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Abstract—A potentiodynamic study of silver electrodes in aqueous sulfide solutions, carried out to form
phase silver sulfide films, revealed that a monolayer of silver sulfide forms as a distinct and separate stage of
film growth at an underpotential of about 0.12 V. The monolayer peak (and its cathodic counterpart) was also
characterized by a linear relationship between peak current density and potential sweep rate and a constant
charge density of about 0.2 mC /cm?. The potentiodynamic E/i curves for the silver sulfide monolayer were
simulated by computer on the basis of a mechanism of the initial adsorption of HS ™ on the silver surface in a
fast equilibrium step followed by a rate determining electron transfer step to form AgHS as a surface
intermediate. The AgHS species then rapidly diffuses on the surface and joins a growing two-dimensional
silver sulfide monolayer nucleus. Under the experimental conditions studied here, the formation and
reduction of the silver sulfide monolayer was found to be of intermediate kinetic reversibility.

INTRODUCTION

In the preceding paper[1], the kinetics and mech-
anism of the growth of anodic silver sulfide films on
Ag in aqueous sulfide solutions was studied by the
potentiodynamic method. In that paper, it was shown
that prior to the onset of phase Ag, S film formation by

2Ag +HS™ +OH ™ =Ag,Sm + H:0+2¢ (1)
at the reversible potential, E,,
E,= —684—-295log(HS ) (OH )mV  (2)

asmall pre-peak was observed on the potentiodynamic
potential/current (E/i) curves at an underpotential, 7,
of about 120 mV, where

n==E,—E, (3)

(film

and where E ,, is the potential at the peak of the anodic
pre-peak.

It is the purpose of this paper to show that this pre-
peak represents a unique and distinct stage of anodic
silver sulfide film growth, namely that of a single and
complete monolayer of Ag,S on the Ag electrode
surface. Also, the mechanism of the formation and
reduction of the Ag,S monolayer will be described.

Prior to this work, there have been many reported
cases of the adsorption of monolayers of organic
compounds, such as methanol, CO, and various
dyes[2-8] on metal surfaces. Also, there are numerous
examples of the deposition of metals asa monolayer on
other metal substrates. These often are found to
deposit at an underpotential (upd), depending on the
difference in the values of the work functions of the
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two metals[9]. For example, the deposition of Tlon Ag
is seen by two successive monolayer peaks, both
occurring at an underpotential[10]. Similarly, the
deposition of a monolayer of Pb on single crystals of
Ag occurs in the upd manner[11]. In other work,
monolayers of Ag and Cu on Pt substrates have been
detected by X-ray photoelectron spectroscopy[12].
These metal deposits were shown to occur as a two-
dimensional atomic array rather than as a metallic
cluster.

Noble metal oxides are frequently known to form
initially as monolayers as is seen, for example, in the
potentiodynamic curves of Pt[13]. E/i curves of Au
also clearly show the deposition of a monolayer of Au
oxide at an underpotential, as do Ru and Ir[14]. Cu
oxide is also found to deposit initially in two sub-
monolayer stages by a random electrodeposition
mechanism[ 15].

To date, there have been no reports in the literature
of the electrochemical formation of monolayers of
metal sulfides on metal electrodes in aqueous solutions
although the formation of metal sulfide monolayers
should be as likely as the formation of metal oxide
monolayers. In particular, the tendency towards silver
sulfide monolayer formation is shown in work carried
out on the adsorption of sulfur on silver from the gas
phase. A study of the room temperature reaction
between Ag and S vapor by field emission
spectroscopy[ 16] showed that initially, a two-dimen-
sional Ag sulfide layer forms with a high silver/sulfur
bond energy of —89kJ/mol. This comparatively
strong binding energy of sulfur to silver, which would
support a complete coverage of silver by sulfur before
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further Ag,S film would form, is also seen by the fact
that once sulfur is adsorbed on Ag, sulfur will hardly
re-dissolve despite the concurrent field evaporation of
Ag[17].

