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Electroreduction of silver sulphite complexes
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In order to investigate the kinetics of silver sulfite complexes, electroreduction rotation disk

electrode (RDE) and chronopotentiometry methods were used. In a series of isopotential solu-
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tions, the reaction order (0.67) was calculated, and the values of silver complexes diffusion coef-

ficients (3.36-10° - 5.54-10°, cm?s™") and silver complexity degrees (2.31-2.67) were found.
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An equation estimating not only metal complexes, but also the impact of free ligand ions

on the diffusion overvoltage change vs time has been derived. Using this equation the limi-
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tations of diffusion were successfully eliminated and charge transfer overvoltage values were
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INTRODUCTION

There have been only several investigations carried out in the field
of silver sulfite complex chemistry and electrochemistry. In pub-
lications related to this subject, applicable questions are predomi-
nantly analyzed [1-3]. Silver sulfite complexes are stable in low
alkaline solutions [4-5], whereas the silver plating process related
to the electroreduction of these complexes is quite perspective. For
instance, in study [4],a proposed electrolyte made on the ground of
NaAgSO0, at room temperature without solution mixing ensures the
working densities 2-3 mAcmof the cathodic current. An intense
mixing provides the possibility to increase them to 50 mAcm™= In
the same study it was emphasized that sulfite electrolyte is char-
acterized by an excellent throwing power, whereas the surfaces
coated with galvanic silver are small crystalline and easily polar-
ized. A similar conclusion is educed in the study [5]. Furthermore,
excellent adhesion of silver coating with copper and brass substrate
has been taken into consideration. This allowed refusing pre-silver
plating or amalgamating procedures. Recently, the throwing power
of electrolyte has become particularly important, since it exactly
determines one or another application process in microtechnique.

In one of the few publications [6] it has been reported that the
employment of the rotating disk electrode (RDE), limiting cur-
rent densities of the electroreduction of complexes in solutions,
prepared with 0.025 M free sulfite ions and 0.925 M NaNO, were
measured. The complex concentrations in the analysed solutions
were the following: 107, 2-10~* and 5-10~* M. In the study it was
stated that the limiting current densities depended linearly on
the square root of RDE rotation speed. The diffusion coefficient
of Ag(SO,);” complexes calculated from the experimental data
[6], D =5.6-10° cm?s~!, was approximately three times less then
the diffusion coefficient of free (hydratate) silver ions deter-
mined in the same study [6] - D = 1.55-10° cm?s™".
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The interaction between the silver surface and sulfite ions
was investigated by large throwing power of X-ray photoelec-
tronic spectroscopy. It was determined [7] that during silver di-
oxide adsorption on silver monocrystal(100) surface, the coating
of the chemisorbed sulfite formed on the surface. The electro-
chemically roughened silver surface stimulated by Raman scat-
tering (SERS) showed [8] that according to the adsorptional be-
havior of oxyanion composed with silver, could be divided into
two categories: sulfate and dithionate that adsorb on silver sur-
face only electrostatically with weak SER spectrum, and sulfite
and tiosulfate clearly chemisorbe on the silver surface causing
significant changes in the spectra. An obvious resemblance of
the adsorbed sulfite ion SER spectrum to normal Raman spec-
trum determined to solid silver sulfite allowed the authors [8]
to make an assumption that the coating of Ag,SO, developed on
the silver surface.

Our provisional electroreduction kinetic study of silver
sulfite complexes suggested that in the region of the equilibrium
potential the slowest stage was silver electrocrystallization. This
highly complicated the research of the charge transfer stage.
We had to refuse the methods of the rotating disk electrode and
electrochemical impedance. In order to investigate the kinetics
of silver sulfite complex electroreduction, the chronopotenti-
ometry method was used, because this method gave us the pos-
sibility to perform the measurements at relatively big values of
electrode polarization, i. e. when the potential of the investigated
electrode was rather far from equilibrium.

EXPERIMENTAL

The solutions were prepared based on distilled water applying
Pa qualification Na SO, and Ag SO, The electrolytes were pre-
pared freshly before every new experimental series relating to
quite rapid sulphite ion oxidation by air oxygen. All experiments
were performed at a temperature of 20 °C.
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The electroreduction of silver sulphite complexes was investi-
gated using a rotating disk electrode of 0.2 cm?*surface area made
from a silver rod. The side surface of this electrode was isolated by
Teflon. The counter electrode — Ag disk, 25 mm in diameter — was
fitted in parallel to the working area of the working electrode.

