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The effects of the impurities Co*", Cu**, Fe**, Fe’" on the current efficiency, physical appearance,
purity, crystallographic orientation and surface morphology of the deposit and on nickel deposition
polarization behaviour during nickel electrowinning were determined. The current efficiency did not
change significantly in the presence of these impurities over the concentration range studied, but
certain changes in the purity and physical appearance of the deposit were observed. Based on the
physical appearance of the electrodeposited nickel, the tolerance limits of the impurities in the
electrolyte are reported. The tolerance limit of Co** was a maximum at 500 p.p.m. and a minimum
at 5 p.p.m. in the case of Fe**. No deviation of nickel structure from fcc was observed in the presence
of any of these impurities but the peak height values for different orientations showed variations with
all the impurities and the values also changed with increase in the impurity concentrations. The surface
morphology of electrodeposited nickel also changed in the presence of the impurities. The potentio-
dynamic scan curves for electrodeposition of nickel showed deviations in the presence of all the
impurities except Cu”" . Based on the results, an attempt is made to correlate the effects of the various

factors investigated.

1. Introduction

The electrodeposition of nickel has been studied by
several investigators with respect to current efficiency,
polarization behaviour and deposit structural charac-
teristics [1-17]. Some attempts have been made to
correlate the brightness of the nickel deposit with
structural variations [18-23]. In all these studies, a
sulphate-chloride or sulphamate bath as such or with
additives was used. A literature survey indicates that
little information [24-36] is available on the effect of
several common impurities (both cations and anions)
during electrodeposition of nickel. Nickel baths,
including the bright plating baths, are very sensitive to
impurities such as Mg, Cu, Zn, Cr, etc. and sulphur-
containing organic compounds [33]. These impurities,
besides increasing the tendency of pitting, may change
the characteristics of the deposit. Recently Das and
Gogia [37] studied the effect of Mg, Mn, Al and Zn
during electrodeposition of nickel. They observed that
although these impurities did not affect current
efficiency significantly, they had an appreciable
effect on the purity, physical appearance and struc-
tural characteristics of the deposits as well as on the
polarization.

In the present paper, the results of a systematic
study on the effect of Co*", Cu®*", Fe’* and Fe'*
during nickel electrowinning are reported. During
the study, the effects of these impurities on the
physical appearance, purity, crystalographic orien-
tation and surface morphology of the deposit and on
the polarization behaviour and current efficiency of
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nickel deposition were-determined. An attempt was
also made to correlate the effects of the various factors
investigated.

2. Experimental details
2.1. Apparatus and material

A 500ml beaker fitted with a porous refractory dia-
phragm was used as the electrowinning cell. Stainless
steel and Pb-Sb (Sb 7%) sheets were used as cathodes
and anodes, respectively. The cathode area was 100 mm?.
The electrolytic solution was prepared from nickel
sulphate, boric acid and sodium sulphate. Its pH was
adjusted by adding sulphuric acid. In order to study
the effects of impurities, the respective sulphates were
used. All the chemicals were of AnalaR grade and the
solutions were prepared from distilled water.

2.2. Electrolysis

All the electrowinning experiments were carried out
for 2h at a current density of 400 Am 2 and at room
temperature (30 + 1°C). The electrolyte solution
contained mainly 60 gdm > nickel and 12 gdm > each
of boric acid and sodium sulphate. Impurity addi-
tions were made as aliquots from their respective
stock solutions. After electrolysis the cathode was
removed and thoroughly washed with water and
acetone followed by drying. The cathodic current
efficiency was calculated from the increased weight of
the cathode.
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2.3. Deposit analysis

Photomacrographs were taken to examine the physical
appearance of the deposit. For examining the con-
tamination of the nickel deposits by impurities, the
deposits were first analysed by optical emission
spectrograph and EDAX and then quantitatively by
atomic absorption spectroscopy (AAS). For these
analyses, samples were collected randomly from
different parts of the deposits (apart from the edges)
and all the analyses were carried out in duplicate. The
average value of the analyses are reported.

The surface morphology of the deposits was exam-
ined by SEM and to determine the preferred orientation
relative to the ASTM standard for nickel powder,
sections of the deposits were examined by X-ray
diffraction (XRD).

