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PREFACE

Material deterioration and excessive energy consumption are closely linked, especially in
industries where the performance and longevity of materials are critical. According to the World
Energy Council, it is expected that rapid industrialisation will increase the worldwide energy
demand from 45% to 60% by 2030. The deterioration of materials due to corrosion, wear, friction,
oxidation, fatigue, etc., can lead to increased energy use in several ways, primarily due to the loss
of efficiency, increased maintenance requirements, and the need for more frequent replacement or
repairs. It is estimated that annually, about $2.5 trillion loss occurs due to corrosion and wear.
Excessive energy consumption can have economic implications as well as impacts on
sustainability and results in environmental degradation. Thus, improving energy efficiency is
crucial for long-term economic development and to meet human needs.

A noticeable interest is seen in the research and development of multi-functional coatings
that additionally possess novel functions/characteristics along with the provision of protection and
aesthetics to the underlying surface. These coatings play a crucial role across various industries,
such as automotive, aerospace, construction, electronics, manufacturing, healthcare, and
renewable energy. Since they can increase machine efficiency and have an environmental impact
by lowering greenhouse gasses (like CO2) and carcinogens (like NO>), tribological coatings with
low coefficients of friction (COF) are highly sought after by a variety of industries. In industries
where water or moisture causing damage or affecting the performance of the materials, developing
durable and scalable superhydrophobic coatings that can withstand mechanical wear,
environmental exposure, and contamination while remaining cost-effective and sustainable is
important. Catalytic coatings are essential in improving the efficiency, durability, and economic
viability of sustainable hydrogen production technologies like water electrolysis. Advancements
in catalytic materials, particularly non-precious metal catalysts, are critical for reducing costs and
enhancing the scalability of hydrogen as a clean energy source, aligning with global sustainability
goals and the transition to a low-carbon economy.

Metal-matrix composite functional coatings offer enhanced properties such as wear
resistance, corrosion protection, improved hardness, tunable wettability, catalytic properties, etc.,
making them highly valuable across various industries. Their versatility, durability, and potential

for improving performance in extreme conditions ensure their continued importance in various
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sectors. As early as the 1970s, Nickel (Ni) was proposed to be a promising candidate in the area
of metal matrix composite coatings due to its novel blend of properties and attributes.

The electrodeposition of composite coatings, also referred to as ‘inclusion plating’,
‘codeposition of metals and particles’ or “electro co-deposition”. Electro-deposition of nickel-
based composite coatings is one of the efficient methods for the modification of material surfaces,
which is easy, facile, cost-effective, and doesn’t require any complex equipment. For a number of
applications, electro-deposited composite coatings are found to be superior to other coatings,
developed by other methods. Another benefit of adopting electrodeposition technique is the ease
with which grain size, coating thickness, morphology, and crystallographic orientation may be
varied by changing the bath compositions and deposition parameters.

Chapter 1 gives a general introduction about recent developments in multi-functional
metallic composite coatings developed by electrodeposition. Main focus of the chapter is on the
properties of 2D materials (h-BN, graphene, and transition metal dichalcogenides) incorporated
electroplated nickel based composite coatings. This chapter also gives a detailed experimental
methodology for the development of Ni composite coatings over mild steel substrate by
electrodeposition.

Chapter 2 deals with the development of Ni-h/BN composite coating over mild steel
substrate. The influence of grain refinement on the microhardness, corrosion and tribological
properties was also investigated. Micro hardness value of the composite coating was higher than
pure Ni coating and mild steel. Under different saccharin concentrations, it has been found that the
corrosion resistance of all Ni-BN coatings developed is better than that of pure nickel coated and
uncoated substrates. Further, the composite coating exhibited lower COF (0.23) and excellent wear
resistance. Thus the developed Ni-BN coating with improved properties indicates its potential for
engineering applications.

One-step electrodeposited biomimetic Ni-graphene composite coating with pinecone-
inspired hierarchical micro/nanostructures with a contact angle of 152° was developed in Chapter
3. It has been observed that this particular coating was mechanically durable with improved
corrosion resistance. Furthermore, the coating was self-cleaning. The composite coating
demonstrated consistent and good lubricating qualities with an average friction coefficient of 0.24
and a low wear rate that was more than 70% lower than that of the pure Ni coating, indicating its

potential for a range of applications.
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In Chapter 4, electrodeposited Ni and Ni-MoS, coatings have been successfully
developed. The coatings reinforced with MoS; exhibit more compact structure as compared to the
pure Ni coating. In terms of mechanical properties, Ni-MoS> coating shows a maximum hardness
value of 525 HV. Compared with uncoated and pure Ni coated samples, Ni-MoS, composite
coated sample exhibited excellent corrosion resistance and low coefficient of friction (0.08) at
optimized conditions. Ni-MoS; coated SS mesh exhibited improved electrocatalytic activity for
HER and OER can function as an efficient bi-functional catalyst for water splitting.

The development of a low friction, superhydrophobic Ni-WS; composite coating by one
step electrodeposition is discussed in Chapter 5. The deposition parameters and concentration of
WS, were fine-tuned to generate a hierarchical surface with a high water contact angle of 159°.
WS; embedded in the Ni matrix forms a self-lubricating tribo-film resulting in a reduced friction
coefficient of 0.04 in the case of composite coating. The robust surface of the as-prepared
composite coatings exhibited strong corrosion resistance and self-cleaning properties in contrast
to the bare substrate and pure nickel coating, offering potential for industrial applications.

Chapter 6A deals with the development of superhydrophobic - superoleophilic SS mesh
with a water contact angle of 169.5° and surface roughness of 168 nm. The combined effect of
hydrophobic surface chemistry and the roughness contributes to excellent superhydrophobic-
superoleophilic and self-cleaning characteristics of the developed SHSM. The oil/water separation
performance of SHSM was studied and the efficiency was greater than 98 % even after multiple
uses. Chapter 6B reveals the potential of Ni-WS; coated SS mesh with micro-nano hierarchical
structure as a bi-functional catalyst in overall water splitting. A full-cell alkaline electrolyzer using
Ni-WS; coated SS mesh as anode and cathode delivered a current density of 10 mA/cm? at an
applied potential of 1.56 V.

Summary of the various studies carried out as part of the development of 2D materials
incorporated multifunctional Ni composite coatings and also the future perspectives of the research

work is given in Chapter 7.
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Chapter 1
Multi-functional Metallic Composite Coatings

An Overview

Abstract

Multi-functional metallic composite coatings have emerged as a cornerstone in modern
material science, offering a unique combination of properties that address diverse industrial
challenges. Integrating multiple functionalities into a single coating not only simplifies the
processes but also reduces the material costs. The improved properties of these multi-functional
coatings make them indispensable in industries such as aerospace, automotive, healthcare, and
energy sector. Thus the development of sustainable, cost-effective, durable, and versatile
multifunctional composite coatings is imperative as industries strive for advancements in energy
efficiency, sustainability, and scalability. Metal-matrix composite functional coatings seem to
good option due to their versatility, durability, and potential for improving performance in extreme
conditions. Due to the unique combination of properties, Nickel (Ni) was suggested as a suitable
option in the field of metal matrix composite coatings. For nickel composite coatings, different
types of materials may be utilized as second-phase particles like ceramics, carbon nanotubes,
diamond, etc. In addition to that, two-dimensional (2D) layered material fillers such as graphene,
boron nitride (BN), molybdenum disulphide (MoS>), tungsten disulphide (WS:) etc have been used
as potential reinforcements to develop composite coatings with superior mechanical, tribological
and other multifunctional characteristics. Electrodeposition of nickel-based composite coatings is
one of the efficient techniques for surface modification, which is easy, facile, cost-effective, and
doesn’t require any complex equipment. This chapter describes the basic principles of
electrodeposition, including metal-particle co-deposition models and other significant factors
influencing the electrodeposition process. This chapter provides a thorough discussion of the
development techniques, reinforcement mechanisms, distinctive mechanical characteristics,
friction and lubrication performances, super-hydrophobicity, catalytic applications, potential uses,

and real-world advantages of 2D material incorporated multi-functional nickel composite coatings.
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1.1. Introduction

Material deterioration and excessive energy consumption are closely linked, especially in
industries where the performance and longevity of materials are critical. According to the World
Energy Council, it is expected that rapid industrialisation will increase the worldwide energy
demand from 45% to 60% by 2030 [1]. The deterioration of materials due to corrosion, wear,
friction, oxidation, fatigue, etc., can lead to increased energy use in several ways, primarily due to
the loss of efficiency, increased maintenance requirements, and the need for more frequent
replacement or repairs. It is estimated that annually, about $2.5 trillion loss occurs due to corrosion
and wear [2]. Excessive energy consumption can have economic implications as well as impacts
on sustainability and results in environmental degradation. The uncontrolled consumption of fossil
fuels is a severe problem in the current scenario due to the emission of harmful greenhouse gases
such as CO», contributing to global warming and related environmental issues [3]. Thus, improving

energy efficiency is crucial for long-term economic development and to meet human needs.

In this context, with the aim of material protection and minimising energy consumption, a
noticeable interest is seen in the research and development of multi-functional coatings that
additionally possess novel functions/characteristics along with the provision of protection and
aesthetics to the underlying surface. These coatings play a crucial role across various industries,
such as automotive, aerospace, construction, electronics, manufacturing, healthcare, and
renewable energy. Since they can increase machine efficiency and have an environmental impact
by lowering greenhouse gasses (like CO2) and carcinogens (like NO), tribological coatings with
low coefficient of friction (COF) are highly sought after by a variety of industries [4]. The
inorganic chromate-based coatings are mostly used for this purpose but they are toxic and
carcinogenic causing lung cancer, skin irritation, and chronic ulcers. Hence there is a great need
to find a sustainable, cost-effective, and versatile chromate replacement possessing multiple

characteristics.

In industries where water or moisture causing damage or affecting the performance of the
materials, superhydrophobic coatings can be really useful to repel water and contaminants,
offering benefits in terms of self-cleaning, corrosion resistance, and reduced maintenance [5].

Developing durable and scalable coatings that can withstand mechanical wear, environmental
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exposure, and contamination while remaining cost-effective and sustainable is the key to overcome

these challenges and realizing the full potential of superhydrophobic surfaces.

Renewable energy is currently under focus due to the growing need for energy and
depleting fossil fuel reserves. Out of all the sustainable energy sources, hydrogen is the most
promising fuel candidate because of its high gravimetric energy density, comparatively more
availability, and no emissions throughout consumption [6]. Catalytic coatings are essential in
improving the efficiency, durability, and economic viability of sustainable hydrogen production
technologies like water electrolysis. Advancements in catalytic materials, particularly non-
precious metal catalysts, are critical for reducing costs and enhancing the scalability of hydrogen
as a clean energy source, aligning with global sustainability goals and the transition to a low-
carbon economy. Hence, there is a great need to develop sustainable, cost-effective, durable, and
versatile multifunctional composite coatings as industries strive for innovations in terms of energy

efficiency, sustainability, and scalability.

1.2. Electrodeposited metal composite coatings

Metal-matrix composite functional coatings offer enhanced properties such as wear
resistance, corrosion protection, improved hardness, tunable wettability, catalytic properties, etc.,
making them highly valuable across various industries. Their versatility, durability, and potential
for improving performance in extreme conditions ensure their continued importance in sectors like
aerospace, automotive, energy, and manufacturing. As early as the 1970s, Nickel (Ni) was
proposed to be a promising candidate in the area of metal matrix composite coatings due to its
novel blend of properties and attributes [7].

Area of electrodeposition of metal matrix composite coatings is advancing at a regular
pace. Electrodeposition is a “bottom-up”, “single-step” method for developing composite coatings
[8].The electrodeposition of composite coatings, also referred to as ‘inclusion plating’,
‘codeposition of metals and particles’ or “electro co-deposition”. Electro-deposition of nickel-
based composite coatings is one of the efficient methods for the modification of material surfaces,
which is easy, facile, cost-effective, and doesn’t require any complex equipment. For a number of
applications, electro-deposited composite coatings are found to be superior to other coatings, such

as those resulting from flame spraying, hard chromium plating, nitriding, CVD, PVD, etc. Another
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benefit of adopting electrodeposition technique is the ease with which grain size, coating thickness,
morphology, and crystallographic orientation may be varied by changing the bath compositions

and deposition parameters [9].

1.3. General co-deposition mechanism in composite electrodeposition

The metal matrix, the kind and size of the reinforcement particles, and the process
parameters are all carefully selected in electrodeposited metal composite coatings in order to
maximize the strengthening effects given off by the crystal structure [10] (Figure 1.1.). For
example, the electrolyte composition, agitation, and current density are process parameters that are
utilized to change the matrix's grain size [11]. The kinetics of electrochemical deposition,
mechanisms of crystal growth and nucleation, all contribute to porosity of the electrodeposited
coatings [12]. For nickel composite coatings, different types of particles like oxides, carbides,
nitrides, two dimensional layered materials, diamond like carbon (DLC) can be utilised.
Integration and even distribution of second phase particles might improve the material's intrinsic
mechanical, tribological and electrochemical properties and open it up to a whole new area of
material applications. Agitation/stirring, cathode movement and surfactant addition are the ways
of suspending secondary particles. In the bath particles will attain a natural surface charge and zeta
potential. Alteration of surface charge in terms of sign and size is possible by adsorption of metallic

ions and also by surfactant addition.

Figure 1.1. Electrodeposition of composite coating. (a) Particle addition to the electrolyte, (b)
Particle entrapment by the metal and (c) Composite coating. Particles are encircled in red
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There are many proposed models which explain particle co-deposition [13,14]. Table 1.1.

provides the details of existing models and their main ideas.

Table 1.1. List of existing models which explain the mechanisms of particle co-deposition in

composite electroplating

Guglielmi [15] This model described co-deposition as two consecutive steps:
(i) Loosely absorbed particles form a layer at the surface of the
cathode by absorption.
(if) Electrophoresis where the electric field at the interface
elevates potent surface adsorption and thus particles are entrapped
by the growing metal. The fluid dynamic conditions were not

considered in this model.

Celis et al.[16] Devised that the movement of particles is relative to the mass
transfer of ions towards cathode. Firstly ionic species forms an
absorbed layer around the particles followed by the addition to the
electrolytic bath, followed by transport of particles via
convection-diffusion. Finally, incorporation depends upon the

probability and number of transported particles.

Fransaer et al.[17] This one use trajectory analysis to explain the suitable
environment provided by the action of tangential forces on the

particles enhancing rate of co-deposition.

Hwang et al.[18] Highlighted the importance of current density in particle co-
deposition. Co-deposition rates are associated with the reduction
of ions adsorbed on the particles' surfaces.

Vereecken et al.[19] The model depicted particle transport as governed by convection-
diffusion taking into account hydrodynamics and assuming that
particle inclusion increased with contact time at the cathode's

surface.

Bercot et al.[20] Guglielmi's model [15] was further improved by including a

mathematical model that accounted for hydrodynamic conditions.
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The adaptability and the credibility of all the available models still need proper proofs and

verification [21,22]. One of the common mechanisms of co-deposition process have five sequential
steps [23] as shown in Figure 1.2.

Five consecutive steps of co-deposition mechanism are:
(1) Formation of ionic clouds on the particles
(2) Convection towards the cathode
(3) Diffusion through hydrodynamic boundary layer
(4) Diffusion through concentration boundary layer

(5) Adsorption at the cathode surface where particles get deposited within metal deposit
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Figure 1.2. Mechanism of particle co-deposition into a metal deposit [24].
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1.4. Two-dimensional layered materials as reinforcements: Scope and applications

For nickel composite coatings, different types of materials may be utilized as second-phase
particles like ceramics, carbon nanotubes, diamond, etc. In addition to that, two-dimensional (2D)
layered material fillers such as graphene, boron nitride (BN), molybdenum disulphide (MoSy),
tungsten disulphide (WS), transition metal carbides, selenides, MXenes, and other novel lamellar
2D materials, such as LDH, a-ZrP have been used as potential reinforcements to develop
composite coatings with superior mechanical, tribological and other multifunctional characteristics
[25].

Two-dimensional materials possess remarkable physical, chemical, electronic, and optical
properties compared to existing three-dimensional (3D) materials. 2D materials are a combination
of crystalline atomic chains, where the atoms are firmly linked by covalent bonds within individual
atomic layers and subsequent layers are loosely connected by van der Waals forces, forming a
monolayer structure with high modulus and strength. Higher specific surface area of 2D materials
aids in more effective surface absorption contributing towards improved catalytic activity, and
these materials can form a tribo-film between the surfaces in contact. Highly tunable layered
structure of these 2D materials can also generate micro-nano roughness essential for
superhydrophobicity. In addition to that, low shear resistance between the nearby atomic layers
permits the easy sliding of these layered atoms [26]. Thus the soft van der Waals forces account
for their outstanding tribological properties and self-lubrication performance superior to that of
other nanomaterials.

2D nanomaterials can be typically classified into five categories based on their composition
and atomic configuration: (1) Xenes, which are made up of single element like carbon, silicon and
phosphorous. A peculiar example is graphene made of carbon atoms. (2) Transition metal carbides
and nitrides (MXenes), in which M is an early transition metal (e.g. Ti, V and Mo) and X can be
carbon or nitrogen. (3) Transition metal dichalcogenides (TMDs); they are composed of hexagonal
metal layers in which metal atoms (M) are packed between two layers of chalcogen atoms (X)
having a MX> stoichiometry such as MoS,, MoSe,, WSe, and WS. (4) 2D Il nitrides (MN) in
which M is a group 111 metal and N is nitrogen. An example of 2D Il nitride is hexagonal boron
nitride (h-BN). (5) 2D organic frameworks. They are comprised of metal-organic frameworks
(2DMOFs) that contain metal ions or clusters that are bonded to organic ligands, an example is

MOF-5 whereas covalent-organic frameworks (2DCOFs) forms two-dimensional structures via
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interactions between organic precursors leading to strong covalent bonds, resulting in porous,

stable and crystalline materials. A typical example is COF-5.

1.4.1. Graphene

Graphene (Gr) is basically a crystalline allotrope of carbon with two-dimensional
properties. In graphene, sp?>-bonded carbon atoms are closely arranged in a well ordered hexagonal
fashion (Figure 1.3.) It has a large surface area that has a close-knit contact with the metal matrix
[27] and additionally has ultra-high elastic modulus, yield strength, good electrical and thermal
conductivity [28]. Graphene has potential applications in the field of materials engineering
specifically in resilient composite materials [29]. Possibility of using graphene as part of the
composites is really useful in aerospace and automotive industries because of its superior strength,
ductility and firmness as a covering especially in the area of laminated composites, altering the
substrate by improving its endurance to extreme conditions that may cause wear and corrosion
[30]. In addition to that, graphene incorporated metal matrix composites hold superlative thermal
and mechanical properties, so that they can be utilised in the fields of surface engineering,
catalysis, electronics, energy storage and so on [31]. The workability of graphene is restricted due
to expensive synthesis methods, limited solubility and agglomeration tendency while utilised in
the area of composite materials [32]. Pure Gr coatings are extremely vulnerable to surface defects
especially when exposed to corrosive environment [33,34]. To avoid these drawbacks
functionalization of graphene is considered to be an alternative choice and thus graphene oxide
(GO) became popular [35],[36].

Carbon

Figure 1.3. Structure of graphene
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1.4.2. Boron nitride

Boron nitride (Figure 1.4.) is a man-made crystalline compound that is structurally similar
to graphite as the alternating B and N atoms substitute for C atoms [37]. It is a refractory compound
having exceptional chemical and thermal stability, high thermal conductivity, excellent electrical
resistivity, non-wettability, superior lubrication properties and low dielectric constant. BN nano-
particles may be directly included into polymers and metal matrices to get composite coatings
which show improved corrosion resistance and high hardness [38]. An additional advantage of h-
BN is that it is a very good lubricant at both low and high temperature and can be employed to
generate different friction resistant composite materials [39]. Another important feature is that the

viscosity of BN is maintained without water or gas entrapment in between its layers.
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Figure 1.4. Structure of boron nitride

1.4.3. Transition metal dichalcogenides

Transition metal dichalcogenides are typically MXz, where M is a transition metal atom
(such as Mo or W) and X is a chalcogen atom (such as S, Se or Te) such as MoS», MoSe2, WSo,
and WSe> (Figure 1.5.) They are layered materials which follow hexagonal crystal system [40,41]
having strong in-plane ionic-covalent bonds and weak out-of-plane van der Waals forces. These
interactions result in minimal shear and sliding of individual layers which reduces wear and
friction to a greater extent [42]. The main disadvantage of these TMD based lubricants is that they
are highly susceptible to humidity. These TMD based self-lubricating coatings have applications
involving ultra-high vacuum, transportation and space systems comprising of satellites and launch

vehicles where often liquid lubricants fail to function properly [43].
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Molybdenum disulfide (MoSz) and MoS»-based composites have received the greatest
attention among these 2D TMDs [44]. So far, MoS,-based nanomaterials have primarily been
applied in domains such as energy storage, electronic devices, and biomedical engineering [45].
MoS: has superior mechanical characteristics as well, including an extraordinarily high Young's

modulus (0.3 TPa) and strong elasticity.

In comparison with MoS;, WS, can sustain in high temperature so that it is a better solid
lubricant for high temperature applications. On oxidation, WS; is converted to tungsten trioxide
(WO3z). WOsalso has a low friction factor and restricts the glue formation in between the surfaces
that experience friction. The addition of WS> in Ni matrix leads to reduction in fragility of the

coating and improves properties like adhesion and wear resistance of the coating [46].

Figure 1.5. Structure of transition metal dichalcogenides
1.5. Nickel composite electrodeposition
1.5.1 Ni-Watts bath

The most common nickel plating bath is the sulphate bath known as Watts bath. Watts
formulation, which was developed in 1916 by Professor Oliver P. Watts [7] is the basis of majority
of the nickel plating solutions. This electrolyte is made up of nickel sulphate, nickel chloride and
boric acid. Nickel sulphate is the main source of nickel ions. The limiting current density for
attaining good quality deposits is determined by the nickel metal content. Anodic corrosion is

provided by nickel chloride thus increasing the diffusion coefficient of nickel ions allowing a

10
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higher limiting current density and boric acid functions as a pH buffer [47]. H:BOz could also
influence the nucleation and grain growth of Ni electrodeposits in the Watts electrolyte. A
sufficient H3BO3 content improves the Ni nucleation process, resulting in a fine and bright Ni
coating [48]. While the quantities may vary depending on the application, Table 1.2. provides a
common formulation and details of operating parameters [49]. The Watts bath has four major

advantages compared to the other available baths:

1. Simple and easy to use

2. Obtained in high purity grades and relatively inexpensive

3. Less aggressive to equipment (container) than nickel chloride solutions

4. Deposits plated from these solutions are less brittle and possess lower internal stress than plated

from nickel chloride electrolytes.

Table 1.2. Details of Ni Watts electroplating bath

Bath Nickel Sulphate (NiSO4.6H,0)  240-300 g L*
composition Nickel Chloride (NiCl2.6H20) 30-90¢g L*
Boric Acid (HsBOs) 30-45g L1
Operating Temperature 40-60 °C
Parameters pH 3.5-4.5
Current Density 2-7 A dm?
Deposition Rate 25-85 um h't

1.5.2. Techniques for Ni composite electrodeposition

Generally in Ni electrodeposition when an external electric field is applied, a transfer of
electrons occurs across the cathode surface causing reduction of Ni ions into their metallic form

[24].[50]. This process is divided into three successive steps [51].

11
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(1). Ni ions are carried to the cathode from the bulk electrolyte by mass transport through
diffusion, convection and electro-migration [52].

(2). A charge transfer occurs on the cathode and the partially reduced Ni atoms are adsorbed at the
surface.

(3). Loosely bound Ni atoms will diffuse across the electrode surface to active growth sites where

they are incorporated into the crystal lattice at the kink sites or an atomic step.

Passing electric current to the electrolyte is the primary function of nickel anodes in
electroplating. Replacement of nickel ions that have been discharged at the cathode and
distribution of current are also major functions of the Ni anode. The following reactions are most
probable in the course of Ni deposition, where Ni(OH)"a¢ denotes an active intermediate [53].

N2+ H20 © Ni(OH)"sq+ H* (1.1.)
Ni(OH)*aq © Ni(OH)*a (1.2.)
Ni(OH)*.+ & < NiOH (1.3.)
NiOH + H* + & & Ni + H,0 (1.4.)

Direct Current (DC) electrochemical deposition, Pulsed Current (PC) deposition and
Pulsed Reverse Current (PRC) deposition are various types of electrochemical deposition. In DC
method, a steady and specific current is applied throughout the coating process. One downside of
this approach is the generation of residual tensile stresses, which results in the formation of cracks
within the deposit. Because of its capacity to improve current distribution and mass transfer
processes, the pulse technique is an effective way for controlling the microstructure and chemical
composition of plated coatings. Furthermore, this process eliminates various issues such as
hydrogen evolution, metallic hydride formation, uneven deposits, and local pH fluctuations.
Application of an anodic current in form of a reverse pulse during nickel electrodeposition may
distinctively affect quality, properties, and chemical composition of obtained coatings. Superior

quality coatings may be obtained by this pulse reverse method.

12
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1.5.3. Co-deposition mechanism in Ni-2D material incorporated composite coatings

There are studies on optimization and analysis of the underlying mechanism of co-
deposition of nano materials in metallic deposition [54]. The whole co-electrodeposition process
in Ni-W/BN nanocomposite coating via DC deposition can be summarized in four sequential steps
as “transportation, adsorption, reduction and incorporation” (Figure 1.6.) according to Li et al.[55]
The initial step is "transportation” in which aqueous metal ions, complexes and charged particles
are moved towards the cathode by convection or an electric field. Electrophoresis has been used
to transfer metallic ions and BN nanoparticles to the cathode. Agitation can increase the
availability of the nickel complex at the solution/electrode interface and accelerates the mass
transport which speeds up the electrodeposition process. It is followed by “adsorption”. Metal ions
and charged BN nanoparticles move through the diffusion layer and get adsorbed on the surface
of cathode [56]. “Reduction” was the next step. Metal ions are reduced and neutralized by electron
transfer in this stage and they get firmly adsorbed on the cathode. The WO4% ion reduction may be

summarised as:
WO4* + 8H™+ 66 = W + 4H,0 (1.5.)

The final stage was “incorporation”. The BN particles get inserted into the Ni-W alloy
matrix. Thus Ni-W/BN nanocomposite coating was formed. The Ni-W/BN nanocomposite coating

generation is depicted in equation (1.6.)

[(Ni) (HWOQ4) (Cit)]> + 3H20 + 8e" + BNs — Ni— W/BN + 70H + Cit>  (1.6.)

13
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Figure 1.6. Mechanism of co-electrodeposition process in Ni-W/BN composite coating

A discussion on the mechanism of deposition and hierarchical coating growth in Ni-P-WS;

is given by He et al.[57]. The main cathodic reaction is:

Ni%* + 2e" — Ni (1.7)
Hydrogen evolution will take place as a side reaction:
2H" +2e" — H: (1.8)

Reduction of hypophosphite ion at the cathode leads to phosphorus being co-deposited with nickel
H.PO2 " +e — P + 20H" (1.9)

Analysing Ni-P-WS; composite coatings, CTAB gets adsorbed by WS> and its quaternary
ammonium groups (-NH4") has a positive charge. Both convective-diffusion and electrophoretic
migration help in WS, transportation. The incorporation of WS, particles into the Ni-P
electrodeposit caused noticeable transformation of surface morphology from a planar smooth
surface to a nodular rough surface and finally a hierarchical rough surface. Surface morphological
changes are mainly due to the variation of current distribution on the surface of electrodes because
of the conductive WS, particles [58]. Adhesion of WS, particles to the cathode surface is
associated with a change in the electric field behaviour. The Ni-P deposits preferentially initiate
growing above WS particles as they have a higher current density which causes more active nickel
ion reduction [59]. Thus ‘broccoli-like’ structures are formed (Figure 1.7.).
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@ Ni-P deposit & WS particle

Figure 1.7. Schematic illustration of the growth process of Ni-P-WS;, composite coating

1.6. Nickel-2D material incorporated composite coatings

1.6.1. Mechanical Properties

The enhancement in the mechanical and tribological properties of composite coatings by
2D nanomaterial reinforcement depends on numerous factors such as aspect ratio, volume fraction
of nanomaterials, orientation of nanosheet and interface bonding between the filler and matrix. At
a higher volume content, 2D nanomaterials are prone to self-aggregation, resulting in the
deterioration of the mechanical properties. Interface bonding of 2D materials comprising hydrogen
bonding, covalent bonding, ionic interactions and electrostatic interactions is another important

factor influencing the improvement in composite coatings.

1.6.1.1 Micro-hardness

The electrodeposited composites being economical and having superior physical properties
are promising candidates in many industries. Mechanical properties namely hardness, toughness,
adhesive strength, impact and tensile strength are prominent traits of these composites. Hardness
is a material’s quality to withstand localised deformation. Integrated effect of Hall-Petch mechanism
[60] on account of the grain size refinement and Orowan mechanism [61] due to the uniform
dispersion of nano-particles is the main reason of increase in hardness. Hardness of composite
coatings is primarily controlled by the hardness of metal matrix and the proportion of
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reinforcement particles. The hardness and corrosion resistance of nanocrystalline-Ni coatings can

be enhanced by refining the grain size [62].

The variation in micro-hardness of Ni-BN composite coating was exceptional being 3 to 4
times than that of pure nickel. Combined effect of dispersion hardening and grain refinement
accounts for the greater hardness of the coating. The dispersed particles in the fine grained matrix
can restrict the dislocation motions and plastic flow is ruled out [63]. The indicated resistance to
deformation is actually hardness of Ni-BN composite coating. In nickel-alloy composite coatings,
the hardness of nickel-rich alloy directly increases with increasing strain till a particular value
followed by a decrease. Micro-hardness values of Ni-W/BN (h) (460-565 HV) coatings are
comparatively more than that of Ni-W alloy coating [64]. In this instance, the lubricating action
of BN can be seen. The microhardness of PC nanocomposite coating is higher than that of DC
deposits. A higher over potential is the result of the superlative pulse frequency during PC
deposition. Because of the dispersion strengthening effect of BN nanoparticles, which limits the

dislocation movement improve the microhardness.

Mixed nitride-carbide boron particles are used as reinforcements in Ni matrix by Paydar et
al. [65] resulting in hard composite coating of Ni-BN-B4C. Hardness improvement with rise in
current density up to 50 mAcm2 indicating the accelerated cathodic movement of adsorbed
particles which is in accordance with the Guglielmi model. Higher bath temperatures results in
brownian movement of the particles. This leads to more particle entrapment in the deposit and thus

hardness will increase. Agitation avoids agglomeration which further improve the microhardness.

Morphology of the coating is related to microhardness in Ni-MoS; system. Microhardness
decreased gradually in Ni-MoS; system from 650 to 333 HV as the MoS: concentration changed
from 0'to 2 g L™ [66]. Porous sponge-like structured coating will be obtained with increased MoS;
concentration and has lower hardness. Shourije et al. [67] observed that with the increase in the

amount of MoSy, the coating thickness and microhardness got lowered in a consistent way.

The observed increase in hardness in Ni/IF-WS; composite coatings cannot be explained
only by the presence of WS particles, which are frequently regarded as soft materials along with
other solid lubricants like MoS; or graphite [68]. The inclusion of WS, particles in the deposits
results in microstructural alterations, namely refinement of crystallite size and a shift in preferred

orientation, which are responsible for the observed increase in hardness in the films. Dislocation
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piling up and an increase in stress concentration (Hall-Petch strengthening) occur when the size of
the crystallite decreases because the movement of dislocations is more impeded by the increased
number of grain boundaries. Since these planar defects impose barriers for dislocation propagation
in a manner similar to that of high-angle grain boundaries, the frequency of stacking faults can
also enhance hardness [69]. The increase in hardness may also be partially explained by the

modifications seen in the films' crystallographic texture.

1.6.2. Corrosion properties

Enhanced corrosion resistance in comparison with pure nickel coatings has been attained
by the addition of certain secondary particles in to the Ni matrix like SiC [70], CeO2[71,72] , TiC
[73], TiO2[74], Al.O3[75]. Additionally layered materials like graphene, BN, WS and MoS; are
added to the nickel matrix in order to improve its corrosion resistance. Layered 2D materials can
enhance the barrier protection by impeding the diffusion of oxygen, water and corrosion-promoting
ions, such as Clions because of their ultra-high chemical stability [76]. In theory, the impermeable
nature of the 2D sheets can not only restrict diffusion, but they can also fill pores in the coatings,
extending their protection period. Grain size refinement is an important method that can be used
to improve the corrosion resistance of nanocrystalline nickel [77]. A summary of recent corrosion

studies in various Ni-composite systems is given in Table 1.3.

Table 1.3. Summary of deposition parameters and corrosion results in some Ni-composite systems

Coatings Deposition Parameters Ecorr lcorr References
; -2
Technique pH C.D Temperature [S\éi\llisj [HACm™]
-2
[Adm ] [OC]

Ni-graphene DC 3-4 5 45+5 -0.129 1.425 [78]
Ni/r-GO DC 4-5 2,5 60 -0.153 0.010 [79]
Ni-h/BN PC 4 8 60 -0.150 0.876 [38]

Ni-W-BN DC, PC 8 120 65 -0.309 2.5 [64]
Ni-WS; DC 35 4 40 -0.162 0.206 [80]
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Graphene has become an important constituent in Ni based nanocomposite coatings which
improves the corrosion resistant properties [81]. Yasin et al. [82] incorporated graphene into Watts
bath and studied the influence of current density on the corrosion resistance of the developed
coating. The corrosion properties of nickel-graphene composite coatings are mostly decided by
the nature of dispersion of graphene sheets within the nickel matrix. A uniform dispersion of
graphene in the Ni matrix is necessary to avoid the unwanted adsorption of Cl anions forming
defective sites resulting in corrosion when immersed in NaCl solution. Reinforcing the nickel
matrix with graphene nano sheets helps in filling the holes and cavities that may otherwise be the
defects in composite coatings. Co-deposition of metal and graphene/GO by electrodeposition
results in a microstructure with graphene/GO spread randomly throughout the coating. In these
circumstances, the microstructure near and around the graphene/GO-metal interfaces differs from
the whole in terms of grain texture, orientation, size, boundary and chemical partitioning [83]. This
is actually one of the reasons behind the improved corrosion resistance of these systems. Better
corrosion characteristics is interconnected to the reduced grain size and higher deposition current
densities. Bai et al.[79] fabricated a Ni/r-GO anti-corrosive, self-cleaning and superhydrophobic
coating on stainless steel substrate. Coating had remarkable anticorrosion properties mainly
because of the presence of pinecone-like rough surface. Figure 1.8. depicts the anticorrosion
mechanism shown by this coating. The air cushion having an approximate area of 94.03 percent
created by the pinecone-like progressive micro/nanostructure provides a crucial part in avoiding
chloride ions from entering the surface of coating.

Air cushion

Figure 1.8. Anticorrosion mechanism of the superhydrophobic Ni/r-GO coating in NaCl solution
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Li et al.[55] in their study found that as the amount of BN increases, corrosion resistance
of Ni-W/BN composite coating initially increased followed by a decrease. A higher value of
polarization resistance R, was obtained when BN concentration was 5 g L™! which indicated an
excellent anti-corrosion property. Uniform distribution of BN particles at this particular
concentration can be a reason for its corrosion resistance. MoS: in combination with a metal matrix
displayed preferable corrosion resistant characteristics in comparison with natural MoS; materials
[84].

Analysing the Ni-WS, composite coating developed by Zhao et al. [80] it was found that
as the amount of WS increased, current density showed a decrease and a more positive potential
was generated. Anti-corrosion property of this particular coating is related to the superhydrophobic
nature of the same. The trapped air within the clusters in the superhydrophobic surface can act as
an effective shield to keep corrosive elements away from the surface and improve the corrosion

resistance [85].

1.6.3. Tribological and wear properties

1.6.3.1. Wear

Since friction and wear account for almost a quarter of total energy losses worldwide,
innovative strategies of mitigating these unfavourable impacts could be extremely valuable for the
future energy-efficient economy [86]. In this regard the wear performance of different Ni and Ni-
based composite coatings are extensively investigated under dry and wet sliding conditions (Table
1.4)).

2D materials provide interlaminar sliding and a low shear force, thus giving them
superlubricity properties. Moreover, owing to their nanostructures, they can easily enter the
frictional contact surface to form a lubricating film. Furthermore, they can also decrease surface
roughness and repair wear. The initial high specific surface allows 2D materials to be easily
adsorbed onto the surface of a substrate to form a physical film. The physical film can separate the
two contact surfaces to prevent direct contact between the two sliding surfaces. In the second stage,
the physical film ruptures with an increase in the frictional strength, thereby promoting the

chemical reaction between the lubricant and local contact surface. This chemical reaction forms a
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new tribological film and gradually replaces the physical film, and this film exists on a local

contact surface. As a result, the tribological properties are improved.

Table 1.4. Summary of deposition parameters and coefficient of friction values in some Ni-

composite systems

Coatings Deposition Parameters Reported  References
Technique pH C.D Temperature Coeff_ici_ent
of Friction
[Adm?] [°C] (COF)
Value
Ni-graphene PC 4 1 50 - 80 0.70 [87]
Ni-GO PC 35-45 6-10 55 - 60 0.15 [88]
Ni-BN DC 4-5 2-6 50 0.50 [39]
Ni-MoS; DC 2-4 4.8 50 0.40 [89]
Ni-WS; PC 4.8 10 50 0.11 [90]
Ni-P-WS; DC 2-3 2.5 60 0.17 [57]

Hussain et al.[33] concluded that graphene filled metal matrix coatings containing well-
dispersed graphene nanosheets in the matrix improves surface durability and wear properties. The
mechanism of decrease of the friction coefficient and wear rate in Ni-graphene composite coating
was explained by Xiang et al.[91]. For instance, graphene is a self-lubricating material and is
capable of forming a lubrication film at the sliding interface. The graphene incorporation improves
the wear resistance of the coating [92]. The low surface energy of graphene also helps the Ni-
graphene coating to possess minimal adhesive friction (reduce adhesion forces between particles
and the substrate) and results in easy shearing being a solid lubricant [91]. Thus Ni—graphene
composite coatings were shown to be ideal candidates to be used in micro devices subjected to

high load and sliding speed conditions [93].
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The lamellar structure of BN must be a factor which leads to low COF values. Low COF
values must be caused by the lamellar structure of BN [39]. BN and B4C particles present in the
Ni matrix either block or slow down the movement of dislocations in the nickel metal matrix,
reducing plastic deformation and thereby enhancing the Ni matrix's load-bearing capacity;

increased hardness and wear resistance were the outcomes of this.

An irregular frictional behaviour was observed in Ni-W-MoS, composite coating by
Cardinal et al. [66]. These coatings possess rough, non-uniform surface composed of sponge-like
structures. This accounts for large deformation related to wear and the frictional curves are not
smooth. In spite of this friction coefficient of Ni-W-0.5 g L™t MoS; composite coating was found
to be 50% lower than Ni-W coating. Most important conclusion derived from this study was that
there seems to be a solid lubricant concentration zone by which the co-deposition of MoS; particles
into Ni-W nanostructured alloys improves the coating's frictional qualities. It was observed that
COF reduced with increasing amount of MoS; and on decreasing particle size [89]. MoS; slides
readily due to weak Van der Waal's bonding between two layers, resulting in low friction. A
regression equation to calculate COF by knowing the size and concentration of MoS: particles was

another lead from this study.

Lecina et al. [68] proposed an electrodeposited Ni-WS; coating with a friction coefficient
of 0.4 against steel. When WS particles are added the crystallographic texture evolves and the
intensities of the (111), (220) and (311) peaks rise at the expense of the (200) reflection. Tudela et
al. [94] varied the bath agitation to upgrade the mechanical strength and vary the wear resistance
of electrodeposited Ni-WS; coating. Das et al. [90] reported the development of pulse deposited
Ni-WS; coating with a friction coefficient of 0.12.

In inert atmosphere and vacuum, MoS; has a very low COF (<0.1); in humid air, it rises to
0.3 to 0.5. Furthermore, the conversion of MoS> to MoOgz, which limits the mobility of the layer,
can be the reason of higher coefficient of friction of MoS.-based coatings in humid environments.
It is also possible that the use of W instead of Mo contributes favourably, as WOs3 film is slightly

more protective than MoOs and provides lower friction in air [95].
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1.6.3.2. Self-lubrication

Self-lubricating composite coatings derived from the combination of a metal matrix and
suitable 2D layered nanomaterial can outperform the traditional coatings in terms of tribological
characteristics [96]. These solid lubricants are exposed to the surface during sliding and flow to
the contact surface to form a lubricant layer [97]. This film functions as a lubricant, reducing metal-
to-metal contact and improving tribological behaviour (Figure 1.9). As a result self-lubricating
composite coating is a cutting-edge material that offers a solution to energy sustainability and
efficiency in context of ecological compatibility.

Interlayer sliding
Lbicant Surface 1 G w
b S 3 area

Tribofilm formation
Surface 2

Filling concave

% 2D nanomaterials W

- Substrate L

- Tribofilm Fluid flow regulation

h

Figure 1.9. Lubrication mechanisms of 2D materials. (a) Entering the contact area of sliding
surfaces, (b) Tribofilm formation, (c) Filling the pits and gaps of the contact area, (d) Affecting
the fluid drag and viscosity

Graphene having remarkable mechanical strength and lubrication ability that can improve
the wear resistance [93][98]. On analysing the wear tracks of Ni—graphene composite coatings
tested at varying sliding speeds it was observed that the width of wear track had undergone change
in a progressive manner on increasing sliding speeds. It can be because of rise in temperature
which results in the generation of nickel oxide and exfoliation of multi-layered graphene that helps
in improving the lubricity of the coating [99]. Pulsed electrodeposition was employed to produce

Ni-GO composite coatings on chrome steel ball and SS 440c substrates [100]. Friction and wear
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characteristics had undergone refinement compared to pure Ni coating. When a load is applied,

the confined GO particles emerge and create a transfer film upon the substrate providing lubricity.

The layered structure of the crystal lattice of h-BN permits sliding movement of the parallel
planes. Due to the weak bonding between the planes, the shear strength is low along the direction
of sliding but the compressive strength along the direction perpendicular to the shearing is high.
Therefore, the addition of h-BN into the metal matrix increases the hardness of the composite as
well as makes the composite more wear-resistant due to its lubricating property. Due to strong
adhesion force, the lubrication film formed by h-BN adhered strongly to the substrate surface.
Unlike molybdenum disulfide, lubrication by h-BN does not require a moist atmosphere. It ensures
low friction in the dry atmosphere as well as in vacuum. Chemical inertness and thermal stability
of h-BN gives it an advantage over graphite and MoS; as a solid lubricant. The coefficient of
friction and rate of wear in Ni-BN composite coatings reduce as the amount of BN rises. According
to the study of Zhang et al. [39], optimum addition of BN is 1.5 g L™tin terms of lubricating
efficiency.

MoS: lubrication often performs better than graphite and works well in vacuum conditions,
while graphite does not. The morphologies of the mixture of MoS; and PTFE solid lubricant
coating on stainless steel substrate offered best physical features [101]. The surface of the coating
was smooth and even without any holes. This is believed to be because of self-lubricating effect
of MoS; tribofilm [102]. High-shear mixing can be used to shear MoS; particles into tribo-films
so that the weakly bound MoS; intermolecular planes align parallel to the wear track for optimal
lubrication [103].

WS presents a lower coefficient of friction and improvement in oxidation resistance and
thermal stability, even for about 1000°C above the well-known MoS,. Ni/WS; composite coatings
have markedly improved tribological performance in both lubricated and non-lubricated
circumstances [104]. The Ni-WS composite coating exhibited exceptional self-lubricity across a
wide temperature range of 25 to 300 °C in a study by Cui et al. [99]. At temperatures above 400
°C, WS; gradually oxidizes into WO3z and its lubricating capacity is lost. He et al. [57] used a
versatile one-pot single-step electrodeposition to develop a superhydrophobic and self-lubricating
Ni-P-WS> coating. A hierarchical surface with a high-water contact angle of 157 degrees was

formed. The formation of a homogenous tribofilm, which resulted in a low coefficient of friction
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(as low as 0.17), is ensured by a suitable amount of WS in the composite coating. Because of its
great abundance and low shear yield, WS can reliably perform a lubricating role for an extended

amount of time.
1.6.4. Superhydrophobicity

The introduction of composite particles can alter the surface roughness in a metal
electrodeposit, leading to changes in wetting properties. Low surface energy particles with laminar
structure such as graphene, MoS,, and WS are strong candidates for metal co-deposition to form

a superhydrophobic composite coating.

Electrodeposited Ni surface has water contact angle between 79° and 87° [105].
Superhydrophobic Ni surfaces were developed from an aqueous solution containing additive
ethylenediamine dihydrochloride capable of forming the cone-shaped Ni crystals, were first
reported by Hang et al. [106]. A two step electrodeposition is carried out in which intially
microcones were deposited for 10 min at 2.0 Adm followed by the nanocone deposition at 5.0
Adm for 1 min forming micro-nano hierarchial assembly as in Figure 1.10. The as-deposited
surface had two-fold roughness which enabled substantial fractions of trapped air pockets and a
high water contact angle of 154° on an inherently hydrophilic material, which was explained by
the Cassie—Baxter wettingstate [107].

Figure 1.10. SEM image of nickel films electroplated for different current densities and times.
(@) 5 Adm2 30 s (b) 5 Adm2 1 min (c) 2 Adm 5 min (d) 2 Adm™ 10 min.
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Superhydrophobic Ni films with different surface structures were formed employing
different plating conditions in the presence of anionic electrolytes. The ionic electrolyte was
reported by Gu [108] as a deep eutectic mixture composed of choline chloride, ethylene glycol
and nickel chloride. lonic electrolytes have very low vapour pressure and good thermal stability
compared to aqueous electrolytes. Storage time of coatings in air often determines the wettability
and diverse nickel films with varied wettability were fabricated by Khorsand et al. [105]. The shift
from superhydrophilicity to superhydrophobicity can be because of the chemical compositional
change and NiO formation. A standard Watts bath was used in generation of highly ordered micro-
nano structured nickel coating on copper substrate [109]. The polarisation curves and EIS
measurements showed remarkable improvement in corrosion resistance subsequently by treating
with (heptadecafluoro-1,1,2,2-tetradecyl) triethoxysilane. Cone size variation is possible in nickel
films by regulation of electrodeposition parameters [110].

Pre-deposition of Ni along with a step-wise incrementation in current density resulted in a
r-GO/Ni composite coating having micro/nanostructures similar to a pinecone with CA 162.7
0.8° [79]. Presence of adequate “air-pockets” formed by Ni pinecones on the r-GO sheets allowed

the bouncing movement of the water droplet.

Zhao et al. [80] developed a Ni-WS> superhydrophobic composite coating on mild steel
substrate. The water-repellent property improved in accordance with the increase in amount of
WS>. The maximum contact angle was 158.3° and the sliding angle was 7.7° shown by the coating
with 4.88 percent WS,. The self-cleaning effect exhibited by the coating make it suitable for
industrial applications. He et al. [57] observed broccoli-like protrusions at micron scale level in
Ni-P composite coatings containing 2.3 weight percent of WS, (WCA of 157°). A combination of
micron-sized broccoli-like structures, submicron-sized particles and pockets resulted in
remarkable superhydrophobicity. The Ni composite coating with WC and WS, particles were
developed on mild steel substrates followed with stearic acid modification [111]. A smooth surface
without any agglomeration resulting from the combined effect WC and WS; particles was

obtained. WCA reached 170° after surface modification.
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1.6.5. Catalytic Applications

Electrochemical water splitting presents a promising method for producing high-purity
hydrogen. Transition metal-based catalysts are gaining attention as an alternative to noble precious
rare metal catalysts like Pt in the electrocatalytic process. These catalysts offer benefits such as
low cost, widespread availability, high electrical conductivity, multiple valence states, tunable
electronic structure, and favorable physical properties. Several techniques have been used to
develop Ni electrocatalysts for over all water splitting. These electrocatalysts exhibit high catalytic
activity, suitable hydrogen adsorption energy, strong corrosion resistance, and stability. The
electrodeposition is used to directly produce Ni-based coatings on different substrates for
electrocatalysis, offering a simple, eco-friendly, low-cost, energy-efficient, and highly effective
approach. Among non-precious metals, nickel has been recognized as a good electrode material
for the alkaline water electrolysis. This is because of its high stability and good corrosion resistance
in alkaline media. Significant efforts have been devoted to enhance the performance and stability
of Ni-based electroplated coatings for HER and OER. These include optimizing the
electrodeposition bath composition, incorporation of composite particles, depositing multi-layer

coatings, dealloying, heat treatment, and phosphorization.

1.6.5.1. Nickel-based bifunctional electrocatalysts for overall water electrolysis

It is challenging to develop a bi-functional Ni-based electrocatalyst that can effectively
catalyze water splitting in acidic, neutral, and alkaline electrolytes for the industrial generation of
H>. A material that can effectively catalyze HER and OER in the same electrolyte can be generated
by carefully regulating the composition, morphology, and structure of electrocatalysts [112]. Using
co-precipitation, Kumar et al. produced NiFe-oxide nanocubes (NiFe-NCs) and evaluated their
overall alkaline water splitting activity against NiFe oxide nanoparticles (NPs) [113]. While NiFe-
NPs needed 1.90 V, NiFe-NCs provided a current density of 10 mA cm™2 at 1.67 V; the
mesoporous structure allowed for effective mass transfer and the release of gas-evolved bubbles
from the large ECSA, and the edges and corners of NCs increased the number of accessible active
sites, NiFe-NCs functioned better than NiFe-NPs.

The effects of adding S to FeP and P to FeS in Ni based catalysts were assessed by Wu et al.
[114]. It was found that the electrocatalytic activity is insensitive to S substitution and that the

most efficient sites are produced by metal coordination with P. They found that P atoms have a

26



Chapter 1

tendency to stay on the surface and serve as a sacrificial agent to partially shield Fe and S atoms
from oxidation and the ensuing deactivation for HER by structural and compositional research.
Lastly, they claimed that in order to successfully alter the conductivity and electrical interactions,
which in turn alters the adsorption energy of intermediates, the material's surface and interior layers
must be precisely controlled. Therefore, the bi-functional nickel-based electrocatalyst is the best

electrocatalyst.

1.7. Industrial applications

Wear, friction and corrosion prove critical to the longevity, energy consumption and
efficiency of industrial systems. These phenomena also endanger the safety of those who operate
the machine. Engineers therefore go for machines that have a prolonged service life, conserve
resources and have increased efficiency over their service life. In order to improve their quality,
these devices or equipment composed of lighter and more economical materials such as aluminum
and steel; coatings made of materials that are stronger and more chemically stable than these are
employed to protect them against surface corrosion. It is estimated that metallic nano composite
coatings will have a major impact on an extensive range of industries including aerospace,
electronics and military [115]. Improved properties include significant improvements in fracture
strength and longevity; better durability at high temperature and creep resistance; larger hardness
values than those of current commercial steel and alloys; substantial increase in Young's modulus
and shear modulus (compared to micro composites). These are mainly the result of the nano size
reinforcements used, resulting in a suitable morphology for the products [116]. Introducing self-
lubricating composites into various operating systems is a way of decreasing the use of external
toxic hydrocarbon lubricants thereby reducing the environmental impact and lowering energy
dissipation in industrial components for initiatives toward energy efficiency and sustainability
[117].

Composite materials based on nickel and nickel alloys are ideal choices for enhancing the
effectiveness of these materials [118] as in Figure 1.11. Furthermore, nickel electrodeposits are
employed for electroforming of printing plates, phonograph record stampers, foil, tubes, screens,
MEMS and a variety of other items due to their relatively good mechanical attributes [119],[120].

In the manufacturing and shaping of tools which demand excellent corrosion and wear resistance,
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low friction and high thermal stability electroplated nickel composite/nanocomposite coatings are
employed.

Nickel-based composite coatings are indeed very useful in the automotive industry like
bumpers, exhaust trims, domestic appliances, and tools. They're commonly found in pump bodies,
heat exchangers, alkaline battery cases, and food processing machinery. Since they possess high
specific strength and wear resistance, graphene-based nickel composite coatings are among the
most potential materials. Aside from graphene-based nano composites, composites including
MoS; and BN have good tribological characteristics. TMDs based on selenides like WSe; and
MoSe; are promising candidates as solid lubricants in high temperature applications. Nickel based
nano composite coatings have huge relevance in aviation and aerospace sectors. Their main
applications can be divided into structural components such as fuselages and wings, as well as
moving components such as bearings, gears, and hatch seals [115]. Due to the in-plane mechanical
isotropy of the 2D nanomaterial, two-dimensional nanomaterial-based nickel composite coatings
have the capability to be used as protective and shield materials such as body armour and ambient

armour.
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Figure 1.11. Important industrial applications of electrodeposited nickel/nickel alloy based

composite coatings
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1.8. Scope and objectives of the investigation

Metal-matrix composite functional coatings offer enhanced properties such as wear
resistance, corrosion protection, improved hardness, tunable wettability, catalytic properties, etc,
making them highly valuable across various industries. Their versatility, durability, and potential
for improving performance in extreme conditions ensure their continued importance in sectors like
aerospace, automotive, energy, and manufacturing. As early as the 1970s, Nickel (Ni) was
proposed to be a promising candidate in the area of metal matrix composite coatings due to its
novel blend of properties and attributes. Electrodeposition is a “bottom-up”, “single-step” method
for developing composite coatings. Electro-deposition of nickel-based composite coatings is one
of the efficient methods for the modification of material surfaces, which is easy, facile, cost-
effective, and doesn’t require any complex equipment. For a number of applications, electro-
deposited composite coatings are found to be superior to other coatings, such as those resulting
from flame spraying, hard chromium plating, nitriding, CVD, PVD, etc. Another benefit of
adopting electrodeposition technique is the ease with which grain size, coating thickness,
morphology, and crystallographic orientation may be varied by changing the bath compositions
and deposition parameters. Improved properties of typical crystalline nickel produced by
electrodeposition are increased strength and hardness, low density, minimum porosity, feasibility,

and excellent corrosion cum wear resistance.

For nickel composite coatings, different types of materials may be utilized as second-phase
particles like ceramics, carbon nanotubes, diamond, etc. In addition to that, two-dimensional (2D)
layered material fillers such as graphene, boron nitride (BN), molybdenum disulphide (MoSy),
tungsten disulphide (WS), transition metal carbides, selenides, MXenes, and other novel lamellar
2D materials, such as LDH, a-ZrP have been used as potential reinforcements to develop
composite coatings with superior mechanical, tribological and other multifunctional characteristics
[5]. Two-dimensional materials possess remarkable physical, chemical, electronic, and optical
properties compared to existing three-dimensional (3D) materials. 2D materials are a combination
of crystalline atomic chains, where the atoms are firmly linked by covalent bonds within individual
atomic layers and subsequent layers are loosely connected by van der Waals forces, forming a
monolayer structure with high modulus and strength. Higher specific surface area of 2D materials
aids in more effective surface absorption contributing towards improved catalytic activity, and

these materials can form a tribofilm between the surfaces in contact. Highly tunable layered
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structure of these 2D materials can also generate micro-nano roughness essential for
superhydrophobicity. In addition to that, low shear resistance between the nearby atomic layers
permits the easy sliding of these layered atoms. Thus the soft van der Waals forces account for
their outstanding tribological properties and self-lubrication performance superior to that of other

nanomaterials. Out of all the 2D materials for the current investigation,

e BN which belongs to 2D 11 nitrides (MN) in which M is a group I11 metal and N is nitrogen,
e Graphene which comes under Xenes which are made up of single element like carbon,
silicon and phosphorous, and

e WS, & MoS; which are transition metal dichalcogenides are selected

These four different 2D materials were selected to systematically explore and compare the
influence of distinct features of each material on the properties of Ni-based composite coatings.
Each 2D material was chosen based on its unique characteristics, such as catalytic activity, or
lubrication behavior, to address specific functional requirements (mechanical, electrochemical, or

tribological) in a progressive manner.

