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Nickel deposition has been widely studied and much work has been devoted to the mechanism of the
deposition process.In the present paper, we review studies of the electrode position of nickel and
nickel based alloys in aqueous solution over the last two decades, which have built on the extensive
pioneering work of DiBari, Evans, Bockris, Matulis, Heusler, Weil, and Ives and many others. The
aim is to highlight new, and interesting, developments in nickel electrode position.
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INTRODUCTION

Preface

Nickel is a silvery white and malleable metal. It has a high
mechanical strength, is fairly hard paramagnetic at ordinary
temperature. It oxidizes with difficulty when heated in air.
Polished surfaces will however gradually corrode upon
atmosphere exposure. Nickel is slowly soluble in hydrochloric
and in dilute sulphuric acids. Dilute nitric Acid rapidly attacks
nickel but immersion in concentrated sulphuric acid
renderstheSurface of nickel passive which is not readily
attacked.Nickel alloys were known and treasured by man for
thousands of years before nickelwas identified as a metallic
element.The first commercial application of Ni was in the
making of copper-nickel-zinc alloy, known as German Silver
or nickel silver, that began in the early nineteenth
century.Nickel electroplating had come into commercial
practice in the 1840’s and by 1870 Become one of the
principle end uses of nickel.(Nriago et al., 1980)

Uses of Ni

Ni is found in many objects in our daily life. It is used in
electroplating and in certain Alloys as it renders strength and
resistance to corrosion, the most common being the Stainless
steel. Nickel is found in diverse commodities such as

*Corresponding author: Razika Djouani,
School of Metallurgy, Northeastern University, Shenyang 110819, China

automobiles, batteries, Coins, costume, jewelry, inks and
varnishes, dyes, surgical implants, sinks and Utensils.The
major uses of refined nickel in industry include electroplating,
alloyproductionand fabrication, the manufacture of Ni-
cadmium Dbatteries and electroniccomponents, and the
preparation of catalysts for hydrogenation of fats
andmethanation. The wastes generated from these industries
contain Ni in various concentrations. In Absence of proper
treatment and disposal methods, nickel contamination in soil or
water would occur and cause toxic exposure to living
organisms.(Griswell et al., 1980)

Background of the research

Wurtz discovered the deposition of power form metallic nickel
from an aqueoussolution of its salts reduction of sodium
hypophosphite at 1844. In 1946, Brenner andRiddel started to
develop a practical system led to application of the
electrolessnickeltechnology. The General ~ American
Transportation Corp first produced thecommercially available
electroless nickel solution under the trade name “Kanigen”
in1955. In the mid end of 1970’s, the “Durnicoat” process
using sodium hypophosphitereduction and the “Nibodur”
process using sodium borohydridereduction were developed.
The deposition coating on both metal and non-metal was
investigated in 1957-1958. Interest in electroless nickel plating
has continuedunabatedly since itsinvention by Brenner and
Riddel. (Riedel ef al., 1991) The properties of coatings depend
largely on the composition of the bath usedand the deposition
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conditions (Chen et al., 2002, Lo et al., 1994, Zeller et al.,
1994, Zeller et al., 1991). The small amounts of additives are
usually used. Toprovide improved deposition rate, throwing
power and brightness, finer grain structureand better corrosion
resistance. Since electroless nickel plating process is
chemicalreduction of nickel ions to the nickel results from the
presence ofreducingagent in thesolution, it always concerns
with hydrogen evolution during the plating process
andformation of porous surface. It greatly reduces the
corrosion resistance of the coating.To remove these hydrogen
from the surface of substrate and to produce pit free Nickel
deposits, surfactants were used as wetting agent into the
plating bath (Riedel er al, 1991; Chen et al., 2002;
Karppusamy et al., 1991; Hagiwara et al., 1997). Theeffect of
cationic and anionic surfactants on plating have been known
for Severalyears and investigated by several researchers.
(Gutzeit et al., 1960; Tsuomi et al., 1992) Pitfree
Nickeldeposits had been achieved by the addition of 150 ppm
sodium dodecyl sulphate in the plating bath. The effects of
additives in the electroless nickel deposition process have been
studied by electrochemical analysis. It has been investigated
that the additives influence significantly the anodic oxidation
of the reducer, which is the main controlling step ofthe plating
process. The higher the anodic oxidation current would be
higher the oxidation speed, and hence the higher the deposition
rate (Yu et al., 2002). In thedeposition process, increased in
deposition rate by about factor of 25% wasfound bythe
addition of Tween 20 at 5ppm level and smoother morphology
were achieved byusing of surfactant in the acidic
hypophosphite bath (Chen et al., 2002). Zeller andSavati found
a very low corrosion rate, less than 2 um/yr, for EN coatingin
the 50% NaOH environment (Zeller et al., 1994). Lo and
coworkers have examined roleof phosphorous in the electro
chemical behavior of electrolessNi-P alloys in 3.5%NaCl
solutions. It was found that chargetransfer resistance Rctand
film resistance Rfvalues increased with increasing
phosphorous content of coating (Lo ef al., 1994).

Electroplating

Electroplating method is widely used to coat a metal, with a
thin layer of another metal. The formation of metallic films
and coatings is an important technology and has been applied
in many industries. Several methods such as the vapor
deposition and plasma spray have been developed, among
which the electro-deposition of metals has several distinct
advantages such as rapid deposition rates, cost effectiveness,
andsimplicity of high level control over the thickness of the
film (Li et al., 2006, Simka et al., 2009). Nickel is one of the
most often employed to increase the corrosion resistance or
electrical conductivity of the underlying substrate (Sadiku et
al., 2004). Tt is also known that in acidic solutions Ni is
capable of passivizing to a considerable extent.Another factor
is the fact that in the electrochemical series Nickel is only
moderately negative with respect to H'/H, equilibrium.This
means that in practice, the rate of dissolution of Nickel in
acidic solutions is slow in the absence of oxidants more
powerful than H+ or of a substance capable of making the
reaction kinetically easy. (Abd el Haleem et al., 2004) The
anodic behavior and the mechanism of passivation of Nickel
and the properties of passive nickel have been studied a lot.
Despite this, there is by no means agreement either on the
mechanism of passivation of Nickel or on the composition and
thickness of the passive layer. That is why we tried in this

work to make a survey of thereactions mechanism as well as
the kinetics of Nickel electro-deposition from different baths.

Mechanism of Ni electrodeposition in aqueous solution and
passivation behavior of Ni

Electrodeposited Charge because the electro-deposition
process involves the transfer of electrons to an electrode, by
measuring the current in the electrochemical cell, it is in
principle possible to calculate the amount of material
deposited. If no other reaction occurs in parallel, then we can
assume that the reaction at the working electrode in aqueous
electrolyte is just the simple reduction of a metal (M)

“M™ +ne M’

Where a metal ion M™" is reduced to a metal atom M after
gaining n electrons. By assuming that all the metal ions
reduced at the surface of the working electrode stick to this
surface, the total amount of electrodeposited material can
easily be calculated from the charge Q (in coulombs), which
represents the product of the total amount of electrodeposited
atoms N times the charge of n electrons, as given by the
expression

Q= Nne

Electrodeposition of nickel has been investigated intensively
for decades because of its particular mechanical properties in
numerous applications in industry. Many experimental works
were published (Scheck et al., 2003, Mohanty et al., 2002,
Saitou et al., 1999, Orinakova et al., 2003, Galova et al., 2001)
and many mathematical models of Ni electrodeposition
process were suggested (Lux ef al., 1998, Lemaire ef al., 1997,
Mokute et al., 2002). Although extensively used in practice,
the nature and mechanism of the rather complicated process
was not solved so far. The reaction pathway of Bockris et al.
(Bockis et al., 1961) is assumed to be most relevant for nickel
deposition. This mechanism incorporates the nickel
monohydroxidecation, NiOH+, as an important species in the
charge transfer.This monohydroxide is formed in the solution
as a product of the first reaction step (1). In next reaction steps
this species is adsorbedat the electrode (2) and discharged (3).
The deposition of nickel at the electrode is the last reaction
step (4).

Ni*" + H,0 <> NiOH (,o)+ H' (1)
NiOH (4> NiOH " 44) )
NiOH 5+ e~ — NiOH 3)
NiOH +H" + e— — Ni + H,0 4)

Discharge of hydrogen takes place also in several steps (Shreir
et al., 1977). Two alternativesmechanisms are possible.
Hydronium cations (H;O") aredesolvated and partially
discharged at the electrode surface (5a). Also their reaction
with fresh nickel layer as catalyst is possible (5b). Next the
hydrogen atoms combine in the adsorbed state to form
adsorbed molecules (6a, 6b). The desorption of adsorbed
hydrogen molecules as bubbles is the last step in hydrogen
discharge mechanism (7).

