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Èçó÷àëè ïðîöåññû, ïðîòåêàþùèå ïðè óñòàíîâëåíèè ñòàöèîíàðíîãî ïîòåíöèàëà íà
ýëåêòðîäàõ èç ÷èñòîãî ýëåêòðîîñàæäåííîãî ñâèíöà â ðàñòâîðàõ H2SO4 ïîñëå îáðà-
áîòêè âûäåëÿþùèìñÿ âîäîðîäîì. Èñïîëüçîâàëè öèêëè÷åñêèé äâóõèìïóëüñíûé ãàëü-
âàíîñòàòè÷åñêèé ìåòîä. Ïîêàçàíî, ÷òî áåçòîêîâûé ïîòåíöèàë Pb-ýëåêòðîäà ÿâëÿ-
åòñÿ êîìïðîìèññíûì ïîòåíöèàëîì êîððîäèðóþùåé ñèñòåìû. Êîððîçèÿ ïðîòåêàåò
ñ äâóìÿ äåïîëÿðèçàòîðàìè – èîíàìè âîäîðîäà è êèñëîðîäîì, ðàñòâîðåííîì â ýëåê-
òðîëèòå. Ïëåíêà ñóëüôàòà ñâèíöà îáðàçóåòñÿ â ìîìåíò êîíòàêòà ïîâåðõíîñòè ñ
ýëåêòðîëèòîì è ñóùåñòâóåò äàæå ïðè ñèëüíîé êàòîäíîé ïîëÿðèçàöèè. Ïîòåíöèàë
ïîëÿðèçîâàííîãî ýëåêòðîäà âêëþ÷àåò áîëüøîå îìè÷åñêîå ïàäåíèå íàïðÿæåíèÿ â
ïëåíêå. Ïîñëå îòêëþ÷åíèÿ òîêà âûäåëåíèÿ âîäîðîäà â ïðèñóòñòâèè ðàñòâîðåííîãî
êèñëîðîäà îáðàçóþòñÿ îêñèäíî-ñóëüôàòíûå ñîåäèíåíèÿ ñâèíöà, ïàññèâèðóþùèå
ïîâåðõíîñòü è óñòàíàâëèâàåòñÿ ñòàöèîíàðíûé ïîòåíöèàë, áëèçêèé ê êèñëîðîäíî-
ìó (+1,23 Â). Â îáåñêèñëîðîæåííîì ðàñòâîðå ñòàöèîíàðíûé ïîòåíöèàë áëèçîê ê
âîäîðîäíîìó (0,0 Â).
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Ââåäåíèå
Èçó÷àÿ ýëåêòðîõèìè÷åñêèå ñâîéñòâà ýëåê-

òðîäîâ èç ÷èñòîãî ñâèíöà è êîìïîçèòíûõ ìàòå-
ðèàëîâ íà åãî îñíîâå â ðàñòâîðàõ ñåðíîé êèñëî-
òû ìåòîäîì äëèòåëüíîãî ãàëüâàíîñòàòè÷åñêîãî
öèêëèðîâàíèÿ, ìû îáíàðóæèëè ñóùåñòâîâàíèå
ñëîæíûõ ïåðèîäè÷åñêèõ ïðîöåññîâ. Âîñïðîèç-
âîäèìîñòü ðåçóëüòàòîâ áûëà íåäîñòàòî÷íîé äëÿ
òîãî, ÷òîáû èõ ìîæíî áûëî íàäåæíî èíòåðïðå-
òèðîâàòü íà îñíîâå èçâåñòíûõ çàêîíîìåðíîñòåé.
Àíàëîãè÷íàÿ ïðîáëåìà íèçêîé âîñïðîèçâîäèìî-
ñòè ðàññìàòðèâàëàñü â ðàáîòàõ S. Fletcher è
D.B. Matthews [1,2]. Àâòîðû îáíàðóæèëè, ÷òî ïðè
êðàòêîâðåìåííîé îáðàáîòêå Pb-ýëåêòðîäà âûäå-
ëÿþùèìñÿ íà íåì âîäîðîäîì ïîâåðõíîñòü âîñ-
ñòàíàâëèâàåòñÿ äî âîñïðîèçâîäèìîãî ñîñòîÿíèÿ,
ïðè÷åì â ïðîöåññå ïîñëåäóþùåãî ìíîãîêðàòíîãî
öèêëèðîâàíèÿ ìåòîäîì ëèíåéíîé òðåóãîëüíîé
ðàçâåðòêè ïîòåíöèàëà àíîäíûé òîê ïèêà ðåàê-
öèè Pb↔PbSO4 ñîõðàíÿëñÿ íåèçìåííûì íà óðîâ-
íå, áîëåå ÷åì íà ïîðÿäîê ïðåâûøàþùåì ïèêî-
âûå òîêè ýëåêòðîäîâ, ïðèãîòîâëåííûõ ðàçíûìè
ñïîñîáàìè.

Îäíàêî íàøè ïîñëåäóþùèå èññëåäîâàíèÿ
[3,4] íå ïîäòâåðäèëè òåçèñ î ñòàáèëèçàöèè ýëåê-
òðîõèìè÷åñêèõ õàðàêòåðèñòèê ñâèíöà ïîñëå âî-
äîðîäíîé ïðåäîáðàáîòêè, õîòÿ åå âëèÿíèå äåé-
ñòâèòåëüíî îêàçàëîñü ñóùåñòâåííûì. Áûëè îá-
íàðóæåíû ñëîæíûå è áûñòðûå ïðîöåññû, ïðî-
òåêàþùèå íà ïîâåðõíîñòè ñâèíöà ïîñëå îòêëþ-
÷åíèÿ òîêà êàòîäíîé ïðåäîáðàáîòêè, è çàâåð-
øàþùèåñÿ ãëóáîêîé ïàññèâàöèåé ìåòàëëà â ñòà-
öèîíàðíîì ñîñòîÿíèè. Õàðàêòåð áûñòðûõ ïåðå-
õîäíûõ ïðîöåññîâ îêàçàëñÿ çàâèñÿùèì îò óñëî-
âèé âîäîðîäíîé ïðåäîáðàáîòêè. Ïîýòîìó ïðåä-
ñòàâëÿëîñü íåîáõîäèìûì óñòàíîâèòü çàêîíîìåð-
íîñòè è ïðè÷èíû íàáëþäàåìûõ ÿâëåíèé.

