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Abstract

The aim of this work was to synthesise and deposit a perovskite (La;_,Sr.MnO; or La;_ Sr,CoOs3) cathode on an
SOFC electrolyte (8% Yttria Stabilised Zirconia — YSZ). The recombination of atomic oxygen on Sr doped
LaMnO; was performed in order to study the properties of perovskite for the adsorption of oxygen. The electrical
resistance of the layers was measured as a function of the chemical composition. Impedance measurements on
different samples were performed in order to analyse the electrochemical response of the cathode — electrolyte stack
as a function of temperature and nature of the atmosphere. Moreover, the Faradaic impedance representing the
electrochemical processes at the cathode — electrolyte interface was calculated from the global impedance in various

conditions.

1. Introduction

The chemical reactivity, ionic and electrical conductivity
of SOFC cathodes depend on their purity, stochiometry
and structure, which are functions of the manufacturing
process parameters [1]. For example, the usual ways to
synthesise ceramic [1-4] as calcination, sol-gel method
or carbonate co-precipitation often lead to products
containing pollutants. Bell et al. [1] have shown that the
presence of undesirable phases in the product decreases
the catalytic properties. For example adsorption of O,
at the cathode surface will be poor. To improve the
quality of the deposits and to reduce the costs by
integrating the depositing steps into a single process,
new production techniques, such as thermal plasma
processes, are under development [5-7]. Nevertheless,
thermodynamics shows that undesirable phases (La>O3,
La(OH)3;, Mn3Oy...) could appear at high temperature
(T > 2000 K) [5-7]. In order to produce SOFC high
quality cathodes, a low-pressure plasma reactor has
been developed in our laboratory [8—10].

The raw material (lanthanum nitrates, manganese
nitrates, cobalt nitrates or strontium nitrates dissolved
in water) is injected into the plasma reactor in order to
obtain a cathode layer on YSZ pellets (19 mm in
diameter). Recent work allowed optimisation of the

process by investigating different synthesis parameters
[8-10]. Scanning Electron Microscopy (SEM) was per-
formed to study the quality and the structure of the
layers deposited. The SOFC cathode must have a high
electronic conductivity and good catalytic activity to
allow the reduction of O, to O>™ [11, 12].

2. Description of the low-pressure plasma process
2.1. Experimental Set-up

The low-pressure plasma process is described on Fig-
ure 1. The plasma reactor consists of a quartz tube
(46 mm in internal diameter, 600 mm in length) equipped
with a convergent nozzle (5 or 3 mm in diameter). A
40 MHz RF generator was used to initialise and maintain
the plasma discharge by means of six inductive coils
located on the nozzle (available power in the plas-
ma = 100400 W). Mixtures of argon and oxygen in
various ratio were used as plasma gases (maximum flow
1.66 cm® min~"). Mass flow-meters were used to control
the composition, the flow and the pressure of the plasma
and vector gases. A vacuum pump permitted the pressure
in the reactor to be maintained within a range of 60—
600 Pa (at the exit of the nozzle) [8—10].



96

40 MHz RF power
(300 to 1000 W)

Ar+0,

Pulsed
Inductive

coil

T® controller
Substrate

Pressure gauge holder

(0.5 to 10 mbar)

Fig. 1. Plasma process experimental set-up.

The raw material was a mixture of La, Mn, Sr or Co
nitrates dissolved in water (ICP- DCP standard solution
— ALDRICH). The composition of the mixture was
calculated according to the stochiometry of the layer
needed for a perovskite composite on YSZ substrate
(YSZ 8% CERAC). An ultrasonic sprayer was used to
produce fine droplets of liquid precursors (10 um in
diameter) at the head of the reactor. The sprayer was
insulated from the reactor by means of a pulsed valve.
Pressure levels before the valve ranged from 5 x 10* to
4 x 10—*Pa. During the pulsed valve opening time
(usually 0.25 s opening and 5 s closing), nitrate droplets
went through the plasma and reacted with the oxidant
species (O and OH radicals), leading to the destruction
of the NO3; bond and the formation of La-O, Sr—O,
Mn-O or Co—O bond. Finally, after passing through the
plasma reactor, particles deposited on the YSZ substrate
in order to form Sr-doped LaMnO; or LaCoO5; amor-
phous layers. The deposit thus grew into a layer 40—
50 um h™"' thick. Because of the convergent nozzle,
over-pressure waves were created, leading to the accel-
eration of the gases and particles circulating in the
reactor [8—10]. The high velocity of the micrometric
particles (80 m s~' measured by Laser Doppler Ane-
mometry at the exit of the nozzle) led to a very strong
adherence of the cathode layer on the YSZ substrate.

