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Âñòàíîâëåíî, ùî â ñèñòåì³ xMF–(1–x)PbF2–SnF2 (Ì=Li, Na, K, Rb) ïðè 0<x0,1

óòâîðþþòüñÿ òâåðä³ ðîç÷èíè ãåòåðîâàëåíòíîãî çàì³ùåííÿ MxPb1–xSnF4–x ³çîñòðóê-

òóðí³ PbSnF4. Ïðè çàì³ùåíí³ ÷àñòèíè ³îí³â Pb2+ ³îíàìè ëóæíèõ ìåòàë³â (Li+, K+,

Rb+) ïðîâ³äí³ñòü ñèíòåçîâàíèõ çðàçê³â ó âèñîêîòåìïåðàòóðí³é îáëàñò³ â çàãàëüíîìó

âèïàäêó çðîñòàº ó ïîð³âíÿíí³ ç PbSnF4. Íåçíà÷íå çàì³ùåííÿ (3,0 ìîë.%) ³îí³â Pb2+

íà Ì+ (K, Rb, Li) ïðàêòè÷íî íå âïëèâàº íà ïðîâ³äí³ñòü îäåðæàíèõ çðàçê³â. Ïðè

çàì³ùåíí³ á³ëüøå 5 ìîë.% ôòîðèä-³îííà ïðîâ³äí³ñòü ñèíòåçîâàíèõ çðàçê³â ó âèñî-

êîòåìïåðàòóðí³é ä³ëÿíö³ (ïîíàä 450 Ê) âèùà çà ïðîâ³äí³ñòü âèõ³äíîãî ôòîðèäó

PbSnF4, à ïðè íèæ÷èõ òåìïåðàòóðàõ – ïðàêòè÷íî îäíàêîâà ç íåþ. Íàéâèùó

ïðîâ³äí³ñòü ((7,72–9,32)10–2 Ñì/ñì) òà íàéìåíøó åíåðã³þ àêòèâàö³¿ ïðîâ³äíîñò³

(0,25–0,5 åÂ) ó âèñîêîòåìïåðàòóðí³é ä³ëÿíö³ ìàþòü çðàçêè ñêëàäó K0,10Pb0,90SnF3,90,

Li0,07Pb0,93SnF3,93 òà Rb0,05Pb0,95SnF3,95. Ïðîâ³äí³ñòü çðàçê³â ç íàòð³ºì íåçàëåæíî â³ä

ê³ëüêîñò³ NaF º ìåíøîþ â ïîð³âíÿíí³ ç PbSnF4, ùî ïîÿñíþºòüñÿ óòâîðåííÿì äî-

äàòêîâî¿ ôàçè NaSn2F5. Õàðàêòåð çàëåæíîñò³ âåëè÷èí åíåðã³¿ àêòèâàö³¿ â³ä êîíöåí-

òðàö³¿ ãåòåðîâàëåíòíîãî çàì³ñíèêà òà ¿¿ çíà÷åííÿ âêàçóþòü íà òå, ùî ïðîâ³äí³ñòü

îäåðæàíèõ çðàçê³â çàáåçïå÷óþòü âèñîêîðóõëèâ³ ì³æâóçëîâ³ àí³îíè ôòîðó.

Êëþ÷îâ³ ñëîâà: òâåðä³ ôòîðèäïðîâ³äí³ åëåêòðîë³òè, ãåòåðîâàëåíòíå çàì³ùåííÿ, íå-

ñòåõ³îìåòðè÷í³ ôòîðèäè, åëåêòðîïðîâ³äí³ñòü.
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Âñòóï

Ïîñò³éíèé ðîçâèòîê ðèíêó ïîðòàòèâíèõ
åëåêòðîííèõ ïðèñòðî¿â ð³çíîãî ïðèçíà÷åííÿ, à
òàêîæ ã³áðèäíèõ äâèãóí³â òà åëåêòðîìîá³ë³â îáó-
ìîâëþº ïîòðåáó â íîâèõ ìàòåð³àëàõ, ÿê³ ìîæóòü
áóòè âèêîðèñòàí³ äëÿ ñòâîðåííÿ äæåðåë ñòðóìó
ç á³ëüø âèñîêèìè ïèòîìèìè åíåðãåòè÷íèìè õà-
ðàêòåðèñòèêàìè. Çîêðåìà, ïîÿâà òâåðäîò³ëüíèõ
àêóìóëÿòîð³â ç âèñîêèìè åêñïëóàòàö³éíèìè õà-
ðàêòåðèñòèêàìè [1,2] îáóìîâèëà âèâ÷åííÿ òà
ïîøóê ñïîëóê, ÿê³ ìîæóòü áóòè âèêîðèñòàí³ äëÿ
ñòâîðåííÿ íîâèõ åëåêòðîäíèõ òà åëåêòðîë³òíèõ
ìàòåð³àë³â [3,4].

