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AnHOTanys. MeTonoM MMIIEJAaHCHOV CIEeKTPOCKONUM MCCIeOBaHbl IPOTOHIIPOBOASLIME
cBoiicTBa nonucypbMsiHOM kucnotsl ([ICK), monMpoBaHHOM MoHamMy BaHanus. st TBepabIX
pactBopoB coctasa H,Sb, V O -nH,O, KpucTammmsyommxcs B CTPYKTYPHOM THIIe APOXIOpa
(p. rp. cumMm. Fd3m), moka3aHo, YTO YBeIMUYEeHMe KOTMUeCTBa BaHAAMS B 06pasiie MPUBOIUT K
POCTY yAenbHOV MPOTOHHOV IMTPOBOAMMOCTHU, KOTOPAas I KpaliHero TBepaoro pacTBopa 3ame-
LeHUs HZSblASZVMSOé-nHZO cocraBisgeT 66 MCMm/M. M3 aHanM3a JaHHBIX OUATEKTPUIECKON
CIIeKTpOoCKoMMM Mpu Temrepartypax 218-298 K ornpenesneHa sHeprusi akTUBaLUM TPOBOAVMOC-
T, KoTopas coctaBwia 30%2 KIx/monb. [IpennoxkeH MexaHM3M MPOTOHHOI'O TPaHCIIOPTa, CO-
[7IaCHO KOTOPOMY B AONMPOBaHHbIX MoHaMy BaHagus [ICK mpoBogyMoCThb OCy1eCTBIISIETCS 10
cucTeMe BOIOPOAHBIX CBsI3eil, 00pa30BaHHBIX MOJIEKYJIaMM BOZbI, PACIIOIOKEHHBIMM B TreKca-
TOHAJBHBIX KaHaIaX CTPYKTYPbI TUIIA IIMPOXI0Pa, M aHMOHAMM KUCIOPOJa OKTasapa, hopMu-

PYIOLIETo KapKac CTPYKTYPBHI.

KirroueBbie cjioBa: TBEP/bIE 37IEKTPOIUTHI, CTPYKTYPA TUTIA TIMPOXIIOPA, COeAVNHEHUS CYPbMBI,

MOoMMCypbMAHAS KMUCIOTA, TBépI[bIe PaCTBOPLI 3aMellleHNs, IIPOTOHHAS ITPOBOAVMOCTbD.

BBEJEHUE

WHTepec MHOTMX uccaenoBaTesieli HalpaBjieH
Ha CMHTEe3 HeOpPraHMYeCKMX BEIIeCTB, 06/1agatox
BBICOKMMM 3HAYEHUSIMU IIPOTOHHOI MPOBOIVUMO-
CTM IpU HU3KUX TemIieparypax [1, 2]. BBegenue
TaK/X KOMIIOHEHTOB B COCTaB MTPOTOHITPOBOASIINX
nepdTOpMPOBAHHBIX Cy/Ib(ocomepskaux MeMOpaH
MIPUBOIUT K MOBBILIEHMIO 3HAUEHUT TPOBOIUMOCTU
Ha HECKOJIbKO MOPSIAKOB [3-5].

OnHMM U3 MEePCIeKTUBHBIX COeIVHEHUII SIB-
nsiercs noaucypbmsiHas kucnora (IICK) cocra-
Ba H,Sb,0,nH,0 (2 < n < 4), KpucTa/ImM3yoma-
sICSI B CTPYKTYPHOM TUIle Mupoxsaopa (mp. rp.
cumM. Fd3m). [Ipu pacnpenenenuu atomos IICK
M0 KpUcTa/uiorpapuuecKuM MO3UIUSIM CTPYKTY-
pbI TUIIA TMPOXJIOPAa BAaKAaHTHBIMMU OCTaloTCs 8b-
MO3ULIUH, B Pe3yJibTaTe uero GopmMupyeTcst asxyp-
HbIVi KapKac AeeKTHOI CTPYKTYPbI, COCTOSIIINI 13
[SbOZ]‘ - OKTasapoB, COeNVHEHHBIX BEPIIMHAMMU, U
MMeIINIi KaHaJbl C TeKCAaTOHAIbHBIMY TOIOCTSI-
MW, B KOTOPBIX PaCIIOIIOKeHbI IIPOTOHBI [6].

