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bstract

Cobalt oxide was deposited on porous nickel by an electrodeposition technique as precursor of a novel MCFC cathode. The behavior of this
athode in molten (Li0.52Na0.48)2CO3 eutectics at 650 ◦C under an atmosphere of CO2:air (30:70) was studied before and after 50 h of exposure by
ifferent techniques. Before the exposure, the deposit of cobalt corresponded to a Co3O4 thin layer of. This crystalline structure was identified by
RD and Raman spectroscopy. After its exposure in the eutectic melt a loss of cobalt was observed by XRD, Raman spectroscopy, XPS, EDS and

CP-AES. The change in the Co3O4 structure into lithium–cobalt–nickel oxide (LiCo1−yNiyO2) was observed by Raman spectroscopy. The SEM
icrographs for Co3O4-coated porous nickel showed different angular shapes with respect to porous Ni. The nickel solubility for the coated porous
ickel, measured by ICP-AES, decreased with respect to uncoated nickel. The Co3O4-coated porous nickel cathode showed, after its immersion
n the molten carbonate melt, a similar porosity but a higher pore size. LiCo1−yNiyO2-coated NiO offers interesting features which combine the
roperties of nickel, lithium and cobalt in molten carbonate. This could be a promising novel MCFC cathode material.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The large-scale commercialization of molten carbonate fuel
ell (MCFC) is limited by its relatively short lifetime mainly
ue to the dissolution of the state-of-art nickel oxide cathode in
olten carbonate and its structural degradation during the opera-

ion of the cell. Recently, the approach of developing alternative
athode materials has been directed to cover the pore surface of
iO cathode with a layer of protective materials to reduce its
issolution. NiO cathodes coated with LiCoO2, LiCo1−yNiyO2,
iFeO2, La0.8Sr0.2CoO3 or MgFe2O4 as well as impreg-
ated with cerium, lanthanum and cobalt have been studied

1–12].

LiCoO2 was once considered the most promising alternative
athode material due to its extremely low solubility. However,
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iCoO2 is less electronically conductive than NiO, and is lim-
ted for producing large electrodes because of its brittleness
nd higher manufacturing cost than NiO [2,13]. Stoichiometric
ithium nickel mixed oxides have a good electronic conductiv-
ty when is compared to other ceramic oxides like LiCoO2 [14];
owever, highly lithiated nickel oxides are not stable in the eutec-
ic melt [15].

In this study, we propose a new porous nickel cathode coated
ith a layer of a cobalt oxide-based compound. The insertion of

ithium into the NiO lattice increases the electronic conductivity
16], and the insertion of cobalt improves the stability of this new
aterial in the carbonate melt [2]. The Li(Co, Ni) oxide coating

s obtained by the in situ oxidation and lithiation of cobalt on
orous nickel in the eutectic melt.

Various coating techniques, such as sol-impregnation [9],

ol–gel [17], and electroplating [1] have been used to fabricate
he precursors of LiCo1−yNiyO2-coated cathodes for MCFC. In
ll these techniques, the coating of Li(Co, Ni) oxide was obtained
y in situ oxidation and lithiation in the eutectic melt of cobalt

mailto:m.escudero@ciemat.es
dx.doi.org/10.1016/j.jpowsour.2006.04.056
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crystallizes in the normal spinel structure Co (Co )2O4 and
belongs to the space groupO7

h-Fd3m. The spinel lattice is consti-
tuted by Co2+ and Co3+ placed at tetrahedral and octahedral sites,
respectively. The active vibrations of spinel structure (F3dm) are
76 M.J. Escudero et al. / Journal of

eposits. The electrochemical deposition is a low cost technique
nd allows to control the coating thickness and morphology by
arying different experimental parameters (concentration, fixed
otential, potential steps, electrolysis duration, temperature and
election of the solvent and electrolyte) [11,12].

In the present work, cobalt oxide deposit was prepared on the
orous nickel by potentiostatic deposition followed by a heat
reatment as precursor of a novel MCFC cathode. The behav-
or of novel cathode in molten (Li0.52Na0.48)2CO3 eutectics at
50 ◦C under a standard cathodic atmosphere of CO2:air (30:70)
as investigated. A pure porous nickel cathode was tested in the

ame conditions and taken as reference. The cathodes before
nd after its immersion in molten carbonate were analysed by
ifferent techniques.

