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High-entropy spinel ferrites (HESFs) have emerged as promising multifunctional 

materials due to their tunable magnetic and corrosion properties. In this study, composite 

coatings composed of six high-entropy spinel ferrite compositions and 

polyethyleneimine (PEI) were deposited on copper substrates via electrophoretic 

deposition (EPD). The effects of Cd incorporation and polymerization time (15 and 30 

h at 180 °C) on microstructure, magnetic behavior, and corrosion performance were 

systematically investigated. Zeta potential values shifted from near-neutral (+1.57 to 

−0.94 mV) to more negative values (−6.81 to −10.46 mV) after 3 min under an electric 

field, indicating improved electrophoretic mobility. Uniform coatings were obtained 

under optimized conditions (200 V, 3 min, 2 g/L SDS). Increasing polymerization time 

enhanced coating cohesion but promoted crack growth, especially in Cd-containing 

samples.All coatings exhibited ferromagnetic behavior, although magnetic parameters 

decreased compared to powders due to polymer-induced dilution and reduced 

interparticle interactions. Electrochemical results showed that Cd incorporation reduced 

corrosion current density from 2.15 μA/cm² to as low as 0.1–0.5 μA/cm², indicating 

improved corrosion resistance. However, increasing polymerization time could increase 

icorr (e.g., from 0.1 to 5 μA/cm²) due to crack propagation. EIS analysis revealed a 

maximum total resistance of ~7544 Ω·cm², confirming enhanced corrosion protection 

under optimal conditions. Overall, coating performance is governed by the interplay 

between composition, polymerization, and microstructure, and optimal conditions are 

essential for achieving high-performance multifunctional coatings. 

1. INTRODUCTION 

The concept of high-entropy materials originated in the 

early 2000s with high-entropy alloys and was later 

extended to oxide systems, leading to the development of 

high-entropy oxides (HEOs)[1]. While early studies 

mainly focused on powder synthesis and fundamental 

properties, recent research has shifted toward functional 

applications. However, high-entropy ferrite coatings, 

particularly those prepared by electrophoretic deposition 

and their corrosion behavior, remain insufficiently 

explored[2]. 

High-entropy materials have emerged as a new 

paradigm in materials science since the introduction of the 

high-entropy alloy concept, where multiple principal 

elements are incorporated in near-equiatomic 

compositions to form stable solid solutions[3]. The 

extension of this concept to oxide systems has led to the 

development of high-entropy oxides (HEOs), which 

exhibit remarkable structural stability and unique 

functional properties due to their high configurational 

entropy and severe lattice distortion [4]. In these materials, 

the random distribution of multiple cations within a single 

crystallographic lattice can significantly modify physical 

and chemical properties, including electrical conductivity, 

catalytic activity, magnetic behavior, and corrosion 

resistance[5-9]. 

Among different families of high-entropy oxides, high-

entropy spinel ferrites (HESFs) have attracted increasing 

attention because of their multifunctional properties and 

structural versatility[10]. Spinel ferrites generally possess 

the formula MFe2O4, where M represents a divalent metal 

cation occupying tetrahedral (A) or octahedral (B) sites 

within the cubic spinel structure. The magnetic properties 
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of spinel ferrites originate from superexchange 

interactions between cations located in these 

crystallographic sites, which strongly depend on the 

chemical composition and cation distribution [11]. 

Incorporating multiple transition-metal ions such as Mn, 

Co, Ni, Zn, Cu, and Cd into the spinel lattice leads to 

complex cation arrangements and enhanced 

configurational entropy, which can significantly influence 

magnetic interactions, lattice distortion, and electron 

hopping mechanisms. As a result, high-entropy spinel 

ferrites may exhibit tunable magnetic properties, improved 

thermal stability, and enhanced functional performance 

compared with conventional ferrites [12]. 

In recent years, several studies have focused on the 

synthesis and characterization of high-entropy spinel 

ferrites for applications in electromagnetic wave 

absorption, catalysis, energy storage, and magnetic 

devices[13-19]. The presence of multiple transition metals 

with different ionic radii and valence states can generate 

strong lattice distortion and modify magnetic exchange 

interactions, which in turn affect the saturation 

magnetization, coercivity, and magnetic anisotropy of the 

material [20, 21]. These characteristics make high-entropy 

ferrites promising candidates for advanced multifunctional 

materials[22]. 

In addition to bulk properties, the development of 

functional ferrite coatings on metallic substrates has 

attracted considerable attention in corrosion protection and 

multifunctional surface engineering [23]. Ferrite-based 

coatings can serve as protective barriers that limit the 

diffusion of corrosive species and improve the durability 

of metallic substrates in aggressive environments such as 

chloride-containing solutions [24]. Furthermore, magnetic 

ferrite coatings may provide additional functionalities 

including electromagnetic shielding and catalytic activity 

[25]. Therefore, combining the high-entropy concept with 

ferrite coatings offers a promising strategy for designing 

advanced multifunctional protective materials. 

Among various coating techniques, electrophoretic 

deposition (EPD) is considered one of the most versatile 

and cost-effective methods for producing ceramic and 

composite coatings[26]. EPD involves the migration of 

charged particles suspended in a liquid medium under the 

influence of an electric field, resulting in the formation of 

a uniform coating on a conductive substrate [27]. This 

technique offers several advantages including simple 

equipment, room-temperature processing, good control of 

coating thickness, and the ability to deposit complex 

ceramic materials on substrates with different shapes [28]. 

In addition, the incorporation of polymeric binders and 

surfactants into the suspension can significantly improve 

suspension stability, particle dispersion, and adhesion of 

the deposited coating [29]. 

