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Abstract

This thesis titled ‘Synthesis and Characterization of Electrodeposited Nickel Based
Alloys and Their Nanocomposite Coatings’ is a comprehensive approach for
improving the corrosion resistance and electrocatalytic activity of binary alloys,
namely Ni-W and Ni-P. New alkaline citrate baths have been optimized for the
electrodeposition of Ni-W and Ni-P alloy coatings through standard Hull cell method,
using glycerol as a common additive. The effect of bath composition, deposition
current density (c. d.), pH and concentration of additive on the coating properties were
studied. The corrosion resistance of monolayer alloy coatings were improved to many
folds of its magnitude through multilayer approach by depositing in layers, having
alternatively different composition. Further, the benefit of magnetoelectrodeposition
(MED) has been explored for improving the coating characteristics of Ni-W alloy.
The conditions of MED have been optimized for maximizing the corrosion protection
efficacy of Ni-W alloy coatings. The effect of magnetic field (B) on coating
characteristics, in both intensity and direction have been tested. A significant change
in the deposit characters have been observed due to increase in the limiting current
density (i), explained by the magnetohydrodynamic (MHD) effect. The
electrocatalytic activity of the alloy coatings towards hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) were tested using electrochemical
methods. The HER efficiency of the coatings was further enhanced by different
methods such as electrochemical dissolution, MED, magnetic field induced HER
(MFI-HER), and by nanoparticles incorporation. All depositions were carried out for
the same duration (10 min) for comparison purpose. The corrosion resistance and
electrocatalytic activity of Ni-based alloy coatings and their nanocomposite coatings
were compared in relation to their composition, surface morphology and phase
structure. The process and product of electrodeposition were characterized using
different analytical techniques, like SEM, XRD, EDS etc. The performance of the
coatings have been compared and discussed with Tables and Figures, supported by

plausible mechanism.

Keywords: Electrodeposition; Ni-W; Ni-P; MED; corrosion study; HER and OER;
MFI-HER; nanocomposite coatings.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

This chapter gives a brief introduction to electrodeposition and its applications. An
overview of electroplating process, its controlling parameters and advancements in
electrodeposition are also included. The theory of electrodeposition, with a special
emphasis on principles of alloy deposition and modern methods of electroplating such
as composition modulated multilayer (CMM) deposition and magnetoelectrodeposition
(MED) are explained. An introduction to corrosion and electrocatalysis along with the
application of electrodeposited coatings towards corrosion protection and
electrocatalytic water splitting reactions are also discussed. The importance of Ni-
based alloys for corrosion resistance and electrocatalytic activity are reviewed in brief.
Finally, the motivation of the present research work with its scope and objectives are

also presented.
1.1 ELECTROPLATING TECHNOLOGY

Surface science is an interdisciplinary subject in materials science which deals with the
surface of solid matter, and finds applications in chemistry, mechanical engineering,
electrical engineering etc. Surface engineering basically involves changing of surface
properties to reduce the degradation over time. This is accomplished by making the
surface robust to the environment or application in which it will be used. Surface
finishing is a promising engineering technique in this regards to enhance the surface
properties by applying a thin complementary layer on the surface of the bulk material.
Such finishing treatment can ensure enhancement in material properties like durability,
decorative appeal, electrical conductivity, chemical resistance, tarnish resistance etc.
Though many surface finishing technologies are available, electroplating has been
evolved as a promising technology over recent decades due to its development from an
art to an exact science. The wide acceptability of electroplating in practical science and
engineering is evident from the ever increasing number publications in this field.

Electroplating, or electrochemical deposition deals with the synthesis of thin solid films
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from dissolved species by alteration of their oxidation states accomplished using
external power source [Kanani 2004]. In other words, it can be defined as the process
of depositing the metal/alloy onto the surface of a substrate by electrochemical
reduction of metal ions by passing direct current (DC) through their electrolyte solution.
The advantages such as low cost, formation of thicker deposit, convenience in
depositing on complex shapes, easiness in controlling and modifying the deposit
character etc., making it more attractive.

The ultimate aim of electroplating technology is to develop the plated film with
desired mechanical, physical and chemical properties that meet many applications.
Many extensive works in the field of electroplating technology have already been
published, focusing on their electrochemical study. In addition to the traditional use of
electroplating technology for surface finishing, it is now used to develop
materials/coatings of high performance by exploiting the incredible benefits of this
method [Dini 1993]. Today, electroplating technology is responding in both
revolutionary and evolutionary ways due to ever increasing demand in industry. It has
turned into an important means for developing nano/micro structured materials showing
variety of functional properties. Some of the technological areas in which electroplating
finds important place are: macro and micro-electronics, optics, optoelectronics, Giant
magnetoresistance (GMR) and sensors of most types, to name only a few among many
[Schwarzacher 2006].

A number of key industries such as automobile industry (which uses for
example chrome plating to enhance the corrosion resistance of metal parts) adopt
electroplating, even where other methods, such as evaporation, sputtering, chemical
vapor deposition (CVD), physical vapor deposition (PVD) etc. are available, due to
genuine reasons of economy, accuracy, reproducibility and convenience involved in the
process. Due to rapid progress seen in the field of electroplating, in terms of new
advanced methods of deposition like composite electrodeposition, magnetoelectrolysis,
sonoelectrolysis etc., electroplating emerged as one of the leading-edge technologies
today [Schwarzacher 2006, Luo et al. 2006]. Moreover, the precise knowledge on

process and product of electroplating became possible due to modern instruments.



1.1.1 History of electroplating

Volta’s discovery of the chemical way to produce electricity in 1799 led to a wide
interest of electrolysis. The Italian chemist Luigi Brugnatelli introduced electroplating
first through depositing gold using Voltaic Pile. Forty years later, John Wright of
Birmingham, England discovered that potassium cyanide as a suitable electrolyte for
gold and silver electroplating. The electroplating process was first patented by cousins
Henry and George Richard Elkington [Schlesinger and Paunovic 2006]. Thereafter
several patents were issued for electroplating in the year 1840. In the initial stages, the
electroplating was mainly focused on the deposition of copper from its simple salts,
whereas by 1850’s electroplating methods for the development of bright nickel, brass,
tin and zinc were commercialized for engineering and specific applications. The next
new wonder in terms of electroplating came as economical jewellery, when the process
was applied to costume jewellery in 1857 [Schlesinger and Paunovic 2006]. The laws
introduced by Michael Faraday in 1833 and Walther J. Nernst in 1898 are the
fundamentals of electrodeposition [Kanani 2004]. Since then, the electroplating
technology has developed progressively, and today it has emerged as a
multidisciplinary subject of mechanical, materials and electrical engineering in co-

ordination with applied chemistry [Luo et al. 2006].
1.2 PRINCIPLES OF ELECTROPLATING

Generally, galvanostatic electrodeposition, by applying a constant current between the
electrodes is widely used than the potentiostatic electrodeposition method. In the case
of potentiostatic electrodeposition, deposition carried out at controlled and constant
potential, where the stoichiometry of the product needs to be strictly controlled. The
control over potential in such cases is attained using a reference electrode, whereas it is
not required for galvanostatic electrodeposition [Dini 1993]. A simple galvanostatic
electrodeposition unit, containing an electrolyte, two electrodes and a DC power source
is shown in Fig. 1.1. By convention, it can be stated categorically that the cathode is
always the electrode at which a reduction process like metal deposition or hydrogen
evolution takes place. Similarly, the anode is always the electrode at which oxidation

like metal dissolution or oxygen evolution takes place. The cathode is the one where



the metal (or alloy) is deposited, and anode can be coating metal itself or semiconductor
or non-metallic conductor such as graphite. The primary purpose of this is to complete
the electrical circuit, and as metal cations are removed from solution as the metal, one
or more balancing processes must take place at the anode to remove anions and thereby
maintaining overall charge neutrality in solution. The anode may or may not fulfill the
second function, which is to provide a source of fresh metal to replace what has been
removed from solution by deposition at the cathode [Dini 1993, Kanani 2004].

Electrolyte

Anode Cathode

Fig. 1.1- Schematic of a simple DC electroplating unit

The reaction proceeding near the electrode surface is completely controlled by
the current passed. The cations move towards the cathode where they are discharged
and deposited as metal/alloy (Equation 1.1). The anode undergoes depletion at the same
time to replace the metal ions removed and thereby maintaining a constant metal ion
concentration in the electroplating bath (Equation 1.2). The overall mechanism is
known as electrolysis. However, in the case of insoluble anodes such as stainless steel

and platinum, oxidation of water takes the lead [Schlesinger and Paunovic 2006].
M™ + ne” — M (lattice) @.n

M —> M™+ ne” @.2)

The fundamental principles of electrodeposition are based on Faraday’s laws of

electrolysis. The main advantages of electrodeposition technique over other coating
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methods like, easiness in making coatings as thin as possible with uniform thickness,
smooth surface with decorative appeal, dense and the fine-grained structure, good
adhesion to the substrate, high corrosion resistance, less internal stress, sufficient
ductility, high hardness and strength, high wear resistance, uniform and low coefficient
of friction etc. making it more attractive [Kanani 2004, Schlesinger and Paunovic
2006].

1.2.1 Faraday’s laws of electrolysis

The whole concept of electrodeposition is governed by much celebrated laws of
electrochemistry, called Faraday’s laws of electrolysis. The laws relate the current flow,
time and equivalent weight of the metal with the weight of the deposit, as stated below:

1.2.1.1 Faraday’s first law of electrolysis

The mass of substance deposited/dissolved at an electrode during the electrolysis is
directly proportional to the quantity of the electricity consumed at the electrode
according to the Equation 1.3. The quantity of the electricity is the electric charge
measured in coulombs.

mz% @.3

Where, m is the mass of the deposit produced at the electrode (in grams) and Q
is the electric charge (in coulombs) required for the process, M is the molar mass of the
substance, F is the Faraday constant (96,485 C mol™), z is the valence number of the

ions involved in deposition.
1.2.1.2 Faraday’s second law of electrolysis

The second law states that, for a given quantity of electric current passed through
different electrolytes, the mass of the metal deposited or dissolved at an electrode is
directly proportional to the electrochemical equivalent weight of the metal
deposited/dissolved, according to the Equation 1.4.

Ax | xt
m=

ZxF (1.4)




Where, A is the atomic weight of the metal deposited or dissolved, I is the actual
current passed in ampere, t is the time in seconds, z is the valence number of ions

involved in the reaction and F is the Faraday constant (96,485).
1.3 ROLE OF DIFFERENT VARIABLES ON PROCESS OF DEPOSITION

Electrodeposition is one of the most attractive methods for the synthesis of new
materials with tailor-made properties on wide range of base metals. Though it is very
simple to execute with low cost, the process of electrodeposition is very complex due
to the unusually large number of critical elementary steps and operating parameters
which control the overall process. The main factors which can influence the process of
plating are: i) metal salt and electrolyte concentration, ii) deposition current density
(c.d.), iii) temperature, iv) agitation, v) polarization, vi) pH of the electrolytic bath, vii)
substrate effects and viii) nature of anode [Kanani 2004, Luo et al. 2006]. A large
number of variable apart from these can also affect the structure and properties of
deposits, however, the above are of greater significance in electroplating process.

1) Metal salt and electrolyte concentration

The most important variable that can influence the coating properties is the
concentration of the metal salt or metal source in the electroplating bath. In the case of
alloy deposits, the composition of the alloying elements in the coating depends largely
on the concentration of the two or more parent metals in the bath. In general, the ratio
of metals in an electrodeposited alloy differs considerably from their ratio in the
electrolytic bath. Whereas, under some special conditions, the ratio of metals can be the
same in both the bath and the alloy deposit [Parthasaradhy 1989, Kanani 2004].

if) Current density

The deposition c.d. is one of the main factors affecting the structure and morphology of the
electrodeposited coatings. The c.d. is important not only in determining the deposition rate,
but also in the size and distribution of the crystallites. In general, an increase in deposition
c.d. can enhance the less noble metal content in the deposit. The extent of influence of c.d.
on coating characteristics is likely to be greater in simple primary salt solutions than in

complex solutions [Parthasaradhy 1989, Kanani 2004].



iii) Agitation

Agitation during the process of electrodeposition is of crucial importance to enhance
the deposition rate by minimizing the retarding effect due to concentration polarization.
An increase in agitation usually increases the amount of more noble metal in the alloy
plate. Agitation decreases the cathode layer thickness and thereby brings more number
of fresh noble metal ions to the cathode surface and, which leads to an increase in the

proportion of the more noble metal in the deposit [Parthasaradhy 1989].
iv) Temperature

An increase in bath temperature usually tends to increase the proportion of more noble
metal in the alloy deposit, as same as the effect observed when agitation of the bath is
increased. The increase in temperature decreases the polarization of the more noble
metal, relatively more than the polarization of the less noble metal [Parthasaradhy
1989].

v) Polarization

The polarization is a common phenomenon result in decreasing the efficiency of the
plating bath during deposition. The evolution of hydrogen taking place at the cathode
surface during alloy deposition has significant effect on the polarization, and thereby
the composition of the alloy deposited. If the hydrogen evolution is more, the potential
of the cathode may be determined almost completely by the hydrogen evolution
reaction during alloy deposition [Kanani 2004]. In such cases, even increase in current
also can enhance only hydrogen evolution rather than deposition, leading to poor
efficiency of alloy deposition with a minor change in composition of the deposited
alloy. Whereas, if the overpotential for hydrogen evolution is high, the current
corresponds to the individual metal deposition become close to limiting values leading
to enhanced deposition [Parthasaradhy 1989].

vi) pH of the electrolytic bath

The pH of plating bath is a significant parameter which can affect the deposit character
obtained at the cathode surface. The pH of the bath can be either acidic or basic
according to the bath constituents and the type of metal ions to be deposited [Kanani
2004]. Maintaining the bath pH at the same value obtained by dissolving all the bath

constituents or making a slight variation from this value is more preferable than
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introducing a large variation in the plating bath pH. The bath pH fixing is more
concerned to the stability of electrolyte during deposition, i.e., there is possibility for
precipitation of the hydroxides of the metals at higher pH. The plating baths operating
at very low pH may show low efficiency due to more hydrogen evolution. The required

pH of the bath can be adjusted using suitable buffers [Parthasaradhy 1989].
vii) Substrate effects

The surface characteristics of the substrate is also a principal factor affecting the crystal
growth during deposition. The proper surface preparation of the cathode before plating
can enhance the efficiency of deposition and thereby the quality of the deposit.
Normally, the individual crystallites in the coating often adopt an orientation
determined by the underlying substrate. In a similar manner, the size of crystallites in
the deposit can also be influenced by that of the crystallites in the substrate
[Parthasaradhy 1989].

viii) Nature of anodes

The nature of anodes used for plating process is equally important in determining the
coating characteristics. The anodes fall in two categories, sacrificial anodes and
permanent anode. The sacrificial anodes are made of same metal that is being deposited,
and which can anodically dissolve into the plating solution and replace the metal ions
which have been deposited at the cathode [Parthasaradhy 1989]. Whereas, the second
type is electrochemically inactive and it can act only as a conducting electrode. In this
case, the metal ion depletion from the plating bath is compensated by adding the metal

source in the form of metal salts [Kanani 2004].
1.4 ELECTROPLATING BATH

The electrodeposition of metal coatings is usually based on aqueous electrolytes, known
as electrodeposition baths or simply, baths. Their primary constituents are metal salts
of the metal to be deposited; in most cases, they are either acidic or alkaline to promote
conduction, and in some cases, it is buffered. In order to optimize the deposit properties,
a small amount of additives, or complexing agents are used [Parthasaradhy 1989].
Many electrolytes used in metal finishing are based on complexes. The metal deposition

is brought about either by current flow from an external power source, or by the addition



of strong reducing agents, which set up a coupled anodic and cathodic reaction.
Depending on which is the case, the terms ‘electrodeposition’ and ‘electroless
deposition’ are used. In both the cases, the composition and operating parameters of the

bath are crucial in attaining a good quality deposit.
1.4.1 Optimization of plating bath

In principle, electroplating of a metal/alloy is not a simple dip and dunk process. It is
probably one of the most complex processes known because of the unusually large
number of critical elementary phenomena, or process steps involved [Schlesinger and
Paunovic 2006]. Generally, a practicable method for electrodepositing any metal/alloy
involves three steps; preparation of the surface to be plated, optimization of the plating
bath and finally deposition from the proposed bath. In this, the most important step is
concerned with the development of a suitable plating bath. This requires a practical
knowledge of the electrochemistry of elements, the solubility of their salts, and the
chemistry of their complexes. Since all necessary information on the process of alloy
deposition is usually not available, the researcher must draw on the analogy with known
successful procedures for deposition as a guide, and to make a large number of
electrolytic experiments on solutions. Such a research may be partly empirical, and
therefore a tendency exists to ignore it. Hence, due to lack of some quantitative guiding
principles, the electroplaters are required to rely on some semi-empirical procedures
upon which generalizations and theories can be built [Dini 1993]. In this regard, Hull

cell experiment is widely used as a practical tool for plating bath optimization.
1.4.1.1 Hull cell - An invaluable analytical tool in electroplating

Hull cell, named after its inventor Richard Hull, has been brought into practice in
electroplating industry as early as 1939 [Kanani 2004]. The Hull Cell is a miniature
plating unit designed to produce cathode deposits on a panel that correlates the
characteristics of the plating bath being evaluated [Lima et al. 2012]. The schematic
diagram of Hull cell (267 mL) is shown in Fig. 1.2.
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Fig. 1.2- Hull cell for optimization of plating bath: a) plan view, and b) top view

From Fig. 1.2, it may be seen that Hull cell is a miniature electrodeposition tank,
in which the cathode is angled with respect to the anode as shown in Fig. 1.2(b). As a
result, when a voltage is applied across the anode and cathode, the resulting current
density will vary along the length of the cathode, being highest at the point it is closest

to the anode. The c.d. distribution in Hull cell panel is shown in Fig. 1.3.

Fig. 1.3- Current density distribution in Hull cell panel (Adopted from Lima et al. 2012)
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The c.d. at required point on the Hull cell panel can also be calculated using the
Equation 1.5.

| =C(5.10-5.24log L) (1.5)

Where, | is the c.d. in A dm™ at any point on the cathode, C is the cell current used for
the test, and L is the distance in ‘cm’ at a point on the cathode, where the c.d. is desired
to achieve. In this way, one can, within a single test run, assess the effect of varying
c.d. Accordingly, after such a run, the cathode was removed and inspected.
Interpretation of the “as plated’” cathode panel give rapid information about brightness
levels, irregular plate deposits, uniformity of deposits, coverage, throwing power,
impurities, and plating bath chemistry [Lima et al. 2012]. Depending upon the bath
chemistry as analyzed, condition of the panel relative to brightness, hardness,
uniformity, burning, etc., modification by controlled additions can be made to the Hull
cell plating solution and procedures can be repeated. Changes caused by addition to the
Hull cell will duplicate results to be expected by the same proportionate additions to
the main plating bath. Correlations of properties such as hardness and thickness of the
coatings in the given deposition time, temperature and c.d. will also tell the optimum
plating range to obtain deposit of desired properties [Kanani 2004, Lima et al. 2012].
Within the limits of recommended operating parameters of a particular plating solution,
the Hull cell will duplicate what is actually occurring in the main plating unit.
Correlation of the ‘as plated’ panel and the “Hull Cell Scale’ allows rapid, non-
destructive testing of plating solutions for research, preventative maintenance,

troubleshooting, and quality control [Lima et al. 2012].
1.4.2 Characteristics of electrolytic bath

The covering power, throwing power and cathode current efficiency (CCE) are the very
important characteristics of an electrolytic plating bath to obtain a bright coating for

industrial applications.

i) Covering power

In electrodeposition, the term covering power of an electrolyte describes the extent to
which it can cover the entire surface of the substrate, with reasonably uniform thickness

[Dini 1993]. The metal deposition begins only above certain deposition potential, which

mainly depends on the nature of the depositing metal and the substrate surface. There
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is a minimum c.d. for an electrolytic bath to show the covering power. The covering
power of the plating bath and its dependency on deposition c.d. can be determined using
Hull cell experiment [Brenner 1963]. The covering power of an electrolytic bath is
largely a reflection of the energy of nucleation at the work surface. The composition
and operating parameters of the plating bath, and the nature of the substrate are the
factors mainly influencing the throwing power. Generally, covering power increases

with deposition c.d. and decreases with temperature [Brenner 1963, Kanani 2004].
il) Throwing power

The depositing metal/alloy coating doesn’t grow uniformly at the same rate across the
surface due to various factors which influences the rate of deposit growth. The throwing
power of an electrolyte is its ability to lay down, as nearly as possible, a uniform thick
deposit across the substrate surface [Dini 1993]. The more is its ability in this, the better
is the throwing power. The plating bath to show good throwing power, it should have
good covering power. The throwing power of an electrolyte depends mainly on the
primary and secondary c.d. distribution in the system, i.e., current distribution

according to Ohm’s law and overvoltage, respectively [Kanani 2004].
iii) Cathode current efficiency

The CCE or Faradaic efficiency of a metal/alloy plating bath can be calculated from the
weight of the deposit plated for a known time, at a known current and knowing the
electrochemical equivalents of the deposited metal/alloy using the Equation 1.6 [Dini
1993]. According to Faraday’s law, the amount of deposit formed at the electrode is
exactly proportional to the total quantity of electricity passed. However, simultaneous
occurrence of several reactions at the cathodic site can affect the efficiency [Kanani
2004].

wx100
E, xc

CCE =

(1.6)

Where, w is the weight of the metal/alloy deposit in grams, Ea is the
electrochemical equivalent weight of the metal/alloy, c is the amount of electricity
passed in Coulombs. The CCE is a fractional value, usually expressed as a percentage
of the current passing through an electrolytic cell (or an electrode) that accomplishes

the desired chemical reaction. In plating, usually increase in the deposition c.d.
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decreases the CCE. Whereas, increasing metal content in the electrolyte, bath
temperature and agitation leading to an increases in the CCE [Kanani 2004].

1.5 MASS TRANSPORT MECHANISMS IN DEPOSITION

During electrodeposition, when a deposition c.d. is applied across the two electrodes in
an electrolytic cell containing optimal electrolyte, the metal ions in the solution moves
towards the cathode and get deposited. At the same time, the anions present in the
solution moves in the opposite direction, i.e., towards the anode. Thus, current flows
through the solution by virtue of the movement of ions, known as the ionic current or
electrolytic conductance [Brett and Brett 1993]. In the case of electrodeposition, the
mechanism and the rate by which the metal ions are delivered at the cathode from the
bulk of the solution is of great importance. The ionic transport within the electrolyte
depends on various factors and hydrodynamic conditions near the cathode surface
[Schlesinger and Paunovic 2006]. There are mainly three mass transport mechanisms
involved in the delivery of metal ions to the cathode surface during deposition such as;
migration (under a potential gradient), diffusion (under a concentration gradient) and
convection (movement of the electrolyte solution itself) [Kanani 2004].

i) Migration

When a particular deposition c.d. is applied across an electrolytic solution during
electrodeposition, assuming that the solution shows same conductivity at all points in
the solution. Then, the potential gradient is given by the voltage across the solution
(excluding overvoltage) divided by the distance between the electrodes. The rate of the
ionic movement in the solution is determined by the magnitude of potential gradient,
and such movement of ions under potential gradient is called migration [Brett and Brett
1993]. This effect operates throughout the solution, anions being electrostatically
attracted to the anode, and cations to the cathode. The collision of ions with solvent
molecules and the viscous drag due to the formation of hydration sheaths around the
ions impedes the rate of migration [Kanani 2004].

ii) Convection

The mass transport results from the movement of the bulk solution is called the

convective mass transport. It can be achieved by stirring the plating bath either through
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mechanical agitation or through the advent of other methods like ultrasound, magnetic
field etc. The effect due to convective mode of mass transfer ceases near the electrode
surface, i.e., where the stagnant or diffusion layer formed [Brett and Brett 1993]. The
effective movement of ions across the diffusion layer can be effected only through
diffusion. The convection becomes important in electrodeposition due to its
effectiveness in reducing the diffusion layer thickness. The stronger the agitation or
stirring, thinner will be the diffuse layer [Kanani 2004].

iii) Diffusion

The final step of mass transfer just before the process of deposition at the cathode surface
is the movement of ions across the diffusion layer. The driving force behind this diffusion
is concentration gradient, in other words chemical potential [Brett and Brett 1993]. Under
open circuit conditions, the concentration of the depositing species remains the same both
at the electrode surface and in the bulk of the solution. However, once deposition c.d. is
applied, the concentration of the metal ions get depleted at the electrode surface, leading
to the formation of a concentration gradient. Hence, the tendency of the depositing species
to move from a high concentration region to a lower concentration are the driving force
for the diffusion process, as explained by the Fick’s law of diffusion [Schlesinger and
Paunovic 2006]. Generally, diffusion is assumed as the only significant mass transport
mechanism operating within the Nernstian layer. The thickness of the diffusion layer or

Nernstian layer decreases under forced convection [Kanani 2004].
1.5.1 Influence of mass transport on electrodeposition

During electrodeposition, the metal ions (M™) have to be transported from bulk
electrolyte to the cathode surface. In general, this mass transport occurs by diffusion,
convection, and migration [Brenner 1963]. Close to the electrode surface, the primary
mass transport process is diffusion. In other words, the rate of deposition is limited by
the transport of metal ions [Schlesinger and Paunovic 2006]. The limiting or the
maximum current density of deposition can be given by the Equation 1.7.

nFD
=== (L.7)

Where, D is the diffusion coefficient of the depositing species, cb is the bulk

concentration of the M™ ions in the solution, n is the number of electrons involved in
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the reaction, ¢ is the diffusion layer thickness (according to the Nernst diffusion layer
model) and F is the Faraday constant. The limiting current density (i) is having great
practical significance in metal/alloy deposition since the type and quality of the deposits
depend on the relative values of the deposition c.d. and iL. Moreover, in the case of
alloy deposition, the iL values are very significant factor which influencing the

composition of the coating [Schlesinger and Paunovic 2006].
1.6 MECHANISM OF ELECTRODEPOSITION

The process of deposition of metal/alloy on the substrate surface from an aqueous
electrolyte of its salt solution is an exceptionally interesting case of change of state. The
four possible rate controlling steps such as charge transfer, diffusion, chemical reaction
and crystallization, are involved in the deposition process whereby a positively charged
metal ion, on reaching at the cathode become transformed into an atom at the
electrode/electrolyte interface and takes its place in the growing crystal lattice [Dini
1993]. This solid, compact, metallic layer of deposit can be achieved by two different
processes: i) electrodeposition process, in which electrons are provided by an external
power supply, and ii) electroless (autocatalytic) deposition process, in which a reducing
agent in the solution is the electron source, without using any external power supply.
Among which, electrodeposition finds significant industrial significance than
electroless method due to the obvious limitations of electroless plating, such as use of
expensive reducing agent, a high operating temperature and difficulty in controlling the
deposition rate [Kanani 2004].

The electrodeposition process is more complex, involving a number of
intermediate stages such as: i) transfer of the hydrated metal ions or complex from the
bulk solution to the cathode surface, ii) stripping of the hydration sheath of the metal
ions after reaching at the electrode/electrolyte interface, iii) charge transfer with the
formation of the adsorbed atoms at the cathode surface, iv) formation of the crystal
nuclei by the diffusion of the adsorbed atoms at the cathode surface, v) fusion of the
thermodynamically stable crystal nuclei to form a metallic layer [Kanani 2004], as

shown in Fig. 1.4.
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Fig. 1.4- The simplified depiction of the individual steps involved in the overall process

of electrodeposition (Adopted and modified from, Schlesinger and Paunovic 2006)

The transport of metal ions from the bulk solution to the work-surface is
primarily due to convection and then due to diffusion, within the Nernstian layer. The
diffusion of the adsorbed ions to the adsorbed atom through charge transfer takes place
spontaneously within the diffusion layer, at the electrode/electrolyte interface. Though
the metal ions lose most of their charge by this process, a part of hydration sheath
remains with the adsorbed atoms due to residual charge. Further, the nucleation occurs
through diffusion controlled migration of the adsorbed atoms leading to crystal growth
or electrocrystallization, once the nuclei attained a critical size [Schlesinger and
Paunovic 2006].

1.7 COATING CHARACTERISTICS

1.7.1 Hardness

The hardness or microhardness measurement of the electrodeposited coatings are very
much important in evaluating the properties and predicting their usefulness. The
changes in structure or composition of alloy coatings can be directly identified from the
variation in microhardness values. Vickers microhardness measurements are the widely

used method due to its less sensitivity towards errors arising from elastic properties than
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in other methods [Aruna et al. 2009, Schlesinger and Paunovic 2011]. Whereas, the
microhardness values are highly dependent on the specimen preparation, measurement,
plating solution, deposit quality and the load applied. A small deviation in any of these
controlling factors can lead to inconsistencies and contradictions. To get reasonably
reliable microhardness values, the following three criteria’s should be maintained: i)
the deposit thickness should be at least ten times the depth of the indent (otherwise it
may reflect the hardness of the substrate rather than the coating), ii) the distance
between the indent and the substrate should be kept at least half of the diagonal of the
indent to minimize the ‘anvil’ effect, iii) microhardness should be represented as an
average of multiple measurements made in different parts of the specimen [Brooks et
al. 2008, Aruna et al. 2009].

1.7.2 Deposit thickness

The thickness of the electrodeposited coatings is also an important characteristic which
can affect its functional properties. The coating thickness can be theoretically evaluated
by considering the volume of the deposit. Since volume V of the deposit is the product
of plated area a and thickness or height h of the deposit, it allows to get h = V/a. Further,
the volume of the deposit is related to its weight w and density d of the deposit by the
relation, d = w/V. Therefore, we can correlate both the relations as in Equation 1.8.

he Y _W (1.8)
a ad

Where, the weight of the deposit w can be calculated from Faraday’s second law.
Hence, by knowing the deposition time in seconds, the thickness h at a given c.d. can
be calculated using the relationship given in Equation 1.9 [Schlesinger and Paunovic
2006].

h= —="Sc20 (1.9

1.8 FACTORS AFFECTING COATING PROPERTIES

The properties of coatings, of either metal, or alloy, can be tailored by adding other
constituents into the electrolytic bath called additives. They can be divided into

groups, based on their function as: i) primary and secondary salts, ii) brightening
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agent, iii) complexing ions, iv) buffer compounds v) levelling agents and vi) salts
promoting the anode solubility [Schlesinger and Paunovic 2006]. For a metal or alloy
deposition, any one/or many of the above additives work synergistically to impart

better quality to the deposit.
1.8.1 Effect of additives

Additives in the electroplating bath can affect the deposition and deposit growth as
adsorbates, adsorbed substances, at the cathode surface. The adsorption of the additives
on the substrate surface can be either chemical or physical in nature. These adsorbed
additives can influence various factors in the deposition process such as, the
concentration of deposit growth sites on the surface, concentration of adions on the
surface, the diffusion coefficient of metal ions D and the activation energy of the surface
diffusion of adions. Therefore, the additives greatly influence the electrodeposition
kinetics and growth mechanism of the deposits. The quantity of additive agents required
is surprisingly small and their action is often specific for a particular bath. Significant
levelling of the grooves on the substrate surface can be achieved by the use of proper
additives through uniform current distribution [Dukovic and Tobias 1990, Madore and
Landolt 1996]. In metal finishing, bright and highly reflective surfaces can be achieved
with the use of brightening agents for both decorative and functional performance [Weil
and Paquin 1960]. The brightness of a coating is its optical reflecting power, and it is

measured by the amount of light reflected specularly as shown in Fig. 1.5.

(a) Diffuse reflection (b) Specular reflection

Fig. 1.5- Reflection on coating surface: a) diffuse reflection on rough surface, and b)

specular reflection on smooth surface
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Brightening can be defined as the ability of an electroplating solution to produce
fine deposits which consist of crystallites smaller than the wavelengths of visible light,
i.e., smaller than 0.4 um [Liebreich 1935] and having oriented grain structure [Blum
1921]. A small grain size is a necessary, but it is not a sufficient condition for
brightness; at the same time, not all fine-grained deposits are bright. The brightness
depends on the degree to which morphological components of the surface of

electrodeposits are in the same plane [Weil and Paquin 1960].
1.9 ALLOY PLATING

According to the metal handbooks, alloy can be defined as; “A substance that has
metallic properties and is composed of two or more chemical elements of which at least
one is a metal” [Brenner 1963]. The concept of alloy plating has come into existence
due to the pursuit of achieving a better quality to simple single metal coatings. Chemical
reactivity and corrosivity of electrodeposited alloys usually lie between that of the
constituent metals. An alloy is usually more reactive than its nobler constituent and less
reactive than its baser constituent. The functional properties of electrodeposited alloys
depend on their chemical composition and on their structure in the micro and nanoscale
[Kanani 2004]. Many factors could affect the composition and microstructure of
electrodeposited alloy. Alloy deposits, however, produced, offer certain advantages
over single metal deposits like; enhanced corrosion resistance due to greater density
and finer grain structure, a combination of properties of the individual constituents, new
properties unlike the individual constituents, tailor-made properties by proper selection
of the constituents etc.

Today, electrodeposition of alloys is of great interest in many industrial
applications like, automotive industry, due to their higher guarantee against corrosion
attack than pure metal coatings. In practice, the usage of pure metals is very rare in
manufacturing of finished products or semi-manufactures, since they fail to fulfill the
required range of desired property. Only using an alloy of two or more metals, or metals
and non-metals, the best combination of properties can be achieved. Alloy deposition
in the atomic level usually implies the insertion of foreign atoms into the lattice
structure of the parent metal, and generally in this the parent metal present in the highest
amount. From this, depending on the type and the amount of foreign atom inserted, a
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range of modified crystal lattices may result. The technique of alloy deposition can
effectively be used to improve the properties of the base metals like; appearance,
mechanical properties, wear and abrasion resistance, hardness, electrical and thermal
conductivity, reflectivity, electrical, magnetic and corrosion resistance etc [Brenner
1963, Berkh et al. 2014]. The factors influencing the properties of electrodeposited
alloys are schematically represented in Fig. 1.6.
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Fig. 1.6- Schematic diagram showing the factors influencing the properties of

electrodeposited alloy coatings
1.9.1 Types of alloy deposition

Brenner (1963) classified the alloy systems into various types according to their
deposition behavior and the factors which influence the composition of the
electrodeposited alloys. The classification is essentially based on thermodynamic and
kinetic considerations. He reported a major distinction exists between normal system,
in which more noble species (with a more positive rest potential) deposits preferentially,
and anormal system, in which the less noble species is favored. The anormal behavior
includes anomalous and induced types of codeposition [Younes and Gileadi 2000, Eliaz
and Gileadi 2008]. Accordingly, the alloy plating can be broadly classified into five
types: i) Regular codeposition, ii) Irregular codeposition, iii) Equilibrium codeposition,
iv) Anomalous codeposition, and v) Induced codeposition.

1) Regular codeposition

This type of deposition is characterized by the deposition being under diffusion control.
The regular codeposition is most likely to occur in baths in which the equilibrium
potentials of the metals are not far apart and with metals that do not form solid solution
[Brenner 1963]. The percentage of the more noble metal in the deposit is increased by

those agencies that increase the metal ion content of the cathode diffusion layer like,
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increase in the total salt content of the bath, decrease of deposition c.d., elevation of
bath temperature, increased agitation of bath etc.

i) Irregular codeposition

In this type, the effect of plating variables on the composition of the deposit is much
smaller than that of regular codeposition. It is related to systems in which deposition is
not under diffusion control. The rate of deposition in these systems is controlled by
irregularities of the potentials of metals in solution. It is most likely to occur with the
solution of complex ions [Brenner 1963].

iii) Equilibrium codeposition

This type of deposition is characterized by the deposition from a solution, which is in
chemical equilibrium with both of the parent metals. Cu-Bi and Pb-Sn alloys fall in this
category. This is the only type of deposition in which the ratio of metal content in the
deposit (plated at low c.d.) is equal to their ratio in the solution. The alloys, which do
not have equilibrium with both the parent metals, belongs to either regular or irregular

plating systems [Brenner 1963].
iv) Anomalous codeposition

In the case of electrodeposition of Zn alloys with Fe-group metals, the wt.% of Zn in
the deposit is much higher than that in the electrolytic bath. However, one would expect
to obtain an electrodeposits of nearly pure Ni due to its strong thermodynamic nobility,
i.e., the reduction potential of Zn is -0.76 V and Ni is -0.25 V. Generally, under most
practical conditions; the ratio of the less noble metal (Zn) to the nobler metal (Ni) in
the deposit is not larger than that in the bath. However, this abnormal behaviour in
special cases is known as anomalous codeposition, described by Brenner (1963).
Anomalous codeposition is rather rare, and is frequently associated with the
electrodeposition of Zn-M (where M stands for Ni, Co and Fe) alloys and mutual alloys
of iron group metals, namely Fe-Ni, Fe-Co and Co-Ni. The phenomena deserve a
considerable amount of study, since its explanation would greatly advance our

knowledge of electrode polarization [Eliaz and Gileadi 2008].
v) Induced codeposition
It occurs with metals like Mo, W, V, Ti, P etc., which cannot be deposited alone from

their simple salt solutions. However, these metals readily codeposit with the iron group
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metals. The deposition of alloys like Ni-Mo, Ni-Ti, W-Co, Ni-W etc., are typical
examples of this type of codeposition [Younes-Metzler et al. 2003]. The term induced
codeposition was coined by Brenner (1963) to describe a situation where, ‘a metal that
cannot be deposited alone from its aqueous solution is codeposited in the presence of
another metal, forming an alloy’. Metals which stimulate the deposition are called
inducing metals, and the metals which do not deposit by themselves are called reluctant
metals. It was applied first to describe the electroless deposition of Ni-P alloys, and
later for electroplating of the alloys of W and Mo with the Fe-group metals (Fe, Co and
Ni) [Brenner 1963]. Several hypotheses have been reported to explain the mechanism
of the induced codeposition. Among them, the most favoured hypothesis is ennobling
of the deposition potential of reluctant metal by virtue of the formation of a solid
solution or inter-metallic compound. It was further assumed that the formation of a solid
solution of reluctant metal with the Fe-group metal involves a sufficient decrease of
free energy to shift the deposition potential of reluctant metal to more positive (more
noble) potentials. This hypothesis is considered to be more acceptable, and referred to
as the shift of the deposition potential [Younes-Metzler et al. 2003, Eliaz and Gileadi
2008].

1.9.2 Advantages of alloy plating

The ever increasing number of scientific and technical publications on the subject of
alloy plating shows its practical application in various engineering fields. The vastness
of the number of possible alloy combinations and their concomitant practical
applications making this field of research more attractive. The alloy deposition can
ensure coatings with enhanced properties that cannot be obtained from single metal
plating. They can be denser, harder, more corrosion resistant, more protective, tougher
and stronger, more wear resistant, better in magnetic properties, more suitable for
subsequent electroplate overlays and conversion treatments, superior in antifriction
applications etc [Brenner 1963]. The alloy coatings developed at a particular deposition
c.d. by keeping all other variables constant will be of same composition always. Such
coatings are called monolithic, or alternatively called monolayer alloy coatings.

Nowadays, the development of ternary alloy coatings are attaining more scientific
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interest due to their promising material properties over binary coatings [Younes and
Gileadi 2000].

1.10 ELECTRODEPOSITION OF COMPOSITE COATINGS

Composite coatings are found to be a very auspicious and briskly developing field of
great importance, both in research and practical applications. The rigorous development
of the composite coating technology allows the production of metal matrix coatings
with various homogeneously dispersed phases, which can impart synergistic properties
of the matrix and the guest material [Gan 2012, Kuang et al. 2013, Badrayyana et al.
2015]. Electrodeposition is a promising method in this regard for the development of
composite coatings with homogeneously dispersed particles (micro/nano) in the metal
matrix compared to the other methods, such as powder metallurgy, metal spraying and
nitriding or vacuum deposition [Low et al. 2006, Walsh and Ponce de Leon 2014]. The
composite electrodeposition is also called ‘inclusion plating’, to denote the
codeposition of insoluble inorganic particles (ceramics, metal based particulates, fibers
etc.) dispersed in the plating bath along with the metal ions [Low et al. 2006]. A variety
of metal/alloy matrix composite coatings have been reported for various applications.
The composite plating can be traced back to as long ago as 1928 in a study of a Cu-
graphite coating for automotive applications [Williams 1966].