2.4, Polarization measurements

Current-potential curves for nickel deposition were
measured with a Wenking potentiostat (model ST 72)
operated in the potentiostatic mode. The scan rate was
maintained at 1mVs ' controlled by a Wenking
voltage scan generator (VSG 72). The cathode was a
platinum sheet with a cross section of 1cm® and freshly
coated with a nickel layer deposited from a pure nickel
bath. Each experiment was cartied out with a freshly
prepared cathode. The anode was also a platinum
sheet having the same area as the cathode. The refer-
ence electrode was a saturated calomel electrode
(SCE), separated from the test cell with a salt bridge
containing the same electrolyte. The later terminated
in a luggin probe, positioned very close to the cathode
to minimize the IR drop. The effects of various
impurities at different concentrations on the ~V
curves were measured from —300 to —900 mV with
respect to SCE.

3. Results and discussion
3.1. Current efficiency

At optimum conditions (Table 1) it was possible to
achieve bright and smooth nickel deposit with close to
100% current efficiency. Under these conditions the
individual effects of the impurities were studied and
the results are reported in Table 2. It was observed
that the current efficiency decreased in the presence of

Table 1. Optimum conditions for nickel electrowinning

Electrolyte 60 gdm™3 Ni
12gdm™* H,BO,
‘ 12gdm™* Na,S0,
Bath pH 25
Temperature 30 + 1°C (Room temperature)
Current density 400 Am™
Diaphragm Porous refractory
Duration 2h

Current efficiency > 99%

Table 2. Effect of impurities on current efficiency, contamination and

physical appearance of the deposit during electrowinning of nickel

Electrolyte  Curremt Contamination  Physical appearance
contfent efficiency (%)
(ppm) {%)

Co** 100 99.54 0.38 Perfect sheet
250 98.54 0.85 Perfect sheet
5000 97.94 1.72 Perfect sheet
1000 96.50 3.15 Cracking, peeling
2000 93.30 5.60 Cracking, peeling and
granular deposition
Cy?* 100 97.89 0.048 Perfect sheet
256 97.36 0.85 Black spongy deposits

on the bottom portion
Increase of black
spongy deposition

500 9697 1.63

1000 96.84 2.36 Dense black spongy
deposition throughout
the surface

Fe** 5 99.68 0.02 Perfect sheet
10 99.56 0.03 Cracking and granular
deposition
20 99.44 0.11 do
166 99.30 9.21 do
250 9830 .39 More cracking and
granular deposition

006 9755 .66 Granular deposition
and cracking into
pieces

Fe'* 100 9813 . 017 Perfect sheet
250 98.74 0.28 Cracking and peeling

500 98.69 1.00 More cracking and

peeling

any of the impurities studied and that the effect was
intensified at higher concentrations of the impurities.

3.2, Deposit quality

Observations on the deposit quality, on addition of
the impurities to the nickel electrolyte at different
concentrations, are reported in Table 2 and Fig. 1. In
general, cracking and peeling of the deposits and
spongy or granular formation on the surface were
observed. These effects were intensified at high impurity
concentrations. The deposit quality of nickel did not
change even up to 500 p.p.m. of Co®*. But when the
Co’* concentration was increased to 1000 p.p.m. this
caused the nickel sheet to crack and peel away. See
Fig. 1b. Similar observations [32, 33] were also made
during electrodeposition of Co-Ni alloy. The deterio-
ration of the deposit was attributed to the greater
internal stress developed during electrodeposition of
the alloy. In the case of Cu’*, even 250 p.p.m. caused
formation of black nodular growth. On increase of
Cu** concentration, the effect was intensified (Fig. lc)
and the nodular growth almost covered the entire
surface when the concentration was increased to
1000 p.p.m. (Fig. 1d). As observed from the results,
Fe'* had the most deleterious effect on the nickel
deposit with respect to its tolerance limit in the bath.
Even low Fe’* concentrations caused cracking of the



66

S. K. GOGIA AND S. C. DAS

Fig. 1. Photographs showing the effect of impurities on the physical appearance of electrodeposited nickel: (a) without impurity;
(b) 1000.p.p.m. Co; (c) 500 p.p.m. Cu; (d) 1000p.p.m. Cy; (¢) 20p.p.m. Fe’*; () 250 p.p.m. Fe?*; (g) 250 p.p.m. Fe**; and (h) 500 p.p.m.