Îñîáëèâî¿ óâàãè çàñëóãîâóþòü åëåêòðîë³òí³
òà åëåêòðîäí³ ìàòåð³àëè íà îñíîâ³ ôòîðèäïðîâ³-
äíèõ ôàç [6,7]. Óæå çàðàç ñèíòåçîâàíî òà äîñë³-
äæåíî íèçêó ôòîðèäïðîâ³äíèõ êîìïîçèö³é, ÿê³
âèêîðèñòàíî äëÿ ñòâîðåííÿ õ³ì³÷íèõ äæåðåë

ñòðóìó, ùî ïðàöþþòü â ³íòåðâàë³ òåìïåðàòóð
293–773 Ê, çàáåçïå÷óþ÷è ïðè öüîìó çàäîâ³ëüí³
ïèòîì³ õàðàêòåðèñòèêàìè [3]. Òàê, â ðîáîò³ [7]
ïîêàçàíî, ùî â ãàëüâàí³÷íèõ åëåìåíòàõ íà îñ-
íîâ³ òâåðäèõ ôòîðèä-³îííèõ ïðîâ³äíèê³â ìîæíà
äîñÿãòè ïèòîìî¿ åíåðãîºìíîñò³ â 230 Âòãîä/êã.
Âåëèêîþ ïåðåâàãîþ äæåðåë ñòðóìó òàêîãî òèïó
ó ïîð³âíÿíí³ ç ë³ò³é-³îííèìè º ¿õ âèñîêà ïîæå-
æî- òà âèáóõîáåçïå÷í³ñòü.

Àíàë³ç ë³òåðàòóðè [5,6,8–10] ïîêàçóº, ùî
ñåðåä íèçêè äîñë³äæåíèõ ôòîðèäïðîâ³äíèõ ôàç
ñêëàäí³ ôòîðèäè íà îñíîâ³ PbSnF4 ìàþòü íàé-
âèùó (~310–3 Ñì/ñì ïðè 293 Ê) ôòîðèä-³îííó
ïðîâ³äí³ñòü. Äîñèòü ðåòåëüíî äîñë³äæåíî âïëèâ
íà ïðîâ³äí³ñòü PbSnF4 çàì³ùåííÿ ÷àñòèíè êàò³-
îí³â ïëþìáóìó òðèâàëåíòíèìè êàò³îíàìè ìåòàë³â
[11]. Òàê, çîêðåìà, âñòàíîâëåíî, ùî ïðè çàì³-
ùåíí³ äî 20 ìîë.% ³îí³â Pb2+ ³îíàìè Ln3+ (Ln=Y,
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La, Ce, Nd, Sm, Gd) ó ñòðóêòóð³ PbSnF4 åëåêò-
ðîïðîâ³äí³ñòü òâåðäèõ ðîç÷èí³â, ÿê³ ïðè öüîìó
óòâîðþþòüñÿ, çíà÷íî âèùà ó ïîð³âíÿíí³ ç âèõ³-
äíèì PbSnF4. Ìàêñèìàëüíó ïðîâ³äí³ñòü ìàþòü
çðàçêè, ùî ì³ñòÿòü 10,0–15,0 ìîë.% LnF3 [12,13].
Âïëèâ çàì³ùåííÿ ³îí³â ïëþìáóìó àáî ñòàíóìó â
ñòðóêòóð³ PbSnF4 ³îíàìè îäíîâàëåíòíèõ åëå-
ìåíò³â äîñë³äæåíî íåäîñòàòíüî.

Ç îãëÿäó íà çàçíà÷åíå, âèçíà÷åííÿ âïëèâó
çàì³ùåííÿ ÷àñòèíè ³îí³â Pb2+ ó ñêëàäíîìó ôòî-
ðèä³ PbSnF4 ³îíàìè ëóæíèõ ìåòàë³â (Li, Na, K,
Rb) íà ïðîâ³äí³ñòü ôòîðèäïðîâ³äíèõ ôàç, ùî ïðè
öüîìó óòâîðþºòüñÿ, ¿¿ çàëåæí³ñòü â³ä òåìïåðàòó-
ðè òà ñêëàäó, âñòàíîâëåííÿ ³íòåðâàëó ³ñíóâàííÿ
òâåðäèõ ðîç÷èí³â òà ¿õ ñòðóêòóðíèõ îñîáëèâî-
ñòåé º àêòóàëüíîþ òåîðåòè÷íîþ ³ ïðèêëàäíîþ
çàäà÷åþ.

