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Corrosion (XRD) to compare the morphology, crystallinity and particle size. The morphology of
Nanocomposite coatings developed composite coatings was analysed by SEM, the preferred texture was calculated
CeO, nanoparticles based on XRD results and corrosion behaviour was evaluated by electrochemical imped-
Self-healing ance spectroscopy (EIS) and polarization measurements. Utilizing ultrasounds during
Surface characterization electrodeposition resulted in advanced properties of the nanocomposite coatings
Ultrasound compared to magnetic stirring. The particle content in the coatings increased to ~5 wt%

when ultrasounds were applied and ceria sol used as a source of particles. Presence of ceria
in composite coatings offered favourable action in corrosion behaviour increasing barrier
properties of composite coatings, thereby providing a prolonged lifetime of Zn—Co alloy
coatings. The benefit was more pronounced in the case of ceria sol, and deposition at
20 W cm ™2, when values of impedance modulus at low frequencies reached four times
higher values after 4 days exposure to 3 wt% NaCl solution than for coatings deposited with
magnetic stirring for both ceria source. The lowest value of corrosion current density
(2.15 pA cm~?) was determined for Zn—Co—CeO, (CeO, sol) composite coatings deposited
under 20 W cm 2 US power.
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1. Introduction

Coatings are widely used in various industrial areas for
improving a wide range of surface properties (i.e. hardness,
wear, corrosion resistance). Steel protection is mostly
accomplished by Zn and Zn-based coatings depending on the
final application. On one hand, large steel parts are mainly
protected by galvanizing, whereas small steel pieces are
commonly protected by Zn alloy coatings produced by elec-
trodeposition. Recently, a lot of attention has been paid to the
co-deposition of Zn with various micro/nanoparticles, in order
to tune the properties of metal matrix composite layers for a
variety of applications [1-6]. For instance, Zn-TiO, [7],
Zn—SiO, [3], Zn—Zr0O, [8] or Zn—Ni—Al,03 [9] are reported as
materials with enhanced hardness, wear and corrosion
resistance in comparison with the bare metallic coating.
Moreover, the incorporation of ceria (CeO,) particles into the
metal matrix [1,4,5], as corrosion inhibitor, results in an
improved corrosion resistance due to its ability to block
corrosion active sites and its self-repairing character. The
ceria particles actually might be a complex oxide containing
both Ce*" and Ce** [10—13]. Among different available coating
deposition routes, like PVD, CVD, plasma spaying, high ve-
locity oxygen fuel flame spraying, electrodeposition showed
several advantages including control of coating thickness,
versatility, high current efficiency and reasonable costs
together with the ability to deposit coatings on complex
shapes [14]. The main drawback in the incorporation of micro/
nano particles via electro-co-deposition processes is the low
dispersion stability of particles in plating baths due to their
high ionic strength [9]. Consequently, the agglomeration of
particles in such media is difficult to avoid. The most common
strategies carried out for minimizing particle agglomeration
are: magnetic and mechanical stirring [4], wet ball milling [15],
both prior and/or during electrodeposition. Lately, ultrasonic
agitation [16,17] has emerged as a promising method for pro-
moting the electrodeposition of nanocomposite coatings. The
ultrasounds applied during electrodeposition can enhance the
mass transfer, ensuring higher current efficiency [18,19],
cleaning the cathode and mitigating the porosity development
caused by hydrogen evolution. The use of ultrasounds allows
better dispersity of the second phase in the solution promot-
ing de-agglomeration, especially when very small particles are
used. Furthermore, the use of ultrasounds affects the quality
and properties of the produced coatings as they can facilitate
the incorporation of the particles in the composite coatings,
change the microstructure and reduce grain size. Contrary to
Zn-composite systems, very few works have been published
on Zn-alloy composites. Among Zn alloys, Zn—Ni composite
coatings [5,6,9] were mostly analysed but there are only few
reports on protective Zn—Co composite coatings [20,21]. To
the best of our knowledge, there are no publications on
Zn—Co—CeO, nanocomposite coatings available in the litera-
ture. Zn—Co coatings with low Co content exhibit good
corrosion behaviour, qualifying them as good alternative for
enhancing the durability of zinc coatings [21—-23].

In this work, in order to analyse corrosion behaviour of zinc
alloy composites, protective Zn—Co coatings containing ceria
nanoparticles were electrodeposited on steel substrates.
Ceria, a well-known corrosion inhibitor [10], was co-deposited
from 2 different sources: laboratory synthesized ceria sol, and
commercial ceria powder. According to literature [2—5,7-9],
metal oxide particles are mostly introduced in the platingbath
as powder nanoparticles, which are very prone to agglomer-
ation. Thus, the idea behind this work was to use an in-house
synthesized stable dispersion of ceria nanoparticles (sol) as a
source of ceria. The influence of the plating solution agitation
was studied in parallel by applying ultrasound (US), generated
by US horn, or by use of magnetic stirrer. Different US power
intensities were evaluated. Thus, a combination of ceria-sol
along with ultrasonic stirring was investigated for mini-
mizing the undesirable phenomenon of particle agglomera-
tion in composite plating baths.

