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Abstract: The electrochemical co-deposition of Cr-Co oxide coatings at room temperature on 304 stainless
steel (SS) was studied using an electrolyte composed of a mixture of ethylene glycol (EG), hydrated
metal chloride salts (MCln-YH,O), and water as a secondary hydrogen donor (HBD). Metallic Cu
and Ni undercoats were applied to improve the adhesion of a posterior Cr-Co metallic and oxide
layer. The electroactive events that took place during both electrodeposition processes were studied
using cyclic voltammetry (CV) and chronoamperometry. The microstructure and composition of the
surface layers were studied using scanning electron microscopy (SEM/EDS), X-ray diffraction (XRD)
and cross-sectional elemental mapping via transmission electron microscopy (TEM). The surface
of steel with the Cr-Co:EG-H;O coating showed greater resistance to pitting corrosion (123.93 mV)
compared to untreated stainless steel (62.3 mV). This sample showed a large hystere-sis area, which
is associated with high resistance to pitting corrosion by the occurrence of a re-passivation of the
sample at a Erep value of 24.31 mV. After the cyclic potentiodynamic polariza-tion (CPP) test, the
lowest specific mass loss (0.001 mg/cm?) was achieved for the AISI 304 SS sample coated using
EG-water solvents (Cr-Co:EG-H,0), while the untreated AISI 304 SS reached a higher specific mass
loss (0.01 mg/cm?). The Electrochemical Impedance Spectroscopy (EIS) tests showed that the uniform
corrosion resistance varied significantly from the untreated AISI 304 SS (35 kQ2) to the coated sample
(57 kQ2), which is attributed to the protection provided by the chromium and cobalt oxides coating.
The best corrosion resistance achieved was correlated with a superhydrophobic character (with a
contact angle of 158.41°) of the Cr-Co coatings. This was in turn a consequence of a needle-like
morphology characteristic of these oxides.

Keywords: ethylene glycol-water solvent; Cr-Co oxide coatings; corrosion

1. Introduction

Electrodeposition research carried out recently has been focused on the use of deep
eutectic solvents (DESs), particularly of type III, due to their high solubility for metal salts,
electrochemical stability, and wide potential window compared to aqueous solutions [1-5].
Ethaline (Figure 1a), which is composed of choline chloride (ChCl) as a hydrogen bond
acceptor (HBA) and ethylene glycol (EG) as a hydrogen donor (HBD), is one of the most
common DESs used [6]. However, recent electrodeposition works [7-9] have proposed
the elimination or replacement of HBAs from ethaline (Figures 1b and 1c, respectively)
due to their aggressiveness towards the substrates and coatings. This has led to the
development of EG-based solvents, thus favoring simpler and cheaper electrodeposition
procedures. However, the number of successful metallic deposits that have been obtained
via electrodeposition using this kind of solvent is limited to a few metals such as Zn, Co, Cr,
Sn, and Cu [10-14]. In other areas, investigations have succeeded in decreasing the rate of
corrosion by employing a mixture of ethylene glycol and water as an automotive coolant,
in the presence of inhibitors [15,16].
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Figure 1. (a—c) Formation sequence of electrolytes based on ethylene glycol-hydrated salts and water.

In Figure 1c, this EG-based electrolyte is represented by the general formula EGMCIn-YH,O,
where M is the precursor metal to be deposited and Y represents the degree of hydration of
the metal chloride salt. To date, the electrodeposition of metal oxides utilizing EG-based
solvents has not been thoroughly investigated.

In this work, we present an innovative approach for the electrodeposition of a thin
layer of Cr-Co oxides, using the new solvent composition depicted in Figure 1c, represented
by the general formula EG:MCln-YH,O:H,Oygp. This solvent composition was obtained by
adding up to 30 wt% of H,O as a secondary HBD. Our main objective was to overcome the
limitations related to the low solubility of metal precursor salts and the reduced electrical
conductivity of EG-based solutions. As a first step, metallic layers of Cu and Ni were
successively electrodeposited on the surface of the 304 SS to create an undercoat that acted
as a “primer” to enhance the adhesion of a posterior Cr-Co oxide layer.

