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KOMIMJIEKCOYTBOPEHHA NANALIKO(I) 3 1-TAPOKCU-2-

(3-nPnanMETUNIAEHAN®OCHOHOBOH
(PU3EQAPOHOBOK)) KNCJ10TOHD

O. M. Ko3zaukosa'*, H. B. Ilapux’, B. B. Tpauescvkuii’

"THemumym 3aeanvHoi ma neopeaniunoi ximii im. B. I. Bepradcvkoeo HAH Ykpaitu,
npocn. Axao. Ilannadina, 32/34, Kuis 03142, Ykpaina;

*TI] HAH Yxpainu, eyn. IToxposcvka, 6y0. 13, Kuis 04070, Yxpaina,

*e-mail: akozachkova62@gmail.com

Meropgamu pH-nortenniomerpii, enektpornoi ta SIMP *'P-criekTpockorii focmipkeHo
xommnekcoyrsopents K [PACl, | s 1-rinpokcu-2-(3-nipupun)etuninengudocdonosoro (pu-
3epoHOBOIO, Ris, H 4L) KUC/IOTOI0 Y BOZHMX PO3YMHAX i3 (i3io/norivHoOI KOHIJEHTpaLlier0
xnopup-ionis (0,15 monp/n KCl). Bcranosneno, mo B cucremi K [PACl J:Ris=1:1 yTBOprIo-
IOTbCSA KOMIUIEKCU €KBIMOJIAPHOIO CKIAZy, IJIA AKUX PO3PaXOBAaHO KOHCTAHTU YTBOPEHHS:
[PdH,LCL]* (1gBp=39.26 (4)), [PdH,LCL]* (Igf=35.66 (4)), [PAHLCL]* (Igf=30.25 (6)) Ta
[PALCL]*> (Igp=22.35 (6)). BusnaueHno MoHOfieHTaTHMIT CTIOCI6 KOOpAMHALii pu3epOHOBO]
KUCJIOTYU [0 LI€HTPA/JIbHOTO i0OHAa MeTajly aTOMOM HIiTpOTreHy MipUAMHOBOIO Ki/blid B KOMII-
JIeKCax eKBiMoJsApHOro ckmapy. Bci ekBiMONApHI KOMIUIEKCM MaoThb XpoMOQOp CKIamy
[PdN - 53Cl]. Tocnigosre yrBopenns xommekcis [PAH,LCL %, [PAHLCL]* Ta [PALCL]*
BifbyBaeTbCA IpM JIEIPOTOHYBAaHHI HeKoopAuHOBaHMX 6e3nocepenHbo fo Pd(II) docdo-
HOBUX TPYII JIiranpy. 3a moOyfoBaHO0 [iarpaMo0 PO3MOAiNy piBHOBRXKHUX KOHI[EHTpPAIliil
KOMIUIEKCiB BCTAHOBJIEHO, 1[0 B 06/1acTi (isionoriynnx sHaveHb pH moMiHyouMM € KOMII-
nekc [PAHLCL]*. [TokasaHo MOXIMBICTb YTBOPEHHA B PO3YMHi KOMIJIEKCIB i3 KOopAMHa-
niero no PA(II) Big 1 mo 4 MoOJeKyn pu3efpOHOBOI KUCIOTH 3a/IeKHO Bif CIiBBiTHOLIEHHS
K, [PdCl,]:Ris Ta sHayenp pH. Y cucremax K [PdCl ]:Ris=1:2, 1:3 Ta 1:4 mpu pH>5 yTBOpIO-
I0TbCSI KOMITIEKCH, B SIKUX B, TpY 200 YOTMPY MOJIEKY/IN PU3ELPOHOBOI KUCTOTI KOOPAN-
HoBaHi 1o Pd(II) MOHOZEHTaTHO aTOMOM HiTpPOTeHy IipUAVMHOBOrO Kinbl. 11i koMrtekcu
MarTb xpomodopu cknany [Pd;2N__ ;2Cl], [Pd;3N__ Cl] Ta [Pd;4N__ | BignosizHo.

Kmouosi croBa: nydocdoHoBa K1cora, KOMIUIEKCH TaTafiio, KOHCTAaHTY YTBOPEHHA.

BCTVYII. InTepec Ko KOMIUIEKCHUX CHONYK paneBTH4Hill edexTuBHOCTI [1-3]. IlosBa B
Pd(II) 3 6ionoriyHo akTMBHMMM JlraHAaMy JiTepaTypi BifOMOCTell PO NPOTUIYXIVHHY
3YMOBJIEHO iXHIM IIOTEHIIiaZlIoOM IIOJO CTBO- AKTUBHICTD Iajafi€BUX KOMIIJIEKCIB CTOCOB-
PEHHA HOBUX NPOTUNYXIMHHUX IIPENapaTiB HO PAKOBMUX KITUH, CTIIKMX JO IIJIaTMHO-
3aBJAKM HU3bKill TOKCMYHOCTI Ta BUCOKIiNl Te- BUX IIpeNaparisB, CBiYUTb IPO MOXK/INBICTDb
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IOfJONIaHHA MpoO/IeMM Pe3UCTEHTHOCTI [0
TpaJUIIiiHOI XiMioTepamil Ha OCHOBI CIIONTYK
IVIATVHY, 1[0 0OMeXye edeKTUBHICTh JIiKy-
BaHHA OHKOJIOTIYHMX 3axBopioBaHb [4]. Kpim
Toro, nposs crnonykamu Pd(II) cenexruBHOCTI
BiJTHOCHO HU3KM BUJIiB paKy MiHiMi3ye LIKifi-
JIMBUII BIUIMB HA 34OPOBi KIITMHM Ta pOOUTDH
IEepPCIIEKTYBHMMM IXHi IIOJla/IbIlli K/IIHI4HI f0-
CIIiI>KeHHS.

OpHuM i3 MIIAXiB MOKpallleHHA Tepames-
TUYHUX B/IACTUBOCTENl  IPOTUIYXIMHHUX
IpemapariB € 3BA3YBaHHA LMUTOTOKCUYHO-
IO yIpyIOBaHHA 3 MOJIEKY/IOK JraHpy, L0
3abesrnedye ILijecpsiMOBaHe HAaKOIMYEHHS
Iirouoi pevyoBMHM B ypaKeHiil finAHli. Taky
«TPAHCIIOPTHY» PO/b MOXYTb BMKOHYBaTHU
nmnpocoHOBi KMCIOTH, AKi 3aBAAKM CBOIN
CIIOPiJHEHOCTI 0 KPUCTaliB TifpOKCUAIIaTH-
Ty KiCTKOBOTO MaTPMKCy CHpUAITb HAKOIM-
YeHHIO I[UTOCTAaTMKa, 30Kpema iona Pd(II) B
MiCIli Ypa)KeHHsA TKaHMHM KiCTOK ITyX/IMHOIO
abo meracrasamu. Ha cporopHi icHytoTh Tpu
NOKOiHHA AuP0cHOHOBUX KUCIOT, IO BifI-
PI3HAIOTbCA XIMIYHMM CK/IaIOM Ta aHTuUpe-
30pOLiIIHOI0 aKTUBHICTIO, i IX IIMPOKO 3aCcTO-
COBYIOTb y MEQULMVHI I JTiKyBaHHS 3aXBO-
pIOBaHb KiCTOK, 1110 CIIPUYMHEH]I IOPYLIEHHAM
KasbliieBoro 6amaHcy [5].

1-rigpoxcu-2-(3-mipugun)etunigenaudoc-
donosa (Ris, H,L) kucnora € mpeficTaBHUKOM
1rpochOHOBUX KUCOT TPETHOTO MOKOJIHHS,
OIHMM i3 OIYHMX JIAHIIIOTIB AKOI € a30TOBMIicC-
HUI T€TEePOLVIK/I IipUVIH:

O
3 o
Hy /
*HN” X—C —C—OH
|
7 R—O"
HO
Ris
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HaasnicTp y cknagi pusenpoHOBOI KUC/IO-
TV KUCJIOTHUX aTOMiB OKcureHy ¢ocgoHno-
BUX I'PYIl Ta OCHOBHOI'O aTOMa HITpOreHy IIi-
PUAVHOBOTO KiZIbLII 3YMOBJIIOE MOXX/IMBICTD
YTBOPEHHs KOMIUIEKCIiB i3 pi3HMM criocobom
KOOpAMHALLii JIiraHZY 10 LIEHTPa/IbHOIO aTOMa
MeTay.

Y wiit po6oTi HaBefieHO pe3ynIbTaTU HO-
CIIIJPKEHHA CKIaZly Ta CTiMKOCTI KOMIIJIEKCIB
nanagiro(Il) i3 pusenpoHOBOIO KIUCIOTOO, 11O
YTBOPIOIOTbCA B pO34MHax i3 ¢isiomoriyHoro
KOHIleHTpaljieo xmopuy ioHiB (0.15 Momb/n
KCl).

EKCIIEPMIMEHT I OBI'OBOPEHHA PE-
3Y/IbTATIB. YV po60oTi BUKOPVUCTOBYBA/IN
K [PdCl,], cunTesoBanmit 3a MeToukomo [6],
Ta pu3efpoHOoBOi Kucnotu MoHorigpar (TOB
«HBIT «YKPOPTCMHTE3» (UKRORGSYN-
TEZ Ltd.)).

pH-nmorenniomeTpuyne TUTPYBaHHA pPu-
3€JPOHOBOI KNUC/IOTY HPOBOAVIN BiIbHUM
Bix xap6Oonati 0.1 Monbp/n posunHom KOH.
KoHueHTpawisa KucI0TH y BUXiIHOMY pO34MHi
craHoBuIa 2.0'10° MOJIB/1, HOYATKOBUI 00’ €M
PO34YMHIB [I/11 TUTPYBaHHA — 20 MIL

CnextpodoTomerpnyne Ta pH-moren-
[[iOMeTpUYHE TOCTIP)KEHHSA KOMIUIEKCOYTBO-
pennsa B cucremi K [PdCI ]:Ris mposopu-
M A cepil pO3YMHIB i3 IIOCTIIHOX KOH-
nenrpaniero K [PdCl] (C,,=2.010" monb/n)
Ta 3MIiHHIN KOHLEHTpauil Jiranpy (CRisz
2.010*-2.010° monb/m), a oA po3uuHiB 3i
cuiBBifHomennam Pd(II):Ris=1:1 (C,=C =
2.010° Mmomp/nm) mpM HOpmaBaHHI YOTHMPBHOX
€KBiBaJIEHTIB JIyTYy.

Bci posymHM Manm mocTiliHy iOHHY cuiIy
(I=0.15 momnp/n KCl). Bumip pH Ta 3ammc
€/IEKTPOHHUX CIIEKTPiB IOIIMHAHHA IIPOBO-
oy yepes 24 roguHy IiC/IA NPUTOTYBaHHA
PO34MHIB.

ISSN 2708-129X. YKp. XiM. XypH., 2025
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pH posumuiB BumiproBamu Ha pH-meTpi
827 pH lab Metrohm 3a 20+0.1°C. [Ina xa-
nibpyBaHHsa pH-MeTpa BuUKOpUCTOBYBamm
cTaHpapTHi 6ydepHi pozunnu 3 pH 1.68, 6.86
Tta 9.18. ENeKTpoHHI CHIEKTpM IOITIMHAHHA
(ECII) peectpyBanmu Ha crekrpodoromeTpi
Specord-M40 y xBapuosiit kioBeti (=1 cm).
Cnextpu SMP (*'P-{H}) peectpyBamu Ha
criektpometpi Bruker AVANCE 400 6e3 cTa-
6inisamnii gefiTepieM ymoB pe3oHaHCy. 3HaueH-
HA XIMIYHMX 3CyBiB curHaIiB sAgep pocdopy B
cnektpax IMP *'P BusHavanm mono 30BHimI-
HbOTrO cTanapry (85% H,PO,).

KoHCTaHTM yTBOpeHHA HPOTOHOBAHMX
¢dbopM puU3epPOHOBOi KNC/IOTY, KOHCTAaHTYU
yrBopenHs komiekciB Pd(II) 3 Ris Ta posmo-
Iil1 piBHOBa)XHUX KOHLIEHTPAL[iil KOMIIIEKCIB
3ajexxHo Bix pH pospaxoByBanmu 3a mporpa-
Mmoo PSEQUAD [7] 3a ganumu pH-norenmio-
MeTpil i criekTpodoToMeTpii JBOX mapasenb-
HUX cepili 3a popmymnamu (1, 2):

By, =[H,LI/[LI[H]*
p=[M,LH,CL I/[MJ[L][H]*[Cl]®

(1);
(2).

Ckaj BHYTPillIHbOI KOOpAMHALINHOI cde-
pu xommekciB Pd(I) BmusHawanu 3a cmis-
CTaB/IeHHAM IIONIOKEHHA MaKCUMYMy CMYTH
nornmuHanHaA B ECIT (vexp') 3 IIOJIOYKEHH M MaK-
CYMYMY, PO3PaXOBaHOTO TEOPETUYHO 3a (Hop-
MYIOIO:

amine)

v_.=n v(Cl) + nzv(anua) +n,v(N

+n,v(O

),

phosph.

fie n, — KIIbKICTb JJOHOPHUX aTOMiB KOXXHOI'O
TUILY, V — BEJINYMHA iIHKPEMEHTY JIJI IOHOPHO-
ro aroma KoxHoro tuny (cm): v(Cl) = 5170,
v(anua) = 6580, v(Namme) = 8460 i v(Ophosph.) =
6831 [8].

https://ucj.org.ua

KoncTanTi yTBOpEHHA IPOTOHOBAHMX
dbopM pu3eIpOHOBOI KMCIOTH, AKi pO3paxo-
BaHO 3a JaHMMM JIBOX IapajnenbHux pH-tur-
pyBaHb, HaBefieHO B Tabmumi 1. KoxkHa kpuBa
TUTPYBaHHS MicTi/Ia oHaz 50 TOYOK.

Tabmunsa 1
KoHcTaHTH yTBOpeHHs aHIiOHIB pusenpo-
HOBOI KICI0TH Ta i KoMrutekcis i3 Pd(II)
Table 1.
Formation constants of anions of risedronic
acid and its complexes with Pd(II).

Ckap a"ioniB Ris kucmoTu Ta ii

koMIutekcis i3 Pd(II) lgp

[HL]* 11.18 (1)
[H,L]” 18.21 (2)
[H,LI 2422 (2)
[H,L] 26.81 (3)
[PAH,LCLJ’ 39.26 (4)
[PAH,LCLJ? 35.66 (4)
[PAHLCL ] 30.25 (6)
[PALCL]? 22.35 (6)

PusenponoBa Kucimora € 40TMPbOXOCHOB-
HOIO KVICTIOTOI0, HeliTpasibHa (popMa AKOI icHYe
y BUIVLAAI IIBiTep-ioHa 3 I0Kai3aljieo Big eM-
Horo 3apsapy Ha PO,HTpymni Ta mo3suTuBHOrO
Ha aTOMi HiTpOreHy HMipyMAMHOBOTO Ki/bLIA.

Sx BupHO 3 Tabmmui 1, xpusy pH-tuTpy-
BaHHA PU3€ePOHOBOI KMCJIOTH OIIMCAHO PiBHO-
BaKHVMMM PEAKLIiAMI BiII[eII/IEHHA YOTUPbOX
poToHiB. Po3paxoBaHi 3HaYe€HHA KOHCTAHT
penporonysannsa (pK= 2.59, pK=6.01,
pK,=7.03 ta pK =11.18) 3HaXO#ATbCA B MeXKax
3HAa4YeHb, BU3HAYEHUX Pi3HUMMIU METOJAMM 3a
Pi3HOI IOHHOI CMJIM Ta TeMIIepaTypy pO34MHIB
[9]. ABTOpU LIMX JOCTiI>)KEeHb HABOAATD CXeMY
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NEeIPOTOHYBAHHA PU3€POHOBOI KMUC/IOTH, 32
skow pK,, pK, ta pK, Bignosingawots genporo-
nyBanH POH-rpyn ta pK,, ska Bigmosimae
BiJIIIEIUVIEHHIO IIPOTOHA BiJj NPOTOHOBAHO-
IO aToMa HITPOreHy IipUMAVHOBOIO Ki/lblid.
Bnuspki sHauenns pK, ra pK, MOXyTb cBifum-
T TIPO iCHYBaHHA [JBOX TayTOMepHUX (popm
amiona cxmagy [H L]*, B sKMX HpOTOHOBa-
HYMJ 3a/IMIIAI0THCA aTOM HIiTPOTeHY Ta aTOM
OKCUTeHY ab0 JiBa aTOMM OKCHUTreHy pocdoHo-
BUX TPyI. 3a HaHMMM KOMIT IOTEPHOTO MOJe-
moBaHHA Ta IMP-pH-tutpyBanna fosefeHo,

04 F

0

1[0 06MBi TayTOMepHi POpPMIM YTBOPIOIOTHCS
3i cniBBigHOIIEHHAM ~50:50 [10].
Komnnexcoymeoperns nanadi(Il) 3 puse-
oponosoto xucnomoro. B ECII-cepii posunnis
is mocriitnoto xonuentpaniero K [PACl,] mpu
3MiHi KoHLeHTpanii Ris kmcmotm po cmis-
BigHomeHnHsa Pd(II):Ris=1:1 cnocrepiranm

TiIICOXPOMHUII 3CYB MaKCUMYMY CMYIU IIO-
IJIMHaHHA, 3yMOBJIEHOI YTBOPEHHAM XJIOPO-
akBakoMiuiekciB mananiro(Il), 3 ~ 21600 cm™
1o ~24800 cm™ (puc 1).

30000 28000 26000 24000

Puc. 1. ECII-cucremu K PdCl -Ris (C

PA(II

22000

20000 18000 16000

)=2.O‘10’3 MOJIb/T1; CRiS=2.0'10’4—2.0'10’3 MOJIB/JT;

C=0.15 monb/m; pH: 3.58 (1), 3.36 (2), 3.15 (3), 3.03 (4), 2.95 (5), 2.89 (6),
2.83(7),2.79 (8), 2.74 (9), 2.71 (10))

Fig. 1. EASs of the K PdCl,-Ris system (C

PA(IT

=2.010°mol L',C, =2.010*-2.010" mol L;

C=0.15mol L'; pH: 3.58 (1), 3.36 (2), 3.15 (3), 3.03 (4), 2.95 (5), 2.89 (6),
2.83(7),2.79 (8),2.74 (9), 2.71 (10)).
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Taxknit 3cyB MOXe CBifuMTU TIPO YTBO-
PEeHHA KOMIUIEKCY 3 XpoModOopoM CKIafy
[P&N, . 53Cl], pna sxoro v, ='24000 cm™
3a gaHnMu cnekrpogorometpii Ta pH-noren-
LioMeTpii, AKi HaBe[leHO Ha puc.l., po3paxoBa-
HO KOHCTAHTY YTBOPEHHA KOMIUIEKCY CK/Ialy
[PAH,LCL]* (tabm. 1).