FGB +

deposit and formation of granular deposition (Fig. le).
Increase of Fe*™ concentration caused further deterio-
ration of the physical appearance of the deposit. The
presence of Fe** at low concentration was found to be
comparatively less harmful than Fe?*. The deposit
quality was not affected until 100 p.p.m. of Fe**, but
beyond this concentration, the deposit started crack-
ing and peeling (Figs 1g and h). The formation of
yellowish nickel deposits was observed when the
concentrations of both Fe** and Fe’ exceeded
100 p.p.m. This is probably due to the precipitation of
Fe(OH), or a basic salt at the surface [33, 36]. As
observed from the present data, the nickel deposit
started cracking and peeling when the concentrations
of Fe** and Fe’* exceeded 5 and 100 p.p.m., respec-
tively. Similar observations were also reported in the
literature [38]. The cracking and peeling of the nickel
deposit due to the presence of iron were explained by
Mellor [38] in the following manner. When a trace of
iron is present it tends to deposit more readily on the
cathode than nickel, so that the first layer contains a
higher proportion of iron than subsequent layers. As
a result, strain is set up and flaking occurs. Based on
the deposit quality obtained in the presence of various

impurities in the concentration range studied, their
tolerance limits were reported in Table 3 along with
the standard electrode potentials. It is found that the
tolerance limits did not follow any sequence with
standard electrode potentials as reported earlier [37].

3.3. Deposit contamination

Nickel deposits obtained in the presence of various
impurities at different concentrations were analysed
and the results are reported in Table 2. As observed,
the deposits were contaminated with all the impurities
studied. In general, the impurity concentration in the
deposit increased with increase of bath concentration.
The contamination was least in the case of Fe’* and
maximum in the case of Co?*. Cobalt codeposits (as
alloy) along with nickel, since its reduction potential is
very close to that of nickel [32]. Further, Co>* reduces
to the metallic state in simple and acid solution at a
lower deposition potential than nickel [33]. This
explains the reason for more contamination of the
nickel deposit with cobalt. The extent of contamination
due to the presence of Cu>* followed that of Co™*.
Being more noble, copper may deposit in preference to
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Table 3. Tolerance limits of various impurities in the nickel bath

Impurities Tolerance Contamination Standard electrode Electrode reaction
fimits (p.p.m.) (%) potential

NiP* - - —0.250 Ni** + 2¢ — Ni

Co* 500 1.72 —-0.277 Co?t 4 2Zg wmms Co

Cu?* 100 0.048 +0.33 Cu?t + 2¢ —— Cu

Fe?* 5 0.02 —0.44 Fe** + 2e — Fe

Fe'+ 500 0.17 +0.771 Fel* + o — Feit

nickel. The nickel deposit was also contaminated
when Fe’* was present in the bath. Further, the
contamination increased with increase of Fe?* bath
concentration (i.e. 0.03% at 10p.p.m. of Fe’* and
0.66% at 1000p.p.m. of Fe*™). This may be due to
anomalous codeposition of iron with nickel [33, 40].
Anomalous codeposition appears to be closely related
to the local pH rise at the surface. Dahm [41, 42]
hypothesized that this surface pH increase causes the
formation of a ferrous hydroxide which suppresses the
discharge of nickel. As observed from the data, this
does not happen in the present case, because the cur-
rent efficiency did not change significantly although
iron concentration, both in the bath as well as in the
deposit, increased (Table 2). An alternative mechan-
ism for this anomalous codeposition was suggested by
Nicol and Philip [43] who explained the codeposition
of iron as being due to underpotential deposition. The
present observation seems to support the mechanism
proposed by Nicol and Philip [43]. The nickel deposit
was found to be more contaminated in the presence of
Fe’* than Fe?* at higher concentrations (> 250 p.p.m.)
(Table 2). The contamination due to Fe’t may take
place through reduction of Fe** to Fe’* followed by
Fe?* to Fe under the experimental conditions, or due
to precipitation of Fe(OH);/basic sait and subsequent
inclusion in the deposit or combination of both reduc-
tion of Fe’* to Fe and precipitation reactions.

