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In this paper, the effect of electrolyte pH on the composition and microstructure of FeCo films were 

investigated in details by using EDS, XRD and SEM. The composition of FeCo films is greatly 

affected by the electrolyte pH. With increasing temperature, the Fe content is increased while Co 

content is decreased. Low electrolyte pH (≤3) favors the formation of fcc γ phase while high 

electrolyte pH (4 and 5) leads to the formation of bcc α-Co7Fe3 phase in the studied films. High 

electrolyte pH results in a small decrease in the lattice parameter for the fcc phase and a small increase 

for that of bcc phase. With increasing pH value, the averaged grain sizes of fcc phase and bcc phase 

increase. The films prepared at low pH values (1 and 2) shows a very poor quality with rough surface. 

The surfaces of the films electrodeposited at high pH value (3~5) are generally quite smooth, uniform 

and compact. And porous and cracks can be observed in the FeCo films electrodeposited at high pH 

value (3~5). 
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1. INTRODUCTION 

FeCo alloys have been extensively studied as soft magnetic materials due to their good 

properties. They have been used widely and commercially in magnetic sensors, magnetic recording 

head, motors, and generators in electric vehicles since it has high Curie temperature, high 

magnetization, low coercivity, low hysteresis loss, low eddy current loss, high electric permeability 

and good thermal stability.[1-3]  
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Electrodeposition of FeCo alloy films is one of the most popular fabrication processes for its 

low cost and simple, flexible operation, inexpensive apparatus and easy reliable control by changing 

the parameters in the whole electrodeposition process although stable plating baths are needed for 

commercial processing. In electrodeposition, the growth mechanism, morphology, and microstructural 

properties of the film depend on electrodeposition conditions such as electrolyte pH, temperature, 

deposition potential and electrolyte composition. The variations of these parameters have been shown 

to affect the growth mechanism, morphology, microstructure, and magnetic properties of the deposited 

films [4–14]. By adjusting these deposition parameters, it can be possible to control and optimize the 

structural, mechanical, magnetic and magneto-transport properties of electrodeposited films. Generally, 

the aim of the work is to clarify the effect of deposition conditions on electrodeposited FeCo films. It is 

well established that the variation of current density produces a variation in grain size, due to the 

occurrence of hydrogen evolution at the cathode interface. A variation of this hydrogen evolution 

reaction that occurred at the cathode surface caused the modification of the growth interface and 

consequently the change of the surface energy and growth process which in order conducted the 

formation of larger grain size [15-19]. Also, the bath temperature in electrodeposition solutions is 

extremely important due to their influence on the nucleation-growth and microstructure of the resulting 

deposits. It is well known that bath temperature affect the physical and mechanical properties of 

electrodeposited thin films such as surface roughness, grain size, texture, brightness, internal stress, 

current efficiency, and even chemical composition [18-24]. In addition, it was observed that the 

solution pH changes the condition of metal ions, which usually plays a key role to control the film 

properties [23-28]. A modification of bath pH can also affect the crystallite size and consequently the 

magnetic properties such as magnetoresistance of some materials obtained by electrodeposition [23-

28]. Consequently, the electrolyte pH is one of critical parameters to achieve the desired structural and 

functional properties. 

In this paper, a detailed study of the electrolyte pH effect on the microstructural properties of 

FeCo alloy films is presented. We have shown that the composition, phase structure, grain size, lattice 

parameter and morphology of FeCo films were significantly affected by the pH of electrolytes. The 

work might be useful to understand better how electrolyte pH affects the properties of electrodeposited 

films.  

 

 

 

2. EXPERIMENTAL 

FeCo thin films were fabricated by electrochemical deposition from sulfate bath using a 

conventional three electrode cell. The copper plate serves as the working cathode with the surface area 

of 1cm
2
 while a graphite plate serves as the anode with much larger surface area. Prior to deposition, 

the substrate was first mechanically polished, then washed in 10% H2SO4 and distilled water. The 

reference electrode was a saturated calomel electrode. 

The compositions of the electrolytes of Co
2+

/Fe
2+

 were shown in Table 1, together with major 

electrodepositing parameters. The total concentration of ferrous sulfate [FeSO4·7H2O] and cobalt 

sulfate [CoSO4·7H2O] was kept 0.35 mol/L. All chemicals were reagent grade and dissolved in 
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distilled water. The electrodeposition was conducted at different electrolyte pH (1~5) with a certain 

stirring rate.  

The crystallographic structure of electrodeposited FeCo films was characterized by X-ray 

Diffraction (XRD). The compositions of the samples were detected through energy dispersive 

spectrometer (EDS). Field-emission scanning electronic microscopy (FESEM) was employed to 

examine the morphology of the films.  

