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The values are very s i m i l a r which shows the good a p p l i c a b i l i t y of 
the three methods to the system under study. 

CONCLUSIONS 

1. The harmonic a n a l y s i s and f a r a d a i c r e c t i f i c a t i o n methods confirm 
the conclusions both of the t h e o r e t i c a l work (1-3) and the 
experimental work c a r r i e d out by other authors f o r other systems (4). 

2. Both techniques have over the a.c. impedance or the p o l a r i z a t i o n 
r e s i s t a n c e the advantage of allowing the determination of the 
co r r o s i o n r a t e without the knowledge of the T a f e l c o e f f i c i e n t s which 
are very often d i f f i c u l t to estimate. 

3. For the system studied, since i t i s a c t i v a t i o n c o n t r o l l e d , both 
methods gave very s i m i l a r r e s u l t s f o r the c o r r o s i o n r a t e , which are 
s e l f checked through the use of the Stern-Geary equation. 

S i m i l a r agreement of r e s u l t s was obtained by G i l l et a l . (4) f o r 
carbon s t e e l i n NaCl s o l u t i o n , although as s t a t e d by those authors, 
f o r more complex systems there i s no guarantee of i d e n t i c a l success. 
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OXYGEN REDUCTION ON PLATINUM E L E C T R O D E S COATED WITH NAFION 

C. P a l i t e i r o * , M.L. P e r e i r a and A.M. J o r g e 
Department of Chemistry, University of Coimbra, P-3049 Coimbra, 
Portugal 

A B S T R A C T S : The electroreduction of 02 in 0.5 M H^SO^ on platinum 
finely dispersed on pyrolytic graphite and coated with Nafion films 
ranging in thickness from 0.5 to 18 u was studied. It was found that i) 
the film does not alter the mechanism of the reduction reaction; ii) the 
film does not prevent sintering of the catalyst; HI) the film 
concentrates O? from the solution but, nevertheless, the current 
measured for the filmed electrodes only increases relatively to the 
uncoated electrodes near the onset of the reduction when electron 
transfer controls; once diffusion becomes important the current 
decreases because, whatever the thickness, the transport of 02 inside 
the film is slowed down; Iv) thick films behave like recast films 
whereas thin films behave like membranes. 

1. INTRODUCTION 

In gas phase and at low t e m p e r a t u r e s 0 2 a d s o r b s d i s s o c i a t i v e l y 

on plat inum so that at 150 °K t h e r e are O atoms on the s u r f a c e [1], In 

s o l u t i o n , however, 0 2 has to compete with water o r with s p e c i f i c a l l y 

a d s o r b e d ions (e lect ro ly te anions f o r example) f o r t h e Pt s u r f a c e and 

t h e r e f o r e i ts in teract ion with t h i s s u r f a c e is only f a v o u r e d at the pzc. 

On the o t h e r hand, Pt is used f inely d i s p e r s e d in p r a c t i c a l porous 

e lect rodes in o r d e r to obtain high c u r r e n t d e n s i t i e s ; however, due to 

the g r a d u a l s i n t e r i n g of the Pt p a r t i c l e s these p r a c t i c a l e lect rodes 

cannot s u s t a i n s u c h high c u r r e n t s f o r a long time. 

In t h i s context, t h e r e has been c o n s i d e r a b l e i n t e r e s t in the 

i n c o r p o r a t i o n of p e r f l u o r o s u l p h o n i c acids l ike Nafion into 0 2 cathodes. 

With t h e use of these ionomers it is hoped: a) to take a d v a n t a g e of the 

lower d i e l e c t r i c constant In the ionomer phase to f a v o u r 0 2 a d s o r p t i o n 

on c a t a l y t i c s i t e s t h u s d e c r e a s i n g the r e d u c t i o n o v e r p o t e n t i a l ; b) to 

take a d v a n t a g e of increased 0 2 c o n c e n t r a t i o n Inside t h e ionomer phase 

next to t h e e lect rode to increase the c u r r e n t at a g i v e n o v e r p o t e n t i a l ; 

c) to decrease the loss of t h e s u r f a c e area of the c a t a l y s t by s lowing 

down p r o c e s s e s p o s s i b l y r e s p o n s i b l e for that loss, s u c h as s u r f a c e 

detachment of the c a t a l y s t p a r t i c l e s from the c a r b o n s u p o r t and 

c lass ical "Ostwald r i p e n i n g " ; d) to take advantage of t h e cation 

p e r m s e l e c t i v l t y of the Ionomer to p r e v e n t the b l o c k i n g of t h e c a t a l y s t 

s u r f a c e by the e l e c t r o l y t e anions. 
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This paper r e p o r t s a s t u d y of the Influence of Nafion on the 

a c t i v i t y of plat inum d i s p e r s e d on g r a p h i t e f o r the e l e c t r o r e d u c t l o n of 

