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Abstract Cobalt electrodeposits were prepared from an

electrolytic bath containing cobalt perchlorate. The effect

of different species, organic (thiourea and sodium gluco-

nate) and inorganic (boric acid), on the crystallographic

structure, morphology, magnetic properties and electro-

chemical behaviour of cobalt electrodeposits was

investigated. Amorphous cobalt, hcp cobalt and a non-

usual primitive cubic cobalt phase were observed depend-

ing on the bath composition. Depending on the structure,

different morphologies and magnetic properties were

found. Coercivity values of the cobalt coatings ranged from

around 15 Oe for amorphous, nodular deposits to 380 Oe

for cobalt coatings showing acicular morphology and hcp

structure with a (002) preferred orientation. Knowledge of

the influence of the species on the properties of cobalt

makes it possible to obtain tailored cobalt films.

Keywords Cobalt coatings � Electrodeposition �
Magnetic properties � Crystal structure

1 Introduction

Electrodeposition is an efficient tool for preparing films for

new technological applications. This method is cheaper in

terms of equipment and less time consuming than other

available deposition techniques. One of the metals

successfully deposited by this method is cobalt. The elec-

trodeposition of cobalt metallic layers and alloys is of

considerable interest due to its potential applications in

several fields [1, 2], especially in microelectronics for

magnetic recording systems [3, 4]. Cobalt is one of the

most important ferromagnetic components of magnetic thin

film materials. Electrodeposition is also of interest for the

preparation of cobalt and cobalt alloys because it makes it

possible to modulate the structure of deposits and, hence,

their magnetic properties. Depending on the preparation

conditions, i.e. electrolyte composition, temperature,

applied potential and presence of additives, materials with

different structures, morphologies and magnetic properties

can be obtained. The effects of bath compositions as well

as the influence of solution parameters (pH, temperature)

and electrodeposition conditions have been reported [5–7].

Our research is focused on the electrolytic preparation of

cobalt based materials, one of our objectives being the

preparation of nanostructured heterogeneous Co–Ag

deposits. The electrolytic bath developed for this purpose

contains various species: thiourea, sodium gluconate and

boric acid [8, 9]. Given that the constituents of the elec-

trolytic bath influence the deposit properties, the objective

of the present study is to determine the effect of each one

of the non-electroactive species present in the Co–Ag bath

on the properties of pure-cobalt electrodeposits. The study

focuses not only on the influence of each non-electroactive

species and their combinations on deposits characteristics

but also on establishing the relationship between the mor-

phology, structure and magnetic properties of cobalt films

prepared from the different electrolytic baths. This study

seeks to obtain background information about the effect of

each species present in the bath on the cobalt coatings and

hence to facilitate the preparation of Co–Ag deposits with

tailored properties.
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2 Experimental section

Electrodeposition of cobalt coatings was performed from

different baths summarized in Table 1. Chemicals used

were Co(ClO4)2, CSN2H4 (thiourea), H3BO3, C6H11NaO7

(sodium gluconate) and NaClO4, all of analytical grade. All

solutions were freshly prepared with water treated with a

Millipore Milli Q system, de-aerated with argon and

maintained under argon atmosphere during the electro-

chemical experiments. The pH of the bath selected for

electrodeposition was maintained at 3.7. In all cases tem-

perature was kept constant at 25 �C.

Electrodeposition was performed in a conventional

three-electrode cell using a microcomputer-controlled po-

tentiostat/galvanostat Autolab with PGSTAT30 equipment

and GPES software. Cobalt films were deposited on vit-

reous carbon substrates. In order to avoid the possible

influence of epitaxial control, amorphous substrate (vitre-

ous carbon) was selected to analyze the influence of only

bath composition and deposition conditions. The vitreous

carbon electrode was previously polished to a mirror finish

by using alumina of different grades (3.75 and 1.87 lm)

and ultrasonically cleaned for 2 min in water before each

experiment. The counter-electrode was a platinum spiral.

The reference electrode was Ag|AgCl|NaCl 1 M mounted

in a Luggin capillary containing 0.2 M NaClO4 solution.

