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This study investigates the development of anticorrosion alkyd coatings enhanced with a 

hybrid nanofiller system comprising silicon dioxide (SiO₂) and copper oxide (CuO) 

nanoparticles. The primary objective was to determine the optimal nanoparticle ratio and 

loading concentration to improve the protective performance on mild steel substrates. 

Electrochemical impedance spectroscopy (EIS) revealed that a SiO₂: CuO weight ratio 

of 0.61:0.39 at a total concentration of 0.84 wt.% exhibited the highest corrosion 

resistance, achieving an impedance of 8.79 × 10⁶ Ω·cm². Scanning electron microscopy 

(SEM) confirmed a uniform nanofiller distribution with no microstructural defects. 

Fourier-transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) analyses 

verified the successful chemical incorporation and crystallinity of the nanocomposite. 

Thermogravimetric analysis (TGA) indicated enhanced thermal stability, while adhesion 

testing following ASTM D3359 Method A demonstrated improved bonding with the 

substrate. Compared to a commercial epoxy-phenolic coating (TK™-34), the developed 

coating retained 69% of its initial impedance after 72 hours of salt spray exposure, 

indicating superior durability. The synergistic interaction between hydrophobic CuO and 

insulating SiO₂ significantly contributed to enhanced barrier and electrochemical 

properties. These findings highlight the practical viability of SiO₂–CuO nanocomposite 

coatings in extending the service life of steel infrastructures, offering a cost-effective and 

sustainable alternative to conventional protective systems. 
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1. INTRODUCTION

Metal corrosion is always present and an economic burden 

that affects widespread industrial applications in infrastructure, 

transportation, manufacturing, construction, and other 

operations in the sea and the energy sector. Defined as the 

degradation of materials (primarily metals) by chemical or 

electrochemical reactions with the surrounding environment, 

Corrosion poses a dual physical and economic threat to long-

term structural integrity and industrial performance [1]. 

Usually, it is initiated by atmospheric oxygen and moisture, 

which come into contact with metallic surfaces, particularly 

ferrous alloys, and lead to the formation of rust and other oxide 

layers that progressively weaken the substrate [2-4].  

The economic consequences of corrosion globally are 

enormous. Corrosion is not just a physical or engineering 

challenge; it is a growing economic and environmental 

concern. It also incurs significant costs in key industrial 

sectors. In infrastructure, corrosion-related maintenance 

represents up to 20% of total road and bridge maintenance 

budgets in industrialized nations [5]. Tragic historical failures, 

such as the corrosion-induced collapse of the Silver Bridge in 

1967, have highlighted the risks to humans and infrastructure 

[6]. In the oil, gas, and power industries, annual corrosion 

damage—particularly to pipelines and processing systems—is 

estimated at approximately $60 billion worldwide, 

contributing to both operational disruptions and environmental 

risks [2]. The transportation sector also incurs significant 

corrosion-related costs, amounting to approximately 7% of 

annual operating expenses across aircraft, marine, and land 

vehicle fleets [7]. Globally, the cost of corrosion exceeds $2.5 

trillion annually, equivalent to approximately 3-4% of global 

GDP [8]. These figures reflect the urgent need to develop 

advanced preventive strategies, including nanocoatings, that 

can enhance durability and reduce economic and 

environmental losses. 

Corrosion has economic and safety impacts, but its effects 

on sustainability are now being given more consideration [9]. 

As the world's infrastructure continues to age, especially in 

regions where environmental stresses put a strain on the 

structures, there is a need for coatings that provide long 

durability and meet environmental safety standards [10, 11]. 

Conventional methods, notwithstanding their rampant 

application, have not provided an all-encompassing resolution 

to the triumvirate imperative of performance, service life, and 

ecological caution. 

In the last few decades, numerous anticorrosion approaches 

have been applied in different sectors toward the preservation 

of metallic bases from erosion. The most frequently cited 

methods include organic coats like epoxy and alkyd primers, 
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sacrificial anodic protection, cathode protection, and chemical 

inhibitors [12-14]. Although valid up to some positive degree, 

such methods would present various inadequacies in terms of 

cost, ecological effect, and long-term performance during 

extreme conditions, as well as applicability to modern 

requirements regarding performance. 

Coatings, for example, ordinary epoxies, act as a physical 

shield for the base material against the outside environment. 

They succeed well until their effectiveness is lost with some 

failure mechanisms like tiny cracking, ion attack, and wearing 

[15, 16]. More so, the cathodic protection and sacrificial 

anodes, though those are the most applicable materials in 

marine and underground pipelines, have relatively high 

maintenance costs and lead to environmental disposal where 

organic systems are used [17, 18]. 

Chemical corrosion inhibitors are susceptible to leaching 

and typically tend to lose variable efficacy in pH or salinity 

strengths. Most of the industrial inhibitors have formed a 

toxicity concern. As a result, regulators in many countries have 

imposed restrictions [19]. Coatings improved in advanced 

binders or polymeric matrices mostly do not match the level 

of performance and ecological compatibility that is required 

for the application in future infrastructure and building 

applications. 

This has led to a shift in scientific research, focusing on 

materials that provide not only corrosion resistance but also 

long-term stability, mechanical reinforcement, and 

environmental compatibility. A change in the way things are 

done has placed nanotechnology, and in this case, the use of 

nanoparticles in the arrays of coatings, as a method of 

transformation in the development of high anticorrosion 

solutions [20].  

The use of nanotechnology in the production of 

anticorrosion coatings has been involved because the 

nanoparticles show some unique physicochemical properties 

that differ significantly from their bulk forms due to quantum 

size effects. At the nanoscale, quantum confinement alters 

electronic and optical behaviors, resulting in a modified 

energy gap and enhanced optical properties [21]. These 

changes are driven by a high surface-to-volume ratio, which 

increases the material's reactive surface area. A notable 

example is the SiO₂–CuO nanocoating system, where silica 

(SiO₂) imparts mechanical and chemical stability, and copper 

oxide (CuO) contributes photocatalytic and antibacterial 

functionalities. Such composites demonstrate strong potential 

in applications like environmental photocatalysis and 

antimicrobial coatings [22]. 

These enhancements contribute to the reduced permeability 

of water, oxygen, and ions, key culprits in corrosion initiation 

and propagation. 

