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Effect of sulphonic acids on electrodeposition
of nickel and its structural and corrosion
behaviour

R. Sekar* and S. Jayakrishnan

The influence of methane sulphonic acid, naphthalene sulphonic acid and phenol sulphonic acid
on the electrodeposition of nickel from a citrate buffered nickel bath was investigated. Solution
characteristics such as cathode efficiency and throwing power have been assessed, and
corrosion resistance of the coatings was measured by electrochemical impedance spectroscopy
method. The X-ray diffraction pattern obtained for electrodeposited nickel showed a polycrystal-

line fcc structure. A uniform and pinhole free surface was observed under SEM analysis.
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Introduction

Nickel plating is one of the most widely used processes for
decorative, functional and electroforming applications,'
including undercoats for gold plating. Watts bath is the
most popular nickel electroplating bath, and it usually
consists of nickel sulphate, nickel chloride and boric acid.
Boric acid is an essential ingredient for maintaining the
pH of the electrolyte and producing good quality ductile
deposits.* The additives and operating parameters have a
complex relationship in terms of their influence on the
deposition mechanism. The mechanism of Ni* ™ reduction
from acid sulphate solutions has been extensively studied
by Epelboin et al. using Watts baths.” 7 It was suggested
that there were two successive Faradaic reactions, the first
involving the formation of Ni; followed by subsequent
reduction to Ni. However, the adsorbed species of H¥%pg
inhibited the hydrogen evolution in presence of freshly
deposited nickel, which strongly bonds to the electrode
surface and inhibits reduction. From an electrolyte of
pH 2-4, the following deposition mechanisms have been
suggested”

2(H" +e7)>H, (1
Ni** e~ - Nify 2
Nif +e” —Ni 3)
2H; ; —H) “)
Niy +Hi g +e = Ni+ Hincluded (5)

Citric acid and citrate are used as buffering and complex-
ing agents for autocatalytic nickel deposition'® and
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electroplating of bright nickel,'' iron alloy,"* Ni-W
alloy'® and Cu-Ni alloy.'* Citrate ions react with nickel
ions to form nickel citrate complexes adsorbing on the
cathode surface. Reports from Japan discuss the strict
environmental protection regulations restricting dumping
of waste streams containing boric acid.'> As an eco-
friendly alternative to boric acid in nickel plating baths,
the authors have worked on developing a new bath using
citrate instead of boric acid.

Organic additives are added in traces to electroplating
baths to modify the surface morphology, structure, crystal
size and physical properties such as hardness and wear
resistance of the metal deposits.'® For nickel plating from
a Watts bath, commonly used brightener additives are
aromatic sulphonones or sulphonates and compounds
containing unsaturated groups such as >C=0, >N-
C=S, -C=N, etc. Pewnim and Roy17 have studied the
codeposition of copper and tin using a methane sulphonic
acid based electrolyte. Danilov et al.'® have studied the
kinetics of nickel ion electroreduction from a methane-
sulphonate electrolyte. In the present communication,
results pertaining to characteristics of deposits from a bath
containing nickel sulphate, nickel chloride and tripotas-
sium citrate in the presence of sulphonic acids as additives
are reported.

Experimental

The experiments were carried out in triplicate with copper
specimens. Surface preparation before deposition is an
important factor and can be achieved by mechanical and
electrochemical methods.'*! The procedure adopted was
removal of surface scales using mechanical polishing to get
a smooth surface, degreasing with trichloroethylene and
final electrocleaning at 4 A dm ™ in a solution of Na,COs
(20 g LY, NaOH (7 g L") and trisodium orthopho-
sphate (9 g L™!). Copper panels 7-5x5x0-1 cm in size
were used as cathodes in an electroplating assembly
consisting of two 99-99% pure nickel anodes on either side
of the cathode. The four nickel plating baths studied (A,
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B, C and D) are shown in Table 1, and they were operated
at 50°C and at different current densities. The cathode
current efficiency and plating rate in each case were
calculated by weighing the cathode before and after
deposition. Throwing power was measured using a Haring
and Blum cell.?>>* This is a rectangular cell consisting of
two copper sheet cathodes 7-5x 5x0-1 cm in size filling
the entire cross-section at opposite ends and one per-
forated nickel anode of the same size. The latter was
placed between the cathodes so that its distance from one
of the cathode was one-fifth its distance from the other.
Values of throwing power (%) for different solutions used
were calculated using Field’s formula

L—M
L+M-2

where M is the metal distribution ratio between the near
and far cathode, and L is the ratio of the respective
distances of the far and near cathode from the anode.

