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Îïèñóþòüñÿ åëåêòðîõ³ì³÷í³ ñèñòåìè, â ÿêèõ åëåêòðîäí³ ïðîöåñè íà ðîáî÷îìó îáåð-

òîâîìó äèñêîâîìó åëåêòðîä³ â³äáóâàþòüñÿ çà íèçüêî¿ ³îííî¿ ñèëè ðîç÷èíó, òîáòî â

óìîâàõ âïëèâó ñòðóêòóðè ïîäâ³éíîãî åëåêòðè÷íîãî øàðó íà åëåêòðîõ³ì³÷íó ê³íåòè-

êó. Çà äîïîìîãîþ ñôîðìóëüîâàíî¿ ìàòåìàòè÷íî¿ ìîäåë³ àíàë³çóºòüñÿ âïëèâ ïàðà-

ìåòð³â ñèñòåìè (ïîòåíö³àëó, òîâùèíè äèôóçíîãî øàðó, ³îííî¿ ñèëè ðîç÷èíó, ê³íå-

òè÷íèõ ïàðàìåòð³â åëåêòðîäíî¿ ðåàêö³¿, çàðÿäó åëåêòðîàêòèâíî¿ ÷àñòèíêè), à òàêîæ

ïîëîæåííÿ ðåàêö³éíî¿ ïëîùèíè â³äíîñíî çîâí³øíüî¿ ïëîùèíè Ãåëüìãîëüöà íà â³äõè-

ëåííÿ â³ä áîëüöìàí³âñüêîãî ðîçïîä³ëó êîíöåíòðàö³¿ åëåêòðîàêòèâíèõ êîìïîíåíò³â

â äèôóçíîìó øàð³ òà íà ïîõèáêè ó âèçíà÷åíí³ ê³íåòè÷íèõ ïàðàìåòð³â åëåêòðîäíî¿

ðåàêö³¿ ìåòîäîì ñòàö³îíàðíî¿ âîëüòàìïåðîìåòð³¿, ùî âèíèêàþòü ÷åðåç íåõòóâàííÿ

íåð³âíîâàæíîñò³ äèôóçíîãî øàðó. Äëÿ ñèñòåìè ç åëåêòðîâ³äíîâëåííÿì àí³îí³â/åëåê-

òðîîêèñíåííÿì êàò³îí³â âèÿâëåíî äâ³ ä³ëÿíêè â³äõèëåíü â³ä ð³âíîâàæíîãî áîëüö-

ìàí³âñüêîãî ðîçïîä³ëó åëåêòðîàêòèâíî¿ ÷àñòèíêè ïî îáèäâà áîêè â³ä ïîòåíö³àëó

íóëüîâîãî çàðÿäó, â òîé æå ÷àñ äëÿ ñèñòåì ç åëåêòðîâ³äíîâëåííÿì êàò³îí³â/åëåêòðî-

îêèñíåííÿì àí³îí³â – ïî îäíîìó. Îáãîâîðþºòüñÿ ð³çíèé õàðàêòåð ïðîÿâó íåð³âíî-

âàæíîñò³ äèôóçíîãî øàðó â äâîõ ä³ëÿíêàõ ïî îáèäâà áîêè â³ä ïîòåíö³àëó íóëüîâîãî

çàðÿäó. Çîêðåìà, äëÿ ñèñòåì ç åëåêòðîîêèñíåííÿì àí³îí³â íà ä³ëÿíö³ á³ëüø íåãà-

òèâíèõ ïîòåíö³àë³â (â³äíîñíî ïîòåíö³àëó íóëüîâîãî çàðÿäó) íåð³âíîâàæí³ñòü ïî÷è-

íàº ïðîÿâëÿòèñÿ íå â ö³ëîìó äèôóçíîìó øàð³, à â áåçïîñåðåäí³é áëèçüêîñò³ äî

ïîâåðõí³ åëåêòðîäà, â ìåæàõ ðåàêö³éíîãî øàðó, íà â³äì³íó â³ä íåð³âíîâàæíîñò³ äëÿ

á³ëüø ïîçèòèâíèõ ïîòåíö³àë³â (â³äíîñíî ïîòåíö³àëó íóëüîâîãî çàðÿäó), ÿêà ïðîÿâ-

ëÿºòüñÿ â óñüîìó äèôóç³éíîìó øàð³. Öå ïðèâîäèòü äî ð³çíî¿ ÷óòëèâîñò³ ðîçðàõîâà-

íèõ ê³íåòè÷íèõ ïàðàìåòð³â â³ä ïîëîæåííÿ ðåàêö³éíî¿ ïëîùèíè òà âðàõóâàííÿ ðå-

àêö³éíîãî øàðó. Ðåçóëüòàòè ðîáîòè ìîæóòü áóòè âèêîðèñòàí³ ïðè àíàë³ç³ ñòàö³-

îíàðíèõ ³ íåñòàö³îíàðíèõ ìåòîä³â åëåêòðîõ³ì³÷íîãî àíàë³çó, à òàêîæ ïðè ìîäåëþ-

âàíí³ ñòàö³îíàðíî¿ òà íåñòàö³îíàðíî¿ ìàêðîê³íåòèêè íà îáåðòîâîìó äèñêîâîìó åëåê-

òðîä³ â ðîç÷èíàõ ïîâåðõíåâî-íåàêòèâíèõ åëåêòðîë³ò³â ç íèçüêîþ ³îííîþ ñèëîþ.

Êëþ÷îâ³ ñëîâà: íåð³âíîâàæíèé äèôóçíèé øàð, ìåòîä ñòàö³îíàðíî¿ âîëüòàìïåðî-

ìåòð³¿, ìàòåìàòè÷íà ìîäåëü, êîíöåíòðàö³éíèé ïðîô³ëü, îáåðòîâèé äèñêîâèé åëåê-

òðîä.
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«Êëàñè÷íà» ìîäåëü âïëèâó ÏÅØ íà ìàê-
ðîê³íåòèêó åëåêòðîäíèõ ïðîöåñ³â çà íèçüêî¿
³îííî¿ ñèëè ðîç÷èíó âèõîäèòü ç ïðèïóùåííÿ ïðî
ð³âíîâàæíèé áîëüöìàí³âñüêèé ðîçïîä³ë âñ³õ ³îí³â
â äèôóçíîìó øàð³, ùî âèêîðèñòîâóºòüñÿ â

ð³âíÿííÿõ òåîð³¿ ðîçðÿäó-³îí³çàö³¿ Ôðóìê³íà.
Íåð³âíîâàæí³ñòü äèôóçíîãî øàðó, çóìîâ-

ëåíà ïðîò³êàííÿì åëåêòðè÷íîãî ñòðóìó ÷åðåç
ñèñòåìó òà ñóïðîâîäæóþ÷èìè ãîìîãåííèìè ðå-
àêö³ÿìè, ïðèâîäèòü äî â³äõèëåííÿ â³ä áîëüöìà-
í³âñüêîãî êîíöåíòðàö³éíîãî ðîçïîä³ëó åëåêòðî-
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àêòèâíèõ êîìïîíåíò³â [1,2].
Òîìó â äàí³é ðîáîò³ ñòàâèòüñÿ ìåòà:
1. Ñòâîðèòè ìàêðîñêîï³÷íó ìàòåìàòè÷íó

ìîäåëü ìàêðîê³íåòèêè åëåêòðîäíèõ ïðîöåñ³â á³ëÿ
îáåðòîâîãî äèñêîâîãî åëåêòðîäà (ÎÄÅ), ùî âðà-
õîâóº íåð³âíîâàæí³ñòü äèôóçíîãî øàðó.

2. Íà îñíîâ³ ìàòåìàòè÷íî¿ ìîäåë³ äîñë³äè-
òè ïîõèáêè, ÿê³ ìîæóòü âèíèêíóòè â îòðèìàíèõ
ìåòîäîì ñòàö³îíàðíî¿ âîëüòàìïåðîìåòð³¿ ê³íå-
òè÷íèõ ïàðàìåòðàõ (êîíñòàíòè øâèäêîñò³, êîå-
ô³ö³ºíòè ïåðåíåñåííÿ), ê³íåòè÷íîìó ñòðóì³ òà
ìàêñèìàëüíîìó äèôóç³éíîìó ñòðóì³ çà óìîâè
íåõòóâàííÿ íåð³âíîâàæí³ñòþ äèôóçíîãî øàðó.

3. Ïðîàíàë³çóâàòè çàëåæí³ñòü öèõ ïîõèáîê
â³ä ð³çíèõ ïàðàìåòð³â ñèñòåìè (êîåô³ö³ºíòà
øâèäêîñò³, òîâùèíè äèôóçíîãî øàðó, ³îííî¿
ñèëè ðîç÷èíó, ïîòåíö³àëó, çàðÿäó åëåêòðîàêòèâ-
íîãî êîìïîíåíòà) íà ä³ëÿíö³ ïðàêòè÷íî äîö³ëü-
íèõ ä³àïàçîí³â ¿õ çì³íè.

