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bstract

A cobalt oxide coating was deposited on porous nickel by a potentiostatic electrochemical technique and studied in molten (Li0.52Na0.48)2CO3

utectics at 650 ◦C under an atmosphere of CO2:Air (30:70). The structural and morphological characteristics of this coating before and after
mmersion in the molten electrolyte were described in a previous paper, showing that the initial Co3O4 layer is rapidly transformed into LiCoO2 and
fterwards probably into LiCo1−yNiyO2. In the present part, the electrical and electrochemical behaviour of this promising novel MCFC cathode
aterial was thoroughly analysed during 50 h by impedance spectroscopy. A porous nickel cathode was tested in the same conditions and taken

s a reference. The oxidation and lithiation reactions are accelerated by the presence of cobalt. The charge transfer resistance is higher with the
oated cathode but the diffusion resistance through this new material is lower in comparison with the state-of-the-art cathode.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In a previous study [1], we have investigated the behaviour of

n MCFC Ni cathode, covered by electrochemically deposited
obalt oxide, in molten carbonates at 650 ◦C during 50 h under
O2:Air (30:70) by XRD, Raman spectroscopy, XPS, SEM-

∗ Corresponding author. Tel.: +34 913466622; fax: +34 913466269.
E-mail address: m.escudero@ciemat.es (M.J. Escudero).
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DS and mercury porosimetry. XRD revealed the presence of
o3O4 in the prepared cathode and a loss of cobalt after its

mmersion. Raman studies confirmed the initial presence of the
o3O4 spinel structure and its rapid transformation into LiCoO2
nd lithium–cobalt–nickel oxide (LiCo1−yNiyO2) in the molten

utectic. After exposure to the molten carbonate melt, the pres-
nce of Ni3+ was detected by XPS for the Co3O4-coated porous
ickel, which is probably due to the lithiation of the NiO–Co
ample. SEM micrographs revealed that the coated porous Ni

mailto:m.escudero@ciemat.es
dx.doi.org/10.1016/j.jpowsour.2007.06.013
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uffered morphologic changes during the exposure in compar-
son with porous Ni. This was explained by the formation of
iCo1−yNiyO2 on the surface of porous nickel. Chemical analy-
is confirmed the dissolution of cobalt but an important reduction
n the solubility of nickel in the case of the prepared cathode. The
obalt oxide on porous nickel sample presented after its immer-
ion similar porosity and higher pore size than the porous nickel.
hese results showed that this coated material presents good

eatures in order to be used as an alternative MCFC cathode.
In the present study, the electrical characteristics of the coated

aterial were thoroughly analysed by impedance spectroscopy
n molten (Li0.52Na0.48)2CO3 eutectics at 650 ◦C under a stan-
ard cathodic atmosphere of CO2:Air (30:70). A pure porous
ickel cathode was tested in the same conditions and taken as
eference. This kind of analysis is of great interest in order to
etermine the conductivity of this cathode and to understand
ll the phenomena (mass and charge transfer, morphological
hanges, etc.) related to the electrochemical processes: these
roperties are essential for the selection of a good cathode mate-
ial. Among the interesting studies using EIS to apprehend these
henomena, two interesting works should be mentioned. Yang
nd Kim [2] studied the oxidation behaviour of Ni–Co alloy
eposited on a gold electrode and exposed to Li–K carbonate
utectic. They analysed the varied mechanistic processes (oxi-
ation, diffusion, oxide growth, lithiation and oxygen reduction)
y correlating OCP measurements to cyclic voltammetry and to
xperimental and simulated impedance data. Later, Ryu et al.
3] measured Rct, Rdiff, Cdl and CPE and showed their role in
he understanding of the in situ reaction of the Ni–Co electrode,
s well as the improvement of the electrocatalytic activity of
i–Co with respect to the porous Ni cathode.

