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Abstract The initial stages of growth and the subsequent reduction of AgCl films at a silver electrode in 
aqueous chloride solutions has been investigated using potentiodynamic and potentiostatic methods. The 
first step in the growth process involves the two-dimensional deposition of either a partial monolayer (50-75 
/(C cm 2) of AgCl film or the adsorption of chloride ions involving a partial charge transfer. Following this, 
at an overpotential of typically 20-40 mV, the nucleation and growth of three-dimensional AgCl films 
commences. Reduction of this type of AgCl film is characterized by two cathodic peaks, possibly depicting the 
reduction of AgCl nuclei formed by two nucleation mechanisms. Continuous potential cycling results in 
significant increases in the nucleation currents and charges (not due to conventional electrode roughening), 
indicating that active silver nuclei are being left on the electrode sufrace upon AgCl film reduction. However, 
by maintaining the potential at a value significantly negative of AgCl film growth for a period of time, the 
currents due to the three-dimensional nucleation and growth process diminish in magnitude. This is evidence 
for an active reconstruction of the silver surface leading to the loss of these silver nuclei. 

INTRODUCTION 

There has been a significant amount of interest in the 
electrochemical behaviour of silver electrodes in 
chloride containing media over the years. This com
menced, in part, with the use of the Ag/AgCl electrode 
in secondary sea water batteries[l-3], the use of 
Ag/AgCl as a reference electrode[4], as well as the 
application of this system to porous electrode mode
ling studies[5-8]. In addition, some early work con
cerning the fundamentals of three-dimentional nucle
ation of films has been carried out with the deposition 
of AgCl films on Ag substrates[9, 10], while the 
characteristics of electrochemically formed AgCl films 
have also been investigated, primarily when the films 
were formed galvanostatically[ 11-13]. 

More recently, however, silver electrodes in chloride 
media have been actively utilized in the investigation of 
the surface enhanced Raman scattering effect 
(SERS)[14-20]. Although the literature shows some 
disagreement regarding the fundamental origins of 
SERS, it is clear that silver electrodes do readily 
produce these effects and that the carrying out of an 
electrochemical oxidation-reduction cycle (ORC) in 
chloride containing solutions contributes significantly 
to the enhancement of the Raman signal. However, 
almost no focus has been placed on the electrochemical 
reactions of the silver electrode during the ORC and 
the relationship between these reactions and the 
subsequent nature of the electrode surface. 

Therefore, some of the electrochemical aspects of 
the sequential processes occurring at Ag electrodes 
during the anodic to cathodic cycling of potential will 
be addressed in this paper. It will be shown that 
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initially, a two-dimensional surface reaction is occur
ring at Ag electrodes in chloride media. This stage of 
AgCl film deposition has not been studied prior to this 
work. This is followed by the nucleation of three-
dimensional islands of AgCl film in the anodic cycle 
and the deposition of Ag nuclei or adatoms, found here 
to occur in two distinct stages, on the silver electrode 
surface in the cathodic sweep. It is also shown in this 
paper that these Ag adatoms remain on the silver 
electrode for some time, resulting in higher rates of 
AgCl formation in the subsequent anodic cycles. 
However, these Ag nuclei are lost from the surface with 
time spent at relatively negative potentials and a type 
of Ag surface reconstruction occurs. The growth of 
thick AgCl films will be addressed in a separate paper, 
now in preparation. 

This investigation of the Ag/AgCl system is also 
considered to be a continuation of previous work by 
the author[21-23] regarding the mechanism and ki
netics of formation and reduction of other silver salts 
on silver electrode surfaces (AgBr, Agl and Ag2S). 

EXPERIMENTAL 

Cell and solutions 

All of the experiments were carried out primarily in 
0.1 MNaCl solutions and using NaC104 as the sup
porting electrolyte. The cells utilized for this work had 
either one or two compartments, and were constructed 
to be used with a silver rotating disc electrode {rde). 

All chemicals were of reagent grade and all water 
was triply distilled. Deoxygenation of the cell solution 
was accomplished by passing nitrogen through the 
solution in the cell before and during the experiments. 
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Electrodes 

A number of different silver electrodes were utilized 
in this work. These included 0.3 mm thick Ag plate, 
0.5 mm diameter Ag wire and 7 mm diameter Ag rod 
(all of 99.99 % purity, Johnson-Matthey). The wire and 
plate electrodes were held in a Teflon holder and were 
press contacted to a high purity gold wire. The Ag rod 
electrode was pressed into a slightly undersized Teflon 
holder and then contacted against a silver wire. The 
disc electrode could then be utilized as a rde, with the 
use of a Pine Instruments ASR Rotator system. 