B nutepaTrype 60sbilioe BHUMAaHMeE yAeaeHO
OIMCAaHUIO MEXaHU3MOB TPAHCIIOPTA POTOHOB B
I1CK npu pasnnuHbix Temneparypax [7, 8]. IToka-
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3aHO, YTO IPOTOHHas mposoaumocTb H,Sb,O -nH,0
00yCJIOB/IEHA CTPYKTYPHBIMM 0COOEHHOCTSIMU, Ha-
JIN4YMeM TeKCaroHaJIbHbIX KaHaJOB, [0 KOTOPbIM
OCYILECTBJISIETCSI TePeCcKOK IMTPOTOHOB C MOJIEKYII
BOJIbI HA aHMOHBI KMCI0poAa Kapkaca [SbO, ] . ITpu
3TOM MOJIEKY/IbI BOJIbI ¥ @aHMOHBI KMCIOPOAaA, pac-
ITOJI0KeHHbIe B mo3uumsix 8b 1 48f cooTBeTcTBEH-
HO, 06pa3yIoT HeNpepPbhIBHYI0 3UTr3aroob6pasHyio
IIeTIOYKY B KpUcTa/torpaduueckom HarpaBIeHU
tuna <111>[7].

ViryqmmnTe TpaHcnopTHble cBovicTBa [ICK Mmox-
HO, YMEHBIIMB YHEPTUI0 B3aUMOIECTBUS MTPO-
TOHOB C aHMOHHBIM OCTOBOM M CO34aBasi MyTU UX
MUTPaLVY [0 CUCTEeME BOAOPOIHBIX CBsI3€ii, 06pa-
3yeMbIX MOJIEKY/IaM} BOJbI. DTOT'O MOKHO IOCTUYb
IyTeM YaCTMUYHOTO 3aMellleHNsI MIOHOB CypbMbI Ha
MeHee 5JIeKTPOOTpULIaTe/IbHble aTOMBI [1, 9].

B CBSI3M C 3TUM LI€/IbI0 HACTOSIIEl PabOThI SIB-
JISUICSL CMHTE3 U MCC/IeJOBaHVe TPAaHCIIOPTa IIPOTO-
HOB B IICK, gonmMpoBaHHOV MOHAMM BaHAAWSI.

DKCITEPMUMEHTAJIbHASA YACTb

CuHTe3 06pasI[0B MPOBOIMIIY METOOM COOCAXK-
IeHust, 106aBJIsIs IO KaIlyisiM PacTBOp BaHamaTa Ha-
TpUS 3aJaHHOV KOHIIEHTPAIMM K PACTBOPY TPEX-
XJIOPUCTOM CypbMbI, NTpeIBApPUTETbHO OKMUCIEeH-

204 Condensed Matter and Interphases, 2019, 21(2), 204-214



HOJ1 a30THOJ KMCIOTOJ, II0 MeTOAMKe, OTIMCAaHHOM
B [10]. [Tomy4yeHHbIIT 0CalOK OTESIN OT MAaTOYHOTO
pacTBOpa, MPOMbBIBAIM AUCTUJIMPOBAHHOM BOIOM
IO OTPUIIATENIbHOM peakiuy GuiabTpaTa Ha MOHbI
XJIOpa, BBICYIIMBAIM Ha BO3AyXe U BbIAEPKUBAIU
IJINTebHOE BpeMs IIpY KOMHATHOJ TemMIepaType
B 00b1yHbBIX yenoBusx (T = 298 K, RH ~ 60 %). [Toc-
Jie 3TOro ob6pasel] IepeTUpasIu B araToBO CTYIIKe,
rmpoceuBann yepes cura c suerikamu 0.1 1 0.2 mm,
cpegHuit pasMep vactuil cocraBmi 0.15 mm.

CooTHoOIIIeHMS BaHAAVSI ¥ CypbMbI (at. %) B 06-
pas1ax HaXoIWIu C Y4eTOM AAaHHbBIX peHTTeHODTy-
opecueHTHOrO criekrpoMeTpa ARL QuanT’X, uyBcT-
BUTEJIBHOCTb Ipubopa <1 ppm.

CTpyKTypHbIe uccienoBaHusi ¢a3 BBITTOTHM-
Y Ha peHTreHoBCcKoM audpakromerpe Rigaki
ultima IV (punbrpoBannoe CuKo-usnyyenue) B
IuariasoHe yrioB nydpaxkmym 10° < 20 < 80°. AHa-
JIM3MPOBAJM 3aKOHbI ITOracaHMs MaKCMMYMOB, U3-
MeHeHle UX MHTeHCUBHOCTU M MEeXIIJIOCKOCTHbIE
pacctosiHusi. [To JaHHBIM PeHTTeHOBCKUX MCCIie-
IOBaHMIT MeToIOM PUTBebaa C UCIIOIb30BaHMEM
niporpammbl PowderCell 2.4 6b110 onpeieneHo pac-
TTOJIOJKEeHMe MOHOB I10 IIPaBUJIBHOM CHCTeMe TOUeK
CTPYKTYpPBI TUIIA TIMPOXJIOpaA IIp. I'Pp. cuMM. Fd3m, a
TaKKe rapameTp d71eMeHTapHoM ssueriku [10].

Pasmep o6acTeil KOrepeHTHOI0 paccessHus
(OKP), onpeneneHHblit 1o dopmyie Tebas-Illep-
pepa 1o pediekcy 8.0.0., coctaBma 40 nm.

