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Featured Application: The black coatings described in this work find application in decorative
finishes, optical instruments, and photovoltaic modules.

Abstract: This work compares different electrodeposition procedures to produce nickel black
coatings as greener and less toxic alternatives to Cr(VI)-based coatings used in different
applications. Nickel and nickel-plated brass served as substrates in studies with a Hull cell and
polarization curves. After a set of comparative experiments, the best electrodeposition procedure
was further studied and optimized. Optimal conditions were found with a bath consisting of 75 g/L
NiCl»6H20 + 30 g/L NaCl and a current density of 0.143 A dm applied for 5 min at room
temperature. Furthermore, a pre-treatment with 18.5 vol.% of hydrochloric acid in water was found
to be necessary to warrant good coating adhesion to the substrate. The black color is attributed to
the development of a nanostructured surface that absorbs the incident light. Corrosion testing was
performed in 0.5 M NaCl aqueous solution using electrochemical impedance spectroscopy (EIS) and
polarization tests.

black nickel
nanostructured coatings

Keywords: coatings; electrochemical testing; electrodeposition; hull cell;

1. Introduction

Black coatings are surface finishes with functional [1-10] or decorative [4,7-9]
purposes. The films must satisfy characteristics such as adhesion, mechanical, and
corrosion resistance. High absorbance capacity is required for solar [9] and optical
applications [11,12], while decorative finishes must be resistant to wear and preserve a
good and uniform appearance throughout the service life. Often these coatings are
obtained by electrodeposition from hexavalent chromium baths [4,9,13-15]. Despite the
good quality of chromium coatings, both health and environmental concerns associated
with chromium (VI)-derived species [16-20] led to the prohibition of hexavalent
chromium products [19,21] thereby forcing the industry to search for greener and safer
alternatives [2,5-11,20]. The risks associated with chromium (VI) compounds [21-25]
include allergic skin reactions that appear immediately after contact, regardless of the
dose. Brief exposure to high concentrations can result in ulceration of the exposed skin,
perforation of the respiratory tract, and irritation of the intestinal tract [16-18,21,25].
Kidney and liver damage have also been reported [16-18]. In addition, chromium (VI)
compounds are classified as carcinogenic [16-18,20,21]. Prolonged occupational exposure
to air with chromium levels higher than those present in the natural environment has been
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linked to lung cancer [16-18,21]. Workers in the chromium compounds manufacturing
industry are those most at risk, but problems appear also in workers from the
electroplating, metal artifacts handling, chrome alloys and stainless-steel welding, and
chromium pigments industries.

Greener and less toxic baths for electroplating black coatings based on nickel [1-10],
trivalent chromium [9,26], zinc [9,27], phosphate [9,28] and molybdenum [9,29] have been
proposed. Some of these coatings are nanostructured [1,30,31]. Other procedures to
deposit black coatings include electroless deposition [9,32] and vapor phase deposition
[9,33,34].

Lira-Cantu et al. [1] studied the electrochemical deposition of black nickel solar
absorber coatings on stainless steel AISI316L for thermal solar cells. They electrodeposited
a bright nickel coating followed by a black nickel solar absorber coating and a top
antireflection coating based on TEOS (tetraethyl orthosilicate). The bath solution was
nickel chloride 75 g/L and sodium chloride 30 g/L, at room temperature (25-27 °C). To
obtain the solar absorber coating, it was necessary to apply two different current densities
(1.4 mA/cm? and 2.6 mA/cm?) with an intermediate drying step with nitrogen. A small
modification in current density did not affect solar absorptance, but deposition time did.
Times greater than 60 s and 90 s for the first and second depositions, respectively, led to
high solar absorptance but poor thermal emittance. The thickness of the black nickel
coating varied between 1.3 and 1.7 um, depending on the deposition time. The TEOS
coating improved the absorptivity value when dried at 200 °C, and decreased it when
dried at 300 °C.

