Article

Zn-Co-CeO; vs. Zn-Co Coatings: Effect of CeO; Sol in the
Enhancement of the Corrosion Performance of Electrodeposited
Composite Coatings

Marija Ridosi¢ 12, Nebojsa D. Nikolié¢ 3*[), Asier Salicio-Paz *(9, Eva Garcia-Lecina (¥, Ljiljana S. Zivkovi¢ 3

and Jelena B. Bajat 1'*

check for

updates
Citation: Ridogi¢, M.; Nikoli¢, N.D.;
Salicio-Paz, A.; Garcia-Lecina, E.;
Zivkovi¢, L.S.; Bajat, J.B. Zn-Co-CeO,
vs. Zn-Co Coatings: Effect of CeO,
Sol in the Enhancement of the
Corrosion Performance of
Electrodeposited Composite Coatings.
Metals 2021, 11, 704. https://doi.org/
10.3390/met11050704

Academic Editor: Hannu Hanninen

Received: 23 March 2021
Accepted: 20 April 2021
Published: 25 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11000 Belgrade, Serbia;
mridjosic@tmf.bg.ac.rs or marija.ridjosic@tfzv.ues.rs.ba

Faculty of Technology Zvornik, University of East Sarajevo, Karakaj 34A, 75400 Zvornik, Republic of Srpska,
Bosnia and Herzegovina

Department of Electrochemistry, Institute of Chemistry, Technology and Metallurgy, University of Belgrade,
Njegoseva 12, 11000 Belgrade, Serbia

4 CIDETEC Basque Research and Technology Alliance (BRTA), 20014 Donostia-San Sebastian, Spain;
asalicio@cidetec.es (A.S.-P.); egarcia@cidetec.es (E.G.-L.)

Vinéa Institute of Nuclear Science, University of Belgrade, 11000 Belgrade, Serbia; ljzivkovic@vin.bg.ac.rs

*  Correspondence: nnikolic@ihtm.bg.ac.rs (N.D.N.); jela@tmf.bg.ac.rs (J.B.B.); Tel.: +381-11-3303694 (J.B.B.)

Abstract: Electrodeposition and characterization of novel ceria-doped Zn-Co composite coatings was
the main goal of this research. Electrodeposited composite coatings were compared to pure Zn-Co
coatings obtained under the same conditions. The effect of two ceria sources, powder and home-made
sol, on the morphology and corrosion resistance of the composite coatings was determined. During
the electrodeposition process the plating solution was successfully agitated in an ultrasound bath.
The source of the particles was found to influence the stability and dispersity of plating solutions.
The application of ceria sol resulted in an increase of the ceria content in the resulting coating and
favored the refinement from cauliflower-like morphology (Zn-Co) to uniform and compact coral-
like structure (Zn-Co-CeO; sol). The corrosion resistance of the composite coatings was enhanced
compared to bare Zn-Co as evidenced by electrochemical impedance spectroscopy and scanning
Kelvin probe results. Zn-Co doped with ceria particles originating from ceria sol exhibited superior
corrosion resistance compared to Zn-Co-CeO, (powder) coatings. The self-healing rate of artificial
defect was calculated based on measured Volta potential difference for which Zn-Co-CeO, (sol)
coatings exhibited a self-healing rate of 73.28% in a chloride-rich environment.

Keywords: electrodeposition; ultrasound; composite coatings; self-healing; corrosion; scanning
Kelvin probe

1. Introduction

Zinc-based protective coatings are widely applied in different fields of industries
for steel protection. In order to achieve prolonged service life, zinc coating is usually
alloyed with Ni [1,2], Fe [3,4] or Co [5-7]. The constant demands imposed by industry for
thinner, more efficient and long-term steel protection have led to more intensive research on
different composite coatings. Co-deposition of TiO; [8], YSZ (yttria-stabilized zirconia) [9],
Al,O3 [10], SiO; [11], SiC [12] particles into zinc matrixes has enhanced a wide range of
coatings properties, like hardness, corrosion resistance, wear properties, etc. Due to their
superior characteristics (exceptional corrosion resistance, low thermal conductivity, high
ionic conductivity, antioxidant property, high oxygen storage capacity, etc.), rare-earth-
based materials, especially ceria (CeO;) particles, have found application in different fields,
such as material science, catalysis (very effective photocatalyst), fuel cells, biomaterials,
ceramics, cosmetics and medicine [13]. Ceria particles are also proved as very efficient
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corrosion inhibitors [14] and are often an essential part of self-healing materials [15]. Self-
healing materials are classified as part of smart materials able to repair the damage at the
microscopic level without any external influence [16]. Nevertheless, in order to achieve
all these advanced properties of the composite coatings, many challenges need to be
overstepped. The low dispersity of the plating solution containing particles is the first on
the list. Namely, due to the high surface energy (especially for nanosized particles) and high
ionic strength of the plating solution the metal oxide particles tend to agglomerate. The
use of ultrasound prior to and during electrodeposition was found to be very effective in
suppressing agglomeration and increasing particle content in the deposit [17-19]. Also, the
ultrasound applied during electrodeposition was found to be beneficial to the deposition
process itself (i.e., mass transfer enhancement and current efficiency) and to the final coating
properties such as refinement of grain size, decreasing of porosity, increasing the particle
content, etc. [19]. The main goal of this research is to develop Zn-Co-CeO, composite
coating under ultrasonic agitation and to compare their properties to those exhibited by Zn-
Co alloy coatings deposited under the same conditions. To overcome the main challenges
in the electrodeposition of composite coatings, i.e., to increase the dispersity and stability
of the plating solution in addition to ultrasound, a stable ceria sol was synthesized and
used as particle source as an alternative to commonly used commercial ceria powder. The
synergistic effect of the ceria presence and ultrasound applied during electrodeposition on
the morphology and corrosion resistance of the Zn-Co coatings is studied.