The surface preparation of these electrodes always 
included mechanical polishing with various grades of 
emery paper and then 0.1 ^m alumina. The electrodes 
were then ultrasonically cleaned in triply distilled 
water and thoroughly degreased with acetone in a 
Soxhlet apparatus prior to being placed into the cell. 

The silver electrode surface area was determined by 
measuring the double layer capacitance by the trian
gular voltage sweep method[24, 25], and then compar
ing this to a standard capacitance value of 20 /iF cm ~ 2. 
This standard capacitance value was obtained by 
initially determining the relationship between the 
double layer capacitance, measured in the potential 
range of — 0.250 to — 0.300 V vs see in a 
0.1 M NaC104 solution, and the "true" electrode area 
of the polycrystalline silver electrode, as determined by 
the charge passed during the deposition of one mo
nolayer of Pb atoms on the Ag electrode surface. It has 
been reported that one monolayer of Pb atoms 
deposited on a perfectly smooth polycrystalline silver 
surface corresponds to a charge density of 
280 fiC CITT2 [26]. Therefore, from the true silver 
electrode area (cm2), the measured capacitance (^F) 
yielded the standard double layer capacitance value of 
20/ /Fcm - 2 for the polycrystalline silver electrode, 
measured under fhe conditions described above. 
Because of the ease of surface area measurement for 
each new experiment by the double layer capacitance 
method relative to metal monolayer deposition, the 
capacitance was routinely measured in a 
0.1 M NaC104 solution prior to each electrochemical 
experiment, and the electrode area could then be 
obtained. 

The counter electrode was a high area platinum 
gauze and the reference electrode was either a satu
rated calomel electrode (see) or a Ag/AgCl electrode, 
held in a Luggin capillary, and in the same solution as 
the working electrode. Therefore, all potentials are 
given vs the reversible Ag/AgCl reference electrode in 
this paper. 

Equipment 

Standard three-electrode potentiostatic circuitry 
was employed in all of this work. The principal 
methodologies were cyclic voltammetry and potentio
static techniques, utilizing a PAR 173 potentiostat, a 
Tacussel GSATP waveform generator, a HP7044A 
X-Y recorder, and either a Tektronix TM504 analog 
or a Nicolet 3091 digital oscilloscope. 

RESULTS AND DISCUSSION 

A typical cyclic voltammogram for a Ag foil elec
trode in 0.1 M NaCl + 1 M NaC104 is shown in Fig. 1, 
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Fig. 1. E/i behavior of Ag foil electrode after repeated 
cycling in 0.1 M NaCl+1 M NaC104; s = 100 mVs -1. 

at a potential sweep rate (s) of 100 mV s " '. It should be 
noted that the trace in Fig. 1 represents the steady-
state curve which is obtained after a number of 
complete cycles of potential, during which all currents 
increase substantially and the silver electrode roughens 
visibly. From the proximity of the potential at which 
the anodic current first appears to that of the Ag/AgCl 
reference electrode, it is clear that the key process 
occurring in Fig. 1 with potential cycling is the 
formation and reduction of a AgCl film on the Ag 
substrate, according to reaction (1): 

Ag + C r —AgCl(film) + e-; E° = 0.22 Vra nhe. (1) 

Although not shown in Fig. 1, when the potential is 
extended positively to about + 500 mV vs Ag/AgCl, 
the anodic current increases, possibly due to the 
occurrence of reaction (2), which would become feasible 
at a potential of about 550 mV vs nhe at pH = 7. 

2Ag + 2 0 H - - A g 2 0 + H 2 0 + 2e-. (2) 

Further discussion regarding the mechanism of 
formation and reduction and properties of the thick 
AgCl films which are formed in scans to positive 
potentials, such as in Fig. 1, will be presented in a later 
paper. The focus in this paper will be on the initial 
stages of AgCl film formation. 

The prepeak region 

In order to investigate the initial anodic processes 
occurring at a fresh silver electrode in chloride sol
utions, the region of potential just at the foot of the 
anodic peak of Fig. 1 was investigated at a high 
recorder current sensitivity. Figure 2 shows that a 
small anodic current peak, P„, is observed, along with a 
matching cathodic peak, Pc. Figure 2 also dem
onstrates the effect of increasing potential sweep rates 
on these peaks. 
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Fig. 2. Effect of potential sweep rate on P„ and P,: Ag wire-
electrode in 1 M NaCl. 