B ECII-cucremax K, [PdCl J:Ris=1:1 npu
MOfaBaHHI YOTUPHOX €KBiBaJIEHTIB YTy CIIO-
cTepiranu 3MiHM, fKi MMOB’s3aHi 3i 3pocTaH-
HAM IHTEHCUMBHOCTI CMYIM II€EPEHOCY 3apAAy
3 JiraHjgy Ha MeTa/a Ta II IepeKpMBaHHAM 3i

CPd. %
100.0 -
80.0 +

60.0 -

40.0 +

cmyroto d-d emexTpoHHux mnepexoxis. Tomy
KOHCTaHTV YTBOPEHHA KOMIUIEKCIB y CHCTe-
mi K [PdCL ]:Ris=1:1 B o6macti pH Bif 2.73 10
8.20 Oyno pospaxoBaHO 3a jgaHuUMM pH-mo-
teHjomerpii (tabnm. 1). BuxopucroByroun

3HaYeHHS LMX KOHCTAHT, MOOY/[OBaHO [ia-
rpaMy pPO3IOAINTY PiBHOBaKHUMX KOHIIEHTpa-
it kommiekcis Pd(II) i3 Ris 3anexuo Big pH
(puc. 2). IlocmifoBHe YTBOpEHHS KOMIIIEKCIB
(PdH,LCL]*, [PAHLCL]* Ta [PALCL]* Bin6y-
BAETHCSI B pe3y/IbTaTi HeNpPOTOHYBaHHs (oc-
(bOHOBUX TPy TiraHAY.

Puc. 2. liarpaMa po3nofiiny piBHOBaXHMX KOHIIEHTPallili KOMIIIEKCIB y cucTeMi
K,[PdCl,]:Ris=1:1 sanexno sig pH. ([PACl,]* (1); [PACL] (2); [PdH,LCL]* (3);
[PdH,LCL]* (4); [PAHLCL]* (5); [PALCL]*> (6))

Fig. 2 Equilibrium concentration distribution diagram of complexes formed in the
K, [PdCl ]:Ris=1:1 system as a function of pH. ([PdCl,]* (1); [PdCL] (2); [PdH,LCL]* (3);
[PdH,LCL]* (4); [PAHLCL]* (5); [PALCL]* (6)).

https://ucj.org.ua
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B1CHOBOK IpO y4YacTbh JeNpOTOHOBAHMX
¢dbocoHOBMX Tpyn y KoopamHaILii [0 ioHa
Pd(II) B xommekcax 3po6ieHO Ha mifcTaBi
maHux crekTpis SIMP *'P (ta6mn. 2).

Tab6m. 2

Bemmumam ximiuHux 3cysiB *'P y cmekTpax

SAMP posunnis RisTacucremu K PdCl :Ris=1:1

Table 2.

Chemical shift values of *’P in the NMR

spectra of solutions of Ris and the K, PdCl :Ris=
1:1 systems.

Ris

pH OP, M.u.
2.88 17.0
5.69 16.9
6.92 17.5
8.65 17.8

K PdCI,:Ris=1:1

OP, m.u. OP, M.u.

BisbHA Ris Ris B komruiekci
2.63 17.0 (26.4)* 17.5 (73.6)
3.16 16.8 (12.3) 17.3 (87.7)
4.35 - 17.3
6.37 - 17.8
8.20 - 17.6

K, PdCl,:Ris=1:2
5.89 - 17.2

K, PdCI,:Ris=1:3
6.71 - 17.4

K, PdCl,:Ris=1:4
6.86 - 17.5

Y criextpax SIMP *'P po3unsis pusegpono-
BOI KMC/IOTY B IIMPOKOMY Aiana3oni pH cmo-
cTepirajau ofuH curHan B obmacti 8*'P 16.9-
17.8 m.u. (Tabmn. 2). ¥V crnekrpax SIMP *'P pos-
unniB cuctemu K [PACl, J:Ris=1:1 mpu pH 2.73
Ta 3.18 inenTNdikoBaHO ABA CUTHAMN 3 O/IM3b-
KMMI 3HAYeHHAMM XiMiYHMX 3CYBIB, AKi Bifi-
IIOBiZIal0Th CUTHa/IaM POcHOHOBUX IPYII Bijlb-
Hoi Ris Ta ¢pochonoBum rpynam Ris y cxmazi
KOMIIEKCY BignosigHo. IIpn migsumenni pH
po3unHiB Bix 4.35 go 8.20 y ciekTpax AMP *'P
crioctepiranu opuH curhan i3 §*'P B obmacTi
17.3-17.8 M. 4., IO CBiTYUTH NIPO 3B’s3yBaH-
Hs Ris kucnoru B kominekc i3 PA(II). binsbki
3Ha4YeHH: XiMiYHMX 3CYBiB POCPOHOBUX Ipym
BiNbHOI Ta 3B’s13aHOI B KOMIUTEKC Ris, a Takox
BificyTHicTh curHanmiB sagep ¢ocdopy xoop-
nrHOoBaHMX 6esnocepenubo o PA(II) docdo-
HOBMX IPYII y c1abkoMy mosi B obmacTi 45-
30 M. 4. cBiYaTh PO MOHOLEHTATHY KOOPAY-
Halio Ris aToOMOM HITpOreHy MmipuaMHOBOTO
Ki/IbIIA B KOMIIIEKCAX €KBIMOJIAPHOIO CKJIaZYy.

e — iHTerpasbHa iHTeHCUBHICTD curHamy (%)
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[l 3’icyBaHHA MOXX/IMBOCTI YTBOPEHHS
KOMIIJIEKCIB i3 KOOpPAVHALIEI O LIEHTpaslb-
HOro ioHa MeTay Bif 2 fo 4 Monekyrn Ris 6yno
JOCTIi/PKEHO PO3YMHMY, B SKUX KOHI[EHTPALis
Pd(II) cranoBuma 2.510 Monb//1, a KOHIIEHT-
pauis Ris - 5.010° monb/n, 7.5107 Monb/n Ta
1.010* Monmb/7, SIKy CTBOPIOBAIM HOfABaH-
HAM HaBaxky Ris mo posumnis K [PACl ] y
0.15 monp/n KCL. Cripy 3a3HaunTy, 1110 po34mH-
HicTpb Ris mpu 25+0.1°C y po3unHax 3 ioHHOMIO
cuoxo Bim 6:10° monb/n go 4.844 monb/n NaCl

08 F

06 F

04 F

0

3HAXOAUTHCA B Mexkax 2.7:10°-3.4102 monb/n
[10], mo 3HaYHO MeHIe KOHLEHTpalill B
pocmimpkysanux posumnax i3 K [PACL] vy
0.15 momnp/n KCL. IIpu migsumensi pH Big6y-
BAJIOCS pO3UMHEHH: HaBaXKu Ris yepes yTBo-
penns komiuiekcis i3 Pd(I1). B ECII posunnis
is cnieigHomenuam K [PACI J:Ris=1:1, 1:2,
1:3 Tta 1:4 crnocrepiranyu CMyru IOIIMHAHHA,
HIO/IOYKEHHSI MaKCUMYMIB SIKMX CBi4aTh IO
yrBopeHHs KomiiekciB Pd(II) 3i 3minHMM
ckmazgioM xpomodopy (puc. 3).

v, cm!

34000 32000 30000 28000 26000

Puc. 3. ECII cucremn K,PdCl,-Ris (C, aan=Cris
C,, ;=510 monp/m, pH 5 89 (2); C

Pd(II)

=2.510" monp/n, pH=3.16 (1); C
=2.510" mons/n, C, =7.5107 MO}Ib/H pH=6.71 (3);

24000 22000 20000 18000

pan= =2.5107 monp/n,

C _25103M0}Ib/}1 C =110 Monb/n pH 6.86 (4))

Pd(II)

Fig. 3. EASs of the K PdCl,-Ris system (C
C=5107 molL1 pH 5.89 (2); CPdH

de(m 2.510° mol Ll

Pd(II) RlS

https://ucj.org.ua

—25103molL1 pH=3.16 (1); C
2.510° mol L, C,, —7510 mol L}, pH 6.71 (3);
we=1107 mol L'l, pH=6.86 (4)).

=2.510mol L},

Pd(1I)
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KOMIMJIEKCOYTBOPEHHSA NANAAIKO(II) 3 1-T1APOKCU-2-(3-MIPUAWUN) ETWIIAEHANDOCHOHOBOD

(PU3EAPOHOBOLO) KMCNOTOHD

CMyra TMOIMMHAaHHA 3  MaKCUMyMOM
~28000 cm' Bi#mOBifla€ KOMIUIEKCY 3 XpoO-
mopopom ckmamy [Pd;i2N . 52Cl] (v, =
27300 cm!), B IKOMY JIO LIEHTPAIbHOTO iOHa
MeTaay KOOPAMHOBAHO [IBI MOJIEKY/IN JIiraH-
Iy aToMaMl HIiTpOTeHy HipUAMHOBOIO Ki/lb-
ua. B ECII posumny si cHiBBifHOLIEHHAM
K [PdCl,]:Ris=1:3 cocTepiramm cMyTy IOI/IN-
HaHHA 3 MakcuMymoM ~30000 cm™, mo Big-
TIOBi/jJa€ YTBOPEHHIO KOMIUIEKCY 3 XpoModo-
pom ckmapy [Pd;3N__ Cl] (v_ =30500 cm™')
npu MOHOfeHTaTHit KoopauHauii go Pd(II)
TPbOX MOJIEKYJI JIiraHAy. 3a HaABHOCTi YOTH-
puKparHoro Hagnmumky niranpy B ECII pos-
YUHY Ma€MO IOJA/IbIINI TIIICOXPOMHIIA 3CYB
HO/TOKEeHHA MakcuMyMy cmyru d-d enektpo-
HHUX II€PeXOfiiB, IKa MACKY€ETbCA iHTEHCUB-
HOI0O CMYTOI0 IIEPEHOCY 3apAAy 3 JIraHjgy Ha
MeTan. lle MoXe CBifuMTM NpPO YTBOPEHHA
KoMmIIekcy, B skomy Pd(II) kooppuuye yoTn-
p¥ MOJIEKY/I! JIra"gy 3 GOpMYBaHHAM XpO-
modopy ckmagy [Pd4N | (v, =33000 cm°
'). Hassuictp y cnekrpax IMP *'P posunnis
is cnieBigHomennam K [PdCI J:Ris=1:2, 1:3
ta 1:4 e opHoro curHany 3 8°'P B o6macTi
17-17.5 M. 4 MATBEPIKYE YTBOPEHHA KOMII-
nekcis Pd(II), B sskux KOOpIMHOBAHO [JBi, TpU
Ta YOTVPU MOJIEKY/IN JIirangy (Taom. 2).

BVMCHOBKJ. Pesynbratm  HOCHi[KeH-
HA BKa3ylOTb Ha YTBOPEHHA B CUCTeMi
K [PdCl, ]:Ris=1:1 xommnekciB eKBimMonsap-
noro ckmagy [PAH,LCL]*, [PdH,LCL]*,
[PAHLCL]* ta [PALCL]", pna axux pospaxo-
BAaHO KOHCTAHTYU YTBOPEHHS Ta IOOYZOBaHO
AiarpaMy posIOfiNy iXHiX piBHOBa)KHMX KOH-
LeHTpalii 3aneXHo Bif pH posunny. 3a ganu-
MM €IeKTPOHHOI CIIEKTPOCKOIIIl Ta CIIEKTPO-
ckorii SMP 3'P BcTaHOB/IEHO MOHOEHTATHUIA
crioci6 koopauHaLii pu3efpOHOBOI KMUCIOTH
[0 IIeHTPA/IbHOTO i0HA MeTajTy aTOMOM HiTpo-
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reHy IMipUAMHOBOTO Ki/blid B €KBIMOIAPHUX
KOMIIIEKCaX, XpoMO(Opy AKMX MAIOThb CKIaf
[PA;N, . 53Cl].

[Ipn 30inbIIeHH] CIiBBiHOLIEHHA
K,[PdCl ]:Ris o 1:2, 1:3 Ta 1:4 6yno Bussie-
HO YTBOpEHHs KOMIUIEKCiB i3 xpomodopa-
vu ckmapy [Pd;2N_ 52Cl], [Pd;3N . ClJ.
1a [Pd;4N__ ], B axux go Pd(II) koopaunoBa-
HO 2, 3 Ta 4 MOJIEKYIN PU3EJPOHOBOI KICIO-
TY BifNOBif{HO, sAKi 3B’s3aHi 3 LIEHTPaIbHUM
i0OHOM MeTany MOHOJEHTAaTHO 4Yepe3 aTOM Hi-
TPOTeHy MipUANHOBOTO KibIIA.

= _P000Ty BIKOHaHO B pPaMKax IPO€EK-
Ty LimboBOi mnporpamu ¢yHgaMeH-
TanbHUX gocrimkxenb HAH Ykpaian
«IlepciekTMBHi (pyHFaMeHTaNbHi JO-
CIi)KeHHsI Ta iHHOBAILillHi Po3po6-
KJ HaHOMaTepialiB i HAHOTEXHOIOTil
VI IOTPe6 MPOMMCIOBOCTi, OXOPOHM
3JOpPOB’Sl Ta CiTbCBKOTO TOCIOap-
cTBa» Ha 2020-2024 pp., N gepxpeect-
panii 0120U102323.

THE COMPLEX FORMATION OF PALLADIUM(II)
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The complex formation of K,[PdCL ] with
1-hydroxy-2-(3-pyridyl)ethylidene-diphos-
phonic (risedronic, Ris, H,L) acid in aqueous
solutions with physiological concentration of
chloride ions (0.15 mol L' KCl) was studied
using pH-potentiometry, UV-Vis and NMR *'P
spectroscopy. It was found that in the system
K [PdCl,]:Ris=1:1, equimolar complexes are
formed, for which the formation constants were
calculated as follows: [PdH,LCL]* (Ig=39.26
(4)), [PdH,LCL]* (IgB=35.66 (4)), [PAHLCL]*
(1gB=30.25 (6)), and [PALCL]* (Igf=22.35 (6)).
The monodentate mode of coordination of
risedronic acid to the central metal ion via the
nitrogen atom of the pyridine ring in equimo-
lar complexes was determined. All equimolar
complexes have the chromophore composi-
tion [Pd;N__ ;3Cl]. The sequential formation
of complexes [PdH,LCL]*, [PAHLCL]*, and
[PALCL]* occurs upon deprotonation of the
phosphonic groups of the ligand, which are not
directly coordinated to the Pd(II) ion. Based
on the constructed diagram of the equilibrium
concentration distribution of complexes, it was
established that in the physiological pH range,
the complex [PAHLCL]* predominates.

The possibility of the formation the solu-
tion of complexes with coordination to Pd(II)
from one to four molecules of risedron-
ic acid, depending on the K [PdCI ]:Ris ra-
tio and pH values, is shown. In the systems
K [PdCl ]:Ris = 1:2, 1:3, and 1:4 at pH>5 comp-
lexes are formed in which two, three, or four
molecules of risedronic acid are coordinat-
ed to Pd(II) in a monodentate mode via the
nitrogen atom of the pyridine ring. These
complexes have chromophores of the com-
position [Pd;2N . ;2Cl], [Pd;3N . ;Cl], and
[Pd;4N__ ], respectively. The presence of only
a single signal at 6*'P~17.3-17.8 ppm in the

https://ucj.org.ua

*'P NMR spectra of the K,[PdCl,]:Ris systems
with 1:1, 1:2, 1:3, and 1:4 ratios at pH>5, along
with the absence of signals corresponding to
phosphonate groups directly coordinated to
Pd(II) (typically observed at §*'P~45-30 ppm),
indicates that the phosphonate groups of the
ligand do not participate in the coordination
sphere of PA(II).

Keywords: diphosphonic acid, palladium
complexes, formation constants.
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PROPOSED COMPQOSITION OF COMPLEXES AND ION ASSOCIATES

IN CITRIC ACID SOLUTIONS CONTAINING NICKEL SULFAMATE
AND POTASSIUM PERRHENATE.

T.V. Maltseva

Vernadsky Institute of General and Inorganic Chemistry of the National Academy of Sciences of
Ukraine, Academician Palladin Ave., 32/34, Kyiv, 03142, Ukraine
*e-mail: maltseva50tv@gmail.com

The article presents an analysis of the experimental data available in the scientific literature
on the conditions for obtaining nickel-rhenium alloys, promising as cathodes for electrolytic
hydrogen production. The problem of searching for additional evidence of the mutual influ-
ence and interaction of nickel (II), citrate and perrhenate ions in the deposition electrolyte
is formulated. For this purpose pH-metric titration of solutions containing (1) citrate ions
only; (2) citrate and nickel(II) ions; (3) citrate, nickel(II) and potassium perrhenate ions — was
carried out in the pH range from 1.5 to 2.0. Simultaneous release of protons associated with
both the reaction of nickel with citrate to form the corresponding NiHCit complexes and the
reaction of citrate with perrhenate to form the (ReO,-H Cit)* complexes was shown. Since
the total concentration of reacted protons in the solution with nickel (IT) and perrhenate cor-
responds to the sum of the concentrations of nickel and perrhenate ions, this confirms that
reaction of complexes of citrate/perrenate formation occurs simultaneously (in parallel) with
the reaction of the formation of the nickel-citrate complexes. And further pH arising should
lead to well-known formation of NiCit,* complexes, which can be associated with two ions of
perrenate. Based on the analysis of date concerning the influence of the components of nickel-
rhenium alloy deposition electrolytes on electrodeposition results, it was concluded that the
predominant form providing the observed results concern both high current yield and high
rhenium content in the alloy is an electrochemically inactive ion associate consisting of the
NiCit,* complex and two perrhenate ions. Destroying in the near-cathode solution layer, it
provides a periodic predominance of perrhenate ions, which can be restored without kinetic
difficulties. The composition of complexes and ionic associates is proposed for a wide range
of experimental data on the induced deposition of nickel-rhenium alloy coatings from citrate
electrolytes, based on the quantitative ratios of the complex components in the electrolyte and
the pH value.

Key words: nickel-rhenium alloys, citrate complexes, ion interaction, pH-titration, elect-
rolyte composition, calculations.
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PROPOSED COMPOSITION OF COMPLEXES AND ION ASSOCIATES IN CITRIC ACID SOLUTIONS

CONTAINING NICKEL SULFAMATE AND POTASSIUM PERRHENATE.

