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Abstract 
Achieving the superior properties of nanocomposite materials involves addressing several 
challenges, particularly the agglomeration of nanoparticles in the plating bath. This study 
focuses on the electrodeposition and characterization of Zn-Co-CeO2 composite coatings 
using a particle-free plating bath, an effective strategy for mitigating agglomeration. For 
comparison, the composite coatings were also deposited from a traditional biphasic 
plating solution. The coatings were deposited galvanostatically at various current 
densities. Scanning electron microscopy revealed that using a particle-free plating 
solution in conjunction with lower current densities enhanced the compactness and the 
overall quality of the coatings. Lower current densities favoured the codeposition of 
particles, as indicated by energy-dispersive X-ray spectroscopy results. Notably, the 
coatings produced from the particle-free bath exhibited significantly improved corrosion 
resistance and durability in chloride-rich environments, attributed to their self-healing 
properties, as shown by electrochemical impedance spectroscopy. 
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Introduction 

The electrodeposition of nanocomposite coatings has emerged as a significant area of research 

within materials engineering, owing to their versatile applications and the ability to tailor properties 

for specific uses. While various methods exist for producing nanocomposite coatings, 

electrodeposition offers distinct advantages, including operation at room temperature, precise 

control over coating thickness, applicability to complex geometries, and reduced equipment costs.  

However, the electrochemical deposition of composite coatings is influenced by numerous 

parameters. These include the composition of the deposition solution (specifically the concentration 

of metal ions and particles), characteristics of the particles (such as size, shape, and surface charge), 

the presence of additives, pH levels, and deposition parameters (including deposition mode, potential, 

current density, temperature, and agitation) [1-10]. Additionally, the geometry of the electrodes and 

the deposition solution plays a critical role in the process. A significant challenge in electrochemical 

deposition is the low dispersion stability of particles in high ionic strength solutions, which can lead to 

particle agglomeration in biphasic media [11-14]. To mitigate this issue, several techniques have been 

employed, including mechanical mixing and wet ball milling prior to or during deposition. Ultrasonic 

mixing has also proven effective in preventing agglomeration and enhancing the properties of 

nanocomposite coatings [15-22]. Nonetheless, despite these methods, the inherent tendency of 

nanoparticles to agglomerate poses ongoing challenges, often resulting in rough, porous, and poorly 

distributed coatings. This non-uniformity can induce microstress in the coating and reduce key 

properties such as hardness, wear and corrosion resistance.  

In terms of corrosion protection, ceria particles have demonstrated efficacy as corrosion 

inhibitors and are frequently integral to self-healing materials [23-29]. Self-healing materials are 

categorized as smart materials capable of autonomously repairing microscopic damage without 

external intervention. This inherent ability to self-repair enhances the longevity and durability of 

materials, making ceria-based composites particularly valuable in applications requiring sustained 

performance under harsh conditions. Ceria conversion films deposited via cathodic 

electrodeposition on steel, aluminium, pure zinc and zinc alloys exhibit high corrosion resistance 

[30,31]. Moreover, Zn-CeO2 composite coatings demonstrate enhanced corrosion protection 

compared to pure zinc coatings [32-34]. The incorporation of ceria into the zinc and zinc alloy matrix 

imparts self-healing properties, which are critical for addressing the primary limitation of zinc 

coatings: their durability in corrosive environments.  

