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transform (FFT) impedance spectroscopy (0.061–1500 Hz). The time dependences of the real and imagi-
nary components of impedance were determined in a solution containing 0.05 M Ag (I) and 1 M Na2SO3.
The mean duration of silver ad-atom diffusion on the surface to the nearest crystallization centre was
calculated: during the first 210 s of contact with the electrolyte, these values increase from 0.66 up to
1.77 s; thereafter, this variation stabilizes and the mean duration of silver ad-atom diffusion reaches an

56 s).

lectrocrystallization
lectrochemical impedance spectroscopy

almost constant value (1.

. Introduction

Usually silver deposits for practical purposes are obtained
rom extremely toxic cyanide-based solutions [1]. Considerable
ttention has been paid in the literature to the process of silver
lectrodeposition from cyanide electrolytes [2,3] and till today this
rocess is widely used in different fields of industry and science
4–14]. There are many publications dedicated to the applica-
ion and mechanism of silver electroreduction from cyanide baths.
owever, the important problem, especially, of the cyanide toxicity

s not solved yet. A great number of cyanide-free solutions [15–17]
ave been proposed in order to avoid the necessity to use some
mount of hazardous materials during the preparation of silver
lectroplating baths. Unfortunately, silver deposits obtained using
hese electrolytes were rather of lesser quality than those obtained
ith traditional cyanide electrolytes. One of the most promising
ethods to solve this problem could be the application of the elec-

roreduction process of silver sulfite complexes. The main problem
ith sulfite systems is the oxidation of sulfite ions by air oxygen and

he low working densities of the cathodic current. These limitations
an be avoided easily using the inert atmosphere by also increasing
he temperature and stirring the electrolyte. Replacing the cyanide-
ased silver plating solutions with silver sulfite electrolytes could

e particularly important in not only solving the problems of toxi-
ity but also exploiting these electrolytes in the field of innovative
echnologies. Nowadays, it is very important to choose electrolytes
hat can be used to obtain silver deposits ideally suitable for
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deep-etch X-ray lithography. Such silver electrolytes could be used
in a relatively new technique known as LIGA (German: litho-
graphic, galvanoformung, abformung: lithography, electroplating
and micromoulding) [18–20] and could be successfully applied for
silver deposition for micro-electro-mechanical systems (MEMSs).
In that case the most important properties of electroplating baths
are the throwing power of the electrolytes and high aspect ratio
of microstructures. The properties mentioned above have deter-
mined successful application of gold sulfite electrolytes [21] instead
of cyanide electrolytes in the microtechniques. Concerning silver
sulfite electrolytes, it is known [22] that those electrolytes enable
us to get silver deposits with good crystallinity. Furthermore, it
was emphasized [22] that the throwing power of silver sulfite
electrolytes is exceptionally good. Recently, sulfite-based solutions
for electrochemical deposition of silver were proposed by Cojo-
caru et al. [23]. Authors have noted that silver nanoparticles were
deposited with high nucleation density and uniform size distribu-
tion [23]. Due to the fact that silver deposits obtained from silver
sulfite electrolytes are of high quality, these electrolytes have great
potential application in novel and innovative technologies. Conse-
quently, investigations of the kinetics of silver sulfite complexes
electroreduction became very important from the practical point
of view.

In order to investigate the process of silver electrodeposition
from sulfite solutions, the methods of rotating disk electrode
(RDE) voltammetry, chronopotentiometry (CP) and electrochemi-

cal impedance spectroscopy (EIS) were used [24]. It was determined
[24] that electrochemical reaction of silver sulfite complexes is
hindered by a slow stage of silver ad-atom crystallization at equi-
librium conditions. Furthermore, the longer the immersion time
of silver electrode in the solution is, the more significant is the

