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Abstract

In order to protect the MCFC nickel cathode, TiO, and CeO, coatings were prepared by DC reactive magnetron sputtering. These oxides are
stable thermodynamically whatever the cathode or anode gaseous conditions. Good quality, dense and homogeneous coatings were obtained at
thicknesses lower than 1 wm. The structure of the deposits, as analysed by XRD, was the expected one. In this work only dense nickel substrates
were used. After their direct immersion in a Li,CO3;—Na,CO; carbonate eutectic at 650 °C, which can be considered as extremely corrosive
conditions with respect to the usual MCFC conditions, the coatings were affected. TiO, coatings were transformed into Li, TiO3, in agreement with
thermodynamic predictions; however, they became progressively unstable, which was probably due to a problem of mechanical adhesion rather
than to solubility. The thinner was the deposit, the higher was its conductance and the closer to that of a pure Ni electrode was its electrocatalytic
activity. CeO, coatings were stable in a ceria form and their adhesion was better even though not fully satisfactory. These first preliminary results
are promising regarding the direct contact of the coatings with the corrosive carbonate melt, but the improvement of the adhesion is one of the

major problems to solve.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

One of the main problems, apart from cost, in developing
high temperature fuel cells such as molten carbonate fuel cell
(MCFC) remains its too short life-time. The origin of this lim-
itation is mainly due to the dissolution of the nickel cathode in
the carbonates and to the slow corrosion of bipolar plates, in
particular in the anode side [1,2]. In this work, we present the
potential role of very thin protective oxide coatings versus the
corrosive effect in the carbonates, as diffusion barriers at the
cathode/electrolyte (or bipolar plate/anode interfaces in a forth-
coming paper). TiO, deposits have already been considered as
protective coatings of the stainless steels constituting MCFC
bipolar plates [2—6], but, as far as we know, never in the case
of the nickel cathode. CeO; has also been analysed for different
uses in MCFC applications: as additive for the Ni cathode [7-9],
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cathode coating [10], anode [11], anode coating [12,13] or anode
matrix material [14]. Reactive magnetron sputtering, a physical
directional deposition technique allowing the elaboration of very
thin and dense oxide layers, was used to deposit CeO, and TiO;-
based layers. According to previous studies, TiO, and CeO»
compounds seem to be stable in molten carbonate in both anode
and cathode MCFC environment. Some progress has already
been achieved in our laboratory [15-19]. A thorough funda-
mental study of the behaviour of titanium and cerium species
has been fully realised, including thermodynamic predictions,
electrochemical in situ measurements, solubility determinations
and surface characterisation after treatment (structure, morphol-
ogy, oxidation degrees) by XRD and SEM/EDS techniques. The
stable species in molten carbonates are Li> TiO3 and CeO, what-
ever the conditions (anode, or cathode standard conditions).
This work will only be focused on titanium or cerium oxides
deposited on dense nickel substrates, used as a reference sub-
strate. Works using doped titanium or cerium oxides and other
substrates such as porous nickel electrodes and stainless steels
are in progress.
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2. Experimental

Electrochemical measurements were carried out using a
Princeton Applied Research (PAR) Model 263A potentiostatic
system, with a three electrodes electrochemical configuration:
(1) working electrode: sample itself connected to a gold wire; (2)
counter-electrode: gold wire; (3) reference electrode: silver wire
dipped into an Ag>SOy4 (10~ ! mol kg~ !) saturated eutectic melt
in an alumina cylinder sealed by a porous alumina membrane.
Impedance measurements were performed using a Voltalab 30
generator, coupled with a Volta Master 3.0 software. The ac sig-
nal amplitude was of SmV with respect to OCP, low enough
to respect the system linearity. All the diagrams were recorded
from 10° to 1 Hz.

Ceria and titania coatings were sputter-deposited on Nickel
substrates by direct current sputtering of a metallic Ce or Ti tar-
get in argon—oxygen reactive mixtures. The experimental device
is a401 sputtering chamber pumped down via a turbo-molecular
pump allowing a base vacuum of about 10~* Pa before refilling
with argon to reach a pressure of 0.59 Pa. The substrates are
positioned facing the target on a substrate holder at a draw dis-
tance (Dt_g) of about 60 mm. The target (Ce or Ti), mounted on
an unbalanced magnetron, was powered by a pulsed DC supply
(Advanced Energy Pinacle) equipped with a Sparc-Le 20 pulse
unit operating in DC (Ti) or in active arc (Ce) mode. For all the
experiments, the discharge current was maintained at a constant
value of 0.7 A. The flow rates of argon and oxygen are controlled
by MKS flowmeters and the total pressure is measured using a
MKS Baratron gauge. In order to ensure the stoichiometry of all
the coatings, the oxygen flow rate was set at 8 sccm, yielding a
total pressure of about 0.68 Pa. Before the deposition stage, all
the samples were cleaned in a boiling dichloromethane solution,
then treated in an ultra-sound bath, rinsed in ethanol and dried
with hot air.

