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Ñêëàäí³ ôîñôàòè ëóæíèõ ³ ïîë³âàëåíòíèõ
ìåòàë³â ð³çíèõ ñòðóêòóðíèõ òèï³â (ëàíãáåéí³ò,
NASICON, îë³â³í, öåîë³ò), ó òîìó ÷èñë³ ³ çì³øà-
íî-àí³îíí³ ñïîëóêè, ïðèâåðòàþòü çíà÷íèé ³íòå-
ðåñ äëÿ ïðàêòè÷íîãî âèêîðèñòàííÿ â ð³çíèõ ãà-
ëóçÿõ. Öå çóìîâëåíî íàÿâí³ñòþ â íèõ íèçêó êî-
ðèñíèõ âëàñòèâîñòåé, ùî çàáåçïå÷óþòü ¿õ ôóí-
êö³îíàëüíå ïðèçíà÷åííÿ ïðè ðîçðîáö³ êîìïî-
íåíò³â äëÿ ïîðòàòèâíèõ äæåðåë ñòðóìó: òâåðäèõ
åëåêòðîë³ò³â [1–4], êàòîä³â ÷è àíîä³â [5–7]; ëþ-
ì³íîôîð³â [8], êàòàë³çàòîð³â [9], òîùî.

Íàéá³ëüø ïîøèðåíèìè ìåòîäàìè äëÿ ñèí-
òåçó ñêëàäíèõ ôîñôàò³â º òâåðäîôàçíèé ñèíòåç,
ã³äðîòåðìàëüíèé ÷è êðèñòàë³çàö³ÿ áàãàòîêîìïî-
íåíòíèõ ðîç÷èí-ðîçïëàâ³â. Ñë³ä â³äì³òèòè, ùî
îñòàíí³é ï³äõ³ä â íèçö³ âèïàä³â äîçâîëÿº äîñë³-
äèòè âçàºìîâïëèâ ïðèñóòíîñò³ ð³çíèõ ïàð êàò³-
îí³â ð³çíîâàëåíòíèõ ³ ëóæíèõ ìåòàë³â íà îñîá-
ëèâîñò³ âçàºìîä³¿ ³ ñòðóêòóðîôîðìóâàííÿ ôîñ-
ôàò³â [10–12].

Äîñë³äæåííÿ êðèñòàë³çàö³¿ áàãàòîêîìïîíåí-
òíèõ ëóæíîôîñôàòíèõ ðîç÷èí-ðîçïëàâ³â, ùî
ì³ñòÿòü ð³çí³ ïàðè êàò³îí³â ïîë³âàëåíòíèõ ìå-
òàë³â, äîçâîëÿº ÿê ðîçøèðèòè ìîæëèâîñò³ îäåð-

æàííÿ íîâèõ ñïîëóê â³äîìèõ ñòðóêòóðíèõ òèï³â,
òàê ³ âèÿâèòè ä³ëÿíêè ôîðìóâàííÿ ñïîëóê ç³ ñâî-
ºð³äíèìè òèïàìè êðèñòàë³÷íèõ óïàêîâîê, ùî ïå-
ðåäáà÷àþòü íàÿâí³ñòü êîðèñíèõ ôóíêö³îíàëüíèõ
âëàñòèâîñòåé. Íà ñüîãîäí³ íåîáõ³äíèì º äîñë³-
äæåííÿ îñîáëèâîñòåé âçàºìîâïëèâó ïðèñóòíîñò³
ïàð ³îí³â TiIV+MIII íà ïðîöåñè êðèñòàë³çàö³¿
ñêëàäíèõ ôîñôàò³â ó ðóá³ä³é ôîñôàòíèõ ðîç÷èí-
ðîçïëàâàõ, ùî äîçâîëèòü âñòàíîâèòè óìîâè ôîð-
ìóâàííÿ íîâèõ ñêëàäíèõ ôîñôàò³â òà â ïîäàëü-
øîìó îö³íèòè ïåðñïåêòèâè ¿õ ïðàêòè÷íîãî âè-
êîðèñòàííÿ.

Â ðîáîò³ ïðåäñòàâëåíî ðåçóëüòàòè äîñë³-
äæåííÿ îñîáëèâîñòåé âçàºìîä³¿ ñóì³ø³ îêñèä³â
TiO2 –MIII

2O3 ç ðîçïëàâàìè òèïó Rb2O–P2O5 òà
âïëèâó ïðèðîäè MIII íà ôîðìóâàííÿ ñêëàäíèõ
ôîñôàò³â â óìîâàõ êðèñòàë³çàö³¿ áàãàòîêîìïîíåí-
òíèõ ðîç÷èí-ðîçïëàâ³â â òåìïåðàòóðíîìó ³íòåð-
âàë³ 1000–6500Ñ. Ñèíòåçîâàí³ ñêëàäí³ ôîñôàòè
äîñë³äæåíî ìåòîäàìè ïîðîøêîâî¿ ðåíòãåíî-
ãðàô³¿, ²×-ñïåêòðîñêîï³¿, îïòè÷íî¿ ì³êðîñêîï³¿
òà òåðìîãðàâ³ìåòðè÷íîãî ³ äèôåðåíö³àëüíî-òåð-
ì³÷íîãî àíàë³çó.

