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Abstract

Electrolytic nickel deposition is one of the most widely used electroplating processes for
obtaining functional Ni-coatings. Depending on the required properties, various surfactants are
introduced into the deposition electrolytes, acting as brighteners, levellers, wetting agents (anti-
pitting additives), as well as contributing to the chemical modification of the coating surface by
introducing heteroatoms into their composition. Thiourea is characterized by a strong adsorption
interaction with the nickel surface, which contributes to the inclusion of sulfur in the
composition of coatings and variation of their properties. Nickel alloys containing sulfur are
widely used in the electroplating industry and are also promising materials for the electrolytic
production of hydrogen. However, the corrosion potential and passivation ability of nickel
alloys containing sulfur are relatively low, that is why it is important to study their corrosion
resistance in combination with other characteristics. In this paper, the effect of thiourea on the
catalytic activity and corrosion properties of nickel coatings electrodeposited from a chloride-
glycinate electrolyte is studied. It was found that coatings obtained in the presence of thiourea
are characterized by the presence of cracks on the surface regardless of the concentration of the
additive, an increase in which contributes to a decrease in the size of the crystallites. It is shown
that with an increase in the content of thiourea in the glycinate electrolyte, the sulfur content in
the coating increases, which becomes morphologically more developed, and due to the
amorphization of the sulfur-containing deposit, more ductile. The rate of hydrogen evolution
reaction in sulfuric acid solution increases with increasing coating thickness and with the
inclusion of sulfur in its composition, which indicates the electrocatalytic properties of
synthesized materials. However, the open-circuit potential of Ni-coatings with various
thicknesses is about 0.2 V more negative than compact nickel, and the addition of thiourea
further shifts its value to the more cathodic values. The introduction of sulfur into the nickel
coating contributes to an increase in the rate of corrosion, while systems containing 9—11 wt.%
S are optimal in terms of corrosion resistance in a sulfuric acid solution and high catalytic
activity in the hydrogen evolution reaction.
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Introduction

Electrolytic nickel deposition is one of the most widely used processes in electroplating.
Nickel is used to cover products made of steel and non-ferrous metals for corrosion
protection and decorative surface finishing, and is also used as functional coatings, including
in microelectronics. An electrochemical deposition of nickel coatings is a promising method
for creation of microelectromechanical systems (MEMS) consisting of mechanical elements,
sensors, actuators and microelectronic devices located on a common silicon substrate [1-4].

Depending on the required structural, mechanical and morphological properties of the
galvanic Ni-coating, various additives to the base electrolytes of nickel plating are used. The
most common are organic surfactants [5]. Adsorbed on the cathode surface, they are able to
influence the formation and growth of a new phase of the deposit, inhibit the hydrogen
evolution reaction, and reduce the mechanical stresses of the deposit. In addition, organic
additives act as levelers, brighteners, wetting agents, which contributes to the production of
coatings with the necessary morphology, structure and composition. Nickel plating
electrolytes containing amino acids, for example, glycine [6], are non-toxic and contribute
to the formation of stable complexes with nickel ions.

It was previously shown that thiourea CS(NH2)2 is a multifunctional organic additive
in the electrodeposition of nickel from sulfate-chloride electrolytes, increasing cathodic
polarization and reducing the differential capacitance of the double electric layer [7], acting
as a brightener and leveler when varying the concentration and density of the deposition
current [8—11], and when introduced into an ammonium electrolyte, it changes the grain size
in such a way that it allows to obtain a homogeneous and fine-crystalline nickel deposit [12].

