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ABSTRACT 

Nanocomposite films of polypyrrole (PPy) doped with zinc oxide nanoparticles (ZnO NPs), silica 
nanoparticles (SiO2 NPs), and carbon were synthesized using electrochemical technique. These films were 
proposed as an anticorrosion agent and tested on industrial steel samples. The films and the dopant 
nanoparticles (ZnO NPs and SiO2 NPs) were investigated by employing Scanning electron microscope 
(SEM) and Nanoparticle tracking analysis (NTA) to determine their morphologyy and size distributions. The 
anticorrosion properties of PPy, PPy/ZnO, PPy/ZnO/carbon and PPy/ZnO/carbon/SiO2 nanocomposites 
coated on industrial steel within corrosive solutions was tested with a potentiodynamic method, generated 
Tafel plots were interpreted. The best performance as an anticorrosion agent for industrial steel was the PPy 
composite containing ZnO/carbon nanoparticles, which reduced corrosion rate by 77% compared to uncoated 
steel. In this work, it was demonstrated that the coating composed of polypyrrole-metal oxide-carbon 
Nanocomposite was highly efficient in protecting the Industrial steel compared to the PPy film. 
PPy/ZnO/carbon nanocomposite exhibited the highest anticorrosion efficiency. 

Keywords: Nanocomposite films, Polypyrrole, Zinc oxide nanoparticles, Silica nanoparticles, Corrosion 

protection. 

1. INTRODUCTION

Corrosion of metal surfaces is a significant issue for
metallic constructions, including storage tanks, pipelines, 
and bridges. The corrosion degree increases significantly 
when exposed to an aggressive environment, such as 
seawater [1, 2]. Corrosion is a natural process that occurs 
to metals. Due to chemical and electrochemical reactions 
with their surroundings, it transforms them into more 
chemically stable compounds such as metal oxide, metal 
hydroxide, or metal sulfidic [3, 4]. For example, rusting 
is a process in which metals undergo electrochemical 

oxidation [5]. Corrosion is a significant issue, with a 
considerable expense associated with it [6]. 

Corrosion protective coatings are a simple and 
scalable technology that inhibits electrons from 
exchanging in an electrochemical reaction by forming a 
layer between the substrate and the hostile liquid [7]. 
Hybrid organic-inorganic coatings are utilized to protect 
the surfaces of some materials [8]. The primary function 
of hybrid organic-inorganic coatings is to increase output 
by preventing oxygen from reaching the metal surface 
[9]. 
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Conductive polymers, such as polypyrrole (PPy) and 
polyaniline (PANI), are some of the most effective 
coatings for providing good corrosion protection [10]. 
Additionally, conductive polymers are organic materials, 
implying they pose no risk to human health or the 
environment [11]. 

The enhancement of the corrosion protection 
mechanism was investigated in this research using four 
distinct combination coatings: PPy, PPy-ZnO NPs, PPy-
ZnO NPs-Carbon, and PPy-ZnO NPs-Carbon-SiO2 NPs. 
Metal oxides using as dopant materials in the conductive 
polymer due to its inherent properties, which enhanced 
the protective performance of the conductive polymers 
[12]. ZnO-NPs, SiO2-NPs, and carbons were used as 
dopant materials in conductive polymers to enhanced the 
protective performance [13]. In this research, we will 
investigate the protective performance for co-doping 
process of these dopant in polypyrrole (PPy). 
Nanoparticle tracking analysis (NTA), scanning electron 
microscopy (SEM), and energy-dispersive X-ray 
microscopy (EDX) were used to characterize ZnO and 
SiO2 nanoparticles (EDX). The corrosion resistance of 
the sample was determined using the Tafel polarization 
plot. 

2. EXPERIMENTAL PROCEDURE

2.1 Synthesis of Zinc Oxide Nanoparticles 
(ZnO NPs) 

Two grams of Zinc Acetate Dihydrate Zn 
(CH3CO2)2.2H2O were dissolved in twenty milliliters 
of 100% ethanol. 0.5 g sodium hydroxide (NaOH) was 
dissolved in 20 ml 100% ethanol separately. Later, the 
produced NaOH solution was gradually and gently mixed 
into the Zinc Acetate Dehydrate-ethanol solution while 
stirring continuously for 30 minutes. The resulting 
solution was kept at 70°C in a water bath for 2.5 hours. 
To eliminate contaminants from the obtained ZnO NPs, 
they were washed three times with ethanol and distilled 
water and dried in air at 50°C for 24 hours. Finally, ZnO 
NPs were collected in powder form and dried at a 
approximately temperature (100°C ) [14]. 

