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Íàíîðîçì³ðí³ öåð³îâì³ñí³ ìàòåð³àëè íà îñíîâ³ îëîâî ä³îêñèäó ç äîáàâêîþ ñòèá³þ,

ùî ñèíòåçîâàí³ çîëü-ãåëü ìåòîäîì, äîñë³äæåí³ ÿê ãàçî÷óòëèâ³ øàðè àäñîðáö³éíî-

íàï³âïðîâ³äíèêîâèõ ñåíñîð³â, ïðèçíà÷åíèõ äëÿ âèì³ðþâàííÿ âì³ñòó âîäíþ ó ïîâ³òð³.

Âñòàíîâëåíî, ùî ñòâîðåí³ íà îñíîâ³ ñèíòåçîâàíèõ íàíîìàòåð³àë³â ñåíñîðè âèÿâëÿ-

þòü âèñîêó ÷óòëèâ³ñòü äî ì³êðîêîíöåíòðàö³é âîäíþ (44 ppm Í2), ùî ìîæå îáóìîâ-

ëþâàòèñÿ âèñîêîäèñïåðñíèì ñòàíîì îêñèä³â öåð³þ ³ ñòèá³þ â óòâîðåíîìó íàíîìà-

òåð³àë³ ïðè îäíî÷àñíîìó ¿õ ââåäåíí³ â õîä³ ñèíòåçó. Ïîêàçàíî, ùî ñåíñîðè íà îñ-

íîâ³ íàíîìàòåð³àëó ÑåÎ2/SnO2–Sb2O5 ìàþòü õîðîøó øâèäêîä³þ, â³äòâîðþâàí³ñòü

âèì³ðþâàíü, øèðîêèé ä³àïàçîí äåòåêòóâàííÿ âîäíþ (10–1000 ppm H2), à çàëåæí³ñòü

âåëè÷èíè åëåêòðè÷íîãî îïîðó ñåíñîðà â³ä êîíöåíòðàö³¿ âîäíþ â ëîãàðèôì³÷íèõ

êîîðäèíàòàõ º ïðÿìîë³í³éíîþ, ùî ìàº çäåøåâèòè ïåð³îäè÷íå êàë³áðóâàííÿ ñåíñî-

ðà â óìîâàõ éîãî åêñïëóàòàö³¿. Âèÿâëåíî â³äíîñíî âèñîêó ñåëåêòèâí³ñòü ñåíñîðà

ùîäî âèì³ðþâàííÿ âîäíþ ñòîñîâíî ÑÍ4. Ñòâîðåí³ ó ðîáîò³ ñåíñîðè íà îñíîâ³ íà-

íîìàòåð³àëó ÑåÎ2/SnO2–Sb2O5 º ïåðñïåêòèâíèìè äëÿ âèì³ðþâàííÿ âì³ñòó âîäíþ â

ïîâ³òð³, îñê³ëüêè âîíè ìàþòü âäâ³÷³ âèùó ÷óòëèâ³ñòü äî Í2 ïðè çíà÷íî ìåíøîìó

åíåðãîñïîæèâàíí³ (Ð=280 ìÂò) ïîð³âíÿíî ç ñåíñîðàìè, ó ãàçî÷óòëèâèé ìàòåð³àë

ÿêèõ öåð³é ââîäèâñÿ ìåòîäîì ïðîñî÷óâàííÿ ç âèêîðèñòàííÿì ðîç÷èí³â ÑåÑl3
(Ð=450 ìÂò).

Êëþ÷îâ³ ñëîâà: àäñîðáö³éíî-íàï³âïðîâ³äíèêîâ³ ñåíñîðè, âîäåíü, íàíîìàòåð³àëè,

ÑåÎ2/SnO2–Sb2O5, ÷óòëèâ³ñòü, ñåëåêòèâí³ñòü.
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Âñòóï
Íà ñüîãîäí³øí³é äåíü äëÿ çä³éñíåííÿ êîí-

òðîëþ ñòàíó ïîâ³òðÿ íàâêîëèøíüîãî ñåðåäîâè-
ùà àêòóàëüíîþ çàäà÷åþ º ðîçðîáêà ãàçîâèõ ñåí-
ñîð³â âèáóõîíåáåçïå÷íèõ ãàç³â, çîêðåìà âîäíþ.
Ïåðñïåêòèâíèì äëÿ âèì³ðþâàííÿ êîíöåíòðàö³¿
âîäíþ ó ïîâ³òð³ º âèêîðèñòàííÿ àäñîðáö³éíî-
íàï³âïðîâ³äíèêîâèõ ñåíñîð³â, ïðèíöèï ä³¿ ÿêèõ
áàçóºòüñÿ íà çì³í³ ¿õ åëåêòðè÷íîãî îïîðó â ïðè-
ñóòíîñò³ ãàçó, ùî àíàë³çóºòüñÿ [1]. ×èì á³ëüøîþ
º òàêà çì³íà, òèì âèùîþ º ÷óòëèâ³ñòü ñåíñîðà.
Ïðîöåñ ôîðìóâàííÿ ÷óòëèâîñò³ ñåíñîðà äî Í2

ïîâ’ÿçàíèé ç³ çì³íîþ ê³ëüêîñò³ êèñíþ, ùî õå-
ìîñîðáîâàíèé ç ïîâ³òðÿ íà íàãð³òîìó ãàçî÷óò-
ëèâîìó øàð³ ñåíñîðà, âíàñë³äîê ïåðåá³ãó íà íüî-
ìó êàòàë³òè÷íî¿ ðåàêö³¿ îêèñíåííÿ âîäíþ [1].