0 2 in 0.5 M H 2 S 0 4 . The r e d u c t i o n of 0 2 on bulk plat inum coated with a 

Nafion f i lm of * 26 p (wet film) was f i r s t s t u d i e d by the g r o u p of 

S r i n i v a s a n [2]. We examined a wide range of Nafion t h i c k n e s s e s and t h e 

d i s p e r s e d form of the c a t a l y s t we worked with is c l o s e r to that used In 

a p r a c t i c a l e lectrode. 

2. EXPERIMENTAL 

Before the deposit ion of Pt, the PGb d i s c was f i r s t pol ished with 

0.1 M diamond paste on a microcloth and cleaned a f t e r w a r d s with 

ethanol and p y r o l y s e d water in a u l t r a s o n i c bath. 

Plat inum was deposited on a p y r o l y t i c g r a p h i t e d i s c formed into 

a r o t a t i n g d i s c e lect rode and exposing the basal s u r f a c e (PGb) 

fo l lowing a method developed by G. T roughton [3] by which the PGb 

s u r f a c e Is kept at 80 °C f o r 1 h in contact with a s t i r r e d solut ion of 

10~ 3 M P t C I 6
2 _ at pH 3 before the pH is a d j u s t e d at pH 7 and Pt is 

deposited u s i n g f o r m a l d e h y d e as the r e d u c i n g agent. When a p p l i e d to 

the p r e p a r a t i o n of porous electrodes, t h i s method g ives r i s e to a 

uni form d i s p e r s i o n of well a d h e r e n t p a r t i c l e s with s ize r a n g i n g f rom 2 

to 50 nm but predominant ly of 2 nm [3J. Optical examination of o u r 

f i lms also revealed a uni form coverage of the PGb d i s c by Pt. This 

f i r s t layer of well a d h e r e n t Pt may be covered by a t h i n f i lm of v e r y 

small Pt p a r t i c l e s , which a p p a r e n t l y interact only p h y s i c a l l y with the 

second layer. The real exposed Pt area (as determined from the c h a r g e 

needed to a d s o r b one monolayer of H 2 f rom 0.5 M H 2 S 0 4 u n d e r argon 

s a t u r a t i o n [4]) was f o u n d to be 3 to 4 times t h e geometric a r e a for the 

f i r s t l a y e r and about 14 times the geometric a r e a when the second 

l a y e r forms. In t h i s case, however, the decrease of the e l e c t r o a c t i v e 

area of Pt Is i n i c i a l l y f a s t and then fol lows the pat tern d e s c r i b e d in 

the r e s u l t s sect ion below for the f i r s t layer ; the adherence of the 

second layer Is t h e r e f o r e v e r y poor. G i v i n g the PGb d i s c a 0.1 M f i n i s h 

with diamond paste before Pt deposit ion r e p r o d u c l b l y leads only to the 

f i r s t layer ; an increase in the g r a p h i t e r o u g h n e s s a p p a r e n t l y f a v o u r s 

the formation of the second layer . The r e s u l t s presented and d i s c u s s e d 

below relate to " f i r s t - l a y e r " deposi ts of Pt. 
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A f t e r deposit ion the PG+Pt d i s c was c a r e f u l l y washed with 

p y r o l y s e d water and left o v e r n i g h t also In p y r o l y s e d water to remove 

any r e s i d u a l formaldheyde. 

The Nafion coat ings with t h i c k n e s s > 9 (i In Tables 1 and 2 were 

p r e p a r e d by d r o p i n g on the PGb+Pt d i s c from a m i c r o s y r i n g e an 

adequate volume of a 3 % (w/v) solut ion of Nafion 117 in water and 

ethanol and al lowing the solvent to evaporate In a o v e n at 80 °C. The 

f i lms of about 0.5 \x s t u d i e d were p r e p a r e d as above from a 1 % (w/v) 

solut ion o b t a i n e d by d i lut ion of the 3 % s o l u t i o n . The d i l u t i o n was done 

e i t h e r by a d d i n g ethanol (fi lms 2 and 3) o r a 1:1 mixture of water and 

