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Abstract The electrodeposition process of Co films in a
sulfuric acid solution was examined in a magnetic field
(0–5 T). The surface morphology of Co films electro-
deposited without a magnetic field was drastically mod-
ified with the variation of hydrogen gas evolution rate.
Crystalline α-Co was formed in the range of pH=1.5–6.0,
while β-Co was not observed. When the magnetic field
was superimposed perpendicular to the electric field in the
acidic solution (pH=1.5), the hydrogen evolution rate was
promoted by MHD convection, which enhanced the ionic
mass transfer (H+ and Co2+) near the electrode surface.
Moreover, crystalline β-Co was formed simultaneously
with the appearance of the elongated ridge-shape precip-
itates under a higher magnetic field (≥3 T).
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Introduction

The concept of electrochemical processing of tailored
materials has been widely accepted even in the field of

microelectronics industry. This is because electrochemical
processing can continuously control the film microstructure
on a large scale more easily than sputtering or physical
vapor methods. Thus, it provides a much higher productiv-
ity. Many international symposiums have been organized
for “tailored materials” [1–3].

Magnetic layers have been utilized in many applications
as data storage devices and sensors. Cobalt is particularly
one of the most attractive ferromagnetic materials. The
microstructural variation plays an essential role to control
the magnetic properties, as reported in recent papers [4, 5].

Electrochemical processing is frequently characterized as
nonequilibrium materials processing. In the field of nonequi-
librium materials science, the advancement of the super-
conducting technology has opened unique aspects for
electrochemical reactions by applying high magnetic field.
Magnetohydrodynamic (MHD) convection is considered as
oneof thecharacteristic phenomena inmagnetro-electrochem-
ical processes. The convection is induced by the electromag-
netic interaction (Lorenz force), J×B, where J is the Faraday
current density and B is the magnetic flux density. It is well
known that the convection enhances the ionic mass transfer
rate to increase the deposition current [6–9].

Moreover, a magnetic field remarkably influences the
microstructural properties [10–14]. In our previous works
[15–17], the microstructural variation of electrodeposited
iron film has been investigated under MHD flow con-
ditions. The surface morphology changes into roundish and
finer precipitates, depending on the direction of the
magnetic field. The texture formation drastically changes
from uniaxial to biaxial growth by the convection, which
probably influences the surface pH value.

Some papers have been dealing with the correlation
between cobalt deposition parameters (pH, current density,
and temperature) and magnetic properties (coercivity and
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hysteresis loop) [18–21]. Armyanov [4] reviews that the
comprehension between the cobalt deposition condition and
the electrocrystallization mechanism helps reasonably tai-
loring the interface microstructure to induce unique
magnetic properties.

During the electrocrystallization process, cobalt metal is
formed not only in hexagonal closed packed (α-Co), but
also in face centered cubic (β-Co) structure, which is the
thermodynamically stable phase above 417 °C. Vicenzo
and Cavallotti [22] have systematically investigated the
cobalt crystal growth under various deposition conditions.
It has been confirmed that β-Co is formed in a low-pH
solution and suggested that the hydrogen adsorption
phenomena are deeply related to the β-Co formation
mechanism [23–25]. However, much more investigation is
still necessary to clarify the mechanism.

In this work, cobalt films are galvanostatically electro-
deposited from cobalt sulfate electrolyte solutions over a
wide range of pH values without a magnetic field. Then, the
microstructural variations and the formation of β-cobalt in
a magnetic field are studied by SEM and X-ray diffraction
(XRD) measurements.

Experimental

The electrochemical measurements were carried out with a
three-electrode system as illustrated in Fig. 1. The electrode
assembly was composed of a short rectangular channel
(10×10×30 mm3, polystyrene) with two open ends (top
and bottom). The channel cell was vertically immersed in a
350-ml electrolytic bath. The cathode was a sheet of copper
(5×5×0.3 mm3). The anode was a cobalt film electro-

deposited from 1.0 M CoSO4 solution. The copper
substrate was cleaned with HNO3 solution and rinsed with
acetone. The reference electrode was a Ag/AgCl electrode
in a saturated KCl aqueous solution.