In the work presented in this paper, a smooth Ag
rotating disc electrode (rde) was polarized potentio-
dynamically in aqueous sulfide solutions and the
observed Ag,S pre-peak was studied for the de-
pendence of its charge and current densities on the
potential sweep rate (s), the electrode rotation rate (w)
and the HS ™ concentration. The E/i curves of the pre-
peak were then simulated by computer on the basis of
various models of monolayer growth and a mechanism
of Ag,S monolayer growth was determined on the
basis of a best-fit approach.

EXPERIMENTAL

Cyclic potentiodynamic experiments were carried
out as described previously[ 1] with a rde consisting of
a Ag rod (Engelhardt, SN purity, apparent area
0.386 cm?) embedded in a PVC holder. Although 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.
The mechanical and electrochemical pretreatment of
the Ag electrode surface was carried out as described
previously[1]. The roughness factor, 7, equal to the
ratio of the true to the apparent surface area, was
obtained by double layer capacitance measure-
ments[ 18] prior to the addition of sulfide to the cell.

The sulfide solution was made up as described
previously[ 1] and all chemicals used and all conditions
of experimentation were also identical to those de-
scribed previously[1]. Aliquots of the stock sulfide
solution were added to the cell after the precycling of
the potential was complete and while the potential of
the electrode was held negative of the potential for
phase Ag,S formation. The potential was also kept
negative of the potential for phase Ag,S formation
during the study of the pre-peak in order to prevent the
large increases in surface area observed after phase
Ag,S was formed and reduced[1].

In some experiments, the shape of the cathodic
portion of the pre-peak was significantly distorted by
the occurrence of the hydrogen evolution reaction (her)
in this potential range. In the worst cases, both the
anodic and the cathodic peaks of the monolayer were
actually superimposed on the cathodic her currents.
The degree of interference between the her and the
Ag,S monolayer formation and reduction reactions
varied between experiments, probably due to varia-
tions in the condition of the electrode surface. The
results reported in this paper are for experiments in
which the her occurred at potentials sufficiently ne-
gative to avoid overlap with and distortion of the
monolayer peaks.

RESULTS

Under all conditions studied, the Ag,S pre-peak
could be detected at the foot of the main anodic peak of
the potentiodynamic E/i curve for Ag in aqueous
sulfide solutions (Fig. 1). The pre-peak occurred at an
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Fig. 1. E/icurve for phase Ag,S formation and reduction on

a Agelectrode in 0.5 mol/l HS ™ + 0.5 mol/l NaOH solution at

s =50mV/s and w = 15Hz. The Ag,S monolayer can be

detected at a high sensitivity current scale at an under-

potential of about 120mV relative to phase Ag,S film
formation.

underpotential of about 0.12 V from the reversible
potential for Ag,S formation [equation (2)]. Figure 1
shows that the current scale for the pre-peak is much
smaller than that for the main anodic and cathodic
peaks for phase Ag,S formation and reduction and
indicates that a much smaller amount of film forms in
the pre-peak than in the main peaks.

As discussed in the previous paper[1], a complete
cycle of potential carried out as in Fig. 1 results in the
formation of a rather thick Ag,S film in the anodic
scan which subsequently reduces in the cathodic scan
to form a very rough and porous Ag deposit of
uncertain surface area. Because of these area un-
certainties with complete cycles of potential, the Ag,S
pre-peak was studied by keeping the potential negative
of that for phase Ag,S formation and thereby prevent-
ing phase Ag,S film growth.

In the study of the pre-peak, each experiment was
commenced by cycling the potential of the Ag disc
electrode in a sulfide-free NaOH solution (Fig. 2,
dashed line). In this range of potential, only a charging
current was observed from which the true electrode
area could be determined by double layer capacitance
measurements. Then, a specified amount of sulfide was
added to the cell and the anodic pre-peak and its
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Fig. 2. Comparison of E/i curve of Ag in 2mol/l NaOH