. 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 [11,12]. The deposition
as performed in a four-compartment Tacussel glass cell with a
.1 mol l−1 Co(II) solution prepared from Co(NO3)2·6H2O in a
.5 mol l−1 solution of NaNO3 with a pH 4 under N2 atmosphere
t 25 ◦C. The pH was fixed at 7.4 by addition of a 1 mol l−1 NaOH
olution. The working electrode was a porous nickel foil, the
ounter electrode was a Pt foil and the reference electrode was a
g|Hg2Cl2 (SCE) which was placed in a separate compartment
lled with a 0.5 mol l−1 NaNO3. The potentiostatic deposition
as performed with a Princenton applied research (PAR) model
63 system at 0.65 V versus SCE and an electrolysis times of
4 h. Then, the sample was annealing at 500 ◦C for 4 h in air at
heating rate of 1 ◦C min−1.

.2. Structural characterization and chemical analysis

The structure of cobalt oxide on porous nickel (NiO–Co)
nd porous nickel (NiO) was characterized before and after the
lectrochemical tests.

XRD analyses were performed with a Philips Model X’Pert-
PD diffractometter using a Cu K� radiation (λ = 1.542 Å). The

iffraction intensity was measured in the 2–90◦ (2θ) range, by
teps of 0.05◦ (2θ) with a counting time of 2 s.

Raman spectra were obtained at room temperature with a
ruker RFS-100 FT-Raman spectrometer provided with a diode-
umped germanium solid-state detector, which operates at liquid
2 temperature. A Nd:YAG laser was used as exciting source.
he samples were pressed into the holder with no other pre-

reatment. A laser power of ca. 600 mW was used, the spectra
eing taken with a resolution 4 cm−1 and accumulating 500
cans. For each measurement the integration time was 30 min.

XPS analysis was performed with a Perkin-Elmer PHI

400 spectrometer equipped with a Mg K� excitation source
hν = 1253.60 eV) and a beam size of 1 mm diameter. Typical
peration conditions were: X-ray gun, 15 kV, 20 mA, pressure
n the sample chamber ∼10−9 Torr, pass energy, 89.50 eV for

F
a
6
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eneral spectra (0–1100 eV) and 35.75 eV for high resolution
pectra. In order to take into account the charging effects on the
easured binding energies, these energies were determined by

eferencing to the C 1s peak at 284.8 eV.
The morphology and the composition of the deposits were

xamined with SEM using a Hitachi microscope S-2500 com-
ined with EDS, model Sun Sparcstation.

The content of nickel and cobalt in the eutectic melt was
nalysed by ICP-AES using a Jobin Yvon, JY-48/JY-38. The
orosity and the pore size distribution were determined by mer-
ury porosimetry using a Micrometrics Pore Sizer 9310.

. Results and discussion

.1. Structural characterization and chemical analysis

The structure of porous NiO–Co was studied by X-ray diffrac-
ion (XRD) before and after its exposure in the eutectic melt.
s can be seen in Fig. 1, initially the XRD peaks correspond to
etallic nickel at 44.50◦, 51.84◦ and 76.37◦ (2θ), NiO at 37.28◦,

2.23◦ and 62.97◦ (2θ) and Co3O4 at 19.00◦, 31.27◦, 59.35◦ and
5.23◦ (2θ). It was difficult to determine their crystalline struc-
ure due to the fact that cobalt oxides showed weaker intensity
ines than those relative to nickel substrate. After its exposure
uring 50 h in the carbonate melt, we can observe the oxidation
f nickel to NiO and the disappearance of the Co3O4 diffraction
ines.

Raman spectra of porous NiO and porous NiO–Co before and
fter their exposure in molten carbonate are displayed in Fig. 2.
he coated sample presents five bands at 197, 484, 523, 621
nd 691 cm−1 that are not observed in the porous NiO. Co3O4

2+ 3+ 2−
ig. 1. XRD patterns obtained on a porous NiO–Co: (a) after heat treatment
t 500 ◦C in air during 4 h; (b) after 50 h of exposure to (Li0.52Na0.48)2CO3 at
50 ◦C under an atmosphere of CO2:O2:N2 (30:15:55).
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ig. 2. Raman spectra of porous NiO and porous NiO–Co: (a) after heat treatm
50 ◦C under an atmosphere of CO2:O2:N2 (30:15:55).