2. Experimental
2.1. Characterization of the particles

Two ceria sources were used-ceria in the form of powder and
colloidal dispersion of ceria. The commercial ceria powder
used was produced by Merck.

Stable aqueous colloidal dispersion (sol) was prepared by
forced hydrolysis of precursor cerium (IV)-nitrate (Ce(NOsz),)
(1 N ag. solution) (Alfa Aesar). The ceria sol was prepared
following the procedure described by Stevanovi¢ et al. [10].
The sol was dialyzed against distilled water up to pH = 3.
Solid content was 2 g dm>. To obtain information about the
morphology, size and shape of the particles, the samples
were analysed by scanning electron microscopy (SEM, Ultra
Plus, Carl-Zeiss) and transmission electron microscopy
(TEM, Tecnai TF 20 X-TWIN operated at 200 kV and with
magnification 1025—-900 k respectively). The X-ray diffrac-
tion (XRD) patterns were recorded by Rigaku Mini Flex
diffraction instrument using the Cu 1 kW radiation. The
average crystallite sizes were calculated from the original
diffraction data according to the Scherrer equation [8]. The
solid phase from homemade ceria sol and ceria powder
samples were placed directly on the XRD measurements
holder. The scan range used was 10—100°, with 0.01° step.
The chemical composition and oxidation state of synthe-
sized ceria sol were analysed by X-ray photoelectron spec-
troscopy (XPS). The XPS analyses were carried out in a PHI
Versa Probell Scanning XPS system using monochromatic Al
Ko (1486.6 eV) X-rays focused to a 100 pm spot and scanned
over the area of 400 x 400 pm. The photoelectron take-off
angle was 45° and the pass energy in the analyzer was set
to 117.50 eV (0.5 eV step) for survey scans and 46.95 eV
(0.1 eV step) to obtain high energy resolution spectra for the
C 1s, O 1s, N 1s and Re 4f regions. Dual beam charge
compensation with 7 eV Ar* ions and 1 eV electrons were
used to maintain a constant sample surface potential
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Table 1 — Process parameters and plating bath composition.

Plating bath composition

Plating parameters

ZnCl,: 0.1 mol dm—3

H3BO3: 0.8 mol dm 3

KCl: 3 mol dm 3

CoCl,-6H,0: 0.03 mol dm >

CeO, (sol and powder): 0.0116 mol/dm >

Current density: 2 A dm 2

Temperature: 24 + 2 °C

Deposition time = 30 min

Stirring: magnetic stirring 300 rpm or ultrasound stirring produced by
ultrasonic horn, placed between cathode and anode, avoiding shielding
(Hielscher Ultrasonics GmbH) with a sonotrode S14 (14 mm tip diameter))

(20 and 30 W cm ?)

Cathode: low-carbon steel (AISI-1010) flat panels (plating area
1 cm x 2 cm)

Anode: two anodes of pure zinc (1 cm x 2 cm)

pH=3

regardless of the sample conductivity. All XPS spectra were
charge referenced to the unfunctionalized, saturated carbon
(C—C) C 1s peak at 285.0 eV. The operating pressure in the
analytical chamber was less than 3 x 10~/ mbar. Deconvo-
lution of spectra was carried out using PHI MultiPak soft-
ware (v.9.9.0.8). Spectrum background was subtracted using
the Shirley method.

2.2. Deposition and characterization of the Zn—Co—CeO,
coatings

The deposition of the Zn—Co—CeO, composite coatings was
carried out galvanostatically; composition and plating pa-
rameters are summarized in Table 1.

The deposition was carried out in a double-jacket glass cell
(0.200 dm—3) with precise electrolyte temperature control. The
schematic presentation of sonoelectrochemically co-
deposition of Zn—Co with ceria particles is shown in Fig. 1.
When the power source was turned on, the electric field was

® -Co
®-2In
O -Ce0,
@ - Zn-Co

Fig. 1 — Schematic presentation of the co-deposition
process of Zn—Co—CeO, composite coatings in the
presence of US horn; 3-electric double layer.

established between anode and cathode. Metal ions (Zn?* and
Co?"), and positively charged ceria particles, were transported
towards cathode surface by electric force and stirring. The ul-
trasonic stirring of the plating solution enhances the transport
of particles towards the cathode, most significantly in com-
parison to magnetically stirring. The Zn?" and Co®" ions are
smaller compared to the ceria particles and thus easily adsor-
bed and reduced on the cathode surface. Ceria particles were
first weakly adsorbed onto the cathode and then entrapped by
the growing Zn—Co metal matrix [24]. The commercial CeO,
powder and synthesized CeO, sol were used as the source of
ceria particles in the different plating solutions. When sol was
used, all bath components were dissolved into the prepared
ceria sol solution. On the other hand, when ceria powder was
used as source of the particles, all components were dissolved
in double distilled water and pH was adjusted to 3. Before
deposition, the plating solutions were agitated by magnetic
stirring for 24 h. The morphology and composition of the ob-
tained coatings were analysed by Ultra Plus, Carl-Zeiss scan-
ning electron microscopy coupled with an Ametek® EDAX,
APOLLO X energy dispersive spectroscopy probe. Crystallinity
of the coatings was studied by D8, Bruker X-ray diffraction
using the CuKa radiation in the Bragg—Brentano geometry.
Corrosion behaviour of deposited composite coatings in 3 wt%
NaCl was examined by electrochemical impedance spectros-
copy, by Reference 600 potentiostat/galvanostat/ZRA Gamry
Instruments. For these measurements, deposition time was
calculated according to Faradays' law in order to obtain 10 um
thick coatings. The corrosion tests were performed at room
temperature (RT) in three-electrode corrosion cell. The com-
posite coating was working electrode (1.0 cm? area), a platinum
grid was used as counter electrode and saturated calomel
electrode was the reference electrode. Electrochemical
impedance tests were performed at open-circuit potential, 100
kHz—0.01 Hz frequency range, with 10 mV amplitude and 7
points/decade. The polarization measurements were per-
formed after establishing stable open circuit potential
(~60 min), with the scan rate of 0.25 mV s~ .

