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Abstract - The kinetics of the potentiodynamic formation and reduction of silver sulfide films on a silver
rotating disc electrode in aqueous sulfide solutions were investigated. Due to the inherently fast reaction
between silver and the HS species, the physical processes of migration and diffusion of ions in solution were
frequently rate limiting. Only when the rate of HS transport in solution was very high, did the rate of film
growth become limited by the solid-state electromigration of silver ions through the silver sulfidefilm.By
utilizing the lowfieldapproximation forfield-assistedelectromigration, the ionic conductivity of these films
was found to be 5.9 x 10 " 4 S cm '. Silver sulfidefilmreduction occurred by the injection of electrons into the
film to thefilm/electrolyteinterface. All of the results have been supported by scanning electron microscope
investigations.

INTRODUCTION
Quite a number of the electrochemical properties of
insoluble metal sulfides have been studied to some
extent in the past. Interest in Ag2S, in particular, has
risen from its use as an ion specific electrode[l], its
comparatively high electronic and ionic conductivity^], the well known tarnishing of silver in sulfurcontaining media[3] and among others reasons, its
behavior in the processing of minerals[4].
As an ion selective electrode, the Ag/Ag2S electrode
has been used in the detection of Ag+ , S 2 " and other
ions such as Cu 2 + , Cd 2 + , Pb 2 + and Z n 2 + [ 5 ] . The
electrode can function as either one of the "second
kind" (composed of a porous Ag2S film on an Ag
substrate) or as a solid-state Ag2S membrane
electrode. One of its principal advantages as a solidstate type electrode is the excellent conductivity of
Ag2 S, which has an ionic conductivity ranging between
1.6x K T 5 S c n r ' [ 2 ] and 5.4 x l O ^ S c m " '[6], with
these values being related to the different modes of
preparation of Ag?S. As an electronic conductor, fiAg2S is considered to be an n-type semi-conductor,
having a band gap of only 0.9eV[7]. The Ag/Ag2S
electrode is also particularly good as an ion detector
because of the high exchange current density at the
Ag/Ag2S interface[6, 8, 9].
Much work has also been done with regard to the
corrosion reaction between silver and sulfur or hydrogen sulfide at temperatures above room temperalure to form both a- and /?-Ag2S [10- 16]. It appears
•hat the reaction kinetics are initially linear being
governed by the rate of the reaction at the Ag/Ag2S
mterface, but then become parabolic as diffusion

through the thickening Ag2S layer becomes rate
limiting. The corrosion reaction between Ag and
aqueous sulfide solutions at room temperature has
been found to be controlled by the reaction at the
Ag2S/electrolyte interface[17].
In the field of mineral processing, much work has
been concerned with the double layer properties of
Ag2S from which the pzc has been determined to be
independent of pH and occurring at a pAg of
10.2[18, 19].
In this work, Ag2S has been formed as an insoluble
film on a Ag electrode in aqueous sulfide solutions as
2Ag + H S " + O H

— Ag2S(film) + H 2 0 + 2 e . ( l )

This reaction is expressed in terms of the HS
species because at pH = 14, the pH used in this work,
HS is the majority species, as pK 2 for the dissociation
of H 2 S is taken to be equal to 17.1 [20].
The reversible potential, £ r , for reaction (1) can be
described by equation (2) utilizing the appropriate
standard potential determined by Freyburger and de
Bruyn[18].
_684-29.5[log(HS)]
£ r =
-29.5[log(OH-)]mV.
(2)
It is the purpose of this paper to describe and
elucidate the mechanism and kinetics of the growth of
anodic silver sulfide films when under potentiodynamic conditions. Also, some conclusions have been
made with regard to the mechanism of the reduction of
these films, particularly by linking the electrochemical
evidence with that obtained from the morphology of
the films as seen by scanning electron microscopy
(SEM). Although some work has been done previously
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with anodically formed Ag2S films, it was done[2j only
by galvanostatic and potentiostatic methods. The
galvanostatic study resulted in a determination of the
ionic conductivity of the Ag2S layer but the mechanism
and rates of the film forming reactions were not
studied.