To evaluate the adhesion of the nickel deposits on
copper with various current densities, a bend test was
employed. In this test, the specimen was bent back and
forth at 180° until fracture of the basis metal occurs.
Flaking or peeling of the deposit, if any, indicates poor
adhesion.”>® Corrosion properties of nickel deposits
were assessed based on electrochemical impedance
spectra analysis. For these studies, nickel electrodepos-
ited specimens were masked to expose 1 cm? of area on
one side and used as the working electrode. A platinum
foil (2-5x2-5cm) and a saturated calomel electrode
were employed as counter electrode and reference
electrode respectively; 3-5% sodium chloride was used
as test solution. The impedance behaviour was studied
in the test electrolyte for nickel deposits of 12 pm
thickness. The working electrode was introduced into
the test solution and allowed to attain a steady potential
value.

The ac impedance measurements were carried out on
nickel deposits in 3-5% sodium chloride solution at open
circuit potential using an EG&G model 6310 frequency
response analyser and applying an ac signal of 10 mV in
the frequency range of 10 kHz to 1 MHz. The values of
solution resistance R, double layer capacitance cq; and
charge transfer resistance R, were obtained from
Nyquist plots of the real Z. versus imaginary Zj,
components, and corrosion resistance of the coating was
determined from the R value using the Stern-Geary
equation®’

Throwing power = % 100

bube 1
2303 (ba+be)  Ra

where b, and b, are Tafel slopes.

X-ray diffraction patterns were obtained for nickel
deposits from the four nickel plating baths (A, B, C and
D) at 50°C. The samples were scanned at 30-80° (20)
at a scan rate of 1° min~' using Cu K, (A=1-5405 A)
radiation using the X’Pert PRO powder diffraction
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1 Effect of varying current density on current efficiency
obtained from various baths at 50°C

system PE 3040/60. The peaks due to the different planes
were identified, and the corresponding lattice parameters
were calculated. The crystal size of the nickel deposits
was also measured using the Scherrer formula®® from the
predominant peak

092
" pcos By

In order to understand the nature of the deposits
obtained, the deposits obtained from different baths were
studied visually and using scanning electron microscopy
(SEM). Images of SEM were taken with JEOL JSM-35
LF at 25 kV with magnification of x 1000.

Results and discussion

Cathode current efficiency and throwing power

The bath compositions are shown in Table 1. The results
of the cathode current efficiency experiments were carried
out at different current densities (0-5-5-0 A dm™?) from
the different nickel plating baths at 50°C, and the results
are given in Fig. 1. For bath A, Fig. 1 shows that the
cathode current efficiency gradually increases for current
densities up to 2 A dm 2 and thereafter decreases with
the increase in the current density. This may be due to
hydrogen evolution at higher current densities. A smooth
uniform deposit was observed between 0-5 and
3-0 A dm 2 and dull deposits between 4 and 5 A dm 2.
From these results, 0-5-2:0 A dm ™ was selected as being
suitable for producing a smooth uniform deposit. The
results of studies from bath B (Fig. 1) show the cathode
current efficiency steadily increasing for current densities
up to 4-0 A dm 2 and then slightly decreasing. Bright,
mirror deposits were produced between 0-5 and
3-0 A dm 2, and bright deposits with edge build-up were

Bath Constituents Additives concentration
A 240 g L™ nickel sulphate Nil
B 40 g L™ " nickel chloride 1 mL L™" methane sulphonic acid

20 g L™ tripotassium citrate
C
D

naphthalene sulphonic acid

1gL!
1 g L™ phenol sulphonic acid
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2 Effect of varying current density on throwing power for
different baths at 30°C

obtained between 4 and 5 A dm ™2 It may be concluded
that 0-5-3-0 A dm™? is more beneficial for producing a
bright and mirror bright deposit. The results of studies
from bath C (Fig. 1) indicate that the cathode current
efficiency steadily increases at current densities from
0-5 to 3-0 A dm 2 and thereafter gradually decreases,
probably through hydrogen evolution at high current
densities. Bright and mirror bright deposits are produced
between 0-5 and 3-0 A dm 2. Bath D (Fig. 1) produced a
bright deposit between 0-5 and 3-0 A dm >, and pitted
deposits were observed >4 A dm 2.

Figure 2 gives the variation of throwing power of
baths A, B, C and D with different current densities.
Throwing power of bath A (Fig. 2) increased with
current density, which may be attributed to the increase
in cathodic polarisation with increasing current density.