3. Results and discussion
3.1. Particles characterization

The ceria particles in sol (aqueous colloidal dispersion) were
well dispersed and stable showing high positive surface
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charge (Z-potential 51.2 + 0.5 mV), as reported in previous
research [10]. The sol particles exhibited monomodal and
narrow size distribution (PSD) in approximate range of
30—110 nm, with average size for hydrodynamic diameter of
Zaver. 60 nm [10]. The diffraction patterns for the commercial
CeO, powder and solid phase of synthesized ceria sol were
compared in the whole compositional range and results are
shown in Fig. 2. According to XRD diagrams, both analysed
samples are single-phased CeO, since no additional peaks
relative to other phases were present. The peaks shown in
XRD spectra in Fig. 2 were indexed as cubic phase typical for
the fluorite ceria structure (space group: Fm3m, JCPDS 34-
0394). Additionally, both examined samples displayed the
peaks that match (111), (200), (220), (311), (222), (400), (331),
(420), (422) and (333) planes, confirming the cubic fluorite
structure of CeO, in the standard data. It is clearly seen that
reflection peaks for the homemade particles were broader
and of weaker intensities compared to commercial ceria
particles, suggesting smaller crystallite size and lower

a) CeO, sol-solid phase
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Fig. 2 — XRD pattern of a) solid phase of synthesized ceria
sol b) commercial ceria powder.

crystallinity [25,26]. The average crystallite size, calculated
according to the Scherrer equation [8], of the synthesized
ceria (solid phase) sample was 4 nm whereas the commercial
ceria powder showed sizes of 35 nm, more than 8 times
bigger than the former. The morphology of the ceria powder
is shown in Fig. 3. The small particles of different sizes, in a
nanometre range, could be clearly seen in Fig. 3a, supporting
XRD results. Some of the particles are packed in small ceria
clusters/agglomerates, observed as white forms in Fig. 3a.
The SEM micrograph of ceria powder at different spots
(Fig. 3b) reveals the presence of larger agglomerates, as well.
Agglomeration is a well-known phenomenon occurring in
nanosized powders, due to the tendency of very fine particles
to minimize the surface energy by clustering [27]. The size
and morphology of the ceria particles in sol were examined
using TEM. Fig. 4a shows the bright-field TEM image of the
synthesized ceria sample. Notably, numerous clear particle
boundaries could be observed within individual particle
aggregate showing size up to 30 nm, demonstrating that each
one is actually composed of smaller units. This is in line with
particle size distribution (PSD) analysis, which measured
hydrodynamic size of particles, thus the dimensions were
somewhat bigger [10]. Hence, ceria particles also showed a
strong agglomeration tendency during dehydration. TEM
study (Fig. 4b) confirms the presence of the very small crys-
tallites in the size range of 2—5 nm, as building units of bigger
particles. These observations are in good agreement with
crystallite size calculated based on XRD results. The crys-
talline structure was evaluated by selected area electron
diffraction (SAED) analysis (Fig. 4c). The SEAD pattern of the
synthesized ceria particles revealed a succession of bright
diffraction rings pointing to its polycrystalline structure. The
broadening of the diffraction rings indicates very small par-
ticles highlighting the nanocrystalline nature of the particles
[28,29]. All the diffraction rings can be indexed to the cubic
CeO, phase, confirming the assumption from the XRD data.
Determined interplanar spacing, (dmky) from the SAED
pattern was in good agreement with gained XRD results as
well as the standard data, as shown in Table 2. In order to
study also the valence state of cerium in the synthesized
ceria sol particles, the XPS measurements were performed.
As already mentioned, both Ce*" and Ce*" oxidation state are
present in ceria particles [10—13,30—35], and the amount of
Ce>" increases with decreasing size of particles [12,13]. It was
important to detect and determine the presence and amount
of the Ce*" ions in ceria particles because they greatly affect
the properties of the material. Namely, the increase in Ce*"
concentration causes increase in oxygen vacancies concen-
tration and unsaturated bonds, which are responsible for
various applications of ceria, i.e. fuel cells, advanced cata-
lytic, photocatalytic, medical [11-13,33—37]. Besides, the
Ce®'ions in ceria particles play an important role in
advanced corrosion protection of ceria doped coatings and
imparts self-healing effect [35—37]. The Ce3d and O 1s spec-
trum of synthesized ceria sol obtained by XPS spectra are
presented in Fig. 5. The Ce3d spectrum confirms the presence
of both Ce*" and Ce®" state, where spin-orbits labelled as v,,
v/, u’ at 881.5, 884.4 and 902.5 eV correspond to Ce**, while v,
v, v"”, u, u”, u” at 882.6, 888.9, 898.8, 900.8, 907.8, 917.2 eV are
attributed to Ce*". Following the calculation procedure
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Fig. 3 — Micrographs of CeO, powder showing: (a) smaller and (b) bigger ceria clusters/agglomerates.

