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Influence of the water content i n mixed water-acetonitrile solvents upon 
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A b s t r a c t . 

The c o m p e t i t i o n between the anodic o x i d a t i o n of the i l l u m i n a t e d 

n-GaAs e l e c t r o d e and t h a t of te t r a m e t h y l - p - p h e n y l e n e d i a m i n e (TKPD) was 

s t u d i e d by r o t a t i n g r i n g - d i s k voltammetry as a f u n c t i o n of the photo-

c u r r e n t d e n s i t y , the TMPD c o n c e n t r a t i o n , the pH and the s o l v e n t composi

t i o n , i . e . the water to a c e t o n i t r i l e r a t i o . From the r e s u l t s , i t i s 

concluded t h a t d e c r e a s i n g the water content of the w a t e r - a c e t o n i t r i l e 

m i x t u r e i n f l u e n c e s the k i n e t i c s i n the sense of impr o v i n g the s t a b i l i t y 

of the p h c t o e l e c t r o d e , and t h a t the subsequent e l e c t r o c h e m i c a l decompo

s i t i o n s t e p s may i n v o l v e e i t h e r a f r e e h o l e or a s u r f a c e i n t e r m e d i a t e as 

the m o bile s u r f a c e s p e c i e s , depending on the c o m p o s i t i o n of the e l e c t r o 

l y t e . These medium e f f e c t s l e a d t o a b e t t e r i n s i g h t i n t o the s t r u c t u r e 

of the de c o m p o s i t i o n i n t e r m e d i a t e s of GaAs and i n t o t h e i r c h e m i c a l i n t e r 

a c t i o n s w i t h the s o l v e n t . 
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1. I n t r o d u c t i o n . 

G a l l i u m a r s e n i d e i s an a p p r o p r i a t e semiconductor m a t e r i a l f o r photo

v o l t a i c s o l a r energy c o n v e r s i o n because of i t s i d e a l energy band-gap 

(1.4 eV). The o p e r a t i o n of an n-GaAs-based p h o t o e l e c t r o c h e m i c a l s o l a r 

c e l l i m p l i e s t h a t the photogenerated p o s i t i v e h o l e s o x i d i z e a d i s s o l v e d 

r e d u c i n g agent Y at the semiconductor e l e c t r o d e : 

Y + h + —>. Z (1) 

whereas Z i s reduced back t o Y at the c o u n t e r e l e c t r o d e . The long- t e r m 

o p e r a t i o n of such a c e l l i s h i n d e r e d however by a competing anodic h o l e 

r e a c t i o n i n which the semiconductor d e c o m p o s e s ^ : 

GaAs + 6 h + — > de c o m p o s i t i o n p r o d u c t s (2) 

In order to account f o r the presence of oxyanions among the decompo

s i t i o n p r o d u c t s of r e a c t i o n ( 2 ) , G e r i s c h e r has suggested t h a t water mole

c u l e s p a r t i c i p a t e to the r e a c t i o n i n a c i d m e d i u m ^ . Consequently, the 

anodic d e c o m p o s i t i o n p r o c e s s i s expected t o be e f f i c i e n t l y suppressed by 

working i n non-aqueous medium. A c c o r d i n g l y , the n-GaAs p h o t o e l e c t r o d e 

appears to be q u i t e s t a b l e i n w a t e r - f r e e a c e t o n i t r i l e as the s o l v e n t , 

w i t h 0.015 mol.dm J TMPD (N,N,N',N'-tetramethyl-p-phenylene diamine) 

added as the r e d u c i n g agent Y. T h i s c o n c l u s i o n was reached by Kohl and 
(2) 

B a r d y £ " from the f a c t t h a t the GaAs e l e c t r o d e showed n e i t h e r a change i n 

weight nor i n s u r f a c e appearance a f t e r the passage of a c o n s i d e r a b l e 

charge i n t h i s medium. I n aqueous medium, which i s more a t t r a c t i v e f o r 

p h o t o e l e c t r o c h e m i c a l s o l a r c e l l s because water i s cheap, non-hazardous 

and abundant, the p r e v e n t i o n of the anodic photodecomposition of n-GaAs 

by a competing o x i d a t i o n r e a c t i o n of the type ( 1 ) , denoted as the s t a b i 

l i z a t i o n r e a c t i o n , r e q u i r e s r e l a t i v e l y h i g h r e d u c i n g agent c o n c e n t r a t i o n s 

(of the order of 1 mol.dm"^-) * 3' 4^ . I t i s t h e r e f o r e c l e a r t h a t , i n view 

of s o l a r energy a p p l i c a t i o n s , the d e t a i l e d knowledge of the r o l e of water 

i n the mechanism of the dec o m p o s i t i o n r e a c t i o n (2) and i n the k i n e t i c s of 

the c o m p e t i t i o n between r e a c t i o n s (2) and (1) i n aqueous medium i s 

i m p o r t a n t . 