The chronopotentiometric measurements were performed
using a FAUTOLAB (Type III) measurement system with an or-
dinary three electrode cell. For the working electrode, an Ag wire
0.5 mm in diameter was applied, and for the counter electrode, an
Ag wire spiral of 25 cm?area was used. The reference electrode was
a saturated Ag/AgCl, KCl electrode. In this work, all potentials are
referred to the scale of the standard hydrogen electrode.

RESULTS AND DISCUSSION

The identification of the complex particle, which directly par-
ticipates in the charge transfer stage, is based on the equation
describing the exchange current density (i) dependence on free
ligand concentration (C,) [9]:

In iD nF E(U)
=4 oa—" > (1)
InC, RT InC,

where R, is the electrode reaction order depending on ligand
(complex composition of particle transfering charge), o is the
charge transfer coefficient, and E | is the electrode equilibrium
potential.

As it follows from eq (1), in order to determine the reaction
order, it is necessary to know the value of the charge transfer co-
efficient. This makes our research much more complicated. In
most cases, the use of the method of isopotential solutions [10]
is more convenient. In this case, the expression of the reaction
order is simplified:

(©Ini,/0InC, )Em =R, )

The performed measurements of the exchange current
densities performed in series of isopotential solutions gave us
the possibility to determine the reaction order, even when the
charge transfer coeflicient was unknown. In order to increase
the sulphite ion concentration interval, we chose the isopotential
solution series with E | = 0.300 V. The composition of the inves-
tigated electrolytes are presented in Table.

The chronopotentiometry method was chosen for i, experi-
mental determination. In many cases, the measured electrode
polarization consisted of charge transfer and diffusion over-
voltage sum. Since the diffusion overvoltage (opposite to charge
transfer overvoltage) depends on time, its input in the total elec-
trode polarization should be eliminated using the coordinates
AE - t'2. While investigating systems without complex ions, the
extrapolation of straights obtained in these coordinates towards
"2 = 0, enabled us to determine the exact values of the charge
transfer overvoltage. From Fig. 1 it is seen, that in our investi-
gated system the experimentally determined AE - "> depend-
ences are not linear, so the elimination of the diffusion impact
becomes problematical. Herewith, the determination of the
charge transfer overvoltage becomes complicated.

Since our investigated electrochemical reaction proceeded
in the presence of complex ions, we attempted to determine the

influence of diffusion on the total electrode polarization by com-
posing an equation, which estimated not only metal complex-
es, but also free ligand ion impact on the diffusion overvoltage
change in time. If a complex compound MeL_forms in a solu-
tion with equilibrium constant K of the reaction
MeL & Me™ + xL, thus, for the concentration of free metal
ions an equation is valid:
K -[MeL,]

M [ I et T } (3)
T

Having introduced this into Nernst equation, we obtain:
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The oxidation-reduction process takes place during the elec-
trochemical reaction, thus for the reaction MeL  + né 2 Me + xL
we could introduce the notation: MeL - oxidized form (C) and
L - reduced form (C,). Electrode equilibrium potential depends
on bulk concentrations of the oxidized and reduced forms (CJ)
and (Cy):

xRT

=E0+£an+£lnC8 —-=—InC,. (5)
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When the current is applied, the electrode potential (E) is

determined by the surface concentrations (C3) and (Cy):
R

E, =E, Rk B s - 2RT
nF nkF nkF

InCy. (6)

Since only limitations the of concentration are estimated in
these equations, total calculated electrode polarization will be
equal to diffusion overvoltage AE ,, which is found from the dif-
ference between E, and E , and can be expressed as follows:
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Fig. 1. The dependence of silver electrode polarization on time. Solution composition
(M): Ag(l) - 0.1, Na,S0, — 0.77. Cathodic current densities used (mAcm): 7 - 10,
2-12,3-14,4-16,5-18,6—-20,7-22
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If the current passing through the electrochemical system
is weak enough or the duration of the process is short enough:
2i
nFC’
current density of the cathodic process can be expressed by a

simplified Sand equation:

t . .
5(0, the concentration dependence on time and the

2i t 21 t
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where D, is an oxidized form diffusion coefficient. Then equa-
Cy 2i Cp

tion (8) can be rewritten as follows:
Co_y 2 |t Cr_yy x210 LI )
c’ nFCY \nD, C! nFCS \nD,

Having introduced the obtained expressions into equation
(7), we find that the electrode polarization for the cathodic and
anodic processes respectively is equal:

AE, =L lls 2 L
nF nFC; \\nD,
—xIn| 1+ x210 o
nFC, \\nD,

While performing the calculations, it is convenient to use a
notation — a =2/ (nE/nD,, ). Then equation (10) can be rewrit-
ten as follows:

(10)

Table. Composition of isopotential solutions (E

AEdifzg In l-T-a—z t —xlnlia—)? £l (11)
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By calculating the diffusion overvoltage of the cathodic
process in the investigated electrochemical reaction, the “-” sign
in the first term under the logarithm has to be written, because
the total concentration of Ag complexes decreases during the
cathodic reaction. In the second member we write the “+” sign,
because the concentration of free sulphite ions increases during
the cathodic process. The signs in the terms under logarithms
should be opposite during the investigation of the anodic pro-
cess.

In order to use the obtained equation, it is necessary to find
the silver complexity degree x and the complex diffusion coef-
ficient D, Both these parameters depend on the solution com-
position.

In order to determine the diffusion coefficients in all solu-
tions (solution compositions are presented in Table), a rotating
disk electrode was applied (Fig. 2). Experimentally determined
limiting current densities depend linearly on the square root of
RDE rotation speed (Fig. 3). Thus, the values of D, were easily
calculated for all series of isopotential solutions. As seen from
the data presented in Table, the values of D, are decreased by
increasing the solution concentration. Probably it is because of
Na S0, influence on the solution viscosity or because of the mi-
gration influence due to a decrease in Na SO, and Ag(SO,) '**
concentration ratio.

=0.300V) and parameters of electrochemical system

Solution composition, M

System parameters

No y _
Agll) Na,S0, [SO L, M [Ag(S0)’1, M [Ag(SO) 1, m D,-105, cm?s™ X
1. 0.003 0.115 0.108 0.002 0.0009 5.54 231
2. 0.01 0.2 0.176 0.006 0.004 5.45 2.41
3. 0.03 0.33 0.255 0.015 0.015 497 2,51
4, 0.05 0.49 0.359 0.02 0.029 433 2.59
5. 0.1 0.77 0.499 0.033 0.067 3.36 2.67
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Fig. 2. Voltammograms of electroreduction of silver sulphite complexes. Sweep rate —
0.5 mV/s. Solution composition (M): Ag(l) - 0.01, Na,S0, — 0.2. Rotation speed of the
disk electrode (rps): 1—10,2 - 15,3 - 25,4—35,5-45

Q1/2’ rad” s

Fig. 3. Dependences of the limiting current densities on the rotation speed of the
disk electrode. Numbers on the lines correspond to the solution numbers presented
inTable
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In our former study [11], it was determined that in a system
of silver-silver sulphite complexes, the complexity degree could
vary from 2 to 3. Thus, we can write:

_, . [4g(s0,)7 ],
CO

(12)

where C, is the total concentration of Ag complexes. Under
boundary conditions, if [Ag(SO,);] is not composed, i. e. if
[Ag(80,)71=0, thus x = 2, and if [4g(S0,)7]is composed in a
maximum amount, we get [4¢(S0,);1=C, and x = 3.

It is expected that the complex system investigation is labile
enough, i. e. thermodynamic equilibrium is reached quite rapid-
ly. Thus, for a partial dissociation of silver sulfite complex, it is
possible to form an equation: [Ag(S0,);] 2[Ag(S0:); T+ [SO;T],
with the dissociation constant:

[Ag(80,);1-[SO7]
[4g(80,);]

K [4g(50,)5]
(O3] [Ag(S0,):]

(13)

[SO;1=Cy1i.e. free sulphite ion concentration.
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Fig. 4. Dependence of the diffusion overvoltage calculated with eq (11) on time.
Solution composition and used cathodic current densities are as in Fig. 1
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Furthermore, it is clear that the total concentration of Ag
complexes (C,) consists of two complex concentrations:

[Ag(S0,); 1+ [Ag(S0,);1=C,, i.e.

[Ag(SO,); 1= C,—[Ag(SO,)3] (14)
A substitution of (14) into (13) yields:
C,-[4g(50)71 _ K )

[Ag(SO,)7] Cr
or:

C K

4950071 ¢, .
G K _GrK (15b)
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Fig. 5. Chronopotentiograms of silver sulphite complexes: a — experimentally deter-
mined, b — calculated with eq (11) and ¢ — the difference between a and b. Solution
composition as in Fig. 1. Cathodic current density — 12 mAcm™
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Fig. 7. Dependence of the exchange current density on the free sulphite ions

concentration
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Having combined (15c) with (12), we can get a complexity
degree:
CR
C,+K

x=2+

(16)

Thus, it is simple to calculate the complexity degrees of silver—
silver sulphite complexes in all the isopotential solutions investi-
gated (Table). Since the surface layer composition changes dur-
ing the experiment, the complexity degree depends on time too.
We have derived corresponding equations, but the calculations
performed showed that a change of x over the time has a negli-
gible influence on the calculated values of AE,, Therefore, we do
not present these equations.