Under certain conditions, thiourea is used to produce electrode materials modified with
sulfur, which is easily incorporated into nickel coatings due to the strong adsorption
properties of CS(NH.). and its subsequent effect on the characteristics of the
electrode/solution interface. Nickel alloys containing sulfur are widely used in the
electroplating industry due to their relatively low dissolution potential and lack of
passivation on the surface [13]. In addition, Ni-S alloys attract attention as a potential
material for the creation of electrocatalysts for the hydrogen [14—18] or oxygen [19]
evolution reaction, electrode materials for supercapacitors and batteries [20], solar panels
[21]. This is due to an increase in the catalytic activity of the nickel coating when sulfur is
introduced into its composition. However, the corrosion resistance of such S-containing
coatings decreases [5], which requires solving a complex problem of determining the
composition of the electrolyte to obtain Ni-coatings with an optimal ratio of corrosion and
electrochemical characteristics.

The purpose of this work is to establish the role of thiourea in the formation of
morphology, chemical composition, structure, mechanical properties, catalytic activity and
corrosion resistance of nickel coatings electrodeposited from a chloride-glycinate
electrolyte.
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Experimental

Electrochemical deposition of nickel coatings of various thicknesses (1-5 microns) was
carried out on a copper electrode in a standard three-electrode cell made of a chloride—
glycinate electrolyte of the following composition: 0.08 M NiClz-6H20 + 0.20 M HGly +
X M CS(NH2), (x=0-1072) at pH=5.5. The solutions were prepared on distilled water by
sequential dissolution of nickel chloride, glycine and thiourea of reagent and analytical
grade. The pH value was adjusted by adding a 10% NaOH solution and controlled
potentiometrically using a glass electrode and a universal ionomer IPL-111. Before
deposition, the copper electrode was grinded with sandpapers with decreasing grain size,
then polished with soft suede and degreased with ethyl alcohol. After each operation, the
electrode was thoroughly rinsed with distilled water and dried with filter paper. The
reference electrode was a saturated silver chloride electrode, an auxiliary one was a platinum
plate. Cathodic deposition was carried out at room temperature in a potentiostatic mode at
E=-1.00 V using an IPC-Compact potentiostat. The potential chosen corresponds to the
peak on the cathodic polarization curves in this electrolyte [6]. The potential values E are
given in the paper on the scale of the standard hydrogen electrode.
The thickness of the coatings was calculated using the formula:

I-M -1

“Z.F-S 0% (1)

geom P

where | — current (A); M — molar mass of nickel (59 g/mole); T — deposition duration (s); z —
number of electrons (z=2); F — Faraday constant (96485 C/mole); Sgeom — geometric area of
the electrode (cm?); p — nickel density (8.9 g/cmd).

The current efficiency was calculated from gravimetric data using the formula:

E=—"__.100%
(IMt/zF) )

where met — mass of the cathodic deposit.

The surface morphology and composition of electrodeposited Ni-coatings were studied
using scanning electron microscopy (SEM) on a JSM-6380LV device (JEOL Ltd.) equipped
with an INCA Energy 250 X-Ray spectral microanalysis system (Oxford Instruments).

The phase composition of the coatings was determined by X-Ray diffraction analysis
on an Empyrean B.V. (PANalytica) diffractometer (Cu K,-radiation, 35 kV, 30 mA). To
quantify the structure and crystallographic orientation of the hkl-faces of nickel crystallites,
the relative texture coefficient RTChi was calculated using the formula:

| hkl

RTC,, =———x100%, (3)

Zlhkl
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where 1™ — the diffraction intensity of the crystallographic hkl-plane. The grain sizes of the
crystallites were found by the Debye—Scherrer equation:

4_ 09
bcosO '

where 0 is the diffraction angle, A is the wavelength of the X-Ray radiation, b is the width of
the peak at half the height. The results of electron microscopic, X-Ray spectral and X-Ray
diffraction studies were obtained on the equipment of the VVoronezh State University Centre
for the Collective Use of Scientific Equipment.