Åêñïåðèìåíòàëüíà ÷àñòèíà

Çàêîíîì³ðíîñò³ ôîðìóâàííÿ ñêëàäíèõ ôîñ-
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ôàò³â ó ðîç÷èí ðîçïëàâàõ ñèñòåì Rb2O–P2O5–
TiO2 òà Rb2O–P2O5–TiO2–MIII

2O3 (M
I²I=Fe, Ga,

Mn) äîñë³äæóâàëè â øèðîêèõ ìåæàõ ìîëüíîãî
ñï³ââ³äíîøåííÿ Rb/P=0,5–1,3 òà ô³êñîâàíîìó
âì³ñò³ ïîë³âàëåíòíèõ ìåòàë³â: Ò³/Ð=0,3 ³ Ti/MIII=1,0.
Òåìïåðàòóðíèé ³íòåðâàë êðèñòàë³çàö³¿ 1000–
6500Ñ. Âèõ³äíèìè ðåàãåíòàìè áóëè: RbH2PO4,
Rb2CO3, Fe2O3, Ga2O3, Mn2O3, TiO2 òà H3PO4 êâà-
ë³ô³êàö³¿ «÷.ä.à.».

Ìåòîäèêà åêñïåðèìåíòó ïåðåäáà÷àëà îäåð-
æàííÿ ãîìîãåííèõ ðîçïëàâ³â ïðè 10000Ñ ç ïî-
äàëüøèì ¿õ îõîëîäæåííÿì äî òåìïåðàòóð 800–
6500Ñ â çàëåæíîñò³ â³ä ñï³ââ³äíîøåííÿ Rb/P ó
âèõ³äíîìó ðîçïëàâ³ ç ìåòîþ êðèñòàë³çàö³¿ ñêëàä-
íèõ ôîñôàò³â. Íåîáõ³äíå çíà÷åííÿ ìîëüíîãî
ñï³ââ³äíîøåííÿ Rb/P ó âèõ³äíîìó ðîçïëàâ³ äî-
ñÿãàëîñÿ øëÿõîì äîäàâàííÿ äî âèõ³äíî¿ øèõòè
(ñóì³ø RbH2PO4+TiO2+MIII

2O3) ðîçðàõîâàíî¿
ê³ëüêîñò³ H3PO4 (äëÿ ðîçïëàâ³â ç Rb/P<1,0) ÷è
Rb2CO3 (äëÿ ðîçïëàâ³â ç Rb/P>1,0). Øâèäê³ñòü
îõîëîäæåííÿ ðîçïëàâ³â ñòàíîâèëà 25–500C/ãîä.
Ï³ñëÿ ð³çêî¿ çì³íè â’ÿçêîñò³ ðîçïëàâ³â, îõîëî-
äæåííÿ ïðèïèíÿëè ³ âèòðèìóâàëè ¿õ â ³çîòåðì³-
÷íèõ óìîâàõ óïðîäîâæ ãîäèíè. Ï³ñëÿ öüîãî êîì-
ïîçèòè îõîëîäæóâàëè äî ê³ìíàòíî¿ òåìïåðàòó-
ðè, à êðèñòàë³÷í³ ôàçè â³äìèâàëè â³ä çàëèøê³â
ðîçïëàâó äèñòèëüîâàíîþ âîäîþ, âèñóøóâàëè ïðè
òåìïåðàòóð³ 1000Ñ òà àíàë³çóâàëè.

Ôàçîâèé ñêëàä ñèíòåçîâàíèõ ñêëàäíèõ ôîñ-
ôàò³â äîñë³äæóâàëè çà äîïîìîãîþ ìåòîäó ðåíò-
ãåíîãðàô³¿ ïîðîøêó. Äèôðàêòîãðàìè çàïèñàíî çà
äîïîìîãîþ äèôðàêòîìåòðà Shimadzu XRD-6000
ç ãðàô³òîâèì ìîíîõðîìàòîðîì ïåðåä ë³÷èëüíè-
êîì (ìåòîä 2 áåçïåðåðâíîãî ñêàíóâàííÿ ç³ øâèä-
ê³ñòþ 10/õâ) ó ä³àïàçîí³ 2=5,0–70,00. Ïðîãðàìà
Fullprof áóëà âèêîðèñòàíà äëÿ ðîçðàõóíêó ïàðà-
ìåòð³â êîì³ðêè ôîñôàò³â. Òèï ôîñôàòíîãî àí³-
îíó ó ñêëàä³ êðèñòàë³÷íèõ ôàç âñòàíîâëåíî çà
äàíèìè ²×-ñïåêòðîñêîï³¿ – ñïåêòðè çàïèñàíî çà
äîïîìîãîþ ñïåêòðîìåòðà Perkin Elmer «FTIR
Spectrum BX-II» äëÿ çðàçê³â â òàáëåòêàõ ç ÊÂr ó

