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In the current study, the effect of an organic additive tetra propyl ammonium bromide (TPAB)
on the structural, morphological characteristics of the cobalt metal produced from aqueous
sulfate solutions has been investigated. The concentration of TPAB was varied over a range of 1
to 50 mg/L to evaluate its effect on current efficiency, energy consumption, and quality of
electrodeposited cobalt. Smooth and bright electrodeposits of cobalt were obtained at low
concentration of TPAB (10 mg/L) maintaining a current efficiency of 99.4 pct, with a low
energy consumption of 2.42 kWh/kg. X-ray diffraction studies revealed that (100) plane is the
most preferred plane of crystal growth during cobalt electrodeposition. However, at higher
concentrations, the (101) plane became the most preferred one. Scanning electron micrographs
indicated that smooth and uniform deposit of cobalt was obtained at 10 mg/L beyond which the
deposit quality deteriorates. The presence of TPAB in the electrolytic bath polarizes the cathode
and decreases the cathodic current considerably. AAS results indicated that the cobalt deposits
were of high purity.
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I. INTRODUCTION

COBALT is considered as a strategic and critical
metal due to its numerous industrial applications. It
finds use in rechargeable batteries and in the manufac-
ture of corrosion and wear resistant alloys. Other major
uses of the metal include the manufacture of catalysts
for petroleum and chemical industries, as a drying agent
for paint varnishes, ground coats for porcelain enamels,
magnetic recording media and steel-belted radial tires.[1]

It comprises about 0.02 pct of the earth crust. Owing to
its scarce reserve and high demand, considerable re-
search is being carried out for finding out a highly
efficient process for commercial production of the
metal.[2] Over the last three decades, 70 pct of the
World’s cobalt production is met through aqueous
processing of the cobalt containing resources where the
final step is electrodeposition, mostly from sulfate
medium.[3–6] Industrially, pure cobalt metal can be

produced either by precipitating with hydrogen or by
electrolytic method.[7] However, electrodeposition meth-
od is preferred due to its lower capital and operating
cost, higher metal recoveries and less stringent op-
eration, and maintenance costs.[8] The various forms of
cobalt metal produced by electrodeposition mostly
include metallic powder and cathode sheets. Production
of cobalt metal as sheets is preferred over powder as the
later suffers from numerous problems associated with
handling and processing.[9] Cathodic current efficiency
of 80 pct has been reported when electrodeposition of
cobalt was carried out using undivided cells.[8] Elec-
trodeposition of cobalt from such cells is associated with
serious problem of short-circuiting between the anode
and the cathode, consequently reducing the current
efficiency.[10] This happens as cobalt metal is inherently
stressed and prone to peeling from the cathode. Use of
divided cells can resolve this problem there by enhancing
the cathodic current efficiency and hence the yield. Use
of anode bags during cobalt electrodeposition from
divided cells has also been reported; however, an
adherent deposit is essential to avoid damage to the
bags by the peeling of the metal from the cathode
surface.[11] In this context, use of additives in the
electrolytic bath becomes crucial. The use of additives
during the electrodeposition is usually important owing
to their potential benefits which include brightening of
the deposit, grain size reduction, reducing the tendency
of tree formation, increasing the current density, pro-
moting leveling, and reducing stress and pitting.[12,13]

The presence of some common impurities or additives
in the electrolytic bath and their effect on cobalt
electrodeposition have been reported by many re-
searchers.[14–18] Das et al.[15] have examined the role of
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boric acid and sodium fluoride as additives in the
electrodeposition of cobalt from cobalt sulfate solutions.
It was observed that additives, individually or in
combination, yielded metal deposits with better surface
morphology and higher current efficiencies (CE). Tripa-
thy et al.[16] have examined the role of boric acid and
manganese (Mn) in cobalt electrowinning. They ob-
served that the presence of Mn(II) or boric acid alone
increased the current efficiency by 2 to 3 pct and also
brought a decrease in energy consumption (EC). The
effect of the organic additives on surface roughness was
studied for the Co-thiourea and Co-saccharin system.[17]

Tripathy et al.[18] have investigated the effect of thiourea
and saccharin on the electrodeposition of cobalt. The
saccharin and thiourea act as smoothing agents and
produce a compact, smooth, and high-quality deposit.
However, systematic studies based on the influence of
organic additives on deposit morphology are few in case
of cobalt electrodeposition. Franklin et al.[19] have
demonstrated the effectiveness of quaternary ammoni-
um salts as additives in the electrodeposition of metals
like copper and tin. The use of quaternary ammonium
bromide as an additive in zinc electrodeposition has
been reported.[20] Ciszewski et al.[21] have investigated
the effect of quaternary ammonium chlorides on the
electrodeposition of nickel. Tetra alkyl ammonium salts
have also been used in the electrodeposition of MnO2.