2. Materials and Methods

The Zn-Co alloy coatings and Zn-Co-CeO, composite coatings were electrodeposited
galvanostatically at constant current density of 2 A dm~2 and compared in terms of mor-
phology and corrosion resistance. The composition of the plating solution for deposition
of the Zn-Co alloy was: 0.1 mol dm—3 ZnCl,; 0.8 mol dm~3 H3BOj3; 3 mol dm 2 KCl and
0.03 mol dm—3 CoCl,-6H,0; pH of the solution was fixed at 3.Chemicals were analytical
grade produced by Sigma-Aldrich. The composite coatings were deposited from the same
plating solutions with addition of 2 g dm~3 CeO; (sol or powder) at pH 3. When ceria was
added as commercial powder (Sigma-Aldrich, Saint Louis, MO, USA, No. 700,290 purity
99.95%, particles size < 50 nm (BET)), all chemicals were dissolved in double distilled
water. The other type of ceria source used was stable aqueous colloidal dispersion (2 g
dm 3 solid content) and in this case all chemicals were dissolved in prepared sol. In this
study, an optimized ceria concentration, ensuring stability of the plating electrolyte and
best coating performance in terms of morphology and corrosion resistance, was employed
(unpublished results).

Zetasizer NS (Malvern, UK) was used to determine zeta (¢) potential (surface charge)
of ceria particles, based on measured electrophoretic mobility of the particles. The particle
size distribution (PSD) was determined by dynamic light scattering method using the same
instrument. Prior to the measurements, the samples were subjected to 20 min ultrasound
treatment. Deposition time was calculated to obtain 7 um thick coatings. The 200 mL
plating cell was placed in the center of the ultrasonic bath, schematically presented in
Figure 1. Temperature of the plating solution was monitored, controlled, and kept constant
during deposition at 24 + 1 °C. Low-carbon steel (AISI-1010, 8 cm?) was used as cathode
and pure zinc as anode. Before electrodeposition the cathode was polished to a smooth
surface with different grits of emery paper (600-2000), degreased in a saturated solution of
sodium hydroxide in ethanol and etched in 10% HCI solution. The distilled water wash
was applied after every step. The anode was activated by dipping in 10% HCI solution
followed by water wash.
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Ultrasonic bath

Figure 1. Schematic presentation of the deposition set-up.

The ultrasound power density generated by ultrasonic bath (Bandelin electronics,
frequency 35 kHz) was 38.7 W cm?, calculated calorimetrically [20]. The morphology and
composition of the deposited coatings were determined by scanning electron microscopy
equipped with energy dispersive X-ray spectroscopy (Ultra Plus, Carl-Zeiss, Oberkochen,
Germany). Surface roughness was determined by 3D optical microscope Leica DCM3D
(Leica Microsystems, Wetzlar, Germany). Coating crystallography was analyzed by Bruker
D8 Advance (Billerica, MA, USA) using the Cu K« radiation in the Bragg Brentano con-
figuration. The corrosion properties of the coatings were studied by potentiodynamic
polarization tests, electrochemical impedance spectroscopy (EIS) and scanning Kelvin
probe (SKP). The polarization measurements were performed in potential range £250 mV
with the scan rate of 0.25 mV s~ 1. EIS was performed using a Reference 600 potentio-
stat/galvanostat/ZRA (Gamry Instruments, Warminster, PA, USA). The impedance spectra
were recorded at open circuit potential after establishing constant open circuit potential
(30 min) in the frequency range 100 kHz-10 mHz, with 7 points per decade and 10 mV
amplitude. Experiments were carried out in 3 wt.% NaCl solution in a three-electrode
cell placed inside a Faraday cage. Deposited Zn-Co and composite Zn-Co-CeO, coatings
were used as working electrodes (exposed area 1.0 cm?), a platinum grid was used as a
counter electrode and saturated calomel electrode as a reference electrode. SKP (SKP-EC1,
Wicinski-Wicinski) was used in situ to detect the Volta potential of the deposited samples
both with and without artificial defects, in order to study self-healing properties of the
coatings. SKP technique is non-destructive electrochemical technique that allows deter-
mining the localized in-situ potential changes on the coating surface, which is impossible
to determine by classical electrochemical techniques like a polarization test and EIS. SKP
measures the Volta potential difference between the working electrode (examined coating)
and reference electrode (SKP probe). Measured Volta potential difference changes linearly

