
 

Journal of University of Science and Technology Beijing 
Volume 15, Number 5, October 2008, Page 611 Materials

 

Corresponding author: Qiaoying Zhou, E-mail: hangzhouzqy@163.com                            Also available online at www.sciencedirect.com 

© 2008 University of Science and Technology Beijing. All rights reserved. 

 

Influence of bath composition on the electrodeposition of  
cobalt-molybdenum amorphous alloy thin films  

 
Qiaoying Zhou, Hongliang Ge, Guoying Wei, and Qiong Wu 

College of Science, China Jiliang University, Hangzhou 310018, China 
(Received 2007-10-11) 

 

Abstract: Cobalt-molybdenum (Co-Mo) amorphous alloy thin films were deposited on copper substrates by the electrochemical 
method at pH 4.0. Among the experimental electrodeposition parameters, only the concentration ratio of molybdate to cobalt ions 
([ 2

4MoO − ]/[Co2+]) was varied to analyze its influence on the mechanism of induced cobalt-molybdenum codeposition. Voltammetry 
was one of the main techniques, which was used to examine the voltammetric response, revealing that cobalt-molybdenum codeposi-
tion depended on the nature of the species in solution. To correlate the type of the film to the electrochemical response, various co-
balt-molybdenum alloy thin films obtained from different [ 2

4MoO − ]/[Co2+] solutions were tested. Crack-free homogeneous films 
could be easily obtained from the low molybdate concentrations ([ 2

4MoO − ]/[Co2+]≈0.05) applying low deposition potentials. 
Moreover, the content of molybdenum up to 30wt% could be obtained from high molybdate concentration; in this case, the films 
showed cracks. The formation of these cracked films could be predicted from the observed distortions in the curves of electric cur-
rent-time (j-t) deposition transients. The films with amorphous structure were obtained. The hysteresis loops suggested that the easily 
magnetized axis was parallel to the surface of the films. A saturation magnetization of 137 emu⋅g−1 and a coercivity of 87 Oe of the 
film were obtained when the deposition potential was −1025 mV, and [ 2

4MoO − ]/[Co2+] was 0.05 in solution, which exhibited a nicer 
soft-magnetic response. 
© 2008 University of Science and Technology Beijing. All rights reserved. 
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1. Introduction 

The preparation of magnetic materials of cobalt al-
loys has received attention since it has wide applica-
tions in industry [1-11], mainly in mi-
cro-electromechanical systems (MEMS) and magnetic 
storage devices [12-13]. One of the most interesting 
applications is the use of the alloy thin films with 
minimum coercivity and maximum saturation mag-
netization for magnetic actuation in MEMS. Cobalt 
forms amorphous alloys with molybdenum; it retains 
some unusual properties, such as soft magnetism, high 
corrosion resistance, and high temperature stability 
[14]. Meanwhile, electrodeposition has proved to be a 
valid method to prepare magnetic materials [15-20]. 
Accordingly, the electrodeposition of co-
balt-molybdenm amorphous alloy thin films has be-
come a subject of pronounced practical significance. 
Currently, the influence of electrodeposition condi-
tions on the alloy composition has been studied [21], 

and certain mechanisms have been proposed for 
M-Mo systems (M=Co, Fe, Ni) [22]. However, it re-
mains to be established why molybdenum is so 
strongly favored, as the Mo/Co mass ratio in deposit is 
higher than the corresponding [ 2

4MoO − ]/[Co2+] in the 
electrolyte. Moreover, it was that molybdenum incor-
poration in the cobalt deposit reduced the coercive (Hc) 
and simultaneously decreased the saturation magneti-
zation (Ms). The aim is to obtain soft co-
balt-molybdenum films with the highest possible Ms 
value. 

In this article, several baths containing different 
[ 2

4MoO − ]/[Co2+] were tested to analyze their influence 
on the mechanism of induced cobalt-molybdenum 
codeposition. Furthermore, the possibility of preparing 
Co-Mo alloy thin films on copper substrates was ex-
amined and also the surface topography, structures, 
and magnetic properties of these films were analyzed, 
which were used in primary studies for the MEMS 
development. 
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2. Experimental procedure 
2.1. Materials 

The electrodeposition process and film preparation 
were performed in a conventional three-electrode cell 
using a microcomputer-controlled ZF-10 potentio-
stat/galvanostat with the Photoelectric Scanner (PES) 
software. The solutions contained CoCl2⋅6H2O, 
Na2MoO4⋅2H2O, C6H14N2O7, and Na2SO4.  All the 
reagents were of analytical grade. The pH was ad-
justed to 4.0 by adding 5vol% H2SO4. All the solu-
tions were freshly prepared with water, which was 
distilled twice.  