Voltammetric experiments were carried out at 50 mV s-1,

scanning towards negative potentials. Only one cycle was run

in each voltammetric experiment. Deposits were prepared

potentiostatically under stirring conditions (x = 100 rpm)

using a magnetic stirrer. Cobalt deposit nominal thicknesses

were estimated from the deposition charge without taking into

account the efficiency of the process.

Deposit structures were studied by means of X-ray

powder diffraction (XRD), using a conventional Bragg-

Brentano diffractometer Siemens D-500. The Cu Ka radi-

ation (k = 1.5418 Å) was selected by means of a diffracted

beam curved graphite monochromator. X-Ray powder

diffraction diagrams were obtained in the 10–130� 2h range

with a step range of 0.05� and a measuring time of 30 s per

step. Morphology of deposits was observed using Hitachi S

2300 and Jeol JSM 840 scanning electron microscopes. A

SQUID magnetometer was used to take the magnetic

measurements at room temperature.

3 Results and discussion

3.1 Electrochemical study of the deposition process

Different electrolytic baths (A–E) (Table 1) were selected

to prepare cobalt deposits. For each bath, cyclic voltam-

metry and potentiostatic techniques were used to give a

phenomenological description of the deposition process.

The potentiostatic technique was also used as the method to

obtain cobalt deposits.

Cyclic voltammogram (Fig. 1, curve a) recorded from

the additive-free bath (bath A), showed a clear reduction

peak corresponding to cobalt electrodeposition. The

reduction peak was related to a mass transfer controlled

process because when the solution was stirred, the reduc-

tion current maintained a constant value. Reversing the

scan at potentials corresponding to the onset of the

reduction current, a clear current loop was observed cor-

responding to the nucleation and growth process of cobalt.

Two oxidation peaks were observed during the anodic

sweep. The peak at more positive potentials corresponds to

cobalt oxidation. Meanwhile, the most negative peak is

assigned to the oxidation of the hydrogen formed during

the negative scan favoured by cobalt deposition. The

charge associated with this peak decreased when the same

voltammetric scan was performed under stirring condi-

tions, suggesting that H2 was removed from the electrode

when stirring. A similar oxidation peak was detected in

voltammetric curves recorded under stationary conditions

for cobalt and cobalt alloy deposition processes in other

baths at high cathodic limits [10, 11].

Table 1 Composition of the baths used to obtain cobalt coatings

Bath Concentration (mol dm-3)

Co(ClO4)2 NaClO4 Thiourea Sodium

gluconate

H3BO3

A 0.1 0.1 0 0 0

B 0.1 0.1 0.1 0 0

C 0.1 0.1 0 0.1 0

D 0.1 0.1 0 0 0.3

E 0.1 0.1 0.1 0.1 0.3 Fig. 1 Cyclic voltammograms of: (a) bath A, (b) bath B, (c) bath C,

(d) bath D and (e) bath E
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When different additives were added to the simplest

bath, A, a shift in the onset of the cobalt deposition

process as well as a decrease in the peak current, were

observed in some cases. In all cases a nucleation loop was

observed, reversing the scan at the onset of the deposition

process. The presence of thiourea in the bath (bath B)

(Fig. 1, curve b) caused not only an important delay in

the onset of the cobalt deposition process but also a

decrease in the current peak. Thiourea forms a complex

with cobalt [12], and this Co-thiourea complex is chiefly

responsible for the shift observed at the onset of the

reduction process as well as the decrease observed in the

peak current (as a consequence of a sharp decrease in

the diffusion coefficient with respect to that of free cobalt

ions). On the other hand, under these conditions no clear

reduction peak was developed due to the close and

simultaneous hydrogen evolution.