Äëÿ ñòâîðåííÿ ãàçî÷óòëèâîãî øàðó àäñîðá-
ö³éíî-íàï³âïðîâ³äíèêîâèõ ñåíñîð³â ïåðñïåêòèâ-
íèì º âèêîðèñòàííÿ SnO2 – íàï³âïðîâ³äíèêà n-
òèïó, ÿêèé ìàº õ³ì³÷íó ³íåðòí³ñòü ïðè ï³äâèùå-

íèõ òåìïåðàòóðàõ [2]. Â³äîìî [1,3,4], ùî äîáàâ-
êè äî ä³îêñèäó îëîâà êàòàë³çàòîð³â, ìîæóòü
çá³ëüøóâàòè ÷óòëèâ³ñòü ñåíñîð³â äî âîäíþ, à ââå-
äåííÿì äî SnO2 ñòèá³þ ìîæíà ðåãóëþâàòè âåëè-
÷èíó åëåêòðè÷íîãî îïîðó ñåíñîð³â íà ïîâ³òð³
âíàñë³äîê óòâîðåííÿ äîíîðíèõ ð³âí³â â çàáîðî-
íåí³é çîí³ íàï³âïðîâ³äíèêà [5].

Äëÿ çá³ëüøåííÿ ÷óòëèâîñò³ ñåíñîð³â äî âîä-
íþ åôåêòèâíèì â ÿêîñò³ àêòèâíî¿ äîáàâêè ìîæå
áóòè ä³îêñèä öåð³þ ÑåÎ2 çà ðàõóíîê ÿê âèñîêî¿
éîãî êàòàë³òè÷íî¿ àêòèâíîñò³, òàê ³ çàâäÿêè âè-
ñîê³é ðóõëèâîñò³ êèñíþ â éîãî êðèñòàë³÷í³é
ðåø³òö³ [6]. Âàæëèâèì ôàêòîðîì âïëèâó íà ÷óò-
ëèâ³ñòü ñåíñîðà º òàêîæ ìîðôîëîã³ÿ ìàòåð³àëó
éîãî ãàçî÷óòëèâîãî øàðó, ÿêà, â ñâîþ ÷åðãó, çà-
ëåæèòü â³ä ìåòîäó éîãî îòðèìàííÿ ³ óìîâ ôîð-
ìóâàííÿ. Çîêðåìà, âèêîðèñòàííÿ íàíîìàòåð³àë³â,
äëÿ ÿêèõ õàðàêòåðíèì º âåëèêå ñï³ââ³äíîøåííÿ
âåëè÷èíè ïîâåðõí³ äî îá’ºìó [7], ìàº çàáåçïå-
÷èòè âèùó ÷óòëèâ³ñòü ñåíñîð³â çà ðàõóíîê
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çá³ëüøåííÿ âíåñêó â îá’ºìí³ âëàñòèâîñò³ òàêèõ
ìàòåð³àë³â ïðîöåñ³â, ùî â³äáóâàþòüñÿ íà ¿õ ïî-
âåðõí³. Â³äîìî [1], ùî ñàìå ïîâåðõíåâ³ ïðîöåñè
(àäñîðáö³ÿ, äåñîðáö³ÿ, êàòàë³ç) ìàþòü âèð³øàëü-
íå çíà÷åííÿ ó ôîðìóâàíí³ ÷óòëèâîñò³ ñåíñîð³â.
Êð³ì öüîãî, ó âèïàäêó íàíîêîìïîçèòíèõ ñèñòåì
ìîæå ðåàë³çîâóâàòèñÿ ð³çíèé õàðàêòåð ðîçïîä³-
ëó àêòèâíèõ êîìïîíåíò³â ó ìàòåð³àë³ ãàçî÷óòëè-
âîãî øàðó ñåíñîðà, ùî òàêîæ âïëèâàòèìå íà éîãî
÷óòëèâ³ñòü.

Ìåòîþ ðîáîòè º ñòâîðåííÿ àäñîðáö³éíî-
íàï³âïðîâ³äíèêîâîãî ñåíñîðà íà îñíîâ³ íàíîðîç-
ì³ðíîãî ìàòåð³àëó ÑåÎ2/SnO2–Sb2O5 òà äîñë³ä-
æåííÿ éîãî ãàçî÷óòëèâèõ âëàñòèâîñòåé äî âîä-
íþ.

