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Abstract

Recent studies have extensively explored the catalytic properties and synthesis of chalcogenide materials, with a
particular focus on sulfides of iron-group metals. Of particular interest are nickel sulfides, in particular those that
correspond in stoichiometry to natural millerite and hizlewudite. These chalcogenide compounds have garnered
significant attention due to their high electrical conductivity, comparable to pure nickel, and their remarkable
catalytic performance in oxygen electroreduction. Cyclic voltammetry measurements reveal that prolonging the
corrosion treatment of bright sulfur-containing nickel coatings in concentrated acetic acid increases the sulfur
content on the surface, leading to enhanced current densities in the cyclic voltammetry curves. Similarly, the
elevated current densities observed for sulfur-free nickel coatings are linked to prolonged exposure in a saturated
sodium sulfide solution. Regardless of the processing method, the presence of nickel sulfides or adsorbed sulfur
enhances the electrochemical activity of the electrode material. Thus it has been shown, for the first time, that in
both cases, during corrosion treatment of bright nickel deposits and during adsorption treatment of matte nickel in
a sodium sulfide solution, stabilization of the cathodic current density value occurs after 24 hours of both types of
treatment. Accordingly, the cathodic current density, in this case, is a parameter that determines the overall
electrochemical activity of the studied materials. It has been shown that the formed during corrosion treatment
nickel sulfides is the most stable and effective for the electroreduction of oxygen in a low alkaline medium.
Keywords: corrosion treatment; nickel foil; nickel sulfides; sodium sulfide; oxygen electroreduction.

MIABULIEHHSA EJIEKTPOXIMIYHOI AKTUBHOCTI EJIEKTPOJAHUX MATEPIAJIIB HA
OCHOBI HIKEJIIO IIIJIIXOM KOPO3IMHOi OBPOBKH
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AHoTais

Octa”HHIM 4YacoM 3Ha4yHy yBary NOpHJiJleHO BHBYEHHI0 KaTaJiTUYHMX BJIaCTUBOCTeH i XiMiuyHOMYy cHHTe3y
XaJbKOTeHiJHUX MaTepianiB, 30kpeMa cyabdiaiB MeTtaniB rpynm 3aniza. Oco6,MBHII iHTepec BHUK/IHUKAWTh
cynbdiau Hikesl0, 30KpeMa Taki, 1[0 3a cTeXioMeTpi€l0 BiANOBiZalOTh NPUPOJHIM MilepuTy Ta XizaeByaury. L
XaJIbKOT'€HiHI CIIOJIYKH XapaKTepU3yIThCsl BUCOKOIO eJIeKTPONPOBiJHICTIO, MOPiBHAHHOI 3 NPOBiJAHICTIO Y CTOrO
HiKeJI0, a TAKOK 3HAYHOI KaTa/JiTUYHOI0 aKTUBHICTIO B NIpoLecax eJIeKTPOBiAHOBJIeHHs KUCHIO. Ha ocHOBI AaHux
LUKJIIYHOI BOJIbTaMNepoMeTpii BCTaHOBJIEHO, IO 36iAbIIEHHS TPUBAJOCTI KOPO3iliHOI 06pOGKH GIHUCKYYHX
HiKeJIeBHX OCaAiB, IO MiCTATH CyJ1byp, B KOHLLleHTPOBaHIil oI TOBiil KMC/IOTi cipusi€ NiABUILEHHIO NOBEPXHEBOTO
BMICTY Ccy/ib}ypy, 1110, Y CBOEI0 Y€Prol, NpU3BOAUTD A0 3POCTAHHA I'YCTUHU CTPYMY Ha IUMKJ/IiYHUX BOJIbTaMIEePHUX
KpPUBHUX. AHA/IOTiYHO, 06p0o6Ka 6e3cy/ibPypHHUX HiKe/IeBUX 0CaJAiB Yy HACHUYEHOMY pO34HHi cy/ib}iAy HaTpilo Takok
crnpus€ 36U/IbIIEHHI0 KaTOAHOI I'YCTUHM CTpyMy. OTKe, He3aJIe)KHO BiJ, cnmocoGy o6po6GKHU, YTBOpPeHHA cy/ibQiiB
HiKeJl0 4YM aAcop6nia cyabdypy Ha NOBEpXHi eJIeKTPOAHOro MarTepiaay 3a6Ge3neuyye MiABHINeHHA #HOro
ejieKTpoximMiyHoi akTHMBHOCTi. TakMM 4YMHOM, BHeplle MOKa3aHO, L0 B 060X BHMNAaJKaX, K Micad KoposiiiHoi
06pOGKH 6/IMCKYYHUX Cy/ibPOpPOBMICHUX HiKe/IeBUX O0CaJiB B OLTOBiN KUC/OTI, TaK i mij, yac agcop6uiiiHoi 06po6KU
6e3cy/1bPOpoOBMiCHUX HiKeseBUX OcCaJiB B HAaCHU4YeHOMY pPO34uHi cyabdigy HaTpil BigGyBa€TbcA cTabiaizanis
BeJIMYUHU KaTOAHOI T'YCTUHU CTPyMy micia 24 roguH NpoBeJeHHA 060X BUAIB 06po6ku. BiamoBigHO KaTogHa
TyCTUHA CTPyMy B AAHOMY BHMIAQJKy € MapaMeTpOM, II0 BH3HA4Ya€ eJIeKTPOXiMiYHY aKTMBHICTb AOC/iKYyBaHMX
martepiais. [lokazaHo, mo cyabdiay HiKe110, AKi yTBOPIOWTHCA MiJ Yyac KOpo3iiHOI 06pO6GKH, € HAGLIbII CTINKUMU
Ta epeKTUBHHMMH /11 €JIeKTPOBiAHOBJIEHHS KMCHIO B IOMipHOJIy>KHOMY cepe/J0BHUIILj.