ä³àïàçîí³ 400–4000 ñì–1. Åëåìåíòíèé ñêëàä ôîñ-
ôàò³â âñòàíîâëþâàëè ðåíòãåíôëþîðåñöåíòíèì
ìåòîäîì (ñïåêòðîìåòð «Elvax light»). Òåðì³÷íó
ñò³éê³ñòü ñèíòåçîâàíèõ ôîñôàò³â äîñë³äæåíî
ìåòîäîì ÒÃ/ÄÒÀ (ñèíõðîííèé ÒÃ/ÄÒÀ àíàë³çà-
òîð Shimadzu DTG-60H).

Ðåçóëüòàòè òà îáãîâîðåííÿ

Íà ïåðøîìó åòàï³ äîñë³äæóâàëè êðèñòàë³-
çàö³þ ñêëàäíèõ ôîñôàò³â ó ðîç÷èí-ðîçïëàâàõ
ñèñòåìè Rb2O–P2O5–TiO2 â ä³àïàçîí³ ìîëüíèõ
ñï³ââ³äíîøåíü Rb/P=0,5–1,3 ïðè ô³êñîâàíîìó
âì³ñò³ îêñèäó òèòàíó (Ò³/Ð=0,3) òà â òåìïåðà-
òóðíîìó ³íòåðâàë³ 1000–6500Ñ. Âñòàíîâëåíî, ùî
ôàçîâèé ñêëàä ïðîäóêò³â âçàºìîä³¿ çàëåæèòü â³ä
âèõ³äíîãî ìîëüíîãî ñï³ââ³äíîøåííÿ Rb/P (òàá-
ëèöÿ). Çà äàíèìè ïîðîøêîâî¿ ðåíòãåíîãðàô³¿ ó
ðîçïëàâàõ ç³ çíà÷åííÿìè Rb/P1,0 íèæ÷å 8500Ñ
ôîðìóºòüñÿ çì³øàíî-àí³îííèé ôîñôàò
Rb3Ti2(TiO)(PO4)3(P2O7), ùî êðèñòàë³çóºòüñÿ â
îðòîðîìá³÷í³é ñèíãîí³¿ (ïð. ãð. Pcam), à ðîçðà-
õîâàí³ ïàðàìåòðè êîì³ðêè (a=18,387(2),
b=6,308(2), c=14,844(4) Å) º áëèçüêèìè äî â³äïî-
â³äíèõ â³äîìèõ ç ë³òåðàòóðè (JSPDS#00-087-1141)
(ðèñ. 1,à). Çá³ëüøåííÿ ìîëüíîãî ñï³ââ³äíîøåí-
íÿ Rb/P äî 1,2–1,3 ïðèâîäèòü äî óòâîðåííÿ íèæ-
÷å 7800Ñ îðòîôîñôàòó RbTiOPO4 (îðòîðîìá³÷íà
ñèíãîí³ÿ, ïð. ãð. Pna21) ç ïàðàìåòðàìè êîì³ðêè:
a=12,995(4), b=6,523(5), c=10,673(7) Å (JSPDS
#00-081-0552) (ðèñ. 1,á).

Âïëèâ ïðèñóòíîñò³ êàò³îí³â òðèâàëåíòíèõ
ìåòàë³â íà ñêëàä êðèñòàë³÷íèõ ôàç ó ðîç÷èí-ðîç-
ïëàâàõ ñèñòåìè Rb2O–P2O 5–TiO2–M III

2O 3

(MI²I=Fe, Ga, Mn) äîñë³äæóâàëè çì³íþþ÷è ìîëü-
íå ñï³ââ³äíîøåííÿ Rb/P=0,5–1,3 òà ïðè ô³êñî-
âàíîìó çíà÷åíí³ Ti/MIII=1,0 ó òåìïåðàòóðíîìó
³íòåðâàë³ 1000–6500Ñ. Âñòàíîâëåíî, ùî ñêëàä
îäåðæàíèõ ôàç çàëåæèòü â³ä ìîëüíîãî ñï³ââ³äíî-
øåííÿ Rb/P ó âèõ³äíîìó ðîç÷èí-ðîçïëàâ³ òà
ïðèðîäè òðèâàëåíòíîãî ìåòàëó (òàáëèöÿ).

Çàãàëüíîþ çàêîíîì³ðí³ñòþ ðîçïëàâ³â â
ðîçð³ç³ ìîëüíîãî ñï³ââ³äíîøåííÿ Rb/P=0,5 º

Ôàçîâèé ñêëàä ïðîäóêò³â êðèñòàë³çàö³¿, îäåðæàíèõ ó ðîç÷èí-ðîçïëàâàõ ñèñòåì Rb2O–P2O5–TiO2 òà
Rb2O–P2O5–TiO2–M2

²²²O3 (Ti/P=0,30, Ti/MI²I=1.0, Ò=1000–6500Ñ)

Фазовий склад 
система 

Rb2O–P2O5–TiO2–M2
ІІІO3 

Rb/P 
(мол.) 

