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ABSTRACT

NABHAN, FATMA F., Masters: June : 2021, Material Science and Technology
Title: NiP/ZnO-Doped CsNs Nanocapsules: a New Highly Corrosion-Resistant
Electroless-Plated Coating with Superior Mechanical and Antibacterial Properties

Supervisor of Thesis: Dr. Aboubakr M. Abdullah.

Carbon nitride (C3N4) nanomaterials has superior mechanical, thermal and
tribological properties, which make them attractive for various applications including
corrosion resistant coatings. In this research, newly synthesized C3N4/ZnO
nanocapsules with different concentrations (0.50, 1.00 and 2.00 g) of doped ZnO were
incorporated in the NiP metallic coating using electroless deposition technique. The
nanocomposite coating was heat treated at 400 °C for 1h. The as-plated and heat treated
nanocomposite coatings were characterized for their structure, elemental composition,
thickness, morphology, roughness, wettability, hardness and corrosion protection
properties to evaluate the influence of undoped and doped CsN4 with ZnO on the NiP
coating. The results indicated that the microhardness of as-plated and heat treated
nanocomposite coatings was significantly improved after the incorporation of undoped
C3N4 nanocapsules. About 21% further improvement is done with 0.5g ZnO doped
CsN4 nanocapsules, where the NiP-C3N4/0.5g ZnO composite coating showed the
maximum microhardness of 680 and 1,330 HV200, before and after heat treatment,
respectively. Electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization (PP) outcomes revealed that the corrosion resistance of heat treated

undoped and doped NiP- C3sNa4 coatings are higher than the corresponding as-plated

il



ones. The highest corrosion resistance is achieved on the as-plated and heat treated NiP-
C3N4 coatings that is doped with 1.00 g ZnO. Although the presence of ZnO in the C3N4
capsules increased its surface area and porosity, the C3N4/ZnO nanocapsules prevent
the localized corrosion and enhance the corrosion resistance of the nanocomposite
coatings by filling the micro defects and pores of the NiP matrix. Furthermore, the
colony counting method used to evaluate the antibacterial behavior of the as-plated and
heat-treated coatings demonstrated superior antibacterial properties, namely after heat
treatment. Therefore, the novel prospective C3N4/ZnO nanocapsules can be utilized as
a reinforcement nanomaterial in improving the mechanical and anticorrosion
performance of NiP metallic coatings in chloride media, together with providing

superior antibacterial properties.
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CHAPTER 1: INTRODUCTION

1.1. Background

Corrosion is one of the major problems, which lead to great economic loss and
catastrophic failures. The rising demands to enhance the corrosion protection methods,
namely coatings, which are commonly used in oil and gas pipelines, automotive
equipment, and various engineering applications, have recently encouraged extensive
research [1]. Electroless deposited nickel phosphorous (NiP) coatings have specifically
triggered researchers’ interest, due to its superior hardness, corrosion and wear
resistance [2]-[5]. Additionally, electroless NiP coatings will always form a uniform
deposit on any shape of substrates, even the ones with complicated shapes [6], [7].

In electroless plating technique, NiP is autocatalytically deposited on the
substrate by using a reducing agent, as a source of electrons, rather than applying
external power [8]. Nevertheless, NiP coatings are still showing limitations in various
aggressive environments, and numerous investigations have been conducted to enhance
its overall performance and expand its applications. On the other hand, it is of great
importance to reduce biocorrosion which is induced by the formation of bacterial film
on the surface of pipelines. Various electroless NiP-based nanocomposite coatings were
designed for this purpose, such as NiP-ND, NiP-PTFE, and NiP-TiNi. It was reported
that these nanocomposites have significantly reduced the bacterial adhesion to the metal
surface, which lead to enhanced antibacterial properties of the coated surfaces [9]. The
incorporation of reinforcement particles in the NiP matrix, such as C3;Nas, have
significantly enhanced the mechanical and corrosion resistance properties compared to
pure electroless NiP coatings [10]. Despite all the significant properties of carbon
nitride (C3N4) nanomaterials, as being a hard material, and thermally and chemically

stable [11], only few investigations have reported the use of such incredible material in



metallic NiP coatings.

Moreover, carbon nitride can be produced in various shapes, e.g. nanosheets,
nanorods, nanoflowers, nanospheres, etc [12]-[16], however, only the use of C3N4
nanosheets in electroless NiP coatings have been reported [10], [17]. Several
researchers investigated the use of carbon nitride nanosheets as nanofillers in polymer-
based matrix, which have greatly enhanced the surface protective and barrier
performance of these coatings against corrosive environments [18]. However, to the
best of our knowledge, none of these investigations has reported the antibacterial
behavior of carbon nitride-incorporated protective coatings.

In this research, we aim to investigate the use of newly synthesized C3N4
nanocapsules in electroless NiP coating, with and without zinc oxide (ZnO) as a dopant.
The newly fabricated undoped C3Ns4 nanocapsules and doped one with different
concentrations (0.50, 1.00 and 2.00 g) of ZnO dopant, are incorporated in the electroless
NiP matrix, and its effect on the physical, chemical, mechanical and corrosion, and
antibacterial properties of NiP-nanocomposite coating is studied. Moreover, this work
explores the impact of heat treatment on the physical, mechanical, corrosion resistance,
and antibacterial properties of the prepared undoped and doped NiP-C3Na

nanocomposite coatings.

1.2. Thesis Outline

» Chapter 1: Introduction

This chapter basically introduces the topic of the thesis. It highlights the
corrosion problem, and the importance of finding durable mitigation methods, such as
using hard and highly corrosion resistant coatings. The recent advances and research
findings in this field are addressed, and the gap in literature, specifically in regards to

previous research work related to electroless NiP-matrix nanocomposite coating, are
2



highlighted.

» Chapter 2: Literature review

This chapter discusses the metallic coatings used in oil and gas industries, and
it focuses on electroless nickel phosphorous (ENP) coatings and its composites.
The literature review will mainly summarize all the previous research work relevant to
electroless NiP coating. Additionally, this chapter will provide a thorough image of
some important types of metallic nanocomposite electroless NiP coatings that are
beneficial for oil and gas industries, based on the research work that was achieved
recently. Moreover, some basic techniques used for synthesizing these coatings, which
reflect on their various interesting properties, durability, and marketability, are
highlighted. It also provides a description of the advantages of electroless plating over
the electroplating technique, and the different conditions that should be considered to
enhance the properties of electroless NiP-based metallic composite coatings.

Furthermore, this chapter highlights the gaps in the literature, and how this
research is going to fill one or more of these gaps. Moreover, a clear statement of the

research hypothesis for the selected thesis topic is written.

» Chapter 3: Research methodology
This chapter includes the methods/techniques used in the proposed research,
materials, detailed experimental procedures, characterization techniques, and methods

used for data collection and data analysis.



» Chapter 4: Results and discussion
The main findings and results from the experimental work are properly
presented in this chapter. The obtained findings and outcomes are also discussed in this

chapter, and compared with other previous work reported in the literature.

» Chapter 5: Conclusions and future work
Main conclusions are finally summarized, in addition to highlighting the
limitations of the current research. Finally, some recommendations for possible

applications and future research are included.

1.3. Thesis Objectives

The main objective of this research is to investigate a newly synthesized NiP-
C3N4/ ZnO nanocomposite coating for its physical, chemical, mechanical, corrosion

and antibacterial properties. In this work, our main objectives are:

» To synthesis the nanocapsules of graphitic C3N4 with and without ZnO as a dopant.

» To prepare electroless corrosion resistant NiP-C3Ns nanocomposite coatings
through the incorporation of undoped and doped C3N4nanocapsules.

» To characterize the prepared novel NiP-C3N4/ZnO nanocomposite coatings, for its
physical, chemical, mechanical, antibacterial and corrosion properties.

» To investigate the effect of heat treatment on the physical, mechanical, antibacterial
and corrosion resistance properties of the prepared NiP-C3N4/ZnO nanocomposite

coatings.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Corrosion is a natural phenomenon that attacks metals and alloys in an effort to
return them to their original state. Many factors increase the corrosion rate of metals,
such as temperature, the relative size of anodic and cathodic areas involved, and the
type of electrolyte. Electrolytes, can be very aggressive and cause metals to corrode,
which commonly can be water, acids or alkalis [19].

Nowadays, metals and alloys are used in various applications, e.g. carbon steel
is widely used in most industrial pipelines and engineering tools and equipment, where
they are in direct contact with acidic, water of high salt content or aggressive
environments, which is often accompanied with problems related to corrosion.
Accordingly, it is of great interest to prevent corrosion by applying protection methods
that are durable and effective [20]. Generally, it is hard to stop corrosion completely,
but the corrosion rate can be decreased by applying several methods, such as anodic
protection, cathodic protection, addition of inhibitors, and using protective coatings
[21]. Coatings are usually used to prevent corrosion by eliminating the contact between
the metal surface and its surrounding, or sometimes by acting as sacrificial surfaces
[17]. In many cases coatings help in improving the surface properties of the substrate,
such as the corrosion and wear resistance, wettability, and other properties based on the
type of applied coating [22]. Generally, the types of coatings are categorized as organic
and inorganic. Organic coatings are based on organic binders, such as zinc epoxy,
whereas inorganic coatings are based on silicate, ceramic or metallic materials, e.g. zinc
silicate based coatings, TiN, Al2Os3, etc. [23].

Many types of coatings, such as epoxy-based coatings, polymer tapes, and



several composite coatings were developed for protecting the industrial pipelines from
corrosion, namely in oil and gas industries. However, they have shown various
limitations when tested in aggressive and highly corrosive environments [24].
Accordingly, researchers have developed metallic coatings using different techniques,
such as electroplating, mechanical plating, and electroless plating, where each
technique has its own advantages and disadvantages in terms of the handling process
and coating properties [25], [26].

Recently, due to its relatively high wear resistance, microhardness, and
corrosion resistance properties, electroless nickel phosphorous (Ni-P) coatings are
considered one of the best choices for industrial pipelines. Also NiP coatings have so
many other advantages, such as forming a uniform deposit on any shape of substrates,
even with intricate shapes [6]. Furthermore, electroless deposition technique is an
autocatalytic process which occurs by using a reducing agent as a source of electrons,
rather than using external power [10]. In spite of all the attractive properties of NiP
coatings, researchers are still trying to improve its overall performance.

Doping of NiP matrix with various types of particulates was widely investigated
and revealed significant enhancement in the physical, mechanical, corrosion and wear
resistance of the electroless NiP metallic coating [4]. Depending on the type of doped
organic or inorganic material, the NiP composite coatings can be categorized as
lubricating and wear resistant. Co-deposition of solid lubricants such as graphite and
MoS: reduces the friction coefficient of the NiP composite coating compared to blank
electroless NiP coating, whereas doping with hard materials such as diamond and SiC
increases its hardness and wear resistance [27].

Many researchers succeeded to incorporate various different nanoparticles in

the NiP matrix, which significantly enhanced the overall properties of electroless NiP



coatings, namely mechanical, corrosion, and wear resistance, e.g. ZrOz, TiO2, Al203,
C3Na4, etc. Other types of incorporated nanomaterials in electroless NiP, such as TiNi,
enhanced the coating’s antibacterial properties, in addition to the mechanical and
anticorrosion performance [28]. Hence, various nanoparticles potentially can be used
to improve the electroless NiP coating performance against biocorrosion, by reducing
the bacterial adhesion on its surface [29], [30].

Fayyad et al. have synthesized a novel NiP-C3N4nanocomposite through the co-
deposition of C3N4 nanosheets with the NiP matrix, which resulted in a significant
enhancement in the microhardness and corrosion resistance properties compared with
pure NiP coating [10].

In fact, carbon nitride (C3N4) nanomaterials have significant properties, which
open the door for many future advancements and applications. It is a very hard material,
as hard as diamond, and thermally and chemically stable [11]. Consequently, such
incredible nanomaterial will definitely outperform when added to NiP matrix.
Moreover, carbon nitride possesses a novel photocatalytic activity in the visible light
region and can be synthesized in different shapes, e.g. nanosheets, nanorods,
nanoflowers, nanospheres, etc. [12]-[16]. Numerous investigations has reported the
enhancement of photocatalytic activity of carbon nitride as the shape of C3Na
nanoparticles is changed [31]. As the photocatalytic activity of C3N4 nanomaterials is
varied as its shape changes, this would also be expected to have an impact on the
corrosion resistance applications. Only few reports have investigated the effect of C3Na
nanosheets on the physical, mechanical and corrosion resitance of electroless NiP
coatings [10], [17]. Kumar et al. reported an improvement in the corrosion resistance
performance of pure epoxy (PE) nanocomposite coating by using ZnO doped —

graphitic carbon nitride (ZnO/GCN) nanosheets as a nanofiller in the epoxy (PE)



matrix. The corrosion assessment in their research showed that ZnO/GCN nanosheets
have greatly enhanced the surface protective and barrier performance of PE against
corrosive 3.5% NaCl environment [18]. However, to the best of our knowledge, the
effect of using different shapes, morphology and nature of C3N4 nanomaterial on the
corrosion performance of metallic NiP coatings has not been addressed yet. Moreover,
the antibacterial behavior of C3Ns-incorporated NiP composite coating, has never been
investigated before.

This chapter describes the types of coatings that are commonly used in oil and
gas industry, and the factors that influence their durability, and sheds light specifically
on electroless nickel phosphorous (ENP) coatings. It also defines the electroless
deposition technique, and provides a thorough image of some important types of
metallic nanocomposite ENP coatings that are beneficial for oil and gas industries,
based on the research work that was achieved recently. Additionally, the techniques
used for synthesizing these coatings, which reflect on their various interesting
properties, durability, and marketability are highlighted. Moreover, the advantages of
electroless plating over the electroplating technique and the different conditions that
should be considered to enhance the properties of electroless NiP-based metallic
composite coatings are described in this chapter. Furthermore, the literature review
focuses on C3N4 nanomaterials, which have numerous unique properties, making them
very attractive in various applications, such as photocatalysis, biomedical, and most
importantly corrosion resistant composite coatings. The structure, synthesis, various
shapes, and unique properties of C3N4 nanomaterials will be described. Finally, the
important types of C3Ns-incorporated coatings that were recently investigated and
revealed enhancement in the mechanical, wear, and corrosion resistance properties of

various coatings are comprehensively discussed.



2.2 Types of Coatings and Factors Affecting their Durability in Oil and Gas Industries

According to statistical reports, one-third of the energy supply today comes
from oil and gas industry. In this field, several types of metal or alloy-based equipment
are used for extracting oil and gas from underground, such as drills, pumps, and
separators, as well as, pipeline systems that are used for transporting petroleum
products. However, these units are continuously subjected to corrosion problems,
which are sometimes accompanied with erosion due to the aggressive environment, and
the nature of constant-thrashing processes, such as drilling. Consequently, it was found
that 25% of failures experienced in oil and gas industry are associated with corrosion
problems, where more than 50% of these failures occur due to internal and external
corrosion of pipelines [32]. Accordingly, to reduce this risk, which indeed reflects
negatively on the production process, researchers have been trying to understand the
corrosion mechanisms, and design mitigation strategies to increase the lifecycle of

equipment and pipelines.

Coating surfaces is one of the most important mitigation approaches available
in industrial pipelines to prevent corrosion. These coatings either perform as a barrier
or provide sacrificial protection, i.e. protection is attained by sacrificial corrosion of an
electrochemically more active metal, which is in electrical contact with the substrate
[33]. Generally, the types of surface coatings applied in oil and gas industries can be
categorized as metallic, organic, and inorganic. All these types have been widely used
for the protection of pipelines and various industrial equipment against corrosion.
However, coatings different from metallic ones have shown limitations at specific

conditions, mostly at high temperatures and harsh conditions, especially for long-term



protection [34]. The coating failures that occur in oil and gas industries are mainly a
result of the complicated coating-substrate system and the numerous number of
parameters involved in the different processes. Figure (1) below represents a schematic
diagram of the various factors that affect the durability of anticorrosive coating systems

in oil and gas industry.
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Figure 1. Anticorrosive coating system in oil and gas industry, and the factors that affects its

durability [34]

Therefore, to design an anticorrosive coating that can perform effectively in this
aggressive environment, it must be intrinsically durable, tough, flexible, and adhesive
to the substrate to a high extent. Additionally, it should possess other superior
mechanical properties to withstand stress, weathering, and mechanical abuse. It is also
important to take into consideration that some external parameters affect the durability
of'a coating, such as the substrate type, coating thickness, and pretreatment of substrate,
as well as, the coating composition, can highly affect the performance of the

anticorrosive coatings [35].

10



Metallic coatings have shown outstanding properties and durability, which
expanded their usage for many applications, namely in oil and gas industries. The most
commonly used techniques for metallic coating are electrolytic, electroless, and
mechanical deposition, as well as, hot dipping. However, metallic coatings produced
by electroless deposition have shown distinctive characteristics, which made this
method the most marketable compared to other techniques. In addition to the desirable
properties obtained by this technique, it can be applied to any type of substrate material,
and it is easy to handle [36]. In the following sections, a special type of metallic coating,

i.e. electroless NiP-based coatings, will be the focus of this review.

2.3 Electroless Plating Versus Electroplating Technique

Metallic coatings can be achieved using two methods, elecroplating and
electroless plating. Electroplating (or electrodeposition) is referred to the use of
electrical power to deposit a thin layer of metal atoms on top of a substrate [37]. In this
method, an electric current is passed through a solution that conducts electricity called
an electrolyte. To create this current two electrodes are dipped into the electrolyte
solution and connected to an electric power supply, where the positively charged
electrode is the anode, and the negatively charged electrode is the cathode. The
electrodes and electrolyte are carefully chosen based on the type of material that needs
to be plated on a specific substrate. As a result, the plating is accomplished when metal
ions are reduced to metal atoms, which are eventually deposited at the cathode
(substrate). Figure (2) shows the electroplating of Me metal with copper as an example

[38].

On the other hand, electroless plating does not require electricity. In this

technique, the plating is achieved by the use of a series of chemical reactions carried
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out simultaneously that result in the deposition of a metal, evenly, across the surface of

a substrate. In other words, electroless plating is a catalytic reduction process in which

areducing agent is used in an electrolyte containing the soluble salt of the coating metal

to reduce the metal ion into the metal state. This process results in an evenly deposited

metal layer at the surface of the inferior metal without the use of electricity [8]. The

general setup for electroless plating process is shown in figure (3).

|
Cathode Anode
‘ Cu
‘_Cuzi'

SOZ-

Figure 2. Electroplating of
Me metal with copper (Cu)

[38].