[22]

TPAB has also been used as an additive in the
electrodeposition of cadmium.[23] The current study
thus investigates the role of the additive tetra propyl
ammonium bromide (TPAB) on the current efficiency,
EC, and deposit morphology of cobalt.

II. EXPERIMENTAL

A. Experimental Setup

Cobalt electrodeposition was carried out in a rectan-
gular cell made from Perspex, consisting of independent
cathodic and anodic chambers separated by a
polypropylene diaphragm. Stainless steel (316 grades)
and Pb-Sb (1 pct) sheet were used as cathode and anode,
respectively. Equal volumes of electrolyte (200 mL) were
used in both the cathodic and anodic compartments.
The cell was placed in a thermostatic water bath [Julabo,
Germany] to maintain the temperature of the electrolyt-
ic cell. All the electrodeposition experiments were

carried out under galvanostatic conditions. A regulated
power supply system [0 to 32 V, 10 A, DC, Aplab Ltd.,
India] was used for providing constant current. The
schematic diagram of the experimental setup is shown in
Figure 1.

B. Reagents

The electrolytic solutions were prepared using doubly
distilled water. The cobalt electrolyte was prepared from
analytical grade cobalt sulfate (CoSO4Æ7H2O), sodium
sulfate (Na2SO4), and boric acid (H3BO3). The pH of
the electrolyte was adjusted to 4 using dilute sodium
hydroxide and sulphuric acid. Solutions referred to as
‘‘blank’’ contained 60 g/L cobalt, 15 g/L Na2SO4, and
9 g/L H3BO3. Calculated amounts of TPAB were added
to the electrolytic bath from the freshly prepared stock
solution of 10 g/L. All chemicals were from Merck
Chem. Ltd., India.

C. Electrode Preparation

The cathode was first polished by 320, then by 600
grade silicon carbide papers to have a mirror-like
finished surface. The cathode was then rinsed with
1 M HCl followed by its washing with distilled water. It
was then allowed to air dry. The dried cathodes were
then weighed prior to electrodeposition.

D. Electrolysis

The entire sets of electrodeposition experiments were
conducted at a temperature of 333 K (60 �C) and at a
current density of 200 A/m2 for 3 hours. The distance
between the electrodes was kept at about 2.5 cm. Cell
voltage was recorded using a multimeter connected
across the anode and cathode at various time intervals
and finally the average cell voltage was reported. After
electrolysis, the cathode was removed from the cell and
washed thoroughly with water and acetone and finally
dried in an oven at 383 K (110 �C). CE were calculated
from the weight gained by the cathode during elec-
trolysis.

E. Polarization Studies

The polarization behavior of the cathode in the
presence and absence of any additive during the electro
reduction of cobalt was carried out by cyclic voltam-
metric technique using a three electrode glass cell. A
stainless steel electrode and platinum wire were used as
the working and counter electrode, respectively. Stan-
dard silver-silver chloride (Ag/AgCl) was used as the
reference electrode. The polarization measurements
were carried out using Metrohm potentiostat/galvanos-
tat model 128A and the potentials were reported as
such. Voltammetric scans were performed in the poten-
tial range of �0.6 to �1.0 V vs Ag/AgCl at a scan rate of
10 mV/s. High-purity nitrogen was used to sparge out
the dissolved oxygen so as to make the system free from
aerial or any dissolved oxygen which may affect the
redox reactions.

Fig. 1—Schematic diagram of the arrangement of the electrolytic cell
with diaphragm for the electrodeposition of cobalt.
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F. Physico-chemical Characterization

Sections of cobalt electrodeposits were analyzed by a
X-ray diffractometer (PAN ANALYTICAL PW 1830;
Philips, Japan) with Cu Ka radiation, k = 1.5404 Å to
determine the preferred crystal orientations. The surface
morphologies of the deposits were examined by scan-
ning electron microscope, (JEOL JSM 6510, Japan) to
investigate the structural and morphological changes in
the electrodeposited metal under various deposition
conditions. The purity of the cobalt electrodeposits was
determined by digesting small portions of the cobalt
deposits with nitric acid and then analyzing the solu-
tions with Perkin Elmer A Analyst 200 Atomic Absorp-
tion Spectrometer (AAS).