The study of the corrosion-electrochemical behavior of nickel coatings was carried out
by a potentiodynamic method using a computerized potentiostat-galvanostat IPC-Compact
in a standard three-electrode cell. A copper electrode with pre-deposited coatings of various
thicknesses and with different sulfur content was used as a working electrode. The reference
electrode was a saturated silver chloride electrode, an auxiliary one was a platinum plate.
To determine the rate of hydrogen evolution reaction on synthesized Ni-coatings and to study
their corrosive behavior, polarization curves were recorded at a potential scan rate of
10 mV/s in an argon-deaerated 0.05 M H>SOs solution.

The current density was calculated for the geometric surface area of the electrode. To
account for the surface development during electrodeposition, the values of the relative
roughness factor f were used, which shows how many times the surface area of the coating
differs from the surface area of a compact nickel electrode. The f; value was found by the
open-circuit chronopotentiometry as follows. At a given current density (—0.67 mA/cm?),
the pre-coated electrode was maintained for 400 s in a deaerated solution of 0.05 M H>SO4
until a constant overpotential (n=const) was established. Then, in an open-circuit state, an
overpotential decay in time down to n~0 was recorded. The corresponding curves n—t were
processed according to [22] to obtain the atomic hydrogen pseudo-adsorption capacity:

cu[n(0))-~ g
i;t—>0 ’ (5)

according to the values of which the Cu,m-dependence was constructed and the charge of
hydrogen adsorption Qx was found on compact nickel and Ni-coatings. The roughness factor
of the coatings in relation to a compact nickel electrode was estimated by the formula:

r QH ( Nicompact )

The nanohardness of the obtained Ni-coatings was determined by the nanoindentation
method on the NanoHardnessTester (CSM Instruments) device in the linear
loading/unloading mode of the indenter. The loading rate was 9 mN/s, exposure time at
maximum load was 1 s, and the unloading rate was 12 mN/s. The Meyer hardness (7) and
Young’s modulus (8) of the coatings were determined by the Oliver—Pharr method [23]:

(4)

f (6)
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Here P is the load, S is the contact stiffness, B is the correction factor, H is the hardness, Ey
Is the Young’s modulus, Ac is the contact surface between the tip and the base.

Results and Discussion

General characteristics of coatings

SEM images of nickel coatings deposited from a chloride—glycinate electrolyte with
different thiourea content are shown in Figure 1. It can be seen that all coatings are
characterized by the presence of cracks, the number and severity of which increases with
increasing concentration of CS(NH>).. In this case, the coating obtained from a solution with
a thiourea content of 1 mM is generally the smoothest. The scanning electron microscopy
data are consistent with the results of determining the relative roughness factor (Table 1).
Regardless of the coating thickness, the f. parameter takes the value ~4—6 in the absence of
thiourea in the electrolyte, while with the addition of 102 M CS(NH.). decreases to 1.5, and
when thiourea is introduced into a solution at a concentration of 5-10° M or more, it
increases sharply to 9.

Table 1. Current efficiency (CE) and relative roughness factor (fr) of Ni-coatings of different thickness (h),
deposited from 0.08 M NiClz2-6H20 + 0.20 M HGly + x M CS(NH2)2.

X h, pm CE, % f,
0 1.06 66+3 4.48+0.13
0 2.08 65+2 4.24+0.08
0 3.06 7544 454+0.18
0 3.98 73+3 5.92+0.18
0 5.04 65+4 5.22+0.21
10°° 2.40 7742 1.49+0.03
5:10°2 2.03 691 9.00+0.09

1072 2.20 76+3 8.70+0.26
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Figure 1. SEM micrographs (magnification x1000) Ni-coatings deposited from 0.08 M
NiClz2-6H20 + 0.20 M HGly + x M CS(NH?2)2 with different concentration of thiourea x=0 (a),
1-107° (b), 1-103 (c), 1-1072 (d).

Since the nickel electrodeposition proceeds in parallel with the hydrogen evolution
reaction, the current efficiency takes a value from 65 to 77%, which varies slightly with
variations in both the coating thickness and the thiourea content in the electrolyte.