Metal bath

Metal deposits

Application of heat

Figure 3. Schematic diagram for the
general setup used in electroless plating

technique [8].
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Actually, both electro and electroless plating are considered to be effective
techniques for surface coating. However, the selection of the suitable method to be
utilized in a specific application mainly depends on the chemical composition of the

substrate that need to be plated, as well as, the type of metal used for plating.

Electrolytic Electroless

There are many advantages of electroless plating

technique over the electroplating, one of them is related

to the uniform thickness of the electroless coating all over

the plated metal. Figure (4) shows a schematic diagram % |8
Base Metal

for the uniform electroless coating compared to the . )
& P Figure 4. Uniform electroless

electroplated one. Additionally, the superior mechanical . .
coating compared to nonuniform

properties of the electroless deposit are also uniform all coating from electroplating [3].
over the coating thickness, due to the uniformity of the

deposit. Furthermore, electroless plating technique can be used for any kind of object,
metal or non-metal, as electrical energy is not required. Unlike electroplating in which

the cathode (substrate) has to be conductive to allow for the current to flow and the
metal particles of the deposit bind to it. Moreover, high deposition rate of around 20-

22 mm/hr., can be achieved by electroless plating. This rate is considered appropriately

fast for industrial applications, and can be accomplished by the correct selection of the
solution pH, composition and the operating temperature. On the other hand, due to the
recent advancements in electroless coatings, great improvements have been achieved

in the ductility of electroless deposits, namely nickel-based deposits, which in turn lead

to the easiness of post-plating processes such as forming or pressing [3].

In oil and gas industries specifically, electroless coatings are essential for

plating the internal parts of pipes and some other equipment and tools, such as pumps,
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valves, and risers. It is mainly because they can uniformly plate items with complicated
geometries [17]. Electroless NiP coating is an ideal type of coating for metals and alloys
used in many industries, which will be discussed in more details throughout the

following sections.

2.4 Electroless Ni-P Coatings

The credit of inventing electroless nickel plating goes to Brenner and Riddell in 1946
as they were the first ones to discover the unusual reducing properties of the
hypophosphites. They came up with their invention through their work in developing a
plating process for the internal walls of tubes using an alloy called nickel-tungsten with
an insoluble anode. Since that time, this type of coating has been implemented for many
industrial applications for its outstanding corrosion and wear resistance [39].

More than 95% of the electroless coatings in the industry are composed of electroless
NiP. These coatings are classified in three main categories based on the phosphorus
level: low (1 - 7 wt. %), medium (7 — 10 wt. %), and high (10 — 12 wt. %) phosphorus
content. Generally, the higher the phosphorus content in Ni-P coatings, the better the
corrosion and wear resistance. Additionally, the phosphorus level highly affects the
metallurgical properties of alloys [40].

The kinetics of NiP coatings using electroless process was well described by Gould et
al. and others [41]. The reaction kinetics are based on several main steps, starting first
with the capacities of atomic hydrogen that are formed and adsorbed by the surface of
the metal. Then the nickel ions (Ni**) and hypophosphite ions are reduced, and the
nickel and phosphorus atoms are co-deposited on the surface of the metal. The
following equations represent the chemical reactions that occur in the deposition of

electroless NiP [42].
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H,PO; + H,0 - H* + H,P0;%™ 4+ 2H (1)
Ni2" +2H - Ni + 2H* 2)

H,PO,” + H - H,0 + OH™ + P 3)

As clarified in the reactions (1-3), the hypophosphite ions (H, PO, ") react with water,

which result in producing hydrogen atoms that are desorbed onto the surface of the

metal. Next the ions present in the bath, i.e. nickel (N i2+) and hypophosphite (H,P0O, ")
ions, are reduced by the produced hydrogen atom, hence codepositing nickel and
phosphorus (Ni-P) are formed, Then the atomic hydrogen is adsorbed into the formed
deposit of Ni-P, and a new Ni and P are co-deposited. Finally, the adsorbed atomic
hydrogen is consumed, leading to the co-deposition of nickel and phosphorus.

On the other hand, as electroless NiP plating is considered a catalytic process, the
electrochemical mechanism by which the plating happens is summarized as the
following. It is assumed that a catalytic oxidation occurs for the hypophosphite ions,
whereas nickel and hydrogen ions undergo a reduction reaction along the catalytic
surface. The anodic reaction is given as follows,

H,PO; + H,0 - 2H* + H,PO;™ + 2e~ ()

While the cathodic reactions are given as,
NiZ" 4+ 2e” - Ni (5)

2H* + 2e > H, 6)

It is important to understand the challenges associated with the above mentioned
chemical reactions in the electroless plating process. Actually, some reactions can be

unfavorable during the deposition, for instance, instead of forming atomic hydrogen
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during the reactions of hypophosphite with water, molecular hydrogen can be formed.
This diminishes the reducing influence and is actually destructive for the deposition.
Another issue is related to the reduction of nickel concentration in the bath due to the
precipitation of nickel as nickel orthophosphate. These precipitates can deposit on the
coating, generating a rougher coating [43]. Consequently, the efficiency of the
electroless NiP coating will be reduced. In order to solve these issues, the addition of
complexing agent is very important, which will stop the formation of Ni?* precipitates.
Examples of complexing agents can be some organic acids such as succinic, tartaric,
and maleic acid. Also, some of these organic acids can be added to reduce the speed of
Ni-P deposition, and to prevent the creation of a porous coating [42]

Generally, there are some key requirements for the electroless process of NiP deposition

[10], which can be summarized in the following table:

Table 1. Requirements for electroless NiP deposition process.

Requirement Example Function

Ni?* ions source nickel chloride or Ni?*

ions accept electrons from the electron
nickel sulfate donor (reducing agent), and get reduced to Ni

metal atoms, which are deposited on the

surface of the substrate.

Reducing agent Sodium - The source of electrons (or electron
hypophosphite donor) required to reduce Ni?* ions.
monohydrate - Helps in reducing nickel ions to metal

and source of the phosphorus portion of

the deposited alloy.
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Using sodium hypophosphite bath
produces highly corrosion resistant NiP

coating.

Complexing agents

organic acids or
their salts, such as
malic, acetic, citric

or succinic

They act as a controller for the
electroless reactions and inhibit
solution decomposition.

Also, act as buffers and prevent the
precipitation of nickel phosphite
Generally affects the deposit’s quality,

porosity level and internal stress.

Stabilizers or

accelerators

- Some of
the  most
frequently
used
stabilizers
are As, Mo,
Sn, Pb, Cd,
thioureas,
and malic.

- Succinic
acid is
widely
used as an

accelerator.

They increase the rate of deposition.

Facilitate the phosphorus adsorption
onto the surface of the catalyst, as it
helps to weaken the bond between
phosphorus  hydrogen atoms in

hypophosphite.
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Heating/Temperature The electroless

NiP deposition
occurs at 60 °C
temperatures and

above

To obtain a high quality electroless
coating, temperatures have to be
controlled, as it affects the rates of
deposition reactions and its kinetics
The temperature is exponentially
proportional to the plating rate.
Accordingly, an increase in the bath
temperature results in an exponential
increase in the plating rate.

On the other hand, a very high
temperature is undesirable for the
electroless bath as it leads to instability.
As reported, the optimum operating
temperature ranges from 85 to 90 °C.
Bath temperatures more than 90 °C,
result in increased potential for solution
decomposition, as a result of the
decreased phosphorus content in the

deposit.

pH regulator

sodium hydroxide

or sulfuric acid

It controls the pH with deposition time
It is crucial to control the pH, as it
reflects on the phosphorus content in
the deposit, As the pH value increases,
the phosphorus content in the deposit is

less, and vice versa.
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2.4.1 Electroless NiP in Acidic Bath

As established by Brenner and Riddell [39], the composition stability in acidic
baths of electroless NiP is higher than alkaline baths. Therefore, acid baths are more
advantageous in the electroless process as they provide high quality coatings, better
deposition and thickness levels, as well as, contributing to having no loss of complexant
by evaporation.

The use of acid baths in in electroless NiP deposition provide easiness in
controlling the amount of phosphorus content present in the deposit. In fact, regulating
the percentage of phosphorus content leads to controlling the properties of the obtained
deposit. Moreover, acidic baths are thermally stable, which means that even when they
undergo heating they are not decomposed [44]. Accordingly, in oil and gas industries,

acid solutions are selected, namely for corrosion protection applications.

2.4.2 Electroless in Alkaline Bath

Unlike acid bath, alkaline bath is disadvantageous in the electroless NiP
deposition as it is thermally unstable, i.e. decompose at high temperatures.
Additionally, it is very hard to control the pH at high temperature (higher than 90 °C),
due to the loss of ammonia which is added to increase the bath pH. Furthermore,
alkaline baths provide deposits with lower corrosion resistance and adhesion, which
does not provide a thick layer of coating, and cannot be used for plating metal substrates
like steel. This is explained by the increase in hypophosphite levels which is directly
proportional to the rate of nickel deposition. Thus, the bath becomes unstable as a

consequence of homogeneous deposition in the bulk [44].
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2.5 Effect of Heat Treatment on Electroless NiP Coatings

Heat treatment is considered a very important step in the preparation of the
electroless NiP coatings, as it greatly enhances the hardness and wear resistance.
Annealing temperatures up to around 350 °C can sufficiently increase these properties
[45]. In fact, heat treatment also affects the structure of electroless NiP coatings, and
influences many other properties. If an as-deposited electroless NiP coating is
annealed/heated at various temperatures, it passes through changes in its structure.
Generally, these structural changes can be different depending on the microcrystalline
nickel constituent and phases present in the coating. There are two different behaviors
that can be shown; either as an alloy, in the amorphous phase and microcrystalline
nickel is not a major constituent in it, or as a deposited-state alloy which have
microcrystalline Ni as a major component. However, reports show that annealing
consistently lowers the corrosion resistance of electroless coatings. As reported, a
deposited coating containing microcrystalline Ni as a prime constituent and 10.8% of
phosphorus can be heat-treated under a temperature range of 200 - 300 °C, with
annealing time of 4 hours. In this case, the annealing process causes the formation of
some phases, which include Nii2Ps and Ni3P under all temperatures. Moreover, when
the coating is annealed at above 400 — 600 °C, phases of Ni3P and Ni microcrystalline

are detected [46].

20



Hardness, HV i

Temperature ° C

Figure 5. The effect of heat treatment on hardness by

heating NiP coating for 1 h, extracted from ref. [38]

Actually, the reason of the increase in hardness upon heating the electroless NiP
coating, precisely for around 1 hour at a temperature of 300-400 °C, is mainly referred
to the NisP phase that is formed at this temperature range. Figure (5) shows the heat
treatment effect on the hardness through heating an electroless NiP coating for 1 hour
[38]. Nevertheless, at temperatures higher than 400°C, the hardness starts to be
decreased as lattice defects start forming, and NisP particles become coarser [47].

The properties of NiP alloys in the amorphous phase were studied under the
influence of annealing at low temperature by Zhao et al [48]. The results have shown a
decrease in microhardness at the beginning, then it started to increase gradually during
the time of heating/annealing. Other results included noticeable changes in some
properties including wear resistance, frictional properties, as well as, conductivity, and
resistivity [42], [49]. Another study considered the corrosion resistance properties of
electroless NiP deposit containing 10.6% phosphorus. It was shown that increasing the

annealing temperature sufficiently decreased the corrosion resistance[50].
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2.6 Electroless Ni-P Composite Coatings and their Advantages

Heat treatment in not the only method that can enhance the properties of
electroless NiP coatings, namely the hardness, wear resistance, and corrosion
resistance. However, the addition of some reinforcements, such as nanoparticles were
reported to greatly enhance their overall properties. As mentioned earlier, the most
important advantages of electroless NiP coating are mainly related to the outstanding
adhesion and wear and corrosion resistances. Another advantage is related to the
uniformity of the electroless coatings, in general, which can be applied for any
geometrical shapes, no matter how complex they are. However, the mechanical
properties of pure electroless NiP coatings still need further improvements in order to
broaden their applications, specifically in harsh environments, like the ones present in
the industrial processes.

Reinforcements such as titanium dioxide (TiOz2), alumina (Al203), and silicon
carbide (SiC) were extensively studied in synthesizing electroless NiP-based
nanocomposites with superior properties that can be advantageous for oil and gas
applications. These additives could greatly enhance the durability, thermal and
chemical stability of the coating, as well as, the hardness and wear resistance [3], [42].

Recently, a lot of research work has been achieved on electroless NiP
nanocomposites by utilizing the attractive properties of different materials, namely
nanomaterials, which greatly enhanced the mechanical properties, wear and corrosion
resistance compared to the original electroless NiP coating. For instance, Fayyad et al.
have synthesized a novel NiP- C3N4 nanocomposite through the co-deposition of C3N4
nanosheets with the NiP matrix, which resulted in a significant enhancement in the

microhardness and corrosion resistance properties compared with NiP coating [10]. In
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fact, the properties of carbon nitride (C3N4) nanomaterials are very attractive, which
opens the door for many future advancements and applications. It is a very hard
material, as hard as diamond, and thermally and chemically stable [51]. Consequently,
it is expected that using such materials in NiP nanocomposite coatings will significantly
enhance the mechanical, thermal, and corrosion resistance properties.

At the beginning, researchers were unsuccessful to prepare NiP composite
coatings [3]. They found that the addition of fine particles resulted in having an unstable
bath, as they increased the surface area of the bath. After that, they were able to
overcome this challenge by adding an appropriate stabilizer, and they could easily
prepare electroless Ni-P composite coatings. One of the most important requirements
for a durable composite coating is having a high cohesion between the electroless NiP
matrix and the added particles. Conditions, such as stability of the bath, agitation, size
and concentration of added particles, as well as, the surfactant type, all play a significant
role in promoting the quality of prepared electroless NiP based composite coatings [52].

To enhance the bath stability, malic acid or thiourea can be used [53]. On the
other hand, agitation is crucial to prevent the suspended hard particles from rotating.
Accordingly, in order to obstruct them in the prepared deposit/coating, it is important
to keep their surfaces in the upward orientation. Moreover, it is well established that
the particles distribution in the prepared electroless NiP nanocomposite coatings is
critically accompanied with the size and concentration of the added particles.
Accordingly, it is highly important to select the appropriate size and shape of the
particles, and make sure that they are well suspended. In addition, added particles must
contain no impurities, and should be insoluble in the bath. Additionally, to avoid
agglomeration of the added particles, appropriate concentration must be used in the bath

[54].

23



Properties of prepared electroless NiP-based nanocomposites differ from one
another, depending on many factors including, the type and concentration of added
nanoparticles and their properties, as well as, the added surfactant. For instance,
hardness of electroless NiP coating can be increased by adding 25 vol. % of silicon
carbide (SiC) to the bath, while adding the same amount of different material may
decrease its hardness, such as polytetrafluoroethylene (PTFE) [55]. Appropriate
surfactants also must be selected to make sure that the added particles are highly
incorporated within the matrix. Examples of some used surfactants that uniformly
distribute PTFE particles in electroless NiP matix can be acetyl trimethyl ammonium
bromide and polyvinylpyrrolidone [42].

Lately, new types of additives for preparing electroless nanocomposite coatings
has triggered researchers’ interests. Some examples include carbon nitrides (C3Na4) [10],
Silicon oxide (SiO2) [56], carbon nanotubes (CNTs) [57], ferrites [58], hexaferrites
[59], zinc oxide ZnO [60], and Al2O3—TiO2 [61]. These types of nanocomposites can

open the potential for a wide range of applications in the future.

2.7 Properties of Electroless Ni-P and its Composites Coatings
2.7.1 Microstructure and Melting Point

It is very important to study the microstructural characteristics of electroless
NiP coatings, as they are directly related to their properties. Also, understanding the
microstructure of the deposits assists us to recognize the deposition mechanism and to
evaluate the electroless coatings properties.

Actually, the phosphorus level present in the electroless deposit plays a key role
in changing the microstructure and the resulting properties. Although the
microstructure of electroless NiP deposits is still not very clearly explained, it has been

described as to be amorphous, crystalline, or in between where both structures co-exist.
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It is reported that generally electroless NiP coatings with low phosphorus content (1 -
5 wt. % P) have a crystalline structure, whereas coatings with a medium level of
phosphorus content (6 - 9 wt. % P) consists of both amorphous and crystalline, and
those that have high phosphorus level (10 -13 wt. % P) are amorphous. If they undergo
annealing/heating they crystallize to nickel and several forms of nickel phosphides [42],
[62].

Moreover, the crystallinity degree is affected by various factors (besides the
phosphorus content), which in turn reflects on the resulting properties. Some of these
factors include temperature and time of heat treatment, rate of heating, as well as, the
thermal history. The effect of heat treatment on the micrtostructural transformation of
electroless NiP coating from amorphous to crystalline has been extensively studied by
Zhang and Yao [62]. They reported that added particles such as titanium dioxide (TiO2)
did not influence the structure of the electroless NiP matrix at all. However, others
particles were found to alter the nickel crystallite orientation, examples of these
particles include: B4C and SiC [63].

The melting point of electroless NiP coating depends on the microstructure of
the deposit and the presence of any impurities (if any) in the coating. Pure nickel has a
melting point of 1455 °C, which is very close to the melting point of electroless NiP -
that deposited from electroless bath containing hydrazine reducing agent - having a Tm=
1440 °C £1.0 °C. Based on previous studies, the melting point of electroless decreases
with the proportional increase of codeposited alloying elements, such as phosphorous,
boron, lead, etc., as well as, co-deposited organic or inorganic impurities. For instance,
the melting point of electroless NiP deposits that have phosphorus content of 7.9 wt. %

is 890 °C [37].
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2.7.2  Porosity and Density

In general, nickel-based coatings produced by electrodeposition technique have
higher or equal porosity than electroless nickel-based deposits, namely under similar
thickness and identical conditions of surface preparation. Additionally, annealing or
heat treatment result in lowering the porosity of Ni-based coatings, accordingly, higher
corrosion resistance is obtained from electroless Ni-based coatings than
electrodeposited ones of equal thickness. Multistage deposition can be also carried out
for further reduction of the porosity in electroless NiP coatings. Generally, it is
important to reduce the porosity of a coating in order to reduce the corrosion potentials
[64].