Electrodeposition has been emerged as a versatile and convenient route over the
last decade for the synthesis of a variety of nanomaterials like nanocrystalline deposits,
nanowires, nanotubes, nanomultilayers and nanocomposites [Low et al. 2006]. The
composite coatings can ensure enhanced material and tribological properties along with
improved electrical resistance, giant magnetoresistance, microhardness etc [Watanabe
2004]. This attractive properties of the composite coatings making it useful in various
applications like, in printed circuit boards, in memory storage systems, in micro-
electro-mechanical systems etc. and these have been the focus of numerous studies
[Low et al. 2006]. The improved physical and electrochemical characteristics of the
composite coatings extended its use to electrode material synthesis for electrocatalysis
and photocatalysis. The codeposition or inclusion of nanoparticles into the metal/alloy
matrix is dependent on many factors like particle characteristics (particle concentration,
surface charge, type, shape, size), electrolyte composition (electrolyte concentration,

23



additives, temperature, pH, surfactant type and concentration), current density and
hydrodynamics [Watanabe 2004].

Many literature are available on the composite electrodeposition including a
variety of particles with size ranging from 4 to 800 nm like, aluminium dioxide (Al203)
[Webb and Robertson 1994, Steinbach and Ferkel 2001, Lozano-Morales and Podlaha
2004], chromium (Cr), diamond (C) [Wang et al. 2005a, Wang et al. 2005b], silicon
carbide (SiC) [Zimmerman et al. 2002a, Zimmerman et al. 2002b], gold (Au) [Wang et
al. 2014], silicon dioxide (SiO2) [Kondo et al. 2000], zirconium dioxide (ZrOz) [Moller
and Hahn 1999], titanium dioxide (Ti0O2) [Li et al. 2002, Li et al. 2005], silicon nitride
(SisN4) [Li and Li 2003] etc. Among the many reported nanocomposites of
metals/alloys, copper and nickel based composites are getting more attraction, due to

their wide applications.
1.10.1 Sol-enhanced electrodeposition

Sol-enhanced electrodeposition is yet another promising method to overcome the
limitation of composite electrodeposition, in achieving a homogeneous dispersion of
the colloidal particles within the metal/alloy matrix. Theoretically, the incorporation of
the second-phase particles (inclusions) can be much more effective in reinforcing the
composite coating, if the particles are superfine/nano in nature than micro [Watanabe
2004]. The nanosized inclusions can give high dispersion and strong interaction with
the metal or alloy matrix, and thereby enhanced material properties [Igbal and Ashig
2007]. Whereas, in composite electrodeposition, to attain good dispersion of the
nanoparticles, powder suspension in the electrolytic bath has to be physically
maintained in the solution by vigorous agitation, air injection, ultrasonic vibration, or
by adding surfactants. However, it is very difficult to achieve good suspension of the
added nanomaterials within the plating bath without causing agglomeration due to its
very large surface area. In this regards, sol-enhanced deposition attains importance to
develop composite coatings with homogeneously dispersed nanomaterials.
Sol-enhanced deposition works by combining the benefits of sol-gel process and
composite electrodeposition. Sol-gel process has been widely utilized for the
preparation of nanosized particles of uniform size [StOber et al. 1968, Livage 1999].
Sol-enhanced composite electrodeposition can be carried out by adding a small amount
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of in situ liquid phase synthesized uniform nanoparticles into the metal/alloy plating
bath. This can offer better dispersion of the nanoparticles within the plating bath and
hence, can provide an opportunity for the in-situ formed nanoparticles to integrate
immediately into the metal/alloy deposit along with depositing metal ions to form a
nanocomposite coating [Watanabe 2004]. This leads to a highly dispersive distribution
of nanoparticles in the coating, avoiding the agglomeration of nanoparticles [Watanabe
2004, Qiu et al. 2007].

The sol-enhanced deposition of TiO2 based composites has been widely studied
for various applications [Ogihara et al. 1989, Qiu et al. 2007, Chen et al. 2010a, Wang
et al. 2014]. The mechanical properties of the metals alloys are reported to be enhanced
to a greater extent after the incorporation of TiO2 nanoparticles through sol-enhanced

electrodeposition than conventional composite electrodeposition [Chen et al. 2010b].
1.11 MODERN METHODS OF ELECTRODEPOSITION

Electrodeposition is a well-known coating technique to tune the shape of microcrystals,
control their growth and their composition for developing metal/alloy/composite
coatings with tailor-made properties. A common method to manipulate the deposit
property is by introducing a suitable additive into the plating bath, which can
preferentially adsorb on specific crystallographic planes and alter the growth
mechanism [Brenner 1963]. Apart from that, by bringing variations on the mass transfer
process during deposition can also offer coatings with enhanced materials
characteristics. In this regards, development of multilayer coatings and
magnetoelectrolysis are promising methods to synthesize new materials with advanced
properties. The development of such new materials is driven by the fundamental
principles such as: i) periodic modulation in mass transport process at cathode brings a
periodic modulation in composition of the deposited coatings, according to the basic
principle of electrodeposition, ii) the material property of the coatings towards
corrosion resistance and electrocatalytic activity can be increased substantially by
increasing the surface area of the coatings, according to the basis of nanotechnology
(the increase in surface area can be achieved either through layering or by composite
electrodeposition), iii) the enhanced mass transport at the electrode/electrolyte interface
can result in the formation of coatings with high reluctant metal content than in
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conventional methods. Keeping in view of the above points, the development of
composition  modulated  multilayer  alloy (CMMA)  coatings and
magnetoelectrodeposited (MED) alloy coatings can ensure significant enhancement in

materials properties compared with the conventional coatings.
1.12 COMPOSITION MODULATED MULTILAYER ALLOY COATING

Today, in search of efficient surface coating materials for better corrosion protection,
the focus has been given for development of compositionally nano-modulated
multilayer, or simply nanolaminated alloy coatings in place of their conventional
monolayer (monolithic, or homogeneous) coatings. These coatings are popularly called
as CMMA coatings, consisting of a sequence of two metals/alloys, alternately deposited
one above the other [Brenner 1963, NabiRahni et al. 1996, Roy 2009], as shown in Fig.
1.7. They are developed by pulsing periodically the current/voltage during deposition.
The nanolaminated alloy coating technique gaining interest amongst the researchers
due to genuine reasons of low cost and greater flexibility to tailor the properties, like
thickness of the coating and ability to control the texture and interfaces. Generally,
nanolaminated multilayer alloy coatings developed electrochemically exhibit better
electrical, magnetic, optical, chemical and mechanical properties quite distinct from
their monolayer (monolithic/bulk/non-nanostructured) alloy counterpart [Tench and
White 1984, Idrissi et al. 1994]. Even though techniques such as evaporation, molecular
beam epitaxy (MBE) and sputtering are some of the common methods still in use for
development of multilayer coatings, their high cost and practical difficulties made the
multilayer coatings by electrolytic process more popular [Brenner 1963, Roy 2009].
The CMMA coating technology has grown in the past decades as a promising and

exciting extension to the range of surface coatings and associated applications.
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Metal/ Alloy B
Metal/ Alloy A

SUBSTRATE

Fig.1.7- Schematic of multilayered coating having alternate layers of two metals/alloys
Aand B

The multilayer deposition was first reported by Blum (1921) by demonstrating
the deposition of alternate Cu and Ni layers with tens of microns thick, from two
different electrolytes. Later on Brenner (1963) deposited Cu/Bi by varying deposition
c.d. Thereafter numerous research works were reported on CMMA coatings
[Simunovich et al. 1994, Zabludovsky et al. 1996, Zabludovsky and Shtapenko 1997,
Thangaraj et al. 2009, Ullal and Hegde 2014b, Pavithra and Hegde 2012, Shetty et al.
2016], among which Zn-Ni system is the most widely studied one [Venkatakrishna and
Hegde 2010, Yogesha et al. 2011, Rao and Hegde 2013].

In CMMA coatings, each individual layers have a distinctive role and a suitable
combination of coating parameters can be used to enhance the final product
performance without increasing the total coating thickness. The composition and
thickness of each individual layer can be manipulated to optimize the desired property
of the multilayered coating [Zabludovsky and Shtapenko 1997, Rao and Hegde 2014].
The betterment in the properties of multilayer coatings lies in the control of mutual
diffusion of the neighbouring layers after deposition. However, it is also possible to
vary the deposition condition to produce a predetermined compositional gradient in the
as-deposited condition. These film materials may possess unusual, but novel properties,
making them very important from a practical standpoint. Due to the increased effect of
surface, or interface arising from the exceptional thinness of the individual layers of the
CMMA coatings, it can exhibit large deviations from bulk behavior, which raises the
total properties of the composition modulated multilayers (CMMs) compared to their

monolayer counterparts [Leisner et al. 1996, Lee et al. 2015]. Since the layering is
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achieved at near atomic dimensions, the developed nanostructured multilayer alloy
coatings attain remarkable and sometimes unique properties which are not attainable in

normal metallurgical alloys [Yang et al. 1977, Leisner et al. 1996].
1.12.1 Development of CMMA coatings

There are two main approaches for the development of CMMA coatings, and they are:
i) Dry process, and ii) Wet process/electrolytic method.

i) Dry Process

The dry processes used for the development of CMMA coatings are, CVD, PVD,
sputtering, MBE, laser ablation and normal temperature evaporation. Many coatings
such as Si-Nb and Co-X (where, X = Au, Pd or Cu) have been reported using the PVD
method. Though, all these methods have their own significance and applicability, the
drawbacks in productivity are significantly higher and severe restriction for depositing
on rough substrates also exists. Hence, finding other alternatives became inevitable for
the development of CMMA coatings [Leisner et al. 1996].

ii) Wet process/electrolytic method

The development of CMMA coatings from aqueous electrolytes through
electrochemical method are called wet process. This process is more attractive, and
equally promising with the added advantages over dry process such as: i) the processing
cost is low and is applicable even to curved and recessed substrates, ii) simplicity of the
facility for metal deposition and mass production, moreover, thick coatings can be
deposited (>100 um) with high deposition rates (up to about 5 nm/ minute), iii) the
depositions can be controlled precisely and reproducibly in intended way using
advanced power sources, iv) being a cold process, the risk of interdiffusion between
layers is low. In spite of the above advantages, metal finishing processes using
traditional electrolytes have some limitations and disadvantages also. The main
limitations are: i) the range and quality of coating that can be produced is limited due
to complicated bath chemistry (metal salts, complexing agents, buffering agents, inert
electrolyte, and additives), ii) the large number of variables making the process of
optimization and control little complicated, iii) the metal ions with reduction potential

below that of H* have either low current efficiencies or cannot be electroplated at all
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from aqueous solutions [Roy 2009]. Hence the electrodeposition of many important
metals such as Al, Mg, W and Ti from aqueous bath is precluded. Multilayer deposition
can be accomplished electrolytically by two methods, namely: a) Single bath technique
(SBT), and b) Dual bath technique (DBT) [Leisner et al. 1996].

a) Single bath Technique

The most common technique for electrodeposition of CMM coating involves the use of
a single electrolyte containing two or more metal ions. Pulsed currents/potentials are
applied to preferentially reduce one of the metals, so as to form alternating (nearly) pure
metallic layers [Roy 2009]. The more noble metal ion is usually present in a solution in
very small quantities, typically in millimolar (mM) concentration, which limits the
plating rate of the noble component. The less noble component, on the other hand, is
kept close to its solubility limit (or at least at a high concentration). The molar ratio of
the two materials in the electrolyte is typically 1:40 - 1:100. By maintaining such a
difference in metal ion concentration, the noble material is plated under mass transfer
controlled conditions, and the less noble component is deposited under Kinetic control.
During the period when the less noble component is discharged, the noble component
is also codeposited [Leisner et al. 1996]. Hence, in SBT, it is possible to deposit
alternate layers of alloys of same metals, but of different composition using same
electrolyte through proper manipulation of deposition c.d. Though this method is the
most widely used technique, it shows some limitations like, displacement reactions
between two metallic compounds, i.e., which may dissolve away a portion of less noble
metal and replace it with more noble metal. Further, it is impossible to obtain deposits
of pure less noble metal layers because the noble metal always codeposits to some
extent during less noble metal deposition. Another limitation is that the metal ions in
the electrolyte should have reduction potentials that are sufficiently far apart so that
nearly pure layers can be selectively deposited and hence, the selection for multilayer
coating is limited [Roy 2009].

b) Dual bath technique

In dual bath techniques, the deposition is carried out using two different plating baths.
The obvious technique to plate a variety of metal multilayers is to use different
electrolytes to plate the individual metals. This can be achieved by plating a substrate
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in a particular bath, and then transferring the substrate to another electrolyte where a
second metal is plated, and so on. If two metals are plated alternately, then the substrate
can be transferred back and forth between the two electrolytes to build up a multilayer
structure [Leisner et al. 1996]. Any combination of films can be formed in this
technique, provided each metal/alloy should deposit individually. The DBT offers a
wide choice in the selection of components and allows the deposition of components in
an unalloyed form. Ternary and quaternary alloys can also be electrodeposited easily
by this method. The practical advantages of a dual bath system are enhanced, when the
layers are close to the micron scale, but operating costs and degree of automation
needed higher sophistication as the thickness of the individual layers is decreased.
However, the major drawback is substrate transfer, which leads to bath contamination.
It also includes different phenomena, such as dissolution, reaction displacement,
outside pollution and formation of metal oxides during the intermediate rinsing which
can adversely affect the properties of deposits [Roy 2009].

The DBT, due to its practical reason is suggested for relatively thick coatings
(>50 nm layer thickness) and SBT is for coatings of thinner modulation thicknesses. In
SBT, the substrate is always remaining in the electrolyte and hence, there is no risk of
mutual bath contamination due to substrate transfer. Both techniques have their own
advantages and disadvantages, however, the drawbacks of the DBT have been deemed
to outweigh the benefits, so that the SBT approach is commonly used [Leisner et al.
1996].

1.13 MAGNETOELECTROLYSIS

Magnetoelectrolysis, or simply magnetolysis works by employing magnetic induction
and electrolysis together - two basic concepts applied in a new way. The
superimposition of magnetic field (B) in electrochemical processes have large practical
significance [Fahidy 1983]. The topic is inherently interdisciplinary, including the
concepts of electrochemistry, hydrodynamics and magnetism. The results are
sometimes surprising, and their elucidation can lead to unexpected insights into
fundamental electrochemical processes, as well as new practical applications.
Basically, magnetolysis covers four major aspects of electric/magnetic field
interactions. They are: i) magnetic field effect on electrolyte properties, called
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magnetohydrodynamic (MHD) effect, ii) electrolytic mass transport, iii) to a smaller
extent on electrode kinetics and iv) nature of electrodeposit [Steiner and Ulrich 1989].
The MHD effect, arises mainly due to Lorentz force (force acting on charged ions
moving in an electromagnetic field) is responsible for the effects of B on

electrochemical processes [Monzon and Coey 2014].
1.13.1 Lorentz force

The effective force acting on a charged particle ‘g’, moving with a velocity ‘v’ in an
electric field of density ‘E’ and a magnetic field of flux density B is given by Lorentz
force (FL) [Fahidy 1973, Monzon and Coey 2014]. The Lorentz force is the force
sustained by a charged particle when moving in an electromagnetic field, and it can be

represented as in Equation 1.10.
F. = qE + quB (1.10)

The first part of the equation represents the well know electric force and is
straightforward and depends on the applied c.d. (i). Under the conditions of common
electrochemical processes, the current density is determined solely by the Faradaic
current to a very good approximation. The second part is the magnetic force, its
magnitude depends on the angle between B and v (or i, since the ions move in the
direction of applied current). The magnitude of magnetic force is given by ‘F = qvB
sin0’. When the angle between magnetic field and c.d. is 90° (6= 90°, i.e., B and i are
perpendicular to each other), the magnetic force is maximum and hence the effect of
Lorentz force also becomes maximum. When 6= 0, i.e., B and i are parallel to each
other). However, the electromagnetic body force, the Lorentz force, results from the
vector product of i and B (Equation 1.11) [Fahidy 1973, Koza et al. 2008].

F = ixB (1.11)

Therefore, when the direction of the B is perpendicular to the line of electric
force, the Lorentz force changes the direction of charged particles cutting through the
line of magnetic force [Fahidy 1983].
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1.13.2 Right-Hand rule

According to well-known right-hand rule of electromagnetism, the effective force
acting on moving charged particle, in a direction perpendicular to the applied B is
perpendicular to the plane of both. i.e., the Lorentz force is perpendicular to the
direction of both v and B [Bund et al. 2003, Koza et al. 2008]. The diagrammatic
representation of famous right hand rule is shown in Fig. 1.8. To find out the direction
of the effective force acting on the charged particles under i and B, applied
perpendicular to each other, point the thumb in the direction of v (or direction of i) and
fingers in the direction of B. Then the effective force is operating outwards from the
palm as shown in Fig. 1.8(a). Further, to confirm the exact direction of the effective
force, curl the fingers and rotate into the plane of B, then the thumb points the direction

of effective force as shown in Fig. 1.8(b).

(a) Point thumbin (b)
direction of velocity,
fingers in magnetic

field direction

Curl fingers as if
rotating vector v
into vector B

: Force is in
-/ direction
that thumb

: Force

_/ directionis
outward

from palm

Fig. 1.8- Schematic of the right-hand rule, which governs direction of effective force
acting on charged moving particle in perpendicular B; a) the direction of effective force

is outward from palm, and b) the force is in the direction that thumb points
1.13.3 Magnetic field effects on mass transfer

The term ‘mass transfer’ denotes the transport of ions or molecules by the combined
effect of diffusion, eddy diffusion and convection, if excluding the contribution of
migration to the process [Fahidy 1973]. The mass transfer is commonly called free
convection, when there is no agitation, or mixing happens only as a result of the
difference in density or concentration at different points within the fluid. Whereas, mass
transfer process due to mechanical stirring is called ‘forced convection’ [Tobias et al.

1952]. The mass transfer process from the bulk of the solution to the electrode-solution
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interface depends on electrolyte motion, shape and position of the cell, and other
operating parameters [Mohanta and Fahidy 1976, Bund et al. 2003]. In this regards, the
effect of magnetic fields on electrolyte solutions has intrigued numerous researchers
since Faraday's pioneering but inconclusive observations [Fahidy 1983].

MHD or magneto fluid dynamics is the branch of science dealing with the study
of dynamics of electrically conducting fluids like plasmas, liquid metals and
electrolytes (salt water) in the presence of applied B. The basic concept of MHD is that
the applied B can induce currents in a moving conductive fluid, which in turn polarizes
the fluid and reciprocally changes the magnetic field itself [Waskaas and Kharkats
1999]. MHD effects operate according to the action of Lorentz force (FL =i xB), which
induces fluid flow in the cell and thus affects the transport rate of electroactive species
towards the electrode [Monzon and Coey 2014]. In an appropriate design, this force can
benefit the uniformity of flow field, which affects ion distribution between electrodes
and increases the rate of electrochemical process [Gu and Fahidy 1987]. The largest
effect of Lorentz force and, consequently, the largest MHD effect are achieved when
the external B is applied perpendicularly to the direction of the ion flux (i.e., when B
oriented parallel to the electrode surface, 6 = 90°). On the contrary, when B is applied
parallel to the direction of the ion flux (i.e., when B oriented perpendicular to the
electrode surface, 6 = 0), the Lorentz force is zero [Ganesh et al. 2005]. In a nutshell,
the presence of an applied external B during electrolytic processes can cause induction
of additional convection in the diffusive layer at the electrode surface through the MHD
effect [Fahidy 1973]. This additional convection enhances creation of laminar flow at
the electrode surface, and subsequently a decrease of the diffusion layer thickness
[Khan and Petrikowski 2001, Bund et al. 2003]. The decrease in diffusion layer or
electrical double layer thickness can increase the limiting current density (iL), the
effective c.d. inside the electrical double layer), and thereby the enhanced mass
transport [Bund et al. 2003, Ganesh et al. 2005, Koza et al. 2011]. The knowledge of i.
and thickness of diffusion boundary layer is particularly important in improving space-
time yield of electrolysis and especially of high current density electrolysis. Basically,
the natural mode of convection of electrolyte is changed to a forced type under applied
magnetic field. This effect leading an increase of i due to decrease of diffusion layer

thickness can be explained as follows.
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During electrolysis, cations have to be transported from bulk electrolyte to the
cathode surface. In general, this mass transport occurs by diffusion, convection, and
migration. Close to the electrode surface, the primary mass transport process is
diffusion. Without the flow of current, the concentration of cations is constant (¢ = co)
in the electrolyte, as shown by line 1 in Fig. 1.9). After switching the current on, the
concentration of cations decreases from co to cs (curve 2 in Fig. 1.9). There is a
concentration gradient in front of the cathode with a thickness of 6n (diffusion boundary
layer). Here, on is defined as the diffusion layer thickness. It is the distance from the
electrode surface to the point of intersection between the tangent at the concentration
profile and concentration of bulk electrolyte (line 1) [Filzwieser et al. 2002]. With an
increase of deposition time, 6n increases until steady-state conditions are reached (curve
2a, time-independent on). Current density can be calculated according to Fick’s law of
diffusion (Equation 1.12) [Filzwieser et al. 2002]:

i:nFD(égj :nFD(CV_%) (1.12)
X )y 5o 0

X N

Where, n is the valency of the metal ions, F is the Faraday constant (96,500 C),
and D is the diffusion coefficient of the ionic species. When the surface concentration
of depositing cations decreases to zero (lim ¢cs — 0), the current density reaches a
maximum value (curves 3 and 3a in Fig. 1.9) [Filzwieser et al. 2002]. This value of

current density is called limiting current density, i (Equation 1.13).

iLGFD[E&] (1.13)

N

The value of i. increases linearly with an increase of concentration co, with an
increasing diffusion constant, and a decreasing diffusion boundary layer don. Since the
diffusion constant and concentration of the solute cannot be influenced extensively, an
increase of iL can be obtained mainly by a decrease of on. In the presence of applied B,
the dn value decreases as a result of MHD operating near the electrode surface leading
to increase in mass transport and enhanced i. [Steiner and Ulrich 1989, Filzwieser et al.
2002].
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Fig. 1.9- Concentration gradient at the cathode surface and the variation in i value
(Adopted and modified from, Filzwieser et al. 2002)

1.13.4 Effect of magnetic field on electrodeposition

The B induced during electrodeposition can change flow patterns, increase in the
intensity of mixing, increase in the rate of deposition, and hence, can modify deposit
structure. During MED, the enhanced convection and the strong push for deposition
can be explained using the MHD effect, interacting with the structure of the convective
diffusion layer at the electrodes. It is reported that the superimposition of B during
electrodeposition has great influence on the deposit characteristics like nucleation,
growth, texture, phase composition, macro-stresses, hardness, morphology, current
efficiency, preferred orientation etc [Khan and Petrikowski 2001, Koza et al. 2008].
The MHD effect, arises mainly due to Lorentz force (force acting on charged ions
moving in an electromagnetic field) can enhance the mass transport at the electrode/
electrolyte interface during deposition and can impart better coating properties [Ganesh
et al. 2005, Koza et al. 2008]. MED can ensure a more uniform current distribution,
leading to a more uniform deposited layer with change in the crystallization behavior.
Apart from that, MED can enhance the corrosion resistance and electrocatalytic activity
of the deposits. The extent of effect due to superimposition of B during MED on coating
characteristics depends on the intensity and direction (parallel or perpendicular) of the
applied magnetic field [Ganesh et al. 2005]. Nowadays, MED has attained more

attention towards the effect on induced codeposition of the reluctant metals (elements
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which cannot be deposited alone from aqueous solutions) like, molybdenum, tungsten,
phosphorus, boron etc., in the presence of inducing metals (Fe, Co, Ni etc.). A number
of investigators have reported the significant effect of the applied magnetic field on
various aqueous electrolytic processes [Fahidy 1983, Waskaas and Kharkats 1999, Lin
etal. 2012, Lin and Hourng 2014].

1.14 CHARACTERIZATION OF ELECTRODEPOSITED COATINGS

The structural, morphological and compositional characterization of the electrodeposits
are mainly carried out using microscopy and diffractometry techniques. The coating
morphology and composition are monitored widely using scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS), respectively. At the
same time, X-ray diffraction (XRD) study can be used for the detailed structure
information of the deposit in small sample processing time as compared with the other
techniques.

SEM is one of the most versatile and advanced techniqueue that reveals detailed
information about the morphology and the composition of test materials. Especially in
the case of electrodeposits, SEM is a very useful tool for analyzing the surface
appearance as compared with the optical microscope. The advantage of covering a
rough topography completely in focus through the greater depth of field and better
resolution making it more useful than the optical one [Li and Ebrahimi 2003, Dumelié
et al. 2005]. A focused beam of high-energy electrons is used in SEM to generate a
variety of signals at the sample surface due to ‘electron-sample’ interaction and which
reveals the information about the sample [Goldstein et al. 2012]. If the emission source
is a thermionic emitter, it is called SEM and if it is field emitter, it is field emission
scanning electron microscopy (FESEM). A field-emission cathode in the electron gun
provides narrower probing beams at low as well as high electron energy, resulting in
both improved spatial resolution and minimized sample charging and damage [Taglauer
and Vickerman 1997]. The selected areas of the metal/alloy/composite coatings can be
examined directly using SEM without any preparation due to its conducting nature.
Whereas, SEM cannot be used for determining the crystal structure and orientations of
grains due to its incapability to produce electron diffraction patterns. The chemical
composition of the sample can be determined through the EDS facility attached with
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SEM. It is possible to focus the electron beam in a small area and to determine the
chemical composition of the sample. The primary electrons undergo collision with
electrons in the atom causing the ejection of core electron. The excited atom undergoes
emission of characteristic X-ray photon or Auger electron and decay to ground state
[Goldstein et al. 2012]. These emitted X-rays will be sorted by energy using energy
dispersive detector or by wavelength with wavelength spectrometer. An output signal
proportional to the number X-ray photons generated in the area under electron
interaction is recorded. The EDS facility also helps in imaging the distribution of a
particular chemical element called ‘elemental mapping’ by analyzing the characteristic
X-rays [Taglauer and Vickerman 1997, Goldstein et al. 2012]. These X-rays are
characteristic of each atom and serves as fingerprint and provide valuable information
of the sample allowing quantitative analysis, line profiling and spatial distribution
imaging [Dumelié et al. 2005]. Thus SEM with EDX is an efficient and nondestructive
tool for imaging and analyzing a modified surface.

The XRD is a very useful and commonly used technique for the phase structure
identification of the deposit. The metal/alloy/composite coated material can be analyzed
by directing the monochromatic X-rays towards the sample, and collecting the
diffracted rays. The all possible orientations of the crystal lattice can be obtained by
scanning the sample through a range of 26 angles [Goldstein et al. 2012]. It is a
nondestructive technique which gives detailed information about how the atoms pack
together in the crystalline state along with an idea about the inter-atomic distances and
accordingly the shape and size of the unit cell for any compound can be detected. X-
ray diffraction is hence considered as one of the most important characterization tools
used in solid state chemistry and materials science. Since the wavelength of X-ray and
inter-atomic spacing of crystal are comparable, the X-ray interacts with the material
and scatter to generate diffraction patterns, satisfying Bragg’s law (Equation 1.14)
[Taglauer and Vickerman 1997].

N = 2dsin® (1.14)

Bragg’s law relates the wavelength (L) of electromagnetic radiation to the
diffraction angle (8) which in turn is related to the lattice spacing (d) in a crystalline

sample. The resultant diffracted rays are detected by a detector. The peaks in the
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diffraction pattern can be correlated with a set of crystal lattice planes. Since each set
of planes have different d value, the & value changes as per Bragg condition [Taglauer
and Vickerman 1997]. Further, the obtained patterns can be compared with the data
given in powder diffraction file collected and maintained by Joint Committee of Powder
Diffraction Standards (JCPDS), created by International Commission on Diffraction
Data (ICDD) database.

1.15 CORROSION

The deterioration of a metal through chemical or electrochemical reaction with its
environment is called corrosion, according to Fontana (1986). The corrosion is an inter-
disciplinary subject, involves all basic sciences and all disciplines of engineering.
Corrosion arises basically due to the interaction of the materials with their environment
and it cannot be defined without reference to the environment. Almost all environments
are corrosive in one or other way to certain degree and some of the specific corrosive
environments are: i) air and humidity ii) fresh, distilled, salt and marine water iii)
natural, urban, marine and industrial atmospheres iv) steam and gases, like chlorine v)
ammonia vi) hydrogen sulphide vii) sulfur dioxide and oxides of nitrogen viii) fuel
gases ix) acids x) alkalies xi) soils etc [Ahmad 2006]. It may, therefore, be observed
that corrosion is a potent force which destroys the economy, depletes resources and
causes costly and untimely failures of plants, equipments and components.

The term corrosion was restricted only to metals and their alloys till 1960s. The
ceramics, polymers, composites and semiconductors were not included in the class of
corroding materials. However, now the term corrosion encompasses all types of natural
and manmade materials and it is not confined to metals and alloys alone [Fontana 1986,
Ahmad 2006].

1.15.1 Corrosion mechanism

A corrosion cell formation is necessary for a corrosion to take place. The essential
components of a corrosion cell are, anode, cathode, electrolyte and metallic path, as
shown in Fig. 1.10. Where, anode: is one of the two dissimilar metal electrodes in an
electrolytic cell, at which electrons are released and it is the more reactive metal,

compared with the other. Cathode: is another electrode in the electrolytic cell, at which
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reduction is taking place, i.e., electrons are consumed. Electrolyte: is the electrically
conductive solution (e.g. salt solution) and, the presence of such medium is necessary
for corrosion to occur. Metallic Path: is connecting the two electrodes externally and

provides a path for the current or electron flow.

Corroding area of metal

Conducting
> electrolyte

Non-corroding area of metal

Fig. 1.10- Schematic representation of a corrosion cell (Adopted and modified from,
Ahmad 2006)

The transport of atomic, molecular or ionic species at the interface of a material
is the general mechanism of corrosion, and the rate of which is controlled by the slowest
step. It is difficult to observe the process directly on an atomic scale, whereas, the
possible mechanisms can be inferred from indirect measurements and observations like,
rate of change in weight or dimensions, rate of build-up of corrosion products, change
in surface appearance examined using SEM or change in mechanical, physical
properties etc. However, the mechanism of electrochemical corrosion can be inferred
from the electrical potential and current measurement [Fontana 1986, Revie and Uhlig
2008].

1.15.2 Importance of corrosion control

In safety and economic point of view, it is important to control the corrosion to make a
compromise between the benefits generated by a certain level of corrosion control
versus the costs that would result if that level of control were not maintained. The failure
of damage of machines, equipments or functional products due to corrosion can lead to

safety problems and thereby the cost. Since the choices of materials, enforcement of
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manufacturing procedures and control of products to implement safety measures not
only involves humanitarian concerns but also economics. Hence, it is important to
control corrosion [Fontana 1986, Ahmad 2006, Revie and Uhlig 2008].

1.15.3 Methods of measuring the corrosion rate

In general, the determination of corrosiveness of the environment and the rate of metal
loss is called corrosion rate (CR) measurement. There are several techniques for the
quantitative evaluation of the effectiveness of the corrosion control and prevention
methods adopted. The conventional weight loss and electrochemical methods are two
evaluating techniques, among them, the electrochemical methods are the most prevalent
one [Allen et al. 2001, Yang 2008].

1.15.3.1 Weight loss technique

The simplest and the practical means of evaluating CR of a material is through weight loss
or chemical method. The loss in weight of a material of known mass exposed to a synthetic
corrosion media is determined periodically with time, and the loss in mass with respect to
unit time and unit area is taken as CR [Allen et al. 2001, Yang 2008].

1.15.3.2 Electrochemical techniques

The rapid and accurate CR determination ability of the electrochemical techniques
making it more popular among corrosion engineers and researchers. The
electrochemical CR determination needs only at most several hours to complete,
whereas the other long term corrosion studies such as weight loss method may take
days or weeks to complete. This convenience of fast analyzing capability of
electrochemical measurements is especially useful for those metals or alloys that are
highly corrosion resistant [Bard et al. 1980]. The electrochemical techniques for the
measurement of general corrosion are classified into two types depending on the current
used as: i) Potentiodynamic polarization or Tafel’s extrapolation method (DC method)
and ii) Electrochemical impedance spectroscopy (EIS) or Alternate Current (AC)

method.
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i) Potentiodynamic polarization method

The data extraction from direct current measurements essentially implies the
determination of parameters which give a measurement of the corrosion rate through
theoretical approaches such as the Tafel extrapolation. This method was first used by
Wagner and Traud to verify the mixed potential theory [Fontana 1986]. The CR
determination is carried out by supplying a cathodic current to the sample to be
analyzed using an auxiliary electrode, usually platinum. The current is measured using
an ammeter and the potential measurement of the working electrode is made by a
potentiostat/galvanostat, with respect to a reference electrode. A potentiodynamic
polarization experiment for Tafel extrapolation typically starts at a potential about 250
mV negative to the open circuit potential (OCP), and scans upward through the
potential of zero current (which might be different than the original OCP) to a value
that is about 250 mV positive to the original OCP. Less polarization is required if the
Tafel slope is low [Allen et al. 2001]. The line describing the behavior in the Tafel
region can be extrapolated to the corrosion potential to determine the corrosion rate.
The rate of polarization in a potentiodynamic scan is typically between 0.1 and 1 mV
sL. The intent of such tests is to determine steady state behavior, so, given practical
limitations, slower scanning is preferred [Bard et al. 1980, Poursaee 2010]. To ascertain
that the current/voltage relationship reflects only the interfacial corrosion process
(where cathodic process is evolution of hydrogen) at every potential of the polarization
scan, the effect of capacitance should be minimized. For this purpose, the capacitor
should remain fully charged; otherwise, some of the current generated would reflect
charging of the surface capacitance in addition to the polarization resistance and the
measured current would then be greater than the current actually produced by the
corrosion reactions. To reduce the effect of the capacitance, the scan rate should be
slow enough in a way that the capacitance remains fully charged during the experiment.
In this case, the current—potential relationship just reflects the polarization resistance
(interfacial corrosion process) at every potential of the polarization scan [Allen et al.
2001, Poursaee 2010].

This method involves the determination of the Tafel slopes S and S as well as
the corrosion potential (Ecor) and corrosion current density (icor) from a single

polarization curve as shown in Fig. 1.11. The slope of the oxidation reaction that
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represents the metal becoming soluble metal ion is linear, and the corresponding slope
is called anodic Tafel slope, represented by fa. The curve shows that for an active metal,
as the electrode potential is made more positive or as the solution becomes more
oxidizing, the metal dissolution increases. The cathodic branch of the polarization curve
IS at more negative potential than the OCP; a cathodic current to the metal specimen is
measured. The slope of the linear portion of the polarization curve is the cathodic Tafel
slope, represented by fSc. As the potential is made more negative, the rate of the
reduction reaction increases [Allen et al. 2001, Yang 2008].
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Fig. 1.11- Typical potentiodynamic polarization plot showing anodic and cathodic
polarization curves with Tafel’s slopes (Adopted from, Yang 2008)

The relationship for anodic and cathodic processes under activation polarization
is given in Equation 1.15 and 1.16.

n, =a, +p,logi (1.15)
7. = a, + B, logi (1.16)

Where, 7ais anodic polarization or anodic overpotential, #c is cathodic polarization or
cathodic overpotential, aaand ac are anodic and cathodic Tafel constants, fa and fSc are
anodic and cathodic Tafel slopes, and log i is the logarithm of current density.
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The linear portion of the cathodic branch or anodic branch of the polarization
curve can be extrapolated back to the intersection with the OCP. The value of the
current at this intersection yields icorr, which is equal to the rate of the anodic or cathodic
reaction under freely corroding conditions. This extrapolation method can be used to
determine the corrosion rate of metals, when either the cathodic or anodic branch
exhibits a well-defined linear region. The corrosion rate can be calculated from the icorr

value using the Equation 1.17:

CR (mm ) = 5 o (1.17)

Where, K is a constant with value 0.00327 mm g (zA cm year)?, defines the unit of
corrosion rate (mm y 1), icorr is the corrosion current density in zA cm™2, p is the density
of the corroding material and EW is the equivalent weight of the alloy.

Though the Tafel’s extrapolation method is known to be straight approach to
evaluate the corrosion rates, it also has some shortcomings like, i) a test electrode can
be polarized only a limited number of times when making Tafel plot measurements,
because some degree of electrode surface roughening occurs with each polarization.
There are no hard and fast rules for determining when repeated polarizations have
altered the test electrode surface to the point where a new test electrode should be used
for further measurements. ii) Tafel plots can neither be used to determine a metal-
electrolyte system is passive or not (no corrosion occurs) and, nor can be used to study
or measure localized corrosion, because much larger anodic polarizations are required

to obtain these types of information [Fontana 1986, Yang 2008].
ii) Electrochemical impedance spectroscopy

The EIS or AC impedance method is a very popular technique to acquire the valuable
information regarding electrode processes like double layer capacitance, corrosion
resistance and role of inhibitors etc [Allen et al. 2001]. This electrochemical technique
measures the response of the system to an AC voltage perturbation. The polarization
resistance can be measured by the application of a smaller perturbation. By applying a
small varying perturbation over a range of frequency, it is possible to probe the full
response of the system, and not just the resistive components. EIS voltages cycles from

peak anodic to cathodic magnitudes (and vice versa) using a spectrum of AC voltage
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frequencies, instead of a range of single magnitude and polarity DC voltages.
Resistance and capacitance values are obtained from each frequency, and these
quantities can provide information on corrosion behaviors, diffusion and coating
properties [Mansfeld 1990]. The EIS method differs from DC method by using AC. In
DC method Ohm’s law is limited to only one circuit element, i.e., the ideal resistor. The
ideal resistors have several simplifying properties like, it follows Ohm’s law at all
current and voltage levels, its resistance value is independent of frequency, current and
voltage signals through a resistor are in phase with each other etc.

Ohm’s law defines resistance R in terms of the ratio between voltage V and

current | as in Equation 1.18:

R=C
I

@.18)
But the real electrochemical systems, however, contains circuit elements that exhibit
much more complex behavior, and in place of resistance one can use impedance (Z),
which is more general circuit parameter. Impedance is also a measure of the ability of
a circuit to resist the flow of electrical current. Unlike resistance, it is not limited by the
simplified properties because the impedance behavior is being studied by the
application of AC signal (sinusoidal wave). In the EIS technique, a small AC signal
(typically a sine wave of amplitude +10 mV) is applied over a wide range of frequency
(typically from 10° to 10 %or 102 Hz) at a number of discrete frequencies (typically 5
to 10 frequencies per decade), and the current response is measured at each frequency,
‘w’. The form of the current-voltage relationship of impedance in an electrochemical
system can also be expressed as in Equation 1.19 [Yuan et al. 2009]

Z,=E

/1 (1.19)

o'

Where, Z) Is the impedance in ohms (Q) as a function of frequency (w), E
and I are the time-dependent voltage and current. Hence, Z is the measure of the overall
opposition of the circuit to current, in other words, how much the circuit impedes the flow
of current. Therefore, the EIS has taken into account on the effect of capacitance and
inductance apart from the resistance. Impedance is more complex than resistance because
the effect of capacitance and inductance vary with the frequency of the current passing

through the circuit. This means that impedance varies with frequency. However, the
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effect of resistance is constant regardless of frequency. Four electrical quantities which
determine the impedance (Z) of a circuit are: resistance (R), capacitance (C), inductance
(L) and frequency (f). Hence, the term ‘impedance’ is often used (quite correctly) for
simple circuits which have capacitance or inductance [Mansfeld 1990, Yuan et al.
2009].