ethanol (film 1). The f i lms t h u s obtained were washed with p y r o l y s e d 

water and left o v e r n i g h t also In p y r o l y s e d water to remove any 

res idual o r g a n i c Impurity. Since we were not able to measure the f i lm 

t h i c k n e s s , t h i s was calculated assuming that f i lms had c i l i n d r i c a l 

geometry and t a k i n g the d e n s i t y of wet Nafion f i lms (1.58 [5J) as the 

value of f i lm d e n s i t y . The values of the c o n c e n t r a t i o n of t h e Nafion 

s o l u t i o n s used in the calculat ion were obtained by m e a s u r i n g a c e r t a i n 

amount of the s o l u t i o n , e v a p o r a t i n g the solvent to d r y n e s s and 

weight ing the Nafion deposi ted. 

Exper iments were performed u s i n g a potentiostat, a X-Y r e c o r d e r 

and a rotator and its c o n t r o l l e r s u p p l i e d , r e s p e c t i v e l y , by Pine 

I n s t r u m e n t s , P h i l i p s and Oxford Electrodes. The electrochemical cell was 

termostated at 25 °C. Potent ials were measured against a s t a n d a r d 

calomel e l e c t r o d e but hereafter they are r e f e r r e d to the r e v e r s i b l e 

h y d r o g e n e lect rode (RHE). The c o u n t e r e lect rode (a g lassy c a r b o n rod) 

was s e p a r a t e d from the w o r k i n g electrode compartment by a f i n e g lass 

f r i t . A r g o n ( type N46, 99.995*) and oxygen ( type C, > 99.5 %) were 

s u p p l i e d by A i r L l q u i d e . 

3 . RESULTS 

a) The PGb + Pt electrode. 

The c y c l i c voltammogram (CV) of PGb+Pt is ident ical to the CV of 

bulk p o l y c r y s t a l l i n e Pt (polyc Pt) (see F i g . 1 c)); the small 

Intensity of the d e s o r p t i o n peak of s t r o n g l y - a d s o r b e d h y d r o g e n atoms 

is an i n d i c a t i o n that very small Pt p a r t i c l e s are p r e s e n t on t h e s u r f a c e 

[6]. 
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F i g . 1: C y c l i c voltammograms recorded at 50 mV s on a PGb+Pt 
e lect rode In a r g o n - s a t u r a t e d 0.5 M H 2 S 0 4 : a) f i r s t scan af ter Pt 
deposi t ion; b) f i r s t scan after r e c o r d i n g the polar izat ion c u r v e of 
F i g . 5a); c) s t e a d y - s t a t e after 1h 15 min s c a n n i n g ; c u r r e n t 
i n t e n s i t y scale: 50 [x cm 1 f o r ( a ) a n d ( b ) a n d 20 u cm 1 

f o r ( c ) . 

However, the f i r s t CV recorded after Pt deposit ion is a lways l i k e 

that shown in F i g . 1 a). S u c h a CV is not related to a Pt s u r f a c e 

blocked f o r example with formaldehyde r e s i d u e s . More p r o b a b l y , 

i n s t e a d , Pt p a r t i c l e s deposit exposing the (111) s u r f a c e . We c h e c k e d 

that with the fol lowing experiment: immediately after the CV of F i g . 1a) 

was r e c o r d e d , the e l e c t r o l y t e was s a t u r a t e d with 0 2 keeping the 

electrode at the rest potent ia l ; the polar izat ion c u r v e of F i g . 2a) was 

then recorded u n d e r 0 2 s a t u r a t i o n . The small h y s t e r e s i s of the 

c a t h o d i c and the anodic c u r v e s and i ts c r o s s i n g at about 600 mV 

indicate an electrode f r e e from o r g a n i c i m p u r i t i e s [2}, a b locked 

s u r f a c e g i v e s polar izat ion c u r v e s where the anodic and cathodic s c a n s 

have a much h igher h y s t h e r e s i s and c r o s s at a more posi t i ve potential 

and where the c u r r e n t Is general ly d e c r e a s e d r e l a t i v e l y to a u n b l o c k e d 

s u r f a c e (cf. F i g . 2b)). The e l e c t r o l y t e was t h e n deoxygenated while the 

e lect rode was kept at the rest potential and the CV of F i g . 1b) was 

r e c o r d e d u n d e r argon s a t u r a t i o n . A f t e r 1 h 15 min of potential c y c l i n g 

the CV of F i g . 1c) was obtained. In F i g . 1, CV (b) shows some 

d i f f e r e n c e s f rom CV (a) towards the CV of d i s p e r s e d p o l y c r y s t a l l l n e Pt 