EXPERIMENTAL
The potentiodynamic experiments were carried out
with a conventional three-electrode potentiostatic circuit (Chemical Electronics, TR 70/2A). Potential sweep
rates, s, were varied between 5 and 300 mVs. and
potential current (£ i) curves were plotted on an X-Y
recorder or on an oscilloscope. The working electrode
was a Ag (Engelhardt, 5N purity) rotating disc electrode {rde) with the highest rotation rate, a>, being
30 Hz. 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 {nhe) scale.
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),
polishing with alumina paste on a polishing cloth,
rinsing with water, acetone, ethanol, etching for about
one minute in 10-20",, H N 0 3 and rinsing again with
water. The electrochemical pre-treatment of the Ag
electrode surface, carried out prior to the addition of
sulfide to the 1 or 2 M NaOH solution in the cell,
consisted of sweeping the potential through the voltage range between the potential for Ag 2 0 formation
(0.35 V) and the hydrogen evolution reaction {her) at
about - 0.8 V. to remove any absorbed impurities or
oxide layer.
The roughness factor, y, obtained by double layer
capacitance measurements in this range of
potential 21], was representative of the true electrode
area for only the first cycle of potential. After the first
reduction of the Ag2S film, the Ag surface became
visibly roughened and y could no longer be determined
reliably. Because of this uncertainty in the surface area,
results were recorded after a reproducible £ i trace was
obtained for each set of the parameters s, to, and HS
concentration. These results are presented below for
the formation of anodic Ag2S films on rough Ag
surfaces (large and unknown y).
A greater portion of the experiments were carried
out « ith smooth Ag surfaces. This was accomplished by
carrying out a complete re-polishing sequence after
each complete cycle of the voltage. These comparatively smooth surfaces gave consistent y values of
between 2 and 2.5.
Solutions were made up by bubbling H 2 S
(Matheson C.P.) into 1 or 2 mol/1 NaOH solutions for
about one minute and then withdrawing aliquots of
this solution into the NaOH solution in the reaction
cell. Highly basic solutions were chosen to ensure that
all of the sulfide was in the form of HS . H S '
concentrations were determined by the reaction with
excess standard iodine[22]. Solutions were flushed
with nitrogen before and during each experiment.
Chemicals used were of Analar quality and all water
was doubly distilled. All solution temperatures were
within the range of 18-22 C.

The electrode surfaces which were examined by
scanning electron microscopy were first rinsed with
water, dried and then inspected with a JEOL JSM-U3
SEM at 25 kV. X-ray fluorescence analysis yielded only
silver and sulfur peaks in all cases and X-ray diffraction
of a typical sample of film material yielded peaks only
for /f-Ag2S.
RESULTS AND DISCISSION
(i) Silver sulfide filmformation on rough silver electrode
surfaces
The repeated formation and reduction of Ag,S films
by the potential cycling regime of a potentiodynamic
experiment resulted in a very large amount of roughening of the Ag electrode surface. The degree of surface
roughening which develops with repeated cycles of
potential is indicated in Fig. 1, where an SEM photograph shows that a granular Ag2S deposit covers only
portions of a very rough and porous Ag substrate.
However, after about ten cycles of potential, the
surface area appeared to stabilize and fairly reproducible E/i curves could be recorded. From these,
some qualitative data could be obtained, although the
uncertainty in electrode area precluded a quantitative
analysis of the observed dependence of currents and
charges on s, to, etc.
A typical set of E/i curves for a rough Ag rde
of unknown surface area in a O.lmol/IHS"
+ 0.2 mol/1 NaOH solution at three potential sweep
rates (s) is shown in Fig. 2. A pair of large anodic and
cathodic peaks are observed for Ag2S formation and
reduction [reaction (1)] with the formation potential
(the potential midway between the onset of the anodic
and cathodic current) being very close to the calculated
£ r for Ag2S formation [equation (2)]. At a high
sensitivity current scale, a small anodic peak (peak d,

