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Abstract Electrochemical quartz crystal microbalance,
combined with cyclic voltammetric, chronoamperometric,
and potentiostatic measurements, was used to study
electrodeposition/dissolution phenomena at a gold electrode
in solutions containing Na2S. Spontaneous, open-circuit
deposition processes as well as dissolution of the deposits
in sulfide-free solutions have also been investigated. The
potential range, scan rate, sulfide concentration, and pH
have been varied. The results of the piezoelectric nano-
gravimetric studies are elucidated by a rather complex
scheme involving underpotential deposition of sulfur at
approximately −0.85 V vs. sodium calomel electrode, reduc-
tive dissolution of the deposited sulfur-containing layer at
potentials more negative than approximately −0.9 V, and
formation of a sulfur-containing multilayer at potentials
more positive than −0.2 V. During the reduction of sulfur
deposited on Au, a mass increase due to the formation of
polysulfide species in the surface layer, accompanied by
incorporation of Na+ counterions, can be observed that starts
at approximately −0.4 V. This is a reversible process, i.e.,
during the reoxidation, counterions leave the surface layers.
Frequency excursions during the electroreduction and
reoxidation processes reveal existence of several competitive

dissolution–deposition steps. Spontaneous interaction be-
tween Au and HS− species results in a surface mass increase
at the open-circuit potential, and it also manifests itself in the
substantial decrease of the open-circuit potential after
addition of Na2S to the supporting electrolyte.

Introduction

The electrochemical reactions of sulfur and sulfur-containing
compounds have been intensively studied in the last 30 years
[1–19]. The intense interest arises mainly for three reasons:
application of sulfur as a cathode material for high-energy
density batteries, analysis of environmental samples, and
modification of metal (mostly gold) surfaces by self-
assembly of alkanethiols (RSH). The fundamental challenge
concerning the formation of self-assembled monolayers is
how to understand the nature of the bond between the gold
surface and the thiol. There are different views in this
respect: the explanation of the interaction between Au and S
(HS−) involves formation of a chemical bond (i.e., chemical
reaction between Au and SH− or RSH resulting in AuS or
Au2S), adsorption (van der Waals interactions), chemisorp-
tion by “partial charge transfer,” etc.

We have encountered the problem of sulfur electrochem-
istry during our studies of sulfidic natural water samples. It
became evident that it is impossible to understand the
behavior of these systems containing metal sulfides without
a detailed knowledge of the redox processes of sulfide and
sulfur. Elucidation of the redox processes of sulfur and
sulfides is a very difficult task for several reasons: e.g.,
formation of polysulfide ions in the solution and at the
metal surface, the reactions between the metal and these
species, and dependence of the equilibria and kinetics of the
electrode processes on the nature of the contacting
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solutions. Furthermore, there are contradictory views
regarding the nature of the gold sulfides; beside Au2S and
Au2S3, AuS is also assumed. However, the latter might be a
simple mixture of the previous two sulfides [20–25].
Although all the Au sulfides are insoluble in aqueous
solutions—except under special conditions when the solu-
tion contains complexing agents (e.g., CN− or concentrated
Na2S)—colloidal solution might be formed. It is also
difficult to find a reliable value for the solubility product,
which makes the adequate estimation of the standard
(formal) potential of the respective electrode reaction un-
certain. The solubility product of Au2S was found smaller
than that of the platinum metals, and it was established that
Ksp is certainly not higher than 10−50 [20–22]. The recent
and most reliable calculation [12] gives a value of pKsp=
72.8 or pKsp=55.5 when no strong base in high concentra-
tion is present since there are no S2− ions in the solution.
Taking into account the values of the dissociation constants
of H2S (K1=9.1×10

−8) and HS− (many books and even
recent papers, e.g., [4] reported value of K2=1.2×10

−12,
while based on the results of careful spectroscopic and
potentiometric studies a more acceptable value of approxi-
mately 10−17 [12, 16, 17, 23] was suggested), at pH=7 only
H2S and HS− exist, while above pH=8 HS− is dominating
species. It follows that the formal potential of the S/SH−

system in neutral solutions is −0.4764 V, while in strongly
acidic solution, it is −0.0624 V (earlier, for the S/S2−

system, a value of −0.447 V was the accepted standard
potential; however, recently, −0.575 V was suggested [12]).