. Experimental

.1. Electrochemical deposition

The sample was prepared by potentiostatic deposition of
obalt oxide film on porous nickel sample according to a proce-
ure fully described in previous papers [4,5]. The potentiostatic
eposition was performed with a Princeton Applied Research
PAR) Model 263 system at 0.65 V versus SCE and an electrol-
sis times of 24 h. Then, the sample was annealed at 500 ◦C for
h in air at a heating rate of 1 ◦C min−1.

.2. Electrochemical characterisation

The electrochemical characterisation of the new cathode
aterial was performed by means of EIS. The experimental

ell used was described in previous work [6,7]. The cell was
ssembled with two nominally identical electrodes. Such a con-
guration allows elimination of the influence of the counter
lectrode and avoids the use of a reference electrode that is,
y itself, a noise source [8]. The samples with a surface of 1 cm2
ere immersed into 75 g of lithium and sodium molten car-
onates mixed in proportions of 52–48 mol% at 650 ◦C under
standard cathodic atmosphere of CO2:O2:N2 (30:15:55). The

ell impedance was measured as a function of immersion time
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L
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uring 50 h. A pure porous nickel cathode was tested in the same
onditions and taken as reference.

The impedance spectra were recorded with an AUTOLAB
ith PGSTAT30 and FRA2 module (Eco Chemie B.V.). The

mplitude of the sinusoidal voltage signal for the impedance
easurements was 5 mV. The measurements were performed

sing five points per frequency decade between 100 kHz and
00 mHz at the open circuit potential. The impedance data were
nalysed by using the software Zview developed by J.R. McDon-
ld.

. Results and discussion

.1. Previous remarks

In order to establish a sound interpretation of the impedance
ehaviour of Co3O4-coated Ni cathode, it is worthy to remind
hat are the important steps occurring when dipping an MCFC

athode in the molten carbonate eutectic, before reaching a stable
otential due to the oxygen reduction, which can be written in
simplified mode, without taking into account O2

2− or O2
−

pecies [9], as

.5O2 + CO2 + 2e− → CO3
2−

In the case of the nickel cathode, different steps are known
o occur.

Under the cathode gaseous environment, the first step is due
o nickel oxidation [10]:

i + CO2 → NiO + CO

The second step is due to the growth of the nickel oxide
ayer and to the increase in the resistance. Afterwards comes
he third step which is the most important one for MCFC use,
he influence of the alkali cations of the carbonate melt and, in
articular, the lithiation phenomenon [10,11]:

1 − x)NiO + 0.5Li2CO3 + 0.25O2 → LixNix
3+Ni(1−2x)

2+O

+ 0.5CO2

The value of x (0.002) has been determined in a previous study
12], deducing that the lithiated compound can be represented
y Li0.002Ni0.002

3+Ni0.996
2+O.

The phenomenon is even more complex because, on the one
and, a slight incorporation of Na+ is possible in the mentioned
utectic and, on the other hand, NiO can be partially dissolved
n the melt [13,14]:

iO + CO2 → Ni2+ + CO3
2−

In the case of the Co3O4 nickel cathode, apart of the specific
eaction concerning the nickel species, cobalt oxide is sponta-
eously transformed into LiCoO2. This compound can also be
lightly dissolved in the carbonate melt:

+ 2+ 2−
iCoO2 + 1.5CO2 → Li + Co + 1.5CO3 + 0.25O2

Furthermore, knowing the possible existence of the mixed
iCo1−yNiyO2 species, the phenomena involved can be rather
omplex.
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Fig. 1. Impedance diagrams of porous NiO as a function of imme

In brief, it is important to keep in mind all these reactions:
xidation, lithiation, dissolution, formation of mixed species, in
rder to have a guiding line for further interpretations.

.2. Interpretation of impedance diagrams

Figs. 1 and 2 depict the impedance spectra as a function of
he immersion time for porous NiO and porous NiO–Co, respec-
ively, in (Li0.52Na0.48)2CO3 at 650 ◦C under an atmosphere
f CO2:O2:N2 (30:15:55). Bode representations are shown in
igs. 3 and 4.

