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ARTICLE INFO ABSTRACT

Keywords: In the present work, PCL/ZnO (polycaprolactone/ zinc oxide), PCL/NiO (polycarprolactone/nickel oxide), PCL/
Electrospinning CuO (polycarprolactone/copper oxide), and PCL/ZnO-NiO-CuO (polycarprolactone/ zinc oxide- nickel oxide-
Mild S'feel copper oxide) have been successfully fabricated and deposited on a mild steel through electrospinning technique.
Ii';g;l:iﬁ'rcuo/ PCL SEM, EDX, and FT-IR had been used to characterize all nanofiber coatings on the mild steel. A nanofiber layer of

Corrosion resistance ZnO/NiO/CuO/PCL was utilized to coating the mild steel as a corrosion protector film in 1M HCI. A series of

EIS electrochemical techniques like Open circuit potential (OCP), Electrochemical impedance spectroscopy (EIS),
linear polarization resistance (LPR), and potentiodynamic polarization (PDP) were used to analyse the anti-
corrosion performance of the nanofiber layer ZnO/NiO/CuO/PCL. The results showed that both anodic and
cathodic reactions sharp decline with shift in corrosion potential toward a positive direction in the Tafel plots.
LPR results showed that the highest protection efficiency was 94.8% with ZnO-NiO-CuO/PCL nanofiber coating.
EIS spectra showed that mild steel coated with ZnO/PCL, NiO/PCL, CuO/PCL, and ZnO-NiO-CuO/PCL, reali-
zation of capacitive conduct at high frequency and coating strength at law frequency part with resistor
component 474.76 ohm.cmz, 527.35 ohm.cmz, 714.73 ohm.cmz, 744.80 ohm.cm? respectively, indicating the
good barrier properties and high ohmic resistance of coatings. SEM displayed a straight, interconnected struc-
ture, relatively less porosity with uniform fibers diameter. The fibers had average diameter 429 nm, 525 nm, 639
nm, and 443 nm for ZnO/PCL, NiO/PCL, CuO/PCL, and ZnO-NiO-CuO/PCL respectively. EDX and FT-IR results
confirmed the existence of ZnO, NiO, and CuO and approved the distribution into PCL matrix. . Results of the
present study confirmed that ZnO-NiO-CuO/PCL electrospinning nanfiber coating could be considered as a new
metallic oxide nanocomposite coating for a mild steel with excellent corrosion resistance.

1. Introduction

Corrosion of metals still plays a significant role to deterioration the
efficiency and losses of the life [1-4]. Tens of billions of damages can be
incurred every year by corrosion of steel material [5], as everyone
knows. Taking protection on the metal surface is one kind of the eco-
nomic approach, which can result in avoiding tens of billions of losses
per annually [5]. The protective cover of the metal surface is an
economically efficient and commonly used form of corrosion prevention
[5,6]. Due to their cost-effectiveness, carbon steel is widely used for the
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construction of marine structures [7]. Steel has been a significant part of
our lives because of its comprehensive applications in the automobile,
domestic products, company machinery and heavy construction market,
such as marine and chemical industries. However, steel corrosion has
given us many issues, such as resource loss, breakdown of facilities and
environmental pollution [8,9]. Because of the certain mechanical per-
formance and machine strength, mild steel is preferred for infrastructure
at low cost and certain time; it should be tried to resist against corrosion
occurrences. This reality is among the main triggers of industrial in-
cidents and natural resource use [10]. The most inexpensive and
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Table 1

Polarization data for bare mild steel and coated mild steel with nanofibers film.
Sample Ecorr Leorr (PA. e (V/ Ba (V/ LPRy, % PE

W) em?) dec) dec) (ohm.
cmz)
BLANK -0.4784 250 0.127 0.105 87 —
CuO/PCL -0.4494 41 0.161 0.146 535 83.6
NiO/PCL -0.4709 21 0.123 0.156 1025 91.6
ZnO/PCL -0.4754 17.3 0.107 0.136 1254 93.08
ZnO-NiO- -0.4681 13 0.121 0.185 1669 94.8
CuO/PCL

efficient approach for corrosion control nowadays is the application of
corrosion resistance coatings on metal surfaces [11-13].

