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ABSTRACT

This thesis titled, Electrolytic synthesis of nickel based alloys and their
characterization details a comprehensive approach for improving the corrosion
resistance and electrocatalytic activity of Ni-M (where M = Sn and Mo) alloys through
an inexpensive, yet advanced electrodeposition method. The coating properties have
been improved by regulating the mass transfer process at cathode film, parallel to the
process of deposition. The modulation in the mass transfer was affected by pulsing the
current density (c.d.), magnetic field intensity (B) and ultrasonic power density (p.d.).
The thesis comprises the optimization of two new binary alkaline baths, namely Sn—Ni
and Ni—Mo using direct current (DC) for highest performance of corrosion resistance
and electrocatalytic activity for hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER). The corrosion behaviors were evaluated in 5% NaCl solution
using potentiodynamic polarization and electrochemical impedance spectroscopy (EIS)
methods. Experimental results revealed that corrosion resistance of multilayer Sn—Ni
alloy coatings developed by pulsing ultrasound p.d. is many folds better than its
monolayer counterpart. The kinetic parameters for HER and OER were determined by
cyclic voltammetry (CV) and chronopotentiometry (CP) methods in 1.0 M KOH
medium. The electrocatalytic activity of magneto-electrodeposited Ni—Mo alloy
coatings were improved, due to changed limiting c.d. (i.) of more readily deposit-able
metal, explained by the hydrodynamic effect. Effect of addition of reduced graphene
oxide (rGO) into the alloy matrix and the anodic dissolution of the as-deposited coating
as a tool to enhance the electrocatalytic activity of Ni—M alloys has also been examined.
The changed property of alloy coatings was found to bear a close relationship with their
composition, phase structure, surface morphology and roughness, confirmed by EDX,
XRD, SEM and AFM analyses, respectively. The experimental data are compared, and
results are discussed with Tables and Figures, a note for future work is mentioned at
the end.

Keywords: Sn—Ni alloy, Ni-Mo alloy, corrosion study, magneto-electrodeposition,
sono-electrodeposition, electrocatalysis
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CHAPTER 1

INTRODUCTION

This chapter gives an overview of basic concepts of electroplating technology and
various advanced methods of electrodeposition for enhanced alloy properties. It also
gives a brief introduction to corrosion and corrosion measurement techniques, with a

detailed account on water splitting application.

A wide range of metallic objects which we use in our day-to-day life, in most cases
have a limited lifetime due to environmental effects and operating conditions. There are
usually mechanical interactions between components in contact with one another, or
there will be chemical or electrochemical reaction with the environment. In the worst
case, this can lead to a catastrophic breakdown, hazardous both for humans and the
environment. The surface of any material or component, because of its atomic structure
is more vulnerable to various types of attack, and it could be mechanical, chemical,
electrochemical or thermal, in nature. The effects may be present individually or in
combination. They may arise as a tension, or as an impact or perhaps intermittently.
Hence, one can protect the surface from environmental attack by application of organic,
inorganic or metallic coatings, which extends the life of not just the surface, but the
entire component or equipment. In this regard, Metal Finishing is a term embracing the
surface treatment in which a metallic coating is formed from an aqueous solution or a
molten salt by means of an electrochemical reaction. The properties of such coatings
are determined by the deposition process as well as pre-treatment and post-treatments
involved (Kanani 2006).

1.1 ELECTROPLATING TECHNOLOGY

Basically, electroplating technology is based on the phenomenon of electro-
crystallization, controlled by the rate of mass transfer of metal ions towards the cathode.
The process of electrodeposition relies on electrical currents to coat the material on a
substrate, called cathode with positive cations transferred from the positively charged
electrode (anode), or a bath. On applying the electric charge, oxidation takes place at
the anode to produce metal ions, which is then reduced as metal atom on the cathode.

All electroplating processes are governed quantitatively by Faraday’s laws, with
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allowance for side effects, which most frequently consist in the release of hydrogen
along with the metal on the surface of the article being coated. Qualitatively, these
processes are controlled by the type and composition of the electrolyte and by the mode
of electrolysis, i.e. current density as well as temperature and the intensity of mixing.
Electroplating can be defined as a treatment that modifies the surface of a metal or non-
metal, without changing its bulk properties, in order to increase the specific properties
including corrosion resistance. Strong adherence of the coating can be ensured by
proper preparation of the surface of the base metal, which involves the complete

removal of oxides and grease impurities by pickling or degreasing.

One of the common purposes of electroplating is to improve the corrosion
resistance and wear resistance of friction surfaces to the finished or semi-finished
articles. It is used for both protective and decorative finishing of surfaces (chromium or
nickel plating, or plating with precious metals). Compared to many methods of applying
coatings used since ancient time, electroplating has a number of advantages,

particularly when only a very thin coating is required (Lowenheim 1974).

1.2 ALLOY DEPOSITION

It is well stated that properties of alloy deposits are superior to those of single-metal
electroplates, and are widely described in the literature (Brenner 1963). In other words,
it is recognized that more often than not, alloy deposition provides properties not
obtained by employing electrodeposition of single metals. It is further asserted that
relative to the single-component 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 (Paunovic and Schlesinger 2006). Alloy plating technology is of a
particular interest as the current trend in engineering and technology, supports the
replacement of individual metals by their alloys, which usually feature a wider spectrum
of properties. In fact, alloy plating is technically a more complicated process as

compared to the deposition of individual metals, as it requires a more stringent control
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of the composition of electrolyte, deposition conditions as well as closer monitoring of

those parameters.

Electrodeposited alloys find a wide range of applications in electronics, surface
finishing industries, and automobile industries. A large number of binary and ternary
alloys have been plated from aqueous solutions, for microfabrication or surface coating
(Kanani 2006). The compositions of electrodeposited alloys are governed by the
kinetics of the partial electrode reactions, and it can be modeled in terms of mixed
potential theory, commonly used in corrosion science (Landolt 2002). The ultimate goal
of research in the electroplating technology is to investigate how to produce plated films
with desirable properties, like mechanical, physical, and chemical which meet

particular applications (Watanabe 2004).

1.3 ORIGIN OF ELECTROPLATING

Several key inventions have taken place before the discovery of electroplating, which
played an important role in its development. As early as 1800, Alessandro Volta
invented the voltaic pile, a row of voltaic cells that create an electric current, the first
electric battery. Relying on Volta’s voltaic pile as a main source of electricity, the
Italian chemist Luigi Brugnatelli invented electroplating in 1805. His early attempts in
electroplating evolved until he successfully plated a thin layer of gold onto silver coins.
Despite the publication of his findings in the Belgian Journal of Physics and Chemistry,
his research was not taken seriously due to Napoleon Bonaparte and the French
Academy of Sciences. It wasn’t until similar research surfaced almost forty years later,
that process began to change. Faraday discovered electromagnetic induction in 1831
and Pixii used the commutator in 1832 to produce a direct current generator, but it was
not until about 1870 that several independent inventors used electromagnetic field coils
to generate the heavy currents needed for electrolysis. Large scale electroplating
enterprises were established by the latter part of the 19th century. Aqueous solutions
have always been by far the most important electrolytes. There have been many
investigations of non-aqueous solutions or ionic melts, and Davy deposited the alkali
metals from the latter in 1807 (Gabe et al. 1994).

Although electroplating is patented by the Elkingtons, it stretched quickly and
successfully across Europe, and process remained relatively unchanged until the 1940s,
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when a surge in the electronics industry lead to the replacement of traditional cyanide
solutions with safer acid baths, at least on the commercial level. The 1970s saw the
development of safer water disposal regulations and continual hardware upgrades,
which streamlined the process by enabling faster and more efficient electroplating.
Today, electroplating technology has developed in both evolutionary and revolutionary
ways and made it possible to electroplate a wide range of materials, including platinum

and osmium.

1.4 PRINCIPLE OF ELECTROPLATING

Electroplating is generally carried out in a specially designed electrolytic bath,
containing the desired metals ions, suspended in a solution. The solution of plating bath
serves as a conductive medium and utilizes the DC (direct current). The material that is
to be plated is submerged into the plating bath, and a low voltage DC is applied to the
bath. The material to be plated acts as a negatively charged cathode, and the coating
metal as positively charged anode, which completes the DC circuit. Electrodes are
carefully positioned at the ends of the plating tank, as shown schematically in Figure

1.1.
+

Anode Cathode

Cations

@—P

Anions

Electrolyte

Figure 1.1 — Basic components of DC electroplating

Electrodes are connected to a DC power source, to drive the process of deposition.
As electrical current flows (from positive to negative) in the circuit, the cations formed

at anode flow through electrolyte towards negatively charged cathode; and anions from
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the electrolyte solution move towards the cathode. This movement causes the metal
ions in the bath to migrate towards extra electrons located at the cathode’s surface.
Thus, due to induced DC, metal ions are taken out of solution and are deposited as a
thin layer of metal atoms onto the surface of the cathode. When the overall reaction is
controlled solely by the rate at which the electroactive species (including metal ions)
reach the surface, the current is said to be mass transport limited. Mass transport process

in electrolyte solution occurs in three different modes (Wang 2000):

o Diffusion — the spontaneous movement of the metal ions under the influence
of concentration gradient, taking place to minimize the concentration
differences.

o Convection — transport of ions towards electrode by a gross physical
movement; such fluid flow occurs with stirring or flow of the solution and with
rotation or vibration of the electrode (i.e., forced convection) or due to density
gradients (i.e., natural convection);

o Migration — movement of charged particles under the influence of an electric
field.

Generally, in an electrode, the inner layer (region closest to the electrode), known
as the inner Helmholtz plane, contains solvent molecules and specifically adsorbed
ions. The next layer, the outer Helmholtz plane, reflects the imaginary plane passing
through the center of solvated ions at their closest approach to the surface, as shown in
Figure 1.2. The solvated ions are non-specifically adsorbed and are attracted to the
surface by long-range Coulomb forces. The discharge of adsorbed ions to form
adsorbed atoms takes place within the Electrolyte double layer called the Helmholtz
double layer, which forms spontaneously at the metal-solution interface. Although the
metal ions lose most of their charge in this process, the residual charge remains on it,
and are adsorbed as atoms. During electrodeposition, metal ions are discharged as metal
atoms at Electrical Double Layer (EDL), or cathode film through the process of
nucleation, followed by its crystal growth. Nucleation results from diffusion controlled
migration of the adsorbed atoms on the surface. The growth process begins once the
nuclei have reached a critical size, and this process is called electro-crystallization

(Schwarzacher 2006). Thus, the property of any electrodeposit, in terms of its
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composition, phase structure, and surface morphology depends on the rate of electro-
crystallization taking place at cathode film, which is determined by the rate of mass
transfer of metal ions towards the cathode. Hence, it may be summarized that the
property of any electrodeposit can be altered by modulating the mass transport process

towards the cathode.

Outer Helmholtz Diffusion layer
Inner Helmholtz layer
—‘ layer l l l
D Cy @
1 eﬂ @ %GD% O _ Cation
D& O
S > =
Q C/ D @ O Anion
ND P ¢
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"8 eﬂ@ QGéC Q - Q Hydrated cation
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Q Q ( ) O Q D S Hydrated anion
SND O @
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> ) Electrolyticbath Water molecule
Speci.ﬁ‘cVa]ly adsorbed cations
forming ad atom layer
Figure 1.2 — lllustration of a fundamental cathodic electrodeposition process for a

single constituent metal salt dissolved in an aqueous electrolyte (Ray 2015)

1.4.1 Faraday’s Laws of Electrolysis

All processes of electrodeposition are governed by the most fundamental laws of
electrochemistry, called Faraday’s laws of electrolysis. According to which, the extent
of deposition or dissolution of a metal/alloy is determined by the quantity of electricity
passed, and its equivalent mass. The two laws of electrolysis can be summarized as
below (Kelly et al. 2002).
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First Law of Electrolysis
The mass, m of a metal/alloy discharged at an electrode by electrolysis is directly

proportional to the amount of electrical charge passed through the electrode.
m=ZQ or m=ZIt (LY

where Q = electric charge in coulombs, | = current in amperes, t = time in seconds, m
= mass of the product discharged at the electrode in grams, Z = electrochemical

equivalent.

Second Law of Electrolysis
If the same amount of electrical charge is passed through several electrodes, the mass,
m of the substances discharged at the electrodes are directly proportional to their

equivalent masses.

m._2z, 1.2)

m. 2z
1.5 MODERN METHODS OF ELECTRODEPOSITION
Electrodeposition is a well-known surface coating technique in which coating property
can be tuned by altering the size and shape of the microcrystals. A common method to
manipulate crystal size is to employ a growth medium, having certain additives which
can preferentially adsorb on specific crystallographic planes. Therefore, the property of
any electrodeposit, of a metal/alloy can be modified by changing the mass transport
process of metal ions towards the cathode. This can be coupled with periodic
modulation of such mass transport process. Modern methods of electrodeposition
enabled the development of metals and alloys in multilayers for better properties. The
improved property of multilayer coatings is attributed to increased interfacial surface
area. Thus, development of modern multilayer alloy coating and its improved material

property are attributed by the following facts, respectively:

e Periodic modulation in mass transport process at cathode film brings a periodic
modulation in the composition of the coatings deposited.
e Materials’ property can be increased substantially by increasing its surface area,

through layering.
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The increase of the surface area leads to an increase of material property, which is the
basis of nanotechnology. The composition of alloy coatings can be changed by bringing
modulation in the mass transport process, which can be affected by alerting periodically

any of the following parameters during deposition. They are:

» Cathode current density — leads to coatings in multilayers
» Magnetic field intensity — leads to magneto-electrodeposition

» Sonication (agitation) — leads to sono-electrodeposition

1.5.1 Composition Modulated Multilayer Coatings

The concept of composition modulated multilayer coatings (CMMCs) has now created
a high level of interest in surface engineering (Kanani 2006). This subject area is one
that abounds with terminology, with the coating systems produced often being
described as composition modulated alloy (CMMA) coatings, multilayer coatings or
just layered coatings (Wilcox 2003). The concept of CMMA coating is relatively new
and is gaining interest amongst researchers because these layered coatings possess
improved properties, such as increased strength, microhardness, wear and corrosion
resistance, electrical and magnetic properties. Here, the term multilayer is taken to mean
a sequence of alloys of same metals, but of different composition deposited alternately
one above the other till required thickness is reached. This multilayer alloy coatings can
be electrodeposited from the same bath having both metal ions by periodic modulation
of the cathodic current density (c.d.) between two set values; and such deposition allows
the growth of coatings, having a periodic modulation in their composition. They can be
individual pure metals or two different compositions of the same alloy. The individual
layer thicknesses are often on the nanometre scale, this, therefore, limits the deposition
for all type of coatings. In reality, there are probably only three main methods of
multilayer coating which have been widely utilized. They are chemical vapor
deposition (CVD), physical vapor deposition (PVD) and electrodeposition. Clearly,
each of the three processes has its own advantages and disadvantages but most
researchers tend to use electrodeposition method as it is the most simple and flexible of
the three. Figure 1.3 illustrates a typical CMMA system where Alloy A and Alloy B,

are different in composition.
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<«—— Alloy B

«— AloyA

Figure 1.3 — Representation of a typical CMMA coating

Under electrodeposition method, CMMA coatings can be obtained by using either
a single-bath technique (SBT), where deposition takes place in a plating solution
containing ions of the alloy components, or a double-bath technique (DBT), where
deposition is carried out from separate plating baths by using manual/automated
transfer of the substrate from one bath to another. Both techniques are known to have
their own advantages and disadvantages. Generally, in SBT the metal ions required to
form both deposit layers are contained in a single electrolyte, and alloy deposition is
achieved by modulating alternately the mass transport process at EDL (Cohen et al.
1983, Yahalom 1987, Haseeb et al. 1994). Even though substantial success has been
achieved in SBT, the selection of constituents is limited because their deposition
potentials must be sufficiently different to allow a separate electrodeposition of each
layer. Difficulties can also be encountered in the deposition of very thin layers due to
very short relaxation time for the redistribution of solutes in the diffusion double layer
(Thangaraj et al. 2009).

1.5.2 Magneto-electrodeposition

Mass transport of ions towards electrode surface can be controlled through diffusion,
ionic migration, and convection (natural and forced). Natural convention depends on
the geometric configuration of the working electrode and forced convention can be
generated by various means, like stirring, rotating disc or by inducing the magnetic field
during deposition. The process of deposition of a metal/alloy by electric current in the
presence of applied magnetic field is known as magneto-electrolysis or magneto-
electrodeposition. When magnetic field is applied to the cathode surface, there is an
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increase in rate of transport of ions to the electrode surface, thus increasing the mass
transport current of the electrode reaction, explained by magneto-hydrodynamic
(MHD) effect (Ebadi et al. 2010), induced by maximal Lorentz force generated in the

hydrodynamic layer as shown in Figure 1.4.

When a magnetic field is applied to an electrolytic bath, the total force acting on a
moving charged particle, like electron or an ion is given by the relation,
F.=q(E+vxB) @.3)

Where, F_ is the Lorentz force, g the charge of an ion, E the electric field strength, v
the velocity of the ions and B, the magnetic field intensity. The Lorentz force is vector

product of current density, i and magnetic field intensity, B.
FL=ixB (1.4)

The Lorentz force, in reality, induces the convection flow of the electrolyte near
the electrode surface, depending on the direction of applied magnetic field (parallel or
perpendicular), with respect to the direction of movement of the ions. When a magnetic
field is applied parallel to the plane of the cathode, i.e. perpendicular to the direction of
flow of ions the Lorentz force exerted is found to be its maximum. The magnetic field
applied to charge carriers in the electrolyte solution induces a convective flow. This
increase in the rate of mass transport was attributed to the formation of a hydrodynamic
boundary layer at the electrode surface due to the tangential velocity induced by the
field that actually decreases the diffusion layer thickness and increases the flux of the
species. Thus, magnetically induced convection reduces the thickness of Nernst
diffusion layer (or EDL) and thereby enhancing the limiting current density (i.) (Hinds
et al. 2001).

The benefits of large-scale convection can be more effectively achieved by
mechanical agitation as well. The combined effect of magnetic field and local current
density (i) is responsible for changing the flow patterns on a scale that would be
otherwise unattainable. The effect is observed to be more at sharply localized spots of
high current density, due to high micro-MHD effect (Figure 1.4 (c)). As c.d. is
inevitably non-uniform at the edge of an electrode, there is normally an MHD flow

around the rim when a magnetic field is perpendicular to the electrode surface
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(Figurel.4 (b)). Furthermore, uneven growth at the cathode during electrodeposition
produces a locally non-uniform current distribution, giving rise to secondary micro-
MHD vortices around growing asperities that protrude into the diffusion layer, as

illustrated in Figure 1.4 (c).

micro
MHD
convection

(a) _ (b) _ (c)

Figure 1.4 — Hydrodynamic flow on electrode surface due to the applied magnetic field
(B), where: a) B is parallel to the movement of ions, b) B is perpendicular to the
direction of ions, and c) the primary MHD flow causes the vortex at spots of high c.d.

leading to micro-MHD convection (Monzon and Coey 2014)

Hydrogen bubble formation and its release during the process of electrodeposition,
due electrolysis of water is strongly influenced by magnetically-induced flow. Gas
bubbles occlude the electrode surface, deforming the local current density. At
electrodes where the average current distribution is uniform, generally, the bubbles
released are smaller when a magnetic field is present. This is beneficial during
electrodeposition, as the films produced are devoid of defects, due to hydrogen
evolution. Even when the field is parallel to the direction of ion flow and MHD is
negligible, there are still micro-MHD flows arising from the deformation of the current
distribution by the spherical bubbles, which induce hydrodynamic drag forces that
sweep the bubbles away from the electrode surface, thereby impeding their growth.
Besides enhancing the deposition rate via, the MHD effect, there are many studies
which show the influence of magnetic fields on the morphology, texture, roughness and
dendritic character of electrodeposits (Monzon and Coey 2014).
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1.5.3 Sono-electrodeposition

The part of the sonic spectrum which ranges from about 20 kHz to 10 MHz is called
ultrasound, and it can be subdivided into three main regions: power ultrasound (20-100
kHz), high-frequency power ultrasound (100 kHz-1.0 MHz) and diagnostic ultrasound
(1.0-10 MHz) (Peters 1996). When power ultrasound is applied to a liquid electrolyte,
a number of well-known effects occur that can influence an electrochemical process. In
particular, micro-jetting or microstreaming can improve the mass transport, thereby
thinning of diffusion layers and generate localized heating. Such benefits can be used
to enhance two widely used electrochemical metallization processes, namely,
electroplating and electroless plating. Power ultrasound enhances chemical and
physical changes in a liquid medium through the generation and subsequent destruction
of cavitation bubbles. Like any sound waves, ultrasound is propagated via a series of
compression and refraction waves induced in the molecules of the medium through
which it passes. At sufficiently high-power density, the rarefaction cycle may exceed
the attractive forces of the molecules in the liquid, and cavitation bubbles will form.
These cavities when the collapse in succeeding compression cycles, which generates
the energy for chemical and mechanical effects. This is a remarkable phenomenon
induced throughout the liquid at ultrasonic frequencies, i.e. 20 kHz or above (Mason
and Cordemans 1996). The variety of induced effects on electrochemistry processes by
ultrasound waves can be attributed to the generation, growth, and collapse of
microbubbles in the electrolyte. All these phenomena lead to the decreasing of the
diffusion layer thickness and can improve the overall mass transport, increasing
reaction rates, indeed of cleaning and degassing of the electrode surface (Séez and
Mason 2009).

Two forms of cavitation are known: stable and transient. Stable cavitation means
that the bubbles oscillate about their equilibrium position over several refraction-
compression cycles, while in transient cavitation, the bubbles grow over one
(sometimes two or three) acoustic cycle to double their initial size and finally collapse
violently. Thus, created motion in the ions due to cavitation force causes the ions to
move towards the cathode surface. The schematic representation of a typical flow

pattern induced by a sonic horn, cavitation collapse at an electrode and in bulk solution
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is given in Figure 1.5 (a), (b) and (c) respectively. Cavitation at the solid-liquid interface
occurs more readily than in bulk solution, where crevices and active sites exist and
vapor bubbles forms readily. When transient cavitation occurs near a solid surface such
as an electrode, collapse becomes non-spherical driving a high-speed liquid jet into the
surface in the perpendicular direction (see Figure 1.5 (b)) (Banks and Compton 2003).
At the same time, if ultrasound intensity is higher than that of threshold intensity,
collapsed bubble will generate shock waves and microstreaming. As a result, the
thickness of diffusion layer decreases with increased mass transport reaction rates.
Thus, in general when ultrasound is applied to liquid media, a range of processes occur
which can create unusual physical and chemical conditions; these include acoustic
streaming, turbulent convection, microstreaming in the presence of oscillating bubbles

and cavitation, as shown in Figure 1.5.

/" Total bubble ",
/ collapse/ Microjet *,

(@)

Figure 1.5 — Effect of ultrasound on liquid medium showing: a) Acoustic streaming: a
typical flow pattern induced by sonic horn, b) Cavitation collapse at an electrode

surface and c) Cavitation bubble collapse in bulk solution (Banks and Compton 2003)

1.6 WATER ELECTROLYSIS

With ever increasing energy costs owing to the dwindling availability of petroleum
resources, concerns with global warming and climate change blamed on man-made
carbon dioxide (CO2) emissions associated with use of fossil fuels, hydrogen has in
recent years become very popular for a number of reasons: i) it is perceived as a clean

fuel, emits almost nothing other than water at the point of use; ii) it can be produced
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using any energy sources, with renewable energy being most attractive; iii) it works
with fuel cells and together, they may serve as one of the solutions to the sustainable

energy source in so-called “hydrogen economy” (Zhang and Zeng 2010).

There are many processes that produce hydrogen, one such process being fossil
fuel reforming, mainly from methane, however, it will lead to substantial environmental
pollution. On the other hand, hydrogen production by the electrolysis of an aqueous
solution could use only renewable energy throughout the process, making it

economically and environmentally attractive.

Electrolytic water splitting was the first electrochemical process to be performed.
It is the decomposition of water (H2O) into oxygen (O2) and hydrogen gas (H2) due to
an electric current being passed through the water. Historically, the first experiment on
water electrolysis was attributed to Nicholson and Carlisle, who in 1800 using the
newly invented Volta’s pile, observed the formation of gaseous products in the
laboratory (Trasatti 1999). Despite such an early observation, the production of
hydrogen by water electrolysis on an industrial scale dates back only to the beginning
of the 1900s, with the increasing need for large amounts of hydrogen for ammonia
synthesis. At that time, water electrolysis was the most economic among the chemical
processes able to produce hydrogen with purity close to that necessary for the catalytic
synthesis of ammonia. Reasons were the low cost of hydroelectric power and the
flexibility of the process itself that allowed the use of seasonal peaks of electric power.
Actually, the electrolytic method was largely applied until the mid-1900s, when the
rising costs of electric power and the abundant availability of hydrogen from natural
hydrocarbons confined the use of electrolytic hydrogen to cases where the purity of
hydrogen is a necessary requirement, such as in the pharmaceutical industry,

hydrogenation in the food industry and so on.

In the 1970s, a first serious energy crisis related to a sharp increase in the cost of
fossil fuels led to a revival of interest in water electrolysis. This time the interest was
focused on hydrogen as an energy vector that could possibly replace fossil fuels in the
world economy. The aim was two folded, one is to become relatively independent of
the influence of an oil market and the second one is to reduce the environmental impact

of the use of fossil fuels whose combustion is responsible for the production of
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‘greenhouse’ gases, such as CO2 and NOx, and of polluting compounds such as SO>
(acid rain). In that scenario, the idea of a “hydrogen economy” was put forward, where
hydrogen is the engine of the world producing electric power in fuel cells and replacing
oil as a fuel in internal combustion engines (Marban and Valdés-Solis 2007). However,
the use of electric cars and of electrolytic hydrogen entails the consumption of large
amounts of electricity to recharge batteries and to feed electrolysers. The solution of
this circle necessarily lies in the use of clean, renewable energy sources that also avoid
the risk of exhaustion implicit in the use of fossil fuels. The water splitting reaction is
considered to have two half-cell reactions, and they are hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER), both of which are essential for the overall
efficiency of water splitting. It has been demonstrated that electrochemical water
splitting can be completed both in acidic and alkaline media. But unfortunately, the acid
electrolyzers are hindered due to lack of efficient and low-cost counter electrode

catalysts in acidic electrolytes (Liu et al. 2017).

1.6.1 Hydrogen Evolution Reaction

Hydrogen is considered as the cleanest and most promising candidate to replace carbon-
based fuels. However, the practical widespread application of water electrolysis is
limited by its high-energy consumption. The energy consumption can be reduced by
using more active electrode for HER. Platinum (Pt) and its alloys have a higher
electrocatalytic activity for HER. However, issues related to their high cost and scarcity
severely limits their usage. Hence, it motivated many researchers to find alternative Pt-
free electrode systems (Zhang et al. 2017). In this regard, many efficient and
inexpensive non-precious HER catalysts have been developed. The non-platinum-
active metals such as Fe, Ni, or Co as well as their alloys and composites have received
great attention as electrocatalysts for the HER.

HER in alkaline solution has received considerable attention in the application
fields, such as hydrogen production, chlorine, and alkali production and
electrochemical CO> reduction (Abbas et al. 2017). The HER mechanism in alkaline

solution proceeds via three-step reaction mechanism (Tasic et al. 2013):
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M+H,0+e” <> MH_, +OH" —Volmer reaction (1.5)
MH_, +H,0+e <> H, T+ OH ™ —Heyrovsky reaction (1.6)
MH_ +MH_ < H, T+ 2M —Tafel reaction L.7)

Where M represents the electrode material and MHags represents the hydrogen adsorbed
on the electrode surface. The Volmer reaction is a primary reaction for HER, which
produces adsorbed H atoms (Hags) on the electrode surface by the discharge of H2O.
Subsequently, the adsorbed Hadgs may react with H.O in solution (Heyrovsky reaction)
or other adsorbed Hags on the electrode (Tafel reaction) to release H», depending on the
type of electrodes (Zhang et al. 2017). The overall reaction proceeds via two possible

reaction pathways, Volmer-Heyrovsky and VVolmer-Tafel.

1.6.2 Oxygen Evolution Reaction

The electrocatalytic oxygen evolution reaction (OER) at the anode often couples with
electron or photoelectron CO> reduction and, Hz evolution reactions at the cathode but
limits the performance of the entire system because of the sluggish OER Kkinetics,
insufficient reaction sites, or low stability of precious metal catalysts. OER is a
demanding step that includes four proton-coupled electron transfers and oxygen-—
oxygen bond formation, so it is kinetically not favored and requires a catalyst to
expedite the reaction (Kanan and Nocera 2008, Koper 2011). To date, RuO: is
considered the most active catalyst for OER, but its high cost and low abundance has
prevented its large-scale application as an OER catalyst (Lee et al. 2012). Thus, active,

stable, and affordable OER catalysts are highly sought after.

OER is a reaction of generating molecular oxygen through several proton/electron-
coupled processes. In acidic conditions, the reaction operates through oxidation of two
water molecules (H20) into four protons (H") and one oxygen molecule (O2) by losing
a total of four electrons (Conway and Liu 1990). In basic conditions, oxidation of
hydroxyl groups (OH") takes the lead and transforms into H.O molecules and an O

molecule with the same four electrons involved (Birss et al. 1986).

2H,0 <> 4H* +0, T+ 4e (1.8)
40H < 2H,0+0, T+ 4e (1.9)
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The overvoltage of the OER has been identified as the greatest source of energy
loss in water electrolysis, which can be alleviated by designing more efficient
electrodes. In addition, during electrolysis operation, the anode can suffer corrosion
processes resulting in higher overpotentials. This overpotential is directly related to the
potential difference, necessary to drive the system at a given current density and
therefore it has a tremendous impact on the cost of the hydrogen production (Pérez-
Alonso et al. 2014). It is recognized that although nickel has OER overpotential higher
than RuO or IrO2, nickel-based electrodes are relatively inexpensive and display
excellent corrosion resistance in aqueous alkaline media, and thus offer an attractive
compromise solution. That said, the OER electrocatalytic performance of metallic Ni
in alkaline solution diminishes markedly with time. In view of the aforementioned
considerations, extensive research focussed on the development of OER
electrocatalysts that display a combination of the desired characteristics of long-term
physical and chemical stability, satisfactorily low reaction overpotential and viable
cost. (Lyons and Brandon 2008). Recent works have shown the advantage of using Ni-
based alloys with transition metals (like Mo, Cu, Fe, V and Pt) due to the high
adsorption ability of Ni atoms and also to the fact that the introduction of a transition
metal alters significantly the electronic properties of the system (Pérez-Alonso et al.
2014).

1.7 ELECTROCHEMICAL POLARIZATION

Electrochemical polarization (usually referred as polarization) is the change in
electrode potential due to the flow of a current. There are three types of polarization
(Mc Cafferty 2010), they are:

1) Activation polarization.
2) Concentration polarization

3) Ohmic polarization

The degree of polarization is measured by the quantity, called overvoltage (over

potential), # is given by the following equation:
n=E-E, (2.20)

where E is the electrode potential for some condition of current flow and E,is the
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electrode potential for zero current flow, also called as open-circuit potential (OCP) or

rest potential.

1.7.1 Activation Polarization
When some step in the half cell reaction controls the rate of charge flow, the reaction
is said to be under activation or charge transfer control, and activation polarization
results. Hydrogen evolution on a metal surface occurs, in three major steps.

2H" +2e" > H, T (1.12)
First H* reacts with an electron from the metal to form an adsorbed hydrogen atom,

Hags, at the surface.

H*+e — H,, (1.12)

Two of these adsorbed atoms must react in the second step to form the hydrogen

molecule,

H,+H,—H, 2.13
A third step requires sufficient molecules to combine and nucleate a hydrogen bubble
on the surface. Any one of the above steps can control the rate of reaction and cause
activation polarization. The relationship between activation polarization or
overpotential n, and the rate of the reaction in terms of anodic and cathodic current
density, abbreviated, respectively as i, and ic is given by,

M. =P, |09:i (1.14)

0

for anodic polarization, and

7. = B, log = (1.15)
|

0

for cathodic polarization.

Here, B, and . are Tafel constants for anodic and cathodic reaction, respectively, and
io is the exchange current density, corresponding to OCP, or overvoltage equal to zero.
It is corresponding to the half-cell electrode potential Ej+/y,, is established, where
reaction is at equilibrium. The rate of discharge of H* (forward) exactly balances the

rate of ionization of Ha (reverse). The presence of overpotential suggests the presence
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of energy barriers (activation energies) AGzand AG; corresponding to forward and

reverse reaction, is given by,

AG; -AG =AG,, , =-nFe (1.16)

H*/H, H*/H,

On further substitution, one will arrive at the most celebrated equation of

electrochemistry known as Butler-Volmer equation.
Butler-Volmer equation

The Butler-Volmer equation is one of the most fundamental relationships in
electrochemical kinetics. It describes how the electrical current on an electrode depends
on the electrode potential, considering that both cathodic and anodic reaction occurs on
the same electrode. Butler-Volmer dependence of the electrode current (i) on activation

polarization overpotential (1), where n = (E - Eequ) is given by relation,

agnF

. . . NF
[=i.— ig =1, {exp( o (E — Eequ)f — exp (_ “RT; (E - Eequ)>r} (1.17)

where E and Eequ are the electrode potentials (volts) under conditions of non-
equilibrium and equilibrium, respectively. ia and ic are cathodic and anodic current
density, i, exchange current density, T is the absolute temperature in Kelvin, n is a
number of electrons involved in the electrode reaction, F is Faraday constant, R is
universal gas constant. ac is cathodic charge transfer coefficient, and aa is anodic charge
transfer coefficient (both are dimensionless quantity). The diagrammatic representation
of Butler-Volmer equation is as shown in Figure 1.6.

This form of Butler-Volmer equation is valid when the electrode reaction is
controlled by electrical charge transfer at the electrode, not by the mass transfer to or
from the electrode surface, from or to the bulk electrolyte. Nevertheless, the utility of
the Butler-Volmer equation in electrochemistry is very wide, and it is often considered

to be central in the phenomenological electrode kinetics.
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Figure 1.6 — Diagrammatic representation of Butler-Volmer equation

1.7.2 Concentration Polarization

At high rates of cathodic reaction, cathodic reduction rates deplete the adjacent solution
for dissolved species being reduced. The concentration profile of H* ions (in place of
M*"ions) is shown schematically in Figure 1.7. Here, Cgis the H* concentration of the
uniform bulk solution, and ¢ is the thickness of the concentration gradient in solution.
The half-cell electrode potential (HCE) E,?IJr/H2 of the depleted surface is given by the

Nernst equation as the function of H* concentration.

+1 2
c  _go ., 28303RT Iog[H |

H*/H, H*/H, nF H2 (118)

It is apparent that the HCE potential E decreases as H* is depleted at the surface. This
decrease in concentration amounts to the concentration polarization (#conc) and is given

by equation 1.19, as a function of current density (Jones 1996).