with corrosion potential (Ecorr = tpzzj;tin g T const) [21]. The SKP tip is made of Ni-Cr alloy.
Before every scan the tip was cleaned and calibrated in saturated CuSO, solution. The
surface potential scan of the coatings without defect was performed during 24h in the
device chamber on the 2000 x 2000 pm area (schematically showed in Figure 2a). The

x and y steps were 50 um and Ah 0.1 pm. The composite coatings with artificial defect
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were monitored by SKP line scan on a 4000 pm area (schematically presented at Figure 2b)
before and after immersion in 3 wt.% NaCl. The experiments were obtained in the device
chamber with controlled and stable environment, i.e., temperature (22 °C) and humidity
(85%). The device chamber was kept closed during the whole measurement time in order

to avoid the change of the measurement conditions. Every experiment was repeated at
least three times.

1 - SKP probe
2 —defect

3 —coating
- - scanning direction

Figure 2. Schematic presentation of SKP measurements: (a) surface scanning on unbounded coatings
and (b) line scanning over artificial defect.

3. Results and Discussion
3.1. Characterization of Plating Solutions

The stability of aqueous ceria sol and ceria powder particles dispersed in water was
studied in terms of zeta potential () and particle size distribution (PSD). Since it is impor-
tant to get information on the stability of the overall plating solutions containing CeO,
particles, the study was extended to their stability when incorporated in the electrolytic
bath with other constituents. The PSD of examined solutions is presented in Figure 3.

sol

- — —sol-bath

—— powder

- - —powder-bath
;@
2
‘®
=
o
£

—— e A e e
10 100 1000 10,000

Particles size (d.nm)

Figure 3. PSD of ceria sol and ceria powder before and after incorporation in deposition bath.

The presence of one Gaussian peak revealed that the aqueous ceria sol was monomodal,
composed of nanosized particles in the range 32.7-122.4 nm, with the average size of hy-
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drodynamic diameters, Zav = 59.1 nm. Stability of particles was ensured by high positive
surface electrostatic charge (& = 47.5 mV), as ( potential of ca. 30 mV (positive or negative)
is normally required to achieve a reasonably stable dispersion. The incorporation of other
constituents into the electrolytic bath affected remarkably the PSD. The increase in ionic
strength (from 0.479 to 233 mS cm ™) caused a drastic drop in & values (2.61 mV). When
added into the electrolyte, the particles showed a higher tendency to agglomerate, as
documented by a sharp shift toward much bigger diameters. The most abundant size of
particles aggregates was at 1435 nm.

In the case of ceria powder in aqueous solution, although composed of nanometric
primary units, as confirmed by SEM analysis (Figure 4), it was agglomerated. The use of
ultrasound agitation failed at effectively de-agglomerating the particle clusters. The size of
particle diameters was in the 531-1990 nm range, with Zav = 1316 nm. When adding the
ceria powder into the electrolyte, the high ionic strength of the bath (260 mS cm ') caused
a decrease in ¢-values (from initial 49 to near 0 mV), provoking an intense destabilization
of the dispersed particles. Particles started to aggregate rapidly, forming huge clusters.
The 94.9% abundance of 4979 nm fraction along with only 5.1% of smaller-sized ones at
325.7 nm was recorded. Although the measurements could not be performed under the
US agitation, they provided a comparison of the aggregation phenomena occurring in the
plating solution when using sol and powder.

Figure 4. SEM micrograph of the used commercial CeO, powder.

3.2. Morphology and Composition of Zn-Co and Zn-Co-CeO; Coatings

The cauliflower-like agglomerates of alloy grains were obtained by Zn-Co electrode-
position (Figure 5). The size of these agglomerates was very different, reaching 30 um
(Figure 5a). The cauliflower-like agglomerates of Zn-Co alloy grains were formed of small
compact agglomerates, without a clear boundary among grains inside them (Figure 5b).