The electrolyte compositions were 1.65 M CoSO4,
0.35 M CoCl2, and 0.38 M H3BO3, and the temperature
was maintained at 298 K. The present study focused on
three values of the pH (pH=1.5, 3.5, and 6.0). We consider
that the electrodeposition process is more complicated over
a wider range of the pH value. For example, colloidal
cobalt hydroxide is formed in solutions with higher pH.
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Fig. 1 Schematic diagram of the electrolytic cell. a Plastic cell (10×
10×30 mm), b working electrode (Cu, 5×5×0.3 mm), c counter
electrode (Co, 3×5×0.3 mm), d Luggin probe (φ=0.5 mm),
e contacting wires
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Fig. 2 Cathode potential measured in various pH electrolyte solutions
during cobalt electrodeposition at 10 mA cm−2 (electrolyte: 1.65 M
CoSO4, 0.35 M CoCl2, 0.38 M H3BO3)
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Fig. 3 Ratio of the hydrogen partial current to the total current, RH2,
measured in various pH electrolyte solutions during cobalt electrode-
position at 10 mA cm−2 (electrolyte: 1.65 M CoSO4, 0.35 M CoCl2,
0.38 M H3BO3)
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The colloidal particles probably influence the film micro-
structure, which would make it difficult to study the
magnetic field effect.

The electrodeposition was conducted galvanostatically at
10 mA cm−2. To reduce the effects from the copper
substrate on the preferential growth process of cobalt, a
thick cobalt film was electrodeposited. The amount of
electricity was maintained at 150 C cm−2, which corre-
sponds roughly to an average cobalt film thickness of 15 to
50 μm depending on the current efficiency.

A static and uniform magnetic field was generated by a
superconducting magnet (HF5-100VHF, Sumitomo Heavy
Industry). It was superimposed vertically to the electric
field so that upward MHD convection was introduced as
shown in Fig. 1. The surface morphology was observed by
scanning electron microscopy (S-2600H, Hitachi) and the
crystal structure was analyzed by XRD pattern (Multiflex,
Rigaku, 40 kV, 40 mA).

Results and discussion

pH Effects

Figure 2 shows the deposition potential measured in various
pH solutions. It slightly shifts towards the anodic direction
with increasing the pH value and tends to saturate at higher
values.

Hydrogen gas simultaneously evolves with the cobalt
precipitation reaction because the equilibrium potential of
H+/H is more anodic than that of Co2+/Co. The ratio of the
hydrogen partial current to the total one, RH2, was
calculated from the weight change of the substrate. Figure 3
shows the dependence of H2 gas evolution rate on pH
value. It apparently decreases from 0.4 to 0.16 with
increasing pH. This can be explained by the surface
concentration of H+ ions. Because the H+ concentration is
lower at higher pH, the hydrogen evolution potential shifts
to more cathodic values.

The electrodeposition was interrupted at 150 C cm−2,
and the surface morphology was observed by SEM. Figure 4
illustrates that the surface morphology of the electro-
deposits drastically varies with pH value, as reported in
some papers [5, 26]. At pH 1.5, the pyramidal-shaped
deposits appear with a size of about 4 μm. At pH 3.5, the
electrode surface is covered with roundish deposits. The
average grain size is 3 μm, and the variance of the size
distribution function seems to be relatively wide. At pH 6.0,
precipitate coarsening further progresses and a flattened

(a)

(b)

(c) 5 μm

Fig. 4 SEM images of the cobalt surface morphology electro-
deposited at 10 mA cm−2 with 150 C cm−2 [pH=1.5 (a), 3.5 (b),
and 6.0 (c)]
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surface of the deposits is observed. The average size of
7 μm is much larger than the other electrodeposits at pH 1.5
and 3.5. The appearance of faceted grains with pyramidal
shapes at lower pH might be explained by the significant
evolution rate of hydrogen gas bubbles as seen in Fig. 3.
That is, the cobalt deposits may grow larger without any
macroscopic blocks by the bubbles sticking on the
electrode.