solution prior to HS™ addition (- --) and in 3.2mol/l HS~

+ 2 mol/l NaOH solution ( )at s = 100mV/s shows the

Ag,S pre-peak in a potential range negative of phase Ag,$
film formation.
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cathodic counterpart developed immediately (Fig. 2,
solid line). The size and the shape of the pre-peaks were
found to be stable with time of potential cycling which
indicates that the peaks cannot be related to the
presence of impurities in the solution, which would be
anticipated to build up with time on the electrode
surface. Also, the pre-peak remained stable and un-
changed despite an extension of the potential
negatively into the range of hydrogen evolution or an
extension somewhat positively where phase Ag,S
growth commenced (Fig. 3). When the potential was
extended still more positively, much more phase Ag,S
film was formed and then the reduction of the Ag,S
monolayer became obliterated by the large cathodic
peak of phase Ag,S reduction. With larger amounts of
phase Ag,S growth, the surface area of the electrode
began to increase with each complete cycle of potential
and the magnitude of the pre-peak was seen to also
increase with increasing electrode area.

The characteristics of the Ag,S pre-peak have been
studied by determining the dependence of its charge
density, current densities and peak potentials on the
HS ™ concentration (ranging from 3 to 100 mmol/l), s
and . The results reported here are typical for those
experiments in which the Ag,S monolayer peaks were
clearly separated from the current due to the her.

(i) Effect of w

Under all conditions studied, the E/i trace of the
pre-peak is independent of » which indicates that mass
transport in solution is not a rate limiting step in the
oxidation and reduction processes occurring in the
pre-peak. This lack of influence of w also confirms the
fact that solution impurities are not involved in the
reactions of the pre-peak.

(1) Dependence of charge densities on s and HS~
concentration

Under all conditions studied, the charge density in
the pre-peak remained constant at 0.20+0.01 mC/
cm?. This observed charge density can be compared to
a theoretical calculation of the anticipated charge
density, g,,, of a uni-molecular layer of Ag,S on the
silver surface. The structure of the Ag,S monolayer is
estimated from an electron diffraction study of the
epitaxial growth of thin Ag,S layers (35nm) on Ag in
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Fig. 3. Extension of the potential of the Ag electrode into the

Potential range in which phase Ag,S film forms in 95 mmol/l

HS™ + 2mol/l NaOH solution at s = 100mV/s shows that

phase Ag, S film reduces separately from the reduction of the
Ag,S monolayer.

aqueous sulfide solutions[19]. Despite a wide variety
of Agcrystal planes which were exposed to the aqueous
sulfide solution, Ag,S was found to form only with its
(012) plane parallel to the Ag surface. The (012) plane
of Ag,S (which has a monoclinic structure[20]) con-
sists of sulfur atoms arranged at the corners of
parallelograms having sides 0.423 nm in length. From
this structure, a density of 5.2g/cm® for the Ag,S
monolayer can be deduced and a theoretical charge
density of 0.18 mC/cm? is obtained. The closeness of
the observed and the calculated charge densities sup-
ports the contention that the pre-peak represents the
formation of an Ag,S monolayer prior to phase Ag,S
film growth.

(i11) Effect of s and HS™ concentration on current
densities and peak potentials

Under all conditions studied, the relationship be-
tween the peak cd and s was found to be linear (Fig. 4).
A linear relationship such as this, rather than a linear
i/s'/? relationship as is found for thicker film for-
mation (phase Ag,S growth[1]), is indicative of a
surface reaction and in particular, of monolayer for-
mation and reduction[13,21-24]. This linear i,/s
relationship can be predicted for the spreading of a
layer across an electrode surface when 6, the degree of
surface coverage, depends on the applied potential, E

. do do @
=q,— = (5 —.
In this work, 0 at the anodic and cathodic peaks was
found to be equal to approximately 0.55 under all
conditions.
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Fig. 4. Experimentally observed relationship between peak
current density for (a) Ag,S formation (o) and (b) reduction
(e)and s for HS™ concentrations ranging between 3 and
100 mmol/l. Calculated relationship between peak current
densities and s for HS™ concentrations of (c) 3.2, (d) 9.4,
(e) 39, (f) 95 mmol/l by equation (13) for the mechanism of
Ag,S monolayer formation and reduction as given by
reactions (5-7).
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Figure 4 also shows that a change in the HS~
concentration by a factor of about 30 has only a minor
effect on the observed peak cd; this indicates once
again that the rate of the reaction in the pre-peak is not
controlled by a solution diffusion step. From the slope
of the i,/s plot in Fig. 4, a peak capacitance of
1.7 mF/cm? was obtained for the Ag,S monolayer
reaction.