Developing of the surface engineering techniques has made many
surface treatments and coatings available for improving the corrosion
resistance of metallic materials. Traditional methods such as electro-
chemical plating [14], electrodeposition [15], anodization [16], or
chemical conversion [17] have been the most common methods for this
reason, although some include the use of chromates, which present a
very significant danger to human safety and the climate. Consequently,
to resolve this issue, numerous alternatives are the focus of
investigation.

For this reason, the potential to develop and adjust nanoscale ma-
terials is an exciting option, because the prospect of incorporating
nanoscale texture features on materials will improve the surface to
volume ratio and provide an additional functionality [18,19]. It has
been shown that the creation of nanostructures against corrosion resis-
tance has been highly effective, utilizing a wide variety of deposition
techniques to shield against corrosion of metal substrates including
atomic layer deposit [20], spinning coating [21], sol-gel [22],
layer-by-layer [23], chemical vapours deposition (CVD) [24] and
physical vapour deposit (PVD) [25,26].

Advances in the field of nanotechnology have enabled the manu-
facture of nanofibers for practical applications with excellent control of
their morphology and architectural characteristics. In fact, electro-
spinning is a technique of growing success in the last few years [27]. It
enables the deposition of ultrafine polymeric fibers, even nanometric
ones, on metal surfaces [28]. The electrospun fibers can serve as an
efficient barrier cover and decrease the metal’s corrosion rate. Besides,
as a result of their ability to eliminate the corrosion materials and avoid
the formation of gas bubbles, porous coatings show greater stability [29,
30]. Additionally, the electrospinning method is easy process, versatile,
cost-effective, efficient, easy to use and scalable process [31,32] that can
be extended to a broad variety of products (natural or synthetic) and can
be utilized to increase metal substrates’ corrosion resistance. There are
several articles on improving the resistive corrosion of coatings using
nanofibers such as; PCL [33], PAN-Al,O3 [34], polyaniline/poly(methyl
methacrylate) PANI/PMMA [35].

Zhao et al. [36] presented experimental implementation of electro-
spun conducting polyaniline (PANI)/poly(methyl methacrylate)
(PMMA) anticorrosion coating film in 3 wt% NaCl solution to protect
carbon steel. Results of the tests indicate that electrospun PANI / PMMA
microfibers film coated on a carbon steel has improved the efficiency of
anticorrosion compared to the PANI / PMMA film drop-cast.

The next innovative method to creating long-term anti-corrosive

Table 2
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surfaces is the use of metallic oxide nanocomposites as protective
coatings mixed with synthetic polymeric precursors [37]. Kim et al. [38]
investigated the using of nanoparticles of zinc oxide (ZnO NPs) incor-
porated into polymeric precursors such as polycarprolactone (PCL)
which deposited onto AZ31 Mg alloys through electrospinning method.
They used SEM, EDX, XPS, and FT-IR to characterize PCL / ZnO com-
posite coatings on Mg alloys. The electrochemical corrosion test was
carried out to measure the efficiency of coating. The results indicated
that the rise in the amount of ZnO nanoparticles in the matrix com-
posites increased the resistance to corrosion. The involvement of ZnO
NPs in electrospun fibers can provide additional multifunctionality as an
excellent corrosion inhibitor and other benefits which involve antibac-
terial products, nontoxicity and action against cancer [32]. Karthega
et al. [40] explored the composite nanofiber polycaprolactone (PCL) and
polycaprolactone / TiO, with various weight percentage compositions
(2%, 4%, and 6%) of TiO4 coated over AM50 alloy through electro-
spinning technique. They utilized surface morphology and elemental
composition tests such as SEM, EDX, and FT-IR to investigate the pres-
ence of PCL/TiOz on the surface of AM50 alloy. The electrochemical
technique was used to study the corrosion behaviour of PCL and
PCL/TiO; coated on AM50 alloy after immersion in a simulated body
fluid (SBF) solution. The results exhibited that the rise in the weight
percentage of TiO2 enhanced the corrosion resistance as well as a good
support for cell proliferation. Bakhsheshi-Rad et al. [41] presented
compact nanofiber porous layers of Ta;Os (tantalum pentoxide) and PCL
/ MgO-Ag (poly (caprolactone)/magnesium oxide-silver) subsequently
imposed on Mg alloys by reacting magnetron sputtering and electro-
spinning to improve anticorrosion as well as antibacterial performance,
respectively. PCL / MgO-Ag nanofibers coated through electrospinning
were porous, smooth as well as precise, with no recognizable dots. In situ
corrosion experiments showed that the nanofiber-coated alloy PCL /
MgO-Ag had better corrosion resistance than a TayOs sputter-coated
alloy or uncoated Mg alloy. To the best of authors’ knowledge, the
fabrication PCL/ZnO-NiO-CuO coating through electrospinning tech-
nique has not been reported yet.