Ó äàíîìó ïîâ³äîìëåíí³ íàâåäåíî ðåçóëüòà-
òè äîñë³äæåíü ïðîâ³äíîñò³ òâåðäèõ åëåêòðîë³ò³â
íà îñíîâ³ ôòîðèä³â ïëþìáóìó òà ñòàíóìó, îäåð-
æàíèõ øëÿõîì çàì³ùåííÿ ÷àñòèíè ³îí³â ïëþì-
áóìó ãåòåðîâàëåíòíèìè êàò³îíàìè ëóæíèõ ìå-
òàë³â (ë³ò³þ, íàòð³þ, êàë³þ, ðóá³ä³þ) ó ñêëàäíî-
ìó ôòîðèä³ PbSnF4. Òàêå çàì³ùåííÿ çà ðàõóíîê
íååêâ³âàëåíòíî¿ ê³ëüêîñò³ àí³îí³â ôòîðó ïðè êà-
ò³îíàõ çàì³ñíèêà òà ïëþìáóìó ïîâèííî ñïðèÿ-
òè óòâîðåííþ äåôåêò³â â àí³îíí³é ï³ä´ðàòö³ òà
ñóòòºâî çì³íþâàòè ïðîâ³äí³ñòü óòâîðåíèõ ôòî-
ðèäïðîâ³äíèõ ôàç, îäíàê õàðàêòåð òàêîãî âïëè-
âó íà ñüîãîäí³øí³é äåíü îäíîçíà÷íî ùå íå áóëî
âèÿâëåíî.

Åêñïåðèìåíòàëüíà ÷àñòèíà

Ñèíòåç ïîë³êðèñòàë³÷íèõ çðàçê³â â ñèñòåì³
xMF–(1–x)PbF2–SnF2 (Ì=Li, Na, K, Rb) ïðè
x=0,03; 0,05; 0,07; 0,1 âèêîíóâàëè ìåòîäîì ïëàâ-
ëåííÿ ç âèõ³äíèõ ïîïåðåäíüî âèñóøåíèõ ðåàê-
òèâ³â KHF2, LiF, NaF, RbF, PbF2 ³ SnF2 êâàë³ô³-
êàö³¿ «õ.÷.» â ³íòåðâàë³ òåìïåðàòóð 773–823 Ê â
àòìîñôåð³ àðãîíó. Ðåíòãåíîôàçîâèé àíàë³ç (ÐÔÀ)
îäåðæàíèõ çðàçê³â âèêîíóâàëè íà äèôðàêòîìåòð³
ÄÐÎÍ-3Ì ç ÑuÊ-âèïðîì³íþâàííÿì â ³íòåðâàë³
êóò³â â³ä 10 äî 800. Äëÿ ³äåíòèô³êàö³¿ òà îáðîá-
ëåííÿ äèôðàêòîãðàì âèêîðèñòîâóâàëè áàçó äà-
íèõ JCPD ³ êîìï’þòåðí³ ïðîãðàìè Match ³
UnitCell (The Collaborative Computational Projects
(CCPs), http://www.ccp14.ac.uk).

Ïðîâ³äí³ñòü îäåðæàíèõ çðàçê³â äîñë³äæóâà-
ëè ìîñòîâèì ìåòîäîì íà ÷àñòîò³ 70 êÃö ç âèêî-
ðèñòàííÿì äâîåëåêòðîäíî¿ ñõåìè. Äëÿ äîñë³äæåí-
íÿ âèêîðèñòîâóâàëè ñïðåñîâàí³ ïîë³êðèñòàë³÷í³
çðàçêè öèë³íäðè÷íî¿ ôîðìè ä³àìåòðîì 8 ìì ³
òîâùèíîþ 2,0–3,0 ìì. Ñòðóìîï³äâîäàìè áóëè
ãëàäê³ ïîë³ðîâàí³ ïëàòèíîâ³ ïëàñòèíè. Âèì³ðþ-
âàííÿ âèêîíóâàëè â àòìîñôåð³ àðãîíó â ³íòåð-

âàë³ 298–623 Ê ï³ñëÿ òåðìîñòàòóâàííÿ â ðåæèì³
îõîëîäæåííÿ. Äëÿ í³âåëþâàííÿ âêëàäó ïîðè-
ñòîñò³ äîñë³äæåíèõ çðàçê³â òàáëåòêè âèãîòîâëÿ-
ëè â îäíèõ ³ òèõ æå ïðåñ-ôîðìàõ ç äð³áíîäèñ-
ïåðñíèõ ôðàêö³é ç ðîçì³ðîì ÷àñòîê íå á³ëüøå
60 ìêì ï³ä òèñêîì 150 àòì.