2.2. Methods 

(1) Electrochemical testing. 
For the electrochemical experiments, the working 

electrode was a vitreous carbon electrode of 0.0314 
cm2. It was polished using alloy-sand papers of 

granularity from 10 to 0.1 µm and cleaned ultrasoni-
cally for 30 min in acetone before each experiment. 
The reference electrode was Hg/Hg2SO4/SO4

2− 
mounted in Luggin capillary containing 1 mol/L 
K2SO4 solution. All potentials were referred to this 
electrode. The counter electrode was a platinum spiral 
of 40 cm2. Voltammetric experiments were carried out 
in quiescent conditions at 10 mV/s, scanning initially 
towards negative potentials. Only one cycle was run in 
each voltammetric experiment. Chronoamperometric 
experiments were performed from an initial potential 
at which no process occurred to a potential at which 
reduction occurred. 

(2) Preparation of films. 

For the preparation of the films, a copper substrate 
of 4 cm2 was used. Several baths used in producing 
Co-Mo alloy films with various molybdenum contents 
(around 6wt%-30wt%) were developed (Table 1).  

Table 1.  Electrolyte composition, electrodeposition conditions, and characters of the thin films 

No. Electrolyte T / °C pH Coating 
I 0.2 mol/L C6H14N2O7+0.32 mol/L Na2SO4+0.1 mol/L CoCl2 25 4.0 Smooth bright films 
II 0.2 mol/L C6H14N2O7+0.32 mol/L Na2SO4, [ 2

4MoO − ]/[Co2+]=0.05 25 4.0 Coherent smooth films 

III 0.2 mol/L C6H14N2O7+0.32 mol/L Na2SO4, [ 2
4MoO − ]/[Co2+]=0.15 25 4.0 Coherent films 

IV 0.2 mol/L C6H14N2O7+0.32 mol/L Na2SO4, [ 2
4MoO − ]/[Co2+]=0.3 25 4.0 Cracked films 

V 0.2 mol/L C6H14N2O7+0.32 mol/L Na2SO4, [ 2
4MoO − ]/[Co2+]=0.5 25 4.0 Cracked films 

VII 0.2 mol/L C6H14N2O7+0.32 mol/L Na2SO4, [ 2
4MoO − ]/[Co2+]=0.8 25 4.0 Cracked broken films 

 
(3) Characterizations of films. 

The D/max-rB X-ray diffraction（XRD）structural 
analysis was performed on a Philips diffractometer. 
The Cu Kα radiation (λ=0.15406 nm) was selected by 
means of a diffracted beam flat graphite monochro-
mator. The 2θ/θ diffractograms were obtained in the 
range of 10-70° with a step of 0.02° and a measuring 
time of 15 s per step. The morphology and elemental 
composition of the films were examined using an 
X-ray analyzer incorporated in a SIRION-100 
field-emission scanning electron microscope 
(FE-SEM) using standards of pure molybdenum and 
pure cobalt prior to each quantitative analysis. The 
magnetic measurements were taken in the Lake Shore 
7407 vibrating sample magnetometer (VSM) at room 
temperature. 

The efficiency of deposit preparation was calcu-
lated by comparing the deposition charge and chemi-
cal analysis of the films. 

3. Results and discussion 

3.1. Voltammetric study 

For the fixed electrodeposition parameters, volt-

ammetric studies from the solutions with variable 
[ 2

4MoO − ]/[Co2+] were performed (Fig. 1). The results 
show that a typical nucleation loop is recorded in the 
reduction zone, revealing that some deposition occurs. 
During the positive scan, only one oxidation peak 
around −220 mV is observed (Fig. 1). At a fixed 
moderate cathodic limit, for [ 2

4MoO − ]/[Co2+] up to 
0.05, the oxidation peak appears at more negative po-
tentials than that obtained from the molybdate-free 
solution (Figs. 1(a)-1(b)). Upon increasing [ 2

4MoO − ]/ 
[Co2+], the peak becomes deformed (Fig. 1(c)-1(e)). 
Moreover, the voltammetric current appears at less 
negative potentials when [ 2

4MoO − ]/[Co2+] increases 
from 0 to 0.3 in solution (Fig. 1(B)), which depends 
on the different [ 2

4MoO − ]/[Co2+] features in the oxida-
tion. 