The crystal structure was analyzed by XRD as shown in
Fig. 5. Then, the orientation index, M, was calculated to
demonstrate the pH dependence (Fig. 6). α-Co(110) was
preferentially oriented at both pH 1.5 and 3.5 and sup-
pressed at pH 6.0. Although the surface morphology
considerably changed between Fig. 4a and b, such a
significant variation was not found in the pH dependence
of the orientation index in the present results.

On the other hand, the strongest peak corresponding to
α-Co(100) appears at pH 6.0. It suggests that the
precipitated α-Co crystals rotate around the c-axis from
the (110) to the (100) plane, which is energetically much
more stable. It has been reported that the hydroxide
adsorption depends on the crystal plane [22]. The surface
pH value was estimated by the measured hydrogen gas
evolution rate. For the details of the calculation, the reader
is referred to Fukunaka et al. [27] and Motoyama et al. [28].
Table 1 summarizes the calculated surface pH values.

The Pourbaix diagram suggests the precipitation of Co
(OH)2 above pH 6.2. The calculated surface pH value
exceeds 7.7 at the bulk pH value of 3.5 and 6.0. Thus, the
precipitation of Co(OH)2 is expected near the cathode
surface in the electrolyte solution with pH 6.0, and even
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Fig. 5 XRD patterns of the cobalt film electrodeposited at 10 mA cm−2

in various pH electrolyte solutions, pH=1.5 (a), 3.5 (b), and 6.0 (c)
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Fig. 6 Dependence of orientation index, M, on the electrolyte pH
value for cobalt films electrodeposited without a magnetic field
[circles (100) plane, squares (002) plane, diamonds (110) plane, and
triangles (201) plane]
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Fig. 7 Cathode potential measured at various magnetic field
intensities during cobalt electrodeposition at 10 mA cm−2 (electrolyte:
1.65 M CoSO4, 0.35 M CoCl2, 0.38 M H3BO3; pH 1.5)

Table 1 Calculated surface pH values, pHS, at 10 mA cm−2 without a
magnetic field

pH Values

pHb 1.5 3.5 6.0
pHS 1.8 7.8 7.7
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3.5. In the present case, the precipitated hydroxide may be
selectively adsorbed at α-Co(110). The selectivity may
induce a slower growth rate of α-Co(110) and result in the
preferential growth of the (100) plane. However, the XRD
pattern did not show the Co(OH)2 phase. To confirm the
cobalt hydroxide, therefore, further surface analysis will be
necessary.

Magnetic field effects

The magnetic field effect was investigated in the acidic
solution (pH 1.5). The field was superimposed perpendic-
ular to the electric field to generate the upward MHD
convection as indicated in Fig. 1.

The deposition potential is plotted for the various
magnetic flux intensities in Fig. 7. It shifts toward the
anodic direction with increasing the field intensity, which is
caused by MHD convection. The Kyoto University re-
search team (Iida et al. submitted for publication) has
conducted water electrolysis in the magnetic field and
measured the ohmic resistance drop between the working
and reference electrode. The MHD convection improves the
electrode surface coverage by removing the gas bubbles
sticking to the electrode surfaces and reduces the void
fraction in the electrolyte-bubble dispersion zone because
the convection considerably stirs the electrolyte in the
vicinity of the electrode. Therefore, the ohmic resistance is
smaller in the magnetic field so that the electrode potential
should shift toward the anodic direction.