In this study, PCL/ZnO (polycaprolactone/ zinc oxide), PCL/NiO
(polycarprolactone/nickel oxide), PCL/CuO (polycarprolactone/copper
oxide), and PCL/ZnO-NiO-CuO (polycarprolactone/ zinc oxide- nickel
oxide- copper oxide) were fabricated and deposited onto a mild steel
through an electrospinning technique. The aim of the present work is to
evaluate the effects of electrospun composite nanofiber coatings on a
mild steel and also to suppress the mild steel corrosion at 1 M HCL. The
behaviour of corrosion was evaluated by means of open circuit potential
(OCP), electrochemical impedance spectroscopy (EIS), linear polariza-
tion resistance (LPR), and potentiodynamic polarization (PDP) respec-
tively. The surface structure and morphology of the sheet PCL / ZnO,
PCL / NiO, PCL / CuO and PCL / ZnO-NiO-CuO coatings have been
identified by scanning electron microscope (SEM), energy dispersive X-
ray spectroscopy (EDX), and Fourier transform infrared spectroscopy
(FT-IR).

2. Materials and methods
2.1. Materials

Cylindrical samples were prepared from a mild steel rod with

Impedance spectroscopy data for bare mild steel and coated mild steel with nanofibers film.

Sample Rg (ohm.cm?) R; (ochm.cm?) CPE; (uF.cm ?) n R; (ohm.cm?) CPE, (pF.cm %) ny R, (chm.cm?) % PE
BLANK 2.5 58 102 0.86 — —_— 58 —
CuO/PCL 4.7 57.77 72 0.70 416.99 67.77 0.79 474.76 88
NiO/PCL 2 78.73 57.83 0.76 448.62 53.75 0.86 527.35 89
ZnO/PCL 2.6 94.43 45.03 0.83 620.30 51.08 0.74 714.73 92
Zn0O-NiO-CuO/PCL 0.9 118.22 14.52 0.85 626.58 42.92 0.84 744.80 92.3
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Fig. 1. SEM image for nanofiber film ZnO/PCL (A), diameter distribution (B), and EDX analysis for nanofiber film ZnO/PCL (C).

dimensions (1cm in diameter and 3cm in length) and having a chemical
composition (wt. %) 0.18 C, 1.018 Si, 0.0556 Cr, 0.699 Mn, 0.0853 Ni,
0.0939 Cu, and Fe balance. The substrates were connected by copper
wire from back and then put it in an epoxy resin with an exposed area of
0.785 cm?. The samples were polished with silicone carbide up to 2400.
The chemical compounds used in the present work were Zinc acetate
dehydrate (CH3COO)2Zne2H20), Nickel(Il) acetate tetrahydrate (Ni
(OCOCH3)2e4H20), Copper(Il) acetate hydrate (Cu(CO2CH3)2e¢H20),
polycaprolactone (PCL, Mw = 80,000 gr/mol), Dichloromethane (DCM)

and Methanol. All of them were bought from Sigma-Aldrich Company,
USA

2.2. Electrospinning installation and preparation of PCL / ZnO-NiO-CuO
coatings

The electrospinning solution (10 wt. %) to produce PCL/ZnO coating
was prepared by dissolving 1g PCL in 7ml DCM mixing with 3ml
methanol, and then dropped slowly into a solution containing 0.02g zinc
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Fig. 2. SEM image for nanofiber film NiO/PCL (A), diameter distribution (B), and EDX analysis for nanofiber film NiO/PCL (C).