The thickness of the films was also measured by the step
method, with a Talysurf profilometer, allowing an accuracy of
the measurements of about 40 nm. The morphology and com-
position of the samples were examined by scanning electron
microscopy (SEM), provided by JEOL T330A, associated to
energy-dispersive spectroscopy (EDS). XRD experiments were
carried out with a Siemens D5000 type diffractometer using a Co
K1 radiation (A =1.789 10\) and a back graphite monochromator.
The diffraction pattern was scanned by steps of 0.02° (20) with a
fixed counting time (2.3 s) between 16° and 80°. The electrolyte
is constituted by LioCO3-Nay COj3 eutectic, operating at 650 °C.
After reaching the melt equilibrium (about 48 h), the exposure
time selected was variable. The standard gaseous cathode atmo-
sphere is composed by 70% air and 30% CO,. After exposure
to the carbonate melt, for the ex situ characterisations (XRD,
SEM/EDS), the samples were rinsed in ultra-pure water, baked
at 100 °C for about 1 h in air, and stored in boxes.

3. Results and discussion
3.1. TiO; deposits on nickel

Fig. 1 shows the SEM micrographs of TiO, coatings on dense
nickel substrates, with thicknesses varying from 200 to 800 nm.
These deposits are well-covering and dense and no cracks can
be observed. However, after 8 h of direct exposure to the carbon-
ate melt in the usual cathode atmosphere, important changes are
detectable. In the case of the 200 and 400 nm coatings, the sur-
face is quite damaged with a significant splitting of the deposits.
This evolution is less pronounced for the two thicker deposits,
600 and 800 nm. Semi-quantitative EDS measurements show
that only 20% and 30% of the titanium remains for the 200 and
400 nm coatings, respectively, whereas this ratio is about 60%
and 70% for the 600 and 800 nm deposits, respectively.

Fig. 1. SEM micrographs of TiO; deposited on Ni. Before and after immersion during 8 h in LiCO3—Na;CO3 (52—48 mol.%) at 650 °C under air/CO; (70/30). (a)
Before immersion (thickness 200 nm), (b) before immersion (800 nm), (c) after immersion (200 nm), (d) after immersion (400 nm), (e) after immersion (600 nm),

and (f) after immersion (800 nm).
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Fig. 2. XRD diffractograms obtained on pellets of a TiO;-coated nickel
foil (2cm2), before and after 60 min. of immersion in Li;CO3-Nay,COs3
(5248 mol.%) at 650 °C under air/CO, (70/30). (a) TiO, coating, thickness
0.8 wm, after thermal treatment during 4 h under air. (b) Same deposit after an
hour of immersion in the melt.

It should be noted that all the as-deposited coatings are amor-
phous whatever their thickness. Therefore, XRD measurements
were realised after a thermal treatment at 500 °C during 4h
under air, as can be seen in Fig. 2 for a 0.8 pum-thick coating.
This allowed us to confirm the presence of titanium oxide. After
an immersion of 1h, Li;TiO3 (002 line) was identified on the
800 nm-thick sample. For all the other thicknesses, only Ni and
NiO were detected, because, from the one hand, the XRD analy-
sis depth is bigger than the deposits thicknesses and, by the other
hand, as was already seen because of the mechanical spilling of
the coatings.

OCP (open circuit potential) of the different TiO, coatings
was followed during 8 h in the molten carbonate. Fig. 3 shows
that the starting potential is —0.9 V/Ag|Ag*, value already
observed [20], studying the behaviour of NiTi alloy in the
same experimental conditions. This potential probably corre-
sponds to the oxidation of TiO; into Li;TiO3, according to:
TiO, +2Li* + CO32~ — Li;TiO3 + COxyg).
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Fig. 3. OCP time-evolution of TiO; coatings, with different thicknesses, on Ni
(2cm?)and of a pure Ni electrode in LioCO3-NayCO3 (52—48 mol.%) at 650 °C
under air/CO; (70/30).
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Fig. 4. Cyclic voltammogram at 20 mV s~ ! of a TiO,-coated (thickness 600 nm)
nickel foil (2 cm?) in Li,CO3-Na; CO3 (5248 mol.%) at 650 °C under air/CO,
(70/30).