Thus, the goal of this study is to produce Zn-Co-CeO2 composite coatings from a particle-free 

deposition solution and to compare their morphology, composition, and corrosion resistance with 

those of coatings produced from biphasic solutions. This approach may address the main challenge 

in the composite production field, particle agglomeration and enhance the overall performance of 

composite coatings. Also, the aim of this study is the optimization of the deposition current density, 

which is a critical parameter influencing the amount of particles incorporated into the metal matrix 

[35-37]. While it is generally observed that particle content tends to increase with increasing current 

density and particle loading in the bath until a saturation point is reached, establishing a direct 

correlation between current density and particle content can be complex and may vary significantly 

based on the specific particles used. In some cases, the incorporation rate of particles may 

continuously decrease or display a peak as current density increases [12,38,39]. This behaviour is 

closely related to the dynamics of metal deposition and highlights the need for careful optimization 

to achieve the desired particle distribution within the coating and final properties of the coating. 
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Experimental  

The preparation of AISI-1010 steel plates for the coating deposition process involves several 

steps. Initially, the steel is ground using silicon carbide abrasive paper of varying grits (No. 600, 800, 

1000). This is followed by rinsing with distilled water, degreasing in a saturated NaOH solution in 

ethanol for 30 seconds, and then rinsing again with distilled water. The substrates are then etched 

in a HCl:H2O (1:1 v/v) solution for 30 seconds and subsequently rinsed with distilled water. 

Composite coatings are deposited at various current densities: j = 1, 2, 3, 5, and 8 A dm-². A zinc 

anode with a purity of 99.99% is employed during the deposition. Two distinct solutions containing 

different sources of cerium ions (pH 5.5) are used. All used chemicals were analytical grade and 

produced by Sigma Aldrich. Both deposition solutions contain the following components: 0.1 M 

ZnCl₂; 0.8 M H₃BO₃; 3 M KCl; 0.03 M CoCl₂. In particle-free solution, 2 g/L of CeCl₃ is added, while 

the biphase solution contains 2 g/L of solid CeO₂ particles (particles size <50nm, according to 

producer). The plating solutions were stirred during the deposition by a magnetic stirrer at 300 rpm 

in order to minimize particle agglomeration. Also, the solutions were stirred for 10 minutes before 

electrodeposition to ensure the homogeneous distribution of particles in the plating solution 

throughout the deposition process. The deposition time for the composite coatings was calculated 

based on Faraday's law to achieve a target thickness of 10 µm. The morphology of the composite 

coatings was examined by scanning electron microscopy (SEM) (Tescan Mira) and composition was 

determined by energy dispersive X-ray spectroscopy (EDAX). Corrosion testing of the composite 

coatings is performed using a ZRA Reference 600 potentiostat from Gamry Instruments, utilizing 

electrochemical impedance spectroscopy (EIS) for analysis. The impedance spectra are recorded 

within a Faraday cage at the open circuit potential, spanning a frequency range of 100 kHz to 10 

mHz, with an alternating voltage amplitude of 10 mV. A platinum mesh is employed as the counter 

electrode, while a saturated calomel electrode serves as the reference electrode, positioned in a 

Luggin capillary opposite the sample. The experimental data are subsequently analysed and fitted 

using the Gamry Echem Analyst software. 

Results and discussion 

Morphology of composite coatings 

The morphology of electrodeposited composite coatings as a function of the deposition current 

density, as well as a function of the type of the Ce source, is shown in Figures 1 and 2. The morphology 

of the composite coatings produced at the lowest tested current density (1 A dm⁻²) exhibited 

significant heterogeneity. The coating surface displayed irregularly distributed agglomerates 

interspersed with smaller structures. An increase in the deposition current density to 2 and 3 A dm⁻² 

resulted in a more uniform and globular surface morphology characterized by grains of consistent size, 

albeit with pronounced porosity. At a further increase to 5 A dm⁻², the coatings developed smaller 

agglomerates. The furrows and cavities on the surface are likely attributed to the intense hydrogen 

evolution during the deposition process. In coatings utilizing CeO₂ solid participles as a source of Ce, 

higher current densities lead to the formation of increasingly inhomogeneous structures. Notably, the 

initially smooth and compact morphology observed at lower current densities transitions to a rougher 

and more irregular surface as deposition current density rises. At a current density of 5 A dm⁻², the 

emergence of cauliflower-like structures is evident, with these agglomerates exhibiting larger sizes 

that progressively coalesce into larger formations over time. This phenomenon is likely attributable to 

the uneven distribution of current density across the coating surface. As protrusions develop, ions 

preferentially undergo reduction at these elevated points, which consequently results in a greater 
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variety of irregular morphologies during the deposition process. The increase in deposition current 

density to 8 A dm-2 leads to heterogeneous morphology with visible CeO2 agglomerates on the coating 

surface. The EDAX spot analyses of the white agglomerates on the surface (Figure 2 (e)) verify the 

presence of cerium, confirming the considerable agglomeration phenomenon present in the biphasic 

plating solution.  