The addition of either sodium gluconate (bath C)

(Fig. 1, curve c) or boric acid (bath D) (Fig. 1, curve d) had

a lesser effect on the cobalt electrodeposition process than

thiourea, although a clear shift of the onset of the deposi-

tion process as compared to the additive-free bath (bath A)

was observed. With the presence of sodium gluconate,

there was not only a delay in the cobalt reduction but also a

decrease in the current peak. Two factors may explain the

voltammetric change. On one hand, slight complexation of

cobalt by sodium gluconate [12] shifts the reduction

potential and decreases the peak current due to the 30%

reduction in the diffusion coefficient. On the other hand,

adsorption on the electrode may also contribute to the shift

in reduction potential. Adsorption was considered because

of the small oxidation charge recorded during cyclic vol-

tammetry, suggesting that the high adsorption capacity of

sodium gluconate on cobalt electrodes hinders cobalt oxi-

dation. The small anodic charge was not attributed to

passivation of cobalt films because no oxides were detected

by either XRD or XPS [13]. When boric acid is present in

the bath (bath D), only a delay in the onset of the reduction

potential is observed. This delay is attributed to the

adsorption of this species on the electrode because boric

acid has no clear complexing capacity for cobalt ions.

The bath simultaneously containing thiourea, sodium

gluconate and boric acid (bath E) showed an intermediate

potential delay between those observed in thiourea and

sodium gluconate or H3BO3 indicating that cobalt was

slightly uncomplexed by thiourea (Fig. 1, curve e). Under

these conditions no clear reduction peak was developed.

After selecting, from voltammetric experiments, the

potential zone in which cobalt electrodeposition occurred

in each bath, a potentiostatic study of cobalt deposition was

performed.

Figure 2 shows the j–t transients recorded from the

different baths tested. The j–t transient recorded from bath

A at low overpotential showed (Fig. 2, curve a) an induc-

tion time corresponding to the formation of the first nuclei,

a sharp current increase related to the growth of the deposit

and a maximum subsequent current decay corresponding to

the depletion of Co(II) near the electrode. As expected, by

raising the overpotential, the induction time was minimised

and the maximum appeared at lower deposition times

(Fig. 2, curve b).

In the other baths (baths B–E), lower currents were

detected at similar deposition potentials according to the

shifts of the cobalt electrodeposition processes recorded

during the voltammetric study. For bath B, high negative

overpotentials needed to be applied to observe current

(Fig. 2, curve c). In this bath, the recorded current values in

the j–t transients were always lower than those recorded in

the thiourea–free bath. This was due to the Co–thiourea

complex formation and hence to the decrease in diffusion

coefficient of the electroactive species as previously

detected in voltammetric experiments.

The presence in the bath of either sodium gluconate

(bath C) (Fig. 2, curve d) or boric acid (bath D) (Fig. 2,

curve e) slowed down the cobalt deposition process but less

than for thiourea. At -900 mV, the comparison between

the recorded j–t transient from bath A (Fig. 2, curve b) and

those from baths C and D (Fig. 2, curves d and e) showed

that the addition of either sodium gluconate or boric acid

slowed the process, with the former producing a more

pronounced effect, according to the voltammetric results.

When the three species were present in the bath (bath E),

higher overpotential was needed to record similar currents

than from baths C and D (Fig. 2, curve f).

Fig. 2 j–t Transients of: (a) bath A at -840 mV, (b) bath A at

-900 mV, (c) bath B at -1,000 mV, (d) bath C at -900 mV, (e) bath

D at -900 mV and (f) bath E at -950 mV. Quiescent conditions
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3.2 Cobalt deposits preparation and characterization

Potentiostatic deposition of cobalt films was performed

taking into account the results of the electrochemical study.

Cobalt deposits between 0.5 and 5 lm (deposition charge

between 1.6 and 16 C cm-2) were prepared at moderate

stirring conditions (100 rpm) to maintain the contribution

of the Co(II) species to the electrode. A morphological

study over a wide potential range was made. Structural and

magnetic properties of cobalt electrodeposits prepared

from the different baths at potentials corresponding to the

onset of cobalt deposition were compared. From each bath,

the properties of deposits of equal charge were compared.

3.2.1 Morphological analysis

The morphology of deposits prepared from baths A to E

was studied. No significant modification in deposit mor-

phology was observed as a function of deposition charge in

any of the baths.