On the other hand, as the phosphorus content increases, the density of
electroless NiP coating decreases, thus the density of the electroless NiP coating is
inversely proportional to the phosphorus level. Typical densities of electro and

electroless deposits are 8 - 9 g/cc; and 7 - 9 g/cc, respectively [65].

2.7.3  Adhesion

Electroless NiP coatings generally have better adhesion than electrodeposits on
various metallic substrates, such as iron, nickel, and copper and their alloys. The
adhesion of electroless NiP deposits can be additionally increased by heat treatment at
200 °C to 400 °C for 1 hour. Namely, it is required to improve the adhesion of
electroless NiP coatings on stainless steel, high carbon steel, chrome steels, and

aluminum alloys by annealing or heat treatment [37].
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2.7.4  Hardness and Ductility

Electroless NiP deposit usually have a hardness value of around 450 - 750 VPN,
and upon heat treatment at 350 — 400 °C for 1 hour the hardness can be increased to
around 900 - 1000 VPN. However, above 400°C the hardness starts to decrease, and it
can be subsequently returned back by cooling [37], [66].

Another factor that affects the hardness of electroless NiP deposit is the
phosphorus (P) content. Deposits with higher P level, have lower hardness value.
However, the hardness value of electroless NiP deposits can be relatively doubled by
undergoing heat treatment above a temperature of 250 °C, due to electroless NiP
deposits generally having amorphous structure. However, upon heating, intermetallic
compounds are formed depending on the phosphorus content. Accordingly, it can be
said that phosphorus content, heat treatment temperature, and time are vital factors
affecting the hardness of electroless NiP deposits.

Another important property is the ductility of electroless NiP coatings. Their
ductility is mostly less than 2 pct. This value is unfortunately less than the ductility of
their analogs formed from the molten state, which have a ductility range of (3 - 30 pct).
Actually, this can be disadvantageous, because it is important for any selected metallic
materials to have relatively good elastic and plastic properties. There is a quantitative
measurement technique that is used to measure ductility called, micromechanical bulge
test, which is an improved and preferred measurement method compared to the

traditional Ericson technique [37], [42].

2.7.5 Tensile Strength and Internal Stresses

Generally, the properties of tensile strength and internal stresses of electroless

NiP deposits are highly dependent on the phosphorus content. Tensile strength values
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of electroless NiP coatings - in the as-plated conditions - with low phosphorus level are
typically between 450 and 550 N/mm?. After heat treatment at temperatures ranging
between 300 - 600 °C, the tensile strength values decrease to between 200 to 320
N/mm?. When steel substrates are coated with electroless NiP coating containing more
than 10 wt. % phosphorus, neutral compressive stresses are produced. Whereas,
coatings with less phosphorus values develop tensile stresses because of the thermal
expansion difference between the substrate and the coating [37], [42].

Cracking and porosity are both promoted at high levels of stresses in NiP
coatings. As the microstructure of electroless NiP deposits changes upon annealing/heat
treatment at temperatures more than 220°C, this results in volumetric shrinkage of
deposits 4-6 wt.% phosphorus. This volumetric shrinkage, in turn, lowers the

compressive stresses and rises the tensile stresses [67].

2.7.6  Fatigue Properties

Using electroless NiP coatings slightly lowers the fatigue strength of steels.
Nevertheless, heat treatment of these coatings results in a significant reduction in
fatigue strength. There are several factors that affect the magnitude of reduction in
fatigue strength, namely, the composition and thickness of electroless NiP coating, and
the heat treatment. In addition, the original fatigue strength of the steel is added to the
previously mentioned factors. Many studies have reported that using electroless NiP
coatings results in the reduction of fatigue strength and endurance limit of steel
substrate of about 10 — 50 %. However, electroless NiP deposits from hypophosphite
bath might be used for coating high-strength steel with tensile strength larger than 1400
N/mm?, without loss of strength. Though, there are some reports suggesting that using

electroless NiP coatings causes strength reduction, and few reports show an increase in
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strength [68].

2.7.7  Wear and Corrosion Resistance

Electroless NiP coatings are characterized by their excellent wear resistance,
due to their high hardness and good ductility. Actually, the wear resistance of
electroless nickel coatings is as good as hard chromium in respect to various
environments, and hence can be used as a substitute for hard chromium in several
applications. Electroless NiP coatings with phosphorus level of 9 wt.% have shown a
taber wear index (TWI) of 17, which is comparable with watts nickel that has a TWI of
around 25. The taber wear index is simply defined as weight loss per 1000 revolutions
under a loading of 10 N with CS 10 wheels. A previous study have shown that a taber
wear index of electoless NiP coating is comparable to hard chromium with TWI values
of 9.6 and 0.5-0.7, respectively [42].

Another important property and highly required in oil and gas applications is
the corrosion resistance. In electroless NiP coatings, the corrosion resistance properties
are highly affected by the composition and the phosphorus content. Most of the
investigated electroless NiP deposits have shown naturally passive and corrosion
resistive features in various environments. In neutral or acidic environments, alloys
having phosphorus content higher than 10 wt.% have shown more resistance to
corrosion attack than those of lower P content. On the other hand, alloys with 3-4 wt.
% phosphorus (low phosphorus levels) have shown to be more resistant to corrosion in
strong alkaline environment compared to electroless NiP deposits with high phosphorus
levels [37].

Furthermore, heat treatment of electroless Ni-P deposits at high temperatures

above 220 °C, results in the formation of nickel phosphide particles, which in turn
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reduces the phosphorus content of the remaining material. Accordingly, this results in
reducing the corrosion resistance of the coating. Moreover, active/passive corrosion
cells are created by added particles, which further helps in the destruction of the
electroless deposits. Annealing these deposits at 190 °C have not caused a significant
increase in corrosion resistance. However, hardening caused a high increase in the
corrosion rate from 15 pm/year to more than 900 pm/year. Generally, it was found that
amorphous alloys are more resistive to corrosive environments compared to analogous
polycrystalline materials. The main reason is related to their freedom from the formed

grain boundaries and glassy films, which passivates their surfaces [37], [42].

2.8 Application of Electroless Ni-P Coating in Oil and Gas Industry

Metallic coatings, namely the electroless NiP coatings and their composites are
widely used in oil and gas industries as they provide superior anticorrosive properties,
high hardness, and wear resistance. Usually corrosion resistance is the primary
requirement in prepared coatings for oil and gas applications, followed by wear
resistance and hardness.

Generally, electroless NiP coatings are mostly required in applications that need
uniform thickness of coating, including some tools and equipment with complex
shapes, and large internal surfaces. Also, it is highly required in some process units
where surfaces are exposed to wear. Sometimes they can be used for the purpose of
replacing costly metallic vessels (e.g. stainless steel vessels), which can be more
durable and cost effective.

Additionally, they are applied for repairing some machine parts that are plated
with metallic Ni, and to enhance the coating adhesion on steel. Specific tools and

equipment that cover large area of application of electroless NiP coatings include the
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inner surfaces of valves, pumps, tubes, pipes, gasoline tanks and vessels, storage tanks,
SCrews, etc.

Furthermore, many parts that require improved wear and abrasion resistance
under lubricating conditions, including piston cylinders, cylinders for hydraulic pumps,
piston rings, rotating shafts, bearing surfaces, motor blades, etc., are usually plated with
electroless NiP coatings.

Mostly, electroless NiP coatings with high phosphorus levels has found
extensive applications in oil and gas industry, due to the exceptional corrosion
resistance and many other enhanced properties. Other than possessing attractive
properties, it is considered an inexpensive alternative for other construction materials,
such as stainless steel. Actually, nickel cladding or titanium has an extremely high cost
as a construction material when used in the assembly of reaction vessels. In comparison,

electroless NiP deposit with high P levels, offers a cheaper alternative [41].
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2.9 Carbon Nitride (C3N4) Materials and their Application in Corrosion Resistant
Coatings

2.9.1 History, Structure, and Unique Properties of Carbon Nitride Materials

Carbon nitride materials have a relatively long history, which started back in
1830s, when the general formula (C3N3H)n was reported by Berzelius, and Liebig
created the “melon” notation [69], [70]. Then in 1989, Liue and Cohen’s predicted that
a super hard material could be obtained from a B-polymorph of hydrogen-free carbon
nitride (C3Na4) [71]. In the meantime, scientists and researchers recognized graphitic
carbon nitride (g-C3N4) as the most stable allotrope, which triggered great attention for
its unique properties. In fact, g-C3N4 has a similar structure to that of graphite with
strong C-N covalent bonds instead of the C-C van der waals bonds in graphite layers.
In simple words, g-C3Na4 can be defined as nitrogen-bridged poly (tri-s-triazine), defect-
rich substances. Figure (6) shows rings of triazine or tri-s-triazine are crosslinked
together by nitrogen atoms assembling extended networks. This represents how
graphitic carbon nitride, which is considered the most stable among carbon nitride
materials under ambient conditions, can be built up either from the basic blocks triazine
(C3N3), or from tri-s-triazine (Ce¢N7) units. However, the tri-s-triazine rings are,

energetically, more favored and stable than triazine [72].
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Figure 6. Triazine (a) and tri-s-triazine (b) crosslinked structures. Adapted

from ref. [72]

It is important to mention that there are so many different classes of carbon
nitride materials, shown in Figure (7), depending on the physical or chemical routes
that were used to produce them. Actually, most of the synthesized carbon nitride
materials, up to date, contain considerable quantities of hydrogen (H) as an essential
component in their structures, in addition to carbon (C) and nitrogen (N). These
materials can be denoted as “CxNyH.” compounds. However, as mentioned earlier,
graphitic carbon nitride (g-C3N4) compounds are those that have structures based on

triazine (C3N3) rings, or tri-s-triazine blocks (heptazine, CsN7) [11], [73].
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Figure 7. Schematic diagram of classified carbon nitride materials. Materials that are
often named as graphitic carbon nitride (g-C3Na4) are indicated in the dashed box,

extracted from ref. [11] .

The unique structure of tri-s-triazine ring with high-condensed degree gives
high chemical and thermal stability for the polymer, i.e. these compounds are stable at
temperatures up to 600<C in air, and chemically stable under, basic, acidic, and organic
solvents. Moreover, they possess a distinctive electronic structure, having a medium
bandgap, and featured as an indirect semiconductor. These important features allow
them to be utilized in multifunctional applications, such as catalysts, fuel cells,
biomedical applications, and corrosion resistant coatings, etc. [74]

Generally, graphitic carbon nitride (g-C3N4) have various advantages when
compared to other carbon nanostructures. Most importantly, they possess a facile
preparation method, simple composition, lower cost, high chemical, mechanical, and

thermal stability, and distinctive catalytic behavior [75].
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2.9.2  Preparation Methods and Various Shapes of Triazine-Based Graphitic

Carbon Nitride Structures

Graphitic carbon nitride can be prepared using common methods like chemical
vapor deposition (CVD), physical vapor deposition (PVD), single-step nitridation,
thermal condensation, and solvothermal method. However, the most commonly used
method is thermal condensation, for its simplicity and low cost, where precursors, such
as cyanamide, urea, dicyanamide, etc. are thermally condensed. Subsequently, either
chemical, thermal oxidation, or ultrasonic exfoliation method can be applied to obtain
a single layer of g-C3Na [76]. Nevertheless, the chemical exfoliation approach is
considered the best among other methods, as it provides the highest efficiency, with a
relatively low cost [77]-[80].

The rising demands of new materials in various applications, namely in energy,
sustainability, and biomedical fields have recently encouraged intensive research to
improve new generations of g-C3N4 materials with diverse shapes and morphologies.
Researchers succeeded to develop new synthesis methods, which resulted in novel
micro and nanostructures of g-C3N4, e.g. amorphous or bulky, thin films, nanosheets,
mesoporous, 1-dimensional shapes such as nanorods, nanowires, and nanotubes, and 0-
dimensional quantum dots. Examples of produced g-C3Ns shapes are presented in
Figure (8).

In fact, many factors affect the final shape and morphology of produced g-C3N4
materials, which are being rapidly improved. These factors include the preparation
methods, process conditions such as condensation temperature, and materials
composition. This indeed reflects on the attained properties and functionality of the

prepared g-C3N4 materials, which in turn expand their applications [72].
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2.9.3 Carbon Nitride in Polymer-based Coatings

Polymer based coatings are widely used in industry and various applications for
its effective anticorrosive and barrier properties. However, some kinds of polymer
coatings, such as epoxy, suffer from microporous defects that appear during the curing
process, which allow for the diffusion of electrolyte into the substrate. Consequently,
this leads to the emergence of adhesion loss in a very short time, hence reduce the
barrier properties of the coating [81]-[83]. Recently, the incorporation of g-C3Na
nanoparticles into polymer matrix to prepare a polymer nanocomposite has
demonstrated great enhancement in anticorrosive properties of various polymer
coatings.

Yan et al. [84] synthesized g-C3N4nanosheets, and applied them as a nanofiller
in the fabrication of g-C3;Ns/epoxy nanocomposite coatings. Several epoxy-based
nanocomposites were prepared with different concentrations (1.00, 1.50, 2.00, 2.50, and

3.00 wt. %) of g-C3N4 nanosheets and used as a coating for Q235 steel substrate. The

36



corrosion resistance study in 3.5% NaCl and 0.1 M H2SOs electrolyte solutions
generally showed great enhancement of corrosion resistance behavior of g-C3Na/epoxy
nanocomposite coatings compared to pure epoxy in both previously mentioned

corrosive electrolytes, as shown in Figure (9).
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Figure 9. Potentiodynamic polarization curves of Q235 steel, pure epoxy, and g-Cs;Na/epoxy
nanocomposite samples at different concentrations of C3N4 nanosheets after 1 h immersion in (a)

3.5% NacCl and (b) 0.1 M H2SOs4 solution. Ref. [84]

Moreover, it was found that the 2 wt. % of g-C3N4 nanosheets, which was
uniformly dispersed in the epoxy matrix showed the highest anticorrosion behavior of
epoxy coating. . Furthermore, the results revealed that the g-C3N4 nanosheets positively
interacted with the epoxy matrix, which enhanced the coating’s adhesion on steel

substrate [84], as indicated in Figure (10).
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Figure 10. Photos of (a, a’) epoxy coating, and (b, b’) g-CsNas/epoxy
nanocomposite coating containing 2 wt. % g-C3Na4 nanosheets, before and after

adhesion test, respectively. Extracted from ref. [84]

On the other hand, ZuO et al. [79] used the chemical oxidative polymerization
method to synthesize polyaniline/g-C3N4 composite coating, which resulted in superior
anti-corrosive coating with enhanced barrier behavior compared to pure counterparts.
The best corrosion protection was obtained by the polyaniline/g-C3N4 composite
coating with a mass ratio of 3:1, which could be accredited to the mutualistic
anticorrosion effect between polyaniline and g-C3Na.

Kumar et al. [85] modified the surface of g-C3N4 by using MoOx, which
promoted a uniform dispersion in epoxy coatings. Their outcomes indicated that the
best corrosion resistance was obtained when 3 wt.% of g-C3N4/MoOx nanoparticles
were added to epoxy. This result was attained without affecting the coating’s adhesion
strength on aluminum substrates. They concluded that the high corrosion resistance
mainly raised from filling the coating porosities by g-C3N4 nanoparticles, which

improved the resistance against electrolyte permeation, and coatings degradation.
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Another investigation conducted by Kumar et al. [18] showed great
improvement in the corrosion protection performance of pure epoxy coating on carbon
steel in NaCl solution. Their study addressed synthesizing ZnO/g-C3N4 nanosheets and
applying them as nanofillers in pure epoxy to enhance its corrosion resistance. Their
outcomes indicated that the use of ZnO/g-C3N4 nanosheets acted as a barrier for water
absorption and enhanced the surface protective characteristics; hence, the corrosion

resistance performance of pure epoxy has improved, as clarified in Figure (11).
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Figure 11. (a) Plots of water uptake in epoxy coatings as a function of immersion time,
(b) Schematic demonstration of reduced water absorption by epoxy coating upon the

addition of nanofiller, adapted from ref. [18].
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Moreover, Xu et al. [86] prepared a smart anticorrosive nanocomposite coating
to protect Al alloys. They used g-C3N4 as a nanofiller in poly (urea-urethane) matrix.
Through their investigation they found that, even under high humidity conditions, the
poly (urea-urethane)-g-CsN4 composite coating showed outstanding barrier
performance and self-healing ability.

Furthermore, Xia et al. [87] worked on enhancing the dispersion of g-C3N4
(GCN) nanosheets in waterborne epoxy coating through the co-modification of GCN
nanosheets by dopamine and silane coupling agent. The results of electrochemical
corrosion and salt spray tests revealed that the modified GCN nanosheets are promising
nanofillers that significantly improve the anticorrosion performance of waterborne

coatings.

2.9.4 Carbon Nitride Corrosion Resistant Thin films

In certain applications, such as biomedical implants, it is of great importance to
develop biocompatible materials with enhanced mechanical, wear, and corrosion
resistance properties. Thin films of amorphous carbon nitride material are considered
as promising coatings that promote the performance of standard medical metal alloys,
e.g. CoCrMo and TicAlsV. They proved to be chemically inert with a biocompatible
nature that suppress the harmful and undesirable biological reactions [88].

Marton et al. [89] used vacuum glow discharge sputtering technique to deposit
nitrogen doped amorphous carbon (a-C:N) films on silicon and medical CoCrMo alloy
substrates. In their research, they investigated the effect of using different deposition
conditions, i.e. varying substrate bias, on the electrochemical corrosion behavior for Si
and CoCrMo substrates in 0.89 wt. % NaCl solution. The main outcomes of their study

indicated that, generally, the coated samples with amorphous carbon nitride thin films
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are more resistant to corrosion than uncoated samples. Moreover, the coating deposited
with substrate bias around — 0.6 kV gave the highest Ecorr for CoCrMo alloy. Results

obtained from polarization tests are presented in Figure (12).
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Figure 12. Tafel curves for uncoated and a-C:N coated (a) CoCrMo and (b) Silicon substrates

deposited with various substrates bias [89].