acetate and 3ml methanol. Magnetic stirring was applied for 5 h at room
temperature to obtain a homogenous solution. The same procedure was
repeated to produce PCL/NiO and PCL/CuO coatings by replacing zinc
acetate with nickel acetate and copper acetate respectively. In order to
produce PCL/ZnO-NiO-CuO, 1g PCL (10 wt. %) was dissolved in 7ml
DCM and 3ml methanol with stirring, and then dropped slowly into a
solution containing 0.02g zinc acetate, 0.02g nickel acetate, 0.02g
copper acetate and 3ml methanol with continuing with magnetic stirring
for 6h at room temperature to obtain a homogenous solution. Then, as

prepared solutions (PCL / ZnO, PCL / NiO, PCL / CuO, PCL / ZnO-NiO-
CuO) for electrospinning coating, 10 ml of needles was packed, and
linked via a plastic tube to a copper nozzle (di=1 mm). The solution
included a copper nozzle connected to a high-voltage generator. A 20 kV
voltage [42,43] was applied to the solution and a dense fibers web on the
mild steel was deposited. Electrospinning was performed at a tempera-
ture of 20°C with adjusted humidity 30%, flow rate set at 0.01mL/min,
and a distance of 12cm from nozzle to the electrode. For this research,
the duration of time for coating through electrospinning operation was 5
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Fig. 3. SEM image for nanofiber film CuO/PCL (A), diameter distribution (B), and EDX analysis for nanofiber film CuO/PCL (C).

minutes for all specimens.

2.3. Electrochemical corrosion tests

The electrochemical experiments were conducted using the a
potentiostat (CompactStat Electrochemical Interface, Ivium Technolo-
gies, Instrument: B08024, Software: 2699(699)). Three electrode

systems; mild steel, Ag/AgCl and platinum wire were used as working
electrode, reference electrode, and counter electrode respectively. For
this research the acidic solution used was 1M HCI solution. AC electro-
chemical method such as impedance spectroscopy (EIS), and DC
methods such as linear polarization resistance and potentiodynamic
polarization as well as open circuit potential (OCP) were utilized in this
study. The specimens were immersed in 1 M HCI stagnant solution at
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Fig. 4. SEM image for nanofiber film ZnO-NiO-CuO/PCL (A), diameter distribution (B), and EDX analysis for nanofiber film ZnO-NiO-CuO/PCL (C).

room temperature for one hour in order to reach a stable surface state.
Impedance spectroscopy (EIS) followed linear polarization resistance
(LPR) and then potentiodynamic polarization (PDP) curves have been
created. The EIS parameters were measured starting from high fre-
quency 100000 Hz to low frequency 0.01 Hz with an amplitude of
0.005V. The LPR measurements were conducted + 10 mV as relate to
open circuit potential at 60mV / min scan rate starting from cathodic
potential to anodic direction, while the PDP measurements were

performed + 250 mV as relate to open circuit potential (OCP) at 60mV /
min scan rate. To ensure reproducibility all the electrochemical exper-
iments for each substance was repeated at least three times. The stan-
dard deviation for all parameters presented in Table 1 and Table 2 was
less than 4%. All curves in this work were fitted to 1cm?.
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Fig. 5. EDX analysis for spot fiber, A) nanofiber ZnO/PCL, B) nanofiber NiO/PCL, C) nanofiber CuO/PCL, D) nanofiber ZnO-NiO-CuO/PCL.

2.4. Characterization

Scanning electron microscopy (FEG 250 SEM (FEI-Quanta, Hillsboro,
OR, USA) has been utilized to examine the surface structure of the
various coated mild steel samples. The measurement parameters were:
Accelerating voltage (HV) =10 KV, HFW= 20.7um and 82.9um,
detector= ETD, mode=SE, HIGH VACUME MODE). All samples before
being displayed on SEM device were coated with gold-palladium

coating, the gold rate is 40% and the palladium rate is 60% for 60 sec-
onds under 40 mA current by using Quanta FEG 250 model of the FEI
brand. The surface elemental compositions were analysed through en-
ergy dispersive x-ray spectroscopy (EDX). ImageJ technique (Fiji Is just)
has been used to estimate the size of fiber and evaluate fiber distribution.
Fourier-transform infrared spectroscopy (FT-IR), (Bruker model-
ALPHA) was conducted to examine the difference in the chemical
components of the coatings.
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nanofiber film.

3. Results and Discussion
3.1. SEM and EDX characterization

Figs. 1-4 display the descriptive SEM images and EDX results of the
composite coatings ZnO / PCL, NiO / PCL, CuO / PCL and ZnO-NiO-CuO
/ PCL on the mild steel respectively. In general, the nanofibers for all
composite coatings exhibited a straight and interconnected structure
with uniform diameter. A dense structure of entangled threads and
thinner diameter with slight agglomeration as can be seen in Fig. 1 (A).
A similar behaviour can be seen in Fig. 4 (A) with an increase in the
roughness of fibers due to the presence of ZnO, NiO, and CuO in PCL
matrix. A thicker diameter with wrapped nanofibers can be seen in Fig. 2
(A), while in Fig. 3 (A), it can be seen that the diameter become thicker
with a layer more porosity comparing with other coatings.

