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The Ni-Cd alloy coating was electrode-
posited on mild steel (MS) from acid 
chloride bath using gelatin and glycerol 
as additives, individually and in combi-
nation. The bath composition and oper-
ating parameters have been optimized 
by conventional Hull cell method. The 
effect of current density (c.d.) on Ni 
content of the alloy was studied at different molar ratio of metal ions in the bath. The effects of c.d. 
and temperature on thickness, hardness, and composition and corrosion rate (CR) of the coatings 
were studied. Cyclic voltammetry (CV) study showed that (gelatin + glycerol) has significant effect 
on process of deposition and (gelatin + glycerol) worked synergistically to increase the Ni content 
by their preferential deposition and by suppressing the deposition of more readily depositable 
Cd2+ ions. Ni-Cd bath having both [Ni2+]/[Cd2+] = 1.5 and 8.0 exhibited anomalous type of codeposi-
tion at all c.d.’s studied. Corrosion behavior of the coatings evaluated by electrochemical methods 
demonstrated that the coating from bath [Ni2+]/[Cd2+] = 15, deposited at 4.0 A dm-2  is the most 
corrosion resistant. The superior corrosion resistance of Ni-Cd coatings at optimal c.d. was attrib-
uted to specific Ni (111), Ni (200), Cd (200) and Ni-Cd (862) reflections, evidenced by XRD study. The 
surface morphology was analyzed using SEM study, and results are discussed.
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1. Introduction

The theory of codeposition of two or several 
metals is of 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 prop-
erties. This is particularly true in electroplating 
technology. Alloy electrodeposition is technically 
a more complicated process as compared to the 
deposition of individual metals, as it requires a 
more stringent control of the composition of elec-
trolyte and deposition conditions as well as closer 
monitoring of these parameters; it also poses 

additional problems owing to anode operation. 
As a consequence, development of a new process 
of alloy deposition is overall a more complicated 
research and development issue [1].

Electrochemical method of alloy coating is attrac-
tive due to the high degree of control obtainable 
by varying the experimental conditions. Metals, 
alloys, and composite layers can be deposited 
electrochemically to form single or multicom-
ponent layers. The recent interest in the elec-
trodeposition of Ni-based alloys is due to their 
unique corrosion and thermophysical properties. 
Plentiful reports are available in the literature 
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on electrodeposition of Ni-based alloy coat-
ings for the protection of steel products against 
corrosion [2-13]; in which many new organic 
compounds have been proposed as additives to 
obtain durable, uniform, and compact Ni-based 
coatings for corrosion prevention. These organic 
molecules, or even mineral impurities added to 
the electroplating solution were known to exert 
crucial effect on corrosion characters and other 
properties. The effect of the organic molecules, 
with special emphasis on deposition process and 
physical characteristics of the electrodeposited 
alloys has been studied [14]. Experimental results 
demonstrated the fact that addition of additives 
not only alters the process of deposition but also 
the deposit characters by changing the phase 
structures.

As cathode current density is the driving force for 
the process of deposition, the coatings of specific 
properties can be fabricated by its proper manip-
ulation [15, 16]. Generally during alloy plating, 
the codeposition of two metals requires reason-
ably close reversible potentials of the individual 
metals. This could be achieved by proper modu-
lation of the bath composition, in terms of metal 
contents in the bath, certain additives, complex-
ing agents of varying stability constant etc. [17]. 
In case of normal codeposition of two or more 
metals, more noble metal is preferentially depos-
ited. The ratio of the more noble metal to less 
noble metal is larger than the relative concentra-
tion of the electrolyte [18]. However, anomalous 
type codeposition is characterized by preferential 
deposition of less noble metal over more noble 
metal [19, 20].

Today, cadmium plating banned due its high 
toxicity. Moreover, Cd plating is associated 
with another drawback of introduction of large 
amount of hydrogen into the underlying metal 
during deposition process which increases the 

risk of failure in the structure due to hydrogen 
embrittlement. Recently it has been reported that 
by introducing a third element (Cd) in the Zn-Ni 
alloy, the Zn content in the alloy can be decreased 
and consequently the corrosion potential of 
Zn–Ni alloy can be decreased drastically close 
to cadmium coatings. Accordingly, the environ-
mental safety and performance of these coatings 
forced the researchers to look for an alternative 
for conventional Cd coatings. In this direction, 
an effort has been made to electrodeposit Ni-Cd 
coatings on to the surface of mild steel to achieve 
high performance against corrosion [21, 22].