(b)

Figure 5. Morphology of Zn-Co alloy obtained by electrodeposition at a current density of 2 A dm~2.
Magnification: (a) x5000 and (b) %20,000.
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After the addition of CeO, in powder form, cauliflower-like agglomerates remained
the dominant morphological form of the alloy electrodeposits. However, it can be observed
(Figure 6) that the distribution of the agglomerates was more uniform and finer, decreasing
the agglomerate size down to 2 um.

Figure 6. Morphology of Zn-Co-CeO, coating obtained by electrodeposition at a current density
of 2 A dm~2 from the electrolyte with an addition of CeO, in the form of powder. Magnification:
(a) x5000 and (b) %20,000.

The addition of ceria sol had a pronounced effect on the coatings” morphology, as
shown in Figure 7, and apparently a more compact and uniform structure was obtained,
composed of round-shaped grains (Figure 7a). These round shapes consisted of small coral-
like forms (Figure 7b), of about 500 nm size (Figure 7c). An addition of the ceria sol caused a
transformation of the Zn-Co coating morphology from that with the cauliflower-like forms
obtained without and with an addition of ceria powder to that composed of coral-like forms.
Similar findings were reported by Ghaziof [22], the cauliflower-like structure was missed
when a higher concentration of Al,O3 sol was used as alumina source in Zn-Ni-Al,O3
composite coatings deposition. This kind of coral-like structure can provide beneficial
effects, for instance, Hu [23] showed that superior thermoelectric performance could be
achieved, and Tao [24] found that CeO,/GNs composites with 3D coral-like structure
possess superior specific capacitance, high rate performance and long service life.

Figure 7. Morphology of Zn-Co-CeQ, coating obtained by electrodeposition at a current density of 2 A dm~2 from the
electrolyte with an addition of CeO, in the form of sol. Magnification: (a) <5000, (b) x20,000 and (c) x50,000.

The source of the CeO; particles showed a large influence on the ceria content in the
coatings, as determined by EDAX (Table 1). Twice higher amount of cerium was registered
when ceria sol was used.
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Table 1. The chemical composition of the Zn-Co and Zn-Co-CeO, composite coatings.

Type of Coatings
Elements (wt.%) Zn-Co-CeO,
Zn-Co (CeO, Powder) Zn-Co-CeO, (CeO, Sol)
Zinc 96.89 94.72 92.90
Cobalt 3.11 3.61 3.34
Cerium - 1.67 3.76

In order to achieve good properties of the final product, the distribution of the particles
in the electrodeposited coatings should be homogeneous. The mappings of all elements
in the Zn-Co alloy coating and Zn-Co-CeO, composite coatings are shown in Figure 8.
A favorable effect of utilizing ceria sol on ceria distribution could be seen. In addition,
based on the cross-section images (inserts in Figure 8), the beneficial effect of ceria sol on
compactness and regular growth of the coating was indisputable.

(a) (b) ()
Figure 8. Element mapping of (a) Zn-Co, (b) Zn-Co-CeO, (CeO, powder) and (c) Zn-Co-CeO, (CeO, sol) cross sections.

3.3. Surface Roughness Determination

In order to analyze the surface finish of the coatings the surface roughness was
measured, and roughness parameters are presented in Table 2. According to the ISO 25178,
S, is maximum height and S, is arithmetical mean height. Based on the measured S,
and S, parameters it can be concluded that incorporation of the ceria particles led to the
decrease of the surface roughness compared to matrix (pure Zn-Co alloy coating). It is also
obvious that samples obtained from solution containing ceria sol had lower values of both
roughness parameters compared to the composite coating obtained from solution with
commercial ceria powder. This measurement confirmed the beneficial effect of ceria sol
as particle source on the surface finish of the composite coating. These results are in good
correlation with results gained by SEM-EDAX analyses.

Table 2. Comparison of surface roughness parameters (S,-maximum height (um); S,-arithmetical
mean height (um)) of examined coatings.

Zn-Co Zn-Co-CeO; (CeO, Powder) Zn-Co-CeO; (CeO; sol)
S, Sa S, Sa S, Sa
235 37 234 24 16.4 1.6
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3.4. X-ray Diffraction Analyses

Figure 9 shows the XRD patterns obtained for the Zn-Co alloy coatings obtained
without and with an addition of CeO, in the form of powder and sol. It can be noticed
that the diffractograms obtained with the addition of CeO, were mutually similar, and to a
certain extent different from that for Zn-Co coating. Comparing the obtained diffractograms
with the corresponding JCPDS standards, it followed that all marked diffraction peaks
could be attributed to a hexagonal close-packed crystal structure of zinc (JCPDS no. 03-065-
3358). When the amount of cobalt is less than 5 wt.% it totally dissolved in zinc lattice and
formed the solid solution with zinc, thus, the peaks corresponding to alloy phases were not
detected. The ceria peak was missing due to the small amount and size of the incorporated
particles. The incorporation of ceria particles into the matrix caused the increase of intensity
of peaks corresponding to (002), (100), (102), (103) and (110) planes. The intensity of (101)
plane remained the highest suggesting pyramidal growth of deposit.