Despite the growing interest in high-entropy spinel 

ferrites, most previous studies have primarily focused on 

powder synthesis and bulk magnetic characterization, 

while relatively limited research has been devoted to the 

fabrication of high-entropy ferrite coatings and the 

evaluation of their corrosion behavior on metallic 

substrates. Furthermore, systematic investigations 

comparing multiple compositional variations of high-

entropy spinel ferrites within coating systems remain 

scarce in the literature. In particular, the influence of 

replacing individual cations within the high-entropy spinel 

lattice on the structural characteristics, magnetic 

properties, and corrosion performance of 

electrophoretically deposited coatings has not been 

comprehensively studied. 

Therefore, the present work aims to investigate the 

structural characteristics, magnetic properties, and 

corrosion behavior of six high-entropy spinel ferrite 

coatings deposited on copper substrates. Six compositions 

including (Mn,Co,Ni,Zn,Cu) Fe2O4, (Mn,Co,Ni,Zn,Cd) 

Fe2O4, (Mn,Co,Ni,Cd,Cu) Fe2O4, (Mn,Co,Cd,Zn,Cu) 

Fe2O4, (Mn,Cd,Ni,Zn,Cu) Fe2O4 and (Cd,Co,Ni,Zn,Cu) 

Fe2O4 were prepared and subsequently deposited onto 

copper substrates via the electrophoretic deposition 

technique. The EPD suspension consisted of high-entropy 

spinel ferrite powder, polyethyleneimine (PEI), sodium 

dodecyl sulfate (SDS), and an active copper anode, 

resulting in the formation of a polymer-matrix composite 

coating. 

The novelty of this study lies in the systematic 

comparison of six compositional variations of high-

entropy spinel ferrites in electrophoretically deposited 

coatings and the investigation of their combined structural, 

magnetic, and corrosion properties. In addition, this work 

introduces the use of an active copper anode during the 

EPD process, which promotes in situ generation of Cu²⁺ 

ions and enhances coating adhesion and formation through 

complexation with the polymer matrix. Another key 

innovation is the development of a polymer-based 

composite coating incorporating magnetic spinel ferrite 

particles, enabling the integration of protective and 

magnetic functionalities within a single coating system. 

This approach provides new insights into the role of cation 

substitution in high-entropy spinel systems, highlights the 

significance of process chemistry in EPD, and 

demonstrates the potential of electrophoretically deposited 

high-entropy ferrite/polymer composite coatings as 

multifunctional protective layers for metallic substrates. 

2. EXPERIMENTAL 

2.1. Materials and Equipment 

Spinel ferrite powders synthesized via solution 

combustion synthesis (SCS) were used as the coating 

material; detailed synthesis procedures have been 

comprehensively described in previous studies [30].  

Particle size reduction and homogenization were 

performed using a ball mill operating at a controlled speed 

of 100 rpm. Isopropanol (IPA) was used as the suspension 

medium. Polyethyleneimine (PEI, 1 g/L) served as a 

charging and binding agent, while sodium dodecyl sulfate 

(SDS) was added as a surfactant at concentrations of 1 and 

2 g/L to prepare two distinct suspensions. 

Electrophoretic deposition (EPD) was carried out using 

a DC power supply capable of delivering up to 300 V. A 

glass electrophoretic cell with a fixed inter-electrode 

distance of 1 cm was employed. Both electrodes were 

made of copper, with cathodes of 10×10 mm and anodes 
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of 30×30 mm dimensions. A precision balance with an 

accuracy of 0.0001 g was used to determine the deposited 

mass. A drying oven was utilized for post-deposition 

drying and polymerization. 

2.2. Electrophoretic Deposition Process 

Pure copper substrates were used as both cathode (10×10 

mm) and anode (30×30 mm). The substrates were 

mechanically polished using silicon carbide abrasive 

papers with grit sizes of 400, 1000, and 1500 to obtain a 

smooth and uniform surface. Subsequently, the samples 

were ultrasonically cleaned in acetone and dried with hot 

air to remove any surface contaminants. The same 

preparation procedure was applied to both electrodes. 

The as-synthesized spinel ferrite powders were ball-

milled for 2 h at 100 rpm to achieve uniform particle size 

distribution. Suspensions were prepared by dispersing 1 

g/L of the powder in isopropanol. PEI (1 g/L) was added 

to enhance particle charging and suspension stability. SDS 

was introduced at two different concentrations (1 and 2 

g/L), resulting in two separate suspensions. 

The suspensions were then subjected to probe 

ultrasonication for 10 min to ensure complete dispersion 

and to prevent particle agglomeration. 

EPD was conducted in a glass cell with a fixed 

electrode spacing of 1 cm (Fig.1). Both electrodes were 

made of copper. The use of a copper anode was found to 

be critical, as Cu²⁺ ions released during the process played 

a significant role in promoting deposition and improving 

coating adhesion. In contrast, replacing the anode with 

stainless steel resulted in poor deposition quality and non-

uniform coatings. 

 

Fig. 1. Components of an electrophoretic coating cell and 

electrode placement 

Deposition experiments were performed at applied 

voltages of 150, 200, and 250 V. Among these, 200 V 

provided the best combination of coating uniformity and 

adhesion and was therefore selected for subsequent 

experiments. After deposition, the mass of the deposited 

coatings was measured using a high-precision balance. 

2.3. Drying and Polymerization 

After deposition, the coated samples were air-dried at 

room temperature for 24 h. Subsequently, polymerization 

of PEI was carried out in a drying oven at 180 °C. Two 

different polymerization times (15 and 30 h) were 

investigated to evaluate their effect on coating strength and 

adhesion. 

2.4. Characterization Techniques 

The morphology and microstructure of both powders and 

coatings were examined using FESEM (KYKY 

EM8000F). Images at various magnifications provided 

insight into particle distribution, coating uniformity, and 

adhesion. Elemental composition and distribution were 

analyzed using energy-dispersive X-ray spectroscopy 

(EDS) and elemental mapping. 

