
JleHKapOOHaTy Ta auMeTmnkap6onary (1:1).
J1s1 BU3HAYeHHA XapaKTEePUCTUK OfEep>KaHOTro
KOMIIO3/ITHOTO €/IeKTPOJITy OY/I0 IIpOBefeHO
€/IeKTPOXiMiuHi JocmimpkeHHA. (CxemaTnyHe
300pakeHHs1 maboparopuux maketiB JIIA, ski
Oy/10 BMKOPMCTAHO IS OCTIIDKEHH:, HaBe-
JIEHO Ha pUC. 4. 32 KOHTAKTY MeTa/IeBOrO JIiTii0
3 NASICON BinbyBa€eTbcsi 4aCTKOBE BiHOB-
JIeHHA TUTaHY 3 GOPMYBAHHAM 3-X MOXK/IVMBUX
npopykris, a came Ti,0,, TiO Ta metanesoro Ti
[27]. Ha puc. 5 HaBeieHO CXeMy BiJHOBJ/IEHHs
JiOKCUJy TUTAHY 3a KOHTAKTy 3 META/IEBUM
niTieM, 6asyrourch Ha BinbHIN eHepril I'i66-
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ca [28]. Peakiis /1iTio Ta TUTAaHY 3 yTBOPEHHM
Ti,O, ta Li,O memMoHCTpYye Hait6inbIn HeraTus-
HY Bi/IbHY eHeprito ['i66ca 3a Bci Tpu crapii Bin-
HobleHH# (-108,1 x[]x/monb (Ti)). Y pesynbra-
Ti JPyroi peakiiil, Ka XapaKTepusyeTbCs 3Ha-
4yeHHsIM eHeprii [i66ca -76,9 x/x/monb (Ti),
yrBoproerbcsl TiO i okcup mitito. Ilomanbie
BiJHOB/ICHHA NPMU3BOJNTD O OTPUMAHHSA Me-
TaJIeBOTO TUTAHY (Ta OKCUAY JIiTil0) 3 BiIbHOIO
eHeprieto ['i66ca -47,9 x[x/monb (Ti). Cyma
BCiX BibHUX eHeprilt [i66ca misa mpoMibKHNMX

Konekrop
Anominiea
¢donera

NMC

Cemnaparop

peax1iil HopiBHIOE BinbHIN eHepril I'i66ca ms
peaxiiil OKCMAY TUTAHy 3 MeTaJeBUM JITiEM,
PO YKTaMI SIKOI € OKCU/J JIITiI0 Ta MeTa/IEBUIA
TUTaH. YCi eTamy [IeMOHCTPYIOTb HeTaTUBHY
BilbHY eHeprito [i66ca i, oT>xe, MOXYTb Bifi-
OyBaTICS CIIOHTAHHO — 3aJIKHO Bijj KiHeTN4-
HJIX B/IACTMBOCTEN pearyrodoi cuctemu. Tomy B
mocnimxyBaHux Makerax JIIA 3 koMnosuTHuM
€/IeKTPOTITOM 0Y/I0 BUKOPUCTAHO TIOTIIMEPHUI
cemmapatop «Celgard 2400» py11 yCyHEHHS KOH-
TaKTy MeTasieBoro jitito 3 LATP.

Konekrop

AnromiHieBa

(honbra

NMC

Kepamika LATP, npocouena
piakum enekrponitom LiPFg
Cenaparop

Celgard 2400

JlitieBuit aHo

Konexrop

(a)

IJ1A TOCTIiIPKEHHA KOMITO3UTHOTO €/IEKTPOTIITY

Celgard 2400

JlitieBuii aHo

Konekrop

(6)

Puc. 4. CxematnyHe 300pakeHHs Ta00OPAaTOPHNUX €leMEHTIB: @ — KOMipKa IOPiBHAHHSA; 6 — KOMipKn

+4Li
TiO, - 2329 gJlx/mons (Ti) — 2 Li,0+Ti
- 108,1 xJIx/moms (Ti) - 47,9 xJIxx/monb (Ti)
+Li
Y2 Li,0 + % Ti,0, - 76,9 x/Ix/moms (Ti) — 2 Li,O + TiO

Puc. 5 Cxema BiTHOB/IEHHA [IIOKCUAY TUTAHY 32 KOHTAKTY 3 MeTaJIeBUM JITiEM 3 YTBOPEHHAM TPbOX

pisnux npoxyxkTis: Ti O,, TiO ta metanesoro Ti

https://ucj.org.ua
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Kpusi sapsapy/pospsany enemeHTiB i3 pif-
KM Ta KOMIIO3UTHUM e€JIeEKTPOJIITOM Y Jia-
na3oHi Hanpyr 2.7-4.2 V Ta 3a TyCTMHM CTpY-
My 3apaa-pospany C/5 mokasaHo Ha puc. 6.
Katoguuit Matepian B €eMeHTi 3 pifgKuUM
enexTporitoM (Ne 1) Mae poO3psAHY EMHICTD
145,6 MArop/T, 110 fe1o BUllle, HiXK B elleMeH-
TaX, NOOYZOBaHMX HAa OCHOBi KOMIIO3MTHOTO
enexTpority (Ne 2 Ta Ne 3). Po3psagHa eMHICTD
KaTOJHOTO MaTepiany 3a/eXXUTh BiJj TOBLIVHA
KepaMidyHOI MaTpulii B €JIEMEHTi Ta CTAHOBUTD
140,5 mArop/r ta 138,21 MAroz/r BifIIOBiTHO
nns eneMeHTiB Ne 2 Ta Ne 3. JI;ist BCTaHOB/IEHHS
NPUYVHY 3MEHIIEHH €MHOCTI KaTOZHOTO Ma-
Tepiasry 0y/10 IpoBefeHO iMITeTaHCOMeTPIYHI
TOCTTiI>KeHH .

4,4

490" R

0 20 40 60 80 100 120 140 160
€MHICTH, MATOR/T
Puc. 6. Kpusi 3apsany/pospsany nmabopaTopHux
€/IeMEHTIB 3a IIVK/II0BaHHA IrycTUHOIO cTpymy C/5:
1 - xomipka mopiBHsiHHsA (Ne 1); 2 — enmeMeHTH,
1100y/10BaHi Ha OCHOBI KOMIIO3UTHOTO €/IEKTPOJIITY
LATP/LiPF, ToBmunoio 0,8 mm (N 2); 3 — ene-
MEHTH, TOOyHOBaHI Ha OCHOBI KOMIIO3UTHOTO
enextponity LATP/LiPF toBmunomw 1,6 MM (Ne 3)

Ha puc. 7 HaBeileHO CHEKTpM iMIIefaHC-
CIIeKTPOCKOTIiI i1t KoMipKu ropiBHAHHS (Ne 1)
1 KOMIpKM 3 KOMIIO3UTHUM €JIEKTPOIITOM
LATP/LiPF, ToBmmuoro 1,6 mm (Ne 3). Kpusi
HarixsicTta o6pe onucyoTh cxeMoro 3 puc. 8, a
pe3y/IbTaTy MOJIeTIIOBaHHSA HaBeleHO B Tabmm-
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ui 1. AHami3yroun pe3y/ibTaTy MOJENIOBaHHA,
BCTAHOBJIEHO, 1O oOIIip eneKTpority R1 6inb-
LIMI1 Y €7IEMEHTI 3 PiIKUM €/IeKTPOIITOM 1 IO7i-
MEpPHUM ceraparopoM. EneMenTy 3 KOMIIO3UT-
Hum enekrponitom LATP/LiPF, maworh MeH-
it omip R1 HaBiTh y BUIIaIKy IXHBOI 3HAYHOL
TOBIIMHY (1,6 MM ITpOTH 25 MKM TIO/IiIMEpPHOTO
cemaparopa). Lle, IMOBipHO, IOB’s13aHO 3 BICO-
KOIO ITOPUCTICTIO KEPaMi4HOIO €IEKTPOJIITY Ta
MEHIIVM IepPeXifHNM OIIOPOM Ha MEXi eJlek-
TPOJIT/KaTtof. BpaXxoByrooum BHUCOKY aKTUB-
HICTb JIiTiI0, MOXXHA CTBEPKYBATH, 10 KOJIO
(R3, Q3) Mopenmioe yTBOpeHHs MacUBAIiiTHOI
IUTIBKM Ha JITIEBOMY €/IEKTPOfi. Y eneMeHTax
000x TuiB 3Ha4eHHsA R3, Q3 6/m3bKi, 1110 CBifI-
YUTb IIPO iIEHTVYHICTD MACUBALIIHOL IIiIBKMI
Ha jitieBomy enekrpopi. ITpore 3a 6:mm3bkux
3Ha4YeHb elleMeHTiB nocTiitHol dasn (Q3) B ere-
MEHTi 3 KOMITO3UTHIM €/IeKTPO/IiTOM (iKCYIOTh
3MeHIIeHHS onopy R3. Kommr'iotepHe Mozerio-
BanHA A maHky (R2, Q1, W2) nokasaino, 1o
BenmmunHa Q1 BifipisHA€ETbCA 11 KOMipKH 3 pif-
K/M Ta KOMIIO3UTHUM €JIEKTpOIiTOM. Bifomo,
IO elleMeHT mocTiitHoI dasu (Q) Bigobpaxkae
CTPYKTYPHI B/IaCTMBOCTi €/l1eKTpofiB. 3Ha4yHi
00’eMHi 3MiHU B KaTofi KOMipK! 3 KOMIIO3UT-
Hum  enekrponitom LATP/LiPF, nacamnepen
A .

IIOB A3aHi 3 METONOM HaHECEHHS KaTOZHOIO
MaTepiany Ha KepaMidHy Marpuio. [Ipn Buko-
PUCTaHHI IOPMUCTOI KepaMiKM JIIs1 BUTOTOBJIEH-
HsA KOMIIO3MTHOTO €IEKTPOJIITY KaTOf, HE MOX-
Ha Oy/10 YIIIIBHUTY, SIK 1ie O0y/10 3po0/IeHO s
KOMIPKI 3 PiJKMM €/IeKTPOJIiTOM. BpaxoByroun
11€, @ TAKOXX PE3Y/IbTaTV MOJIE/TIOBAHHA, MOXXHA
3 JIOCTaTHbOIO BIIEBHEHICTIO CTBEPIKyBaTH,
o 36i1bIIeHHA BHYTPIlIHBOTO OIOpPY efle-
MEHTIB i3 KOMIO3UTHUM eneKTponitoM LATP/
LiPF_ nacammepern [IOB’I3aHO 3 HENOCTaTHIM
YUIiIIbHEHHAM KaTOZly Ha IIOBEPXHi KepaMi4HO-
IO €IEKTPOJITY.

ISSN 2708-129X. YKp. xim. XypH., 2020



M. T. Harophui

YX)X Ne 10 / Tom 86

700+
600

(a)

500
= 400
o
=" 300
N
200
100+

0 . ; : : ! : r )
0 50 100 150 200 250 300 350 400
7', Om

300 (6)
250
200+

150+

7", 0m

100-

50

0 T T ¥ 3 T ¥ T 1
0 50 100 150 200 250 300 350 400
7', Om

Puc. 7. [iarpamu HaiikBicTa mst 1ab0OpaTOpHMX €eMEHTIiB: a — €/IeMeHT, T0OYZOBaHNUII 3 BUKO-
pUcTaHHAM ITo/1iMepHoro cenaparopa (Ne 1); 6 — enneMeHT, ToOy0BaHNII 3 BUKOPUCTAHHAM KOMIIO3VITHOTO
enextponity LATP/LiPF, Tommnomo 1,6 Mmm (Ne 3). Toukamy 1o3Ha4eHO CIIEKTP, PO3PaXoBaHMil Ha

OCHOBI Mopierni 3 puc. 8.

L LR
Ir rr

AT—— Qr Q3 -
Rz W2 R3

Puc. 8. ExBiBa/IeHTHA cXeMa, AIKY BUKOPMCTOBYBA/IM IIPY MOJE/II0OBaHHI CIIEKTPiB iMIIefaHCy

Tabmmsa 1.
3HayeHHA MapaMeTpiB eKBiBaTeHTHOIL cXeMI Ha puc. 8
3 1
R1, Q R3, Q R2, w2,
Om-cm? Yo n Owm-cm? Yo n Om-cm? | Omlem?
Omlem? Owmtem?

Komipia 144 [24.1910°| 0683 | 121.1 |[22510°| 086 |30.610°| 2.9-10°
HOplBHHHHH

EnemenTt Ne3 7.8 24.54-10°¢| 0.701 93.6 4.97-10° 0.75 6.3-102 | 2.6-10°

CrabinbHICTD €TeKTPUYHUX XapaKTepuc-
TUK €/IEMEHTIB IIpM LMK/IIOBaHHI € OHUM i3
K/II0YOBUX IOKa3HUKiB. Ha puc. 9 npepcras-
JIEHO KPMBi LIVK/IIOBAHHA I KOMIpKM IIO-
PIBHAHHA Ta [/ €IEMEHTIB i3 KOMIIO3UTHUM
€JIEKTPOJIITOM LATP/LiPFG. Bcranosieno,
110 ITOYATKOBA €MHICTb KOMipKM ITOPiBHAHHA

https://ucj.org.ua

BUIIIA, HDK Y €/IEMEHTIB i3 KOMITIO3UTHUM €JIeK-
tporitom LATP/LiPF.. Ilporte xapakrepu-
CTUKJ €JIEMEHTIB i3 KOMIIO3UTHUM e€JIeKTPO-
nitom LATP/LiPF_ € 6inbum cTabinbHumu 3a
TPUBAJIOTO LMK/I0OBAaHHA. CIaflaHHA €MHOCTI
€/IEMEHTIB 32 TPUBA/IOrO LMK/IOBAHHA HaCcaM-
nepeq; OB sI3aHO 3 IOTAHOI LIMK/IbOBAHICTIO
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nitieBoro enekrpopa [29] ta dhopMyBaHHAM
OeH/IpUTiB Ha NoBepxHi mitito. Crif 3aHa4n-
TH, 110 KOMIIO3UTHUI €/IEKTPOJIT [JO3BO/IAE
YCYHYTU Ipo6/1eMy IIPOHUKHEHHS JeHAPUTIB
JITII0O JO KaTOfa Ta BMHUKHEHHA KOPOTKOTO
3amukaHHusa B JITA.
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0 10 20 30 40 50 60 70 80
Homep ity

Puc. 9. 3miHa mmMTOMOI PO3PANHOI E€MHOCTI
KaTOJHOTO MaTepiary 1ab0paTOPHMX eJIEeMEHTIB 3a
LMKIIOBaHHA TycTuHOW0 cTpyMy C/5: 1 — KoMipka
nopiBHAHHA (Ne 1); 2 — eneMeHT, HOOYZOBaHMIT Ha
ocHOBi kommosutHoro enekrponity LATP/LiPF,
TOBIHOI0 0,8 MM (N2 2); 3 — e/1eMeHT, 10Oy OBaHMI
Ha OCHOBi KommnosutHoro enexrponity LATP/
LiPF toBmmnnomw0 1,6 MM (Ne 3).

BJICHOBOK. Y po6oTi 1oka3aHo IpUH-
LATIOBY MOK/IMBICTb CTBOPEHHA JIiTili-iOHHUX
aKyMy/IATOPIB 13 KOMIIO3UTHUM €eKTPOJIi-
TOM Ha OCHOBi ITOPUCTOI KepaMiYyHOI MaTpuIii

82

LATP, mpocovenoi 1M posunny LiPF,y cymi-
i eTWIeHKapOOHATy Ta AMMeTUIKapOOHATY
(1:1). IImToma €MHICTb KaTOZHOTO MaTepia-
Ny B €/leMeHTaX i3 KOMIIO3UTHUM €JIEKTPOIi-
TOM cra”HoBuTh 140,5 Ta 138,2 MAron/r, mo
He Habarato MeHIIle 3a BiJIIOBiflHE 3HAYEHHS
UL KOMIipOK i3 pifkum enextposnitom (145,6
MATrOZ/T). 3MeHIIEHHS €MHOCTI KaTOJHO-
ro Marepiasly B €/J€MEHTaX i3 KOMIIO3UTHUM
enektporiToM (Ne 2 Ta Ne 3) moB’s13aHO HacaM-
nepes; 3i 3pOCTaHHAM BHYTPIIIHBOIO OIOPY
KOMIpKI BHAC/I/IOK BifICYTHOCTI yIlli/IbHEHHA
KaTOJHOIO MaTepiany Ipy HaHECEHHI CYCIIeH-
3i1 Ha KepamiuHy Marpuuo. Bcranosneno,
10 MPOTOTUIIN JITili-IOHHUX aKyMy/JIATOpPIB
i3 koMno3uTHNUM enekTporiToM (N 2 ta Ne 3)
[IeMOHCTPYIOTb BUINY CTabiIbHICTD €MHICHUX
XapaKTepUCTUKM 3a TPUBAJIOrO LMK/IOBAH-
HA. TaKo)XX 3aIpoONOHOBAaHMII KOMIIO3UTHMUIA
e/IeKTPOJIT JIO3BOJISIE BUPIMINTU IPOOIEeMM
MiTi/-iOHHNX aKyMyIATOpPiB, IO TIIOB’A3aHi
3 BUTOKOM €JIEKTPOTITY (pifKumil eneKTpoiT
iMMOOini3oBaHUII BUHATKOBO B IOpax Kepa-
MiKM) Ta MOXKeXXOHeOe3IeuHiCTh, HacaMIIepey
HIBE/TIOBAHHAM YTBOPEHHA NEHIPUTIB JIITiI0 B
MDKENEKTPOJHOMY IIPOCTOPI.

IIOJAKA. PoboTy BuMKOHAaHO 3a (iHaH-

copoi migTpumkn HAH VYkpainm Haykosoro
npoexty 0120U100301.
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PA3PABOTKA N UCCITEJOBAHNE KOMMNO3WT-
HOro 3NEKTPOJINTA HA OCHOBE CUCTEMbI

LATP/LIPF, AN JINTUEBLIX
AKKYMYNIATOPOB

N. B. /ucoscvkuii'*, C. A. Cononaw’,
A. I Benoyc', B. I. Xomenxo?, B. 3. bapcyxog*

"Mncmumym obuieil u HeopeaHuueckoli xXu-
muu um. B. V. Bepuadckoeo HAH Ykpaunuvi,
npocn. Axademuka Ilannaouna, 32/34, Kues
03142, Yxpauna

’Kuesckutl HAYUOHANbHBLLL yHUBEpCUnem
mexHonozuii u ousatina, yn. Hemuposuua-Jlan-
uenxo, 2, Kues 01011, Ykpauna

* e-mail: i-lisovskii@i.ua

Huskuit ypoBeHb Oe30IacHOCTYM Bcerja
ObII CTabbIM MeCTO JIUTUII-VIOHHBIX aKKyMY-
JIATOPOB C IIOJIVIMEPHBIM CelapaTopoM, IIpo-
HUTAaHHBIM >KUAKUM 37IEKTPONTUTOM. B raHHOI
paboTe 1OKa3aHa BO3MOXXHOCTb VICIIOJIb-
30BaHMs KOMIIOSVTHOTO 9JIEKTPONIUTA, CO-
CTOAIIMI M3 IOPUCTON KepaMUYEeCKOM Ma-
TPULIBL UTUI-aIIOMMHMI-TUTaH  Qocdara
(Li, ,Al ,Ti (PO,),), mpONMTaHHOI >XUIKUM
snektponuToM Ha ocHose LiPF . Jlabopatop-
HbI€ 9/IeMEHTHI, TIOCTPOEHHbIE C MCIIOIb30Ba-
HIleM KOMIIO3UTHOTO 3/IEKTPOINTA, IpOfe-
MOHCTPMPOBAIN BBICOKYIO CTaOM/IBHOCTD P
JUINTEIBHOM  pa3psj/3apsARHOM LUKIMPOBa-
HUJ TPV He3HAYNMTEeJIbHOM IIaJIeHNN Hadalb-
HOJI eMKOCTM I10 CPaBHEHUIO C Ta0OPATOPHBI-
MM 37IEeMEHTaMU C XXUJKUM 37IEKTPOTATOM.

