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Abstract—The anodic potentiodynamic formation of an AgBr film on an Ag rotating disc electrode was 
studied in aqueous bromide solutions. As the electron transfer step (1) is intrinsically fast, 

Ag + Br ^AgBr + c", (1) 

and as the film remains porous throughout its growth, the rate of film growth is limited by physical 
parameters such as ionic diffusion and migration in the solution. 

The anodic E/I curves for AgBr film formation were calculated quantitatively by computer on the basis of 
the following model of film growth. Film formation occurs initially by the nucleation of islands of film to a 
critical thickness, and then these islands spread laterally until only small pores remain between them. As these 
pores become small, the resistance of the solution within them becomes rate limiting (at the anodic current 
peak). After the peak, the concentration of bromide ions at the pore base falls to zero and current is then 
controlled by the diffusion of bromide ions into the lengthening pores of the film. 

This lateral spreading mechanism and the subsequent retention of the porous film morphology has been 
substantiated by comprehensive Scanning Electron Microscope investigations. 

INTRODUCTION 

There has been a considerable amount of interest in the 
past in the anodic formation of silver halide films on 
silver electrdes. 

Ag + X^AgXmm)+e-;X = CI, Br, I. (1) 

This is due, in particular, to the use of Ag/AgCl 
electrodes in sea water batteries and dry cells[l], to the 
wide usage of the silver halide reference electrodes[2] 
and to the general application of silver halides in 
photography[3]. Therefore, an understanding of the 
mechanism and kinetics of AgX film growth and 
information regarding the morphology of these films 
has been sought. 

In the past, anodically formed silver halide films 
were formed only under galvanostatic conditions, with 
the main conclusion being that the AgA^ films are 
highly porous in nature, especially when they are thin 
and when they are formed at high current densities (cd). 

The galvanostatic formation of kgX films was 
initially studied by Kurtz[4], who found AgCl and 
AgBr films to be highly porous when formed at cd's 
less than about 2.5 mA cm ~2 and up to a limiting film 
thickness. On the basis of microscopic examinations 
and differences in the volumes of Ag and AgCl, Briggs 
et a/.[5] concluded that all AgCl films, as well as the 
reduced Ag, must be porous in nature. It was con
cluded in[5] that when about 0.1% of'the total 
electrode surface is covered by AgCl, 99 % of the current 
will still pass through the pores of the film. Jaenicke et 
"'.[6, 7] and Awad[8] carried out galvanostatic and 

microscope studies of the growth and the reduction of 
silver halide and silver sulfide films. Porosity was 
observed in films thinner than a few microns, and 
again, when the films were formed at high rates. 

Fleischmann and Thirsk[9] also found that AgCl 
deposits which were formed galvanostatically on Ag 
were generally non-passivating, with scanning electron 
micrographs (SEM) of the AgCl deposits appearing 
very similar to those given for AgBr films in the present 
research. A 2-dimensional growth scheme was pro
posed for AgCl film formation, with the reaction rate 
being controlled by the rate of AgCl deposition on the 
Ag surface. Giles[10] concluded also that AgCl films 
were porous but that the growth of AgCl deposits was 
a 3-dimensional process. 

Bro and Marincic[l 1] studied AgCl films formed at 
very high cd, and interpreted the observed boiling of 
the electrolyte as being due to transport limitations in 
the pores of the films. Bishop and Riley [ 12] also found 
that the growth of thick AgBr films occurs by ion 
transport in the pores of the film, with a subsequent 
depletion of bromide ions in the pores. 

In contrast to the above observations, Lai et a/.[l 3] 
found no evidence for film porosity in silver halide 
films and instead measured an increasing film resis
tance with increasing film thickness over a wide range 
of applied cd. Also contrary to most of the work 
discussed above, Indira and Doss[14] observed an 
AgCl film porosity at low cd of film formation and 
non-porosity at high applied cd's. 

The galvanostatic deposition of AgCl on a porous 
Ag electrode was also studied by comprehensive 

1429 



14.10 VlOl \ I BIKSS \ \n Cm \M \\i A. WRK.III 

modelling of the Ag AgC'l electrode by Katan. Szpak. 
Dunning et a/.[15 20]. It was found that the 
co\erage of Ag by AgC'l occurred to a greater extent 
near the electrode electrolyte interlace rather than in 
the electrode interior[16]. Also, the appearance of the 
deposit changed at a critical depth into the elec-
trode[18]. consistent with a change in the rate de
termining step with increased film growth. 