2.9.5 Carbon Nitride Corrosion Resistant Multilayered systems

Numerous researchers have been studying the development of single layered
systems, such as TiCN, AICN, etc., as well as, multilayered structures, or superlattices
to investigate their use as hard and protective coatings. The demand of multilayered
structures is mainly due to their enhanced mechanical and tribological performance
[90], [91].

Examples of multilayered systems that triggered major attention due to their
high hardness include ceramic/ceramic and metal/ceramic structures with nanometer
thickness. It is worth mentioning that these combinations often produce high hardness
values while retaining relatively ductile and highly anticorrosive coatings [92].

Various research works studied the anticorrosive behavior of nitride coatings

made of single and multilayers. Generally, it was found that multilayered nitride
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coatings show higher corrosion resistance compared to single layer under corrosive
environment. This is due to the enhanced interface number and microstructural features
in multilayered systems, which is supported by previous works showing that nitride
coatings usually initiate corrosive failures at structural defects, such as microcracks and
pores. Additionally, other works demonstrated that nitride single layer coatings possess
up to 5% porosity level, which varies from the porosity of multilayer nitride coatings
that decreases to 1%, which indeed reflects on their anticorrosive performance [93].
Caiced et. al. [90] deposited multilayered coatings of [TiCN/TiNbCN]a using
r.f. magnetron sputtering method. They investigated the effect of changing the
deposition parameters, i.e bilayer periods (A) and bilayer number (n), on the
anticorrosion performance of the coatings. The results confirmed the deposition of
distinct multilayered structures, which showed the best anticorrosion behavior for the
coating with a bilayer period (A) = 15 nm and bilayer number (n) = 200. The authors
suggested that the improved corrosion resistance in multilayer coating with A = 15 nm,
and n = 200 may be attributed to the unique microstructure of the deposited multilayer

coating, i.e. free porosity obtained by their distinctive orientation, and interfaces.

2.9.6 Carbon Nitride in Metallic based coatings

Metallic coatings, in general, triggered great attention in oil and gas industries
due to their superior mechanical and corrosion resistance properties. As mentioned
earlier, electroless plating technique used in the deposition of metallic coatings is very
advantageous, mainly because it provides a uniformly deposited coating, even for
objects with sophisticated geometries such as valves, pumps, nuts, etc. [42], [94]-[96].
Numerous research have been conducted on various types of metallic coatings for the

improvement of their overall performance, namely, the electroless plated NiP coatings,
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which are widely used in various industries [95], [97]-[99].

Few research works reported the use of carbon nitride materials in electroless
NiP metallic coating as a nanofiller, which in fact resulted in great enhancement of its
overall performance, namely the mechanical and corrosion resistance properties.

Fayyad et al. [10] successfully fabricated NiP-C3N4 nanocomposite coating to
protect C-steel substrate through dispersing C3N4nanosheets in the electroless NiP bath.
The authors investigated and reported the best electroless deposition conditions that
provide the best overall properties of the prepared NiP-C3N4 nanocomposite coating.
Moreover, they studied the effect of heat treatment on the coating’s mechanical and
anticorrosive behavior. Their results showed that the presence of the C3N4 nanosheets,
which were uniformly dispersed within the NiP matrix, lead to approximately 50 %
improvement in the microhardness of the NiP coating. Furthermore, the corrosion tests
in 3.5% NaCl solution, including EIS measurements, indicated a higher corrosion
resistance of as-plated NiP-C3N4 nanocomposite coatings, showing a 95% protection
efficiency, compared to pure NiP coating that shows only 81% protection efficiency.
The results after heat treatment, presented a great enhancement in the microhardness,
clarified in Figure (13), and a slight decrease in the corrosion resistance of the
composite coatings, due to the formation of a new crystalline Ni3P phase. However, the
corrosion measurements still showed higher resistance than that of pure NiP coating.
The corrosion resistance results are presented in Figure (14), where a larger |Z| value at

low frequency represents a better anticorrosive property of the coating.
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Figure 13. Microhardness of as plated and heat treated electroless NiP and NiP-C3N4

composite coatings in comparison to bare C-steel substrate [10].
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Figure 14. Bode and phase angle plots (a, b) for C-steel substrate, as plated and heat treated

electroless NiP, and NiP-C3N4 nanocmposite coating [10].

In summary, graphitic carbon nitride materials, have many attractive features,
namely facile synthesis, low cost, and unique structure, which make them broadly

utilized in various applications. However, research works mainly focused on graphitic
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carbon nitride for photocatalytic applications, biomedical applications, fuel cells, and
polymer-based anticorrosive coatings. Very few reports investigated the insertion of
carbon nitride materials to enhance the corrosion resistance properties of metallic
coatings. The synthesis of NiP-C3N4nanocomposite coating using C3Nananosheets has
been reported, and shown excellent results in terms of enhancing the overall
performance compared to pure NiP coatings. However, to the best of our knowledge,
the effect of changing the shape, morphologies and nature of C3N4 nanomaterial on the
mechanical and corrosion resistance properties of electroless NiP-based coating have
never been addressed before. In the present work, we intend to close part of this gap
and investigate the effect of using newly synthesized ZnO/C3N4 nanocapsules, on the

overall performance of NiP-C3N4 nanocomposite coatings.
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CHAPTER 3: MATERIALS AND METHODOLOGY

3.1 Materials

Table 2. Summary of used materials

Material

Required Specifications

Purpose

API X120 C-steel

Grinded, polished, and pretreated
Size: 20 x 20 x 10 mm?

Used as a substrate

Acetone Ultrasonicated — analytical grade Used for degreasing the specimens.
NaOH, Na3PO4, and A mixture of 50 g/l NaOH, 30 Used for specimens alkaline
Na2COs3 g/LNasPOs4, and 30 g/ NaxCOs; cleaning step.

(analytical grade solutions)
Acidic H2SO4 Solution 15 wt. % H2SO4 Used for etching the C-steel

specimens as a pretreatment step.

Deionized water

Ultrapure

Deionized water was used to wash

the  specimens  after  each

pretreatment step.

Nichem 3010 electroless
solution, from Atotech Inc.,

Berlin, Germany

Standard commercial electroless

NiP deposition solution

Electroless nanocomposite coating

bath

Carbon nitride (CsN4) Synthesized and characterized Raw material used in the
nanocapsules Zn0/C3N4 nanocapsules electroless plating bath for the

synthesis of nanocomposite coating
Sodium chloride (NaCl) Analytical grade Used to prepare 3.5 wt.% NaCl

used for corrosion tests
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3.2 Preparation of C3N4 Nanocapsules with and without ZnO as a Dopant

Sodium hydroxide (NaOH), functionalized mesoporous silica (SBA-15 silica),
acid (HF), 3-Aminopropyl) trimethoxysilane (4APTMS), and zinc oxide 50 nm were
delivered from Sigma Aldrich Co., Ltd., and ammonia solution (25 wt % NH4OH in
water), formaldehyde, ethanol, resorcinol, and melamine were purchased from VWR
Chemical Industries Ltd.

ZnO-doped and undoped C3N4 nanocapsules were prepared using silica-based
template. This includes dissolving SB-15 nanoparticles (1 g) in an aqueous solution of
ethanol (100 mL) containing ZnO nanoparticles (with different amounts). The loading
amount of ZnO was changed to 0, 0.5, 1.0, and 2 g, for preparing C3N4, C3N4/0.5 ZnO,
C3N4/1.0g ZnO, and C3N4/2.0g ZnO, respectively. The solution was stirred at room
temperature for 1 h followed by the addition of NH4OH (6.5 mL of 25 Wt. %). APTMS
(1 mL) solution was added to the previous solution under refluxing for 6 h at 90 °C
under magnetic stirring, and then the solution was centrifuged at 800 rpm and washed
3 times by double deionized water to form APTMS@SBA-15 nanoparticles. The
formed nanoparticles in (g/mL) were dispersed in ethanol solution under stirring at
room temperature, then mixed with an aqueous solution that contains 0.1 mol
resorcinol, 0.05 melamine, and 3 mL formaldehyde under stirring at 30 °C room
temperature for 1 h, then the temperature was raised to 80 °C, while refluxing for
another 24 h.

The obtained precipitate was purified by interval 3 centrifugation cycles at 9000
rpm and 3 washing cycles by ethanol and water (3/1 v/v), then dried at 80 °C for 4 h
before being annealed at 750°C for 2 h under nitrogen (N2). After cooling to the room
temperature, the obtained powder was immersed in NaOH solution for 24 h to etch

SBA-15 solution and then washed 3 times by water then dried at 80°C to form the C3N4
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nanocapsules (undoped, and doped with different amounts of ZnO, i.e. 0.5, 1.0, and

2.0g), and kept for any additional use or characterization.

3.3 Pretreatment of Specimens

API-X120 C-steel was used as a substrate for the electroless deposition process,
as it is a widely used metal in oil and gas industry. The C-steel bar, with a wt. %
composition shown in Table (3) below, was cut into 20 x 20 x 10 mm® specimens and

pretreated (mechanically and chemically) before the electroless deposition.

Table 3. Weight % composition of API-X120 C-Steel

C Mn Vv Si Cr Cu Ni Mo Fe

0.129 0541 0.025 0.101 0.039 0.015 0.017 0.0013 balance

The pretreatment process included grinding with various emery papers up to
2000 grit, and polishing until a mirror-finishing surface was obtained. Other pre-
treatment steps were also required for the specimens, which included chemical
degreasing with acetone for 15 minutes, followed by alkaline cleaning for 5 minutes at
80 °C. The alkaline cleaning solution consists of 50 g/L. NaOH, 30 g/LNa3POs4, and 30
g/L Na2COs. Subsequently, the specimens were etched in acidic solution of 15 wt. %
H2SO4 for 20 seconds, Figure (15) summarized the different pretreatment steps. After
each pretreatment step, the specimens were thoroughly washed with ultrapure
deionized water to remove any contaminants. Finally, after pretreatment steps, the
specimens were ready for electroless deposition step. Solutions of analytical-grade
purchased from Sigma-Aldrich (St. Louis, MO, USA) were used for all the

experimental preparations.
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Figure 15. Pretreatment steps for C-steel specimens: (a,b) grinding and polishing,

(c) acetone sonication, and (d) alkaline cleaning.
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3.4 Electroless Deposition

A commercial electroless nickel phosphorus plating solution (Nichem 3010),
purchased from Atotech Deutschland GmbH (Berlin, Germany) was used for the
different electroless deposition. A concentration of 0.5 g/l C3N4 was kept constant for
the various prepared electroless NiP—C3Na4 baths. The synthesized C3N4 nanocapsules,
undoped and doped with different concentrations of ZnO, i.e. 0.50, 1.00, and 2.00 g of
ZnO, were separately ultrasonicated for 2 hours in the electroless NiP solution before
deposition. This step was essential to ensure well dispersed nanomaterial in the bath
and avoid any agglomeration. The composition and operating conditions of NiP-C3N4

baths during the electroless deposition process are summarized in Table (4) below.

Table 4. Operational parameters and bath constituents of electroless plating process

Bath constituent Operating parameters

Electroless NiP solution (L) 1 Plating Temperature ("C) 89+ 1°C
Amount of C3Na (g) 0.5 Stirring (rpm) 300
Amount of ZnO doped in C3N4 (g) 0.50, 1.00,and 2.00 g Plating time (h) 2

pH 45+0.1

After preparing the electroless baths, the pretreated specimens of API-X120 C-
steel were instantly immersed in each bath, the electroless coating process was allowed
for 2 hours. Finally, the coated specimens were removed from the bath, washed with
deionized water, and dried using blowing air. Figure (16) showed the electroless plating

bath and the coated specimen with the NiP- C3N4/ZnO nanocomposite coating.
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Figure 16. (a) Electroless plating bath and (b) C-steel specimen coated with NiP- C3N4/

ZnO composite coating.

3.5 Heat Treatment

After the electroless deposition process, some samples of the various produced
nanocomposite coatings were annealed at 400 °C for 1 h using vaccum tube furnace,
from MTI (California, USA), which is shown in Figure (17). This step was essential to

investigate the mechanical properties and corrosion resistance of the coatings after heat

treatment.

Rl

Figure 17. MTI Tube furnace used for heat treatment of deposited specimens.
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3.6 Characterization

The crystal structure, surface morphology and elemental composition,
roughness, hydrophobicity, mechanical, and anticorrosive properties of the different
prepared coatings, were investigated before and after heat treatment, using various

characterization techniques. .

3.6.1 Structural analysis (XRD)

The effectiveness of the undoped C3Na capsules in addition to changing ZnO
dopant concentrations, on the crystal structure and phases of electroless NiP and NiP—
CsN4 nanocomposite coatings, respectively, was analyzed using X-ray diffractometer
(XRD, Miniflex2 Desktop, Cu K, Rigaku, Tokyo, Japan).

X-ray diffraction (XRD) is a nondestructive characterization technique used to
study the structure of materials. It mainly finds out whether the material follows
crystalline or amorphous nature. XRD analysis uses Cu/K x-ray source, a radiation (A)
equals to 1.5406 A, and it analyzes and detects the unknown elements and compounds
using Bragg’s law. Furthermore, XRD provides other important information about
phases, crystal defects and strain. There are specific parameters that should be identified
depending on the requirements for the tested sample. These include voltage and current
of x-ray tube, collection time, scan step size, and range. As the test is started, the
reflected X-rays from the adjacent crystal planes undergo constructive interference.
Accordingly, the path distinction among them is an integer multiple (n) of the
wavelength of the X-rays (Bragg’s law). The "order" of a reflection wavelength of the
X-ray is n, whereas d is the interplanar spacing of the crystal between adjacent crystal
planes, A is the wavelength of the incident X-rays, and theta (0) is the angle between

the scattering plane and incident X-ray beams [100], as clarified in Figure (18).
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Figure 18. Schematic of X-ray diffraction in solid crystals as stated by Bragg's law

for constructive interference [96].

3.6.2  Surface Morphology and Compositional Analysis

Scanning electron microscope (SEM, Nova NanoSEM 450, ThermoFischer
Scientific, Eindhoven, Netherland) was used to assess the surface morphology and the
coating thickness of each sample, and energy-dispersive spectroscopy (EDX, Bruker
detector 127 eV, Bruker, Leiderdorp, Netherlands) was utilized for achieving the
elemental analysis of the prepared coatings.

Scanning electron microscope (SEM) is a powerful microscope that uses an
electron beam, which hits and scans the surface of the targeted sample inside a vacuum
chamber, hence produces an image that shows the morphology. As presented in Figure
(19), in the top of the chamber there exists a metallic filament that is heated to produce
the electron beam. Then, the beam of electrons pass vertically through the microscope’s
column, which is provided with electromagnetic lenses that direct and focus the electron
beam down towards the tested specimen. Once the beam reaches the sample’s surface
and hits it, backscattered and/or secondary will be emitted. Finally, these emitted

electrons (backscattered or secondary) are collected by detectors, which are then
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transformed into signals that are viewed on a computer screen as an image [101], [102].

Figure (20) is the SEM and EDX device that was utilized in the central lab units in

Qatar University.
Electron
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Figure 19. Scanning electron microscope (SEM), a schematic showing

main components. [98]

o

Figure 20. SEM and EDX device that was utilized in the

central lab units, Qatar University
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In addition, a high resolution transmission electron microscope (HR-TEM,
JEOL 2100 F, Japan) was used to analyze the C3N4 nanocapsules in the electroless NiP-

C3N4/ZnO deposits.

TEM is a powerful instrument, similar to SEM, used for characterizing the
materials morphology, composition, and imaging. However, TEM technique can be
used for very thin samples only, and it uses higher voltage, which provides images with
higher magnification and resolution than SEM. Moreover, this technique offers deeper
information about the internal structure and composition, as the electron beam can
penetrate through the tested sample [103].

In order to get an image, the microscope was operated at 200 kV. The sample
preparation was conducted by scratching the surface of coated specimens with various
NiP-ZnO/C3N4 deposits, followed by rinsing with ethanol. A small quantity of
scratched deposit was dispersed in ethanol, and then placed on a copper TEM grid using
a syringe. Ethanol solution was allowed to dry under red light, and then the copper grid
containing the scratched sample was positioned under the electron beam produced by
the electron gun. Figure (21) presents the HRTEM device used in the central lab units

in Qatar University for morphological imaging.
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Figure 21. HRTEM device used for morphological imaging
3.6.3 Surface roughness
Measurement of the surface roughness of the synthesized coatings was achieved using
an atomic force microscopy (AFM). In fact, AFM is a very effective technique for
examining specimens at nanoscale. Additionally, this technique can perform numerous
essential surface measurements for different kinds of samples, with simple preparations
requirements. It can produce images at the nano scale with 3D features, even for
samples with complicated shapes and very rough topographies [104]. Figure (22)
pictures the asylum research atomic force microscope, MFP3D, that used in center for

advanced materials in Qatar University.

AFM test for the synthesized coatings was performed by operating MFP3D
Asylum research atomic force microscope (Asylum Research, Santa Barbara, CA,
USA), which was equipped with a silicon probe. The roughness experiments were
conducted under a spring constant of 2 Nm™, a resonant frequency of 70 kHz, and the
device was run under ambient conditions using the tapping mode in air.
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Figure 22. Asylum research atomic force

microscope, MFP3D

3.6.4 Water Contact Angle (WCA)

The water contact angle (WAC) measurements for the as-plated and heat-treated
specimens were performed to identify the level of hydrophobicity and/or hydrophilicity
of prepared coatings. This technique was achieved by utilizing a contact angle device
(DataPhysics OCA35, DataPhysics Instruments GmbH, Filderstadt, Germany). The
used probing liquid was deionized water (4 plL), and for achieving precise
measurements, the contact angle was measured 5 times, where the average value is
reported.

Determining the wettability of prepared coatings is very important, which can
be indicated through the contact angle parameter. The use of so-called sessile drop
method is mostly used for analyzing the contact angle, where the tangent angle is
directly measured at three-phase equilibrium interfacial point. However, the wetting
property for flat surfaces is directly measured by observing the profile of the water drop.
Figure (23) shows the way water molecules interact with different surfaces, i.e.
hydrophobic and hydrophilic substrates. In order to trace the outlines, the adhering
bubble can be imaged and projected on a screen, hence the angle can be easily measured

[105].
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Hydrophobic substrate Hydrophilic substrate

Figure 23. Interaction of water molecules with hydrophobic and hydrophilic surfaces.