The utility of impedance spectroscopy lies in the ability to distinguish the
contribution of individual components under investigation. For example, for the
determination of behavior of a coating on a metal when it is in salt water, by the
appropriate use of impedance spectroscopy, a value of resistance and capacitance for
the coating can be determined through modeling of the electrochemical data. The
modeling procedure uses electrical circuits built from components such as resistors and
capacitors to represent the electrochemical behavior of the coating and the metal
substrate. Changes in the values for the individual components indicate their behavior
and performance. Impedance spectroscopy is a non-destructive technique and so can
provide time-dependent information about the ongoing processes. The major
advantages of EIS methods are the effectiveness on high resistance materials such as
paints and coatings, availability of time dependent data, nondestructive nature of
analysis, quantitative availability of data etc. Whereas, the expensive and complex data
analysis required for quantification are the two shortcomings of this method [Mansfeld
1990].

1.15.4 Corrosion control by electrodeposited coatings

The electrodeposited metal/alloy/composite coatings are widely used for the corrosion
protection of the base material. The coatings provide a layer that changes the surface
characteristics of the bulk material onto which it is deposited. They provide a barrier
between the corrosive environment and the substrate. Several protective metallic
coatings like Cu, Bi, Zn, Sn, Cd etc. have been reported to protect easily corrodible
substrates [Brenner 1963]. Copper and Nickel are examples for cathodic coatings,
which are chemically less active than steel. In salt solution, the metallic coatings
provide a durable, corrosion resistant layer. Such protective coatings of a given
thickness need much longer time to deteriorate than an equivalent thickness of the steel
substrate, due to its less reactivity than steel [Brooman 2000]. The metallic protective
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coatings can serve either as noble coatings, which provide only barrier protection, or as
sacrificial coatings, in addition to barrier protection which can also provide cathodic
protection. In corrosion protection point of view, not only metallic coatings but also
their alloy coatings show better resistance towards corrosion. Many electrodeposited
alloy coatings based on Zn, Ni, Fe etc. have been reported, in terms of their corrosion
protection efficiency under different environments [Masdek and Alfantazi 2010]. The
Ni and its alloy coatings are found to be the promising materials of today, and are used
for wide variety of applications including aircraft gas turbines, steam turbine power
plants, medical applications, nuclear power systems, and the chemical and
petrochemical industries [Akiyama and Fukushima 1992, Brooman 2000].

Alloys of iron-group metals (Fe, Co, and Ni) with other metallic or nonmetallic
elements such as P, Mo and W, are widely used in industries owing to their unique
properties like high corrosion resistance [Akiyama and Fukushima 1992, Donten et al.
2000, Sakai et al. 2006], high hardness [Mahalingam et al. 2007], brilliant luster for
decorative purposes [Brenner 1963], electrocatalytic activity for hydrogen evolution
[Paseka and Velicka 1997, Burchardt 2001] and interesting magnetic properties
[Donten et al. 2000]. The alloy coatings such as Ni-Co [Wang et al. 2005], Ni-W
[Donten et al. 2000, Sakai et al. 2006], Ni-P [Sakai et al. 2006, Mahalingam et al. 2007],
Co-W [Aravinda et al. 2000, Sakai et al. 2006] and their ternary or quaternary alloys
[Saedi and Ghorbani 2005] are being considered to replace conventional hard
chromium deposits [Gawne and Ma 1988], as they are remarkably hard compared to
pure nickel coatings [Brenner 1963]. Among which Ni-P alloy coating is the most
extensively studied system using electrodeposition and electroless deposition method.
The induced type of codeposition was first introduced for Ni-P deposition by Brenner
(1963). Later numerous research works were reported on Ni-P alloy and its composite
coatings.

Recently, electrodeposition of Ni-based alloys with transition metals such as W
or Mo has taken importance due to their enhanced surface performance properties. The
hard and high melting metal, W, can impart more desirable properties to the coatings
for functional applications [Tsyntsaru et al. 2012], when it is alloyed with Fe group
metals (Fe, Co, Ni etc.) [Tsyntsaru et al. 2012, Wasekar and Sundararajan 2015, Lee
2013, Amadeh et al. 2009]. Among them, Ni-W alloy coatings are of considerable
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interest due to their wide range of engineering applications. Apart from good
mechanical, tribological and magnetic properties, the electrodeposited Ni-W coatings
offer excellent corrosion resistance and electrocatalytic characters [Sziraki et al. 2012].
It has been reported that Ni-W alloy coatings can be an important alternative for hard
chromium coatings [Brooman 2000] as it has to be eliminated from the manufacturing
processes, e.g., in the aviation and automotive industries, due to environmentally
hazardous hexavalent chromium [Kirihara et al. 2016]. The electrodeposition of Ni-W
alloy was first reported by Brenner (1963), of late, Younes et al. (2001) and Sridhar et
al. (2005) have reported a study on electrodeposition of Ni-W alloys, focusing on the
effect of additives, applied c.d. and bath temperature on the properties like Faradaic
efficiency, W content and corrosion resistance. Thereafter many reports came on the
corrosion resistance behavior of Ni-W alloy and its composites [Zhu et al. 2002, Younes
and Gileadi 2002, Ma et al. 2004, Slavcheva et al. 2005, Eliaz et al. 2005, Juskénas et
al. 2006, Zemanova et al. 2012, Berkh et al. 2014]. Tsyntsaru et al. (2012) made a
detailed review on the modern trends in W alloy electrodeposition. At present also Ni-
W is one of the most studied alloy systems due to its promising material properties [Li
et al. 2017].

Apart from the Ni- based alloys, their composite coatings are also reported to
be effective in terms of corrosion resistance [Spyrellis et al. 2009]. The composites of
Ni and its alloys obtained through the incorporation of various nanoparticles like Al2O3
[Webb and Robertson 1994, Steinbach and Ferkel 2001, Lozano-Morales and Podlaha
2004], TiOz [Li et al. 2002, Li et al. 2005], SiO2 [Kondo et al. 2000], SiC [Yao et al.
2007, Li et al. 2017], CNT [Ding et al. 2011], MoSz2 [Liu et al. 2016], SisN4 [Li and Li
2003] etc., are found to show enhanced material properties in terms of corrosion
resistance. Since the electrodeposited composite coatings can impart the combined
advantages of metal/alloy and hard nanoparticle inclusions, nanocomposite coatings
show properties superior to their metal/alloy counterpart [Eroglu et al. 2013, Li et al.
2017].

Further, the corrosion resistance of the alloy coatings can be enhanced through
modern methods of electrodeposition such as multilayer and magnetoelectrolysis
approaches. A wide variety of binary and ternary alloys have been electroplated as

multiple-layer films through CMM approach, including Ni-Cu, Zn-Ni, Ag-Pd, Cu-Ni-
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Fe, Cu-Ag, Cu-Co, Cu-Pb, Cu-Zn, Ni-P/Ni-Co-P, and Ni/Ni-P to name a few
[Simunovich et al. 1994, Zabludovsky et al. 1996, Zabludovsky and Shtapenko 1997,
Yogesha et al. 2011]. Recently, Lee et al. (2015) reported the mechanical properties
and corrosion resistance of electrodeposited Ni-W multilayers. The CMMA coatings
were found to have manyfold improvement in corrosion resistance compared to their
monolayer counterparts [Roy 2009]. Fahidy (1983) reported the importance of
magnetoelectrolysis in various applications, later many reports came on the magnetic
field effects on electrodeposition. Many researchers utilized MED to improve the
material properties of the electrodeposited alloy coatings [Taniguchi et al. 2000,
Tabakovic et al. 2003, Tabakovic et al. 2005, Rao et al. 2013, Aaboubi and Msellak
2016]

1.16 ELECTROCATALYSIS

Electrocatalysis is the term used to indicate the catalysis of electrode reactions. This
can be accomplished by the action of the electrode material or alternatively by the action
of species in solution or both [Trasatti 1995]. A number of phenomena which may have
little in common are grouped together under the term electrocatalysis. However, it can
be distinguished into homogeneous and heterogeneous to avoid this generalization of
electrocatalysis. Heterogeneous electrocatalysis is more a function of the electrode
material and electrode Kinetics, and it refers ‘electrocatalysis’ in practical fields
[Pletcher 1984].

1.16.1 Electrochemical water splitting

The energy crisis and environmental concerns intensified the need for searching a clean
and renewable alternate energy for the future [Chen et al. 2016]. In this regards, the
global economy is looking into the possibilities of utilization of the abundant,
renewable and cleanest fuel, hydrogen, as a promising alternate energy carrier in the
future [Reddy et al. 2016, Pu et al. 2016]. Hydrogen has been promoted as the ideal
clean energy source with zero-emission [Prather 2003, Luo et al. 2016], and having
excellent energy storage density [Pu et al. 2016]. Water is the most abundant source of
hydrogen, free from carbon [Turner 2004, Zeng and Zhang 2010, Reddy et al. 2016],
and its splitting into Hz and Oz is the best choice for Hz production. Whereas the water
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electrolysis is an arduous process, suffers from practical overpotentials due to sluggish
electrode kinetics [Zeng and Zhang 2010, Reddy et al. 2016].

1.16.1.1 HER and OER

An archetypal electrolysis cell for water splitting is shown in Fig. 1.12. The general
process taking place at the anode (under acidic condition) is oxidation of water called
oxygen evolution reaction (OER) according to the equation: 2H20 — Oz + 4e™ + 4H",
The generated electrons travel through the external circuit, while the protons move
towards the cathode to complete the electrochemical circuit. Then, the protons and
electrons combine at the cathode to form H: gas, called hydrogen evolution reaction
(HER): 4e” + 4H" — 2H2 (under acidic condition). Here, under acidic conditions, H*
ions are the electrochemical charge carriers. Whereas, the reactions at the anode and
cathode under basic conditions are: HER: 4H20 + 4e- — 2H2 + 40H™ and OER: 40H"
— 02 + 2H20 + 4e". Conventional electrolysis works best at either very high or very
low pH, at which the concentration of charge carriers is greatest. The minimum
theoretical voltage required as driving force for the water splitting of HER and OER is
1.23 V at room temperature [Roger et al. 2017]. However, practically it needs additional
energy or activation energy for the reaction to proceed at appreciable rates, called

overvoltage.

OER HER
0, 2H,

/|

C4e' +4HY ——— 4y* 4e°

v v

Anode Cathode

Fig. 1.12- Schematic of electrolysis cell for water splitting under acidic conditions
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1.16.2 Electrode materials for electrocatalytic water splitting

The role of electrocatalysts is to reduce the overpotential as far as possible. Under acidic
conditions, the best electrocatalysts are precious metals, platinum at the cathode and
IrO2 or RuO: at the anode [Roger et al. 2017]. However, the wide applications of these
noble metals have been hindered due to their scarcity and high costs. Hence, extensive
research has already been devoted to this area for the development of non-Pt materials
as electrocatalysts [Zou and Zhang 2015, Cardoso et al. 2015]. At the same time, under
basic conditions, the first-row transition metals (and their alloys) and oxides make
excellent HER and OER catalysts, respectively. In general, the HER catalysts fall into
three categories: i) noble metal (Pt) catalyst, ii) transition metal (mainly including Fe,
Co, Ni, Cu, Mo and W) based electrodes and iii) nonmetals (mainly including B, C, N,
P, S and Se) based materials [Zou and Zhang 2015, Safizadeh et al. 2015]. Most of the
non-precious HER electrocatalysts reported to date are based on these twelve transition
elements and nonmetals. An ideal HER electrocatalyst should have some essential
requirements like; i) low hydrogen overvoltage at industrial current density, ii) no
potential drift with time, iii) good chemical and electrochemical stability: long lifetime
and no release of process-deleterious products, iv) high adhesion to the support, v) low
sensitivity to poisoning by impurities, vi) low sensitivity to current shut down (short-
circuit) or modulation, vii) no safety or environmental problems in the manufacture
process, vii) easy to prepare at a low cost/lifetime ratio [Jaccaud et al. 1989, Safizadeh
et al. 2015, Roger et al. 2017]. The highest abundance and the lowest price of Ni and
Fe making them more desirable to make economically viable electrocatalysts [Gong et
al. 2016].

As per the literature, at present, Ni is one of the active non-precious metal as
HER catalysts, but it’s HER activity is limited so far and hence it is necessary to
enhance the catalytic activity of Ni, either through proper alloying or through other
methods to increase its surface area [Dominguez-Crespo et al. 2011, Cardoso et al.
2015]. From the volcano plots reported by Trasatti (1972), as shown in Fig. 1.13, and
Ngrskov et al. (2005), after studying the activity of various catalysts for HER on the
basis of exchange current density (a measure of the effectiveness of a catalyst for the
HER) as a function of the calculated hydrogen adsorption energies, it is revealed that

the efficiency of Ni catalyst towards HER can be greatly improved by weakening the
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Ni—H bond [Trasatti 1972], as it is much stronger than Pt—H bond [Li et al. 2015]. In
this direction many reports came on Ni-based alloys like Ni-P [Shervedani and Lasia
1997, Burchardt 2000], Ni-Co [Correia et al. 1999, Wu et al. 2004], Ni-Mo [Jaksi¢ et
al. 2000, Kedzierzawski et al. 2001, Wang et al. 2015], Ni-S [Han et al. 2003] etc., in

different electrolytes.

2—.

-log HER exchange current density (A cm™?)

100 150 200 250 300 350 400
M-H bond strength (k) mol™)
Fig. 1.13- Trasatti’s HER volcano plot: the exchange current densities for HER versus

the energy of the intermediate M—H bond formed between absorbed H and the electrode
surface (Adopted from, Roger et al. 2017)

The detailed cross-examination of volcano plot allows the design of new HER
catalysts by combining elements on opposite slopes of the volcano to produce new
materials with intermediate hydrogen binding energy, and hence improved catalytic
performance [Roger et al. 2017]. As guided by this facts, it is clear that the combination
of Ni with alloying elements like W and Mo can offer enhanced catalytic performance.
Along with Ni, more abundant and cheap materials such as Co and Fe, and their alloys
have been a subject of intense research, due to their promising electrocatalytic
properties.

In principle, the materials with intrinsic catalytic activity and high surface area
can show low overvoltage and hence high electrocatalytic activity for HER [Zhou et al.

2016]. In this regards, compared to Ni-based alloys, the Ni-based composite materials
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containing active solid particles have been received more and more attention as new
electrocatalytic candidates [Williams 1966, Aal and Hassan 2009, Krstaji¢ et al. 2011a].
The enhanced properties of this Ni-based composites are attributed to the synergistic
effect of Ni with the incorporated nanomaterials according to Brewer-Engel theory
[Krstaji¢ et al. 2011a]. On the other hand, the incorporated particles can also decrease
Ni grain size and result in a high electrode specific surface area [Zheng et al. 2012]. In
this direction, several metal/alloy composites are reported as efficient electrode
materials for electrocatalytic HER [Krstaji¢ et al. 2011b, Zhou et al. 2016]. Some of the
nanomaterials like TiO2 [Thiemig and Bund 2008, Chen et al. 2010a], CeO2 [Zheng et
al. 2012], CNT [Chen et al. 2002] etc. has been already attracted considerable attraction
and impact as the best inclusions to enhance the electrocatalytic activity of the
metal/alloy, when it forms a composite with them [Williams 1966, Aal and Hassan
2009, Krstaji¢ et al. 2011a].

1.16.3 Electrodeposition as a tool for electrode material synthesis

Numerous research works on the HER activity of various elements like Cu, Au, Mo,
Pd, Rh, Fe [Pentland et al. 1957], Ni [Lasia and Rami 1990], RuO2 [K6tz and Stucki
1987], Ti [Thiemig and Bund 2008] etc. were reported during the last decades.
Whereas, the prepared cathodes either in the form of pure metal or in alloyed form are
not found to be necessarily better than steel cathodes (using commercially for alkaline
HER). Whereas, compared with the bulk materials, the alloy/composite coatings were
found to show improved electrocatalytic activity and decrease in overvoltage, due to
increase in effective surface area of the cathode. Although there are several methods
available for the fabrication of coatings, the cost effectiveness and simplicity of
electrodeposition making it more attractive and reliable [Mirkova et al. 2011, Luo et al.
2016]. A variety of coatings such as metal, alloy or composite can be developed with
high precision through electrodeposition, and also it allows to have a close control over
the desired properties of the deposits. It also allows the convenience of producing the
deposits of desired composition, porosity (large area surfaces), low-temperature growth
and the possibility to control film thickness, morphology and phase structure by
adjusting the electrical parameters and the composition of electrolytes [Correia et al.
1999, Zheng et al. 2012]. The interesting advantages of electrodeposition over other
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coating techniques (like, plasma or thermal spraying, thermal decomposition, in-situ
activation etc.) are: i) simple setup, ii) easy to develop non-crystalline phases, iii)
control over composition of the coating, iv) suitable for scalability and v) low cost [Aal
and Hassan 2009, Krstaji¢ et al. 2011a]. Moreover, it can improve the adherence of the
deposits on the substrate surface and enhance the electrocatalytic activity and stability.
Many literature reports are there on the electrodeposited metal/alloy/composite
electrocatalysts [Aal and Hassan 2009, Krstaji¢ et al. 2011b, Zheng et al. 2012].

Many reports are there on the efficiency and cost effectiveness of
electrodeposited coatings (metal/alloy/composite) as electrode materials for
electrocatalytic water splitting reactions. Arul Raj accompanied with Vasu reported
many electrodeposited Ni- based binary and ternary alloys as cathode materials for
alkaline HER [Raj and Vasu 1990, Raj and Vasu 1992]. They observed the
electrodeposited Ni-Mo alloy coating as the best towards alkaline HER with low
overpotential [Raj and Vasu 1990, Raj 1992a, Raj 1992b, Raj 1993]. The same research
group also reported the codeposited Ni- based ternary alloys such as Ni-Mo-Fe, Ni-Mo-
Cu, Ni-Mo-Zn, Ni-Mo-Co, Ni-Mo-W, Ni-Mo-Cr as electrode material for alkaline HER
[Raj 1992a, Raj 1993]. Thereafter many alloy and composite electrodes developed
using electrodeposition technique were reported as efficient materials for HER [Low et
al. 2006, Shervedani et al. 2008, Lupi et al. 2009, Kaninski et al. 2009]. Then, Herraiz-
Cardona et al. (2013) developed porous electrodes through galvanic codeposition to
enhance the HER efficiency through increasing the effective surface area, and they
succeeded in depositing porous Ni-Co alloy electrode. Later, numerous number of
publications came on the electrodeposited Ni- based alloys [Ullal and Hegde 2014a,
Ngamlerdpokin and Tantavichet 2014, Cardoso et al. 2015, You et al. 2015, Pérez-
Alonso et al. 2015, Tang et al. 2015, Vargas-Uscategui et al. 2015, Bachvarov et al.
2016, Shetty and Hegde 2017], composites [Kuang et al. 2013, Subramanya et al. 2015,
Badrayyana et al. 2015, Danilov et al. 2016], oxides/hydroxides [Danilovic et al. 2012,
Trotochaud et al. 2014], heterostructures [Gong et al. 2013, Feng et al. 2015, Zhang et

al. 2016] etc., as efficient electrode materials for alkaline HER.
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1.16.4 Magnetic field effects on electrocatalysis

The major factors which contribute towards the electrocatalytic cell overvoltage are
activation polarization, concentration polarization and ohmic polarization [Balat 2008,
Schlégl 2012, Huggins 2010]. The sluggish kinetics due the nature of the electrode is
leading to the formation activation polarization and it can be controlled to a certain
extent by modifying the electrode material [Wang et al. 2014]. Concentration
polarization arises due to the limitations in mass transport resulting from the formation
of electrical double layer. Whereas, the ohmic polarization arising from various factors
also plays a major role in the high energy consumption during water electrolysis [Balat
2008, Wang et al. 2014]. The overall contribution of circuit resistance (Rc), solution
resistance (Rs), material resistance (Rm) and bubble resistance (Ro) leading to ohmic
voltage drop during electrolysis [Wassef and Fahidy 1976]. Where, the resistance due
to electrode material can be compromised by the selection, design or synthesis of the
material [Tilak et al. 1986, Keita and Nadjo 1985]. The electric resistance also can be
nullified through proper connections, and hence in an electrolytic cell, the contributions
from Rm and Rc can be considered as constant. Then, the solution resistance depends
on the conductivity of the electrolyte and also on the distance between the electrodes.
This effect also can be minimized to a certain extent by the use of electrolytes of high
electrical conductivity and maintaining a minimum distance between the electrodes
[Wang et al. 2014]. However, the resistance developing on the electrode surface due to
the formation of bubbles remains as a major contributing factor towards ohmic voltage
drop during electrolysis [Kiuchi et al. 2006, Shen et al. 2011, Cong 2013]. The
interference of the gas bubbles, developed on the electrode surface as well as the
evolved gas bubbles got dispersed within the electrolyte, with the applied electric field
in the form of a shield can lead to large ohmic voltage drop due to high bubble resistance
[Fahidy 1983, Kiuchi et al. 2006]. To overcome this effect, the bubbles formed on the
electrode surface should be removed faster as it is formed.

In this regards, inducing an external magnetic field can offer better results
through MHD effect arising from Lorentz force [Fahidy 1983, Ragsdale et al. 1998].
Many reports are there on the magnetic field induced convection due to Lorentz force
operating on moving charged species in an electromagnetic field [Tacken and Janssen
1995, Ganesh et al. 2005, Lin et al. 2012, Monzon and Coey 2014]. The magnitude of
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Lorentz force (FL = qvB sinf) is maximum when it is applied perpendicular (6 = 90°)
to the applied current density or velocity of the moving charged species [Monzon and
Coey 2014]. This enhanced mass transport due to MHD convection can reduce the
polarization resistance as well as the ohmic drop due to bubble resistance through the
easy detachment of generated gas bubbles from the electrode surface [Kiuchi et al.
2006, Lin and Hourng 2014]. The reduction in cell overvoltage by superimposing
external magnetic field is irrespective of the nature of the electrode material, provided
all other conditions maintained as the same. Therefore by proper design of the electrode
material and superimposition of an external magnetic field of optimal strength can offer
efficient electrolysis of water by minimizing the polarization effects. Wassef and
Fahidy (1976) reported a detailed study on the magnetic field effects on water
electrolysis. Thereafter many researchers have succeeded in using the magnetic field as
a tool to improve the electrochemical reaction kinetics [Steiner and Ulrich 1989, Devos
et al. 2000, Hinds et al. 2001, Matsushima et al. 2009, Aaboubi 2011].

1.16.5 Electrochemical techniques for electrocatalytic study
1.16.5.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a method for investigating the electrochemical behavior of
a system. This most widely used technique for obtaining qualitative information about
the electrochemical reactions was first reported, and theoretically explained by Randles
(1948). The wide acceptability of this technique was resulted from its ability to provide
considerable amount of information rapidly on thermodynamics of redox processes, on
the kinetics of heterogeneous charge-transfer reactions and on coupled chemical
reactions or adsorption processes [Hibbert 1993].

In the case of electrocatalytic study, the stability and activity of the electrode
material towards chemical reactions can be established from this sweep reversal
method. The electrode-ion interaction at the electrode/electrolyte interface can be
obtained from the exceptionally potent and the most widely used CV technique [Bard
et al. 1980, Wieckowski 1999]. The current response of the CV can give a direct
measure of the surface adsorbed ionic species of the electrolyte and hence its efficiency
towards the catalytic reduction of adsorbed H* ions i.e., for HER [Bockris and Khan
2013]. CV gives useful information about the behavior of electroactive species and

55



mechanism of electrochemical reactions. In this technique, potential of working
electrode is scanned from an initial point to a final point and then switched back to other
side of potential and then swept to initial point. The excitation signal for CV is a linear
potential scan with a triangular waveform as shown in Fig. 1.14(a). This triangular
potential excitation signal sweeps the potential of the electrode between two values,
sometimes called the switching potentials. During this process, the response or current
is monitored by a potentiostat, which is measured between working and counter
electrodes with respect to the standard reference electrode. The cycling of potential at
working electrode with respect to time is carried out at a particular rate called sweep or
scan rate with units as volts per second (V s*). The voltammogram thus recorded as
current (Y-axis) vs potential applied (X-axis) is called cyclic voltammogram (Fig.
1.14(b)). The potential axis is also a time axis that is related to scan rate [Wieckowski
1999, Zhao et al. 2009]. The current measured during the analysis is often referred as
current density by normalizing with respect to the surface area of the electrode, and
then plotted against the potential in cyclic voltammogram. The width and height of the
peak obtained at the scanned region, characteristic of the electrode reactions, depends
on various factors like the nature of the electrode material, concentration of the
electrolyte, scan rate etc [Brett and Brett 1993, Zhao et al. 2009].
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Fig. 1.14- a) Variation of the applied potential as a function of time in a cyclic
voltammetry experiment, and b) a typical cyclic voltammogram of current versus
potential (Adopted from, Bard and Zoski 2013)
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In a typical CV experiment, thus the potential of working electrode is
continuously scanned at a specific scan rate from initial to the final value. The scan
starts at a potential where no electrochemical reaction occurs and scanned to a region
where the electrochemical reaction of interest (oxidation/reduction) takes place. A
positive potential ramp can be applied to carry out an oxidation process, where the
electroactive species loses an electron at the electrode to give an anodic peak current
(ipa) at a given potential (Epa). Whereas, the cathodic peak current (ipc) are observed as
a result of reduction process, when potential is applied in the negative direction, leading

to a reduction peak at a given potential (Epc) [Zhao et al. 2009].
1.16.5.2 Chronopotentiometry

Chronopotentiometry (CP) is an electrochemical characterisation method that measures
the electric potential response of a system to an imposed current. CP is the most basic
constant current technique, in which current is applied across an electrochemical cell,
without stirring. Compared to other dynamic characterisation methods like electric
impedance spectroscopy, cyclic amperometry or voltammetry, it allows to correlate
significant transient states with the measured electric potential [Wilhelm et al. 2001].
The differences of the transport conditions can be inferred from the variation in
potential responses. Since it is possible to analyze the dynamic voltage response in time,
CP can give more detailed information compared to steady-state voltage or current
sweeps. CP is widely used as an important analytical tool in electrochemistry to study
the transport process and reactions in the electrolytes, electrodes and membranes.
Mechanism of chemical reactions and the formation of activated complex at the
electrode surface can be obtained from the CP analysis [O’M and Reddy 1970, Gileadi
1993, Zhao et al. 2009].

The constant current CP is a valuable tool to study the electrocatalytic efficiency
of the electrode materials under working conditions. In the case of HER, the applied
constant current leads to the continuous reduction of the H* ions at the cathode surface
leading to the continuous evolution of H2. The potential responses vary according to
the nature of the electrode material and also with respect to the availability of the redox
couple within the medium [Gileadi 1993]. The ‘potential-time’ (E-t) curve show
deviation either due to the instability of the electrode material under working conditions
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or due to the unavailability or decrease in concentration of the H* ions in the electrolyte
with time [Wilhelm et al. 2001]. At the same time, as the efficiency of the electrode
material is increasing towards HER, the potential value may move close to zero.
Therefore, from the obtained ‘E-t” response at a particular electrode potential, it is
possible to establish the robustness of the electrode material under HER working
conditions [Ullal and Hegde 2014a]. In the electron transfer reaction, 2H* + 2e” — Ho,
before applying the current the concentration of the H* species at the electrode surface
is the same as in the bulk of the solution. Whereas, once the reducing current is applied,
H* is reduced to form Hz at the electrode surface in order to support the applied current.
Therefore, the concentration of H* at the electrode surface decreases, leading to the
formation of a concentration gradient of H* between the bulk solution and the electrode
surface [Bard et al. 1980, Wilhelm et al. 2001]. The concentration of H* vary with time,
and hence the potential. As the concentration of H* becomes zero at the electrode
surface and hence, the current can no longer be supported by this electron transfer
reaction leading to large variation in potential [Gileadi 1993, Wieckowski 1999, Zhao
et al. 2009]. The current excitation and potential response of CP are shown in Fig.1.15.
The variation in potential response at a very low concentration of the electroactive
species after a certain time (t1) of analysis is shown in Fig. 1.15 (b).
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Fig.1.15- a) Current excitation and b) potential response for CP analysis (Adopted from,
Bard et al. 1980)
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1.17 SCOPE AND OBJECTIVES

The literature review on Ni- based alloy coatings, focusing on their corrosion resistance
and electrocatalytic efficiency for alkaline water electrolysis revealed that the alloying
of Ni with the hard and high melting transition metal, W and a nonmetal, P can impart
many promising material properties. The optimization of a new electrolytic bath for the
development of Ni-W alloy coating with desirable properties can ensure better results
in terms of corrosion resistance and electrocatalytic activity. Being less studied system,
due to the induced codeposition behavior of Ni-W alloy, the detailed study by altering
the mass transport mechanisms during deposition can help in tailoring the coating
characteristics. Though Ni-P alloys are the most studied systems, the deposition of such
coatings from alkaline baths is seen to be less reported. Thus, guided by the literature
review on electrodeposition and properties of alloy coatings, it was found that:

i) The corrosion resistance of metal/alloy coatings can be increased
substantially by tailoring the composition, phase structure and morphology
of the coatings by controlling the deposition c.d.

ii) Periodic modulation in mass transport process at cathode brings a periodic
modulation in composition of the coatings.

iii) The HER activity of the alloy coatings can be improved by the incorporation
nanomaterials through composite electrodeposition.

iv) Superimposition of a magnetic field during deposition can offer better
material properties in terms of corrosion resistance and electrocatalytic
activity.

Many properties including corrosion behavior of monolayer alloy coatings can
be increased to several folds by multilayer coating approach. Accordingly, CMM Ni-
W and Ni-P alloy coatings can be developed from their respective baths for the better
corrosion protection of MS. Coating configuration can be optimized for their peak
performance against corrosion, in comparison with their monolayer alloy coatings. The
electrocatalytic performance of the alloy coatings can be examined, and it can be further
enhanced through the development of their nanocomposite coatings. The effect of
inducing B during deposition and electrocatalytic activity can be studied and compared

with the conventional processes. Hence, this work is planned to carry out in two ways,
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depending on the type of mass transport at the electrode/electrolyte interface, i.e., by

modulating: 1) c.d. and ii) magnetic field in both direction and intensity. The following

experimental procedures has been adopted in the study:

1)

2)

3)

4)

5)

Optimization of new electrolytic baths for the deposition of alloy coatings using
DC.

Development of multilayered alloy coatings by pulsing the cathode c.d. using
same bath.

Analysis of the electrocatalytic activity of alloy coatings and its further
enhancement through the development of nanocomposite coatings.
Examination of the effect of magnetolysis on production and properties of alloy
coatings, in terms of corrosion resistance, hardness and electrocatalytic activity.
Analysis of the magnetic field superimposition effects on mass transfer for
enhanced HER on alloy surface.

The corrosion character of electrodeposited alloy coatings was evaluated by

electrochemical DC and AC techniques. The process and product of electrodeposition

were analyzed using different electro-analytical methods. The surface morphology,

elemental composition and crystallite texture of electrodeposited coatings were

analyzed, and correlated to their properties. Thus, from available literature on corrosion

protection efficacy and electrocatalytic behavior of Ni-based alloy coatings developed

by electrodeposition method, the following objectives have been proposed to be

accomplished in the present study.

1.17.1 Objectives

1.

To optimize electrolytic baths of Ni-W and Ni-P alloy for the deposition of
bright, uniform, protective monolayer coatings on MS using glycerol as an
additive.

To enhance the corrosion protection efficacy of monolayer alloy coatings (Ni-
W and Ni-P) through multilayer technique by pulsing the DC, and to optimize
their coating configurations in terms of number of layers and cyclic cathode
c.d.’s.

To study the electrocatalytic behavior of electrodeposited Ni-W and Ni-P alloy
coatings towards HER and OER in 1.0 M KOH medium.
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10.

To improve the HER efficacy of Ni-P alloy coatings by electrochemical
dissolution and the incorporation nanoparticles such as Ag and TiOz.

To enhance the HER activity of Ni-W alloy coatings through the development
of Ni-W-MWCNT and Ni-W-rGO nanocomposite coatings.

To study the effect of applied magnetic field (in terms of intensity and
direction), on the surface morphology, crystallographic orientation, and
consequently on the corrosion behavior of Ni-W alloy coatings.

To study the electrocatalytic behavior of MED Ni-W alloy coatings developed
under different applied magnetic field strengths from the same bath.

To study the effect of inducing magnetic field (B) of varying intensity during
electrolysis, and thereby to understand the effect of B on the HER efficiency of
Ni-W alloy coating.

To understand the structure - property relation of electrodeposited coatings, i.e.,
how deposition conditions (like composition of the bath, c.d., temperature, pH,
direction and intensity of B) are related to the composition, surface morphology,
thickness, hardness, phase structure and electrocatalytic behavior of the
coatings.

To identify the most effective mode of mass transport, controlled by various
methods, namely, cathode c.d. and induced B for better material property of the

coatings namely, corrosion resistance and electrocatalytic behavior.
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CHAPTER 2

MATERIALS AND METHODS

This chapter discusses the details of materials and methods used for the synthesis
and characterization of electrodeposited Ni-based alloys and their nanocomposite
coatings. The procedures adopted for the optimization of electrolytic baths and
deposition of alloys and their nanocomposite coatings are discussed, followed by a
concise description of the characterization techniques used. The setup and the methods
used to test the efficacy of the developed coatings for different applications such as

corrosion resistance and electrocatalytic activity are also described.

Electroplating is an exceptionally important and attractive technology, due to its
economic feasibility and simple operation. It is concerned with covering inexpensive
and widely available base materials with plated layers of different metals/
alloys/composites with superior properties to extend their use to the applications which
otherwise would be prohibitively expensive. In principle, electroplating of a metal/
alloy/composite is not a simple dip and dunk process. It is probably one of the most
complex processes known because of the unusually large number of critical elementary
phenomena, or process steps involved. Generally, a practicable method for
electrodepositing any metal/alloy/composite involves three steps. The first step is
concerned with the surface preparation of the substrate to be plated. Second and the
most important step involves the optimization of a suitable plating bath. This requires
a practical knowledge of the electrochemistry of elements, the solubility of their salts,
and the chemistry of their complexes. Finally, the third step involves direct deposition

of the metal/alloy/composite coating from the optimal bath.
2.1 MATERIALS

2.1.1 Chemicals and materials

Nickel sulfate hexahydrate (NiSO4:6H20), dihydrated sodium tungstate
(Na2WQa4-2H20), sodium hypophosphite (NaPO2H2-H20), tri-sodium citrate dihydrate
(CeHsNaszO7-2H20), ammonium chloride (NH4Cl), boric acid (HsBOs), glycerol
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(CsHsOg), trichloroethylene (TCE), potassium hydroxide (KOH), sodium chloride
(NaCl), ammonium hydroxide (NH4OH), potassium permanganate (KMnOa), hydrogen
peroxide (H202), hydrochloric acid (HCI), nitric acid (HNO3), sulfuric acid (H2SO4)
and graphite powder are the basic chemicals used for present study. This chemicals
used for bath preparation, surface cleaning and other synthesis are of Analar grade,
procured from Merck, Mumbai, India. Distilled water was used for all electrolytic bath
preparations and synthesis. The other chemicals and nanoparticles such as, silver nitrate
(>99% AgNO3), sodium borohydride (>99% NaBHa), titanium dioxide (TiO2z, P<25,
anatase) and multi-walled carbon nanotubes (MWCNT, 98% purity, outer diameter x
length = 7-15 nm x 0.5-10 pum) were obtained from Sigma-Aldrich Company, St.
Louis, MO, United States of America. Mild steel (MS) panels, copper rod and copper

plates were used as the substrates for experimental investigation.
2.2 EXPERIMENTAL METHODS

The research work unfolds the fabrication and characterization of electrodeposited Ni-
based alloys (such as Ni-W and Ni-P) and their nanocomposite coatings. The complete

details of the research work are given in the form of a flow chart in Fig. 2.1.

Electrodeposited Alloy Coatings

[_¢ﬁ |

y
BERasitkon |MonolayerCoating | ‘ MuItiIayerCoating|
Methods \L
Electrochemical Y VY h 4
Analysis |Electrocatalytic Study ‘ | Corrosion Study |

Modified
Electrodes used
for HER Analysis

I only for Ni-w [ onlyfornip [ ] Forboth Ni-w and Ni-P

Fig. 2.1- The flow chart of the complete research work

The step wise description of the methods adopted in the present study are discussed in

the following sections.
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2.2.1 Surface cleaning

All substrates (MS panels, copper plates and copper rod) of various sizes (10.0 x 5.0
cm?, 5.0 x 5.0 cm? and 2.5 x 3.0 cm?) were pretreated by mechanical polishing, using
emery coated mops of gradually decreasing grit sizes. Then the mirror polished
specimens were degreased with TCE, electrocleaned cathodically for 2 minutes and
then anodically for 30 seconds. Later the specimens were washed in running water,
rinsed in distilled water, followed by a dip for 10 seconds in 10% HCI (for MS
substrate) or 10% HNOs (for copper substrate) [Cramer and Covino Jr 2005]. Finally,
washed and rinsed with distilled water, and then immediately taken for deposition.

2.2.2 Optimization of plating baths

The Hull cell is a specially designed cell for carrying out practical plating tests on
electroplating solutions. The optimal conditions necessary to obtain good quality
electrodeposits of Ni-W and Ni-P alloy were achieved using Hull cell method
[Parthasaradhy 1989, Nasser 2004]. The various steps adopted for Hull cell

optimization of the electrolytic plating baths are schematically represented in Fig. 2.2.
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Fig. 2.2- Schematic of Hull cell optimization process

Because a Hull cell produces a deposit that is a true reproduction of the
electroplate obtained at various current densities (c.d.’s) within the operating range of
a particular system, it allows experienced operators to determine multiple process
parameters, such as brightness, concentration of primary bath components and

additives, presence of metallic and organic impurities, effects of temperature and pH
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etc. [Brenner 1963, Nasser 2004]. Hence, the Ni-W and Ni-P alloy baths were primarily
optimized by conventional Hull cell method. When a voltage is applied across the anode
and cathode, the resulting c.d. will vary along the length of the cathode, being highest
at the point it is closest to the anode. In this way, one can, within a single test run, assess
the effect of varying c.d. Accordingly, after such a run, the cathode was removed and
inspected. Based on the visual observation of plated panels the operating window of the
c.d. required for the proposed bath was determined, using the Hull cell scale. It was
used to assess any factor that produces a change in the property of the electrodeposits
over a wide range of c.d.’s, and it is an invaluable analytical tool for determining the

influence of any parameter on the appearance of the deposit [Nasser 2004].
2.2.3 Development monolayer alloy coatings

The plating was carried out on MS substrate (having an active surface area of 6. 25
cm?), after surface preparation through mechanical polishing, degreasing,
electropolishing and pickling in 10% HCI. All depositions were carried out in a
rectangular PVC vessel of 250 mL capacity by keeping pure Ni anode and substrate
parallel, at 5 cm distance. The pH of the bath was maintained at an optimal value by
tuning with NH4OH/H2SOa4, whenever required. The deposition was performed with
continuous agitation near the cathode to overcome the limitation in mass transfer due
to concentration polarization. For comparison purpose, all depositions were performed
for 600 s (10 min) duration at room temperature (298 K) from the optimal bath by using
computer-controlled DC Power Analyzer (Agilent Technologies, Model: N6705) as a
power source. A schematic of the deposition setup is shown in Fig. 2.3.

Computer controlled DC power source

B

Optimized plating bath for the
deposition of alloy coatings

Direct Current
Electrodeposition

Fig. 2.3- Schematic of DC electrodeposition
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2.2.4 Development of multilayered alloy coatings

Development of multilayer coatings by electrolytic methods for increased material
properties was carried out by passing DC of different current strength in a pulsed
manner, which enables the development of coatings having a periodic modulation in
composition [Leisner et al. 1996, Roy 2009]. Driven by the fact that periodic
modulation in mass transport process at cathode film (by periodic change in the c.d.)
leads to the development of multilayer coatings (with periodic modulation in
composition) on the surface of cathode, CMMA coatings were developed. Accordingly,
the current is made to cycle between different c.d.’s, called cyclic cathode current
densities (CCCD’s). The power pattern used for deposition of monolayer and multilayer
alloy coatings along with their corresponding coatings obtained are shown

schematically in Fig. 2.4.