2.2. Appearance of the layers

Scanning Electron Microscopy (SEM), Electron Dif-
fraction Scanning (EDS) and X-ray diffraction (XRD)

Y SN
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inductive coil
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nozzle

were used to study the structure and composition of the
coatings. EDS showed that the chemical composition of
the layer corresponded to the stochiometry of the nitrate
solution. Moreover, X-ray diffraction patterns demon-
strated that coatings annealed at 750 °C for 1 h gave a
single phase perovskite structure. No undesirable phases
such as La,O or La(OH); were observed on X-ray
diagrams.

Scanning electron microscopy was used to observe
the structure and porosity of the layers deposited.
Figure 2(a) shows that the surface of LaMnO; layers
is porous and made up of agglomerated particles. The
layers are relatively amorphous (XRD), due to the low
temperature in the plasma reactor. In order to
crystallise the deposit, it is necessary to anneal it at
high temperature (700-1200 °C). The deposit shown
on Figure 2(a) was annealed at 1200 °C for 1 h. SEM
observations after the annealing (Figure 2(b)) under-
line the transition from an amorphous structure to an
orderly structure due to the high temperature (con-
firmed by XRD).

Figure 3 shows the fractured cross section of LaMnOj;
layers on YSZ annealed at 750 °C. The bulk of the
layers is shown to be porous. Scratching the coating
with a scalpel confirms that the layers adhere strongly to
the electrolyte. The influence of doping elements was
studied by the addition of Sr nitrates to the starting
solution. Deposits of Sr-doped LaMnO; exhibit the
same structure and the same adherence. LaCoQOs5 layers
have the same structure as La;_.Sr.MnQOs ones, but
lanthanum cobaltites doped with strontium atoms

Fig. 2. LaMnOs layers just after the synthesis (a) and after an annealing at 1200 °C during 1 h (b).



Fig. 3. Fractured cross section of Lanthanum manganite deposited
on YSZ (after annealing at 750 °C for 1 h).

(Lag.7Srg3Co0;3) exhibit a hexagonal structure after
annealing as shown in Figure 4.

3. Electrochemical studies of Sr-doped LaMnO;
and LaCoOj; layers

The efficiency of an SOFC depends strongly on the
cathode properties. Cathode layers must permit the
adsorption and the dissociation of molecular oxygen
into two O~ [11, 12]. O™ diffuses on the surface of
lanthanum manganites and reacts at the cathode/elec-
trolyte interface to produce O*". Finally, O*" is incor-
porated and diffuses in the bulk of YSZ (electrochemical
engine of the cell). Because the layer properties depend
on the synthesis process [1], it was essential to study the
electrical and catalytic properties of the coatings depos-
ited on YSZ samples.

Photo No.=9

Fig. 4. Hexagonal structure on the surface of Lag;Srp3CoO; an-
nealed at 600 °C for 46 h.
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3.1. Investigations about the adsorption of oxygen
on the surface of Lay ;Srg3;MnOj;

The efficiency of a catalyst depends on its composition,
which determines the activation energy and number of
active sites for chemical reaction [13]. In this study, a
measurement of the atomic oxygen recombination
coefficient y was performed on the Lag-Srg3MnOj
(LSM) surface, in order to estimate the activation
energy and the number of sites for oxygen adsorption.

