Nickel Electroplating

By MAAM. lbrahim, S.S. Abd El Rehim,

Electroplating of nickel onto steel substrates from citrate
baths has beerinvestigated under different conditions of
bath composition, current density, pHand temperature.
A detailed study has been made of the influence of thes
variables on the potentiodynamic cathodic polarization
curves, cathodic current efficiencyand throwing power,
as well as the throwing index of these baths. The optimur
conditions for producing sound and satisfactory nickel
deposits are: NiSQ - 6H,0O 100 g/L, trisodium citrate
25 g/L and citric acid 20 g/L at pH 5.0, withi=2 A/dmand
at 25°C. Moreover, the effect of sinusoidal a.c. superim
posed on d.c. on electroplating ofiickel from the opti-
mum citrate bath has been investigated. The surfac
morphology of the as-plated nickel was investigated b
using scanning electronmicroscopy (SEM) while the
structure was studied by using X-ray diffractionanalysis
and anodic stripping voltammetry (ASV) techniques.

Nickel electrodeposits have widespread uses, such a
creasing the life of industrial, transport, and service app
tus, and to give them decorative and functionally suita
metal coatingd Moreover, because of favorable mechani
properties, nickel electrodeposits are used for electroforn
of printing plates, phonograph record stampers, foil, tu
screens and many other articliéhe selection of an electrg
plating bath depends primarily on the required characteri
of the nickel plate. Electrodeposition of nickel has theret
been studied by various authors using different bath
Also, nickel electroplates are extensively studied from Wa
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Faraday’s law. Most of the experiments were carried out at
25x2 °C. Plating duration was 20 min. In some experiments,
a sinusoidal alternating current was superimposed on the d.c.
eby direct connection to the cathode and the anode. To obtain
separation of the external d-c and a-c circuits, an induction
coil (2.5 H, 0.25 A) was introduced in the direct-current
ncircuit and a capacitor of 100 F, 12 V, was joined to the a-c
circuit.

The throwing power (TP) of the solution was measured
using a Haring-Blum rectangular Perspex cell fitted with one
anode between two parallel cathodes where the ratio of the far
to the near distance was (5:1). The percentage throwing
e power was calculated from Field's formtfla

TP% = T x 100

where L is the current distribution ratio or linear ratio (5:1)
SafAd M is the metal distribution ratio of the near to far
atdthodes.
wble|n some cases, the values of M were measured as a function
C_@'f L over a wide range of linear ratios varying between 1:1
NAEd 5:1. The throwing index (T.l.) of each bath was consid-
DeFed as the reciprocal of the slope of the M vs. L$lot.
~ Potentiodynamic cathodic polarization measurements were
Stissformed in the rectangular cell. A potentiostat/galvanostat,
Otentrolled by PC was used for the potentiodynamic and the
5-stripping voltammetric measurements. All potentials were
\tigeasured relative to a saturated calomel electrode (SCE). To

type baths in the presence of different organic brightefi€rs
In this study, electrodeposition of nickel from slightly aci

5-avoid contamination, the reference electrode was connected
I€0 the working steel cathode via a bridge provided with a

citrate baths has been investigated under different operglinggin-Haber tip and filled with the solution under test. The
conditions, such as bath composition, pH, plating curfef§ was placed very close to the electrode surface. All poten-
density, superimposed a.c. on d.c., temperature and platia were measured and recorded vs. the saturated calomel

time to find the optimum conditions for producing sound
satisfactory deposits.

Experimental ~ Procedure

All the plating bath constituents were reagent grade, u
doubly distilled water. The composition of the baths used
nickel electrodeposition is given in Table 1. For electrodg
sition, a steel cathode and platinum sheet anode, each
3.0cmand 2.5 cm in height, were used. The plating cell
was a rectangular Perspex trough (10 x 3.0 cm) provided
vertical grooves on each sidewall, to fix the electrocd
Before each run, the steel cathode was mechanically poli
with different grade emery papers: 600, 800, 1000 and 1
then washed with distilled water, rinsed with ethanol
weighed. Direct current was supplied by a d-c power sup
The cathodic current efficiencies (CCE) were determi
with the help of a Cu-coulometer (CCE =YWt ) where
Wt is the weight of the deposit obtained experimentally
Wt___is the theoretical weight of the deposit according

theo
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ndectrode.