Â íàñòîÿùåì ñîîáùåíèè ïðèâîäÿòñÿ ðå-
çóëüòàòû èññëåäîâàíèÿ áûñòðûõ ïðîöåññîâ, ïðî-
òåêàþùèõ íà ïîâåðõíîñòè íåïîëÿðèçîâàííîãî
ñâèíöîâîãî ýëåêòðîäà â ñåðíîé êèñëîòå. Ïðåä-
âàðèòåëüíàÿ êàòîäíàÿ îáðàáîòêà âûäåëÿþùèì-
ñÿ âîäîðîäîì èñïîëüçîâàëàñü êàê ôàêòîð, îáåñ-
ïå÷èâàþùèé ðåãóëèðóåìûå è îäèíàêîâûå ñòàð-
òîâûå óñëîâèÿ ïðîöåññà óñòàíîâëåíèÿ ñòàöèî-
íàðíîãî ñîñòîÿíèÿ íåïîëÿðèçîâàííîé ïîâåðõ-
íîñòè ñâèíöà.

Ìåòîäèêà ýêñïåðèìåíòîâ
Ýêñïåðèìåíòû âûïîëíÿëè íà ñâåæèõ ãàëü-

âàíè÷åñêèõ îñàäêàõ ÷èñòîãî ñâèíöà â 0,5–3,5 Ì
ðàñòâîðàõ ñåðíîé êèñëîòû êâàëèôèêàöèè “Õ×”
â ñòàíäàðòíîé ýëåêòðîõèìè÷åñêîé ÿ÷åéêå (ßÑÝ)
[3]. Èñïîëüçîâàëè íàñûùåííûé Ag/AgCl ýëåêò-
ðîä ñðàâíåíèÿ, ðåçóëüòàòû èçìåðåíèé ïåðåñ÷è-
òûâàëè â ñòàíäàðòíóþ âîäîðîäíóþ øêàëó.

Ïëàòèíîâûé ðàáî÷èé ýëåêòðîä ïëîùàäüþ
0,33 ñì2 ïðåäñòàâëÿë ñîáîé ïëàñòèíêó, âïðåñî-
âàííóþ îäíîé ïîâåðõíîñòüþ â òîðåö çàïàÿííîé
ñòåêëÿííîé òðóáêè. Íà ðàáî÷óþ ïîâåðõíîñòü

ýëåêòðîäà îñàæäàëè ãàëüâàíè÷åñêèé ñëîé ñâèí-
öà èç ñòàíäàðòíîãî òåòðàôòîðáîðàòíîãî ýëåêòðî-
ëèòà ñîñòàâà: Pb(BF4)2 – 200 ã/ë, HBF4 – 35 ã/ë,
êëåé ñòîëÿðíûé – 1 ã/ë, ïëîòíîñòüþ òîêà 1–
5 À/äì2 â òå÷åíèå 15–20 ìèí. Âûõîä ïî òîêó
ñâèíöà â óêàçàííûõ óñëîâèÿõ ñîñòàâëÿåò 98–99%.
Ìàññà îñàæäåííîãî ñâèíöà â ñëîå ïðåâûøàëà
åãî êîëè÷åñòâî, ó÷àñòâóþùåå â çàðÿäíî-ðàçðÿä-
íûõ ïðîöåññàõ ïðè èçìåðåíèÿõ. Ïðåäâàðèòåëü-
íàÿ ïîäãîòîâêà ïîâåðõíîñòè ýëåêòðîäà ïåðåä
ïîêðûòèåì âêëþ÷àëà ýëåêòðîõèìè÷åñêîå è õè-
ìè÷åñêîå òðàâëåíèå â ñìåñè êîíöåíòðèðîâàí-
íûõ ðàñòâîðîâ óêñóñíîé è àçîòíîé êèñëîò (ñî-
îòíîøåíèå êèñëîò 4,5:1,0, ïðîäîëæèòåëüíîñòü
òðàâëåíèÿ – 1 ìèí) äëÿ ñíÿòèÿ ïðåäûäóùåãî
îñàäêà, õîëîäíóþ ïðîìûâêó äèñòèëëèðîâàííîé
âîäîé, îáåçæèðèâàíèå òåõíè÷åñêîé ñîäîé, ïî-
âòîðíóþ õîëîäíóþ ïðîìûâêó è çàêëþ÷èòåëüíóþ
õîëîäíóþ ïðîìûâêó.

Ïîñëå ïîëó÷åíèÿ ïîêðûòèÿ ýëåêòðîä ïðî-
ìûâàëè ïîñëåäîâàòåëüíî â äèñòèëëèðîâàííîé
âîäå è ñåðíîé êèñëîòå òîé êîíöåíòðàöèè, â êî-
òîðîé äàëåå ïðîèçâîäèëèñü èçìåðåíèÿ. Ïîñëå
ïðîìûâêè ýëåêòðîä â ñìî÷åííîì ñîñòîÿíèè
áûñòðî ïåðåíîñèëè â ñòàíäàíäàðòíóþ ýëåêòðî-
õèìè÷åñêóþ ÿ÷åéêó.

Äëÿ óäàëåíèÿ êèñëîðîäà èç ýëåêòðîëèòà åãî
ïåðåä êàæäûì îïûòîì ïðåäâàðèòåëüíî êèïÿòè-
ëè â òå÷åíèå 5 ìèí, à ýêñïåðèìåíò âûïîëíÿëè
ïîñëå îõëàæäåíèÿ ýëåêòðîëèòà äî òåìïåðàòóðû
200Ñ.