(101)
©02) Zn-Co-CeO, (CeO, sol)

100) (Fe) (102) (103X110) (112)
AT o

Zn-Co-Ce (CeO, powder)

17

Intensity / a.u.

Zn-Co

A A

T T T T T T T T

T
20 30 40 50 60 70 80 20 100

20/ degree
Figure 9. XRD pattern of Zn-Co, Zn-Co-CeO; (CeO, powder) and Zn-Co-CeO, (CeO, sol) coatings.

3.5. Polarization Tests and Electrochemical Impedance Spectroscopy

Corrosion behavior was analyzed first by polarization measurements in a NaCl so-
lution, and obtained E-log j dependences are shown in Figure 10. The beneficial effect of
CeO; could be clearly seen, shifting the anodic currents, representing active dissolution, to
smaller values. The values of corrosion potential and corrosion current density, determined
from the E-log j curves are shown in Table 3. The more negative corrosion potential of
composite coatings indicated the barrier effect provided by ceria incorporation. Both
composite coatings showed considerably smaller corrosion current density, confirming that
CeO, particles provided a good barrier, slowing down the ingress of corrosive media. The
smallest corrosion rate was determined for sol-derived composite coating.

Table 3. The values of corrosion potential, Ecorr, and corrosion current density, jeorr, for different

coatings in 3% NaCl.
Sample —Ecorr IV jeorr /HA cm™2
Zn-Co 1.055 31.0
Zn-Co-CeO, (powder) 1.065 9.5

Zn-Co-CeO; (sol) 1.089 5.4
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-0.8 1

=— Zn-Co
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Figure 10. Tafel polarization plots of Zn-Co; Zn-Co-CeO; (CeO, powder) and Zn-Co-CeO, (CeO,

sol) composite coatings.

The EIS diagrams provided deeper insight into the role of ceria in the corrosion behavior
of Zn-Co alloy coatings. To determine the influence of CeO, particles, as well as their source,
in a shorter time, thin coatings (7 um) were analyzed. The EIS was followed for samples
continuously exposed to NaCl solution and results are presented in Figures 11-14.

300 Zn-Co ZH-CD-CE(.)Z (powder)
4 90 min A g{me
~ . 3n 4001 .
£ 4 4n ~ 4 4n
2004 * 24h
(L::J = 24h g 3004 * 48h
. = 72h
g ,ff}&n; Slre G 144 h
g 100 ! b o * 192h
NE ‘xéﬁ******x L T 2i8h
> | £ ‘
0- T T 1 04
0 200 400 800 0 100 200 300 400 500 600 700 8OO 900
z /aocm’ 2
real cm Z_[Qcm
real
(a) (b)
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| 4 4n
2000 AP < an
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Figure 11. The Nyquist plots of (a) Zn-Co, (b) Zn-Co-CeO; (CeO, powder) and (c) Zn-Co-CeO, (CeO, sol) composite coatings.
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Figure 12. The Bode (a) modulus and (b) phase angle plots for Zn-Co coating during exposure to NaCl solution.
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Figure 13. The Bode (a) modulus and (b) phase angle plots for Zn-Co-CeO, (CeO, powder) coating during exposure to
NacCl solution.
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Figure 14. The Bode (a) modulus and (b) phase angle plots for Zn-Co-CeO, (CeO; sol) coating during exposure to NaCl solution.

The Nyquist plots for all examined coatings are presented in Figure 11. The plots
mainly comprised two time constants in the investigated frequency range. It can be seen
from Figure 11a that for Zn-Co coating impedance slightly increased after 3 h while longer
immersion times led to a decrease in semicircle diameters, suggesting deterioration of
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protective properties this coating. The opposite behavior was observed for the composite
coatings (Figure 11b,c). The dominant semicircle, related to the charge-transfer process,
increased during immersion time, which could be a consequence of the formation of a
pseudo-passive layer of corrosion products on the metal surface in contact with electrolyte.
However, since this behavior was maintained during prolonged exposure, it indicated the
presence of a small solubility product, i.e., ceria layer. This kind of behavior was more
pronounced for the composite coating deposited from solution containing ceria sol where
the radius of depressed semicircle retained high values during 264h in corrosion media.
Differences among the samples and their behavior during immersion time could be better
seen from Bode plots, shown in Figures 12-14. The impedance modulus of the Zn-Co alloy
coating (Figure 12a) decreased after 24h, suggesting a degradation of this coating. Two
time constants are clearly visible (Figure 12b) from the early exposure to NaCl solution.
The one at medium frequencies may be ascribed to the layer of corrosion products of the
Zn-Co alloy coating [25]. The phase angle maximum at lower frequencies was associated
to electrochemical processes occurring at the galvanic couple of Zn-Co alloy coating and
steel substrate [25]. After 24 h there was only a shoulder of the time constant at medium
frequencies, due to the breakdown of the corrosion product layer, and the phase angle
plot was dominated by the time constant at low frequencies, indicating the advancement
of corrosion.