LSM was deposited on a YSZ sample (25 mm in
diameter) and annealed at 750 °C for 1 h. Then the
LSM/YSZ stack was placed in a low-pressure plasma
reactor developed for the study of atomic oxygen
recombination for several materials [13, 14]. The recom-
bination coefficient was calculated using the actinometry
spectroscopic method. The principle of actinometry
consists in measuring the intensity ratios of excited
species of oxygen on excited species of argon added to
the plasma in small quantities. The oxygen atoms
concentration was monitored with optical emission
from O (844.6 nm) and Ar (811.5 nm). The ratio I/
I, is related to the concentration ratio by the following
equation:

Io/Iar = k[(O)/(Ar)] (1)

The recombination coefficient y was deduced from the
following equation and was calculated from the atomic
oxygen concentration profile along the reactor:

—4DV (Io/1In),
[=V(Io/Ia) L+ (Io/Ia),]

where D is the binary coefficient (m? s™'), ¢ the atomic
velocity (m s™"), L the width of the boundary layer (m),
V(lo/Ia;), the axial concentration gradient and (Io/1a.)o
the steady state ratio (out of the boundary layer).

Equation (2) describes the movement of oxygen atoms
in the boundary layer near the sample. The recombina-
tion coefficient is linked to the surface temperature by
the following equation:

C.h* [ 2mmok ( Ea>
y=—————exp

Y= (2)

T RT (3)
where E, is the activation energy of the surface reaction
(J mol™), C, the number of active sites (atoms m ™) and
mo the mass of an oxygen atom (kg). The activation
energy of the process and the number of active sites
corresponding to LSM could be deduced by calculating
v using Equation (2) (Figure 5) and by plotting In(y7) as
a function of 1/7T as shown in Figure 6. The activation
energy for the recombination of oxygen was calculated
to be 6.3 kJ mol™' + 15% by using Equation (3). The
number of active sites was estimated at around 1.7 x
10% atoms m™ + 15%. Results show that LSM depos-
ited on YSZ by the plasma process presents a significant
catalytic activity for oxygen adsorption.

Further investigations will consist in studying the
effect of an increase in temperature on the activation
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Fig. 5. Evolution of recombination coefficient y as a function of
temperature.
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Fig. 6. Evolution of In(y7) as a function of 1/7T (activation energy
and number of active sites).

energy and the number of active sites (7' > 500 °C).
Moreover, a comparison of y for several materials
will be performed to study what role stochiometry,
plasma parameters and annecaling play on adsorption
properties.

3.2. Impedance spectroscopy

Impedance measurements were carried out in open
circuit conditions in air or in N, atmosphere at different
temperatures. In the case of cathodes deposited on YSZ,
the first reference electrode and the counter electrode
were applied to the YSZ with a Pt mesh. The working
electrode and the second reference electrode were
connected to the cathode side with a Pt disk. A spring
permitted to apply a constant force on the electrodes on
both sides of the cell. The complex impedance measure-
ments were made over frequencies ranging from 65535
to 1 Hz with a SOLARTRON Frequency Response
Analyser 1250, a potentiostat SI 1287 and a computer
equipped with Z-Plot software. Recent impedance
measurements proved that the impedance of the layers
stabilises to a constant value after two 1 h annealing
processes at 750 °C.

The results presented in Figures 7-9 exhibit the
behaviour of the layers under various conditions of
temperature and atmosphere. The response of YSZ
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Fig. 7. Global impedance plots of YSZ and YSZ/Lag;Sro3MnO;
stack measured in air and N, at 600 and 700 °C.
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stack measured in air and N, at 600 and 700 °C, zoom from 0 to
5000 Q.
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Fig. 9. Global impedance plots of YSZ/La,;Sro3MnO; stack mea-
sured in air and N, at 700 °C, zoom from 0 to 26,000 Q.

pellets with an Lag 7Sry sMnOj3 deposit (LSM/YSZ) may
be compared with that of YSZ pellets only. It can be
observed that:



1. The real part resistance of LSM/YSZ in air lowers
from 3.5%10° Q down to 1.7 x 10* Q when the
temperature increases from 600 to 700 °C
(Figure 7).

2. At high frequency values, the complex plots exhi-
bit an additional semicircle at low temperature,
which could be due to Pt electrodes (Figure 8).

3. The LSM/YSZ stack exhibits a higher real part
resistance than YSZ alone at the lower tempera-
ture (600 °C), while the opposite behaviour is no-
ticed at 700 °C (Figure 7).

4. The Pt electrodes seem to participate in the oxygen
transfer between air and YSZ, which could explain
the conductivity of YSZ alone. In Figure 7, the in-
crease in the real part resistance at 600 °C is due
to the presence of LSM on the YSZ surface. At
low temperature, LSM does not allow the transfer
of oxygen at the interface. However, at 700 °C,
the real part resistance of LSM/YSZ becomes low-
er than that of YSZ alone. At high temperature,
the contribution of LSM activity to oxygen trans-
fer enhances the global conductivity of the LSM/
YSZ stack as expected.

