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Abstract: In this paper, we report a one-step pulse-electrodeposition method assisted by a 
magnetic filed for preparing CoxFe3-xO4 films on a Ti substrate. Grain shape, grain size, Co:Fe 
ratio, and microstructure in the CoxFe3-xO4 films were modified dramatically by controlling the 
deposition potential during the pulse-electrodeposition process. The dependence of the grain 
shape and grain size on the deposition potential is due to the change of microstructure and 
Co:Fe ratio in the films with the potential induced by the MHD effects. 
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1. Introduction 
Due to their excellent electrochemical performance, higher magnetic anisotropy and moderate 
saturation magnetization, iron-cobalt oxides with spinel structures have attracted considerable 
interests as promising candidates for modern innovative applications�such as gas sensors[1], 
catalysts for various reactions[2], anodes for lithium ion batteries[3], magneto-optic recording 
media[4]. Up to now, a variety of methods of synthesizing CoxFe3-xO4 thin films have been 
developed include sputtering, physical vapor deposition, chemical vapor deposition, pulsed 
laser deposition and electrochemical deposition [5-8]. Most of these techniques involve a 
two-step process, the CoFe alloy precursors first formation, and then followed by oxidation at 
high temperature [9]. However, the high temperature annealing can cause unwanted reactions 
between the substrate and the deposited film, which affect the grain size, morphology, 
chemical stability and the magnetic property [10-11]. It is widely accepted that the practical 
application of CoxFe3-xO4 thin films will depend on the capability of precise controlling the 
composition, particle size and structure during the preparation process. 
Magneto-electrodeposition could be an alternative method to obtain CoxFe3-xO4 thin films by 
single-step at low temperature, with precise controlling the ratio of Co:Fe, morphology, and 
microstructure, furthermore to tailor the chemical and physical properties of the films. 
Recently, magnetic fields are widely used to control the mass transfer processes in 
electrochemical cells[12], since under a magnetic fields a Lorenz force arises, and the 
magnetohydrodynamics (MHD) convection governs the hydrodynamic boundary layers. 
Krause et al. [13] found that electrodeposition under a 1T magnetic field, Co deposit shape 
changed into double sized hexagonal crystallites. The previous study of us [14] also shown that 
magnetic fields induced drastic morphological variations in the electrodeposited CoNi films 
from short-clavated grain shape to silk-like nanowires, and the applied magnetic fields led to 
an increase of the Co:Ni ratio in the deposits. In addition,because of the higher instantaneous 
current density in comparison to direct current plating, pulse electrodeposition has been found 
to be an effective means of perturbing the adsorption/desorption processes and hence offers an 
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opportunity of controlling the microstructure of the electrodeposits. This work presents 
one-step pulse-electrodeposition of Cobalt-Ferrite thin film on the Ti substrate under a 1T 
magnetic fields. The aim of this work is to study the evolution of composition, surface 
morphology, and microstructure of cobalt ferrite thin films under the condition of 
magneto-pulse-electrodeposition.  
 
2. Experimental 
All electrodeposition experiments were performed in a conventional three-electrode cell 
without agitation. Polished titanium of 1cm diameter was used as the working electrode, the 
counter electrode was a quadrate Pt plate of cm11 × , and Ag/AgCl/KNO3(sat.) was used as a 
reference electrode. The electrolyte composed of 100mM Co2+ �50mM Fe3+ , 150mM 
triethanolamine (TEA), and 2M NaOH. Pulse-electrodeposition using a 
potentiostat-galvanostat VersaSTAT 4 was performed at 80�. The electrochemical cell was 
plunged into the gap of Drusch EAM 20G electromagnet that delivers a uniform horizontal 
magnetic field up to 1T parallel to the electrode surface. To deposit good quality films, various 
parameters such as deposition potential, magnetic flux density, deposition time and duty cycle 
etc., were optimized as shown in Table.1. 