http://www.sciencedirect.com/science/journal/03043894
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nfluence of the crystallization stage on the silver electroreduction
24]. In order to investigate exactly the stage of a slow crystalliza-
ion the electrochemical fast Fourier transform (FFT) impedance
pectroscopy [25,26] seems to be the most suitable method,
ecause this method enables us (i) to ensure equilibrium potential
onditions and (ii) to reduce as much as possible the time needed
or determination of electrochemical impedance spectrum. Both
i) and (ii) are very important for avoiding changes of the param-
ters of electrochemical reaction emergent due to time dependent
urface processes, i.e. recrystallization of the metal phase, adsorp-
ion or desorption of sulfite ions etc. Above-mentioned processes
hange both the electrical double layer capacitance and the param-
ters of investigated electrochemical system. Meanwhile, while
nalysing impedance spectra, all elements in the model of elec-
rochemical equivalent circuit are treated as constants. If the

easurements of impedance spectrum take too long, the com-
onents in the equivalent circuit can be determined incorrect.
oreover, not only the values of the equivalent circuit components

an be determined with significant errors but the model of inves-
igated system itself can change. Thus, one can conclude that the

ethod of FFT impedance spectroscopy is very useful for investi-
ating so complicated a process as electroreduction of silver sulfite
omplexes. Furthermore, this method is irreplaceable in investigat-
ng the changes of metal ad-atoms surface diffusion.

The aim of this work was to investigate the kinetics of sil-
er electrocrystallization from the sulfite solutions analysing
he impedance spectra measured by means of FFT impedance
pectrometry. Performing the measurements in galvanostatical
onditions (at zero direct current) we were able to investigate a
low stage of silver crystallization, i.e. to calculate (i) the values of
omponents of the equivalent circuit which represent the investi-
ated electrochemical system and (ii) the dependences of the mean
uration of silver ad-atom surface difussion on the immersion time
f silver electrode in the solution of sulfite complexes.

. Experimental

The solutions prepared were based on distilled water and p.a.
uality Na2SO3 and Ag2SO4. The electrolytes were prepared freshly
efore every new experimental series, in order to avoid the sulfite

on oxidation by air oxygen. All experiments were performed at
0 ◦C temperature.

The EIS measurements were performed using an ordinary three-
lectrode cell. The working electrode was a platinum wire of
.5 mm in diameter and 1.08 cm in length. Working surface of the
t electrode was treated with alcoholic solution of NaOH, then this
lectrode was mechanically polished using a series of aluminium
owders (1.0–0.15 �m). Care was taken during the polishing to
ash the electrode properly before changing the Al2O3 powders

nd especially before mounting it into the cell. Working Pt electrode
fter such preparations was coated (10 �m) with silver galvanos-
atically (3 mA cm−2) in a sulfite-based electrolyte (2 M Na2SO3 and
.3 M AgNO3) before each measurement. The surface area of the
orking electrode was 0.17 cm2. The counter electrode was made

f an Ag spiral of 40 cm2. The reference electrode was a saturated
g/AgCl, KCl electrode, placed as close as possible to the working
lectrode by means of a Luggin capillary. Throughout this work
he potential of the working electrode is referred to the normal
ydrogen electrode (NHE).

In this investigation all impedance spectra were recorded gal-

anostatically at controlled zero direct current using a fast Fourier
ransform (FFT) impedance spectrometer [25,26]. The amplitude
f the perturbation current was chosen in such a way that
he response voltage would not exceed 5–10 mV. The obtained
mpedance spectra were validated by comparing the power spec-
s Materials 180 (2010) 259–263

tra of perturbation and response as described in Ref. [27]. First of
all, FFT impedance spectrometer differs from conventional devices
of this type by the way how investigated system is perturbated.
In FFT impedance spectrometry, system is perturbated not by the
consequently applied sine waves of different frequencies, but by the
superposition of 50 sine waves with properly chosen frequencies.
All frequencies are multiples of the lowest one, and they increase
linearly in logarythmic scale. Such method enables us to reduce
the duration of determining impedance spectrum, depending on
frequency range, 5–20 times (when compared with conventional
equipment). The overall measurement time in FFT impedance spec-
troscopy is limited only by the lowest frequency in the spectrum
and by the data transfer to the computer. It should be noted
that significant distortions of response signal emerge during the
first period of oscilation of lowest frequency. It happens due to
additional harmonic oscilations [27]. Usually, the bigger is the
capacitance of electrode, the larger these distortions are. Because of
the above-mentioned reasons, only response obtained during the
second oscilation of lowest frequency was used for calculations.
Thus, the measurement time of the electrochemical impedance
spectrum depends on the used lowest frequency only: measure-
ment time in the frequency range 1.5–50,000 Hz continues for 1.3 s,
while measurement time in the frequency range 0.003–100 Hz
takes 11 min. In these experiments we have attempted to choose
the lowest frequency satisfying following requirements: it must be
low enough to get as much as possible data, and also it has to ensure
minimal distortions of response signal.