In view of many reports on electrodeposition and 
characterization of Ni-Cd alloy coatings under dif-
ferent conditions of bath composition and oper-
ating parameters, the present work is to under-
stand the effect of two organic additives, namely 
gelatin and glycerol (both as individual and in 
combination) on deposition process. Efforts have 
been made to understand the role of additives 
in better corrosion resistance of the coatings, 
without being increasing the Ni content of the 
alloy. The synergistic effects of additives on cath-
ode current efficiency (CCE), alloy composition 
and corrosion resistance have been studied and 
results are discussed.

2. Materials and Methods

Electrolytic solution having, NiCl2.6H2O, CdCl2 and 
boric acid were freshly prepared using laboratory 
grade chemicals and double distilled water. NH4Cl 
was added to increase the conductivity and ionic 
strength of the electrolyte. The filtered electro-
lyte solution was used each time. Gelatin and 
glycerol was used in combination as additives to 
impart uniformity and brightness to the coating. 
Gelatin (primary brightener) being insoluble in 
cold water, it was dissolved in hot water, and then 
added to bath in required quantity. The computer 
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controlled power source (DC Power Analyzer, Agi-
lent Technologies, Model: N6705) was used for 
electrodeposition. All depositions were carried 
out on pre-cleaned mild steel (MS) panels having 
7.5 cm2 active surface area. The surface was 
degreased by an alkali cleaner prior to coating.

All depositions were carried out for 10 minutes at 
303 K and pH = 4.0, for comparison purpose. Pure 
Ni plate was used as anode with same exposed 
area as cathode. The deposition was performed 
in a rectangular PVC cell with 250 cm3 electrolyte 
solution capacity. All depositions were performed 
under identical stirring condition to maintain 
same mass transport at cathode. No nitrogen 
(or other gas) purging was made either before or 
during deposition. The Hull cell method was used 
to set operating parameters (in terms of c.d., tem-
perature, pH) and bath compositions (in terms of 
salt concentration, additives) as detailed else-
where [23]. Hull cell experiment demonstrated 
that when only glycerol was used, no bright and 
homogeneous Ni-Cd coating was deposited at 
wide range of c.d. Hence to get smooth and uni-
form Ni-Cd alloy coating, a known amount of gel-
atin was added into the bath. The composition 
and other parameters used for development of 
bright Ni-Cd alloy coating on MS panel is shown 
in Table 1. 

Tab. 1: Composition and operating parameters of the pro-
posed Ni-Cd bath having (gelatin + glycerol) as additives

The cyclic voltammetry (CV) study was car-
ried out in a conventional three electrode cell. 
While studying the CV, two Pt electrodes (one 
as working electrode, and other one as counter 
electrode) with a surface area of 1 cm2 were 
used. Before each experiment, the working elec-
trode was activated by immersion in 1:1 HNO3. 
Although this is a different material than the MS 
(substrate) used for galvanostatic deposition, it 
enabled the elimination of noise in CV experi-
ments. All potentials measured in this work are 
with regard to saturated calomel electrode (SCE), 
having ESCE = 0.2422 V. The experiments were car-
ried out in still solution without stirring to ensure 
the mass transport through only diffusion. The 
composition and pH of the bath used for CV study 
is shown in Table 1. The bath temperature was 
stabilized at 298 K (25 °C). The CV experiments 
were conducted in a quiescent solution without 
N2 purging, at scan rate, υ = 100 mV s-1. 

The effect of operating parameters like c.d., tem-
perature on the codeposition of Ni2+ and Cd2+ ions 
have been studied. The bath allowed codepo-
sition of coatings in range of 1.0 - 7.0 A dm-2, 
having black-porous/powdery, semi-bright to 
bright appearance. At very high c.d., the coatings 
were found to be very powdery, and peeled-off 
from the substrate. The corrosion performances 
of the coatings were evaluated by both electro-
chemical DC (Potentiodynamic polarization) and 
AC (Electrochemical Impedance Spectroscopy, 
EIS) methods, using Potentiostat/galvanostat 
(ACM Instruments, Gill AC Series No-1480). All 
corrosion studies were made in 5 % NaCl at 298 K 
(25 °C), exposing only 1 cm2 coated surface area, 
used as working electrode. The Pt electrode with 
same surface area as that of working electrode 
was used as counter electrode. The EIS study was 
made in the frequency range of 100 kHz-10 MHz 
using sine wave of ±10 mV amplitude, and corre-
spondingly Nyquist plots were plotted. The poten-