H;O0" + e— — H(ads) + H,O (5a)
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or

Ni+ 2H;0" + 2e— — Ni-H, + 2H,0 (5b)
2H(ads) — Hs(ads) (6a)
Or

2H;0+ + Ni-H2 + 2e— — Ni + 2Hyads) + 2H,0 (6b)
nH, — (Hy)n (7)

Before, during and after each reaction in both mechanisms, the
transport of ions (Ni2+, H;0", NiOH", SO42_,OH_) from the
bulk of solution to the diffusion layeror in opposite direction
can take place. In both processes, the nickel deposition and the
hydrogen evolution occur simultancously, and individual
reaction steps can intersect.So generally we can say that the
main accepted molecular scale model for Ni electro-deposition
is a multistep reaction:Before, during and after each reaction in
both mechanisms, the transport of ions (Ni*", H;O", NiOH",
SO+ ,0H") from the bulk of solution to the diffusion layer or
in opposite direction can take place. In both processes, the
nickel deposition and the hydrogen evolution occur
simultaneously, and individual reaction steps can intersect. So
generally we can say that the main accepted molecular scale
model for Ni electro-deposition is a multistep reaction:

Ni*" + X" NiX*(a)

—_—>
NiX" + e- NiX,q (b)
NiX,gst €- Ni+ X (¢)
—_—>

In which X denotes a ligand, probably an anion (SO, CI,
OH") and NiX,4 an adsorbed Ni species (Bursteinl et al., 2011;
Allongue et al., 2004). By comparing the experimentally
determined kinetic parameters with those calculated for the
various rate determining steps and ranges of coverage, they
deduced that if a reaction mechanism of the general type (a)-(c)
applied in watts bath (consisting of NiSO,+NaCl+H;BOs3).

i. The anion X- must be the chloride ion and
ii. The rate determining step was reaction (b), i.e the first
electron transfer step.

Nickel is a very active metal, it is known to have strong
corrosion resistance to aggressiveenvironments due to its easy
passivation behavior. The anodic behavior and the mechanism
of passivation of nickel and the properties of passive nickel
have been studied extensively; perhaps more widely than any
other element, except, possibly, iron. Despite this, there is by
no means agreement either on the mechanism of passivation of
nickel or on the composition and thickness of the passive layer
(Gabe et al., 1997). It is known that in acidic solutions; nickel
is capable of passivating to a considerable extent. This is a
feature not predicted by the potential-pH equilibrium diagram
and is one reason why in practice the corrosion resistance of
nickel in acid solutions is better than that predicted from
considerations of thermodynamic equilibria.Another factor, is
the fact that in the electrochemical series nickel is only
moderthe state of passivity has intrigued corrosion scientists
and technologists for a long time. Base metals,
thermodynamically unstable with respect to their environment,
are stabilised by formation of a solid-state surface film, itself
formed by the corrosion interaction. Prediction of the
formation of an oxide film is easy from a thermodynamic
standpoint, where it can be shown via the conventional
Pourbaix  diagram that the oxide 1is the most
thermodynamically favorable state if the conditions of

environment composition, temperature and electrode potential
are appropriate. In dealing with such thermodynamics, it is
nevertheless important to emphasize that passivity is in fact
less easy to predict than that. Many metals are capable of
passivation in solutions in which the solid oxide is
thermodynamically completely unstable with respect to the
dissolved metal ions: under these circumstances, passivity is
not at all predictable from thermodynamic considerations
alone. This has been long realized, but frequently
ignored.Passivity and passivation are frequently investigated
electrochemically by potential sweep methods, and a great
body of published literature exists on the subject for very many
metals and alloys. The technique requires careful consideration
of the information sought in order to use the conventional
polarization curve correctly. In particular, the potential sweep
rate is critical. Aspects of passivity can in fact be completely
overlooked by potentiostatic sweep methods. (Epelboin et al.,
1979)Sato and Okamotosuggest that the overall dissolution
reaction to Ni ** proceeds in three steps involving the species
(NiOH 45 and NiOH").

Previous work showed that the potential decay curve for
passive nickel electrodes consisted of three potential arrests,
corresponding to the equilibrium potentials for NiO/Ni,
Ni;O4/NiO and Ni,O3/Ni;O4. Bockris et al favour a
dissolution-precipitation mechanism for the formation of
Ni(OH), from NiOH". They suggest that the cause of passivity
is neither a monolayer nor a multilayer of oxide but is the
conversion of the multilayer from an ionic to an electronic
conductor at the passivation potential. The work of Ebersach et
al. with a rotating nickel electrode suggests that passive films
are formed by a solid state mechanism rather than by a
dissolution-precipitation mechanism. Okamoto et al. suggested
that passive nickel is covered by a compact pseudomorphic
film. They showed that increasing the electrolyte temperature
above 60°C resulted in crystallization of the film and the
formation of "active patches" upon which the dissolution is
concentrated. Metallographic studies by Myers et al (Myers et
al., 1981) supported the belief that "active patches" are
generated in the transpassive dissolution region.

The table below is a review of numerous theoretical and
practical studies of the electrodeposition of nickel over the last
10-15 years.

Electro-deposition of Ni based alloys

Nickel alloys with other metals and materials have made a
significant contribution to our present day society and promise
to continue to provide materials for an even more demanding
future. Many works have been reported about optimal
properties of nickel based alloy films.For example, structural
and magnetic properties of nickel alloys ferrites synthesized by
coprecipitation method were investigated by Shaikh. (Sheikh et
al., 2010) Campos reported an investigation of thin Ni and
nickel alloys electrodeposited over flexible substrates.
(Campos et al., 2012) Sun fabricated a kind of nickel alloys
permanent magnet arrays for sensors and actuators. (Sun ef al.,
2012) Electrochemical deposition of CoNi as new materials for
electrochemical sensing of glucose was studied by Vilana.
(Vilana et al., 2015) There are many methods that could be
used to prepare nickel alloy films, such as plating, physical
vapor deposition, molecular beam expitaxy and so on. Each
approach contains its advantages and disadvantages.
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Table 1. A review of numerous theoretical and practical studies of the electrodeposition of nickel over the last 10—15 years

Author

Work

Reference

Allongue et al.

Cui and Lee

Orin” a’kova’ et
S “ upicova’ et al.

Bockris et al.
Ji and Cooper

Go’ mez et al

Epelboin and Wiart and
coworkers

Proud and Mu" ller
Holm and O’Keefe

Bozhkov et al

Abyaneh and co-workers

Jensen et al
Lemaire et al
Saitou et al
Lantelme et al

Evans et al

Mockute and Bernotiene
Mockute and Bernotiene
Mohanty et al

Froment and Wiart

Lin and co-workers

Ferkel et al

Serek and Budniok
Go’ mez et al
Correia et al
Bockris and Potter

Wiart et a
Deng et al.

Used in situ scanning tunneling microscopy (STM) and cyclic voltammetry (CV), investigated the growth mechanism of ultrathin layers of nickel and cobalt that were electrodeposited
from dilute sulphate solutions onto gold.

Investigated nickel deposition from aqueous neutral chloride solutions in both the presence and the absence of oxygen. For voltammetric measurements, a rotating glassy carbon disc
electrode or stainless steel electrode was used. Scanning electron microscopy (SEM) and stripping voltammetry were used for the analysis of the structure of the deposits and the
determination of the current efficiency in deposition. In the presence of oxygen, the formation of a poorly steel electrode was used. Scanning electron microscopy (SEM) and stripping
voltammetry were used for the analysis of the structure of the deposits and the determination of the current efficiency in deposition. In the presence of oxygen, the formation of a poorly
conductive layer of Ni(OH)2 on the electrode surface was observed, prior to nickel deposition because of oxygen reduction. This Ni(OH), layer inhibited the formation of a surface active
nickel complex (formulated as Ni(OH)ads), and diminished both the nucleation and the growth of nickel. The effect was more pronounced in regions with little hydrogen evolution.
Studied the electrolytic deposition of nickel from a Watts electrolyte solution onto a paraffin impregnated graphite electrode (PIGE) at pH 2, 3, and 4.

Studied the electrolytic deposition ofNickelFrom the chloride electrolyte solution.

assumed a reaction pathway assumed to be most relevant for nickel deposition

determined the nickel speciation in aqueous chloride solutions over a broad range of concentration and pH, and clarified the role of boric acid in nickel electrodeposition.

They found that in concentrated NiCl, solution the predominant nickel species in the acidic region were Ni** and NiCl™ and in a concentrated mixed sulphate-containing NiCl, solution,
Ni**, NiCI" and NiSO4 were important.

Studied the initial stages of the deposition of nickel onto vitreous carbon from an aqueous chloride solution. The morphology of the deposit was observed by scanning electron and optical
microscopy.

Studied the mechanism of the Ni** reduction from acid sulphate, chloride and Watts electrolytes.

Studied the electrodeposition from a low concentration of nickel onto vitreous carbon at pH 3 and 5 and with different anions .

Used EIS to characterize the deposition of nickel onto stainless steel cathodes from unbuffered acid sulphate electrolytes at pH from 2.0 to 3.5.

Studied Nickel nucleation onto glassy carbon substrates. Determined the concentration of nickel ad-atoms at the surface during the initial stages of nickel deposition onto glassycarbon
substrates from the Watts electrolyte using both galvanostatic and potentiostatic pulse methods.

Studied the initial stages of the electrocrystallization of nickel and cobalt onto a vitreous carbon substrate by simultaneous ellipsometric and amperometric measurements during
potentiostatic deposition. Nickel electrodeposition was carried out from a mixed sulphate—chloride electrolyte, and cobalt electrodeposition was carried out from a sulphate electrolyte.
Investigated the process of nickel electrochemical deposition from Watts-type electrolytes under the influence of high frequency ultrasound.

An improvement in the distribution of the deposited Ni in millimeter-sized groove-features on the cathode surface was observed.

Focused their work on nickelelectrodeposition from an eutectic LiCI-KCI melt, which is the most frequently used molten salt in industrial processes.

Described the growth of the nickel film prepared by electrodeposition.

Two kinds of growth rate were measured using columnar photoresists formed on indium-tin oxide glass plates.

analysed the potentiostatic current—time transient response on glassy carbon or titanium with respect to nucleation and radial growth and developed a potentiostatic model for the
electrodeposition of nickel at a rotating electrode.