With the same bath composition, Wackelgérd [2] varied the deposition parameters
to obtain maximum solar absorptance and minimum thermal emittance from coatings
formed on aluminum or copper substrates. As aluminum is difficult to plate directly, two
steps were carried out prior to the black coating deposition. First, a pretreatment with
double-zincate immersion technique was applied [3], followed by a bright nickel film
deposition. Two temperatures were tested, 19 °C and 25 °C, under two current regimes:
70 mA/dm? for 2—-6 min + 130 mA/dm?2 for 1-2 min in one case, and in another 110 mA/dm?
for 3 min + 220 mA/dm? for 1 min. According to Wackelgard [2], to achieve high solar
selectivity two distinct sublayers must be present and for that, the process must be
interrupted, with the sample removed from the solution and the surface dried before the
second plating stage. If the sample remains in the bath, no distinct separation between the
two layers is produced by the different current regimes. The top coating consisted of flakes
about 200nm wide and 10nm thick.

Dennis and Such [4] explained that black nickel coatings have little abrasion and
corrosion resistance and to improve them the deposition of the black coating must be
made over an undercoat of dull or bright nickel. They also proposed two baths for
producing black nickel coatings, one based on nickel sulfate and the other on nickel
chloride. Both had a high amount of zinc and thiocyanate ions, which were believed to be
responsible for the black color.

Ibrahim [5] modified the Watts bath by adding KNOs and varying its concentration.
The best procedure for making a highly adherent black nickel coating on steel was
achieved using a solution of 0.63 M NiSO4-6H20, 0.09 M NiCl-6H20, 0.3 M HsBOs, and 0.2
M KNO:s at pH=4.6,1=0.5A/dm?, T =25 °C, and t = 10min. Instantaneous nucleation was
indicated by potentiostatic current-time transients. The black nickel coating consisted of
metallic nickel with Ni(111) preferred orientation, as indicated by XRD studies.

Karuppiah et al. [6] produced a nickel-cobalt black coating on a copper panel pre-
coated with a 10 um thick nickel layer applied using the Watts bath. The plating solution
contained 10 g/L of nickel sulfate, 10 g/L of cobalt sulfate, and 10 g/L of ammonium
acetate. The solution pH was 6.2 at 308 K, and the current density varied between 3 to 10
A/dm?, a range obtained from Hull cell studies. Scanning electron microscopy images
revealed that the deposit was constituted by particles of different sizes and shapes. Due
to optical interference and surface roughness, the deposit had a high degree of solar
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absorption. The values of solar absorptance and thermal emittance of the coating were
influenced by the deposition time and the current density.

Cu-Ni black coatings were deposited by Aravinda et al. [7,8] on molybdenum, either
from an ethylenediaminetetraacetic (EDTA) complex bath solution [7] or from a
triethanolamine (TEA) complex bath solution containing ammonium persulfate (AP) [8].
The deposits made from the EDTA solution or from the TEA solution were black, uniform,
pore-free, and demonstrated good solar selectivity.

Li et al. [31] studied the electrodeposition of nanostructured black nickel thin films
on brass. The plating solution was 100 g/L NiSOs+6H20 + 40 g/L NiCL-6H20 + 30 g/L
HsBOs. Several parameters were analyzed in this work: current density (1-5 mA/cm?),
temperature (20-80 °C), pH (2-6), stirring speed (200-1200 rpm), and electrodeposition
time (10-60 min). All parameters influenced the color of the coating, which varied
between white, gray, and black, depending on the deposition conditions [31]. Varying the
pH and keeping fixed all the other parameters (60 °C, 3.0 mA/cm?, t = 30 min, stirring
speed = 900 rpm), the black color appeared with pH = 2-3, gray with pH = 4, and white
with pH = 5-6. When only the current density was varied (the fixed parameters were 60
°C, pH =3, t =30 min, stirring speed = 900 rpm), the black deposit appeared with a current
density of 1-3 mA/cm?, gray with 4 mA/cm?, and white between 5 and 6 mA/cm?2. When
the temperature was varied, black deposits appeared only in the 60-80 °C range. The
range of stirring speed to obtain a black deposit was between 900 and 1000 rpm [31]. It
was also verified that the black nickel film possessed a nanostructure with an average
grain diameter of about 50 nm. More black coatings have been reviewed by Takadoum
[9].

The present work compares electrodeposition procedures described in the literature
for the production of black coatings using baths with nickel as the main metallic
constituent. The objective is to select the best deposition procedure to produce black
coatings on nickel substrates for decorative applications.

