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Abstract In this work the metallic cobalt was electro-

deposited on 430 steel in order to obtain a low electrical

resistance film made to Co3O4. Pure cobalt was obtained by

acidic dissolution of lithium cobalt oxide (LiCoO2) present in

exhausted Li-ion battery cathode. The electrodeposition was

performed with a 96% efficiency at a potential of 1.50 V

versus Ag/AgCl. The electrodeposited cobalt showed the

face-centered cubic (23%) and hexagonal centered (77%)

phases. After oxidation at 850 �C for 1000 h in air, the cobalt

layer was transformed into the Co3O4 phase. On the other

hand, a sample without cobalt showed the usual Cr2O3 and

FeCr2O4 phases. After 1000 h at 850 �C, in air the area spe-

cific resistance of the sample with the cobalt oxide layer was

0.038 X cm-2, while it was 1.30 X cm-2 for the bare sample.
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1 Introduction

1.1 Electrical interconnects of solid oxide fuel cells

(SOFCs)

Solid oxide fuel cells (SOFCs) are solid-state devices that

produce electricity by electrochemically combining fuel

and air across an ionically conducting electrolyte [1–3].

In order to obtain high voltage and power density, a number

of individual cells consisting of a porous anode, a dense

thin-film electrolyte, and a porous cathode are electrically

connected by interconnects to form a ‘‘stack’’. These

interconnects are in contact with both electrodes (cathode

and anode) and must meet a number of requirements [2–4]:

– Low area specific resistance (ASR). An acceptable

value, after 40,000 working hours, is 0.10 X cm-2.

– Chemical stability in both atmospheres (reducing and

oxidant) at high temperatures (between 600 and

1000 �C).

– Impermeability to O2 and H2.

– Linear thermal expansion coefficient, LTEC, compat-

ible with the other components of the cell (value close

to 12.5 9 10-6 K-1).

Metallic interconnects have attracted a great attention

due to their high electronic and thermal conductivity and a

low cost and good manufacturability compared to tradi-

tional ceramic interconnects [6, 7]. In recent years, many

works have been focused on ferritic stainless steel due to its

low cost and adequate linear thermal expansion coefficient

(11–12 9 10-6 K-1) [5–7]. However, under the cathode

working conditions (typically 1123 K in air) CrO3 and

CrO2(OH)2 evaporate from the Cr2O3 oxide film formed on

the surface of this material [7, 8] causing severe cell deg-

radation. To improve the surface electrical properties and

reduces the amount of chromium in the oxide film a coating

of the stainless steel with semiconductor oxides has been

proposed [8, 9]. Cobalt oxide Co3O4 is a promising candi-

date because of its interesting conductivity of 6.70 S cm-1

and an adequate LTEC [7, 8, 10]. A good strategy to obtain

the Co3O4 layer over stainless steel is cobalt electrodepos-

ition with subsequent oxidation in air at high temperatures
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(SOFC cathode conditions) [9, 10]. The cobalt electrode-

position can be a low cost [11–18] technique. Moreover,

very pure cobalt can be obtained by acidic dissolution of

lithium cobalt oxide (LiCoO2) present in spent Li-ion bat-

tery cathode [12–15]. This recycling of LiCoO2 is important

both economically and environmentally [12]. Thus in this

work, cobalt metal was electrodeposited over 430 stainless

steel with a subsequent oxidation at 850 �C in air to form

the Co3O4 layer. The scanning electron microscope (SEM)

and X-ray diffraction (XDR) measurements were used to

characterized this oxide formation. We focused our exper-

imental observations on the stability of this layer and on the

resulting improvement of the ferritic steel ASR.

2 Experimental

2.1 Preparation of cobalt electrodeposition solutions

Li-ion batteries were manually dismantled and physically

separated into their different parts: anode, cathode, steel,

separators, and current collectors. The cathodes were dried

at 400 �C for 24 h and washed with distilled water at 40 �C

for 1 h under agitation to eliminate organic solvents and to

facilitate the detachment of the active material from the

respective current collectors. The active material was fil-

tered and washed with distilled water at 40 �C to remove

possible lithium salts such as LiPF6 and LiCl4 and dried in

air for 24 h. A mass of 250.10 g of positive electrodes was

dissolved in an aqueous solution containing 470.00 mL of

H2SO4 3.00 mol L-1 and 30.00 mL H2O2 30% v/v. The

system was maintained under constant magnetic agitation at

80 �C for 2 h. The cathode dissolution efficiency increases

with the increase of the acid concentration and temperature.