The c o m p e t i t i o n between s t a b i l i z a t i o n and d e c o m p o s i t i o n can be 

q u a n t i t a t i v e l y expressed by the s t a b i l i z a t i o n r a t i o s, i . e . the f r a c t i o n 

of the p h o t o c u r r e n t c o r r e s p o n d i n g t o the anodic o x i d a t i o n of TMPD. By 

u s i n g a r o t a t i n g r i n g - d i s k (RRD) set-up i n which the d i s k c o n s i s t s of 

n-GaAs and the r i n g a l l o w s to determine the o x i d i z e d form of TMPD q u a n t i 

t a t i v e l y , the o x i d a t i o n c u r r e n t of TMPD at the n-GaAs d i s k can be d e r i v e d 

from the r i n g c u r r e n t , a l l o w i n g the d e t e r m i n a t i o n of the s t a b i l i z a t i o n 

r a t i o . R e c e n t l y , we have made an RRD v o l t a m m e t r i c s t u d y on the competi

t i o n between the photoanodic o x i d a t i o n of TMPD and the p h o t o d i s s o l u t i o n 

(5) 

of n-GaAs i n a c i d aqueous medium . The s t a b i l i z a t i o n r a t i o s was mea

sured as a f u n c t i o n of the a n a l y t i c a l c o n c e n t r a t i o n c of TMPD, of the pH 

and of the t o t a l a nodic p h o t o c u r r e n t d e n s i t y . The r e s u l t s have been 

i n t e r p r e t e d on the b a s i s of the f o l l o w i n g mechanism. I n the f i r s t 

e l e c t r o c h e m i c a l s t e p of the s i x - e q u i v a l e n t o x i d a t i o n r e a c t i o n of GaAs, a 

mobile s u r f a c e d e c o m p o s i t i o n i n t e r m e d i a t e X^ i s assumed t o be formed: 

( G a A s ) s u r f + h + x x (3) 

which can i n t e r a c t c h e m i c a l l y w i t h a water molecule to form an immobile 

i n t e r m e d i a t e X^-OH a c c o r d i n g t o the e q u i l i b r i u m r e a c t i o n : 

X1 + H 20 5=|§=* X 1-OH + H + (4) 

(X^ i s p o s i t i v e l y charged, whereas X^-OH i s n e u t r a l ) ; the second decompo

s i t i o n s t e p i s assumed t o i n v o l v e the r e a c t i o n between an immobile X^-OH 

and a mobile X^ s p e c i e s : 

X 1-OH + X x J i i > x 2 + ( G a A s ) s u r f (5) 

whereas the s t a b i l i z a t i o n r e a c t i o n i s supposed to take p l a c e by e l e c t r o n 

t r a n s f e r between TMPDH+ and X 0. 
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In the p r e s e n t s t u d y , i t was our aim t o f u r t h e r i n v e s t i g a t e the r o l e 

of water i n the r e a c t i o n mechanism. T h e r e f o r e , the i n f l u e n c e of water on 

the k i n e t i c s of s t a b i l i z a t i o n and photodecomposition was s t u d i e d by p e r 

f o r m i n g s t a b i l i z a t i o n measurements i n TMPD-containing e l e c t r o l y t e s i n 

which w a t e r - f r e e a c e t o n i t r i l e and a c e t o n i t r i l e - w a t e r m i x t u r e s of d i f f e 

r e n t c o m p o s i t i o n were used as the s o l v e n t . 

2. Experimental. 

The measurements were performed on n-type GaAs s i n g l e c r y s t a l s pur

chased from M e t a l l u r g i e Hoboken-Overpelt (Belgium). A c c o r d i n g t o the 

s p e c i f i c a t i o n s of the manufacturer, the d e n s i t y N D of donors (Sn) ranged 

between 4.2 x 1 0 1 6 and 5.5 x 1 0 1 6 cm - 3. Two samples (denoted by A and B) 

were used, the (111) f a c e b e i n g exposed t o the e l e c t r o l y t e . For d e t a i l s 

on the p r e p a r a t i o n of the ohmic c o n t a c t and on the mounting of the sample 

i n t o an RRD s e t - u p , see r e f . 6. The c o u n t e r - e l e c t r o d e of the c e l l c i r 

c u i t was a Pt gauze and the r e f e r e n c e e l e c t r o d e was an aqueous s a t u r a t e d 

s u l p h a t e e l e c t r o d e (SSE), except f o r the measurements i n pure a c e t o n i 

t r i l e medium, i n which case a Ag/Ag + e l e c t r o d e was used. 

The i n d i f f e r e n t e l e c t r o l y t e s o l u t i o n c o n s i s t e d of e i t h e r a c e t o n i t r i -

l e or a a c e t o n i t r i l e - w a t e r m i x t u r e w i t h 0.25 mol.dm TBAP ( t e t r a b u t y l a m -

moniumperchlor'ate) and 0.25 mol.dm - 3 L i C 1 0 4 added r e s p e c t i v e l y . The TBAP 

was d r i e d under vacuum f o r f o u r days. "As r e c e i v e d " a c e t o n i t r i l e (Merck) 

c o n t a i n s 0.3 % (by weight) of water. By d r y i n g over m o l e c u l a r s i e v e s 
(7) 

(0.3 nm), the water c o n t e n t was decreased down t o 0.003 % . In o r d e r 

to prevent c o n t a m i n a t i o n by water and o x i d a t i o n of TMPD by a i r d u r i n g the 

measurements, a c l o s e d c e l l was used, and pure d ry N 2 gas was bubbled 

through the s o l u t i o n . 
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The pH of the mixed w a t e r - a c e t o n i t r i l e s o l u t i o n s was determined by a 

g l a s s e l e c t r o d e , which was c a l i b r a t e d by means of aqueous s t a n d a r d b u f f e r 

s o l u t i o n s . I t s h o u l d be r e c a l l e d t h a t , i n p r i n c i p l e , p r o t o n a c t i v i t i e s 

determined i n t h i s way i n s o l u t i o n s w i t h d i f f e r e n t C H J C N / H J O r a t i o s 

cannot be m u t u a l l y compared. 