To confirm the nature of this oxidation peak, the 
mechanism of the chemical reaction was analyzed. In 
acidic solutions containing 0.2 mol/L citrate, the elec-
troactive species are CoHCit and HrMoO4Cit[r−5] [23]. 
The reaction proposed for the molybdenum oxide 
formation from this species is 

HrMoO4Cit[r−5]+(r−5)H++2e→MoO2+2H2O+HCit2− 

 (1) 
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According to reaction (1), there is a greater molybde-
num oxide current resulted from the higher H+ con-
centration. Thereafter, both MoO2 and CoHCit 
evolved to the Co-Mo alloy through the formation of 
an adsorbate intermediate, 

CoHCit+2e→Co+HCit2− (2) 

Co
2 2 adsMoO +CoHCit [MoO CoHCit] Mo→ − ⎯⎯→  [24-25]  

 (3) 

     
Fig. 1.  Cyclic voltammograms (A) and magnified details (B) of the solutions of 0.2 mol/L C6H14N2O7+0.32 mol/L Na2SO4 
and different [ −2

4MoO ]/[Co2+] (x): (a) 0.1 mol/L CoCl2; (b) x=0.05; (c) x=0.15; (d) x=0.3; (e) x＝0.5. 

The results indicate that the presence of a small 
amount of metallic cobalt (Eq. (2)) is necessary to in-
duce the reduction of the adsorbed intermediate (Eq. 
(3)). In the first reduction part of these voltammo-
grams, a low current is detected at less negative po-
tentials than −1160 mV. This current, which increases 
at a higher [ 2

4MoO − ]/[Co2+] is owing to the molybde-
num oxide formation [26] before alloy deposition 
(Figs. 1(a)-1(d)).  

However, when [ 2
4MoO − ]/[Co2+] is 0.5, the main 

voltammetric reduction current is delayed (Fig. 1(e)). 
Furthermore, when [ 2

4MoO − ]/[Co2+] is 0.8, the shape 
of the voltammogram changes (Fig. 2), and a quasi- 
plateau attributed to the formation of molybdenum 
oxide [26] is recorded. Moreover, the current owing to 
the Co-Mo deposition is shifted to more negative val-
ues. In this case, a smooth band (probably related to 
hydrogenated species) is recorded, which is followed 
by a small oxidation peak during the positive scan. 
Thus, the low [ 2

4MoO − ]/[Co2+] favors alloy deposition, 
while a higher [ 2

4MoO − ]/[Co2+] leads to the formation 
of molybdenum oxides, which hinders the Co-Mo 
deposition. 

3.2. Potentiostatic transients 

For these solutions, a parallel potentiostatic study 
was performed under quiescent conditions for a fixed 
potential but varying [ 2

4MoO − ]/[Co2+]. The results 
show that an induction time is always observed prior 
to the appearance of the current, followed by a sharp 
current increase that attains a quasi stationary value 
(Fig. 3). 

 
Fig. 2.  Cyclic voltammogram of the solution of 0.2 mol/L 
C6H14N2O7+0.32 mol/L Na2SO4 and [ −2

4MoO ]/[Co2+]=0.8. 

 
Fig. 3.  j-t transients recorded from the solution of 0.2 
mol/L C6H14N2O7+0.32 mol/L Na2SO4 and different 
[ −2

4MoO ]/[Co2+] (x) (starting potential=−650 mV, final po-
tential=−1130 mV): (a) x＝0; (b) x=0.05; (c) x=0.15; (d) 
x=0.3; (e) x=0.5. 