Rb2O–P2O5–TiO2 Fe Ga Mn 

0,5 RbTi2(PO4)3+TiO2 

0,9 
Rb3Ti3О(P2O7)(PO4)3 RbTi2(PO4)3 

1,0 Rb2FeTi(PO4)3 Rb1,3Ti0,7Ga0,3ОPO4 RbTiOPO4 

1,2 
RbTiOPO4 RbTiOPO4 

1,3 – скло 
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Influence of the nature of MIII on the crystallization of complex phosphates in the self-flux system
Rb2O–P2O5–TiO2–MIII

2O3

íèçüêà ðîç÷èííà çäàòí³ñòü ðîçïëàâ³â ùîäî ñóì³ø³
îêñèä³â TiO2+MIII

2O3, ùî ïðèçâîäèòü äî çàáðóä-
íåííÿ êðèñòàë³÷íèõ ôàç âèõ³äíèì TiO2, â òîé
÷àñ ÿê çá³ëüøåííÿ çíà÷åííÿ Rb/P äî 0,9 ñïðèÿº
ðîç÷èíåííþ îêñèä³â. Ó âñ³õ ñèñòåìàõ ó «êèñëî-
ìó» ä³àïàçîí³ (ðîçð³çè Rb/P â³ä 0,5 äî 0,9), íåçà-
ëåæíî â³ä ïðèðîäè òðèâàëåíòíîãî ìåòàëó õàðàê-
òåðíèì º ôîðìóâàííÿ ôîñôàòó RbTi2(PO4)3. Ðåí-
òãåíîãðàìè ïðî³íäåêñîâàíî â ðîìáîåäðè÷í³é
ñèíãîí³¿ (ïð. ãð. R3c), à ðîçðàõîâàí³ ïàðàìåòðè
êîì³ðêè: a=8.239(2) ³ c=23.562(1) Å, º áëèçüêè-
ìè äî â³äïîâ³äíèõ äàíèõ ç JSPDS (#00-082-2264)
òà ë³òåðàòóðè [13].

Âïëèâ ïðèñóòíîñò³ òðèâàëåíòíîãî ìåòàëó ó
ðîçïëàâ³ íà ôàçîôîðìóâàííÿ ïðîÿâëÿºòüñÿ â
óòâîðåíí³ ôîñôàò³â çà ó÷àñòþ îáîõ ïîë³âàëåíò-
íèõ ìåòàë³â ëèøå â ìåòàôîñôàòíîìó ðîçð³ç³
(Rb/P=1,0). Ó âèïàäêó Fe-âì³ñíîãî ðîçïëàâó ïðè
îõîëîäæåíí³ íèæ÷å 8700Ñ çàô³êñîâàíî ôîðìó-
âàííÿ êðèñòàë³â ñâ³òëî-æîâòîãî çàáàðâëåííÿ, à
ïîäàëüøå ïîíèæåííÿ òåìïåðàòóðè äî 7800Ñ
ñïðèÿëî ¿õ çðîñòàííþ. Ðîçì³ðè ìîíîêðèñòàë³â ïðè
ê³íöåâ³é òåìïåðàòóð³ îõîëîäæåííÿ ñÿãàëè 1–2 ìì
(ðèñ. 2,à). Çà äàíèìè åëåìåíòíîãî àíàë³çó òà
ïîðîøêîâî¿ ðåíòãåíîãðàô³¿ âñòàíîâëåíî ôîðìó-
âàííÿ ó ìîíîôàçíîìó âèãëÿä³ ôîñôàòó ëàíãáåé-
í³òîâîãî òèïó Rb2FeTi(PO4)3 (êóá³÷íà ñèíãîí³ÿ,
ïð. ãð. Ð213, ïàðàìåòð êîì³ðêè à=9,891(3) Å)
(ðèñ. 1,â).

Ïðè êðèñòàë³çàö³¿ Ga-âì³ñíîãî ðîç÷èí-ðîç-
ïëàâó ó ðîçð³ç³ ìîëüíîãî ñï³ââ³äíîøåííÿ