Òåîðåòè÷íà ÷àñòèíà

Àïðîêñèìàö³ÿ ñòðîãî¿ êðàéîâî¿ çàäà÷³ ìàñî-
ïåðåíåñåííÿ á³ëÿ îáåðòîâîãî äèñêîâîãî åëåêòðîäà

Ñòðîãà êðàéîâà çàäà÷à ìàñîïåðåíåñåííÿ
á³ëÿ îáåðòîâîãî äèñêîâîãî åëåêòðîäà âêëþ÷àº:

– ð³âíÿííÿ ìàòåð³àëüíîãî áàëàíñó ç óðàõó-
âàííÿì ìåõàí³çì³â ïåðåíåñåííÿ ðå÷îâèíè çàâ-
äÿêè äèôóç³¿, ì³ãðàö³¿ ³ êîíâåêö³¿ òà ãîìîãåííî¿
ðåàêö³¿ ç ó÷àñòþ åëåêòðîàêòèâíî¿ ðå÷îâèíè [3–
5]:

i
i i

c
J R ,

t


  





i
i i i i i i

z F
J D c D c Vc ,

RT
    
 

i=1,...,n; (1)

– ð³âíÿííÿ ðîçïîä³ëó ïîòåíö³àëó á³ëÿ çà-
ðÿäæåíî¿ åëåêòðîäíî¿ ïîâåðõí³:

n
2

i i
k 10

F
z c ;



   
     (2)

– ðîçâ’ÿçîê ñòàö³îíàðíèõ ã³äðîäèíàì³÷íèõ
ð³âíÿíü Íàâ’º-Ñòîêñà ³ íåïåðåðâíîñò³ äëÿ ñèñ-
òåì ç ðîáî÷èì îáåðòîâèì äèñêîâèì åëåêòðîäîì
[6]:

x xV V e V e V e ;     


  

  (3)

äå xe ,  e ,  e 

  

 – íîðìîâàí³ áàçèñí³ âåêòîðè â îð-

òîãîíàëüí³é öèë³íäðè÷í³é ñèñòåì³ êîîðäèíàò;

V (x, ) F( );      
xV (x) H( );  

V (x, ) G( );      a=–0,51023; b=–0,61602;

2 3F( ) a 2 1 3b ...;         3G( ) 1 b 1 3a ...;      

2 3 4H( ) a 1 3 b 6 ...        

Ïðè ³íòåðïðåòàö³¿ åêñïåðèìåíòàëüíèõ äà-
íèõ ìåòîäîì ñòàö³îíàðíî¿ âîëüòàìïåðîìåòð³¿ íà
ÎÄÅ çàäà÷ó ³íòåãðóâàííÿ ñòðîãî¿ îäíîì³ðíî¿
êðàéîâî¿ ñòàö³îíàðíî¿ çàäà÷³ (1)–(3) ó âñüîìó
ïðèåëåêòðîäíîìó ïðîñòîð³ ìîæíà àïðîêñèìóâàòè
(ç äîñòàòíüîþ äëÿ ïðàêòèêè òî÷í³ñòþ) ïðîñò³øîþ
ìîäåëëþ – øëÿõîì ðîçáèòòÿ ïðèåëåêòðîäíîãî
ïðîñòîðó íà òðè ä³ëÿíêè: äèôóçíîãî, äèôóç³é-
íîãî øàðó òà îá’ºìó ðîç÷èíó, â êîæíîìó ç ÿêèõ
ïåðåâàæàþòü ò³ ÷è ³íø³ ìåõàí³çìè ïåðåíåñåííÿ
ðå÷îâèíè ³ ìîæëèâ³ â³äïîâ³äí³ ñïðîùåííÿ:

1. Äèôóçíèé ïðèåëåêòðîäíèé øàð (0xad)
(âèçíà÷åííÿ åôåêòèâíî¿ òîâùèíè äèôóçíîãî
øàðó àd äèâ. íèæ÷å) – òóò âèçíà÷àëüíèìè º ñèëè
åëåêòðîñòàòè÷íî¿ âçàºìîä³¿ ³îí³â ³ç çàðÿäæåíîþ
ïîâåðõíåþ åëåêòðîäà (åëåêòðîàäñîðáö³ÿ). Â ìå-
æàõ äèôóçíîãî øàðó (xixad), êîíâåêòèâíèì
ïîòîêîì íåõòóþòü. Òîä³ ìàòåìàòè÷íå îïèñàííÿ
äèôóçíîãî øàðó âêëþ÷àº îäíîì³ðí³ ð³âíÿííÿ
Ïóàññîíà (2) òà ìàòåð³àëüíîãî áàëàíñó ó âèãëÿä³:

i i
i

c N
R ,

t x

 
  

 

i i
i i i i

c z F
N D D c ,

x RT x

 
  

 
 xixad, i=1,...,n. (4)

2. Äèôóç³éíèé ïðèåëåêòðîäíèé øàð
(adx) – òóò ïåðåíåñåííÿ ³îí³â â³äáóâàºòüñÿ
øëÿõîì ì³ãðàö³¿, äèôóç³¿ òà êîíâåêö³¿ â åëåêòðî-
íåéòðàëüíîìó ðîç÷èí³. Â ìåæàõ äèôóç³éíîãî
øàðó, adx (5d äå:

 

    

x

x

0 0

1 3 1 6 1 2

1 3 2 3

exp V D dx dx

1,6117D

1 0,2980 D 0,14514 D





 
   

 

   

    

 

– õàðàêòåðèñòè÷íà òîâùèíà äèôóç³éíîãî øàðó)
– ìàºìî ñèñòåìó îäíîì³ðíèõ ð³âíÿíü (1) ³ (3), à
ð³âíÿííÿ Ïóàññîíà-Áîëüìöìàíà (2) àïðîêñè-
ìóºòüñÿ óìîâîþ åëåêòðîíåéòðàëüíîñò³ (5):

n

k k
k 1

z c 0.


   (5)
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3. Îá’ºì ðîç÷èíó – òóò ïåðåâàæàº ìåõàí³çì
âèìóøåíî¿ êîíâåêö³¿, ùî, â ñâîþ ÷åðãó, ïðèâî-
äèòü äî çíèêíåííÿ êîíöåíòðàö³éíèõ ãðàä³ºíò³â.
Îá’ºì ðîç÷èíó – öå ä³ëÿíêà, â ÿê³é êîíöåíò-
ðàö³éí³ ãðàä³ºíòè ïðàêòè÷íî ð³âí³ íóëþ, à êîí-
öåíòðàö³¿ êîìïîíåíò³â íàáëèæàþòüñÿ äî ïî÷àò-
êîâèõ, ùî â³äîáðàæåíî ãðàíè÷íèìè óìîâàìè:

 ic , t
0,

x

 



 ci,(,t)=ci,0. Îäíàê, êîíöåíòðàö³éíèé

ïðîô³ëü àñèìïòîòè÷íî íàáëèæàºòüñÿ äî ci,0 âæå
íà â³äñòàíÿõ ïîðÿäêó 5 [5], òîáòî äëÿ x5:

ci(x,t)ci,0  òà 
 ic x, t

0.
x





Íà ïðàêòèö³ (çà óìîâ íåõòóâàííÿ íåð³âíî-

âàæíîñò³ äèôóçíîãî øàðó) òàêó àïðîêñèìàö³éíó
ìîäåëü ðåàë³çóþòü íàñòóïíèì ÷èíîì:
çä³éñíþºòüñÿ ³íòåãðóâàííÿ ð³âíÿíü ìàñîïåðåíå-
ñåííÿ äëÿ åëåêòðîíåéòðàëüíîãî äèôóç³éíîãî
øàðó (ïðè öüîìó íåõòóºòüñÿ ì³ãðàö³ÿ åëåêòðî-
àêòèâíèõ êîìïîíåíò³â). Ïîò³ì çíà÷åííÿ êîíöåí-
òðàö³é êîìïîíåíò³â á³ëÿ åëåêòðîäó âèïðàâëÿþòü
íà äèôóçíèé øàð ç äîïîìîãîþ ð³âíîâàæíîãî
áîëüöìàí³âñüêîãî ðîçïîä³ëó, ÿêèé àâòîìàòè÷íî
âêëþ÷åíèé â ð³âíÿííÿ óïîâ³ëüíåíîãî ðîçðÿäó-
³îí³çàö³¿ Ôðóìê³íà (ÓÐ²Ô).

Åôåêòèâíà òîâùèíà äèôóçíîãî øàðó
Âèçíà÷èìî åôåêòèâíó òîâùèíó äèôóçíîãî

øàðó ad â åëåêòðîõ³ì³÷í³é ñèñòåì³ ç ÎÄÅ çà óìî-
âè íàÿâíîñò³ íàäëèøêó ôîíîâîãî åëåêòðîë³òó.
ßê çàçíà÷àëîñÿ âèùå, ¿¿ çíàõîäæåííÿ ïîâ’ÿçàíå
ç âèêîíàííÿì äâîõ óìîâ:

1. Çà ìåæàìè åôåêòèâíîãî äèôóçíîãî øàðó
xad ïîâèííà âèêîíóâàòèñÿ óìîâà åëåêòðîíåéò-
ðàëüíîñò³ (ç ïîòð³áíîþ òî÷í³ñòþ);

2. Â ìåæàõ åôåêòèâíîãî äèôóçíîãî øàðó
xad êîíâåêòèâíèì ïîòîêîì ìîæíà çíåõòóâàòè
(ç ïîòð³áíîþ òî÷í³ñòþ).