It is worth mentioning that using relatively high magnifications provide better

accuracy of the method. Figure (24) clarifies the idea of sessile drop technique.

Video camera Sample lllumination

C o
/A =\ WA\

Figure 24. Graphical representation of sessile drop technique for measuring WCA.

3.6.5 Mechanical analysis

Microhardness of the prepared coatings was measured using Vickers
microhardness tester (FM-ARS9000, Future- Tech Corp., Tokyo, Japan), which is
shown in Figure (25). An average value of five microhardness measurements was
calculated for each sample at 200 g load for 10s.

The Vickers Hardness tester is equipped with a diamond indenter that has a
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pyramid shape, with a 136° apical angle. As the test is started, the indenter is pressed
into the sample at a specified load, which creates an indentation with a diamond-like
shape, which is then measured from tip-to-tip at x-y axis. Then, the machine
automatically converts the average of the resulting measurement into a Vickers

Hardness number.
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Figure 25. Vicker's microhardness tester, Future-Tech Corp., Japan model

Additionally, the mechanical characterization of the prepared coatings was
further emphasized using the nano-indentation test. The measurements were obtained
using a nanoindenter head connected to AFM device, at | mN maximum indentation
force, 200 uN/s loading and unloading rate, and 5s dwell time.

Nano-indentation is probe-based technique, in which a very small tip, with a
nano-scale size, presses into the surface of a tested sample at an identified rate and
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force. Depending on how far the tip is indented into the sample, the hardness is

measured.

3.6.6 Corrosion Study

Corrosion can be thought of as an electrochemical process because a small
amount of electrical current is also generated as the metals corrode. Four conditions
must always exist before corrosion can develop; a metal that corrodes readily (called
the anode), a different metal that has less tendency to corrode (called the cathode), and
an electrical path between the anode and cathode (usually through metal-to-metal
contact), and a conductive liquid called the electrolyte. Electrical current flows from
the cathode to the anode through the electrical path which eventually causes the loss of

metal in the anode [106].

To study the corrosion resistance of the synthesized NiP and NiP-C3N4
nanocomposite coatings, and to investigate the effect of ZnO concentrations (as a
dopant) on the corrosion protection properties, the electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization (PP) (Tafel test) were carried out
in a solution of 3.5 wt. % sodium chloride (NaCl) at room temperature.

It is worth mentioning that the EIS plays an important role in fundamental and
applied electrochemistry and materials science. In simple words, it is the method of
characterizing the electrical behavior of systems in which the overall system behavior
is determined by a number of strongly coupled processes, each proceeding at a different
rate [107]. On the other hand, Tafel polarization, where the current density can be

expressed as a function of the overpotential:

n =P log (i/io),
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where 1 is the overpotential, B is the Tafel slope (V), i is the current density (A/m?),
and io is the exchange current density (A/m?). This expression is known as the Tafel

equation [108].
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Figure 26. Typical Tafel polarization curve. Ref. [108]

The corrosion resistance measurements were done for all coated samples before
and after heat treatment. All corrosion measurements were carried out at 25 °C by
utilizing a GAMRY 3000 potentiostat / galvanostat / ZRA device (Warminster, PA,
USA) that is shown in Figure (27) and was connected to a three-electrode cell, in which
the coated substrate was the working electrode, and the reference and counter electrodes
were selected to be Ag/AgCl, and graphite rod, respectively. Figure (28) is a schematic
diagram that illustrates the electrochemical corrosion cell. The EIS test was run at an
excitation of 10 mV AC, a frequency range between 1x1072 to 1x10° Hz, and the open
circuit potential was always allowed to stabilize before the recording of EIS data starts.
On the other hand, the Tafel tests were performed to obtain anodic and cathodic

polarization curves by applying a scan rate of 0.167 mV s~! within an initial and final
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potentials of =250 and 250 mV, respectively. The measurements were repeated three

times to ensure the reproducibility.

Figure 27. GAMRY 3000 device used for elechtrochemical

measurements.
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Figure 28. Three electrodes configuration in the corrosion cell.
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3.6.7 Antibacterial Study

Finally anti-bacterial test was used to investigate the anti-bacterial properties of
the prepared nanocomposite coatings before and after heat treatment, which could be
achieved using the so-called colony count method.

The prepared specimens of C-steel coated with NiP-C3N4 nanocomposite
coatings using undoped and doped C3Nananocapsules with different concentrations of
ZnO (i.e. 0.5, 1.0, and 2.0g, respectively) were sterilized using 70% ethanol. Using glue
and DPX mountant, specimens were glued into a 6 well plates from the lower side
where it was not coated. Then, the plate with the specimens were sterilized under UV
light for 30 minutes. A bacterial culture of Staphylococcus aureus (S.aureus) was
allowed to grow in LB broth until the OD at 600nm reached late log phase (1.2 OD).
Then, Sml of the bacterial broth was added to each well having the coated specimen.
The plate was incubated in the shaker at 37C° at 50 RPM for 3 hours. After 3 hours,
the LB was removed and all specimens were washed with autoclaved distilled water 2
times. After washing, the coated specimens were scraped using a loop and 2ml
autoclaved distilled water to remove any bacterial growth if found. Then, the 2ml
scrapped bacteria with DW was transferred to Eppendorf tube. A 1:10 serial dilution
was performed, then 100ul from the 1:1000 dilution was cultured in agar plate and
incubated at 37C° overnight. The next day, bacterial colonies were counted in each plate

to calculate colony-forming unit (CFU).
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Structural Analysis (XRD)
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Figure 29. XRD pattern of NiP, NiP-C3N4, and NiP-C3N4/ZnO with different concentrations of

doped ZnO (0.50, 1.00, and 2.00 g) (a) before and (b) after heat treatment at 400 °C for 1 h.
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Figure 29 (a and b) represent the XRD patterns obtained for electroless NiP,
NiP-C3N4, and NiP- C3N4/ZnO nanocomposite coatings with different concentrations
(0.50, 1.00, and 2.00 g) of doped ZnO in C3N4 nanocapsules before and after heat
treatment, respectively. It can be seen in Figure (29a) that the as-plated NiP coating has
a broad peak extended at the 26 position = 45°. This single broad peak is associated
with the (111) plane of the face-centered cubic (FCC) Ni. Moreover, all the other
nanocomposite coatings show the same single broad peak at the same position, i.e. 20
=45°, and no other peaks that identify C3N4 appear. This might be due to the fine size
and small amount of the incorporated C3N4 nanocapsules compared to the high density
of the Ni diffraction peaks of the NiP coating. Several researchers have observed a
similar result when a small amount of nanomaterial was incorporated in the NiP matrix
[28], [109]. Additionally, it can be noticed that after the incorporation of undoped or
Zn0O doped C3N4/ZnO nanocapsules in the NiP coating, the structure changes from
amorphous to crystalline-amorphous or semi-amorphous state. According to the
literature [110], the P content determines the crystal structure of the NiP coating, i.e.
high P content (> 10 wt.%) gives amorphous structure, whereas medium (5 — 10 wt.%)
or low (1 — 5 wt.%) P content leads to a more semi-crystalline or crystalline structure.
Since the XRD patterns show amorphous and semi-crystalline structures for C3Na-free
and undoped/doped C3N4 coatings, respectively, the high and medium P content in
those coatings is verified, which is in line with the EDX results. Furthermore, the XRD
patterns reveal a full width at half-maximum (FWHM) values of 0.6140, 0.5178,
0.5140, 0.5145, and 0.5130 for the NiP, the NiP-C3N4 and NiP-C3N4 that is doped 0.50,
1.00, and 2.00 g with ZnO nanocomposite coatings, respectively. As a result, the
refinement of the NiP nodules and the boosting of the crystalline phase formation is

achieved in the occurrence of undoped and doped C3N4 in the NiP matrix.
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Several studies confirmed that the structure of electroless NiP coating changes
from amorphous state to crystalline state by heat treatment [111], which is compatible
with the XRD patterns, shown in Figure (29b), obtained for the NiP, NiP-C3Ns and
NiP- C3N4/ZnO with different ZnO concentrations nanocomposite coatings after heat
treatment at 400 °C for 1 hour. It can be seen that after heat treatment (HT), NiP
crystalizes forming NisP particles, as well as crystalline Ni phase on the surface of the
NiP coating. Additionally, it can be observed that the diffraction peaks of heat-treated
undoped and doped NiP-C3N4 nanocomposite coatings match with those obtained for
the heat-treated NiP coating with a minor change in the intensity of the resulted peaks,
as it slightly decreases for all heat-treated nanocomposite coatings, except for the NiP-
C3N4/2.00g ZnO coating. The reduced peaks’ intensity in most of the nanocomposite
coatings could have happened due to the decrease in the amount of the deposited Ni
and P that occurrs upon the incorporation of undoped or doped C3Na nanopcapsules,
which are well dispersed in the NiP matrix, as shown in the SEM results. On the other
hand, the agglomeration of the doped C3N4 with 2.00g-ZnO nanocapsules in the NiP
matrix, as shown in SEM, results in having less or almost no effect on the amount of
deposited Ni and P over a wide area of the substrate, as a result of the measurements

possibly being taken from such areas.
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4.2 Morphology and Compositional Analysis
4.2.1 SEM Analysis

The SEM images shown in Figures 30 (a — e) and (a’ - €’) represent the surface
morphology of as-plated and heat-treated NiP, NiP-C3Na4, and NiP- C3N4/ZnO coatings
doped with different concentrations of ZnO, i.e. 0.5, 1.0, and 2.0 g, respectively. The
SEM image of NiP coating shown in Figure (30a) indicates a structure like a cauliflower
that is characterized by a feature of spherical nodular, which is similar to the
morphology of electroless NiP reported in several works [112], [113]. The
incorporation of C3N4 nanocapsules into the NiP matrix does not change the cauliflower
shape of the NiP coating, however, it has a considerable effect on the nodules’ size and
arrangement to some extent. As demonstrated in Figure (30b), which corresponds to as-
plated NiP-C3N4 coating, the surface becomes less smooth, and the size of the nodules
significantly decreases while their numbers increase. In fact, the change of the
morphology confirms that the C3N4 nanocapsules are effectively incorporated in the
matrix. Various reports in literature [2], [10], [28] indicated a significant morphology
change after the incorporation of other types of nanomaterials in NiP matrix. Doping
the CsN4 nanocapsules with ZnO at different concentrations remarkably affects the
surface morphology of the nanocomposite coatings, as illustrated in Figures 30 (c - e).
It is noticeable that as the concentration of doped ZnO is increased up to 1.00g, the
spherical nodules become more homogeneous and compact, which seems outstanding
in NiP- C3N4/1.0 g ZnO. However, as the concentration of the doped ZnO in the C3Na
nanocapsules is further increased to 2.0 g, some agglomeration of nanocapsules clearly
emerges on the surface, which greatly affects the uniformity of the coating. Therefore,
its homogeneity and compactness is significantly decreased compared to that of 0.50
and 1.00g ZnO doped NiP- C3N4/ZnO nanocomposite coatings. Furthermore, some

pores and voids appear on the surface of NiP-C3N4/2.00g ZnO composite coating,
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which extremely affects the corrosion resistance properties of the coating, as will be
discussed later in this chapter. The morphological change of NiP- C3N4/ZnO
nanocomposite coatings is induced by the modification of the nanocapsules’ features
as the doped ZnO concentration is increased. As proved in various studies [114],
increasing the concentration of doped ZnO in C3N4 nanomaterial, significantly increase
its surface area and porosity. Moreover, other studies [115], [116] revealed distinctive
morphological change of C3N4 nanomaterials upon using different concentrations of
doped ZnO.

After heat treatment, the number of nodules significantly decrease and the
globular morphology in all of the coatings relatively diminishes compared to the
corresponding as-plated coatings. It is also noticeable that the size of the nodules
generally decreases and their numbers increase in an ordered manner, which in turn
fosters the smoothness of the surface. In general, the surface homogeneity and
compactness is enhanced after heat treatment for all of the coatings, namely for that of
the HT- C3N4/1.00g ZnO. The morphology change of the coatings after heat treatment
is mostly related to the formation of new phases, as illustrated in XRD analysis.
However, at high concentration of doped ZnO, i.e. 2.00g, the surface appears rough,
bumpy and agglomerated compared to the HT-0.50 and 1.00g ZnO doped NiP-
C3N4/ZnO nanocomposite coatings. This might be attributed to the high porosity of the
nanocapsules induced by the high concentration of doped ZnO, which reduces the

overall compactness of the coating, with the newly formed phases after heat treatment.
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Figure 30. SEM images of (a,a’) NiP, (b,b”) NiP-C3sNa, (c,c’) NiP-C3N4/ 0.50g ZnO,
(d,d’) NiP-CsN4/ 1.00g ZnO, and (e,e’) NiP-C3N4/ 2.00g ZnO, before and after heat

treatment at 400°C for 1 h.
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4.2.2 EDX Analysis

Tables (5) and (6) summarize the data obtained from the EDX spectra for the
different as-plated and heat-treated coatings, respectively. EDX spectra signalize the
presence of C3N4 nanocapsules in the NiP coating, as the Ni, P, C and N peaks appeared,
which confirms their successful incorporation in the coating. The N peak represents the
CsN4 nanocapsules. In addition, it is observed that the percentage of the P and Ni
contents in the C3N4 nanocomposite coating is decreased. This can be attributed to the
addition of the co-deposited C3N4 nanocapsules in the coatings. Moreover, the EDX
results of the as-plated coatings show that the phosphorus (P) content is significantly
decreased by about 50% after the incorporation of C3N4 nanocapsules, i.e. from 18.90
wt. % t0 9.63 wt. % P in as-plated NiP and NiP-C3Na, respectively. This confirms that
the structure of as-plated coatings changes from amorphous to semi-crystalline, which
is consistent with the XRD outcomes. As reported in literature [59], [117], the
phosphorus amount predicts the microstructure of electroless NiP coatings. For instance
the P content is expected to be low (1-5 wt.%) in crystalline structure, medium (5-10
wt.%) in semi-crystalline, and high (=10 wt.%) in amorphous structures.

On the other hand, traces of zinc element (Zn), which is related to the doped
ZnO in the nanocapsules, appeares only in the EDX spectra of NiP-C3N4/ZnO at high
concentrations of doped ZnO, i.e. 1.00 and 2.00g. In fact, this is expected as the ZnO
nanoparticles are embedded and reacted within the carbon nitride nanostructures, which
hardly can be detected by EDX analysis of the coatings, namely at low concentration
of ZnO. Since the concentration of either undoped or doped C3N4 nanocapsules added
to the electroless bath is fixed (0.5 g/L), it is depicted that increasing the concentration
of doped ZnO in the different nanocomposite coatings, has a slight effect on the overall

compositions of C, N and P content. The slight changes are mainly related to the
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variations in the handling process during preparation. However, it is illustrated that the
percentages of O in the composite coatings increased, which may be attributed to the
increase of the surface area and the porosity of the C3N4 nanocapsules, reflecting on the
percentage change of the other elements like Ni.

After heat treatment at 400°C for 1 h, the P content slightly decreases in all the
EDX spectra of the heat-treated coatings, which is mainly attributed to the formation of
new phases, such as Ni3P, as well as the improved crystallinity of the prepared coatings,

which confirms the XRD results.

Table 5. EDX analysis for the elemental composition of the diffrent as-plated coatings

Coating name | Element Before HT
Norm. C | Atom. C Chart
(wt. %) (at. %)
NiP Ni 81.10 69.36
P 18.90 30.64
N — —
Zn —- —- T ]
o) b Az
NiP-C3N4 Ni 65.47 51.21 T
P 9.93 16.90
15.54 17.19
N 8.70 14.70 .
L
0] - — Lo mes Yo ST A B
NiP-C3Na Ni 60.03 36.05
(0.50 g ZnO) P 9.23 15.60
13.32 19.74
N 9.00 15.48
Zn 0.00 0.00
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0 8.42 13.13
R
NiP-C3N4 Ni 56.04 36.77
(1.00 g ZnO) P 9.59 14.76 i
15.17 16.96 )
N 9.61 18.86
Zn 0.29 030 | F 1 J
0 930 12.35 A
NiP-C3N4 Ni 51.22 35.27
(2.00 g ZnO) P 9.11 13.04
17.51 21.00 i
N 9.71 13.03
Zn 0.33 0.38 . l
0 12.12 T S b -

Table 6. EDX analysis for the elemental composition of the diffrent heat-treated

coatings.
Coating name | Element After HT
Norm. C | Atom. C Chart
(wt. %) (at. %)
NiP Ni 86.50 77.17

P 13.50 22.83

Zn 1

0 — — i V—— Y —
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NiP-C3N4 Ni 66.19 48.74
6.11 11.95
C 17.70 24.01
10.00 15.30 ) .
Z(;l — —_— '3 ":L'o"' T 1;1 o0 17.00 ) o =
NiP-C3N4 Ni 4421 35.68
(0.50 g ZnO) 06.50 11.03 m
C 25.47 26.62 )
14.62 16.73
Zn 00.00 00.00 ~l
0 09.18 11.94 l e ———
NiP-C3N4 Ni 45.19 26.77
(1.00 g ZnO) P 06.11 09.89 i
26.72 30.32 -
14.60 22.00
Zn 0.12 00.29 .
0 8.07 10.73 e =
NiP-C3N4 Ni 44.86 31.60
(2.00 g ZnO) P 05.79 07.93 s
25.67 33.32 -
13.77 15.65
Zn 0.22 0.35 : 1 .
0 09.69 1115 | e A z
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4.2.3 Cross Section Analysis

The cross-section morphology and EDX mapping of the constituent elements
for the as-plated and heat-treated NiP, NiP-C3N4, and NiP- C3N4/0.5g ZnO (as a
representative for other NiP- C3N4/ZnO nanocomposite coatings), are shown in Figures
(31) — (36), respectively. The cross-section micrographs show that all coatings are
uniform and have no cracks or defects at the interface between the substrate and the
coating, elucidating good coating adhesion. However, the thickness of NiP coating (22
um) is found to be smaller than that of the NiP-C3Ns, and NiP- C3N4/0.5Zn0O, with
thicknesses of (25.4 um) and (23.7 um), respectively. Accordingly, the increased
thickness is indicative of the induced effect upon the incorporation of C3N4
nanocapsules in the NiP matrix. In fact, previous studies [28] reported that introducing
some nanomaterials in the NiP matrix, such as C3N4 nanocapsules in our case, act as a
catalytic surface which leads to the acceleration of deposition rate, hence the coating
thickness is increased. Moreover, doping the C3N4 nanocapsules with ZnO causes a
slight decrease in the thickness of nanocomposite coatings, which is indicative of the
improved homogeneity of the coating’s morphology. This result is consistent with the
highly improved corrosion resistance of NiP-C3N4/0.5g ZnO and NiP-C3N4/1.00g ZnO
nanocomposite coatings, which will be illustrated later in the electrochemical
impedance spectroscopy (EIS) analysis section. Additionally, the EDX mapping of the
cross-section clearly shows a uniform distribution and homogeneity of all the
constituent elements in all coatings, and confirms that carbon nitride nanocapsules are
well dispersed within the thickness of the nanocomposite coatings.