2. Materials and Methods
2.1. Materials, Reagents, and Experimental Parameters

A pure nickel metal sheet (99.5% purity, 2.0 mm thick, Alfa Aesar/Germany) and
nickel-plated brass samples (Leica/Portugal) were used as metal substrates. The nickel-
based electroplating baths studied in this work are presented in Table 1 with the
respective references and were prepared with pro-analysis grade reagents and distilled
water.

Table 1. Deposition baths and experimental conditions for producing black nickel coatings
(adapted from [9]).

Procedure 1 2 3 4 5 6
Reagents and Quantity Quantity Quantity Quantity Quantity Quantity
parameters (/L) (/L) M) (/L) (8/L) (/L)
NiSO4+6H20 0.63 10 20
NiCl-6H20 75 75 0.09
HsBO:s 0.3 10 10
KNO:s 0.2
NaCl 30
NH4Cl 30
ZnClz 30
NaSCN 15
CoSOs 10
CHsCOONHa4 10

EDTA 2.5
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(NHa4)2Ni(SOs)2-6H2
20
o
Cu(NO:s)2 25
CuSO+5H20 20
(NHa4)25:20s 10
(HOCH2CH2)sN 20 mL/L
pH 3.5-5.5 4.6 6.2 5.2 5
Temperature (°C) 25-27 Room 25 35 27 27
. 0.14 (90 s)
Curg};‘ﬁ)‘my N 0.15 0.5 3-10 0.5 0.5
0.26 (60 s)
Duration 30 min 10 min 5-50 s 30s 30s
Reference [1] [4] [5] [6] [7] [8]

2.2. Electrodeposition

The black coating deposition took place in 10.5 x 15.5 x 10 cm® polyethylene
containers with nickel-plated brass samples as cathodes (circular shape, 3 cm diameter, 1
mm thick sheet) and pure nickel anodes (anode/cathode area ratio of 1/1.5), using a
Keysight N 5751A (USA) power supply and the experimental conditions presented in
Table 1. Tests were also carried out in a Hull cell (Figure 1) [35,36] with a pure Ni anode
and a pure nickel plate (0.2 x 10 x 7 cm?) as cathode, following the DIN 50,957 standard
[35]. The coatings adhesion to the substrate was evaluated with the cross-cut test ISO
2409:2007-08 [37]. The coating surface morphology was characterized by scanning electron
microscopy using a Hitachi SU70 (Japan) microscope with an electron beam energy of 15 or
25keV.

The electrodeposition process was further investigated by polarization curves
measured with an Autolab PGSTAT204 potentiostat (The Netherlands) controlled by the
Nova 2.1.4 software, in an electrochemical cell with a three-electrode arrangement,
comprising 1 cm? pure Ni samples as working electrodes, a RedRod reference electrode
(Radiometer Analytical REF201/Villeurbanne Cedex—France), 199 mV vs. SHE at 25 °C)
and a platinum wire as the auxiliary electrode. The polarization curves were obtained by
sweeping the potential from +0.1 V vs. OCP (open circuit potential) down to -1.3 V vs.
Red Rod at a scan rate of 0.5 mV/s. The polarization tests were carried out in triplicate to
evaluate the reproducibility of the tests.

49 mm

65 mm

«— Anode Cathode _/

132 mm

Figure 1. Top view of the 250 mL Hull cell used in this study.

2.3. Corrosion Testing

The corrosion resistance was studied by electrochemical techniques. The
electrochemical cell was made by gluing polymethylmethacrylate tubes to the sample
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surface with epoxy adhesive. This delimited a working electrode area of 2 cm? at the
bottom of the tube and the reference and auxiliary electrodes were placed inside the tube.
The testing solution was 0.5 M NaCl. Electrochemical impedance spectroscopy (EIS)
diagrams were obtained with a Gamry Reference 600 (USA) in potentiostatic mode at
OCP, applying an ac perturbation amplitude of 10 mV (rms) in the frequency range 100
kHz to 1 mHz, with 10 points per decade. The reference electrode was the RedRod from
Radiometer (Villeurbanne Cedex, France) and the auxiliary electrode was a coiled
platinum wire. Polarization curves were measured with the same electrochemical cell
arrangement but using an Autolab PGSTAT204 (Utrecht, The Netherlands) potentiostat
and a saturated calomel electrode (SCE—Radiometer Analytical/ Villeurbanne Cedex—
France) as reference. The potential sweeps were performed in the anodic direction, from
—0.1 V vs. OCP to +1.0 Vsc, at a scan rate of 1 mV/s.