In this work, the anodic formation of AgBr films by 
the potentiodynamic method has been investigated in 
aqueous bromide solutions. A similar study ofanod-
ically formed Ag_,S films on an Ag electrode under 
potentiodynamic conditions has recently been pub-
lished[21.22]. It is the purpose of this paper to 
describe and elucidate the mechanism and the kinetics 
of the growth of these AgBr films under these con
ditions and to correlate this with the observed film 
morphology as seen by SEM. Also, it will be shown 
that the potentiodynamicully obtained /.'// curves can 
be very closely simulated on the basis of the appropri
ate model of anodic film growth. 

EXPERIMENTAL 

The potentiodynamic experiments were carried out 
with a conventional 3-eleetrode potentiostatic circuit 
(Chemical Electronics TR 70 2A). Potential sweep 
rates, s, were varied between 5 and 300 mVs ', and 
potential current (£ /(curves were then plotted on an 
.V > recorder or on an oscilloscope. 

The working electrode was an Ag (Engelhardt, 5N 
purity) rotating disc electrode (rde) with an apparent 
surface area of 0.0234 cm2, embedded in a PVC holder. 
The auxiliary electrode was a Pt loop and the reference 
electrode was a saturated calomel electrode in a Luggin 
capillary. All potentials are given with respect to the 
normal hydrogen electrode scale [nhe). 

Before each experiment, the electrode surface was 
treated in a reproducible manner by turning it flat on a 
lathe, polishing with emery paper (up to 1200 grade) 
and then rinsing with water, acetone, ethanol and then 
water again. The roughness factor, y, was obtained by 
double layer capacitance measurements[23] before 
and after each set of experiments. It was found that y 
was typically between 2 and 4 for the fresh surface but 
increased to a value of 100 or more with repeated cycles 
of film formation and reduction. 

Solutions were flushed with nitrogen before and 
during each experiment. Chemicals used were of 
AnalaR quality and all water was doubly distilled. All 
experiments were conducted at temperatures with the 
range of 18-22 C. 

The electrode surfaces which were examined by 
SEM were first rinsed with water, dried and then 
inspected with a JEOL JSM-U3 SEM at 25 kV. X-ray 
fluorescence analysis of the surfaces yielded only silver 
and bromide peaks in all cases. 

RESULTS 

(i) AgBr film growth at low bromide concentrations 

A typical £ / curve for an Ag rde in a dilute bromide 
solution can be seen Fig. 1 ( 9 m m o i r ' HBr 
+ 0.1 M NaC104 solution). In the anodic sweep, a 

Fig, I. t / curve ol Ag rde in l» • 10 ' moll ' HBr 
(-0.1 moll ' NaCI()4 ,ii s = 30mVs ' .ind eo = 8 Hz 

Anodic plateau nl depends on IO, hut not on s. 

current plateau is obtained for AgBr formation (1) 
while the reduction of AgBr occurs in a fairly 
sharp current peak. The formation potential. £.', 
(= 0.22V nhe), the potential midway between the 
onset of the anodic and the cathodic currents, is very 
close to the reversible potential for AgBr formation, £r, 
which can be calculated by (2) 

£ r = 0.07 - 0.059 log (Br | \/nhe. (2) 

The current in the anodic current plateau region of 
Fig. 1 is independent of s but varies linearly with <o' " 
as is typical for a diffusion limited reaction. The 
relationship between the diffusion limited current and 

for a rotating disc electrode can be expressed by 
the Levich equation (3)[24]. 

i = 0.62 zFD2 • ( ,V (3) 
where z is the number of electrons involved in the 
reaction (=1) , F is the Faraday constant. D is the 
diffusioncoefficientforBr" (2.1 x 10 5cm 2s~ ' [25]) , 
v is the kinematic viscosity of the solution (8.9 
x 10 3 cm2s ' [26]), ( is the bulk concentration of 
Br in the solution and <•> is the rotation speed of the 
electrode. 

A plot of the observed and the calculated (3) 
relationship between i and a>' 2 is show n in Fig. 2, and 
the close match between them indicates that the rate of 
the reaction between Ag and Br to form AgBr in 
dilute bromide solutions is limited by the diffusion of 
bromide ions to the electrode surface. This is a direct 
indication that current transport through the growing 
AgBr film itself is a relatively fast process, even for 
films containing up to about 1 Coulomb per apparent 
cm2. 