Mean fiber diameters and fiber distribution of ZnO / PCL, NiO / PCL,
CuO / PCL, and ZnO-NiO-CuO / PCL nanofibers have been collected
through examination of at among at 105 fibers utilizing the Fiji Image J
software as shown in Figs. 1-4(B). Variations in the viscosity and

-360
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conductance of electrospinning solutions have shown the fiber shape,
fiber diameters and size distributions are being differed [31,44,45].
Although the morphological characteristics of each electrospun solution
were noticeably different in the present study, the mean diameter
showed values such as 429 nm, 525 nm, 634 nm, and 443 nm for ZnO /
PCL, NiO / PCL, CuO / PCL, and ZnO-NiO-CuO / PCL, respectively. The
distribution of diameters clearly showed that the layers of ZnO / PCL
and ZnO-NiO-CuO / PCL generate fibers that are more regular than NiO
/ PCL and CuO / PCL.

The EDX analysis has also been utilized to identify the influence of
ZnO, NiO, and CuO on morphological features as shown in Figs. 1-4(C).
The findings display differing atomic percentage of the composite
coatings ZnO / PCL, NiO / PCL, CuO / PCL, and ZnO-NiO-CuO / PCL on
the mild steel substrate surface. The EDX spectrum of ZnO / PCL, NiO /
PCL, CuO / PCL, and ZnO-NiO-CuO / PCL composite samples showed the
existence of ZnO, NiO, CuO, and approved the distribution of ZnO, NiO,
and CuO in the fibers. The various chemical composition (in percent) of
electrospun coated specimens also refers that the quantity of ZnO, NiO,
CuO may directly impact the porosity, the pore size and the roughness of
nanofibrous surfaces [46]. It can be seen clearly in Fig. 4(C), that the
chemical composition of O element was increased significantly due to
the presence of Zn, Ni, Cu in the PCL fibers. In order to provide a strong
evidence to the presence of ZnO, NiO, CuO in PCL fibers, EDX analysis
was used as shown in Fig. 5(A-D) for individual fiber in ZnO / PCL, NiO /
PCL, CuO / PCL, and ZnO-NiO-CuO / PCL composite coatings on mild
steel respectively.

3.2. FT-IR characterization

In order to discover a difference in the chemical structure from an
electrospinning coating technique, FT-IR spectrum was collected in the
wavenumber range of 400-4000 cm ™ !. Fig. 6 reveals PCL / ZnO, PCL /
NiO, PCL / CuO and PCL / ZnO-NiO-CuO composite coatings on a mild
steel surface. In the PCL/ZnO coating, the peaks are shown at 2945.90
and 2867.26 cm ™! which corresponded to the C-H of saturated carbons.
The -CO stretching in ester carbonyl group from PCL polymer is
observed at 1724.95 ecm™! [39,45,47]. The peak at 1470.75 cm™! is
related to the bond C-H scissoring, while the peak at 1168 cm™! is
related to the C- O - C [47]. The peak at 1047 em ! is related to the
stretching CO — O — CO. The peaks at range 400 - 596 cm ™" are related to
Zn - O bond which is in agreement with previous studies [42,48]. In the
PCL/NiO coating, the peaks of C-H, -CO were shifted to a lower
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Fig. 7. Open circuit potential curves (OCP) for bare mild steel and coated mild steel with nanofibers film in 1M HCL
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wavenumber of 2924.59, 2856.56, 1722.86 cm™! respectively. Similar
phenomena were observed with the peaks of C-H scissoring, C- O - C, CO
— O - CO. This may be because of the formation of hydrogen bonds
between NiO and PCL [49]. The peaks at range 400 — 452 cm! may
relate to Ni— O bonds [43]. In the PCL/CuO coating, similar phenomena
were observed with the peaks C-H, —~CO, which were slightly shifted to a
lower wavenumber of 2942.84, 2865.24, 1722.93 ¢cm ™ '. The peaks at
range 500 — 584.83 cm ! may relate to Cu — O bonds [50]. The
PCL/ZnO-NiO-CuO composite displays almost identical characteristic
peaks of PCL/ZnO, PCL/NiO, and PCL/CuO. Compared with PCL/ZnO,
the peaks C-H, -CO were shifted slightly to lower wavenumber 2943.75,
2866.93,1724.63 cm '.The new peak is observed at 1572.73 em L,
which corresponded to the C= C cyclic alkene. The peaks at range
420-583 cm ™! may relate to Zn - O, Ni - O, Cu- O [51].