Bath

ingredients

Composition

(g/L)

Operating

parameters

NiCl2.6H2O 71.3 Anode: Pure Ni

CdCl2 3.6 Cathode: Mild Steel

NH4Cl 50 pH: 4.0

H3BO3 30.9 Temp: 303 K (30 °C)

Glycerol 2.5

Gelatin 1.0
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tiodynamic polarization study was carried out at 
scan rate of 1 mV s-1, in a potential window of 
± 250 mV from open circuit potential (OCP). All 
corrosion rates (CR’s) were expressed in units 
of mm y-1, determined by Tafel’s extrapolation 
method [24]. 

The corrosion rate was calculated using the fol-
lowing equation [25]:

Equation 1.1

where, constant K = 0.00327 defines the unit of 
corrosion rate (mm y-1), icorr is the corrosion cur-
rent density in µA cm-2, ρ is the density of the cor-
roding material, EW is the equivalent weight of 
the alloy calculated using equation shown below:

Equation 1.2

where fi is the weight fraction of the ith element 
in the alloy, Wi is the atomic weight of the ith ele-
ment in the alloy and ni is the valence of the ith 
element of the alloy [25].

The cathode current efficiency (CCE) for alloy 
deposition or Faradaic efficiency was calculated 
using the mass gained, the charge transferred and 
the chemical composition of the deposit:

Equation 1.3

where w is the measured mass of the deposit 
in grams, t is the time of deposition in seconds, 
I is the average applied current strength (in 
Amperes), EW is the equivalent weight of the 
alloy (g equiv-1), ci is the weight fraction of the 
element in the alloy deposit, ni is the number of 

electrons transferred per atom of each metal, Mi 

is the atomic mass of that element and F is the 
Faraday’s constant (96,485 C mol-1). Scanning 
Electron Microscope (SEM, Model JSM-6380 LA 
from JEOL, Japan) interfaced with Energy Dis-
persive X-Ray (EDX) facility, was used to examine 
the surface morphology and composition of the 
coatings. Each sample was analyzed at five loca-
tions, to confirm the uniformity in composition. 
Hardness of the coating (of about 20 μm thick-
ness) was measured using a computer controlled 
Micro-Hardness Tester (MMT-X7, Clemex). While 
the thicknesses of coatings were estimated by 
Faraday’s law and were verified by measuring 
using Digital Thickness Meter (Coatmeasure - 
M&C, AA Industries Instruments). The phase 
structure of the coatings were analyzed using 
X-ray Diffractometer (XRD, JEOL JDX-8P) using 
Cu Kα- radiation, λ 1.5405 = А0, 30 kV.

3. Result and Discussion

3.1. Effect of gelatin and glycerol

The cyclic voltammetry (CV) study was made to 
identify the role of gelatin and glycerol on the 

Fig. 1: Cyclic voltammogram for Ni-Cd bath demonstrating the 
effect of additives on process of deposition: a) without addi-
tives, b) with gelatin, c) with glycerol and d) (gelatin+ glyc-
erol). Working electrode: platinum foil, T = 298 K (25 °C) and 
pH = 4.0 at scan rate, υ = 100 mV s-1
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process of co-deposition of Ni-Cd alloy, individ-
ually and in combination. Cyclic voltammograms 
corresponding to different conditions of addi-
tives, without additives (a), only gelatin (b), only 
glycerol (c), and (gelatin + glycerol) (d) are shown 
in Figure 1.

The shape of CV confirmed that the presence of 
additives has significant role on process of deposi-
tion. The CV for only metal ions, i.e. in the absence 
of additives, shown in Figure 1a corresponds to 
the deposition of Cd(II) to Cd(0) and Ni(II) to Ni(0). 
It was observed that on addition of additives the 
anodic sweep was found to exhibit one distinct 
peak at different potentials, indicating the disso-
lution of Ni-Cd alloy of different phase structure 
such as Cd (002), Cd (100), Cd (101), Ni (111), 
Cd (102), Ni (200), Cd (103), Cd (110), Cd (112), 
Cd (200) and Ni-Cd (862), as shown by curves b, c 
and d in Figure 1. It may be noted that on addition 
of gelatin, the anodic peak potential has shifted 
to more negative direction starting at around 
-0.4 V. Further, addition of glycerol changed dras-
tically the nature of CV by shifting the anodic peak 
potential to more noble side as shown in curve 
1c, indicating the formation of alloy of different 
space lattice.