3. Results and Discussion
3.1. Coatings Produced According to the Experimental Conditions Described in the Literature

As stated above, the objective of this work was to select a procedure to produce a
nickel black coating for decorative applications that could replace the Cr(VI) traditional
one. The first step was to compare the coatings produced by directly following the
procedures reported in a selection of references from the literature [1-9], as depicted in
Table 1. Figure 2 shows optical images of the samples after electrodeposition. The sample
presented in Figure 2a shows the substrate before deposition. Figure 2b corresponds to
the sample treated according to procedure 1, in which a black matte coating was
deposited. Samples presented in Figure 2c, Figure 2d were obtained following procedures
2 and 3 respectively, but in these cases, the deposition attempts were not successful. On
the other hand, procedure 4 produced pulverulent black deposits with current densities
of 5 A/dm? (Figure 2e) and 3.57 A/dm? (Figure 2f). No deposition was observed with
procedure 5 (Figure 2g) while procedure 6 produced a non-uniform grayish to brownish
deposit (Figure 2h). The discrepant results could be a consequence of using a substrate
and/or cell geometry different from those established in the reference works. A direct
application of the original experimental parameters is unlikely to be successful. It is
evident that the experimental parameters must be modified to produce a black coating
and then optimized for obtaining the desired finish quality.

1cm

Figure 2. Nickel-plated brass samples after black coating deposition following the procedures in Table 1. (a) sample before
deposition (substrate), (b) procedure 1, (c) procedure 2, (d) procedure 3, (e,f) procedure 4, (g) procedure 5, (h) procedure 6.
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3.2. Tests Using the Hull Cell

Among the several parameters that influence coating deposition, the current density
is probably the most determinant. In this work, a Hull cell was used to find the optimal
range of current density for the formation of a black deposit. This small-scale
electrodeposition tank has a trapezoidal shape to create a varying distance between the
anode and cathode —Figure 1—thus making it possible to analyze a wide range of current
densities in a single experiment. The Hull cell allows studying the relationship between
current density and the quality of the deposited metallic layer varying the plating
conditions, as for example bath constituents, temperature, agitation, among others [14,15].
In a 250 mL Hull cell like the one used in this work, the current density distribution on
the cathode surface cell can be calculated by Equation (1) [35]:

i=1(5.10 - 5.24 log dx) Q)

where i is the current density (A/dm?) at point x, [ is the current passing in the cell (A),
and dx is the distance (cm) between point x and the edge of the cathode that is closer to
the anode.

Figure 3 shows the Ni plates resulting from the tests in the Hull cell using the baths
of Table 1. The range of current densities where a black deposit was formed is presented
in Table 2.

In previous works, bath 1 was used for depositing black coatings on AISI 316L
stainless steel [1], and on aluminum and copper [2]. In those works, a thin layer of Ni was
deposited before the black coating, which means that the black deposit was, in fact,
applied to a Ni surface. This can explain the successful deposition observed in Figure 2b.
Previously, the black deposit was formed with current densities ranging from 0.07 A/dm?
to 0.26 A/dm? sometimes in two current steps [1,2]. Here, the electrodeposition in the Hull
cell was done in just one step and the black deposit appeared in the range 0.01-0.34 A/dm?
(Table 2). The coating presented a black matte appearance, but it was completely removed
by the adhesive tape during the cross-cut test.