It was shown that the nickel deposition from acidic solutions onto glassy carbon or titanium obeys nucleation and hemispherical growth principles.

Studied the structural and magnetic properties of Ni films grown by electrodeposition from sulphate solutions onto Ga As surfaces.

Examined the interaction of additives with the cathode during nickelelectrodeposition in the Watts electrolyte.

Examined the reaction mechanism of some benzene sulphon amide and saccharin derivatives during nickel electrodeposition in the Watts electrolyte.

Studied The effect of Cd*" jons on the current efficiency, surface morphology and crystallographic orientation of the electrodeposited nickel from sulphate solutions.

Studied the effect of different organic inhibitors, especially2-butyne-1,4-diol on nickel deposits from a Watts electrolyte on the basis of differential interferometry.

examined the influence of ammonium ions on the texture and structure of Ni deposits plated from a sulphamate bath onto a copper plate.

Carried the electrodeposition of Al,Os particle- Strengthened nickel films;using galvanostatic deposition in a stirred Watts bath, with pH values from 2.5 to 4.5. The nickel films deposited
on copper substrates were analyzed by light and transmission electron microscopy and by energy dispersive X-ray (EDX) micro-analyses.

Prepared composite Ni + Tiand Ni-P + Ti layers by simultaneous electrodeposition of nickel and titanium onto a steel substrate from a Watts bath under galvanostatic conditions.

Studied the influence of different metallic substrates on nickel electrodeposition from a chloride electrolyte. Cyclic voltammetry and potential step transient measurements were
determined for platinum,nickel and iron electrodes.

Used chronoamperometry to study theELECTROCRYSTALLIZATION of both Ni and Co onto vitreous carbon and gold substrates from dilute chloridebaths. In addition, scanning
electron microscopy and atomic force microscopy were used to visualise the morphology of the surface, in particular the overlap of growth centres.

Measured the overpotential at nickel cathodes in aqueous solutions of HCI or NaOH.

Studied the mechanism of Ni** reduction from acid sulfate solution.

Investigated the electro-deposition behavior of Ni on polycrystalline Cu and glassy carbon electrode in the air and water stable [EMIM][DCA] IL. SEM photos indicated that the
morphology of nickel deposits depend on the deposition potential. XRD spectroscopy results showed that the nickel deposits had crystalline nature.

(Allongue et al., 2004)

(Cui et al., 1996)

(Orinakova et al., 2004)
(Supicova et al., 2006)
(Bockris et al., 1961)
(Jiet al., 1996)

(Gomez et al., 1992)

(Epelboin et al., 1971,
Epelboin et al., 1979,
Epelboin et al., 1983,
Froment et al, 1963,
Chassing et al., 1983,

Wiart et al., 1990)

(Proud et al., 1993)

(Holm et al., 2000)
(Bozhkov et al 1970)
(Abyaneh et al., 1983)
(Jensen et al., 2003)
(Lemaire et al., 1997)
(Saitou et al., 1990)
(Lantelme et al., 1998)
(Evans et al., 2003)
(Mockute et al., 2000)
(Mockute et al., 2002)
(Mohanty et al., 2002)
(Froment et al., 1963)

(Lin et al., 2001)

(Ferkel et al., 1997)
(Serek et al., 2002)
(Gomez et al., 1995)
(Correia et al., 2000)
(Bockris et al., 1952)
(Chassing et  al.1981,
Chassing et al., 1983,
Wiart et al. 1990)
(Saravanan et al., 2012,
Sravanan 2011)
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However, considering about economy and convenience,
plating technology is a kind of very effective and efficient
ways to prepare alloy films which do not need too much
equipment, but offer highly selective and conformal
coatings.Some works have been reported so far about
preparing nickel alloy films by electrodeposition methods.

For instance, J.Vazquez-Arenas investigated surface texture
properties of CoNi alloys obtained by plating. (Yuet al., 2017)
Ni-TiN thin films were electrodeposited by Fafeng Xia.(Xia et
al., 2016) A kind of nanocomposite coatings based on NiW
alloys were obtained by Wasekar (Wasekar et al., 2016) In
addition, Zakeri prepared (Zn-Ni)/nano Al,O; composite
coatings by plating technology. (Ataie et al., 2016) Nickel
based alloy films have been becoming the hot spot of
functional films. Therefore, nickel based alloy films prepared
by plating technology have been studied extensively. (Vilana
et al., 2016, Sahin et al., 2015, Yu et al., 2013, Yu et al., 2014)
However, it is found out that plating technology also possesses
some disadvantages, such as particles aggregation, rough
surface, concentration polarization, hydrogen evolution and so
on. Along with the rapid development of electromagnetic
technology, magnetic plating technology has gained much
more focus which could ameliorate the problems during
electrodeposition process. Magnetic field induced during
electrodeposition process to prepare alloy thin films is called
magnetic plating technology which could effectively improve
deposition rate, refine coatings, and reduce concentration
polarization and so on. Nickel and cobalt are typical elements
with ferromagnetic properties. The effect of magnetic field on
cobalt and nickel during plating process is conspicuous. Detail
work about influences of magnetic fields on cobalt and cobalt
alloys during plating process was investigated by our group.
(Luet al., 2015; Yu et al., 2016) According to our research,
effects of magnetic fields on plating process with different
electrochemistry and nucleation mechanism was totally
different. Specific information about electrochemistry
mechanism for cobalt electrodeposition process was reported
in detail in some previous work. (Fanet et al., 1996) Currently
more than 200 binary alloys are used in industry. The magnetic
compounds are very interesting for various applications in
computer technology and microelectronics, in the aircraft
industry, and for coating plastics.The electrolytic deposition of
these materials is a complex process and must be continuously
controlled and regulated.

Electro-deposition of Ni-Co

Ni-Co alloys have been gaining popularity because they have
been found to have a range of uses other than corrosion
resistance for example they are used as electro catalysts as
magnetic materials or have applications in hydrometallurgy.
The development of the scientific and technological tendencies
in the past few decades made claims on introducing more
effective production processes or required the development of
new types of materials. Experimental studies on the
electrodeposition of Ni-Co alloy were carried out by a number
of researchers (Bai et al., 2002; Jovic et al., 1997; Correia et
al., 2000; Myung et al., 2001; Goldnisky et al., 2000; Correia
et al, 2003; Zech et al, 1998) C. Fan and co-workers
investigated the effect of trisodium citrate on the deposition of
kineics of Ni(II), Co (II) and the Ni-Co alloy (Bai et al., 2002)
A model for sulphate electrolytes by Zech et al. (Zech et al.,
1998) showed that under kinetic deposition the higher co
deposition rate suppressed by the deposition rate of the Ni.An

extensive voltammetry study by Bai et al. (Bai et al., 2002)was
performed to examine the effect of temperature and potential
range on the composition and the morphology of the alloys.
The authors observed that if the applied potential range in the
cyclic voltammetry experiments included the anodic oxidation
region, anomalous deposition did not occur. Correia et al
(Correia et al., 2000) on the hand studied the effect of changing
electrolyte formulation on deposit composition. They used
different metal ion ratio of Ni(Il) and Co(II), ranging from 1-5
and examined its effect on alloy composition and morphology.
Myung et al. (Myung et al., 2001) investigated the relationship
between the crystal structure phases and the corrosion
resistance of the alloy. They found three different crystal
structures, controlled by the Co content. Wang et al. (Wang et
al., 2005) observed that the micro hardness of Ni-Co alloy
represent a maximum at a Co content of 49 % in the alloy.
Numerous works have examined the anodic-cathodic behavior
of Co oxide/ hydroxide (Chang et al., 2006, Walson, 1994), Ni
oxide / hydroxide (Vero and Kaldor, 1996; Cassela and
Guascito, 1999) and Ni- Co oxide / hydroxide layers (Meier et
al., 1982, Gorrigen et al., 1989, Chen et al., 1999, Hu ef al.,
2002, Castro et al., 2004, De Faria et al., 1998)

Serebrennikova et al. (Serebrennikova et al., 2000) doubted
the Co inactivity during the electrochemical reaction using
maximum film charge density measurement on Ni-Co oxide
that was correlated with the complete Co and Ni content in
films, they stated that Ni and Co oxidation/ reduction process
occurred, which resulted in the precipitation of a mixture of
Ni(OH), and Co(OH), on the surface.

The possible general oxidation process for Ni and Co is:
3H,0 +Me

and
Me(OH),.H,O+ OH"

Me(OH),. H,0 +2H "+ 2¢”
MeOOH.(H,0).x+ e+ (1-X) H,O

_
Electro-deposition of Ni-Cu alloys

In the past nickel-copper alloys were studied mainly for
decorative purposes, but recently they have become of interest
due to their mechanical, corrosion, electrical, and catalytic
properties. Nickel-copper alloys are extensively used in
industrial applications, such as ships, power stations, heat
exchangers, and generally in saltwaterareas. With a relatively
high Ni content, the alloy is frequently used with polluted
water and in pipelines or marine applications. Further
applications are the use ofNi—Cu condenser tubes for saline
environments as well as being employed as hydrogenation and
dehydrogenation catalysts (Kim et al., 1994). The widespread
use of these alloysdepends on a combination of good corrosion
resistance and excellent workability as well as high thermal
and electrical conductivity (Brenner et al., 1963) The
electrochemical preparation of these alloys has been widely
studied. Citrate and pyrophosphate baths have been used most
frequently and particular attentionhas been paid to the
deposition of Ni—Cu coatings onto compact electrodes or
substrates. Early work was reviewed by Roos (Ross et al.,
1991) and Brenner (Brenner ef al., 1963).

