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MICROSTRUCTURE AND CORROSION BEHAVIOUR OF Co-Mo/TiO2 NANO-COMPOSITE COATINGS FORMED 
ON DISK AND WIRE ELECTRODES BY ELECTRODEPOSITION

The influence of the electrode geometry on the microstructure and corrosion behaviour of Co-Mo nano-crystalline coatings 
elaborated by electrodeposition is studied. The corrosion behaviour was determined in the Ringer’s solution at 25°C. Electro-
deposition mechanisms are also discussed as a function of the electrode geometry. The electrode geometry was found to affect the 
growth rate and, under certain conditions, the microstructure (existence of channels and pores). It does not have influence on the 
corrosion behaviour.
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1. Introduction

Co-Mo/TiO2 nano-composite coatings can be electrodepos-
ited on metallic alloys. Previous work [1] has shown that the 
level of residual stress in these coatings remains low during 
electrodeposition. Thick and compact (crack-free) coatings can 
then be elaborated. They have also good adhesion. In addition, 
these coatings may have the same physical-chemical properties 
than Co-Mo nano-crystalline coatings which have high hardness, 
high thermal resistance and good magnetic properties [2-15].

The microstructure of Co-Mo/TiO2 nano-composite coat-
ings has already been investigated for different electrodeposi-
tion times [1]. A growth mechanism model based on the local 
diffusion field has recently been proposed for long-term elec-
trodeposition [16]. The corrosion behaviour has been studied 
after long-term immersion in NaCl-based media [1] and after 
tribological and scratch tests [17]. Co-Mo/TiO2 nano-composite 
coatings exhibit good tribological properties.

In the present paper, the influence on the electrode geom-
etry on electrodeposition mechanisms was first studied. The 
microstructure of coatings electrodeposited on disk and clamped 
wire electrodes was then compared. The corrosion behaviour in 
NaCl media was also determined for the two types of electrodes.

2. Materials, and Methods

2.1. Materials and surface preparation

The substrate was made of ultra-pure Co (Co: 99.99 + wt%, 
Al < 1 ppm, Ag < 2 ppm, Cr < 1 ppm, Cu < 3 ppm, Fe < 7 ppm, 

Mg < 1 ppm and Si < 5 ppm). It was delivered by Goodfellow 
in the form of as drawn rods (diameter of 1.2 cm) and wires 
(diameter of 100 μm). Rods were cut and embedded in an epoxy 
resin (surface area of 1.13 cm2, Fig. 1(a)). They were then 
mechanically ground with emery papers (down to 4000 grit), 
cleaned in ethanol under ultrasonics for 5 minutes and dried in air. 
Wires were cut and clamped in a home-made system (Fig. 1(b)), 
cleaned in ethanol under ultrasonics for 5 minutes and dried in 
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Fig. 1. Electrodes used for electrodeposition: (a) disk electrode and (b) 
clamped wire electrode
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air. The body of this home-made system was entirely made of 
PVC (chemically inert and rigid) and the wires were made of 
nylon (chemically inert and rigid).

Co-Mo/TiO2 nano-composite coatings were electrodepos-
ited on disk electrodes (corresponding to embedded rods) and 
on clamped wire electrodes under the same experimental condi-
tions. The potential was set at –1.2 V vs. SCE for different times 
(between 5 minutes and 250 minutes). The aqueous solution 
(volume of 150 mL) was composed of 0.2M CoSO4 7H2O + 
0.02M Na2MoO4 2H2O + 0.5M H3BO3 + 0.3M Na3C6H5O7 
+ 20 g/L TiO2 (primary particle size of 21 nm, provided by 
Sigma-Aldrich). It was stirred using a magnetic stirrer (260 
rpm). The solution pH and temperature were 5.8 and 25°C, 
respectively. A Pt counter electrode (Pt foil) and a silver/silver 
chloride reference electrode (Ag/AgCl, 3.5M) were used. Elec-
trodeposited samples were rinsed under gentle flow of distilled 
water for a few seconds and ultrasonically cleaned in acetone for 
1 minute.

2.2. Corrosion tests and surface observations

Corrosion tests were carried out in the Ringer’s solution 
(8.6 g/L NaCl, 0.3 g/L KCl and 0.48 g/L CaCl2) at 25°C. The 
pH was adjusted to 7.2 (by adding NaOH). An AUTOLAB po-
tentiostat/ galvanostat and a classical three-electrode cell were 
used. Polarisation curves (1 mV/s) were plotted from –850 mV 
vs. Ag/AgCl up to ~300 mV vs. Ag/AgCl. No prior polarisation 
in the cathodic domain was performed.