Regarding bath 2, in the first set of experiments, the application of the recommended
0.15 A/dm? (Table 1) [4] did not produce the black color. In the Hull cell, a black deposit
appeared for current densities between 0.37 and 0.84 A/dm? (Table 2). However, it was
powdery and not adherent. In bath 3, no deposition was observed in the first set of
experiments. In the original work, the substrate was steel, which may explain the result.
In the Hull cell, an adherent and non-uniform blackish deposit occurred between 0.37
A/dm?and 0.67 A/dm2 With bath 4, a dark deposit appeared in the range between 4.2 and
20.8 A/dm? (Table 2). The deposit was brown-reddish, loose, and powdery. Bath 5
produced a black deposit, but high current densities were needed, between 10.2 A/dm?
and 41.6 A/dm?, very distant from literature value, 0.5 A/dm? [7]. The deposit was
powdery and loose. The color was brown-reddish for lower current densities. Bath 6
showed results similar to bath 5, that is, a black deposit was formed at current densities
in the interval 3.5-20.1 A/dm?, much higher than the 0.5 A/dm?referred to in literature [8]
and it was also powdery and non-adherent. The black coatings in references [7] and [8]
were originally applied to molybdenum. This might explain the differences with respect
to the present work. The results confirm the need to modify the original procedures
considering the substrate, the particularities of the deposition cell, and the properties
expected for the applied coating.

3.3. Polarization Curves

To get more insights into the electrodeposition process, cathodic polarization curves
were measured on pure nickel electrodes immersed in each of the baths. All
electrochemical measurements were carried out in triplicate to evaluate the
reproducibility of the tests. The curves are presented in Figure 4 and the samples after the
tests are shown in Figure 5. The surfaces from baths 1, 4, and 6 (Figure 5a, Figure 5d, and



Appl. Sci. 2021, 11, 3924

7 of 13

Figure 5f, respectively) presented black deposits while the others (Figure 5b, Figure 5c,
and Figure 5e, respectively) were gray or dark gray. Only bath 1 (Figure 5a), however,
produced a compact and adherent black coating. The samples from baths 4 and 6 (Figure
5d and Figure 5f, respectively) were powdery. After the powder was removed the surface
was still blackish.

The curves help identify the reactions occurring at the cathode during the
electrodeposition. The potentials at which the nickel surface changed color were visually
perceived and are indicated with arrows in Figure 4 and the values are presented in Table

b) c)

Figure 3. Hull cell samples for baths from Table 1: (a) bath 1, (b) bath 2, (c) bath 3, (d) bath 4, (e) bath 5, (f) bath 6. The
higher current density was applied on to the left side of each plate.

Table 2. Hull cell results.

Applied Current Intervals of Current Density for Black Coatings

System (A) (A/dm?)
1 0.5 0.01-0.34
2 1 0.37-0.84
3 1 0.37-0.67
4 1 4.2-20.8
5 2 10.2-41.6
6 1 3.5-20.8

The open-circuit potential of nickel in baths 1, 3, and 4 was —0.2 Vredrog, slightly more
negative in bath 2, and slightly more positive in bath 5. The potential in bath 6 was far
more positive, probably due to the higher amount of cupric and persulfate ions. In this
bath, upon the starting of the cathodic sweep, the reduction current increased rapidly and
attained a limiting plateau around 102 A/cm?, attributed to the reduction of Cu?*(aq). Near
—0.8 VRedrod the current increased again due to the deposition of Niand is where the dark
color was formed. The curves measured in baths 1, 2, and 4, showed a current plateau of
40-60 uA cm? in the potential range between —0.4 Vredrod and —0.6 Vredroa due to the
reduction of dissolved oxygen. Then, for potentials more negative than —0.7 Vredrod, the
current increased and a new plateau was attained at —0.8 Vredroa. This increase was
attributed to the deposition of metallic Ni. In baths 3 and 5, the increase in current started
at less negative potentials, around —0.45 Vredrod. The oxygen reduction still took place, but
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its current was too small compared to that of the metal deposition. A final increase in
current at potentials more negative than -1.1 Vredroda was due to the hydrogen reduction
reaction, with Hz(g) evolution.

10" T T T T T T T
u lu Arrows indicate the potentials
1024 at which the black color appears
N
10° 4 3
% 10% 5 4
(]
= 1054 bath 1 ]
bath 2
105 ] bath 3 ]
bath 4
107 5 bath 6 E
| T L B —

. — —
14 12 10 -08 06 -04 02 0.0 0.2
E vs Egegrod / V

Figure 4. Polarization curves of Ni in the bath solutions presented in Table 1.

b) &8, SR ) e) nw

nEe

Figure 5. Ni samples (1 x 1 cm?, embedded in insulating epoxy matrix) after polarization tests in: (a) bath 1, (b) bath 2, (c)
bath 3, (d) bath 4, (e) bath 5, (f) bath 6.