Table 4. Crystallographic orientations of nickel deposits as a function
of impurities at different concentrations

Impurities  Impurities Peak height (em)
concentration orientation
(p.p.m.) a1ty oo (220)
0 0.5 0.75 6.13
Co®* 100 0.5 1.1 7.3
500 0.3 0.7 4.5
1000 0.4 0.75 6.6
Cu?* 100 0.5 0.90 5.7
250 0.3 0.65 6.9
500 1.1 0.95 4.6
Fe?+ 10 0.6 1.0 4.7 .
100 2.2 3.0 2.3
250 2.1 0.9 5.6
Fe’+ 100 0.3 0.6 4.4
500 0.6 0.6 2.8

3.4. Crystallographic orientations

The effects of impurities on the crystallographic orien-
tations of electrodeposited nickel were determined by
X-ray diffraction and the results are summarized in
Table 4. The crystallographic orientations of the elec-
trodeposited nickel obtained from the pure bath
(Table 1) were found to be (111), (200) and (220).
This indicated the nickel deposit to be a face centered
cubic structure as reported by Yang [6] and Machu
et al. [31]. No change in the structure of electrodepo-
sited nickel was noted when any of these impurities
were added to the bath. Similar observations were also
reported by Machu et ol. [31] and Das and Gogia [37]
while electrodepositing nickel in the presence of some
impurities. However, significant change in the peak
height values for the different orientations (Table 4)
were observed.

From the peak height values it is observed that
lower Co** concentration in the bath favoured crystal
growth in the direction of the (220) and (20 0) planes
whereas higher concentrations favoured the growth of
the (22 0) plane only; a decrease in all the peak height
values was observed at intermediate Co®>* concentra-
tion. However, throughout the concentration range
studied, the (220) orientation remained preferred. In
the case of Cu®*, although lower concentrations
favoured the growth of the (200) orientation, higher
concentrations favoured both (200) and (1 1 1) orien-
tations, whereas promotion of crystal growth in the
direction of the (220) plane was observed at inter-
mediate Cu’* concentration. As in the case of Co?*,
the (220) orientation remained preferred throughout.
When Fe’* was added to the nickel electrolyte, the
peak height values for nickel deposits showed a dif-
ferent behaviour. The peak height values for the (11 1)
and (200) orientations showed an abrupt increase at
100 p.p.m. of Fe’* in the bath, whereas at 250 p.p.m.
of Fe’* similar behaviour was observed for the (220)
orientation. Up to 100 p.p.m. Fe’* the crystal growth
was favoured in the directions of the (1 11) and (200)
planes, whereas promotion of the (220) orientation
was observed at 250p.p.m. of Fe’*. Although the
{(220) orientation remained preferred at both lower
and higher Fe** concentrations, the preferred orien-
tation for intermediate concentration (i.e. 100 p.p.m.)
was observed to be the (200) plane. The crystallographic
orientations of the deposit due to addition of Fe** to
the bath were quite different from those obtained in
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Fig. 2. SEM photomicrographs {x 1200) of nickel electrodeposits in the absence and presence of impurities: (a) without impurity;
{b) 100 p.p.m. Co (c) 1000 p.p.m. Co; (d) 100 p.p.m. Cu (x 640); (¢) 100p.p.m. Cy; (f) 500p.p.m. Cu.

the case of Fe?* . In this case the peak height values for
all the planes i.e. (111), (200) and (220) decreased at
lower Fe’* concentration. But when the concentration
was increased by five times, the promotion of crystal
growth in the (1 1 1) direction was observed. However,
as in the cases of Co*™ and Cu’*, the (220) orientation
remained preferred throughout in the presence of
Fe’*.

3.5. Surface morphology

The surface morphology of the electrodeposited nickel
from both pure and impurity-containing electrolytes
were determined by SEM. Some typical photomicro-
graphs are shown in Figs 2 and 3.