Among the nanoparticles studied, silicon dioxide (SiO₂) has 

demonstrated outstanding performance as a filler material in 

polymeric coatings. Owing to its chemical inertness and high 

surface energy, SiO₂ enhances coating density and forms 

tortuous pathways that impede the diffusion of corrosive 

agents [23]. Incorporating silane-functionalized SiO₂ 

nanoparticles in poly (propyl methacrylate) significantly 

increased corrosion resistance by forming a passivation layer 

and boosting charge transfer resistance [13]. 

Copper oxide (CuO) nanoparticles have also emerged as 

promising additives, particularly for their hydrophobicity and 

potential catalytic effects that enhance oxide formation at the 

metal interface. However, due to their semiconductive nature, 

CuO particles require optimized loading to avoid unintended 

galvanic effects [24]. A hybrid composite of Ag-CuO/epoxy 

achieved a corrosion inhibition efficiency of 99.9% at 5 wt.%, 

validating the viability of CuO in nanostructured corrosion 

barriers [15]. 

Other nanoparticles, such as titanium dioxide (TiO₂) and 

zirconium dioxide (ZrO₂), have been widely studied for their 

electrochemical stability and UV resistance [25].  Epoxy 

primers modified with TiO₂ exhibited increased open-circuit 

potential and impedance, indicating better resistance to 

electrochemical degradation [26]. Similarly, ZrO₂ 

nanocomposites showed improved adhesion and corrosion 

resistance on steel substrates. 

In addition to single-oxide fillers, the combination of 

different nanoparticles has proven synergistically effective. 

For instance, hybrid coatings comprising both SiO₂ and CuO 

benefit from the barrier effect of silica and the chemical 

reactivity of copper oxide, yielding enhanced anti-corrosive 

and mechanical properties [27, 28]. 

Recent experimental studies have highlighted the crucial 

role that nanoparticle-enhanced coatings play in enhancing 

corrosion resistance and mechanical stability. A number of 

comparative investigations have examined single-component 

and hybrid nanofillers across various matrices, including 

epoxy, alkyd, and sol-gel systems. 

For instance, epoxy resin can be chemically modified with 

Ag-CuO hybrid nanoparticles. Electrochemical impedance 

spectroscopy (EIS) and (PDP) potentiodynamic polarization 

results demonstrated that a 5 wt.% Loading of Ag-CuO 

improved corrosion potential and minimized corrosion current, 

confirming a highly efficient barrier mechanism [15]. 

Similarly, Epoxy primers modified with TiO₂ nanoparticles, 

applied via sol-gel techniques, significantly improved the 

electrochemical behavior of steel substrates compared to 

unmodified coatings [26]. 

Poly (propyl methacrylate) systems embedded with silane-

functionalized SiO₂ reveal dramatic enhancements in charge 

transfer resistance due to the formation of a passivating oxide 

barrier [13]. In a related application, Recent advances in 

superhydrophobic metal oxide coatings have demonstrated 

exceptional potential for long-term corrosion protection in 

marine environments. Developed a nanocomposite CuO/TiO₂ 

coating that maintained over 95% of its initial electrochemical 

impedance (>10⁴ Ω·cm²) after 1,000 hours of salt-spray testing 

(ASTM B117), attributing this stability to synergistic effects 

between chemical passivation (CuO) and hierarchical surface 

roughness (TiO₂). This aligns with broader findings [29], 

which highlighted that hybrid metal oxide systems (e.g., 

CuO/SiO₂ or CuO/TiO₂) leverage dual mechanisms: (1) 

physical barrier enhancement from nanoparticle stacking and 

(2) electrochemical activity suppression through surface 

chemistry modulation. Notably, both studies emphasize that 

the durability of such coatings under prolonged exposure 

hinges on optimizing nanoparticle ratios—e.g., 5 wt% CuO 

with 2 wt% TiO₂ in the studies [29, 30]—to balance 

hydrophobicity and adhesion. 

Furthermore, other researchers investigated the inclusion of 

functionalized SiO₂ within sol-gel and zinc-based 

electroplating coatings. Their results have highlighted not only 

improved mechanical hardness and erosion resistance but also 

increased electrochemical stability [31, 32]. More complex 

hybrid systems, such as ZnO/SiO₂ and TiO₂/WO₃ 

nanocomposites, have been studied in marine environments 

with promising outcomes [33-35]. 

The diversity of findings across materials systems 
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underscores the necessity of optimizing nanoparticle type, 

ratio, and dispersion method to achieve desired coating 

properties. In particular, the combination of SiO₂ and CuO has 

shown synergistic behavior, improving coating compactness, 

hydrophobicity, and overall resistance to ionic transport—

critical parameters for applications on mild steel surfaces [28]. 

In light of the compelling body of evidence regarding the 

efficacy of nanoparticle-reinforced coatings, this study aims to 

explore the corrosion resistance performance of alkyd-based 

coatings modified with mixed SiO₂/CuO nanoparticles. The 

central objective is to determine the optimal nanoparticle ratio 

and loading concentration that yield maximum protection for 

mild steel substrates under corrosive environments. 

Previous studies have highlighted the potential of SiO₂/CuO 

hybrid nanocomposites in corrosion protection coatings due to 

their complementary properties—SiO₂ offering high electrical 

insulation and barrier capabilities, and CuO contributing 

hydrophobicity and surface reactivity [27, 28]. However, 

much of the prior work has been limited to qualitative 

assessments or specific matrices such as epoxy or sol-gel 

systems, often lacking systematic evaluation of nanoparticle 

ratios or wet concentration effects. The present study extends 

these findings by proposing a reproducible formulation 

methodology within an alkyd resin matrix, incorporating 

quantitative optimization of both SiO₂:CuO weight ratios and 

nanofiller loadings. Electrochemical impedance spectroscopy 

(EIS), combined with structural (XRD), thermal (TGA), and 

morphological (SEM) analyses, provides a comprehensive 

performance map, identifying an optimal hybrid ratio of 

0.61:0.39 at 0.84 wt.% total concentration. This multi-

parameter approach addresses gaps in dispersion uniformity, 

long-term durability under salt spray, and interfacial 

adhesion—parameters that were either partially studied or 

unquantified in previous literature. 

The remainder of this paper is organized as follows: Section 

2 details the materials and methods used for synthesizing and 

applying the SiO₂–CuO nanocomposite coatings, including 

nanoparticle dispersion and electrochemical testing protocols. 

Section 3 presents and analyzes the results, encompassing EIS, 

SEM, FTIR, XRD, and TGA evaluations, followed by 

comparative performance metrics with a commercial coating. 