_ 2303RT | {1—'_4} (1.19)
nF

TTconc i
The plot of above equation, in Figure 1.8 (a) shows that #conc is low until a limiting
current density, i. is approached. Limiting current density is the measure of maximum
reaction rate that cannot be exceeded because of a limited diffusion rate of H" ions in

solution. The limiting current density i. is given by relation,
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. nFDC,
TS

Where D is diffusion coefficient of the reacting species, (it may be H* ions or any other

(1.20)

species). o is the diffusion layer thickness, Csg is the concentration of the electroactive
(limiting) species in the bulk of the electrolyte. Hence, it may be noted that i increases
with the increase of bulk concentration (Cg), D and high solution agitation, but

decreases with ¢, as shown in Figure 1.8 (b).
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Figure 1.7 — Concentration of H" in solution near a surface controlled by concentration

polarization
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Figure 1.8 — Cathodic concentration polarization: (a) plotted vs. reaction rate or

current density, and (b) effect of solution conditions

The concentration polarization for anodic oxidation, i.e. for corrosion, can usually
be ignored due to an unlimited supply of metal atoms at the interface. Some
concentration polarization of the anodic reaction is possible at very high corrosion rates

or during intentional anodic dissolution by impressed currents (e.g. electrochemical
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machining or electrorefining), when rates are limited by transport of soluble oxidation

products away from the surface.

1.7.3 Ohmic Polarization

Ohmic polarization results from the pure resistance of elements along the current path
within the solution. To minimize error due to such circuit elements, called iR drops,
Luggin-Haber capillary tube is generally used. This method alleviates the problem of
keeping the reference electrode directly at the electrode-electrolyte interface. The
Luggin’s tube, generally used in all electrochemical work is shown in Figure 1.9. The
Luggin capillary and salt bridge connecting the cell and the reference electrode do not
carry the polarizing current, and it serves the purpose of reducing the ohmic resistance
gradient through the electrolyte between the working electrode and auxiliary/contour
electrode. Ohmic polarization is observed either in the region of ionic conductivity,
where current is transported by the movement of ions through the electrolyte from the
anode to cathode or in the electronic conductivity region. The term iR solution is usually
negligible for high-conductivity solutions, such as most aqueous solutions, but can be
a problem for low-conductivity solutions, such as organic media, and for some soils. If
the iR drop is due to the existence of a surface film on a metal, such as an oxide,
hydroxide, oxyhydroxide or salt film, then they are usually understood to be the part of
system and the electrode potential is considered to be that for the total system:
metal/film/solution (Mc Cafferty 2010).

Reference electrode

Metal

\ Luggin-Haber
capillary
_’{ IRsoin

Figure 1.9 — Schematic representation showing the positioning of Luggin’s tube to

overcome iR drop in agqueous solution
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1.8 CORROSION

Corrosion is defined as the gradual deterioration of metals/alloys due to chemical or
electrochemical attack by the environment. Up to the 1960s, the term corrosion was
restricted only to metals and their alloys and it did not incorporate ceramics, polymers,
composites, and semiconductors in its regime. The term corrosion now encompasses
all types of natural and man-made materials including biomaterials and nanomaterials,
and it is not confined to metals and alloys alone. The environments are liquids or gases,
although under special circumstances certain solid-solid reactions might be included as
corrosion. Corrosion study is of utmost importance when it comes to electroplated
coatings as it gives us valuable information about the thickness, corrosion
susceptibility, time duration of coating resistance to atmospheric factors, and overall

benefit of the coating in the protection of underlying metal.

Corrosion processes, which include oxidation and reduction reactions, mainly
occur at the interface between the metal and the environment. Both structure and
properties of metal, as well as the characteristics of the environment, affect the
corrosion process. The rate of corrosion depends on the electrochemical susceptibility
of a given metal, its chemical composition, homogeneity, and surface topography. It
also depends on the type and chemical composition of the environment, the
concentration of aggressive agents, temperature and the type of corrosion products
themselves. In reality, electrochemical corrosion process is accompanied by mass
transport and flow of electric charge through the metal medium interface (Trzaska
2012).

1.8.1 Corrosion Protection

The recognition that one might protect a surface of any object from environmental
attack (by application of an organic, inorganic or metallic coating) to extend the life of
not just the surface, but the entire component or equipment, was one of the major
advancements in the history of coating technology. The implications of allowing the
use of fewer materials or less expensive materials, coupled with associated energy
savings have the most profound economic consequences, which contributed to the huge
economic significances in surface engineering (Kanani 2006). Corrosion protection of

over-ground and underground structures by protective coatings is one of the most
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proven methods. Other methods include cathodic protection, environmental
modification, material selection and design. In contrast to the behavior of rust on steel,
the formation of an oxide affords protection against corrosion. If the resistivity of the
electrolyte is increased and the electron flux is retarded, the rate of corrosion is
decreased. By applying coatings of high resistivities, such as epoxies, vinyl, chlorinated
rubbers, etc. the flow of electric current to the metal surface is impeded. Also, higher
the thickness of coating higher would be the electrical resistance of the coating. A much
higher resistance to the current flow would, therefore, be offered. Thus, increasing the
electrical resistance of metals by coating offers an excellent method of corrosion
prevention. Another method to prevent corrosion is by the use of inhibitors. An
alternative method is to use a metal more anodic than iron, such as zinc. This is done
by using zinc-rich paints. The zinc metal prevents the corrosion of iron by releasing
electrons into the iron surface. Thus, the coating is an effective method to control
corrosion. Any protective coatings are supposed to have the following characteristics

for good corrosion resistance (Ahmad 2006):

= high degree of adhesion to the substrate

= minimum discontinuity (porosity) in the coating

= high resistance to the flow of electrons

= sufficient thickness (greater the thickness, more the resistance)
= |ow diffusion rate for ions such as CI™ and for H20.

1.8.2 Electrochemical Corrosion Processes

In the simplest case, the corrosion reaction is the transfer of metal atoms from the solid
to the solution where they exist as ions (i.e., M — M""+ ne"). Because there is a loss of
electrons from the metal atom in this transfer, the metal has undergone oxidation. The
oxidation is sustained by the consumption of the electrons by another reaction,
generalized in this case as X**+xe~ — X. The corrosion process is schematically shown
in Figure 1.10. The oxidation occurs at a site on the metal surface referred to as the
anodic reaction site, it is the location of the loss of metal by corrosion. The electrons
are picked up at a cathodic reaction site. These sites together make up a corrosion cell

(Stansbury and Buchanan 2000), having a flow of corrosion current.
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Figure 1.10 — Schematic representation of a basic corrosion process

Oxidation and reduction processes are accompanied by the flow of electric charge
through the interface of metal-medium. In metals, the charge carriers are electrons
while in the corrosive environment, charge flow is due to ions. Thus, an active
assessment of electrochemical corrosion processes can be achieved by assessing the
electrical charge transfer process (Trzaska 2012). Though corrosion is an anodic
process, the total corrosion becomes possible only after the cathodic reaction. The
anodic reaction is very simple with the formation of metal ions from metal atoms.
However, cathodic reaction is very complex with several possible reactions, depending

upon the reducible species present in the environment.

1.9 CORROSION EVALUATION TECHNIQUES

Any process measured in electroanalytical chemistry occurs at the surface of the
electrode. Therefore, electrochemical measurements reflect an inherently surface
process rather than a solution process. Hence, the surface, distance of the analyte from
the surface, the rate at which the analyte reaches the surface and interactions of the
analyte with the surface will affect the measurement. At present, there are many
methods for determination of corrosion rates of metals/alloys, such as gravimetric-
based mass loss, quartz crystal microbalance based mass loss, electrochemical,
electrical resistance and solution analysis. The polarization measurement methods,
based on electrochemical concepts, enables determination of instantaneous reaction

rates at electrode/solution interface, such as the exchange current density (io) in the case
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of an electrode equilibrium and the corrosion current density (icorr) in the case of a
corrosion system, from a single experiment. All other methods require multiple
measurements over time to provide information on the corrosion rate (Badea et al.
2010).

The corrosion processes of metallic materials mainly use following methods:

e Potentiodynamic polarization method

e Electrochemical impedance spectroscopy method

The basis of potentiodynamic polarization technique is the stimulation of the corrosion
system by a potential, whose value varies linearly in time and the recording of the
instantaneous value of current flowing in the system. The electrochemical impedance
spectroscopy consists of a perturbation of the steady state corrosion by applying the
sinusoidal alternating potential signal of small amplitude (+10 mV) but in a wide range
of frequencies; and the automatic recording of current intensity responses of the system.
Investigations of corrosion by those methods, based on a change in the relationship
between potential and current were implemented in the three-electrode system (Trzaska

2012). The schematic setup for corrosion study is shown in Figure 1.11

Potentiostat
Counter electrode

Working electrode =3 i

Reference electrode

Figure 1.11 — Three electrode set up commonly used for corrosion study

1.9.1 Potentiodynamic Polarization Method

In any of electrochemical corrosion oxidation processes, i.e. the anodic processes, as
well as the reduction i.e. cathodic processes occur on the surface of the metal. In the
measurement system, these processes occur simultaneously during the polarization for

each of the applied potential values but at different speeds. The resultant speed of the
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processes constituting a sub-inflicted response to the potential changing at prescribed
rate is recorded by the measurement system in the form of instantaneous current values.
The characteristic current density as a function of the potential, i.e. i=f(E) obtained is
called potentiodynamic polarization curves. Potentiodynamic polarization method was
applied to a wide range of potential changes to characterize the current-potential
relationship in corrosion systems under investigation. The corrosion current density,
icorr and corrosion potential, Ecorr Of tested metallic materials were further determined
based on extrapolation of tangents to the curves of the cathodic and anodic polarization
zones (Jones 1996, Trzaska 2012).

At the high potential region where the rate of a single partial corrosion reaction
predominates, the graphical representation in coordinates E-logi, for reactions under
pure activation control give straight lines (so called Tafel lines), as in Figure 1.12. At
potentials, well away from the corrosion potential, the applied c.d. reflects the kinetics
of only one of the corrosion reactions (Badea et al. 2010). Figure 1.12 shows a typical

Tafel plot for the measurement of corrosion rate (CR).
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Figure 1.12 — Potentiodynamic polarization behavior showing Tafel plot

The slope of the oxidation reaction that represents metal becoming soluble metal

ion is linear. When applied potential, E >> Eco it obtains Tafel slope of anodic
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reaction, represented by fSa. 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 the solid line 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 fSci.e. when E<<Ecor. As the potential is made more negative, the
rate of the reduction reaction increases. The both Tafel lines intersect in the point of
coordinates (Ecor, icor) that makes possible the estimation of the icor by the
extrapolation of the Tafel slopes with Ecorr. At Ecorr, the rate of hydrogen evolution is
equal to the rate of metal dissolution, and this point corresponds to the CR of the system
in terms of c.d. (Fontana 1987).

This method offers the following significant advantages:

1. Under ideal conditions, the accuracy of the Tafel extrapolation method is equal or
greater than conventional weight loss methods.

2. With this technique, it is possible to measure extremely low corrosion rates (CR’s),
and it can be used for continuous monitoring the CR of a system.
Tafel Plots can provide a direct measure of the icorr, which can be related to CR.

4. The rapid determination of CR’s with Tafel Plots can be advantageous for such

studies as inhibitors evaluation and alloy comparisons.

1.9.2 Electrochemical Impedance Spectroscopy Method

Electrochemical Impedance Spectroscopy (EIS) or AC impedance methods have seen
a tremendous increase in popularity in recent years. Initially applied to the
determination of the double-layer capacitance and in AC polarography, they are now
applied to the characterization of electrode processes and complex interfaces. EIS study
involves the system’s response to the application of a periodic small amplitude AC
signal. These measurements are carried out at over a wide spectrum of AC frequency,
and hence the name impedance spectroscopy was later adopted. Analysis of the system
response contains information about the interface, its structure and reactions taking
place there (Lasia 2014). The EIS technique works in the frequency domain and is based
on the concept that an interface can be seen as a combination of passive electrical circuit

elements, i.e., resistance, capacitance, and inductance. When an alternating current is
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applied to these elements, the resulting current is obtained using Ohm’s law (Montemor
2003). The usefulness of impedance spectroscopy lies in the ability to distinguish the
dielectric and electric properties of individual contributions of components under
investigation. EIS is a non-destructive technique and so can provide time-dependent
quantitative and time-dependent information about the electrode processes and
complex interfaces (Cesiulis et al. 2016). EIS is usually measured by applying an AC
potential to an electrochemical cell and then measuring the current through the cell. If
there is a sinusoidal potential excitation, the response to this potential is an AC current
signal. This current signal can be analyzed as a sum of sinusoidal functions (a Fourier
series). The excitation potential or AC voltage can be expressed as a function of time,
given by:

Et = Eo sin (wt) (1.21)
where, Et = potential at time t

Eo = the amplitude of the voltage

o = the radial frequency

The relationship between radial frequency o (radians s*) and frequency f (hertz) is:

o =2nf (1.22)
The response to the AC voltage is given by:

L = lo sin (ot +¢) (1.23)

where, It = response current
lo=the amplitude of the current
¢ = the phase shift

For AC current, the ohm’s law is represented as given below:

7 _E_ E?sin(a)t) _7. _sin(a)t) (1.24)
I, I,sin(wt+9¢) sin(at+¢)
Here, impedance (Z) is the AC analog of DC resistance. For applied AC, the
behavior of the pure resistor is same as DC. But in the case of circuit elements like
capacitor and inductor, the current phase leads and lags by 90° respectively. This leads

to capacitive reactance and inductive reactance.

Department of Chemistry 29



Chapter 1

Impedance \
Z=FN

Capaeitor Inductor
—Fc -N)—L

Xp=lwC KI. =uwl

Resistor

T

R ")
\l\:cﬂllsinm

w

Figure 1.13 — Variation of impedance with frequency of circuit elements C, L and R

The Nyquist plot, shown in Figure 1.14 is a representation of the impedance in the form
of complex number over a range of frequency. Each point represents the magnitude and

direction of the impedance vector at a particular frequency.
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Figure 1.14 — Representative Nyquist plot showing frequency dependent impedance

response

A diagram is a complex plane of Cartesian coordinates, where the abscissa is the
real part (resistive terms) and the ordinate is the imaginary part (capacitive or inductive
terms). Nyquist plots have the advantage that activation-controlled processes with
distinct time constants show up as unique impedance arcs and the shape of the curve
provides insight into the possible mechanism or governing phenomena (Ribeiro and

Abrantes 2016). The diameter of the extrapolated semicircle in the Nyquist diagram

Department of Chemistry 30



Chapter 1

represents the charge transfer resistance, Ret, which is equivalent to the polarization
resistance (Rp). Thus, the larger the diameter of the semicircle the higher the

resistance, Rp, and lower the CR.

Impedance data, represented on the Cartesian plane under a wide range of
frequencies (from 100 kHz to 10 mHz, but more commonly from 10 kHz to 0.1 mHz)
generate typical configurations according to the predominant electrochemical
mechanisms present. In simple terms, it is possible to identify three frequency bands,
in which different processes have an impedance response (Aguilar et al. 1990, Ribeiro
and Abrantes 2016)

» High frequencies (MHz-kHz): the electrolyte gives a response. The capacitances
are on the order of pF/cm?. Greater than one-time constant may appear due to the
moisture content of the material and the different constituents of the solid phase.

» Medium frequencies (kHz-Hz): the faradaic give a response. Typical capacitances
are of the order of uF/cm?. Greater than one-time constant may be noted when there
is localized corrosion. Certain materials produce a flattening of the semicircle in the
Nyquist diagrams.

> Low frequencies (Hz-uHz): redox reactions may occur, depending on the potential.
The measured capacitances are in the order of mF/cm?. Diffusion phenomena may

appear through the passive layer.

Main advantages of EIS analyses are as follows:

1) It provides information regarding the corrosion Kinetics.

2) It is an accurate and reproducible technique suitable for highly resistive
environments.

3) It provides data about the electrochemical control mechanism, indicating
whether the corrosion follows activation, concentration or diffusion controlled
polarization.

4) It is a non-destructive and non-invasive technique because the signals applied
are of small amplitude, so the Ecorr is N0t changed.

5) It allows for monitoring of the evolution of the passive or active state over time.
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CHAPTER 2

LITERATURE REVIEW

This chapter covers a review of the literature on the properties of certain Ni—based
alloy coatings developed through conventional electrodeposition method and their
various applications. It also sheds a light on the effect of magnetic field and ultrasound
on structure and properties of electroplated alloys. This is followed by scope and
objectives of the thesis, given at the end.

2.1 INTRODUCTION

Electroplating technology really took off with the development of effective electrolytes
for silver and gold deposition around 1840. This became the basis of an extraordinarily
successful decorative plating industry. However, the electrolytes were extremely toxic
as they incorporated cyanide; and the search for better, safer substitutes continued.
Finding environmentally friendly alternatives to established electrodeposition
processes is still an important general challenge. Parallel to the development of new
processes, considerable effort has been devoted to gaining the fundamental
understanding of electrodeposition. Electrodeposition is a key method for making the
materials used in computer chips and magnetic data storage systems etc. Every day it
helps lower the cost and improves the performance of our information society.
However, electrodeposition is also emerging as a uniquely capable method for making
materials and structures needed for a nanotechnology and nanobiotechnology-based
future. It also provides some unique opportunities for directly writing materials onto a
surface without going through the photoresist masking steps that are used in
conventional electrochemical microfabrication. Electrodeposition has three main
attributes that make it so well suited for nano-, bio- and micro-technologies
(Schwarzacher 2006).

» It can be used to grow functional material through complex 3D masks.
It can be performed near room temperature from water-based electrolytes.
« It can be scaled down to the deposition of a few atoms, or up to large

dimensions.
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2.2 LITERATURE SURVEY

Electrodeposition is a versatile technique for producing nanocrystalline materials. The
synthesis of nanostructured materials by electrodeposition has seen advances from a
laboratory scale phenomenon to one of practical industrial relevance. Electrodeposited
nickel coatings are used in a wide range of applications to enhance mechanical
properties, corrosion, and wear resistance of the coated components. Nickel deposition
has been widely studied, and much work has been devoted to the mechanism of the
deposition process. The properties and structures of the electrodeposits are closely
related to the electrolyte composition and electroplating parameters. In order to improve
the performance of nickel coatings, different approaches have been applied. Alloying
with other elements, structural refinement using additives (grain size reduction), and
deposition of composite coatings by dispersing reinforcing particles inside the Ni

matrix are commonly used structural modification techniques.

The purpose of deposition of alloy coatings is to attain the properties which cannot
be obtained with pure metal alone (Bakhit and Akbari 2013). In this regard, Ni-M
(where M = Sn and Mo) alloys are used for a wide variety of applications, including
aircraft gas turbines, steam turbine power plants, medical applications, nuclear power
systems, and the chemical and petrochemical industries. Its mechanical properties can
be varied by altering the electrolyte composition and operating parameters. It can also
be varied by incorporating other metallic elements and ceramic particles/fibres within
the electrodeposited nickel matrix. The applications of such deposits fall basically into
three main categories: decorative, functional and electroforming (Schlesinger and
Paunovic 2000).

2.2.1 Sn-Ni Alloy

The process of plating metals and alloys are widely used in different technologies due
to their unique corrosion and wear resistance (Narayanan and Seshadri 2004), hardness,
lubricity, uniformity of deposit regardless of geometries, solderability bond-ability and
nonmagnetic properties (Ramalho and Miranda 2005). Sn—based alloy is used today in
a large variety, especially for corrosion-resistance of metal materials (Huttunen-
Saarivirta and Tiainen 2005, Wang et al. 1999) and for the purpose of heat-resistance
and weldability (Kong et al. 2009).
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Sn—Ni alloy is a homogeneous intermetallic phase, and the one electrodeposited
from the fluoride-containing electrolyte possesses interesting and valuable properties.
Sn—Ni alloy is hard, very resistant to corrosion, and can be used as a protective coating
for different metals. The corrosion resistance, attractive appearance, and low-cost
properties are the basis for its engineering applications. This alloy is used in the
electronics industry, as etching resists for the fabricating printed circuit boards (Wilson
1972). The corrosion stability of Sn—Ni alloy has been attributed to the presence stable,
protective, a self-limiting film of a glassy nickel polystannate on the alloy surface
(Clarke et al. 1971).

Sn—Ni alloys were first deposited by Monk and Ellingham, who were interested in
determining the extent at which the hardness and abrasion resistance of Sn coatings
could be improved by the presence of small amounts of nickel. The basis for the present
commercially successful plating process was the work of Parkinson, which was
published in 1951. In his bath, Sn is present as a stannous fluoride complex ion. His
work detailed the process data, describing a process capable of electroplating a deposit
of Ni and Sn with the composition of approximately 65/35 wt.% corresponding to a
one-to-one atomic ratio of Ni/Sn, referred to as NiSn alloy (Brenner 1963). Because of
the corrosive and toxic nature of fluoride in fluoride baths, pyrophosphate baths have
been developed which operate at lower temperatures, and near neutral pH. Bright
deposits of Sn—Ni alloy have been successfully obtained from pyrophosphate baths.
The composition of the alloy obtained from this bath does not vary with changes in
pyrophosphate concentration, but variation in the content of individual metals, Sn or
Ni, changes the composition of the alloy. The pH values below 7.5 or above 8.5 were
found to be undesirable (Jiménez et al. 2008).

Refaey et al. (2006) have studied the effect of the addition of Ni (34%) to the Sn
metal to form Sn—Ni alloy film with a higher resistance, compared to Sn metal alone.
These results indicate the effect of aggressive anions on the general and pitting
corrosion, which may be negligible compared to that of the base metals (Ni, Sn) in 0.5
M NaCl solutions. The observed corrosion resistance of Sn—Ni alloy is due to the
formation of a thin passive film from Sn and Ni oxides. They finally concluded that the

corrosion resistance of Sn—Ni alloy suggests that it can be used in a different application
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in aqueous NaCl medium. Subramanian et al. (2006) conducted the corrosion protection
performance of Sn—Ni alloy on mild steel and the results were assessed using salt-water
immersion and electrochemical corrosion tests. They found a sharp decrease in icorr and
high charge transfer resistance (Rc), indicating the improved corrosion resistant
behavior of the deposited Sn—Ni alloy. Kong et al. (2009) prepared electroless Sn—Ni
alloy without activation pre-treatment. Sn—Ni alloy exhibited a compact, and low
porosity surface compared to irregularly nodular concave or convex surface of Sn or
Ni. Meanwhile, the Sn—Ni alloy exhibited a good anticorrosion ability in 3.5% NaCl
solution than those of electroless plated Ni and Sn. Ni—Sn alloy coatings was also
deposited from choline chloride—ethylene glycol (ILEG) ionic liquids by Anicai and
co-workers. These coatings were characterized by a good adherence and uniformity,
with a very bright appearance. XRD analysis has also revealed the formation of an alloy
deposit with a nanocrystalline structure. Ni—Sn alloys coatings formed in choline
chloride-based ionic liquids showed a good corrosion performance, materialized in
polarization resistances of about 80 kQ. After 336 h of continuous immersion in
chloride containing an aggressive medium, the exposed specimens did not exhibit any
major surface modification and no pits have been evidenced (Anicai et al. 2013).
Numerical analysis demonstrated by Hoffman et al. (2016) showed a range of
overpotential that can continuously vary the deposit composition, and that a low
concentration of the more noble element in the plating bath is the key to achieve a
large variance in deposit composition. SEM images demonstrated that surface
morphology was relatively independent of the ratio of Ni**and Sn?* concentrations in

the plating bath, while higher c.d.’s resulted in substantial nodular growth or cracking.

Over the last decade researchers have come up with different methods to develop
Sn-Ni alloy instead of tradition electrodeposition, for instance, Dhanapal and co-
workers successfully synthesized Ni—Sn alloy by using borohydride assisted chemical
reduction method. The composition of an individual constituent in the alloy was
measured, in which Sn composition is found to be high when compared to the initial
composition. The morphology of the samples observed from FESEM analysis points
the morphology changes from the foam like nature to fine spherical like nature as the

percentage of Sn increases (Dhanapal et al. 2016). Georgiou et al. (2016) showed that
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Ni-20 wt.% Sn can be deposited by supersonic spraying, as dense coatings with a
thickness of 80 um. In addition, a very limited number of cracks or flaws was
observed either at the interface between the sprayed coatings and the substrate or
between sprayed splashes within the coating. These supersonic-sprayed Ni-20 wt.%
Sn coatings consist of a nanostructured Ni matrix, dispersed NisSn and metastable

NiSn intermetallic phases.

2.2.2 Ni-Mo Alloy

Functional coatings containing molybdenum are characterized by high hardness, high
wear resistance, high thermal and corrosion resistance, and good electrocatalytic
properties for HER. They also offer an important alternative to hard chromium coatings,
as chromates are known to be highly toxic and carcinogenic (Brooman 2000). Ni-Mo
coatings can be applied as protective materials, e.g. in the automotive and aviation
industries for various parts of machines operating at elevated temperatures and
aggressive environments; as well as electrodes for HER and fuel cells (Clark et al. 1997,
Hu and Weng 2000). The corrosion behavior appears to depend on both parameters:
molybdenum content and grain size, which controls the grain boundary volume
fraction. When the Mo content is increased, the intrinsic corrosion resistance tends to
increase, but the grain size is reduced and hence the fraction of inter-crystalline regions
increases drastically, which has an opposite effect. The best corrosion resistance is
obtained for alloys with 15-30 wt.% Mo. Larger molybdenum contents induce cracking
of the films leading to non-protective coatings. For lower molybdenum content, films

with the smaller grain size have the best corrosion resistance (Chassaing et al. 2004).

Ni—Mo alloys can be prepared using several methods. Metallurgical methods are
not very convenient because of easy oxidation at the crystallization step and high
melting temperature of molybdenum. To prepare the molybdenum alloys, other
advanced processing methods such as powder metallurgy and mechanical alloying
(Oleszak et al. 1999, Kedzierzawski et al. 2001), spark plasma sintering (De la Torre et
al. 2000), laser cladding (Goswami et al. 2003) and electrodeposition are used.
Mechanical alloying offers an opportunity to prepare alloys of various structural and
chemical factors that are important for their final catalytic properties. For the

electrodeposition of the amorphous molybdenum alloys with the iron-group metals the
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citrate—ammonia baths are used in most of the cases (Podlaha et al. 1996, Stepanova et
al. 2000, Sanches et al. 2004). However, if the content of Mo does not exceed 12-13 at.
%, the deposits obtained in the citrate ammonia bath consist of just one crystallographic
phase, i.e. the solid solution of Mo in nickel (Stepanova et al. 2000). Then the structure
of the alloy is polycrystalline. When the content of Mo increases up to 18 at. %, the
initial indications of the formation of the amorphous/nanostructured phase arise. The
alloys become really amorphous/nanostructured when the content of Mo exceeds 22-
25 at.%. The electrodeposition of such a high-molybdenum-content alloys from the
citrate—ammonia solution is possible, however, the very-high-molybdenum-content
alloys (63 or 38 at.% of Mo), independently of the alloy deposition rate, exhibit cracks,
and small pits which diminish their practical importance (Donten et al. 2005). Pulse
plating has proved to be an important technology for improving the properties of
deposits. It can also produce alloy compositions and microstructures which are not
obtainable with DC plating techniques (Kelly et al. 2001, Nakanishi et al. 2001).
Compared to DC plating, pulse current techniques offer several advantages such as the
availability of additional process parameters which can be varied independently and the
possibility of achieving higher instantaneous c.d.’s (Cheh 1971, Viswanathan et al.
1978, Chin 1983). Although molybdenum cannot be separately deposited in aqueous
solutions, it can be co-discharged with an iron-group metal, in the presence of
appropriate complexing agents (Chassaing et al. 2004). In electrodeposition method,
the initial size of the nuclei can be controlled through the applied overpotential, which

leads to dense, non-porous materials, avoiding further compaction.

From a theoretical point of view, electrodeposition of Ni-Mo alloy comes under
so-called induced co-deposition mechanism (Brenner 1963). The induced co-
deposition of molybdenum with nickel, cobalt or iron has been investigated by Marlot
et al. (2002) using direct current plating. A reaction model was proposed to explain the
co-deposition mechanism. It involves an adsorbed Ni—Mo intermediate, the formation
of which requires the presence of nickel ionic species at the electrode surface.
Molybdenum deposition proceeds through the mixed reaction intermediate while nickel
deposition takes place by the usual two steps mechanism. Depending on relative

concentrations, mass transport of either molybdate or nickel may limit the deposition
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rate of molybdenum and therefore, control the alloy composition. The model was found
to correctly predict the influence of the electrode rotation rate and the imposed potential
on the current efficiency and the alloy composition. In the last decade, nanocrystalline
materials have been developed, due to their exceptional mechanical, magnetic and other
properties. Several methods have been proposed for their preparation such as melt
spinning, ball milling and gas condensation (Suryanarayana 1995). Since the pioneering
work by Erb et al. (1993), investigations on nanocrystalline materials produced by

electrodeposition methods have considerably increased.

2.2.3 Magneto-electrodeposition of Ni-Based Binary Alloys

The electrochemical reactions effected by electric current in the presence of an imposed
magnetic field are called magneto-electrodeposition (MED). Basically, MED covers
four major specific aspects of electric/magnetic field interactions. They are: i) magnetic
field effect on electrolyte properties, ii) electrolytic mass transport, iii) electrode
kinetics and iv) deposit (cathodic) quality. In most electrochemical processes, as in
electrodeposition or electro-dissolution in the diffusion-controlled regime, mass
transfer is limited by the near-wall hydrodynamics of the bath which controls the
thickness of the diffusive boundary layer of the electroactive species. Among all the
possibilities to act on that system are the adaptation of the cell geometry and a judicious
choice of the governing parameters (species concentration, flow velocity, flow
configuration etc.). These possibilities are limited, the necessity to increase both
productivity and quality sometimes appear as contradictory objectives. Therefore, the
interest of an external parameter which allows dealing with the two types of the problem
seems evident. A superimposed magnetic field on the existing electric field could be a
solution. Hence this magnetically assisted mass transfer is viewed as a relatively new
and promising branch of electrochemical science. The current understanding of the

influence of a magnetic field on electrochemical phenomena is far from being complete.

The MED is found to enhance the surface smoothness of the electrodeposit
(Shannon et al. 1997, Shannon et al. 1999). Devos et al. (1998) reported that a magnetic
field could change the surface morphology and the preferred orientation of the nickel
grain due to an increase of the diffusion flux of specific inhibiting species. Ganesh et

al. (2005) have observed the grain refinement, even up to 1.0 T during electrodeposition
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of Ni- from sulphamate bath at a constant c.d. (1.0 mA cm™). It was further observed
that the magnetic convections increased the mass transfer rate and reduced the
concentration polarization. Koza et al. (2008) studied the effect of the constant
magnetic field with magnetic induction value ranging from 0 to 1.0 T in various
configurations in relation to the electrode surface. They observed that constant
magnetic field applied increased the limiting current density (i) and the deposition rate.
This was explained by MHD effect induced by the maximal Lorentz force generated in
the hydrodynamic layer. Coey and Hinds (2001) confirmed that induced magnetic field
increased significantly the rate of electrodeposition of copper, and studied increased
transport of cationic mass, of both diamagnetic (Ag*, Zn®*, Bi**) and paramagnetic
(Cu?*, Ni?*) ions. O'Reilly et al. (2001) found that under a magnetic field, an increase
in i. occurred, caused by the decrease of diffusion layer thickness (). Ragsdale et al.
(1998, 1999) showed microscopic images confirming MHD flow in the electrolyte,
demonstrating that the flow is more intense when the direction of B is parallel to the
working electrode surface than it is perpendicular. Chiba et al. (1986) using XRD
analysis concluded that the magnetic field could modify the crystal growth orientations
in relation to the easy magnetization axis and this effect is more dominant at low c.d.’s

where the magnetic field effect dominates over that of the electric field.

Rao et al. (2013) reported that the Zn—Ni coatings developed under optimal
magnetic field (perpendicular) are about 55 times more corrosion resistant than the one
under natural convection. The surface morphology and corrosion performance of the
coatings are related to the orientation of the coatings, depending on the direction of
applied magnetic field. The results obtained in the study of Zielinski et al. (2015),
indicated that the use of constant magnetic field resulted in changes of Co-W-Cu alloy
deposition kinetics, chemical composition, and surface morphology. The force induced
MHD effects in solutions, which caused electrolyte movement. Consequently, the
Nernst diffusion layer (6p) was reduced and a new Navier-Stokes hydrodynamic layer
(on), determining the velocity of electroactive ions flow towards the working electrode,
appeared. They finally concluded that the presence of the magnetic field during plating
leads to substantial increase of corrosion resistance; and a decrease of roughness and

thickness of the coating. Magneto-electrodeposited coatings deposited under constant
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magnetic field were found to be more homogeneous and smooth than those obtained

without it.

It has been shown by Aaboubi and Msellak (2017) that during the electrodeposition
of ternary CoNiMo alloys, the application of external homogeneous magnetic field
parallel to electrode surface induces some modifications of film composition,
morphology, stationary and dynamic electrochemical responses. The quantitative
chemical analysis of alloys showed an increase of Co content and decrease of Ni content
when a magnetic field is applied during electrodeposition process. Moreover, the phase
structure of CoNiMo coatings did not change by increasing the intensity of magnetic
field; and typical amorphous structure is obtained in both cases. Electrochemical
investigations (polarization curves and EIS diagrams) clearly highlight the role of the
induced Lorentz force convection. Stronger the magnetic field intensity, greater the
hydrodynamic regime being controlled. They concluded that CoNiMo films of smooth
and compact surface could be obtained under magnetic field as a result of induced MHD

convection.

2.2.4 Sono-electrodeposition

Over the last few years, a large number of chemists and engineers working in synthesis
and material processing have developed a varied interest in applications of ultrasound
frequency in industries. Ever since the pioneering works of Walker and Walker (1973)
who first described the beneficial effect of ultrasound in plating, many works have
reported finer grains, reduced porosity and increased brightness (Prasad et al. 1993).
The effect of ultrasound on structure and properties of electrodeposited Ni coatings
were reported as the grains of the coatings were refined by the ultrasonic effect. The
reason is explained as the cavitation effect, creating a strong shock pressure (Banks and
Compton 2003). Electroless copper coatings (Touyeras et al. 2005) exhibit a better
adhesion for substrates and a reduction in internal stress in the presence of high-
frequency ultrasound. The same authors also studied the effect of high-frequency
ultrasound (300, 500 and 800 kHz) on the electrodeposition of nickel and found that
grain size varied as a function of the ultrasonic power for each frequency. Kobayasi et
al. (2000) explored low-frequency ultrasound (28—-100 kHz) on nickel electrodeposition

from a Watts bath and discovered an improvement in charge transfer reaction and
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crystal orientation. Tudela et al. (2005) observed systematically the effect of ultrasonic
power on the characteristic of thin nickel coatings. They observed a modification in
deposit orientation, different from that expected only from agitation of the solution. The
ultrasonic energy activates the surface of the electrode and destroys the normal growth
of grains, which makes the grains to form the new smaller nucleus and nuclear
proliferations, thus the rate of nucleation is increased. When the rate of nucleation
exceeds the rate of growth, the grains will become refined (Wu et al. 2010). It was
shown that ultrasonic irradiation can significantly change the morphological and
structural properties of Zn and Zn-TiO; electrodeposits. By combining ultrasonic
irradiation and high-speed deposition, compact and homogeneous Zn-TiO> layers with
enhanced particle incorporation, better particle distribution in the matrix as well as
improved hardness were obtained (Camargo et al. 2016). The main advantage observed
with ultrasonic agitation was a significant increase in the plating rate. When ultrasonic
agitation was employed to NiB coating, by Bonin et al. (2017) its thickness was found
to be increased by over 50%. This is an important finding since industry demands higher
plating speeds, reduced production times and enhanced material properties. The results
from the study of Bonin and co-workers suggest that the use of ultrasound to agitate

electroless NiB solutions has the potential to fulfill these requirements.