From the thermodynamical data, the standard potential
of the electrode reaction

Au2Sþ 2e�! 2Auþ S2� ð1Þ

is approximately −0.329 V vs. SHE (standard hydrogen
electrode), i.e., it may occur spontaneously in the potential
region where S0/S2− couple is usually studied since the
standard potential of the latter couple is −0.447 V [19].
However, if AuS (a mixture of Au2S and Au2S3) is
considered, the equilibrium potential is approximately
0.03–0.04 V.

Previous studies have revealed that when Au is immersed
in an electrolyte containing Na2S, both the spontaneous
processes (underpotential deposition of sulfide on Au and
reaction between Au and S) and the potential-dependent
redox reactions involve changes of the surface mass.
Therefore, piezoelectric nanogravimetry with an electro-
chemical quartz crystal microbalance (EQCM) is an
attractive choice to follow these surface events. A knowl-
edge of the surface mass changes leads to a deeper
understanding of the complex reaction mechanism of the
oxidative deposition of sulfur and the reductive transfor-
mation and stripping of the surface sulfur layer.

In this work, we present results of EQCM investigations
of the deposition and stripping of sulfur on gold in NaCl
and NaCl−NaHCO3 electrolyte solutions containing Na2S.
These electrolyte compositions are quite similar to those of
the natural seawater samples. Therefore, besides obtaining
new and important information concerning the events
occurring during redox transformations of sulfur–sulfide
system, these results could serve as a starting point for
reliable electroanalysis of environmental samples.

Experimental

Six megaherz AT-cut crystals were used in the EQCM
measurements. Each side of the crystal was coated with
gold. The crystal was mounted in a suitable formed part of
a holder made from Teflon that also contained the oscillator
circuit which was isolated from the solution. Only one side
of the crystal was exposed to the electrolyte solution.
Connections to the metal coatings of both sides of the
crystal were made with gold foil. The projected and
piezoelectrically active area of the working electrode (A)
was 0.4 cm2. A Pt wire was used as a counter electrode.
The reference electrode was a sodium chloride saturated
sodium calomel electrode (SCE). The Sauerbrey equation
was used for estimation of the surface mass changes (Δm)
from the frequency changes (Δf), with an integral sensitivi-
ty, Cf=8.15×10

7 Hz cm2 g−1, that was determined in
separate experiments [26].

Na2S·9H2O sulfide stock solutions were prepared in
deionized water which was purged with Ar prior to addition
of Na2S·9H2O crystals. All solutions were purged with Ar
throughout the experiments. An Elektroflex 453 potentio-
stat and a Universal Frequency Counter TR-5288 connected
with an IBM personal computer were used for the control
of the measurements and for the acquisition of the data.
Electrolyte solutions used were 0.55 M NaCl, 0.55 M NaCl
and 0.03 M NaHCO3 (pH=8.5) containing Na2S in
different concentrations from 7×10−6 up to 1.54×10−3 M.

Results and discussion

Cyclic voltammetric EQCM study of sulfide/gold system.
The starting potential for voltammograms shown in Fig. 1
was set at −1.1 V where a clean Au surface is expected
since no sulfur is supposed to be deposited in this potential
range [1–9]. The only electrode process occurring is
hydrogen evolution reaction (HER). According to the
literature, [1–9] an underpotential deposition (UPD) of
sulfur occurs at approximately −0.9 V vs. SCE, and indeed
a small anodic wave (A1) appeared in the voltammograms
that was accompanied with a minor frequency decrease.
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This mass increase corresponds to approximately 7×
10−10 mol S cm−2 which indicates the formation of a sulfur
monolayer. There have been several studies that intended to
clarify the exact nature of the UPD process and the surface
species formed. According to the scanning tunneling
microscopy (STM) results, polymeric S species (Sn) are
formed on the surface. However, the state, i.e., the n value,
the distribution of the species, and even the actual valency

of sulfur, was shown to be strongly dependent on the
potential, sulfide concentration, and pH of the contacting
solution [7]. According to electron spectroscopy for
chemical analysis, Raman, and Surface-Enhanced Raman
Scattering spectra [1, 3, 6–8], S0, S2

2−, and S2− can be
detected on the surface; and “strong bonding” between Au
atoms and sulfur, followed by the formation of gold-
sulfide, has been assumed [1, 2, 4, 6–9].