Karouosi cnosa: koposiiiHa 06po6ka; HikesieBa posibra; cyibdiau Hikesto; cyabdif HaTPi0; eJ1eKTPOBIAHOBIEHHS KHUCHIO.
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Introduction

Platinum-based materials are widely used as
cathode materials in the electroreduction of
oxygen in fuel cells [1]. To enhance
electrochemical activity and achieve a highly
developed surface, dispersed graphite as well as
carbon nanostructured materials activated by
platinum are utilized [2; 3]. The application of
platinum group metals as electrode materials is
due to their high catalytic activity as well as the
lowest overpotential parameters on electrode
processes. On the other hand, platinum group
metals are noticebly expensive raw materials,
finding cheaper yet equally effective alternatives
are essential for production optimization.
Recently, a significant volume of research has
focused on the catalytic properties and synthesis
of chalcogenide materials, particularly the
sulfides of iron group metals [4-6]. Newly
introduced materials have been used as catalysts
for the electroreduction of oxygen and hydrogen,
the anodic production of oxygen, as well as in
their application in electrode materials, which are
subsequently used as primary power sources and
fuel cells [7; 8]. Nickel sulfides, in particular NiS
and Ni3S,, are of special interest due to their high
electrical conductivity comparable to that of a
pure nickel [9; 10]. The high catalytic activity of
these compounds, particularly in relation to the
electroreduction of oxygen, according to [11; 12]
is attributed to the effect of sulfur on the

desorption of the product of oxygen
electroreduction -hydroxyl ions (OH). The
binding energy between nickel and sulfur

exceeds that of nickel and oxygen, thus
facilitating the desorption of hydroxyl ions. This
acceleration of EC occurs in both neutral and
alkaline environments. The high electrical
conductivity, along with the potential for rapid
redox processes on the surface of nickel sulfides
in case of a high specific surface area is provided,

Pk
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contributes to significant pseudocapacitance,
making these compounds suitable for use as
electrode materials in supercapacitors [13; 14].
Chemical synthesis is often used to produce
electrode materials based on nickel sulfides
[4; 13-17]. Interestingly, studies investigating the
corrosive behavior of nickel supplemented with
sulfur indicate that a layer of NisS; forms on the
surface during anodic treatment in dilute sulfuric
acid [18]. Previous studies demonstrated the
formation of a NizS; layer and sulfides with higher
sulfur content when galvanic nickel coatings with
elevated sulfur content are exposed to acetic acid
vapors [19-21]. This work aims to explore how
sulfur segregation in the form of sulfides and
adsorbed sulfur affects the electrochemical
properties of galvanic nickel coatings during
corrosion treatments.