Ìåòîä èçìåðåíèÿ
Ýëåêòðîõèìè÷åñêèå ñâîéñòâà ñâèíöîâûõ

ýëåêòðîäîâ îïðåäåëÿëè öèêëè÷åñêèì äâóõèì-
ïóëüñíûì ãàëüâàíîñòàòè÷åñêèì ìåòîäîì. Íà
ïåðâîì èìïóëüñå öèêëà (ðèñ. 1) ýëåêòðîä ïîëÿ-
ðèçîâàëè êàòîäíîé ïëîòíîñòüþ òîêà äî iK=2–
36 ìÀ/ñì2 ðàçëè÷íîé äëèòåëüíîñòüþ t1=6–
30 ìèí. Íà âòîðîì èìïóëüñå òîê îòêëþ÷àëè è
ôèêñèðîâàëè äèíàìèêó èçìåíåíèÿ ïîòåíöèàëà.
Òàêèì îáðàçîì, ôîðìèðóÿ îïðåäåëåííîå íà÷àëü-
íîå ñîñòîÿíèå ïîâåðõíîñòè ñâèíöà ïóòåì åå êà-
òîäíîé îáðàáîòêè âûäåëÿþùèìñÿ âîäîðîäîì,
ìîæíî áûëî ïðîñëåäèòü ïî èçìåíÿþùåìóñÿ çíà-
÷åíèþ ïîòåíöèàëà õàðàêòåð ïðîöåññîâ, ïðîòå-
êàþùèõ íà ñâèíöå ïðè êîíòàêòå ñ ýëåêòðîëè-
òîì. Â ýòèõ óñëîâèÿõ ìîãëè èìåòü ìåñòî òîëüêî
êîððîçèîííûå ïðîöåññû, ñîïðîâîæäàþùèåñÿ
îáðàçîâàíèåì ïëåíêè ìàëîðàñòâîðèìûõ ïðîäóê-
òîâ. Ïëåíêà æå äîëæíà îêàçûâàòü ñóùåñòâåííîå
âëèÿíèå íà ñêîðîñòü ïðîöåññîâ, èçìåíÿþùååñÿ
âî âðåìåíè âñëåäñòâèå èçìåíåíèÿ åå ñîñòàâà,
ñòðóêòóðû è òîëùèíû.

Ðåçóëüòàòû è èõ îáñóæäåíèå
Èìïóëüñ êàòîäíîé ïîëÿðèçàöèè
Èçìåðåíèÿ ïîêàçàëè, ÷òî íà ó÷àñòêå èì-

ïóëüñà êàòîäíîé ïîëÿðèçàöèè ñâèíöà ïðîòåêà-
þò ìåäëåííûå íåñòàöèîíàðíûå ïðîöåññû ñ äî-
âîëüíî áîëüøèì ïåðåõîäíûì âðåìåíåì, è ïî-
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òåíöèàë ýëåêòðîäà èçìåíÿåòñÿ âî âðåìåíè
(ðèñ. 1).

Ðèñ. 1. Íà÷àëüíûé ó÷àñòîê êàòîäíîé ïîëÿðèçàöèè ñâèíöà

(÷èñëà íà êðèâûõ, ìÀ/ñì2) â 1 Ì ðàñòâîðå Í2SO4: à – ïðè

èíòåíñèâíîì ïåðåìåøèâàíèè, á – áåç ïåðåìåøèâàíèÿ

(ðàñòâîð îáåñêèñëîðîæåí)

1. Íà ðèñ. 1 ôèêñèðóåòñÿ âíà÷àëå êîðîò-
êèé (1–3 ñ) ó÷àñòîê çàïóñêà, êîãäà ñâåæåïðèãî-
òîâëåííûé ýëåêòðîä ïîãðóæåí â ýëåêòðîëèò, íî
åùå íå ïîëÿðèçîâàí. Ïðè ýòîì óñòàíàâëèâàåòñÿ
íåêîòîðûé ñòàöèîíàðíûé ïîòåíöèàë, áëèçêèé
ê ñòàíäàðòíîìó ïîòåíöèàëó ðåàêöèè:

Pb+H2SO4–2e–→PbSO4+2Í+;
E0=–0,356–0,029lga[(SO4)2–].  (1)

Ýòî îáîçíà÷àåò, ÷òî óæå â êîðîòêèé ïåðè-
îä êîíòàêòà ïîâåðõíîñòè ñâèíöà ñ ñåðíîé êèñ-
ëîòîé (ïðîìûâêà è ïîãðóæåíèå) â ðåçóëüòàòå
âçàèìîäåéñòâèÿ ñî ñðåäîé îáðàçóåòñÿ ïåðâè÷-
íàÿ ïëåíêà ñóëüôàòà PbSO4. Òàê êàê äèññîöèà-
öèÿ ñåðíîé êèñëîòû ïðîòåêàåò â äâå ñòóïåíè,
H2SO4→Í++(HSO4)–→2Í++(SO4)2– c êîíñòàíòà-
ìè äèññîöèàöèè ñîîòâåòñòâåííî 103 è 1,2⋅10–2, â
ðàñòâîðàõ ñ êîíöåíòðàöèåé êèñëîòû áîëåå 0,5 Ì
íàõîäÿòñÿ ïðåèìóùåñòâåííî èîíû (HSO4)–, ïî-
ýòîìó áîëåå âåðîÿòíî îáðàçîâàíèå ñóëüôàòà ïî
ðåàêöèè:

Pb+(HSO4)––2e–→PbSO4+Í+;
E0=–0,302–0,029pH–0,0291ga[(HSO4)–],  (2)

èëè îáðàçîâàíèå áèñóëüôàòà Pb(HSO4)2, èìåþ-
ùåãî ïðàêòè÷åñêè òàêóþ æå ðàñòâîðèìîñòü
(2,1⋅10–4 ã/ë), êàê è ñóëüôàò (2,8⋅10–4 ã/ë) [5].