Potentiodynamic anodic stripping voltammetric curves
were obtained in a conventional electrolytic cell containing a
platinum sheet cathode (2.5 x 3 cm) as a working electrode,
S@Gaturated calomel reference electrode and a platinum wire
f@% a counter electrode. Deposition of Ni from the plating bath
PRas carried out on the platinum sheet cathode at a constant
2depfosition potential of -900 mV (SCE) for different plating
UgRRes (50-600 sec). At the end of each deposition time,
Withipping analysis was performed immediately in the same

ating bathif situ) by sweeping the potential to more anodic
sbafies at a potential sweep rate of 5 mV/sec.
©00The surface morphology of the nickel electrodeposit was
ARGkamined using a scanning electron microscope). The struc-
Pldre of the nickel deposit from the selected bath on steel
Nedthodes was examined by X-ray diffraction analysis, using

a diffractometer (40 kV, 25 mA) with Ni filter and CuwK
aRgdiation.
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Fig. 1—Polarization curves during Ni-electrodeposition from differ
baths (Curve a, Bath No. 1; Curve b, No. 2; Curve c, No. 3; Curve d, N
Curve e, No. 5; Curve f, No. 6).

The microhardness of the nickel deposit was measure
amicrohardness tester. In all tests, a 25 gf load was emp
and the hardness (HV) was expressed in kgflmm
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Resuits & Discussion
Cathodic  polarization curves
The data of Fig. 1 represent the cathodic polarization cu
for nickel deposition from Ni-1 to Ni-6 solutions (curv
a-f). Inspection of the data reveals that the nickel depos
is accompanied by significant cathodic polarization. Al
the data show that in case of deposition from nickel su
solutions only, Ni-1 and Ni-2 solutions (curves a an
respectively), the current tends to attain a limited value
results, at least partially, from the deposition limitation by
diffusion of Ni*?ions. Increasing the Niion concentration in
the electrolyte shifts the deposition potential of Ni to a |
negative potential and enhances the limiting current v
(curves a and b). Such behavior could be attributed tqg
decrease in the concentration (diffusion) overpotential.
Addition of trisodium citrate to the Ni-3 and Ni-4 sol
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eritig. 2—Polarization curves during Ni-electrodeposition for different values
0.0fpH (Curve a, pH 3.1; Curve b, pH 4.0; Curve c, pH 5.0; Curve d, pH 6.0).
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dtbgn the metal ion concentration, there will also be significant

ogetbunts of free Ni present in the solution at all values of pH.
The following electroreduction reactions are possible, there-
fore, with hydrogen evolution from independent side
reactions:

Ni*?2 + 2e = Ni
NiCit- + 2e = Ni + Cif

rves 4)
bS

. (5)
tion

S0, The inhibition effect of citrate ioni.é., the increase in
fatethodic polarization), especially at low current densities,
dould be assigned to the decrease in the concentration of the
tHete Ni2 as a result of complexation. In addition, citrate ions
thees such, or in the form of nickel complexes, may be adsorbed
on the cathode surface and block the active sites available for
efise Ni discharge process.
alueln contrast, the presence of citric acid (Ni-5 and Ni-6 baths)
giefts the cathodic polarization curves to less negative values
(curves e and f). The change in cathodic polarization in-
LUcreases with increasing acid concentration. Such change in

tions, however, changes the nature of the cathodic pol

ripalarization could be ascribed to the decrease in the pH of the

tion curves (curves c and d) and these curves are charadelution as a result of the addition of the acid (Table 1). Itis
ized by an initial rapid potential shift to the more negativaiggested that a decrease in pH increases the concentration of

direction, followed by a gradual increase with rise of cur
density. Such a potential shift could be attributed to
formation of different soluble complex species. According
the literaturé#the following equilibrium constants K coul
be written as follows:

K(Ni*? + HCit = NiH,Cit") 0.56 x 10 (1)
K(Ni*2 + HCit? = NiHCit) 0.23 X 10 ()
K(Ni*2 + Cit* = NiCit) 0.13 x 10 (3)

From these equilibrium constants, we can conclude tha
NiCit™ is the predominant complex species in the solu
because it has a much higher equilibrium constant. In g
tion, because the concentration of the total citrate ion is Id
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etite uncompleted Kfi ions in the bath. It is probable that
tllecreasing the pH value of the bath allows decrease in the
y tmverpotential of the simultaneous hydrogen evolution reac-
dtion.

