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CUHTE3 TA CNEKTPAJIbHI XAPAKTEPUCTUK HAHOPO3MIPHUX

KOMIJIEKCIB Cu(ll), Ni(l1) TA Fe(lll) HA NOBEPXHI BYTTELIEBUX

KBAHTOBUX TOYOK

/1. B. Xapvxosa, O. I. Inko, [Jonzuy Yen, C. 1. Opucux, B. M. Ozenxo

Incmumym 3azanvroi ma veopeaniunoi ximii im. B. I. Bepradcvkoeo HAH Ykpainu, npocn. Akao.

Ilannadina, 32/34, Kuis 03142, Yxpaina
‘e-mail: kharkova.ljudmila@gmail.com

Merogamn eneKTpoHHOI Ta IY-crekTpockomil JOCHIIPKEHO IMOBEAIHKY CONAHOKMUCINX
cycniensint xnopupis migi(Il), mikemo(II) Ta 3aniza(Ill) y noBepxueBoMy mrapi ByrierneBux
kBaHTOBUX TO4OK (BKT). BcTaHOB/IEHO, 1110 BifIIOBigHI 3MiHV CMYT IOIIMHAHHA TT->T0%, n>70*
elIeKTpOoHHMX Iepexofis B YP-o6macti BKT, a Tako)X cMyT IOI7IMHAaHHSA ITepeXofiB i3 mepe-
HOCOM 3apAfYy 3 Jiranmy Ha Metan i d-d-eleKTpOHHMX IepexofiiB Y COMAHOKUCINX CYCIIeH-
3iax (y BupuMiit obnacti) cBigyaTh Ak mpo cop6biito Metanis Ha nosepxHi BKT, Tak i nmpo
koopauHyBaHHA ix i3 BKT. Ananis I4-cnekrpiB BKT Takox nmokasaB HasgBHICTb HU3KM Xa-
PaKTepUCTUIHNX CMYT HOIIMHAHHA 11 PyHKiianizoBanux BKT, mo nigTBepmxye kooppu-

Hallifo MeTasiB Ha moBepxHi BKT.

Knro4osi cn1oBa: KBaHTOBO-pO3MipHi, MeTajI-ByI/IeleBi, KaTa/JliTM4Hi CUCTEeMU, Mifib, Hi-

KeJb, 3a/1i30.

BCTYII. 3nauHuii HayKoBUIl iHTepec IO
ByI/IeljeBUX KBaHTOBMX To4oK (BKT) sik HOBO-
ro TUIIy HAaHOMAaTepia/liB Ha OCHOBi BYITIELIO,
3yMOBJIEHO iXHbOI0 pi3HOMaHiTHOIO Bi3MKO-Xi-
Mi4HOI0 (POPMOIO Ta BIACTUBOCTAMM, TAKVIMMU
AK Xopoura 6iocyMicHiCTb, yHIKa/IbHI ONITUYHI
B/IACTUBOCTI, HM3bKa BapPTiCTh, €KOTOTIYHICTD,
HasBHICTb NOMi(yHKIIOHAIbHYUX IPyH (aMiH-
HOI, TipOKCUIBHOI, KapOOKCUIBHOI), BMCO-
Ka CTaliIbHICTD Ta PyXIMBICTb €/lIEKTPOHIB.
SAxmo HanecTy Ha noBepxHIo BKT crenianbHo
nifibpaHi MONEKy/IApHI KOMIUIEKCH, TO MOYXKHA
yHpaBiATH onTHYHMMY BracTuBocTaAmMu BKT,

1110, SIK HAaCJTiJTOK, BIIJIMBAE Ha [lialla30H IXHHOTO
BUIIPOMIHIOBaHHS (HaPUKIIAJ, 3Mill[ye y 4ep-
BOHY 0071aCTh), 110 BOK/IMBO I Pi3HMX 3a-
cTocyBaHb y HaHO(doTOHINi Ta 6iomorii [1-9].
Y MmegunuHi — MOXXHaA OTpUMATH LiHHI JaHi
IJIsl [IaTHOCTUMKM Ta PAHHbOTO 3arobiraHHs
3aXBOPIOBAaHHAM, Y XiMiuHOMy Ta 6ionoriu-
HOMY 30H/IyBaHHIi € BaK/IMIBUM JOIIPAB/IEHHA
TKYBaJIbHMX 3ac00iB 200 XiMiYHMX peareHTiB
Jyepe3 KIITHHHI 6ap’epu 10 BiAIOBifHMX Opra-
HiB [10-11].

Heo6xigHO 3a3HaunTy, [0 BUKOPUCTAHHS
BKT e Hait6inpI fOUiIBHUM [I/Is1 CTBOPEHHS
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KBAaHTOBOPO3MipHUX CHCTEM 3aJlaHOTO PO3Mi-
py. Y KaTamisi iX MO)KHa BUKOPUCTOBYBATH AK
IIOBEPXHI HOCIIB KBAHTOBOPO3MipHMX KaTaJli-
TUYHO aKTMBHMX LIEHTPiB, HAIIPUK/IA[, KOOp-
IVHOBAHMX 10HIB Mifi, HiKeno abo BYyIJIELIEBUX
HAHOTPYOOK, K OTOKATaIi3aToOpy y MpoIie-
cax: fierpafalil 3a0py/HIOIUNX pedyoBUH (Op-
raHiuHux 6apBHUKiB [11], ioHiB MeTanis [12]),
POSILIEIVIEHHA BOAY Ta 3MEHIIEHHSA KOHIEH-
rpanii CO, [13]. Ix BUKOPUCTOBYIOTH TaKOX y
CTBOPEHHI CEHCOpiB, CYIIePKOHJEHCATOPiB Ta
IKepen cTpymy — mis ikcanii Bigcrani Mix
mapamy rpadeHy y reTepoCcTpyKTYpHUX IUIiB-
KOBUX €IeKTPOJIHMX KOMIIO3UTax [14].

OcTaHHIM YacoM 3HAuHYy 3alliKaBJIEHICTb
Bukmkaiotb BKT, momudikoBani migmio ta
00poM, IEepCIeKTMBY SKUX IIOB’SI3yIOTb 3i
CTBOPEHHAM IPOTUBIPYCHUX MaTepialiB mjid
00poTbOM 3 HOBMMM Hebe3leyHUMM Bipyca-
mu [15].

Y wiit po60Ti JOCTIIKEHO CUHTE3 Ta TPefi-
CTaBJIEHO CIIEKTPasbHI HOCII[)KEHHA IIOTEH-
LilHO TIepCIIEKTMBHUX HAHOKaTaji3aTOpiB
Ha OCHOBi BYyITIELIeBMX KBAHTOBMX TOYOK i
OCaJPKeHMX Ta BiJHOB/IEHMX Ha HUX MeTasliB:
Cu(II), Ni(II) Ta Fe(III) i3 comssHOKMCIUX CY-
CIIE€H31i1 IXHIX XJIOpUIIB.

EKCIIEPMMEHT I OBI'OBOPEHHA PE-
3YJIBTATIB. Posunn BKT cuHTesyBanu as-
TOK/JIaBHUM TifIpOTEPMA/IbHMM METOHOM i3
JIMIMOHHOI KMCIOTU Ta €TUIEeH/IiaMiHy HOBUM
criocobom [16] npwm cniBBifHOLIEHHI BUXifI-
Hux peareHTis 1.0 : 1.8. Cymim peareHTiB Ha-
rpiBamu 3a temmeparypu 180 °C ympomoBx
5 ropgus. IIpopyKT cuHTe3y OXONIOmXKYyBa-
MM [0 KIMHATHOI TeMIlepaTypyu IIPOTATOM
15 rop. IlepeBaroro LbOro METOLY € MOXK/IN-
BicTb ofiepkaHH:A BopHOI cycrensii BKT 6e3
IOMIIIOK BUXITHMX peareHTiB y ¢popmi HaHO-
IVCIIEPCHUX CTPYKTYp i3 KOHJ€HCOBAaHVMMU

BYIJICIIEBUMM Ki/IbIAMU Ta KapOOKCUIbHMMU
Ta aMiHHMMU TPyIamy, 10, K HACIiIOK, Xa-
pakrepusye ix Ak BKT i3 6ararbma kpaiio-
BuUMU JlepeKTamy I'patku, e npucyTtHi O,N-
BMicHi ¢yHKIioHambHI Tpynu (puc. 1).

Puc. 1. Monexynapaa popma BKT

Konnentpanito BKT y BogHux cycnensi-
AX BM3HAYAIM BaroBuM MeTofioM. CIIeKTpu
IOITIMHAHHA PEECTpPyBalmM Ha CHEKTpodo-
tometpi «Specord M40» y miamasoni 50000-
11000 cm'. ToBmmHA KBapIOBMX KIOBET —
1 mm. Koedinient excrunkuii (e, M™'-cm™)
BII3HA4Ya/IM Ha OCHOBi 3akoHy byrepa - Jlam-
6epra — bepa. Mikpodororpadii crpykrypn
BKT orpumanu Ha eeKTPOHHOMY MiKPOCKO-
ni «IIPEM-200». Criextpu SIMP 'H sanucano
Ha cnekTpoMeTpi «Bruker Avance DRX-400»
(400 MI1r) y D,O.

JlaHi e1eKTpOHHOI MIKPOCKOIIil IOKa3aiu,
mo BKT marorp posmipu 8-12 HM Ta mapy-
BaTy CTPYKTYPY 3 BiICTaHAMM MDK HIapamyu
0.180-0.230 um (1.8-2.3A) (puc. 2).

Crnextp 'H AMP BKT y gmeitrepoBopi Mic-
TUTb HACTYIIHI CUTHAIM IIPOTOHIB: 5.899 ¢
(1H), 5.830 ¢ (1H) 2,5-1i0KCOIMKIOTeKCEeHi-
JIOBOTO A1Pa, 5.5 ¢ (OH), 4.65 1. ¢ (4H, 2NH,),
4.016 m (3H), 3.601 m (3H) CH, Ta CH rpyn

ISSN 2708-129X. Vkp. Xim. XypH., 2021
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HaCMYEHOTO BYITIELIEBOTO LIMK/IiYHOTO CKeJle-
TY, 2.893 M (4H, 2CH, rpyniu —CHZ—COOH) Ta
IIOKa3ye, 1[0 ByIJIelleBi KBAHTOBi TOUKM, CUH-
Te30BaHi 3a HOBUM cItocoboMm [16], He MalOTh
JOMIIIIOK IMMOHHOI KMC/IOTU Ta eTU/IeHiaMi-
Hy (puc. 3).

Y Bopny cycnensito BKT pgomaBanm coms-
HY KUCTOTY (2.5 MI/MJI IIS TIOIepefyKeHH:
IIpolLeCy YTBOPEHHA TiJPOKCUJIB MeTaiB Ta
BUJi/IeHHA IXHIX ocafiB mpm HarpiBaHHi) Ta
po3paxoBaHy KinbkicTb xmopugis migi(Il), Hi-
kemo(II) a6o samisa(Ill) (C,= 5% crocoBHO
C,yp)- HarpiBanu cycnensito 3a 180 °C mpo-

6

5.899
5.830
4.038

4.016

B i

TATOM 1-3 rOfVMH Ta OXONIOMKYBa/N ii 10 KiM-
HATHOI TeMIIEpaTypy YIIPOLOBX 15 roguH.

75 B

Puc. 2. Mikpodororpadii cTpykrypn Byrie-
IIeBMX KBAaHTOBUX TOYOK
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Puc. 3. Cnexrp 'H AMP BKT y D,O

B  enexTpoHHOMY CIEKTpi IOIVIMHAaH-
Ha cycrensii BKT (puc. 4, xp.1, tabn. 1), B
ynbrpadioneToBii o6macTi TpUCYTHI Tpu
cmyrn normmHanHA (CII), xapakrepHi misa
BYITIEBOJIHIB 13 KOH/ICHCOBAHVMM Ki/lbIid-
MM, fKi Bifpi3HAITbCA 3a IHTEHCUBHICTIO
[17]. HaitinTeHCMBHIIIMMM € I1edenomioHa
CIT npm 48 402 cm™ (e = 111.26) Ta CII npu
28 740 cm™! (e = 24.95). Kpim Toro, 3apeecTpo-
BaHO crmabko inteHcusHy CII y BuauMiin o6-
macti mpu 22 070 cm™!, moO CBigYUTH PO MO-
nudikanito BKT Ta /iMoBipHY nosiBY Hecume-
TPUYHUX KOH/IEHCOBAHMX Kijlellb, 110 3yMOB-

https://ucj.org.ua

JIIO€ 3MillleHHs e/IEKTPOHHOTO Mepexofy N>
Y JOBrOXBJMJIbOBY 00JIACTh 32 PaXYHOK BIIVIBY
HasBHUX rpyn NH, ta OH.

ITpu BBeneHHi y BopHy cycnensito BKT co-
JIAHOI KUCNIOTH BiffOyBaeTbcA CyTTeBe 6aro-
xpoMmHe 3MineHHs cepenHboi CIT (i3 28 740 cm™!
mo 27 455 cm) Ha 1285 cm™ (puc. 4, xp. 2) 3i
3aMeHmeHHsAM iHTeHcuBHOCTI CIT 27 455 cm!
(e = 23.39). IIpucyrHicTb y cycriensii BKT mini
3a KiMHaTHOI Temneparypu (puc. 4, kp. 3) npu-
3BOUTH [0 3MeHIIeHHs IHTeHCMBHOCTI 3a3Ha-
yeHoi CII (¢ = 21.80), 110 CBifYUTh PO B3a€e-
mozito BKT 3 ionamu metany.
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48000 44000 40000 36000 32000 28000 24000 20000 16000 12000

Puc. 4. Cnextpn nornmmuanss conanokucmux cycnensiii BTK is CuCl, 6es narpisanus i 3anexHo

Bif yacy nHarpiBanns 3a 110°C: 1 - C, . = 0.22 mr/mn, C, = 0 mr/mm; C_** = 0 mr/mn, T = 0 ron;
2 - CBKT =0.22 Mr/m11, CHC1: 2.5 mr/mi; CCu2+ =0mr/Mm, t=0T0Mm.; 3 - CBKT =0.22 mr/mi1, CHCl: 2.5 mr/mm;
C.*=0.011 mr/mn, T =0ron.; 4 - C,, . = 0.22 mr/mn, C, = 2.5 mr/mm; C_** = 0.011 mr/m, T = 1 rop;

5-Cyyp = 0.22 mr/mn, C = 2.5 mr/mi; CCu2+ =0.011 mr/mmn, T = 3 rop.

[licna marpiBaHHA cycleHsii mpoTAarom 1
Ta 3 TOZ. 3adiKCOBAaHO TiIICOXPOMHMII 3CYyB
3asnavyenoi CII (wa 335 cm!) mo 27 790 cm!
BifITHOCHO KpMBOI 3 31 SMEHIIIEHHAM iHT€HCUB-
HOCTi 3a/I)KHO Bif dacy HarpiBaHHA (puc. 4,
Kp. 4, 5). Taki 3minu B ECII 3ymoBneHo nepe-
POSIIOAi/IOM €IEKTPOHHOIL ITyCTUHM N->TT* €7IeK-
TPOHHUX II€PEXOMiB 3a PaXyHOK KOOPAMHALIiI
(YHKLIOHAPHNUX TPYIl 3 iOHaMM MeTany Ta

IOABY IIEPEXO/iB 13 IIEPEHOCOM 3apAny 3 Ji-
raizy Ha Metan (BKT>Cu?") [Ipn HarpiBanHi
CyCIIeH3ill 3HauyHO 30iIbIIYETbCA IHTEHCUB-
Hictp nmormmHanHsA CII mpm 22070 cm™: Big € =
4.59 10 € = 6.75, 110 CaMe i BKa3y€e Ha yTBOPEH-
HA II€PEXO/IiB i3 IEPEHOCOM 3apAMAY 3 JiraHgy
Ha MeTtas (IIT1I13/IM) 3a paxyHOK KoopauHaii
ioniB migi 3 BKT.

Tabmnns 1
Cmyru nornmmHaHHA Ta Koedinientn excrunnii cycnensiin BKT i3 xmopugom Cu(II)
Posunn v,em! _18’ 2| ovem?! S voen! S v e N
M1cm 2 M'iem! 3 M'iem! 4 Miem!
BKT 48402 . 111,26 41680 37,09 28740 24,95 22070 4,23
BKT + HCl 48402 m. 142,55 41680 39,26 27455 23,39 22070 1. 4,95
BKT+ HCl +Cu 48402 m. 126,31 41680 35,50 27455 21,80 22070 . 4,59
BRI+ HCL+Cu oo 121,71 41680m 3502 27790 1975 22070m. 6,77
1 rom, 110 °C
BRI+ HCL+Cu oo~ 4l680m 28,84 27790 17,34  22070m. 6,75
3rom, 110 °C

ISSN 2708-129X. Vkp. Xim. XypH., 2021
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E/NeKTpOHHI CIeKTpM MOIIMHAHHA COJISAHO-
kucmux cycnensiit BKT i3 Ni(II) necyrreBo Bin-
PI3HAIOTBCSA Biff oTiepenHix (puc. 5, Tabmuiis 2).

Y cnexrpax nornuuanHa cycnensin BKT
i3 NiCl, o HarpiBaHHsA 3apeecTPOBAaHO Ti-
ncoxpomumit 3cys CII 27305 cm' Ha 150 cm™!
Ta 30imbienns inrencusHocTi CIT 22070 mo
€ =4.95. To6To, ionn Ni(II) Tako>X yTBOPIOIOTDH
KOOpAMHAIIiHI 3B’13KM 3 (PYHKIIIOHaIbHIMMU
rpynamu Ha nepugepii BKT.

3.0 qn,,
2.5 -

2,0 1

0,0

ITica HarpiBaHHA CONMAHOKNUCINX CYCIIEH3IN
BKT i3 xnmopumom Fe(IlI), Ha BigmiHy Big x/mopu-
nIiB nonepenHix Meranis, B EIIC B YD-o6macti
(puc. 6, xp. 4, 5, Tabmuia 3) 3apeecTPOBaHO
mnedenofibny CIT 31545 cm!, iHTeHCHBHICTD
AKOI 30i/IbIIYETbCS 3 YacoM HarpiBaHHA (Bif
€=9.59 1o £ = 12.10), a y Bupimmiit obacri ciab-
Ko iHTeHcuBHY Iwiedenopiony CIT 19345 cm™
(e =3.71 Ta 4.58), moB’A3aHy 3 HasABHicTIO dd-e-
JIEKTPOHHUX IIEPEXO/IiB B iOHI MeTaty.