For the porous NiO (Fig. 1), two arcs are clearly observed
uring the first 8 h. Afterwards, only one semi-circular arc is
erceived and its amplitude increases with the immersion time.
he first arc in the high frequency region presents an impor-

ant decrease when increasing the immersion time as shown
n Fig. 1b, and it cannot be observed after 8 h of exposure

Fig. 1a). Bode diagrams, shown in Fig. 3, fully confirms this
volution, showing more precisely that after 12 h of immersion
n the carbonate melt, both the module and the phase angle
each a stable value. The arc in the high frequency region is

ig. 2. Impedance diagrams of Co-coated porous NiO as a function of immersion
ime in Li–Na eutectic, under the standard cathode gas mixture.
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time in Li–Na eutectic, under the standard cathode gas mixture.

ost probably due to charge transfer and during the first 8 h
o the formation of LixNi1−xO (oxidation and lithiation). This
rc tends to decrease progressively: the electrode material is
tabilised and the resistance related to the physico-chemical
eaction disappears; the resistance due to the charge transfer
s lowered with formation of the lithiated nickel cathode. The
rc in the low frequency region can be attributed to diffusion
henomena.

In the case of the porous NiO–Co (Fig. 2), the semi-circles
annot be visually separated: it looks more like a continu-
us curve, mainly composed by two semi-circular arcs. The
rst one is small and difficult to clearly discern, whereas

he second one is larger. It presents a slight enhancement
uring the first 4 h of exposure. After this short time, the
mpedance spectra do not change significantly with the exposure
ime. As shown in Fig. 4 (Bode diagram), a third phe-
omenon appears in the middle frequency range (between 5
nd 100 Hz), and seems to increase with the time. As it was
ot confirmed by other measurements, i.e. Nyquist diagrams,
t is difficult to conclude if it is an artefact or a real phe-
omenon.

The differences between the shape of Nyquist diagrams for
he porous NiO and NiO–Co are surely due to the fact that the
henomena involved, charge transfer and diffusion, occur at sig-
ificantly different frequencies for porous NiO and closer values
or NiO–Co provoking an overlapping of both phenomena. This
ill be confirmed further on by comparing the relaxation fre-
uencies (related to charge transfer and diffusion) corresponding
o NiO and NiO–Co.

Despite the apparent difference in the shape of Nyquist
iagrams for both electrode materials, the same equivalent cir-
uit, illustrated in Fig. 5a, was used in order to compare and
nalyse the electrochemical behaviour of such systems. This
ircuit includes the self-component L, due to the electrical set-
p, followed by Re, associated to the electrolyte resistance.

he interface and the electrochemical behaviour of the elec-

rodes are represented by a typical Randles circuit, combining
harge transfer process (Rct and Qct) and diffusion characte-
istics.
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Fig. 3. Bode diagrams for NiO: (a) im

Q in the equivalent circuit model represents constant phase
lement (CPE) taking into account that the electrode is porous
nd inhomogeneous. It can be defined as follows:

= 1

B(jω)α
(1)

here B is a frequency independents constant, ω = 2πf, j is the
quare root of −1, and α is an adjustable parameter, correlated
o the frequency dispersion and the depressed angle of the semi-
ircle.

A large part of the impedance data were fitted using the
eneral proposed equivalent circuit (Fig. 5a). In all the cases,
good agreement was found between experimental and simu-

ated data in the whole frequency range. However, in the case of
he uncoated nickel electrode, these elements were not enough
o describe the whole diagram. As preliminarily announced, a
rst semi-circle is observed at the highest frequencies, which

esistance decreases in the first 10 h. This phenomenon was
epresented by a typical (RQ) circuit, indexed m in Fig. 5b.

In the case of porous NiO, the oxidation and lithiation phe-
omena are very important until reaching a kind of equilibrium.

t
s
s
fi

nce magnitude and (b) phase angle.

his occurs up to 8 h approximately. The extra part of the equiva-
ent circuit in Fig. 5b is due to the chemical (lithiation, oxidation)
nd physical (surface growth due to NiO formation). This phe-
omenon added to charge transfer resistance constitutes the first
rc tending to decrease with the time. In the case of porous
iO–Co the situation is apparently simpler and no significant

hange is expected conducing to a simpler equivalent circuit
nd negligible CPEm and and Rm.