At all s and HS™ concentrations, n remained
constant at 120+ 5 mV and the peak width at half
height, E, ,, also remained approximately constant at
a value of about 90 mV. However, the anodic and
cathodic peak separation, AE,, was found to increase
from about 80 mV at s = 30 mV/s to about 120mV at
s = 300mV/s as the degree of irreversibility of the E/i
trace increased.

MECHANISM OF Ag,S MONOLAYER
FORMATION AND REDUCTION

In order to determine the mechanism of Ag,S
monolayer growth on the Ag anode, the experimen-
tally obtained potentiodynamic E/i curves have been
simulated by computer on the basis of several pro-
posed mechanisms of monolayer growth. The selected
mechanism was chosen on the basis of the best fit
between the experimental and the calculated E/i
curves. As a unimolecular layer has a simply geometry
uncomplicated by the unknown structure and mor-
phology of thicker films, it is quite possible to deduce
the mechanism of its growth by a curve simulation
method and from this, obtain valid kinetic
information.

The following simple mechanism for the anodic
formation of a silver sulfide monolayer has been
deduced and the corresponding kinetic equations used
for the curve simulations are given below.

Initially, it is considered that HS ~ adsorbs on the Ag
surface in a fast equilibrium adsorption step as in
reaction (5), producing the adsorbed intermediate,
Ag(HS ), This is considered to be the most abun-
dant surface intermediate

Ag  +HS™ Ll Ag(HS ). (5)

(1—0-0)

A Langmuir isotherm is used to describe the surface
adsorption, with the equilibrium constant, K, being
independent of the potential. It is assumed that the
diffusion of HS™ to the Ag surface is fast in com-
parison with the rate of the adsorption step (5), as is
supported experimentally. The magnitude of the dou-
ble layer charging current is small in comparison with
the anodic and the cathodic peak currents and there-
fore can be ignored.

Reaction (5) is followed by a slow, rate determining
charge transfer step (6) which is activation controlled

Chs 0

k

Ag(HS ),y 2 AgSH + ¢ (6)

-2

0 0

The surface concentration of AgSH, 6", is assumed
to be very small. AgSH is known as a soluble
compound[25] and so is a realistic choice as a surface
intermediate. Analogously, NiHS has been postulated

as a surface intermediate in the pitting of Nisurfaces in
HS ™ solutions[26].

The electron transfer step (6) is followed by the rapid
diffusion of AgSH along the Ag surface to a nucleation
site, perhaps one of the growing two-dimensional
nuclei of the final monolayer product. Then AgSH
reacts with an OH ™~ species in a fast equilibrium step
(7) to form the product while releasing water

K3
~-R—AgSH+OH™ = -R—Ag-S-+H,0. (7)
0" COH- 0
Using a Langmuir isotherm, the fraction of the Ag
surface which is covered by the growing R-Ag-S-
nuclei [reaction (7)] can be denoted by 6, while (1 —6
—0') denotes the fraction of free Ag surface.

The Faradaic current for reaction (6) can be ex-
pressed as

. BzFE
= zFk,0 ———— | ~zFk_,0"
i 2 exp( RT 2
(1—-p)zFE
— — 8
xexp[ RT :| (8)

where z(= 1) is the number of electrons transferred in
reaction (6) and k, and k _, are the forward and the
reverse rate constants for reaction (6) when the applied
potential is zero. f3, the transfer coefficient, is assumed
to be 0.5. 0" can then be expressed in terms of
equilibrium (5)

K 0 o)

P =0-0)cys

Equation (9) can be rearranged to yield

K,c -0
0 = Kicys (1- ). (10)
1+ K, cys
K, from reaction (7) can be expressed as
0
Ky=— (11)
0"con
which gives
0
0 =—. (12)
Kicon

Equation (8) can now be re-written as
Fk,K cys-(1—0 FE
i— ‘.1L’exp<7)
1+ K, cys 2RT
Fk_,0 exp(— FE/2RT)

(13)
Kicon

Equation (13) can be solved numerically for cd as a
function of potential. The parameter, A, defined in
equation (14) and B, in equation (15), are obtained by
computer and then K, and k, are obtained separately.