Use of ultrasound during silver coating elaboration, irrespective of hydrodynamic
conditions kept otherwise constant made it possible to modify significantly the
microstructures and morphology of deposits without relying on chemical additives. The
way ultrasound work is certainly related to major heterogeneities in the cavitation
collapse mechanism, with highly disturbed zones as well as stiller zones. Also, for an
average level of agitation, there is a decrease in the number of nucleation points that
promotes the growth of large crystalline structures. In all cases, agitation is always
beneficial to widen the c.d. range favorable for structural modifications without the risk
of coating deterioration due to burning. Moreover, at the same level of agitation, use of
ultrasound offers more advantages because it ensures harder and less structured deposits

in increased c.d. range (Nevers et al. 2017).
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2.2.5 Electrocatalytic Property of Ni-based (where M = Sn and Mo) Alloys
To solve the energy and environmental problems related to the excessive use of fossil
fuels, humankind needs to develop sustainable energy resources, such as solar, wind,
and tide, to generate electricity (Tachibana et al. 2012). As electricity has limitations in
delivery and storage, we have to convert electricity into alternative energy forms.
Hydrogen gas has long been considered as an ideal energy carrier due to its cleanness
and recyclability, high energy density, feasibility in transportation, storage and high
energy conversion efficiency in fuel cells (Winter and Ralph 2014). Electrochemical
splitting of water to produce hydrogen and oxygen with sustainable energy input (i.e.,
the wind and solar) may be an integral part of future energy storage and conversion
strategies, and could potentially meet the large-scale energy needs for the future (Turner
2004, Gray 2009). However, the sluggish reaction kinetics for such an electrolytic water
splitting process requires high overpotentials to drive the two half reactions, including
the HER and OER at practical rates, leading to a much larger operating cell voltage of
1.8-2.0 V than the minimum value of 1.23 V in theory for practical overall water
splitting (Zeng and Zhang 2010). Hydrogen production by electrolysis consumes high
energy and this is also one of the reasons for ranking behind fossil fuel as an energy
source in large-scale commercial applications (Mahale and Ingle 2017). To promote the
overall water splitting, efficient electrocatalysts are necessary to decrease the reaction
overpotentials, thus making the splitting process more energy-saving (Walter et al.
2010). A typical water electrolysis cell consists of a cathode for HER, and an anode for
the OER. Many noble metal-based (Lee et al. 2012), noble metal-free (Zou and Zhang
2015) or even metal-free (Zhao et al. 2013, Tian et. al 2014, Chen et al. 2015)
complexes and materials have been widely studied for electrocatalytic HER and OER.
Currently, the best electrocatalysts for the HER (Pt-based electrodes) and OER (Ru- or
Ir-based complexes) are still precious metal based materials, which are precluded from
large-scale use for their reserve scarcity and high price. Thus, the development of highly
efficient electrocatalytic materials based on earth-abundant elements as a substitute for
this noble metal based catalysts for overall water splitting is eagerly desired (Gao et al.
2017).

In order to satisfy technical, economical, and environmental criteria, and achieve

cheap hydrogen production, it is necessary to investigate appropriate i) media and ii)
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electrodes for water electrolysis, since electrolysis being an electrode reaction and its
operating voltage depends on the overpotential for the cathodic and anodic reactions
and internal resistance of the cell (Rosalbino et al. 2005). Because of the importance of
HER in both fundamental and technological electrochemistry, the aim of many papers
dealing with this reaction is to understand the principles of its kinetics, mechanism; and
how to improve its electrocatalytic behaviors. The improvement consisted in targeting
several fields of interest such as the intrinsic nature of the reaction (Okido et al. 1993),
electrode composition (Raj and Vasu 1990, Chen et al. 1991, Los et al. 1993), surface
morphology (Choquette et al. 1990, Tanaka et al. 1999), structural, chemical and
electronic properties (Ezaki et al. 1993, Jaksic 1994), physicochemical and
electrochemical activation treatment (Spriano et al. 1994, Dabo et al. 1998). Two
properties play an important role in selecting catalytically active materials for the HER.
Firstly, the actual electrocatalytic effect of the material which is directly dependent on
the voltage used to operate the electrolyzer at significant c.d.’s and secondly, its long-
term stability. Thus, from an electrochemical point of view, the problem to be tackled
in order to decrease the cost of electrolytic hydrogen is the reduction of overpotential,
which can be achieved by choosing a highly catalytically active electrode material, or
by increasing the active surface area of the electrode (Rosalbino et al. 2007). The
electrochemical stability and the corrosion behavior of the electrode materials for long
operation time are important for their practical applications. (Solmaz and Kardas 2009).
Therefore, alkaline solutions are highly preferred media because of fewer corrosion
effects allowing a wider range of choice of electrode materials, although the strong

caustic environments have their own limitations (Shervedani and Madram 2008).

According to the theory of electrocatalysis, the electrocatalytic activity depends on
the heat of adsorption of the intermediate on the electrode surface, defined by the well-
known ‘volcano’ curve, where poor catalysts are located on the extreme left-hand side,
strong catalysts are located on the extreme right-hand side and moderate catalysts are
placed around the apex of the curve (Parsons 1958). It is clear that besides the precious
metals, there is practically no way to find the new materials among pure metals, which
would possess high catalytic activity for the HER. So, the alloying of two (or more)

metals has long appeared as the most straightforward approach to achieve
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electrocatalytic activity for the HER (Xu et al. 2016). The Brewer—Engel theory
(Brewer and Beck 1963) predicts that for alloys and intermetallic compounds, a
maximum in bond strength and stability is expected when metals of the left half of the
transition series, having empty or half-filled vacant d-orbitals, are alloyed with metals
of the right half of the transition series having internally paired d-electrons. Also, a

synergistic effect in the hydrogen evolving activity of these materials is expected.

Several electrodeposited transition metals (like Ni, Co, Fe, Mo, and Mn), their
mutual alloys and few of their composites have been used as electrodes for electrolysis
of water, and they offered several advantages over other precious metals.
Electrodeposition is a simple and less expensive approach to the development of many
binary/ternary alloys, they can experiment for Ni-M (where M = Sn and Mo) alloy
coatings. Moreover, electrodeposition being an atomistic deposition process, the
property of the coatings can be controlled closely by regulating the deposition
parameters and bath composition. Another advantage is that electrodeposited materials
do not require any post-preparation treatment before using as electrocatalysts for
intended reaction to occur (Hwang et al. 2011). Navarro-Flores and co-workers have
studied the electrocatalytic activity of Ni, Ni-Mo, Ni-W and Ni—Fe for HER reaction
in acidic medium. The experimental results showed the increased HER activity of the
alloy coatings while demonstrating the advantages of alloying of Ni with Fe, Mo, and
W (Navarro-Flores et al. 2005). Song and co-workers developed Ni—Fe—C composite
electrodes electrolytically for HER in seawater and studied the relation of grain size to
the carbon content in the electrode, consequent to HER efficiency (Song and Meng
2010).

2.3 SCOPE AND OBJECTIVES
2.3.1 Scope

Generally, electrodeposited coatings consisting of metal-based alloys and compounds
have been extensively used as protective and/or functional materials in a wide variety
of industrial areas. For protection applications, coatings with desired composition and
structure can be used to enhance the surface properties such as the wear resistance,
corrosion resistance and the high-temperature oxidation resistance of the substrates. On

the other hand, for functional applications, coatings with attractive physical and
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chemical properties (e.g., ferromagnetic, optical and catalytic properties) have attracted
great interest. To date, a large number of technologies, such as the CVD, PVD, plasma
spray, hot dipping and electrochemical deposition, have been developed to prepare
coatings. Among these methods, the electrochemical deposition method has received a
great attention due to its distinct advantages. Various parameters of the coatings, such
as the composition, structure, and thickness can be controlled through rationally
selecting the electrodeposition conditions such as the composition of the electrolytes,
electrodeposition current/potential, its mode (like constant or varied current/potential),
and the modulation in metal ions supply (Gu et al. 2017). Electroplated nickel layers
are characterized by good corrosion resistance and electrochemical activity towards
processes of cathodic hydrogen evolution and anodic oxygen evolution. They are used
as protective coatings, as well for the protection of base metals against the aggressive
environment. In order to improve the usable properties of nickel alloy coatings, the
coatings were co-deposited from baths containing other metals. Such a procedure led
to the production of coatings with a composite structure and was characterized by
special properties such as good catalytic activity, good corrosion resistance, heightened

hardness or resistance to high temperatures (Serek and Budniok 2003).

Superimposition of external parameters, like the magnetic field and ultrasound
frequency, offers many possibilities to influence the electrodeposition process and
therefore to control the deposit properties. Hence in the proposed project, the benefit of
magneto-electrodeposition and sono-electrodeposition in the development of
monolayer and multilayer coatings of Ni—based alloys have been exploited. It is also
intended to demonstrate how the mass transport rates can significantly alter the
electrolytic processes when the magnetic field and ultrasound frequency are
superimposed externally during the process of electroplating. The advent of these two

techniques in maximizing the deposit character is studied and discussed.

The literature review confirmed the fact that fuel cell technology is going to be the
key element in the future clean energy market. Even though they are now ready for
large-scale commercialization, further cost reduction and quality advancement are of
high concern to make them available for everyone at a low price. Enormous reports are

available in the literature pertaining to the development of many mutual alloys of
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transition metals, as efficient electrode materials for HER to be used in fuel cell
applications. But most of the method which is employed for the production of hydrogen
in large scale belongs to noble metals, and are quite expensive. Hence it was found that
electrochemical method is the best way to produce hydrogen gas because this method
has been found to be cheap, efficient and technically simple. This method is also found

to be highly eco-friendly and results in zero-emission of any greenhouse gas.

Thus, an extensive literature review on electrodeposition and characterization of
Ni-based alloys revealed that these materials exhibit good corrosion protection and
electrocatalytic activity. In pursuit of efficient corrosion resistant coatings and good
electrode materials, few binary alloy coatings of transition metals have been tried and
tested. Thus, the present study is devoted to the development of few new coating
materials, for better corrosion protection and good catalytic behavior, using the
advantage of the pulsed electric field, magnetic field and ultrasound field, applied
parallel to the process of deposition. In this regard, two Ni-based alloys, namely Sn—Ni
and Ni—-Mo, have been selected to have an extensive study on their production and
properties (like corrosion and electrocatalytic behavior) through electrochemical
methods. To begin with two new electrolytic baths (alkaline) of Sn—Ni, and Ni-Mo
alloys have been developed. The composition and operating parameters of these baths
are optimized to maximize the appearance and corrosion properties of alloy coatings
(monolayer), using constant current, or DC. Later, by using two basic principles of
development of nano-coatings, they are developed in multilayers to achieve their
increased properties. The guiding principles adopted for the development of high-

performance Ni—M alloy coatings in the present thesis are:

1) Periodic modulation in mass transport process at cathode brings a periodic
modulation in the composition of the coatings.
2) Property of any materials (or coatings) can be increased substantially by

increasing the surface area. i.e., by multilayer coating.

Accordingly, the corrosion resistance of monolayer (homogenous) Ni-M alloy
coatings were tried to increase further by inducing a magnetic field and ultrasound field
effects, parallel to the process of deposition. In addition, they are developed in

multilayers by modulating the power density (p.d.) at constant current.
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2.3.2 Objectives

The experimental work exemplified in the thesis is guided by the following objectives:

1.

To optimize the alkaline electrolytic baths for electrodeposition of Sn—Ni and
Ni—Mo alloy coatings onto to the surface of the substrate.

To characterize the electrodeposited Sn—Ni and Ni—-Mo alloy coatings using
EDX, SEM, AFM and XRD techniques; and to understand the influence of
deposition current density (c.d.) on the properties of the coatings.

To study the effect of the magnetic field (B), in terms of both intensity and
direction on the surface morphology, crystallographic orientation, and hence
corrosion behavior and electrocatalytic property of alloy coatings.

To study the effect of ultrasound power density (p.d.) on the process of
electrodeposition of alloys, and to optimize their conditions for the development
of monolayer and their multilayer coatings for peak performance against
corrosion.

To evaluate the electrocatalytic property of both Ni—-Mo and Sn—Ni alloy deposit
in 1.0 M KOH using electrochemical techniques, like cyclic voltammetry (CV)
and chronopotentiometry (CP).

To enhance the electrocatalytic performance of electrode materials by
modifying their structural properties using techniques like electrochemical
anodic dissolution treatment and composite coating for the electrolysis of water.
To figure out the most suitable mode of mass transport for the production of the
most efficient Ni-M alloy coatings studied, in terms of their corrosion and
electrocatalytic performance.
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CHAPTER 3

RESEARCH METHODOLOGY

This chapter details the materials used and the methodology employed for the
development of Ni—M alloys. It gives a description of the experimental setup used for
electrodeposition of different alloy coatings, using DC power source (for monolayer),
magneto-electrodeposition (MED) and sono-electrodeposition (SED). Experimental
procedure for characterization such as corrosion resistance and electrocatalytic

behaviors of different alloy coatings are also given in detail.

3.1 INTRODUCTION

Electroplating or electrodeposition is used to change the surface properties of a material
by adding a metal coating through the action of electric current. The article to be coated
receives a negative charge and is immersed into a solution that contains a salt of the
metal to be deposited. The chemical and physical nature of a metallic surface has a very
marked effect upon the quality of any electroplated metal that may be used to protect
it. In the preparation of almost all metals for decorative plating, one of the most,
important consideration is the pre-plating sequence i.e., the cleaning process. It is so
important in electroplating that the successful adhesion of surface coating depends on
removing contaminants and films from the substrate. This is so because the appearance,
adhesion, and acceptance of the finished article depend primarily on a sound foundation
for the final finish, which is achieved only with an active and clean substrate. In general,
it may be noted that production of protective, decorative or functional metal deposits of
high quality is dependent upon the proper and thorough pre-treatment of the surface of
the base metal. Hence, the surface of the substrate to be coated has to be cleaned
properly prior to electroplating using proper procedure. Similarly, the material having
been plated has to be rinsed and need to be subjected to further finishing operations.
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3.2 MATERIALS AND METHODS
3.2.1 Chemicals Used

All chemicals used in the present study are of analytical grade, prepared using double
distilled water. The chemicals used with their molecular formula and their makers are
listed in Table 3.1. Mild steel (MS) plates (0.063% C, 0.23% Mn, 0.03% S, 0.011% P,
99.6% Fe) and commercial grade copper plates were used as cathodes, respectively for
corrosion study and water splitting applications throughout the research work presented
in the thesis.

Table 3.1 — List of common chemicals used in the present research work

Chemicals Molecular formula Makers

Nickel chloride NiCl2.6H.0 Merck, India

Tin chloride SnCl2.2H20 Merck, India

Nickel sulphate NiSO4.6H20 Merck, India

Sodium molybdate Na:MoO4 Merck, India
Tri-Sodium citrate Na3CsHs0O7 Merck, India
Potassium pyrophosphate  K4P207 Merck, India
Potassium hydroxide KOH Merck, India

Gelatin C102H151N31 Nice Chemicals, India
Sodium chloride NaCl Nice Chemicals, India
Sodium hydroxide NaOH Nice Chemicals, India
Nitric acid HNO3 Nice Chemicals, India
Ammonium hydroxide NH4OH Nice Chemicals, India
Trichloroethylene C2HCI3 Nice Chemicals, India
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The primary additive, namely gelatin was dissolved in hot water (being insoluble
in cold water) and added to the bath to impart a lustrous appearance to the coating.
Potassium pyrophosphate is used as a complexing agent and trisodium citrate as a
conducting salt as well as a complexing agent in the electrolyte bath. All depositions
have been carried out under identical conditions of pre-treatment, and common
electrochemical methods were employed for evaluating their corrosion behavior and
electrocatalytic activity in 5% NaCl solution and 1.0 M KOH solution, respectively.

3.2.2 Surface Cleaning

Effective surface cleaning is achieved through a combination of chemical reaction,
solvent dissolution, and mechanical action. The substrate of various sizes (10.0 x 5.0
cm?, 5.0 x 5.0 cm?, and 3.0 x 3.0 cm?) are pre-treated by mechanical polishing, using
emery coated mops of gradually decreasing grit size. The mirror polished specimens
were degreased with trichloroethylene. Then the plates were electro-cleaned
cathodically for 2 min and then anodically for 30 s using the bath given in Table 3.2.
Later, the polished plates were pickled in 1:1 mixture of 0.5 M HNOz and 0.5 M H2SO4
for 10 s, to render the surface active for deposition. Finally, they are washed and rinsed

thoroughly several times with distilled water and immediately taken for deposition.

Table 3.2 — Composition of the electro-cleaning bath used for cleaning the substrate

Sodium hydroxide 35¢gLt
Sodium carbonate 25g Lt

Sodium lauryl sulphate | 1.0g L™

Temperature 30-80°C
Current density 6.0 A dm2
Duration 2 min cathodically followed by

30 s anodically

Department of Chemistry 51



Chapter 3

3.2.3 Purification of Electrolytes

Certain impurities in electrolytes cause great difficulty during the electroplating
process, in some cases due to the impurity itself the deposit produced will be impure of
less value, tampering the property of the metal or alloy plated. To ensure the uniform
deposition, the electrolytes are prepared in the following order: for both Sn—Ni, and Ni—
Mo baths first, the complexing agents, potassium pyrophosphate/tri-sodium citrate was
dissolved in desired quantity of distilled water. To this bath, required quantity of Nickel
chloride/Nickel sulphate is added followed by Tin chloride/Sodium molybdate. Once
the salts are dissolved, known amount of gelatin is added to the prepared bath, stirred
until it becomes homogenous. Once all the ingredients are added, the solution is made
up to its final volume. The solution was filtered after preparation, using filter paper
(Whatmann-40) to remove the suspended impurities. The pH of plating bath was
adjusted to the required value, using dilute NHsOH or HCI/H2SO4, monitored using
digital pH Meter (Systronics, x pH system-362).

3.2.4 Optimization of the Electrolyte Baths

The limiting conditions, in terms of composition and operating parameters of
electrolytic baths, have been carried out, using standard Hull cell method by passing
1.0 A cell current for the duration of 5 min (Pardhasaradhy 1987). The Hull cell is a
specially designed cell, made up of PVVC material generally used for fixing the limiting
conditions of the bath for the development of good coatings.

3.2.4.1 Hull cell

The Hull cell is basically a trapezoidal container that holds 267 mL of solution in a
depth of 48 mm of the cell. It is named after Richard Hull, who introduced his invention
to the industry in 1939. The Hull cell is a miniature plating unit designed to produce
cathode deposits on a panel that correlates the characteristics of the plating unit being
evaluated. Interpretation of the ‘as plated’ cathode panel gives rapid information about
brightness levels, irregular plate deposits, uniformity of deposits, coverage, throwing
power, impurities, and plating bath chemistry. It is among the most useful tools

available to the plating chemist for control of plating baths. It is an indispensable
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adjunct to standard analytical methods, enabling the skilled operator to determine and
control the effects of addition agents, impurities and purification treatments on the
plating electrolyte, many of which can be determined by no other method. Practically
every plating solution can be controlled or evaluated to varying degrees by the use of
the Hull Cell. The cell is designed so that the cathode is at a pre-defined angle to the
anode as shown in Figure 3.1, to produce a range of c.d.’s. As a result, when a current
is applied across the anode and cathode, the resulting c.d. will vary along the length of
the cathode. At the points close to the anode, the c.d. is high, and it is called high current
density (HCD) region, where the deposit may be burnt. But at the points far away from
the anode, the c.d. is low, and it is called low current density (LCD) region, where no
deposition is likely to take place. Hence the c.d. is distributed on the inclined cathode
from maximum to minimum, as shown in Figure 3.1. Thus, the Hull cell allows the
determination of the operating window, within the c.d. the range over which acceptable

deposition occurs.

50 mm

AT
¥y _

4+—— Anode Cathode ———»

66 mm

-
I A

127 mm

Figure 3.1 — Top view of the Hull cell displaying the position of anode and cathode

By taking required electrolytic solution, the deposition can be carried out on

cathode at definite cell current, such as 1 A, 2 A or 3 A etc. The corresponding c.d.’s at
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a definite distance from HCD end can be obtained from Hull cell ruler shown in Figure

3.2. The current variation along the length of the cathode is given by the formula:

i=1(5.1-5.24log X ) (3.2
where,
i = Current density (A dm™) at the given distance from the point of HCD on the cathode
I = Cell current used for the test (in ampere)

X = Distance from HCD end to the point where test is applicable

For Hull cell test assessment, the Hull cell ruler is overlaid upon the completed Hull
cell panel as seen in Figure 3.2.

(a) Current Density A/dm?2
Amperes | a cld e| f g h | i|]j K|L|m| n
1 5/4|3/2/1.5/1.25(1|0.75|0.5/0.4/0.3/0.2/0.1|0.05
2 10/ 8 |6(4 3 | 25(|2 15| 1 0.8 0.6/0.4 0.2 0.1
3 15(12|9(6 4.5|3.75(3/2.25/1.5|1.2/ 0.9/ 0.6 |0.3|0.15

(b)
HULL CELL PANEL
b ¢ d e fgh k

————————

Figure 3.2 — Typical representation of a) Hull cell ruler corresponding to different cell
current, and b) identification of c.d. corresponding to the different distance from HCD

point
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The grid of the Hull cell ruler provides a reference to evaluate the plating across a
range of c.d.’s. The high c.d. is located on the left side of the panel (closest to the anode),
while the low c.d. is located on the right side (furthest away from the anode). The range
of c.d. flows from left to right. After reviewing the panel which has been overlaid upon
the Hull cell ruler, evaluation of the panel will lead to theories regarding the desired
action to improve the operation of the plating bath. Theories which the Hull cell test
procedure can show are the effect of addition agents, the effect of contaminants and

impurities and correspondingly, the success of purification on the working bath.

3.3 ELECTRODEPOSITION OF MONOLAYER AND MULTILAYER ALLOY
COATINGS

Different modern electroplating techniques, like MED, SED and DC pulsed
electrodeposition (multilayered) have been used to improve the material properties of
Sn—Ni, and Ni-Mo alloy coating, especially their corrosion, and electrocatalytic
properties. However, in all these techniques conventional DC is used as the driving
force for electroplating, where metal ions are discharged as metal atoms at the expense
of applied current. Therefore, all electroplating, under different conditions of mass
transport are carried out using DC Power Analyzer (Agilent N6705A, USA, and Aplab,
LD3205), as the power source. Hull cell is used for fixing the limiting conditions of
electroplating of the baths, a 200 mL PVC cell was used for regular electroplating. The
real experimental setup used for the electroplating is shown in Figure 3.3.

All electrolytic baths have been prepared from analytical grade reagents, using
double distilled water. The optimal bath composition, working conditions for
deposition of Ni-M (M = Sn, Mo) alloys was arrived by standard Hull cell method
mentioned elsewhere. The bath composition and operating parameters (such as pH,
temperature, and c.d.) have been optimized based on visual observation of the coatings
on Hull cell panel. Pure nickel/tin panels, having the same active surface area as a
cathode was used as the anode. All depositions were carried out on the active surface
area (7.5 x 3.0 cm?) for 10 min (600 s), solely for comparison purpose. After deposition,
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the coated surfaces were rinsed with distilled water several times, dried in hot air and

desiccated under vacuum till further testing.

Figure 3.3 — Experimental setup used for deposition of binary alloy using DC power
analyzer (N6705A, Agilent Technology, USA)

3.3.1 Development of Monolayer Alloy Coatings by Magneto-electrodeposition
method
The magneto-electrodeposition (MED) of alloy coatings were accomplished at optimal
c.d. in conjunction with the magnetic field of desired intensity (B), using DC power
source (Aplab, LD3205), and Electromagnet (Polytronics, Model: EM 100),
respectively. The full experimental set used for MED is shown in Figure 3.4. MED’s
were carried out under different conditions of both intensity (from 0.1 T to 0.4 T), and
direction (parallel and perpendicular to the direction of flow of metal ions). The cell
was kept in the space provided between the poles of an electromagnet. A constant
distance was maintained between the cathode and anode. After deposition, the coated
surfaces were rinsed with distilled water several times, dried in hot air and desiccated

under vacuum until further testing.
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Figure 3.4 — Experimental setup used for magnetic field induced codeposition
(magneto-electrodeposition) using DC Power source (Aplab, LD3205) and
Electromagnet (Polytronics, Model: EM 100)

3.3.2 Development of Monolayer and Multilayer Alloy Coatings by Sono-
electrodeposition Method

Ultrasound-induced electrodeposition, or simply sono-electrodepositon (SED) of both
monolayer and multilayer alloy coatings were carried out by making use of an
ultrasound generator (SONIC Vibra-CellTM VC 750, 20 kHz, maximum power 750
W, sonotrode, a cylindrical rod with a 13 mm tip diameter) at different p.d. (W cm™),
coupled with DC source. The ultrasonic horn was kept at a distance of 1.0 cm from the
cathode during SED. The process assembly used for SED is shown in Figure 3.5.
Multilayer Sn—Ni alloy coatings, having nano/micrometric layers of alloys (with
alternately different compositions), were developed by turning the ultrasound generator
ON (ton) and OFF (torr) periodically during deposition. The periodic modulation in
mass transfer, due to the turning ON and OFF of the sonicator, allowed the growth of
coatings with a periodic change in their composition. In other words, periodic ON and
OFF allowed the growth of the coatings in multilayers.
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Figure 3.5 — Experimental setup used for deposition of monolayer and multilayer alloy
coating, under different conditions of sonication at constant c.d. using DC Power
source (Aplab, LD3205) and Ultrasound generator (SONIC Vibra-Cell™ VC 750)

3.4 ELECTROCHEMICAL MEASUREMENTS
3.4.1 Corrosion Study

All corrosion measurements were made using an electrochemical workstation
(VersaSTATS3, Princeton Applied Research, USA) in a three-electrode configuration
cell, using saturated calomel electrode (SCE) as a reference electrode and a platinum
electrode as a counter electrode as shown in Figure 3.6. The corrosion tests were carried
out, taking 1.0 cm? exposed surface area of the coatings in 5% NaCl solution (as
representative of severe corrosion medium), maintained at 298 K, pH 6.0, prepared in
distilled water. Both electrochemical methods, DC (Potentiodynamic polarization
method) and AC (Electrochemical Impedance Spectroscopy) were used for evaluating
the corrosion behaviors of coatings. Potentiodynamic polarization study was carried out
by polarizing the test electrode with the application of a potential drift —250 mV
cathodically, and +250 mV anodically relative to the OCP, at a scan rate of 1.0 mV s 2.
The potentiodynamic current-potential curves (Tafel plots) were simultaneously
developed and extrapolated to study the corrosion behavior. Electrochemical

impedance spectroscopy (EIS) study was made using an AC signal of 10 mV amplitude,
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in the frequency range from 100 kHz to 10 mHz, and corresponding Nyquist plots were

analyzed.

/-
|

1

Figure 3.6 — Experimental setup used for studying the corrosion behavior of

electroplated alloy coatings

The corrosion rates were expressed in mm y*, determined by the Tafel
extrapolation method. From the Tafel plots, the polarization parameters, like corrosion
potential (Ecorr), corrosion current density (icorr), corrosion rate (CR), anodic Tafel slope
(Ba) and cathodic Tafel slope () were deduced. The corrosion rate was calculated using
the following Eqgn. (Fontana 1987):

CR(mm y_l):M (32)
ye,

where constant K = 0.00327 defines the unit of corrosion rate in mm y 2, icorr is the
corrosion current density in A cm2, p is the density of the corroding material in g
cm 3, E.W is the equivalent weight of the alloy (g equiv™?).

The equivalent weight of the alloy can be calculated using the Egn. (3.3).

EW= — (3.3)
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where fi is the weight fraction of the i element in the alloy, Wi is the atomic weight of
the i element in the alloy and n; is the valence of the i element of the alloy (Fontana
1987).

3.4.2 Electrocatalytic Study

Electrocatalytic studies were carried out by coating the deposit on a cross-sectional area
of a copper rod (having 1.0 cm? surface area), fitted into a customized glass cell, shown
in Figure 3.7.

Figure 3.7 — Experimental set-up used for electrodeposition of Ni-M alloy coatings on
pre-polished copper surface using DC power analyzer (N6705A, Agilent Technology,
USA)

During deposition, anodes and cathodes were kept parallel to each other at 5 cm
distance. Binary alloy coatings were deposited on copper plates and copper rods,
keeping a 1.0 cm? active surface area. All electrodepositions were carried out
galvanostatically for a constant duration of 600 s for comparison purpose. Same DC
power analyzer (Agilent N6705A, USA) was used as the power source for

electrodeposition. Electrochemical behaviors of deposits, in terms of HER and OER,
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were evaluated by subjecting them to cyclic voltammetry (CV) and
chronopotentiometry (CP) study in 1.0 M KOH medium, exposing 1.0 cm? surface area
using electrochemical workstation (IVIUM VERTEX, Netherlands) in 1.0 M KOH as
shown in Figure 3.8. Corrosion data were used to compare the stability of Ni-Mo alloy
coatings in the working condition (alkaline medium), and f. was used to determine the
mechanistic pathway for HER onto the surface of the electrodeposit.

Figure 3.8 — Experimental setup used for quantitative measurement of H> and O>

evolved on test electrode during water splitting reaction

3.5 CHARACTERIZATION OF THE COATINGS

Surface morphology of coatings was examined using scanning electron microscopy
(SEM, EVO 18 from Carl Zeiss, Germany and SEM, Model JSM-6380 LA from JEOL,
Japan). The change in the composition of coatings is studied by energy dispersive X-
ray (EDX) analysis, interfaced with SEM. To average out the composition, each reading
is taken from an average of the five readings, taken at five different locations. The phase
structures of coatings for different conditions were analyzed by X-ray diffraction
(XRD) study (Rigaku Miniflex 600), using Cu Ko (A=1.5406 A) radiation, in

continuous scan mode at a scan rate of 2° min to demonstrate the phases and their
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crystallite size of the nanocrystalline coatings. The numerical procedures were
facilitated by using the computer software PANalytical X Pert Highscore Plus. All
graphs were generated using Origin software version 8.2. The grain size of all
electroplated Ni—-Mo alloy coatings has been calculated using Scherrer Eqn. (Anicaia
et al. 2013) given in Eqn. (3.4).

d- 0.94 (3.4)
pcosd

where d is crystallite size, 4 is the wavelength of X-ray radiation, £ is the full width at

half height of symmetrical shape of the diffraction peak and 0 is the Bragg’s angle.

The AFM (atomic force microscope) measurements were carried out using an
Innova SPM atomic force microscope. The alloy surfaces were imaged in tapping
mode. An antimony doped silicon cantilever having a force constant in the range of 20
—80 N m* was used to analyze the alloy surface topography. The surface roughness of
the membranes, expressed in terms of average roughness was measured. The chemical
states of the elements in the as-synthesized samples were recorded by using X-ray
photoelectron spectroscopy (XPS, Kratos XSAMS800) using monochromatic Al-Ka
radiation. All measurements were performed after 10 min of argon ion sputtering to
avoid the influence of oxidation by air and were referenced to the C (1s) line binding
energy of 284.5 eV.

3.6 THICKNESS AND HARDNESS OF THE COATINGS
The thickness of electrodeposited coatings was calculated theoretically from Faraday’s

law using Eqn.,

- EW xixCCE x AT

dxF (3:5)

t = thickness of the deposit, E = equivalent weight of deposit, i = c.d. at which deposition
is carried out, CCE = cathode current efficiency, AT = time of deposition, d = density
of deposit and F is the Faraday’s constant (96,485C mol1).
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Theoretically determined thickness value is further verified using Digital
Thickness Tester (Coatmeasure Model M&C, AA Industries/Yuyutsu Instruments).
While the Faradaic efficiency (FE) or CCE was calculated using the mass gained by the

substrate, charge transferred and chemical composition of the deposit:

E_ measured mass gal'n 100 — wx F <100 — Wk ixloo (3.6)
theoretical mass gain EW x| xt It = M,
here, w = measured mass of the deposit (g), t = time of deposition (s), | = average

applied c.d. (A), ci = weight fraction of the element in the alloy deposit, ni = number of

electrons transferred per atom of each metal and M; = atomic mass of that element.

The hardness of coatings was measured using Digital Micro Hardness Tester
(CLEMEX). Averages of 10 hardness measurements were calculated as the hardness

value.
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CHAPTER 4

MAGNETO-ELECTRODEPOSITION OF Sn—-Ni ALLOY
COATING FOR BETTER CORROSION PROTECTION

This chapter details the optimization of deposition conditions of a new Sn-Ni alloy bath,
for the development of its coating for good corrosion resistance, and how it can be
improved further using the principle of magneto-electrodeposition (MED). The first
part reports the limiting conditions for deposition of Sn—Ni coatings by conventional
electrodeposition (ED) method and their characterization, the second part details the
significant increase in its corrosion resistance through MED approach; using the same

bath, depositing at the same time.

4.1 INTRODUCTION

Sn—Ni coatings are of great interest in galvanotechnics, particularly due to its very
bright appearance and corrosion resistance behaviour. The excellent frictional
resistance, ability to retain an oil film on its surface and good throwing power compared
to chrome plating made Sn—Ni alloy coating as the most industrially important.
According to Brenner (1963), there have been many studies on Sn—Ni alloy deposition
from fluoride, pyrophosphate and chloride solutions. In all these, the most important
aspect of ED Sn-Ni alloy coatings is their bright appearance and good corrosion
resistance. But good corrosion resistance of ED Sn—Ni coating is limited from further
improvement due to its inherent single-phase homogeneous intermetallic compound
formation, having equiatomic composition NiSn (35 wt.% Ni-65 wt.% Sn, 50 at.% Ni-
50 at.% Sn) (Tan et al. 2013), and most importantly the precipitation of bath at high Sn
content due to hydrolysis. Hence, any effort to increase the corrosion resistance of Sn—
Ni coatings by manipulating the deposition conditions, like current density (c.d.), bath
composition and even temperature were found to be practically difficult. However,
from the literature, it is well known that the total electrochemical process can be greatly
affected by applying the magnetic field, under governing principles of magneto-
hydrodynamic (MHD) effect (Fahidy 1983). The magnetic field induces the movement
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of the electrolyte by Lorentz force, and thereby increase/decrease the transport of

electro-active molecules towards the electrode.