²íòåãðóþ÷è ð³âíÿííÿ Ïóàññîíà-Áîëüöìàíà
çíàõîäèìî áåçðîçì³ðíó â³äñòàíü r=x/ ÿê ôóí-

êö³þ áåçðîçì³ðíîãî ïîòåíö³àëó 
F

:
RT
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n 2

s i, i
i 1
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E 2 n exp z 1 ,

dr
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çîêðåìà, äëÿ á³íàðíîãî z–z âàëåíòíîãî åëåêòðîë³òó:

  2z z
r ln th ln th .

4 4

                
     

  (7)

Áåçðîçì³ðíó åôåêòèâíó òîâùèíó äèôóçíî-
ãî øàðó àr=àd/ ðîçðàõóºìî ÿê â³äñòàíü, çà ìå-
æàìè ÿêî¿ óìîâà åëåêòðîíåéòðàëüíîñò³ âèêî-
íóºòüñÿ ç çàäàíîþ òî÷í³ñòþ (â³äíîñíà ïîõèáêà
ìàº ïîðÿäîê 10–4), òîáòî:

  2z
r ln th

4

z
ln th .

4

       
  

      
  

  (8)

Ä³éñíî, â³äíîñíà ïîõèáêà, ùî ïîêàçóº
â³äì³íí³ñòü êîíöåíòðàö³¿ êîìïîíåíò³â ôîíîâî-
ãî åëåêòðîë³òó íà ìåæ³ äèôóçíîãî øàðó (x=ad)
â³ä îá’ºìíî¿ ñòàíîâèòü:

i i,ni

i, i ,

n n
1 exp( z ) z ,

n n


 


        à ñóìàðíî

äëÿ óìîâè åëåêòðîíåéòðàëüíîñò³ (á³íàðíîãî åëåê-
òðîë³òó): 2z2210–4.

Îñê³ëüêè ïîòåíö³àë çì³íþºòüñÿ ìîíîòîí-
íî, òî äàíà ïîõèáêà áóäå ìàêñèìàëüíîþ, òîáòî
â áóäü-ÿê³é òî÷ö³ äèôóç³éíîãî øàðó x>ad

4
i i

i

z n 2 10 .   Çðîçóì³ëî, ùî ³ ñóìàðíà ³íòåãðàëü-

íà ïîõèáêà íå ïåðåâèùóº ìàêñèìàëüíî¿:

d

i i
iа 4

d

z n dx

2 10 .
a





 
 
 

 
 



ßê âèäíî ç ðèñ. 1, çà åôåêòèâíó òîâùèíó
äèôóçíîãî øàðó ìîæíà ïðèéíÿòè ìàêñèìàëüíå
àd’ (íå çàëåæíå â³ä ïåðåíàïðóãè) çíà÷åííÿ: àdàd’
(àd’=10 äëÿ 1–1 âàëåíòíîãî òà àd’=9,2 äëÿ
2–2 âàëåíòíîãî åëåêòðîë³òó).

Ðîçâ’ÿçîê ð³âíÿíü Íåðíñòà-Ïëàíêà äëÿ íå-
ð³âíîâàæíîãî äèôóçíîãî øàðó

²íòåãðóâàííÿ ð³âíÿíü Íåðíñòà-Ïëàíêà, òîá-
òî ñòàö³îíàðíèõ ð³âíÿíü ìàñîïåðåíåñåííÿ, ùî
âðàõîâóþòü äèôóç³þ òà ì³ãðàö³þ åëåêòðîàêòèâ-
íèõ ÷àñòèíîê â ìåæàõ xixàd (êîíâåêòèâíèé
ïîò³ê â ÿêîìó íåõòîâíî ìàëèé):

     i,s si
i i i,s i,0

dc x d xz F
D D c x N

dx RT dx


   ,
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i=1,2, x ixàd                (9)

äàº íàñòóïíèé âèðàç äëÿ ñòàö³îíàðíîãî ðîçïî-
ä³ëó ¿õ êîíöåíòðàö³é:

 
 

 
 

    

d

i,0

i,s d

i

i,s a

i

x d

i
d

N
c a

D
c x

xz F
exp dx

RT a

z F
exp x a ,

RT

 
  

 
     
          

     
 



x ixàd. (10)

Ð³âíÿííÿ (10) ìîæíà âèêîðèñòîâóâàòè ³ äëÿ
âèïàäêó, êîëè â³äñòàíü íàéá³ëüøîãî çáëèæåííÿ
ã³äðàòîâàíî¿ åëåêòðîàêòèâíî¿ ÷àñòèíêè õ³ ìåí-
øà çà çîâí³øíþ ïëîùèíó Ãåëüìãîëüöà õd, ùî
óòâîðåíà ³îíàìè ôîíîâîãî åëåêòðîë³òó. Òîä³ äëÿ
xxd çã³äíî ç òåîð³ºþ Ãó¿-×åïìåíà-Øòåðíà-Ãðå-
ìà (Ã×ØÃ) ðîçïîä³ë ïîòåíö³àëó (õ) â ðîç÷èí³ ç
íàäëèøêîì z–z âàëåíòíîãî ôîíîâîãî åëåêòðîë³-
òó ðîçðàõîâóºòüñÿ çà ôîðìóëîþ

 

 d

2

x x
exp

RT 4
x ath ,

F z z F
th

4 RT

  
                  

xxd,  (11)

äå 

 

2 d

1

2
0

RT 2
(x )

F z

q
a sinh

2 2 RT c


     

 
 
     

 – ïîòåíö³àë â çîâí³-

øíüîìó øàð³ Ãåëüìãîëüöà, óòâîðåíîãî ã³äðàòî-
âàíèìè ³îíàìè ôîíîâîãî åëåêòðîë³òó, q – ãóñ-
òèíà çàðÿäó åëåêòðîäíî¿ ïîâåðõí³ Êë/ì2.

Äëÿ xixxd ðîçïîä³ë ïîòåíö³àëó (õ) çíàõî-
äèòüñÿ çã³äíî ç âèðàçîì:

   0 0 2

d

x
x ,

x
        x ixxd,  (12)

äå 0=–z=0 – ïîòåíö³àë åëåêòðîäà, âèì³ðÿíèé
â³äíîñíî ï.í.ç. z=0, ÿêèé ïîâ’ÿçàíèé ç³ ñòðèá-
êîì ïîòåíö³àëó â äèôóçíîìó øàð³ 2 ÷åðåç â³äíî-
øåííÿ ³íòåãðàëüíèõ ºìíîñòåé ù³ëüíîãî Ê02 ³ äè-
ôóçíîãî Ê2 øàð³â:

 
   

0 022 2

2 02 2 02

2

2 2 0

02 2 02 2
2

K K
1 , ,
K K

z F
sh

2RTK
.

z FK K

2RT

 
  

 

 
      

  


  (13)

Äèôåðåíö³àëüíà  02

0 2 02

dq dq
C

d d
 

    (Ô/ì2)

òà ³íòåãðàëüíà ºìíîñò³ 02

02

q
K 

  (Ô/ì2) ù³ëüíî¿

÷àñòèíè ïîäâ³éíîãî åëåêòðè÷íîãî øàðó çã³äíî ç
Ã×ØÃ çàëåæàòü â³ä ïðèðîäè ìåòàëó, ðîç÷èííè-
êà òà ãóñòèíè çàðÿäó íà ïîâåðõí³ åëåêòðîäà
q (Êë/ì2) ³ íå çàëåæàòü â³ä êîíöåíòðàö³¿ òà âèäó
³îí³â ïîâåðõíåâî-íåàêòèâíîãî åëåêòðîë³òó. Ö³ çà-
ëåæíîñò³ C02(q), K02(q) çíàõîäÿòüñÿ åìï³ðè÷íî äëÿ
êîæíîãî ìåòàëó òà ðîç÷èííèêà ³ º â³äîìèìè äëÿ
á³ëüøîñò³ ìåòàë³â ó âîäíîìó ðîç÷èí³ ïîâåðõíå-
âî-íåàêòèâíèõ åëåêòðîë³ò³â. Âèêîðèñòàííÿ òåîð³¿
Ã×ØÃ º ïðàâîì³ðíèì, îñê³ëüêè íåð³âíîâàæí³ñòü
äèôóçíîãî øàðó, ÿêà âèêëèêàíà ïðîõîäæåííÿì
åëåêòðè÷íîãî ñòðóìó ÷åðåç ñèñòåìó, ñòîñóºòüñÿ
ò³ëüêè â³äõèëåíü â³ä áîëüöìàí³âñüêîãî ðîçïîä³-
ëó åëåêòðîàêòèâíèõ êîìïîíåíò³â, à äëÿ ³îí³â
ôîíîâîãî åëåêòðîë³òó, ÿê âèäíî ³ç ð³âíÿííÿ (10),
Ni,0=0 ³ îòðèìóºòüñÿ áîëüöìàí³âñüêèé ðîçïîä³ë.
Àäåêâàòí³ñòü ìîäåë³ Ã×ØÃ (11)–(13) îá´ðóíòî-
âóºòüñÿ òèì, ùî çà íàäëèøêó åëåêòðîë³òó ôîíó
âïëèâîì åëåêòðîàêòèâíèõ êîìïîíåíò³â íà ñòðóê-

Ðèñ. 1. Çàëåæí³ñòü áåçðîçì³ðíî¿ åôåêòèâíî¿ òîâùèíè

äèôóçíîãî øàðó àr â³ä 2 2

F
.