Fig. I. SEM view ofAg2Sfilmformed in 0:mol 1 Hs + «
mol I NaOH at s = lOOmV s on rouqh Ag surface. The film
appears granular in nature with a very porous Ag substrate
beneath.
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(using the apparent surface area), and both s1 2 and
(.j1 : w as found to be linear although the i «/ 2 plot did
not pass through its origin. This may be related to the
macro-roughness of the electrode which is known to
affect the rates of mass transport near the electrode
surface[25]. A determination of the charge densities
(using the apparent surface area) observed in these
experiments on rough Ag surfaces showed that the
ratio of anodic to cathodic charge is close to unity as
expected from the low solubility of Ag 2 S[18]. This
indicates that a dissolution-precipitation mechanism
for film growth, characterized typically by a loss of film
material to solution at low 5, is not a likely mechanism
in the Ag2S case.
A quantitative analysis of the data for Ag2S film
formation and reduction was carried out only on the
results for smooth Ag electrodes, which are given
below.
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Fig. 2. £/i curves of Ag after several complete cycles of
potential in 0.1 moll HS +0.2mol I NaOH at s = 30(a). (ii) Silver sulfide film formation on smooth silver elec50(b). and 150(c) mV s at co = 12 Hz on rouyh Ag substrate. trode surfaces
Anodic pre-peak (d) for Ag,S monolayer formation observed
Initial potentiodynamic experiments carried out
at high recorder sensitivity.
with smooth highly polished Ag electrodes immediately
showed that the stirring of the solution by electrode
rotation had a pronounced effect on the magnitude of
Fig. 2) can be seen at about -0.725 V, which is about the observed currents. Therefore, the results for Ag2S
0.O9 V negative (at an underpotential) of the calculated formation and reduction on smooth Ag electrodes are
£,. The observed underpotential for this pre-peak, as presented separately for quiescent and stirred sulfide
well as the dependence of its currents and charges on solutions.
the experimental variables, has led to its assignment
being that of a monolayer of Ag2S. The growth of an
(a) Quiescent solutions. Some typical E/i curves
Ag2S monolayer occurs as a precurser to the formation for a smooth Ag electrode in a quiescent 0.1 mol/1 HS
of a thick film of phase Ag2S on the Ag substrate. The solution are shown in Fig. 3. Each trace represents one
kinetics of the formation and reduction of the complete cycle of potential after which the electrode
monolayer of Ag2 Son Ag electrodes of known surface was re-polished and the E/i trace was monitored again.
area will be presented separately in the following As on rough Ag electrodes, the first stage of Ag2S film
paper[23].
growth was seen (not shown in Fig. 3) by a small preIt is clear from Fig. 2 and from the data obtained at peak at an underpotential of about 0.09 V; this preall other HS concentrations that the slope of the peak has been assigned to the formation of a moleading edge of the large anodic peak is linear and nolayer of Ag2S as a precursor to bulk film growth.
equal at the three different s. The reciprocal of the
slope of this part of these anodic peaks has been found
lo be equal to the calculated ohmic resistance of the
E/V, NHE
electrolyte, Rs. between the Ag electrode surface and
the tip of the Luggin capillary as calculated by the
Newman equation (3)[24]
R,= -

tan

(3)