After heat treatment, the thickness of NiP coating considerably decreases from
(22 um) to (14.6 um), as illustrated in Figure (32), which is mainly attributed to the

formation of new phases, and modified crystallographic structure. As previously
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demonstrated in the XRD analysis section, after heat treatment at 400°C for 1 h, the
structure of NiP coating changes from amorphous to semi-crystalline, which has a more
ordered and uniform structure that is consistent with the EDX results and confirms
them. On the other hand, only a slight decrease is indicated in the thickness of the
nanocomposite coatings, i.e NiP-C3Ns and NiP-C3N4/0.5ZnO after heat treatment,
which are mostly reduced by around 2 to 3 um. This indicates the incredible effect of
the C3N4 nanocapsules (doped and undoped with ZnO) on the enhancement of the
coatings thicknesses, which indeed reflects on the excellent corrosion resistivity of the

coatings, as illustrated in the EIS analysis outcomes.

[Img ARPRCEN

Figure 31. Cross-sectional SEM image of (a) as-plated NiP coating, and (b-d) EDX

mapping of its elements.
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Figure 32. Cross-sectional SEM image of (a) heat-treated NiP coating, and (b-d) EDX

mapping of its elements.
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Figure 33. Cross-sectional SEM image of (a) as-plated NiP-C3N4 coating, and (b-f) EDX

mapping of its elements.
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Figure 34. Cross-sectional SEM image of (a) heat-treated NiP-C3N4 coating, and

(b-f) EDX mapping of its elements.
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Figure 35. Cross-sectional SEM image of (a) as-plated NiP-C3N4/0.5g ZnO

coating, and (b-h) EDX mapping of its elements.
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Figure 36. Cross-sectional SEM image of (a) heat-treated NiP-C3N4/0.5g ZnO

coating, and (b-h) EDX mapping of its elements.
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4.2.4 TEM Analysis

Figure (37) demonstrates the TEM images of carbon nitride (C3Na)
nanocapsules, and the NiP-C3N4 nanocomposite coating. It can be seen in in Figure
(37a) the successful preparation of capsule-shaped carbon nitride nanomaterial, which
was incorporated in the NiP matrix during the preparation of the different
nanocomposite coatings. All ZnO-doped and undoped carbon nitride nanocapsules
show similar shape and morphology, except for the 2g ZnO doped-C3sN4 nanocapsules
reveales a distorted oval-like morphology due to the increased ZnO concentration. The
TEM images of all prepared ZnO-doped and undoped C3N4 nanocapsules are provided
in appendix A. On the other hand, Figure (37b) confirms the excellent distribution of
undoped-CsNananocapsules in the NiP matrix. Doping the nanocapsules with different
concentrations of ZnO, i.e. 0.50, and 1.00g, does not affect the homogeneous
distribution of nanocapsules in the NiP matrix. However, at high concentration of doped
ZnO, i.e. 2.00g, the modified shape of the carbon nitride nanocapsules, leads to its
agglomeration in the NiP matrix, which significantly affects the overall mechanical and

anticorrosive properties, as will be discussed later in this chapter.

Figure 37. TEM images of (a) carbon nitride (C3N4) nanocapsules, and

(b) electroless coating of NiP-C3Na.
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4.3 Surface Roughness (AFM) and Water Contact Angle (WCA) Measurements
4.3.1 AFM Analysis

In order to investigate further characteristics of the prepared coatings, Figure 38
shows a 3D AFM images with a measured surface roughness for the different as-plated
and heat-treated coatings, obtained by atomic force microscopy (AFM) technique. The
measurements indicate that the surface roughness of as-plated NiP is (4.72 nm),
whereas that of NiP-C3Ns is (7.06 nm), which reveals that the surface roughness
increases after the incorporation of C3N4 nanocapsules in the NiP matrix. Fayyad et al.
[10] also reported a significant increase of the surface roughness upon incorporating
C3N4 nanosheets in electroless NiP, compared to that of plain NiP coating. Moreover,
as shown in Figures 38 (¢ and d) corresponding to the NiP-C3N4/0.5g ZnO and NiP-
C3N4/1.00g ZnO nanocomposite coatings, respectively, it is depicted that the surface
roughness slightly increases compared to that of NiP-C3N4, after doping the C3N4
nanocapsules with ZnO. However, increasing the concentration of doped ZnO in the
C3N4 nanocapsules from 0.50 to 1.00g shows a negligible effect on the surface
roughness, whereas at high concentration of doped ZnO, i.e. 2.00 g, the surface
roughness of the coating increases. The slight increase in the surface roughness
corresponding to NiP-C3N4/2.00g ZnO can be attributed to the distorted morphology
and agglomeration of the C3N4 nanocapsules upon increasing the concentration of
doped ZnO. This result is consistent with the TEM and SEM outcomes that were

discussed in the previous sections.

Furthermore, it is noticeable that after heat treatment the NiP coating shows
only a slight increase in the surface roughness (less than 1 nm), whereas it remarkably
increases for all the nanocomposite coatings. This is indicative of the pronounced effect

of the incorporated, doped and undoped, CsNas nanocapsules on the roughness
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properties of the coatings, even after heat treatment. In fact, the results of the surface
roughness are, to some extent, in contrary with the XRD and SEM results, which prove
more compact and ordered morphology of the nanocomposite coatings after heat
treatment. However, it can be said that the increased roughness after heat treatment has
a negligible effect on the overall properties of the coatings, namely the corrosion

protection efficiency, as will be illustrated in the coming sections.
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Figure 38. AFM images of (a,a') NiP, (b,b") NiP-C3Na, (c,c”) NiP-C3N4/0.5g ZnO, (d,d") NiP-C3N4/1.00g ZnO,

and (e,e') NiP-C3N4/2.00g ZnO coatings, before and after heat treatment at 400°C for 1 h, respectively.
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4.3.2 WCA Measurements

The WCA measurements determine the degree of hydrophobicity or
hydrophilicity of a surface, i.e. hydrophilic surfaces exhibits a small water contact angle
(WCA < 90°), whereas large contact angle (WCA > 90%) indicates a hydrophobic
surface [118]. As shown in Table (7), the contact angle of NiP is 100°, which reveals
hydrophobic behavior. Similarly, Karthikeyan et al. [119] reported hydrophobic
behavior of electroless NiP coating. However, the contact angle value increases to 107°
for NiP- C3Na, which indicates that the hydrophobic behavior of the coating surface
increases after the incorporation of C3N4nanocapsules. On the other hand, doping the
C3N4 nanocapsules with ZnO has no impact on the wetting properties of the
nanocomposite coatings, except at high concentration of doped ZnO, i.e. 2.00g, where
the contact angle significantly decreases to 99°. Although NiP-C3N4/2.00g ZnO still
exhibits hydrophobic behavior, it is considered more hydrophilic compared to all the
other as-plated coatings, as they reveal contact angles in the range of (100°-107°). It is
reported in literature [114], [116] and concluded from BET measurements (Appendix
B) that increasing the concentration of doped ZnO in the C3Ns4 nanomaterial
significantly increases its porosity, which might eventually influence the compactness
of the coating, hence enhances the surface hydrophilicity.

Generally, both the as-plated and heat-treated coatings exhibit hydrophobic
surface properties, as the WCA for all of the coatings is higher than 90°. However, the
degree of hydrophobicity varies before and after heat treatment. It is noticeable that
after heat treatment at 400 °C for 1 h, the heat-treated coatings become more hydrophilic
compared to the corresponding as-plated coatings. In fact, the increased hydrophilicity
under heat treatment conditions contradicts with the surface roughness measurements

of the coatings, which increased after heat treatment as illustrated in the AFM analysis.
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However, apart from the surface roughness, it is important to consider the
microstructure and surface chemistry of the coatings, which play a vital role in
determining the surface wettability. As illustrated earlier in XRD and EDX results, new
phases form upon heat treatment of the prepared coatings, which led to the reduction of
phosphorous content and increase of oxygen. Based on literature [119], the increase in
oxygen content is indicative of the formation of an oxide layer on the surface upon heat
treatment, which increases the surface wettability. Furthermore, other investigations
[120] reported that the modified structure under heat treatment conditions leads to
increased surface area which, in turn, increases the wetting area and induces hydrophilic
behavior.

Regardless of the slight decrease in the surface hydrophobicity after heat
treatment, it is important to keep in mind that the differences in the WCA measurements
before and after heat treatment are still considered insignificant. Hence, it does not
affect the overall performance of the prepared coatings, namely their corrosion
resistance that significantly increases after heat treatment, as illustrated later in the EIS

analysis section.
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Table 7. Water contact angle (WCA) measurements for the different as-plated and heat-

treated coatings.

Coating name

Water contact angle (°)

As-plated Heat-treated
NP 100 L] 95 v
NiP-C3N4 98 '

107

NiP-C3N4/ 0.50g ZnO

106

NiP-C3N4/ 1.00g ZnO

106

NiP-C3N4/ 2.00g ZnO
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4.4 Mechanical Performance Analysis
4.4.1 Vicker’s Microhardness Measurements

The microhardness measurements of the deposited NiP- C3N4 nanocomposite
coatings without (0.00 g) and with different concentrations (0.50, 1.00 and 2.00 g) of
ZnO dopant in comparison with that of the NiP coating, before and after heat treatment,
are presented in Figure 39. It can be observed that the incorporation of undoped C3Na
nanocapsules in the NiP matrix considerably increase the microhardness by about 32
%, such that the increase was from 424 to 560 HV200. Whereas, the incorporation of the
doped C3N4 with 0.50 g ZnO resulted in a further increase of about 21.4 % in the
microhardness of the NiP coating reaching a maximum value of 680 HV200. Upon
further increments in the concentration of ZnO dopant in the C3N4 nanocapsules,
namely 1.00 and 2.00 g, the microhardness values of these nanocomposite coatings are
decreased to 585 and 450 HV200, respectively, compared to the microhardness of the
nanocomposite coating with 0.50g ZnO doped CsNs4 . However, the microhardness
values of these nanocomposite coatings are still higher than that of C3N4-free coatings.
Generally, the increased microhardness values after the incorporation of undoped and
doped C3N4nanocapsules could be attributed to the dispersion hardening effect of the
nanocapsules that causes stabilizing the dislocations through restricting the grains
growth and plastic deformation of the coating, [10], [121]. Moreover, the highest
microhardness obtained for 0.50 g ZnO doped C3N4 nanocomposite coating is mainly
related to the uniform dispersion of the nanocapsules in the NiP matrix compared to the
other concentrations. As reported [60], the inclusion of ZnO nanoparticles in the NiP
coating have increased the microhardness value with increasing its concentration up to
a level of 0.50 g/L. Then further increase in the nano ZnO concentration results in
decreased microhardness values of NiP composite coating.

A significant increase in the microhardness values of the NiP and the undoped
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and doped C3Ns nanocomposite coatings is observed after heat treatment of the
specimens at 400°C for 1 h. The microhardness of NiP coating increases from 424 to
900 HVa200, whereas the microhadness of NiP-C3Ns4, and NiP-C3N4/ ZnO
nanocomposite coatings with different concentrations of ZnO dopant, i.e. 0.50, 1.00,
and 2.00 g, increases to 1100, 1330, 1215, and 1080 HV200, respectively. Based on the
obtained results, it can be noticed that the trend of the microhardness values of the
nanocomposite coatings before and after heat treatment is generally the same. The
microhardness after heat treatment gradually increases until a maximum value is
obtained at the heat-treated NiP- 0.50g ZnO doped C3N4 nanocomposite coating, then
it decreases at higher concentrations of ZnO dopant in C3N4nanocapsules, i.e. 1.00, and
2.00 g ZnO. The significant increase in the microhardness of heat-treated coatings is
mainly related to the formation of hard Ni,P intermetallic phase, which gets harder and
more coherent with Ni at elevated temperature, i.e. at 400 °C. Other studies [122]
reported similar results after heat treatment of different nanoparticle-incorporated NiP
composite coatings. Moreover, the presence of undoped and doped C3N4 nanocapsules
in the NiP coating leads to the transition of its phase from amorphous to semi-
crystalline, as illustrated from XRD results, which becomes crystalline after heat
treatment. This provides an extra advantage for increasing the microhardness of heat-
treated nanocomposite coatings, especially with the well-dispersed 0.50 g ZnO doped
C3Ns4 nanocomposite coating. Increased concentrations of ZnO dopant in C3Na
nanocapsules (2.00 g) leads to the aggregation of the nanocapsules even after heat

treatment, which in turn decreases the microhardness of that nanocomposite coating.
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Figure 39. Microharness measurements of the prepared NiP, and NiP- C3N4/ZnO, with
different concentration of ZnO dopant (0.00, 0.50, 1.00 and 2.00 g), nanocomposite

coatings before and after HT at 400 °C for 1h.

4.4.2 Nanoindentation Test

The mechanical hardness of the different coatings was also measured using the
nanoindentation technique, which operates with nanometer resolution and a depth in
the submicron range. Figure (40) presents the loading-unloading curves obtained from
the nanoindentation test applied for the NiP, NiP-C3N4 and NiP- C3N4/ZnO composite
coatings with different concentrations of ZnO dopant, i.e. 0.50, 1.00, and 2.00 g, before
and after heat treatment at 400 °C for 1h. In this technique, as the indentation depth
decreases, the hardness of the coating increases. Accordingly, the variations in the
coatings hardness can be clearly seen through the different indentation depths obtained

for both as-plated and heat-treated coatings, as shown in Table (8). Generally, the heat-
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treated coatings are considered more robust and harder, owing a penetration depths in
the range of 48 to 84 nm, whereas the corresponding as-deposited coatings have higher
penetration depths in the range of 96 to 190 nm, reflecting their lower hardeness values.
In addition, it can be noticed that the incorporation of either undoped or doped C3N4
nanocapsules decreases the indentation depth of the as-plated nanocomposite coatings
in the range of 96 — 183 nm, with hardness ranges from 4.9 to 5.9 GPa, compared to the
as-plated NiP coating, which have the highest penetration depth of 190 nm with 4.2
GPa hardness, as shown in Table (8). The smaller displacement in the nanocomposite
coatings resulted from the resistance of the NiP matrix to the nanoindenter, showing
improved hardness of the coatings upon the addition of C3N4 nanocapsules. Among the
as-plated coatings, the minimum indentation depth is obtained by the 0.50 g ZnO doped
C3N4 nanocomposite coating, indicating the highest hardness (5.9 GPa), which is
mainly attributed to the well dispersed nanoparticles in the NiP matrix compared to the
other nanocomposite coatings. In general, the overall improved mechanical
performance of the nanocomposite coatings is mainly attributed to the hindered
movement of dislocations in the NiP matrix caused by the presence of undoped or
doped C3Nas nanocapsules [123]. Upon heat treatment, further increase in the coatings’
hardness is observed, as shown in Table (8), possibly due to the precipitation of the
hard NisP (indicated by the XRD pattern after heat treatment, (Fig. 29b). Commonly,
various studies [121], [124] have reported the effective increase in the hardness of the
NiP and NiP composite coatings after heat treatment, upon the formation of NisP phase.
It is worth mentioning that, as shown in Table (8) and Figure (40), there is agreement
between the results of nanoindentation hardness and Vickers microhardness
measurements in regards of the pattern and values of microhardness results. For

example, the heat-treated 0.50 g ZnO doped C3N4 nanocomposite coating has the
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highest microhardness value, which was 10.9 GPa, obtained from the nanoindentation
technique, and 1330 HV200, obtained from the Vickers microhardness, showing both

values are related.
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Figure 40. Loading-unloading curves obtained from the nanoindentation test for NiP, NiP/C3N4
and NiP- C3N4/ZnO nanocomposite coatings, with different concentrations (0.50, 1.00 and 2.00 g)

of ZnO dopant, before and after heat treatment at 400 °C for 1h.

Table 8. The penetration depths for the different coatings.

Coating name Penetration depth Nanoindentation hardness
(nm) (GPa)
As-plated Heat-treated As-plated Heat-treated
NiP 190 84 4.2 8.4
NiP-C3N4 175 61 5.1 9.8
NiP-C3N4 (0.50 g ZnO) 96 48 59 12.6
NiP-C3N4 (1.00 g ZnO) 163 58 52 10.9
NiP-C3N4 (2.00 g ZnO) 183 67 4.7 9.5
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4.5 Electrochemical Corrosion Analysis
4.5.1 Electrochemical Impedance Spectroscopy (ELS)
Figures (41a) and (41b), respectively represents the Bode and phase angle plots

obtained from the EIS spectra measured for the substrate C-steel and the as-plated NiP,
undoped C3N4 (NiP-C3Na4), and doped C3N4 (NiP-C3N4/ZnO) nanocomposite coatings
with different concentrations (0.5, 1.0, and 2.0 g) of ZnO. The measurements were
taken at open circuit potential (OCP) in 3.5% NacCl solution at ambient temperature. It
is known that, in Bode plots, the higher the impedance value at low frequency,
|Zy.01 Hz|, for the examined sample, the higher its corrosion protection that corresponds
to lower corrosion rates [125], [126]. As shown in Figure (41a), the |Z, o, Hz| value of
the as-plated NiP coating is greater than that of the C-steel metal. Upon the
incorporation of C3N4 nanocapsules, either undoped or doped, in the NiP matrix, the
|Zy01 Hz| values of the as-plated Cs3Ns4 nanocomposite coatings have generally
increased compared to that of the C3Nas-free coating. Furthermore, it can be noticed that
increasing the concentration of ZnO in the C3N4 nanocapsules, greatly enhanced the
|Zy.01 Hz| value of the doped C3Na nanocomposite coating, where the highest
|Zy.01 Hz| value is obtained for the as-plated 1.0 g ZnO doped C3Ns nanocomposite
coating. However, upon further increase in the ZnO dopant concentration (2.0 g), the
|Zy.01 Hz| value of that doped C3N4 nanocomposite coating is significantly decreased,
below that of the undoped C3N4 nanocomposite coating. However, it is still higher than
that of the C3Nas-free coating.