Applied current pattern Coating pattern

Conventional electrodeposition (Homogeneous/monolayer) 2

DC

» J |_ SUBSTRATE
cd. =0 .

........ Total deposition time, T=10 min - -----»,

Composition modulated multilayer deposition

L SUBSTRATE

B Total deposition time, T=10min - -----—»,

High ¢.d.

Low c.d.

cd.=0

Fig. 2.4- Schematic of power patterns used for deposition (left) of Ni-W and Ni-P alloy,

and the corresponding coatings developed (right): a) monolayer, and b) multilayer

Conveniently, CMMA coating having alternatively different compositions are
represented as: (Ni-M)zn. Where, M = W and P, 1 and 2 indicate the first and second
cathode c.d. which were selected to be applied for the deposition of alloys of different
composition and ‘n’ represents the number of layers formed during total plating time,
i.e., 10 min. Hence, CMMA Ni-M coatings with different coating configuration, i.e.,
under different sets of CCCD’s and with different number of layers were developed,
and are subjected to characterization. By proper setting-up of the power source, the
CCCD’s were set to change alternatively, during deposition of multilayer coatings. The
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coated surfaces were rinsed with distilled water several times, dried in hot air and
desiccated under vacuum till further analysis.

2.2.5 Magnetoelectrodeposition

The electrodeposition in the presence of induced B, called MED is a promising
technique to overcome the mass transfer limitations during deposition to achieve
coatings with tailor-made properties [Fahidy 1983, Waskaas and Kharkats 1999,
Mohanta and Fahidy 1978]. The MED Ni-W alloy coatings were accomplished at
desired c.d. in conjunction with induced B, using DC power source (DC Power
Analyzer, Agilent Technologies, Model: N6705) and an Electromagnet (Polytronics,
Model: EM 100), respectively. MEDs were carried out under different conditions of
induced B, both in terms of intensity (from 0.1 T to 0.4 T) and direction (parallel and
perpendicular to the direction of flow of ions). The deposition c.d. was kept constant
(4.0 A dm, which was obtained as optimal for conventional alloy coatings) for MEDs
to study the effect of applied magnetic field on coating characteristics. The coatings
deposited under normal electrodeposition (ED), i.e., under natural convection and
MED, i.e., under forced convection are conveniently represented, respectively as (Ni-
W)g=0T and (Ni-W)s=0.1 T/per, or par, depending on intensity and direction of B with respect
to the direction of flow of ions. All depositions were carried out on MS substrate
(having an active surface area of 6.25 cm?), after surface preparation through
mechanical polishing, degreasing, electropolishing and pickling in 10% HCI. A PVC
vessel of 250 mL capacity was used for plating process, by keeping pure Nickel anode
and substrate parallel, 5 cm apart. All depositions were performed for 10 min duration
at room temperature from the optimal bath, for comparison purpose. The schematic of
the setup used for MED, in terms of the direction of B (parallel or perpendicular), is

shown in Fig. 2.5.
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Fig. 2.5- Schematic of experimental setup used for MED under conditions of

perpendicular and parallel magnetic field
2.2.6 Development of alloy coatings for electrocatalytic study

Electrocatalytic characterization of Ni-W and Ni-P alloy coatings (test electrodes) were
made by depositing the coatings on a copper rod having 1cm? cross-sectional area,
using a homemade electrodeposition setup as shown in Fig. 2.6. The developed test
electrodes were used for the electrocatalytic activity study towards alkaline HER and
OER in 1.0 M KOH medium.

Computer controlled DC power source

I =

- m—— | <—— Anode

Copper rod (cathode) Aqueous electrolyte

Fig. 2.6- Schematic of the experimental setup used for electrodeposition of alloy

coatings on copper rod
2.2.7 Electrochemical dissolution

Electrochemical anodic dissolution or electrochemical leaching was used to prepare
porous test electrodes with large effective surface area to enhance the electrocatalytic
activity of conventional alloy electrodes. The porous Ni-P alloy test electrode was
prepared by electrochemical dissolution of the as-deposited Ni-P alloy coating. The
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electrochemical dissolution was carried out in the same vessel used for
electrodeposition (Fig. 2.6), with the as-deposited Ni-P alloy as the anode and Ni as the
cathode, in 0.1 M H2SOa as dissolution medium. The required c.d. and the duration of
electrochemical dissolution were optimized for the peak performance of alkaline HER.
A c.d. of 1 A dm? for a duration 3 min was found to be the optimal condition for
dissolution. The surface morphology of the coatings after dissolution was studied using
SEM analysis and the developed porous electrode was tested for its electrocatalytic

activity towards HER.
2.2.8 Synthesis of Ni-P-TiO2 nanocomposite coating

The Ni-P-TiO2 nanocomposite test electrode was prepared on the copper rod by
composite electrodeposition technique from an optimal Ni-P plating bath containing
TiO2 nanoparticles (0.5 g L™?). Electroplating was performed using the same plating
setup (Fig. 2.6) of 400 mL capacity, consisting of a copper rod and nickel plate as
cathode and anode, respectively. The TiOz, used in this work (P<25, anatase) was
obtained from Sigma-Aldrich Company, St. Louis, MO, United States of America.
Since its solubility is very less in the plating bath, the solution was stirred overnight for
particle dispersion using a magnetic stirrer. The composite coating was developed at an
applied c.d. of 4.0 A dm (obtained as optimal for alloy coatings towards alkaline HER)
for the same deposition time of 600 s. The stepwise illustration of the composite

electrodeposition process is shown in Fig. 2.7.

©,

TiO,

Optimal Bath + Overnight . .
TiO, (0.5 g L) stirring Composite electrodeposition

Fig. 2.7- The schematic of composite electrodeposition for the development of Ni-P-

TiO2 nanocomposite coating
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2.2.9 Synthesis of Ag nanoparticles

A stable yellow colloidal dispersion of silver nanoparticles or silver nanoparticle sol
(SNS) was prepared through the procedure reported by Mulfinger et al. (2007), using
AgNOs (>99%), NaBH4 (99%) and distilled water. The possibility of aggregation was
controlled by the use of glycerol (as capping agent) in the present study, other than the
usual polyvinylpyrrolidone (PVP) as reported [Huang et al. 1996, DongVan et al.
2012]. Glycerol adsorption has a major role in the formation of the particle surface
charge and thereby the stabilization of growing silver nanoparticles as shown in the Fig.
2.8.
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Ag+ Ag® nuclei Formation of Ag clusters in Ag Sasiopanides

the presence of glycerol

Fig. 2.8- The scheme showing the formation of glycerol stabilized Ag-nanoparticles

through NaBH4 reduction
2.2.9.1 Development of Ni-P-Ag nanocomposite coating

The Ni-P-Ag nanocomposite coating was prepared by using the synthesized SNS
through sol-enhanced electrodeposition method [Chen et al. 2010]. The obtained stable
yellow transparent SNS was added into the as optimized Ni-P alloy plating bath (in
varying quantities such as10, 20, 30, 40 and 50 mL L) for the deposition of Ni-P-Ag
coating through sol-enhanced composite electrodeposition. Composite coatings were
deposited on copper substrate, immediately after the addition of SNS into the plating
solution with constant stirring. The amount of SNS required to achieve a highly
dispersed Ag nanoparticles within the Ni-P alloy matrix was also optimized. A

schematic of the sol-enhanced electrodeposition is shown in Fig. 2.9.
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Computer controlled
DC power source

T
Silver nano-sol Optimal Ni-P alloy cathode / do 8 Anode
plating bath (copper rod) (Nickel)

Sol-enhanced electroplating

Fig. 2.9- Schematic of sol-enhanced electrodeposition of Ni-P-Ag nanocomposite

coating
2.2.10 Functionalization of MWCNT

The MWCNT (98% purity, outer diameter x length = 7-15 nm x 0.5-10 um) used in the
present study was sourced from Sigma-Aldrich, St. Louis, Missouri, United States and
functionalized using chemical method as reported by Yang et al. (2012). The oxidation
process was carried out through acid treatment method, by refluxing in a two-necked
round-bottomed flask containing 1:3 molar ratio of HNOs and H2SO4, with continuous
magnetic stirring at 140 °C for 3 hours. After that, the reaction mixture was washed
several times with distilled water on a sintered glass filter until the pH reaches 7, and

then dried in vacuum oven for 24 hours, at 70 °C.
2.2.10.1 Synthesis of Ni-W-MWCNT nanocomposite coating

The nanocomposite coating was obtained through the codeposition of MWCNTSs along
with metal ions from the optimal alloy plating bath containing homogeneously
dispersed acid treated MWCNTSs. The homogeneous dispersion of the MWCNTSs in the
plating bath was effected by overnight stirring of the bath loaded with functionalized
MWCNTSs (0.5 g L). The nanocomposite coating was developed at a deposition c.d.
of 4.0 A dm™2, which was obtained as the optimal c.d. for alloy coating from the same
bath. A schematic of the deposition of Ni-W-MWCNT nanocomposite coating is shown
in Fig. 2.10(a).

2.2.11 Synthesis of graphene oxide

Graphene oxide (GO) was synthesized using modified Hummer’s method as reported
by Su et al. (2013). Graphite powder was mixed properly with acid mixture of HNO3
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and H2S04 through magnetic stirring at 0-5 °C for 15 min in a 500 mL reaction flask.
Then KMnO4 was added slowly to the above solution and it was stirred continuously
for 2 hours under 10-15 °C and then under 35 °C for half an hour. Subsequently, 138
mL distilled water was added slowly to the suspension within 10 min and then the
temperature was kept at 95-98 °C for 30 min. Immediately, the suspension was diluted
by 210 mL warm distilled water (40 °C) and treated with 18 mL of H202 (30 %) to
reduce residual permanganate to soluble manganese ions. Finally, the resulting
suspension was filtered, washed with distilled water and dried in a vacuum oven at 60

°C for 24 hours to obtain GO.
2.2.11.1 Ni-W-rGO nanocomposite coating

The GO synthesized through chemical method was used for the development of Ni-W-
rGO nanocomposite test electrode. The Ni-W alloy plating bath containing
homogeneously dispersed GO (0.5 g L) was used to develop the Ni-W-rGO coating
through composite electrodeposition. The homogeneous dispersion of GO in the plating
bath was achieved through overnight stirring of the bath loaded with GO. The added
GO was found to be deposited as reduced graphene oxide (rGO) from the
characterization results. The Ni-W-rGO composite coating was also developed at the
optimal deposition c.d. 4.0 A dm?2 A schematic of the Ni-W-rGO composite
electrodeposition is shown in Fig. 2.10(b).

Computer controlled DC power source

Optimal Bath + Overnight Overnight Optimal Bath +
functionalized MWCNT stirring Copper rod (cathode) stirring GO (0.5gL")
05gL!
(S Electrodeposition setup
(a) Ni-W-CNT composite electrodeposition (b) Ni-W-GO composite electrodeposition

Fig. 2.10- Schematic of the composite electrodeposition for the development of: a) Ni-
W-MWCNT and, b) Ni-W-rGO nanocomposite coatings
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2.2.12 Development of MED Ni-W alloy coatings for HER

The MED technique was utilized for enhancing the HER activity of the Ni-W alloy
coatings. A schematic of the electrodeposition setup used for the development of MED

Ni-W alloy coatings for HER is shown in Fig. 2.11.

Computer controlled
DC power source

L]

Polytronics-EM100

Under perpendicular B

Fig. 2.11- Schematic of the electrodeposition setup used for the development of MED
Ni-W alloy coatings for HER

The MED Ni-W alloy coatings were deposited on copper rod of 1 cm? exposed
surface area from the optimal bath under applied magnetic field (in perpendicular to the
direction of movement of ions) of varying intensity (from 0.1 to 0.4 T), at an applied
c.d. of 4.0 A dm™, obtained as optimal for ED coatings. An electromagnet (Polytronics,
Model: EM 100) and a power source (DC Power Analyzer, Agilent Technologies,
Model: N6705) were used as magnetic and electric source for the development of MED
coatings. All the depositions were carried out in a custom made glass set up of 400 mL
capacity (Fig. 2.11) using copper rod as cathode and Ni as anode, for same duration of
600 s, at room temperature. The obtained coatings were rinsed several times with

distilled water, dried and desiccated till further analysis.
2.3 CHARACTERIZATION METHODS

The developed alloys and their nanocomposite coatings were characterized using
various instrumental methods of analyses. The surface morphology and composition of

electrodeposited alloy coatings were examined using SEM (Model: JSM-7610F from
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JEOL, USA) and EDS (Link ISIS-300 Micro-analytical System, Oxford Instruments,
UK, interfaced with SEM) analysis, respectively. The coatings developed on the
substrate (MS or copper plate having same specification of copper rod) with a
dimension of 1.0 x 1.0 cm? was mounted directly on sample holder using carbon tape
for analysis. Whereas, the surface morphology and composition of some
nanocomposite coatings were obtained using FESEM (Model: Neon 40 Crossbeam,
Carl Zeiss, Oberkochen, Germany) and EDS (Oxford) analysis tool. The phase structure
analysis of the alloy coatings was carried out using XRD (Model: JDX-8P, JEOL,
Japan, with CuK;. radiation (1 = 1.5418 A) as the X—ray source) technique. The phase
structure of the MED coatings and the incorporation of GO into the composite matrix
as rGO were also confirmed through XRD analysis (Model: Rigaku Miniflex 600, with
CuK.. radiation as the X-ray source). The thickness of the alloy and composite coatings
were measured using Digital Thickness Tester (Model: Coatmeasure M&C, 1SO-
17025), and verified through theoretical calculations from Faraday’s law and SEM
cross-sectional analysis. The microhardness of the deposits was measured by Vickers
method, using Microhardness Tester (Model: CLEMEX, CMT. HD, Canada). The
synthesized Ag nanoparticles were characterized using UV-Vis spectroscopy and
transmission electron microscope (TEM) analyses. The optical properties of the clear
yellow colloidal SNS (diluted with distilled water) was studied using UV-Vis
spectroscopy (Model: Analytik Jena Specord S 600, Spectrophotometer, Germany).
The size and morphology of the Ag nanoparticles were obtained from TEM (Model:
JEM-2100, JEOL, Japan) analysis. The TEM analysis was carried out by drying a drop
of the freshly prepared SNS on a copper grid. The functionalized MWCNTSs were
characterized using Fourier transform infrared (FTIR, Model: Bruker Alpha FTIR
Spectrometer, Bruker Optic GmbH, Ettlingen, Germany) spectroscopy analysis in ATR
mode by scanning from wave number 500 — 4000 cm™*. The GO nanosheets synthesized
through chemical method was characterized using different instrumental methods of
analyses such as Raman spectroscopy (Model: Bruker Senterra R200, USA), XRD
(Model: Rigaku Miniflex 600, with CuK. radiation as the X-ray source) and TEM
(Model: JEOL, JEM-2100).
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2.3.1 Instruments/equipments used for the present study

The various instruments/equipments used for the present investigation along with their

model number and purpose of use are tabulated in Table 2.1.

Table 2.1- The list of various instruments/equipments used for the present investigation

Name of the
instrument/equipment

Model No. and
manufacturer/supplier

Purpose used for

Electronic Weighing
Balance

SC-391, Scientech, India

For weighing the salts for
bath preparation, and also for
weighing the plated samples

pH Meter

EQ-611, Equiptronics,
India

To adjust the plating bath pH

Magnetic stirrer

EQ-771, Equiptronics,
India

To attain homogeneous
mixing of the plating bath
before plating

Bench Polisher

BPP/A, Sugama Machine
Tool, India

Primary mechanical
polishing of the substrates

DC Power source

Aplab-LD3202, India

Conventional
electrodeposition

USA

Agilent-N6705, Agilent Development CMMA
DC Power Analyzer Technologies, USA coatings
EM 100, Polytronics, For the development of MED
Electromagnet . .
India coatings
SEM JSM-7610F from JEOL, Surface morphology analysis
USA
Link ISIS-300 Micro- .
. Elemental composition
EDS analytical System, analvsis
Oxford Instruments, UK y
Neon 40 Crossbeam,
FESEM Carl Zeiss, Oberkochen, | Surface morphology analysis
Germany
XRD JDX-8P, JEOL, Japan Phase structure analysis
XRD Rigaku Miniflex 600, Phase structure analysis

Digital Thickness
Tester

Coatmeasure M&C,
1SO-17025, India

Coating thickness
measurement
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Vickers Microhardness

CLEMEX, CMT. HD,

Testing microhardness of the

Tester Canada coatings
TEM Model: JEM-2100, To study the microstructure
JEOL, Japan of Ag nanoparticles and GO
UV-Vis Analytik Jena Specord S To study the optical
600, Spectrophotometer, i
Spectrophotometer properties of SNS
Germany
Bruker Alpha FTIR
FTIR Spectrometer, Bruker To characterize the
Optic GmbH, Ettlingen, functionalized MWCNTSs
Germany
Raman Spectrometer Bruker Sznstirra R200, To characterize GO

Potentiostat/galvanostat

Biologic SP- 150,
Biologic Science
Instruments, France

Electrochemical
characterization of the
coatings

2.4 EVALUATION OF PROPERTIES OF ELECTRODEPOSITED COATINGS

The behaviors of electrodeposited alloy and composite coatings towards corrosion
resistance and electrocatalytic activity were evaluated using various electrochemical

methods of analysis.
2.4.1 Corrosion study

Corrosion study was carried out to assess the relative performance of different alloy
coatings (both Ni-W and Ni-P), and also to understand how a multilayer coating
(developed by modulating c.d.) and MED coatings are advantageous over monolayer
alloy coatings deposited from same bath for same duration. Both electrochemical DC,
Potentiodynamic polarization and AC, EIS methods were used for evaluating the
corrosion behaviors of the coatings [Bard and Faulkner 2000, Barsoukov and
Macdonald 2005], in 5% NaCl as the representative corrosion medium. A corrosion
cell of 250 mL capacity with a three electrode configuration, having working electrode,
counter electrode and reference electrode as shown in Fig. 2.12 was used for the study.
During corrosion study, the electroplated substrate was used as working electrode,
saturated calomel electrode (SCE) as a reference electrode, connected through agar-

agar salt bridge, and platinized platinum as counter electrode. The OCP was recorded

77



after 600 s equilibration time, followed by corrosion test at OCP, by both EIS and
Tafel’s polarization methods. The EIS responses were recorded in the frequency range
from 100 kHz to 10 mHz with the voltage perturbation amplitude of 10 mV. Further,
the Tafel’s polarization measurements were made within a scan range of £250 mV from
OCP, at a scan rate of 1.0 mV s [Shaw 2003]. All electrochemical measurements were
made using computer controlled potentiostat/galvanostat, Biologic SP- 150 (Biologic

Science Instruments, France).

Electrochemical Workstation

Saturated Calomel Electrode
(Connected through Luggin capillary)

@J‘ ~ |«<—— Platinum counter electrode
U I

Alloy coated substrate as working electrode
(having exposed surface area of 1.0 cm?)

Fig. 2.12- The schematic of the home made three electrode corrosion study setup
2.4.2 Electrocatalytic activity study

Electrocatalytic characterization of the alloy and composite test electrodes developed
on copper rod was carried out using a customized three-electrode tubular glass cell as
shown in Fig. 2.13. Electrodeposited copper rod was used as working electrode,
platinized platinum of same surface area (1.0 cm?) as counter electrode, and SCE as
reference. Electrocatalytic efficacy of the coatings was evaluated by measuring the
amount of Hz and O2 gases liberated, respectively at cathode and anode, using graduated
gas collectors. All potentials reported in the present study are with reference to SCE.
Luggin’s capillary with Agar-KClI salt bridge was used to minimize the error due to
Ohmic drop. Electrocatalytic behavior of the coatings was evaluated in 1.0 M KOH
medium because of its capability to give better reaction rate through high dissociation,
compared with other electrolytes. Electrochemical techniques such as CV and CP were

used to assess the stability and robustness of the test electrodes towards alkaline water
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electrolysis [Bard and Faulkner 2000]. The CV measurements were made by cycling
the potential within a potential ramp of 0.0 to -1.6 V for HER and 0.0 to 0.75 V for
OER, under electrocatalytic test conditions at a scan rate of 50 mV s, for 50 cycles.
The CP analysis was carried out by applying a constant c.d. of -300 mA cm (cathodic)
for HER and +300 mA cm (anodic) for OER, for a duration of 1800 s. Computer
controlled potentiostat/galvanostat Biologic SP- 150 (Biologic Science Instruments,
France) was used for all electrochemical analysis. The practical activity of the test
electrodes towards HER and OER were estimated by measuring the amount of Hz and

02 gas liberated during the analysis.

Electrochemical
workstation

Test chamber of 400 mL
solution capacity

Counter electrode
Working electrode [Valve for draining solution

from the test chamber

Reference electrode (SCE)
kept inside Luggin capillary

Fig. 2.13- Tubular three-electrode glass cell used for the quantification of
electrocatalytic activity of alloy/composite test electrodes, in terms of H2/O2 gases

liberated during the analysis
2.4.3 Magnetic field induced HER

The effect of applied magnetic field on water electrolysis was studied by inducing B of
varying intensity (0.1to 0.4 T), in the perpendicular direction during electrolysis [Koza
et al. 2011]. The magnetic field induced HER (MFI-HER) was studied using optimal
Ni-W alloy coating (deposited at 4.0 A dm) as the test electrode. The optimal coating
configuration studied under different conditions of applied B and in the absence of B
can be represented as (Ni-W)s=0.1 T and (Ni-W)gs=o 1, respectively. Since the MFI-HER

was studied only under perpendicular B, the direction is not specified in the coating
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configuration. The schematic of the experimental setup used for the MFI-HER is shown
in Fig. 2.14. The external magnetic field was applied using an electromagnet
(Polytronics, Model: EM 100) during the electrocatalytic study. The distance between
the working electrode and counter electrode was optimized for the peak performance
of MFI-HER without affecting the quantification of evolved Hz, through intermixing of
the gases evolved from the cathode and anode. The stability and performance of the test
electrode for the MFI-HER at different applied magnetic field strengths (0.1 to 0.4 T)

were tested using electrochemical methods of analysis.

Counter electrode
Electromagnet poles

Homemade glass setup for water splitting reaction

Fig. 2.14- The schematic of the experimental setup used for MFI-HER on Ni-W alloy

coating
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CHAPTER 3

OPTIMIZATION OF Ni-W AND Ni-P ALLOY PLATING BATHS

Metal salts
Additives
Water

Y

Magnetic Stirring

Ni-P optimal bath Hull Cell optimization of bath Ni-W optimal bath

This chapter discusses the optimization of Ni-W and Ni-P alloy plating baths using
standard Hull cell method. The effect of bath constituents and operating parameters on
the coating characteristics were studied, and arrived at an optimal condition for the
development of bright alloy coatings, using glycerol as additive. The induced
codeposition behavior of the reluctant metals (W and P) in the presence of inducing
metal (Ni) was studied using cyclic voltammetry analysis and a plausible mechanism
for alloy deposition was proposed.
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3.1 RESULTS AND DISCUSSION

The experimental results of the plating bath optimization of Ni-W and Ni-P alloys are

discussed below.
3.2 OPTIMIZATION OF Ni-W ALLOY PLATING BATH

Ni-W alloy plating bath optimization was achieved through standard Hull cell method
[Parthasaradhy 1989]. The basic electrolyte used for the optimization process was
prepared using NiSO4-6H20 and Na2WO4-H20 as metal sources, NasCsHsO7:2H20 as
complexing agent, NH4Cl as conducting salt, HsBOs as buffer and C3HsOs as additive,
in distilled water. Hull cell experiment indicated that the c.d. plays an important role in
the plating process [Kanani 2004]. The effect of composition and operating parameters
on the deposit character was assessed from the Hull cell code as shown in Fig. 3.1.
Based on the visual observation of plated Hull cell panels the operating window of the

c.d. required for the proposed bath was determined, using the Hull cell scale.

Bright ——>

Grayish white ——>

Porous bright deposit ——>

Sparsely covered ——>

Burnt deposit ——> -

Fig. 3.1- Hull cell code

3.2.1 Effect of bath constituents on deposit character
3.2.1.1 Effect of NiSO4-6H20

The variation in appearance of Hull cell panel at different compositions of NiSO4-6H20
in the plating bath is shown in Fig. 3.2. The concentration of NiSO4-6H20 was varied
from 12.2 - 80.6 g L? i.e., from 0.04 to 0.30 M. At lower concentrations of
NiSO4-6H20, bright and uniform deposit was observed (Fig. 3.2(b)). However, with
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further increase of NiSO4-6H20 in the bath, the deposit was found to become dull in
appearance (Fig. 3.2(d)). Hence, 22.4 g L was obtained as the optimal concentration
of NiSO4-6H20.

3.2.1.2 Effect of Na;WQO4-2H-0

The obtained variation in the deposit spectrum of Hull cell panel with the concentration
of Na2WO4-2H20 in the plating bath is shown in Fig. 3.3. The concentration of
Na2WO4-2H20 was varied from 20.4 to 115.6 g L%, i.e. from 0.06 to 0.35 M. Initially
the brightness of the coating was observed to be increased uniformly up to 46.07 g L™
with the reduced black region of burnt deposit as shown in Fig. 3.3(b). But, further
increase of Na2WO4-2H20 content decreased the bright region as shown in Fig. 3.3(c)

and 3.3(d). Hence, 46.07 g L™t was selected as the optimal concentration.
3.2.1.3 Effect of NazCsH507-2H.0

Nas3CsHs07-2H20 was used as a complexing agent to enhance the solubility of the bath
constituents and thereby to facilitate the induced codeposition of the alloy coating. The
concentration of NasCsHsO7-2H20 in the electrolyte was varied from 56.2 to 142.8 g
L, i.e., from (0.19 M to 0.49 M). The bright deposit with low burnt deposit region was
obtained at 102.06 g L* (Fig. 3.4(c)) and it was taken as optimal concentration.

3.2.1.4 Effect of NH4CI

NH4Cl was used as conducting salt to increase the conductivity of plating bath. The
concentration of NH4Cl was varied from 8.34 to 53.49 g L™ (from 0.16 to 1.0 M). The
appearance of the deposit was improved up to 36.15 g L™*and its further addition led to
a decrease in the bright deposit region as shown in Fig. 3.5(d). Hence, NH4Cl
concentration was maintained as 36.15 g L™ throughout the study. Further, it was also
observed that the addition of conducting salts drastically decreased the cell voltage,

during electroplating.
3.2.1.5 Effect of H3BO3

HsBOs was used as a buffer, to prevent the large pH fluctuations of electrolyte during
deposition. It was observed that the addition of HsBOs into the plating bath improved

the homogeneity of the deposit without imparting a mirror-finish to the coatings. The
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effect of HsBO3 concentration on the deposit characteristics of Hull cell panel is as
shown in Fig. 3.6. The concentration of H3BO3 was varied from 10.2 t0 61.8 g L™ (from
0.16 M to 1.0 M). A bright deposit, over a wide range of c.d. was observed at 20.0 g L
! Further, the high amount of HsBO3 was found to have no effect on the brightness of
the deposit (Fig. 3.6(d)).

3.2.1.6 Effect of C3HgOs

C3sHsOs was used as the brightener, and added into the bath in required quantity to get
a smooth mirror-finish. The effect of varying CsHsO3 content (10-25 mL L) on Hull
cell panel appearance is given in Fig. 3.7. The coating was found to be bright and
uniform up to 20 mL L of C3aHgOz (Fig. 3.7(b)) and the further addition of C3aHgOs3
was found to show no improvement in deposit character. Therefore 20 mL L™ was

selected as the optimal concentration of additive.

T @
[ =1

Fig. 3.2- Effect of NiSO4-6H20 on test panel at 1.0 A cell current for 5 minutes duration
(@) 12.2gLt(b)224gL? (c)48.2g Lt and (d) 80.6 g L™

T ===

Fig. 3.3- Effect of Na2WO4-2H20 on test panel at 1.0 A cell current for 5 minutes
duration (a) 20.4 g L, (b) 46.07g L™, (c) 82.1 g L?, and (d) 190 gL*

5 M= »
IS

(d)

Fig. 3.4- Effect of NasCsHs0O7-2H20 on test panel at 1.0 A cell current for 5 minutes
duration (a) 56.2 g L%, (b)86.4 g L, (c) 102.06 g L, and (d) 142.8g L*
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Fig. 3.5- Effect of NH4Cl on test panel at 1.0 A cell current for 5 minutes duration (a)
8.34gL? (b)18.2g Lt (c)36.15g LY and (d) 53.49¢gL*

Fig. 3.6- Effect of H3BOs on test panel at 1.0 A cell current for 5 minutes duration (a)
6.18g L™, (0)20.0g L% (c)48.4g LY and (d) 61.8¢g L
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Fig. 3.7- Effect of CsHsOs on test panel at 1.0 A cell current for 5 minutes duration (a)
10.0 mL L%, (b) 15.0 mL L%, (c) 20.0 mL L%, and (d) 25.0 mL L™

Thus each bath constituents have been varied over a wide range of their
concentrations, keeping the composition of other constituents in the bath constant. The
concentration at which wide bright deposit obtained on Hull cell panel was considered
as optimal concentration and the optimal composition of each constituent are given in
Table 3.1. The operating conditions, for the development of coatings at room
temperature, such as deposition c.d. and pH was also optimized. The optimal operating
c.d. range was obtained as 1.0 to 4.0 A dm™. The bath was maintained under alkaline
pH conditions to ensure the complete solubility of the bath constituents and also to
avoid the precipitation during deposition. The pH = 8.5 was obtained as the optimal one
for quality deposit and long term stability of the plating solution. The fine tuning of the
pH was carried out using NH4OH and H2SO4. The bath was optimized to give equal

effectiveness towards MS and copper substrates, under the same set of conditions.
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Table 3.1- Bath composition and operating parameters of the optimal Ni-W alloy

plating bath

Bath constituents Compo§iti0n Operating parameters
(per Liter)

NiSO4-6H20 2249 Anode: Pure Ni
Na2W0O4-2H20 46.07 ¢ Cathode: MS or Copper
NasCsHs07-2H20 102.06 g pH=8.5
H3BOs 20.0g Temp: 303 K (30 °C)
NH.CI 36.15¢ c.d. range: 1.0 - 4.0 A dm?
C3HsOs 20.0 mL

3.2.2 Chemistry of glycerol

Glycerol is a non-toxic, biodegradable, and recyclable liquid that is highly inert, stable
and compatible with many other non-toxic and non-irritating chemicals [Wolfson and
Dlugy 2009]. Further, it facilitates the dissolution of inorganic salts, acids, bases and
transition metal complexes, hence can be used as a green additive for electroplating. In
the case of aqueous plating bath; it is highly miscible with the formation of hydrogen
bonds with water molecules and also with free metal ions present in the solution. As
the electrode surface is charged, it can get adsorbed on the surface through the electron
rich hydroxyl groups, hence, can enhance the adhesion of the coating. Glycerol can
interact with the metal surface, metal oxide and deposited metal atoms through its
electron-rich hydroxyl groups. The interaction of glycerol at the electrode surface is
schematically represented in Fig. 3.8.
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Fig. 3.8- The plausible mechanism of adsorption of additive onto the alloy surface
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In fact, glycerol molecules can interact with the alloy coatings through the
empty d-orbitals of the transition metal deposits [Kumar et al. 2015], and this property
can be exploited to use it as an additive in electrodeposition, for grain size refinement

and formation of smooth and bright coatings.
3.2.3 Cyclic voltammetry study

The chemical composition of bath plays an important role in process and product of
electrolysis. A specific chemical species in the bath can induce changes in the
thermodynamic and the kinetic parameters during the electrodeposition since they can
even modify the electronic structure of the substrate [Crousier et al. 1993]. Hence, CV
study was carried out to understand the effect of complexing agent (NasCeHsO7-2H20)
and additive (CsHsOs) on the process of alloy deposition. Cyclic voltammograms
(CV’s), obtained under different conditions of bath A, B, C and D are shown by curves
a, b, cand d, respectively in Fig. 3.9. Here, it should be noted that curves correspond to
A is for bath in the absence of any additive, i.e. (NiSO4-6H20 + NH4Cl + H3BOs3), B is
(A + NaszCeHs07:2H20), C is (B + Na2WO4:2H20) and D is (C + CsHsOs). The CV
experiments were carried out at a scan rate of 100 mV s in a potential window of -2.0
to +2.0 V.

The CV’s, shown in Fig. 3.9 clearly indicate the variation in Ni-W alloy
deposition process after the addition of complexing agent and additive, evident from
the shape and size of CV’s recorded under different conditions. The ipa values of the
CV’s were found to be decreased from conditions A to D, and contrarily Epa valued
were increasing i.e., shifting towards the more positive side (from curve a to curve d in
Fig. 3.9). Hence, it may be inferred that both complexing agent and additive are

responsible for increased electrochemical stability of the deposited coatings.
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Fig. 3.9- Cyclic voltammograms for Ni-W bath at different conditions: a) A = with no
additives (i.e., NiSOs-6H20 + NH4Cl + H3BOs, b) B = A + complexing agent
(Na3CeHs07-2H20), ¢) C = B + Na2WO4-2H20, and d) D = C + C3HsOs, at a scan rate
of 100 mV s

Further, to identify the role of bath constituents on the mode of mass transport
of ions towards cathode during deposition, CV study was carried out at different scan
rates, i.e., 20, 40, 60 and 80 mV s, Firstly, the CV study was carried out under bath
condition corresponding to A at different scan rates, and their ipa for stripping of Ni
deposition was determined. Similarly, the CV study was made by adding
NasCsHs07-2H20, Na2WO4-2H20 and C3HsOs one after another, i.e., under conditions
corresponding to B, C, and D. The ipa Values obtained at different scan rates for different
conditions of the bath were determined from the respective CV’s. The scan rate
dependence on ipa, under different conditions of Ni-W bath is shown in Fig. 3.10. From
Fig. 3.10, it is important to note that the slopes of plots corresponding to condition A,
C and D remains almost unchanged. Hence the chemical constituents corresponding to
A, Cand D are responsible for migration and convection mode of mass transfer process,
i.e., adsorption controlled. But high slope corresponding to B (on addition of
NasCsHs07-2H20) indicates that the complexing agent is responsible for diffusion
controlled deposition of Ni-W alloy, due to complexation of metal ions. Almost parallel

linear plots, observed in Fig. 3.10 for conditions referring to A, C and D indicates that
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the Ni-W alloy deposition is more an adsorption-controlled process than a diffusion
controlled one.
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Fig. 3.10- Scan rate dependency on ipa values of Ni-W bath under different conditions
of A, B, Cand D, at 303 K

3.2.4 Induced codeposition

The most striking feature of induced codeposition is the deposition of otherwise non-
depositable metals, like tungsten, molybdenum, germanium, phosphorous etc., the
phenomenon involves some additional peculiarities which are different from ordinary
alloy deposition. There are few unusual, and quite surprising features are likely to be
observed in induced codeposition, as reported by Brenner (1963). They are: i). Higher
the content of the reluctant metal (here it is W) in the deposit, the lower is the cathode
current efficiency at which the alloy can be deposited. ii). The reluctant metal deposits
preferentially under some circumstances, this is quite unexpected in view of the
inability of the metal to deposit by itself. iii). The current density - potential curves of
alloy deposition are often situated at nobler (more positive) potentials than those of the
inducing metal itself. In a broader sense, electrodeposition may be defined as the
process of depositing a substance upon an electrode by electrolysis. The essence of
electrode kinetics is charge transfer across the interface. A profound understanding of
the structure of the electrical double layer is needed for understanding the mechanism

of charge transfer. There are other important factors, such as catalysis, adsorption,
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mass-transfer limitations and so on, all of which may influence the rate and mechanism
of charge transfer to some extent, but it is the very act of charge transfer that matters. It
is the vehicle that allows the conversion of chemical to electrical energy, as in a fuel
cell or a battery during discharge.

Accordingly, it has been stated by several noted authors in electrochemistry that,
in the case of metal deposition, charge is carried across the interface by ions rather than
by electrons. Actually, there exists a huge difference in the mechanisms, when the
charge is transferred across the interface by the metal ions, and when the electrons are
transferred. The electron and ion transfer process are two physically different
phenomena. In this regard, the mechanism of charge transfer during metal deposition
and dissolution was treated recently by Gileadi (1993). In the light of above proposal,
a mechanism for induced codeposition for the bath under study has been proposed, and
is shown schematically in Fig. 3.11. Accordingly, the first step in the overall mechanism
is the deposition of inducing metal (any iron-group metal). Here it is Ni in the diagram,
followed by the deposition of the reluctant metal. Since the induced codeposition
depends on several factors, like bath composition, complexing agent, additive, pH etc.
Even though iron-group metals can induce the deposition of reluctant metals like W,
Mo, P etc., the simple electrolytic baths with only iron-group metal salts and reluctant
metal salts, without complexing agents is limited due to the possibility for precipitation
of hydroxides and tungstates of corresponding iron-group metals [Younes and Gileadi

2000, Younes and Gileadi 2002]. Tungstates can form different types of polynuclear
species in water depending on the pH. At pH greater than 7.8, WO species in the bath

is considered to be predominant [Holt and Vaaler 1948, Vasko 1977, Tsyntsaru et al.
2012]. Hence on adjusting the chemistry of bath, in terms of pH (using NHsOH), and
complexing agent (NasCsHsO7-2H20), it is possible to reduce the deposition potential
of metal ions by reducing the free Ni?* ions, and thereby to increase the solubility of Ni

salts in the bath containing WO} and OH- ions. Hence it has been proposed that the

first step in the induced codeposition is the deposition of inducing metal ions (Ni?*ions)

from the electrolyte to the metal surface (shown as I in Fig. 3.11), and second step is
deposition of reluctant metal (W) on the substrate through reduction of WO species

by adsorbed hydrogen atoms (shown as 11, in Fig. 3.11) [Tsyntsaru et al. 2012, Holt and
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Vaaler 1948]. Since the composition of the alloy greatly depends on the pH of the bath,
the possibility of increasing pH near the cathode film, due to electro-reduction of

tungstate ions has been compensated time to time.
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Fig. 3.11- Scheme showing the mechanism of induced codeposition in Ni-W alloy by

NiZ*ions
3.30OPTIMIZATION OF Ni-P ALLOY PLATING BATH

The Ni-P alloy plating bath was also optimized using standard Hull cell method as
explained in Section 3.1.1. An alkaline plating bath with NiSO4-6H20, NaPO,H,-H,0,
NasCsHs07-2H20, NH4Cl, H3BO3s and CsHsOs was optimized. The bath constituents
were kept as the same that used for Ni-W alloy except the metal source NaPO,H,-H,0
instead of Na:WOa4-2H20. The composition of each constituent and operating
parameters were optimized using Hull cell experiment.

Whereas, electroplating of metals/alloys is one of the most complex processes
because of the unusually large number of critical elementary phenomena involved
during deposition [Kanani 2004, Jack 1993]. Due to lack of quantitative guiding
principles to develop a coating of desired property, it is very difficult and time-

consuming to optimize the bath composition. Even though Hull Cell method is an
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established method to optimize a bath, in terms of its constituents and operating
parameters, its application is limited to know only the effect of c.d. on deposit patterns;
and is incapable of predicting the desired properties of the coating, like hardness,
reflectivity, thickness etc [Kanani 2004]. Since the Ni-P alloy is one of the most studied
systems both in electroless and electrodeposition methods, it is required to develop a
Ni-P alloy of more desired characteristics. In this direction, Taguchi’s statistical method
was used for the optimization of deposition conditions of Ni-P alloy [Rosa et al. 2009].
Minitab 16, Statistical software was used for designing the experiment by reducing the
number of trials to a practical level. The bath variables, i.e., [glycerol], c.d. and pH of
the bath were taken as chosen parameters and micro-hardness and thickness of the
coatings as parameters for characteristic performance. Experimental conditions were
optimized to maximize the coating properties. Taguchi’s method demonstrated that the
basic Ni-P bath, having [glycerol] =20 mL L, ¢.d.= 4.0 A dmand pH = 8.0 as ideal
for developing coatings of highest microhardness and thickness. Experimental data
revealed that both [glycerol] and c.d. have a close dependency on thickness and
microhardness of coating, compared to pH of the solution. The obtained optimal bath

and operating parameters are given in Table 3.2.