2.2 Preparation of Silicon Dioxide 
Nanoparticles (SiO2 NPs) 

The SiO2 NPs were synthesized by diluting 66 ml 
ethanol with 4 ml water and adding 1 g sodium hydroxide 
(NaOH) dissolved in ethanol. A suitable amount of time 
was allowed to produce homogeneity by adding 4 ml of 
tetraethyl orthosilicate (SiC8H20O4) to the latter mixture 
for 15 minutes at 25 °C (water bath) and then 4 ml of 
NaOH in an ethanol solution (30 minutes). The resultant 
solution was centrifuged for 15 minutes, and the water 
was easily removed once the SiO2 precipitated [15,16]. 

2.3 Coating Process 
An electrochemical coating process was used to create 
films on mild steel specimens. Four different solutions 
have been prepared. The first solution was prepared by 
sonicating 0.1 g of Polypyrrole (PPy) for an hour at room 
temperature in 30 mL of Ethelene glycol. Sonicating 0.1 
g PPy made a second solution, and 0.01 g produced ZnO 
NPs for an hour at room temperature in 30 ml Ethelene 
glycol. The third solution was sonicated for an hour at 
room temperature using 0.1 g PPy, 0.01 g produced ZnO 
NPs, and 0.01 g carbon nanotube in 30 ml Ethelene 
glycol. The fourth solution is the same as the third, except 
that 0.01 g of the SiO2 NPs generated are added. The 
electrochemical reaction occurs in an electrochemical 
cell, which is used to induce a non-spontaneous redox 
reaction using electrical energy that is typically used to 
break down chemical compounds [17]. This approach 
involves attaching the metal to a more anodic metal 
(Zinc), which changes it to a cathodic state and prevents 
corrosion. The stainless-steel specimens were coated 
with the four solutions and used as an anode in an 
electrochemical cell, allowing the coating material to 
stick to the anode by losing electrons from its valence 
shell, causing the electrolytes to form a thin film around 
it and coat it. Electrochemical deposition at an applied 
voltage of 8 V for 24 hours was used to prepare 
Polypyrrol/ZnO-NPs, Polypyrrole/ZnO-NPs/carbon, and 
Polypyrrole/ZnO-NPs/carbon/SiO2-NPs samples for 
anti-corrosion tests. 

2.4 Potentiodynamic polarization 
measurement (PDP) 
A VoltaLab PGZ 100 potentiostat was used in a double-
wall three-electrode glass cell to detect PDP corrosion. 
The surface area of stainless-steel specimens exposed to 
corrosion was reduced to 6 cm2 before conducting 
potentiodynamic polarization tests. The tests were 
performed at room temperature (297 K). A saturated 
AgCl electrode was employed as a reference electrode, 
and a graphite electrode was used as an auxiliary 
electrode. Sodium chloride, at a concentration of 3.5 %, 
was used in the electrolyte solution. Regarding the open-
circuit voltage, polarization curves were obtained at 10 
mV/s from the cathode potential of -800 mV to the anode 
potential of -420 mV. (OCP). The corrosion potential (E-
corr) and current densities (I-corr) were extrapolated 
from the Tafel graphs. 

3. Results and Discussion

3.1 NTA, SEM and EDX results for ZnO 
NPs and SiO2 NPs 

Figure 1A illustrates the NTA results for the ZnO 
NPs. The image depicts results from the ZnO NPs 
experiment over particle sizes ranging from 0 to 199 nm, 
with concentrations measured in [106 particles/ml] at a 
temperature of 19.9 °C.  
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As shown in Figure 1A, the particle size spans from 
40 nm to around 400 nm, the concentration is 106 
particles/ml, and the particle size increases very slightly, 
virtually negligibly, at approximately 42 nm. The 
maximum concentration of 3.2261x106 particles/ml is 
observed with a particle size of 172 nm. At 172 nm, the 
concentration decreases until it reaches 313 nm, at which 
point the concentration decreases at a prolonged rate until 
it hits zero at 1397 nm particle size. We can deduce that 
the prevalent sizes vary between 42 and 300 nm. The 
most concentrated form is nanoparticles with a diameter 
of 172 nm. The SEM micrograph pictures in Figure 1B 
indicate the presence of ZnO NPs with spherical 
structures and the particles' aggregation. The particles 
should have aggregated due to their large specific surface 
area and high surface energy, which are characteristic of 
ZnO nanoparticles [18]. 