Rb/P=1,0 çàô³êñîâàíî óòâîðåííÿ áåçáàðâíèõ
êðèñòàë³â îêòàåäðè÷íî¿ ôîðìè (ðèñ. 2,á), ùî
çã³äíî ç ðåçóëüòàòàìè ïîðîøêîâî¿ ðåíòãåíîãðàô³¿
íàëåæàòü äî êóá³÷íî¿ ñèíãîí³¿ (ïð. ãð. Fd-3m) ç
ïàðàìåòðîì åëåìåíòàðíî¿ êîì³ðêè à=10,023(1) Å
(ðèñ. 1,ã). Ñêëàä ôîñôàòó, âñòàíîâëåíèé çà äà-
íèìè åëåìåíòíîãî àíàë³çó, â³äïîâ³äàº ôîðìóë³
Rb1,3Ti0,7Ga0,3ÎPO4. Çã³äíî ç ë³òåðàòóðíèìè äàíè-
ìè ñåðåä â³äîìèõ ïðèêëàä³â ôîñôàò³â ëóæíèõ
ìåòàë³â ³ òèòàíó, ùî íàëåæàòü äî êóá³÷íî¿ ñèí-
ãîí³¿, áóëî îäåðæàíî ëèøå RbTiÎPO4 òà
CsTiÎPO4 [14,15]. Â íàøîìó âèïàäêó, î÷åâèäíî,
ïðèñóòí³ñòü êàò³îí³â ãàë³þ ó åêâ³ìîëüí³é
ê³ëüêîñò³ ç êàò³îíîì òèòàíó (Òi/Gà=1,0) ñïðèÿº
çàëó÷åííþ ¿õ â ïðîöåñ ôàçîôîðìóâàííÿ ç ÷àñò-
êîâèì çàì³ùåííÿì òèòàíó òà óòâîðåííÿì íîâî-
ãî ôîñôàòó çàãàëüíî¿ ôîðìóëè Rb1+xTi1-xGàxÎPO4.

Äëÿ ìàíãàíîâì³ñíîãî ðîçïëàâó ó ðîçð³ç³

Ðèñ. 1. Ïîðîøêîâ³ ðåíòãåíîãðàìè äëÿ Rb3Ti2(TiO)(PO4)3(P2O7) (à) (JSPDS#00-087-1141), RbTiOPO4

(á) (JSPDS#00-081-0552), Rb2FeTi(PO4)3 (â) òà Rb1,3Ti0,7Ga0,3ÎPO4 (ã)

Ðèñ. 2. Ôîòîãðàô³¿ ìîíîêðèñòàë³â ñèíòåçîâàíèõ ôîñôàò³â:

Rb2FeTi(PO4)3 (à), Rb1,3Ti0,7Ga0,3ÎPO4 (á), çá³ëüøåííÿ 10
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Rb/P=1,0 õàðàêòåðíèì º ôîðìóâàííÿ îðòîðîì-
á³÷íî¿ ìîäèô³êàö³¿ ôîñôàòó RbTiÎPO4 (ïð. ãð.
Ðn21a) (JSPDS#00-084-2356), êðèñòàëè ÿêîãî,
çã³äíî ç äàíèìè åëåìåíòíîãî àíàë³çó, íå ì³ñòÿòü
ìàíãàíó. Îñîáëèâ³ñòþ îäåðæàíîãî çðàçêà º ïðè-
ñóòí³ñòü çíà÷íî¿ ê³ëüêîñò³ íåðîç÷èííîãî ó âîä³
ôîñôàòíîãî ñêëà, ³íòåíñèâíå çàáàðâëåííÿ ÿêî-
ãî îáóìîâëåíå ïðèñóòí³ñòþ â íüîìó êàò³îí³â
ìàíãàíó. Öå áóëî âñòàíîâëåíî ç âèêîðèñòàííÿì
ìåòîä³â îïòè÷íî¿ ì³êðîñêîï³¿ òà ïîðîøêîâî¿ ðåí-
òãåíîãðàô³¿ (øèðîêå ãàëî íà ä³ëÿíö³ 2=25–350

íà ðåíòãåíîãðàì³).
Ôîðìóâàííÿ ÷èñòèõ ìîíîêðèñòàë³â

RbTiÎPO4 (îðòîðîìá³÷íà ñèíãîí³ÿ, ïð. ãð. Ðn21a)
áåç àìîðôíîãî ñêëà º õàðàêòåðíèì ³ äëÿ ðîç-
ïëàâ³â, ùî ì³ñòèëè Ga ÷è Mn, ó ðîçð³ç³ Rb/P=1,2.
Äëÿ ôåðóìâì³ñíî¿ ñèñòåìè ï³äâèùåííÿ ìîëüíîãî
ñï³ââ³äíîøåííÿ íå âïëèâàº íà õàðàêòåð âçàºìîä³¿:
óòâîðþºòüñÿ ëàíãáåéí³òîâà ôàçà Rb2FeTi(PO4)3

íà îñíîâ³ îáîõ ð³çíîâàëåíòíèõ ìåòàë³â. Äëÿ óñ³õ
äîñë³äæåíèõ òðèâàëåíòíèõ ìåòàë³â çðîñòàííÿ
ê³ëüêîñò³ ðóá³ä³þ â ðîçïëàâàõ Rb/P äî 1,3 ïðè-
âîäèòü äî ¿õ çàñòèãàííÿ íèæ÷å 7200Ñ áåç óòâî-
ðåííÿ êðèñòàë³÷íèõ ôàç (òàáëèöÿ).