With this background and supportive evidence from recent studies, the primary objective
of the thesis is to develop multi-functional nickel composite (graphene, BN, and TMDs) coatings

by electrodeposition over mild steel (MS) substrate. The sub-objectives of the research work are:

1. Optimization of electro-deposition parameters such as, bath composition, pH, temperature,

current density, stirring speed, time concentration of the reinforcement particles
2. Detailed corrosion studies of the developed composite coatings

3. Tribological study (coefficient of friction and wear rate) of the coatings

4. Wettability studies of the prepared coatings

5. Study of the catalytic behavior (HER & OER activity) of the coatings

1.9. Methodology

The experimental methodology for the development of Ni composite coated mild steel
includes the pre-treatment and surface activation of the anode (Ni plate) and cathode (mild steel),
preparation of Ni-Watts and Ni-composite bath, optimisation of the deposition parameters such as
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current density, bath composition, concentration of reinforcement particles, temperature, time, pH,

stirring speed, and electroplating of Ni composite coating over MS substrate.

1.9.1. Pre-treatment and surface activation of anode and cathode

All the MS samples (4 cm x 3 cm, purity > 99.5 %) used for coating were ground using
SiC papers ranging from 80 to 1000 grits, followed by degreasing in acetone and distilled water,
ultrasonically cleaned, and dried in the oven. MS samples were further surface activated by dipping
in 0.01M HCI for 10s and 0.1M NaOH for 20s. The anode, Ni plate (7 cm x5cm x 1 cm, 99.7 %
purity) was polished using SiC papers of grit 80 and 100. Both the anode and cathode were further

degreased in acetone and distilled water and finally dried in the oven prior to the deposition.

1.9.2. Preparation of Ni-Watts bath and Ni-composite bath

Nickel sulphate (NiSO4-6H.0, 250 g/l), Nickel chloride (NiCl2-6H20, 45 g/l) and Boric
acid (HsBOs, 40 g/l) were mixed made to a uniform solution (Watts bath). Nickel sulphate is the
main origin of nickel ions. The limiting current density for attaining good quality deposits is
determined by the nickel metal content. Anodic corrosion is provided by nickel chloride thus
increasing the diffusion coefficient of nickel ions allowing a higher limiting current density and
boric acid functions as a pH buffer. HsBOs could also influence the nucleation and grain growth
of Ni electrodeposits in the Watts electrolyte.

Required amount of 2D composite (BN, graphene, TMDs, ~1 um) particles were
thoroughly mixed using a magnetic stirrer and dispersed using an ultrasonicator for 1 hour. These
composite particles were then added to Ni Watts bath, along with surfactants SDS/CTAB and grain
refiner saccharin with proper stirring to avoid agglomeration. The Ni-composite bath was

maintained at a pH of 4-4.5 by adding dilute HCI or ammonia.

1.9.3. Experimental details

Nickel plate and mild steel sample were used as anode and cathode, respectively. A DC
power source (32 V, 6A) was used for all the experiments. Electrodeposition parameters, including
current density (26 A/dm?), temperature (40-70°C), time (5-60 min), and stirring rate (400700

rpm), were varied. The concentration of 2D material reinforcements was also varied in the range
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(1-5) wt%. Initially the experiments to optimize the electrodeposition parameters were carried out
for all the Ni-composite coatings. Eventually Ni-composite coating was coated over the mild steel
substrate at optimized conditions. Finally, the samples were washed and cleaned in distilled water
and dried in the oven prior to further characterizations.

1.10. Characterization Techniques

A variety of techniques including scanning electron microscopy (SEM), energy dispersive
X-ray spectroscopic (EDX) technique, X-ray diffraction (XRD), atomic force microscopy (AFM),
contact angle measurements, micro-hardness measurement, potentiodynamic polarization,
electrochemical impedance spectroscopy (EIS) and wear resistance (pin-on-disc) measurements
are used to study the morphological, electrochemical, physical and mechanical properties of the
developed coating.

The surface morphology and elemental analysis of the developed coatings were examined
using Zeiss EVO 18 cryo-SEM (EDS attached). The phase composition of the samples was studied
using X-ray diffraction (XRD) via Bruker D2 Phaser X-ray diffractometer with Cu-K, radiation
(L= 1.5406 A) in 0-90° range. The Vickers micro-hardness tester (Banbross) was used to measure
hardness of Ni-BN coated mild steel surface under the indentation of 50 gf with 10 s dwell time.
Hardness measurements at ten different locations of the specimen were done and the average value
was taken.

CH Instruments electrochemical workstation (CHIG08E, CH Instruments Inc.) equipped
with standard three-electrode cell was used for electrochemical impedance spectroscopy and
potentiodynamic polarization studies at room temperature in 3.5 wt% NaCl solution. The coated
specimen with 1cm? exposed surface area was used as the working electrode; saturated calomel
and a platinum grid were taken as the reference and counter electrodes respectively. The specimens
were kept in the electrolyte for 20 min prior to the experiment for attaining their stable open circuit
potential (OCP). The potentiodynamic scan was done at a rate of 1 mV/s from —250 mV to +250
mV of the OCP values. The corrosion potential (Ecorr VS. SCE) and corrosion current density (icorr)
of each sample were obtained from the applied potential vs. current Tafel plot. The impedance
measurements were performed using an AC signal with a perturbation of 5 mV at OCP in the

frequency range of 100 kHz - 0.01 Hz. ZsimpWin software fits the generated EIS plots to
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determine the electrochemical parameters. Numerous circuits were examined until the Chi-square

value decreased to less than 9x10* or no further fitting improvement was observed.

Pin on disc wear testing machine (POD, 4.0 Ducom) was used to measure the wear rate
and coefficient of friction under non-lubricated conditions. The measurements were done for Ni
composite coated, pure Ni coated and bare mild steel samples. The pins with 6 mm diameter and
15 mm length were used against EN31 high carbon alloy steel disc. The mild steel pins were coated
with pure Ni and Ni composite. Wear tests were done at a sliding velocity of 0.4 m/s under 2, 3,

4, and 5N standard loads at room temperature for 15 minutes.

33



Chapter 1

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

M. Tvaronavicien¢, J. Baublys, J. Raudelitiniené, D. Jatautaité, Global energy
consumption peculiarities and energy sources: Role of renewables, 2019.
https://doi.org/10.1016/B978-0-12-817688-7.00001-X.

K. Holmberg, A. Erdemir, Influence of tribology on global energy consumption, costs and
emissions, Friction 5 (2017) 263-284. https://doi.org/10.1007/s40544-017-0183-5.

G.W. Crabtree, M.S. Dresselhaus, M. V. Buchanan, The hydrogen economy, Phys. Today
57 (2004) 39-44. https://doi.org/10.1063/1.1878333.

Z. Zhang, H. Dong, Recent development in low friction and wear-resistant coatings and
surfaces for high-Temperature forming tools, Manuf. Rev. 1 (2014).
https://doi.org/10.1051/mfreview/2015001.

G. Barati Darband, M. Aliofkhazraei, S. Khorsand, S. Sokhanvar, A. Kaboli, Science and
Engineering of Superhydrophobic Surfaces: Review of Corrosion Resistance, Chemical
and Mechanical Stability, Arab. J. Chem. 13 (2020) 1763-1802.
https://doi.org/10.1016/j.arabjc.2018.01.013.

X. Li, L. Zhao, J. Yu, X. Liu, X. Zhang, H. Liu, W. Zhou, Water Splitting: From
Electrode to Green Energy System, Nano-Micro Lett. 12 (2020) 1-29.
https://doi.org/10.1007/s40820-020-00469-3.

G.A. DiBari, Chronology of nickel electroplating, Met. Finish. 100 (2002) 34—49.
https://doi.org/10.1016/S0026-0576(02)80244-6.

J. Qin, X. Zhang, K. Umporntheep, V. Auejitthavorn, R. Li, P. Wangyao, Y.
Boonyongmaneerat, S. Limpanart, M. Ma, R. Liu, Electrodeposition and mechanical
properties of Ni-W matrix composite coatings with embedded amorphous boron particles,
Int. J. Electrochem. Sci. 11 (2016) 9529-9541. https://doi.org/10.20964/2016.11.58.

L.P. Bicelli, B. Bozzini, C. Mele, L. D’Urzo, A review of nanostructural aspects of metal
electrodeposition, Int. J. Electrochem. Sci. 3 (2008) 356—-408.

A. Hovestad, L.J.J. Janssen, Electroplating of Metal Matrix Composites by Codeposition
of Suspended Particles, Mod. Asp. Electrochem. (2006) 475-532.
https://doi.org/10.1007/0-387-25838-8 6.

O. Sadiku-Agboola, E.R. Sadiku, O.I. Ojo, O.L. Akanji, O.F. Biotidara, Influence of
Operation parameters on Metal deposition in bright Nickel-plating Process, Port.

34



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Chapter 1

Electrochim. Acta 29 (2011) 91-100. https://doi.org/10.4152/pea.201102091.

A. Juskowiak-Brenska, J. Lapinski, D. Pletcher, F.C. Walsh, Porosity of nickel
electrodeposits on mild steel using electrochemical impedance spectroscopy, Trans. IMF
90 (2012) 156-160. https://doi.org/10.1179/0020296712Z.0000000007.

F.C. Walsh, C. Ponce De Leon, A review of the electrodeposition of metal matrix
composite coatings by inclusion of particles in a metal layer: An established and
diversifying technology, Trans. Inst. Met. Finish. 92 (2014) 83-98.
https://doi.org/10.1179/00202967132.000000000161.

C.T.J. Low, R.G.A. Wills, F.C. Walsh, Electrodeposition of composite coatings
containing nanoparticles in a metal deposit, Surf. Coatings Technol. 201 (2006) 371-383.
https://doi.org/10.1016/j.surfcoat.2005.11.123.

N. Guglielmi, Kinetics of the Deposition of Inert Particles from Electrolytic Baths, J.
Electrochem. Soc. 119 (1972) 1009. https://doi.org/10.1149/1.2404383.

J.P. Celis, J.R. Roos, C. Buelens, A Mathematical Model for the Electrolytic Codeposition
of Particles with a Metallic Matrix, J. Electrochem. Soc. 134 (1987) 1402-1408.
https://doi.org/10.1149/1.2100680.

J. Fransaer, J.P. Celis, J.R. Roos, Analysis of the Electrolytic Codeposition of Non-
Brownian Particles with Metals, J. Electrochem. Soc. 139 (1992) 413-425.
https://doi.org/10.1149/1.2069233.

B.J. Hwang, C.S. Hwang, Mechanism of Codeposition of Silicon Carbide with
Electrolytic Cobalt, J. Electrochem. Soc. 140 (1993) 979-984.
https://doi.org/10.1149/1.2056239.

P.M. Vereecken, I. Shao, P.C. Searson, Particle Codeposition in Nanocomposite Films, J.
Electrochem. Soc. 147 (2000) 2572. https://doi.org/10.1149/1.1393570.

P. Bercot, E. Pefia-Mufioz, J. Pagetti, Electrolytic composite Ni-PTFE coatings: an
adaptation of Guglielmi’s model for the phenomena of incorporation, Surf. Coatings
Technol. 157 (2002) 282-289. https://doi.org/10.1016/S0257-8972(02)00180-9.

N.M. Schneider, J.H. Park, J.M. Grogan, D.A. Steingart, H.H. Bau, F.M. Ross, Nanoscale
evolution of interface morphology during electrodeposition, Nat. Commun. 8 (2017) 1-10.
https://doi.org/10.1038/s41467-017-02364-9.

F.C. Walsh, C.P. de Leon, A review of the electrodeposition of metal matrix composite

35



Chapter 1

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

coatings by inclusion of particles in a metal layer: an established and diversifying
technology, Trans. IMF 92 (2014) 83-98.
https://doi.org/10.1179/0020296713Z.000000000161.

H. Mahdi, K. Salloomi, H. Husam, Improvement of Microhardness and Corrosion
Resistance of Stainless Steel by Nanocomposite Coating, Al-Khawarizmi Eng. J. 10
(2014) 1-10.

M.S. Hussain, Synthesis of bulk nanostructured materials by high speed turbulent flow-a
method of electrodepositing nanocrystalline nickel, Elsevier Inc., 2018.
https://doi.org/10.1016/B978-0-12-812792-6.00003-0.

Y.H. Ahmad, A.M.A. Mohamed, Electrodeposition of nanostructured Nickel-Ceramic
composite coatings: A review, Int. J. Electrochem. Sci. 9 (2014) 1942-1963.

Z.Ji, L. Zhang, G. Xie, W. Xu, D. Guo, J. Luo, B. Prakash, Mechanical and tribological
properties of nanocomposites incorporated with two-dimensional materials, Friction 8
(2020) 813-846. https://doi.org/10.1007/s40544-020-0401-4.

W. Chen, T. Yang, L.L. Dong, A. Elmasry, J. Song, N. Deng, A. Elmarakbi, X. Liu, H.
Lv, Y. Fu, Advances in graphene reinforced metal matrix nanocomposites: Mechanisms,
processing, modelling, properties and applications, Nanotechnol. Precis. Eng. 3 (2020)
189-210. https://doi.org/10.1016/j.npe.2020.12.003.

A. Nieto, A. Bisht, D. Lahiri, C. Zhang, A. Agarwal, Graphene reinforced metal and
ceramic matrix composites: a review, Int. Mater. Rev. 62 (2017) 241-302.
https://doi.org/10.1080/09506608.2016.1219481.

Y. Kim, J. Lee, M.S. Yeom, J.W. Shin, H. Kim, Y. Cui, J.W. Kysar, J. Hone, Y. Jung, S.
Jeon, S.M. Han, Strengthening effect of single-atomic-layer graphene in metal-graphene
nanolayered composites, Nat. Commun. 4 (2013). https://doi.org/10.1038/ncomms3114.
S. Kumari, A. Panigrahi, S.K. Singh, S.K. Pradhan, Corrosion-Resistant Hydrophobic
Nanostructured Ni-Reduced Graphene Oxide Composite Coating with Improved
Mechanical Properties, J. Mater. Eng. Perform. 27 (2018) 5889-5897.
https://doi.org/10.1007/s11665-018-3706-y.

V.H. Pham, T. Gebre, J.H. Dickerson, Facile electrodeposition of reduced graphene oxide
hydrogels for high-performance supercapacitors, Nanoscale 7 (2015) 5947-5950.
https://doi.org/10.1039/c4nr07508k.

36



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Chapter 1

T. Magne, T. de Oliveira, L. Alencar, F. Junior, S. Gemini-Piperni, S. Carneiro, L. Dutra,
R. Freire, K. Golokhvast, P. Metrangolo, P. Fechine, R. Santos-Oliveira, Graphene and its
derivatives: understanding the main chemical and medicinal chemistry roles for
biomedical applications, J. Nanostructure Chem. (2021). https://doi.org/10.1007/s40097-
021-00444-3.

A.K. Hussain, U.M.B. Al Naib, Recent developments in graphene based metal matrix
composite coatings for corrosion protection application: A review, J. Met. Mater. Miner.
29 (2019) 1-9. https://doi.org/10.14456/jmmm.2019.27.

A. Ambrosi, M. Pumera, The structural stability of graphene anticorrosion coating
materials is compromised at low potentials, Chem. - A Eur. J. 21 (2015) 7896-7901.
https://doi.org/10.1002/chem.201406238.

A.T. Dideikin, A.Y. Vul’, Graphene oxide and derivatives: The place in graphene family,
Front. Phys. 6 (2019). https://doi.org/10.3389/fphy.2018.00149.

A.T. Smith, A.M. LaChance, S. Zeng, B. Liu, L. Sun, Synthesis, properties, and
applications of graphene oxide/reduced graphene oxide and their nanocomposites, Nano
Mater. Sci. 1 (2019) 31-47. https://doi.org/10.1016/j.nanoms.2019.02.004.

D. Golberg, Y. Bando, Y. Huang, Z. Xu, X. Wei, L. Bourgeois, M.-S. Wang, H. Zeng, J.
Lin, C. Zhi, Recent Advances in Boron Nitride Nanotubes and Nanosheets, Isr. J. Chem.
50 (2010) 405-416. https://doi.org/10.1002/ijch.201000049.

G. Gyawali, R. Adhikari, H.S. Kim, H.-B. Cho, S.W. Lee, Effect of h-BN Nanosheets
Codeposition on Electrochemical Corrosion Behavior of Electrodeposited Nickel
Composite Coatings, ECS Electrochem. Lett. 2 (2012) C7-C10.
https://doi.org/10.1149/2.003303eel.

Y.K. Zhang, J.L. Li, D.S. Xiong, Y. Qin, Influence of boron nitride on tribological
behavior of nickel-base composite coatings at high temperature, Mater. Sci. Forum 686
(2011) 711-715. https://doi.org/10.4028/www.scientific.net/MSF.686.711.

V. Sorkin, H. Pan, H. Shi, S.Y. Quek, Y.W. Zhang, Nanoscale transition metal
dichalcogenides: Structures, properties, and applications, Crit. Rev. Solid State Mater. Sci.
39 (2014) 319-367. https://doi.org/10.1080/10408436.2013.863176.

S. Manzeli, D. Ovchinnikov, D. Pasquier, O. V. Yazyev, A. Kis, 2D transition metal
dichalcogenides, Nat. Rev. Mater. 2 (2017). https://doi.org/10.1038/natrevmats.2017.33.

37



Chapter 1

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]
[50]

[51]

[52]

[53]

A. Gracco, M. Dandrea, F. Deflorian, C. Zanella, A. De Stefani, G. Bruno, E. Stellini,
Application of a molybdenum and tungsten disulfide coating to improve tribological
properties of orthodontic archwires, Nanomaterials 9 (2019) 1-10.
https://doi.org/10.3390/nan09050753.

J.R. Lince, Effective Application of Solid Lubricants in Spacecraft Mechanisms,
Lubricants 8 (2020). https://doi.org/10.3390/lubricants8070074.

A. Joseph, M. Narayanasamy, B. Kirubasankar, S. Angaiah, Development of MoS
Nanosheets Embedded Nickel Composite Coating and its Mechanical 2 Properties, ES
Mater. Manuf. (2018) 2-8. https://doi.org/10.30919/esmm5f152.

W. Zhang, P. Zhang, Z. Su, G. Wei, Synthesis and sensor applications of MoS2-based
nanocomposites, Nanoscale 7 (2015) 18364-18378. https://doi.org/10.1039/c5nr06121Kk.
S. Xu, X. Gao, M. Hu, J. Sun, D. Jiang, F. Zhou, W. Liu, L. Weng, Nanostructured WS2—
Ni composite films for improved oxidation, resistance and tribological performance, Appl.
Surf. Sci. 288 (2014) 15-25. https://doi.org/10.1016/j.apsusc.2013.09.024.

U.S. Mohanty, B.C. Tripathy, P. Singh, A. Keshavarz, S. Iglauer, Roles of organic and
inorganic additives on the surface quality, morphology, and polarization behavior during
nickel electrodeposition from various baths: a review, J. Appl. Electrochem. 49 (2019)
847-870. https://doi.org/10.1007/s10800-019-01335-w.

C. Davalos, J. Lopez, H. Ruiz, A. Méndez-Albores, R. Antafio-Ldpez, G. Trejo, Study of
the Role of Boric Acid During the Electrochemical Deposition of Ni in a Sulfamate Bath,
Int. J. Electrochem. Sci. 8 (2013) 9785-9800.

N. Watt, Nickel plating bath, (2014) 64-67.

D. Sobha Jayakrishnan, Electrodeposition: the versatile technique for nanomaterials,
Woodhead Publishing Limited, 2012. https://doi.org/10.1533/9780857095800.1.86.

Y.D. Gamburg, G. Zangari, Theory and Practice of Metal Electrodeposition, Springer
New York, New York, NY, 2011. https://doi.org/10.1007/978-1-4419-9669-5.

C. Breitkopf, K. Swider-Lyons, Modern Electrochemistry, in: Springer Handb.
Electrochem. Energy, Springer Berlin Heidelberg, Berlin, Heidelberg, 2017: pp. 11-30.
https://doi.org/10.1007/978-3-662-46657-5_2.

S. Awasthi, S.K. Pandey, C.P. Pandey, K. Balani, Progress in Electrochemical and
Electrophoretic Deposition of Nickel with Carbonaceous Allotropes: A Review, Adv.

38



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Chapter 1

Mater. Interfaces 7 (2020) 1-33. https://doi.org/10.1002/admi.201901096.

A. Radisic, P.M. Vereecken, J.B. Hannon, P.C. Searson, F.M. Ross, Quantifying
Electrochemical Nucleation and Growth of Nanoscale Clusters Using Real-Time Kinetic
Data, Nano Lett. 6 (2006) 238—242. https://doi.org/10.1021/nl052175i.

B. Li, D. Li, T. Mei, W. Xia, W. Zhang, Fabrication and characterization of boron nitride
reinforced Ni-W nanocomposite coating by electrodeposition, J. Alloys Compd. 777
(2019) 1234-1244. https://doi.org/10.1016/j.jallcom.2018.11.081.

A. Laszczynska, J. Winiarski, B. Szczygiet, 1. Szczygiel, Electrodeposition and
characterization of Ni-Mo-ZrO 2 composite coatings, Appl. Surf. Sci. 369 (2016) 224—
231. https://doi.org/10.1016/j.apsusc.2016.02.086.

Y. He, W.T. Sun, S.C. Wang, P.A.S. Reed, F.C. Walsh, An electrodeposited Ni-P-WS2
coating with combined super-hydrophobicity and self-lubricating properties, Electrochim.
Acta 245 (2017) 872-882. https://doi.org/10.1016/j.electacta.2017.05.166.

X.ZHOU, Y. SHEN, H. JIN, Y. ZHENG, Microstructure and depositional mechanism of
Ni—P coatings with nano-ceria particles by pulse electrodeposition, Trans. Nonferrous
Met. Soc. China 22 (2012) 1981-1988. https://doi.org/10.1016/S1003-6326(11)61417-9.
Y. He, S.C. Wang, F.C. Walsh, Y.-L. Chiu, P.A.S. Reed, Self-lubricating Ni-P-Mo0S2
composite coatings, Surf. Coatings Technol. 307 (2016) 926-934.
https://doi.org/10.1016/j.surfcoat.2016.09.078.

M.K. Tripathi, D.K. Singh, V.B. Singh, Electrodeposition of Ni-Fe/Bn nano-composite
coatings from a non-aqueous bath and their characterization, Int. J. Electrochem. Sci. 8
(2013) 3454-3471.

W. Wang, F.-Y. Hou, H. Wang, H.-T. Guo, Fabrication and characterization of Ni—ZrO 2
composite nano-coatings by pulse electrodeposition, Scr. Mater. - Scr. MATER 53 (2005)
613-618. https://doi.org/10.1016/j.scriptamat.2005.04.002.

L. Feng, Y.Y. Ren, Y.H. Zhang, S. Wang, L. Li, Direct correlations among the grain size,
texture, and indentation behavior of nanocrystalline nickel coatings, Metals (Basel). 9
(2019). https://doi.org/10.3390/met9020188.

G.N.K. Ramesh Bapu, Electrocodeposition and characterization of nickel-titanium carbide
composites, Surf. Coatings Technol. 67 (1994) 105-110.
https://doi.org/https://doi.org/10.1016/S0257-8972(05)80033-7.

39



Chapter 1

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

S. Sangeetha, G.P. Kalaignan, Tribological and electrochemical corrosion behavior of Ni—
W/BN (hexagonal) nano-composite coatings, Ceram. Int. 41 (2015) 10415-10424.
https://doi.org/10.1016/j.ceramint.2015.04.089.

S. Paydar, A. Jafari, M.E. Bahrololoom, V. Mozafari, Enhancing Ni electroplated matrix
through mixed boron nitride—carbide reinforcement, Vacuum 92 (2013) 52-57.
https://doi.org/10.1016/j.vacuum.2012.10.014.

M.F. Cardinal, P.A. Castro, J. Baxi, H. Liang, F.J. Williams, Characterization and
frictional behavior of nanostructured Ni-W-MoS2 composite coatings, Surf. Coatings
Technol. 204 (2009) 85-90. https://doi.org/10.1016/j.surfcoat.2009.06.037.

S.M.J.S. Shourije, M.E. Bahrololoom, Effect of current density, MoS 2 content and bath
agitation on tribological properties of electrodeposited nanostructured Ni-MoS 2
composite coatings, Tribol. - Mater. Surfaces Interfaces 13 (2019) 76-87.
https://doi.org/10.1080/17515831.2019.1589160.

E. Garcia-Lecina, I. Garcia-Urrutia, J.A. Diez, J. Fornell, E. Pellicer, J. Sort, Codeposition
of inorganic fullerene-like WS2 nanoparticles in an electrodeposited nickel matrix under
the influence of ultrasonic agitation, Electrochim. Acta 114 (2013) 859-867.
https://doi.org/10.1016/j.electacta.2013.04.088.

J. Sort, J. Nogués, S. Surifiach, M.D. Bar0, Microstructural aspects of the hcp-fcc
allotropic phase transformation induced in cobalt by ball milling, Philos. Mag. 83 (2003)
439-455. https://doi.org/10.1080/0141861021000047159.

W. Jiang, L. Shen, M. Qiu, M. Xu, Z. Tian, Microhardness, wear, and corrosion resistance
of Ni-SiC composite coating with magnetic-field-assisted jet electrodeposition, Mater.
Res. Express 5 (2018) 096407. https://doi.org/10.1088/2053-1591/aad72c.

Y.B. Zeng, N.S. Qu, X.Y. Hu, Preparation and characterization of electrodeposited Ni-
Ce02 nanocomposite coatings with high current density, Int. J. Electrochem. Sci. 9 (2014)
8145-8154.

S.T. Aruna, C.N. Bindu, V. Ezhil Selvi, V.K. William Grips, K.S. Rajam, Synthesis and
properties of electrodeposited Ni/ceria nanocomposite coatings, Surf. Coatings Technol.
200 (2006) 6871-6880. https://doi.org/10.1016/j.surfcoat.2005.10.035.

M. Raja, G.N.K. Ramesh Bapu, J. Maharaja, R. Sekar, Electrodeposition and
characterisation of Ni—TiC nanocomposite using Watts bath, Surf. Eng. 30 (2014) 697—

40



[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

Chapter 1

701. https://doi.org/10.1179/1743294414Y .0000000265.

I. Birlik, N.F. Ak Azem, M. Toparli, E. Celik, T. Koc Delice, S. Yildirim, O.
Bardakcioglu, T. Dikici, Preparation and Characterization of Ni-TiO2 Nanocomposite
Coatings Produced by Electrodeposition Technique, Front. Mater. 3 (2016).
https://doi.org/10.3389/fmats.2016.00046.

B. KUCHARSKA, A. BROJANOWSKA, K. POPLAWSKI, J.R. SOBIECKI, Corrosion
Resistance of Ni/AI203 Nanocomposite Coatings, Mater. Sci. 22 (2016).
https://doi.org/10.5755/j01.ms.22.1.7407.

R. Sukanya, T.N. Barwa, Y. Luo, E. Dempsey, C.B. Breslin, Emerging Layered Materials
and Their Applications in the Corrosion Protection of Metals and Alloys, Sustainability 14
(2022). https://doi.org/10.3390/su14074079.

S. Kim, A comparison of the corrosion behaviour of polycrystalline and nanocrystalline
cobalt, Scr. Mater. 48 (2003) 1379-1384. https://doi.org/10.1016/S1359-6462(02)00651-
6.

G. Yasin, M. Arif, M.N. Nizam, M. Shakeel, M.A. Khan, W.Q. Khan, T.M. Hassan, Z.
Abbas, I. Farahbakhsh, Y. Zuo, Effect of surfactant concentration in electrolyte on the
fabrication and properties of nickel-graphene nanocomposite coating synthesized by
electrochemical co-deposition, RSC Adv. 8 (2018) 20039-20047.
https://doi.org/10.1039/C7RA13651J.

Z. Bai, B. Zhang, Fabrication of superhydrophobic reduced-graphene oxide/nickel coating
with mechanical durability, self-cleaning and anticorrosion performance, Nano Mater. Sci.
2 (2020) 151-158. https://doi.org/10.1016/j.nanoms.2019.05.001.

G. Zhao, Y. Xue, Y. Huang, Y. Ye, F.C. Walsh, J. Chen, S. Wang, One-step
electrodeposition of a self-cleaning and corrosion resistant Ni/WS 2 superhydrophobic
surface, RSC Adv. 6 (2016) 59104-59112. https://doi.org/10.1039/C6RA07899K.

C.M.P. Kumar, T.V. Venkatesha, R. Shabadi, Preparation and corrosion behavior of Ni
and Ni—graphene composite coatings, Mater. Res. Bull. 48 (2013) 1477-1483.
https://doi.org/10.1016/j.materresbull.2012.12.064.

G. Yasin, M. Arif, M. Shakeel, Y. Dun, Y. Zuo, W.Q. Khan, Y. Tang, A. Khan, M.
Nadeem, Exploring the Nickel-Graphene Nanocomposite Coatings for Superior Corrosion

Resistance: Manipulating the Effect of Deposition Current Density on its Morphology,

41



Chapter 1

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

Mechanical Properties, and Erosion-Corrosion Performance, Adv. Eng. Mater. 20 (2018)
1701166. https://doi.org/10.1002/adem.201701166.

M.Y. Rekha, C. Srivastava, High corrosion resistance of metal-graphene oxide-metal
multilayer coatings, Philos. Mag. 100 (2020) 18-31.
https://doi.org/10.1080/14786435.2019.1663375.

S. ArunKumar, V. Jegathish, R. Soundharya, M. JesyAlka, C. Arul, S. Sathyanarayanan,
S. Mayavan, Evaluating the performance of MoS2 based materials for corrosion
protection of mild steel in an aggressive chloride environment, RSC Adv. 7 (2017)
17332-17335. https://doi.org/10.1039/c7ra01372h.

D. Zhang, L. Wang, H. Qian, X. Li, Superhydrophobic surfaces for corrosion protection: a
review of recent progresses and future directions, J. Coatings Technol. Res. 13 (2016) 11—
29. https://doi.org/10.1007/s11998-015-9744-6.

K. Sayfidinov, S.D. Cezan, B. Baytekin, H.T. Baytekin, Minimizing friction, wear, and
energy losses by eliminating contact charging, Sci. Adv. 4 (2018).

J. Chen, J. Li, D. Xiong, Y. He, Y. Ji, Y. Qin, Preparation and tribological behavior of Ni-
graphene composite coating under room temperature, Appl. Surf. Sci. 361 (2016) 49-56.
https://doi.org/10.1016/j.apsusc.2015.11.094.

S. Singh, S. Samanta, A.K. Das, R.R. Sahoo, Tribological investigation of Ni-graphene
oxide composite coating produced by pulsed electrodeposition, Surfaces and Interfaces 12
(2018) 61-70. https://doi.org/https://doi.org/10.1016/j.surfin.2018.05.001.

E.S. Guler, E. Konca, I. Karakaya, Investigation of the tribological behaviour of
electrocodeposited Ni-MoS2 composite coatings, Int. J. Surf. Sci. Eng. 11 (2017) 418.

D. Roy, A.K. Das, R. Saini, P.K. Singh, P. Kumar, M. Hussain, A. Mandal, A.R. Dixit,
Pulse current co-deposition of Ni-WS 2 nano-composite film for solid lubrication, Mater.
Manuf. Process. 32 (2017) 365-372. https://doi.org/10.1080/10426914.2016.1198011.

L. Xiang, Q. Shen, Y. Zhang, W. Bai, C. Nie, One-step electrodeposited Ni-graphene
composite coating with excellent tribological properties, Surf. Coatings Technol. 373
(2019) 38-46. https://doi.org/10.1016/j.surfcoat.2019.05.074.

A. Siddaiah, P. Kumar, A. Henderson, M. Misra, P.L. Menezes, Surface Energy and
Tribology of Electrodeposited Ni and Ni—Graphene Coatings on Steel, Lubricants 7
(2019). https://doi.org/10.3390/lubricants7100087.

42



[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

Chapter 1

H. Algul, M. Tokur, S. Ozcan, M. Uysal, T. Cetinkaya, H. Akbulut, A. Alp, The effect of
graphene content and sliding speed on the wear mechanism of nickel-graphene
nanocomposites, Appl. Surf. Sci. 359 (2015) 340-348.
https://doi.org/10.1016/j.apsusc.2015.10.139.

I. Tudela, Y. Zhang, M. Pal, I. Kerr, A.J. Cobley, Ultrasound-assisted electrodeposition of
thin nickel-based composite coatings with lubricant particles, Surf. Coatings Technol. 276
(2015) 89-105. https://doi.org/10.1016/j.surfcoat.2015.06.030.

S. Dominguez-Meister, T.C. Rojas, M. Brizuela, J.C. Sanchez-Lbpez, Solid lubricant
behavior of M0S2 and WSe2-based nanocomposite coatings, Sci. Technol. Adv. Mater. 18
(2017) 122-133. https://doi.org/10.1080/14686996.2016.1275784.

J.H. Lee, D.H. Cho, B.H. Park, J.S. Choi, Nanotribology of 2D materials and their
macroscopic applications, J. Phys. D. Appl. Phys. 53 (2020). https://doi.org/10.1088/1361-
6463/ab9670.

L. Liu, M. Zhou, L. Jin, L. Li, Y. Mo, G. Su, X. Li, H. Zhu, Y. Tian, Recent advances in
friction and lubrication of graphene and other 2D materials: Mechanisms and applications,
Friction 7 (2019) 199-216. https://doi.org/10.1007/s40544-019-0268-4.

J. Sun, S. Du, Application of graphene derivatives and their nanocomposites in tribology
and lubrication: A review, RSC Adv. 9 (2019) 40642-40661.
https://doi.org/10.1039/c9ra05679c.

S. Cui, W.S. Li, L. He, L. Feng, G.S. An, W. Hu, C.X. Hu, Tribological behavior of a Ni-
WS2 composite coating across wide temperature ranges, Rare Met. 38 (2019) 1078-1085.
https://doi.org/10.1007/s12598-018-1152-5.

Z. Xu, Q. Zhang, X. Shi, W. Zhai, K. Yang, Tribological Properties of TiAl Matrix Self-
Lubricating Composites Containing Multilayer Graphene and Ti3SiC2 at High
Temperatures, Tribol. Trans. 58 (2015) 1131-1141.
https://doi.org/10.1080/10402004.2015.1046007.

T. Thana, KarunaTuchinda, Study of the effect of MoS2 and PTFE based coatings on
adhesive wear of stainless steel, Appl. Mech. Mater. 302 (2013) 216-222.
https://doi.org/10.4028/www.scientific.net/ AMM.302.216.

Y. Jia, L. Chen, X. Feng, H. Zhou, J. Chen, Tribological behavior of molybdenum

disulfide bonded solid lubricating coatings cured with organosiloxane-modified phosphate

43



Chapter 1

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

binder, RSC Adv. 5 (2015) 69606-69615. https://doi.org/10.1039/c5ra08727a.

N. Zhou, S. Wang, F.C. Walsh, Effective particle dispersion via high-shear mixing of the
electrolyte for electroplating a nickel-molybdenum disulphide composite, Electrochim.
Acta 283 (2018) 568-577. https://doi.org/10.1016/j.electacta.2018.06.187.

I. Tudela, A.J. Cobley, Y. Zhang, Tribological performance of novel nickel-based
composite coatings with lubricant particles, Friction 7 (2019) 169-180.
https://doi.org/10.1007/s40544-018-0211-0.

S. Khorsand, K. Raeissi, F. Ashrafizadeh, Corrosion resistance and long-term durability of
super-hydrophobic nickel film prepared by electrodeposition process, Appl. Surf. Sci. 305
(2014) 498-505. https://doi.org/10.1016/j.apsusc.2014.03.123.

T. Hang, A. Hu, H. Ling, M. Li, D. Mao, Super-hydrophobic nickel films with micro-nano
hierarchical structure prepared by electrodeposition, Appl. Surf. Sci. 256 (2010) 2400—
2404, https://doi.org/10.1016/j.apsusc.2009.10.074.

A.B.D. Cassie, S. Baxter, Wettability of porous surfaces, Trans. Faraday Soc. 40 (1944)
546-551. https://doi.org/10.1039/TF9444000546.

C. Gu, J. Tu, One-Step Fabrication of Nanostructured Ni Film with Lotus Effect from
Deep Eutectic Solvent, Langmuir 27 (2011) 10132-10140.
https://doi.org/10.1021/1a200778a.

M.J. Nine, M.A. Cole, L. Johnson, D.N.H. Tran, D. Losic, Robust Superhydrophobic
Graphene-Based Composite Coatings with Self-Cleaning and Corrosion Barrier
Properties, ACS Appl. Mater. \& Interfaces 7 (2015) 28482-28493.
https://doi.org/10.1021/acsami.5b09611.

N. Xu, D.K. Sarkar, X.G. Chen, W.P. Tong, Corrosion performance of superhydrophobic
nickel stearate/nickel hydroxide thin films on aluminum alloy by a simple one-step
electrodeposition process, Surf. Coatings Technol. 302 (2016) 173-184.
https://doi.org/10.1016/j.surfcoat.2016.05.050.

J. Zhou, G. Zhao, J. Li, J. Chen, S. Zhang, J. Wang, F.C. Walsh, S. Wang, Y. Xue,
Electroplating of non-fluorinated superhydrophobic Ni/WC/WS2 composite coatings with
high abrasive resistance, Appl. Surf. Sci. 487 (2019) 1329-1340.
https://doi.org/10.1016/j.apsusc.2019.05.244.

Z. Angeles-Olvera, A. Crespo-Yapur, O. Rodriguez, J. Cholula-Diaz, L. Martinez, M.

44



[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

Chapter 1

Videa, Nickel-Based Electrocatalysts for Water Electrolysis, Energies 15 (2022) 16009.
https://doi.org/10.3390/en150516009.

A. Kumar, S. Bhattacharyya, Porous NiFe-Oxide Nanocubes as Bifunctional
Electrocatalysts for Efficient Water-Splitting, ACS Appl. Mater. Interfaces 9 (2017)
41906-41915. https://doi.org/10.1021/acsami.7b14096.

Z. Wu, X. Li, W. Liu, Y. Zhong, Q. Gan, X. Li, H. Wang, Materials Chemistry of Iron
Phosphosulfide Nanoparticles: Synthesis, Solid State Chemistry, Surface Structure, and
Electrocatalysis for the Hydrogen Evolution Reaction, ACS Catal. 7 (2017) 4026-4032.
https://doi.org/10.1021/acscatal.7b00466.

Y. Xiao, P. Yao, K. Fan, H. Zhou, M. Deng, Z. Jin, Powder metallurgy processed metal-
matrix friction materials for space applications, Friction 6 (2018) 219-229.
https://doi.org/10.1007/s40544-017-0171-9.

P. Nguyen-Tri, T.A. Nguyen, P. Carriere, C. Ngo Xuan, Nanocomposite Coatings:
Preparation, Characterization, Properties, and Applications, Int. J. Corros. 2018 (2018) 1-
19. https://doi.org/10.1155/2018/4749501.

E. Omrani, A.D. Moghadam, P.L. Menezes, P.K. Rohatgi, Influences of graphite
reinforcement on the tribological properties of self-lubricating aluminum matrix
composites for green tribology, sustainability, and energy efficiency—a review, Int. J.
Adv. Manuf. Technol. 83 (2016) 325-346. https://doi.org/10.1007/s00170-015-7528-x.
R. Orinakova, A. Turoniova, D. Kladekova, M. Galov4, R.M. Smith, Recent developments
in the electrodeposition of nickel and some nickel-based alloys, J. Appl. Electrochem. 36
(2006) 957-972. https://doi.org/10.1007/s10800-006-9162-7.

M.A.M. lbrahim, R.M. Al Radadi, Role of glycine as a complexing agent in nickel
electrodeposition from acidic sulphate bath, Int. J. Electrochem. Sci. 10 (2015) 4946
4971.

J.K. Luo, M. Pritschow, A.J. Flewitt, S.M. Spearing, N.A. Fleck, W.I. Milne, Effects of
Process Conditions on Properties of Electroplated Ni Thin Films for Microsystem
Applications, J. Electrochem. Soc. 153 (2006) D155. https://doi.org/10.1149/1.2223302.

45



Chapter 1

46



Chapter 2
Effect of grain refinement on microhardness, wear,
and corrosion resistance of electroplated Ni-BN

composite coatings

Abstract

Ni/h-BN composite coatings were successfully electrodeposited over mild steel substrate
by dispersing 3wt% submicron h-BN powder in Ni Watts bath. The effect of saccharin addition
(0-5 g/l) on the average crystallite size of the deposits was investigated by XRD. The results
showed that the average crystallite size decreased, as the saccharin concentration increased from
0 to 5 g/lI, while further increase in saccharin concentration had no significant effect. Compared to
pure Ni coatings, Ni-BN composite coatings exhibited increased microhardness, and improved
wear resistance. Potentiodynamic polarization curves and EIS impedance studies carried out in 3.5
wt% NaCl solution have shown that the Ni-BN composite coatings have increased corrosion
resistance compared to both pure Ni coated mild steel and bare mild steel samples, indicating their

potential for engineering applications.

2.1. Introduction

Manufacturing and engineering materials have been subjected to harsh service conditions,
resulting in corrosion, wear and subsequent deterioration. Annually, corrosion and wear-related
economic losses account for billions of dollars [1]. Surface modification is one of the best possible
corrosion and wear prevention technique. Out of all the available surface modification techniques,
metallic coatings are the most suitable, especially for steel structures. These coatings can enhance
the corrosion resistance as well as the mechanical properties. In comparison with pure metallic
coatings, composite coatings provide improved surface protection and better tribological

characteristics as they integrate the beneficial properties of multiple materials [2]. By improving
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hardness, reducing friction, and providing corrosion protection, these metallic composite coatings

significantly extend the service life and reliability of components in harsh operating conditions.

Electrodeposition of composite coatings containing secondary particles in the metal matrix
has drawn considerable interest in recent years due to the enhanced mechanical, tribological, and
electrochemical properties of the composite coatings over pure metal electrodeposits [3]. The
versatility of electrodeposition, along with its ability to tailor properties of the coating for specific
applications, makes it an indispensable technology for a wide range of industries especially

requiring durable and high-performance materials.

Nickel-based coatings have gained popularity due to the special characteristics of Ni, like
excellent mechanical properties and non-hazardous nature so they can be used to replace
carcinogenic chromium coatings [4]. To improve the properties of coatings, second-phase
particles, including hard or soft nanoparticles (oxides, carbides, nitrides, solid lubricants) or
polymers, are incorporated into the Ni matrix, resulting in nickel composite coatings. The particles
are selected according to the nature and characteristics of the desired composite coating. Among
these, hexagonal boron nitride (h-BN) is an ideal second-phase particle with excellent
characteristics, including chemical inertness, high thermal and chemical stability, anti-wear, and
lubricating properties [5]. Being a layered material with low coefficient of friction, it is also a
perfect alternative to other solid lubricants used in engine parts as self-lubricating and high wear-

resistance materials for high-performance applications.

In recent years electrodeposited Ni-BN composite coatings have gained significant
attention due to their superior mechanical, tribological, and corrosion-resistant properties. Demir
etal. [6] incorporated h-BN into Ni-Cr coatings deposited over AIS1 1040 steel with concentrations
ranging from 5 to 30 g/l using electrodepositon method. The effect of hBN additions on
microstructure, nano indentation response, wear and corrosion resistance were studied. The effect
of surfactant concentration on Ni-B/BN composite coatings developed by electrodeposition was
studied by Tozar et al. [7]. Tripathi et al. [8] developed Ni-Fe/BN nano-composite coatings via
electrodeposition from additive free nickel sulfamate-ferrous sulphate electrolytes. While Ni-BN
composite coatings are well-established for their lubricating properties [8] and ability to withstand
harsh environments, their performance can be further optimized through microstructural

modifications, such as grain refinement.
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Grain refinement which involves reduction in the average grain size of the electrodeposited
material results in the improvement of physical and mechanical properties of coatings [9].
According to the Hall-Petch relationship [10], smaller grains can enhance the strength, hardness,
and wear resistance of metallic coatings by restricting dislocation movement. In addition, grain
refinement may lead to a more homogeneous distribution of reinforcing particles (in this case,
BN), resulting in more uniform properties across the coating surface [11]. Saccharin, an organic
additive plays a significant role in improving the quality of electrodeposited nickel composite
coatings by refining the grain structure, enhancing the mechanical properties, and providing better
wear and corrosion resistance [12]. However, the interplay between grain size, the distribution of
BN particles, and overall performance of Ni-BN composite coatings remains an area of active
research. While several studies have focused on the individual effects of BN incorporation and
electrodeposition parameters, limited research has systematically explored the effect of grain

refinement on the microhardness, wear behavior, and corrosion resistance of Ni-BN coatings.

This study aims to fill this gap by investigating the influence of grain refinement on the
mechanical, tribological and electrochemical properties of electroplated Ni-BN composite
coatings. The primary objectives are to evaluate how varying the grain size affects microhardness,
wear resistance, and corrosion resistance, and to explore the underlying mechanisms responsible
for these changes. Hard Ni-BN composite coatings tailored for industrial applications requiring
enhanced durability and longevity will be developed as part of this study.

2.2. Materials & Methods
2.2.1. Materials

Nickel sulphate (NiSO4-6H20, 98%), Nickel chloride (NiClz-6H20, 98%), Boric acid
(H3BO3,99.5%) and Sodium chloride (NaCl, 98%) were purchased from Merck. Sodium dodecyl
sulphate (SDS, 99%) and Saccharin (C7HsNOsS, 99.5%) were obtained from Alfa Aesar.
Hexagonal boron nitride particles (h-BN, 98%, ~1 um) were supplied by Sigma-Aldrich. All the

chemicals were of analytical grade and used without further purification.
2.2.2. Coating Preparation

Ni—h/BN composite coatings were deposited on mild steel substrates from Ni Watts bath
containing NiSO4-:6H20 (250 g/l), NiCl2-6H20 (45 g/l), and H3BO3 (40 g/l). Hexagonal boron
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nitride particles were dispersed in the Watts bath along with surfactant SDS (0.5 g/l) and grain
refiner saccharin (3 g/l) (Table 2.1). The Ni-BN bath was kept at a pH of 4-4.5. Hexagonal BN

particles were dispersed using an ultrasonicator for 30 min.

Nickel plate (7 cm x 5 cm x 1 cm, 99.7 % purity) and mild steel substrate (MS) (4 cm x 3
cm x 1 cm purity > 99.5 %) were used as anode and cathode, respectively. All the mild steel
samples used for coating were ground using SiC papers ranging from 80 to 1000 grits, followed
by degreasing in acetone and distilled water, ultrasonically cleaned, and dried in the oven. MS
samples were further surface activated by dipping in 0.01M HCI and 0.1M NaOH. The anode, Ni
plate was polished using SiC papers of grit 80 and 100. This was followed by degreasing in acetone
and distilled water and finally dried in the oven. Electrodeposition parameters including current
density (2—6 A/dm?), temperature (50—70°C), and time (20—60 min) were varied. The concentration
of h-BN particles was also varied in the range (1-5) wt% (Table 2.1.)

Table 2.1. Experimental conditions for Ni-BN coating over mild steel substrate

Electrodeposition Composition or Value Optimised
parameters parameter Conditions
NiSO,.6H,0 250 g/1 -
NiCl,.6H O 45 g/l -
H.B 40 g/l -
Plating solution ;B0 ¢
Saccharin 3¢l -
SDS 0.5 g/l -
BN 1-5 wt% 3 wt%
Current density 2-6 A/dm? 5 A/dm?
Deposition Temperature 50-70°C 60°C
Conditions Time 20-60 minutes 30 minutes
Stirring rate 700 rpm -

The grain refinement studies were further conducted by varying the amount of saccharin
(1-5 g/1) at optimized conditions of current density 5 A/dm? for 30 min at a temperature of 60 °C
with a 700 rpm stirring rate and 3 wt% concentration of h-BN particles. After the electrodeposition,
the samples were cleaned in running distilled water followed by ultrasonic cleaning for 5 minutes

in ethanol to remove loosely adsorbed particles and then subjected for further analysis.
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2.2.3. Characterization of the coatings

The surface morphology and elemental analysis of the developed coatings were examined
using Zeiss EVO 18 cryo-SEM (EDS attached). The phase composition of the samples was studied
using X-ray diffraction (XRD) via a Bruker D2 Phaser X-ray diffractometer with Cu - K, radiation
(A = 1.5406 A) in the 0-90° range. The Vickers micro-hardness tester (Banbros) was used to
measure the microhardness of the samples under the indentation of 50 gf with 10 s dwell time.
Hardness measurements at five different locations of the sample were done and the average value

was taken as the hardness value.

CH Instruments electrochemical workstation (CHIG08E, CH Instruments Inc.) equipped
with standard three-electrode cell was used for electrochemical impedance spectroscopy and
potentiodynamic polarization studies at room temperature in 3.5 wt% NaCl solution. The coated
specimen with 1cm? exposed surface area was used as the working electrode; saturated calomel
and a platinum grid were taken as the reference and counter electrodes respectively. The specimens
were kept in the electrolyte for 20 min prior to the experiment for attaining stable open circuit
potential (OCP) values. The potentiodynamic scan was done at a rate of 1 mV/s from —250 mV to
+250 mV of the OCP values. The corrosion potential (Ecorr VS. SCE) and corrosion current density
(icorr) Of each sample were obtained from the applied potential vs. current Tafel plot. The
impedance measurements were performed using an AC signal with a perturbation of 5 mV at OCP
in the frequency range of 100 kHz - 0.01 Hz. ZsimpWin software was used to fit the generated EIS
plots to determine the electrochemical parameters. Numerous circuits were examined until the chi-

square value decreased to less than 9x10 or no further fitting improvement was observed.

Pin on disc wear testing machine (POD 4.0, DUCOM) was used to measure the wear rate
and coefficient of friction under non-lubricated conditions. The measurements were done for Ni-
BN, pure Ni coated and bare mild steel samples. The pins with 6 mm diameter and 15 mm length
were used as the wear samples against EN31 steel disc. The mild steel pins were coated with pure
Ni and Ni-BN composite. Wear tests were done at a sliding velocity of 0.4 m/s under 2, 3, 4, and

5N standard loads at room temperature for 15 minutes.
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2.3. Results & Discussion
2.3.1. Surface morphology and elemental composition

SEM micrographs of pure Ni and Ni-BN coatings deposited on mild steel are given in
Figure 2.1. (a)-(b) and Figure 2.2 (a)-(e), respectively. Both the coatings appeared to be uniform,
compact with crack free surface. Both the coatings exhibited similar morphologies with a typical
granular texture. However, the size of grains in the composite coating is smaller than that in the
pure Ni coating. This occurs due to the grain refinement resulting from the co-deposition of BN
particles within the Ni matrix. BN particles with a mean zeta potential of -19.5 mV influences the
co-deposition mechanism by functioning as nucleation sites increasing the number of active sites
to initiate Ni nucleation [5,8,13,14]. Simultaneously, the incorporation of BN particles at the
boundaries of nickel crystallites can reduce the grain size so that the Ni-BN coating become denser
than the pure Ni coating. Higher magnification of the SEM image (Figure 2.2 (f)) shows the
presence of Ni grains composed of finer Ni crystallites (indicated by white arrows).

Elemental composition analysis (Figure 2.3 (a)-(e)) of the surface of Ni-BN coated MS
possesses nickel (~ 90%) as the major elemental contribution. The composite coating surface had
additional peaks corresponding to boron and nitrogen indicating that BN gets incorporated within
the coating. Figure 2.4 (a)-(f) shows the cross-section of Ni-BN composite coatings. The average
thickness of Ni-BN coating was found to be 40.5 um. EDS data further indicated the presence of
BN particles within the composite coating.

()i

Figure 2.1 (a-b): SEM micrographs of pure Ni coated MS
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Figure 2.2 (f): Higher magnification SEM image of Ni-BN coated MS. White

colored arrows indicate the Ni grains composed of finer Ni crystallites
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Figure 2.3 (a-e): SEM-EDS & elemental mapping of Ni-BN coated MS surface
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Figure 2.4 (a): Cross-sectional SEM micrographs of Ni-BN coated MS
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Figure 2.4 (b-f): Cross-sectional SEM-EDS & elemental mapping of Ni-BN coated MS

2.3.2. X-ray diffraction studies

X-ray diffraction patterns of pure Ni and Ni-BN coated samples with varying amount of
saccharin (1-5 g/l) are shown in Figure 2.5. From the data, two peaks of Ni at 20 corresponding
to 44.32° and 51.77° are assigned to (111), (200) Bragg reflections of the face-centered cubic (fcc)
structure of metallic nickel (JCPDS 04-0850 for Ni)[15]. Presence of BN in the coating cannot be
confirmed from the XRD patterns owing to low concentration of BN. Crystallite size (grain size)
of the coatings was calculated by the Scherrer equation (Equation 2.1.) with respect to the most
intense diffraction peak of Ni (111) (Figure 2.5).

Scherrer equation: D = (K ) / (Bcorr cos 0) (2.1)
Corrected FWHM, Beorr = V(Bs)? — (Bi)? (2.2)

Where, D = mean size of the crystalline domains which may be < grain size, K = 0.9, Scherrer
constant, Beorr = corrected full width at half maxima (FWHM) of the peak, 0 = Bragg’s diffraction
angle, A = wavelength of X-ray, 0.154 nm. Corrected FWHM (Bcorr) Was calculated by considering
the instrumental broadening where Bsis FWHM of the sample and i is the FWHM contributed by

the instrument (Equation 2.2.)
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The grain size (crystallite size) measurements indicate that the pure Ni coating (57.4 nm)
have larger grain size compared to all the Ni-BN composite coatings. The lowest crystallite size

was obtained for Ni-BN composite coating with 5% saccharin (21.5 nm) (Table 2.2).

A significant decrease in crystallite size from 57.4 nm (pure Ni) to 23.9 nm with the
addition of 1% saccharin in Ni-BN composite coating However, further addition of saccharin
(from 2% to 5%) results no significant change in crystallite size, which stabilize around 22—-21 nm.
Saccharin basically acts as a grain-refiner during Ni-BN electrodeposition. Its role as a grain
refiner in Ni-BN composite coating can be explained as follows; the lone-pair of electrons of
oxygen atom of the grain refiner saccharin fill the 3d orbitals of Ni atoms, forming a stable
coordination bond. As a result, there will be strong interaction between the surface atoms of Ni
deposits and saccharin. Large size of coordination compound of Ni and saccharin prevents the

surface migration of Ni ions and suppress it reducing the grain size of Ni deposits.