The enhancement in the |Z,,; Hz| value of the NiP coating is due to the
presence of phosphorous and its reaction with the water forming the hypophosphite
layer, which passivates the nickel and protects it from further hydration in the corrosive

media [2]. The further enhancement in the |Z, ,; Hz| values for the undoped and doped

94



C3N4 nanocomposite coatings is mainly attributed to the protective strength of the
gCsN4nanocapsules and the ZnO dopants. Moreover, the well distribution of the gC3N4
nanocapsules in the NiP matrix had an extra effect in improving the coatings properties,
which became denser with less voids and defects, hence reduced the active sites for
corrosion attacks. In addition, the increase of ZnO dopant concentration enhanced the
compactness of the composite surface, especially at a concentration of 1.0 g as
previously demonstrated in the SEM results, which makes it have the highest |Z, 5; Hz|
value. Furthermore, it is worth mentioning that increasing the concentration of ZnO
dopant in the C3N4 nanomaterial significantly increases its surface area and porosity, as
evident from the literature [114], [116] and our BET results, which is clarified in
appendix B. Consequently, when the ZnO was increased to a relatively high amount,
the exceedingly increased porosity of the nanocapsules eventually allowed the
permeability of the corrosive electrolyte through the coating all the way to the substrate.
Additionally, based on TEM measurements for doped C3N4 nanocapsules shown in
appendix A, the capsule shape of the C3Nu4 is slightly distorted when it is doped with 2
g ZnO becoming oval-shaped, sticky and highly agglomerated. Hence, it is randomly
distributed in the NiP matrix, increasing the agglomeration, as clarified in SEM
measurements, leading to the reduction of the compactness of the composite coating.
Therefore, the aforementioned reasons explained the decreased value of the
|Zy.01 Hz| for the as-plated 2.0 g ZnO doped C3N4 nanocomposite coating compared to
that of the undoped C3N4 one. On the other hand, it can be concluded that the protective
strength of the 1 g ZnO doped C3N4 nanocomposite coating overpowered its increasing
porosity effect in comparison to the 0.5 g ZnO doped C3N4 one.

Commonly known, for the assessment of a coating’s protective behavior, the high

frequency region is utilized to measure the phase angle, which reflects the capacitive or
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resistive characteristic of a coating [127]. In the literature, it was shown that coatings
with high corrosion protection usually have high phase angle value (0) at a frequency
of 10 kHz [128]. Obviously, as shown in Figure (41a), the different as-plated coatings
have similar shapes and maximal peaks at the high frequencies region, illustrating their
protective ability. Nevertheless, there is a considerable variation in their maximal peak
values (0). The 1 g ZnO doped C3N4 nanocomposite coatings has the largest 6 value in
the high frequency region compared to the 0 values of the other coatings, clarifying its
superior protection behavior. The 6 values for the different coatings are increased in the
order of NiP [65°] <2 g ZnO doped C3N4 [70°] < undoped C3N4 [80°] < 0.5 g ZnO
doped C3N4 [83°] < 1 g ZnO doped C3N4 [89°]. On the contrary, the phase angle plot
of the substrate has a different shape compared to the coatings samples and its maximal
0 value is at 60°, which appears at the lower frequencies side, and is lower than the 0
values of the different coatings. This indicates a significant high electrical capacitance
behavior that leads to a higher corrosion rate [129], which is due to the high consumed

electrons from the steel surface by the electrolyte.
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Figure 41. (a) Bode and (b) phase angle plots of the substrate and the as-plated NiP,
NiP-C3N4 and NiP-C3N4/ZnO nanocomposite coatings, with different concentrations of

ZnO dopant, in 3.5 wt.% NacCl solution at room temperature
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Figure (42b) shows the corresponding Nyquist plots for the as-plated NiP,
undoped C3N4 (NiP-C3N4), and doped C3N4 (NiP-C3N4/ZnO) nanocomposite coatings
with different concentrations (0.5, 1.0, and 2.0 g) of ZnO in 3.5 wt. % NaCl. The
magnifications of the low impedance regions of the Nyquist plots of the different
coatings can be seen in the inset in Figure (42b). The corresponding Nyquist plot for
the substrate can be seen in Figure (42a) for clearer representation. All Nyquist plots
are obtained in the frequency range between 100 kHz - 0.01 Hz. The smaller the
diameter of the Nyquist semicircle, the smaller the resistive ability of the coating. It is
observed that the Nyquist curves of the different as-plated coatings have the same semi-
circular shape, which are different compared to that of the substrate. However, the size
and area under the Nyquist curves of the different coatings were considerably different.
The similar shape reveals that all of the as-plated coatings undergo the same corrosion
mechanism, whereas the different size is indicative of the different corrosion
protections. Therefore, according to the area under the curve for each coating, it is noted
that they have the same trend and are consistent with their corresponding Bode plots.
For example, the 1 g ZnO doped C3N4 nanocomposite coating has the largest area under
its semi-circle, clarifying that it has the highest corrosion resistance compared to the

other coatings.
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Figure 42. Nyquist plots of (a) the substrate and (b) the as-plated NiP, NiP- C3N4 and NiP- C3N4/ZnO
nanocomposite coatings, with different concentrations of ZnO dopant, in 3.5 wt% NaCl solution at room

temperature. Inset is the enlargement of the low frequency region.

To analyze the diversity in the impedance spectra of the substrate and the
different composite coatings, the resulted EIS data were fitted using proper fitting
program. It is noteworthy that, in Figures (41) and (42), the different colored symbols
are the measured EIS data, and the black solid lines represent the fitted data created by
using the equivalent two-time constants electrical circuit with Warburg diffusion
element (W), which is shown in Figure (43). The full fitted parameters are summarized
in Table (9). In the equivalent circuit, the Rpo, Ret, and Rs refer to the pore, charge
transfer, and solution resistance, respectively. At high frequency, i.e. |Z;yo kHz|, in the
Bode plots, the intercept corresponds to the value of Rs, whereas, the intercept value at
low frequency, i.e. |Z, 9, Hz|, equals the sum of Rpo, Ret, and Rs. The CPEdiand CPEcoat
represent the substrate and composite coating constant phase elements, respectively.

Finally, the occurrence of electrolyte diffusion is illustrated by the Warburg diffusion

98



element (W) [130]. The CPE, which is pseudo-capacitive element, is utilized to regulate
the deviation of the inhomogeneous surfaces, which is obtained due to the roughness
or the non-uniform current distribution at the surface [80], from the ideal capacitive
behavior. The impedance value of CPE can be calculated using the following Equation
[131],
Zcpp = ;
YoGw)r
Where Yoy refers to the CPE constant, j represents the imaginary number, w
denotes the angular frequency of the AC signal (1/rad), and » is the CPE exponent and
its value is fluctuated from O to 1 and referred to the state of the working electrode
surface. If n becomes 1, the CPE displays the ideal capacitor behavior. In addition, the

double layer capacitance of the different coatings can be evaluated using the equation

below [132],

Where Yo denotes to the CPE constant for the coating (Yo1), or the substrate
(Yo2), and Rx refers the pore coating resistance (Rcoat) Or the charge transfer resistance
(Ret). The substrate/coating interface is demonstrated by the low frequency time-
constant, which corresponds to CPEa and Ret as combined together, while the
combination of CPEcoat and Rypo is related to the high frequency time constant, which
demonstrates the coating/solution interface.

As noticed from Table 9, the Rct value of the NiP coating was about 180 times
of the Rct value of the substrate. This is attributed to the fullness of the NiP coating

surface with the phosphorus that results due to the dissolution of the nickel at open
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circuit potential. The incorporation of the undoped or doped C3N4 nanocapsules, with
different ZnO dopant concentrations, in the NiP coating resulted in a significant
enhancement in the Rt values of their composite coatings compared to that of the C3Na-
free coating. For example, the Rct value of the undoped C3N4 composite coating is
increased by about 11.8 times compared to that of the NiP coating. Furthermore, the
doping of the C3N4nanocapsules with 0.5 g ZnO led to an increase in the Rct value of
the composite coating by 1.2 times. Whereas, doubling the concentration of the ZnO
dopant in the C3N4nanocapsules, from 0.5 to 1.0 g, resulted in almost doubling the Rct
value of the undoped C3N4 composite coating. However, further increase in the ZnO
dopant concentration (2.0 g) in the Cs3Na4 nanocapsules minimizes the Rt of the
composite coating by 47% compared to the undoped C3N4 composite coating; however,
it is still 5.5 times higher than that of the C3sNas-free coating. This is attributed to the
well distribution of the undoped or doped C3N4 nanocapsules in the NiP matrix that
leads to an increase in the compactness of the composite coatings, by different degrees,
improving their protective performance by diminishing any defects and voids present
in the composite coatings. Although the porosity of the doped C3N4 nanocapsules
increases with the increase in the concentration of the ZnO dopant, as proved from the
literature and our BET results (appendix B), the doped C3N4 composite coatings showed
superior barrier performance against the chloride solution, especially with the 1g ZnO
dopant, which demonstrates the highest protection efficiency reaching up to 99.97 %.
The higher porosity effect of the doped C3Na4 nanocapsules clearly appear with the
highest concentration (2 g) of the ZnO dopant leading to decreases in the protection
efficiency of the composite coating in regards to the undoped C3N4 composite coating
but its efficiency is still higher than that of the C3Nas-free coating. Likewise, it is noticed

that the pore resistance Rpo values of the different as-plated undoped and doped
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nanocomposite coatings have the same increasing and decreasing trend as their
corresponding Rct. Furthermore, the embedding of 1 g ZnO dopant in the C3Na
nanocapsules in the NiP coating increases the Rpo value of the resulting NiP-C3N4/ZnO
nanocomposite coating, as shown in Table 9, where there is up to 390 % increase in
comparison with the corresponding Rpo value of the undoped C3N4 nanocomposite
coating. It is worth mentioning that the different as-plated undoped and doped
nanocomposite coatings have lower capacitances (Cai) and (Ceoat) than those of the NiP
coating and the lowest double layer and coating capacitances values correspondto 1 g
ZnO doped C3N4 composite coating. This is indicative of the efficient impermeability
of that coating for the aggressive corrosive ions. Hence, reflecting its superior

protection ability against corrosion [2], [10], [28].

Figure 43. Two-time constants equivalent circuit that fits the experimental

impedance results of the different as-plated and heat-treated coatings.
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Table 9. EIS-equivalent circuits fitting parameters of the substrate and the as-plated

NiP, NiP-C3N4

and NiP-C3N4/ZnO nanocomposite coatings,

with different

concentrations of ZnO dopant, in 3.5 wt. % NaCl solution at room temperature.

CPEcout CPEa
Ryo Ceoat Ry Ca wx10° | P.E.
Coating t
OHMENPE | K .om?) Yo x 107 (WF.em?) | (MQ.em?) | Yox 107 (WF.em?) | (gg12) | (%)
(s"ohm'cm™?) | & (s"ohm'cm?) | @

s 3.50 1323 0.89 | 0.68083 0.005 3094 0.93 | 2.26071
NiP 10.2 555 0.76 0.10831 0.90 675 0.76 | 0.63154 456 99.44
NiP-C5N, 247 261 090 | 0.19246 10.6 465 0.88 | 057799 | 365 | 99.95
(I(;IISP;CZ;I\S) 865 157 0.87 0.11650 12.5 339 091 0.39104 230 99.96
(Il\inP:ésnI\g) 960 807 0.92 | 0.06460 2.8 296 0.97 | 0.31400 189 | 99.97
(I;i)P;CZ%) 100 277 089 | 0.17781 4.95 843 0.88 | 1.02431 367 | 99.87

Figures (44a), (44b) and (45), respectively, represent the Bode, phase angle and
Nyquist plots, which are measured at open-circuit potential, of the heat-treated NiP,
NiP-C3sN4 (undoped) and NiP-C3N4/ZnO (doped) nanocomposite coatings, with
different concentrations of ZnO dopant, in 3.5 wt% NaCl solution at room temperature.
The fitted EIS data for the different heat-treated coatings are represented in Table (10).
From Figures (44a), (44b) and (45), it is demonestrated that the Bode, phase angle and
Nyquist plots of the different heat-treated coatings have the same increasing and
decreasing trend as their corresponding as-plated ones. For example, in Figure (44a),
the |Zy 91 Hz| of the heat-treated undoped C3N4 coating is higher than that of the heat-
treated NiP coating. Furthermore, the different heat-treated doped C3sN4 with different
concentrations of ZnO dopant have higher |Z;,; Hz| than that of the heat-treated
undoped C3Ns one and the highest |Z,y, Hz| was achieved with the 1 g ZnO doped
C3N4 nanocomposite coatings. However, the different heat-treated coatings have higher

|Zy.01 Hz| values than those of their corresponding as-plated ones. Regarding the phase
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angle plots of the different heat-tretaed composite coatings, their maximal peaks (0) are
also in the same order of the corresponding as-plated ones but with a slight increase in
their values, as seen in Figures (44b) and (41b). Thus, the order is as follows: NiP [60°]
<2 g Zn0O doped C3N4 [74°] < undoped C3N4 [80°] < 0.5 g ZnO doped C3N4 [86°] < 1
g ZnO doped CsNa [91°]. Similarly, the Nyquist plots of the different heat-treated
coatings have higher semi-circle diameters than those of the corresponding as-plated
one. On the other hand, all the corresponding Nyquist curves obtained for the different
heat-treated coatings, as presented in Figure (45), revealed the same semi-circle shapes,
but with different sizes and maximal values. Consequently, the same fundamental
electrochemical processes have taken place for all heat-treated coatings. Similar to the
as-plated coatings, the fitting of the obtained measurements for heat-treated samples
followed the two-time constants equivalent circuit, with a Warburg diffusion element,
as demonstrated in Fig. (43). Additionally, The phase angle plots for the different heat-
treated coatings, at the analyzed frequency range, show two relaxation process,
verifying the two-time constants behavior.

In fact, there was a sharp increase in the corrosion resistance (Rpo and Ret) of the
different coatings after heat treatment, as illustrated in Table (10). This is mainly
attributed to the altered morphology and crystallographic structure of the composite
coatings upon heat treatment, as previously discussed in the XRD measurements.
Furthermore, comparing the fitting parameters for the as-plated and heat treated
coatings (Tables 9 and 10), it can be noticed that the capacitance values, i.e. Ccoat and
Cai, after heat treatment, are decreased compared to those obtained for as-plated
coatings. This implies that the heat-treated coatings are denser and less porous,
compared to as-plated ones, which prevented the permeability of the corrosive

electrolyte ions through the coatings, hence greatly enhancing its corrosion resistance.
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It is evident in the literature that the proper heat treatment of the NiP coating can
considerably enhance its corrosion resistance as new phases can be formed, inducing a
denser and less porous structure [133].

It is noteworthly that the Rpo and R« resistances, after HT, of the undoped CsNa
nanocomposite coating are increased by about 118 % and 35 %, respectively, as
compared to its values before HT. In addition, after HT the Rpo and Rct of the coatings
improved upon the increase of the ZnO dopant concentration. Therfore, the heat-treated
1 g ZnO doped C3N4 nanocomposite coating offered about 28 % and 31 % increase in
its Rpo and Ret values in regards to its corresponding as-plated one, respectively, and
about 7 % and 63 % compared to those of the 0.5 g ZnO doped C3N4 nanocomposite
coating. In addition, as it is previously mentioned with the as-plated coating, the heat-
treated 1 g ZnO doped C3Na4 has the highest Rpo and Rct values compared to the other
heat-treated coatings, followed by a significant decrease in the corrosion resistance Rpo
and Rct values upon further increase in the concentration of ZnO dopant. This great
enhancement can be related to the excellent compactness and homogeneity of the heat-
treated 1 g ZnO doped C3N4 nanocomposite coating, as previously illustrated in the

SEM and EDX results.
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Table 10. EIS-equivalent circuits fitting parameters of the heat-treated NiP, NiP-C3Na4

and NiP-C3N4/ZnO nanocomposite coatings, with different concentrations of ZnO

dopant, in 3.5 wt. % NaCl solution at room temperature.

Coating type Ryo CPEout Ceoat R CPEy Ca Wx PE

(HD (kQ.cm?) (WF.cm?) | (MQ.cm?) (WF.em?) | 10° | (%)

Yo x 107 a Yoo x 107 a 557
(s" ohm™ cm™?) (s" ohm™ cm™) '

NiP 12.5 3.53 0.88 | 0.00089 5.20 60 0.94 | 0.05570 | 360 | 99.90
NiP-C3Ny4 539 261 0.80 | 0.00050 143 25 093 | 0.02313 | 213 | 9996
NiP—C3N, ” =

(0,502 Zn0) 1147 1.59 0.83 | 0.00044 183 085 | 0.02075 9997
NiP—C3N, 939 0

(100 Zn0) 1229 1.51 0.82 | 0.00037 29.9 1.00 | 0.00939 99 93
NiP—C3N, 4 o

(2.00¢ Z10) 178 6.03 0.89 | 0.00259 7.50 0.88 | 0.04116 99.93
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4.5.2 Potentiodynamic polarization (Tafel curves)

Figure (46a and b, respectively) shows Tafel (potentiodynamic polarization)
plots of the substrate and the as-plated as well as the corresponding heat-treated NiP,
NiP-C3sN4 (undoped) and NiP-C3N4/ZnO (doped) nanocomposite coatings, with
different concentrations of ZnO dopant, in 3.5 wt. % NaCl solution at room
temperature. The HT is at 400 °C for lh. Table (11) summarizes the various
electrochemical parameters: icorr (corrosion current density), Ecorr (corrosion potential),
bc and ba (cathodic and anodic Tafel slopes) that acquired using the Tafel extrapolation
method, and the corrosion inhibition efficiency (1.E%) for the different as-plated and
heat-treated coatings.