The marine environment is one of the most aggressive that exist due to its corrosivity
towards steels and other metals [17,18], which is related to a pitting corrosion in materials
exposed to this environment. It is known that Cr-Co coatings provide a substrate with gen-
eral corrosion and wear resistance [19]. One objective of the present study was to confirm
that a Cr-Co oxide layer electrodeposited in a mixture of EG-water improves the anti-pitting
property of AISI 304 SS. The use of EG-water solvents has led to the development of simpler
and cheaper electrodeposition procedures. Furthermore, the electrodeposition of metal
oxides using EG-water solvents has not yet been thoroughly investigated.

2. Materials and Methods

The electrochemical study of the electroactive events that took place during electrode-
position was carried out using cyclic voltammetry (CV) and chronoamperometry. The
microstructure of the coatings produced was analyzed via scanning electron microscopy
(SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD) analysis, and cross-
section composition by means of elemental mapping in a transmission electron micro-
scope (TEM).

Prior to the electrodeposition of the metallic Cu and Ni undercoat, the surface of
the 304 SS was sandblasted. This operation was carried out by repeatedly impacting the
surface of the substrate with hard particles of ceramic materials. For this, an NSKI Twin-
Pen Sandblaster [20] was used, 304 SS discs of 1 cm? were employed as substrates, and
silica particles were projected for 5 s at a pressure of 60 psi. Sandblasted surfaces promote
the adhesion of subsequent coatings [21]. Figure 2 illustrates the procedure followed to
produce the Cr-Co oxide coatings.
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Figure 2. Procedure followed to produce Cr-Co oxide coatings. (a) As-received 304 SS, (b) sandblasted
304 SS, (c) metallic Cu undercoat, (d) metallic Ni undercoat, and (e) metallic and oxide Cr-Co black coating.

The coatings shown in Figure 2 were obtained via electrodeposition using the chronoam-
perometry technique in a 25 milliliter glass electrochemical cell with a 3-electrode configu-
ration (platinum counter electrode, working electrode (substrate to be coated) and Ag/Ag*
non-aqueous reference electrode). The separation between the working electrode and the
counter electrode was 5 cm. A PARSTAT MC PMC-1000 potentiostat (AMETEK™ Scientific
Instruments, Oak Ride, TN, USA) was used as a power supply. The electrodeposit time
was set at 15 min at room temperature for all coatings. Table 1 specifies the composition
of the solvents used for each electrodeposition process. Analytical grade Sigma-Aldrich
(Darmstadt, Germany) reagents were used. The metallic Cu deposit was obtained using the
electrolyte EG:0.1Cu Cl,-2H,0O, while the metallic Ni deposit was obtained using the elec-
trolyte EG:0.1NiCl,-6H;O. For the co-deposition of Cr-Co metals and oxides, the electrolyte
3EG:0.1CrCl3-6H,0 + 0.2CoCl,-6H,O:H,Oypp was used. Deionized water was used as a
secondary HBD. A 3:1 molar ratio was used for the solvent EG:H;Oppp, with total amount
of HyO of 25 wt%, including the hydration water of the precursor salts. This was the opti-
mal amount of water in the mixture because it allowed water molecules to be incorporated
into the EG intermolecular network without modifying the solvent nanostructure [22].

Table 1. Composition of EG-based electrolytes.

Coating Electrolyte
EG:O.lCuClz-ZHzo
Metallic Cu
EG CuCl,-2H,0 0.1M
EG:0.1NiCl,-6H,O
Metallic Ni
EG NiCl,-6H,O 0.1M
EGZO.].CI'C13-6H20 + 0.2COC12-6H20
Cr-Co EG CrCl3-6H,0:CoCl,-6H,O 0.1:02M
(Metallic and oxides) 3EG:0.1CrCly-6H,0 + 0.2CoCly-6H,O:HyOppp
EGZHonBD 31 M CI’C13~6H201COC12-6H20 0.1:02M