Figure 1 also shows that at a potential of about 
0.75 V, a sharp increase in anodic current is observed. 
On the basis of the potential at which this occurs and 
the absence of a cathodic counterpart to this anodic 
current, this has been determined to be due to the 
dissolution of Ag as Ag* according to (4) 

Ag^Ag,+
a q )+t'-. (4) 

This may indicate that the Ag surface is not completely 
covered by the AgBr film and that the film must 
therefore be porous in nature. This has been sub
stantiated by an SEM examination of the electrode 
surface at various stages of AgBr film growth. Figure 3 
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Fig. 2. Experimental ( ) and calculated ( ) 
relationship (3) between plateau cd (Fig. 1) and 
to1'2, in 9 x K r 3 m o i r ' HBr + O.lmolF1 NaC104 at 

s = 50mVs-1. 

shows the film surface at a potential of 0.55 V, where it 
can be seen that a very porous and patchy type of film is 
forming. 

At somewhat higher bromide concentrations, such 
as 0.1 M HBr + 0.1 M NaC104, the E/I curves are now 
different from the curves of Fig. 1 (Fig. 4) in that a small 
anodic peak has now developed with a peak cd 
dependent to some extent on both s and ca. At a 
potential of about 0.75 V, evidence for the occurrence 
of (4) can still be seen even with these thicker films (up 
to 5 Ccm~2). As in the more dilute bromide solutions, 
SEM examinations of the electrode surface in 0.1 and 
0.2 M NaBr solutions (Fig. 5) still show a porous 
island-like AgBr deposit. 

200 
i 

/~~~~ =r=̂  
O 1 i 1 ^ST O 

\/C /" 
-200 \ 1 

1 1 1 1 1 1 1 

0 0.4 
EN (nhe) 

Fig. 4. £//curveofAgnieinO.il molF1 HBr+ 0.1 moir1 

NaC104 at s = 50 mVs" ' and co = 10 Hz. Current densities 
depend to some extent on both s and co. 

In both 0.1 and 0.2 M bromide solutions, the leading 
edge of the anodic peaks have linear and equal slopes at 
all s and co. The reciprocal of this slope has a value 
which is very close to the calculated ohmic resistance of 
the solution between the working electrode and the tip 
of the Luggin capillary, Rs, as determined from the 
Newman equation (5)[27] 

R, 
ITIKQ 

tan ' (z/a), (5) 

where z is the perpendicular distance between the 
Luggin capillary and the Ag surface, a is the electrode 
radius, and K is the conductivity of the solution. That 
only physical processes such as migration of ions in 
solution and the diffusion of Br" ions to the electrode 
surface are rate limiting in these comparitively dilute 
bromide solutions is an'indication of both the speed of 
the electron transfer reaction (1) and the lack of 
resistance offered by these thick AgBr films. In order to 

. . ' : . • • • . •• ' 

Fig. 3. SEM view of porous AgBr film formed on Ag rde from 9 x 10" 3 mol 1 ' HBr + 0.1 mol 1 1 NaC104 

at s = lOOmVs"1 and w = 12 Hz. 

EA 27 :10 - F 

curveofAgnieinO.il
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u 

Fig. 5. SEM view ofisland-like growth of AgBr film on an Ag 
rde from O.lmoir1 NaBr + 0.1 mol 1" ' NaC104 at s 

= 50 mV s ' and w = 12 Hz. 

overcome these physical limitations to the rate of AgBr 
film growth, further experiments were carried out in 
highly conductive solutions of high bromide concen
tration. 

(ii) AgBr film growth at high bromide concentrations 

Some typical E/I curves for Ag in more conductive 
solutions of high bromide concentration such as 
1 MNaBr + 5M NaC104 are shown in Fig. 6 at 
various s. Under these conditions, a much more 
distinct anodic peak is observed, followed by a gradual 
decline of current despite an increasing potential. At 
this bromide concentration, large quantities of AgBr 
film are being formed and reduced in each complete 
cycle and the Ag substrate begins to roughen so that 
about 5- 10 cycles of potential must be completed 
before a reproducible E/I trace is obtained. 