Fig. 2a shows the morphology of the nickel deposit
obtained from the pure bath where randomly oriented
fine shaped crystallites are located in the form of
colonies. The morphological changes due to the
presence of Co’" in the bath are shown in Figs
2b and c. Addition of 100 p.p.m. of Co** to the bath
not only increased the crystallite size but also
increased the colony size, Fig. 2b. Moreover, the
deposit seems to be more compact. Nodular block
growth of different sizes, oriented at an angle ~45°
was observed when the Co®" concentration was
increased to 1000 p.p.m. Fig. 2¢. Similar changes were
also observed in crystal orientations. Addition of
100 p.p.m. Co®* promoted the crystal growth in the
direction of the (1 1 1) and (220) planes, whereas the
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Fig. 3. SEM photomicrographs ( x 1200) of nickel electrodeposits in the presence of impurities: (a) 500 p.p.m. Cu { x 1600); (b} 20 p.p.m.
Fe’*; (¢) 100p.p.m. Fe?*; (d) 1000 p.p.m. Fe* (x 2000); () 100 p.p.m. Fe**; and {f) 500 p.p.m. Fe’* {x 600).

growth was favoured only in the direction of the (22 0)
orientation when the Co’* concentration was
increased to 1000 p.p.m..

Figs 2 and 3 show the deposit morphology in the
presence of Cu®* at two different concentrations. At
both the concentrations the nodular portions of the
deposits showed very poor morphology, Figs 2e and f.
The morphology of the smoother portions of the
deposits are shown in Figs 2d and 3a. At lower con-
centration the crystallite size increased and the crystal-
lites were located in the form of colonies. At higher
Cu** concentration the deposit had a completely dif-
ferent morphology. Such morphological changes were
also reflected in the crystal orientations. At lower

concentration the crystal growth was promoted in the
direction of the (200) plane, whereas at the higher
concentration the growth was favoured in the direc-
tion of the (111) and (200) planes. The nickel deposit
morphology in the presence of Fe?* are shown in
Fig. 3.

The presence of Fe?* in the electrolyte resulted in a
totally different morphology. At low Fe concentration
the crystallites were located in the form of colonies,
Fig. 3b, and the deposit was relatively compact. But as
the concentration approached 100 p.p.m. or above the
morphology of the nickel deposits changed and the
crystallites were located in the form of clusters. As the
Fe’* in the electrolyte increased a decrease in the
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cluster size was also observed. The observed mor-
phological changes were accompanied by changes in
crystal orientation and the physical appearance of the
deposit, as reported in earlier sections. Marked changes
in the crystallite size and shape were also observed for
deposits obtained from Fe’' containing electrolyte.
An almost similar morphology was obtained at both
lower and higher Fe’* concentrations, Figs 3¢ and f.

3.6. Polarization behaviour

Potentiodynamic scan curves for electrodeposition of
nickel in the presence of impurities such as Co’*,
Cu?*, Fe* and Fe’* at different concentrations were
recorded. The results are reported in Figs 4 and 5.
The presence of Co?* at lower concentration made
the cathode potential for nickel deposition slightly
more noble and thus decreased the cathodic polariz-
ation, possibly due to codeposition of cobalt along
with nickel. Lowering of the cathode potential during
electrodeposition of Co-Ni alloy was also reported by
Osman et al. [44], Rooksby et al. [45] and Halim [46].
The decrease in cathodic polarization of alloy depo-
sition may be due to the decrease in the free energy
occurring in the formation of Co-Ni solid solution
[40]. On the other hand, at higher Co®* concentration,
the cathode potential shifted to a more negative value.
The cathodic polarization may be due to a change in
the crystal orientation [47]. At lower Co** concentra-
tion crystal growth was favoured in the directions of
the {111) and (220) planes, whereas at higher con-
[centration the growth was promoted only in the direc-
tion of the (220) plane. The presence of Cu”" in the
nickel bath did not show any shift in cathode potential
for electrodeposition of nickel. Fig. 4 shows the
polarization behaviour of nickel deposition in the
presence of 5 to 100p.p.m. of Fe’*. The cathode
potential shifted towards more negative values at all
the Fe’* concentrations studied. This phenomenon
may be attributed to the anomalous codeposition of
iron with nickel [40]. The effect of Fe’™ (50—
250 p.p.m.) on the polarization characteristics of nickel
deposition are shown in Fig. 5. At all the Fe’* con-
centrations the cathode potential shifted towards
more positive values thus showing cathodic depolari-
zation. This may be due to the reduction of Fe’* to
Fe’* at the cathode surface for which the reduction
potential is much nobler than nickel deposition. It was
observed that shifting of cathode potential was in
general accompanied by change in deposit purity,
crystallographic orientation and surface morphology
of the deposit in the presence of all the impurities. In
the case of Cu’*, although no change in cathode
potential for nickel electrodeposition was observed,
marked changes in the physical appearance, purity,
orientation and morphology of the deposit were
observed at all the concentrations studied.