Ðåàêöèè (1) è (2) ïðîòåêàþò ïî æèäêîôàç-
íîìó ìåõàíèçìó ÷åðåç ýëåêòðîõèìè÷åñêóþ ñòà-
äèþ îáðàçîâàíèÿ èîíîâ Pb2+ ñ ïîñëåäóþùåé
êðèñòàëëèçàöèåé ñóëüôàòíîé ïëåíêè

Pb2++(HSO4)–→PbSO4+H+ èëè
Pb2++(HSO4)–→Pb(ÍSO4)2.

2. Ïðè âêëþ÷åíèè êàòîäíîãî òîêà íàáëþ-
äàåòñÿ ñêà÷îê ïîòåíöèàëà, êîòîðûé â çàâèñèìî-
ñòè îò óñëîâèé ìîæåò ïðèíèìàòü çíà÷åíèÿ äî
Å=–1,0 Â [3,4]. Î÷åâèäíàÿ ïðè÷èíà ñêà÷êà –
ïàäåíèå íàïðÿæåíèÿ â ïåðâè÷íîé ñóëüôàòíîé
ïëåíêå.

Äàëåå íà èíòåðâàëå êàòîäíîãî èìïóëüñà

íàáëþäàåòñÿ ìåäëåííîå ñìåùåíèå ïîòåíöèàëà
â îáðàòíóþ (ïîëîæèòåëüíóþ) ñòîðîíó (ðèñ. 1),
àñèìïòîòè÷åñêè ïðèáëèæàþùåãîñÿ ê çíà÷åíèþ
ïîòåíöèàëà ðåàêöèé (1)–(2).

Â ýòèõ óñëîâèÿõ ïðîòåêàþò ÷åòûðå ïðîöåñ-
ñà, ñîîòíîøåíèÿ ìåæäó êîòîðûìè ìåíÿþòñÿ ñ
òå÷åíèåì âðåìåíè: ðàñòâîðåíèå ñâèíöà â ðåçóëü-
òàòå ïðîòåêàíèÿ àíîäíîé ðåàêöèè â êîððîçèîí-
íûõ ïàðàõ

Pb–2e–→Pb2+; Å0=–0,124+0,0291ga[Pb2+],      (3)

îáðàòíûé ïðîöåññ âîññòàíîâëåíèÿ ñâèíöà èç
ñóëüôàòíîé ïëåíêè ïî ðåàêöèÿì (1) èëè (2), è
êàòîäíûå ðåàêöèè â êîððîçèîííîì ïðîöåññå –
âîññòàíîâëåíèå âîäîðîäà èëè ðàñòâîðåííîãî
êèñëîðîäà

2Í++2e–→Í2; Å0=–0,029ðÍ,              (4)

Î2+2Í2Î+4e–=4ÎÍ–; Å0=1,23–0,029ðÍ.           (5)

Íàëè÷èå ñêà÷êà ïîòåíöèàëà â êîíöå êàòîä-
íîãî èìïóëüñà (ìîìåíò îòêëþ÷åíèÿ òîêà) îäíî-
çíà÷íî ñâèäåòåëüñòâóåò î òîì, ÷òî ñóëüôàòíàÿ
ïëåíêà ñóùåñòâóåò íà ïîâåðõíîñòè ñâèíöà äàæå
ïðè èíòåíñèâíîì âûäåëåíèè âîäîðîäà. Ìíåíèå
î òîì, ÷òî èç-çà áîëüøîãî ïåðåíàïðÿæåíèÿ âû-
äåëåíèÿ âîäîðîäà íà ñâèíöå ïðè áîëüøèõ ïîëÿ-
ðèçàöèÿõ ñíà÷àëà ïîëíîñòüþ âîññòàíàâëèâàåòñÿ
ñóëüôàò ñâèíöà, è âîäîðîä âûäåëÿåòñÿ íà ñâî-
áîäíîé ïîâåðõíîñòè, íå ïîäòâåðæäàåòñÿ.

3. Ñðàâíèâàÿ ðåçóëüòàòû, ïîëó÷åííûå â
êèñëîòå ñ èíòåíñèâíûì ïåðåìåøèâàíèåì ðà-
ñòâîðà è ïîãëîùåíèåì êèñëîðîäà èç àòìîñôåðû
è â îáåñêèñëîðîæåííîé êèñëîòå, ìîæíî çàìå-
òèòü çíà÷èòåëüíîå âëèÿíèå ðàñòâîðåííîãî êèñ-
ëîðîäà íà ïðîöåññû ïðè óñòàíîâëåíèè ñòàöèî-
íàðíîãî ïîòåíöèàëà.