Magnetic properties of the powders and coatings were 

measured using a vibrating sample magnetometer 

(Meghnatis Daghigh Kavir) at room temperature. 

Hysteresis loops were recorded in a magnetic field range 

of −14 to +14 kOe. Parameters including saturation 

magnetization (Ms), remanent magnetization (Mr), and 

coercivity (Hc) were extracted. 

Corrosion resistance and electrochemical behavior of 

the coatings were evaluated using an EG&G  system 

(Model 1025) in a 3.5 wt.% NaCl solution at room 

temperature. A three-electrode configuration was used, 

consisting of the coated sample as the working electrode, 

an Ag/AgCl reference electrode, and a platinum counter 

electrode. 

An AC perturbation of 10 mV was applied over a 

frequency range from 0.1 Hz to 100 kHz. Nyquist and 

Bode plots were obtained, and equivalent circuit modeling 

was performed using ZsimpWin software to extract 

parameters such as charge transfer resistance (Rct), double-

layer capacitance (Cdl), and coating resistance (Rf). 

Potentiodynamic polarization tests were conducted in 

the same electrolyte and cell configuration as EIS using an 

Autolab system (Model: PGSTAT302N). The potential 

was scanned from −500 to +1500 mV vs. Ag/AgCl at a 

scan rate of 1 mV·s⁻¹. Corrosion parameters, including 

corrosion potential (Ecorr) and corrosion current density 

(icorr), were determined from the polarization curves. 

The stability of the suspensions was evaluated by 

measuring the zeta potential using a NanoPlus Zeta 

Nanoparticle Analyzer (Class 1 Laser). High absolute 

values of zeta potential indicate better suspension stability 

and reduced particle agglomeration. 

3. RESULTS AND DISCUSSION 

3.1. Zeta Potential Evolution and EPD Mechanism 

The zeta potential results (Table .1) show that the 

suspensions initially possess near-neutral values (+1.57 

mV for 1 g/L SDS and −0.94 mV for 2 g/L SDS), 

indicating weak electrostatic stabilization and insufficient 

intrinsic electrophoretic mobility of ferrite particles. After 

3 min under an electric field, the zeta potential shifts to 

more negative values (−6.81 and −10.46 mV, 

respectively), reflecting the migration and depletion of 

positively charged species toward the cathode and 

enrichment of the suspension with anionic species (mainly 

SDS). The increase in the absolute zeta potential with SDS 

concentration confirms its active role in regulating charge 

balance and the electrical double layer during deposition. 
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Table 1 

Results of zeta potential measurements for different suspensions 

Sample Name 
Powder concentration 

(g/L) 

PEI concentration 

(g/L) 

SDS concentration 

(g/L) 

Time spent 

in cell 

(min) 

Zeta potential 

(mV) 

0T1S1I 1 1 1 0 1.57 

3T1S1I 1 1 1 3 -6.81 

0T2S1I 1 1 2 0 -0.94 

3T2S1I 1 1 2 3 -10.46 

 

PEI adsorbs on ferrite particles and introduces 

localized positive charges [31], but alone cannot ensure 

effective mobility. In contrast, SDS forms electrostatic 

PEI–SDS complexes [32, 33] and modifies the particle 

double layer [34], resulting in a conditionally stable 

suspension responsive to the electric field [35]. The 

absence of deposition without SDS highlights its essential 

role beyond simple stabilization. 

Coating formation occurs only with a copper anode, 

which releases Cu2+ ions in situ under 200 V. These ions 

form PEI–Cu2+ complexes with enhanced positive charge 

[36] and act as ionic bridges between particles and polymer 

chains, improving aggregation and adhesion [37]. EDS 

mapping confirms the co-deposition of copper and ferrite, 

while control experiments with non-copper anodes or 

direct salt addition yield poor coatings, emphasizing the 

importance of in situ Cu2+ generation. 

Thus, the process is best described as cathodic EPD 

assisted by an active anode. SDS enables dispersion and 

electrostatic interactions, PEI serves as a carrier and 

complexing agent, and Cu2+ ions generate positively 

charged complexes that migrate toward the cathode and 

co-deposit as a ferrite–polymer–copper composite [38-40]. 

The dependence on SDS, zeta potential evolution, and the 

necessity of a copper anode indicate a multi-component, 

reaction-driven mechanism rather than classical EPD. This 

synergistic interaction leads to selective cathodic 

deposition, improved adhesion, and enhanced coating 

integrity, highlighting the importance of optimizing both 

suspension chemistry and electrochemical conditions. 

3.2. Effect of Deposition Parameters on Coating 

Formation 

The electrophoretic deposition (EPD) behavior of high-

entropy spinel ferrite ((Mn,Co,Ni,Cu,Zn) Fe₂O₄) coatings 

on copper substrates was systematically investigated by 

varying the applied voltage (150–250 V), deposition time 

(1–3 min), and SDS concentration (1 and 2 g/L). The 

deposited mass per unit area and surface morphology were 

employed as quantitative and qualitative criteria for 

evaluating coating performance. 

The results (Figs. 2 and 3) demonstrate that increasing 

the deposition time from 1 to 3 min leads to a monotonic 

increase in deposited mass across all applied voltages, in 

agreement with classical EPD theory, where prolonged 

electric field exposure enhances the migration of charged 

species toward the cathode [41-43]. Furthermore, the 

deposition rate is strongly dependent on the applied 

voltage, with higher voltages generating greater 

electrophoretic driving forces and, consequently, steeper 

mass accumulation [44]. 