3. Results and discussion

In order to analyse the measured impedance spectra and even
to extract kinetic data, first of all we have tested the validation
of measured impedance data by comparing the spectra of per-
turbation current and response voltage. By the use of extremely
selective analyser of alternating current spectra we have high-
lighted all frequencies emerged in response, not only those used
in the perturbation of the investigated system. If very fast changes
of system parameters occure in electrochemical system, additional
lines in impedance spectrum appear. It was checked how obtained
frequencies of response correspond to frequencies of perturbating
signal. As distortions of only frequencies of response impedance
spectrum can be treated, which are multiples to frequencies used
in perturbating signal, frequencies caused by power source (50,
100, 150 Hz, etc.) were not taken into consideration. As one can
see from the results obtained (Fig. 1), it would be incorrect to anal-
yse spectrum which begins at 0.00305 Hz, because of a lot of lateral
frequency lines visible on it. In this paper experimental EIS mea-
surements were carried out at least two times. First of all impedance
was determined at 0.00305 Hz; and later the lowest frequency was
increased up to values at which distortions were minimal (see
Fig. 1). Since probability of nonlinearities increases with decreased
alternating current frequency, experimentaly FFT electrochemical
impedance spectra were determined in the frequency range from
0.061–1500 Hz in solution containing 0.05 M Ag (I) and 1 M Na2SO3
(Fig. 2). Equilibrium potential of the electrode in solution of such
composition is EH ∼= 0.24 V. It took 30 s to determine one impedance
spectrum in the chosen range of frequencies.

While investigating electrode processes by means of the EIS
method, behaviour of electrochemical system usually is repre-
sented by an equivalent circuit composed of different components.

The component of the double layer capacitance may be useful only
in the case to represent the system with homogeneous electrode
surface. The surfaces of solid electrodes mostly are not enough
equipotential, i.e. electrolyte resistance of the each microscopic
surface area is different. Consequently, infinity of RiCi parallel ele-
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ig. 1. Frequency distribution of FFT impedance response (potential) lines. Nar-
ow lines correspond to frequencies of perturbation and wide lines to additional
requencies of response emerging due to nonlinearity of system.

ents should be introduced into equivalent circuit instead of the
omponent of double layer capacitance. The input of RiCi elements
o the total impedance mathematically is simulated as the constant
hase element (CPE) whose impedance can be defined as [28]:

CPE = A−1(jω)−n (1)

here A is the proportion factor of the constant phase element; its
hysical meaning corresponds to the average double layer capac-

tance; n is the exponential number which shows the impedance
hase shift. When the electrode surface is homogenous, i.e. n = 1, Eq.
1) transforms into the simple double layer capacitor impedance
quation:

CPE = (CDjω)−1 (2)

The deviation of exponential number n from unit usually is
mall even for a rough metal surface and its range is within 0.9–1.
owever, deviations of n may increase drastically when the metal

urface is covered with a low conductivity layer [28], for example,

he oxide layer etc. While analysing the impedance spectra deter-

ined in the solution of silver sulfite complexes it was found that
he exponential number n is very close to unit (0.9 ≤ n ≤ 1). Accord-
ng to Eqs. (1) and (2), CPE in the equivalent circuit representing

ig. 2. Electrochemical FFT impedance spectra. Solution composition: 0.05 M Ag (I),
M Na2SO3. Time passed after immersing Ag electrode into the solution: (1) 30 s,