The s t a b i l i z i n g agent used was TMPD. D i s s o l v e d TMPD may r e a c t w i t h 
+ 2+ 

e i t h e r one or two prot o n s to form TMPDH and TMPDHi; , r e s p e c t i v e l y . I n 

what f o l l o w s , TMPDH 2
+, TMPDH+ and TMPD w i l l be denoted by Y Q , Y 1 and Y 2 

r e s p e c t i v e l y . Only Y^ i o n s and Y 2 m o l e c u l e s are expected to a c t as rédu
i s 9 ) 

c i n g a g e n t s v ' '. The Y Q , Y-̂  and Y 2 e q u i l i b r i u m c o n c e n t r a t i o n s , y Q , y^ 

and y 2 r e s p e c t i v e l y , were c a l c u l a t e d from the c o n c e n t r a t i o n c of d i s s o l 

ved TMPD and from the a c i d i t y c o n s t a n t s and K 2 of YQ and Y^ r e s p e c t i 

v e l y , which were determined f o r each s o l v e n t c o m p o s i t i o n by t i t r a t i o n of 

TMPD w i t h HC10 4. 

B e f o r e the experiments, the GaAs e l e c t r o d e was etched c h e m i c a l l y i n 

H 2S0 4:H 20 2:H 20 (3:1:1 by volume) and a f t e r w a r d s etched p h o t o e l e c t r o c h e m i -

c a l l y v . I l l u m i n a t i o n of the e l e c t r o d e was p r o v i d e d by a halog e n i n c a n 

descent lamp. The l i g h t i n t e n s i t y was v a r i e d by means of n e u t r a l d e n s i t y 

f i l t e r s . A l l measurements were performed at room temperature (298 K ) . 

3. R e s u l t s . 

3.1. A c e t o n i t r i l e s o l u t i o n . 

I n n e u t r a l aqueous s o l u t i o n and i n p u r e l y o r g a n i c s o l u t i o n , the pho-

to a n o d i c d e c o m p o s i t i o n p r o d u c t s of GaAs are i n s o l u b l e and form a p a s s i v a -

t i n g l a y e r on the e l e c t r o d e s u r f a c e , which causes a decrease i n the pho

t o c u r r e n t d e n s i t y . I n these s o l u t i o n s , the d e c o m p o s i t i o n of the n-GaAs 
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photoanode can be monitored by f o l l o w i n g the p h o t o c u r r e n t d e n s i t y as a 

f u n c t i o n of time at c o n s t a n t l i g h t i n t e n s i t y . In f i g u r e 1, the p h o t o c u r 

r e n t d e n s i t y i at the n-GaAs/TMPD i n t e r f a c e i s shown as a f u n c t i o n of 

time i n "as r e c e i v e d " a c e t o n i t r i l e and i n d r i e d a c e t o n i t r i l e . As can be 

seen, the p h o t o c u r r e n t d e n s i t y at the n-GaAs e l e c t r o d e remains c o n s t a n t 

i n d r i e d a c e t o n i t r i l e d u r i n g more than f o u r hours ( s = l ) , whereas i n "as 

r e c e i v e d " a c e t o n i t r i l e the p h o t o c u r r e n t d e n s i t y decreases a f t e r two hours 

a l r e a d y ( s < l ) . The s l i g h t amount of H 20 i n a c e t o n i t r i l e (0.3 %) causes 

d e c o m p o s i t i o n of the n-GaAs e l e c t r o d e . The f o r m a t i o n of a p a s s i v a t i n g 

l a y e r on the GaAs s u r f a c e makes i t however i m p o s s i b l e t o perform a k i n e 

t i c study, e.g. measurements of s, i and c under s t e a d y - s t a t e c o n d i t i o n s , 

at the n-GaAs/TMPD i n t e r f a c e i n a c e t o n i t r i l e . We have t h e r e f o r e added an 

a c i d (HCIO^) to the a c e t o n i t r i l e - w a t e r m i x t u r e s i n o r d e r to d i s s o l v e the 

d e c o m p o s i t i o n p r o d u c t s and hence to prevent the f o r m a t i o n of a p a s s i v a 

t i n g l a y e r . 

3.2. Mixed CH 3CN+H 2 0 s o l v e n t w i t h 42 mol % ( 6 6 v o l %) C B 3 C N . 

The r e l a t i o n s h i p between s, i and c at c o n s t a n t e l e c t r o d e p o t e n t i a l 

was measured i n the mixed s o l v e n t w i t h 42 mol% CH-jCN at d i f f e r e n t pH 

v a l u e s i n the range 1.5<pH£2.5 (at pH)2.5 the p h o t o c u r r e n t decreases as a 

f u n c t i o n of time because of the f o r m a t i o n of an i n s o l u b l e d e c o m p o s i t i o n 

product l a y e r on the semiconductor s u r f a c e ) . I t appears t h a t s i n c r e a s e s 

w i t h i n c r e a s i n g c, but decreases w i t h i n c r e a s i n g i and hence i n c r e a s i n g 

l i g h t i n t e n s i t y . The r e s u l t s o b t a i n e d on sample A are i n good agreement 

w i t h those f o r sample B. The data at a g i v e n pH were found t o obey the 

k i n e t i c law: 

s 2 / ( l - s ) = k . ( c 2 / i ) ( 6 ) 
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//mA.cm 

F i g . 1. P h o t o c u r r e n t d e n s i t y i as a f u n c t i o n of time t . 