 

Fig. 2. Changes in settlement mass over time for different SDS 

contents 

 

Fig. 3. Changes in settlement mass over time for different potentials 
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At a constant deposition time (Fig. 4), increasing the 

voltage from 150 to 250 V significantly increases the 

deposited mass. However, deposition at 250 V, although 

rapid, results in coating inhomogeneity, internal stresses, 

and the formation of microcracks due to excessive 

deposition rates [27]. In contrast, coatings obtained at 150 

V exhibit superior uniformity but insufficient thickness 

and, in some cases, incomplete substrate coverage. 

Therefore, 200 V represents an optimal intermediate 

condition, providing a balanced trade-off between 

deposition kinetics and coating integrity. 

 

Fig. 4. Changes in settlement mass over potential for for 

different SDS contents 

The influence of SDS concentration is equally 

significant. Increasing SDS from 1 to 2 g/L enhances the 

deposited mass under all investigated conditions (Figures 

2 to 4) [45, 46], which can be attributed to improved 

particle dispersion, reduced agglomeration, and enhanced 

suspension stability [47, 48]. Moreover, SDS plays a 

crucial role in regulating electrostatic interactions among 

PEI, Cu²⁺ ions, and ferrite particles [32], thereby 

facilitating the formation of stable, charged complexes 

with improved electrophoretic mobility [49]. This results 

in more uniform and controlled deposition. 

It is important to note that maximum deposited mass 

does not necessarily correspond to optimal coating quality. 

At excessively high deposition rates, particles lack 

sufficient time to rearrange and densify, leading to 

structural defects and reduced coating integrity [41, 50]. In 

contrast, the condition of 200 V, 3 min, and 2 g/L SDS 

provides a controlled deposition regime that enables 

homogeneous particle distribution, complete surface 

coverage, and the formation of dense, crack-free coatings 

with relatively uniform thickness, as confirmed by optical 

observations (Fig.5).

 

 

Fig. 5. Optical image of the surface of coated samples under different coating conditions

3.3. Microstructural Evolution and Cracking 

Behavior of EPD Coatings 

Under optimized EPD conditions (200 V, 3 min), uniform 

and relatively adherent composite coatings composed of 

high-entropy spinel ferrite particles and polyethyleneimine 

(PEI) were successfully deposited on copper substrates. 

The use of a non-aqueous propanol medium improved 

suspension stability and suppressed undesirable side 

reactions, enabling controlled coating formation [51, 52]. 

Post-deposition thermal polymerization at 180 °C for 15 

and 30 h was applied to evaluate its effect on 

microstructure and coating integrity. 

SEM observations (Fig. 6) show that increasing the 

polymerization time from 15 to 30 h results in significantly 

larger surface cracks in all coatings. However, the severity 
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of cracking is strongly dependent on the ferrite 

composition, with the following trend: (Mn,Co,Ni,Cu,Zn) 

Fe2O4 < (Mn,Cd,Ni,Cu,Zn) Fe2O4 < (Mn,Co,Cd,Cu,Zn) 

Fe2O4 < (Mn,Co,Ni,Cd,Zn) Fe2O4 < (Cd,Co,Ni,Cu,Zn) 

Fe2O4 < (Mn,Co,Ni,Cu,Cd) Fe2O4. This indicates that, 

although prolonged polymerization promotes crack 

growth, the presence and role of Cd are decisive in 

intensifying this behavior.

 

Fig. 6. SEM images of the coating surface of different ferrite spinel samples (T15: polymerized for 15 hours at 180 °C and T30: 

polymerized for 30 hours at 180 °C).

Mechanistically, longer polymerization enhances PEI 

crosslinking, reduces molecular mobility, and increases 

stiffness and elastic modulus [53, 54]. This leads to greater 

volumetric shrinkage during curing and restricts uniform 

stress relaxation in constrained coatings on metallic 

substrates [55-57]. Consequently, residual stresses are 

mainly released through crack propagation and widening 

rather than new crack nucleation [58]. 

Cross-sectional SEM (Fig.7) confirms the formation of 

a continuous coating layer with good interfacial contact 

after 30 h. Elemental mapping and EDS results (Fig.8 , 

Table.2) reveal a homogeneous distribution of Fe, Mn, Co, 

Ni, Cu, Zn, and Cd, consistent with the nominal 

compositions, indicating that the EPD process preserves 

chemical uniformity. 

 

Fig. 7. Scanning electron microscope image of the cross-section 

of the (Mn,Co,Ni,Cu,Zn)Fe2O4 coating on a copper substrate 
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Fig. 8. EDS-mapping of samples coated with different spinel 

ferrite powders 

Despite larger cracks, coatings polymerized for 30 h 

exhibit superior adhesion and mechanical stability [59, 

60]. Enhanced polymer network formation increases 

interfacial bonding density, reduces soluble fractions, and 

improves mechanical interlocking [61, 62]. As a result, 

these coatings show higher resistance to water exposure 

and manual abrasion without macroscopic delamination, 

indicating that larger crack size reflects a shift in stress-

relief mechanisms rather than reduced integrity. 