Kmrouesnie cnoBa: NASICON, meTop TBep-

1o¢as3HbIX peaKIuil, KOMIO3UTHBIN 9TeKTPO-
JINT, TBEPAOTE/IbHBIE AKKYMY/IATOPBHI.

https://ucj.org.ua

e
DEVELOPMENT AND RESEARCH OF COMPOSITE

ELECTROLYTE BASED ON LATP/LIPF, SYSTEM
FOR LITHIUM BATTERIES

I. V. Lisovskyi'*, S. A. Solopan’, A. G. Be-
lous', V. G. Khomenko?, V. Z. Barsukov?

'V, I.Vernadsky Institute of General and
Inorganic Chemistry, NAS of Ukraine, 32/34
Academic Palladin  Avenue, Kyiv 03142,
Ukraine

2 Kyiv National University of Technologies
and Design (KNUTD), 2 Nemyrovycha-Dan-
chenka Street, Kyiv 01011, Ukraine

* e-mail: i-lisovskii@i.ua

Electrochemical power sources (EPSs) have
been an integral part of every modern person’s
life for a long time. Lithium-ion batteries (LIB)
are the most common among the modern
EPSs. They are widely used in the various elec-
tronic devices such as smartphones, cameras,
laptops, electric vehicles etc. LIBs are consid-
ered to be the best power sources for mass use
due to their high energy density. However, the
low level of safety has always been a weakness
of the conventional lithium-ion batteries with
a polymer separator impregnated with a liquid
electrolyte.

The paper shows the fundamental pos-
sibility to develop the lithium-ion batteries
with a composite electrolyte based on a po-
rous ceramic matrix LATP, impregnated with
IM solution of LiPF, in a mixture of ethylene
carbonate and dimethyl carbonate (1:1). Two
samples of composite electrolyte of different
thickness (0.8 mm and 1.6 mm) were pro-
duced. The specific capacity of the cathode
material in the elements with a composite
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electrolyte equals 140.5 and 138.2 mAh/g,
which is not significantly less than the corre-
sponding value for the cells with a liquid elec-
trolyte (145.6 mAh/g). The decrease in the ca-
pacity of the cathode material in the elements
with a composite electrolyte is primarily con-
nected with the non-optimal thickness of the
ceramic electrolyte and, accordingly, with the
increase in the internal resistance of the cell.
It is established that prototypes of lithium-ion
batteries with a composite electrolyte show
higher stability of capacitive characteristics
during long cycling. Also, the proposed com-
posite electrolyte allows solving the problems
of lithium-ion batteries associated with elec-
trolyte leakage (liquid electrolyte is immobi-
lized only in the pores of ceramics) and fire
hazard, primarily by levelling the formation of
lithium dendrites in the interelectrode space.

Further research will be aimed at the reduc-
ing the thickness of the ceramic electrolyte and
developing a process for applying a protective
layer to eliminate the recovery of LATP with
lithium metal.

Keywords: NASICON, solid-state reaction
method, composite electrolyte, solid-state bat-
tery.
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Abstract. Using scanning electron microscopy, X-ray photoelectron spectroscopy, and
Raman scattering we studied the charge state of matrix and doping element atoms on the
surface, morphology, and defects in the structure of graphene-like materials synthesized by

plasma-arc discharge in liquid nitrogen.

Keywords: graphene-like structures, graphene, liquid nitrogen, Raman spectroscopy, plas-

ma arc discharge.

INTRODUCTION. Currently, graphene-
like structures are an extremely important
material that has unique thermal, electrical
conductivity, mechanical strength and opti-
cal properties. Every year there are more and
more publications about their application and
unique properties, and this happens in various
industries from chemistry to electronics [1].

Dozens of effective methods for obtaining
graphene-like structures are already known,
but the most popular are still chemical depo-
sition from the gas phase, the method of laser
ablation and synthesis in plasma-arc discharge
[2]. Each of these methods is unique in its
own way and makes it possible to obtain va-
rious graphene-like structures, such as carbon
nanotubes, single or multilayer graphene-like
material, fullerenes. Among these methods,
the synthesis in plasma-arc discharge stands

88

out favorably, thanks to which it is possible to
reproduce certain carbon-containing struc-
tures. In addition, this method has a number
of advantages, such as: low energy costs and re-
agent costs, high purity of the obtained nano-
particles, a small number of additional chemi-
cal methods for removing impurities, which
in the other two methods are costly and time
consuming. This allows one to obtain a high
yield of the final product and the possibility of
using some processing products as starting re-
agents [3].

Synthesis in plasma-arc discharge gives a
possibility to create extremely high tempera-
tures and pressures in the discharge zone and
immediatly stop reactions, which is crucial for
the condensation of certain types of carbon
structures: fullerenes, nanotubes of different
diameters and lengths, shell structures and

ISSN 2708-129X. YKp. xim. XypH., 2020



R. A. Panteleimonov, T. V. Kryschuk, 0. M. Korduban, V. M. Ogenko

UCJ N2 10 / Vol. 86

others. As a medium, you can use not only
gases but also liquids [4], such as water, emul-
sions, suspensions, liquid nitrogen. In addi-
tion, liquids are more efficient and convenient
for obtaining certain graphene-like structures.

It is known that the physicochemical pro-
perties of graphene are significantly changed
by the introduction into the graphene struc-
ture of heteroatoms of a number of elements.

For example, nitrogen can be introduced
into the lattice of graphene-like structures
in different ways, which are characterized by
different configurations of interatomic bonds
(graphite-like, pyridine, pyrrole, etc.). Each of
the configurations may have different cataly-
tic activity and affect the electronic structure
in different ways. Thus, the synthesis of doped
graphene with a fixed type of configuration of
the dopant or the maximum set of configura-
tions allows you to control the functional char-
acteristics of the material.

Given the close atomic radii and commen-
surate lengths of the N - C and C - C bonds,
when nitrogen enters the crystal lattice of
graphene, almost no vacancies are formed,
which promote electron scattering, resulting in
a high mobility of charge carriers. Therefore,
nitrogen is ideal dopant for graphene and has
the most pronounced doping effect among
different types of impurities. The presence of
nitrogen atoms in graphene also increases the
stability of the carbon lattice by ~ 200 °C [5].

In general, in the work the task of synthesis
of laboratory batches of functional materials
promising for use as sensitive elements of sen-
sors and current sources was set.

The work is aimed at the study of graphene-
like structures, which are synthesized by the
method of plasma-arc discharge in liquid
nitrogen.

https://ucj.org.ua

EXPERIMENT AND DISCUSSION OF
RESULTS. Waste plates of various function-
al products made of compressed thermal-
ly expanded natural graphite produced by
TM Spetsmash Ltd, Kyiv were used in the syn-
thesis as arc discharge electrodes. It’s worth
noting that the samples of thermoexpand-
ed graphite synthesized by oxidation (by the
method of Hamer and others) from natural
graphite already have a purity of more than
99.9%. It is also possible to expect that the
re-condensation of carbon atoms and subse-
quent separation of graphene planes at ther-
mal shocks and pressures occurring in the arc
discharge zone will further improve the purity
of synthesized nanoproducts, which is known
to be very important for carbon use in current
sources [6].

Heat-resistant utensils were used in the
work, and liquid nitrogen was used as a disper-
sion medium. To reduce the effect of arc light
radiation on the synthesized carbon structures,
a protective screen made of compressed ther-
moexpanded graphite plates is provided in the
structure in the arc discharge zone (fig. 1).

After the evaporation of nitrogen, the dis-
persion phase of carbon particles remains in
the utensils in the form of dry powder.

Further separation of the synthesized car-
bon nanoparticles by size was performed by
sedimentation in water and ethyl alcohol.
In the process of preparation of samples for
their analysis and subsequent use, the follow-
ing methods were used: ultrasonic treatment,
mixing, centrifugation, coating of nanocarbon
materials with drops of dispersion of a certain
concentration. The smallest nanoparticles,
forming a transparent dispersion medium,
were clearly visible on the Tyndall cone and
were stable over time. In the aqueous medium,
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a hydrophobic phase is steadily released, which
forms a floating film on the water surface.

During drying and evaporation of the dis-
persion medium, the dispersed phases formed
strong films of different porosity, which are
further promising for use in sensitive sensors
and current sources.

The images of graphene-like particles were
obtained using a scanning electron microscope
MIRA3 Tescan. The raman spectra were taken
at the center of collective use of the Lashkarev
Institute of Semiconductor Physics. X-ray pho-
toelectron spectra were studied in the center of
collective use of V.I. Vernadsky IZNH of the
National Academy of Sciences of Ukraine.

Figure 1 shows a diagram of an experimen-
tal setup for the synthesis of carbon structures.
The distance between the electrodes required
for the ignition of arc and its stable combustion
was 2-4 mm.

In the process of synthesis, graphene-like
structures with different structural morpholo-
gy were obtained.

Figure 1 - Schematic diagram of synthesis in
plasma-arc discharge: 1 - cathode, 2 - cover, 3 -
anode, 4 - anode clamp, 5 - liquid nitrogen, 6 - ves-
sel body, 7 - electric arc, 8 - protective screen in the
arc zone.
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Figure 2 - SEM Image of graphene-like struc-
tures: a) cone-shaped carbon nanostructures;
b) graphene strips; c) agglomerates of graphene-
like structures; d) graphene-like globules deposited
on the cathode during synthesis.

Figure 2, shows and examples of the forma-
tion of conical structures with an inner diame-
ter of 50 to 150 nm. These particles are illumi-
nated by the probing electron beam of the mi-
croscope, making it possible to conclude that
they consist of several layers. Figure 2, b shows
strips of graphene with a thickness in the range
of 5-10 nm. Figure 2, ¢ shows different in shape
agglomerates of graphene-like structures.
Figure 2, d shows the carbon structures depo-
sited on cathode in the form of globules.

We assumed that in the process of arc dis-
charge in liquid nitrogen, plasma chemical re-
actions take place between nitrogen radicals
and carbon structures.

The electronic structure of the internal Cls
and Nls levels of the synthesized nanostruc-
tures was studied by X-ray photon-electron

ISSN 2708-129X. Vkp. xim. XypH., 2020
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spectroscopy (fig. 3-6). Decomposition into
spectral components was performed by the
Gauss-Newton method in the mode of bound
parameters. The intensity of the compo-
nents and their binding energy varied. The
total width of the components AE = 1.4 eV
and the Gauss-Lorentz contribution ratio
G/L = 0.7 during the spectrum decomposi-
tion were fixed. The appearance of transpa-
rent and absorbing carbon-containing phas-
es was recorded in the visible range of the
dispersion medium. According to the XPS,
Cls-line, which is decomposed into compo-
nents (fig. 3-4), along with the contribution
of sp’C-sp’C (E , = 284.8 eV), characteristic
of graphene, contains a component with E_ =
286.4 eV, which is attributed both to the bond
of nitrogen-modified graphene sp°C-N and to
the CO bond [7]. The contribution to the Cls
line in the energy range with E = 287.3 eV
refers to the C = O bond, which is absent in
the Cls spectrum of a transparent phase in
the optical range.

In the N1s spectra, depending on the lo-
cal configuration, different chemical shifts are
observed. Thus, on the Nls-bands (fig. 5-6)
there are components characteristic of nitro-
gen-modified graphene with E = 398.4 eV
(pyridine-N), E_ = 400.0 eV (pyrrole-N),
Ezv = 401.6 eV (graphite-N), E = 402.7 eV
(oxidized NO) [8]. It should be noted that in
general, the first three of the above configura-
tions are noted in the literature.

The component in the region 0of 398.4 eV can
also be attributed to the nitrile-N group, where
nitrogen is covalently bonded to a carbon atom
and two hydrogen atoms [9]. The pyrrole-N
component may also be an N-substitution in
the Stone-Wales defect or part of an amine,
pyridine, nitroso or cyano group [10].

https://ucj.org.ua

In this case, the infrared spectra of the sam-
ples show bands characteristic of C=C and
C=0 vibrations (1630, 1650 and 1736 cm! for
C=C in the sp? state), C-O (1375 cm ™), O-C-O
(1260cm™).
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Figure 3 - 1s X-ray photoelectron spectrum of
transparent phase carbon.

18000 -
16000
14000 ~

S 12000 -

ity, a

10000 -

Intens

8000

6000

4000 -

2000 -

v Wrievy

0 T T T T T T T T T T
278 280 282 284 286 288 200 202 294 296
Ep, eV

Figure 4 - 1s X-ray photoelectron spectrum of
absorbing phase carbon.

In the Raman spectra (fig. 7) there are two
main peaks: a G-line (1580 cm™), which re-
fers to the vibrations of the system of sp-car-
bon bonds, and a 2D-line (2670 cm™), which
corresponds to the vibrational states, of de-
fective hexagonal lattice. For the synthesized
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graphene-like structures, a symmetrical sharp
peak of the 2D line is observed, while for ther-
mally expanded and compressed graphite, a
broadened peak is shifted to the long-wave-
length region with respect to graphene. The
degree of structural perfection of graphene can
be assessed by the ratio I /I .. In our case, the
I/1, ratio is 0.064 for curve 1 and 0.060 for
curve 2, and, consequently, a decrease in the
value of the I /I ratio indicates an increase
in the degree of perfection of the structure of
graphene-like nanostructures [11].
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Figure 5 - 1s X-ray photoelectron spectrum of
transparent phase nitrogen.
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Figure 6 - 1s X-ray photoelectron spectrum of
absorbing phase nitrogen.
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The morphology and physicochemical char-
acteristics of the obtained samples allow one to
use them both individually and in combina-
tions in the form of films in sensors, current
sources, supercapacitors, reinforcing polymer
fillers, electromagnetic screens and more.
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Figure 7 - Spectra of Raman scattering: 1 -

thermally expanded and compressed graphite; 2 -
graphene-like structures obtained after synthesis.

CONCLUSIONS.

Various graphene-like nanostructures doped
with nitrogen were synthesized by plasma-arc
discharge in liquid nitrogen. Their electronic
structure, morphology and structural defects
have been studied.

New centers of nitrogen doping of the
surface of graphene-like nanostructures are
characterized by the method of X-ray photo-
electron spectroscopy.
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MeToaMy CKaHYI4YOi €/IeKTPOHHOI Mi-
KpPOCKOTIi, peHTreH(OTOENTeKTPOHHOI CIeK-
TPOCKOIIii, KOMOiHALI/THOTO PO3CilOBaHHS JI0-
C/Ii/IKEHO 3apANOBUI CTaH aTOMIB MaTpULIi Ta
JIETYI0YOTO eJIeMEeHTY Ha II0BepXHi, Mopdorio-
rifo Ta fiepeKTU CTPYKTypu rpadeHONOoAIOHNX
MarepialiB, CMHTe30BaHMX IIIa3MO-ZyTOBUM
PO3PANOM y CEpeJOBUIILI a30TY.

KmrouoBi cnoBa: rpadenononibni cTpyk-
Typy, rpadeH, cepefoBMIIe PifIkOro as3ory,
CIIEKTPOCKOIIisI KOMOiHAI[ITHOTO PO3CiloBaH-
Hs, II/Ia3MO-yTOBUI pO3PAL,.
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MerogaMy CKaHMpPYIOLLEN 3N€KTPOHHOM
MMUKDPOCKOIINM,  PEHTreH(OTO3IEKTPOHHOI
CIIeKTPOCKOINM, KOMOJHAIIVIOHHOTO pacce-
MBaHMA JICCTIEIOBAHO 3apANOBOE COCTOSHIE
aTOMOB MaTpPUIBL M JIETMPYIOIIETO 9/IeMeHTa
Ha IHOBEPXHOCTN, MOPGONIOTUI0 U HedeKThl
CTPYKTYpBI I'padeHONONOOHBIX MaTepuasos,
CMHTE3V[POBAHHBIX IIa3MO-JIYTOBBIM pa3psi-
IIOM B Cpefie KUIKOTO a30Ta.

KnioueBble cmoBa: rpadeHonofoOHbIe
CTPYKTYPpBI, TpadeH, cpefa >XMAKOrO a3oTa,
CIIEKTPOCKONMsI KOMOVHAIMIOHHOTO paccesi-
HIA, IJIA3MEHHO-YTOBOI pasps/.
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Mesoporous C, S-doped TiO, nanostructures were obtained by solvothermal sol-gel meth-
od followed by calcination at different temperatures. It was found that with increasing cal-
cination temperature, the crystallite size remains in the same range of 9-10 nm, while the
morphology of TiO, nanoparticles significantly changes, and the anatase content increases
from 42% to 95%. At the same time the nanoparticle size (from 85 to 45 nm), the specific
surface area (200-130 m?/g), the mesoporous area (from 170 to 70 m?/g), and the carbon
(0.80-0.41%) and sulfur (1.39-0.89%) contents decrease. Varying the calcination temperature
allows TiO, nanostructures to be obtained with a certain balance of these structural-dimen-
sional characteristics that provides high photocatalytic activity in the processes of ceftazidime
and doxycycline photodegradation.

Key words: mesoporous C, S- doped TiO,, thiourea, calcination, photocatalytic activity,
antibiotics.

INTRODUCTION. Titanium dioxide (TiO,)
is one of the most promising materials for solv-

caused by low cost, high availability, chemical
and photocorrosion resistance of the TiO, (ana-

ing a number of modern technical and tech-
nological problems, ensuring the sustainable
development of society, including harvesting
of solar energy, more efficient mineral fuel con-
sumption, environmental protection, air puri-
fication and sterilization [1, 2, 3, 4, 5]. This is

tase) semiconductor, the properties of which
allow separated charges (electrons and holes,
e/h*) to be generated under UV-light irradi-
ation, which are involved in redox processes
[1, 2]. Doping and co-doping of TiO, by non-
metals (NM=B, C, N, E §, etc.) for obtaining
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NM-doped TiO, materials is one of the most
promising ways to eliminate the inherent
TiO, shortcomings, such as the wide bandgap
(E_=3.2 eV for anatase), low efficiency to sun-
light (~4%), fast recombination of photogen-
erated e/h* pairs, low sorption capacity, etc.
[1,2]. In addition, doping also makes it possible
to increase the photocatalytic activity (PCA) of
TiO,. According to existing notions, nonmetal
(Cand/or S) doping can occur in three ways [1,
6]: substitutional doping (when dopant atoms
(C [7-9] and/or S [10, 11]) substitute oxygen
in the crystal lattice); interstitial doping (when
the additive atom (C [7-9] and/or S [10-12]) is
in the interplanar space of the crystal lattice and
is associated with one or several oxygen atoms
in the lattice, which leads to its distortion); and
mixed (when both types of doping are realized
simultaneously) [8]. At the same time, some
dopant atoms may also be included in differ-
ent functional groups, for example, sulfate [7,
10, 11] or carbonate [8, 9, 13], on the material
surface. The implementation of these options
depends on the nature of the dopant, the con-
ditions of the doping process, the precursor of
the dopant, and the conditions of post-syn-
thetic processing [1, 2, 4, 5]. N>C>S are con-
sidered as the strongest dopants, for which all
the above types of doping can be realized [1,
4,5, 6,12, 14, 15]. Even though the numerous
calculations of the energy and electronic states
of O 2p, Ti 3d and NM (N 2p, S 3p, etc.) of
doped anatase (NM-doped TiO,) using differ-
ent models and approximations [1, 4, 5, 6, 14—
16], as well as the interpretation of experimen-
tal results are rather controversial, this makes
it possible to assess the state and role of dopant
in NM-doped TiO, and NM-codoped TiO,.