Åêñïåðèìåíòàëüíà ÷àñòèíà
Ñèíòåç ìàòåð³àëó íàíîðîçì³ðíîãî öåð³éâ-

ì³ñíîãî (3 ìàñ.% Ñå) ä³îêñèäó îëîâà ç äîáàâêîþ
ñòèá³þ (0,15 ìàñ.% Sb) ïðîâîäèëè ç âèêîðè-
ñòàííÿì çîëü-ãåëü òåõíîëîã³¿. Â õ³ì³÷íèé ñòàêàí
ïðè íåïåðåðâíîìó ïåðåì³øóâàíí³ âíîñèëè 3 ã
îëîâî(²²) îêñàëàòó, 10 ìë 30% ðîç÷èíó ïåðîêñè-
äó âîäíþ òà íåîáõ³äíèé îá’ºì ðîç÷èíó ñòèá³é(²²²)
õëîðèäó äëÿ îäåðæàííÿ 0,15 ìàñ.% Sb â ê³íöå-
âîìó íàíîêîìïîçèò³. Ï³ñëÿ óòâîðåííÿ êîëî¿ä-
íîãî ðîç÷èíó ÷åðåç 2 ãîä â ðåàêö³éíó ñóì³ø âíî-
ñèëè 7 ìë êîíöåíòðîâàíî¿ àçîòíî¿ êèñëîòè òà
íåîáõ³äíèé îá’ºì ðîç÷èíó öåð³é(²²²) àöåòàòó äëÿ
îäåðæàííÿ 3,0 ìàñ.% Ce â ê³íöåâîìó íàíîêîì-
ïîçèò³. Äàë³ ðåàêö³éíó ñóì³ø óïàðþâàëè äî ïî-
âíîãî âèäàëåííÿ âîäè òà ñóøèëè ïðè 900Ñ âïðî-
äîâæ 20 ãîä. Ôîðìóâàííÿ êðèñòàë³÷íîãî íàíî-
ðîçì³ðíîãî ìàòåð³àëó ÑåÎ2/SnO2–Sb2O5  âèêîíó-
âàëè â õîä³ âèñîêîòåìïåðàòóðíîãî îáðîáëåííÿ
êñåðîãåëþ â àòìîñôåð³ ïîâ³òðÿ ïðè 6000Ñ.

Îäåðæàíèé ìàòåð³àë çì³øóâàëè ç îðãàí³-
÷íîþ çâ’ÿçóþ÷îþ ðå÷îâèíîþ (ñóì³ø ëèìîííî¿
êèñëîòè òà ÏÅÃ-400) äî óòâîðåííÿ îäíîð³äíî¿
ïàñòè ³ íàíîñèëè ¿¿ íà êåðàì³÷í³ ïëàòè ðîçì³ðîì
1,81,80,3 ìì, ÿê³ ì³ñòèëè ïëàòèíîâèé íàãð³âà÷
ç îäíîãî áîêó ³ âèì³ðþâàëüí³ ïëàòèíîâ³ åëåêò-
ðîäè, ì³æ ÿêèìè ðîçì³ùàëè ãàçî÷óòëèâèé øàð ç
³íøîãî. Ñï³êàííÿ ãàçî÷óòëèâîãî ìàòåð³àëó ïðî-
âîäèëè â àòìîñôåð³ ïîâ³òðÿ ó âèñîêîòåìïåðà-
òóðí³é ïå÷³ ïðè ñòóï³í÷àñòîìó ïðîãðàìîâàíîìó
¿¿ íàãð³âàíí³ äî ê³íöåâî¿ òåìïåðàòóðè 6000Ñ.
Ï³ñëÿ ñï³êàííÿ ñåíñîðè ðîçïàþâàëè ó ñïåö³àëüí³
öîêîë³, ÿê³ ï³äêëþ÷àëè äî åëåêòðè÷íîãî ñòåíäó
äëÿ âèì³ðþâàííÿ ïàðàìåòð³â ñåíñîð³â [8].

Äëÿ ñòàá³ë³çàö³¿ ïàðàìåòð³â, ñåíñîðè, ùî
áóëè íàãð³òèìè ïðè òåìïåðàòóð³ 4000Ñ, ïîïåðåä-
íüî òðåíóâàëè, ïåð³îäè÷íî ïîäàþ÷è íà íèõ ñóì³ø
ïîâ³òðÿ ³ âîäíþ (êîíöåíòðàö³ÿ Í2 – 1000 ppm).

ßê ì³ðó ÷óòëèâîñò³ ñåíñîð³â () âèêîðèñòî-

âóâàëè â³äíîøåííÿ R0/RÍ2, äå R0 – âåëè÷èíà
åëåêòðè÷íîãî îïîðó ñåíñîðà íà ïîâ³òð³, à RÍ2 –
âåëè÷èíà åëåêòðè÷íîãî îïîðó ñåíñîðà â ãàçî-
ïîâ³òðÿí³é ñóì³ø³ ç âì³ñòîì 44 ppm Í2. Àíàëî-
ãîì òåìïåðàòóðè ñåíñîðà áóëà ïîòóæí³ñòü íà-
ãð³âà÷à ñåíñîðà.

