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ABSTRACT

A rotating silver disc electrode in a sodium hydroxide solution
containing sodium sulfide was used to study the anodic polarization,
passivation and cathodic polarization of silver sulfide films on the
silver disc electrode. Anodic limiting currents are controlled by

convective diffusion of sulfide ions at potentials more anodic than the

equilibrium potential for silver sulfide/sulfide ion. The anodic

depolarization of silver by sulfide is diffusion limited until the

deposited fiim develops an appreciable thickness. All silver sulfide
produced during anodic polarization is quantitatively reduced to silver

during a cathodic potential scan.




INTRODUCTION

There has been increased attention to the electrochemistry of
sulfides partly because froth floatation of sulfide ores, involving
heterogenious reactions in nature, has been studied successfully by
electrochemical techniques (1) and because metal sulfides are useful for
ion selective electrode (2, 3) and sulfur batteries (4). The electro-
chemistry of sulfides has been reviewed in the areas of mineral pro-
cessing science (1, 5), metal sulfide electrodes (6) and sulfur elec-
~ trodes in nonaqueous media (7). One of the most attractive meta'
sulfides is siiver sulfide, which has been developed as an ion selective
electrode. Early work on silver sulfide invalved thermodynamics of
electrodes of the second kind, (8), the electrical double layer (9) and
composition of silver sulfide {10). Since solid ionic conductors have
been recognized as useful material for power generation and storage,
several workers have reported on the kinetics of the formation of solid
silver sulfide (11-15). In such investigations, com)lications often
arose at the solid/solid interface between a silver electrode and silver
sulfide as a solid electrolyte as well as at the solid/ ligquid interface
between silver sulfide and sulfide solution.

We are interested in the behavior of the solid/solution interface
composed of a silver electrode and an aqueous sulfide solution, which
may function as an electrode of the second kind if silver sulfide is
deposited. Although such half cells as reference electrodes have been
fully discussed, (techniques of assembly of electrodes and appropriate

conditions for usage of electrodes) (16), basic studies on the kinetics
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of formation of electrodes of the second kind have been limited to
calomel (17, 18), silver sulfide (19), silver chloride (20,21) and
silver iodide (22) to our knowledge. There is also a review of kinetics
of anodic film formation (23). These experiments were generally con-
ducted in such high concentrations of anions forming a film on an
electrode that diffusion of anions to the electrode could be ignored;
i.e., the conditions were such that concentration polarization could be
neglected.

However, when the deposited film on an electrode is porous, mass
transport may be a rate determining step. Thus, it is necessary to
determine if mass transport is rate determining or not in the case of
reactions forming films. When the concentration of the anion is low, as
in polarographic conditions, a limiting current is normally observed
which is controlled by diffusion of the anion (24). One can then attempt
to deduce a reaction mechanism from the current-voltage curve and
sometimes estimate the order of kinetic parameters from currents at less
~.an the limiting value if the reaction involves electrochemical or
chemical complications. This corresponds to the normal process of
analyzing voltammograms. However, most of the studies (11 - 15, 19, 25,
26) were carried out under conditions where no limiting current was
obtained. For instance, an electrochemical study of the silver sulfide
system has been performed by Jaenicse et al (19). Their experiment aid
not result in a limiting current, which they ascribed to ohmic drop in
the deposited film of silver sulfide. However, no supporting evidence
was presented. Sufficiently high concentrations of sodium sulfide were

employed so as to cause anodic potential shifts, but no diffusion plateau.




o T TR T T T R T e e TR R T

In the course of anodic polarization of an electrode of the second
kind, a new phase is produced on the metal surface or replaced by
another solid phase, and voltammograms are often complicated by kinetics
related to properties of the film deposited on the electrode. One
source of complication is a variation of capacity at the interface with
a change in the amount of deposit (19). This can be circumvented by
employing a rotating disc electrode (RDE) technique under steady state
conditions. It is worth noting that even though constant currents are
observed at the RDE, they occur while the amount of deposit is con-
tinuously changing as current passes at the interface. However, such
steady state currents, without a capacitive component, are expected to
contain much information about mass transport and kinetics of film
formation. This report describes the anodic depolarization of a silver
disc electrode immersed into sodium sulfide in basic aqueous solutions

and the cathodic stripping of the deposited silver sulfide.