RT
  

Êðèâà 1 â³äïîâ³äàº 1–1 âàëåíòíîìó ôîíîâîìó åëåêòðîë³òó,

êðèâà 2 – 2–2 âàëåíòíîìó
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òóðó ÏÅØ ìîæíà çíåõòóâàòè (çà â³äñóòíîñò³ ñïå-
öèô³÷íî¿ àäñîðáö³¿ ³îí³â).

Ôàðàäå¿âñüêèé ñòðóì ç âðàõóâàííÿì íåð³âíî-
âàæíîñò³ äèôóçíîãî øàðó (äèíàì³÷íîãî ïñ³-åôåê-
òó Ëåâè÷à)

Òàêèì ÷èíîì, çã³äíî ç ð³âíÿííÿì (10), áîëüö-
ìàí³âñüêèé ðîçïîä³ë åëåêòðîàêòèâíèõ êîìïî-
íåíò³â ìàº ì³ñöå ëèøå çà â³äñóòíîñò³ åëåêòðè-
÷íîãî ñòðóìó: Ni,0=0, äëÿ âèïàäêó Ni,0>0, òîáòî
ïîò³ê íàïðÿìëåíèé â³ä åëåêòðîäà. Öå â³äõèëåí-
íÿ º ïîçèòèâíèì, âîíî ñòîñóºòüñÿ ïðîäóêòó ðå-
àêö³¿ ³ íå ïîâèííî âïëèâàòè íà ñòðóì (ó âèïàäêó
íåçâîðîòíî¿ ðåàêö³¿); äëÿ âèõ³äíèõ ðåàãóþ÷èõ
÷àñòèíîê Ni,0<0 – çáóðåííÿ çìåíøóº êîíöåí-
òðàö³þ åëåêòðîàêòèâíèõ ÷àñòèíîê, à îòæå ³ ôà-
ðàäå¿âñüêèé ñòðóì. Çíàéäåìî àíàë³òè÷íèé âè-
ðàç, ùî âðàõîâóº âïëèâ íåð³âíîâàæíîñò³ êîí-
öåíòðàö³éíîãî ðîçïîä³ëó åëåêòðîàêòèâíèõ êî-
ìîïíåíò³â â äèôóçíîìó øàð³ âèêëèêàíîãî ïðî-
ò³êàííÿì åëåêòðè÷íîãî ñòðóìó (äèíàì³÷íèé ïñ³-
ïðèì-åôåêò Ëåâè÷à) íà ñòàö³îíàðíèé ôàðàäå-
¿âñüêèé ñòðóì.

Ïðîàíàë³çóºìî âèïàäêè, êîëè øâèäê³ñòü
ìàñîïåðåíåñåííÿ åëåêòðîàêòèâíèõ ³îí³â âñåðå-
äèíó äèôóçíîãî øàðó áóäå îäíîãî ïîðÿäêó àáî
íàâ³òü ë³ì³òóþ÷îþ ñòîñîâíî øâèäêîñò³ ðîçðÿäó-
³îí³çàö³¿.

Çã³äíî ç òåîð³ºþ ÓÐ²Ô ôàðàäå¿âñüêèé êà-
òîäíèé ñòðóì JF îäíîñòàä³éíîãî íåîáîðîòíîãî
åëåêòðîäíîãî ïðîöåñó

Ox ne Re d    (14)

îïèñóºòüñÿ ð³âíÿííÿì:

 

  

1
F 1 1 i

i

z F
J nFk c exp x

RT

nF
exp x ,

RT

     
 

    
 

  (15)

äå n – ê³ëüê³ñòü åëåêòðîí³â, ÿê³ áåðóòü ó÷àñòü â
åëåêòðîäíîìó ïðîöåñ³; z1, c1 – çàðÿäîâå ÷èñëî òà
êîíöåíòðàö³ÿ åëåêòðîàêòèâíîãî ³îíà, â³äïîâ³ä-
íî; F – ñòàëà Ôàðàäåÿ; R – óí³âåðñàëüíà ãàçîâà
ïîñò³éíà; T – àáñîëþòíà òåìïåðàòóðà; k1,  –
êîíñòàíòà øâèäêîñò³ òà êîåô³ö³ºíò ïåðåíåñåí-
íÿ;  – ïîòåíö³àë ðîáî÷îãî åëåêòðîäà; xi –
â³äñòàíü â³ä ïîâåðõí³ åëåêòðîäà äî îïòèì³çîâà-
íî¿ (óñåðåäíåíî¿) çîíè ðåàêö³¿, (xi) – ïñ³-ïðèì
ïîòåíö³àë, òîáòî ïîòåíö³àë â çîí³ ðåàêö³¿.

Ïñ³-ïðèì ïîòåíö³àë ïîä³áíî äî (10) ðîçðà-
õîâóºòüñÿ çà ð³âíÿííÿì (11) ÿêùî xixd (êîëè ðå-
àêö³ÿ â³äáóâàºòüñÿ ç çîâí³øíüîãî øàðó Ãåëüì-
ãîëüöà xd, òî xi=xd, (xi)=2) àáî çà ð³âíÿííÿì
(12), ÿêùî xi<xd.

Â ð³âíÿíí³ (15) êîíöåíòðàö³ÿ åëåêòðîàêòèâ-
íîãî êîìïîíåíòà â çîí³ ðåàêö³¿ (ìàêñèìàëüíîãî
çáëèæåííÿ x³) ðîçðàõîâóºòüñÿ çà óìîâè ð³âíî-
âàæíîñò³ äèôóçíîãî øàðó, òîáòî áîëüöìàí³â-
ñüêîãî ðîçïîä³ëó åëåêòðîàêòèâíîãî êîìïîíåíòà:

        

   

1
1 i 1 d i d

1
1 d i

z F
c x c a exp x a

RT

z F
c a exp x ,

RT

      
 

    
 

(16)

äå âåëè÷èíà   4
d

F
a 10

RT
   çã³äíî ç ð³âíÿííÿìè

(8) àáî (11), òîáòî íåõòîâíî ìàëà.
Äëÿ ïîâ³ëüíî¿ øâèäêîñò³ ìàñîïåðåíåñåííÿ

åëåêòðîàêòèâíèõ ³îí³â âñåðåäèíó äèôóçíîãî øàðó
êîíöåíòðàö³ÿ åëåêòðîàêòèâíîãî êîìïîíåíòà â
çîí³ ðåàêö³¿ ïîâèííà ðîçðàõîâóâàòèñü çã³äíî ç
ôîðìóëîþ (10), à âèðàç äëÿ ôàðàäå¿âñüêîãî ñòðó-
ìó íàáóäå íàñòóïíîãî âèãëÿäó:

   

    

d

i

a
1,0 1

F 1 1,s d

1 x

1
i i

N z F
J nFk c a exp x dx

D RT

z F nF
exp x exp x .