Table 1. Processing conditions of electrodeposition of the cobalt ferrite films 
Pulse-potential 

V1Ag/AgCl

Deposition 
time, t1 

Pulse-potential
V2Ag/AgCl

Deposition 
time, t2 

Cycles Magnetic 
field 

-1.17V~-1.19V 1s -0.95V 4s 300 1T 
 

The surface morphology and chemical composition of the deposited films were 
investigated by scanning electronic microscopy (SEM) appended with an energy-dispersive 
X-ray spectroscope (EDX, SUPRA 35) at three different positions on the films. The 
topography were investigated with atomic force microscopy (AFM). For the characterization 
of the microstructure of the films, X-Ray Diffraction (XRD, Bruker D8 Advance) 
measurements were performed using standard θ-2θ geometry with Cu αK  radiation.  
 
3. Results and discussion 
Since in case of without magnetic field, the electrodeposited films obtained under the 
experimental condition in this work were not adherent and covered the substrates bad, all the 
electrodeposition were optimized by performing in a 1T magnetic field. Typical SEM and 
AFM morphologies of cobalt ferrite films pulse-electrodeposited with potential ranged from 
-1.17V to -1.19V Ag/AgCl are shown in Fig. 1. 

The figure demonstrates drastic morphological variations with the pulse-potential during 
the electrodeposition process. The spherical grain linked together to form a coralliform 
morphology as shown in Fig.1(a). While in case of the potential up to -1.18V Ag/AgCl, the top of 
the branches in coral seemed to split into many irregular small grains. With the increase of the 
applied potential to -1.19V Ag/AgCl, the grains of this coralliform deposit is very similar to the 
structure of sea anemones, that is, every spherical grain consisted of many crystal whiskers in 
it. Since the difference in surface analysis between AFM (3D overview in perpendicular to the 
surface) and SEM (2D morphological structure in parallel to the surface), the AFM image 
could not answer the morphology evolution of the films, but shown the films are composed of 
fairly large number of round nanometer sized grains. The average values of lateral feature size, 
which can be used to characterize the grain size, were calculated according to AFM images in 
the following section. 
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Figure 1: SEM images of CoxFe3-xO4 thin films deposited at (a) -1.17V Ag/AgCl;  

(b) -1.18VAg/AgCl; (c) -1.19VAg/AgCl potentials assisted by 1T magnetic field; and the typical 
AFM image at (d) -1.18VAg/AgCl. 

 
Corresponding to the evolution of the morphology, we use the EDX to measure the change 

of composition in the deposited films with different pulse-potentials. The results in Tab. 2 
shown that the Co:Fe ratio depended on the deposition potential. The Co concentrations in the 
films were lower at less negative potentials and higher at more negative potentials. With the 
deposition potential went to more negative values, more Co2+ were reduced at the electrode 
surface, resulting in a increase of the Co:Fe ratio in the film. These phenomena may be 
attributed the MHD effect in a magnetic field, which yields significant convection, and in turn 
increases the current efficiency. However due to the different kinetic reaction rate between Fe3+ 
and Co2+

 substitution, the deviation between the Co concentration and Fe concentration at the 
electrode surface was larger when the growth rate of the film was faster at more negative 
potentials caused by the MHD effect[15]. The deviation resulted in the Co:Fe ratio in the 
CoxFe3-xO4 thin films a non-linear variation with the deposition potential. In case of 
-1.18VAg/AgCl , the x value was 0.97, which indicates that the film obtained under this condition 
was composed of almost CoFe2O4. This can be verified in the X-ray diffraction pattern. 
 
Table 2. The dependence of the composition of CoxFe3-xO4 �0�x�1�films on the deposition 

potentials: the x value in CoxFe3-xO4 was calculated based on the Co:Fe ratio in the films. 
 