Afterwards, the potential increases until reaching the poten-
tial of a pure Ni electrode. This last step tends to get larger with
the thickness of the TiO; coating. The thinnest coatings seem
more advantageous from the electrocatalytic viewpoint, because
their behaviour is closer to that of Ni, the usual cathode material.
But this apparent advantage could be due to their instability in the
carbonate melt and to the presence of the Ni substrate. Beyond
400 nm, no important influence on the potential evolution can
be noted.

Cyclic voltammograms were recorded at a scan rate of
20mV s~ !, different immersion times and a start potential which
is the OCP, in order to understand better the electrochemical
behaviour of the deposits. Fig. 4 corresponds to a deposit of
0.6 pm after 1 h of immersion in the carbonate melt. The char-
acteristic peaks of NiO/Ni system, fully depicted by Belhomme
et al. [21], are not observed, confirming that nickel is well pro-
tected by the titanium oxide, in a Li; TiO3 form. Therefore, peaks
11,12, I.4 and I1 can be due to the presence of titanium species.
Thermodynamically, the Li>TiO3 present on the surface is sta-
ble and should not be oxidised or reduced; however according to
Chauvaut and Cassir [17], Li* (and also probably Na™) proceed-
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Fig. 5. Cyclic voltammograms at 20mVs~! of a TiO;-coated (thick-
ness 600nm) nickel foil (2cm?) with different immersion duration in
Li;CO3-NayCO3 (5248 mol.%) at 650 °C under air/CO; (70/30).
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Fig. 6. Conductance of a nickel foil and TiO,-coated nickel foils, at different
thicknesses vs. the immersion duration in Li;CO3-Na,CO3 (52-48 mol.%) at
650 °C under air/CO; (70/30).

ing from the electrolyte can be intercalated within the Li; TiO3
monoclinic structure, which possess at least two octahedral and
two tetrahedral sites. The peaks mentioned could correspond to
different intercalation—deintercalation processes due to the pres-
ence of compounds in a Liz,, TiO3 form. Experimental evidence
has already been given for this phenomenon:

LioTi"V 03 + xLi* +xe™ — Liz4,Tij_,' ' Ti, " O;.

Fig. 5 shows the cyclic voltammograms evolution with
respect to the immersion time. It is clear that a new system
1,3/1.3 becomes progressively predominant, with respect to the
other phenomena. It most probably represents the nickel redox

system: Ni+C032~ — NiO +CO; +2e~ (in a simplified way,
knowing that NiO is under a Li,Ni;_,O, with x=0.002 [22].
According to the literature [21], this system appears, in princi-
ple, at —1.2 V/Ag|Ag*; the slight potential shift can be due to
a lower kinetics in our present case. The peaks, initially present
after 1 h immersion, fully disappeared after 24 h of immersion
in the melt, showing that the surface of the sample is mainly
recovered by lithiated nickel oxide and that the TiO; coating
fell into the melt.

It was also shown that the conductance, obtained by
impedance spectroscopy, was significantly lower for the coated
samples than that for pure nickel (stabilised at about 20 S cm ™2
after few hours): 1/3 for the thicker coating (800 nm) and 1/2
for the thinner one (200 nm). This can be clearly observed in
Fig. 6. It is also interesting to note that the conductance of Ni
pellet recovered with a thin film of titanium (200 nm) is sig-
nificantly lower than that of a Ni pellet recovered with TiO»
(200nm). This difference can be due to the fact that in the
first case (Ti-coated Ni), nickel is recovered by a double layer:
an internal one, TiO;, and an external one, Li;TiO3 [16,23],
with the following oxidation mechanism: Ti+ O, — TiO; and
TiO; + 2Li* + CO3%~ — Li, TiO3 + CO».

3.2. CeO3 deposits on nickel

The same study was realised on CeO, coated nickel. Fig. 7
show the SEM micrographs of CeO;-coated nickel, with two
thicknesses, 0.6 and 1.2 wm, before and after immersion in the
carbonate melt.Before immersion, the deposit, constituted by
CeOa,, is well-covering, dense and homogeneous and does not

Fig. 7. SEM micrographs of CeO, deposited on dense Ni. Before and after immersion in LipCO3-NayCO3 (52—48 mol.%) at 650 °C under air/CO; (70/30). (a) CeO,
deposited on a Ni foil. Thickness 600 nm. (b) Same deposit after 1 h in the melt. (c) Same deposit after 48 h in the melt. (d) CeO, deposited on a Ni foil. Thickness