1g + Eg + F1g + 3F2g + 2A2u + 2Eu + 4F1u + 2F2u. The A1g, Eg
nd 3F2g modes are Raman active, and 4F1u are infrared active.
he reaming F1g, 2A2u, 2Eu and 2F2u modes are inactive [18,19].
herefore, the five Raman bands observed for the samples can
e assigned to Raman active phones modes of Co3O4: the peaks
t 197, 523, and 621 cm−1 correspond to F2g phonon modes
hereas the peaks at 484 and 691 cm−1 are Eg and A1g phonon
odes. The phonon symmetries determined in this work are in

greement with those given by Hadjiev et al. [18] and Herrera
nd Resasco [20]. Therefore, this confirmed that the crystalline
tructure of deposits corresponds to Co3O4 after the heat treat-
ent.
After their exposure to carbonate melt at 650 ◦C during 50 h,

he Raman spectrum of porous NiO–Co has only a broad band
round 515 cm−1, while the spectrum of porous NiO is almost
eatureless. The LiCoO2 can be crystallized in a hexagonal struc-
ure with space group R3̄m or a spinel (cubic) structure with a
pace group Fd3m. The vibrations mode of crystalline LiCoO2
n space groups R3̄m and Fd3m were predicted by factor analysis
roups [18,21,22]. The total vibrations modes of layered LiCoO2
R3̄m) are A1g + Eg + 2A2u + 2Eu, where A1g and Eg modes are
aman active, and 2A2u and 2Eu modes are infrared active.
imilarly, the total vibrations modes of spinel LiCoO2 (Fd3m)
re A1g + Eg + 2F2g + 5F1u where A1g, Eg and 2F2g are Raman
ctive, and 5F1u are infrared active. Inaba et al. [23] studied the
aman spectra of lithium–cobalt–nickel oxide, LiCo1−yNiyO2

0 ≤ y ≤ 1) and observed two strong Raman band at 485 and
97 cm−1 for LiCoO2 (y = 0). These peaks were assigned to A1g
nd Eg vibrational modes in space group of R3̄m. In the A1g
ode the two oxygen atoms vibrate in the opposite directions

arallel to the c-axis of LiCoO2, while they vibrate alternately in
he opposite directions parallel to the Li and Co planes in the Eg
odes. The intensities of both bands decreased drastically and
he peak wavenumbers approached each other with increasing
i content that replaces Co in LiCo1−yNiyO2. The Raman broad
and observed in Fig. 2b for porous NiO–Co could be due to
he formation of a lithium cobalt nickel oxide (LiCo1−yNiyO2)

p
N
N
t

t 500 ◦C in air during 4 h; (b) after 50 h of exposure to (Li0.52Na0.48)2CO3 at

n the surface of nickel porous. The broad band at 515 cm−1

s in good agreement with the Raman peak reported 510 cm−1

y Kuk et al. [1] and Ryu et al. [24]. This difference could be
robably due to the different electrolyte and gas composition,
s well as the preparation method and composition of cobalt
eposit.

The survey XPS spectra of NiO and NIO–Co before and after
ts exposure to eutectic melt at 650 ◦C under an atmosphere
O2:air revealed the presence of O, Ni and C on the surface, as
ell as Co for the samples with deposits (also confirmed by the
uger lines). The binding energies (BEs) relative to Ni 2p, Co
p and O 1s before and after their immersion in the carbonate
elt sphere CO2:air are presented in Table 1.
The position of skape-up satellites (ss) when appeared from

he Ni 2p and Co 2p was also included, in order to aid identifi-
ation of the chemical state. Curve fitting of O 1s signal, gives
enerally three contributions, the peaks OI and OII were assigned
o oxide and hydroxide groups and/or non-stoichiometric surface
xygen, respectively. The third component, OIII, was attributed
o molecular water adsorbed in the surface.

Initially, the Ni 2p3/2 and Ni 2p1/2 peaks for porous Ni pre-
ented a slightly lower of binding energies respect in comparison
ith the cobalt oxide on Ni porous. However, the signals shows
oor resolution to identify appropriately the satellite bands asso-
iated to Ni (2p) spectrum. A deconvolution of Ni 2p revealed
wo main contributions for each Ni 2p3/2 and Ni 2p1/2 peak
hat were associated to NiO and Ni(OH)2 due to the fact that
he binding energies values are similar to the literature ones
25,26]. After exposure to the carbonate melt, the spectrum of
orous Ni presents a 2p3/2 binding energy of 855.9 eV, a 2p1/2
inding energy of 873.5 eV, a strong shake up satellite 6.2 eV
rom the 2p3/2 peak and a strong shake up satellite at 5.9 eV
rom the 2p1/2 peak. Similar results were observed for the sam-