Øâèäêîä³þ ñåíñîðà (t0,9) âèçíà÷àëè ÿê ÷àñ
äîñÿãíåííÿ 90% ñòàëîãî çíà÷åííÿ ñèãíàëó ñåí-
ñîðà ïðè çàì³í³ ïîâ³òðÿ, ùî îòî÷óº ñåíñîð, íà
âîäíåâî-ïîâ³òðÿíó ñóì³ø ³ç çàäàíèì âì³ñòîì
âîäíþ.

Ãàçîâ³ ñóì³ø³, ùî âèêîðèñòîâóâàëèñü, ãî-
òóâàëè ³ àòåñòóâàëè â áàëîíàõ ï³ä òèñêîì â Óêð-
ìåòðòåñòñòàíäàðò³. Øâèäê³ñòü ïîäà÷³ ãàçó, ùî
àíàë³çóâàâñÿ, áóëà îäíàêîâîþ ³ äîð³âíþâàëà
400 ìë/õâ.

Äëÿ âèçíà÷åííÿ â³äòâîðþâàíîñò³ âèì³ðþ-
âàíü ñèãíàëó ñåíñîðà äî ïåâíî¿ êîíöåíòðàö³¿
âîäíþ íà íàãð³òèé ñåíñîð âïðîäîâæ äíÿ ç ïåð³-
îäè÷í³ñòþ 1 ðàç íà ãîäèíó ïîäàâàëè ñóì³ø ïî-
â³òðÿ ç 44 ppm H2. Â³äòâîðþâàí³ñòü ñèãíàëó ñåí-
ñîðà îö³íþâàëè çà çì³íîþ õàðàêòåðèñòèê ñåíñî-
ðà (À), à ñàìå, çà çì³íîþ âåëè÷èíè åëåêòðè-
÷íîãî îïîðó íà ïîâ³òð³ (R0) òà çì³íîþ âåëè÷è-
íè ÷óòëèâîñò³ () ñåíñîðà äî 44 ppm Í2 ïðîòÿ-
ãîì äíÿ çà â³äíîøåííÿì äî âåëè÷èíè â³äïîâ³ä-
íî¿ õàðàêòåðèñòèêè ñåíñîðà íà ïî÷àòêó âèì³ðþ-
âàíü. Çì³íó õàðàêòåðèñòèê ñåíñîðà (À) âèçíà-
÷àëè çà ôîðìóëîþ

i 1

1

A A
A 100%,

A


  

äå À1 – âåëè÷èíà åëåêòðè÷íîãî îïîðó àáî ÷óò-
ëèâîñò³ ñåíñîðà íà ïî÷àòêó âèì³ðþâàíü;
Ài – ³-òà âåëè÷èíà åëåêòðè÷íîãî îïîðó àáî ÷óò-
ëèâîñò³ ñåíñîðà â ïðîöåñ³ âèì³ðþâàíü.

Ôàçîâèé ñêëàä çðàçê³â äîñë³äæóâàëè çà äî-
ïîìîãîþ äèôðàêòîìåòðà Bruker D8 Advance
(Bruker, Í³ìå÷÷èíà) ç âèïðîì³íþâàííÿì CuK.

Ðåçóëüòàòè òà îáãîâîðåííÿ
Çã³äíî ç äàíèìè ðåíòãåíîôàçîâîãî àíàë³çó

íà äèôðàêòîãðàì³ ñèíòåçîâàíîãî íàíîìàòåð³àëó
ÑåÎ2/SnO2–Sb2O5, ùî ì³ñòèâ 3 ìàñ.% Ce òà
0,15 ìàñ.% Sb, áóëè âèÿâëåí³ ðåôëåêñè ëèøå
ä³îêñèäó îëîâà (ICDD PDF-2 Version 2.0602
(2006), card no. 00-041-1445). Îêðåìî¿ ôàçè îê-
ñèä³â ñòèá³þ òà öåð³þ â äèôðàêòîãðàì³ äîñë³-
äæåíîãî çðàçêà âèÿâëåíî íå áóëî, íàé³ìîâ³ðí³-
øå, ÷åðåç íèçüêèé âì³ñò äîïóþ÷èõ åëåìåíò³â.
Ñë³ä çàçíà÷èòè, ùî íåçâàæàþ÷è íà çíà÷íî
á³ëüøèé âì³ñò öåð³é ä³îêñèäó â íàíîìàòåð³àë³
(3 ìàñ.% ÑåÎ2) ïîð³âíÿíî ç âì³ñòîì ñòèá³þ
(0,15 ìàñ.%), ðåôëåêñè, ùî â³äïîâ³äàþòü ö³é ôàç³,
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íå ïðîÿâëÿþòüñÿ, ìîæëèâî ÷åðåç ¿¿ âèñîêîäèñ-
ïåðñíèé ñòàí öåð³é ä³îêñèäó â îäåðæàíîìó íà-
íîìàòåð³àë³. Ïðè öüîìó íàÿâí³ñòü ó äèôðàêòîã-
ðàì³ óøèðåíèõ ðåôëåêñ³â SnO2 ñâ³ä÷èòü ïðî íà-
íîðîçì³ðí³ñòü ìàòåð³àëó: ñåðåäí³é ðîçì³ð éîãî
êðèñòàë³ò³â, ðîçðàõîâàíèé çà ð³âíÿííÿì Øåð-
ðåðà [9], ñêëàäàº 9 íì.