Figure 2 shows that peaks P„ and Pc occur at an 
underpotential of about - 100 mV for Pa, and 
— 150 mV for Pc, relative to the reversible potential for 
AgCl film formation and.reduction. This is one of the 
anticipated characteristics for the deposition of a two-
dimensional layer of film material, as has been ob
served in the first stage of electrodeposition of many 
metals[27]. Therefore, this indicates that peaks Pa and 
Pc are probably due to the formation and removal of a 
two-dimensional layer of AgCl, prior to bulk AgCl 
deposition. The development of a single layer of AgCl 
on Ag electrodes has also been suggested from studies 
with scratched silver electrodes[28]. 

In order to test the supposition of AgCl monolayer 
formation, the charge density contained in peaks P„ 
and Pc for a Ag wire electrode was measured and found 
to generally be in the range 50-75 pC cm~2, measured 
with respect to the true electrode surface area. It should 
be noted that the accuracy of these charge densities 
depends on the certainty in the electrode area. In this 
work, the charge passed during the deposition of one 
monolayer of Pb atoms[26] was used to accurately 
determine the electrode area, and then the differential 
capacitance of the double layer was measured in a 
0.1 M NaC104 solution, between the voltage limits of 
-0.250 and -0.300 \ vs see. From this, a standard 
double layer capacitance of 20/<Fcm~2 for these 
polycrystalline silver electrodes was obtained. This 
value is about 25 % lower than reported previously for 
similar silver electrodes in perchlorate solutions. For 
example, a value of about 27 /<Fcm : was reported by 
Vitanov et u/.[29] at a potential of -0.500 V vs see, 

although the capacitance appeared to be dropping 
significantly towards more positive potentials (not 
shown in their figure). A value of about 30 ^F cm 2 has 
also been reported[30] and it was shown here that the 
presence of even 1 mMCl could significantly increase 
the measured double layer capacitance. Therefore, it is 
possible that the range in the reported values for the 
double layer capacitance might be partly attributed to 
the presence of small quantities of C P in the solutions 
studied. Also, it is possible that even with carefully-
prepared silver electrodes, a roughness factor of 1.2 or 
1.3 may still be present, leading to higher capacitance 
values. 

In order to compare these charge densities with a 
theoretical value for one complete monolayer of AgCl, 
the following approaches can be taken. First, without 
considering the specific orientation of the AgCl deposit 
on the Ag substrate, the average density of ions in a 
plane of the AgCl crystal structure can be estimated 
from the bulk density of AgCl, and then the average 
charge density in this plane can be calculated according 
to equation (3): 

where p is the density of AgCl (5.56 gem"3), M is the 
molecular weight of AgCl, L is Avogadro's number, F 
is the Faraday constant and z is the number of 
electrons transferred per mole of AgCl ( = 1). The 
value obtained from this calculation is 135/jCcm~2. 

It is also possible to estimate the charge by consider
ing the average atomic density on the surface of the 
polycrystalline silver electrode and then assuming that 
one CI ion would occupy every second position on 
the surface, consistent with the known cubic structure 
of AgCl. Therefore, equation (3) is utilized again, 
yielding a predicted charge density of 125 /jCcrn-2. 

In reality, it would be difficult to predict which 
orientation of AgCl would be preferred at each of the 
crystal orientations presented by a polycrystalline 
silver electrode. The complexity of carrying out a more 
precise calculation than described above is supported 
by the results of an electron diffraction study of AgCl 
anodically deposited on single crystal silver[31]. This 
study showed that at Ag (100), AgCl grew with its (100) 
face parallel to the substrate, although rotated by 46°, 
while at Ag (111), the deposits were parallel and iso-
oriented. and at Ag (110), the growth was never 
parallel. 

It can therefore be concluded that between 40 and 
70 °0 of one complete AgCl monolayer is deposited in 
these experiments. This may mean that only certain 
regions of the Ag electrode surface are energetically 
favorable for the deposition of a two-dimensional 
layer of AgCl. Alternatively, the peaks may reflect the 
electrosorption of a complete monolayer of chloride 
ions in a configuration consistent with the AgCl 
structure, but with an electrosorption velency of less 
than 1. The adsorption of the equivalent of one 
monolayer of chloride ions at Ag electrodes, polarized 
up to the reversible potential for reaction (1), has been 
reported in previous literature[32, 33]. 

In order to distinguish between the possibilities of 
chloride adsorption and two-dimensional AgCl de
position, various electrode types and surface pretreat-
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ments were investigated to determine their effect on 
this first stage of silver oxidation in chloride containing 
media. Figure 3 shows a comparison of the cyclic 
voltammetric response of a silver wire, a silver foil and 
a silver rod electrode. The Ag disc had been cut with a 
saw and had been subsequently mechanically polished, 
while the wire and foil electrodes had not been 
mechanically polished. It is immediately apparent that 
the form of silver and its history have a very important 
effect on the nature of the E/i response in the prepeak 
region as well as on the charge density which is passed 
in this reaction. In Fig. 3, it can be seen that the silver 
foil electrode yields a voltammogram containing some 
fine structure in peaks P„ and Pc, while the heavily 
mechanically damaged Ag rod electrode produces a 
rather broad and featureless pair of peaks. 