GaAs sample A; (111) f a c e ; V = 0.0 V v s . Ag +/Ag. 

E l e c t r o l y t e c o m p o s i t i o n : 0.25 mol.dm J TBAP + 0.1 mol.dm TMPD 

i n "as r e c e i v e d " a c e t o n i t r i l e (o) and i n d r i e d a c e t o n i t r i l e ( x ) . 
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as can be seen i n f i g . 2, i n which the data have been p l o t t e d as 
2 7 l o g [s / ( 1 - s ) ] v s . l o g ( c ^ / i ) , y i e l d i n g s t r a i g h t l i n e s w i t h s l o p e u n i t y . 

The k i n e t i c law (6) has been observed p r e v i o u s l y , e.g. f o r the system 

n - G a A s / F e 2 + ( a q ) . The v a l u e of the p r o p o r t i o n a l i t y f a c t o r k i n c r e a s e s 

markedly w i t h pH, as can be seen i n t a b l e 1 (top row). 

Table 1. 

Apparent r a t e c o n s t a n t s f o r the system n-GaAs/TMPD i n CH 3CN+H 20 

(42 mol % CH 3CN). 

apparent r a t e c o n s t a n t 

PH 

apparent r a t e c o n s t a n t 

1.5 2.0 2.5 

k / ( C . c m 4 . m o l _ 2 . s _ 1 ) 

k ' = k . t H + ] _ 1 / 

(C.cm 7.mol~ 3.s _ 1) 

k " j = 1 = k ' . f j = 1 ( K 1 , K 2 , [ H + ] ) 2 / 

( C . c m 7 . m o l _ 3 . s _ 1 ) (Y=TMPDH+) 

k " j = 2 = k \ f j = 2 ( K r K 2 , [ H + ] ) 2 / 

(C.cm 7.mol~ 3.s _ 1) (Y=TPMD) 

7.9 

2 . 5 x l 0 5 

1 . 3 x l 0 6 

7 . 7 x l 0 1 5 

2.9X10 1 

2 . 9 x l 0 6 

5 . 8 x l 0 6 

4 . 2 x l 0 1 5 

1 . 8 x l 0 2 

5 . 8 x l 0 7 

7 . 8 x l 0 7 

4 . 9 x l 0 1 5 

.3. Mixed CH3CN+H20 solvent with 13 mol % CH3CN. 

The r e l a t i o n s h i p between s, i and c was measured at pH 1.0, 1.5 and 

2.0. A l s o i n t h i s c ase, s was found t o i n c r e a s e w i t h i n c r e a s i n g c and 
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- ( - S - ) 

l o g i c 2 / , ) 

F i g . 2. Log [ s 2 / ( l - s ) ] v s . l o g ( c 2 / i ) . 

GaAs sample A; ( T i l ) f a c e ; V = -0.3 V v s . SSE. 
-3 -3 E l e c t r o l y t e c o m p o s i t i o n : 0.25 mol.dm J LiC104 + c mol.dm TMPD 

i n an CH3CN + H20 m i x t u r e w i t h 42 mol % CH3CN. 

pH : 1.5 (V) , 2.0 (x,«) , 2.5 (+) 

c : 0.074 (x, + ) , 0.248 («,V) 



— 94 — 

w i t h d e c r e a s i n g i , but i m p o r t a n t l y , s appeared t o be a f u n c t i o n of ( c / i ) 
2 

i n s t e a d of (c / i ) . S p e c i f i c a l l y , the f o l l o w i n g k i n e t i c law was found to 

h o l d at the t h r e e pH-values: 

s 2 / ( l - s ) + s/6 = m.(c/i) (7) 

T h i s i s shown i n f i g . 3, i n which the data have been p l o t t e d as 
2 

l o g [s /(1-s) + s/6] v s . l o g ( c / i ) , y i e l d i n g s t r a i g h t l i n e s w i t h s l o p e 

u n i t y . The k i n e t i c law (7) has been observed t o h o l d p r e v i o u s l y f o r the 

system n - G a P / F e 2 + ( a q ) ( 1 0 ) . The va l u e of the p r o p o r t i o n a l i t y f a c t o r m 

ag a i n i n c r e a s e s w i t h pH, as can be seen i n t a b l e 2 (top row). 

Table 2. 

Apparent r a t e c o n s t a n t s f o r the system n-GaAs/TMPD i n CH-jCN+I^O 

(13 mol % CH 3CN). 