Keeping in view of the appealing appearance, and better corrosion resistance of
Sn—Ni alloy coatings, a new pyrophosphate bath has been proposed for development of
protective coatings on MS against corrosion. Thus, by taking the benefit of MHD effect,
an effort was made to increase the corrosion resistance character of ED alloy coatings
by MED method. The effect of inducing the magnetic field, in terms of both intensity
and direction on corrosion behaviors have been studied. Emphasis has been given to
explain how applied magnetic field can bring change in mass-transport process at the
cathode. The change in surface morphology, composition and phase structure of the
coatings, due to MED were analyzed using advanced instrumental techniques.
Improved corrosion protection, due to different crystallographic orientation, attributed

by the applied magnetic field has been identified, and results are discussed.

4.2 OPTIMIZATION OF Sn—Ni ALLOY BATH

Current density (c.d.) is the most important of all operating variables in electroplating,
and no study of alloy deposition is complete without a comprehensive data on its
variation. Moreover, the effect of c.d. is less consistent or predictable than that of the
other operating variables, with respect to the change in the composition of the
electrodeposited alloy. Hence, to begin with, a detailed study on the effect of c.d. on
the composition of Sn—Ni alloy was undertaken, and their electrochemical corrosion
behaviors were evaluated. A new potassium pyrophosphate (K4P207) bath has been
proposed for deposition of bright Sn—Ni alloy coatings on MS. K4P207 and gelatin were
used as a complexing agent and brightening agent, respectively. Gelatin was dissolved
in hot water, being insoluble in cold water; and then added into the bath to impart
homogeneity and brightness to the coating. The pH of the bath was adjusted to 8.6 using
either dil. NaOH or HCI, and then filtered before each deposition. Bath composition

and operating parameters were arrived after optimization and are given in Table 4.1.
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Table 4.1 — Composition and operating parameters of optimized Sn—Ni alloy bath

Bath Amount Operating parameters
constituents (gL™

SnCl2. 2H.0 22.6 Anode: pure Sn plate
NiClz. 6H.0 33.7 Cathode: MS

K4P207 119 pH: 8.6

Gelatin 5.0 Temperature: 298 K

Deposition time:10 min
Current density: 1.0 —4.0 A dm ™2

It is appropriate to recall here that the standard electrode potentials (E°) of Sn and
Ni are relatively close together: Sn, —0.14 V and Ni, —0.25 V, and has a difference of
only about 0.1 V. In view of this proximity of E° values, one would expect alloys to
be readily deposited from a mixed solution of the simple ions. Because of the high
overvoltage of nickel deposition, this does not occur easily, and mainly tin deposits
from solutions containing both of the metals as simple ions. But under the conditions
of some complexing agents, the cathode potentials involved in the deposition of Sn—Ni
alloys are of unusual interest and show the anomalous type of codeposition (Brenner
1963). These peculiarities are due to the cathode potentials involved in the deposition
of the alloy and found that there exists a large displacement of the cathode potential
curve of alloy deposition towards more noble potentials, with respect to the potentials
of the parent metals. Hence, in the present pyrophosphate bath, it is essential to consider
the fact that bath follows the anomalous type of codeposition with preferential
deposition of more noble metal (Sn) compared to less noble metal (Ni). This is due to
a large shift in cathode potential, caused by the complexation of metal ions in the bath.

4.2.1 Compositional Analysis

The composition of Sn—Ni coatings deposited at different c.d.’s from the same bath is
investigated by EDX analysis and the corresponding EDX spectrum of Sn—Ni alloy
deposited at 1.0 A dm2, having ~80.4 % Sn is shown in Figure 4.1. From the
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composition analysis it is evident that wt.% of Sn is more than wt.% of Ni in the
coatings, making Sn as the most readily deposit-able metal between two. High wt.% of
Sn at low c.d. range indicates that the bath follows the anomalous type of codeposition
(Brenner 1963). Further, it was found that the wt.% of Sn decreases with the increase

of c.d. as shown in Figure 4.2.

19.65 33.53

“ 80.35 66.47
100.00 100.00

LI B N LR L L L B B
0 2 4 6 & 10 12 14 16 18 20
Full Scale 203 cts Cursor: 0.000 ke

Figure 4.1 — EDX spectrum showing relative peaks of Sn and Ni in Sn—Ni alloy
deposited at 1.0 A dm

4.2.2 Effect of Current Density on Thickness, Composition, and Hardness of the

Deposit

The applied c.d. has a great influence on the appearance, chemical composition, and
physical properties of the deposited coatings. The coatings appeared bright when
deposited at low c.d., but those deposited at higher c.d. were semi-bright, which is
reflected in their CR values (Table 4.2). The thickness of Sn—Ni coatings, developed at
different c.d. is shown in Table 4.2. The effect of c.d. on hardness and wt.% of Ni in
the deposited coatings are shown in Figure 4.2. Hardness, along with wt.% of Ni is
found to increase with c.d. This increase in hardness is due to increase in nickel content

of the coatings when compared to tin.
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Figure 4.2 — Effect of c.d. on Ni content and hardness of Sn—Ni coatings

4.2.3 Surface Morphology

The SEM micrographs of Sn—Ni alloy coatings at different c.d.’s is shown in Figure
4.3. Surface morphology of the coatings was found to be changed drastically with c.d.,
as shown in Figure 4.3, from (a) through (d). Surface morphology of the coatings
indicates that c.d. plays a significant role on crystal orientation of the deposit. All
coatings are found to be characterized by nodules. The dimensions of nodules for
samples corresponding to 1.0 and 2.0 A dm~2 were found to be smaller than those
corresponding to 3.0 and 4.0 A dm2. The coating corresponding to 1.0 A dm2 (Figure
4.3 (a)) is comparatively smooth; while those at higher deposition c.d., shown in Figure
4.3 (b), 4.3 (c) and 4.3 (d) are porous. Further, it should be noted that the both number
and dimensions of pores were increased with c.d.’s. This progressive increase in the
porosity with c.d. may be attributed to the formation of metal hydroxide at cathode film,
due to an increase in pH caused by local alkylation (due to excessive hydrogen
evolution during deposition). Experimental observation revealed that Sn—Ni alloy,
deposited at 1.0 A dm2 is more bright, uniform and homogeneous, hence, responsible

for better corrosion protection.
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Figure 4.3 — SEM images of Sn—Ni alloy coating deposited at a) 1.0 A dm™2, b) 2.0 A
dm2c¢)3.0Adm2and d) 4.0 Adm™

4.2.4 X-Ray Diffraction Study

The crystal structure of ED Sn—Ni alloys, under varying conditions of c.d.’s was studied
by XRD analyses. The identification of the phases was obtained from the peak profiles
of X-ray reflection, plotted as a function of 20. The XRD patterns of Sn—Ni alloys,
deposited at different c.d.’s in the range of 1.0 to 4.0 A dm 2 is given in Figure 4.4. The
two prominent peaks at the angle corresponding to 30.4° and 43.8° are due to NisSn;
(101) and NisSn2 (110) phase. There is a presence of NisSn, (201), (202), (211) and
(300) phases at all c.d.’s but they are not well formed. The indexed phases were likely
to be in good agreement with the standard pattern of NisSn, (JCPDS No. 00 007-0256).
Further, almost same XRD peaks indicate that coatings deposited at different c.d.’s
correspond to same phase composition, and are the results of stable NizSn; intermetallic
compound formation in the deposit. An increase in intensity with c.d. was observed,
with no change in diffraction angle. It may be explained by the limited diffusion current

Department of Chemistry 70



Chapter 4

for hydrogen evolution, which suppresses the anomalous codeposition (due to
decreased local alkalinity) (Rao et al. 2014). This indicates that only the composition

of coating changed with c.d., without any change in the phase structures.
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Figure 4.4 — XRD peaks of Sn—Ni alloy coatings deposited at different c.d.’s

4.2.5 Corrosion Study

The corrosion behavior of Sn—Ni coatings deposited at different c.d.’s was evaluated
by subjecting them to polarization study (Jones 1996). Corrosion rates (CR’s) were
calculated by Tafel extrapolation method, and corresponding plots are shown in Figure
4.5. The observed Ecorr, icor and CR are reported in Table 4.2. The corrosion data
revealed that optimized bath (Table 4.1) could produce the most bright, smooth,
uniform Sn—Ni coatings at c.d. = 1.0 A dm2, showing minimum CR (18.60 x 1072 mm
y 1), compared to those coatings produced at higher c.d.’s (Table 4.2). The improved
corrosion resistance is attributed to the high Sn content of the alloy and also due to less
porous surface of the coating, as the smooth surface provides fewer sites for localized

corrosion attack.
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Figure 4.5 — Potentiodynamic polarization curves of Sn—Ni coatings developed at
different c.d.’s

Table 4.2 — Coating characteristics of monolayer Sn—Ni alloy coating developed at
different c.d.’s

c.d. Thickness —Ecorr Icorr CR (X1072
(Adm?  (um) (Vvs.SCE) (Acm?  mmy?)

1.0 8.2 0.553 9.761 18.60
2.0 9.5 0.593 20.78 39.59
3.0 11.0 0.642 23.89 45.52
4.0 12.6 0.623 28.40 54.12

The powerful and non-destructive EIS method has also been used to study the
corrosion behavior of Sn—Ni alloy coatings. The plot of the imaginary impedance
component (Z") against the real impedance component (Z') at each excitation
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frequency, called the Nyquist plot was used to study the corrosion behavior of Sn—Ni
alloy coatings, and it is shown in Figure 4.6. The interception of frequency responses
on the real axis of the Nyquist plot at higher frequencies is attributed to the electrolyte
bulk resistance (Rs) and at lower frequencies to the polarization resistance or charge
transfer resistance (Ret) (Barsoukov and Macdonald 2005). The existence of single
semicircle for all coating configuration showed that single charge transfer process is
involved in the corrosion process (Ullal and Hegde 2014). The larger capacitive loop,
observed at high-frequency limit indicates that the increased corrosion protection is

attributed by decreased double layer capacitance (Cai).
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Figure 4.6 — Nyquist plots of Sn—Ni alloy coatings deposited at different c.d. s

A decrease in the radius of a semicircle with c.d. indicated that CR bears a close
relation with c.d. employed for its deposition. Further, the maximum diameter of the
capacitive loop, corresponding to the optimal c.d. (1.0 A dm™?) confirmed that the
deposit is the most corrosion resistant. The anomalous flattening behavior of Nyquist
plot is generally ascribed to the inhomogeneity of the metal surface arising from surface
roughness, or interfacial phenomena occurring during deposition (Dobrzanski et al.
2007).
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4.3 MAGNETO-ELECTRODEPOSITION OF Sn-Ni ALLOY COATINGS

As stated earlier, the proposed bath could develop Sn—Ni coating at 1.0 A dm2, with
high Sn content (about 80.4%) and exhibits the least CR, using the principle of
conventional electrodeposition (ED). High Sn (more noble metal) content at low c.d.
range gives an indication that Sn content in the deposit cannot be further increased by
increasing c.d., as envisaged by Brenner (1963). Further, a decrease of Sn content at
high c.d.’s, (after 2.0 A dm?) supports that limiting current density (i.) for deposition
of Sn is in the range of 1.0 A dm™2. Therefore, under these conditions of experimental
observation, there are two options to increase the Sn content, thereby increasing the
corrosion resistance of the coatings. They are either to decrease the deposition c.d.
(below 1.0 A dm™2), or to increase the molar ratio of [Sn*?]/[Ni*?] in the bath, i.e. by
increasing [Sn*?] in the bath. Since SnCl,.2H0 starts precipitating at a high molar ratio
of [Sn*?)/[Ni*?] in the bath due to hydrolysis, no further decrease of CR is expected to
be achieved. The c.d. below 1.0 A dm™2 is not suggested to use for the development of
sound coating. Thus, these limitations (low iL and precipitation of electrolyte) for the
development of more corrosion resistant Sn—Ni alloy coating has been tried to resolve
by taking the advent of magneto-electrodeposition (MED), and experimental results are

discussed below.

The literature on MED reveals that magnetic field has a crucial role in mass
transport process towards EDL, or cathode film (Hinds et al. 1998, Matsushima et al.
2008). Hence, by using the same electrolytic bath (Table 4.1), monolayer Sn—Ni alloy
coatings has been accomplished on MS by MED approach. The coatings have been
developed by applying the magnetic field (B), both in direction, parallel and
perpendicular to the plane of the cathode. The experimental setup used for MED is
shown schematically in Figure 4.7. A PVC cell of 200 mL capacity was kept in the gap
between two electromagnets, and a constant distance was maintained between cathode
and anode. The magnetic field was considered to be constant and uniform, and
experiments were carried out under different conditions of magnetic field intensity (0.1
T-0.4 T). Accordingly, MED Sn-Ni alloy coatings have been deposited, and their

corrosion behaviors were studied. Change in the composition, surface morphology and
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crystallographic orientations of the coatings, due to the applied magnetic field have

been observed, and results are discussed.

Anode Cathode

N Electrolyte S

Figure 4.7 — Schematic setup used for deposition of Sn—Ni alloy under the influence of

magnetic field, where N and S represent North and South Pole of an Electromagnet

4.3.1 Surface Morphology

The surface morphology of MED coatings, developed under different conditions of
magnetic field intensity (B), have been examined under SEM. The surface morphology
of MED coatings under perpendicular orientation varying from 0.1 to 0.4 T is shown in
Figure 4.8. A clear difference in the surface morphology of ED and MED coatings was
found as seen in Figures 4.3 and 4.8. It should be noted that MED coatings display more
uniform coating compared to ED coatings (Figure 4.3), developed from the same bath,
at same c.d. The enhancement in the compactness of MED coatings is due to the
difference in the crystallographic orientation of atoms during electrodeposition,
affected by the induced magnetic field as reported earlier by Matsushima et al. (2008).
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Figure 4.8 — SEM images of MED Sn—Ni alloy coatings deposited at different

conditions of B (perpendicular orientation), where (a), (b), (c) and (d) =0.1T, 0.2 T,
0.3 Tand 0.4 T, respectively (all are at optimal c.d. = 1.0 A dm™2)

4.3.2 XRD Analysis

XRD patterns of coatings at different conditions of magnetic field intensity, applied
parallel and perpendicular is shown in Figures 4.9 (a) and (b), respectively. The XRD
peaks of Sn—Ni alloy coating, developed by ED method is represented as (Sn—Ni)g=o0T
is shown as the reference in Figures 4.9 (a) and (b), for comparison purpose. A
significant change in the phase structure of Sn—Ni alloy coatings were found, when the
deposition was carried out under the conditions of induced magnetic field, as seen in
Figure 4.9.
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Figure 4.9 — XRD patterns of MED Sn—Ni alloy coatings deposited at optimal c.d. under
different conditions of B (specified on each XRD plot), applied (a) parallel, and (b)

perpendicular to the direction of movement of ions
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The unique phase structures found in MED coatings, at 20 = 74.2° and 89.8°
corresponds to Sn phases, namely (411) and (501) (JCPDS No. 03-065-2631). There is
also an appearance of cubic Ni (200) phase at 50.5° (JCPDS No. 00-001-1258) and
tetragonal Sn (220) at 43.5° present on top of broad reflection NizSn, (110), arises due
to applied magnetic field which does not correspond to any distinct phases in ED Sn—
Ni coatings, i.e. corresponding to B =0 T as seen in Figure 4.9 (a) and (b). The presence
of pure Sn phases attributes to the increase in Sn content of the coatings developed
under varying intensity of magnetic field, supported by wt.% of Sn data, given in Table
4.3. Therefore, a substantial decrease in CR of MED Sn—Ni coatings can be attributed
to the new phases, which are otherwise not observed in ED coatings (developed under
natural convection), from the same bath. Thus, from the XRD signature, it may be
concluded that the preferential orientations of Sn (220), (411), and (501) phases which
are favored to exist only in MED Sn-Ni alloy coatings are responsible for their
improved corrosion protection, compared to ED coatings. The grain size of all
electroplated Sn—Ni alloy coatings has been calculated using Scherrer equation (Eqn.
(3.4)). On calculating the crystallite size, the average crystallite size was found to be in
the range of 20 nm. Hence, it can be inferred that the MED Sn—Ni alloy coatings from

the proposed bath is nanocrystalline in nature.

4.3.3 Corrosion Behaviour of MED Sn—Ni Alloy Coatings

MED Sn—Ni alloy coatings have been developed by keeping other parameters constant
(c.d. = 1.0 A dm2and pH = 8.6), except magnetic field intensity. Different magnetic
field intensity (from 0.1 to 0.4 T) was applied, both parallel and perpendicular to the
direction of migration of ions, and corresponding corrosion data are reported in Table
4.3 in comparison with ED coatings. Sn—Ni alloy coatings deposited under natural
convection and forced convection, i.e. ED and MED coatings are conveniently
represented as (Sn—Ni)s=o T and (Sn—Ni)s=0.1 Tiperp, or para, respectively, indicating the

intensity and direction of the magnetic field used.
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Table 4.3 — Effect of applied magnetic field intensity, B on deposit characters of Sn—Ni
alloy electrodeposited from optimal bath at 298 K

Sn—Ni coating  wt.% Thickness —Ecorr Icorr CR (x107?
configuration Sn (um)  (Vvs.SCE) (MAcm?) mmy?)

(Sn—Ni)s=o1Tpara  86.7 8.1 0.524 7.80 17.48
(Sn-Ni)g=o2Tpara. 902 7.8 0.510 5.09 11.41
(Sn-Ni)s=03Tpara 925 7.5 0.503 4.47 10.02
(Sn—Ni)g=oampara 895 7.3 0.508 6.80 15.24
(Sn-Ni)s=o1Tperp. 87.5 7.7 0.580 1.25 2.76
(SN-Ni)so2 perp.  94.2 7.2 0.496 0.96 2.18
(Sn—Ni)s=03T/perp. 907 6.4 0.538 2.48 5.64
(Sn—Ni)s=o4aT/perp. 894 55 0.517 6.67 15.18

(Sn-Ni)=or 804 8.2 0.553 9.76 18.60

From the corrosion data reported in Table 4.3, it can be observed that corrosion
protection efficacy of MED coatings increased drastically, compared to the one
developed under natural convection. At the same time, it is important to note that wt.%
of Sn in the deposit has increased depending on both direction and intensity of magnetic
field intensity, compared to that in ED coating (80.4%), and reported in Table 4.3. Here,
the effect of perpendicular magnetic field intensity is more pronounced than the parallel
one. This is may be explained by increased Lorentz force (F), which is the vector
product of current density (i) and magnetic field intensity (B), given by relation, F= i x
B Sin6 (Tacken and Janssen 1995). The potentiodynamic polarization behaviors of
MED Sn-Ni alloy coatings, developed under different magnetic field intensity (applied
in the perpendicular direction) is shown in Figure 4.10. From this data, it may be
inferred that coatings having (Sn—Ni)s=o0.2 T/perp CONfiguration showed the least CR (2.18

x 1072 mm y 1) when compared with all other coatings.
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Figure 4.10 — Tafel plots of MED Sn—Ni alloy coatings under different conditions of
applied B (perpendicular), developed from the optimal bath

The corrosion behaviors of Sn—Ni alloy coatings were evaluated more accurately
by Nyquist plots, by drawing Zrea VS. Zimg cCOmponents of impedance over a wide range
of frequency. Figure 4.11 displays the Nyquist plots of MED Sn-Ni alloy coatings at
different magnetic field intensity (only perpendicular). As seen, the solution resistance
Rs is nearly same in all cases, since same solution and cell configurations are used for
the study. All impedance plots, (Figure 4.11) are found to be in depressed semi-circular
(incomplete) shape, and this type of anomalous flat semicircles are generally attributed
to the inhomogeneity of the metal surface arising from surface roughness or interfacial
phenomena. They are generally referred to frequency dispersion of interfacial
impedance inherent of electrodeposited coatings. The single capacitive loop without
kink on the entire frequency range, for all MED Sn—Ni coatings (Figure 4.11) indicates
that only one charge transfer process having one-time constant (z = RC) is operative at
the interface (Yuan et al. 2009). The highest corrosion resistance of (Sn—Ni)s=0.2 T/perp,
compared to other alloy coatings are evident from its large capacitive loop, shown in

the inset of Figure 4.11, a similar observation was made by Rao and Hegde (2014).
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Figure 4.11 — Nyquist plots of MED Sn—Ni alloy coating at different conditions of
applied B (perpendicular) deposited from the optimal bath

From the thickness data given in Tables 4.2 and 4.3, it may be noted that the
thickness of Sn—Ni alloy coatings increases with increase in c.d., may be explained by
Faraday’s law. However, in presence of magnetic field intensity, the thickness of
coatings decreased with the increase in its intensity. This is due to the decrease in the
thickness of diffusion layer caused by the increased tangential velocity of the ions.
Further, it was observed that the decrease of coating thickness is more pronounced in
the case of perpendicular magnetic field intensity as seen in Table 4.3 and are attributed
to the MHD effect caused by Lorentz force (Rao et al. 2013, Zielinski et al. 2015). The
less CR’s of MED coatings, compared to ED coatings (Tables 4.2 and 4.3) can also be
interpreted in terms of decreased geometric surface area of the coatings instead of
considering their true surface area, used for the calculation. Since ED coatings are more
porous, they offer large surface area compared to MED coatings (Figures 4.2 and 4.6),
and hence responsible for showing more corrosion current density (icorr), therefore,

more CR.
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In Figure 4.12, the relative response of Nyquist and Tafel plots of MED Sn—Ni
alloy coatings, deposited under different conditions of the magnetic field is shown.
From the graph, it is evident that coating developed at (Sn—Ni)g=0.2 T/perp IS SUPEriOr in

terms of their corrosion stability when compared to other coatings.
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Figure 4.12 — Relative response of Nyquist plots (a), and Tafel plots (b), of Sn—Ni alloy
coatings, deposited under different optimal conditions of mass transfer, i.e. natural
convection (ED) and forced convection (MED), both in parallel and perpendicular

4.4 DISCUSSION

The novelty of present work is to improve the corrosion resistance of Sn—Ni coatings
by increasing the wt.% of Sn in the deposit by inducing magnetic field during the
deposition, and same has been accomplished. The observed increase of Sn content may
be attributed to increased i. for the deposition of Sn (more noble metal). The increase
of iL of Sn due to induced magnetic field is explained as follows: Generally, effects of
plating variables on the composition of the deposit are determined by simple diffusion
theory (Fahidy 1983). Limiting current density, i. is the measure of maximum reaction
rate that cannot be exceeded because of a limited diffusion rate of metal ions in solution.
In the region of the limiting current, when electrode process is mass-transfer controlled,
the value of i. is given by Eqgn. (4.1),

i = DnFC,
o

where D is the diffusion coefficient of the reacting species, n is the valency of the metal

4.1
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ion, F is the Faraday constant (96,500 Coulombs), Cg is the concentration of the ions
in the bulk and ¢ is the thickness of the EDL. Hence, Sn content in the deposit can be

increased by those processes which can increase the Sn*? ions at the electrode interface.

It can be achieved by many means, like increasing the total metal content of bath,
a decrease of deposition c.d., elevation of bath temperature and increased convection
effect. In this regard, an increase of i_ for deposition of Sn by inducing the magnetic
field is more practical, which can be best explained by the MHD effect. According to
which the induced magnetic field intensity causes the concentration gradient of Sn*?
ions to increase drastically at cathode film by the combined effect of both
hydrodynamics and Lorentz force (Fahidy 1983). Hence, induced magnetic field can
increase the i by decreasing the diffusion layer thickness (ox) and is given by Eqn.
4.2).

i, =DnF (&BJ (4.2)
x—0

OX

Here (6Cslox)x—o represents the concentration gradient of Sn*2 ions. Hence, as the
thickness of diffusion layer decreases due to applied magnetic field, the value of i.
increases drastically. Change in the value of iL due to induction of magnetic field is
shown schematically in Figure 4.13, i.e. comparison of i. for ED and MED coatings.
Thus, as evident from Equations (4.1) and (4.2), it may be noted that thickness of
cathode film decreased from Jep to dmep, as a mode of the coating is changed from ED
to MED type. Further, an increase of iL for deposition of Sn, due to the magnetic field

is shown schematically in Figure 4.13 (b), supported by the Equation (4.2).
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Figure 4.13 — Schematic representation showing: (a) Decrease of cathode film
thickness under B at definite c.d. and [Sn*?], (b) Increase of iL due to induction of B
without increasing [Sn*?] in the bath (Here, B represents magnetic field intensity

applied perpendicular to the direction of movement of metal ions)

Drastic decrease of Sn content at higher c.d. during ED indicates that i_ for Sn is
around 1.0 A dm™2 (Figure 4.14). It is important to note that effect of magnetic field is
relatively stronger only in the neighborhood of the limiting current plateau, envisaged
by (Coey and Hinds 2001). Hence, selection of 1.0 A dm2, which is the iL for
deposition of Sn from the optimal bath (Figure 4.14), is very crucial to bring the effect
of the magnetic field to the highest. The increase of i, for deposition of Sn due to the
magnetic field is further confirmed by plotting wt.% of Sn vs. c.d., under different
conditions of magnetic field, as shown in Figure 4.14. An increase of iL was observed
(shown by arrow mark) when coatings were conducted under magnetic field effect, both
in parallel and perpendicular direction. It may be noted that the effect is more
pronounced in the case of perpendicular magnetic field direction, as convection effect
IS a vector product of current density (i) and magnetic field intensity (B) (Hinds et al.
1998). The reduced CR’s of Sn—Ni alloy coatings affected by applied magnetic field is
due to both increased i and Sn content in the alloy, supported by Figures 4.13 and 4.14,

respectively.
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Figure 4.14 — Variation in wt.% of Sn at different c.d.’s under different conditions of
B: (a) ED coatings, B =0 T, (b) and (c) MED coating at B = 0.2 T parallel and

perpendicular, respectively

The poor corrosion performance of Sn—Ni alloy coatings at higher c.d. may be
attributed to increased porosity, due to the formation of larger globular nodules as seen
in Figure 4.3 (c) and 4.3 (d). The increase in coating thickness with c.d. may be
attributed to the formation of metal hydroxide film at the cathode, due to an increase in
pH caused by local alkylation, caused by excessive hydrogen evolution and Faraday’s
law (Rao and Hegde 2014). The better corrosion protection of MED Sn—Ni coatings
compared to ED Sn—Ni alloy coatings is also attributed to the surface morphology of
the coatings. It may be seen that MED Sn—Ni coatings are more homogeneous and
smooth compared to ED coatings as shown in Figures 4.3 and 4.8, respectively. The
MED coatings are found to be smooth and less developed, compared to more rough and
porous ED coatings. Hence, lowering in surface roughness reduces the access of
oxidative reagents to active sites thereby making MED coating less susceptible to
corrosion (Tacken and Janssen 1995). In addition, the thickness of MED coatings is

found to be less compared to those of ED coatings. This is attributed to the
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superimposition of an external magnetic field, both parallel and perpendicular direction,
leading to an enhancement in the compactness of grain structures by allowing the
crystal to grow with more regular sizes and geometrical shapes, which was also reported
in the work of Brillas et al. (1999). The additional peaks of Sn (220), (411), and (501)
corresponding to MED Sn—Ni coatings, observed in Figures 4.9 (a) and (b) are credited
to the increased wt.% of Sn in the deposit. Furthermore, it is well known that the
kinetics of Sn—Ni alloy deposition, in terms of their chemical composition, surface
morphology and crystallographic orientations can be changed due to the applied

magnetic field as proposed by Krause (2006).

4.5 CONCLUSIONS
The experimental work for optimization of deposition conditions for the development
of ED and MED Sn-Ni alloy coatings, showing better corrosion resistance has made

the following observations as conclusions:

1. Under optimal conditions, MED Sn—Ni alloy coatings exhibit almost 9 times
better corrosion resistance compared to ED coatings, deposited from the same
bath.

2. The MHD effect has induced the deposition of specific crystallographic texture,
due to the formation of a new Sn (220), (411), (501) and Ni (200) phases.

3. Both roughness and thickness of Sn—Ni alloy coatings were found to be
decreased under the condition of induced magnetic field, explained by the MHD
effect.

4. The decrease in cathode film thickness, due to applied magnetic field is
responsible for the development of coatings having more Sn content, i.e. by

increasing its iL.

5. The limitations, like low i and precipitation of electrolyte to develop more
corrosion resistant coatings from the proposed bath, has been resolved by MED

approach.
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CHAPTER 5

SONOELECTRODEPOSITION OF Sn—Ni ALLOY COATINGS
FOR BETTER CORROSION PROTECTION

Development of composition modulated multilayer alloy (CMMA) coatings of Sn—Ni,
using the ultrasound effect is explained in this chapter. Modulation of the composition
of individual layers has been affected by modulating the ultrasound power density (p.d.)
periodically, parallel to the process of deposition. Sono-electrodeposition (SED)
conditions, like cyclic power density (p.d.) and a number of layers have been optimized
to maximize its corrosion resistance, compared to its monolayer coatings, developed
through conventional electrodeposition (ED) method. The first part details the
optimization conditions for SED of monolayer Sn—Ni alloy coating, the second part
details the optimization conditions for the development of its multilayer coatings for
better corrosion protection, by pulsing the sonication effect periodically.

5.1 INTRODUCTION

A new class of materials with alternate layers of metals/alloys, having a thickness of a
few nanometers with ultrafine microstructure are known as composition-modulated
multilayer alloys (CMMA) (Thangaraj et al. 2009). Actually, alloy coatings are
developed in multilayers, from an electrolytic bath having ions of two or more metals
by modulating alternately the mass transport process at EDL during deposition (Cohen
et al. 1983, Yahalom and Zadok 1987, Haseeb et al. 1994). A well-tried method for
development of multilayer alloy coatings through the SBT is by changing alternately
the cathodic c.d., i.e. c.d. is made to change alternately between two values at regular
time intervals, depending on the requirement of composition and thickness of alternate
layers (Mason and Cordemans 1996, Séez and Mason 2009). In this direction, there are
several reports on the development of multilayer alloy coatings for improved corrosion
protection of MS, instead of their monolayer, or monolithic alloy coating, developed
using DC. Among them are the papers of our group (Yogesha and Hegde 2010; 2011,
Venkatakrishna and Hegde 2011; Pavithra and Hegde 2012; Ullal and Hegde 2014)
focused on development of corrosion protective CMMA coatings of Zn—M (where M

= Ni, Co and Fe) alloys by pulsing the c.d., in different patterns, namely square and
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triangular shape. The coating configurations, in terms of pulsing c.d. and a number of

layers, have been optimized to maximize their corrosion performance.

Though there are many reports in the literature on both ultrasound induced
electrodeposition, of many metals/alloys and multilayer Zn-based alloy coatings for
better corrosion protection (Rao and Hegde 2013, Rao et al. 2013), to the best of the
authors knowledge development of multilayer alloy coatings using the ultrasound effect
as a tool is not available. Hence to fill this knowledge gap, development of ultrasound
assisted multilayer Sn—Ni alloy coating for better corrosion resistance has been tried.
The corrosion performance of SED multilayer Sn—Ni alloy coatings were evaluated in
relation to its monolayer (conventional) electrodeposits, developed with/without the use
of the ultrasound frequency. The chapter goes in two sections, the first section details
the optimization conditions for the development of SED monolayer Sn—Ni alloy
coating, whilst the second section details the optimization conditions for the
development of its multilayer coatings for better corrosion protection, using the

ultrasound frequency.

5.2 DEVELOPMENT OF MONOLAYER Sn-Ni ALLOY COATING BY
SONO-ELECTRODEPOSITION

The composition and conditions used for electrodeposition of Sn—Ni alloy coating, used
in this study is given in Table 4.1. The electrolyte was freshly prepared from distilled
water using analytical grade reagents. Polished MS plates with an exposed surface area
of 7.5 x 3.0 cm?, used as a cathode; and anode used was pure nickel plate with the same
exposed area. Electrodeposition of monolayer Sn—Ni alloy coating, both in presence
and absence of the ultrasound frequency, have been carried out, and deposition
conditions were optimized for maximum corrosion protection of the coatings. The
electrodeposition was carried out using constant current or DC power source (Aplab,
LD3205), and SED was carried out using an ultrasound generator (SONIC Vibra-
Cell™ VC 750, 20 kHz, maximum power 750 W, having sonicator probe (electrode)
of 13 mm tip diameter), coupled with DC power source. The ultrasonic horn was kept
at a distance of 1.0 cm from the cathode during SED. The process assembly used for

SED is shown in Figure 5.1.

Department of Chemistry 88



Chapter 5

Anode

Temperature
controller

— Ultrasonic probe

Cathode

Ultrasonic
Power supply

Figure 5.1 — Process assembly used for SED of Sn—Ni alloy coating

The power patterns used for development of monolayer Sn—Ni alloy coatings, using

only DC is shown in Figure 5.2 (a), and both DC and ultrasound field, are shown in

Figure 5.2 (b) and Figure 5.2 (c), respectively.
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Figure 5.2 — Schematic representation of driving forces used for development of Sn—Ni

alloy coatings from same optimized bath along with deposit patterns on top right: a)

DC or constant current for ED Sn—Ni alloy, b) DC and ultrasonic field for SED Sn—Ni

alloy (both monolayer), and ¢) DC and pulsed ultrasound field for multilayer Sn—Ni

alloy
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The experimental investigation in Chapter 4 revealed that using optimal Sn—Ni
alloy bath (Table 4.1) at optimal c.d. = 1.0 A dm, the bath was able to produce the
coatings of least CR (16.63 x 1072 mm y ), i.e. with no ultra-sonication effect. Hence,
keeping this c.d. as constant, the corrosion protection of Sn—Ni alloy coatings were tried
to enhance by SED method. Accordingly, monolayer SED Sn—Ni alloy coatings were
deposited under different conditions of ultrasound p.d. i.e. at 0.6, 0.9 and 1.2 W cm™?,
their corrosion performances were evaluated, and experimental results are described

below.

5.2.1 Corrosion Study of SED Sn-Ni alloy Coatings
5.2.1.1 Potentiodynamic polarization study

The potentiodynamic polarization method was used to study the corrosion behavior of
the SED Sn—Ni alloy coatings. Tafel plots of SED Sn—Ni alloy coatings, deposited at
different ultrasound p.d. including the coating in the absence of ultrasound p.d. is shown

in Figure 5.3.
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Figure 5.3 — Potentiodynamic polarization behaviors of SED Sn—Ni alloy coatings

developed from the optimal bath under different conditions of ultrasound p.d.

Tafel extrapolation method was used to study the corrosion behavior of SED Sn—
Ni alloy (monolayer) coatings, and corresponding CR’s are reported in Table 5.1, along

with the coating developed in the absence of ultrasound frequency. From the CR data,
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it may be noted that SED Sn—Ni alloy coatings are more corrosion resistant compared
to ED coating, i.e. at p.d. = 0 W cm™2. Among the SED coatings, Sn—Ni alloy
corresponding to 0.9 W cm~2is found to exhibit the least CR (7.81 x 102 mm y ). This
may be attributed to the relatively compact structure of the coatings as seen in Figure
5.6. It should be noted that at high p.d. of 1.2 W cm™2, the CR of Sn—Ni alloy coating
started increasing. Hence, 0.9 W cm™2 was taken as the optimal p.d. for SED.