Once the surface is saturated with saccharin molecules, additional saccharin does not
significantly influence the refinement of grains. Due to limited surface interaction, grain
refinement reaches a plateau. This behavior is common with additives in electrodeposition; there's

a threshold beyond which their effect on reducing the grain size levels off [16,17].
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Figure 2.5. XRD pattern of pure Ni & Ni-BN coated samples with varying saccharin amount
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Table 2.2. Crystallite size calculations using Scherrer equation in Ni-BN coatings

Coating Angular cos 0 Full width half-maxima (FWHM) Average
position (radians) crystallite size
(0) Sample Instrument Corrected (D) (nm)
(radians) (radians) Bs Bi Beorr
Pure Ni 0.390 0.925 2.616 x 10 2.612 x 10 57.4
Ni-BN 1% sac 0.390 0.925 6.280 x 10 6.278 x 10 23.9
Ni-BN 2% sac 0.391 0.924 6.454 x 10®  1.395x 10* 6.453 x 10 23.2
Ni-BN 3% sac 0.391 0.924 6.628 x 10 6.627 x 10 22.6
Ni-BN 4% sac 0.391 0.924 6.803 x 10 6.801 x 10 22.1
Ni-BN 5% sac 0.391 0.924 6.997 x 103 6.996 x 10 215

2.3.3. Microhardness measurements

The microhardness of Ni-BN composite coating shows exceptional high hardness values

compared to mild steel and pure Ni coating (Figure 2.6.). Grain boundary immobilization by BN

particles and the dispersion strengthening improve the hardness in the case of Ni-BN composite

coating [18]. Saccharin reduces the average grain size, leading to a higher grain boundary density.

Grain boundaries also act as obstacles to dislocation movement, hindering plastic deformation.

The increased resistance to dislocation movement results in a harder coating. Vickers

microhardness values of the samples increase in the order of mild steel (210 HV) < pure Ni (350
HV) < Ni-BN 5% saccharin (589 HV) composite coating.
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Figure 2.6. Microhardness measurements of Ni-BN grain-refined samples
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2.3.4. Electrochemical characterization

Figure 2.7. (a) shows the potentiodynamic polarization curves (Tafel plots) of samples by
plotting the potential scanned from cathodic region to the anodic region vs. logarithm of current
density. The values of corrosion current density (icorr) and corrosion potential (Ecorr), Obtained by
the extrapolation of cathodic and anodic sides are given in Table 2.3. Variation of Ecor value
towards more positive direction and the lower icorr indicates the improved corrosion resistance of
composite coatings. Presence of BN particles and the grain refinement in the coating leads to a
substantial reduction in the icorr value of Ni-BN to 0.471 pA cm from 4.143 pA cm in the case
of pure Ni and 17.110 pA cm in case of bare mild steel sample. The corresponding shift of the
graph towards the left-hand side was observed. The reduction in icorr Values of the coated samples
indicates the decreased rate of ionic diffusion on the coating surface during corrosion [19]. The
Ni-BN composite coating is more cathodic with respect to other samples and possesses excellent
corrosion protection (Ecorr MS: -0.678 V, Pure Ni: -0.417 V, Ni-BN 5% saccharin: -0.251 V).

The structural modification of nickel crystallites induced with the incorporation of BN
particles along with the grain refining effect of saccharin led to improved corrosion resistance [19].
The uniformly distributed h-BN particles in the deposit forms a passive layer between corrosive
media and the deposited coating. By filling up the surface imperfections such as tiny holes and
porosities with co-deposited particles and acting as a barrier to corrosive ion migration to the
electrode surface, thus the addition of BN particles into the Ni matrix has improved the corrosion
resistance behavior [20]. A passive layer is formed between the deposited coating and the corrosive
media by the uniformly distributed h-BN particles in the deposit.

Saccharin acts as a grain-refiner and leveling agent in electrodeposition. It helps to create
a more uniform coating. This will reduce the porosity and micro-cracks, which are potential paths
for corrosive agents. Even if crystallite size is unchanged, a pore-free, compact surface makes it
difficult for corrosive species (like ClI” in NaCl solutions) to penetrate. Higher saccharin
concentrations improve the co-deposition and uniform dispersion of BN in the Ni matrix. This
creates a barrier effect, where BN particles act as obstacles to corrosive ion diffusion. Saccharin
also helps to reduce internal stress, which minimizes crack formation during or after deposition. It
also helps in filling up voids or gaps in the coating structure. Thus there will be fewer defects and

micro-cracks which are often corrosion initiation points.
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Electrochemical impedance spectroscopy measurements were performed in order to get a
better understanding of the anticorrosive ability of coatings. Nyquist plots of bare mild steel, pure
Ni and Ni-BN composite coatings were obtained in 3.5% NaCl medium at their respective open
circuit potentials (Figure 2.7. (b)).The Nyquist plots of all the samples showed a single semi-
circular arc in the investigated frequency region. The bare MS samples can be fitted with the circuit
the equivalent electrochemical circuit (EEC) Rs(CaiRct) (Figure 2.7. (c)), and all the coated samples
are well fitted for the equivalent circuit of Rs(CcR¢(CaiRct)) (Figure 2.7.(d)).

Rs is the solution resistance, and R¢t and Cqi are the charge transfer resistance and double-
layer capacitance, respectively. Instead of using pure capacitance due to the possibility of a
dispersion effect between the metal/coating system, C represents a constant phase angle element
(CPE). The coating offered protection by the resistance element Rc. The parameters derived from
electrochemical impedance measurements are summarized in Table 2.3. The results of the EIS
studies showed a similar trend that was observed in potentiodynamic polarization studies. The
increased radius of semicircular arc indicated better anticorrosion property of the Ni-BN composite
coating than other samples. The superior value of Rt obtained for Ni-BN composite coating

indicating the coating’s more protective nature against corrosion.

Table 2.3. Electrochemical parameters obtained and corrosion inhibition efficiency of Ni-BN

coated samples

SIN Substrate Potentiodynamic polarisation EIS
Ecorr icorr 1] Corr. rate Rct ']

V) (Aem?) (%)  (mmpy) Qem?d) (%)

1 Bare Mild Steel -0.678  17.110 - 0.2013 3.955 x 102 -

2 Pure Nickel -0.417  4.143 75.78 0.0446 3.222 x 10*  98.77
3 Ni-BN 1% sac  -0.206 1.723 89.90 0.0185 4513 x 10*  99.12
4. Ni-BN 2% sac  -0.155 1.583 90.70 0.0170 5.232 x 10*  99.24
5 Ni-BN 3% sac  -0.258 1.041 93.90 0.0112 6.627 x 10*  99.40
6 Ni-BN 4% sac  -0.184  0.687 95.90 0.0074 5.721 x 10*  99.42
7 Ni-BN 5% sac  -0.251 0.471 97.20 0.0050 9.095 x 10*  99.56
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Figure 2.7. Electrochemical study for the Ni-BN composite coatings (a) Tafel plot, (b) Nyquist
plot, (c) EEC for the bare sample, (d) EEC for Ni-BN coated sample

2.3.5. Tribological Characteristics

Figure 2.8. (a) shows the variation of coefficient of friction of the electrodeposited Ni-BN
coating at different loads (2, 3, 4, and 5N) load for 15 min under non-lubricated conditions.
Compared with the pure nickel, the friction coefficient of the Ni-BN composite coating decreased
and wear resistance increased appreciably (Figure 2.8 (b)). The presence of BN particles and grain
refinement observed in the composite coating provide lowest coefficient of friction values in
comparison with pure Ni coating under different loads.

SEM studies of the worn surfaces of Ni-BN composite coatings are shown in Figure 2.9.
(a). BN included in the Ni matrix restricts or slows down the dislocation movements in the matrix
avoiding excessive wear [21]. The layered hexagonal structure of the crystal lattice of h-BN
permits sliding movement of the parallel planes. Due to the weak bonding between the planes, the
shear strength is low along the sliding direction. As a result of strong adherence of BN particles to

the worn surface, a solid self-lubricating tribo film is formed over the wear surfaces [22]. This film
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forms an interface layer between the pin and the disc. Thus the strongly adhered lubrication film

formed by h-BN prevents the surface from further wear.
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Figure 2.8. (a) Load vs COF of Ni-BN coated samples, (b) Comparison of COF values of pure
Ni & Ni-BN coated samples under different loads
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Figure 2.9. (a)-(b) SEM-EDS of the worn surface of Ni-BN coated sample
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2.4. Conclusions

Ni-BN composite coating was successfully coated over mild steel via DC electrodeposition
and their surface morphology, phase structure, composition, grain size, electrochemical and
tribological properties were investigated. The coatings were uniform and compact without cracks.
Increasing the saccharin concentration to a certain level refines the nickel grains. Additionally the
incorporation of BN particles could refine grains and reduce porosity. As the saccharin
concentration increases up to 5 g/l, the hardness, corrosion resistance and wear resistance of Ni-
BN composite coating also increases. The Ni-BN composite coating exhibited better barrier effect
due to the presence of BN particles in corrosive environment. Thus the grain refinement and
uniform distribution of BN particles in the matrix has contributed to the coatings’ stability

indicating their potential for engineering applications.
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Chapter 3
Development of multi-functional biomimetic

Ni-graphene composite coating by electrodeposition

Abstract

Nickel-graphene composite coatings have been successfully coated over mild steel by
electrochemical co-deposition technique. This study explores the surface morphology, phase
composition, wettability, and corrosion resistance properties of the Ni-graphene composite
coatings. The coatings exhibited compact and crack-free morphology, which was evident from the
SEM images. Wettability studies reveal that the Ni-graphene coating has a water contact angle of
152°, indicating its superhydrophobicity. Additionally the coating possessed self-cleaning ability.
The composite coatings exhibited improved corrosion and wear resistance in comparison with the
pure Ni coating and bare mild steel substrates. These findings demonstrate the potential of Ni-
graphene composite coatings as a multifunctional surface treatment for enhancing the durability

and performance of mild steel in corrosive and wear-intensive environments.

3.1. Introduction

The need for advanced materials with multifunctional capabilities has become an important
area of research in the fields of surface engineering and protective coatings [1]. With increasing
demands for materials that can withstand harsh environments while maintaining high mechanical
performance, the development of innovative coatings has become essential across industries such
as aerospace, marine, automotive, and biomedical etc [2]. These sectors require surfaces that are
not only resistant to wear and corrosion but also exhibit enhanced mechanical strength and
longevity under diverse operating conditions. Recently, super-hydrophobic materials with intrinsic
water contact angle (WCA) larger than 150° and a sliding angle (SA) below 10° have drawn a lot

of interest due to their unique properties such as anti-icing [3], corrosion resistance [4], drag

67



Chapter 3

reduction [5], and self-cleaning [6]. Fabrication of micro-nanostructured surfaces and the use of

low surface energy materials results in superhydrophobic surfaces.

Nickel-based coatings have long been utilized for their remarkable properties, including
excellent hardness, durability, and resistance to wear and corrosion [7]. However, further
improvement of these coatings is often necessary to meet the rigorous demands of modern
applications. Recent advancements in composite coatings have opened new avenues to enhance
the properties of conventional nickel coatings by incorporating secondary-phase materials. Among
these, graphene, a two-dimensional material composed of sp2-hybridized carbon atoms arranged
in a honeycomb lattice, has emerged as a transformative additive [8]. Its exceptional properties
such as high tensile strength, excellent thermal and electrical conductivity, low friction coefficient,

and superior chemical stability make it an ideal reinforcement for metal matrix composites [9].

Various graphene-based superhydrophobic surfaces have been designed [10]. In particular,
nickel-graphene composite coatings have attracted attention for their ability to synergistically
combine the properties of both nickel and graphene, resulting in a material with superior wear
resistance, corrosion resistance, and mechanical properties. Furthermore, graphene's unique
surface energy characteristics contribute to the development of superhydrophobic surfaces, which
can repel water, reducing fouling and enhancing durability [11]. However, achieving a uniform
dispersion of graphene within the nickel matrix, as well as optimizing the coating's microstructure

and functional properties, remains a challenge.

Electrodeposition is a widely employed technique for developing nickel-based coatings
due to its cost-effectiveness, scalability, and ability to produce coatings with tailored properties by
varying process parameters [12]. Incorporating graphene into nickel matrix via electrodeposition

offers a controllable and efficient route to develop highly durable coatings.

Co-GO coating was electrodeposited over a copper substrate was explored by Liu et al.
[13] and the coating had improved wear and friction characteristics as well as corrosion resistance.
Haung et al. [14] fabricated a copper-graphene coating with fewer defects, and discovered that the
sample’'s mechanical qualities improved without affecting its electrical or thermal characteristics.

According to Praveen Kumar et al. [15], graphene significantly increased the coating's hardness
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and resistance to corrosion. Khorsand et al. [16] produced a superhydrophobic Ni surface with a

pine-cone-like hierarchical surface with increased corrosion resistance.

In the present study to enhance the coating's functionality by tuning its wettability and
further improving its tribological properties, graphene was chosen as the reinforcing material in
the nickel composite coatings. In this work, thus the aim was to develop a novel Ni-graphene
coating that uniquely combines superhydrophobicity, self-cleaning capabilities, mechanical
durability, and superior tribological performance. By bridging fundamental research and practical
applications, this work contributes to the development of robust, durable, and versatile coatings

capable of meeting the demands of modern industries.

3.2. Materials & Methods

3.2.1 Materials

Nickel chloride (NiCl2-6H20, 98%), Boric acid (H3BO3, 99.5%) and Potassium chloride
(KCI, 98%) were purchased from Merck. Sodium dodecyl sulphate (SDS, 99%) was obtained from
Alfa Aesar. In-house graphene was used for all the experiments. All the chemicals were of

analytical grade and used without further purification.
3.2.2 Coating Preparation

Ni—graphene composite coatings were deposited on mild steel substrate from electrolytic
Ni bath containing NiCl2-6H20 (60 g/l), H:BOs3 (9 g/l) and KCI (9 g/l). Graphene was dispersed in
the Watts bath along with surfactant SDS (0.15 g/l). The Ni-graphene bath was kept at a pH of 4—

4.5. Graphene was dispersed using an ultrasonicator for 1 hour.

Nickel plate (7 cm x 5 cm x 1 cm, 99.7 % purity) and mild steel substrate (SSM) (6 cm x
6 cm, purity > 99.5 %) were used as anode and cathode, respectively. All the mild steel samples
used for coating were ground using SiC papers ranging from 80 to 1000 grits, followed by
degreasing in acetone and distilled water, ultrasonically cleaned, and dried in the oven. MS
samples were further surface activated by dipping in 0.01M HCI and 0.1M NaOH. The anode, Ni
plate was polished using SiC papers of grit 80 and 100. This was followed by degreasing in acetone

and distilled water and finally drying in the oven. Electrodeposition parameters including current
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density (2-6A/dm?), time (5-30 min), and stirring rate (400-600 rpm) were varied. The

concentration of graphene was also varied in the range (1-5) wt% (Table 3.1.).

Finally Ni-graphene was deposited at optimized conditions of current density of 2 A/dm?
for 5 min at a temperature of 55°C at 600 rpm stirring rate and 1 wt% concentration of graphene.
After the electrodeposition, the samples were cleaned in running distilled water followed by
ultrasonic cleaning for 5 minutes in ethanol to remove loosely adsorbed particles and then

subjected for further analysis.

Table 3.1. Experimental conditions for Ni-graphene coating over mild steel substrate

Electrodeposition Composition Value Optimised

parameters or parameter conditions
NiCl2.6H.0 60 g/l -
Plating solution H3BO3 94/l -
KCI 9 g/l -
SDS 0.15 g/l -

Graphene 1-5 wt% 1 wt%
Current density ~ 2-6 A/dm? 2 Aldm?

Deposition conditions ~ Temperature 55°C -

Time 5-30 minutes 5 minutes

Stirring rate~ 400-600 rpom 600 rpm

3.2.3. Characterization of the coatings

The surface morphology and elemental analysis of the developed coatings were examined
using Zeiss EVO 18 cryo-SEM (EDS attached). The phase composition of the samples was studied
using X-ray diffraction (XRD) via a Bruker D2 Phaser X-ray diffractometer with Cu - K, radiation
(L = 1.5406 A) in the 0-90° range. The wettability of the developed coatings was measured by
Goniometer (Data Physics, Germany). The water contact angle was calculated by taking the
average of five measurements taken at various points on the same sample. Mechanical stability of
the developed coating was evaluated by sandpaper abrasion test. The self-cleaning action of the
composite coating was analyzed using chalk powder as contaminants. Both coated and uncoated
MS substrates were tilted followed by the dropping of distilled water droplets on their surface. The

water rolling-off property and self-cleaning ability of both substrates were thus compared.
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CH Instruments electrochemical workstation (CHIG08E, CH Instruments Inc.) equipped
with standard three-electrode cell was used for electrochemical impedance spectroscopy and
potentiodynamic polarization studies at room temperature in 3.5 wt% NaCl solution. The coated
specimen with 1cm? exposed surface area was used as the working electrode; saturated calomel
and a platinum grid were taken as the reference and counter electrodes respectively. The specimens
were kept in the electrolyte for 20 min prior to the experiment for attaining their stable open circuit
potential (OCP). The potentiodynamic scan was done at a rate of 1 mV/s from —250 mV to +250
mV of the OCP values. The corrosion potential (Ecorr VS. SCE) and corrosion current density (icorr)
of each sample were obtained from the applied potential vs. current Tafel plot. The impedance
measurements were performed using an AC signal with a perturbation of 5 mV at OCP in the
frequency range of 100 kHz-0.01 Hz. ZsimpWin software fits the generated EIS plots to determine
the electrochemical parameters. Numerous circuits were examined until the Chi-square value

decreased to less than 9x10™ or no further fitting improvement was observed.

Pin on disc wear testing machine (POD, 4.0, DUCOM) was used to measure the wear rate
and coefficient of friction under dry condition. The measurements were done for Ni-graphene,
pure Ni coated and bare mild steel samples. The pins with 6 mm diameter and 15 mm length were
used against EN31 high carbon alloy steel disc. The mild steel pins were coated with pure Ni and
Ni-graphene composite. Wear tests were done at a sliding velocity of 0.4 m/s under 2, 3, 4, and
5N standard loads at room temperature for 15 minutes.

3.3. Results & Discussion
3.3.1. Surface morphology and elemental composition

SEM micrographs of pure Ni and Ni-graphene composite coating deposited on mild steel
are given in Figure 3.1. (a-b) and Figure 3.2. (a-e), respectively. Both the coatings were having
uniform surface without any defects such as pores and cracks. Pure Ni coating possessed large
grainular surface whereas Ni graphene coating had pinecone structure. The addition of graphene
with a mean zeta potential of -18.8 mV caused a change in the microstructure of the composite
coating. Ni ions used graphene sheet as a template to nucleate on it. In Ni-graphene composite
coating, graphene reduces the grain size by blocking the growth of Ni crystallites [18]. Due to the

large specific area of graphene [19], more nucleation sites are provided for the growth of Ni.
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Compared to the pure Ni coating, composite coating exhibited a rougher surface. The Ni-
graphene possess pine cones having layered and hierarchical architectures (Figure 3.2. (f), pine
cones are marked in red circles). The pine cone like structure results have higher surface area. In
nickel-graphene coatings such a structure can enhance mechanical strength, anti-wear and
electrochemical performance [20].

EDS analysis and elemental mapping results of Ni-graphene composite coating revealed
the presence of the elements nickel and carbon which indicates the incorporation of graphene
within the Ni matrix (Figure 3.3. (a)-(d)). No peaks originating from the steel substrate such as
iron was seen, which confirms that the obtained Ni-graphene composite coating had a continuous
structure. Figure 3.4 (a)-(e) shows the cross-section of Ni-graphene composite coating. The
average thickness of Ni-graphene coating was found to be 11.37 um. EDS data of the cross section
further confirmed the presence of graphene in the composite coating.

EWT=2000%V  Signsi A = SE1 Date 29 Mar 2023 Mag= 1500 K X [
WD=11.0mm  PhotoNo.=5120 Timo 14:19:02 CSIR - NIIST

Figure 3.2 (a-e): SEM micrographs of Ni-graphene coated MS
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Figure 3.2 (f): Higher magnification SEM image of Ni-graphene coated MS.

Pinecones are marked in red circles
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Figure 3.3 (a-d): SEM-EDS & elemental mapping of Ni-graphene coated MS surface
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Figure 3.4 (a): Cross-sectional SEM micrograph of Ni-graphene coated MS
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Figure 3.4 (b-e): Cross-sectional SEM-EDS & elemental mapping of Ni-graphene coated MS
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3.3.2. X-ray diffraction studies

X-ray diffraction patterns of pure Ni and Ni-graphene coated samples are shown in Figure
3.5. respectively. From the data, three peaks of Ni at 20 corresponding to 44.32°, 51.77° and 76.3°
are assigned to (111), (200) and (220) Bragg reflections of the face-centered cubic (fcc) structure
of metallic nickel [12]. The peaks corresponding to graphene ((008), (211)) are short owing to its
low concentration and due to the high relative intensity of Ni peaks. The peak broadening in Ni-
graphene composite coating is observed to be higher than that of pure Ni coating which is further
evident from the FWHM values. This indicates a significant reduction in crystallite size in the case
of composite coating (Table 3.2). The addition of graphene favors the crystal growth along the
low-energy plane (111). This further signifies that the addition of graphene lowers the surface
energy of the composite coating which also leads to positive influence on corrosion resistance as

well as superhydrophobicity [21].

- + Nickel
(111) + Graphene
(242_0) 211)
*
L % (200) ~ +(008)
=i & Ni-Graphene
= (111)
=
‘@
c
[
E
L
{200)
(220)
L L]
J A
Pure Ni
T L v T

T T T T
40 50 60 70 80
2 theta (degree)

Figure 3.5: XRD pattern of pure Ni & Ni-graphene coatings

Table 3.2. Crystallite size calculations using Scherrer equation in Ni-graphene system

Coating Angular Full width half-maxima (FWHM) Average
position cos 0 (radians) crystallite size
0) Sample Instrument Corrected (D) (nm)
(radians)  (radians) Bs Bi Beorr
Pure Ni 0.390 0.925 2.616 x 103 2.612 x 103 57.4
1.395 x 10*
Ni-graphene 0.391 0.924 4,710 x 103 4,709 x 103 319
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3.3.3. Wettability Studies

Chemical composition, free energy, and morphology of the surface all affect the wettability
of a coating. Figure 3.6. shows the contact angle of the water droplet on the coated MS (pure Ni,
Ni-graphene, MA-Ni-graphene) where MA is Myristic acid. As it is evident from the WCA
measurements there was a gradual increase in the hydrophobicity of the surface (i.e. 123.5° to
152°). The pine cone micro-nanostructure along with the action of low surface energy material MA
(27.4 dynes/ cm) reduces the contact area between the solid-liquid interface and water by forming
a thin, strong cohesive layer on Ni-graphene coating. Whenever applied over a surface, MA can
self-assemble in an organized manner through hydrogen bonding of carboxyl groups as well as
hydrophobic interaction in-between methyl groups. These hydrophobic chains create a barrier that
prevents water from wetting the surface. As a result, water droplets tend to bead up and roll off the
surface instead of spreading out and wetting the surface.

Water droplets will exist in superhydrophobic Cassie State over the coated surface as a
result of incorporation of graphene followed by modification with low surface energy material MA
[22]. According to the Wenzel equation,

cos 6w =r cos 0 (3.1.)

where, Oy is the contact angle of liquids on a rough surface, 0 is the contact angle on a flat
surface and r is the roughness factor [23]. This equation implies that as the roughness of the surface
increases, the hydrophobic surface becomes more hydrophobic. In Ni-graphene composite coating,
the micro-nano pinecone structure makes the surface rougher. It was the composite
micro/nanostructure formed by Ni pinecones and graphene, which provided sufficient “air

pockets” so that the water droplets bounce and roll off immediately.
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Figure 3.6. WCAs of coated sample (a) Pure Ni, (b) Ni-graphene, (c) MA-Ni-graphene

3.3.4. Mechanical stability test

Mechanical stability is a crucial measure of superhydrophobic material’s practical
application. A mechanical durability test was carried out to test the robustness of the developed
Ni-graphene coating. The coated substrate was put on 400 grit sandpaper. Additionally, a 100 g
weight was used as an outside force. In this procedure, the Ni-graphene coated substrate was
moved twenty centimeters along the ruler’s direction, followed by a rotation of 90°, and another

twenty centimeters in the direction of the ruler. The entire procedure was referred to as a cycle.

The WCA of the sample did not change significantly after 30 cycles, and it was still greater
than 140° (Figure 3.7.). It can be concluded that the abrasion process only damaged the outermost
structure, while the internal hierarchical structure remained intact. The results indicate that the Ni-
graphene coatings with rough and stable pinecone-like micro/nanostructure have better resistance
to repeated mechanical abrasion, maintaining excellent superhydrophobicity after repeated cycles
of sandpaper abrasion. It was observed that the incorporated graphene not only provide enough
roughness but also excellent mechanical stability for the composite coating.
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Figure 3.7. WCAs of Ni-graphene samples before and after abrasion cycles

3.3.5 Self-cleaning tests

One of the most important applications of superhydrophobic surfaces is self-cleaning. In
this study, the self-cleaning action of Ni-graphene was studied using chalk powder as contaminant.
Because of the superhydrophobic nature of the coating surface (Figure 3.8.), the droplet was still
spherical, bounded with chalk powder, and got rolled out from the surface retaining its
superhydrophobicity. A comparison with the uncoated MS showed that chalk powder adhered to
the surface and remained sticky. The process was carried out several times till the Ni-graphene

composite coating maintained its self-cleaning ability.

Figure 3.8. Self-cleaning action of Ni-graphene coating

3.3.6. Electrochemical characterization

Figure 3.9 (a) shows the potentiodynamic polarization curves (Tafel plots) of samples by
plotting the potential scanned from cathodic region to the anodic region vs. logarithm of current
density. The values of corrosion current density (icorr) and corrosion potential (Ecorr), Obtained by
the extrapolation of cathodic and anodic sides are given in Table 3.3. Variation of Ecor value
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towards more positive direction and the lower icorr indicates the improved corrosion resistance of
coatings, especially in the case of composite coatings. Presence of graphene in the coating leads
to a substantial reduction in the icorr value of Ni-graphene to 0.516 pA cm from 4.143 pA cm™2in
the case of pure Ni and 17.110 pA cm2 in case of bare mild steel sample. The corresponding shift
of the graph towards the left-hand side was observed. The reduction in icorr Values of the coated
samples indicates the decreased ionic diffusion on the surface during the corrosion process. The
Ni-graphene composite coating is more cathodic with respect to other samples and possesses
excellent corrosion protection (Ecor MS: -0.678 V, Pure Ni: -0.417 V, Ni-graphene: -0.389 V).

The inclusion of graphene into the Ni matrix has improved the corrosion resistance
behavior by filling surface defects such as small holes and porosities Graphene also act as a barrier
to corrosive ion diffusion towards the electrode surface. The uniformly distributed graphene in the
Ni matrix forms a passive layer between corrosive media and the coated surface. Thus the
corrosion rate (0.0055) of Ni-graphene composite coating is exceptionally low compared to mild

steel and pure Ni samples [24].

Electrochemical impedance spectroscopy measurements were performed in order to get a
better understanding of the anticorrosive nature of coatings. Nyquist plots of bare mild steel, pure
Ni and Ni-graphene composite coatings were obtained in 3.5% NaCl medium at the respective
open circuit potentials (Figure 3.9. (b)). The Nyquist plots of all the samples showed a single
semi-circular arc in the investigated frequency region. The bare MS samples can be fitted with the
circuit the equivalent electrochemical circuit (EEC) Rs(CaiRct) (Figure 3.9. (¢)) and all the coated
samples are well fitted for the equivalent circuit of Rs(CcRc(CaiRet)) (Figure 3.9. (d)). Rs is the
solution resistance, Ret and Cqi are the charge transfer resistance and double-layer capacitance,

respectively.

Instead of using pure capacitance due to the possibility of a dispersion effect between the
metal/coating system, C represents a constant phase angle element (CPE). The coating offered
protection indicated by the resistance element Rc. The results of the EIS studies also indicated a
similar trend in the corrosion resistance that was observed in potentiodynamic polarization studies.

The increased radius of semi-circular arc indicated better anti-corrosion property of the Ni-
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graphene composite coating than other samples. The superior value of Rt obtained for the

composite coating suggests more protection capability against corrosion.
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Figure 3.9. Electrochemical study for the Ni-graphene composite coatings (a) Tafel plot, (b)
Nyquist plot, (c) EEC for the bare sample, (d) EEC for Ni-graphene coated sample

Table 3.3. Electrochemical parameters obtained and corrosion inhibition efficiency of Ni-

graphene coated samples

SIN Substrate Potentiodynamic polarisation EIS

Ecorr icorr 1] COFI’. rate Rct T]

V) Aemd) (%) Mmoo

1. Bare Mild Steel -0.678  17.110 - 0.2013 3.955 x 102 -
2. Pure Nickel -0.417  4.143 75.78 0.0446 3.222 x 10* 98.77
3. Ni-graphene  -0.389  0.516 06.98 0.0055 1.315x 10° 99.70
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3.3.7. Tribological Characteristics

Figure 3.10(a) shows the variation of coefficient of friction of the electrodeposited Ni-
graphene coating at different loads (2, 3, 4, and 5N) load for 15 min under non-lubricated
conditions. Compared with the pure nickel, the friction coefficient of the Ni—graphene composite
coating decreased and wear resistance was increased appreciably (Figure 3.10(b)). The presence
of graphene and grain refinement observed in the developed composite coating gives the lowest
coefficient of friction values in comparison with pure Ni coating under different loads. Graphene
embedded in the Ni matrix blocks or delays the dislocation movements in the nickel metal matrix

preventing excessive wear.

The layered hexagonal structure of the crystal lattice of graphene permits sliding movement of
the parallel planes. Due to the weak bonding between the planes, the shear strength is low along
the direction of sliding. With continuous friction and wear, graphene particles are pulled out from
the composite coating, forming a layer of self-lubricating film between the friction pairs, which
significantly improves the wear resistance of the composite coating. This film forms an interface
layer between the pin and the disc. Thus the strongly adhered lubrication film formed by graphene

prevents the surface from further wear.

SEM studies of the worn surfaces of Ni-graphene composite coatings are shown in Figure
3.11. Based on the wear results it can be concluded that the graphene incorporated within the Ni
matrix block or at least delay the dislocation movements in the matrix resulting in minimal plastic
deformation, resulting in enhanced load carrying capacity. This was demonstrated as improved
wear resistance. The abrasive effect of the agglomerated graphene detached from the composite
coating may be the cause of the pit development that results from gouging of graphene as it is
dragged out of the worn surface under combined compression and shear loads. These pits resemble

the etch pits on the worn surface.
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Figure 3.10. (a) Load vs COF of Ni-graphene coated samples, (b) Comparison of COF values of
pure Ni & Ni-graphene coated samples under different loads
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Figure 3.11. SEM-EDS of the worn surface of Ni-graphene coated sample

3.4. Conclusions

Nickel-graphene composite coatings have been successfully coated over mild steel by
electrochemical co-deposition technique. This study explores surface morphology, phase
composition, wettability, and corrosion resistance properties of the Ni —graphene composite

coatings. The coatings exhibited compact and crack-free morphology, which was evident from the
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SEM images. Wettability studies reveal that the Ni-graphene coating has a water contact angle
(CA) of 1520, indicating its superhydrophobicity and the coating also had self-cleaning properties.
The composite coatings exhibited improved corrosion resistance and wear resistance. These
findings collectively demonstrate that Ni—graphene composite coatings offer a promising surface
modification strategy for enhancing the functional performance of mild steel in corrosive and

abrasive environments.
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Chapter 4
Exploring electrodeposited Ni-MoS; coatings for

anti-corrosion, wear resistance, and

catalytic performance

Abstract

This chapter deals with the development of Ni-MoS; coating over mild steel substrate. A
uniform and compact Ni-MoS; coating was obtained at a current density of 5 A/dm? by co-
deposition MoS, with in the nickel matrix. In comparison with pure Ni coating, Ni-MoS>
composite coating has improved microhardness, superior corrosion resistance and lower friction
coefficient. The results indicated that the layered structure and lubricity of MoS; particles are the
main reasons for the improved tribological properties of Ni-MoS; coatings. The composite
coatings were also studied in detail for their catalytic potential in overall water splitting by
depositing Ni-MoS; over stainless steel mesh.

4.1. Introduction

In the pursuit of advanced surface engineering solutions, the development of multi-
functional coatings has emerged as a vital area of research, driven by the need for materials that
can endure harsh operational environments while offering superior performance in diverse
applications [1]. Industries such as energy, transportation, chemical processing, and manufacturing
require materials with enhanced properties, including corrosion resistance, anti-wear properties,
and catalytic efficiency. Nickel (Ni) is a widely used as a material for coatings over metallic
substrates because of its excellent corrosion resistance, thermal stability, and mechanical strength
[2-4]. However, its performance can be further enhanced by incorporating functional secondary

phases, such as transition metal dichalcogenides (TMDs).
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MoS,, a prominent TMD, delivers a synergistic combination of mechanical robustness,
superior lubrication, wear resistance, electrochemical stability, and catalytic activity [5,6]. When
incorporated into the nickel matrix, MoS: not only improves tribological behavior but also
enhances catalytic performance, particularly in applications like overall water splitting and energy

conversion processes [7].

In recent years, electrodeposition has emerged as a versatile technique for producing
composite coatings with tailored properties. By combining the inherent advantages of nickel and
MoS, electrodeposited Ni-MoS, coatings offer a promising solution for addressing critical
challenges in diverse applications, including aerospace, automotive, and energy storage [8,9].
Electrodeposition has proven to be a versatile and cost-effective method for fabricating Ni-MoS:
composite coatings. This technique offers significant advantages, such as precise control over the
coating composition, thickness, and morphology. Furthermore, electrodeposition is scalable and

compatible with complex geometries, making it suitable for industrial applications [10].

He et al. [11] developed Ni-P-MoS, composite coating and examined the wear resistance
and mechanical characteristics. According to Cardinal et al. [1], MoS; self-lubrication resulted in
a50% reduction in the friction coefficient compared to Ni—-W, from 0.27 to 0.14. The co-deposition
of Ni-MoS> composite coatings using the rotating disc electrode approach has been investigated
by Chang et al. [12]. They found that the weight percentage of MoS; in the coatings was influenced
by the bath temperature and the amount of MoS; particles. Guler et al. [13] examined the effect of
pH and surfactant concentration affected the coatings' tribological behavior. The impact of MoS:
on the microstructure and characteristics of the Ni-based alloy coating was examined by Han et al.
[14].

In order to further improve the functionality of the developed nickel composite coatings,
the idea that 2D materials have good catalytic performance due to more active site was utilised in
this work. The objective of this work is to explore the development, characterization, and
evaluation of the multi-functional characteristics of Ni-MoS. composite coating demonstrating a
unique combination of enhanced mechanical, tribological, and electrochemical properties. By
systematically varying the deposition parameters, such as electrolyte composition, current density,
and deposition time, the study aims to optimize the structural and morphological characteristics of

the coatings. These parameters are correlated with the coatings’ properties, including corrosion
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resistance, anti-wear properties etc. The synergistic combination of Ni and MoS: in a composite
coating can potentially leverage the best attributes of both components, leading to multifunctional
coatings with diverse industrial applications. The findings could pave the way for advanced surface
engineering solutions in fields such as renewable energy systems, chemical processing, and

tribology.

4.2. Materials & methods

4.2.1. Materials

Nickel sulphate (NiSO4-6H20, 98%), Nickel chloride (NiClz-6H20, 98%), Boric acid
(H3BO3, 99.5%) and Sodium chloride (NaCl, 98%) were purchased from Merck. Sodium lauryl
sulphate (SDS, 99%) and Saccharin (C7HsNOsS, 99.5%) were obtained from Alfa Aesar.
Cetyltrimethylammonium bromide (CTAB, CH3(CH2)isN(Br)(CHz)s) and Coumarin were
obtained from Himedia chemicals. Molybdenum disulphide particles (MoSz, 98%, ~1 pum) were
supplied by Sigma-Aldrich. All the chemicals were of analytical grade and used without further

purification.
4.2.2. Coating preparation

Ni—MoS composite coatings were deposited on mild steel substrates from Ni Watts bath
containing NiSO4-6H>0O (250 g/l), NiCl.-6H.O (45 g/l), and H3BO3z (40 g/l). Molybdenum
disulphide particles were dispersed in the Watts bath along with surfactant SLS (0.5 g/I) and grain
refiner saccharin (1 g/l) (Table 1). Secondary grain refiner, coumarin (4 g/l) and additional
surfactant CTAB (0.5 g/l) was also added to the bath. The Ni-MoS> bath was kept at a pH of 4—

4.5. MoS; particles were dispersed using an ultrasonicator for 30 min.

Nickel plate (7 cm x 5 cm x 1 cm, 99.7 % purity) and mild steel substrate (SSM) (6 cm x
6 cm, purity > 99.5 %) were used as anode and cathode, respectively. All the mild steel samples
used for coating were ground using SiC papers ranging from 80 to 1000 grits, followed by
degreasing in acetone and distilled water, ultrasonically cleaned, and dried in the oven. MS
samples were further surface activated by dipping in 0.01M HCI and 0.1M NaOH. The anode, Ni
plate was polished using SiC papers of grit 80 and 100. This was followed by degreasing in acetone

and distilled water and finally drying in the oven. Electrodeposition parameters including current
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density (2-5A/dm?), temperature (40-60 °C), time (15-30 min), and stirring rate (400600 rpm)
were varied. The concentration of MoS; particles was also varied in the range (1-3) wt% (Table
4.1).

Finally Ni-MoS, was deposited at optimized conditions of current density of 5 A/dm? for
40 min at a temperature of 40 °C at a stirring rate of 400 rpm and 1 wt% concentration of MoS;
particles. After the electrodeposition, the samples were cleaned in running distilled water followed
by ultrasonic cleaning for 5 minutes in ethanol to remove loosely adsorbed particles and then

subjected for further analysis.

Table 4.1. Experimental conditions for Ni-MoS> coating over mild steel substrate

Electrodeposition Composition or Value Optimised
parameters parameter Conditions
NiSO,.6H,0 250 g/l -
NiCl,.6H,0 60 g/l -
Plating solution H,BO, o ¢l )
Saccharin 1 gl -
CTAB 0.5 g/l -
Coumarin 4 ¢/1 -
SLS 0.5 g/l -
MoS; 1-3 wt% 1 wt%
Current density ~ 2-5 A/dm? 5 Aldm?
Deposition Temperature 40-60°C 40°C
Conditions Time 15-30 minutes 15 minutes

Stirring rate 400-600 rpm 400 rpm

4.2.3. Characterization of the coatings

The surface morphology and elemental analysis of the developed coatings were examined
using Zeiss EVO 18 cryo-SEM (EDS attached). The phase composition of the samples was studied
using X-ray diffraction (XRD) via a Bruker D2 Phaser X-ray diffractometer with Cu - K, radiation
(A=1.5406 A) in the 0-90° range. The Vickers micro-hardness tester was used to measure hardness

of Ni-MoS: coated mild steel surface under the indentation of 50 gf with 10 s dwell time. Hardness
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measurements at five different locations of the specimen were done and the average value was

taken.

CH Instruments electrochemical workstation (CHIG08E, CH Instruments Inc.) equipped
with standard three-electrode cell was used for electrochemical impedance spectroscopy and
potentiodynamic polarization studies at room temperature in 3.5 wt% NaCl solution. The coated
specimen with 1cm? exposed surface area was used as the working electrode; saturated calomel
and a platinum grid were taken as the reference and counter electrodes respectively. The specimens
were kept in the electrolyte for 20 min prior to the experiment for attaining their stable open circuit
potential (OCP). The potentiodynamic scan was done at a rate of 1 mV/s from —250 mV to +250
mV of the OCP values. The corrosion potential (Ecorr VS. SCE) and corrosion current density (icorr)
of each sample were obtained from the applied potential vs. current Tafel plot. The impedance
measurements were performed using an AC signal with a perturbation of 5 mV at OCP in the
frequency range of 100 kHz - 0.01 Hz. ZsimpWin software fits the generated EIS plots to
determine the electrochemical parameters. Numerous circuits were examined until the Chi-square

value decreased to less than 9x10™ or no further fitting improvement was observed.

Pin on disc wear testing machine (POD 4.0, DUCOM) was used to measure the wear rate
and coefficient of friction at the dry condition. The measurements were done for Ni-MoS, pure
Ni coated and bare mild steel samples. The pins with 6 mm diameter and 15 mm length were used
against EN31 high carbon alloy steel disc. The mild steel pins were coated with pure Ni and Ni-
MoS,. Wear tests were done at a sliding velocity of 0.4 m/s under 2, 3, 4, and 5N standard loads

at room temperature for 15 minutes.

To evaluate the catalytic potential, the electrochemical measurements were done using a
three-electrode setup in 1 M KOH using a CHI660E electrochemical workstation. Platinum wire
(working electrode), Ag/AgCl in saturated KCI (reference electrode), and Ni-MoS; coated SS
mesh (counter electrode) are the electrodes employed. The voltammetric techniques LSV, CV, EIS
and CA were used to analyse the electrochemical activity and stability of the electrode material.
As a preliminary step before actual measurements, CV in a reduction potential region was carried
out for several cycles to activate the materials. Once the CV curves became consistent, LSV
measurements were carried out to analyse the current response. All the measurements were

performed at a scan rate of 2 mV s?, and EIS measurements were taken at a frequency range (100
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KHz to 100 mHz). Chronoamperometry (CA) for about 10 hours was performed to confirm the

stability, and the polarisation curves before and after 1000 cycles were also recorded.
4.3. Results & Discussion
4.3.1 Surface morphology and elemental composition

SEM micrographs of pure Ni and Ni-MoS composite coating deposited on mild steel are
given in Figure 4.1.(a-b) and Figure 4.2.(a-f), respectively. Both the coatings appeared to be
uniform and compact. This demonstrates that the coatings had a compact and crack-free surface.
The SEM micrograph of pure Ni (Figure 4.1. (b)) coating reveals a regular granular structure with
larger grain size. The inclusion of MoS; having a mean zeta potential of -18.27 mV altered the
microstructural characteristics of the composite coating. The dimension of grains in the Ni-MoS;
coating is smaller than that of the pure Ni. MoS; particle addition inhibits the crystal growth and
increases the nucleation sites for Ni ion reduction which results in reduced grain size in the
composite coating [5,15]. The adsorbed MoS> could be the sites for the nucleation of nickel ions
and could accelerate the crystal growth. The smaller Ni grains composed of finer Ni crystallites
are seen in Figure 4.2 (f).

The EDS analysis (Figure 4.3. (a-e)) was carried out for Ni-MoS> coating which revealed
the presence of the elements nickel, molybdenum and sulfur that are present in the composite
coating. No peaks originating from the steel substrate such as iron and carbon were detected.
Figure 4.4 (a)-(f) shows the cross-section of Ni-MoS, composite coatings. The average thickness
of Ni-MoS: coating was found to be 22.38 um. EDS data further confirmed the presence of MoS;

particles in the composite coating.

(a) B8

Figure 4.1 (a-b): SEM micrographs of pure Ni coated MS
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Figure 4.2 (f): Higher magnification SEM image of Ni-MoS> coated MS. Yellow
colored arrows indicate the Ni grains composed of finer Ni crystallites
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Element | Weight% ‘Atomic‘f%

Nickel, Ni 98.27 98.09

Molybdenum, Mo | 1.06 0.34

Sulphur, S 0.70 1.28

Total

EHT=2000kV  Signal A=SE1 Date :9 Jan 2024
WD = 10.5 mm Photo No. = 1778 Time :105328

Molybdenum, Mo

Figure 4.3 (a-e): SEM-EDS & elemental mapping of Ni-MoS; coated MS surface

lz_r"" EHT =20.00 kV Signal A= SE1 Date :9 Jun 2025 Mag= 250 KX B
WD = 85mm Photo No. = 2797 Time :18:09:31 CSIR - NIIST

Figure 4.4 (a): Cross-sectional SEM micrograph of Ni-MoS; coated MS
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Element  Weight Atomic
% %
_______________________________ Sulphur, S 1.46 2.64
Nickel, Ni 97.93 96.99

Molybdenum, Mo  0.61 0.37

T iy o o e

vvvvvvvv

EHT = 20.00 kV Signal A = SE1 Date 9 Jun 2025 Mag= 250K X PRNEN

I WD = 8.5mm Photo No. = 2796 Time :18:09:31 CSIR - NIIST

Molybdenum, Mo

Figure 4.4 (b-f): Cross-sectional SEM-EDS & elemental mapping of Ni-MoS; coated MS

4.3.2. X-ray diffraction studies

X-ray diffraction patterns of pure Ni and Ni-MoS; coated samples are shown in Figure
4.5. From the data, two peaks of Ni at 20 corresponding to 44.32° and 51.77" are assigned to (111),
(200) Bragg reflections of the face-centered cubic (fcc) structure of metallic nickel. One small
peak of MoS; is visible which can be attributed to (205) plane of hexagonal MoSz. The peak of
MoS: is short owing to its low concentration and due to the high relative intensity of Ni peaks.
Incorporation of MoS: particles into the Ni matrix refines the crystallite size by providing many
heterogeneous nucleation sites for the crystal growth [16]. The ideal crystal orientation for the pure
Ni coating is (220), but for Ni-MoS; coating, the preferred crystal orientation is (111) plane. By
adding MoS; to the Ni matrix, the preferred orientation for Ni growth is changed to a new plane
and its growth is inhibited along its preferred path [17]. The grain size (crystallite size)
measurements indicate that the pure Ni coating have larger grain size compared to Ni-MoS:>

composite coating (Table 4.2).
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Figure 4.5: XRD pattern of pure Ni & Ni-MoS; coated samples

Table 4.2. Crystallite size calculations using Scherrer equation in Ni-MoS; system

Coating Angular Full width half-maxima (FWHM) (radians) Average
position 0 crystallite
0) Ccos Sample Instrument Corrected size (D) (nm)
(radians)  (radians) Bs Bi Beorr
Pure Ni 0.390 0.925 2.616 x 10’3 2.612x 103 57.4
Ni-MoS; 0.390 0.925 7.675x 103 1.395x 10*  7.674x 103 19.5

4.3.3. Microhardness measurements

The microhardness obtained for Ni-MoS, composite coating (525 HV) shows higher
hardness values compared to mild steel (210 HV) and pure Ni coating (350 HV) (Figure 4.6.). The
co-deposition of MoS; particles within the Ni matrix resulted in the increase in microhardness of
the composite coating. The MoS: particles are adsorbed on the Ni growth centers, preventing the
nuclei growth of Ni ions. It also increases the rate of nucleation and reduction in grain size of the
Ni ions. Overall, this grain refinement increases the material's strength by preventing dislocation
motion and sliding of the grain boundaries. A tougher coating is produced as a result of the
enhanced resistance to dislocation movement. The Hall-Petch relation explains that grain refining

is primarily responsible for the increase in microhardness [18,19].
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Figure 4.6. Microhardness measurements

4.3.4. Electrochemical characterization

Figure 4.7. (a) shows the potentiodynamic polarization curves (Tafel plots) of samples by
plotting the potential scanned from cathodic region to the anodic region vs. logarithm of current
density. The values of corrosion current density (icorr) and corrosion potential (Ecorr), Obtained by
the extrapolation of cathodic and anodic sides are given in Table 4.3. Variation of Ecor value
towards more positive direction and the lower icorr indicates the improved corrosion resistance of
coatings, especially in the case of composite coatings. Presence of MoS particles and the grain
refinement in the coating leads to a substantial reduction in the icorr Value of Ni-MoS; to 0.923 pA
cm? from 4.143 pA cm in the case of pure Ni and 17.110 pA cm in case of bare mild steel
sample. The corresponding shift of the graph towards the left-hand side was observed. The
reduction in icorr Values of the coated samples indicates the decreased ionic diffusion on the surface
during the corrosion process. The Ni-MoS, composite coating is more cathodic with respect to
other samples and possesses excellent corrosion protection (Ecor MS: -0.678 V, Pure Ni: -0.417 V,
Ni-MoS;: -0.288 V).

The inclusion of MoS: particles into the Ni matrix has improved the corrosion resistance
behavior by filling surface defects such as small holes and porosities and acted as a barrier to
corrosive ion diffusion to the electrode surface. The uniformly distributed MoS; particles in the

deposit forms a passive layer between corrosive media and the deposited surface [20]. Thus the

97



Chapter 4

corrosion rate (0.0095) of Ni-MoS, composite coating is exceptionally low compared to mild steel

and pure Ni samples.

Electrochemical impedance spectroscopy measurements were performed in order to get a
better understanding of the anticorrosive nature of coatings. Nyquist plots of bare mild steel, pure
Ni and Ni-MoS; composite coatings were obtained in 3.5% NaCl medium at the respective open
circuit potentials (Figure 4.7. (b)).The Nyquist plots of all the samples have showed as single
semi-circular arc in the investigated frequency region. The bare MS samples can be fitted with the
circuit the equivalent electrochemical circuit (EEC) Rs(CaRct) (Figure 4.7 (c)), and all the coated
samples are well fitted for the equivalent circuit of Rs(CcRc(CaiRet)) (Figure 4.7 (d)). Rs is the
solution resistance, and R¢t and Cqi are the charge transfer resistance and double-layer capacitance,
respectively. Instead of using pure capacitance due to the possibility of a dispersion effect between
the metal/coating system, C represents a constant phase angle element (CPE). The coating offered
protection by the resistance element Rc. The results of the EIS studies also indicated a similar trend
in the corrosion resistance that was observed in potentiodynamic polarization studies. The
increased radius of semicircular arc indicated the better anticorrosion property of the Ni-MoS>
composite coating than other samples. The superior value of Rt obtained for the composite coating

as offered more protection capability against corrosion.

Table 4.3. Electrochemical parameters obtained and corrosion inhibition efficiency of Ni-MoS;
coated samples

SIN Substrate Potentiodynamic polarisation EIS
Ecorr icorr 1] Corr. rate Rct ']

V) Aemd) (%) MmDY) o o

1. Bare Mild Steel -0.678  17.110 - 0.2013 3.955 x 10 -
2. Pure Nickel -0.417  4.143 75.78 0.0446 3.222 x 10* 98.77
3. Ni-MoS: -0.288  0.923 94.60 0.0095 1.269 x 10° 99.68
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Figure 4.7. Electrochemical study for the Ni-MoS2 composite coatings (a) Tafel plot, (b)
Nyquist plot, (c) EEC for the bare sample, (d) EEC for Ni- MoSz coated sample

4.3.5. Tribological Characteristics

Figure 4.8. (a) shows the variation of coefficient of friction of the electrodeposited Ni-MoS;
coating at different loads (2, 3, 4, and 5N) load for 15 min under non-lubricated conditions.
Compared with the pure nickel, the friction coefficient of the Ni—-MoS, composite coating
decreased and wear resistance was increased appreciably (Figure 4.8. (b)). The presence of MoS;
particles and grain refinement observed in the deposited composite coating gives the lowest
coefficient of friction values in comparison with pure Ni coating under different loads. MoS;
embedded in the Ni matrix block or delay the dislocation movements in the nickel metal matrix
preventing excessive wear.

The layered hexagonal structure of the crystal lattice of MoS> permits sliding movement of the
parallel planes. Due to the weak bonding between the planes, the shear strength is low along the

direction of sliding. At the beginning of friction, MoS; particles are difficult to fully play the role
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of lubrication between friction pairs due to insufficient MoS: stripping. With the continuous
friction and wear, a large number of MoS; particles are pulled out from the composite coating,
forming a layer of self-lubricating film between the friction pairs, which significantly improves
the wear resistance of the composite coating. This film forms an interface layer between the pin
and the disc. Thus the strongly adhered lubrication film formed by MoS; prevents the surface from
further wear. In addition to that the grain refinement and higher microhardness also contribute to
improve the wear resistance of the composite coating.

SEM studies of the worn surfaces of Ni-MoS2 composite coatings are shown in Figure 4.9.(a).
Based on the wear results it can be concluded that the MoS> incorporated within the Ni matrix
block or at least delay the dislocation movements in the matrix resulting in minimal plastic
deformation, resulting in enhanced load carrying capacity. This was demonstrated as improved
hardness and wear resistance. The abrasive effect of the agglomerated MoS; detached from the
composite coating may be the cause of pit development that results from gouging of MoS; particles
as they are dragged out of the worn surface (Figure 4.9.(b)) under combined compression and

shear loads. These pits resemble the etch pits on the worn surface.
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Figure 4.8. (a) Load vs COF of Ni-MoS; coated samples, (b) Comparison of COF values of pure
Ni & Ni-MoS; coated samples under different loads

100



Chapter 4

Weight % = Atomic %
Nickel, Ni 97.93 96.99

Molybdenum, Mo | 0.62 0.37

Sulphur, S 1.46 2.64
Total

Figure 4.9. (a)-(b) SEM-EDS of the worn surface of Ni-MoS; coated sample
4.3.6 Electrocatalytic activity

The electrocatalytic hydrogen evolution and oxygen evolution ability of the developed
catalyst materials were evaluated by linear sweep voltammetry (LSV). The lower scan rate of 2
mV/s was used to perform linear sweep analysis as it enhances the ionic and electronic movement,
thereby improving the kinetics of water-splitting reactions. Hydrogen evolution was studied in the
negative potential region, and Figure 4.10. (a) shows the HER polarization curves of the samples.
The extra potential required to attain a current density of 10 mA cm™, the overpotential (110), iS
considered for estimating the catalytic activity of the materials [21]. Ni-MoS; coated SSM
outperforms pure Ni coated SSM regarding 1. Pure Ni coated SSM required an overpotential of
189 mV, whereas Ni-MoS; coated SSM needed an overpotential of 147 mV to generate a current
density of 10 mA cm. This enhancement in activity arises due to the synergistic effect of Ni and
MoS: nanoparticles. As explained in the SEM analysis, the granular structures of Ni-MoS; coated
SSM are beneficial for improving the electrocatalytic activity of the material. The edge sites of
MoS; are more catalytically active than the basal planes [22]. The particular granular morphology
helps more electrolyte access and exposes more edge sites of MoS;, thereby enhancing
electrocatalytic activity. Thus Ni-MoS; coated SSM proves to be an excellent electrode material

to generate hydrogen through electrolysis of water.

Figure 4.10.(b) shows the Tafel plots of the electrode materials, which indicate the kinetics
of electron transfer reactions. Tafel slope is determined from the linear portion of the voltammetric

curve using the equation
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n = b log(j) (4.1)

Here, out of the two electrode materials, Ni-MoS; coated SSM exhibited a fair tafel slope
value of 145 mV dec which indicates a faster kinetics in comparison with pure Ni coated SSM.
The Tafel slope values of Ni-based systems are found to be relatively more than the theoretical
value of 120 mV dec™ (for Volmer pathway). However, various results with higher Tafel slope
values for Ni-based alloys and composites have been reported so far [23—-25]. The increase in Tafel
slope may have arisen due to the presence of a surface oxide layer over the electrode surface. In
this circumstance, the applied external potential will be used for initiating the HER and also to
overcome the barrier caused by the oxide layer [26,27]. This indicates the faster electron

adsorption-desorption mechanism by Ni-MoS; coated SSM.
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Figure 4.10. (a) HER polarisation curves, (b) Tafel plots of Ni-coated and Ni-MoS>
coated SSM

Figure 4.11.(a) shows the OER polarisation curves of the catalyst materials. It is clearly
evident that Ni-MoS; coated SSM outperforms Ni coated SSM and is suitable for OER activity.
Ni coated SSM required an overpotential of 320 mV, while Ni-MoS; coated SSM required an
overpotential of 276 mV to yield a current density of 10 mA cm. Figure 4.11.(b) shows the OER
Tafel plots of the electrode materials, which clearly show the enhanced oxygen evolution kinetics
of Ni-MoS; coated SSM with a Tafel slope of 103 mV dec™ whereas Ni coated SSM exhibited a
Tafel slope of 118 mV dec®. OER is a four-electron transfer process in which molecular oxygen

is liberated by the electro-oxidation of hydroxyl groups (OH ) in an alkaline environment.
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Figure 4.11. (a) OER polarisation curves, (b) Tafel plots of Ni-coated and Ni-MoS>
coated SSM

The enhancement in electrocatalytic activity of Ni-MoS, coated SSM is due to the
hierarchical growth of Ni grains and MoS; clusters into nodular morphology as well as due to the
synergistic electrochemical properties of metallic Ni and the catalytically active TMDC-MoS;.
The material's electrocatalytic active surface area (ECSA) was calculated by recording the cyclic
voltammograms in a non-Faradaic region. Figure 4.12. (a)-(b) show the CV curves obtained at
different scan rates for Ni coated and Ni-MoS: coated SSM, and Figure 4.12 (c) shows the linear
plot obtained to determine the Cq value. The slope of the j vs v curve gives the double-layer

capacitance. Then, the ECSA is calculated using the equation.