27iicr

where K is the solution conductivity, d is the perpendicular distance between the tip of the Luggin
capillary and the Ag electrode, and r is the radius of the
Ag electrode. This indicates that the rate of Ag2S film
formation on rough Ag surfaces at this stage of film
powth on the E/i curve is controlled simply by the
Physical parameter of solution resistance. This is an
Odication of the relatively high rate of reaction
between Ag and HS and the lack of impedance
Presented by the reaction product, the Ag2S film, on
Hiese rough surfaces.
Figure 2 also shows that the main anodic and
*thodic peaks of phase Ag2S formation and reduction
•volve much more charge and hence many more
fyers of film than does the monolayer peak. The
Mationship between the peak current densities, ip
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Fig. 3. E i curves for Ag2Sfilmformation and reduction on
smooth Ag electrode in quiescent 0.1 mol I HS" +0.9mol I
NaOH solution at s = 30(a), 100(b) and 150(c)mV/s.
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The analysis of the kinetics of growth of the Ag2S
monolayer is given in a following paper[23]. After
Ag2S monolayer growth is complete, phase Ag2S film
growth initiates in a small foot to the main anodic peak
(Fig. 3). This foot may be related to the initial
nucleation of the new Ag2S phase on the electrode
surface[26].
After the small foot, the currents in the region
leading to the anodic peak are seen to be linearly
ascending and equal at all s, as was seen for rough Ag
surfaces. The reciprocal of the slopes of the leading
edges of the anodic peak in quiescent solutions are very
similar in value to the calculated ohmic resistance of
the solution [equation (3)] particularly at HS~ concentrations greater than about 20 mM. This indicates
that as on rough Ag electrodes, the rate limitation in
this ascending region of the curves is the migration of
ions in the solution rather than a solid-state transport
process in the growing Ag2S film.
The amount of charge passed in these anodic and
cathodic curves can be up to 1500mC/cm 2 . The
morphology of these Ag2S films formed in quiescent
sulfide solutions was studied at various stages of film
growth by SEM. It was established that the film forms
initially as a smooth compact layer [Fig. 4(a)] which
exhibits changing interference colors with increasing
film thickness and which can be removed only by
rigorous mechanical polishing. With further film
thickening, the Ag2S film then forms as a black, fluffy
deposit [Fig. 4(b)] on top of the compact basal layer,
which can be readily wiped from the substrate and can
even be spontaneously lost from the electrode surface
into solution.
From the potentiodynamic E/i curves, the relationships between the anodic peak current, ip, and s1'2 (Fig.
5) and the HS~ concentration (Fig. 6) are found to be
linear [equation (4)] and passing through the origin
ip

= MHS-)s 1 / 2 .

(4)

Fig. 5. Experimental relationship between anodic peak current density and s1 2 for Ag2Sfilmformation on smooth Ag
surfaces in quiescent 20mmol/l HS~ solution.
typical for film growth which is controlled by the rate
of diffusion of a species in solution to the electrode
surface; this would also be consistent with the large
effect of electrode rotation on the observed currents.
Therefore, a model for this stage of Ag2S film growth
in quiescent sulfide solutions, based on rate control by
solution diffusion, is presented in sub-section (iii) of
this paper below.
(b) Stirred solutions. The effect of stirring of the
sulfide solution by electrode rotation is to greatly

01

02
(HS~)/ mol I

Figure 3 shows that the large anodic current peak is
followed by a gradual but continuous decline in the
current, despite a reversal in the direction, and hence a
decrease of the applied potential. These results are