As in more dilute bromide solutions, the observed 
formation potential is very close in value to the 
calculated £ r (2) and also, the charges consumed in the 

-0.2 0 0.2 

f / V (nhe) 

Fig. 6. E I curves of Ag rde in 1 mol I~ ' NaBr + 5 mol 1" 
NaCI04 at s = 50, 100, 150. 300 mVs" ' and w = 7 Hz. 

anodic and cathodic cycles match closely, indicative of 
the low solubility of AgBr. 

It can also be seen from Fig. 6 that, as in the 
solutions of 0.1 and 0.2 M Br", the slopes of the 
leading edge of the anodic peak are all linear and 
constant under all conditions of s and a> studied. The 
value of the reciprocal of the slopes in Fig. 6 is about 
12.5 Q. while the calculated value of the solution 
resistance is about 13 Q (5). This indicates that even in 
this more conductive solution, and with these much 
thicker films, the rate of AgBr film formation is initially 
still limited by ion migration in solution rather than by 
a process within the AgBr film itself. In an effort to 
further increase the conductivity of the solution to 
overcome these migration limitations, experiments 
were carried out in 1 M NaBr + 3 M HC104 solutions, 
but the observed and calculated resistances were then 
still approximately the same, ie about 4Q. 

At the anodic peak in Fig. 6, the peak cd is now 
independent of w but depends linearly on si:2 (Fig. 7). 
After the anodic peak, the current then drops gradu
ally, independently of the magnitude of the potential 
or the direction of the potential sweep. It will be shown 
below that this behavior is consistent with the 
potential-independent rate limiting process of ionic 
diffusion within the pores of the AgBr film. 

8 12 

s2/(mVs" ' )? 

Fig. 7. Experimentally obtained i. s1 2 relationship 
(e—e—») for AgBr film formation in 1 moll-1 NaBr 
+ 5 moll - ' NaC104 at to = 7 Hz. Calculated relationship 

(X) is from the Modified Pore Resistance Model (17). 

An SEM examination of the AgBr film formed 
under conditions such as in Fig. 6 was also carried out. 
Figures 8 and 9, respectively, show the surface of the 
electrode at the anodic peak potential and at a 
potential of about 0.6 V in the post-peak region. In 
both cases, the AgBr film is clearly very porous rather 
than compact in nature. It is the purpose of the 
following treatment to demonstrate how the porous 
morphology of the AgBr films and the observed 
electrochemical behavior are related to the mechanism 
of AgBr film growth. 
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Hg. 8. SEM view of porous AgBr tilm formed in 1 moll ' 
NaBr + 5moll ' NaC104 at s= 100 mVs ', to = 10 H/; 

sweep terminated at the anodic peak (see Fig. 6). 

Fig. 9. SEM view showing retention of tilm porosity for 
AgBr lilm formed as in Fig. 8, but sweep terminated at about 

0.6 V nhe (see Fig. 6|. 

MODEL OF AgBr FILM FORMATION UNDER 
POTENTIODYNAMIC CONDITIONS 

The results of the experiments concerning the 
growth of AgBr films under potentiodynamic con
ditions have shown that even rather thick AgBr films 
grow at very high rates while retaining a very porous 
morphology. These high reaction rates indicate that 
the electron transfer step (1) must be fast. 

As a consequence, in solutions of low bromide 
concentration, the rate of AgBr film growth is con
trolled simply by the diffusion of bromide ions to the 
Ag electrode surface. At higher bromide concen
trations, both ionic migration and diffusion are in
volved in reaction rate limitations, even in very con

ductive solutions. The following model of AgBr film 
growth will show how these physical rate limitations 
determine the characteristics of the experimentally 
observed E I curves and how they are related to the 
AgBr film morphology. 

(i) Simple model oj AgBr film growth dependent on pore 
resistance 

It was shown above that in solutions of high 
bromide concentration, the initial rate controlling 
process in AgBr film growth is ionic migration in the 
bulk of the electrolyte, rather than the electron transfer 
step or a film transport step. Because the films are 
clearly very porous in nature, Mueller's[28] model of 
the formation of a porous film has been selected, and a 
resistance function, originally developed by Arvia el 
<//.[29] for this type of film growth, has been utilized to 
simulate the observed £ / / behavior in the anodic peak 
region of the £, / curves. 