Figure 1: (A) NTA of 20% ZnO NPs dissolved in H2O 1 
mg in 1 ml concentration as well as the results and the 
measurement conditions. Data and plot obtained using 
NanoSight LM10 NTA instrument and NanoSight LM10 
NTA software v3.00. (B)The SEM micrographs for ZnO 
NPs. 

The NTA experiment was carried out on SiO2 NPs at a 
temperature of 21.3 °C (Figure 2A) and a concentration 
of 106 particles/ml. The concentration gradually rises to 
a maximum of 0.1952x106 particles/ml with a particle 
size of 131 nm. The generated SEM micrographs (SiO2 
NPs at two different magnifications) show a spherical 
morphology as the main structure, demonstrating the 
synthesis of SiO2 nanostructures with limited 
agglomeration (Figure 2b). 

Figure 2: (A) NTA of 20% SiO2 NPs dissolved in H2O 
1mg in 1ml concentration as well as the results and the 
measurement conditions. Data and plot obtained using 
NanoSight LM10 NTA instrument and NanoSight LM10 
NTA software v3.00. (B) SEM micrographs of SiO2 NPs. 

3.2 PPy/nanocomposite surface Analysis 
Studies 

SEM pictures of PPy films on steel, including a variety 
of nanocomposites, are shown in Figure 3. For this 
electrochemical deposition process, the flat surface of the 
PPy film is expected [19]. The various 
nanocomposite/PPy coated steels (Figure 3B, C, and D) 
exhibit a coarse-grained structure with aggregate 
development. These findings corroborate those on 
polarization and impedance. 

Figure 3: SEM micrographs of the pure PPy on steel 
and the nanocomposite films. 

3.3 Potentiodynamic polarization measurements 

The corrosion inhibition was studied using the Tafel 
polarization plot in NaCl media with an Ag/AgCl 
reference electrode. Figures 4 and 5 show Tafel plots for 
blank steel versus specimens coated with steel-PPy, steel-
PPy-ZnO, steel-PPy-ZnO-carbon, and steel-PPy-ZnO-
carbon-SiO2 in NaCl solutions. Table 1 shows the 
electrochemical parameters obtained from Tafel curves, 
such as corrosion potential (E_corr), corrosion current 
density (I_corr), and cathodic and anodic Tafel slopes 
(β_c, β_a). The corrosion current density can be 
calculated by extrapolating the cathodic term to the 
corrosion potential. The following equation [20, 21] 
gives the inhibition efficiency (E_p %): 

𝐸𝑝% =
𝐼𝑐𝑜𝑟𝑟
0 −𝐼𝑐𝑜𝑟𝑟

𝐼𝑐𝑜𝑟𝑟
0 × 100 

I_corr represents the corrosion current density with the 
inhibitor, and I_corr^0 represents the corrosion current 
density without the inhibitor.  Figure 4 shows that all 
coated samples have lower values of internal current, 
implying that uncoated steel has a lower corrosion rate. 
Steel-PPy-ZnO-carbon coated sample has the lowest 
internal current value, indicating the lowest corrosion 
rate of all coated samples. According to Table 1, all 
coated samples have a lower corrosion rate than uncoated 
steel (78.5 µm/year). Steel-PPy, for example, has a 
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corrosion rate of 49.64 µm/year with an inhibition 
efficiency of 37%, Steel-PPy-ZnO has a corrosion rate of 
25.93 µm/year with an inhibition efficiency of 67%, 
Steel-PPy-ZnO-Carbon has a corrosion rate of 18.41 
m/year with an inhibition efficiency of 77%, and Steel-
PPy-ZnO-carbon-SiO2 has a corrosion rate of 48 
µm/year. 