Ïèòîìó åëåêòðîïðîâ³äí³ñòü ðîçðàõîâóâàëè
çà ð³âíÿííÿì =l/sR, äå l – òîâùèíà öèë³íä-
ðè÷íîãî çðàçêó, s – ïëîùà êîíòàêòó, R – àêòèâ-
íèé îï³ð.

Ðåçóëüòàòè òà îáãîâîðåííÿ

Ìåòîäîì ÐÔÀ âñòàíîâëåíî, ùî ïðè çàì³-
ùåíí³ ÷àñòèíè ³îí³â Pb2+ (äî 10 ìîë.%) ó ñòðóê-
òóð³ PbSnF4 ³îíàìè Li+, K+ ³ Rb+ óòâîðþþòüñÿ
òâåðä³ ðîç÷èíè ãåòåðîâàëåíòíîãî çàì³ùåííÿ, ùî
³çîñòðóêòóðí³ PbSnF4 (ðèñ. 1). Ïðè çàì³ùåíí³
êàò³îí³â ïëþìáóìó êàò³îíàìè êàë³þ òà ðóá³ä³þ
ñèíòåçîâàí³ çðàçêè óòâîðþþòü êðèñòàë³÷íó ðå-
ø³òêó òåòðàãîíàëüíî¿ ñèíãîí³¿ (ïð. ãð. Ð42/n) ç³
ñòðóêòóðîþ -PbSnF4, à ïðè çàì³ùåíí³ ³îíàìè
ë³ò³þ íà äèôðàêòîãðàìàõ ðåºñòðóþòüñÿ ðåôëåê-
ñè, ùî â³äïîâ³äàþòü òåòðàãîíàëüí³é () ³ ìî-
íîêë³íí³é () ìîäèô³êàö³¿ PbSnF4 (ðèñ. 2). Ïðè
çàì³ùåíí³ ³îí³â Pb2+ ³îíàìè Na+ âæå ïðè ìàëèõ
ê³ëüêîñòÿõ õ (äî 3 ìîë.%) ðàçîì ç ôàçîþ PbSnF4

óòâîðþºòüñÿ äîäàòêîâà ôàçà NaSn2F5 (ðèñ. 2).

Ðèñ. 1. Äèôðàêòîãðàìè ñèíòåçîâàíèõ çðàçê³â òâåðäèõ

ðîç÷èí³â KxPb1–xSnF4–x ³ âèõ³äíîãî PbSnF4: 1 – PbSnF4;

2 – K0,03PbSn0,97F3,97; 3 – K0,03Pb0,97SnF3,97; 4 – K0,1Pb0,9SnF3,9

Çàì³ùåííÿ íåâåëèêî¿ ê³ëüêîñò³ ³îí³â Pb2+

³îíàìè M+ (K, Rb) ñïðèÿº çìåíøåííþ ïàðàìåò-
ðà à åëåìåíòàðíî¿ êîì³ðêè (íàïðèêëàä, â³ä 5,969
äî 5,9613 Å ïðè çàì³ùåíí³ ³îíàìè êàë³þ). Ïî-
äàëüøå çá³ëüøåííÿ âì³ñòó ³îí³â M+ ó ñòðóêòóð³
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âèõ³äíîãî PbSnF4 ïðèâîäèòü äî ïîñòóïîâîãî
çá³ëüøåííÿ ïàðàìåòðà à òà îá’ºìó åëåìåíòàðíî¿
êîì³ðêè, à çíà÷åííÿ ïàðàìåòðà ñ ïðè öüîìó çìåí-
øóþòüñÿ. Çàëåæí³ñòü ðîçðàõîâàíèõ çà ðåçóëüòà-
òàìè ÐÔÀ ïàðàìåòð³â åëåìåíòàðíî¿ êîì³ðêè ñèí-
òåçîâàíèõ çðàçê³â â³ä êîíöåíòðàö³¿ ãåòåðîâàëåí-
òíîãî çàì³ñíèêà óçãîäæóºòüñÿ ç ïðàâèëîì Âå-
ãàðäà (òàáë. 1, ðèñ. 3).