Table 3.2- The composition and operating parameters of the optimal Ni-P plating bath

Bath constituents Compo:j*,ition Operating parameters

(per Liter)
NiSO4-6H20 28.2¢ Anode: Pure Ni
NaPO,H,-H,0 5109 Cathode: MS or Copper
NasCsHs07-2H20 56.2 ¢ pH =8.0
HsBOs 205 Temp: 303 K (30 °C)
NH4CI 10.2 g c.d. range: 1.0 - 6.0 A dm™
CsHsOs3 20.0 mL

3.3.1 Cyclic voltammetry study

CV study of the Ni-P electrolytic bath was carried out to understand the effect of added
additives on the process and thereby the mechanism of deposition. CV’s obtained at

different bath conditions, like: in the absence of any additives, i.e. only with
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(NiSO4-6H20 + NH4Cl + H3BOs) = A, (A + NaPO,H,-H,0) = B, (B +
NasCsHs07-2H20) = C and with (C + C3HsO3) = D, at scan rate of 100 mV s in a
potential window of -2.0 to +2.0 V are shown by curves a, b, ¢ and d, respectively in
Fig. 3.12. It may be observed that the CV curve ‘a’ in Fig. 3.12 displays a maximum ipa
value in the absence of any added additive into the bath. It indicates that the Ni coating
has lesser stability. However, after the addition of phosphorous salt (NaPO,H,. H,0),
i.e., a condition corresponding to B, it was found to show two anodic dissolution peaks
represented as b1 and bz in the curve ‘b’ of Fig. 3.12. It indicates that two anodic peaks
are not corresponding to the dissolution of Ni-P alloy of different composition, but of
those formed by two different kinetic processes [Yu et al. 2015, Crousier et al. 1994].
In other words, two peaks are attributed to the formation of Ni-P alloy of different
intermetallic phases due to both electroless and electrolytic deposition [Yu et al. 2015,
Lu and Zangari 2002, Gaskell 2008, Pillai et al. 2012]. Thus, multiple anodic peaks in
curve ‘b’ of Fig. 3.12 is associated with the dissolution of nickel and phosphorous from
various intermetallic phases or solid solutions. Under condition C, i.e., in the presence
of complexing agent, NasCsHsOy7. 2H20 a single dissolution peak of decreased ipa Was
observed, as shown by curve ‘c” in Fig. 3.12. It indicates the formation of a single phase
Ni-P alloy. Finally, on the addition of glycerol, i.e., condition corresponding to D, the
further decrease in ipa Value (shown by curve ‘d’ in Fig. 3.12) indicates the increased
stability of coating after the addition of glycerol. Further, it may be noted that the anodic
Epa values were shifted towards more noble side as electrolytic bath condition is
changing from A to D. Hence, the successive decrease in ipa and the successive increase
in Epa from the conditions of bath A to D demonstrates the role of additives in imparting

brightness, homogeneity and electrochemical stability to Ni-P alloy coatings.
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Fig. 3.12- CV study of Ni-P electrolytic bath under different conditions: a) with no
additives, i.e., NiSO4:6H20 + NH4Cl + HsBOs = A, b) A + NaPO,H,-H,O0 =B, c) B +
NasCsHs07-2H20 = C, and d) C + C3HsOs = D, recorded at a scan rate of 100 mV s

Further, to identify the role of constituents on mode of mass transport,
responsible for Ni-P coating characters, the CV study was carried out at different lower
scan rates, i.e., 20, 40, 60 and 80 mV s corresponding to conditions A, B, C and D.
The ipa values corresponding to A, B, C and D were determined from their respective
CV responses [Allen et al. 2001]. The scan rate dependence on ipa under different
conditions of the bath is shown in Fig. 3.13. It is important to note from Fig. 3.13 that
the slopes of plots corresponding to conditions A and D remain almost unchanged.
Hence, the chemical constituents corresponding to A and D are responsible for
migration and convection mode of the mass transfer process, i.e., adsorption controlled.
But greater slope corresponding to B indicates that the complexing agent
(NaPO,H,-H,0) brings about the diffusion controlled deposition, which is responsible
for the formation of various intermetallic phases, affected by increased diffusion of Ni
ions towards the cathode. Again under conditions of C, the slope is almost same due to
the interaction of additive, leading to a bright, stable and adherent Ni-P alloy coating.
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Fig. 3.13- Scan rate dependency on ipa Values of Ni-P bath under different conditions
of A, B, Cand D, recorded at 303 K

3.3.2 Mechanism of induced codeposition

It is well known that P cannot be electrodeposited as a pure phase, but can be readily
codeposited with iron group metals such as Ni, from solutions containing both Ni and
P ions [Sakai et al. 2006, Mahalingam et al. 2007, Brenner 1963]. It is believed that the
strong atomic interaction between Ni and P makes the induced codeposition of Ni-P
alloy with stoichiometric composition possible [Crousier et al. 1994]. Even though
extensive studies have already been reported on electrodeposition and electroless
deposition of Ni-P alloy, most of the depositions were carried out from acid bath, and
deposition from alkaline bath are relatively less reported. In this direction, the present
study is focused on the deposition of Ni-P alloy from an alkaline citrate bath (pH = 8.0)
containing NiSO4-6H20, NaPO,H,-H,O as the source for Ni and P ions. The
complexing agent, NasCsHsO7-2H20, along with the conducting salt NH4Cl can
prevent the precipitation of basic salts at higher pH. HsBOs was used as a buffer to
maintain the pH, and C3sHsOs as the additive.

From the CV study of proposed bath (Table 3.2), it is clear that the formation
of Ni-P alloy coating resulted from the synergistic effect of both electroless and
electrodeposition process. The characteristic two anodic peaks found in curve ‘b’ of
Fig. 3. 12 indicates that, in the presence of NaPO,H,-H,0 (reducing agent), the bath
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follows both autocatalytic (electroless) and electrolytic deposition of Ni-P alloy
[Sankara Narayanan and Seshadri 2008]. Since the bath can also show deposition of
metal onto the substrate through chemical reduction of metal ions, i.e., by electroless
deposition, the obtained alloy coating is resulted from the synergistic effect of

electroless and electrodeposition [Yu et al. 2015].

Cathode

Electrolytic solution
Fig. 3.14- Mechanism of induced codeposition of Ni-P alloy in the presence of additive

The CV study supports the fact that the proposed Ni-P bath exhibits induced
type of codeposition, following the mechanism as shown in Fig. 3.14. According to
which, reduction of Ni?* ion at an active center on the cathode surface takes place
(represented as step | in Fig. 3.14), followed by the surface diffusion of the adsorbed
Ni atom to a suitable crystal lattice site [Narayan and Mungole 1985]. The deposited
Ni can induce the reduction and codeposition of P (step I1) as shown in Fig. 3.14. The
codeposition of P inhibits the further surface diffusion of Ni atoms and hence the
growth of crystal nuclei [Brenner 1963]. With increasing P content in the deposit, the
rate of fresh nucleus formation becomes higher than the rate of growth of existing
crystal nucleus leading to the grain size refining [Pillai et al. 2012]. It is already been
reported that the ammoniacal alkaline Ni-P bath can give crystalline codeposited alloy
coatings with varying P content; and at the same time, amorphous coatings from acid
bath [Narayan and Mungole 1985]. Crystallographic structures or orientations of the

Ni-P alloy coatings are also found to be influenced by the amount of P present in the
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alloy coatings and undergoes transitions from crystalline to nanocrystalline and
eventually to an amorphous type with increasing P content [Elsener et al. 2008].

3.4 CONCLUSIONS

1. New alkaline citrate baths have been optimized for the development of Ni-W
and Ni-P alloy coatings using standard Hull cell optimization method.

2. The effect of bath constituents and operating parameters on the coating
characteristics were studied using Hull cell code by comparing the deposit
spectrum on Hull cell scale.

3. The nature of induced codeposition of the alloy coatings and the scan rate
dependence on the mass transport were studied under different conditions of the
bath using CV study.

4. The CV study demonstrated that the addition of both complexing agent and
glycerol contributes to the enhanced electrochemical stability of the deposited
Ni-W and Ni-P alloy coatings.

5. A plausible mechanism for the induced codeposition of Ni-W and Ni-P alloy

coatings were established on the basis of CV study of the alloy plating baths.
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CHAPTER 4

CMMA COATINGS OF Ni-W AND Ni-P ALLOYS FOR BETTER
CORROSION PROTECTION

Composition modulated multilayer deposition ‘
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coating coating

The chapter deals with the theme of tailoring the properties of alloy coatings by
modulating the mass transfer process at cathode for the development of a new class of
coatings; called CMM or in short laminar coatings. The work embodied in this chapter
is to demonstrate how the corrosion resistance of monolayer Ni-W and Ni-P alloy
coatings can be increased to many folds of its magnitude by multilayer deposition. The
Ni-W and Ni-P coatings were deposited on MS in laminar multilayer pattern, having
alternate layers of alloys with different compositions from their respective optimal
citrate baths using SBT by modulating the DC. CMMA coating configurations were
optimized in terms of current pulse height and thickness of each layer to maximize its
corrosion protection ability than the monolayer coatings, developed from the same
bath. The better corrosion resistance of CMMA coatings were explained with plausible

mechanisms.

99



4.1 RESULTS AND DISCUSSION

The experimental results obtained for the structural, morphological and electrochemical
characterization of the monolayer and multilayer Ni-W and Ni-P alloy coatings are

discussed below.

4.2 DEVELOPMENT OF CORROSION RESISTANT Ni-W ALLOY
COATINGS

Hull cell study revealed that the optimal c.d. for newly formulated electrolyte, for
deposition of bright, uniform and corrosion resistant monolayer Ni-W alloy coating, is
in the range of c.d. 1.0 A dm™ to 4.0 A dm™ as discussed in Chapter 3. Then by using
optimal bath, monolayer Ni-W coatings were deposited at different c.d.’s, using a
known quantity of DC, with no modulation in the current pulse. All the coatings were
observed to be bright in visual appearance. The electrodeposited coatings were tested
for their W content, CCE or Faradaic efficiency, microhardness, thickness and
corrosion behaviors, and the corresponding data are reported in Table 4.1.

4.2.1 Characteristics of monolayer Ni-W alloy coatings
4.2.1.1 Effect of current density on coating properties

The effect of c.d. on W content in the deposit and CCE are shown in Fig. 4.1, supported
by the data given in Table 4.1. It may be noted that W content of the alloy increases
with c.d., in compliance with citrate baths of Ni-W alloy. The binary alloy of Ni-W is
expected to form a solid solution in Ni matrix even up to 12.5 at. % of W [Bakar 1992].
Hence there is a probability of coexistence of non-equilibrium solid solution with a
metastable solid solution in the alloys having W content beyond threshold limit. But,
W content in present Ni-W samples is within expected solubility limit, indicating that
the bath produced a solid solution of Ni-W alloy, and are confirmed by XRD and EDS

analysis.
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Fig. 4.1- Variation of Faradaic efficiency and W content of the deposit with deposition
c.d.

The dependency of W and CCE on the deposition c.d. can be attributed to the
reduction in the static potential of the alloy compared to the parent metals, explained
by Ma et al. (2004). According to which, a larger difference between the static
potentials of Ni and W is responsible for less CCE at lower c.d. Consequently,
minimum CCE (27.9%) was observed at lower c.d. side as may be seen in Table 4.1.
At high c.d., the CCE of bath increased linearly with c.d. and reached its maximum up
t0 68.4% as shown in Fig. 4.1. It may be noted that, under no conditions of c.d. studied,
the W content in the deposit reached to that in the bath (shown by the horizontal line in
Fig. 4.1), confirming the anomalous type of codeposition. However, at very high c.d.,
coatings are found to be very brittle, confirmed from the SEM images, shown in Fig.
4.2. Further, as W content increased, its hardness and thickness were also found to be
increased as shown in Table 4.1. The microhardness of the coatings was examined using
Vickers indentation method, and it was found that hardness of the coating increased
with c.d., i.e., due to increased W content in the deposit. The thickness of the coatings
was also found to be increased with c.d. Thus, increase in the thickness, hardness and
W content of the coatings with c.d. were attributed to the improved corrosion resistance

of the monolayer alloy coatings with deposition c.d. as given in Table 4.1.
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Table 4.1- Effect of deposition c.d. on the coating characters of monolithic Ni-W alloy
coatings deposited from optimized bath at 303 K

Wt.% of W Vickers micro -Ecorr _

c.d. _ CCE Thickness icor  CR x 107

(A dm) in (%) hardness (um) mV vs (WA cm?) ( 1
m ) 0 pm HA cm™=) (mmy
deposit (V100) (GPa) SCE)

1.0 0.9 27.9 2.60 8.3 524 9.5 7.6

2.0 4.3 34.2 2.75 10.5 451 8.7 7.0

3.0 8.3 48.6 2.80 12.4 431 7.6 6.2

4.0 12.4 68.4 3.22 15.9 487 6.5 5.3

4.2.1.2 SEM study

The SEM images of Ni-W alloy coatings deposited at different c.d.’s are shown in Fig.
4.2. As may be seen, the morphology of the coatings was changed significantly with
c.d., indicating that corrosion performance of the coating bears close relation with its
composition and surface structure. The coatings displayed micro-cracks at high c.d. due
to inherent brittle nature of the W and also due to hydrogen embrittlement [Zhu et al.
2002]. Further, the cracks on surface increased with W content in the deposit (Table
4.1). According to the conclusion made by Zhu et al. (2002), it was assumed that the
formation of a layer of mixed tungsten oxides which prevents nickel deposition, and
catalyzes hydrogen evolution. It may further explained by the fact that during alloy
deposition, hydrogen gas remain adsorbed on the surface due to low hydrogen
overvoltage of W. The adsorbed hydrogen leads to the development of strain in the
deposit, which subsequently leads to the formation of micro-cracks on the surface. Thus
micro-cracks on the surface of the coatings may be attributed to low hydrogen
overvoltage of W, which was observed to be more at high c.d.’s. It is evident from the
SEM images of coatings deposited at different c.d.’s as shown from Fig. 4.2(a) through
Fig. 4.2(d).
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Fig. 4.2- SEM images of Ni-W alloy coatings deposited at: a) 1.0 A dm?, b) 2.0 A dm"
2.¢)3.0 Adm?, and d) 4.0 A dm?

4.2.1.3 XRD Study

XRD analysis was used to determine the phase composition of the Ni-W alloy coatings,
and identification of the phases corresponding to different c.d.’s was obtained from the
signals of peak profiles of the X-ray reflection plotted as a function of 26. The XRD
spectra of the coatings, deposited at different c.d.’s are labelled by their Miller indices,
are shown in Fig. 4.3. The intensity of prominent peak corresponding to (111) phase
was found to be increased with c.d. as shown in Fig. 4.3, without any noticeable changes
corresponding to other phases. From the intensity and position of the XRD signals, it
may be seen that c.d. plays an important role in composition, and hence phase structure
of Ni-W alloy coatings. The diffractograms having characteristic peaks corresponding
to (111), (200) and (311) are attributed to Ni17Ws3 phases along with a Ni (222) phase
[Zemanova et al. 2012].

An approximation of Ni and W content of the alloy deposit was made using
EDS analysis. At higher c.d.’s, peak corresponds to a new phase with higher W content
in comparison to the Nii7Ws phase as in lower c.d.’s are also visible. The phase
corresponds to Ni-W alloy with (402), (530) and (092) are also found to be present at
higher c.d.’s with fcc crystal lattice. The lattice growth from cubic to face-centered

cubic increased its crystalline nature and microhardness as supported by the obtained
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results. Further, at low c.d. limit the XRD peak corresponding to dissolved nickel and
iron was observed at 20 = 37° as shown in Fig. 4.3. This is due to formation intermetallic
compound of Ni and Fe on MS (substrate). However, it is not visible in the case of

coatings deposited at high c.d., due to increase in thickness with deposition c.d.
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Fig. 4.3- X-ray diffraction patterns of Ni-W alloy coatings deposited at different c.d.’s
from the same bath

The grain size of the electrodeposited Ni-W alloy coatings was determined
using Scherrer formula as given in Eq. 4.1.
0.941

Dp :W (41)

Where, Dy is the average crystallite size, A is the wavelength of the x-rays used for the
analysis, £ is the line broadening in radius, & is the Bragg angle. The grain size of the

coatings was found to be decreased with increase in deposition c.d. from 33 to 24 nm.
The coating developed at 4.0 A dm was found to have the minimum grain size (24
nm). Further, the coatings were found to be more and more nanocrystalline in nature
with increasing W content in the coating [Indyka et al. 2014, Ma et al. 2004].
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4.2.1.4 Corrosion behavior of the homogeneous/monolithic Ni-W alloy coatings

The corrosion resistance of the monolithic Ni-W alloy coatings (tested in 5% NaCl as
the representative corrosion medium) was found to be increased with deposition c.d. as
given in Table 4.1. The coating developed at 4.0 A dm? was found to be the optimal
coating with least CR (5.3 x 102 mm y™). The decrease in CR of the coatings at high
c.d. is attributed to the increased W content. Both the crystalline phases Nii7W3 and Ni-
W (W- rich), observed in the XRD pattern (Fig. 4.3) are responsible for the decreased
CR of the coatings obtained at high deposition c.d.

4.2.2 Electrodeposition of laminar coatings
4.2.2.1 Optimization of cyclic cathode current densities

Many properties including corrosion resistance of monolayer alloy coatings can be
increased to many folds by multilayer coating, despite of having same coating
thickness. It is reasoned by increased surface area due to layering, i.e., periodic
modulation in mass transport process at cathode brings periodic modulation in the
composition of the coating; which leads to increase in the number of interfaces, and
hence increased surface area. Thus multilayer Ni-W alloy coatings were accomplished
by making the cathode c.d. to cycle between two values. Consequently, alternate layers
of alloys with different compositions and properties were achieved by precise control
over the cathode c.d.’s, called CCCD’s.

To find the corrosion resistance of CMM Ni-W alloy coatings, initially coatings
were developed at different sets of CCCDs with 10 layers (arbitrarily chosen), and their
corrosion data are reported in Table 4.2. Based on the composition of monolayer Ni-W
alloy coatings, developed at different c.d.’s, CMMA coatings were deposited on MS
using square current pulses of different pulse height. The multilayered Ni-W alloy
coatings having different coating configurations were developed and their corrosion
performances were evaluated. It may be noted that CR was decreased substantially,
when CMMA coatings were carried out at different sets of c.d.’s as given in Table 4.2.
This observation confirms the fact that composition of alternating layer is not the
deciding parameter for improved property of the coatings (here, it is corrosion

resistance), but the number of intervening layers involved, responsible for increased
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surface area. The less CR observed in the case of a combination of CCCD’s 1.0 A dm’

Zand 4.0 A dm2, and this set was selected to study the effect of further layering.

Table 4.2- Corrosion behaviors of CMM Ni-W alloy coatings having 10 layers at
different set of CCCD’s

CCCD’s -Ecorr Icorr CR
(A dm) (MVvsSCE) (WA cm?) (x 102mmy?)

CMMA coatings developed using dual pulses having a difference of 3.0 A dm

(Ni-W)1.014.0110 439 5.0 4.1

CMMA coatings developed using dual pulses having a difference of 2.0 A dm
(Ni-W)2.0/4.0110 431 12.7 10.2

CMMA coatings developed using dual pulses having a difference of 1.0 A dm
(Ni-W)2.013.0110 424 15.2 12.1

4.2.2.2 Optimization of total number of layers

The changed intrinsic properties of electrodeposits as a result of reduced grain size, and
large number of interfaces can lead to a substantial improvement in corrosion resistance
of multilayered coatings, usually up to an optimal limit. Therefore by selecting the
combination of 1.0 and 4.0 A dm™ as CCCD’s for dual square current pulses, CMM
Ni-W alloy coatings with 10, 60, 120, 300 and 600 layers were developed, and their
CR’s were monitored (Table 4.3). It is interesting to note that CR’s of the multilayered
coatings were decreased with the number of layers up to 300 layers, and then started

increasing as reported in Table 4.3.
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Table 4.3- Corrosion data of multilayered Ni-W alloy coatings with different number
of layers deposited from optimal bath at optimal CCCD’s

Time for each

Coating -Ecorr icorr CR

configuration Ia-y-er (mVvs SCE) (WA cm?) (x102mmy?)
deposition (s)

(Ni-W) 100110 60 439 5.0 41
(Ni-W) 104,060 10 436 4.1 3.3
(Ni-W) 10401120 5 415 3.6 2.9
(Ni-W)1.014.0300 2 359 1.0 0.8
(Ni-W)1.014.0600 1 542 7.6 6.1

The increase in CR at high degree of layering, i.e., at 600 layers is attributed to
the interlayer diffusion of CMMA deposit to become monolithic, caused by the lack of
sufficient time for metal ions to relax (against diffusion under applied c.d.) and to
deposit on the cathode with distinct interface [Leisner et al. 1996, Ullal and Hegde
2014, Venkatakrishna and Hegde 2010]. As more numbers of layers are allowed to form
in same time duration, the time for the deposition of each layer, say (Ni-W)z.0 is small
(as the total time for deposition remains same, 10 min). Hence at a high degree of
layering no modulation in the composition is likely to take place, and hence no
improvement in corrosion resistance observed. Consequently, multilayered coatings
tend to become monolayer/homogeneous coatings. The CR obtained for multilayered
coating with 600 layers was found to be almost close to that of the CR of the optimal
monolayer coating (developed at 4.0 A dm), and it is in agreement with the possibility
for interlayer diffusion at higher degree of layering.

Finally, experimental results revealed that CMM Ni-W coating deposited at
optimal CCCD’s, having 300 layers, represented by (Ni-W)1.0/4.0:300 showed the least
CR (0.8 x 102 mm y1) in 5 % NaCl medium, compared to its monolayer coating (5.3
x 102 mm yY), deposited from the same bath for the same duration of time. Hence, the
coating configuration (Ni-W)1.0/4.0300 can be proposed as optimal for the deposition of

multilayered coating.
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4.2.2.3 Corrosion behavior of CMMA coatings
i) Tafel’s polarization study

Due to a large surface area to volume ratio of thin films in the multilayered coating, as
compared to that of bulk materials or monolayer coatings, the properties of thin films,
as a rule, significantly differ from the bulk (macro-scaled) materials behavior
[Tsyntsaru et al. 2012]. Hence as a whole, the corrosion resistance of the coating was
found to be increasing to an extent of 300 layers and decreasing with further layering
due to inter-layer diffusion. The potentiodynamic polarization behaviors of the CMM
Ni-W alloy coatings with different number of layers (Fig. 4.4) are in agreement with
this observation. The variation in icorr and Ecor Values of the CMMA coatings with
layering suggests the trend in corrosion resistance with layering. The icorr Value of the
CMMA coatings was found to be decreased up to 300 layers and then increased with
further layering. The Ecorr value was also found to be shifted towards the nobler side
only up to 300 layers. Finally, the corresponding data obtained from the Tafel’s
extrapolation method (Table 4.3) also suggests the coating with 300 layers as the
optimal with least CR. The improved corrosion resistance of the CMMA coatings may
be attributed to the presence of alternate layers of alloys having different degree of
pores and crevices, which makes the corrosion process to get hindered [Dobrzanski et
al. 2007]. Hence, as the number of layers increased, the corrosive agent needs more
time to penetrate through the coating, and then into the substrate material than in the

case of monolayer coating.
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Fig. 4.4- Potentiodynamic polarization behavior of multilayer Ni-W alloy coatings

having varying degree of layering, at a scan rate of 1.0 mV s
ii) Electrochemical impedance spectroscopy study

The corrosion behaviors of the CMMA coatings were also evaluated using EIS method,
and the impedance responses of the coatings with different number layers are shown in
Fig. 4.5. The obtained Nyquist plots with only one depressive loop over the whole
frequency range indicate the capacitance of the electrical double layer (EDL) as the
reason for the improved corrosion resistance of the deposits. The decrease in CR of the
CMMA coatings with layering is due to the increase in charge transfer resistance (Rct)
between metal and medium, as evidenced by the nature of Nyquist responses. The
anomalous flattening behavior of the Nyquist plot is generally ascribed to the
inhomogeneity of the metal surface arising from the surface roughness or interfacial
phenomena occurring at the time of deposition [Dobrzanski et al. 2007, Barsoukov and
Macdonald 2005].
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Fig. 4.5- Nyquist responses of the CMM (Ni-W)1.04.0 alloy coatings with different

degrees of layering, showing variation of Rct values with number of layers

An electrical equivalent circuit (EEC) was used for modelling the interface
behavior of the coating at optimal configuration in solution environment as shown in
Fig. 4.6. An excellent agreement was found between impedance response of the coating
under optimal condition and the simulated EEC, the corresponding circuit is also shown
in the inset of Fig. 4.6. The equivalent circuit shows the presence of porous nature of
the deposit due to the presence of micro-cracks on the surface, where, Rs - solution
resistance, Rpo - resistance of the porous layer, C. - capacitance of the coating and Cai -

double layer capacitance involved in the equivalent circuit.
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Fig. 4.6- EEC fitment for the Nyquist responses of the optimal (Ni-W)x.014.0/300 COating,

using Zsimpwin Software

The C. of an intact coating can be much smaller than a typical Ca value i.e., in
the range of pF or nF [Barsoukov and Macdonald 2005, Mansfeld 1990]. Rpo is the
resistance of ion conducting paths developed in the coating due to the presence of
micro-cracks or due to the deformation of the upper layer of the CMMA coating. These
paths are physical pores filled with electrolyte, i.e., corrosion medium. Since in
multilayered coating, the pore or the cracks in the upper layer is not reaching up to the
substrate (MS) side, confirmed from the SEM cross-sectional analysis, due to the
presence of several other layers of different composition below the upper layer. The
pore will reach only up to the next layer just below the defected layer and then it can
be assumed as a delaminated area of the exposed layer and as a pocket filled with an
electrolyte solution. This electrolyte solution inside the cracks or pores is very different
than the bulk solution outside the coating [Mansfeld 1990]. The interface between this
pocket of solution and the next layer of the alloy coating is modelled as Cai in parallel
with a kinetically controlled charge-transfer reaction. Since only the upper few layers
of the coatings are undergoing corrosion, the coating as a whole is providing protection
to the substrate. Therefore, the EIS data obtained is not for a failed coating and hence
there is only one time constant in the plot, as against the expected two [Barsoukov and
Macdonald 2005, Mansfeld 1990].
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iii) Microstructure of multilayer coating

Formation of alternate layers of alloys having distinct composition and surface
morphology of the corroded CMMA coating were confirmed using SEM analyses. A
cross-sectional view of CMM (Ni-W)1.04.0110 is shown in Fig. 4.7(a), and it is clearly
showing the formation of 10 distinct layers along with the new interfaces in between
the sublayers. The SEM image of (Ni-W)1.04.010 coating after corrosion, marked as
4.7(b), shows the destruction of only the top layer even after corrosion study. The
inspection of microscopic appearance of the surface of multilayer coating after
corrosion test clearly confirms the fact that, multilayered Ni-W alloy coatings were
formed in laminar fashion during deposition; and deteriorated layer by layer during
corrosion. This explains why CMMA coatings offer extended protection of MS against

corrosion, compared to its monolayer counterpart.

Cross sectional view of multilayer coating
displaying the formation of 10 layers

Fig. 4.7- SEM images of CMMA (Ni-W)wo4.010 coating: a) cross-sectional view
showing the formation of layered coatings, and b) top surface view after corrosion test

4.3 DEVELOPMENT OF CORROSION RESISTANT Ni-P ALLOY COATINGS

4.3.1 Properties of electrodeposited Ni-P alloy coatings

Bright, hard and adherent monolayer Ni-P alloy coatings were developed on MS at
known c.d.’s using DC i.e., without modulation in the current pulse. The
electrodeposited coatings were tested for their composition, hardness, thickness and
corrosion behaviors, and the corresponding data are reported in Table 4.4. The
experimental results showed that the P content in the deposit increases with deposition

c.d. as reported in Table 4.4. Further, the CCE was also found to be increased with c.d.
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The variation in CCE and P content in the deposit with deposition c.d. are shown
diagrammatically in Fig. 4.8. The thickness and Vickers microhardness of the deposits
were also found to be increased with c.d., as reported in Table 4.4.
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Fig. 4.8- Effect of c.d. on P content in the deposit and CCE of the bath

The corrosion data, in 5% NaCl medium, showed that the Ni-P alloy coating
deposited at 4.0 A dm™ as the most protective with the least CR (14.2 x 102 mm y1),
compared to those at other c.d.’s. Hence, Ni-P alloy at 4.0 A dm was selected as the
optimal coating from the proposed bath, and is represented as (Ni-P)a.o.

Table 4.4- Effect of deposition c.d. on the coating characteristics of Ni-P alloy coatings
deposited from the optimized bath at 303 K

c.d. Wt'o_/o TP g VKIS mIer L kness = ior CRx 107
(A dm) in %) hardness (um) (mV vs (WA Cm?) (mmyY)
deposit (V100) (GPa) SCE)
1.0 1.9 75.3 2.34 7.9 551 38.5 40.6
2.0 4.2 76.1 2.43 11.4 532 29.4 32.8
3.0 6.3 78.1 2.47 141 496 25.3 26.8
4.0 9.0 80.3 2.67 18.3 513 12.0 14.2
5.0 121 81.1 2.59 194 456 17.4 18.7
6.0 13.5 82.1 2.53 19.8 505 23.0 24.1
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4.3.2 SEM study

The surface appearance of each electrodeposited coatings was initially inspected
visually and checked for satisfactory surface appearance with no pinhole and
irregularities. Then surface micrographs of the coatings were examined under SEM.
Fig. 4.9 shows the SEM images of Ni-P alloy coatings deposited at different c.d.’s,
ranging from 1.0 to 6.0 A dm™. It may be observed that the roughness of coatings
increased with c.d., which ended up with the formation of micro-cracks at high c.d. The
formation of micro-cracks in the deposit, characterized by high P content, is due to the
inherent brittle nature of P and internal stress in the deposits originated from the
codeposition of hydrogen [Shervedani and Lasia 1997]. Further, the coatings were
found to be more compact and nodular in structure with rough surface, towards high
c.d.
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Fig. 4.9- Surface morphology of the Ni-P alloy coatings deposited at: a) 1.0 A dm, b)
20Adm? ¢) 3.0 Adm? d) 4.0 Adm? d)50Adm? andd) 6.0 A dm?

4.3.3 XRD Study

The phase structures of Ni-P alloy coatings deposited at different c.d.’s were assessed
by XRD technique. The phases corresponding to different c.d.’s were identified by
means of the signals of peak profiles of the X-ray reflection plotted as a function of 26
(Fig. 4.10). Diffraction lines corresponding to both Ni and NisP are observed in the
diffractogram, indicating the equilibrium existence of Ni and NisP phases in the
deposits [Mahalingam et al. 2007, Narayan and Mungole 1985]. It may be seen that as
the concentration of P in the deposit increased (in proportion of c.d.), the intensity of

prominent Ni (111) peak in the diffraction patterns decreased gradually. The intensity
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of Ni (200) and Ni (220) planes, observed at low c.d. (2.0 A dm) were found to be
reduced vanishingly as c.d. increased, as seen in Fig. 4.10. Further, the peak
corresponding to MS (substrate) was found to be disappeared as the c.d. increased, due
to increased thickness of the coatings. On the other hand, as the c.d. increased, more
NisP peaks were found and their intensity increased with c.d. and the Ni (111) peak
intensity diminishes vanishingly. This is attributed to increased stress during
deposition, which resulted in the precipitation of NisP phase, caused by increased P

content [Narayan and Mungole 1985, Pillai et al. 2012].
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Fig. 4.10- X-ray diffraction pattern of the Ni-P alloy coatings deposited at different

c.d.’s from the optimal bath
4.3.4 Electrodeposition of multilayered Ni-P alloy coatings

It is possible to control the composition and thickness of the coatings in
nano/micrometric level by regulating the c.d. and it's duration. The pulsed current
favour the formation of nano-laminated multilayered alloy coatings, having different
composition and grain size layer by layer. It should be noted that in the present study

only pulsed DC is used (Fig. 2.3), with a suitable combination of CCCD’s, and it should
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not be confused with regular pulse plating where current reduces to zero for every cycle,
explained in the literature [Chandrasekar and Pushpavanam 2008].

4.3.4.1 Optimization of CCCD’s

The electrodeposition and characterization of Ni-P alloy coatings revealed that the
proposed alloy plating bath could develop coatings of different morphology,
composition (62-86 wt.% of Ni) and phase structure over a wide range of deposition
c.d.(1.0 — 6.0 A dm™). On the other hand, it is well known that many properties
including corrosion resistance of monolayer alloy coatings can be increased to many
folds of its magnitude by multilayer technique, despite of having same total coating
thickness [Thangaraj et al. 2009]. It is due to increased interfacial surface area affected
by layering. The periodic modulation in mass transport at cathode film (due to periodic
change of current density) allows the growth of coating in layers, having different
composition and grain size. This leads to the formation of coatings with number of
layers separated by interfaces.

Thus, guided by above facts, multilayered Ni-P alloy coatings were deposited
at different sets of pulsed c.d.’s. To optimize CCCD’s for the development of the most
corrosion resistant coatings, they are developed at different sets of CCCD’s with 10
layers (chosen arbitrarily), and their corrosion characters were evaluated (Table 4.5). It
was found that CR’s of multilayered Ni-P alloy coatings decreased substantially, when
the coatings were developed at different sets of c.d.’s as may be seen in Table 4.5.
Among the many sets of CCCD’s tried, the least CR was observed in two sets of
CCCD’s, i.e., a combination of 1.0 and 4.0 A dm, and another combination of 2.0 and
5.0 A dm. Hence, these two sets of CCCD’s have been selected for further study, to

see the effect of nanolaminated coatings on corrosion behavior.
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Table 4.5- Corrosion data of CMM Ni-P alloy coatings having 10 layers, developed at
different sets of CCCD’s

CCCD’s -Ecorr icorr CR
(A dm?) (mV vs SCE) (LA cm?) (x 102mmy?)
(Ni-P)ao 513 12.0 14.2

CMM Ni-P coatings developed using dual pulses having difference of 3.0 A dm

(Ni-P)1.014.0110 502 8.1 10.3

(Ni-P)2.0s5.0110 542 11.2 12.6

4.3.4.2 Optimization of total number layers

The properties of the electrodeposited coatings, due to reduced grain size and large
number of interfaces can lead to a substantial improvement in their corrosion resistance
character. The number of interfaces can be infinite in principle, however, they are
usually up to an optimal limit [Kanani 2004]. Therefore, by selecting 1.0 & 4.0 A dm™
and 2.0 & 5.0 A dm™, as two square current pulses, CMM Ni-P alloy coatings having
10, 60, 120, 300 and 600 layers were developed. The corrosion behaviors of the
multilayered Ni-P alloy coatings at different coating configurations were studied, and
the obtained data are reported in Table 4.6.

It is important to note that corrosion rates of multilayered coatings, having (Ni-
P)1.04.0i300 and (Ni-P)2.05.01300 configurations are least compared to the monolayer (Ni-
P)so coating (Table 4.6). This clearly indicates the effect of layered coatings on
reducing the CR of the conventional alloy coatings. On the other hand, despite of having
the same degree of layering (300 layers), (Ni-P)1.04.0300 coating was found to show
lesser CR compared to the (Ni-P)2.05.0/300 coating (Table 4.6). It evidences the fact that
not only the number of layers, but also their composition determines the performance
of the coatings. Thus, better corrosion protection of multilayer Ni-P alloy coating is a
combined effect of both thickness and composition of individual layers.

It is interesting to note that the CR’s of multilayered Ni-P alloy coatings
decreased with the number of layers up to 300 layers in both sets of CCCD’s, and then
started increasing as reported in Table 4.6. The increase in CR at high degree of

layering, i.e., at 600 layers for (Ni-P)1.0m.0600 and (Ni-P)2.05.000 is attributed to the
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diffusion of nanolayer coatings. It may be explained as follows: As more numbers of
layers are allowed to form in same time duration, the time for the deposition of each
layer, say (Ni-P)1.0 is small (as the total time for deposition remains same, 10 min). Due
to short pulse duration (1 second), there is no sufficient time for metal ions to relax
(against diffusion under applied c.d.) and to deposit on cathode with distinct interface
[Leisner et al. 1996]. Therefore at high degree of layering, no modulation in
composition is likely to happen, and it is to state that at higher degree of layering
multilayered Ni-P alloy coatings tends to become a monolayer. Hence, CR’s of
multilayered coatings having 600 layers were found to be very high, and is almost same
as that of monolithic coating developed at 4.0 A dm™.

Table 4.6- Corrosion data of nanolaminated multilayer Ni-P coatings developed using

different combinations of current pulses, having different number of layers

Coating Time for each layer -Ecorr Icorr CR
configuration deposition (s) (MVvsSCE) (MAcm?) (x102mmy?)

CMM Ni-P coatings developed using a combination of 1.0 and 4.0 A dm™

(Ni-P)1.0/4.0110 60 502 8.1 10.3
(Ni-P)1.0/4.060 10 401 4.3 6.9
(Ni-P)1.014.01120 5 548 2.8 4.2
(Ni-P)1.014.01300 2 496 1.0 1.9
(Ni-P)1.014.0/600 1 537 12.9 13.9
CMM Ni-P coatings developed using a combination of 2.0 and 5.0 A dm
(Ni-P)2.055.0110 60 542 11.2 12.6
(Ni-P)2.055.0160 10 560 9.1 10.8
(Ni-P)2.055.0120 5 538 5.8 8.9
(Ni-P)2.015.01300 2 419 2.1 4.4
(Ni-P)2.015.0/600 1 412 13.1 14.1

The experimental results demonstrated that the CMM Ni-P alloy coating
deposited at 1.0 & 4.0 A dm combination, having 300 layers, represented by (Ni-
P)1.0/4.0300 showed the least CR (1.92 x 102 mm y!) in 5% NaCl medium, in comparison
to its monolayer (Ni-P)a.0 alloy coating (14.2 x 102 mm y!), deposited from the same

bath for the same duration of time. Hence, the optimal coating configuration proposed
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for the deposition of multilayered coating from the proposed bath is CMMA (Ni-
P)1.014.01300. The total thickness of the coating under optimal configuration, i.e., for (Ni-
P)1.0/4.0300 was found to be about 16 um. Hence, the average thickness of individual

layers is estimated to be in the range of 53 nm.
4.3.5 Corrosion study

4.3.5.1 Tafel’s polarization study
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Fig. 4.11- The representative potentiodynamic polarization behaviors of the CMM Ni-

P alloy coatings having different degree of layering in 5% NaCl medium

Tafel's extrapolation method was employed for determining the icorr Values, and
thereby the corrosion rates of the coatings. Potentiodynamic polarization behaviors of
CMM (Ni-P)w.0m4.0 coatings at different degree of layering are shown in Fig. 4.11 (only

representative), and their corrosion data are given in Table 4.6.
4.3.5.2 Electrochemical impedance study

The Nyquist plots obtained for CMMA coatings with different number of layers are
shown in Fig. 4.12. The EIS responses were found to be depressed semicircles with one
capacitive loop, attributed to the frequency dispersion of interfacial impedance, and this

anomalous flattening behavior is due to the inhomogeneity of the sample surface [Fei
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and Wilcox 2005]. The nature of Nyquist response indicates that the same corrosion
protection mechanism is followed in the coatings of all configurations. High Rct value
for (Ni-P)1.0/4.0/300 coating, with large capacitive loop indicates it as the most corrosion

resistant coating.
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Fig. 4.12- Nyquist plots of CMM (Ni-P)1.014.0 coating with different degrees of layering

The electrical interface between the electrodeposit and corrosion medium,
corresponding to the optimal coating (Ni-P)1.014.0300 was modelled with an EEC, using
Zsimpwin  SOftware. A good agreement between the experimental and simulated
electrochemical responses was found, as shown in Fig. 4.13. The simulated EEC with
Q and Rct are parallel to each is shown in the inset of Fig. 4.13. The obtained values for
circuit elements, namely Rs, Rctand Q are given in Table 4.7. The value of Rs was found
to be almost constant as given in Table 4.7, due to the same medium and cell
configurations used for the corrosion study. The variation in Rct values indicates that
the corrosion protection efficacy of (Ni-P)1.0i4.0 coatings show a progressive increase
with the number of layers only up to 300 layers, and then decreased. Further, the
decrease in Q value with layering was also found to show the trend only up to a

maximum of 300 layers.
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Fig. 4.13- EEC fitment of the Nyquist response corresponds to (Ni-P)1.0/4.0/300 coating

along with the obtained circuit in the inset

Table 4.7- EEC parameters of the CCMA coatings with different number of layers

Coating Rs Ret Q
configuration (Ohmcm?) (Ohmcm?)  (uF cm)
(Ni-P)1.04.0110 0.924 2786.4 75.5
(Ni-P)1.0/4.060 0.912 3356.2 35.2
(Ni-P)1.0/4.01120 0.895 5432.0 32.1
(Ni-P)1.0/4.0/300 0.943 8864.1 23.7
(Ni-P)1.014.0/600 0.895 1431.0 178.2

4.3.6 SEM analysis of multilayered coating

The formation of laminar coatings having successive layers of alloys with different
composition was confirmed by SEM analysis. The cross-sectional view of multilayered
coating having (Ni-P)wo4.06 configuration is shown in Fig. 4.14. Inspection of the
microscopic appearance of the coating confirmed the formation 6 layers of alloys

having alternatively different composition, as shown in Fig. 4.14.