RT RT

          
         

  



(17)

Ð³âíÿííÿ (17) îïèñóº ôàðàäå¿âñüêèé ñòðóì
íåÿâíèì ÷èíîì, îñê³ëüêè ì³ñòèòü ïîò³ê N1,0, ùî
çã³äíî ç ôîðìóëîþ (14) òàêîæ çàëåæèòü â³ä ñòðó-

ìó: F
1,0

J
N .

nF
   Öå îçíà÷àº, ùî, îñê³ëüêè ðåàêö³ÿ

â³äáóâàºòüñÿ â óìîâàõ áëèçüêèõ øâèäêîñòåé âõî-
äæåííÿ â äèôóçíèé øàð ³ ðîçðÿäó-³îí³çàö³¿, ö³
ïðîöåñè âçàºìîâïëèâàþòü îäèí íà îäíîãî: ñó-
ìàðíà øâèäê³ñòü ïðîöåñó ïîâèííà çíàõîäèòèñÿ
³ç ñï³ëüíîãî ðîçâ’ÿçêó ìîäåë³ äâîõ âçàºìîä³þ÷èõ
ïðîöåñ³â ñòàö³îíàðíîãî ìàñîïåðåíåñåííÿ (10) òà
ðîçðÿäó-³îí³çàö³¿, ùî â³äîáðàæåíî íåÿâíèì ÷è-
íîì â ð³âíÿíí³ (17). ²ç ð³âíÿííÿ (17) îòðèìóºìî
ÿâíèé âèðàç ñòàö³îíàðíîãî êàòîäíîãî ôàðàäå¿-
âñüêîãî ñòðóìó ç âðàõóâàííÿì äèíàì³÷íîãî ïñ³-
ïðèì åôåêòó Ëåâè÷à:
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d

i

1
1 1,s d i

i

F,k a

1 1

1 x

1
i

i

z F
nFk c a exp x

RT

nF
exp x

RT
J .

k z F
1 exp x dx

D RT

z F
exp x

RT

nF
exp x

RT

      
  

      
   

      
  

 
        

 
        


 (18)

Àíàëîã³÷íî ç (10), (19), (20) ëåãêî îòðèìà-
òè âñ³ ðîçïîä³ëè åëåêòðîàêòèâíèõ êîìïîíåíò³â
ci,s(x) ÿê äëÿ êàòîäíî¿ òàê ³ äëÿ àíîäíî¿ ïåðåíà-
ïðóãè.

Ìàêñèìàëüíèé äèôóç³éíèé ñòðóì ç óðàõóâàí-
íÿì íåð³âíîâàæíîñò³ äèôóçíîãî øàðó

Ñë³ä çàóâàæèòè, ùî â ð³âíÿííÿõ (16)–(20)
êîíöåíòðàö³¿ åëåêòðîàêòèâíèõ êîìïîíåíò³â
ci,s(ad), ³=1, 2 íà ìåæ³ äèôóçíîãî òà äèôóç³éíîãî
øàð³â ïîâèíí³ çíàõîäèòèñÿ ³ç ðîçâ’ÿçêó ð³âíÿíü
ìàñîïåðåíåñåííÿ åëåêòðîíåéòðàëüíîãî äèôóç³é-
íîãî øàðó (1), (3) ³ (5). Çîêðåìà, äëÿ íàäëèøêó
åëåêòðîë³òó ôîíó ðîçâ’ÿçîê ð³âíÿíü ñòàö³îíàð-
íî¿ êîíâåêòèâíî¿ äèôóç³¿ (ì³ãðàö³éíèì âêëàäîì
åëåêòðîàêòèâíèõ êîìïîíåíò³â ìîæíà çíåõòóâà-
òè) ìàòèìå íàñòóïíèé âèãëÿä:

 
x x

i,0 x
i,s i,0 i

i i0 0

x
i,0 x

i,0 d

i ix 0

N V
c x c exp dx dx

D D

N V
c exp dx dx ,  a x

D D



   
            

   
            

 

  (21)

Âðàõîâóþ÷è òå, ùî âèðàçè (21) ³ (10), ùî
îïèñóþòü êîíöåíòðàö³éíèé ðîçïîä³ë åëåêòðîàê-
òèâíîãî êîìïîíåíòà â äèôóç³éíîìó òà äèôóç-
íîìó øàðàõ â ñï³ëüí³é òî÷ö³ x=ad, ïîâèíí³ äàòè
îäíàêîâ³ ðåçóëüòàòè, à òàêîæ òå, ùî ìàêñèìàëü-
íèé äèôóç³éíèé ñòðóì â³äïîâ³äàº ïîâíîìó âèñ-
íàæåííþ êîíöåíòðàö³¿ â (10) (ñi,s(0)=0), îòðè-
ìàºìî:
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  (22)

Òàêèì ÷èíîì, âðàõóâàííÿ íåð³âíîâàæíîñò³
êîíöåíòðàö³éíîãî ðîçïîä³ëó åëåêòðîàêòèâíèõ
êîìïîíåíò³â â äèôóçíîìó øàð³ ïðèçâîäèòü äî
çàëåæíîñò³ ìàêñèìàëüíîãî äèôóç³éíîãî ñòðóìó
â³ä ñòðóêòóðè ÏÅØ, ïåðåíàïðóãè. ²íøèìè ñëî-
âàìè, âèðàç äëÿ ìàêñèìàëüíîãî äèôóç³éíîãî
ñòðóìó N1,max’ ç âðàõóâàííÿì íåð³âíîâàæíîñò³
äèôóçíîãî øàðó â³äð³çíÿºòüñÿ â³ä êëàñè÷íîãî
âèðàçó N1,max ìíîæíèêîì:

Àíàëîã³÷íî:
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(19)

Ï³äñòàíîâêîþ (18) àáî (19) â (10) îòðèìàº-
ìî ÿâíèé âèðàç äëÿ íåð³âíîâàæíîãî êîíöåíòðà-
ö³éíîãî ðîçïîä³ëó âèõ³äíîãî êîìïîíåíòó c1,s(x)
â äèôóçíîìó øàð³ (xixad) íà êàòîä³:
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ÿêèé çàëåæèòü â³ä ñòðóêòóðè ÏÅØ, ïåðåíàïðó-
ãè, â³äíîøåííÿ õàðàêòåðèñòè÷íèõ òîâùèí äè-
ôóçíîãî òà äèôóç³éíîãî øàð³â, çíàêó çàðÿäó åëåê-
òðîàêòèâíîãî ³îíà.

Ðåçóëüòàòè òà îáãîâîðåííÿ

Àíàë³ç âïëèâó ïàðàìåòð³â ñèñòåìè íà íåð³âíî-
âàæí³ñòü (ä³ëÿíêè òà âåëè÷èíó â³äõèëåíü) äèôóç-
íîãî øàðó

Ç ôîðìóë (15), (18)–(20) âèïëèâàº, ùî
âïëèâ íåð³âíîâàæíîñò³ äèôóçíîãî øàðó íà ôà-
ðàäå¿âñüêèé ñòðóì òà êîíöåíòðàö³éíèé ðîçïîä³ë
åëåêòðîàêòèâíèõ êîìïîíåíò³â â äèôóçíîìó øàð³
îáóìîâëåíèé øèðîêèì êîëîì ïàðàìåòð³â ñèñ-
òåìè: ïåðåíàïðóãîþ, ïîòåíö³àëîì íóëüîâîãî çà-
ðÿäó, çàðÿäîì åëåêòðîàêòèâíî¿ ÷àñòèíêè, ³îííîþ
ñèëîþ ðîç÷èíó, õàðàêòåðèñòè÷íîþ òîâùèíîþ
äèôóçíîãî øàðó Äåáàÿ , ê³íåòè÷íèìè êîíñòàí-
òàìè k,  åëåêòðîäíî¿ ðåàêö³¿ ³, íàðåøò³, ðîçì³-
ùåííÿì çîíè ðåàêö³¿ xi â³äíîñíî çîâí³øíüî¿ ïëî-
ùèíè Ãåëüìãîëüöà:
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Â äàíîìó ïóíêò³, øëÿõîì ÷èñåëüíîãî ðîç-
â’ÿçêó ñèñòåìè ð³âíÿíü ìàòåìàòè÷íî¿ ìîäåë³ (11)–
(13), (24) (ðèñ. 2, 3, 5) òà (11)–(13), (21) (ðèñ. 4)
çàñîáàìè Mathcad (äëÿ ³íòåãðóâàííÿ âèêîðèñ-
òîâóâàëèñÿ ÿê ìåòîä Ñ³ìïñîíà, òàê ³ ñò³éêèé äî
íåìîíîòîííîñò³ ï³ä³íòåãðàëüíèõ ôóíêö³é ìåòîä
Ðîìáåðãà, ÿê³ äàëè îäíàêîâ³ ðåçóëüòàòè) ïðîàíà-
ë³çîâàíî âïëèâ ïåðåíàïðóãè, çàðÿäó åëåêòðîàê-
òèâíî¿ ÷àñòèíêè, ³îííî¿ ñèëè ðîç÷èíó, ê³íåòè-
÷íèõ ïàðàìåòð³â åëåêòðîäíîãî ïðîöåñó òà ïîëî-
æåííÿ çîíè ðåàêö³¿ â³äíîñíî çîâí³øíüî¿ ïëîùè-
íè Ãåëüìãîëüöà, ïðè÷îìó ââàæàºòüñÿ, ùî åôåê-
òèâíèé çàðÿä åëåêòðîàêòèâíî¿ ÷àñòèíêè ð³âíèé
³ñòèííîìó (óòâîðåííÿì ³îííèõ ïàð íåõòóºìî).

Ðåçóëüòàòè ðîçðàõóíê³â ïðåäñòàâëåí³ äëÿ
â³äíîøåííÿ JF,k

’/JF,k ÿê ôóíêö³¿ â³ä 0=(–z=0)F/(RT)
äëÿ ð³çíèõ çíà÷åíü îá’ºäíàíîãî ïàðàìåòðà
k1/D1 òà çàðÿäó åëåêòðîàêòèâíî¿ ÷àñòèíêè íà
ðèñ. 2 (ðåàêö³ÿ ïðîò³êàº ç çîâí³øíüî¿ ïëîùèíè
Ãåëüìãîëüöà: xi=xd, (xi)=2), à òàêîæ äëÿ ð³çíèõ
ïîëîæåíü çîíè ðåàêö³¿ íà ðèñ. 3.