Table 2 

Chemical composition (EDS) of the surface of samples coated 

with different spinel ferrite powders 

sample Fe Mn Co Ni Cu Zn Cd 

(Mn,Co,Ni,Cu,Zn)Fe2

O4 

55.9

3 
4 

4.6

4 

5.2

6 

24.2

2 

5.9

5 
- 

(Cd,Co,Ni,Cu,Zn)Fe2

O4 
52.1 - 

6.5

3 

5.7

2 

25.9

6 

5.0

8 

4.6

1 

(Mn,Cd,Ni,Cu,Zn)Fe

2O4 

52.9

4 

5.1

1 
- 

4.9

3 

26.1

1 

5.8

3 

5.0

8 

(Mn,Co,Cd,Cu,Zn)Fe

2O4 

50.7

8 

4.8

3 

4.7

3 
- 

27.5

6 

5.9

0 

6.2

0 

(Mn,Co,Ni,Cd,Zn)Fe2

O4 

51.9

2 

5.4

8 

6.8

1 

5.9

2 

20.1

7 

4.4

6 

5.2

4 

(Mn,Co,Ni,Cu,Cd)Fe

2O4 

56.2

7 

4.5

8 

5.1

5 

5.3

0 

24.5

3 
- 

4.1

7 

The ferrite composition, particularly Cd incorporation, 

significantly influences cracking behavior. Due to its 

larger ionic radius and preferential octahedral occupancy, 

Cd induces lattice distortion and alters particle surface 

energy [63-65], reducing compatibility with the PEI matrix 

and increasing interfacial stress concentration. 

Consequently, Cd-containing coatings exhibit more 

pronounced crack growth during extended polymerization, 

consistent with experimental observations. 

3.4. Magnetic Properties of EPD Coatings 

The magnetic properties of the electrophoretically 

deposited (EPD) coatings were evaluated using vibrating 

sample magnetometry (VSM). The hysteresis loops (Fig.9) 

and the extracted parameters, including saturation 

magnetization (Ms), remanent magnetization (Mr), and 

coercivity (Hc) (Fig.10), reveal that all ferrite-based 

coatings exhibit lower magnetic parameters compared to 

their corresponding powders. For example, the saturation 

magnetization (Ms), remanent magnetization (Mr), and 

coercivity (Hc) of the (Cd,Co,Ni,Cu,Zn)Fe2O4 powder are 

72 emu/g, 23 emu/g, and 138 Oe, respectively, whereas the 

corresponding values for the coating prepared from the 

same powder are 84 emu/g, 14 emu/g, and 44 Oe, 

respectively [30]. This consistent reduction is in full 

agreement with previously reported behavior in magnetic 

polymer–ferrite composite systems and can be attributed 

to the combined effect of several physical and magnetic 

mechanisms [66]. 

The primary factor is the presence of 

polyethyleneimine (PEI) as a non-magnetic polymeric 

matrix. Due to the absence of intrinsic magnetic moments, 

PEI induces a magnetic dilution effect, reducing the 

overall magnetization per unit mass of the coating. 

Consequently, both Ms and Mr decrease relative to the 

pure ferrite powders, while the intrinsic ferromagnetic 

nature of the spinel ferrite phase is preserved. This 

phenomenon is widely reported in ferrite–polymer 

composites and is considered an inherent characteristic of 

such systems [67-69]. 

 

Fig. 9. Hysteresis curve of the coating of various spinel ferrite 

powders obtained from VSM test 

 

Fig. 10. Values of saturation magnetization (Ms), remanence 

magnetization (Mr) and coercivity (Hc) obtained from VSM test 
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A second contributing factor is the weakening of 

interparticle exchange interactions. In powder form, close 

contact between ferrite particles enhances exchange 

coupling and stabilizes magnetic domains. In contrast, the 

polymer layers in EPD coatings increase the effective 

interparticle distance, limiting spin exchange interactions. 

This leads to a reduction in both remanent magnetization 

and coercivity, as domain wall motion becomes easier and 

domain stability decreases [70-72]. 

Another important factor is the presence of metallic 

copper (Cu⁰) within the coating structure. Based on EDS 

results, approximately 5 at.% Cu exists as a reduced 

metallic phase outside the spinel lattice. Metallic copper 

exhibits diamagnetic behavior, and its presence further 

weakens the overall magnetic response of the coating. In 

addition to reducing Ms and Mr, this non-magnetic phase 

decreases the effective magnetic anisotropy, resulting in 

lower coercivity. Similar behavior has been reported in 

multiphase systems containing ferrites and non-magnetic 

metals [73, 74]. 

Despite the reduction in magnetic parameters, all 

coatings exhibit well-defined ferromagnetic hysteresis 

loops, indicating that the spinel structure remains intact 

during EPD and subsequent polymerization. No transition 

to paramagnetic or superparamagnetic behavior is 

observed. The retention of ferromagnetic properties is 

significant for practical applications, enabling the use of 

these coatings in multifunctional systems such as smart 

coatings, electromagnetic wave absorbers, and protective 

coatings with magnetic responsiveness [75, 76]. 

Furthermore, the relative differences between the 

magnetic parameters of powders and coatings remain 

within a similar range across all compositions. This 

uniformity suggests that the EPD process ensures 

homogeneous particle distribution within the polymer 

matrix and prevents the formation of detrimental 

secondary phases [77, 78]. Overall, the results demonstrate 

that EPD enables the fabrication of uniform composite 

coatings with predictable and controllable magnetic 

properties. 

3.5. Potentiodynamic Corrosion Behavior of EPD 

Coatings 

The potentiodynamic polarization curves of the coatings 

prepared with polymerization times of 15 and 30 h in 3.5 

wt.% NaCl at room temperature are shown in Fig.11. Prior 

immersion of samples for 2 h ensured partial equilibration 

with the corrosive environment and minimized transient 

effects associated with initial chloride adsorption and 

electrolyte penetration; thus, the extracted parameters 

represent relatively stable system behavior [79]. Tafel 

extrapolation was performed using NOVA software, and 

the corrosion current density (icorr), corrosion potential 

(Ecorr), and anodic and cathodic Tafel slopes (βa, βc) are 

reported in Table 4-7. Although the Stern–Geary relation 

was used to estimate polarization resistance, Rp values in 

cracked and heterogeneous coating systems are strongly 

influenced by cell geometry and localized activation; 

therefore, interpretation is primarily based on icorr trends 

and relative comparisons [80, 81]. 