presented in [33], the significant amount of Ce*" in ceria sol
nanoparticles was determined (27%), leading to Ce®/Ce*"
ratio of 0.37. The O 1s spectrum was resolved into tree peaks.
The peaks at high binding energy (531.3 and 533.5 eV)
correspond to organic C—O and C=0 bonds and the peak at
low binding energy (529.1 eV) corresponds to O—Ce bond [38].

3.2. Characterization of Zn—Co—CeO, nanocomposite
coatings

3.2.1. Coatings morphology

The morphology and cross section of composite coatings,
electrodeposited galvanostatically from different CeO, parti-
cles sources and different type of stirring, are shown in Fig. 6.
The influence of the agitation type on the appearance and
structure of composite coatings is clear. Electrodeposition
with magnetic stirring results in heterogeneous and irregular
structure of the composite coatings, resulting in the formation
of different patterns, for both types of ceria particles sources
as can be seen from Fig. 6. When ceria powder is used, large

agglomerates are visible in top-view of the coatings, thus
indicating that magnetic stirring was not sufficiently powerful
for de-agglomeration purposes (insert in Fig. 6a). The protru-
sion clusters visible on the top of the coating are made of
many small needle-like crystals. The cross section (Fig. 6b)
images reveal the irregular growth of the coating and its
highly porous nature. When ceria sol was used, more homo-
geneous microstructure was observed derived from the
absence of large agglomerates due to uniformly distributed
particles, although it remains porous as can be noticed in top
surface view (Fig. 6g). The cross section analysis (Fig. 6h) in-
dicates the coarse growth and low compactness of the ob-
tained coating. The 3D irregular growth of the coatings
obtained by magnetic stirring (Fig. 6b and h) is related to the
non-uniform distribution of electric field. When any protu-
berance is formed on the growing surface, the ions are pref-
erentially reduced on such bulges due to “tip discharge effect”
[24,38] resulting in larger nodules during advancement of the
deposition time. When sonoelectrodeposition (20 W cm™2)
was applied, the enhancement in quality and morphology of

Fig. 4 — TEM image of the prepared ceria nanoparticles (CeO, sol) at different magnification: a) and b), c) SAED pattern.
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Table 2 — Determined interplanar spacing (dnwy) (nm)),

obtained from SAED pattern (shown in Fig. 4c) and XRD
results of ceria particles in sol.

SAED results XRD results

Standard data
(JCPDS 34-0394)

Diffraction d(hkl) 29(0) d(hkl) 29(0) d(hkl) hkl
ring (nm) (nm) (nm)

R, 03352 2902 03074 2867 03114 (111)
R, 0.2977 33.67 0.2659 33.22 0.2695 (200)
R3 0.2094 47.74 0.1903 47.69 0.1905 (220)
Ry 0.1791 56.18 0.1635 56.59 0.1625 (311)

both coating systems was visible (Fig. 6¢ and i). The surface
was flat, uniform and compact. No voids, cracks or other de-
fects were noticeable. The cross sectional view confirmed
dense, fully adhered coatings, and uniformly deposited
throughout the substrate. When the ultrasound field is
established in the plating electrolyte, various cavitation phe-
nomena could be induced (i.e. micro-jetting, acoustic
streaming, shock waves, etc.), enhancing the mass transfer
during the electrodeposition process [18]. As a result, the
surface of the cathode is cleaned by hydrogen bubbles. Thus,
the obtained coating is denser and smoothly finished. The
ultrasound applied enables the de-agglomeration of ceria
powder particles and also depresses (re-)aggregation aided by
the existence of micro-turbulence in solution. Accordingly,
the presence of high speed bubbles is capable of breaking
strong van der Waals forces existing among particles in ag-
glomerates, as proven by absence of large agglomerates when
ceria powder is used (Fig. 6¢). Therefore, the US promotes good
dispersion of particles and maintains the overall homogeneity
of the plating solution. The ultrasound affects also the grain
size of the produced nanocomposite coatings as can be seen

a)
5
=,
=
w2
<
g | |
||
Ce 3d
930 920 910 900 890 830 870

Binding energy [eV]