The surface analysis of the coatings was carried out using a JSM-7800F PRIME Schot-
tky field-emission scanning electron microscope (SEM) (Jeol Ltd., Tokyo, Japan), which
was operated at an acceleration voltage of 5 kV, using secondary electrons and a work-
ing distance of 10 mm. The composition of the phases was determined using a Philips
XL30 ESEM apparatus equipped with an EDAX Genesis EDS microanalysis system (FEI
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Technology, Eindhoven, Netherlands), which was operated at an acceleration voltage of
20 kV. The crystalline phases formed on the surface of the substrates were identified via
X-ray diffraction (XRD) using a Bruker AXS D8 diffractometer (Advance™, Karlsruhe,
Germany) diffractometer operated under the following conditions: CuK« radiation, volt-
age of 40 kV, current of 30 mA, scanning 20 range of 20-80°, and aperture of 0.02°. To
perform cross-sectional analysis of the coatings, high-quality TEM (transmission electron
microscope) lamellae were prepared for each coating using the gallium ion beam in the FEI
Scios DualBeam system (SEM/focused ion beam (FIB) system) (Thermo Fisher Scientifics,
Eindhoven, The Netherlands). This allowed the composition of the layers to be analyzed
using elemental mapping using the Thermo Scientific AutoTEM 5 software package (Du-
alBeam™, Eindhoven, The Netherlands; https:/ /www.thermofisher.com/mx/es/home/
electron-microscopy/products/software-em-3d-vis/autotem-5-software.html (accessed
on 18 September 2023)).

Contact angle and free surface energy for ultra-pure water on the surface of the
coatings were evaluated using a Xiangyi SI-CAM2000D (LABFREEZ™ Instrument Group
Co., Ltd., Guangzhou, China) enhanced contact angle meter.

Corrosion measurements in simulated seawater were carried out by cyclic potentiody-
namic polarization (CPP) and Electrochemical Impedance Spectroscopy (EIS) tests. In both
tests, a Ag/AgCl aqueous reference electrode and simulated seawater were used. Simu-
lated seawater was prepared according to the ISO 11130 standard [23]. Table 2 specifies the
composition of the simulated seawater used.

Table 2. Simulated seawater composition used, according to the ISO 11130 standard; pH was adjusted
to a value of 8.2 using a 0.1 N NaOH solution.

Chemical Components Concentration (g/L) Composition (wt%)
NaCl 30.67 58.46
NaySOy 5.12 9.70
MgCl,-6H,0O 13.89 26.48
CaCl, 1.45 2.76
SrCl,-6H,0O 0.05 0.10
KCl 0.87 1.66
NaHCO3 0.25 0.48
KBr 0.13 0.24
H3BO3 0.03 0.06
NaF 0.005 0.01

To evaluate the pitting corrosion resistance of an untreated AISI 304 SS specimen
and a coated sample Cr-Co:EG-H,O, a CPP analysis was performed according to the
ASTM standard G61-86 (Reapproved 2018) [24], using a Parstat MC potentiostat from
Ametec™. The electrolyte was purged with nitrogen for 1 h to remove dissolved oxygen.
After purging, the electrolyte remained in OCP mode for 50 min. The scan started at the
corrosion potential (Ecorr) and it was performed in the direction of the anodic potential
at a rate of 0.6 V/h, the exploration direction was reversed on reaching 1.20 V or when a
current of 5 mA was reached.

Due to the nature and chemical composition of the coatings (chromium and cobalt
oxides with a needle-like morphology), the Tafel method is not applicable for estimating the
uniform corrosion rate. An alternative method that can be used for this is the EIS method.
Thus, the assessment of general corrosion resistance was conducted using this technique
using a AutoLab potentiostat (Metrohm Autolab S.V™, Utrecht, The Netherlands). The
INTELLO 1.2 software (Metrohm Autolab S.V™, Utrecht, The Netherlands) was employed
to acquire Nyquist impedance spectra within a frequency range of 100,000 to 0.0001 Hz,
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utilizing a voltage amplitude of 5 mV and capturing 10 points per frequency decade. The
analysis of impedance values derived from Nyquist plot fitting and equivalent electri-
cal circuits was conducted using Nova 2.1 software (Metrohm Autolab S.VIM Utrecht,
The Netherlands).

