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Abstract Spinel-type FexCo3-xO4 thin films with x = 0,

1, 2 and 3 were prepared, on stainless steel supports, using

the thermal decomposition method at 400 �C. The X-ray

diffraction patterns show the presence of a spinel-type

structure with a low crystallinity. The electrochemical

behaviour was investigated in 1 M KOH, using open-cir-

cuit-potential measurements and cyclic voltammetry. The

studies allowed to observe the redox reactions occurring at

the FexCo3-xO4 (x = 1 and 2) oxide surface, namely Fe3O4/

Fe(OH)2 or Fe3O4/Fe2O3, Co3O4/CoOOH, Co(OH)2/CoO

OH and CoO2/CoOOH by comparing the experimental data

with those obtained for the Co3O4 and Fe3O4 films as well

as with those referred to in the literature. The results show

that iron ions play the major role in the solid-state surface

redox transitions in the negative potential range, whereas

the cobalt ions are the key species in the positive potential

range. However, the contribution of each component,

although small, has to be considered in both potential

regions.

Keywords Mixed cobalt and iron oxide electrodes �
Thin films � Cyclic voltammetry � Solid-state surface

redox transitions

1 Introduction

Mixed oxides are a wide class of materials, which presents

good electro-catalytic activity for many electrode reactions.

The availability of different valences of the same metallic

element, in these types of materials, is used to modulate the

electrode properties through the synergic effects arising

from the intimate interaction of the components. Mixed

oxides, with a spinel structure and containing cobalt, have

been extensively studied, due to their promising catalytic

activity for oxygen evolution and reduction (OER) as well as

organic electro-oxidation and electro-synthesis [1–3].

Moreover, spinel-type oxides containing iron and cobalt

have also generated great interest due to the possible

applications as anode materials for batteries [4] and high

density recording media [5]. Several studies on the catalytic

activity for OER of spinel-type oxide thin films containing

cobalt and iron have been published, namely on cobalt fer-

rite CoFe2O4 where the Fe is partially replaced by Ni and or

Mn [6], FexCo3-xO4 (0 B x B 2) [7] and ternary ferrites

CoFe2-xCrxO4 (0 B x B 1) [8]. These studies show that the

solid-state surface redox transitions (SSSRT), which take

place on electrode surfaces, play a crucial role in their

activity. A study on the SSSRT on FeCo2O4 pelleted elec-

trodes has recently been published by some authors [9]. The

results obtained and the few publications on the electro-

chemical behaviour of FeCo2O4 and CoFe2O4 oxides led us

to study these oxides as thin films.

In this context, this article presents the electrochemical

behaviour of FeCo2O4 and CoFe2O4 thin film coatings, in
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1 M KOH by cyclic voltammetry. This technique is a

powerful and versatile tool for in situ non-destructive

characterization of SSSRT occurring at the electrode/

electrolyte interface. Thin films were prepared by thermal

decomposition of nitrates on stainless steel substrates and

the SSSRT taking place on their surfaces were analysed.

For comparison, Co3O4 and Fe3O4 thin films were also

prepared and studied.

2 Experimental details

2.1 Oxide films preparation

The required amount of cobalt and iron nitrates was dis-

solved in 100 mL of distilled water followed by the addi-

tion of one drop of concentrated HNO3, in order to avoid

any precipitation of the metal hydroxides. All reagents

were of analytical grade (Aldrich or Fluka) and were used

as-received without further purification. Scratched stainless

steel plates (Goodfellow) with 1 cm 9 2 cm 9 0.1 cm

dimensions were used as a substrate. Prior to use, the steel

plates were thoroughly washed with distilled water, ultra-

sonically cleaned in distilled water and absolute ethanol for

10 min and then dried in air. The pre-treatment of the steel

surface, prior to coating, is important for the adherence of

the film. The pre-treated steel plates were placed in a

drying oven at 60 �C and small drops of the mixed metal

nitrates solution were dripped onto the surface using a

syringe. When the steel surface became dry, more small

drops of the solution were dripped onto the surface and

dried. This procedure was repeated 4 to 5 times to cover the

entire substrate surface uniformly. Finally, the coated steel

plates were annealed at 400 �C for 2 h in a tube furnace in

air. Following this procedure, black coloured adherent thin

oxide films with loadings ranging between 2.0 and

2.4 mg cm-2 and 0.3–0.4-lm thick were obtained. The

films were used as-prepared.