To clarify the influence of pH of the bath on cathodic
polarization, a series of measurements was carried out, using
solutions containing the same concentrations of nickel sul-
fate, tri-sodium citrate and citric acid, but of different pH
values (pH 3.1-6.0). The pH value of each bath was adjusted
by addition of NaOH solution. The results are shown in Fig.

t thdt is clear that on increasing the pH value of the bath, the
i@mathodic polarization increases.

ddiThe influence of temperature on the cathodic polarization
WEFi curves) during nickel electroplating from the Ni-9 bath
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Fig. 3—Polarization curves during Ni-electrodeposition from Ni-9 batl

different temperatures (Curve a, 25; Curve b, 35°C; Curve c, 50°C).

was examined and the results are shown in Fig. 3. The

reveal that a rise of bath temperature shifts the cath

polarization curves to the less negative values. This beh
could be related to the decrease in the activation overpote
of both hydrogen evolution and nickel deposition reactibr
Moreover, an increase of temperature enhances the co
tration of the reducible species in the diffusion layer g
result of increasing their diffusion rates. In addition to
effect of temperature on the relative abundance of bot}
completed and uncompleted species in the solutions,
behavior was obtained during the electrodeposition of cg
from sulfate?® as well as from citrateaqueous baths.

The cathodic polarization curves for nickel deposit
from the Ni-9 bath were traced under the influence of sinu
dal superimposed a.c. Figure 4 shows that superimpose
of a variable frequency, and a constant current density
A/dm?, shifts the cathodic polarization to the more nega
values. This polarization-increasing effect of a.c. diminis
with increasing frequency. These data could be related t
fact that at low frequency, the time of a single oscillatio

Table 1

Composiion  of Nickel Plating Solutions

Concentrations, g/L

Bath NiSO, - 6HO tri-sod. C

No. citric acid citrate  (Q-cm)! pH
Ni-1 60 — — 15.2 6.8
Ni-2 100 — — 21.1 6.8
Ni-3 100 — 10 234 6.2
Ni-4 100 — 25 259 59
Ni-5 100 10 — 24.0 24
Ni-6 100 20 — 25.2 2.3
Ni-7 100 20 25 25.5 3.1
Ni-8 100 20 25 30.7 4.0
Ni-9 100 20 25 322 50
Ni-10 100 20 25 325 6.0
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dtig. 4—Polarization curves during Ni-electrodeposition from Ni-9 bath
with superimposed a.c,(F 2A/dn¥) of varying frequency (Curve a, 50 Hz;
Curve b, 100 Hz; Curve c, 500 Hz; Curve d, 1000 Hz).

dataugh for rearrangement of the successive anodic and
odathodic polarizations; thus the periodic fluctuation of the
aviathode potential is marked.

2ntial

sCathodic Curent  Efficiency

ndére effect of both Ni content, as well as the citric/citrate ratio
isirathe bath on the cathodic current efficiency, (CCE %),
thaduring nickel electrodeposition was studied as shown in Fig.
thel'he data indicate that the CCE at a given pH (5.0) depends
sgtiongly on both the citric/citrate ratio and Ni content in the
bladtth. At a given citric/citrate ratio, the CCE increases mark-
edly with increase in nickel content in the bath, up to 120 g/
oh. Above this concentration, the CCE tends to level off at
sabout 92 percent. At a given Ni content in the bath, the CCE
dia.found to increase with increasing citric/citrate ratio.

of Z'he influence of pH on the cathodic current efficiency was
tiwtudied in the pH range 3.1 to 6.0, using the bath of the
hestimum composition Ni-9 bath (Table 1); the data are listed
pith@able 2. It is clear that the efficiency of nickel deposition

n iscreases with increasing pH value of the bath from 3.1t0 5.0
and then levels off. This finding implies that the hydrogen
evolution reaction was accelerated when the pH of the bath
was relatively lower. These results agree well with the