PH 

apparent r a t e c o n s t a n t 1.0 1.5 2.0 

ffi / (C.cm.mol~ 1.s~ 1) 5 .5X10 1 1 . 5 x l 0 2 2 . 1 x l 0 3 

m j = 1 = m . f j = 1 ( K 1 , K 2 , [ H + ] ) / 

( C . c m . m o l _ 1 . s - 1 ) (Y=TMPDH+) 9 . 7 x l 0 2 9 . 2 x l 0 2 6 . 8 x l 0 3 

m j = 2 = m . f j = 2 ( K l f K 2 , [ H + ] ) / 

(C.cm.mol - 1.s"" 1) (Y=TMPD) 3 . 5 x l 0 8 l . l x l O 8 2 . 5 x l 0 8 
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4. Discussion. 

The o b s e r v a t i o n made by Kohl and B a r d ( 2 ) t h a t the n-GaAs photoanode 

does not decompose i n w a t e r - f r e e a c e t o n i t r i l e , i s c o n f i r m e d by our r e 

s u l t s p r e s e n t e d i n s e c t i o n 3.1. r from which i t can be concluded t h a t r e 

s i d u a l water i n c o m m e r c i a l l y a v a i l a b l e a c e t o n i t r i l e causes d e t e r i o r a t i o n 

of the c e l l due t o o x i d e f o r m a t i o n on the semiconductor s u r f a c e . 

The k i n e t i c law (eqn. ( 6 ) ) , which was found to d e s c r i b e the competi

t i o n between the photoanodic o x i d a t i o n of TMPD and t h a t of GaAs i n a c e t o 

n i t r i l e t o which water was added to a mole r a t i o 42/58, can be i n t e r p r e 

t e d on the b a s i s of the f o l l o w i n g r e a c t i o n mechanism. R e a c t i o n s ( 3 ) , (4) 

and (5) are supposed t o be f o l l o w e d by f o u r e l e c t r o c h e m i c a l s t e p s i n 

which a mobile i n t e r m e d i a t e X 1 p a r t i c i p a t e s , forming (immobile) i n t e r m e 

d i a t e s of a h i g h e r degree of o x i d a t i o n X i (i=3,4,5), and e v e n t u a l l y 

p r o d u c t s which go i n t o s o l u t i o n . 

X 2 + X1 J i i > X 3 + ( G a A s ) s u r f (8) 

X 5 + X l d i s s o l u t i o n p r o d u c t s + ( G a A s ) s u r f (9) 

The o x i d a t i o n of the d i s s o l v e d s t a b i l i z i n g agent Y• ( j = l or 2) i s assumed 

to occur through r e a c t i o n w i t h X*: 

X l + * j ( G a A s ) s u r f + 1 ( i 0 ) 

( i t i s hereby assumed t h a t o n l y one type of r e d u c i n g s p e c i e s r e a c t s ) . 

That r e a c t i o n mechanism (3)+(4)+(5)+(8)+... and (10) accounts f o r the ob

s e r v e d k i n e t i c s can be shown as f o l l o w s . From s t e a d y - s t a t e c o n d i t i o n s i t 

can be w r i t t e n : 

d x 2 / d t = k 2 . x 1 . x ' - k 3 . x 2 . x 1 = 0 (11) 

and 

dx'/dt = k c.x 1.[H 20] - k _ c . [ H + ] . x ' - k 2 . x 1 . x ' = 0 (12) 
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where X j , x 2 , x' r e p r e s e n t the s u r f a c e c o n c e n t r a t i o n s of Xj_, X 2 and X^OH 

r e s p e c t i v e l y . 

The d e c o m p o s i t i o n c u r r e n t d e n s i t y i s g i v e n by: 

( 1 - s ) . i = 6 e . k 2 . x 1 . x ' <13> 

where e i s the elementary charge. 

The c u r r e n t d e n s i t y a s s o c i a t e d w i t h the o x i d a t i o n of Yj i s then 

s . i = e . k f 1 . x 1 . y j d 4 ) 

E l i m i n a t i n g * v x' and x 2 from eqns. (11)-(14) and assuming q u a s i - e q u i l i -

brium i n eqn. (3) ( i . e . k _ c - [ H + ] > > k 2 . x 1 ) , one o b t a i n s : 

s 2 / ( l - s ) = ( e . k ^ . i k f j - ) 2 . ^ ] / 6 . k 2 . k c . [ H 2 0 ] ] . ( y 2 / i ) (15) 

At a g i v e n pH, Ya i s p r o p o r t i o n a l t o c, and hence eqn. (15) i s i n agree

ment w i t h the e x p e r i m e n t a l r e s u l t s p r e s e n t e d i n s e c t i o n 3.2. The e x p e r i 

mental c o n s t a n t k i s then i n t e r p r e t e d as b e i n g equal t o : 

k = e . k _ c . ( k f 1 ) 2 . [ H + ] / 6 . k 2 . k c . [ H 2 0 ] (16) 

In order to i n v e s t i g a t e whether our model can a l s o e x p l a i n the observed 

pH-dependence of k, the v a l u e of k . [ H + ] _ 1 , denoted by k \ was l i s t e d as a 

f u n c t i o n of pH i n t a b l e 1. As can be seen, k' i s pH-dependent. Up t o 

t h i s p o i n t however, the pH-dependence of the c o n c e n t r a t i o n of the redu

c i n g agent y^ was not taken i n t o account, i . e . we have c o n s i d e r e d the 

a n a l y t i c a l c o n c e n t r a t i o n c i n s t e a d of t h a t of the a c t u a l r e d u c i n g agent 

c o n c e n t r a t i o n y^. The r e l a t i o n s h i p between the c o n c e n t r a t i o n of one of 

the forms of TMPD and the a n a l y t i c a l TMPD c o n c e n t r a t i o n c i s g i v e n by: 