122



- -f'—gfos_s—sédi(;gg{l ﬁe‘fﬁfmﬁhm
—~ displaying the formation-of 6 layers

-— —

Fig. 4.14- Cross-sectional SEM image of (Ni-P)1.014.056 coating shows the formation of

laminar coating having 6 layers of different composition
4.4 MECHANISM OF CORROSION PROTECTION IN CMMA COATINGS

The increased corrosion protection of CMMA (Ni-W)w04.0300 and (Ni-P)1.0/4.01300
coatings in relation to its monolayer alloy coating is attributed by the selective
dissolution of layers of different composition as envisaged by Fei and Wilcox (2005).
The mechanism of increased corrosion protection of multilayered coatings, in relation
to its monolayer coating can be explained through a pictorial representation, shown in
Fig. 4.15. Here, the multilayered coating having 4 layers and its monolayer coating,
represented respectively as (Ni-M)z.04.04 and (Ni-M)a.o are considered (where, M =W
and P).

In the schematic diagram, it may be seen that multilayered (Ni-M)1.0/4.04 coating
having 2 layers of alloys with one composition (sky blue colour) alternated by 2 layers
of alloys with a different composition (grey colour), gives better protection to the
substrate than its monolayer alloy coating of same thickness. The enhanced corrosion
protection mechanism of CMMA coatings can be explained as - when the coating is
carried out in multilayers, the number of interfaces separating the alloys of two different
compositions also increases. In CMMA (Ni-M)w.04.0 coating, the (Ni-M)a.o top layer
corrodes slowly, than the beneath layer (Ni-M)10. Variation in the composition of
successive layers results in a significant change in the phase structures; and hence when
the top layer is exposed directly to corrosion medium it gets corroded first while

protecting the beneath layer. The lower layers are safe until the breakdown of top most
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layers occur. This leads to the spreading of corrosion product laterally at the interface.
Once the breakdown of top layer takes place, the second layer is exposed to corrosive
medium and this repeats layers after layers. As the number of layers increased, the
corrosive agent needs more time to penetrate through the coating and then into the
substrate. Due to this process, the corrosive agent path is extended or blocked [Leisner
et al. 1996, Venkatakrishna and Hegde 2010]. But in the case of the monolayer, or non-
nanostructured/bulk coating, the corrosion takes place unabatedly, and corrosive agent
reaches the substrate very fast as shown in the schematic illustration. Thus it may be
summarized that increased corrosion protection of multilayered alloy coating is due to
increase in the number of interfaces, formed due to layering, compared to its monolayer
coating. The interfaces allow the spreading of corrosive medium laterally, and delays
attacking of the substrate [Thangaraj et al. 2009, Gu et al. 2005a, Gu et al. 2005b], and
is shown diagrammatically in Fig. 4.15. It may also be concluded from the figure (Fig.
4.15) that the time required for the corroding medium to reach the substrate by
penetrating through the multilayered coating (T1) is much greater than that through the

monolayer coating (T2), i.e. T1 >> Ta.

Multilayered coating Homogeneous coating
Time for corroding medium to . § ! Time for corroding medium to
penetrate through the coating penetrate through the coating
to reach the substrate, T, to reach the substrate, T,

Y
Lateral spreading of corrosion

medium through interface

Penetration of the corrosion
medium directly into the
substrate

~—~

N

Fig. 4.15- Diagram showing the mechanism for increased corrosion protection of

multilayered (Ni-M)1.04.014 coating (left), compared to the monolayer (Ni-M)a.0 coating
(right), deposited from the same bath for same duration. It demonstrates that the time
required for the corroding medium to reach the substrate by penetrating through the
multilayered coating (T1) is much greater than that through the monolayer coating (T2)
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4.4 CONCLUSIONS

Based on the experimental results of investigation on the deposition of multilayered Ni-

W and Ni-P alloy coatings on MS for better corrosion protection, the following

observations were made as conclusions:

1.

The corrosion resistance of monolayer Ni-W and Ni-P alloy coatings were
increased to many folds by nanolaminated multilayered alloy coating approach
using pulsed DC.

Electrochemical corrosion study demonstrated that the multilayered Ni-W and
Ni-P alloy coatings with 300 layers, represented generally as (Ni-M)z.0/4.01300 S
showing the least CR compared to their monolayer (monolithic or homogenous)
coatings, developed from the same bath using non-pulsed DC.

Better corrosion protection of multilayered Ni-W and Ni-P alloy coatings,
compared to their monolayer counterpart is ascribed to the combined effect of
both thickness and composition of individual layers.

Drastic improvement in the corrosion protection efficacy of multilayered alloy
coatings is attributed to the increase in number of interfaces separating the
layers of alloys having different composition and phase structures, responsible
for lateral spreading of the corrosion medium.

Corrosion protection efficacy of multilayered coatings was found to increase
with number of layers only up to an optimal level, and then decreased due to

interlayer diffusion.
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CHAPTER 5

MAGNETOELECTRODEPOSITION: AS MEANS TO IMPROVE
THE CORROSION RESISTANCE OF Ni-W ALLOY COATINGS
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Corrosion study

This chapter discusses the development high corrosion resistant Ni-W alloy
coatings using MED approach for the protection of MS. The conditions for the
deposition of more corrosion resistant MED Ni-W alloy coatings were optimized by
inducing a magnetic field during deposition, in terms of varying intensity and direction,
from the same bath. The applied magnetic field was used as a tool to alter the
crystallinity, composition and thereby the corrosion resistance of the coatings. It was
demonstrated that the corrosion resistance of Ni-W alloy coatings can be improved to
many folds of its magnitude by MED approach. Significant increase in corrosion
resistance exhibited by MED coatings (under both parallel and perpendicular B) is
attributed to the increased W content of the alloy affected by an increase in i. value.
The high corrosion resistance of the MED Ni-W alloy coatings was explained in the
light of MHD effect, responsible for the increased W content, brought about by the
enhanced mass transport. The inherent limitations of the bath like, low iL and induced
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type of codeposition which impedes the development of W-rich alloy coatings were
successfully resolved by MED method. Drastic improvement in corrosion resistance is
ascribed to the basic difference in the process of electrocrystallization and phases
formed during MED, confirmed by SEM and XRD study.

5.1 RESULTS AND DISCUSSION

5.1.1 Electrodeposited Ni-W alloy coatings

The corrosion behavior of the ED Ni-W alloy coatings at different c.d.’s from the
optimal bath was discussed in Chapter-4. From the detailed study on the effect of c.d.
on the coating characteristics revealed that the coating obtained at a deposition c.d. of
4.0 A dm as the optimal coating with maximum W content and least CR. It is important
to notice that the better corrosion protection efficacy of the coatings was characterized
by high W content in the alloy as reported in Chapter-4. Whereas, it was very difficult
to attain a coating with W content more than 12.4 wt.% through conventional
galvanostatic methods of deposition. In this connection, to overcome the limitations of
natural convection during conventional deposition, MED technique was adopted. The
development of MED coatings under different conditions of applied B, in terms of

direction and intensity were described in Chapter-2.

5.1.2 Characterization of the MED Ni-W alloy coatings

5.1.2.1 Surface appearance of the MED coatings

The surface topography of the MED coatings developed at different strengths of B,
applied in parallel and perpendicular directions was observed through SEM. The
elemental composition of the coatings was also examined using EDS analysis. A
significant change in surface morphology was observed with change in direction of B.
The surface appearance of the optimal ED and MED coatings (in terms of W content
as observed in the EDS data given in Table 5.1) represented as, (Ni-W)g=oT, (Ni-W)g=0.1
Tipar @aNd (Ni-W)B=0.2 T/per, are shown in Fig. 5.1, for comparison. It is interesting to note
that the morphology of the coating at B= 0 T is almost flat without any features and
covered with full of micro-cracks. The presence of micro-cracks on the coating surface
is attributed to the inherent brittle nature of W and also due to codeposition of Hz gas

during deposition [Brenner 1963]. But in the presence of induced B, in a parallel
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direction, the formation of nodular growths were observed along with the micro-cracks
as observed in Fig. 5.1(b). Whereas, in the presence of B, applied in a perpendicular
direction, the coating was found to be cracks-free and covered homogeneously with
nodular growths (Fig. 5.1(c)). This variation in surface morphology with a change in
the direction of B, applied during deposition, confirms the effect of B on deposit
characteristics. Further, the influence of intensity of B applied under a particular
direction, parallel or perpendicular was also studied (Fig. 5.2 and 5.3). A remarkable
change in surface morphology was also observed with variation in the intensity of B, in
the case of both parallel and perpendicular directions. Under parallel B, the nodular
growth was found to be diminished and becomes uneven with an increase in the
intensity of B from 0.1 T to 0.4 T as observed in Fig. 5.2. The coating was observed to
become more porous and flat at a higher strength of B (Fig. 5.2(d)), and looks almost
similar to ED coating. This variation in surface appearance can be related to the EDS
results as given in Table 5.1. The coating with maximum W content, developed under
parallel B, was found to show nodular growth and the coating with least W content
shows the appearance similar to a conventional coating. Similarly, under perpendicular
B, all the coatings were found to be cracks free with surface morphologies varying from
granular structure to nodular growths and then to porous grains as shown in Fig. 5.3. In
this case also the coating with maximum W content (at B = 0.2 T) was found to be
covered with homogeneous nodular growths, and it was found to be changed to porous
grains at higher strengths of B (Fig. 5.3(d)).
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Fig. 5.1- SEM images of the optimal ED Ni-W alloy coating in comparison with MED

coatings deposited under applied magnetic field in parallel and perpendicular direction:

Fig. 5.2- SEM images showing the variation in surface morphology of MED Ni-W alloy
coatings developed under parallel B: a) (Ni-W)s=0.1 T/par, b) (Ni-W)g=0.2 T/par, C) (Ni-
W)g=0.3 T/par, and d) (Ni-W)s=0.4 T/par

130



Fig. 5.3- SEM images showing the variation in surface morphology of Ni-W alloy
coatings with intensity of B, applied in perpendicular direction: a) (Ni-W)g=0.1 T/per, b)
(Ni-W)B=0.2 Tiper, €) (Ni-W)B=0.3 T/per, and d) (Ni-W)s=0.4 T/per

5.1.2.2 Phase structure of the MED coatings

The variation in phase structure of the MED coatings developed under different
conditions of B was studied using XRD analysis. The variation in XRD pattern obtained
for optimal MED coatings, in terms of W content, under parallel and perpendicular B
in comparison with the ED coating are shown in Fig. 5.4. The obtained results show the
presence of new reflections corresponding to W-rich phases in the MED coatings,
developed under different conditions of applied B. It may be noted that the XRD results
show variation in the direction of crystal growth, evident from the change in intensity
of the main peak, with change in direction of the applied magnetic field. The crystal
growth in ED coating was in the (111) plane, and it was found to be changed into (530)
and (220) under parallel and perpendicular B, respectively. The change in intensity of
the main peaks are attributed to the formation of W-rich phases under different
conditions of applied B. The change in peak intensity with variation in strength of
applied B, in a particular direction (either parallel or perpendicular), was also studied
and it was found to show a remarkable variation in the intensity of individual peaks as
shown in Fig. 5.5 and 5.6).
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Fig. 5.4- The variation in XRD pattern of the MED Ni-W alloy coatings achieved under

parallel and perpendicular directions of B in comparison with the conventional ED

coating
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Fig. 5.5- XRD pattern showing the variation in phase structure of the Ni-W alloy
coatings with intensity of B, applied in parallel direction: a) (Ni-W)g=0.1 T/par, b) (Ni-
W)B=0.2 T/par, C) (Ni-W)B=0.3 Tiparand d) (Ni-W)B=O.4 T/par
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Fig. 5.6- XRD pattern showing the variation in phase structure of the Ni-W alloy
coatings with intensity of B, applied in perpendicular direction: a) (Ni-W)g=0.1 T/per, b)
(Ni-W)B:O.Z T/per, C) (Ni-W)B=0.3 Tiper and d) (Ni-W)B:OA Tlper

5.1.3 Corrosion study

The effect of B on coating characteristics such as appearance, elemental composition,
thickness, microhardness and corrosion resistance are given in Table 5.1. All the
coating characteristics were found to have a close relationship with the amount of W
content present in the coatings and hence, on the direction and intensity of B applied
during deposition. The coatings developed under perpendicular B was found to have
the maximum W content and thereby the optimal characteristics. The coating
configuration (Ni-W)g=0.2 T/per Was obtained as the optimal coating in terms of W
content, and also with maximum thickness, hardness and corrosion resistance (least
CR). Overall, the coatings developed under perpendicular B was found to show superior

characteristics over the coatings under parallel B.
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Table 5.1- Effect of B on the deposit characteristics of Ni-W alloy electrodeposited
from optimized bath at 303 K

Coating Wt.% Thickness  Vicker’s -Ecorr icorr CR (x10?
configuration of W (um)  microhardness (mVvs. (HAcm?) mmy?)
V100 (GPa) SCE)

(Ni-W)g=01Tpar  21.6 16.2 3.85 373 31 2.41
(Ni-W)B=02Tpar  18.4 15.8 3.62 395 4.3 3.85
(Ni-W)=ozpr 151 15.7 3.40 428 5.2 4.81
(Ni-W)g=04 Tipar  13.7 15.2 3.31 442 6.1 511
(Ni-W)szo11per 271 164 4.16 401 2.9 2.10
(Ni-W)g=02Tper  32.4 16.8 4.32 361 1.1 0.14
(Ni-W)B=031/per 20.3 15.6 3.74 344 4.2 311
(Ni-W)g=0.41/per  18.1 15.2 3.51 325 4.8 4.13

(Ni-W)g=o1  12.4 15.9 3.22 487 6.5 5.35

From the data, it may be noted that the corrosion resistance of MED coatings,
deposited under applied B has increased drastically, compared to the one under natural
convection (B = 0 T). Further, it is evident that the effect is more pronounced when B
is applied perpendicular to the direction of flow of ions. The potentiodynamic
polarization and EIS behaviors of MED Ni-W alloy coatings, developed under applied
B of varying intensities (from 0.1 T to 0.4 T) in parallel direction are shown in Fig. 5.7,

and the corresponding data are given in Table 5.1.
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Fig. 5.7- The potentiodynamic polarization and EIS responses of MED Ni-W alloy

coatings developed from optimal bath under varying intensities of B, applied in parallel

direction

The Tafel curves of the MED Ni-W alloy coatings achieved under parallel B of
varying intensities show a gradual increase in CR, and also the Ecorr values were found
to be shifted towards the more negative side as shown in Fig. 5.7(a). The Tafel curve
fitting results given in Table 5.1 confirms the decrease in corrosion resistance of the
coatings with an increase in strength of applied B, in parallel direction. The EIS
responses also support the same observations as obtained from Tafel polarization study.
The depressed semicircles of decreased diameter with an increase in the intensity of B,
in parallel direction, again confirms the trend in corrosion resistance of MED coatings
(Fig. 5.7(b)). Among the MED coatings obtained under parallel field, the coating
configuration (Ni-W)s=0.1 T/par Was found to be the best with least CR, nobler Ecorr value
and maximum diameter for the EIS response. Further, the Tafel polarization and EIS
responses of the MED coatings developed under varying intensities of B, applied in
perpendicular direction, was also recorded and shown in Fig. 5.8.
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Fig. 5.8- Potentiodynamic polarization and EIS responses of MED Ni-W alloy coatings,
developed from optimal bath under varying intensities of B, applied in perpendicular

direction

It may be noted that, Fig. 5.8 and the corresponding data in Table 5.1 shows the
experimental evidence for the trend in corrosion resistance behavior of MED coatings
developed under perpendicular B. The CR of MED coatings was found to be decreased
only up to an optimal intensity of B (0.2 T), and then increased (Table 5.1). The EIS
responses also support the same observation with the largest diameter of the Nyquist
plot for coating configuration (Ni-W)s= 0.2 Tper. Further, an EEC fitment of the Nyquist
responses was also made to simulate the behavior at the electrode/electrolyte interface.
A representative fitment result and the obtained EEC are shown in Fig. 5.9.

The simulated circuit was found to be similar to a simple Randles circuit with
Rs, Ret and Q as the circuit elements [Barsoukov and Macdonald 2005]. The data
pertaining to the fitment of MED coatings developed under different conditions of
applied B are given in Table 5.2. The fitment results again support the corrosion
behavior of the coatings in terms of CR values as tabulated in Table 5.1. The Rct values
of the coatings were observed to be large for those developed under perpendicular B
than parallel, under same intensities of B. Moreover, the variation in Rct and CR values
show a close relationship with the W content in the coating developed under different
conditions of B. The coating configurations, (Ni-W)g=0.1 T/par and (Ni-W)g=0.2 T/per Were
found to be the optimal coatings with large Rct values and least capacitance values,

under parallel and perpendicular directions of B.
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The obtained experimental results show a strong dependence of the coating
characteristics such as composition, structure, morphology, physical properties and
corrosion resistance on the intensity and direction of the applied magnetic field. The
effect of applied B on the process of electrodeposition or the mechanism of MED
responsible for the improved properties are attributed to the enhanced mass transport
resulted from the MHD effect, due to Lorentz force [Monzon and Coey 2014, Fahidy
1983, Waskaas and Kharkats 1999, Tacken and Janssen 1995, Koza et al. 2008, Bund

et al. 2003].
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Table 5.2- The EEC parameters of the MED Ni-W alloy coatings developed under
different conditions of B

Ni-W coating Rs Rot Q
configuration ~ (Ohmcm?) (Ohmcm?)  (UF cm?)
(Ni-W)B=0.1 T/par 0.91 5816 68.5
(Ni-W)g=0.2 T/par 1.0 3214 118.1
(Ni-W)B=0.3 T/par 1.5 2216 162.6
(Ni-W)g=0.4 T/par 1.6 1824 171.7
(Ni-W)g=0.1 T/per 1.0 8316 44.8
(Ni-W)B=0.2 T/per 1.0 14809 23.5
(Ni-W)g=0.3 Tiper 1.2 4252 96.4
(Ni-W)g=0.4 Tiper 1.4 2684 1413
(Ni-W) g=0 T 1.0 1497 178.4

5.1.4 Effect of magnetic field

The improved corrosion resistance of MED coatings is mainly attributed to change in
composition, structure and morphology of the deposits compared with the ED coatings.
As W content in the deposit was almost impossible to increase further by tuning the
applied c.d. (above 4.0 A dm™) in a normal deposition, MED technique was found to
be effective in enhancing the convective effect [Mohanta and Fahidy 1978, Fahidy
1983], through magnetic field induced or forced convection at the cathodic diffusion
layer [Krause et al. 2007, Devos et al. 2000, Monzon and Coey 2014, Fahidy 1973],
and thereby to enhance the W content in the coating. The W content was found to be
maximum in MED coating developed by applying B in perpendicular direction than in
parallel direction. This can be explained by the MHD effect, arises mainly due to
Lorentz force (given by the equation FL = qvB sinf), is maximum under the
perpendicular magnetic field, i.e., when the angle between the magnetic field and c.d.
is 90° (6 =90°) [Fahidy 1983, Koza et al. 2008, Aaboubi and Msellak 2016]. Whereas,
under parallel magnetic field it will be zero (6 = 0). A schematic showing the
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mechanism of MED under an applied magnetic field in the perpendicular direction is
given in Fig. 5.10.

In conventional deposition, ions move in the direction of applied c.d. [Dini
1993], whereas in the presence of applied B, in perpendicular direction, the ions can
move in circular path influenced by the Lorentz force acting on them under
electromagnetic conditions of deposition (Fig. 5.10(a)) [Waskaas and Kharkats 1999,
Koza et al. 2010, Fahidy 1973]. This movement of ions in circular path leading to an
enhanced mass transport near the cathode surface and thereby reduces the double layer
thickness as shown in Fig. 5.10(b) [Krause et al. 2007, Jha and Aina 2016, Ebadi et al.
2012]. The forced convection and reduction in double layer thickness leading to
increase in i. value of the reluctant metal (W) and thereby its preferential deposition
[Fahidy 1983]. Whereas, in the case of applied B in parallel direction, the Lorentz force
is zero and hence the extent of magnetically stimulated convective effect is less as
compared with that under perpendicular direction [Koza et al. 2008, Fahidy 1973,
Matsushima et al. 2008]. Even though the Lorentz force is zero, some other forces like
paramagnetic forces and magnetic susceptibility of the solution in the presence of
applied B (in parallel direction) can impart changes in the composition, structure and
morphology of the coatings [Aaboubi and Msellak 2016, Li et al. 2013]. However, the
variation in such effects with a slight difference in intensity of applied B may be
negligible. Overall, though the parallel B is less effective in inducing the mass transport
process compared with perpendicular B, the applied magnetic field in parallel direction
can make a distinction in coating properties from the coating developed without any
applied magnetic field and the coatings developed at different intensities of B.
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Fig. 5.10- The schematic of mechanism of MED, under an applied B in perpendicular
direction; a) the movement of charged species near the cathode surface, and b) the
reduction in double layer thickness and thereby the enhanced mass transport due to
MHD effect

The observed improvement in properties of the MED coatings is attributed to
the increased W content in the coating, effected from the magnetic field stimulated mass

transport. Whereas, in the case of both parallel and perpendicular magnetic field, a
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saturation point is observed in the applied intensity of B. In parallel, B = 0.1 T was
observed as the optimal field intensity and any further increase in the intensity of B was
found to have no impact on enhancing the coating characteristics. This lowest intensity
of B applied in parallel direction brings a distinction in coating characteristics from the
ED coating, than the coatings developed at other higher intensities. This is attributed to
the increase in hydrogen evolution during deposition, at higher intensities of B, and
which leads to the deformation of the nodular growths at the coating surface along with
the formation of micro-cracks (Fig. 5.2). In the case of perpendicular B, an applied
magnetic field intensity of 0.2 T was found to be the optimal. Initially, the coating
characteristics were found to be enhanced with the intensity of B and then decreased
after the optimal value. This decrease in coating characteristics in terms of corrosion
resistance is also attributed to the increased evolution of hydrogen during deposition
leading to the formation of porous deposits (Fig. 5.3). Further, the coatings achieved
under conventional conditions and parallel B were found to have micro-cracks on the
surface, but those obtained under perpendicular B was observed to be cracks-free. The
micro-cracks on the coatings are attributed to the hydrogen embrittlement, resulted
from the codeposition of H2 gas during deposition [Brenner 1963]. In the case of
deposition at perpendicular B, the MHD effect enhances the fast discharge of the gas
bubbles from the surface of the coating immediately after its formation [Koza et al.
2009, Balzer and Vogt 2003] and prevents the development of strain in the coatings.
This mechanism of fast disentanglement of the Hz gas bubbles from the surface through
the combined effect of Lorentz force [Monzon and Coey 2014] and hydrogen buoyancy
force [Lin and Hourng 2014] inhibits the formation of micro-cracks in the coatings
developed under perpendicular B. Whereas, this effect also attains a saturation point at
B = 0.2 T and then decreases due to the large increase in Hz evolution with increase in
W content, which is having low hydrogen overvoltage [Tsyntsaru et al. 2012] leading

to the formation of porous deposits at higher strengths of B.
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Fig. 5.11- Comparison of corrosion behaviors of the ED and MED coatings through: a)

potentiodynamic polarization method, and b) EIS method

A comparison of the potentiodynamic polarization and EIS responses of the ED
and MED coatings are given in Fig. 5.11. The enhanced corrosion resistance of the
MED coatings is mainly due to the increased W content. Among the MED coatings
developed by applying B in parallel and perpendicular directions, the corrosion
resistance was found to be increased with W content irrespective of the direction of B.
The coating with maximum W content (32.4%), (Ni-W)g-=0.2 T/per, Was obtained as the
optimal coating in terms of corrosion resistance. The Tafel and Nyquist responses of
the optimal Ni-W alloy coatings developed under conditions of conventional, parallel
and perpendicular B supports the enhancement in corrosion resistance with W content
in the coating. The lower CR and more noble Ecorr value along with the largest Rct value
confirm (Ni-W)s=o0.2 T/per as the best coating. The cracks free surface with more compact
spherical grains is ascribed to the high corrosion resistance character of (Ni-W)g=0.2 T/per
(Fig. 5.1(c)). Further, the drastic improvement in the corrosion protection efficacy of
MED coatings are attributed to the W-rich unique phase structures formed, namely
NisW (211), NisW (130), Ni17Ws3(220) and NiW (106) which do not correspond to any
known phases in ED Ni-W alloy coatings, evidenced by XRD analyses (Fig. 5.4).

5.2 CONCLUSIONS

The following observations were made as conclusions after analyzing the experimental

results obtained from the corrosion study of ED and MED Ni-W alloy coatings:
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Under optimal conditions, MED coatings exhibit many fold increase in
corrosion resistance compared to conventional ED coatings, achieved from the
same bath.

. The limitations, like low i value and induced type of codeposition towards the
development of more corrosion resistant coatings from the proposed bath has
been successfully resolved through the development of cracks free W- rich
coatings through MED approach.

. The enhanced corrosion resistance of the MED coatings (both parallel and
perpendicular) is ascribed to the increase in W content of the alloy due to
increased iL.

. The decrease of diffusion layer thickness due to applied magnetic field is
attributed to the better crystallographic orientation, and hence the corrosion
resistance of the MED coatings.

Drastic improvement in the corrosion protection efficacy of MED coatings is
attributed to the W-rich unique phases, namely NisW (211), NisW (130), Ni17W3
(220) and NiW (106) which do not correspond to any known phases in ED Ni-
W alloy coatings.

Changed crystallographic orientation and surface morphology of MED
coatings, responsible for better corrosion protection efficacy were explained in
the light of MHD effect.

. The surface morphology and corrosion performance of MED coatings were
found to be the function of MHD effect, in both direction and intensity of
applied magnetic field.
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CHAPTER 6

ELECTROCATALYTIC ACTIVITY OF ELECTRODEPOSITED

Ni-W AND Ni-P ALLOY COATINGS

Alloy electrodeposition Water splitting

The chapter discusses the development of electroactive Ni-W and Ni-P alloy
coatings for alkaline water splitting reaction. The electrocatalytic activity of Ni-W and
Ni-P alloy coatings, deposited at different c.d.’s were tested in 1.0 M KOH medium.
The alkaline water splitting efficiency of the coatings towards HER and OER were
examined using electrochemical methods such as CV and CP. The practical
effectiveness of the test electrodes were ascertained by quantifying the amount of H:
and Oz gases evolved from the respective electrodes during analysis. Further, the long-
term stability of coatings under electrocatalytic working conditions was confirmed in
terms of corrosion resistance using electrochemical methods. A dependency of the
electrocatalytic activity for HER and OER with c.d., and hence to the relative amount
of the alloying elements was found. The composition of the alloy showing maximum
activity towards HER was found to have an adverse effect on OER and vice versa. The
variation in electrocatalytic activities of the coatings developed at different c.d.’s were
explained in the light of their phase structure, surface morphology and chemical

composition, with plausible mechanisms and illustrations.

145



6.1 RESULTS AND DISCUSSION

The experimental results obtained for the electrocatalytic activity study for HER and

OER on Ni-W and Ni-P alloy coatings are reported below.
6.2 ELECTROCATALYTIC ACTIVITY OF Ni-W ALLOY COATINGS

The Ni-W alloy coatings were deposited at different c.d.’s (1.0 — 4.0 A dm?) from the
optimal bath for electrocatalytic study as explained in Chapter-2. The morphological
structural and compositional characterization of the coatings developed at different
c.d.’s were discussed in Chapter-4. Further, all the developed coatings were found to
be corrosion resistant under electrocatalytic working conditions. The electrocatalytic
activity of the test electrodes towards HER and OER were examined using CV and CP
techniques, as described in Chapter-2. HER and OER are the most studied
electrochemical reactions due to its widespread applications in many electrochemical
technologies such as, alkaline water electrolysis and chlor-alkali production [Lupi et al.
2009, Zhu et al. 2015]. The CV technique allows determination of a set of parameters
that are useful for the evaluation of the electrode performance. The hydrogen desorption
peak area is one of the main parameters among the electrode characteristics. It depends
on the active specific surface of the deposit: the larger the active specific surface, the
higher the amount of hydrogen produced during the reduction of the hydrogen adsorbed
on the electrode. Another important parameter characterizing the electrode material is
the discharge potential of hydrogen; determining the interception of the voltammetric
curve tangent with the x-axis. It indicates the electrocatalytic properties of the cathodic
material used in the water electrolysis and thus allows evaluation of the energy
consumption in hydrogen production [Lupi et al. 2009]. The CP study for a fixed time
(1800 s) by applying a definite cathodic or anodic c.d. (-300 mA cm™) gives the
information about the stability and robustness of the electrode material under
electrocatalytic working conditions. In this method, when a constant current is flowing
between two electrodes, the change in potential is monitored as a function of time with
respect to a suitable reference electrode. The basis of this experiment is to find the redox
(electron transfer) reactions that occurs on the surface of working electrode to support

the applied current. Further, the practical effectiveness of each test electrodes was
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evaluated by quantifying the amount of Hz or Oz gas liberated during the analysis.
Accordingly, electrocatalytic behaviors of the Ni-W alloy coatings for alkaline water
splitting of both HER and OER was studied.

6.2.1 Electrocatalytic activity for alkaline HER
6.2.1.1 Cyclic voltammetry study for HER

The water splitting ability of Ni-W alloy coatings for HER was obtained by CV study
within a potential ramp of 0.0 V to -1.6 V at a scan rate of 50 mV s, for 50 cycles. The
scan rate of 50 mV s was selected amongst the different scan rates, based on the better
readability of data. For CV curves of 50 cycles, the cathodic current response at -1.6 V
was found to be decreased sequentially with increase in the number of cycles and then
becomes stable. This may be attributed to the progressive resistance induced by the Hz
bubbles formed on the catalyst surface; and the stable and reproducible CV curves
obtained indicates a state of equilibrium between adsorption and desorption of Hz gas
on the electrode surface [Ullal and Hegde 2014]. The current response corresponds to
the equilibrium for Hz evolution is called, cathodic peak current density, abbreviated as
ipc. Accordingly, the CV responses of different Ni-W alloy deposits having variation in
relative ipc values are shown in Fig. 6.1, and the corresponding electrochemical data are
given in Table 6.1. From Fig. 6.1, it may be noted that the Ni-W coating obtained at 4.0
A dm2 exhibits the highest ipc value (-0.66 A cm), compared to the other coatings.
Thus the highest ipc values recorded by Ni-W coatings deposited at 4.0 A dm™ may be
attributed to the highest W content (12.5 wt. %), compared with all other coatings
deposited from the same bath. Further, it may be noted that the corresponding data
reported in Table 6.1 shows a gradual decrease in the onset potential for Hz evolution,
with increase in deposition c.d. This variation in onset potential for Hz evolution further
confirms that the Ni-W alloy coatings deposited at high c.d. are more congenial for
HER. Thus the electrocatalytic behavior of Ni-W alloy deposits was found to have a
close relationship with the deposition c.d., a dictating parameter of surface morphology,
composition and phase structure of the deposits. An experimental study by Herraiz et
al. (2011), demonstrated that the intrinsic catalytic activity for HER on Ni-based
electrodeposits depend on the synergism among the catalytic properties of Ni and of its
counterpart’s. Hence, it may be concluded that the highest realized ipc value of Ni-W
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coating corresponding to 4.0 A dm is attributed to the synergistic effect of lower Ni
content (87.5 wt.%) and higher W content (12.5wt. % ) of the deposit, compared with

the other coatings.
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Fig. 6.1- The CV responses of Ni-W alloy coatings deposited at different c.d.’s towards
HER

6.2.1.2 Chronopotentiometry study for HER

The practical effectiveness of each test electrodes was evaluated by measuring the
amount of Hz gas liberated during the analysis. The chronopotentiograms of Ni-W alloy
coatings deposited at different c.d.’s along with the amount of hydrogen gas liberated
(in the inset) are shown in Fig. 6.2. It may be noted that the maximum amount of Ha
gas was produced by the Ni-W alloy coating deposited at 4.0 A dm, compared to the
coatings deposited at other c.d.’s. This observation further confirms the fact that the Ni-
W coating developed at 4.0 A dm™ as the most electrocatalytically active coating
towards HER. An initial sharp decrease of potential immediately after starting the
electrolysis as observed in some coatings may be due to an increased reduction of H*
to Hz as the current is applied suddenly. However, the constant potential immediately
after a few minutes of starting electrolysis as observed in Fig. 6.2 indicates that the

HER takes place unabatedly on the electrode surface at applied c.d.
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Fig. 6.2- CP responses of the Ni-W alloy coatings under impressed cathodic current of
-300 mA cm along with the volume of H2 gas evolved from each test electrodes in 300

s in the inset

Table 6.1- The HER parameters of Ni-W alloy coatings developed at different c.d.’s
from optimal bath

Coating Cathodic peak  Onset potential ~ Volume of

configuration c.d.at-1.6V  for Hz evolution  Hz evolved

(A dm2) (A cm?) (VVvsSCE)  in300s(mL)
1.0 -0.11 -1.39 111
2.0 -0.42 -1.32 12.2
3.0 -0.58 -1.26 13.4
4.0 -0.66 -1.21 14.8

6.2.2 Electrocatalytic activity for OER
6.2.2.1 Cyclic voltammetry study for OER

The Ni-W alloy coatings deposited at different c.d.’s were also tested for its
electrocatalytic activity for OER in 1.0 M KOH medium, in the same line as done for
HER. The CV experiments for OER on Ni-W alloy deposits were conducted in the
potential range of 0.0 to +0.75 V at a scan rate of 50 mV s, and the corresponding CV
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responses are shown in Fig. 6.3. The onset potentials for continuous evolution of O2
gas for each test electrodes developed at different c.d.’s are shown in the CV curves. It
was observed that the Ni-W alloy coating deposited at 1.0 A dm shows good catalytic
activity towards OER with the lowest onset potential (0.51 V) and maximum ipa value
at 0.75 V (Fig. 6.3 and Table 6.2). The mechanism proposed for OER involves the
adsorption of OH" from the medium onto the surface of the electrode followed by the
formation of adsorbed oxygen through electron transfer leading to the formation of O
gas [Lyons and Brandon 2008, Juttner 1984]. The detailed mechanism of OER is
explained in section 6.4.2.

The cathodic and anodic peaks observed in the cyclic voltammograms (Fig. 6.3)
in the applied potential range (0.0 to +0.75V) are due to the formation and reduction of
a NiOOH layer. In this potential range, the substrate surface is covered with a thin p-
type semiconducting layer of NiO(H20) [Peeters et al. 2001], and can enhance the OER
within the potential range by enhancing the OH" adsorption. Whereas, apart from this
potential range, the activity will be limited due to the lack of formation of a
semiconducting layer of NiO(H20). This is in agreement with the well-established
generalization on OER that, it normally takes place on a metal surface which is firstly
covered with appropriate oxides [Kubisztal and Budniok 2008]. In the present study,
the coating developed at 1.0 A dm was found to show the maximum activity towards
OER due to its higher Ni content leading to better adsorption of OH" through redox

reaction under the applied potential.
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Fig. 6.3- CV responses of Ni-W alloy coatings deposited at different c.d.’s towards
OER

6.2.2.2 Chronopotentiometry study for OER

The CP responses and the amount of Oz gas evolved during the analysis from each test
electrodes are shown in Fig. 6.4. As the current pulse (anodic) of +300 mA cm2 was
applied, a sharp increase in the potential was observed until a potential at which OH" is
oxidized to Oz is reached. In other words, an equilibrium state is reached between the
newly forming bubble and bubbles escaping from the surface of the electrode [Ullal
and Hegde 2014, Herraiz-Cardona et al. 2011]. The inset of Fig. 6.4 shows the relative
amount of O liberated in 300 s on each Ni-W alloy coating deposited at different c.d.’s,
and the corresponding volumes are given in Table 6.2. In this case, the amount of O2
gas liberated on the surface of coating deposited at 4.0 A dm is less compared to the
other coatings. In other words, the Ni-W alloy deposited at 1.0 A dm exhibits the
lowest potential for O2 evolution. Hence, the alloy coating deposited at 1.0 A dm™ is
more electroactive for OER compared to the other coatings. Thus, the experimental
results from the HER and OER of electrodeposited Ni-W alloy coatings deposited at
different c.d.’s, it may be inferred that the surface favoring the cathodic reaction has an
adverse effect on anodic reaction and vice versa. It may be due to the unique phase

structure and composition of the coatings deposited at different c.d.’s, but from the
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same bath. To sum up, a variation in Hz and Oz evolution with c.d. was found as shown
in Fig. 6.2 and Fig. 6.4, respectively. This indicates a synergism between the good
catalytic property of W (due to low hydrogen overvoltage) and Ni (having increased
adsorption of OH"ions) are responsible for the better electrocatalytic activity of the Ni-

W alloy coatings as cathode and anode, respectively.