In particular, it was shown that the replace-
ment of titanium by sulfur in the crystal lat-
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tice of anatase for S-doped and N, S-codoped
TiO, is more energetically favorable [15] and
leads to bandgap narrowing [16]. At the same
time, from the thermodynamic stability point
of view, S atoms can be localized in both O and
Ti sites in S-doped anatase [17]. As a result
of the mixing of O 2p, N 2p, S 3p, and Ti 3d
states, the bandgap (E ) decreases and the ab-
sorption band edge shifts to higher wavelength
(>400 nm). In turn, the PCA (VIS) is higher
for N, S-coped TiO, than for S-doped TiO, or
N-doped TiO, [15]. Among C-, N-, S - doped
TiO, [5], C-doped TiO, in which carbon enters
the crystal lattice in the form of an anion or
cation [5] is the most promising photocatalyst
due to the overlap of the O 2p and C 1s states
near the valence band edge and its redshift in
C-doped TiO,. Other authors [5] disagreed
with a decrease in E_and believe that such a
decrease may be very modest. At the same
time, an increase for visible light response and
PCA (VIS) is associated with the appearance of
isolated localized states in the gap, rather than
with narrowing it [1, 5, 6]. Carbon states can
also overlap with the TiO, conduction band
due to the rather deep location in the bandgap
[15]. For N-doped TiO,, both substitutional
and interstitial localized occupied states are
generated in the bandgap, which provides a
visible light sensitivity and PCA (VIS) [6].
Simultaneous co-doping often gives more
positive results compared to mono-doping due
to the manifestation of synergistic effects [1, 4,
5]. From this point of view, thiourea (TU) is of
particular interest as a precursor that contains
simultaneously C, N, and S. TU and various
titanium (IV) compounds can be used as pre-
cursors for the synthesis of (NM)-doped TiO,
materials by “dry” (calcination of mechani-
cal or mechano-chemically treated mixtures)
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or “wet” (sol-gel synthesis followed by calci-
nation) methods. It was shown that TiO, ob-
tained by NM doping, where NM = (C, N, §)
[7], (N, S), [7, 11, 18, 19], (N) [19], (S) [12,
20-22], (C) [8, 9], demonstrate increased
PCA (VIS) in various redox processes.
However, according to the calculation results
and experimental data, the positive doping
effect on the visible light sensitivity and PCA
does not always lead to a change in the band-
gap and the shift of the band edge [1, 5]. So
far, intensive discussions are underway on the
mechanism of doped TiO, photocatalytic re-
sponse to visible light, and theoretical studies
and experimental results are often contradic-
tory. This can be attributed to the variety of
synthesis methods for these materials and dif-
ferent calculation methods [5]. Because each
factor affecting PCA is difficult to investigate
individually, and because photocatalysis is a
complex process influenced by many factors,
attempts to determine a universal law of the
doping effect on PCA have so far been unsuc-
cessful [5].

Besides, doping can take place both inside
the TiO, lattice and at the photocatalyst surface
[5], which is in direct contact with the organic
substrate. Therefore, the amount and nature of
dopant in the surface layer may significantly
affect PCA (VIS). However, the questions of
the effect of the precursor concentration (in
particular TU) in the sol-gel system on the
number and nature of dopant atoms in (NM)-
doped TiO,, their distribution in volume and
on the surface, structural and dimensional
characteristics and morphology of the obtained
material have hardly been addressed. With re-
spect to available experimental results (relative
to S* [10, 11, 19], S* [12, 19, 20], S [21, 23])
the interpretation is not unambiguous.
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It is known [25] that the hydrothermal
method allows different classes of inorgan-
ic materials in the nanocrystalline state to be
obtained. The calcination temperature signif-
icantly affects the phase composition, mor-
phology, crystallite and particle size, texture,
dopant content, and their chemical state under
doping of the TiO, nanostructures by carbon,
nitrogen, and sulfur (NM) [12]. The phase
content ratio in (S)-doped TiO, critically de-
pends on the calcination temperature [12, 23],
the sulfur precursor nature, the amount used
in the reaction mixture [12, 21], and the calci-
nation time [23].

In some cases, doped mixed phases show
higher photocatalytic activity compared to the
corresponding single-phase materials. The op-
timal anatase/rutile phase ratio for the mixed
phases is 75%:25% - 85%:15% [12, 26]. Despite
the fact that anatase has a higher photocatalytic
activity than rutile, in some cases, doped rutile
[27] is more active. Incorporation of dopants,
such as sulfate, in TiO, stabilizes anatase be-
fore transformation into rutile [21] that begins
at higher temperatures - 800°C [12, 28], 950 °C
[12], and does not end even at 1100°C (48% A
+52%R) [12].

High calcination temperature in air leads to
the formation of sulfuric acid in the structure
of TiO,, in which S atoms are embedded inter-
stitially [12]. There is a certain optimum sulfur
content in (S)-doped TiO, (0.1-0.3 wt. % S),
which provides a reduction of the bandgap
(3.15-2.75 eV) and provides a sufficient life-
time of photogenerated charge carriers [24].
The decrease of dopant content with increasing
calcination temperature leads to an increase of
crystallite and particle sizes (for example, the
temperature increase from 200 to 600 °C in-
duces a crystallite size growth from 9 nm to
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249 nm [21]), resulting in deteriorating the
texture characteristics, first of all, a decrease in
the surface area [12, 29]. Since a larger particle
size and a smaller surface area are known to re-
duce the number of photogenerated electrons
[30, 31], such changes lead to a decrease in
photocatalytic activity [1, 2, 30, 31]. Therefore,
in order to obtain effective photocatalysts, it
is important to choose such a composition of
the reaction mixture and a calcination tem-
perature that would provide non-metal-doped
fine-crystalline (9-10 nm) anatase, character-
ized by an optimal balance of nanoparticles of a
certain morphology, and a mesoporous struc-
ture with a developed surface, which improves
the photocatalytic activity of such materials.

The rapid increase in antibiotic consump-
tion in the last decade has led to intensive
pollution of natural waters, which contributes
to the development of resistance in microor-
ganisms and, consequently, possess a threat to
human health and requires high costs for the
development of new antibiotics as well as ma-
terials and technologies for water purification
[31, 32]. Photocatalytic processes that use the
energy of sunlight [31, 32] and NM- doped
TiO, materials as catalysts [1, 5, 6] are promis-
ing in this aspect.

The aim of this study was to elucidate the
effect of the calcination temperature on the
chemical and phase composition, texture, and
morphology of TiO, nanostructures, obtained
from thiourea containing sol-gel systems, and
their photocatalytic activity in the doxycycline
and ceftazidime antibiotics photooxidation re-
actions.

EXPERIMENT AND DISCUSSION
THE RESULTS

Titanium tetrabutoxide (Sigma Aldrich),
thiourea (ch.p) (Reachim), acetic acid (ch.p),

OF
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ethanol (96%), (UKRORGSYNTEZ Ltd.), doxy-
cycline, and ceftazidime (BCPP) were used.
Sulfur and carbon-doped TiO, nanostruc-
tures were obtained by a modified method [33]
by mixing titanium tetrabutoxide with etha-
nol and thiourea solutions, that were prepared
by dissolving 3.4 ml titanium tetrabutoxide
in 30 ml anhydrous ethanol and 0.253 g of
thiourea in 20 ml of absolute ethanol, followed
by addition of 1 ml glacial acetic acid and 1
ml distilled water and stirring vigorously on a
magnetic stirrer during 30 minutes. The result-
ing sol was transferred into a Teflon beaker and
subjected to solvothermal treatment (STT) at
120 °C for 24 hours. The resulting precipitate
was separated from the mother liquor by cen-
trifugation and washed twice by distilled water
and then dried at 100 °C for 12 hours. The ob-
tained powder was calcined at 200, 300, 400,
and 450 °C for 3 hours. The samples were la-
beled as (X) TiO, (T /T,), where X is the molar
ratio TU/Ti(OBu),, T, is the STT temperature,
T, is the calcination temperature. The nitrogen
and carbon content in the samples was deter-
mined using a C, H, N-analyzer “Carlo Erba
1106”. The sulfur content was determined us-
ing an X-ray fluorescence spectrometer ElvaX.
Diffractograms of the samples were record-
ed on a Bruker D8 Advance diffractometer
using CuK_ radiation. Transmission (TEM)
and scanning (SEM) electron micrographs
were obtained on microscopes JEM 1230 and
JSM-6060 LA (JEOL) at accelerating voltages
of 200 kV and 30 kV, respectively. Diffuse re-
flection spectra were recorded on an Evolution
600 spectrophotometer (Thermo Scientific).
FTIR spectra were recorded on a spectrome-
ter Perkin Elmer Spectrum One in KBr pellets
with a sample/KBr ratio of 1/100. Nitrogen ad-
sorption/desorption isotherms were measured
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by the volumetric method at 77 K on a Sorpto-
matic 1990 instrument. Before measure-
ments, the samples were degassed for 5 hours
at 330 °C. The external specific surface area
(S,,) was calculated according to the method
described in [34]. Thermoprogrammed deso-
rption with mass spectrometric control (TPD-
MS) was performed in a quartz tube connected
to a quadrupole mass spectrometer MX7304A
(Selmi) with ionization by electrons of 70 eV.
The sample in the tube was heated linearly at
a rate of 14 °C/min from room temperature
to 800 °C. Mass spectra of the gas phase were
recorded continuously during heating. X-ray
photoelectron spectroscopy (XPS) spectra
were recorded using an ESCALAB 250Xi spec-
trometer (Thermo Scientific) equipped with
a monochromatic Al K X-ray source (hv =
1486.68 eV). The samples were pumped out in
a vacuum for at least 24 hours until the base
pressure in the chamber reaches 5-8x107°
mbar. High-resolution spectra were recorded
at an analyzer pass energy of 20 eV, providing a
spectral resolution of 0.5 eV.

The photocatalytic activity (PCA) of sam-
ples calcined at different temperature were in-
vestigated under UV and visible light irradia-
tion (respectively PCA (UV) and PCA (VIS))
for the colorless cephalosporin (ceftazidime)
and doxycycline antibiotics photodegradation
processes. In the absence of a photocatalyst,
solutions of ceftazidime and doxycycline re-
main stable for a long time. PCA (UV) and
PCA (VIS) were determined by the conversion
degree (R ) for 60 minutes. A portion of the
sample was suspended in aqueous solutions
of doxycycline (or ceftazidime) with a con-
centration of 6.5x10° M at a sample/solution
ratio of 1 g/L and left overnight to establish
sorption equilibrium. The suspension was ir-
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radiated with ultraviolet (A=365 nm, UV lamp
Delux 26W) and visible light (Maxus 8 W
lamp, equipped with a light filter that trans-
mits light with A > 400 nm), with a radiation
intensity near the surface of the suspension of
0.05 mW/cm? and 2.0 mW/cm? respective-
ly. The light intensity was measured with a
91150V Reference Cell and Meter (Newport)
at the distance of 40 cm that corresponds to
the distance from the lamp to the surface of
the suspension. An aliquot of the suspension
was taken at regular intervals, centrifuged for
15 minutes, and absorption spectra were re-
corded on a spectrophotometer Specord 210
(Analytic Jena). The absence of doxycycline
and ceftazidime in the photocatalyst after the
photocatalytic experiment was controlled
by UV-vis spectra (Evolution 600 (Thermo
Scientific)). The content of doxycycline, cef-
tazidime, and its photodegradation products
in the solutions after photocatalysis was moni-
tored by HPLC (liquid chromatograph Waters
Alliance E 2695 with UV detector), according
to the European Pharmacopoeia (EUROPEAN
PHARMACOPOEIA 10.0) and 'H-NMR.

The sol obtained from the reaction mix-
ture containing thiourea after solvothermal
treatment contains about 43% (table 1) of the
anatase crystalline phase (sample (0.33) TiO,
(120/0)). Thus, in the diffraction pattern of
the obtained samples (fig. 1, curve 1), a set
of reflexes at 20 = 25.2, 37.8, 48.1, 54.0, 54.9,
62.6, 68.9, 70.4, 75.2° can be attributed to the
characteristic reflexes of the anatase crystalline
phase (JCPDS Ne 21-1272). As the calcination
temperature increased (fig. 1, table 1), the ana-
tase content calculated from the diffraction
data gradually increases from 43% for (0.33)
TiO, (120/0) to 90% for (0.33) TiO, (120/450)
(Table 1) with a slight increase in the crystallite
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size, calculated by the Scherrer equation from
9 nm (for (0.33) TiO, (120/0)) to 10 nm (for
(0.33) TiO, (120/450)). The small narrowing
in the characteristic anatase reflexes with in-
creasing calcination temperature (fig. 1) can be
explained by the small increase in the anatase
crystallite size.

Changes in the chemical composition and
nature of the groups that occur with increasing

Table 1

calcination temperature were determined us-
ing elemental and thermogravimetric analysis,
FTIR, XPS and UV-vis spectroscopy, and TPD
MS. According to elemental analysis (table 1),
with calcination temperature increase, the car-
bon content in the samples studied decreases
from 0.80% to 0.41% and the sulfur content
decreases from 1.39% to 0.89%. No nitrogen is
detected in the samples.

Structural and dimensional characteristics of samples and the dopants content

d, nm
Sample %A % C %S | E,eV
XRD | TEM | SEM :
(0,33) TiO, (120/0) 43 9 8 85 080 139  3.05
(0,33) TiO, (120/200) 77 9 95 062 124  3.07
(0,33) TiO,(120/300) 80 9 64 0,53 112  3.07
(0,33) TiO, (120/400) 85 9 52 047 098  3.07
(0,33) TiO, (120/450)* 90 10 9 45 041 089  3.07
(0) TiO, (120/450)* 85 9 0.45 - 3.09
(0,17) TiO, (120/450)* 95 10 051 048  3.07

*data from [36]

I, a.u.
" 1
f

20 30 40 50 60 70 80
20, grad
Fig.1 Diffraction patterns of synthesized sam-
ples: 1 - (0.33) TiO, (120/0); 2 - (0.33) TiO,
(120/200); 3 - (0.33) TiO, (120/300); 4 - (0.33)
TiO, (120/400); 5 - (0.33) TiO, (120/450).
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The evolution in the content of anatase in
the samples (Table 1) as well as the appearance
of carbon and sulfur (Table 1) with calcination
temperature increase indicates the presence of
an amorphous phase. The amorphous phase
can be a modified amorphous titanium inor-
ganic polymer (MATIP), similar to the one
described in [35], stabilized with organic (ace-
tate, alcohol, efc.) and inorganic (carbonate,
sulfate, OH) groups.

The above-mentioned groups, which are
present in MATIP, probably, prevent its de-
struction and anatase crystallization, as well as
block the anatase crystallite growth (Table 1)
and the anatase to rutile phase transforma-
tion.
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This trend maintains [36] for the other cal-
cined at 450 °C samples. For example, for (0.17)
TiO, (120/450) with a crystallite size of 10 nm,
the anatase content is 95%. It was previously
shown [37] that anatase nanoparticles, which
are formed mainly in an acidic medium, are
stabilized by the surface adsorbates containing
a lot of hydrogen (hydrogenated, hydrogen-rich
and hydrated surfaces), which prevent the phase
transformation to rutile, and the size and shape
of anatase nanoparticles vary only slightly and
depends on the surface chemistry (only minor
changes in the particles ratio occur). However,
both polymorph (anatase and rutile) nano-
crystals become elongated in the case of hy-
drogen-depleted and oxygenated surfaces [37].
Taking into account the fact that the Ti-O-
SO,H groups on the TiO, surface are stable up
to 600 °C [38], the results of elemental analysis
(table 1), TPD MS (fig4 a, b), and FTIR spec-
troscopy (fig. 2), allow to assume that the Ti-O-
SO,H and Ti-OH groups are also responsible
for maintaining the anatase crystallites size and
shape during calcination (200-450 °C).

In the FTIR spectra of (0) TiO, (120/0)
(fig. 2, curve 1), the bands 1588 and 1440 cm™
(with Av = 144 cm™) are observed, which can
be attributed to the valence v_and v_ oscilla-
tions of acetate groups bridged by CO bonds
[35] (or to v, and v, of bidentate and mono-
dentate carbonate [39]). The band at 1630 cm™
is characteristic for deformation oscillations of
OH groups in H,O [39] and/or Ti-OH [18]. The
low-intensity bands at 1115, 1090, 1020 cm™ can
be attributed to group oscillations of interstitial
Ti-O-C bonds [35, 40] and/or oscillations of Ti-
O-C butoxyl groups directly associated with ti-
tanium [35]. The broad band between 900 - 400
cm™ can be attributed to Ti-O-Ti vibrations of
the frame [35, 40, 41]. The broadening of this
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band is assigned to the amorphous phase. In
the FTIR spectra of (0.33) TiO, (120/0), (fig. 2,
curve 2), these bands are preserved (with a
slight shift in their position), and new low-in-
tensity bands appear, which can be attributed
to oscillations of C-O bonds v, (1393 cm™), v,
(1598 cm™) for monodentate and v, (1463 cm’
"), v, (1285 cm™) for bidentate carbonate. The
valence symmetric and asymmetric oscillations
of §-O bonds v, (1120,1045 cm™), v, (985 cm
"),v, (469 cm™) of bidentate sulfate, caused by a
decrease in the symmetry of the sulfate ion with
high-symmetric T, to low-symmetric C_, indi-
cate the formation of bridge bonds with titani-
um ions. The band v, (1046 cm™) of monoden-
tate sulfate [39] is identified in similar samples
as Ti-O-SO,H groups [38]. Since the content
of the incorporated nonmetals in the obtained
samples is quite low, the corresponding bands
are low intense and/or manifested themselves
as shoulders to the more intense bands in the
FTIR spectrum. Because of this, it is difficult to
quantify the changes in their intensity during
calcination. Nevertheless, a number of trends in
their change should be noted.

T, %

3

|

e T T T T T A T T T T
4000 3500 3000 2500 2000 1500 1000 500

v, cm’

Fig.2 FTIR spectra of the samples: 1 - (0) TiO,
(120/0); 2 - (0.33) TiO, (120/0); 3 - (0.33) TiO,
(120/200); 4 - (0.33) TiO, (120/300); 5 - (0.33)
TiO, (120/400); 6 - (0.33) TiO, (120/450).
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As can be seen from fig. 2 (curves 3-6),
with calcination temperature increase, there is
a tendency to a decrease in the intensity of the
valence vibrations band of acetate C-O groups
that are associated with a decreasing content of
the amorphous phase.

Starting from 300°C, there is also a tenden-
cy of a decrease in the intensity of the bands re-
lated to monodentate and bidentate carbonate
(interstitial carbon).

However, the intensity of the bands, which
belong to the bridge (interstitial) sulfate, re-
mains practically unchanged. The intensity
of the bands related to the oscillations of OH
groups slightly decreases but remains quite
high even after calcination at 450°C (fig. 2,
curve 6). This may indicate the presence of
a large number of OH groups in the sample
(0.33) TiO, (120/450). The latter fact is impor-
tant for photocatalysis.