Äîñë³äæåííÿ âåëè÷èíè åëåêòðè÷íîãî îïî-
ðó íà ïîâ³òð³ ñåíñîð³â, ñòâîðåíèõ íà îñíîâ³ íà-
íîìàòåð³àë³â ÑåÎ2/SnO2 áåç äîì³øîê ñòèá³þ,
ïîêàçàëî, ùî ïðè ïîð³âíÿíî íèçüêèõ ïîòóæíî-
ñòÿõ íàãð³âà÷à ñåíñîðà (Ð=190 ìÂò) âåëè÷èíà
éîãî îïîðó íà ïîâ³òð³ ñÿãàº á³ëüøå 55 ÌÎì
(òàáë.). Çá³ëüøåííÿ ïîòóæíîñò³ íàãð³âà÷à ñåí-
ñîðà äî 350 ìÂò ïðèâîäèòü äî çíà÷íîãî çìåí-
øåííÿ âåëè÷èíè îïîðó ñåíñîðà, àëå âîíà çàëè-
øàºòüñÿ äîñòàòíüî âåëèêîþ. ùî ìîæå óñêëàä-
íþâàòè êîðåêòíå âèì³ðþâàííÿ ñèãíàëó ñåíñî-
ðà. Äëÿ çìåíøåííÿ åëåêòðè÷íîãî îïîðó ñåíñîðà
íà ïîâ³òð³ äî ñêëàäó ìàòåð³àëó ââîäèëè 0,15 ìàñ.%
Sb.

ßê âèäíî ç òàáëèö³, íàÿâí³ñòü ñòèá³é îêñè-
äó ó ñêëàä³ ìàòåð³àëó ÑåÎ2/SnO2–Sb2O5 ãàçî÷óò-
ëèâîãî øàðó ñåíñîðà çíà÷íî çìåíøóº âåëè÷èíó
éîãî åëåêòðè÷íîãî îïîðó ïðè âñ³õ ïîòóæíîñòÿõ
íàãð³âà÷à ñåíñîðà. Öå â³äáóâàºòüñÿ çà ðàõóíîê
óòâîðåííÿ äîíîðíèõ ð³âí³â äîì³øîê ñòèá³þ â
çàáîðîíåí³é çîí³ íàï³âïðîâ³äíèêà, ùî çíà÷íî
çá³ëüøóº ê³ëüê³ñòü åëåêòðîí³â â éîãî çîí³ ïðî-
â³äíîñò³ [5]. Ñë³ä çàçíà÷èòè, ùî ââåäåííÿ ñòè-
á³þ äî ñêëàäó ãàçî÷óòëèâîãî ìàòåð³àëó ñåíñîðà
ïðèâîäèòü òàêîæ ³ äî íåçíà÷íîãî ï³äâèùåííÿ
éîãî ÷óòëèâîñò³ äî ì³êðîêîíöåíòðàö³é âîäíþ.
Ïðè÷èíîþ öüîãî ìîæå áóòè çá³ëüøåííÿ ê³ëüêîñò³
õåìîñîðáîâàíîãî êèñíþ, ùî áåðå ó÷àñòü â êàòà-
ë³òè÷íîìó îêèñíåíí³ âîäíþ íà ïîâ³òð³ ³, òèì
ñàìèì, âïëèâàº íà ôîðìóâàííÿ ÷óòëèâîñò³ ñåí-
ñîð³â [1]. Â ñâîþ ÷åðãó, çá³ëüøåííÿ êèñíþ, õå-
ìîñîðáîâàíîãî íà ïîâåðõí³ ñåíñîðà, º íàñë³äêîì
çá³ëüøåííÿ ê³ëüêîñò³ åëåêòðîí³â ïðîâ³äíîñò³ òà
äåôåêò³â â ìàòåð³àë³ éîãî ãàçî÷óòëèâîãî øàðó