  

  

 
Figure 1. Morphology of the Zn-Co-CeO2 composite coatings deposited at: (a) 1, (b) 2, (c) 3, (d) 5 and  

(e) 8 A dm-2 from particles free plating solution (CeCl3 as Ce source). Scale bars 100 µm 

The coatings produced through deposition using CeCl₃ as the source of cerium ions exhibit a 

significantly more compact structure. Microscopic imaging reveals that these coatings are more 

homogeneous at lower current densities of 1 and 2 A dm⁻². Even at elevated current densities, there 

is a lack of pronounced larger agglomerates, contrasting sharply with the coatings derived from 

biphasic plating solution, which display more pronounced agglomeration. Also, there is a lack of 

agglomerates on the surface of the composite coatings deposited from particles-free solution even 

100 µm 

(a) (b) 

(c) (d) 

(e) 
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at 8 A dm-2, which confirms the primary goal of this work. The reduction of the coating porosity is 

also more than evident when a particle-free plating bath is used (CeCl3, Figure 1).  

  

  

 

Figure 2. Morphology of the Zn-Co-CeO2 composite coatings deposited at: (a)1, (b) 2, (c) 3, (d) 5 and 
(e) 8 A dm-2 from plating solution with solid CeO2 particles. Scale bars 100 µm 

This phenomenon arises from the distinct mechanisms of particle deposition. When using 

insoluble CeO2 nanoparticles, agitation plays a crucial role in the codeposition process. The fluid 

flow predominantly transports the particles to the growing deposit layer, with electrophoresis 

contributing to a lesser extent. The nanoparticles are subsequently incorporated into the deposit 

primarily through entrapment within the growing layer. Conversely, when CeCl3 is used, it dissolves 

in the plating solution. During the deposition process, specific local physico-chemical conditions at 

the zinc cobalt film interface promote the formation of a secondary phase consisting of cerium-

based hydroxides. This occurs due to localized alkalinisation resulting from the reduction of 

dissolved oxygen and water, which can be described as a coprecipitation process [40]. The formed 

(a) (b) 

(e) 

(c) (d) 
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cerium-hydroxide oxidizes to the CeO2 [41,42]. As a result, the lack of microstress and internal 

straining within the coatings leads to a more homogeneous and compact structure. 

The chemical composition of the composite coatings 

The chemical content of composite coatings deposited from particle-free and biphasic plating 

solution as a function of the deposition current density is shown in Figure 3. 

(a)  (b)  

Figure 3. Dependence of the (a) Co and (b) Ce contents in Zn-Co-CeO2 coatings on the deposition current 
density for the coatings deposited from the particles free (CeCl3 as a source of Ce) and biphasic plating solution 

(CeO2 solid particles) 

From Figure 3(a), it can be noted that the cobalt content in the composite coatings increases with 

an increase in deposition current density when using CeCl₃ as Ce source, reaching a maximum of 

approximately 12 wt.% at j = 3 A dm⁻², after which it levels off. In contrast, the influence of current 

density on Co content in composites derived from biphasic plating solution (CeO₂ particles) is 

negligible. Brenner categorized the electrochemical deposition of Zn-Co alloys as anomalous, where 

zinc, being more electronegative, is preferentially deposited. The line labelled CRL-Co in Figure 3(a) 

serves as a control reference line, indicating the ratio of Co²⁺ ions to the total concentration of metal 

ions (Co²⁺ and Zn²⁺) in the deposition solution. Since the Co content in the composite alloys 

deposited from both solutions is substantially below the CRL, we can infer that the deposition occurs 

via an anomalous mechanism and that the presence of the ceria in the solution does not affect the 

deposition process of the Zn-Co. The cerium (Ce) content in the coatings remains low (below 

1.2 wt.%), which aligns with the low concentration of Ce in the deposition solution.  