INTRUDUCTION. Many research groups
have shown a significant decrease in the over-
potential of the hydrogen evolution reaction
(HER) in an alkaline medium in comparison
with individual alloy components on iron-rhe-
nium subgroup metal alloys, and have con-
firmed the acceptable stability of the alloy pro-
perties and their high corrosion resistance. In
2008, the authors of [1] reviewed the works on
the electrodeposition of rhenium and its alloys,
in which, among other things, it was noted that
the deposition mechanism of rhenium alloys is
a subject of discussion. A number of studies
since 2009 [2-7] have been aimed at studying
the electrodeposition and properties of nickel-
rhenium alloy coatings from citrate-contain-
ing electrolytes, as well as the proposed mecha-
nisms of metal co-deposition in the alloy. Most
of the electrolytes contained nickel sulfamate,
boric acid, citrate and perrhenate ions. Ad-
dition of sulfamate to galvanic baths results
in higher deposition rates, superior scatter-
ing ability, and reduced porosity and residual
stresses in the coating [8]. Citrate forms sta-
ble complexes with Ni, Co, and Fe, which has
a positive effect on the deposition of alloys of
these elements [9]. It was found that the alloy
composition is influenced by such key factors
as the ratio of concentrations of the three com-
ponents of the electrolyte (nickel, citrate, per-
rhenate ions), pH of the solution, temperature
and the applied value of the deposition current
density. It should be noted that with a ratio of
citrate and nickel ions of 1:1 (34 mmol/l), the
maximum achieved concentration of rhenium
in the alloy was 54.9 at. %, with a current effi-
ciency of no more than 60% [7]. At the same
time, a detailed study of the effect of the ratio
of the concentrations of the iron group metal
and citrate ions showed [4] that it is in this case
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that the ratio of partial deposition currents
Ni/Reis maximum, and toincrease the concent-
ration of rhenium in the alloy, it is necessary
to increase the concentration of citrate ions in
the electrolyte. The question of the existence of
complexes of the putative composition ReO,/
(NiCit)~ or ReO, /(NiCit),* in such solutions
arose on the basis of data on the mutual influ-
ence of both the presence and the change in the
concentration of each of the deposited compo-
nents on the current efficiency and the com-
position of the resulting alloy. Based on the
results of these studies and some earlier ones,
it could be assumed that the simultaneous
electrodeposition of nickel and rhenium is due
to the interaction of ions of all three compo-
nents in the electrolyte: perrhenate, nickel and
citrate. The mechanism proposed in [2] was
based on a special type of chemical precipita-
tion in which the reducing agent is metallic Ni,
formed in situ. In [3], the probable mechanism
by which the addition of Ni, Fe or Co to the
solution increases the deposition rate of Re is a
unique type of chemical precipitation in which
the reducing agent is Me0, formed in situ. The
authors of the study [4] indicate that, based on
all the signs discovered, the electrodeposition
of the nickel-rhenium alloy should be recog-
nized as induced, by analogy with the depo-
sition of alloys of iron subgroup metals with
molybdenum and tungsten. Induced co-depo-
sition of rhenium from such rhenium-contain-
ing electrolytes proceeds without kinetic diffi-
culties. Coatings up to 25 microns thick were
obtained in 60 minutes of deposition with a
current efficiency of up to 95%, and the con-
centration of rhenium in the alloy can reach a
value greater than 90%. The assumption about
the interaction of perrhenate and citrate ions
with the formation of a reversible electroactive
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complex citrate/perrhenate (H,CitReO,)*” was
previously put forward to explain the cata-
Iytic effect of citrate ions on the reduction of
ReO," ions in electrolytes with medium acidity
(pH = 2-5), which was demonstrated by po-
larography [10]. However, the authors failed to
confirm the formation of such complexes by
spectrophotometry either in the visible or UV
spectrum. In later studies of the ternary system
«nickel-citrate-perrhenate», nickel complexes
with perrhenate ions were also not detected
[11]. At the same time, the alloy deposition in-
dices indicate the interaction of all three com-
ponents in the electrolyte. The authors of [11]
particularly emphasize the fact that the mani-
festation of the above phenomena requires the
simultaneous presence of the three compo-
nents in the electrolyte. And this fact leads to
the conclusion about the existence of a precur-
sor similar to that detected in the case of in-
duced co-precipitation of alloys with tungsten
[12-14]. But since in the case of a direct ana-
logy it is necessary to assume the formation in
solution of a complex containing 9 perrhenate
molecules, which is impossible, on the basis
of the fundamental role of freshly deposited
nickel in the electroreduction of rhenium, dis-
covered in works [2-6], a catalytic mechanism
of alloy deposition was proposed according to
which Ni**ions are reduced and deposited first
and, as a strong reducing agent, promote the
reduction of 7-valent rhenium in perrhenate
ions to the 5-valent form in ReO’ ions. Thus,
the electrodeposition of the alloy is interpreted
as a catalytic process in which nickel plays the
role of a catalyst for the reduction of rhenium.
Its concentration should not change as a result
of the overall reaction. But since some amount
of nickel was detected in the part of the coating
consisting mainly of rhenium, it had to be sta-
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ted that the process is unique and the catalyst is
formed in situ as part of the reduction process.

In contrast to earlier studies [2-7], in which
the deposition time of alloy coatings was mi-
nutes and hours, the initial stages of alloy depo-
sition were studied in [9] in order to better un-
derstand and confirm the catalytic mechanism
of deposition. In this work, the electrodeposi-
tion of Re-Ni alloys was studied at a deposi-
tion time of 0.05-60 s, and the authors found
rhenium current efficiency values significantly
exceeding 100%. The alloy current efficiency
and the rhenium content in the coating de-
creased with increasing alloy deposition time.
According to the authors, this nature of the
dependence of rhenium deposition on deposi-
tion time indicates the occurrence of a parallel
chemical reaction at the early stages of alloy
deposition, catalyzing the deposition of rheni-
um into the alloy. A sharp decrease in the rate of
this chemical reaction, leading to a decrease in
the current efficiency and the rhenium content
in the alloy, was previously interpreted by the
authors as a change in the catalytic properties
of the surface as the alloy is deposited. Despite
the convincingness of the catalytic mechanism
of alloy electrodeposition, subsequent works
by these authors are aimed at clarifying the
possibility of interaction between the compo-
nents of the electrolyte, which determines the
previously discovered interdependencies of the
current yields and metal concentrations in the
alloy on the ratio of component concentrations
in the solution. In the study [15], the concept of
weak ionic interaction in electrolytes was pro-
posed, which was verified based on conduc-
tometry, UV-visible and Raman spectroscopy
data. The dependences of the intensity ratios
in the spectra related to different vibrations in
perrhenate ions indicate some deformation of
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these ions, and, as a consequence, the nickel-
citrate complex, due to their interaction in
the electrolyte. However, the formation of the
ternary complex «nickel-citrate-perrhenate»
was not confirmed. No evidence of perrhenate
complexes with the other two components of
the electrolyte was also found. However, the
increasing deformation of the perrhenate ions
with increasing molar ratio [NiCit] /ReO,” was
clearly demonstrated by Raman spectroscopy.
Therefore, the weak interaction of these ions
in solution is definitely observed and is strong
enough both to change the shape of ReO,” and
[NiCit]~ or [NiHCit] particles in solution and
to increase the alloy deposition rate. In this
case, it seems to the authors that the induced
interaction is a catalytic process involving the
stage of simultaneous reduction of ReO,” and
[NiCit]~ or [NiHCit] particles, which mutually
influence each other due to the weak interac-
tion in solution. In [16], rhenium-nickel-cit-
rate electrolytes of different compositions were
studied by Raman spectroscopy. The peaks
of two main bonds in ReO,, at 972 cm™ and
331 cm’, were attributed to the symmetric
Re=0 stretching and O-Re-O deformation,
respectively. It was shown that the ratio of
these intensity peaks decreases with increa-
sing Ni ion concentration and Ni/Re ion ratio
in the electrolyte. The effect of Ni-Cit ions on
the vibrations of the atom in ReO, denotes
the deformation of ReO, ions. Based on these
results, the authors suggested some interac-
tion of Ni-Cit ions with ReO,, leading to their
deformation. It was assumed that the interac-
tion was weak, since no shift in fundamental
positions was observed. In addition, no com-
plexes of ReO, and Ni ions were observed in
citrate electrolytes using UV-V spectroscopy
and conductometry methods for identifying
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such complexes. Recently, the authors further
confirmed the proposed mechanism experi-
mentally using aberration-corrected spherical
scanning transmission electron microscopy
(STEM) and atom probe tomography to cha-
racterize the structures at the atomic scale and
the part-per-million atomic level 3D chemist-
ry. A unique combination of multilayered and
columnar Re-Ni structure consisting of thicker
Re and thinner Ni-rich alternating layers was
observed. In this work, the coatings formed
during the initial stage of electrodeposition
of alloy coatings were investigated by the such
methods: Time-of-Flight Secondary-Ion Mass
Spectrometry (TOF-SIMS) and High-Resolu-
tion X-Ray Photoelectron Spectroscopy (HR-
XPS)). The observed results support the con-
cept of a chemical reaction that decays with
increasing deposition time and are consistent
with the changes in the composition of the
catalytic electrode surface during the deposi-
tion process. In all deposited coatings studied,
both bound Re-Ni ions and individual Ni and
Re ions were detected. The intensity associated
with nickel increased significantly in the di-
rection from the substrate-coating interface to
the outer side of the Re-Ni alloy coating. This
trend corresponds to the decrease in rhenium
concentration with increasing deposition time,
and small periodic increases and decreases in
the intensity related to Ni ions were also ob-
served as well as a periodic changes in the in-
tensities related to Re and Re-Ni ion with sput-
tering time. The increase of the Re and Re-Ni
intensities was accompanied by a decrease of Ni
intensity, and vice versa. According to the SIMS
and XPS results, Re-Ni, Re-NiO_ (Re-Ni-O,
Re-Ni-O,) and C H,-O-Re-Ni are present on
the surface, while Re-Ni is present in the bulk,
indicating a significant interaction between Ni
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and Re in the Re-Ni coatings. Although such
interaction cannot be considered as a definitive
proof of simultaneous deposition from a pre-
cursor containing ReO, and complexes of the
composition (NiCit)~ or (NiCit),*, it is indirect
evidence for this idea. In [17], the dependen-
ces of the amount of formed citrate-perrhen-
ate complexes (ReO,-H Cit)* on the pH of the
solution are presented. Based on the acid-base
equilibria described in [17], one can assume
different behavior of solutions of citric acid,
citric acid with the addition of nickel sulfamate,
and citric acid with the addition of nickel
sulfamate and potassium perrhenate with the
sequential addition of alkali, similar to the pro-
cess of potentiometric titration. A quantitative
assessment of the change in the pH of solutions

upon the addition of 1 M KOH, according to
our assumptions, could provide additional in-
formation on the processes occurring in citrate
electrolytes for the deposition of coatings with
the NiRe alloy.

EXPERIMENT AND DISCUSSION OF THE
RESULTS. A solution of citric acid (Cit) contain-
ing 0.32 mol-dm™ of citric acid was prepared, as
well as solutions of (Cit-Ni(II)) and (Cit-Ni(II)-
ReO,), containing the same concentrations of
citric acid (0.32 mol-dm~) and nickel sulfamate
(0.1 mol-dm”) and differing in the presence
of perrhenate ions in the composition. The
concentration of potassium perrhenate in the
Cit-Ni(1I)-ReO, solution was 0.03 mol-dm™. The
composition of the solutions for potentiometric
titration is given in Table 1.

Table 1.
Composition of solutions for pH-metric titration.
C, mol-dm™

Solution - -
C,H,0.-HO0 Ni(SO,NH,) -4H O KReO,

Cit 0.32 - -

Cit-Ni(1l) 0.32 0.1 -

Cit-Ni(I)-ReO, 0.32 0.03

The initial pH values of the Cit-Ni(Il)
and Cit-Ni(I)-ReO, solutions were the same:
1.56 pH units, and 1.81 pH units for the Cit
solution (16 °C). Precisely measured volumes
of 1 M KOH solution were added to the solu-
tions, mixed for 30-40 min, and the equilib-
rium pH values were measured. Figure 1(a)
shows the dependences of the equilibrium pH
values of Cit, Cit-Ni(Il) and Cit-Ni(II)-ReO,
solutions after adding a 1 M KOH solution.
From the obtained dependences, the pH values
of all three solutions were extracted to calcu-
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late the change in the proton concentration in
the Cit-Ni(II) and Cit-Ni(II)-ReO, solutions in
relation to the proton concentration in the Cit
solution during titration with 1 M KOH:

AC,,, = 10710 _ 10?12 (1),

where pH(1) and pH(2) are the equilibrium
values in Cit-Ni(II) (or Cit-Ni(II)-ReO,) and
Cit solutions after addition of 1 M KOH. The
calculations results are shown in Fig. 1(b),
changing of additional OH" and H* concentra-
tion AC, , AC_, are summarized.
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The release of protons into a Cit solution
upon addition of alkali can be described by the
equation:

H,Cit + OH => H Cit + H O (2)
(curve 1 in Fig. 1(a))
s PH
4
3
2
V ko Ml
; . . .
0 10 20 30
sum of AC,,,, eq/l
0.15 2
(b)
010 |
0.05

sum of AC,,, , eq/l

0.05 0.10 0.15 0.20 0.25

Fig. 1 - Results of pH-metric titration of solu-
tions: Cit (1), Cit-Ni(II) (2), Cit-Ni(II)-ReO, (3) (a)
and the total change in proton concentration in
solutions of Cit-Ni(II) (1), Cit-Ni(1I)-ReO, (2) in
relation to Cit after addition of KOH solution; (3) -
the difference between curves (2) and (1).

The release of protons into the Cit-Ni(II)
solution occurs according to the well-known
reaction of the formation of a protonated ni-
ckel complex.
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As follows from the results presented in
Fig. 1, in the presence of perrhenate ions in a
solution containing citrate and nickel, another
reaction occurs, accompanied by the release of
a certain amount of protons.

This reaction could be represented as the
addition of perrhenate ions to the NiCitH
complex already present in the solution, and
“weak ionic interaction” occur in the solution
in accordance with the assumptions set out in

[15]):

XNiCitH + YReO, => YNiCitReO, +
+ (X-Y)NiCitH + YH* (3)
0.1 NiCitH + 0.032ReO = 0.032NiCitReO N
+ 0.068NiCitH + 0.032H* (4),

or it can be related to the occurrence of a reac-
tion between citrate ions and perrhenate ions
that is independent of the presence of nickel
ions (reactions 4, 5 [18]):

ReO, + H,Cit => (ReO,-H,Cit)* + H* (5)

(6)

Reaction (5) can occur simultaneously with
reaction (4), affecting the total number of pro-
tons released into solution and reducing the
stoichiometric number of protons in accor-
dance with reaction (4).

But, based on the parallel release of pro-
tons in these two solutions upon addition
of alkali, reactions accompanied by the re-
lease of protons, as can be assumed, occur
with the same citric acid ions, i.e. the forma-
tion of the corresponding amount of NiCit-
ReO, occurs according to reaction (3), (4).
In more detail, this complex can be written as
HO-C,-(COO-),NiReO, in which nickel can
be bound, as an assumption, to one of the car-

ReO, + H,Cit => (ReO,H,Cit)".
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boxyl groups, and the perrhenate ion - to two.
It is also likely that the acidic residue of per-
rhenate can be bound to the alcohol group of
citrate («weak ionic interaction», [15]):

ReO,- + HO-C-(COO") HNi + OH" =>
=> ReO,- C,-(COO"), HNi + HO. (7)

In both cases, the formation of a complex
or, rather, an ionic associate in solution takes
place, binding rhenium and nickel in a 1:1 ra-
tio, as was first suggested back in 1985 by the
H. Fukushima.

What conclusions can be drawn from the
results presented in Fig. 1(b)? Firstly, the total
concentration of protons released into the solu-
tion in both cases — for the Cit-Ni(II) solution
and for the Cit-Ni(II)-ReO, solution, in the
first approximation, corresponds to the total
concentration of the components of the solu-
tions. This gives grounds for assuming that the
corresponding reactions occur - the formation
of the citrate complex and reactions (5) and/
or (6). Almost all nickel ions in the solution
are converted into the citrate complex, since
the total concentration of reacted protons is
close to 0.1 mol-dm™. Secondly, since the total
concentration of reacted protons in the solu-
tion with perrhenate corresponds to the sum
of the concentrations of nickel and perrhenate,
this confirms that reaction (5), (6) occurs si-
multaneously (in parallel) with the reaction of
the formation of the nickel-citrate complex.
When converting the pH value of the solution
containing all components to the alkaline re-
gion, the predominant citrate complex of ni-
ckel will be the NiCit,* form [1]. Thus, under
the conditions of NiRe alloy precipitation (pH
not lower than 5 and nickel concentration of
0.1 mol-dm~), the NiCit,* form is present in
the solution in a significant amount, increa-
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sing to a maximum value with an increase in
the concentration of citrate ions. At an eleva-
ted temperature, at which the alloy is precipi-
tated, the addition of perrhenate ions with the
formation of an ionic associate of the NiCit,*
form and 2 ReO, ions becomes more likely.

To establish the type of influence of citrate
concentration and the ratio of electrolyte com-
ponents on the alloy composition, the data
from [2, 7, 4] were analyzed. Fig. 2 shows the
dependences of the ratio of alloy component
concentrations (Ni, Re) on the ratio of the
concentrations of the components of the ionic
components of the solution (Ni, Re, Cit). The
alloys were deposited at a current of 25 [7] -
50 [2] mA-cm™.

The dependences in Fig. 2 show that the
concentration of citrate ions significantly af-
fects the ratio of components in the alloy and
partial currents. It should be taken into account
that an increase in the concentration of citrate
ions in the nickel-citrate system leads to an in-
crease in the proportion of the NiCit,* com-
plex [1]. Similarly, an increase in the concent-
ration of iron subgroup metal ions in the solu-
tion leads to an increase in the concentration
of this complex. In [1] on Fig 1(b) the concen-
tration distribution of Ni**-Cit’>~ complexes as
a function of the overall citrate concentration
(0.1 M NiSO,, pH = 8.0) is shown. From the
data it can be concluded that sharp arising of
NiCit,* concentration occurs along concentra-
tion of citrate in solution. Therefore, it is this
complex, capable of adding two perrhenate
ions to form the corresponding ionic associate
NiCit,(ReO,),, that can play a significant role in
the process of electrodeposition of NiRe alloys.
The concentration of NiCit,(ReO,), should be
very high, respectively, under conventional
conditions of the alloys electrodeposition.
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Fig. 2 - The ratio of Re to Ni concentrations in
the NiRe alloy on the ratio of their ion concentra-
tions in the solution: 1, 2, 3 [2], 4 [7]; the ratio of
the concentrations of citrate ions and nickel ions:
3:1 (1), 2:1(3), 1:1 (2, 4) (a) and the ratio of rheni-
um to nickel partial currents of deposition on the
ratio of the concentrations of citrate ions and nickel
ions [4].

Based on the concentrations of nickel and
rhenium in the alloy, in accordance with the
results of the study [4], the estimated concent-
rations of complexes and ionic associates in the
electrolyte were calculated.
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Figure 3 is constructed based on the data of
work [4] (Fig. 3(a), averaged data) and the esti-
mated calculation of the ratio of various comp-
lexes (NiCitReO,; NiHCit; NiCit; NiCit,H;
NiCit,(ReO,),) in the electrolyte of the com-
position, mmol: ReO, - 34; Ni** - 93; Cit -
(93-340). Experimental results and calculation
are represented for the given deposition cur-
rent density of 50 mA-cm™.

[Re]:[Nil 10y

i 3.7
2 -
1 -
citrate-to-nickel ratio
1
0.0 0.5 1.0 1.5 2.0 2.5

[Re] : [Ni] solution

Fig. 3 - The ratio of the concentrations of the
alloy components depending on their ratio in the
composition of the supposed complexes contained
in the electrolyte.

Examples of calculation:

1. C(Cit):C(Ni*") = 1:1 and [Rel:[Ni] =
18:82 (point 0.22 on the Y coordinate axis).

By analogy with the equation (3) we can
write:

0.034NiCitReO, + 0.066NiCit’, and point
on the X coordinate axis will be 0.034/0.066 =
0.34

2. C(Cit):C(Ni**) = 2:1 and [Re]:[Ni] , =
40:60 (point 0.67 on Y coordinate axis).

By analogy with the equation (3) we can
write:
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0.034NiCitReO, + 0.066NiCit" + 0.1Cit> =>
=> 0.034NiCitReO, + 0.023NiCit +
+0.043NiCit,* + 0.057Cit>

and point on the X coordinate axis will be
0.034/0.057 = 0.6, because of NiCit,* is electro-
chemically inactive form, and shouldn’t be cal-
culated.