Figure 4: Tafel plot of the blank steel against specimens 
coated with steel-PPy (dotted red line), steel-PPy-ZnO 

(dashed dotted green line), steel-PPy-ZnO-carbon 
(dashed black line) and steel-PPy-ZnO-carbon-SiO2 

(dashed yellow line). 

As illustrated  for better comparison in Figure 5, the 
corrosion potential of the steel-PPy-ZnO-Carbon coated 
sample was changed to the anodic direction (E49 mV) in 
comparison to the blank steel. Additionally, the steel-
PPy-ZnO-carbon coated sample's anodic Tafel slope was 
enhanced, indicating a considerable decrease in corrosion 
current [22]. Steel-PPy-ZnO-carbon (Table 1) is the best 

anti-corrosion agent among the four compositions tested, 
as the corrosion rate of steel decreased from 78.5 µm/year 
to 18.41 µm/year (77%) when coated with PPy-ZnO-
Carbon. Additionally, inhibitors are divided into anodic, 
cathodic, and mixed types [23]. According to the 
literature [24-27], the inhibitors are either anodic or 
cathodic, indicating that the E_corr varies by more than 
85 mV to the anode or cathode potential. In this work, the 
PPy-ZnO-Carbon coating altered the E_corr value by 
only 49 mV, indicating that this inhibitor acted as a 
mixed-type inhibitor with a proclivity for blocking 
surface-active sites on mild steel [28]. 

Figure 5: Tafel Plots of the blank steel and steel-PPy-
ZnO-carbon specimens. 

4. Conclusions
All PPy nanocomposite films exhibit lower internal 
current values than uncoated steel, implying a decreased 
corrosion rate. Coating steel with PPy, PPy-ZnO, or PPy-
ZnO-carbon-SiO2 reduces the steel's corrosion rate from 
78.5 µm/year to 49.64 µm/year 25.93 µm/year, or 48.71 
µm/year, respectively. However, steel-PPy-ZnO-carbon 
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Table 1. Table 1: Tafel parameters results of the tested specimens. 

Specimen Steel Steel + PPy Steel + PPy 

+ZnO 

Steel + PPy 

+ZnO + Carbon 

Steel + PPy +ZnO + 

Carbon + SiO2 

Corrosion potential (Ecorr) [mV] - 561.3 - 679.5 - 445.5 - 513.6 - 557.6 

Rp [kohm/cm2] 1.75 2.44 5.88 5.99 2.42 

Corrosion current densities (Icorr) 

[A/cm2] 

6.7118 4.2444 2.2173 1.5745 4.1648 

βa [mV] 52.3 56.6 59.4 39.7 53.8 

βc [mV] - 89.3 - 64.1 - 105.7 - 75.2 - 66.3 

Corrosion rate [m/year] 78.5 49.64 25.93 18.41 48.71 

Inhibition Efficiency [Ep%] - 37 67 77 38 
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is the most effective anti-corrosion agent among the four 
compositions studied, as the corrosion rate of steel 
decreased from 78.5 µm/year to 18.41 µm/year with a 77 
% inhibitory efficacy. Additionally, the PPy-ZnO-
Carbon coating modifies the E_corr by only 49 mV, 
indicating that this inhibitor worked as a mixed-type 
inhibitor with a proclivity for inhibiting mild steel 
surface-active sites. 

Based on the results of this work, the conductive 
polymers such as PPy doped with metal oxide 
nanoparticles can play a significant role in being used as 
anticorrosive coating, therefore we recommend 
investigating other class of conductive polymers as 
polyaniline doped with dielectric nanoparticles such as 
polystyrene nanoparticles.  

5. Table of Acronyms.
Abbreviation Description 

PPy polypyrrole 

SEM Scanning electron microscope 

NTA Nanoparticle tracking analysis 

ZnO zinc oxide nanoparticles 

SiO2 silica nanoparticles 

PANI polyaniline 

Zn 
(CH3CO2)2.2H2O 

Zinc Acetate Dihydrate 

NaOH sodium hydroxide 

SiC8H20O4 tetraethyl orthosilicate 

OCP open-circuit The and 

E-corr corrosion potential 

I-corr current densities 
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