ECSA = % (4.2)

N

Usually, in 0.5 M H2SOs, Cs is taken as 35 uF cm™; in 1M KOH it is 40 uF cm. The Ni-
MoS; coated SSM provided a higher ECSA value of 62.25 cm? while Ni coated SSM had 44 cm?
ECSA.
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Figure 4.12. CV curves (a) Pure Ni, (b) Ni-MoS,, (c) Plot of current density vs scan rate

EIS measurements were carried out to analyze the electrochemical phenomena at the
electrode-electrolyte interface. Figure 4.13. shows the Nyquist curve of the electrode material

recorded in a frequency range of 100 mHz to 100 KHz at -0.1 V.
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Figure 4.13. EIS Nyquist plot of Ni-MoS; coated SS mesh

4.4. Conclusion

Ni-MoS, composite coating was successfully coated over mild steel via DC
electrodeposition and the surface morphology, phase structure, composition, grain size,
electrochemical and tribological properties were investigated. The coatings are uniform, compact
without cracks. The incorporation of MoS; particles could refine grains and reduce porosity since
the composite particles act as nucleation sites which could inhibit the crystal growth. Compared

with mild steel and pure Ni, Ni-MoS2 composite coating exhibits higher microhardness values,
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excellent corrosion resistance and low coefficient of friction at optimized conditions. The Ni-MoS;
composite coating exhibited better barrier effect due to the presence of MoS; particles in corrosive

environment.

The Ni-MoS; coated SS mesh catalyst contained a rough hierarchical surface of MoS>
clusters and Ni cones. LSV tests showed that the overpotentials for hydrogen and oxygen evolution
reactions for Ni-MoS; coated SS mesh were -147 mV and 276 mV respectively, much lower than
pure Ni-coated mesh. The electrocatalytic activity of Ni-WS; coated SS mesh was higher due to
the increased catalytic surface area and ready detachment of the adsorbed H from the electrode
surface. In light of its excellent electrocatalytic activity for HER and OER and its ease of
fabrication and availability, this bi-functional composite catalyst can provide an efficient, cost-

effective, and facile approach to developing large-scale industrial alkaline water electrolyzers.
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Chapter 5
Development of multi-functional

(corrosion resistant, wear resistant & self-lubricating)

Ni-WS, composite coating

Abstract

A low-friction, superhydrophobic Ni-WS. coating was successfully developed through a
scalable single-step electrodeposition process over mild steel substrate. By optimizing WS:
concentration and deposition parameters, a hierarchical surface with a higher WCA of 159° was
produced. The incorporation of sufficient WS. improved the mechanical and tribological
properties of the composite coating. The creation of a self-lubricating tribo-film by the
incorporated WS, caused the friction coefficient to drop to 0.04. The composite coating
demonstrated exceptional corrosion resistance in comparison to the bare mild steel substrate and

pure nickel coated mild steel, indicating its potential for industrial applications.
5.1. Introduction

The demand for high-performance materials with enhanced surface properties has grown
significantly in various industrial sectors, including aerospace, automotive, marine, and energy
[1]. Components used in these industries often face involving wear, corrosion, and high friction.
These challenges necessitate the development of advanced coatings capable of protecting surfaces
and extending the service life of critical components [2]. In response, composite coatings have
emerged as a promising solution, offering multi-functional capabilities by integrating diverse

material properties.

Nickel-based coatings have gained considerable attention due to their excellent mechanical
strength, corrosion resistance, and ease of deposition through electrochemical methods [3][4].
However, pure nickel coatings often fall short in addressing specific challenges such as wear

resistance and lubrication. To overcome these limitations, incorporating solid lubricants like
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tungsten disulfide (WS:2) into nickel matrices has proven to be a viable approach [5-7]. WS: is a
well-known transition metal dichalcogenide with layered structure that facilitates low friction due
to weak van der Waals forces between its layers. Furthermore, WS: contributes to self-lubricating

properties, making it an excellent candidate for applications where reducing friction is critical [8],

9.

Ranganatha et al. [10] fabricated Ni-W-P-WS> composite coating by electroless plating
and explored its friction and corrosion resistance. Lecina et al.[11] incorporated inorganic
fullerene-like WS> (IF-WS) within Ni matrix resulting in a uniform and compact coating, with
better mechanical properties and enhanced tribological performance. Polycrystalline WS thin
films are electrodeposited on conducting glass plates by galvanostatic route [12]. Cui et al. [13]
developed a Ni-WS; self-lubricating composite coating with remarkable self-lubricity and lower
friction coefficient at a value around 0.01-0.03.

This research focuses on the development of multi-functional Ni-WS. composite coatings
that combine self-cleaning, corrosion resistance, wear resistance, and self-lubricating properties.
The strategic incorporation of WS: particles into the nickel matrix aims to synergistically enhance
the coating's performance. The dual-phase composition improves nickel's inherent corrosion
resistance and mechanical strength while utilizing the solid lubrication and wear resistance of WS..
This study systematically investigates the development, characterization, and performance
evaluation of Ni-WS. composite coatings.

The outcomes of this research will provide valuable insights into the design of multi-
functional composite coatings, contributing to advancements in surface engineering and material
science. Additionally, the findings have the potential to address pressing challenges in industries
where enhancing the durability and efficiency of critical components is paramount.

5.2. Materials & methods

5.2.1 Materials

Nickel sulphate (NiSO4-6H20), Nickel chloride (NiCl.-6H.O, 98%) and Boric acid
(H3BOs3, 99.5%) were purchased from Merck. Cetyltrimethylammonium bromide (CTAB,
CH3(CH2)15sN(Br)(CHs)3z) and Saccharin (C7HsNOsS) were obtained from Alfa Aesar. Tungsten
disulphide particles (WS, < 1 um) were supplied by Sigma-Aldrich. Stearic acid
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CH3(CH2)16COOH was supplied by Hi-media laboratories. All the chemicals were of analytical
grade and used without further purification.

5.2.2 Coating preparation

Electrodeposition was carried out in an aqueous electrolyte of Ni Watts bath containing
NiSO4-6H20, NiCl>-6H20, and H3BO3z. WS> nanoparticles were dispersed in Ni bath, along with
CTAB and saccharin (Table 5.1.). The Ni-WS; bath was kept at a pH of 4 - 4.5. WS; particles

were dispersed using an ultrasonicator for 30 minutes.

Nickel plate (7 cm x 5 cm x 1 cm, 99.7 % purity) and mild steel substrate (SSM) (6 cm x
6 cm, purity > 99.5 %) were used as anode and cathode, respectively. All the mild steel samples
used for coating were ground using SiC papers ranging from 80 to 1000 grits, followed by
degreasing in acetone and distilled water, ultrasonically cleaned, and dried in the oven. MS
samples were further surface activated by dipping in 0.01M HCI and 0.1M NaOH. The anode, Ni
plate was polished using SiC papers of grit 80 and 100. This was followed by degreasing in acetone
and distilled water and finally drying in the oven. Electrodeposition parameters including current
density (2-6A/dm?), time (5-30 min), and stirring rate (400-600 rpm) were varied. The
concentration of WS; was also varied in the range (1-5) wt% (Table 5.1.).

Finally Ni-WS, was deposited at optimized conditions of current density of 5 A/dm? for
30 mins at a temperature of 60°C with a 400 rpm stirring rate and 3wt% concentration of WS,.
After the electrodeposition, the samples were cleaned in running distilled water followed by
ultrasonic cleaning for 5 minutes in ethanol to remove loosely adsorbed particles and then
subjected for further analysis. The coated sample was finally modified with low surface energy

material stearic acid (SA).
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Table 5.1. Experimental conditions for Ni-WS; coating over mild steel substrate

Electrodeposition Composition Value Optimised

parameters or parameter conditions

NiSO4.6H20 250 g/l -

NiCl2.6H.0 45 g/l -
Plating solution H3BO3 40 g/l -
Saccharin 39/l -
CTAB 0.5 g/l -
WS, 1-5 wt% 3 wt%
Current density ~ 2-6 A/dm? 5 Aldm?

Deposition conditions  Temperature 60°C -

Time 5-30 minutes 30 minutes

Stirring rate 400-600 rpm 400 rpm

5.2.3. Characterization of the coatings

The surface morphology and elemental analysis of the developed coatings were examined
using Zeiss EVO 18 cryo-SEM (EDS attached). The phase composition of the samples was studied
using X-ray diffraction (XRD) via a Bruker D2 Phaser X-ray diffractometer with Cu - K, radiation
(. = 1.5406 A) in the 0-90° range. Coating thickness was measured using thickness measurement
gauge (Elcometer). The wettability of the developed coatings was measured by Goniometer (Data
Physics, Germany). The water contact angle was calculated by taking the average of five

measurements taken at various points on the same sample.

CH Instruments electrochemical workstation (CHIG08E, CH Instruments Inc.) equipped
with standard three-electrode cell was used for electrochemical impedance spectroscopy and
potentiodynamic polarization studies at room temperature in 3.5 wt% NaCl solution. The coated
specimen with 1cm? exposed surface area was used as the working electrode; saturated calomel
and a platinum grid were taken as the reference and counter electrodes respectively. The specimens
were kept in the electrolyte for 20 min prior to the experiment for attaining their stable open circuit

potential (OCP). The potentiodynamic scan was done at a rate of 1 mV/s from —250 mV to +250
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mV of the OCP values. The corrosion potential (Ecorr VS. SCE) and corrosion current density (icorr)
of each sample were obtained from the applied potential vs. current Tafel plot. The impedance
measurements were performed using an AC signal with a perturbation of 5 mV at OCP in the
frequency range of 100 kHz-0.01 Hz. ZsimpWin software fits the generated EIS plots to determine
the electrochemical parameters. Numerous circuits were examined until the Chi-square value

decreased to less than 9x10* or no further fitting improvement was observed.

Pin on disc wear testing machine (POD 4.0, DUCOM) was used to measure the wear rate
and coefficient of friction at the dry condition. The measurements were done for Ni-WS, pure Ni
coated and bare mild steel samples. The pins with 6 mm diameter and 15 mm length were used
against EN31 high carbon alloy steel disc. The mild steel pins were coated with pure Ni and Ni-
WS> composite. Wear tests were done at a sliding velocity of 0.4 m/s under 2, 3, 4, and 5N standard

loads at room temperature for 15 minutes.

5.3. Results & Discussion
5.3.1 Surface morphology and elemental composition

SEM micrographs of pure Ni and Ni-WS; composite coating deposited on mild steel are
given in Figure 5.1. (a-b) and Figure 5.2. (a-e), respectively. Both the coatings had uniform
surface without any defects such as pores and cracks. The addition of WS, will cause a change in
the microstructure of the composite coating and makes the surface rougher. The development of a
rough surface is an important factor in the preparation of special super-wetting materials [14].

During the time of deposition, Ni ions are attracted to WS, particles due to the electrostatic
interaction between positively charged Ni ions and negatively charged WS particles [15]. WS:
particles in the plating bath exhibited negative surface charge (as indicated by a zeta potential of
—14.3 mV). This negative charge facilitates electrostatic attraction with positively charged Ni*
ions in the bath, leading to the formation of a localized electric double layer on the surface of WSa.
Ni** ions are thus adsorbed onto the surface of WS: particles, enabling the formation of a thin Ni
film on WS.. However, WS: particles themselves, being negatively charged, do not naturally

migrate toward the negatively charged cathode under the influence of the electric field. Instead,
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their transport to the cathode surface is governed primarily by convective forces, Brownian motion,
and electrophoretic drag facilitated by the surrounding Ni?" ionic environment.

The inclusion of cetyltrimethylammonium bromide (CTAB), a cationic surfactant,
significantly alters the net surface charge of WS. particles. CTAB adsorbs onto the negatively
charged WS: surfaces via electrostatic interaction, effectively neutralizing or even reversing their
charge. This is further supported from the literature [16][17]. This surface modification enhances
the electrophoretic mobility of WS: particles toward the cathode, improving their co-deposition
efficiency. Overall, while the initial electrostatic attraction between Ni*" and WS: aids in forming
a composite interface, the presence of CTAB facilitates effective transport and stable incorporation
of WS: particles into the growing nickel matrix.

The Ni-WS; coated MS possessed a protruding rough surface comprising pyramidal and
conical structures (Figure 5.2(e)). This type of a structure can enhance mechanical strength,
adhesion, and electrochemical performance of the Ni-WS, composite coating.

EDS and elemental mapping data shows the distribution of elements on the surface of Ni-
WS, coated MS as in Figure 5.3 (a-e). Ni, W and S elements are uniformly distributed on the
surface of the composite coating, which indicates that WS is successfully embedded in the Ni
matrix. . Figure 5.4 (a)-(f) shows the cross-section of Ni-WS; composite coatings. The average
thickness of Ni-WS, coating was found to be 39.5 um. EDS data of the cross-section further

confirmed the presence of WS particles in the composite coating.

(a)

Figure 5.1 (a-b): SEM micrographs of pure Ni coated MS
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Figure 5.2 (e): Higher magnification SEM image of Ni-WS; coated MS.
Pyramidal Ni structures are marked in red.
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Figure 5.3 (a-e): SEM-EDS & elemental mapping of Ni-WS; coated MS surface
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Figure 5.4 (a): Cross-sectional SEM micrograph of Ni-WS; coated MS
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Figure 5.4 (b-f): Cross-sectional SEM-EDS & elemental mapping of Ni-WS; coated MS

5.3.2. X-ray diffraction studies

X-ray diffraction was employed to examine the phase composition of the coating. The
XRD pattern of pure Ni-coated MS is shown in Figure 5.5. From the data, three peaks of Ni at 260
corresponding to 44.32°, 51.77°, and 76.3° are assigned to (111), (200), and (220) Bragg
reflections of the face-centered cubic (fcc) structure of metallic nickel [18]. The incorporation of
WS particles causes important microstructural changes; providing more nucleation sites. It also
retards the growth of large Ni crystals, resulting in smaller grain sizes (Table 5.2.). Analyzing the
XRD pattern of Ni-WS; coated sample, distinct peaks are found at 14° and 33°, correspond to
(002) and (102), phases of WS respectively. This confirms the hexagonal closed-packed (hcp)
structure of WS, [19]. (Figure 5.5.).

Whenever Ni is deposited onto a substrate, the first few layers of atoms will tend to form
(111) plane [20]. The (111) plane is one of the most densely packed planes in a crystal lattice, and
it has the lowest surface energy compared to other planes. Thus the growth of the (111) plane helps
to minimize the total surface energy of the crystal [21]. In this case, there is the presence of strong
Ni (111) peak indicating reduced surface energy. Post electrodeposition after treatment with SA is
believed that SA is chemically adsorbed on the Ni (111) surface via bi-dentate interaction, i.e. two

oxygen atoms from the carboxylic acid group (-COOH) of stearic acid. This bonding interaction

117



Chapter 5

prevents the water molecules from forming hydrogen bonds with the surface, enhancing the
hydrophobicity [22-24].

) (111) + W52
b) NI-WS, & » Nickel
3
& (022) (200)
%' (102) o _;_2 20)
g M
=
a) Pure Ni L
(111)
o (200) o (220)
T T T T T T T v T T T T |
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Figure 5.5. XRD pattern of pure Ni and Ni-WS; coating

Table 5.2. Crystallite size calculations using Scherrer equation in Ni-WS; system

Coating Angular Full width half-maxima (FWHM) (radians) Average
poiiet)ion cos 0 Sample Instrument Corrected Si;;y(sl:t)i;l I(:?n)
(radians)  (radians) Bs Bi Beorr
Pure Ni 0.390 0.925 2.616 x 103 2.612x 10°® 57.4
1.395 x 10*
Ni-WS; 0.390 0.925 5.931x10° 5.930 x 107 25.3

5.3.3. Wettability Studies

Chemical composition, free energy and morphology of the surface, all affect the surface
wetting property of a coating. Figure 5.6. shows the contact angle of the water droplet on coated
MS (pure Ni, Ni-WS;, SA-Ni-WSy). As it is evident from the WCA measurements there was a
gradual increase in the hydrophobicity of the surface (i.e. 121.8° to 159.7°). The water droplet

remained on the surface of the Ni-WS; coated MS in an extremely spherical fashion. The
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pyramidal structure along with the action of low surface energy material SA (surface energy: 27.7
dynes/cm) reduces the contact area between the solid—liquid and water by forming a thin, strong

cohesive layer on Ni-WS; coating.

Whenever applied over a surface, SA can self-assemble in an organized manner employing
the hydrogen bonding of carboxyl groups as well as hydrophobic interaction in-between methyl
groups. These hydrophobic chains create a barrier that prevents water from wetting the surface.
As a result, water droplets tend to bead up and roll off the surface instead of spreading out and
wetting it. The combined effect of hydrophobic surface chemistry and the roughness results in

excellent superhydrophobic characteristics of the developed Ni-WS; coating.
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Figure 5.6. WCAs of coated sample (a) Pure Ni, (b) Ni-WS,, (c) SA-Ni-WS;

5.3.4. Electrochemical characterization

Figure 5.7. (a) shows the potentiodynamic polarization curves (Tafel plots) of samples by
plotting the potential scanned from cathodic region to the anodic region vs. logarithm of current
density. The values of corrosion current density (icorr) and corrosion potential (Ecorr), Obtained by
the extrapolation of cathodic and anodic sides are given in Table 5.3. Variation of Ecor value
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towards more positive direction and the lower icorr indicates the improved corrosion resistance of
coatings, especially in the case of composite coatings. Presence of WS, in the coating leads to a
substantial reduction in the icorr value of Ni-WS; to 0.177 A cm from 4.143 pA cm in the case
of pure Ni and 17.110 pA cm in case of bare mild steel sample. The corresponding shift of the
graph towards the left-hand side was observed. The reduction in icorr Values of the coated samples
indicates the decreased ionic diffusion on the surface during the corrosion process. The Ni-WS;
composite coating is more cathodic with respect to other samples and possesses excellent corrosion
protection (Ecorr MS: -0.678 V, Pure Ni: -0.417 V, Ni-WSz: -0.246 V).

WS, incorporation has improved the corrosion resistance of the composite coatings by
filling surface defects like tiny holes and porosities with WS, and acted as a barrier to corrosive
ion diffusion. The even distribution of WS; in the deposit creates a passive layer between corrosive
media and the deposited surface [25]. Thus the corrosion rate (0.0019) of Ni-WS, composite

coating is exceptionally low compared to mild steel and pure Ni samples.

Electrochemical impedance spectroscopy measurements were performed in order to get a
better understanding of the anti-corrosive nature of coatings. Nyquist plots of bare mild steel, pure
Ni and Ni-WS;, composite coatings were obtained in 3.5% NaCl medium at their respective open
circuit potentials (Figure 5.7. (b)). The Nyquist plots of all the samples have showed a single semi-
circular arc in the investigated frequency region. The bare MS samples can be fitted with the circuit
the equivalent electrochemical circuit (EEC) Rs(CaiRct) (Figure 5.7. (c)), and all the coated samples
are well fitted for the equivalent circuit of Rs(CcRc(CalRct)) (Figure 5.7. (d)).

Rs is the solution resistance, Rct and Cq are the charge transfer resistance and double-layer
capacitance, respectively. Instead of using pure capacitance due to the possibility of a dispersion
effect between the metal/coating system, C represents a constant phase angle element (CPE). The
coating offered protection by the resistance element Rc. The parameters derived from
electrochemical impedance measurements are summarized in Table 5.3. The results of the EIS
studies also indicated a similar trend in the corrosion resistance that was observed in
potentiodynamic polarization studies. The increased radius of semicircular arc indicated the better
anticorrosion property of the Ni-WS, composite coating than other samples. The superior value of
Rct obtained for the composite coating indicated more protection capability of the composite

coating against corrosion.
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Table 5.3. Electrochemical parameters obtained and corrosion inhibition efficiency of Ni-WS;

coated samples

SIN Substrate Potentiodynamic polarisation EIS
Ecorr icorr n Corr.rate Rct n
V Acm? % mm
V) Aem?)  06)  MmBY) o g
1.  Bare Mild Steel -0.678  17.110 - 0.2013  3.955 x 10? -
2. Pure Nickel -0.417 4.143 75.78 0.0446 3.222 x 10*  98.77
3. Ni-WS; -0.246 0.177 98.96 0.0019 2,545 x 10°  99.84
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Figure 5.7. Electrochemical study for the Ni-WS> composite coatings (a) Tafel plot, (b) Nyquist
plot, (c) EEC for the bare sample, (d) EEC for Ni- WS> coated sample
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5.3.5. Tribological Characteristics

Figure 5.8. (a) shows the variation of coefficient of friction of the electrodeposited Ni-WS;
coating at different loads (2, 3, 4, and 5N) load for 15 min under non-lubricated conditions. As
compared to pure Ni coating, Ni-WS; composite coating had a lower coefficient of friction and
increased wear resistance (Figure 5.8 (b)). The presence of WS, and grain refinement observed in
the deposited composite coating gives the lowest coefficient of friction values in comparison with
pure Ni coating under different loads. WS incorporated within the Ni matrix prevents or slows
down the dislocation movements in the matrix avoiding excessive wear.

The layered hexagonal structure of the crystal lattice of WS> permits sliding movement of the
parallel planes. Due to the weak bonding between the planes, the shear strength is low along the
direction of sliding. At the beginning of friction, WS, are difficult to fully play the role of
lubrication between friction pairs due to insufficient WS stripping. With the continuous friction
and wear, WS particles are pulled out from the composite coating, forming a layer of self-
lubricating film between the friction pairs, which significantly improves the wear resistance of the
composite coating [26]. This film forms an interface layer between the pin and the disc. Thus the
strongly adhered lubrication film formed by WS prevents the surface from further wear.

SEM-EDS studies of the worn surfaces of Ni- WS, composite coatings are shown in Figure
5.9. Based on the wear results it can be concluded that the WS; incorporated within the Ni matrix
block or at least delay the dislocation movements in the matrix resulting in minimal plastic
deformation, resulting in enhanced load carrying capacity. This was demonstrated as improved
wear resistance. The abrasive effect of the agglomerated WS detached from the composite coating
may be the cause of the pit development that results from gouging of WS particles as they are
dragged out of the worn surface under combined compression and shear loads. These pits resemble

the etch pits on the worn surface.
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Figure 5.8. (a) Load vs COF of Ni- WS> coated samples, (b) Comparison of COF values of pure
Ni & Ni- WS, coated samples under different loads

Nickel, Ni

Tungsten, W

1.06

Sulphur, S

0.19

0.35

Total

Figure 5.9. SEM-EDS of the worn surface of Ni-WS; coated sample

5.4. Conclusions

A low-friction, superhydrophobic Ni-WS. coating was successfully developed through a

scalable single-step electrodeposition process. By optimizing WS: concentration and deposition

parameters, a surface of Ni pyramids with a higher WCA of 159° was produced. The incorporation

of sufficient WS: improved the mechanical and tribological properties of the composite coating.

The creation of a self-lubricating tribo-film by the incorporated WS> caused the friction coefficient
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to drop to 0.04. The composite coating demonstrated exceptional corrosion resistance in
comparison to the bare mild steel substrate and pure nickel coated mild steel, indicating its

potential for industrial applications.
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Chapter 6a

Fabrication of NiI-WS; coated stainless steel mesh for
efficient oil-water separation

Abstract

A superhydrophobic - superoleophilic SS mesh with a water contact angle of 169.5°
and surface roughness of 168 nm (R.) was fabricated by electrodeposition. Ni-WS; coated
mesh possessed a protruding rough surface comprising hierarchical WS, clusters. The
combined effect of hydrophobic surface chemistry and roughness contributes to excellent
superhydrophobic-superoleophilic and self-cleaning characteristics of the developed SHSM
(superhydrophobic stainless steel mesh). The oil/water separation performance of SHSM was
studied and the efficiency was greater than 98 % even after multiple uses. Further, the SHSM
is highly corrosion resistant with excellent mechanical and chemical stability against strong

acidic/alkaline solutions.

6a.l1. Introduction

There is a growing interest in technologies for treating oily wastewater as the oil
industry is one of the leading contributors to environmental pollution. The processing of oily
wastewater sources is extensive, as oil industries, oil refineries, storage, transportation, and
petrochemical industries produce substantial quantities of greasy wastewater. The following
are the main ways in which oil pollution appears: (1) affecting the quality of potable water and
groundwater reserves; (2) harming aquatic resources; (3) adversely affecting people’s health;
(4) environmental pollution; (5) influencing agricultural yield [1]. Floatation, gravity
separation, centrifugation, filtration flocculation, and electrochemical techniques are examples
of traditional oil/water separation methods [2-5]. Nevertheless, the majority of the techniques
have limitations, including minimal separation efficiency and complicated operation.
Compared to traditional methods, membrane filtration is facile and effective in the separation
of oil-water mixtures. With the advancement of the interface theory along with the perspective
of membrane wettability, filtration membranes with concurrent and opposite affinity to both
oil and water are more efficient for their separation [6,7]. Furthermore, superhydrophobic and
superoleophilic surfaces have resulted in remarkable research findings in the area of filtration
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due to their superior self-cleaning properties [8,9]. Oil-water separation could be easily and

effectively carried out by designing surfaces with special wettability [10,11].

In the past several years, numerous methods such as chemical etching [12], zeolite-
coated method [13], electro-spinning [14], chemical vapor deposition (CVD) [15-17], self-
assembly [18], sol-gel method [19], electrodeposition [20,21], etc are being reported for the
development of superhydrophobic metallic mesh surfaces for oil-water separation. Among the
metallic meshes, stainless steel meshes are more popular because of their easy availability,
exceptional mechanical strength, and high efficiency.

Recently, there have been numerous studies on surface modification of stainless steel
meshes for oil-water separation. For instance, Jiang et al. [22] developed a stainless steel mesh
having both superhydrophobic and superoleophilic properties employing an emulsion of
polytetrafluoroethylene (PTFE), polyvinyl acetate (PVAc) and polyvinyl alcohol (PVA) by
spray method for oil-water separation. Using silica particles, Li et al. [23] designed highly
hydrophobic and superoleophilic steel meshes for oil-water separation. Zhang et al. [24]
fabricated a self-cleaning underwater superoleophobic stainless steel mesh surface using layer-
by-layer assembly with sodium silicate and TiO» nanoparticles. However, these fabrication
methods are costly, usually involving complex processes or rigorous conditions, in most cases

requiring special equipment or materials, affecting their applicability [25-27].

Out of all the methods available for developing superhydrophobic surfaces,
electrodeposition has specific advantages since this is an easy and quick process with high
repeatability and is economical, as well as the ability to achieve a wide range of surface
morphologies with high durability [28]. There are quite a few studies on the development of
superhydrophobic nickel surfaces by electrodeposition [29,30].

In the present work, a novel strategy for developing superhydrophobic-superoleophilic
Ni-WS; coated stainless steel mesh using one-step electrodeposition that will effectively
resolve the long-term issue of oil-water separation in harsh conditions is presented. WS>
particles with tunable morphology and low surface energy were incorporated into the Ni
electrolyte during deposition. Deposition parameters were optimised in such a way that the
developed SHSM possesses a micro-nanostructure comprising hierarchical WS> clusters and
nodules along with Ni pine cones imparting a “cactus-like”/ “cauliflower-like” appearance.
This fluorine-free method eliminates issues related to production expenses and potential

environmental hazards. Flexibility of stainless steel mesh combined with stable Ni-WS;
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coating resulted in SHSM’s mechanical robustness and chemical stability. Both hydrophobic
surface chemistry and roughness contribute to excellent superhydrophobic-superoleophilic and
self-cleaning characteristics of the developed SHSM. The thin film of air due to the micro-nano
rough structure acts as a barrier that protects SHSM from corrosion. The fabricated SHSM can
be reused for several cycles of oil-water separation without any degradation and thus possess
unique repeatability. Since the developed SHSM is highly durable reduces the need for frequent
replacements or maintenance. This can have a positive economic impact on the lifecycle of
SHSM. As a result, this simple, eco-friendly, and low-cost method of fabricating SHSM would

be a promising one for practical oil-water separation applications.
6a.2. Material and methods
6a.2.1. Materials

Commercial stainless steel mesh (SSM), with a pore size of less than 100 um was
supplied by Raj filters and wire mesh, India. Nickel sulphate (NiSO4:6H20), Nickel chloride
(NiCl2-6H20), and Boric acid (HsBOz) were purchased from Merck. Cetyltrimethylammonium
bromide (CTAB, CH3(CH2)1sN(Br)(CHs)s) and Saccharin (C7HsNO3sS) were obtained from
Alfa Aesar. Tungsten disulphide nanoparticles (WS2 NPs, 90 nm) were supplied by Sigma-
Aldrich. Myristic acid CH3(CH2)12COOH and colouring agents like methylene blue (MB) and
Sudan 11 (Oil Red O) were purchased from Himedia Laboratories. Solvents like toluene, n-
hexane, dichloromethane (DCM), diethyl ether, and chloroform were purchased from Merck.

6a.2.2. Fabrication of Ni-WSz coated mesh

Electrodeposition was carried out in an aqueous electrolyte of Ni Watts bath containing
NiSO4-6H20, NiCl2-6H-0, and H3BOs. WS, nanoparticles were dispersed in a Ni bath, along
with CTAB and saccharin (Table 6a.1.). The Ni-WS; bath was kept at a pH of 4-4.5. WS;
nanoparticles were dispersed using an ultrasonicator for 30 min. Nickel plate (7 cm x 5 cm %
1 cm, 99.7 % purity) and stainless steel mesh (SSM) (6 cm x 6 cm, purity > 99.5 %) were used
as anode and cathode, respectively. SSM was cleaned by an ultrasonic cleaner with ethanol (30
min), acetone (15 min), and deionized water (15 min) followed by oven drying before
deposition. Electrodeposition parameters including current density (4-6 A/dm?), temperature
(50-60 °C), time (15-30 min), and stirring rate (400-600 rpm) were varied. The concentration
of WS, nanoparticles was also varied in the range (3-5) wt%. The electrodeposition was finally

carried out at optimized conditions of the current density of 4 A/dm? for 15 min at a temperature
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of 60°C with a 600 rpm stirring rate and 3 wt% concentration of WS, particles. The coated

mesh was finally modified with low surface energy material Myristic acid MA.

Table 6a.1 Electrodeposition parameters for Ni-WS; coating

Electrodeposition Composition or parameter Value
parameters
NiSO4.6H20 250 g/l
NiCl,.6H.0 45 gl
Plating solution H3BOs 40 g/l
CTAB 0.1g/l
Saccharin 159/
WS, 3-5 wt%
Current density 4-6 Aldm?
Deposition Conditions Temperature 50-60°C
Time 15-30 minutes
Stirring rate 400-600 rpm

6a.2.3. Characterization of the Ni-WS: coated mesh
6a.2.3.1. Morphology, phase composition & wettability studies

The surface morphology and elemental analysis of the developed coatings were
examined using FE-SEM (FEI NOVA NANOSEM 450) and Zeiss EVO 18 cryo-SEM (EDS
attached). Atomic Force Microscopy (AFM, Bruker Multimode-8HR system) in tapping mode
was used to analyze the three-dimensional morphology to evaluate the surface roughness of
the samples and the images were processed using NanoScope analysis 1.5 software package.
The phase composition of the samples was studied using X-ray diffraction (XRD) via a Bruker
D2 Phaser X-ray diffractometer with Cu - K, radiation (A = 1.5406 A) in the 0-90° range. The
wettability property (contact angle) of water droplets on coated SS mesh was explored by
Goniometer (Data Physics, Germany). The water contact angle was calculated by taking the

average of five measurements taken at various points on the same sample.
6a.2.3.2. Electrochemical measurements

The electrochemical measurements were done using a three-electrode setup in 1 M
KOH using a CHI660E electrochemical workstation. Platinum wire (working electrode),
Ag/AgCI in saturated KCI (reference electrode), and Ni-WS, coated SS mesh (counter
electrode) are the electrodes employed. The voltammetric techniques LSV, CV, EIS and CA
were used to analyse the electrochemical activity and stability of the electrode material. As a
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preliminary step before actual measurements, CV in a reduction potential region was carried
out for several cycles to activate the materials. Once the CV curves became consistent, LSV
measurements were carried out to analyse the current response. All the measurements were
performed at a scan rate of 2 mV s, and EIS measurements were taken at a frequency range
(100 KHz to 100 mHz). CA for about 10 hours was performed to confirm the stability, and the

polarisation curves before and after 1000 cycles were also recorded.
6a.2.4. Durability & Performance Studies
6a.2.4.1 Stability & recyclability tests

By repeating the separation procedure for every single oil/water mixture, the recycling
capacity of SHSM was evaluated for separation efficiency and corresponding water contact
angle (WCA). Used SHSM was rinsed using ethanol as well as dried in a vacuum oven after
the separation process and this was repeated 30 times. Mechanical stability of SHSM was
evaluated by sandpaper abrasion test and chemical stability was tested by immersing it in

corrosive solutions for 24 h.
6a.2.4.2 Self-cleaning test

The self-cleaning action of SHSM was analyzed using graphite particles as
contaminants. Both coated and uncoated meshes were tilted followed by the dropping of
distilled water droplets on their surface. The water rolling-off property and self-cleaning ability

of both meshes were thus compared.
6a.2.4.3 Oil/Water Separation

Several 40 mL oil/water mixtures were made in a 1:1 volume ratio of water and oil
(including toluene, n-hexane, dichloromethane, diethyl ether, chloroform, and kerosene). The
oil/water mixtures were poured through SSM and gravity-based filtration was employed

throughout the separation process.
The separation efficiency, | was given by n = mai/ mo x 100% (6a.1.)
where, mo and m; are the mass of oil before and after separation, respectively.

After pouring the oil-water mixture through the mesh, the permeation flux (F) was determined
according to the equation,
F=V/St (6a.2.)

where, V is the volume of the filtrate, S is the area of the contacted mesh, and t is the time.
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6a.3. Results and discussion
6a.3.1. Surface morphology and elemental composition

SEM was taken for both the original and modified stainless steel meshes. Figure 6a.1
(a) shows the typical image of a stainless steel mesh, suggesting that the pristine mesh has a
smooth surface. Electrodeposition has an important effect on the morphology of stainless steel
mesh. As can be seen in Figure 6a.2 (a-b), pure nickel deposited mesh (hydrophobic) had a
pine-cone structure. The pure Ni coating contained fine Ni crystals which are visible in the

magnified image (Figure 6a.2. (b)).

With the addition of WS> nanoparticles, the surface became rougher. The development
of a rough surface is an important factor in the preparation of special super-wetting materials
[31]. During the time of electrodeposition, the deposited Ni ions are attracted to WS>
nanoparticles because of the electrostatic interaction between positively charged Ni ions and
negatively charged WS, nanoparticles [32]. As already reported [33], Ni ions then begin to
deposit on the WS; particles, forming a thin film. Ni ions will continue depositing and will start

to grow in size and shape.

The cauliflower-like structure is formed when the Ni ions grow in a dendritic fashion,
with branches extending out from the main body of the structure. Thus the Ni-WS; coated mesh
possessed a protruding rough surface comprising hierarchical WS, clusters and nodules
resulting in “cactus-like”/ “cauliflower-like” structures (Figure 6a.3(a-b)). Thorn like
projections are seen in SEM image of high-magnification of Ni-WS; coated SS mesh (Figure
6a.4). WS, nanoparticles have a higher surface area, which provides more sites for the Ni ions
to nucleate. Since WS particles are negatively charged, they attract positively charged Ni ions.
Thus the appearance of the cauliflower-like structure may be caused primarily by the preferred

adsorption and growth of Ni?* ions on WS, particles during deposition.

The "cactus/cauliflower-like" nodular structures of the coating generate more sites for
MA adsorption, which leads to the formation of a hydrolysis film on these surfaces. The nodule
structures are rough with high surface area so that MA molecules get more sites to bind. This
increased binding leads to more MA molecules being hydrolysed, which produces a film on
the mesh surface which in turn improves the hydrophobicity. In total, it may be concluded that
the micron-sized spherical particles, along the nano-scale granular protuberance, resulted in a

highly rough hierarchical structure that resulted in the superhydrophobic behaviour of SHSM.
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Figure 6a.4. Thorn-like projections in MA-Ni-WS; coated SS mesh
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EDS shows the distribution of elements on the surface of Ni-WS; coated SS mesh as in
Figure 6a.5. Elements like Nickel (Ni), tungsten (W), and sulphur (S) were found. Ni is
predominantly present in the coating whereas sulphur was primarily found in the cacti-like

structures.

Sulphur, § 0.02 0.04
Nickel, Ni 98.03 99.33
:

NiKa1

Figure 6a.5. EDS analysis of MA-Ni-WS; coated SS mesh

6a.3.2. AFM analysis

Figure 6a.6. (a)-(b) shows the 3D surface morphology of pure Ni coated and Ni-WS;
coated SS meshes respectively. The average roughness (Rz), the mathematical mean deviation
of the roughness profiles, is the most common way of calculating surface roughness. The
surface roughness of the coated meshes significantly affects their wetting behavior. In the case
of pure Ni coated mesh, Ra is 87.6 nm whereas, in the case of Ni-WS; coated mesh, Ra is 168
nm. This increment has been reflected in the WCA values i.e. 127.2° for pure Ni and 151.3°
for Ni-WS; coated meshes respectively.

In the case of pure Ni-coated mesh, irregularly located clusters of varying heights are
visible on the surface as seen in Figure 6a.6.(a). Figure 6a.6.(b) of Ni-WS; coated mesh shows
the presence of protrusions (valleys or bumps) of larger heights and sizes. The micro-nano
hierarchical structure comprising of these bumps/protrusions results in the reduction of the area
of contact between the solid—liquid interface and water maintaining the spherical shape of the
water droplet without spreading. Thus, this micro-nano structure forms a thin film of air that

acts as a barrier increasing the WCA of Ni-WS; coated mesh.
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Figure 6a.6. 3D surface morphologies of the developed meshes

6a.3.3. Phase Composition & Crystalline Structure Analysis

X-ray diffraction was employed to examine the crystal planes of the coating. All peaks
are identified and indexed using standard Powder Diffraction Files, such as JCPDS 04-0850
for Nickel and JCPDS 84-1398 for WS,. The XRD pattern of pure Ni-coated SS mesh is shown
in Figure 6a.7.(a). From the data, three peaks of Ni at 26 corresponding to 44.32°, 51.77°, and
76.3° are assigned to (111), (200), and (220) Bragg reflections of the face-centered cubic (fcc)
structure of metallic nickel [34]. The incorporation of WS, particles caused important
microstructural changes; providing more nucleation sites. It also retards the growth of large Ni
crystals, resulting in smaller grain sizes. Analyzing the XRD pattern of Ni-WS; coated SS
mesh, distinct peaks are found at 14°, 29.1°, 33°, 40°, 49°, 58°, and 60° correspond to (002),
(004), (100), (106), (110), (008) and (112) phases confirming the hexagonal closed-packed
(hcp) structure of WS [35] (Figure 6a.7 (b)).

Whenever Ni is deposited onto a substrate, the first few layers of atoms will tend to
form (111) plane [36]. The (111) plane is one of the most densely packed planes in a crystal
lattice, and it has the lowest surface energy compared to other planes [37]. Thus the growth of
the (111) plane helps to minimize the total surface energy of the crystal. In this case, there is
the presence of strong (111) Ni peaks indicating reduced surface energy [33,36,38]. Post
electrodeposition after treatment with MA, it is believed that MA is chemically adsorbed on
the Ni(111) surface via bi-dentate interaction, i.e. two oxygen atoms from the carboxylic acid
group (-COOH) of MA with 3d orbital of Ni. This bonding interaction prevents the water
molecules from forming hydrogen bonds with the surface, enhancing the hydrophobicity [39].
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Figure 6a.7. XRD pattern of (a) Pure Ni coated SS mesh, (b) MA-Ni-WS; coated SS mesh

6a.3.4. Wettability Studies

Chemical composition, free energy of the surface, and surface morphology all affect
the surface wetting property of a coating. Figure 6a.8. shows the contact angle of the water
droplet on the coated SS mesh (pure Ni, Ni-WSz, MA-Ni-WS). As it is evident from the WCA
measurements there was a gradual increase in the hydrophobicity of the surface (i.e. 127.2° to
169.5°). Coated mesh exhibited wettability with the oil droplets, quickly spread while the water
droplet remained on the surface of the mesh in an extremely spherical fashion. The micro-
nanostructure along with the action of low surface energy material MA (27.4 dynes/cm)
reduces the contact area between the solid-liquid interface and water by forming a thin, strong
cohesive layer on Ni-WS; coating. Whenever applied over a surface, MA can self-assemble in
an organized manner through hydrogen bonding of carboxyl groups as well as hydrophobic
interaction in-between methyl groups. These hydrophobic chains create a barrier that prevents
water from wetting the surface. As a result, water droplets tend to bead up and roll off the

surface instead of spreading out and wetting the surface.
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Water droplets will exist in superhydrophobic Cassie State as a result of incorporation
of WS, nanoparticles and modification of the Ni-coated surface with low surface energy

material MA [40]. According to the Wenzel equation,
cos Ow=r cos 0 (6a.3.)

where Oy is the contact angle of liquids on a rough surface, 0 is the contact angle on a flat
surface and r is the roughness factor [41]. This equation implies that as the roughness of the
surface increases, the hydrophobic surface becomes more hydrophobic and the oleophilic
surface becomes more oleophilic. In SHSM, the micro-nano hierarchical structure makes the
surface rougher. As a result, when an oil droplet is placed on Ni-WS; coated SS mesh, it can
enter the nanostructures formed by Ni grain cells surrounded by petal-like WS, nanoparticles
as a result of the capillary effect. The combined effect of hydrophobic surface chemistry and
the roughness results in excellent superhydrophobic and superoleophilic characteristics of the
developed SHSM.

(a) (b) (c)
WCA: 127.2° WCA: 153.3°

WCA: 169.5°

Figure 6a.8: WCAs of coated mesh (a) Pure Ni, (b) Ni-WS2, (c) MA-Ni-WS;

6a.3.5. Stability Tests

Mechanical stability is a crucial measure of superhydrophobic material's practical
application. A mechanical durability test was carried out to test the robustness of the developed
SHSM. The coated mesh was put on 400 grit sandpaper. Additionally, a 100 g weight was used
as an outside force, as illustrated in Figure 6a.9. In this procedure, the coated mesh was moved
twenty centimeters along the ruler’s direction, followed by a rotation of 90°, and another twenty
centimeters in the direction of the ruler. The entire procedure was referred to as a cycle. The
WCA of the sample did not change significantly after 30 cycles, and it was still greater than
150° (Figure 6a.10(a)). From this, it may be concluded that the abrasion process only damaged

the outermost structure, while the internal hierarchical structure remained intact.
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The oily wastewater released by industries often turns to be acidic or alkaline. To deal
with wastewater, the as-prepared mesh must be chemically stable enough to withstand harsh
environmental conditions. The wettability of coated SS mesh was tested with droplets of
varying pH as shown in Figure 6a.10(b). Ni-WS; coated SS mesh showed superhydrophobicity
in acidic as well as alkaline range of pH. Immersion tests were conducted using corrosion
solutions of HCI (pH = 1, acidic), NaCl (pH =7, neutral), and NaOH (pH = 14, alkaline) to test
the chemical stability. After placing the sample in the corrosion solution, it is believed that an
air film formation took place between the corrosion solution and the sample. This particular
film can hinder corrosive media from approaching the sample, preventing corrosion. Even
under a highly corrosive strong acidic environment (pH = 1), the contact angle of MA-treated
Ni-WS; SS mesh was 150°, demonstrating effective corrosion resistance of the mesh in harsh

environments.
6a.3.6. Self-Cleaning Tests

One of the most important applications of superhydrophobic surfaces is self-cleaning.
In this study, the self-cleaning action of SHSM was studied using black graphite particles as
contaminants. Because of the superhydrophobic nature of the mesh as in Figure 6a.11., the
droplet was still spherical bounded with graphite particles, and rolled out from the surface
retaining its superhydrophobicity. A comparison with the uncoated mesh showed that graphite
particles adhered to the surface and remained sticky. The process was carried out several times
still SHSM maintained its self-cleaning ability.

N —>

Figure 6a.9. lllustration of sandpaper abrasion test
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Figure 6a.10. a) Variation of WCA after different abrasion cycles b) Photograph of water
droplets of varying pH on SHSM
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Figure 6a.11. Different stages of self-cleaning action of as-prepared SHSM (right) in contrast to uncoated
mesh (left)

6a.3.7. Oil-water separation

For oil-water separation experiments, oil was colored with Sudan 111 (red), and water
was colored with Methylene blue (blue) (Figure 6a.12). The contact state of water droplets on
the as-prepared SHSM shifts from Cassie to Wenzel state during the separation of the oil/water
mixture. The separation efficiency of the superhydrophobic mesh was evaluated by Equation
1. The initial separation efficiency for a 1:1 oil-water mixture was as high as 98.3%. After 30
separation cycles, the separation efficiency was still higher more than 98%, showing that the

mesh maintained the oil—water separation ability.

In addition, the SHSM can separate different oil-water mixtures (n-hexane, diethyl
ether, toluene, kerosene, dichloromethane) indicating that it can generally separate the
oil-water mixture of varying surface tensions (Figure 6a.13 (a)). Oil flux was also calculated

for various types of oils using Equation 6a.2 (Figure 6a.13 (b)). Since the oil-water separation
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efficiency of Ni-WS; coated SS mesh was greater than 98%, as a result of which the mesh can

be used as a film-like material for efficient oil-water separation.

UNCOATED COATED
MESH MESH

Figure 6a.12. Oil-water separation experiments; oil dyed with Sudan I11 (red) and water
dyed with Methylene blue (blue)

120

@ 25000 (b) 23000
1004 g I = 1 I I

- 1 = 1 L5 1 20000 1 19000
= <. 200004 —F . 18000
> 80- = I T
o o i 16000
[ = E T
[
‘© - 15000 =
£ 604 x
[ =
= -
=] =
= 10000
= 40+ o]
o
m
Q.
# 204 5000

0 T T T y T T T v T 0 T v T v T ¥ T v T

n-Hexane Diethylether  Toluene Kerosene Dichloromethane n-hexane Diethylether  Toluene Kerosene Dichloromethane

Figure 6a.13. Separation efficiencies (a) & flux (b) of SHSM for different types of oils

6a.4. Conclusions

A superhydrophobic - superoleophilic SS mesh with a water contact angle of 169.5°
and surface roughness of 199 nm (Rq) was fabricated by electrodeposition. At the optimised
concentration of WS, (3 wt%) and deposition parameters viz. current density of 4 A/dm?,
deposition time of 15 minutes, temperature of 60°C, and stirring speed of 600 rpm, the surface
of SS mesh was effectively modified. Ni-WS; coated mesh possessed a protruding rough
surface comprising hierarchical WS; clusters. The combined effect of hydrophobic surface
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chemistry and the roughness contributes to excellent superhydrophobic-superoleophilic and
self-cleaning characteristics of the developed SHSM. The oil/water separation performance of
SHSM was studied and the efficiency was greater than 98% even after multiple uses. Further,
the SHSM is highly corrosion resistant with excellent mechanical and chemical stability against
strong acidic/alkaline solutions. Further, it can selectively separate different oil-water mixtures
like hexane-water, diethyl ether-water, toluene-water, kerosene-water, and dichloromethane-
water. Thus, the developed SS mesh has the potential in the treatment of industrial oil-water
mixtures as well as environmental oil spills due to its excellent oil-water separation efficiency

and durability in harsh conditions.
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Morphology tuned Ni-WS; coated stainless steel mesh
as a bi-functional electrocatalyst for overall water
splitting

Abstract

Electrocatalytic water splitting is a sustainable method for hydrogen production, but the
high cost of noble metal catalysts limits its practicality. Here, we present a novel electrodeposited
Ni-WS: coated stainless steel mesh as an efficient and cost-effective bi-functional catalyst for both
the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). The innovative
design of the catalyst with its hierarchical surface and the synergistic effect of Ni and WS,
combined with a highly reactive surface and effective bubble separation, enables remarkable
catalytic performance. The catalyst achieves overpotentials of 89 mV for HER and 230 mV for
OER at 10 mA/cm?, with robust stability for 50 hours in alkaline medium. For overall water
splitting, a cell potential of 1.56 V at 10 mA/cm? was required, maintaining stability over 50 hours.
This work represents a step forward in utilisation of non-precious metals like nickel for efficient,

cost-effective, and sustainable hydrogen production.

6b.1. Introduction

The World Energy Council studies indicate that the global energy demand is expected to
increase by 45% to 60% by the year 2030 [1]. Renewable energy is gaining prominence due to
rising energy demands and depleting fossil fuels [2,3]. Out of all the sustainable energy sources,
hydrogen is the most promising fuel candidate because of its high gravimetric energy density,
comparatively more availability, and no emissions throughout consumption [4,5]. Conventional
large-scale hydrogen production via steam reforming suffers from carbon residues and limited
purity, making electrolytic water splitting a more sustainable alternative [6]. However, the process

requires efficient catalysts to overcome sluggish reaction kinetics and high overpotentials.
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The water-splitting reaction takes place through cathodic hydrogen evolution reaction
(HER) and anodic oxygen evolution reaction (OER) [7]. At present, Pt-group metals are the most
efficient HER catalysts, and Ir/Ru-based compounds serve as conventional catalysts for OER.
However, the high cost, poor stability (especially in alkaline water electrolysis), and the limited
availability of these metals prevent their widespread applications [8]. Bi-functional catalysts
capable of performing HER and OER in a single electrolyte offer a cost-effective solution by
reducing the complexity of the system and improving performance. Among all the available
materials, transition metal-based materials, particularly Ni-based materials are preferred due to
their low cost, high elemental abundance, strength, flexibility, corrosion resistance, thermal and

electrical conductivity [9].

Ni-based compounds, including alloys, phosphides, sulphides, and oxides, have been
reported for their ability to catalyse alkaline overall water splitting (OWS). Kuang et al. [10]
reported the usage of NiMoP2 nanowire as an electrocatalyst for both HER and OER. A unique
nanostructured Ni-Fe-Co coated bi-functional 3D electrode was developed by Darband et al. [11].
A highly efficient and robust bi-functional Ni-Fe/NiMoNy electrocatalyst was developed on nickel
foam by Qiu et al. [12]. Shudo et al. [13] designed a porous Ni/NiOx bi-functional oxygen

electrocatalyst produced from Ni(OH). with outstanding catalytic activity.

Morphology tuning, crystallinity alterations, surface manipulation, and synergy
compositing of different materials can further improve the intrinsic electro-catalytic properties of
metals like Ni. The composite materials offer larger catalytic surface area by Ni grain refinement
and also by improving the intrinsic catalytic activity by generating a synergistic effect between Ni
and incorporated reinforcement materials [14]. Experimental and theoretical studies have shown
that the presence of two-dimensional materials changes the growth pattern and inherent activity of
Ni, improving the rate of overall water splitting. Out of all the two-dimensional materials, layered
transition metal dichalcogenides (TMDCs) like MoS2 and WS, having exceptional electrical
conductivity, highly active edge sites, tunable band structure, and a high surface area-to-volume
ratio, are studied for their possible use as an electrochemical catalyst [15]. WS, and MoS; have
been identified as efficient HER and OER catalysts at longer intervals due to their better chemical

and environmental inertness [16].
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Most of the reported electrocatalysts are amorphous and need polymer binders to be
assembled before being used in water electrolysis. These binders reduce the catalytic area, and
their stability at higher current densities remains a matter of concern. Creating three-dimensional
nanostructures by expanding the active surface area is one of the most effective ways to increase
catalytic activity. In that aspect, electrodeposition is an easy and facile method for fabricating
electrocatalysts with good catalytic properties. This method can create different nanostructures by
controlling and optimising the deposition parameters. Moreover, electrodeposition is a scalable
process that can produce industrial electrocatalysts [17].

A combination of Ni and WS known for their individual catalytic potential in alkaline
water splitting remains underexplored. Here in, as per best of the author’s knowledge we report
for the first time the development of Ni-WS, coated stainless steel mesh (SSM) via
electrodeposition that can function as an efficient binder-free bi-functional electrocatalyst in
alkaline medium. The deposition conditions were fine-tuned so that the developed SSM has a
hierarchical structure of WS, clusters, nodules, and Ni pine cones (micro-nano), resulting in a
"cacti/cauliflower-like™ appearance with highly active surface area. From the electrochemical
studies, it was found that Ni-WS; coated SS mesh demonstrated improved electrocatalytic
characteristics and is stable and durable when tested continuously over a sufficient period. As a
result, this easy, environmentally friendly, and economical approach for fabricating efficient and
durable bi-functional electrocatalysts would be a promising one for practical catalytic applications
as a non-precious transitional metal-based alternative to Pt- and Ir/Ru-based expensive benchmark

catalysts.

6b.2. Experimental
6b.2.1. Materials

Raj filters supplied stainless steel mesh (pore size < 100 pum). Nickel salts (NiSO4-6H20,
NiCl>-6H20) and Boric acid (HsBOs) were obtained from Merck. Alfa Aesar provided
Cetyltrimethylammonium bromide (CH3z(CH2)1sN(Br)(CHs)3) and Saccharin (C7HsNO3S).
Tungsten disulphide nanoparticles (WS>, 90 nm) were acquired from Sigma-Aldrich.
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6b.2.2. Fabrication of Ni-WS: coated SS mesh

Ni-Watts bath comprising NiSO4-6H20, NiCl>-6H20, and H3:BOs was used for
electrodeposition. WS> nanoparticles, CTAB, and saccharin, after ultrasonication for 30 minutes,
were thoroughly mixed and added to the Ni bath. Ni-WS> bath was maintained at a pH of 4. The
authors have reported the detailed procedure for fabricating Ni-WS; coated SS mesh elsewhere
[18] (Figure 6b.1.).

Uncoated SS mesh Ni-WS, coated SS mesh

Figure 6b.1. One-step preparation process of Ni-WS; coated SSM

6b.2.3 Characterisation of the developed mesh

The morphologies and chemical composition of the elements present in the developed
mesh were studied by FE-SEM (FEI NOVA NANOSEM 450) and Zeiss EVO 18 cryo-SEM (with
EDS), respectively. The 3D morphology and roughness of samples were analysed by Atomic Force
Microscopy (AFM, Bruker Multimode-8HR in tapping mode). The crystalline phase structure and
composition of all the samples were studied with a Bruker D2 Phaser X-ray diffractometer with
Cu - K, radiation (A = 1.5406 A) in the 0-90° range.