The improvement achieved by CeO; incorporation is shown in Figures 13 and 14.
The phase angle plots in Figures 13 and 14 again possess two maxima, where the one at
a higher frequency was related to the corrosion product layer at the Zn-Co alloy and it
disappeared during the first 24 h of immersion, the same as was observed for the CeO,-free
coating. Impedance values were up to two times higher in the case of the composite
coating containing CeO, powder (Figure 13a) as compared to the Zn-Co alloy. The greater
impedance modulus recorded after 90 min exposure to NaCl solution was probably the
result of the barrier that CeO, particles provided to the ingress of electrolyte. However, due
to the porous coating morphology this kind of protection was only temporarily provided.
Electrolyte penetrated the coating with further exposure and after 3h the modulus was
considerably decreased to 210 Q cm?, showing similar values as those obtained for the
Zn-Co alloy coating. The second time constant was hardly visible after 3h immersion,
and after 24h immersion phase angle was a single one again (Figure 13b), positioned
at intermediate frequencies, between the frequencies of the original two time constants.
This kind of response was typical for self-healing action, in this case provided by CeO,
particles. The self-healing was confirmed with further exposure time, with the increase of
impedance and retaining high impedance modulus values in the range of 575-760 Q) cm?.
As the electrolyte kept penetrating the composite coating, ceria powder particles diffused
through the coating and upon contact with corroding steel substrate they precipitated on
the surface. Bearing in mind the very small ceria solubility constant [26,27], the high values
of impedance modulus at small frequencies could be expected. The improved resistivity
achieved was maintained during the test period of one week, and it decreased after 9 days
of exposure to corrosive agents.

The use of ceria sol provided better protection ability, in comparison to the use of
commercial ceria powder, in the presence of the corrosive media, as shown in Figure 14.
Higher initial impedance modulus values of ~630 Q2 cm? were recorded for this composite
coating after 90 min exposure, suggesting a good barrier provided by well-dispersed ceria.

Composite coating resistivity also decreased after further exposure time, as a con-
sequence of electrolyte penetration throughout the coating and two well-resolved time
constants were developed after 4 h. An interesting feature occurred after further exposure
time. Namely, impedance moduli at small frequencies considerably increased after 24 h,
reaching 3310 Q) cm?, and their values oscillated among 3150-4450 Q) cm? during following
next 11 days (Figure 14a). The evolution of phase angle plots during exposure to NaCl
solution is shown in Figure 14b. There was one phase angle peak at medium frequencies
(~2 Hz) after 90 min, an uncompleted peak after 3 days and two well-developed phase
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angle peaks emerged after 4 days. After 24 h there was only one broad phase angle peak
positioned at low frequencies, which remained almost unchanged throughout all the time.
Both phenomena, the impedance modulus increase at the lowest frequency and a phase
angle peak broadening, indicated active protection achieved by sol-derived composite
coating, which was most likely a result of the self-healing effect provided by ceria. Better
resistivity provided by Zn-Co-CeO, (CeO; sol) composite coating compared to that based
on powder CeO, particles, also providing self-healing, was due to the more compact coral-
like morphology, which was, in turn, the result of the more homogenously distributed
particles that did not form large agglomerates.

The values of the low frequency impedance modulus of the Zn-Co-CeO; sol-derived
coating were higher than for other samples throughout the test time, being almost six times
higher than the values determined for composite-powder-based coating and over 11 times
higher than for the pure Zn-Co alloy coating. The high modulus values of this sample were
maintained throughout the entire period of evaluation.

The activity at the metal substrate could be presented by values of charge—transfer
resistance, R, derived from fitting of the EIS data by commonly used equivalent electrical
circuits for coatings comprising one or two time constants [6,14]. The small initial decrease
of R for all coatings (Figure 15) was related to contact of the electrolyte with the metal
substrate. It was followed with a R increase for composite coatings, whereas for the Zn-Co
alloy coating R values kept decreasing, indicating that a greater area of metal substrate was
in contact with the corrosive agent. The plateau of R.; values corresponded to the formation
of a passive layer on the metal surface, preventing further electrochemical activity of the
substrate. Significantly greater R.; values for sol-derived composite coating compared to
the one originating from powdered ceria, confirmed it improved protective properties.