With the addition of methane sulphonic acid at
1 mL L™! as additive in bath B (Fig. 2), the throwing
power increases up to 2 A dm~? and thereafter gradually
decreases. This may be due to hydrogen evolution at high
current densities. With the introduction of naphthalene-
2-sulphonic acid as an additive in bath C (Fig. 2), high
throwing power was observed at low current density,
which steadily decreases with increasing current densities.
This may be due to adsorption of the additive on the
electrode surface. With the addition of phenol sulphonic
acid at 1 gL~" in bath D (Fig. 2), throwing power
increases with current density, and it can be observed that
the throwing power is highest in this bath as compared to
the other three.

Adhesion

Adhesion of the nickel deposits obtained in the presence
and absence of additives from the nickel bath was tested
by subjecting the plated specimens to standard bend
tests. The deposits from all four baths were found to
withstand the bend test, showing that the keying and
adhesion of the deposit to the base metal were very good
in all cases.

Electrochemical impedance spectroscopy (EIS)
measurements

The technique of EIS is one of the most intensively
used non-destructive and powerful techniques for the

Transactions of the Institute of Metal Finishing 2012 voL 90

-40000
— O A
e
ceeQeee: C
D
-30000 -
¢ -20000
R
o
o
0,
-10000 %
Q
Q
©
0 1 1 1
0 10000 20000 30000 40000
Zre /) cm2

3 Typical EIS spectra obtained for various nickel depos-
its (12 pm) in 3-:5% NaCl solution (A: bath A; B: bath B;
C: bath C; D: bath D)

investigation and prediction of corrosion protection.
The EIS represents the way in which charges are
transferred or impeded between various phases, which
may be studied by the status and behaviour of interfaces
among conducting phases.? It is well known that if the
process is purely charge transfer controlled, the impe-
dance spectrum will be a perfect semicircle.*® The shape
of the impedance spectra supports the assumption that
the polarisation resistance R,, value is the same as the
charge transfer resistance R, which is easily estimated on
the real impedance axis by extrapolating the impedance
trend at the lowest frequencies. The Nyquist plot
obtained in 3-5% sodium chloride solution is shown in
Fig. 3. Curve A in Fig. 3 shows the impedance diagram
obtained for the nickel deposit without any additive,
whereas curves B, C and D show the EIS for Ni deposits
produced from baths B, C and D with additives. The
shapes of the impedance curves were semicircular,
indicating charge transfer control of corrosion of nickel
deposits obtained from all four baths. As the diameter of
the capacitive semicircle represents the resistance of the
coating, it can be said that the protective properties of the
coatings increase with increasing diameter of the semi-
circle.®’* Among the four deposits studied, the deposit
produced from the bath containing naphthalene-2-
sulphonic acid (bath C) produced a large semicircle with
high R, value of >40 000 Q cm® on the real axis
indicating the highest corrosion resistance. In general,
the conditions that were favourable for good nickel
deposition were characterised by a single loop at high
frequency with low capacitance and high charge transfer
resistance.>

X-ray diffraction analysis

Figure 4 shows X-ray diffraction patterns of the nickel
electrodeposits obtained at 2 A dm ™2 and at 50°C from
baths A, B, C and D. All the deposits are crystalline
in nature and have face centred cubic structure. The
observed value (Table 2) is in good agreement with the
standard value for nickel deposit. Figure 4a shows that
the electrodeposited nickel coatings have a texture with
(111), (200) and (220) planes observed, but the (111) plane
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4 X-ray diffraction pattern for nickel deposits obtained at 2 A dm 2 and at 50°C

was more predominant and the other peak intensities
were lesser. Similar observations have been made earlier
by others.**” Generally, current density increases are
associated with decrease in grain size and modification of
the texture.

Figure 4b indicates that for the deposit obtained from
bath B, the (111) plane was more predominant and

Table 2 X-ray diffraction data for electrodeposited nickel
obtained at 2 A dm 2 and at 50°C

Bath ‘d’ observed ‘d’ standard hkl
A 2:0316 2:034 (111)
1.7597 1.762 (200)
1-307 1-259 (311)
1-2452 1-246 (220)
B 2:0311 2:034 (111)
1-7583 1.762 (200)
1-307 1-259 (311)
C 2:0253 2-:034 (111)
1.7562 1.762 (200)
D 2:0388 2:034 (111)
1.7643 1.762 (200)
1-3089 1-259 (311)
1-2462 1-246 (220)

other peak intensities were reduced. This suggests that
orientation changes occurred with the addition of
methane sulphonic acid as additive in the electrolyte.