The variations of Ni content with c.d. under dif-
ferent conditions of additives are reported in 
Table 2. It may be noted that at a particular c.d., 
Ni content of the alloy increased progressively 
as the additive is changed from gelatin to glyc-
erol, and then to (gelatin+ glycerol). At all c.d. 
studied, the Ni content in the alloy is maximum 
when deposition was carried out in presence of 
(gelatin + glycerol) as shown in Table 2. Hence, 
it may be concluded that gelatin and glycerol in 
combination, i.e. (gelatin+ glycerol) play impor-
tant role in increasing the Ni content of the alloy. 
Hence it may be stated that (gelatin + glycerol) 
play an important role in imparting the better 

corrosion resistance (to be seen in later sections) 
by enhancing the Ni content in the alloy. Further, 
the coating was observed to be more bright and 
homogeneous in presence of additive in combina-
tion, than as individual. 

3.2. Effect of molar ratio of [Ni2+]/[Cd2+]

The CV study was carried out under different 
molar ratio of the metal ions in the bath, i.e. 
[Ni2+]/[Cd2+] as 1.5, 8.0 and 15 and are shown 
in Figure 2. It may be observed that the anodic 
peak current intensity increased with molar 
ratio of Ni and Cd ions in the bath. It indicates 
that concentration of more noble metal ions, 
i.e. Ni2+ ions bears a close relation on the pro-
cess of both dissolution and deposition of the 
alloy. However, the small change of anodic peak 
current intensity, observed in curves a, b and c 
with significant increase of molar ratio of metal 
ions may be attributed to the presence of NH4Cl, 
added as conducting salt. 

Fig. 2: Cyclic voltammogram showing deposition and disso-
lution of Ni-Cd alloy coatings under different molar concen-
trations of metal ions in the bath, when [Ni2+]/[Cd2+] = 1.5, 
a) [Ni2+]/[Cd2+] = 8.0, b) and [Ni2+]/[Cd2+] = 15, c). Working 
electrode: platinum foil, T = 298 K (25°C) and pH = 4.0 at scan 
rate, υ = 100 mV s-1

It is well known that Ni-Cd alloy coating exhibits 
both anomalous and normal type co-deposition, 
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depending upon the c.d. and molar ratio of the 
metal ions present in the bath [26]. Hence, as 
an effort to change the general anomalous type 
of codeposition to normal type, the deposition 
was carried out at different c.d. by formulat-
ing different molar ratio of metal ions, i.e., 
[Ni2+]/ [Cd2+] = 1.5, 8.0 and 15, and correspond-
ing results are shown in Figure 3. The wt. % Ni 
in the bath were found to be respectively, 43.9, 
80.6 and 88.6 %, and are shown correspondingly 
by horizontal lines in Figure 3. It may be noted 
that in baths having molar ratio = 1.5 and 8.0, 
the wt. % Ni in the deposit is found to be always 
less than that in the bath, regardless of the c.d. 
employed for its deposition, indicating the fact 
that baths follow anomalous type of co-deposi-
tion. However, when the molar ratio = 15, the 
deposition process has changed to normal type, 
at least towards high c.d., by exhibiting high Ni 
content in the deposit than in the bath. This 
observation is once again supported by the peak 
current potentials of CV’s shown in Figure 2. 
Hence, the increase of Ni content in the deposit 
at high molar ratio of ions indicated that at this 
condition the anomalous codeposition is sup-
pressed. In other words, normal codeposition 

Fig. 3: Variation in wt. % Ni in the deposit with c.d., depos-
ited from baths having different molar ratio of ions, i.e. 
[Ni+2]/[Cd+2] = 1.5, 8.0 and 15. Corresponding horizontal lines 
represents the wt. % Ni in the bath

tends take place with favored deposition of 
noble Ni [19].