EXPERIMENTAL

Reagents

Analytical grade sodium sulfide and reagent grade sodium hydroxide

were used. Solutions were prepared with water purified using a Milli-Q

Purification system. Stock solutions of ca 0.6 mol dn™3

3

of NaZS in 1.0
mol dm ~ NaOH were prepared and standarization of sodium sulfide was
performed iodimetrically (27, 28). The calibration curve of the anodic
limiting current vs the concentration of sodium sulfide in 0.2 mol dm'3
NaOH at a silver RDE was obtained at a rotation rate of 2500 rpm. The
concentration of sodium sulfide in the stock solution was redetermined
occasionally using the calibration curve.

Apparatus

A1l measurements were performed in a jacketed glass cell having a

volume of ca 400 cm3.

The temperature in the cell was controlled to 25
+ 0.2°C by circulation from an external thermostat. The top of the cell
was fitted with a grooved Teflon cap. The cap had a hole in the center
¢ c¢m in diameter for inserting the RDE, and four 14/35 tapered holes
around the center hole, which were employed as inlets for reference and
counter electrodes, for passing purified argon through the solution and
adding the solutions. A helical platinum plate (4 cm x 5 cm) electrode
was used as counter electrode and was isolated from the RDE by a glass
tube with a single junction glass frit. The reference electrode was
connected through a solution of the same concentration as that of the
background solution in a narrow tube with a stop cock to avoid the

diffusion of chloride ion into the test solution. All potentials were

measured against a saturated calomel electrode (SCE). The tip of the




Luggin capillary probe was as close as 0.3 cm to the center of the RDE
to minimized the error in the measured potential associated with the
ohmic drop.

Silver disc electrode were prepared from a silver rod (99.999 %)
and were 0.38 cm in diameter and 0.3 cm thick. The disc electrode was
mounted on Teflon and electrical connective made to the stainless steel
shaft with silver paste. The procedure for the fabrication of the
silver disc electrode was based on the work of Bruckenstein and Albery
(29). The surface of the disc electrode was ground and polished by
common metallographic techniques, and finally polished with 0.3 um
alumina powder (Dry Powder, Fisher Scientific Co., Type A) on a polish-
ing cloth (Fisher Polishing Cloth, 12 - 28, 2B) with water.

A model EC 225, Voltammetric Analyzer (IBM Instruments, Inc.) was
employed for cyclic voltammetry and normal pulse voltammetry. A model
EC 220, Stripping Voltammeter (IBM Instruments, Inc.) was employed for
linear potential sweep and chronoamperometry. A PAR( model 173 Potentio-
stat/Gavanostat was also used for chronopotentiometry. An Omnigraph,
model 2000-XY Recorder (Houston Instrument Co.) was used to reco'd the
voltammograms, chronoamperograms and chronopotentiograms. A Pine
Instrument ASR Rotator was employed.

Experimental procedure

The silver electrode surface was renewed prioi to each measurement
by a brief polish with 0.3 um alumina on the wet polishing cloth. The
solution to be measured was deaerated by bubbling argon which had been
passed through acidic vanadium (II) solution and water. The stock

solution of sodium sulfide was added to the background solution with an
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5 dm3 pipet.

Eppendorff 5 x 10~
In these experiments the electrode surface was first conditioned at
a constant potential of -1.20 V with rotation until a constant current
(~10 pA) was obtained. Potentiometric measurements at the silver-silver
sulfide electrode were carried out as follows. Silver sulfide elec-
trodes on the rotating silver disc were prepared by polarizing the
silver disc anodically at -0.6 V at a rotation rate of 2500 rpm for 320

s in a solution containing 8.85 x 1078 mo1 dm3 of Na,S$ and 0.20 mol

dm'3 of NaOH. The equilibrium potentials were measured by the voltage

follower in the Model EC 225 Voltammetric Analyzer.
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RESULTS AND DISCUSSION

A cyclic voltammogram at the silver RDE in 0.2 mol dn™3 sodium
hydroxide is shown in Figure 1, Silver in basic solution has a rela-
tively flat base line in the potential region of + 0.1 to -1.3 V.

Figure 2 shows anodic and cathodic voltage scans at the silver RDE

3 mol dm'3 of NaZS. The waves are almost independent cof

in 0.852 x 10°
scan rate (x) as well as the potential at which the scan is reversed.
The quantity of electricity passed during the anodic scan (ga) is the
same as that during the cathodic scan (Qc), independent of the time of
electrolysis (t,), rotation rate (w), concentration of sodium sulfide
(see Table 1) and sodium hydroxide. Therefore, all the anodic reaction
product is held on the electrode surface and the deposited film is
completely stripped during cathodic polarization. During the cathodic
potential scan, the current crossed the zero current axis at a potential
independent of rotation and scan rate but varying with the concentration
of sodium sulfide.