3. C(Cit):C(Ni*) = 3.7:1 and [Re]:[Ni]
75:25 (point 3 on Y coordinate axis).

By analogy with the equation (3) we can
write:
0.034NiCitReO, + 0.066NiCit" + 0.2 Cit* =>
=> 0.034NiCitReO, + ONiCit +0.07 NiCit,* +
+0.13Cit => 0.025NiCit,(ReO,), +
+0.005NiCitReO,
and point on the X coordinate axis will be
0.034/0.057 = 2.2.

CONCLUSIONS. The article presents an
analysis of the experimental data available in
the scientific literature on the conditions for
obtaining nickel-rhenium alloys, promising
as cathodes for electrolytic hydrogen produc-
tion. The problem of searching for additional
evidence of the mutual influence and interac-
tion of nickel(II), citrate and perrhenate ions
in the deposition electrolyte is formulated. For
this purpose pH-metric titration of solutions
containing (1) only citrate; (2)citrate and ni-
ckel(I); (3)citrate, nickel(II) and potassium
perrhenate in the pH range from 1.5 to 2.0
was carried out. Simultaneous release of pro-
tons associated with both the reaction of nickel
with citrate to form the corresponding NiHCit
complex and the reaction of citrate with per-
rhenate was shown.

Based on the analysis of experimental re-
sults concerning the influence of the com-
ponents of nickel-rhenium alloy deposition
electrolytes on electrodeposition results, it was
concluded that the predominant form provi-

alloy
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ding the observed results in high current yield
and rhenium content in the alloy is an electro-
chemically inactive ion associate consisting of
the NiCit,* complex and two perrhenate ions.
Destroying in the near-electrode layer, it pro-
vides a periodic predominance of perrhenate
ions, which can be restored without kinetic
difficulties. The composition of complexes and
ionic associates is proposed for a wide range of
experimental data on the induced deposition
of nickel-rhenium alloy coatings from citrate
electrolytes, based on the quantitative ratios of
the components in the electrolyte and the pH
value.
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CIUIaBiB, IEPCIEKTUBHIX AK KaTOM JJI €/IEKT-
pormiTuYHOrOo OTpMMaHHA BopHIO. Cdopmy-
TbOBAHO 3aBJAHHA IOIIYKY JOJZATKOBUX JIO-
Ka3iB B3a€MHOTO BIUIMBY Ta B3a€MOfii iOHIB
Hikemo(II), TUTpaTy Ta meppeHaTy B eeKTpo-
miTi ocamxkeHHa. IIposemeno pH-merpuyne
TUTPYBAaHHS PO3YNHIB, [0 MicTATSD (1) Tinbku
nutpat; (2) nutpat ta Hikens (II); (3) unurpar,
Hikenb (II) Ta meppeHat kasiio B fianasoni pH
Bixm 1.5 go 2.0. Iloka3aHo oHOYAaCHe BUIi/IEH-
HS IIPOTOHIB, TIOB sI3aHe sK i3 peakiieo Hike-
70 3 IUTPATOM 3 YTBOPEHHAM BiITIOBiHOTO
komiutekcy NiHCit', Tak i 3 peakuiero nutpa-
Ty 3 IE€PPEHATOM 3 YTBOPEHHAM KOMIIJIEKCY
(ReO,H,Cit)*. Ha mifcraBi aHamisy maHmx
110710 BIUIMBY KOMIIOHEHTIB €/IeKTPOJIITiB Oca-
IDKEHHs HiKe/lb-pEeHIEBMX CIIIaBiB Ha pe3yiib-
TaTU eIeKTPOOCAKEHHS 3p00/IeHO BUCHOBOK
Ipo Te, IO IepeBaXHOI (GopMoIo, o 3a-
Oesreuye pe3y/nIbTaTy 3 BICOKVM BJMXOJOM 32
CTPYMOM 1 BMICTY p€Hil0 B CIUIaBi, € IOHHUIA
acoliar, 110 CKIalAEThCSA 3 KOMIITIEKCY NiCitz‘*’
Ta JIBOX IleppeHar-ioHiB. PyiiHyBaHHA Iji€l
eIeKTPOXiMiYHO HeaKTMBHOI ¢opMu B HpH-
€/IEKTPOJHOMY 1Iapi IPU3BOAUTD 10 IIepioANY-
HOTO CYTTEBOrO 30i/lbIIeHHs KOHI|eHTpaLil
IeppeHaT-ioHiB, AKi MOXXYTb BiJJTHOB/IIOBATICSA
6e3 kiHeTnyHMX TpyAHOUIiB. Ha mixcrasi mite-
PaTypHMX €KCIIEpPMMEHTANIbHUX JAHMX IOZIO
IHZ[yKOBaHOTO OCaJ[)K€HHS IIOKPUTTIB CIUIA-
BOM HiKeJIb — peHiil 3 HIMTPATHUX e/IEKTPOJIITIB
3alIpOIIOHOBAHO BapiaHTN CIIiBBiJHOIIEHHSA
KOMII/IEKCIB Ta iOHHIMX acolliaTiB 3a/Ie>KHO Biff
CK/IaJly €IeEKTPOJIITY Ta 3Ha4eHHA pH.

KnrodoBi cnoBa: crtaBu Hikenb — peHiil,
UUTPaTHI KOMIIIEKCH, I1OHHa B3aeEMOjid,
pH-tutpyBaHHA, cKIapm eneKTpoiTy, pospa-
XYHKIL.
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BMJINB FrETEPOBAJIEHTHUX 3AMICHUKIB HA NMPOBIAHICTb

®TOPUANPOBIAHUX ®A3 MPb,_SnF
(M=K, Rb, Nd, Sm)
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BukoHaHO OLIHKY BIUIVBY 3aMillleHHSA YacTMHM KaTioHiB ImoMOymy karioHamu K,

Rb*, Nd*, Sm** na mposignicTs cunresoBanumx ¢ropuanposignux ¢as M Pb, SnF, ta
MPb . Sn F, . Hecrexiomerpnuna ¢asa Pb Sn F, xapakrepnsyerbcs BUCOKOW Npo-
BigHicTo, sika ipu 373 K ckmamae 2,9-10° Cm/cum i Maiike Ha TIOPSIIOK BETMYMHN BUIIA 32
nposifHicTb B-PbSnF,. 3aminennsa yacTuny Karionis nirom6ymy Kationamn K, Rb*, Nd*,
3 . . . . . .
Sm*"y necrexiomerpnuniii gpasi Pb, Sn | F, ciipuse 3611b1eHHIO €1€KTPONPOBIRHOCTI SK 3a
HU3bKUX, TaK i 32 BUCOKMX Temmneparyp. HaiiBuuty nposignicts mae dasa K Pb  Sn F
(0373 =0,12 Cm/em, 0, = 0,37 Cm/ cM). 3aMillleHHs YaCTVMHY KaTiOHIB IUTIOMOYMy KaTioHaMu
+ + 3+ 3+ 3 3
K*, Rb*, Nd**, Sm** y cknagnomy dropuzi f-PbSnF, cipusie yrBopennio Gpropuamnposis-
HUX a3, IPOBiHICT AKMX BUILA 32 IPOBITHICTD BUXifHOI a3y mmiue B 06/1aCTi BUCOKUX
temiepatyp. IIpu 573 K HaiiBuiny enekrponposigHicTh 3ab6e3neqyiors Kationn K* (x=0,10)
ta Sm’* (x=0,15). 3a pe3ynbpTaTaMu OLIHKY €IEKTPOHHOI CK/IAZI0OBOI MMPOBiAHOCTI MeTOIOM

Xe66a — BarHepa nepeHoC 3apsAy y CMHTe30BaHMX ¢da3ax 3ab6e31edyoTb aHioH! PTOpY.

Kimrouogi cnoBa: propuamnposinHi ¢pasy, cknagni ropuay miroMOymy, CTaHyMY, TeTepo-
BaJICHTHE 3aMillleHHsd, IPOBiJHICTb, YMC/Ia IIEPEHOCY 3apALy.

BCTYII. BaXnuBUM 3aBJaHHAM Cy4acHOI
HayKV i TeXHIKM € po3poOIeHHs Ta CTBOPEH-
Hd HOBMX MarepialiB [ aJbTepHAaTUBHUX
IDKepeNl aKyMYTIOBaHHA Ta IIEpeTBOPEHHHA
eHeprii. Ha cporogHi ogHMMU 3 HalKpaliux
HaKONMYYyBa4yiB Ta €HEPrOT€HEpyHUYMX CUC-
TeM, fAKi OTPUMMa/M INPOKE KOMEPILIiiHE BU-
KOPUCTaHHA, € JITiN-I0HHI aKyMy/IATOPMU.
[TpoTe BucoKa BapTicTh JiTilo i 10r0 0OMexe-

72

Hi IIOK/Ia[iX Y IPUPOJi, @ TAKOX HeOoOXimHIiCTD
BUKOPVICTAaHHSA He MeHII JeillTHUX CIIOTYK
K00anbTy ab0 HiKe/II0 BMMAraloTh po3poobieH-
Hs JIKepeJl eHeprii HOBOro NoKomiHHA. OfHUM
i3 MOX/IMBMX LUIAXiB BUpilIeHHS i€l mpo6-
JIeMU € CTBOPEHHA [pKepeNl CTPyMy, B AKUX
€/IeKTPOpYIIiliHa CMJIa BMHMKAE 32 PaXyHOK
Red/Ox-mporeci, 1o CympOBOmKYIOTbCA
00OpOTHMM IIePEHOCOM aHiOHIB QTOpY Yepes
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MeXy po3fiiny ¢as: eleKTpoj/eneKTpoiT, —
TaK 3BaHUX ¢pmopud-tionnux 6amapeii (OIb)
[1-6].

3a ouinkamu ¢axiBIiB TeopeTUYHa INUTO-
Ma €Heprif TaKMX IHKepesl CTPYMY OL[IHIOETHCSA
BemmunHow 5 kBt-rom/mm® [1-3], mo 3Hau-
HO IIepPEeBMINYE AHAJIOTIYHUI IIOKA3HUK JIi-
Tift-itonHnx 6atapeit (JIIB). Kpim nporo, mxe-
pena CTpyMy Takoro TMIy 6esneyHi mpm ekc-
ITyaTallil, JI HUX He XapaKTepHe CaMOYMHHE
3aiiMaHHA Ta BubyxaHHA. [llnpokomacimTabHe
KOMepIiiliHe BUKOPUCTAHHS (PTOPUJ-IOHHUX
6aTepeii TalbMy€ BiICyTHICTh HaJIKHUM UM-
HOM pO3pO0/IeHNX eNeKTPOJHNX Ta eeKTPo-
TITHUX MaTepiaiB, ki 6 3abesnevyBamy 060-
POTHUII IlepeHOC JIOHIB (TOpy yepe3 Mexy
po3niny a3 enexTpoy/eneKTpoIT y MUpOKO-
MY iHTepBasi noTeHuiamis [3-5].

Cepeny HM3KM CIONYK, HPUAATHUX [/IA
CTBOPEHHA €NIEKTPOJHUX Ta €NeKTPONITHUX
MaTepiaiB I TaKUX JPKepesl CTPyMY, 3HaUHY
yBary INpuUBEepTaOTb (TOPUANPOBifHI ¢asy,
YTBOpPEHI IIpM 3aMillleHHI YaCTMHM KaTiOHiB
IIIOMOYMy 2060 CTaHYMY Y CKJIaJHOMY TOpH-
ni PbSnF, rerepoBaneHTHMMMU 3aMicHUMKamMu
[7-9]. Bxe 3a xkiMHaTHOI TeMIIepaTypu BOHU
XapaKTEPU3YIOTbCA BUCOKOK  YHIITOIAPHOIO
nposipHicTIo (1-107°-1-10"° Cm/cM), 5Ky 3a-
OesnedyoTb aHiOHN BTOPY. 32 paXyHOK 30i/1b-
IIEHHA KOHLEHTpalii MiKBY3JIOBMX aHIOHIB
¢dTOpy ab0 BakaHCill /1A IXHBOTO PYXy reTe-
pOBaNeHTHI 3aMiCHUKI [JO3BOJIAITb CYTTEBO
BIUIMBATH Ha €JIEKTPOIPOBiJHICTh YTBOPEHUX
¢dbropupnposiganx das [1].

CraHOM Ha CbOTOAHI J[JOCUTb PETEIbHO
JOCTIi/PKeHO BIUIMB Ha mHpoBigHicTh PbSnF .
3aMillleHHs YaCTUHY KaTioHIiB ITIOMOYMy Ka-
tioHamu TpuBaneHTHUX Metanis [10, 4]. Tak,
30KpeMa, BCTAHOBJIEHO, 10 IIPY 3aMilljeHHi
1o 20 Mon. % 1oHiB Pb** tonamu Ln** (Ln=Y,

https://ucj.org.ua

La, Ce, Nd, Sm, Gd) y ¢ropupanposiguiit dasi
PbSnF, enekrponpoBiiHicTh yTBOpEHNUX TBep-
IUX PO3YMHIB Lnbe(l_x)SnF 4., BHAYHO BUIIA
nopiBHAHO 3 Buxignum PbSnF,. Makcumanbuy
IPOBIIHICTD MAIOTh TBEPJi PO3YMHMY, 1O Mic-
TATb y cBoeMy ckiafi 0,1 < x < 0,15 Tpudro-
puzniB HeopuMy, camapiro abo irpiro [11]. 3a-
MillJeHHs YaCTVHM JIOHIB ITIOMOYMY JIOHaAMM
Kafiio y cknagHomy ¢ropupi 3-PbSnF, Takox
CIpMsA€ MNiIBUIIEHHIO €/IeKTPONPOBiHOCTI.
HariBuiny npoBifHiCTh Ta HalIMEHITY €Hepriio
aKTUBAIil MPOBITZHOCTI 00/MacTi Mae 3pas3ok
ckmapy K| Pb  SnF (0, =1,3-10° Cm/cm)
[12]. Cnuig 3asHaumMTy, [0 MiZBUIIUTHA €/eK-
TponpoBinHicTh f-PbSnF, MoxxHa He nuire 3a
PaxyHOK BBE[leHHA 3aMiCHMKIB, a 11 LIIIAXOM
BiIXWIEHHA Bifi €KBIMOJAPHOIO CIiBBiHO-
nieHHs KoMnoHeHTis (PbF,: SnF, =1 : 1) Bu-
aBneHo [13], mo 3pasok ckmamy Pbo’%Snl,1 .,
isocrpykTypuuit f-PbSnF, (rerparonanbha
CMHTOHif, 1p. Tp. P42/n) Mae eleKTpoIpoBiz-
HICTh, fIKa CYTTEBO BiJIpi3HAETbCA Bijj IpPO-
Bignocti -PbSnF,. fkmo sa Ttemmepatyp,
Buiux 3a 550 K, mposifHicTe 060X 3paskis
3a OPSA/IKOM BETMYVMHY IIPUOTNM3HO OfVMHAKO-
Ba (1,88-2,41)-10% Cm/cMm, TO 3a TeMIlepaTyp,
HIDK4MX 3a 373 K, npoBifiHiCTD 3paska CKIany
Pb  Sn F, Ha nopsapok Bemmumuu Ginbuia
nopieusAHo 3 -PbSnF,. Ilpu npomy enepris
aKTMBalil NMPOBIJHOCTI y BCbOMY TeMIlepa-
TYPHOMY [ialasoHi HIOKYa MalbKe BABidl i
cknazae 0,23 ta 0,10 eB npu 373 Ta 573 K Big-
MHOBIiTHO.

HesBakarouy Ha 3HaYHMIT OOCAT HAKOIIM-
YEHO eKCIIePMMEHTA/IbHUII MaTepian Ijof0
eIeKTPOIPOBigHOCTI propuANpoBinHUX (a3,
CUHTe30BaHUX Ha ocHOBi 3-PbSnF,. Indopma-
11iA IIPO BIUIMB 3aMiCHMKIB pi3HOI Ba/IEeHTHOCTI
Ta pO3Mipy Ha MPOBIIHICTb HeCTEXiOMETPUY-
HUX ¢as, yTBOpeHux ¢propusamMu mwioMoymy
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4x

Ta CTAaHYMY, € BKpail oOMexeHow. BincyTHs
IOPiBHANbHA XapaKTepUCTHUKA IPOBiIHOCTI
¢as pisHOTrO CKIaAy, 110 BKpal HeoOXigHO I
PO3pOOTIEHHS eIeKTPORHNUX Ta e/IEKTPOIITHIX
MarepianiB PIb.

MeTol0 BUKOHAHMX JOCIiKeHb Oy/l10 BU-
ABJIEHHSA BIUIMBY 3aMillleHHsA YaCTMHM KaTio-
HiB moM6bymy karionamu K*, Rb*, Nd**, Sm**
Ha €/IeKTPOIPOBITHICTD (PTOPUAIPOBiAHOIL
¢asu Pb  Sn F, sanexHo Big BMicTy samic-
HIKa Ta TeMIIEpaTypy, a TAKOXX IOPiBHAH-
Hs pe3y/lbTaTiB aHAJIOTIYHOIO 3aMillleHHA Ha
IpOBifIHICTh (a3, CMHTE30BaHUX Ha OCHOBI
crexiomeTpuyHoi pasu B-PbSnF,.

EKCHHEPVMMEHT I OBI'OBOPEHHA PE-
3YJ/IBTATIB. CuHTe3 NOMKPUCTaNTiYHUX 3pas-
KiB propupnposinanxpasM Pb . Sn F
ne M = K, Rb, Nd, Sm BukonyBanm meromom
CIUTaB/IeHHsA IHAMBigyanbHuMX (TOpUAIB BU-
XigHux enemenTiB. [lonepenHbo BUCYyILIEH] BU-
xigHi propupn (MF 2 PbF, i SnF, «x. u.») 3Ba-
XKYBa/IM y HeOOXiJHUX KiTbKOCTAX, peTeIbHO
[IepeTMpany B araroBill CTYILi Ta IepeMi-
IIyBa/IM Y IUTATMHOBMIA Turenb. CHMHTE3 Ipo-
BOAWIN B iHTepBaii Temmeparyp 773-823 K
B aTMocdepi aprony npotarom 20 XB. i3 Ha-
CTYIIHMM OXOJIO[PKEHHAM 3pasKa Ta peTellb-
HUM II€peTUPAHHAM B araToBill CTymni 1o
OTPMMAHHA YaCTOK, 110 32 PO3MipOM He Iepe-
BuifyBam 20 MKM. PeHTreHodasoBnmit aHai3
(P®A) cunTe30BaHUX 3pas3KiB MPOBOAVIIN HA
mudpaxromerpi «IPOH-3M» i3 CuK -Bu-
IIPOMiIHIOBAaHHAM B iHTepBai KyTiB Bif 10 1o
80 rpapn. [nsa imentndikanii Ta 06pobIeHHs
nudpakTorpaM BMKOpMUCTOBYBamm 6asy ja-
Hux JCPD i xomm'torepni mporpamu Match i
UnitCell.