Table 2
Effect of pHon Cathodic Current Efficiency,
Throwing Power & Throwing Index for Ni-9 Bath
pH CCE TP TI
% %
3.1 16.4 19.2 1.4
4.5 85.3
5.0 91.7 7.4 1.2
55 90.0
6.0 90.0

Time 20 min, 2 A/dry 25°C

April 1999
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Fig. 5—The effect of [NiSO 6H,0] concentration and the changed rati
of citric/citrate on the cathodic current efficiency at constant pH 5.0 (CU
a, citric/citrate ratio: 0.8; Curve b, Curve b, citric/citrate ratio: 0.4 (i =
Aldnt, time = 20 min).

assumption that the shift in cathodic polarization cur|
towards the less negative direction with decreasing pH (
2) is related mainly to decrease in the overpotential of
hydrogen evolution reaction.

The influence of temperature on CCE for nickel deposit
from the optimum bath Ni-9 at pH 5.0 is shown in Table
The data reveal that an increase of temperature from 1
70°C has no significant effect on the CCE. This means
increasing bath temperature affects nearly equally both
deposition of nickel and the evolution of hydrogen. T
remainder of the studies were carried out at a preferred I
temperature of 25C.

The relation between the depositing current density
the cathodic current efficiency CCE from the Ni-9 bath
given in Table 4. The data reveal that the efficiency of
deposition decreases slightly with increasing current den
This finding suggests that a hydrogen evolution reaction
also take place as a side reaction on the cathode surfag
relatively high applied current density.

The influence of the duration of electrolysis was inve
gated using the optimum Ni-9 bath at5 2 A/dnt and at 25
°C. The results are included in Table 5. It is obvious that
cathodic current efficiency did not changed appreciably v
duration time of electrolysis, indicating good bath stabil

Table 3

h

(2]

Meztal distrbbution ragio, M

LE]

3
Limcar ratie, L
D Fig. 6—Metal distribution ratio M vs. linear ratio L (NiSREHO 100 g/
nie trisodium citrate 25 g/L, citric acid 20 g/L); Curves: (a) i = 2 A/pH
P 5.0, time 20 min, 28C; (b) i = 2 A/dni, pH 3.1, time 20 min, 2%C; (c) i
=0.66 A/dm, pH 5.0, time 20 min, 2%; (d) i = 2 A/dni, pH 5.0, time 5
min., 25°C; (e) i = 2 A/dm, pH 5.0, time 20 min, 3%; (f) i = 2 A/dn?, pH
Ve, time 20 min, 5CC.

Fig.

theFrom the above results, it is found that the optimum
conditions for producing sound and satisfactory nickel de-

ig@osits are: NiSQ- 6H,0 100 g/L, trisodium citrate 25 g/L
and citric acid 20 g/L (Ni-9 bath), at pH 5.0, i = 2 Afdand

R0’ C.

thatA study has been conducted on the influence of superim-
pesed a.c. of constant frequency and current density on the
heathodic current efficiency of Ni deposition from the Ni-9

obath. The data are listed in Table 6. These data show that the
superimposed a.c. on d.c. has no significant influence on the

aeficiency of Ni deposition. These results are in good agree-
iment with the results obtained during the study of the effect
f superimposed sinusoidal a.c. on nickel electroplating from

siagidic acetate solutions.

will From the above mentioned data, it can be concluded that

et gathodic current efficiency of nickel deposition from a
citrate bath is slightly affected by the operating conditions,

stpuch as pH, current density, temperature, duration and the
effect of a.c. superimposed on d.c.

the

villhrowing Power and Throwing Index of The Bath

ty.he throwing power (TP) of the Ni-9 bath was determined
and the results show that its throwing power was poor and

i Table 4
EfEﬁgiee(ﬁc of T%m?gvrv?;ure Pé)v?/e(r:?gtr?ggwincurﬁrgex Effect of Current Density on Cathodic Current
4 for gNi_g Bath 9 Efficiency, Throwing Power & Throwing Index
for Ni9 Bath
PH COSO E I/f T i CCE TP TI
2
25 91.7 7.4 1.2 Aldm % %
35 84.2 29.2 1.8 0.33 96.4
' ' ' 0.66 96.9 11.1 1.3
50 84.9 38.2 2.2
1.00 91.3
60 89.3
70 90.2 1.33 89.3
' 1.66 92.3
Time 20 min, 2 A/drfy pH 5 2.00 91.7 7.4 1.2
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Fig. 7—Anodic stripping voltammograms of nickel deposit obtained fj
Ni-9 bath at deposition potential -900 mV and different deposition ti
(Curve a, 50 sec; Curve b, 100 sec; Curve ¢, 200 sec; Curve d, 30(
Curve e, 600 sec at scan rate of 5 mV/sec).