3. Results
3.1. Electrochemical Study

The electrochemical behavior of the EG-based electrolytes EG:MCIn-YH,O and
EG:MCl,-YH,O:H;Oppp was studied, identifying via cyclic voltammetry (CV) the elec-
troactive events within the reduction region necessary for the electrodeposition of metals.
All CV curves in Figure 3 start from the open circuit potential (OCP) of the system used in
each case, with a left-to-right potential sweep, in the range 1.50-2.50 V. Figure 3a shows the
CV curve obtained for the surface of sandblasted 304 SS and EG, which is considered as an
electrochemical reference, and confirms the absence of electroactive events that interfere
with the reduction of the hydrated precursor salts during subsequent CV tests. The reduc-
tion zone in the CV curve of Figure 3b corresponds to the electrodeposition of metallic Cu
on the surface of sandblasted 304 SS with EG and hydrated Cu (II) chloride salt, which
requires two reduction stages to reach the Cu (0) metallic state. The first reduction, R; in
Figure 3b, takes place in the range —0.25 to —1.00 V, and corresponds to a change from
Cu (II) to Cu (I) oxidation states, while the second reduction event, R, in the range —1.25
to —2.00 V, corresponds to a change from Cu (I) to Cu (0) oxidation states. Once the metal
reduction zone of Cu, Ry, was identified, chronoamperometry was used to determine the
optimal value of electrical potential to produce a Cu coating with greater uniformity. The
best metallic Cu coating obtained at —1.25 V, which is denoted as the Cu coating, was
used as a working electrode in the Ni CV curve of Figure 3¢, in conjunction with EG and
hydrated Ni (II) chloride salt. The Ni precursor presents a single change from Ni (II) to Ni
(0) oxidation states, so that a single reduction zone R; was obtained in the range —1.25 to
—1.75 V. When evaluating the single metallic Ni reduction zone via chronoamperometry,
the optimal electrical potential was expected to be preferentially close to the reduction peak
(approximately —1.50 V). This was confirmed by obtaining the metallic Ni coating with the
greatest uniformity by applying an electrical potential of —1.40 V.

Using Ni as a working electrode, the CV curves of Cr and Co in Figure 3d allow the
identification of the reduction zones occurring during the co-deposition of Cr-Co at a 1:2
molar ratio, with EG:H,Ogpp at a 3:1 molar ratio, and hydrated Cr (III) and Co (II) chloride
salts. The Cr precursor requires two changes in oxidation state before reaching the Cr (0)
metallic state [25], and the Co precursor requires a single change in oxidation state to reach
the Co (0) metallic state [26], which can be seen in the reduction regions in the CV curve
in Figure 3d. In the first reduction zone, Ry, in the range 0.10 to —0.40 V, only a change
from Cr (IIT) to Cr (II) oxidation states occurs, while in the second reduction zone, Ry, in the
range —0.75 to —1.15V, a second reduction from Cr (II) to Cr (0) and a direct reduction from
Co (I) to Co (0) oxidation states happen simultaneously. According to the VC results, R; is
defined as the reduction zone at which Cr and Co co-deposit, with preferential nucleation
of Co due to its greater nobility.

Because the coatings were obtained sequentially, layer by layer, after the identification
by CV of the metallic reduction interval for each coating, chronoamperometry became the
criterion of selection of the electrical potential to produce the greatest uniformity in the
coatings. Figure 4 shows the chronoamperometry curves that produced the best coatings
for each of the three electrodepositions: Cu at —1.25 V, Ni at —1.40 V, and co-deposition of
Cr-Co at an electrical potential of —1.00 V. All current transients of the chronoamperometry
curves in Figure 4 showed a maximum current (jm) that is characteristic of a typical nucle-
ation process [27,28]. Therefore, the maximum current for the Cu electrodeposition was
obtained at 141 s, for the Ni electrodeposition it was obtained at 120 s, and for the Co-Cr
electrodeposition it was obtained at 60 s. As the number of coating layers increases, the am-
perometry curves tend to shift on the vertical axis due to the increased electrical resistance.
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Figure 3. Cyclic voltammetry curves and identification of reduction zones for (a) sandblasted 304 SS
in the presence of EG, (b) sandblasted 304 SS in the presence of EG and hydrated Cu (II) chloride salt,
(c) Cu coating in the presence of EG and hydrated Ni (II) chloride salt, and (d) coating of Ni in the
presence of EG:H,Oppp with a 3:1 molar ratio, and hydrated Cr (III) and Co (II) chloride salts at a 1:2
molar ratio.
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Figure 4. Chronoamperometry curves for Cu at —1.25 V (black squares) on sandblasted 304 SS in the
presence of EG and hydrated Cu (II) chloride salt; Ni at —1.40 V (red circles) on Cu in the presence of
EG and hydrated Ni (I) chloride salt, and Cr-Co at —1.00 V (blue triangles) on Ni in the presence of
EG:H,Oypp at a 3:1 molar ratio and hydrated Cr (III) and Co (II) chloride salts at a 1:2 molar ratio.