Òàáëèöÿ 1

Ïàðàìåòðè êîì³ðîê êðèñòàë³÷íèõ ðåø³òîê òâåðäèõ

ðîç÷èí³â KxPb1–xSnF4–x ³ âèõ³äíîãî PbSnF4

Зразок а, Å V, Å3 
PbSnF4 5,969 1834,89 
K0,03Pb0,97SnF3,97 5,9613 1837,06 
K0,05Pb0,95SnF3,95 5,966 1837,27 
K0,07Pb0,93SnF3,93 5,9671 1833,81 
K0,1Pb0,9SnF3,9 5,9675 1834,59 

 

Íà ðèñ. 4 íà ïðèêëàä³ òâåðäîãî ðîç÷èíó
K0,05Pb0,95SnF3,95 ïðè 293 Ê íàäàíà òèïîâà çà-
ëåæí³ñòü êîìïëåêñíî¿ ïðîâ³äíîñò³ ïîë³êðèñòà-
ë³÷íèõ çðàçê³â ÌxPb1–xSnF4–x. Ïðè íèçüêèõ òåì-
ïåðàòóðàõ ³ âèñîêèõ ÷àñòîòàõ ãîäîãðàô ³ìïåäàí-
ñó íàäàíèé äåôîðìîâàíîþ äóãîþ, à ïðè íèçü-
êèõ ÷àñòîòàõ òðàíñôîðìóºòüñÿ â ë³í³éíó çà-
ëåæí³ñòü. Òàêèé õàðàêòåð çàëåæíîñò³ ïðèòàìàí-
íèé á³ëüøîñò³ òâåðäèõ ³îíïðîâ³äíèõ åëåêòðîë³ò³â,
çîêðåìà, ³ äëÿ ÷èñòîãî PbSnF4 [5].

Çàëåæí³ñòü ïðîâ³äíîñò³ ñèíòåçîâàíèõ ñïî-
ëóê â³ä òåìïåðàòóðè çàäîâ³ëüíî àïðîêñèìóºòüñÿ
ð³âíÿííÿì Àððåí³óñà-Ôðåíêåëÿ, ïðè÷îìó íà çà-
ëåæíîñò³ êîæíîãî çðàçêà, â òîìó ÷èñë³ ³ âèõ³ä-
íîãî -PbSnF4, ó òåìïåðàòóðíîìó ³íòåðâàë³ 503–
533 Ê ðåºñòðóºòüñÿ çëàì (ðèñ. 5–7), ïðèòàìàí-
íèé á³ëüøîñò³ òâåðäèõ åëåêòðîë³ò³â ç ôëþîðè-

20 30 40 50 60



- α-PbSnF
4



2, град



à                                                                                      á

Ðèñ. 2. Äèôðàêòîãðàìè ñèíòåçîâàíèõ çðàçê³â ó ñèñòåìàõ: à – xLiF–(1–x)PbF2–SnF2; á – xNaF–(1–x)PbF2–SnF2

ïðè õ=0,03

Ðèñ. 3. Çàëåæí³ñòü ïàðàìåòðà à êðèñòàë³÷íî¿ ðåø³òêè

òâåðäèõ ðîç÷èí³â RbxPb1–xSnF4–x â³ä âì³ñòó RbF
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Ðèñ. 4. Òèïîâà ³ìïåäàíñíà ä³àãðàìà òâåðäèõ ðîç÷èí³â

ÌxPb1–xSnF4–x íà ïðèêëàä³ òâåðäîãî ðîç÷èíó

K0,05Pb0,95SnF3,95 ïðè 293 Ê â êîîðäèíàòàõ Íàéêâ³ñòà
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òîâîþ ³ àíòèôëþðèòîâîþ ñòðóêòóðîþ.
Ïàðàìåòðè åëåêòðîïðîâ³äíîñò³ ñèíòåçîâà-

íèõ çðàçê³â òâåðäèõ ðîç÷èí³â ÌxPb1–xSnF4–x

(Ì=Li, K, Rb) íàâåäåí³ â òàáë. 2.
Òàáëèöÿ 2

Ïàðàìåòðè åëåêòðîïðîâ³äíîñò³ ñèíòåçîâàíèõ çðàçê³â

òâåðäèõ ðîç÷èí³â

ðÿäîê âåëè÷èíè ìåíøà. Ïðè öüîìó íàéâèùó
ïðîâ³äí³ñòü (573=9,3210–2 Ñì/ñì, Åà=0,25 åÂ)
ìàº çðàçîê ñêëàäó Li0,07Pb0,93SnF3,93.