Y j = c / f j(K 1„K 2,[H +]) (17) 

i n which f j ( K l r K 2 , [ H + ] ) i s a s p e c i f i c f u n c t i o n f o r each form of d i s s o l v e d 

TMPD. From eqns. ( 6 ) , (15) and (17), the e x p e r i m e n t a l c o n s t a n t k i s then 

i n t e r p r e t e d as b e i n g e q u a l t o : 

k = [ e . k . ^ . i k ^ ) 2 . ! ^ ] / & . k 2 . k c . t H 2 0 ] ] . { f j ( K 1 , K 2 , [ H + ] ) ] - 2 (18) 
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To check whether eqn. (18) accounts f o r the observed pH-dependence of k, 

the v a l u e of k' m u l t i p l i e d by j f • ( K 1 , K 2 , [ H + ] ) ] 2 , namely k j , i s l i s t e d i n 

t a b l e 1 as a f u n c t i o n of pH f o r the two p o s s i b l e cases j = l and j=2. As 

can be seen, k j i s pH-independent i n the case where Y=TMPD. From the 

f o r e g o i n g a n a l y s i s i t hence f o l l o w s t h a t the observed r e l a t i o n s h i p be

tween s, on one hand, and i , c and [H +] on the o t h e r hand, can be e x p l a i 

ned by a model i n v o l v i n g the subsequent d e c o m p o s i t i o n s t e p s ( 3 ) , ( 4 ) , (5) 

(8) and the s t a b i l i z a t i o n r e a c t i o n (10), i n which Yj stands f o r TMPD. I t 

f o l l o w s from the e x p r e s s i o n (18) f o r k t h a t as expected, d e c r e a s i n g the 

water c o n t e n t of the a c e t o n i t r i l e - w a t e r m i x t u r e s i n f l u e n c e s the k i n e t i c s 

i n the sense of i m p r o v i n g the s t a b i l i t y of the p h o t o e l e c t r o d e (see a l s o 

eqn. ( 6 ) ) . The r e l a t i v e l y poor s t a b i l i t y i n t h i s medium as compared to 

tha t i n p u r e l y aqueous s o l u t i o n s i s due to the f a c t t h a t i n the l a t t e r 

case, TMPDH+ i n s t e a d of TMPD a c t s as the e l e c t r o a c t i v e s p e c i e s , and t h a t 

i n the g i v e n pH range, the TMPD t o TMPDH+ c o n c e n t r a t i o n r a t i o i s s m a l l . 

In a c e t o n i t r i l e - w a t e r m i x t u r e s c o n t a i n i n g 13 mol % CH^CN o n l y , the 

r e l a t i o n s h i p between s, c and i i s d i f f e r e n t as compared to the case men

t i o n e d above, and i s g i v e n by eqn. ( 7 ) . T h i s e q u a t i o n can be i n t e r p r e t e d 

on the b a s i s of a de c o m p o s i t i o n mechanism i n which a v a l e n c e band h o l e 

i n s t e a d of an X-̂  i n t e r m e d i a t e a c t s as the mobile s p e c i e s i n the e l e c t r o 

c h e m i c a l d e c o m p o s i t i o n s t e p s . When l o w e r i n g the a c e t o n i t r i l e c o n c e n t r a 

t i o n from 42 to 13 mol %, a p p a r e n t l y f r e e h o l e s take over the r o l e of the 

mobile r e a c t i v e s u r f a c e s p e c i e s from the i n t e r m e d i a t e s X^. T h i s suggests 

that i n the CH 3CN+H 20 m i x t u r e w i t h 13 mol % CH^CN, the X1 c o n c e n t r a t i o n 

i s c o n s i d e r a b l y decreased w i t h r e s p e c t to the 42 mol % CH-jCN case. A 

p o s s i b l e reason f o r t h i s might be an i n c r e a s e i n the e q u i l i b r i u m c o n s t a n t 

of r e a c t i o n ( 4 ) , due to a s t a b i l i z a t i o n e f f e c t of the p r o t o n i n the g i v e n 

medium^ 1 1'. Al t h o u g h e x p e r i m e n t a l l y , the s t a n d a r d f r e e e n t h a l p y of the 

pr o t o n curve as a f u n c t i o n of c o m p o s i t i o n i n a c e t o n i t r i l e - w a t e r m i x t u r e s 

does indeed e x h i b i t a minimum, the d i f f e r e n c e i n v a l u e i n the c o m p o s i t i o n 

range c o n s i d e r e d i s not pronounced. As i n g e n e r a l however, a r e l a t i v e l y 

l a r g e d i s p e r s i o n appears t o e x i s t i n the l i t e r a t u r e v a l u e s on the s t a n 

dard f r e e e n t h a l p i e s of p r o t o n t r a n s f e r , i t i s our o p i n i o n t h a t a d d i 

t i o n a l independent d a t a would be needed i n order t o check the v a l i d i t y of 

the present h y p o t h e s i s . 

Two p o s s i b l e c o m p e t i t i o n mechanisms w i l l be p r e s e n t e d here by which 

the e x p e r i m e n t a l r e l a t i o n s h i p between s, c, i and [H +] (eqn. (7)) can be 

i n t e r p r e t e d . 