Äëÿ ñèñòåìè ç åëåêòðîâ³äíîâëåííÿì àí³îí³â
(êðèâ³ 1–6 íà ðèñ. 2) ïî îáèäâà áîêè â³ä ïîòåí-
ö³àëó íóëüîâîãî çàðÿäó âèÿâëåíî äâ³ ä³ëÿíêè
â³äõèëåíü â³ä ð³âíîâàæíîñò³ â äèôóçíîìó øàð³
(äèíàì³÷íèé ïñ³-ïðèì åôåêò Ëåâè÷à), òîä³ ÿê äëÿ
ñèñòåìè ç åëåêòðîâ³äíîâëåííÿì êàò³îí³â – ëèøå
îäíà (êðèâ³ (7)–(12) íà ðèñ. 2). Â äàíèõ ä³ëÿí-
êàõ ñïîñòåð³ãàòèìåòüñÿ ìåòîäè÷íà ñèñòåìàòè-
÷íà ïîõèáêà ï³ä ÷àñ âèçíà÷åííÿ ê³íåòè÷íèõ ïà-
ðàìåòð³â ìåòîäîì ñòàö³îíàðíî¿ âîëüòàìïåðî-
ìåòð³¿ íà ÎÄÅ. Çàãàëîì ³ç çá³ëüøåííÿì îá’ºäíà-
íîãî ïàðàìåòðà k1/D1 (êîíñòàíòè øâèäêîñò³,
òîâùèíè äèôóçíîãî øàðó/çìåíøåíí³ ³îííî¿ ñèëè
ðîç÷èíó) òà çàðÿäó (ìîäóëÿ) åëåêòðîàêòèâíî¿ ÷à-
ñòèíêè zi îáëàñòü âèêîíàííÿ ôðóìê³íñüêî¿ ê³íå-
òèêè ç ð³âíîâàæíèì áîëüöìàí³âñüêèì ðîçïîä³-
ëîì åëåêòðîàêòèâíèõ êîìïîíåíò³â çâóæóºòüñÿ.

Âêàçàí³ ä³ëÿíêè íåð³âíîâàæíîñò³ äëÿ ðåàêö³¿
åëåêòðîâ³äíîâëåííÿ àí³îí³â (ïðàâîðó÷ ³ ë³âîðó÷
â³ä ïîòåíö³àëó íóëüîâîãî çàðÿäó) ïî-ð³çíîìó çà-
ëåæàòü â³ä ïîëîæåííÿ ðåàêö³éíîãî øàðó â³äíîñ-
íî çîâí³øíüî¿ ïëîùèíè Ãåëüìãîëüöà, ùî ïðî-
äåìîíñòðîâàíî íà ðèñ. 3 íà ïðèêëàä³ åëåêòðîâ³ä-
íîâëåííÿ ïåðñóëüôàò-³îí³â íà á³ñìóòîâîìó ÎÄÅ.

Äëÿ ïîäàëüøèõ ðîçðàõóíê³â (ðèñ. 3–5) áóëè
âèêîðèñòàí³ ê³íåòè÷í³ ïàðàìåòðè (k, ), ùî îäåð-
æàí³ ³ç ë³òåðàòóðíèõ ñòàö³îíàðíèõ âîëüò-àìïåð-
íèõ êðèâèõ (ÂÀÊ) [8] åëåêòðîâ³äíîâëåííÿ ïåð-
ñóëüôàò-³îí³â ç ïîâåðõíåâî-íåàêòèâíîãî ðîç÷è-
íó NaF íà â³ñìóòîâîìó ÎÄÅ (ðèñ. 3–4) òà íà
Cd; Sn, Pb, Bi ÎÄÅ (ðèñ. 5). Âêàçàí³ ïàðàìåòðè
ðîçðàõîâàí³ øëÿõîì ïðèâåäåííÿ ë³òåðàòóðíèõ
äàíèõ [8] äî âèïðàâëåíî¿ òàôåëåâñüêî¿ çàëåæ-
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íîñò³ ç âèêîðèñòàííÿì òåîð³¿ Ã×ØÃ [9]. Çíà-

÷åííÿ òîâùèíè Äåáàÿ (ðèñ. 3–5) â³äïîâ³äàº
9 ìÌ ðîç÷èíó NaF ³ ðîçðàõîâàíî çã³äíî ç âèðà-

çîì: 

1
2

0
2 2

i i,

RT

F z c 

  
   

   , äå =78 (äëÿ 250Ñ).

ßê âèäíî ç ðèñ. 3, ä³ëÿíêà ïðàâîðó÷ â³ä
ïîòåíö³àëó íóëüîâîãî çàðÿäó º äóæå ÷óòëèâîþ
äî ðîçòàøóâàííÿ ðåàêö³éíî¿ ïëîùèíè, íà â³äì³íó
â³ä ä³ëÿíêè ë³âîðó÷. Öå ïîÿñíþºòüñÿ òèì, ùî
íåð³âíîâàæí³ñòü (òîáòî, â³äõèëåííÿ â³ä áîëüö-
ìàí³âñüêîãî ðîçïîä³ëó) íà ä³ëÿíö³ ïðàâîðó÷ ïî-
÷èíàº ïðîÿâëÿòèñÿ íå â ö³ëîìó äèôóçíîìó øàð³,
à áåçïîñåðåäíüî á³ëÿ åëåêòðîäíî¿ ïîâåðõí³ (êðèâà
1 íà ðèñ. 4).

Íà ðèñ. 4 ïîêàçàíî, ÿê çì³íþºòüñÿ â³äíî-
øåííÿ íåð³âíîâàæíî¿ äî ð³âíîâàæíî¿ êîíöåíò-
ðàö³é åëåêòðîàêòèâíîãî êîìïîíåíòà â äèôóçíî-
ìó øàð³ äëÿ äâîõ ä³ëÿíîê (âñ³ ïàðàìåòðè òàê³ æ,
ÿê íà ðèñ. 3, â³äïîâ³äí³ ïîòåíö³àëè –1,95 Â òà
1,95 Â ïîçíà÷åí³ øòðèõ-ïóíêòèðîì ðèñ. 3): â³äíî-
øåííÿ êîíöåíòðàö³é â îáëàñò³ íåãàòèâíèõ ïî-
òåíö³àë³â (ðèñ. 4, êðèâà 1) â óñüîìó äèôóçíîìó
øàð³ çàëèøàºòüñÿ áëèçüêîþ îäèíèö³ ³ ëèøåíü â
äóæå ìàëåíüêîìó ³íòåðâàë³ á³ëÿ ïîâåðõí³ åëåê-
òðîäà (íàïðèêëàä, äëÿ ïàðàìåòð³â ðèñ. 3 öå áëèçü-

Ðèñ. 2. Ïîõèáêà âíàñë³äîê íåð³âíîâàæíîñò³ äèôóçíîãî øàðó (åôåêò Ëåâè÷à) â êîîðäèíàòàõ lg(JF,k
’/JF,k) â³ä 0 äëÿ ð³çíèõ

çíà÷åíü îá’ºäíàíîãî ïàðàìåòðà lg(k1/D1): à) –3.9; b) –2.9; c) –1.9; d) –1,4. Êðèâ³ (1)–(6): zox=–6; –5; –4; –3; –2; –1;