The mass increase measured by nanogravimetry supports
the explanation that the following reactions take place [2]:

Auþ SH� ! Au� SH�ð Þads ð2Þ

Au� SH�ð Þads! Au� Sþ Hþ þ 2e� ð3Þ
As seen in Fig. 1, neither the main characteristics of the

cyclic voltammogram nor the mass excursion depend on the
scan rate. However, at potentials more positive than Ep

(A1), there are certain differences which attest that kinetics
is also involved.

The second characteristic anodic peak appears at
approximately −0.2 V which has been assigned to the
electrodeposition of S0 due to the oxidation of HS− ions
which eventually results in a sulfur multilayer assuming a
reaction scheme as follows [2, 3]:

Au� Sþ xHS� þ xOH� ! AuSð Þ S2�x
� �þ xH2O

þ 2 x� 1ð Þe� ð4Þ

Au� Sð Þ S2�x
� �! Au� Sð Þ S0x

� �þ 2e� ð5Þ
Based on the results of modulated reflectance

spectroscopy [2] and rotating ring disc electrode studies
[1], the formation of soluble polysulfides by a chemical
reaction of the deposited S0 and SH− ions has also been
suggested:

Au� Sð Þ S0x
� �þ SH� ! Au� Sð Þ S0x�n

� �þ S2�nþ1 þ Hþ

ð6Þ
The latter effect has to be sensitive to the scan rate since

the surface mass change is a result of two competitive
processes, oxidation of sulfide which results in the
deposition of sulfur, and the chemical reaction between
deposited S and HS− from the solution. The rate of the latter
process depends on rates of the diffusion of HS− ions and
the chemical reaction. However, the situation is more
complicated; at wave A2, always a frequency increase
(mass decrease) is observed that is followed by a mass
increase at higher positive potentials. At more positive
potentials—depending on the scan rate—another, less
developed oxidation wave (peak A3 in Fig. 1a) appears at
which the deposition starts. This does not mean that the
formation and deposition of S0 would not start at more
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Fig. 1 Cyclic voltammograms (solid line) and corresponding fre-
quency changes (dotted line). Electrolyte: 3.5×10−4 M Na2S in
0.55 M NaCl solution, pH=7. Starting potential: −1.1 V. Scan rates:
a 5, b 25, and c 50 mV s−1
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negative potentials; the open-circuit and potentiostatic
investigations clearly reveal deposition in this potential
interval as well (see later). Of course, we may assume that,
in the first phase of electrooxidation of the surface layer, the
formation of soluble polysulfides takes place, and—which
has been neglected so far—counterions also leave the
surface layer as it loses its negative charges. Assuming a
layer of finite thickness not just a monolayer, the following
equation is operative:

Au� Sð Þ S2�x Naþ2
� �! Au� Sð Þ S0x

� �þ 2e� þ 2 Naþ ð7Þ
However, in this way it cannot be explained that the

frequency value is higher at −0.2 V than at −1.1 V.
Therefore, it should be assumed that, at −1.1 V, the
deposited layer was not perfectly removed even if the
electrode was held at this potential for several minutes
before starting the cycle. If this argument is valid, the UPD
can occur only at the free sites of the gold surface.
Alternatively, we may assume the dissolution of the gold
sulfide during the electrooxidation, which is also thermo-
dynamically possible. Surprisingly, this process has not
been taken account so far, while it seems to be rather
plausible once the formation of Au2S or AuS has been
predicted. Therefore, we would propose the following
reaction:

Au2S! 2Auþ þ Sþ 2e� ð8Þ
From the detected frequency increase at peak A2, the

dissolution of Γ=5×10−10 mol gold-atom cm−2 can be
derived, which is a reasonable value taking into account the
calculated surface concentration of S after the UPD process.
It may be assumed that most Au+ ions are redeposited due
to the fast reaction:

2Auþ þ HS� ! Au2Sþ Hþ ð9Þ

A part of the Au+ ions can diffuse into the solution phase
which is supported by the observation that, after intensive
use of the gold-coated crystals in some cases, a permanent
mass loss was observed. This explanation is reasonable, but
in the potential region between −0.2 and −0.6 V, the mass
change is reversible during oxidation–reduction (see
Fig. 1), which is certainly inconsistent with the irreversible
dissolution of gold.