2.2 X-ray diffraction analysis

X-ray powder diffraction (XRD) analysis was performed

using a Philips X-ray diffractometer (PW 1730) with

Cu-Ka radiation (k1 = 1.54056 Å
´

), working at 30 mA and

40 kV and automatic data acquisition [APD Philips (v 3.6

B) software]. The diffraction patterns were collected in the

range of 2h = 15–80�, at a scanning rate of 0.02 s-1. A

graphite-monochromator was used. The diffraction patterns

were recorded for the substrate, the as-prepared and used

films.

2.3 Electrochemical measurements

2.3.1 Electrodes

All the electrochemical studies were carried out in a con-

ventional three-electrode single compartment glass cell

in 1 M KOH (Merck, PA, USA) at 25 �C. The working

electrode was of stainless steel/oxide. The back of the

electrode was isolated with an inert non-conductive varnish

and only a single face of 2 cm2 was exposed to the elec-

trolyte. The electrical contact was made by using a croc-

odile clip on a small strip of the stainless steel oxide free.

The potential of the working electrode was measured

against a saturated calomel electrode (SCE) (0.240 V vs.

standard hydrogen electrode (SHE)), connected through a

KCl agar–agar salt bridge, the tip of which was placed as

close as possible to the surface of the working electrode, in

order to minimize solution resistance between the test and

reference electrodes. The counter electrode was a platinum

plate of 8 cm2. The solution was deaerated with N2 for

20 min just before taking measurements.

2.3.2 Techniques and instrumentation

In situ surface characterization and monitoring of the

electrode was done by recording cyclic voltammograms

(CVs), in 1 M KOH, at a sweep rate of 10 mV s-1 in the

potential range of -1.3 V to 0.5 V vs. SCE. The influence

of both positive (Ek?) and negative (Ek-) potential limits

on the voltammetric response of the tested electrodes was

analysed. The electrochemical measurements were per-

formed using a Voltalab PRZ 100 Radiometer-Analytical

apparatus connected to an IMT 102 interface, controlled by

a personal computer through the VoltaMaster software.

3 Results and discussion

3.1 X-ray diffraction analysis

Figure 1a shows representative X-ray patterns for the

stainless steel substrate, Co3O4 powder and (b) FeCo2O4

films before and after the electrochemical studies. For all the

prepared films, the XRD analysis revealed the presence of a

spinel structure characteristic of the deposit. The extra lines,

detected for all the XRD patterns, corresponded to the

stainless steel substrate. These results indicated that all the

deposited films were very thin. After the electrochemical

studies, the presence of the spinel structure was observed for

all the analysed samples, which led us to conclude that the

stability of the spinel oxides was acceptable.
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3.2 Electrochemical studies

3.2.1 Open-circuit potential

Figure 2 shows the dependence of the open-circuit poten-

tial (EOC) versus time, in deaerated 1 M KOH solution, for

all the prepared electrodes. Two different behaviours are

observed. For x B 1, the EOC increases initially reaching a

stable value around -40 mV. For the samples with x C 2,

a different trend is observed. An initial decrease occurs

followed by stabilization at -100 mV for x = 2 and

-150 mV for x = 3. The values measured after 240 s

indicate that the substitution of Co by Fe in the oxide films

tends to lower the electrode EOC. The influence of iron is

more pronounced as the amount of iron increases in the

oxide. These data are in accordance with the reported value

of -0.170 V vs. SCE for FeCo2O4 pelleted electrodes in

1 M KOH [9]. Silva et al. [10] have shown that the pres-

ence of iron oxide in cobalt oxide coatings, on cold-rolled

steel films, tends to lower the electrode potential in

Na2SO4, pH 13. On the other hand, Kishi et al. [7] reported,

for FexCo3-xO4, an increase in EOC, with increasing x in

Britton–Robinson buffer solutions of pH 6 and 8.

In a recent study, we reported that EOC of Fe–Co3O4

(with 0, 5 and 10% of Fe) was 0.000 ± 0.005 V vs. SCE

regardless the oxide composition [11]. This result showed
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Fig. 1 X-ray diffraction

patterns of a stainless steel

substrate (i), Co3O4 powder

spinel (ii), b CoFe2O4 films as

deposited on stainless steel

substrate: fresh a and used b.

Marked peaks e correspond to

substrate and Q to spinel phase

Fig. 2 Open-circuit potential

(EOC) versus time, measured for

the prepared oxide electrodes, in

deaerated 1 M KOH at 25 �C
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that the presence of small amounts of iron does not affect

the equilibrium redox transitions and consequently the

open-circuit potential is mainly governed by the Co3?/

Co2? couple as already reported for Co3O4 electrodes

[12, 13] and that also applies for the samples with x = 1.