depended strongly on the operating conditions. Tables
include the values of TP under different conditions.
Lowering the pH of the Ni-9 bath gives rise to an incre
in TP (Table 2), although it also gives rise to a depolariz
effect (Fig. 2). This could be explained by the slight incre

Fig. 8—Photomicrograph of nickel deposited from Ni-9 bath, 1500X, (time
20 min, j. = 2 A/dnt, pH 5.0).

advantages associated with expressing TP in the form of TI.
opr example, a single number is obtained, characteristic of a
meange of linear ratios. In addition, Tl is obtained from several
¥%perimental points and thus minimizes errors in measure-
ment of any one poirff. The metal distribution ratio (M) is
therefore plotted vs. the linear ratio (L), within the range from
2-51toL =5, as afunction of various deposition conditions.
Some representative results are shown in Fig. 6, which shows
aseasonable linear plots passing through the points repre-
isgnted by M =1 and L = 1. The data of Tables 2-5 reveal that
atfee calculated value of TI changes in a manner almost parallel

in conductivity with increasing pH (Table 1). On the othep that observed for TP.

hand, an increase in temperature of the Ni-9 bath impr
the TP greatly, although it leads as well to the depolari
effect (Fig. 3). This is expected from the fact that an incre
in temperature increases the electrical conductivity of
bath. Moreover, increasing the applied current densit
increasing the duration of deposition has a decreasing €
on the TP (Tables 4 and 5).

In general, the results of the throwing power study coul
explained in terms of the two main factors that control
property. First, an increase of the cathodic polarization hg
equalizing effect on the primary current distribution and
increased the throwing pow&rSecond, increase in th
electrolytic conductivity results in improved throwing pow
From these data, it is obvious that the role played by
electrical conductivity is greater than that played by
polarization effect.

Another way of expressing the throwing power of
plating bath is the throwing index (TI). There are sevs

Table 5

Effect of Plating Time on Cathodic Current

Efficiency, Throwing Power & Throwing Index
for Ni9 Bath

Time CCE TP TI
min % %
05 92.0 25.1 1.7
10 91.0
15 91.3
20 91.7 7.4 1.2
25 91.3
30 92.0

bves

rifgrface Morphology & Structure  of the Deposits

2aBkack and rough nickel deposits were produced from baths

thentaining nickel sulfate only (Ni-1 and Ni-2 baths). Addi-

y tion of citrate ions into the bath, however, greatly improved

fibet appearance and adherence of the deposits. Qualitative
examination by simple procedures such as scrubbing, bend-

0 vy and heat/quench tests did not result in separation of the Ni

hileposit from the base metal, indicating good adherence. X-

agap diffraction studies of the Ni deposits (as-deposited)
showed two phasea @ndp), each with face-centered-cubic

e(fcc) structure (Table 7).

er. A typical anodic stripping voltammogram (ASV) for Ni
theposition from the optimum Ni-9 bath (pH 5, 26) is

tlelown in Fig. 7. The anodic scan exhibits two peaks corre-
sponding to the two different phases. These results confirm
hihe X-ray diffraction data.

oral Surface examination of as-plated nickel on steel substrate
from citrate baths was carried out by scanning electron

Table 6
Effect of A-C Frequency & A-C Density
OnCathodic Current Efficency  for Ni-9 Bath

Frequency CCE Current Density CCE
Hz % Aldm?2 %
50 92.4 0.00 91.7
100 93.5 0.33 90.4
500 93.5 1.33 92.0
1000 93.5 2.00 92.4
2.66 92.8

April 1999

Time 20 min, 2 A/drhac/dc, pH 5, 28C, 50 Hz
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Table 7
X-ray Difiraction Data of Nickel Deposited
from Cirate  Bath Ni-9
20 d A ", hk Structure
44.58 2.0324 7.4 111 cubic
76.45 1.2460 100 220 o andf
92.94 1.0621 0.9 311 phases