Ïðè ââåäåíí³ ³îí³â êàë³þ â ñòðóêòóðó PbSnF4

åíåðã³ÿ àêòèâàö³¿ ³îííî¿ ïðîâ³äíîñò³ ó âèñîêî-
òåìïåðàòóðí³é ä³ëÿíö³ çðîñòàº, à â íèçüêîòåì-
ïåðàòóðí³é – çìåíøóºòüñÿ ó ïîð³âíÿíí³ ç âèõ³ä-
íèì PbSnF4. Íàéá³ëüøó ïðîâ³äí³ñòü ³ íàéìåíøó
åíåðã³þ àêòèâàö³¿ ïðîâ³äíîñò³ â âèñîêîòåìïåðà-
òóðí³é îáëàñò³ ìàº çðàçîê K0,1Pb0,9SnF3,9

(573=7,9510–2 Ñì/ñì, Åà=0,76 åÂ).
Çàì³ùåííÿ ÷àñòèíè ³îí³â ïëþìáóìó ³îíà-

ìè íàòð³þ ñïðèÿº óòâîðåííþ äîäàòêîâî¿ ôàçè
NaSn2F5, ùî íåçàëåæíî â³ä ê³ëüêîñò³ ââåäåíîãî

Зразок 
Еа,  
еВ 

lg(A), 
(См/см)К 

, См/cм 
Т, К 

-PbSnF4 
0,36 
0,2 

4,19 
2,27 

9,0210–4 

1,8810–2 
373 
573 

K0,03Pb0,97SnF3,97 
0,23 
0,41 

5,65 
10,46 

6,0910–4 

1,6710–2 

373 
573 

K0,05Pb0,95SnF3,95 
0,19 
0,38 

4,74 
10,01 

7,3510–4 

1,7610–2 

373 
573 

K0,07Pb0,93SnF3,93 
0,26 
0,73 

5,29 
15,99 

1,3710–4 

5,3210–2 

373 
573 

K0,1Pb0,9SnF3,9 
0,17 
0,76 

4,59 
19,31 

1,310–3 

7,9510–2 

373 
573 

Li0,03Pb0,97SnF3,97 
0,33 
1,02 
0,32 

3,43 
10,95 
4,52 

2,7310–4 
3,3610–3 
7,8810–2 

373 
473 
573 

Li0,05Pb0,95SnF3,95 
0,28 
0,76 
0,43 

5,29 
8,1 

3,03 

4,410–4 

2,6610–3 
6,0210–2 

373 
473 
573 

Li0,07Pb0,93SnF3,93 
0,29 
0,78 
0,25 

2,77 
8,74 
4,23 

5,2810–4 
5,8610–3 
9,3210–2 

373 
473 
573 

Rb0,03Pb0,97SnF3,97 
0,15 
0,86 

1,67 
8,96 

1,210–3 
4,710–2 

373 
573 

Rb0,05Pb0,95SnF3,95 
0,22 
0,86 

2,61 
9,27 

1,1210–3 

7,7210–2 
373 
573 

Rb0,07Pb0,93SnF3,93 
0,23 
0,76 

2,62 
8,1 

8,4910–4 
4,710–2 

373 
573 

Rb0,1Pb0,9SnF3,9 
0,23 
0,77 

2,74 
8,19 

4,0810–4 
5,0910–2 

373 
573 

 Íåçíà÷íå çàì³ùåííÿ (3,0 ìîë.%) ³îí³â Pb2+

íà Ì+ (K, Rb, Li) ïðàêòè÷íî íå âïëèâàº íà
ïðîâ³äí³ñòü îäåðæàíèõ çðàçê³â. Ïðè çàì³ùåíí³
á³ëüøå 5 ìîë.% ôòîðèä-³îííà ïðîâ³äí³ñòü ñèí-
òåçîâàíèõ çðàçê³â ó âèñîêîòåìïåðàòóðí³é ä³ëÿíö³
(ïîíàä 450 Ê) âèùà çà ïðîâ³äí³ñòü âèõ³äíîãî
ôòîðèäó PbSnF4, à ïðè íèæ÷èõ òåìïåðàòóðàõ –
ïðàêòè÷íî îäíàêîâà ç íåþ.