(cf CV (c)) but it s t i l l is f e a t u r e l e s s in the h y d r o g e n 

a d s o r p t i o n / d e s o r p t i o n region. It Is t h e r e f o r e p r o b a b l e t h a t t h e method 

of Pt deposi t ion used gives r ise to Pt p a r t i c l e s o r i e n t e d so t h a t they 

expose only (111) planes. Upon c y c l i n g , i) the (111) s u r f a c e p r o b a b l y 

facets so that the CV features c h a r a c t e r i s t i c of o t h e r exposed low-index 

planes [7] develop with time and the CV of p o l y c r y s t a l l i n e Pt is f i n a l l y 

o b t a i n e d ; ii) loosely-at tached p a r t i c l e s fal l off leading to a decrease of 

the real area. This decrease In a r e a goes on s lowly even if t h e 

e lect rode is kept in p y r o l y s e d water, which may i n d i c a t e e i t h e r that 

s i n t e r i n g is o c c u r r i n g o r that d i f f u s i o n of Pt atoms along t h e s u r f a c e 

of the l a r g e r p a r t i c l e s g ives them a more s p h e r i c a l shape. 

0 400 800 1200 

(b 

E/mV 

F i g . 2: Polar izat ion c u r v e s recorded at 25 s and 10 mV s~ In a 
Oo - s a t u r a t e d 0.5 M H 2 S 0 4 with a : a) u n b l o c k e d PGb+Pt 
e lect rode and b) blocked PGD+Pt e lectrode. 
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F i g . 3 a) shows polar izat ion c u r v e s f o r 0 2 r e d u c t i o n on PGb+Pt. 

They have two well def ined Tafel regions; the Tafel s lope is 50-60 mV 

d e c - 1 at low o v e r p o t e n t i a l (r\) and 200-220 mV d e c - 1 at h igh r̂ . 

Therefore at low n PGb+Pt approaches the b e h a v i o u r of polyc Pt in the 

same s o l u t i o n , s u g g e s t i n g the o c u r r e n c e In both cases of t h e same 

r e d u c t i o n mechanism. However, at high n the Tafel s lope f o r PGb+Pt is 

s i g n i f i c a n t l y h i g h e r than 120 mV d e c - 1 , the slope usual ly o b s e r v e d with 

polyc Pt in the same potential range [8]. This i n c r e a s e of t h e Tafel 

slope at h igh n is p r o b a b l y explained by the v e r y slow r e d u c t i o n of 0 2 

on the g r a p h i t e s u b s t r a t e that becomes also p o s s i b l e in t h i s 

o v e r p o t e n t i a l region. 

0 400 000 i200 
i _. i 1 1 • • i r • • — 1  

E/mV 

F i g . 3: Polar izat ion c u r v e s recorded at 10 mV s f o r 0 2 

r e d u c t i o n In 0 2 - s a t u r a t e d 0.5 M H 2 S 0 4 on a a) ( — ) PGb+Pt 
e lectrode and a b) (...) PGb+Pt+ 0.44 p Naf e lectrode. 
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A l inear L e v i c h plot (cf. F i g . 4a)) Indicates t h a t t h e c u r r e n t Is 

d i f f u s i o n - c o n t r o l l e d . The K o u t e c k y - L e v i c h plots ( F i g . 5) are also l inear 

with s lopes t h a t c o r r e s p o n d to a 4 - e l e c t r o n r e d u c t i o n ; at low c u r r e n t 

d e n s i t i e s a p p a r e n t number of e lect rons between 5 and 6 were found 

i n d i c a t i n g H 2 0 2 d i s p r o p o r t i o n a t i o n [9J. 

0 4 8 12 16 

F i g . 4: L e v i c h Plots obtained at 300 mV from the p o l a r i z a t i o n 
c u r v e s r e c o r d e d In a 0 2 - s a t u r a t e d 0.5 M H 2 S 0 4 so lut ion with a 
a) PGb+Pt; b) PGb+Pt+0.43 p Naf; c) PGb+Pt+9 p Naf; d) PGb+Pt+ 
+13 p Naf; e) PGb+Pt+18 p Naf e lect rode. 
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E / m V 

0 4 8 M 16 20 

F i g . 5: K o u t e c k y - L e v i c h Plots obtained from the polar izat ion 
c u r v e s in F ig. 3: a) ( — ) PGb+Pt electrode; b) (...) PGb+Pt+0.44 \i 
Naf electrode. 

b) The PGb+Pt+Naf electrode. 