Although the main features of the voltammograms and
the EQCM responses are practically the same, the reduction
cycle is influenced by the scan rate (Fig. 1a–c). The scan
rate is found to be related to the time that the system spends
at positive potentials where the oxidation of sulfide and the
formation of sulfur layer can occur. Under the conditions
applied during cycling even at slow sweep rates, the
deposition is not too intensive (at 5 mV s−1, it is
approximately 5 Hz, while at 50 mV s−1, it is practically

zero). Two waves appear in the course of the negative-
going cycle which have been observed in several studies
earlier [1–4]. The peak labeled here as C1 has usually been
assigned to the electroreduction of the sulfur multilayer to
polysulfide species, while the peak labeled C2 has been
assigned to the reduction of polysulfides to sulfide and the
reduction of the AuS which formed during the UPD process
[We avoided the usual notation (A1–C1, A2–C2 pairs) and
just labeled the anodic peaks as A1, A2, and A3 and
cathodic peaks as C1 and C2 in order of their appearance in
the course of the oxidation and reduction, respectively,
because these peaks are not entirely corresponding redox
couples]. However, the EQCM curves reveal that the
situation is more complicated. At A2, mostly dissolution
(mass loss) occurs, and the deposition starts at A3, while an
increase of the surface mass begins at more positive
potentials than could be related to C1 if it were a simple
reduction process. At C1, a rather complicated deposition–
dissolution pattern arises according to the EQCM curves.
At C2, a mass loss can be observed, which supports the
previous views, i.e., the formation of soluble sulfide species
that leave the surface.

The cyclic voltammetric experiments were also carried
out by using starting potentials in the potential region
where the oxidation of HS− ions occurs and the deposition
of sulfur multilayer is expected. The cyclic EQCM curves
were taken at different starting potentials, different waiting
times and potential ranges, scan rates, and concentrations.
In some experiments, NaHCO3 was also added to buffer the
solutions, even though no substantial pH effect was ob-
served attesting to the self-buffering ability of the sulfide
system. The measured pH was always between pH=8 and
10. Selected typical results are shown in Fig. 2.

The cyclic voltammetric responses are basically similar
in as much as the typical peaks appear and the peak
potentials practically do not change, independently of the
variation of the parameters such as scan rate, starting
potential, and waiting time, while the EQCM responses are
substantially different. In Fig. 2a, the low starting frequency
indicates the accumulation of a sulfur layer while holding
the potential at 0.3 V for 15 s. As has already been
discussed, a mass gain can be observed before peak C1, and
in the region of C1, a dissolution–deposition pattern can be
seen on the EQCM curve. Starting at the second main
reduction step, a dissolution occurs. A small mass increase
can be observed again at A1, while a dissolution starts
before A2 which is followed by a deposition. Figure 2b
shows that at higher scan rate there is no dissolution during
the negative-going scan. Dissolution starts only at the
beginning of the positive-going scan. After A1 is reached,
the mass increase can be detected again. The mass loss
starts at A2, and due to the fast scan rate and less positive
end-potential, no deposition occurs until the end of the
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cycle. However, the deposition of sulfur multilayer takes
place at 0.1 V.

The curves in Fig. 2c show the next cycle taken after that
shown in Fig. 2b while holding the electrode at 0.1 V for
30 s. It can be seen that the initial frequency value is less by
27 Hz. Albeit the scan rate was only 25 mV s−1, the perfect
removal of the surface layer did not take place during
reduction, but a substantial part of it was removed during
oxidation at peak A2. Experiments have been carried out by
gradually applying a less negative switching potential in
order to make sure that hydrogen evolution was not
affecting the EQCM response. As seen in Fig. 2d, there
was no effect of the HER on the response.