êðèâ³ (7)–(12): zox=6; 5; 4; 3; 2; 1. ²íø³ ïàðàìåòðè: (0)/K02=3,510–9, =0,5

Ðèñ. 3. Ïîõèáêà âíàñë³äîê íåð³âíîâàæíîñò³ äèôóçíîãî

øàðó (åôåêò Ëåâè÷à) â êîîðäèíàòàõ lg(JF,k
’/JF,k) â³ä ïîòåíö³-

àëó (ðîçðàõîâàíîãî â³äíîñíî ñòàíäàðòíîãî êàëîìåëüíîãî

åëåêòðîäà) ðåàêö³¿ åëåêòðîâ³äíîâëåííÿ ïåðñóëüôàò-³îí³â ç

ðîç÷èíó NaF (9 ììîëü/ë) íà á³ñìóòîâîìó ÎÄÅ äëÿ ð³çíîãî

ïîëîæåííÿ ðåàêö³éíî¿ ïëîùèíè â³äíîñíî çîâí³øíüî¿

ïëîùèíè Ãåëüìãîëüöà (xi–xd)/: 0 (êðèâà 1); 0,005 (êðèâà

2); 0,01 (êðèâà 3); 0,03 (êðèâà 4). Çíà÷åííÿ ê³íåòè÷íèõ

ïàðàìåòð³â: =0,235, lg(k1/D1)=–1,01, K020,3 Ô/ì2,

=–2,9610–9 ì
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êî 0.031 Å, äèâ. ðèñ. 4,b) ð³çêî çìåíøóºòüñÿ.
Íà â³äì³íó â³ä ä³ëÿíêè íåãàòèâíîãî çàðÿäó åëåê-
òðîäà, äëÿ ðîçðÿäó-³îí³çàö³¿ àí³îí³â íà ïîçèòèâ-
íî çàðÿäæåí³é ïîâåðõí³ â³äíîøåííÿ êîíöåí-
òðàö³é çì³íþºòüñÿ ìàéæå ë³í³éíî â óñüîìó äè-
ôóçíîìó øàð³ (êðèâà 2 íà ðèñ. 4,à) ³, íàâïàêè,
á³ëÿ ïîâåðõí³ åëåêòðîäà çì³íþºòüñÿ ïëàâíî (êðè-
âà 2 íà ðèñ. 4,b), òîìó º ìåíø ÷óòëèâèì äî ïî-
ëîæåííÿ ðåàêö³éíî¿ ïëîùèíè. Ïðîòå, á³ëüø ñóò-
òºâèì º òå, ùî çã³äíî ç ì³êðîñêîï³÷íèìè êâàí-
òîâî-ìåõàí³÷íèìè ìîäåëÿìè ïåðåíåñåííÿ åëåê-
òðîíà â åëåêòðîäíèõ ïðîöåñàõ â³äáóâàºòüñÿ â
äåÿêîìó ðåàêö³éíîìó øàð³ ç õàðàêòåðèñòè÷íîþ
òîâùèíîþ ïîðÿäêó äåê³ëüêîõ àíãñòðåì [7]. Öå
îçíà÷àº, ùî íà ñóìàðíèé ³íòåãðàëüíèé ñòðóì
åëåêòðîâ³äíîâëåííÿ àí³îí³â ïðè âåëèêèõ êàòîä-
íèõ ïåðåíàïðóãàõ íåð³âíîâàæí³ñòü âïëèâàòèìå
ñëàáøå âèùåçàçíà÷åíèõ ïðîãíîçîâàíèõ çàëåæ-
íîñòåé, âíàñë³äîê òîãî, ùî ÿê âèäíî ³ç ðèñ. 4,b,
ñåðåäíÿ ³íòåãðàëüíà õàðàêòåðèñòèêà êîíöåíòðàö³¿
â ðåàêö³éíîìó øàð³ áóäå çíà÷íî áëèæ÷îþ äî
ð³âíîâàæíî¿, í³æ ñàìà êîíöåíòðàö³ÿ â ðåàêö³éí³é
ïëîùèí³ (ïëîùèí³ íàéá³ëüøîãî çáëèæåííÿ).
Êð³ì òîãî, ÿê ëåãêî ïîêàçàòè, äëÿ îäíàêîâèõ
ãóñòèí ñòðóìó íåð³âíîâàæíèé êîíöåíòðàö³éíèé
ïðîô³ëü ó âèïàäêó ãîìîãåííî¿ ðåàêö³¿ â ðåàê-
ö³éíîìó øàð³ ìåíøå â³äð³çíÿòèìåòüñÿ â³ä ð³âíî-
âàæíîãî, ïîð³âíÿíî ç ìîäåëëþ ãåòåðîãåííî¿ ðå-
àêö³¿ ç ðåàêö³éíîþ ïëîùèíîþ.

Ñë³ä çàçíà÷èòè, ùî ³íòåðâàë íåð³âíîâàæ-
íîñò³ äëÿ åëåêòðîâ³äíîâëåííÿ êàò³îí³â (êðèâ³ 7–
12 íà ðèñ. 2) ïðàêòè÷íî íå ÷óòëèâèé äî ðîçòà-
øóâàííÿ ðåàêö³éíî¿ ïëîùèíè òà íàÿâíîñò³ ðå-
àêö³éíîãî øàðó, îñê³ëüêè â³äõèëåííÿ â³ä ð³âíî-
âàæíîñò³ ïðîÿâëÿºòüñÿ â óñüîìó äèôóçíîìó øàð³

ïîä³áíî äî êðèâî¿ 2 íà ðèñ. 4.

Ðèñ. 5. Ïîõèáêà âíàñë³äîê íåð³âíîâàæíîñò³ äèôóçíîãî

øàðó (åôåêò Ëåâè÷à) â êîîðäèíàòàõ lg(JF,k
’/JF,k) â³ä

ïîòåíö³àëó (ðîçðàõîâàíîãî â³äíîñíî ïîòåíö³àëó íóëüîâîãî

çàðÿäó) ðåàêö³¿ åëåêòðîâ³äíîâëåííÿ ïåðñóëüôàò-³îí³â ç

ðîç÷èíó NaF íà ÎÄÅ ç Cd (1); Sn(2), Pb (3), Bi (4).

Ê³íåòè÷í³ ïàðàìåòðè, êîíöåíòðàö³ÿ ôîíîâîãî åëåêòðîë³òó

NaF òà òîâùèíà Äåáàÿ òàê³ æ, ÿê íà ðèñ. 3

Íà ðèñ. 5 ïðîäåìîíñòðîâàíî ä³ëÿíêó
(â³ää³ëåíà âåðòèêàëüíîþ ë³í³ºþ ë³â³øå), â ÿê³é
³íøèìè äîñë³äíèêàìè [8] áóëè çä³éñíåí³ åêñïå-
ðèìåíòàëüí³ äîñë³äæåííÿ ÂÀÊ åëåêòðîâ³äíîâ-
ëåííÿ ïåðñóëüôàò-³îí³â ç ðîç÷èíó ïîâåðõíåâî-
íåàêòèâíîãî åëåêòðîë³òó íà ð³çíèõ ÎÄÅ (Cd, Sn,
Pb, Bi), â³äõèëåííÿ ðîçðàõîâàí³ ç óðàõóâàííÿì
çàëåæíîñò³ äèôåðåíö³àëüíî¿/³íòåãðàëüíî¿ ºìíîñò³
ù³ëüíîãî øàðó â³ä çàðÿäó êîæíîãî åëåêòðîäà
(ñïðàâà â³ä ïîòåíö³àëó íóëüîâîãî çàðÿäó äàíèõ
ïî ºìíîñò³ íåìàº, òîìó ðîçðàõóíêè ì³ñòÿòü íà-

a                                                                                          b

Ðèñ. 4. Â³äíîøåííÿ íåð³âíîâàæíîãî òà ð³âíîâàæíîãî êîíöåíòðàö³éíèõ ïðîô³ë³â åëåêòðîàêòèâíîãî êîìïîíåíòà c1'(r)/c1(r)

â ð³çíèõ òî÷êàõ r äèôóçíîãî øàðó äëÿ ðåàêö³¿ åëåêòðîâ³äíîâëåííÿ ïåðñóëüôàò-³îí³â íà á³ñìóòîâîìó ÎÄÅ äëÿ ïîòåíö³àë³â

–1,95 Â (êðèâà 1) òà 1,95 Â (êðèâà 2). Ðèñóíêè (à) ³ (b) â³äîáðàæàþòü îäíàêîâ³ çàëåæíîñò³ â ð³çíèõ ìàñøòàáàõ. Çíà÷åííÿ

ïàðàìåòð³â ò³ æ, ùî ³ íà ðèñ. 3



91

The influence of nonequilibrium diffuse layer on the calculation of reaction kinetic parameters by steady-
state voltammetry

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2020, No. 2, pp. 82-92

áëèæåíèé õàðàêòåð). Âèäíî, ùî âèì³ðÿí³ ê³íå-
òè÷í³ êîíñòàíòè k,  ë³ì³òóþ÷î¿ ñòàä³¿ ðåàêö³¿
S2O8

2–+e–=SO4
–+SO4

2– íå ì³ñòÿòü ïîõèáêè, ïî-
â’ÿçàíî¿ ç âèêîðèñòàííÿì ð³âíîâàæíîãî áîëüö-
ìàí³âñüêîãî ðîçïîä³ëó â ð³âíÿííÿõ ÓÐ²Ô, òîáòî
íåõòóâàííÿ äèíàì³÷íèì ïñ³-ïðèì åôåêòîì Ëå-
âè÷à º âèïðàâäàíèì. Ìîæíà ïðîãíîçóâàòè, ùî
³íòåðïðåòàö³ÿ åêñïåðèìåíòàëüíèõ äîñë³äæåíü
ðåàêö³¿ åëåêòðîâ³äíîâëåííÿ ïåðñóëüôàò-³îí³â íà
ä³ëÿíö³ ë³â³øå â³ä ïîòåíö³àëó íóëüîâîãî çàðÿäó
ïîòðåáóâàòèìå âðàõóâàííÿ íåð³âíîâàæíîñò³ äè-
ôóçíîãî øàðó.