Comparison between the Cd-free coating 

((Mn,Co,Ni,Cu,Zn)Fe2O4) and Cd-containing samples 

shows that Cd incorporation generally leads to a 

significant reduction in corrosion current density. The icorr 

value decreases from 2.15 μA/cm² for the Cd-free sample 

(15 h) to values in the range of 0.1–1.12 μA/cm² for most 

Cd-containing coatings; for instance, 

(Mn,Co,Cd,Cu,Zn)Fe2O4-T15 and 

(Cd,Co,Ni,Cu,Zn)Fe2O4-T15 exhibit icorr values of 0.1 and 

0.225 μA/cm², respectively. This reduction indicates 

slower corrosion kinetics and enhanced corrosion 

resistance, which can be attributed to the role of Cd in 

modifying the electronic structure of the spinel phase and 

facilitating the formation of more stable and less 

permeable passive films. Due to its lower reduction 

potential relative to some transition cations, Cd can alter 

charge distribution and surface energy, promoting the 

formation of stable iron oxides with improved resistance 

to chloride penetration [51]. 

However, this beneficial effect depends strongly on 

coating microstructure and Cd distribution. For example, 

(Mn,Co,Ni,Cu,Cd)Fe2O4-T15 exhibits a relatively higher 

icorr (0.2 μA/cm²), indicating that phase chemistry alone 

does not govern corrosion behavior. Microstructural 

observations show that crack size and connectivity 

increase in the order: (Mn,Co,Ni,Cu,Zn)Fe2O4 < 

(Mn,Cd,Ni,Cu,Zn) Fe2O4 < (Mn,Co,Cd,Cu,Zn) Fe2O4 < 

(Mn,Co,Ni,Cd,Zn) Fe2O4 < (Cd,Co,Ni,Cu,Zn) Fe2O4 < 

(Mn,Co,Ni,Cu,Cd) Fe2O4. Larger and more connected 

cracks provide preferential pathways for chloride ingress 

and localized current concentration, thereby increasing 

corrosion rates [52]. 

 

Fig. 11. Potentiodynamic polarization curves of coated samples 

with two polymerization times (T15: 15 hours and T30: 30 

hours) in 3.5%Wt NaCl solution 

Polymerization time also plays a critical role in 

corrosion behavior [82]. Increasing the time from 15 to 30 

h enhances polymer network formation, reduces PEI 

solubility, and improves coating adhesion to the substrate 

[83], as confirmed by improved resistance to mechanical 

damage in aqueous environments. However, this is 
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accompanied by increased crack size due to curing 

shrinkage (Fig.6) [84]. This dual effect is reflected in 

polarization results: for instance, icorr increases from 2.15 

to 2.33 μA/cm² for (Mn,Co,Ni,Cu,Zn)Fe2O4 and 

dramatically from 0.1 to 5 μA/cm² for 

(Mn,Co,Cd,Cu,Zn)Fe2O4 upon increasing polymerization 

time. This indicates that crack growth can negate or even 

dominate the beneficial effects of improved adhesion. 

In some cases, such as (Mn,Cd,Ni,Cu,Zn)Fe2O4, icorr 

decreases from 0.5 to 0.35 μA/cm² with increasing 

polymerization time, reflecting competition between 

improved chemical integrity of the coating and crack-

induced degradation. The dominance of each mechanism 

depends on ferrite composition and its interaction with the 

polymer matrix.

Table 3 

Results of TOFEL extrapolation of potentiodynamic polarization curves 

Sample Ecorr (V) icorr (μA/cm²) βa (mV/dec) βc (mV/dec) Rp (Ω·cm²) 

(Mn,Co,Ni,Cu,Zn)Fe2O4-T15 -0.1685 2.15 89 102 9,599 

(Mn,Co,Ni,Cu,Zn)Fe2O4-T30 -0.1723 2.33 91 105 9,085 

(Cd,Co,Ni,Cu,Zn)Fe2O4-T15 -0.187 0.225 50.3 62.1 53,600 

(Cd,Co,Ni,Cu,Zn)Fe2O4-T30 -0.221 0.224 57.3 57.6 55,700 

(Mn,Cd,Ni,Cu,Zn)Fe2O4-T15 -0.202 0.5 150 120 57,896 

(Mn,Cd,Ni,Cu,Zn)Fe2O4-T30 -0.157 0.35 180 110 84,715 

(Mn,Co,Cd,Cu,Zn)Fe2O4-T15 -0.21 0.1 60 120 170,000 

(Mn,Co,Cd,Cu,Zn)Fe2O4-T30 -0.173 5 55 110 3,200 

(Mn,Co,Ni,Cd,Zn)Fe2O4-T15 -0.188 1.12 89 152 14,850 

(Mn,Co,Ni,Cd,Zn)Fe2O4-T30 -0.259 0.847 94 168 18,930 

(Mn,Co,Ni,Cu,Cd)Fe2O4-T15 -0.133 0.2 120 95 28,500 

(Mn,Co,Ni,Cu,Cd)Fe2O4-T30 -0.0003 0.12 85 65 42,000 

Analysis of Tafel slopes provides further insight into 

electrochemical kinetics. For example, 

(Mn,Co,Ni,Cu,Zn)Fe2O4-T15 exhibits βa ≈ 89 mV/dec and 

βc ≈ 102 mV/dec, indicating relatively balanced anodic and 

cathodic contributions. In contrast, Cd-containing samples 

such as (Cd,Co,Ni,Cu,Zn)Fe2O4-T15 show lower βa and βc 

values (50.3 and 62.1 mV/dec), suggesting lower kinetic 

barriers; however, the simultaneous reduction in icorr 

indicates that corrosion control is governed primarily by 

physical and chemical barrier effects rather than intrinsic 

reaction kinetics. Higher β values observed in 

compositions such as (Mn,Cd,Ni,Cu,Zn)Fe2O4 (βa ≈ 150–

180 mV/dec, βc ≈ 110–120 mV/dec) indicate strong 

polarization and complex charge transfer pathways, 

consistent with reduced icorr values [85]. 