As can be seen in the thermogram (fig. 3a),
for (0.33) TiO, (120/0) three endoeflects are
observed (T, at 50, 110, 190°C). The two first
extrema in the DTG and weight loss in the TG
curve can be attributed to the loss of physi-
cally and chemically bound water at 50 and
110 °C, respectively. The third effect (190 °C)
can be attributed to the loss of residues of or-
ganic substances (solvents) that is confirmed
by the absence of this effect in the thermogram
of the calcined sample (fig. 3 b). An exoeffect
with T at 370 °C is also observed in the DTA
curve that corresponds to the extremum in the
DTG and the mass loss in the TG curves. This
effect can be associated with the combustion
of acetic acid residues and other organic com-
pounds in the modified amorphous titanium
oxide inorganic polymer. The course of the
DTA curve in the range of 250-650 °C with
several extrema that have no correspondence
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in the DTG curve, may indicate the melting
processes. According to the TG this process
is accompanied by a slight weight loss in the
temperature range 400-650 °C. The extremum
in the DTA curve (about 580 °C) can be attrib-
uted to the destruction of titanyl sulfate groups
on the surface. The similar peak was observed
by us previously for samples of doped TiO,,
which were obtained using H,SO, as a sulfur
precursor (unpublished results).

In the thermogram of the calcined sam-
ple (0.33) TiO, (120/450) (fig. 3 b), similarly
to (0.33) TiO, (120/0) (fig. 3 a), the two en-
doeffects (T__50, 110 °C) in the DTA curve
are observed. They correspond to the extrema
on the DTG curve and the weight loss on the
TG curve due to desorption of physically and
chemically bound water. At higher temper-
atures, in the thermogram (Fig. 3 b) signifi-
cant changes in comparison with (0.33) TiO,
(120/0) (fig. 3 a) are observed. The mass loss in
the TG curve in the range of 150-250 °C cor-
responds to the extremum on the DTG curve
(~200 °C), and the exoeffect (T_,_~215 °C) can
be attributed to the combustion of residues of
organic compounds that are a part of MATIP.
In the temperature range 300-700 °C accord-
ing to the DTG and TG curves, a barely no-
ticeable monotonic weight loss is observed. In
this case, the course of the DTA curve, which
has a number of indistinct extrema, indicates
the presence of several phase transitions in the
temperature range of 300-700 °C. An extrem-
um at T _about 730 °C in the DTG and the
DTA corresponds to a significant mass loss on
the TG curve. Similarly to the peak at 710 °C in
the sample (0.33) TiO, (120/0) (Fig. 3 a), this
effect can be associated with the destruction
of the surface Ti-O-SO,H groups [38] that are
formed due to Ti-SH groups oxidation.
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Fig. 3 Thermograms of the samples: a — (0.33)
TiO, (120/0); b - (0.33) TiO, (120/450).

In TPD-MS of freshly obtained (0.33) TiO,
(120/0) (fig. 4 a), maxima of TPD-MS pro-
files with m/z=28, m/z=34, m/z=44 can be
associated with the desorption of CO*, H_§*,
and CO,*, respectively. As a result of sol-gel
synthesis and STT in (0.33) TiO, (120/0), the
MATIP structure is formed, in which sulfide,
carbonate, and, possibly, acetate groups stabi-
lize its structure. The close values of temper-
atures at which the maxima are observed in
the TPD MS profiles m/z=28, m/z=34, m/z=44
in the temperature range 150-500 °C indicate
that desorption and destruction processes in
MATIP begins with the carbonate bridges de-
struction (at T, _~175 °C). The process occurs
in two stages. On the first, the CO,*, H,§*, CO"
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(T, 203, 216, 230°C, respectively), and at the
second, H,S*, CO*, CO,* (T_ 309, 309, 317 °C,
respectively) are desorbed. In the temperature
range of 500-800°C, extrema in TPD-MS pro-
files with m/z=44, m/z=34, m/z=28 (at T,
639, 653, 688 °C) correspond to CO,*, H S,
CO", respectively. It should be noted that in
the TPD MS, the profiles with m/z=18 (H,0%)
correspond to these three groups of extrema,
at T 200, 315, and 680°C, indicating the in-
terconnection of desorption processes of CO*,
H,S*, CO,"and H,0O".
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Fig.4 TPD-MS spectra of the samples: a - (0.33)
TiO, (120/0); b - (0.33) TiO, (120/450).

Desorption of the lion’s share of products in
the uncalcined sample (fig. 4 a) occurs in the
temperature range of 150-500°C in two sta-
ges—at T 203,216,230 °C (CO,*, H,§*, CO,
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respectively) and at T _ ~309, 309, 317 °C
(H,S*, CO*, CO,*, respectively), probably due
to the gradual destruction of monodentate and
bridged acetate and sulfide groups.

In TPD-MS of calcined (0.33) TiO, (120/450)
(Fig. 4 b) in comparison with (0.33) (fig. 4 a),
the extrema intensity on TPD MS profiles with
m/z=18 (H,0"), m/z=28 (CO*), m/z=44 (CO,")
is significantly lower due to the fact that in the
process of calcination at 450 °C a significant
part of the respective groups is removed from
the sample. According to the thermogram of
(0.33) TiO, (120/0) (fig. 3 a), ~90% of the mass
is lost when the sample is heated to 450 °C. Of
the five extrema observed on the profile with
m/z=28 (CO"), the first two (at T _~110, 254 °C)
are probably due to the decomposition of ace-
tate residues. The remaining three (at T _~352,
444, 615°C), coinciding with the extrema in the
TPD MS profiles with m/z=44 (CO,") ata T
of about 444, 617 °C, are probably due to the
destruction of surface and interstitial carbonate.
Next to these three extrema, the peaks in the
TPD MS profile with m/z=64 at T___about 435,
645 °C correspond to the desorption of SO,".
Taking into account the fact that the sample
(0.33) TiO, (120/450) (fig. 3 b) according to
X-ray phase analysis contains 95% anatase, the
desorption of CO", CO,* SO," at T>300°C can
be attributed as to the interstitial also to the sur-
face adhering carbonate and sulfate groups.

Earlier, in the study of TPD of adsorbed
H,S and SO, on the surface of TiO, [42], it was
shown that H_S and elemental sulfur can be ox-
idized by titanium dioxide and that the desorp-
tion of SO, occurs at T _~350 °C. According
to this, the presence of (0.33) TiO, (120/450)
in the TPD MS profile (fig. 4 b) with m/z = 64
three extrema (at T _about ~429, 461, 645 °C)
corresponding to the desorption of SO,*, may
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indicate that the main source of SO, here are
sulfate groups rather than adsorbed SO,. The
sulfate groups are a part of MATIP and stabilize
its structure. Because of SO,* groups, as well as
due to the presence in the TPD MS profiles with
m/z=34 (fig. 4 a) for (0.33) TiO, (120/0) extrema
at T _~216°C and 309 °C, we can assume that
sulfur, which is the source of H S, is not phys-
ically adsorbed but chemically bound. This fact
is consistent with the XPS analysis.

The chemical composition and chemical
(oxidation) states of the elements in TiO, sam-
ples are investigated by means of X-ray photo-
emission spectroscopy (XPS). The results on
the calcined (0.33) TiO, (120/450) were re-
ported by us previously [36]. The uncalcined
sample (0.33) TiO, (120/0) is discussed in de-
tail in this work (fig.5).

As determined from the fragment of the
survey XPS spectrum, the surface of the (0.33)
TiO, (120/0) is composed of titanium and ox-
ygen atoms (30.0 at.% Ti and 52.2 at.% O) and
also contains C (17.1 at.%), S (0.36 at.%), and
N (0.31 at.%). The atomic Ti/O ratio calculat-
ed for the TiO, lattice oxygen (the Ols peak
at 530.2 eV, fig. 5) is 1:1.74 (£ 0.05). Such an
oxygen deficiency is mostly caused by the co-
ordination of Ti** to other functional groups
detected in the surface layer, SO > CO», OH,
etc. Fig. 5 shows the high-resolution spectra
fitted with Voigt profiles. The peaks at (459.1 +
0.1) eV and (464.8 £ 0.1) eV correspond to the
Ti2p, ,and Ti2p, , components of the spin-or-
bit doublet. The separated doublet of lower
intensity at (472.3 + 0.1) and (478.4 £ 0.1) eV
stems from plasmon satellites. Thus, the sam-
ple contains titanium in a single chemical state,
which due to the synthesis conditions, can be
unambiguously attributed to Ti*". It should be
noted that the lower oxidation states Ti**, Ti**
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that usually manifest themselves at lower bind-
ing energies to the main Ti** peak, are not ob-

served in our samples.
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Fig. 5. XPS spectra of the sample (0.33) TiO, (120/0).
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In the high-resolution Ols XPS spectrum
(fig. 5), the intense peak at (530.2 + 0.1) eV
stems from the lattice oxygen of TiO, (530.2 eV
[9]). The second broader peak at (531.7 + 0.1)
eV can be referred to carbonate (533.0 eV [8])
and sulfate oxygen (531.6 [12]), as well as to
oxygen in surface OH (532.0 eV [9], 532.1 eV
[21]) and C-O (532.1 eV [8, 21]) groups.
Despite the fact that according to the elemen-
tal analysis (Table 1), the (0.33) TiO, (120/0)
does not contain nitrogen (within the sensi-
tivity of the gas chromatography detection), a
low intense N1s core-level XPS peak at 400.3
eV is observed. Since XPS is a surface-sensitive
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method with an information depth less than
10 nm, one can assume that the nitrogen orig-
inates from the adsorption of gaseous N, NH,
from the atmosphere by the near-surface layer
of the nanostructured sample [7]. Moreover,
the surface sensitivity causes the abnormal in-
flation of the carbon atoms content compared
to the CHN analysis data. In the C1s high-res-
olution XPS spectrum, the most intense peak
at (284.8 = 0.1) eV is mainly formed by the
so-called adventitious carbon (typical range
284.5 - 285.0 V). The latter comes from vol-
atile organic compounds adsorbed on the sur-
face from the atmosphere [8, 9]. Since the total
(bulk) carbon content, determined by the el-
emental CHN analysis for this sample (Table
1), is 0.80%, one can assume that the main
share of carbon (fig. 5) is adventitious and
does not belong to the volume of the analyzed
sample. Two other peaks of approximately the
same intensity at (286.3 + 0.1) eV and (288.8
+ 0.1) eV may correspond to the interstitially
incorporated or surface adsorbed carbonate
species [8, 9].

It should be noted that the binding energies
of Ti2p, Ols, Cls, and N1s peaks detected for
(0.33) TiO, (120/0) with an accuracy of 0.1 eV
coincide with the XPS results on (0.33) TiO,
(120/450) [36], indicating the proximity of the
chemical states of these elements in the sam-
ples.

The peaks at (169.0 £ 0.2) eV and (170.4 +
0.2) eV, revealed in the S2p XPS spectrum (fig.
5), correspond to the S2p,  and S2p, , spin-or-
bit components, respectively. According to the
chemical shift, the XPS analysis confirms the
S¢* oxidation state of sulfur [21].

According to the authors [12], who ob-
served similar results, this indicates the forma-
tion of sulfuric acid residues in the structure
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of TiO, during calcination and the incorpora-
tion of S° sulfur in the structure of TiO, (in-
terstitially and on the surface). This is consist-
ent with the FTIR spectroscopy results for the
samples (0.33) TiO, (120/T),) (fig. 2), according
to which the intensity of the bands attributed
to S-O and S=0 modes decreases with increas-
ing calcination temperature. This is also con-
firmed by the results of TPD MS (fig. 4 a, b),
where profiles with m/z 64 (SO,") are observed
not only for (0.33) TiO, (120/450) but also
for (0.33) TiO, (120/0). In addition, for (0.33)
TiO, (120/450) (fig. 4 b) in the profile with m/z
64 (SO,"), two peaks (T __~429 and 652°C) of
approximately the same intensity are detected
and can be attributed to surface and interstitial
sulfate, respectively. The S2p spectrum of the
sample after calcination is very close to the un-
calcined one. However, the S2p , component
(170.4 eV) for the (0.33) TiO, (120/0) becomes
more distinct and exhibits a small shift towards
higher binding energies (for comparison, the
S2p, , for the calcined (0.33) TiO, (120/450) is
at (169.9 £ 0.2) eV [36]). In our opinion, this
may be caused by Ti-O-SO,H groups in the un-
calcined sample, revealed by the results of the
TGA analysis (fig. 3 a). A low-intense signal
about 160.9 eV corresponds to §* [10, 11, 19]
that is consistent with the results of TPD MS
(fig. 4a). The intensity of the peak is extremely
low, probably, due to the oxidation of the S$*
at the surface. Thus, in addition to the CHN
analysis, XPS gives reason to believe that the
sample (0.33) TiO, (120/450) is supplemented
with carbon and sulfur.

According to the results of elemental and
thermogravimetric analysis, IR, XPS, and
TPD MS investigations, the final structure of
the calcined samples, in particular (0.33) TiO,
(120/450), is formed due to the MATIP struc-
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ture destruction during calcination, which is
formed at STT and stabilized by groups (wa-
ter molecules, carbonate, acetate, sulfate and,
possibly, alcohol, which also contains sulfide).
According to the XPS and the results of ele-
mental analysis and TPD MS a small number
of the permeable nonmetals (C, S), which are
part of the interstitial and surface carbonate
and sulfate groups, remains in the calcined
sample. The MATIP calcination is accompa-
nied by a gradual loss of modifying groups,
including sulfate (bridge and surface), which
are formed due to sulfide oxidation under cal-
cination that creates the preconditions for the
anatase crystallization.

According to the SEM image (fig. 6a) the
sample (0.33) TiO, (120/0) is in the form of na-
noparticles with an average size of 85 nm, con-
sisting of an amorphous phase (58%, table 1)
and anatase crystalline sheets (42%, table 1).
According to the TEM study (fig. 6 b), the aver-
age size of the sheets, is of about 8x7 nm. These
sheets also form rectangular units (fig. 6 b, in-
set) with an average size of 30x8 nm. As the
result of calcination at 200 °C, according to the
SEM image (fig. 6 c), the average particle size
in the sample (0.33) TiO, (120/200) increas-
es (up to 95 nm) and their compaction oc-
curs. The size of the anatase crystalline sheets
(fig. 6 d) increases from 8x7 nm to 10x8 nm.
The anatase sheets aggregate in the rectangu-
lar rods with an average size of 200x50 nm
(fig. 6 d, inset). After calcination at 300 °C
in (0.33) TiO, (120/300) the average particle
size decreases (up to 64 nm) and their further
compaction occur. At the same time, the ana-
tase sheet size decreases from 10x8 nm to 9x8
nm (fig. 6 e), forming aggregates in a shape of
rectangular rods (fig. 6 e, inset) with an av-
erage size of 20x10 nm. In the SEM image of
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Fig. 6 SEM and TEM images of the sam-
ples: a, b - (0.33) TiO, (120/0); ¢, d - (0.33) TiO,
(120/200); e, f - (0.33) TiO, (120/300); g, h - (0.33)
TiO, (120/400); i, j - (0.33) TiO, (120/450).

the sample (0.33) TiO, (120/400), calcined at
400°C (fig. 6 g), the particle size decreases to
52 nm, and the particle compactness increas-
es. In the TEM image of this sample (fig. 6 h),
the sheets with an average size of 10x9 nm,
forming aggregates (fig. 6h, inset) of rectangu-
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lar (110x170 nm) and hexagonal (65x65 nm)
shape, are observed. Calcination at 450 °C en-
sures a particle size decrease in the SEM im-
age (fig. 6 i) of (0.33) TiO, (120/450) to 45 nm
and compaction of the material. In the TEM
image (fig. 6 j), these anatase crystals are rep-
resented by rectangular particles with fused
edges of medium size of 10x9 nm, as well as
the anatase crystal sheet aggregates in the
form of rectangular rods with an average size
of 20x14 nm.

The sizes of crystallites (table 1), calculated
from diffractograms (fig. 1) and TEM imag-
es (fig. 6), are slightly different. According to
the calculations from the diffraction patterns
(fig. 1), the average particle size in the uncal-
cined sample (0.33) TiO, (120/0) is 8 nm and
increases to 9-10 nm in the calcined ones (ta-
ble 1). According to the TEM images (fig. 6),
the size of anatase crystallites of the rectangu-
lar sheet shape changes from 8x7nm to 10x8,
9x8, 10x9, and 10x9 nm, depending on the cal-
cination temperature (table 1). The elevating
of the crystals results in the formation of the
particles of an elliptical shape, probably due
to melting of their edges. The differences be-
tween the calculation results of X-ray diffrac-
tion data and TEM (table 1) may be related to
the sheet formation, since the Debye-Scherrer
equation is better fitted for the spherical par-
ticles. Lamellar morphology is characteristic
for facet structures formed in the presence of
a dopant such as fluorine [43], which binds to
high-energy {001} faces and blocks the anatase
crystal growth along the {001} axis. The forma-
tion of lamellar anatase crystals in the case of
(0.33) TiO, (120/T,) samples can be explained
due to the presence of carbonate and sulfate
groups on the anatase crystals surface, which,
like fluorine, promote the formation of plates
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with open faces {001}. Due to the simultaneous
presence of the amorphous phase and the ana-
tase crystalline phase in the samples studied
(table 1), which according to TEM images is
of the sheet shape (fig. 6), we can assume that
the nanoparticles, observed in the SEM image
(fig. 6) are anatase sheets or sheet agglomerates,
covered by amorphous MATIP, i.e., particles of
the type “core-shell”.
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Fig. 7 a - Isotherms of samples (0.33) TiO,
(120/T)): 1 - (0.33) TiO, (120/0); 2 - (0.33) TiO,
(120/450); b — mesopore size distribution of the
sample: 1 - (0.33) TiO, (120/0); 2 - (0.33) TiO,
(120/450).

After the sol-gel synthesis of TiO, in the
presence of thiourea, followed by solvothermal
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treatment, mesoporous materials are formed.
Isotherms of samples (0.33) TiO, (120/0)
(fig. 7 a, curve 1) and (0.33) TiO, (120/450)
(fig. 7 a, curve 2) can be attributed to type IV,
which is characteristic for micro-mesoporo-
us materials. The specific surface area (S,,)
for the sample (0.33) TiO, (120/0) is 190 m*/g
with a mesopore diameter of 5.4 nm, S__ of
170 m*/g and a total adsorption volume of
0.25 cm?®/g. Nanoparticles form a mesoporous
structure, which is formed already at the stage
of STT [36]. After calcination at 450°C, the S
decreases to 130 m*/g, the total pore volume to
0.22 cm?*/g, the S to 70 m?/g, and the meso-
pore diameter increases to 6.4 nm. For (0.33)
TiO, (120/0) on the mesopore distribution
curve (fig. 7 b, curve 1) two extrema with max-
ima at 5.5 and 6.4 nm are observed, and the
mesopore average size is 5.4 nm, that indicate
the presence of two types of mesopores.
Probably, mesopores of smaller diameter
are cavities between spheroidal nanoparticles,
which consist of anatase sheets (45%), covered
with an amorphous phase, and mesopores of
larger diameter are cavities between sheet ag-
gregates (fig. 6 b, inset), in particular, in the
form of rods. For the calcined sample (0.33)
TiO, (120/450), only one extremum (6.4 nm) is
observed (fig. 7 b, curve 2) and the average size
of mesopores is 6.4 nm. It is possible that the
mesopores here are cavities between spheroi-
dal nanoparticles, which consist mainly of ana-
tase crystal sheets (90%) with fused edges (fig.
6, inset), which are tightly adjacent to each oth-
er. As a result of calcination, according to TEM
images (Fig. 6 d, f, h. j), the 2D anatase crystal-
lite sizes increase, and rectangular (fig. 6 d, f)
and hexagonal (fig. 6 h ) sheet aggregates, as a
result of calcination at 450°C, are compacted
and transformed into spheroidal particles. The
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specific surface area for (0.33)TiO, (120/450)
is reduced to 130 m?/g compared to 190 m?/g
for (0.33)TiO, (120/0), which is probably due
to a slight increase in the size of the crystallites
and the compaction of particles in the volume
of the material due to the destruction of the
amorphous phase and sintering. A significant
increase in the size of the crystallites (table 1)
and drastic changes in the texture prevent car-
bon and sulfur-containing groups. Thus, the
calcination temperature is a factor controlling
the anatase content, the crystallite and nano-
particle sizes, as well as the textural character-
istics of the obtained materials.