0.8 Volume of O, evolved in 300 s
I " 15
= —=—1.0Adm™ _ 131 12.6
» 2 —E' 12 11.8
> 06-——20Adm~ S
> o
1 —+—3.0 A dm? § o
041 ——4.0Adm? &
S 6
o
5
0.2 S 3
0-
0.0 4 T T y T i T i T I T ’
0 300 600 200 1200 1500 1800

Time (s)

Fig. 6.4- CP responses of the Ni-W alloy coatings under an impressed anodic current
of +300 mA cm along with the volume of Oz evolved in 300 s on each test electrodes

are shown in the inset

Table 6.2- The OER parameters of Ni-W alloy coatings deposited at different c.d.’s
from optimal bath

Coating Anodic peak  Onset potential ~ Volume of O2
configuration c.d.at0.75V of Oz evolution evolved in 300 s

(A dm?) (A cm?) (V vs SCE) (mL)
1.0 1.25 0.51 13.1
2.0 0.83 0.53 12.6
3.0 0.61 0.57 11.8
4.0 0.45 0.61 11.1
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6.3 ELECTROCATALYTIC ACTIVITY OF Ni-P ALLOY COATINGS

The electrodeposition and characterization of Ni-P alloy coatings at different c.d.’s
from the proposed bath were discussed in Chapter-4. The Ni-P alloy coatings developed
at 2.0, 4.0 and 6.0 A dm (only selected coatings) were tested for its electrocatalytic
activity towards HER and OER in 1.0 M KOH, using electrochemical methods as
discussed in Chapter-2. The obtained experimental results of investigation are reported

below.
6.3.1 Hydrogen evolution reaction
6.3.1.1 Cyclic voltammetry study for HER

The electrocatalytic behavior for HER on electrodeposited Ni-P alloy test electrodes
from the proposed bath at different c.d.’s were studied through CV method, in a
potential window of 0.0 V to -1.6 V, at a scan rate of 50 mV s for 50 cycles. It was
observed that the initial cycles showed larger ipc values, which eventually decreased
with increase in number of cycles. This may be attributed to progressive resistance
induced by the hydrogen bubbles formed on the catalyst surface, and a stable and
reproducible CV curves were obtained at the end. This indicates a state of equilibrium
for formation and detachment of hydrogen gas on electrode surface [Du et al. 2000,
Ledendecker et al. 2015]. After about 30 cycles, the ipc value was found to be constant,
and the CV curves were observed to retrace the path of previous cycle. This situation
is corresponding to the condition where, the rate of adsorption of H atom on the surface
for the formation of Hz gas is equal to the rate of desorption of Hz gas [Du et al. 2000].
The CV curves for HER of Ni-P alloy coatings, deposited at different c.d.’s (2.0, 4.0
and 6.0 A dm) are shown in Fig. 6.5, and the corresponding electrochemical data are
given in Table 6.3. From Fig. 6.5, it may be noted that there is no much change in the
ipc Values and onset potential for HER. Hence, the CV curves of all Ni-P alloy coatings
for HER looks overlapping as may be seen in Fig. 6.5. Almost same CV patterns for
coatings at different c.d.’s may be due to their lookalike morphological structures.
However, the enlarged view of CV curves (shown in the inset) in Fig. 6.5 indicate that

the Ni-P alloy coating at 4.0 A dm is more favorable for hydrogen production with a
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maximum current response. Hence, it was considered as the optimal c.d. for further

modification of the electrode material.
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Fig. 6.5- The CV curves for HER on Ni-P alloy coatings deposited at different c.d.’s

and inset shows the magnified view of CV curves displaying variation in ipc values
6.3.1.2 Chronopotentiometry study

The CP study for HER on Ni-P alloy coatings achieved at selected c.d.’s were made at
a constant current of -300 mA c¢cm for a duration of 1800 s, and the corresponding
chronopotentiograms are shown in Fig. 6.6 The electrocatalytic efficiency of Ni-P alloy
coatings towards HER were evaluated quantitatively by measuring the amount of H:
liberated for first 300 s. The volume of H2 gas evolved during the analysis are reported
in Table 6.3, and shown in the inset of Fig. 6.6. It may be noted that the Ni-P alloy
coating developed at 4.0 A dm2 produced the maximum amount of Hz gas, compared
to the coatings at 2.0 and 6.0 A dm™. This confirmed the fact that the Ni-P coating
achieved at 4.0 A dm as the most electrocatalytically active towards alkaline HER.
Further, an initial sharp decrease of potential immediately after starting of electrolysis
was observed in the CP responses of all the three coatings. This is attributed to the
progressive depletion of the electrolyzed species at the surface of working electrode,
where the reduction of H* ions from the solution takes place to liberate Hz gas, and

eventually reaches a state of equilibrium between H* ions and Hz [Zhu et al. 2015].
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However, after few minutes of starting the electrolysis almost constant potential is
reached as may be seen in Fig. 6.6. At this stage hydrogen evolution takes place
uninterruptedly on electrode surface at the applied c.d. This is due to the fact that, as

the current pulse is applied all H* is reduced to Ho.
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Fig. 6.6- CP curves for Ni-P alloy coatings under impressed cathodic current of -300
mA cm2 along with the volume of Hz evolved in 300 s on each test electrodes are shown

in the inset

Table 6.3- The HER parameters of Ni-P alloy coatings developed at selected c.d.’s from
the optimal bath

Coating Cathodic peak c.d. Onset potential  Volume of H:

configuration at-1.6 v of Hz evolution evolved in 300 s
(A dm?) (A cm?) (V vs SCE) (mL)
2.0 -0.10 -1.39 6.2
4.0 -0.13 -1.30 9.6
6.0 -0.11 -1.34 8.5
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6.3.2 Oxygen evolution reaction
6.3.2.1 Cyclic voltammetry study for OER

The CV study for Ni-P alloy coatings deposited at 2.0, 4.0 and 6.0 A dm? were
conducted in the potential range of 0.0 to +0.75 V at a scan rate 50 mV s*, and the
corresponding CV responses are shown in Fig. 6.7. The ipa Values and the corresponding
onset potentials for OER on different electrode surfaces are reported in Table 6.4. From
the CV curves shown in Fig. 6.7, the ipa Values for Ni-P alloy coating deposited at 2.0
A dm?2and 6.0 A dm was found to be more (respectively, 0.22 A cm2and 0.18 A cm
2) compared to that of the coating deposited at 4.0 A dm™. Further, the Ni-P alloy
coating obtained at 2.0 A dm was found to show the highest ipa value for OER, with
the least onset potential. Hence, the Ni-P alloy coating deposited at 2.0 A dm? was

selected as the optimal coating for OER, compared to other coatings.
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Fig. 6.7- CV responses of the Ni-P alloy coatings electrodeposited at different c.d.’s
towards OER
6.3.2.2 Chronopotentiometry study

The electrocatalytic activity of Ni-P alloy coatings for OER was also tested using CP
analysis and the amount of Oz gas evolved during the analysis was measured in the
similar way as discussed earlier, and the corresponding results are shown in Fig. 6.8.

As the anodic current pulse of +300 mA cm™ was applied, a sharp increase in the
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potential was observed until a potential at which an equilibrium state is reached between
the newly formed bubble and bubbles escaping from the surface of the electrodes
[Gawad et al. 2013]. The relative amount of Oz liberated in 300 s on each Ni-P alloy
coatings deposited at different c.d.’s is shown in the inset of Fig. 6.8, and the
corresponding volumes are given in Table 6.4. In this case, the coating developed at 2.0
A dm2was found to be the best for OER.
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Fig. 6.8- CP responses of Ni-P alloy coatings under impressed anodic current of +300
mA cm2 along with the volume of Ozevolved in 300 s on each test electrodes are shown
in the inset

Thus, from the current responses of cathodic and anodic process (ipc and ipa),
their onset potentials, and the amount of hydrogen and oxygen gases liberated (Table
6.3 and 6.4), it may be inferred that the Ni-P alloy coating deposited at 4.0 A dm? is
more suitable for HER and the coatings at 2.0 A dm? and 6.0 A dm are more suitable
for OER. In other words, the deposit characters of Ni-P alloy favorable for HER is not
favorable to OER, in the same electrolyte. It may be explained by the fact that the
evolution of oxygen is believed to be catalyzed by the redox transitions of interfacial
oxycations between higher and lower oxidation states [Gawad et al. 2013]. Further, the
oxygen evolution activity on Ni-P deposits is a function of the electrochemical

properties of the redox pair prior to the onset of oxygen evolution. It is supported by
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the CV of electrodeposited pure nickel in 1.0 M KOH, exhibiting anodic and cathodic
peaks at 0.362 and 0.265 V respectively, corresponding to the NiOOH/Ni(OH):2
transition [Omi et al. 1976]. Hence, the Ni-rich coatings show more activity towards
OER than HER and vice versa.

Table 6.4- The OER parameters of Ni-P alloy coatings deposited at different c.d.’s from
optimal bath

Coating Anodic peak  Onset potential ~ Volume of O2
configuration c.d.at0.75V of Oz evolution evolved in 300 s

(A dm?) (A cm?) (V vs SCE) (mL)
2.0 0.22 0.43 8.2
4.0 0.06 0.47 5.1
6.0 0.18 0.45 6.2

6.4 MECHANISM OF ALKALINE WATER ELECTROLYSIS

6.4.1 Synergistic effect of electrode composition on electrocatalytic activity

The experimental results of investigation on the electrocatalytic behavior of Ni-W and
Ni-P alloy coatings, obtained at different c.d.’s, revealed that the composition of the
coatings favorable for HER shows an adverse effect on OER, and vice versa.

In the case of Ni-W alloy coatings, a coating with 12.4 wt.% W (developed at
4.0 A dm) and another one with 0.9 wt.% (developed at 1.0 A dm2) were found to be
optimal for HER and OER, respectively. Further, the electrocatalytic activity towards
HER was found to be increased with the increase in alloying element W. Whereas, in
the case of Ni-P alloy coatings, a coating with 9.0 wt.% P (deposited at 4.0 A dm?) was
found to be the most favorable electrode material for HER than the other coatings with
lower (4.2 wt.%) and higher (13.5 wt.%) P content (deposited respectively at 2.0 A dm"
Zand 6.0 A dm™). Contrarily, Ni-P alloy having 4.2 and 13.5 wt.% P (deposited at 2.0
A dm?and 6.0 A dm, respectively) were found to be more favorable for OER. Unlike
in the case of Ni-W alloy, the Ni-P alloy coatings were not found to show a regular
increase in HER activity with P content, rather shows increase only up to an optimal

composition. But still, it shows the composition dependence on HER and OER, i.e., the
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HER active coating was found to show the least activity towards OER and vice versa.
Hence, it may be inferred that the best electrocatalytic activity is attributed to the
synergistic effect of Ni and alloying element (M), responsible for the formation of Ni-
M alloy, having unique composition and phase structure [Peeters et al. 2001, Rosalbino
et al. 2005].

The synergism between the good catalytic property of W (due to low hydrogen
overvoltage) and Ni (having increased adsorption of OH"ions) contributed towards the
better electrocatalytic activity of the Ni-W alloy coatings as cathode and anode,
respectively. In the case of Ni-P alloy coatings, though there is no agreement on the
reason why only certain amount of P introduced into Ni could enhance the HER,
Burchardt (2000) claimed that the change in electronic structure of the alloy with the
presence of P is responsible for the increase in activity. The presence of a large amount
of P in the alloy causes an inhibition of the HER, on the other hand, a small amount of
P catalyze the reaction. The catalytic effect towards HER is reduced when the P
concentration in the alloy moves towards 0 wt.%, where the activity towards OER is
found to be increased. It was also found that the adsorption strength of hydrogen on
metal catalysts is closely related to the efficiency of hydrogen evolution [Narskov et al.
2005]. If the binding between the adsorbed H and metal surface (M—Hads) is too weak,
activation of the hydrogen to the metal surface is difficult. On the other hand, strong
hydrogen binding on the metal surface blocks the available reaction sites [Rosalbino et
al. 2005]. It implies that the maximum rate of HER may occur only at a certain value
of M—Hads bond strength [Narskov et al. 2005, Narayan and Mungole 1985, Rosalbino
et al. 2005]. Consequently, based on many reported works it was confirmed that Ni has
the highest catalytic activity for HER among the non-noble metals due to the
appropriate hydrogen adsorption energy and it is enhanced with the introduction of P
[Du et al. 2000, Rosalbino et al. 2005].

Further, in general, the surface of Ni-M alloy coating with a specific
composition of the alloying element M (M = W and P) as more favorable for cathodic
reaction of hydrogen evolution (2H* + 2e” «» Hz), was found to be least favorable for
anodic reaction of oxygen evolution (20H™ < 1/202 + H20). This behavior of the Ni-
M alloy coatings is attributed to the basic difference in activation energy barrier for the

kinetics of electron transfer process at the electrode/electrolyte interface for cathodic
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(reduction) reaction and anodic (oxidation) reaction, responsible for H2 and O2
evolution, as shown schematically in Fig. 6.9.

a) Reduction b) Oxidation
2H™ +2¢ — H, YOH" —> %o?_ HH O+ 2

Alloying | " . Y
elements

Electrode surface Electrode surface

Fig. 6.9- Schematic representation of activation energy barrier favoring the kinetics of
electron transfer for: a) HER on Ni-M alloy having a specific composition, and b) OER

on Ni-M alloy having another specific composition
6.4.2 Mechanism of HER and OER

The factors responsible for increased HER and OER on Ni-M test electrodes under
optimal conditions can be explained by a mechanism as illustrated in Fig. 6.10. The
schematic representation of the steps; chemisorption, desorption and recombination
leading to the evolution of H2 gas on Ni-M electrode surface, is given in Fig. 6.10(a).
The physical properties of the coatings; like size, shape, composition of the alloying
element and crystallographic structure are equally responsible for their catalytic activity
towards HER. In addition, properties like increased surface area, due to micro-cracks

also contribute to more H* adsorption and hence catalytic activity.
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Fig. 6.10- Mechanism of alkaline water electrolysis; a) HER, and b) OER

Contrarily, the Ni-M alloy coatings (having low wt.% M) was found to be more
efficient electrode material, when it is used as anode. i.e., for OER reaction. The
mechanism of OER on Ni-W alloy, when used as anode is shown schematically in Fig.
6.10(b).This behavior may be explained by the adsorption of comparatively large OH
ions on the electrode surface, where it overlaps with other processes like oxygen
reduction at the same time. Thus enhanced OER activity of Ni-M coating may be
attributed to the increased OH" adsorption through the formation of a semiconducting
layer in the applied potential range [Dominguez-Crespo et al. 2011]. Since the
adsorption characteristics of the OH" can lead to the formation of NiOOH on its surface,
the increase of Ni content in the coating largely favors OER [Shibli et al. 2015]. As the
Ni content in the coating decreases, the oxide layer formation becomes limited and
thereby reduces OER. Therefore it may summarize that the Ni-M electrode material

favoring HER has an adverse effect on OER and vice versa.
6.5 CONCLUSIONS

1. The Ni-W alloy deposited, respectively at 4.0 A dm (having about 12.4 wt.%
W) and 1.0 A dm? (having about 0.9 wt.% W) were obtained as the good
cathode materials for HER and anode for OER, deposited from the same bath.
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2. The Ni-P alloy deposited at 4.0 A dm (9.0 wt.% P) and 2.0 A dm™ (4.2 wt.%
P) were found to be the best electrode materials for HER and OER, respectively.

3. The Ni-W and Ni-P alloy test electrodes having maximum activity towards HER
was found to show the least activity for OER and vice versa. This behavior of
the Ni-M alloy coatings is attributed to the basic difference in activation energy
barrier for the Kkinetics of electron transfer process at the electrode/electrolyte
interface for cathodic reaction and anodic reaction, responsible for H2 and O2
evolution, respectively.

4. The Ni-rich alloy coatings were found to show more activity towards OER and
least activity towards HER in the case of both Ni-W and Ni-P alloy coatings.
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CHAPTER 7

EFFECT OF MAGNETIC FIELD ON THE
ELECTROCATALYTIC ACTIVITY OF Ni-W ALLOY
COATINGS

——— (NEW) o
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A (NiW)g 7
= NFW) g7

Magnetic field induced HER

This chapter discusses the effective utilization of magnetic field as a tool to alter
the electrode properties and electrocatalytic efficiencies, through MED and MFI-HER
techniques. The electrocatalytic efficiency of ED Ni-W alloy coatings for HER was
improved drastically through MED approach by depositing under different conditions
of B, applied perpendicular in the range of 0.1 T - 0.4 T. The MED coating, (Ni-W)s=0.2
T was obtained as the optimal alloy coating with drastic variation in HER efficiency as
compared to its conventional Ni-W alloy coatings. The improvement in HER activity of
MED coatings was attributed to the increased W content in the alloy, explained by
MHD effect due to Lorentz force. Further, the HER efficiency of ED Ni-W alloy coating

with a specific composition was enhanced by reducing the high overvoltage towards
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HER at the electrode surface through an applied magnetic field during water
electrolysis. The enhancement in HER efficiency of the Ni-W alloy of specific
composition, without modifying the electrode material, in the presence of applied B of
varying strengths (0.1 T to 0.4 T) was observed. The improvement in HER efficiency of
Ni-W alloy under induced B is attributed to the increased limiting c.d. of H2 through

MHD force induced convection and Hz bubble disentanglement.
7.1 RESULTS AND DISCUSSION

The experimental results obtained for the electrocatalytic activity study for HER on
MED Ni-W alloy coatings and MFI-HER study on ED Ni-W alloy coating are discussed

below.

7.2 ELECTROCATALYTIC ACTIVITY OF MED Ni-W ALLOY COATINGS
FOR ALKALINE HER

The MED Ni-W coatings were deposited under applied magnetic field of varying
intensity (from 01 to 0.4 T) in the perpendicular direction, at an optimal applied c.d. of
4.0 A dm?2. The development of MED coatings for electrocatalytic study and its
analysis was discussed in Chapter-2. The structural, morphological and compositional
characterization of the coatings were discussed in Chapter-5. The obtained results for
electrocatalytic activity of MED Ni-W alloy coatings towards alkaline HER is
explained as below.

7.2.1 Cyclic voltammetry study for HER activity of MED coatings

The efficiency and stability in performance of the alloy electrodes can be assessed from
the onset potential and cathodic current response. The obtained CV curves for MED
coatings in comparison with the optimal ED coating are shown in Fig. 7.1 and the
corresponding HER parameters are given in Table 7.1. From the obtained results it is
clear that the W-rich MED coatings are more electrocatalytically active than the
conventional ED coatings. The coating developed at an applied B of 0.2 T was found
to be the best for HER with supreme ipc value (-0.97 A cm) and least onset potential

for hydrogen evolution (-0.99 V).
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Fig. 7.1- CV responses of the MED Ni-W alloy coatings in comparison with the optimal
ED coating

7.2.2 Chronopotentiometry study for HER activity of MED coatings

The catalytic stability of the MED Ni-W alloy test electrodes was established from its
‘V-t” (voltage-time) characteristics under a constant applied cathodic c.d. The practical
HER efficiency of the test electrodes, in alkaline KOH medium, was assessed from the
quantified amount of H2 gas evolved during the analysis. The obtained CP responses
for MED Ni-W alloy coatings in comparison with optimal ED coating, along with the
amount of Hz evolved in 300 s are shown in Fig. 7.2, and the corresponding CP data
are given in Table 7.1. The obtained results confirm that the coating with configuration
(Ni-W)g=02 T as the robust electrode material with maximum amount of H2z evolved.
The enhanced HER efficiency of MED coatings are ascribed to its W content, hence its

changed phase structure and surface morphology.
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Fig. 7.2- Chronopotentiograms of the MED Ni-W alloy coatings in comparison with
optimal ED coating along with the corresponding volumes of Hz gas evolved in 300 s

in the inset

Table 7.1- The HER parameters of the MED Ni-W alloy coatings

Cathodic ~ Onset potential Volume of Hz

Coating _ )
peak c.d.  for Hzevolution  evolved in

configuration
(A cm?) (V vs SCE) 300s (mL)

(Ni-W) B=0 T/per -0.66 -1.21 14.8
(Ni-W)g=0.1 T/per -0.85 -1.02 18.8
(Ni-W)g=0.2 Tiper -0.97 -0.99 19.9
(Ni-W)B=0.3 T/per -0.80 -1.04 17.9
(Ni-W)g=0.4 Tiper -0.76 -1.05 17.5

Though the MED coatings developed at higher strengths of B were observed to
be more porous, the electrocatalytic efficiency of the coatings was found to be more
dependent on the W content in the coatings. The effect due to porosity in the coatings
was overcome by the effect due to composition of the alloying element W, with low

hydrogen overvoltage. The formation of W-rich coating resulted in vibrant Hz bubble
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disentanglement and increased catalytic c.d. (-0.97 A cm) with low onset potential (-
0.99 V) for MED (Ni-W)g=02 1, and hence confirms it as the best alloy electrode for
alkaline HER.

7.3 MAGNETIC FIELD INDUCED HER ON Ni-W ALLOY

The as-deposited ED Ni-W alloy coating of a specific composition (deposited at 4.0 A
dm?) was subjected to electrocatalytic study for HER under different applied magnetic
field strengths (varying from 0.1 to 0.4 T), in the perpendicular direction. To exploit
the maximum effect of Lorentz force developing in an electromagnetic field, on the
evolution of Hz gas from the electrode surface, the external magnetic field was applied
perpendicular to the electrocatalytic study setup (or parallel to the electrode surface) as
shown in Fig. 2.13. The CV and CP analyses were performed in the presence of applied

magnetic field to assess the stability and improvement in MFI-HER.
7.3.1 Cyclic voltammetry study for MFI-HER on Ni-W alloy coating

The CV responses of the Ni-W test electrode for alkaline HER under different applied
magnetic field strengths were recorded and shown in Fig. 7.3. The obtained results
show a clear distinction between the CV curves obtained with and without applied
magnetic field. The variation in cathodic current response and onset potential for Hz
evolution imply the enhancement in HER in the presence of applied magnetic field
(Table 7.2). The HER efficiency of the Ni-W test electrode was found to be maximum
at an induced magnetic field strength of 0.4 T, with large ipa value (-0.82 A cm™) and

low onset potential (-1.01 V).
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Fig. 7.3- CV responses of the MFI-HER on Ni-W alloy of a specific composition
7.3.2 Chronopotentiometry study for MFI-HER on Ni-W alloy coating

The CP responses of the Ni-W alloy test electrode for alkaline HER under different
applied magnetic field strengths were recorded for 1800 s, at an applied c.d. of -300
mA cm. The practicality of the MFI-HER was confirmed from the quantification of
the evolved H2 gas during analysis (for 300 s). The obtained CP curves and the
corresponding amount of Hz collected for MFI-HER analysis shows a remarkable
difference from that obtained in the absence of B. The CP responses illustrate the
stabilization time required for the alloy surface to attain a steady state for the continuous
evolution of Hz due to the large bubble resistance in the absence of applied B [Kiuchi
et al. 2006, Waskaas and Kharkats 1999]. Whereas, in the presence of applied B there
is no such effect of bubble resistance due to the faster detachment of Hz bubbles from
the electrode surface as it is formed [Wang et al. 2014, Monzon and Coey 2014]. The
CP study also confirms the HER efficiency of the Ni-W alloy as maximum under an
applied magnetic field strength of 0.4 T, with the maximum amount of evolved H: gas
(19.1 mL).
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Fig. 7.4- The CP curves for MFI-HER on Ni-W alloy coating along with the quantity
of Hz evolved during the analysis (in the inset)

Table 7.2- The MFI-HER parameters of the Ni-W alloy

_ ) Onset potential Volume of Hz
Operating  Cathodic peak c.d. )
. for Hz evolution evolved
condition (A cm?) _
(V vs SCE) in 300 s (mL)
(Ni-W)B=07 -0.66 -1.21 14.6
(Ni-W)B=0.171 -0.71 -1.07 16.4
(Ni-W)B=021 -0.74 -1.05 17.0
(Ni-W)g=03T1 -0.76 -1.04 17.9
(Ni-W)B=0.4T1 -0.82 -1.01 19.1

Though the overall results not showing that much difference between the
obtained MFI-HER efficiency with increasing magnetic field strengths, the variation
between the efficiency with and without applied B is significant. The small difference
in MFI-HER of Ni-W alloy at different operating conditions of B may be attributed to

the very small increase in applied magnetic field strength of 0.1 T each time.
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7.4 EFFECT OF INDUCED MAGNETIC FIELD ON HER

The enhancement in electrocatalytic activity towards HER on Ni-W alloy in the
presence of applied B is attributed to the reduction in Ohmic drop, due to bubble
resistance, during electrolysis [Wang et al. 2014, Kiuchi et al. 2006, Fahidy 1983,
Monzon and Coey 2014]. This can be explained by the MHD effect, arises mainly due
to Lorentz force. Lorentz force is maximum under perpendicular B, i.e., when 6 = 90°,
FL =1 x B, where i is the applied c.d. [Monzon and Coey 2014, Lin and Hourng 2014].
The ionic species in the medium moves in a circular path influenced by the Lorentz
force, and can create a convective flow near the electrode surface leading to the
discharge of the Hz bubbles faster as it is formed [Wang et al. 2014, Koza et al. 2011].
This convective mass transport effect increases with applied magnetic field strength are
irrespective of the nature of the electrode surface of a specific composition. Since the
buoyancy force of evolved H2 gas and MHD forces are operating in the same direction
(upward), under optimal distance between the electrodes, the Hz bubbles can escape
easily from the electrode surface leading to decrease in Ohmic voltage drop. A
schematic of the mechanism of MFI-HER is shown in Fig. 7.5. Where, the charged
particle or ion ‘q’ with a velocity ‘v’ due to applied c.d. ‘i’, moves in circular path
influenced by F, under applied B in perpendicular direction. The improvement in HER
efficiency under induced B may be attributed to the enhancement in convection and Hz

bubble disentanglement.
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Fig. 7.5- The schematic of the mechanism of MFI-HER

Finally, it may be inferred that the formation of Hz2 bubbles and their dispersal
into the electrolyte is largely affected by the applied magnetic field, linked with large
variation in the i. value [Kiuchi et al. 2006, Fahidy 1983]. It is well-established fact
that the iL is proportional to the active surface area irrespective of the reaction rate-
limiting step [Holze 1994]. This suggests that the current enhancement is caused by a
reduced coverage of the electrode surface by the hydrogen bubbles [Lin and Hourng
2014, Bund et al. 2003]. Further, the material selection is also an important factor for
increased HER activity under applied B. The test electrode used in the present study is
Ni-W alloy, having 12.4% of W, i.e., Ni-rich alloy. The Ni-W alloy having still higher
wt. % of W was found to exhibit still better electrocatalytic activity as described in
section 7.1. Hence, the observed increase of Hz gas on Ni-W alloy coating, with the
strength of B is due to increase in the limiting current density of Hz on its surface [Lin
and Hourng 2014, Koza et al. 2011]. In other words, due to a decrease of H:

overvoltage.
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7.5 CONCLUSIONS

The following conclusions are made after analyzing the experimental results:

1.

The electrocatalytic efficiency of the conventional ED coating was enhanced
through the development of MED coatings from the same bath at optimal deposition
c.d. of 4.0 A dm?2

The HER efficiency of the MED coatings was found to be increased only up to an
optimal applied intensity of B (0.2 T), and then decreased.

The increase in HER efficiency of the MED coatings was attributed to the formation
of W-rich phases and variation in surface morphology, evidenced from XRD and
SEM.

The MED coating with coating configuration (Ni-W)s=0.2 T was found to be the best
electrode material with vibrant Hz bubble disentanglement and increased catalytic
c.d. (-0.97 A cm2) with low onset potential (-0.99 V) for HER.

The HER efficiency of the ED Ni-W alloy test electrode of a specific composition
was improved by an external B applied in perpendicular direction during
electrolysis.

The improvement in HER efficiency of Ni-W alloy under induced magnetic field
may be attributed to increasing in the limiting current density of Hz through MHD
force induced convection and Hz bubble disentanglement.
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CHAPTER 8

MODIFICATION OF Ni-P ALLOY COATINGS FOR BETTER
ELECTROCATALYTIC ACTIVITY TOWARDS ALKALINE HER
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Electrocatalytic study

This chapter discusses the modification of Ni-P alloy coatings for better hydrogen
production by electrochemical dissolution, TiO2 and Ag nanoparticles incorporation.
The electrochemical anodic dissolution or selective leaching method was adopted to
develop a porous electrode, having more effective surface area to enhance the
electrocatalytic efficiency. The Ni-P-TiO2 and Ni-P-Ag nanocomposite coatings were
developed through composite electrodeposition and sol-enhanced composite
electrodeposition, respectively, to improve the electrocatalytic efficiency towards
alkaline HER. Drastic improvement in the electrocatalytic activity for HER was found
in both anodically treated and nanocomposite coatings, compared to as-coated Ni-P
alloy. The large improvement in the electrocatalytic property was obtained for nano-
Ag derived composite coating, and it is attributed to the increased number of

electroactive sites of Ag nanoparticles.
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8.1 RESULTS AND DISCUSSION

The experimental results obtained for the structural, morphological and electrochemical
characterization of the Ni-P based test electrodes for alkaline HER are reported here.
The detailed procedures for electrochemical dissolution and the development of Ni-P-
Ti02 nanocomposite coatings were discussed in Chapter-2. The morphological and
compositional characterization of the modified Ni-P test electrodes and their behavior

towards alkaline HER are discussed below, with plausible mechanism.
8.2 ANODICALLY TREATED Ni-P ALLOY ELECTRODE

The electrochemical (anodic) dissolution or selective leaching of the electrodeposited
Ni-P alloy coating was made in order to improve its electrocatalytic ability by
increasing the effective surface area. Ni-P alloy deposited at 4.0 A dm™ (optimal c.d.
for HER) was selected for dissolution test (at an applied c.d. of 1.0 A dmfor a duration
of 3 min). The surface of the as-deposited Ni-P alloy coating was found to be silvery
bright, and after dissolution treatment, the surface turned blackish bright. Fig. 8.1
depicts the surface morphology of Ni-P alloy test electrode (developed at 4.0 A dm?)
before and after anodic dissolution. The enlarged view of the micro-pores of varying
sizes formed after the electrochemical/selective dissolution is shown in the inset of Fig.
8.1(b).

ZBkU XS, 888 Sum 0080 13

Fig. 8.1- SEM images of Ni-P alloy coatings deposited at 4.0 A dm™: a) as-deposited
surface, and b) after anodic dissolution, showing the obtained microporous structure in

the inset
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8.3 Ni-P-TiO2 NANOCOMPOSITE COATING

The Ni-P-TiO2 nanocomposite coating was developed from the optimal bath admixed
with a known quantity of TiO2 through composite electrodeposition method, where the
electrochemical codeposition or the particle incorporation occurs simultaneously with
the metal ion reduction. The electrodeposited Ni-P-TiO2 coating at an applied c.d. of
4.0 A dm was characterized using FESEM analysis. The FESEM image of TiO
nanoparticles used in the present study, and the surface morphology of Ni-P-TiO2

nanocomposite coating are shown in Fig. 8.2.

EHT = 10.00KV. SignalAmSE2 ey EHT = 10.00kV Signal A = SE2
WD=11.1mm Mag = 100,00 KX H WO =111 mm Mag= 10.00KX

Fig. 8.2- FESEM images of (a) TiO2 nanoparticles (b) surface morphology of TiO2
incorporated Ni-P alloy coating developed at 4.0 A dm™

It is well known that the electrochemical composite deposition enables the
production of a wide range of composite materials comparable to pure metal coatings
with improved physical and electrochemical properties [Gomes et al. 2011]. The
codeposition of suspended TiO2 nanoparticles is effected from the convective and
diffusive mass transfer towards the electrode surface along with metal ions after
attaining surface charge through ionic clouds on the particles [Low et al. 2006, Gomes
etal. 2011]. The as-deposited nanocomposite coating having TiO2 nanoparticles within
the alloy matrix, and on the surface as agglomerated particles are evidenced from the
FESEM (Fig. 8.2(b)). Thus the incorporated TiO2 nanoparticles act as catalytic centres,
responsible for enhanced HER as explained by Gierlotka et al. (1997). The scheme
depicting the mechanism of incorporation of nanoparticles into the alloy matrix,
responsible for the improved electrocatalytic activity of Ni-P-TiO2 coating is shown in
Fig. 8.3.
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Fig. 8.3- Scheme showing the stepwise illustration for the formation of nanocomposite
coating from the nanoparticle loaded optimal alloy plating bath during
electrodeposition

8.4 Ni-P-Ag NANOCOMPOSITE COATING FOR BETTER HER ACTIVITY

Many reports are there on the improvement in electrocatalytic efficiency after the
incorporation of colloidal particles into the metal/alloy matrix through composite
electrodeposition [Yu et al. 2016, Shibli and Dilimon 2007, Danilov et al. 2016,
Mirkova et al. 2011]. Whereas, in composite electrodeposition, the main limitation is
to achieve a homogeneous dispersion of the colloidal particle within the metal/alloy
matrix. Therefore, in continuation of adopting composite electrodeposition technique
for the development of nanocomposite coating, the present study focuses on
overcoming its limitation by adopting sol-enhanced electrodeposition technique for the
preparation of Ni-P-Ag nanocomposite test electrode for HER. The synthesis of SNS
and the electrodeposition of Ni-P-Ag nanocomposite coating are discussed in Chapter-
2.

8.4.1 Characterization of Ag nanoparticles

The Ag-nanoparticles obtained through glycerol mediated NaBHa4 reduction of AgNOs
were characterized for their size, morphology and optical properties. The TEM
micrograph shows the synthesized Ag nanoparticles as spherical in shape and the
average particle size as 10 nm. The obtained TEM image of a region of the sample

along with the particle size distribution are shown in Fig. 8.4.
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Fig. 8.4- TEM image of the Ag nanoparticles dispersed on a copper grid along with the
TEM size distribution and Gaussian fitting of the Ag-nanoparticles

The optical activity of the Ag-nanoparticles in the visible region is attributed to
the excitation of the d-band electrons to states above Fermi level and subsequent
relaxation resulting in the photoluminescent radiative recombination [Mooradian 1969,
Vasireddy et al. 2012]. The plasmon absorbance phenomenon is resulting in the yellow
colour to the colloidal SNS [Abdullah and Annapoorni 2005, DongVan et al. 2012].
The UV-Vis absorption spectra of the clear yellow colloidal SNS is shown in Fig. 8.5.
The average particle size was again confirmed as 10 nm from the plasmon resonance
peak obtained near to 395 nm, with a full-width half maximum (FWHM) value of 56
[Mulfinger et al. 2007, Vasireddy et al. 2012, DongVan et al. 2012].
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Fig. 8.5- UV-Vis absorption spectrum of the Ag nanoparticles synthesized through
glycerol mediated AgNOs reduction using NaBHa

177



8.4.2 Characterization of Ni-P-Ag nanocomposite coating

The Ni-P-Ag nanocomposite coating developed through SNS enhanced
electrodeposition at optimal deposition c.d. (4.0 A dm2) was characterized using SEM
and EDS analyses. The limitation over the possibility for agglomeration of the
nanoparticles within the plating bath during deposition in conventional composite
electrodeposition, by directly adding the nanoparticles into the plating bath, was
overcome by the sol-enhanced electrodeposition. As shown in the schematic diagram
(Fig. 8.6), the addition of nano-sol is allowing the homogeneous mixing and dispersion
of the nanoparticles within the plating solution [Chen et al. 2010b]. Whereas, in the
case of direct addition of nanoparticles into the plating bath is leading to the
agglomeration of the nanoparticles by interacting with the electrolyte. In the present
case, the used glycerol as nanoparticle stabilizer can also enhance the homogeneous
dispersion of the Ag-nanoparticles in the plating bath. Since glycerol was used as an
additive in the alloy plating bath, the same can act as the dispersed nanoparticle
stabilizer in the bath and thereby to prevent its further agglomeration during the

deposition.

Nano-sol mixing (sol-enhanced) Conventional nanoparticle mixing

@ © ®)

Nanoparticle

Solvated metal ions in the

plating bath Solvated metal ions in the

plating bath

Fig. 8.6- Schematic of nanoparticle mixing in the plating bath; a) addition of the
nanoparticle sol into the plating bath, and b) addition of the nanoparticles into the

plating bath

The microstructure analysis of the obtained Ni-P-Ag composite coating was
done using SEM. The incorporation of Ag nanoparticles within the alloy matrix and its

composition in the coating were established through EDS analysis (Fig. 8.7). The
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compositional analysis showed the presence of about 4.1 wt.% of Ag in the developed

Ni-P-Ag nanocomposite coating.
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Fig. 8.7- a) SEM image, and b) EDS spectra of the Ni-P-Ag composite coating
developed at an optimal c.d. of 4.0 A dm? from the alloy plating bath having

homogeneously dispersed Ag nanoparticles

8.5 COMPARISON OF ELECTROCATALYTIC ACTIVITY OF MODIFIED
Ni-P TEST ELECTRODES FOR ALKALINE HER

The electrocatalytic efficiency of the modified Ni-P test electrodes for alkaline HER
was analyzed using CV and CP techniques in 1.0 M KOH medium. The practical
effectiveness of the modified electrodes was assessed directly from the quantified

amount of Hz gas evolved from each test electrodes during the analysis.
8.5.1 Cyclic voltammetry analysis

The CV curves of the modified Ni-P test electrodes, developed using different methods,
in comparison with the optimal as-coated Ni-P alloy coating are shown in Fig. 8.8. The
obtained CV response of the Ni-P-Ag nanocomposite coating shows a remarkable
variation in ipc and onset potential values as compared with the other modified Ni-P test
electrodes, as given in Table 8.1. The large variation in ipc value for the Ni-P-Ag
nanocomposite test electrode is attributed to the enhanced adsorption of the H* ions on
the electrode surface, influenced by the increased surface area and the number of active
sites affected from the incorporation of Ag nanoparticles into the alloy matrix [Shibli
and Dilimon 2007, Danilov et al. 2016, Mirkova et al. 2011].
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Fig. 8.8- The CV curves of the as-coated Ni-P alloy, in comparison with that of
anodically treated Ni-P alloy, Ni-P-TiO2 nanocomposite and Ni-P-Ag nanocomposite

coatings
8.5.2 Chronopotentiometry analysis

The CP responses of the modified Ni-P test electrodes in comparison with the optimal
as-coated Ni-P alloy (developed at 4.0 A dm) along with the amount of H2 gas evolved
during the analysis (for first 300 s) are shown in Fig. 8.9. The corresponding HER
parameters are listed in Table 8.1. The obtained results show the Ni-P-Ag
nanocomposite test electrode as the best material for alkaline HER with good stability

and maximum amount of Hz gas produced during the analysis.
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Fig. 8.9- The CP responses of the as-coated Ni-P alloy, in comparison with that of
anodically treated Ni-P alloy, Ni-P-TiO2 nanocomposite and Ni-P-Ag nanocomposite

coatings along with the amount of Hz gas evolved (in the inset)

The improvement HER activity of Ni-P alloy coating through anodic dissolution
may be ascribed to the increased porosity, affected by selective leaching. Due to an
increase of porosity, the metal particles resides in a pore of a similar size are more, and
hence a considerable part of its surface will be in intimate contact with the pore walls
and, therefore, favours hydrogen production [Wieckowski et al. 2003]. Thus improved
electrocatalytic activity after anodic treatment is due to increase in the porosity of the
coating; which leads to increase in the surface area and thereby making more active
metal atoms to come in intimate contact with the electrolyte. Whereas, the enhanced
HER activity of the nanocomposite coatings are attributed to the increased surface area
and increase in the number of active sites through the incorporation of TiO2 and Ag
nanoparticles. Further, the improvement in electrocatalytic activity of Ni-P alloy
coating after modification through dissolution treatment and nanoparticles
incorporation are mainly resulted from the change in electronic structure, surface area

and the increase in active sites for hydrogen adsorption [Ledendecker et al. 2015].
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Table 8.1- The comparison of HER parameters of as-coated Ni-P alloy, anodically
treated Ni-P alloy, Ni-P-TiO2 nanocomposite and Ni-P-Ag nanocomposite test
electrodes achieved through conventional electrodeposition, electrochemical
dissolution, composite electrodeposition and sol-enhanced electrodeposition,

respectively, from the same Ni-P alloy plating bath

] Volume of
_ Onset potential
) Cathodic peak c.d. _ Hz evolved
Coating type of Hz evolution _
at-1.6 V (A cm?) in 300 s
(V vs SCE)
(mL)
As-coated Ni-P alloy -0.13 -1.30 9.6
Anodically treated Ni-P
-0.26 -1.22 13.2
alloy
Ni-P-TiO2 nanocomposite -0.38 -1.19 15.2
Ni-P-Ag nanocomposite -0.59 -0.95 18.8

The HER activity of the Ni-P alloy test electrode in comparison with the
modified Ni-P test electrodes such as, anodically treated, Ni-P-TiO2 nhanocomposite and
Ni-P-Ag nanocomposite coatings (Table 8.1) suggest Ni-P-Ag as the best electrode
material for alkaline HER. The observed intensification in electrocatalytic activity of
the Ni-P-Ag nanocomposite test electrode for alkaline HER is accredited to the
increased surface area and the increased number of active sites for hydrogen adsorption
affected by the homogeneous dispersion of the Ag nanoparticles in the alloy matrix,
achieved through sol-enhanced electroplating technique [Ledendecker et al. 2015,
Danilov et al. 2016].