The standard reduction potentials for copper and nickel are far
apart but to obtain good alloys the potentials need to be
similar. This is usually achieved formixtures by shifting the
deposition potential of the nobler component to a more
negative value, either by changing the activity of the
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discharging ions, by addinga suitable complex-forming
substance, or by inhibiting the rate of reduction of the more
noble metal. The influence of additives and changes on the
electrolysisparameters are also important to produce
homogeneous deposits without dendritic formations. Changing
the current density of the process has been shown to be another
route to make the deposition potentials more similar (Milosev
et al., 1999). An increase in current density caused the cathode
potential to become more negative and this condition should
increase the proportion of less noble metal in the deposit. At a
low current density, the coating was copper-coloured and was
bright, uniform, smooth, and metallic. At a higher current
density it was greyish with a black powdery nature. The effect
of stirring the bath has also been studied. An increase in mass
transfer during stirring increased the copper content of the
deposit. The coating quality also changed from a non-metallic,
black powdery in the unstirred condition to a metallic,
reddishbrown coating under the stirred conditions.

Baths used in electro-deposition process of Ni coating and
additives

The nickel electro-deposition process may be conducted using
a few different types of aqueous baths (Badawy et al., 2005;
Ross et al., 1991; Gosh et al., 2000). In addition, others
aqueous solutions, deep eutectic solvents or even molten salt
are still under research (Gosh et al., 2000; Nickel institute
2014; Schlesinger ef al., 2010). The cathode current efficiency
of different nickel electroplating solutions is usually above
90%. The lower efficiency is observed for some bright nickel
solutions which have been formulated to provide a high level
of brilliance. Values over 95% are usually achieved on
additive-free nickel solutions. The important problems of
nickel electro-deposition include: adhesion or even peeling off,
and pitting on layer (Badawy et al., 2005; Ismail et al., 2004;
Khosand et al., 2014; Abbot et al., 2015; Li et al., 2015;
Mohanty et al., 2001). The most popular baths, among
industrial methods of electro-deposition of nickel are Watts-
type solutions. This type of bath was invented about 100 years
ago by O.P. Watts. Basic compounds in this type of bath are
nickel sulphate, nickel chloride and boric acid. These baths
may contain many types of organic additives (Badawy et al.,
2005; Ismail et al., 2004; Gosh et al., 2000; Khosand et al.,
2014; Mohanty et al., 2001; Oloruntoba et al., 2011; Rashidi
et al., 2010; Sadiku et al., 2012; Mockute et al., 2000; Wehner
et al., 2003) These compounds are usually divided into two
groups/types.

Type I serves as a carrier and reducer of the stresses occurring
in the coating crystalline layer in the nickel electroplating bath.
Internal stress refers to forces created in the layer as a result of
the electrocrystallization process on another material and
sometimes as a result of co-deposition of heteroatoms. This
type of additive has usually an aromatic structure with sulphur,
for example: benzene sulphonic acid, 1,3,6-naphthalene
sulphonic acid (sodium salt), ptoluenesulphonamide, saccharin
and allylsulphonic acid. Carriers introduce sulphur into the
deposit. Type II additives are commonly known as brighteners.
Today a wide range of organic compounds are used. They
include: formaldehyde chloral hydrate, o-sulphobenzaldehyde,
allylsulphonic acid, 2- butyne-1, 4-diol, thiourea, coumarin and
many others. Brighteners are generally present in very low
concentrations and are consumed by electrolysis. This
generates problems with suitable additives determination in
bath (Oliveira et al., 2006). The majority of nickel plating

solutions, particularly those used for decorative plating, are
based on the ‘Watts’ formulation developed by Professor
Oliver P. Watts in 1916. The Watts electrolyte combines nickel
sulphate, nickel chloride and boric acid. While the proportions
may vary according to the application, a typical formulation
together with operating parameters is given in Table 2.

Table 2. Typical formula and operating conditions for Watts
nickel electroplating solutions

Nickel Sulphate (NiSO,.6 H,0) 240 -300 g L!
Nickel Chloride (NiCL.6 H,0) 30-90gL?!
Boric Acid (H;BOs) 30-45gL?!
Temperature 40-60 °C

pH 35-45
Cathode Current Density 2-7Adm?
Deposition Rate 25-85 umh’!

a)The nickel sulphate

Is the primary source of nickel ions (Ni*") with nickel chloride
a contributing source. Nickel chloride has two major functions
— it appreciably increases solution conductivity thereby
reducing voltage requirements and it is important in obtaining
satisfactory dissolution of nickel anodes. Boric acid is a buffer
and has the major function of controlling the pH of the
solution. As discussed in the previous section, due to the
cathode efficiency being less than 100% there is a tendency for
the pH to increase as some hydrogen ions (H") are discharged
to liberate hydrogen gas. Regular additions of sulphuric acid
are therefore required to adjust the pH (Pavlatou et al., 2007).
b)Boric acid: Limits the effect on the pH resulting from the
discharge of hydrogen ions, thereby, simplifying pH control.
The mechanism by which boric acid operates is complex, but it
is generally understood that it exists in solution as a mixture of
borate ions and non-ionized boric acid. When hydrogen is
discharged some boric acid will ionize to replace the hydrogen
ions lost and so the pH change is limited. At the same time,
borate ions form. When acid is added to adjust the pH, these
borate ions combine with hydrogen ions to reform boric acid.
Boric acid is therefore only lost through drag out or other
solution losses. (Nakamura et al., 1994) Deposits from Watts
solutions without additives are soft and ductile but dull in
appearance. The appearance and properties can however be
dramatically changed by the use of addition agents. The
addition agents consist of organic and certain metallic
compounds selected to brighten and level the deposits. As will
be discussed further in the section on decorative plating,
addition agents may be used to produce semi-bright, bright or
satin nickel coatings. (Vidal et al., 2010) There is a wide
variety in the formulation of the organic compounds or
additives for nickel baths, which are the responsible of the
final quality of the plating. Their use in aqueous electroplating
solutions is extremely important due to the effect they have in
the growth and structure of deposits.Among their benefits,
brightening the deposit, reducing grain size, reducing the
tendency to tree-like structures or dendrites, increasing the
current density range, promoting leveling, changing
mechanical and physical properties, reducing stress, which is
the amount of reversible work per unit area needed to
elastically stretch a preexisting surface, and reducing pitting
can be cited Nickel plating hand book (2014). Preferences for
additives would depend on the purpose the deposits will have.
In fully bright nickel deposits, for example, sulphur-content
additives are frequently added. They can be divided into Class
I and Class II brighteners and are responsible for brightness
and levelling. (Savitzky et al., 1964)
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Class I brighteners have two functions: to provide bright
plating and to allow the second class of brighteners to be
present over a wide range of concentrations. They include
aromatic sulfonates, sulfonamides, sulfoimides, etc. as well as
aliphatic =~ or  aromaticaliphaticolefinically ~ unsaturated
sulfonates, sulfonamides, sulfonimides, etc. They can be used
singly or in suitable combinations and specific examples of
this type of additives are: (Lendel et al., 1998)

disodium 1,5-naphthalene disulfonate
trisodium 1,3,6-naphthalene trisulfonate
sodium benzene monosulfonate
o-benzoyl sulfimide (saccharin)
dibenzenesulfonimide

sodium 3-chloro-2-butene-1-sulfonate
sodium B-styrene sulfonate
sodiumallylsulfonate

. monoallylsulfamide

10. diallylsulfamide

11. allylsulphonamide

R e

The Class II brighteners are used to obtain mirror-like platings.
Nevertheless, they can promote brightlessness and stress in the
deposits in the absence of a first class brightener.(Pasamontes
et al., 2006) They include products of epoxides with alpha-
hydroxyacetylenic alcohol such as diethoxylated 2-butyne-1,4-
diol N-heterocyclics, dye-stuffs, acetylenic amines, etc.
Similarly to Class I brighteners, Class II can be used alone or
in combination as well. (Gubeli et al., 1991) Specific
examples of such plating additives are: (Martens ef al., 2001)

1,4-di-(B3-hydroxyethoxy)-2-butyne
1,4-di-(B3-hydroxy-y-chloropropoxy)-2-butyne
1,4-di-(B-,y-epoxypropoxy)-2-butyne
1,3-di-(B-hydroxy-y-butenoxy)-2-butyne
1,4-di-(2’-hydroxy-4’-oxa-6’-heptenoxy)-2-butyne
N-(2,3-dichloro-2-propenyl)pyridinium chloride
2,4,6-trimethyl N-propargylpyridinium bromide
N-allylquinaldinium bromide

. 2-butyne-1,4-diol

10. propargyl alcohol

11. 2-methyl-3-butyn-2-ol

12. quinaldyl-N-propanesulfonic acid betaine

13. butynoxy ethane sulfonic acids

14. propynoxy ethane sulfonic acids

15. quinaldine dimethyl sulphate

16. N-allylpyridinium bromide

17. isoquinaldyn-N-propanesulfonic acid betaine
18. isoquinaldine dimethyl sulphate