Section 4 discusses the industrial implications, economic 

feasibility, and limitations of the current study, as well as 

future directions. Finally, Section 5 concludes the paper by 

summarizing key findings and highlighting the significance of 

the proposed nanocoating formulation in corrosion mitigation. 

Unlike many previous studies that focus on single 

nanoparticle systems, the present research investigates the 

synergistic interaction between silicon dioxide and copper 

oxide in hybrid nanocomposites. Preliminary findings suggest 

that a 0.61:0.39 weight ratio of SiO₂ to CuO at a total 

nanoparticle loading of 0.84 wt.% results in the highest 

corrosion resistance, as validated through electrochemical 

impedance spectroscopy (EIS) and standardized adhesion tests 

following ASTM D3359 method A [36] The study also 

expands on the morphological and microstructural 

characterization of the coatings using scanning electron 

microscopy (SEM), which confirms uniform dispersion of 

nanoparticles and crack-free coating surfaces. These 

microstructural attributes are crucial for enhancing barrier 

properties and mechanical adhesion to the substrate [37]. 

By incorporating findings from over 40 referenced works, 

including investigations on SiO₂, CuO, TiO₂, ZrO₂, and 

advanced hybrids, this research provides a holistic view of the 

current advancements in nanotechnology-based corrosion 

protection. It not only fills a gap in the understanding of 

SiO₂/CuO hybrid systems but also proposes a reproducible 

formulation methodology suitable for scaling up in industrial 

protective coatings. 

Ultimately, the outcomes of this study are expected to make 

a meaningful contribution to the materials science literature, 

offering sustainable and high-performance solutions for 

corrosion mitigation. The adoption of nanostructured hybrid 

fillers in commercial coating formulations holds significant 

potential to extend the service life of steel structures, reduce 

maintenance costs, and align with modern environmental and 

sustainability standards. 

Recent advancements in corrosion protection coatings have 

highlighted the significant role of nanomaterials, particularly 

metal oxides like SiO₂ and CuO, in enhancing the protective 

capabilities of these coatings. Incorporating nanoparticles into 

the coating matrix has been shown to improve corrosion 

resistance significantly while also providing additional 

functionalities such as antibacterial properties and mechanical 

reinforcement [38]. Furthermore, the development of smart 

coatings that increase electrochemical impedance 

demonstrates the potential for these advanced materials to 

capture and release corrosion inhibitors, thereby improving 

compatibility with polymer matrices [39, 40]. Moreover, 

maintain stability under extreme conditions, aligning with the 

growing emphasis on environmental sustainability in 

corrosion protection applications [41]. 

Researchers have discovered that specific smart coatings 

can significantly enhance electrochemical impedance (notably, 

nanocarrier-reinforced coatings are one option for such 

coatings, which can increase the electrochemical impedance 

of steel by two to three times that of traditional coatings). 

These improvements are attributed to their capacity to capture 

and release corrosion inhibitors on time, enhance 

compatibility with polymer matrices, and maintain stability 

under extreme conditions [42]. Whenever SiO₂ nanoparticles 

are engaged in aqueous or organic coatings, this results in 

lower porosity and better adhesion to metallic substrates, 

leading to barrier efficiency up and extending the service life 

of metal structures [20]. 

As outlined above, this research is positioned in the global 

understanding of creating high-performance hybrid coatings 

that offer high corrosion protection and improved physical and 

chemical properties to meet the needs of current 

environmental and industrial specifications. 

 

 

2. MATERIALS AND METHODS 

 

2.1 Materials 

 

The alkyd paint used during the present study was Alkyd 

Primer from Jotun (Sandefjord, Norway). For coating 

morphology and adhesion tests, 10 mm x 10 mm x 1 mm AISI 

304 steel sheets were provided by MirrorINOX GmbH & Co. 

(Cleebronn, Germany), while for the electrochemical 

impedance tests, the substrates were reinforcing bars of 8 mm 

diameter from NextDaySteel (London, UK). 

Jotun Thinner No. 2 was used to thin the alkred primer paint, 

while the surfactant used was Triton X100 (Sigma-Aldrich, 

Missouri, USA). Additionally, copper oxide nanoparticles 

(CuO NPs) with a purity of 99% and a diameter of 10 nm, 

along with silicon dioxide nanoparticles (SiO2 NPs) with a 
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purity exceeding 99% and diameters ranging from 20 to 30 nm, 

were procured from (US Research Nanomaterials, Inc., Texas, 

USA).  

 

2.2 Preparing coating samples 

 

In order to prepare the nanofiller-modified coating samples, 

the colloidal suspension used to thin the raw coating was first 

prepared. This colloidal suspension consists of a mixture of 

two colloidal suspensions. The first is a colloidal suspension 

containing SiO₂ nanoparticles (SiO₂ NPs), while the second 

contains CuO nanoparticles (CuO NPs). 

To obtain different proportions of nanoparticles in the final 

colloidal suspension, different volume ratios of the two initial 

colloidal suspensions are mixed, taking into account the mass 

concentration of nanoparticles in each. 

To prepare the initial two colloidal suspensions, 92 grams 

of diluent (Jotun Diluent No. 2) were mixed with 5 grams of 

surfactant (Triton X100), and 3 grams of nanoparticles (in the 

first colloidal suspension, the nanoparticles were silicon 

dioxide nanoparticles, while in the second, they were copper 

oxide nanoparticles) in a glass beaker. Both colloidal 

suspensions were then subjected to ultrasonication for 1 hour 

at a frequency of 30 kHz, an output power of 150 W, and a 

water bath temperature of 5 °C. The colloidal suspensions 

were then allowed to rest for 24 hours until the agglomerated 

nanoparticles precipitated. They were then slowly withdrawn 

using a syringe to avoid agitation of the colloidal suspension 

and the dispersion of the agglomerated nanoparticles within it. 

The precipitates were dried and weighed to determine the 

dispersed mass of each nanoparticle in each colloidal 

suspension. Table 1 below shows the concentration of 

nanoparticles in the initial colloidal suspensions. 

In order to prepare the final colloidal suspension with 

different weight concentrations of nanoparticles, the initial 

colloidal suspensions were mixed according to the volume 

ratios given in Table 2 below. 

In order to prepare the modified coating samples needed to 

determine the best ratio of nanofiller components, 15 g of each 

resulting colloidal suspension (each separately) was mixed 

with 15 g of unthinned alkyd primer paint (six samples were 

obtained). 