EnexTponpoBifgHicTh CUHTe30BaHUX (ro-
puAnpoBifHNUX (a3 FOCTIHKYBaIM MeTOHOM
CIEKTPOCKOIIII €/IeKTPOXiMiYHOIO iMIIe[jaH-
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Cy 13 3aCTOCYBaHHAM [IBOENEKTPOJHOI CXeMU
3a [JOIIOMOTIOK €/lIE€KTPOXIMIYHOTO MOMYIIA
Autolab (Ekochemie) Ta wacToTHOro asani-
saropa FRA (Frequency Response Analyzer)
B iHTepBasi vactor 107'-10° Ity (32 ammmitTyan
BUXigHOTO curHany 10 MB) Ta MocTOBUM Me-
TOJOM Ha 4acToTi 70 KIIj i3 BUKOpUCTaHHAM
IOBOEJIEKTPONHOL cxeMu. /I JOCIiKeHb BI-
KOPUCTOBYBa/IM IIPECOBAHI IONMIKpUCTaIiy-
Hi 3pasku UWIHAPUYHOI GopMU IiaMeTpoM
8 MM i ToBmHOW 2,0-3,0 MM. CTpyMomnijBo-
JaMu O 3pasKiB CIyTyBaay IVIaJeHbKi MO7i-
pOBaHi IVIaTMHOBI IUIACTMHU. BumiproBaHHA
IpoBOAWIN B aTMoc(epi aprony B iHTepBaii
298-773 K micia TepMOCTaTyBaHHA B peXMU-
Mi OXONIO/>)KEeHHA. [l HiBe/loBaHHA BK/IAfy
MOPUCTOCTi 3pasKiB TabOIETKM BUTOTOBIIS/IN
B OIHVX i TMX caMMX mpec-popMax i3 apibHo-
AucnepcHNX (paxiiil 3 po3MipoM YacTOK He
6inpire 20 MKM 1ig TckoM 15 MITa.

[InToMy mNpOBifHICTD pPO3paxoByBamM 3a
piBHSAHHAM 0=Il/s-R, e | — TOBUMHA LMTiH]T-
PUYHOTIO 3pasKa, s — IUIOIA KOHTAKTY, R — ak-
TUBHUIA OIIIp.

EnexTpoHHy CKIaloBy IPOBiJHOCTI HBOCHi-
JDKYBa/IM HOJLIPU3ALiiHIM MeTofoM Xebba —
Barnepa [14] B enexTpoximiuHiil komipui (-)
Ni+NiF,+CaF | TE/I|Pt(+), me Ni+NiF +CaF, -
00OpOTHMII BiTHOCHO aHIiOHIB (TOPY eneKT-
pon, Pt — 6mokyrounit enekrpop. Karop Bu-
TOTOB/IAMM 13 CyMilli IOPOUIKIB HiKe,
dropuziB HiKkemo Ta Kaablilo B 00 €MHUX
cniBBigHOmeHHAX 3:1:1 BignosigHo. OTOPULA
KaJ/IbL[il0 BUKOPUCTOBYBA/IN [ji HiBE€/IIOBaH-
HA €JIeKTPOAHOI TonApusalil, HiKeneBuil
HOPOIIOK BMKOHYBaB (PYHKIIIO €lIeKTPOHHO-
IIpOBigHOTO MaTtepiany. TepMocTaToBaHy Ko-
MIPKY IOAPU3YBAIN JIKEPETIOM IOCTINIHOTO
crpymy b5-43, cryninyacTto 36i1pLIyo4n mo-
TeHIlian i3 KpokoM 0,1 B B inTepBati morexu;i-
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aniB 0,0 + 2,5 B. Crpym, 1o npoTikae dyepes
KOMipKY, BUMipioBamM IPpPOBUM BOTBTMET-
poM «ABM-4307».

Panimre 6yo nokasano [13], mo 3amiren-
HA YaCTVMHU KaTiOHIB ITIOMOYMY Y CK/IaffHO-
My ¢ropuai f-PbSnF, xariomamu cranymy
3yMOBJIIO€ 30i/bIIeHHA JOr0 IPOBITHOCTI
B iHTepBaii Temneparyp mo 550 K. 3a Ginpur
BUCOKMX TeMIIepaTyp NpoBigHicTb 060x ¢a3s
CSITA€ MPAKTUYHO OfHAKOBUX 3Ha4eHb (2,20 +
0,12)-10% Cm/cm (pumc. 1). 3a Temmeparypu
373 K nposigHicTh HecTexioMeTpnyuHOi ¢asn
Pb . .Sn, F, Maike Ha MOPANOK BenmM4MHM
BUIIA 3a IPOBIgHICTD CKIagHOrO (TOpUAY
B-PbSnF,. Ha monitepmax mpoBifgHOCTi B KO-
opAMHATaX piBHAHHA AppeHiyca — OpeHkens
B iHTepBasi Temmeparyp 417-455 K peectpy-
eTbcsi 3710M (Tak 3BaHmit «®PapagmeiBcbKuit
(dasoBuil nepexisy), IpUTaMaHHNUI HepeBaXK-
Hil1 6inbiocTi propupnposigHux das droo-

L=

¥ 0,5
=
o
= 0,0
Q
e
©
§0-0,5
O PbSnF,
-LOF O PbygeSn, 14F,

pUTOBOi Ta aHTUQIIOOPUTOBOI CTPYKTYPH.
Ockinbkn anionn ¢ropy B Takux ¢asax 3a-
JIMaIOTh CTPYKTYPHO HEKBIBa/IeHTHI ITO3UIIiI B
KOOpAVMHAII/THOMY OTOY€HHI KaTiOHiB CTaHy-
My Ta IUTIOMOYMY, TO BBaKaTb [15-16], mo
BiH 3yMOBJ/IeHUI! 30i/IbIIIEHHAM KOHIIEHTpalii
MDKBY3/IOBUX aHIOHIB (TOpy Ipy 3pocTaHHI
temrepatypu. Came 1ji anionn ¢ropy 3abes-
NeYyIOTh IPOBIiHICTD 3a3HaYeHNUX (as.

3a  pesyirpraTaMy  peHTreHO(a30BOroO
aHanisy (puc. 2) HecrexiomeTpmyHa ¢asa
Pb,..Sn, ,F, yTBOpO€ KpucramidHy rparky
TeTparoHanbHol cuHronii (P4/nmm), iso-
crpykrypHy 3-PbSnF, 3 Takumu mapameTpamun:
a=4.215(4) A, c =11,513(2) A, V = 204,6 A®
(GOF = 1,95 - goodness of fit [17]). Ouin-
Ky IlapaMeTpiB KOMipKM BMKOHaHO 3a Ja-
HUMM [/ cTexiomeTpuyHoi dasu (-PbSnF,
(xaptka JCPDS Ne 85-2480): a=4,223(6) A,
c=11,429(1) A, V=203,4 A3.

0,36 eB

2,0

Puc. 1. Ilonitepmu mposignocTi ¢as -PbSnF, Ta Pb
Fig. 1. Temperature dependencies of conductivity for the p-PbSnF4 and Pb . Sn
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Axx 0,86-x

I3 HaBeeHNX JaHUX BUSHO, L0 3aMillj€HH S
YJaCTMHM KaTiOHiB IIOMOYMY KaTioHaMM CTa-
HYMY 3YMOBJIIO€ 3MillleHH OCHOBHMX pedriek-
CiB peHTreHiBCbKUX Audpakrorpam ¢asn
Pb . .Sn, ,F, B cTopoHy MeHmmx 3Havens 20
Ta 301/IbIIIEHHS IXHIX BITHOCHUX iIHTEHCMBHOC-

Teit NOpiBHAHO 3 B-PbSnF .- Lle MOXKe cBimuuTn

Ha KOPUCTD TOTO, 10 3a3HaueHa ¢da3a Mae IeB-
Hi CTPYKTYPHi BiIMiHHOCTI, AKi MOXYTb OyTI
HACIIZKOM 3MIiHM KOOPAMHALITHOIO OTOYEH-
HA KaTiOHiB CTaHyMY Ta IIIOMOYMY aHiOHaMI
¢TOpy, iXHIX KOOpAMHALIHMX 4YMCeNl, reo-
MeTpil KOOPAMHALIIMHKX IOJTiefpiB, pO3MipiB
e/IeMeHTapHOI KOMipKM TOILIO.

PN N | E N R | 11

gl s S A I O|w:m:$'@w L

212iE  8iZ gl SEERAt 3

| S

J t }i b 2N A

Pb_Sn F. || |f . IR
0,862 1,14" 4 ‘ Uk ‘?“1 et Yl oaal :
NSRRI V| SIS | S| WS ., S {
PbSHF, J | ﬁ:A A ¥ AR
s \ :| 1 :|| et I f
L N 1 X 1 L | 1 N 1 X 1 X ]
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26

Puc. 2. PenrreniBcpki gudpakrorpamu propupnposiguaux ¢as B-PbSnF4 ta Pb0,86-xSn1,14F4
Fig. 2. X-ray diffraction patterns of -PbSnF4 and Pb0.86-xSn1.14F4 fluoride-conducting phases.

HesBaxxarounm Ha Te, m0 MOHHMII pafiyc
cranymy (0,93 A) sHauno Menmmit (Ha 22,5%)
3a fionmmit pamiyc mmombymy (1,20 A), ma-
paMeTpy ejleMEHTapHOI KOMIpKM HecTexio-
merpnynoi ¢asu Pb . Sn | F, pemo Oinpui
TIOPiBHAHO 3 BUXifHOIO cromykow f-PbSnF,.
e MOXXe CBifYUTH TPO IE€BHE PO3YIOPSIKY-
BAaHHA BUXiJJHOI KpUCTaIi4YHOI I'paTKn. Bigomo
[18], w0 3aBASKM OCOOMMBOCTAM XapaKTepy
3B’A3Ky MDK eleMeHTaMM AUQPTOPUJ O0/l0Ba
CIIpUsi€ 3HAYHOMY 30iTbIIEHHIO MTPOBITHOCTI
nepeBaXHOI OimbIIocTi ¢QTOPUANIPOBITHMX
¢da3 QIIOOpUTOBOI CTPYKTYPH, KO AKUX JIOTO

76

BIIPOBA/KEHO. Y [UPTOPULL CTAHYMY TOBXKM-
Ha 383Ky Sn—F (2,06 A) sHauno MeHa 3a
cymy (2,26 A) itonnnx paniycis ¢ropy (1,33 A)
Ta cranymy (0,93 A). Ie cBimunth mpo koBa-
JIEHTHMII XapakTep 3B A3Ky MiX Humu. Kpim
TOro, Ha 30BHIilIHIN opbitani JioH Sn** mae
HETIOJIi/IEeHy CTepPeOaKTVBHY IIapy elIeKTPOHIB
(5s%), sIKa 3MeHIIye KOOpAMHAIiIHEe YNCTIo, a
OTXe, i KITIbKIiCTb J10HIB PTOPY, Ki KOOPANHY-
I0TbCSI HAaBKOJIO HBOTO, CIIPUSE CIOTBOPEHHIO
KoOpAuHauiitHoro momiexpa. Lis ob6craBuHa
MO)Ke Oy TU IIPUYMHOIO K 301/IbIIeHHS 00’ eMy

eneMeHTapHoi Komipkm ¢asm Pb . Sn  F,
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TaK 1 I eleKTponpoBigHOCTI. EmekTpompo-
BiIHICTb 3pOCTa€ 3a paxyHOK 30iTbIIeHHSA
KOHIIEHTpaLlil 61IbIII PYX/IMBMUX MiXKBY3/IOBUX
anioniB ¢ropy. Crif 3a3HaunTH, MO CTEepeo-
AKTUBHVMMM € JIMIIE Ti HENOJiNEeHi el1eKTpo-
HHi IIapy €JIeKTPOHIB, fAKi 3HAaXOAATbCA Ha
ribpuansoBanux s-op6biramax [18]. MogenbHi
YABJIEHHA IIPO T€OMETPUYHI CTPYKTYpM, AKi
YTBOPIOIOTbCA 3a7IEXKHO Bifi BULY ribpupm3sanii
s-opbirai, HaBemeHo B mparii [18].

Ockinbkyu 'y ropupnposiganx dasax
GMoopUTOBOI  CTPYKTYpU IIPOBIHICTD 3a-
0e3nevyloTb B OCHOBHOMY BUCOKOPYXIUBI
MDKBY3/I0Bi aHiOHM (TOpPY, BIUIMBATY Ha Hei
IIOBMHHI 3aMiCHUKM, 110 CIIPUAIOTb YTBOPEH-
HI0O fopaTkoBux fedexris Ppenkend. Buko-

PUCTOBYIOUM 3aMiCHUKM, AKI MalOTb BaJIeHT-
HICTb, BifIMiHHY BiJj BaJIeHTHOCTi KaTiOHa
III0MOYMY, MOXKHA BIUIMBATM Ha KOHIIEHTpa-
1ifo Takux gedexris. Tak, mpu 3amiHi vacTuHN
KaTiOHiB ITIOMOYMY y MaTpuLli BUXifiHOI $TO-
pUANpOBifHOI Pasyu KaTioHaMM Ty>KHNX MeTa-
niB M* ciip ovikyBaTy 36i/1blIeHHA BaKaHCIl
amionis ¢propy MF(PbF)) —» M' +V  + F*,
a IIpy 3aMiHi KaTioHaMyM TPMBAJIEHTHUX eJle-
mentis M** MF,(PbF)) - M", + F’ + 2F%,, -
HaIMIIKOBMX MIDKBY3JIOBUX aHIOHIB (TOpY.
F iV - nosnaueHHsa fiedeKTiB y cuMBoOIax
Kperepa - Binka [19]. Jleski xapakrepucTn-
KI 1OHiB, 1O BXOAATb [O CKIAJLYy HOCIiKe-
HUX QTOpUANpOBifHMX a3, HaBeeHO Y
Tabmmii 1.

Tabmunsa 1
Xapaxrepucruxu ionis ¢propupnposigunx ¢pas M Pb SnF, taMPb .. Sn F,
Table 1.
Characteristics ofionsof M Pb, SnF,, andM Pb . Sn , F,  fluoride-conducting phases.
Papiyc | EnekTpoHeraTuBHicTh Pisauua papiycis
Ion | ioHa, elleMeHTa 32 HOH}IPI/IS}/’I(Z)‘Ia Enexrponna BigHOCHO Pb*"
[20] JI. Ilominrom [21] ca, zix Kon¢irypanis A, A %
Pb* 1,19 1,80 1,4123 [Xe]4f15d%6s> 0 0
Sn?* 0,93 1,96 2,3124 [Kr]4d'5s? -0,26* -21,8
K* 1,38 0,82 0,5251 [Ar] 0,19 15,7
Rb* 1,52 0,82 0,4328 [Kr] 0,33 27,8
Nd* | 0,983 1,14 3,1047 [Xe]4f 021 | -17.4
Sm?* 0,958 1,17 3,2688 [Xe]6s%4f -0,23 19,4
F 1,33 3,98 0,5653 [He] 2s22p°® 0,14 11,8
* — 3HaK «—» BKa3ye Ha Te, 110 JIOH Ma€ po3Mipy MeHmi, Hix Pb*

EneKkTpoHerarnBHiCTh XapaKTepusye CTy-
HiHb JIOHHOCTi/KOBa/eHTHOCTI 3B'3ky M-E
IlTo 6inblra pisHUIS €TeKTPOHETaTUBHOCTEI,
TO BUIIMII CTYIiHb IOHHOCTI 3B A3KY, i HaBIIa-
KI, II0 MEHIIA I pisHMUIA, To 6ibIIa JacT-
Ka KOBAJICHTHOTO 3B’fI3Ky. Y IIbOMY BUIIQIKy
HaOi/IbIIYy YaCTKy IOHHOCTI Ma€ 3B’ 130K MiXX

https://ucj.org.ua

JTy>KHMM MeTajioM Ta (PTOpoM, HaliMeHIIy —
38’130k Sn—FE Ilonspusyioda cua ioHa xapak-
TEPU3YE CUIM €IeKTPOCTATUYHOI B3aEMOJII
JiOHiB i3 3apagamu pisHoro 3Haky. llfo 6inpmra
pisHMISA, TO 6iNBIIOI MipOK aHIOHU KOOP-
OMHOBaHI HABKOJIO KaTioHiB MeTasiB. [aHi,
HaBeJleHi y Tabmmui 1, cBigyaTh, 110 07I0BO Ta
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®I3NYHA XIMIS

BMJINB FTETEPOBANEHTHWUX 3AMICHUKIB HA NPOBIAHICTb ®TOPUANPOBIAHUX

Sn__F

114" 43x

®A3 MPb, SnF, TAMPb (M=K, Rb, Nd, Sm)

0,86-x

CBUHEIb MAIOThb CXOXi €/leKTPOHHi KOHiry-
pauii. O6uzBa eleMeHTM Ha 30BHIIIHIN 0060-
JIOHIIi MAIOTh HECIIApEHY IIapy S-e/IeKTPOHIB,
ofiHaK iHdopMalio mpo Te, IO eIeKTPOHHA
nmapa 6s’ IpoOABIAE CTEPEOAKTVBHICTb, He
BUAB/IEHO. BoyeBub 11€ 3yMOB/IEHO TUM, IO
w1oMOyM, Ha Bi]MiHY BiZ CTaHyMy, He yTBO-
pIo€ ribpuansoBany 6s-opbitanis.

I3 HaBemeHux maHux (rabmmus 1) BUAHO,
IO 3a AeAKMMU XapaKTepUCTUKaMu (pisHMUIIA
€/IeKTPOHETATMBHOCTEN Ta JIOHHUX pasiiyciB)
kationn K*, Rb*, Nd*, Sm?*" He BimnmosimaroTb
npasuiaM IOM-Posepi, foTpuMaHHA AKX He-
oOXiZHe I yTBOPEHHS TBEPAUX PO3UMHIB
3amimeHHs Ha ocHOBi $-PbSnF, Onnak 6epy-
4 J10 YBary, 110 B IIbOMY BUIIA/IKY IIPEIMETOM

o

)

DOCIIJ)KEHb € He TBEep[l pO34YMHM 3aMillleH-
Hf, YTBOPEHi pisHMMU MeTajlaMi, a TBephi
PO3YMHY, YTBOPEHI MIOHHMMU CIIOIyKaMy, a
TaKOXX 3Ba)KaloyMl Ha pe3yabTaTU peHTre-
Ho(azoBoro aHamisy (puc. 3 Ta 4), MOXHa
CTBEPIPKYBATH, L0 IPY 3aMillleHHI YacCTUHU
KaTiOHIB CBMHII0O 3a3HauyeHMMM KaTioHaMu

MeTasliB yTBoprooThes dasu K Pb . Sn | F,
(0 <x<0,15); RbPb , Sn F ((0 <x <
0.20); Nd Pb086 S F (0 < x < 0,17);

Sm Pbo86 1P ((0<x<0,15); K Pb, _SnF,

((0'< x < 0,10); Rb Pb, SnF, ((0 < x <0,10):
Nd Pb, SnF, ((0 <x <0,15); Sm Pb_SnF,
((0<x<0,15), AKi MOXKHa iHTepIpeTyBaTH AK

TBEPJi pO3YMHI 3aMillleHHA.

_— 1K mmem 0,20
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Puc. 3. PentreniBcbki ;[Mq)paKTorpaMM 3paskiB propuanposigaux ¢pas K Pb
Sn F
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0,86-x

(6); Nd Pb

114 4-x 0,86-x

Fig. 3. X-ray dlffractlon patterns of samples of K Pb

SnF

1.147 4+x

Nd Pb, (8); Sm_Pb, . Sn
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Puc. 4. Penrreniscpki pudpaxrorpamn 3paskis propuanposiganx ¢as K Pb, SnF, (a);
Nd Pb,_SnF, (6); Sm Pb_SnF, (B)

Fig. 4. X-ray diffraction patterns of samples of K Pb, SnF, (a); Nd Pb,_SnF, (6);
Sm Pb, SnF, () fluoride-conducting phases.