çàâäÿêè íàÿâíîñò³ ââåäåíîãî ñòèá³þ.
ßê âèäíî ç òàáëèö³, ÷óòëèâ³ñòü äî âîäíþ

ñåíñîð³â, ñòâîðåíèõ íà îñíîâ³ ñèíòåçîâàíèõ íà-
íîìàòåð³àë³â ÑåÎ2/SnO2 òà ÑåÎ2/SnO2-Sb2O5, ïðè
çá³ëüøåíí³ ïîòóæíîñò³ íàãð³âà÷à â³ä 190 äî
280 ìÂò çá³ëüøóºòüñÿ, à ïðè ïîäàëüøîìó çðî-
ñòàíí³ òåìïåðàòóðè – çìåíøóºòüñÿ. Òàêà çì³íà
÷óòëèâîñò³ ìîæå áóòè îáóìîâëåíà ïðîöåñàìè àä-
ñîðáö³¿–äåñîðáö³¿ êèñíþ, ÿê³ îáóìîâëþþòü çì³íó
øâèäêîñò³ îêèñíåííÿ âîäíþ íà ïîâåðõí³ ãàçî-
÷óòëèâîãî øàðó ñåíñîðà [10,11] ³ òèì ñàìèì áåç-
ïîñåðåäíüî âïëèâàþòü íà âåëè÷èíó ÷óòëèâîñò³
ñåíñîðà. Âñòàíîâëåíî, ùî íàéá³ëüøó ÷óòëèâ³ñòü
âèÿâëÿº ñåíñîð, ñòâîðåíèé íà îñíîâ³ íàíîìàòå-
ð³àëó ÑåÎ2/SnO2–Sb2O5 ïðè ïîòóæíîñò³ íàãð³âà-
÷à 280 ìÂò (òàáëèöÿ). Ñë³ä çàçíà÷èòè, ùî øâèä-
êîä³ÿ äî 44 ppm Í2 ó íàéá³ëüø ÷óòëèâîãî ñåíñî-
ðó ñêëàäàº 57 c, ùî º ç³ñòàâíèì ç õàðàêòåðèñòè-
êàìè â³äîìèõ àíàëîã³â [12,13].

Äîñë³äæåííÿ çì³íè âåëè÷èíè ñèãíàëó
íàéá³ëüø ÷óòëèâîãî ñåíñîðà ïðè ð³çíèõ êîíöåí-
òðàö³ÿõ âîäíþ ïîêàçàëî, ùî â³í ìîæå âèì³ðþ-
âàòè Í2 â øèðîêîìó ä³àïàçîí³ êîíöåíòðàö³é (10–
1000 ppm). Êð³ì öüîãî, çàëåæí³ñòü âåëè÷èíè
åëåêòðè÷íîãî îïîðó ñåíñîðà â³ä êîíöåíòðàö³¿
âîäíþ â ëîãàðèôì³÷íèõ êîîðäèíàòàõ ìàº âèã-
ëÿä ïðÿìî¿ (ðèñ. 1). Ñàìå òîìó ïåð³îäè÷íå êàë³-
áðóâàííÿ, ÿêå çàçâè÷àé íåîáõ³äíî çä³éñíþâàòè
ïðè äîâãîòðèâàë³é ðîáîò³ ïðèëàäó íà îñíîâ³ àä-
ñîðáö³éíî-íàï³âïðîâ³äíèêîâîãî ñåíñîðà, ìîæ-
íà çä³éñíèòè ç âèêîðèñòàííÿì ëèøå äâîõ âîä-
íåâî-ïîâ³òðÿíèõ ñóì³øåé ç ð³çíèìè êîíöåíòðà-
ö³ÿìè Í2 ³ öå çíà÷íî çäåøåâëþº åêñïëóàòàö³þ
ïðèëàä³â íà îñíîâ³ òàêèõ ñåíñîð³â íà ïðàêòèö³.

Äëÿ îö³íþâàííÿ ìîæëèâîñò³ ñåëåêòèâíîãî
âèì³ðþâàííÿ âì³ñòó âîäíþ ó ïîâ³òð³ áóëà äîñ-
ë³äæåíà ÷óòëèâ³ñòü ñåíñîð³â ó ñóì³øàõ ïîâ³òðÿ ç
1000 ppm ÑÎ, CH4, C3H8, í-C4H10 ïðè ïîòóæ-
íîñò³ íàãð³âà÷à ñåíñîðà 280 ìÂò. ßê âèäíî ç
ðèñ. 2, íàÿâí³ñòü ìåòàíó ïðàêòè÷íî íå çàâàæàº
âèì³ðþâàííþ âîäíþ. Ùîäî ³íøèõ ãàç³â (ÑÎ,

Âåëè÷èíè åëåêòðè÷íîãî îïîðó íà ïîâ³òð³ òà ÷óòëèâîñò³ äî âîäíþ ñòâîðåíèõ íà îñíîâ³ íàíîìàòåð³àë³â ÑåÎ2/SnO2

òà ÑåÎ2/SnO2–Sb2O5 ñåíñîð³â ïðè ð³çíèõ ïîòóæíîñòÿõ ¿õ íàãð³âà÷à

Ro, кОм  (44 ppm Н2) 

Газочутливий матеріал сенсора Газочутливий матеріал сенсора P, мВт 

3% СеО2/SnO2 3% СеО2/SnO2–0,15% Sb2O5 3% СеО2/SnO2 3% СеО2/SnO2–0,15% Sb2O5 

350 7178 442 4,8 5,9 

320 12689 748 6,1 7,6 

280 23370 1168 6,4 8,3 

250 32710 1434 5,2 6,8 

220 45465 1612 3,3 5,1 

190 55167 1726 1,8 3,1 
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C3H8 òà í-C4H10), òî ïåâíó ³íòåðôåðåíö³þ ïðè
âèì³ðþâàíí³ 1000 H2 âîíè ìîæóòü äàâàòè.