In this electrochemical study, the ability of the electrolyte EG:MCl,-YH,O to produce
Cu and Ni coatings was demonstrated, identifying the regions of metal reduction by CV,
and studying the process of nucleation of coatings by chronoamperometry, applying the
optimal electrical potential determined from the CV study. It was also ensured that metallic
coatings were obtained using the potential corresponding to the metal reduction region
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during the electrodeposition process. Previous studies have demonstrated that using EG-
based electrolytes can result in the deposition of Cu alloy coatings, as well as pure metallic
Ni, but only on substrates other than 304 SS [29,30].

Asin the case of electrolyte EGMCIn- YH,O, the EG-based electrolyte EGMCly, - YH,O:H,Oppp
is considered to be suitable for producing Cr-Co metallic coatings. The above, in addition
to the presence of oxides of both metals in these coatings, was corroborated via surface
characterization carried out using SEM/EDS and XRD.

3.2. Surface Analysis of Coatings

Table 3 presents the elemental composition of Cu, Ni, and Cr-Co coatings determined
via SEM/EDS. The composition of 304 SS without any preparation or surface treatment is
presented as a reference. After sandblasting the surface of 304 SS, its oxygen and silicon
surface content is increased due to the incrustation of silica particles during sandblasting.
However, the Fe and Cr surface content decreases due to the removal of material caused
by the repetitive impact by SiO, particles during sandblasting. After the application of
the Cu coating, the surface content of Cu increases significantly, as expected. However,
the detection of considerable amounts of the elements Fe, Cr, O, and Si indicates that the
surface is not completely coated with Cu, or that this coating is very thin, so the alloying
elements and the embedded SiO, particles present in the sandblasted 304 SS substrate
are being detected. Table 3 shows that the Ni coating is predominantly composed of Ni,
together with a relatively small amount of Fe, Cr, and Cu, indicating that this coating is
more uniform than the previous one. Finally, the Cr-Co coating has a considerable content
of Co, oxygen, and Cr, in addition to lower amounts of Ni, Fe, and Cu, as well as traces of
Cl and Si. This can be attributed to the formation of oxides, and possibly also hydroxides,
of Co and Cr on the surface of the substrate, because of the interaction of water present in
the solvent as a secondary HBD with Cr and Co during the electrodeposition process. This
was subsequently confirmed via XRD analysis and elemental mapping of the cross-section
of the coatings. The Cr-Co coating was also analyzed using SEM/EDS.

Table 3. Analysis via EDS (in wt%) of 304 SS (304 SS), sandblasted 304 SS (304 SS SB), Cu over 304 SS
SB, Ni over Cu, and Cr-Co over Ni.

Cu Ni Cr-Co Cr-Co

304 SS 304 SS SB EG EG EG:H,0 EG
~1.25V —1.40V ~1.00 V ~1.00 V

Ok 5.15 9.63 6.54 6.74 27.84 13.83
Sik 0.75 8.36 5.36 5.08 0.54 6.95
Clk 0.10 0.08 0.30 0.12 0.57 0.64
Crk 16.79 15.04 10.16 6.14 17.79 9.39
Mn k 1.19 1.14 0.85 0.62 0.38 0.39

Fe k 67.23 57.95 35.09 21.97 5.98 17.39
Cok 0.26 0.38 0.37 0.47 34.38 447

Ni k 7.88 6.89 3.77 48.27 8.05 38.89
Cuk 0.65 0.53 37.56 10.59 447 8.05

Improvement in coating uniformity can be achieved by replacing the base surface
conditioning process, which involves sandblasting, with alternative methods such as
traditional mechanical polishing or plasma electropolishing. These methods allow us to
obtain flat surfaces, free of irregularities, as well as unwanted particles.