Kpucraniyaa rparka cuHTe3oBaHMX ¢as3
BifITIOBiZlae TeTparoHanbHiil cuHroHili (P4/
nmm), isoctpykrypHa (-PbSnF,. 3a pesymn-
TaTaMu peHTreHodasoBoro aHamnisy (puc. 3, 4)
BMKOHAHO OL|iHKY IapaMeTpiB KpUCTaMidYHUX
I'paToK crHTe30BaHUX (a3 (puc. 5, 6).

PospaxoBaHi mapameTpu BifIIOBifaIOTh
npaBuiaM Berappa i Perrepca, moxmbka pos-
paxyHky He nepesumye 2%. IlltpuxoBumu
JHIAMM Ha puUC. 5 Ta 6 BiIMiYe€HO IMapaMeTpu
Buxigunx ¢as Pb . Sn  F ta f-PbSnF,.

3a/eXXHICTh MPOBIAHOCTI CUHTE30BAHUX
¢as Bi BMicTy 3aMiCHUKa IIpefCcTaB/IeHO 130-
TepMaMM IPOBigHOCTI 3a Temneparyp 373 K ta

https://ucj.org.ua

573 K (puc. 7). AHayii3 oTpuMaHMX pe3y/bTa-
TiB CBi[YMTH IPO BiICYTHICTb IIEBHOI 3a/I€X-
HOCTi MDK KUJIbKICHUM CKJIa[JOM, IIapaMeTpa-
M KOMIpOK Ta IIPOBIJHICTIO CMHTE30BaHUX
¢da3. Tak, HanpukiIaj, AKIIO IpU 3aMillleHHi
YAaCTVHM KaTiOHIB IUTIOMOYMY KaTiOHaMu Ka-
0 IapaMeTp «a» IMPAKTUYHO He 3a/IeKUTh
BiJj BMICTY 3aMiCHUKa, TO IIAPAMETP «C» Ma€
Jiello BUIIi 3HAaYEHHA IIOPIBHAHO 3 BUXIJHOIO
¢asoro 3a He3HaYHOTO (x=0,03) Ta rPaHNMYHOTO
BMicTy 3amicHuka (x=0,15 M. 4.). AHamoriuHO
3MIHIOETHCS 1 06’€M KOMipKU Ta i30TepMa mpo-
BigHOCTi ipn 373 K (puc. 6, a), nmpn 573 K 3a-
JIEXHICTD IPOBiTHOCTI Bifi BMICTY 3aMiCHMKa
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Mae 30BCiM iHmmMIT xapakrep. ITpoBifHiCTb 30inblIeHHSAM BMICTYy 3aMiCHUKA, OffHaK IIPO-
niel pasu spocTae 3a mapaboiyHNM 3aKOHOM.  BigHicTh mpy 1pomy mpu 373 K 3Menmryers-
I[Tpu 3amimeHHi karioHoM py6iniro (katioHoM cs (puc. 7, 6), a Ha i30TepMi IPOBiFHOCTI Ipn
6inpuoro po3mipy), sk i cip 6ymo ouikysatu, 573 K (puc. 7, B) peecTpyeTbcsi MaKCUMyM
napameTp «C» Ta 00’eM KOMipKu 3pocTaoTh 31 (x=0,05 M. 4.).
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Puc. 5. ITapamerpn KpI/ICTa}II‘IHI/IX rpatok ¢propuanposigaux ¢gas K Pb0 w0, B ()
Rb Pb086 114 4-x (6) Nd Pb086 Snl 14F4+ (B) Sm Pb086 114 4+x (r)

[ITpuxoBi nmiHii BiffmoBifa0Th napaMeTpaM BuxigHoi gasu Pb xSn1 WFe

Fig. 5. Crystal lattice parameters of K Pb0 86 n F, (a);RbPb . Sn F, (6);
Nd Pb . Sn F _ (8);SmPb . Sn F, (r) fluoride- conductlng phases

Dashed lines correspond to the parameters ‘of the initial Pb . Sn F, phase.

ExcrpeManbHe 3HauYeHHA IPOBIJHOCTI 3a- MiCHMKA XKOJHUX €KCTPEMYMIB He 3apeecTpo-
peectpoBano npu 373 K Ha i3otepmi nposin- Bano. IIpu 573 K enexkrponposignicte dasu
HocTi propuanposifHoi pasu Nd Pb,_ SnF, ~ Nd Pb, SnF, ~HesHayHMM YMHOM 3MeEHIIY-
npu x=0,10, ToAi AK Ha 3a/JOKHOCTAX Mapa- €TbcsA 31 30UIbIIEHHAM BMICTY 3aMiCHMKa
MeTpiB KpMUCTaNTigHOI I'paTKM Bix BMIcTy 3a- (puc.7,T).
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Puc. 6. ITapameTpn kpuctaniunux rpatok propuanposiguux ¢as K Pb, SnF, (a);
Rb Pb_SnF, (6);Nd Pb_SnF, (8);Sm Pb _SnF, (r).
IITpuxoBi niHii BigHoBial0Th MapameTpam BuxifHoi dpasu -PbSnF,.

Fig. 6. Crystal lattice parameters of K Pb, SnF, (a); Rb Pb,_SnF, (6);

Nd Pb,_SnF,, (8); Sm Pb,_SnF,

(t) fluoride-conducting phases.

Dashed lines correspond to the parameters of the initial B-PbSnF, phase.

HesBakaroun Ha Te, 110 32 XapaKTepUCTU-
Kamy (Tabmmis 1) KaTioHM HeofuMy Ta cama-
pifo myxxe mopiOHi, BIMB iX Ha NPOBIFHICTD
CUHTE30BaHUX 3pas3KiB PO3YMHIB 3aMillleH-
HA pisHmit. Ha isoTepmax mposigHOCTi ¢as
Sm Pb, SnF, sincyThisxonni ekcrpemymn.

3aMillleHHs YacTMHU KaTiOHIB IUIIOMOyMY
kationamn K*, Rb*, Nd**, Sm*" cupusie 36inb-
IIEHHIO €/IeKTPOIPOBIZHOCTI BUXigHOI (dasu
B-PbSnF, nuure B 067acTi BUCOKMX TeMmIlepa-
Typ. IIpn 573 K Halikpammumy 3aMiCHUKaMU €

https://ucj.org.ua

karionn K* (x=0,10) ta Sm’" (x=0,15) (puc. 7,
0, r). Enexrponposiguicts ¢pas K Pb  SnF,
Ta SmO)ISPbO)SSSnF 15 CKTIazae 7,95-102 Ta
7,97-10% Cm/cm BignosigHo. [Ipn 373 K 36i16-
IIEHHIO €/IeKTPONPOBIHOCTI CIPUSIOTD JIUIIIE
karionn Nd** (0,06 <x<0,14) ta Rb* (0,03 <x <
0,06). HartBuiy mpoBigHicTb (4,8-10° Cm/cm)
Mae ¢asa CKIagy NdO)IOPbO,QOSnF o (PUC. 7, 0).
Karionn K*Ta Sm* yrBOproloTs (asu, mpo-
BiJHICTh AKMX MEHIIA ITIOPiBHAHO 3 BUXiJJHOIO

dasoro f-PbSnF,
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Ha BigMminy Big crexiomerpuunoi ¢asu Biguux ¢as He BusbneHo. Pasm, yTBOpeHi
B-PbSnF, samilmienHs YacTMHM KaTiOHiB YacTKOBMM 3aMillleHHAM KaTiOHiB ITIOMOYMY
wrroMbymy kationamm K*, Rb*, Nd**, Sm’" 3asHauenymmu 3amicHuMKamm, MaloTh Taki 3Ha-
cipusie  30inblIeHHIO  enekTponposigHocti  wenns: K Pb  Sn F (0, = 0,12 Cm/cm,

BUXigHOI ¢asn Pb086 Sn1 4F, Ak 3a Huspbknx, o.. = 0,37 Cwm/cm), Rb Pboﬁﬁsn1 14F3 %
TaK i 3a BUCOKMX Temmepatyp (puc. 7, a, B). (o,, = 7,72-107 Cm/cm, o, = 0,34 Cm/cm),
OpHO3Ha4YHY 3aeXHICTh MK KimbkicHum, Pb, NdOUSn1 14F417 (0,,, = 3,7:107 Cwm/cm,

AKICHUM CKJIQJiOM, TapaMeTpaMyu KpUCTa- 0573 = 0,33 Cwm/cm) ta Pb_ Sm Sn F

0,10

MYHMX TPATOK Ta MpoBifHicTIO Ppropuamnpo- (o, =1,1-10? Cm/cm, o, = 0,12 Cm/cm).

0)
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Puc. 7. Isorepmn eHeKTpOHpOBiI[HOCTi ¢dTopuanpoBigHUX (a3, yTBOPEHNX Ha OCHOBI TBEPHOTO
posunny Pb . Sn | F, (a, B) Ta f-PbSnF, (6, 1), mpu 373 K (a, 6) i 573 K (8, 1).
[ITpuxosi ninii BifnoBifaoTh NpoBigHOCTI BUXiTHUX das.

Fig. 7. Conductivity dependences of fluoride-conducting phases formed on the basis of solid
solution of Pb , Sn  F, (a, B) and B-PbSnF4 (6, 1), at 373 K (a, 6) and 573 K (8, 1).
The dashed lines correspond to the conductivity of the original phases.
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Ockinpky 10 CK/Iafly CMHTe30BaHUX QTo-
PUANPOBiTHMX (a3 BXOAATb KaTiOHM pifkic-
HO3EME/IbHNX €IEMEHTIB, 30KpeMa camapilo,
AKUI MOXKe 3MIHIOBATM CTYIIiHb OKMCHEHHH,
a KaTioH Sn** Mae CTepeOaKTUBHY Iapy eJeK-
TPOHIB 1 € CUJIbHUM BifJHOBHUKOM MeETOLOM
Xe66a — Barnepa [17], 6y/10 BUKOHaHO OLIiHKY
€JIEKTPOHHOI CCK/IaZi0BOI IIPOBiIHOCTI CUHTe-

3oBaHMX (pa3. AHajIi3 Ta y3araJbHEHHS OTpHU-
MaHUX pe3y/IbTaTiB I10Ka3aB (Tabmuis 2), 1o
BHECOK €JIEKTPOHHOI IIPOBIHOCTI HE3HAYHMIIA,
qIIC/Ia TIepeHOCY 3apsAAy 3a aHioHaMy QTopy
6113bKi 10 TeOpeTMYHMX 3HaUeHb. Lle nae miz-
CTaBY BBAXKATH, 1110 €JIEKTPOIPOBiIHICTb CUH-
Te30BaHMX (a3 3ab6e31edyoTh aHiOHN PTOPY.

Tabmusa 2
Yucna nepeHocy jus spaskis cunresoBanux ¢pas M Pb, SnF, taMPb . Sn F,
(M=K, Rb, Nd, Sm)
Table 2.
Transfer numbers of samples of M Pb, SnF,, and M Pb . Sn F (M=K, Rb, Nd, Sm)
synthesized phases.
®dasza X t,
KPb . Sn F, 0,03-0,15 0,99+0,01
RbPb,. Sn F, 0,03-0,20 0,99+0,01
NdPb, . Sn F, 0,03-0,17 0,99+0,01
SmPb, . Sn F, 0,03-0,15 0,99+0,01
K Pb_SnF, 0,03-0,10 0,99+0,01
Rb Pb,_ SnF, _ 0,03-0,10 0,99+0,01
Nd Pb,_SnF, 0,05-0,15 0,98+0,01
Sm Pb,_SnF,__ 0,05-0,15 0,98+0,01
BUCHOBKM. Cepen umsku Bigomnx Ha (0, = 7,72:10% Cm/cm, 0., = 0,34 Cm/cm),
cboropHi GpropuanposinHux ¢pas Hecrexiome- Pb  Nd  Sn F, - (0, 3,7-10° Cwm/cm,
TpuuHa pasa Pb Sn | F, mae onny 3 HaiiBu- 0573 = 0 33 Cwm/cm) ta Pb  Sm  Sn F o
uMX nmposigHocTeit, ska npu 373 K ckmamae (0, =1,1-10? Cm/cm, 0, = 0,12 Cm/cm).

2,9:10° Cm/cM i MaTke Ha OPSIOK BEINYVHA
BMIIa 3a NPOBifHicTh B-PbSnF,

3aMillleHHs YacTMHU KaTiOHIB IUTIOMOyMy
karionamu K*, Rb*, Nd3+, Sm*" y Hecrexiome-
TpuaHil ¢asi Pb Sn | F, cnipuse s6inpiuen-
HIO €/IEKTPOIPOBIIHOCTI AK 3a HU3bKMUX, TaK i
3a BJMCOKUX TeMIeparyp. YTBopeHi ¢propua-
IpOBifiHI a3y MalOTh Taki 3HAYEHHS IIPOBiZI-
Hocti: K Pb Sn F 0 12 Cm/cm,

0,03 0,83 1,147 3,97 ( 373

= 0,37 Cm/cm), Rb,Pb, Sn

1,14 380

https://ucj.org.ua

3amileHHA ‘{aCTI/IHI/I KaTIOHlB IIIOMOYMY
karionamu K, Rb*, Nd**, Sm*" y ckmagHOMY
dropuni B-PbSnF, cnpuse yrBopennio ¢ro-
puanpoBigHX a3, IpoBigHICTH IKMX BUILA 32
IPOBiTHICTD BYXifHOI a3y e B 06/1acTi BU-
cokux remneparyp. IIpu 573 K HaiiBuiy enexkr
PpOIpOBifiHICTD 3abe3neuytoTh KaTionn K* (x =
0,10) Ta Sm** (x = 0,15). EnexrponpoBigHicTh
das K Pb SnF, ta Sm .Pb  SnF, . cxn’a-

0,15 0,85 4,15

mae 7, 95 10° 4 Ta 7 97-102 Cm/cM BifmoOBigHO.
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®A3 M Ph

X 1x

SnF,, TAMPb, .. Sn F, (M=K, Rb,Nd, Sm)

X U086 1,147 4ix

[Tpm 373 K 36i/bIIeHHIO €/1eKTPOIPOBiIHO-
cTi cripusioTh nmuuie katiouu Nd** (0,06 < x <
0,14) Ta Rb* (0,03 < x < 0,06). HaitByimy mpo-
BigHicTh (4,8-10° Cm/cM) Mae ¢asa ckmapy
Nd, ,Pb,,SnF, . Karionn K*ra Sm®* yrBo-
prooTh (asy, TpOBIHICTH AKMX MeHIIA MO-
PiBHSAHO 3 BUXigHOIO (pa30r0

3a pesynbTaTamMu OLHKI €JIEKTPOHHOI
CKJIafIoBOI IpoBigHOCTI MeTotoM Xe66a — Bar-
Hepa HPOBIIHICTh CMHTe30BaHMX (a3 3abe3-
IeYYIOTh aHIOHM PTODY.

=— Po6oTy BukoHaHo 3a ¢iHaHCcOBOI mmif-

S% tpuMKkn HAH Ykpainn B pamMKax epik-
oromkerHoi Temu 326-E  «Ximiunmin
mu3aiiH QyHKIiOHaTbHNX MaTepiami
msa propupiioHHNX 6arapeii, MaInB-
HIX KOMipOK Ta TeHepaTopiB BO[-
HIO», HOMEpP [Iep>KaBHOI peecTpallii:
0123U100606.

INFLUENCE OF HETEROVALENT SUBSTITUTION
ON THE CONDUCTIVITY OF M.Pb, SnF

AND

4+x

MPb .. Sn _F,. (M=K, Rb,Nd, Sm)

FLUORIDE-CONDUCTING PHASES.

Anton A. Nahornyi*, Anatoli O. Omelchuk

Vernadsky Institute of General and Inorganic
Chemistry of the National Academy of Scienc-
es of Ukraine, 32/34 Acad. Palladin Ave., 03142
Kyiv, Ukraine

*e-mail: nahornyi.anton@gmail.com

In this article was evaluated effect of partial
substitution of lead cations with K*, Rb*, Nd*,
Sm’* cations on the conductivity of the synthe-
sized fluoride-conducting phases M Pb, SnF,
and M Pb . Sn F, . The non-stoichiomet-

0.86-x 1.147 4+x°

ric phase Pb , Sn is characterized by high

1.14F4
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conductivity, which at 373 K is 2.9-10° S/cm
and is almost an order of magnitude higher
than the conductivity of f-PbSnF,. In contrast
to the stoichiometric f-PbSnF, phase, the sub-
stitution of some lead cations with K*, Rb*,
Nd*, Sm** cations increases the electrical con-
ductivity of said Pb , Sn  F, phase at both
low and high temperatures. The phases formed
by the partial substitution of lead cations by the
said substituents with the highest conductivity
values are as follows: K, Pb .Sn F. (o, =
0.12S/cm, 0., = 0.37 S/cm), Rb ,Pb  Sn  F
(0, = 7.72:10% S/cm, o,

0.66 1.14 3.80

s = 0.34 S/cm),
Pbo.691\k1().17s'r11.141:4.17 (0373 = 3.710% S/cm,
o,, = 033 S/cm) and Pb Sm Sn F,
(0,,, = 1.1110* §/cm, o_,, = 0.12 S/cm). On the
other hand substitution of some lead cations
with K*, Rb*, Nd**, Sm’* cations increases the
conductivity of the initial 3-PbSnF, phase only
in the high temperature region. At 573 K, the
best substituents are K* (x = 0.10) and Sm?*
(x = 0.15) cations. The conductivity values of
the K Pb ,SnF,, and Sm  Pb, . SnF, _phases
are 7.95:10? and 7.97-10% S/cm, respectively.
At 373 K, only the Nd** (0.06 < x < 0.14) and
Rb* (0.03 < x < 0.06) cations contribute to the
increase in electrical conductivity. The highest
conductivity (4.8-10° S/cm) is observed in the
phase of Nd  , Pb , SnF, composition. K* and
Sm?* cations form phases with lower conduc-
tivity compared to the original 3-PbSnF, phase.
Charge transfer in the synthesized phases ac-
cording to the results of the evaluation of the
electronic component of the conductivity by
the Hebb — Wagner method is provided by fluo-
ride anions.

Keywords: fluoride-conducting phases,
complex lead fluorides, complex tin fluorides,
heterovalent substitution, conductivity, charge

transfer.
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ENEKTPOXIMIMHUA CUHTE3 TA XAPAKTEPUCTUKA TaSi,

OTPUMAHOI0 3 XJIOPUAHO-OTOPUAHUX PO3INJIABIB

C. B. [lee’amxin"", C. B. Kynewoe ?, @. Men2', I1. AIn’

'Xap6incokuil mexHonoeiuHull incmumym,
92 Cioa, Haneane Xetinynuaau, Xap6in, 150001, Kumarii;
’[Hcmumym 3azanvHoi ma Heopeaniunoi ximii im. B. I. Bepnaocvkoeo HAH Ykpainu,
npocn. Axademixa Ilannadina, 32/34, Kuis 03142, Yxpaina
e-mail: yangpeixia@hit.edu.cn
devyatkin@qq.com

y p060Ti TOCTI/KEHO MOXK/IMBICTD €IEKTPOXIMIYHOIO CHMHTE3y CUIILUIB TaHTa/y, 30K-
pema TaSi, 3 BUKOPUCTAHHAM XTOPUAHO-QTOPUAHMUX POSIIABIB AK €IEKTPOTITUYIHOTO
cepegosuma. Ha ocHOBI TepMOAMHaMIiYHMX PO3PaxyHKiB Ta BOJNbTAMIIEPHUX JOCIIIKEHb
6y110 JOBEJNEHO OJHOCTAJINHICTh IPOLECY €NeKTPOXIMIYHOrO BiJJHOB/JIEHHA iOHIB TaHTa-
7y Ta KpEeMHiI0 [0 TazSi. [TokasaHo, 110 CHiBBigHOIIEHHsI 00’€MHMX KOHI|EHTpalliil TaHTa-
JIy Ta KPEMHIIO y PO3IUIaBi HE BM3HAYA€ CTEXIOMETPiI0 IPOJYKTiB KaTOAHOIO Bi/JHOB/IEHHS.
Enextponisom Ha Ni-KaTofii oTpuMaHo mopomkyu ta mokputts Ta Si 3 pisnoro mopdomno-
riero. [IpoBeneHo aHasIi3 OTPMMAHNX IPOAYKTIB 32 JOIIOMOTOI PEHTTeHO(a30BOr0 aHATI3Y
(P®A), ckanyBanbHOi enekTpoHHOI Mikpockomii (CEM), 1o migTBepaio ixHii XiMiqHMit

CKJ/Iafi Ta MOpQOJIOTito.