B mpenpigynimux paborax [10, 11] 6s110 TIOKA-
3aHo, yTo gonupoBaHue IICK noHamu BaHaIus B
paMKax CTPYKTYpbl TUIIA IIMPOXJIOpa MMeeT KOH-
LIeHTpalIOHHOe OrpaHuuYeHle: TBEPIbII pacTBOP
samemenns H,Sb, V O, nH,0 popmupyercs npu
0 <x<0.48. TToaTOMy B KaueCcTBe 0ObEKTOB VCCIIE-
IOBaHMsI ObUTM BbIOpaHbI METKOAVCIIEPCHbIE TT0-
POILKU, COAepsKalliye MO JaHHBIM 3JIeMEeHTHOTO
a"Hamm3sa 0; 10 (x = 0.2); 20 (x = 0.40); 24 (x = 0.48)
at. % BaHazusl.

[IpoToHnpoBOASIIME CBOMCTBA UCCIENO0BAIN
¢ romorbio nMmmnenancmerpa Elins-Z1000] B nua-
masoHe yactoT 1 Hz — 2 MHz. [l 3Toro 06pa3siibl
CITPEeCCOBbIBAIM ITPY OIMHAKOBOM [IaBJIEHUM B BUIE
TabJeTKM B CIIEIMAIbHO M3TOTOBJIEHHOI STUeiike
(MCII0/Ib30BaJIV TPA(QUTOBBIE 3JIEKTPOIbI, AAMET]
Kaxkmoro snekrpona — 2.820+0.005 mm). ITnomans
0ob6pasiia OIeHMBaIM IO VIOV TOBEPXHOCTHU
37eKTpoja. MisMepuTenbHOe HampsikeHue COCTaB-
ssimo 100 mV, cunTtanm, 4To IpUI0KeHHOe 1oJjle He
BbI3bIBAET 3aMETHbIX HEeJIMHEINHbIX MCKAsKeHWI T10-
nsipusanyu [12]. OTHOCUTENbHYIO BIasKHOCTD 58 %
3a7aBayii IyTeM BbIAEPKMBAHUS STYEIKM B KoOjibe
HaJl 3epKajioM HaChIIEeHHOTO pacTBopa cony NaBr.
151 viccemoBaHMS IPOBOAVIMOCTM TP TOHMXKEH-

OpMFMHaJ’IbeIe CTaTbn

HBIX TeMIlepaTypax siueiky MpeaBapuTeIbHO BbI-
IepXKUBai B KOJIOE HaJ 3€pKaJioM HAChIIEHHOTO
pactBopa conu NaBr B TeueHne CyTOK, IOC/Ie Yero
MOMeIlla/IY B TEPMOCTAT, ITO3BOJISTIOIINIA TTPY ITIOMO-
M OXJIAXKAEHNS TBEPAOI YIVIEKUCIIOTON N3MEHSTh
Temnepartypy oT 218 mo 298 K. TouHocTs nsmepe-
HMS TeMIlepaTypbl cocraBuia *1 K.

[To naHHBIM M3MepeHUs OeliCTBUTeNbHO Z~ 1
MHMMOJ Z” 4acTu uMIleTaHca Onpeaeauan aua-
JIEKTPUYECKMe XapaKTepUCTUKM TT0 popmMyIam:

oo 1 yAd o
2nfC, (Z') +(Z")*’
1 AL
//: . , 2
& 2nfC, (Z')* +(Z") @)
tg8=", (3)
M” =2nfC,Z’, 4)

U BBIUUC/IWIU BEIUYMHY yIeJbHON MPOBOAUMO-
CTU:
d YA
6== "2 m\2?
S (Z) +(27)
rge f — JacToTa 37eKTpuUecKkoro moss; € u €” —
IeJiCTBUTEIbHAS ¥ MHMMASI YaCTh OM3IEKTpUUec-
KOJi IMpoOHMUIIaeMoCcTu £*; M” — MHMMas 4acTb
3JIEKTPUYECKOTO Moaynst M*; ¢ — yaenbHast IpoBO-
IUMOCTh; tg€0 — TaHTeHC yria AU3JIeKTPUIeCKUX
norepb; C, — reoMmeTpuyecKas eMKOCTb:
€,S
_ 0
C, = i (6)
g, =8.85-10™* F/m (aneKkrpuyeckas IOCTOSHHAs),
S =(6.243+0.007)-10° m?(m1o1mab IOBEPXHOCTI
snexTpona), d =(2.000-2.500)-10"° m (TommumHa
TabIeTKN).