Chronoamperometric-potentiostatic experiments

Because the results of the cyclic voltammetric experiments
revealed several fast and slow follow-up processes, poten-
tial step experiments seemed to be a plausible choice to
gain a better understanding of these processes.

As seen in Fig. 3a, when Na2S was added to the
supporting electrolyte, a substantial −300 mV decrease of
the rest potential was observed, which indicates a reaction
between Au and HS− ions according to Eqs. 2 and 3 (In
fact, sulfur-modified Au-S electrodes were prepared in this
way [13]). Adjusting the same pH by adding NaOH caused
a much less change of the open-circuit potential than was
observed in the presence of Na2S. Rather surprisingly, the
frequency decrease indicates a surface coverage that is
higher than would correspond to a monolayer since 25 Hz
is approximately equal to 9.8×10−9 mol S cm−2. After a
short induction period, the spontaneous deposition is rather
fast, and at longer times, there is still a frequency decrease
albeit in a rather slow rate. Both the supporting electrolyte
and the Na2S solution were carefully purged by Ar gas.
Nonetheless, it cannot be excluded that a spontaneous
oxidation of HS− ions by the still remaining oxygen occurs.
At the same time, it is less likely that the resulting S0 will
be deposited on the gold surface. The decrease of the rate of
the deposition is also against this explanation. It is most
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likely that, after the formation of the first layer, which is
Au2S, additional sulfur-containing layers are formed. Just a
+20 mV potential step from the open-circuit potential
results in fast and substantial frequency increase (Fig. 3b
second section). The next step to −0.7 V, where on the
cyclic voltammograms two frequency “peaks” appeared
(Figs. 1 and 2), results in a more complex frequency
response: first, a large frequency decrease, then a fast
frequency increase develop, while eventually the resultant
response is a slow-frequency increase. Stepping to −0.9 V
results in a intense dissolution, which continues with an
even higher rate at −1.2 V. When the potential was stepped
from 0.0 V to −1.2 V, another interesting response can be
detected (Fig. 3c). First, a frequency decrease, then a fast
frequency increase, occur. In accordance with the cyclic
voltammetry-EQCM results, this can be explained by the
formation of insoluble polysulfides and the incorporation of
Na+ counterions into the layer, then the dissolution of the
product from the further electroreduction. The dissolution

slows down, which is an explanation why, in the case of
cyclic voltammograms, the reductive desorption has not been
completed within the time scale of the experiments. This
remaining layer can be removed by oxidation with a potential
step to 0.2 V. At 0.2 V, and even more intensively at 0.3 V,
deposition also takes place as it has already been discussed
for the cyclic voltammetry-EQCM responses. Similar depo-
sition–dissolution behavior can be observed again during the
potential step from 0.3 to −1.2 V. During the next oxidation
step, first, a mass decrease then a rather fast mass increase
occurs at 0.4 V. Stepping to −1.2 V again, the response
described previously develops, but by applying steps with
smaller amplitude in the direction of less negative potentials,
deposition can be monitored as in Figs. 1 and 2b–d. The layer
deposited at −0.4 V can be removed by oxidation at 0.4 V,
where deposition starts again (Fig. 3d). Stepping again to
−1.2 V, a fast mass increase then a decrease can be observed,
and stepping back to 0.4 V, the previously described
phenomenon was observed again. The step from 0.4 to
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−0.7 V results in the complex EQCM response which has
already been shown in Fig. 3b attesting the excellent
reproducibility of the measurements. The similar statement
is valid to the further responses presented in Fig. 3d.