The electrochemical measurements were done using a three-electrode setup in 1 M KOH
using a CHIG60E electrochemical workstation. Platinum wire (working electrode), Ag/AgCl in
saturated KCI (reference electrode), and Ni-WS; coated SS mesh (counter electrode) are the
electrodes employed. The voltammetric techniques LSV (linear sweep voltammetry), CV (cyclic

voltammetry), EIS (electrochemical impedance spectroscopy) and CA (chronoamperometry) were
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used to analyse the electrochemical activity and stability of the electrode material. As a preliminary
step before actual measurements, CV in a reduction potential region was carried out for several
cycles to activate the materials. Once the CV curves became consistent, LSV measurements were
carried out to analyse the current response. All the measurements were performed at a scan rate of
2 mV s, and EIS measurements were taken at a frequency range (100 KHz to 100 mHz). CA for
about 50 hours was performed to confirm the stability, and the polarisation curves before and after

1000 cycles were also recorded.
6b.3. Results and Discussion
6b.3.1 Morphology

Figure 6b.2 (a) indicates the uniform surface of the uncoated mesh. Electrodeposition has
a vital role in determining the morphology of SSM. Figure 6b.2 (b-c) suggests that the pure Ni-
coated mesh possesses a pine-cone structure. This pine cone structure of fine Ni crystals increases
the active surface area, improving the electrocatalytic activity [19]. Ni-WS; coated SS mesh has a
rough protruding hierarchical structure of WS; clusters and nodules along with Ni pinecones with
thorn like projections (Figure 6b.2 (d-f)). The progressive micro/nanostructure formation occurs
due to WS particle incorporation in and around the Ni matrix. Further, incorporating conductive
WS, particles into the electrolytic bath resulted in a difference in current distribution during
electrodeposition [20]. SEM image of higher magnification (Figure 6b.3.) indicates that the
nodular structures are composed of Ni grains bound together with petal-like WS, particles having
highly active edge sites. Since these edge sites of high active surface area are exposed maximum
in the cacti/cauliflower-like structures, these peculiar structures can contribute towards the
catalytic activity of the developed mesh.

Figure 6b.4.(a-e) shows the elemental distribution of Ni-WS; coated SS mesh. Elements
such as nickel (Ni) (Figure 6b.4 (b)), tungsten (W) (Figure 6b.4 (c)), and sulphur (S) (Figure
6b.4 (d)) were identified. Ni is primarily seen in the base of the coating, while sulphur is mainly
seen in cauliflower-like structures. The non-uniform distribution of tungsten and sulphur observed
in the EDS and elemental mapping is attributed to the nature of composite electrodeposition. In
Ni-WS: system, WS; particles are incorporated into the growing nickel matrix primarily through
mechanical entrapment rather than electrochemical reduction. The irregular surface morphology

of the SS mesh substrate and the cacti-like structure of the coating result in non-uniform current
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density and local hydrodynamic conditions, which affect the transport and incorporation of WS»
particles. Furthermore, WS: particles may preferentially adsorb at high-energy sites such as edges,
protrusions, and defects, leading to localized enrichment of tungsten and sulphur. Similar non-
uniform distribution behavior in composite coatings has also been reported in the literature [21,22].

P

# N a7
EHT=1500  SgwA=SEI Owte 19Mmy 2025 Mag= 260X
WD=100mm  ProtoNo.=2404  Time 154029 CSIR- NIST

X B v\ & 2 N 5 e
1
\\\\\
= . Tine :10.2433 CSIR-NIST I

Figure 6b.2. Surface morphologies of different meshes (a) Uncoated stainless steel mesh, (b)
Pure nickel coated mesh, (c) Pine cone like morphology in pure Ni coated mesh
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Figure 6b.2. (d) Ni-WS; coated stainless steel mesh, (e) Cacti/cauliflower like structure in Ni-
WS coated mesh, (f) High magnification SEM image showing thorn-like projections
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Figure 6b.3. SEM-EDS of nodular structures composed of Ni grains bound together
with petal-like WS particles in Ni-WS; coated SS mesh
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Tungsten (W)

Pure Ni-coated mesh has an average roughness (Ra) of 87.6 nm, whereas Ni-WS; coated

mesh has 168 nm. Figure 6b.5 (a) shows that the surface of pure Ni-coated mesh has unevenly

placed clusters of various heights. Figure 6b.5 (b) of Ni-WS, mesh reveals protrusions (valleys

or bumps) with greater heights and diameters. The topographical map reveals two distinct scales

of surface roughness; at the microscale, the surface exhibits prominent undulations and protrusions

with lateral dimensions ranging from approximately 1 to 2 um, as indicated by the X and Y axes.

These features correspond to the inherent structure of the coated mesh and form the first level of

hierarchical roughness. Superimposed on these microscale features are nanoscale surface

structures, with vertical variations in the range of few nanometers to several hundred nanometers,

as depicted along the Z-axis (up to 0.6 nm). These fine-scale irregularities constitute the second

level of hierarchy. The micro-nano hierarchical structure contributes to enhanced wettability,

catalytic activity, and electrochemical performance of Ni WS, coated SS mesh.

Ni coated SS mesh \/y\,/ ’

A 4
0.5\, 7 0.5
N\ /

Ni-WS, coated SS mesh "

Ra=87.6 nm; Rq =110 nm

Ra=168 nm; Rq =199 nm

Figure 6b.5. 3D surface morphologies of the developed meshes
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6b.3.2 Phase Composition & Crystalline Structure Analysis

Figure 6b.6 (a) shows the XRD graph of pure Ni-coated SS mesh. Three peaks of Ni at
44.32°(111), 51.77°(200), and 76.3°(220) indicate the fcc structure of Ni metal (JCPDS 04-0850).
The typical fcc structure of Ni provides a large surface area, providing more accessible active sites
for catalytic reactions and enhanced stability. Adding WS particles created additional nucleation
sites that caused significant microstructural changes and resulted in smaller Ni grains. Significant
peaks are observed in the case of Ni-WS; coated SSM at 14°(002), 29.1°(004), 33°(100), 40°(103),
49°(110), 58°(008), and 60°(112) validating the hcp structure of WS, ((JCPDS 84-1398) (Figure
6b.6 (b)).The strong Ni(111) peak of Ni-WS, coated SSM indicates high inherent catalytic
activity, appropriate hydrogen binding energy and are stable in alkaline environments.
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Figure 6b.6. XRD pattern of coated meshes (a) Pure Nickel, (b) Ni-WS;

6b.3.3. Electrocatalytic activity

The electrocatalytic hydrogen evolution and oxygen evolution ability of the developed
catalyst material were evaluated by LSV. The lower scan rate of 2 mV/s was used to perform the
analysis as it enhances the ionic and electronic movement, thereby improving the kinetics of water-
splitting reactions. Hydrogen evolution was studied in the negative potential region, and Figure

6b.7(a) shows the HER polarization curves of the samples. The extra potential required to attain a
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current density of 10 mA cm, the overpotential (n10), is considered for estimating the catalytic
activity of the materials [23]. Ni-WS; coated SSM outperforms pure Ni coated SSM regarding n1o0.
Pure Ni coated SSM required an overpotential of 189 mV, whereas Ni-WS; coated SSM needed
an overpotential of 89 mV to generate a current density of 10 mA/cm?. Although this overpotential
is still higher than that of the commercial Pt/C catalyst (43 mV) [24], it is noteworthy that Ni-WS.
coated SSM, being a non-precious and cost-effective material, demonstrates a remarkably low

overpotential that approaches the performance of Pt/C.

Ni coated SSM could not deliver higher currents even when higher potentials were applied,
but Ni-WS; coated SSM delivered higher currents on increasing the applied potential. This
enhancement in the activity arises due to the synergistic effect of Ni and WS> nanoparticles. As
explained in the SEM analysis, the “cactus-like”/ “cauliflower-like” structures of Ni-WS; coated
SSM are beneficial for improving the electrocatalytic activity of the material. The edge sites of
WS, are more catalytically active than the basal planes [25]. The particular micro-nano
hierarchical morphology helps more electrolyte access and exposes more edge sites of WS,
thereby enhancing electrocatalytic activity. In addition, this peculiar morphology enhances the
mass and charge transfer, influencing the catalytic activity. Thus Ni-WS; coated SSM proves to

be an excellent electrode material to generate hydrogen through electrolysis of water.

Figure 6b.7(b) shows the Tafel plots of the catalyst material, which indicate the kinetics
of electron transfer reactions. Tafel slope is determined from the linear portion of the voltammetric

curve using the equation

n = b log(j) (6b.1)

Here, out of the two materials, Ni-WS; coated SSM exhibited a fair Tafel slope value of
102 mV dec? compared to Ni coated SSM with a slope of 151 mV dec™. This indicates the faster
electron adsorption-desorption mechanism by Ni-WS; coated SSM. The Tafel slope values of Ni-
based systems are found to be relatively more than the theoretical value of 120 mV dec (for
VVolmer pathway). However, various results with higher Tafel slope values for Ni-based alloys and
composites have been reported so far [26-28]. The increase in Tafel slope may have arisen due to
the presence of a surface oxide layer over the electrode surface. In this circumstance, the applied
external potential will be used for initiating the HER and also to overcome the barrier caused by
the oxide layer [29,30].
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Figure 6b.7. (a) HER polarisation curves, (b) Tafel plots of Ni-coated and Ni-WS;-coated SSM,
(c) Amperometric i-t curve showing the stability of Ni-WS,-coated SSM, and (d) the LSV curves
before and after 1000 cycles of hydrogen evolution reaction

Along with electrocatalytic activity, electrochemical stability is an essential criterion that
determines the efficiency of an electrocatalyst. The long-term stability of Ni-WS; coated SSM is
investigated using chronoamperometry and the current response is shown in Figure 6b.7(c). The
CA measurements were carried out at a reduction potential of 90 mV, and Ni-WS; coated SS mesh
generated a current density of 10 mA cm for a higher duration of 50 hours. Even after 50 hours
of continuous Hz generation the binder-free electrode material was able to retain its activity, which

is highly favourable for practical electrolyzers.

The stable performance of the material was also validated by recording the HER
polarisation curves before and after 1000 cycles of continuous hydrogen generation. Figure
6b.7(d) shows that HER polarization curves before and after 1000 cycles of CV measurement. It
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can be observed from the figure that the initial curve retrace the final curve even after long cyclic
measurements. The overpotentials at 10, 20 and 50 mA cm? were found to be moreover the same.

This again confirms the long-term feasibility of the electrode material.

Figure 6b.8(a) shows the OER polarisation curves of the catalyst materials. It is clearly
evident that Ni-WS; coated SSM outperforms Ni coated SSM and is suitable for OER activity. Ni
coated SSM required an overpotential of 320 mV, while Ni-WS; coated SSM required an
overpotential of 230 mV to yield a current density of 10 mA cm, which is even better than the
commercially available catalyst material, IrO2 (310 mV) [31,32]. At the same time, to generate 20
mA cm? and 100 mA cm current density, Ni coated SSM needed 360 mV and 540 mV of
additional potential, respectively, whereas Ni-WS; coated SSM required extra potentials of 260
mV and 380 mV, respectively. Also, the current increased linearly for Ni-WS; coated SSM, which

indicates faster electron transfer within the material [26].

Figure 6b.8(b) shows the OER Tafel plots of the electrode materials, which clearly show
the enhanced oxygen evolution kinetics. Ni-WS; coated SSM had a Tafel slope of 99 mV dec™
whereas Ni coated SSM exhibited a Tafel slope of 118 mV dec. OER is a four-electron transfer
process in which molecular oxygen is liberated by the electro-oxidation of hydroxyl groups (OH )
in alkaline environment. Figure 6b.8(c) shows CA OER curve for Ni-WS; coated SSM at a
potential of 250 mV. Ni-WS; coated SSM exhibited stable amount of oxygen generation for about
fifty hours. Again, as in the case of HER activity, the electrode material exhibited stable
performance even after 1000 cycles of oxygen evolution. Figure 6b.8(d) shows the LSV curves
before and after the cyclic measurement. It is evident that the initial and the final polarisation
curves varied only slightly in terms of a few milli volts. This again elucidates the long-term stable

catalytic activity of the material.
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Figure 6b.8. (a) OER polarisation curves, (b) Tafel plots of Ni-coated and Ni-WS; coated SSM
(c) Amperometric i-t curve showing the stability of Ni-WS; coated SSM, and (d) LSV curves

The enhancement in electrocatalytic activity of Ni-WS; coated SSM is due to the
hierarchical growth of Ni pinecones and WS, clusters into cacti/cauliflower-like morphology as
well as due to the synergistic electrochemical properties of metallic Ni and the catalytically active
TMDC-WS,. The material's electrocatalytic active surface area (ECSA) was calculated by
recording the cyclic voltammograms in a non-Faradaic region. Figure 6b.9(a) and (b) show the
CV curves obtained at different scan rates for Ni coated and Ni-WS; coated SSM respectively and

Figure 6b.10(a) shows the linear plot obtained to determine the Cq value. The slope of the j vs v

before and after 1000 cycles of oxygen evolution reaction

curve gives the double-layer capacitance. Then, the ECSA is calculated using the equation.

ECSA = <&
C

N
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Usually, in 0.5 M H2SOs4, Cs is taken as 35 uF cm™; in 1M KOH it is 40 uF cm2[33]. Ni-
coated SSM exhibited a Cqi value of 1.78 mF cm, significantly less than that of Ni-WS, coated
SSM, which delivered a Cq value of 35 mF cm™. Ni-WS; coated SSM provided a higher ECSA
value of 89 cm? while Ni coated SSM had 44 cm? ECSA.
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Figure 6b.9. Cyclic voltammograms of (a) Ni-coated and (b) Ni WS,-coated SSM at different
scan rates
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Figure 6b.10. (a) Plot of current density vs scan rate and (b) and (c) Nyquist curves of Ni WS,
coated SSM at different potentials of HER & OER
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Thus, higher ECSA (89 cm) accounts for the higher water-splitting ability of the catalyst
material Ni-WS, coated SSM. These observations and results indicate that the hierarchical
structure of the electrodeposited Ni-WS; coated SSM enhanced the active surface area of the
electrode, thereby resulting in increased electrolyte access. Moreover, this binder-free electrode
fabrication method facilitates increased conductivity and electrolyte wettability, thereby enhancing
the activity and stability of the catalyst materials.

EIS measurements were carried out to analyze the electrochemical phenomena at the
electrode-electrolyte interface. The EIS measurements were carried out at different potentials
slightly above and below the overpotentials of respective HER and OER. Figure 6b.10 (b) and (c)
shows the Nyquist curves of Ni WS, recorded in a frequency range of 100 mHz to 100 KHz at
different overpotentials. The Nyquist plots of Ni-WS; coated SS mesh for HER and OER reflect
the reaction Kkinetics at different potentials [34-37]. Nyquist plots exhibited more capacitive
behaviour than resistive behaviour, in the Non-Faradaic region (low potential region) unlike higher
potentials where chemical reactions are more likely to occur. The capacitive behaviour indicates
that the surface sites of the catalyst are available for charge storage, revealing how easily reactive
species can adsorb onto the catalyst surface during HER and OER.

Figure 6b.11.(a) and (b) shows the impedance curve of Ni-WS; coated SSM fitted using
ZSimpWIN3.21 software & inset shows the equivalent plot obtained. Analysing the equivalent
circuit corresponding to the Nyquist plot of HER and OER activity. Rs accounts for the electrolytic
resistance and Q1 (CPE1) models the double-layer capacitance, mainly due to surface roughness of
the catalyst. Q2 (CPEz) and R> demonstrates the secondary surface or interfacial phenomena, such
as adsorption of reaction intermediates (H*, O*, OH*) or changes in surface coverage of the
catalyst. The Warburg element reflects the diffusion of protons or hydrogen species or oxygen
[38,39].
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Figure 6b.11. EIS Nyquist plot fitted with equivalent EIS circuits (a) hydrogen evolution and (b)

oxygen evolution
6b.3.4 Overall water splitting ability

Since Ni-WS; coated SSM proved to be suitable for both hydrogen and oxygen evolution,
a full cell comprising the coated mesh as both anode and cathode was designed (Figure 6b.12).
The bi-functional activity of the electrocatalyst for simultaneous hydrogen and oxygen generation
was examined in the alkaline electrolyzer. Figure 6b.13(a) shows the polarization curve of the full
cell, indicating the changes in the current generated in the electrode versus the applied voltage. To
generate a current density of 10 mA/cm?, the cell required a potential of 1.56 V. As the applied
voltage increased, the current generated also increased abruptly, indicating the bi-functional

activity of the electrode material.

Along with activity, the long-term stability of the material was evaluated using
chronoamperometry. Figure 6b.13(b) shows the current versus time plot obtained for the full cell.
It can be seen that the current generated remained almost constant for about 50 hours of continuous

energy generation.

The electrodes were able to maintain the current density at 10 mA/cm? at an applied
potential of 1.56 V even after continuous usage. These results indicate that Ni WS, coated SSM

can be effectively used as a bi-functional catalyst material for overall electrochemical water
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splitting in alkaline medium. By further modifying the deposition parameters and optimising the

growth of Ni-WSz over SS mesh, the efficiency of the bi-functional catalyst can further be scaled

up.
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Figure 6b.13. (a) Polarization curve of the full cell using Ni WS> coated SSM, (b)
Amperometric i-t curve showing the long-term stability of the full cell

The HER and OER activity of Ni-WS; coated SS mesh can be attributed to the active sites
over both Ni and WS>. The sulphur edges of WS are active for both HER and OER. The Gibbs
free energy of hydrogen or hydroxyl ion adsorption (AGH/ AGor) of the sulfided edges make them
active HER/OER sites. Various studies resonating the catalytic activity of the sulfided edges of
transition metal dichalcogenides like WS, and MoS; have been reported [25]. This is further

supported by our recent study of MoSSe based systems. In this study, the Gibbs free energy of
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hydrogen adsorption (AGw) of both sulfided and selenided edges of molybdenum was calculated.
And it was found out that AGy is minimum for H adsorption on sulfided Mo edges [40]. Nickel
provides a conductive backbone that facilitates efficient electron transfer during electrochemical
reactions in water splitting. The d-band electronic structure of Ni allows optimal binding of
intermediates such as hydrogen (H*) for HER or oxygen-containing species (O*, OH*) for OER
[41].

Thus, the excellent bi-functional electrocatalytic activity of Ni-WS; coated SSM is due to:
(1) Ni (111) plane and edge sites of WS, particles possess high inherent catalytic activity,
appropriate hydrogen binding energy and are stable in alkaline environments, (2) increase in the
active catalytic surface area resulting from the formation of micro-nano hierarchical structure, (3)
enhancement in the intrinsic electrocatalytic activity due to the synergistic effect between Ni (low
hydrogen overpotential) and WS; particles (high hydrogen adsorption), (4) the peculiar structure
of the catalyst significantly increases ECSA as well as enables the flow of electrons and gas
release, (5) the direct growth of Ni and WS; particles on SS mesh as a binder-free catalyst via one-
step electrodeposition has several advantages, including close contact, outstanding mechanical

adherence, and superior durability.
6b.4. Conclusions

A Ni-WS; coated SS mesh with a micro-nano hierarchical structure that can act as a bi-
functional catalyst in water splitting was developed by electrodeposition. The catalyst contained a
rough hierarchical surface of WS clusters and Ni cones. LSV tests showed that the overpotentials
for hydrogen and oxygen evolution reactions for Ni-WS; coated SS mesh were -89 mV and 230
mV respectively, much lower than pure Ni-coated mesh. The electrocatalytic activity of Ni-WS;
coated SS mesh was higher due to the increased catalytic surface area and ready detachment of the
adsorbed H» from the electrode surface. A full-cell alkaline electrolyzer using Ni-WS; coated SS
mesh as anode and cathode delivered a current density of 10 mA/cm™ at an applied potential of
1.56 V. Moreover, the electrochemical cell remained stable for 50 hours of continuous cycling.
This enhanced activity arises due to the binder-free fabrication process of the electrode materials,
the three-dimensional morphology of Ni-WS; and the catalyst material's higher electrochemical
active surface area and lower charge-transfer resistance. In light of its excellent electrocatalytic

activity for HER and OER and its ease of fabrication and availability, this bi-functional composite
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catalyst can provide an efficient, cost-effective, and facile approach to developing large-scale

industrial alkaline water electrolyzers.
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Chapter 7

Summary & Future Perspectives

In view of the fact that material deterioration can have a significant impact on global energy
demand, this doctoral investigation aims to develop multi-functional nickel composite coatings
with 2D material reinforcements (BN, graphene, TMDs) that provide aesthetics, protection and
mitigate the underlying causes of deterioration, such as corrosion, wear, fatigue, moisture, etc. The
catalytic aspect of these coatings is also investigated since these coatings can improve the
efficiency, durability, and economic viability of sustainable hydrogen production technologies like
electrolytic water splitting.

Chapter 2 deals with the development of Ni-h/BN composite coating over mild steel
substrate. The results indicates that the second phase h-BN particles were successfully deposited
within the Ni matrix and composite coating had a compact, smooth and grain refined surface. The
influence of grain refinement on the microhardness, corrosion and tribological properties was also
investigated. Micro hardness value of the composite coating was higher than pure Ni coating and
mild steel. Under different saccharin concentrations, it has been found that the corrosion resistance
of the developed Ni-BN coating is better than that of pure nickel coating and mild steel substrate.
Further the composite coating exhibited lower COF (0.23) and excellent wear resistance. Thus the
developed Ni-BN coating with improved properties indicates its potential for engineering

applications.

One-step electrodeposited biomimetic Ni-graphene composite coating with pinecone-
inspired hierarchical micro/nanostructures with a contact angle of 152° was developed in Chapter
3. It was observed that this particular coating had a self-cleaning nature and it was a mechanically
durable anti-corrosive coating. The composite coating also exhibited consistent and remarkable
lubricating properties with an average friction coefficient of 0.24 and a low wear rate, reduced by

over 70% in comparison with the pure Ni coating.

In Chapter 4, electrodeposited Ni and Ni-MoS; coatings have been successfully developed

over mild steel substrate. The coatings reinforced with MoS; exhibited more compact structure as

173



Chapter 7

compared to the pure Ni coating. In terms of mechanical and tribological properties, Ni-MoS;
coating had a maximum hardness value of 525 HV and low coefficient of friction of 0.08. Among
all the coatings, significantly lower charge-transfer resistance (Rct) as well as superior inhibition
efficiency (IE>90%) for MoS: reinforced coatings suggest better corrosion resistant behavior. In
addition, LSV and CV results indicated the catalytic potential of the Ni-MoS; coated SS mesh for

overall water splitting.

The studies in the Chapter 5 have produced a low-friction, superhydrophobic Ni-WS;
coating by a versatile one-pot single-step electrodeposition. By adjusting the WS> concentration
and tuning the deposition parameters, a hierarchical surface with a high water contact angle of 159
degree was achieved. Furthermore, mechanical and friction properties of the coating were
characterized, revealing that sufficient WS, embedded in the Ni coatings resulted in a reduced
friction coefficient of 0.04 by the formation of a self-lubricating tribo-film. Compared to the
substrate and pure nickel coatings, the robust surface of the as-prepared Ni-WS, composite
coatings exhibited good self-cleaning property and corrosion resistance, providing potential for
industrial applications.

Chapter 6A deals with the development of superhydrophobic - superoleophilic SS mesh
with a water contact angle of 169.5° and surface roughness of 168 nm. The combined effect of
hydrophobic surface chemistry and the roughness contributes to excellent superhydrophobic-
superoleophilic and self-cleaning characteristics of the developed SHSM. The oil/water separation
performance of SHSM was studied and the efficiency was greater than 98 % even after multiple
uses. Chapter 6B discuss using the Ni-WS; coated SS mesh with micro-nano hierarchical structure
as a bi-functional catalyst in water splitting. A full-cell alkaline electrolyzer using Ni-WS; coated
SS mesh as anode and cathode delivered a current density of 10 mA/cm? at an applied potential of
1.56 V.

In conclusion, this doctoral thesis demonstrates a systematic and progressive development
of advanced nickel-based composite coatings by electrodeposition through the strategic
incorporation of various 2D layered materials, each selected for its unique properties.

e Beginning with BN, the research initially focused on enhancing the fundamental

mechanical, wear, and corrosion-resistant properties of nickel coatings.
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This foundational work was then extended by integrating graphene to impart
superhydrophobicity and self-cleaning functionalities, alongside improved tribological
behavior.

Building on these advancements, the incorporation of MoS: introduced catalytic
capabilities, expanding the functionality of the coatings into electrochemical domains.
The research culminated in the development of a multifunctional Ni-WS. composite
coating that successfully integrated all the desired attributes; corrosion resistance, low
friction, superhydrophobicity, and catalytic activity. Notably, this work also led to a novel
application of Ni-WS: coated stainless steel mesh for oil-water separation and as a binder-
free electrocatalyst for overall water splitting.

This sequential and thoughtful evolution of material design not only highlights the
versatility of 2D materials in nickel composite coatings but also sets a strong foundation

for future multi-functional surface engineering solutions.

Comparative performance of the developed multi-functional Ni composite coatings in the present
work is added in Table 7.1.

Table 7.1. Comparative performance of the developed multi-functional Ni composite coatings in

the present work

S.No| Systems | Microhardness| Corrosion studies Wear | Wettability Catalytic
studied (HV) studies studies studies

Ecorr Toor COF at WCA Overpotential | Tafel slope
V) |(uAsem?)| 2N | (degree) (mV) (mV dec!)

1. [Ni-BN 589 -0.25 0.47 0.23 NA NA

2. [Ni-graphene 485 -0.38 0.51 0.24 152 NA
3. [Ni-MoS, 527 -0.28 0.92 0.08 NA HER : 147 HER : 145
OER : 276 OER : 103
4. |Ni-WS, 522 -0.24 0.17 0.04 159.7 HER : 89 HER : 102
OER : 230 OER : 99

175




Chapter 7

Thus this thesis meticulously addresses the need to develop sustainable, cost-effective,

durable and versatile multi-functional composite coatings as industries strive for innovations in

terms of energy efficiency, sustainability, and scalability. This work aligns and contributes towards

global sustainable development goals like clean water and sanitation, affordable and clean energy,

and responsible consumption and production. Thus, the findings of this study result in exciting

possibilities for innovative multi-functional composite coatings with potential implications for

both academia and industry.

Future Perspectives

1.

Computer-based optimization methods such as artificial neural networks and principal
component optimization methods could feasibly be used to refine the electrodeposition
parameters to obtain Ni composite coatings with improved properties.

Further investigation has to be done in incorporating suitable alloying element (Ni-Co, Ni—
W, Ni-P, Ni-Mo) in these composite coatings to improve the tribological properties for
high temperature applications.

The synergetic lubricating action and mechanism of multiple lubricants used in these Ni
based self-lubricating composite coatings needs to be studied in detail.

Future initiatives could include the development of Ni composite coatings by pulse
deposition that are functionally graded for specialised applications.

Further studies are needed to develop nickel composite coated mesh for oil-water emulsion

separation which is an important industrial problem to be solved.
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Multi-functional metallic composite coatings have emerged as a cornerstone in modern material science,
offering a unique combination of properties that address diverse industrial challenges. Integrating multiple
functionalities into a single coating not only simplifies the processes but also reduces the material costs. The improved
properties of these multi-functional coatings make them indispensable in industries such as aerospace, automotive,
healthcare, and energy sector. Chapter 1 gives a general introduction about recent developments in multi-functional
metallic composite coatings developed by electrodeposition. Main focus of the chapter is on the properties of 2D
materials (h-BN, graphene, and transition metal dichalcogenides) incorporated electroplated nickel based composite
coatings. This chapter also gives a detailed an experimental methodology for the development of Ni composite coatings
over mild steel substrate by electrodeposition.

Chapter 2 deals with the development of Ni-h/BN composite coating over mild steel substrate. The influence
of grain refinement on the microhardness, corrosion and tribological properties was also investigated. Micro hardness
value, wear resistance and corrosion resistance of the composite coating was higher than pure Ni coating and mild steel.
Thus the developed Ni-BN coating with improved properties indicates its potential for engineering applications. One-
step electrodeposited biomimetic Ni-graphene composite coating with pinecone-inspired hierarchical
micro/nanostructures with a contact angle of 152° was developed in Chapter 3. It was observed that this particular
coating had a self-cleaning nature and it was a mechanically durable anticorrosive coating. The composite coating also
exhibited consistent and remarkable lubricating properties with an average friction coefficient of 0.24. In Chapter 4,
electrodeposited Ni-MoS: coatings have been successfully developed. In terms of mechanical properties, Ni-MoS:
coating showed a maximum hardness value of 525 HV. Compared with uncoated and pure Ni coated samples, Ni-MoS:
composite coated sample exhibited excellent corrosion resistance and low coefficient of friction (0.08) at optimized

conditions. Ni-MoS: coated SS mesh exhibited improved electrocatalytic activity for HER and OER.

Chapter 5 deals with the development of a low-friction, superhydrophobic Ni-WS: coating by a versatile one-
pot, and single-step electrodeposition. By adjusting WSz concentration and tuning the deposition parameters, a
hierarchical surface with a high water contact angle of 159° was achieved. Compared to the uncoated substrate and
pure nickel coating, the robust surface of the as-prepared composite coatings exhibited good self-cleaning and corrosion
resistance, providing potential for industrial applications. Chapter 6A deals with the development of superhydrophobic
- superoleophilic SS mesh with a water contact angle of 169.5° and surface roughness of 168 nm. The combined effect
of hydrophobic surface chemistry and the roughness contributes to excellent superhydrophobic-superoleophilic and
self-cleaning characteristics of the developed SHSM. Chapter 6B reveals the potential of Ni-WS: coated SS mesh with
micro-nano hierarchical structure as a bi-functional catalyst in overall water splitting. Summary of the various studies

carried out and future perspectives of the research work is given in Chapter 7.
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Fabrication of a Robust Superhydrophobic Stainless Steel Mesh for Efficient
Oil/Water Separation
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Abstract

Leakage of oil or organic pollutants into the ocean arouses a global catastrophe since toxic
chemicals found in oil-polluted water can harm people's health and have an adverse effect on the
environment. Separation by means of materials with selective oil/water uptake is a comparatively
new but sustainable area of research. The superhydrophobic materials have offered a new idea for
the efficient, thorough and automated oil/water separation. Researchers have switched to
interfacial superwetting porous materials to treat oily water because oil/water separation is
basically an interfacial process. Metallic meshes (SS mesh and copper mesh) are commonly used
as potential oil-water separation substrates because of their low cost, high plasticity, high thermal
stability and good mechanical properties. Meshes with extreme, preferential wettability can
effectively remove oil or water from oil/water mixtures using a simple gravity-based filtration
process. In this work we have developed a robust Ni-WS; based superhydrophobic stainless steel
mesh (SHSM) via one-step electrodeposition followed by further modification with low surface
energy material. The surface morphologies, chemical composition, and wettability were
characterized by means of scanning electron microscopy (SEM), X-ray diffraction (XRD) and
water contact angle (WCA) measurements respectively. By tuning the mesh surface to a
hierarchical structure of micron-sized protrusions and submicron-sized bumps, a high water
contact angle of 150 degree with good superoleophilic properties was achieved. The SHSM was
used for the separation of various oil/water mixtures (n-hexane, toluene, diethylether,
dichloromethane) and the separation efficiency was up to 98.3% even after being recycled 30
times. In addition, the as-prepared mesh shows self-cleaning property with water and exhibits

strong chemical stability against strong acidic/alkaline solutions.
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Abstract

Clean water is essential for life and a critical resource for most organisms. Leakage of oil or
organic pollutants into the ocean arouses a global catastrophe since toxic chemicals found in
oil-polluted water can harm people's health and have an adverse effect on the environment.
Separation by means of materials with selective oil/water uptake is a comparatively new but
sustainable area of research. The superhydrophobic materials have offered a new idea for the
efficient, thorough and automated oil/water separation. Metallic meshes (SS mesh and copper
mesh) are commonly used as potential oil-water separation substrates because of their low cost,
high plasticity, high thermal stability and good mechanical properties. Meshes with extreme,
preferential wettability can effectively remove oil or water from oil/water mixtures using a
simple gravity-based filtration process. In this work we have developed a robust Ni-WS; based
superhydrophobic stainless steel mesh (SHSM) via one-step electrodeposition followed by
further modification with low surface energy material. The surface morphologies, chemical
composition, and wettability were characterized by means of scanning electron microscopy
(SEM), X-ray diffraction (XRD) and water contact angle (WCA) measurements respectively.
By tuning the mesh surface to a hierarchical structure of micron-sized protrusions and
submicron-sized bumps, a high water contact angle of 150 degree with good superoleophilic
properties was achieved. The SHSM was used for the separation of various oil/water mixtures
(n-hexane, toluene, diethylether, dichloromethane) and the separation efficiency was up to
98.3% even after being recycled 30 times. In addition, the as-prepared mesh shows self-
cleaning property with water and exhibits strong chemical stability against strong
acidic/alkaline solutions. Thus the SHSM synthesized in this study using a facile synthetic
strategy has great potential in the application of actual oil/ water separation.
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Abstract

Long-time environmental protection of metallic materials is still required in manufacturing and
engineering applications. The use of graphene-based composite as anti-corrosion and
protective coatings for metallic materials is still a provocative topic worthy of debate [1].
Nickel-graphene nanocomposite coatings have been successfully coated over mild steel by
electrochemical co-deposition technique. This study explores surface morphology, phase
composition, wettability, and corrosion resistance properties of the Ni nanocomposite coatings.
The concentration of graphene and deposition parameters like current density, time, and
temperature were optimized. The coatings exhibited compact and crack-free morphology
which was evident from the SEM images which was in agreement with the XRD results.
Wettability studies reveal that the Ni-graphene coating has a water contact angle (CA) of 152°
indicating its superhydrophobicity and also possesses self-cleaning properties. Corrosion-
resistant properties of the coatings were examined by potentiodynamic polarization studies and
electrochemical impedance spectroscopy. Incorporating graphene sheets into a nickel metal
matrix leads to enhanced surface roughness, adhesion strength, and corrosion resistance of
produced composite coatings. Furthermore, the presence of graphene in composite coating
exhibits reduced grain sizes and enhanced erosion—corrosion resistance properties. The simple
fabrication method may provide a cost-effective way to prepare mechanically durable, anti-

corrosive, self-cleaning, and superhydrophobic coatings on metal substrates.
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Abstract

Electrocatalytic water splitting is a simple and environmentally friendly way of producing
hydrogen. The high cost of noble metal catalysts restricts their applicability, so developing
earth-abundant and inexpensive catalyst materials is vital for electrocatalytic water splitting.
Nowadays, bi-functional catalysts that can perform the dual function of HER (Hydrogen
evolution reaction) and OER (Oxygen evolution reaction) are in great demand. In the present
work, a novel electrodeposited Ni-WS; coated stainless steel mesh is developed as a bi-
functional catalyst for electrochemical water splitting. The synergistic effect of Ni and WS>
particles, along with highly reactive surface area and quick separation of bubbles from the
hierarchical surface, are attributed to the desirable catalytic activity of the fabricated electrode
material. The developed bi-functional catalyst shows excellent performance in both HER (89
mV at 10 mA cm™) and OER (230 mV at 10 mA c¢m2). Chronoamperometric studies reveal
that the catalyst exhibited robust stability over a period of 10 hours in alkaline medium. In
overall water splitting, to generate a current density of 10 mA/cm?, the cell only required a
potential of 1.56 V and was stable over 15 hours. Thus, this work provides a new efficient
electrocatalyst based on the non-precious metal Ni for overall water splitting, contributing to

sustainable hydrogen energy production.
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ARTICLE INFO ABSTRACT

Keywords: In recent years, electrodeposition has gained substantial attention due to its advantages such as being efficient,
Coatings reliable, economical and simple to operate among different methods used to protect industrial components from
Hard Chrome_ ) corrosion, wear/abrasion failures. On account of their exceptional improvement in hardness, corrosion and wear
Electrodeposition

properties that can be achieved from electroplated nickel nanocomposite coatings, they are being widely utilised
in the manufacturing, automotive, aviation and electrical industries. Additionally, electrodeposition of nickel-
based composites is an environmentally-safe alternative to traditional coatings like harmful hard chromium

Nickel nanocomposites
2D materials

}rr;tieb:)fgvls; coatings. Scientific investigation and technological applications comprising of anti-friction, anti-wear and

Self-lubrication lubrication of 2D materials like graphene, BN, WS3 and MoS; have made remarkable strides in past few years and

Corrosion resistance have arisen as innovative solid lubricants having remarkable capabilities refining tribological properties. This

Super-hydrophobicity review article provides an outline of fundamental aspects of electrodeposition such as metal-particle co-depo-
sition models and various influential parameters affecting the electrodeposition process. Development strategies,
reinforcement mechanisms, characteristic mechanical properties, friction and lubrication performances, super-
hydrophobicity, characterisation techniques, possible applications and practical benefits of 2D material incor-
porated nickel nanocomposite coatings are comprehensively discussed in this work. Possibilities for future
research in this area are also discussed. We believe that this review article serves as an important focal point for
new researchers by offering an understanding of synthesis approaches and applications of two-dimensional
material incorporated electrodeposited nickel nanocomposite coatings.

Introduction metal matrix nanocomposites (MMCs).[9,10] Area of electrodeposition

Traditional chromium coatings deposited from Cr (VI) electrolyte
have a wide range of engineering applications due to their excellent
corrosion and wear resistant properties and are widely used in vehicle
engines, hardware and tools.[1,2] Additionally chromium plated coat-
ings possess superior hardness, low coefficient of friction and shiny
lustre.[3,4] Despite many favourable characteristics and cost-
effectiveness, the bath utilised for chrome deposition have hazardous
Cr (VD) ions that should be abandoned according to EU directives (2000/
53/WE and 2011/37/EU); and this declaration prompted investigators
to go to greater extent to find alternatives to chromium.[5-7].

As early as 1970s, Nickel (Ni) was proposed to be a promising sub-
stitute for hard chromium due to its novel blend of properties and at-
tributes.[8] Gradually it became a well-known choice within the zone of

of metal matrix composite coatings is advancing at a regular pace.[11]
These composite coatings are used on account of their improved me-
chanical[12], magnetic[13], optical[14], outstanding electrochemical
[15] and catalytic properties.[16,17] Electrodeposition is a “bottom-
up”, “single step” method for developing metal matrix nano-composites
in which the source will be electroactive species which get reduced at
the cathode.[18] Another benefit of adopting the electrodeposition
technique is the ease with which grain size, coating thickness,
morphology, and crystallographic orientation may be varied by chang-
ing the bath compositions and deposition parameters.[19] Metal matrix
based nanocomposites have appreciable uses in transportation, elec-
trical and manufacturing sectors since they have superlative mechanical
properties and attributes like being light weight and higher electrical
and thermal conductivity.[20-22] Improved properties of typical nano-
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crystalline nickel produced by electrodeposition are increased strength
and hardness, low density, minimum porosity, feasibility and excellent
corrosion cum wear resistance.[23].

For nickel composite coatings, different types of materials may be
utilised as second phase particles like ceramics [24], pure metals[25]
and polymers.[26] The inclusion of nano materials into the nickel matrix
imparts unique attributes that are not shown by conventional micron
sized coatings.[27] Nano sized metal oxides (AlyO3 [28,29] ZrO,[30],
TiOy [31,32], Cry03[33], SiOy[34], CeO,[35]), carbides (SiC[36], WC
[371, TiC[38], B4C[39]), nitrides (SisN4[40]), carbon-based materials
(graphite,[41] diamond,[42,43] carbon nanotubes[44]) etc are
included as secondary phase particles. In addition to these, layered two-
dimensional (2D) nanomaterial fillers such as graphene[45], boron
nitride (BN)[46], molybdenum disulphide (MoS3)[47], transition metal
carbides[48], selenides[49,50], MXenes[51,52] and other novel
lamellar 2D materials, such as LDH[53], a-ZrP[54,55], mica flakes[56]
have been used as potential reinforcements to develop composites with
superior mechanical and tribological properties.

The present review mainly focuses on the development of electro-
deposited Ni based tribological nano-composite coatings with 2D
nanomaterials as reinforcements on various substrates. This review
elucidates the influence of electrodeposition parameters on the physical,
mechanical, microstructural and tribological characteristics of the
coatings, properties like self-lubrication and super-hydrophobicity,
various characterisation techniques that can be used in the detailed
analysis of these coatings, applications in diverse fields and the chal-
lenges and future avenues of this ever advancing nickel based composite
coating technology.

Two-dimensional layered materials as reinforcements: Scope and
applications

Two-dimensional materials possess remarkable physical, chemical,
electronic and optical properties compared to existing three-
dimensional (3D) materials.[57] 2D materials are a combination of
crystalline atomic chains, where the atoms are firmly linked by covalent
bonds within individual atomic layers and subsequent layers are loosely
connected by van der Waals forces, forming a monolayer structure with
high modulus and strength. Higher specific surface area of 2D materials
aids in more effective surface absorption and act as a barrier between the
friction pair. In addition to that, low shear resistance between the
nearby atomic layers permits the easy sliding of these layered atoms.
[58] Thus the soft van der Waals forces account for their outstanding
tribological properties and self-lubrication performance superior to that
of other nanomaterials.[59].

2D nanomaterials can be typically classified into five categories
based on their composition and atomic configuration: (1) Xenes, which
are made up of single element like carbon, silicon and phosphorous. A
peculiar example is graphene made of carbon atoms. (2) Transition
metal carbides and nitrides (MXenes), in which M is an early transition
metal (e.g. Ti, V and Mo) and X can be carbon or nitrogen. (3) Transition
metal dichalcogenides (TMDs); they are composed of hexagonal metal
layers in which metal atoms (M) are packed between two layers of
chalcogen atoms (X) having a MXj stoichiometry such as MoS,, MoSe,
WSe;y and WSs. (4) 2D III nitrides (MN) in which M is a group III metal
and N is nitrogen. An example of 2D III nitride is hexagonal boron nitride
(h-BN). (5) 2D organic frameworks. They are comprised of metal-
organic frameworks (2DMOFs) that contain metal ions or clusters that
are bonded to organic ligands, an example is MOF-5 whereas covalent-
organic frameworks (2DCOFs) forms two-dimensional structures via
interactions between organic precursors leading to strong covalent
bonds, resulting in porous, stable and crystalline materials. A typical
example is COF-5. Metal composite coatings incorporating MXene or 2D
MOF have not yet been explored owing to their high cost and expected
defects in structure.

This paper reviews recent experimental findings related to 2D
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layered materials as nano-reinforcements giving more importance in
analysing the performance of graphene, BN and TMDs that have been
studied extensively for their tribological properties in electrodeposited
nickel nano composite coatings.

Graphene

Graphene (Gr) is basically a crystalline allotrope of carbon with two-
dimensional properties. In graphene, spz—bonded carbon atoms are
closely arranged in a well ordered hexagonal fashion (Fig. 1) It has a
large surface area that has a close-knit contact with the metal matrix[60]
and additionally has ultra-high elastic modulus, yield strength, good
electrical and thermal conductivity.[61] Graphene has potential appli-
cations in the field of materials engineering specifically in resilient
composite materials.[62] Possibility of using graphene as part of the
composites is really useful in aerospace and auto-motive industries
because of its superior strength, ductility and firmness as a covering
especially in the area of laminated composites, altering the substrate by
improving its endurance to extreme conditions that may cause wear and
corrosion.[63] In addition to that, graphene incorporated metal matrix
composites hold superlative thermal and mechanical properties, so that
they can be utilised in the fields of surface engineering, catalysis, elec-
tronics, energy storage and so on.[64] The workability of graphene is
restricted due to expensive synthesis methods, limited solubility and
agglomeration tendency while utilised in the area of composite mate-
rials.[65] Pure Gr coatings are extremely vulnerable to surface defects
especially when exposed to corrosive environment.[66,67] To avoid
these drawbacks functionalization of graphene is considered to be an
alternative and thus graphene oxide (GO) became popular.[68,69] GO is
the oxidized form of graphene. In GO the carbon atoms are attached to
oxygen containing groups such as carbonyl, carboxyl, epoxide and hy-
droxyl etc. These functional groups make GO hydrophilic. It can form
stable dispersions in both aqueous and non-aqueous media. Additionally
GO shows better chemical activity and becomes electrically resistive
because of these functional groups.[68,69] Reduced graphene oxide (-
GO) is synthesized by different methods involving suitable treatment of
GO so that only minimal amount of oxygen containing functional groups
are present. Obtained r-GO will have characteristics similar to that of
natural graphene.[70].

Boron nitride

Boron nitride (Fig. 2) is a man-made crystalline compound that is
structurally similar to graphite as the alternating B and N atoms sub-
stitute for C atoms.[71] It is a refractory compound having exceptional
chemical and thermal stability, high thermal conductivity, excellent
electrical resistivity, non-wettability, superior lubrication properties
and low dielectric constant.[72-74] BN nano-particles may be directly
included into polymers and metal matrices to get composite coatings
which show improved corrosion resistance and high hardness.[75] An
additional advantage of h-BN is that it is a very good lubricant at both
low and high temperature and can be employed to generate different
friction resistant composite materials.[76,77] Another important
feature is that the viscosity of BN is maintained without water or gas
entrapment in between its layers.

Transition metal dichalcogenides

Transition metal dichalcogenides are typically MX,, where M is a
transition metal atom (such as Mo or W) and X is a chalcogen atom (such
as S, Se or Te) such as MoS,, MoSes, WS, and WSe; (Fig. 3). They are
layered materials which follow hexagonal crystal system[57,78] having
strong in-plane ionic-covalent bonds and weak out-of-plane van der
Waals forces. Ultrahigh strength composites incorporated with TMD-
based nanoparticles have a wide range of applications.[79] The
layered TMD based lubricants are gaining importance.[80] Van der
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Waals interactions result in minimal shear and sliding of individual
layers which reduces wear and friction to a greater extent.[81] The main
disadvantage of these TMD based lubricants is that they are highly
susceptible to humidity.[82] These TMD based self-lubricating coatings
have applications involving ultra-high vacuum, transportation and
space systems comprising of satellites and launch vehicles where often
liquid lubricants fail to function properly.[83,84].

Molybdenum disulfide (MoS;) and MoS,-based nanocomposites have
received the greatest attention among these 2D TMDs.[85] So far, MoS;-
based nanomaterials have primarily been applied in domains such as
energy storage, electronic devices, and biomedical engineering.[86]
MoS; has superior mechanical characteristics as well, including an
extraordinarily high Young’s modulus (0.3 TPa) and strong elasticity.
[87].

In comparison with MoSs, WS, can sustain in high temperature so
that it is a better solid lubricant for high temperature applications. WS,
is chemically inert and it is converted to tungsten trioxide (WO3) as it
gets oxidised. WO3 also has a low friction factor and restricts the glue
formation in between the surfaces that experience friction. The addition
of WS, in Ni matrix leads to reduction in fragility of the coating and
improves properties like adhesion and wear resistance of the coating.
[88] In recent years, electrodeposition has been used extensively to
develop Ni-WS, composite coatings having low friction coefficients and/
or exceptional wear resistance. There are two types of WSy used for
preparation of Ni/WS; composites: IF (inorganic fullerene-like) and 2H
(layered platelets). In comparison with WS, platelets, the fullerene form
has more superior tribological performance.

In ambient atmosphere transition metal dichalcogenides containing
sulphides, typically MoS; and WS, become ineffective because of their
moisture sensitive tribological behaviour unlike selenides based
dichalcogenides such as tungsten diselenide (WSez) and MoSey (mo-
lybdenum diselenide). MoSes can be considered as a promising candi-
date to be used as a second phase reinforcement in the generation of
hydrophobic surfaces due to its high thermal stability, inertness in
moisture and oxygen containing atmosphere. So the incorporation of
MoSe; can retain the superhydrophobicity for a considerable time
period.[49] WSe; can be utilised as a solid lubricant in various tribo-
logical applications at different conditions like vacuum, normal atmo-
sphere and even at high temperature around 1700 °C where the
traditional liquid lubricants happens to be inefficient.[89] Therefore
WSe; is a potential option to be a secondary particle reinforcement in Ni
matrix because of its top grade tribological behaviour in ambient air as
well as inert atmosphere. It is important to note that the structural and
tribological parallelism of electroplated Ni-WSey/MoSes composite
coating on various substrates has not yet been described in detail.

General mechanism of co-deposition in composite
electrodeposition

In electrodeposited nano-composites, the metal matrix, type and size
of the reinforcement particles are actively chosen and the process pa-
rameters are designed to maximise the increase of the strengthening
effects granted by the crystal structure[26] (Fig. 4). For instance, the
process parameters: current density, agitation type and electrolyte
composition are used to modify the grain size of the matrix.[90] The
kinetics of electrochemical deposition, mechanisms of crystal growth
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Fig. 4. Electrodeposition of composites. (a) Particle addition to the electrolyte, (b) Particle entrapment by the metal and (c) Composite coating. Particles are

encircled in red.

and nucleation, all contribute to porosity of the electrodeposited coat-
ings.[91] For nickel nanocomposite coatings, different types of particles
like oxides, carbides, nitrides, two dimensional layered materials, dia-
mond like carbon (DLC) can be utilised. Integration and even distribu-
tion of nano-meter sized second phase particles might improve the
material’s intrinsic mechanical, tribological and electrochemical prop-
erties and open it up to a whole new area of material applications.
Agitation/stirring, cathode movement and surfactant addition are the
ways of suspending secondary particles. In the bath particles will attain
a natural surface charge and zeta potential. Alteration of surface charge
in terms of sign and size is possible by adsorption of metallic ions and
also by surfactant addition.

There are many proposed models which explain particle co-deposi-
tion.[92,93] Table 1 provides the details of existing models and their
main ideas.

The adaptability and the credibility of all the available models still
need proper proofs and verification.[100,101] One of the common
mechanisms of co-deposition process have five sequential steps[102] as
shown in Fig. 5.

Five consecutive steps of co-deposition mechanism are:

Table 1
List of existing models which explain the mechanisms of particles co-deposition
in composite electroplating.

Guglielmi [94] This model described co-deposition as two consecutive steps:(i)

Loosely absorbed particles form a layer at the surface of the
cathode by absorption.(ii)

Electrophoresis where the electric field at the interface elevates
potent surface adsorption and thus particles are entrapped by the
growing metal. The fluid dynamic conditions were not
considered in this model.

Devised that the movement of particles is relative to the mass
transfer of ions towards cathode. Firstly ionic species forms an
absorbed layer around the particles followed by the addition to
the electrolytic bath, followed by transport of particles via
convection—diffusion. Finally, incorporation depends upon the
probability and number of transported particles.
Fransaer et al. This one use trajectory analysis to explain the suitable

[96] environment provided by the action of tangential forces on the
particles enhancing rate of co-deposition.
Highlighted the importance of current density in particle co-
deposition. Co-deposition rates are associated with the reduction
of ions adsorbed on the particles’ surfaces.
Vereecken et al. The model depicted particle transport as governed by

[98] convection—diffusion taking into account hydrodynamics and
assuming that particle inclusion increased with contact time at
the cathode’s surface.

Guglielmi’s model [94] was further improved by including a
mathematical model that accounted for hydrodynamic
conditions.

Celis et al.[95]

Hwang et al.[97]

Bercot et al.[99]

(1) Formation of ionic clouds on the particles
(2) Convection towards the cathode
(3) Diffusion through hydrodynamic boundary layer

Cathode

Deposit 5 . Buk
: ielectrolyte
Electrical Diffusion Convection
double layer layer
layer

* Particles (conductive or non conductive)

Surfactant (ionic, non-ionic or organic)

o~
‘3}{(- ‘Clouding’ of particles by surfactants
@

‘Clouding’ of particles by cations

O Deposited metal

Fig. 5. Mechanisms of particle codeposition into a metal deposit. The regions
include: formation of ionic clouds around the particles (bulk electrolyte, typical
length in cm); convective movement toward the cathode (convection layer,
typical length in mm); diffusion through a concentration boundary layer
(diffusion layer, typical dimensions of hundreds of ym); electrical double layer
(typical dimensions of nm) followed by adsorption and entrapment of particles.
Reprinted with permission from SPS:refid::bib108[108]. © Elsevier
Limited 2006.
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(4) Diffusion through concentration boundary layer
(5) Adsorption at the cathode surface where particles get deposited
within metal deposit

If the reinforcements are nano particles, the action of every forces
will be entirely different from micron sized particles. Therefore these
models need more authentication to include the concepts of nano
composite coating technology.[103].

Nickel nanocomposite electrodeposition
Different types of Ni electrolytic baths

Sulphate solutions. The most common nickel plating bath is the
sulphate bath known as Watts bath. Watts formulation, which was
developed in 1916 by Professor Oliver P. Watts[8] is the basis of ma-
jority of the nickel plating solutions. This electrolyte is made up of nickel
sulphate, nickel chloride and boric acid. Nickel sulphate is the main
origin of nickel ions. The limiting current density for attaining good
quality deposits is determined by the nickel metal content. Anodic
corrosion is provided by nickel chloride thus increasing the diffusion
coefficient of nickel ions allowing a higher limiting current density and
boric acid functions as a pH buffer.[104] H3BOs3 could also influence the
nucleation and grain growth of Ni electrodeposits in the Watts electro-
lyte. A sufficient H3BO3 content improves the Ni nucleation process,
resulting in a fine and bright Ni coating.[105] While the quantities may
vary depending on the application, Table 2 provides a common formu-
lation and details of operating parameters.[106].

Nickel sulfamate solutions are mostly utilized for electroforming.
[107] Despite the greater cost, low stress in coatings can be obtained
without the use of additives from these baths. The Watts bath has four
major advantages compared to the other available baths:

1. Simple and easy to use

. Obtained in high purity grades and relatively inexpensive

3. Less aggressive to equipment (container) than nickel chloride
solutions

4. Deposits plated from these solutions are less brittle and possess lower
internal stress than plated from nickel chloride electrolytes.

N

All Chloride Solutions. Chloride baths have an advantage over
sulphate baths in deposition speed and effectively operate at high
cathode current densities. Deposits from this electrolyte are smoother,
finer grained, harder and stronger than those from Watts solutions and
more highly stressed.

Fluoroborate Solutions. The fluoroborate solution can be operated
over a wide range of nickel concentrations, temperature, current density
and relatively simple to control. But the fluoroborate anion is corrosive
and attack the materials that are in contact with the solution.

Hard Nickel. Developed especially for functional applications and is
used where controlled hardness, improved abrasion resistance, greater
tensile strength and good ductility are required without using sulphur-
containing organic additives. The internal stress is slightly higher than
in deposits from Watts solutions. The disadvantages of the hard-nickel
bath are its tendency to form nodules on edges and low annealing

Table 2
Details of Watts Ni electroplating solutions.
Bath composition Nickel Sulphate (NiSO4-6H20) 240-300 g/L
Nickel Chloride (NiCl2-6H20) 30-90 g/L
Boric Acid (H3BO3) 30-45 g/L
Operating Parameters Temperature 40-60 °C
pH 3.5-4.5
Current Density 2-7 A dm 2
Deposition Rate 25-85 ym h™?
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temperature of the deposits.

Techniques for Ni nanocomposite electrodeposition

Generally in Ni electrodeposition when an external electric field is
applied, a transfer of electrons occurs across the cathode surface causing
reduction of Ni ions into their metallic form.[108,109] This method is
categorized into three successive steps[110]:

(1) Ni ions are carried to the cathode from the bulk electrolyte by
mass transport through diffusion, convection and electro-migra-
tion.[111]

(2) A charge transfer occurs on the cathode and the partially reduced
Ni atoms are adsorbed at the surface.