The use of a particles-free plating bath did not lead to an increase in cerium content in the 

composite coating, which is in agreement with existing literature [40]. Furthermore, higher cerium 

content does not necessarily correlate with improved properties, as morphology and compactness 

also play a significant role in determining coating performance. Scanning electron microscopy 

observations indicate that the use of a particle-free plating solution enhances the compactness and 

overall appearance of the coatings (Figure 1). Unlike Co, the Ce content decreases with increasing 

deposition current density in both solutions. During the initial stage of deposition, nucleation and 

growth of nuclei compete. At high current densities, the reaction rate is higher, leading to a nucleation 

rate surpassing the growth rate of the nuclei. Conversely, at low current densities, the growth rate of 

the nuclei predominates. Consequently, the enhanced deposition rate at higher current densities 

limits the ability of CeO2 particles to be incorporated. The concentration of metal ions in the pre-

electrode layer surpasses the particles, leading to a faster reduction of the metal ions.  
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Corrosion resistance of the composite coatings  

The effects of using single versus biphasic plating solutions and variation of the deposition 

current densities on corrosion resistance and durability of the deposited composite coatings in a 

chloride-rich environment were evaluated by electrochemical impedance spectroscopy. The 

Nyquist diagrams, revealing the corrosion resistance of coatings produced at various current 

densities (1, 2, 3 and 5 A dm-²) from biphasic plating solution in the presence of CeO₂, are illustrated 

in Figure 4(a), (c), (e) and (g). These diagrams exhibit two depressed semicircles, indicating two 

distinct time constants within the investigated frequency range. Notably, the diameter of the 

dominant semicircle, which represents the charge transfer process, increases upon exposure to NaCl 

solution. This impedance growth may be attributed to the formation of a pseudo-passive protective 

layer composed of corrosion products on the metal surface in contact with the corrosive medium, 

or it may reflect a self-healing effect of the substrate. Coatings deposited at a current density of 

1 A dm-² demonstrate significantly lower initial resistance compared to those obtained at 2 A dm-². 

Both samples exhibit an increase in resistance over the exposure to NaCl, with the coatings 

produced at 2 A dm-² displaying superior corrosion stability. Coatings deposited at 3 A dm-² exhibited 

lower impedance values compared to those obtained at 2 A dm-², although both showed an increase 

in impedance value over time. In contrast, the resistivity of coatings deposited at 5 A dm-² consis-

tently decreased over time, likely due to their inhomogeneous morphology, which includes porosity 

and defects. This structural irregularity may compromise the integrity of the protective layer, 

leading to reduced corrosion resistance.  

Coatings produced with CeCl₃ as the source of cerium ions exhibited similar behaviour, as 

evidenced by the Nyquist diagrams in Figure 4(b), (d), (f), (h), although the resistivity of these 

samples was significantly higher compared to coatings produced from the biphasic plating solution. 

The durability of these coatings in aggressive corrosion media, like chloride-rich solution, was 

significantly increased. There could be several explanations for this phenomenon. The more homo-

genous morphology and increased compactness is surely one of the reasons, as a consequence of 

the utilization of the particle-free plating bath and suppressed incorporation of agglomerates inside 

the coating. In addition, since the deposition mechanism incorporating CeO2 is changed in this case, 

a better distribution of the particles in the coatings is achieved. When homogeneously distributed 

cerium is throughout the coating, it could be accessible for the formation of CeO2 through a pH-

driven process [40], which, in turn, results in repairing the damage on the substrate surface after 

attack of the Cl- anions and oxygen present in the corrosive media. Since ceria is known to have the 

self-healing effect [12,17,23,27,29], along with the passive layer formed on the coatings surfaces, it 

provided good corrosion protection during 2 weeks in NaCl solution for Zn-Co-CeO2 coatings 

produced from particles free plating bath. The same coatings deposited from the biphasic plating 

solution were able to protect the steel only for up to 5 days in the same corrosive media. 