For non-calcined sample (0.33) TiO, (120/0)
(table 1), the bandgap (Eg) value, calculated
from the UV-Vis spectra (fig. 8 a, curve 1),
is slightly smaller (3.05 eV) compared to E,
(3.2 eV) for bulk anatase. In the UV-vis spectra
of samples (0.33) TiO, (120/T),) (fig. 8 b, curves
1-5), the increasing calcination temperature
(T,) induces the bathochromic shift of the ab-
sorption band resulting to the slight absorp-
tion in the visible region.

In particular, for sample (0.33) TiO,
(120/450) in the UV-vis spectrum (fig. 8 a,
curve 2) the absorption maximum at 320 nm
is shifted in comparison with the sample (0.33)
TiO, (120/0) (fig. 8 a, curve 1). The latter may
be due caused by an increase of the amount of
titanium ions in an octahedral surrounding,
which is characteristic for the anatase crystal-
line phase [44]. This is consistent with an in-
crease in the anatase content in these samples
with calcination temperature increase (table 1).

Besides, for uncalcined sample the absorb-
ance at A > 400 nm is greater than for the cal-
cined sample (table 1), that is probably due to
the presence of more interstitial Ti-O-C groups
in (0.33) TiO, (120/0), consistent with the el-
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emental analysis results (table 1). According
to the latter, the total carbon and sulfur con-
tents decrease with calcination temperature
increase.

1.0+ 2

<
0.0 T T T 1
200 300 400 500 600
a A, nm
xX
o
0 T T T 1
400 600 800 1000
b A, nm

Fig. 8. Electronic spectra: a — absorbance spec-
tra of samples: 1 - (0.33) TiO, (120/0); 2 - (0.33)
TiO, (120/450); b - diffusion reflectance spectra
of samples (0.33) TiO, (120/T,): 1 - (0.33) TiO,
(120/0); 2 - (0.33) TiO, (120/200); 3 - (0.33) TiO,
(120/300); 4 - (0.33) TiO, (120/400); 5 - (0.33)
TiO, (120/450);

As can be seen from the evolution of the
UV-vis reflectance spectra (fig. 8 b), for the
samples (0.33) TiO, (120/T,), an additional
absorption in the visible region at A > 400 nm
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is observed after calcination at 200°C (fig. 8 b,
curve 2). This may be caused by the intersti-
tial carbonate groups formed in (0.33) TiO,
(120/200). The intensity of absorption decreas-
es (fig. 8 b, curves 3-5) with calcination tem-
perature increase. At the same time, the nature
of the bands changes, which may be associated
with the formation of interstitial sulfate groups
under these conditions. This is consistent with
the results of TPD MS (fig. 4), XPS (fig. 5),
FTIR (fig. 2), and TG (fig. 3).

Thus, based on the obtained results (FTIR,
XPS, TPD MS, XRD, SEM, TEM, nitrogen ad-
sorption/desorption, elemental analysis), it
can be concluded that in the samples (0.33)
TiO, (120/T,) the calcination temperature in-
crease (200-450°C) induces an anatase content
increase, while amorphous phase content de-
crease. At that time, the crystallite (of lamellar
morphology) size (8-10 nm) slightly increas-
es. The average size of nanoparticles formed
by such crystallites together with the amor-
phous phase decreases (95-45 nm), so as the
Sipp S, the total adsorption volume, and the

BET’ “me
interstitial and surface carbonate and sulfate

. vV

Vis

300 450 P-25

a

0 200 400

groups content decrease. The bandgap insig-
nificantly narrowed, reaching 3.05-3.07 eV. All
these changes lead to a significant effect on the
photocatalytic activity of (0.33) TiO, (120/T))
samples.

The effect of calcination temperature on
PCA (UV/VIS) of the samples was investigat-
ed in the photodegradation reactions of cef-
tazidime (fig. 9 a) and doxycycline (fig. 9 b).
The results are presented in Table 2. As can be
seen in fig. 9 a, b, the calcination temperature
significantly affects the photocatalytic activi-
ty of the obtained samples in the ceftazidime
and doxycycline photodegradation processes.
The dependence of PCA (VIS) changes on the
increasee in calcination temperature, in con-
trast to the dependence for PCA (UV), shows
a dome-shape behaviour (fig. 9 a, b). The
conversion of ceftazidime, as well as doxycy-
cline, in the presence of (0.33) TiO, (120/T))
photocatalysts under UV light irradiation in-
crease with calcination temperature increasee
and reaches a maximum on the sample (0.33)
TiO, (120/450) (fig. 9 a, b). The last sample
contains the largest amount of anatase (about

vy
Vis
50
40
. 304
X
& 204
10
0_
0 200 300 400 450 P25
b

Fig. 9 Conversion degree of: a — ceftazidime; b — doxycycline on the obtained sample under UV (black)

and visible (grey) light irradiation
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90%) among the studied samples. At the same
time, when exposed to visible light, the maxi-
mum ceftazidime and doxycycline conversion
(fig. 9 a, b) is observed on the sample (0.33)
TiO, (120/300) with a lower content of ana-
tase (80%) than 90% for (0.33) TiO, (120/450).
Possibly, the higher photocatalytic activity of
the first sample is due to the optimal nanopar-
ticles size (64 nm) and larger number of inter-
stitial Ti-O-C groups, the amount of which in-
creases with an increase in the calcination tem-
perature from 200 to 450°C. It should be noted
that a similar trend in PCA (UV/VIS) changes
is observed for both stained (doxycycline) and
colorless (ceftazidime) antibiotics. Based on
this, we can assume that the key positive effect
on PCA (UV) is an increasing anatase content
in the samples. This effect is also present in the
case of PCA (VIS) but taking into account the
non-substantial bandgap narrowing (to 3,05-
3,07 eV, table 1). This effect is also present in
the case of FCA (VIS). However, considering
the slight narrowing of the bandgap (table 1)
to 3.05-3.07 eV, it is difficult to explain this
effect only by the bathochromic shift. Taking
into account that the positive doping effect
on the visible light sensitivity and PCA does
not always lead to a change in the bandgap
and shift of the band edge [1, 5] but is a result
of interstitial doping and localized states
formed in the mid-gap [1, 5, 6], it can be con-
sidered that the interstitial carbonate and sul-
fate groups may play a key role. The ratio be-
tween the latter groups changes (increases in
favor of the latter) with increasing calcination
temperature. Higher PCA (VIS) compared
to PCA (UV) of the samples for doxycycline
(fig. 9 b) in contrast to ceftazidime (fig. 9 a)
photodegradation processes is probably as-
sociated with a higher adsorption capacity of
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these samples relative to doxycycline compa-
rable to ceftazidime (table, 2), as well as the
doxycycline photosensitizing effect.

Table 2
Sorption capacity of (0.33) TiO, (120/T,)
samples
Q, 10° mol/g
Sample
ceftazidime doxycycline

(0,33) TiO, (120/0) 2.12 4.05
(0,33) TiO, (120/200) 1.93 3.64
(0,33) TiO,(120/300) 2.46 4.57
(0,33) TiO, (120/400) 1.95 3.57
(0,33) TiO, (120/450)* 1.97 3.78
P-25 Evonik 0.13 0,46

Regardless of the samples calcination tem-
perature, PCA (UV) in the ceftazidime photo-
degradation process on such samples is more
than 3 times higher than the conversion value
for Evonik P-25. Probably, this is due to the
fact that the content of anatase in these sam-
ples is higher than in Evonik P-25 (table 1). In
addition, these samples are characterized by a
more developed surface and a higher adsorp-
tion capacity relative to ceftazidime compared
with P-25 (table 2). When irradiated with vis-
ible light, the conversion on calcined samples
(0.33) TiO, (120/T,) (T, = 0,200, 300°C) is 1.5-2
times higher than the value for Evonik P-25
and is maximum for the sample (0, 33) TiO,
(120/300). This may be due to the slightly high-
er adsorption capacity relative to ceftazidime
compared to the rest of the samples (Table 2),
as well as with the optimal size (~50 nm) of na-
noparticles. In addition, the interstitial carbon
content in this sample is also higher, which
may provide its increased PCA (VIS).
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However, it is noteworthy that the PCA
(UV/VIS) of (0.33) TiO, (120/T,) samples in
the doxycycline photodegradation processes is
generally higher (1.5-1.7 times) compared with
ceftazidime, which is probably due to the ap-
proximately 2 times higher adsorption capacity
(Q, mol/g) of the corresponding samples re-
lative to doxycycline compared to ceftazidime
(Table 2). For example, PCA (UV) for (0.33)
TiO, (120/450) is 43.09 and 29.29, respectively,
and the average adsorption capacity for doxy-
cycline and ceftazidime is 1.97x10~° mol/g and
4.02x10”° mol/g, respectively. The approximate-
ly two times greater adsorption capacity may
be the reason for this difference between PCA
(UV) relative to doxycycline and ceftazidime.

In contrast to PCA (UV), the PCA (VIS)
(conversion, R ) ratio values for the doxy-
cycline and ceftazidime photodegradation
processes (R (dox)/R, (cef)) increases from
2.7 to 6.7 as the calcination temperature of
the samples (0.33) TiO, (120/T,). This may
be associated not only with the greater ad-
sorption capacity of these samples relative to
doxycycline (table 2) but also with changes in
the interstitial carbonate and sulfate groups
amount and their ratios in (0.33) TiO, (120/T))
and the photosensitization effect of the sub-
strate (doxycycline). These assumptions are
confirmed by the results of PCA (UV/VIS)
comparison with Evonik P-25 in the doxy-
cycline and ceftazidime photodegradation
processes (table 2). In particular, the adsorp-
tion capacity for Evonik P-25 to doxycycline
(Q=0.49 10~ mol/g) is 3 times higher than to
ceftazidime (Q=0.13 10° mol/g). Noteworthy
that PCA (UV) for Evonik P-25 in the doxy-
cycline (R =21.56%) photodegradation pro-
cess is approximately also about 3 times higher
than in the ceftazidime (R_=7.53%) photode-
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gradation process (table 2). At the same time,
the PCA (VIS) is approximately 4.3 times high-
er. For doxycycline and ceftazidime, R are
33.12 and 7.66%, respectively. Based on these
comparisons, it can be assumed that the PCA
(VIS) is affected by another additional factor,
namely, the photosensitization effect of the
substrate (antibiotic). Therefore, it can be ex-
pected that for photodegradation processes of
stained antibiotics, like doxycycline, in which
the absorption band edge in the UV region en-
ters the visible region, the studied (0.33) TiO,
(120/T,) nanostructures will be even better
photocatalysts.

From the comparison of the PCA (UV/Vis)
values for the samples (0.33) TiO, (120/T)) (ta-
ble 2), it is seen that PCA (UV) and, especially
PCA (VIS), of these photocatalysts are signifi-
cantly higher in the doxycycline photodegrad-
ation processes compared to ceftazidime. The
reason for that can be the lower adsorption
capacity of these materials and Evonik P-25 to
ceftazidime (table 2). This may be due to the
ceftazidime’s greater hydrophobicity and its
molecule larger size, compared to doxycycline,
as a result, this substrate is less efficiently ad-
sorbed on the photocatalyst surface. The possi-
ble influence of different donor atoms in these
antibiotic molecules on the efficiency of their
interaction with the surface of the photocata-
lyst is also not excluded.

An additional factor for the superior photo-
catalytic activity can be the photosensitization
effect of the surface-adsorbed doxycycline,
which absorbs in the UV region and contains
two intense bands with maxima A__ =270 nm
and A__ = 347 nm, the edge of which enters
the visible region. Ceftazidime, in contrast to
doxycycline, absorbs light mainly in the UV
region of < 300 nm.
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It was previously shown [22], that the
main reason for the three times higher pho-
tocatalytic activity in the methylene blue and
phenol photodegradation reactions of N,
S-doped TiO, samples obtained from titanyl
sulfate and thiourea, compared to Degussa
P25, is the small anatase crystallite size (5-6
nm). According to the authors [22], this may
be due to the synergism of the interaction of
sulfate and nitrogen with the TiO, lattice. In
N, S-doped TiO,, N-Ti-O and O-Ti-N-O are
responsible for the redshift, and the sulfate
group acts as a cocatalyst to increase surface
acidity and to maintain a high stability of the
redox cycles [22]. In the case of TiO, sam-
ples doped with C, S, obtained by us, the av-
erage crystallite size is small (9-10 nm) and
both interstitial and surface sulfate groups are
present. Therefore, the surface sulfate proba-
bly also acts as a cocatalyst and the photoca-
talysis process. According to the mechanism
proposed by the authors [22], it provides for
the participation of surface sulfate in the re-
dox transformations (S <> S*"). The visible
light absorption by (0.33) TiO, (120/T,) na-
nostructures with a small decrease (~0.15 eV)
in the bandgap width (table 1) in comparison
with pure anatase is provided, mainly, by the
interstitial C-O-Ti and S-O-Ti. According to
[1, 5, 6], these groups can form localized states
between VB and CB, helping to increase the
sensitivity to visible light without significantly
narrowing the bandgap. The presence of sul-
fate ions in the (0.33) TiO, (120/T,) sample
surface structure that are formed during cal-
cinating may promote the migration of pho-
togenerated electrons, thereby improving the
photogenerated charge carriers separation,
and inhibition of recombination processes,
which improves the photocatalytic activity,
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as it was observed for N, S-doped [22] and
S-doped [21] TiO, nanostructures.

As can be seen from the comparison of
the PCA (UV/VIS) for (0.33) TiO, (120/T,)
samples and (X) TiO, (120/450) [36], the op-
timal calcination temperature is one of the key
controlling factors for the structural and di-
mensional characteristics of doped TiO, nano-
structures and their photocatalytic activity in
the doxycycline and ceftazidime photodegrad-
ation processes. Thus, PCA (UV/VIS) for (X)
TiO, (120/T,) samples, in which the anatase
content increases with increasing calcinating
temperature, gradually increases but is small-
er compared to samples with a high content of
anatase (X) TiO, (120/450) (X=0; 0.17; 0.33).
At the same time, the PCA (VIS) of the (0.33)
TiO, (120/300) sample, which is calcined at
300°C, is higher in comparison with all other
samples (Table 2), including the best sample
(0.17) TiO, (120/450), which was obtained at
the optimal X=TU/TBT=0.17 ratio in the re-
action mixture [36]. Taking into account the
above results and assumptions, we can assume
that one of the reasons for this is changes in the
interstitial dopants content and their ratio, that
are achieved at a calcination temperature of
300 °C. This is also consistent with the results
of elemental analysis (table 1) and XPS (fig.5).

It should be noted that our (0.33) TiO, (120/
T,) samples, containing interstitial and surface
carbonate and sulfate groups, show a higher
PCA (VIS), compared to those obtained by ti-
tanate nanotube with TU calcinating in vacu-
um at 500 °C encoded by N/S co-doped TiO,
nanotubes, where N and S replace oxygen in
the lattice [11], and which were tested in the
methylene blue photodegradation process un-
der close conditions. The PCA (VIS) of the
(0.33) TiO, (120/T,) samples is comparable
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to the activity in the same process [45] of ES-
doped TiO, lamellar nanostructures with a
nanoparticle size of 10-15 nm, obtained by
solvothermal method (precursors F and S, re-
spectively NH,F and TU), followed by calci-
nating at 450 °C and in which F and S are in-
corporated in the lattice in the oxygen position
and show a synergistic effect, that increases
the concentration of superoxide and, accor-
dingly, the growth of PCA (VIS) in the meth-
ylene blue photodegradation process. Thus,
among the (0.33) TiO, (120/T,) samples, the
best photocatalytic activity under visible light
irradiation in the doxycycline and ceftazidime
photodegradation processes is demonstrated
by the sample (0.33) TiO, (120/300), which
is characterized by an anatase content (80%),
crystallite size of 9 nm, and spherical nanopar-
ticles (64 nm) and contains interstitial dopants
(C, S), and PCA (UV/VIS), that significantly
outperforms Evonik P-25.

As can be seen (fig. 9 a, b), the conversion
of ceftazidime, as well as doxycycline, under
UV light irradiation increases with increasing
calcination temperature and reaches a maxi-
mum for the sample (0.33) TiO, (120/450)
(fig. 9 b). Regardless of the calcination tem-
perature of the samples, the PCA (UV) in the
photodegradation of ceftazidime is more than
3 times higher than the conversion value for
Evonik P-25. At the same time, under visible
light irradiation, the maximum doxycycline
conversion is observed on the sample (0.33)
TiO, (120/300) and 1.5-2 times higher than the
value for Evonik P-25. It is noteworthy that the
PCA (UV/VIS) on the corresponding samples
(0.33) C, S doped TiO, (120/T)) in the doxy-
cycline photodegradation is generally higher
(1.5 - 1.7 times ) in comparison with ceftazi-
dime (Fig. 6 a, b). However, for samples (0.33)
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TiO, (120/T,) the ratio of PCA (VIS) (conver-
sion after 60 min, R ) for the doxycycline and
ceftazidime photodegradation processes (R
(dox)/R, (cef)) increases from 2.7 to 6.7 as the
calcination temperature increases (T, = 200-
450 °C). In contrast, the PCA (UV) for these
samples is remained at the same level.

CONCLUSIONS

Interstitially carbon and sulfur-doped TiO,
nanostructures with high photocatalytic activ-
ity in the ceftazidime and doxycycline photo-
degradation processes were synthesized by sol-
gel synthesis followed by solvothermal treat-
ment (120 °C) and calcinating (200-450 °C).
With increasing calcination temperature, the
anatase content and mesopore diameter (from
5.4 to 6.4 nm) increase, while the amorphous
phase content decrease in the obtained sam-
ples. The anatase crystallites of lamellar mor-
phology slightly increase in sizes (from 8x7 nm
to 10x9 nm). The anatase crystallites, together
with the amorphous phase, are arranged in
rectangular and hexagonal stacks that form
nanoparticles. The average size of the nano-
particles decreases (95-45 nm) along with the
decrease in the S, (190-130 m*/g), the S__
(170-70 m?*g), the total adsorption volume
(0.25-0.22 cm?*/g), and the carbon and sulfur
content, which are a part of the interstitial and
surface carbonate and sulfate groups.

Varying the calcination temperature allows
TiO, nanostructures to be obtained with a cer-
tain balance of these characteristics that pro-
vides a high photocatalytic activity for these
structures not only under ultraviolet irradiation
but also under visible light. The key positive ef-
fect on the PCA (UV) of the studied samples
in doxycycline and ceftazidime photodegrada-
tion processes is exerted by the high anatase

ISSN 2708-129X. YKp. xim. XypH., 2020



N. . Romanovska, P. A. Manoryk, 0. V. Selyshchev, P. S. Yaremov, 0. V. Shylzshenko, AV. Terebilenko, S. M. Shcherbakov, D. R. T. Zahn ~ §2,¢, €\ LR LINAI]TR: ]

content, the large mesopore surface area, and
the small crystallite and nanoparticle size. This
effect is also present in the case of PCA (VIS),
but here the key role is played by the interstitial
carbonate and sulfate groups. The content and
ratio of these groups decrease with increasing
calcination temperature. The higher PCA (VIS)
compared to the PCA (UV) of the (0.33) TiO,
(120/T,) samples to doxycycline, in contrast to
the ceftazidime photodegradation process, is as-
sociated with the higher adsorption capacity of
these samples, and probably with the photosen-
sitizing effect of doxycycline.