Figure 4¢ represents the X-ray diffraction pattern of
the deposit produced from bath C. The (200) plane was
more predominant, and the reflection of other peaks
was reduced; the intensity of the (200) peak is highly
increased. Hence, the deposit obtained from the naphtha-
lene-2-sulphonic acid containing the bath showed that the
crystallite growth in the direction of (111) and (311) was
inhibited. These significant changes in the crystallo-
graphic orientations are reflected in the observed deposit
morphology, which was smooth and compact.*®

For the deposit obtained from bath D (Fig. 4d), the X-
ray diffraction pattern shows a polycrystalline structure.
The same (111) plane reflection was more predominant as
in the case of baths A and B. Hence, the methane and
phenol groups dominate the side reaction of hydrogen
evolution, decrease the surface energy of the (111)
crystallographic planes preferentially and encourage
planar growth in the nickel. Thus, it is possible that the
modification of the growth interface by hydrogen
facilitates the formation of larger grains.*® The crystal

Table 3 Crystal size for nickel deposits obtained from various baths at 2 A dm~2 and at 50°C

Bath 20 value Full width at half maximum 20 value Plane Relative Intensity/% Crystal size/nm
A 44-5626 0-2652 (111) 100 32:7
B 52:0308 0-2244 (111) 100 398
c 44-5742 03672 (200) 100 234
D 44-3968 0-2040 (111) 100 42-8
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a bath A, additive free; b bath B, containing methane sulphonic acid (1-0 mL L™"); ¢ bath C, containing naphthalene sul-
phonic acid (1:0 g L™"); d bath D, containing phenol sulphonic acid (1-0 g L")
5 Images (SEM) of nickel deposit obtained at 2 A dm~2 and at 50°C

size¢ was measured in the predominant peak of the
deposits produced from all baths.

Among these, the deposit obtained from the naphtha-
lene sulphonic acid containing bath C showed that the
crystal size is very small as compared to the other three
baths (Table 3). Hence, naphthalene sulphonic acid
appears to act as the best grain refiner. This was further
confirmed by SEM analysis.

Microstructural characterisation

Figure 5 shows the surface morphology of the nickel
deposits obtained from the four baths. In Fig. 5a, the
surface morphology of the nickel deposit obtained from
the bath without additive may be related to the texture
for the deposits having relatively fewer imperfections in
the crystal structure. The main feature is that the clusters
of small spherical shaped nickel crystals are randomly
arranged; they are face centred cubic in nature, and the
large grain size is usually associated with low cathode
polarisation. With the introduction of the methane
sulphonic acid as additive into the plating bath, the
surface morphology was changed from a spherical
shaped structure into a fine grained structure. Hence,
the morphology and the grain size are both dependent
on the presence of additives. Figure 5h—d also indicates
clearly that the use of the additives refined the grain size.

Conclusions

It was concluded that a smooth, uniform, dense and satin
white deposit is obtained in the absence of additive using
tripotassium citrate as a buffer for nickel electrodeposi-
tion. It offers good buffering capacity and is a more
environmentally friendly substitute for boric acid in a
Watts bath. In the presence of sulphonic acids such as
methane sulphonic acid, naphthalene sulphonic acid and
phenol sulphonic acid as additives, bright and adherent
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deposits of nickel can be electrodeposited. These baths
produce deposits with high cathode efficiency and
reasonable throwing power. The corrosion characteristics
of the nickel deposits were evaluated by the EIS method.
These studies reveal that the deposits obtained from a
bath containing naphthalene sulphonic acid exhibited the
highest R value and have higher corrosion resistance.
Hence, deposits obtained from bath C containing naph-
thalene sulphonic acid are compact, dense, non-porous
and fine grained. X-ray diffraction studies revealed that
the deposits obtained from baths A, B and D show
predominance of (111) plane, in contrast to the deposit
from bath C, which shows predominance of (200) plane.
The crystal structures of the deposits obtained from the
citrate based bath are dependent on the effect of operat-
ing parameters such as bath composition, current density,
pH, temperature and type of additive used. Scanning
electron microscopy studies showed that the deposits
obtained in the absence of additives are small spherical
shaped crystals that are randomly arranged, whereas the
deposits obtained from baths containing additives are fine
grained and of pore free morphology.
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