The corrosion potential (Ecorr) varies within a relatively 

narrow range (approximately −0.26 V to near 0 V). 

Although shifts toward more noble potentials, such as near 

0 V for (Mn,Co,Ni,Cu,Cd)Fe2O4-T30, suggest reduced 

thermodynamic tendency for corrosion initiation, the 

presence of relatively high icorr values in some cases 

indicates that Ecorr alone is not a reliable indicator of 

corrosion resistance in coated systems. Conversely, 

samples with more negative Ecorr values, such as 

(Mn,Co,Cd,Cu,Zn)Fe2O4-T15 (≈ −0.21 V), exhibit the 

lowest icorr values, demonstrating that corrosion rate is 

more strongly governed by charge transfer kinetics, 

coating permeability, and microstructural features than by 

Ecorr alone [85]. 

3.6. Electrochemical Impedance Behavior of EPD 

Coatings 

Electrochemical impedance spectroscopy (EIS) was 

employed to evaluate the corrosion protection 

performance of the coatings by analyzing the real and 

imaginary impedance components under AC perturbation. 

The Nyquist plots (Fig.12), along with Bode modulus and 

phase angle diagrams (Fig.13 and Fig.14), obtained after 2 

h immersion in 3.5 wt.% NaCl at room temperature, 

represent the near steady-state response of the system, 

minimizing transient effects associated with initial 

electrolyte penetration [86].
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Fig. 12. Nyquist diagram of coated samples with two polymerization times of 15 and 30 hours 

 

Fig. 13. Bode and Bode-phase diagrams of coated samples with 15 hour polymerization time 

 

Fig. 14. Bode and Bode-phase diagrams of coated samples with 30 hour polymerization time 
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The presence of two distinct time constants in all 

samples, confirmed by Bode phase plots, indicates a 

permeable coating layer and an active metal/electrolyte 

interface. Accordingly, the impedance data were fitted 

using a two-time-constant equivalent circuit (Fig.15), 

consisting of solution resistance (Rs), coating resistance 

(Rc), charge transfer resistance (Rct), and two constant 

phase elements (CPEc and CPEdl). The use of constant 

phase elements instead of ideal capacitors accounts for 

surface roughness, heterogeneity, and non-uniform current 

distribution [87]. The good agreement between 

experimental and simulated data using ZsimpWin 

confirms the validity of the selected equivalent circuit 

model. 

 

Fig. 15. Electrochemical equivalent circuit model featuring two 

time constants used for fitting EIS data 

The values of the different elements of the 

electrochemical equivalent circuit are presented in Table 

4. The solution resistance (Rs) remains within a narrow 

range (≈6–16 Ω·cm²), indicating similar electrolyte 

conditions for all tests and a negligible contribution to 

corrosion differences. Therefore, the analysis focuses on 

Rc, Rct, and related parameters. Coating resistance (Rc), 

which reflects the barrier property against electrolyte 

penetration, varies significantly with composition and 

polymerization time. Low Rc values in some 15 h samples, 

such as (Mn,Cd,Ni,Cu,Zn)Fe2O4-T15 (≈6 Ω·cm²), indicate 

high permeability and the presence of effective diffusion 

paths. In contrast, a substantial increase in Rc (up to ≈3489 

Ω·cm²) is observed for (Mn,Co,Ni,Cu,Zn) Fe2O4-T30, 

attributed to enhanced polymer crosslinking and reduced 

PEI solubility.

Table 4 

Characteristics of the equivalent circuit elements simulated from the EIS test 

Rt 

(ohm.cm2) 

Rct 

(ohm.cm2) 
n2 

Y0dl 

(mS.secn 

.cm-2) 

Rc 

(ohm.cm2) 
n1 

Y0c 

(mS.secn 

.cm-2) 

Rs 

(ohm.cm2) 
Sample Name 

3324.65 3235 0.75 3.85 89.65 0.57 1.99 12.09 (Mn,Co,Ni,Cu,Zn)Fe2O4(T15) 

6692 3203 0.69 1.36 3489 0.60 0.32 9.76 (Mn,Co,Ni,Cu,Zn)Fe2O4 (T30) 

2681.5 2400 0.52 1.94 281.5 0.60 0.43 7.40 (Cd,Co,Ni,Cu,Zn)Fe2O4 (T15) 

2469 1078 0.99 0.96 1391 0.50 2.07 13.63 (Cd,Co,Ni,Cu,Zn)Fe2O4 (T30) 

1768.31 1762 0.95 0.01 6.31 0.57 0.34 6.14 (Mn,Cd,Ni,Cu,Zn)Fe2O4(T15) 

1668.39 1577 0.71 4.22 91.39 0.52 2.84 11.55 (Mn,Cd,Ni,Cu,Zn)Fe2O4 (T30) 

3112.1 2911 0.93 1.35 201.1 0.54 2.68 8.24 (Mn,Co,Cd,Cu,Zn)Fe2O4(T15) 

4067.6 4055 0.78 0.18 12.6 0.52 1.11 16.04 (Mn,Co,Cd,Cu,Zn)Fe2O4(T30) 

1509.8 1263 0.76 2.04 246.8 0.51 1.54 6.75 (Mn,Co,Ni,Cd,Zn)Fe2O4(T15) 

7543.6 7205 0.63 1.39 338.6 0.58 2.71 8.36 (Mn,Co,Ni,Cd,Zn)Fe2O4 (T30) 