(3) Loosely bound Ni atoms will diffuse across the electrode surface
to active growth sites where they are incorporated into the crystal
lattice at the kink sites or an atomic step.

Passing electric current to the electrolyte is the primary function of
nickel anodes in electroplating. Replacement of nickel ions that have
been discharged at the cathode and distribution of current are also major
functions of the Ni anode.[112] The following reactions are most
probable in the course of Ni deposition, where Ni(OH)jy denotes an
active intermediate.[113].

Ni’* + H,0 &Ni(OH),” + H* @)
Ni(OH),; < Ni(OH),; (2)
Ni(OH)!, + e~ < NiOH 3
NiOH +H" + ¢~ < Ni+H,0 (€]

Direct current electrochemical deposition (DC), pulsed electro-
chemical deposition (PC) and pulse reverse current electrochemical
deposition (PRC) which is depicted in (Fig. 6) are various categories of
electrochemical deposition. In DC method, a specific and steady current
is applied throughout the coating process. One downside of this
approach is the generation of residual tensile stresses, which results in
the formation of cracks within the deposit. Because of its capacity to
improve current distribution and mass transfer processes, the pulse
technique is an effective way for controlling the microstructure and
chemical composition of plated coatings. Furthermore, this process
eliminates various issues such as hydrogen evolution, metallic hydride
formation, uneven deposits, and local pH fluctuations. Application of an
anodic current in form of a reverse pulse during nickel electrodeposition
may distinctively affect quality, properties, and chemical composition of
obtained coatings. Superior quality coatings may be obtained by this
pulse reverse method.[114].

Mechanism of 2D material co-deposition in nickel electroplating

Due to inter-related process variables, the theoretical models for
predicting particle codeposition outlined in (Table 1) are only valid in
laboratory conditions. Furthermore, only the models proposed by Ver-
ecken et al.[98] and Bercot et al.[99] were developed with submicron-
size particles in consideration, while the rest of the models were built
with micron-particles. As a result, the application of the proposed
mechanisms in nanoparticle codeposition is limited so is the 2D material
co-deposition.

There are studies on optimization and analysis of the underlying
mechanism of co-deposition of nano materials in metallic deposition.
[115] In case of 2D material based nanocomposite coatings, there are
very few reports. The whole co-electrodeposition process in Ni-W/BN
nanocomposite coating via DC deposition can be summarized in four
sequential steps as “transportation, adsorption, reduction and



R. Sreekumar et al.

FlatChem 36 (2022) 100434

7~ ~

& = o,
= g = ton
< L < —
= S S
g . g g
& If E E
= - — [! Oq

t (ms) F 5

) t (ms)
Direct current Pulse reverse current Pulse electrodeposition
electrodeposition (DC) electrodeposition (PRC) ro)

Fig. 6. Different types of electrochemical deposition.

incorporation” (Fig. 7) according to Li et al.[116] The initial step is
“transportation” in which aqueous metal ions, complexes and charged
particles are moved towards the cathode by convection or an electric
field. Electrophoresis has been used to transfer metallic ions and BN
nanoparticles to the cathode. Agitation can increase the availability of
the nickel complex at the solution/electrode interface and accelerates
the mass transport which speeds up the electrodeposition process. It is
followed by “adsorption”. Metal ions and charged BN nanoparticles
move through the diffusion layer and get adsorbed on the surface of
cathode.[117] “Reduction” was the next step. Metal ions are reduced
and neutralized by electron transfer in this stage and they get firmly
adsorbed on the cathode. The WO3™ ion reduction may be summarised
as:

WO +8H' +6e”— W +4H,0 (5)

The final stage was “incorporation”. The BN particles get inserted
into the Ni-W alloy matrix. Thus Ni-W/BN nanocomposite coating was
formed. The Ni-W/BN nanocomposite coating generation is depicted in
Eq. (6).

[(Ni) (HWOy) (Cit) " + 3H,0 + 8¢ + BN,—Ni — W/BN + TOH™ + Cir’~
(6)

Jiang et al.[118] suggested a set of reactions (7) to (10) responsible
for the preference and significant increase in orientations of planes (111)
and (220) in Ni/graphene platelet (GPL) composite coating rather than
(200) plane in pure Ni coating. These reactions would occur in the
electroplating bath and Ni(OH), would be produced and get absorbed on
the cathode surface, resulting in a drop in texturing coefficient at the
favoured orientation (200). Ni2" and Ni[B(OH)4]" cations get attached

Electrical double layer

D
=)
=]
=
-
<
@

Cathode

Transportation Adsorption

(weak)

Fresh Ni/W matrix

Cathode

Reduction

on GPLs which prohibit the centres of Ni growth and hinders more grain
growth. Therefore (111) and (220) has the highest probability of re-
nucleation.

Ni + H,O—Ni(H,0) @)
Ni(H,0)—=Ni(OH)" + H™ + 2¢~ €))
Ni(OH)* + OH™ —Ni(OH), ©)
B(OH),+H,0< [B(OH),]” +H" (10)

An important point in understanding the progressive micro/nano
structure formation in composite coatings is to analyse the optimal
employment of surfactant and nanoparticles.[119] Cetyl trimethy-
lammonium bromide (CTAB) is a cationic surfactant. After extended
stirring and ultrasonic agitation, the surfaces of WC nanoparticles (NPs)
and WS, NPs were enclosed by CTAB resulting in cationic particles.
Electric field effect aids the cathodic migration of WC NPs and WSy NPs
gets entrapped within growing nickel matrix (Fig. 8). Integrated effect of
convective-diffusion and electrophoretic migration transports the CTAB
capped particles and Ni2* jons from the bulk solution to the electrical
double layer. There will be variations in electrical resistivites of nickel
matrix and the incorporated particles as a result of which the surface
potential will be non-uniform. The surface structures are modified by
this sequential mechanism in the presence of CTAB surfactant.

A discussion on the mechanism of deposition and hierarchical
coating growth in Ni-P-WS; is given by He et al.[120] The main cathodic
reaction is:

Fresh Ni-W/BN

: Electrical field

force

Agitation

: effect

Incorporation

Strong adsorption

Fig. 7. Mechanism of co-electrodeposition process in Ni-W/BN composite coating. Concept adapted and redrawn from ref. [116].
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Fig. 8. Schematic illustration of co-deposition process in Ni-WC-WS, composite coating. Concept adapted and redrawn from ref. [119].

Ni** + 2 —>Ni an
Hydrogen evolution will take place as a side reaction:
2H' + 2¢”—H, (12)

Reduction of hypophosphite ion at the cathode leads to phosphorus
being co-deposited with nickel.

H,PO; + ¢ »P+ 20H (13)

Analysing Ni-P-WS; composite coatings, CTAB gets adsorbed by WSy
and its quaternary ammonium groups (-NHZ) has a positive charge. Both
convective-diffusion and electrophoretic migration help in WS, trans-
portation. The incorporation of WS, particles into the Ni-P electrode-
posit caused noticeable transformation of surface morphology from a
planar smooth surface to a nodular rough surface and finally a hierar-
chical rough surface. Surface morphological changes are mainly due to

V V

the variation of current distribution on the surface of electrodes because
of the conductive WS, particles.[121] Adhesion of WS, particles to the
cathode surface is associated with a change in the electric field behav-
iour. The Ni-P deposits preferentially initiate growing above WS, par-
ticles as they have a higher current density which causes more active
nickel ion reduction.[122] Thus ‘broccoli-like’ structures are formed
(Fig. 9).

In the present review our conclusion is also in agreement with the
above mentioned studies that it is only possible to use an analogy to
Guglielmi’s model for composite electrodeposition to explain co-
deposition mechanism in 2D materials. In the first step of the model,
metal ions (Ni2") will be generated along with that there is a chance for
adsorption of metal ions ((Ni2+) on to the surface of 2D particles. It is
followed by the migration of 2D particles with ionic cloud to the cathode
surface through diffusion layer. Here, these particles will be adsorbed,
losing hydrated shell by electron transfer reaction. Finally, the metal

A\

——

-

s +°_

@ Ni-P deposit

@ WS; particle

Fig. 9. Schematic illustration of the growth process of Ni-P-WS, composite coating. Concept adapted and redrawn from ref. [120].
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(Ni) atoms were incorporated into crystal lattice surrounding 2D ma-
terials. Thus, the latter got reinforced in metal (Ni) matrix. A higher
concentration of 2D particles in plating bath was found to enhance the
adsorption rate, leading to a higher volume percentage of the co-
deposited 2D particles.

The interaction between particles and electrolyte has a significant
effect on codeposition. These interactions are often characterised by
zeta-potential values and correlated to particles content, same is appli-
cable to 2D materials. In general, dispersed materials with zeta-potential
values near or < —30 mV are stable. The zeta-potential values of the h-
BN, MoS;, WSy, MoSe; and high-temperature-sonicated graphe-
ne dispersion samples are all ~ —30 mV.

Conductivity of 2D materials has an important role in co-deposition.
The presence of a porous layer in composite electrodeposition has also
been observed where a conductive particle is involved. All these 2D
materials have atomic-level thicknesses, but have different physical
properties. For example, graphene is a conductor, h-BN an insulator and
MoS; a semiconductor. For instance, there are reports that the addition
of semi-conductive MoS;, particles disturb the current distribution,
making the electrolytic current concentrating in the vicinity of MoSy
particles.[123] Therefore, there is a bigger electric field formed around
MoS; to speed up its migration to the cathode, as well as the migration of
Ni%" ions towards MoS, particles.

Solvation level of 2D materials within electrolyte is another impor-
tant aspect to be studied in co-deposition. There has been reports
investigating the solvation states of these materials, performing molec-
ular dynamics (MD) simulations and ab-initio calculations for pristine
graphene, functionalized graphene (hydroxyl (—OH) and carboxyl
(—COOH) groups), h-BN and MoS,.[124] Pristine graphene has a weakly
positive charge due to dangling carbon atoms, and carboxyl-
functionalized graphene has a stronger positive charge due to the
electron-withdrawing carboxyl groups, whereas the electron-donating
hydroxyl groups render graphene flakes negatively charged. On the
other hand, h-BN has an alternating charge distribution and exhibits
strong polarity across the boron and nitrogen termination edges and
MoS; shows the negative charge on the surface by S atoms and counter
charges inside by Mo atoms, which exhibit moderate polarity. The nu-
merical calculation results of interaction between the 2D materials and
water show that the solvation level is highest for carboxyl-
functionalized graphene, the intermediate for hydroxyl-functionalized
graphene, h-BN and MoS,, and the lowest for pristine graphene.

When multiple deposition parameters are altered, the whole elec-
trodeposition process becomes virtually new. Future models to describe
the process of codeposition would require attention to interactive vari-
ables such as the particle characteristics (type, dimensions and con-
centration), the operating parameters (temperature, current density, pH
and hydrodynamics) and the electrolyte composition (concentrations,
presence of surfactants and additives).

Characterisation techniques

The relationship between properties, preparative methods and at-
tributes of nano-composites must be fully developed as it determines the
prospective uses of these materials. Overall analysis of electrodeposition
conditions and surface properties of the deposits can be evaluated by
closely studying compositional, structural and morphological changes
which is made possible by advanced characterisation.[125] Reinforce-
ment state, geometry, volume content, orientation and interface
bonding of reinforced nanomaterials are salient factors influencing the
performance of composite coatings.[126].

A variety of techniques are used to study the morphological, elec-
trochemical, physical and mechanical properties of the coating
including scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopic (EDX) technique, micro-hardness measurement, X-ray
diffraction (XRD), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), atomic force microscopy (AFM),
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electro-gravimetric analysis, wear resistance measurement, electro-
chemical impedance spectroscopy (EIS) and electrochemical polariza-
tion. Thermal analysis, including thermal gravimetric analysis (TGA),
differential calorimetry scanning (DSC), dynamic mechanical thermal
analysis (DMTA), thermal mechanical analysis (TMA) etc. are set of
convenient tools for assessing the stability of nano-composite material
derived coatings and various doping, curing and annealing phenomena.

The preliminary tool for the study of the microstructure of the
nanocomposite coating samples is optical microscopy. Upmost care has
to be taken while specimen preparation for the optimum efficiency in
the imaging. It starts from the sectioning of the sample followed by
mounting, grinding, polishing and finally etching. For thin macroscopic
composite coating samples in transparent matrixes, optical microscopy
is a viable option, but it is not preferred for microscopic nano-size
coating samples. For qualitative surface morphology studies, scanning
electron microscopy (SEM) can be used. Energy dispersive X-ray spec-
troscopic (EDX) technique is utilised for the resolving the chemical
composition of a material. Essentially we can have a detailed
morphology and elemental composition analysis of both surface and
cross-section by SEM/EDX. Electron backscattered diffraction (EBSD)
can provide a detailed and accurate representation of the sample
microstructure.[127].

High resolution image viewing is possible by Transmission electron
microscopy (TEM). For TEM studies, mechanical removal of the films/
coatings from the substrate are usually done. The XRD characterization
technique provides the crystal structure, texture and crystallite size of
the metallic matrix. The particle occurrences and preferred orientation
or texture can also be observed. The identification of the elemental
composition can be carried out using the X-ray photo-electronic spec-
troscopy which follows the principles of photoelectric effect. It is a
quantitative analysis which is surface sensitive. Apart from elemental
composition, XPS gives an idea regarding the empirical formula, elec-
tronic as well as chemical state of the given sample. In theory, the
binding energies (BE) and chemical shifts in XPS spectra can be used for
nickel oxidation state analysis in the surface region. AFM does the sur-
face morphology characterization at the nanometric scale and surface
roughness values can be calculated due to high resolution imaging.
Additionally the qualitative characterizations are be done by numerous
technologies such as Inductively Coupled Plasma Spectroscopy (ICP),
Glow Discharge Spectrometry (GDs) etc. for depth profile analysis. The
tribological properties of composite coatings is an important aspect.
There are many different tribometers like pin (or ball) on disc, roller on
plate and block on ring that measure coefficient of friction (COF) and
wear rate. The frictional force and normal load accounts for the COF.
Microhardness and micro-indentation test methods are available for
measuring the mechanical characteristics of plated coatings. The scratch
test is a quick and simple engineering test which measures the adhesion
between substrate and coating.

Electrochemical Impedance Spectroscopy (EIS) can be a useful for
measuring the general barrier properties of coatings. More specifically
water and ion permeability of coatings can be determined as a function
of time. This information is particularly valuable in quality control,
comparison of performance of different coatings and follow up of
coatings in situ. The main benefit of the technique is the short time
needed for a measurement: within 24 h a fingerprint of the coating is
taken (duration is dependent on coating type and thickness). Since EIS
does not rely on visual aspects, differences in coating performance can
already be established prior to visual signs of degradation. Corrosion
processes taking place underneath the coating can also be measured by
means of EIS. It can be combined with an accelerated degradation test in
the lab to better understand the degradation of the coating and to reduce
test times.

Modelling techniques and simulation tools

A very few modelling studies in nickel composite particle systems are
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currently available which include Ni-YSZ ((yttria stabilized zirconia)
[128], Ni-B composites[129]etc. The design of experiment (DOE)
approach is an important aspect in modelling and analysing the influ-
ence of deposition parameters and results in composite electrodeposi-
tion.[130] DOE allows minimal experimental effort.[131] Experimental
observations and results are assessed on the basis of statistical tech-
niques and by estimation of the influence of plating parameters on
experimental outcomes.[132,133] Many DOE methods (Taguchi’s
orthogonal array[134], central composite design, response surface
approach) etc. have been introduced as part of investigation on com-
posite electrodeposition. Further, simulation tools can result in better
plating results.[135,136].

The first-principles computational studies based on Density Func-
tional Theory (DFT) were utilized to provide a new insight toward
quantifying the interaction-strength between various components in the
systems like Ni-graphene. The calculations based on DFT method
illustrate the stacking geometry, which could be attributed to the
binding/adhesion/cohesion/interaction between graphene and the Ni
metal. Based on these calculations it has been reported that an
approximate planar graphene sheet is constructed on Ni (111) surface.
The surface of Ni (111) substrate has surface lattice constant (249 nm),
whereas graphene has a surface lattice constant of (246 nm). Therefore,
a layer of graphene sheet will hold two C atoms per unit cell and can be
perfectly fitted on Ni (111) substrate. The nature and strength of Ni—
graphene interactions have been examined computationally by Lahiri
et al.[137] and have presented a comprehensive study of graphene
growth on Ni (111) substrate and the Ni-graphene interface stability
using Local Density Approximation (LDA) functional of DFT approach
for the geometry of Ni-graphene interface. Studies in the area of
modelling of Ni systems involving 2D materials like h-BN, TMDs still
needs more validation.

Mechanical properties, grain boundary segregation, chemical
ordering, thermal stability, and dislocation interactions in nanocrystal-
line Ni-composite and Ni-alloy systems have been thoroughly investi-
gated using computer simulation. In these studies, molecular dynamic
simulation and Monte Carlo simulation have been utilized for better
understating the aforementioned characteristics.[138] Nano particle co-
deposition mechanism and associated enhancement in the mechanical
properties of the coatings is an area that needs detailed investigation.
Thus it is really important to devise a method of analysis for discovering
the impact of process parameters by valid experimental design ap-
proaches to assess the quality of final deposits in the case of two
dimensional material based nickel nanocomposite coatings.[139].

Plating variables and their influence
Effect of current density and distribution

In general electrodeposition, current density has a prominent influ-
ence in determining the rate of deposition.[140] It also controls the
thickness of the composite coatings. Quality of the final deposit is
determined by current density and distribution.[141] In case of com-
posite deposition current density will influence the composition and
morphology of secondary phase reinforced particles in the coatings.
Higher the electrodeposition overvoltage in composite systems the more
will be grain nucleation and subsequent grain refinement, resulting in
sub-micron and perhaps even nano-crystalline coatings.[142] At higher
current density the nucleation is enhanced and therefore smaller grain
sizes are observed in composite electrodeposition.[111].

In the case of Ni-graphene coating as there is a rise in current density,
the thickness of the coatings increases reaching an optimum value.[143]
The morphology of Ni-graphene coating is influenced by varied current
densities produced by pulse electrodeposition which was studied by Yu
et al.[144] With an increment in the current density up to 6 Adm~? the
nucleation rate of Ni and the content of graphene increases. This will
inhibit nucleus growth and optimization of grain structure.[145]
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Variation and subsequent effect of current density was utilised in
modifying the hierarchical structure formation in Ni/r-GO system as in
Fig. 10.[146] As cathodic polarization enhancement took place it was
observed that the nickel crystal growth was arrested. [147,148].

The relationship between current density and quality of the coating
was studied in Ni-BN composite coating.[149] On increasing current
density from 0.5 to 2.5 Adm 2 the quantity of Fe decreased from 25 % to
7 % in both Ni-Fe alloy and Ni-Fe/BN composite. Degraded dull deposits
with burning effect was observed at higher current densities. Paydar
et al.[150] studied the relationship between hardness and current den-
sity in Ni-BN-B4C composite coating. Low current density of 20 mAcm 2
resulted in a low rate of nickel dissolution at the anode and subsequent
transportation. When the current density was increased to 50 mAcm 2,
hardness has been enhanced due to increased cathode movement of
adsorbed particles.

Effect of deposition current density on wear resistance was also
analysed in Ni-BN-B4C system.[151] Mass loss due to wear behaviour of
the composite coating decreases with increasing current density until 50
mAcm ™2, Rise in the deposition current density leads to anodic depo-
larisation and subsequently enhanced co-deposition.[152] Therefore the
quantity of absorbed BN and B4C also increases. Sangeetha et al.[153]
observed the impact of current density variations in Ni-W/BN system.
At first the h-BN content in the coatings initially increased with
increasing current density up to 1.2 Adm 2. It is because above this limit
of current density, reaction will be diffusion controlled rather than ki-
netic.[149].

Analysis of impact of different current densities 3, 5 and 7 Adm 2 on
the coefficient of and content of MoS; in the coatings was done by
Shourije et al.[154] With the increase of current density there will be an
enhancement of inter-particle electrostatic attraction and more MoS;
particles gets deposited in the metallic matrix.[76,155] Dependence of
current density on the chemical composition of coatings was studied in
Ni-MoS; [156] In this case intensity of the electric field varies directly in
proportion with current density. As a consequence, the binding force
between the adsorbed nickel ions and MoS; powder got ruptured. Par-
ticle incorporation increases with the increase of current density. With
increase of current density protruding cluster formation takes place in
the study of Ni/WS; composite coating. And it was observed that a lower
current density is associated with low deposition rate and a non-rigid
coating is formed at higher current density.[157].

Effect of agitation

Stirring increases the transfer/diffusion rate of metal ions from bulk
solution to the electrode surface.[158] Gradually the thickness of the
diffusion layer gets reduced. It decreases gas bubbles that may create
pits. Therefore it is very common to use some kind of bath agitation/
stirring to obtain a stable and uniform suspension.

In composite deposition, maintenance of particles within the bath
and their transportation to the electrode surface is ensured by electrolyte
mixing. It also determines the flow of solution by aiding in migration/
adsorption process of the charged particles.[159] Normally as the
agitation increases amount of particle deposition will also increase.
Excessive agitation results in decrease of particle co-deposition because
the particles are moved away before forming a stable layer on the
cathode surface.[160] On the basis of bath agitation there are three
different flow regimes: laminar, transition and turbulent.[161] In the
laminar regime rotation speed doesn’t have any role. For the transition
regime a decrease of particle content followed by an increase is noted on
increasing agitation while a continuous decrease takes place in turbulent
regime. While all other conditions remain constant, the degree of
agitation should vary in proportion with the current density. To elimi-
nate coarse-grain defects caused due to the presence of impurities in the
bath, agitation is followed by filtration in this process.

A non-uniform dispersion of conductive particles (MoSs) in bath
could further increase the porosity of the coating, by introducing
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Fig. 10. SEM images of coating surfaces of (a) r-GO/Ni surface (at low-magnification) and (b) its cross-sectional view; (c) r-GO/Ni composite coating deposited at 20
mA/cm? current density for 5 min (d) r-GO/Ni composite coating deposited at 20 mA/cm? current density for 10 min (e) pinecone-like hierarchical micro/nano
morphology r-GO/Ni surface and (f) close observation of r-GO/Ni surface. Reprinted with permission from [146]. © Elsevier Limited 2020.

porosities from within large particle agglomerates as well as acceler-
ating the growth of protrusions. It is also seen that ultrasonic assisted
agitation is beneficial not only in reducing porosity, but also in
distributing nano particles uniformly and improving the codeposition
rate, resulting in the formation of protective and highly refined coatings.
[162] Thus the agitation system can probably affect the efficiency of the
plating.

Mamaghani et al.[158] studied the impact of stirring rate that
generated microstructure evolution of nano-crystalline nickel coatings.
SEM analysis leads to the conclusion that the coating had almost a ho-
mogeneous surface containing fine crystallites and some bubbles of 100
nm diameters. High rate of agitation caused these bubbles of hydrogen
to stick on to the nano-crystalline pure nickel coating. In addition to
that, the crystallite size is reduced with the increase in turbulence and
resulted in a cluster of nickel atoms. This cluster became a barrier for the
growth of large crystals. Improvement of crystalline microstructure oc-
curs with rising turbulence.[163] In this case there was an inverse shift
in the crystal orientation degree; a sudden decrease in (111) orientation
in 500 rpm sample was observed.

Different coatings were produced from baths at various magnetic
stirrer rotation speeds in Ni-BN-B4C composite coatings by Paydar et al.
[150] The impact on hardness was analysed. 688 HV was the maximum
hardness achieved when the speed was 700 rpm. Changes noticed in the
hardness may be analysed with regard to the amount of incorporated
particles which in turn depends on stirring speed. Low agitation cannot
generate enough hydrodynamic force that is needed for the particles to
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reach cathode. For a particular bath when the particle concentration
remains constant there will be laminar flow at low rate of stirring. The
flow condition between 600 and 700 rpm is a transient laminar turbu-
lent flow so that a steady state is reached and a maximum particle
incorporation takes place.[164].

Shourije et al.[154] explored the role of stirring speed on the MoS;
content in Ni- MoS; coatings. Increased hydrodynamics because of high
agitation speed helped in easy movement of MoS, towards cathode.
Since the flow was turbulent on changing the agitation speed from 150
to 200 rpm percentage amount of MoS; particles decreased from 20.1 to
6.8 %. Above 200 rpm MoS; particle collision happens as a result they
will not hit the cathode surface properly. This phenomenon has been
studied exclusively and the results are in agreement with this study.
[165-168].

A change in the topography of the composite coatings is induced by
the application of ultrasonic agitation. Due to ultrasonic agitation it was
reported that there is an improvement in the compactness of the nickel
film along with reduction in the grain size of the nickel.[169] Ultra-
sound agitation has a great influence in deciding the amount of particles
that gets incorporated in the metal deposit. Thus there was remarkable
difference in the amount of IF- WS, particles i.e. increased from 4.5 wt%
in coatings produced with only mechanical agitation to about 7 wt% in
coatings prepared by means of ultrasound agitation. Poor dispersion
decreases the effective aspect ratio of 2D nanomaterials, leading to the
deterioration in mechanical properties.
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Effect of surfactant

The use of surfactants such as sodiumdodecyl sulphate (SDS),
cetyltrimethylammonium bromide (CTAB) and saccharine (Fig. 11) can
enhance the properties and durability of electrodeposited coatings. The
key benefit of surfactant addition is their dispersing effect of particles.
[170] As a result, the particle characteristics will be consistent on the
surface. Surfactant gets absorbed to the particles and helps in the par-
ticle distribution.[92] The surface characteristics of the electrodeposited
nanocrystalline nickel are influenced by the surfactants in the Watts
bath. By controlling pulse parameters the grain refinement in a Ni watts
bath without saccharin will be about 100 nm whereas in the presence of
saccharine it can be around 30 nm.[145] The variations in properties are
caused by changes in the nucleation and plating over potentials (E, &
Ep).[171].

Surfactants are classified into two types based on their charges:
anionic surfactants and cationic surfactants. Secondary particle inclu-
sion can be improved using cationic surfactants.[143] This is due to the
interaction between adsorbed ions and surfactant molecules which re-
sults in the surface alterations. This adsorption aids the electrophoretic
migration or cathodic movement of particles but it is pronounced if
there are 2D layered nanoparticles. Because the cationic surfactant ad-
sorbs a total positive charge on the layered material surface, its cathodic
affinity improves and enhances the stability of particles in the form of
suspension by preventing conglomeration. On the basis of particle type
and plating solution, anionic surfactants can have a favourable or
adverse effect on particle co-deposition efficiency. If there is the pres-
ence of unabsorbed free surfactants, they may deteriorate the deposit
resulting in internal stress and brittleness.[172] Because the quantity of
absorbed surfactant is usually quite low, their negative impacts can be
negligible.

A homogeneous distribution of graphene platelets in the Ni matrix is
observed when sodium dodecyl sulphate (SDS) is in electrolytic bath.
[173] Lowering of surface roughness and micro-hardness reduction are
important functions of SDS. The values of micro hardness are lowered
when SDS is added. The decreased coating hardness of the coating and
lower amount of co-deposited graphene in the Ni matrix can be because
of proposed explanations: Lower interface bonding between Ni matrix
and the graphene nanoparticles in the presence of SDS and the other
reason is that there was an increased surface energy between the
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substrate and the graphene nanoparticles resulting in lesser wettability
of graphene. It was observed by Yasin et al.[174] that higher concen-
tration of SDS resulted in maximum carbon content and superior me-
chanical properties of Ni-graphene composite coatings. Morphology
changed in to coarse because of bulge formation as in Fig. 12 on the
coating surface and there is a reduction in average grain sizes on adding
SDS. The suggested explanation of the influence of surfactant SDS is that
initially nickel ions gets deposited on the cathode followed by graphene
deposition into the freshly formed nickel matrix. Current density is more
felt closer to the graphene sheets compared to other places which ac-
counts for the bulge formation. A higher amount of SDS allows the
dispersion of graphene sheets to greater extent so that more graphene
sheets gets deposited. This is because surfactant adsorption on graphene
sheets generates electrostatic repulsion among graphene sheets.

Employment of surfactants is more beneficial for hydrophobic par-
ticles like MoS5.[175] Once surfactants are added there will be a change
in behaviour of particles from hydrophobic to hydrophilic since sur-
factant gets adsorbed on the hydrophobic parts of the particles.[176] In
lower MoS; concentrations there is noticeable role for surfactant in the
case of Ni-MoS; composite coating.[177] For all MoS; concentrations as
the amount of surfactant increased, coefficient of friction (COF) got
decreased.

In Ni-P-WS, composite coating the influence of cationic surfactant
CTAB was analysed.[120] It is a long chain molecule having a hydro-
philic head (positively charged) and a charge less hydrophobic tail.
[178] The head chain aids in dispersion of particles without accumu-
lation. The tail is capable of the suspending particles primarily by
electrostatic adsorption. The modified particles gets strongly moved
towards the cathode. Thus efficient co-deposition of Ni-P and WS, is
made possible by electrophoresis. If there is an excessive amount of
CTAB several nucleation sites are created which restrict WS, deposition.
Improvement of hardness is typically because of grain size refinement by
the addition of WS, and CTAB. The metal (Mo vs W) influences the
dispersibility at low surfactant concentrations, while the chalcogen (S vs
Se) plays a more significant role as the surfactant concentration is
increased, alongside the surfactant charge.[179] Effect of surfactant in
Ni-BN composite coatings is yet to be done.
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Fig. 11. Common Surfactants.
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Fig. 12. SEM images: (a) marked area indicates graphene sheets, (b) bulge morphology, (c) spherical growth and (d) cross-sectional view of the nickel-graphene
nanocomposite coatings. (a)-(d) Reprinted with permission from ref. [174]. © Royal Society of Chemistry 2018.

Effect of pH

pH is an important parameter that ensures quality control in elec-
troplating. pH must be held within well-defined limits to guarantee
optimum deposition rate. For instance, pH of a nickel Watts bath must be
closely around 4.2-4.5 to maintain optimum current efficiency, bright-
ness and levelling properties. The pH value depends upon the compo-
sition of the electrolytic bath. In a complex bath, pH can control
equilibrium between different steps. If the anode is insoluble, oxygen
evolution will occur at the anode;

2H,0—0,+ 4H' + ¢ 14)

Whereas, hydrogen evolution at the cathode is followed by the
production of hydroxide ion;

2H,0+2¢"—20H + H, (15)

The pH of a dispersion solution can change during sonication
because of sono-chemical reactions, and this change might affect solu-
bility. In the case of graphene, h-BN, and MoSe,, the pH varies little;
hence, the pH does not appear to influence their solubility. However, the
MoS, and WS, solutions became acidic after sonication.

Influence of pH on the amount of secondary particle incorporation
was studied in Ni-BN composite system. Increasing the pH from 3 to 5
resulted in minimal incorporation of BN (22 vol%) in the composite.
[180] The decreasing trend with increasing pH may be the result of a fall
in the effectiveness of nickel deposition and a subsequent rise in the
viscosity of the solution.[181] For the study of the effect of pH on BN
and B4C particle deposition, the relation between pH and zeta potential
of BN and B4C particles were explored by Paydar et al.[150] The zeta
potential of the BN and B4C mixture in the electrolytic bath solution
progressively rises in line with pH up to a maximum of 3.5 before
approaching 0 mV (zero point of charge). The main finding was that the
positive zeta potential provides an additional bonding force between
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inert particles and cathode, supplementing the incorporation of inherent
BN and B4C particles to the Ni matrix.

Wear rate was decreased by 84 % when there was an increment in pH
from 2 to 4 in Ni-MoS; system.[182] It was found that the zeta potential
of the particles increased with rise in pH in the case of Ni-SiC composite
electroplating.[183] Based on the same analogy agglomeration of MoS;
particles in the electrolyte is diminished by higher zeta potential hence
pH thus leading to decrease in wear rate in Ni-MoS;composite coating.

Effect of temperature

Generally in electrodeposition, increasing the bath temperature in-
creases the solubility of metal ions and therefore the transport number
which subsequently contributes to an increase in the conductivity of the
solution. It also reduces viscosity of the solution rebuilding the double
layer comparatively quicker. On the other hand the stress in the com-
posite coatings/deposits is greatly affected by the current density no
matter the temperature.|[184] Polarization effect is an additional benefit
of high temperature. So it is important to devise an optimal plating
temperature to meet energy utilization and to obtain good quality
coating.[185].

The temperature of deposition plays a key role in determining the
surface morphologies of Ni-graphene composite coatings. As the tem-
perature raised from 15 to 45 °C a more firm, rough and spherical
morphology was observed.[186] Along with surface roughness the
carbon content also showed a gradual rise up to 45 °C. Beyond that the
carbon content reduced with further increase in temperature. At 60 °C
some voids and cracks were found on the surface of the deposited
coatings. The thickness of these coatings was in direct proportion with
the deposition temperature. The SEM micrographs show surface mor-
phologies of Ni-graphene coatings at different temperatures. (Fig. 13).

Chen et al.[187] examined the influence of plating temperature in
Ni-graphene composite coating developed by using di-pulse composite
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Fig. 13. SEM images: (a—d) for the surface morphologies of Ni-graphene composite coatings prepared at deposition temperatures (15, 30, 45 and 60 °C respectively).
(a)-(d) Reproduced with permission from ref. [185] © Royal Society of Chemistry 2017.

electrodeposition. They concluded that the lower hardness is due to easy
dislocation movement with rise in plating temperature. On varying the
temperature, the friction coefficient first decreased followed by an in-
crease. The lowest friction coefficient (about 0.68) was obtained at 60
°C.

Micro-hardness dependence on temperature of deposition in Ni-BN
system was investigated by Paydar et al.[150] Higher bath tempera-
tures result in brownian movement of the particles. This phenomenon
will cause more particle collisions followed by entrapment at the cath-
ode and thus micro-hardness increases. Temperature can also influence
the zeta potential of the particles causing more positive charge to be
generated on them and attracting particles to be absorbed on the surface.
The influence of bath temperature on the amount of secondary particle
incorporation at 40 mAcm 2 current density was analysed in Ni-BN-B4C
composite coating.[151] With the increase in plating temperature, the
content of ceramic particles in the coating was increased. Migration rate
of BN and B4C particles is accelerated with the rise in temperature.

The nature of particle controls the influence of the temperature on
the quantity of deposited particles. A slight increase in the particle
(MoS3) content in coating was noted with the temperature rise from 30
to 50 °C.[132].

Effect of bath concentration and incorporated particle

In general, bath concentration has a major involvement in control-
ling the plating efficiency in the method of electrodeposition. The in-
crease in concentration of the bath would increase the concentration of
metal ions in the solution under normal plating conditions and the
deposition rate of the plating system would then increase.[188] How-
ever the type of particles is also a significant parameter. Both conductive
and non-conductive particles possess benefits over one another. Con-
ducting particles (molybdenum disulphide, chromium carbide, zirco-
nium diboride, graphite) usually form rough deposits and are
transported towards the cathode to be the depositing points of dendritic
growth.[189] Alternatively non-conductive particles forms smoother
less porous deposits. Smaller particles can be agitated easily. Up to a
particular point the rate and amount of particle incorporation is in
proportion with the concentration of particles. In some cases the
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corrosion behaviour of the electrodeposited coatings depends upon the
particle content and size as well as the homogeneity of the microstruc-
ture.[190].

An increase in the quantity of reinforced particles (graphene) has an
effect on the reduction of crystallite size in nickel matrix and the
compressive stress of the deposited coatings was a major finding by
Szeptycka et al.[191] The corrosion rate lowered as the graphene con-
tent increased. Superior corrosion resistance in a 0.5 M NacCl solution
was obtained in the case of coating containing 1 g dm~> graphene in the
bath. The percentage reduction of the corrosion rate in comparison with
pure nickel coating was 85.84 %. A reduction of metallic surface prone
to the corrosive environment can justify the premium corrosion resis-
tance. Investigation by Jyotheender et al.[192] on electrochemical
behaviour of Ni-graphene oxide composite coatings as a function of the
quantity of GO had important results. An optimum concentration of GO
is essential. Existence of such “optimum” has been illustrated earlier by
Gupta et al. [193,194] for Sn-GO and Sn-Cu-GO composite coatings.
Deposition mechanism in electrolytes with low and high concentrations
of GO is depicted in (Fig. 14).

Amount of graphene in the bath is inversely proportional to the
crystallite size of Ni in Ni-graphene composite coatings.[195] Incorpo-
ration of graphene is related to the fragmentation of the structure of
coatings this in turn affects its material properties. Ni-graphene com-
posite coating exhibited higher microhardness in comparison with pure
nickel coatings. Improvement in the hardness of Ni-graphene coatings
was explained by the fragmentation of the matrix material.[191] Chen
et al.[187] correlated the quantity of graphene and the frictional prop-
erties of the Ni-graphene composite system. If the amount of graphene is
above 0.3 g/L, graphene forms a lubrication film which reduces the
coefficient of friction. When the amount of graphene reaches 0.4 g/L, the
wear rate get reduced due to the compact structure and the high hard-
ness of coatings. Meng et al.[196] studied the impact of varied amounts
of graphene particles added within Ni-Cr—graphene coatings. Once the
graphene concentration is 8 g/L in the bath there is a shift in the
morphology of coatings from dendrite-like structure to compact with
less porosity. Crystallite size, shape and orientation of the Ni deposits are
modified by the incorporation of graphene. The crystallite size and
texture of the Ni deposits also get reduced [199] The tribological
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Fig. 14. Mechanism of GO deposition on cathode surface at (a) lower GO concentrations and (b) higher GO concentrations. (a)-(b) Concept adapted and redrawn

from ref. [191].

properties of nickel matrix had shown drastic improvement with
increasing graphene content in the electrolyte.[197].

As the amount of BN increased, the wear rate and coefficient of
friction reduced in Ni-BN composite coatings.[77] It is due to the fact
that the BN powder having a lamellar structure can reduce the friction
between surfaces that are in constant contact. Considering the effec-
tiveness of lubrication, the optimal addition was found to be BN con-
centration of 1.5 gL’l. Sangeetha et al.[153] examined the effect of h-
BN particle concentration on the morphology and corrosion properties
of Ni-BN composite coating. Increasing h-BN particle concentration in
the solution resulted in higher particle density (particles per litre) and
contributed in the particle adsorption. The maximum amount of h-BN
inclusion was 6 g/L. Above 6 g/L of h-BN agglomeration can occur and
even the particles get settled down even being continuously stirred.

The collisions between particles and cathode controls the co-
deposition of the particles. In Ni-MoS; system higher MoS; concentra-
tion reduced these collisions.[132] Zhang et al.[126] prepared Ni-Co-
Aly03-MoS, composite coatings on the surface of aluminium alloys by
electrophoresis-electrodeposition with varied MoS; concentrations.
Composite coating derived from the bath containing 1.0 g/LMoS; has a
uniform, smooth and fine surface morphology. The conductive MoS,
particles elevates the reactivity of nickel ions and cobalt ions creating
more nucleation sites during pulse electrodeposition process.[198] With
the increase of MoS;y concentration to 1.5 and 2.0 g/L respectively,
rough mushroom-like microstructure is formed due to the agglomera-
tion of MoS,. With the introduction of MoS; particles the coefficient of
friction of composite coating is lower than that of pure Ni coatings
indicating MoS; is a good lubricant. This is because of the lubricating
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film on the surface of the coating.

When the particle size is decreased in Ni-MoS; system the influence
on wear rate will be more pronounced.[182] In the study of Ni-MoS,
composite coating on copper substrate by Shourije et al.[154] it was
found that on increasing the MoS; particle concentration, hardness of
the coatings got reduced from 585 to 400HV owing to the high amount
of MoS; in the matrix. Since MoS; particles are having soft nature (due
to which it can form a thin film of lubrication) the hardness decreased.

The addition of second phase WSe; particles in various concentra-
tions in Ni-WSe, composite coating has an impact on the structural and
morphological development of the surface.[50] Beyond 0.5 g/L amount
of WSe; resulted in a brittle coating. Wear study and corresponding XPS
results indicated maximum oxidative wear when the amount of WSe,
was lesser. Among all the coatings Ni-0.5 g/L WSe, composite coating
exhibited exceptional properties with regard to hardness and wear
resistance.

It was found that the coatings reinforced with MoSe, and MWCNT
are having more compact structure in comparison with pure Ni coating.
[49] The Ni-5 g/LMoSez-0.1 g/L MWCNT coating has super-
hydrophobic nature having water contact angle (WCA) of 151.9°. It is
assumed that this is because of maximum co-deposition of MWCNT
generating a rough nodular structure. Values of charge-transfer resis-
tance (Rcgs) and superior inhibition efficiency (IE greater than 90 %)
obtained for the 0.1 and 0.5 g/LMWCNT reinforced coatings indicates
superior corrosion resistance. Overall inhibition efficiency of 94.5 % was
shown by Ni-5 g/LMoSe»-0.1 g/L MWCNT coating.
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Effect of plating time

There are less studies on the dependence of deposition rate on plating
time especially in composite coating. In general the thickness of the
coating will typically increase in a way proportional with time and
current density of deposition. Different nickel films with different cone
sizes were generated by varying the time of deposition.[199] (Fig. 15).

Effect of the electroplating time on wettability was studied in Ni-
layered graphene composite coating by Ding et al.[200] The samples
have a high range of contact angle (CA) from 156 to 163° when the
plating time increased from 1 to 10 min thus indicating super-
hydrophobicity. The sliding angle (SA) of the coatings decreased from
40 to 4° as the time increased from 1 to 5 min. Surface changed from
high to low adhesion when time reached 5 min. The sample surface
maintains superhydrophobic behaviour with a CA of 157.8 + 0.7° and a
SA of 5.1 £ 0.9° after deposition for 5 min. Superhydrophobicity is
maintained even after exposure in air at room temperature for 180 days.
The schematic diagram of water droplet dribbled onto the surface of the
sample after different deposition time is depicted in Fig. 16.

When the deposition time was 1 min, nano-structured nickel was
only (Fig. 16a) formed so that the water penetration to the bottom part
can occur because of single-level structure and small peak-to-base height
decreasing the air pocket propensity resulting in high adhesion.[201] As
the deposition time passes, the hierarchical micro-nanostructure with
larger peak-to-base height was formed (Fig. 16b) and proximity of the
micro-structure also increased (Fig. 16c). So the water droplets find
difficult to be in contact with the bottom surface reducing the contact
area between water droplets and surface. In addition, the proximity of
micro-structure and nano-structure can alter the level of adhesion. In
(Fig. 16b), even though the micro-structure have low density there is a
possibility of impregnation of water by the nano structures. When the
deposition time increased to 5 min, the water droplet can suspend on the
surface as shown in (Fig. 16¢). As a result SA of super-hydrophobic
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Fig.16. Schematic representation of water droplet dripped onto the sample
surfaces after different deposition. (a) Nickel nano structures. (b) Nickel micro-
nano structures (low density). (c) Nickel micro-nano structures (high density).
Concept adapted and redrawn from ref. [199].

surface deposited in 3 min is greater than that of a surface deposited
in 5 min. Moreover the CA increased to 160.4 + 1.5° when the plating
time was 5 min and when the time increased to 10 min the topography of
the surface changed from model a (Fig. 16a) to model ¢ (Fig. 16¢) with
deposition time. When deposition time was 10 min CA slightly decreased
to 157.8 + 1.4° while the SAs changed barely.

The variation of friction coefficient in accordance with electroplating
time was studied in Ni-graphene composite coatings.[187] The friction
coefficient does not show any constant trend with plating time. When
the plating time was 6 h the coefficient of friction was at its lowest i.e.
0.7. It was also found that prolonging the deposition time may help in
increasing the thickness of the composite coatings but minimal
enhancement of wear resistance.
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Fig. 15. SEM images of nickel surface fabricated at (a) 1 Adm 2 for 1 min; (b) 2 A/dm2 for 2 min; (¢) 2 A/dm 2 for 5 min; (d) 2 A/dm 2 for 10 min. (a)-(d)

Reprinted with permission from ref. [198]. © Elsevier Limited 2013.
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Mechanical properties

The enhancement in the mechanical and tribological properties of
composite coatings by 2D nanomaterial reinforcement depends on
numerous factors such as aspect ratio, volume fraction of nanomaterials,
orientation of nanosheet and interface bonding between the filler and
matrix. At a higher volume content, 2D nanomaterials are prone to self-
aggregation, resulting in the deterioration of the mechanical properties.
Interface bonding of 2D materials comprising hydrogen bonding, co-
valent bonding, ionic interactions and electrostatic interactions is
another important factor influencing the improvement in composite
coatings.

Micro-hardness

The electrodeposited composites being economical and having su-
perior physical properties are promising candidates in many industries.
Mechanical properties namely hardness, toughness, adhesive strength,
impact and tensile strength are prominent traits of these composites.
Hardness is a material’s quality to withstand localised deformation.
Integrated effect of Hall-Petch mechanism[149] on account of the grain
size refinement and Orowan mechanism[202] due to the uniform
dispersion of nano-particles is the main reason of increase in hardness.
Hardness of composite coatings is primarily controlled by the hardness
of metal matrix and the proportion of reinforcement particles. The
hardness and corrosion resistance of nanocrystalline-Ni coatings can be
enhanced by refining the grain size.[203].

Study by Ameer et al.[143] reveals that graphene nano sheets (GNS)
have potent impact in promoting the micro-hardness of metallic com-
posite coatings. In fact involved surfactants, nonyltrimethyl ammonium
bromide and dodecyl trimethyl ammonium bromide are the basis to
absorb more GNS into the Ni matrix and this phenomenon led to an
increase of nano hardness. It should be mentioned that GNS deposited
into Ni matrix become obstacles that inhibit the Ni grain growth. It also
restricts the plastic distortion of the metallic matrix. In another case of
Ni-SiC-GO composite system[204] the reason behind the reduction of
the hardness (7.7 GPa) of the coatings in comparison with the Ni-GO
(9.4 GPa) and pure Ni coating (2.25 GPa)[205] and increase in stiff-
ness may be due to the inclusion of the GO particles with hard SiC
particles within the matrix.[63].

Pulse deposition of the composite coatings are associated with an
increase in the micro-hardness values in comparison with pure nickel
coatings as in the case of a study by Chronopoulou et al.[173] Micro-
hardness values are also less compared to pure nickel coatings that are
deposited by DC method which is due to irregular dispersion of graphene
platelets in the Ni matrix resulting in excessive agglomeration. The Ni-
exfoliated graphene composite coating developed by Xiang et al.[206]
The Ni-exfoliated graphene had hardness 427 HV while pure Ni coating
had only about 265 HV. The reason is Hall-Petch strengthening occur-
ring because of the introduction of graphene in the Ni deposit. Properly
dispersed graphene sheets possess distinctive structure and excellent
properties that restrict the dislocation movements. Size reduction of the
Ni crystallites is accompanied with increased hardness. Sometimes
graphene sheets can inhibit nickel grain growth which further reduces
nickel crystallite size.

The variation in micro-hardness of Ni-BN composite coating was
exceptional being 3 to 4 times than that of pure nickel. Combined effect
of dispersion hardening and grain refinement accounts for the greater
hardness of the coating. The dispersed particles in the fine grained
matrix can restrict the dislocation motions and plastic flow is ruled out.
[207] The indicated resistance to deformation is actually hardness of Ni-
BN composite coating. In nickel-alloy composite coatings, the hardness
of nickel-rich alloy directly increases with increasing strain till a
particular value followed by a decrease. Micro-hardness values of Ni-W/
BN (h) (460-565 HV) coatings are comparatively more than that of
Ni-W alloy coating.[153] Lubrication effect of BN is to be noted in this
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case. PC nanocomposite coating possess a higher microhardness
compared to DC deposits. During PC deposition the superlative pulse
frequency results in a higher over potential. This will supply further
energy to inert particles like BN and an improvement in microhardness
due to the dispersion strengthening effect of BN nanoparticles which
restricts the dislocation movement.

Mixed nitride-carbide boron particles are used as reinforcements in
Ni matrix by Paydar et al.[150] resulting in hard composite coating of
Ni-BN-B4C. Hardness improvement with rise in current density up to 50
mAcm 2 indicating the accelerated cathodic movement of adsorbed
particles which is in accordance with the Guglielmi model. Higher bath
temperatures results in brownian movement of the particles. This leads
to more particle entrapment in the deposit and thus hardness will in-
crease. Agitation avoids agglomeration and improves the number of
budding nuclei depleting the microstructure and as a result the micro-
hardness varies.

Morphology of the coating is related to microhardness in Ni-MoS,
system. Microhardness decreased gradually in Ni-MoS; system from 650
to 33 HV as the MoS; concentration changed from 0 to 2 g/L [167]
Porous sponge-like structured coating will be obtained with increased
MoS; concentration and has lower hardness. Shourije et al.[154]
observed that that with the increase in the amount of MoS,, the coating
thickness and microhardness got lowered in a consistent way. It is
because of the effect of the substrate (copper) on the coating micro-
hardness. The correlative effects of reduction in coating thickness and
soft behaviour of MoS; particles (these particles are softer than nano
nickel) can also be thought of the reason for this. Zhang et al.[126]
prepared Ni-Co-Al;O3 -MoSy composite coatings on the surface of LY12
aluminium alloys and explored the effect of MoSy concentration on
microhardness of the coatings. On increasing the concentration of MoS;
particles, the micro hardness of the composite coating appears to be
lower because MoS, particles obstructs AlyOs particle deposition
diminishing the strengthening effect of hard particles in the composite
coating.

WS,, particles (and other solid lubricants, such as MoS; or graphite)
are often considered as soft materials and their presence cannot explain
by itself, the observed increase of hardness in the investigated Ni/IF-WS,
composite coatings.[169] The observed increase in hardness in the films
studied here is attributed to microstructural changes (primarily, crys-
tallite size refinement and a change in preferred orientation) caused by
the incorporation of WS, particles in the deposits. As the crystallite size
decreases, the movement of dislocations is progressively hindered to a
greater extent by the increased number of grain boundaries, resulting in
dislocation piling up and an increase in stress concentration (Hall-Petch
strengthening). The stacking fault probability can also contribute to the
enhancement of hardness, since this type of planar defects impose bar-
riers for dislocation propagation in a similar way as high-angle grain
boundaries.[208] The changes observed in the crystallographic texture
of the films can also partially account for the increase of hardness.

Maharana et al.[50] reported an increase in microhardness of coated
substrate (485-665 HV) in comparison with uncoated substrate (209
HV). Co-deposited WSey has a vital role in this improved hardness
(Fig. 17) Maximum hardness was observed with 1 g/L WSe; was due to
the combined effect of dispersion hardening and the occurrence of finer
coating matrices by WSe, co-deposition. In addition to that RTC(111)/
RTC(200) value can modify the compactness and atomic density of the
resultant coating.[209].

Narayanasamy et al.[210] developed Ni-MoSe;, coatings by pulse
reverse plating technique that displayed excellent microhardness. It was
noted that as the duty cycle was varied to higher values, the micro-
hardness of Ni-MoSe, coating also improved because of the strength-
ening effect and grain refinement due to the filler.[211] Higher
microhardness is reported with larger grain boundary area.[212] Add-
ing MoSe; lowered the crystallite size, increased the grain boundaries
and restricted the dislocation movement.[213] The maximum micro-
hardness is seen at 60 % duty cycle for pure Ni and Ni-MoSe; are 415 +
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Fig. 17. Variation of microhardness of Ni-WSe, coatings with concentration of
WSe,. Reprinted with permission from ref. [50]. © Elsevier Limited 2018.

10 HV and 967 + 10 HV respectively.
Corrosion properties

A substantial amount of material loss and subsequent component
failure is associated with corrosion so that its prevention becomes really
a matter of concern. Among all the available techniques, electro-
deposited metallic nanocomposite coatings are being widely used.[214]
Nickel is a popular option which is capable of acting as a host matrix
which can accommodate 0D, 1D, 2D metallic, ceramic and polymeric
fillers.[215,216] The nano particles that are capable of acting as a bar-
rier can provide better corrosion resistance in comparison with pure
nickel coating by causing a change at the molecular level and thus
nanoparticles will attach to the surface both chemically and physically
to provide complete protection against abrasion, corrosion and other
damaging elements.[93,217] Enhanced corrosion resistance in com-
parison with pure nickel coatings has been attained by the addition of
certain secondary particles in to the Ni matrix like SiC[218], CeOqy
[219,220], TiC[221], TiOz[222], Alp03[223]. Additionally layered
materials like graphene, BN, WS, and MoSe, are added to the nickel
matrix in order to improve its corrosion resistance. Layered 2D materials
are interesting, as they can enhance barrier protection by impeding the
diffusion of oxygen, water and corrosion-promoting ions, such as chlo-
ride anions because of their ultra-high chemical stability.[224] In the-
ory, the impermeable nature of the 2D sheets can not only impede
diffusion, but they can also be exploited to fill pores in the coatings,
extending their protection period. Grain size refinement is an important
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method that can be used to improve the corrosion resistance of nano-
crystalline nickel.[225] A summary of recent corrosion studies in
various Ni-composite systems is given in Table 3.

Graphene has become an important constituent in Ni based nano-
composite coatings which improves the corrosion resistant properties.
[226] Yasin et al.[227] incorporated graphene into Watts bath and
studied the influence of current density on the corrosion resistance of the
composite coating. The corrosion properties of nickel-graphene com-
posite coatings are mostly decided by the nature of dispersion of gra-
phene sheets within the nickel matrix. A uniform dispersion of graphene
in the Ni matrix is necessary to avoid the unwanted adsorption of Cl
anions forming defective sites resulting in corrosion when immersed in
NacCl solution. Reinforcing the nickel matrix with graphene nano sheets
helps in occupying the holes and cavities that may otherwise be the
defects in composite coatings. Co-deposition of metal and graphene/GO
using methods like electrodeposition results in a microstructure with
graphene/GO spread randomly throughout the coating. In these cir-
cumstances, the microstructure near and around the graphene/GO-
metal interfaces differs from the whole in terms of grain texture, orien-
tation, size, boundary and chemical partitioning.[228] This is actually-
one of the reasons behind the improved corrosion resistance of these
systems. Better corrosion characteristics is interconnected to the
reduced grain size and higher deposition current densities as in (Fig. 18).

Benigna et al.[191] studied the key role of graphene in providing
excellent corrosion resistance compared to pure nickel coatings. It was
found that the improvement in corrosion due to the uniformly added
graphene particles initially decrease the corrosion rate because the
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Fig. 18. Effect of deposition current density on the erosion and corrosion
resistance properties of composite coatings (polarization curves). Reprinted
with permission from [225]. © Wiley 2018.

Table 3
Summary of deposition parameters and corrosion results in some Ni-composite systems.
Coatings Deposition Parameters Corrosion Resistance Ecorr [V vs Tcorr References
: ~2
Technique pH CD Temperature SCE] [wAem ]
[Adm %] r°cl
Ni- DC 3-4 5 45+ 5 Best with 0.4 g L ~1 concentration of surfactant —0.129 1.425 [174]
graphene
Ni-GO DC 2.5 3 45 + 2 Best with 0.6 g L ~! concentration of GO —0.296 0.956 [192]
Ni/r-GO DC 4-5 2,5 60 Pinecone-like surface structure provides —-0.153 0.010 [146]
anticorrosion
Ni-hBN PC 4 8 60 Best with 20 g L. ~! concentration of h-BN —0.150 0.876 [75]
Ni-B4,C-BN DC 3-4 2-5 30-60 Best at 5 A dm 2 & 50 °C deposition conditions —0.222 0.653 [151]
Ni-W-BN DC, PC 8 120 65 Best with 6 g/L concentration of BN by PC —0.309 2.5 [153]
Ni-WS, DC 3.5 4 40 Trapped air pockets provide anticorrosion —0.162 0.206 [157]
Ni-MoSe; PRC 45-5 4 50 Best at 60 % duty cycle —0.511 3.91 [210]
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Air cushion

Fig. 19. Anticorrosion mechanism of the superhydrophobic Ni/r-GO coating in NaCl solution. Concept adapted and redrawn from ref. [146].

surface of metal that is exposed to corrosive environment is lowered in
the presence of graphene Thus the corrosion resistance and the amount
of incorporated graphene varied proportionally.