40000 35000

45000

50000

30000

25000 20000 15000 10000

Puc. 5. Cniexrpu normuanns consHokucmux cycnensit BKT 3 NiCl, 6es Harpisanu i samexHo Bif

yacy Harpianus 3a 110 °C: 1 - C . = 0.22 mr/mn, C, = 0 mr/mm; C > = 0 mr/mn, T =0 rop; 2 -
CBKT = 0.22 mr/mn, CHCI: 2.5 Mr/mi; CNiZ* =0 wmr/mn, t=0ron.; 3 - CBKT = 0.22 mr/m, CHCl = 2.5 mr/mmn;
CNf* =0.011 mr/mn, T=0ropm.; 4 — CBKT = 0.22 Mr/mi, CHC1: 2.5 mr/mm; CNi2+ =0.011 mr/mn, T =1 ropm.;

5~ Cpp = 0.22 mr/mn, C

HCI

= 2.5 Mmr/mi CNi2+ =0.011 mr/mi1, T = 3 rop.

Ta6mmigs 2
Cmyru nornmHanHs Ta Koedinientn ekctunnii cycnensiit BKT i3 xmopumom Ni(II)
p 0 €, 0 €, 0 €, 0 g,
034MH V,,CM Mley! | VoM Miey! | VoM Mley! | VoM M-enr'!
BKT 48402 11. 111,26 41680 37,09 28740 24,95 22070 4,23
BKT + HCI - - 41680 39,26 27455 23,39 22070 1. 4,95
BKT+ HCl +Ni 47665 1. 123,16 41680 35,54 27305 21,76 22070 1. 4,95
BKT+ HCL+NI 1 yono7 0 10987 41680m 3510 27800 1974  22070m. 6,76
rom, 110°C
BKT+HCI+Ni3 — _ ~ 41680m. 29,11 27800 17,33 22070m. 6,76
rom, 110 °C
https://ucj.org.ua 7
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Tabnuug 3

Cmyru nornmmHaHHA Ta KoedinienTn ekcruHuii cycnensiit BKT i3 xmopugom Fe(11I)

€, &,

cm!

€, &g, g &

Posunn | v, Mlear! V,eM’! M-lear! v,eM! Mlear! Vv eM M-lear! V,eM™! Mlear! VeM™! M-lear!
BKT 48§02 111,26 41680 37,09 28740 24,95 22070 4,23
BKT+ HCI 48402 41680 39,26 27455 23,39 22070 4,95
II. 1II1. II.
BKT+ HCI 41475 39,59 27455 22,59 22070 4,49
+Fe 1. 1.
BKT+ HCI
+Fe 1 rop, 41520 26,39 31545 9,59 27455 14,95 22070 6,54 19345 3,71
IL. Il Il II
110 °C
BKT+ HCI
+Fe 3 rop, 41520 28,79 31545 12,10 27455 16,47 22070 7,85 19345 4,58
110 OC II. II II II.

Taki 3MiHM y CIIeKTpax IMOIIMHAHHA IIO-
SACHIOIOTb TUM, IO 3aJ/1i30 MOXE II0-pi3HO-
my B3aemopiatu 3 BKT (okpim xooppmHanii
3 (YHKI[iOHa/IbHUMU JOHOPHUMU TPYIaMIH,
MO>X/IVIBE YTBOPEHHsI KOOPAVHALITHNX 3B’ 513-
KiB i3 TT-€JIEKTPOHHOI CUCTEMOIO CIIPAKEHUX
38’a3kiB BKT), mo 3ymoBmioe mosBy pgopmart-
KOBOI, c71abko BupakeHol medenonionoi CII
npu 31545 cm™.

B I'Y-cnexktpax BKT i3 miggto, HikeseM Ta
3a/1i30M IPUCYTHA HMU3Ka XapaKTePUCTUIHUX
CMYT TOIMIMHAHHA 1A (yHKILiaTi3oBaHUX
BKT. ¥ BmcokodacToTHilI o6macTi mpucyrHi
mmpoxi CITmpu 3500, 3260 T2 2930-3000 cm ™,
XapaKTepHi 11 BaleHTHuX Konubanb H O,
v(N-H) ta v(C-H), [29]. HasBHicTb Kinb-
KOX CMYT IOITIMHAHHA BaJIeHTHUX KOJMBaHb
kap6oHinpHOi rpynu (C=0) npn 1830, 1840
ta 1850 cM’ CBifUMTH IpPO NPUCYTHICTH y

DOCTIIPKYBAaHOMY 3Pas3Ky aHTiIpUAHOI Tpy-
oM 3 IIECTUYIEHHUMM CIPSKEHMMM Hacu-
yeHMMM Ta HeHacuueHumu umknaamy; CII
ny6neTHOro Xapakrepy npu 1770 cm! cBig-
YUTb IIPO HAABHICTH y 3pasKy IPYIM aTOMiB
-C=0O(NH), a CII npn 1680 cm™ Ta gybrer
npu 1640 cm' XapakTepu3ylOTb KONMBaH-
Ha v(C=N) ta §(N-H) [18, 19]. Banentni
komuBaHHA (C=C) apomarMyHux Kineusp
nposABnATbca  kKimpkoma CII B obnac-
Ti 1610-1540 cm™. ITpu 1420 Ta 1280 cm™
HOpUCYTHI IIomVHHI gedopmaniiiHi Komm-
BaHHsA (C-H) ta v(-C-N-), a npn 980 cm! -
nosamwromuHHl 0(C-H). Takox y cmekTpax
npucytHi CII 8(C-H), xapakrepHi mia
1,3- Ta 1,2,3-3aMillleHNX apOMATUYHUX IIO-
XilHMX, a Y HU3BKOYACTOTHIA obmacTi npu
320-360 cm™ mpucyrni CII v(Cu-Cl, Ni-Cl,
Fe-Cl) [18-20].
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Puc. 6. Cnektpy normHanHs consHokucux cycnensiit BKT i3 xmopupom Fe’* 6es narpiBaHHsA i

3aJIeXKHO Biff yacy HarpiBaHH:A 3a 110°C: 1 - C
2 - CBKT =0.22 mr/mi1, C_. =2.5mr/Mmm; C

BKT

HCI Fe3

=0.22 mr/mn, C
H*=0mMmr/mn, t=0rom.;3 - Cpyp = 0.22 mr/mn, C

=0 mr/mm; C, > = 0 mr/mm, T = 0 rox.;
=2.5Mr/mi;

HCl

HCI

CF:* = 0,011 mr/mn, T = 0 rog.; 4 - C,, . = 0.22 mr/mi, C, = 2.5 mr/mim CFe3+ =0.011 mr/mi, T = 1 rop.;

HCl

5~ Cpp = 0.22 mr/mn, C, = 2.5 Mr/mmm CFe3+ =0.011 mr/mn, T = 3 rop,.

HCl

BMCHOBK/. TakuM 4YMHOM, OOCTiI KEeHH S
noBefiiHKM cycreHsiit xmopupis migi(Il), wi-
kemro(1I) Ta 3amisa(Ill) y moBepxueBoMy mmapi
BKT mnoxkasano KkoopAMHaliilo MeTaiB Ha IO-
BepxHi BKT 3 7iMOBipHMM YTBOpEHHAM KO-
OpZMHAIIHNX 3B A3KiB i3 HUMM Ha IXHIiT [j0-
CTYIIHIi ITOBEPXHI, 1[0 BaXK/IUBO /I CUHTE3Y
[IBO- Ta TPUKOMIIOHEHTHUX II€PCIIEKTUBHUX
KaTajli3aTOpiB Ha OCHOBI IOC/IiJOBHOTO HaHe-
CEHHA 3aJJaHVX Ki/IbKOCTel XJIOPUAiB MeTaJliB
i3 HACTYIHMM IXHIM BilHOBJIEHHAM [0 HYIIb-
BAJIECHTHOTO CTaHYy.

—  Po60Ty BUKOHaAHO B MeKax JiepKOro-
ST;Y)_)/' mKeTHOI TeMu «Di3uMKo-HeopraHiyHa
ximia ¢QyHKIiOHATBHO Opi€eHTOBa-
HJIX HAHOCHUCTEM, FeTePOCTPYKTYp Ta
KOMIIO3UTiB», NEepP>KaBHUII peecTpa-
nirtanit Homep: 0118U004559.
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Processes of interaction between carbon
quantum dots (CQDs) and solutions of Cu(II)
Ni(II) and Fe(III) chlorides in the surface
layer have been investigated by electron and IR
spectroscopy.
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CWHTE3 TA CNEKTPAJIbHI XAPAKTEPUCTUKW HAHOPO3MIPHWUX KOMMJIEKCIB Cu(ll), Ni(ll) TA Fe(lll)

HA NOBEPXHI BYTNELIEBUX KBAHTOBUX TO40K

When hydrochloric acid is added to the
aqueous suspension of CQDs, there is a signi-
ficant batochromic shift of the average absorp-
tion band (AB) by 1285 cm™ with a decrease in
its intensity to & = 23.39. The presence of cop-
per in the suspension of CQDs at room tem-
perature leads to a decrease in the intensity of
this AB (g = 21.80), which indicates the inter-
action of CQDs with metal ions.

After heating the suspension for 1 and
3 hours, the gypsochromic shift of this ABs
(by 335 cm™) to 27790 cm™ with a decrease
in intensity depending on the heating time
was recorded. Such changes in the UV-Vis
Spectrum are due to the redistribution of the
electron density of electron transitions n > m *
due to the coordination of functional groups
with metal ions and the appearance of transi-
tions with charge transfer from ligand to metal
(CQD->Cu?).

When heating the suspensions significantly
increases the absorption intensity of the AB at
22070 cm™: from € = 4.59 to € = 6.75, which in-
dicates the formation of transitions with charge
transfer from ligand to metal (ChTLM) due to
the coordination of copper ions with CQD.

In the absorption spectra of CQD suspen-
sions with NiCl, before heating, a hypsochro-
mic shift of AB at 27305 cm™ by 150 cm™ and
an increase in the intensity of its to € = 4.95
were registered. That is, Ni(II) ions also form
coordination bonds with functional groups on
the periphery of the CQD.

After heating hydrochloric acid suspensions
of CQD with FeCl,, in contrast to the chlorides
of previous metals, in the UV-region regis-
tered shoulder-shaped AB at 31545 cm™, the
intensity of which increases with heating time
(from € = 9.59 to € = 12.10), and in the visible
region, a weakly intense shoulder-shaped AB
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at 19345 cm! (¢ = 3.71 and 4.58), associated
with the presence of dd-electron transitions in
the metal ion.

Such changes in the absorption spectra are
explained by the fact that iron may interact
with CQD in different ways (in addition to
coordination with functional donor groups,
the formation of coordination bonds with the
n-electron system of conjugated CQDs bonds),
which leads to additional weak shoulder-like
AB at 31545 cm™.

The IR-spectra data of CQDs showed the
presence of a number of characteristic ABs for
functionalized CQDs: v(N-H) at 3260 cm!,
(C=0) at 1830, 1840 and 1850 cm?, -C=0O(NH)
at 1770 cm!, v(C=N) at 1680 and §(N-H)
at 1640 cm' and 320-360 cm! CII v(Cu-Cl,
Ni-Cl, Fe-Cl), which confirms the coordina-
tion of metals on the surface of CQDs.

Keywords: quantum-dimensional, metal-
carbon, catalytic systems, copper, nickel, iron.
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JITIA-NPOBIAHWX OKCUAHNX MATEPIANIB

L. B. Ticoécvkuii'*, M. A. Bapuxin®, C. O. Cononan’, A. I. Binoyc'

THemumym 3azanvHoi ma Heopeaniunoi ximii im. B. I. Beprnadcvkoeo HAH Ykpainu npocn. Axa-
Oemixa Ilannadina, 32/34, Kuis 03142, Yxpaina

’Kuiscokuti HayioHanvHuti yHieepcumem mexHonoziti ma ousaiiny eyn. Hemuposuua-Jlanuerxa,
2, Kuie 01011, Yxpaina
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Hocnimxeno ¢as3oBi mepeTBOpeHHs, sAKi BinOyBalOTbCA IIijJ 4ac CMHTe3y CKIaJHUX JIi-
Tili-npoBifHNX okcupiB, a came Li Al [Ti _(PO,), 3i ctpykryporo NASICON, Li , La TiO,
3i cTpykTypolo neposcbkiry Ta Li_ La,Zr Nb O, 3i cTpyKTypoIo rpaHaTy MeTO/[OM TBep-
nodasuux peakuiit (TOP) B armocdepi moBiTpst. BusHadeHO onTMMaNbHi yMOBM /IS CUHTE3Y
KOXXHOI 3 BUII[e3a3HaY€HNX CIIONYK, a caMe: J/isl ofiepxkanns onHodasnoro Li Al [Ti (PO,),

HeoOXi/JTHO IPOBOANUTY TEPMOOOPOOIEHHS CyMillll BUXITHMUX peareHTiB yIpofoBx 1 rox 3a

temmneparypu 850 °C, gna Li , La

0.34770.56

TiO, - Buponosx 4 ropun 3a temneparypu 1300 °C, a

pna Li La Zr Nb O - ynponosx 12 rop sa remneparypu 850 °C.

KnrouoBsi cmoBa: NASICON, rpaHat, IepoBChKiT, (pa3oBi lepeTBOpeHHS.

BCTVYII. Jlirisi-ionni axymynaropu (JIIA)
IIMPOKO BUKOPUCTOBYIOTH y IOOYTOBIlI eek-
TPOHill, MOOITPHNUX TenedOHAX, ePCOHATb-
HUX KOMITIOTepax, a TaKOX y TiOpupaHux i
e/IeKTPUYHUX TPAHCIIOPTHUX 3acobax [1]. s
nepeHeceHHA ioHiB nitiio B JIIA, Ak nmpaBu-
710, BUKOPVUCTOBYIOTb PifIKi €1eKTPOIiTH, AKi
B OCHOBHOMY CK/IAJJalOTbCSA 3 AIPOTOHHUX
OpraHiYHMX PO3YMHHUKIB i JIiTINI-TIPOBIFHUX
coneii [2]. [TpoTe BUKOPUCTAHHA PiIKMX eTeK-
TponitiB y JIIA nmpusBoguTh 0 Li/I0i HU3KU
npo6reM, a caMe: Yepe3 HasIBHICTb y CBOEMY
CKJIaJIi JIETKO3aIMIUCTUX OPTaHiYHUX PO3YMH-
HIKIB PiJIKi €IeKTPOJIITI MOXYTb 3alIMaTICA B
npoteci pobotu akymysaTopa [3], B3aemoxis
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PIIKOTO €/IEKTPOJIITY 3 €NeKTPOAHUMMI MaTe-
piazlaMu B Ipolieci UMK/IIOBaHHA IPU3BOAUTD
[0 BTpaTy €MHOCTI i CTapiHHA KaTOAHOIO Ma-
Tepiany [4], a rpomisgkuil mpoljec 3anoBHe-
HHA 1 3MOYYBaHHA KOMIPOK €/IEKTPOJIITOM IIif
Yyac BUPOOHUIITBA NPU3BOANTD IO BEIMKUX
eKOHOMIYHMX BTpar [5, 6].

AbTepHaTMBOIO, KA MOXe 3abe3lednTu
0e3IeYHICTh i Ha/iNHICTD JIiTIEBUX aKyMyIIA-
TOPIB, € PO3pOO/IEHHS TBEPHAOTIIBHNUX aKyMy-
natopis (TTA) [1]. TTA He Tinpkn 3a cBOE€O
HPUPOJOI0 OiblI Oe3neyHi Yepes BiiCyTHICTh
JIETKO3aMIMUCTUX OpPraHiYHUMX KOMIIOHEHTIB,
ajie /1 MalOTh TAKOXX IOTEHIIiasI /i1 3HAYHOTO
MiBUIEHHA IIiIbHOCTI eHeprii [2]. 3amicThb
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IIOPUCTOTO CellapaTopa Ha OCHOBI MOMINpOITi-
JIEHY, IPOCOYEHOTO PiJKMM €NEeKTPOJITOM, Y
TTA BUKOPUCTOBYIOTb TBEPAUIl €l1EeKTPOJIIT,
AKUN Jli€ AK eIeKTPUYHMUIA i30/IATOP Ta iOH-
HMII TPOBIJHMK BOJHOYAC. Bukopucranua
KOMIIAKTHOTO TBEPJOTrO €NIeKTPONIITY, AKUI
BUKOHYe QYHKIII pisuyHOro 6ap’epy, 1o me-
PELIKO[)KAE POCTY [JEHJAPUTIB JIiTiIO, TaKOX
MIO3BOJISI€ BUKOPUCTOBYBATY MeTa/IEBUIL IiTil
AK Marepian aHopa [7].

Ha cporopni TBephoTi/NbHI JiTiEBI aKymy-
JISITOPY PO3POOJIAIOTh HA OCHOBI MOIIMEPHMX
e/IeKTPONiTIB [8], HeOpraHiyHUMX OKCUIHUX
[9, 10] i cynpdinguux [11] cucTem, a TakoX Ha
OCHOBi1 KOMITO3UTHUX TBEPAUX €IEKTPOIIITIB,
AKi BK/IIOYAIOTDb NONTiMEPHY MAaTPUL0, HAIIOB-
HEeHy HeOpTaHiYHMMM HaHOYACTMHKamu [12,
13]. KoxHmit 3 1[MX TUIB €eKTPOJITiB Ma€e
cBOI nepeBaru i Heponiku. Hanpuknag, «remne-
Bi» IIOMIMEpHI €eKTPOiTH, AKi BKIHOYAOTh
OpraHiyHi PO3YMHHUKY, MAIOTh JITiEBY IpO-
BifiHiCTD 3a KiMHaTHOI TeMeparypu O113bKO
10%-10° Cwm/cM, Topi fK «CyXi» HOMiMepHi
€/IeKTPOJIi TV XapaKTePU3YIOThCA HU3bKOI i0H-
HOIo TnpoBignicTio (Hkye 10°-10"° Cm/cm).
IIpore «renmeBi» e1€KTPONITI YaCTO MalOTh He-
3aJIOBi/IbHI MeXaHiuHi XapakTepucTuku [14].
CynpginHi HeopraHiyHi eleKTpONMITH Xapak-
TEPU3YIOTHCA BUCOKOIO JIITIEBOIO IPOBiIHICTIO
~ 107 Cm/cm [15], mpoTe BoHU He cTabinbHi
i giero KucHo Ta Bomoru [16]. OxcupHi >k
CUCTEMM, XOY i XapaKTEPU3YIOTbCA HIDKYOI0
iOHHOI0 TIPOBiTHICTIO, HIXK CynbdifHI emeKT-
pomitu (107*-10"° Cm/cM), € crilikumu fo il
Bojory Ta armocepuoro nosirps [17]. Tomy
AK TBEPAl €NeKTPOTU I TBEPAOTIIbHUX
aKyMyZIATOpiB  6akaHO BMKOPUCTOBYBATHU
OKCHJIHI CCTEMM.

J1o OKCUAHUX MiTiI-IPOBiTHNX MaTepialis,
AKiI eMOHCTPYIOTb BiJTHOCHO BUCOKY JIiTiEBY

https://ucj.org.ua

IIPOBIAHICTh 3a KIMHATHOI TEMIIEpATYPH Ta AKi
MO>XHAa BMKOPUCTAaTU AK TBEPAMI €IEKTPO-
JIT Y TOBHICTIO TBEPAOTUIbHUX aKyMY/IATO-
pax, JTii-NOBITPAHUX aKyMy/lIATOpax Ta iH-
IINX eIeKTPOXIMIYHMX TPUCTPOSIX, HAOI/IbII
NEepCIEeKTUBHMMIY € MaTepianu 3i CTpyKTypa-
M NASICON, nepoBChbKiTy Ta TrpaHarTy.