For the enriched iron oxides, CoFe2O4 and Fe3O4 elec-

trodes, the EOC instability values seem to be influenced by

the chemical hydrolysis of the oxide surfaces. This process

should be slow due to the solution’s low penetration rate

into the oxide layers [10].

3.2.2 Voltammetric characterization

3.2.2.1 General aspects Figure 3 shows the CVs for the

Co3O4, FeCo2O4, CoFe2O4 and Fe3O4 thin films in 1 M

KOH, starting at 0 V vs. SCE and scanned (a) in the

positive and (b) in the negative directions recorded at a

scan rate of 10 mV s-1. Considering the positive region for

the Co3O4 and to a lesser extent for the FeCo2O4, the CVs

exhibit a well-known pair of peaks (A1/C1) prior to the

oxygen evolution process, which represents the signature

Fig. 3 CVs for Co3O4

(crosses), FeCo2O4 (triangles),

CoFe2O4 (squares) and Fe3O4

(diamonds) thin film electrodes,

in an N2 deoxygenated 1 M

KOH solution at a scan rate of

10 mV s-1, starting at 0 V vs.

SCE towards the positive

(a) and negative (b) directions
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of the solid state Co4?/Co3? redox couple. The estimated

value for the mean peak potential, Ep = (Epa ? Epc)/2 is

0.380 ± 0.005 V vs. SCE for the Co3O4. These results are

in excellent agreement with those already reported by us

[14, 15] for sprayed Co3O4/Ti films. The CoFe2O4 and

Fe3O4 electrodes do not exhibit any current peak prior to

the oxygen evolution but a slight increase in the back-

ground current is observed followed by a weak shoulder

that overlaps the current due to oxygen evolution. It should

be noted that the onset potential for oxygen evolution

increased with the cobalt substitution by iron. These results

clearly show that cobalt plays the main role in the elec-

trochemical reactions taking place in the positive potential

range.

Starting from 0 V vs. SCE in the negative direction

(Fig. 3b), no peaks are observed for the Co3O4 electrode.

The CVs for all the iron-substituted cobalt oxide electrodes

exhibit a couple of large current peaks (A2/C2). The peak

size and definition increase with the raising of the amount

of iron in the oxide film. The CVs for the Fe3O4 electrode

exhibit both a cathodic and an anodic current peaks, cen-

tred at Ec = -1.100 V and Ea = -0.760 V, respectively.

Fig. 4 CVs for Co3O4

(crosses), FeCo2O4 (triangles),

CoFe2O4 (squares) and Fe3O4

(diamonds) thin film electrodes,

in an N2 deoxygenated 1 M

KOH solution at a scan rate of

10 mV s-1, starting at 0.500 V

(a) and at -1.300 V vs. SCE (b)
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These peaks are broad, indicating a large heterogeneity on

the surface sites due to superposition of the redox processes

concerning the metal oxide transitions [16]. As regards to

the anodic current profile recorded for the FeCo2O4, a

shoulder follows the anodic peak, where potential is shifted

positively in comparison with the corresponding peaks for

the CoFe2O4 and Fe3O4 oxide electrodes. In the cathodic

scan, the peak is less defined relatively to those obtained

for the CoFe2O4 and Fe3O4 oxide electrodes. These results

show that iron plays the main role in the electrochemical

reactions that take place in the negative potential range.

After these experiments, CVs were recorded for all the

prepared oxides, between 0.500 and -1.300 V (Fig. 4),

starting at (a) the positive and (b) the negative limits. It is

clear that the initial potential does not affect the curve’s

shape meaningfully. The background currents are very

small on all the oxide electrodes, in a large potential

window &0.700 V, which represents the potential domain

where these electrodes are ideally polarizable. The general

features in the negative potential range are similar to those

recorded previously (Fig. 3b) regardless of the sharpness of

the peaks. However, a new pair of shoulders appears for the

Co3O4 electrode between -0.760 and -1.100 V. For the

Fe3O4, the formation of a weak shoulder (denoted by C)

appears on the cathodic scan below -0.600 V which is

attributed to oxygen reduction. On the positive potential

range, the voltammetric profiles are more structured than

those recorded previously between 0 and 0.500 V (Fig. 3a)

and new peaks/shoulders are formed for all the electrodes,

being more evident for those containing higher amounts of

Fig. 5 CVs for Co3O4 oxide

electrodes obtained in 1 M

KOH at a sweep rate of

10 mV s-1, a starting at

0.500 V vs. SCE to different

negative potential limits and

b starting at -1.300 V vs. SCE

to different positive potential

limits
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cobalt. Besides, the onset potential for oxygen evolution is

the same for all tested electrodes with the appearance of a

defined peak before oxygen evolution for the CoFe2O4

electrode. In contrast for the Fe3O4 electrode, no anodic

peak is observed. While for the Co3O4 and FeCo2O4

electrodes, one broad peak appears at a lesser positive

potential followed by a shoulder. For the negative sweep,

similar current profiles were obtained for all the electrodes.