Using energy-dispersive X-Ray spectroscopy, it was found that when thiourea is
introduced into the nickel plating electrolyte, starting from a concentration of 1-1073 M,
sulfur is incorporated into the coating (Table 2). Moreover, the higher the CS(NH>) content
in the solution, the higher the S content in the coating. Comparison with data on roughness
factors and SEM micrographs leads to the conclusion that the introduction of sulfur into the
coating at a concentration of 1.73 wt.% smoothens the surface compared to a sulfur-free Ni-
coating, while a further increase in the concentration of S leads to the development of the
surface.
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Table 2. Elemental composition (wt.%) of the coatings deposited from 0.08 M NiClz-6H20 + 0.20 M HGly
+x M CS(NH2)2.

X Ni S 0]

0 96.04+0.20 - 3.96+0.20
11073 95.85+0.19 - 4.15+0.19
1-1073 96.53+0.18 1.73+0.09 1.75+0.16
5-10°3 88.46+0.23 9.49+0.14 2.04+0.19
1-102 87.65+0.22 10.64+0.15 1.71+0.19

Diffractograms of nickel coatings obtained in the absence of a thiourea additive, as well
as with its minimal content, are characterized by diffraction peaks for planes 111, 200 and
220 (Figure 2). At the same time, for solutions with an organic additive, the intensity of all
these peaks is reduced. With a higher content of thiourea, the diffraction peaks of the faces
200 and 220 are absent.

Based on the X-Ray diffraction data obtained, nickel grain sizes and relative texture
coefficient were calculated (Table 3). It can be seen that with an increase in the concentration
of the CS(NH). additive, the grain size decreases, and for all the coatings obtained, the
orientation of the faces 111 is mainly observed, which is consistent with the data [12, 24].

Ni (111)

|

|
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100 I / 3

) X ) : v 4

25 35 45 55 65 75 20
Figure 2. Diffractograms of Ni-coatings deposited from 0.08 M NiClz-6H20 + 0.20 M HGly
+ x M CS(NHz2)2 with the different concentration of thiourea x=0 (1), 1-107° (2), 1-1073 (3),
1-10°2 (4).
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Table 3. Crystallite size (dna) and relative texture coefficient (RTCnk) for the coatings deposited from
0.08 M NiCl2-6H20 + 0.20 M HGly + x M CS(NH?2)z.

X di11, nm d200, NM d220, NM RTC111, % RTC200, %

0 8.85 6.60 7.50 70.5 17.6
1-10°2 5.37 5.82 6.02 69.4 16.5
5-10°3 2.96 — — 100 —
11072 3.44 — — 100 —

The data of X-Ray diffraction analysis correlate with the results of nanoindentation.
Figure 3 shows diagrams of the load (P) — penetration depth (h) of the indenter. The results
of the calculation of the main mechanical properties — hardness and modulus of elasticity —
for the studied systems are presented in Table 4. It follows from these data that the
deformation of the samples is elastoplastic. The changes in hardness and modulus of
elasticity of the obtained coatings are non-monotonic. Relatively high values of P and Ev
indicate the crystallinity of coatings obtained from electrolytes without thiourea. On the
contrary, for S-containing coatings, a sharp decrease in hardness is observed, which, with
the broadening of diffraction peaks (Figure 2), indicates amorphization of the structure and
suggests a relatively low corrosion resistance.

Figure 3. Load — indenter penetration depth diagrams for Ni-coatings of various thicknesses:
1(2),2(3,7,8),3(4),4(5),5um (6) and with different content of sulfur (wt.%): 0 (1-6),
1.7 (7), 9.5 (8).