Table 3. Potential at which the surface became dark.

Solution Potential (Vredrod)
1 -0.8

-0.8

-1.1

-1.0

-1.1

-0.8

N U= W N

3.4. Optimization of the Deposition Procedure

In this work, most of the procedures indicated in Table 1 were unable to produce a
compact, adherent, black coating. The changes in substrate and cell geometry require
modifications in the deposition parameters to obtain the same black coatings reported in
the original works. This optimization step could be applied to any of the procedures in
Table 1 but it was decided to proceed only with procedure 1 because it produced the best
coating in the previous sets of experiments, apart from having a simple and cheap bath
composition and requiring low current density. The main problem detected with
procedure 1 was the lack of adhesion during the cross-cut test in which the film was totally
detached from the surface. A possible reason is that the film was deposited on the passive
layer of the substrate and not directly on its pre-existent Ni player. To solve the problem,
the samples were immersed in 18.5 vol% HCI for 15 min immediately before the
electrodeposition to etch the surface and activate it. The bath composition was as in Table
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1 (75 g/L NiCl2-6H20 + 30 g/L NaCl) and the electrodeposition took place in just one step,
with a current density of 0.143 A dm?, applied during 5 min at room temperature (~23
°C). The anodic to cathodic area ratio was Aan:Acat = 1/1.5. The result is shown in Figure 6.
The electrodeposit had a minor pulverulence on the top which, once removed with soft
tissue, left a black adherent and compact film.

1 cm

Figure 6. Nickel-plated brass sample with black nickel coating deposited from the optimized
procedure 1.

3.5. SEM Images

The morphology of the coating obtained by SEM is presented in Figure 7, with the
substrate before deposition (Figure 7a) and the black electrodeposit with the optimized
procedure at different magnifications (Figure 7b—d). It is evident that the coating follows
the substrate grain morphology and this is an indication of its thinness. A sub-micron to
nanosized structure with nanoflakes is easily observed (Figure 7d). The optical
interference by the surface roughness can be advanced as the reason for the black color of
the coating [6,30,38].

Figure 7. SEM images of the (a) nickel surface before deposition, (b—d) after deposition with the
black coating at different magnifications, (d) nanostructured surface responsible for the black
color.
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3.6. Corrosion Testing in 0.5 M NaCl

The corrosion resistance of the new coating was tested in 0.5 M NaCl and compared
with the Ni bare substrate. All electrochemical measurements were carried out in triplicate
to evaluate the reproducibility of the tests. Figure 8a shows the polarization curves
measured after 2 h of immersion. The shapes of both curves are not very different, with
similar corrosion potential, Ecorr, and a quasi-passive region with a high slope, 2, which
means that the metal oxidation will take place with difficulty as the potential increases.
The corrosion current rates, icor, were obtained by the Tafel extrapolation method (using
the linear region between -0.125 and 0 V for the Ni sample and —0.025 and 0.1 V for the
black Ni sample) and are presented in Table 4. The curves are shifted in the current
coordinates, and icorr is higher in the black coating but this may be due to the high
roughness of the surface, which makes the real area higher than the geometric area (the
one corresponding to the 2 cm? of the working electrode). Admitting that the surface
material is the same (nickel) then the reaction rate is the same and the variations in the
measured current are just a consequence of the different areas. Based on this assumption,
the ratio of icorr on the coated and bare samples means that the geometric area of the black
surface is around 11 times larger than the bare surface.

Considering uniform dissolution, the icrr values determined by Tafel extrapolation
can be converted to penetration rate (PR), using Equation (2)

PR:M-(&lelO“) @
nkd,

where icorr is the corrosion current density (A cm™), Mni is the Ni molar weight (58.693 g
moll), n is the number of electrons involved in the oxidation reaction (2 in this case), F is
the Faraday constant (96,485 C mol™), dniis the Ni density (g cm™) of the metal, and 3.15 x
10" is the conversion factor of year in seconds and cm in pm. The values are presented in
Table 4 and show small corrosion rates, higher for the black coating probably due to the
area effect. These corrosion rates are just indicative because two assumptions were made
in their determination: uniform corrosion and Tafel extrapolation technique valid for
these results.