Mueller's model[28] of film growth consists of the 
initial nucleation of the insoluble species at various 
random points on the electrode surface, probably at 
dislocations and defect sites, and the growth of these 
nuclei to a critical thickness, /, and then their lateral 
spreading until most of the electrode surface is 
covered. At this point, the resistance of the pores 
between the spreading islands of film has become 
rather large and therefore, the current density is 
expected to drop at this stage of film growth. 
Katan[16] has observed by SEM that AgCl deposits 
initially form as crystallites all having about the same 
height, thus supporting this lateral spreading 
mechanism. 

The resistance of the pore network during its 
development, Rp. has been given by Arvia[29] 

where K is the solution conductivity, / is the height of 
the islands of film, 0 is the fraction of the surface 
covered by the tilm and .4(1 - ( ' ) represents the total 
pore area. In addition, the resistance of the electrolyte. 
Rs, should be considered while it is assumed that the 
Faradaic resistance of the reaction is comparatively 
small. 

When an overpotential. »/ (= £ — Er) is applied to 
the electrode, and current / flows. Ohm's law can then 
be applied 

/ = , ' / !=—- ' ' . (7) 

As the film spreads at a constant thickness, 
Faraday's law can be expressed as in (8) 

where z is the number of electrons transferred per 
molecule of film material (= 1), p is the film density 
(6.5 gem"3) and M is the film molecular weight 
(188 g mole"'). Under potentiodynamic conditions, >/ 
increases linearly with time 

n = St. (9) 
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By combining (7-9), (10) is obtained 

dO si 

d7 = 

R„ + 
! 

KA(1-0) 

(10) 

By solving (10) numerically, 6 can be obtained as a 
function of time, and then / can be calculated as a 
function of time from (6 and 7). 

The / i] relationship resulting from this calculation 
can be seen in Fig. 10 along with the experimentally 
obtained l/E curves. Initially, the current increases 
linearly, with a reciprocal slope equal to Rs. As the pore 
area decreases with increasing film spreading, the pore 
resistance, Rp. increases, as is evident by the develop
ment of the current peak. 

E 0 

i 1 

( a ) 
i 

(b ) 
' 

" Zl -

A 
/ \ 

/A 
' 1 Y / I, 1 

I ! 1 1 '| 1 
( c ) (d) 

1 1 

r\ 

/x 
/ % ' 

/ \ 

/ \ : 
i ,1 

0 200 0 200 

Tj/mV 

Fig. 10. Comparison of experimental ( ) and calculated 
( (anodic peaks for the Simple Pore Resistance Model (7) 
of AgBr film growth, s = (a) 50, (b) 100, (c) 150, 
(d)300mVs~', <u = 7Hz, lmoll"1 NaBr +5 moll--1 

NaC104. 

The current at the peak, /p, at a potential £p, occurs 
when d20/dt2 = 0 . Therefore, by differentiation of 
(10), (11) can be obtained, which shows that the peak 
current should be proportional to s"2 for this pore 
resistance model 

/. 
:FpK 

A(\ 0p)s
l (11) 

This relationship has been confirmed experimentally 
(Fig. 7) and from the slopes of the plots in Fig. 7,0p, the 
fraction of the surface covered at £p , has been found to 
be equal to 0.96. The film thickness or the height of the 
islands of film at the current peak can be found from 
the charge density, qv, consumed up to £ p from (12) 

1 = 
zFp6v 

(12) 

From this, / has an average value of 1.6 x 10"4cm. 
After the anodic peak, the calculated pore resistance 

(6) increases very rapidly, causing a sudden drop of 
current almost to zero (Fig. 10). In comparison, the 
experimental curves show a broader peak than the 
calculated curves, with the current decreasing much 
more slowly after the peak. Thus, the agreement 
between the experimental and the calculated 
current potential curves is not very satisfactory in this 
regard. Therefore, the following modification has been 
made to the simple film spreading model. Now the film 
is considered to both thicken and spread simul
taneously in a more natural way in the region of the 
£ / / curves leading to the anodic peak. 