The shape of the j-t transient parallels the voltam-
metric response. The first part is attributed to molyb-
denum oxide formation and the increase is attributed 
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to alloy deposition [24]. Corresponding to the molyb-
denum-free cobalt deposition, a monotonic current in-
crease is observed until a stationary value is attained 
(Fig. 3(a)). When [ 2

4MoO − ]/[Co2+] is 0.05, it attains 
similar deposition charges. However, it is necessary to 
apply lower polarization for the Co-Mo solution than 
for the cobalt one (Fig. 3(b)). An increase in 
[ 2

4MoO − ]/[Co2+] up to 0.15 raises both currents (oxide 
formation and alloy deposition)(Fig. 3(c)). However, 
when [ 2

4MoO − ]/[Co2+] is above 0.15, the oxide forma-
tion current gradually increases and the Co-Mo depo-
sition is progressively delayed (Figs. 3(d)-3(e)). For 
example, when [ 2

4MoO − ]/[Co2+] is 0.5, the main 
process does not occur during the experiment (about 
300 s) and the deposition does not start until more 
negative potentials are applied.  

When [ 2
4MoO − ]/[Co2+] is higher than 0.5, deforma-

tions of the j-t transients take place after the nuclea-
tion spike and no clear stabilization of the current is 
observed. Simultaneously, hydrogen evolution is eas-
ily detected. 

3.3. Compositional, morphological, and structural 
analysis of Co-Mo alloy thin films 

Compositional, morphological, and structural 
analyses of the Co-Mo alloy thin films obtained from 
different [ 2

4MoO − ]/[Co2+] and deposition potentials 
(E(c)) were carried out. The results reveal that the 
films are composed of Co, Mo, and less O. Moreover, 
the contents of Mo and O increase with 
[ 2

4MoO − ]/[Co2+] in solution by applying moderate 
deposition potentials (Table 2)  

Table 2.  Connection of deposition potentials and composition of the thin films with bath composition 

[ 2
4MoO − ]/[Co2+] E(c) / mV Co / wt% Mo / wt% O / wt% 
0.05 －1025 91.91 6.05 2.04 
0.15 －1075 80.90 13.45 5.65 
0.3 －1130 72.55 19.40 8.05 
0.5 －1220 58.09 30.03 11.88 

 

The morphological analysis was performed to de-
tect the content of molybdenum in the films and to 
correlate the type of the film to the electrochemical 
response. Fig. 4 shows the FE-SEM micrographs of a 
pure cobalt film (Fig. 4(a)) and alloy films (molybde-
num contents are ranging from 6.05wt% to 30.03wt%) 
(Figs. 4(b)-4(e)). All the films were obtained under the 
quiescent conditions. A clear modification in the 
morphology is observed for the films containing mo-
lybdenum, such as, the surface turns dim and presents 
a nodular morphology whereas a needle like mor-
phology is observed for the pure cobalt film. The 
analysis of nodular deposits reveals that they are 
composed of Co+Mo(O). Moreover, the content of 
molybdenum is a function of both the solution com-
position and the deposition potential. Thus, the nodu-
lar morphology reveals the existence of molybdenum 
in the films. Similar deposits are obtained using either 
vitreous carbon or graphite substrates [27].  

The content of molybdenum in the films was in-
creased by increasing the [ 2

4MoO − ]/[Co2+] in solution 
and by applying more negative deposition potentials 
in a moderate range of potentials. According to other 
authors [25, 27-28], very negative values of deposition 
potentials implied the higher molybdenum incorpora-
tion in the deposits. Oxygen was detected in the films 
and its contents increased with [ 2

4MoO − ]/[Co2+] in the 
solution. It revealed that the Co-Mo alloy thin films of 
up to 30.03wt% Mo could be obtained from the high-

est [ 2
4MoO − ]/[Co2+]. However, these deposits showed 

cracks. From the solutions with low [ 2
4MoO − ]/[Co2+] 

(≈0.05), coherent smooth and crack-free films were 
obtained with the content of molybdenum lower than 
10wt%. Thus, the lowest [ 2

4MoO − ]/[Co2+] are suitable 
to prepare nicer morphological Co-Mo alloy films. 

Structural analysis of the films was performed us-
ing XRD. The diffractograms of the Co-Mo alloy 
films (the molybdenum content is ranging from 
6.05wt% to 30.03wt%) show a broad zone centered 
around 2θ=20° (Fig. 5). These films seem to corre-
spond to a coating with a partially amorphous struc-
ture or with a crystalline structure of nanometric crys-
tal size. The former hypothesis is confirmed by an es-
timation of the crystallite size domain from the peak 
broadening, using Scherrer’s equation [29]. 

3.4. Magnetic properties of the Co-Mo alloy films 

To investigate the magnetic response of the Co-Mo 
alloy films, the magnetization as a function of the ap-
plied magnetic field was performed and compared to 
the response of a pure cobalt coating. 