Íà òåìïåðàòóðíèõ çàëåæíîñòÿõ åëåêòðî-
ïðîâ³äíîñò³ òâåðäèõ ðîç÷èí³â LixPb1–xSnF4–x ðå-
ºñòðóºòüñÿ äâà çëàìè ïðè òåìïåðàòóð³ ~550 Ê òà
~470 Ê. Ñèíòåçîâàí³ çðàçêè òâåðäèõ ðîç÷èí³â
LixPb1–xSnF4–x ó âñüîìó êîíöåíòðàö³éíîìó ³íòåð-
âàë³ ³ñíóâàííÿ ïðè òåìïåðàòóðàõ âèùèõ çà 470 Ê
ìàþòü âèùó ïðîâ³äí³ñòü, í³æ âèõ³äíèé ôòîðèä
PbSnF4. Ïðè íèæ÷èõ òåìïåðàòóðàõ âîíà íà ïî-

Ðèñ. 5. Òåìïåðàòóðí³ çàëåæíîñò³ ïèòîìî¿ ïðîâ³äíîñò³

ïîë³êðèñòàë³÷íèõ çðàçê³â òâåðäèõ ðîç÷èí³â KxPb1–xSnF4–x:

1 – PbSnF4; 2 – K0,03Pb0,97SnF3,97; 3 – K0,05Pb0,95SnF3,95;

4 – K0,07Pb0,93SnF3,93; 5 – K0,1Pb0,9SnF3,9
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Ðèñ. 6. Òåìïåðàòóðí³ çàëåæíîñò³ ïèòîìî¿ ïðîâ³äíîñò³

ïîë³êðèñòàë³÷íèõ çðàçê³â òâåðäèõ ðîç÷èí³â LixPb1–xSnF4–x:

1 – PbSnF4; 2 – Li0,03Pb0,97SnF3,97; 3 – Li0,05Pb0,95SnF3,95;

4 – Li0,07Pb0,93SnF3,93
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ôòîðèäó íàòð³þ ïðè òåìïåðàòóðàõ, íèæ÷èõ çà
540 Ê îáóìîâëþº çìåíøåííÿ åëåêòðîïðîâ³äíîñò³
íà ïîðÿäîê âåëè÷èíè ó ïîð³âíÿíí³ ç âèõ³äíèì
PbSnF4. Ïðîâ³äí³ñòü ñèíòåçîâàíèõ çðàçê³â
NaxPb1–xSnF4–x ïðè á³ëüø âèñîêèõ òåìïåðàòóðàõ
â ìåæàõ ïîõèáêè âèì³ðþâàííÿ ñï³âïàäàº ç ïðî-
â³äí³ñòþ òåòðàôëóîðñòàíàòó ïëþìáóìó.

Ðèñ. 7. Tåìïåðàòóðí³ çàëåæíîñò³ ïèòîìî¿ ïðîâ³äíîñò³

ïîë³êðèñòàë³÷íèõ çðàçê³â òâåðäèõ ðîç÷èí³â RbxPb1-xSnF4-x:

1 – PbSnF4; 2 – Rb0,03Pb0,97SnF3,97; 3 – Rb0,05Pb0,95SnF3,95;

4 – Rb0,07Pb0,93SnF3,93; 5 – Rb0,1Pb0,9SnF3,9

Ïðîâ³äí³ñòü ñèíòåçîâàíèõ çðàçê³â òâåðäèõ
ðîç÷èí³â RbxPb1–xSnF4–x (0,03<õ<0,07) ïðè òåì-
ïåðàòóðàõ âèùèõ çà 470 Ê ìàþòü âèùó
ïðîâ³äí³ñòü ó ïîð³âíÿíí³ ç PbSnF4, à íèæ÷å ö³º¿
òåìïåðàòóðè âîíà ñóì³ðíà ç íåþ. Ïðè âì³ñò³ çà-
ì³ñíèêà RbF á³ëüøîìó çà 8 ìîë.% ó òâåðäîìó
ðîç÷èí³ RbxPb1–xSnF4–x éîãî ïðîâ³äí³ñòü ïðè òåì-
ïåðàòóðàõ íèæ÷èõ çà 450 Ê çìåíøóºòüñÿ ìàéæå
â 10 ðàç³â ó ïîð³âíÿíí³ ç PbSnF4. Íàéâèùó åëåê-
òðîïðîâ³äí³ñòü ìàº çðàçîê Rb0,05Pb0,95SnF3,95

(600=0,1 Ñì/ñì, Åà=0,86 åÂ).
Òàêîæ âèá³ðêîâî çä³éñíþâàëè ïîâòîðíå

äîñë³äæåííÿ ïðîâ³äíîñò³ ñèíòåçîâàíèõ çðàçê³â
òâåðäèõ åëåêòðîë³ò³â áåç ïåðåïðåñóâàííÿ ñôîð-
ìîâàíèõ äèñê³â òà ç ïåðåïðåñóâàííÿì. Ðåçóëüòà-
òè ïîêàçàëè â³äòâîðþâàí³ñòü çíà÷åíü ïèòîìî¿
åëåêòðîïðîâ³äíîñò³ ç ïîõèáêîþ íà ð³âí³ 3–5%.