(ii) Modified pore resistance model 

The modification that has been made to the simple 
film spreading model and its associated pore resistance 
is that allowance has now been made for both pore 
narrowing and pore lengthening up to the anodic 
current peak. That is, (8) has been modified as (13) 

I 
, ,d0 , d/ 
k'l— + k'0 , . 

dr d; 
13) 

where k' is equal to zFAp/M. Equation (13) contains 
two time-dependent functions, dl/dt and d0/dr. 
Equation (13) cannot be rearranged to express dO/dt 
as a simple function of time as was done in (10) because 
d//df is not known. Hence, a somewhat arbitrary but 
reasonable dependence of / on time has been selected 

(1/ 

dr = J 1, (14) 

where/ is a film thickening rate constant obtained by a 
computer curve-fitting technique. It is considered to be 
sensible that the rate of film thickening is proportional 
to i], the driving force of the reaction. When (14) is 
integrated, (15) is obtained 

l=\st2 + l0 -jst2 + l (15) 

Equation (15) has two arbitrary constants, but both /„ 
and j can be obtained by a best-fit calculation. 
Equation (13) can now be expressed in terms of (14) 
and (15) 

df) 
I = k'(lo+jst2)— + 2k,0jsi 

dr 
16) 

As before, the current is considered to be limited by the 
electrolyte resistance in both the bulk of the solution 
and in the pores of the film and therefore, (7) can now 
be expressed as in (17) 

/ 
si 

lo+jst2 

KA(1-0) 

(17) 

Rs + 

By combining (16) and (17), analagous to the combi
nation of (7) and (8), (18) now expresses dO/dt as a 
function of time 

(18) 
dd St IjOst 

df 
\ R I lo+JS'2 

s KA(1-6) 
[*'/] 

I 
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This differential equation was solved numerically 
by computer for It as a function of time by using 
the parameters /„ = 50 x 1 0 " c m and j = 35 
x l O _ 8 m V ~ ' s ' obtained by a best-fit method. 

Then, the current was calculated as a function of i/ 
by (17). 

Figure 11 shows the / IJ curves which were calcu
lated from (17) and the experimentally obtained / i/ 
curves. It can be seen that the modification of the pore 
resistance model to allow for film thickening as well as 
film spreading has produced a current peak which is 
more rounded and is a closer approximation to the 
experimentally obtained curve than for the simple film 
spreading model. The theoretically obtained / p \ ' 2 

data points are included in Fig. 5 and can be seen to be 
very close to the experimentally obtained ones. 

< 
E 

fig 11. Comparison of experimental ( ) and calculated 
I ) anodic peaks lor the Modified Pore Resistance Model 
117) of AgBr film growth; s - (a) 50, (b) 75, (c) 100, 

(d| 150mVs '. 

Overall, the modification to the simple pore resis
tance model produces a better tit between the calcu
lated and the experimental current, potential curves 
than did the simple film spreading model. It also 
represents a more natural progression from a nuc
leated surface to a surface covered by a thick, porous 
anodic film. 

be seen from Fig. 6 that the post-peak anodic currents 
decrease gradually in magnitude, even with increasing 
positive potentials. Also, it can be seen that sweep 
reversal to the cathodic direction does not significantly 
alter the current and that it continues to decrease very 
gradually with time in the same manner as it did in the 
anodic-going sweep. If the rate of AgBr film growth 
were controlled by a field-dependent step in this 
potential range, then a reversal in the direction of the 
potential sweep would have resulted in a significant 
drop in the current, but this is not observed. Therefore, 
together with the retention of film porosity as seen by 
SEM (Figs 8 and 9). it is postulated that the diffusion of 
bromide ions along the pores of the film to the 
underlying Ag surface is rate limiting this post-anodic 
peak region of the E / curves. Szpak and Katan[l9] 
found that the formation of AgC'l on Ag spheres 
underwent a similar change in the rate determining 
step and this was also confirmed by microscopic 
evidence of a clear transition in type and quantity of 
deposit with time and depth into the electrode. 

A model of the thickening of the AgBr films at a rate 
limited by the diffusion of the halide ions through the 
long, narrow pores of the silver bromide film to the 
silver surface is now proposed for the post-peak region 
of the El curves. The transition from the pore 
resistance control of the current to diffusion controlled 
current would occur when the concentration of 
bromide ions at the pore base, C,, becomes equal to 
zero. Therefore, the diffusion current can now be 
expressed as in (19). which can then be rearranged to 
give an expression for Cs (20), where / is obtained 
from (17). 

/ = 

C, 

:EA\\-0)D{C-C\) 
I 

C zFAD(l-6)' 

(19) 

(20) 

w here D is the diffusion coefficient for the bromide ion. 
C is the bulk bromide concentration and / is the 
diffusion length or the pore length. 