Cepep BifoMUX Ha CbOTOZIHI JIiTil-iOHHUX
npoBifHMKIB 3i cTpyKTyporo NASICON, mare-
pianisximiunoro popmynowo Li, Al [ Ti (PO,),
Ma€ Hay0ilbIIy IPOBiTHICTD 11O 06’€My 3epHa
3akiMHaTHOITemneparypu (0=3x10°Cm/cm)
[9]. Kpim nporo, NASICON-mozni6Hi nposif-
HUKM, SIK IIPAaBUIO, XapaKTEPU3YIOTbCA BUCO-
KOI0 CTabi/IbHICTh 4O Ail KMCHIO i BOmu, a Ta-
KOX CTabi/IbHi 3a BUCOKNX €lTeKTPOJHMX IIO-
TeHIliamiB [18].

JliTiii-npoBifgHi Marepiamym 3i CTPYKTYpPOIO
neposcbkity Li, La,, TiO, Bnepiue 6yno cun-
Te30BaHO aBTOpamu pobit [19, 20, 21]. Haii-
BUIILY JIiTi€BAa IPOBiJHICTb y CiMeNCTBi Ie-
POBCBKITIB Oyl0 BMABIEHO NI MaTepiany
ximiynoro ckmany Li , La _ TiO, i3 saranpHom0
mitieBoro mposigHicTIO ~ 7 X 107 CMm/cM Ta
IpOBifiHICTIO 1TO 00’eMy 3epHa ~10~° Cm/cMm.
Xo4a TUTAHATH JITiI0O — JIAHTAHY BBaXKalOThb
CTaOiIPHMMI 32 BUCOKMX IIOTEHIIiaJIiB, Bifo-
MO, 1[I0 BOHM BiJHOB/TIOIOTbCS NPUOIN3HO 3a
1,5 B BigHOCHO Li/Li*, mjo pobuts ix Hempu-
JATHUMM JiI BUKOPUCTAHHA 3 JITiEBUMM Ta
rpadiroBumm anomamu [22, 23].

3aranpHOBifioMo, 1o Li-npoBingHi Martepia-
7N 31 CTPYKTYPOIO TPaHaTy MOXKHA IOJiTNTI
Ha yotvpy migruom: Li,Ln **M "0, (Ln** =Y,
La, Nd; M* = Te, W), Li_.La M_**O , (M** = Ta,
Nb, Bi, Sb), LiM"**La M **O,, (M'*" = Ba,
Ca, Sr) Ta Li LaM *O, (M,* = Zr, Hf, Sn).
I MartepiasiB 3i CTPYKTypOIO TpaHaTy € Xa-
paKTepHUM MaiKe eKCIIOHEHIliaibHe 306i/b-
IIeHH JTiTieBOI MPOBiHOCTI 31 36iMbIIEHHAM
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BMicTy Li Ha GopMy/IbHY OIVHMNIIO PEYOBMHMA
(Li, < Li; < Li, < Li,) [24]. Xo4a TeopeTndnmii
BMICT JIiTil0 B MaTepiajax 3i CTPYKTYpOIO Ipa-
HaTy MO)K€ [OocCATaTy 3HadeHHA 7,5 ioHiB Li
Ha GOpMYyIbHY OofMHuUI0 [25], ofgHAaK i3 Tep-
MOJIHAMIYHMX PO3PaXYyHKiB BiJOMO, IJO TaKi
CTPYKTYpU CTabi/IbHi /IMIIIe Y TeTParOHaTbHUX
Mopndikaiisx, ki, CBOE0 Yeprow, xapakre-
PU3YIOTbCA HMU3BKOKI iOHHOIO IIPOBiHICTIO
[26]. Ha BigmiHy Bim TeTparoHaabHUX MOJV-
¢ikanin, xybiuni mogmdikauii xapakrepusy-
I0TbCA BJCOKOK0 10HHOK MpOBifgHicTIO. [I14
ofiep>KaHH: cTabimbHOI KyOidyHOI Moaudikaii
HeoOXxifHO, 106 BMicT Li y Marepiani craHo-
BUB 6,5-6,6 iOHIB Ha (HOPMY/IbHY OJVHUIIIO
[27].

JIiTifI-TIpOBiHI OKCHUJY 31 CTPYKTYPOIO Tpa-
Hary Li La Zr O, (LLZO), axi 6ymu BigkpuTi
aBTopamu poboru [28] y 2007 p., po3IIsAfa0Th
AK IIepCIEKTUBHI TBEPi €IEKTPOITH, OCKi/Ib-
KI BOHI MaXOTh BUCOKY XiMi4HY CTiIKiCTb Ta
IIMPOKE BIKHO e/IEKTPOXiMi4HOI CTabiIbHOCTI.
3aranpHa jitieBa nposigHicTh LLZO craHo-
BUTb ~ 2x107* CMm/cM 3a KiMHaTHOI TemIepa-
TYpU, 110 JIMIIE HA 2 MOPALKU IOCTYIAETHCA
IIPOBIJHOCTI PiIKMX el1eKTpoiTiB. bararo po-
6itT mpucssiueHo seryBaHHI0 LLZO 3 MmeTo0
crabinisanii itoro KpucTamivHol I'paTKU y Ky-
OivHiit CMHTOHII Ta MiABUIEHHS 10HHOI MPO-
BifHOCTI [-]. Y Bumagky samimenns Zr (IV)
Ha Ta (V) un Nb(V) cnocrepiraemo 3HMXeHHS
TeMIIEpaTypy CIIKaHHA KIHIIEBOIO IPOAYKTY
Ta MiBUIIeHHS ioHHOI mpoBigHOCTI [31, 32].
JleryBaHHA eneMeHTaMM 3 OibLI BaJleHTHMU-
MU 3a Zr KaTioHaMu 30i/1bIIye KOHIIEHTPALilo
BakaHciit Li-ioniB y LLZO, mo sHa4yHO 3MeH-
LIy€e CTYIiHb JIOKaJIbHOIO BIOPAAKYBaHHA Li
B CTPYKTYPI i, IK Hac/ifi0K, 30i/1bIIye MpOBif-
HicTp ioHiB Li. Marepian i3 ximiuHow dpopmy-
nowo Li LaZr Nb O xapakrepusyerbcs
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BJICOKOIO IIPOBITHICTIO 1 CTabiNbHICTIO NpU
PO3pAN-3apANHOMY LMK/IIOBAHHI B €/IEKTPO-
XiMIYHUMX cUCTeMaXx i3 miTieBuM aHomoM [33].

3a cuHTe3y JTiil-NMpOBiJHNX MaTepialiB 3i
crpykrypamu NASICON, nepoBcChKiTy Ta rpa-
HaTy HaMOI/IbIII PO3MOBCIO/[YKEHNM METOJIOM €
MeTop TBeprodasHux peakuiit (TOP) [19, 34].
[TepeBaroto metony TOP, 6e3samepeuno, €
IIPOCTOTA i BiCyTHiCTh HEOOXifHOCTI BBEMIeH-
HA IOIIOMDKHUX peareHTiB y Ipoleci cuHTe-
3y, 1[0 POOUTD Lell MeTOJ, OfHUM i3 Hay0inbLI
IIPOAYKTUBHUX Cepefl iCHYIOUMX Ha ChbOTOJHI.
[Ipore NMOpiBHAHO 3 IHIIMMM BiJOMUMMU Me-
TOlaMU CUHTe3y (CYMiCHUM OCa/KEHHAM 4I
30/Ib — renb-MeTonoM [35, 36]), meron TOP
BMIMAara€ BUCOKMX TeMIIepaTyp CHUHTE3Y, 10,
CBOEI YEProw, NPU3BOAUTH IO yTBOPEHHA
YaCTVHOK BEIMKOTO PO3Mipy i He 3abe3meuye
OOCATHEHHA BMCOKOI XiMi4HOI OFHOPiZHOCTI.
Bapro 3asHaymTy, mo BMCOKI TeMIlepaTypu
CHHTE3y Ta BUK/IMKaHE LM BUIIAPOBYBaHHA
OKCUJIY JITiIO € OJHIEI0 3 OCHOBHUX npobiem
3a cuHTe3y Li-BMiCHMX MaTepiaiB.

Opnak y sitepaTypi BifiCyTHi cucTeMa-
TU30BaHi TOCTI/KEHHs YMOB, SIKi HeoOXimHi
I Oflep>KaHHA 3a3HAaYeHUX BUIE OKCUIHUX
TTi-TIPOBifHNX MaTepiaiB i ¢pa3oBux nepe-
TBOPEHbD, AKI BiH6YBaIOTbC}I B IIPOLeCi iIXHbO-
ro cunredy metopom TOP. [Ina ontumisanii
TEXHOJIOTii 6araTOTOHa>KHOTO MPOMMCIIOBOTO
BUPOOHMITBA JITi/I-IPOBifHUX MaTepiasiB
BX/IMBO YiTKO po3yMmitw, ski ¢asosi mepe-
TBOpPEHH BifOYBAIOTh Ha BCiX eTarax CUHTe3y
KO>KHOTO 3 MaTepialliB.

Tomy wMmerolo uiei poborm O6ymo go-
CTipKeHHA (a30BUX IepeTBOPEHb,  sAKi
BiIOyBalOTbCc 3a  CHMHTe3y  MaTepiaiB
Li ,Al Ti (PO,), si crpykrypoto NASICON,
Lij, La TiO, 3i cTpyKTypoIo 1epoBChKiTy Ta

0.34770.56
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MeTOJOM TBepHo(da3HMX peakliil B aTMoche-
Ppi IOBIiTPsA Ta BCTAHOBUTY ONTYMAJIbHI YMOBU
CHHTEe3Y KOXXHOT0 Marepiany MetofoM TOP.
EKCIIEPMMEHT I OBI'OBOPEHH/ PE-
3VJIPTATIB. flx BuUXifiHi peareHTM AA CUH-
Te3y JiTiM-NPOBiIHUX MaTepialiB, a came
Li ,Al [Ti (PO,), si ctpykrypoio NASICON,
Li , La TiO, 3i CTpyKTypOIO MEPOBCHKITY Ta
Li, .La,Zr Nb O, 3i cTpykTypoio rpaHary,
MeTOJ0M TBepAodasHUX peakifiii BUKOPUCTO-
ByBa/nu Tigpokcup mitiio LIOH - H O (x.4.),
okcup, amowminito ALO, (x.4.), okcup TuTa-
ny TiO, (x.4.), gurizpooprodocdar amoniro
NH,H,PO, (x.4.), okcup manrany La O, (Jla-
O-JI, OCT 48-192-81), okcup Hiobiro Nb,O,
(oc.u.) Ta okcup uupkowito ZrO, (oc.u.). [lns
BUJIQ/ICHHs BOJIOTY i aficopOOBaHMX ra3olmo-
MiOHUX pPEYOBMH OKCU] La,O, momepenHbo
IIPOXKapIOBa/IM BIPOJOBX 4 TOAVH 32 TeM-
neparypu 900 °C. 3rigHo pesynbrariB POA
BUXiTHUII TIOPOLIOK La2O3 MICTUB Ti[pOKCUF,
La(OH), i MOHOOKCMKap6OHaT JlaHTaHy
La,0(CO,),. Temneparypy mnpo)kaproBaHHA
BU3HAYA/IN 3TiTHO pe3y/nbTaTiB TepMorpagiu-
Horo aHanidy. Ha xpusux [ITA La O, ciocte-
piraemo enpoedekTy, AKi CynpoOBOMKYIOTHCA
BTparo macu (20%) (ATT, TT), mo 3ymoBe-
HO flerifiparaiieto rigpokcuny La(OH), i mo-
HOOKcuKap6onaTy mantany La,0(CO,), (350-
390 °C) Ta yactkoBo (450-510 °C) i moBHO0O
(750-800 °C) nmexapb6omnisaniero La,0(CO,),
[37]. Ilpo>kaproBaHHs iHIIMX BUXiJHUX pea-
rentis (LIOH-H,0, ALO,, TiO,, Nb,O,, ZrO,)
spiricHoBany 3a 400 °C ynpoposx 2 rog. Ilic-
/ISl IPO>KApIOBaHHA BUXIiJHI peareHTM 0XOJIo-
mKyBanu B ekcukaropi 3 P O.. Bpaxosyioun
BJMICOKY TirpOCKOMIYHICTh BUXIJJHUX peareH-
TiB, 0COOMMBO La203, HaBa)kKV IIpU IIPUTOTY-
BaHHI CTeXiOMETPUYHUX CyMillleNl BUXiTHUX
peareHTiB (mmMXTH) pobunu 6Ge3mocepemHbO
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IiCA  OXONO[KEHHA BUXIJHUX peareHTiB.
Tomorenigyrounit 1oMen Cymillli BUXiJHUX
peareHTiB 37ilICHIOBaNM B IIVPKOHi€EBOMY Oa-
pabaHi 3 IUpPKOHIEBMMM IIapaMy AiaMeTpOM
0,5 cM y mranetapHoMy MavHi «PM100» ¢ip-
mu «Retsch» y cepemoBui isompominoso-
ro CIMPTY BIPOMAOBX 4-6 roj 3a IMIBUSKOCTI
o6epranHa 300 06/xB. [TonepenHbo BuCyLIe-
Hy 3a 80 °C mmxTy npociroBany 4epe3 Kall-
porose cuto (0.150 mm). OmepxaHy MNXTY
IIPO>KApIOBa/IM BIIPOZIOBX 1 rofiyHu B iHTEp-
Basti remneparyp Big 100 go 1400 °C i3 kpokom
y 100°, mogpi6buroBamu y dapdoposiit cTymii
Ta IIPOBOAVIIN aHaTi3 ()a30BOrO CKIA/ly METO-
moM petreHodasosoro ananisy (PDA). Ilicna
BCTAHOBJICHH: iHTE€pBay TEMIIEPATYP, B AKO-
My (a3oBuil CKIaj, MaTepiany HaybinbIue Bifi-
HIOBifTa€ OTHO(A3HOMY KiHIIeBOMY IPOAYKTY 3
HalIMeHIIVM BMiCTOM IPOMIXHUX (a3, BUXifI-
HY LIMXTYy IPOXKaploBaau B LIbOMY iHTepBasli
TeMIIepaTyp YIPOLOBXK pisHOro vacy (Big 1 o
12 ropyH) i3 METOI0 BCTAHOBJIEHHS OIITVMAaJIb-
HIX YMOB OJI€pP>KaHHS KO>KHOTO 3 BUIIle3a3Ha-
YEHNX OKCUIHUX JITiN-IIPOBIJHNUX MaTepialiB.

Obnaonanns. Tepmiuni edextn, mo cy-
IPOBO/KYIOTh (Da3oBi IepeTBOpEHHA IIpu
TepMOOOpOO/IeHHI IPeKyPCopiB, sAKi BiAmoBi-
maots popmynam Li Al Ti (PO,), (LATP),
Li ,La  TiO, (LLTO) ra Li_LaZr Nb O
(LLZO), BuB4Yanu MeTomaMy TePMiYHOTO aHa-
ni3y (repmorpasimerpuanoro (TT), mudepen-
nianpHO-TepMorpaBiMerpuynoro  (ITT) Ta
mudepeHianbHO-TepMiyHOro anamisy (JTA))
3 BUKOPUCTaHHAM fiepuBarorpada «Q-1500D»
¢ipmn «MOM>» (Yropmmha). [JocmimxysaHi
3paskn (0,2 r) HacUmanu B KOPYHAOBUI TIH-
rejib, IK €TaJIOH /Il HOPiBHAHHA BUKOPUCTO-
syBanmu ALO,. lllBuaxicts HarpiBy - 5 °/XB.
Tounictp migpaxynky kpusoi TT + 0,2 %. Tou-
HICTb BUMIpPYy HaBa)XKu Ha Tepesax * 0,5-1 %.
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QasoBuil CKIaj 3pasKiB BCTaHOB/IIOBA/IN
pentrenodasosum ananizom (POA) Ha gud-
paktomerpi «JPOH-4-07» (CuKa-Bumpo-
MiHeHH#) B iHTepBasi 20 = 10-90° i3 KpokoM
sitomkn 0,05° Ta ekcrnosuuierw 5c. [na pos-
mndpyBaHHA ($Ha3oBOroO CKIAly BUKOPUCTO-
ByBamu 6a3y gaHux MiKHapOJHOro KOMiTeTy
nopomkoBux andpakuiitaux ganux (ICDD)
Ta KOMITI0OTepHy mporpamy Match, pospo-
6neny Dr. K. Brandenburg & Dr. H. Putz GbR
(Germany).

Hocnionenns cmexiomempuunoi cymiwii
BUXIOHUX peazeHmis, AKA 8i0n08idae cknady
Li Al .Ti, (PO,), 3rigno pesynpratis TI' Ta
OTT ananiziBs mmxtu LATP (puc.1), Big mo-
4aTKy TepMOOOpOO/IEeHHS IO TeMIlepaTypy B
150 °C cnocrepiraeMo JIiHiliHE 3MEHIIEHHA
Macu 3paska Ha 0,4%, 1110 TTOB’sI3aHO 3 [1ecCopo-
niero H,O Ta CO,, cop6oBanux Ha MOBepXHi
YaCTMHOK KOMIIOHEHTIB cyMiwi. B iHTepBani
temneparyp Bif 150 1o 550 °C cnocTepiraemo
CTpiMKe 3MEHIIEHHsA Macu 3paska Ha 23,1 %
3 OYEeBMJHUMU MAKCUMyMaMIU B iHTepBajax
temneparyp 150-185, 185-200 Ta 365-400 °C.
B inTeppani temmneparyp 550-750 °C BTpa-
Ta MacK 3pasKa CTaHOBUTb ~ 1%, 1110, BoYe-
BUJIb, IIOB’I3aHO 3 OCTAQTOYHVM BJJIAJI€HHAM
saymumkoBux NH, ta CO, 8 peaxuiitHoi cymi-
1Ii. 3arajbHa BTpaTa MacK 3pas3Ka BIPOFOBX
TepMOOOPOO/IeHHS CTAaHOBUTD 24,5%.

Ha xpusiit [ITA HasaBHi fBa €K30- Ta OUH
eHgoedext. Big movyatky TepmMoo6pobIeHHs
no 185 °C y cymimri BuxigHux pearentis LATP
CIIOCTepiraeMo ek30e(deKT, KU € Xapak-
TepHUM JUIs TBepRO(da3HMX peakiil 3 BUpi-
JIEHHSM Ta30Iofi0HNX pedoBuH. B iHTepBani
temneparyp 185-200 °C cniocrepiraemo eHyio-
edeKT, AKNII y MO€EfHAHHI 31 CTPIMKOIO BTpa-
Tor0 Macu Ha Kpusiit TT' cBigunth mmpo yact-
xoBe posknagannsa NH H PO, 3 Buginenusam
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NH, ra H,O. Ex3oedexT B inTepsani remnepa-
Typ 365-400 °C y mo€HaHHi 3 JaHMMU KPUBOI
OTT cBigumTh, 110 B LIbOMY iHTepBai BifOy-
BalOThCA TBephodasHi peakiiil 3 BUSIIEHHAM
ra3onofiOHNX peyOBLH.