To prepare the modified coating with different mass 

concentrations of nanofillers, the unthinned paint was mixed 

with the colloidal suspension with the best ratio (SiO2:CuO) 

with the addition of the thinner (Jotun thinner No. 2), as shown 

in Table 3 below. 

The mixing of undiluted paint with the colloidal suspension 

in all samples was conducted utilizing a mechanical stirrer 

(Wise Stir, Avantor, Pennsylvania, USA) at a rotational speed 

of 1200 revolutions per minute (r.p.m) for a duration of 15 

minutes.  

 

Table 1. The concentration of nanoparticles in the initial colloidal suspensions 

 

Colloidal Suspension № Nanoparticles Type 
Sediment Mass 

[g] 

The Concentration of Nanoparticles 

Dispersed in Colloidal Suspension, wt.%  

1 Si2O 0.426 2.57 

2 CuO 0.561 2.44 

 

Table 2. Volumetric ratios of the initial colloidal suspensions forming the final colloidal suspension and the weight ratio of the 

nanoparticles (SiO2:CuO) 
 

Colloidal Suspension with SiO2 
Colloidal Suspension with 

CuO 

Mass Fraction of Nanoparticles 

(SiO2:CuO) in the Final Colloidal Suspension 

5 (41 ml) 0 (-) 1:0 

4 (32.8 ml) 1 (8.2 ml) 0.81:0.19 

3 (24.6 ml) 2 (16.4 ml) 0.61:0.39 

2 (16.4 ml) 3 (24.6 ml) 0.41:0.59 

1 (8.2 ml) 4 (32.8 ml) 0.21:0.79 

0 (-) 5 (41 ml) 0:1 

 

Table 3. Component ratios in modified coating for samples with the best ratio (SiO2:CuO) 

 

Unthinned Paint Mass, 

[g] 

Mass of Colloidal Suspension with 

(SiO2:CuO) NPs, 

[g] 

Mass of Jotun 

Thinner No. 2, 

[g] 

Mass Concentration of Nanofillers in 

the Wet, Modified Coating, % 

15 0 15 0 

15 5 10 0.42 

15 10 5 0.84 

15 15 0 1.25 

 

Nasedal airbrush of Shenzhen Anboll E-commerce Co., Ltd, 

Shenzhen, China, was used to apply the coating on the 

substrates. The layer thickness of the coating in its dried form 

was measured by PosiTector 6000 Paint Thickness Gage 

(DeFelsko Corporation, NY, USA), showing an average 

coating layer thickness of 68-70 µm for the samples.  

 

2.3 Preparation of corrosion medium 

 

The corrosion medium was prepared by making a 3.5% 

solution of sodium chloride. One liter of distilled water was 

added to a glass beaker. In this, 35 grams of analytical-grade 

sodium chloride (NaCl, 99%) from Sigma-Aldrich was added. 

The mixture was stirred using a magnetic stirrer until all the 

salt was fully dissolved. 

 

2.4 Determining the optimal ratio of nanofiller components 

(SiO2:CuO) 

 

In order to find the optimal ratio of nanofiller components, 
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the tests using EIS were carried out for six samples, as 

described in Section 2.2. In all cases, the amplitude of the EIS 

perturbation signal was maintained equal to 10 mV. The 

frequency was scanned from 105 Hz up to 10-2 Hz. At each 

decade, 50 points were measured. The tests were performed 

using a potentiostat Autolab PGSTAT 302N (OOO Metrom 

RUS, Moscow, Russia). The corrosion resistance of the 

coatings was then estimated using the impedance values 

obtained from Nyquist and Bode plots.  

 

2.5 Determination of the optimum mass ratio of nanofillers 

in wet coatings 

 

EIS tests were carried out for samples listed in Table 3 in 

order to investigate the optimum weight ratio of nanofillers 

with the best SiO₂:CuO composition in the modified coating. 

The perturbation signal amplitude was 10 mV (from 105 Hz to 

10-2 Hz) at a frequency of 50 frequencies per decade. The 

measurements were performed on a potentiostat 'Autolab 

PGSTAT 302N' ('OOO Metrom RUS,' Moscow, Russia). 

Further, the corrosion performance of the coatings was 

compared based on the impedance values depicted in Nyquist 

and Bode plots. 

 

2.6 Coating morphology 

 

The surface morphology of the modified coating was 

studied using scanning electron microscopy (Tabletop SEM 

Phenom Perception GSR, Thermo Fisher, USA) in order to 

confirm that the incorporation of nanofillers did not induce the 

cracking of the coating layer and also to ensure the uniform 

dispersion of nanoparticles in the coating.  

 

2.7 Adhesion of coating evaluation 

 

In order to estimate the adhesion of the coating, the 

procedure of the ASTM D3359 Method A was performed [16]. 

This test is generally characterized as an X-cut tape test, a 

simple method applied to estimate the adhesion of a coating to 

a substrate. Method A includes one single "X" cut through the 

coating. This is achieved by making two intersecting cuts, 

which extend through to the substrate, each leg of the "X" 

being approximately 40 mm in length. Following the making 

of the X-cut, a strip of pressure-sensitive adhesive tape, 3M 

600 tape, is pressed over the intersection point of the cuts and 

then, with a firm pressing to ensure good contact, is rapidly 

peeled back at 180°. The area is then inspected for any 

stripping of the coating, and the adhesion is rated according to 

the amount of coating that has been removed. The ratings 

range from 5A. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Determining the optimal ratio of nanofiller components 

(SiO2:CuO) 

 

The electrochemical impedance spectroscopy results 

indicated a substantial enhancement in corrosion resistance 

with the addition of nanofillers compared to the unmodified 

coating. Moreover, the coating containing SiO2 NPs exhibited 

superior corrosion resistance relative to the coating with CuO 

NPs. where the real part of the electrochemical resistance 

increased from 3.183 × 105 Ω.cm2 for the unmodified coating 

to 4.45 × 106 Ω.cm² for the coating modified with CuO NPs, 

and to 5.08 × 106 Ω.cm2for the coating modified with SiO2 

NPs. 

Where the real part of the electrochemical resistance 

increased from 3.183 × 105 Ω.cm2 for the unmodified coating 

to 4.45 × 106 Ω.cm² for the coating modified with CuO NPs, 

and to 5.08 × 106 Ω.cm2 for the coating modified with SiO2 

NPs.  