²×-ñïåêòðè ôîñôàò³â, ñèíòåçîâàíèõ ó ðîç-
÷èí-ðîçïëàâàõ ñèñòåì Rb2O–P2O5–TiO2 òà
Rb2O–P2O5–TiO2–MI²I

2O3 (M
²II=Fe, Ga, Mn) íà-

âåäåíî íà ðèñ. 3. Ñêëàäíèé õàðàêòåð ñïåêòðà äëÿ
Rb3Ti2(TiO)(PO4)3(P2O7) (ðèñ. 3, êðèâà 1) îáóìîâ-
ëåíèé ïðèñóòí³ñòþ ó éîãî ñêëàä³ äâîõ òèï³â àí³-
îí³â – îðòîôîñôàòíîãî òà äèôîñôàòíîãî. Ñïåê-
òðîñêîï³÷í³ õàðàêòåðèñòèêè P2O7-ãðóïè ìîæíà
îïèñàòè, ðîçãëÿäàþ÷è îêðåìî êîëèâàííÿ PO3 òà
POP-ãðóï, âðàõîâóþ÷è, ùî as(PO3)>s(PO3)>
>as(POP)>s(POP). Ó â³äïîâ³äíîñò³ äî öüîãî,
øèðîêà ñìóãà â ³íòåðâàë³ 1200–920 ñì–1, ùî ðîç-
ùåïëåíà íà áàãàòî ñêëàäîâèõ, º ñóïåðïîçèö³ºþ
àñèìåòðè÷íèõ ³ ñèìåòðè÷íèõ âàëåíòíèõ êîëè-
âàíü PO3 ³ PO4 ãðóï. Êîëèâàííÿ áëèçüêî 900 ñì–1

â³äíîñèòüñÿ äî as(POP), à ïðè 720 ñì–1 – äî
s(POP) P2O7 ãðóïè. Êîëèâàííÿ â ÷àñòîòíîìó
ä³àïàçîí³ 400–630 ñì–1 â³äíîñÿòüñÿ äî äåôîðìà-
ö³éíèõ êîëèâàíü (OPO, PO3 òà PO4).

Â ²×-ñïåêòðàõ ñèíòåçîâàíèõ îðòîôîñôàò³â:
â³äîìîãî RbTiOPO4 (ðèñ. 3, êðèâà 2) òà íîâèõ
Rb2FeTi(PO4)3 ³ Rb1,3Ti0,7Ga0,3ÎPO4 (ðèñ. 3, êðèâ³
3 òà 4) øèðîêà ñìóãà ó ÷àñòîòí³é ä³ëÿíö³ 1200–
800 ñì–1 â³äïîâ³äàº àñèìåòðè÷íèì òà ñèìåòðè-
÷íèì êîëèâàííÿì (as òà s) çâ’ÿçê³â P–O, à íà
ä³ëÿíö³ 680–400 ñì–1 – â³äïîâ³äíèì äåôîðìà-
ö³éíèì êîëèâàííÿì (PO4 ³ PO2). Äëÿ RbTiOPO4

òà Rb1,3Ti0,7Ga0,3ÎPO4 ñìóãè áëèçüêî 700 ñì–1

â³äïîâ³äàþòü (Ti–O), à â³äïîâ³äí³ äåôîðìàö³éí³
êîëèâàííÿ (Ti–O, O–Ti–O) çíàõîäÿòüñÿ ó ÷àñ-
òîòíîìó ä³àïàçîí³ 680–400 ñì–1.

Òåðì³÷íó ïîâåä³íêó ñèíòåçîâàíèõ ìîíîêðè-
ñòàë³â Rb2FeTi(PO4)3 ³ Rb1,3Ti0,7Ga0,3ÎPO4 äîñë³-
äæóâàëè ïðè ¿õ íàãð³âàíí³ äî òåìïåðàòóðè 10000Ñ.
Âñòàíîâëåíî, ùî ïðè ¿õ íàãð³âàíí³ íå â³äáóâàºòü-
ñÿ æîäíèõ ôàçîâèõ ïåðåõîä³â, à òåìïåðàòóðè
ïëàâëåííÿ º âèùèìè çà 10000Ñ. Âòðàòó ìàñè çðàç-
êàìè â³äì³÷åíî ëèøå ïðè ¿õ íàãð³âàíí³ â òåìïå-
ðàòóðíîìó ³íòåðâàë³ 25–2000Ñ, ùî çóìîâëåíî
âèäàëåííÿì ñîðáîâàíî¿ âîäè, ÿêà çàëèøàºòüñÿ
ï³ñëÿ â³äìèâàííÿ ìîíîêðèñòàë³â â³ä çàëèøê³â
ðîçïëàâó äèñòèëüîâàíîþ âîäîþ.