The visible light absorption by (0.33) TiO,
(120/T,) samples is ensured, mainly, by the
presence of interstitial C-O-Ti and S-O-Ti with
a small decrease (~0.15 eV) in the width of the
bandgap compared to pure anatase. The sul-
fate ions formed during calcination, which are
present in the surface structure of C, S-doped
TiO,, promote the photogenerated electron
migration, thereby improving the separation
of photogenerated charge carriers and inhibi-
tion of recombination processes that improves
photocatalytic activity.

Thus, the calcination temperature is a factor
of controlling the anatase content, crystallite
and nanoparticle size, morphology, textur-
al characteristics, and the content of intersti-
tial and surface sulfate and carbonate groups.
The balance of these factors ensures their PCA
(UV/VIS) in the ceftazidime and doxycycline
photodegradation processes. The photocat-
alytic activity (PCA UV/VIS) of the samples
containing carbon and sulfur only in the inter-
stitial and surface groups and not containing
(C, S) dopants incorporated directly into the
lattice significantly outperform Evonik P-25
and can be used for the antibiotic photodeg-
radation processes under sunlight irradiation.
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Mesonopucri C, S-fonoBani HAHOCTPYKTY-
pu TiO, omep>kaHO COMbBOTEPMATBHIM 3071b-
re/Ib METOJIOM 3 HACTYITHUM KaJIbIIVIHYBaHHAM
3a pisHMX TeMmIleparyp. BcranosieHo, mo 3i
3pOCTaHHSAM TeMIIepaTypy Ka/lblMHYBaHHS
[P HE3HAYHUX 3MiHaX pO3MipiB KpucTali-
TiB (9-10 HM) 3pocTae BMicT aHarasy (3 42%
1o 95%), 3MEHIIYETbCA PO3Mip HAHOYACTH-
HOK (3 85 110 45 HM), IUTOMa IUIOIIA ITOBEPXHI
(200-130 m*/r ) Ta Twroma mesonop (3 170 go
70 M*/1), 3MeHIIyeTbcs BMicT Byrernio (0,80
0,41%) Ta cipxu (1,39-0,89%), BinbyBatoTbCA
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KapAyHaabHi 3MiHM Mopdosorii HaHOCTPYK-
Typ TiO,. [lokasaHo, 10 BapilOBaHHs TeMIIe-
paTypy Ka/lbLVMHYBaHHA [JO3BOJAE OfEPKaTu
HaHOCTPYKTypu TiO, 3 meBHMM 6anmaHCOM LUX
XapaKTepUCTUK, AKNIT 3a0e3Ieuye iXHIO BICO-
Ky (OTOKATaiTUYHY aKTUBHICTb Y Ipoliecax
¢doromerpaganii nepTasUAMMYy Ta JOKCULIU-
KJIiHY IIpy ONIpOMiHeHHi He nuiie ynbrpadio-
JIETOBUM, A VI BUJVIMUM CBIT/IOM.

Kmrouosi cnoBa: me3onopuctuii C, S-gomno-
BaHUN TiOz, TiOCEYOBVHA, KaJAbLVHYBaHHA,
¢$oTO KaTanmiTMYHA AKTUBHICTD, aHTUOIOTUKIL.
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Mesonopuctoie C, S-gonmnpoBaHHbIE HAHO-
crpykrypsl TiO, momyyeHsl comMbBOTEPMaIb-
HBIM 30/Ib-TeJIb METOJOM C IOC/IeHYIOIINM
[pOKa/IMBaHMeM IIPY Pa3IMYHBIX TeMIlepa-
Typax. YCTaHOBJICHO, YTO C POCTOM TeMIlepa-
TYpbI Ka/JbLHVPOBAHNUSA HPU He3HAUUTENb-
HBIX M3MEHEHVSAX pasMepoB KPUCTA/UIUTOB
(9-10 HM) yBenMuYMBAETCs COAEp>KaHMe aHa-
Tasa (c 42% o 95%), yMeHbIIaeTca pasMep
Ha”ovacTny (c 85 o 45 HM), yhenbHasA IJIO-
manb moBepxHoctu (200-130 M*/t) m 1wio-
maznb Mezonop (c 170 go 70 m*/T), yMeHbIIIaeT-
cs copepxanue yriepoga (0,80-0,41%) u cepsr
(1,39-0,89%), mponCXOAAT KapAMHAIbHBIE U3-
MeHenua Mopdonorun Hanoctpyktyp TiO,.
[TokasaHo, YTO BapbUpOBaHNE TEMIIEPATYPbI
Ka/IbI[THMPOBAHNA MO3BO/IAET IIOJIYYNTh Ha-
HocTpykTypbl TiO, ¢ ompepeneHHbIM 6amaH-
COM 3TUX XapaKTePUCTUK, 00eCHedBaOIIIX
UX BBICOKYI0 (POTOKATINTUYECKYI0 AKTUB-
HOCTb B Ipoleccax ¢ortoperpagauym nedra-
3UAVMA U HOKCUIVIK/IVHA IpY OOMTydeHUM He
TO/IBKO YIbTPadUONIeTOBBIM, HO ¥ BUAVIMBIM
CBETOM.

KmroueBble cnoBa: mesonopuctsiit C, S-z10-
nuposanHblit TiO,, THOMOYEBMHA, Ka/TbIIVHN-
poBaHue, GOTOKATAIUTIYECKAsA aKTUBHOCTD,
AQHTUOMOTUKIN.
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CMEKTPOCKOMIY4HI BNACTUBOCTI 3ACTUINMUX NNABIB

CWCTEMU EuF,-CeF,-NaCl-KCl

B. ®@. 3inuenxo, O. I. Epvomin, B. II. Aumonosuu, H. O. Yigipesa, 1. B. Cmoanosa,

I’ B. Bonvuax, I1. I. [loza

Qizuxo-ximiunuii incmumym im. O. B. boeamcvkoeo HAH Yxpainu, 86, JTtocmoopgcvka dopoeaa,

Odeca 65080, Yxpaina,
e-mail: vfzinchenko@ukr.net

Mertogmamu [4-cniekTpockomii mponyckaHHsA, CIEKTPOCKOII A1dysHOro BigOUTTA Ta II0-
MiHECII€eHTHOI CIIEKTPOCKOIIi i3 3amyyeHHAM flaHux POA BCTaHOBIEHO XapaKTep B3aEMOfl
y cuctemax EuF,-CeF, Ta EuF,-CeF,-NaCl-KCl. Busasneno spocranns micty Eu(II) ta smen-
menHs BMicTy Eu(lll) 3aBasakm peakiiAM OKIMCHEHHA — BiTHOB/IEHHS MK KOMIIOHEHTaMMI
cucreM. [Jominyloua ponb itoHiB Eu** y compoBOMY ITaBi MpOsAB/AETHCA 0COONMMBO YiTKO Ha
CIEKTpax JIOMiHECIeHIIi] HaABHICTIO iHTeHCUBHOI cMyrH B ginaHLi 430-440 um. HesHaunmit
BMIcT 7i0HiB Eu’* BusIB/IeHO MeTOIOM CIIeKTPOCKOIIii YPY3HOTO BifONTTS Y HEPO3UMHHOMY
ocajii HIKHBOI YaCTVHU COMbOBOrO IUIaBy. OOrOBOPIOETHCS MEXaHi3M OKVICHO-BiJJHOBHUX
Ta OOMIHHMX peaKiliit Mi>K KOMITOHeHTaM GTOPUIHOI CUCTEeMM i XTTOPUIHUM PO3IIIaBOM.

KnrodoBi cnoBa: ciekrpockomniuHi Metoay, propuan €ppormiio ta llepiro, okrcHeHHS —
BiJHOBJ/IEHH S, COJIbOBI IJIABY, TIOMiHECIeHITi .

BCTVYII. €spomiit Ta Llepiit Hane>xxatb 10
JIAHTAHIMiB 3MiHHOI BajIeHTHOCTi, OCKIJIbKU
KpiM 3BUYHOTO CTYIIE€Hs OKMCHEHHA +3, BOHU
y CBOIX CHONYKaX, 30KpeMa, GTOpujax BUIB-
JIAIOTh TaKOXX CTYIEHI OKMCHEHHA +2 Ta +4
BignoBigHO. [IpoAB TOro 4y iHIIOrO CTyneHA
3a7IEXXKUTD BiJj aHIOHHOTO OTOYEHHA, 11 y BU-
najKy Jionis F~ cTabinisyrorscs comykn EuF,
ta CeF,. Crij 3a3HaunTH, 110 Ba/JIEHTHI CTaHU
Eu(Il) ta Ce(IV) meBHOIO Mipol0 BUABICHO
HaBiTh y €/IeMEHTHNX PeYyOBMHAX, TOOTO BifI-
moBimHuX Metanax [1]. Pamime [2] meTromom
CIIEKTPOCKOIIIi I1y3HOrO BiOUTTS CUCTeMI
EuF,-CeF, HaMn BUSIB/IEHO OKMCHO-BiJIHOBHY
B3a€EMOJIil0 3 yTBOpeHHAM (a3 Ha ocHoBi EuF,

120

ta cronyk tuny EuCeF, . [Tokasano, mo spar-
HICTD /IO TaKOIl B3a€EMOJii CYTTEBO 3POCTAE 32
IiJBUILIEHHA TEMIIEPATYPH, O CBIJYUTD IIPO
eHJOTepMIUHNII XapaKTep yTBOpIOBaHMX (das.
3 iHIIOr0 OOKY, IIpY JOCII/PKEHH] pO3UMHEHHS
1 KpucTaisanii okpeMux GTOPU/IB TaHTaHi-
niB, 3okpema, EuF, ta CeF, y conboBoMy pos-
wiaBi NaCl-KCl, BusBieHo ¢pakT yacTKOBOro
BigHoBneHHs EuF, Ta, MeHmow mipowo, okuc-
HenHs CeF, y xnmopupHoMy posmiasi 3a Bu-
COKMX TeMIIEpAaTyp Ta YMOB iHEPTHOIO cepe-
poBuma (Ar) [3,4]. 3acTurii miaBu BUABUIN
LIiKaBi CIIEKTPpaJ/IbHi BIACTUBOCTI, a caMe — iH-
TEHCUBHY OJIaKMTHY TIOMiHECIEHIil0 yIbTpa-
MIKPOCKOIIIYHUMM YaCTUHKaMK GTOPU/IB.
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AmnasioriyHe ABMILe Ma€ Miclle IpU poO34M-
HenHi cnonyk Eu(Il) iHmmx Ttumis, 30kpeMa,
XanbKoreHinis [5]. BomHodyac mokasaHo, IO
HEpO3YMHHA YaCTMHA IUIaBY BUABJIAE JIIOMi-
HeCI[eHIIil0, XapakTepHy maa cromyk Eu(III)
3aBasaky 4f-4f enekTpoHHMM Iepexomam [6].
HocnimxeHHA TOBeRiHKN CKIagHOPTOPUA-
HUX cucTeM, 30kpema, EuF -CeF, y posmnasi
NaCl-KCl goci He mpoBogmmu. Mo>kHa 04iKy-
BaTy Ha OinblI BUpasHuit (HOPIBHAHO 3 iHAM-
BigyanpHuMM Propumamu) nepebir B3aemonii
TEPMiuYHO 0OpOOIEHOI CUCTEMM 3 XTIOPUTHUM
PO3IIaBOM.

EKCIIEPMMEHT I OBI'OBOPEHH/ PE-
3YJIBTATIB.

[Tposeneno cunres spaskis EuF -CeF, exsi-
MOJIAPHOTO CK/Iafly TBepoda3oBUM CHOCO-
60oM. [[s1 11pOT0O peTenbHO MOApPiOHEHI mopo-
LIKM 3a3/1aJI€TiIb CMHTE30BAHNX Y MOIAPHOMY
criBBifiHOIIEHH] 1:1 KOMIIOHEHTIB 3MilllyBau,
mpecyBa/y y TabneTKu i BMilfyBamu y mpo-
OipkM 3 KBapIJOBOTO CKJIa, SIKi €BaKy0OBaIN I
3aBaproBalqy. BuxigHuMu npemaparamm Ciy-
TyBa/Iii OKCUJIY JIAaHTaHIJiB BYCOKOI YUCTOTMU.
€sponiii (III) dropup (EuF,) onep>xano mis-
xoM 06po6neHHA okcupy €spomito (I1I) map-
kn EiO-JK (OCT 48-199-81) xoHIjeHTpoOBa-
noto H_F, kBamidikanii x. 4. 3 HacTynmHuM ocy-
LIEHHAM Y BaKyyMi i BMCOKOTeMIIEpaTypHUM
IIPO’KAPIOBAHHAM B iHEPTHOMY cepefoBuIILi
(He). AnanmorivaumM muraxoM 6y1o ofiepxxaHo
Hepit (III) dpropun (CeF,) is Lepiit piokcu-
ny (CeO,) mapku [eO-I] (OCT 48-195-81),
i3 mogaBanuaM H O, Ax BimHOBHMKa. 3pasku
¢ropunis Burprmysamm 3a 1050 °C ympo-
TOBX 4 rofi. y BepTUKaJbHil I1evi, Iic/Isg 4oro
BUIIMa/IX VI OXOJIO[KYBa/u Ha IOBiTpi. ¥ pa-
Hillle [2] MpoBeleHOMY eKCIIepUMEHTaIbHOMY
pocnimkeHHi MetogoM PDA BcTaHOBIIEHO, 11O
3a BucokoTemieparypHoro (go 1100 °C) mpo-

https://ucj.org.ua

JKapioBaHHS B iHepTHOMY cepenoBuiii (He)
abo Bakyymi BigOyBaroTbcs cyTTeBi (pasosi
sminu y 3pasky cucremn EuF -CeF,, a came:
BMicT a-EuF,, sk i CeF, cyTreBo 3meHIryeThes
MaiKe 10 Hy/A, HATOMICTh BMHUKAIOTh (basm
B-EuF, (rexcaronanbHa cuHrowis) ta EuF
(ky6iuna cuuronis). Ckopim 3a Bce, came Ha
6asi a3 rexcaronanbHoi cunronii (CeF, Ta
B-EuF,) it mae yTBOproBaTUCA CKNaHMii PTO-
pup EuCeF, [7]. [licna oxonomkenHs spasku
CUCTEMM PO3TMPA/IN 11 3MillyBa/iN 3i IITABOM
compoBoi cucremu NaCl-KCl exBimonspHoro
CKJIaly Yy MacCOBOMY CIiBBiffHOLIeHH] pTOPMS;
xnopup Ak 1:9. Cymimi 3HOBy BMillyBanu B
npobipky 3 KBaproBoro ckma Bucotow 10 i
miameTpoM 61M3bKO 1 cM, sAKi, CBO€IO Yeproio,
BMilllyBa/lil y peakTOp i3 KBapLIOBOIO CKIIa,
€BaKYIOBAJI! i 3aIIOBHIOBA/IM iHEPTHMUM Ta30M
(He) it mani — y BepTukanpHy (IIAXTHY) Iid.
TepmooOpobneHHs 3pa3kiB mpoBoOgMIM 32
temneparypu 700 °C, 3a Kol conboBa 4acTH-
Ha repeOyBae y pO3IUIaBI€HOMY CTaHi i1 Hacu-
qyeTbCst PTOPUAOM YIponoBx 2-x rof. ITorim
iY BUMMKAa/IN, a MIiC/Is IIOBHOTO OXOJ/IOIKEH-
HA NpOoOipKM BUTATYBaIM 3 Hel. Y 3aCTUIINX
I/IaBaX YiTKO BUJHO MEXY IOJiNy MK [OH-
HOIO YaCTMHOIO (HIVDKHS YacCTVMHA IUIaBY, He-
PO3YMHHUI 3a/IMIIOK) i BEPXHBOIO YaCTUHOIO
(BepXHs YacCTMHA IUIABY, 3aCTUITINI PO3UNH —
pO3IIaB) 4epe3 3HAUHY Pi3HMIIO y TyCTMHI
P€4OBMH. 3pa3Ky CONbOBMX 3aCTUINX I/IaBiB
€ 6e30apBHMMM 3i C/TAOKOIO TIOMiHECIIEHIIiEI0
3a IIPsIMOTO COHAYHOTO ONIPOMiHEHHS.

31 CHEKTPOCKOMIYHIX METO/iB 3aCTOCOBAHO
HacTynHi: [Y-cnexTpockonia mponycKaHHS,
crieKTpockomis gudysHoro Binburrsa ([IB) Ta
JIOMiHeCIleHTHa creKTpockomnia. [Y-crexkrpn
IPOIYCKaHHA 3alMCYBaay y KOOPAMHATaX
T = f(V), e T,V - mpoIryckaHHsA ¥ XBUJIbO-
Be YJIC/IO, BifIIOBiHO, Ha CIIeKTpodoTOMETpi
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HEOPTAHIYHA XIMISi

CMEKTPOCKOMIY4HI BJIACTUBOCTI 3ACTUTIIUX NNABIB CUCTEMU EuF -CeF,-NaCI-KCl

«Frontier Perkin-Elmer» (CIIA) y gpiamasoni
xBuiboBuX uncen 4000-200 cm!'. 3paskm Ha
ocHoBi Csl roryBanmu 3a CTaH[JapTHOI Me-
toguko. Crnexkrpu [IB BuMmiproBanu 3a fo-
nomoroo cnekrpodoromerpa «Lambda-9»
(«Perkin-Elmer») y giarrasoni 200-2500 HM 51K
3a7IEXKHOCTI:

F(R) =f(\)=(1-R)*/ 2R =k /s, (1)

e F(R) - dynkuis Kybenku - Mynka, R - Big-
HOCHe Bifburts, k, s — xoedinienTn morm-
HaHH: 11 pO3CiIOBaHH: BIJIIOBITHO.

3anuc CreKTpiB JIIOMiHeCLeHIIil IPOBOANIN
Ha crekrpodayopumerpi «Fluorolog-FL 3-22»
(Ppan1isn) 3a KIMHaTHOI TeMIepaTypy Ipu pis-
HYIX JOBXVMHAX XBWIb 30yKeHH:, BUOIp AKMX
3[iMICHIOBA/IY, BUXOAAYM 3 JITEPATYpHUX [ja-
HMX Ta 3 IOJIOXKEHHSI CIIEKTPiB 30y/PKEHHS.

OuiHKy BMiCTYy pO34MHHOI pe4OBMHY IIPO-
BOAWIM 32 METOAMKOIO, 10 0asyeTbcsi Ha
TEPMOAVIHAMIYHOMY pPO3PaxyHKOBi peakIin
HOZIBI/THOTO IOHHOTO 0OMiHY MiX (pTopumOM

EuF, + 3NaCl «» EuCl, + 3NaF, AH°,,, = +165 x][)x/Mob,
CeF, + 3NaCl < CeCl, + 3NaE AH°,,, = +145 x[[x/Monb,
EuF, + 2NaCl <> EuCl, + 2NaF, AH°,,, = +70 x]JI)x/Morb,

CeF, + 4NaCl « CeCl , T 4NaE AH° = +264 x]])x/MOnb.

T
EuF, + CeF, — EuF, + CeF,, AH® , = +129 k]I>x/mMO7b.

T
EuF, + CeF . —_—> EuCeF6.

JIaHTAaHiJy Ta COIbOBMM pO3IIIaBoM [4] 3a of-
Hieo 3i cxem (2)-(5). [lonepenns oninka AH®
3a3HAueHMX PeakIiilii CBifunTh Mpo IXHill eH-
potepmiunmit xapakrep (AH°, >0). Posrman
cxeM (4) i (5) BuIUIMBae 3 NMEepBMHHOI B3ae-
MOJIil peakIiiii OKMUCHEHHs — BifHOBJIEHHS (6)
mix EuF, Ta CeF, [2]. Peakuiero, mo cripuse
TaKiil B3a€EMOJii, € KOMIUIEKCOYTBOPEHHA MiX
EuF, ta CeF, (7). [Ipubnmusna TepmMopiHamiy-
Ha OIiHKa 3a3Ha4YeHOoi BIIIe peaKlii BKasye Ha
snayennsa AH®,, = -50 k[x/mMonb, 1m0 3meH-
mye sHadeHHsa AH°,. peakuii (6) mume mo
+79 x/I>x/Monb.