III. RESULTS AND DISCUSSION

A. Cathodic Current Efficiency

The consequential effects of the presence of the
additive TPAB in the electrolytic bath on CE and EC
during cobalt electrodeposition are shown in Figure 2.
In the absence of TPAB, electrodeposition of the cobalt
from the blank solution resulted in a CE of 90.29 pct
and EC of 3.03 kWh/kg. Introduction of 1 mg/L of
TPAB in the electrolytic bath increased the CE by ~2 to
3 pct. Further increase in the concentration of TPAB in

the electrolytic bath increased the CE and at 10 mg/L
highest CE of 99.4 pct and lowest EC of 2.42 kWh/kg
were observed. Increase in CE during electrolysis is
always associated with a decrease in EC which is also
evident here (Table I). It should also be noted that at
this condition very smooth and bright cobalt deposit
was obtained indicating it as the optimum condition for
electrodeposition of cobalt pertaining to this system.
The increase in CE can be attributed to inhibition of H2

evolution by the additive. Such instances regarding the
suppression of hydrogen evolution have already been
reported in case of zinc electrodeposition where glue was
used as an additive.[24] As usual decrease in CE was
observed with increase in the concentration of TPAB in
the electrolytic bath. Thus increasing the concentration
of TPAB beyond 10 mg/L resulted in a decrease in CE
and hence an increase in EC during electrodeposition
(Table I). This decrease in the CE at higher additive
concentrations can be ascribed to the blocking of the
active nucleation sites on the cathode surface by
adsorption of the additive and thus inhibiting the electro
reduction of cobalt. It was found that all the cobalt
electrodeposits were of high purity (Table II).

B. Polarization Studies

Cyclic voltammetric studies are essential to investigate
the behavior of the cathode toward cobalt electrodepo-
sition from cobalt sulfate solutions in the presence and
absence of TPAB. The polarization behavior of the
cathode during electroreduction of cobalt from sulfate
solutions is shown in Figure 3. The cycle started at
�0.6 V vs AgCl and the scan swept in the cathodic
direction. The nucleation potential (En) and the cross-
over potentials (Eco) were then determined using the
procedures reported earlier.[25] The nucleation overpo-
tential (NOP) which is equal to the difference between
En and Eco was calculated and recorded in Table I. The
NOP value in the absence of TPAB was �157 mV. The
effect of TPAB of varying concentrations can be seen by
comparing the shift of NOP (DNOP) from the baseline
value of �157 mV (Table I). Increase in the additive
concentration resulted in shifting of the NOP to more
negative values indicating polarization of the cathode
with simultaneous decrease in cathodic current densities.
It was found that DNOP was more with more the
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Fig. 2—Effect of additive concentration on current efficiency and en-
ergy consumption during cobalt electrodeposition. [Co] in elec-
trolyte = 60 g/L, pH of solution = 4, electrolysis time = 3 h,
current density = 200 A/m2, temperature = 333 K (60 �C).

Table I. Effect of TPAB Concentration on the CE, EC, En, NOP, DNOP and Crystallographic Orientations During Electrodepo-

sition of Cobalt from Acidic Sulfate Bath

[TPAB] (mg/L) CE (Pct) EC (kWh/kg) En (mV) NOP (mV) DNOP (mV)

Relative Peak Intensities (I/I0)
(pct)

(100) (101) (110) (111)

0 90.29 3.029 �858 �157 0 100 43.17 23.39 —
1 92.84 2.944 ND 100 40.31 21.65 —
5 94.47 2.889 �866 �165 �8 ND
10 99.41 2.417 �872 �171 �14 100 56.74 8.07 —
20 97.37 2.729 �880 �179 �22 75.6 100 14.64 —
50 95.01 2.872 �902 �201 �44 50.29 100 34.42 72.53

ND, Not done.
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concentration of TPAB. With TPAB concentration of
10 mg/L the DNOP was �14 mV indicating polarization
of the cathode. In the current study, highest polarization
was observed with 50 mg/L of TPAB where the DNOP
was highest (�44 mV). Higher the DNOP value means
lower the cathodic current density. This decrease in
current density with increase in additive concentration
was due to the increased additive adsorption on the
cathode. Similar observations have been reported by
Tripathy et al.[20] This behavior was also seen here and
was also reflected in the decrease in CE with increased
additive concentrations in the solution (Table I).

C. Crystal Orientations

Figure 4 shows the X-ray diffraction pattern of the
cathodic cobalt deposits obtained at various concentra-
tions of TPAB. The crystal growth in the absence of the
additive follows the order of preferred orientation (100)
(101) (110). There was practically no change on the
preferred orientations at lower concentrations of the
additive £10 mg/L. However, at higher concentrations
of the additive the order changed to (101) (100) (110). It
was also observed that at higher concentrations of the
additive, growth of an extra plane (111) appeared
leading to a change in the preferred order of orientation
to (100) (101) (110) (111). It is also important to note
that the presence of TPAB in the electrolytic bath affects

the order of preferred orientation as well as the degree of
crystalinity. It was observed that at higher concentra-
tions of the additive (‡20 mg/L) the intensity of the
XRD peaks decreased and broadened resulting in non-
uniform and poorly crystalline growth (Figures 4(c) and
(d)) of the crystallites. This was also supported by the
observations made in the surface morphologies of the
cobalt deposits as discussed later.