One possible interpretation for this zero crossing potential is to

consider the equilibrium potential for reaction (1).

pat + e 3 Ag (1)

The egdhlibrium potential of reaction (1) is given by Equation (2)

assuming the overall electrode reaction (3).

E=E° + (RU/nE) Tn(K /(c%)? ¢ 2-) (2)

& - -
2hg + $°7 T Ag,S + 2e (3)
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where gz' is the concentration of S°” which is ir equilibrium with HS in

-3\

the bulk, c® the standard concentration (1 mol dm "°' the formal

potential for reaction (1) and Esp the solubility product of silver
sulfide. To investigate the dependence of the zero-current potential in
the cyclic voltammogram on sulfide concentration, a silver sulfide
electrode, formed by deposition of silver sulfide on the rotating

silver electrode, was used for potentiometric measurements. Plots of
the potentials against the logarithim of concentration of sodium sulfide
(go) are shown in Figure 3 and give a straight line with a slope of 34
mV, indicating an n value of two. The formal potential for reaction (3)

14.0 mo -] dm’ (30) as

obtained by the potentiometric data and using 10 1
wne formation constant (ﬁ]) for $°7 + " 2 HS™ was -0.934 V. The value
is in good agreement with that (-0.914 V) calculated from Equatio~ (2)
using 1.6 x 107°0 mo13 dm™? for K, (31) and 0.555 V for £°' (32). This
value js very close to the standard potential (-0.93 V) (33) for reaction
(3). Thus, reaction (3) above takes place at the silver sulfide covered
electrode, and that the electrode formed in this manner behaves tnermo-
dynamically.

Reaction (3) describes the voltammogram in Figure 2 quite well as
described below. The anodic reaction gives a limiting current con-
trolled by convective diffusion of sulfide to the electrode (see below).
Silver sulfide produced on the electrode is stripped during a cathodic
scan to silver and sulfide ions. A1l the silver sulfide prc juced
anodically remains on the electrode.

The electrode surface gradually blackens as anodic polarization




proceeds. It is difficult to remove the black film on the electrode by

polishing with alumina powder. The color of the electrode is still
black following cathodic stripping but loses its luster. The thick film
of Ag formed following reduction of deposited AgZS is mechanically so
weak that the film often spontaneously pecled off immediately after
completion of a cathodic scan in the form of a thin disc with the same
diameter as the electrode. This may result from the high porosity of
silver generated as a consequence of the removal of sulfide ion from the
silver sulfide film. The poor luster of the cathodic product may also
result from the high porosity of the silver film.

The next three sections discuss the anodic polarization, passiva-
tion after prolonged anodic polarization and cathodic stripping of

silver sulfide.

Anodic polarization

Highly reproducible anodic limiting currents (ld) were obtained in
the potential region from -0.65 V to -0.20 V. Since the values of the
limiting currents are proportional to the concentrations of sodium
sulfide (Figure 4, Table 1), except at high concentrations, the reaction
order is unity with respect to sodium sulfide. Limiting currents for
the formation of AgZS plotted against the square root of rotation rate
are shown in Figure 5, which indicates the iimiting currents are con-
trolled by convective diffusion. Thus, the formation of AgZS film on
the limiting current plateau is controlled by diffusion of sulfide ion

from the bulk of solution. Under the experimental conditions there may
2-

and HS™,

be two sulfide species participating in the diffusion, $

aiie,
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2= and HS™ can be

Here, HZS is ignored in view of the high pH. Since S
considered to be in equilibrium at the electrode surface as in the bulk
even if current is flowing, the limiting current can be represented by

the Levich equation as

) -4 -2/3 -1/6 172
14=6.2 x107'n FAD™% ¢ v W (5)

where D is the mean diffusion coefficient for 52" and HS™ and is given

as

= _ 2/3 + 2/3 +41.3/2

D= (03 + Ky I 1D, H )00 + kW DY,
Dg and Dy are the diffusion coefficient for s2” and Hs~ respectively,
and the other variables have their usual meaning. The plots of limiting

1/2 3

currents against Cow in 0.2 mol dm ~ NaOH solution are straight lines
(Ficure 5). Values of D for three concentrations of sodium hydroxide

calculated from the slopes of these plots using values of the
kinematic viscosity corresponding to each sodium hydroxide solution
(Table 2). Since a diffusion coefficient is inversely proportional to
the viscosity of the medium by the Stokes - Einstein equation, Table 2
shows corrected values of E which are multiplied by D/Do where n and R
are the viscosity of sodium hydroxide solutions and pure water respec-
tively. These values are almost the same, and indicates reasonable
adherence to the Stokes - Einstein equation.