Experimental part

The study of electrochemical properties was
conducted on electrodes made of
electrodeposited nickel foil and titanium foil
coated with nickel.

When creating titanium-based electrodes,
three main stages can be distinguished:
1) preparation of the electrode surface;
2) electrodeposition of galvanic nickel coatings;
and 3) corrosion treatment. The composition of
the nickel plating electrolyte, the conditions of
electrodeposition, and the features of corrosion
treatment of electrodes with bright nickel
coatings are described in detail in [19-21]. The
duration of corrosion treatment in concentrated
acetic acid varied between 2 and 240 hours. After
corrosion testing, the soluble corrosion products
were washed off with distilled water, and the
resulting electrodes were gently dried with warm
air. The initial state of the surface of nickel foil
electrodes and its modification as a result of
corrosion treatment are shown in Fig. 1.

20.00kV__ x1.00k

Fig. 1. SEM-images of the surface of nickel based electrode before treatment (a) and after corrosion treatment (b)
in concentrated acetic acid for 72 h
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Current work also investigated the
electrochemical properties of electrodes obtained
from electrochemically formed nickel foil with a
thickness of 50 microns, created from a nickel
plating electrolyte without the addition of a
bright-forming saccharin additive. The
temperature and current density were the same
as those used for the electrodeposition of bright
nickel coatings. The corresponding nickel foil was
treated in a saturated solution of sodium sulfide
for 2 to 72 hours.

Following this processing, the samples were
thoroughly washed. According to the results of
the EDX analysis [20; 21], conducted using the
REM-1061 with the Oxford INCA Energy 350
energy dispersion microanalysis system, the
sulfur content in the galvanic nickel coatings
derived from the nickel plating electrolyte
without saccharin is approximately 10-2 wt.%,
which is comparable to the determination error.
From now on, such nickel coatings and foils will
be referred to as "matte coatings". The
introduction of saccharin to the nickel plating
electrolyte leads to the inclusion of sulfur in the
coatings structure at the level of 0.2-0.3 wt.%,
influencing the production of bright coatings and
foils. With partial and complete dissolution of the
bright nickel coatings in acetic acid a slightly
soluble layer of corrosion products is formed,
which, as demonstrated in [20], may contain
sulfides of various stoichiometric compositions,
particularly  NizS;. The study of the
electrochemical properties of the developed
electrode materials was based on polarization
measurements conducted in a 0.1 M KOH

02 4
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Fig. 2. Potentiodynamic polarization curves in 0.1 M KOH:
1 - matte nickel; 2 - bright nickel foil; 3 - bright nickel foil
with a formed layer of sulfide corrosion products after 24
hours of exposure in acetic acid

As depicted in the potentiodynamic curves
(Fig.2, curve 1,2), the introduction of sulfur into
the nickel coatings results in a noticeable

solution, the measured alkalinity value
corresponded to pH 11. The potentiodynamic
cathode curves were recorded at a potential
sweep rate of 1 mV/s using the digital
potentiostat VersaStat 2000. The potential scan
rate for cyclic voltammograms was 10 mV/s. For
comparison, CV-curves were also obtained in
sodium acetate solutions with a concentration of
30 g/dm3 without (pH 8.4) and with the addition
of concentrated acetic acid (pH 3.7) [20]. The
studies were conducted at a temperature of 18 °C.
A saturated chlorine-silver electrode served as
the reference electrode, and a platinum electrode
was used as the auxiliary electrode. On the
polarization curves, the electrode potential
values are given in the scale of a saturated silver-
chloride reference electrode. The pH value of the
tested solutions was measured using The Mettler
Toledo SevenMulti mV/ORP ph Meter.