= Fk K cyg

A (14)

B=— 2. (15

K5 and k, cannot be obtained separately without
experimentally changing the concentration of OH .
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In the calculation, E,, the starting potential, was
obtained from the experimental E/i curves as the
potential at the onset of the anodic current in the pre-
peak (—1.00V). 6, the initial fraction of the covered
Ag surface was given a small but finite value of 0.001. 4,
containing the constants K; and k,, and B, were
selected by trial and error during the curve simulation.

K, = 1.7 x 10? I/mol
k, =2.84x 10”2 mol/cm?s
B =30x10"%®mA/cm?

In each iteration of the calculation, ¢t was in-
cremented by At = 0.01s, E was incremented by AE
= sAt and 6 was incremented by Af = iAt/q,,. In this
manner, both the anodic and cathodic curves of the
pre-peak were calculated at all s and HS~
concentrations studied experimentally.

Several of the experimental and calculated E/i
curves are shown for s = 100mV/sin Fig. 5and it can
be seen that the fit is quite good over the entire range of
HS~ concentrations studied. Qualitatively, Fig. 5
shows that the experimental i/E curves tend to be
somewhat narrower at half-height than the calculated
ones.

This probably indicates that attractive forces exist
between the molecules of the Ag,S monolayer[27] as
was suggested for Ag, S in a study of the chemisorption
of S on Ag from a H,S/H, mixture[28]. The effect of
attractive forces within the layer is to make the curves
narrower and somewhat higher[27] while repulsive
forces within the layer would have the opposite effect.
The fit between the calculated and experimentaily
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Fig. 5. Comparison of the experimentally observed (——)

and the calculated (-—-) [equation (13)] E/i curves for Ag,S

monolayer formation and reduction in aqueous sulfide

solutions of (a) 3.2, (b) 94, (c) 39, (d) 95mmol/l HS™
+2mol/l NaOH at 100mV/s.

obtained curves at various s can be seen in Fig. 4, where
lines ¢ represent the calculated i, /s relationship over
the entire range of HS ™ concentrations and the points
(lines a and b) are the experimentally obtained data.

Nevertheless, the mechanism of a simple one-elec-
tron transfer reaction, preceded by the adsorption of
HS™ on the Ag surface and followed by a fast, two-
dimensional film growth step results in calculated E/i
curves which are a very good match with the exper-
imentally observed curves. This mechanism seems to
hold over the entire range of sand HS ™ concentrations
studied here.

OTHER POSSIBLE MECHANISMS

(1) Simultaneous two-electron transfer mechanism

An alternative mechanism for the formation and
reduction of the Ag,S monolayer is that of a simul-
taneous two-electron transfer step rather than a one-
electron transfer step as outlined above. This would
invoke the bridging of the HS~ between two neigh-
bouring Ag atoms. However, it is not very likely that
two electrons would simultaneously cross an identical
energy barrier. Also, the computer simulated E/i
curves based on this type of mechanism are much
narrower and sharper than those for the one-electron
transfer mechanism and the fit is particularly poor at
higher HS™ concentrations. For these reasons, the
simultaneous two-electron transfer mechanism for
Ag,S monolayer formation has been rejected.

(i1) Consecutive two electron transfer mechanism

A second alternative mechanism for the Ag,S mo-
nolayer formation reaction invokes the transfer of two
electrons in two separate steps as in reactions (16)-(18),
where the latter is assumed to be the rate determining
step

K
Ag +HS™ = Ag(HS ),
(1-0)

(16)

. v
Cys 0

K
Ag(HS™) = AgHS + ¢ 7

9/ 6//

Ag +AgHS+OH £ Ag,S+H,;0+e

(=0 0 oy 0

(18)

0" and 0" are considered to be small, AgSH is con-
sidered to be mobile on the electrode surface, and 0 is
the fraction of the silver surface which is covered by the
final product, Ag,S. The E/i curves for this mechanism
have been calculated and the results show that the
calculated anodic curves are very sharp and narrow
while the cathodic ones are low and broad. If reaction
(17) had been considered to be the rate determining
step, the calculated anodic curve is then low and broad
and the cathodic peak is sharp and narrow. Because
one of the most striking features of the experimental
E/i curves is the symmetrical shape of the anodic and
cathodic peaks, the asymmetry of the calculated curves
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invalidates the two consecutive electron transfer re-
action mechanism.