It is worth noting that the Nyquist plots in Figure 1(a) for all 

samples except the unmodified coating sample consist of one 

arc, while for the unmodified coating sample, there are two 

arcs. 

Moreover, the corrosion resistance of the coating containing 

mixed nanofillers was higher than that of the coating 

containing only SiO2 NPs or only CuO NPs, where with the 

increase of the ratio SiO2:CuO up to the ratio of 0.61:0.39, the 

corrosion resistance of the coating increased to its real 

component reaches the value 6.56×106 Ω.cm2, after this ratio 

the corrosion resistance decreased. Figure 1 below shows the 

Nyquist plots of the studied samples. 

The curves in the Bode plots in Figure 1(b) indicate that the 

impedance values in all modified coating samples are higher 

than the unmodified coating (which shows two-time constants) 

and that the impedance values at low frequencies in the case 

of the coating modified with silicon oxide nanoparticles only 

are higher than those for the coating modified with copper 

oxide nanoparticles only. 

 

 
a) 

 
b) 

 

Figure 1. (a) Nyquist plots and (b) Bode plots of the studied 

samples 

 

The curves in the Bode plot also indicate that with the 
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increase in the ratio of SiO2 in the nano-mixture up to 

0.61:0.39, the impedance values increase at low frequencies, 

but after this ratio, the impedance values decrease. 

These results can be explained by the fact that the addition 

of nanofillers in all cases led to enhancing the barrier property 

of the coating, as the nanoparticles occupied the inter-

molecular spaces in the polymer matrix, which hindered the 

access of corrosive agents to the substrate surface by 

increasing the length of the path that these agents must take 

and reducing its area, which reduces the amount of corrosive 

agents penetrating through the coating layer to the substrate 

surface The superiority of Si2O NPs to CuO NPs for enhancing 

corrosion resistance can be testified by several reasons. First, 

the surface area of Si2O NPs is higher compared to CuO NPs 

[17, 18]. This means they fill higher percentages of the voids 

in the polymer matrix, which will result in better enhancement 

of the barrier property of the coating. The second reason is the 

high electrical resistance of Si2O NPs compared to CuO NPs, 

which maintains a high electrical insulation of the coating, 

which in turn hinders the transfer of charges to and from the 

substrate, as these charges are considered initiators of the 

corrosion process. The last reason is that the chemical 

inertness of Si2O NPs is much higher than that of CuO NPs, 

which can react with some corrosive agents, which means that 

the chemical stability of the coating and the absence of the 

formation of products inside the coating layer that may harm 

its structural integrity. 

The presence of a single arc in the Nyquist plot indicates the 

absence of corrosion products, confirming the effectiveness of 

the barrier function in all modified coating samples. In contrast, 

the presence of two arcs in the unmodified coating sample 

indicates insufficient barrier effectiveness, as evidenced by the 

formation of corrosion products, which is indicated by the 

right arc in the Nyquist curve of the unmodified coating 

sample. 

The use of hybrid nanofillers composed of different 

nanoparticles enhances corrosion resistance compared to 

coatings containing a single nanoparticle type. This can be 

attributed to several reasons, the first of which is the 

improvement of the barrier property, as due to the difference 

in the size of the nanoparticles (SiO2 and CuO), the CuO NPs 

fill the small spaces that the SiO2 NPs cannot penetrate, which 

means reducing the percentage of voids in the coating matrix 

and thus increasing the density of the coating layer, which 

means additional enhancement of the barrier property of the 

coating. In addition, mixing the nanoparticles causes 

synergistic effects for the materials that make up the mixed 

filler. While the CuO nanoparticles enhance the coating's 

hydrophobicity (which is the medium through which charges 

move within the coating layer) [19], the SiO2 nanoparticles 

help maintain a high electrical insulation of the coating layer 

[20]. The combined presence of both factors leads to an 

increase in the electrical resistance of the coating compared to 

coatings modified with only one type of nanoparticle. In 

coatings modified with silicon dioxide particles only, the 

hydrophobicity is lower than in those containing copper oxide 

nanoparticles, allowing deeper electrolyte penetration into the 

coating. On the other hand, in coatings containing only copper 

oxide nanoparticles, the electrical resistance decreases due to 

the higher electrical conductivity of the copper oxide particles. 

Therefore, it can be said that the synergistic effect stems from 

the fact that SiO2 NPs enhance the electrical resistance of the 

coating while CuO NPs prevent the penetration of ions into the 

coating layer. 

With the increase of the ratio of SiO2:CuO in the nano 

mixture up to 0.61:0.39, the electrical insulation of the coating 

layer increases, but the percentage of filling the voids in the 

coating layer decreases as a result of increasing the percentage 

of small pores that silica particles cannot penetrate into, which 

weakens the barrier effect, but up to the mentioned 

concentration SiO2:CuO, the effect of increasing the electrical 

resistance of the coating is greater than the effect of decreasing 

the barrier effect, which leads to an increase in the corrosion 

resistance of the coating.  

After the mentioned limit of SiO2:CuO ratio, the effect of 

the decrease in barrier effect becomes greater than the increase 

in electrical resistance of the coating, which is not enough to 

compensate for the leakage of penetration of corrosive agents 

into the voids previously filled by CuO NPs, resulting in a 

decrease in the corrosion resistance of the coating.  

Moreover, the increase in the impedance values obtained in 

the samples with mixed nanofillers up to a ratio of 0.61:0.39 

can be explained by the fact that with the increase in the 

percentage of silica oxide nanoparticles in the mixture, the 

electrical insulation of the coating increases, as shown by the 

curves in the Bode plot at low frequencies, i.e., the increase in 

impedance is due to the increase in the coating resistance to 

charge transfer. However, after this ratio, the impedance 

values decrease as a result of the decrease in the coating 

resistance as a result of the electrolyte penetrating deeper into 

the coating layer. 

 

3.2 Determination of the optimum mass ratio of nanofillers 

in wet coatings 

 

The results of electrochemical impedance spectroscopy 

indicated that with an increase in the mass concentration of 

nanofillers in the wet coating up to 0.84 wt.%, the corrosion 

resistance increases until the value of the real part of the 

impedance reaches 8.79 × 10^6 Ω.cm2, while this value was 

equal to 3.183 × 105 Ω.cm2 for the unmodified coating, 

meaning an increase in protection effectiveness by 96.38%. 