from the FESEM images. The grain size is reduced due to the
influence of above mentioned cavitation related effects. The
applied ultrasounds produce vesicles which hit the surface,
modifying the cathode surface, making it rougher and
increasing the number of active sites on the cathode and, as a
consequence, the nucleation is faster and the grain size of the
deposits smaller (Fig. 6¢c and i). In addition, when using ul-
trasounds during electrodeposition both, the metal ions and
ceria in the solution are transported faster towards the elec-
trode surface where nanometric particles are easily and uni-
formly adsorbed onto the growing crystals, like schematically
presented in Fig. 1, hindering their further growth and
resulting in smaller grain size. Although the use of ultrasound
improved the structure of the Ce-containing coatings
compared to magnetic stirring results, a beneficial influence of
the ceria sol addition was also visible. The Zn—Co—CeO, (CeO,
sol) coating (Fig. 6j) was more compact, and void-less
compared to Zn—Co—CeO, (CeO, powder) (Fig. 6d). However,
the increase in ultrasound power from 20 to 30 W cm? resulted
in the increase in the grain size and formation of a rougher
microstructure regardless the source of ceria particles (Fig. 6e
and k). However, the decrease in homogeneity and compact-
ness was more pronounced when ceria sol was used (Fig. 6k,1
compared to Fig. 6e,f). This effect could be due to highly forced
convection in plating solution, resulting in formation of
increased number of “bubbles” in solution which violently
strike the growing coating [7,16,23]. The composition of the
obtained composite coatings was determined by EDS and the
results are shown in Table 3. For ceria-sol based composite
coatings the higher the ultrasound power the higher the
content of Ce in the coatings (i.e. CeO, particles). Conversely,
when composite coatings were deposited from a solution
containing ceria powder as a source of Ce, the content of Ce
was lower for higher ultrasound power. Two phenomena

by, -~

Intensity [a. u.]

O Is

538 536 534 532 530 528 526 524

Binding energy [eV]

Fig. 5 — XPS spectrum of ceria particles, a) Ce3d spectrum, b) O 1s spectrum.
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Fig. 6 — FESEM micrographs of the Zn—Co—CeO, (CeO, powder) and Zn—Co—CeO, (CeO, sol): a) magnetic stirring, b)
20 W cm ™2, and c) 30 W cm 2 of US power.
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Table 3 — The chemical composition of Zn—Co—CeO, composite coatings (wt%).

Element/Compound Zn—Co—CeO; (CeO, sol) Zn—Co—CeO, (CeO, powder)
Magnetic stirring 20Wcm ™2  30Wcm 2  Magnetic stirring 20 Wem™2 30 W cm ™2

Co 1.58 3.27 4.27 1.88 2.77 2.42

Ce 2.25 3.06 4.97 1.00 2.05 0.95

could be supposed during deposition related to larger ceria
particle size.

Namely, the too strong agitation caused collisions between
the particles and the growing layer (Fig. 7a), so the great
number of particle was bounced off the surface (Fig. 7b). Be-
sides, the applied high ultrasound power can easily remove
the weakly adsorbed larger particles (Fig. 7c) from the cathode
surface [39] before they become incorporated into a growing
layer drawing them back into the solution (Fig. 7d). Table 3
therefore confirms that small ceria sol particles were more
easily incorporated into the growing coatings, resulting in
greater cerium content. Both sol and US were also beneficial
for Co incorporation.

On the basis of the results presented in Table 3, it could be
concluded that the deposition of Zn—Co—CeO, composite
coatings was of anomalous type [14,40]. Namely, the Co con-
tent in the coatings is ranging from 1.5 to 4.3 wt%, which is
well below the amount of 23.1 wt%, that corresponds to a
composition reference line (CRL). The CRL represents the ratio
of Co to the overall amount of Co and Zn in the plating solu-
tion [40]. According to Brenner [40] such behaviour indicates
the preferential deposition of less noble element, Zn.

3.2.2.  XRD characterization

XRD diffractograms of the Zn—Co—CeO, composite coatings
are shown in Fig. 8. All obtained diffractograms consisted of
peaks corresponding to n-Zn phase, due to low content of Co
which is completely dissolved in Zn lattice, in accordance
with other reports [41—44]. The ceria related peaks were not
detected by XRD method, as expected, due to the small
amount of the incorporated particles (for both ceria sources
used) which lies below 5 wt% resulting in the absence of the
corresponding diffraction peaks as reported elsewhere
[45—47]. Nevertheless, the presence of cerium was confirmed
by EDS analysis, as shown in Table 3. However, the incorpo-
ration of ceria particles in Zn—Co alloy caused perturbation in
crystal lattice and, as a consequence, the shift in the peaks 260

®-Co O-CeO,
®-Zn ®-27Zn-Co

values was noticed. This shift was more pronounced for de-
posits with greater amount of incorporated ceria (20 and
30 W cm 2 US power, CeO, sol). The (002) peak in XRD pattern
of Zn—Co alloy deposited under magnetic stirring was posi-
tioned at 206 = 36.237° [23], while the same peak is present at
26 = 36.206° and 26 = 36.194° when ceria was incorporated as
powder and sol, respectively. The shift to lower 26 values was
more pronounced with higher amount of incorporated ceria.
When 30 W cm 2 US power was applied, the (002) peak in XRD
pattern for Zn-Co [23] appeared at 260 = 36.193°, however, for
nanocomposite containing 4.97 wt% of CeO, (30 W cm~2 US
power, CeO, sol), the peak was shifted towards lower angle
values reaching 26 = 36.152°. The same shift direction was
noticed for (101) plane, from 43.165° for Zn-Co [23] to 43.084°
for composite coating, and (112) plane displacement from
82.231° to 82.227°. Such results confirm that presented shift is
a consequence of incorporated particles, and more pro-
nounced when amount of particles is higher.