Further, it may be noted that the increase in the 
molar ratio of the metal ions decreased the lim-
iting current density (jL) as shown by the arrow 
mark in Figure 3. Here limiting current density 
may be recalled as the maximum c.d. required 
for achieving a desired electrode reaction 
before hydrogen or other extraneous ions are 
discharged simultaneously. In the present study, 
it was observed that an increase in the molar 
ratio of ions in the bath has an adverse effect 
on the current efficiency of bath, supported by 
literature [23].

3.3. Effect of current density

As mentioned earlier, wt. % Ni in the deposit 
was found to be increased with c.d. (from 1.0 
to 6.0 A dm-2). The variations of Ni with c.d., 
under different conditions of additive are 
summarized in Table 2. At a particular c.d., 
increase of Ni content in the coating, deposited 
in the presence of additives is in the order of 
(gelatin + glycerol) > glycerol > gelatin as shown 
in Table 2. A drastic increase of Ni content with 
change of additives indicated their vital role on 
deposition by changing the process of nucle-
ation. Further, the coating was found to be bright 
and uniform when (gelatin + glycerol) was used 
as additive. This is further confirmed by the 
peak current potential observed in CV, shown in 
Figure 1d.

It may be seen from Figure 3 that at low c.d., the 
deposition of more noble metal, namely Ni was 
suppressed. In other words, deposition of less 
noble Cd was preferred, compared to its content 
in the bath. But on increasing the current den-
sity (above 4.0 A dm-2), the process of deposition 
was changed to normal type with preferential 
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deposition of Ni. Hence it may be inferred that 
at low c.d., the bath follows anomalous type 
codeposition, which changed to normal type at 
high c.d. and limiting current density of the bath. 
However, on further increasing the c.d., the Ni 
content started to decrease and tended to reach 
that of in the bath. This decrease of Ni content is 
due to the fact that when the deposition c.d. of Ni 
is moving away from its limiting current density 
(jL) value, which is obviously different from that 
of Cd [26]. Hence, decrease of Ni content at high 
c.d. is a measure of deviation of deposition c.d. 
from limiting c.d. of the bath. In other words, Ni 
content of the alloy is function of both deposition 
c.d. and limiting current density of the bath. 

3.4. Effect of c.d. on thickness and hardness

The variation in thickness and micro-hard-
ness of the coatings with c.d. in presence 
of (gelatin + glycerol) is shown in Table 3. It 
was observed that thickness of the coatings 

increased continuously with applied c.d. as 
shown in Table 3. This may be attributed to 
the combined effect of increased hydroxide 
formation (as featured by anomalous codepo-
sition due to local alkalinity at the cathode 
layer caused by excess hydrogen evolution) and 
Faraday’s law. The microhardness of the coat-
ings was observed to be increased with c.d. as 

Tab. 2: Variation of Ni content in the alloy with current density (c.d.) under different conditions of additives at 303 K (30 °C)

Tab. 3: Effect of current density (c.d.) on thickness and 
Micro-hardness of Ni-Cd coatings, deposited from optimal 
bath
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shown in Table 3. It is partly due to increased 
% Ni content (the harder metal) and partly due 
to smooth, uniform and homogeneous deposit 
caused by the the synergistic effect of gelatin 
and glycerol, as additives. However, decreased 
hardness at extremely high c.d. (7.0 A dm-2) is 
due to increased porosity caused by local alka-
linity due to hydrogen gas evolution during plat-
ing.

3.5. Effect of temperature

In both anomalous and normal type alloy plating, 
temperature of the bath plays an important role 
on deposit characters such as their appearance, 
composition and phase structure. The variation 
of Ni content with temperature in present study 
was tested by evaluating the composition of coat-
ings, deposited at different temperatures from 
293 K (20 °C) to 333 K (60 °C) over wide range of 
c.d., i.e. from 1.0 to 7.0 A dm-2 and is shown in 
Figure 4. The horizontal line represents wt. % Ni 
in the bath (about 88.6 %), calculated from the 
bath composition. The wt. % Ni in the deposit 
was observed to be increased with both temper-
ature and c.d. as observed in other Ni-Cd baths. 
However, decrease of Ni content at low temper-
ature (293K (20°C)) and very high c.d. is due to 
increase in the rate of diffusion and convection of 
more readily depositable metal (Cd) at the diffu-
sion layer [26]. Further at very high temperature, 
Ni content in the alloy was observed to be more 
than that in the bath, i.e., Ni content is above 
the horizontal line. It indicates the fact that bath 
follow normal type of co-deposition. Therefore 
the transition of anomalous type deposition to 
normal type, or vice versa is a function of both 
temperature and c.d. employed.