 

Table 1. Compositions of the electrolytes and major electrodepositing parameters 

 

Composition Temperature (
o
C) Current density (mA/cm

2
) 

CoSO4.7H2O (0.2mol/L) 

FeSO4.7H2O (0.15mol/L) 

Na2SO4 (0.7mol/L) 

Ascorbic Acid (0.05mol/L) 

Boric acid (0.4mol/L) 

25 10 

 

 

 

3. RESULTS AND DISCUSSION 

 

 
 

Figure 1. Composition of co-electrodeposited FeCo alloy films at different electrolyte pH 

 

The content of Fe and Co of the FeCo films was measured by energy dispersive analysis of X-

ray spectroscopy. Fig.1 shows the dependence of deposit compositions on various electrolyte pH 

values in the electrodeposition of FeCo thin films. As can be seen, the Fe concentration in the co-

deposited films is increased from around 10 at.% to 57 at.% when the electrolyte pH value is increased 

from 1 to 5. The molar ratio of Co:Fe in the bath solution was 4:3, which should result in 

electrodeposited films with compositions of ~43 at% Fe (~57 at% Co) assuming non-preferential co-
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electrodeposition. Thus, it can be suggested that Co is preferentially deposited when the electrolyte pH 

value is set as 1, relative to the composition of electrolyte solution, at the expense of Fe. The behavior 

is as normally expected since the more noble metal (Co) is deposited preferentially. Therefore, the 

results indicate a normal co-electrodepositing behavior for the electrolyte solution at pH=1.  

The electrodeposition process is mainly dominated by three factors [29]: (1) The dissolution of 

the freshly deposited metal atoms on the substrate because of the acid circumstance in the electrolyte; 

(2) The formation and absorption of metals hydroxides on the electrode surface; (3) The normal 

electrodeposition of the metals. A lower pH value favors the dissolution of freshly deposited metal and 

depresses the formation and absorption of metal hydroxides. The process is predominated by the 

normal deposition of the metal, resulting in lower iron content in the coatings due to a lower reduction 

potential of iron.  

Nevertheless, a higher pH value favors the formation and absorption of metal hydroxides and 

depresses the dissolution of the freshly deposited metal. When the electrolyte pH value is increased to 

2~3, the composition of the deposits roughly reflects the solution composition, while at pH value 

higher than 4, the deposited films become Fe-rich. The results indicate an anomalous co-

electrodepositing behavior for the electrolyte solution at high pH value. This so-called anomalous co-

deposition has long been reported [30-32]. A hydroxide-based model for the anomalous co-deposition 

was first proposed by Dahms and Croll [33]. This model was modified later by emphasizing the role of 

ionized hydrolysis products [34, 35]. Recent researches indicated that the electrode kinetics, such as 

the adsorption of monovalent ions intermediates on the electrode, plays a more important role than the 

chemical reactions in the solution and it is thought to be the result of an inhibiting effect of Fe on the 

nucleation and growth of Co on the cathode surface. [36-38]  

 
Figure 2. XRD patterns of FeCo films electrodeposited at different electrolyte pH values 

 

Concerning a successful application of the electrodeposited FeCo alloys, not only the 

composition but also the microstructure has to be controlled precisely. One of the most important 
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microstructure issues is the phase structure, since both the superior magnetic and mechanical 

properties depend strongly on it. Fig.2 shows the XRD patterns of FeCo films electrodeposited at 

different electrolyte pH value. From the patterns, it can be seen that the films have a mixed phases of 

face-centered cubic (fcc) solid solution (γ phase) and body-centered cubic (bcc) α-Co7Fe3 phase (α-Fe 

type). As seen from the figure, the reflections from the characteristic (111), (200) and (220) crystal 

planes of fcc CoFe solid solution phase were observed at approximately 2θ=44
o
, 51

 o
 and 75

o
, 

respectively. In addition, the (110), (200), (211) peaks of bcc α-Co7Fe3 phase were observed at about 

45
o
, 66

o
 and 84

o
, respectively. The patterns indicate that the film electrodeposited at pH=1 has a single 

phase of fcc phase. When the electrolyte pH is increased to 2, the (110) peak of bcc phase appears but 

the intensity is relatively very weak. Further increase the electrolyte pH to 3, the peak intensity of bcc 

phase increases sharply. This means that the fcc phase transforms to bcc phase and the bcc phase 

becomes dominant in the FeCo film. The structure becomes completely bcc for the FeCo films when 

the electrolyte pH value is increase to 4~5, as seen from Fig. 2. Results indicate that a two-phase 

mixed structure of the fcc phase and the bcc solid solution phase forms for intermediate conditions 

(pH=2~3).  

According to the phase diagram of Fe-Co binary alloy [39], fcc solid solution phase is 

thermodynamically stable for high Co concentration (>90 at%) at low temperature (<700 
o
C) or for all 

alloy concentrations at temperatures between ~985 
o
C and ~1475 

o
C while bcc α phase is stable for Fe 

concentrations in excess of 80 at% at temperatures below 500 
o
C.  The binary phase diagram gives a 

good indication of the phases that might be expected in Fe–Co thin films at a particular composition. 