FT-IR spectrum for pure PCL coating was reported in many re-
searches [38,39,45,47,48] when compared to the PCL / ZnO, PCL / NiO,
PCL / CuO and PCL / ZnO-NiO-CuO coatings showed a significant
change in the transmittance peaks for all coatings thus providing an
evidence that ZnO, NiO, CuO layers have been interacted into PCL
matrix.

3.3. Corrosion tests

3.3.1. Open circuit potential (OCP), Potentiodynamic polarization (PDP)
and linear polarization resistance (LPR) tests

Fig. 7 shows OCP vs. time (immersion time 1h) curves for mild steel,
coated mild steel with CuO/PCL, coated mild steel with NiO/PCL, coated
mild steel with ZnO/PCL, and coated mild steel with ZnO-NiO-CuO/PCL
in 1M HCl solution. It can be seen that the OCP for the mild steel started
from -0.475 V and OCP shifted to negative value -0.488 V within few
minutes due to the occurrence of a general corrosion on the surface of
the mild steel. However, the OCP attained the steady state with a value
of -0.471 V after 1h of immersion. In case of a mild steel coated with
CuO/PCL, the OCP started with -0.416 V and decreased gradually to-
wards more negative value until arrived to the steady state with a value
-0.461 V after 1h. This is could be due to start of diffusion of aggressive
ions such as hydrogen and chloride through the coating. Similar
behaviour with a slightly difference can be seen for a mild steel coated
with NiO/PCL, the OCP started with a value of -0.425 V until arrived to
the steady state with a value of -0.460 V. Interesting results were noticed
for ZnO/PCL and ZnO-NiO-CuO/PCL coatings. In case ZnO/PCL coating,
the OCP started from -0.373 V and shifted sharply with fluctuated to

more negative potential within few minutes of immersion. This is may
be due to rapid diffusion of hydrogen or chloride ions through the
coating. Thereafter, the OCP reached a steady state value of -0.456 V at
end of immersion time. While a four stage OCP variation were observed
for ZnO-NiO-CuO/PCL coating. The OCP started from -0.40 V and shif-
ted sharply to negative potential within few minutes of immersion with
a value of -0.45 V followed by a sharply shifting toward more positive
potential with a value of -0.439 V. Thereafter, the OCP shifted again to
the negative potential with the increasing of time followed by shifting
again toward more positive potential until reached the steady state with
a value of -0.43 V at end of immersion. The positive move in OCP
essentially indicates the passive condition of underlying metal due to the
surface film’s good corrosion resistance capability. The highly positive
OCP values are attributed to the productive role of ZnO-NiO-CuO / PCL
composite for the inhibition of aggressive ions such as hydrogen and
chloride in the surface of the metal [6,52].

Fig. 8 shows PDP curves for mild steel, coated mild steel with CuO/
PCL, coated mild steel with NiO/PCL, coated mild steel with ZnO/PCL,
and coated mild steel with ZnO-NiO-CuO/PCL in 1M HCI solution. All
electrochemical parameters for PDP and LPR, such as protection effi-
ciency PE (see Eq. (1)), corrosion current density Igoy, corrosion po-
tential E¢orr, anodic Tafel slopes and cathodic Tafel slopes B, & B, linear
polarization resistance LPR are listed in Table 1. It can be noted from
Table 1 that the values of protection efficiency PE for CuO/PCL, NiO/
PCL, ZnO/PCL, and ZnO-NiO-CuO/PCL coatings are 83.6%, 91.6%,
93.08%, and 94.8% respectively. These results means that all coatings
provide a strong protection against the corrosion. The electrospun ZnO-
NiO-CuO/PCL film appears to be better than CuO/PCL, NiO/PCL, and
ZnO/PCL. Moreover, corrosion current density decreased sharply from
250 pA.cm 2 to 13 pA.cm ™2 with coated ZnO-NiO-CuO/PCL. Further-
more, it can be seen clearly from Fig. 7 that both anodic and cathodic
curves were remarkably shifted towards less current density attributed
to the existence of a fairly compact coating which making it far more
difficult to transfer violent ions and penetration to the metal surface
hence more powerful shielding barrier to the corrosion of mild steel.
However, for anodic protection, the irregular shifts of the Ecqy of the
mild steel coated ZnO/NiO/CuO/PCL film suggest that various anti-
corrosion mechanism occur for each coating. Compared to mild steel
without coating, the positive shift of the Ego of ZnO/PCL,NiO/PCL,
CuO/PCL, and ZnO-NiO-CuO/PCL coated on the mild steel suggests the
presence of passivation layer [53]. The appearance of passivation layer
on the respective four coatings has to do with the near relation between
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Fig. 9. Nyquist plots for mild steel and coated mild steel with nanofibers film in
1M HCI (A), Bode magnitude plots for mild steel and coated mild steel with
nanofibers film in 1M HCI (B), and Bode phase angle plots for mild steel and
coated mild steel with nanofibers film in 1M HCI (C).