19. N-allylisoquinaldine bromide

20. 1,4-di-(B-sulfoethoxy)-2-butyne

21. 3-(B-hydroxyethoxy)-propyne

22. 3-(B-hydroxypropoxy)-propyne

23. 3(-p-sulfoethoxy)-propyne

24. phenosafranin

25. fuchsin

26. propargyl amine

27. 1-diehtylamino-2-methyl-3-pentyn-2-ol

28. 1-dimethylamino-2-pentyne

29. 1-dimethylamino-2-butyne

N e

Anti-pitting or wetting agents are also used in bright nickel
baths so that gas pitting is prevented or minimized in the baths.
Furthermore, they may function to make the baths more
compatible with contaminants, such as oil, grease, etc. by their

emulsifying, dispersing, solubilising, etc. action on such
contaminants, and thereby they promote sounder deposits.
They include sodium lauryl sulphate, sodium lauryl
ethersulfate and sodium dialkylsulfosuccinates. (Martens et al.,
2001) In general, these organic additives should be added in
small amounts and frequently to maintain nickel plating
quality, but there is not an established method to accomplish it
in practice. (Wold, 2007)

Factors effecting Ni electroplating

pH

Temperature
Current density
Time

Metal Ions
Concentration Bath
Agitation

Effect of the pH

The value of pH is depending upon the composition of Bath.
The pH value should be maintained for good result. The pH of
the bath influences the hydrogen evolution voltage, the
precipitation of basic inclusion, the decomposition of the
complex or hydrate from which the metal is deposited, and the
extent of adsorption of additives. In a complex bath, pH may
influence equilibrium between various processes. When the
anode is insoluble, oxygen evolution takes place at the anode

2H20 —>02 +4H+ +e

On the other hand, hydrogen evolution at the cathode is
accompanied by the production of hydroxide ion:

2H,0+ 2e- —20H- + H,

In a neutral bath, if the current efficiency is greater at the
anode than at the cathode, the bath becomes more alkaline. If
the electrode efficiencies are similar, the pH of the bath
remains unchanged. Hence change in pH of a plating bath is a
good indication of electrode efficiencies. In certain conditions
precipitation of metal hydroxides may occur locally within the
cathodic double layer, which get co-deposited with the plated
metal and give defective deposit while increasing the pH due
to hydrogen evolution. Thus buffers are necessary to minimize
these pH changes. During Electro deposition of aqueous
solution, hydrogen ions are discharged together with the ions
of the metal being deposited. The hydrogen evolved not only
has a detrimental influence on the plating rate and on the
cathodic current efficiency, but it often also unfavorably
affects the structure and properties of the metal being
deposited by causing spongy or powdery deposits, pitting or
other defects. In the Electro deposition, the metal of iron group
or the-metal with ‘low hydrogen overvoltage are very sensitive
to the Concentration of hydrogen ions in the electrolyte, a
change in the pH value considerably affects both the cathodic
current efficiency and the structure of the electrodeposits. The
pH value of the cathodic film is not always the same as that of
the bulk of the electrolyte.The Hydrogen ions take part in the
electricity transport and also affect the changes taking place in
the electrode film. The pH value of the cathodic film will in
principle be higher than the bulk of the Electrolyte, if the
number of hydrogen ions transported by the current is smaller
than the number of the hydrogen ions discharged in unit time
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and vice versa. A change in the pH value of the cathodic film
causes diffusion, which tends to equalize the activity of the
hydrogen ionic discharged in the bulk of the solution and in the
cathodic film. The difference between the PH values of the
cathodic film and the bulk Solution, which tends to increase
with the current density, either become stabilized or continues
to increase, depending on the composition of the solution.
(Lainer et al., 1970)

Effect of temperature

In general, an increase in bath temperature causes an increase
in the crystal size. Increase in bath temperature increases
solubility and thereby the transport number, which in turn
leads to increased conductivity of the solution. It also
decreases the viscosity of the solution, thereby replenishing the
double layer relatively faster. High bath temperature usually
decreases less adsorption of hydrogen on the deposits and
thereby reduces stress and tendency toward cracking. By
increasing the bath temperature from 45°C to 55°C, the grain
size of deposit partial decreased, whereas further increase of
bath temperature resulted in a contrary effect.

Effect of current density and distribution

In the electro deposition process the uniform coating of
specimen is depend upon the current distribution parameter. In
general, the metal ions are attached to the cathode at certain
favored sites. This condition will possibly result to the
presence of discontinuities in the form of pores, cracks or in
other irregularities. Thus, In Electro deposition, current density
and its distribution parameter play a centrally important role in
determining the uniform coating of the final deposit. In the
electro deposition process the current density over a cathode
will vary from point to point. Current tends to concentrate at
edges of the object. It tends to be low in recesses and cavities
because current tends to flow more readily to points nearer to
the opposite electrode than to more far points. In the Electro
deposition process cathode current density must be held within
the proper interval with respect to bath composition and
temperature. Insufficient current for given specimen will result
in poor coating, while the presence of excessive current does
not necessarily result in increased plating rate and is liable to
create other difficulties. Low current densities tend to result
higher impurity presence in the deposits. The reason for this is
that once over the limiting current density for good deposition,
hydrogen ions discharge occurs, that in turn; increase the pH
level at cathode andcausing metal hydroxide ions to be
included in the deposit coating. To summarize, the optimum
current density range for given plating bath is depending on
composition of salt, operating conditions and the type of the
plating sought. Anode current densities are also an important
plating parameter and should be controlled properly. This can
be done through the adjustment of the total anode area and the
proportion of it made up of the metal being deposited.

Effect of Bath Concentration: Generally, in the Electro
deposition process, bath concentration playing an important
role to the plating performance. In normal plating condition,
the increase of bath concentration will increase the
Concentration of metal ions in solution. Therefore it will
increase the deposition rate of the plating process.

Effect of Plating Time: In general, the plating thickness is
increase directly proportionately to the plating time and current

According to the Faraday's Laws, quantity charge flow, Q in
the solution is proportional to the current flow, 1 and also the
Flow time, t as show in equation below:(Narendia et al., 1999)

Oo=IxT
Effect of Agitation

In General agitation provides sufficient mixing of metal salt so
that the chemicals reagent becomes intimate and reacts with
each other. In general, agitation of the plating solution
replenishes metal salts or ions at the cathode and reduces the
thickness of the diffusion layer. It reduces the gas bubbles,
which may otherwise cause pits. Agitation helps increasing the
operating current density and thereby permits a higher
operating current density. These factors influences the
structure of the deposit metal ion and also increase in the
concentration of the metal, since it more rapidly compensates
for the loss of the metal ions through discharge at the cathode.
In the plating process, although agitation sometime cause the
formation of coarse-grained deposits due to the mechanical
inclusion of sludge and other impurities suspended in the
electrode, it permits to use at high current densities plating
process. The intensity of agitation should vary proportionately
with the current densities with all other conditions remain
unchanged. To reduce the defect of coarse-grained cause by
impurities in the electrolyte, agitation is often accompanied by
filtration electroplating; agitation promotes the deposition of
the noble metal on the cathode Process. In brief, agitation
system can greatly improve the plating performance since it
provides sufficient mixing of the metal salt for the plating
solution. However, this is true if the other parameters in the
solution are controlled properly. (Paunovic et al., 1998)

Nature of the metal

Based on the magnitude of polarization, metals can be
classified into three groups. Group I consists of metals like Ag,
Pb, Cd, Sn etc., which are deposited at an overpotential of a
few milli volts and rough deposits are obtained with grain size
greater than 10-3 cm. Group III consists of metals like Ni, Co,
Fe etc., which are associated with a large electrochemical
polarization and are deposited as dense deposits with the grain
size of around 10-5 cm. Cu, Bi, and Zn constituting the II
group are intermediate metals with respect to the over potential
value and grain size of the deposit. The interaction of the
substrates with the deposited metal differs and this affect the
kinetics of nucleation and hence the number of grains per unit
area.By achieving the optimum condition for the plating
solution, it can improve the plating quality and reduce the
production cost. In general, high current density (below the
limiting current density), high bath concentration, high bath
temperature with the agitation is preferred to achieve the high
cathode current efficiency. However, the detailed study must
be carried out to get the optimum condition for these
parameters. For the pH and plating time, there were no specify
limitation but it is only depending on the type of solution used
and regarded thickness in the process. However, the plating
solution with alkaline base is most familiar since this type of
solution has less effect caused by hydrogen evolution. several
experiments were canied out by the researchers to study the
effect of operating parameters in the electroplating process,
such as Loshkarev, Gornostaleva and Kriukova have
investigate the dependence of anodic and cathodic current
efficiency on temperature, additives, current density and other
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electrolysis parameters for nickel powder deposition. Kuznin
and Motosova have studied the conditions of the deposition of
alternate nickel and copper or zinc or iron layers.(Calusaru et
al., 19791t is found that Generally pH, Current density,
Temperature are important factor of Electrode position process
.The uniform coating of specimen is depend upon the current
distribution parameter. The pH value should be maintained for
good result. By increasing the bath temperature from 45°C to
55°C, the grain size of deposit partial decreased. Agitation
helps increasing the operating current density and thereby
permits a higher operating current density. Agitation is also
important it reduces the gas bubbles, which may otherwise
cause pits. Agitation helps increasing the operating current
density and thereby permits a higher operating current density.

Future of bright nickel plating

The future of nickel plating will be influenced by changes in
marketing conditions and technology. Technological
developments that have been considered by researchers and
electroplating/electroforming practitioners would foster the
growth during the near future. These includes long term
performances data on multi-layer nickel coatings, decorative
plating of stainless steel, zinc/nickel alloy plating, new uses in
battery, electronics, plated plastic and electroless nickel
process improvements and the implementation of computer
controlled manufacturing.The functional uses of nickel,
whether as electroplated coatings or electroform artefacts are
growing steadily, as the advantages of this metal in its
naturally deposited form or as modified by various techniques
become evident to design and production engineers (Dennis et
al., 1993).