The impedance response of both samples is presented in Figure 8b with Bode plots
of EIS the spectra measured after 4 h in 0.5 M NaCl. It is important to refer that the spectra
of the black coating measured after 1 h, 120 h, and 144 h did not change with respect to
the one shown in Figure 8b, which demonstrates its stability.

In these experiments, the Ni substrate presented the highest impedance, with the
response of the solution resistance at high frequencies down to 3 kHz, a capacitive
response of either a passive film or the double layer capacitance, between 3 kHz and 20
mHz and finally, for low frequencies, a resistive response of about 200 kQ) cm?, attributed
to the charge transfer resistance. The black nickel sample showed a similar spectrum but
with smaller charge transfer resistance and higher capacitance. These differences can be
explained by the higher surface area of the black coating (not considered in the data
treatment which uses the geometric area of the working electrode).

The spectra were fitted with the ZView program from Scribner Associates (USA) and
the fitting parameters are presented in Table 5. The electric circuit comprised a simple
Rs(CaR«t) circuit where Rs is the solution resistance, Caiis the double layer capacitance and
Ret is the charge transfer resistance. Constant phase elements (CPE) were used instead of
capacitances, due to the non-ideal capacitive behavior of the surface [39]. The fitted
parameters confirm the qualitative description presented above. In the black nickel
sample the Ret was 6 times lower and Yo« was 5.5 times higher than the same values found
in the Ni sample. If the real area of the black nickel sample were taken into account, the
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resistance would increase, and the capacitance would decrease to values close to the Ni
substrate. Then, their corrosion resistances would be similar.

02 a) 10° b) -90
—s— Ni substrate —-—j;l_lack 1h to 144h
LLTTETT g-’-“ﬂ“":’:.r#: B K\.

5 o 4=
0.1 10 j % 5
=
)
s 160 8
2 00 - NE 10 2
oo Ni substrate P €
? = 10° 145 =
2 N o
Ii -0.1 Black Ni . Q
2 4 [+]
10 3 30 @
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Figure 8. (a) Polarization curves measured after 2 h of immersion in 0.5 M NaCl ; (b) Bode
diagrams of the impedance measured after 4 h of immersion in 0.5 M NaCl. Spectra measured on
the sample with black coating after 1 h, 120 h, and 144 h of immersion were identical to the
spectrum after 4 h shown here.

Table 4. Parameters obtained from the polarization curves in Figure 8a.

Sample Ecorr (VscE) Ba(mV dec?) icor (A cm™?)  icorr (Um year?)
Ni substrate -0.174 180.2 1.3 x107 1.4
Black Ni --0.182 212.3 1.5 x 106 16

Table 5. Parameters obtained from the impedance spectra in Figure 8b.

Sample Rs (Qcm?)  Yo,a (Q1s"cm?) nda R« (Q cm?) 104 x2
Ni substrate 21.0 1.51 x 105 0.937 2.08 x 10° 11
Black Ni 224 8.34 x 10~ 0.933 3.32 x 10¢ 3.8

4. Conclusions

In this work, six different electrodeposition procedures for producing nickel black
coatings were compared. It was verified that the direct application of the conditions
reported in the literature either did not produce any deposit or produced pulverulent and
loose deposits. In one case a compact black coating was deposited but the adhesion to the
substrate was poor. It became evident that the results could be due to the change in
substrate and cell geometry with respect to the original works. Hull cell experiments
identified ranges where all procedures were able to produce black deposits. Still, it was
clear that optimization was needed to produce a coating with the desired finish quality
regarding color, compactness, and adhesion. Work progressed with the procedure that
gave the best results, and the final optimal conditions were found with a bath consisting
of 75 g/L NiCl6H20 + 30 g/L NaCl, a current density of 0.143 A/dm? for 5 min of
deposition at room temperature. Immediately before the electrodeposition, an acid
pretreatment was necessary to warrant adhesion to the substrate. The black surface
showed microroughness with nanoflakes. The black color of the coating was attributed to
the optical interference caused by the surface texture. Polarization curves and
electrochemical impedance spectroscopy showed good corrosion resistance. Work
continues to tune the conditions for coating gloss as particular values are important for
the different applications.
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