The f i r s t CV of PGb+Pt+Naf recorded was s imi lar to the f i r s t CV 

of PGb+Pt. Cont inuous s c a n n i n g between 20 and 1300 mV g r a d u a l l y 

r e s t o r e s the CV of the s t e a d y - s t a t e PGb+Pt s u r f a c e (see F i g . 6) but the 

electrochemical I y act ive area of Pt decreases. The o b s e r v e d decrease 

was 30 to 40* of the ini t ia l Pt act ive area whatever the f i lm t h i c k n e s s 

s t u d i e d . 

Typical polar izat ion c u r v e s obtained on PGb+Pt+Naf e lect rodes are 

shown in F i g . 3b). We f o u n d that : i) Nafion coat ings decrease the 

r e d u c t i o n c u r r e n t In all but the very b e g i n i n g of the polar izat ion 

c u r v e s , ii) Two Tafel r e g i o n s are also obtained and the Tafel s lopes 

agree well with those f o u n d with uncoated electrodes, i i i ) The 

K o u t e c k y - L e v i c h plots are l inear (see Fig 5b)) and have the same slope 
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as that f o u n d f o r PGb+Pt at the same p o t e n t i a l ; Iv) The L e v i c h plot 

c u r v e s down re lat ive ly to the same plot f o r PGb+Pt; t h i s negat ive 

dev iat ion i n c r e a s e s as the Nafion t h i c k n e s s i n c r e a s e s (see F i g . 4, (b) to 

(e)). Therefore, the presence of a Nafion f i lm do not seem to af fect t h e 

mechanism of 0 2 r e d u c t i o n on PGb+Pt but, in most of t h e potential 

region where 0 2 is r e d u c e d , the fi lm d e c r e a s e s the r e d u c t i o n rate. 

F i g . 6: CV recorded at 50 mV s - 1 with e lect rodes of a) PGb+Pt 
and b) PGb+Pt+0.44 \x Naf in a a r g o n - s a t u r a t e d 0.5 M H 2 S 0 4 

s o l u t i o n . 

4. FURTHER ANALYSIS OF RESULTS 

The PGb+Pt+Naf e lectrode Is a RDE coated with a f i lm without 

redox a c t i v i t y . In t h i s case the l imit ing c u r r e n t I L f is g iven by [10] 

I L , f = I L [ 1 / ( 1 + P s / P f ) ] (1) 

where I L is the l imit ing c u r r e n t f o r PGb+Pt, P s = D / x d Is the 

solut ion permeabi l i ty for 0 2 and P f = 0 D f / d f is the f i lm permeabi l i ty 

for 0 2 . 
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It Is easi ly seen that equation 1 d e s c r i b e s the general shape of 

t h e L e v l c h plots In F i g . 3 (b) to (e). D and x d are, r e s p e c t i v e l y , the 

d i f f u s i o n coef f ic ient of 0 2 In the solution and the t h i c k n e s s of the RDE 

d i f f u s i o n layer ; P s is t h e r e f o r e the rate constant f o r 0 2 t r a n s p o r t in 

s o l u t i o n . (3, Df and d f are, r e s p e c t i v e l y , the p a r t i t i o n coef f ic ient of 0 2 

between the fi lm and the solut ion, the d i f f u s i o n coef f ic ient in the f i lm 

and t h e t h i c k n e s s of t h e f i lm. Pf expresses t h e r e f o r e t h e combined 

ef fects on I L ) f of the 0 2 exchange between the solut ion and the Nafion 

f i lm and the rate c o n s t a n t f o r the t r a n s p o r t of 0 2 in the f i lm. 

6 S 18 is 

F i g . 7: L e v i c h Plot. The points were obtained f rom t h e 
polar izat ion c u r v e s f o r a PGb+Pt+13 u Naf; the c u r v e was f i t t e d 
to the experimental points as d e s c r i b e d in text. 