For nearly all current densities tested, the impedance values for Zn-Co-CeO2 coatings deposited 

from particle-free plating bath (CeCl₃) were higher than those for Zn-Co-CeO2 coatings deposited 

from biphasic plating solution (CeO₂) (Figures 4 to 6). Notably, the coatings deposited at a current 

density of 3 A dm-² showed the best performance, maintaining high resistance values throughout 

the 2-week testing period. The phase angle versus frequency diagrams clearly exhibit two time 

constants during the initial exposure to NaCl solution (Figures 5 and 6). The time constant observed 

at medium frequencies is associated with the resistance of solution penetration through the 

composite coating and the passive layer made of corrosion products formed on its surface [43].  

http://dx.doi.org/10.5599/jese.2522
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The second time constant, occurring at lower frequencies, pertains to the electrochemical 

processes at the substrate/composite coating interface [44]. The Zn-Co-CeO₂ composite coatings 

result in only temporary corrosion protection of the underlying steel due to their porosity.  
(a)

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 

(f)

 
(g) 

 

(h) 

 
Figure 4. Nyquist plots of composite coatings deposited at: 1 A dm-2 (a) from biphasic solution-CeO2 particles, 
(b) particles free solution-CeCl3; 2 A dm-2 (c) from biphasic solution, (d) particles free solution; 3 A dm-2 (e) from 
biphasic solution, (f) particles free solution; 5 A dm-2, (g) from biphasic solution and (h) particles free solution 

The impedance values at low frequencies decreased in NaCl after some time (Figures 5 and 6), 

indicating electrolyte infiltration through the coating and subsequent corrosion progression.  
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(b) 

  
(c) 

  
(d) 
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Figure 5. Bode plots of composite coatings deposited at 1 A dm-2 (a) from biphasic plating solution-CeO2 
particles, (b) particles free solution -CeCl3; 2 A dm-2 (c) from biphasic plating solution, (d) particles free 

solution; 3 A dm-2  

(a) 

  
(b) 

  
(c) 

 
 

(d) 
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Figure 6. Bode plots of composite coatings deposited at: 1 A dm-2 (a) from biphasic plating solution, (b) 

particles free solution; 5 A dm-2 (c) from biphasic plating solution, (d) particles free solution 

However, over a longer time in the NaCl environment, the impedance values at low frequencies 

increase again, and only the second time constant remains visible. Eventually, the phase angle 

exhibits a single maximum position between the original two. This behaviour is often characteristic 

of coatings that facilitate a self-healing effect. As the electrolyte continued to penetrate, CeO₂ 

particles diffused through the coating and accumulated at the active sites on the steel substrate. 

Given that CeO₂ has a low solubility [44], the observed high impedance values at low frequencies 

are to be expected. This behaviour suggests that the presence of CeO₂ particles contributes to the 

formation of a protective layer that enhances the corrosion resistance of the substrate. By fitting 

the obtained EIS results using the equivalent electrical circuits shown in Figure 7, where RΩ denotes 

the solution resistance, Rp is the resistance of the coating, Cc capacitance of the coating, CPE denotes 

the constant phase element corresponding to the double layer capacitance in parallel with the 

charge transfer resistance (Rct), it is possible to determine the charge transfer resistance values.  