Table 5.1 — Corrosion data of SED Sn—Ni alloy coatings developed at different

conditions of ultrasound p.d., at constant c.d. of 1.0 A dm™2, from the optimal bath

Ultrasound  ton  wt.% wt%  —Econ icor ~ CR(x1072
p.d. Wem? (sec)  Ni Sn (Vvs.SCE) (wAcm?) mmy?)
0 300 609 391 0.587 10.74 16.6
0.6 300 435 565 0.576 5.36 9.3
0.9 300 422 5738 0.559 4.47 7.8
1.2 300 414 586 0.576 4.74 8.2

5.2.1.2 Electrochemical impedance study

As EIS study considers the response of test specimen for small amplitude AC signals,
it is considered as a non-destructive one. The most versatile tool is the Nyquist plots
which commonly plot the data as imaginary impedance, Z " verses real impedance Z'
with the provision to distinguish the contribution of polarization resistance (Rp) and
solution resistance (Rs) (Thangaraj et al. 2006). Hence, in the conformation of the
corrosion response of monolayer SED Sn-Ni coatings, evidenced by Tafel
extrapolation method, their EIS study have also been carried out and the corresponding
graphs are shown in Figure 5.4. It may be noted that polarization resistance, Rp
increases with increase in ultrasound p.d. and then decreased substantially on its further
increase, i.e. at 1.2 W cm ™2, indicating its poor corrosion resistance as shown in Figure
5.4. The solution resistance (Rs) is nearly identical in all cases, as same bath chemistry

and cell configuration were used for corrosion study.
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Figure 5.4 — EIS of SED Sn—Ni alloy coatings developed from optimal bath under

varying conditions of ultrasound p.d.

Here, it is important to note from the data reported in Table 5.1 the wt.% of Sn in
Sn—Ni alloy deposit has increased drastically when the deposition was carried out under
the effect of ultrasound. This drastic increase in wt.% of Sn is due to thinning of EDL
(Nernst's diffusion layer) to few microns thickness (Del Campo et al. 1999). The
absolute value of EDL thickness is actually determined by the geometry of the sono-
electrode and the ultrasonic p.d. The decrease of EDL thickness leads to an increase of
iL required for the electrochemical process taking place at the electrode-electrolyte
interface and is described by the Egn. 4.1 (Brett and Brett 1993).

The variation of the ultrasound intensity and the electrode-to-horn distance allow
the diffusion layer thickness, ¢ to be reduced (Compton et al. 1997). Accordingly, the
decreased thickness of EDL, due to ultrasound effect has increased the i. for the

deposition of more noble metal (Sn) in the deposit, since EJ,=—0.25 V and EJ = —0.

14 V, as discussed in Section 4.3. Thus, the applied ultrasound provides an increased
mass transport regime in which electron transfer process has changed. Therefore, it may
be inferred that ultrasound effect has decreased the CR by increasing the Sn content in

the alloy, effected by increasing the i, of less readily deposit-able metal, i.e. Sn; which
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otherwise not possible due to the inherent limitation of the anomalous type of

codeposition followed by the bath.

5.2.2 X-ray Diffraction Study

XRD patterns of SED Sn—Ni alloy coatings corresponding to different ultrasound p.d.
(from 0 W cm™2to 1.2 W cm™2) is shown in Figure 5.5. It may be noted that the
preferential orientations NisSn. (214), (413) and (242) phases are favoured to exist in
coatings, developed both in the presence and absence of ultrasound frequency, but
NizSnz (302) (JCPDS card No. 65-1315) and NizSn (201) (JCPDS card No. 35-1362)

reflection which is nickel-rich phase cease to exist under ultrasound field.

Ni,Sn, (221)
= N )
= Y = %) Qb‘
= > ) N o
=N :?(\"L (\'1'\ 6(\(1, é\?
g .,
ffm = é\’b é‘““
4 \ o A e
- el 12Wem?
2 A o\
@ e 0.9 Wcm™?
o
R
£
J\ o A,
H -2
NizSn, (302)ff Ni;Sn (201) 0.6 Wcm
A oV W——
0Wcm?
| T T ¥ T T I T T T T T I T T
20 30 40 50 60 70 80 90

Diffraction angle (20)

Figure 5.5 — XRD peaks showing a change of crystallographic orientations of Sn—Ni
alloy coatings deposited at different ultrasound p.d., in relation to its ED coatings, i.e.

at 0 W cm ™2, deposited from the same bath at same c.d. = 1.0 A dm™

There is also a formation of new peak NisSn2 (221) due to applied ultrasound field,
whose peak intensity was found to increase with an increase of p.d. The NizSn; (111)
phase is found to be characteristic of ultrasound field, and it observed to be increased
with p.d. as may be seen in Figure 5.5. Another interesting observation is that there is
a shift in the peak of NisSny (112) due to the effect of ultrasonication. When the

ultrasound p.d. is applied, the wt.% of Sn in the alloy coatings is increased, which is
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evident from the disappearance of the NisSn phase (a nickel-rich phase). Hence, it can
be concluded that ultrasound p.d. plays a vital role in composition, and hence the phase
structure of the coatings. The Sn—Ni alloy coatings were found to have an average grain
size of 13.7 nm, calculated from the diffraction peak width, using Scherrer formula,

given by Eqn. (3.4).

5.2.3 SEM Study of SED Sn—Ni Alloy Coatings

The surface morphology of Sn—Ni alloy coatings at differently applied ultrasound p.d.
(at 0, 0.6, 0.9 and 1.2 W cm™2) is shown in Figure 5.6. It may be noted that there are no
significant changes in the surface morphology of the SED coatings, which is inherent

of Sn—Ni deposit.

EHT= 800KV Signal A= SE2 Date 12 Jun 2015 m = SE2 ZEISS|
WD = 74 mm Mag= 500KX Time :11:36:51 || WD = 7.9mm Mag= 500K X Time :11:09:18
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Figure 5.6 — SEM micrographs of SED Sn—Ni alloy coatings developed under different
conditions of ultrasound p.d.’s: @) 0 W cm™2, b) 0.6 Wcem™2,¢) 0.9 W em 2 and d) 1.2
W cm ™2, deposited from the same bath at same c.d. (1.0 A dm™2)

Another interesting observation is that Sn—Ni alloy coatings show characteristic
microcracks on their surface as seen in Figure 5.6, which may be attributed to the

hydrogen embrittlement as envisaged by Zhu et al. (2002). According to which during
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alloy deposition, hydrogen gas remained adsorbed on the surface due to low hydrogen
overvoltage of Sn. The adsorbed hydrogen leads to the development of strain in the
deposit, which subsequently leads to the formation of microcracks on the surface. The
corrosion protection and other physical properties of binary/ternary alloy coatings
largely depend upon their phase composition. Hence any phase variation, affected by
altering the deposition conditions, is of great value and is subjected to materials

research (Ganesan et al. 2007).

Further, the experimental observation revealed that composition, phase structure
and surface morphology of Sn—Ni alloy coatings largely depends on ultrasound p.d.
used. Hence, corrosion resistance property of SED Sn—Ni alloy coating has been tried
to increase further by multilayer approach, using the same bath. SED multilayer Sn—Ni
alloy coatings have been developed by pulsing the ultrasound between p.d. 0.9 W cm2
(optimal p.d.) and 0 Wecm™ (as ton and torr, respectively), keeping other parameters
constant, i.e. at the optimal condition of c.d. = 1.0 A dm2, and pH = 8.6. The

experimental results are reported as below.

5.3 DEVELOPMENT OF SED MULTILAYER Sn-Ni ALLOY COATINGS

SED Multilayer Sn—Ni alloy coatings, having nano/micrometric layers of alloys (with
alternately different compositions), were developed by turning the ultrasound generator
ON (ton) and OFF (torr) periodically, during the process of conventional deposition.
The periodic modulation in mass transfer, due to the turning ON and OFF of the
sonicator probe, allowed the growth of coatings with periodic modulation in their
composition. In other words, periodic ON and OFF allowed the deposition to take place
in multilayers. SED layered coatings has been accomplished by the combined effect of
two driving forces: one is c.d., expressed in A dm~2, and another one is ultrasonic p.d.,
expressed in W cm~2. Here c.d. acts as the driving force for reduction of metal ions, and
p.d. for modulating the mass transfer process at EDL. The driving forces employed for
deposition of multilayer Sn—Ni alloy from the optimal bath (Table 4.1) under combined
effect of both c.d. and p.d. is shown schematically in Figure 5.2 (c), along with the
multi-layered deposit pattern on the right-hand side. The configuration of SED
multilayer Sn—Ni coatings is conveniently represented as (Sn—Ni)i2m, Where 1 and 2

indicate, respectively, ON time (ton) and OFF time (torr) of sonication (in seconds),
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and ‘n’ represents the number of layers formed during total deposition time (i.e. 300

seconds).

The properties of SED multilayer Sn—Ni alloy coatings, including their corrosion
behavior can be increased substantially by increasing the number of layers (usually up
to an optimal limit), without sacrificing the demarcation between each layer (Yogesha
et al. 2011). Generally, corrosion behavior of multilayer Sn—Ni alloy coating depends
upon a variety of factors, such as choice of electrolyte, bilayer numbers, and thickness
of each layer (Ganesan et al. 2007). Keeping this in view, multilayer Sn—Ni alloy
coatings (having a layered structure with alternate layers of an alloy of two different
compositions) have been developed by pulsing p.d. with different degree of layering.
This is accomplished by setting the sonicator to turn ON and OFF at regular time
intervals. Accordingly, multilayer Sn—Ni alloy coatings having 10, 30, 75, 100, 150 and
300 layers have been developed by programming the sonicator to go ON and OFF,
alternatively at 30, 10, 4, 3, 2 and 1 second interval, respectively, and their corrosion
behaviours have been studied, and reported in Table 5.2. It should be noted that during
periodic sonication, two layers of alloys of same metals but of different composition
(57.8 and 39.1 wt.% Sn) were found to be formed alternatively as the sonicator probe
go ON and OFF, evidenced by EDX data given in Table 5.1.

5.3.1 Corrosion Study
5.3.1.1 Polarization study

The potentiodynamic polarization behavior of SED multilayer Sn—Ni alloy coatings
with different degrees of layering is shown in Figure 5.7. It may be observed that the
corrosion resistance increased with the number of layers as evidenced by their corrosion
data, reported in Table 5.2. The successive decrease of CR with the number of layers
indicated that improved corrosion resistances are due to the layered coating, having a
distinct interface between layers. It is important to note that CR’s of multilayer coating
decreased drastically with increase in the number of layers up to 150 layers, and then
increased. i.e. multilayer coating having 150 layers, represented as (Sn-Ni) 2/2/150 Shows
the least CR.
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Figure 5.7 — Potentiodynamic polarization behavior of SED multilayer Sn—Ni coatings,

with a different number of layers developed from the same optimal bath at optimal c.d.

However, an increase of CR at a high number of layers (300 layers) may be
attributed to interlayer diffusion due to short relaxation time for metal ions, caused by
rapidly changing ultrasound effect. This may be explained as follows: During SED,
metal ions (Sn*2 and Ni*? ions) from the bulk electrolyte diffuse towards the cathode
and discharge as metal atoms, this process of mass transfer by diffusion is mainly
controlled by the ultrasonic effect. As the number of layers increased, ton for metals to
diffuse towards cathode is too small (1 s). Here, it should be noted that total time for
deposition remains same (300 s). Thus, at a high degree of layering, there is no
sufficient time for metal ions to relax (against diffusion under applied p.d.) and to
deposit (Yogesha and Hegde 2010, 2011, Venkatakrishna et al. 2011, Pavitra and
Hegde 2011). As a result, at a high degree of layering no modulation in the composition
is likely to take place, and hence no improvement in corrosion resistance was found.
Based on the corrosion data, (Sn-Ni)2/2/150 coating has been proposed as the optimal

coating configuration, developed from the bath for highest protection against corrosion.
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Table 5.2 — Corrosion data for SED multilayer Sn—Ni alloy coatings having a different
number of layers, deposited from same bath keeping other parameters constant, like
c.d. =1.0 Adm2, ultrasound p.d. = 0.9 W cm™

SED multilayer Total time taken

Sn-Ni allo for deposition, No. of E i CR
atioy t=300s layers cor o (x1072
coating (Vvs.SCE) uAcm o
, . tof  formed mmy)
configuration ton () (s)
(Sn-Ni)30/30/10 30 30 10 0.610 3.544 6.18
(Sn-Ni)10/10/30 10 10 30 0.589 3.113 5.43
(Sn-Ni)a/ar75 4 4 75 0.575 2.384 4.16
(Sn-Ni)3s3/100 3 3 100 0.591 1.622 2.83
(Sn-Ni)2/21150 2 2 150 0.610 1.128 1.97
(Sn-Ni)1/1/300 1 1 300 0.591 2.621 4,57
Monolayer Sn—Ni alloy
(Sn-Ni)1.oA dm™ DC monolayer 0.587 10.749 16.63
(Sn-N1i)1.0 A dm /0.9 W cm 2 SED monolayer 0.559 4.473 7.81

5.3.1.2 Electrochemical impedance spectroscopy study

In this technique, it is common to plot the data as imaginary impedance versus real
impedance with provision to distinguish the contribution of polarization resistance (Rp)
from the solution resistance (Rs). These plots are called Nyquist diagrams. Nyquist plots
of MED Sn—Ni deposits with a different number of layers were studied, and are shown
in Figure 5.8. The plots showed depressed semicircle in the studied frequency range
(100 kHz to 10 mHz). In addition, the increase of axial radius of the semicircle with
number layers was found. Impedance signals clearly indicated that the charge transfer
resistance (Rct) has increased progressively with a number of layers before it starts
decreasing. i.e. at 300 layers. Thus, impedance response of (Sn-Ni)zz1s0, iS
characterized by very high polarization resistance, Rp indicate that this coating
configuration is more stable than other coatings, in compliance with Tafel plots shown

in Figure 5.7.
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An increase of capacitive loop radius with a number of layers, shown in Figure 5.8
demonstrated that corrosion rate of multilayer coatings decreases with increase in the
number of layers (only up to 150), and then decreased. The electrochemical equivalent
circuit corresponding to (Sn-Ni)221150 has been simulated and is shown in the inset of
Figure 5.8. Where Rs is solution resistance, Ry is pore resistance, Rt is charge transfer
resistance and Q is the capacitance of EDL. Here R, refers to the resistance of ion
conducting paths developed in the coating due to the presence of microcracks, or due
to deformation of the coating at the topmost layer of the CMMA coating. These paths
are physical pores filled with electrolyte, i.e. corrosion medium. Accordingly, a good
agreement was found between experimental and simulated EIS response, corresponding
to (Sn—Ni)2/21150 coating. Hence it may be concluded that highest corrosion protection

of (Sn—Ni)2/2/150 coating is mainly attributed to charge transfer resistance (Rct).
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Figure 5.8 — EIS response of SED multilayer Sn—Ni alloy coatings, with a different

number of layers, developed from the same optimal bath at optimal c.d.

It is important to note that though there are some pores or the cracks on the surface
of the coatings, they do not affect the total performance of the coating when it is in
multilayers. This is due to the fact that the corroding medium reaches the substrate
(confirmed from the SEM cross-sectional analysis, shown Figure 5.10) only after

passing several such layers of different composition, one after another. The extended
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corrosion protections of multilayer alloy coatings, having pores/cracks are well
explained by Elias and Hegde (2015).

5.3.2 Comparison of SED Monolayer and Multilayer Sn—Ni Alloy Coatings

The decrease of CR’s, when the coating is changed from conventional monolayer to
SED monolayer and multilayer coating is confirmed from the data, summarized in
Table 5.2. The corrosion behavior of the monolayer (with and without sonication effect)
and SED multilayer Sn—Ni alloy coatings (all are under optimal conditions) are shown
comparatively, through Nyquist plots and potentiodynamic polarization curves in
Figure 5.9 (a) and Figure 5.9 (b), respectively.
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Figure 5.9 — Comparison of corrosion performance of monolayer (with and without
sonication effect) and SED multilayer Sn—Ni alloy coatings through a) Nyquist plots
and b) potentiodynamic polarization curves (developed under optimal conditions, from

the same bath for same duration)

From the data given in Table 5.2, it may be noted that a drastic decrease of CR’s
was observed due to sonication effect, compared to its conventional alloy coating.
Similarly, a drastic decrease of CR was found in the case of SED multilayer Sn—Ni
alloy coatings. It is supported by Nyquist and Tafel plots shown in Figure 5.8. Thus,
from corrosion data, it may be concluded that under optimal conditions, (Sn-Ni)2/2/150
coating is about 4 times more corrosion resistant (CR = 1.97 x 102 mm y 1) than SED
monolayer coating (CR = 7.81 x 1072 mm y%); and 8.4 times more corrosion resistant

than ED coating (CR = 16.63 x 1072 mm y 1), respectively.
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5.3.3 SEM Study of SED Multilayer Sn—Ni Alloy Coating

The SEM image of cross-sectional view of SED multilayer Sn—Ni coating with 10
layers, having alternatively different composition (5 each), represented as (Sn-Ni)3o/30/10
is shown in Figure 5.10. Clear demarcations on the cross section of the coating,
evidence the formation of layered coatings, developed due to the periodic pulsing of
p.d. during deposition. In other words, periodic modulation of ultrasound p.d. during
deposition allowed the formation of layers with the interface, separating two layers of
alloys of different composition. It may be further noted that in the total duration of 300
s coating of about 5 um (micron) thickness has developed on the substrate, as seen in
Figure 5.10. Therefore, it may be concluded that the SED multilayer Sn—Ni coating
under optimal condition, i.e. with (Sn-Ni)2/2/150 configuration, the average thickness of
each layer is found to be in the range of 33 nm. Thus, improved corrosion protection of
multilayer Sn—Ni alloy coating is due to nano/micrometric layering of alloys, affected

due to the periodic pulsing of the sonicator probe.

Cross sectional view of (Sn-Ni) 30/30/10
coating displaying 10 layers, including on top
o« =formed dueto periadic sonication
44"} - - :"BS)‘_ - . -

T

Figure 5.10 — SEM cross-sectional view of SED multilayer Sn—Ni coating, represented
as (Sn-Ni)soz010 displaying 10 layers, having alternatively different composition
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5.4 CORROSION MECHANISM IN MONOLAYER AND MULTILAYER Sn-
Ni ALLOY COATING

The corrosion protection of the substrate (MS) by multilayer alloy coating in contrast
to its monolayer alloy coating can be convincingly explained by a pictorial
representation, shown in Figure 5.11. This mechanism is attributed by the selective
dissolution of several number of layers with alternating compositions (Elias and Hegde
2015). In Figure 5.11, it should be noted that Sn—Ni multilayer coating is represented
by 4 layers of alloys, where 2 layers of alloys have one composition (grey colour) which

is alternated by 2 layers of alloys with a different composition (blue colour), of same

thickness.
Multilayered Coating ~ Homogeneous Coating
Time for corroding ! \r \y’ Time for corroding
medium to penetrate : 3 medium to penetrate
through the coating to through the coating

reach the substrate, T, to reach the

ISussTRATE  [NNNNNSUBSTRATE]  <ubstrare, T,
Lateral spreading of E [ )
corrosion medium = - V

through interface

Penetration

of corrosion
medium directly
into substrate

(b)

Figure 5.11 — Schematic diagram representing the increased corrosion protection of
SED multilayer Sn—Ni alloy coatings compared to its monolayer coating: a) Corrosion
medium spreads laterally at the interface between layers and reduces the corrosion,
and b) Corrosion medium attacks directly to reach the substrate faster in monolayer

coating

When layered alloy coating comes in contact with the corrosion medium, the top
layer is exposed directly and gets corroded first. The layers present beneath are safe
until the breakdown of the topmost layer occurs. As the corrosive agent penetrates the

lower layers the corrosion product spreads laterally at the interface as shown in Figure
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5.11 (a). Once that layer breaks down, the lower layer gets exposed to the corrosive
medium and this process repeats layer after layer. Thus, if the number of layers is more,
the corrosive agent takes a longer time to penetrate through the layers and then into the
substrate. Hence, this process blocks or extends the path of the corrosive agent (Leisner
et al. 1996, Venkatakrishna and Hegde 2010). In the case of monolayer (both ED and
SED) Sn—Ni alloys, corrosion takes place continuously to reach the substrate directly
as shown in Figure 5.11 (b). Thus, the observed decrease of CR with an increase of a
number of layers may be attributed to increased number of layers, or interfaces
separating alloys of different composition. Here, the word ‘interface’ is used in the
sense of phase boundary separating alloys of different composition, but of the same
metals. Therefore, as the number of layers increases, the total surface area of phase
boundary (under given area of the coating) increases. This allows the corrosion medium
to spread laterally more than to filter directly into the substrate, as in monolayer coating
(Dobrzanski et al. 2005, Elias et al. 2016). Thus, it may also be concluded from Figure
5.11 that the total time required for the corroding medium to reach the substrate by
penetrating through the multilayer coating (T1) is much greater than that through the
monolayer coating (T2), i.e. T1>> To.

5.5 CONCLUSIONS
The SED multilayer Sn—Ni alloy coatings have been developed on MS by pulsing the
ultrasound p.d. periodically at EDL, parallel to the process of deposition and the

following conclusions are drawn.

1. Ultrasound effect decreases the CR of Sn—Ni alloy coatings by increasing the
Sn content of the alloy, which otherwise is not possible due to the inherent

limitation of the anomalous type of codeposition, followed by the bath.

2. Multilayer SED Sn—Ni alloy coatings, having layers in micrometric scale with
alternately changing composition, were developed by turning the sonicator ON

and OFF as required, keeping the c.d. constant.

3. Under optimal conditions, SED multilayer coating (Sn—Ni)2/2/150 is about 4 times
more corrosion resistant (CR = 1.97 x 1072 mm y ') than SED monolayer

coating (SN—Ni)1oadm 20owem 2(CR = 7.81 x 1072 mm y 1), and 8.4 times more

Department of Chemistry 103



Chapter 5

corrosion resistant than its ED coating (Sn—Ni)10aam2(CR = 16.63 x 1072 mm

y 1), respectively developed from the same bath for same time.

4. The improved corrosion protection of SED multilayer Sn—Ni alloy coating is
due to nano/micrometric layering of alloys of different composition (57.8 and

39.1 wt.% Sn), affected due to periodic sonication.

5. Improved corrosion protection of SED multilayer Sn—Ni alloy coatings is
attributed to the formation of more number of layers, changed phase structure

and surface morphology, supported by EDX, XRD and SEM study.
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CHAPTER 6

ELECTROCATALYTIC STUDY OF ELECTRODEPOSITED
Sn—Ni ALLOY COATINGS

This chapter explores the use of Sn—Ni alloy coating, electrodeposited on copper as an
electrode material for water splitting applications of both hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER). The experimental investigation on the
electrocatalytic behavior of as-deposited Sn—Ni alloy, developed ar different c.d.’s,
followed by its improvement via structural modification by electrochemical anodic
dissolution is reported here.

6.1 INTRODUCTION

Development of advanced electrode materials and optimization of their structural
design is considered to be very crucial to reduce the electrical consumption and improve
their efficiency for water electrolysis (Marozzi and Chialvo 2001, Losiewicz et al.
2004). Some Ni-based alloys, either binary (Solmaz and Kardas 2009, Zeng and Zhang
2014) or ternary (Campillo et al. 2002, Maslovara et al. 2013) with high catalytic
activities for HER have been successfully tested as efficient cathode materials. Of the
different catalyst, one of the best material for the HER is Raney-Ni (Chen and Lasia
1991, Chade et al. 2013), as it is comparatively inexpensive and highly active, without
a noble metal. In addition, some literature (Santos et al. 1992, Yamashita et al. 1993,
Jovi¢ et al. 2012, Jovi¢ et al. 2013, Vijayakumar et al. 2013) have reported that the
electrodeposited Ni—Sn alloys possess high catalytic properties for HER than Raney-Ni
electrode. Yamashita et al. (1993) investigated the relationship between the catalytic
activities for HER and reported that Ni—Sn alloy shows good chemical stability and
service life in alkaline water electrolysis. Santos et al. (1992) also reported that the
electroplated Ni—Sn alloys exhibit low overpotential for the HER in alkaline solution.
The increase of electrode surface area is one of the effective means of improving the
activity of electrodes. Porous electrodes are the center of interest in electrocatalysis,

especially for gas evolution, consumption reactions, batteries and fuel cells. The
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important increase in the real surface area obtained on such electrodes leads to high

apparent electrochemical activities (Lasia 1998).

The purpose of this chapter is to study the electrocatalytic activity of Sn—Ni alloy
coatings developed from the optimal bath (Table 4.1), under different conditions of c.d.
and to improve it further by anodic dissolution, relying on the fact that increase of active
surface area (by selective dissolution) can increase its electrocatalytic property. An
effort was made to correlate the increased electrocatalytic activity of the coatings with

their deposition c.d., chemical composition, morphology, and phase structure.

6.2 EXPERIMENTAL METHODS

6.2.1 Preparation of Sn—Ni Alloy Test Electrodes

The composition and operating parameters required to deposit a bright, smooth, and
uniform Sn—Ni alloy coating is reported in Table 4.1. The electrocatalytic behavior of
Sn—Ni alloy coatings was studied, by depositing it on a known surface area of copper,
taken in the form of either plate or rod (both having same specifications), depending on
the requirement. For compositional analysis, Sn—Ni alloy coatings were carried out on
a known surface area (2.5 cm x 2.5 cm) of the copper plate in 200 mL capacity cubic
cell (made of PVC material), by covering the remaining region of the plate with
cellophane tape. All electrocatalytic studies were made by coating the deposit on a
cross-sectional area of a copper rod (having 1.0 cm? surface area), fitted into a
customized glass cell, as shown in Figure 6.1. Copper substrate was ground to the
mirror finish, using grinding wheels of varying grade emery mops, and then degreased
using trichloroethylene. It was then electro-cleaned and pickled in 0.5 M HNO3 to
activate the surface prior to deposition and then rinsed with distilled water. Copper
substrate was used as the cathode in the electrochemical cell, and pure nickel plate of
same exposed surface area as an anode; maintaining a distance of 5 cm from each other.
Electrodepositions were carried out at different ¢.d.’s (1.0 — 4.0 A dm™2) for a constant
duration (600 s) to compare their electrocatalytic performance. The coatings are then
rinsed several times with distilled water, later dried in hot air, and then desiccated until

further testing.
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Figure 6.1 — Customized glass cell used for electrodeposition of binary Ni-M alloy
coatings on the cross-sectional surface area of a copper rod

6.2.2 Experimental Set Up

Electrocatalytic study of Sn—Ni alloy has been carried out using a three-electrode
tubular glass cell (customized), shown schematically in Figure 6.2. This experimental
setup enabled the quantitative evaluation of the electrocatalytic behavior of Sn—Ni alloy
deposited under different conditions of c.d.’s. The customized cell was designed to
collect the liberated H, and O2 gas, when the electrode is subjected to cathodic and
anodic polarization, respectively. The platinum electrode of 1.0 cm? surface area is used
as a counter electrode, placed at one end of the tube and as-deposited Sn—Ni alloy at
another end, which serves as a test electrode. SCE is used as a reference electrode and
its connection is established through Luggin's capillary with an Agar-KCl salt bridge to
eliminate the error due to iR drop. The cell is fitted with graduated tubes (burette),
which collects the volume of liberated gas (hydrogen and oxygen) by displacing the
solution, whose volume could be easily read. This arrangement helps in evaluating the
electrocatalytic efficiency of Sn—Ni alloy by measuring the amount of H> and O-
generated practically, at cathode and anode respectively.
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Reference electrode

Working electrode Counter electrode

Luggin capillary

Figure 6.2 — Three electrode tubular glass cell assembly used for quantitative
measurement of H> and O, formed on the surface of a Ni-M alloy coatings, used as
electrode material for water splitting reactions of HER and OER

6.2.3 Development of Microporous Sn—Ni Alloy Coating

Microporous Sn—Ni alloy coating was prepared by electrochemical anodic dissolution
of as-deposited Sn—Ni alloy. The electrochemical dissolution was carried out in 0.5 M
HCI solution, using as-deposited Sn—Ni alloy as an anode, and a copper plate as a
cathode to establish an electrochemical circuit. The current and the duration of
electrochemical dissolution were optimized for peak performance of the coatings for
HER, in the same 1.0 M KOH solution, on trial and error basis. A c.d. of 4.0 A dm2?,
for the duration of 5 min was found to be the optimal condition for imparting good
micro-porosity to as-deposited Sn—Ni alloy coating, by selective dissolution, without

destructing its microstructure.

6.3 RESULTS AND DISCUSSION

Sn—Ni alloy coatings, electrodeposited on a copper substrate at different c.d.’s was first
characterized for their composition, hardness, thickness, phase structure, surface
morphology, and corrosion resistance behaviors before testing them for water splitting
application of HER and OER, and the experimental results of that investigation are

detailed as follows.

Department of Chemistry 108



Chapter 6

6.3.1 Composition, Hardness and Thickness Analysis

Sn—Ni alloy coatings were electrodeposited galvanostatically on copper at different
c.d.’s, and their composition, hardness, and thickness are reported in Table 6.1. It can
be seen that the composition of all test specimens solely depends on the c.d. used for
its deposition. The wt.% of Sn in the deposit is found to be always more than that in the
bath, proving that Sn is more readily deposit-able metal in the bath. Furthermore, it was
observed that the proposed bath is able to deposit coatings having about 80.4% Sn at
low c.d. (1.0 A dm), which was found to decrease at high c.d. (62.4%). The high wt.%
of Sn at low c.d. range indicates that the bath follows the anomalous type of
codeposition (Brenner 1963, Raj 1993).

The hardness of Sn—Ni alloy coatings increased with c.d. due to the increase of Ni
content in the alloy, and its thickness obviously increased with c.d. as seen in Table 6.1.
The increase of thickness with c.d. is attributed to increased deposition c.d. and porosity

of the coatings.

6.3.2 Surface Morphology

Figures 6.3 (a) through (d) show in comparison, the morphology of various
electrodeposited samples, examined under SEM. A variation in the surface morphology
was observed as c.d. increased. The coating electrodeposited at 1.0 A dm=2is found to
be relatively compact and uniform as seen in Figure 6.3 (a) and as the c.d. increased,
the coatings showed rough and cauliflower-like morphology, with a porous structure
formed by aggregates of small grains. Coatings at higher c.d.’s also shows some
microcracks on its surface. The roughness of Sn—Ni coatings obtained at higher c.d.’s
was much more pronounced, as the nodules became well defined and separated as seen
in Figures 6.3 (¢) and (d). The rough morphology of the coatings obviously increases
the real surface area of the deposit, and it is expected to be beneficial for HER. The
progressive increase in the porosity with c.d. may be attributed to the formation of metal
hydroxide at cathode film due to local alkylation (an increase of pH) caused by excess

hydrogen evolution, during deposition.
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Figure 6.3 — SEM images of Sn—Ni alloy coatings deposited from the optimized bath at
different c.d.’s: a) 1.0 A dm™2 b) 2.0 Adm2,¢)3.0Adm2and d) 4.0 Adm?

6.3.3 X-ray Diffraction Study

The phase structure and grain size of alloy coatings are analyzed using XRD technique.
The XRD patterns of Sn—Ni alloy coatings, deposited at different c.d.’s from 1.0 to 4.0
A dm~2 is shown in Figure 6.4. As seen in Figure 6.4, the peaks at 20 values of 30.5°,
44.1°,50.2°, 77.7° and 89.6° correspond to characteristic peaks of NizSnz, which could
be assigned to (101), (110), (200), (004) and (114) reflection, respectively. The
hexagonal NizSnz (JCPDS No. 01-072-2561) peaks are consistent with the standard
patterns, which were identified using JCPDS-PCDFWIN powder diffraction software
package. Furthermore, the intensity of XRD peaks corresponding to NizSnz (200),
NizSnz (004) and NizSnz (114) phases are found to be decreased with the increase in
c.d. (from 1.0 to 4.0 A dm2). Therefore, it may be inferred that the c.d. has a profound

influence on the phase structure of the alloy coatings. The average crystallite size of the
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coatings was found to be 19 nm, calculated from full width half maximum (FWHM)

for all the peaks using Eqn. (3.4).

Ni,Sn, (PDF 01-072-2561)
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Figure 6.4 — XRD patterns of Sn—Ni alloy coatings deposited on a copper substrate at

different c.d.’s, using the optimal bath

6.3.4 Corrosion Stability

To qualify the electroplated Sn—Ni alloy coatings to use as an electrode material for
water splitting applications in 1.0 M KOH, they are subjected to a corrosion test in the
same medium. The corrosion behavior of coatings deposited at different c.d.’s was
evaluated by subjecting them to the potentiodynamic polarization study. The
potentiodynamic polarization curves of Sn—Ni alloy coatings, deposited at different
c.d.’s, are shown in Figure 6.5. Tafel extrapolation on such curves was used to
determine the corrosion potential (Ecorr), corrosion c.d. (icorr), and corrosion rate (CR)
(Venkatakrishna and Hegde 2010). The linear behavior, exclusively associated with the
cathodic branch is assumed to represent the cathodic reaction of hydrogen evolution

through reduction of water.
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Figure 6.5 — Potentiodynamic polarization behavior of Sn—Ni coatings deposited on

copper at different c.d.’s, using the optimal bath

The anodic branch, on the other hand, show inflection points characterized by two
different slopes at potentials more positive than corrosion potential. This is called
Kinetic barrier effect, most probably due to deposition of corrosion product (in the form
of a surface film) followed by its dissolution at increased anodic overvoltage (Dinodi
and Shetty 2014). The corrosion data, like Ecorr, icorr, and CRS, are reported in Table 6.1.
It may be noted from the corrosion data that Sn—Ni alloy coating at 1.0 A dm~2 (having
about 80.4% Sn) shows the least CR, i.e. 66.40 x 102mm y %, while coatings at higher
c.d.’s are more susceptible to corrosion. Furthermore, an increase of CRs at high c.d.
indicates that corrosion stability decreases with Sn content, evidenced by the data in
Table 6.1.

To investigate the electrocatalytic activity of as-deposited alloys, linear Tafel fit
was performed at the cathodic and anodic region of the polarization curve. The kinetic
parameters such as cathodic Tafel slope (5c), exchange current density (io), cathodic
overpotential (c) and anodic overpotential (17a) were determined from the linear part of

semi-logarithmic polarization plots, and are given in Table 6.2. From the data it clear
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that Sc obtained directly from slopes of Tafel curves is found to be least for the electrode
deposited at 4.0 A dm2, compared to coatings developed at lower c.d.’s, indicating its
improved electrocatalytic performance for HER. Furthermore, Sn—Ni alloy at 4.0 A

dm2 exhibits the highest i, further confirming its maximum efficiency for HER.