Bai et al.[146] fabricated a Ni/r-GO anti-corrosive, self-cleaning and
superhydrophobic coating on stainless steel substrate. Coating had
remarkable anticorrosion properties mainly because of the presence of
pinecone-like rough surface. Fig. 19 depicts the anticorrosion mecha-
nism shown by this coating. The air cushion having an approximate area
of 94.03 percent created by the pinecone-like progressive micro/nano-
structure provides a crucial part in avoiding chloride ions from entering
the surface of coating.

Even though graphene is been used as a potential reinforcement in Ni
matrix for developing coatings with anti-corrosion properties especially
for load-bearing applications, the pinholes, pores and scratches in the
coatings will cause increased localized corrosion due to galvanic
coupling between graphene and metal. Even with relatively minimal
mass loss, such local corrosion can severely degrade the material.[229]
Localized corrosion tends to spread through the metal’s more reactive
areas, such as grain boundaries. Graphene being nobler than most
common metals, metal corrosion will be accelerated at the graphe-
ne-metal interaction.[230,231].

According to new research, graphene-coated metals may corrode at
even faster rates than naked metals. These significant variances in re-
sults are caused by a lack of total surface coverage, as well as the
presence of irregularities such as wrinkles and cracks. These flaws are
also the primary cause of poor corrosion resistance in long-term usage.
For adequate corrosion resistance, the contact between the graphene
sheet and the metal substrate is critical. In addition to that a high-quality
graphene layer should entirely cover the metal surface, regardless of its
roughness or curved shape, to produce the best barrier effect.[232] An
area that has received little attention in the literature is the thorough
investigation of diffusion mechanism in metallic coatings modified with
graphene and graphene-derived materials. The primary process by
which graphene and graphene-based metallic coatings effectively
reduce corrosion is thus an area yet to be explored and a point of con-
tradicting views.

Lietal.[116] in their study found that as the amount of BN increases,
corrosion resistance of Ni-W/BN composite coating initially increased
followed by a decrease. A higher value of polarization resistance R, was
obtained when BN concentration was 5 g L' which indicated an
excellent anti-corrosion property. Uniform distribution of BN particles at
this particular concentration can be a reason for its corrosion resistance.
MoS; in combination with a metal matrix displayed preferable corrosion
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resistant characteristics in comparison with natural MoS; materials.
[233].

Analysing the Ni-WS;, composite coating developed by Zhao et al.
[157] as the amount of WS, increased, current density showed a
decrease and a more positive potential was generated. anti-corrosion
property of this particular coating is related to the superhydrophobic
nature of the same. The entrapped air within the clusters in the super-
hydrophobic surface can function as an efficient shield to maintain
corrosive elements far from the surface and gives improved corrosion
resistance in the case of plain mild steel owing to the reduced wetted
area on the solid surface dipped in the aggressive solution.[234].

The MoSey within the Ni matrix most importantly reduced the
functional sites of corrosion located on the substrate.[235] The decrease
in a surface area subjected to 3.5 wt% NaCl solution is due to the decline
in double layer capacitance. It is clear that MoSe, minimizes superficial
and structural flaws in the Ni matrix and works as a preventative barrier
to restrict the dissolution of Ni.[210].

Tribological and wear properties
Wear

Since friction and wear account for almost a quarter of total energy
losses worldwide, innovative strategies of mitigating these unfavourable
impacts could be extremely valuable for the future energy-efficient
economy.[236] In this regard the wear performance of different Ni
and Ni-based composite coatings are extensively investigated under dry
and wet sliding conditions (Table 4).

2D materials provide interlaminar sliding and a low shear force, thus
giving them superlubricity properties. Moreover, owing to their nano-
structures, they can easily enter the frictional contact surface to form a
lubricating film. Furthermore, they can also decrease surface roughness
and repair wear. The initial high specific surface allows 2D materials to
be easily adsorbed onto the surface of a substrate to form a physical
membrane. The physical membrane can separate the two contact sur-
faces to prevent direct contact between the two sliding surfaces. In the
second stage, the physical film ruptures with an increase in the frictional
strength, thereby promoting the chemical reaction between a lubricant
and a local contact surface. This chemical reaction forms a new tribo-
logical film and gradually replaces the physical film, and this film exists
on a local contact surface. As a result, the tribological properties are
improved.

Hussain et al.[66] concluded that graphene filled metal matrix
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Table 4

Summary of deposition parameters and coefficient of friction values in some Ni- composite systems.
Coatings Deposition Technique Parameters Reported Coefficient of Friction (COF) Value References

pH C.D [Adm 2] Temperature [°C]

Ni-graphene PC 4 1 50-80 0.70 [187]
Ni- SiC-graphene PC 3.8-45 2-8 55-60 0.15 [204]
Ni-GO PC 3.5-4.5 6-10 55-60 0.15 [205]
Ni-BN DC 4-5 2-6 50 0.50 [771
Ni-MoS, DC 2-4 4.8 50 0.40 [177]
Ni-WS, PC 4.8 10 50 0.11 [237]
Ni-P-WS, DC 2-3 2.5 60 0.17 [120]
Ni-WSe, PC 4.8 10 50 0.07 [50]

coatings containing well-dispersed graphene nanosheets in the matrix
improves surface durability and wear properties. The mechanism of
decrease of the friction coefficient and wear rate in Ni-graphene com-
posite coating was explained by Xiang et al.[206] For instance, graphene
is a self-lubricating material and is capable of forming a lubrication film
at the sliding interface. The graphene incorporation improves the wear
resistance of the coating.[238] The low surface energy of graphene also
helps the Ni-graphene coating to possess minimal adhesive friction
(reduce adhesion forces between particles and the substrate) and results
in easy shearing being a solid lubricant.[206] Thus Ni-graphene com-
posite coatings were shown to be ideal candidates to be used in micro
devices subjected to high load and sliding speed conditions.[197].

The lamellar structure of BN must be a factor which leads to low COF
values.[77] Wear studies on Ni-BN-B4C composite coating indicate that
BN and B4C particles contained in the Ni matrix either obstruct or
slowdown the passage of dislocations in the nickel metal matrix, pre-
venting plastic deformation and therefore increasing the load bearing
capacity of the Ni matrix. This was manifested as increased hardness and
wear resistance.

An irregular frictional behaviour was observed in Ni-W-MoSy
composite coating by Cardinal et al.[167] These coatings possess rough,
non-uniform surface composed of sponge-like structures. This accounts
for large deformation related to wear and the frictional curves are not
smooth. In spite of this friction coefficient of Ni-W-0.5 g/L MoS; com-
posite coating was found to be 50 % lower than Ni-W coating. Most
important conclusion derived from this study was that there seems to be
a solid lubricant concentration zone in which co-deposition of MoS;
particles into Ni-W nanostructured alloys improves the coating’s fric-
tional qualities. It was observed that COF reduced with increasing
amount of MoS; and on decreasing particle size.[177] MoS; slides
readily due to weak Van der Waal’s bonding between two layers,
resulting in low friction. A regression equation to calculate COF by
knowing the size and concentration of MoS; particles was another lead
from this study.

Lecina et al.[169] proposed an electrodeposited Ni-WS; coating with
a friction coefficient of 0.4 against steel. It was discovered that the Ni
film formed from Watt’s solution grows favourably along the (200)
orientation at first. When WS particles are added the crystallographic
texture evolves and the intensities of the (111), (220) and (311) peaks
rise at the expense of the (200) reflection. Tudela et al.[239] varied the
bath agitation to upgrade the mechanical strength and vary the wear
resistance of electrodeposited Ni-WS; coating. Das et al.[237] reported
that a pulse current electrodeposited Ni-WS, coating with a friction
coefficient of 0.12.

Molybdenum disulphide (MoS3) has an extremely low COF (<0.1) in
vacuum and inert atmospheres, but increases to 0.3 to 0.5 in humid air.
Moreover, increase in coefficient of friction of MoSy based coatings in
humid environment can be explained as the transformation of MoS; to
MoOs resulting in interruption the layer movement. It is also possible
that the use of W instead of Mo contributes favourably, as WOj3 film is
slightly more protective than MoOs and provides lower friction in air.
[89].

In ambient atmosphere sulphide based transition materials,
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specifically MoS; and WS;, become vulnerable due to their moisture
sensitive tribological behaviour unlike selenides based transition metals,
such as WSezand MoSey. Sulphide based transition materials are
comparatively less effective in humid environments as oxygen and water
vapour could lead to the formation of oxides on the coating surfaces
leading to an increase in coefficient of friction. In addition, sulphide
based transition materials have reactive dangling bonds on the prismatic
edges, which are vulnerable to oxide formation and consequently lead to
the deterioration of the low friction property. Among the different
candidates, the pure WSey stands out for its good compromise of wear
resistance and friction coefficient both in ambient air and in inert
environments.

Self-lubrication

Lubrication is the way of eliminating friction and wear involving two
surfaces that are in immediate contact. These surfaces could be static or
be in motion. The most efficient method of reducing friction and wear is
to divide the two surfaces with a third body, such as a film of lubrication.
[240] The duty of lubricant is to reduce friction and wear, minimize
contact pressure and avoid galling and seizure. The coatings that pro-
vide lubrication are mainly used in load bearing parts.[241] The most
typical examples include mechanical systems such as gears and traction
devices, turbines, ball bearings and so forth.

SLMMCs (self-lubricating metal matrix composites) are a type of
material that has the potential to aid engineers in meeting the needs of
global efforts for green manufacturing and sustainability.[242] Several
researchers have presumed that incorporating 2D layered materials in
suitable metal matrix like Ni is an efficient method to combat wear and
friction.[243] Additionally these materials are potential solid lubricants.
[244] Graphene, BN, WSy and MoS; are the most extensively used 2D
materials for this purpose. Selenide based transition metal dichalcoge-
nides like WSe; are also recently been investigated in this aspect as of
now. These 2-D materials have a layered structure with hexagonal
closely packed atoms and the atoms within every layer are bound
together by a strong covalent bond and weak Van der Waals interaction.
These multilayer arrangements permit atoms in parallel planes to slide
around.

Self-lubricating composite coatings derived from the combination of
a metal matrix and suitable 2D layered nanomaterial can outperform the
traditional coatings in terms of tribological characteristics.[245] These
solid lubricants are exposed to the surface during sliding and flow to the
contact surface to form a lubricant layer.[246] This film functions as a
lubricant, reducing metal-to-metal contact and improving tribological
behaviour (Fig. 20). As a result self-lubricating composite coating is a
cutting-edge material that offers a solution to energy sustainability and
efficiency in context of ecological compatibility.

Graphene having remarkable mechanical strength and lubrication
ability that can improve the wear resistance.[197,247] On analysing the
wear tracks of the Ni-graphene composite coatings tested at varying
sliding speeds it was observed that the width of wear track had under-
gone change in a progressive manner on increasing sliding speeds. It can
be because of rise in temperature results in the generation of nickel oxide
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Fig. 20. Lubrication mechanisms of 2D materials. (a) Entering the contact area of sliding surfaces, (b) Tribofilm formation, (c) Filling the pits and gaps of the contact
area, (d) Affecting the fluid drag and viscosity. (a)-(d) Concept adapted and redrawn from ref. [244].

and exfoliation of multi-layered graphene aids in lubrication of the
coating.[248] Pulsed electrodeposition was employed to produce Ni-GO
composite coatings on chrome steel ball and SS 440c substrates.[249]
Friction and wear characteristics had undergone refinement compared
to pure Ni coating. When a load is applied, the confined GO particles
emerge and create a transfer film upon the substrate providing lubricity.

The layered structure of the crystal lattice of h-BN permits sliding
movement of the parallel planes. Due to the weak bonding between the
planes, the shear strength is low along the direction of sliding but the
compressive strength along the direction perpendicular to the shearing
is high. Therefore, the addition of h-BN into the metal matrix increases
the hardness of the composite as well as makes the composite more
wear-resistant due to its lubricating property. Due to strong adhesion
force, the lubrication film formed by h-BN adhered strongly to the
substrate surface. Unlike molybdenum disulfide, lubrication by h-BN
does not require a moist atmosphere. It ensures low friction in the dry
atmosphere as well as in vacuum. Chemical inertness and thermal sta-
bility of h-BN gives it an advantage over graphite and MoS; as a solid
lubricant. The coefficient of friction and rate of wear in Ni-BN composite
coatings reduce as the amount of BN rises. According to the study of
Zhang et al.[77] optimum addition of BN is 1.5 g/Lin terms of lubri-
cating efficiency.

MoS; lubrication performance often exceeds that of graphite and is
effective in a vacuum as well whereas graphite does not. The mor-
phologies of the mixture of MoSy and PTFE solid lubricant coating on
stainless steel substrate offered best physical features.[250] The surfaces
were smooth and even without any holes. This is believed to be because
of self-lubricating effect of MoS; tribofilm.[251] In order to achieve
maximum lubricity, MoS; particles need to be sheared into tribo-films
with the weakly bonded MoS; inter-molecular planes aligning parallel
with the wear track that can be achieved by high-shear mixing.[252].

WS, presents a lower coefficient of friction and improvement in
oxidation resistance and thermal stability, even for about 100 °C above
the well-known MoS,. Ni/WS, composite coatings markedly increased
their tribological performance in both lubricated and non-lubricated
circumstances.[253] The Ni-WS, composite coating exhibited excep-
tional self-lubricity across a wide temperature range of 25 to 300 °Cin a
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study by Cui et al.[248] At temperatures above 400 °C, WS, gradually
oxidizes into WO3 and its lubricating capacity is lost. He et al.[120] used
a versatile one-pot mono-step electrodeposition to develop a super-
hydrophobic and self-lubricating Ni-P-WS, coating. A hierarchical sur-
face with micron-sized protrusion arrays and submicron-sized bumps on
the upper end was generated, with a high-water contact angle of 157°. A
reasonable quantity of WS, in the composite coating will guarantee the
creation of a homogenous tribofilm, which will maintain a low coeffi-
cient of friction (as low as 0.17). Low shear yield of the WS, and its high
abundance which can consistently provide a lubrication function for a
long period.

It was found that Ni-1 g/L WSe2 composite coating had a low wear
rate because of higher WSe2 codeposition in the coating matrix that
accelerates the solid lubricating nature of the coating.[50] WSe; is a
more suitable second phase reinforcement than other sulfide-based re-
inforcements due to its moisture resistance, improved air and chemical
stability.

Superhydrophobicity

Surfaces having water contact angle greater than 150° are termed as
superhydrophobic surfaces. Examples for natural superhydrophobic
surfaces include lotus leaves, water strider’s legs and coloured-
structured wings of insects. Significant attempts have been made to
develop artificial superhydrophobic coatings owing to their unique
features such as water repellency, self-cleaning, anti-icing and anticor-
rosion.[254] Replication of this self-cleaning effect is achieved by gen-
eration of rough surfaces on hydrophobic substrates or by chemical
modification using low surface energy material. Based on this idea sol-
gel processing, etching and lithography, chemical vapour deposition,
layer-by-layer and colloidal assembly etc. have been used for developing
superhydrophobic surfaces. In comparison with these techniques, elec-
trodeposition possess certain advantages like low cost, ease of operation
and appropriateness for mass production etc. The introduction of
nanoparticles can alter surface roughness in a metal electrodeposit,
leading to changes in wetting properties. Low surface energy nano-
particles having laminar structures such as graphene, MoS;, WSy, and
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MoSe; are strong candidates for metal co-deposition to form a super-
hydrophobic composite coating.

Electrodeposited Ni surface has water contact angle between 79° and
87°.[255] Superhydrophobic Ni surfaces were developed from an
aqueous solution containing additive ethylenediamine dihydrochloride
capable of forming the cone-shaped Ni crystals, were first reported by
Hang et al.[256] A two step electrodeposition is carried out in which
intially microcones were deposited for 10 min at 2.0 Adm ™2 followed by
the nanocone deposition at 5.0 Adm~2 for 1 min forming micro-nano
hierarchial assembly as in Fig. 21. The as-deposited surface had
twofold roughness which enabled substantial fractions of trapped air
pockets and a high contact angle of 154° on an inherently hydrophilic
material, which was explained by the Cassie-Baxter wettingstate.[257]
Fig. 22.

Superhydrophobic Ni films with different surface structures were
formed employing different plating conditions in the presence of anionic
electrolytes. The ionic electrolyte was reported by Gu and Tu [258] as a
deep eutectic mixture composed of choline chloride, ethylene glycol and
nickel chloride. Ionic electrolytes have very low vapour pressure and
good thermal stability compared to aqueous electrolytes. Storage time of
coatings in air often determines the wettability and diverse nickel films
with varied wettability were fabricated by Khorsand et al.[255] The
shift from superhydrophilicity to superhydrophobicity can be because of
the chemical compositional change and NiO formation. A standard
Watts bath was used in generation of highly ordered micro-nano struc-
tured nickel coating on copper substrate.[259] The polarisation curves
and EIS measurements showed remarkable improvement in corrosion
resistance subsequently by treating with (heptadecafluoro-1,1,2,2-tet-
radecyl) triethoxysilane. Cone size variation is possible in nickel films by
regulation of electrodeposition parameters.[260].

Due to hydrophobicity, abrasion resistance and large specific surface
area, reduced graphene oxide is an appropriate additive material for the
fabrication of superhydrophobic materials.[200,259,261] Pre-
deposition of Ni along with a step-wise incrementation in current den-
sity resulted in a r-GO/Ni composite coating having micro/nano-
structures similar to a pinecone with CA 162.7 + 0.8°.[146] Presence of
adequate “air-pockets” formed by Ni pinecones on the r-GO sheets
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Fig. 22. Schematic illustration of the interface region between the water
droplet and Ni-MoSe,-0.1 g L 'MWCNT coating surface. Concept adapted and
redrawn from ref. [45].

allowed the bouncing movement of the water droplet.

Zhao et al.[157] developed a Ni-WS; superhydrophobic composite
coating on mild steel substrate. The water-repellent property improved
in accordance with the increase in amount of WS,. The maximum con-
tact angle was 158.3° and the sliding angle was 7.7° shown by the
coating with 4.88 percent WS,. The self-cleaning effect exhibited by the
coating make it suitable for industrial applications. He et al.[120]
observed broccoli-like protrusions at micro scale level in Ni-P composite

Fig. 21. SEM image of nickel films electroplated for different current densities and times. (a) 5 Adm 230 s (b) 5 Adm 2 1 min (c) 2 A/dm 25 min (d) 2 A/dm 2 10

min. (a)-(d) Reprinted with permission from ref. [254]. © Elsevier Limited 2010.
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coatings containing 2.3 wt% of WS, (WCA of 157°). A combination of
micron-sized broccoli-like structures and submicron-sized particles and
pockets resulted in remarkable superhydrophobicity. The Ni composite
coating with WC and WS, particles were developed on mild steel sub-
strates followed with stearic acid modification.[119] A smooth surface
without any agglomeration resulting from the combined effect WC and
WS, particles was obtained. WCA reached 170° after surface modifica-
tion. Abrasion test and long-term stability test justified that the coating
has an abrasion bearing capacity > 10,000 mm abrasion length and a 6-
month stability pertaining with strong aerophilic behaviour.

Ni-MoSe, reinforced with multi-walled carbon nanotubes (MWCNT)
composite coatings are seen to be both hydrophobic and corrosion
resistant by Maharana et al.[49] Ni-MoSe, coating having composition
Ni-5 g L™ 'MoSe,-0.1 g L"'MWCNT showed notable higher roughness in
comparison with the pure Ni coating. This can be credited to the
appearance of random distribution of nodular structures with different
sizes. There is a limited hindrance for the immediate contact in between
water droplet and the surface of coating as in Fig. 23. It has a WCA of
151.9° because of maximum co-deposition of MWCNT and compact
nature due to the presence of both MoSe; and MWCNT.

Applications

Wear, friction and corrosion prove critical to the longevity, energy
consumption and efficiency of industrial systems. These phenomena also
endanger the safety of those who operate the machine. Engineers
therefore go for machines that have a prolonged service life, conserve
resources and have increased efficiency over their service life. In order
to improve their quality, these devices or equipment composed of lighter
and more economical materials such as aluminium and steel; coatings
made of materials that are stronger and more chemically stable than
these are employed to protect them against surface corrosion. It is
estimated that metallic nanocomposites will have a major impact on an
extensive range of industries including aerospace, electronics and mili-
tary.[262] Improved properties include significant improvements in
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fracture strength and longevity; better durability at high temperature
and creep resistance; larger hardness values than those of current
commercial steel and alloys; substantial increase in Young’s modulus
and shear modulus (compared to micro composites). These are mainly
the result of the nano size reinforcements used, resulting in a suitable
morphology for the products.[263] Introducing self-lubricating com-
posites into various operating systems is a way of decreasing the use of
external toxic hydrocarbon lubricants thereby reducing environmental
impact and lowering energy dissipation in industrial components for
initiatives toward energy efficiency and sustainability.[264].

Composite/nanocomposite materials based on nickel and nickel al-
loys are ideal choices for enhancing the effectiveness of these materials
[265] as in Fig. 24. Furthermore, nickel electrodeposits are employed for
electroforming of printing plates, phonograph record stampers, foil,
tubes, screens, MEMS and a variety of other items due to their relatively
good mechanical attributes.[266,267] In the manufacturing and shaping
of tools [268] which demand excellent corrosion and wear resistance,
low friction and high thermal stability electroplated nickel composite/
nanocomposite coatings are employed.[269].

Nickel-based nanocomposite coatings are indeed very useful in the
automotive industry like bumpers, exhaust trims, domestic appliances,
and tools. They’re commonly found in pump bodies, heat exchangers,
alkaline battery cases, and food processing machinery. Since they
possess high specific strength and wear resistance, graphene-based
nickel nanocomposite coatings are among the most potential mate-
rials. Aside from graphene-based nano composites, composites including
MoS; and BN have good tribological characteristics. TMDs based on
selenides like WSe; and MoSe; are promising candidates as solid lubri-
cants in high temperature applications. Nickel based nano composite
coatings have huge relevance in aviation and aerospace sectors. Their
main applications can be divided into structural components such as
fuselages and wings, as well as moving components such as bearings,
gears, and hatch seals.[262] Due to the in-plane mechanical isotropy of
the 2D nanomaterial, two-dimensional nanomaterial-based nickel nano
nanocomposite coatings have the capability to be used as protective and
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Fig. 23. Important industrial applications of electrodeposited nickel/nickel alloy based nano composite coatings.
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shield materials such as body armour and ambient armour.
Conclusion & critical areas for further R & D

Electrodeposition of nickel-based composite and alloy coatings is
currently-one of the most chiefly used method among many attempts
made in the synthesis of surface coatings derived from non-toxic mate-
rials. 2D materials (graphene, BN, MoSg, WS,, MoSe, and WSe;) based
nickel nano composite coatings have shown superlative characteristics
like excellent corrosion and wear resistance, premium hardness, self-
lubrication and thus these coatings have exceptional capabilities to
reinstate chromium-based coatings. Development of self-lubricating
nanocomposite coatings is a major aspect of sustainable methods in
tribology with a vision of a greener, cleaner and eco-friendly environ-
ment. To accomplish significant progress in the science and technology
of Nickel nanocomposite coatings comprising uniformly dispersed sec-
ondary phase nanoparticles especially-two-dimensional layered mate-
rials, it is necessary to do additional research and development on
several vital (and interconnected) areas that are underappreciated in the
literature:

e It is possible to create innovative, multifunctional metal-matrix
coatings by carefully combining different particles of various kinds
and sizes by electrodeposition. Future initiatives could include
creating and patterning innovative structures as well as gradient or
layered patterns for specialised purposes. Since process equipment is
simple, easy to operate, precise and being low cost, electrodeposition
can be used in the manufacture of nickel based functionally graded
coatings.

The availability of bath additives for electrodeposition is likely to be
limited as legislation becomes stricter and environmental concerns
grow. This appears to provide a stronger emphasis on additive-free
electrolytes, greater control over operational conditions, and more
consideration of current control mode. Thus the development of an
electrodeposited Ni composite coating from a sustainably sourced
particle is of great academic and industrial interest.

Friction and wear reductions in tribological components of electric
vehicles (EVs) is an important aspect to be studied since they are
viable solutions for reducing greenhouse gas emissions and main-
taining a clean and healthy environment by mitigating the negative
effects of using internal combustion engines (ICEs) in the trans-
portation and energy production sectors. Self-lubricating Ni based
nanocomposite coatings reinforced with 2D materials offer a solution
for this and can be thought of an inevitable future material.

There have been an increased interest in electrodeposited nickel
based self-lubricating composite coatings in recent years for tribo-
logical applications with a reduced coefficient of friction at moderate
to high temperatures that are capable of extending the lifetime of
metal parts with complex structures under harsh conditions. Solid
lubricants (graphene, BN, TMDs) can solve these problems for sliding
parts with low friction under dry conditions. An interesting area that
needs further investigation is the synergetic lubricating action and
mechanism of multiple lubricants used in these self-lubricating
composite coatings. Examples of applications requiring such mate-
rials in extreme environments include bearings and bushings for
space satellites and vehicles, air-foil bearings, gas turbine seals,
cylinder wall/piston ring for low-heat rejection diesel engines,
various furnace components, etc.

There are only few literature reports on aspects like Hall-Petch
breakdown and grain boundary character distribution(grain bound-
ary engineering) that account for increased micro-hardness and
corrosion resistance respectively in nickel nanocomposite coatings;
these need to be studied in detail. Incorporating some alloying
element to alter the corrosion potential of these coatings (Ni-Co,
Ni-W, Ni-P, Ni-Mo) while maintaining hardness can be considered in
future directions.
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e Co-deposition mechanism involving various types and concentration
of nanoparticles is an area yet to be explored. There is no clear idea
by which we can differentiate the co-deposition process as activation
controlled or charge transfer process, mixed controlled process, and
mass transport or diffusion controlled process. Elucidation of rate
determining step in the process of co-deposition of nano-particles is
another area that needs more clarity. When multiple nano particles
are involved in the co-deposition process, mechanism becomes much
more complicated. Thus we need to investigate in to the area of co-
deposition more deeply.

Obtaining a stable coating with uniform distribution of reinforced
particles in electrodeposition is of critical importance. Ultrasonic
assisted electrodeposition especially in the case of layered 2D ma-
terial reinforcements is thus gaining importance nowadays.

In the case of Ni deposition, pulse plating is used to reduce grain size,
lower stress, and increase hardness for engineering applications.
Among the various pulse plating techniques, pulse reverse deposition
has already been recognised and used in certain research; however,
there is a noticeable need of expansion of basic understanding in
deposition mechanism and defined procedure to create an optimum
film by this method.

Given the two major factors influencing the non-wetting nature of
these coatings, geometrical surface morphology and surface energy,
it is easier to improve the contact angle by lowering surface energy
with chemicals and/or controlling surface roughness and structure.
Future advancements in this sector may include the development of
novel electrolytes (such as those based on alcohol) as well as
development of coatings with anti-icing properties (aircraft surfaces,
engine inlets, sensors and windshields) and superhydrophobic coat-
ings capable of oil-water separation.

Even though the majority of the reported coating properties are
based on traditional experimental methods, the use of computational
methods has expanded the basic knowledge of the role of every
electroplating variable on the wear and tribological properties of the
fabricated coatings, as well as their effect on wear mechanism.
Furthermore tools like atomistic simulation and Monte Carlo allow
for systematic investigation of atomic-level interactions within the
composite coating and their impact on macroscopic tribological
characteristics. It is also well recognised that the mixing of various
types of reinforcing secondary phases allows for a high degree of
flexibility in tailoring the properties of the manufactured coatings for
a particular application. However, due to the multivariable nature of
such complex coatings, computer-based optimization methods such
as artificial neural networks and principal component optimization
methods could feasibly be used to refine the fabrication variables to
those that lead to the best and most effective coating properties. To
anticipate deposit particle composition and characteristics based on
bath composition and operational variables, enhanced multi-physics
computer modelling is required.
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ARTICLE INFO ABSTRACT

Keywords: Selective oil removal from water is a critical problem in the realm of environmental science and engineering.

Electrodeposition Metallic meshes are commonly used as potential oil-water separators due to their low cost and good mechanical

:u]p;erhydrophobmty properties. Meshes with selective wettability can effectively remove oil or water from their mixtures easily using
obust

gravity-based filtration. In this work, a mechanically robust Ni-WS; based superhydrophobic stainless steel mesh
(SHSM) has been developed via one-step electrodeposition. The surface morphologies, surface roughness, phase
composition, and wettability were studied using Scanning Electron Microscopy (SEM), Atomic Force Microscopy
(AFM), X-ray diffraction (XRD), and Water Contact Angle (WCA) measurements respectively. A high water
contact angle of 169.5° with excellent superhydrophobic and superoleophilic properties was achieved by tuning
the surface morphology of the mesh. The oil/water separation performance of the developed SHSM was studied
and the efficiency was greater than 98% even after multiple uses. Further, the SHSM is highly corrosion-resistant
and exhibits self-cleaning properties with excellent mechanical and chemical stability against strong acidic/
alkaline solutions. Thus, the developed multifunctional SHSM demonstrates its potential at industrial-level ap-
plications of oil-water separation under harsh environments.

Self-cleaning
Stainless steel mesh
Oil-water separation

filtration flocculation, and electrochemical techniques are examples of
traditional oil/water separation methods [2-5]. Nevertheless, the ma-

Introduction

There is a growing interest in technologies for treating oily waste-
water as the oil industry is one of the leading contributors to environ-
mental pollution. The processing of oily wastewater sources is extensive,
as oil industries, oil refineries, storage, transportation, and petrochem-
ical industries produce substantial quantities of greasy wastewater
during the production process. The following are the main ways in
which oil pollution appears: (1) affecting the quality of potable water
and groundwater reserves; (2) harming aquatic resources; (3) adversely
affecting people’s health; (4) environmental pollution; (5) influencing
agricultural yield [1]. Floatation, gravity separation, centrifugation,

jority of the techniques have limitations, including minimal separation
efficiency and complicated operation. Compared to traditional methods,
membrane filtration is facile and effective in the separation of oil-water
mixtures. With the advancement of the interface theory along with the
perspective of membrane wettability, filtration membranes with con-
current and opposite affinity to both oil and water are more efficient for
their separation [6,7]. Furthermore, superhydrophobic and super-
oleophilic surfaces have resulted in remarkable research findings in the
area of filtration due to their superior self-cleaning properties [8,9]. Oil-
water separation could be easily and effectively carried out by designing

Abbreviations: SHSM, superhydrophobic stainless steel mesh; SEM, scanning electron microscopy; AFM, atomic force microscopy; XRD, x-ray diffraction; WCA,
water contact angle; CVD, chemical vapour deposition; PTFE, polytetrafluoroethylene; PVAc, polyvinyl acetate; PVA, polyvinyl alcohol; CTAB, cetyl-
trimethylammonium bromide; SSM, stainless steel mesh; MB, methylene blue; MA, myristic acid; EDS, energy dispersive spectroscopy; DCM, dichloromethane;
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surfaces with special wettability [10,11].

In the past several years, numerous methods such as chemical
etching [12], zeolite-coated method [13], electro-spinning [14], chem-
ical vapor deposition (CVD) [15-17], self-assembly [18], sol — gel
method [19], electrodeposition [20,21], etc are being reported for the
development of superhydrophobic metallic mesh surfaces for oil —
water separation. Among the metallic meshes, stainless steel meshes are
more popular because of their easy availability, exceptional mechanical
strength, and high efficiency.

Recently, there have been numerous studies on surface modification
of stainless steel meshes for oil-water separation. For instance, Jiang
et al. [22] developed a stainless steel mesh having both super-
hydrophobic and superoleophilic properties employing an emulsion of
polytetrafluoroethylene (PTFE), polyvinyl acetate (PVAc) and polyvinyl
alcohol (PVA) by spray method for oil-water separation. Using silica
particles, Li et al. [23] designed highly hydrophobic and superoleophilic
steel meshes for oil-water separation. Zhang et al. [24] fabricated a self-
cleaning underwater superoleophobic stainless steel mesh surface using
layer-by-layer assembly with sodium silicate and TiO3 nanoparticles. Liu
et al. [25] designed superhydrophobic and superoleophilic stainless
steel mesh surfaces by immersing in a solution of CuCl, and HCI fol-
lowed by modifying the surface with stearic acid. Nature-inspired
superhydrophobic micro-scale artificial hairs with eggbeater heads
were fabricated by a special three-dimensional (3D) printing process by
Yang et al. [26]. However, these fabrication methods are costly, usually
involving complex processes or rigorous conditions, in most cases
requiring special equipment or materials, affecting their applicability
[27-29].

Out of all the methods available for developing superhydrophobic
surfaces, electrodeposition has specific advantages since this is an easy
and quick process with high repeatability and is economical, as well as
the ability to achieve a wide range of surface morphologies with high
durability [30]. There are quite a few studies on the development of
superhydrophobic nickel surfaces by electrodeposition [31,32].

In the present work, we present a novel strategy for developing
superhydrophobic-superoleophilic Ni-WS, coated stainless steel mesh
using one-step electrodeposition that will effectively resolve the long-
term issue of oil-water separation in harsh conditions.WS; nano-
particles with tunable morphology and low surface energy were incor-
porated into the Ni electrolyte during deposition. Deposition parameters
were optimised in such a way that the developed SHSM possesses a
micro-nanostructure comprising hierarchical WS, clusters and nodules
along with Ni pine cones imparting a “cactus-like”/ “cauliflower-like”
appearance. This fluorine-free method eliminates issues related to pro-
duction expenses and potential environmental hazards. Flexibility of
stainless steel mesh combined with stable Ni-WS, coating resulted in
SHSM’s mechanical robustness and chemical stability. Both hydropho-
bic surface chemistry and roughness contribute to excellent
superhydrophobic-superoleophilic and self-cleaning characteristics of
the developed SHSM. The thin film of air due to the micro-nano rough
structure acts as a barrier that protects SHSM from corrosion. The
fabricated SHSM can be reused for several cycles of oil-water separation
without any degradation and thus possess unique repeatability. Since
the developed SHSM is highly durable reduces the need for frequent
replacements or maintenance. This can have a positive economic impact
on the lifecycle of SHSM. As a result, this simple, eco-friendly, and low-
cost method of fabricating SHSM would be a promising one for practical
oil-water separation applications.

Experimental
Materials
Commercial stainless steel mesh (SSM), with a pore size of less than

100 um was supplied by Raj filters and wire mesh, India. Nickel sulphate
(NiSO4-6H20), Nickel chloride (NiCly-6H20), and Boric acid (H3BOs3)
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were purchased from Merck. Cetyltrimethylammonium bromide (CTAB,
CH3(CH2)15N(Br)(CHs)3) and Saccharin (C;HsNOsS) were obtained
from Alfa Aesar. Tungsten disulphide nanoparticles (WSy NPs, 90 nm)
were supplied by Sigma-Aldrich. Myristic acid CH3(CH2);2COOH and
colouring agents like methylene blue (MB) and Sudan III (Oil Red O)
were purchased from Himedia Laboratories. Solvents like toluene, n-
hexane, dichloromethane (DCM), diethyl ether, and chloroform were
purchased from Merck.

Fabrication of superhydrophobic surface

Electrodeposition was carried out in an aqueous electrolyte of Ni
Watts bath containing NiSO4-6H30, NiCly-6H20, and H3BOs. WS,
nanoparticles were dispersed in a Ni bath, along with CTAB and
saccharin (Table 1). The Ni- WS, bath was kept at a pH of 4-4.5. WS,
nanoparticles were dispersed using an ultrasonicator for 30 min.

Nickel plate (7 cm x 5 cm x 1 cm, 99.7 % purity) and stainless steel
mesh (SSM) (6 cm X 6 cm, purity > 99.5 %) were used as anode and
cathode, respectively. SSM was cleaned by an ultrasonic cleaner with
ethanol (30 min), acetone (15 min), and deionized water (15 min) fol-
lowed by oven drying before deposition. Electrodeposition parameters
including current density (4-6 A/dmz), temperature (50-60 °C), time
(15-30 min), and stirring rate (400-600 rpm) were varied. The con-
centration of WS, nanoparticles was also varied in the range (3-5) wt%
(Table 1). The electrodeposition was finally carried out at optimized
conditions of the current density of 4 A/dm? for 15 min at a temperature
of 60 °C with a 600 rpm stirring rate and 3 wt% concentration of WSy
particles. The coated mesh was finally modified with low surface energy
material Myristic acid MA. (Fig. 1).

Characterization of the superhydrophobic coating

The surface morphology and elemental analysis of the developed
coatings were examined using FE-SEM (FEI NOVA NANOSEM 450) and
Zeiss EVO 18 cryo-SEM (EDS attached). Atomic Force Microscopy (AFM,
Bruker Multimode-8HR system) in tapping mode was used to analyze
the three-dimensional morphology to evaluate the surface roughness of
the samples and the images were processed using NanoScope analysis
1.5 software package. The phase composition of the samples was studied
using X-ray diffraction (XRD) via a Bruker D2 Phaser X-ray diffractom-
eter with Cu - K radiation (A = 1.5406 A°) in the 0-90° range. The
wettability property (contact angle) of water droplets on coated SS mesh
was explored by Goniometer (Data Physics, Germany). The water con-
tact angle was calculated by taking the average of five measurements
taken at various points on the same sample. CH Instruments electro-
chemical workstation (CHI608E, CH Instruments Inc.) equipped with
standard three-electrode cell was used for electrochemical impedance
spectroscopy and potentiodynamic polarization studies.

Table 1
Electrodeposition parameters for Ni-WS coatings.
Electrodeposition parameters Composition or parameter Value
Plating solution NiSO4-6H,0 250 g/dm®
NiCl,-6H,0 45 g/dm*
H3BO3 40 g/dm®
CTAB 0.1 g/dm®
Saccharin 1.5 g/dm?®
WS, 3-5 wt%
Deposition Conditions Current density 4-6 A/dm?
Temperature 50-60 °C
Time 15-30 min
Stirring rate 400-600 rpm
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Fig. 1. The schematic illustration of preparation process of superhydrophobic stainless steel mesh.

Durability & performance studies
Stability & recyclability tests

By repeating the separation procedure for every single oil/water
mixture, the recycling capacity of SHSM was evaluated for separation
efficiency and corresponding water contact angle (WCA). Used SHSM
was rinsed using ethanol as well as dried in a vacuum oven after the
separation process and this was repeated 30 times. Mechanical stability
of SHSM was evaluated by sandpaper abrasion test and chemical sta-
bility was tested by immersing it in corrosive solutions for 24 h.

Self-cleaning test

The self-cleaning action of SHSM was analyzed using graphite par-
ticles as contaminants. Both coated and uncoated meshes were tilted
followed by the dropping of distilled water droplets on their surface. The
water rolling-off property and self-cleaning ability of both meshes were
thus compared.

Oil/Water separation

Several 40 mL oil/water mixtures were made ina 1:1 vol ratio of
water and oil (including toluene, n-hexane, dichloromethane, diethyl
ether, chloroform, and kerosene). The oil/water mixtures were poured
through SSM and gravity-based filtration was employed throughout the
separation process.

The separation efficiency, n was given by

n=m;/my x 100% (€8]

where, my and m; are the mass of oil before and after separation,
respectively.

After pouring the oil-water mixture through the mesh, the perme-
ation flux (F) was determined according to the equation,

F=V/St ()]
where V is the volume of the filtrate, S is the area of contact with the
mesh, and t is the time.

Corrosion measurements

Electrochemical impedance measurements and potentiodynamic
polarisation were carried out in an electrochemical system (CH In-
struments Inc., Model 680A) equipped with three electrodes: a saturated
calomel electrode (SCE) as the reference electrode and a platinum mesh
as the counter electrode. Pristine and modified stainless steel meshes
were used as the working electrode. All electrochemical experiments
were carried out at room temperature (25 + 1 °C) in corrosive solutions
(i.e., pH 4 (acidic), 7 (neutral), and 11 (alkaline)). The surface area of
the sample that was in contact with the corrosive medium is about 1
cm? The samples were placed in the electrolyte for 25-35 min
to measure their open circuit potential (OCP) until a stable value was
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reached. Samples were scanned from cathodic to anodic regions at the
rate of 1 mV/s with reference to their corresponding OCP values. The
samples’ impedance was measured at the open circuit potential with a
peak-to-peak amplitude of 10 mV in the frequency range of 10° to 10~?
Hz. Tafel plot was used to determine the corrosion current density (icorr)
and corrosion potential (Eco vs. SCE). To validate the EIS and polar-
isation measurements, at least three readings were taken at each con-
dition for all the samples.

Results and discussion
Morphology

SEM was taken for both the original and modified stainless steel
meshes. Fig. 2(a) shows the typical image of a stainless steel mesh,
suggesting that the pristine mesh has a smooth surface. Electrodeposi-
tion has an important effect on the morphology of stainless steel mesh.
As can be seen in Fig. 3(a-b), pure nickel deposited mesh (hydrophobic)
had a pine-cone structure. The pure Ni coating contained fine Ni crystals
which are visible in the magnified image (Fig. 3(b)).

With the addition of WS, nanoparticles, the surface became rougher.
The development of a rough surface is an important factor in the prep-
aration of special super-wetting materials [33]. During the time of
electrodeposition, the deposited Ni ions are attracted to WSy nano-
particles because of the electrostatic interaction between positively
charged Ni ions and negatively charged WS, nanoparticles [34]. As
already reported [35], Ni ions then begin to deposit on the WS, particles,
forming a thin film. Ni ions will continue depositing and will start to
grow in size and shape.

The cauliflower-like structure is formed when the Ni ions grow in a
dendritic fashion, with branches extending out from the main body of
the structure. Thus the Ni-WS, coated mesh possessed a protruding
rough surface comprising hierarchical WS, clusters and nodules result-
ing in “cactus-like”/ “cauliflower-like” structures (Fig. 4). High-
magnification SEM image shows that these nodular-like structures are
made up of Ni grain cells wrapped around in petal-like WS, nano-
particles (Fig. 5). WSy nanoparticles have a higher surface area, which
provides more sites for the Ni ions to adsorb. Since WS, particles are
negatively charged, they attract positively charged Ni ions. Thus the
appearance of the cauliflower-like structure may be caused primarily by
the preferred adsorption and growth of Ni%* ions on WS, particles
during deposition.

The “cactus/cauliflower-like” nodular structures of the coating
generate more sites for MA adsorption, which leads to the formation of a
hydrolysis film on these surfaces. The nodule structures have a high
surface area and rough surface so that MA molecules get more sites to
bind. This increased binding leads to more MA molecules being hydro-
lysed, which produces a film on the mesh surface which in turn improves
the hydrophobicity. In total, we may conclude that the micron-sized
spherical particles, along the nano-scale granular protuberance, resul-
ted in a highly rough hierarchical structure that resulted in the super-
hydrophobic behaviour of SHSM.

EDS shows the distribution of elements on the surface of Ni-WS,
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Fig. 4. (a,b): Cactus/cauli-flower like morphology in Ni-WS, coated SS mesh.

Fig. 5. Thorn-like projections in Ni-WS, coated SS mesh.

coated SS mesh as in Fig. 6. Elements like Nickel (Ni), tungsten (W), and
sulphur (S) were found. Ni is predominantly present in the coating
whereas sulphur was primarily found in the cacti-like structures.

Fig. S1(a), (b) shows the 3D surface morphology of pure Ni coated
and Ni-WS; coated SS meshes respectively. The average roughness (R,),
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the mathematical mean deviation of the roughness profiles, is the most
common way of calculating surface roughness. The surface roughness of
the coated meshes significantly affects their wetting behavior. In the
case of pure Ni coated mesh, R, is 87.6 nm whereas, in the case of Ni-
WS, coated mesh, R, is 168 nm. This increment has been reflected in the
WCA values i.e. 127.2° for pure Ni and 151.3° for Ni-WS; coated meshes
respectively. In the case of pure Ni-coated mesh, irregularly located
clusters of varying heights are visible on the surface as seen in Fig. S1(a).
Fig. S1(b) of Ni-WS;, coated mesh shows the presence of protrusions
(valleys or bumps) of larger heights and sizes. The micro-nano hierar-
chical structure comprising of these bumps/protrusions results in the
reduction of the area of contact between the solid — liquid interface and
water maintaining the spherical shape of the water droplet without
spreading. Thus, this micro-nano structure forms a thin film of air that
acts as a barrier increasing the WCA of Ni-WS; coated mesh.

Phase composition & crystalline structure analysis

X-ray diffraction was employed to examine the crystal planes of the
coating. All peaks are identified and indexed using standard Powder
Diffraction Files, such as JCPDS 04-0850 for Nickel and JCPDS 84-1398
for WS,. The XRD pattern of pure Ni-coated SS mesh is shown in Fig. 7
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Fig. 7. XRD pattern of (a) pure Ni coated SS mesh, (b) Ni-WS, coated SS mesh.

(a). From the data, three peaks of Ni at 20 corresponding to 44.32°,
51.77°, and 76.3° are assigned to (111), (200), and (220) Bragg re-
flections of the face-centered cubic (fcc) structure of metallic nickel
[36]. The incorporation of WS, particles caused important microstruc-
tural changes; providing more nucleation sites. It also retards the growth
of large Ni crystals, resulting in smaller grain sizes. Analyzing the XRD
pattern of Ni-WS; coated SS mesh, distinct peaks are found at 14°, 29.1°,
33°, 40°, 49°, 58°, and 60° correspond to (002), (004), (100), (106),
(110), (008) and (11 2) phases confirming the hexagonal closed-packed
(hep) structure of WSy [37] (Fig. 7(b)).

Whenever Ni is deposited onto a substrate, the first few layers of
atoms will tend to form (111) plane [38]. The (111) plane is one of the
most densely packed planes in a crystal lattice, and it has the lowest
surface energy compared to other planes [39]. Thus the growth of the
(111) plane helps to minimize the total surface energy of the crystal. In
this case, there is the presence of strong (111) Ni peaks indicating
reduced surface energy [35,38,40]. Post electrodeposition after treat-
ment with MA, it is believed that MA is chemically adsorbed on the Ni
(111) surface via bi-dentate interaction, i.e. two oxygen atoms from the
carboxylic acid group (-COOH) of MA with 3d orbital of Ni. This
bonding interaction prevents the water molecules from forming
hydrogen bonds with the surface, enhancing the hydrophobicity [41].

Wettability studies

Chemical composition, free energy of the surface, and surface
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morphology all affect the surface wetting property of a coating. Fig. 8
shows the contact angle of the water droplet on the coated SS mesh (pure
Ni, Ni-WS,, MA-Ni-WS,). As it is evident from the WCA measurements
there was a gradual increase in the hydrophobicity of the surface (i.e.
127.2° to 169.5°). Coated mesh exhibited wettability with the oil
droplets, quickly spread while the water droplet remained on the surface
of the mesh in an extremely spherical fashion. The micro-nanostructure
along with the action of low surface energy material MA (27.4 dynes/
cm) reduces the contact area between the solid — liquid interface and
water by forming a thin, strong cohesive layer on Ni-WS, coating.
Whenever applied over a surface, MA can self-assemble in an organized
manner through hydrogen bonding of carboxyl groups as well as hy-
drophobic interaction in-between methyl groups. These hydrophobic
chains create a barrier that prevents water from wetting the surface. As a
result, water droplets tend to bead up and roll off the surface instead of
spreading out and wetting the surface.

Water droplets will exist in superhydrophobic Cassie State as a result
of incorporation of WS, nanoparticles and modification of the Ni-coated
surface with low surface energy material MA [42]. According to the
Wenzel equation,

cos 6, = rcosf 3)
where 0, is the contact angle of liquids on a rough surface, 0 is the
contact angle on a flat surface and r is the roughness factor [43]. This
equation implies that as the roughness of the surface increases, the hy-
drophobic surface becomes more hydrophobic and the oleophilic surface
becomes more oleophilic. In SHSM, the micro-nano hierarchical struc-
ture makes the surface rougher. As a result, when an oil droplet is placed
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Fig. 8. WCAs of coated mesh (a) Pure Ni, (b) Ni-WS,, (¢c) MA-Ni-WS,,
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on Ni-WS, coated SS mesh, it can enter the nanostructures formed by Ni
grain cells surrounded by petal-like WSy nanoparticles as a result of the
capillary effect. The combined effect of hydrophobic surface chemistry
and the roughness results in excellent superhydrophobic and super-
oleophilic characteristics of the developed SHSM.

Stability tests

Mechanical stability is a crucial measure of superhydrophobic ma-
terial’s practical application. A mechanical durability test was carried
out to test the robustness of the developed SHSM. The coated mesh was
put on 400 grit sandpaper. Additionally, a 100 g weight was used as an
outside force, as illustrated in Fig. 9. In this procedure, the coated mesh
was moved twenty centimeters along the ruler’s direction, followed by a
rotation of 90°, and another twenty centimeters in the direction of the
ruler. The entire procedure was referred to as a cycle. The WCA of the
sample did not change significantly after 30 cycles, and it was still
greater than 150° (Fig. 10). From this, we may conclude that the abra-
sion process only damaged the outermost structure, while the internal
hierarchical structure remained intact.

The oily wastewater released by industries often turns to be acidic or
alkaline. To deal with wastewater, the as-prepared mesh must be
chemically stable enough to withstand harsh environmental conditions.
We tested the wettability of coated SS mesh with droplets of varying pH
as shown in Fig. 11. Ni-WSy; coated SS mesh showed super-
hydrophobicity in acidic as well as alkaline range of pH. Immersion tests
were conducted using corrosion solutions of HCI (pH = 1, acidic), NaCl
(pH = 7, neutral), and NaOH (pH = 14, alkaline) to test the chemical
stability. After placing the sample in the corrosion solution, it is believed
that an air film formation took place between the corrosion solution and
the sample. This particular film can hinder corrosive media from
approaching the sample, preventing corrosion. Even under a highly
corrosive strong acidic environment (pH = 1), the contact angle of MA-
treated Ni-WS; SS mesh was 150°, demonstrating effective corro-
sion resistance of the mesh in harsh environments.

Self-Cleaning tests

One of the most important applications of superhydrophobic surfaces
is self-cleaning. In this study, the self-cleaning action of SHSM was
studied using black graphite particles as contaminants. Because of the
superhydrophobic nature of the mesh as in Fig. 12, the droplet was still
spherical bounded with graphite particles, and rolled out from the sur-
face retaining its superhydrophobicity. A comparison with the uncoated
mesh showed that graphite particles adhered to the surface and
remained sticky (Video 1). The process was carried out several times
still SHSM maintained its self-cleaning ability.

Oil-water separation

For oil-water separation experiments, oil was colored with Sudan IIT
(red), and water was colored with Methylene blue (blue) (Fig. 13). The
contact state of water droplets on the as-prepared SHSM shifts from
Cassie to Wenzel state during the separation of the oil/water mixture.
The separation efficiency of the superhydrophobic mesh was evaluated

-

Fig. 9. Sandpaper abrasion test.
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Fig. 11. Photograph of water droplets of varying pH on SHSM.

by Eq. (1). The initial separation efficiency for a 1:1 oil-water mixture
was as high as 98.3 %. After 30 separation cycles, the separation effi-
ciency was still higher more than 98 %, showing that the mesh main-
tained the oil — water separation ability.

In addition, the SHSM can separate different oil — water mixtures (n-
hexane, diethyl ether, toluene, kerosene, dichloromethane) indicating
that it can generally separate the oil — water mixture of varying surface
tensions (Fig. 14(a) Video 2). Oil flux was also calculated for various
types of oils using Eq. (2) (Fig. 14(b)). Since the oil-water separation
efficiency of Ni-WS, coated SS mesh was greater than 98 %, as a result of
which the mesh can be used as a film-like material for efficient oil —
water separation compared to other superhydrophobic stainless-steel
meshes already developed and reported (Table 2).

Corrosion resistance

Good anti-corrosion performance ensures stable and long-term sep-
aration efficacy of meshes at industrial-level applications in harsh en-
vironments. Corrosion experiments were carried out in acidic (pH = 1),
neutral (pH = 7), and alkaline (pH = 14) mediums. The anti-corrosion
property of SHSM was studied and compared with pure Ni-coated SS
mesh and pristine SS mesh. The polarisation potential (Eo, thermo-
dynamic parameter) and polarisation current density (icor, Kinetic
parameter) of all the samples were calculated by Tafel extrapolation
(Fig.S2 & Table 3). Analyzing i..rr values of SHSM, it is observed that i o
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Fig. 12. Different stages of self-cleaning action of as-prepared SHSM (right) in contrast to uncoated mesh (left).
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Fig. 14. Separation efficiencies (a) & flux (b) of SHSM for different types of oils.

got reduced by one order of magnitude compared with pure Ni-coated SS
mesh and uncoated SS mesh indicating that incorporating WS, particles
improved the corrosion resistance of SHSM in all the mediums.

This is further confirmed by the EIS spectra (Nyquist plots) (Fig.S3 &
S4). Pure Ni-coated SS mesh and SHSM have significantly higher im-
pedances than bare SS mesh, and it is observed that the addition of WS,
particles further increases the impedance of pure Ni-coated mesh.
Furthermore, pure Ni-coated mesh and SHSM have impedance spectra
with depressed semicircles. The corrosion resistance of the coatings is
determined by the diameter of the semicircle, where larger diameters
suggest higher corrosion resistance [50]. Out of all the samples, SHSM

has the highest impedance and the best corrosion resistance in all three
mediums.

The mechanism of corrosion resistance can be interconnected to the
hydrophobicity of coatings. When bare SS mesh was placed in the cor-
rosive medium, the mesh surface appeared to be hydrophilic, and there
was no barrier to delay the damage caused by the corrosive solution. A
rough micro-nano hierarchical structure is present in Ni-WSy coated
mesh that acts as a protective barrier preventing corrosive ions from
reaching the mesh surface. Due to high roughness, MA-modified Ni-WS,
coating conformed to the Cassie-Baxter state in which there will be air
cushion or air pockets in between the micro nano hierarchical structures

431



R. Sreekumar et al.

Journal of Industrial and Engineering Chemistry 135 (2024) 425-433

Table 2
Comparative performance of SHSM developed in the present work with previously reported works.
Coating layer material Fabrication Method WCA Oil-feed Material Separation Efficiency Remarks Reference
(%)
Ni/Nip Jet 154° Hexane 97 — [44]
electrodeposition Gasoline
Kerosene
Silicone oil
Dichloromethane
HDTMS Chemical etching 167° Hexane 98 Thermally, Mechanically and chemically [45]
Kerosene stable
TEOS Dip-coating 143° n-Hexane >99 - [46]
Toluene
Chloroform
Crude oil
PTFE Spray coating 150° Diesel oil - - [47]
Perchloric acid-ethylene Anodic Oxidation 155° Hexane 96 - [48]
glycol Gasoline
PFOA Kerosene
Dichloromethane
Cyclohexane
Nano Silica Dip-coating 157° Polyalphaolefin Diesel >95 Thermally & chemically stable [49]
oil
Vegetable oil
Ni-WS, Electrodeposition 169.5° Hexane >98 Self-cleaning This work
Myristic acid Diethyl ether Toluene Mechanically and chemically stable
Kerosene
Dichloromethane

Table 3
Corrosion potentials (E.,,) and corrosion current densities (I ) from poten-
tiodynamic polarisation test.