5000
.- o >
® - —o.. °
4000 .
=
O 3000
c A Zn-Co
~ ‘ —u—Zn-Co-CeQ, (powder)
0:0 20004 ; ® Zn-Co-CeO, (sol)
10004/ . .
e U o .
i L B =
0 .I' . T T T T T
0 50 100 150 200 250

t/h

Figure 15. Time dependence of charge-transfer resistance for Zn-Co and Zn-Co-CeO; coatings
during exposure to 3 wt % NaCl.

3.6. Scanning Kelvin Probe (SKP) Surface Scan of Coatings

Electrochemical impedance spectroscopy is a very common and useful technique for
studying corrosion behavior of different coatings systems. The insufficiency of this method
is that results are associated with overall macroscopic, i.e., average response of the electrode.
As a consequence, local electrochemical processes in microdefects cannot be separately
investigated. The scanning Kelvin probe technique allows in-situ determination of localized
potential changes on the coating surface [21,28,29]. SKP measures the Volta potential
between the device’s tip and working electrode (coating). The determined Volta potential
is proportional to the corrosion potential [21]. The Volta potential surface distribution of
the Zn-Co, Zn-Co-CeO, (CeO, powder) and Zn-Co-CeO, (CeO; sol) coatings during 24 h
in the device chamber is presented in Figures 16-18, respectively.
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Figure 16. Volta potential difference surface scan of Zn-Co coating: (a) initial distribution, (b) after 12 h and (c) after 24 h in

device chamber.

The higher the Volta potential difference (AV), the greater the driving force for the
localized corrosion, so a larger number of anodic and cathodic sites develop on the surface,
resulting in intensive microgalvanic corrosion. The Volta potential distribution on the pure
Zn-Co surface (Figure 16) ranged from —0.2970 V to -0.3090 V, i.e., AV value for the initial
mapping of the Zn-Co coating was 0.012 V, which was a small value and indicated that
there were no pronounced microgalvanic couplings on this alloy coating. After 12 h, the
Volta potential was in the range of —-0.3468 V to —0.3910 V (AV = 0.0442 V) and after 24 h
it considerably increased to AV = 0.102 V (between —0.3170 V and —0.4190 V). Thus, the
Volta potential difference showed progressively higher values during the monitored period,
indicating advancement of corrosion processes. Figure 17 shows that the initial Volta
potential distribution for the composite coatings obtained from the plating solution with
ceria powder (Zn-Co-CeO, (CeO, powder)) was AV = 0.0872 V, after 12 h AV it changed
to 0.0712 V, and after 24 h the AV reached 0.122 V. The initial Volta potential difference
on the Zn-Co-CeO, (CeO; sol) composite coating surface was AV = 0.131V, after 12 h the
AV value decreased to 0.0582 V, and after 24 h it reached the significantly lower value
(AV =0.0291 V) as compared to the initial one (Figure 18). It could be noticed that the Volta
potential difference of the Zn-Co-CeO, (CeO; sol) composite coating was significantly
more positive compared to both Zn-Co-CeO, (CeO, powder) composite coating and Zn-Co
alloy. The Volta potential change was smaller after 24 h than after 12 h, indicating that the
Zn-Co-CeO, (CeO;, sol) coating provided a certain corrosion resistance under the stated
conditions. This was most likely due to the higher content of small and well-distributed
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Figure 17. Volta potential surface scan of Zn-Co-CeO, (CeO, powder) coating: (a) initial distribution, (b) after 12 h and (c)

ceria particles in this composite coating, compared to Zn-Co-CeO; (CeO, powder), which
can play a role as nanofillers of the pores leading to the reduction of diffusion paths of
the electrolyte through the coating. Also, ceria is a well-known corrosion inhibitor, and
the shift of the Volta potential to more positive values during this time could be due to
precipitation of ceria on the active sites, manifesting a healing effect [30-32]. These results

were in a good agreement with EIS results.
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Figure 18. Volta potential surface scan of Zn-Co-CeO, (CeO; sol) coating: (a) initial distribution, (b) after 12 h and (c) after

24 h in device chamber.