Cobalt deposits prepared from the additive-free bath

(bath A) at different deposition potentials (from -870 mV

to -1,150 mV) were metallic grey and presented nodular

morphology (Fig. 3). As the potential became more nega-

tive a decrease in grain size was detected. This grain size

decrease revealed the ease of nucleation over grain growth

at high negative deposition potentials.

The presence of thiourea in the bath (bath B) induced

the formation of black deposits. These deposits, even those

obtained at low overpotentials, were characterized by

nodular morphology with a great number of voids (Fig. 4)

probably related to hydrogen evolution or hydroxide pre-

cipitation, which hinders compactness. The electrocatalytic

behaviour of Co to hydrogen evolution may explain the

high number of voids observed in the deposits prepared

from this bath.

The addition of sodium gluconate or boric acid made it

possible to obtain metallic grey cobalt deposits. When

sodium gluconate was present (bath C) different morphol-

ogies were detected depending on the applied potential. At

very low overpotentials well-separated, quasi-spherical

grains were seen to grow at isolated locations over the first

deposited layer with nodular morphology (Fig. 5a). A

slightly higher overpotential was needed to obtain compact

deposits, characterized by acicular morphology (Fig. 5b).

The adsorption of gluconate during cobalt growth may be

responsible for the change in deposit morphology. On the

other hand, the presence of boric acid (bath D) made it

possible to also obtain compact deposits with slightly fac-

eted-grain morphology (Fig. 5c) in all conditions tested.

The simultaneous presence of boric acid and sodium

gluconate in the bath containing thiourea (bath E) improved

the deposit quality, showing coatings with nodular mor-

phology (Fig. 6) but higher grain size than that observed in

deposits obtained from bath A. Deposits obtained from this

complex bath were crack-free and had high compactness

throughout the entire range of potentials studied.

3.2.2 Crystal structure and magnetic properties

X-ray diffraction patterns and magnetic behaviour of cobalt

deposits obtained from baths A to E of around 4 lm were

studied The deposits were obtained at low applied poten-

tials (from -870 mV for bath A to -1,000 mV for bath B;

the potentials for the other baths were between -870 and

-1,000 mV) in order to minimize the possible hydrogen

reaction. The variation of these properties as a function of
Fig. 3 Scanning electron micrograph of Co deposits of 0.5 lm

prepared at -870 mV from bath A

Fig. 4 Scanning electron micrograph of Co deposits of 0.5 lm

prepared at -1,000 mV from bath B
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bath composition was analysed. Cobalt deposits were

removed from the vitreous carbon electrode and placed on

a silicon monocrystalline substrate of low response for

X-ray spectra recording.

The diffractograms of cobalt deposits prepared from the

different baths, except bath B, showed narrow peaks as

compared to the response of the substrate, revealing their

crystalline nature. Figure 7a and b show the diffractograms

of the crystalline deposits. The width of the diffraction peaks

was greater than the instrumental peak linewidth, revealing

the nanometric size of the crystallites. However, when cobalt

deposits were obtained from bath B, the diffractogram

showed practically the same response as the substrate

(Fig. 7c), revealing the amorphous nature of this film.

Table 2 summarizes the information derived from the

XRD patterns: structure, main planes and I/Imax ratio of the

deposits studied. The X-ray diffractograms of the films

obtained from baths A, C and D are characterized by

showing a close-packed hexagonal structure (hcp) but

different preferred orientation. Whereas cobalt samples

obtained from baths A and D are textured with a (110)

preferential orientation (but with a different peak intensity

distribution), hcp cobalt phase from bath C grows with the

(002) plane as preferred orientation. Positions of the peaks

remained constant in all the spectra and equal to those

tabulated [PDF#05-0727], implying the same lattice

parameters. Due to the constancy of these parameters it

could be suggested that the species are not incorporated

within the lattice and that the adsorption of these species

during electrodeposition is responsible for the change in

the preferential orientation. Although the same structure

was detected, the different orientation of the films as well

as the different peak intensity distribution gave rise to

Fig. 5 Scanning electron micrographs of Co deposits of 0.5 lm

prepared from (a) bath C at -800 mV, (b) bath C at -850 mV and

(c) bath D at -850 mV

Fig. 6 Scanning electron micrograph of Co deposits of 0.5 lm

prepared at -900 mV from bath E
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different morphologies: nodular morphology (bath A),

faceted-grain morphology (bath D) and acicular morphol-

ogy (bath C).