Results and Discussion

Polarization measurements were conducted in
an alkaline medium using a 0.1 M KOH solution.
This specific solution was chosen to shift the
hydrogen release potential to more negative
values. Under standard conditions, the potential
of the hydrogen electrode in this solution is
approximately —-0.65 V, or about -0.85 V on the
chlorine-saturated  silver electrode scale.
According to data [22; 23], the solubility of
oxygen in such an electrolyte is considerably
high, at 1.1-10¢ mol-cm3, with a diffusion
coefficient of 1.9-10-5 cm2-sec'l. Given a diffusion
layer thickness of around 10-3 cm, the maximum
diffusion current for oxygen electroreduction can
reach 0.1 mA/cm?.
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Fig. 3. CV-curves in 0.1 M KOH on electrodes made of
bright galvanic nickel coatings with a formed layer of
sulfide corrosion products, with different duration of
exposure in acetic acid, in hours: 1-0; 2 - 2; 3 - 4; 4 - 24;
5-72.
reduction of the overpotential for hydrogen
release. On sulfur-supplemented nickel, in the
potential range of -0.7 to -0.85 V, a wave is
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observed. According to the Pourbaix diagram for
the Ni-S system [18], this wave likely
corresponds to the electroreduction of the
passive oxide layer on nickel disrupted by sulfur
inclusions in the form of sulfide during oxygen
electroreduction.

Two waves can be observed on the bright
nickel electrode with the sulfide layer which has
been formed during corrosion treatment in acetic

0,3 1

0,2 A

0,8 0,6 04

E, V

Fig. 4. CV-curves in 0.1 M KOH on a bright galvanic nickel
electrode with a layer of sulfide corrosion products formed
during 240 h of exposure in acetic acid

Cyclic voltammetry (CV) curves were obtained
in the potential range of -0.74 to -0.1 V. The
maximum value within this range corresponds to
the equilibrium potential of the nickel electrode
in the test solution, while the minimum value
delineates the stability limit of the sulfide layers,
as established from the data in Fig. 1, which is
also consistent with [18]. The reactions at the
nickel cathode in the studied potential intervals
reveal that an oxygen electroreduction reaction
can occur.

From the CV measurements presented in Fig.
3, it is evident that increasing the exposure
duration of bright nickel coatings in acetic acid
enhances both the forward and reverse currents
of the CV curve. This modification aligns with
findings from [19], which indicate that the
specific surface area of bright nickel coatings
increases  with  prolonged exposure to
concentrated acetic acid vapors. Additionally,
references [19; 20] suggest that sulfur deposits
segregate and grow on the surface, contributing
to the formation of a sulfide layer.

It should be noted that with increasing in the
duration of exposure, bright nickel in acetic acid
leads to greater hysteresis in the cyclic
voltammetry curve. The CV curves, obtained by
forming a sulfide layer from bright nickel foil
after 240 hours are shown in Fig. 4. This figure
illustrates a significant increase in hysteresis,

acid (Fig. 2, curve 3). The first wave, occurring in
the potential range of -0.1 to -0.8 V, has a
limiting current of approximately 0.06 mA/cm?,
indicating the process of oxygen electroreduction.
The second wave, occurring between -0.8 and -
0.95 V, aligns with the Pourbaix diagram [18],
suggesting that the reduction of sulfide
compounds can occur concurrently with the
electroreduction of oxygen and hydrogen.

0,05 +

-0,1 T T T 1
-0,8 -0,6 0,4 0,2 0

E V.

Fig. 5. CV-curves in 0.1 M KOH on electrodes made of matte

galvanic nickel coatings, after exposure in a saturated

solution of NazS for,in hours: 1-0;2-2;3-24;4-72
which may indicate enhanced capacitive
properties of the current due to an increase in the
specific surface area. After six cycles of the CV,
the curve is slightly modified as a result of
changes in stoichiometric composition due to
rapid redox reactions and the reversible
replacement of adsorbed sulfur with adsorbed
oxygen [18]. Therefore, changes in the
electrochemical properties of nickel coatings can
be modified not only by the increase in specific
surface area from corrosion fractures but also by
the presence of adsorbed sulfur. To investigate
that phenomena, samples of matte nickel foil
obtained from an electrolyte without saccharin
were exposed to a saturated solution of Na;S for
2 to 72 hours and their CV curves were recorded,
as shown in Fig. 5. During exposure in the
saturated Na;S solution, it was observed that the
color of the matte nickel foil changed from silver
to golden and dark brown with the increase in
exposure time. Moreover, there were no visible
changes in the coating surface structure. Since
nickel is generally passive in an alkaline
environment, the formation of a colored film
suggests that its thickness is on the order of 10-!
microns.