Âèñíîâêè

Äîñë³äæåííÿ çàêîíîì³ðíîñòåé ôàçîôîðìó-
âàííÿ ó ðîç÷èí-ðîçïëàâàõ ñèñòåì Rb2O–P2O5–
TiO2 òà Rb2O–P2O5–TiO2–MI²I

2O3 (M
²II=Fe, Ga,

Mn) ïîêàçàëî, ùî îïòèìàëüíèì äëÿ âèðîùóâàí-
íÿ êðèñòàë³â çà ó÷àñòþ ð³çíîâàëåíòíî¿ ïàðè Ti
òà MI²I º ìåòàôîñôàòíèé ðîçð³ç (Rb/P=1,0). Âñòà-
íîâëåíî, ùî äîäàâàííÿ MI²I äî ðîçïëàâ³â ñèñòå-
ìè Rb2O–P2O5–TiO2 ñïðèÿº äåïîë³ìåðèçàö³¿ ôîñ-
ôàòíîãî àí³îíà ç óòâîðåííÿì RbTi2(PO4)3 (ó
ðîçð³ç³ Rb/P<1,0) òà óòâîðåííþ êðèñòàë³÷íèõ ôàç
ó ðîçð³ç³ Rb/P=1,0: ëàíãáåéí³òîâîãî òèïó

Ðèñ. 3. ²×-ñïåêòðè ñèíòåçîâàíèõ ôîñôàò³â: Rb3Ti2(TiO)(PO4)3(P2O7) (êðèâà 1) òà RbTiOPO4 (êðèâà 2), Rb2FeTi(PO4)3

(êðèâà 3) òà Rb1,3Ti0,7Ga0,3ÎPO4 (êðèâà 4)
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Influence of the nature of MIII on the crystallization of complex phosphates in the self-flux system
Rb2O–P2O5–TiO2–MIII

2O3

Rb2FeTi(PO4)3 (äëÿ Fe-âì³ñíî¿ ñèñòåìè) ³ íîâîãî
ôîñôàòó Rb1,3Ti0,7Ga0,3ÎPO4 (äëÿ Ga-âì³ñíîãî
ðîçïëàâó). Òàêèì ÷èíîì, äîäàâàííÿ òðèâàëåíò-
íèõ ìåòàë³â äî ðîç÷èí-ðîçïëàâ³â Rb2O–P2O5–TiO2

äîçâîëÿº ñòâîðþâàòè óìîâè äëÿ êðèñòàë³çàö³¿
ñêëàäíèõ ôîñôàò³â, ùî íàëåæàòü äî êóá³÷íèõ
ñèíãîí³é: ëàíãáåéí³òîâîãî òèïó òà ôàç ñêëàäó
Rb1+xTi1–xM

III
xÎPO4.

ÑÏÈÑÎÊ Ë²ÒÅÐÀÒÓÐÈ

1. Sodium ion diffusion in Nasicon (Na3Zr2Si2PO12) solid

electrolytes: effects of excess sodium / Park H., Jung K., Nezafati M.,

Kim C.-S., Kang B. // ACS Appl. Mater. Interfaces. – 2016. –

Vol.8. – No. 41. – P.27814-27824.

2. Sorokin N.I. Na+-ion conductivity of double phosphate

Na3Sc2(PO4)3 in the region of the - transition // Phys. Solid

State. – 2014. – Vol.56. – No. 4. – P.678-681.

3. Crystal structure and ion conductivity of a new mixed-

anion phosphate LiMg3(PO4)P2O7 / Kim S.-C., Lee M.-S.,

Kang J., Kim Y.-I, Kim S.-J. // J. Solid State Chem. – 2015. –

Vol.225. – P.335-339.

4. NASICON LiM2(PO4)3 electrolyte (M=Zr) and electrode

(M=Ti) materials for all solid-state Li-ion batteries with high

total conductivity and low interfacial resistance / El-Shinawi H.,

Regoutz A., Payne D.J., Cussen E.J., Corr S.A. // J. Mater.

Chem. A. – 2018. – Vol.6. – P.5296-5303.

5. Challenges and perspectives for NASICON-type

electrode materials for advanced sodium-ion batteries / Chen S.,

Wu C., Shen L., Zhu C., Huang Y., Xi K., Maier J., Yu Y. //

Adv. Mater. – 2017. – Vol.29. – Article No. 1700431.

6. Alluaudite Na2Co2Fe(PO4)3 as an electroactive material

for sodium ion batteries / Essehli R., Belharouak I., Yahia H.B.,

Maher K., Abouimrane A., Orayech B., Calder S., Zhou X.L.,

Zhoud Z., Sun Y.-K. // Dalton Trans. – 2015. – Vol.44. –

P.7881-7886.

7. Structural study of the Li0.5Na0.5MnFe2(PO4)3 and

Li0.75Na0.25MnFe2(PO4)3 alluaudite phases and their electrochemical

properties as positive electrodes in lithium batteries / Trad K.,

Carlier D., Croguennec L., Wattiaux A., Ben Amara M., Delmas C.