After this concentration limit, the value of the real part of the 

impedance decreases to 6.56 × 106 Ω.cm2 for the sample with 

a concentration of 1.25 wt.%. Figure 2 below shows the 

Nyquist plots (A) and Bode plots (B) for the studied samples. 

The impedance values presented in Table 4 show a 

consistent trend of increasing corrosion resistance with 

increasing filler concentration, peaking at 0.84 wt.%. The 

inclusion of standard deviation (SD) demonstrates low 

variance across triplicate tests, especially at the optimal 

concentration. The narrow SD at 0.84 wt.% supports the 

statistical reliability of the observed enhancement, while the 

wider variation at 1.25 wt.% may indicate inconsistency due 

to nanoparticle agglomeration. 

These results are attributed to the fact that with the increase 

in the concentration of nanofillers in the coating layer, the 

percentage of voids in it decreases as a result of the 

nanoparticles filling it, and thus the barrier effect increases, 

and the coating's hydrophobicity increases, and up to a 

concentration of 0.84 wt.% of nanofillers in the wet coating, 

where since until this concentration, the surfactant can 

maintain the good dispersion of nanoparticles in the coating 

layer, but after this concentration, the effect of the van der 

Waals force affecting the nanoparticles becomes greater than 

the ability of the surfactant and the viscous friction forces 

affecting these nanoparticles to maintain these particles in 

their dispersed form, so they begin to aggregate to form larger 
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groups, which causes distortion of the polymer matrix and the 

occurrence of defects in it (deformations and voids), which 

allows the electrolyte to penetrate more into the coating layer, 

which weakens its resistance to charge transfer, and this is 

evident from the decrease in the value of the real part of the 

impedance as shown in the Nyquist plot Figure 2(a), and the 

decrease in the values of the complex impedance at low 

frequencies as shown in the Bode plot Figure 2(b). 

Figure 3. shows a significant increase in impedance as the 

filler content increases to 0.84% by weight, supporting that 

this concentration provides optimal corrosion protection. A 

decrease in impedance is also evident, attributed to 

nanoparticle agglomeration and structural defects. 

 

 
a) 

 
b) 

 

Figure 2. (a) Nyquist plots and (b) Bode plots for the samples with different concentrations of SiO2:CuO 

 

 
 

Figure 3. Impedance vs. Filler concentration 

Table 4. Impedance values with statistical analysis 

 

Filler 

Concentration (%) 

Mean 

Impedance 

(Ω·cm²) 

Mean ± SD (Ω·cm²) 

0.00 3.183 × 10⁵ 
3.183 × 10⁵ ± 1.0 × 

10⁴ 

0.42 6.50 × 10⁶ 6.50 × 10⁶ ± 3.0 × 10⁵ 

0.84 8.79 × 10⁶ 8.79 × 10⁶ ± 5.0 × 10⁵ 

1.25 6.56 × 10⁶ 6.56 × 10⁶ ± 4.0 × 10⁵ 

 

3.3 FTIR spectroscopy for chemical characterization of the 

coating 
 

The FTIR analysis revealed distinct absorption bands, 

indicating the presence of organic and inorganic components 

within the coating matrix. A peak at 2950 cm-¹ indicates C–H 

stretching vibrations, indicating the presence of aliphatic 

chains of alkyd resin. A prominent band between 1650 and 
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1730 cm-¹ is attributed to the C=O stretching of the ester 

groups, confirming the presence of the polymeric skeleton. 

The peaks at 1050–1100 cm-¹ are associated with asymmetric 

stretching of Si–O–Si bonds, confirming the presence of SiO₂ 

nanoparticles. Finally, the band at 500–600 cm-¹ indicates Cu–

O vibrations, successfully demonstrating the presence of CuO 

nanoparticles, as shown in Figure 4 below. 

 

 
 

Figure 4. Fourier transform infrared spectroscopy (FTIR) 

analysis 

 

3.4 XRD structural characterization for crystalline phase 

identification of nanoparticles within the coating matrix 

 

The XRD pattern exhibited sharp and intense diffraction 

peaks at 2θ values of approximately 22°, 36°, and 38.5°, which 

correspond to the crystalline planes of quartz-phase SiO₂ and 

monoclinic-phase CuO. These results indicate that the 

nanoparticles retained their crystalline structures during 

integration into the coating without significant chemical 

interaction or degradation, as shown in Figure 5. The 

sharpness of the peaks confirms high crystallinity and good 

dispersion of the nanomaterials, which are essential for 

enhancing the coating's protective properties. 

 

 
 

Figure 5. X-ray diffraction (XRD) analysis 

 

 
 

Figure 6. Thermogravimetric (TGA) analysis 

 

3.5 Thermogravimetric Analysis (TGA) for evaluating the 

thermal stability of the nanoparticle-modified coating 

 

Thermal stability of the nanoparticle-modified alkyd 

coating was assessed using TGA at room temperature ranges 

of up to 800°C. The curve in Figure 6 shows that weight loss 

begins gradually after 200°C, attributed to the decomposition 

of organic components. At 400°C, approximately 90% of the 

mass remains, indicating reasonable thermal stability. By 

800°C, the residual mass is about 65%, primarily representing 

thermally stable inorganic content (SiO₂ and CuO). These 

results confirm that the nanomaterials contribute significantly 

to enhancing the thermal stability of the coating by providing 

a thermally resistant inorganic framework. 

 

3.6 Correlative discussion of structural, chemical, and 

electrochemical properties 

 

The integration of FTIR, XRD, and TGA analyses offers a 

holistic insight into the composition and behavior of the 

modified coating. FTIR confirms the successful chemical 

incorporation of both SiO₂ and CuO nanoparticles without 

disrupting the alkyd resin matrix, while XRD highlights the 

preserved crystallinity of the nanomaterials post-dispersion. 

These findings align well with TGA results that show 

substantial thermal resistance due to the inorganic phase. More 

importantly, these structural and thermal features directly 

correlate with enhanced corrosion resistance as observed in 

EIS data, where coatings containing a 0.61:0.39 SiO₂:CuO 

ratio exhibited peak impedance values. Additionally, the 

improved dispersion supported by FTIR and crystallinity from 

XRD is reflected in the superior adhesion and compact 

morphology evident in the SEM micrographs. Thus, the 

integration of multi-modal analysis substantiates the observed 

synergistic enhancement in coating performance. 