The variation of cathode current efficiency (CCE) 
with applied c.d. at different temperature is 
shown in Figure 5. It may be noticed that the CCE 

decreases with c.d. up to a certain optimal c.d. 
and then increases. At low temperature and c.d., 
the CCE was found to be higher than 100 %. This 
may be due to the precipitation of metal hydrox-
ides and subsequent incorporation in the deposit 
[26]. However, an increase of both temperature 
and c.d. results in decrease of CCE as shown in 
Figure 5, and it may be attributed to excessive 
hydrogen evolution.

Fig. 4: Variation in wt. % Ni in the deposit with c.d., deposited 
from optimal bath maintained at different temperatures (Hor-
izontal line represents the wt. % Ni in the bath)

Fig. 5: Variation of cathode current efficiency (CCE) with cur-
rent density, and bath temperature (corresponds to optimal 
bath)
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Fig. 6: Potentiodynamic polarization behaviors of the Ni-Cd 
alloy coatings deposited at different c.d.

Tab. 4: Corrosion parameters of monolayer Ni-Cd coatings deposited at different current density from optimal bath

3.6. Corrosion study

3.6.1. Polarization study

The corrosion behavior of Ni-Cd coatings 
deposited at different c.d. was evaluated by 
subjecting them to polarization study [27]. 
Corrosion rates (CR’s) were calculated by Tafel’s 
extrapolation method, and corresponding plots 
are shown in Figure 6. The observed corro-
sion potential (Ecorr), corrosion current density 

(icorr) and CR are reported in Table 4. It may be 
observed that CR decreased with c.d. only up 
to 4.0 A dm-2 and then increased. The corrosion 
data revealed that the Ni-Cd coating correspond-
ing to 4.0 A dm-2, having ~ 70.77 wt. % Ni was 
found to exhibit the least CR. Thus enhanced 
corrosion protection of Ni-Cd alloy coating at 
optimal c.d. can also be supported by its specific 
phase structure supported by XRD study.

3.6.2. EIS study

Electrochemical systems can be studied with 
methods based on impedance measurements. 
These methods involve the application of a small 
perturbation, whereas in the methods based 
on linear sweep or potential step the system 
is perturbed far from equilibrium. This small 
imposed perturbation can be of applied poten-
tial, of applied current or, with hydrodynamic 
electrodes, of convection rate. The response to 
the applied perturbation, which is generally sinu-
soidal, can differ in phase and amplitude from the 
applied signal. Measurement of the phase differ-
ence and the amplitude (i.e. the impedance) per-
mits analysis of the electrode process in relation 
to contributions from diffusion, kinetics, double 
layer, coupled homogeneous reactions, etc. There 
are important applications in studies of corro-
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Fig. 7: EIS response for Ni-Cd alloy coatings (a) Nyquist plot and b) Bode magnitude plot at different c.d., deposited from the 
optimized bath at 303 K (30°C)

Fig. 8: SEM image of Ni-Cd alloy coatings deposited at a) 1.0 A dm-2, b) 2.0 A dm-2, c) 3.0 A dm-2, d) 4.0 A dm-2 and e) 5.0 A dm-2, 
deposited from optimal bath at 303 K (30°C)
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sion, membranes, ionic solids, solid electrolytes, 
conducting polymers, and liquid/liquid interfaces 
[24].

In the present study EIS technique was used 
as an additional tool to evaluate the corrosion 
behavior of coatings. In EIS the most versatile 
tool is the Nyquist plots which commonly plot 
the data as imaginary impedance, Zimg verses 
real impedance Zreal with the provision to distin-
guish the contribution of polarization resistance 
(Rp) verses solution resistance (Rs) [24]. The 
Nyquist and Bode plots of Ni-Cd coatings, depos-
ited at different c.d.’s are shown in Figure 7a 
and 7b respectively. The capacitive loop found 
at high frequency limit in Figure 7a indicated 
that the corrosion protection of the coatings is 
due to double layer capacitance (Cdl). Further, 
an increase in the radius of semicircle with c.d. 
indicated that CR bears a close relation with 
c.d. employed for its deposition. The maximum 
diameter of the capacitive loop at optimal c.d. 
(4.0 A dm-2) demonstrated that the deposit is 
most corrosion resistant. It may be observed 
from Bode’s magnitude plot (Figure 7b) that 
the phase angle (θ) increases progressively with 
c.d. up to 4.0 A dm-2, and then decreases. This 
increase of θ with c.d. (only up to 4.0 A dm-2) once 
again supports the fact that corrosion protection 
efficacy of Ni-Cd coatings under optimal condi-
tion is due to increased capacitive character of 
the double layer [28, 29].