0 ] T 50
. 51 \ \
= 157
= ] 1-50
20 =
25 ATA / [ -100 ~
S 0,04 ﬁ | 1502
X 0,001 A\ [ \ =
B ITr -
= 0,041 7 200
:(-0,08— 1-250

0 150 300 450 600 750 900
Temmneparypa, °C

Puc. 1. Kpusi tepmorpasimeTpuynoro, ande-
peHIlia/IbHO-TepMi4HOTO Ta iudepeHIliaTbHO-Tep-
MOTpaBIMETPUYHOrO aHaji3iB CTeXioMeTpUYHOI
CyMillli BUXiIHMX PeareHTiB, AKa BifIIOBila€ CKa-
my Li Al JTi (PO,),, 3HATi 32 mIBUIKOCTi HArpiBY
5°/xB

Ha puc. 2 npencraBneno pesynbratu POA
mmxtu LATP micnis tepMoo6po6reHHs 3a pis-
Hux Temreparyp. IIpoananisysaBuim pesyb-
TaTU TEPMIYHOIO aHAJIi3y Ta 3iCTaBUBLIN iX i3
pesynbratamu POA, 6y1o BCTaHOB/IEHO XiMid-
Hi IIepeTBOpeHHA, AKi Bij0yBaloTbCA y MIMXTi
LATP y mnpoueci Tepmoobpobnenns. B in-
tepBasi Temrneparyp 100-200 °C BinOyBaeTh-
cs1 vacTkoBa B3aemopis LiOH is NN H PO,
BHAC/IJIOK AKOI yTBOproeTbea Li, PO, Ta Bupi-
JIAI0THCA BOJA Ta aMiak y BUITIAAL rasis. B in-
tepBani Temmneparyp 300-400 °C mpoTikaoTh
aBi ximiuni peaxuii. [To-mepue, NH H PO,
B3aEMO]IIE 3 A1203 3 yrBopeHHAM NH 4A1P207,
ALO, - 0.95 P,O,, amiaky ta Bogu. Ilo-mpyre,
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gactuHa TiO, pearye 3 NH H PO, 3 yrBO-
pennsam TiP,O., amiaky Ta Bogu. B inTepsani
temreparyp 400-500 °C mporikaloTb Tpu Xi-
MiuHi peakiiii, a came: 1) TiP,O, Bsaemonie i3
sammkamn LiOH 3 yreopennsam LiTi (PO,),
Ta Li,PO,; 2) Li,PO, posknajjaerbcs 3 yTBO-
pennsam Li P O, rta LiO; 3) BHACIIZOK B3a-
emonii NH,AIP.O. s TiO, yTBoprowoTbca
AIPO,, TiP,O., a TakoX amiak i3 Bojow0 y ra-
3ononibHOMy craHi. B TemmeparypHoMy iH-
tepBai 400-600 °C BigOyBaeTbcsi B3aEMOis
Li 4P207 3 TiOz, 110 NIPU3BOAUTD IO YTBOPEHHA
LiTi (PO,), ta Li,PO,. B inTeppani remneparyp
500-700 °C BinbyBaerbcs posknafganns Al O,
0.95 P,O_ na AIPO, Ta AlLO,. 3a Temmepary-
pu 6rmmsbko 600 °C Al O, BcTymae y B3aeMofiito
3 Li,O, BHacnifok voro yreoproerbca LiAlO..

H

B TemneparyproMy inTepsani 600-700 °C Big-
OyBa€TbCsl peakllis YacTKOBOTO 3aMillleHHs
mix LiTi(PO,), ta LiAlO,, BHacmifox sxoi
yrBoproerbcs  Li (Al Ti (PO,), Tta TiO,.
B remneparypnomy inTepsani 700-800 °C mo
Yyepsi MPOTIKAIOTh /IBi XiMiYHI peakliii, a came:
1) TiP,0O, B3aemopie 3 Li,PO, 3 yrBopeHHAM
LiTi,(PO,), Ta Li,P,O 2) Li,P,O,, mo yTBO-
pUBCA BHAC/IIOK IIONEPENHbOI peakllii, B3a-
emogie i3 sammmukamn TiO,, BHacmioK 4oro
yrBoproerbea LiTi (PO,), ta Li,PO,. Ha 3aBep-
LIa/IbHUX CTaJifAX CUHTE3Y, a CaMe B iHTepBaIi
temneparyp 700-850 °C, LiTi (PO,), Bcrymae
y B3aemopito 3 AIPO, Ta Li,PO, 3 yrBopennsam
niTiit-amoMigiit-TuTal- docdary. Bigmosigui
XimiyHi peakuil Ta iHTepBanu TeMIlepaTyp, B
AKX BOHM IIPOTIKalOTh, HABEJEHO Y Tabmmi 1.

1000 °C
900 °C
800 °C
700 °C
600 °C

: 500 °C

AR_A = 400 °C

ABA

WA‘LWM 300 °C
200 °C
100 °C

60 70 80200

Puc. 2. Tudpakrorpamm CTeXiOMeTPUYHOI CyMillli BMUXiZHMX peareHTiB, sIKa BifIlIOBifa€ CKIagy
Li ,Al [ Ti _(PO,), micnsa repMoo6pobnents sa pisHux remneparyp (ymosHi nosHavenns: A — TiO; B -

NH,H,PO;C - Li,PO; D - NH,AIP,0; E - AL,0,-0,95P,0; F - TiP,0; G - LiTi,(PO,) ;
O - Li Al Ti_(PO,);M - AIPO; N - Ti,O(PO,) ; X - LiAlO,)
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Anaris pesynprariB POA mmxtu LATP no-
Ka3as, 10 /I Ofiep>KaHHA OffHO(a3HOTO MaTe-
piayry Heo6XiJHO IPOBOANTY TepMOOOPOOIIEH-
HA CyMilli BUXiJHUX peareHTiB B iHTepBasi
temmneparyp 800-900 °C, ockinbku 3a Temnepa-
typu 700 °C criocTepiraeMo BeIMKY KiZIbKiCTb
KOMITOHEHTIB, fAKi ILlj¢ He BCTYNAITh y B3a€-
MOfIil0, TOAI AK Ha PEHTreHOIpami IPOJYKTY,
Ofiep>KaHoOTO Mic/IA TepMOOOPOOIeHHA 3a TeM-
nepatypu 900 °C Hasphi niku TiO, Ta AIPO,,
NOsIBa AKUX BYK/IMKaHa HeCTadelo JIiTiio yepes
jioro cy0miManio. 3 MeTOH BCTAaHOBJIECHHS
ONTMMAJIbHUX YMOB JUIA OTPUMAaHH:A OffHO(Da3-
HOTO IIPOAYKTY 6y/I0 IPOBENeHO TepMO0oOpo-
OneHHa mmxTy 3a Temmeparypu 850 °C ympo-
noBxX 1, 2, 4, 8 Ta 12 rogun. Pesyneratn POA

IPOJYKTIB, OflepXKaHMX ITiC/Is TepMOOOpO6IeH-
Hs, TIPEJICTaB/IEHO Ha puc. 3. BapTo 3asHaunTy,
10 PEHTreHOIpaMy MarepialiB, OfepXKaHUX
mic/a TepMooOpOOIeHHs BIPOROBXK 1 Ta 2 ro-
IVIH, € MalDKe iMeHTNYHI MK co6010, TOxi AK Ha
PEeHTTeHOTpaMax MaTepiasiB, Ofiep>KaHUX MiC/IA
TepMOOOpOOIeHHs TpoTsiroM 4, 8 Ta 12 ropuH,
CIiocTepiraemMo Tiky, 1o BignosigaoTs TiO,
ta AIPO,. IxHs mosiBa, BOueBMAb, MOB sI3aHA 3
HecTayelo JIiTiI0O BHACIIJOK 110TO cy6)1iMaui'1'.
OTxe, 3 ofiep)kaHUX JIAaHMX MOXKHA 3pOOUTH
BUICHOBOK, IIJO /IS Ofiep>KaHHs OfHO(asHOro
Li (Al .Ti (PO,), si crpyktyporo NASICON
METOIOM TBepHOQasHNUX peakxliiil ONTUMajIb-
HOIO € TepMOOOPO6TIEHHS BIIPOTOBXK 1 rouHm
3a Temneparypu 850 °C.

Tabmuus 1.

XimivHi peaknii, Aki BifOyBaoTbcA y cyMillli BUXiTHIX peareHTiB, AKa BignoBifxae ckma-

my Li Al Ti (PO,), 3a neBHUX TeMIeparyp

Temnepatypa,’C Ximivni peakuii
100-200 3 LiOH + NH,H,PO, » Li,PO, + NH, T+ 3H,0 T
300-400 1) ALO, + 59 NH,H PO, > 2NH AIP.O,+ ALO,-0.95P 0, + 39NH, T+ 6.85H0 T
2) TiO, + 2 NH H, PO, > TiP,O, +2NH, T+3HO 1
1) 2 TiP,0, + 4 LiOH - LiTi(PO,), + Li,PO, +2 HO 1
400-500 2) 2 Li,PO, > Li,P,O, + Li,O
3) 2NH,AIP,O, + TiO,> 2 AIPO, + TiP,O,+ 2NH, T+ HO T
400-600 4Li PO, +2TiO,~» LiTi,(PO,), + 5 Li,PO,
500-700 ALO,-0.95P,0, > 1.9 AIPO, + 0.05 AL O,
~ 600 Li,O + AL O, > 2 LiAlO,
600-700 LiTi,(PO,), + 0.3 LiAlO, » Li, ,Al ,Ti _(PO,), + 0.3 TiO,
700-800 1) 2 TiP,O, + 3 Li,PO, » LiTi,(PO,), + 2 Li,P,O,
2)4LiP,0O, +2TiO, > LiTi,(PO,), + 5 Li,PO,
700-850 1) 1.7 LiTi (PO,), + 0.6 AIPO,> 2 Li ,, Al .Ti (PO4),
2)Li ,, Al Ti (PO4), +xLi,PO,>Li Al Ti (PO4),
20 ISSN 2708-129X. Vkp. Xim. XypH., 2021
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Puc. 3. Iudpakrorpamm cTeXioMeTpUYHOI CyMilli BMXiZHMX peareHTiB, sIKa BifIlIOBifa€ CKIagy
. . . o . .
Li ,Al ,Ti (PO,), micna tepmoobpobnenns sa temneparypu 850 °C ympomosx pisHOTO 4acy. YMoBHI

nosHadenns: A - TiO; M - AIPO; N - Ti O(PO,),)

Hocnioncenns cmexiomempuunoi  cymiudi
BUXIOHUX pedacenmis, sxa 6i0nosidae ckna-
oy Li ,La,  TiO, 3rinno pesynbraris TI' Ta
HTT ananisiB mmxTy, AKa BifOBifae cKaamy
Li,La . TiO, (puc. 4), Bin moyarky Tepmo-
06pobnenns fo 50°C crnocrepiraemMo 36imb-
IIeHHs Macu 3paska Ha 0,35 %, 110 1MoB’s13aHO
3 ajicop6uiero La O, mapis H O Ta jioro nepe-
TBopeHHsAM Ha La(OH),. B inTepsani Big 50 mo
80 °C cmocTepiraeMo 3MeHIIEHHA Macl 3pas3-
Ka Ha ~ 0,2 % BiTHOCHO ITIOYaTKOBOI MacCH i JI0
290°C maca 3paska JIiHIIHO 3MEHLIYEThCA I1ie
Ha 0,3%. B inTepBani Temneparyp 290-365 °C
CIIOCTEpIraeMo CTpiMKe 3MEHIIEHHSA Macu
3pa3ka Ha 4,5% BIJHOCHO II0YaTKOBOI Macu
mmxty. Hapani Ha xpusiit TT' HasBHi Bi 06-
JIACTi TIOCTYIIOBOTO 3MEHIIEHHA Macy 3pasKa,

https://ucj.org.ua

a came: Ha 2,9% Ta Ha 2% B iHTE€pBaIax TeMIle-
patyp 365-570 ta 570-850°C Bignosigno. Ha
MOMEHT 3aBepIIeHHs TepMOOOPOOIeHHS Maca
3paska cta”noBmiIa 90,1% Bif mo4aTKOBOI Macu
HIVXTIH.

Ha xpusiit [ITA HaABHI Tpu eHJJ0- Ta YOTU-
pu ex3o0edeKkTy. 3icTaBUBLIN Ofep>KaHi /jaHi 3
pesynbratamu TT, 6yno 3po6eno npunyieH-
HA IOJO NPUPOAYU KOXKHOTO 3 edekTis. Ilep-
muii eHpoedeKT CrocTepiraeMo B iHTepBai
Bifi mouaTtky TepmoobpobnenHs i jo 160 °C,
IO y MoefiHaHHi 3 fanuMu TT cBigunTh mpo
necopbuito  H,O, copboBaHoi mnoBepxHero
KOMITOHeHTiB mmxTn. Ex3oedexT B iHTepBa-
ni tremnepatyp 160-330°C xapakTepHUil A1
TBepfodasHUX peakliil 3 BUJIEHHAM ras3o-
HOiOHMX PeYOBUH, TOAI K eHHoedeKT, KNIt
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criocrepiraeMo B iHTepBaii Temmeparyp 330-
360 °C - s mpoteciB gecop6iii Ta poskia-
JaHHS, 1110, IMOBiPHO, ITOB’I3aHO 3 YaCTKOBOIO
peripparaniero La(OH), jo LaOOH. Exkso-
edekr B iHTepBami Temmeparyp 410-545 °C,
TaK caMo fK i IBa HACTYIHi ek30edeKTu B iH-
TepBajax Temueparyp 585-645 Ta 645-665,
XapaKTepHUIl [y TBepaodasHuX peakiiil 3
BUJIi/IEHHsIM Tas3onofiioHnx peyoBuH. EHO-
edeKT, AKMIT COCTepiraeMo B iHTepBasli TeM-
neparyp 545-585 °C, Mae aHajioriyHmit xa-
pakTep 3 eHgoedeKTOM, SAKUIT CIIOCTepiraeMo
3a temmeparypu 330-360 °C i nos’s3aHnit 3
YaCTKOBOIO fiekapbownisaniero La,O,CO..

I~
01 =y 150
L 3] N .
= 6] 74\&\/\
0 “\\\\ 50 3
>
g 0,10‘ / \ _1005u
* 0,051 150
= 0,00 AT o1
A
0,05 1A 2200

0 150 300 450 600 750 900
Temmneparypa, °C
Puc. 4. Kpusi tepmorpasimerpuynoro, mude-
peHIliaNbHO-TepMiYHOTrO Ta JudepeHIiianbHO-Tep-
MOTPaBIMETPUYHOTO AHAI3iB CTeXiOMeTPUYHOI
CyMillli BUXiJJHUX peareHTiB, AKa BiIlIOBi/la€ CKIaxy
Liol3 4Lato'5 GTiO3’ 3HATI 3a INBUAKOCTI HarpiBy 5 °/XB.

Ha puc. 5 npencrasneno pesynbratu POA
muxtn LLTO micna tepmoobpobneHHs 3a
pisaux temmeparyp. IlpoananisyBaBmm pe-
3y/IbTaTV TEPMIYHOIO aHaJIi3y Ta 3iCTaBUBILN
ix i3 pesynprarammu P®A, 6yn0 BcTaHOBIEHO
XiMi4HI IlepeTBOpeHH:, fKi BifOyBawTbCA Y
mwyxTti LLTO BIpopoBx TepMOOOpOO/IeHH.

22

BapTo 3asHaymTH, 10O 3TifIHO peHTreHorpa-
MU LIVXTH IHCIST TEMPOOOPOOIEHHs 3a TeM-
neparypu 100 °C, maibke Bech La O, uepes
CBOEIO BUCOKY TiIrPOCKOINIYHICTD MEpPEeiiIoB y
La(OH),, BHac/ifjoK 90ro Ha peHTreHorpamax
CIIOCTepiraeMo Jiy>ke Majy iHTeHCUBHICTb IIi-
KiB, sIKi BiJIOBigal0Th OKcuay nanrany La O,.

KpiMm 11pOro, Ha peHTreHorpamax IpojyK-
Ty, OHEP)KaHOTO Mic/IA TepMOOOPOOIEeHHS
3a 800 °C, HaABHI HiKM, AKi XapaKTepHi [
La(OH),. lle mop’s3ano 3 TUM, IO, HO-IIep-
e, mic/iAg TepMOOOPOOIEHHS NPORYKT OXO-
NIOPKyBamu B arMocdepi MoBiTps, a mo-apyre,
3itoMKky PDA Takoxx mpoBopmim B arMocde-
pi moBiTpst. BHacnimok uporo yactuna La O,
AKa Ilje He BCTYNWIA y B3aEMOJII0 3 iHIMMMU
KOMIIOHEHTaMM LIMXTH, 3HOBY Ilepeiilia y
dopmy La(OH), uepes cBow BUCOKY Tirpocko-
niYHicTh. BpaxoByroun BuilesasHadeHe, y piB-
HAHHAX peaklill, AKi IPOTIKalTh 3a TeMIIe-
patyp Buie 800 °C, Hafja/Mi BUKOPUCTOBYIOTh
La O,.

B inTepBani temneparyp 100-200 °C Bin-
OyBaerbcsa B3aemopia LiOH i3 Byrmexmcmnm
ra3soM IOBITPS, BHACTILOK AKOI YTBOPIOETHCA
Li,CO, Ta BUAiNA€TbCA BOAA Y BUIVIAL Tasy.
B rtemmeparypHomy inTepBanmi 200-300 °C
La(OH), yacTkoBO B3a€EMOJII€ 3 BYITIEKUCIUM
rasoM moBitps 3 yrBoperusm La O,CO, Ta
BOJIM, SIKa BUBOJVTBCA 3 PeaKIlifiHOI cyMiIi y
BUIJIAZL apy, a 3a Temneparypu 300-400 °C
BinbyBaeTbhca yacTKoBa erinpararis La(OH),,
SKMIT He BCTYIIUB Y peaKllilo Ha IIoNepeHbOMY
eTaIi, BHAaCIiJoK Joro yrBoproerbca LaOOH
Ta BOAA y BUIVIAAL apu. B TemneparypHoMy
intepsani 400-800 °C mpoTiKaoTh Tpu XiMid-
Hi peakuii, a came: 1) BifOyBaeTbcs 4acTKOBa
nexapOoHisarris La O,CO,, BHacmimok 4oro
yrBopioeTbcs La O, ,(CO,), . Ta Byrmekucmii
ras; 2) LaOOH B3aemopie 3 TiO, 3 yrBopenHAM
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La Ti,O, Ta Bomu; 3) BHAC/IOK B3aeMopii
Li,CO, 3 TiO, yreoproerncs Li Ti.O , Ta Bu-
JiAETbCA BYITIEKMCINIA Ta3. B iHTepBati Tem-
neparyp 800-900 °C La, Ti,O, poskmagaerbcs
ma La Ti O, ra TiO,. B inrepsani Temmepa-
Typ 900-1000 °C La(OH), B3aemopie 3 TiO,
3 yreopennsam La Ti O, ta Bogu. B Temnepa-
TypHOMY iHTepBaii 1000-1400 °C BigOysa-
erbca B3aemonia Li, Ti,O, ) i3 La Ti O, BHacri-
nok sxoi yrBoprororbes LijLa Ti,0,  Ta TiO,.