Various studies were also undertaken in which a 
silver foil electrode, having initially yielded prepeaks 
such as those in Fig. 3, was subjected to a number of 
surface modification treatments. After a mild mecha
nical polishing, the peaks became somewhat smoother, 
while after a nitric acid etch, they became much more 
rounded. Then, after a series of cyanide etchings, the 
double layer capacity increased significantly as the 
electrode surface area increased visibly. However, it 
should be noted that peaks Pa and Pc did not increase 
in proportion to the increase in surface area, and after a 
highly roughened electrode had been created, the 
prepeaks were rather small in comparison with the 
now larger charging currents. This is an important 
result as it emphasizes the fact that the nature of the Ag 
surface, eg the orientation of its grains, its defect 
structure and density, etc. have a major influence on 
this stage of AgCl film deposition. 
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It could be suggested that the prepeaks are related to 
the reaction of surface impurities which are removed 
by polishing, but this is contrary to the evidence that 
the Ag rod electrode still displays the main prepeak 
features despite its severe polishing history, and also 
that no cathodic polarization treatments of any kind 
can bring about the loss of the prepeaks. These results 
also eliminate the possibility that Ag oxide or Ag 
sulfide films are involved in the reactions occurring in 
the small prepeaks. 

As a confirming test that the prepeak is related to 
the AgCl film formation reaction, the E/i behaviour of 
a silver electrode was investigated in this underpoten-
tial range over a wide range of chloride concentrations. 
For each of these concentrations, the small pair of 
peaks was observed at the foot of the main AgCl film 
formation peak. That is, the prepeaks continued to 
appear at an underpotential and hence moved in a 
Nernstian manner over five decades of chloride con
centration, consistent with the supposition above. 

When the potential is extended positively just into 
the potential region in which thicker AgCl films can 
form, upon subsequent film reduction, the cathodic 
prepeak, Pc, remains unperturbed by the development 
of the large cathodic peaks due to thicker AgCl film 
reduction. Figure 4 shows a good example of this 
phenomenon, and the unchanged nature of Pc may 
support the supposition that only part of the electrode 
surface is involved in the two-dimensional surface 
reaction, while the remainder of the Ag surface is 
utilized in the nucleation of three-dimensional phase 
AgCl (see below). 

Therefore, these results all seem to indicate that the 
reaction occurring in the prepeaks is taking place at 
specific types of surface sites and/or crystal planes. It is 
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Fig. 3. Comparison of Pa and Pc for various Ag electrodes: 
( ) Ag wire; ( ) Ag foil; ( ) Ag rod; 0.1 M NaCl 

+ 1 MNaC104, s = 100 raVs"1. 

-400 -200 0 
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Fig. 4. Pa and Pc remain unchanged when E+ is extended 
into potential range of further AgCl film growth. Ag foil 
electrode in. 0.1 M NaCl + 1 M NaC104, 5 = 1 0 0 m V s " ' . 
Note two cathodic peaks, C, and C2, in reduction of three-
dimensional films; these increase in size with continuous 

potential cycling while P„ and Pc remain constant. 
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still possible that only partial charge transfer is 
occurring at these sites, but this cannot be un-
equivocably determined from the data obtained to 
date. 

It was also noteworthy that vigorous hydrogen 
evolution at the silver electrode surface brought about 
the appearance of some fine structure in the prepeaks, 
as though a change in the distribution and/or the 
density of sites utilized in the prepeak reaction had 
changed. It is of interest that the literature concerning 
the SERS phenomenon reports that active hydrogen 
evolution (HER) has been linked to particularly strong 
Raman signals[ 14], attributed by some to the develop
ment of a rough surface due to the reduction of silver 
from solution. Others[15] have related the amplifi
cation of SERS by the HER to a cleaning of the silver 
surface and/or the presence of surface bubbles and 
hence the development of new electrode morphologies. 