In order to examine the crystal preferential growth of the
composite coatings, the relative texture coefficient (RTC) was
calculated according to Berube method, described in detail in
[48] and the results are presented in Fig. 9. Seven reflections
were analysed in this work, and if the preferred orientation is
present the RTC coefficient is higher than 14.3% (value marked
by horizontal line in Fig. 9); when RTC value is lower than
14.3% the crystals are randomly orientated. The incorporation
of the particles into the deposit has a large influence on the
preferred orientation of the coatings [8,42,49]. The magnetic
stirring of plating solution during deposition of Zn—Co alloy
resulted in random orientation of crystals in Zn—Co alloy, as
shown in [23]. When ceria particles in the form of powder
were incorporated (Fig. 9a), the texture changed from random
to prismatic (100) (RTC = 31%) along with pyramidal (101)
planes with lower RTC value (19.7%). Applied ultrasound
(20 W cm~?) during electrodeposition of Zn—Co alloy resulted
in increase of RTC value of (112) plane, but with significant
contribution of (101), (100) and (002) planes [23]. When ceria

Fig. 7 — Schematically presentation of negative influence of too powerful agitation on powder particles.
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Fig. 8 — XRD diffractograms of the a) Zn—Co—CeO,(CeO sol) and b) Zn—Co—CeO, (CeO, powder) composite coatings obtained
by different agitation methods: magnetic stirring, 20 W cm~2 and 30 W cm~2 ultrasound intensity.

particles originating from ceria sol were incorporated in
Zn—Co alloy under the same plating conditions, 42.6% of
crystal were orientated parallel to (112) plane (Fig. 9b). During
the formation of nanocomposite coatings, the pyramidal de-
posit texture promotes a less ordered growth and those de-
ficiencies promote keeping the particles on the electrode
surface for longer times and, subsequently, facilitating their
incorporation in the growing metal layer. When ceria com-
mercial powder was used as a source of the second phase in
the plating solution, pyramidal preferential orientation was
not sufficient to enhance the incorporation of ceria particles in
deposit, most likely due to ease of removing the ceria ag-
glomerates from the electrode surface by applied ultrasound
intensity. Based on the calculation of the crystal size (Scherrer
equation [8]), the nanocrystalline size for all composite coat-
ings was confirmed. The incorporation of ceria particles into
Zn—Co matrix caused the small change in grains size. Namely,
the crystallite size of Zn—Co matrix deposited under magnetic
stirring was 31 nm [23], and when ceria was incorporated as
ceria powder and ceria sol, the calculated grain size was 28 nm
and 26 nm, respectively. When 20 W cm 2 ultrasound power
was applied the matrix grain size [23] was considerably
decreased to 22 nm and similar result was obtained for com-
posite coatings: 21 nm Zn—Co—CeO, (CeO, powder) and 20 nm
Zn—Co—CeO, (CeO; sol). The increase in ultrasound power

a)

Zn-Co-Ce0, (CeO, powder)
[ ] magnetic stirring

304

RTC /%

204

(002) (100) (101) (102) (103) (110) (112)

b) 507 [Zn-Co-Ce0, (CcO, sol)
[ magnetic stirring
40 (20 W cm?
30 Wcem?
30
N
2 201
54
104

(30 W cm™?) resulted in Zn—Co deposits with the 39 nm grains
[23] and when particles were incorporated as powder and sol,
the grains were 29 nm and 25 nm, respectively.

3.2.3. Corrosion resistance evaluation

The corrosion resistance of the Zn—Co—CeO, nanocomposite
coatings was evaluated using electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization mea-
surements in 3 wt% NaCl solution. The EIS was followed
during 7 days (168 h) for all samples except for Zn—Co—CeO,
(CeO, powder) deposited under magnetic stirring, since the
appearance of red rust was visible on this sample already after
4 days, suggesting degradation of the coating and corrosion of
the steel substrate. Such a fast failure was due to the rapid
ingress of corrosion agent through a porous structure of this
sample (Fig. 6a,b). The Nyquist plots shown in Fig. 10 reveal
two depressed semi-circuits, indicating the deviation of the
ideal dielectric behaviour. The nanocomposite coatings
deposited with magnetic stirring showed the impedance arc
depression, suggesting progress of corrosion and poor pro-
tective ability of these coatings, which could be expected
based on their porosity and heterogeneous morphology, as
shown by FESEM (Fig. 6a,d). The impedance of sonoelec-
trodeposited nanocomposite coatings increases with immer-
sion time, indicating their good corrosion resistance. All

0
(002) (100) (101) (102) (103) (110) (112)