Ha saBepuranpHOMYy eTarlli CHHTe3y, a caMe B
TeMneparypHoMy inTtepsam 1100-1400 °C,

Li,La Ti, O  posknamaerpcsana Li , La  TiO,,

LiLaO, Ta Li,O. Boguouac LiLaO,, mo yTBO-
PUBCA BHACIIIOK IONEpeNHbOI peakiii, pe-
arye 3 TiO, 3 yropennam Li , La TiO, Ta
Li,O. BigmosigHi ximMiuHi peakuii Ta iHTepBa-
NI TEMIIEPATyp, B SAKUX BOHU BiIOyBaloThbCH,
HaBefleHO Y Tab/muiii 2.
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T Tt T
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A TT T 1300 °C

T TT Ig
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AL II AT 1100 °C

1000 °C
900 °C
800 °C
700 °C
600 °C
500 °C
400 °C
300 °C
200 °C
100 °C

BAB

B AB

70 80 20 (°)

Puc. 5. [Judpakrorpamm cTexioMeTpUYHOI CyMillli BUXiJHUX peareHTiB, sKa BifIOBigae ckmamy

Li0.34La

0.56

TiO; C - La,0;; D - LaOOH; E - La,0,COF - La O, (CO,)

O-La,Ti,0;T-Li,La TiO; M- LiLaTiO,)
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TiO, micna Tepmoo6pobnenns 3a pisHux Temnepatyp (ymoBHi mosHauenHs: A - La(OH); B -

G - LaTiO; P - LiCO; H - LiTi,O;

0.85°
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Amnanis pesynprariB POA muxtn LLTO
I0Ka3aB, IO /1A Ofep)KaHHA OfHO(asHO-
ro Marepiany HeoOXi[HO IPOBOAVUTU TepMO-
00po6NeHHsA CyMillli BUXiTHMX peareHTiB 3a
temneparypu Buie 1300-1400 °C, ockinbknu
3a Temnepatypu 1200 °C criocTepiraemo Benu-
KY KIJIbBKiCTb KOMIIOHEHTIB, fAKi IIje He BCTYIIa-
10Tb y B3aeMopioo. OgHak TepMOoOOpOOIeHHs
3a temneparypu 1400 °C npusseze 0 Benu-
KUX BTPAT JIiTiI0 BHACTIIOK J10rO cy6niMaui‘1'.
3 MeTOI0 BCTAHOBJ/IEHHA OINTUMA/IbHUX YMOB
JUIA OTPYMaHHA OFHO(PA3HOTO IPORYKTY OY/I0
IIPOBEJieHO TepMOOOPOOIeHHS CyMilli BUXifI-
HUX peareHTiB 3a Temneparypu 1300 °C ynpo-
moBX 1, 2, 4, 8 Ta 12 roguH. Pesynprat POA
IPOAYKTIB, Ofep>KaHUX Iic/IsA TepMoOoObpob-

JIEHHA, IPeJCTaBIeHo Ha puc. 6. Bapro 3a-
3HAYUTH, 110 HA PEHTreHOIrpaMax Marepiasis,
Ofiep)KaHUX MiC/IsT TepMOOOPOO/IEHHS MNXTH
BIIPOOBX 1 Ta 2 roAuH, BCe e HasABHI MiKKu
npoMbKHMX (a3, TOfIi SIK Ha peHTreHorpamMmax
MarepiasiB, Ofiep>)KaHUX MiC/IA TepMOOoOpPO6-
JIEHHA WMUXTU nporAroMm 4, 8 ta 12 ropms,
CIIOCTEpIra€EMO BUK/IIOYHO ITiKM, 11O BifIIOBI-
JAIOThb KPUCTAIIYHIA CTPYKTYpi IE€POBCHKi-
1y Li , La  TiO,. Omxe, 3 oflep>KaHuX JaHUX
MOYKHa 3pOOUTY BYCHOBOK, IIIO /IS OfiepKaH-
Ha opHodasuoro Li , La  TiO, 3i crpykry-
pOI0 IIEpOBCHKITY MeETOAOM TBepHodasHUX
peaxIiii ONTMMAIbHOI € TepMOOOPOOIeHH

BIIPOJIOBX 4 rofyH 3a Temrneparypu 1300 °C.

Tabmms 2.

XimivHi peakuii, mo Big0yBaroThcA y CyMillli BUXiJHNX peareHTiB, AKa BignoBifae ckia-

ny Li . La _ TiO, 3a meBHux Temmeparyp

Temmeparypa,’C Ximivni peakuii
100-200 2 LiOH + CO,» Li,CO,+HO T
200-300 2La(OH), + CO,»La0,CO,+3HOT
300-400 La(OH), > LaOOH + H,O 1
1) La,0,CO, » La,0,,(CO,),,, +0.075 CO, T
400-800 2) 2 LaOOH + 3 TiO, > La, Ti,0, + HO T
3) 2Li,CO, + 5 TiO, » Li,Ti,O +2 CO, T
800-900 La,Ti,0, > La,Ti,O, + TiO,
900-1000 La O, +2 TiO, > La,Ti,O,
1000-1400 Li,Ti,O+2 La,Ti O, > 2 Li,La Ti,O  + 3 TiO,
1100-1400 LiLa,Ti O, >3 Li,La TiO, +0.32 LiLaO, + 0.36 Li,O T

0.56 LiLaO, + TiO, > Li , La  TiO, + 0.22Li,0 T
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Puc. 6. ludpakrorpamy cTexioMeTpuyYHOI CyMilli BMXiZHMX peareHTiB, sKa BifIlIOBifae CKIamy

L10.34La0.56
sHauenHs: M - Li,La Ti,O, )

Hocniomenns cmexiomempuunoi  cymiudi
BUXIOHUX pedzeHmis, sika 8i0n0sidae cknady
Li_ La Zr, Nb, O, 3rigxo pesynbraris TT Ta
HTT ananisiB mmxTy, AKa BiflIOBifae cKaamy
Li, .La,Zr Nb O, (puc.7). 3aranbumii xa-
pakTep 3MiHM Macu 3paska LLZO mopmi6Hwmii
no LLTO, mo Moxe 6yTy IOB’sI3aHO 3 HasB-
HICTIO La203 SIK OTHOT'O 3 KOMITOHEHTiB IIUXTU
uX MarepianiB. Tak camo, fK i y BUIIafIKy 3
LLTO, Big mo4aTky TepMo0oOpOO/IeHHA 1O TeM-
nepatypu B 50 °C crioctepiraemo 30inbleHHs
Macy 3paska Ha 0,12 %, 1110 TTOB’sI3aHO 3 Iepe-
xonom La, O, y La(OH),. B inTepsani Bifg 50 mo
85 °C cnocTepiraeMo 3MeHIIEHHs Macu 3pas-

https://ucj.org.ua

TiO, micnsa Tepmoo6bpobrnenns 3a Temnepatypu 1300°C ynpomosx pisHoro yacy (yMoBHi 11o-

Ka Ha ~ 1,6 % BiTHOCHO ITOYaTKOBOI MacCH i 71O
280 °C maca 3pasKa /IiHiIHO 3MEHIYETbCA 11[e
Ha 0,4%. B inTepBani remneparyp 290-365 °C
CIIOCTEpiraeMo CTpIMKE 3MEHIIEHHS Macu
3pa3ka Ha 4,7% BiTHOCHO IIOYAaTKOBOI MacM.
Hapani Ha xpusiit TT nasgBHa o6macTb mocry-
IIOBOTO 3MEHILIEHHA Macy 3pas3Ka B iHTepBaii
temneparyp 365-430 na 0,5%. B inTepsani
temieparyp 430-850 maca 3paska 3MeHIIy-
€TbCA MayDKe JIIHIMHO 1 Ha 3aBepLIEHHA Tep-
MO0OpoOIeHHA cTaHOBUTD 83,87% Bij| movart-
KOBOI Macll IINXTH.

Ha xpusiit ITA HagBHI 4oTupu eHpo- Ta
qotupu ex3oedextu. Enmoedextn crnocrepi-
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raEMo B iHTepBaax reMneparyp 40-110, 320-
360, 415-445, 490-510 °C, a ex3zoedeKkTn —
235-320, 380-415, 450-490 ta 520-720 °C.
3icTaBuBIIM Ofep>KaHi JaHi 3 pe3ynbTaTaMyu
TT, Mmo)xHa BpoOUTHU BUCHOBOK, 1o I eHpo-
ebexr nop’asanmit 3 gecopbuiero H,O, cop-
0oBaHOI IOBepXHE KOMIIOHEHTIB IIVXTH;
IT - 3 yacTkoBoOMW gerigparanieio La(OH), mo
LaOOH; III Ta IV - 3 poskmagaHHAM KOM-
IIOHEHTIB peaKIiyiHol cyminni Ta mecopOri€ero
razonofibunx pevosuH. IIpuponma ycix exso-
edexTiB, fAki cnocrepiraemo Ha kpusint [ITA,
imeHTMYHA. BOHM cBig4arh NpO MPOTiKaHHA
TBepHo(da3HNX peakiiil 3 BUAIIEHHAM raso-
HOZIiOHNX PEYOBMH.
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4 T /
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' S
16 1 v \ {2005
A “11502
s \/ 1100 &
< 0,10 7 1s0
L7 0,05 TITA
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Temnepatypa, °C

Puc. 7. Kpusi tepmorpasimeTpudnoro, aude-
peHIlia/IbHO-TepPMiYHOTO Ta i epeHIIiaTbHO-Tep-
MOTI'PaBIMETPMYHOIO aHAMI3IB CTEXiOMETPUYHOI
CyMillli BUXiIHMX PeareHTiB, AKa BifIIOBi/lae cKa-
ny Li6_5La3ZrL5NbO‘SO 3HATI 3a IIBUAKOCTI Harpi-
By 5 °/XB

12°

Ha puc. 8 npencrabneno pesynbratu POA
mmxtn LLZO micnsa tepmoobpobieHHs 3a
pisHux temmneparyp. IIpoananisyBaBmmu pe-
3y/IbTaTU TEPMIYHOTO aHaJIi3y Ta 31CTaBUBILN
ix i3 pesynpraramu PDA, 6yn0 BCTaHOBIEHO

26

XiMiYHi IlepeTBOpeHH, fAKi BinOyBaloTbcs y
mmxTi LLTO BrpopgoBx TepmMoo6pobieHHs .
B inTepsani Temneparyp 100-200 °C BinOy-
BaeTbca B3aemopia LiOH i3 Byrmexkmcnum
ra3soM IIOBiTps, BHACHIZOK YOIO YTBOPIOETh-
ca Li)CO, Ta Boma. B inTepBasni remmeparyp
200-400 °C BimbyBaroTbcsa ABi XiMivHi pe-
akuii: 1) wyactkoBa kap6onisanis La(OH),,
wo npusBoauth Ao yreopenus LaCO,OH
Ta BofM; 2) B3aemopisa La(OH), Ta wactu-
uu Li CO,, BHacHioK 40ro yTBOPHETHCA
LiLaO, Ta BURINAIOTBCA BOfla Ta BYIJIEKMC-
muit ra3. Kpim Toro, B iHTepBani Temnepa-
Typ 300-400 °C, Li,CO,, saknit He BCTYNUB
y B3aemornito 3 La(OH), na nonepennbomy
erarmi, posknafaerbcsa Ha Li,O Byrnekucmi
ras. B imTepBani temmeparyp 400-600 °C
BiOyBalOTbCcA IIATh XIMIYHUX MpoOILeciB:
1) LaCO,0OH B3aemopie 3 Li O, BHacmiok
Joro yTtBopwoerbcsa LiLaO,, a Takox Bupi-
NAE€TbCA BOJla Y BUIVIAJ MapU Ta BYTJIEKMC-
nuii ras; 2) BHacnigok B3aemopii ZrO, 3 Li)O
yrBopioerbcst Li,ZrO,; 3) LiLaO, Bcrymae
y B3aEMOJII0 3 LiZZrO3, 110 NPU3BOAUTH [0
yrBopenHs Li La Zr O .. Y remneparypHomy
intepBani 600-800 °C Takox crocTepiraeMo
3 peakuii: 1) Bsaemonis La(OH), Ta Li,0, ski
Ile He BCTYIM/IN Y peaKlio, IpU3BOAUTD 0
yrBopenns LiLaO, ta Bogu, 2) Nb,O, B3aemo-
nie 3 Li,O 3 yrBopennsam LiNbO,; 3) Braci-
nok B3aemopii LiNbO, 3 LiLaO, yTBoproerbcs
Li,La,Nb,O .. ¥ TemneparypHoMy inTepBasni
800-900 °C cmocrepiraemo nuine OfgHy Xi-
MIiYHY peaKlIlilo, a came peaKljilo CIIOTy4YeHHs
mix Li LaZr O Ta LiSLa3Nb2012, BHAC/IITOK
Akoi yrBoproerbcs Li La Zr Nb O, . Bin-
MOBIJHI XIMiYHI peaklii Ta iHTepBaIu TeMIIE-
partyp, B IKUX BOHU BiOyBalOThCsI, HaBeIeHO
y Tabnuui 3.
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] . 1000 °C
LML 900 °C
LA 800 °C

AR s 700 °C

BF BR/VBF By Bp BB B 600 OC

BF , BRVp ¢ B Bp BB B 500 °C

AB BBBBAG B BB BB B 400 °C

B/ L aBBBA ABB B BB B
e 300 °C

B[/ ABBBBA ABp  Bp BB
200 °C

B
MR ARe R PA_ B 100 °C
| Ll I

50 60 70 80 2009

Puc. 8. Judpakrorpamm cTexioOMeTpUYHOI CyMillli BUXiJHUX peareHTiB, sKa BifIOBigae ckmamy
Li, La,Zr Nb O, micna repMoo6pobrnenHs 3a pisHux temmeparyp (yMoBHi mosHaueHHs: A — ZrO,;
B - La(OH),;; C - LiOH; D - LiOH - H)O; E - Nb,O_; F - LiLaO H - Li  .La,Zr Nb .O ;M - Li,O; L -
Li,CO; N -La, O, X -LaCO,0H; G - Li,ZrO; K - LiNbO V -LilLa, Nb O R L1 JLaZr O s U He
imentndikoBana ¢asa)

Tabnuns 3.

XimivHi peakuii, AKi BigOyBaroTbcs y cyMinri BUXiTHIX peareHTiB, 0 BiOBigae CKIaxy
Li, La Zr Nb O,  3a neBHUX TeMIIepaTYp

Temnepatypa, °C Ximivni peakuii
100-200 2 LiOH + CO, > Li,CO, + H,O 1
500-400 1) La(OH), + CO, > LaCO,OH+ H,O T
2) La(OH), + Li,CO, » LiLaO,+3H,O T+ CO, 1
300-400 Li,CO,~»>Li,0+CO,T

1) 2LaCO,0H + Li,O > 2 LiLaO, + HO T+ 2 CO, 1
400-600 2) ZrO, + Li,0 > Li,ZrO,
3) 3 LiLaO, + 2 Li,ZrO,~> Li La,Zr,O ,

https://ucj.org.ua 27




®I3UYHA XIMIA

0COB/MBOCTI ®A30BUX MEPETBOPEHD MPYU CUHTE3I CKJTAQHUX MITIA-NPOBIAHUX OKCUAHUX MATEPIAJI

[TpopmosskeHHs Tabmni 3.

Temnepatypa, °C

XimiyHi peakuii

1) 2 La(OH), +Li,O0 > 2 LiLaO,+ 3 H,0

600-800 2) NbZO5 +Li,0->2 LiNbO3
3) 2 LiNbO, + 3 LiLaO, » Li,.La,Nb,O ,
800-900 LiLaZr O, + LisLa3Nb2O12 >2 LiG‘SLa3Zr1’5NbO'E_,O12
L Mlz roja
‘ U
‘] 8 rox
‘ U
Uy | l 4 rox
v
(e
2 roa
U
|
1 rox
I ! I T I I I T
10 20 30 40 50 20(°)

Puc. 9. ludppakrorpamm crexioMeTpuyHOi CyMilli BUXiZHMX peareHTiB, sKa BifiOBiZa€e CKIany
. . o . .
Li .LaZr Nb O  micna repmoo6pobnennsa sa Temneparypu 850°C BIpofioBx pisHOro yacy (yMOBHi

nosHavyeHHs: U — HeifjenTudikoBaHa dasa)

Amnanis pesynpratiB POA mmxtu LLZO
II0Ka3aB, IO I Ofep)KaHHA OZHOQa3HO-
ro Marepiazy HeoOXiTHO NPOBOAUTYU TEPMO-
00po0yieHHA CcyMilll BMXiIHUX peareHTiB B
intepsani temneparyp 800-900 °C, ockinbkn
3a Temneparypu 700 °C cnocTepiraemMo Benu-
KY KIUJIbKICTh KOMIIOHEHTIB, AKI 1lle He BCTY-
NawTh y B3aemofin, 3okpema La(OH),. Toni

28

AK Ha peHTreHorpaMi IPOAYKTY, Ofep KaHo-
ro Imicnsg TepMoOoOpoO/IeHHs 3a TeMIepary-
pu 900 °C, HasBHI miku ¢as, AKi He BAanOCA
inenTudixysary, ane 6yno 3pobneHO mpuITy-
IIeHH4, 1[0 iXHIO MOABY BUK/IMKAHO HECTAYel0
TITiIO Yepes 11oro cy6HiMauiIo. 3 MeTOI0 BCTa-
HOBJIEHHS ONTUMAa/IbHUX YMOB ISl OTPUMAH-
HA OJHO(A3HOIO IPOAYKTY Oy/IO IpPOBELIEHO
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TEPMOOOPOO/IEHHST MIMXTU 3a TeMIepaTypu
850 °C Bnpogosx 1, 2, 4, 8 ta 12 roguH. Pe-
synpTatu POA mpopyKTiB, Oflep>)KaHMX Iic/IA
TepMOOOPOO/IeHHs, IIPefCTaB/IeHo Ha puc. 9.
3 PUCYHKY BUJHO, L0 YTBOPEHHA OfHO(a3-
HOTO IIPOAYKTY BiffOyBaeTbcs MiCIsA TepMo-
00pOoOIeHHsT BIPONOBXK 12 TOAMH 32 TeM-
neparypu 850 °C, Tofi K y BUIIaJKy MEHII
TPUBAIOTO TePMOOOPOOIEHHSI Ha PEHTTEeHO-
rpaMax HasBHi MiKM iHIIMX MPOMDKHUX das.
OTxe, 3 Ofiep>)KaHUX JaHMX MOXKHA 3poouUTH
BUICHOBOK, IIJ0 /I Ofiep>KaHHA OfHO(pA3HOTO
Li, .La,Zr Nb O si cTpykrypowo TrpaHaTy
METOAOM TBepHOopa3HUX peaKilili ONTNMaIb-
HUM € TePMOOOPOO/IeHHs BIPOZIOBXK 12 rofgnH
3a temneparypu 850 °C.