Table 6.1 — Composition, hardness, thickness and electrochemical corrosion

parameters of Sn—Ni alloy coatings deposited on copper, at different c.d. from the

optimal bath
Deposition wt.% Vicker Thickness —Ecorr icor  CR(x1072
c.d. Sn Hardness (um) (Vvs.SCE) (kAcm?) mmy?)
(Adm?) (V100)
1.0 80.4 148 8.8 0.290 31.94 66.40

2.0 68.3 161 10.6 0.321 42.51 80.10

3.0 65.1 172 12.1 0.355 51.07 93.93

4.0 62.4 193 13.4 0.323 53.31 96.12

Table 6.2 — Electrocatalytic kinetic parameters for HER and OER, determined on as-

deposited Sn—Ni alloy coatings, deposited on copper from the optimal bath

Deposition —fe o e Ma
cd. (Adm?) (mVdec') (uAcm? (Vvs.SCE)  (Vvs.SCE)

1.0 130.35 1.42 1.428 0.515
2.0 119.71 1.84 1.393 0.526
3.0 92.01 2.35 1.351 0.541
4.0 82.43 2.94 1.316 0.594

Generally, any good electrocatalyst for HER is required to have less applied 7¢ and

high i, to bring about the reaction more efficiently. Accordingly, from the Table 6.2, it
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is clear that Sn—Ni alloy developed at 4.0 A dm™2has the lowest #c (—1.316 V) signifying
its highest efficiency for HER. Similarly, it may be noted that Sn—Ni alloy developed
at 1.0 A dm 2show the lowest 7a (0.515 V), testifying its highest suitability for OER,

compared to other coatings.

6.3.5 Electrocatalytic Study

The HER and OER on metal/metal-based materials continue to attract great attention
among electrochemists. The steady-state equilibrium method is one of the simplest
techniques for investigating the electrocatalytic activity in alkaline water electrolysis.
In this direction, cyclic voltammetry (CV) and chronopotentiometry (CP) studies are
considered to provide a wealth of information with a set of parameters which are useful
for evaluation of electrode materials, as an electrocatalyst for water splitting
applications. In CV study, the hydrogen desorption peak area is one of the main
parameters among the electrode characteristics, and it depends on its active specific
surface area. Larger the active specific surface area, higher is the amount of hydrogen
produced during the reduction and adsorption on the electrode. Another important
parameter characterizing cathodic materials is the discharge/onset potential of
hydrogen determining the interception of the voltammetric curve tangent to the X-axis.
It represents the electrocatalytic properties of the cathodic material to be used for water
electrolysis, and thus, allowing the evaluation of energy consumption in hydrogen
production (Lupi et al. 2009).

In CP, a constant current is applied between the auxiliary and working electrodes,
and the variation of working electrode potential (measured with respect to the reference
electrode, SCE) is monitored. When the controlled current is passed through a cell,
between the auxiliary and working electrode initially its potential changes rapidly as
charge builds up at the electrode-solution interface until the potential is reached, at
which the electrolysis of an electroactive component of the solution on the surface of
electrode begins (Herraiz-Cardona et al. 2011). Hence, Sn-Ni alloy coatings
electrodeposited at different c.d.’s from the proposed bath were tested for
electrocatalytic activity for HER and OER in 1.0 M KOH, and the experimental results

are reported as follows.
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6.3.5.1 Electrocatalysis for HER

a) Cyclic voltammetry study

The water splitting ability of Sn—Ni alloy coatings, deposited at 1.0 to 4.0 A dm~ for
HER has been evaluated by CV study. To begin with, the electrocatalytic activity of
Sn—Ni alloy coating deposited at 1.0 A dm2was studied in the potential range of 0.0 VV
to —1.6 V at a scan rate of 50 mV s for 50 cycles. The scan rate (50 mV s?) was
selected, among different scan rates tried based on the best one showing clear peaks. It
was observed that the initial cycles showed larger cathodic peak current density (ipc)
that eventually decreased with an increase in the number of cycles. After about 30
cycles, the ipc was found to be constant, and CV curves were observed to retrace the
path of the previous cycle. This situation is corresponding to a condition where the rate
of adsorption of the H atom on the surface for formation of H gas is equal to the rate
of desorption of Hz gas (Thomas and Henze 2001). The CV curves for HER of as-
deposited Sn—Ni alloy coatings, deposited at higher c.d.’s is shown collectively in

Figure 6.6, and corresponding electrochemical parameters are given in Table 6.3.
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Figure 6.6 — CV curves demonstrating increase of cathodic peak current densities (ipc)

with deposition c.d.’s, for HER on the surface of as-deposited Sn—Ni alloy coatings
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From Figure 6.6, it may be noted that as-deposited Sn—Ni alloy coating formed at
4.0 A dm~2 exhibits the highest ipc (—0.086 A cm=2), compared with all other coatings.
The highest ipc values recorded at 4.0 A dm~2 may be attributed to more Ni content (37.6
wt.%) of the alloy compared to other coatings, deposited from the same bath.
Furthermore, it may be noted that the onset potential for H> evolution decreased as their
deposition c.d. increased, suggesting that more Ni content of alloy (deposited at high
c.d.) are more congenial for HER. Thus, the electrocatalytic behavior of as-deposited
Sn—Ni alloy deposits were found to have a close relationship with the c.d. employed, as
it is a deciding parameter for surface morphology, composition, and phase structure of
the deposits.

Table 6.3 — Electrochemical parameters for HER of as-deposited Sn—Ni coatings

developed at different c.d.’s from the optimal bath

Deposition Cathodic Onset potential ~ VVolume of
c.d. peak c.d. (ipc) HER H2 evolved
(A dm™) (Acm™) (Vvs.SCE)  300s (cmd)

1.0 —0.041 -1.34 10.5
2.0 —0.057 —-1.30 10.8
3.0 —0.070 -1.28 111
4.0 —0.086 —-1.26 114

An experimental study by Herraiz-Cardona et al. (2011) revealed that the intrinsic
catalytic activity of Ni-based electrodeposits for HER is mainly due to the catalytic
property of nickel (low hydrogen overpotential) and its counterpart (Sn having high
hydrogen adsorption ability). Hence, it may be concluded that the highest iy value
recorded by Sn—Ni coating at 4.0 A dm2is attributed to the synergistic effect of both
Ni (37.6 wt.%) and Sn (62.4 wt.%) content in the deposit (Lupi et al. 2009).
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b) Chronopotentiometry study

The CP study on as-deposited Sn—Ni alloy coatings, at different c.d. (1.0 to 4.0 Adm~
2), was made by applying a constant current of =300 mA cm2 for a duration of 1800 s.
The electrocatalytic activity of each as-deposited Sn—Ni alloy developed at different
c.d.’s was evaluated by measuring the amount of Ha liberated. The volume of H. gas
evolved due to electrolysis was measured quantitatively using a specially designed
glass setup (Figure 6.2). The nature of chronopotentiogram obtained for each sample is
shown in Figure 6.7, and volume of hydrogen gas liberated for the initial 300 s is given
in the inset. Experimental results showed that Sn—Ni alloy deposited at 4.0 A dm™
liberate the maximum amount of H», compared to other coatings deposited at lower
c.d.’s. This supports the fact that as-deposited Sn—Ni alloy at 4.0 A dm2is electro-

catalytically more active for HER.
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Figure 6.7 — CP curves of as-deposited Sn—Ni alloys, deposited at different c.d.’s under
impressed cathodic current of —300 mA cm ™2 for HER. The volume of H; evolved in

300 s on each electrode are shown in the inset

Furthermore, an initial sharp increase of potential soon after the initiation of
electrolysis was observed in all cases, followed by a steady-state potential response.

This can be explained by the progressive depletion of the electrolyzed species at the
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surface of the test (working) electrode, where reduction of H* ions from the solution
takes place to liberate to H gas, and eventually reaches a state of equilibrium between
H* ions and H2 (Thomas and Henze 2001, Ullal and Hegde 2014). The electrolysis
attains almost a constant potential in few seconds as seen in Figure 6.7. At this stage, a
hydrogen reaction takes place uninterruptedly on the electrode surface, where the
current is invested completely in converting H* ions into H gas. It is important to note
that the steady-state potential of as-deposited Sn—Ni alloy coatings decreased with c.d.,

confirming the fact that Hz evolution bears close relation with Ni content of the alloy.

6.3.5.2 Electrocatalysis for OER

a) Cyclic voltammetry

Sn—Ni alloy coatings, deposited at different c.d.’s was also tested for electrocatalytic
activity for OER in the same 1.0 M KOH medium in the same line as HER. The CV
experiments for OER on Sn—Ni alloy deposits were conducted in the potential range of
0.0 to 0.75 V at a scan rate of 50 mV s, and corresponding voltammograms are

recorded as shown in Figure 6.8.
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Figure 6.8 — CV curves for OER on as-deposited Sn—Ni alloy coatings deposited at

different c.d.’s showing their anodic peak current densities (ipa)
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The anodic peak current density (ipa) and onset potentials for continuous evolution of
O2 gas on each coating are reported in Table 6.4. From the electrochemical data, it may
be noted that the Sn—Ni alloy deposited at 1.0 A dm~ gave good activity toward OER
with maximum anodic peak potential (ips) of 0.167 A cm~2, and the least onset potential

(0.45 V), compared to the coatings developed at other c.d.’s.

Table 6.4 — Electrochemical parameters for OER on as-deposited Sn—Ni alloy coatings

developed at different c.d.’s from the optimal bath

Deposition  Anodic peak Onset Volume of O
c.d. c.d. (ipa) potential OER  evolved 300 s
(A dm™) (Acm™) (V vs. SCE) (cm?®)
1.0 0.167 0.45 13.3
2.0 0.141 0.47 12.8
3.0 0.118 0.49 12.3
4.0 0.069 0.50 11.1

b) Chronopotentiometry

Sn—Ni alloy coatings are tested for their OER efficiency also by CP technique in the
same line as discussed earlier. Coatings deposited from 1.0 to 4.0 A dm~2are subjected
to CP study, and corresponding chronopotentiograms are shown in Figure 6.9. The inset
in Figure 6.9 shows the relative amount of O liberated in 300 s. It may be noted from
the CP curves, initially, there exists a sharp increase in potential on each electrode
surface, which later remains stable throughout with continuous evolution of oxygen.
This increase in potential is attributed to the equilibrium state existing between the
newly formed O2 molecules and the ones that are escaping from the electrode surface.
The volume of O liberated corresponding to each test specimen is given in Table 6.4.
As seen from the data, the Sn—Ni alloy coatings developed at 1.0 A dm=2 could liberate
the highest quantity of O> compared to all coatings at higher c.d.’s. This behavior is
attributed to a specific composition of the alloy, showing a synergistic effect toward
OH™ adsorption and, hence, for OER. Furthermore, it may be noted that the steady-state
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potential of Sn—Ni alloy coatings increased with deposition c.d. confirming the fact that

O2 evolution bears close relation with Sn content of the alloy.

1.4 -

1.3 4

1.2

g i
1.1
7S
o 1a
; 1.0 4 o 124
(1]
= . —o—1.0 Adm™ s 10
0.9 —o0—2.0Adm™ 58
1 —+—30Adm? 56
0.8 1 —o— 4.0 Adm™ 5
] s L]
0.7 - ol

ISASNY ESUEY USRS EUSReS Ss) [N, FASS I P——— P—— S—— —m— ——— —
0 200 400 600 800 1000 1200 1400 1600 1800
Time (seconds)

Figure 6.9 — Chronopotentiograms of as—deposited Sn—Ni alloys for OER, at different
deposition c.d.’s under impressed anodic current of +300 mA cm™2. The volume of O,

evolved in 300 s on each test electrode is shown in the inset

6.3.6 Electrochemical Dissolution Treatment

The electrocatalytic activity of as-deposited Sn—Ni alloy coating was tried to improve
further by electrochemical dissolution method, by making it an anode. The process is
also termed as anodic dissolution. The Sn—Ni alloy deposited at 4.0 A dm~2 (optimal
c.d. for HER) was selected for anodic dissolution test. The anodic c.d. of 4.0 A dm™
arrived on the basis of a well-defined structural matrix of the alloy coating obtained
when observed under SEM. The surface of as-deposited Sn—Ni alloy coating appeared
to be bright, and after electrochemical treatment (anodic dissolution), the surface lost
its lustrous appearance and turned rough powdery. Figure 6.10 displays the SEM
micrographs of the surface morphology of Sn—Ni alloy coating (deposited at 4.0 A

dm~2) before and after the anodic dissolution. A well-defined micro-porous structure,
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responsible for increased surface area of Sn—Ni alloy coating can be seen in Figure 6.10

(b) compared to as-deposited alloy (Figure 6.10 (a)).

Smm BEEE 14 54 SEI

Figure 6.10 — SEM images of Sn—Ni alloy coatings deposited at optimal c.d. of 4.0 A
dm~2: a) as-deposited surface, and b) after anodic dissolution showing micro-porous

structure

The 3D Atomic Force Microscopy (AFM) image, showing the surface roughness
of Sn—Ni alloy coating (deposited at 4.0 A dm~2) before and after the anodic dissolution
is given in Figure 6.11. It is evident from the AFM image, shown in Figure 6.11 (b) that
after the dissolution treatment roughness of the coating increased with micro-pores
extended deep into the surface. The formation of these pores is vital for higher HER
efficiency, because of cracks, being filled with the electrolyte, renders a greater part of
the internal surface of Sn—Ni alloy, accessible to electrochemical gas evolution, than
would be possible in as-deposited Sn—Ni alloy. Numerous pores, as generated by
leaching lead to sufficiently short diffusion paths of dissolved hydrogen, for the fastest
release of the gas and for avoiding excessive gas accumulation and concentration
polarization in the micropores (Sheela et al. 2002). This increase in the surface area
results in lower overvoltage for HER which is reflected in the parameters derived from
the CV and CP study, given in Figure 6.12 and Table 6.6.
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(a) 130.9 nm

10um

Figure 6.11 — AFM images of Sn—Ni alloy coatings at optimal c.d. of 4.0 A dm™2: a)
as-deposited surface, and b) after anodic dissolution

The light and dark regions correspond to areas above and below the mean
elevation, respectively. Some parameters extracted from AFM image have been used
for characterizing Sn—Ni alloy surface topography. Among all parameters, the mean
roughness (Ra) is the most universally used one, which is defined as the average
absolute deviation of the roughness irregularities from the mean line over one sampling
length. In addition, root mean square roughness (Rq) represents the standard deviation
of the distribution of surface heights (Gadelmawla et al. 2002). The difference in the
morphology of as-deposited and anodically treated Sn—Ni alloy, responsible for the
improved electrocatalytic property are given through two parameters, like Ra and Rq in
Table 6.5.

Table 6.5 — AFM parameters of Sn—Ni alloy coatings deposited at 4.0 A dm2 before

and after electrochemical dissolution

Coating condition Surface roughness parameters
(10 um) Ra (nm) Rq (nm)
as-deposited Sn—Ni alloy 22.5 29.5
anodically treated Sn—Ni alloy 77.8 112
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i(Acm 2)

From the data shown Table 6.5, it is evident that the surface roughness of Sn—Ni
alloy coated at 4.0 A dm has increased after the anodic dissolution treatment. The
porous structure of Sn—Ni alloy coating, seen in Figure 6.10 (b) may be attributed to
the leaching of Sn and Ni during electrochemical dissolution, and is responsible for
increased surface area, hence better electrocatalytic behavior. The electrocatalytic
character of anodically treated Sn—Ni alloy coatings was studied by same CV and CP
methods as described earlier. The CV and CP curves of anodically dissolved Sn—Ni
alloy coatings, in comparison with that of as-deposited Sn—Ni alloy are shown in Figure
6.12 (a) and (b), respectively. Electrocatalytic parameters, like iyc, onset potential, and
volume H> liberated from CV and CP study respectively is reported in Table 6.6.
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Figure 6.12 — Electrocatalytic response of as-deposited and anodically treated Sn—Ni
alloy coatings, deposited at optimal c.d. (4.0 A dm2), through a) CV study, and b) CP

study (with volume of H> liberated in the inset)

The increased electrocatalytic property of Sn—Ni alloy coatings due to anodic
dissolution may be credited to the increased porosity, affected due to selective leaching.
Due to an increase of porosity, the metal particles residing in a pore of similar size are
more, and hence, a considerable part of its surface will be in intimate contact with the
pore walls and, therefore, favors hydrogen production (Wieckowski et al. 2003). Thus,
improved electrocatalytic activity after anodic treatment is due to increase in the
porosity of the coatings; which leads to an increase in the surface area of the coating,

thereby making more active metal atoms to come in intimate contact with the electrolyte
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(1.0 M KOH). The increased porosity is ascertained from the SEM image, shown in
Figure 6.10 (b).

Table 6.6 — Electrocatalytic parameters of CV and CP study for HER in 1.0 M KOH on
Sn—Ni alloy, deposited at 4.0 A dm 2 under different conditions

Coating ipcat 1.6 V. Onset potential VVolume of H»
condition (Acm?2)  forHzevolution  evolved 300s
(V vs. SCE) (cm?)
as-deposited —0.085 -1.26 11.4
Sn—Ni alloy
anodically treated —0.127 ~1.18 12.1
Sn—Ni alloy

6.3.7 Effect of Electrode Composition on Electrocatalytic Activity

The experimental results after an investigation on the electrocatalytic behavior of Sn—
Ni alloy coatings revealed that Sn—Ni alloys having 37.6 wt.% Ni (deposited at 4.0 A
dm2) and 19.6 wt.% Ni (deposited at 1.0 A dm2) are more favorable for HER and
OER, respectively. It may be further noted that electrocatalytic activity of Sn—Ni alloy
coatings for HER and OER increased linearly with Ni and Sn content of the deposit,
respectively (Tables 6.3 and 6.4). It was also reported that the HER efficiency bears a
close relationship with adsorption strength of hydrogen on the metal surface (Ngrskov
et al. 2005). If the M—Hags bond strength is too weak, activation of the hydrogen to the
metal surface is difficult. On the other hand, strong M—Hags bond blocks the available
reaction sites on the metal surface (Jaksic 2000). This suggests that an optimal M—Hags
bond strength is required for maximum HER to occur (Jaksic 2000, Ngrskov et al.
2005). Based on this, many reports stated Ni as the best non-precious metal with
suitable H—adsorption energy and can be enhanced through proper alloying with other
metals or non-metals (Jaksic 2000, Ahn et al. 2012). Thus, the better electrocatalytic
activity of Sn—Ni alloy coatings at high c.d. is due to the highest Ni content of the alloy.

Also, electrocatalytic activity of Ni for HER among the non-noble metals is highest,
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which on alloying with Sn in definite proportion imparts minimum hydrogen adsorption

energy, leading to the maximum evolution of H,. (Gomez et al. 1997, Ahn et al. 2012).

6.3.8 Mechanism of HER and OER

The electrocatalytic evolution of H> (HER) on the surface of Ni—M electrodes can also
be explained by the mechanism shown in Figure 6.13 (a). The HER in an alkaline
solution is considered as an amalgamation of three basic steps, two electrochemical
(Egn. (6.1) and (6.2)) and one chemical (Eqn. (6.3)).

M+ HO + e & MHays+ OH™ Volmer reaction (6.1)
MHags + H:O+ e = H21+M+OH Heyrovsky reaction (6.2)
MHags + MHags = Hz 1T+ 2M, Tafel reaction (6.3)

It can be observed that the initial step is an electrochemical reduction of the water
molecule, to give hydrogen adsorbed on the electrode surface by VVolmer reaction (Eqgn.
(6.1)), followed by Heyrovsky reaction (Eqn. (6.2)), an electrochemical step for
adsorbed hydrogen to produce H», and/or by chemical reaction i.e. Tafel reaction (Eqgn.
(6.3)). Choquette et al. (1990) have reported the HER mechanism based on the value of
cathodic Tafel slope, f.. It has been described that Tafel slope in range —66 mV dec!
corresponds to the Heyrovsky-Volmer mechanism, and in the neighborhood of —118
mV dec* follows Volmer-Tafel mechanism, and finally above —200 mV dec ! exhibit

the Tafel mechanism.

Tafel slope is an inherent property of a catalyst determined by the rate-limiting step
of HER. Hence, a lower fc means that a catalyst requires a lower applied overpotential
to generate a required current (Jiang 2015). Tafel slope (5c) values are determined from
the linear part of Tafel plots (Figure 6.5) of the coatings, and corresponding fc values
are reported in Table 6.2. In the present study, it can be seen that f. values of Sn—Ni
alloy coatings deposited at increasing c.d. fall in the range of about —118 mV dec ™.
Hence, it may be inferred that Sn—Ni alloy coatings follow Volmer-Tafel type of

mechanism for HER, and is shown schematically in Figure 6.13 (a).
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Figure 6.13 — Schematic diagram showing the mechanism of HER (a) and OER (b) on

the surface of Sn—Ni alloy coatings having definite composition, used as cathode and

anode respectively in 1.0 M KOH solution

Similarly, the OER proceeds in alkaline media via the steps sequentially shown below

(Chekin et al. 2014) and is shown schematically in Figure 6.13 (b)

OH_ — (OH)ads+ e_

(OH)ads + OH — (Oi)ads + HZO

(Oi)ads — (O)ads + €
Z(O)ads — O2 T

(6.4)
(6.5)
(6.6)
(6.7)

This behavior could be described by the adsorption of relatively large OH™ions on

the surface of an electrode, and at the same time, it overlaps with other processes like

oxygen reduction reaction. Therefore, improved OER activity of Sn—Ni coating,
developed at 1.0 A dm™ can be ascribed to the increased adsorption of OH™ ions
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through the formation of a semiconducting layer in the range of applied potential (Elias
et al. 2015).

6.4 CONCLUSIONS

Bright Sn—Ni alloy coatings has been developed on the copper substrate to use as an

effective electrode material for alkaline water-splitting applications. Electrocatalytic

study of as-deposited Sn—Ni alloy has been studied and is improved further by anodic

dissolution. The experimental results established the following conclusions.

1)

2)

3)

4)

5)

The Sn—Ni alloy coatings deposited at 4.0 A dm (having 37.6 wt.% Ni) and
1.0 A dm2 (having 19.6 wt.% Ni) was found to be the good electrocatalyst for
HER and OER, respectively in 1.0 M KOH medium, evident from CV and CP
studies.

Under working conditions of electrolysis, as-deposited Sn—Ni alloy coatings
deposited at 1.0 A dm found to be least susceptible to corrosion compared to
coatings developed at higher c.d.’s confirmed by electrochemical corrosion

tests.

The high electrocatalytic activity of Sn—Ni alloy coatings for both HER and
OER are specific of their composition, surface morphology, and active surface

area.

A drastic improvement in the electrocatalytic activity of anodically treated Sn—

Ni alloy was found, compared to its as-deposited alloy.

Improved electrocatalytic activity of anodically treated Sn—Ni alloy coatings is
attributed to the increased number of pores, making the more active metal atoms

to come in intimate contact with the electrolyte.
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CHAPTER 7

ELECTRODEPOSITION OF Ni-Mo ALLOY COATINGS
AND ITS ELECTROCATALYTIC ACTIVITY FOR WATER
SPLITTING REACTION

This chapter details the optimization of a new citrate bath for the production of bright
and uniform Ni—Mo alloy coating on copper by conventional electrodeposition (ED)
method (using DC). The performance of the coatings was evaluated in terms of its
ability to catalyze the hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) in 1.0 M KOH. Experimental results are discussed in terms of surface
micrograph, composition, and phase structure of the coatings, using SEM, EDX and

XRD analyses.

7.1 INTRODUCTION

From the literature, it is well known that though molybdenum (Mo) is quite
electroactive metal, it cannot be deposited by itself from its electrolytic bath (Brenner
1963). However, it can be deposited in the presence of another metal, through induced
co-deposition. Accordingly, in electrodeposition of Ni—Mo alloy, Ni stimulates the
deposition process, and is called the inducing metal; and Mo is called the reluctant
metal. Generally, it has been observed that in induced codeposition there is no
consistent trend in the reluctant metal content in the deposit with c.d. i.e., variations in
properties of electrodeposited Ni—Mo alloy coatings with c.d. is quite vagarious, and
hence the scope for studying the structure-property relationship of Ni—Mo alloy is quite
interesting. Studies on Ni oxides and hydroxides, when combined with Co, Mo, and Fe,
produced by several chemical, thermal and electrochemical routes (Lian et al. 1992,
Chi et al. 2005, Li et al. 2006) and high-energy ball mill method (Kedzierzawski et al.
2001), have been carried out in order to develop an efficient electrocatalyst. Arul Raj
and Venkatesan (1988) exhibited an improved electrocatalytic effect of
electrodeposited Ni—Mo alloys for HER than that of Ni and other Ni-based binary alloys
such as Ni—Co, Ni-W, Ni—Fe, and Ni—Cr. It was also reported that electrodeposited
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Ni—Mo alloy coatings exhibit good anticorrosive behavior, mechanical and thermal
stability (Chassaing et al. 1995). Non-toxic citric acid and its salts belong to the most
promising complexing compounds used in galvanic baths, which allow a variety of
electrodeposited coatings to be produced. Moreover, citrate aqueous solutions are
characterized by buffering, leveling and brightening properties, which allows in
obtaining galvanic coatings of good quality (Beltowska-Lehman and Indyka 2012).
Hence in the present study, the benefit of the electrolytic bath having mixed sulphate
solutions complexed with citrate ions is used to formulate a new Ni—Mo alloy bath. The
experimental conditions of bath composition and c.d. have been optimized for best
electrocatalytic activity for water splitting. The first part deals the conventional
electrodeposition (ED) and characterization of Ni—-Mo alloy coating using DC, and the

second part details its electrocatalytic study for water splitting applications.

7.2 ELECTRODEPOSITION OF Ni—-Mo ALLOY COATINGS

ED Ni—Mo alloy coating is accomplished by using DC, where mass transport of metal
ions towards cathode is accomplished through only natural convection i.e. due to
applied c.d. To begin with, a new citrate bath of Ni—-Mo alloy has been optimized
through conventional Hull cell method, explained elsewhere (Pardhasaradhy 1987).
Limiting conditions of bath composition and operating parameters have been arrived,
based on both quality and performance of alloy coatings. The composition and

operating parameters of the bath, arrived after optimization is given in Table 7.1.

Table 7.1 — Composition and deposition conditions of the optimized Ni—Mo bath

Bath Amount Operating parameters
constituents (gL

NiSO4.6H20 18 Anode: Pure Ni plate
Na:MoO4 48 Cathode: Copper
NasCsHs07 105 pH: 9.5

Temperature: 298 K
Deposition time: 10 min
Current density: 1.0 — 4.0 Adm 2
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Electrodeposition of Ni—Mo alloy coatings was carried out on copper substrate at
different c.d. (from 1.0 to 4.0 A dm2) using optimal bath with the setup as seen in
Figure 6.1, they are subjected to various analyses, and the results are reported below.

7.3 RESULTS AND DISCUSSION

7.3.1 SEM Analysis

The surface morphology of ED Ni—Mo alloy coatings, developed at different c.d.’s is
shown in Figure 7.1. It can be observed that the coatings deposited at 1.0 A dm™2 and
2.0 A dm2 exhibit a nodular structure, as shown in Figure 7.1 (a) and (b), respectively.
Then, as the c.d. increased the size of nodules increased, but fewer in numbers making

the surface smoother and uniform as seen in Figure 7.1 (c) and (d).

Signal A= SE1 Date 17 Feb 2016 EHT =15.00 kv Signal A = SE1

0K X Time :16: WD=75

1 um EHT =1500kv Signal A = SE1 Date :17 Feb 2016 1 um EHT =15.00kV Signal A= SE1 Date 18 Feb 2016
WD=75mm Mag= 2000KX Time :16:44:24. |_| WD = 9.0mm Mag= 2000KX Time 15:19:00

Figure 7.1 — SEM images of Ni—Mo alloy deposited from optimal bath at a) 1.0 A dm 2,
b) 2.0 Adm2,¢)3.0 Adm2and d) 4.0 Adm?
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Further, Ni—-Mo alloy coatings deposited at high c.d. were characterized by some
pin holes, attributed to the evolution of hydrogen during codeposition (Aaboubi 2011).
Thus, from SEM micrographs of Ni—Mo alloy coatings, it may be inferred that surface
morphology of the coatings bears a close relationship to applied c.d. From the data
shown in Table 7.2, it is evident that applied c.d. has a strong influence on the
composition of coatings as well. Further, it is evident that towards lower c.d. the wt.%
of Mo is high, which is characterized by a nodular coarse-grained structure. As the c.d.
increased, the wt.% of Ni also increased, which is responsible for the increased

electrocatalytic activity of the coatings for OER, as will be discussed.

7.3.2 AFM Study

The AFM is a powerful means to characterize the microstructure of the coatings, in
terms of their porosity and surface roughness. Accordingly, a 3D AFM image of the
Ni—Mo alloy coatings at 1.0 A dm™ and 4.0 A dm2 (only representative) have been

taken, and are shown in Figure 7.2 (a) and (b), respectively.

5

Figure 7.2 — 3D AFM images of Ni—Mo alloy coatings deposited at a) 1.0 A dm2, and
b) 4.0 A dm2

A clear difference in the surface roughness of the coatings was found when the c.d.
is increased from 1.0 A dm2to 4.0 A dm 2. Experimental data revealed that the average
roughness of coatings at 1.0 A dm 2 and 4.0 A dm2are 17.0 and 9.11 nm, respectively.

It is further supported by the visual observation, shown in Figure 7.2 (a) and Figure 7.2
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(b). Further, the high surface roughness of Ni-Mo alloy coatings, deposited at 1.0 A

dm~2 is in compliance with SEM micrograph, shown in Figure 7.1 (a).

7.3.3 EDX Analysis

The compositional analysis of Ni—-Mo alloys deposited at various applied c.d.’s was
carried out by EDX method, and experimental data are reported in Table 7.2. The EDX
spectrum of Ni—Mo alloy corresponding to 1.0 A dm™2 (only representative) is shown
in Figure 7.3 and their wt.% is reported in Table 7.2. A strong influence of the c.d. on
Mo content of the coating may be observed. It may be noted that Mo content of the
alloy is maximum, for the coating developed at 1.0 A dm™2 (38.3%), and it decreased

with an increase in c.d.

T 7+~ 1 1+~ r 1 1 1 1 17T S
0 2 4 i 8 10 12 14 16 18 20
Full Scale 8548 cts Cursor: 21.123 (0 cis) ke

Figure 7.3 — EDX spectrum of Ni—Mo alloy coating, deposited at 1.0 A dm~2 showing

the relative peaks corresponding to its Ni and Mo content

When compared to very high Mo content in the bath, the maximum Mo content of
the ED Ni—Mo alloy coating is only 38.3 wt.%. Further, it may be noted that an increase
of c.d. from 1.0 to 4.0 A dm™ resulted in the decrease of the Mo content to only about
5 wt.%. This unusual small variation of Mo content with c.d. may be attributed to the
complexation of metal ions which affects the static potentials of the parent metals
remarkably (Halim et al. 2012). In other words, the bath exhibits very low partial c.d.
for deposition of Mo (compared to its calculated iL), due to a low rate of mass transport
of electroactive species (Mo*? ions) from a pH dependent molybdate-citrate complex.
Hence, an unusual decrease of Mo content with c.d. is more due to change in pH (due
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to the evolution of H. gas), responsible for shifting the equilibrium of its citrate
complex, than due to change in its i. (Vayenas et al. 2008). This unusual change of
composition with the c.d. is a distinctive nature of induced co-deposition of Ni—-Mo

alloy as observed by Bratoeva et al. (2000).

7.3.4 XRD Study

XRD technique was used to determine the phase and crystallite size of the Ni—-Mo alloy
coatings at different c.d.’s. The characteristic XRD peaks of Ni—Mo alloys deposited at
1.0 A dm2to 4.0 A dm2 is presented in Figure 7.4. The XRD peaks at 20 = 22.3°,
43.3°, 50.4°, 74.03° and 89.8° represent tetragonal MoNis phase (Jaksic et al. 2000),
corresponding to the planes (110), (211), (130), (420) and (501), respectively, which is
in good agreement with standard pattern of MoNis (JCPDS No. 03-065-1533).
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Figure 7.4 — XRD patterns of Ni—Mo alloy coatings deposited at different c.d.’s from
the optimal bath

A gradual increase in the intensity of peaks with c.d. clearly, indicates that
deposition c.d. plays a significant role in structural property and composition of

coatings (Ullal and Hegde 2014). The grain size of the electroplated Ni—Mo alloy
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coatings, at different c.d., has been calculated using Scherrer equation (Egn. (3.4)). The
calculated average crystallite size of the coatings, deposited over the wide range of c.d.,

was found to be 22 nm.

7.3.5 Potentiodynamic Polarization Study

To assess the ability of Ni—Mo alloy coatings as an effective material for water splitting
applications, they are subjected to corrosion test in 1.0 M KOH (same medium in which
water electrolysis is to be studied) by potentiodynamic polarization method to
determine their stability in the said alkaline medium. The polarization behavior of the

coatings, corresponding to different c.d. is shown in Figure 7.5.
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Figure 7.5 — Potentiodynamic polarization curves of Ni—Mo deposits, developed at
different c.d. using optimal bath

The corrosion rates (CR’s) of Ni—Mo alloy coatings at different c.d. were
calculated by Tafel extrapolation method, and corresponding data are reported in Table
7.2. From the corrosion data, like Ecorr, icorr, fc and CR’s reported in Table 7.2, it may
be noted that the Ni—Mo alloy deposited at 4.0 A dm2 (having about 66.8 % Ni) shows

the least CR, i.e. 19.94 x 1072 mm y!, while coatings at lower c.d.’s are more
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susceptible to corrosion. Further, the decrease of CR towards high c.d. is attributed to
the increased smoothness and higher Ni content of the alloy coating (Table 7.2),

supported by SEM and AFM study as discussed earlier.

Table 7.2 — Corrosion data, like Ecorr, icor and CR of Ni—Mo alloy, electrodeposited at
different c.d., from the optimal bath

c.d. wt%  wt.% —Ecorr Icorr CR (><:|.0_2
(Adm™?)  Ni Mo (Vvs.SCE) (rAcm?) mmy?)

1.0 61.7 38.3 0.306 26.90 25.27
2.0 64.3 35.7 0.323 25.08 23.76
3.0 65.6 34.4 0.340 22.12 21.06
4.0 66.8 33.2 0.345 20.85 19.94

The exchange current density (io) is generally accepted as one of the most important
parameter describing the kinetics of the electrochemical charge transfer reaction at the
particular metal-solution interface and is a measure of electrocatalytic activity of the
cathode (Ylce et al. 2013). The electrocatalytic kinetic parameters, like i, and S, were
deduced from the linear part of semi-logarithmic polarization plots. Apparent i, values
were derived by extrapolation of Tafel plots to zero current potential. Accordingly, io,
S, and overpotentials (both cathodic () and anodic (#a)) for water splitting reactions
of both HER and OER corresponding to the coating at each c.d. have also been
determined from their potentiodynamic polarization curves, and are reported in Table
7.3. From the data in Table 7.3, it can be noted that Ni—Mo alloy deposited at 1.0 A
dm~2 shows lowest values for . and #c, highest value for i, proving that it is electro-

catalytically more active for HER than rest of the coatings developed at higher c.d.’s.
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Table 7.3 — Kinetic parameters for HER and OER on Ni—Mo electrode in 1.0 M KOH

solution, obtained from the potentiodynamic polarization curves

c.d. lo _ﬁc e Na
(Adm?) (Acm?) (mVdec? (mVvs.SCE) (mV vs.SCE)

1.0 3.18 115 438.7 234.8
2.0 2.89 116 441.6 233.7
3.0 2.64 118 4441 226.4
4.0 2.49 120 451.2 217.2

7.3.6 Electrocatalytic Study

The electrocatalytic behavior of any materials can be assessed on the basis of their
ability to catalyze the HER and OER since they are the fundamental process involved
in water electrolysis and fuel cell applications (Kubisztal et al. 2008). CV and CP
techniques are considered to deliver a wealth of information, required to understand the
suitability of test electrode for water electrolysis. Hence, Ni—-Mo alloy coatings,
deposited at different c.d.’s from the proposed bath have been subjected to
electrocatalytic activity test for HER and OER in 1.0 M KOH medium. The

experimental results are presented in the following sections.