Fig. 9 — Relative texture coefficient of a) Zn—Co—CeO, (CeO, powder) and b) Zn—Co—CeO, (CeO, sol), obtained by different

types of agitation.


https://doi.org/10.1016/j.jmrt.2021.05.064
https://doi.org/10.1016/j.jmrt.2021.05.064

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;13:1336—-1349

1345

a) o

2004 Gy

400 600 800 1000
Z /Qecm?

real

0 200

96 h

Zn-Co-CeO, (CeO, powder)

= magnetic stirring

® 20Wem®
30 W em®

Zn-Co-Ce0, (CeO, sol)

o ma ming
G 1000_ b ZUKV em® )

< 30Wem®

0 200 400 600 800 1000 1200 1400 160¢
Z /Qcm’

real

~

b 1600
72h
1400 4 7Co-Ce0. (€0, powden
™ magnetic stirring
E ® 20Wem®
3] 12001 30Wem®
Zn-Co-CeO, (Ce0, sol)
G 10004 v mae i
~ 20W em
= < 0Wem® e’
£ 800
N— .
.
. 6004 e 5 a
e <
400+ PR

&
2004 &
0 200 400 600 800 1000 1200 1400 1600
Z /Qem’

real

1200
168h

[n-('w(‘c(): (CeO, powder)
10004 w 20wem®

«~ ® 30Wem?®

600 800 1000

Z /Qcm?

real

1200

Fig. 10 — Nyquist plots for a) 24 h; b) 72 h; c) 96 h; d) 168 h exposure of Zn—Co—CeO, (CeO, powder) and Zn—Co—CeO, (CeO,

sol) coatings to 3 wt% NaCl solution.

examined ceria-doped samples showed up to five times
higher impedance as compared to pure Zn—Co alloy coatings
deposited at same conditions [23]. The values of impedance
modulus at low frequencies can be ascribed to processes on
the steel/coating interface, such as the formation of a film of
corrosion products, which may slow down the corrosion by
partially blocking the diffusion of corrosion agents to the
interface [35,50—52]. They could be used as effective tool for
determining the corrosion resistance of the system. The
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—#— magnetic stirrer
®—20Wem?
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Zn-Co-Ce0, (CeO, sol )

—W¥— magnetic stirrer
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80 100 120 140 160 180
t/h

0 20 40 60

Fig. 11 — The impedance modulus values at low frequency
(0.01 Hz) vs. immersion time in 3 wt% NaCl.

values of impedance modulus at 10 mHz (Z,,,q = 10 mHz) are
shown in Fig. 11. As can be seen, all coatings showed slight
decrease in Zoq = 10 mHz value during first 24 h in NaCl so-
lution, except of Zn—Co—CeO, (CeO, sol) under US power of
30 W cm 2. The smallest Z,,,0q = 10 mHz values were obtained
for the Zn—Co—CeO, composite coatings deposited under
magnetic stirring of plating solution, regardless of the source
of ceria particles, throughout all immersion period. Such
behaviour could be expected based on the poor compactness
of these deposits, as shown by FESEM results. Yet, the
Zn—Co—CeO, (CeO; sol) system lasted 3 more days in corro-
sion media without red rust formation on the surface as
compared to Zn—Co—CeO, (CeO, powder). The prolonged im-
mersion life of this coating resulted from the higher amount of
smaller and more uniformly distributed CeO, particles (from
ceria sol) in coatings which are able to reduce the diffusion
paths for corrosion agents due to blockage effect. However,
the corrosion rate depends also on coatings defects (porosity,
crystal defects, voids, etc.) so the higher defects density of
coating systems obtained under magnetic stirring is respon-
sible for the low Z,.,s = 10 mHz values. The sonoelec-
trodeposited composite coatings showed the increase in Zoq
= 10 mHz value after 24 h in corrosion media, and this was
particularly pronounced when 20 W cm 2 of ultrasound power
was applied (for both ceria sources used). The Z,,q = 10 mHz
values of Zn—Co—CeO, (CeO, sol, 20 W cm™?) increased up to
96 h of immersion in NaCl solution to ~ 2000 @ cm?, being four
times higher than for coatings deposited with magnetic stir-
ring for both ceria source (plateau of below 400 Q cm?), and


https://doi.org/10.1016/j.jmrt.2021.05.064
https://doi.org/10.1016/j.jmrt.2021.05.064

1346

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;13:1336—-1349

Zn-Co-CeO, (CeO, powder)
= — magnetic stirring
« 20Wem?