Buxoputb, 110 HalBUTIAHINIOK 3 TEPMOJN-
HaMi4HOI TOYKM 30py peakiiero € (3), HaTO-
mictb B3aemopisa CeF, 3 NaCl mpu posunnenni
y XJIOPUZHOMY PO3IUIaBi € HalMEHII BUTif-
Hoto. OT)Ke, HABUILOI Ma€e OyTM pO3YMH-
Hictb y posmrasi NaCl-KCl came EuF,, y Toit
yac Ak posunHHicTb EuF,, CeF, it, ocobmuso,
CeF, Mae OyTyu 3HaYHO MEHIIOK Yepes Te, IO
posunuHicTh Ta AH°,  oOminHOI peakuii €
o0epHEeHMMU OfIHa IO OJHOI BeTM4YMHaMN [4]

(2)
(3)
(4)
(5)

(6)
(7)

Tabmus
ITonoxennsa cmyr nornnHanHA B I'Y-cnekrpax cucrem
v, e
Cucrema B Eu(III)-O Si—-O

NaCl-KCl ESEEII)H)F_F Ce(IV)-F | Ce(Il)-O
’ Ce(IV)-O

EuF -CeF, 231,257,277 343, 356 805, 878 1056, 1083

EuF, - CeF, - NaCl-KCl 224 237,257

122

ISSN 2708-129X. YKp. xim. XypH., 2020



B. ®. 3inyeHko, 0. T. Epbomin, B. 1. AuToHoBMY, H. 0. YisipeBa, I. B. CTosHoBa, I'. B. Bonbyak, . T. lora

YX)X Ne 10 / Tom 86

Ha [Y-cnexTpax mpoIycKaHHA 3pasKa CHC-
temu EuF,-CeF, (1a671.) B 06macti 250-400 cm™
BUJJHO [Bi CMyTH, IO CKJIAJAIOTBCA 3 HoOpe
po3fileHMX IIiKiB 3a HACTYIHUX 3HA4YE€Hb
XBUIbOBUX umcen: 277, 257, 231 cm™! Ta 356,
343 cm™'. Ileprmi 3 HMX, ckopir 3a yce, Bifno-
BigaroTh KonuBaHHAM 3B sa3KkiB Eu(ILIII)-F a
npyri — Ce(IV)-E Cmyra, 1mo ckmafaerbes 3
nikiB npu 878, 805 cM™!, oueBUAIHO, BiNIOBiae
kormBaHHAM 3B 13KiB Ce(IV)-O rta Eu(II1)-0,
Ce(III)-O BigmoBigHO, AKi BUHMKAIOTDH 3aBIf-
KI TipOrigpoisy peareHTiB Ta IPOJYKTIB pe-
aknil. Cmyra B gimanni 1000-1100 cm™ (mixn
npu 1083, 1056 cMm™') mop’si3aHa 3 JOMIIIKOIO
Si—O, mo HeMMHYy4Ye BMHUKAE IIPU MPOXKAPIO-
BaHHI 3pa3Ka y IOCYAMHIi 3 KBapLOBOTO CKJIa.
PiBenp mpomyckaHHA 3paska € BEIbMU BUCO-
KUM — 75-95%, 110 CBif4UTb IIPO J10r0 BUCOKY
KPUCTaIiYHiCTh. Y 3pasKiB, [0 MiCTATD y CBO-
ill OCHOBI XJIOPUIHMII IUIaB, TOOTO 3aCTUITIVIA
pO34MH-po3IIaB, Ha [Y-cnexTpi mponyckaHHA
HaiO1IbIII BUPASHUMU € CMYIW, IO BiJIIOBI-
[Al0Th KOMMBAaHHAM 3B’s3KiB ocHOBM — NaCl
i KCI ginanani 6mmsbko 220-230 cm! (mmik 3a
224 cm™). HaromicTp cMmyry, 10 BiAIIOBigaoTh
pO3uMHHIN pevoBuHi (gucnepcHin ¢asi ¢pro-
pupiB), € 3HaYHO CMabmmmMy (Tabm.). 3B’A3KK
Ce(IV)-F (it BignoBimHa cmyra), MaOyTb,
3HMKAIOTh y COJIbOBOMY POS3IUIaBi 4Yepes3 Bif-
HoyeHHs1 Ce(IV) min mieto itoniB Cl-. Yepes
CYTTEBO HIDKYY TeMIIEPATypy TepMOOOpOOKM
3pasKiB CONMbOBMX IUIABIB Ha HUX TAKOX BifI-
CYTHS B)Xe 3rajlaHa CMyTa KOJIVMBaHb 3B A3KiB
Si—O, a Takox Ce-O it Eu-O. Y ocranubomy
BUIIAJIKY CO/IbOBUII PO3IUIAB CIYTy€e NOCUTD Ha-
IiVTHMM 3aXMCTOM Bif Aii atMocdepHoi Boory,
a, OTXKe, — Bif miporigponisy. ToMy Ha KpuBii
spaska EuF, - CeF, - NaCl-KCl € nasBHoro e
CMyTa, 0 CKIAJAETbCA 3 MiKiB mpu 257, 237
cM™l, sKi BIiIIOBIJAlOTh KOAMBAHHSM 3B SI3KiB

https://ucj.org.ua

Eu(ILIIT)-F Ta Ce(III)-E ITposopictp 3paskis
cucremn EuF,-CeF,-NaCl-KCl € snauno Hux-
4ol0, 110, JIMOBipHillle 3a yce, € CBi[YEHHAM
YIbTPaMiKpOAUCIIEPCHOTO CKIAfly 3acTUITIMX
I1aBiB. AHasIi3 crleKTpiB AudysHOro BimOUTTA
3pasKiB JOCTIIPKYBaHOI CUCTEMU IiATBEPIKYE
B LI/IOMY Iepef0adeHnit XxapakTep B3aEMOil.

Tak, Ha cnexkTpanbHii 3anexxHocti F(R) =
f(\) spaska EuF-CeF, y 6mwxubomy I9-mia-
nasoHi cmektpy (1900-2300 HM) BUABIEHO
(puc. 1, kpuBa 1, B) cmabki 3a/mmKy CMyTu,
mo Bignosimae 4f-4f eneKTpoHHMM Iepexo-
maMm y 7ioHi Eu’*. IHTeHCMBHICTD L€l 3ammmI-
KoBol cmyru y 20-30 pasiB € HIMKYOIO IOpiB-
HSHO 3 TaKOM0 iist BuxifiHoI crionyku EuF,, mpo
CBiJYNTBD IIPO CyTTEBE 3MEHILIEHHS BMICTy 260
HaBiTh 3HMKHEHHA (a3 3a3HAYEHOTO CKIIAfY.

Harowmictp B Y®-pianasoni ciextpy (puc. 1,
KpyBa 1, a) BMHUKAE CMyra HMOIIMHAHHA, IO
CK/IQJJA€TbCA 3 OBOX IIMPOKUX CMYT BUCOKOI
iHTeHCUBHOCTI, 1m0 € XapakTepHuM s 4f-5d
€IeKTPOHHMX IIepeXofiB y iioHax Eu*, 3 qacT-
KOBUMM HaK/JIaJlaHHAM CMYT IEPEHOCY 3apAafy
Ce’*>Ce*.

F(R) F(R) F(R)

i a 0 B

0,08 1 0,08 -

0,06 0,06

0,044 3 0,04

24

4 0,02 K\N

,00 —————— 0,00 T T
400 500 600 700 800 1600 2000 2400

0,024

200 300 400

A, HM A, HM A, HM

Puc. 1 - Cextpu gudysnoro Bigourrs (a — YO,
6 — BupguMmii, B — 6mvokiit [Y-pgianasonn) spaskis
cuctem: 1 — EuF, - CeF, mics npoxxaproBanus, 2 —
EuF, - CeF, - NaCl-KCl (Bepxns 4acTuHa 1masy),
3 - EuF, - CeF, - NaCl-KCl (neposunnnnii ocan).
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Orxe, ckopill 3a yce, y CICTeMi yTBOPIO-
erbcs nepeBaxkHo cnonyka EuCeF, moxnu-
BOI TeKcaroHanbHoi cuHronii. Came BOHa,
a TouHie, 1i ckmagoBa, EuF mepexomuthb y
poston NaCl-KCl 3a ixupoi B3aemopii ogHe 3
opayM. CriekTp AuQy3HOro BifiOUTTA ITaBy
EuF,-CeF,-NaCl-KCl B Y®-pianasoni (puc. 1,
KpuBi 2, 3,a) siB/IsiE COO0I0 CMYTY 3 BiJ EMHUM
IIOI/IMHAHHAM, fAKa CKIa/Ia€ThCA 3 OBOX IIIKiB,
IO € CBIJYEHHAM IIPOSABY JIIOMiHECLIEHIil y
OMVDKHPOMY BUAVMOMY Jialla3OHi CIIEKTpY.
[Ipu npomy iHTeHCUBHicTh (rMMOMHA) MiKiB
TOMOTEHHOTO IUIaBY (BEepXHs YacTVWHA IUIABY)
€ y IIOHaJ, 2 pasy BUILOK, HDK JIs1 HEPO3UMH-
Horo ocany. Cripi Bifi3HauMTH, 10 A4 BepX-
HbOI YaCTVMHM IUIaBy y 6mpkaboMy 1Y- miama-
30Hi CHEKTPY BificyTHI Oyab-sAKi miky i cMmyrn
nornmMHaHHA. lle € cBif4eHHAM Ha KOPUCTb
HasgBHOCTI mume cronyk Eu(Il) i BimcyTHO-
cti cionyk Eu(IlI). Cnextp pudysHoro Bin-
OUTTA HEPO3YMHHOTO OCafy y OMmKHbOMY
Y piama3oHi cieKTpy MiCTUTD IIMPOKY, C/1ab-
KO PO3[li/IeHy cMyTy IOIIMHaHHA 4f-4f enek-
TPOHHMX ITepeXOfiB y JioHax Eu’* Benbmu cr1ab-
Kol iHTeHcMBHOCTI (Maibke y 2,5 pasm cmab-
ury 3a Taxy s spaska EuF, - CeF)) (puc. 1,
kpuBa 3, B). lllo crocyerbes cionyk Ce(III) Ta
Ce(IV), To ixHi0 HasgBHiCTb ab0 BifCyTHICTDH
31 crieKTpiB ;UQy3HOTO BiTOUTTA BCTAHOBUTHU
JOBOJIi CK/IATHO.

CnekTp /mOMiHecCHeHIIil 3paska CUCTEMMU
EuF,-CeF, micns nposxapiosanus (puc. 2, Kpu-
Ba 1) BUAB/ISE HAABHICTb JBOX CMYT OCTAT-
HbO OMM3BKOI OHA O ONHOI iIHTEHCUBHOCTI y
OakMTHOMY fianasoHi, 110, HalliMoOBipHille,
BKa3ye Ha efieKTpoHHi 5d-4f nepexonn y Jio-
Hax Ce’'ta Eu*'. 3a OBXMH XBWIb 30yIKeH-
HA 265-365 HM y cHekTpax emicil ¢ikcyoTb
OBl IIMPOKiI ¥ iHTEHCUBHI CMYIM 3 MaKCH-
myMamu 1pu 405-410 i 480-485 HMm, w0 Ha-
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K/IaJJal0ThCsl OfHA Ha ofiHy (pmc.2, KkpuBa 1).
Ilepury cmyry, MOBIpHO, MOXXHa BiJHECTU
no moMiHecneHnii tona Ce**. IlopiBHsHO 3i
crexTpamm BumyckanHsa spaska CeF,-NaCl-
KCI (A =265 um, mimmHa 1,5-1,5 HM, ofuH
MaKCMMYM IIpu 368 HM) Lisf CMyra € iCTOTHO
3CYHYTOIO 6ATOXPOMHMM YMHOM. [Ipyry cMyTy
MOYKHa BifHecTH 10 enekTpoHHux 4f-5d nepe-
xoxiB y itoni Eu*.

1*10-4, BIJIH.OJI.

150

-4
1*10 , BigH.0x.
150
1254 1254

1004 100 4

751 75 1 2
)i

50 50 4

25 25+

~__

0 T T T 0 T T T
400 500 600 700 400 500 600 700
A, HM A, HM

Puc. 2 - Coextpm moMiHeclleHIiI 3paskiB
cucremn EuF, - CeF, micns mpokaproBaHHA 3a
HaCTYIIHMX [TapaMeTpiB:

1- )\36;365 HM, winuHa 2,0-2,0 HM,

2— )\36:398 HM, WinuHa 2,0-2,0 HM

[IopiBHAHO 31 CHEKTpOM JIOMiHecCLieHIii
spaska EuF,-NaCl-KCI (A , =365 i 372 nm, mi-
mHa 0,6-0,6 HM, ofyH MakcuMyM Ipu 430-
435 HM) TaKOX CIIOCTEpPIra€TbCs iCTOTHUIA
6aToxpoMHuit 3cys cmyru emicii. ITig gac 3a-
NUCy CHEKTpiB /MmoMiHecteHii mpu A , = 395
i 398 HM (wrinMHa 2-2 HM) Ha CIIEKTPaTbHUX
KPUBUX CIIOCTEpiraamcs CMyIru eMicii, Xapak-
TepHi ms vioHa Eu’* mpm moBXXMHaAX XBUIB:
591 num (enextponnmit nepexiy °D~>'F),
613(614)i619(618) HM (eeKTpOHHMIT ITEpeXif
°D~>'F,), 681(682), 689, 693 M (eneKTpOHHMIA
nepexip °D >’F,) (puc.3, xpusa 2) [lopiBHano
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3i crekTpoMm JroMiHecreHnii 3paska EuF.-
NaCl-KCl (Hepo3umuHHmMit ocaj) mepuui [Bi
CMyrM € 0GaTOXpOMHVM YMHOM 3CYHYTUMIL
TakuM 4YMHOM, y JOCIIPKYBAaHOMY 3pasKy
NpUCyTHI 06uzBi BajeHTHI popmu E€Bpormiio
(+2 1 43) Ta Ce*". HasgBuicTb itona Eu?*, skuit
MII' yTBOPUTUCA B Pe3y/IbTaTi OKMCHO-BiHO-
BHOI peakuii Mk itonamu Eu’* i Ce**, nosBornsie
IPUITYCTUTY HAsABHICTb y 3pasky itoHa Ce*'.
CrnexTpy IOMiHeCIeHIii BEPXHbOI YaCTUHUI
IJIaBY Ta HEPO3YMHHOTO ocapy cucremu EuF -
CeF,-NaCl-KCl wmictaTtp nuie iHTeHCHMBHI
cmyru (puc.3) y 61akuTHIN 06acTi CrieKTpy,
0 BignoBifaoTh enekTpoHHUM 4f-5d mepe-
xofaM y itonax Eu®'.

-4
T*10 , BigH.01.
500+

-5
1*10 , BigH.om.
500+ J

400 400
300 300
200 200

1004 1004

0 T 7 T 0 T ; T
400 500 600 700 400 500 600 700
A, HM A, HM

Puc. 3 - Cnextpm miomiHecueHmii 3paskiB
cuctemn EuF,-CeF,-NaCl-KCl:

1 - BepXHs YaCTUHA I/IaBY, A = 336 HM, Ilin1Ha
0,6-0,6 HM; 2 — HEpO3YMHHUIT OCA[I, }\36_= 350 HM,
mrizimaa 0,6-0,6 HM.

ITpy 11bOMYy IHTEHCHMBHICTD JIIOMiHECIIEH-
il 0cTaHHBOTO € 3HA4YHO (~y moHax 10 pasis)
HIDKYOI0, BOYEBU/b Y€pPe3 MEHIUNI BMICT CO-
JIbOBOTO IIIaBy. BogHOwac 6ynb-ski cMyrn mo-
MiHecleHLIiT 4f-4f eeKTpOHHMX IlepeXofiB y
nionax Eu** BigcyTHi, mo mipgTBepmxye ixHil
HE3HAYHMII BMICT AK y BEpPXHIil YacCTMHI CO-

https://ucj.org.ua

JIbOBOTI'O II/IaBY, TaK i1 y HEPO3YMHHOMY OCA/[IL.
Y npomy 11 nmonArae IXHA CyTTEBA BiIMIHHICTh
BiJl CIIEKTPIiB JIFOMiHECIIeHI1ii II7IaBy EuF3-NaCl—
KCl, B sxoro HagBHi CMYIV BUIIPOMiHIOBaHHA,
3yMoBJieH] enexTpoHHyMMu 4f-4f mepexopmamu
y ionax Eu’* [6]. Cnip Takoxx 3a3HaumTy, 110
Ha CIIEKTPi JIIOMiHECIeHIil 3aCTUIVIOTO IIaBY
EuF,-CeF,-NaCl-KCl (BepxHs yactuna), Ha T/1i
MIMPOKOI J1 B€/IbMI iHTEHCUBHOI CMYTH IIPOSIB-
JIAIOTBCS BY3bKIi NIYKM He3 sICOBAHOI IIPUPOJIL.
Asropu [8], o criocTepiranm aHajoriYHe IBU-
me npu mominectenuii kpucrany KCl, momo-
BaHoro itoHamu Eu** 11 Eu’*, moscHioBamm itoro
peabcopoiero 3 Eu?* no Eu**. OTxe, BOHO € He-
NpAMUM CBIJYEHHAM HAABHOCTI 3a/MIIKOBOIL
KinbKocTi JioHiB Eu** y 3acturimomy comboso-
My I1aBi. B ciekTpax BepXHbOI 4aCTHHI I/IaBy
3a BCiX TOBXXMH XBMIb 30ymKeHH:A (265, 336 i
395 HM) QiKCyeTbCs OfHA iHTEHCUBHA CMYTa 3
MakcuMyMoMm 434-440 HM, fKa, HaMliMOBipHi-
e, 3ymoBiieHa 4f-5d nepexomamu B itoHi Eu**.
[Ipu A =395 um (nossonse sadikcysBatu -
MiHecneHnito Eu**) y criexTpi, 3ammcanomy 3a
Bemukux mime (2,0-2,0 HM), B 061acTi [0B-
>K1H xBWIb 500-600 HM criocTepira€Tbcs HU3-
Ka MajIo iHTEHCUBHUX CMYT, BiflHECEHHA AKNX
IIPOBECTY BAXKKO. TaKMM UMHOM, fAK Y BEPXHiil
YJaCTMHI 3pa3Ka COIbOBOIO I/IaBY, TaK i y HEpO3-
YYHHOMY OCaJli JOMiHYI049010 (OpMOIO JIOHIB €
Eu**. BifcyTHicTb cMyTH emicii itona Ce’* roBo-
puth mpo foMinyBanH:A popmu Ce*'. Ockinbku
B ycix 3paskax cucrem EuF,-NaCl-KCl i CeF.-
NaCl-KCl, pocnimpkennx pawninre, QikcyroTbcs
obunBi BaneHTHi ¢opmm €spomito i Ilepito,
AK 1y BuxinHomy spasky cucremu EuF -CeF,,
MO>KHA 3pOOUTHU BUCHOBOK, IO TP B3a€EMOJIl
ocranHboro 3 posmnaBoM NaCl-KCl y ineptho-
My CepelOBMILi Biff0yBa€TbCs NOATKOBE Bifi-
HOBJIEHHA 110HIB Eu®' 1 JomaTKkoBe OKVCHEHHA
yoHis Ce’*.
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BMCHOBKM

CHeKTPOCKOIIYHMMY METOJAMM HifTBep-
JDKEHO OKMCHO-BiTHOBHY B3aeMofiito Mk EuF,
ta CeF, y TBepnodasHiit Bucokoremneparyp-
Hill peakuii 3 yTBopenHam ¢as Ha ocHoBi EuF,
Ta CeF,.