Ïðè áîëüøèõ ïëîòíîñòÿõ êàòîäíîãî òîêà,
ò.å. â óñëîâèÿõ çíà÷èòåëüíîãî âûäåëåíèÿ âîäî-
ðîäà ïðè ïåðåìåøèâàíèè êèñëîðîäñîäåðæàùå-
ãî ðàñòâîðà (ðèñ. 1,à) ïîòåíöèàë ïî÷òè íà
200 ìÂ ïîëîæèòåëüíåå, ÷åì â îáåñêèñëîðîæåí-
íîì íåïîäâèæíîì ðàñòâîðå (ðèñ. 1,á). Òî æå
ñàìîå âèäíî è íà ðèñ. 2. Ñëåäîâàòåëüíî, äàæå,
íåñìîòðÿ íà âåñüìà èíòåíñèâíîå âûäåëåíèå âî-
äîðîäà, ïðèñóòñòâèå êèñëîðîäà â ýëåêòðîëèòå
îêàçûâàåò áîëüøîå âëèÿíèå íà ñîñòàâ è ñòðóê-
òóðó ñóëüôàòíîé ïëåíêè. Î÷åâèäíî, ÷òî â îáåñ-
êèñëîðîæåííîì ðàñòâîðå îáðàçóåòñÿ ïëîòíàÿ
ïëåíêà ñóëüôàòà ñâèíöà, êîòîðàÿ íåïðåðûâíî
îáíîâëÿåòñÿ – ôîðìèðóåòñÿ â êîððîçèîííîì
ïðîöåññå è ÷àñòè÷íî âîññòàíàâëèâàåòñÿ êàòîä-
íîé ïîëÿðèçàöèåé. Â òàêèõ äèíàìè÷åñêèõ óñëî-
âèÿõ, ïî-âèäèìîìó, ïðîèñõîäèò èçâåñòíîå ÿâ-
ëåíèå ïîñòåïåííîãî óêðóïíåíèÿ êðèñòàëëîâ
ñóëüôàòà. Òàê êàê ïðè ýòîì (åñëè ñ÷èòàòü îáùåå
êîëè÷åñòâî ñóëüôàòà ïîñòîÿííûì) äîëæíà óâå-
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ëè÷èâàòüñÿ ïîðèñòîñòü ïëåíêè, áóäåò óìåíüøàòü-
ñÿ è åå ñîïðîòèâëåíèå è îìè÷åñêàÿ ñîñòàâëÿþ-
ùàÿ ïîëÿðèçàöèè, ÷òî è íàáëþäàåòñÿ íà âñåì
ïðîòÿæåíèè êàòîäíîãî èìïóëüñà êàê íåïðåðûâ-
íîå ñìåùåíèå ïîòåíöèàëà â ïîëîæèòåëüíóþ
îáëàñòü.

Ðèñ. 2. Äèíàìèêà èçìåíåíèÿ ïîòåíöèàëà íà ïåðâûõ òðåõ

èìïóëüñàõ (i=–36;0; –36 ìÀ/ñì2) â 1Ì ðàñòâîðå Í2SO4:

à – ïðè èíòåíñèâíîì ïåðåìåøèâàíèè;

á – áåç ïåðåìåøèâàíèÿ, ðàñòâîð îáåñêèñëîðîæåí.

Íà êðèâîé (à) ñêà÷îê ïîòåíöèàëà ~1,23 Â ïðè t=1,5 ÷ –

ïåðåõîä ê âîäîðîäíîìó ïðîöåññó äåïîëÿðèçàöèè, à

êîëåáàíèÿ íà ó÷àñòêå 0,5–1,0 Â – êîíöåíòðàöèîííàÿ

ïîëÿðèçàöèÿ ïî êèñëîðîäó â óñëîâèÿõ èíòåíñèâíîãî

ïåðåìåøèâàíèÿ

Ïðè äîñòóïå æå êèñëîðîäà ñîïðîòèâëåíèå
ïëåíêè (è ïîëÿðèçàöèÿ) ïðèìåðíî âäâîå ìåíü-
øå. Íàèáîëåå âåðîÿòíîé ïðè÷èíîé ýòîãî ýôôåê-
òà ìîæåò áûòü òî, ÷òî â ïðèñóòñòâèè êèñëîðîäà
ïàðàëëåëüíî ñ ñóëüôàòîì ôîðìèðóåòñÿ îñíîâ-
íàÿ ñîëü PbO⋅PbS04, òåðìîäèíàìè÷åñêèé ïîòåí-
öèàë îáðàçîâàíèÿ êîòîðîé áîëåå ïîëîæèòåëü-
íûé:

2Pb+H2O+H2SO4–4e–→PbO⋅PbS04+4H+;
E=–0,113–0,029pH–0,0151ga[(SO4)2–].       (6)

Îñíîâíàÿ ñîëü íàìíîãî áîëåå ðàñòâîðèìà
ïî ñðàâíåíèþ ñ ñóëüôàòîì (ïî [6] êîíñòàíòû
ðàâíîâåñèÿ ðåàêöèé (1) è (6) ñîîòâåòñòâåííî
ðàâíû 1,5⋅10–6 è 48). Ïîýòîìó ïîíÿòíî, ÷òî äè-
íàìè÷åñêàÿ ïëåíêà, îáëàäàþùàÿ áîëüøåé ðà-
ñòâîðèìîñòüþ, äîëæíà áûòü òîíüøå, à åå ñîïðî-
òèâëåíèå ìåíüøå. Çäåñü òîæå ïîñòåïåííîå ñìå-
ùåíèå ïîòåíöèàëà ìîæåò áûòü ñâÿçàíî ñ ïåðå-
êðèñòàëëèçàöèåé. Ñìåùåíèå çíà÷èòåëüíî áîëåå
áûñòðîå (~0,2 Â çà 0,005 ÷, ïðîòèâ 0,05 Â çà òî
æå âðåìÿ â áåñêèñëîðîäíîé ñðåäå, ðèñ. 1) èç-çà
ïîâûøåííîé ðàñòâîðèìîñòè ñìåøàííîé îêñèä-
íî-ñóëüôàòíîé ïëåíêè.

4. Ïðèâåäåííûå ñîîáðàæåíèÿ î ðîëè ðà-
ñòâîðåííîãî êèñëîðîäà îäíîçíà÷íî ïîäòâåðæ-
äàþòñÿ äàííûìè íà ó÷àñòêå îòêëþ÷åíèÿ òîêà
(ðèñ. 2). Ïðè âîçäåéñòâèè êèñëîðîäà ñòàöèîíàð-
íûé ïîòåíöèàë ñâèíöà óñòàíàâëèâàåòñÿ çà âðå-
ìÿ ~0,25 ÷ íà óðîâíå îêîëî 1,2 Â, áëèçêîì ê
ðàâíîâåñíîìó ïîòåíöèàëó êèñëîðîäà. Òàê êàê ýòî
– êîìïðîìèññíûé ïîòåíöèàë êîððîçèîííîé
ñèñòåìû Pb–O2, óêàçàííîå çíà÷åíèå ïîòåíöèà-