The d e c o m p o s i t i o n s t e p s i n the f i r s t mechanism are r e a c t i o n s (3) and 

(4) f o l l o w e d by: 

X1 + h + X 2 (19) 

x 2 + h + — ' J > x3 , { 2 0 ) 

X 5 + h + k' 6> decomp. pro d u c t s (21) 

whereas s t a b i l i z a t i o n i s assumed to occur through a r e a c t i o n of the 

type (10). E x p r e s s i n g the decomp o s i t i o n c u r r e n t d e n s i t y by 

( 1 - s ) . i = 6 e . k 2 . x , . p s (22) 

(p b e i n g the ho l e c o n c e n t r a t i o n at the s u r f a c e ) and the s t a b i l i z a t i o n 

c u r r e n t d e n s i t y by eqn. (14), and c o n s i d e r i n g the f a c t t h a t s t e a d y - s t a t e 

c o n d i t i o n s h o l d f o r x^ and q u a s i - e q u i l i b r i u m c o n d i t i o n s f o r r e a c t i o n ( 4 ) , 

the f o l l o w i n g k i n e t i c e x p r e s s i o n i s d e r i v e d f o r t h i s mechanism: 

s 2 / ( l - s ) + s/6 = ( e - k ^ . k ^ . k ^ ) ( Y j / i ) (23) 

In the second mechanism, the ch e m i c a l s t e p (4) which f o l l o w s r e a c 

t i o n (3) i s assumed to be i r r e v e r s i b l e : 

X 1 + H-,0 X,-OH + H + (24) 
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The next e l e c t r o c h e m i c a l d e c o m p o s i t i o n s t e p i s then supposed t o be: 

X^OH + h + JĈ . X 2 (25) 

and t o be f o l l o w e d by r e a c t i o n s ( 2 0 ) . . . t o (21), whereas s t a b i l i z a t i o n i s 

assumed t o take p l a c e through the second d e c o m p o s i t i o n i n t e r m e d i a t e X 2: 

X 2 + Y j k S- 2> X1-OH + Z (26) 

In t h i s case, the d e c o m p o s i t i o n and s t a b i l i z a t i o n r e a c t i o n s compete 

f o r X 2, so t h a t the r e s p e c t i v e c u r r e n t d e n s i t i e s are g i v e n by the f o l l o w 

i n g e q u a t i o n s : 

(1-s) . i = 6.e.k3' - x 2 . p s (27) 

and 

s . i = e . k f 2 . x 2 . y j (28) 

A p p l y i n g s t e a d y - s t a t e c o n d i t i o n s to X^, X^-OH and X 2 then l e a d s to 

s 2 / ( l - s ) + s/6 = ( e . k ^ . k j / e . k ^ ) ( y j / i ) (29) 

As at g i v e n pH, Yj i s p r o p o r t i o n a l t o c, both eqns. (23) and (29) 

are i n agreement w i t h the e x p e r i m e n t a l k i n e t i c e x p r e s s i o n ( 7 ) . Hence, 

both mechanisms are k i n e t i c a l l y i n d i s t i n g u i s h a b l e . However, i n view of 

the supposed low c o n c e n t r a t i o n of X^ i n the g i v e n medium, the f i r s t me

chanism seems l e s s p r o b a b l e . 

In o rder to i n t e r p r e t the observed pH-dependence of m, the v a l u e of 

m was m u l t i p l i e d by f • (K 1 , K->, [H +] ) f o r j = l and j=2 (see eqn. ( 1 7 ) ) . From j ± 

t a b l e 2, i t appears t h a t a l s o here, TMPD i s the e l e c t r o a c t i v e s p e c i e s . 

I t should'be remarked t h a t a t h i r d mechanism of s t a b i l i z a t i o n and 

d e c o m p o s i t i o n at the n-GaAs photoanode i n w a t e r - a c e t o n i t r i l e m i x t u r e s 

w i t h 13 mol % CH 3CN can be proposed, l e a d i n g to the same k i n e t i c r e s u l t 

as expressed i n eqn. ( 7 ) . In t h i s mechanism, the immobile i n t e r m e d i a t e 

X^-OH e i t h e r r e a c t s w i t h a v a l e n c e band h o l e : 

X x-OH + h + > X 2 (30) 

or c a p t u r e s an e l e c t r o n from Y^: 

X 1-OH + Yj ^ ( G a A s ) s u r f + Z ( 3 1 ) 
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The l a t t e r r e a c t i o n seems however t o be s t r u c t u r a l l y u n l i k e l y . Indeed, 

the f i r s t d e c o m p o s i t i o n i n t e r m e d i a t e X.̂  c orresponds t o a GaAs s u r f a c e 
(12) 

bond m i s s i n g one e l e c t r o n . A c c o r d i n g t o G e r i s c h e r t h i s u n p a i r e d 

e l e c t r o n i s s i t u a t e d on the more e l e c t r o n e g a t i v e atom ( A s ) , l e a v i n g a 

p o s i t i v e charge on the Ga atom (see f i g . 4 ( a ) ) . Assuming t h a t the a t t a c k 

takes p l a c e at a s u r f a c e s t e p , the p o s i t i v e l y charged Ga may be supposed 

to r e a c t w i t h a water m o l e c u l e , a p r o c e s s i n which a p r o t o n i s r e l e a s e d 

and an immobile i n t e r m e d i a t e X 1~OH formed ( r e a c t i o n ( 2 4 ) ) . The proposed 

s t r u c t u r e of X 1-OH i s shown i n f i g . 4 ( b ) . An e l e c t r o n o r i g i n a t i n g from a 

d i s s o l v e d r e d u c i n g agent cannot r e s t o r e the broken bond between As and Ga 

i n the case of X,-OH, c o n t r a r y to the case of X ^ T h e r e f o r e , r e a c t i o n 