)

PE3VJIBTATBI 1 UX OBCYXXIOEHUE

[To manHbIM POA Ha peHTreHorpaMmax obpas-
1I0B TIPUCYTCTBYET OJMHAKOBbIN HAOOpP audpax-
LIMOHHBIX MaKCMMYMOB, PacCIiOOXKeHUe U UHTEH-
CMBHOCTb KOTOPBIX COOTBETCTBYET (hase THUIa Mm-
poxsopa [13]. OnHaKo ¢ yBenmMueHreM KoauyecTBa
BaHaAMs HabIOmAeTCs UX COBUT B 061aCTh GOIb-
IMX yIJIoB Audpakiium. [lapameTp s/ieMeHTapHO
s9eiiky ymeHbinaercs ot 10.360 (IICK) 1o 10.314 A
(x=10.48) [10].

IOnsg onucaHust IPOTOHIPOBOISIINX CBOVICTB
JOIIMPOBAHHBIX COeAMHEHUI UCIIONb30BAIN MO-
Ilenb «3epeH U mpociaoek» [14, 15]. Cunrann, 4To
ICTIEPCHBIN 06pasel COCTOUT M3 YaCTHll, pasje-
JIEHHBIX IIPOCIOMKAMMU.

Tomorpad MmIlegaHca M3MepPUTEIbHOI sSueli-
Ky st remreparypsl 298 K u RH = 58 % mipen-
CTaBJsieT CO60i Cerka BBITSHYTYIO ITOTYOKPYK-
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HOCTD ¥ TPSIMYIO TMHMIO TTOJ, HeOOIbLINM YITIOM K
ocu aberycce (puc. 1). 9To CBUAELTETbCTBYET O Ha-
JIMYUU TIPOLLECCOB peylakcaluy 3apsiia, MpoTeKa-
IOIIEro BOIM3Y 9JeKTPOAOB (HM3KOYACTOTHASI 06-
JIaCTh), MPEUMYIIECTBEHHO B MPOCIOiKax (HU3KO-
M CpelHevacToTHast 06/1acThb), M B CAMUX YaCTUIIAX
(BbICOKOYACTOTHASI 0671aCTh). YBENMUeHMe KO-
yecTBa MOHOB BaHaAMS MMPUBOAUT K CABUTY TTOJY-
OKPY’KHOCTEl U K yMeHbIIIeHUI0 UX PaguyCcOB, YTO
CBUJIETEJILCTBYET 00 YBEIMUYEHNUM TTPOBOAVMOCTY
o6pasios (puc. 1).

JLJ1s1 O1IeHKM BAMUSIHUSI JOTIMPOBAHMS Ha ITPOBO-
JIVIMOCTb YaCTUL Ha KpaliHeM TBepL,OM PacTBOpe 3a-
memenus H,Sb, .V, O, nH, O usyunnu usmeHenue
IVSNIeKTPUYECKUX MTapaMeTpOB IIPU PasIMYHbIX
yacToTax ¥ TeMmIieparypax. VccmenoBaHus MpoBo-
JVIV TIPU HU3KUX TEMIIepaTypax, UTO MO3BOINIO
YMEHBIIUTh BKJIaJ, CKBO3HOI MPOBOAVMOCTU TIO-
BEPXHOCTU YACTUIL B OOIIYIO0 MPOBOAVIMOCTbD.

Ha 3aBucuMOCTHM € OT 4aCTOTHI (PUC. 2) MOKHO
BBIZIEINTD JIBE 00JIaCTM: HM3KOUACTOTHYIO, XapaK-
TepU3YIONTYI0CS 60abIIMy 3HaUeHMAMY € (> 10%),
1 BBICOKOUACTOTHYI0, XapaKTepU3YIOIyI0Cs YMeHb-
IIeHeM 3Ha4YeHMii € 00 HEKOTOPOi1 IMMOCTOSTHHOI
BeuMHbl. Tako# BUJL 3aBUCUMOCTM MOKHO 00'b-
SICHUTb CMellleHVeM 3apsiloB BHYTPU YaCTHUL] MOJ,
BO3JIe/iCTBMEM TIONSI ¥ 00pa3oBaHMEM MaKpOIy-
riosiesi. [Ipy HU3KMX 4aCTOTax peakCalMOHHAs M0-
JISIPU3AIVS IPUBOAUT K 6OTBIIOMY 3HAUEHUIO I3~
JIEKTPUUECKOI TPOHULIAEMOCTH, OFHAKO C POCTOM

[lManekTpuyeckas penakcaums v NpoToHHasi MPOBOAMMOCTb NOMUCYPbMAHOW KUC/OTbI...

YaCTOThI MOABVKHBIE MOHBI IIepecTaroT yCIieBaTh
32 U3MEeHEeHMSIMM HaIpaBJIeHusl 0T ¥ Habmroa-
eTcsl yMeHbllIeHye 3HaueHuii €. YBenuyeHue TeM-
rnepaTypsl IPUBOAUT K BO3paCcTaHMIO 3HaAYeHMII €’
B HI3KOYACTOTHOI 061acTy (PUC. 2) B CBSI3U C YBe-
AMYeHMeM KOHIIeHTPaluu NOABMKHBIX TPOTOHOB.
Taxkue usmeHeHMsI €’ XapakTepPHBI /1 UCIEPCHBIX
VIOHHBIX IIPOBOJHUKOB [16].