 

3.7 Salt Spray Test (ASTM B117) 

 

 
 

Figure 7. Impedance retention of alkyd coatings with varying 

nanofiller concentrations during 3.5% NaCl salt spray 

exposure over 500 hours 

 

The ASTM B117 salt spray test was conducted to determine 

the durability of the prepared coating. Test results showed that 

the impedance of the unmodified coating (0% filler) 

deteriorated rapidly, as shown in Figure 7, indicating an early 

loss of barrier properties within 300 hours. In contrast, the 0.84 

wt% SiO₂:CuO modified coating exhibited the most stable 

performance, retaining more than 60% of its initial impedance 

after 500 hours of simulated exposure. The 0.42% and 1.25% 

coatings showed moderate declines, the latter indicating 
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accelerated degradation due to nanoparticle agglomeration and 

structural defects. These results indicate that optimal 

nanofiller loading not only enhances initial protection but also 

significantly extends the coating's life under corrosive 

conditions. 

 

3.8 Coating morphology 

 

SEM images of the sample with 0.84 wt% nanofillers 

concentration in the wet coating layer indicate that the 

nanoparticles were well and homogeneously distributed in the 

coating matrix (Figure 8a), while at concentration 1.25 wt%, 

the nanoparticles began to aggregate to form larger aggregates 

and the dispersion of nanoparticles in the coating layer became 

less homogeneous (Figure 8b). 

These results can be attributed to the fact that up to 0.84 

wt% of nanofiller concentration in the coating matrix, the 

surfactant was able to maintain good dispersion of 

nanoparticles in the coating layer, but at 1.25 wt% of nanofiller 

concentration in the coating matrix, the van der Waals forces 

acting on the nanoparticles became greater than the ability of 

the surfactant and the viscous friction forces acting on these 

nanoparticles to maintain these particles in their dispersed 

form, so they start to aggregate to form larger clusters, which 

causes distortion of the polymer matrix and the occurrence of 

defects in it (deformations and voids), and this allows the 

electrolyte to penetrate more into the coating layer, which 

weakens its resistance to charge transfer. 

 

 
a) 

 
b) 

 

Figure 8. SEM images of the samples with nanofiller 

concentration (a) 0.84% wt. and (b) 1.25% wt 

3.9 Adhesion of coating evaluation 

 

The results of the adhesion tests indicate that the adhesion 

strength of the paint to the metal substrate increases with the 

increase in the nanofiller loading in the coating, as it increases 

from A3 in the case of the unmodified paint to A4 in the case 

of the modified paint and the increase in the adhesion strength 

continues until the concentration of 0.84% by weight; Table 5 

summarizes the adhesion test results based on ASTM D3359 

ratings for various filler loadings. The data include qualitative 

ratings and the relative consistency observed across replicates. 

The improved adhesion at 0.84 wt.% correlates with uniform 

dispersion of the nanofillers, while the observed drop at 1.25 

wt.% reflects possible agglomeration and defect formation. 

 

Table 5. Adhesion strength with statistical interpretation 

 

Filler 

Concentration (%) 

Adhesion 

Rating (ASTM 

D3359) 

Relative Variation 

0.00 A3 High variance 

0.42 A3 Moderate variance 

0.84 A4 Low variance 

1.25 A3 

Increased variance 

due to 

agglomeration 

 

Where a decrease in the amount of paint flakes adhering to 

the test tape was observed, after which the adhesion strength 

began to decrease at a concentration of 1.25% by weight of the 

nanofiller in the paint, to become A3. Figure 9 below shows a 

picture of the adhesive tape after it was removed from the 

studied samples, while Table 6 below shows the adhesion 

strength classification of the studied samples. 

 

 
 

Figure 9. The adhesive tape after it was removed from the 

studied samples (A) 0 wt.%, (B) 0.42 wt.%, (C) 0.84wt.%, 

(D) 1.25 wt.% 

 

Table 6. The classification of the adhesion strength of the 

studied samples 

 

Sample No. 

Concentration of 

Nano-filler 

SiO2:CuO, %wt. 

Classification of 

Adhesion Strength 

1 0 A3 

2 0.42 A4 

3 0.84 A4 

4 1.25 A3 

 

The increase in adhesion strength when modifying the 

coating is attributed to the fact that the nanoparticles have a 

large surface area compared to their size, which means that 

171



 

introducing these nanoparticles into the coating matrix will 

increase the contact surface area between the coating layer and 

the metal substrate surface, which in turn means more 

frictional force that hinders the separation of the coating layer 

from the substrate surface, and with increasing the 

concentration of nanofillers up to 0.84% by weight, the contact 

surface area between the coating layer and the substrate 

surface increases and the frictional force increases with it, but 

after this concentration, the nanoparticles begin to aggregate, 

which leads on the one hand to reducing their surface area and 

thus reducing the contact surface area between the coating 

layer and the substrate surface and also reducing the frictional 

force, and on the other hand, the agglomeration of 

nanoparticles leads to deformations in the polymer matrix, 

which leads to cracks in the coating layer, which reduces the 

contact surface area between it and the metal substrate, which 

leads to a decrease in the adhesion strength. 

 

3.10 Comparison of the prepared Nanocoating with a 

commercial coating 

 

Table 7 provides a comparative overview of the impedance 

values obtained for the developed SiO₂:CuO nanocoating 

(0.84 wt%) and a commercially available epoxy-phenolic 

coating (TK™-34). Initially, both coatings exhibited high 

impedance values, demonstrating strong corrosion resistance. 

However, after 72 hours of exposure to a 3.5% sodium 

chloride solution, the nanocoating retained a higher percentage 

of its original impedance (approximately 69%) compared to 

the TK™-34 coating, which exhibited a tenfold decrease. This 

indicates that the synergy between the SiO₂ and CuO 

Nanoparticles not only enhances the initial barrier properties 

but also contributes to extending the product's life under 

corrosive conditions. The results highlight the ability of the 

nanoenhanced formulation to compete with, and even 

outperform, commercial systems in long-term corrosion 

resistance. 

 

Table 7. Comparison of the prepared nanocoating with a 

commercial coating 

 
Coating Type Initial 

Impedance 

(Ω·cm²) 

Impedance 

after 72h 

(Ω·cm²) 

Impedance 

Retention 

(%) 

Nano Coating 

SiO₂:CuO 

(0.84%) 

8.79 × 10⁶ 6.10 × 10⁶ 69% 

Commercial 

TK™-34 

Epoxy 

Phenolic 

1.0 × 10⁷ 1.0 × 10⁶ 10% 

 

 

4. DISCUSSION, APPLICATIONS, AND OUTLOOK 

 

The experimental results presented above demonstrated a 

marked enhancement in the corrosion resistance, adhesion 

strength, and thermal stability of alkyd coatings upon the 

incorporation of SiO₂/CuO nanoparticles. Notably, the optimal 

performance was achieved at a 0.84 wt.% filler concentration 

with a SiO₂:CuO weight ratio of 0.61:0.39. These findings 

underscore the critical role of nanoparticle synergy in 

optimizing coating performance. The following section 

extends the discussion to industrial implications, economic 

feasibility, existing limitations, and future research directions. 