(31) and the c o r r e s p o n d i n g mechanism seems to be u n l i k e l y . In f i g . 4 ( c ) , 

a s t r u c t u r e f o r the i n t e r m e d i a t e X 2 ( i s proposed. As can be seen, the i n 

t e r m e d i a t e X 2 i s , j u s t l i k e X j , l i k e l y t o be a b l e to c a p t u r e an e l e c t r o n 

from the d i s s o l v e d r e d u c i n g agent, hence r e s t o r i n g the broken bond and 

fo r m i n g X^-OH (see r e a c t i o n ( 2 6 ) ) . 

5. C o n c l u s i o n s . 

Two types of e f f e c t s of the e l e c t r o l y t e c o m p o s i t i o n , apart from the 

redox system, on the competing e l e c t r o c h e m i c a l k i n e t i c s at a n-GaAs pho

toanode have been observed. The f i r s t e f f e c t i s the d e c r e a s i n g s t a b i l i t y 

of the n-GaAs photoanode w i t h i n c r e a s i n g water content i n w a t e r - a c e t o n i 

t r i l e m i x t u r e s g o i n g from p u r e l y a c e t o n i t r i l e to w a t e r - a c e t o n i t r i l e mix

t u r e w i t h 42 mol % CH 3CN. The second one i s the t r a n s i t i o n from one ano

d i c d e c o m p o s i t i o n mechanism of GaAs to another, when the a c e t o n i t r i l e 

content i s decreased from 42 mol % down to 13 mol % i n w a t e r - a c e t o n i t r i l e 

m i x t u r e s . These e f f e c t s can be e x p l a i n e d by assuming c h e m i c a l r e a c -
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F i g . 4. Proposed s t r u c t u r e s f o r the d e c o m p o s i t i o n i n t e r m e d i a t e s of GaAs: 

X1 (a) , X^OH (b) and X 2 (c) . 
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t i o n ( s ) o c c u r r i n g between d e c o m p o s i t i o n i n t e r m e d i a t e s and water molecu

l e s . T h i s e x p l a n a t i o n l e a d s to more i n s i g h t i n t o the c h e m i c a l s t r u c t u r e 

of the i n t e r m e d i a t e s i n v o l v e d . However, te c h n i q u e s o t h e r than k i n e t i c 

ones w i l l be needed to o b t a i n f u r t h e r i n f o r m a t i o n on the n a t u r e of a l l 

s u r f a c e i n t e r m e d i a t e s . 
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P o l a r o g r a p h i c S t u d i e s On M i x e d L i g a n d C o m p l e x e s Of C a d m i u m -

1 - M e t h y l i m i d a z o l e - O x a l a t e S y s t e m . 

G a m a l B . Mohamed a n d A. M. Ahmed 

C h e m i s t r y D e p a r t m e n t , F a c u l t y o f E d u c a t i o n , A l e x a n d r i a 
U n i v e r s i t y , A l e x a n d r i a , E g y p t . 

+ C h e m i s t r y D e p a r t m e n t , F a c u l t y o f S c i e n c e , A l e x a n d r i a 

U n i v e r s i t y , A l e x a n d r i a , E g y p t . 

A B S T R A C T : 

T h e o v e r - a l l f o r m a t i o n c o n s t a n t s o f t h e m i x e d l i g a n d 

c o m p l e x e s o f 1 - m e t h y l i m i d a z o l e ( l - M e l m ) a n d o x a l a t e ( O x a l ) 

w i t h c a d m i u m ( I I ) h a v e b e e n s t u d i e d p o l a r o g r a p h i c a l l y a t 

c o n s t a n t i o n i c s t r e n g t h , p = 2.0, ( N a N 0 3 ) a n d pH 8 a t 

25 + 0.1°C. T h e r e d u c t i o n o f t h e c o m p l e x e s a t a d r o p p i n g 

m e r c u r y e l e c t r o d e , D M E , i s r e v e r s i b l e a n d d i f f u s i o n 

c o n t r o l l e d . T h e c o n s t a n t s f o r t h r e e m i x e d c o m p l e x e s o f 

C d ( I I ) a r e l o g = 4.0 f o r C d ( l - M e l m ) ( O x a l ) , l o g p12 = 4.4 

f o r C d ( l - M e l m ) ( O x a l ) 2 a n d l o g p2± = 5.9 f o r C d ( l - M e l m ) 2 ( O x a l ) . 

T h e t e n d e n c y o f a l i g a n d t o a d d t o a c o m p l e x and t o s u b 

s t i t u t e a n o t h e r l i g a n d was c o m p a r e d . 

A u t h o r t o w.hom c o r r e s p o n d e n c e s h o u l d b e a d d r e s s e d , 

Portugaliae Electrochimica Acta, 6 (1988) 105-115 