4. Correlation among various factors

In the case of electrowinning of zinc it has been reported

80
{a)
TS
£
(]
<
E 40t
2
9.
N 30"'
o
P
T
£ 20t
3
Q
10+
fe) f 3 1 X i
-300 ~400 -500 -60Q -700 -800 -S00
Cathode potential (mV/SCE)
60
(b)
& B0F
‘e 05p,pm.
(8]
<
E 40+
>
=
Wi
5 30+
e ]
b
o
Y 20b
E™
o}
[ @]
10

O i i i i i
-300 -400 -500 -600 -700 -800 -800
Cathode potential (mV/SCE)

Fig. 4. Potentiodynamic scan curves (1 mVs™') in NiSO electrolyte
containing different concentrations of Co?™ and Fe’* at pH 2.0: (a)
Co* and (b) Fe?t.

o
O
T

.,2)

Current density {(mA <m

100,250 ppm.

n
o]
T

EoS
l®
T

G
Q
T

™D
o]
T

10

i i H i ]
-500 -800C -700 -B00 -800
Cathode potential (mV/SCE)

o i
~300 -400

Fig. 5. Potentiodynamic scan curves (1 mV s~ '} in NiSO, electrolyte
containing different concentrations of Fe** at pH2.0.




Co’*, Cu**, Fe** AND Fe'* IMPURITIES IN NICKEL ELECTROWINNING 73

Table 5. Relationship among polarization behaviour, tolerance limits
and purity of electrodeposited nickel

Impurities  Nature of Tolerance Contamination
polarization limits {p.pom.)  (%%)

Co** Depolarization 500 1.72

Cu?t No polarization 100 0.048

Fe?* Polarization 5 0.02

[47-49] that there is a relation among polarization
behaviour, crystallographic orientation, surface mor-
phology and current efficiency. A similar relationship
among these various factors was also observed by Das
and Gogia [37] during electrowinning of nickel in the
presence of certain impurities. From the present data
it seems that, in general, there exists a good relation
among the various factors studied, such as deposit
purity, crystallographic orientation, surface morphol-
ogy and polarization behaviour for the electrodepo-
sition of nickel in the presence of Co**, Cu’*, Fe?*
and Fe’*, because any change in any of the factors
studied was, in general, reflected on the rest of the
factors. There also exists a relationship among
polarization behaviour, tolerance limit and deposit
purity for the bivalent impurities studied (Table 5).
According to the results listed in Table 5, it is observed
that the greater the polarization the less is the tolerance
limit and the contamination.

5. Conclusions

The effects of Co**, Cu?*, Fe’* and Fe** on the
physical appearance purity, current efficiency, crystal-
lographic orientations and surface morphology of
nickel deposits and on the polarization behaviour
during nickel deposition were determined. Based on
the results the following conclusions are drawn:

I. The current efficiency decreased in the presence
of any of the impurities studied.

2. The deposit purity changed on addition of the
impurities to the nickel bath and the effects were more
pronounced on increase of their concentrations. The
physical appearance of the deposit changed after a
certain concentration of the impurities in the bath.

3. The tolerance limits (based on physical appear-
ance of the deposit) was maximum (500 p.p.m.) in the
cas26 of Co** and minimum (5 p.p.m.) in the case of
Fe’*.

4. The purity of the electrodeposited nickel was
least in the presence of Co®* but highest in the
presence of Fe**.

5. No deviation of nickel structure from fcc was
observed in the presence of the impurities studied.
However, the peak height values showed variations in
the presence of all the impurities and these varied
when the impurity concentrations were changed.

6. The surface morphology of the nickel deposit
showed variations along with the changes in the crys-
tallographic orientations.

7. The potentiodynamic scan curves for electro-
winning of nickel also showed deviations in the
presence of all the impurities except Cu®* . Any change
in the polarization behaviour was reflected in the
deposit purity, crystallographic orientation and
surface morphology of the deposits.

8. In general, there exists a relationship among
polarization behaviour, crystallographic orientation,
purity, physical appearance of the deposit and surface
morphology of electrodeposited nickel in the presence
of any of the impurities studied.

9. A relationship also exist among polarization
behaviour, tolerance limits and purities for the
bivalent impurities studied.
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