KnrodoBi cnoBa: cuminuay TaHTasy, e/IeKTPOXiMi4HMII CMHTE3, TaJIOTeHi/JHI COIbOBi po3-

I1I7IaBU.

BCTVYII. Metanonogi6ni Tyrommaski cro-
TYKM, TaKi AK CWIILVAY, BifirparoThb BaXK/IN-
By PO/Ib y Cy4aCHMX MaTepia/lo3HaBUMX JIO-
cmipkeHHsAX. BoHm e ananmoramm kapb6ipis,
IIpOTEe MAIOTh YHiKa/IbHi BIaCTUBOCTI, 3yMOB-
7IeH1 BIiMIHHOCTAMM B €/IEKTPOHHIN CTPYKTY-
pi kpemHiro Ta Byrenio [1]. KimouoBoro Bif-
MIiHHICTIO € BHIIle TOJIOBHE KBaHTOBE YICJIO
BAaJIEHTHNUX €/IeKTPOHIB KPEMHII0 IOPiBHAHO
3 ByrteneM [2, 3]. Lle npusBoanThb 0 MOCTa-
OneHHs sp’-ribpupmsanii Ta iOHHUX 3B sA3KiB
y cuminuax. K HacmigoK, Cuminuayu 1eMOHC-
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TPYIOTb MEHIIY XiMiYHY MILIHICTb Ta HVDKYMUIA
piBEHb TYTOIUIABKMX BJIACTMBOCTEN IIOPiB-
HAHO 3 KapOimamu. OpHak Iie mocmabneHHS
sp’>-KoHpirypanii Tako)X Ma€ IO3UTUBHMUIL
BIUIMB Ha HaIiBIPOBiIHMKOBI BIaCTUBOCTI
CUIiINAiB. 3MeHIlIeHHs KOBaJIeHTHOCTI 3B’ 53
kiB Si-Si crnpuse 36inblIeHHI0O PYX/IMBOCTI
e/IeKTPOHIB Ta [ipOK, L0 POOUTH CUTILUAK
NIEPCIEKTUBHYMY MaTepiaiaMul i eIeKTPO-
HHUX npucTpoiB. KpiM nporo, cuminuau mo-
JKYTh yTBOPIOBaTYM Pi3HOMAaHITHI KpucTaaiy-
Hi CTPYKTypM, IO MO3BOJIAE BapiroBaTyu IXHi

ISSN 2708-129X. YKp. XiM. XypH., 2025
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BJIACTMBOCTI B IIMPOKOMY piama3oni. Lle po-
OuTh iX IpMBAOMMBUMM JJIs1 3aCTOCYBAaHHS B
Pi3HUX Tanys3gax, BKIIOYHO 3 MiKPOE/IEKTPOHi-
KOIO, BMCOKOTEMIIEPATYPHUMM MaTepialaMu
Ta KaTanisoMm. Cepef pi3HOMaHITHUX CYJIILIUL-
HUX CIIOJIYK OCOONMBY yBary IpUBEPTAIOTH
CUMNUAM TaHTaly, IO AEMOHCTPYIOTH YHi-
KaJIbHMIT KOMIUIEKC BJIACTMBOCTEI, sIKi po6-
JIATH iX NepCHeKTUBHUMM JJIS 3aCTOCYBaHHA
B €KCTpeMa/IbHUX YMOBaX.

TaHTan yTBOpIO€ HU3KY TYTOIJIaBKUX CIIO-
myk i3 kpemuiem: Ta Si, Ta Si, Ta Si, Ta TaSi,. Li
CIIONTYKM BUPISHAIOTHCA HE JIMIIE BUCOKMMU
TeMIIEpaTypaMy IUIaB/IEHHs, a 11 BUHATKOBOIO
XIMIYHOIO CTIMIKICTIO 32 €KCTpeMaZbHUX TEM-
neparyp. 3aBJAKMU 11ili BTaCTUBOCTI CUIiLUAN
TAaHTa/ly 3HAXOJATH IIMPOKE 3aCTOCYBAHHA B
XiMiYHI IPOMMCIOBOCTI AK HaJiilHi 3aXMUCHIi
MaTepiany, U0 3[jaTHi BUTPUMYBaTy arpecuB-
Hi cepepoBua. OKpiMm 1bOT0, iXHi HamiBIpO-
BiITHMKOBI BJIAaCTMBOCTI Ta BMCOKA Te€pPMidyHa
CTabimpHICTD POOMATD IX INEPCHEeKTUBHUMMU
IUISL 3aMiHM TPaJULiIHOTO KPEMHII0 B MiKpoO-
€JIEKTPOHIlli, BiZKPMBAaK4YM HOBI MOXX/IMBOCTIL
JUISL CTBOPEHHS OinbIl e(DeKTUBHUX Ta HAJil-
HIX €/IEKTPOHHMX IIPUCTPOIB.

Ha cporopHi icHye IMpoOKNit ClIeKTp MeTO-
IiB CMHTe3y CWINV/iB TaHTany [4-9], a came:
NpAMUIL CUHTE3 3 €/IEMEHTIB, Taps4e Ipecy-
BaHH/, XiMiYHe OCa/PKeHHs 3 IapoBoi ¢asm
(CVD), mmasmoBo-ickpoBe crikanusa (SPS),
MarHeTPOHHE PO3IMJIEHHA Ta €1eKTPOXiMid-
HUil cuHTe3. Bubip omrmmanbHOro Mertomy
CMHTe3y BM3HAYAIOTh 32 HEOOXITHMMY Xapak-
TEePUCTUKAMU KiHIIEBOTO IPOAYKTY, TaKMMU
AK (asoBMil CKIaJ, MIKPOCTPYKTypa, IIi/lb-
HiCTh Ta yucTora. OfHaK, He3Ba)karo4y Ha Iie-
peBaru KO>KHOTO 3 IIMX METO[IiB, BOHM MalTh
HI3KY 00Me)XXeHb, Y TOMY 4MC/Ti HeoOXifHicTh
BMKOPVCTAHHSA BYICOKMX TEMIIEpaTyp, clellia-

https://ucj.org.ua

Ji30BaHOrO OOTaJHAHHSA, CKIaJHICTD Ipolie-
CiB CMHTE3Y, BiJHOCHO HU3bKY IIBUAKICTh OCa-
IDKeHHS IJIA JesKUX MeTOMIB Ta MOK/IMUBICTh
YTBOpeHHs HebaxaHux ¢as.

MerTop eneKTpoXiMi9YHOTO CHHTE3Y B pO3-
raBax coneii [8-10], 30kpema Jijist OTpuMaH-
HA CUIINUJIB TaHTa/y, JEMOHCTPYE 3HAYHI I1e-
peBaru MOpiBHAHO 3 TPagULIIIHUMM MeTOfa-
M1 cuHTe3y. Lleit MeTon 3abesnedye 3HIKEH-
HA TEMIIEPATYPHOTO PEXMMY: CMHTE3 IIPOXO-
AWUTD 332 3HAYHO HIDKYMX TeMIeparyp (61m3b-
ko 700 °C) NOpiBHAHO 3 IPAMNM CUHTE30M,
AKNUII BMMarae Temneparyp mnonap 1200 °C.
Ile 3meHIIye eHepProBUTpPAT Ta PUSUK He-
O6axxaHnx (asoBMX IepeTBOpPeHb. 3aBJSAKK
HIDKYUM TeMIIepaTypaM i MOXK/INBOCTi BUKO-
PUCTaHHA NOCTYIHUX POSIUIABIEHUX COJIEN,
e/IeKTPOXIMIYHUI CUHTe3 € OiNbIll eKOHOMIiY-
HO BUTiJHMM. 3HVKE€HHA €HEPrOCIIOK/BaHHA
Ta BUKOPMCTAHHA MEHII JOPOIMX peareHTiB
CIIpUAIOTh 3MEHIIEHHI0 CO0iBapTOCTi KiHIje-
BOTO IPOAYKTY. MeTox 03BO/IsA€ OTPUMYBa-
T SAK IOPOLIKM CUIILMAIB TaHTAAy 3 KOHTP-
O/IbOBAHMM PO3MIpOM YacCTMHOK, TaK i TOHKI
a00 TOBCTi MOKPUTTS Ha PiSHUX MiJKIaJKax.
Ile BimKpuBa€e MMPOKI MOXIMBOCTI 1A 3a-
CTOCYBaHHA MarepiajiB y Ppi3HUX Tanyssax.
MOXIUBICTb TOYHOTO KOHTPOJIIO €/IEKTPO-
XiMIYHUMX IIapaMeTpiB, TaKMX AK IOTEHIHan i
CTPYM, JI03BOJISIE€ PETYNIOBATU CKIaJ i MiKpoO-
CTPYKTYPY OFEPKYBaHUX CUTILMJIB TaHTAIy.
Ile 0co6mMBO BaXX/IMBO IS OTPUMAaHHSA Ma-
TepiasiB i3 3aaHMMM BIACTUBOCTAMMU. Ejek-
TPOXIMIYHMII CMHTE3 y PO3IUIaBax JO3BOJIAE
OTPUMMYBATV HAHOPO3MipHI IOPOIIKM CHUIi-
LB TAaHTAy 3 BUCOKOIO AiucnepcHicTio. Taxi
Marepiany MaloTh MoKpaleHi ¢isuko-xiMivyni
B/IACTMBOCTI, 1[0 POOUTD IX ePCIeKTVBHUMMU
IJIA 3aCTOCYBaHHSA B HaHOTexHonoriax. I1i me-
peBaru poOIATb eNeKTPOXiMiYHUI CUHTE3 y

89




®I3NYHA XIMIS

EJIEKTPOXIMIYHWIA CUHTE3 TA XAPAKTEPUCTUKA Ta,Si, OTPUMAHOI0 3 XJIOPUAHO-®TOPUAHNX PO3NJIABIB

po3IIaBax NepCrHeKTUBHIUM METOMOM /I OT-
PUMaHHA CWIILUAIB TaHTaTy 3 OKPaILleHVMUI
XapaKTEePUCTUKAMI.

Ha cporopHi e1eKTpoXiMiuHMIT CUHTE3 CU-
MUNAIB MepexifHNX MeTaliB € HeLOCTaTHbO
BuB4YeHUM. Hanpukiag, y po6oti [10] onuca-
HO €JIEKTPOXIMIYHMIT METOJ, /I Ofep>KaHHA
HOKPUTTS CUWIILMAIB TaHTany y GTOpumHUX
posmiaBax. bymo nmokasaHo, 110 cKmaj OTpu-
MaHOIO CHIILMAY TaHTaly 3MiHIOBAaBCA Bif
TaSi mo Ta,Si i He 3anexxas Bin ckmagy pos-
I1aBYy. AJle MeXaHi3M Ipoljecy He OyIo BU3Ha-
YEHO.

MeToO10 1IbOTO HOCTII>KEHH OY/I0 BUBYEH-
Hs TIPOLIECY €/IEKTPOXIMIYHOIO CUHTE3Y CH-
MIMAIB TaHTATy 3 XJIOPUAHO-PTOPUTHMX
PO3IIIaBiB Ta BU3HAYEHHA CKIaAy IPOMYKTiB
€JIEKTPOJIi3Y.

EKCIIEPVIMEHT I OBI'OBOPEHH/A PE-
3YJIPTATIB. EneKkTpoxiMidHi eKCIepuMeHTH
IPOBOAVIN B T€pPMETUYHIN, 3allOBHEHIl ap-
TOHOM KBaplLIOBill KOMIpILi 3a TeMmIlepaTypu
700 °C. Yci conmi BuKopucTOByBamy KBamigi-
Kanii «X.Y.». BombrammepHi mocimKeHHA
3[I1MICHIOBA/IM B CK/IOBYTJIELIEBOMY TUIJII, AKUI
BMKOHYBaB pOJIb [OIOMDXHOIO €IeKTpO-

fa. Poboumm eneKTpopsoM CIyryBaB CTpU-
JK€Hb 31 CK/IOBYIJIELI0 3 IUIOIIEI0 IOBEPXHi
0,4-0,6 cm>. CKIIOBYIJIEI[b TAKOK BUKOPUCTO-
BYBAJIM K KBa3ieZleKTpOJ NOpiBHAHHA. BombT-
aMIIepHi XapaKTepUCTUKY OyI0 OTPUMAHO 3a
ponomororo norenniocrary Elektroflex EF453
(BupoOHuITBa Yropuuuu). Y mporeci enek-
TPO/Ni3y HiKe/leBl IJIACTUHU BUKOPUCTOBYBA-
MM SIK KaTOJY, a CK/IIOBYTJIELIEBUII TUTENDb — SIK
aHoOf i KoHTeliHep A posmnaBy. OTpuma-
HUJI KaTOZHMII IPOAYKT OyIo ImpoaHamisoBa-
HO 3 BUKOPUCTaHHAM METO[IB €IeKTPOHHOI
mikpockomii (JEM-2100F SE, JEOL, Snonis)
Ta peHTreHodasosoro ananisy («JPOH-3m»).

Jlna mpoBefeHHA TEPMOAMHAMIYHMX PO3-
PaxyHKiB, CIIpAMOBAaHMX Ha BMU3HAY€HH:A IIO-
TeHIIia/liB BifHOBJIEHHS, 6y)10 BUIKOPMCTAaHO
maHi 3 0a3u TepMOXiIMIYHUX BIACTUBOCTEIL,
IO MICTATbCA B INPOTPAaMHOMY KOMIIIEKCI
HSC Chemistry 6.00. Pospaxysku mpoBopyimn
B JianmasoHi Temmeparyp Bifg 500 mo 1000 °C
i3 kpokom y 100 °C. PesynbpraTyi po3paxyHKiB
HaBefleHo B Tabmuii 1, i Ha OCHOBI LIMX JaHUX
nobynoBaHo rpadiky 3ae)XHOCTi IOTeHIia-
NiB BiJHOBJIEHHA OKCHUJIIB TaHTaly Ta KpeM-
Hio Bif Temmeparypu (puc. 1).

Tabmuis 1
PesynbraTy po3paxyHKiB TepMOJMHAMIYHNX XapaKTEPUCTHK 32 TeMIIepaTypu SOO—IOOOHC
Table 1.
Results of calculations of thermodynamic characteristics at temperatures of 500-1000 °C.
No Peaxuis Er. B
500 °C | 600 °C | 700 °C | 800 °C [900°C |1000 °C
1 2Ta,0, = 4Ta+50,(r) -1,76 | -1,72 | -1,68 | -1,63 | -1,59 | -1,55
2 Si0, =Si+ 0, (r) -2,00 | -1,95 | -1,90 | -1,86 | -1,81 | -1,77
3 2Ta,0, + 2Si0, = 2Ta,Si + 70,(r) -1,73 | -1,69 | -1,65 | -1,60 | -1,56 | -1,51
4 2Ta,0, + 8Si0, = 4TaSi, +130,(r) -1,81 | -1,77 | -1,72 | -1,68 | -1,64 | -1,59
5 10Ta,0, + 128i0, = 4Ta Si,+370,(r) | -1,74 | -1,70 | -1,65 | -1,61 | -1,56 | -1,52

90

ISSN 2708-129X. YKp. XiM. XypH., 2025



C. B. les’atkin, C. B.Kynewos, ®. MeHr, 1. fH

YXX Ne 4 / TOM 91

Is TepMopMHAMIYHMX PO3paXyHKiB, HaBe-
nenyx y Tabm. 1, MO)KHA 3pOOUTY BUCHOBOK,
1[0 HaOi/IbII eeKTPOIO3UTUBHUM € IPOILeC
enekrpoximiunoro cunresy Ta, Sita TaSi, (pe-
akiii 3 Ta 5 Tabm. 1).
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0
B’

-1.8 1

-1.9 4

@ 17 %%é
4
-

2.0

700 800 900 1000
t,°C
Puc. 1. 3ane>XHOCTI NMOTeHILia/IiB BifHOBIEHHS
OKCUJIIB TaHTaly Ta KPEMHIiI0 BijJj TeMIeparypu

(rpadixu 1-4 3rigHo maHUX Ta6MI. 1)

500 600

Fig. 1. Dependences of the reduction poten-
tials of tantalum and silicon oxides on temperature
(graphs 1-4 according to the data in Table 1).

Oco6MMBOCTi €eKTPOBITHOBIEHHS iH/U-
BiJlya/IbHUX CUCTEM TaHTaJly i KPEMHIIO y XJ10-
pUAHO-PTOPUAHOMY PO3IUIaBi JOCIiKEHO
MEeTOZIOM IMK/Ii4HOI BonbTammepomerpii. Ha
PMCYHKY 2 TOKasaHO UMK/IIYHi BOJbTaMIIe-
porpamn s cucrteM NaCl-KCI-K TaF, ra
NaCl-KCI-KSiF,. [leranbuuit onuc nporecis
HaBeJleHo y poborax [9, 11-16]. BigmosigHo
[0 LMX PE3yNbTATiB €1eKTPOBIJHOBIEHHS Yy
cucremi NaCl-KCI-K, TaF, (puc. 2a) Binbysa-
erbcs srigHo cxemu (1). IIpomnec € ogHOCTA -
HuM Ta HeobopoTHuM. Koedinient nudysii Ta
(V) y posnnasi NaCl-KCI-K,TaF, cranoButsb
(1,3 £0,3) x10° cm?/c:

Ta(V) + 5é — Ta(0). (1)

EnexTpoBigHOBNIEHHA KpEMHIIO Yy CuC-

https://ucj.org.ua

Temi NaCl-KCI-K SiF, (puc. 2 6) Bin6ysa-
€TbCA y [IBl cTajil, 3 AMCIPONOPLIiIOBaHHAM
npoMibKHOI (GOpMHU [IBOBAJIEHTHOTO KpeM-
Hito (cxemu 2-4). Koedinient gudysii Si(IV)
y posmmaBi NaCl-KCI-K SiF, cranosutsb
(3,2 +0,1) x 10 cm?/c.