KINETICS OF SILVER SULFIDE
MONOLAYER FORMATION AND
REDUCTION

It can be readily seen from the general appearance of
the E/i curves for silver sulfide monolayer formation
and reduction (Figs 1 and 5) that the rate determining
step (6) is not kinetically reversible under the con-
ditions of s studied here. This is seen by the fact that the
anodic and the cathodic peaks are not mirror images of
each other and that the anodic and cathodic peak
potentials are not equal, as would be the case for a
kinetically reversible surface reaction. Instead, it is seen
that as s is increased, the process becomes somewhat
more irreversible and that the peaks shift in the
direction of the potential sweep, with the anodic peak
potential becoming more positive and the cathodic
peak potential becoming more negative. However, the
reaction is also not fully kinetically irreversible, which
would be characterized by a linear E, /In s relationship
and this is also not observed (Fig. 6).

Therefore, in order to gauge the degree of kinetic
reversibility of the silver sulfide monolayer reaction,
under the conditions studied here, several characteris-
tics of the Ag,S monolayer peaks such as C, the peak
capacitance, ,, the degree of surface coverage at the
peak, and E, , have been compared with the theoreti-
cal values which have been determined for various
surface reaction mechanisms[27, 30].

The silver sulfide monolayer reaction mechanism is
considered to be most similar to mechanism II[30].
Foraratio of log s/k, of between O and 1, as is obtained
for the silver sulfide case by computer modelling, the
observed C, of 1.7 mF/cm?, 6, of about 0.55 and E, ,
of about 90 mV all indicate that the silver sulfide
monolayer reaction can be considered to be of in-
termediate kinetic reversibility and being somewhat
more irreversible than reversible in the range of s
studied. It is clear that at rates of s much lower than 15
mV/s, the reaction would become kinetically fully
reversible while at s about five orders of magnitude
higher than this, the reaction would become fully
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Fig. 6. Cathodic peak potential as a function of s in 9.4mmol/1

HS ™ +2mol/l NaOH solution. Fully irreversible reaction

(-—-) would have slope of 120mV while fully reversible
reaction would be independent of s.

irreversible[ 30]. However, this large range of s was not
investigated for silver sulfide monolayer formation
and reduction, primarily due to the frequent in-
terference between the currents of the monolayer peak
and the currents due to the her.

SUMMARY

A potentiodynamic study of Ag in aqueous sulfide
solutions has shown that a monolayer of silver sulfide
forms as a separate stage of film growth prior to the
growth of a phase silver sulfide film. Under all
conditions studied, the Ag,S monolayer forms at an
underpotential of about 0.120 V and has a charge
density of about 0.2 mC/cm?. The relationship be-
tween the peak currents and s is linear and the curves
are independent of the electrode rotation rate. The
reduction of the silver sulfide monolayer also occurs in
a current peak separate from phase Ag,S film re-
duction and has the same characteristics as does the
anodic monolayer peak.

The E/i curves of the Ag,S monolayer have been
simulated by computer on the basis of several me-
chanisms of monolayer formation and reduction. The
best fit between the experimental and the calculated E/i
curves occurs for a mechanism involving the initially
rapid adsorption of HS ™ on the silver surface followed
by a rate determining one electron transfer step to
form AgHS, which then diffuses and reacts at a
growing two-dimensional nucleation site on the Ag
surface. Under the experimental conditions studied
here, the Ag, S monolayer reaction is of intermediate
kinetic reversibility, having characteristics between
those of a fully reversible and a fully irreversible
surface reaction.
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