BVMCHOBKI. Y pobori Bmepme 6yno
IIPOBEJIEHO JleTa/lbHi JOCTipKeHHsA (a3oBux
IIEpETBOPEHD, AKI MPOTIKAIOTh IIiJj 4ac CUH-
Te3y pI3HMX MITIN-TIPOBIIHUX MaTepiamiB Me-
TOOM TBepho(dasHUX peakxiiil B arMocdepi
nositps, a came Li Al Ti (PO,), si cTpyk-
Typoro NASICON, Li ,La TiO, si crpyk-
Typoro meposcbkiTy Ta Li LaZr Nb O,
31 cTpykTypor rpaHary. byno BcraHOBIE-
HO ONTMMAa/bHI yYMOBU CHMHTE3y KOXKHOI 3
BUIIE3a3HAYEHNX CIONMyK. A ofepsKaHHA
opnodasnoro  Li Al Ti (PO,), Heobxin-
HO IIPOBOJVUTU TepMOOOPOOIEHHS IIMXTU
BIIpofioBX 1 rop 3a Temnepatypu 850 °C, nia
Li ,La TiO,-Bupomosx 4 rogus 3a 1300 °C,
a mna Li LaZr Nb O, - Bupomosx 12 rog
3a temneparypu 850 °C.

S—:j/, Po6oty BuKoHaHO 3a ¢iHaHCOBOT min-

=) rpumku HAH Ykpainu B Mexax repi-
oromxerHoi Temm «DyHKIiOHaNBHI
Marepialm HOBOTO NOKOMiHH:A». [lep-
>KaBHUIL pe€eCTpaniitHIit HoMep po6o-
™ - 0120U100301.
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FEATURES OF PHASE TRANSFORMATIONS IN

THE SYNTHESIS OF COMPLEX LITHIUM-CON-
DUCTING OXIDE MATERIALS

L.V. Lisovskyi'*, M. A. Barykin?,
S.0. Solopan’, A.G. Belous'

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

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

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

Lithium-ion batteries (LIB's) are widely
used in consumer electronics, mobile phones,
personal computers, as well as in hybrid and
electric vehicles. Liquid electrolytes, which
mainly consist of aprotic organic solvents
and lithium-conductive salts, are used for the
transfer of lithium ions in LIB's. However, the
application of liquid electrolytes in LIB"s leads
to a number of problems, the most significant
of which are the risk of battery ignition during
operation due to the presence of flammable or-
ganic solvents and loss of capacity due to the
interaction of liquid electrolyte with electrode
materials during cycling. An alternative that
can ensure the safety and reliability of lithium
batteries is the development of completely so-
lid state batteries (SSB's). SSB's are not only
inherently safer due to the absence of flam-
mable organic components, but also have the
potential to increase significantly the energy
density. Instead of a porous separator based on
polypropylene saturated with a liquid electro-
lyte, the SSB's use a solid electrolyte that acts
as an electrical insulator and an ionic conduc-

29




®I3UYHA XIMIA

0COB/MBOCTI ®A30BUX MEPETBOPEHD MPYU CUHTE3I CKJTAQHUX MITIA-NPOBIAHUX OKCUAHUX MATEPIAJI

tor at the same time. The use of a compact solid
electrolyte, which acts as a physical barrier that
prevents the growth of lithium dendrites, also
allows using lithium metal as the anode mate-
rial.

It is desirable to use oxide systems as the so-
lid electrolytes for SSB's, as they are resistant
to moisture and atmospheric air. Among the
lithium-conducting oxide materials, which ex-
hibit relatively high lithium conductivity at a
room temperature and can be used as a solid
electrolyte in the completely solid-state bat-
teries, lithium-air batteries and other electro-
chemical devices, the most promising mate-
rials are ones with NASICON, perovskite and
garnet-type structures.

The phase transformations that occur dur-
ing the synthesis of complex lithium-conduc-
tive oxides, namely Li Al Ti (PO,), with
the NASICON-type structure, Li , La . TiO,
with the perovskite-type structure and
Li,.La,Zr Nb O, with the garnet-type struc-
ture by the solid-state reactions method in an
air were investigated. The optimal conditions
for the synthesis of each of the above-men-
tioned compounds were determined.

Keywords: NASICON, garnet, perovskite,
phase transformations.
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Isomeric ditopic corroles and complexes of Yb (III), Nd (III) and Er (III) based on them were
synthesized and corrole-photosensitized 4f-luminescence in near infrared region was revealed.
The structure of isomeric complexes allows adjusting the distance between the corrole core and
lanthanide ion. The obtained results show that the sensitization mechanism changes drastically
for both different lanthanides and isomeric forms.

Keywords: lanthanides; corroles; isomers; 4f-luminescence; sensitization.

INTRODUCTION. In recent years, corroles
and porphyrins, as separate classes of macro-
cyclic tetrapyrrole compounds, and their metal
complexes are widely studied due to the cha-
racteristic and very intense light absorption
and emission; they are also interesting as ef-
fective catalysts, as a basis for various sensors,
solar panels, etc [1]. On the other hand, lantha-
nide compounds are in high demand prima-
rily due to their emission features. 4f-Lumines-
cence (as a result of f-fradiative transitions) is a
particular kind of emission due to its strongly
specific wavelengths for each lanthanide ion, to
its lifetime (as a rule 4f-luminescence is a slow
kind of emission and can be admitted as phos-
phorescence) and to a variety of regions of its
appearance (UV, VIS, IR).

One of the main features of lanthanide
spectroscopy is the impossibility of direct ex-
citation of the lanthanide ion, because the f-f
absorption of any lanthanide ion is very weak
according to the Laport rule [2]. This limita-
tion can be easily overcome by using organic
chromophores, which have efficient light ab-
sorption and the ability to transfer energy to
lanthanide ions.

Macrocyclic tetrapyrroles were the first
among macrocyclic compounds to reveal
4f-luminescence sensitization in the ear-
ly 1970s [3-4]. Lanthanide complexes with
macrocyclic tetrapyrroles are promising as
agents for luminescent diagnostics (LD) [5],
photodynamic therapy (PDT) [6] and magne-
tic resonance imaging (MRI) [7] due to their
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specific luminescent and magnetic properties.
Note that 4f-luminescence in these complexes
is possible in near-infrared (NIR) region only.
Lower triplet state (T,), which is responsible
for the sensitization mechanism, can serve as
an energy donor for lanthanide ions Yb’*, Nd’**
and Er**, which have low-lying resonant ener-
gy levels. Sensitized 4f-luminescence is a quite
important phenomenon, which is already used
in medicine (drugs, markers, assay) [8], tech-
nology (fiber-optics, OLED), etc. NIR 4f-lu-
minescence is highly demanded for several
important reasons: the light of NIR region
can penetrate biological tissues much more
effectively in comparison to UV/VIS ranges
(UV = ultraviolet, VIS = visual) due to very
poor overlapping with absorption of bioob-
jects; NIR light is absolutely safe for human in
comparison to UV/VIS ranges whose action
can generate dangerous radical species; NIR
photons undergo much less scattering in com-
parison to UV/VIS light [9].

Since the core-coordinated complexes of lan-
thanides with porphyrins, corroles and phthalo-
cyanines are somewhat less stable in compari-
son with cyclic and acyclic lanthanide amino-
polycarboxylates, it was proposed to obtain
tetrapyrrole-based ditopic compounds, which
allow the lanthanide ion to be substantially co-
ordinated by aminopolycarboxylate site [10,11].
This approach gave two very important achieve-
ments — outstanding stability of lanthanide-por-
phyrins and lanthanide-corroles and similarity
in the effectiveness of both core-coordinated
and side-coordinated lanthanide complexes,
despite noted difference in distance between
chromophore and lanthanide ion.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. The spectra of molecular
fluorescence, 4f-luminescence and excitation
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spectra were recorded on a spectrofluorime-
ter Fluorolog FL 3-22 (Horiba Jobin Yvon)
using a 450 W Xe-lamp. The spectra of 4f-lu-
minescence of Er(III) complexes were regis-
tered in the 1500-1600 nm range (transition
‘T,,,~'L, ). The spectra of molecular fluores-
cence of porphyrins, corroles and phthalocy-
anines were registered at 550-800 nm (S-S,
transitions). The integral intensity of lumines-
cence was measured using the software of the
device. The relative quantum yield of molecu-
lar fluorescence (¢,, ) was determined using a
solution of Zn-tpp (H tpp = 5,10, 15, 20-tet-
raphenylporphyrin) in ethanol as a primary
standard (0.022). The determination of ¢
(accuracy +10%) was made using the formula:

q)ML: (Poleonxz/ (IoAxnoz)’

where ¢ and ¢ _-luminescence quantum yield
of the standard and of the sample respectively,
A, and A_- absorption at the wavelength of
Soret band of the standard and of the sample
respectively,
[ and I - integral luminescence intensity of
the standard and of the sample respectively,
n, and n_- refractive index of the standard sol-
vent and of the sample solvent respectively.
Fluorescence lifetime (t) was measured un-
der excitation at the Soret band.

The synthesis of starting corroles 1, 2, 4 and
complexes 6, 8 and 10 was performed previ-
ously [10, 12]. The purity of the obtained
compounds was checked by TLC Sorbfil plates
(grain 5-17 um, UV-254, thickness 0.1 mm) by
Imid Ltd. '"H NMR and “F NMR spectra were
recorded using Bruker Avance 600 or 400 MHz
in CD,OD. Mass spectra (MS) were registered
on the spectrometer Waters ESI TOF Premier
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and the Varian MAT CH-112 spectrometer.
The elemental analysis was performed on the
CHNS analyzer Flash 2000 Thermo Scientific.

{Carboxymethyl-[2-(carboxyme-
thyl-{[3-(5,10-diphenyl-corrol-5-yl)-phenylcar-
bamoyl]-methyl}-amino)-ethyl]-aminoj}-acetic
acid (m-H edta-corrole 3).

A solution of 1 (150 mg, 0.14 mmol) in dry
DMF (5 ml) was added dropwise to a stirred
solution (80°C) of H edta dianhydride (52 mg,
0.2 mmol) in dry DMF (5 ml), containing a cata-
lytic amount of triethylamine (1 drop), during
10 minutes. After adding, the reaction was con-
tinued at the same conditions for 1 hour until the
starting corrole was determined by TLC in the
reaction mixture. Crude product was precipi-
tated with water, filtered and dried to provide
the title compound as a purple powder in 90%
yield (185 mg). "H NMR (MeOD) § 9.03 (d, 2H,
J=4.16Hz), 8.83 (d, 2H, J=4.4Hz), 8.69 (d, 2H,
J=4.65Hz), 8.60 (d, 2H, J=4.16Hz), 8.58 (s, 1H),
7.93 (d, 1H, J=8.07Hz), 7.91 (d, 1H, J=7.46Hz),
7.64 (t, 1H, J=7.83Hz), 3.67 (s, 4H), 3.58 (s, 2H),
3.47 (s, 2H), 3.21 (s, 2H), 3.05 (s, 2H). F NMR
(MeOD) -140.67 (d, 2F, J=23.16Hz), -140.93 (d,
2F, J=18Hz), -155.67 (t, 2F, J=17.7Hz), -164.65
(t, 2F J=17.7Hz), -164.79 (t, 2E J=20.44Hz).
ESI-MS obsd 994 [M-H*]; A | - (nm(lge), metha-
nol) 410(5.08), 568(4.38), 615(4.26). Calc for
C,H,NOF,: C 56.69%, H 3.14%, N 9.85%.
Found: C 56.52%, H 3.03%, N 9.68%.

Inspired by our recent findings regarding
the structure features of corroles [12] and our
discovery of 4f-sensitizing activity of corroles
[10], in the present work we continue the syn-
thesis and study of lanthanide complexes with
these porphyrinoids, which contain strongly
bound Ln’" ion by aminopolycarboxylic site.
Thus, the main idea of the present investigation
is synthesis of stable lanthanide-porphyrinoids

https://ucj.org.ua

with acceptable photo-physical parameters
avoiding the challenging synthesis of per-deu-
terated and/or per-fluorinated compounds.

NIR 4f-luminescence in coordination com-
pounds always has poor effectiveness. Tradi-
tionally, this problem is caused by the external
quenching of NIR luminescence - the overlap
of NIR luminescence bands with vibrating
quanta of CH and OH bonds, which are al-
ways present in the structure of the complex
and the environment [13]. It is very difficult
to create a system that does not contain the al-
ready mentioned chemical bonds in both the
structure of the molecule and the solvent. On
the other hand it is important to note that the
complete removal of CH and OH bonds from
the coordination environment of the lantha-
nide ion does not notably solve this problem
[14]. The use of fully deuterated solvents does
not solve this problem, too. Moreover, solu-
tions of Er compounds in dmso and dmso-d6
do not reveal any difference in luminescence
effectiveness [15]. The simultaneous use of
both fully deuterated chromofores (cryptates)
and fully deuterated solvents provides medio-
cre quantum yields of 6.1—6.6% for Yb** and
0.66—1.7% for Nd** [16]. On the other hand,
fluorinated or/and deuterated ytterbium-por-
phyrins reveal very imposing 4f-luminescence
quantum yields of up to 23% even in non-deu-
terated solvents (there is no data for deutera-
ted ones) [17]. This finding does not solve the
above-mentioned problem regarding stabi-
lity issues. According to this study, ytterbium
porphyrins decompose under irradiation with
405 nm light and this fact is still a remaining
obstacle for in vivo use.

Since stability and luminescence effec-
tiveness are two major requirements for lan-
thanide-tetrapyrroles, the above-mentioned
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approach [10-11] is the only way of solving
stability issues for in vivo use.

The corrole analogue of 5,10,15,20-tetra-
phenylporphyrin (H,tpp, which is widely used
as synthetically accessible and most stable) -
5,10,15-triphenylcorrole (H,tpc) is a very pho-
tosensitive compound and since electron-with-
drawing aryl groups increase the photostability
of corroles [18], so we used a corrole with two
C,F, groups and one aryl group, which could be
further easily modified (Scheme 1).

5,15-Bis-(pentafluorophenyl)-10-(3-ami-
nophenyl)-corrole 1 and 5,15-bis-(pentafluo-
rophenyl)-10-(4-aminophenyl)-corrole 2 were
obtained according to the previous data [10,
12]. Acylation of 1 and 2 with dianhydride of
H edta, provides compounds 3 and 4 respec-
tively in about 90% yield. The last step of the
synthesis did not require column chromato-
graphy (Fig. 1). Ethylenediaminetetraacet-
ic acid was chosen as binding site, since it
forms very stable complexes with lanthanides,
Igp=15-19 [19].

The complexation reactions of 3 and 4 with
lanthanides were performed quantitatively.
Note that MALDI MS and ESI MS revealed
two peaks in the molecular ion region that cor-

respond to molecules with mono- and bis-ad-
ducts of H,O [10], hence corrole-edta forms
peripheral complexes with two coordinated
water molecules to provide the total coordi-
nation number (CN) of lanthanide ion CN=7.
It is important to know the quantity of water
molecules coordinated to the lanthanide ion
since direct coordination of water to Ln** leads
to the above energy dissipation due to overlap-
ping of the ‘F, - transition (5400 cm™)
of Nd** emission with O-H bond vibrational
quanta v=2 (6900 cm™), and such excitation
of vibrational state leads to effective quench-
ing of the ‘F, -state of Nd**ion. Overlapping
of O-H bond vibrational quanta v=3 with
the °F, —°F_ transition (10200 cm™) of Yb**
emission leads to the same energy dissipation.

Compounds 1 and 2 have absorption spec-
tra that are characteristic of regular corroles
like  5,10,15-tris-(pentafluorophenyl)corrole
(H,tpfc). The near-UV Soret band maxima for
both 1 and 2 are presented at 415 (5.08) nm
(lge in parentheses), two Q-bands are in the
visual range: 568 (4.38) and 615 (4.26) nm
(spectra were measured in methanol). Note,
that methanol solutions provide only free base
forms of corroles [20].

5-meta, Ln-Yb
6 - para, Ln - Yb

7 - meta, Ln - Nd
8 - para, Ln - Nd

9 - meta, Ln - Er
10 - para, Ln - Er

NH Ln
O r— AN O
~~X N—/ \—
OH gr N\ ©
OH& o
OH S 0
o o)

Scheme 1. Synthesis of isomeric ditopic corroles and the corresponding lanthanide complexes. i) DMF
anh., NEt, anh., Ar, H 4edta dianhydride, 70-80 °C, 90% yield; ii) methanol, RT, LnCl3aq.
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Ditopic compounds 3 and 4 have exactly
the same spectra: the Soret band maxima are
the same for both compounds and presented
at 410 nm. Two Q-bands are the same for both
compounds, too, and presented at 568 and
615 nm. All peripheral lanthanide complexes
based on 3 and 4 have the same absorption
spectra: Soret band is presented at 410 nm
and two Q-bands at 568 and 615 nm. These
similarities in light absorption features follow
from the unchangeable electronic structure of
chromophore. So, peripheral modification at
the meta-and para-positions of phenyl at the
10-th position by edta fragments does not af-
fect the corrole electronic structure.

All compounds 1-10 have similar mole-
cular fluorescence parameters: spectra, Kine-
tic data and effectiveness. All compounds in
DMF solutions provide deprotonated forms
only. The maxima of S-S-emission bands are
around 640-650 and 690-700 nm. The mole-
cular fluorescence quantum yields (¢,, ) of the
studied compounds are 6-10%. The fluores-
cence lifetimes (1) of both corroles and lantha-
nide-corroles in DMF and methanol solutions
are 3-5 ns.

4f-Luminescence was observed in DMF and
methanol solutions for all Nd, Yb and Er com-
plexes (Table 1, Fig. 1). The emission maxima
are correlated with the fundamental properties
of lanthanides. The 980 nm band of Yb com-
plexes 5 and 6 were analyzed as a °F, ,—>°F_
transition. Nd complexes 7 and 8 displayed
bands corresponding to ‘F, -l , (#890 nm)
and ‘F, -l , transitions (#1060 nm), the
Er-complexes 9 and 10 emitted at 1540 nm due
toa’l,, -l . transition (1540 nm).

Both Yb complexes reveal relatively weak
4f-luminescent signals, and it is hard to deter-
mine their ¢,. An erbium signal at 1540 nm
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was also detected for 9 and 10, but because of
the absence of references for such a far region
only arbitrary units are presented.