[Tpu yBeimueHUM TeMIiepaTypbl TPOTOHBI B 0~
MMPOBAaHHBIX 00pasiiax 6osiee MOABVIKHBI, UTO IO -
TBePXKIaeTCs JaHHBIMM YaCTOTHBIX 3aBUCUMOCTE
MHMMOJ 4acTy €” IUINIeKTPUUECcKOil IIpoHuIlae-
mocTu (puc. 3).

[Tpy HU3KUX YaCTOTaX HAGIIOLAeTCS MOHOTOH-
HOe yMeHblIeHNe 3HaueHuii €”, ociie Yyero Ha 3a-
BUCUMOCTSIX €” OT 4aCTOThI PUKCUPYIOTCSI MaKCU-
MYMbI, UTO MOKHO OOBSICHUTDb peann3anyein mpu
9TUX YaCTOTAX pesaKCallMOHHBIX MPOLIECCOB, CBSI-
3aHHBIX C TPAHCTIOPTOM NPOTOHOB B yactuiie. C yBe-
AMYeHMeM TeMIlepaTypbl MAKCUMYM CIBUTAETCS B
BBICOKOUYACTOTHYIO 00JIaCTh, 9TO CBUIETENbCTBYET
0 6oJbIIIelt TOABVKHOCTY ITPOTOHOB.

Bosnee oTueTIMBO pejiakcalMOHHbIE MaKCUMY-
MbI BUJHBI Ha 3aBMCUMOCTSIX TaHTeHCa yIia Au-
JIEeKTPUYECKUX TOTepb tgd OT 4acToThl (puc. 4).
[Ipy yBenmMyeHMM TeMIIepaTypbl HabI0IaeTCs Ta-
KOe 3XKe CMellleH)/ie MaKCMMyMOB B 00/1aCTh 60JIb-
X 4acToT. OMHAKO MaKCYMMYMbI MMEIOT GOTbIITYI0
HIMPUHY, YTO MOKET ObITh CBSI3aHO C HATM4YeM He-
CKOJIbKMX BpeMeH pesakcalyiu MpoTOHOB. [11s oI -
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Puc. 1. Toporpad nmnenanca H,Sb, V O,nH,0, B kotopsix x paBHo 0; 0.20; 0.40; 0.48

[Fig. 1. Impedance hodograph of H,Sb
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0,nH,0, in which x is 0; 0.20; 0.40; 0.48]
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Puc. 2. 3aBUCHMMOCTD A€M CTBUTEIbHO YaCTH AMSJIEKTPUUECKON TPOHUIIAEMOCTH OT JIorapu@ma 4acTOThI
IpY pasIMyHbIX Temreparypax mis H,Sb, .,V ,.O.-nH,0
[Fig. 2. Dependence of the real component of dielectric permeability on logarithm of frequency at different

temperatures for H,Sb ,V O nH,0]
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Puc. 3. 3aBUCMMOCTh MHMMOJI YaCTU TUIIEKTPUUECKOI TPOHUIIAEMOCTH OT Jiorapudma 4acTOThI IIPU Pas-
JIMYHBIX Temmeparypax ayis H,Sb, .V, O, nH,0

[Fig. 3. Dependence of the imaginary component of dielectric permeability on logarithm of frequency

at different temperatures for H,Sb .,V .0, nH O]
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[Fig. 4. Dependence of dielectric loss tangent on logarithm of frequency at different temperatures for

H,Sb, .V,

1.52 7 0.48

TBEPKAEHNS JAHHOTO TPeITIONIOKeHMSI OB ITPO-
BeJleHbI CC/IeIOBAaHUST 7IEKTPUUECKOTO MOYJISI OT
yacrorsl [17].

Ha 3aBucumocTtsax M” OT 4acTOTbl (UKCUPY-
IOTCSI MAKCMMYMBbI (pUC. 5), KOTOpbIe ¢ yBeaude-
HIEM TeMIIepaTypbl CMEIAITCS B 06/1aCTh OOJIb-
mux 4acToT. C y4eToM KOOpAMHAT MaKCMMYyMOB
3aBUCUMOCTH ObLIM IepecTpoeHbl B M” / M” ot

max

18(f / f,.x) (PMC. 6) M HaJileHbI 3HAYCHMS VX TIONTY-
mwpuHbl SAg(f / f,...))-

[MonyueHHbIe KPUBbIE MMEIOT OIMHAKOBYIO hop-
MY TIPY Pa3IMIHBIX TEMTIEPATypax C OJIM3KO¥ MoITy-
mpuHoii, paBHoit d(1g(f / f,..)) =1.6 £ 0.2 (puc. 6)
Y OTJIMYHON OT BETMUMHBI 1e6aeBCKOT0 MaKCUMY-
ma d(1g(f / f,..)) = 1.14 [18]. VmpeHue cBupeTE b~
CTBYET O HA/IMYMY HECKOIbKMX BPEMEH peJlakcaiymn
MIPOTOHOB, YTO OOYCJIOBJIEHO Pa3IMYHbIMU pa3Me-
paMu 4acTuil.