Çðîçóì³ëî, ùî ì³ðêóâàííÿ ïðî ä³ëÿíêè
â³äõèëåíü â³ä íåð³âíîâàæíîñò³ ëåãêî ïåðåôðàçó-
âàòè ³ äëÿ ðåàêö³é åëåêòðîîêèñíåííÿ. ßê ñë³äóº
³ç ð³âíÿíü (10) ³ (19), âîíè áóäóòü ñèìåòðè÷íè-
ìè âèêëàäåíèì âèùå ñòîñîâíî çíàêó çàðÿäó åëåê-
òðîàêòèâíîãî êîìïîíåíòà òà ïîòåíö³àëó (âèì³-
ðÿíîãî â³äíîñíî ïîòåíö³àëó íóëüîâîãî çàðÿäó).

Âèñíîâêè

1. Íà ï³äñòàâ³ òåîð³é ÓÐ²Ô, Ã×ØÕ òà ìà-
ñîïåðåíåñåííÿ çä³éñíåíî àíàë³ç âïëèâó ïàðà-
ìåòð³â ñèñòåìè íà â³äõèëåííÿ êîíöåíòðàö³éíî-
ãî ïðîô³ëþ åëåêòðîàêòèâíèõ êîìïîíåíò³â â äè-
ôóçíîìó øàð³ â³ä áîëüöìàí³âñüêîãî ðîçïîä³ëó,
à òàêîæ íà â³äõèëåííÿ ôàðàäå¿âñüêîãî ñòðóìó â³ä
ðîçðàõîâàíîãî â óìîâàõ ð³âíîâàæíîãî ðîçïîä³-
ëó.

2. Äëÿ åëåêòðîâ³äíîâëåííÿ àí³îí³â âèÿâëå-
íî äâ³ ä³ëÿíêè â³äõèëåíü â³ä ð³âíîâàæíîñò³ äè-
ôóçíîãî øàðó ïî îáèäâà áîêè â³ä ïîòåíö³àëó
íóëüîâîãî çàðÿäó, ùî îáóìîâëþþòü ìåòîäè÷íó
ñèñòåìàòè÷íó ïîõèáêó â ðîçðàõóíêàõ ê³íåòè-
÷íèõ ïàðàìåòð³â ðåàêö³¿ ìåòîäîì ñòàö³îíàðíî¿
âîëüòàìïåðîìåòð³¿. Â òîé æå ÷àñ, äëÿ åëåêòðîâ³ä-
íîâëåííÿ êàò³îí³â ò³ëüêè çíàéäåíà ò³ëüêè îäíà
ä³ëÿíêà, ùî ñïîñòåð³ãàºòüñÿ ïðè á³ëüø íåãàòèâ-
íèõ ïîòåíö³àëàõ ñòîñîâíî ïîòåíö³àëó íóëüîâîãî
çàðÿäó.

3. Ñóòòºâîþ â³äì³íí³ñòþ ä³ëÿíîê íåð³âíî-
âàæíîñò³ äëÿ ðåàêö³é åëåêòðîâ³äíîâëåííÿ àí³-
îí³â ïî îáèäâà áîêè â³ä ïîòåíö³àëó íóëüîâîãî
çàðÿäó º ¿õ ð³çíà ÷óòëèâ³ñòü äî ïîëîæåííÿ ðåàê-
ö³éíî¿ ïëîùèíè òà íàÿâíîñò³ (âðàõóâàíí³) ðåàê-
ö³éíîãî øàðó åëåêòðîäíîãî ïðîöåñó: íåð³âíî-
âàæí³ñòü äèôóçíîãî øàðó íà ä³ëÿíö³ á³ëüø íå-
ãàòèâíèõ ïîòåíö³àë³â (â³äíîñíî ïîòåíö³àëó íó-
ëüîâîãî çàðÿäó) ïî÷èíàº ïðîÿâëÿòèñÿ íå â ö³ëî-
ìó äèôóçíîìó øàð³, à â áåçïîñåðåäí³é áëèçü-
êîñò³ äî ïîâåðõí³ åëåêòðîäà, â ìåæàõ ðåàêö³é-
íîãî øàðó, íà â³äì³íó â³ä íåð³âíîâàæíîñò³ äëÿ
á³ëüø ïîçèòèâíèõ ïîòåíö³àë³â (â³äíîñíî ïîòåí-
ö³àëó íóëüîâîãî çàðÿäó), ÿêà ïðîÿâëÿºòüñÿ â óñü-
îìó äèôóç³éíîìó øàð³. Öå ïðèâîäèòü äî òîãî,

ùî ðîçðàõóíîê â³äõèëåííÿ â³ä ð³âíîâàæíîñò³ ïðè
âèñîêèõ êàòîäíèõ ïåðåíàïðóãàõ º äóæå ÷óòëè-
âèì äî ðîçòàøóâàííÿ ðåàêö³éíîãî ïëîùèíè ³,
î÷åâèäíî, ñóòòºâî çìåíøèòüñÿ çà óìîâè âðàõó-
âàííÿ ðåàêö³éíîãî øàðó. Â³äõèëåííÿ â³ä ð³âíî-
âàæíîñò³ äëÿ ðåàêö³é åëåêòðîâ³äíîâëåííÿ àí³-
îí³â íà ä³ëÿíö³ á³ëüø ïîçèòèâíèõ ïîòåíö³àë³â
ìàëî çàëåæèòü â³ä ïîëîæåííÿ ðåàêö³éíî¿ ïëî-
ùèíè òà íàÿâíîñò³ ðåàêö³éíîãî øàðó. Àíàëîã³-
÷íèé âèñíîâîê ìàº ì³ñöå äëÿ ðåàêö³é åëåêòðî-
â³äíîâëåííÿ êàò³îí³â íà ä³ëÿíö³ á³ëüø íåãàòèâ-
íèõ ïîòåíö³àë³â.

4. Ç ìåòîþ á³ëüø ðåàë³ñòè÷íîãî ïðîãíîçó-
âàííÿ âèíèêíåííÿ íåð³âíîâàæíîñò³ äèôóçíîãî
øàðó â ñèñòåìàõ ç åëåêòðîâ³äíîâëåííÿì àí³îí³â
íà ä³ëÿíö³ íåãàòèâíèõ ïîòåíö³àë³â (â³äíîñíî
ïîòåíö³àëó íóëüîâîãî çàðÿäó) äîö³ëüíî âèêîðè-
ñòàòè ìîäåëü, ÿêà âðàõîâóº íàÿâí³ñòü ðåàêö³é-
íîãî øàðó (îá’ºìó).

5. Ïîêàçàíî, ùî ðîçðàõóíîê ê³íåòè÷íèõ
ïàðàìåòð³â ðåàêö³¿ åëåêòðîâ³äíîâëåííÿ ïåðñóëü-
ôàò-³îí³â íà ð³çíèõ ÎÄÅ íà îñíîâ³ åêñïåðèìåí-
òàëüíèõ ÂÀÊ íå ì³ñòèòü ïîõèáêè, ïîâ’ÿçàíî¿ ç
âèêîðèñòàííÿì ð³âíîâàæíîãî áîëüöìàí³âñüêî-
ãî ðîçïîä³ëó â ð³âíÿííÿõ ÓÐ²Ô.
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THE INFLUENCE OF NONEQUILIBRIUM DIFFUSE
LAYER ON THE CALCULATION OF REACTION KINETIC
PARAMETERS BY STEADY-STATE VOLTAMMETRY
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This article describes electrochemical systems in which the
electrode processes proceed on a rotating disk electrode at low ionic
strength of the solution, thus, there is an influence of the double
electric layer structure on the electrochemical kinetics. We analyze
the influence of the system parameters (the potential, the diffuse
layer thickness, the solution ionic strength, the kinetic parameters of
the electrode reaction and the charge of the electroactive species)
and the reaction plane position both on the deviation from the
Boltzmann distribution of the concentration of the electroactive species
in the diffuse layer and on the errors in the steady-state voltammetric
determination of the electrode reaction kinetic parameters arising
due to neglecting the nonequilibrium of a diffuse layer. Two regions
of the deviations from the equilibrium Boltzmann distribution for the
electroactive species are detected at the both directions from the zero
charge potential for the system with anion electroreduction/cation
electrooxidation, while it is observed only one region of the deviations
for the systems with electroreduction of cations/electrooxidation of
anions. The different manifestation of the diffuse layer nonequilibrium
in the two regions at the both sides of the zero charge potential is
discussed in the paper. In particular, the nonequilibrium appears
within the reaction layer in the immediate proximity to the electrode
surface for the systems with electrooxidation of anions in the region
of more negative potentials (with respect to the zero charge potential),
whereas the nonequilibrium manifests itself throughout the diffuse
layer for more positive potentials (with respect to the zero charge
potential). This results in different sensitivity of the calculated kinetic
parameters with reference to the reaction plane position and taking
into account the reaction layer. The results obtained in this study
can be used for theoretical interpretation of steady-state and unsteady
state methods of electrochemical analysis as well as for the simulation
of steady-state and unsteady state macrokinetics on a rotating disk
electrode in the solutions of surface-inactive electrolytes at low ionic
strength.

Keywords: nonequilibrium diffuse layer; steady-state
voltammetry; mathematical model; concentration profile; rotating
disk electrode.
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