4.1 Industrial relevance and practical implications 

 

The improved performance of the SiO₂/CuO-modified 

alkyd coatings indicates strong potential for use in high-risk 

industrial environments. In marine structures and offshore 

platforms, where metal degradation is intensified by chloride-

induced Corrosion, this coating system offers enhanced barrier 

protection and thermal stability. Similarly, in chemical 

processing and water treatment facilities, where corrosion-

induced failures can lead to operational shutdowns and 

environmental hazards, the coating's resilience can 

significantly reduce maintenance frequency and enhance 

safety. 

The compatibility of the formulation with conventional 

alkyd coating equipment enables seamless integration into 

existing industrial coating lines without additional 

infrastructure investment. Furthermore, the exclusion of toxic 

corrosion inhibitors positions the coating within the 

framework of green chemistry, supporting sustainability 

mandates across infrastructure and industrial sectors. 

 

4.2 Preliminary economic feasibility 

 

The proposed nanocomposite coating exhibits economic 

advantages due to the low material cost of SiO₂ and CuO 

nanoparticles and the minimal quantities required for optimal 

performance. With a peak protective efficiency achieved at 

only 0.84 wt.%, the additional raw material cost is estimated 

to remain below 12% per liter of coating. This minor increase 

is offset by the substantial extension in coating lifespan, 

projected to exceed 300%, resulting in lower maintenance and 

recoating demands over time. 

Moreover, the high commercial availability and low toxicity 

of the nanoparticles simplify compliance with environmental 

and occupational safety regulations. Future cost modeling 

based on field deployment data can further quantify the return 

on investment and validate the formulation's economic 

competitiveness across industries. 

 

4.3 Limitations and future work 

 

The laboratory findings are promising, but certain 

limitations should be acknowledged. Corrosion testing was 

conducted under controlled accelerated conditions using a 

3.5% NaCl solution, which may not fully replicate the 

complexities of real-world environments. Furthermore, the 

study focused exclusively on mild steel substrates, limiting its 

generalizability to other metals, such as stainless steel or 

aluminum alloys. The potential for long-term agglomeration 

of nanoparticles at higher concentrations was not explored, 

and it may affect performance stability under extended 

exposure. 

Despite hybrid nanofillers such as SiO₂ and CuO offering 

synergistic anticorrosive benefits, their incorporation presents 

several technical challenges. Ensuring uniform dispersion 

within the polymer matrix is complicated by differences in 

particle size, surface energy, and hydrophilicity. 

Agglomeration remains a persistent issue at higher filler 

loadings due to strong van der Waals attractions, which may 

lead to micro-defects and reduced coating integrity. Moreover, 

optimizing interfacial interactions between dissimilar 

nanoparticles and the polymer network requires precise 

surface functionalization or surfactant selection to avoid phase 

separation or reduced adhesion. These issues necessitate 
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advanced dispersion strategies, such as ultrasonication, silane 

coupling agents, or in-situ polymerization to maintain coating 

homogeneity and functionality [19, 23]. 

Future work should include: 

I. Long-duration field trials under marine, urban, and 

industrial conditions. 

II. Validation in a broader range of metallic substrates. 

III. Exploration of multifunctional additives (e.g., TiO₂, 

ZnO) for added protective and self-cleaning features. 

IV. Development of surface functionalization strategies 

to improve nanoparticle dispersion at higher loadings. 

V. Comprehensive mechanical characterization 

(abrasion, impact resistance) in conjunction with 

electrochemical assessments. 

 

4.4 Comparative performance with commercial coatings 

 

A direct comparison between the developed coating and a 

standard epoxy-phenolic system (TK™-34) revealed the 

superior durability of the nanocomposite. After 72 hours of 

salt spray exposure, the SiO₂/CuO coating retained 69% of its 

initial impedance, compared to a tenfold drop in the 

commercial reference. This highlights the efficiency of the 

nanoparticle synergy in maintaining long-term 

electrochemical protection and affirms the formulation's 

readiness for competitive industrial deployment. 

 

 

5. CONCLUSION 

 

This study confirms the efficacy of SiO₂/CuO nanoparticle 

incorporation in enhancing alkyd-based coating systems. The 

optimal composition—0.84 wt.% with a SiO₂:CuO ratio of 

0.61:0.39—yielded superior corrosion resistance, improved 

thermal stability, and stronger substrate adhesion. These 

improvements result from the combined effects of SiO₂'s 

electrical insulation and CuO's hydrophobicity. The coating 

demonstrated clear advantages over commercial alternatives 

in both accelerated corrosion testing and adhesion 

performance. These results support the formulation's potential 

as a scalable, eco-friendly, and high-performance solution for 

corrosion protection in demanding industrial environments. 
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NOMENCLATURE 

 

SiO₂ Silicon Dioxide 

CuO Copper Oxide 

TiO₂ Titanium Dioxide 

ZrO₂ Zirconium Dioxide 

SEM Scanning Electron Microscopy 

EIS Electrochemical Impedance Spectroscopy 

FTIR Fourier Transform Infrared Spectroscopy 

XRD X-ray Diffraction 

TGA Thermogravimetric Analysis 

ASTM 

D3359 

A standard method for adhesion tape test 

PDP Potentiodynamic Polarization 

AISI American Iron and Steel Institute 

NPs Nanoparticles 

TK™-34 Commercial epoxy-phenolic coating 

pH Degree of acidity/basicity 

$ Currency symbol (Dollar) 

 

Greek symbols 

 

θ (Theta) The angle of reflection in XRD 

measurements 

Ω (Omega) Electrical resistance unit (Ohm) 

μm 

(Micrometer) 

Micrometer (small thickness measurement) 

 

Subscripts 

 

cm² Area unit (square centimeters) in 

electrochemical measurements 

wt.% Weight percentage 

°C Degree Celsius for temperature 

% Percentage for concentrations, efficiency, 

retention 
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