Ó òîé æå ÷àñ òàêà îäíî÷àñíà ÷óòëèâ³ñòü
ñòâîðåíîãî ñåíñîðà äî ð³çíèõ ãàç³â ìîæå ìàòè ³
ñâî¿ ïåðåâàãè, çîêðåìà ïðè âèêîðèñòàíí³ éîãî ó
ñêëàä³ ìàòðèö³ («åëåêòðîííîãî íîñó» [14]), ùî
äîçâîëÿº çà äîïîìîãîþ â³äíîñíî ñåëåêòèâíèõ
ñåíñîð³â çíà÷íî ï³äâèùóâàòè àáñîëþòíó ñåëåê-
òèâí³ñòü âèì³ðþâàííÿ êîæíîãî ç ãàç³â, ùî º ïðè-
ñóòí³ìè ó ãàçîâ³é ñóì³ø³.

Îäí³ºþ ç íàéâàæëèâ³øèõ õàðàêòåðèñòèê
ñåíñîðà, ÿêà âèçíà÷àº ìîæëèâ³ñòü éîãî âèêîðè-

ñòàííÿ íà ïðàêòèö³, º â³äòâîðþâàí³ñòü éîãî âè-
ì³ðþâàíü. ßê âèäíî ç ðèñ. 3, âåëè÷èíè åëåêò-
ðè÷íîãî îïîðó íà ïîâ³òð³ òà ÷óòëèâîñò³ ñåíñîðà,
ñòâîðåíîãî íà îñíîâ³ íàíîìàòåð³àëó
ÑåÎ2/SnO2–Sb2O5, ïðàêòè÷íî íå çì³íþþòüñÿ
ïðîòÿãîì äíÿ éîãî áåçïåðåðâíî¿ ðîáîòè. Çì³íè
âåëè÷èí åëåêòðè÷íîãî îïîðó íà ïîâ³òð³ (R0) òà
÷óòëèâîñò³ () ñåíñîðà â õîä³ âèì³ðþâàíü çà
â³äíîøåííÿì äî ¿õ ïî÷àòêîâèõ çíà÷åíü íå ïåðå-
âèùóþòü 2,5%, ùî ñâ³ä÷èòü ïðî ñòàá³ëüí³ñòü ñåí-
ñîðà òà çàáåçïå÷óº íàëåæíó â³äòâîðþâàí³ñòü âè-
ì³ðþâàíü.

Ñï³âñòàâëåííÿ ÷óòëèâîñò³ ñåíñîðà, ñòâîðå-
íîãî íà îñíîâ³ íàíîìàòåð³àëó ÑåÎ2/SnO2–Sb2O5,
îäåðæàíîãî çîëü-ãåëü ìåòîäîì ïðè îäíî÷àñíî-
ìó ââåäåíí³ ïðåêóðñîð³â (SnCl45Í2Î, ÑåÑl3,
SbÑl3) â õîä³ ñèíòåçó, ç íàéá³ëüø ÷óòëèâèì öå-
ð³ºâì³ñíèì ñåíñîðîì íà îñíîâ³ íàíîìàòåð³àëó
SnO2–Sb2O5 [15], â ÿêèé öåð³é ââîäèëè ìåòîäîì
ïðîñî÷óâàííÿ ç ðîç÷èíó ÑåÑl3, ïîêàçàëî âäâ³÷³
á³ëüøó ÷óòëèâ³ñòü ïåðøîãî, ùî äîñÿãàºòüñÿ,
íàé³ìîâ³ðí³øå, çàâäÿêè âèñîêîäèñïåðñíîìó ñòà-
íó öåð³é ä³îêñèäó â íàíîìàòåð³àë³ ãàçî÷óòëèâî-
ãî øàðó ñåíñîðà. Êð³ì öüîãî, ñòâîðåíèé ñåíñîð
âèÿâëÿº ìàêñèìàëüíó ÷óòëèâ³ñòü ïðè çíà÷íî
ìåíøîìó åíåðãîñïîæèâàíí³ (Ð=280 ìÂò) ó ïî-
ð³âíÿíí³ ç öåð³ºâì³ñíèì ñåíñîðîì (Ð=450 ìÂò)
[15], ùî º éîãî áåçóìîâíîþ ïåðåâàãîþ.

Âèñíîâêè
Òàêèì ÷èíîì, ñèíòåçîâàí³ çîëü-ãåëü ìåòî-

äîì íàíîðîçì³ðí³ öåð³ºâì³ñí³ ìàòåð³àëè íà îñ-
íîâ³ ä³îêñèäó îëîâà ç äîáàâêîþ ñòèá³þ ìîæóòü
áóòè âèêîðèñòàí³ â ÿêîñò³ ãàçî÷óòëèâîãî øàðó

Ðèñ. 1. Çàëåæí³ñòü âåëè÷èíè åëåêòðè÷íîãî îïîðó ñåíñîðà

íà îñíîâ³ íàíîìàòåð³àëó ÑåÎ2/SnO2–Sb2O5 â³ä

êîíöåíòðàö³¿ âîäíþ (CH2) â ë³í³éí³é òà ëîãàðèôì³÷í³é

øêàëàõ. Ïîòóæí³ñòü íàãð³âà÷à ñåíñîðà 280 ìÂò

Ðèñ. 2. ×óòëèâ³ñòü ñåíñîðà íà îñíîâ³ íàíîìàòåð³àëó

 ÑåÎ2/SnO2–Sb2O5 äî Í2, ÑÎ, C3H8 òà í-C4H10 ó ïîâ³òð³.