The addition of H2O2 is also necessary to increase the

efficiency of the cathode dissolution. The H2O2 reduces the

(?III) cobalt, insoluble in water, to the (?II)oxidation state,

soluble in aqueous solution (Eq. 1) [12].

2LiCoO2ðsÞ þ 2H2O2ðaqÞ þ 3H2SO4ðaqÞ
! 2CoSO4ðaqÞ þ 3=2O2ðgÞ þ Li2SO4ðaqÞ þ 5H2OðlÞ ð1Þ

The pH of the electrodeposition baths was controlled

to a value of 3.0 and the cobalt concentration was

3.10 mol L-1. This high concentration was chosen to

increase the electrodeposition efficiency.

2.2 Electrochemical measurements

Electrochemical measurements were made using a

AUTOLAB PGSTAT power supply. The working electrode

was made of commercial ferritic stainless steel 430. Its

composition is shown in Table 1. The steel samples were

prepared as rectangular foils with a geometric area of

1.00 cm2. The auxiliary electrode, with an area of 3.75 cm2,

Table 1 Composition of stainless steel 430 (wt%)

Mn Si Cr Ni Co W Al Fe C S

0.48 0.008 17.0 0.06 0.007 0.015 0.012 82.3 0.0482 0.002

Fig. 1 Diagram of the area

specific resistance measurement

cell
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was made of platinum. A saturated Ag/AgCl reference

electrode was used. The working electrodes were sanded

with 600-grit sandpaper before each measurement and

washed with distilled water. In the potentiodynamic mea-

surements, the initial and final potential polarizations were

-0.50 and -1.00 V, respectively. The potential scan rate

was 20 mV s-1. Potentiostatic measurements were made

applying cobalt reduction potentials of: -0.80, -0.90,

-0.90, -1.20, -1.50, and -2.00 V. The charge density

(Q) applied at each potential reduction was 30.0 C cm-2.

The charge efficiency was calculated using the Faraday law.

All the electrochemical measurements were performed

without solution agitation, at 25 �C.

2.3 Interconnect characterization

The oxidation behavior of a commercial stainless steel 430

coated with an electrodeposited cobalt layer ion was

investigated at 850 �C in air and compared to the oxidation

behavior of the non-coated alloy. The ASR was measured

using a DC four-probe method on the experimental sand-

wich structure shown in Fig. 1. The sample was initially

heated up at a rate of 20 �C min-1 to 850 �C and held at

this temperature for 1000 h. During the long-term test, a

constant current density of 200 mA cm-2 was applied with

the AUTOLAB PGSTAT power supply and the voltage

was recorded by a digital Multimeter 8808A FLUKE. The

ASR was calculated according to Ohm’s law. All the

above-mentioned tests were made in a box furnace and

static air. The scanning electron microscope JEOL JXA

model 8900 RL, equipped with an energy dispersive X-ray

(EDX) detector, was used for the surface morphology

observations and surface chemical analysis. The cobalt

coating was examined by XRD before and after 1000 h of

oxidation (Fig. 1). The equipment used was a 200 B

Rotaflex-Rigaku with a copper Ka radiation, Ni filter, and

scan speed of 0.02� min-1.

3 Results and discussion

3.1 Cobalt electrodeposition

The chemical composition of deposition bath plays an

important role during the electrodeposition [12, 13]. At pH

3.00, the predominant Co(II) chemical species is the

[Co(H2O)6]2? complex. The cobalt electrodeposition pro-

cess follows Eq. 2:

Co H2Oð Þ6
� �2þþ 2e� ! Co0 þ 6H2O ð2Þ

Figure 2 presents a typical potentiodynamic curves for

430 stainless steel in a solution with cobalt concentration

of 3.10 mol L-1 and a solution with sodium sulfate

concentration equals 3.10 mol L-1 both in pH 3.00.