Figure 4 shows the responses of two steps in a longer
time scale. At 0.3 V, a continuous deposition occurs which
can be related to the formation of a sulfur multilayer. By
stepping to −0.7 V, first a fast deposition, then a dissolution
occurs (Fig. 4a). When the potential is stepped from −0.3 to
−0.7 V, first a fast deposition then a fast dissolution occurs
(Fig. 4b). In principle, the piezoelectric nanogravimetry
technique by using EQCM provides information on
electrochemical equivalent (the apparent molar mass, Mapp)
of the deposited or exchanged species knowing the
frequency change and the corresponding charge consumed.
Unfortunately, in this case, reliable quantitative data can be
obtained only concerning the amount of the deposited
material beside the qualitative information on the deposition–
dissolution processes because a substantial amount of charge
is consumed by redox processes in which both the reactant
and the products are soluble, i.e., no change of the surface
mass occurs. In this way, rather small Mapp values can be

calculated since it is proportional to Δf/Q. Furthermore,
chemical reactions are also involved which lead to spontane-
ous dissolution–deposition processes. For instance, from the
curves shown in Fig. 4a, in the case of deposition Mapp=6.5,
while for the dissolution Mapp=13 g mol−1 can be derived.

Mapp=6.5 could be assigned to the process described by
Eq. 4 assuming a multicharged polysulfide as follows:

Au� Sþ xHS� þ xOH� ! AuSð Þ S2y�x

� �þ xH2O

þ 2 x� yð Þe� ð10Þ

or

Au� Sþ 5HS� þ OH� ! AuSð Þ S0� �
HS�ð Þ4 adsð Þ

þ H2Oþ 2e�
ð11Þ

Nonetheless, it is not unimaginable that sorption of HS−

ions is enhanced by the deposition of sulfur, Mapp=6.5
would mean that the ratio of charged and uncharged sulfur
is 4:1 which is less likely.

It is more reasonable to assume that partially charged
polysulfides dissolve.

We encountered similar problems also when we calcu-
lated Mapp values from the different sections of cyclic
voltammograms or chronoamperometric curves. In the
region of HER, it can easily be explained by the charge
consumed by hydrogen evolution. However, there was one
section where always reasonable Mapp values were obtained
which was close to the molar mass of sodium ion, that is,
the mass increase that usually starts around −0.4 V, which is
at more positive potentials than the peak potential of C1,
and ends around Ep(A1) during the negative-going scans. If
our assumption were correct, i.e., during the reduction of the
sulfur layer in the first phase, insoluble polysulfides would
be formed, and the mass increase would be related to the
incorporation of the charge-compensating counter cations.
The same effect must be observed even in the case when a
deposited sulfur layer is reduced in a supporting electrolyte
which does not contain HS− ions. The results of such an
experiment shown in Fig. 5 fulfill these expectations.

Somewhat surprisingly in this case, C1 is absent or at
least it does not appear as a well-developed peak. A similar
observation was made when the scan was started from
negative potentials falling in the range of −0.2 and −0.4 V,
especially when it was the first cycle after the addition of
Na2S. From the curves presented in Fig. 5, for the interval
between −0.6 and −0.8 V, Mapp=28 g mol−1 can be
calculated. Therefore, the dominating process in this region
is as follows:

Au� Sð Þ S0x
� �þ 2e� þ 2Naþ ! Au� Sð Þ S2�x Naþ2

� �

ð12Þ
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The effect of the sulfide concentration on the cyclic
EQCM response

The cyclic voltammograms and the simultaneously detected
EQCM frequency responses obtained at three different
Na2S concentrations are displayed in Fig. 6.

In all solutions, the characteristic peaks of the cyclic
voltammetry appear, and they are getting more and more
pronounced with increasing concentrations of sulfide (C1 is
practically missing in the most dilute solution which may
be related to the observation that no polysulfide formation
takes place in such solutions [7, 8]). The EQCM curves are
similar to those presented earlier, only herein the reduction
in the potential range below −0.8 V, and the removal of the
surface layer were practically completed. All voltammetric
peaks are shifted into the direction of more negative
potentials with increasing concentrations of sulfide by 180
(C1), 58 (C2), 60 (A1), and approximately 120 (A2) mV
decade−1. Based on these rather uncertain values, only
qualitative conclusions can be drawn. The error of the
values given is as high as 15 mV. Especially the over-
lapping of A2 and A3 waves allows no more accurate
calculations. We have tried to utilize the EQCM curves
shown in Fig. 6b in such a way that Ep (A2) was
determined from the place of the maximum slope of the
frequency increase between approximately −0.22 and
−0.1 V (curves 2 and 3 of Fig. 6b), since at A2, dissolution
takes place. Since it is assumed that, in the reactions C1 and
C2, the deposited sulfur (polymeric sulfur) and the
polysulfides formed in step C1, respectively, participate,
no shift is expected without assuming that one of the
components of the solution also takes part in the electro-
chemical process. Because the concentration of sodium ions
is constant, the role of HS− and H+ or OH− ions has to be