Conclusion

The paper summarized removal and recovery of nickel as
based on recent literature. Nickel recovery from various types
of aqueous solutions was described with emphasis on the
hydrometallurgical approach.The high market price of nickel
makes nickel recycling economically profitable. On the other
hand, the environmental concerns and health risks related to
nickel exposure impose the removal and recovery of nickel.

Acknowledgement

The author gratefully acknowledge financial support from
national basic research of china (973 Program, Grant,
n0.2014CB643405)

REFERENCES

“Nickel Plating Handbook” Nickel Institute Brussels, Belgium
2014 access16.12.2016, https://www.nickelinstitute.org/~/
media/Files/TechnicalLiterature/NPH_141015.ashx.

Abbott .A. P., A. Ballantyne, R. C. Harris, J. A. Juma, K. S.
Ryder and G. Forrest.2015, A comparative study of nickel
electrodeposition using deep eutectic solvents and aqueous
solutions, Electrochim. Acta, 176 ,718.

Abd El Haleem S.M. and E.F. AbdAal., 2004, Electrochemical
behavior of nickel in HNO; and the effect of chloride ions,
Electrochemical engineering and performance, 13(6),784.

Abyaneh M.Y., W. Visscher and E. Barendrecht, 1983, Study
of the electrocrystallization of nickel by ellipsometry,
Electrochim.Acta., 28, 285..

AllongueP., L.Cagnon, C.Gomez, A.Gundel and V.Costa.
2004. Electrodeposition of Co and Ni/Au(1 1 1) ultrathin
layers. Part I: nucleation and growth mechanisms from in
situ STM Surf.Sci., 557.41.

AtaieS.A. and A.Zakeri., 2016.Improving tribological
properties of (Zn—Ni)/nano Al,O; composite coatings
produced by ultrasonic assisted pulse, plating.J.Alloys
Compd.,674, 315.

Badawy W.A., K.M. Ismail and A.M. Fathi, 2005.
Environmentally safe corrosion inhibition of the Cu—Ni
alloys in acidic sulfate solutions, J. Appl. Electrochem., 35,
879.

Bai A., CC.Hu., 2002, Effects of electroplating variables on
the composition and morphology of nickel-cobalt deposits
plated through means of cyclic voltammetry,
Elctrochim.Acta., 47, 3447.

Bo Y.,E. Hwang and D.A.Scherson, 1996. In situ quartz crystal
microbalance studies of nickel hydrous oxide films in
alkaline electrolytes, J.Electrochem Soc.,143, 37.

Bockris J.O.M., D.Drazic and A.R.Despic, 1961.Electrode
kinetics of the deposition and dissolution of
ironElectrochim.Acta, 4,325.

Bockris J.O.M., D.Drazic and A.R.Despic, 1961.The electrode
kinetics of the deposition and dissolution of
ironElectrochim.Acta 4. 325.

Bockris J.O’M and E.C. Potter., 1952. The Mechanism of
Hydrogen Evolution at Nickel Cathodes in Aqueous
Solutions, J. Chem. Phys., 20, 614.

Bozhkov Chr., Chr. Tzvetkova, St.Rashkov, A. Budniok and
A.Budniok., 1990, On the surface coverage with adatoms
during the initial nucleation stages of nickel deposition
onto glassy carbon, J. Electroanal. Chem., 296, 453.

Brenner A. 1963.Electrodeposition of Alloys I., Academic
Press, NewYork.

BursteinlG.T.,X.Y.Chin,G.E.Haslam,G.Ren,R.M. Sonto and
L.Speckert, 2011.18th international corrosion congress
plenary 1.

Calusaru.Aurelian, 1979.Electrodeposition of Metal Powders;
Material Science Monographs, Amsterdam.Elsevier
Scientific publishing Company and applications of
electrochemical.

Campos C.D.M., A.Flacker, S.A.Moshkalev and E.G.O.
Nobrega, 2012. Comparative analysis of thin Ni and
CoNiMnP magnetic films, Thin Solid Film., 520, 4871.

Cassela 1.G. and M.R. Guascito, 1999. Anodic
electrodeposition of conducting cobalt oxyhydroxide films
on a gold surface. XPS study and electrochemical
behaviour in  neutral and alkaline solution,
J.Electroanal.Chem., 476, 54.

Castro E.B., S.G.Real and L.F.Pinheriro Dick, 2004.
Electrochemical characterization of porous nickel-cobalt
oxide electrodes Int.J. H. En., 29, 255.

Chang L.M., M.Z.An, H.F.Guo and S.Y.Shi, 2006.
Microstructure and properties of Ni—Co/nano-Al,O3
composite  coatings by pulse reversal current

Electrodeposition, Applied Surface Science, 253, 4, 2132-
2137.

Chassaing E., M.Joussellin and R.Wiart, 1983. The kinetics of
nickel electrodeposition: Inhibition by adsorbed hydrogen
and anions, J.Electranal.Chem., 157,75.

Chassaing F., M. Joussellin and R.Wiart, 1981.Impedance
measurements for nickel deposition in sulfate and chloride
electrolytes, J. Electroanal.Chem., 119, 61.



64237

Razika Djouani and Xu Qian, Mechanism of electrodeposition of nickel in aqueous solution

Chassaing F., M. Joussellin and R.Wiart, 1983. The kinetics of
nickel electrodeposition: Inhibition by adsorbed hydrogen
and anions, J. Electroanal.Chem., 157, 75.

Chen J., D.H.Bradhurst, S.X. Dou and H.K.Liu. 1999. Nickel
hydroxide as an active material for the positive electrode in
rechargeable alkaline batteries, J.Electochem Soc.,146,
3606.

Chen,H.W.,Chen,X., Oh,S.W_Marinissen, M.J., Gut Kind,
J.S.and Hou,S.X. 2002. CKA, a novel multidomain protein,
regulates the JUN N-terminal kinase signal transduction
pathway in Drosophila,Genes Dev., 16(3):388-398(Export
to RIS).

Chen,H.Y., J.AFrancis and J.R.Miller, 2002. Surface
temperature of the Arctic: Comparison of TOVS satellite
retrievals with surface observations. J.Climate, 15, 3698-
3708.

Correia A.N.and S.A.S.Machado, 2000. Electrodeposition and
characterisation of thin layers of Ni- Co alloys obtained
from dilute chloride baths, Electrochim.Acta, 45, 1733.

Correia A.N.and S.A.S.Machado., 2003. Anodic linear sweep
voltammetric analysis of Ni—Co alloys electrodeposited
from dilute sulfate baths.J. App.Electrochem.,33, 367.

Correia,A.N. S.A.S. Machado and L.A. Avaca., 2000. Direct
observation of overlapping of growth centres in Ni and Co
electrocrystallisation using atomic force microscopy, J.
Electroanal. Chem., 488, 110.

Cui C.Q. and J.Y.Lee., 1996, Electrochemical
copolymerization of aniline and metanilic acid, J.
Electroanal. Chem., 403, 109

DeFarial.A.,M.Prestat,J.Koenig,P,ChartierandS. Trasatti.,
1998. Surface properties of Ni+ Co mixed oxides: a study
by X-rays, XPS, BET and PZC, Electrochem.Acta,44,
1481.

Dennis J.K.and T.E.Such.,1993.Nickel and Chromium plating,
3rd edition, woodhead publishing.

Epelboin I. and R.Wiart, 1971. Mechanism of the
Electrocrystallization of Nickel and Cobalt in Acidic
Solution, J.Electrochem.Soc.,118, 1577.

Epelboinl.,M. Jousselin and R.Wiart, 1981. Impedance
measurements for nickel deposition in sulfate and chloride
electrolytes, J.Electroanal. Chem.,119, 61.

Epelboinl.,M. Joussellin and R.Wiart.,, 1981. Impedance of
nickel deposition from sulfate and chloride electrolytes
J.Electroanal.Chem., 119.61.

Epelboinl., M.Joussellin and R.Wiart, 1979. Impedance of
nickel deposition from sulfate and chloride electrolytes,
J.Electroanal.Chem.,119.281

Epelboinl., M.Joussellin and R.Wiart., 1979.Impedance of
nickel deposition from sulfate and chloride electrolytes
J.Electroanal.Chem.101, 281.

EvansP., C. Scheck, R. Schad and G. Zangari., 2003,
Electrodeposition of epitaxial nickel films on GaAs, J.
Magn. Mater.,260, 467.

Fan C.and D.L.Pyron, 1996, Study of anomalous nickel-cobalt
electrodeposition with different electrolytes and current
densities Electrochim.Acta,41, 10, 1713.

Ferkel H., B. Mu'ller and W. Riehemann., 1997,
Electrodeposition of particle-strengthened nickel films,
Mat. Sci. Eng.A 234-236, 474.

FromentM. and R. Wiart, 1963. Quelques recents progres dans
les methodes d'etude du depot electrolytique du nickel,
Electrochim. Acta., 8. 481.

FromentM. and R.Wiart, 1963. Quelques recents progres dans
les methodes d'etude du depot electrolytique du nickel,
Electrchim. Acta., 8, 481.

Gabe, D.R. 1997.The role of hydrogen in metal
electrodepositionprocesses,J. Appl. Electrochem., 27,908.
GalovaM., R.Orinakova, T.Grygor, L.Luxand M. Hezelova,
2001. Relation between the dissolution reactivity of powder
substances and efficiencyof their electroplating Part.