Ha 3aBucumocTt 1g G OT 4acTOThI IIPU pa3iny-
HBIX TeMIlepaTypax MOKHO BbIIEIUTh ABa yyacTKa
(puc. 7): HU3KO- U CpeHevYacTOTHbIN, Ha KOTOPOM
Hab/M0aeTCsl yBeueHne MpoBOAMMOCTHU C POC-
TOM YacCTOTbI, ¥ BBICOKOUACTOTHBIN, XapaKTepu3y-
IOIIMIACS YACTOTHO HE3aBUCUMBIM TIJIATO. YBeInye-
HIM€e TTPOBOIMMOCTH TIPY HEOOIBITNX YaCTOTaX MO-
SKET OBITH CBSI3aHO C 00pa30BaHMEM B IIPUITIEKTPO-

208

O,nH,0]

6
JTHOVI 0671aCTH ¥ Ha TPaHMUITAX YaCTUI] 00beMHOTO 3a-
psifia, a TOCTOSIHHOE 3HaYeHMe MPOBOAMMOCTU IPU
yacroTax oT 10° mo 10° Hz coOTBeTCTBYET MPOTOHHOI
MMPOBOAMMOCTY yacTuil. [I0 BbICOKOUACTOTHOMY
YUYaCTKy Ha 3aBUCUMMOCTH Ig G OT YacTOThI ObIIV Haii-
JleHbl 3HaUYeHMS IPOTOHHOJ MPOBOAVIMOCTY YaCTUL]
(puc. 7) Ipu pasiMYHbIX TEMIIEpPATYpPaAX.

Jlorapudmudeckasi 3aBUCUMMOCTb IIPOBOAVIMOCTH
OT 006paTHOII TemMIlepaTypsl (puc. 8) MpeacTaBiseT
€06071 MPSIMYI0 JIMHUIO C MEHBIIMM YIJIOM HaKJIOHA
1o cpaBHeHuIO ¢ [ICK, uTO XapakTepHO IJ1s1 SONU-
POBaHHBIX OKCUIHBIX coenviHeHwui [19]. 3HaueHue
SHepruy akTuBanuy cocrasisier 30+2 KJ/mol, uro
MeHbllle SHepTrMM aKTUBALIMM IIPOBOAMMOCTY ITPOTO-
HoB TICK, koTopast cortacHo [7], paBHa 50 KJ/mol.

[ToBpimienne temmepartypsl oT 218 go 298 K
MPUBOAUT K 3KCIIOHEHIIMA/JbHOMY BO3pacTaHUIO
MIPOBOAVMMOCTY YaCTULL U CMEIIeHUI0 MaKCUMY-
MOB Ha KpMBOJi tgd OT 4acToThl (puc. 4) B 06/1aCTh
GOJIBIINX YACTOT, UTO OOYCIIOBJIEHO YIYUIIeHMEM
TPaHCIIOPTHBIX CBOJICTB MPOTOHOB BHYTPU YaCTULI.
3HaueHMe SHEPIUM aKTUBALIUU, OIPeeIeHHOE 110
3aBUCUMMOCTH JioTapu@mMa 4acTOThl, IPU KOTOPOM
(bukcupyeTcs MakCMMyM Ha KpuBoit tgd (puc. 8b),
OT 06paTHO TeMIlepaTypbl, COBIIAAeT C SHEPTU-
eil akTUBaI Uy TPOBOAVUMOCTH.
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typax nias H,Sb, .V, ,.0,nH,0
[Fig. 5. Dependence of the imaginary component of electric

module on logarithm of frequency at different tempera-
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Puc. 8. 3aBucuMoCTb Jiorapudma yaeabHO POBO-
numocty (a) u norapudma vactorsl Ig f - npu
KOTOPOM (DUKCUPYETCSI MAKCUMYM Ha KPUBOIL

tgé (b),0T 06pATHOII TEMITEPATYPhI IJIs1
H,sSb, .V, ,.0,nH,0

[Fig. 8. Dependence of logarithm of the Conductivity
(a) and of logarithm of the frequency Ig f_ ,a

which the maximum is fixed on the curve tgo (b), at

different temperatures for H,Sb 0,mnH,0]