(Êîíöåíòðàö³ÿ ãàç³â – 1000 ppm, ïîòóæí³ñòü íàãð³âà÷à

ñåíñîðà – 280 ìÂò)

Ðèñ. 3. Çì³íà õàðàêòåðèñòèê (À) – âåëè÷èíè

åëåêòðè÷íîãî îïîðó íà ïîâ³òð³ (R0) òà âåëè÷èíè

÷óòëèâîñò³ () äî  44 ppm Í2 ñåíñîðà íà îñíîâ³

íàíîìàòåð³àëó ÑåÎ2/SnO2–Sb2O5 ïðîòÿãîì äíÿ ïðè

ïîòóæíîñò³ íàãð³âà÷à ñåíñîðà 280 ìÂò
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àäñîðáö³éíî-íàï³âïðîâ³äíèêîâèõ ñåíñîð³â. Âè-
ñîêà ÷óòëèâ³ñòü äî ì³êðîêîíöåíòðàö³é âîäíþ
ñåíñîð³â ñòâîðåíèõ íà îñíîâ³ ìàòåð³àë³â äîñÿ-
ãàºòüñÿ ïðè îäíî÷àñíîìó ââåäåíí³ ïðåêóðñîð³â
öåð³þ, îëîâà òà ñòèá³þ ï³ä ÷àñ ñèíòåçó, ùî çà-
áåçïå÷óº âèñîêîäèñïåðñíèé ñòàí ¿õ îêñèä³â â
íàíîìàòåð³àë³ ãàçî÷óòëèâîãî øàðó ñåíñîðà. Ïî-
êàçàíî, ùî ñåíñîðè, ñòâîðåí³ íà îñíîâ³
ÑåÎ2/SnO2–Sb2O5 ìàþòü øèðîêèé ä³àïàçîí äå-
òåêòóâàííÿ âîäíþ, õîðîøó øâèäêîä³þ òà â³äòâî-
ðþâàí³ñòü âèì³ðþâàíü êîíöåíòðàö³¿ âîäíþ. Âè-
ÿâëåíî â³äíîñíî âèñîêó ñåëåêòèâí³ñòü ñåíñîðà
ùîäî âèì³ðþâàííÿ âîäíþ ïî â³äíîøåííþ äî
ÑÍ4. Ñåíñîðè ñòâîðåí³ ó ðîáîò³ ìàþòü âèùó ÷óò-
ëèâ³ñòü äî âîäíþ ïðè çíà÷íî íèæ÷îìó åíåðãî-
ñïîæèâàíí³ ïîð³âíÿíî ç ñåíñîðàìè, ó ãàçî÷óò-
ëèâèé ìàòåð³àë ÿêèõ öåð³é ââîäèâñÿ ìåòîäîì
ïðîñî÷óâàííÿ.
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GAS SENSITIVE PROPERTIES OF ADSORPTION
SEMICONDUCTOR SENSOR BASED ON NANOSIZED
MATERIAL ÑåÎ2/SnO2–Sb2O5

L.P. Oleksenko *, G.V. Fedorenko, N.P. Maksymovych

Taras Shevchenko National University of Kyiv, Kyiv, Ukraine
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Nanosized cerium-containing materials based on tin dioxide
with the addition of antimony were synthesized by a sol-gel method
and studied as gas-sensitive layers of adsorption-semiconductor sensors
intended for measuring the content of hydrogen in air. It was found
that the sensors created using the synthesized nanomaterials
demonstrated high sensitivity to microconcentrations of hydrogen
(44 ppm H2), which may be resulted from a highly dispersive state of
cerium and antimony oxides in the formed nanomaterial when
introducing them simultaneously in the process of synthesis. It was
shown that sensors based on nanomaterial CeO2/SnO2–Sb2O5 have
good response time, reproducibility of measurements and a wide
range of detecting hydrogen (10–1000 ppm H2). The dependence of
the electric resistance of the sensor on the hydrogen concentration in
logarithmic scale is linear, which should make cheaper the periodical
calibration of the sensor in conditions of its operation. It was observed
relatively high selectivity of the sensor to hydrogen measurement in
relation to CH4 measurement. The sensors created based on the
nanosized CeO2/SnO2–Sb2O5 are promising to measure hydrogen in
air because they have twice the sensitivity to Í2 with significantly
lower power consumption (P=280 mW) as compared with the sensors
prepared by impregnation of a gas sensitive layer with CeCl3 solution
(P=450 mW).

Keywords: adsorption-semiconductor sensors; hydrogen;
nanomaterials; ÑåÎ2/SnO2–Sb2O5; sensitivity; selectivity.
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