It is then possible to calculate Pf, C f and D f f o r a g iven f i lm by 

the fo l lowing method: 

a) Equation 1 can be wri t ten In the form: 

y = A 1 P f x / ( P f + A 2 x ) (2) 

where ^ = 0.62 n F A D 2 / 3 \ T 1 / 6 C and A 2 = 0.62 D 2 / 3 V " 1 / 6 a re 

c o n s t a n t s , y = I L > f and x = W 0 ' 5 ; n Is t h e number of e l e c t r o n s per 

r e d u c e d 0 2 molecule, A is the geometric e lect rode area, V is the 

kinematic v i s c o s i t y and C Is the solut ion c o n c e n t r a t i o n of 0 2 . Therefore 

Pf can be calculated as the numeric value t h a t f i t s equat ion 2 to each 

of the L e v i c h plots of F i g . 3 (b) to (e). An example of s u c h f i t t i n g is 

g iven in F i g . 7. 

b) Once P f is known, from Pf = Cf - Df / C d f It is possible to 

calculate the p r o d u c t Cf Df . 

0 2 0 0 4 0 0 COO 800 1000 1200 

F i g . 8: L i n e a r sweep voltammograms r e c o r d e d with a PGb+Pt+ 
+18 M Naf e lectrode in 0.5 M H 2 S 0 4 s a t u r a t e d with a) ( — ) 0 2 ; 
b ) ( . . . ) a r g o n . 

c) The a p p l i c a t i o n of l inear sweep voltammetry to the PGb+Pt+Naf 

electrode u n d e r 0 2 s a t u r a t i o n p r o v i d e s a s c a n - r a t e d e p e n d e n t peak 

c u r r e n t I p (see F i g . 8), which, a f ter c o r r e c t i o n f o r the c u r r e n t 

measured u n d e r argon at the peak potent ia l , Is g iven by [11]: 

Ip = 2.99 x 1 0 5 n a 0 ' 5 A D f 0 ' 5 C f v 0 ' 5 

where a is the t r a n s f e r coef f ic ient calculated from the Tafel s lope 
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0 5 / 

at high n and v is the scan rate. As I p v a r i e s l inear ly with v • (see 

F i g . 9), D 0 - 5 C f can be calculated from the l ine s lope. S ince the 

p r o d u c t D f C f was p r e v i o u s l y c a l c u l a t e d , D f and C f can be Indiv idual ly 

determined. 

1000 

800 

600 

400 

ZOO 

0.2 04 06 

F i g . 9: I p ( « 0 ' 5 ) plot obtained from the voltammograms in F i g . 8 

Table 2 summarizes the r e s u l t s o b t a i n e d ; X is the slope of t h e 

- 5 2 - 1 

I p ( v 0 - 5 ) l ine and in the c a l c u l a t i o n s we made D = 1.77 x 10 cm s 

[12], V = 9.79 x 10~ 3 c m 2 s" 1 [12], C = 1.1 x 10~ 6 mol c m " 3 [12] and 

n = 4. Table 1 contains information on the areas of the d i f f e r e n t 

s u r f a c e s s t u d i e d . 
4. DISCUSSION 

Before a d i s c u s s i o n of the above-mentioned r e s u l t s is made the 

fol lowing question has to be a s k e d : to what extent is t h e morphology of 

a Pt deposit and of a Naf ion fi lm affected by the electrochemical 

experiments c a r r i e d on those depos i ts and on those f i lms? 
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To answer t h i s quest ion we examined PGb+Pt and PGb+Pt+Naf 

e l e c t r o d e s by opt ical microscopy before and af ter voltammetric 

exper iments on them. The method of Pt deposi t ion appl ied p r o d u c e d 

d e p o s i t s that c o v e r e d uniformly the PGb d i s c and it was Impossible to 

i n d i v i d u a l i z e the Pt p a r t i c l e s with the magnif icat ion appl ied (200 x). As 

a c o n s e q u e n c e of the experiments some of these p a r t i c l e s detach from 

the d i s c o r d i s s o l v e so that the area of t h e PGb s u b s t r a t e d i r e c t l y 

exposed to the e l e c t r o l y t e g r a d u a l l y Increases with time. T h i s fact 

e x p l a i n s the o b s e r v e d decrease in t h e a c t i v e area of PGb+Pt e lect rodes 

and also the increase of the Tafel s lope at h igh n f o r 0 2 r e d u c t i o n on 

those e lect rodes re lat ive ly to the Tafel s l o p e o b s e r v e d f o r t h e same 

react ion on bulk Pt. 

F i g . 10: CV recorded at 50 mV s In a a r g o n - s a t u r a t e d 1 0 ~ J M 
F e ( C N ) 6

4 + 0.1 M KCI solut ion with a a) ( ) PGb e lect rode; 
b) (...) PGb+Naf electrode. 