As can be seen, from Fig. 4 with an increase in
the duration of exposure of the foil in the Na;S
solution also leads to an increase in the current
on the CV curves, but the values of the currents
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are slightly lower than for bright nickel which
processed in acetic acid Fig. 3. In addition, the
hysteresis of the CV curve is less pronounced. In
fact, in this case, in a saturated solution of Na;S,
oxygen in the passive film is replaced by sulfur.
The longer nickel is exposed to the sulfide

solution, the darker the film becomes, indicating
a higher surface concentration of sulfur. In fact,
both bright nickel and matte nickel exhibit
passive behavior within the studied potential
range of
-0.74to-0.1Vina 0.1 M KOH solution.
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Fig. 6. Dependence of the average value of the cathode current at a potential of -0.4 V in 0.1 M KOH on the duration of
pretreatment of nickel foil (hours): 1 - bright nickel foil in concentrated acetic acid; 2 - matte nickel foil in a saturated
solution of NazS
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Fig.7. CV-curves (a) and average values of cathode current density at a potential of -0.4 V of the corresponding curves (b)
in 0.1 M KOH on: 1 - bright nickel foil with sulfide corrosion products formed within 240 h in concentrated acetic acid; 2 -
on a titanium electrode with formed corrosion products due to complete dissolution of the electrodeposited bright nickel

coating within 72 hours; 3 - on a platinum electrode; 4 - on a matte nickel electrode foil submerged for 72 hours in a
saturated solution of NazS; 5 - untreated nickel foil

On this basis, the types of treatment studied
for galvanic nickel deposits contribute to an
increase in the surface concentration of sulfur.
Sulfur replacing oxygen on the surface of nickel in
a passive film [5; 18], facilitates the desorption of
hydroxyl ions and catalyzes the overall process of
oxygen electroreduction. Hence, with the amount
of sulfur on the surface of nickel increases, the
number of catalytically active centers also rises.
As depicted, its electrochemical activity could be
higher in relation to the electroreduction of
oxygen, as evidenced by an increase in current on

the CV curves (Fig. 3, Fig. 5). However, it is
important to note that the maximum rate of
oxygen electroreduction is limited by its
solubility in water (the electrolyte) under these
conditions. To illustrate this phenomenon, we
constructed the dependencies of the average
current density (calculated from the values of the
forward and reverse current densities of the CV
curve at a potential of -0.4 V) on the duration of
nickel foil processing, as shown in Fig. 6. As
indicated in Fig. 6, the main increase in current
density occurs within the first 24 hours of
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processing. The slightly higher current values for
bright nickel foil can be attributed to the increase
in the actual surface area caused by corrosion
fractures. After 72 hours of processing, the
current on the treated matte foil is approximately
0.042 mA/cmz, while the bright nickel foil, which
has formed corrosion products, shows a current
of 0.065 mA/cm? These current density values
correspond to the order of the limiting diffusion
current for oxygen electroreduction in a poorly
mixed alkaline medium [22; 24]. For comparison,
Fig. 7 shows average current density values at -
0.4 V obtained on platinum and nickel electrodes

processed in various ways. From Fig. 7b, it is
evident that the average current density values
on matte nickel foil treated in Na,S solution are
nearly equivalent to those on the platinum
electrode, given that the surfaces of both
materials exhibit similar microrelief and
roughness. As expected, the cathode currents on
electrodes with a sulfide layer, created by the
corrosion treatment, are slighty higher. This is a
cumulative  result of the increase in
electrochemical activity and specific surface area
due to corrosion treatment.

0,15 ~

0,1 A

0,3
E,V

Fig. 8. CV-curves on a bright galvanic nickel electrode with a layer of sulfide corrosion products, at various pH of
investigated medium: 1 - 3,7; 2 - 8,4; 3 - 11.

Summarizing the obtained results, it can be
emphasized that this work first showed the
following. The corrosion formation of sulfides on
the surface of bright high-sulfur nickel foil is the
most promising way to obtain catalysts for the
process of oxygen electroreduction from the
point of view of the possibility of practical
application. A comparison of the CV-curves
obtained in solutions with different pH values on
nickel electrodes with a layer of sulfide corrosion
products formed within 24 h was also carried out
(Fig. 8). Given the shape of the obtained CV-
curves (the presence of a rapid increase or
decrease in current), the corresponding electrode
material is the most stable and effective for the
electroreduction of oxygen [25-27] in a low
alkaline medium of acetate buffer. This is in good
agreement with the data given for electrode
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