Fig. 6. Experimental relationship between anodic peak current density and HS~ concentration (quiescent solutions) for
Ag2Sfilmformation on smooth Ag surfaces at s = 20mV/s.
^lifefS.
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Fig. 4. SEM views of Ag2S film formed at s = lOOmV/s on smooth Ag in quiescent 16mmol/lHS + 1.0mol/l NaOH
solution. Surface is initially smooth and black (a), but becomes covered with loose, black deposit (b) with furtherfilmgrowth.
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increase the rate of transport of material to the Ag
surface. In quiescent solutions, it has been seen above
that Ag2S film formation appears to be controlled
primarily by the rate of diffusion of HS~ to the
Hi
electrode surface. Solution stirring will therefore increase the rate of film growth and hence the amount of
film which can be formed on the surface per unit time
as long as no other process becomes rate limiting.
Figure 7 shows a typical E/i curve for a smooth Ag
electrode when a is 15 Hz. The Ag2S monolayer pre'/(*)"
peak (not shown in Fig. 7) and the anodic foot, related
to the initial nucleation step, are both still observed in Fig. 8. Effect of s and w on i for Ag S film formation on
g
2
these stirred solutions. Also as in quiescent solutions, smooth Ag electrode in 0.25 mol/1
HS" + 2 mol/1 NaOH. At
the reciprocal of the slope of the E/i curve after the low s, i is independent of to but varies linearly with s1 2 while
foot, A'. is found again to be equal to the value of the at high s. ig is independent of s but varies linearly with w' 2.
solution resistance indicating that the migration of
ions in solution becomes rate limiting after the nucleation step. However, as the currents increase to the
current maximum, further film growth becomes limited at a current plateau, ig, rather than at a current
peak as in quiescent solutions (Fig. 3). The values ofthe
plateau currents are larger than the ip values in
quiescent solutions due to the increased rate of ion
transport in solution with stirring.
Because the rate of electrode rotation affects the rate
and therefore the amount of film which can be formed
per unit time, the amount of film formed will then
/(Hz I
depend closely on s. At high 5, over a particular span of
2
potential, smaller amounts of film will form than at Fig. 9. Experimental relationship between i, and <u' (o)for
Ag
S
film
formation
on
smooth
rotating
Ag
electrodes
in
2
low s, when there is more time for film growth. This
O.25mol/1HS" + 2 mol/l NaOH at 3 = 100mV/s. Calculated
then results in an interesting dependence of ig on both relationship (
) is obtained from the Levich equation (5)
ta and s (Fig. 8). It can be seen in Fig. 8 that when s is
for diffusion limited reaction.
high and comparatively less film is formed, ig then
depends closely on <o but is independent ofthe value of
s. Under these conditions, the relationship between i still large and independent ofthe potential, as would be
and wl 2 can be seen to be linear (Fig. 9) as is predicted
the case for a diffusion controlled reaction.
for a diffusion controlled reaction at a rde by the
Figure 8 also shows that when the rate of material
Levich equation (5)[27]
flux in the solution to the electrode surface is high but
if is
i=0.62zFCZ> 2 ' 3 v"" 6 w" 2
(5) the potential sweep rate is comparatively low,
independent of w but varies linearly with s112. A
where z is the number of electrons, F the Faraday potentiodynamic i/E curve for this case (i, independent
constant, D is the HS diffusion coefficient (1 of w) is shown in Fig. 10 where it can be seen that i, is
x 10" 5 cm 2 /s) and v is the kinematic viscosity ofthe constant in the anodic going sweep but that the current
solutions (3.95 x 10" 3 cm 2 /s[28]).
drops approximately linearly with decreasing potential
Figure 7 shows the E/i curve in the case where ig after sweep reversal. This linear ijs1'2 relationship
depends only on wand is independent of.s as expressed
by equation (5). It can be seen that even on the reverse
sweep in the region of the anodic plateau, the current is
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Fig. 7. E/i curve for smooth rotating Ag disc electrode in
0.1mol/l HS"+0.9mol I NaOH at 3 = lOOmV/s, vt
= 15 Hz. i9 depends linearly on ID1 2.

Fig. 10. E/i curve for smooth, rotating Ag disc electrodes in
0.25 mol/1 HS" + 2 mol/1 NaOH at s = 15mV/sanda) = 20
Hz. i, now depends linearly on s" 2 .
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(Fig. 8) and the decrease in current with sweep reversal
indicates that the rate of film growth is now limited by
the ohmic effect of ion transport under the influence of
the electric field within the film. This ohmic behavior
can be expressed as in equation (6) as is predicted from
the low field approximation for solid state ion
transport[29]
(6)
(7)
where Kt is the ionic conductivity of the film, £ is the
electric field in the film, / is the film thickness and V is
the voltage across the film. The link between the lowfield model for ionic transport and the observed linear
ig/sl 2 relationship will be elucidated in sub-section iv
below.
Ag2S films which were formed in stirred HS~
solutions on smooth Ag electrodes were frequently
examined by SEM. Figure 11 shows a typical view of
these surfaces. These thick Ag2S films (up to \0 um in
thickness) appear to be homogenously granular with
grain diameters being between 2 and 4/mi. As was
found in quiescent sulfide solutions, these films could
be readily scraped away from the Ag substrate, probably due to their granular and somewhat noncompact nature.
(iii) Model of anodic silver sulfide film growth in
quiescent sulfide solutions. {Irreversible charge transfer
reaction under solution diffusion control)
The experimental data obtained for smooth Ag
electrodes in quiescent sulfide solutions (sub-section ii
above), particularly the empirical linear dependence of
peak current density on the HS " concentration and on
s1 2 [equation (4)] and the general appearance of the
E/i curves (Fig. 3), suggest that the electrode reaction
(1) is controlled simply by the diffusion of H S ' to the
reacting electrode surface under these conditions. It is
then possible to use the treatment of Delahay[30] in
considering reaction (1) as a totally irreversible electron transfer reaction and to then calculate the anticipated £ i relationship on the basis of this model for
comparison with the experimentally observed one.