094 —* 30wem?

anapagAna

E/V vs. SCE
5

2. P s | [
-1.3
8 7 6 5 4 3 2
log i/ A cm™)
a)

-0.8- Zn-Co-CeO, (CeO, sol)
—=»— magnetic stirring
20.94 —+20Wcem?
%) <30 W em?
@ 104
(2]
>
> -1.14 oY
W -1.2 T
-1.34
8 7 6 5 -4 -3 2
log i/ A cm™)
b)

Fig. 12 — Polarization curves of: a) Zn—Co—CeO, (CeO, powder) and b) Zn—GCo—CeO, (CeO, sol) for different agitation modes.

then gradually decreased during further immersion time.
However, the Z,,,g = 10 mHz values were still higher compared
to other samples, suggesting the improved corrosion resis-
tance of this coating. It showed the most uniform and dense
structure (Fig. 6e,f), with the higher amount of incorporated
ceria particles compared the Zn—Co—CeO, (CeO, powder)
coatings. The high increase in protective ability of this system
after the onset of corrosion processes (during first 24 h in NaCl
solution) could be related to the self-healing effect provided by
ceria particles [35,51]. Namely, it is possible that small ceria
particles migrate and precipitate on the active corrosion sites,
providing self-healing action. In our previous research [10] it
was shown by the means of in situ AFM that this process is
dynamic in nature, i.e. nanosized particles, that formed thin
ceria layer on the metal substrate, detached and rearranged in
real time while submerged in NaCl. Besides, reduction of CeO,
to Ce,03 occurs in corrosion media, so that Ce,0O5 as soluble
compound could release the Ce*" ions into the solution [53]
providing a self-healing action. The XPS analysis confirmed
that a significant amount of Ce*" was present in the synthe-
sized ceria sol. Due to diffusion the Ce*" ions reached the
corroding area and formed thermodynamically favourable
cerium-hydroxide (Ce(OH),) and oxide (CeO,-2H,0) [53],
slowing down the advancement of corrosion. This phenom-
ena was not observed in Zn—Co alloy coatings [23], confirming
the beneficial role of ceria in improving corrosion protection.

Table 4 — The values of corrosion potential, E.o,, and

corrosion current density, jcorr, for Zn—Co—CeO,
composite coatings.

Coating Agitation e —Ecorr
mode (nA V)
cm?)

Zn—Co—CeO, (CeO, Magnetic stirring ~ 12.7 1.168
powder) 20 W cm 2 10.7 1.035
30 Wem 2 9.57 1.038
Zn—Co—CeO, (CeO, sol)  Magnetic stirring  8.40 1.179
20 W cm 2 3.15 1.136
30 Wem ™ 7.40 1.110

Self-healing occurred in other composite samples as well, but
the effect was less pronounced, since the corrosion resistance
is actually interrelated between ceria content and coating
morphology. So, the presence of ceria in composite coatings
based on Zn—Co alloy offered two favourable actions in
corrosion behaviour, increased barrier properties of compos-
ite coatings and self-healing effect, thereby providing a pro-
longed lifetime of Zn—Co alloy coatings.

Besides the electrochemical impedance spectroscopy tests,
the polarization measurements were also performed. The
Tafel polarization diagrams are presented at Fig. 12 and
corrosion parameters calculated using Tafel extrapolation
method (corrosion current density (jeorr) and corrosion po-
tential (Ecor), are summarised in Table 4. The corrosion po-
tential of Zn—Co—CeO, (CeO, powder) coating, produced
under magnetic stirring, shifted from —1.168 V to more posi-
tive values when US was applied: —1.035 V and —1.038 V for
20 W cm 2 and 30 W cm 2, respectively. The corrosion current
density changed from 12.7 pA cm™? (magnetic stirring) to
9.57 uA cm~2 (20 W cm~2 US power). Better protective prop-
erties of composite coatings obtained with utilizing sol were
confirmed by their lower corrosion current densities. The
lowest value of 3.15 pA cm 2 was determined for Zn—Co—CeO,
(CeO, sol) composite coatings deposited under 20 W cm ™2 US
power. These results correlate well with the ones obtained EIS
results, suggesting the increase in corrosion resistance for the
composite coating where ceria sol is used as particles source
and the deterioration of corrosion resistance with increase in
ultrasound power.

4, Conclusions

Zn—Co—CeO, nanocomposite coatings were successfully
electrodeposited on steel substrates. The source of ceria par-
ticles used in the plating solution along with type of agitation
was shown to be crucial for the coatings performance. The
synthesized ceria sol nanoparticles were more uniformly
distributed in the plating solution and incorporated in the
coating compared to ceria powder. The ultrasound (US)
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agitation proved to be a better approach than magnetic stir-
ring to provide powder de-agglomeration and suppress the
formation of large particle aggregates in the plating solution
(i.e. enabling homogeneous dispersion of particles). Never-
theless, the US agitation was not powerful enough to
completely suppress the agglomeration phenomena in ceria
powder, but when accompanied with utilizing ceria sol, better
results could be achieved. The incorporation of ceria particles
in Zn—Co matrix under magnetic stirring resulted in change of
the deposit texture, i.e. from random oriented crystal to
prismatic growth. Under ultrasound agitation the pyramidal
preferential growth of deposit was favoured, which was
beneficial for incorporating higher content of particles into the
Zn—Co layer. The morphology of the composite coatings was
improved by applied ultrasound power, especially 20 W cm 2
and coatings with the homogenous surface finish, without
defects were produced. The use of the higher US power
(30 W cm™?) degraded the final coatings properties, i.e.
compactness was deteriorated and, in turn, corrosion resis-
tance. The most corrosion stable coating was shown to be
Zn—Co—CeO, sol-derived coating, deposited under 20 W cm 2
ultrasound power.
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