XRD analysis was performed to identify the phases present in the coatings obtained
via electrodeposition. Figure 5 shows the XRD patterns obtained for 304 SS, 304 SS SB, Cu,
Ni, and Cr-Co coatings. The characteristic reflections of 304 SS correspond to planes (111),
(200), and (220), according to JCPDS card no. 33-0397, which are denoted with the letter A.
The XRD pattern of 304 SS SB shows a characteristic peak of SiO, (incrustations produced
during the sandblasting of the substrates, letter B), according to JCPDS card no. 33-1161.
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The XRD pattern of the Cu coating corresponds to metallic Cu (JCPDS card no. 04-0836,
letter C), with peaks located at 43.3°, 50.4°, and 74.8°, corresponding to the planes (111),
(200), and (220) of Cu, respectively [30]. The XRD patterns of the Ni coating, letter D, show
the characteristic reflections of Ni (JCPDS card no. 04-0850), located at 44.5°, 51.9°, and
76.5°, corresponding to planes (111), (200), and (220) of the face-centered cubic structure
of metallic Ni. In the case of the Cr-Co coating, the peak located at 44° corresponds to
plane (110), while the peaks located at 48° and 65° correspond to the planes (211) and (200),
respectively, of metallic Cr (letter E) [31]. In the XRD pattern of the Cr-Co coating, the peak
located at 34.4° corresponds to plane (009) of a double hydroxide of Cr and Co [32] (letter F).
In the same XRD pattern, the peak located at 36.2° corresponds to plane (311) of Co oxide,
letter G, JCPDS card no. 80-1538. Finally, the peak located at 78° corresponds to plane (602)
of Cr oxide, letter H, JCPDS card no. 12-5590. These results confirm the compositions of the
coatings assumed from the analysis via SEM/EDS that was carried out.

(A) FeCr0.29Ni0.16C0.06 (JCPDS No. 33-0397) (D) Ni (JCPDS No. 04-0850) (G) Co,0, (JCPDS No. 80-1538)
(B) SiO, (JCPDS No. 33-1161) (E) Cr (Standard diffraction)  (H) Cr,0, (JCPDS No. 12-5590)
(C) Cu (JCPDS No. 04-0836) (F) CoCr (Layer double hydroxide CrCo)

F (009) ——Cr-Co
—Ni
Cu
——304 SS SB
——304 8S
e E (110) E (200)
E (211
A ‘uf ) " h H (602)
D (111)
) D (200
- ) D (220)
< , A. A ]
_ﬂ;\ C(111)
(]
C (200) C (220)
g A A W
£
B
e mtrir v e S—
o JACOO) 4@20)
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Figure 5. XRD patterns obtained for 304 SS (black line), 304 SS SB (red line), Cu over 304 SS SB (blue
line), Ni over Cu (pink line), and Cr-Co over Ni (green line).

3.3. Microstructural and Cross-Sectional Analysis of Coatings

Figure 6 shows the SEM micrographs obtained for Cr-Co oxide coatings obtained
using the EG-H;O solvent. The Cu coating electrodeposited at —1.25 V is irregular, so that
in the valleys higher concentrations of Fe, Cr, oxygen, and Si are detected, which come
from the surface of the substrate (304 SS SB), while in the ridges a higher proportion of
metallic Cu is detected. The morphology of the Cu coating is characterized by dendritic
and branched patterns. The Ni coating electrodeposited at —1.40 V shows agglomerations
of particles of this metal [33]. The Cr-Co oxide coating electrodeposited at —1.00 V using
the EG-based solvent with the addition of water as a secondary HBD (Cr-Co:EG-H,0)
shows a needle-like morphology, which is characteristic of the Co3O4 oxide [34], as well as
spherical particles located between the needle-like features, which are associated with the
presence of metallic Cr [35]. The oxidized compounds present in this coating (Cr-Co) were
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identified in the XRD patterns of Figure 5, as well as via elemental mapping of the Cr-Co
coating cross section.

K

Figure 6. SEM micrograph of Cr-Co oxide coating obtained using the EG-H,O solvent.

The elemental mapping of the cross-section of the Cu, Ni, and Cr-Co coatings, layer
upon layer, is shown in Figure 7a. Sandblasted 304 SS is coated with Cu; as this is not a
uniform coating, it leaves uncovered areas on the surface of the substrate. However, when
metallic Ni was electrodeposited, the entire surface was covered. After depositing the
metallic coatings of Cu and Ni, the Cr-Co coating was co-deposited on top of them. The
presence of oxygen was detected only in the electrodeposited Cr-Co oxide layer (Figure 7b).
The average thickness of the Cu coating was 0.2 pm, the average thickness was 0.5 um for
the Ni coating, and the average thickness was about 0.3 um for the Cr-Co coating,.

o si [GJES co [NilEl

Figure 7. Cont.
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(b)

Figure 7. Elemental mapping of the cross-section of the coatings. (a) Cu (orange) on 304 SS SB
(light blue), Ni (green), and Cr-Co oxide coating (Purple + dark blue + magenta) obtained using the
EG-H;0 solvent, and (b) O as dark blue in Cr-Co oxide coating.