les with cobalt oxide deposit. The XPS deconvolution of the
i 2p peak revealed the contributions of Ni2O3, Ni(OH)2 and
iO in both samples. The presence of Ni3+ could be associated

o the lithiation process.
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Table 1
XPS BEs of Ni 2p, Co 2p and O 1s peaks and shake-up satellites (ss) of Ni 2p for the porous NiO and the porous NiO–Co before and after 50 h of exposure to
(Li0.52Na0.48)2CO3 at 650 ◦C under an atmosphere CO2:air (30:70)

Before exposure After exposure

NiO NiO–Co NiO NiO–Co

Nickel
Ni 2p3/2 855.5 855.9 856.0 855.9
ss 860.9 862.3 861.6 861.6
Ni 2p1/2 872.7 878.6 873.5 873.2

Cobalt
Co 2p3/2 779.8 781.4
ss 789.4
Co 2p1/2 794.7 796.0

Oxygen
O 1sI 529.0 (OI:32%) 529.6 (OI:21%) 529.6 (OI:37%) 529.4 (OI:29%)

II:71%

III:8%
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O 1sII 531.2 (OII:53%) 531.2 (O
O 1sIII 532.6 (OIII:15%) 533.3 (O

For cobalt, the spectra of cobalt oxide on porous nickel
efore and after its exposure are reported in Fig. 3. Accord-
ng to the literature, the Co 2p3/2 spectrum showed a complex
tructure broadened by multiplet splitting effects and in addi-
ion, very similar binding energies are known for most cobalt
xides and hydroxides (i.e. CoO, Co2O3, Co3O4, CoOOH)
11,25–27]. However, a detailed analysis of the Co 2p shake-
p structure should allow the assignment to cobalt oxidation
tates.

In fact, it is well known that all the Co2+ compounds are
igh spin complexes with strong satellite bands, while all
he Co3+ are diamagnetic [25,27]. At first, the Co 2p3/2 and
o 2p1/2 peaks at 779.8 and 794.7 eV and a weak satellite

and appeared at 9.6 eV higher from the main peak and it
s probably related to paramagnetic divalent high-spin cobalt.
hese results and the absence of strong shake-up satellite
tructure indicate the presence of Co3O4. Oxide-like CoO has

ig. 3. Co 2p XPS spectra of NiO–Co: (a) after heat treatment at 500 ◦C in air
uring 4 h; (b) after 50 h of exposure to (Li0.52Na0.48)2CO3 at 650 ◦C under an
tmosphere of CO2:O2:N2 (30:15:55).
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) 531.4 (OII:47%) 531.1 (OII:47%)
) 533.2 (OIII:16%) 532.9 (OIII:24%)

ntense satellite structures. These results are consistent with
hose reported by McIntyre and Cook [25] and Mitton et al.
26].

As can be seen in Fig. 3, the Co 2p spectrum after the expo-
ure in the molten carbonate confirmed the loss a cobalt and
howed a poor resolution for the 2p3/2 peak at 781.4 eV and
he 2p1/2 peak at 796.0 eV. Its deconvolution allowed to deter-

ine the contribution of Co(OH)2 (57%) and Co3O4 and/or
oOOH (43%). The O 1s spectra exhibited a peak at low bind-

ng energies assigned to oxide species and a second peak at
igher energies which correspond to hydroxide and carbon-
te ions. The concentrations of oxide, hydroxide and carbonate
ons determined from the O 1s spectra for the Ni sample were
7%, 47% and 16%, respectively. For the cobalt oxide on nickel
orous, the proportions of O 1s components were: 29% of
xide groups, 48% of OH− groups and 24% of carbonate ions.
he presence of carbonate groups in both samples was con-
rmed by the curve fitting to the C 1s region. Comparing both
amples, similar concentration was determined in the hydrox-
de groups and the difference in the amount of carbonate and
xide groups could be related to an inappropriate removal of
arbonate.

Therefore, XPS analysis of porous NiO and porous NiO–Co
nly confirmed the presence of Ni3+ that could be due to lithia-
ion of both samples, but the formation of LiCo1−yNiyO2 layer
ould not be confirmed.