Pulse-potential  Co (at%) Fe (at%) O (at%) x 

-1.17V Ag/AgCl
-1.18V Ag/AgCl
-1.19V Ag/AgCl

8.6 
14.2 
12.1 

31.1 
29.9 
30.5 

60.3 
55.9 
57.4 

0.65 
0.97 
0.85 

   
The X-ray scan of the CoxFe3-xO4 films pulse-electrodeposited on titanium were shown in 

Fig.2. Despite of the high peaks (marked with black dots) for the substrate (Ti), the films 
exhibited the diffraction peaks corresponding to both the transition metal oxides (Fe2O3) and 
the spinel cobalt ferrite (CoFe2O4). At less negative potential, the film was mostly composed of 

 



Fe2O3, while at more negative potentials, the films was mostly composed of CoFe2O4. 
Especially at -1.18VAg/AgCl, the said planes as (111),(220),(311),(400),(511) corresponded to 
the CoFe2O4. The peaks shown in Fig 2 agree well with the Co:Fe ratio measured by EDX. For 
example, the x value in CoxFe3-xO4 films was near unit at -1.18VAg/AgCl, which implied that by 
adjust the potential assisted by magnetic field, we could prepare spinel cobalt ferrite without 
other oxidations by one-step magneto-electrodeposition method. 
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Figure 2: The X-ray diffraction pattern of cobalt ferrite films deposited at different potentials. 

 
 

Table 3. Comparison of crystallites size of electrodeposited CoxFe3-xO4 films obtained by 
calculations based on the Scherrer equation and AFM 

 
Potential (VAg/AgCl) Sherrer( nm) AFM (nm) 

-1.17 
-1.18 
-1.19 

33 
25 
50 

47±2 
38±2 
61±2 

 
 

Since the morphology and microstructure of the films were dramatically depended on the 
potential during the electrodeposition, the grain size should also be affected by the MHD effect 
caused by the interaction between the pulse-current with the magnetic field. We have 
calculated the crystallites size by use of Scherrer's equation and AFM measurement (Table. 3). 
The particle size R0 was estimated from AFM analysis by the following equation [16]: 
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, in which A0 represents the AFM total image area and N0 is the grain number. 

According to these two calculated methods the obtained films consisted different nuclei sizes 
due to the changing amplitude of pulse-potential. It should be mentioned that the calculated 
mean grain size by using Scherrer’s formula according to the X-ray diffraction share the same 
trend as that measured based on the AFM images. With the potential moving to more negative, 
the MHD effects [17] increase to bring more Co2+(Fe3+�to the surface of the electrode, which 
results in the fast nucleation and is responsible for the small grain size at -1.18 VAg/AgCl . 
However, in case of -1.19 VAg/AgCl, the Co (Fe) deposition becomes to be diminished, since the 

 



hydrogen-ion reduction dominates the total reduction process resulting in the decrease of the 
current efficiencies of Co (Fe). This may be a reason for the formation of bigger grain by 
growth at more higher pulse-potential.  

From the morphological viewpoint, the properties of the electro-deposited films depend 
not only on the chemical position, but also strongly on the morphology, grain size ,and 
microstructure [18-19]. Therefore, the in-situ application of magnetic field during the 
pulse-electrodeposition is exceptionally well suited for tailoring the properties of cobalt ferrite, 
by non-contact controlling Co:Fe ratio, grain shape, grain size and phase composition. The 
present work paves the way for optimized electroplated cobalt ferrite thin films by adjusting 
the potential during one-step magneto-electrodeposition. 
 

4. Conclusions 
The influence of the interaction between the pulse-potential and a magnetic field with a flux 
density up to 1T on the morphology and microstructure of electrodeposited CoxFe3-xO4 film has 
been investigated. The SEM figures demonstrated that MHD effects induced drastic 
morphological variations from coral-like to sea-anemone-like. More negative potential led to 
an increase of the Co:Fe atomic ratio in the deposits. The XRD pattern further verified that at 
-1.18VAg/AgCl we could obtain CoFe2O4 film with ultra-fine grains in it by one-step 
magneto-electrodeposition. The non-monotonic dependence of morphology, composition, and 
microstructure on pulse-potential may be attributed to the overlap effects of MHD on the 
current efficiency and on the hydrogen-ion reduction during the deposition process. 
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