3.7. SEM study

The Scanning Electron Microscopy (SEM) image 
of the Ni-Cd alloy coatings at different c.d. is 
shown in Figure 8. The surface morphology 
of the coatings changed drastically with c.d. 
employed as shown in from Figure 8a through 
8e. Surface morphology of the coatings indicates 
that c.d. plays significant role on crystal orienta-

Fig. 9: X-Ray Diffraction peaks of Ni-Cd alloy coating deposited 
at different c.d., deposited from optimal bath at 303 K (30°C) 

tion of the deposit. The coatings were observed 
to be very rough and porous at very low c.d. side, 
with flowery structure as shown in Figure 8a-8c. 
This flowery structure may be attributed to 
high Cd content (or less Ni content) of the alloy 
as reported in Table 2 as (Figure 8a). However, 
as c.d. is increased, the uniformity of coatings 
increased drastically as shown in Figures 8d and 
8e. However, at 4.0 A dm-2, Ni-Cd coating was 
observed to be more bright, uniform and homo-
geneous.

3.8. XRD Studies

The corrosion performance of the coatings at 
different c.d., can be related to their Ni content, 
and consequently their phase structures. The 
XRD patterns of the coatings corresponding to 
different c.d. are shown Figure 9. The least CR 
exhibited by the deposit at optimal c.d. (having 
about 70.77 wt.% Ni) is attributed to Ni (111), 
Ni (200), Cd (200) and Ni-Cd (862) phase struc-
tures. This particular phase structure, which 
could be deposited only in the presence of both 
additives, is responsible for better uniformity 
and homogeneity and hence the least CR of the 
coating.
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Further, it may be noted that the peak corre-
sponding to Cd (002), Cd (100), Cd (101), Cd (102), 
Cd (103), Cd (110) and Cd (112) phases were 
highly suppressed as the c.d. is increased from 
1.0 A dm-2. However, the intensity corresponding 
to Cd (200) and Ni-Cd (862) phase decreased pro-
gressively with c.d. as shown in Figure 9. Further, 
a new Ni (111) phase structure was observed at 
only 4.0 and 5.0 A dm-2, indicating the formation 
of Ni-Cd alloy of high Ni content. Thus the least 
CR of Ni-Cd coatings at optimal c.d. is due to its 
unique phase structure.

4. Conclusions

Based on experimental observation while study-
ing the effect of additives and operating parame-
ters on deposit characters the following observa-
tions were made as conclusions:

1. A stable bath has been proposed for depo-
sition of bright Ni-Cd alloy coating on MS 
using (gelatin + glycerol) as additives. The 
usage of additives in combination is more 
advantageous than using them individually 
from the corrosion protection efficacy point 
of view.

2. Gelatin and glycerol worked synergistically 
to increase the Ni content in the alloy by 
their preferential deposition, and suppress-
ing the deposition of more readily deposit-
able Cd+2 ions. 

3. Cyclic voltammetry study demonstrated 
that (gelatin + glycerol) impart the depo-
sition of Ni-Cd alloy having specific phase 
structure.

4. Electroplating under different conditions 
of molar ratio of metal ions in the bath 
demonstrated that Ni content in the deposit 

increases with Ni content in the bath, favor-
ing normal type codeposition.

5. Under no condition of current density (c.d.), 
the proposed bath having [Ni2+]/ [Cd2+] = 1.5 
and 8.0 can exhibit normal type of codepo-
sition at all c.d. studied. i.e., it follows only 
anomalous type of codeposition.

6. Ni-Cd alloy deposited at 4.0 A dm-2 (having 
~ 70.77 wt.% Ni) was found to exhibit the 
least corrosion rate (5.22 × 10-2 mm y-1), 
demonstrated by potentiodynamic polariza-
tion and EIS study.

7. The least CR was attributed to the charac-
teristic surface morphology and phase struc-
ture of the coatings, supported by SEM and 
XRD analysis, respectively. 
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