Fig. 4 represents the SEM micrographs for the porous NiO
nd the porous NiO–Co before and after their exposure. As
hown in Fig. 5, the morphology of both samples are different
ue to the cobalt oxide deposition. The coated porous cathode in
omparison with porous NiO presents more agglomeration and
granular structure.

Both samples suffered morphological changes after the expo-
ure to the eutectic melt. For porous NiO, a slight morphological

hange, probably due to the lithiation process, can be observed.
n the case of the coated porous sample a decrease in parti-
le size can be observed, as well as different morphologies to
orous NiO. This could be explained by the lithiated of Co/Ni
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Fig. 4. SEM micrographs: (a) before exposure NiO; (b) before exposure NiO–Co; (c) after exposure NiO; (d) after exposure NiO–Co.

Fig. 5. Pore volume distribution before and after 50 h of exposure to (Li0.52Na0.48)2CO3 at 650 ◦C under an atmosphere under an atmosphere of CO2:O2:N2

(30:15:55). (a) Porous NiO; (b) porous Ni–Co.
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n carbonate and the formation of a lithium cobalt nickel oxide
LiCo1−yNiyO2) on the surface of porous nickel. These results
re in agreement with obtained by Raman studies.

EDS analyses confirmed the presence of cobalt after the
mmersion en molten carbonate melt during 50 h, but a 35%
obalt loss was detected.

Chemical analysis showed that both samples suffered a dis-
olution of nickel, but it was lower in the porous NiO–Co. The
ickel content in the electrolyte was 11.0 wt.ppm in porous
iO. The electrolyte corresponds to porous NiO–Co pre-

ented a nickel content lower 5.5 wt.ppm, and a cobalt content
.5 wt.ppm. This results confirmed the dissolution of cobalt, but
n important reduction in the nickel solubility.

The cumulative pore volume and the porosimetric data for
orous NiO and porous NiO–Co before and after theirs exposure
o eutectic melt are given in Fig. 5a). Both samples exhibited an
ppropriate dual-pore structure with macro pores (>1 �m) and
icro pores (<1 �m). This dual pore structure is a basic require-
ent for a MCFC cathode: the macro pores serve as gas channels

or the fuel cell and the micro pores absorb molten electrolyte by
apillary effects. Thus, the MCFC reduction reaction occurs in a
ernary phase between the solid cathode phase, the molten elec-
rolyte phase and the gas phase. After its immersion, the porous
iO sample shows, a lower pore distribution and pore diameter.
his could be due to the lithiation process. The coated porous Ni
resented similar pore distributions and porosity before and after
ts immersion. The pose size increased from 4.51 to 6.31 �m.
his behavior may be due to a lithiation of Ni/Co on the surface.
he coated porous sample presented a higher porosity and pore
ize than porous NiO. These properties could improve the cell
erformance.

. Conclusions

Cobalt oxide was coated on the state-of-art MCFC nickel
athode by an electrodeposition technique. The behavior of on
he deposits in molten carbonate at 650 ◦C during 50 h under
O2:air (30:70) was investigated by XRD, Raman spectroscopy,
PS, SEM-EDS and mercury porosimetry and compared with
porous NiO. The results obtained were:

XRD revealed the presence of Co3O4 in the prepared cathode,
and a loss of cobalt after its immersion.
Raman studies confirmed at first the spinel structure
of Co3O4 and a change of the Co3O4 structure into
lithium–cobalt–nickel oxide (LiCo1−yNiyO2).
XPS results show that the surface layer prepared is formed
by Ni(OH)2/NiO and Co3O4. After exposure the presence of
Ni3+ was detected by XPS for the porous nickel and Co3O4-
coated porous. This is probably due to the lithiation process
NiO and NiO–Co, respectively.
SEM micrographs revealed that the coated porous Ni suf-
fered morphologic changes during the exposure and dif-

ferent morphologic in comparison with porous Ni. This
could be explained by the formation of a lithium cobalt
nickel oxide (LiCo1−yNiyO2) on the surface of nickel
porous.

[
[

[

r Sources 160 (2006) 775–781

Chemical analysis confirmed the dissolution of cobalt but an
important reduction in the solubility of nickel in the prepared
cathode.
The cobalt oxide on porous nickel sample presented after
its immersion similar porosity and higher pore size than the
porous nickel.

These results showed that the cathode prepared by electrode-
osition technique presented a good properties to be used as an
lternative cathode for MCFC. Further research on the charac-
erization in single cell will be performed.
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