However, although thermodynamically stable at low temperature and over a wide composition range 

(25~75 at% Fe) according to the phase diagram, the α’ phase is never observed in our electrodeposited 

thin films and other researches [2, 3, 40-42]. It is reported [2, 3, 40-42] that under many 

electrodepositing conditions the fcc Fe-Co solid solution phase and bcc α phase form during 

electrodeposition. The formation of non-equilibrium phases of the two solid solution phases is not 

surprising for electrodeposition systems as the deposition rates do not provide sufficient time for the 

ordering of Co and Fe atoms on specific lattice positions to form α’-CoFe phase. In our work, for 

electrodeposition of FeCo films with Co concentrations ranging from around 90 to 43 at% at all 

electrolyte pH values, the fcc solid solution was only detected for the electrolyte pH of low values (less 

than 3) while the bcc phase was obtained at high electrolyte pH values (higher than 3).  

The lattice parameters of fcc and bcc phase in the electrodeposited FeCo films were calculated 

based on the peak positions in the XRD patterns. Table.2 shows the average lattice parameters of fcc 

and bcc phase in alloy films fabricated at different electrolyte pH. Higher depositing electrolyte pH 

leads to a small decrease in the lattice parameter for the bcc phase. This is to be expected due to the 

slightly smaller atomic radius of the Co atoms and enrichment of Co content in bcc phase. As can be 

seen from Fig.2, when the electrolyte pH increases from 1 to 3, the fcc γ Co phase transforms to bcc 

Co7Fe3 phase and the Co7Fe3 phase becomes dominant in the FeCo film. This means that more Fe 

atoms were involved in the formation of Co7Fe3 and the content of Fe in the fcc γ Co solid solution 

was decreased with increasing electrolyte pH (1 to 3). The incorporation of small atoms into the lattice 

of the film would shrink the lattice and decrease the lattice parameters. In addition, the lattice 

parameter of the bcc Co7Fe3 phase increases when the electrolyte pH is increased. This is caused by 
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the increasing Fe content in the FeCo film and more Fe atoms were involved in the formation of 

Co7Fe3 phase when the electrolyte pH was increased from 2 to 5.  

 

Table 2. Average lattice parameters (nm) of bcc phase and fcc phase in FeCo films prepared at 

different electrolyte pH 

 

pH 

 

phase 

1 2 3 4 5 

γ Co(220) 0.3604 0.3599 0.3587 - - 

Co7Fe3(110) - 0.2798 0.2830 0.2856 0.2860 

 

By using Scherer equation, the averaged grain sizes of γ Co phase in FeCo films 

electrodeposited at different electrolyte pH values are calculated and shown in Table 3. It can be seen 

that with increasing pH values, the averaged grain sizes of fcc phase increase from around 47 nm 

(pH=1) to 62 nm (pH=3). When the pH value is increased from 2 to 5, the averaged grain size of bcc 

phase increases slowly from around 22 nm (pH=2) to 32 nm (pH=5).  

 

Table 3. Average grain sizes (nm) of bcc phase and fcc phase in FeCo films prepared at different 

electrolyte pH 

 

pH 

 

phase 

1 2 3 4 5 

γ Co 46.8 60 61.8 - - 

Co7Fe3 - 21.8 23.9 27.86 31.99 

 

Fig. 3 shows the surface morphology of FeCo films electrodeposited at various electrolyte pH 

values. The surface morphology is strongly influenced by the electrolyte pH. The films prepared at low 

pH values (1 and 2) shows a very poor quality with rough surface. The films are very thin (according 

to cross-section SEM images which are not shown here) and not uniform. This is mainly caused by the 

relatively low current efficiency and high hydrogen evolution during electrodepositing at low pH 

values. With increasing pH values (3 to 5), the surfaces of the electrodeposited films are generally 

smooth, uniform and compact because of the weakening of hydrogen evolution at higher pH values. 

But voids, pores and cracks are observed at higher pH values. At higher pH value (3~5), the deposition 

rate becomes larger with the increase of the pH due to the high current efficiency. The higher 

deposition rate causes a situation that there is no enough time for internal stress release and cracking of 

the coatings may occur 
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Figure 3. Surface morphology of FeCo films electrodeposited at different electrolyte pH. (a): pH=1; 

(b): pH=2; (c): pH=3; (d): pH=4; (e): pH=5. 

 

 

4. CONCLUSIONS 

FeCo films were electrodeposited on Cu substrates at different electrolyte pH. The composition 

of FeCo films is greatly affected by the electrolyte pH. With increasing temperature, the Fe content is 

increased while Co content is decreased. Low electrolyte pH (≤3) favors the formation of fcc γ phase 

while high electrolyte pH  (4 and 5) leads to the formation of bcc α-Co7Fe3 phase in the studied films. 

High electrolyte pH leads to a small decrease in the lattice parameter for the fcc phase and a small 

increase for that of bcc phase. With increasing pH value, the averaged grain sizes of fcc phase and bcc 

phase increase. The films prepared at low pH values (1 and 2) shows a very poor quality with rough 

surface. The surfaces of the films electrodeposited at high pH value (3~5) are generally quite smooth, 

uniform and compact. And porous and cracks can be observed in the FeCo films electrodeposited at 

high pH value (3~5). 
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