The molecular fluorescence lifetime measu-
rements showed that the values in methanol
solutions were consistently found to be smaller
than in DMF (for compounds 7 and 8, Table 1),
which may be attributed to more effective vi-
brational accepting modes for nonradiative
decay in methanol. Methanol contains strong
luminescence quenching O-H bonds, whose
importance has earlier been emphasized for
coordinated H,O molecules.

The obtained results indicate that the stu-
died lanthanide-corroles are dual-range emit-
ters (Fig.1): visual corrole-based molecular
fluorescence with the most intense band at
A__ =~ 640-650 nm and 4f-luminescence in the
NIR. This dual emission was observed at room
temperature and in aerated solutions, in con-
trast with most other tetrapyrroles that exhibit
NIR emission as phosphorescence emission
only at deoxygenated conditions and usually
in the frozen state (as a rule, at liquid nitrogen
temperature). The distance between the para-
magnetic ion and the chromophore macrocy-
cle is so large that there is no perturbing effect
of the former on the properties of the latter.
Note, that this is different from the previously
described core-metallated tetrapyrroles with
lanthanide ions, where energy transfer from
the excited chromophore to the lanthanide is
quantitative and no residual fluorescence is ob-
tained [21]. Thus, the studied side-coordinated
lanthanide-corroles have non-quenched mo-
lecular fluorescence.

Strong support for the above analysis comes
from the coincidence between the 4f-lumines-
cence excitation spectra (Fig. 1) and the ab-
sorption spectra of the complexes. This clearly
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shows that IET (intramolecular energy trans-
fer) from the donor levels of corroles (i.e., the
antenna-effect) to the resonance levels of lan-
thanide ions takes place. One of the most im-
portant features in sensitizing 4f-luminescence
is the energy of the lowest triplet level (T ) of
the organic chromophore - traditionally, ex-
actly this energy level serves as a donor in IET

to lanthanide ion. It can be calculated from
phosphorescence spectra, and some phospho-
rescent metallocorroles were already reported
[22-24]. Unfortunately, it was impossible to
determine the T, levels of our compounds be-
cause free-base corroles do not phosphoresce.
[25] This is also the reason that estimating the
IET quantum yield is not possible at this stage.

I, a.u. Nd-para
1600 -
1400 - eseeee Nd-meta
1200 { =, : .
" molecular o g
1000 4 | “ fluorescence  $% f:
v % ° °
800 - ;' \ - - - - 4f-excitation PR
1 | spectrum % HH
600 - ‘,' ,l ® :.
400 - .\ Y
200 - \\ L
O b T T T L
340 540 740 940 1140
A, nm
Fig.1. Excitation and emission of Nd-complexes.
Table 1
Photophysical data for studied compounds
UV-vis, nm
# (first — Soret }\ML( 4 ML E, cm’! T, ns (pMLXIOZ‘ [0 4f><103*
band)
1 415,568,615 643,698 15550 4.5+0.01 6.8 -
2 415,568,615 650 15380 3.47+0.01 8.4 -
3 415,568,615 643,698 15550 4.48+0.01 6.7 -
4 410,568,615 642,697 15580 3.7210.01 7.7 -
5 415,568,615 643,698 15550 4.51+0.01 6.9 <0.1
40
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Table 1
UV-vis, nm
# (first - Soret | A ., nM E , cm T, s @, X10% ¢,x10"
band)
6 410,568,615 638,696 15670 3.21+0.02 9.7 <0.1
7 415,568,615 638,696 15670 4.2+0.01 6.8 4.7
7¥* 415,568,615 638,696 15670 4.1+0.01 5.9 1.0
8 410,568,615 (869319)’1609651) 15650 3.4340.02 7.6 2.79
8¢ 410,568,615 636 15720 3.20+0.01 4.7 0.5
T (890,1061)
9 415,568,615 638,696 15670 4.5+0.01 6.7 18500
10 410,568,615 6(3195’23)5 15650 3.53+0.01 9.2 20000
Zn-tpp* 425 604,659 16560 2.07£0.01 2.2 -

All solutions with oxygen, DME RT, \__ =410 nm, C=10"M.
* + 10%; ** methanol solution; *** ¢ _for Nd** was calculated for only *F. _—*I _ transition;
(P4f Y 3/2 9/2

00 arbitrary units; * Data from [26-27].

It can be assumed that in theory, the 4f-sen-
sitization of Yb** ion can pass through two
transitions: the traditional T —°F,  and pre-
sumably S »°F, . [28]. The low level of the Yb**
4f-luminescent signal in such compounds is at-
tributed to poor contribution of the T —°F, ,
transition in 4f-sensitization mechanism for
both compounds 5 and 6. On the other hand,
both the molecular fluorescence and intersys-
tem crossing lifetime of corroles (as well as
for porphyrins) is too short and the transition
§,—°F, , seems to be not competitive compared
to §,>S (v is around 3-5 ns) and S -T (tis
around 10 ns) at least because of the absence of
any kind of direct chemical bonding between
donor and acceptor (direct binding allows very
fast transitions - just picoseconds). Another

https://ucj.org.ua

very important reason of the very low contri-
bution of this transition is the almost full ab-
sence of overlapping of donor emission (Arange
580-780 nm) and acceptor absorption (A range
870-1020 nm). On the other hand neodymi-
um-corroles 7 and 8 have perceptible ¢, values.
In this case, the contribution of the S —>*F,
resonant transition should rise because of the
good overlapping of donor emission (A range
580-780 nm) E, =15670 cm™ and acceptor ab-
sorption (A range 570-590 nm). Wed like to
underline that like in the case of Yb**, the reso-
nant transition S —F,  is thermodynamically
allowed since corrole E_ =15670 cm™ and neo-
dymium E_,, =11700 cm™. The contribution of
T,—"F,, stays unknown, but we can speculate
that similarly to Yb complexes, it is very low.
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Isostructural lanthanide-porphyrins (and all
other complexes with lanthanides) have an op-
posite feature: the ¢, values of ytterbium com-
plexes are always higher than their isostructur-
al neodymium analogues.

The spatial position of the energy acceptor
ion relative to the corrole chromofore in the
case of ytterbium (para- or meta-regioisomers)
does not matter in terms of its emission effec-
tiveness. Per contra, neodymium emission is
sensitive to the spatial arrangement of ion re-
lative to the chromofore, in other words, neo-
dymium emission is sensitive to the distance
between donor and acceptor. It is an additional
proof for the domination of the S —'F, , sen-
sitizing transition in neodymium-corroles.
Thus, the meta-isomer of neodymium-corrole
has a ¢, value, which is 2 times higher than
that for para-isomer.

CONCLUSIONS. Isomeric ditopic corroles
and isostructural complexes of Yb (III), Nd
(IIT) and Er (III) based on them were synthe-
sized. The obtained results show that neodym-
ium luminescence is particular in neodymi-
um-corroles complexes. This work additional-
ly confirms the previous assumption regarding
the 4f-sensitization mechanism pathway in
these compounds. Neodymium emission is
notably sensitive to the spatial position of the
ion relative to the chromofore.
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CHHTE30BaHO i30MepHi JUTOIHI KOpOIn
ta komiiekcu Yb (III), Nd (III) ta Er (IIT) na
iXHill OCHOBi Ta BUABIEHO KOPON-POTOCEH-
cn6ini30BaHy 4f-MOMiHeCIeHIiI0 B OIVDKHI
inppavepBoHiit obmacti. Crpykrypa isomep-
HIUX KOMIUIEKCIB JJO3BOJISIE PETYNIOBATH Bifi-
CTaHb MDK AZpPOM KOpO/Iy Ta i0OHOM JIaHTa-
Hoigy. OTpuMaHi pe3y/nbTaTy IOKA3yOTh, 1O
MeXaHi3M ceHCm6imisamii pi3ko 3MiHIOETHCS
AK J1A pI3HMX JIAHTAHOIJIB, TaK 1 /A pi3HUX
isomepHuX hopm.

KnrouoBi cioBa: 1aHTaHOIAN; KOPO/Y; i30-
Mepu; 4f-moMiHeceHITisl; ceHCubimisaryis.
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The change in the viscosity of diesel fuel with dissolved hydrogen, the rate of dissolution
of hydrogen in the diesel fuel, and the hydrogen diffusion coefficient in diesel fuel were ex-
perimentally determined. Dissolving hydrogen in liquid fuel changes its physical-chemical
properties. It has been found that the viscosity and density of diesel fuel change little when
it is saturated with hydrogen. The flashpoint in a closed crucible is reduced by 3-4 °C. The
rate of dissolution of hydrogen in diesel fuel has been investigated. It has been found that the
diffusion coefficient of hydrogen in diesel fuel depends significantly on the initial concentra-
tion of H, in the fuel. The liquid fuel is advisable to supply with saturated hydrogen for the
safety of the heat engine operation. The design of the hydrogen fuel saturation system with a
special hydrogen sensor based on the MQ-8 sensor was proposed. The system of protection of
the research stand from unauthorized emissions of hydrogen into the environment has been
worked out. The protection ensures the shutdown of the stand equipment when the hydrogen
concentration in the zone of its generation and supply to the fuel is at the level of 1%.

Keywords. Hydrogen, diesel fuel, hydrogen dissolution, physical properties of a diesel
fuel-hydrogen mixture.

INTRODUCTION. Hydrogen is one of the
most prospective environmentally friendly
sources of energy, thermal energy. Burning hyd-
rogen or fuel-hydrogen mixtures (FHM) redu-
ces emissions of carbon monoxide (CO), car-
bon hydride (CH) and particulate matter. Wide
limits of hydrogen flammability make it possible
to organize high-quality control of the power of
an internal combustion engine (ICE), as well as
to increase the efficiency of an internal combus-
tion engine at partial loads. When burning lean

mixtures of hydrogen with air, it is possible to
radically reduce emissions of nitrogen oxides
(NOx) without significant material costs [1-3].

In this case, the concentration of hydrogen
in the air in front of the cylinders of the inter-
nal combustion engine should be significantly
less than 4% to avoid the risk of detonation in
the cylinders of the internal combustion en-
gine [5-6].

The reactionary effect of a small amount of
hydrogen in the fuel-air mixture significantly

45




PHYSICAL CHEMISTRY

RESEARCH OF THE PHYSICAL PROPERTIES OF DIESEL FUEL-HYDROGEN MIXTURES

affects the completeness of fuel combustion
and the number of emissions of toxic substan-
ces (CO, NOx, etc.) [7, 8].

Carbon dioxide (CO,) is a significant con-
stituent of fuel gases. For example, in the ex-
haust gases of vehicles, the amount of CO, va-
ries from 22 to 43%, depending on the compo-
sition of the fuel. It is possible to reduce carbon
dioxide emissions by switching to hydrogen
fuel or hydrogen-rich fuel. Emissions of CO,
and toxic gases (except NOx) can be practically
reduced to zero [9].

An important aspect of using hydrogen as
a fuel (or its additives to fuel) is the safety of
equipment operation. Hydrogen-fueled equip-
ment should be equipped with H2 detectors
[10]. These detectors should give an alarm
when the hydrogen concentration in the air is
1%. This value is one-fourth of the lower flam-
mability limit of hydrogen. The indicated va-
lue of the hydrogen concentration in the air
in front of the cylinders of an internal com-
bustion engine is rather difficult to ensure. It
is easier to meet this requirement upon preli-
minary saturation of liquid fuel with hydrogen
[11, 12]. However, in any case, it is necessary to
equip fuel enrichment systems with hydrogen
and mobile H, sensors operating in the con-
centration range of up to 1%.The safety of the
internal combustion engine depends on the
physical properties of fuel-hydrogen mixtures.
Also, the structural design of the system for
the formation and supply of a fuel-hydrogen
mixture to heat generating equipment largely
depends on the physical properties of this mix-
ture [13].

The inputting of hydrogen into the fuel
changes the physical parameters of the latter.
And when the physical parameters of the fuel
change, the initial conditions for determining
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the ICE safety criteria change [14]. When hyd-
rogen is added to the fuel such indicators as
the velocity of flame-front propagation, the
detonation conditions of the composite fuels;
octane number [15] change also are changed.
These indicators can be assessed based on data
on the viscosity of fuel-hydrogen mixtures, the
diffusion coefficient of hydrogen in fuel, etc.

Fuel viscosity significantly affects fuel ato-
mization [16]. The dispersion of fuel droplets
when atomized determines the kinetics of fuel
combustion. The literature lacks data on the ef-
fect of dissolved hydrogen on the viscosity of
tuel-hydrogen mixtures. In addition, the struc-
tural design of the fuel saturation system with
hydrogen significantly depends on the rate of
dissolution of H, in the fuel. Analysis of the
data [17, 18] has shown that the time to an
equilibrium state in the liquid hydrogen fuel
system could reach several hours. But the data
[17, 18] are not sufficient to determine the ki-
netics of hydrogen solubility in fuel.

The aim of this work was the determina-
tion of:

- the change in the viscosity of diesel fuel
when hydrogen dissolves in it;

- the rate of dissolution of hydrogen in die-
sel fuel;

— the hydrogen diffusion coefficient in die-
sel fuel.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. Materials. Diesel fuel ac-
counts for more than 50% of all fuel con-
sumed in the world. Diesel fuel combustion
products are highly toxic [7, 8]. Diesel and
hydrogen mixtures are less toxic than pure
diesel. Therefore, it is advisable to consider
physical properties of a diesel fuel-hydrogen
mixture as a factor in reducing the toxicity of
combustion products.
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The solubility of hydrogen in liquid fuels
depends on temperature and pressure during
saturation [19-21]. From the standpoint of
reliability, the process of fuel saturation with
hydrogen is expedient to be carried out at at-
mospheric pressure. Therefore, experiments
on the solubility of hydrogen in diesel fuel were
carried out at atmospheric pressure in the tem-
perature range from 25 to 50 °C according to

the method described in scientific publications
[22, 23]. In experimental studies, diesel fuel
was used with the following characteristics at
25 °C: density — 845 kg / m’; viscosity — 1 cSt;
flashpoint in an open crucible — 91 ° C; in a
closed crucible — 69 ° C.

The studies have been carried out on the ex-
perimental research stand (Fig. 1).

Fig. 1. Research stand.
1 - hydrogen generator; 2 — power supply; 3 — pressure regulator; 4 — hydrogen sensor;
5 — hydrogen dispenser; 6 — centrifugal pump; 7 — temperature sensor; 8 — the sensor of level of gaseous
hydrogen in fuel tank; 9 - fuel tank; 10 — heater; 11 — viscometer; 12 — pressure sensor.

The operation principle of the stand. Fuel is
poured into the fuel tank (9) so that there is no
free air volume in it. The amount of fuel poured
in is 1200 + 5 ml. The tank has a heater (10)
and a viscometer (11) built-in to maintain the
fuel temperature at a given level. The fuel circu-
lates in the system using a centrifugal pump (6).
Hydrogen is dosed to the system discretely by
10 £ 0.1 ml using a hydrogen dispenser (5). The
completion of the process of fuel saturation with
hydrogen was determined by the time of disso-
lution of the last dose in a volume of 10 + 0.1 ml
using a temperature sensor (7). The viscosity of

https://ucj.org.ua

the fuel is measured using a viscometer (11).

The viscosity of diesel fuel and FHM based
on diesel fuel was investigated on a Can-
non-Fenske routine capillary viscometer with
the following technical data: viscosity measu-
rement range — 0.4 ...2 cSt; nominal constant —
0,002.

The flash point of the fuel-hydrogen mix-
ture was determined on a PE-TVO apparatus,
the operation of which is based on the Bren-
ken principle, and allows the measurement of
the flash point in accordance with American
standards ASTM D92.
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The safety system for hydrogen generation
and dosing was tested simultaneously with
studies of the physical properties of a diesel
fuel-hydrogen mixture. Hydrogen leaks were
monitored by an MQ-8 sensor connected to
the Arduino NANO V3.0 CH340G platform
designed based on the Atmega328P micro-
controller. Such an assembly of the sensor and
controller makes it possible to use it both in the
stand safety system and in researching hydro-
gen desorption from the mixture. The general
view of the control system is shown in Fig. 2.

MQ-8

Fig. 2. H, concentration
control sensor.

V3.0 CH340G

The MQ-8 sensor together with Arduino
NANO V3.0 CH340G was calibrated accord-
ing to the standard EQASOP-FieldCalibrat
method. The calibration results are shown in
Fig. 3.

The regression dependence for assembl-
ing the MQ-8 sensor together with Arduino
NANO microcontroller is as follows (1).

80) /

0 1073

81073 0.01
Ch2, ml/ml

w0 a0

Fig 3. Calibration of the MQ-8 sensor in con-

junction with Arduino NANO V3.0 CH340G.

ap = 51,546; a, = 3,409-10% a, = —5,101 - 10°;

a, = 113,595;

Cp(Cy) =

a0+a1'Cv+a2'CU2+a3'C3 lfOSCvS51O_3
a,+as-C, if 5-1073<(C,<10-1073

as = 3,001 - 10%.
C,=05-10"3, 1,5-1072 ...

10-1073.

(1)

C, - sensor readings, ppm, C, - hydrogen concentration in the calibration vessel, ml/ml.

At hydrogen concentrations in the calibra-
tion container up to 3.5 -10° ppm, the error of
the calibration curve does not exceed 0.37%.
With the increase in the hydrogen concentra-
tion in the calibration vessel, the error of the
calibration curve increases to 3.5%.
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Density, viscosity, and flashpoint of a mix-
ture of diesel fuel and hydrogen.

Experimental data on determining the vis-
cosity of diesel fuel and a mixture based on
diesel fuel and hydrogen in the temperature
range 15 +95 °C are shown in Fig. 4.
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The dissolution of hydrogen in diesel fuel
leads to a slight increase in the viscosity of the
fuel-hydrogen mixture.

1.4
1.24 \

17

© 1.08 2

BN

@ N

8 0.92 l‘i\

-2 \m

> 076 e
0.6

0 20 40 60 80 100

Temperature, °C

Fig. 4. Fuel viscosity versus temperature:
1- diesel fuel; 2 - fuel-hydrogen mixture (H, con-
centration 0.362 ml / ml).

This dependence manifests itself at low
temperatures to a greater extent than at high
temperatures. The viscosity of hydrogen-satu-
rated diesel fuel in the temperature range
15 + 95 °C could be determined by the follo-
wing regression dependence (2).

b, = 1,45; b, = —0,02; b, = 1,648 - 107%;
by =0,96; b, = —2,2 - 1073,
(2)

bo+byT+by, T? if 10<T <60
vdh(T) =] b31+ b4-T2if 60 fs T <95
T - the temperature of the fuel-hydrogen
mixture, °C; vdh (T) - the viscosity of hydro-
gen-saturated diesel fuel, cSt.
The increasing fuel viscosity is associated
with the formation of weak bonds between

https://ucj.org.ua

fuel molecules and dissolved H,. At a hydro-
gen concentration in diesel fuel of 0.257 ml/ml,
the density of the fuel-hydrogen mixture was
pdh = 847 kg/m?, with a temperature of 25 °C,
which is in good agreement with the amount
dissolved in the fuel. With the same hydrogen
concentration in diesel fuel, the flashpoint de-
creased by an average of 3 ... 4 °C. However, it
should be noted that in a closed crucible, at a
temperature of about 60 ° C, short-term flashes
could appear periodically.