In this model, the charge transfer reaction is assumed to have a single rate determining step, in which
za electrons are transferred, and to be kinetically
irreversible. The rate constant for the forward reaction
(1) is assumed to be an exponential function of the
electrode potential as
k=

I8|

where § is the transfer coefficient, i] the overpotential
and k0 is the rate constant in the absence of an applied
potential. By equating the flux of HS" ions to the
electrode surface to the rate of the electron transfer
reaction, the solution can then be obtained under the
constraints of semi-infinite linear diffusion. Delahay's
expression for current density as a function of potential for this type of an irreversible reaction is given by
i = nl 2:FBl

2

D'

2

Q(flr)

19)

where
B = Pz„Fs/RT.

(10)

/ (Bt) is given as a function of (Br) by Delahay[30],
and has a maximum at a value of 0.282. From this, the
peak current density can be expressed as a function of
i =3.01 x 105

r ) l /ll2
~ 1/2
z(Pz1/2a)ll2
D 2 /Cs

(11)
The parameter (/irj can be obtained from the slope of
the experimental ir/s' 2 plot (Fig. 4) and is equal to 1.6.
By using this value of jiza and by taking the
experimental formation potential (mid-way between
the onset of anodic and cathodic current) as the
starting potential at t = 0, equation (9) has been
calculated for the anodic formation of a Ag2S film in a
quiescent sulfide solution. Figure 12 shows both the
experimentally obtained E/i curve in 20mmol/lHS"
solution at s = 0.1 V/s and the E/i curve which was
calculated by equation (9) for these conditions. It can
be seen that the calculated and the experimental curves
are quite similar, showing that the model of film
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Fig. 11. SEM views of Ag2Sfilmformed on smooth, rotating
Ag electrode in 0.25mol/l HS +2 mol/1 NaOH at s
= 30mV/sand co = 12 Hz.

Fig. 12. Experimental E/i curve (
) and calculated E/i
curve (
) for Ag2Sfilmformation on smooth Ag electrode
in quiescent 20mmol 1 HS" + 1 mol 1 NaOH solution at s
= lOOmV:i. Calculated relationship is obtained from
equation (9) for a kinetically irreversible diffusion controlled
reaction.
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growth rate being controlled by the rate of diffusion of
HS in these quiescent solutions is reasonable.
The fact that the fit of the calculated and theoretical
£/i curves in Fig. 12 is not perfect could well be related
to the approximations which are involved in the model.
First. Delahay's model of a diffusion controlled irreversible charge transfer reaction should be taken with
some caution for the case of the formation of an
insoluble Ag2S film on the Ag substrate. This is
primarily because the formation of a new phase of
Ag2S on the original Ag surface does not leave the
metal surface in its original state. Therefore, the rate
constants in equation (8) should probably contain such
Ag2S film parameters as its ionic conductivity and
thickness rather than depending exponentially only on
the potential and transfer coefficient. It is also somewhat doubtful that a transfer coefficient can be
applied with any theoretical basis to a reaction producing a film which covers and then thickens on the
electrode surface. Nevertheless, in quiescent sulfide
solutions, the potentiodynamic formation of an Ag2S
film on an Ag surface has been shown to be closely
approximated by a model of an irreversible charge
transfer reaction under solution diffusion control.
(iv) Model of anodic silver sulfide film growth in stirred
sulfide solutions. {Eta Immigration in solid silver sulfide
according to the low field model)
The effect of electrode rotation and hence solution
stirring on the E, i curves has been shown above [subsection (ii)] to be a marked increase in the rates of Ag2S
film formation. At fast potential sweep rates in stirred
solutions (Fig. 8), the rate of Ag2S film growth has been
seen to be controlled by the diffusion of HS ions to
the electrode surface, as in quiescent solutions.
However, as the potential sweep rate is decreased,
more time is available for film growth to occur over any
particular range of potential and therefore, the solidstate transport of ionic species such as Ag* through
these thicker films becomes the rate limiting step.
Under these conditions. if varies linearly with s1 2 but
is independent of w (Fig. 8). This observation suggests
that film growth is now controlled by the rate of ionic
migration within the film and that equation (6) is
obeyed. The observed linear ig/sl 2 relationship for this
stage of Ag2S film growth can be predicted from the
low field model of film growth[31] as is shown below.
The potential applied to the electrode, £, can be
distributed across the elements of the circuit as
£ = V+lRs + b<p