Surface observations were performed using a field-emission 
scanning electron microscope (FE-SEM, JEOL 7600F) coupled 
with energy dispersive X-ray spectroscopy (EDS).

3. Results and discussion

3.1. Electrochemical measurements

Fig. 2(a)) shows the evolution of the current density vs 
time during electrodeposition of the two electrodes for 250 
minutes. Solid lines represent experimental curves and dotted 
lines were obtained by extrapolating experimental data. For 
disk electrodes, the current density slightly increases (shift to 
negative values) over time, between –15 μA/cm2 at the onset of 
electrodeposition and –19 μA/cm2 for 250 minutes. This means 
that the growth rate is almost constant over time. Extrapolation 
of exprimental data indicates that the limiting current density 
is –32 μA/cm2.

By contrast, for clamped wire electrodes, the current density 
first increases sharply to reach a value of about –121 μA/cm2 
after 2 minutes of electrodeposition (graph inset in Fig. 2(a)). 
This value is ~7.5 times greater than that mesured on disk elec-
trodes. Then, the current density remains constant for several 
minutes (between 2 and 10 minutes of electrodeposition). From 
10 minutes of electrodeposition, it starts to decrease (shift to 

positive values). Extrapolation of experimental data (dotted line 
in Fig. 2(a)) indicates that the limiting current density value is 
~ –42 μA/cm2. It is slightly greater than that estimated for disk 
electrodes (of about –32 μA/cm2). Therefore, the growth rate is 

a) 

Fig. 2. Evolution of the current density vs. time during electrodeposi-
tion of the two types of electrodes (solid lines = experimental data and 
dotted lines = extrapolation)

b) 

a) 

Fig. 3. Evolution of the coating thickness vs. (a) time and (b) electrical 
charge (absolute values)
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faster on clamped wire electrodes than on disk electrodes. This 
was confirmed by plotting the coating thickness vs electrodepo-
sition time, Fig. 3(a). A linear relatioship was found between 
thickness and time for the two electrodes. However, the differ-
ence of slope (corresponding to the rate growth) between the 
two staight lines is ~5 (1.5 μm/min for clamped wire lectrodes 
and 0.33 μm/min for disk electrodes).

These results show that the limiting current density value 
depends on the electrode geometry. Electrodeposition of Co-Mo/
TiO2 nano-composite coatings is then mass-transfer control. 
Planar diffusion is predoninant for disk electrodes. At the onset 
of electrodeposition (times less than 10 minutes), cylindrical 
diffusion operates for clamped wire electrodes. The limiting 
current density is larger with cylindrical diffusion than with 
planar diffusion, leading to higher current densities on clamped 
wire electrodes. As electrodeposition proceeds, the diameter of 
the clamped wire electrodes increases. It increases by roughly 
one order of magnitude, from 100 μm at the onset (diameter 
of the Co wire) up to 900 μm for 250 minutes (diameter of the 
coated wire after 250 minutes). The mass transport regime then 
evolves progressively from cylindrical diffusion at short times 
(times less than 10 minutes) to planar diffusion at long times 
(times greater than 10 minutes). The current density values at 
long times (estimated from extrapolation) are then very close 
for the two electrodes.

The coating thickness was found to be proportional to the 
electrical charge density (Fig. 3(b)) according to Faraday’s law. 
The same relationship was found for both electrodes, indicating 
that the same reactional mechanisms occur on both electrodes. 
Only kinetics of reactions are affected by the electrode geom-
etry (controlled by diffusion). In addition, the comparison of 
the physical-chemical propertie of coatings electrodeposited on 
both types of electrodes must be performed for a fixed value 
of the electrical charge density, and not for an electrodeposi-
tion time.

3.2. Microstructure of Co-Mo/TiO2 nano-composite 
coatings

Top-view and cross-section FE-SEM/EDS observations 
were performed on Co-Mo/TiO2 nano-composite coatings elec-
trodeposited on both electrodes. For electrical charge density 
values less than ~60 C cm–2, a nodular structure is observed for 
both electrodes (Fig. 4(a1-a2) for clamped wire electrodes and 
Fig. 4(b1-b2) for disk electrodes). Spherical nodules can be eas-
ily observed on top-view images (Fig. 4(a1) and 4(b1)). From 
cross-section images (Fig. 4(a2) and 4(b2)), it can also be seen 
that coatings are compact (no voids). In a previous study [1], 
it was shown that they are very beam sensitive. Cracks quickly 
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Fig. 4. FE-SEM images (1 = top-view and 2 = cross-section) of the coatings electrodeposited on (a) clamped wire electrode for 5 minutes (elec-
trical charge density of 35 C cm–2) and (b) disk electrode for 30 minutes (electrical charge density of 30.4 C cm–2). LD = longitudinal direction 
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appear upon exposure to the FE-SEM/EDS electron beam (as 
those visible in Fig. 4(b1) for example). No cracks were observed 
using atomic force microscopy (AFM) [1], but chemical analysis 
could not be performed.