Figures 6 shows anodic currents at less than limiting current

values plotted vs 21/2

at a given concentration of sodium sulfide and
for various constant potentials. The convex curves indicate chemical

and/or electrochemical complications. A detailed analysis of the mechan-

ism for Ag,S formation will be presented elsewhere (34).

ralt Shbsril

e e ——
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Normal pulse voltammograms are compared with a steady state voltam-
mogram in figure 7. Two steps appear in the normal pulse voltammograms
at both RDE and stationary disc electrode, of which the second (more
positive) is clearly the oxidation of silver to silver sulfide and
corresponds to the steady state voltammogram. From the potential at
which the first step appeared (ca -1.05V), this step seems not to be due
to oxidation of silver but may result from a change in the electrical
double layer at the electrode/solution interface with time, although
slow formation of a monolayer of AgZS cannot be ruled out. However,
more detailed studies are required to clarify this first step.

It may be dangerous to extend the frequently employed pulse tech-
niques to an electrochemical system forming a deposit or film at a solid
electrode. A variation of the thickness of the deposited film with time
may cause a change in double layer capacity and thus capacitive currents
may still remain at the current sampling time. There are still differ-
ences in opinion with regard to the published work on mercury - sulfide

system (35), for example.

Passivation

In solutigns more than a few mmo) dm°3

sodium sulfide, the anodic
current on the voltammogram rises and reaches a 1imiting current during
the anodic potential scan, but then diminishes with a steep slope after
a certain time as illustrated in Figure 8. To determine whether passi-
vation results from the potential at the electrode surface being dif-
ferent from the applied potential or if mass transfer within the deposited

film is 1imiting, we performed chronoamperometric experiments at the

silver RDE at the potential of the limiting currents (-0.6 V) for several
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sodium sulfide concentrations. Chronoamperometric curves in Figure 9,
normalized to the appropriate limiting currents, decrease suddenly after
a given time (Ip)' Dependence of 1 on the inverse of limiting currents
at the rotation rate of 2500 rpm (Figure 10) shows that passivation

begins after the quantity of electricity for film formation on the

2 -2 (

Ccm

electrode surface exceeds 7.7 x 10 91)‘ This corresponds to

about 700 monolayers if a molar volume of crystalline AgZS is taken as

3

33.9 ¢’ mol”] (36). Assuming the deposited Ag,S forms a porous film,

the number of monomolecular layer must be greater than 700. Chrono-

amperometric measurements at potentials more anodic than -0.6 V show a

similar behavior except that 1_ increases slightly. This arques against

-p
passivation occurring because a sufficiently anodic potential is not
applied to the charge transfer interface due to a high electric field in
the anodic film.

Galvanostatic experiments were also carried out at the RDE at
various rotation rates. The galvanostat was adjusted to constant anodic

currents which were a little less than RDE limiting currents. When the

constant current was applied, the observed potential was initially quite

A et g o .

constant (Figure 11) corresponding to slightly more cathodic potentials
than those on the limiting current plateau. After a certain time, the
potential shifted rapidly to about +0.2 V at which the next reaction,
probably formation of silver oxide or hydroxide may take place (37).
Roughly, the break in the potential time curves occurs after approximately

2

8x10°¢C cm? were passed, in accord with the value of Q_ obtained

above from the decrease in current at the rotating disc. It is also

worth noting that the potential of the electrode under these conditions
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rises to a value characteristic of silver oxidation in the base sup-
porting electrolyte. These results support the argument that passiva-
tion is independent of potential.

The other possibility for occurrence of passivation is that the
transport of sulfide ions or silver ion is blocked within the porous
thick film on the electrode. We could not conclude which processes or
ions controlled the passivation. However, as noted above, the potential
of the electrode ultimately reaches +0.2 V, which implies that a subse-
quent reaction takes place through the AgZS film.

Cathodic poiarization

A cathodic current begins to flow at the equilibrium potential and
a sharp reduction peak is obtained. The thickness of silver sulfide to
be stripped from the electrode is a macroscopic value in these experi-
ments, e.g. 450 monomolecular layers for the voltammogram in Figure 2 if
the intermolecular distance of silver sulfide in porous film is assumed
as 10'7 cm. Therefore the deposited film may function as a porous elec-
trode, being replaced by porous silver. Thus all silver sulfide on the
electrode can be reduced if a sufficiently cathodic potential is applied
to the electrode. This suggests that the rate of conversion may be
controlled by chemical and/or electrochemical kinetics rather than mass

transfer.