Considering Fig. 4b for FeCo2O4, a more defined anodic

peak is recorded while for the CoFe2O4 a shoulder replaces

the peak observed previously before oxygen evolution.

3.2.2.2 Effect of the scan potential limits on the oxides

voltammetric response To assign the obtained peaks

for the mixed oxides, a study of the influence on both

positive (Ek?) and negative (Ek-) potential limits on the

voltammetric responses of each oxide electrodes was per-

formed (Figs. 5–8).

Figure 5a shows the influence of the potential limits on

the voltammetric behaviour of Co3O4 oxide electrode when

the starting potential is 0.500 V. Two cathodic peaks

appear at ca. 0.370 V (C01) and 0.220 V (C03) and another

one (C02) starts to develop when Ek- reaches the value of

approximately -0.700 V. The size of peak C01 does not

depend on the negative potential limit, while C03 increases

with the decrease in the negative potential limit. In the

reverse sweep, a small anodic peak A02 appears at about

-0.760 V, only when Ek- \ -1.200 V. In addition,

two well-defined peaks A01 and A03 are formed prior to the

oxygen evolution process. When the sweep starts at the

negative potential -1.300 V (Fig. 5b) the same peaks are

formed, although the relative size and definition change,

Fig. 6 CVs for Fe3O4 oxide

electrodes obtained in 1 M

KOH at a sweep rate of

10 mV s-1, a starting at

0.500 V vs. SCE to different

negative potential limits and

b starting at -1.300 V vs. SCE

to different positive potential

limits
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namely regarding peaks A03 and A01. Peak C03 is associ-

ated with both peaks A03 and A01, whereas peak C01 is

related to peak A01. On the other hand, peak A02 is always

present and appears in the negative potential region

assigned to the Fe3O4 � 4H2O/Fe(OH)2 couple, although

we are dealing with the single cobalt oxide. It could be

possible that peak A02 is due to the reaction of the steel

substrate with the electrolyte, since we are dealing with

thin porous films. However, the voltammograms recorded

for steel and thermally treated steel substrates, which are

not shown, do not present any anodic peak in this potential

region. This result indicates that peak A02 is related to

redox processes involving cobalt species and or compounds

resulting from the interaction between cobalt and the sub-

strate. However, previous results for Co3O4 thin films

deposited on glass substrates do not present peaks in this

potential region [15], which led us to conclude that the

peak is due to redox processes involving species resulting

from the interaction between the cobalt and the steel

substrates.

Regarding peaks A03/C03 and A01/C01 they should be

assigned to Co(III)/Co(II) and Co(IV)/Co(III) redox cou-

ples, respectively. Thermodynamic redox potentials cor-

responding to Co3O4/CoOOH or Co(OH)2/CoOOH and

CoOOH/CoO4 are *0.100 and *0.420 V vs. SCE that

compare well with the experimental peak potentials [13,

17–19]. Peak C02 could be associated with the reduction

of cobalt species in an oxidation state higher than ?2,

probably a hydrated cobalt oxide, which is difficult to

reduce.

The influence of the potential limits on the CVs of

Fe3O4 is presented in Fig. 6a, b. When the sweep starts on

Fig. 7 CVs for FeCo2O4 oxide

electrodes obtained in 1 M

KOH at sweep rate of

10 mV s-1, a starting at

0.500 V vs. SCE to different

negative potential limits and

b starting at -1.300 V vs. SCE

to different positive potential

limits
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the positive limit, a cathodic peak C003 is formed at

*0.260 V and another one, C002, centred at ca. -1.100 V

which is associated to the anodic peak A002 centred at

-0.760 V. A shoulder S1 is formed just prior to oxygen

evolution. The formation of a weak shoulder (denoted by

C) occurs just before C002. Starting the sweep in the neg-

ative limit, the data allowed us to associate peak C003 to the

shoulder S1.