Âèñíîâêè

Ïðè çàì³ùåíí³ ÷àñòèíè ³îí³â Ïëþìáóìó
³îíàìè Li+, Na+, K+ òà Rb+ ó ñêëàäíîìó ôòîðèä³
PbSnF4 óòâîðþþòüñÿ òâåðä³ ðîç÷èíè ãåòåðîâà-
ëåíòíîãî çàì³ùåííÿ ÌxPb1–xSnF4–x, äå õ çíàõî-
äèòüñÿ â ³íòåðâàë³ 0<x0,1. Òâåðä³ ðîç÷èíè
ÌxPb1–xSnF4–x (Ì – K, Rb) óòâîðþþòü êðèñòàë³-
÷íó ðåø³òêó òåòðàãîíàëüíî¿ ñèíãîí³¿ ç³ ñòðóêòó-

ðîþ -PbSnF4, à ôàçè, ùî ì³ñòÿòü ³îíè ë³ò³þ,
óòâîðþþòü îäíî÷àñíî äâ³ ìîäèô³êàö³¿ – òåòðà-
ãîíàëüíó () ³ ìîíîêë³ííó () ìîäèô³êàö³¿
PbSnF4.

Íàéâèùó ïðîâ³äí³ñòü òà íàéìåíøó åíåð-
ã³þ àêòèâàö³¿ ïðîâ³äíîñò³ ó âèñîêîòåìïåðàòóðí³é
ä³ëÿíö³ ìàþòü çðàçêè ñêëàäó K0,10Pb0,90SnF3,90,
Li0,07Pb0,93SnF3,93 òà Rb0,05Pb0,95SnF3,95 ((7,72–
9,32)10–2 Ñì/ñì). Ïðîâ³äí³ñòü çðàçê³â ç Íàòð³ºì
íåçàëåæíî â³ä ê³ëüêîñò³ NaF º ìåíøîþ â ïî-
ð³âíÿíí³ ç PbSnF4, ùî ïîÿñíþºòüñÿ óòâîðåííÿì
äîäàòêîâî¿ ôàçè NaSn2F5.
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SYNTHESIS AND CONDUCTIVITY OF SOLID
SOLUTIONS Ì

x
Pb

1–x
SnF

4–x
 (Ì=Li, Na, K, Rb)

Yu.V. Pohorenko a, *, A.A. Nahorny b, R.M. Pshenychnyi c,
A.O. Omel’chuk a

a V.I. Vernadsky Institute of General and Inorganic Chemistry of
the NAS of Ukraine, Kyiv, Ukraine

b National Technical University of Ukraine «Igor Sikorsky Kyiv
Polytechnic Institute», Kyiv, Ukraine

c Sumy State University, Sumy, Ukraine
* e-mail: pogorenkoyulija@gmail.com

It has been found that the solid solutions of heterovalent
substitution, MxPb1–xSnF4–x (0<x0.1), are formed in the system
xMF–(1–x)PbF2–SnF2 (where Ì = Li, Na, K, Rb) that have a
structure of -PbSnF4. The conductivity of the synthesized samples
in the high-temperature range generally increases as compared with
PbSnF4 if a part of the Pb2+ ions is replaced by ions of alkali metal
(Li+, K+ and Rb+). An insignificant substitution (3.0 mol%) of Pb2+

ions by M+ ions (K+, Rb+ and Li+) practically has no effect on the
conductivity of the obtained samples. When more than 5 mol.% of
ions are replaced, the fluoride-ion conductivity of the synthesized
samples in the high-temperature range (above 450 K) is higher than
the conductivity of the initial fluoride PbSnF4, whereas the
conductivities are practically the same at lower temperatures. The
samples K0.10Pb0.90SnF3.90, Li0.07Pb0.93SnF3.93 and Rb0.05Pb0.95SnF3.95

show the highest conductivity ((7.72–9.32)10–2 S/cm) and the least
activation energy of conductivity (0.25–0.5 eV) in the high-
temperature range. The conductivity of the samples with sodium,
regardless of the amount of NaF, is lower than that of PbSnF4 which
is explained by the formation of an additional phase NaSn2F5. The
nature of the dependence of the activation energy on the concentration
of a heterovalent substituent and its value indicate that the conductivity
of the obtained samples is provided by highly mobile interstitial anions
of fluorine.

Keywords: solid fluoride-conducting electrolytes;
heterovalent substitution; non-stoichiometric fluorides; electrical
conductivity.
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