3.7. SKP Line Scans of Coating with Artificial Defect

To further analyze the self-healing behavior of the Zn-Co-CeO, (CeO; sol) composite
coating, an artificial defect was made on the surface of this coating, and the SKP method was
used to measure the Volta potential over coating and defect area. These localized measure-
ments could be very useful in determining the inhibition ability of different nanoparticles
in localized defects [13]. The Volta potential was monitored before immersion and after dif-
ferent immersion time (10 min, 1 h and 2 h) in a chloride-rich environment (3 wt.% NaCl).
From the SKP line scan before immersion in NaCl (black line), shown in Figure 19, a drop
of the Volta potential can be seen when the tip is placed over defect area. The AV value in
this case was 0.146 V, indicating the high corrosion driving force. After 10 min (red line)
in NaCl the Volta potential in the defect decreased to AV = 0.054 V and shifted toward
positive values, suggesting the suppression of corrosion propagation in artificial defect.
After 1 h (blue line) in corrosion media the AV value was lower, 0.046 V, and after 2 h
was reduced to 0.039 V (pink line). After 2 h the Volta potential in the defect reached the
potential of the surrounding undamaged coating. This result proved the self-healing ability
of the ceria particles present in the composite coatings. We assume that different scenarios
are possible. The ceria particles migrated and precipitated on the active corrosion sites at
the defect. In addition, reduction of CeO, to Ce,O3 occurred in the corrosion media, so that
Ce,0;3 as a soluble compound could release the Ce®* ions into the solution [30] providing a
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self-healing action. The Raman study performed in our previous work showed that Ce3*
ions are present in synthesized ceria sol nanosized particles [33]. Due to diffusion the Ce®*
ions reached the defect area and formed thermodynamically favorable cerium-hydroxide
(Ce(OH)4) and oxide (CeO,-2H,0) [30]. The reduction of oxygen generated OH™ ions
on the defect surface, increasing the local pH and, according to the Pourbaix diagram,
accelerated the formation of Ce(OH),4 and CeO;-2H,0 [30]. The ceria precipitations along
with other corrosion products in the coating defect, i.e., corroding sites, could reconstruct
the protective film during time, consequently, slowing down the advancement of corrosion.
The percentage of the self-healing rate (%SHiime) after a different immersion time in NaCl
can be calculated based on the AV value in the defect according to equation:

%SHime= ( Avbefore - AVafter ) / (Avbefore ) (1 )

where AVyefore is the Volta potential difference in the defect before immersion in NaCl, the
AV 4oy is the Volta potential difference in the defect after a certain time in the corrosive
solution. Thus, after 10 min in a chloride environment the %SH1gmin Was 62.80%, after 1 h
%SHyp, = 68.49% and after 2 h in NaCl %SHjy, = 73.28%. Thus, the self-healing ability of the
examined composite coating was expressed after only 2 h in a chloride-rich environment.
The SKP results correlated well with EIS results.
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>
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©
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Figure 19. SKP line scan of the Zn-Co-CeO, (CeO, sol) composite coatings with artificial defect
before and after immersion in 3 wt.% sodium chloride.

4. Conclusions

The novel Zn-Co-CeO, composite coatings were successfully deposited galvanos-
tatically under ultrasound agitation and compared to pure Zn-Co composite coatings
deposited under the same conditions. Two different particle sources were used and com-
pared, ceria powder and synthesized ceria sol. After analysis of all results gathered by
different methods the following could be concluded:

—  The ceria sol proved to be superior as a particle source in the plating solution compared
to commonly used commercial powder, in terms of dispersity and stability of the
plating solution.
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— The use of ultrasound agitation failed at effectively de-agglomerating the commercial
powder particle clusters. The size of the particle diameter (94.9% abundance) was
4979 nm.

—  The ceria particles incorporated into the Zn-Co matrix caused morphological changes
and refinement of grain sizes. The changes in morphology were more obvious when
ceria sol was used; the cauliflower-like structures were replaced by more uniform
and compact coral-like structures. The size of cauliflower-like agglomerates of alloy
grains was reduced from 30 pm to 2 pm when ceria powder was incorporated into
the matrix. When ceria sol was used as a particle source, coral-like forms with a size
of about 500 nm were obtained. The incorporated particles were distributed homo-
geneously throughout the coating, as confirmed by mapping. The electrodeposition
from the solution containing ceria sol was beneficial for ceria content, homogeneous
distribution of particles in the deposit and finer surface finish (lower roughness and
better compactness) of the coating.

— The performed electrochemical tests, i.e., polarization tests, EIS and SKP, showed that
Zn-Co coatings doped with ceria particles during ultrasound-assisted electrodeposi-
tion possess protective properties either in terms of barrier or self-healing activity.

—  The Zn-Co-CeO, (CeO, sol) composite coating showed superior protective properties
compared to Zn-Co-CeO, (CeO,powder) coating as a result of compact and uniform
morphology as well as higher ceria content that proved to be an efficient self-healing
agent. The corrosion current density of Zn-Co-CeO, (CeO; sol) composite coating
was lower and the R value four times higher compared to Zn-Co-CeO; (CeO,
powder) coating.

—  The SKP surface scan showed a shift of potential to more positive values after 24 h
in 3 wt% NaCl for Zn-Co-CeO; (CeO, sol) composite coating, indicating advanced
protection of steel due to the self-healing effect of ceria particles. SKP results allowed
calculating the percentage of the self-healing rate of the artificial defect, found to be
73.28% after 2 h in a chloride-rich environment.

—  The combination of traditional electrochemical techniques (polarization tests and EIS)
and SKP highlighted a variety of results hardly to be accomplished if such methods
were simply used alone.
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