152 0.48

OCHOBHbBIE Pe3yJ/bTaThl, [IOTYYEHHbIE B HACTO-
siedt paboTe, MOKa3bIBAKOT, YTO BBEJ€HME MIOHOB
BaHaAMSl TIPUBOAUT K YBEMYEHMIO 3HAUEHMIT TTPO-
BOAVMOCTY Y YMEHBIIEHUIO SHEPTUM aKTUBALIUU.
Hambomnee 3aMmeTHbIE M3MeHeHMsT PUKCUPYIOTCS ITPU
BBeJeHMM MaKCUMAaJIbHO BO3MOXXHOTO KOJIMYECT-
Ba BaHaaus. Tak, /:m;[ KpaiiHero TBepJoro pacTaopa
3amemenust H Sb1 A 4806'nH20 3Ha4YeHMe MPOTOH-
HOJt TPOBOAMMOCTHU, HaliZleHHOe TI0 YaCTOTHO He3a-
BUcuMoMy 11aTo, ipu RH = 58 % 1 298 K cocrasis-
eT 66 mS/m.

Hawnbosiee pacripocTpaHEHHBIM MEXaHM3MOM
TPAHCIIOPTA 3apsfa B KOHIEHCUPOBAHHBIX IPO-
TOHHBIX CUCTeMax SIBJISIETCSI CKOPPEIMPOBAHHbIN
TPaHCIIOPT MPOTOHOB BAOJb ONpefeleHHON 1enu
«BOJIOPOMIHBIX CBSI3€i». [Io3TOMY yBe/MUeHe 3Ha-
YeHMs MPOTOHHOI MPOBOAMMOCTH U YMEHbIIIEHNE
SHePTUM aKTUBALUU JONMMPOBAHHBIX MOHAMMU Ba-
Hasust 06pasiioB [TCK rmpu MOHMKEeHHBIX TEMIIepa-
Typax, MOTYT ObITb CBSI3aHbI C M3MEeHEHMEM COCTa-
Ba yacTuil. MI3BeCTHO, UTO 37eMeHTapHas siueiika
IICK cocTouT U3 OTpUllaTeNbHO 3apSOKeHHBIX OK-
TasapoB [SbO,], 3aps1 KOTOPbIX KOMIIEHCUPYET
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3aps[ IPOTOHOB U MOHOB OKCOHMUS [13]. Ilpu mo-
nupoBanuu IICK MoHamu BaHaaus MPOUCXOIUT
3aMellleHye YacTy CypbMbl Ha MOHBI BaHAZ Vs, IIPU
3TOM M3MEHSIOTCS [TapaMeTphl CTPYKTYPBI U CTe-
TIeHb B3aMMOZeViCTBYS IPOTOHOB C OTPULIATENIBHO
3apspkeHHbIM 0cTOBOM [10]. ATOM BaHanusi uMmeer
MEHDBIIYIO 3JIEKTPOOTPULIATENBHOCTD 110 CpaBHe-
HUIO C aTOMOM CypbMBI, YTO 00yC/IaB/IMBaeT yMeHb-
IIeHye MPOTOHAKLENTOPHON CIIOCOOHOCTY aHMO-
Ha U 3Hepruu BonopopHbIx ceaseit [20]. IIpu sTom
TPaHCIIOPT [IPOTOHOB OCYIECTBIISETCS 10 CUCTEME
BOJIOPOIHBIX CBsI3eil, 06pa30BaHHBIX MOJIEKY/IaMU
BOZbI, PACIIO/IO’KeHHBIMY B TeKCarOHa/IbHbIX KaHa-
J1aX CTPYKTYPBI TUIIA IMPOXJIOPA, ¥ aHMOHAMM KIC-
nopona okrasapa [BO,|-, rae B =V, Sb, popmupyio-
LIero KapKac CTPYKTYPBI.

BbIBO/I bl

1. UccnepoBana mpotoHHas nmpoBoaumocTts [TICK
MIpY JONMPOBAHMM ee MOHAMM BaHaaMs, MoKasa-
HO, UTO 3aMellleH}e YaCT! MOHOB CYpbMbI KapKaca
CTPYKTYPbI TUIIA IMPOXJIOPA MOHAMM BaHaA /sl yBe-
JINYMBAET IMIPOTOHHYIO MPOBOAMMOCTD M yMEeHbIIIa-
€T ee SHePIrui0 aKTUBALUM.

2. TlonyyeHHOe 3HaYeHMe MIPOTOHHONM MpPO-
BOJI]/IMOCTI/I ISl KpaliHero TBepAOro pacTBopa
H,Sb, ..V, ,.0,nH,0 npu RH =58 % 1 298 K cocras-
JIsIeT 66 mS/m, a SHeprus akTUBaIUM IIPOBOAMMOC-
™ 302 kJ/mol.