A detailed study of the cathodic stripping process for sulfide

analysis will be reported elsewhere (38).

-

-
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Table 1. Comparison of guantity of anodic charge (ga) and cathodic

charge (gc).
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/107 mor an® 11070 A 9,08 ¢ 9./107% ¢ (14/¢,/)/A o1 an®
1.74 3.00 2.19 2.14 72
2.61 4.50 3.30 3.20 .72
3.63 6.25 4.63 4.51 .72
4.33 7.45 5.5 5. 30 72
5.08 8.75 6.48 6.50 .72

The values of ga were calculated from Faraday's law using the limiting currents.

Experimental conditions:

rpm; scan rate = 10 mV s~

electrolysis = -0.6 V.

1

0.2 mol dm"3

; time of electrolysis

of NaOH solution; rotation rate

= 60 s, potential of

= 2500
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2-

Table 2. The mean diffusion coefricients for S and HS™ ir sodium

hydroxide solutions

Exaon/mo? dm3 (ld/]/ZEO)/A s 2mo1 g’ E]]O'S enf &7 §(_/30)/10'5 en? 57!
0.05 0.1095 2.79 2.81
0.20 0.1050 2.64 2.75
1.00 0.0935 2.29 2.83

[
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FIGURE_CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Cyclic voltammogram in 0.2 mo) dn™3

1

w = 2500 rpm, v = 50 mV s~ '; potential scan from -1.10 V positive.

Cyclic voltammogram for sulfide ion at the silver RDE

Solution: 0.852 x 10°° 3

mol dn”> Na,S in 0.2 mol dn™> NaOH,

w = 2500 rpm, v = 10 mV s'], potential scanned from -1,20 V
positive,

Nernst plot for AgZS deposited at a silver disc, potential vs
concentration of sodium sulfide in 0.2 mol dm'3 NaOH solution.
Dependence of the limiting current during anodic polarization
curves on the concentration of sodium sulfide

Solutions: (a) 6.85 (b) 5.99 (c) 5.14 (d) 4.28 (3) 3.42 (f) 2.57

(g) 1.71 x 107% mol dn™3 Na,$ in 0.20 mol dn™> NaON, w = 2500
rpm = v = 10 mV s7L.

1/2
Plots of ld Vs Cow
Solutions: (0O) 8.85, ((Q) = 7.08, (Q) = 5.31, (O) = 3.54,
(@) =1.77 x 107 mo1 dn”3 of Na,$ in 0.20 mol dm™3 of NaOM,

v=10m s

1/2

Dependence of anodic current (l<ld) on w at various potentials.

4 3

Solutions: 5.31 x 107 mo1 dn™? of Na,$ in 0.20 mol dm~3 of NaOH,

potentials: (a) -0.550, (b) -0.675, (c) -0.700, (d) -0.725,

(e) -0.750, (f) -0.775 V, v = 10 mV s™ 1.

NaDH solution at the silver RDE
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Fig.

Fig.

Fig.

Fig.

Fig.

7.

10.

11.

w = 2500 rpm, v = 10mV s .

R e —

-21-

Comparison of normal pulse voltammograms and steady state

RDE voltammogram

4 ol dm™3 Na,$ in 0.20 mol dm~3

NaQH, (a) normal pulse voltammogram at stationary silver disk

Solution: 4.75 x 10~

electrode, (b) normal pulse voltammogram at silver RDE,

w = 2500 rpm, repetition time = 0.55, pulse width = 50 mV,

pulse delay = 33.3 ms, sampling time = 16.6 ms, (c) linear

potential sweep voltammogram at silver RDE, w = 2500 rpm,

v=10m s .

Anodic polarization curve for high concentration of sodium

sulfide at silver RDE

3 3

mol dm™> Na,$ in 0.2 mol am™> NaOH.
1

Solution: 4.0 x 107

Chronoamperograms in sodium sulfide solution at silver RDE

Solutions: (B) 1.77, () 2.66, () 3.54. (O) 4.43, (0) 6.20

3 of NaOH.

x 107" mo1 dm™® of Na,S in 0.20 mol dn”
Relationship between transition time for passivation and inverse
1imiting current (data of Figure 9).

Galvanostatic transients in sodium sulfide in solution using the
silver RDE

3

Solution: 4.43 x 1073 mol dm™> Na,$ in 0.20 mo) dm™3 NaOH,

3600 rpm, 6.0 x 1073 A, (b) w = 1600 rpm, 4.0 x 1075 A,

(a) w

(c) w =400 rpm, 2.0 x 1073 A
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