Sci.Technol.,19 .85.

Go'mezE., R. Pollina and E. Valle" S.
electrodeposition on different metallic
Electroanal Chem., 386, 45.

Goldnitsky D., N.V.Gudin and G.A.Volyanu, 2000. The
ElectrodeCathode process in nickel cobalt alloy deposition
from sulfamate electrolytes, J.Electrochem.Soc.,1471-
4156.

Golodnisky,Y.U.and Rosenberg.A.Ulus., 2000. The role of
anion additives in the electrodeposition of nickel-cobalt
alloys from sulfamate electrolyte, Electrochem.Acta,47,
2707.

Gomez E., C.Muller, W.G.Proud and E.Valle’s,
1992.Electrodeposition of nickel on vitreous carbon:

1995 Nickel
substrates, J.

Influence of potential on deposit morphology,
J.Appl.Electrochem., 22. 872.
Gorrigen D.A. and R.M.Bendret., 1989. Effect of

Coprecipitated Metal Ions on the Electrochemistry of
Nickel Hydroxide Thin Films: Cyclic Voltammetry in
IMKOH J.Eectrochem.Soc., 136, 723.

Gosh S.K., A.K. Grower, G.K. Dey and M.K. Totlani, 2000.
Nanocrystalline Ni—Cu alloy plating by pulse electrolysis,
Surf.Coat. Technol., 126, 48.

Griswell, D.R. and R.D. Waldron.1980. Lunar utilization, In
Space.Industrialization,Vol. II, Ch 1, 1-53, Boca Raton,
F.L: CRC Press.

Giibeli T., G. D. Christian, J. Ruzicka, 1991.Fundamentals of
sinusoidal flow sequential injection spectrophotometry,
Anal Chem., 63,2407-2413.

Gutzeit G. and P Talmey, 1960, Chemical nickel plating
processes and baths therefor, US Patent 2, 935, 425.

Hagiwara Y, Hira M, Nishiyama K, Ueda T, Sakaki Y.and Ito
T. 1997. Developmentally-regulated expression of mNapor
encoding an apoptosis-induced ELAV-type RNA binding
protein.ProcNatlAcad Sci. USA 94(17): 9249-54,.

Holm M. and T.J.O’Kcefe, 2000.Evaluation of nickel
deposition by electrochemical impedance spectroscopy
J.Appl.Electrochem., 30, 1125.

HuC.C. and C.Y.Cheng, 2002. Ideally Pseudocapacitive
Behavior of Amorphous Hydrous Cobalt-Nickel Oxide
Prepared by Anodic Deposition,Electrochem.Solid.State
let, 5. P.A43.

IsmailK.M., AM. Fathi and W.A. Badawy, 2004. The
influence of Ni content on the stability of copper—nickel
alloys in alkaline sulphate solutions, Appl. Electrochem.,
34, 823.

Jensen J.A.D., P. Pocwiadowski, P.O.A. Persson, L. and
Hultmanand P. Moller, 2003, Acoustic streaming enhanced
electrodeposition of nickel, Chem. Phys. Lett., 368,732.

Ji J. and W.CH.Copper, 1996. Nickel speciation in aqueous
chloride solutions, Electrochim.Acta.,41, 1549.

Jovic V.D., N.TosicandM.Stojanovich, 1997.Characterization
of electrodeposited Co+ Ni alloys by application of the
ALSV  technique Professor  AleksandarDespic  to
commemorate his 70th bir.J. Electroanal.Chem.,

Karppusamy, K. and R.Ananthrn,1992.Pit-
FreeNickel,Electroplating, Metal. Finishing, 90(5). PP. 15-
19.thday, 420, 43.

KhorsandS., K. Raeissi and F. Ashrafizadeh, 2014, Corrosion
resistance and long-term durability of super-hydrophobic



64238

International Journal of Current Research, Vol. 10, Issue, 01, pp.64228-64239, January, 2018

nickel film prepared by electrodeposition process, Appl.
Surf. Sci., 305, 498.

KimS., D.A.Tryk,M.R.Antonio,R.Carr and D.Scherson., 1994.
In situ X-ray absorption fine structure studies of foreign
metal ions in nickel hydrous oxide electrodes in alkaline
electrolytes, J. PhysChem., 98, 10269.

Lainer V.I., 1970, Modem Electroplating. Trarslated by
Jurusalem.Keter Press Binding: Wiener Bindery Ltd.

Lantelme F., A. Seghiouer and A. Derja., 1998, Model of
nickel electrodeposition from acidic medium, J. Appl.
Electrochem., 28, 907.

Lemaire G., P. He’bant and G.S. Picard, 1997. DFT analysis of
interfacial processes occurring in the first steps of
electrodeposition of nickel from chloride melt, J. Mol.
Struct., 419, 1.

Lendl B., R. Schindler and R. Kellner.,1998, The eleventh
international conference on fourier transform spectroscopy.
AIP Conference Proceedings, Volume 430,403-406.

Li C., X. Li, Z. Wang and H. Guo.,2015. One-pot synthesis of
porous nickel cobalt sulphides: tuning the composition for
superior pseudocapacitance, Rare Metal Mat. Eng., 44,
1561.

Li S.H, M.S Toprak, HM.Soliman, J.Zhou, M.Muhammed,
D.Platzekand E.Muller. 2006. Fabrication of
nanostructured thermoelectric bismuth telluride thick films
by electrochemical deposition. Chem.Mater.,18, 3627-
3633.

LinC.S., P.C. Hsu, L. Chang and C.H. Chen,. 2001, Properties
and Microstructure of Nickel Electrodeposited From a
Sulfamate Bath Containing Ammonium Ions”, J. Appl.
Electrochem., 31, 925.

Lo.SH, Weisberg.E. and Chen LB.Tensin, 1994.A potential
link between the cytoskeleton and signal transduction. Lo
SH(1), 16(11): 817-23

LuQ.H.,R.Huang,L..S.Wang and Z.G.Wu, 2015. Thermal
annealing and magnetic anisotropy of NiFe thin films on
n+-Si for spintronic device applications,
J.Magn.Mater.,394, 253.

Lux L., R.Orinakova and M.Galova., 1998, Electrolytical
plating process on powder particles,Journal Particulate
Science and Technology, 16, 2.

Martens H.and M. Martens, 2001.Multivariate Analysis of
Quality.An introduction, Wiley, Chichester, 111-125.

Meier,H.G., J.R.Vilche,A.J.Ariva, 1982.The electrochemical
behaviour of cobalt in alkaline solutions part II. The
potentiodynamic response of Co (OH), electrodes
J.Electroanal . Chem.,138, 367.

Milos“ev 1. and M. Metikos™-Hukovic”, 1999.Effect of chloride
concentration range on the corrosion resistance of Cu—xNi
alloys.J. Appl. Electrochem., 29.393.

Mockute D. and G. Bernotiene, 2000.The interaction of
additives with the cathode in a mixture of saccharin, 2-
butyne-1, 4-diol and phthalimide during nickel
electrodeposition in a  Watts-type  electrolyte,
Surf.Coat.Technol., 135 . 42.

MockuteD. and G. Bernotiene., 2000. The interaction of
additives with cathode in a mixture of saccharin, 2-butyne-
1,4-diol and phthalimide during nickel electrodepositon in
a Watts-type electrolyte, Surf. Coat.Technol., 135, 42.

MockuteD., G. Bernotiene and R. Vilkait, 2002. Reaction
mechanism of some benzene sulfonamide and saccharin
derivatives during nickel electrodeposition in Watts-type
electrolyte, Surf.Coat.Technol.,160, 152.

Mohanty U. S., B. C. Tripathy, P. Singh and S. C. Das., 2001.
Effect of pyridine and its derivatives on the

electrodeposition of nickel from aqueous sulfate solutions.
Part II: Polarization behavior,J. Appl. Electrochem., 31,
579.

Mohanty U.S., B.C.Tripathy, P.Singh, S.Singh and S.C.Das,
2002.Effect of Cd,+ on the electrodeposition of nickel from
sulfate solutions. Part I: Current efficiency, surface
morphology and crystal orientations.,J. Electroanal. Chem.,
526. 63.

Mokute D., G.Berotiene and R.Vilkaite, 2002.Reaction
mechanism of some benzene sulfonamide and saccharin
derivatives during nickel electrodeposition in Watts-type
electrolyte.Surf.Coat. Technol.,160.152.

Myung N.V. and K.Nobe, 2001.Electrodeposited Iron Group
Thin-Film  Alloys: Structure-Property  Relationships,
J.Electrochem.Soc.,148, 3, C316.

NakamuraY., N. Kaneko, M. Watanabe and H. Nezu., 1994,
Effects of saccharin and aliphatic alcohols on the
electrocrystallization of nickel.J. Appl. Electrochem., 24,
227.

Narendra B. Dahotre& T.S. Sudarshan., 1999, Intermetallic
and Ceramic Coating.New York Basel. Marcel Dekker, Inc.

Nickel plating handbook published in 2014. https:/www.
nickelinstitute.org/~/media/Files/TechnicalLiterature/NPH
141015.ashx

Nriago, J.O. 1980. Nickel in the environment, John Wiley and
son, New York.