1.2 pm. After 48 h in the melt.
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Table 1

Atomic rate of Ce, Ni and O according to the EDS analysis of Ni foils recovered
by a 600nm CeO; coating, before and after immersion in Li;CO3-NayCO3
(52-48 mol.%) at 650 °C under air/CO; (70/30)

Immersion time (h) Ce (at.%) Ni (at.%) O (at.%)
0 21 9 70
1 19 19 62

48 13 26 61

present apparent cracks. After one hour immersion, the nickel
surface is recovered by well-distributed and uniform grains (of
about 50 A). After 48 h, the grain size slightly increases and dis-
tribution is less uniform, because some of the grains have fallen
in the carbonate melt. Table 1 shows the results of EDS analysis
on a 600 nm coating. After 48 h of exposure to the carbonate
bulk, the amount of remaining cerium is about 60% of the ini-
tial amount, which means that, although the mechanical stability
of the coating is not perfect, this kind of deposition process is
interesting and can be optimised.

The XRD diffractogram, described in Fig. 8 shows very
clearly the predominant presence of the (111), (200), (220),
(311) and (222) CeO; characteristic lines, which was not the
case for the TiO, coating. Only metallic nickel lines can be
observed: Ni (11 1) and Ni (200). The crystalline character of
the CeO, deposit is favoured by the immersion in molten car-
bonates.

The OCP time-evolution of a CeO; (0.6 wm)-coated
nickel pellet is depicted in Fig. 9. The starting potential
is —0.9V/Ag|Ag*; then it increases rapidly during the first
minutes and remains constant at a value fluctuating around
—0.5V/Ag|Ag*. This behaviour is complex due to the fact
that Ce(IV) is in principle the only stable cerium species in
the carbonate melt and that there is no possibility to reduce
it into another stable species. The nickel substrate itself might
be oxidised and could get involved to fix the potential. Dif-
ferent phenomena could be taken into account for the OCP
establishment:
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Fig. 8. XRD diffractogram obtained on a pellet of CeO, (0.6 wm)-coated nickel
foil (2 cm?), after 60 min of immersion in Li,CO3-NayCOj3 (52-48 mol.%) at
650 °C under air/CO; (70/30).
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Fig. 9. OCP time-evolution obtained on a pellet of CeO; (0.6 wm)-coated nickel
foil (2 cm?), after 60 min of immersion in Li»CO3-Na,CO3 (52-48 mol.%) at
650 °C under air/CO, (70/30).

e an equilibrium could be established between non-stoe-
chiometric cerium oxides: CeO;_, (x value between 10~
and 1073) [24], modifying the deposit conductivity and elec-
trocatalytic properties;

e achemical insertion of small amounts of alkali cations could
modify the CeO; properties [25];

e amorphological evolution (increase in the porosity, grain size
variations) during the immersion in the carbonate melt;

e the presence of nickel and its progressive oxidation can pro-
gressively become predominant.

After 24 h in the melt, OCP is close to that of a bare Ni pellet,
which indicates that CeO, might have comparable electrocat-
alytic properties with respect to Ni.

4. Conclusion

TiO, and CeO;-based coatings are interesting materials for
MCEFC, knowing that they are theoretically stable in the molten
carbonate anode and cathode conditions. Even though the ther-
modynamic conditions are favourable to the stability of these
coatings, the remaining problems are their adhesion and their
mechanical stability. The layers obtained by sputtering are of
good quality, but after immersion the TiO» coating is not stable
and further optimisation is required. In the case of CeO,, the
results are promising and this kind of material presents a real
interest. However, a serious problem of adhesion remains after
long periods of immersion in the carbonate melt.

A specific effort should be undertaken to favour the adhesion
of the coatings to the substrates and reinforce their mechanical
stability. Several solutions should be exploited in the next works:

e use of a bond layer between the ceria-based coatings and
the SS substrate, reducing the mechanical stress and thermal
dilatation;

e adapt the intrinsic stress of the coatings to accommodate its
differential thermal expansion relatively to the substrate;

e use of another deposition technique, i.e. ALD (atomic layer
deposition), which allows to obtain very dense layers elabo-
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rated monoatomic layer by monoatomic layer, with the spe-
cific advantage of being non-directional;
e conditioning the surface of the SS substrate by shot blasting.

The present work shows the interest of using protective coat-
ings based on TiO; and CeO,; nevertheless, an important effort
for improving the coatings adhesion is necessary and, most par-
ticularly, in the case of titanium oxide. Cerium oxide coatings
seem more promising and work is in progress on this oxide, pure
or doped both on dense and porous substrates.
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