// Inorg. Chem. – 2010. – Vol.49. – P.10378-10389.

8. Enhancement of luminescence properties of a KSrPO4:Eu2+

phosphor prepared using a solution method with a water-soluble

phosphate oligomer / Kim M., Kobayashi M., Kato H.,

Kakihana M. // J. Mater. Chem. C. – 2013. – Vol.1. – P.5741-

5746.

9. Coordination tuning of cobalt phosphates towards efficient

water oxidation catalyst / Kim H., Park J., Park I., Jin K.,

Jerng S.E., Kim S.H., Nam K.T., Kang K. // Nature Commun.

– 2015. – Vol.6. – Article No. 8253.

10. Phase formation in molten system (Na/K)2O–TiO2–

P2O5. Crystal structures of NASICON and langbeinite-related

phosphates (K/Na)1+xTi2(PO4)3 (x=0 and 0.357) / Strutynska N.,

Bondarenko M., Slobodyanik N., Baumer V., Zatovsky I.,

Bychkov K., Puzan A. // Cryst. Res. Technol. – 2016. – Vol.51.

– No. 10. – P.627-633.

11. Crystal structure of langbeinite-related

Rb0.743K0.845Co0.293Ti1.707(PO4)3 / Strutynska N.Y., Bondarenko

M.A., Ogorodnyk I.V., Baumer V.N., Slobodyanik N.S. // Acta

Crystallograph. E. – 2015. – Vol.71. – No. 3. – P.251-253.

12. Peculiarity of formation of the NASICON-related

phosphates in the space group R32: synthesis and crystal structures

of Na4M
IIAl(PO4)3(M

II–Mg, Mn) / Zatovsky I.V., Strutynska N.Y.,

Ogorodnyk I.V., Baumer V.N., Slobodyanik N.S., Yatskin M.M.,

Odynets I.V. // Struct. Chem. – 2016. – Vol.27. – No. 1. –

P.323-330.

13. Duhlev R. RbTi2(PO4)3 // Acta Crystallogr. C. – 1994.

– Vol.C50. – P.1525-1527.

14. Growth of RbTiOPO4 single crystals from phosphate

systems / Oseledchik Yu.S., Belokrys S.P., Osadchuk V.V.,

Prosvirnin A.L., Selevich A.F., Starshenko V.V., Kuzemchenko K.V.

// J. Cryst. Growth. – 1992. – Vol.125. – P.639-643.

15. CsTiAsO5 and CsTiPO5: a disordered parent structure

of ABOCO4 compounds / Kunz M., Dinnebier R., Cheng L.K.,

McCarron E.M., Cox D.E., Parise J.B., Gehrke M., Calabrese J.,

Stephens P.W., Vogt T., Papoular R. // J. Solid State Chem. –

1995. – Vol.120. – P.299-310.

Íàä³éøëà äî ðåäàêö³¿ 26.12.2018

INFLUENCE OF THE NATURE OF MIII ON THE
CRYSTALLIZATION OF COMPLEX PHOSPHATES IN
THE SELF-FLUX SYSTEM Rb2O–P2O5–TiO2–MIII

2O3

N.Yu. Strutynska *, N.S. Slobodyanik

Taras Shevchenko National University of Kyiv, Kyiv, Ukraine
* e-mail: Strutynska_N@bigmir.net

The features of the formation of complex phosphates under
the conditions of crystallization of self-flux systems Rb2O–P2O5–TiO2

and Rb2O–P2O5–TiO2–MIII
2O3 (where MI²I = Fe, Ga, Mn) were

investigated in the range of molar ratio Rb/P=0.5–1,2 and constant
values Ò³/Ð=0.3 and Ti/MIII=1.0 over the temperature range of
1000–6500Ñ. The influence of molar ratio Rb/P on the composition
of the obtained phosphates was stated for the system
Rb2O–P2O5–TiO2. Phosphate Rb3Ti2(TiO)(PO4)3(P2O7) is formed
at molar ratios Rb/P1.0 while RbTiOPO4 is obtained at Rb/P=1.2.
It was established for the system Rb2O–P2O5–TiO2–MIII

2O3 that
the addition of cation MIII to the initial self-flux caused the formation
of langbeinite-related phase Rb2FeTi(PO4)3 (for Fe) and new
phosphate Rb1.3Ti0.7Ga0.3ÎPO4 (for Ga). According to the results of
TG/DTA analysis, the synthesized phosphates Rb2FeTi(PO4)3 and
Rb1.3Ti0.7Ga0.3ÎPO4 melted at the temperatures above 10000Ñ. The
obtained phosphates were characterized using powder X-ray diffraction
analysis, FTIR-spectroscopy, optical microscopy and TG/DTA
method.

Keywords: rubidium; langbeinite; complex phosphate;
powder X-ray diffraction; single crystal.
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