The hydrogen gas evolution ratio, RH2, increases to about
50% with increasing magnetic field intensity, as shown in
Fig. 8. The phenomenon agrees well with the results for the
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Fig. 8 Ratio of the hydrogen partial current to the total current, RH2,
measured at various magnetic intensities during cobalt electrodeposi-
tion at 10 mA cm−2 (electrolyte: 1.65 M CoSO4, 0.35 M CoCl2,
0.38 M H3BO3; pH 1.5)

(a)

(b)

(c) 5 μm
Fig. 9 SEM images of the cobalt surface morphology electro-
deposited at 10 mA cm−2 with 150 C cm−2 in pH 1.5 [B=0 T (a),
3 T (b), and 5 T (c)]
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electrodeposition of ferromagnetic metals (Fe [16] and Ni
[29]). The surface concentration of H+ ion is smaller than the
bulk concentration due to the consumption of the H2 gas
evolution reaction [27, 28]. In a magnetic field, MHD
convection can enhance the ionic mass transfer rate of H+

toward the cathode surface. The equilibrium potential of the
hydrogen evolution shifts to the anodic direction, which
results in a higher rate of hydrogen gas evolution, iH2.

The cobalt film was electrodeposited under the electro-
lytic condition of 10 mA cm−2 and pH 1.5 to examine the
effect of a magnetic field on the surface morphology.
Figure 9 shows the SEM images of Co film electro-
deposited at (a) 0 T, (b) 3 T, and (c) 5 T, respectively. The
figure demonstrates no drastic morphological variations
with the magnetic flux intensity. The shape of precipitates
does not seem to change among three SEM images, but
some grains with an elongated ridge-shape preferentially
appear in the pyramidal precipitates matrix with increasing
magnetic flux intensity. It corresponds well with our
previous work [30].

Figure 10 presents the XRD patterns obtained in various
magnetic flux intensities. Although the strongest peak of
α-Co(110) is maintained as seen in Fig. 5, the peaks of α-
Co(100) and α-Co(101) appear in the magnetic field.
Moreover, in the high magnetic field (>3 T), β-Co(200)
cubic line appears at 52° and the diffraction intensity
slightly increases with increasing the magnetic field
intensity. The peak around 45° also grows beyond 3 T.

Because the peak consists of the diffraction of α-Co(002)
(44.76°) and β-Co(111) (44.25°), it will be possible to
calculate the ratio of α-Co crystalline to β-Co by using the
pole figure measurement as reported by Armyanov and
Vitkova [31].

It has been reported that β-Co crystalline is formed
when the hydrogen gas evolution is active [22, 25].
Similar to our experiment, β-Co is probably formed by
the high rate of the hydrogen evolution that is surely
promoted by the MHD convection as shown in Fig. 8.
The rate of the atomic hydrogen incorporation might be
proportional to the hydrogen evolution rate. That is, the
high rate of the hydrogen incorporation in a magnetic
field could form the metastable cobalt hydride, which
might facilitate the β-Co formation [25].

Conclusions

Cobalt electrodeposition from a CoSO4 solution was
investigated from the viewpoints of two factors, pH and
magnetic field.

pH Effect The deposition potential slightly shifted toward
the anodic direction with increasing pH value (pH 1.5–6.0).
The surface morphology drastically changed from pyrami-
dal (pH 1.5) to large-sized flattened precipitates (pH 6.0).
While the strongest peak of α-Co(110) was maintained over
the range of pH 1.5–3.5, the preferential growth of the
α-Co(100) crystalline plane was promoted probably due to
the hydroxide adsorption on the α-Co(110) plane.

Magnetic field effect The effect of a magnetic field on the
electrodeposited Co film was examined at pH 1.5. The
deposition potential slightly shifted toward the anodic
direction with increasing the magnetic field intensity
because MHD convection decreased the ohmic resistance
by the existence of a gas bubble-dispersion layer. In higher
magnetic fields (>3 T), grains with an elongated ridge
shape appeared in the pyramidal precipitates matrix.
Moreover, β-Co was formed with the enhancement of the
hydrogen evolution. The formation of β-Co might be
caused by the acceleration of the atomic hydrogen
incorporation into the electrodeposits.
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