Si (IV) + 2é - Si (1), (2)
Si (IT) - Si + Si (IV), (3)
Si (IT) + 2e = Si (0). (4)

3a ymoBHM cymicHOro pospaAny Ta i Si, T06-
TO mmicnA pomaBaHHA o cuctemu NaCl-KCl-
K,TaF, ¢ropocunikary xanito K SiF , Bin6y-
BAETbCA YTBOPEHHA CUIILNY TaHTAy 3TiHO
cxemn (5). [lorenuian yrBopeHHA TaXSiY CTa-
HOBUTH ~ -1,0 B (BimHOCHO CKJIOBYTJIELIEBOTO
KBasie/leKTpojia MOPiBHAHHA):

2Ta(V) + Si(IV) + 14¢ © Ta Si. (5)

TakuM 4MHOM, TE€pPMOAVHAMIUHMII aHami3
Ta BOJIbTaMIIEPHI JOCIPKEHHA CBifiYaTh PO
e, mo B posmnabi NaCl-KCI-K SiF -K TaF,
Hal0i/IbII e/IeKTPOIIO3UTUBHUM IIPOILIECOM €
(bOpMYBaHHH CWILNAIB TaHTany. Bignosin-
HO, IIPOBEMICHHA €JIeKTPOIi3y 3a3HAYEHOTO
pO3IIaBy B ra/JIbBAaHOCTaTMYHOMY PEXUMi €
MEePCHEKTUBHUM IIiAXOAOM [/ OTPUMAHHA
KaTOOHUX OCafliB, 110 MiCTSATh CUTILIUAN TaH-
TaJry. 3aJIeKHO BiJj 00paHNX ITapaMeTpiB eek-
TPOi3y, OCafP>KEHH MOKe IIPU3BOAUTH SK JIO
YTBOPEHHS IOPOLIKONOAIOHNX IPOAYKTIB,
TaK i /10 GOpMyBaHHS NOKPUTTIB Ha KaTOZI.

Y xopi gocnmimkeHHs 6ynI0 IpOBELEHO ce-
pif0 TajJibBaHOCTATUYHUX €/IEKTPOJIi3iB pO3-
nnaBy NaCl-KCl, mo mictus 2 mac.% K SiF, Ta
5 mac.% K, TaF , npu rycruni ctpymy B miana-
3oHi 0,1-0,2 A/cMm? Ta HiITPMMYBaHiil TeMIle-
parypi 700 °C. 3a BKa3aHIX yMOB €/IEKTPOi3y
YTBOPM/INCS IIOPOIIKONOAiOHI Ocaay Ha Karo-
mi. [Ipu 3acTocyBaHHI HYDKYOI TYCTVHM CTPYMY
(0,03-0,08 A/cm?) Ha HiKeleBOMY KaTOfi CIO-
crepiramu (OpMyBaHHS CYLIbBHNX IIOKPUTTIB.
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Puc. 2. Ilmxigni BombTaMIIepHi KPMBi y cHCTEMax:
(a) - NaCl-KCI-K,TaF, (1,6x10"* monb/cm?); (6) — NaCI-KCI-K_SiF, (4,010 momb/cm?).
IBupxicts nomstpusanii 0,1 Ta 0,01 B/c Bignosinxo. Temneparypa 700 °C
Fig. 2. Cyclic CV curves in the systems:
(a) - NaCl-KCI-K,TaF, (1.6x10* mol/cm?); (b) - NaCl-KCI-K_SiF, (4.0x10"° mol/cm?).
Polarization rate 0.1 and 0.01 V/s, respectively. Temperature 700 °C.
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Puc. 3. IuxnivyHa BobTaMIIEpOrPaMa, AKa XapaKTePU3Ye NMPOLeC YTBOPEHHA CYIILNTIB TAaHTAITY
y cuctemi NaCl-KCI-K,TaF, (1,6x10° monb/cm’) — K SiF (1,2x107° monb/cm?).
Temnepatypa 700 °C; mBuakicTs nomsapusanii 0,1 B/c

Fig. 3. Cyclic voltammogram characterizing the process of tantalum silicide formation
in the NaCl-KCI-K, TaF_(1,6x10° mol/cm*)-K SiF, (1,2x10”° mol/cm®) system.
Temperature 700 °C; scan rate 0.1 V/s.
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OTpumaHe B ONTMYHOMY MIKpOCKOIHi 30-
OpakeHHSI OPOLIKOIOAIOHOTO IPOAYKTY
(puc. 4 a) meMOHCTpYe arperatu JipiOHUX yac-
TUHOK HempaBwibHOi ¢opmu. Ili arperatn
MaOTh IIOPUCTY Ta HEPIBHOMIPHY IOBEPXHIO,
110 CBIJYUTD IIPO IXHIO CKYIYEHY CTPYKTYPY.
OkpeMi 4YaCTMHKM, IO BXOJATHb [O CKIagy
arperariB, BUIJIAJAIOTh SIK JIpiOHI 3epHa abo
(dbparMeHTH 3 TOCTPUMU KpasMIU Ta HEPiBHM-
My noBepxHAMM. Komip mopomky BapiroeTbcA
BiJj CBiT/IO-CipOro [0 TeMHO-Ciporo. 3arajb-
Ha MOpPQO/IOTiA MOPOIIKY XapaKTepU3yeThCA
Bi/ICYTHICTIO YiTKO BMPa>k€HOI KPUCTATi4HOI
¢dbopMy OKpeMUX YaCTMHOK, HaTOMICTb CIIO-
cTepiraemo amopdni abo momikpucramiyHi
YTBOPEHHS, 110 GOPMYIOTh CKIaJHi 32 CBOEIO
OymoBoro arperatu. Posmip arperariB € pis-
HIM, BapilOI0YMCh Y MEXKaX BUAUMOCTI MiKpO-
ckoma. Ha pucynky 4 6 nmokasano mopdoro-
rifo HOKpUTTS, CHPOPMOBAHOTO Ha IOBEPXHIi
HiKenleBoro enexrpoga. [lokpurra xapakrepu-

3Y€ThCA BITHOCHO OJJHOPiJHOIO CTPYKTYPOIO 3
IpiOHO3epHUCTOI ab0 MIKPOKPUCTATIYHO
TEKCTYpPOIO, fKa pPIBHOMIpPHO poO3mofineHa
10 BCiil Buaumin mnoui. IToBepxHa moxpur-
T BUITIAJLAE LIOPCTKOI HAa MIKPOPiBHI, 1O
CBiJYNTD NPO HASBHICTb YMCIIEHHUX APiOHMX
efeMeHTiB penbedy. CrocTepiraeMo HeBe-
NMMKi 3a posmipoM cBiTili BKIHOYEHHS a0
HepiBHOCTI, AKi MOXyTb OyTM IIOBA3aHi 3
0COONMMBOCTAMM IIPOLIECY OCA[PKEHHS, TaKM-
MU fIK HYKJIealis KpUCTaaiB ab0o yTBOpEHH:A
nedexTiB. Komip IOKpUTTS € OGHOPiAHUM, Ba-
piforo4NCh y BifTiHKax ciporo. Ha BigMmiHy Bif,
HOPOLIKOIIOAIOHOTO IIPOAYKTY, TYT BifCyTHI
BEJIMKI arperaTy 4YaCTMHOK Ta CIIOCTEPIraemMo
¢dbopMyBaHHSA CyLiIIbHOI IUTiBKY, I[i/IBHO 3B’A-
3aHOI 3 IOBEPXHEIO €NEKTPOJA. XapaKTEPHOIO
0COONMBICTIO € BiCYTHICTh MaKPOCKOIIIYHIX
TpilMH ab0 BuUAMMUX JedeKTiB Ha IbOMY
30i/IbIIIeHH], 1IJ0 CBIYMTD PO BiTHOCHO SIKiC-
He Ta 6e3repepBHe HOKPUTTSI.

Puc. 4. 306pa>keHHA IPOAYKTIB, OTPMMaHi B ONTUYHOMY MiKpPOCKOMi:
(a) - mopomkomozibHoro; (6) — MoKpuTTs Ni enekTpona. 36inbliieHHs MiKpocKoma X96

Fig. 4. Optical microscope image of the products:
(a) - powder; (b) — Ni electrode coating. Microscope magnification x96.
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Ha pucysky 5 HaBefeHO 300pa)keHHS, OT-
pUMaHe 3a JJOIIOMOTOI CKaHYBa/IbHOI €/IeKT-
POHHOI MIKPOCKOIII IIPOJAYKTIB €1eKTPOJIi3y.
Y mnopoukonogi6HOMy NpOAYKTi crocTepi-
ra€MO BUCOKOIIOPUCTY Ta PO3Taly>KeHy MOp-
dororiro, 10 CKIAJAETHCA 3 aIIOMEPOBAHUX
ApiOHMX YaCTHMHOK cKMagHol popmu. OCHOBHI
CTPYKTYPHI €/IEMEHTH IIPENCTABIEHO y BUI/IA-
i eHAPUTHUX (HepeBONORiOHNX) YTBOPEHDb
a060 cKymueHb HerpaBuIbHOI popmu. L1i yTBO-
PEHHA MAlOTb BENMKY KiIbKICTh TOHKUX Bif-
POCTKiB Ta po3raay»KeHb, 10 CTBOPIOE 3HAYHY
IUIOIY TOBEPXHi NOpOIIKY. OKpeMi YaCTMHKM,
1110 BXOJATD JJO CK/IaJly IIMX arperaTisB, MalOTh
CyOMIKpOHHI po3MipH i III/TBHO 3pOCIICA MIXK
c06010, yTBOPIOIOYM TOPYCTY TPUBUMIPHY Me-
pexy. M armoMmeparamu CIocTepiraeMo Be-

X K > Pla. .

JMKi IOPOXKHMHM Ta MDKYaCTMHKOBI IIPOCTO-
py, L0 MiATBEPIKYE BUCOKY IMOPUCTICTh Ma-
Tepiany. [IoBepXHA OKpeMMX YaCTMHOK BUIJIA-
JA€ MOPCTKOIO Ta HEPIBHOMIPHOIO. Y IIPOAYK-
Ti HasABHI YiTKO BMpa)keHi IEHJPUTHI CTPYK-
TYpM 3 XapaKTepPHUMM OiYHUMM TilKaM¥, IO
BiIXOZATH Bij LieHTpampHOro croBOypa. Lle
CBIJYNTD NPO CIPAMOBAHUI PICT KPUCTAIIB.
3arasiom, CEM-306pa>keHHS IOPOIIKOMOAi0-
HOTO IIPOAYKTY NEMOHCTPYE JIOTO BUCOKY ITO-
PUCTICTh Ta PO3BMHEHY IIOBEPXHIO, IO CK/Ia-
MA€ETHCS 3 ar/IOMepaTiB APIOHNX TEeHAPUTHUX
abo HempaBWIbHOI popMy dYacTMHOK. Taka
Mopdororis Mo)Ke MaTy 3HAYHUI BIUIMB Ha
¢isuKo-XiMiyHi B/IACTMBOCTI MOPOMIKY, TakKi
SK peaxljiiiHa 3[aTHICTb, COpOIiliHA EMHICTD

Ta HaCUIIHA I'yCT/HA.

Puc. 5. CEM-306pakeHHs HOPOLIKOBOTO IPOAYKTY (a) Ta mokputt: (6),
orpumanoro enektponisom cucremu NaCl-KCI-K_SiF ~K TaF,

Fig. 5. SEM image of the powder product (a) and coating (b)
obtained by electrolysis of the NaCl-KCI-K_SiF -K TaF, system.

PucyHok 5 6 BeMOHCTpye MiKpOCTPYKTY-
Py HOBEPXHi IOKPUTTA Ha HiKE/IEBOMY €/IeKT-
poni. Ha 306paxeHnHi 4iTko BuAHO, IO IO-
KPUTTA CK/IA[JAETHCA 3 III/IPHO YIAKOBAHMNX,
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ajle oOKpeMux rno0ynapaux (chpepuynnx abo
HamniBcpepuyHux) MOpQOIOTiYHNX OJVHMUID
pisHOro posmipy. Posmipn njux rimo6yn Bapito-
I0TbCA BiJj KI/IBKOX MIKpOMETPIB [JO HECATKIB
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MiKkpoMmeTpiB y piamerpi. Haibinbmi rmo6y-
M MAlOTh HepiBHY, OYIpUCTY MOBEPXHIO, IO
CBIJYUTD PO IXHIO CK/IAJJHY CTPYKTYPY, YTBO-
peHy 3 armoMepanii ApiOHIMMX CyOYacTUHOK.
Mix nymy BeMKuMM r06y1aMu Crocrepira-
€MO MeHIli 3a po3MipoM cepuyHi yTBOpeH-
Hs, AKi 3aIIOBHIOIOTH IPOMDKKM, CTBOPIOIOYM
LIiZIbHY, aJIe He IIOBHICTIO I7IaJIeHbKY IOBEpX-
HIO TOKPUTTs. MexXi MK OKpeMMuMHU I700y-
JIlaMI YiTKO BUpPaXkeHi 1 yTBOPIOIOTb MEPEXY
TpilMHONOAIOHNX 3armnbaeHb abo MiX3ep-
HOBUX TrpaHunb. [loBepxHsA camMux I100yn
Ma€ 3EPHIUCTY TEKCTYPY, L0 BKA3y€ Ha IXHIO
HOMIKpUCTAIiYHy ab0 HAaHOKPUCTANiuHy Oy-

moBy. 3aranomM, 3o6paxeHHss CEM peMoHCT-
PY€ HOKpUTTA 3 MOP(QOJIOTi€l0, XapaKTepHOIO
VISl HYKJIEAIiifTHOTO POCTY 3 0OMEXEeHOI0 I0-
BEpXHeBO Audy3i€o, W0 IPU3BOAUTL [0
¢dbopMyBaHHA IIOOYIAPHMX arperaris.

Pesynpratu POA, npefcraBieni Ha pucyH-
Ky 6, CBil4aTh PO Te, [0 OCHOBHMM KPUCTa-
JIYHUM IPOAYKTOM, OTPMMAHMM Ha KaTO/1 AK
y BUIIAZIKY IIOPOMIKiB, TaK i IOKPUTTIB, € CUJIi-
uny tanTany Ta Si. Imentudikanis miei dbasn
HiATBEPIKY€ETbCA BiIMOBITHICTIO II0N0XEHb
OCHOBHIUX ITiKiB Ha OTPMMAaHUX PEHTIeHOIpa-
Max JaHuM KapTky Ne 006-0552 MikHapopHo-
ro HeHTpy sudpakuiitanx gaaux (ICDD).
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Ta,Si — ICDD #006-0552
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Puc. 6. PenTrenorpamu npopyKTiB, OTpMMaHMX eIeKTpos1isoM 3a TeMieparypu 700 °C
y posmnasi NaCl-KCI-K,SiF (2 mac. %)-K, TaF (5 mac. %):
(1) - moxputTa Ha Ni karoni (ryctuna ctpymy 0,03-0,08 A/cm?);
(2) - mopoukonopi6HMIt mpopykT (ryctuna crpymy 0,1-0,2 A/cm?)

Fig. 6. XRD patterns of products obtained by electrolysis at a temperature of 700 °C
in a melt of NaCl-KCI-K_SiF (2 wt. %)-K TaF (5 wt. %):
(1) - coating on a Ni cathode (current density 0.03-0.08 A/cm?);
(2) - powdery product (current density 0.1-0.2 A/cm?).
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BMCHOBK/. KommnnekcHe TOCTiIXeHHH,
110 BK/IIOYA/0 TEPMOJAMHAMIYHI PO3PAXyHKMU
Ta BOJIbTAMIIEpHi BUMipIOBAHHSA, iATBEPAUIIO
IPUHIUIIOBY MOXX/IUBICTb €7€KTPOXiMi4HOTO
CUHTE3Y CUIIUJIB TaHTaNy 3 XTI0pUgHO-(dTO-
PUAHMX po3iaBiB. TepMofgyHaMiuyHMIT aHATI3
BKasye Ha CIPUATINBI €HepreTu4yHi YMOBMU
I1A YTBOPEHHA LMX CHONyK. Bombrammepni
TOCTIPKEHHA BUABUIN, 1[0 IIPOLEC €IeKTPO-
XiMIYHOTO CHHTE3y IPOTIKa€ He 4Yepe3 OfHY
cTajilo, i BiH € cKIagHuUM. EnexTponizom
posmnaBy NaCl-KCI-K SiF -K TaF, sa Tem-
neparypu 700 °C 6yn0 ycHilmrHo OTpuUMaHO
cunminmayu Tantany Ta Siy BUIIANL OPOLIKiB
Ta IIOKPUTTIB, HE3AJIEKHO BiJl CIiBBiJHOIIEH-

HA iOHIB TaHTa/ly Ta KpeMHilo y posiiaBi. 3a
ryctus crpymy 0,1-0,2 A/cm? opepxaHo mo-
POILIKM ITOPUCTOI CTPYKTYPH 3 arjioMepaTamMu
ApibHMX meHApUTHUX yacTMHOK. IinbHi mo-
KPUTTS 3 IIOOY/IAPHMMU €/IeMeHTaMM Ofiep-
KaHO 3a IycTuH cTpymy 0,03-0,08 A/cm?.

OTrpuMaHi  pesynbTaTM JIEMOHCTPYIOTb
eeKTUBHICTD e/IeKTPOXiMIYHOTO MiAXOAY IIs
CUHTEe3y CUIILMAIB TaHTaay 3 KOHTPOJIbOBA-
HOIO CTexioMeTpi€elo Ta Mopdororiero.

E Po6oTy BMKOHAHO B Me€KaX TeMI
=/ npoexry Ne CU-2009001-2 mixx
I3BHX HAHY Ta IKM (Kwuraii).
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In this work, the possibility of electroche-
mical synthesis of tantalum silicides, in par-
ticular TaSi, using chloride-fluoride melts
NaCl-KCI-K TaF -K SiF_ as an electrolytic
medium was investigated. The influence of key
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process parameters, such as temperature, melt
composition and potential, on the phase com-
position and morphology of the final products
was studied. Based on thermodynamic calcu-
lations that take into account the Gibbs energy
of formation of the corresponding compounds,
as well as a complex of voltammetric studies,
including cyclic voltammetry, the mechanism
of electrochemical reduction of tantalum and
silicon ions to Ta,Si was established. This con-
firms the effectiveness of using chloride-fluo-
ride melts for the direct synthesis of tantalum
silicides.

It was experimentally shown that the ratio
of the volumetric concentrations of tantalum
and silicon in the melt does not affect the stoi-
chiometry of the cathodic reduction products.
Regardless of the initial ratio, the main pro-
duct of electrolysis is Ta,Si, which indicates the
thermodynamic advantage of the formation of
this particular phase under the studied con-
ditions. Electrolysis on nickel cathodes pro-
duced Ta,Si powders and coatings that differ in
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morphology and particle size. The phase com-
position and morphology of the synthesized
products were confirmed by X-ray diffrac-
tion (XRD) and scanning electron micro-
scopy (SEM). The effect of current density
on the deposition rate and quality of the ob-
tained materials was studied. In particular, in
a NaCl-KCI melt containing 2 wt.% K SiF_ and
5 wt.% K TaF., at a current density in the range
of 0.1-0.2 A/cm? and a temperature of 700 °C,
powders with a porous structure consisting of
agglomerates of small dendritic particles were
obtained. The optimal current density range of
0.03-0.08 A/cm? for the deposition of homo-
geneous and dense Ta Si coatings with charac-
teristic globular elements has been determined.
The results obtained demonstrate the sig-
nificant potential of electrochemical synthesis
from chloride-fluoride melts for obtaining tan-
talum silicides with controlled phase composi-
tion and morphological characteristics, which
opens up prospects for their application in vario-
us high-tech industries, including microelec-
tronics, wear-resistant and corrosion-resistant
coatings, and high-temperature materials.

Keywords: tantalum silicides, electrochemi-
cal synthesis, halide molten salts.
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