Finally, in order to investigate the possibility that a 
two-dimensional film nucleation process might be 
occurring in the prepeaks, the potential was reversed at 
various points in both the anodic and cathodic sweeps. 
The current immediately decreased and reversed in 
sign, with only some hysteresis of potential (Fig. 5). 
This is consistent with a relatively rapid surface 
reaction occurring by the random deposition of 
chloride ions. Had the anodic process involved a two-
dimensional nucleation process, an increasing anodic 
current upon reversal of the potential from the anodic 
to the cathodic going direction might have been 
observed[34] and vice versa for the cathodic process. 
If those characteristics of a nucleation mechanism had 
been observed here, this would have lent strong 
support to the formation of a two-dimensional AgCl 
film rather than chloride ion adsorption. Additional 
support for a random deposition mechanism vs two-
dimensional nucleation and growth has been obtained 
by the potential step method. When the potential was 
stepped from a potential of - 0.600 V to a potential of 
0 V vs Ag/AgCl for either 20 or 200 ms, an i/t response 

such as that shown in Fig. 6 was obtained. No 
evidence for an anodic current peak, characteristic of a 
nucleation process, was obtained, and the continuous 
decrease of the current transient in Fig. 6 is consistent 
with that predicted for the random deposition 
mechanism[35]. 

The kinetics of the electrochemical process occur
ring in peaks Pa and Pc were examined by investigating 
the effect of a relatively wide range of potential sweep 
rates on the peak potentials and current densities. 
Figure 7 shows a plot of iP P vs s, and it can be seen 
that the relationship is linear up to about 1.5-2 Vs" '. 
This linear relationship is characteristic of a two-
dimensional surface reaction, but would also be ex
pected in the case of chloride ion adsorption with 
partial charge transfer. 

Figure 8 shows a plot of EP P vs the logarithm cf s. 
The potentials have been corrected for the iR drop, 
which is significant (~ 10 mV) only at s > 5 Vs" 1 . It 
can be seen in Fig. 8 that the transition from s-
independent to .v-dependent behavior occurs at 5 
~ 1.5 V s - 1 . Therefore, from Figs 7 and 8, it appears 
that s ~ 1.5 Vs" ' can be considered as the reversibility 
parameter, s„, below which the electron transfer reac
tion occurring in the prepeak is kinetically reversible, 
and above which the reaction is irreversible[36]. 

During the two-dimensional stage of AgCl de
position [reaction (1)], the gradual coverage of the 
reactive portion of the Ag surface with AgCl occurs as 
the potential is made more positive. The symbol 0 
represents the fraction of the available Ag surface 
covered by the deposit and (1 — 0) is the fraction of the 
Ag surface still free for reaction. 

Ag + Cl" ^ AgCl-KT ,4, 

-occ 6 

kf and k, are the forward and reverse rate constants, 
respectively, for reaction (4), and C n depicts the bulk 
concentration of chloride ions, eg 0.1 M. 

Assuming activation control of reaction (4) in these 
concentrated high ionic strength solutions, the i/E 
relationship in an anodic sweep can be expressed in the 
usual way[36]: 

- if-it 

= zFkfCa (1 - 0) exp 

-fizFE 

(l-p)zFE 

RT 

•zFkr0exp 
RT 

(51 

Fig. 5. Current response to reversal of sweep direction in P, 
and Pc indicates a relatively rapid surface process. 

where fi is the transfer coefficient, usually assumed to 
be 0.5. Equation (5) predicts a peak-shaped i/E curve, 
as has been observed here for Pa and P, (Fig. 1). This is 
because in the positive-going sweep, where only the 
first term of equation (5) is significant, the current is 
expected to increase exponentially with the potential as 
0 is initially small. However, as 0 also increases with 
potential, (1 — 0) becomes smaller, eventually becom
ing zero. The opposing effects of increasing potential 
and decreasing (1 —0) with time lead to a current peak. 
The same is true in the reverse sweep, when the second 
term of equation (5) is significant, with the potential 
and 0 now opposing one another with time. 
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! 

Fig. 7. Observed relationship between peak cd of P„ and s: 
Ag foil electrode in 0.1 M NaCl + 3 M NaC104. 

The exchange current density, i0, is obtained by 
equating if and ir, 

~(\-P)zFEt~ 
i0 = zFkfCa (1 — Or)e\p 

RT 

= zFkrOrexp 
lizFE, 

RT 
(6) 

In a potential sweep experiment, when the reaction 
is kinetically reversible, the reversible surface coverage 
can still be maintained at all potentials in the scan. 
Under these conditions, it has been shown[36] that the 
peak current density, ip, should vary linearly with s, and 
that the peak potentials should be independent of s. 
However, as the sweep rate increases and the reaction 
becomes irreversible, then in the anodic sweep, for 
example, if becomes much greater than i„ and vice 
versa in the cathodic sweep. The peak potentials will 
then shift with log s and the ip/s plot slope should 
change, but become constant again when the reaction 
is fully irreversible. 

Experimental results of this kind have been pre
sented in Figs 7 and 8, and s0, the sweep rate above 
which kinetic irreversibility is observed, has been 

log s /V s where E is now En the "reversible potential" for the 
surface process and 0 = 0, for reversible con- Fig. 8. Experimental relationship between Ep p and log s for 
ditions[36]. Ag foil electrode in 0.1 M NaCl + 3M NaC104. 
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found to be approximately 1.5 Vs '. s0 can be related 
simply to i0 according to equation (7)[36]. 