For electrical charge density values greater than ~60 C 
cm–2, all coatings on disk electrodes have a granular structure 
(Fig. 5(a-b)). Cross-section observations (Fig. 5(b)) show that 
they are again compact. They adhere very well to the substrate. 
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Fig. 5. (a-b) FE-SEM images of the coating electrodeposited on the disk electrode for 250 minutes (electrical charge density of 270 C cm–2)

250 m

(a) 

100

min 

0 μm 

Co wire 

LD 

(b)

(c)

 

 

40 μm

100 μm

m

Co wm 

A

wire LD

A

 D 

A 

B

Fig. 6. (a-c) FE-SEM images of the coating electrodeposited on the clamped wire electrode for 250 minutes (electrical charge density of 
1159 C cm–2). LD = longitudinal direction
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There is no micro-cracks or voids in the coatings an at the sub-
strate / coating interface. FE-SEM/EDS analyses indicate that 
these coatings have heterogeneous composition. Dark zones in 
FE-SEM images are poorer in molybdenum (average values from 
several EDS analyses: 17.3±1.1 at.% C, 1.7±0.4 at.% O, 1.4±0.5 
at.% Mo and 79.6±1.7 at.% Co). By contrast, bright zones 
contains (average values from several EDS analyses) 22.2±1.3 
at.% C, 2.4±0.3 at.% O, 9.9±0.9 at.% Mo and 65.5±1.2 at.% Co. 
The transition between the nodular structure and the granular 
one during electrodeposition has recently been studied on disk 
electrodes [16]. It has been proposed that this transition is due 
to local diffusion fields induced by surface topography.

By contrast to the previous case (disk electrodes), all 
coatings formed on clamped wire electrodes for an electrical 
charge density greater than ~60 C cm–2 have a columnar struc-
ture (Fig. 6(a-c)). A high density of narrow and deep channels 
is visible on cross-section images. The electrolyte can flow in 
these channels, but it cannot be easily renewed. Therefore, dur-
ing electrodeposition in the channels, Mo4

2– ions are quickly 
consumed and only cobalt is deposited (zones A in Fig. 6(c)). 
In Zones A, EDS analyses give : 6.1±1 at.% C, 3.3±0.5 at.% Mo 
and 90.6±0.8 at.% Co. In Zone B EDS analysis gives: 10.2±1.5 
at.% C, 4.5±0.4 at.% O, 12.6±1.2 at.% Mo, 1.2±0.2 at.% Ti and 
71.4±1.3 at.% Co 

3.3. Corrosion behaviour of coatings 
in Ringer’s solution

Fig. 7 shows the polarisation curves in the ringer’s solution 
at 25°C (aerated solution) of the Co-Mo nano-crystalline coatings 
formed on disk and clamped wire electrodes for 250 minutes. 
The two curves have the same shape, indicating that the two 
coatings have the same electrochemical behaviour. Region I 
corresponds to the cathodic domain. The main reaction is the 
oxygen reduction reaction (reaction 1):

 O2 + 2H2O + 4e– → 4OH– E0 = 0.4 V vs. NHE (1)

Region II corresponds to the oxidation of the coating [1] 
whereas Region III is mainly related to preferential dissolution 
of cobalt. In the three region is current density is slightly greater 
on the clamped wire electrode than on the disk electrode. This 
may be due to the presence of channels in which the electrolyte 
can flow. In this case, the surface area in contact with electro-
lyte is underestimated (the current density is overestimated). 
Therefore, these results show that both coatings have the same 
electrochemical behaviour and that the presence of channels in 
the coating formed on the clamped wire electrode has no sig-
nificant influence on the electrochemical response.

4. Conclusions

It was shown that Co-Mo/TiO2 nano-composite coatings 
can be electrodeposited on different electrode geometries. How-

ever, the diffusion processes and the growth rate depend on the 
electrode geometry. The microstructure may then be different 
(numerous pores and channels are visible on the clamped wire 
electrode), but the corrosion behaviour is not affected by these 
differences.
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