3.B monupoBaHHbIX MoHamMu BaHaausi [ICK mipo-
BOJIMMOCTbB OCYILIECTBJISIETCS IO CCTEMe BOOPO/ -
HBIX CBSI3€i, 00pa30BaHHBIX MOJIEKYJIaMU BOIIbI,
pacmooKeHHbBIMM B reKCcaroHaJbHbIX KaHaaax
CTPYKTYPBI TUIA TIMPOXJIOPA, U aHMOHAMM KUCJIO-
pofIa OKTasmpa, POpMUPYIOIEro KapKac CTPYKTYPBI.
BBeneHne MOHOB BaHaAMsI C MEeHbIIIEN 3JIEKTPOOT-
PULIATEIbHOCTBIO IPUBOIUT K YMEHBIIEHUIO IIPO-
TOHOAKIEIITOPHOI CIIOCOOHOCTM aHMOHA U obecIie-
YMBAeT JIYYUIMI1 TPAHCIIOPT MIPOTOHOB.

NCTOYHUK ®MTHAHCHUPOBAHUSA

Pa6oTa BbITIOJIHEHA TPV (PMHAHCOBOI IO Ie-
pkke PODU npoexkt N2 18-33-00269.
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C mybIMKaIMein HacTosIIei CTaThu.
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Abstract
Purpose. To improve the operating characteristics of proton-conducting polymer membranes,
nanoparticles of heteropoly acids and hydrated oxides of polyvalent elements are being infused.
Such membranes are used in condensers of huge capacity, memory devices, selective sensors,
fuel cells and ion-selective membranes. One of the perspective heteropoly acids, crystallized
within the pyrochlore-type structure (sp. gr. Fd3m), is the polyantimonic acid H,Sb,0,nH,0,
2<n<4 (PAA). In a number of researches, it is shown that the proton-crystal cell interaction
degree influences the proton-conducting properties of PAA. Therefore, PAA transport properties
can be increased by means of partial substitution of antimony ions for ions with the approximate
ionic radius, but different in the electronegativity values. It is expected that this kind of substi-
tution within the pyrochlore-type structure may lead to the degradation of the interaction en-
ergy between protons with the anion sublattice and their migration within the system of hydro-
gen bonds, formed by water molecules. In this regard, the aim of this work is to synthesize and
study the proton transport in PAA doped with vanadium ions.
Methods and methodology. Substitutional solid solutions have been obtained with the help
of the co-precipitation method. The X-ray phase analysis and the elemental analysis have been
conducted in order to clarify the phase composition. Earlier in the range of works it has been
shown that polyantimonic acid doping with vanadium ions within the pyrochlore-type structure
has a concentration limitation: substitutional solid solution H,Sb, V O,nH,0 is formed when
0<x<0,48. That is why the samples, containing 0 (PAA); 10 (x=0.2); 20 (x = 0.40); 24 (x=0.48)
at. % of vanadium have been chosen as subjects of the present research. By means of impedance
spectroscopy method the proton-conducting properties with the relative humidity of 58 %, which
was obtained by storing the measurement cell with the sample, placed inside the flask, above
NaBr saturated solution surface, have been studied. A specially designed cell was used that
represented a flat capacitor with graphite electrodes, between which the studied powder was
compacted. In order to study the conductivity under the lower temperatures the cell, previ-
ously held within 24 hours in the flask with RH = 58 %, was placed into a thermostat, allowing
to vary the temperature from 218 to 298 K by cooling with solid carbon dioxide. According to
the measuring data of the actual variable Z’ and the imaginary variable Z” of the complex imped-
ance parts the dielectric properties have been determined.
Results. Synthesized samples represented green-coloured powders with the coherent-scattering
region sizes, according to the X-ray spectral analysis, of 40 nm. On the X-ray diffraction patterns
there is an identical set of diffraction maximums. However, with the increase of vanadium quan-
tity there is a shift into a wide diffraction angles’ area, which is proved by the reduction of unit
cell parameters. Impedance samples hodograph for the temperature of 298 K and RH = 58 %
represents a slightly stretched semicircumference and a straight line at a slight angle to the
X-axis. With the help of the equivalent circuit these dependencies are described with the
model ‘of grains and interlayers’.
Conclusions. Proton conductivity of polyantimonic acid doped with vanadium ions has been
studied. It has been shown that the partial substitution of antimony ions within the pyrochlore-
type structure for ions with the lower electronegativity value increases proton conductivity and
reduces its activation energy. In this case for the extreme solid substitution solution
H,Sb, ..V, ,.0,nH,0 the value of proton conductivity at RH = 58 % and 298 K is 66 mS/m. Accord-
ing to the analysis of dielectric spectroscopy data at temperatures of 218-298 K the activation
energy of conductivity is 30+2 kJ/mol, also, the proton transport mechanism is proposed. In
doped PAA conductivity is carried out through the system of hydrogen bonds, formed by water
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molecules, located in hexagonal channels within the pyrochlore-type structure and oxygen
anions of octahedron, forming the structural framework.

Keywords: solid electrolytes, pyrochlore-type structure, antimony compounds, polyantimonic
acid, solid substitution solutions, proton conductivity.
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