The diffusion overvoltage of silver sulphite complexes could
be simply evaluated knowing all the values presented in eq (11).
Furthermore, following the equation, even before performing de-
tailed calculations, a conclusion suggested itself that in the case
of complex solutions, the dependences AE i~ 2 should not be
necessarily linear. As seen from the data presented in Fig. 4, the
dependences of the electrode polarization on time are linear only
at small current densities and only in short time regions.

For the further analysis, the charge transfer overvoltage (E_)
was found from the experimentally measured total electrode po-
larization by eliminating the calculated diffusion overvoltage. As
seen from Fig. 5, curve ¢ was obtained from a practically time-
independent polarization value, which conforms to the charge
transfer overvoltage. Thus, there appears a possibility to avoid a
fairly problematical non-linear data extrapolation. While chang-
ing the cathodic current densities in all isopotential solutions,
charge transfer overvoltages varying from -60 mV to -160 mV
were determined. Since in the obtained overvoltage region Tafell
dependences were not entirely valid, Allen-Hickling [12] coor-
dinatesIn Y - AE_ were used. Fig. 6 shows that the dependences
are linear. The extrapolation of these dependences towards AE =
0 allows calculating exchange current densities of the electro-
chemical reaction. The determined values vary from 0.9 mA cm™
?(when the solution is prepared with 0.003 M Ag(I) and 0.115 M
Na SO,) to 2.46 mA cm™* (when the solution is prepared with 0.1
M Ag(I) and 0.77 M Na SO,).

In order to identify the composition of the complex particle,
which directly participates in the charge transfer stage, the depend-
ence of the determined exchange current densities on free sulphite
ion concentration was plotted in coordinates Inli, - In[SO?"] (Fig.
7). In this figure one can easily find the reaction order to be equal to
0.67. This result suggests that an unambiguous conclusion concerning
the investigated electrochemical system mechanism is impossible to
make. Probably the particle AgSO; participates in the charge transfer
reaction and distortions are caused by the adsorption of sulphite ions
or slow electrocrystallization of Ag, which was not taken into account.

CONCLUSIONS

The equation made for complex solutions estimates the influence
of the diffusion overvoltage change vs time. Using this equation,
the limitations of the diffusion were successfully eliminated and
charge transfer overvoltage values were determined.

In a series of isopotential solutions, the values of silver com-
plex diffusion coefficients were determined experimentally

(3.36:10° - 5.54-10°, cm’s™"), also silver complexity degrees
were calculated (2.31-2.67). The dependences of the exchange
current densities on free sulphite ion concentration were found.
From the calculated reaction order (0.67), any unambiguous
conclusions on the composition of species participating in the
charge transfer stage cannot be drawn.
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SIDABRO SULFITINIU KOMPLEKSU
ELEKTROREDUKCIJA

Santrauka
Sidabro sulfitiniy kompleksy chemija ir elektrochemija yra palyginti
nedaug istirta. Sia tema paskelbtose publikacijose daugiausia nagriné-
jami taikomieji klausimai.

Siame darbe i$vesta lygtis, jvertinanti difuzijos vir§jtampio kitima
laike kompleksiniuose tirpaluose. Pasinaudojus i$vesta lygtimi, buvo
sekmingai eliminuoti difuzijos apribojimai ir nustatyti krvio pernasos

vir$jtampiai. Izopotencialiy (E, = 0,300 V) tirpaly serijoje eksperi-

0
mentiskai nustatytos sidabro k(;r)npleksq difuzijos koeficienty reik$més
(3,36-107° - 5,54-10~° cm?’s™") bei apskaiciuoti sidabro uzkompleksinimo
laipsniai (2,31-2,67).Izopotencialiy tirpaly serijoje rastos mainy srovés
tankio priklausomybés nuo laisvy sulfito jony koncentracijos. I§ apskai-
¢iuoto reakcijos laipsnio (0,67) negalima daryti vienareik§més i§vados
apie kravio pernados stadijoje dalyvaujancios dalelés sudétj.