the coating and the mild steel substrate. The passivation layer, that
concerns with high stability and oxidation / reduction conducting
polymers chemistry, allows it possible to preserve the equilibrium in the
passivation region resulting in a substantial decrease in the speed of
corrosion [54,55].

On the other hand, results of LPR shown in Table.1, confirm that the
resistance polarization follows an order ZnO-NiO-CuO/PCL > ZnO/PCL*
NiO/PCL > CuO/PCL * mild steel, which is contrary to corrosion current
density. This implies the I¢y; is directly proportional to the values of 1/
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Rppr.
Eq. (1) can be used to measure the protection efficiency [56].

%PE = [1 —Icor [ Iuncorr] % 100 (@]
Where, Iyncorr, Icorr refer to uncoated and coated corrosion current
density respectively.

3.3.2. Electrochemical impedance spectroscopy tests

The EIS plots, as seen in Fig. 9 (A) — (C), have been obtained to
explore the mechanisms of corrosion on the electrode / electrolyte
interface. It can be seen from Fig. 9(A), the Nyquist plot for the mild steel
without coating contain at high frequency depressed semicircle due to
the roughness and inhomogeneity of the surface, whereas at low fre-
quency it contains an inductive loop due to the adsorption of an inter-
mediate component in the corrosion reaction [57] . Additionally, Fig. 9
(A) displays other four EIS spectra of mild steel coated with ZnO / PCL,
NiO / PCL, CuO / PCL, and ZnO-NiO-CuO / PCL, showing semicircle but
their diameter obviously are varying and becoming bigger. It is well
understood that the appearance of the semicircle forms in Nyquist plots
describes not only the resistance to transfer charging, but also the
capacitance of the double electrical layer between the substrate and the
electrolyte interface [58]. Moreover, from Fig. 9(A) in comparison with
non-coating of mild steel specimens, the coated specimens recorded high
universal impedances which demonstrated an improvement in the bar-
rier property anti corrosion in the coated specimens. Furthermore, the
Zn0-NiO-CuO / PCL coated sample provided the largest diameter which
strongly suggests the highest resistance to corrosion among the coated
samples. A new evident can be seen from Fig. 9(B)—(C), Bode magnitude
plots and Bode phase angle plots for mild steel and coated mild steel
with nanofibers film in 1M HCI, respectively. It is well known that the
parameters for determining the corrosion resistance of the coating are
both the impedance modulus (|Z|) at low frequency and the phase angle
at high frequency [38]. In Fig. 9(B), the value of impedance modulus |Z|
of the four mild steel samples coated with nanofibers film are higher
than that of mild steel sample without coating, indicates outstanding
efficiency of barriers to corrosive media diffusion by coating. Moreover,
it can be seen from Fig. 9(C), that the phase angle at high frequency for
the mild steel coated with ZnO-NiO-CuO / PCL is around 70° higher than
mild steel without coating, confirming better interfacial contact with
mild steel coated with nanofibers film [56]. On the other words, the best
coating was ZnO-NiO-CuO / PCL coated on mild steel when compared to
others three coatings.

All the EIS values of uncoated and coated mild steel parameters
extracted with Ivium Technologies, Instrument: B08024, Software:2699
(699) by fitting EIS plots described in Table 2. The protection efficiency
(PE) was calculated by used Eq. (2) [13,59] and summarized in Table 2
as well.

%PE = (Rp — — Rp® / Rp) x 100 2
Where, Rp and Rp° coated and uncoated polarization resistance
respectively.