D. Digital Images

The benefits of quaternary amine TPAB as additive
on the surface texture during cobalt electrodeposition

Table II. Purity of the Electrodeposited Cobalt Deposited in

the Presence of Various Concentrations of TPAB as Analyzed

by AAS

Impurity S1 (0)* S2 (10)* S3 (50)*

Concentration of impurity (mg/L)
Ni 0.113 0.101 0.098
Fe 1.317 1.217 1.187
Pb 0.081 0.075 0.077
Mn 0.011 0.010 0.011
Cu 0.181 0.171 0.165
Zn 0.052 0.049 0.045

S, Sample.
* Numbers in the bracket refers to the TPAB concentrations in mg/

L in the electrolytic bath during electrodeposition of cobalt.
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Fig. 3—Effect of TPAB concentration on the polarization behavior
of the cathode during cobalt electrodeposition, (a) blank, (b) 10 mg/
L TPAB, (c) 50 mg/L TPAB.

Fig. 4—X-ray diffraction patterns of the cobalt metal deposits at
various concentration of TPAB. (a) Blank, (b) 1 mg/L, (c) 10 mg/L,
(d) 20 mg/L, (e) 50 mg/L. [Co] in electrolyte = 60 g/L, pH of solu-
tion = 4, electrolysis time = 3 h, current density = 200 A/m2,
Temperature = 333 K (60 �C).

(a) (b)

(c) (d)

Fig. 5—Digital images of electrodeposited cobalt metal at different
concentrations of TPAB. (a) Blank, (b) 10 mg/L (c) 20 mg/L (d)
50 mg/L [Co] in electrolyte = 60 g/L, pH of solution = 4, elec-
trolysis time = 3 h, current density = 200 A/m2, tem-
perature = 333 K (60 �C).
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can be seen from the digital images of the cobalt
electrodeposits (Figure 5). The electrodeposited cobalt
obtained in the absence of any additive as seen to the
naked eye was dull, full of whitish spots indicating
possible hydrogen evolution centers (Figure 5(a)). With
the addition of TPAB in the electrolytic bath, we obtain
bright smooth and compact deposits (Figures 5(b) and
(c)). Further increase in the concentration of the
additive to 50 mg/L resulted in a fractured deposit and
reappearance of whitish spots (Figure 5(d)), which is
associated with lower CE.

E. Surface Morphology

Effects of TPAB on the CE and EC during cobalt
electrodeposition were also reflected on its surface
morphologies. Figure 6 shows the SE micrographs of
the cobalt metal deposited from acidic sulfate solutions.
Figure 6(a) shows that in the absence of any additive
dull bright and smooth deposit with randomly oriented
crystallites of cobalt were obtained. Introduction of
TPAB at 10 mg/L in the electrolytic bath produced
uniform, bright, and smooth deposits with increased
grain size (Figure 6(b)). It was observed that at higher
concentrations of the additive (20 and 50 mg/L) the
quality of the deposits deteriorated, resulting in poorly
crystalline and non-uniform deposits with fibrous
growth on the cobalt deposits (Figures 6(c) and (d)).

IV. CONCLUSIONS

The additive tetra propyl ammonium bromide when
added in the electrolytic bath at a concentration of
10 mg/L resulted in high CE of 99.4 pct during the
electrodeposition of cobalt. The incorporation of addi-
tive in small amounts enhanced the CE, produced
smooth and compact deposits, and also brought a
reduction in EC. The preferred plane of orientation

during crystal growth shifted from (100) to (101) at
higher concentrations of the additive. Higher concen-
trations of additive not only decreased the degree of
crystallinity but also resulted in deterioration in the
deposit quality of the cobalt metal produced from
sulfate baths. Cyclic voltammetric studies indicated that
the additive TPAB polarizes the cathode. The high
purity of the cobalt metal was confirmed by AAS.
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Fig. 6—SE micrographs of electrodeposited cobalt metal at different
concentration of additives (TPAB) (a) Blank, (b) 10 mg/L, (c)
20 mg/L, (d) 50 mg/L [Co] in electrolyte = 60 g/L, pH of solu-
tion = 4, electrolysis time = 3 h, current density = 200 A/m2, tem-
perature = 333 K (60 �C).
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