Oliveira E. M., G. A. Finazzi and 1. A. Carlos, 2006.Influence
of Glycerol, Mannitol and Sorbitol on Electrodeposition of
Nickel from a Watts Bath and on the Nickel Film
Morphology, Surf.Coat. Technol., 200, 597

Oloruntoba, D. O. Eghwubare and O. Oluwole., 2011.Effect of
Some Process Variables on Nickel Electroplating of Low
Carbon Steel, Leonardo EIl. J. Pract.Technol., 18, 79.8.

Orinakova R.,L.Trnkova, R.Galova and M.Supicova, 2004.
Application of elimination voltammetry in the study of
electroplating processes on the graphite electrode.
Electrochim.Acta., 49,3587.

Orinakova, R. 2003. The influence of iron powder
microstructure on its electrolytical coating with nickel,
Surf.Coat.Technol.,162.54.

Pasamontes, A. P. Callao.2006, Fractional Factorial Design
and Simplex Algorithm for Optimizing Sequential Injection

Analysis  (SIA) and Second Order Calibration,
Chemometrintell Lab, 83, 127-132.
Paunovic Milan and Schlesinger Mordechay., 1998,

Fundamentals of Elechochemical Deposition. New York:
Chichester: Weinheim: Brisbane: Singapore: Toronto. A
Wiley-Interscience Publication, John Wiley & Sons, Inc.

Pavlatou E. A., M. Raptakis and N. Spyrellis., 2007,
Synergistic effect of 2-butyne-1 , 4-diol and pulse plating
on the structure and properties of nickel nanocrystalline
deposits, Surf. Coat.Technol., 201, 4571.

ProudW.G and C.Muller, 1993. The electrodeposition of nickel
on vitreous carbon: impedance studies, Electrochim.Acta.,
38,405,

Rashidi A. M. and A. Amadeh., 2010.Effect of Electroplating
Parameters on Microstructure of Nanocrystalline Nickel
Coatings, J. Mater.Sci. Technol., 26, 82.

RiedelR., J.Bill and G. Passing, 1991. A novel carbon material
derived from pyridine-borane, Adv. Mater., 3, 551-552.
RoosJ.R., J.P. Celis, C. Buelens and D. Goris., 1991,
Mechanism of electrolytic composite plating, survey and

trends, Trans. Inst. Met. Finish., 69: 133—139.

sadiku O.. A, Emmanuel R.and Olusesan F. B. 2012. The

properties and the effect of operating parameters on nickel



64239

Razika Djouani and Xu Qian, Mechanism of electrodeposition of nickel in aqueous solution

plating, International Journal of the Physical Sciences,
7(3), 349-360.

SadikuO.-Agboola, E. R. Sadiku and O. F. Biotidara, 2012.
The properties and the effect of operating parameters on
nickel plating, Int. J. Phys. Sci., 7, 349.

Sahin T., H.Kockar and M.Alper., 2015. Properties of
electrodeposited CoFe/Cu multilayers: The effect of Cu
layer thickness, J. Magn.Mater., 373. 128.

Saitou M., T. Chinen and Y. Odo, Schwoebel, 1999. Effect and
dynamic scaling behavior in nickel film growth by
electrodeposition, Surf. Coat.Technol., 115, 282.

Saitou M., T.ChinenandY.Od., 1999. Schwoebel effect and
dynamic scaling behavior in nickel film growth by
electrodeposition, Surf.Coat. Technol. 115.282.

Saravanan G. 2011.Electrodeposition of Fe-Ni-Cr alloy from
Deep Eutectic System containing Choline chloride and
Ethylene Glycol, Int.J.Electrochem.Sci.,6, 1468-1478.

SaravananG.and S.Mohan, 2012. Structure, composition and

corrosion  resistance  studies of Co-Cr  alloy
electrodeposited from deep eutectic solvent (DES),
J.AlloyCompd.,522, 162-166.

Savitzky A.and M.J.E. Golay, 1964, Smoothing and

Differentiation of Data by Simplified Least Squares
Proceduresdnal. Chem., 36, 1627-1639.

Scheck C., P.Evans, G.Zangariand R.Schad. 2003. "Structure
and magnetic properties of electrodeposited Ni films on n-
GaAs(001)."Appl. Phys.lett.,8.2853.

Schlesinger M. and M. Paunovic, 2010.Modern Electroplating
(fifth ed.), John Wiley & Sons, New Jersey, USA.

Serebrennikova and V.I.Birss, 2000, Optimization of the
Preparation Conditions of Sol[1Gel Derived Nil1Co Oxide
Films, J.Electrochem.Soc., 147, 3614.

Serek A. and A. Budniok, 2002.Production of electrolytic
nickel and nickel-phosphorous composite layers containing
titanium, Curr.Appl. Phys., 2, 193.

Shaikh P.A., R.C.Kambale, A.V.Rao and Y.D.Kolekar,
2010.Structural, magnetic and electrical properties of Co—
Ni-Mn ferrites synthesized by co-precipitation method,
J.Alloys Compd., 492, 590.

Shreir L.L. 1977. Corrosion, Vol. 1, Newnes-Butterworths,
London, P.110.

SimkaW., J. Piotrowski, A. Robakand G. Nawrat,
2009.Electrochemical treatment of aqueous solutions
containing urea.J ApplElectrochem., 39, pp. 1137-1143.

SunX.M.,Q.Yuan, D.M.Fang and H.X.Zhang, 2012.
Electrodeposition and characterization of CoNiMnP
permanent magnet arrays for MEMS, SensActuators.A.,
188, 190.

SupicovaM., R.Rozik, L.Trnkova, R.Orinakova and M.
Galova, 2006, Influence of boric acid on the
electrochemical  deposition of Ni, J.SolidState.
Electrochem., 10, 61.

Tasuomi.M, Yasonori.M, Takahiro.F, Masaki.l.and Koji.T.,
1992. Photoreceptor pigment in Blepharisma: H+ release
from red pigment., Photo Chemistry and Photobiology
Journal, 56, 3, 399- 402.

Vero J. and M.Kaldor, 1996. Physical Metallurgy for
Engineers - Physical Metallurgy 2nd edition,
NemzetiTankonyvkiad,Rt, Budapest, 564.

Vidal M., J. M. Amigo, R. Bro, M. Ostra and C. Ubide,

2010.Quantitative  determination of additives in a
commercial electroplating nickel bath by
spectrophotometry and multivariate analysis, Anal

Methods, 2, 86.

VilanalJ.,M.Lorenzo and E.Gomez., 2015.Electrochemical
deposition of CoNi micro/nanostructures as new materials
for electrochemical sensing of glucose.Mater.lett.,159, 154.

Vilanal., E.Gomez and E.Valles, 2016. Influence of the
composition and crystalline phase of electrodeposited CoNi
films in the preparation of CoNi oxidized surfaces as
electrodes for urea electro-oxidation, Appl. Surf.Sci., 360.
816.

Wang L.Y.Gao, Q.Xue, H.Liu and T.Xu., 2005.
Microstructure and tribological properties of
electrodeposited Ni—Co alloy deposits. Appl.Surf.Sci., 242,
326.

Wasekar N.P., S.M.Latha and M.Ramakrishna,
2016.electrodeposition and mechanical properties of Ni-
W/SiCnano-composite coat ings, MateDes.,112. 140.

Watson S.A. 1994.Nickel Alloy Plating, Nickel development
institute, Reprint no.14031.

Wehner S., A. Bund, U. Lichtenstein, W. Plieth, W. Dahms
and W. Richtering, 2003. Electrochemical investigations
on the influence of electrolyte composition of Watts baths
with special regard to throwing power, J. Appl
Electrochem., 33, 457.

Wiart R. 1990. Elementary steps of electrodepositionanalysed
by means of impedance spectroscopy. Electrochim.Acta.,
35, 1587.

Wold S. 2007. GIT Lab report.,J., Eur.,11 (1-2), 22-25.

Xia F., J.Y.Tian and W.C.Wang, 2016, Microstructure and
corrosion properties of Ni-TiNnanocoatings prepared by jet
pulse electrodeposition, Ceram.Int.,42, 132, 68.

Yu Y, L Sun, H Ge, G Weiand L Jiang, 2017. Study on
Electrochemistry and Nucleation Process of Nickel
Electrodeposition, /nt. J. Electrochem. Sci., 12, 485 — 495.

Yu,S.Y, Yoo,S.J., YanglL., Zapata,C., Srinivasan, A.Hay,
B.A.and Baker, N.E. 2002. A pathway of signals regulating
effector and initiator caspases in the developing Drosophila
eye.,129(13): 3269-3278( export to RIS).

YuY.D.and Z.L.Song. 2016. Electrochemical mechanism of
cobalt film electrodeposition process. Mater.Res.
Innovations, 20, 280.

YuY.D., X.X.Zhao and M.G.Li., 2013. Preparation of ZnNi
alloy films by electrodeposition, Surf.Eng., 29, 743.

YuY.D., Y.Cao and M.G.Li. 2014. Magnetic electrodeposition
of ZnNi alloy films, Mater.Res.Innovations, 18, 314.

Zech N., E.J.Podlaha and D.Landolt,1998. Rotating cylinder
Hull cell study of anomalous codeposition of binary iron-
group alloys, J.Appl.Electrochem.,28, 1251.

Zeller R.L.1991. Electrochemical Corrosion Testing of High
Phosphorus Electroless Nickel in 5% NaCl, 47(9): 692-
702.

ZellerR.L. and L.Salvati, Corrosion, 1994. Effects of
Phosphorus on Corrosion Resistance of Electroless Nickel
in 50% Sodium Hydroxide, 50(6): 457-467.

seskeskoskoskookok