2) 60 s, (3) 120 s, 5–450 s, (6) 1770 s and (7) 1800 s.
Fig. 3. Equivalent circuit representing adsorption and charge transfer on the surface
of the electrode. (R0) uncompensated resistance of electrolyte, (CD) electrical double
layer capacitance, (Rct) charge transfer resistance, (ZW) diffusion impedance, (RA)
and (CA) adsorption resistance and capacitance.

our investigated electrochemical process turns to conventional
component of double layer capacitance. Thus, we could simplify
the analysis of obtained data, i.e. to analyse the experimentally
determined impedance spectra of electroreduction of silver sul-
fite complexes using a typical equivalent circuit (Fig. 3), which
was composed of uncompensated electrolyte resistance R0, elec-
trical double layer capacitance CD, charge transfer resistance Rct,
diffusion impedance ZW which represents the influence of surface
diffusion of silver ad-atoms appearing due to electrocrystalliza-
tion of metal [29], and from adsorption branch of adsorption
resistance RA and adsorption capacitance CA. By means of the com-
puter program “Zview” we have got satisfactory coincidence of
experimental data with results calculated using equivalent cir-
cuit representing the investigated process. Discrepancies were
observed in the low frequency range only (below 1.5 Hz). By fur-
ther analysing the experimentally determined impedance spectra
we have attempted to estimate changes of both real and imaginary
impedance components vs time. It was determined that the abso-
lutely time-independent component of the equivalent circuit was
the uncompensated electrolyte resistance R0 and its values were
about 0.25 ± 0.02 � cm2. The obtained variation of the values Rct

and CD is presented in Fig. 4. It is seen (Fig. 4) that both charge
transfer resistance and double layer capacitance increase slightly
during the first 100 s: Rct increases from 6 to 10.7 � cm2, and CD

grows from 320 to 420 �F cm−2. Thereafter, the values of compo-
nents Rct and CD decrease gradually to their initial values. The time
dependences of the components of adsorption branch RA and CA,
are given in Fig. 5. As shown in Fig. 5, both adsorption resistance

Fig. 4. Dependencies of the electrical double layer capacitance (CD) and charge
transfer resistance (Rct) on the time, determined analysing the FFT impedance spec-
tra (from Fig. 2).
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ig. 5. Dependencies of the adsorption capacitance (CA) and adsorption resistance
RA) on the time, determined analysing the FFT impedance spectra (from Fig. 2).

nd adsorption capacitance increase during the first 120 s, then CA
alues start to decrease marginally and RA increases, respectively.
t was interesting to observe the change of the coefficient B, which
epresents a slow electrocrystallization of silver ad-atoms. Sotnikov
t al. [29] have reported a model describing the surface diffusion
mpedance by surface diffusion resistance and capacitance con-
ected in parallels. Both the components depend on the alternating
urrent frequency as this is the case with the Warburg impedance.
n our analysis we have chosen a simplified approach, taking into
ccount that the non-dimensional alternating current frequency
erm of the mathematical expressions given in Ref. [29] becomes
ufficiently large for higher frequencies. As a result, the surface
iffusion impedance becomes qualitatively similar to the conven-
ional Warburg impedance, with a coefficient B characterizing the
urface diffusion of ad-atoms instead of the Warburg constant for
he case of three-dimensional diffusion:

′ = −Z ′′ = B√
ω

(3)

As one can see in Fig. 6, in the electrochemical system of silver

ulfite complexes the coefficient B increased up to 2500 � cm2 s−1/2

uring the first 60 s. Thereafter, the change of coefficient B is not
onsistent, but it is obvious that the values of this coefficient are
ig rather than small (>2000 � cm2 s−1/2). This could be explained
nambiguously by a slow stage of silver electrocrystallization.

ig. 6. Dependence of the silver electroreduction representing coefficient B on the
ime, determined analysing the FFT impedance spectra (from Fig. 2).
Fig. 7. Frequency dependence of the real (filled symbols) and imaginary (hollow
symbols) components of impedance. (Circles) experimental data, (from Fig. 2, curve
2), (triangles) calculated impedance of silver electrocrystallization.