Fig. 6 presents the evolution of the electrolyte resistance Re,
s a function of the immersion time for each tested material, i.e.
orous NiO and porous NiO–Co.

As can be seen from this figure, the specific resistance
easured using the porous uncoated NiO electrode, varies

uring the first 10 h, increasing slightly up to 1 � cm2. After
5 h of immersion, it slowly stabilises at 0.8 � cm2. The
lectrolyte resistance, measured using Co-coated nickel elec-
rode, rapidly stabilises at 0.5 � cm2. As the distance between

he electrodes is fixed by the experimental set-up and con-
tant whatever the electrodes, the variations of the resistance
hould be only due to surface modifications. Thus, during the
rst 15 h, the active surface area would be higher, resulting
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could be observed during 0.5 h, followed by a slow continuous
increase during all the immersion, reaching 2 � cm2 after 50 h.
This evolution could be due to the oxidation of Ni(II) to Ni(III)
and the lithiation of Ni and Co to form an oxide layer such as
Fig. 4. Bode diagrams for NiO–Co: (a)

rom the in situ oxidation and lithiation of the nickel elec-
rode.

Moreover, as illustrated in Fig. 7, Rct value for the porous
iO suffers an abrupt decrease during the first 12 h; beyond,

ts value remains constant with the immersion time, close to
2
.1 � cm . This decrease in Rct values can be first explained by

he change in the Ni oxidation state, from +II to +III accompa-
ying the lithium insertion and beyond 12 h, the predominance
f the electrochemical reaction resistance of oxygen reduction

ig. 5. Equivalent circuit used to fit: (a) the impedance diagrams; (b) the
mpedance diagrams, for NiO, at short times.

F
u

dance magnitude and (b) phase angle.

2]. In the case of porous NiO–Co, a slight decrease in Rct value
ig. 6. Electrolyte resistance variation as a function of immersion time, for
ncoated and Co-coated porous NiO.
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ig. 7. Charge transfer resistance associated to NiO and NiO–Co systems, as a
unction of the immersion time.

iCoO2 and/or LiCo1−yNiyO2 on the surface of NiO. This is
lso combined to the resistance of the oxygen reduction reac-
ion. Thus, fast nickel oxidation and lithiation processes occur
uring the first 0.5 h of exposure to the melt, after that the oxygen
eduction is predominant. It shows that NiO–Co can be easily
ithiated.

However, the Rct is higher for the NiO–Co than for NiO,
eaching a factor of 10 when both values are stabilised, indicat-
ng that the electrocatalytic activity of NiO–Co is less than that
f NiO, even after lithiation and oxidation steps. There is no clear
echanistic explanation concerning the loss of electrocatalytic

ctivity of NiO–Co with respect to NiO. LixNi1−xO is known
o be a good electrocatalyst of the oxygen reduction. LiCoO2
s less efficient than the state-of-the-art cathode. It seems that
iO–Co, or LiCo1−yNiyO2, has also a more moderate electro-

atalytic activity. As far as we know, no clear mechanism has
ver been described to explain these differences. Our results are
ot enough to conclude.

Fig. 8 illustrates the variation of Qct as a function of immer-
ion time for both studied cathodes. As for the Rct variations,
ct of NiO–Co presents a slight decrease during the first 0.5 h

−2 −2
efore stabilising at 6 × 10 F cm , while Qct of NiO cath-
de varies abruptly from 100 �F cm−2 to 4 mF cm−2 after 12 h
f exposure. These huge differences in the double layer capac-
tance values confirm that the active material is modified, not

ig. 8. Charge transfer constant phase element associated to NiO and NiO–Co
ystems, as a function of the immersion time.
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ig. 9. Diffusion resistance for NiO and NiO–Co as a function of the immersion
ime.

nly by the phase transformation (Ni into LixNi1−xO) but also
n terms of surface area (the oxide surface more developed than
hat of the initial nickel). In the case of the Co-coated electrode,
he Qct value is rapidly stabilised, confirming that the cobalt
oating transformation after immersion in the carbonate melt is
quick phenomenon. The significantly higher value of Qct for

he coated sample is probably due to the slower charge transfer
higher Rct) and to a more developed oxide surface.