8.6 CONCLUSIONS

The following conclusions are established based on the study on synthesis,
characterization and electrocatalytic study of modified Ni-P test electrodes for alkaline
HER.
1. The improved electrocatalytic activity after anodic treatment is due to increase
in the porosity of the coatings, leading to an increase in the surface area and
thereby making active metal atoms to expose more to the electrolyte.
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Spherical shaped silver nanoparticles with an average particle of 10 nm were
successfully synthesized through glycerol mediated reduction of AgNOs using
NaBH4 and characterized.

Sol-enhanced electroplating has been successfully employed for the deposition
of Ni-P-Ag nanocomposite coating with a homogeneously dispersed Ag
nanoparticles to intensify the electrocatalytic efficiency of the Ni-P alloy
electrodes for HER.

. A drastic improvement in HER activity was observed for the Ni-P-TiO2z and
Ni-P-Ag nanocomposite test electrodes with low onset potential for H:
evolution, large ipc value and the maximum amount of Hz gas evolved during
the analysis, in comparison with the as-coated and anodically treated Ni-P
alloy.

. The observed high efficiency of Ni-P-Ag nanocomposite test electrode for
alkaline HER is accredited to the increased surface area and the increased
number of active sites for hydrogen adsorption affected by the homogeneous
dispersion of the Ag-nanoparticles in the alloy matrix, achieved through sol-

enhanced electroplating technique.
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CHAPTER 9

MODIFICATION OF Ni-W ALLOY COATINGS FOR BETTER
ELECTROCATALYTIC ACTIVITY TOWARDS ALKALINE HER

abeyjop

Nanocomposite coating

Substrate

This chapter discusses the development of Ni-W-MWCNT and Ni-W-rGO
nanocomposite coatings for better HER efficiency. The nanocomposite coatings were
developed by exploiting the advantage of composite electrodeposition technique. The
effect of CNT and GO on the induced codeposition behavior of the reluctant metal W
was studied, and related to their electrocatalytic efficiency. The variation in
electrocatalytic activity with composition, structure and morphology of the coatings
were examined systematically using XRD, SEM and EDS analyses. Drastic
improvement in the electrocatalytic activity for HER was found in both Ni-W-CNT and
Ni-W-rGO composite coatings, compared to the as-coated Ni-W alloy. The obtained
results showed Ni-W-MWCNT composite coating as the best electrode material for
alkaline HER, attributed by both increased W content and number of electroactive

centers, affected by the homogeneous distribution of MWCNT in the alloy matrix.
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9.1 RESULTS AND DISCUSSION

The electrocatalytic efficiency of the Ni-W alloy coatings was discussed in Chapter-6.
The HER efficiency of optimal Ni-W alloy coating (deposited at 4.0 A dm?) was
enhanced by the incorporation of MWCNT and rGO, through composite
electrodeposition. The procedure adopted for the development of both Ni-W-MWCNT
and Ni-W-rGO nanocomposite coatings were explained in Chapter-2.

9.2 Ni-W-MWCNT NANOCOMPOSITE COATING FOR BETTER HER
ACTIVITY

9.2.1 Characterization of functionalized MWCNT

The chemically modified MWCNTS, through acid treatment, were characterized using

FTIR analysis (ATR mode) to identify the introduced surface functional groups (Fig.
9.1).
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Fig. 9.1- FTIR spectrum of the acid treated MWCNTSs showing characteristic peaks of

generated functional groups confirm the surface modification after chemical oxidation

The presence of characteristics peaks due to generated chemical functional
groups in acid treated MWCNTs compared with the as-received MWCNT, as per the
reported literatures, support the surface modification after chemical oxidation [Yang et
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al. 2012, Naseh et al. 2009, Wepasnick et al. 2011]. The identified peaks around 1361,
1712 and 3401 cm™ are corresponding to C-O, C=0 and O-H stretching, respectively.
The peaks at 674, 1712 and 3401 confirm the introduction of carboxylic (-COOH)
functional group into the chemically modified MWCNTSs as shown in Fig. 9.2.

HNO, + H,S0, (3:1)

140 °C, reflux

Fig. 9.2- Schematic of surface modification of MWCNTSs after chemical treatment
9.2.2 Characterization of Ni-W-MWCNT nanocomposite coating
9.2.2.1 SEM study

The surface topography of the alloy and composite coatings (deposited at 4.0 A dm?)
were observed using SEM analysis and the obtained images are shown in Fig. 9.3. The
surface of Ni-W alloy coating was found to be flat, smooth and covered with full of
micro-cracks. Whereas, the nanocomposite coating was found to be cracks-free with
nodular growths. The variation in morphology of the nanocomposite coating as
compared with the conventional alloy deposit itself reflects the effect of addition of
functionalized MWCNTSs into the plating bath [Arai et al. 2008]. The incorporation of
MWCNTSs into the alloy matrix was confirmed by the EDS analysis.
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Fig. 9.3- The surface topography of the coatings developed at 4.0 A dm™: a) Ni-W alloy
coating, and b) Ni-W-MWCNT nanocomposite coating

9.2.2.2 XRD analysis

The variation in phase structure due to the incorporation of MWCNTS into the alloy
matrix through composite electrodeposition was studied using XRD study. The
obtained XRD results are shown in Fig. 9.4, and which confirms the formation of new
crystal orientation corresponds to the W-rich phases along with the peaks corresponds
to carbon. The direction of crystal growth itself was found to be changed from Ni-W
(111) plane to Ni-W (220) plane. This observation further suggests the role of
MWCNTSs in enhancing the coating properties. The incorporation of MWCNTSs into the
metal matrix was evidenced from the (002) and (100) peaks corresponds to carbon in
the XRD pattern [Zhao and Gao 2004, Khabouri et al. 2015].
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Fig. 9.4- XRD pattern of Ni-W-MWCNT nanocomposite coating in comparison with
Ni-W alloy coating

9.2.3 Properties of the developed composite coating

The properties of the alloy coating were found to be influenced to a greater extent by
composite electrodeposition technique as evidenced from the variation in composition
(Table 9.1), morphology (Fig. 9.3) and structure (Fig. 9.4) of the coating. The
composite electrodeposition was found to show an anomalous deposition behavior as
compared with the usual induced codeposition of Ni-W alloy, attributed to the
incorporation of MWCNTSs into the alloy matrix. The schematic of MWCNT
incorporation leading to the improved properties of nanocomposite coating is shown in
Fig. 9.5.
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Fig. 9.5- Schematic of the variation in deposit characteristics in alloy and

nanocomposite coatings

The incorporated MWCNT into the alloy matrix increased the effective surface
area for deposition and further induced the preferential deposition of the reluctant metal
W. The enhanced deposition of the alloy from the plating bath also onto the surface of
incorporated MWCNTs led to the formation of nodular type growth on the
nanocomposite coating surface, as distinct from the flat alloy surface (Fig. 9.3(a)).
Moreover, the alloy coating was found to have micro-cracks on the surface due to the
inherent brittle nature of W and hydrogen embrittlement. Whereas, in the case of
nanocomposite coating, the incorporated MWCNTSs helped in reinforcing the alloy
deposit to prevent the formation of micro-cracks and thereby to enhance the
microhardness of the nanocomposite coating [Arai et al. 2008, Low et al. 2006]. The
variation in coating properties resulted from composite electrodeposition is evident

from the obtained composition, thickness and hardness values reported in Table 9.1.
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Table 9.1- The properties of the Ni-W-MWCNT nanocomposite coating in comparison
with conventional alloy coating

) Vicker’s
_ Wt.% of W Wt.% of  Thickness of _
Coatings developed at ) ) _ microhardness
in the Cinthe  the coating
4.0 Adm? d " g " () V100
eposi eposi m
P p M (GPa)
Ni-W-MWCNT
) ) 25.6 4.2 16.2 4.64
nanocomposite coating
Ni-W alloy coating 12.4 15.9 3.22

9.3 Ni-W-rGO NANOCOMPOSITE COATING FORBETTER HER ACTIVITY

The effect of GO addition into the alloy plating bath on the coating properties and
thereby the HER activity were studied. The synthesis of GO and its utilization in

composite electrodeposition were discussed in Chapter-2.
9.3.1 Characterization of Graphene Oxide

The synthesized GO nanosheets were characterized using various instrumental methods
of analysis. The obtained GO was examined using Raman spectroscopy, an invaluable
technique to obtain the structure, crystallization and defects of carbon materials [Kuang
etal. 2013, Su et al. 2013]. The Raman spectra of the obtained GO nanosheets are given
in Fig. 9.6. The presence of two peaks at 1318 and 1610 cm, characteristics of the D
and G bands corresponds to carbon lattice defects and Ezg phonon of sp? C atoms,
respectively [Kuang et al. 2013, Huang et al. 2016, Su et al. 2013].
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Fig. 9.6- Raman spectrum of the GO showing the D and G bands

The formation of GO is also confirmed by the XRD analysis. Fig. 9.7 shows the
XRD pattern obtained for the synthesized GO nanosheets. The absence of
characteristics reflection of graphite (20 = 26°) and the presence of a reflection at 20 =
10.4°, with d spacing of 0.68 nm, due to the intercalation of oxygen confirms the
formation of GO [Su et al. 2013, Allahbakhsh et al. 2014, Kumar et al. 2013].

Intensity (a. u.)

5 ' 10 , 15 | 20
Position 20 (degree)
Fig. 9.7- XRD pattern of GO showing the presence of (101) reflection at 26 = 10.4°

192



Further, the structural characterization of GO nanosheets was performed using
TEM analysis (Fig. 9.8). The obtained TEM image clearly depicts the rippled and
entangled GO nanosheets. The presence of single nanosheets is also evident from the
TEM image as shown in Fig. 9.8. All these characterizations confirm the formation of
GO after the chemical treatment of graphite, and it was used for the preparation of Ni-
W-rGO nanocomposite coating.

Fig. 9.8- TEM image of the synthesized graphene oxide
9.3.2 Characteristics of Ni-W-rGO nanocomposite coating
9.3.2.1 SEM study

The surface appearance of the alloy and nanocomposite coatings were examined using
SEM and the obtained images are shown in Fig. 9.9. The alloy coating was found to be
almost flat with full of micro-cracks on the surface. Whereas, the nanocomposite
coating was observed to have homogeneous nodular growths along with the micro-
cracks on the surface. The variation in surface appearance of the composite coating
compared with the optimal alloy coating is attributed to the incorporation of GO
nanosheets into the alloy matrix. Further, the change in surface morphology of the
composite coating is ascribed to the increase in W content in the coating effected from
the addition of GO into the plating bath. The increase in W content is evident from the

EDS results as tabulated in Table 9.2. The micro-cracks on the alloy and nanocomposite
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coatings are attributed to the hydrogen embrittlement and also due to the inherent brittle
nature of W.
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Fig. 9.9- The SEM images of the coatings developed at 4.0 A dm?: a) Ni-W alloy
coating, and b) Ni-W-rGO composite coating

9.3.2.2 XRD analysis

The phase structure of the alloy and nanocomposite coatings were analyzed using XRD
technique and the obtained XRD pattern are shown in Fig. 9.10. The distinct variation
in the reflections of composite coating from the alloy coating confirms the variation in
composition and thereby the variation in the crystal structure of the composite obtained
after the incorporation of GO into the alloy matrix. The direction of crystal growth in
the nanocomposite coating was observed to be changed to W-rich (220) plane than the
(111) plane in the alloy. Further, there was a small shift in the positions of main peak
reflections of the nanocomposite coating compared with the alloy coating. This shift in
peak positions is attributed to the incorporation of GO and thereby the increased W
content in the composite coating as compared with alloy coating. The refinement in
grain size leading to the formation of nodular growths on the composite surface is also
evident from the peak broadening effect, observed in the composite coating [Su et al.
2013, Kumar et al. 2013, Cargill 111 1970]. The presence of (002) peak at 260 = 26.4°
confirms that the GO is deposited as reduced graphene nanosheets into the alloy matrix
[Kuang et al. 2013, Chen et al. 2011, Kumar et al. 2013], and hence, it can be called as
Ni-W-rGO nanocomposite. Further, the W-rich nanocomposite coating resulted in the
formation of new reflections corresponds to the W-rich phases. It may also note that
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the intensity of the peaks present in the alloy coating was found to be decreased or
disappeared in the nanocomposite coating along with the formation of new reflections.
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Fig. 9.10- The XRD pattern obtained for Ni-W alloy coating in comparison with the

Ni-W-rGO nanocomposite coating
9.3.3 Effect of GO on coating properties

The addition of GO into the plating bath was found to influence the coating properties
to a greater extent. The composite electrodeposition leading to the formation of Ni-W-
rGO nanocomposite coating was found to be effective in enhancing the W content in
the coating. The codeposition of the GO as rGO nanosheets along with the metal ions
increased the effective surface area for deposition and thereby triggered the enhanced
deposition also onto the surface of incorporated graphene nanosheets [Liu et al. 2011,
Wang et al. 2014]. This type of enhanced deposition activated by the reduced graphene
sheets intersticed in the alloy matrix resulted in the formation of W-rich nanocomposite
coating. The effect of incorporated rGO on the coating properties such as composition,
thickness and microhardness are given in Table 9.2. The alloy and composite coatings

were found to be bright in visual observation. The thickness and microhardness of the
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composite coating were also found to be increased in the composite coating with an
increase in W content in the coating.

Table 9.2- The properties of the Ni-W alloy and Ni-W-rGO nanocomposite coating

developed from the same bath under optimal conditions

Thickness
_ Wt.% of Vicker’s
Coatings developed at Wt.% of W _ of the _
_ ~ Cinthe _ microhardness
4.0 A dm? in the deposit _ coating
deposit V100 (GPa)
(Hm)
Ni-W-rGO nanocomposite 22.4 3.1 16.1 3.91
Ni-W alloy 12.4 15.9 3.22

9.4 COMPARISON OF HER ACTIVITY OF Ni-W-MWCNT AND Ni-W-rGO
NANOCOMPOSITES

The electrocatalytic activity of the Ni-W alloy coating towards alkaline HER was found
to be improved in the nanocomposite coatings through the incorporation of C-
nanomaterials such as MWCNT and GO. The electrochemical investigation on the
enhancement in the electrocatalytic activity was carried out through CV and CP

analysis, and the obtained results are discussed below.
9.4.1 Cyclic voltammetry and chronopotentiometry analysis

The activity and stability of the test electrodes towards alkaline HER was established
by cycling the potential in the cathodic region. The variation in the CV curves of the
alloy coating in comparison with the nanocomposite coatings are shown in Fig. 9.11.
The variation in ipc values of the coating with respect to onset potential for HER,
obtained from the stable curves of cyclic voltammograms can give an idea about the
robustness of the electrode material [Shen et al. 2011, Zeng and Zhang 2010]. The onset
potential (vs SCE) of the nanocomposite electrodes were found to become nobler as
compared with the alloy electrode and the Ni-W-MWCNT nanocomposite test

electrode was found to have the least onset potential for HER (-0.97 V). The ipc values
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were also found to be increased for nanocomposite coatings compared with the alloy
coating as given in Table 9.3. The maximum current response with respect to a
minimum onset potential was observed to be present in the case of Ni-W-MWCNT
nanocomposite test electrode (-1.07 A cm). The optimal CV response of the Ni-W-
MWCNT nanocomposite coating towards alkaline HER is attributed to the variation in

surface morphology and composition, evidenced by SEM and EDS analysis.
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Fig. 9.11- The variation in CV responses of the Ni-W alloy coating in comparison with

the Ni-W-MWCNT and Ni-W-rGO nanocomposite coatings

The CP responses of the alloy and composite coatings recorded under constant
cathodic current represent the long-term stability and robustness in performance of the
test electrodes under the working conditions of alkaline HER. The stable CP curves
from the initial time till the end of 1800 s, obtained for all the test electrodes confirms
the stability in performance of the developed coatings. Further, the practical working
efficiency of the test electrodes was confirmed from the amount of Hz gas evolved
during the analysis. The obtained CP data also confirms Ni-W-MWCNT
nanocomposite coating as the best coating towards alkaline HER with the maximum

amount of Hz gas evolved during the analysis (20.1 mL), as given in Table 9.3.
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Fig. 9.12- The variation in CP responses along with the amount of H2 evolved during
the analysis (in the inset) for the Ni-W alloy coating in comparison with the Ni-W-
MWCNT and Ni-W-rGO nanocomposite coatings

Table 9.3- The alkaline HER parameters of the Ni-W alloy in comparison with the Ni-
W-MWCNT and Ni-W-rGO nanocomposite coatings

Cathodic peak  Onset potential ~ VVolume of Hz

Coatings developed at 4.0 A dm™ c.d. for Hz evolution evolved in
(Acm?) (V vs SCE) 300 s (mL)
Ni-W alloy -0.66 -1.21 14.8
Ni-W-MWCNT nanocomposite -1.07 -0.97 20.1
Ni-W-rGO nanocomposite -0.83 -1.03 18.3

The increase in electrocatalytic efficiency of the nanocomposite coatings
towards alkaline HER compared with the conventional Ni-W alloy coating is ascribed
to the variation in surface morphology, phase structure and chemical composition
resulted from the incorporation of C- nanomaterials such as MWCNT and GO. The

influence of such nanomaterial additives on the induced codeposition of the reluctant
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metal W in the plating bath resulted in the formation of low hydrogen overvoltage W-
rich coatings, and thereby the enhanced electrocatalytic activity towards alkaline HER.

9.5 CONCLUSIONS

The following conclusions were made after analyzing the effect of C- nanomaterials on
the coating properties and electrocatalytic activity towards alkaline HER:

1. The enhanced electrocatalytic activity of the Ni-W-MWCNT and Ni-W-rGO
nanocomposite coatings compared with the conventional Ni-W alloy coating
towards alkaline HER s attributed to the variation in surface morphology and
composition, evidenced by SEM and EDS analysis.

2. The influence of nanomaterial additives (MWCNT and GO) on the induced
codeposition of the reluctant metal W in the plating bath resulted in the
formation of low hydrogen overvoltage W- rich coatings, and thereby the
enhanced electrocatalytic activity towards alkaline HER

3. The Ni-W-MWCNT nanocomposite coating was obtained as the optimal
electrode material for alkaline HER with a maximum cathodic current response
(ipc = -1.07 A cm™®) at a minimum onset potential (-0.97 V) for HER.
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CHAPTER 10

SUMMARY AND CONCLUSIONS

This chapter summarizes the experimental results of investigation on the corrosion
resistance and electrocatalytic activity of electrodeposited Ni-based alloys (Ni-W and
Ni-P) and their nanocomposite coatings. The improvement in corrosion resistance of
alloy coatings through multilayer approach is presented and a comparison is made
among the Ni-W and Ni-P multilayered alloy coatings along with their monolayer
counterparts. The effect of deposition c.d. and applied B on the coating properties
towards corrosion resistance and HER activity are presented here. The comparative
study on the HER activity of alloys and their nanocomposite coatings have been
reported comparatively here. The corrosion resistance and electrocatalytic efficiency
of all alloy and nanocomposite coatings developed through different electrodeposition

techniques have been reported, and the results are compared.
10.1 SUMMARY

Electroplating is an extremely important technology, and is concerned with covering
inexpensive and widely available base materials with plated layers of different
metals/alloys having superior properties to extend their use to applications which
otherwise would be prohibitively expensive. Generally, electrodeposited alloys have a
better appearance than the parent metals, being smoother, brighter, and finer grained. It
is further asserted that relative to the single metals involved, alloy deposits can have
different properties in certain composition ranges. They can be denser, harder, more
corrosion resistant, more protective of the underlying base metal, tougher and stronger,
more wear resistant, superior with respect to magnetic properties, more suitable for
subsequent electroplate overlays and conversion chemical treatment, and superior in
antifriction applications etc. Nowadays, the subject of alloy electroplating is being dealt
with an ever increasing number of scientific publications. The reason for this is due to
the vastness of the number of possible alloy combinations and the concomitant possible

practical applications. Hence, the corrosion resistance of the electrodeposited Ni-W and
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Ni-P alloy coatings have been studied and their corrosion resistance character was
further enhanced through CMM and MED approach. The corrosion resistance of the
coatings was analyzed in 5% NacCl, as representative corrosion medium, using
electrochemical methods such as potentiodynamic polarization and EIS methods. The
effectiveness of the electrodeposited alloy coatings as electrode material for water
splitting reaction was studied in 1.0 M KOH medium using electrochemical methods.
The HER efficiency of the alloy coatings was further enhanced using different methods
such as MED, MFI-HER, electrochemical anodic dissolution and nanoparticles

incorporation.
10.1.1 Optimization of Ni-W and Ni-P alloy plating baths

The Ni-W and Ni-P plating baths were optimized through Hull cell method, and the
obtained optimal composition of the alloy plating baths are given in Table 10.1. Apart
from the metal sources, all other constituents were maintained as the same in both Ni-
W and Ni-P alloy plating baths, with slight variation in composition. The reluctant
metals W and P were found to follow induced codeposition in the presence of inducing
metal Ni and hence, the amount of reluctant metal salts were kept more compared to
the inducing metal salt in both the alloy plating baths. The composition of the other
constituents like complexing agent, buffer, conducting salt and brightener were
optimized accordingly to epitomize the coating characteristics. The amount of the
additive required in both the plating baths were found to be the same as shown in Table
10.1.

The operating parameters like c.d., pH, temperature etc. are also crucial factors
affecting the coating properties. Accordingly, the operating parameters were optimized
for better performance of the plating bath, and the optimal operating conditions are
given in Table 10.1. The pH of the solutions was maintained as alkaline to ensure the
complete solubility of the bath constituents and long-term stability of the bath. All the
depositions were made at room temperature within the optimal c.d. range for each
plating bath as given in Table 10.1.
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Table 10.1- The composition and operating conditions of optimal Ni-W and Ni-P alloy
plating baths

) Composition (per Liter)
Bath constituents

Ni-W Ni-P
NiSO4-6H20 224 2829
Na2WO4-2H20 46.07 g -
NaPO,H,-H,0 - 5109
NasCeHsO7-2H20 102.06 ¢ 56.2 g
HsBOs 2009 20.5¢
NH.CI 36.15 ¢ 10.2 g
C3HsOs3 20.0 mL 20.0 mL
Operating parameters Ni-W Ni-P
pH 8.5 8.0
Temperature 303 K (30 °C) 303 K (30 °C)
c.d. range 1.0-4.0 Adm? 1.0-6.0 Adm?
Anode Pure Ni Pure Ni
Cathode MS or Copper MS or Copper

10.1.2 Characteristics of monolayer Ni-W and Ni-P alloy coatings

Ni-W and Ni-P monolayer alloy coating were developed on MS substrate and
characterized for their thickness, hardness and corrosion resistance. All the coatings
were deposited for same duration of time, 600 s (10 min), for comparison purpose. The
comparison of the coating characteristics along with the CR’s of the optimal Ni-W and
Ni-P alloy coatings are given Table 10.2. From the data given in Table 10.2, it may be
noticed that the Ni-W alloy coating shows superior properties compared with the Ni-P
alloy coating. The improved coating characteristics of the Ni-W alloy compared with
the Ni-P alloy coating is attributed to the superior characteristics of the alloying element
W.
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Table 10.2- Comparison of CR’s and deposit characters of the optimal monolayer Ni-

W and Ni-P alloy coatings developed from their respective baths

Monolayer alloy coatings Ni-W Ni-P
Optimal c.d. (A dm?) 4.0 4.0
pH 8.5 8.0
Bath temperature (K) 303 303
W1t.% of the alloying elements in the deposit W =124 P =90
Ni =87.6 Ni=91.0

CCE (%) 68.4 80.3
Coating thickness (um) 15.9 18.3
Vickers microhardness (V1o0) (GPa) 3.22 2.67
CR (x 102 mmy7) 5.3 14.2
Nature of the deposit Bright Bright
Anode Pure Ni Pure Ni
Cathode MS or Copper MS or Copper

10.1.3 Electrodeposition of multilayered Ni-W and Ni-P alloy coatings

Nanolaminated multilayered Ni-W and Ni-P alloy coatings were developed on MS from
their respective plating baths to enhance the corrosion protection efficacy of their
monolayer counterparts. The CMMA coatings having nanolaminated layers of
alternatively different composition have been achieved using pulsed DC, by cyclic
modulation of cathode c.d. The composition and number of layers (hence thickness)
were tailored by periodic modulation of c.d. and time, using a programmable power
source. The deposition conditions were optimized for both composition and thickness
of individual layers for best performance of the coatings against corrosion. The
comparison of CR’s of the optimal monolayer and multilayered Ni-W and Ni-P alloy
coatings are shown in Fig. 10.1. The CMMA coatings were found to show many fold
increase in corrosion resistance as compared to its monolayer counterpart developed

from the same electrolytic bath. Drastic improvement in the corrosion protection
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efficacy of nanolaminated multilayered Ni-W and Ni-P alloy coatings were attributed
to increase in number of interfaces, separating layers of alloys having different
morphology, composition and phase structures. Whereas, the corrosion resistance of
the multilayered alloy coatings was found to be improved with increase in number of
layers, only up to an optimal level and then decreased. The decrease of corrosion
resistance at higher degree of layering is attributed to the interlayer diffusion of the
multilayers to become monolayer, due to very short deposition time of each layer. The
CMM N-W alloy coating was found to be superior in corrosion resistance than the
CMM Ni-P alloy with very low CR as given in Table 10.3 and Fig. 10.1.

@ Ni-W alloy @ Ni-P alloy

Ni-P
Ni-W

Monolayer Multilayer

Fig. 10.1- Comparison of the corrosion rates of monolayer and multilayered Ni-W and
Ni-P alloy coatings under optimal conditions

10.1.4 MED Ni-W alloy coatings for improved corrosion resistance

High corrosion resistant Ni-W alloy coatings were developed using MED approach for
the protection of MS substrates. The conditions for the development of more corrosion
resistant MED Ni-W alloy coatings were optimized by inducing B during deposition,
in terms of intensity and direction, from the same bath. The applied B was used as a
tool to alter the crystallinity, composition and thereby the corrosion resistance of the
coatings. Significant increase in corrosion resistance exhibited by MED coatings (under

both parallel and perpendicular B) is attributed to the increased W content of the alloy
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affected by an increase in iL value. The enhanced mass transport and thereby the
increase in iL was resulted from the MHD effect, in the presence of applied B. The MED
coatings developed under perpendicular B was found to show superior properties over
the coatings developed under parallel. The enhanced characteristics of MED coatings
developed under perpendicular B are attributed to the maximum MHD effect, arises
mainly due to Lorentz force. The Lorentz force (given by the equation FL = qvB sin0)
is maximum under perpendicular B (where, 6 = 90°), and is zero under parallel B
(where, 6 = 0). The comparison of CR’s of the optimal Ni-W alloy coatings developed
using different approaches from the same bath are shown in Fig. 10.2. From the
comparison given in Fig. 10.2 and Table 10.3, it is clear that the MED is the best method

to develop a high corrosion resistant Ni-W alloy coating.

Ni-W alloy coatings

CR (*x102mmy-)

Monolayer CMMA MED

Fig. 10.2- Comparison of CR’s of the optimal Ni-W alloy coatings developed using
different approaches

The comparison of overall corrosion study results of the optimal Ni-W and Ni-
P alloy coatings developed using different techniques are given in Table 10.3. The data
shown in Table 10.3 suggests the multilayer and MED approaches as promising
methods for enhancing the corrosion resistance of the conventional alloy coatings.
Among all the coatings developed, the MED coating with configuration (Ni-W)g=0.2 T/per

was observed as the best coating with least CR.
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Table 10.3- Comparison of CR’s of binary Ni-W and Ni-P alloy coatings, developed
through different approaches under optimal conditions

. . . -Ecorr .
Coating Optimal coating Icorr CR
t figurati (mVvs (MAcm?) (x 102 b
e configuration cm’ x 10 mmy
yp g SCE) K y
Monolayer (Ni-W)a4.0 487 6.5 5.3
Ni-W CMMA (Ni-W)1.0/4.01300 359 1.0 0.8
MED (Ni-W)g=0.2 T/per 361 1.1 0.14
Monolayer (Ni-P)4.0 513 12.0 14.2
Ni-P
CMMA (Ni-P)1.0/4.0300 496 1.0 1.9

10.1.5 Electrocatalytic activity study

The electrocatalytic activity of the Ni-W and Ni-P alloy coatings towards HER and
OER were analyzed in alkaline 1.0 M KOH medium. The electrochemical methods
such as CV and CP techniques were used to testify the robustness of the test electrodes
under the electrocatalytic working conditions. Further, the practical utility of the
electrode materials was evaluated by quantifying the amount of H2 and Oz gases
evolved during the analysis. The optimal conditions used for the electrocatalytic study
are tabulated in Table 10.5.
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Table 10.4- The optimal conditions used for the electrocatalytic study of Ni-W and Ni-
P alloy coatings, and their nanocomposite coatings

Operating parameters Optimal condition
Medium 1.0 M KOH
Temperature 303 K (30 °C)

Electrodeposited Ni-W and Ni-P

_ alloys or their nanocomposite
Working electrode i ]
coatings achieved on copper

substrate
Counter electrode Platinized platinum
Reference electrode SCE
Cathodic cyclic potential sweep
) 00to-16V
applied for HER
Anodic cyclic potential sweep
. 0.0to +0.75V
applied for OER
Scan rate for CV 50 mV st
Constant cathodic c.d. applied for
-300 mA cm
HER CP
Constant anodic c.d. applied for
+300 mA cm™
OER CP
Time for CP analysis 1800 s

10.1.5.1 Electrocatalytic activity of Ni-W and Ni-P alloy coatings

The effect of alloying elements, W and P, on the electrocatalytic activity of Ni was
studied, based on their induced codeposition behavior, and related to the composition,
structure and surface morphology of the developed coatings. A dependency of the
electrocatalytic activity for HER and OER with relative amount of the alloying
elements in the deposit was found in both Ni-W and Ni-P alloy coatings. The variation
of electrocatalytic activity with W or P content in the alloy coatings showed the

existence of a synergism between Ni and the alloying elements. In both the cases, the
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coating with optimal characteristics towards HER was found to show very low activity
towards OER and vice versa. A comparison of the electrocatalytic efficiencies of the
optimal Ni-W and Ni-P alloy coatings towards HER and OER, in terms of the H2 and
O2 gases evolved (in 300 s) during the analysis are shown in Fig. 10.3. The
corresponding HER and OER parameters of both the alloys are given in Table 10.5.
The obtained results showed that the alloying of Ni with W gives superior properties

towards HER, attributed by its better hydrogen adsorption energy than in Ni-P alloy.

Electrocatalytic efficiency of
Ni-W and Ni-P alloy coatings

-
(=]

-
N

(=2}

i =N

OER
HER

Volume of H, and O, gases
evolved (mL)

Ni-W alloy  Ni-P alloy

Fig. 10.3- Comparison of the electrocatalytic activity of the optimal Ni-W and Ni-P
alloy coatings towards HER and OER, in terms of the amount of H2 and Oz gases
evolved in 300 s from the corresponding test electrodes

10.1.5.2 Methods for enhancing the HER efficiency of alloy coatings

The HER efficiency of the Ni-W and Ni-P alloy test electrodes were further enhanced
by modifying the electrode material through MED approach, electrochemical
dissolution method and nanoparticles incorporation. Moreover, the HER efficiency was
tried to enhance through MFI-HER approach, by altering the working conditions of
electrolysis rather than modifying the electrode material. The HER activity of the
optimal Ni-P alloy coating (developed at 4.0 A dm) was enhanced by modifying the
alloy test electrode through electrochemical anodic dissolution, to increase the effective
surface area, and nanocomposite coating development. Accordingly, Ni-P-TiO2 and Ni-
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P-Ag nanocomposite coatings were developed through composite electrodeposition and
sol-enhanced electrodeposition, respectively. Similarly, the HER activity of the optimal
Ni-W alloy coating (deposited at 4.0 A dm) was further enhanced by modifying the
alloy test electrode through MED approach, to enhance the W content in the deposit,
and nanocomposite coating development. In this regard, Ni-W-MWCNT and Ni-W-
rGO nanocomposite coatings were developed to improve the HER efficiency of Ni-W
alloy. Further, the HER efficiency of optimal Ni-W alloy test electrode was enhanced
by inducing B of varying intensities during electrolysis (in the perpendicular direction),

without making any modifications to the test electrode.
10.1.5.3 HER efficiency of the modified Ni-P test electrodes

The HER activity of the modified Ni-P coatings achieved through different methods in
comparison with the optimal alloy coating is shown in Fig. 10.4, and the corresponding
HER parameters are given in Table 10.5. The HER activity of the optimal Ni-P alloy
electrode was found to show improvement after each modification such as
electrochemical dissolution, TiO2 incorporation and Ag nanoparticle incorporation. The
Ni-P-Ag nanocomposite coating was found to show the optimal HER characteristics
among the modified Ni-P alloy test electrodes. The observed intensification in
electrocatalytic activity of the Ni-P-Ag nanocomposite electrode for alkaline HER is
accredited to the increased surface area and the increased number of active sites for
hydrogen adsorption affected by the homogeneous dispersion of the Ag nanoparticles

in the alloy matrix, achieved through sol-enhanced electroplating technique.
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HER efficiency of Ni-P alloy and its nanocomposite
coatings

N
(=]

- -
N O

A

Volume of H, evolved (mL)
o

Ni-P Anodically Ni-P-TiO, Ni-P-Ag
treated Ni-P
Fig. 10.4- Comparison of the HER activity of Ni-P alloy and its nanocomposite coatings

developed using different methods, in terms of the amount of Hz gas evolved in 300 s
10.1.5.4 Magnetic field effect on electrocatalytic activity of Ni-W alloy

The effect of applied magnetic field was utilized in two directions to enhance the HER
activity of Ni-W alloy. Magnetic field effect during electrodeposition (MED) was
utilized to modify the electrode material in one way and in another way, the effect of
induced magnetic field during electrocatalytic study (MFI-HER) was utilized to reduce
the overvoltage due to bubble resistance. In the case of modified Ni-W alloy coatings
through MED approach, the improvement in HER activity is attributed to the increased
W content. Whereas, in the case of MFI-HER, the enhancement is due to the MHD
force induced convection and Hz bubble disentanglement. The comparison of HER
activity on Ni-W alloy under different conditions are shown in Fig. 10.5, and the

corresponding data are given in Table 10.5.
10.1.5.5 Effect of MWCNT and GO on the HER efficiency of Ni-W alloy

Ni-W-MWCNT and Ni-W-rGO coatings were developed by exploiting the advantage
of composite electrodeposition technique. The nanocomposite coatings were deposited
from the optimal bath containing homogeneously dispersed functionalized MWCNTSs
and GO (synthesized using chemical method). The added GO was found to be deposited

as rGO, as evidenced from the characterization techniques. Interestingly, the MWCNT
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and GO added into the plating bath was found to influence the induced codeposition of
the reluctant metal W, and thereby the electrocatalytic efficiency. Drastic improvement
in the electrocatalytic activity for HER was found in both Ni-W-MWCNT and Ni-W-
rGO nanocomposite coatings, compared to the as-coated Ni-W alloy. The obtained
results showed that the Ni-W-MWCNT nanocomposite coating as the best electrode
material for alkaline HER, attributed by both increased W content and number of
electroactive centers, affected by the homogeneous distribution of MWCNT in the alloy
matrix. The HER activity of the Ni-W alloy coatings of different composition and under
a different operating condition in comparison with its nanocomposite coatings are
shown in Fig. 10.5. The corresponding HER parameters are tabulated in Table 10.5.

HER efficiency of Ni-W alloy and its nanocomposite
coatings

Volume of H, evolved (mL)

Fig. 10.5- Comparison of the HER activity of Ni-W alloy and its nanocomposite
coatings developed using different methods, in terms of the amount of Hz gas evolved
in 300 s

The overall electrocatalytic study results of the optimal Ni-W and Ni-P alloy
coatings and their nanocomposite coatings are tabulated in Table 10.5. The obtained
results confirm that the nanoparticles incorporation and the utilization of magnetic field
effects as promising techniques to enhance the HER activity of conventional alloy

coatings. Among all the alloy and nanocomposite test electrodes tested for HER
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efficiency, the Ni-W-MWCNT nanocomposite coating was observed as the best

electrode material for alkaline HER.

Table 10.5- The comparison of electrocatalytic activity study results of the optimal Ni-

W and Ni-P alloy coatings, and their nanocomposite coatings

Volume of
Cathodic Onset
.. Alloy . . H,
Activity ) Optimal coating peak c.d.  potential for )
coating ) . ) evolved in
for configuration at-1.6 V. Hevolution
type 5 300s
(Acm™©) (Vs SCE)
(mL)
(Ni-W)a.0 -0.66 -1.21 14.8
MED (Ni-W)B:O.Z T/per -0.97 -0.99 19.9
Ni-W  MFI (Ni-W)g=0.4T1 -0.82 -1.01 19.1
(Ni-W-MWCNT)a.0 -1.07 -0.97 20.1
(Ni-W-rGO)a.0 -0.83 -1.03 18.3
HER
(Ni-P)a.0 -0.13 -1.30 9.6
Anodically treated (Ni-P)4.0 -0.26 -1.22 13.2
Ni-P
(Ni-P-TiO2)4.0 -0.38 -1.19 15.2
(Ni-P-Ag)4.0 -0.59 -0.95 18.8
. . . . Anodic Onset Volume of
Activity Coating Optimal coating peak c.d.  potential of 02 _
. . . evolved in
for type  configuration at0.75V O evolution 300 s
-2
(Acm™) (V vs SCE) (mL)
Ni-W  (Ni-W)1o 1.25 0.51 13.1
OER
Ni-P  (Ni-P)20 0.22 0.43 8.2

10.2 CONCLUSIONS

1. New alkaline citrate baths were optimized for the development of Ni-W and Ni-

P alloy coatings using standard Hull cell method.
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10.

11.

The coating developed at 4.0 A dm was obtained as the optimal coating with
least CR in case of both Ni-W and Ni-P alloy coatings deposited from their
respective baths.

The corrosion resistance of monolayer Ni-W and Ni-P alloy coatings were
increased to many folds of its magnitude by the development of nanolaminated
multilayer alloy coatings using pulsed DC.

Electrochemical corrosion study demonstrated that the multilayered Ni-W and
Ni-P alloy coatings with 300 layers, represented as (Ni-M)1.0/4.0300 is sShowing
the least CR compared to their monolayer coatings, developed from the same
bath using non-pulsed DC.

The MED Ni-W alloy coating with configuration (Ni-W)g=0.2 T/per Was obtained
as the best alloy coating with least CR among all Ni-W and Ni-P alloy coatings
developed using different techniques.

The Ni-W and Ni-P alloy coatings obtained at 4.0 A dm (having about 12.4
wt.% W and 9.0 wt.% P, respectively) were obtained as the optimal cathode
materials for HER, deposited from their respective baths.

The HER efficiency of the optimal Ni-W alloy test electrode was enhanced
through MED and MFI-HER approach.

The Ni-P-Ag nanocomposite coating was obtained as the best electrode material
for alkaline HER among all the other Ni-P alloy based test electrodes developed
by different methods.

The Ni-W-MWCNT nanocomposite coating was obtained as the best electrode
material for alkaline HER among all the other Ni-W and Ni-P alloys and their
nanocomposite coatings studied.

The experimental results of corrosion and electrocatalytic study of
electrodeposited Ni-based alloys and their nanocomposite coatings showed that
there exist a strong dependence of the coating properties on the composition,
structure and surface morphology.

The magnetic field induced mass transfer was confirmed as the most effective
mode of mass transport to impart better coating properties in terms of corrosion
resistance and electrocatalytic activity.
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SCOPE FOR FURTHER WORK

Use of other additives or alloying elements (to form ternary alloy) can further
improve the coating characteristics of binary Ni-W and Ni-P alloy coatings.
Doping of other nanoparticles to improve the performance of coatings.

Magnetic field effects on coating characters of Ni-P alloy can be explored.
Magnetoelectrodeposition may give better coating properties to nanocomposite
coatings through the homogeneous dispersion of the nanoparticles in the alloy
matrix, which is otherwise difficult to achieve.

Multilayered coatings of these alloys can be prepared by bringing modulation in
mass transport at the cathode through ultrasonic and magnetic field effects.

The approach can be extended for the development of many other
alloy/nanocomposite coatings for exploring their photocatalytic and sensor

applications.
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