Fig. 10 (A and B) show the equivalent circuit for uncoated and coated
mild steel with electrospun ZnO/NiO/CuO/PCL respectively. In this case
CPE is a constant phase element, n is a phase shift which is represented
as a uniformity level of the substrate [60]. To give a more precise match
to the experimental tests, CPE was utilized in place of a double layer
capacitance (Cq)) [61,62]. The model of the equivalent circuit diagram
in Fig. 10(A), resistance of solution (Rg), polarization resistance (Rp) =
transmission of resistance charge (Rcr) + diffuse layer resistance (Rq) +
accumular material resistance (corrosive materials, some present mol-
ecules or ions) (Ra). At the model in Fig. 10(B), R; is film resistance, Ry
= film resistance (R¢) + resistance referring to unprotected areas and
pores (Rpor), Rpor = Rer + Rd + Ra, and R, = Ry + Ry, CPE; is the
capacitance of films (Cf) can be calculated according to Eq. (3), while in
case CPE; is the capacitance of double layers (Cdl) can be calculated
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according to Eq. (4) [63].

¢ = (0 xR ®3)

v 4

Ca= (0 xR'™)
Where, Q; and Q; refer to the film capacitance and the double layer
capacitance respectively [63].

The protection efficiency follows an order ZnO-NiO-CuO/PCL > ZnO/
PCL > NiO/PCL > CuO/PCL.

The Open circuit potential (OCP), potentiodynamic polarization
(PDP), linear polarization resistance (LPR), and electrochemical
impedance spectroscopy (EIS) experiments show that anticorrosion
performances of the electrospun ZnO-NiO-CuO/PCL film to the mild
steel is better than those ZnO/PCL, NiO/PCL, CuO/PCL coated on mild
steel.

3.4. Anti corrosion mechanism

The plausible mechanism of corrosion, it may be clarified as follows.
The anodic reaction is the dissolution of mild steel in the corrosion
process and the subsequent formation of Fe?™ jons. In the case of
cathodic process, oxygen reduction and H are diffused to PCL / ZnO-
NiO-CuO or mild steel, and H, is released to PCL / ZnO-NiO-CuO
coating or mild steel surface (see Fig. 11). The medium-permeability
resistance can inhibit H" ion and H,O absorption, hence H, produc-
tion during the reactions [54,55]. Consequently, it is worth noting that
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the released H, gas occupied in the holes will obstruct H' diffused to the
metal surface. In addition, the Hy gas in the holes can also reduce the
diffusion of anode-generated Fe*2 jons by PCL / ZnO-NiO-CuO coatings
into the HCL solution [6,64]. Hence good resistance to permeability will
delay the corrosion reaction as well as provide stronger protection
against corrosion for metals. In other words, PCL / ZnO-NiO-CuO
coatings provides an efficient protection for the anodic processes.

4. Conclusion

In the present work, fabrications, characteristics, and corrosion
studies of electrospinning nanofibers ZnO/PCL, NiO/PCL, CuO/PCL,
and ZnO-NiO-CuO/PCL coatings on a mild steel surface were performed
successfully. The results confirmed that ZnO-NiO-CuO/PCL electro-
spinning nanfiber coating could be considered as a new layer of corro-
sion protective coating for mild steel with excellent corrosion resistance.
Zn0-NiO-CuO/PCL and ZnO/PCL nanfiber coatings were found to be
more effect on the deposition compared to NiO/PCL and CuO/PCL. SEM
results displayed a straight, interconnected structure with less porosity
and uniform fibers diameter. The fibers had an average diameter of 429
nm, 525 nm, 639 nm, and 443 nm for ZnO/PCL, NiO/PCL, CuO/PCL,
and ZnO-NiO-CuO/PCL respectively. EDX and FT-IR results confirmed
the existence of ZnO, NiO, and CuO and approved their uniform distri-
bution into PCL nanfibrous coating. A higher protection efficiency
(94.8%) was observed for ZnO-NiO-CuO/PCL coating confirming a
strong protection against the corrosion. EIS spectra showed that ZnO/
PCL, NiO/PCL, CuO/PCL, and ZnO-NiO-CuO/PCL coatings have resistor
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component 474.76 ohm.cm?, 527.35 ohm.cm? 714.73 ohm.cm?
744.80 ohm.cm? respectively, which additionally indicate the high
ohmic resistance of coatings.
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