For further analysis, the input of the components R0, Rct, CD,
RA and CA to both real and imaginary components of impedance
was deducted. After such calculations, only impedance of “pure”
crystallization should remain in the spectra. In Fig. 7 it is shown
that the calculated impedance spectrum of surface diffusion of sil-
ver ad-atoms (Fig. 7, triangles) is in good coincidence with the
experimentally obtained impedance spectrum (Fig. 7, circles) in all
frequency ranges. The values of both real and imaginary compo-
nents of impedance are similar in a high frequency range, whereas
the values of real component increase much more with decreas-
ing of alternating current frequency. The same good coincidences
between experimental and calculated data were observed in all
impedance spectra (q. v. Fig. 2). These results suggest that the
impedance spectra of silver sulfite complexes determined at equi-
librium conditions correspond to those of “pure” crystallization;
thus, experimental data can be analysed according to surface dif-
fusion impedance model presented in Ref. [29]. According to this
model it is possible to compare the theoretical dependence of
the ratio of surface diffusion impedance components on the non-
dimensional frequency 1/b with the dependence of silver sulfite
complexes impedance components on the alternating current fre-
quency ω−1/2. Suffice to choose non-dimensional frequency 1/b
with regard to the really used frequency ω−1/2 (Fig. 8). The results
presented in Fig. 8 enables us to use Eq. (4) proposed in Ref. [29]
and calculate the mean duration of silver ad-atoms diffusion on the
surface, �:

b = r

√
ω

D
;

1
1.1b

= ω−1/2; � = r2

D
= 0.83 s (4)

Accordingly, the mean durations of silver ad-atoms diffusion
on the surface were calculated from the impedance spectra deter-
mined after immersing silver electrode in the solution different
times (Fig. 9). The obtained results have shown that the duration of
surface diffusion of silver ad-atoms increases threefold in the first
210 s (from 0.66 to 1.77 s). Thereafter, this growth stops and after a
longer time of silver electrode’s contact with electrolyte, the mean
duration of silver ad-atom diffusion on the surface stabilizes and
reaches the constant value, 1.56 s.

Theoretically the rate of ad-atoms’ surface diffusion should be

independent of the duration of electrode contact with solution.
Differences observed probably are concerned with the change in
the number of new crystallization centres on the surface. It is pre-
sumable that the increase of duration of silver ad-atoms surface
diffusion is related to the decrease of concentration of crystalliza-
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Fig. 8. Dependences of the ratio of real and imaginary impedance components on
the frequencies: ω−1/2 (symbols) and (1.1b)−1 (line). (Symbols) experimental data
represented in Fig. 2, curve 2. (Line) theoretical dependence [29].
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ig. 9. Dependence of mean duration of silver ad-atoms surface diffusion on the
ime elapsed after immersing the Ag electrode into the electrolyte.

ion centres. Recurrence of the obtained data is not very good, and
t may be related to the sensibility of investigated phenomena to
retreatment of electrode surface which can be poorly controlled.
his can explain the poor recurrence of results in the present paper
ompared with those we have obtained and published earlier [24].
n the other hand, recurrences can be explained by differences

n used electrodes and solutions. At least, it becomes more and
ore important to investigate the process of silver electrodepo-

ition from sulfite electrolytes because of its potential application
or non-toxic silver electroplating and for safer and cleaner tech-
ologies.

. Conclusions
The kinetics of electroreduction of silver sulfite complexes has
een investigated using the method of the electrochemical FFT

mpedance spectroscopy under galvanostatic conditions. Depen-
ences of double layer capacitance (CD), charge transfer resistance
Rct), adsorption components (RA and CA) and coefficient B, which

[

[

s Materials 180 (2010) 259–263 263

characterizes the silver ad-atoms surface diffusion, on the time
were determined. The calculated values of the mean duration of sil-
ver ad-atoms diffusion on the surface to the nearest crystallization
centre show that initially, during the first 210 s of contact with the
electrolyte, these values increase from 0.66 up to 1.77 s. Thereafter,
this variation stabilizes and the mean duration of silver ad-atoms
diffusion reaches an almost constant value (1.56 s).
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