We also o b s e r v e d that, a l though i n i t i a l l y smooth and uni form, the 

s u r f a c e of the Nation f i lms became f u r r o w e d after the voltammetric 

exper iments c a r r i e d on them. However, the f u r r o w s were only 

s u p e r f i c i a l s i n c e , even when they were p r e s e n t , t h e r e was no contact 

between the e l e c t r o l y t e and the s u b s t r a c t s u r f a c e u n d e r n e a t h the f i lm. 

This was c h e c k e d as d e s c r i b e d next fo l lowing the method s u g g e s t e d by 

Bard and c o w o r k e r s [13]. The CV recorded f o r the PGb s u r f a c e In a 
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1 0 " 3 M K 4 F e ( C N ) 6 + 0.1 M KCI solut ion showed the expected peaks 

c o r r e s p o n d e n t to the F e ( C N ) 6
4 " / F e ( C N ) 6

3 " couple (see F ig 10a)) 

whereas the CV recorded f o r a PGb+Naf e lect rode was p r a c t i c a l l y 

ident ical to the CV of PGb In 0.1 M KCI (see F i g 10b)). T h i s was 

o b s e r v e d f o r all the t h i c k n e s s e s s t u d i e d (0.5, 5 and 10 u) both with 

smooth and f u r r o w e d f i lms. As a Nation fi lm is permselect ive to cat ions, 

the absence of the peaks re lat ive to the F e ( C N ) 6
4 ~ / F e ( C N ) 6

3 " couple 

in the CV for the PGb + Naf electrode means that t h e e l e c t r o l y t e does 

not d i r e c t l y contact the PGb s u r f a c e underneath the f i lm. 

However, the fact that the CVs for PGb+Pt and PGb+Pt+Naf 

e lect rodes have the same shape (cf. F i g . 6) shows t h a t the e l e c t r o l y t e 

can permeate t h r o u g h the f i lm. On the o t h e r hand and as mentioned 

above, in the presence of a Nation fi lm the act ive a r e a of Pt reduces to 

60 to 70* of the init ial act ive a r e a whatever the f i lm t h i c k n e s s . This 

fact p r o b a b l y means that i) 30 to 40 * of the PGb+Pt s u r f a c e is used 

to a n c h o r the fi lm whatever the t h i c k n e s s and ii) the f i lm a n c h o r s by 

the h y d r o p h o b i c region [14] of i ts m i c r o s t r u c t u r e . 

Now we can d i s c u s s the r e s u l t s summarized in Tables 1 and 2; we 

will d i s t i n g u i s h between high and low film t h i c k n e s s . 

TABLE 1 

Film df A g e o m A p t A N a f A P t / A g e o . A P t / A N a f 

numb. (M) ( c m 2 ) (cm 2 ) (cm 2 ) (*) 

1 0.43 0.440 1.2 0.7 2.7 58 
2 0.44 0.420 1.1 0.8 2.6 73 
3 0.56 0.400 1.2 0.7 2.8 58 
4 9/initial 0.465 1.3 1.0 2.8 78 
5 9/+6 days 0.465 - 0.9 - -
6 13 0.450 1.6 1.0 3.6 63 
7 18 0.465 - 0.7 -

- 5 2 1 -

TABLE 2 

Film df Pf X Cf ß Df 

number CM) (cm s~1) C A s ° - 5 v - ° - 5 > (cm s _ 1 ) (cm 2 s~ 1 ) 

(x 1 0 2 ) (x 1 0 3 ) (x 10 5 ) (x 1 0 6 ) 

1 0.43 5.3 1.66 1.7 15.5 0.15 
2 0.44 6.1 1.65 1.5 13.6 0.20 
3 0.56 6.2 1.55 1.1 10.0 0.28 
4 9/ini 0.86 2.1 0.65 5.9 1.3 
5 9/+6c 0.92 2.0 0.57 5.2 1.5 
6 13 0.62 2.0 0.54 5.0 1.6 
7 18 0.48 2.1 0.58 5.3 1.6 

a) Results at high film thickness (films 4 to 7). 

Pf decreases as df increases as expected from the equat ion 

Pf = B Df / df (cf. Table 2). On the o t h e r hand D f and (3 are 

p r a c t i c a l l y i n d e p e n d e n t from d f . This means that the rate c o n s t a n t f o r 

the t r a n s p o r t of 0 2 in the Nation f i lm, K D , f = D f / d f , decreases as d f 

i n c r e a s e s . Therefore, wherever d i f f u s i o n is s i g n i f i c a n t in the 

polar i zat ion c u r v e (i.e. in the mixed-control and in the l i m i t i n g - c u r r e n t 

r e g i o n s ) , the p r e s e n c e of Nation decreases the c u r r e n t . 