3.4. Analysis of the Surface Wettability of Coatings

Table 4 and Figure 8 show the results of the wettability of the 304 SS, 304 SS SB, Cu, Ni,
Cr-Co:EG, and Cr-Co:EG-H,O surfaces using ultra-pure water. Contact-angle magnitudes
greater than 150° indicate that the substrate surface exhibits superhydrophobic proper-
ties [36]. The evaluation of the wettability of the coatings using ultra-pure water indicated
that the Cr-Co:EG-H,O coating is superhydrophobic. In contrast, the Cu, Ni, and Cr-Co:EG
coatings are hydrophobic, while the 304 SS and 304 SS SB substrates are hydrophilic. Since
the free surface energy varies in an inverse way to the contact angle, the greater the contact
angle, the lower the energy needed to hold together the molecules of the material. This
trend can be clearly seen in Table 4. This means that superhydrophobic surfaces create a
water-repellent barrier, a desirable property in materials exposed to seawater.

Table 4. Contact angle (0) and surface free energy determined for ultra-pure water on 304 SS, 304 SS
5B, and Cu on 304 SS SB, Ni on Cu, Cr-Co:EG on Nji, and Cr-Co:Eg-H,O on Ni.

Substrate 0 Free Surface Energy (J/cm?) Wg’tl;le) i(l)ifty
3015598 et 1055 Hydrophilc surface
Cu 141.97° 15.97
Ni 149.40° 14.42 Hydrophobic surface
Cr-Co:EG 147.04° 14.24
Cr-Co:EG-H,O 158.41° 12.94 Superhydrophobic surface
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Cr-Co:EG Cr-Co:EG-H20

Figure 8. Depiction of contact angle (8) determined for ultra-pure water on 304 SS, 304 SS SB, and Cu
on 304 SS SB, Ni on Cu, Cr-Co:EG on Ni, and Cr-Co:Eg-H,0O on Ni.

3.5. Corrosion Testing of Coatings

The influence of Cr-Co oxide coatings on both pitting and uniform corrosion of AISI
304 SS was assessed by the CPP and EIS methods, respectively.

Pitting corrosion

From the CPP curves (Figure 9), the potentials characterizing the passivity of stainless
steel were determined [37]:

e  Corrosion potential, Ey (potential difference between a metal and an electrolyte in
which the metal corrodes).

e  Pitting potential, Ey; (potential difference between a metal and an electrolyte in which the
metal corrodes, is the potential at which the current density increases drastically); and

e  Repassivation potential, Ey, (potential in which a metal that has been corroded is
passive again).
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Figure 9. CPP curves of untreated AISI 304 SS (black line) and Cr-Co:Eg-H2O coating (red line).

By means of the first two parameters it is possible to determine the pitting corrosion
resistance, Ry, which is given by Equation (1) and whose units are mV [38,39].

Rpit = |Ecorr - Epit| @

Table 5 shows the values of these parameters, which were defined in Figure 9. The
surface of steel with the Cr-Co:EG-H;O coating showed greater resistance to pitting corro-
sion (123.93 mV) compared to untreated stainless steel (62.3 mV). This increase in corrosion
resistance is due to the presence of chromium and cobalt oxides with needle-like morphol-
ogy (see Figure 6), which makes it more thermodynamically stable. Another factor is the
decrease in surface energy, which inhibits contact with simulated seawater thanks to the
formation of a superhydrophobic surface (see Figure 8).

Table 5. Most important values obtained from the CPP tests.

. Ecorrr Eyit, Ryits Erep, . Specific Mass Loss
Coating mV mV mV mV Hysteresis m g/cm2
Untreated 304 SS —85.2 —-229 62.30 0 None 0.0102
Cr-Co:EG-H,0O -121.11 36.02 157.13 24.31 + 0.0012

According to Figure 9 and Table 5, the CCP test showed a hysteresis behavior only in
the case of the coated sample Cr-Co:EG-H,O. The sample of untreated AISI 304 SS did not
present hysteresis, which implies a low passivity against localized corrosion (pitting and
cracking) [40-42]. In the coated sample the sweep lines in both directions cross at Eyp. The
coated sample showed a large area of hysteresis, which is associated with high resistance
to pitting corrosion. This phenomenon was due to the formation of an oxide film on the
surface of the stainless steel, which caused the occurrence of a repassivation of the sample
at a Eyep value of 24.31 mV, which was beneficial since the protective passive layer on the
surface of the stainless steel was restored [43,44]. Finally, the mass loss for untreated AISI
304 SS was 0.01 mg/ cm? after the CPP corrosion test (black bar in Figure 10). Under the
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same conditions, the coated sample Cr-Co:EG-H,O only lost 0.001 mg/cm? (red bar in
Figure 10), which confirmed a greater resistance to pitting corrosion.