C (7) 

where C = i/s, the slope of the plot at 5 < s0. From Fig. 
7, C = 330/iFcm~2, and hence i0 = 5 x 10 ~4 ACITT 2 . 
This value is indicative of a relatively fast surface 
reaction, similar to the rate of hydrogen atom de
position on Pt electrodes in KOH solutions[35]. 

Nucleation of three-dimensional silver chloride 

Following Pa, Figs 2 and 4 show that the extension 
of the potential positively of Pa results in an immediate 
and rapid increase in anodic current. Upon sweep 
reversal to the cathodic-going direction, the anodic 
current increases further, which is characteristic of a 
nucleation process, in which the larger surface area 
results in larger currents, despite the less positive 
potentials on the reverse sweep. This is consistent with 
previous studies of AgCl nucleation under galvano-
static and potentiostatic conditions[9, 10], 

Figure 4 shows that the reduction of the three-
dimensional AgCl nuclei occurs in two separate cath-
odic peaks, labelled Cj and C2. Two reduction peaks 
for AgCl have been reported previously in the litera
ture [37], and were attributed to film reduction occur-
ing at the (111) and (110) crystal planes of a Ag 
electrode substrate, respectively. However, this expla
nation seems very unlikely for the polycrystalline silver 
electrodes used here, particularly as peaks C^ and C2 

are observed at all Ag electrodes, even after severe 
mechanical polishing. 

An interesting observation made here is that at small 
positive overpotentials, n, of about 10-20 mV (vs the 
Ag/AgCl reference electrode), only peak C, is seen in 
the first few cathodic scans (Fig. 4). With each success
ive scan of potential at this constant rj, peak C2 

gradually appears while Ci continues to increase in 
magnitude. With continued cycling, both Ci and C2 

increase further, although more slowly with time of 
cycling, until C2 eventually dominates the E/i trace. 

As Ci and C2 grow with continuous potential 
cycling, the anodic cd also increases, hence maintaining 
approximately equal, but increasing, anodic and cath
odic charge densities. This growth continues until 
steady-state E/i curves are obtained. However, the 
prepeaks, P„ and Pc, do not change at all in magnitude 
or appearance during this process. For this reason, the 
increase of peaks Cx and C2 cannot be due to a 
conventional roughening of the entire electrode sur
face. Indeed, the silver electrode surface remains 
completely smooth and shiny to the eye in this stage of 
film growth and reduction (Fig. 4). 

As the potential is continuously cycled to a constant 
n, a steady-state E/i trace is obtained, with C2, 
generally dominating over Ct, particularly at larger n 
(greater than 25 mV) Fig. 9. It was then observed that 
if the potential was held for some time at the negative 
end of the scan, typically about — 600 mV vs Ag/AgCl, 
the subsequent scan reverted to one in which only Ci 
was present and its magnitude had decreased to its 
original one at a fresh Ag electrode. This is a very 
significant result as it shows that when the potential is 

-300 -100 100 
E/mV vs Ag/AgCL 

Fig. 9. After some time of potential cycling, C2 dominates 
over C, (contrast with Fig. 4): Ag foil electrode in 

0.1 MNaCl + 1 MNaC104;.s =100mVs"1. 

maintained at a constant negative potential, active 
changes are occurring on the electrode surface. It is 
possible that this is linked in some way to the 
observation made in SERS[16, 17] that the SERS 
signal diminishes with time of holding of the potential 
at about — 600 mV vs see, a similar potential to that at 
the negative end of the scans in this work. 

These results have been interpreted in terms of the 
formation of silver chloride nuclei in the anodic scan 
and the deposition of silver adatoms in the cathodic 
scan, when the AgCl nuclei reduce. These adatoms may 
be a particularly active form of silver and may facilitate 
the formation of AgCl film nuclei in the next anodic 
cycle, as shown by the increasing currents with time of 
cycling. When the potential is kept negative of the 
prepeaks, as in the potential holding experiment 
described above, these Ag adatoms appear to have time 
to be lost from the silver surface or to be re
incorporated into their original sites on the Ag surface, 
thereby becoming "deactivated". It also appears that 
the AgCl nuclei and hence the Ag adatoms are being 
deposited on regions of the silver surface other than 
those utilized in the two-dimensional surface process 
involved in the prepeaks. The hypothesis that Ag 
adatoms are involved in the SERS phenomenon has 
been previously presented in the literature[14-16, 18]. 