The inhibition efficiency (/. £%) was calculated using the equation below:

Leorr(cs) — leorr(coat)

LE =

- X 100%
lcorr(CS)

Where icorr(cs) and icorr(coaty cOrrespond to the corrosion current densities for the C-steel
substrate and the coating, respectively.

As demonstrated from the Tafel data, Ecorr of the substrate is (-500 mV),
whereas Ecorr for the NiP coating are considerably shifted to the noble direction.
Introducing the C3N4 nanocapsules to the NiP coating resulted in shifting the Ecorr of
the as-plated NiP-C3N4 nanocomposite coating to even more positive direction (-247
mV) and have a corrosion current of (3.40 nAcm2). However, compared to NiP-C3Ny,
the as-plated NiP-C3N4/ZnO coatings doped with 0.5 and 1.0 g ZnO are further shifted
in the positive direction to Ecorr of (235 mV) and (-211 mV) and corresponding to icorr
of (2.30 nAcm™?) and (1.20 nAcm™), respectively. Therefore, it is said that all
potentiodynamic curves of the as-plated undoped or doped C3N4 coatings compared to

the as-plated C3sNs—free coating’ curve have shown a successful increase in their
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corrosion potential associated by a decrease in their corrosion current densities,
signifying an increase in the corrosion resistance of the NiP coating in the presence of
undoped and doped C3Na nanocapsules. Furthermore, the corrosion current density of
the doped CsNs4 nanocomposite coating decreased as the concentration of the ZnO
dopant increased up to 1.0 g. A further increase in the ZnO dopant concentration in the
CsN4 nanocapsules led to increase the corrosion current density of the nanocomposite
coating by about 7.7 times compared to that doped with 1 g ZnO dopant, as shown in
Figure (46) and Table (11). Notably, the 1 g ZnO doped C3N4 nanocomposite coatings
had the highest corrosion protection efficiency, reaching 99.98%, as shown in Table
(11).

The heat-treated NiP, undoped C3N4 and doped C3N4 nanocomposite coatings,
with different concentrations of the ZnO dopant, showed the same trend as the
corresponding as—plated ones, as shown in Figure (46b). However, their Ecorr are further
shifted to the positive direction and their corrosion current densities were smaller, as
shown in Table (11). This indicates that the corrosion resistance of all coatings have
significantly enhanced after heat treatment. Furthermore, the decrease in the corrosion
rate values of the heat-treated composite coatings confirmed their superior protective
ability. This is because of the more compactness of the heat-treated nanocomposite
coatings with respect to the corresponding as-plated ones. The corrosion current density
of the heat-treated NiP was about 77.3% lower than that of the corresponding as—plated
one. Noticeably, the doped C3N4 nanocomposite coating with 1 g ZnO dopant had the
smallest corrosion current density (0.17 nAcm?), displaying a protection efficiency of
99.99%.

Finally, it is worth mentioning that the results obtained from potentiodynamic

polarization (Tafel analysis) are consistent with EIS outcomes.
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Figure 46. Tafel curves for a) the as-plated and b) the heat-treated NiP, NiP-C3N4 (undoped) and NiP-
C3N4/ZnO (doped) nanocomposite coatings, with different concentrations of ZnO dopant, in 3.5 wt% NaCl
solution at room temperature. The heat treatment at 400 °C for 1h. The scan rate was 0.167 mV s~!. Tafel
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Table 11. Tafel fitting results of the different coatings before and after heat treatment.

Coating —Ecorr icorr ba be Corro. rate P.E.
(mV) (nAcm2)  (V/decade) (V/decade) (mpy) (%)
CS 500 6890 0.27 0.17 1.5500
NiP 411 56.0 0.67 0.21 0.0948 99.18
NiP-C3N4 247 3.40 0.59 0.34 0.0129 99.95
NiP-C3N4/0.5 g ZnO 235 2.30 0.32 0.45 0.0028 99.96
NiP-C3N4/1.0 g ZnO 211 1.20 0.45 0.18 0.0013 99.98
NiP-C3N4/2.0 g ZnO 309 9.20 0.29 0.14 0.0410 99.86
NiP (HT) 289 12.7 0.39 0.49 0.0232 99.81
NiP—C3Ns (HT) 190 1.02 0.34 0.34 0.0033 99.98
NiP-C3N4/0.5 g ZnO (HT) 192 0.32 0.43 0.11 0.0023 99.99
NiP-C3N4/1.0 g ZnO (HT) 150 0.17 0.19 0.16 0.0001 99.99
NiP-C3N4/2.0 g ZnO (HT) 198 1.30 0.18 0.43 0.0201 99.98
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4.6 Antibacterial Analysis

Bacterial growth and adhesion on the different surfaces stimulate the
biocorrosion of the material, microbiological contamination, economic loss and
healthcare problems. The material surface properties, the type of the bacteria, and the
surrounding environment, governs the bacterial adhesion. Therefore, the staphylococcu
(S.aureus) bacterial cell is utilized to evaluate the adhesion and antibacterial activity of
the different composite coatings, which are NiP, NiP-CsN4 (undoped) and NiP-
C3N4/ZnO doped with different concentrations of ZnO (0.5, 1.0 and 2.0 g), before and
after heat treatment at 400 °C for 1h, using the colony counting method. For
comparison, the substrate (API X-120 carbon steel) is used as a control.

Figure (47a) depicts the plate’ photographs of S.aureus colony forming units
separated from the different coatings’ surfaces. It is noticed that the as-plated NiP
coating has lower number of S.aureus colonies compared to the substrate. The addition
of undoped (CsN4) and doped CsNs nanocapsules (C3N4/ZnO) with different
concentration of ZnO into the NiP matrix leads to a further decrease in the number of
colonies for the NiP-C3N4 and NiP-C3N4/ZnO, respectively, nanocomposite coatings
compared to the C3Na-free coating. Moreover, it is investigated that the increase in the
concentration of ZnO maximizes the number of the colonies, showing concentration
dependence activity. Furthermore, upon heat treatment, the number of S.aureus
colonies is minimized with all the different coatings.

Figure (47b) illustrates the colony forming units (CFU/ml) of S.aureus bacterial
cells for the different coatings in addition to the substrate. It is observed that the CFU
of the NiP coating is 30% lower than that of the substrate. Additionally, the NiP-C3N4

and NiP-C3N4/0.5 g ZnO nanocomposites coatings offered an extra 38 % and 48.5 %,

110



respectively, decrease in the CFU compared to the NiP coating. The rising in the CFU
of S.aureus bacterial cells is noticed with the increasing concentration of ZnO, where
the NiP—C3N4/2.0g ZnO coating shows the highest CFU compared to the undoped and
doped C3N4 nanocomposite coating with 0.5 and 1.0 g ZnO. However, its CFU is still
lower than that of C3N4-free coating by 25.7 %.

The CFU of the S.aureus bacterial cells of the different heat-treated coatings
have the same increasing and decreasing trend with respect to their corresponding as-
plated coatings. However, they show a remarkable reduction in their CFU values,
reaching to 95.3% with the heat-treated NiP—C3N4/0.5g ZnO coating compared to its
corresponding as-plated one. In addition, it is worth mentioning that there is a miniscule
change in the CFU between the heat-treated NiP—C3N4/0.5g ZnO and NiP—C3Na4/1.0g
ZnO coatings, as shown in Figure (47b).

The NiP coating, in particular, plays a significant role in reducing bacterial
growth as compared to the substrate. The antibacterial activity and/or strong NiP
coating adsorption properties can be due to the reduction in the S.aureus bacterial cell
attached to NiP coating. In general, the NiP coating's bactericidal efficiency is reported
in many studies [29], [134], [135]. Furthermore, the NiP coating antibacterial activity
can be due to the Ni*" dissolution from the NiP coating that enters the bacterial cell and
inhibits its growth [136]. A similar mechanism is described for some metals'
antibacterial activity, such as Ag and Zn [137], in which metal ions dissolution is
essential for antibacterial activity. Dissolved metal ions that are physically or
chemically bound to the cell wall can cross the cell membrane and aggregate
intracellularly. Metal ions can bind cumulatively to bacterial proteins, making them
non-functional leading to the death of the bacterial cell. Furthermore, emerged metal

ions could constitute active radicals, resulting in the death of the cell due to its wall
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breakup [138].

The substantial reduction in the CFU of the S.aureus bacterial cell in the case
of as-plated NiP-C3N4 and NiP-C3N4/ZnO nanocomposite coatings with different
concentrations of ZnO, compared to the NiP coating, confirms the outstanding
antibacterial activity of these coatings. This may be attributed to several reasons: a)
When NiP composite coating is corroded, the C3N4 nanoparticles become loose. The
loose nanoparticles, due to their small size, larger surface area and more active catalytic
sites, have a higher likelihood of passing through the bacterial cell wall. This
penetration leads to changes in the cellular units of the bacteria, leading to its death
[139], b) The antibacterial properties of the g-C3N4 and ZnO, which are assessed and
well documented as in refs [140]-[143], ¢) The semi-crystalline structure that
characterized them, based on XRD results, which boosts the bacterial death, as in the
literature [144], and d) The hydrophobicity properties of these composite coatings, as
mentioned in the WCA section. Generally, it is known that the hydrophobic surfaces
are desired for antibacterial applications [145]. Therefore, the as-plated NiP-C3N4/0.5g
ZnO and NiP-C3N4/1.0g ZnO nanocomposite coatings have superior antibacterial
properties. On the contrary, the S.aureus growth is enhanced on the as-plated NiP-
C3N4/2.0g ZnO coating because of its less hydrophobicity, higher roughness, based on
AFM measurements, and less compactness, based on SEM measurements.
Furthermore, the less compactness of the NiP-C3N4/2.0g ZnO coating was also proven
by the BET measurements, which show that the increasing concentration of ZnO dopant
in the C3N4 nanocapsules considerably increases its porosity and surface area, as
previously mentioned in WCA section. Moreover, although the different heat-treated
coatings show less hydrophobicity behavior and higher roughness, they display

outstanding antibacterial behavior because of their smooth and high compactness
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compared to their corresponding as-plated ones, in addition to their crystalline
structures, which were obtained upon heat treatment at 400 °C.

Finally, it is clear that the superior antibacterial properties of the NiP-C3N4/ZnO
nanocomposite coating make it ready to apply in many industries to enhance the
anticorrosion performance of several coated materials. In addition, because of the
excellent bacterial activity of the NiP coating toward S.aureus and other types of
bacteria, it is of great importance to conduct more experiments and investigations on
this coating. For example, some aspects to be further studied include the relationship of
the surface chemistry, roughness, grain size and microstructure of this antibacterial

coating and its composites.
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Figure 47. Antibacterial activity of the different coupons, (a) Photographs of S.aureus exposed to substrate (A), NiP
(B) and NiP—C3N4 undoped (C), NiP-C3N4 doped with 0.5 (D), 1.0 (E) and 2.0 g (F) ZnO nanocomposite coatings.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK

Conclusions

It can be concluded that C3N4/ZnO nanocapsules with different concentrations
(0.50, 1.00 and 2.00 g) of doped ZnO were successfully synthesized and incorporated
in the NiP metallic coating using electroless deposition technique. The prepared
coatings were heat treated (HT) at 400°C for 1h, and the influence of undoped and
doped C3N4 with ZnO on the NiP coating, before and after HT was investigated using
various characterization techniques that assessed their structure, elemental
composition, morphology, thickness, roughness, wettability, hardness, and antibacterial
and corrosion protection properties.

XRD results verified that the incorporation of undoped or ZnO doped C3N4/ZnO
nanocapsules in the NiP coating changes its structure from amorphous to crystalline-
amorphous or semi-amorphous state, which confirmed the high and medium P content
in those coatings, in line with the EDX results. Furthermore, the full width at half-
maximum (FWHM) values for the different nanocomposite coatings, showed that the
refinement of the NiP nodules and the boosting of the crystalline phase formation is
achieved in the occurrence of undoped and doped C3N4 in the NiP matrix. After HT,
NiP was crystallized and NisP particles, as well as, crystalline Ni phase were formed.
Additionally, the peaks of HT - undoped and doped NiP-C3N4 nanocomposite coatings
matched with those obtained for the HT- NiP coating with a minor change in the
intensity of the resulted peaks, revealing the effect of the incorporation of undoped or
doped C3N4 nanopcapsules, which are well dispersed in the NiP matrix.

A cauliflower-like structure characterized by a feature of spherical nodules was
observed in the SEM image of NiP coating. The incorporation of C3N4 nanocapsules

into the NiP matrix did not change the cauliflower shape of the NiP coating, yet, it had
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considerable effect on the nodules’ size and arrangement as the surface became less
smooth, and the size of the nodules significantly decreased, while their numbers
increased. The surface morphology of the nanocomposite coatings was remarkably
affected by doping the C3Na4 nanocapsules with ZnO at different concentrations. The
spherical nodules became more homogeneous and compact, namely in NiP- C3N4/1.0
g ZnO. However, increasing the concentration of doped ZnO in the C3N4 nanocapsules
up to 2g caused the agglomeration of the nanocapsules that was induced by the
increased porosity and distorted morphology of the nanocapsules by doping with 2g
ZnO, hence the uniformity and compactness of the coating was greatly reduced. After
heat treatment, the surface homogeneity and compactness was generally enhanced for
all of the coatings, namely for that of the HT- C3N4/1.00g ZnO, which was mostly
related to the formation of new phases, as illustrated in XRD analysis.

The EDX spectra confirmed the presence of C3N4 in the NiP coating, as peaks
of Ni, P, C, and N have appeared. The P content decreased by about 50% upon the
incorporation of C3N4 nanocapsules, revealing that the structure of as-plated coatings
changed from amorphous to semi-crystalline, which is consistent with the XRD results.
Doping the nanocapsules with ZnO mainly revealed and increase in the O content in
the composite coatings, which might be related to the increased porosity and surface
area of C3N4 nanocapsules that were incorporated in the coating. Zinc (Zn) element,
which is related to the doped ZnO in the nanocapsules, was hardly detected by EDX,
which emerged only at high concentrations, i.e. 1.00 and 2.00g, as the ZnO
nanoparticles are embedded within the carbon nitride nanostructures. After HT, the P
content slightly decreased in all the EDX spectra of the HT coatings, due to the
formation of new phases, such as Ni3P, as well as, the improved crystallinity of the

prepared coatings, confirming the XRD results.

116



The cross-section SEM analysis and EDX mapping confirmed the uniformity of
all the coatings, with no cracks or defects at the substrate/coating interface, revealing
good coatings adhesion. Furthermore, the TEM analysis confirmed the uniform
distribution of undoped and ZnO-doped C3N4 nanocapsules in all the different coatings.

The Vicker’s microhardness of as-plated and heat treated nanocomposite
coatings was significantly improved after the incorporation of undoped CsNa
nanocapsules. After doping the C3N4 nanocapsules with ZnO further improvement was
done, namely with 0.5g ZnO doped C3N4 nanocapsules, where the NiP-C3N4/0.5g ZnO
composite coating showed the maximum microhardness of 680 and 1,330 HV200, before
and after heat treatment, respectively. Generally, all the coatings showed improved
microhardness upon HT, following the same trend before HT.

Electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization (PP) outcomes showed enhanced corrosion resistance after heat treatment
of undoped and doped NiP- C3N4 coatings, which indicated higher corrosion resistance
than the corresponding as-plated ones. The highest corrosion resistance was achieved
on the as-plated and heat treated NiP- C3N4 coatings incorporated with 1.00 g ZnO
doped C3N4 nanocapsules. Generally, the C3N4/ZnO nanocapsules prevented the
localized corrosion and enhanced the corrosion resistance of the nanocomposite
coatings by filling the micro defects and pores of the NiP matrix.

Finally, the antibacterial analysis showed an improved antibacterial behavior of
the as-plated and heat-treated coatings, with superior antibacterial properties after heat
treatment, namely for NiP-C3N4/0.5g ZnO nanocomposite coating.

The overall results revealed that the newly synthesized C3N4/ZnO nanocapsules
successfully improved the mechanical, corrosion resistance, and antibacterial behavior

of the electroless NiP coating. The greatest mechanical and corrosion resistance
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enhancements were achieved for the NiP-C3N4/0.5g ZnO and NiP-C3N4/1.0g ZnO,
respectively. Whereas, the best antibacterial behavior was attained by the NiP-
C3N4/0.5g ZnO nanocomposite coating. Therefore, it is suggested that NiP-C3N4/0.5g
ZnO can be the best nanocomposite coating, which can be potentially utilized as a
reinforcement nanomaterial in improving the mechanical and anticorrosion
performance of NiP metallic coatings in chloride media, together with providing

superior antibacterial properties.

Future Work

The superior properties of carbon nitride (C3N4) nanomaterials, open the door
for many future applications, namely in anticorrosive coatings. Despite the fast growing
research area in elecroless NiP coatings, the use of different shapes of C3Na
nanomaterials, such as, nanofibers, nanorods, nanoflowers, etc., as a reinforcing
material in the electroless NiP coating has not been investigated yet. Any further studies

on such coating systems will be promising and can result in novel outcomes.

Further investigations on the wear resistance of the newly synthesized
C3N4/ZnO nanocapsules can be a great area of future research. Additionally, it is
recommended to evaluate the corrosion resistance in different aggressive media, such

as acidic environments, which will open the door for further applications.

Additionally, seeking to produce environmentally friendly coatings, assessment
of the environmental impact of the newly synthesized NiP-C3N4 nanocomposite

coatings can be a new area of future research.
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APPENDICIES

Appendix A: TEM Analysis for C3N4/ZnO Nanocapsules

Figure 48. TEM measurements for C3N4 nanocapules (undoped) (a), and doped C3N4

with (b) 0.5, (¢) 1.0 and (d) 2.0 g ZnO
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Appendix B: BET Measurements
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Figure 49. N2 adsorption-desorption isotherms at 77 K for mesoporous g-C3N4 nanocapsules doped with

(2) 0.0, (b) 0.5, (c) 1.0 and (d) 2.0g ZnO, respectively.
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Figure 50. Pore size and volume characterization for mesoporous g-C3Ns nanocapsules doped

with (a) 0.0, (b) 0.5, (c) 1.0, and (d) 2.0g ZnO, respectively
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