0.010

o o o
o o o
o o o
i & e
1 1 |

Specific Mass Loss, mg/cm?

o

o

S

o
1

0.000 -
304 SS Cr-Co:EG-H20

Figure 10. Mass loss behavior of 304 SS and Cr-Co:Eg-H20O after the CPP tests.

Uniform Corrosion

EIS has emerged as a highly relevant tool for analyzing uniform corrosion processes,
owing to its capability to discriminate between interfaces and coatings [45]. Within this
context, two distinct electrical circuits have been identified [46]: Rs (CPE||Rt) for application
on uncoated metals, and Rs (CPE; ||Rpore) (CPE;[|Rct) for cases where a passive oxide layer
or a porous coating is present on the surface. In the first equivalent circuit, Ry refers to
the solution resistance (simulated seawater), CPE represents the element encapsulating
the capacitive properties of the electrolyte/metal interface, and R is identified as the
corresponding resistance. On the other hand, in the second equivalent circuit, CPE;
denotes the capacitance of the coating, while CPE; encompasses the capacitive properties
of the electrolyte/metal interface, and Rpore is established as the coating resistance [46].

This approach offers a more precise and detailed characterization of the electrochemi-
cal processes involved in corrosion, enabling a deeper comprehension of interactions at the
metal-coating interface.

Figure 11 displays the Nyquist plots (impedance spectra) corresponding to the ana-
lyzed samples. These plots show the distinctive behavior patterns of both the untreated
metal (AISI 304 SS) and the oxide coating (Cr-Co:EG-H,0O), respectively. Furthermore, the
circuits used to capture the associated quantitative data are presented. Table 6 summarizes
the results of the comparison between the uniform corrosion of the untreated AISI 304 SS
sample (35 kOcm?) with respect to the coated sample Cr-Co:EG-H,O (57 kQcm?). This
improvement in uniform corrosion resistance was attributed to the protection provided
by the chromium and cobalt oxides obtained using an ethylene glycol-water solution
(Cr-Co:EG-H,0).
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Figure 11. Nyquist diagrams of the EIS measurements conducted on the untreated AISI 304 SS and
Cr-Co:Eg-H20 coating.

Table 6. Comparison of corrosion resistance obtained from EIS measurements.

Rq Ret Rpore
Surface (Qem?) (Qem?) (Qem?)
Untreated 304 SS 100 34,952 -
Cr-Co:EG-H,O 100 28,110 56,488

4. Conclusions

A thin layer of Cr-Co was electrodeposited at —1.00 V on top of a previously electrode-
posited metallic Ni layer, using an EG-based electrolyte with water added as a secondary
HBD (EGZMCIH'YH2O:H20HBD).

The use of ethylene glycol-water-based solvents resulted in easy control of the Cr/Co
ratio of both metal and oxide species.

The oxidative effect of water added to the EG allowed us to obtain a black Cr-Co
coating, as metals and oxides. Surface analysis and cross-sectional elemental mapping of
the coatings confirmed this.

Ethylene glycol proved to be a suitable solvent for the electrodeposition of metallic
coatings of Cu at —1.25 V and Ni on Cu at —1.40 V as undercoats to improve the adhesion
of Cr-Co oxide coatings subsequently electrodeposited on top of the 304 SS surface. It also
promotes a reduction in the wear rate of the coatings.

From the surface wettability and corrosion resistance analyses of the Cr-Co oxide
coatings, it was found that these coatings significantly enhanced the pitting and uniform
corrosion resistance of the AISI 304 SS in simulated seawater. This performance was
associated with the chemical nature, morphology and superhydrophobic character of the
Cr-Co coatings.
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Opverall, these findings strongly suggest that thin Cr-Co oxide coatings represent a promis-
ing way to enhance the durability and performance of 304 SS in marine environments.
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