Diffusion resistance (Rdiff) of porous NiO and porous
iO–Co is depicted in Fig. 9. This value is about 2.5 times lower
uring all the immersion duration for porous NiO–Co in compar-
son with NiO cathode. In the case of the modified cathode, Rdiff
alues are stable whatever the immersion duration. In the case
f the NiO cathode, Rdiff values are unstable during the 12 first
ours, which is in agreement with the previous results showing
he modification of this electrode during the lithiation–oxidation
rocess. In effect, Li ion diffusion is predominant in the first
ours, inducing the formation of a new phase at the melt/cathode
nterface: LixNi1−xO; afterwards, the diffusion of oxide ions,
uch as O2

− and O2
2− becomes predominant in the electrode

eaction process [2,15]. In the NiO–Co electrode, the diffusion of
xygen-reduced species seems rapidly predominant, after about
h. In brief, according to these experimental data, the oxygen

eduction could be favoured by a more rapid diffusion towards
he cathode modified with cobalt; however the reduction mech-
nism also depends on the charge transfer which is slower with
his new electrode.

Fig. 10 shows the evolution of the relaxation frequency rela-
ive to charge transfer and diffusion for both NiO and NiO–Co
athodes. In the case of NiO, the relaxation frequency relative to
he first semi-circle (short-additional phenomenon) is also deter-

ined during the first hours of immersion; the value obtained is
lose to that of NiO in the case of charge transfer. It is difficult at
his stage to conclude precisely with respect to this phenomenon.

ith respect to charge transfer, it can be clearly observed that
he relaxation frequency is higher in the case of NiO than of
iO–Co, which corroborates the previous results showing that
harge transfer is more rapid in the case of NiO. The oppo-
ite situation is observed in the case of diffusion, which is in
greement with the fact that diffusion is faster in the case of the
obalt-modified electrode.
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[
[

State Lett. 3 (2000) 216.
ig. 10. Variation of relaxation frequency relative to charge transfer, diffusion
or NiO and NiO–Co or NiO for short times as a function of the immersion time.

. Conclusion

Cobalt oxide was coated on the state-of-the-art MCFC nickel
athode by an electrodeposition technique. EIS results showed
wo arcs, the first one at high frequency associated with the
harge transfer process and the second arc in the low frequency
egion with a slow process (mass transfer). The impedance spec-
ra of porous NiO presented important modifications during the
rst 12 h, which can be attributed to the processes of oxida-

ion of the nickel cathode and to the incorporation of lithium
n its structure. The presence of cobalt seems to accelerate the
xidation–lithiation process. The porous NiO–Co presents a
igher charge transfer resistance but a lower diffusion resistance
ith respect to NiO. These results are in agreement with the evo-
ution of the relaxation frequencies relative to these phenomena.
herefore, the protective coating shows an advantage (diffu-
ion easily stabilised and more rapid) and a drawback (slower
harge transfer slower) with respect to the uncoated cathode.

[

[
[

r Sources 171 (2007) 261–267 267

evertheless, as shown in a previous paper [1], the cobalt coat-
ng decreases significantly the NiO solubility and seems to be a
ood alternative for a new MCFC cathode. It is difficult to give a
ealistic model describing the behaviour of the coated electrode,
ecause the existence of the LixNi1−xO compound should be
ully proved. All the phenomena involved are quite complex
nd it would be necessary to determine by other techniques
nuclear microprobe, SIMS, XPS) the concentration gradients
f the species present at the surface of the electrode. Without
hese precious data, all the hypotheses are too speculative.
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