Catalytic activity and corrosion resistance of coatings

To evaluate the catalytic effect in the hydrogen evolution reaction on Ni-coatings deposited
from electrolytes with different thiourea contents, the cathodic branches of polarization
curves obtained in 0.05 M H>SOs4 were analyzed (Figure 4a). The current density at
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E=-0.3 V (corresponding to the potential region common to all obtained curves) was taken
as a measure of the hydrogen evolution reaction. It can be seen that all the obtained alloys
have higher cathodic currents compared with compact nickel. At the same time, the greater
the thickness of the coating, the effect is generally more pronounced. The inclusion of sulfur
In the coating also contributes to an increase in the cathodic current density.

To correctly estimate the rate of hydrogen evolution reaction, the effect of coating
surface development was taken into account, normalizing the found values of cathodic
current density by the relative roughness factor of the coatings (Table 1). The analysis of the
corrected values (Figure 4b) confirms an increase in catalytic activity only for sulfur-
containing Ni-coatings, since despite the decrease in current density after normalization, it
remains higher than on a compact nickel electrode. The coating with a sulfur content of
1.7 wt.% exhibits the highest catalytic activity. It can be explained by the smoothing of the
surface compared to the nickel coating, as well as the lowest roughness factor among S-
containing coatings (Table 1). In addition, it is the coating with a minimum sulfur content
that, according to diffractometric data, is polycrystalline (Table 3), which probably also
contributes to an increase in catalytic activity.

The corrosion resistance of the synthesized catalytically active Ni-coatings in 0.05 M
H>SO04 was evaluated using full polarization curves (Figure 4a), determining the corrosion
potential of the Ecorr, Tafel slopes ba and b, (Table 5), as well as the corrosion current density
Icorr (Figure 4c).

Table 5. Corrosion potential (Ecorr) and Tafel slopes of cathodic (bc) and anodic (ba) linear branches of the
polarization curves in 0.05 M H2S04 on Ni-coatings deposited from 0.08 M NiClz-6H20 + 0.20 M HGly +
x M CS(NH2)2 in dependence on the thickness (h) and sulfur content (ws)

Electrode X h, um s, Wt.% be, V Da, V Ecorr, V
Ni compact — - - —-0.045 0.044 0.071
0 1.06 0 —0.038 0.039 —-0.103

0 2.08 0 —-0.048 0.042 -0.102

0 3.06 0 —0.052 0.041 —0.095

Ni-coating 0 3.98 0 —-0.043 0.041 -0.109
0 5.04 0 —0.046 0.038 -0.104

103 2.40 1.7 -0.047 0.040 -0.167

5-10°3 2.03 9.5 —0.045 0.046 -0.200

1072 2.20 10.6 —0.043 0.048 —-0.197
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Figure 4. Polarization curves (a), hydrogen evolution reaction rate at —0.3 V (b) and corrosion
current density (c) in 0.05 M H2SO4 on compact nickel (1) and electrodeposited Ni-coatings
with different thickness (um): 1 (2), 2 (3, 7-9), 3 (4), 4 (5), 5 (6), and different sulfur content
(wt.%): 0 (1-6), 1.7 (7), 9.5 (8), 10.6 (9), calculated without (£222) and with (NY) taking into
account of the relative roughness factor.

The corrosion potential Ecorr OF nickel coatings of various thicknesses turned out to be
approximately 0.2 V negative compared to compact nickel. When thiourea is added to the
electrolyte solution and sulfur is introduced into the coating composition, the Ecorr IS even
more strongly shifted to the cathodic region.

Comparing the values of the Tafel slopes (Table 5) with the literature data, it can be
assumed that the limiting stage of the cathodic process is the electrochemical desorption.
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Indeed, if the formation of molecular hydrogen proceeds by the mechanism of
“electrochemical” recombination of discharged hydrogen ions with atomic hydrogen
presented on the surface:

H,, +H.0,,te >H,+H,0, (9)

ads

then the Tafel slope takes the value b.~—0.040 V, with which the data obtained in our work
are consistent (Table 5). For the anodic process near the corrosion potential, taking into
account the values of ba~0.040 V, the stage of cleavage of the second electron can be stated
as limiting step. The nature of the limiting stage of cathodic and anodic reactions does not
change during the transition from compact nickel to electroplated coatings and after
inclusion of sulfur in their composition. However, the polarization curves shift towards
higher currents, which indicates an acceleration of both the cathodic and anodic processes
on synthesized coatings. As a result, the transition from compact nickel to Ni-coatings, as
well as an increase in its sulfur content, leads to an increase in the corrosion current density.
Such effects can be caused both by a change in the electronic structure of nickel during
alloying with a non-metal, and by the observed change in the surface area of the coating
compared with compact nickel (Figure 1, Table 1). However, if, after correction on the
relative roughness factor, the values of icorr for compact nickel and coatings are practically
the same, then the corrosion rate of sulfur-containing Ni-coatings remains relatively high
compared to compact nickel even after taking into account surface development (Figure 4c).
In addition, the icorr Value is higher for the lower sulfur content in the coating. Indeed, the
corrosion rate is maximum for an alloy with a sulfur content of 1.7 wt.%, characterized by
the smoothest surface, which is consistent with its highest catalytic activity with respect to
cathodic reduction of hydrogen. In turn, on alloys with the non-metal content of 9.5 and
10.7 wt.% the main contribution to the observed increase in corrosion current is mainly due
to surface development. Thus, nickel coatings with a sulfur content of 9—11 wt.% are optimal
in composition in terms of corrosion resistance in a sulfuric acid solution and high catalytic
activity in relation to the hydrogen evolution reaction.

Conclusion

Nickel coatings electrochemically deposited from a chloride-glycinate electrolyte with a
different content of thiourea are rough. The degree of morphological development of the
coating surface slightly depends on their thickness, decreases markedly with the addition of
1 mM CS(NH2)2 and increases sharply with a further increase in the concentration of the
organic additive to 10 mM. The current efficiency varies slightly with changes in the
thickness of the coating and the content of thiourea in the electrolyte, and it is less than 80%,
which can be explained by the side process of hydrogen evolution.

When thiourea is introduced into the nickel deposition electrolyte, starting from a
concentration of 1 mM, sulfur is incorporated into the coating, the content of which increases
with an increase in the concentration of CS(NH>)2 in the electrolyte. The introduction of
sulfur into the coating at a concentration of 1.73 wt.% leads to a smoothing of the surface; a
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further increase in the concentration of S contributes to its morphological development. With
an increase in the concentration of the additive, the size of the crystallites decreases, and for
all the obtained coatings, the (111) orientation of the faces is mainly observed.

Relatively high values of hardness and modulus of elasticity indicate the crystallinity
of coatings obtained from electrolytes without thiourea, while sulfur-containing systems are
characterized by amorphization of their structure.

An analysis of the cathodic process rate in a sulfuric acid solution, normalized by the
degree of surface development, confirms an increase in the catalytic activity of sulfur-
containing Ni-coatings in the hydrogen evolution reaction compared with compact nickel.
The coating with a sulfur content of 1.7 wt.% exhibits the greatest catalytic activity. The
limiting stage of the cathodic process is electrochemical desorption of hydrogen.

The corrosion potential of the obtained nickel coatings of various thicknesses is
noticeably shifted in the negative direction compared with compact nickel. The shift is
manifested to a greater extent when thiourea is added to the electrolyte solution and sulfur
Is introduced into the coating composition. The anodic oxidation of nickel during corrosion
of the coating in a sulfuric acid solution is controlled by the cleavage of the second electron.

Corrosion of compact nickel and synthesized Ni-coatings in a sulfuric acid solution
proceeds at approximately the same rate. For sulfur-containing Ni-coatings, the corrosion
rate is relatively high even after taking into account surface development and takes the lowest
value for alloys with a non-metal content of 9.5 and 10.7 wt.%. These results can be used in
electrolytic nickel plating to obtain functional Ni-coatings with an optimal ratio of catalytic
activity and corrosion resistance.
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