BcraHoBneHO (pakT po3umHeHHs 3a3Haue-
HUX NPOAYKTIB B3aemopii y posmiasi NaCl-
KCl i3 nepeBa>xHMM IIepeXOIOM Y PO3UMH J10-
HiB Eu®*, mpo 1110 CBifunMTh BUCOKO iHTEHCUBHA
OmaknuTHa moMiHecueHnis (5d-4f enexTponsi
Iiepexosin) i BiICy THICTh TaKkoi s fioHiB Eu’
(4f-4f enexTpoHHI Mepexoay) y 3aCTUIINX CO-
TbOBMX I/IaBaX.

[TOJAKA. Pob6ory mnpodinancoBano 3a
PaxyHOK TeMaTuky (pyHIaMEeHTaIbHNX KOCIi-
I>KeHb 3a OI0[PKeTHOW Iporpamor 6541230
«IligTpMMKa pO3SBUTKY NPiOPUTETHUX HAIP:A-
MiB HayKoBuX pochimxenb» HAH Vkpainmy,
tema Ne 11.4.20 (414) (2020-2021pp.) «Brms
OKMCHO-BiTHOBHUX peakliil Ha (HOTOMOMi-
HECLEHIIII0 JIAHTaHIJiB y Pi3HMX BaJeHTHUX
CTaHaX B OKCUJHO-TAJIOTEHIHUX KpUCTanax
Ta KOMIUIEKCAX».
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CNEKTPOCKOMNYECKUE CBOCTBA
3ACTbIBLUUX MJTIABOB CUCTEMbI

EUF,-CeF,-NaCI-KCI

B. ®. 3unuenxo, O. I. Epemun,
B. II. Aumonoeuu, H. A. Yueupesa,
U. B. Cmosinosa, A. B. Bonvuax, I1. I. [loza

Qusuxo-xumuveckuil uncmumym um. A. B. bo-
eamckozo HAH Yxpaunvl, 86, /Trocmooppckas
dopoea, Odecca 65080, Yxpauna,

e-mail: vfzinchenko@ukr.net

Metomamn VIK-cnekTpockonuu mpory-
CKaHMs, creKTpockormuu anuddysHoro orpa-
JKEHUSA VM JIIOMUHECIIEHTHO! CIeKTPOCKOINN
¢ mnpusnedeHyueM JaHHbIX P®DA ycTaHOB-
JIeH XapakTep B3aMMOJEVICTBUA B CUCTEMax
EuF,-CeF, n EuF,-CeF,-NaCl-KCl. Boisasnen
poct copepxanus Eu(ll) n ymenbuienue co-
nepxauust Eu(IIl) 6maropapst peakumsiM OKumc-
JIeHNA — BOCCTAaHOB/IEHNA MEX]y KOMIIOHEH-
TaMM CUCTeM. JJoMMHupYyIomas posib MOHOB
Eu** B coneBOM I/1aBe IIPOSIB/ISIETCSI OCOOEHHO
YeTKO Ha CIeKTPax JIOMUHECLeHIVM Haju-
qyeM MHTEHCUBHON II0JIOCH B obmacTy 430-
440 am. HesnauntenbHoe copiep>KaHye IOHOB
Eu** o6Hapy)XeHO MeTOHOM CIIeKTPOCKOINYU
nnddysHOro oTpaxkeHMss B HepPacCTBOPU-
MOM OCafike HVDKHEJ YacT! CO/IEBOTO IIaBa.
O6cyx/jaeTcss MeXaHU3M OKMC/IUTENTbHO-BOC-
CTaHOBUTE/IbHBIX ¥ OOMEHHBIX peaKIuil MexX-
Iy KOMIIOHEHTaMy (TOPUAHON CUCTEMBI U
XJIOPUIHBIM PaCIITIaBOM.

KiroueBble cmoBa: CIIEKTPOCKONMMYECKUE
MeTOHbI, PTOPY/BI €BPOIIA U Liepys, OKUCTIe-
HJle — BOCCTAHOBJICHIE, CO/IEBbIE IIIABBI, JIIO-
MUHECIeHIUA.
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O OO
SPECTROSCOPIC PROPERTIES OF SOLIDIFIED

MELTS OF THE EuF,-CeF,-NaCI-KCI SYSTEM

V. E. Zinchenko, O. G. Ieryomin,
V. P. Antonovich, N. O. Chivireva,
IL. V. Stoianova, G. V. Volchak, P. G. Doga

O. V. Bogatsky Physico-Chemical Institute of the
National Academy of Sciences of Ukraine, 86
Lustdorfska doroga str., Odessa 65080, Ukraine,
tel. (+3048) 793-70-34,

e-mail: vfzinchenko@ukr.net

The nature of the interaction in the EuF,-
CeF, system in the process of high-temperature
(1050 °C) oxidation - reduction reaction was
established by the methods of IR transmission
spectroscopy, diffuse reflection spectroscopy
and fluorescence spectroscopy. Here is a signif-
icant bathochromic shift to 480-485 nm band
of blue luminescence of Eu(II) - containing
phases, due to the 5d-4f electronic transitions,
as well as the manifestation of orange-red lu-
minescence of Eu(III) - containing phases due
to 4f-4f electronic transitions in the range of
590-690 nm. There is a bathochromic shift of
the IR bandwidth in the spectrum of the solid-
ified salt melt as a result of dissolution of the
fluoride system. Diffuse reflection spectra re-
veal changes in the composition of the phases
that dissolve in the salt melt due to exchange
reactions. The wide absorption band in the
UV range gives way to a negative absorption
band consisting of two peaks due to lumines-
cence. The almost complete disappearance of
the band of 4f-4f transitions in Eu(III) in the
near-IR range of the spectrum is evidence of its
entire reduction in the chloride melt to Eu(II).
The character of the luminescence spectra of
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solidified salt melts also changes in compar-
ison with the initial sample of the EuF,-CeF,
system, namely, the luminescence band of Ce**
ions disappears, and the luminescence band
of Eu* ions at 430-440 nm becomes narrow
and highly intensive. The luminescence band
of Eu** ions in the orange-red region of the
spectrum disappears completely. Thus, Eu**
ions become dominant in the formation of
the spectral picture of the solidified salt melt,
which is evidence of the completion of the re-
dox process in the system.

Key words: spectroscopic methods, Euro-
pium and Cerium fluorides, oxidation-reduc-
tion, solidified saline melts, and luminescence.
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Anomauis. HapjaHo pelleH3il0 Ha HaBYaJbHUII ITOCIOHMK
«HaHOXiMis Ta HAHOTEXHOJIOTII» /i1 CTYAEHTIB XiMIYHMX CIIe-
iazpHOCTEN 6A30BOTO KOMIIIEKCY 3HaHb, AKUI Hali/IeHO Ha
(bOpMyBaHHSA y CTY[EHTIB MOX/IMBOCTEN 711 BUpillleHHA (axo-
BUX 3aBJIaHb Ta IIOIIMO/ICHOrO aHaIi3y Npob/ieM CydacHNX Ha-
HOMarTepiasliB /i/i1 HOBITHbOI TeXHiKM. ABTOpPM JJAIOTh YiTKi BU-
3HaYeHHA HAayKOBMX TEPMiHiB, AKi 3aCTOCOBYIOTH SIK Y CBITOBIiA
niTepaTypi, Tak 1 y By3bKOCIIeIlia/li30BaHUX HaIpAMKaX JOCIi-
moKeHb. Po3pobHMKaMy MOCIOHMKA y3araJlbHEHO Ta CUCTeMa-
TM30BAaHO TeOpeTNYHi HafbaHHA y cdepi kmacudikarii, MeTo-
iB ofiep>KaHH:, cTabinisalii Ta 3acToOCyBaHHs PiSHOMaHITHMX
HAHOCTPYKTypoBaHux Marepiamis. [Tocibuuk i3 mucruriiam
«HaHoxiMis Ta HaHOTEXHOJOTriI» BiIIOBigae BUMOTaM IIJOJO
HiTOTOBKM HaBYa/IbHOI TiTepaTypH [iA MariCTpiB XiMi4HOTO aKy/IbTeTY, MiCTUTD CYy4acHY,
TapHO CTPYKTYpPOBaHY Ta 4iTKO BMKJIaJieHy iHpOpMallilo, 1[0 € OCHOBOIO I/Is1 KOMIUIEKCHOI
Ta I'PYHTOBHOI MiATOTOBKM (axiBLiB y ramysi Ximii.

Tepe6ineHko K.B., OreHko B.M.

HaHoximia Ta

HaHOTexXHOoNOorii

Hasy4anbHuiA NOCiOHNK

KniouoBi croBa: HaHOXiMisl, HAHOTEXHOJIOTiI, KBaHTOBI TOUKM, (ynepeH, rpadeH.

PywiifHOI0 CWIOI0 Cy4YacHMX HAayKOBMX HOBi cdepy 3acTOCYBaHHS HaHOEIEKTPOHi-

NOCATHEHD € TATA 10 BiIKPUTTA HOBUX TAEM-
HILb MaTepil Ta BUKOPUCTaHHA OTPUMMAaHMX
3100yTKiB Ha Oaro cycminbcrBa. Hait6inpury
yBary HayKOBLIB Ha CbOTOfIHI IPUKYTO O
HaHOMAaTepiajiB Ta HAHOYACTOYOK, a[Ke came
3aBJSAKM HaHOXIMil Ta HaHOTEXHOJIOTisAM Bij-
OyBa€eTbcs Iporpec y MiHiaTropusaii npua-
IiB, CEHCOPIB Ta MarepiajiB, BiIKpMBAKOTHCA

KM, pOTOHIKM, ONTUMKM Ta IHIIMX BaXK/IMBUX
HayYKOEMHIX HaIIPAMKIB.

Hapuanmpamit noci6umk «Hanoximia Ta
HAHOTEXHOJIOTii» HalilleHo Ha (OpMyBaHHA
y CTyHeHTiB XiMiuHMX cIlenjiabHOCTEN 6a30-
BOT'O KOMIIJIEKCY 3HaHb i3 HaHOXiMil Ta HaHO-
TEXHOJIOTi1 /I BUpillleHHA (aXOBMX 3aBJaHb
Ta TOININOICHOTO aHaIi3y Mpo6IeM Cy4acHUX
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IHOOPMALLIAl, XPOHIKA

PELIEH3151 HA HABYATIbHWIA NOCIBHUK «HAHOXIMISI TA HAHOTEXHONOTIi» TEPEBIIEHKO K. B., OTEHKA B. M.

HaHOMaTepiasliB JI/I1 HOBITHbOI TEXHIKM, 11O 1 €
METOI0 BMBYEHH 3a3Ha4€HOl HaBYa/IbHOI JyIC-
LUIJTiHA.

[Toci6HMK CKTafjleHO BifNOBiHO O TpoO-
rpaMy HaBYaJIbHOI AVICUMIUIIHY, BiH MiCTUTD
TEOPETUYHMII MaTepial, KOPOTKi BMCHOBKMU
IJIA y3arajlbHEHHsA, NUTAHHA I CAMOKOHT-
poIo, 3aja4i Ta 3aBJaHHA /1A CAaMOCTITHOTO
PO3B 3Ky 1 CIMICOK PeKOMEHIOBAHOI JliTepa-
Typu. IIpencTaBneHunit NOCIOHMK CK/IAQfAETD-
¢4 31 BCTyIy, 4-X PO3[Ii/iB, a 10r0 CTPyKTypa
JO3BONM/IA ABTOpPaM [eTajlbHO PO3INAHYTU
pisHi acmekTu HaHOXiMil: Bix Kmacugikarii
[0 3aCTOCYBaHHA BYIJIELIEBMX HaHOCUCTEM,
KBAaHTOBMX TOYOK, OKCUJIHMX Ta MeTa/lTidYHUX
HaHOCTPYKTYp. IlepeBaroro 1poro noci6Hmka
€ Te, 10 aBTOPU AAOTh YiTKi BU3HAYEeHH: Ha-
YKOBUX TEPMiHiB, sIKi 3aCTOCOBYIOTb IK Y CBi-
TOBIi1 iTeparypi, TaK i y By3bKOCIIEIia/i30-
BaHNX HalIpsAMKax JIOCIipKenb. [e BuKmoyae
MOXX/IMBICTb TIyMa4yeHb, 3yMOBJIEHUX Pi3SHUM
PO3YMIHHAM OJHMX 1 TMX CaMUX TEpPMiHiB.
Y nociOHMKY BU3HAY€HO OCHOBHI IPMHIVIIN
Ta iIHCTpyMeHTapiil HaHOXIMII AK HayKu, po3-
IJITHYTO B3AEMO3B 30K «CKIaj — OymoBa —
IVICIIEPCHICTD — BAACTUBOCTI» Y CBIT/II Cy4ac-
HUX META/NiYHUX, OKCUJIHMX Ta BYTJIELE€BUX
HaHOMaTepiaiB.

PospoOHuKamMy TmoOCiOHMKA y3araabHEHO
JI CUCTEMAaTM30BAaHO TeOpeTWYHi Haj0aHHA
y cdepi xmacuikanii, MeTomiB omepikaH-
H, cTabinmizanii Ta 3acTOCyBaHHs pi3HOMa-
HITHUX HaHOCTPYKTYPOBaHMX MaTepiasis.
3anponoHOBaHA IOCTIIOBHICTb BUK/IaleHHS
TEOPETUYHOIO MaTepialy TapHO 1IOCTpOBa-
Ha, MICTUTD BEJIMKY KiZIbKICTb CXeM, PUCYHKIB
Ta TaO/INIIb, 1110 HEOIMIHHO ITOKpAIYe CIIPUIi-
HATTA Marepiajly Ta CTBOPIOE yMOBM [I/iA
JIOTIYHOTO 3aCBOEHHA 3MICTY [UCHUIUIIHU.
[InTanH4, 1[0 PO3KPUBAIOTL CYTHICTh BifIIO-
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BiflHUX TeM, 3a0e3NevuyoTb BUK/IAfIeHHA Me-
TOMO/IOTIYHMX OCHOB AucuuIvtinm « Hanoximis
Ta HAHOTEXHOJIOIII».

Y mepmoMy pospini mocibHMKa okpecie-
HO Tajysi 3aCTOCYyBaHHs HaHOMAaTepialiB Ta
ICTOpMYHMI ACIIEKT CTAHOBJIEHHSA HAHOXIMil
AK Hayky. OcoOMmMBO MOTMBALIIIHO BUITIAAE
Tabnuis 3 maypearamu HobGenmiBcbkoi npewii,
AK1 BHEC/IM BarOMIIA BK/IaZl y PO3BUTOK JOCTIi-
IDKEHHs HaHOCBITY.

Y npyromy pospini (c. 29-76) neranbHO
II0Ka3aHO OCHOBHI AaCIEKTM CUHTE3y HaHO-
CHCTEM SIK i3 ra30BOi a3y Ta PO3UMHIB, TaK
i MaclmTabHUX IIPOMMCIOBMX BUPOOHUIITB.
BigMiHHOIO pUCOI0 € BIeplIe MPOAEMOHCTPO-
BaHi MOXX/IMBOCTI 3€JI€HOI XiMii Ha I/IAXY M-
3aJiHy Ta BUTOTOBJIEHHA HAaHOKOMIIO3UTIB Ta
HaHOMaTepialis.

OpHy 3 HallBaX/IMBIIMX MifIBaIVH y Ha-
HOXiMil 3aliMalOTh BYyIJIELIEBI MaTepianu,
SKVM TIPUCBSIYEHO TPeTill PO3Aia MOCiOHMKa
(c. 77-129), npu4oMy 3aBISAKU aBTOPCHKOMY
BK/JIaZly BCECBiTHbOBIJOMOIrO CIIellia/licTa B
obmacTi rpadeHy Ta ByIJeleBUX KBaHTOBUX
TouoK Orenka Bomopgmmupa Muxaitnouya,
SKUI BIIepIlle O3BY4MB IOYATOK «IpadeHOBOI
PEeBOIIOLiI», BIaJI0 OKPEC/IEHO He Ti/IbKU LA -
XJ) CUHTe3y KapOOHOBMX HAaHOQ/IOTPOIIIB, a I
iXHIO IpO0/IEMaTUKY 3aCTOCYBaHHS.

3arajjoM HaBYaJIbHUII IOCIOHMK CIpSIMO-
BaHO Ha MOIIM0/IeHe BUBYEHHS HaOi/IbII TH-
IOBUX IIJXOZIB 10 CMHTE3y HaHOMaTepiaslis,
MeTOfiB IxHbOI Kmacudikalii, JOCTiKeHHS
IXHIX B/IaCTMBOCTEN, ONAaHyBaHHA CTYJEHTa-
MI HaVIHOBIIINX JAHUX Y rajysi HAHOXIMil Ta
HAaHOTEXHOJIOTi. Y BMKOPMCTaHI JliTeparypi
3a3HA4YEHO YMMaJIO OITIA/IIB Y BUCOKOPENTUH-
TOBMX JKYPHaJIax, IPOBEIEHO JOK/IAJHIII aHa-
7i3 Cy4acCHOI aHIZIOMOBHOI /liTepaTypyu B LIiil
rajysi.
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PelieH3oBaHmMilT HaBYa/AbHUII ITOCIOHUK 3
oucuuiutinn  «HaHoXiMisgs Ta HaHOTEXHOJIO-
rifi» BifgmoBigae BMMoOraM IIOAO IIiATOTOBKU
HaBYaJIbHOI JIiTepaTypu Ji/iA MaTiCTpiB Ximid-
HOro (axy/nbTeTy, MICTUTb Cy4acHy, rapHO
CTPYKTYPOBaHy Ta YiTKO BMKJIafieHy iHpOp-
Mallilo, 110 € OCHOBOIO JI/IA KOMIIZIEKCHOI Ta
I'PYHTOBHOI IiiroToBKM (paxiBLiB y ramysi xi-
Mii. besnepeuno, nmoci6Huk Oyge LikaBUM He
TIZIBKY J/IA CTY[IE€HTIB, a 11 JJIA aclipaHTiB Ta
MOJIOIX HAyKOBILB, fAKi IE€PENIMAIOTbCA CY-
YaCHMMM NOCATHEHHAMY HAaHOTEXHOJIOTIN Ha
HalBUIIJOMY HaYKOBOMY PiBHI.
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A review of the textbook «Nanochemistry
and nanotechnology» for students of the
chemical specialties of the basic set of knowl-
edge, which aims ape to form opportunities
of the students to solve professional problems
and in-depth analysis of modern nanomateri-
als for the latest technologies. The authors give
clear definitions of scientific terms that are
used in both the world literature and in highly
specialized areas of research. The developers
of the manual summarize and systematize the
theoretical achievements in the field of clas-
sification, methods of obtaining, stabilizing
and using various nanostructured materials.
The textbook on the subject “Nanochemistry
and Nanotechnology” meets the requirements
for the preparation of educational literature
for masters of chemistry, contains modern,
well-structured and clearly stated information,
which is the basis for comprehensive and thor-
ough training of specialists in chemistry. The
textbook is aimed at in-depth study of the most
typical approaches to the synthesis of nanoma-
terials, methods of their classification, study of
their properties, students’ mastery of the latest
data in the field of nanochemistry and nano-
technology. The literature used contains many
reviews in high-ranking journals, a detailed
analysis of modern literature in this area.
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