7.3.6.1 Electrocatalytic behavior for HER

a) Cyclic voltammetry study

CV is a powerful tool to explore substantial information about the thermodynamics of
redox processes, the kinetics of heterogeneous electron-transfer reactions and of
coupled chemical reactions or adsorption processes. Hence, CV study on Ni—Mo
deposits developed at 1.0 to 4.0 A dm2 for HER was carried out in the potential range
of 0.0 V to —1.6 V, at a scan rate of 50 mVs* for 50 cycles. The cyclic voltammograms
for HER of Ni—Mo alloy deposits, developed at different c.d.’s are shown collectively
in Figure 7.6, and corresponding electrochemical parameters drawn are given in Table
1.4,
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Figure 7.6 — Cyclic voltammograms of Ni—Mo alloy deposits developed at different

c.d.’s with their cathodic peak current density, ipc for HER

Table 7.4 — HER parameters of Ni-Mo alloy deposits, developed at different c.d.’s

from the optimal bath

c.d. Cathodic peak  Onset potential ~ VVolume of H»

(A dm™) c.d. (ipc) for HER evolved 300 s
(A cm™2) (V vs. SCE) (cm3)
1.0 —-0.186 -1.28 12.0
2.0 —0.152 -1.30 11.5
3.0 -0.121 -1.31 10.8
4.0 —0.102 -1.33 10.2

From CV curves shown in Figure 7.6, it can be concluded that Ni—-Mo alloy
deposited at 1.0 A dm2 exhibits highest iy value (—0.186 A cm2), compared to all
other coatings. The highest ipc value recorded by the coating at 1.0 A dm™2 may be
ascribed to its highest Mo content (38.3 wt.%) when compared to other coatings. As

the wt.% of Mo in the alloy is increased, the onset potential for HER has shifted in the
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positive direction, favoring hydrogen generation with lower overpotential (Refer Table
7.3), as reported by Manazoglu et al. (2016). Therefore, this particular coating deposited
at 1.0 A dm2 showed the least onset potential as reported in Table 7.4. Further, it is
important to note that the observed onset potential for HER on Ni—Mo alloy, deposited
at 1.0 A dm= is —1.28 V, which is on par with the values already reported in the
literature (Elias and Hegde 2016, Yu et al. 2016). The enhanced HER activity of
Ni—Mo alloy coatings is due to the combination of both increased surface area and

catalytic activity of Ni, in the alloy matrix (McKone et al. 2013).

b) Chronopotentiometry study

The CP study on Ni—Mo alloy coatings, deposited at different c.d. (1.0 — 4.0 A dm™)
to analyze their efficiency towards HER was made by applying a constant current of
—300 mA cm 2 for the duration of 1800 s. The electrocatalytic activity of each Ni-Mo
alloy deposits was assessed by measuring the volume of H; liberated for initial 300 s.
The chronopotentiograms obtained for each sample are shown in Figure 7.7, with the

volume of hydrogen gases collected (in the inset), reported in Table 7.4.
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Figure 7.7 — Chronopotentiograms of Ni—Mo deposits, developed at different c.d.’s
under impressed cathodic current of —300 mA cm~2 (volume of Hz evolved in 300 s on

each test electrodes are shown in the inset)
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Experimental results showed that alloy deposited at 1.0 A dm™2 produces a
maximum amount of H,, compared to the coatings deposited at higher c.d., pointing the
fact that it is electro-catalytically more active for HER. Further, an initial change of
potential was observed in all samples, soon after the initiation of electrolysis followed
by a steady-state potential response. This may be due to sudden exhaustion of the
electrolyte components at the electrode surface, where H™ ions from the solution
undergo reduction to release H gas, and ultimately a state of equilibrium is established
between H* ions and H: during the process (Ahn et al. 2012, Ullal and Hegde 2014).
However, as the electrolysis further proceeds, almost a constant potential is achieved
as observed in Figure 7.7. At this stage, the evolution of hydrogen gas takes place
uninterruptedly on the surface of an electrode, where the current applied is spent

completely for conversion of H* ions into H2 gas.

7.3.6.2 Electrocatalytic behavior for OER

a) Cyclic voltammetry study

Figure 7.8 shows the cyclic voltammograms recorded for Ni—-Mo alloy coatings at 1.0,
2.0, 3.0 and 4.0 A dm2 in the potential range of 0.0 to 0.75 V at a scan of 50 mV s2.
The OER is believed to catalyze by the redox transitions of interfacial oxy-cations
between higher and lower oxidation states (Lee et al. 1996, Kim et al. 2012). Therefore,
OER of Ni—Mo alloy coatings is attributed to electrochemical properties of redox pair
just before the onset of oxygen evolution (Hu et al. 1997). The onset potential of oxygen
evolution is defined as the decomposition potential of water under the anodic
polarization because the OER is an irreversible reaction with a high activation
overpotential (Hu and Wu 2003). The values for ips and onset potentials derived from

the graphs for OER are reported in Table 7.5.
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Figure 7.8 — CV curves of Ni—Mo alloy coatings deposited at different c.d.’s

demonstrating their anodic peak current density ipa for OER, and their redox couples

are shown in the inset

From the recorded electrochemical parameters (Table 7.5), it may be noted that the
Ni—Mo alloy coating deposited at 4.0 A dm~2 shows maximum iz of 0.325 A cm™2, and
least onset potential of 0.44 V, compared to the coatings deposited at lower c.d.’s. Here,
it is important to note, from the nature of CV curves both ipa and onset potentials of
Ni—Mo alloy coatings has a strong dependency on the c.d. used. In other words, it
depends directly on the Mo content of the alloy. Oxygen evolution on the Ni—-Mo
coating deposited at 4.0 A dm™2 occurs at a less positive potential than on the alloy
deposited at lower c.d. (0.44 V) which is in agreement with the value reported in the
literature (Ullal and Hegde 2014, Elizabeth et al. 2017). This further confirms that alloy
coating at 4.0 A dm2 shows improved OER activity than the rest of the coatings. The
positive shift in redox potentials leads to the fact that oxygen evolution commences
immediately when the electrode potentials just reach the redox potential of this redox

couple, probably indicating a better catalytic activity for the OER (Hu and Wu 2003).
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Table 7.5 — Electrode kinetic parameters of OER on the surface of Ni—-Mo alloy

coatings electrodeposited at different c.d.’s from the optimal bath

c.d. Anodic peak  Onset potential ~ Volume of O
(Adm?)  c.d. (ipa) for OER evolved 300 s
(Acm™) (V vs. SCE) (cm?)
1.0 0.098 0.51 8.1
2.0 0.173 0.49 8.7
3.0 0.237 0.47 9.5
4.0 0.325 0.44 10.3

b) Chronopotentiometry study

The CP technique has been employed to estimate the OER activity of Ni—-Mo alloy
coatings in the same medium, following CV study in a similar manner as HER analysis,
with the quantity of O liberated during the study was also measured. The
chronopotentiograms for OER were recorded at a constant applied current of +300 mA
cm 2 (anodic) and the corresponding potential obtained were plotted against the time as
shown in Figure 7.9, with the volume of O, collected shown in the inset. Initially,
during the beginning of the analysis, a sharp increase in the potential was observed,
later this potential attains a stability, i.e. until the potential for the formation of O is
reached (by the oxidation of OH"). This stability is an equilibrium state associated with
the newly forming oxygen bubble and bubbles escaping from the surface of the
electrode (Brown et al. 1982, Kim et al. 2012).

Thus, from data obtained from i,c and ipa Values, onset potentials, the amount of
gases liberated and their overpotentials (Tables 7.4 and 7.5), it can be concluded that
ED Ni—Mo alloy developed at the lower c.d. (1.0 A dm™?) is more suitable for HER and
those at higher c.d. (4.0 A dm™2) are best suitable for OER. Hence, from the
experimental study for the electrocatalytic behavior of Ni-Mo alloy coatings deposited
under natural convection (by using only DC), it is finally deduced that the coatings
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deposited at lower and higher c.d.’s show good electrocatalytic activity towards HER

and OER, respectively and vice versa.
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Figure 7.9 — Chronopotentiograms of Ni—Mo deposits developed at different c.d.’s
under impressed anodic current of +300 mA cm~2 (volumes of Oz evolved in 300 s on

each test electrodes are shown in the inset)

7.4 MECHANISM OF WATER SPLITTING REACTION

To understand the mechanism of water electrolysis on the surface of ED Ni—Mo alloy
coatings, and the factors responsible for favored HER and OER under different
conditions of compositions, a well-known ‘spillover’ process of heterogeneous
catalysis has been proposed. It generally considers the synergism of transition metal-
based alloys for water electrolysis. Hence, it can be extended to Ni—Mo alloy coatings
as well. According to this theory, a simple cooperative functioning of the alloy
components is arbitrated via, rapid intra- and inter-particle surface diffusion of H ad-
atoms. It is postulated that Ni sites on the Ni—Mo surface influence proton discharge,
and serve as a hydrogen source for neighboring Mo sites which act as hydrogen ‘trap’
sites where the ion/atom recombination of adsorbed hydrogen atom to form hydrogen

molecule and its desorption is promoted more efficiently. Highfield et al. (1999)
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fundamentally ruled out any relationship between the electronic interactions among

Ni—Mo alloy and observed synergy.

The electrocatalytic evolution of Hz and O (i.e. for HER and OER) on the surface
of Ni—Mo alloy coatings having definite composition can also be explained by means
of a mechanism, as shown in Figure 6.13 (Chapter 6, Section 6.3.8). In alkaline media,
the HER pathway could follow through either the VVolmer—Tafel process, or Volmer—
Heyrovsky pathways, as seen in Figure 6.13 (a). Analysis of the HER mechanism for
Ni—Mo coatings has also been made on the basis of its f: values (Tasic¢ et al. 2013). In
the present study, it may be seen that ¢ values of Ni—Mo alloy coatings deposited at
increasing c.d. of Ni—Mo alloy (determined from the linear part of Tafel plots, see
Figure 7.5) fall in the range of about —118 mV dec?, confirming that HER on these
coatings follow the Volmer—Tafel mechanism (Choquette et al. 1990). The mechanism
of OER (Kubisztal and Budniok 2008) on Ni—Mo alloy is shown schematically in
Figure 6.13 (b). This behavior may be explained by the adsorption of comparatively
large OH™ ions on the electrode surface. Since the adsorption characteristics of the OH~
can lead to the formation of NiOOH on the electrode surface, the highest Ni content in
the coating (66.8%), electrodeposited at 4.0 A dm~2 mainly favors the OER.

7.5 CONCLUSIONS

The following conclusions are drawn on the basis of an experimental study carried out
on optimization, deposition, characterization and electrocatalytic study of Ni—Mo alloy
coatings, deposited by ED method.

1. A stable citrate bath of Ni—Mo alloy has been optimized for the best
performance of the coatings for good corrosion resistance and water splitting
applications (for both HER and OER) in 1.0 M KOH solution.

2. Experimental results revealed that Ni—Mo alloy electrodeposited at 1.0 A dm2
(having 38.3 wt.% Mo) and 4.0 A dm™ (having 33.2 wt.% Mo) shows better
electrocatalytic property for both HER and OER, respectively.

3. Ni—Mo alloy coatings developed at 1.0 A dm™2 exhibit a maximum cathodic
peak current density, ipc = —0.186 A cm2 at —1.6 V for HER and 4.0 A dm
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shows maximum anodic peak current density, ipa = 0.325 A cm 2 at 0.75 V for
OER.

4. The highest electrocatalytic activity of Ni—Mo alloy coatings for both HER and
OER, depending on deposition c.d. were attributed to their composition (in
terms of wt.% Ni and Mo), structure and surface morphology, supported by
EDX, XRD, SEM and AFM analyses.

5. Ni—Mo alloy coated at 4.0 A dm™? is said to be most corrosion resistant (19.94
x 10?mmy 1) in 1.0 M KOH medium, compared to coatings deposited at lower
c.d.

6. The experimental study demonstrated that Ni—Mo alloy deposit follows the

Volmer-Tafel type of mechanism for HER, supported by Tafel slope analyses.
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CHAPTER 8

EFFECT OF INDUCED MAGNETIC FIELD ON
ELECTRODEPOSITION OF Ni-Mo ALLOY COATINGS AND
ITSELECTROCATALYTIC ACTIVITY FOR HER

This chapter details the effect of induced magnetic field, during the process of
electrodeposition of Ni—Mo alloy coatings, and its electrocatalytic activity for
hydrogen evolution reaction (HER). The conditions of magneto-electrodeposition
(MED) for best HER performance has been optimized. A significant increase in the
electrocatalytic activity of MED Ni—Mo alloy was due to change in the crystallographic
orientation of alloy coatings, explained by magneto-hydrodynamic (MHD) effect. The
improved electrocatalytic activity of MED Ni—Mo alloy coatings are also compared
with that of conventionally electrodeposited (ED) alloy coatings, discussed earlier in
Chapter 7.

8.1 INTRODUCTION

During the past decades, the influence of a superimposed magnetic field on
electrochemical processes was extensively investigated (Tacken and Janssen 1995).
The most established impact on the electrochemical processes is the MHD effect
(Aogaki et al. 1975). This is a macroscopic effect, which induces additional stirring of
the electrolyte and as a result, mass transport is increased (Wassef and Fahidy 1976,
Rabah et al. 2004, Krause et al. 2004, Uhlemann et al. 2005, Ipas et al. 2007, Koza et
al. 2008, Koza et al. 2008). The resulting Lorentz force increases the convection of the
electrolytic solution, thus decreasing the concentration polarization and the ohmic
polarization, consequently increasing the limiting current density, i. (Lin et al. 2012).
It was found that convection could be also introduced on a microscopic level when a
magnetic field is applied parallel to the electric field. This is due to fluctuations in the
current distribution over the electrode surface, i.e. micro-MHD effect (Koza et al.
2008). Zabinski et al. (2009) considered that due to the MHD convection, the
morphology of the deposit was affected causing the high activity of Co—P alloy for
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HER. Fernandez et al. (2010) stated that the Lorentz force seems to be an important
factor governing hydrogen bubble release and that the bubbles are swept off the

electrode earlier than without magnetic field.

The experimental study made in Chapter 7, demonstrated that Ni—-Mo alloy
developed at c.d. = 1.0 A dm2 showed the highest electrocatalytic activity for HER,
deposited from the electrolyte bath shown in Table 7.1. However, its activity decreased
as the c.d. is increased. Hence, the electrocatalytic behavior of Ni—-Mo alloy coating
was tried to increase using the same bath at same c.d., by modulating the mass transfer
process at cathode film by inducing external magnetic field, parallel to the process of
deposition. In an effort to increase the electrocatalytic activity of HER, Ni-Mo alloy
coating was developed under the condition of induced magnetic field, called magneto-
electrodeposition (MED), using its optimized bath. It may be recalled that in MED
process, the mass transport of metal ions towards cathode is accomplished by both
applied c.d. and magnetic field intensity (B). Here, MED Ni—Mo alloy coating is
abbreviated as (Ni—Mo)gs=0.1 T/perp (Where 0.1 represents the applied magnetic field
intensity in Tesla, and perp. stands for a magnetic field applied in the perpendicular
direction). MED Ni—Mo alloy coatings were carried out at the different intensity of
magnetic field at constant c.d., and change in their crystallographic orientations,
responsible for the change in composition, surface morphology and phase structures
have been identified using advanced analytical techniques.

8.2 MAGNETO-ELECTRODEPOSITION OF Ni—-Mo ALLOY COATINGS

The MED of Ni—Mo alloy coatings has been accomplished by keeping the other
parameters constant except the applied magnetic field intensity, i.e. under optimal
conditions of deposition, like c.d. = 1.0 A dm™ and pH = 9.5. All depositions were
carried out in a custom-made glass setup, using the pre-cleaned copper rod as cathode
and Ni plate as an anode for the same duration (600 s) at room temperature (298 K)
from the same electrolyte bath shown in Table 7.1. The experimental setup used for
MED is shown schematically in Figure 8.1. The MED Ni—Mo alloy coating was carried
out under induced magnetic field of varying intensity, applied perpendicular to the

direction of metal ions (parallel to the plane of the cathode). The MED Ni—Mo alloy
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coatings were rinsed several times with distilled water, dried and desiccated until

further analysis.

(

Figure 8.1 — Schematic of the experimental setup used for development of MED Ni—Mo

alloy coatings

8.3 RESULTS AND DISCUSSION

8.3.1 Surface and Compositional Analysis

Change in the composition of Ni—-Mo alloy coatings due to the effect of induced
magnetic field is reported in Table 8.1. From the data, it can be inferred that the wt.%
of Ni (more noble metal) in the coating increases gradually with the intensity of
magnetic field (from 0.1 — 0.4 T). It is due to the fact that the applied magnetic field
increases the rate of mass transport of Ni*2 ions, which leads to the decrease of diffusion
layer thickness, as explained by Fick’s law of diffusion (Bard and Faulkner 2001). This
decrease of diffusion layer thickness eventually leads to an increase of i. of Ni, as will
be discussed in Section 8.4. Here, it is important to note that the i of only Ni increases,
compared that Mo, even though both Ni*? and Mo*2 ions are present in the bath. It may
be ascribed to the fact that Ni is more readily deposit-able metal than Mo. Experimental
results revealed that MED Ni—Mo alloy deposited at 0.4 T (at 1.0 A dm™2) exhibits the

maximum electrocatalytic activity for HER, with 65.4 wt.% Ni content.

SEM micrographs of MED Ni—Mo coatings at different magnetic field intensity

are shown in Figure 8.2. From SEM micrograph, it is evident that Ni-Mo alloy,
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deposited without the effect of magnetic field displays a rough surface (Figure 8.2 (a)),
compared to the MED coatings. It can be also noted that degree of smoothness increases

with the intensity of magnetic field, as seen in Figure 8.2 (b—e).

H WD = 75 mm Mag= 10.00 KX Time 116:00-17

Dute 28 Mar 2018 — Signal A= SE1 Date 28 Mer 2018 EISS|
WD= 65mm Meg= 1000KX Time :41:5300 H WD = 65mm Mag = 1000KX Time 1120321

Signal A= SE1 Date 28 Mar 2018 Signal A= SE1 Date 28 Mer 2018 ZEISS
H WD = 85 mm Mag= 1000KX Time 114123

ZEISS
H W= 65mm Mag= 1000KX Time 121943 .

Figure 8.2 — SEM micrographs of MED Ni—Mo alloy deposited under different
conditions of magnetic field intensity:a)B=0T,b)B=0.1T,c)B=0.2T,d)B=0.3
Tande) B=0.4T (applied perpendicular to the flow of metal ions)

This is due to the decrease in EDL thickness affected by induced magnetic field,
explained by earlier researchers (Fahidy 1983, Hinds et al. 2001). Another important
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observation is the formation of holes of varying size on the surface of the coatings
(Figure 8.2 (e)) which may be attributed to the bursting of hydrogen bubbles, formed
during deposition due to MHD effect (Aaboubi 2011). The formation of such
pores/holes increases with magnetic field intensity and is found to be maximum for the

coating deposited atB=0.4 T.

8.3.2 XRD Study

It is well known that magnetically induced co-deposition of metal ions obviously bring
change in the mass transfer process at EDL, and hence responsible for the change in
composition, surface morphology, and crystallographic orientation. Hence, XRD study
of MED Ni—Mo alloy coatings, deposited at different magnetic field intensity, i.e. B =
from 0.1 T to 0.4 T is carried out, and are shown in Figure 8.3, along with one coating
corresponding to no magnetic field effect (B = 0 T). The XRD patterns clearly show
that the peak corresponding to MoNis reflection is the prominent one in all coatings
(Jaksi¢ et al. 2000).
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Figure 8.3 — XRD patterns of Ni—Mo alloy coatings deposited at different magnetic

field intensity, in comparison with ED coating (deposited at B =0 T)
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Further, regardless of the condition/intensity of MED, the phase structure of alloy
coatings remained almost same. In other words, no new peaks have formed when
magnetic field strength was varied, except for the increase in peak intensity, as shown
in Figure 8.3. This confirms the fact that the applied magnetic field was able to increase
the wt.% of Ni in the deposit by increasing the i of Ni, affected by the MHD effect.
Further, the grain size of MoNis (420) plane was found to increase from 26 to 29 nm as
the intensity of magnetic field increased (from 0 to 0.4 T), displaying an improved

crystallinity of the coatings.

8.3.3 Potentiodynamic Polarization Study

The corrosion efficacy of MED Ni—Mo alloy coatings was studied in 1.0 M KOH
(medium in which electrocatalytic study is carried out) through potentiodynamic
polarization method. The corrosion rates (CRs) at different conditions of magnetic field
intensity were evaluated by Tafel extrapolation method. The potentiodynamic
polarization behavior of MED Ni—Mo alloy coatings is shown in Figure 8.4, and
corresponding corrosion data are reported in Table 8.1.
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Figure 8.4 — Potentiodynamic polarization behavior of MED Ni—Mo alloy coatings,

deposited under varying magnetic field intensity B, using the same bath at same c.d.
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Experimental data showed that Ni-Mo alloy coating, deposited at B = 0.3 T
having ~64.6 wt.% Ni, represented as (Ni—Mo)g=0.3 Tiperp IS proved to be the most
immune to corrosion, compared to other coatings. It showed a CR of 3.49 x 1072 mm
y 1, with the least icorr Value (3.68 uA cm2). Further, CR’s were found to decrease with
increase in magnetic flux density, up to B = 0.3 T, and then increased. This less CR of
Ni—Mo alloy is attributed to both surface morphology and composition of the coatings.
However, at a very high magnetic field strength (B = 0.4 T), the increase of CR is due

to increase of pores and pinhole on the surface of the coating.

Table 8.1 — Corrosion data of MED Ni—Mo alloy coatings deposited at the different
intensity of applied magnetic field B, using the same bath at same c.d.

Coating wt%  wt.% —Ecorr icorr CR (x1072
Configuration Ni Mo (VVvs.SCE) (wAcm?) mmy?)
(Ni—Mo)B=0 Tperp 617 383 0.306 26.90 25.27
(Ni-Mo)s=01Tperp  62.4  38.6 0.333 15.62 14.71
(Ni-Mo)s=02Tperp 635  36.5 0.348 10.75 10.16
(Ni-Mo)s=03T/perp  64.6 35.4 0.351 3.68 3.49
(Ni-Mo)p=o.4Tiperpy  65.4  34.6 0.349 5.34 5.08

The cathodic Tafel slope (fc), exchange current density (io), and cathodic
overpotential () at B = 0, 0.1, 0.2, 0.3, and 0.4 T were determined from the
corresponding cathodic polarization curves, and values are listed in Table 8.2. The
apparent i, was estimated by extrapolating the Tafel lines to the corresponding zero
current potentials. From the data given in Table 8.2, it is apparent that MED Ni—Mo
alloy coatings with configuration (Ni—Mo)g=0.4 Tiperp Shows lower 7. (—408.3 mV),
highest i, (3.60 A cm™2), and least S (100 mV dec™*) which points to the fact that this
electrode composition is most active for the HER, supported by the earlier research
(Merki and Hu 2011).
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Table 8.2 — Electrocatalytic kinetic parameters for HER on MED Ni—Mo coatings,

deposited at different magnetic field intensity B, using the same bath at same c.d.

Coating o —Pe e
Configuration wAcm?) (mVdec? (mVvs. SCE)

(Ni-Mo)e=otipery 239 115 438.7
(Ni-Mo)p=o1Tperp  3.34 111 431.2
(Ni—Mo)B=0.2 Tiperp 3.52 108 418.3
(Ni—Mo)B=0.3 T/perp 3.58 104 413.8
(Ni-Mo)s=0.4Tiperp  3.60 100 408.3

8.3.4 Hydrogen Evolution Reaction on MED Ni—Mo Alloy

Alkaline water electrolysis, using electricity generated by renewable energy sources, is
considered as an environmentally friendly route for the production of large volumes of
hydrogen gas, required by a possible hydrogen economy (Lyons and Brandon 2010).
In this direction, to evaluate the electrocatalytic activity of Ni-Mo alloy coatings
deposited at different conditions of superimposed magnetic field, they are further

subjected to the cathodic polarization of HER as discussed below.

8.3.4.1 Cyclic voltammetry study

CV tests have been considered as the best method to establish the discharge potentials
for the liberation of hydrogen gas onto the surface of different alloys. The
electrocatalytic activity of MED Ni—Mo alloy coatings was evaluated by CV method
in 1.0 M KOH, using the same experimental procedure as given in Section 7.3.6.1. CV
curves of MED Ni—Mo coatings with varying magnetic field intensity are shown in
Figure 8.5 and corresponding electrochemical data are given in Table 8.3. As shown by
data, given in Table 8.3, the cathodic peak current density (ipc) for MED Ni—Mo alloy
coating was found to increase with intensity of the magnetic field applied, and it reaches
its maximum for (Ni—Mo)s=0.4 T/perp (—0.274 A cm2) with least onset potential of —1.24

V, indicating that it is the most effective coating for HER activity. Thus, the highest iy
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value exhibited by (Ni—Mo)g=0.4 Tiperp May be attributed to high Ni content (65.4 wt.%)
of the alloy, and its increased surface area due to the pores/pinholes, formed as a result

of hydrogen liberation during MED.
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Figure 8.5 — CV curves of MED Ni—Mo alloy coatings, showing the increase in

cathodic peak current density (ipc) with magnetic field intensity for HER

Table 8.3 — Electrocatalytic parameters for HER on MED Ni—Mo coatings developed

at different magnetic field strength B, from the same optimal bath at same c.d.

Coating Cathodic peak  Onset potential  Volume of H;

Configuration c.d. (ipc) for HER evolved 300 s
(Acm™) (V vs. SCE) (cm?®)
(Ni—MO)Bzo T/perp —0.186 -1.28 12.0
(Ni—MO)Bzo.l T/perp —0.204 -1.27 12.4
(Ni—MO)Bzo.Z T/perp —0222 —126 129
(Ni—Mo0)B=0.3 T/perp —0.250 -1.25 13.5
(Ni—Mo0)B=0.4 Tiperp —0.274 -1.24 14.0
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8.3.4.2 Chronopotentiometry study

CP involves the study of voltage transients at an electrode upon which a constant
current is imposed. When a constant current is applied to an electrode, then its voltage
response is a measure of changes in the electrode processes occurring on its surface.
Therefore, CP study of the MED Ni—Mo alloy coatings was carried out at definite c.d.
of =300 mA cm2 (ideal c.d. used in industrial operations), and their resulting potentials
were measured vs. SCE, as a function of time for a period of 1800 s. The electrocatalytic
activity of MED Ni—Mo alloy coatings developed with different magnetic field strength
was evaluated by measuring the amount of Hz liberated. The volume of hydrogen gas
evolved as a product of electrolysis was measured quantitatively using glass setup
shown in Figure 6.2, and are reported in Table 8.3. The nature of chronopotentiograms
corresponding to each coating is shown in Figure 8.6, with the relative volume of

hydrogen gas liberated for initial 300 s shown in the inset.
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Figure 8.6 — CP curves of MED Ni—Mo alloy coatings in comparison with ED Ni—Mo

alloy coating under impressed cathode c.d. of =300 mA cm~2 with the volume of H;

evolved in 300 s on each test electrodes shown in the inset
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From the nature of CP curves, it may be noted that MED Ni—Mo alloy, deposited
at B=10.4 T is found to liberate a maximum amount of H, gas (14.0 mL in first 300 s)
at least operating cathodic potential (around —1.65 V). Hence, Ni—Mo alloy deposited

at (Ni—Mo)g=0.4 T/perp 1S the most electroactive for HER, compared to all other coatings.

8.4 DISCUSSION

The observed increase of Ni content in the presence of magnetic field may be attributed
to increased i for deposition of Ni (more noble metal). This is explained as follows:
Generally, effects of plating variables on the composition of the electrodeposit are
determined by simple diffusion theory. In the region of the limiting current, when
electrode process is mass-transfer controlled, the value of the i is given by Eqgn. (4.1).
Thus, increase of i. for deposition of Ni, due to induced magnetic field can be best
explained through MHD effect. According to which, the induced magnetic field causes
the concentration gradient of Ni*? jons to increase drastically at cathode film by the
combined effect of both hydrodynamics and Lorentz force (Fahidy 1983). Hence,
induced magnetic field can increase the i by decreasing the diffusion layer thickness

(or EDL) as shown in Figure 8.7.
60
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Figure 8.7 — Diagrammatic representation showing decrease in the thickness of EDL
from do to Jp, due to the effect of induced magnetic field (Ebadi et al. 2010)
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Generally, the practical relevance of the application of a magnetic field in
electrochemical processes is potentially large; improved mass transfer in cells, better
deposit quality, and control of corrosion are just a few of many processes which can be
promoted. In addition, a magnetic field is a powerful scientific tool in reaction kinetics
and metal deposition or dissolution studies (Fahidy 1983). It may be noted that the H>
evolution activity of MED Ni—Mo alloy coatings has increased gradually with magnetic
field strength, used during deposition (Table 8.8). This increased activity is attributed
to two factors: (1) a gradual increase in the wt.% Ni (electro-catalytically more active
than Mo) in the deposit (Table 8.1), affected due to its increased i. as discussed earlier;
and (2) increased porosity due to cathodically formed hydrogen bubbles on the surface
at higher limits of magnetic field intensity which creates pores or pinholes on the
surface. As porosity increased, the metal particles residing in the pores will be exposed
more, and hence, a number of active sites will be increased (Wieckowski et al. 2003).
In other words, increased porosity leads to increase in the surface area, and thereby
making the most active metal (Ni) to come in intimate contact with the electrolyte (Elias
and Hegde 2016). Thus, it may be concluded that increased electrocatalytic activity of
H> evolution reaction onto the surface of MED Ni—Mo alloy coatings is due to the
combined effect of both increased porosity and wt.% of Ni, affected due to cathodically
formed hydrogen bubbles on the surface (during MED) and increased i of Ni,
respectively. Further, the better corrosion protection of MED Ni—Mo coatings
compared to ED alloy coatings is also attributed to its more homogeneous and smooth
surface. The smooth surface provides fewer sites for localized corrosion attack.
However, coating developed at highest intensity of magnetic field (B = 0.4 T) shows
the presence of some pores/holes caused due to excessive hydrogen evolution
(Shinohara et al. 2002, Rao et al. 2013), making the surface more irregular and thereby
increasing the active sites for the hydrogen adsorption. Hence, coating developed at B
= 0.4 T has enhanced the electrocatalytic property, and increased corrosion resistance
compared to coatings developed in the absence of induced magnetic field.
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8.5 MECHANISM OF HER

The electrocatalytic evolution of Hz on the surface of MED Ni—Mo alloy coatings
having definite composition can also be explained by the same mechanism, as shown
in Figure 6.13, with the same explanation detailed in Section 6.3.8. (Chapter 6) The
Tafel plots are shown in Figure 8.4 and the corresponding fc values are reported in
Table 8.2. It may be noted that all the slope values are in the range of —118 mV dec

confirming that the HER on these coatings follows Volmer-Tafel mechanism.

8.6 CONCLUSIONS
The electrocatalytic activity of Ni—Mo alloy coatings has been improved by
superimposing the magnetic field, parallel to the process of ED, and the following

conclusions are made:

1. The electrocatalytic property and corrosion performance of Ni—Mo alloy coatings
can be increased by many folds by taking the advent of induced magnetic field,

applied in the direction perpendicular to the deposition process.

2. The increased electrocatalytic activity of H> evolution reaction onto the surface of
Ni—Mo alloy coatings, deposited at higher limits of the magnetic field is attributed
to the cathodically formed hydrogen bubbles on the surface (during deposition) and

increased i_ of Ni, respectively.

3. The coating with (Ni—Mo)g=0.4 T/perp CONfiguration (developed at optimal c.d. = 1.0
A dm2and B = 0.4 T) is found to exhibit the highest electrocatalytic activity for
HER (with highest ipc of —0.274 A cm?, least onset potential of —1.24 V, and
highest volume of H liberated = 14.0 mL), demonstrated by CV and CP

experiments.

4. Ni-Mo alloy electrodeposited at B = 0.3 T shows nearly 7 times (3.49 x 1072 mm
y 1) more corrosion resistance than the alloy deposited without B (25.27 x 1072 mm
y).

5. Tafel slope analysis confirmed that HER on to the surface of MED Ni—Mo alloy

coatings follows VVolmer-Tafel mechanism.
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CHAPTER 9

EFFECT OF rGO ON ELECTROCATALYTIC ACTIVITY OF
HYDROGEN EVOLUTION REACTION ON Ni—Mo ALLOY
COATINGS

In this chapter, the effect of the addition of reduced graphene oxide (rGO) into Ni—Mo
bath, in terms of its ability to enhance the electrocatalytic property of Ni—Mo alloy for
HER in 1.0 M KOH solution is studied. The kinetics of electrocatalytic activity for HER
on Ni—Mo—rGO composite electrodes were investigated by CV, CP, and
potentiodynamic polarization techniques. The effect of integrating rGO into the alloy
matrix on surface morphology and phase structure of Ni—Mo alloy has also been

investigated.

9.1 INTRODUCTION

Nowadays, graphene, an emerging two-dimensional structure of free-standing carbon
atoms which are packed into a honeycomb-like crystal structure, are being predicted to
have numerous potential applications because of its unusual electron transport
properties and other distinct characters. Also, graphene based materials possess large
specific surface area, excellent conductivity, and availability for surface
functionalization, which are important characteristics in the electrochemical
applications (Kumar et al. 2013). The high conductivity of graphene makes it an
inexpensive alternative to carbon nanotubes (CNTs) (Cheng et al. 2011). Because of
the plane structure of graphene, both sides of graphene sheets could be utilized as a
support for catalysts (Luo et al. 2012). These properties make graphene a promising

and favorable catalyst support (Ojani et al. 2014).

In the present work, electrodeposition of Ni—-Mo alloys along with reduced
graphene oxide (rGO) is carried out on a copper substrate of a known surface area. The
rGO can facilitate charge transfer and ionic interchange to enhance electrocatalysis (Li
et al. 2011, Zheng et al. 2014). The enhancement of its electrocatalytic efficiency is
studied using electrochemical techniques like CV and CP in 1.0 M KOH medium.

Further, the stability of the electrocatalysts in the same alkaline medium is tested by
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potentiodynamic polarization technique, from the parameters derived via Tafel curves,

corrosion rates and HER mechanism pathway are determined as well.