ëà îáîçíà÷àåò, ÷òî ïîâåðõíîñòü ñâèíöà ãëóáîêî
çàïàññèâèðîâàíà ñëîåì ïðîäóêòîâ êîððîçèè,
ñêîðîñòü ïðîöåññà ïîëíîñòüþ êîíòðîëèðóåòñÿ
àíîäíîé ñèñòåìîé ðåàêöèé. Â ýòîé îáëàñòè ïî-
òåíöèàëîâ â ïëåíêå ïðîäóêòîâ êîððîçèè ìîãóò
ñîäåðæàòüñÿ è ñîåäèíåíèÿ 4-âàëåíòíîãî ñâèí-
öà, â ÷àñòíîñòè äèîêñèä ñâèíöà

PbO2 (PbO2/5PbO⋅2H2O, E=+1,07 Â;
Pb2O3/PbO, E=+1,09 Â;
PbO2/PbO, E=+1,107 Â;
PbO2/4PbO⋅PbSO4, E=+1,17 Â;
PbO2/(HPbO2)–, E=+0,649 Â [7]).

Â áåñêèñëîðîäíîì ðàñòâîðå (ðèñ. 2, êðè-
âàÿ á) â ðåçóëüòàòå ïðîòåêàíèÿ êîððîçèè ñ âî-
äîðîäíîé äåïîëÿðèçàöèåé ïîâåðõíîñòü ñâèíöà
òàêæå ãëóáîêî ïàññèâèðóåòñÿ, íî ñòàöèîíàðíûé
ïîòåíöèàë óñòàíàâëèâàåòñÿ íà óðîâíå ïîòåíöè-
àëà äðóãîé ðåàêöèè äåïîëÿðèçàöèè, â äàííîì
ñëó÷àå – ðåàêöèè âîññòàíîâëåíèÿ âîäîðîäà (4).

5. Ïåðåõîäíîå âðåìÿ óñòàíîâëåíèÿ ñòàöèî-
íàðíîãî ñîñòîÿíèÿ íà íåïîëÿðèçîâàííîì ñâèí-
öîâîì ýëåêòðîäå îäèíàêîâî â îáîèõ âàðèàíòàõ
è ñîñòàâëÿåò îêîëî 0,25 ÷. Â íåïåðåìåøèâàå-
ìîì îáåñêèñëîðîæåííîì ðàñòâîðå ñóëüôàòíàÿ
ïëåíêà ðàñòåò ðàâíîìåðíî, è â ìîìåíò ïîëíîãî
ïåðåêðûòèÿ ïîâåðõíîñòè ñâèíöà âîçíèêàåò ÿâ-
ëåíèå ñîëåâîé ïàññèâàöèè è áûñòðûé, ïî÷òè
ñêà÷êîîáðàçíûé ïåðåõîä ïîòåíöèàëà â ñòàöèî-
íàðíîå ñîñòîÿíèå (ðèñ. 2, êðèâàÿ á, ðèñ. 3). Àíà-
ëîãè÷íûå ñêà÷êîîáðàçíûå ïåðåõîäû ïðè êàòîä-
íîé ïîëÿðèçàöèè è ãèñòåðåçèñ â îáëàñòè òîêîâ
1–10–4 ìÀ/ñì2 áûëè îáíàðóæåíû åùå ß.Ì. Êî-
ëîòûðêèíûì è îáñóæäàëèñü â [8,9] êàê âîçìîæ-
íûé ðåçóëüòàò çàìåäëåííîé àäñîðáöèè-äåñîðá-
öèè èîíîâ ñóëüôàòà. Îäíàêî ñîâîêóïíîñòü ïðè-
âåäåííûõ çäåñü äàííûõ ãîâîðèò â ïîëüçó ïðå-
èìóùåñòâåííîãî äåéñòâèÿ ìåõàíèçìîâ ñîëåâîé
ïàññèâàöèè.

6. Äàííûå, ïîëó÷åííûå â îïûòàõ ñ ïåðåìå-
øèâàåìûì ðàñòâîðîì (ðèñ. 3), ïîêàçûâàþò, ÷òî
÷åì áîëüøå ïëîòíîñòü òîêà îáðàáîòêè âîäîðî-
äîì, òåì êîðî÷å ïðè íóëåâîì òîêå âòîðîé ó÷àñ-
òîê îáðàçîâàíèÿ ïëåíêè ñóëüôàòà äî ñêà÷êà ïî-
òåíöèàëà.

Åñëè ïðåäïîëîæèòü, ÷òî ñêà÷îê ïîòåíöèà-
ëà âîçíèêàåò ïîñëå îáðàçîâàíèÿ íà âñåé ïîâåð-
õíîñòè ñïëîøíîãî ìîíîñëîÿ êðèñòàëëîâ ñóëü-
ôàòà, ìîæíî çàêëþ÷èòü, ÷òî ñêîðîñòü êîððîçèè
íåïîëÿðèçîâàííîãî ñâèíöà íà âòîðîì (áåñòîêî-
âîì) èìïóëüñå óâåëè÷èâàåòñÿ ñ óâåëè÷åíèåì òîêà
êàòîäíîé îáðàáîòêè. Ýòîò ôàêò ïðåäñòàâëÿåòñÿ
âïîëíå çàêîíîìåðíûì, òàê êàê âîäîðîäíàÿ îá-
ðàáîòêà î÷èùàåò è âîññòàíàâëèâàåò ïîâåðõíîñòü
ìåòàëëà. Ïî âðåìåíè îáðàçîâàíèÿ ñïëîøíîé
ïëåíêè ìîæíî îöåíèòü ñêîðîñòü êîððîçèè ñâèí-
öà, ïîëàãàÿ òîëùèíó îäíîñëîéíîé ïëåíêè ðàâ-
íîé ìàêñèìàëüíîìó ðàçìåðó êðèñòàëëà ñóëüôà-
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òà h=85 íì (ñîãëàñíî [5] ðàçìåðû ïî êðèñòàëëî-
ãðàôè÷åñêèì îñÿì a/b/c ñîîòâåòñòâåííî ðàâíû
69,3/84,5/53,8 íì). Âîñïîëüçóåìñÿ óðàâíåíèåì
çàêîíà Ôàðàäåÿ â âèäå:

τ∆⋅⋅= VА qih ,

ãäå qV, ñì3/(À⋅ñ) – îáúåìíûé ýëåêòðîõèìè÷åñ-
êèé ýêâèâàëåíò ïëåíêè, êîòîðûé ìîæíî âû÷èñ-
ëèòü ïî çíà÷åíèþ ïëîòíîñòè êðèñòàëëè÷åñêîãî
ñóëüôàòà ñâèíöà γ=6,3 ã/ñì3, êàê qV=qM/γ
(qM=1,56⋅10–3 ã/À⋅ñ): qV =2,49⋅10–4 ñì3/À⋅ñ. Òîãäà
îöåíêà äëÿ ∆τ~0,5 ÷ äàåò çíà÷åíèå ñêîðîñòè àíîä-
íîãî ðàñòâîðåíèÿ ñâèíöà ~3,8⋅10–7 À/ñì2. Îòìå-
òèì, ÷òî ïîëó÷åííîå çíà÷åíèå ïëîòíîñòè òîêà
ëåæèò âíóòðè îáëàñòè ïëîòíîñòåé òîêîâ, ãäå
ñêà÷êîîáðàçíûå ïåðåõîäû îáíàðóæèë ß.Ì. Êî-
ëîòûðêèí [8,9] âáëèçè åå íèæíåé ãðàíèöû.

Ðèñ. 3. Äèíàìèêà èçìåíåíèÿ ïîòåíöèàëà â 1 Ì ðàñòâîðå

ñåðíîé êèñëîòû íà ïåðâûõ òðåõ èìïóëüñàõ ïðè ðàçíûõ

ïëîòíîñòÿõ òîêà êàòîäíîãî èìïóëüñà (÷èñëà íà êðèâûõ –

ìÀ/ñì2). Îïûò ïðîâîäèòñÿ ñ ïåðåìåøèâàíèåì ðàñòâîðà

(ñ ðàñòâîðåííûì àòìîñôåðíûì êèñëîðîäîì)

Äèíàìèêà áåñòîêîâîãî ïîòåíöèàëà íà ýëåê-
òðîäàõ ñ âîäîðîäíîé îáðàáîòêîé è áåç íåå â óñ-
ëîâèÿõ êîíòàêòà ñ ðàñòâîðåííûì êèñëîðîäîì
çàìåòíî ðàçëè÷àåòñÿ. Íà÷àëüíûé ó÷àñòîê îáðà-
çîâàíèÿ ïåðâè÷íîé ñóëüôàòíîé ïëåíêè ïî ðå-
àêöèÿì (1) è (2) â êîððîçèîííîì ïðîöåññå ïðàê-
òè÷åñêè îäèíàêîâûé êàê ïðè âîäîðîäíîé îáðà-
áîòêå, òàê è áåç íåå (êðèâóþ i=0 íà ðèñ. 3 äëÿ
ñðàâíåíèÿ íóæíî ñìåñòèòü âïðàâî íà 0,5 ÷).
Îäíàêî íà ýëåêòðîäàõ áåç âîäîðîäíîé îáðàáîò-
êè ïîòåíöèàë î÷åíü áûñòðî ïåðåõîäèò â îáëàñòü
ïîëîæèòåëüíûõ çíà÷åíèé Å~1Â, òîãäà êàê íà
îáðàáîòàííîì ýëåêòðîäå ïîñëå îáðàçîâàíèÿ ïàñ-
ñèâèðóþùåãî ñëîÿ è ñêà÷êà ïîòåíöèàë îñòàíàâ-
ëèâàåòñÿ â îáëàñòè Å~0÷+0,1 Â, ò.å. âáëèçè âî-
äîðîäíîãî ïîòåíöèàëà. Òàê êàê ðåãèñòðèðóåòñÿ
ïîòåíöèàë êîððîçèîííîé ñèñòåìû, åãî çíà÷åíèå
è íàëè÷èå çàìåòíîãî òðåíäà óêàçûâàåò íà ïðå-
èìóùåñòâåííûé âîäîðîäíûé ïðîöåññ äåïîëÿðè-
çàöèè ñ ïîñòåïåííûì âêëþ÷åíèåì êèñëîðîäíî-
ãî ïðîöåññà â òîì ñëó÷àå, åñëè â ðàñòâîðå ïðè-
ñóòñòâóåò ðàñòâîðåííûé àòìîñôåðíûé êèñëîðîä.

Çàêëþ÷åíèå
Èçó÷åíà äèíàìèêà èçìåíåíèÿ áåñòîêîâîãî

ïîòåíöèàëà ñâèíöîâîãî ýëåêòðîäà â ñåðíîé êèñ-

ëîòå ñ êîíöåíòðàöèåé 1 Ì è 2 Ì. Ïîòåíöèàë
ýëåêòðîäà ÿâëÿåòñÿ êîìïðîìèññíûì ïîòåíöèà-
ëîì êîððîäèðóþùåé ñèñòåìû ñ äâóìÿ äåïîëÿ-
ðèçàòîðàìè – èîíàìè âîäîðîäà è àòìîñôåðíûì
êèñëîðîäîì, ðàñòâîðåííîì â ýëåêòðîëèòå.