Cf is g r e a t e r than C by a factor of 6 and is i n d e p e n d e n t from 

df in t h i s t h i c k n e s s range. However, t h i s i n c r e a s e d c o n c e n t r a t i o n of 0 2 

only shows in the region of the polar izat ion c u r v e where the c u r r e n t 

is e n t i r e l y c o n t r o l l e d by electron t r a n s f e r . 

The v a l u e s of Cf and Df ' found in t h i s df range compare well 

with those f o u n d by S r i n i v a s a n and c o w o r k e r s for a 22 u - t h i c k 

recast f i lm of Nation on polyc Pt [2]. 

The act ive area of Pt in PGb+Pt+Naf e lect rodes decreases with 

time while Pf i n c r e a s e s even if the e lect rode is kept In p y r o l y s e d 

water (cf. Table 1, f i lms 4 and 5). Therefore the s i n t e r i n g of the Pt 

p a r t i c l e s Is not p r e v e n t e d by the presence of a Nation f i lm with the 

chemical and p h y s i c a l c h a r a c t e r i s t i c s of a recast f i lm. The i n c r e a s e of 

Pf with time is p r o b a b l y due to water a b s o r p t i o n . 
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b) Results at low film thickness (films 1 to 3). 

Relat ively to the f i lms of h i g h e r t h i c k n e s s , an a n a l y s i s of the 

data of Table 2 f o r f i lms 1 to 3 shows that I) as expected the 

permeabil i ty of Nation f i lms about 0.5 p-thick is much h i g h e r , 

ii) Df is one o r d e r of magnitude lower and i i i ) Cf is 2 to 3 times 

greater. S ince a low value of Df is normally related to a f i lm with a 

m i c r o s t r u c t u r e of low water content [15] and 0 2 Is f i v e times more 

soluble in the h y d r o p h o b i c region than in t h e ionic c l u s t e r region [16], 

it a p p e a r s that, re lat ive ly to the h i g h - t h i c k n e s s f i lms, in the Nation 

fi lms of low t h i c k n e s s the p r o p o r t i o n of the h y d r o p h o b i c region 

increases and the water content consequent ly decreases. In fact , t h e 

values of Df and Cf f o r the f i lms of about 0.5 M s t u d i e d in t h i s work 

(special ly f o r f i lm 1 which was deposited more s lowly) are 

c h a r a c t e r i s t i c of a Nation membrane [17] and not of a recast f i lm. 

From the values of Pf = Df / df the values of the rate c o n s t a n t 

for the t r a n s p o r t of 0 2 in the f i lm, K D > f = Df / df can be c a l c u l a t e d . 

We f o u n d 3.5 x 10~ 3 , 4.5 x 10~ 3 and 6.3 x 10~ 3 cm s , r e s p e c t i v e l y , 

for f i lms 1, 2 and 3. These values of K D f are only 3 to 5 times h i g h e r 

than those found f o r the t h i c k e r f i lms. For rotation rates up to 9 s , 

they also are of the same o r d e r of magnitude of the rate c o n s t a n t K D 

for the t r a n s p o r t of 0 2 in the solut ion. At 9 s~1 K D becomes greater 

than K D ) f a n d , above that, the h i g h e r the rotation rate the h i g h e r the 

separat ion between the two rate constants. 

The t r a n s p o r t of 0 2 is then limited even by a Nation fi lm of 

0.5 u. Therefore, the p r e d i c t i o n advanced by the group of S r i n i v a s a n 

that a Nation film would not pose an 0 2 t r a n s p o r t problem in 0.5 M 

H 2 S 0 4 if t h i n n e r than 4 p [2] does not hold, p r o b a b l y because t h i n n e r 

f i lms behave l ike membranes and not l ike well h y d r a t e d recast f i lms as 

the group assumed. 

To conclude, we can say that the data col lected in t h i s work 

demonstrate that the appl icat ion of Naf ion-coated Pt e lect rodes to the 

e l e c t r o r e d u c t i o n of 0 2 will only be useful if the s t r u c t u r e of Nation is 

modified so that 0 2 d i f f u s i o n t h r o u g h the fi lm is i n c r e a s e d ; besides, Pt 

p a r t i c l e s have to be coated In s u c h a way that s i n t e r i n g is p r e v e n t e d . 
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