Based on the data so far reported and the information

referred to in the literature, peaks A002/C002 can be assigned

to the redox couple Fe3O4 � 4H2O/Fe(OH)2 for which the

calculated equilibrium potential is -0.880 V. This would

agree well with our experimental results [20]. Studies for

FeCo2O4 oxides in 1 M KOH, reported by Cartaxo et al.

[9], have assigned these peaks to either Fe3O4 � 4H2O/

Fe(OH)2 or Fe3O4/Fe2O3 redox couple. Our results are in

good agreement with those reported by Vago and Calvo

[21] for Fe3O4—PVC composite in 1 M NaOH, and by

Allen et al. [22] for magnetite ? carbon electrode and

assigned to the SSSRT of active species involving the

couple of Fe(III)/Fe(II).

The pair S1/C003 has been attributed to the redox couple

FeO2�
4 =Fe3O4; in accordance with Beck et al. [23]. Other

values, for the redox potential of the Fe(VI)/Fe(III), are

referred to in the literature namely those of Zhang et al.

located between 0.253 and 0.383 V vs. SCE [24–26].

The experiments performed with the single oxides

indicate that the redox processes involving either Co or Fe

species give rise to anodic (A02 and A002) and cathodic (C03
and C003) peaks in the same potential regions.

Fig. 8 CVs for CoFe2O4 oxide

electrodes obtained in 1 M

KOH at sweep rate of

10 mV s-1, a starting at

0.500 V vs. SCE to different

negative potential limits and

b starting at -1.300 V vs. SCE

to different positive potential

limits
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Figure 7a shows the influence of the potential limits for

the FeCo2O4 oxide electrode when the scan starts at the

oxygen evolution potential. The voltammetric pattern is

similar to the one recorded for the cobalt oxide. The main

difference concerns the convolution of peaks A3 and A1.

When the sweep starts at the negative potential limit

(Fig. 7b), in the positive potential range, only one anodic

peak appears (A1), although the two cathodic peaks (C1

and C3) remain without any change.

The results for the CoFe2O4 electrodes are presented in

Fig. 8a, b. The voltammetric patterns are quite different

from those recorded for the FeCo2O4 electrode and

resemble those for single iron oxide namely when the

sweep starts at the negative potential limit. When the

starting potential is 0.500 V the cathodic peaks C1, C3, C

and C2 are present. Associated with the appearance of peak

C2, the anodic peak A2 is formed presenting the same

characteristics as peak A002 (Fig. 6a). On the other hand,

the voltammogram in the positive potential range presents

a well-defined peak A1, which increases when the potential

limits get more negative and which is characteristic of the

cobalt species (Fig. 8a). When the scan starts at the nega-

tive potential limit, the most remarkable features are the

changes in the size of peak A2 with the positive limit and

the disappearance of peak C1. Noting the increase in the

size of the shoulder S1 when compared with the one

observed for the iron single oxide would indicate the

contribution of Co species.

4 Conclusions

It is obvious that for the Fe–Co spinel oxides the elec-

trochemical spectrum is dependent on the composition,

namely on the relative amounts of Co and Fe ions. For

the oxide with higher amounts of Co ions, the voltam-

metric patterns approach the ones recorded for the Co3O4.

Inversely, when the amount of Fe ions is higher the

electrochemical behaviour comes close to the Fe3O4. It is

interesting to note that the peak area is proportional to the

iron content in the oxide electrodes in the negative range

potential and to the cobalt content in the positive range.

In all cases, iron ions play the main role in the SSSRT

taking place in the negative potential range, namely those

involving the Fe3O4 � 4H2O/Fe(OH)2 redox couple. Nev-

ertheless, a contribution from Co species, formed at E \
-1.100 V, cannot be disregarded in this potential region,

although the voltammetric pattern is not disturbed by the

presence of the cobalt ions. As regards to the positive

potential region, where the cobalt species have the key

task, the shape and position of the peaks change with the

relative amount of iron in the oxide electrode, namely the

anodic ones. Indeed a displacement of the peaks, con-

cerning the Co(II) and Co(III) oxidations towards more

positive potential is induced by the increase in the amount

of Fe ions. However, no meaningful changes are observed

for the cathodic peaks. Taking into account the present

results, peak A3 was attributed to the oxidation of Co(II) to

Co(III) and peak A1 to the oxidation of Co(III) to Co(IV)

together with the formation of Fe(VI). Regarding the

cathodic peaks, C1 was assigned to the reduction of Co(IV)

to Co(III) and C2 to both reduction of Co(III) to Co(II) and

Fe(VI) to Fe(III).
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