(12)

where Kis the potential across the film, IRS represents
the ohmic loss due to the electrolyte and Ac/) is the sum
of the potentials across the interfaces, such as at the
Ag Ag2S interface and at the Ag 2 S electrolyte
interface.
In the case when ionic transport in the film is rate
limiting and i9 is constant in the forward sweep (Fig.
10), the electrolyte resistance, IR„ is also constant. As
Ac/> is also assumed to remain constant, the differentiation of equation (12) with respect to time yields
d£
d; ~

dl
~~At

(13)

As these Ag2S films are quite thick at this stage of

I8I.S

film growth, it can be assumed that only further film
thickening occurs and therefore, the Faraday law can
be expressed as
_zFpdl
' • ~ ~ M dt'

114)

Where p is the film density and M is the molecular
weight. When ; is assumed to be constant through the
film as in the low field model, equation (7) can be
rearranged and differentiated with respect to time to
lead to
d/
di

1 dl
{ dt

(15)

Then, substitution of equation (15) into equation
[14)yields[31]
zFp dl
Mi di '

16)

Utilizing equation (6) to substitute for ; in equation
(16) gives equation (17). which shows that i^ could be
anticipated to vary linearly with s' : by this model
:F pK,
M

(17)

Equation (17) also shows that a plot of i, against s•' :
will yield K, from the slope of the plot, as all of the other
parameters in equation (17) are known exactly for
Ag2S. From the slope of the curve in Fig. 8, K, has been
found to be equal to 5.9 x 10 4 Scm ' for the Ag2S
films formed under potentiodynamic conditions in
sulfide solutions.
Previous determinations of the ionic conductivity ol
Ag2S have ranged from 1.5x10 5 S c m ~ ' to 5.4
x 10~*Scm '[2, 6] depending on the method of
Ag2S film or crystal formation and therefore the
conductivity determined here is reasonable and supports the overall model of film growth.
These comparatively high values for the ionic conductivity of Ag2S are consistent with the observed low
field mechanism of film growth and with the observation that physical processes such as the migration or
diffusion of ions in solution rather than transport of
ions in the film is readily the rate limiting step in Ag2S
film growth. It is only when the potential sweep rate is
low enough and the availability of reactants is high
(high sulfide concentration and good stirring) that a
sufficiently thick film forms so that ionic transport
through the film itself becomes the rate limiting
process.
(v) Reduction of anodically formed silver sulfide films
On both rough and smooth Ag surfaces, in stirred
and unstirred sulfide solutions, the reduction of anodically formed Ag2S films is usually seen by a single large
peak on the £, i curves (Figs 2, 3 and 7). But in all cases,
the cathodic peak current densities are larger than the
anodic peak current densities and, therefore, the
mechanisms of Ag2S film reduction probably differs
from that of their formation.
In order to determine the mechanism of film
reduction, a brief SEM investigation was carried out
by partially reducing a Ag2S film. This experiment was
carried out in a 0.25 mol/1 HS" solution at w = 14 Hz
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and the potential sweep was terminated at the potential
at the cathodic peak when only about half of the Ag2S
film had been reduced to Ag. This electrode was then
removed from the electrolyte and the surface appeared
to be covered with a loose, black material. One half of
the electrode face was then wiped with filter paper to
remove the loose deposit which came away easily and
left a shiny, smooth black film on the electrode surface.
The electrode surface was then examined by SEM and
the two halves of the surface appeared to be distinctly
different. The half that had been brushed free of the
black film showed a compact deposit while the untouched half showed a very rough dendritic deposit.
EDAX measurements to compare the S and Ag
contents of these two surface layers showed that the
dendritic deposit gave a strong peak for Ag but a very
small one for S while the compact film showed the
typical Ag and S peaks for an Ag2S film. These
observations indicate that the Ag2S film reduces at the
Ag2S/electrolyte interface by the injection of electrons
into the film and the subsequent transport of electrons
to this interface where Ag2S is reduced to metallic Ag
and sulfide ions are redissolved into solution. The
reduction of the film by this mechanism seems to form
a dendritic Ag deposit which has a poor electrical and
mechanical contact to the original substrate. This is
seen experimentally by the frequent loss of the reduced
Ag from the electrode surface into solution, particularly with electrode rotation. Also, it appears that the
diminished electrical contact between the original Ag
substrate and the newly-formed dendritic Ag deposit
favours the subsequent reaction of HS in the next
sweep with the underlying Ag base rather than with the
loosely attached Ag deposit. This is seen by the
continuous increase in electrode surface area with
repeated cycles of potential as fresh Ag metal is being
oxidized in each cycle.
The generally high rates of film reduction observed
in this work would be consistent with this suggested
mechanism of film reduction (by electron injection
into the film to the outer film surface) because of the
intrinsically good electronic conductivity of silver
sulfide[2. 7]. The reduction of the Ag2S film cannot be
solution diffusion controlled because the cathodic
peak current densities exceed the theoretical maximum
diffusion currents. By the same argument, film reduction cannot be controlled by field-assisted ion
transport in the film as in the case of the anodic
reaction. Finally, neither film formation nor reduction
is occurring by a dissolution-precipitation mechanism
because there is no loss of Ag2S film into solution at
slow potential sweeps.