Time 20 min, 2 A/drfy pH 5, 25°C

microscopy (Fig. 8). The nickel deposited from the optim
bath Ni-9 at j. = 2 A/dnt, 25°C and t = 20 min. is compac
non-porous and composed of fine grains covering the e
surface. It is worthwhile to mention that most of the nic
deposited from the optimum bath under different opera
conditions, such as current density, temperature and pH
more or less the same surface morphology as those in H
The grains of nickel deposits from a citrate bath are

u
L,
nure
k&ditor's note: Manuscript received, June 1998; revision
tingceived, September 1998.

have

Table 8

Microhardness  of Nickel Deposit under
Condions  of Different  Bath Constituents,
pH& Current  Density
HV
Bath No. kgf/mm?

Ni-4 632
Ni-7 553
Ni-9 426
Ni-10 600

Time 60 min, 25C

idr&erences

ork.

G.G. GawrilovChemical (Electroless) Nickel-plating

compact, with full coverage of the surface, than those|ob- Portcullis Press Ltd., Redhill, Surrey, UK, 1979; p. 12.
tained from different bat#$*?*which contain, under similay 2. F.A. Lowenheim,Modern Electroplating Wiley
conditions, pitted dendritic grains, leaving some bare areas Interscience, New York, NY, 1963; p. 286.

on the surface.

Microhardness  of the Deposits

3.
4,

C.Q.Cui&J.Y. Led:lectrochim. Acta40,1653 (1995).
W.G. Proud & C. Muellerzlectrochim. Acta38, 405
(1993).

The microhardness of the nickel deposits from the citrate bath A.J. Dill, Plating,61, 1001 (Nov. 1974).

under different conditions was measured and the results &e K. Kamel,Materials Trans., JIM30, 251 (1989).

listed in Table 8. The data show that the microhardness pf Ni S.M. Abd El Wahaab, A.M. Abd El-Halim, S.S. Abd El
is generally relatively high. It can be seen that microhardness Rehim & E.A. Abd El MeguidSurf. Technol .29, 313
of Ni deposits is influenced to some extent by bath composi- (1986).

tion as well as by the pH of the solution. The highest value ¢&. M. Fleishmann & A. Saraby-Reintj@dectrochim Acta,

microhardness for nickel was produced from bath N

-4,

29, 557 (1984).

which contains nickel sulfate and trisodium citrate. Additjor®. P.V. Brande, A. Dumont & R. Winand. Appl.
of citric acid (Ni-7 bath), however, decreased the hardness. Electrochem.24,201 (1994). _
This could be attributed to the fact that addition of citric gcikd. E. Chassaing, M. Joussellin & R. WiaktElectroanal.

lowers the pH of the solution and consequently enhanc

the Chem. 157,75 (1983).

hydrogen evolution reaction. The adsorbed hydrogen on file Chr. Bozhkov & St. RashkoBull. Electrochem (India)
cathode surface may decrease the number of active sites of5, 756 (1989).

also be confirmed from the data given for Ni-9 (pH 5.0)
Ni-10 (pH 6.0) baths, as shown in Table 8, indicating that
microhardness increases with rise in pH of the bath.

Summary

Nickel deposits from acidic citrate baths can be produ
using the following plating conditions: NiS©6H,0 100 g/
L, trisodium citrate 25 g/L and citric acid 20 g/L at pH 5.
= 2 A/dn¥, t = 20 min at 28C. Under these conditions, th
cathodic current efficiency is high (91.7%). The high CCl
found to be slightly affected by the operating conditions, §
as pH, current density, duration and the effect of a.c. su
imposed on d.c. The throwing power of these baths is

(7.4%) and strongly dependent on the operating conditi
The surface morphology of the as-plated Ni deposit

examined by SEM, with the results revealing that the ni
deposits obtained from the optimum conditions are ¢
posed of compact, non-porous fine grains covering the e
surface. X-ray diffraction analysis (XRD) and anodic stf
ping voltammetry (ASV) proved that the Nideposit under
optimum conditions consists of a mixture of two phaae
andp.
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