The strong uniaxial anisotropy was exhibited when 
the applied field was parallel to the film surface. From 
the parallel and perpendicular hysteresis loops ob-
tained with the vibrating sample magnetometer (VSM), 
very different values of the saturation fields (Hs) are 
observed for parallel (Hs//=450 Oe) and perpendicular 
(Hs⊥>20000 Oe) (Fig. 6). Thus, an easier magnetiza-
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tion in the parallel-applied field is observed. Similar 
magnetic responses are observed for the films origi-

nating from different baths (Table 1 III, IV and V). 

  

  

 
 

The hysteresis loops of the Co-Mo alloy films were 
measured with VSM. It reveals that the saturation 
magnetization decreases when the molybdenum con-
tent of the films increases from 6.05wt% to 30.03wt%. 
Simultaneously, a gradually increasing coercivity is 
observed in the range of 87-109 Oe (Figs. 7(a)-7(d)). 
For the film of ~6.05wt% Mo, a saturation magnetiza-
tion (Ms) of about 137 emu⋅g−1 and a coercivity (Hc) of 
87 Oe are obtained. The Ms is slightly lower than that 
of pure-cobalt deposits (Ms=145 emu⋅g−1 [30]). At the 
same time, Hc is evidently decreased (~160 Oe for 
deposited cobalt [30]) (Fig. 7(a)). In the previous 

study, the Hc values of the Co-Mo alloy films (Mo 
content less than 5wt%) exhibited very close to those 
of homologous pure-Co deposits, revealing that very 
low molybdenum contents of the Co-Mo alloy films 
did not promote the changes in the magnetic response 
[31]. Low but moderate contents of molybdenum 
should be more suitable to attain small coercivity val-
ues maintaining high saturation magnetization. Ac-
cording to the results obtained from the baths tested, 
low [ 2

4MoO − ]/[Co2+] clearly leads to the Co-Mo alloy 
films with good mechanical properties. 

Fig 4.  FE-SEM micrographs of the de-
posited Co-Mo alloy thin films obtained 
from the solution of 0.2 mol/L
C6H14N2O7+0.32 mol/L Na2SO4+0.1 mol/L
CoCl2,  E(c)=−950 mV (a) and the solu-
tion of 0.2 mol/L C6H14N2O7+0.32 mol/L
Na2SO4 and different [ −2

4MoO ]/[Co2+]
(x): (b) x=0.05, E(c)=−1025 mV, 6.05wt% 
Mo; (c) x=0.15, E(c)=−1075 mV, 
13.45wt% Mo; (d) x=0.3, E(c)=−1130 mV, 
19.40wt% Mo; (e) x=0.5, E(c)=−1220 mV, 
30.03wt% Mo. 
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Fig. 5.  Diffraction peaks of the deposited Co-Mo alloy thin 
films obtained from the solutions of 0.2 mol/L 
C6H14N2O7+0.32 mol/L Na2SO4 and different 
[ −2

4MoO ]/[Co2+] (x): (a) x=0.05; (b) x=0.15; (c) x=0.3; (d) 
x=0.5. 

 
Fig. 6.  Zoomed details of the Co-Mo alloy films with par-
allel and perpendicular hysteresis loops. 

 
Fig. 7.  Zoomed details of parallel hysteresis loops for dif-
ferent Mo contents: (a) 6.05wt%; (b) 13.45wt%; (c) 
19.40wt%; (d) 30.03wt%. 

4. Conclusions 
(1) In the course of Co-Mo codeposition the initial 

formation is the intermediate molybdenum oxides, 
whereafter the cobalt nucleation induces the alloy 
deposition over the oxides. 

(2) Co-Mo alloy thin films can be prepared under a 
moderate potential range. When the deposition poten-
tial is below this range, molybdenum oxides form on 
the electrode, thereby hindering the alloy deposition. 
Moreover, the current efficiency and the deposit ho-
mogeneity considerably diminishes when the deposi-
tion potential is higher than the optimum range. 

(3) An amorphous structure of the Co-Mo alloy thin 
films is obtained under these electrodeposition condi-
tions.  

(4) The saturation magnetization close to the value 
exhibited by pure-Co deposits when the molybdenum 
content is about 6wt%. 
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