Sample Acidic medium Neutral medium Alkaline medium
(pH:1) (pH:7) (pH:14)
Ecorr icorr Ecorr icorr Ecorr icorr
(%) (uA/ (%) (na/ W (nA/
sz) cm2) sz)
Uncoated SS —0.690 8.562 x —0.650 8.203 x —0.382 2.479 x
mesh 107 107 10°°
Pure Ni- —0.206 1.075x —0.168 1.148 x —0.185 1.532 x
coated SS 107 107 10°°
mesh
SHSM —0.242 3.924 x —0.246 2.506 x —-0.173 4.077 x
1077 1077 1077

preventing the attack of corrosive medium on the SHSM surface.

Conclusions

A superhydrophobic - superoleophilic SS mesh with a water contact
angle of 169.5° and surface roughness of 168 nm (R,) was fabricated by
electrodeposition. At the optimised concentration of WSy (3 wt%) and
deposition parameters viz. current density of 4 A/dm?, deposition time
of 15 min, temperature of 60 °C, and stirring speed of 600 rpm, the
surface of SS mesh was effectively modified. Ni-WS, coated mesh
possessed a protruding rough surface comprising hierarchical WSy
clusters. The combined effect of hydrophobic surface chemistry and the
roughness contributes to excellent superhydrophobic-superoleophilic
and self-cleaning characteristics of the developed SHSM. The oil/water
separation performance of SHSM was studied and the efficiency was
greater than 98 % even after multiple uses. Further, the SHSM is highly
corrosion resistant with excellent mechanical and chemical stability
against strong acidic/alkaline solutions. Further, it can selectively
separate different oil-water mixtures like hexane-water, diethyl ether-
water, toluene-water, kerosene-water, and dichloromethane-water.
Thus, the developed SS mesh has the potential in the treatment of in-
dustrial oil-water mixtures as well as environmental oil spills due to its
excellent oil-water separation efficiency and durability in harsh
conditions.
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Electrocatalytic water splitting is a sustainable method for hydrogen production, but the high cost of noble metal
catalysts limits its practicality. Here, we present a novel electrodeposited Ni-WS: coated stainless steel mesh as an
efficient and cost-effective bi-functional catalyst for both the hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER). The innovative design of the catalyst with its hierarchical surface and the synergistic
effect of Ni and WSz, combined with a highly reactive surface and effective bubble separation, enables

OER remarkable catalytic performance. The catalyst achieves overpotentials of -89 mV for HER and 230 mV for OER
at 10 mA/cm2, with robust stability for 50 h in alkaline medium. For overall water splitting at 10 mA/cm? a cell
potential of 1.56 V was required and the cell maintained long term stability. This work represents a step forward
in utilisation of non-precious metals like nickel for efficient, cost-effective, and sustainable hydrogen production.

1. Introduction

The World Energy Council expects rapid industrialisation to boost
the worldwide energy demand from 45 % to 60 % by 2030 [1].
Renewable energy is gaining prominence due to rising energy demands
and depleting fossil fuels [2,3]. Out of all the sustainable energy sources,
hydrogen is the most promising fuel candidate because of its high
gravimetric energy density, comparatively more availability, and no
emissions throughout consumption [4,5]. Conventional large-scale

and limited purity, making electrolytic water splitting a more sustain-
able alternative [6]. However, the process requires efficient catalysts to
overcome sluggish reaction kinetics and higher overpotentials.

The water-splitting reaction takes place through cathodic hydrogen
evolution reaction (HER) and anodic oxygen evolution reaction (OER)
[7]. At present, Pt-group metals are the most efficient HER catalysts, and
Ir/Ru-based compounds serve as conventional catalysts for OER. How-
ever, the high cost, poor stability (especially in alkaline water electrol-
ysis), and the limited availability of these metals prevent their

hydrogen production via steam reforming suffers from carbon residues widespread applications [8]. Bi-functional -catalysts capable of

Abbreviations: SS, stainless steel; SSM, stainless steel mesh; HER, hydrogen evolution reaction; OER, oxygen evolution reaction; SEM, scanning electron micro-
scopy; EDS, energy dispersive spectroscopy; LSV, linear sweep voltammetry; ECSA, electrocatalytic active surface area; AFM, atomic force microscopy; CV, cyclic
voltammetry; FCC, face centred cubic; XRD, x-ray diffraction; CTAB, cetyltrimethylammonium bromide; TMDC, transition metal dichalcogenides; CA, chro-
noamperometry; EIS, electrochemical impedance spectroscopy.
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performing HER and OER in a single electrolyte offer a cost-effective
solution by reducing the complexity of the system and improving the
overall performance. Among all the available materials, transition
metal-based materials, particularly Ni-based materials are preferred due
to their low cost, high elemental abundance, strength, flexibility,
corrosion resistance, thermal and electrical conductivity [9].

Ni-based compounds, including alloys, phosphides, sulphides, and
oxides, have been reported for their ability to catalyse alkaline overall
water splitting (OWS). Kuang et al. [10] reported the usage of NiMoP,
nanowire as an electrocatalyst for both HER and OER. A unique nano-
structured Ni-Fe-Co coated bi-functional 3D electrode was developed by
Darband et al. [11]. A highly efficient and robust bi-functional Ni-Fe/-
NiMoNy electrocatalyst was developed on nickel foam by Qiu et al. [12].
Shudo et al. [13] designed a porous Ni/NiOx bi-functional oxygen
electrocatalyst produced from Ni(OH), with outstanding catalytic
activity.

Morphology tuning, crystallinity alterations, surface manipulation,
and synergy compositing of different materials can further improve the
intrinsic electro-catalytic properties of metals like Ni. The composite
materials offer larger catalytic surface area by Ni grain refinement and
also by improving the intrinsic catalytic activity by generating a syn-
ergistic effect between Ni and incorporated reinforcements [14].
Experimental and theoretical studies have shown that the presence of
two-dimensional materials changes the growth pattern and inherent
activity of Ni, improving the rate of overall water splitting. Out of all the
two-dimensional materials, layered transition metal dichalcogenides
(TMDCs) like MoS; and WS, having exceptional electrical conductivity,
highly active edge sites, tunable band structure, and a high surface
area-to-volume ratio, are studied for their possible use as an electro-
chemical catalyst [15]. WSy and MoS; have been identified as efficient
HER and OER catalysts at longer intervals due to their better chemical
and environmental inertness [16].

Most of the reported electrocatalysts are amorphous and need
polymer binders to be assembled before being used in water electrolysis.
These binders reduce the catalytic area, and their stability at higher
current densities remains a matter of concern. Creating three-
dimensional nanostructures by expanding the active surface area is
one of the most effective ways to improvecatalytic activity. In that
aspect, electrodeposition is an easy and facile method for fabricating
electrocatalysts with good catalytic properties. This method can create
different nanostructures by controlling and optimising the deposition
parameters. Moreover, electrodeposition is a scalable process that can
produce industrial electrocatalysts [17].

A combination of Ni and WS: known for their individual catalytic
potential in alkaline water splitting remains underexplored. Here in, to
the best of the author’s knowledge we report for the first time the
development of Ni-WS; coated stainless steel mesh (SSM) via electro-
deposition that can function as an efficient, binder-free bi-functional
electrocatalyst in alkaline medium. The deposition conditions were fine-
tuned so that the developed SSM has a hierarchical structure of WSy
clusters, nodules, and Ni pine cones (micro-nano), resulting in a "cacti/
cauliflower-like" appearance with highly active surface area. From the
electrochemical studies, it was found that Ni-WS, coated SS mesh
demonstrated improved electrocatalytic characteristics and is stable and
durable when tested continuously over a sufficient period. As a result,
this easy, environmentally friendly, and economical approach for
fabricating efficient and durable bi-functional electrocatalysts would be
a promising one for practical catalytic applications as a non-precious
transitional metal-based alternative to Pt- and Ir/Ru-based expensive
benchmark catalysts.

2. Experimental
2.1. Materials

Raj filters supplied stainless steel mesh (pore size < 100 pm). Nickel
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salts (NiSO4e6 H,0, NiCl,e6 H,0) and Boric acid (H3BO3) were obtained
from Merck. Alfa Aesar provided Cetyltrimethylammonium bromide
(CH3(CH3)15N(Br)(CHs)3) and Saccharin (CyHsNO3S). Tungsten disul-
phide nanoparticles (WS, 90 nm) were acquired from Sigma-Aldrich.

2.2. Fabrication of Ni-WS; coated SS mesh

Ni-Watts bath comprising NiSO4e6 H30, NiClpe6 H50, and H3BO3
was used for electrodeposition. WS, nanoparticles, CTAB, and saccharin,
after ultrasonication for 30 minutes, were thoroughly mixed and added
to the Ni bath. Ni-WS; bath was maintained at a pH of 4. The authors
have reported the detailed procedure for fabricating Ni-WS, coated SS
mesh elsewhere [18] (Fig. 1).

2.3. Characterisation of the developed mesh

The morphologies and chemical composition of the elements present
in the developed mesh were studied by FE-SEM (FEI NOVA NANOSEM
450) and Zeiss EVO 18 cryo-SEM (with EDS), respectively. The 3D
morphology and roughness of samples were analysed by Atomic Force
Microscopy (AFM, Bruker Multimode-8HR in tapping mode). The crys-
talline phase structure and composition of all the samples were studied
with a Bruker D2 Phaser X-ray diffractometer with Cu - K, radiation (A
= 1.5406 A°) in the 0-90° range.

The electrochemical measurements were done using a three-
electrode setup in 1 M KOH using a CHI660E electrochemical worksta-
tion. Platinum wire (working electrode), Ag/AgCl in saturated KCIl
(reference electrode), and Ni-WS, coated SS mesh (counter electrode)
were the electrodes employed. The voltammetric techniques LSV (linear
sweep voltammetry), CV (cyclic voltammetry), EIS (electrochemical
impedance spectroscopy) and CA (chronoamperometry) were used to
analyse the electrochemical activity and stability of the electrode ma-
terial. As a preliminary step before actual measurements, CV in a
reduction potential region was carried out for several cycles to activate
the materials. Once the CV curves became consistent, LSV measurements
were carried out to analyse the current response. All the measurements
were performed at a scan rate of 2 mVs?, and EIS measurements were
taken at a frequency range (100 KHz to 100 mHz). Chronoamperometric
studies for about 50 h was performed to confirm the stability, and the
polarisation curves before and after 1000 cycles were also recorded.

3. Results and discussion
3.1. Morphology

Fig. 2(a) indicates the uniform surface of the uncoated mesh. Elec-
trodeposition has a vital role in determining the morphology of SSM.

Uncoated SS mesh Ni-WS, coated SS mesh

Fig. 1. One-step preparation process of Ni-WS, coated SSM
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Fig. 2. Surface morphologies of different meshes (a) Uncoated stainless steel mesh, (b) Pure nickel coated mesh, (c) Pine cone like morphology in pure Ni coated
mesh, (d) Cacti/cauliflower like structure in Ni-WS, coated mesh, (e) High magnification image of Ni-WS, coated mesh showing thorn-like projections

Fig. 2(b-c) suggests that the pure Ni-coated mesh possesses a pine-cone
structure. This pine cone structure of fine Ni crystals increases the active
surface area, improving the electrocatalytic activity [19]. Ni-WS; coated
SS mesh has a rough protruding hierarchical structure of WS, clusters
and nodules along with Ni pinecones (Fig. 2(d-e)). The progressive
micro/nanostructure formation occurs due to WS, particle incorpora-
tion in and around the Ni matrix. Further, incorporating conductive WSy
particles into the electrolytic bath resulted in a difference in current
distribution during electrodeposition [20]. SEM image of higher
magnification (Fig. 2(e)) indicates that the nodular structures are
composed of Ni grains bound together with petal-like WS, particles
having highly active edge sites. Since these edge sites of high active
surface area are exposed maximum in the cacti/cauliflower-like struc-
tures, these peculiar structures can contribute towards the catalytic ac-
tivity of the developed mesh.

Fig. 3 shows the elemental distribution of Ni-WS; coated SS mesh.
Elements such as nickel (Ni) (Fig. 3(b)), tungsten (W) (Fig. 3(c)), and
sulphur (S) (Fig. 3(d)) were identified. Ni is primarily seen in the base of
the coating, while sulphur is mainly seen in cauliflower-like structures.

Pure Ni-coated mesh has an average roughness (R,) of 87.6 nm,
whereas Ni-WS, coated mesh has 168 nm. Fig. 4(a) shows that the
surface of pure Ni-coated mesh has unevenly placed clusters of various
heights. Fig. 4(b) of Ni-WS; mesh reveals protrusions (valleys or bumps)
with greater heights and diameters. These results are in agreement with
the observation of micro-nano hierarchical structure of high surface
roughness factor in Ni-WS; coated SS mesh. These rough structures often
have more exposed edges, corners or even defects usually more reactive

and act as active sites for catalysis.

3.2. Phase composition and crystalline structure analysis

Fig. 5(a) shows the XRD graph of pure Ni-coated SS mesh. Three
peaks of Ni at 44.32°(111), 51.77°(200), and 76.3°(220) indicate the fcc
structure of Ni metal (JCPDS 04-0850). The typical fcc structure of Ni
provides a large surface area, providing more accessible active sites for
catalytic reactions and enhanced stability. Adding WS, particles created
additional nucleation sites that caused significant microstructural
changes and resulted in smaller Ni grains. Significant peaks are observed
in the case of Ni-WSy SSM at 14°(002), 29.1°(004), 33°(100), 40°(103),
49°(110), 58°(008), and 60°(112) validating the hcp structure of WS,
((JCPDS 84-1398) (Fig. 5(b)).The strong Ni(111) peak of Ni-WS; coated
SSM indicates high inherent catalytic activity, appropriate hydrogen
binding energy and higher stability in alkaline environments.

3.3. Electrocatalytic activity

The electrocatalytic hydrogen evolution and oxygen evolution abil-
ity of the developed catalyst material were evaluated by LSV. The lower
scan rate of 2 mV/s was used to perform the analysis as it enhances the
ionic and electronic movement, thereby improving the kinetics of water-
splitting reactions. Hydrogen evolution was studied in the negative
potential region, and Fig. 6(a) shows the HER polarisation curves of the
samples. The extra potential required to attain a current density of
10 mA cm’z, the overpotential (n;p), is considered for estimating the

(d) Tungsten (W)

Fig. 3. EDS analysis of Ni-WS, coated SS mesh.
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R, =87.6 nm; R, =110 nm

Ra=168 nm; Rq =199 nm

Fig. 4. 3D surface morphologies of the developed meshes
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Fig. 5. XRD pattern of coated meshes (a) Pure Nickel, (b) Ni-WS,

catalytic activity of the materials [21]. Ni-WS; coated SSM outperforms
pure Ni coated SSM regarding n;o. Pure Ni coated SSM required an
overpotential of 189 mV, whereas Ni-WS, coated SSM needed an over-
potential of 89 mV to generate a current density of 10 mA/cm?, which is
comparable with that of commercially available Pt/C catalyst material
having an overpotential of about 43 mV [22].

Ni coated SSM could not deliver higher currents even when higher
potentials were applied, but Ni-WS, coated SSM delivered higher cur-
rents with increased potential. This enhancement in activity arises due
to the synergistic effect of Ni and WSy nanoparticles. As explained in the
SEM analysis, the “cactus-like”/ “cauliflower-like” structures of Ni-WS,
coated SSM are beneficial for improving the electrocatalytic activity of
the material. The edge sites of WS, are more catalytically active than the
basal planes [23]. The particular micro-nano hierarchical morphology
helps more electrolyte access and exposes more edge sites of WSy,
thereby enhancing the electrocatalytic activity. In addition, this peculiar
morphology enhances the mass and charge transfer, influencing the
catalytic activity. Thus Ni-WSy coated SSM proves to be an excellent
electrode material to generate hydrogen through electrolysis of water.

Fig. 6(b) shows the Tafel plots of the catalyst material, which indi-
cate the kinetics of electron transfer reactions. Tafel slope is determined
from the linear portion of the voltammetric curve using the equation

n = blog(j) @

Here, out of the two materials, Ni-WS, coated SSM exhibited a fair
Tafel slope value of 102 mV dec™! compared to Ni coated SSM with a
slope of 151 mV dec™!. This indicates the faster electron adsorption-
desorption mechanism of Ni-WS; coated SSM. The Tafel slope values
of Ni-based systems are found to be relatively more than the theoretical
value of 120 mV dec ™! (for Volmer pathway). However, various results
with higher Tafel slope values for Ni-based alloys and composites have
been reported so far [24-26]. The increase in Tafel slope may have
arisen due to the presence of a surface oxide layer over the electrode. In
this circumstance, the applied external potential will be used for initi-
ating the HER and also to overcome the barrier caused by the oxide layer
[27,28].

Along with electrocatalytic activity, electrochemical stability is an
essential criterion that determines the efficiency of an electrocatalyst.
The long-term stability of Ni-WS, coated SSM is investigated using
chronoamperometry and the current response is shown in Fig. 6(c). The
CA measurements were carried out at a reduction potential of 90 mV,
and Ni-WS, coated SS mesh generated a current density of 10 mA cm™2
for a higher duration of 50 h. Even after 50 h of continuous hydrogen
generation the binder-free electrode material was able to retain its ac-
tivity, which is highly favourable for practical electrolysers. The stable
performance of the material was also validated by recording the HER
polarisation curves before and after 1000 cycles of continuous hydrogen
generation. Fig. 6(d) shows that HER polarisation curves before and
after 1000 cycles of CV measurement. It can be observed from the figure
that the initial curve retrace the final curve even after long cycles of
measurements. The overpotentials at 10, 20 and 50 mA cm™2 were
found to be moreover the same. This again confirms the long-term
feasibility of the electrode material.

Fig. 7(a) shows the OER polarisation curves of the catalyst materials.
It is clearly evident that Ni-WS; coated SSM outperforms Ni coated SSM
and is suitable for OER activity. Ni coated SSM required an overpotential
of 320 mV, while Ni-WS, coated SSM required an overpotential of
230 mV to yield a current density of 10 mA cm™2, which is comparable
with that of commercially available IrO; catalyst material (310 mV) [29,
30]. At the same time, to generate 20 mA cm™2 and 100 mA cm ™2 cur-
rent density, Ni coated SSM needed 360 mV and 540 mV of additional
potential, respectively, whereas Ni-WS; coated SSM required extra po-
tentials of 260 mV and 380 mV, respectively. Also, the current increased
linearly for Ni-WS; coated SSM, which indicates faster electron transfer
within the material [24].

Fig. 7(b) shows the OER Tafel plots of the electrode materials, which
clearly show the enhanced oxygen evolution kinetics. The Ni-WS,
coated SSM had a Tafel slope of 99 mV dec™! whereas Ni coated SSM
exhibited a Tafel slope of 118 mV dec™!. OFR is a four-electron transfer
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process in which molecular oxygen is liberated by the electro-oxidation
of hydroxyl groups (OH ) in an alkaline environment. Fig. 7(c) shows
CA OER curve for Ni-WS; coated SSM at a potential of 250 mV. Ni-WS,
coated SSM exhibited stable amount of oxygen generation for about fifty
h. Again, as in the case of HER activity, the electrode material exhibited
stable performance even after 1000 cycles of oxygen evolution. Fig. 7(d)
shows the LSV curves before and after the cyclic measurement. It is
evident that the initial and the final polarisation curves vary only
slightly in terms of a few milli volts. This again elucidates the long-term
stable activity of the catalyst material.

The enhancement in electrocatalytic activity of Ni-WS; coated SSM is
due to the hierarchical growth of Ni pinecones and WS, clusters into
cacti/cauliflower-like morphology as well as due to the synergistic
electrochemical properties of metallic Ni and the catalytically active
TMDC-WS,, The material’s electrocatalytic active surface area (ECSA)
was calculated by recording the cyclic voltammograms in a non-
Faradaic region. Figure S1(a) and (b) show the CV curves obtained at
different scan rates for Ni coated and Ni-WS; coated SSM, and Fig. 8(a)
shows the linear plot obtained to determine the Cq value. The slope of
the j vs v curve gives the double-layer capacitance. Then, the ECSA is
calculated using the equation.

Ca

G

Usually, in 0.5 M H3SOy4, Cs is taken as 35 pF cmfz; in 1 M KOH it is
40 uF cm 2 [31]. Ni-coated SSM exhibited a Cq) value of 1.78 mF crn_z,
significantly less than that of Ni-WS, coated SSM, which delivered a Cg
value of 35 mF cm™2. The Ni-WS, coated SSM provided a higher ECSA
value of 89 cm? while Ni coated SSM had 44 cm? ECSA.

Thus, higher ECSA (89 cm’z) accounts for the higher water-splitting
ability of the catalyst material Ni-WS, coated SSM. These observations
and results indicate that the hierarchical structure of the electro-
deposited Ni-WS; coated SSM enhanced the active surface area of the
electrode, thereby resulting in increased electrolyte access. Moreover,
this binder-free electrode fabrication method facilitates increased con-
ductivity and electrolyte wettability, thereby enhancing the activity and
stability of the catalyst materials.

EIS measurements were carried out to analyze the electrochemical
phenomena at the electrode-electrolyte interface. The EIS measurements
were carried out at different potentials slightly above and below the
overpotentials of respective HER and OER. Fig. 8(b) and (c) show the
Nyquist curves of Ni WS, recorded in a frequency range of 100 mHz to
100 KHz at different overpotentials. The Nyquist plots of Ni-WS; coated
SS mesh for HER and OER reflect the reaction kinetics at different po-
tentials. Nyquist plots exhibited more capacitive behaviour than resis-
tive behaviour, in the Non-Faradaic region (low potential region) unlike
higher potentials where chemical reactions are more likely to occur
[32-35]. The capacitive behaviour indicates that the surface sites of the
catalyst are available for charge storage, revealing how easily reactive

ECSA = )
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species can adsorb onto the catalyst surface during HER and OER.
Figure S2 (a) and (b) show the impedance curve of Ni-WS; coated
SSM fitted using ZSimpWIN3.21 software & inset shows the equivalent
plot obtained. Analysing the equivalent circuit corresponding to the
Nyquist plot of HER and OER activity (Figure S2(a-b)), Rs accounts for
the electrolytic resistance and Q; (CPE;) models the double-layer
capacitance, mainly due to surface roughness of the catalyst. Qa
(CPEy) and R, demonstrates the secondary surface or interfacial phe-
nomena, such as adsorption of reaction intermediates (H*, O*, OH*) or
changes in surface coverage of the catalyst. The Warburg element re-
flects the diffusion of protons or hydrogen species or oxygen [36,37].

3.4. Overadll water splitting ability

Since Ni-WS; coated SSM proved to be suitable for both hydrogen
and oxygen evolution, a full cell comprising the coated mesh as both
anode and cathode was designed (Figure S3). The bi-functional activity
of the electrocatalyst for simultaneous hydrogen and oxygen generation
was examined in the alkaline environment. Fig. 9(a) shows the polar-
isation curve of the full cell, indicating the changes in the current
generated in the electrode versus the applied voltage. To generate a
current density of 10 mA/cm?, the cell required a potential of 1.56 V. As
the applied voltage increased, the current generated also increased
abruptly, indicating the bi-functional activity of the electrode material.
Along with electrocatalytic activity, the long-term stability of the ma-
terial was evaluated using chronoamperometry. Fig. 9(b) shows the
current versus time plot obtained for the full cell. It can be seen that the
current generated remained almost constant for about 50 h of contin-
uous energy generation.

The electrodes were able to maintain the current density at 10 mA/
cm? at an applied potential of 1.56 V even after continuous usage. These
results indicate that Ni WS, coated SSM can be effectively used as a bi-
functional catalyst material for overall electrochemical water splitting in
alkaline medium. A comparison of a few of the already reported Ni-
based bi-functional catalysts in alkaline media was done, and it was
found that the developed Ni-WS, coated SSM is a promising potential
choice for overall water splitting (Table S1). By further modifying the
deposition parameters and optimising the growth of Ni-WS; over SS
mesh, the efficiency of the bi-functional catalyst can be scaled up.

The HER and OER activity of Ni-WS; coated SS mesh can be attrib-
uted to the active sites over both Ni and WS,. The sulphur edges of WS,
are active for both HER and OER. The Gibbs free energy of hydrogen or
hydroxyl ion adsorption (AGy/ AGop) of the sulfided edges make them
active HER/OER sites. Various studies resonating the catalytic activity
of the sulfided edges of transition metal dichalcogenides like WS, and
MoS; have been reported [23]. This is further supported by our recent
study of MoSSe based systems. In this study, the Gibbs free energy of
hydrogen adsorption (AGy) of both sulfided and selenided edges of
molybdenum was calculated. And it was found out that AGy is minimum
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Fig. 9. (a) Polarisation curve of the full cell using Ni WS2 coated SSM, (b) Amperometric i-t curve showing the long-term stability of the full cell

for H" adsorption on sulfidled Mo edges [38]. Nickel provides a
conductive backbone that facilitates efficient electron transfer during
electrochemical reactions in water splitting. The d-band electronic
structure of Ni allows optimal binding of intermediates such as hydrogen
(H*) for HER or oxygen-containing species (O*, OH*) for OER [39].
Thus, the excellent bi-functional electrocatalytic activity of Ni-WSy
coated SSM is due to: (1) Ni (111) plane and edge sites of WS, particles
possess high inherent catalytic activity, appropriate hydrogen binding
energy and are stable in alkaline environments, (2) increase in the active
catalytic surface area resulting from the formation of micro-nano hier-
archical structure, (3) enhancement in the intrinsic electrocatalytic ac-
tivity due to the synergistic effect between Ni (low hydrogen
overpotential) and WS, particles (high hydrogen adsorption), (4) the
peculiar structure of the catalyst significantly increases ECSA as well as
enables the flow of electrons and gas release, (5) the direct growth of Ni
and WSy particles on SS mesh as a binder-free catalyst via one-step
electrodeposition has several advantages, including close contact,
outstanding mechanical adherence, and superior durability.

4. Conclusions

A Ni-WS, coated SS mesh with a micro-nano hierarchical structure
that can act as a bi-functional catalyst in alkaline water splitting was
developed by electrodeposition. The catalyst contained a rough hierar-
chical surface of WS, clusters and Ni pinecones. LSV tests showed that
the overpotentials for hydrogen and oxygen evolution reactions for Ni-
WS, coated SS mesh were —89 mV and 230 mV respectively, much
lower than pure Ni-coated mesh. The electrocatalytic activity of Ni-WSy
coated SS mesh was higher due to the increased catalytic surface area
and ready detachment of the adsorbed Hy from the electrode surface. A
full-cell alkaline electrolyser using Ni-WS; coated SS mesh as anode and
cathode delivered a current density of 10 mA/cm ™2 at an applied po-
tential of 1.56 V. Moreover, the electrochemical cell remained stable for
50 h of continuous cycling. This enhanced activity arises due to the
binder-free fabrication process of the electrode materials, the three-
dimensional morphology of Ni-WS, and the catalyst material’s higher
electrochemical active surface area and lower charge-transfer resis-
tance. In light of its excellent electrocatalytic activity for HER and OER
and its ease of fabrication and availability, this bi-functional composite
catalyst can provide an efficient, cost-effective, and facile approach to
developing large-scale industrial alkaline water electrolysers.
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ABSTRACT

The serviceability and efficiency of engineering materials can be improved by adopting a suitable surface
modification technique. Ni/h-BN composite coatings were successfully coated over mild steel substrate by direct
current electrodeposition at an optimised current density of 5 A/dm? using Ni Watts bath. The current study
explores the influence of grain refinement over microhardness, wear behaviour, and corrosion properties of Ni-
BN coatings. The morphology and phase structure of the coatings were assessed by scanning electron microscopy
(SEM) and X-ray diffractometry (XRD) respectively. Vickers microhardness tester and pin-on-disc tribometer
were employed to evaluate the tribo-mechanical behavior of the coatings. Corrosion performance of the
developed coatings was analysed using potentiodynamic polarization and electrochemical impedance spectros-
copy techniques in 3.5 wt% corrosive NaCl medium. XRD results revealed that the average crystallite size of Ni-
BN coatings reduced when the saccharin concentration rose from 0 to 5 g/1 and stabilized around 21 nm. The
microhardness of the Ni coating was enhanced by approx. 68 % with the inclusion 5 % saccharin and BN par-
ticles. An increment of 5.8730 x 10* Q cm? in the charge transfer resistance of the composite coating compared
to Ni coating indicates its improved corrosion resistance. Ni-BN composite coatings offered lower coefficient of
friction and wear mass loss than the pure Ni coating irrespective of saccharin incorporation. Surface modification
of mild steel using electrodeposited Ni-BN composite coating significantly enhances the hardness, corrosion-
resistance and wear-resistance, and thus extends service life and operational efficiency under demanding in-

dustrial conditions.

1. Introduction

Engineering materials and industrial components subjected to harsh
service conditions, experience corrosion, wear and subsequent deterio-
ration. Annually, corrosion and wear-related economic losses account
for billions of dollars [1]. Consequently, tailoring surface properties of
the engineering components is essential to enhance durability and
achieve desired functionalities [2]. Mild steel (MS) is widely favored
across sectors such as automotive, machinery, construction, and pipe-
lines due to its cost-effectiveness, availability, excellent weldability, and
versatile mechanical behavior [3]. Thus, purposeful surface modifica-
tion of mild steel is a pragmatic and effective approach to improve
resistance against wear and corrosion and extend the service life of the
component.

Surface coating is the best possible way to prevent corrosion and

wear of engineering materials. Out of all the available surface coatings,
metallic coatings are the most suitable, especially for steel structures.
These coatings can enhance the corrosion resistance as well as improve
the mechanical properties. In comparison with pure metallic coatings,
composite coatings provide improved surface protection and better
tribological characteristics as they integrate the beneficial properties of
both metal matrix and reinforcements [4]. By improving hardness,
reducing friction, and providing corrosion protection, these metallic
composite coatings significantly extend the service life and reliability of
components in harsh operating conditions [5].

Electrodeposition of composite coatings containing secondary par-
ticles in the metal matrix has drawn considerable interest lately due to
better mechanical, electrochemical and tribological properties of com-
posite coatings [6]. The versatility of electrodeposition, along with its
ability to tailor properties of the coating for specific applications, makes
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it an indispensable technology for a wide range of industries especially
requiring durable high-performance materials [7].

As an alternative to harmful hexavalent chromium coatings, nickel-
based coatings have gained popularity due to the special characteris-
tics of Ni like excellent mechanical properties and corrosion resistance
[8-11]. For further improving the properties of nickel coatings,
second-phase particles including hard or soft nanoparticles (oxides,
carbides, nitrides, solid lubricants) or polymers, are incorporated into
the Ni matrix, forming nickel composite coatings. The particles are
selected according to the nature and characteristics of the desired
composite coating. Among these, hexagonal boron nitride (h-BN) is an
ideal second-phase particle possessing outstanding properties, like
chemical inertness, wear resistance and lubrication [12].

Being a layered material with low coefficient of friction, it is a perfect
alternative to other solid lubricants that can be used for high-
performance applications [13]. Demir et al. [14] added h-BN into
Ni-Cr coatings and it was deposited over AISI 1040 steel. It was inves-
tigated how h-BN additions affected the microstructure, corrosion
resistance, wear resistance, and nano-indentation response. The effect of
surfactant concentration over h-BN incorporated Ni-B coatings depos-
ited over steel substrates was studied by Tozar et al. [15]. Tripathi et al.
[16] developed Ni-Fe/BN nano-composite coatings incorporated with
micron sized BN particles by varying the alloy composition from an
additive free bath. While Ni-BN composite coatings are well-established
for their lubricating properties [16] and ability to withstand harsh en-
vironments, their performance can be further optimised through
microstructural modifications, such as grain refinement.

Grain refining leads to improvement in the mechanical and physical
properties of electrodeposited coatings by reducing the material’s
average grain size [17]. According to the Hall-Petch relationship [18],
smaller grains can enhance the strength, hardness, and wear resistance
of metallic coatings by restricting dislocation movement. In addition,
grain refinement may lead to a more homogeneous distribution of
reinforcing particles (in this case, h-BN), resulting in a more uniform
coating [19]. Saccharin (an organic additive) refines the grain structure,
improves the mechanical properties, and increases corrosion resistance
and anti-wear characteristics of electrodeposited nickel composite
coatings [20].

However, the interplay between grain size, distribution of BN par-
ticles, and the overall performance of Ni-BN composite coatings remains
an area of active research. While several studies have focused on the
individual effects of BN incorporation and electrodeposition parameters,
limited research has systematically explored the influence of grain
refinement over microhardness, wear behaviour, and corrosion prop-
erties of Ni-BN coatings. To the best of the author’s knowledge, the
current study is a first attempt that seeks to fill this research gap by
examining the impact of grain refinement over the mechanical and
electrochemical properties of electrodeposited Ni-BN composite coat-
ings. The primary objectives are to evaluate how the grain refinement
affects microhardness, wear resistance, and corrosion resistance, and to
explore the underlying mechanisms responsible for these changes. Hard
Ni-BN composite coatings tailored for industrial applications requiring
enhanced durability and longevity are thus developed as part of this
study.

2. Experimental
2.1. Materials

Nickel sulphate hexahydrate (NiSO4-6H20, 98 %), Nickel chloride
hexahydrate (NiCl,-6H20, 98 %), Boric acid (H3BO3 99.5 %) and So-
dium chloride (NaCl, 98 %) were purchased from Merck. Hexagonal
boron nitride particles (h-BN, 98 %, ~1 pm) were supplied by Sigma-
Aldrich. Sodium dodecyl sulphate (SDS, 99 %) and Saccharin
(C7Hs5NO3S, 99.5 %) were obtained from Alfa Aesar. All the chemicals
were of analytical quality and used without additional purification.
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Table 1
Experimental conditions for Ni-BN coating over mild steel substrate.

Electrodeposition Composition or Amount Optimised
parameters parameter Conditions
Plating solution NiSO4.6H,0 250 g/1 -

NiCl,.6H,0 45 g/1 -

H3BO3 40 g/1 -

Saccharin 3g/1 -

SDS 0.5 g/1 -

BN 1-5 wt% 3 wt%
Deposition Conditions Current density 2-6 A/ 5 A/dm?

dm?
Temperature 50-70 °C 60 °C
Time 20-60 30 min
min
Stirring rate 700 rpm -
Power supply
Ni Watts bath
i, Pond Hexagonal BN
,ﬁxx,x > ¢ég, Z poe

Ni-BN

illustration  of

Fig. 1. Schematic
electrodeposition.

experimental setup for

2.2. Coating preparation

Ni-h/BN composite coatings were deposited on mild steel substrates
from Ni Watts bath containing NiSO4-6H,0 (250 g/1), NiCl,-6H,0 (45 g/
1), and H3BOs3 (40 g/1). Hexagonal BN particles were dispersed in the
Watts bath along with surfactant SDS (0.5 g/1) and grain refiner
saccharin (3 g/1) (Table 1). The pH of Ni-BN bath was maintained be-
tween 4 and 4.5. Before electrodeposition, BN particles were dispersed
using an ultrasonicator for 30 min.

Anode was Ni plate (7 cm x 5 cm x 1 cm, 99.7 % purity) and MS
substrate (4 cm x 3 cm x 1 cm purity >99.5 %, Table S1) was used as
cathode. The mild steel samples used for the coating were ground using
SiC papers ranging from 80 to 1000 grits, followed by degreasing in
acetone and distilled water, ultrasonically cleaned, and dried in the
oven. MS samples were further surface activated by dipping in 0.01M
HCl and 0.1M NaOH. The anode, Ni plate was polished using 80 and 100
SiC papers. This was followed by degreasing in acetone and distilled
water and finally dried in the oven.

Electroplating was carried out at galvanostatic mode under direct
current condition. The inter-electrode gap was maintained as 3 cm
(Fig. 1). Electrodeposition parameters including current density (2-6 A/
dmz), stirring rate (400-700 rpm) temperature (50-70 °C), time (20-60
min) were varied. Also the amount of h-BN particles was varied between
1 and 5 wt percent (Table 1) Further grain refining studies were carried
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Fig. 2. (a-b): SEM micrographs of pure Ni coated MS.

out by adjusting the amount of saccharin (1-5 g/1) under ideal condi-
tions of 5 A/dm? current density for 30 min at 60 °C, 700 rpm stirring
rate, and 3 wt percent concentration of h-BN particles. Following elec-
trodeposition, the samples were rinsed with running distilled water and
then ultrasonically cleaned in ethanol for 5 min to get rid of any loosely
adhered particles before further analysis.

2.3. Characterization of the coatings

The surface morphology and elemental composition of all the coat-
ings were examined using scanning electron microscopy (cryo-SEM with
energy dispersive spectroscopy (EDS), EVO MA 18, Carl Zeiss). X-ray
diffractometry (X’Pert PRO MDD, PANalytic, Netherlands) was used for
phase composition analysis. The diffractograms were obtained over a 260
range of 10°-90°, with a step size of 0.0001°. The crystallite (grain) size
of the coatings was determined using the Scherrer equation (Equation
(1)) [21] with respect to the most intense diffraction peak.

Scherrer equation: D = (K 1) / (Bcorr cOS 6) (€D)
Corrected FWHM, feorr = V/(B)> — (B @

Where, D = mean size of the crystalline domains which may be < grain
size, K = 0.9, Scherrer constant, Peorr = corrected full width at half
maxima (FWHM) of the peak, 6 = Bragg’s diffraction angle, A = wave-
length of X-ray, 0.154 nm. Corrected FWHM (fcorr) Was calculated by
considering the instrumental broadening where s is FWHM of the
sample and p; is the FWHM contributed by the instrument (Equation
(2)).

The samples’ microhardness was measured using the Vickers micro-
hardness tester (VHD-1000A, Banbros Engineering) under 50 gf load

and a 10-s dwell duration. The sample’s hardness was determined at five
distinct sites, and the average value was chosen as the hardness value.

Potentiodynamic polarization and electrochemical impedance spec-
troscopy were conducted at room temperature in a 3.5 wt% NaCl solu-
tion using CH Instruments (Model 600, Sinsil International)
electrochemical workstation equipped with conventional three-
electrode cell. The corrosion tests were carried out using a 250 mL
electrochemical cell maintained at 27 + 0.5 °C. The working electrode,
coated piece with exposed area: 1 cm? was positioned at a distance of
~2 mm from the reference electrode (saturated calomel electrode) and
~15 mm from the counter electrode (Pt grid). To achieve a stable open
circuit potential (OCP) value, the coated piece was immersed in the
electrolyte for 20 min prior to the experiment. The potentiodynamic
scan was performed from —250 mV to +250 mV of the OCP values with a
rate of 1 mV/s. The applied potential vs. current plot (Tafel) was used to
determine each sample’s corrosion potential and corrosion current
density. The impedance measurements were performed applying an AC
signal perturbed by 5 mV at OCP in the frequency range of 100 kHz -
0.01 Hz. ZsimpWin software was used to fit the resultant EIS plots to
determine the electrochemical parameters. Numerous circuits were
matched until the chi-square value decreased to less than 9 x 10~* or no
further fitting improvement was observed.

Wear rate and coefficient of friction (COF) was measured using pin
on disc wear testing machine (POD 4.0, DUCOM) under non-lubricated
conditions (27 + 0.5 °C). The measurements were done for Ni-BN, pure
Ni coated and bare mild steel samples. The wear samples were mild steel
pins (6 mm diameter & 15 mm length). EN31 steel disc having a hard-
ness of ~750 HV was the counter surface. Wear tests were conducted for
15 min at room temperature with a sliding velocity of 0.4 m/s, sliding

Fig. 3. (a—e): SEM micrographs of Ni-BN coated MS.
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Fig. 3. (f): Higher magnification SEM image of Ni-BN coated MS. White colored
arrows indicate the Ni grains composed of finer Ni crystallites.

distance of 367 m under normal loads of 2, 3, 4, and 5N.
3. Results & discussion
3.1. Morphological studies and elemental analysis

SEM micrographs of pure Ni and Ni-BN coatings (with 5 % saccharin)
deposited on mild steel are given in Fig. 2(a)-(b) and Fig. 3(a)-(e),
respectively. Both the coatings appeared to be uniform, compact with
crack free surface. Both coatings displayed comparable surface mor-
phologies characterized by a distinct granular texture. However, the size
of grains in the composite coating is smaller than that in the pure Ni
coating (Fig. S2). There is a gradual reduction in grain size as the con-
centration of saccharin is increased up to 5 %. This occurs due to the
grain refinement resulting from the co-deposition of BN particles within
the Ni matrix. BN particles with a mean zeta potential of —19.5 mV
influences the co-deposition mechanism by functioning as nucleation
sites increasing the number of active sites to initiate Ni nucleation [12,
16,22,23]. Simultaneously, the incorporation of BN particles at the
boundaries of nickel crystallites can reduce the grain size so that the

Ceramics International xxx (XXxX) XXX

Ni-BN coating become denser than the pure Ni coating. SEM image of
higher magnification (Fig. 3 (f)) shows the presence of Ni grains
composed of finer Ni crystallites (indicated by white arrows).

Elemental composition analysis (Fig. 4(a)-(e)) of the surface of Ni-
BN coated MS possesses nickel (~90 %) as the major elemental contri-
bution. The composite coating surface had additional peaks corre-
sponding to boron and nitrogen indicating that BN gets incorporated
within the coating. Fig. 5(a)-(f) shows the cross-section of Ni-BN com-
posite coatings. The average thickness of Ni-BN coating was found to be
40.5 pm. EDS data further indicated the presence of BN particles within
the composite coating.

3.2. X-ray diffraction studies

X-ray diffraction patterns of pure Ni and Ni-BN coated samples with
varying amount of saccharin (1-5 g/1) are shown in Fig. 6. From the
data, two peaks of Ni at 20 corresponding to 44.32° and 51.77° are
assigned to (111) and (200) Bragg reflections of the face-centered cubic
(fcce) structure of metallic nickel (JCPDS 04-0850 for Ni) [24]. Presence
of BN in the coating cannot be confirmed from the XRD patterns owing
to low concentration of BN.

Fig. 5. (a): Cross-sectional SEM micrograph of Ni-BN coated MS.

3000 (b) |
Nickel, Ni 94.46 77.14
2500 Boron, B 3.85 17.08
Nitrogen, N 1.69 5.78
2000 Total 100.00
= 1500
Cd
F
£ 1000
500
0
0 S 10 15 2
Full Scale 3157 cts Cursor: 6.310 (40 cts) (keV)

Fig. 4. (a—e): SEM-EDS & elemental mapping of Ni-BN coated MS surface.
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Fig. 6. XRD pattern of pure Ni & Ni-BN coated samples with varying
saccharin amount.

The grain size (crystallite size) measurements indicate that the pure
Ni coating (57 nm) have larger grain size compared to all the Ni-BN
composite coatings. The lowest crystallite size was obtained for Ni-BN
composite coating with 5 % saccharin (21 nm) (Fig. S2, Table 2).

A significant decrease in crystallite size from 57 nm (pure Ni) to 24

Table 2
Crystallite size calculations using Scherrer equation in Ni-BN coatings.

Boron, B

nm with the addition of 1 % saccharin in Ni-BN composite coating.
However, further addition of saccharin (from 2 % to 5 %) results no
significant change in crystallite size, which stabilize around 22-21 nm.
Saccharin basically acts as a grain-refiner during Ni-BN electrodeposi-
tion. Its role as a grain refiner in Ni-BN composite coating can be
explained as follows; the lone-pair of electrons of oxygen atom of the
grain refiner saccharin fill the 3d orbitals of Ni atoms, forming a stable
coordination bond. As a result, there will be strong interaction between
the surface atoms of Ni deposits and saccharin. Large size of coordina-
tion compound of Ni and saccharin prevents the surface migration of Ni
ions and suppress it reducing the grain size of Ni deposits.

Once the surface is saturated with saccharin molecules, additional
saccharin does not significantly influence the refinement of grains. Due
to limited surface interaction, grain refinement reaches a plateau. This
behavior is common with additives in electrodeposition; there’s a
threshold beyond which their effect on reducing the grain size levels off
[25,26].

All Ni-BN composite coatings showed a significant increase in
microstrain and dislocation density values compared to pure nickel
coating (Table S2). Smaller crystallite size results in higher microstrain
and dislocation density due to increased presence of grain boundaries
and lattice distortions [27].

3.3. Microhardness measurements

Compared to mild steel and pure Ni coating, Ni-BN composite
coating exhibits exceptionally high microhardness (Fig. 7). In the case of
Ni-BN composite coating, the hardness is improved by the dispersion
strengthening and grain boundary immobilization by BN particles [28].
Saccharin reduces the average grain size, leading to a higher grain

Coating Angular position (0) (radians) cos 0 Full width half-maxima (FWHM) (radians) Average crystallite size (D) (nm)
(radians)
Sample Instrument Corrected
ﬁs ﬁi ﬁcorr
Pure Ni 0.390 0.925 2.616x 102 1.395x10°* 2.612x 103 57
Ni-BN 1 % sac 0.390 0.925 6.280x 103 6.278 x 102 24
Ni-BN 2 % sac 0.391 0.924 6.454x 1072 6.453x10°° 23
Ni-BN 3 % sac 0.391 0.924 6.628 x 103 6.627 x 102 23
Ni-BN 4 % sac 0.391 0.924 6.803x 1072 6.801x10°° 22
Ni-BN 5 % sac 0.391 0.924 6.997 x 1073 6.996 x 102 21
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589 boundary density further substantiated from higher microstrain and
553 dislocation density. Grain boundaries act as obstacles to dislocation
movement, hindering plastic deformation. The increased resistance to
dislocation movement results in a harder coating. Vickers microhard-
ness increase in the order of mild steel (210 HV) < pure Ni (350 HV) <
410 Ni-BN 5 % saccharin (589 HV) composite coating.
The crystallite size is not changing significantly above 1 % saccharin,
350 . e . . .
- however, there is a significant increase in hardness. There are certain
additional effects of saccharin other than crystallite size reduction [29].
After 1 % saccharin, even though crystallite size stabilizes, saccharin still
210 influences other microstructural features. Saccharin molecules can
200 modify the cathode surface properties, enhancing the adsorption of BN
] particles and increasing the chances that they become embedded in the
100 4 growing nickel matrix. Saccharin also suppresses hydrogen evolution
during electroplating, which otherwise would hinder BN incorporation
by causing turbulence or gas bubble interference near the cathode

: Mild steel
§2: Pure Ni

71 |S3: Ni-BN 1% sac
S4: Ni-BN 2% sac
500 4 |ss: Ni-BN 3% sac
$6: Ni-BN 4% sac
: Ni-BN 5% sac

490 500

Microhardness (HV}
w
o
=)
1

surface.
51 S2 $3 sS4 85 S6 87 Higher concentrations of saccharin can help in stabilizing the BN
Samples particles in suspension, preventing agglomeration and ensuring a more

uniform distribution throughout the deposit. These BN particles once
incorporated in the Ni matrix will act as barriers to dislocation motion
(dispersion strengthening) enhancing the hardness. Saccharin can
reduce the internal porosity of the coating. This leads to a more uniform
structure improving mechanical strength of the coating [30]. Saccharin

Fig. 7. Microhardness measurements of the coated samples.
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Fig. 8. Electrochemical study for the Ni-BN composite coatings (a) Tafel plot, (b) Nyquist plot, (¢) EEC for the bare sample, (d) EEC for Ni-BN coated sample.

Table 3

Electrochemical parameters obtained and corrosion inhibition efficiency of Ni-BN coated samples.
S/N Substrate Potentiodynamic polarization EIS

Ecorr (V) icorr (nACm ™) 1 (%) Corr.rate (mmpy) Ret (@ em®) 1 (%)

1. Bare Mild Steel —0.678 17.110 - 0.2013 3.955 x 102 -
2. Pure Nickel —0.417 4.143 75.78 0.0446 3.222 x 10* 98.77
3. Ni-BN 1 % sac —0.206 1.723 89.90 0.0185 4513 x 10* 99.12
4. Ni-BN 2 % sac —0.155 1.583 90.70 0.0170 5.232 x 10* 99.24
5. Ni-BN 3 % sac —0.258 1.041 93.90 0.0112 6.627 x 10* 99.40
6. Ni-BN 4 % sac —0.184 0.687 95.90 0.0074 5.721 x 10* 99.42
7. Ni-BN 5 % sac —0.251 0.471 97.20 0.0050 9.095 x 10* 99.56
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Fig. 9. (a) Load vs COF of Ni-BN coated samples, (b) Comparison of COF values of pure Ni & Ni-BN coated samples under different loads.

acts as a leveling agent, producing more compact coatings. Fewer voids
or surface defects can contribute to better hardness [31].

3.4. Electrochemical characterization

Fig. 8(a) shows the Tafel plots of samples. Table 3 provides the
corrosion potential (E..,) and corrosion current density (icor) values
that were determined by extrapolating the cathodic and anodic sides.
The enhanced corrosion resistance of composite coatings is indicated by
a larger positive variation in the E.y value and a lower i

Presence of BN particles and grain refinement leads to a significant
reduction in icor of Ni-BN to 0.471 pA cm 2 from 4.143 pA cm 2 in the
case of pure Ni and 17.110 pA cm™2 in case of bare mild steel sample.
The tafel graph of the composite coating correspondingly shifted to-
wards the left side. The decrease in icor Shows that there is a decrease in
the rate of ion diffusion over the coating surface during corrosion [32].
Compared to other samples, the Ni-BN 5 % saccharin composite coating
is more cathodic and has superior corrosion protection (Ecoy MS:
—0.678 V, Pure Ni: —0.417 V, Ni-BN 5 % saccharin: —0.251 V). The
anodic and cathodic half-cell reactions are as follows:

Cathodic reactions

2H" +2¢” =H, 3

Oy + 4H' + 4e” = 2H,0 4
Anodic reactions.

Ni-2e” = Ni?* (5)

BN is chemically inert and generally does not undergo anodic re-
actions; it acts as a barrier phase in the coating. The structural modifi-
cation of nickel crystallites induced with the incorporation of BN
particles along with the grain refining effect of saccharin led to
improved corrosion resistance [32]. A passive layer of evenly distributed
h-BN particles is formed between the coating and the corrosive media.
BN particles fill up the surface imperfections such as tiny voids and gaps
and act as an obstacle to corrosive ion migration along the electrode
surface, thus improving the anti-corrosion properties [33]. In addition to
that, grain refinement in the composite coatings improves corrosion
resistance by increasing the number of grain boundaries, which act as
barriers to corrosive species, and by promoting more homogeneous
distribution of BN particles, reducing localized corrosion. Thus the
corrosion rate (0.0050) of Ni-BN composite coating is exceptionally low
compared to mild steel and pure Ni samples.

The crystallite size is not changing significantly above 1 % saccharin,
however, there is significant increase in corrosion resistance. Saccharin
acts as a grain-refiner and levelling agent in electrodeposition. It helps to

create a more uniform coating. This will reduce the porosity and micro-
cracks, which are potential paths for corrosive agents. Even if crystallite
size is unchanged, a pore-free, compact surface makes it harder for
corrosive species (like ClI” in NaCl solutions) to penetrate. Higher
saccharin concentrations improve the co-deposition and uniform
dispersion of BN in the Ni matrix. This creates a barrier effect, where BN
particles act as obstacles to corrosive ion diffusion. Saccharin also helps
to reduce internal stress, which minimizes crack formation during or
after deposition. It also helps in filling up voids or gaps in the coating
structure. Thus there will be fewer defects and micro-cracks which are
often corrosion initiation points.

EIS measurements were conducted to gain a better understanding of
the corrosion resistance of the coatings. Nyquist plots of bare mild steel,
pure Ni and Ni-BN composite coatings were obtained in 3.5 % NaCl
medium at their respective open circuit potentials (Fig. 8(b)).The
Nyquist plots of all the samples showed a single semi-circular arc in the
investigated frequency region. The bare MS samples can be fitted with
equivalent electrochemical circuit (EEC) Ry(CqiRct) (Fig. 8(c)), and all
the coated samples are well fitted for the equivalent circuit of
Rs(CcR(CaiRep) (Fig. 8(d)).

R; is the solution resistance, and R, and Cq are the charge transfer
resistance and double-layer capacitance, respectively. Instead of using
pure capacitance due to the possibility of a dispersion effect between the
metal/coating system, C represents a constant phase angle element
(CPE). The coating offered protection by the resistance element R.
Table 3, Table S3 & Table S4 provide a summary of the EEC components
obtained from EIS measurements. The corrosion data clearly demon-
strates that the inclusion of BN particles significantly enhances both
Reoat and Rt values in the Ni-BN coatings. The Ni-BN composite coat-
ing’s superior anti-corrosion properties was demonstrated by the larger
radius of semi-circular arc. This in turn reflects higher R value indi-
cating the material’s ability to resist corrosive attack, hence improved
protection. Simultaneously, the observed reduction in Qq, indicative of
double-layer capacitance suggests the formation of a thicker electrical
double layer. Overall, the combination of elevated Rt and lowered Qg
confirms superior corrosion resistance of the composite coating.

3.5. Tribological characteristics

Fig. 9(a) shows the variation of coefficient of friction of the elec-
trodeposited Ni-BN coating at different loads (2, 3, 4, and 5N) load for
15 min under non-lubricated conditions. In comparison with pure Ni,
the friction coefficient of Ni-BN composite coating got reduced and
correspondingly the wear resistance increased (Fig. 9(b)). The incor-
poration of BN particles and refined grain structure of the composite
coating results in lower friction coefficient in comparison with pure Ni
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Fig. 10. (a)-(b) SEM-EDS of the worn surface of Ni-BN coated sample.

coating under different loads. Percentage of mass loss of the wear
samples after wear are recorded in Table S5.

SEM-EDS of the worn surfaces of Ni-BN coatings are shown in Fig. 10
(a-b). Higher magnification sem images of the worn surface of Ni-BN
coatings are included as Fig. S3. BN included in the Ni matrix restricts
or slows down the dislocation movements in the matrix avoiding
excessive wear [34]. In h-BN, the parallel planes can slide due to the
layered hexagonal structure of the crystal lattice. The shear strength is
low along the sliding direction because of the weak bonding between the
planes. A solid self-lubricating tribo layer forms over the worn surfaces
as a result of strong adhesion of BN particles to the surface [35]. This
film forms an interface layer between the pin and the disc. Thus the
strongly adhered lubrication film formed by h-BN prevents the surface
from further wear.

4. Conclusions

Ni-BN composite coating was successfully coated over mild steel by
DC deposition and the morphology, composition, phase structure,
average grain size, microhardness, electrochemical and tribological
properties were investigated. The main conclusions are outlined below;

1. All the developed coatings were uniform and compact without
cracks. Increasing the saccharin concentration to a certain level (5 %)
refines the nickel grains. Additionally the incorporation of BN par-
ticles refined the grains and reduced the porosity since the BN par-
ticles act as nucleation sites which could inhibit the crystal growth.

2. The presence of BN particles as well as grain refinement induced due
to saccharin led to a statistically significant improvement in the
microhardness (589 HV) of the coating.

3. Compared with mild steel and pure Ni, Ni-BN composite coating
rendered excellent corrosion resistance (higher R.; and lower Qg
values) and low coefficient of friction at optimum saccharin con-
centration and due to BN incorporation.

4. The Ni-BN electrodeposits containing 5 % saccharin demonstrated
superior tribo-mechanical and corrosion resistance properties. These
findings support the effective surface modification of mild steel and
promote the advancement of next-generation, high-performance,
grain-refined Ni-BN composite coatings with promising applications
in the automotive, construction, and pipeline industries.
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