On the other hand, when all the species were present in

the solution (bath E) a primitive cubic structure (e-Co),

different from the usual hcp or fcc cobalt phases, was

detected as the main phase. Coupled to this structure, some

hcp phase can be observed. Also in this case, the different

structure detected was associated with a different mor-

phology: a nodular morphology with a higher grain size

than that observed in films obtained from the simplest bath

(bath A). The primitive cubic phase of cobalt (e-Co) has

been detected for cobalt nanoparticles synthesized by wet

chemical synthetic routes [14, 15] or cobalt nanocrystals

[16, 17] but not by electrochemical methods.

The average grain size was estimated from the full width

at half maximum (FWHM) values of the diffraction peaks by

using the Debye-Sherrer equation, neglecting the instru-

mental linewidth (which is acceptable for a nanocrystalline

material) and the stress-induced line broadening. For the

cobalt crystalline deposits prepared from the different baths

tested, no significant differences were observed in the esti-

mated grain size in the range 20–30 nm for all the films.

The magnetic behaviour of cobalt films was analysed by

recording hysteresis loops. Figure 8 shows two represen-

tative magnetization-magnetic field dependences. A

saturation magnetisation (Ms) of around 150–160 emu g-1

(that corresponds to the value for bulk cobalt) was obtained

for all samples.

From the parallel and perpendicular hysteresis loops

obtained with the SQUID, very different values of the

saturation fields (Hs) were observed for parallel ðHsk Þ and

perpendicular Hs?ð Þ fields for cobalt deposits showing hcp

structure (deposits obtained from A, C and D baths)

Fig. 7 XRD patterns of Co deposits of 4 lm obtained from: (a) bath

A, (b) bath E and (c) bath B

Table 2 Structural properties of cobalt coatings

Bath Structure Planes I/Imax (%)

A hcp (100) 37

(002) 31

(101) 22

(110) 100

(112) 31

B Amorphous – –

C hcp (100) 36

(002) 100

(101) 44

(110) 40

D hcp (100) 61

(002) 16

(101) 35

(110) 100

(112) 20

E hcp ? e-Co

(primitive cubic)

hcp (100) 17

hcp (002) ? e-Co (221) 71

e-Co (310) 100

e-Co (331) 36

e-Co (431) 36

e-Co (520) 17

hcp (112) 12
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(Fig. 8; Table 3), revealing the magnetic anisotropy of

these films. An easier magnetization direction in the par-

allel-applied field was observed. The anisotropy was not

parallel to the applied field. A high uniaxial anisotropy

constant (K) and the angle of the resulting anisotropy with

respect to the normal film (h) were estimated for these

deposits using the expressions [18]:

Hsk ¼ 2K cos2 h=Ms ð1Þ

and

Hsk þ Hs? ¼ 4pMs þ 2K=Ms ð2Þ

The values of K were greater than that corresponding to

pure hcp cobalt (K = 0.45 J cm-3) [19] probably due to

internal stress. A spontaneous orientation of the film par-

allel to the magnetic field confirmed the strong uniaxial

anisotropy, in addition to the usual shape anisotropy

expected for thin films [19].The calculated angle h was

45–55� in the three cases.

Less difference between M–H loops with the magnetic

field perpendicular or parallel to the film plane was

observed for cobalt amorphous films prepared from bath B

or cobalt e-Co ? hcp obtained from bath E, suggesting no

significant magnetic anisotropy in these films. Regarding

the unusual primitive cubic cobalt phase, the calculated

value (K = 0.21 J cm-3) is close to that found in the

bibliography for nanocrystals with cubic e-Co structure

embedded in an amorphous carbon matrix [20]. A clearly

different value of the calculated h was obtained for these

films. On the other hand, the value of K for amorphous

cobalt cannot be calculated because of the lack of magnetic

anisotropy associated to the short-range order.