These observations concerning the effects of poten
tial cycling and of time at negative potentials have 
immediate bearing on the measurement and interpret
ation of the SERS effect. It has been reported that the 
largest SERS effects have been obtained when the 
ORCs have involved the passing of charge equivalent 
to about 10-100 monolayers of AgCl[14, 20]. It is of 
interest to note that both the Cj and C2 peaks are 
dominant when approximately this magnitude of 
charge has been passed. Also, it has been repor-
ted[16, 17] that the SERS signal diminishes with time 
at a potential of about — 600 mV vs see, the potential at 
which SERS measurements are frequently made after 
the oxidation-reduction cycling is complete. This 
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value of potential is similar to the potential at which 
the greatest effects of holding of the potential have 
been observed in this work. Therefore, it is suggested 
that active reconstruction of the Ag surface and the 
loss or deactivation of silver adatoms may be occurring 
with time at these potentials, as seen by the decrease of 
peaks Ci and C2 with time. 

In attempting to identify the particular processes 
associated with peaks Ci and C2, it should be recalled 
that at small r/s of = 10 mV, for example, only peak C, 
generally appears. With continued potential cycling, 
peak C2 becomes visible, but only as a small shoulder 
on Ci (Fig. 4). Therefore, peak C, must be associated 
with the first stage of deposition of three-dimensional 
AgCI nuclei, perhaps in an instantaneous nucleation 
process. 

Peak C2 can then develop further with continuous 
potential cycling and is even more clearly seen with the 
extension of the upper potential limit, £+ (larger qs) 
(Fig. 9) and when longer times are spent in the anodic 
part of the cycle (lower s). This is demonstrated in 
Fig. 10, which shows the marked effect of 5 on peak C2 

at a constant £+. 
This dependence on time implies that peak C2 is 

associated with the reduction of AgCI film which was 
formed at a time-dependent rate. This time-dependent 
process may be a surface diffusion step, in which the 
adsorbed AgCI species diffuse to the edge of the 

-150 -100 -50 0 
E/mV vs Ag/AgCl 

Fig. 10. Effect of potential sweep rate on AgCI film reduc
tion peaks, C, and C2, for Ag foil electrode in 0.1 M NaCl 
+ 1 MNaC104.s = 20( ),40(--),80( ),200(. .. .) 

mVs'1. 

instantaneously deposited nuclei (Cj). It could also be 
a chemical dissolution-precipitation step, although 
this seems unlikely due to the closely matching anodic 
and cathodic charge densities, even at high electrode 
rotation rates. 

In the anodic sweep, Fig. 10 shows that two separate 
stages of three-dimensional AgCI film growth cannot 
be distinguished. This implies that the anodic rate 
limiting process is independent of the form, nature or 
shape of the growing AgCI deposit. As film reduction 
clearly shows two forms of AgCI (Ci and C2), film 
reduction must occur via a different rate determining 
step, or must follow a new mechanism entirely than 
does film formation, eg electromigration in the solid-
state of the AgCI nuclei. 

It was considered important to confirm that peaks 
Ci and C2, as well as Pc, would also be observed in 
response to an anodic potential step. Figure 11 shows a 
typical anodic i/t response to a potential step from a 
potential of - 600 mV to + 20 mV vs Ag/AgCl, for a 
time of 200 ms at this upper potential and then the 
removal of the AgCI deposit by linear sweep voltam-
metry at 500 mVs~ l. It can be seen that peaks Pc, Ci 
and C2 are all clearly visible, confirming the fact that 
these peaks are not in anyway artifacts of the cyclic 
voltammetric technique. Also, it is seen in Fig. 11, in 
comparison with Fig. 6, in which only Pa is formed, 
that the formation of three-dimensional AgCI com
mences after about 50 ms from the application of the 
pulse, and that a typical nucleation i/t response is 
observed. 

Another series of experiments were carried out in 
which the potential was stepped to various £ + and 
held there for varying lengths of time. This anodic step 
was then followed by a cathodic sweep to £_ ~ 
— 600 mV vs Ag/AgCl. The objectives of this experi
ments were to establish the dependence of Ci and C2 

on both time and r\, and to investigate the effect of 
repeated anodic step/ cathodic sweep cycles on peaks 
Pa and Pc. 

Figure 12a shows the cathodic i/E curves obtained 
in a series of experiments in which £ + was held at 
+ 10 mV for 100 s, and then the AgCI film was reduced 
at s = 100 mVs~' . It is seen that the cathodic currents 
continuously increase with each cycle, as was the case 
when anodic and cathodic potential cycling was em
ployed (Fig. 4). Although not shown in Fig. 12a, 
peaks Pa and Pc are not affected at all by the major 
changes occurring in peaks C, and C2. This is con
sistent with the hypothesis that the process occurring 
in peaks Pa and Pc occurs on regions of the surface 
quite different from the areas used for the three-
dimensional nucleation and growth process. 