 
Figure 7. Equivalent electric circuits used for fitting the electrochemical impedance data; R.E. reference 

electrode, W.E. working electrode 

Figure 8 illustrates the dependence of Rct values on the exposure time of the coatings deposited 

at various current densities (1, 2, 3, and 5 A dm-²) and from different plating solutions (containing 

CeO₂ or CeCl₃) to the NaCl solution. Initially, all tested coatings at all current densities exhibit a 

decrease in Rct values, which can be attributed to the contact of the metal surface with the 

electrolyte. After a certain exposure time, the Rct values of the composite coatings begin to increase 

and then stabilize, reaching a plateau of nearly constant values. This behaviour suggests a gradual 

development of a protective layer, enhancing the corrosion resistance of the coatings over time. 

The plateau in Rct values corresponds to the formation of a passive layer of corrosion products on 

the metal surface, effectively hindering further substrate activity.  
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Notably, significantly higher Rct values were observed for the Zn-Co-CeO2 composite coating 

produced from particle-free plating solution compared to the Zn-Co-CeO₂ coating from the biphasic 

solution, confirming the superior corrosion stability of the coatings derived from CeCl₃ containing 

bath. The persistence of this phenomenon over extended exposure to NaCl suggests the presence 

of a layer with a low solubility product from the CeO₂ layer, indicative of a self-healing effect of the 

substrate. Based on the EIS results, it can be concluded that composite coatings based on Zn-Co 

alloy and cerium obtained from CeCl₃ exhibit better corrosion stability than those deposited from 

CeO₂ based bath. When CeO₂ particles are utilized for composite alloy formation, they tend to 

precipitate at the site of damage, where corrosion processes have initiated, likely forming a 

physisorbed layer of CeO₂. In contrast, the cerium-based layer produced via a pH-driven process in 

coatings produced from solution with CeCl₃ appears to provide enhanced protection. Cerium can 

undergo oxidation-reduction cycles between Ce(III) and Ce(IV) due to the presence of oxygen 

vacancies and the small energy difference between its 4f inner and outer valence electrons [45]. 

The Ce(IV) hydroxides begin to precipitate around pH 4 [46], while Ce(III) hydroxides start to form 

at around pH 8 [46]. These hydroxides serve as reaction intermediates for the formation of CeO₂. In 

CeO₂, cerium atoms predominantly exist in the +4 oxidation state. However, the presence of missing 

lattice oxygen atoms in this highly reducible oxide indicates that two Ce(III) ions are situated near 

each oxygen vacancy [45]. Thus, the formed protection layer always consists of a mixture of Ce(III) 

and Ce(IV) species, along with Zn and Co oxides/hydroxides. A key factor in the superior 

performance of the CeO₂ layer is its adhesion to the metal substrate, which is likely stronger when 

formed in situ from Ce(III) through a pH-driven process. In contrast, CeO₂ particles precipitated from 

the alloy during corrosion may not bond as effectively with the substrate.  

 (a) (b)  

 
Figure 8. Charge transfer resistance values (Rct) of composite coatings deposited from (a) biphasic plating 

solution - CeO2 particles and (b) single plating solution - CeCl3 as Ce source 

Conclusions 

The results shown indicate that deposition current density significantly influences the 

morphology, chemical composition, and corrosion resistance of composite coatings, irrespective of 

the particle source. Specifically, lower current densities yield finer-grained coatings with strong 

adhesion to the substrate and enhanced compactness. In contrast, higher current densities produce 

uneven coatings that exhibit reduced compactness and visible surface porosity as a consequence of 

uneven current distribution. Additionally, increased current density correlates with lower 

incorporation of CeO2 particles within the coating. Given that cobalt concentrations were 

significantly below the critical reduction limit, the presence of particles in the plating solution did 
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not alter the deposition mechanism of the Zn-Co alloy, which remained anomalous regardless of the 

ceria source. Utilizing a single plating solution effectively suppressed particle agglomeration, 

resulting in coatings that were more homogeneous, denser, and demonstrated improved corrosion 

resistance and durability due to their self-healing ability in chloride-rich environments. 
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