During the first cathodic scan, the current density starts

to increase at -0.98 V. For solution without cobalt, the

reduction current (Eq. 3) only becomes significant at

potentials lowers than -1.40 V.

Hþ þ H2Oþ 2e� ! OH� þ H2 ð3Þ
The reverse scanning shows an increase in the ionic

cobalt electrodeposition current because electrodeposition

happens on the cobalt previously electrodeposited (Fig. 2).

Moreover it was noted that the cobalt dissolution (Eq. 4)

occurs at potentials higher than -0.34 V.

Co0 þ 6H2O! Co H2Oð Þ6
� �2þþ 2e� ð4Þ

Figure 3 shows the charge efficiency of the cobalt

electrodeposition at different potentials. The maximum

efficiency of 96.0% is at a potential equals to -1.50 V.

At lower potentials, the charge efficiency decreases. This

is probably due to water and hydrogen proton reduction

(Eq. 3). This hypothesis is confirmed by the voltammetry

diagram shown in Fig. 2.

3.2 Samples characterizations

3.2.1 X-ray diffraction analysis

Cobalt exists in two distinct crystallographic phases. One

phase has a hexagonal closed packed (hcp) structure and a

symmetry space group P63/mmc with an ICSD number

52935. The other phase has a face centered cubic (fcc)

structure with a symmetry space group Fm-3m and an
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Fig. 2 Cyclic voltammetry of a 430 ferritic steel in a solution of

sodium sulphate (3.0 mol L-1) and cobalt sulphate obtained by

recycling Li-ion batterie cathodes. The potential scan rate was

20 mV s-1
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ICSD number 53805. The transformation energy (etrans)

between the high-temperature face-centered cubic (fcc)

phase and the stable hexagonal closed packed (hcp) phase

is determined by the stacking fault energy. It is very low

(cst = 25 9 10-3 J m-2) [19]. During the cobalt electro-

deposition the formation of the cobalt fcc is promoted by

the co-deposition of atomic hydrogen. During and after the

electrodeposition, the fast diffusion of the hydrogen causes

the formation of the more stable hcp phase. Figure 4a

shows the X-ray diffractogram of electrodeposited cobalt.

Figure 4b and c gives the theoretical diffraction patterns

of the hexagonal and cubic cobalt, respectively. From the

Full Prof software (copyright� 2010) it was possible to

calculate the percentage of each phase. The cubic phase

amounts to 23% and the hexagonal phase to 77%. Figure 5

shows the X-ray diffractogram of the electrodeposited

cobalt after oxidation at 850 �C for 1000 h. The presence

of cobalt oxide Co3O4 (ICSD 27497) on the 430 steel was

confirmed by the simulation software performed using the

Full Prof software (copyright� 2010).

For comparison, Fig. 6 shows the X-ray diffraction pat-

tern of bare 430 ferritic steel after oxidation at 850 �C for

1000 h. The diagram shows that the main phase formed on

this sample surface is Cr2O3 with an ICSD number 167284.

A small amount of FeCr2O4 ICSD number 43269 was also

observed. This result clearly demonstrates that a Co3O4

coating reduces the growth rate of the Cr2O3 layer.

Fig. 3 Charge efficiency of the cobalt electrodeposition process at

different potential values

Fig. 4 Theoretical diffraction patterns of cubic cobalt (a) and

hexagonal cobalt (b) X-ray diffractogram of the electrodeposited

cobalt (c) with charge density 30.0 C cm-2 and potential -1.5 V
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Fig. 5 X-ray diffractogram of the cobalt electrodeposited on 430

ferritic steel and oxidized in air at 850 �C for 1000 h. Theoretical

diffraction patterns of the Co3O4 spinel
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Fig. 6 X-ray diffractogram of 430 bare steel surface oxidized in air at

850 �C for 1000 h
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3.2.2 Scanning electron microscopy (SEM) and energy

dispersive X-ray (EDX) analysis

The morphology is very important because it is related

with the electrical losses caused by the electrical resis-

tance. The electrical resistance is represented by R =

(Lq)/A, where L is the thickness, A is the contact area of

sample, and q the resistivity. Then the greater the thick-

ness of the sample, the greater the total electrical resis-

tance [1]. Moreover, the smaller the contact area, the

greater the electrical resistance. The stainless steels have

acceptable corrosion tolerance (slow kinetics for oxide

growth). Consequently the effects of decreased electrical

contacts are more important than the thickness increase for

samples submitted to high temperatures in oxidant atmo-

sphere [1, 2, 5].