9.2 MATERIALS AND METHODS

9.2.1 Synthesis of Reduced Graphene Oxide (rGO)

Graphene oxide is synthesized by modified Hummers method. In brief, natural graphite
flasks (1.0 g) and NaNOs (0.5 g) was mixed homogeneously in a 250 mL beaker, with
simultaneous addition of concentrated H2.SO4 (50 mL) under constant mechanical
stirring. KMnO4 (3.0 g) was then added slowly to the above mixture and stirred at a
constant room temperature (25 °C) for 1 hour. Later, distilled water (75 mL) was added
into the mixture and continuously stirred for 30 minutes at 95 °C. Finally, the mixture
of distilled water (100 mL) and H202 (1.0 mL) was consequently added to terminate
the reaction, at this stage the colour of the reaction suspension turned from brown to
yellow. Then obtained graphite oxide suspension was separated by centrifugation,
washed with distilled water and further sonicated to get graphene oxide solution. The
rGO is finally synthesized by microwave irradiation method. The resultant graphene
oxide solution was then irradiated with microwave radiation at 350 W for 10 minutes,
here the color of the reaction suspension turned black. The obtained black precipitate
of rGO was separated by filtration, washed several times with distilled water and dried

at 80 °C for 12 hours in vacuum to get rGO powder.

9.2.2 Electrodeposition of Ni-Mo—rGO Composite Coatings

The electrodeposition of Ni-Mo—rGO electrocatalyst was accomplished on a copper
substrate from an alkaline sulphate bath with composition and operating parameters as
given in Table 9.1. The electrolytic bath was prepared from analytical grade reagents
(Merck, India) and double distilled water. Then synthesized rGO (0.5 g L) was added
into the Ni—Mo alloy electrolyte bath. The rGO loaded bath was agitated ultrasonically
for 2 hours to ensure uniform dispersion. The copper rod was sealed with a Teflon tape,
leaving an exposed area of 1.0 cm? for electrodeposition. Further, the obtained
composite coating was subjected to electrochemical analysis in 1.0 M KOH solution.
The total time for electrodeposition was fixed at 600 s in all the cases for optimal

comparison.
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Table 9.1 — Composition and deposition conditions of the optimized Ni-Mo—rGO bath

Bath Amount Operating parameters
constituents (gL

NiSO4.6H20 18 Anode: Ni plate
Na:MoOg4 48 Cathode: Copper
NazCsHs07 105 pH: 9.5

rGO 0.5 Temperature: 298 K

Deposition time: 10 min
Current density: 1.0 — 4.0 A dm2

9.3 RESULTS AND DISCUSSION

9.3.1 SEM Analysis

With the addition of graphene to the deposition bath, as expected a change in surface
morphology of the coatings was observed. As shown in Figure 9.1, an apparent hybrid
structure is successfully produced. Nanoparticles are well dispersed on or covered
under the rGO sheets. It can be observed that the size of the nodules increases with
increase in c.d. but becomes few in numbers. Due to the high specific surface area of
graphene, the adsorption of the electrolytes onto the surface is expected to be very high.
On applying current, the electrolyte adsorbed graphene gets dragged towards the
cathode and gets incorporated into it along with the growing alloy layer. The adsorbed
metal ions on the graphene get reduced into metal atoms and deposit as an encapsulated
bundle of alloy particles within the graphene network (Figure 9.1). Such structural
changes due to the addition of graphene increase the surface roughness and hence
increases the electroactive surface area of the composite coating, which in turn
enhances the electrocatalytic activity of the binary alloy coating. The observation of
such structural changes due to the addition of graphene is of great importance in
understanding its significance in enhancing the electrocatalytic activity of the binary

alloy coatings (Subramanya et al. 2015).
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Figure 9.1 — SEM images of Ni—Mo—rGO composite coatings deposited from optimal
bath at (a) 1.0 A dm~2 (b) 4.0 A dm~2 displaying irregularly shaped graphene layers
embedded in Ni—Mo alloy matrix; (c) and (d) are magnified images showing layers of

graphene and encapsulated alloy nodules on the graphene network

9.3.2 EDX Analysis

EDX analysis was carried out to determine the presence of different elements in the
coatings. The EDX spectrum for Ni-Mo—rGO coatings (Figure 9.2) shows the presence
of Ni, Mo, O and C confirming the incorporation of rGO into the Ni—Mo alloy matrix
during electrodeposition. The composition of the Ni-Mo—rGO coatings is shown in
Table 9.2. From the data reported in Table 9.2, it is clear that c.d. has a great influence
on the composition of the coatings. Also, Ni-Mo—rGO electrodes prepared at 4.0 A
dm~2 contain the maximum carbon content 16.14% when compared to the coatings

deposited at lower c.d.’s.
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Figure 9.2 — EDX spectrum of the composite coating developed at 1.0 A dm~2 showing
the peaks for Ni, Mo, and C

Table 9.2 — Elemental composition of Ni-Mo—-rGO coatings deposited at different
c.d.’s from the optimal bath

Coating wt.% wt.% wt.%

configuration Ni Mo C

(Ni-Mo—rGO)1.0Adm ™2 49.36 42.08 8.56
(Ni-Mo-1G0)2.0 A dm2 50.10 38.05 11.85
(Ni-Mo—rGO)30 A dm? 54.54 32.03 13.43

(Ni-Mo—1GO)4.0 A dm™ 57.55 26.31 16.14

It is well known that molybdenum in the metallic state cannot be electrodeposited
separately from an aqueous solution (Marlot et al. 2002), but it can be co-deposited
with ferrous metals forming an alloy. This phenomenon is so-called induced co-
deposition (Brenner 1963). In the induced co-deposition, the behavior of individual
metal is irregular and difficult to predict, which reflects the complicated mechanism of
the alloy formation. During this process, the discharge of Ni (I11) and Mo (V1) complex
ions and hydrogen evolution occur on the cathode at the same time. However, besides
the induced co-deposition of metallic molybdenum, low valence state oxides of
molybdenum reduced from Mo (V1) may exist in the deposited films (Chassing et al.

Department of Chemistry 165



Chapter 9

2004, Jovi¢ et al. 2008). Hence, the element O found in the EDX spectrum probably

comes from the oxides of molybdenum in the film.

9.3.3 XPS Analysis

XPS analysis was also performed to determine the chemical states of the elements in
Ni—-Mo—rGO and Ni—Mo alloy deposits which are very important for the
electrochemical and catalysis behavior. Figure 9.3 (a—d) displays the chemical
composition and states of Ni-Mo—rGO and Ni—Mo coating. From the survey spectrum

(Figure 9.3 (a)) the presence of C, Ni and Mo peaks were observed.

(a) Ni-Mo-rGO S
=

»

s
> 2
= £
c c
K] . 2
£ Ni-Mo =

0 200 400 600 800 1000 850 860 870 880
Binding energy (eV) Binding energy (eV)
(c) Mo 3d 3d5/2 +6 (d) C1s
3d 372
3i2
> 3d,, +2 +6 2
2 +2 2
< -]
2 €
£ m £
229 225 228 231 234 237 276 280 284 288 292 296
Binding energy (eV) Binding energy (eV)

Figure 9.3 — Survey spectrum (a) and high-resolution spectrum of Ni 2p (b), Mo 3d (c)
and C 1s (d) of Ni—Mo—rGO and Ni—Mo coatings

The high-resolution Ni (Figure 9.3 (b)) XPS spectra shows that the binding
energies of Ni 2pz» (+2 = 852.2, +3 = 855.6) and Ni 2p1» (+2 = 869.4, +3 = 873.3) for
Ni—Mo—rGO and Ni 2p3; (+2 = 852.6, +3 = 855.9) and Ni 2p12 (+2 = 869.8, +3 =
873.7) for Ni-Mo and its satellite, respectively. The high-resolution Mo (Figure 9.3
(c)) XPS spectra shows that the binding energies of Mo 3ds (+6 = 235.2, +2 = 230.7)
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and Mo 3ds; (+6 = 232.1, +2 = 227.7) for Ni-Mo—rGO and Mo 3ds/; (+6 = 235.6, +2
=231.1) and Mo 3dsp, (+6 = 232.4, +2 =228) Ni—Mo, respectively. However, from the
peak positions it is observed that the Ni and Mo binding energy peak in Ni-Mo—rGO
is negatively shifted as compared to Ni-Mo sample (AE = 0.3-0.4 eV) (Figure 9.3 (b)
and 9.3 (c)) indicating the existence of electron transfer process between Ni—Mo and
rGO network, which is beneficial for increasing the catalytic activity and also
favourable for stabilizing the electronic and ionic conductivity. High resolution
spectrum of C 1s shows the peak located at 284.7 eV, which corresponds to the carbon
of the rGO (Figure 9.3 (d)).

9.3.4 XRD Study
XRD was used for the structural characterization of the Ni-Mo—rGO composite

coating. The obtained diffraction patterns are shown in Figure 9.4.
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Figure 9.4 — XRD patterns of Ni-Mo—rGO composite coatings deposited at different

c.d.’s

As observed in Figure 9.4, the peaks at 22.3°, 43.3°, 50.4°, 74.03° and 89.8° are
the characteristic peaks of tetragonal MoNis phase (JCPDS no. 03-065-1533),
corresponds to (110), (211), (130), (420) and (501) planes (Jaksi¢ et al. 2000). As seen

from the XRD patterns, there was no apparent reflections of rGO, this could be ascribed
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to the lower percentage of rGO in the coatings. The grain size was obtained from the
XRD line broadening analysis of the peaks using Scherrer equation (Eqn. (3.4), chapter

3). On calculating, the average crystallite size of the coatings was found to be 25 nm.
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Figure 9.5 — XRD patterns of Ni-Mo alloy and Ni-Mo-rGO composite coatings
deposited at 4.0 A dm2, along with the XRD pattern of rGO shown in the inset

Figure 9.5 shows the comparison of diffraction patterns of Ni—Mo alloy coating
and Ni-Mo—rGO composite coating deposited at 4.0 A dm™. From the graph, it is
evident that there are no significant changes in the crystallographic orientation after the
addition of rGO, however, the intensity of (420) plane is reduced substantially
indicating the reduction in its crystallinity. The values of Scherrer parameters for (420)
plane of Ni-Mo and Ni—-Mo—rGO composite coatings are given in Table 9.3. The
crystallite size of (420) plane of the composite coating was 24.1 nm against the 29.6
nm of Ni—Mo alloy coating. This reduction in the crystallite size of the composite
coating was further supported by higher peak width in their diffractograms. This
increase in peak width of composite coating exhibited the influence of graphene on the
Ni—Mo coating. During the deposition of the composite coating, the incorporation of
graphene into the matrix enhances the nucleation by creating disorder. The diffusion of

graphene towards the growth centers on the surface caused a detrimental effect on the
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crystal growth. This increase in the nucleation growth and retardation in the crystal

growth is responsible for the reduction of the crystal size (Kumar et al. 2013).

Table 9.3 — Scherrer’s equation parameters of Ni-Mo and Ni—-Mo—rGO composite

coatings
Coating Configuration 0 hkl plane FWHM d (nm)
(Ni—Mo0)4.0 A dm 2 73.90 420 0.3361 29.6
(Ni-Mo—tGO)apoadm?  74.13 420 0.4137 24.1

9.3.5 Potentiodynamic Polarization Study

In order to evaluate the suitability of Ni-Mo—rGO composite electrode for the possible
industrial application, the electrochemical stability of electrode was investigated by
potentiodynamic polarization study. The corrosion behavior of the Ni-Mo—rGO
coatings was evaluated by Tafel plots. Figure 9.6 shows the Tafel curves of the
Ni—Mo—rGO composite coatings, and the CR’s of the coatings, deposited at different
c.d.’s is reported in Table 9.4.
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Figure 9.6 — Potentiodynamic polarization curves of Ni—Mo—rGO composite coatings
deposited at different c.d.’s
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Table 9.4 — Corrosion parameters like Ecor, icorr and CR’s of Ni-Mo—rGO composite

coatings deposited at different c.d.’s, using same optimal bath

Coating —Ecorr icorr CRx 1072

configuration (VVsSCE) (Acm?) (mmy?)
(Ni-Mo—1GO)1.0 A dm 2 0.290 21.50 12.56
(Ni-Mo—1GO)2.0 A dm 2 0.298 19.61 10.28
(Ni-Mo—1GO)3.0A dm 2 0.311 15.36 7.80
(Ni-Mo-1GO)4.0 A dm 2 0.315 9.91 4.69

From the corrosion data, it can be inferred that the Ni-Mo—rGO composite coating
deposited at 4.0 A dm2 (having about 57.6% Ni) shows the least CR, i.e. 4.69 x 1072

mm y 1, while the coatings deposited at lower c.d.’s are more susceptible to corrosion.
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Figure 9.7 — Comparison of Tafel curves of Ni—Mo alloy and Ni—Mo—rGO composite

coatings developed at same c.d.

Figure 9.7 compares the Tafel curves of Ni—Mo alloy and Ni-Mo—-rGO composite
coatings recorded under electrocatalytic working conditions. It can be observed from
the Figure 9.7 that curve ‘@’ is shifted to more positive potential compared to the curve
‘b’ indicating the more noble character of Ni-Mo—rGO composite coating and also its

icorr Value decreased significantly relative to the Ni—Mo alloy deposit. This shift of Ecorr,
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and a decrease in icorr indicates the higher corrosion resistance property of the composite

coatings.

In order to decouple the chemical composition related intrinsic activity of the
Ni—Mo—rGO composites towards hydrogen evolution, the effective exchange current
density, io for Ni-Mo—rGO electrodes were calculated. The io is derived directly from
the intercept by the extrapolation of Tafel slope to equilibrium potential. The optimal
HER electrocatalyst is the material that gives the highest current at the least
overpotential and this particular electrocatalyst shows a low f. and a large io values.

The kinetic parameters of the Tafel curves are given in Table 9.5.

Table 9.5 — Kinetic parameters obtained from the cathodic polarization curves for HER

on Ni-Mo-rGO composite coatings developed at different c.d.’s

Coating —1c —Pe lo
configuration (MVvs.SCE) (mVdec?) (uAcm™)
(Ni-Mo—rGO)1.0 A dm™ 401.6 89 4.31
(Ni-Mo—1G0)2.0 A g2 409.9 95 4.11
(Ni-Mo—T1GO)30 A dm2 419.5 98 3.92
(Ni-Mo—TGO)4.0 A g2 426.6 103 3.78

As it seen from the data given in Table 9.5, i, values decreases with the c.d. and
found to be maximum for the composite coated at 1.0 A dm2 indicating the better
efficiency of that electrode for highest HER activity. Furthermore, values of ¢ that
were directly obtained from slopes of Tafel curves, which increases with the increase
in c.d. This signifies to a better electrocatalytic behavior for HER by the coatings
developed at lower c.d. (1.0 A dm™) as it was found to have least A and highest i,
value. A lower Tafel slope means that a catalyst requires a low applied overpotential to
generate a required current. Since io is the measure of electron transfer rate of a catalyst
(Jiang et al. 2015), a higher amount of i, means the higher electrocatalytic activity

(Ojani et al. 2013), further proving the point.
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From Table 9.6, it can be seen that the i, for HER on the Ni-Mo—rGO electrodes
are obviously higher than that on Ni—Mo electrodes, showing that the intrinsic activity
of the Ni-Mo—rGO composite coating toward HER is remarkably higher than that of
Ni—Mo alloy coating. This suggests that the introduction of rGO into Ni—-Mo alloy
coating enhances its intrinsic electrocatalytic activity for HER in addition to an increase
in surface area (Xia et al. 2014).

Table 9.6 — Comparison of Tafel slope () exchange current density (io) and cathodic
overpotential (c) of Ni-Mo alloy and Ni-Mo-rGO composite coatings deposited at 1.0
Adm2and 4.0 A dm™

Coating —Be io —Mc
Configuration (mV dec™?) (uA cm™) (mV vs. SCE)
(Ni-Mo0)1.0 A dm 2 115 3.18 438.8
(Ni-M0)4.0 A dm2 120 2.49 451.2
(Ni-Mo—TGO)1.0 A dm 2 89 4.31 401.6
(Ni-Mo—1GO)4.0 A dm2 103 3.78 426.6

9.3.6 Cyclic Voltammetry

The electrocatalytic activity of Ni-Mo—rGO composite coating deposited at the c.d.
range of 1.0 A dm2 to 4.0 A dm2 for HER has been evaluated by CV method in the
potential range of 0.0 V to —1.6 V at a scan rate for 50 mV s* for 50 cycles. The CV
curves for HER of Ni—-Mo—rGO composite coatings are shown collectively in Figure
9.8, and corresponding electrochemical parameters are listed in Table 9.7. From the
data in Table 9.7, it is evident that ipc decreases with the increase in c.d. It can be
observed that Ni-Mo—rGO composite coatings developed at the lowest c.d. (1.0 A
dm~2) shows maximum ipc value (—0.517 A cm2), with the least onset potential (—1.06
V), proving that it is the most effective coating for HER activity, compared to other

coatings.
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Figure 9.8 — Cyclic voltammograms of Ni—Mo—rGO coatings deposited at different

c.d.’s showing their cathodic peak current density, ipc for HER

Table 9.7 — HER parameters of Ni-Mo—rGO coatings developed at different c.d.’s from
the optimal bath

Coating Cathodic Onset potential ~ Volume of H»
configuration peak c.d. (ipc) for HER evolved 300 s
(Acm™) (V vs. SCE) (cm3)
(Ni-Mo—rGO)1.0 A dm™ —0.517 -1.06 15.7
(Ni-Mo—rG0O)2.0 A dm™ —0.407 -1.09 14.4
(Ni-Mo—rGO)3.0 A dm™2 —0.314 -1.11 13.2
(Ni-Mo—1GO)4.0 A dm™ —0.222 -1.14 12.3

The onset potential is defined as the potential at which hydrogen evolution reaction
commences. For this study, the onset potential of HER is obtained by the intersection
of the extrapolated baseline current and the prolonged tangent of the cathodic linear
curve. Moreover, the measured onset potential of the Ni-Mo—rGO electrode for HER
was significantly more positive than that of the Ni—-Mo electrode as shown in the
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comparison graph of Figure 9.9. It may be observed that at —1.6 V, ipc for HER
decreases as the deposition c.d. increases and is approximately 3 times better than that
of binary Ni—-Mo alloy coating (Figure 9.9). This increase in the ipc can be attributed to
the increased electrochemically active surface area of the electrode, which is supported
by the increased area covered under the CV plot. Therefore, it can be concluded the
Ni—Mo—rGO composite electrode displayed considerably higher electrochemical
activity for hydrogen evolution and better electrocatalytic performance by reducing the
overpotential of HER. Apparently, the enhanced performance of Ni—Mo-rGO
electrode toward electrocatalytic activity of HER is strongly credited to its chemical

composition and the microstructure (Xia et al. 2014).
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Figure 9.9 — Comparison of CV curves for HER on the surface of Ni—Mo alloy and

Ni—Mo—rGO composite coatings deposited at same c.d. (1.0 A dm2)

9.3.7 Chronopotentiometry

To test the electrocatalytic activity and stability of a catalyst, CP was employed as a
suitable technique. An electrochemical technique in which a controlled current, usually
a constant current, is caused to flow between two electrodes; the potential of one
electrode is monitored as a function of time with respect to a suitable reference

electrode. The solution is usually, but not necessarily, unstirred and contains an excess
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of a supporting electrolyte so that diffusion is the principal mechanism of mass
transport. Conventional industrial low-pressure alkaline electrolyzers operate usually at
c.d.’s from =100 mA cm2 to —300 mA cm 2 (Tasi¢ et al. 2013). Figure 9.10 shows
chronopotentiograms of Ni-Mo—rGO composite coatings deposited at different c.d.’s
and the volume of H; gas liberated is shown in the inset, for initial 300 s. As observed,
for all of the modified electrodes, the electrode potential reached a constant value after

some time.
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Figure 9.10 — Chronopotentiograms of Ni—Mo—rGO composite coatings, deposited at

different c.d.’s under impressed cathodic current of —300 mA cm~2 with the volume of

H, evolved in 300 s on each test electrodes are shown in the inset

It can be seen that coating corresponding to 1.0 A dm™2 shows maximum liberation
of Hy, due to excess reduction of H* ions as there are plenty of active site for their
adsorption, provided by the graphene incorporated binary alloy matrix. This is further
proved by the substantial reduction in the operating cathodic potential (—1.51 V) of
Ni—-Mo-rGO composite coating as compared to its binary alloy coating (—1.74 V).
Also, the volume of hydrogen gas liberated in first 300 s was found to be much higher

in the case of composite coatings, as shown graphically in the inset of Figure 9.11.
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Figure 9.11 — CP curves at —300 mA cm 2 recorded for Ni—Mo alloy and Ni—Mo—rGO

composite coatings developed at 1.0 A dm2. The inset chart shows the volume of H:

liberated in 300 s on each of the electrodes

9.3.8 Mechanism for HER

Tafel slope has often been used to identify the mechanism and rate-limiting step of
HER. These characterization techniques revealed that the HER mechanism in high
alkaline media consisted of the three following steps (Safizadeh et al. 2015): i) electro-
reduction of water molecules with hydrogen adsorption; VVolmer reaction (Eqn. 6.1)) ii)
electrochemical hydrogen desorption; Heyrovsky reaction (Eqn. (6.2)) iii) chemical
desorption; Tafel reaction (Eqn. (6.3)). The electrocatalytic HER on Ni—Mo—rGO
composite coatings can also be explained by means of a mechanism, shown in Figure
6.13 (Chapter 6, Section 6.3.8). For a complete HER, the combinations of Volmer—
Heyrovsky or Volmer—Tafel mechanism should be involved to produce molecular
hydrogen. The Tafel plots are shown in Figure 9.6 and the corresponding . values are
reported in Table 9.5. The Tafel slope for Ni-Mo—rGO was found to be around the
theoretically obtained value of —118 mV dec ™ indicating that the rate-limiting step was
the Volmer—Tafel mechanism (Eqn. (6.1) and (6.3)) of the HER (Choquette et al. 1990).
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When compared with the binary alloy coating rGO induced Ni—Mo alloy shows
better catalytic activity towards hydrogen production, this is because graphene acted as
a communicating platform in facilitating the electron transfer and transport during the
HER. As a result, the ohmic loss of the whole system was reduced and the c.d. of the
HER was enhanced. Therefore, the improved HER performances of Ni-Mo—rGO could
be also attributed to the high specific surface area and excellent electrical conductivity

of graphene present in the alloy matrix (Huang et al. 2016).

9.4 CONCLUSIONS

In this study, a simple electrochemical method was used to synthesize an electrocatalyst
consisting of graphene. Ni-Mo—rGO composite coatings were electrochemically
deposited on a copper electrode and characterized by different techniques in view of
their possible applications as an electrocatalyst for the HER in alkaline solution. Based

on the above experiments following conclusions are drawn.

1 The introduction of rGO into Ni-Mo alloy matrix provided an abundance of

available edge sites for HER.

2 With the highly-exposed edge sites, Ni-Mo—rGO film achieved an excellent
electrocatalytic activity towards HER with a low 7: (—401.6 mV) and large io
(up to 4.31 uA cm?).

3 The best coating exhibits a maximum iy of —0.517 A cm~2at —1.6 V, which is
approximately 3 times better than that of binary Ni—-Mo alloy indicating higher

activity for hydrogen production.

4. Tafel slope analysis revealed that HER on the surface of composite coatings

follows Volmer—Tafel mechanism.

5. The prepared Ni-Mo—rGO composite coating shows 4 times better corrosion

stability in the alkaline medium than Ni—Mo alloy electrodes.

6. The highest electrocatalytic activity for Ni-Mo—-rGO composite coating is
attributed to a synergistic effect between binary alloy and rGO, in terms of

composition and increased surface area.
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CHAPTER 10

SUMMARY AND CONCLUSIONS

This chapter summarizes the experimental results of investigation embodied in the
whole thesis on electrodeposition of Sn—Ni and Ni—Mo alloy coatings for peak
protection of their coatings against corrosion, and optimal electrocatalytic
performance. The peak performance of the coatings is seen in the light of changed
composition, morphology, and phase structure, affected by the forced convection of
metal ions (mass transport) towards cathode film, due to the effect of magnetic
field/ultrasound field. The conclusions are made to figure out the most suitable mode
of electrodeposition, among magneto-electrodeposition (MED), sono-electrodeposition
(SED), and Ni—Mo—rGO composite coating in terms of their corrosion stability, and
electrocatalytic activity towards HER and OER, through Tables and Figures.

10.1 SUMMARY

A systematic study on the development of monolayer coatings of Sn—Ni and Ni—-Mo
alloys have been developed by conventional electrodeposition (ED) method, using only
DC. All depositions were carried out galvanostatically on copper/MS substrate from
their respective optimized baths for the same duration for comparison purpose. The
corrosion protection ability of binary alloy coatings was increased drastically either by
forced convection or by multilayer coating approach. i.e. by either modulating the mass
transfer process at cathode film by applying magnetic field/ultrasound field during
deposition (for monolayer coating) or by pulsing the current density (c.d.)/magnetic
field intensity (B)/ultrasound power density (p.d.) during deposition (for multilayer
coating). In this regard, the effort has been made to improve the property of monolayer
Sn—Ni and Ni—Mo alloy coatings by making use of modern approach of
electrodeposition, namely through magneto-electrodeposition (MED) and sono-

electrodeposition (SED).
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Table 10.1 — Composition and operating parameters of binary alloy baths for deposition

of uniform alloy coating

Bath constituents Sn—Ni Bath Ni—Mo Bath

SnCly. 2H,0
NiClz. 6H20

Operating parameters

c.d. range 1.0-40Adm? 1.0-40Adm™?
H 8.6 95

Temperature (K) 298 298

Anode Tin Nickel

Cathode Mild steel Copper

10.1.1 Corrosion Performance of Binary Alloys

To start with, two new alkaline baths, namely Sn—Ni and Ni—Mo have been optimized
for development of their most corrosion resistant coatings. CR and other properties of
each monolayer Ni-M (where M = Sn or Mo) alloy coatings developed from those

optimized baths using DC (Table 10.1) are summarized in in Table 10.2.

The benefit of MED, working on the principle of MHD effect has been tried to

further increase the corrosion resistance behavior of monolayer Sn—Ni and Ni—Mo
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alloy coatings. MED has been carried out under the different intensity of magnetic field
(B), applied both parallel and perpendicular to the plane of cathode and results are
reported. Experimental investigation proved that corrosion resistance of both Sn—Ni
and Ni—Mo coatings can be increased by many folds by inducing the magnetic field,

during deposition.

Table 10.2 — Comparative account of CR’s and other deposit characters of conventional
electrodeposited monolayer Ni—M alloy coatings, developed from their optimal baths
(given in Table 10.1)

Monolayer alloy coating Sn—Ni Ni—Mo

1.0 A dm2 4.0 A dm 2
Bright silvery Metallic

CR (mm y™b) 18.60 19.94
9.76 20.85

Accordingly, the corrosion resistance of monolayer alloy coatings was tried to

improve further by applying ultrasound field, parallel to the process of deposition. A
drastic change in surface morphology and phase structure of both the coatings were
caused due to superimposition of external force (magnetic field or ultrasound field).
The effect of these two forces on composition and CR’s of Sn—Ni and Ni—Mo alloy
coatings were studied and results are reported. Furthermore, the corrosion protection of
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Ni—M alloys was tried to enhance by increasing the surface area of the coatings, which
is achieved by layered coating. The multilayer alloy coating was developed
electrolytically by modulating the ultrasound field, keeping the c.d. constant (optimal).
Multilayer coatings, having nano/micrometric layers of alloys (with alternately
different compositions) were developed by turning the ultrasound generator ON and
OFF periodically, during deposition. The periodic pulsing of the sonicator probe
(between ON and OFF) allowed the deposition to take place in multilayers. This
technique proved to be efficient, as it protected the substrate from corrosion attack by

many folds.

Experimentally determined CR’s of different coatings (Sn—Ni and Ni—Mo),
deposited under different conditions of mass transfer towards the cathode, controlled
by the applied magnetic field, ultrasound field and by composite coating is shown in

the form of a histogram in Figure 10.1.

Corrosion Peformance

B Sn—Ni coating ¥ Ni—Mo coating

CR(x102mmy")

Monolayer

MED

SED
(Multilayer)

Composite
Coating

Figure 10.1 — Histogram showing the corrosion rates of Sv—Ni and Ni—Mo alloy
coatings, deposited under different conditions of electrodeposition (from the respective
baths given in Table 10.1)
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10.1.2 Electrocatalytic Performance of Binary Alloys

Alkaline water electrolysis is one of the easiest and simplest methods for production of
hydrogen and oxygen for industrial applications. Though the technique seems to be
very simple, reducing the energy consumption, maintaining the durability and the safety
of these systems are the main challenges. In this regard, the second part of the thesis
outlines the proficiency of these electrodeposited binary alloys, as an active
electrocatalytic material for water splitting applications. It has been shown that
electrodeposited Sn—Ni and Ni—Mo alloy coatings can be used as the most cost-
effective electrode materials for water electrolysis of HER and OER when tested in 1.0
M KOH solution using the same setup shown in Figure 6.2. Electrochemical kinetic
parameters, like onset potential, peak current density (ipc and ipa), Overpotential (c and
na) and volume of gas (H2 and Oz) evolved at steady state potentials were obtained from
CV and CP experiments. Experiments conducted on these coatings revealed that Sn—Ni
alloy coated at high c.d. and Ni—Mo alloy coated at low c.d. are most suitable for HER,

and the reverse trend is true for the OER activity when tested under same conditions.

Optimizing the conditions for the development of advanced electrode materials is
acrucial issue for improving the efficiency of water electrolysis and to reduce the power
consumption. Therefore, considerable efforts have been devoted in enhancing the
electrocatalytic activity of electrodes to reduce the overpotentials for the HER. In this
regard, a new approach like MED technique has been used to bring improvement in
their electrocatalytic activity. The effect of MHD effect has been used effectively to
bring change in their surface morphology, composition and phase structure. The
electrocatalytic activity of Sn—Ni alloy coatings for HER has been further enhanced by
anodic dissolution treatment. This is attributed to a profound increase in the surface
area of the coatings evident from the SEM images (Figure 6.10 and Figure 8.2). After
the dissolution treatment, a large number of pores were created on the surface, which
increases the adsorption site for hydrogen atoms, thereby accelerating the rate of
hydrogen gas reduction. Similarly, the effect of the addition of rGO into Ni—-Mo bath,
in terms of its ability to enhance the electrocatalytic property of Ni—Mo alloy for HER
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has been examined by CV, CP, and potentiodynamic polarization techniques. The effect
of integrating rGO into the alloy matrix, on surface morphology, phase structure, and
finally on the electrocatalytic property of Ni—Mo alloy has been studied, and results are
discussed. MED, anodic dissolution treatment, and the addition of rGO have proved to
be an effective route for increasing the electrocatalytic activity for HER, compared to
its conventional alloy coatings. The electrocatalytic activity of different Ni-based alloy
coatings, developed under different conditions (using either different mode of mass
transport/or with different additive) are evaluated on the basis of their cathodic peak
c.d. (ipc) values, and are shown diagrammatically in Figure 10.2. The comparison of iy
values verified that the coating, represented as Ni-Mo—rGO is electro-catalytically

more active for HER than its conventional alloy coatings.

Electrocatalytic activity

ipe (A em™?)
o
2
[}

Sn—Ni alloy .
Anodicall .
coating treated v Nl_M;). alloy Magnetically Ni—Mo—rGO
Sn—Ni alloy coating induced composite
Ni-Mo alloy % zﬂing

Figure 10.2 — Histogram showing the electrocatalytic activity of Sn—Ni and Ni—Mo
alloy coatings, expressed in terms of their cathodic peak current density (ipc) developed
through different mode of electrodeposition, from their respective bath for the same

duration of time
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10.2 CONCLUSIONS

Based on the experimental research carried out on electrodeposition of Sn—Ni and

Ni—Mo alloy coatings through a different mode of electrodeposition, optimization of

their deposition conditions for better corrosion resistance and electrocatalytic

performance of the coatings, following conclusions are drawn in compliance with the

proposed objectives:

1.

Two new electrolytic baths, namely Sn—Ni and Ni—Mo alloy have been formulated,
and conditions of electrodeposition have been optimized. Under all conditions of
c.d.’s and bath composition, Sn—Ni alloy bath followed the anomalous type of co-

deposition and Ni—Mo bath followed induced a type of co-deposition.

The corrosion protection efficacy of monolayer ED alloy coating has been increased
to many folds, by MED approach. The improved corrosion resistance was reasoned
by the changed crystallographic orientation of alloy coatings, affected due to MHD
effect.

The corrosion resistance property of monolayer ED Sn—Ni alloy coating is further
increased to a great extent, by multilayer technique, accomplished by modulating

the ultrasound power density (p.d.), parallel to the process of deposition.

The corrosion resistance of multilayer Sn—Ni alloy coating is found to increase with

a number of layers, due to increase in the interfacial surface area.

The electrocatalytic activity of ED Ni—Mo alloy coatings for HER is increased
substantially by modulating mass transfer process at the EDL, during deposition.
This is accomplished by inducing the artificial convection at the interface, using a

magnetic field.

The enhancement in the property of alloy coatings is attributed to the increase of
noble metal content in the alloy, due to an increase of its i, affected by the changed

mass transfer process due to induced magnetic field.
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7. The electrocatalytic activity of binary alloys is further enhanced by modifying the
structural properties of the electrode materials, using the techniques, like anodic

dissolution treatment and composite coating.

8. The highest electrocatalytic activity recorded by Ni-Mo—rGO composite coating is
attributed to the synergistic effect of Ni-based alloy and rGO, in terms of their

composition and increased surface area, respectively.

9. The experimental results demonstrated that between two binary alloys, ultrasound
induced multilayer Sn—Ni alloy coating, abbreviated as (Sn—Ni)2/2/150 Showed the
least corrosion rate among all other coatings. Further, Ni-Mo—rGO composite

coating exhibited the highest electrocatalytic activity for HER.
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10.3 SCOPE FOR THE FUTURE WORK

Based on the success of having achieved better corrosion performance of multilayer
Sn—Ni coatings on MS, it is planned to develop high-performance multilayer Ni-Mo
alloy coatings by modulating the ultrasound power density (p.d.). The coating
characteristics, like corrosion resistance and electrocatalytic properties of different
binary/ternary alloy coatings can also be improved further by developing them in either
monolayer or multilayer, by changing the mass transfer process at cathode interface (a
place where electrons are transferred from/to cathode to/electrolyte) by
modulating/pulsing the external fields (like electrical, magnetic and ultrasound field).
The advent of MED and SED can also be tried to explore for the development of some
new electrode materials, using certain non-precious metals, and their structure-property
relationship can also be studied. Additionally, the effect of different nanoparticles, like
Tioz, RuOz, Ce,03, and AgO on the electrocatalytic property of Ni-based alloys can be
studied, as it is one of the promising approaches for developing highly active
electrocatalytic materials. Thus, a variety of materials can be synthesized and
characterized using the subject of electrochemistry as a definite tool for the indefinite
possibility, by knowing the fundamental aspects of electrochemistry and governing the

principles of electrodeposition.
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