SUMMARY
In this paper, the mechanism and kinetics of the
potentiodynamic formation and reduction of silver
sulfide films on silver electrodes in aqueous sulfide
solutions have been studied. In general, it has been
found that due to the inherently fast electron transfer
reaction between silver and the sulfide ion to form
Ag2S [reaction (1)], the rate of film growth has been
limited by physical processes such as nucleation,
diffusion, and migration of ions.
It has been found that silver sulfide film growth

occurs initially with the formation of a monolayer of
silver sulfide[23], followed by a nucleation step to
form a thin film of silver sulfide. An SEM examination
of these very thin films reveals a smooth and compact
nature. In quiescent solutions, the rate of growth of
Ag2S films is then controlled by the rate of diffusion of
sulfide ions to the electrode surface and their subsequent kinetically irreversible electron transfer reaction with silver. This stage of growth results in the
deposition of a filament-like deposit of silver sulfide
which then becomes crystalline in nature with further
film thickening.
In stirred solutions, the rate of Ag2S film growth
increases and depends on the selected combination of
experimental parameters: the rate of ion flux in
solution (HS" concentration, a>) and the potential
sweep rate (s). When the rate of supply of HS " ions to
the silver electrode surface is comparatively low, the
rate of film growth is once again controlled by the
diffusion of HS~ to the electrode surface. At higher
HS concentration and/or high co, the rate of Ag2S
film growth becomes limited by the rate of Ag+
transport in the Ag2S film. Under these conditions, the
low-field model of field-assisted film growth can be
invoked and through this, the ionic conductivity of
these anodically formed Ag2S films has been determined to be 5.9 x 10 4 S c m ~ ' . These very thick
films (up to 10//m) are seem by SEM to be very
granular in nature, with grains typically 2-4/jm in
diameter.
The reduction of anodically formed Ag2S films has
been found to occur by the injection of electrons into
the film to the electrolyte interface and the subsequent
reduction of Ag2S there, leaving a dendrite-like silver
deposit with the redissolution of sulfide ions. It has
been proposed that this reduction mechanism is related to the very pronounced electrode roughening
effects observed with repeated cycles of potential by
the potentiodynamic method.
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