Figure 12b shows the results of holding the potential 
at 4- 24 mV for 3 s before reducing the AgCI film at 
50 mVs~ '. Both peaks C, and C2 are still observed in 
these anodic pulse/cathodic sweep experiments 
(Fig. 12a and b). This indicates that peaks C, and C2 

probably depict the reduction of two types of AgCI 
deposit which are formed by different mechanisms 
(instantaneous vs progressive nucleation, for example). 
A more detailed study of peaks Ci and C2 is presently 
underway. This will include a study of the effect of the 
Ag electrode fabrication history on the dependence of 
peaks C[ and C2 on rj and time. 

It should also be noted that when the potential is 
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a. 

Fig. 11. i/t response of Ag foil electrode to a potential pulse from - 600 mV to + 20 mV vs Ag/AgCI, for 
200/JS, and removal of AgCI deposit at 500 mVs ';0.1 M NaCl + 1 M NaC104. 

held at the lower potential limit for several minutes in 
these pulse/experiments, the subsequent cathodic scan, 
following another hold at E+, revealed a diminished 
peak C2, just as was observed in the potential cycling 
experiments. 

Therefore, all of the features reported here for peaks 
C[ and C2 in the potential cycling experiments are also 
observed in the anodic step/cathodic scan experiments. 
This confirms that peaks C1 and C2 are inherent to the 
mechanism of three-dimensional AgCI film nucleation. 

SUMMARY 

The early stages of growth and reduction of AgCI 
films at a silver electrode have been investigated in 

(b) 
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E/mV vs Ag/AgCI 
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Fig. 12(a). 

-150 -100 - 5 0 0 50 
E/mV vs Ag/AgCI 

Fig. 12. Effect of AgCI film growth by anodic step to £ + , 
holding £* for t seconds and sweeping cathodically to 
remove AgCI film, (a) £ , = 10mV, r = 100 s, sc 
= lOOmVs-', Ag rod in 0.1 M NaCl + 3 MNaClCu. C2 
becomes dominant with repeated cycles, (b) £ , = 24 mV. i 
= 3s, sc = 50mVs ', Ag foil in 0.1 M NaCl+lM NaC104. 

First cycle only; peaks C, and C2 both visible. 
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aqueous chloride solutions with the use of poten-
tiodynamic and potentiostatic techniques. Initially, a 
pair of small current peaks are observed at an under-
potential with respect to the reversible potential for 
AgCl film formation. Their peak currents vary linearly 
with potential sweep rate and the charge density 
contained in the peaks is about 50-75 //CcirT 2. The 
general shape of these peaks has been found to depend 
to a large extent on the fabrication history of the silver 
metal, being the most rounded at mechanically polis
hed silver rod. These peaks have been ascribed to a 
two-dimensional surface process, related to either the 
formation of about one-half of a AgCl monolayer (q 
= 135/tCcm -2) or the adsorption of up to one 
monolayer of chloride ions, and involving a partial 
charge transfer (electrosorption valency of about 0.5). 

Following this two-dimensional stage of AgCl film 
initiation, larger currents are observed at overpoten-
tials of about 20-40 mV, the overpotential being 
attributed to the nucleation of three-dimensional 
AgCl. Upon sweep reversal to the cathodic direction, a 
hysteresis loop, also characteristic of nucleation, is 
then observed. The reduction of the three-dimensional 
AgCl nuclei occurs in two cathodic peaks, with the one 
at more positive potentials dominating initially. As 
more AgCl nuclei are deposited as more is spent at 
anodic potentials (lower sweep rates or holding of the 
anodic potential), or as the positive potential limit is 
extended further, the more cathodic reduction peak 
begins to dominate. It is suggested that these two peaks 
may depict the reduction of two types of AgCl nuclei, 
those formed instantaneously and those formed by 
progressive nucleation. 

With continuous potential cycling, the anodic and 
cathodic nucleation currents increase, implying that 
silver adatoms or silver nuclei are remaining on the 
surface of the electrode after film reduction. These then 
subsequently facilitate the oxidation process in the 
next anodic cycle. With holding of the potential at 
rather negative potentials {eg — 600 mV vs Ag/AgCl), 
subsequent anodic to cathodic cycles show greatly 
diminished nucleation currents. This is indicative of 
the active rearrangement of the silver surface and the 
loss of the silver nuclei at negative potentials, and the 
recovery of the original electrode surface. 

Further work concerning the growth and reduction 
of much thicker AgCl films is currently in progress. 
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