The porosity increasing is one of the causes of contact

losses. Figure 7 shows the scan electron micrographs

(SEM) of 430 steel samples with and without cobalt

coating after oxidation in air atmosphere, for 1000 h, at

850 �C. The steel samples without cobalt coating, Fig. 7a

and c, shows the presence of porosity and oxide spallation.

The surface steel degradation occurs due formation of

volatile Cr(VI) species (Eq. 5) under an oxidizing envi-

ronment [1, 4].

Cr2O3ðsÞ þ 3=2O2ðgÞ ! 2CrO3ðgÞ ð5Þ

In an effort to avoid this problem, it was applied con-

ductive cobalt spinel (Co3O4) coatings which were depos-

ited on the surface of 430 stainless steel by electrodeposition

and subsequent air oxidation. The SEM images to steel

sample with Co3O4 coating, as seen in Fig. 7b and d, shows

the presence of numerous cubic structures, consistent with

spinel formation. Also, compared with Fig. 7a and c it can be

seen that the porosity and oxide spallation has been signif-

icantly reduced. The sample covered with cobalt shows a

more regular morphology than uncoated one. The Co3O4

coatings serve as a barrier to decrease the Cr2O3 in the

surface of the samples as shows in the EDX measurements

(Fig. 8b). In the sample without cobalt (Fig. 8a) the pres-

ence of chromium is due to formation of Cr2O3 and FeCr2O4.

The Mn is probably related to the metallic substrate.

It seems thus that electroplating followed by oxidation is a

promising method for the fabrication of spinel protective

coatings for SOFC interconnects made of ferritic stainless

steels.

Fig. 7 Scanning electron

microscopy images (SEM) of

430 ferritic steel surfaces cobalt

oxide not covered

a magnification of 95,000 and

c 925,000 and cobalt oxide

covered b magnification of

95,000 and d 925,000, after

oxidation in air at 850 �C for

1000 h
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3.2.3 Area specific resistance

Figure 9 shows the ASRs of 430 steel samples with and

without cobalt coating after oxidation in air for 1000 h at

850 �C. The sample with cobalt oxide coating has a lower

resistance compared to that of the bare sample. This is

obviously related to the different natures of the oxide films

formed on the samples. The conductivity of Cr2O3 is

1.1 9 10-2 S cm-1 and the Co3O4 is 6.7 S cm-1. After

400 h, the sample without cobalt showed a great increase in

its ASR value. This may be due to fragmentation of the

oxide film that results into a loss of electric contact. After

1000 h the ASR value of the sample without cobalt was

1.30 X cm-2. For the sample with a cobalt oxide film this

value was only 0.038 X cm-2.

4 Conclusion

The cobalt electrodeposition was successfully performed

with a 96% efficiency at a potential of 1.50 V. The elec-

trodeposited cobalt showed the fcc (23%) and hcp (77%)

phases. After oxidation at 850 �C for 1000 h the steel

surface presented the Co3O4 phase. On the other hand, a

sample without deposited cobalt showed mainly the Cr2O3

phase. The cobalt electrodeposition improves the electrical

Fig. 8 X-ray Dispersive

Energy (XDE) of 430 ferritic

steel covered without cobalt

oxide (a) and with cobalt oxide

(b) oxidized in air at 850 �C for

1000 h
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and morphological characteristics of the 430 ferritic steel.

In the analyzed intervals of time the 430 steel with cobalt

shows lower ASR values compared to a bare sample. These

lower values are due to the formation of Co3O4. After

1000 h the ASR value for the sample without cobalt was

1.30 X cm-2 and for sample with a cobalt film it was

0.038 X cm-2.
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