considered. The increase of the Na2S content in the
unbuffered solution increases the pH of the solution, and
consequently, the ratio of HS−/H2S is also shifted. The
reduction of polysulfide to sulfide at C2 that leads to
dissolution of the layer can be described as follows:

AuS S2�x
� �þ 2xe� þ xþ 1ð ÞHþ ! Auþ xþ 1ð ÞHS�

ð13Þ
According to Eq. 13, as the pH increases, a negative shift

of the peak potential has to be observed. The increase of the
peak current is related to the amount of sulfur attached to
the gold surface. As seen in Fig. 6b, the starting frequency
is lower when the sulfide concentration is higher which also
indicates that both the spontaneous and the electrochemi-
cally induced (at 0.3 V) depositions—as expected—are
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faster when the gold substrate is in contact with a more
concentrated Na2S solution. In order to check the effect of
pH, experiments at three different pH values have also been
carried out. Fig. 7 shows the cyclic EQCM curves obtained
at pH=3.2, 8.0, and 10.2, respectively.

All the peaks—as in the case of the concentration effect
described above—shift in the direction of the negative
potentials with increasing pH. The negative potential shift
with increasing pH is well seen also for the background
current due to HER. At pH=8 and 10.2, the shape of the
voltammetric curves and the main features of the EQCM
response remain the same. The shift in the anodic peak
potentials is related to both the concentration of the HS−

ions and the H+ (OH−) ions according to Eqs. 2–5, 10, and
11. At lower pH values, drastic changes can be observed. It
is related to the presence of H2S since at pH and
approximately <5.5, only this protonated form exists in

the solution. At pH=3.2, both C1 and C2 split into two
waves (labeled as C11, C12 and C21, C22, respectively).
Under identical conditions, less sulfur was deposited at
0.3 V (see Fig. 7b). At wave C11 is a slight mass decrease,
while at C12 a mass increase occurs, and at both C21 and
C22 a mass increase takes place. The dissolution starts only
during the positive-going scan. At the end of the cycle
(after A2), no deposition occurs as in the case of higher
pHs. It means that A3 is shifted to more positive potentials.

Conclusions

The results of the open-circuit, cyclic voltammetric, and
potential step quartz crystal microbalance experiments
attest that the electrochemical transformations occurring in
aqueous solution of Na2S at a gold electrode is more
complex than has been thought.

The potential-dependent surface mass changes observed
are in accordance with the previous views regarding the
following processes: underpotential deposition of sulfur
species at the potential of approximately −0.8 V vs. SCE,
formation of sulfur multilayer above approximately −0.2 V
in basic solutions, formation of polysulfides during reduc-
tion between −0.4 and −0.8 V, and removal of the surface
layer due to the complete reduction to HS− species.
However, several other processes take place during both
electrooxidation and electroreduction. During electrooxida-
tion at approximately −0.3 V, a fast dissolution occurs due
to the formation of soluble polysulfides, which process
competes with the deposition of a sulfur multilayer. In the
course of the reduction, first insoluble polysulfides are
formed which are accompanied by incorporation of Na+

counterions into the surface layer. In the potential region of
−0.5 and −0.85 V, several competitive processes take place
which result in a rather complex dissolution–deposition
behavior. The addition of Na2S into the supporting
electrolyte causes a approximately −300 mV decrease of
the rest potential indicating a strong interaction between the
gold substrate and HS− ions which results in the formation
of gold-sulfide. At the open-circuit potential, further
deposition can be detected which is related to the adsorp-
tion of HS− species.

The pH dependence can be explained by the ratio of HS−

and H2S present in the solution, e.g., the participation of H+

ions in the reaction of sulfur reduction.
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