Dissolution rate of hydrogen in diesel fuel.
The results of determining the rate of hydrogen
dissolution in diesel fuel are shown in Fig. 5.

H, dissolution rate, ml/s

0 0.08
H, concentration
in fuel. ml/ml

0.16 024 032 04

Fig. 5. The dependence of the rate of dissolution
of hydrogen in diesel fuel on the concentration of
hydrogen and the temperature of the H, dissolution;

1 — temperature 28+1 °C; 2 — 48 = 1 °C.

The data analysis (Fig. 5.) has shown that: -
with an increase in temperature, the rate of dis-
solution of hydrogen in diesel fuel decreases;
- the rate of dissolution of hydrogen in diesel
fuel depends on the concentration of H, in the
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fuel; - at a temperature of 28 ° C, the maxi-
mum value of the dissolution rate is achieved
at a hydrogen concentration in the fuel of
0.08 ml/ml, - for a temperature of 48 °C, the
maximum value of the hydrogen dissolution
rate is achieved at a hydrogen concentration in
the fuel of 0.06 ml/ml.

Experimental studies have shown that pre-
heating diesel fuel to a temperature of 50 °C
and a subsequent decrease in the process tem-
perature to 32 °C due to cooling leads to an in-

Vs(Ch)=60+el'Ch+ez'Cﬁ+e3 ' C}?

Vs(Cp) = eq tes-Cp

if 0.168 <, <0.36

crease in the rate of hydrogen dissolution. At
a temperature of the process of dissolution of
hydrogen in diesel fuel of 32 °C, the rate of dis-
solution of H, is on average 1.25 times lower
than for temperatures in the range 48-50 °C.
The rate of dissolution of hydrogen in diesel
fuel, depending on the concentration of hydro-
gen in the fuel at temperatures of 25 + 28 °C
in the range of changes in the concentration of
H2 from 0 to 0.36 ml/ml could be determined
by the following regression dependence. (3.4).
if 0.044 <C, <0.168 3)

4)

eo = 1,032; e, = 73,165; e, = —662,0;

es = 1,696-10% e, = 1,825; e; = —9,5
C, - the concentration of hydrogen in diesel fuel, ml/ml; V_(C,) - the dissolution rate, ml/s.

Diffusion of hydrogen in a FHM based on
diesel fuel.

The diffusion coefficient of hydrogen in
diesel fuel was determined by the method [25,
26]. The pressure of the medium in the con-
tainer for the experiments was 753 £ 1 mm Hg,
the temperature was 25 + 1 °C. The diffusion
coeflicient was determined as a functional
dependence on the volume of the absorbed
gas V, the gas concentration in the liquid
C, of the determining size [, and the time
7 of absorption of the volume by the liquid
Dh=f(V,Ch, 1)

Moreover, the diffusion coeflicient is in-
versely proportional to the value of the gas
concentration in the liquid. That is, with an in-
crease in the saturation of the liquid with gas,
the diffusion coefficient decreases.

The change in the hydrogen concentration
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in diesel fuel during the study of the diffusion
process is shown in Fig. 6.
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Fig. 6 Rate of change in hydrogen concentration
in diesel fuel:
I - average value; @ — experimental data.
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The fuel of the container was intensively
mixed in the period of time.

The time interval between hydrogen supply
to the fuel was 120 + 1 s. A pump was used to
average the current value of the hydrogen con-
centration in the fuel between the injections of
hydrogen.

The diffusion coeflicient of hydrogen in
diesel fuel was determined from the time of
solubility of 10 £ 0.1 ml of hydrogen. The
completion of the process of hydrogen solu-

Ch(T)=go+ g1 T+ 9, 7%+ g3

Ch(t)=gstgs T

9o =9985-107%; g, =1,371-1073%; g, =

- 13 if 5 <1<450;

bility in diesel fuel was recorded according to
the data of temperature sensor (7), installed
in a tank with fuel, into which H, was dosed
(Fig. 1). The accuracy of measuring the time
of hydrogen dissolution was * 3 s. The supply
of H, into the tank with fuel was carried out
discretely.

The change in the hydrogen concentration
over time in diesel fuel at temperatures of
25 + 1 °C, could be determined from the fol-
lowing regression dependence (5, 6).

(5)
if 450 <7<900; (6)

—2.241-107¢;

gs = 1.281-107% g, = 0,2375; gs = 1.2-107*.

C, (1) - the hydrogen concentration in diesel fuel, ml/ml; T - time, s

The value of the diffusion coefficient of hy-
drogen in diesel fuel, calculated from the rate
of hydrogen dissolution, is shown in Fig. 7.

307
2 |
S 33310~
5 s6m10”|
1x1073}
3333x10°°)
-3.333x10~5|

12107
0

0.08 0.16 024 032 0.

Ch, ml/ml
Fig. 7. Diffusion coefficient of hydrogen in diesel fuel.

Dh(Ch) = kO + k1-Ch+k2-Ch? + k3 - CR®if 0.01 < Ch<0.25;

Ch(t) = k4 +k5-Ch
kO = 3,85-1075;

The data in Fig. 7 show that with an increase
in the saturation of diesel fuel with hydrogen,
the diffusion coefficient decreases. At the be-
ginning of the hydrogen dissolution in fuel, the
diffusion coefficient D, = (2,7...3,0) x 10" m?/s.
When the state of saturation of diesel fuel with
hydrogen is reached, the diffusion coefficient
decreases to Dh =1 x 10 m?/s.

The diffusion coefficient of hydrogen in die-
sel fuel D, at a temperature of 25 + 1 ° C could
be determined from the following regression
equation (7.8).

k3 = 2,36-107% k4 = 0,2375; k5 = —4,0- 107,

Ch - the hydrogen concentration in diesel fuel, ml/ml.

https://ucj.org.ua

(7)
if 0.25 <Ch<04; (8)
k1=1,7-10"% ; k2 = 6,124-107%
51




PHYSICAL CHEMISTRY

RESEARCH OF THE PHYSICAL PROPERTIES OF DIESEL FUEL-HYDROGEN MIXTURES

CONCLUSION. Experimental studies of the
physical properties of a mixture of diesel fuel
with hydrogen have shown that at atmosphe-
ric pressure and a temperature of 25-30 °C, the
saturation concentration of hydrogen in diesel
fuel does not exceed 0.4 ml/ml. When the tem-
perature rises during the dissolution of hydro-
gen in diesel fuel over 30 ° C, the solubility of
hydrogen deteriorates. The physical properties
(density and viscosity) of hydrogenated diesel
fuel change little. The flashpoint is reduced by
3..4°C.

The rate of dissolution of hydrogen signifi-
cantly depends on the concentration of hy-
drogen in the fuel. In the saturated state, the
diffusion coefficients of hydrogen in diesel fuel
are close to Dh = 1x10® m*/s. The amount of
hydrogen dissolved in diesel fuel does not form
explosive concentrations when hydrogen is de-
sorbed from the fuel.
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Bukopucranasa mnanuMBHO-BOJHEBUX CyMi-
1I€eil B TEIUIOBMX MAIIMHAX IOKpaIlye IPOLecu
TOpiHHA NManuBa. TaKoXX 3HMKYIOTbCA BUKUY
B aTMOocdepy TOKCUYHMX IPOAYKTIB i3 gyumo-
BUMIM Tra3aMi. 3 OITIAAY Ha 6e3ledHy poboTy
TEMIOBOI MAIllHU [OIi/IBHUM € TTOflaBaHHS B
Hel piJKOro IajyBa, HaCM4YeHOro BojHeM. Lle
3YMOBJICHO TUM, 1110 KoediuieHT audysii Box-
HIO B PiJMHAaX 3HAYHO HIDKYMI, HDXK y rasax.
Y 1npoMy BUIIQJKy JMOBIPHICTb YTBOPEHHS
BIOYXOHeOe3IIeYHNX KOHILIEHTPALlill BOJHIO B
IIOBITPi 3HAYHO MeEHIA, HDK IpU ITOflaBaHHI
MIOBITPAHO-BOAHEBUX cyMilen. PosunHenna
BOJJHIO B pifIkOMY I1a/MBi 3MiHIO€ 710TO (i3nd-
Hi B/JIACTUBOCTI. B jiTeparypi HemOCTAaTHBHO
JAHMX LOJO0 BIUIMBY PO3YMHEHOTO BOHIO Ha
B’A3KiCTh IAIMBHO-BOIHEBMX cyMmimrerr. Kpim
1IbOTO, KOHCTPYKTVMBHE BMKOHAHHS CUCTEMU
HaCUYeHHsI MajiMBa BOJJHEM iCTOTHO 3a/I€KUTh
Bifl IUBU/IKOCTI po3unHeHHs H, B manuBi. Me-
TOI0 11i€l po60TH 6Y/I0 eKCIIepyMeHTaIbHe BU-
3HAYEHHH 3MiHU B A3KOCTI MM3€IbHOTO IaJIN-
Ba IIpY pO3YMHEHHI B HbOMY BOJIHIO; IIBUJKO-
CTi pO3YMHEHH BOJHIO B IVI3€/IbHOMY IT1aJINBI,
koedinienta nudysii BogHIO B AU3ETBHOMY
nanusi. Po3po6/eHo crerjiaibHMit CTeH | [ist
DOCIIJP)KEHHA IIPOLIECIB PO3YMHEHHA BOJHIO
B pigkomy manuBi. CreHp o6mafgHaHO crielri-
aJIbHMM CEHCOPOM BOJHIO Ha OCHOBI JaT4MKa
«MQ-8», mo ybesneyye BUKOHAHHS eKCIle-
PUMEHTA/NIBHOTO NOCTi[)KEHHA. Y pe3ynbTraTi
€KCIIEPMMEHTA/IbHUX IOC/Ti/[)KEHb BCTAaHOBJIE-
HO, 1110 B’A3KICTb i I[i/IbHICTh AM3€IbHOTO I1a-
JVBa MAJIO 3MIHIOETbCA IPU HACUYEHHI J10TO
BofHeM. Temmeparypa crasnaxy B 3aKpUTOMY
TUIT 3HVDKYeTbcsA Ha 3...4 °C. JJocmimkeHo
MIBUJKICTb pO3YMHEHHSA BOJHIO B [U3€/IbHO-
My nanusi. Bcranosineno, mo xoeditieHT au-
¢ysii BOfHIO B [[M3€IbHOMY Ia/MuBi iCTOTHO
3aJIOKNUTH Bifl TIOYaTKOBOI KOHI[eHTpauii H,
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B mnanusi. BignpanpoBaHo cucremy 3axucry
MOCTIHOTO CTEHAY BiJj HECAaHKIIIOHOBaHMX
BUKI/IiB BOJHIO B HAaBKOJIMIIHE CE€PEOBUILE.
3axucT 3abe3nedye BifKII0OYeHHA OOIaHAH-
HA CTEHJy NpM KOHIIEHTpallil BOJHIO B 30HI
JI0r0 TeHepyBaHHA i IIOfABaHHA B MIA/INBO HA
piBHi 1%.

Knrodosi croBa: BojeHb, fu3enbHe Iann-
BO, PO3YMHEHHs BOJHIO, Qi3M4Hi BIaCTUBOCTI
CyMillli Au3eNnbHe NaINBO — BOJIEHbD.
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ELECTROCHEMISTRY OF IMMOBILIZED MICROPARTICLES
AND MICRODROPLETE: ACCESS TO FUNDAMENTAL DATA

OF SOLID MATERIALS AND IONS
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The idea to study the electrochemistry of immobilized microparticles has been published
by this author for the first time in 1989. In the last 32 years, this approach has been shown
to be very successful not only for analytical characterization of solid materials, but also ap-
plicable to extract thermodynamic and kinetic data, and even to determine the age of metal
specimen. In 2000, it has been shown that the electrochemistry of immobilized microdroplets
gives an elegant access to determine the Gibbs free energies of ion transfer between immis-
cible solvents. These measurements are performed with a standard 3-electrode potentiostate
and can be used also for solvents, which cannot be used in experiments with the classical
4-electrode technique.

The electrochemistry of microparticles and microdroplets share several common features
with respect to the electrode mechanisms: in both cases three-phase electrodes are realized
and ion and electron transfer proceed simultaneously.

This talk reviews the activities of the speaker and his cooperation partners during the last
3 decades paying special attention to those results, which are of general interest.

Key words: Electrochemistry of solids, three-phase electrodes, ion transfer between im-
miscible solvents.
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Electrochemistry of immobilized
micropartiles

The electrochemical analysis and charac-
terization of solid materials has always been a
great challenge; however, it remained confined
to electron conductors, mainly metals; it was
and still is the domain of corrosion science.
The last decades have also seen tremendous
advances in the insertion electrochemistry of
solid materials for batteries, almost exclusively
studied with compact macroscopic solid elect-
rodes.

Among the many attempts to expand the
applicability of electrochemical measurements
to solids, the early work of the Russian scien-
tist A. I. Glazunov [1] is noteworthy. He called
his technique electrography. A more detailed
review of the history of solid state electroana-
lysis is available elsewhere [2]. Then, in 1989,
Scholz, Nitschke and Henrion [3] have shown
that metal particles can be transferred from a
piece of metal to the surface of a graphite elec-
trode by abrasion, i.e., by rubbing the graphite
electrode on the surface of the metal, and soon
after, the same authors have shown together
with Damaschun that also mineral particles
can be mechanically immobilized on an elec-
trode for electrochemical studies [4].

The purely analytical applications, i.e., the
quantitative analysis of alloys, minerals and
synthetic solid materials will not be discussed
here, as it is presented in detail in [2]. Instead,
attention is drawn on the possibility to deter-
mine the free energies of phase transition in
case of some minerals, when the two phases
can undergo reversible electrochemical reac-
tions to the same dissolved species [5, 6]. Stud-
ies of immobilized microparticles also allowed
to understand the dependencies of formal po-
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tentials on structure parameters as ionic radii
and ion potentials, in case of polycyanomet-
alates [7, 8]. Another noteworthy topic is the
electrochemical study of solid solutions [9-12].
Whereas X-ray diffraction of solid solutions
requires a certain degree of crystallinity, the
electrochemical approach also works in case of
X-ray amorphous substances (see [10]).

A number of theoretical papers have been
published in which the mechanism of elec-
trode reactions of immobilized microparticles
is treated [13-17].

The electrochemical behavior of micropar-
ticles has also been studied by in-situ combi-
nation with X-ray diffraction [18], calorimetry
[19, 20], diffuse reflection spectroscopy [21],
and AFM [22-27]. These combinations al-
lowed distinguishing the different electrode
mechanisms. The studies of the electrochem-
istry of microparticles led to the development
of an approach for separating the Gibbs free
energies of ion and electron transfer in case of
reversible insertion electrochemical systems
[28, 29].

Finally, it is noteworthy to mention that the
electrochemistry of microparticles gives access
to the age of metal objects, be they of gold, cop-
per, bronze, or silver [30]. These electrochem-
ical age determinations are of very special va-
lue because so far almost no direct methods of
age determinations of metals and alloys were
known.

Electrochemistry of immobilized
micro-droplets
When a droplet of an immiscible solvent

is immobilized on a suitable electrode, and
when that droplet contains a redox active com-
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pounds, but no salt, an electron transfer be-
tween the redox probe and the electrode ini-
tiates an ion transfer between the bulk electro-
lyte solution and the droplet solvent. Similar
to the insertion electrochemistry of micropar-
ticles, the entire electrode is a three-phase
electrode. When the formal potential of the
redox probe in the droplet solvent is known,
simple voltammetric measurements with the
immobilized microdroplets allow determin-
ing the Gibbs free energies of transfer of the
ions, which are transferred between the sol-
vents [2, 31-43]. This approach allowed to de-
termine the Gibbs energies of ion transfer, i.e.,
the partition constants, of ions between water
and n-octanol [32, 39], which is not possible
when using the classical 4-electrode systems. It
was possible to quantify the chiral recognition
energies for ions using the solvent system wa-
ter / chiral organic solvent [33, 42]. Amino acid
anions, cations and also peptide ions have been
studied in order to quantify the lipophilicity of
these ions and their constituents [36, 38]. The
new technique of using immobilized droplet
electrodes considerably expanded the range of
ions and of solvents for which Gibbs free ener-
gies of ion transfer are accessible.
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Inero BMBYEHHs eneKTpoxiMii iMMo6ini3o-
BaHMX MIKpOYacTMHOK Oy/I0 BIiepiue OIpu-
JIOJHEHO aBTOpoM pob6otu B 1989 pomi. OTxe,
3a ocTaHHi 32 poku Ieil mifxig mokasas cebe
Iy>Ke YCIIIIHUM He Ti/IbKYU J/I aHaTITUIHUX
XapaKTepUCTUK TBEPAUX MarepiaiB, a 1 g
3aCTOCYBaHHA IIpM OTPMMaHHI TepMOJMHA-
MIYHMX 1 KiHeTMYHUX JaHMX i HaBiTh BM3Ha-
YeHHA BiKy MeTaneBux 3paskis. Y 2000 poui
Oy/I0 IIOKa3aHO, IO eNeKTPOXiMiA iMMOOi-
Ni30BaHMX MIKpOKpallelb [a€ HaAiiHMii [0-
CTYII /11 BUSHAYEHHs BiIbHUX eHeprili ['i66ca
— IIEPEHOCY 10HIB MDK HE3MILIyBAHUMU PO3-
yyHHUKamu. Li BUMipu mpoBOAATH i3 BUKO-
PUCTAaHHAM CTAH[JAPTHOTO TPUEIEKTPOJHOIO
IIOTEHIIi0CTaTa i iX MOXKHa 3aCTOCYBaTU Ta-
KOX /I PO3YMHHUKIB, AKi HE MOXX/IMBO BM-
KOPMCTOBYBaT! B €KCIIEPMMEHTAX i3 KIacud-
HOI0 YOTUPUEIEKTPOJHOI TexHiKoi. Ejek-
TPpOXiMiA MIKPOYaCTMHOK 1 MiKpOKpaIenb Ma€e
KiJIbKa CIIIZIBHUX PUC BiJHOCHO €/IEKTPOISHUX
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MeXaHi3MiB: B 000X BUIIQ[JKaX peasi3ylThCs
TpudasHi enekTpony i HepeHeceHHs iOHIB Ta
€lIeKTPOHIB BifOyBaeTbcss BogHOUAC. Y IOBi-
OOMJIEHHI NIPEICTaB/I€HO pe3y/NbTaTu MisAJb-
HOCTI cIlikepa i /10ro nmapTHepiB 3i ciiBmpari
32 OCTaHHI 3 HeCATWITTs, OCOOIMBY yBary
NpPUZIIEHO pesyabTaTaM, AKi CTaHOB/IATH
CIII/IBHUII IHTEpecC.

KirouoBi coBa: e1eKTpoxiMis TBepayXx Tis,
TpudasHi enekTpony, I0HHMIT HepeHoC MiX
He3MillyBaHVMM PO3YMHHVKaMIU.
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