When this calculation of C's was carried out, C, was 
found to be equal to zero at a potential about 10 mV 
positive of the anodic peak. But. when C\ was equal to 
zero. d(> df (18) was not yet equal to zero. This 
indicates that further film spreading must still occur 
but under the control of bromide diffusion within the 
pores until til) df is equal to zero. Therefore, by 
rearranging (13 15) and (20), an expression for dfl df 
under diffusion control is obtained 

d0 _ PMC ( 1 - 0 ) 20jst 

di~ l2p I 
(211 

FILM THICKENING DIFFUSION IN THE 
PORES OF THE AgBr FILM 

The potentiodynamic E I curves (Fig. 6) show that 
after the anodic peak, AgBr growth undergoes a 
change of mechanism from ohmic resistance control to 
another process which limits film growth. It can readily 

Once dl) df is equal to zero (21), only film thickening 
can then occur and 0 in (19) would then remain 
constant at 0t (the value of 0 when dO/dt is equal to 
zero). A typical value of 0f, obtained at s = 50 mVs" ', 
is 0.978. The rate of film thickening will then be 
controlled by the diffusion of bromide ions to the base 
of the pores of the AgBr film, as Csand d(' df are both 
equal to zero. Equation (13) is now replaced by (22) 
and together with (23), the rate of film thickening 
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under difTusion control is expressed as in (24). Sl'MMARY 

/ 
d<? 

di 
= k'0. 

d/ 

dT' 

/ 
:FADC(l-d,) 

I 

d/ _ D{l-0()CM 

dT ~ lp0f 

(22) 

(23) 

(24) 

Equation (24) can be solved iteratively by computer 
and the diffusion current (23) can then be calculated for 
the post-anodic peak region. 

Figure 12 shows an experimentally obtained E/l 
curve for AgBr film formation along with a curve 
calculated on the basis of the above models. From t] 
= OtOf; = 116mV,whenCs= 0,(13 18) were used to 
calculate the current on the basis of the bulk solution 
and pore solution resistance model. At the point 'a' in 
Fig. 12. Cs = 0, but dO d( is not yet equal to zero and 
hence further tilm spreading and thickening now 
occurs under the control of bromide ion diffusion in 
the pores of the AgBr film. In this region, (21) was 
utilized instead of (18) and (19) was utilized instead of 
(17) to calculate dO/di and /, respectively. At point 'b' 
in Fig. 12, df • dt is now equal to zero, and hence only 
film thickening can now occur under the control of 
bromide difTusion. The rate of film thickening was 
calculated by (24) and then / was determined from (23). 

A potentiodynamic study of AgBr film formation on 
a rotating Ag disc electrode was carried out in 
conjunction with Scanning Electron Microscope in
vestigations of anodically formed AgBr film mor
phology. From this, the reaction between Ag and Br 
ions has been found to be very fast so that various 
physical processes are rate limiting. 

In dilute bromide solutions, the difTusion of Br 
ions to the Ag electrode surface limits the rate of AgBr 
film growth. This is evidenced by the linear relation
ship between the anodic plateau current and w1 '2 and 
the independence of the current from the potential 
sweep rate. SEM examinations of the films formed 
under these conditions have shown an island type of 
growth rather than a compact AgBr film. 

In concentrated bromide solutions, the initial rate 
limiting process is now ionic migration in the solution. 
A model of the nucleation of islands of AgBr film, and 
their subsequent spreading and thickening at a rate 
controlled by theohmic resistance of the bulk solution 
and the solution in the pores of the film has yielded an 
excellent quantitative simulation of the observed 
anodic current peak. In the region of the E/l curves 
after the peak, the difTusion of Br' ions in the pores of 
the film was found to be rate limiting as is evidenced by 
the lack of dependence of these currents on s, to and E. 
the potential. SEM investigations have shown that the 
porous type of tilm morphology is retained even for 
films which are up to 10/im in thickness. 

Fig. 12. Experimentally obtained ( ) and calculated 
( ) E/l curves for AgBr tilm formation on an Ag rde in 
Imoll ' NaBr + 5moll ' NaC104, s = 50mVsM, w 
= 7 Hz. Film spreading and thickening occurs prior to point 
'b\ then, tilm thickening occurs under pore difTusion control. 

Overall, the calculated current/potential relation
ships of Fig. 12 are quite close to the experimental 
curve and possess the same general features. Therefore, 
the model of a solution and pore resistance controlled 
current in the anodic peak region, followed by a 
diffusion controlled current in the post-peak region 
appears to be a very close simulation of the real case. 
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