Ïðè êîíòàêòå ñ ðàñòâîðîì ñåðíîé êèñëîòû
ïðàêòè÷åñêè ìãíîâåííî íà ïîâåðõíîñòè îáðà-
çóåòñÿ ïëåíêà ñóëüôàòà ñâèíöà. Ïðè ïàðàëëåëü-
íîì ïðîòåêàíèè èíòåíñèâíîé ðåàêöèè âûäåëå-
íèÿ âîäîðîäà ñëîé ñóëüôàòà íåïðåðûâíî îáðà-
çóåòñÿ â ðåçóëüòàòå êîððîçèè è âîññòàíàâëèâà-
åòñÿ êàòîäíî, à êàòîäíàÿ ïîëÿðèçàöèÿ âêëþ÷àåò
ïðåèìóùåñòâåííî ïàäåíèå íàïðÿæåíèÿ â ïëåí-
êå íà ïîâåðõíîñòè. Ïàðàëëåëüíîå îáðàçîâàíèå
è âîññòàíîâëåíèå ñóëüôàòíîé ïëåíêè ñîïðîâîæ-
äàåòñÿ åå ïîñòåïåííîé ðåêòðèñòàëëèçàöèé.

Ïîñëå îòêëþ÷åíèÿ êàòîäíîãî òîêà ïëåíêà
â ðåçóëüòàòå êîððîçèîííîãî òîêà ïîñòåïåííî
ðàñòåò è â îïðåäåëåííûé ìîìåíò âðåìåíè, ïîñ-
ëå ïîëíîé èçîëÿöèè ïîâåðõíîñòè ìåòàëëà, ïàñ-
ñèâèðóåò åãî è êîìïðîìèññíûé ïîòåíöèàë óñ-
òàíàâëèâàåòñÿ íà óðîâíå ïîòåíöèàëà ðåàêöèè
äåïîëÿðèçàöèè – âîäîðîäíîãî â îáåñêèñëîðî-
æåííîì ðàñòâîðå èëè êèñëîðîäíîãî â ðàñòâîðå,
ñîäåðæàùåì ðàñòâîðåííûé àòìîñôåðíûé êèñ-
ëîðîä.

Ïðåäâàðèòåëüíàÿ êàòîäíàÿ îáðàáîòêà ýëåê-
òðîäà âûäåëÿþùèìñÿ âîäîðîäîì òîðìîçèò îá-
ðàçîâàíèå îñíîâíûõ ñóëüôàòîâ, è ïîñëå îòêëþ-
÷åíèÿ òîêà â êîððîçèîííîì ïðîöåññå ïðîäîë-
æàåò ôîðìèðîâàòüñÿ ïëåíêà ñóëüôàòà ïðè ïî-
òåíöèàëå ðåàêöèè –0,25÷–0,3 Â.
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DYNAMICS OF THE ESTABLISHMENT OF A STEADY
STATE OF LEAD SURFACE IN SULFURIC ACID

M.D. Koshel a, N.S. Gerasika b, M.V. Kostyrya b,
a Ukrainian State University of Chemical Technology, Dnepro-
petrovsk, Ukraine
b Transport Institute of National Academy of Sciences and
Technology of Ukraine, Dnepropetrovsk, Ukraine

The processes were studied which occurring when a station-
ary potential is establishing on the electrodes of pure electrodeposit-
ed lead in sulfuric acid solutions after a treatment with hydrogen
evolved. A cyclical double-pulse galvanostatic method was applied.
It was shown that the electrode potential of Pb-electrode without
external current is a compromise potential of corrosive system. Cor-
rosion occurs with two depolarizers - the hydrogen ions and oxygen
dissolved in the electrolyte. The film of a lead sulfate is formed in
the course of contactacting with the electrolyte; this film exists even
at a very high cathodic polarization. The potential of the polarized
electrode includes a large ohmic voltage drop in the film. After ca-
thodic current interruption, some oxide-sulfate compounds of lead
are formed in the presence of dissolved oxygen. These compounds
passivate the surface, and a stationary potential appears which is
close to the equilibrium potential of oxygen electrode (1.23 V). The
value of a stationary potential is close to the equilibrium potential of
hydrogen electrode (0.0 V) when the solution is free from oxygen.

Keywords: dynamics; lead; lead-acid battery; lead elec-
trode; hydrogen.

REFERENCES

1. Fletcher S., Mattenews D.B. Behavior of lead elec-
trodes in sulphate electrolytes. I. Effect of electrode preparation
on discriminate curve cyclic voltammograms. J. Appl. Electro-
chem., 1981, vol. 11, pp. 11-21.

2. Fletcher S., Mattenews D.B. Behavior of lead elec-
trodes in sulphate electrolytes. II. Investigation of the electrode
kinetics. J. Appl. Electrochem., 1981, vol. 11, pp. 23-32.

3. Koshel’ N.D., Gerasika N.S., Kostyrya M.V. The
Effect of hydrogen treatment of lead surface on its electrochem-
ical behavior, Surf. Eng. Appl. Electrochem., 2014, vol. 50, no. 2,
pp. 117-124.

4. Koshel’ N.D., Gerasika N.S., Kostyrya M.V., The Ef-
fect of hydrogen treatment of lead surface on its electrochemical
behavior. Ðrîñåådings of the VIII International conference «GREEN
ENERGY», Ukraine, Kyiv, 2013, pp. 425-431.

5. Nikolskii B.P. Spravochnik khimika [Chemistry refe-
rence book]. Khimiya, Ìoscow, 1966, vol. 1. 1070 p. (in Russian).

6. Kamenev U.B., Tchunts N.I., Balushkina S.P. Potenci-
odinamicheskoe issledovanie processa sul’fatacii otricatel’nyh
aktivnyh mass svincovo-kislotnogo akkumuljatora [Potentiody-
namic study on the sulfatation process of negative active masses
of lead acid battery]. Elektrohimicheskaya energetika, 2010,
vol. 10, no 2, pp. 71-78. (in Russian)

7. Nikolskii B.P. Spravochnik khimika [Chemistry referen-
ce book]. Khimiya, Ìoscow, 1966, vol. 3. 1000 p. (in Russian).

8. Delahey P., Double Layer and Electrode Kinetics. Inter-
science Publishers, New York, 1965.

9. Kolotyrkin Y.M., Mechanism of hydrogen generation
on the lead in sulfuric acid. Ðrîñåådings of the International Com-
mittee on Electrochemical Thermodynamics and Kinetics. Butter-
worths, London, 1959, pp. 406-419.