Noticeable differences were also detected in coercivity

values (Hc) for the cobalt films prepared in the different

electrolytic baths (Table 3), both in the easy and the hard

axis of magnetization. The highest coercivity observed was

in cobalt films obtained from bath C and the lowest value

was measured in the cobalt deposits obtained from bath B.

Whereas cobalt deposits from baths A and D, with the hcp

structure and the same preferred orientation, show similar

Hc values, the cobalt deposits obtained from bath C, also

with hcp structure, show a much higher value mainly

associated to the change in the preferential orientation. A

different value of coercivity was also observed for deposits

prepared from complex bath E, associated with the struc-

tural change induced for the components of the bath. The

lowest value of coercivity was detected in the amorphous

films obtained from bath B. For these amorphous deposits,

the lack of macroscopic magnetocrystalline anisotropy

implies a relatively easy magnetization rotation. Further-

more the absence of microstructural discontinuities (grain

boundaries or precipitates), on which magnetic domains

can be pinned, makes magnetization by wall motion easy

and, hence, coercive fields of a few oersteds are achieved.

4 Conclusions

Electrodeposition has been shown to be a suitable tech-

nique for obtaining cobalt films with tailored magnetic

Fig. 8 Magnetisation versus magnetic field of Co deposits of 4 lm

obtained from (a) bath A and (b) bath C

Table 3 Magnetic properties of cobalt coatings: Coercivity values

(Hc), saturation fields (Hs), uniaxial anisotropy constant (K) and

calculated angle of the resulting anisotropy with respect to the film

normal (h)

Bath Hc (||)

(Oe)

Hc (\)

(Oe)

Hs (||)

(Oe)

Hs (\)

(Oe)

K
(J cm-3)

h
(�)

A 31 149 11,000 40,000 2.36 55

B 15 25 – – – –

C 344 767 15,000 32,000 2.07 45

D 86 183 12,000 40,000 2.43 54

E 117 100 13,000 15,000 0.21 5
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properties, because the different species tested (boric acid,

gluconate and thiourea) induced different structural prop-

erties and even amorphous nature in the deposits.

Moreover, structural changes are reflected in the different

morphologies observed.

The electrochemical study allowed us to detect the

dependence of the cobalt electrodeposition process on bath

composition. Coherent and uniform cobalt deposits were

obtained from baths containing boric acid or gluconate.

Although the presence of only thiourea did not favour the

formation of uniform cobalt deposits the combination of

thiourea with gluconate and boric acid made it possible to

obtain coherent films in a wide range of potentials. The

baths tested favoured the appearance of singular orienta-

tions with different types of magnetic behaviour. The use

of these different species allowed us to modulate the

magnetic response of the cobalt deposits.

Cobalt films obtained from baths A and D showed hcp

structure with (110) as preferred orientation. The similar

structural characteristics in both cases justify the similar

coercivity values (around 150 Oe).

The highest value of Hc (around 380 Oe) was observed

in cobalt coatings of hcp structure, (002) preferred orien-

tation and acicular morphology obtained from bath C. The

lowest Hc (around 15 Oe) was detected in cobalt films

obtained from bath B due to the amorphous nature of these

deposits.

A primitive cubic phase (e-Co) was detected in cobalt

obtained from the most complex bath (bath E), revealing

that an unusual structure of cobalt films can be induced by

the simultaneous presence of complexing agents and

adsorbed species.

Depending on the bath composition, it was then possible

to obtain cobalt electrodeposits with different magnetic

properties. While the presence of thiourea induced the

formation of soft magnetic films, sodium gluconate made it

possible to obtain harder magnetic coatings. An interme-

diate behaviour was detected when all the species were

present in the bath. Thus the possibility of developing new

electrodeposition baths containing the species tested with

the objective of preparing Co containing films with tailored

magnetic properties is open.
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