18.49 5.74 0.97 3.76 12.75 0.52 29.54 6.99 (Mn,Co,Ni,Cu,Cd)Fe2O4 (T15) 

503.29 462.6 0.94 3.71 40.69 0.53 8.99 16.34 (Mn,Co,Ni,Cu,Cd)Fe2O4 (T30) 

However, increased Rc does not necessarily correspond 

to improved corrosion resistance, as longer polymerization 

also leads to larger and more connected cracks. This dual 

behavior results in discrepancies between Rc and Rct 

values. Charge transfer resistance (Rct), directly related to 

corrosion kinetics, provides a more reliable indicator of 

corrosion resistance. High Rct values, such as ≈7205 Ω·cm² 

for (Mn,Co,Ni,Cd,Zn) Fe2O4-T30, indicate effective 

suppression of electrochemical reactions, likely due to 

favorable composition and stable passive film formation. 

Conversely, very low Rct values, such as ≈5.74 Ω·cm² for 

(Mn,Co,Ni,Cu,Cd) Fe2O4-T15, reflect active corrosion and 

poor protective performance, consistent with a highly 

cracked microstructure [52]. 

The parameters of the coating constant phase element 

(CPEc), particularly the exponent n1 (≈0.5–0.6), indicate 

significant deviation from ideal capacitive behavior, 

reflecting surface roughness, structural heterogeneity, and 

non-uniform crack distribution [88, 89]. Higher 

admittance values (Y0c) are associated with increased 

effective capacitance and higher electrolyte permeability 

[90], whereas lower values suggest a denser and less 

permeable coating [91]. Similarly, the double-layer 

constant phase element (CPEdl) and exponent n2 provide 

insight into the metal/electrolyte interface. Values of n2 

close to unity, such as 0.99 for (Cd,Co,Ni,Cu,Zn)Fe2O4-

T30, indicate near-ideal capacitive behavior and a more 

uniform passive layer, whereas lower values suggest 

interfacial heterogeneity and localized corrosion activity. 
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The total resistance (Rt = Rc + Rct) is used as an overall 

indicator of corrosion resistance. The results show that 

coatings with an optimal balance between barrier 

properties and charge transfer inhibition exhibit the 

highest Rt values (Fig.16). For example, 

(Mn,Co,Ni,Cd,Zn)Fe2O4-T30 shows the highest Rt (≈7544 

Ω·cm²), indicating superior protective performance under 

near steady-state conditions. 

 

Fig. 16. Total resistance plots of the samples coated with 

polymerization times of 15 hours (T15) and 30 hours (T30) 

The effect of polymerization time is composition-

dependent. In some cases, increasing the time from 15 to 

30 h enhances Rt due to improved polymer crosslinking, 

reduced solubility, and better adhesion. However, in other 

cases, increased crack size and connectivity dominate, 

leading to reduced Rt. This highlights the need for a 

balance between chemical integrity and microstructural 

control in optimizing coating performance. 

5. CONCLUSION 

High-entropy spinel ferrite/PEI composite coatings were 

successfully deposited on copper substrates using 

electrophoretic deposition under optimized conditions 

(200 V, 3 min, 2 g/L SDS), which produced uniform and 

adherent coatings. The deposition mechanism was 

governed by a multi-component system, where zeta 

potential shifted from near-neutral values (+1.57 to −0.94 

mV) to more negative values (−6.81 to −10.46 mV), 

confirming enhanced electrophoretic mobility due to SDS 

and the formation of PEI–Cu²⁺ complexes generated by the 

active copper anode. 

Microstructural analysis showed that increasing 

polymerization time from 15 to 30 h improved coating 

adhesion and cohesion but significantly increased crack 

size. Crack severity followed the order 

(Mn,Co,Ni,Cu,Zn)Fe2O4 < (Mn,Cd,Ni,Cu,Zn) Fe2O4 < 

(Mn,Co,Cd,Cu,Zn) Fe2O4 < (Mn,Co,Ni,Cd,Zn) Fe2O4 < 

(Cd,Co,Ni,Cu,Zn) Fe2O4 < (Mn,Co,Ni,Cu,Cd) Fe2O4, 

demonstrating the strong influence of Cd on stress 

concentration and crack propagation. 

All coatings retained ferromagnetic behavior, although 

magnetic parameters decreased compared to powders due 

to polymer-induced dilution, reduced exchange 

interactions, and the presence of ~5 at.% diamagnetic Cu. 

Electrochemical measurements showed that Cd 

incorporation reduced corrosion current density from 2.15 

μA/cm² for Cd-free coatings to 0.1–1.12 μA/cm² in most 

Cd-containing samples (e.g., 0.1 μA/cm² for 

(Mn,Co,Cd,Cu,Zn) Fe2O4-T15). However, increasing 

polymerization time could increase icorr (e.g., from 0.1 to 

5 μA/cm²), indicating the dominant effect of crack growth. 

EIS analysis revealed that corrosion resistance is 

controlled by the balance between coating resistance (Rc) 

and charge transfer resistance (Rct). The highest 

performance was observed for (Mn,Co,Ni,Cd,Zn)Fe2O4-

T30, with Rct ≈ 7205 Ω·cm² and total resistance Rt ≈ 7544 

Ω·cm², whereas poor performance was associated with 

low Rct values (e.g., ≈5.74 Ω·cm² for 

(Mn,Co,Ni,Cu,Cd)Fe2O4-T15). 

Overall, the results demonstrate that coating 

performance is quantitatively governed by the interplay 

between composition, polymerization time, and 

microstructure, and that optimal corrosion resistance is 

achieved only when improved adhesion is balanced with 

controlled crack formation. 
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