5. The presence of oxygen plays a major role on the
real part resistance of the layers. YSZ in air exhib-
its a lower resistance than under N, atmosphere,
which can be explained by the diffusion of oxygen
from Pt electrodes. The behaviour of LSM/YSZ at
600 °C does not exhibit any noticeable change
with and without oxygen (Figure 7). This shows
that at low temperature, the chemical activity of
LSM is low enough to create a barrier to oxygen
transfer between the Pt electrodes and YSZ. In
Figure 9, the real part resistance of LSM/YSZ is
lower with the presence of oxygen at 700 °C. This
underlines the chemical activity of LSM for oxy-
gen transfer at high temperature.

6. The results show that YSZ and LSM/YSZ stack
present electrochemical responses for oxygen (Fig-
ures 7 and 9). The LSM chemical activity for oxy-
gen transfer changes drastically for an increase in
temperature from 600 to 700 °C.

3.3. Calculation of Faradaic impedance

It is often assumed that the global impedance of the
LSM/YSZ stack depends on electrochemical processes
as well as on other electrical phenomena. The Faradaic
impedance (Z) representing the electrochemical pro-
cesses at the interface can be separated from the global
impedance by a method developed by Berthier et al.
[15]. Mitterdorfer and Gauckler [16] used this method
to study the LSM/YSZ interface. From Z; they
determined different resistances (Figure 10): a charge
transfer resistance (R,) due to the transfer of oxygen
ions at the LSM/YSZ interface, a concentration
resistance (R.) due to the diffusion of oxygen at the
LSM surface and finally a polarisation resistance (Rp,).
In the case studied, the Faradaic impedance was
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Fig. 10. Mechanism of oxygen transfer into YSZ [11, 12, 16].

calculated from the impedance spectra at 600 and
750 °C as shown in Figure 11.

Results showed that the Faradaic impedance could
not be separated from the global impedance at
T = 600 °C; this may be due to the absence of transfer
of oxygen at the interface between LSM and YSZ
(Figure 11). The polarisation resistance was only con-
trolled by the concentration resistance (R.). The results
agreed with the impedance measurements performed on
LSM/YSZ under air and N,, the absence of oxygen at
600 °C did not change the complex plots. At 750 °C, it
was possible to separate the Faradaic impedance from
the global impedance, which may signify that the
polarisation resistance of the cell was controlled by the
transfer resistance (R,) and by the concentration resis-
tance (R.). In other words, the electrochemical process
for oxygen transfer is activated at 750 °C in accordance
with the observations made in Section 3.2.

Results and calculations underline the fact that the
oxygen transfer occurred at temperatures superior to
700 °C. This work proved that the cathode material
deposited through a plasma process was sensitive to
oxygen. Other impedance measurements should be
performed on various materials at high temperature
and under high oxygen pressure.

3.4. Role of the chemical composition

The resistance properties of the layers, depending on
their chemical composition, were studied by measuring
the resistance between voltage probes applied on the
surface. Three samples with various stochiometry
(Lag 7Srg3sMnO;, LaCoOs, Lag 7Sry3C003) were depos-
ited on quartz pellets (19 mm in diameter) in the same
plasma conditions.

Figure 12 shows the evolution of the resistance during
annealing time at 600 °C. The resistance decreases with
time, which is probably due to a change in the crystalline
structure. As expected, lanthanum cobaltites exhibit a
lower resistance than lanthanum manganites. Doping
lanthanum with Sr atoms leads to a more significant
decrease in the resistance. It must be noted that the Sr
doped layers exhibit the same resistance profile.

Figure 13 shows the resistance of the three annealed
deposits as a function of time. The resistance of the
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comparison of the layers points out the fact that the
lanthanum cobaltites have a lower resistance than
lanthanum manganites. Doping the layers with stron-
tium further decreases the resistance.

4. Conclusion

A low-pressure plasma process allows synthesis of high
purity cathode layers of various stochiometric levels.
The process enables synthesis and deposition of a layer
with perovskite structure in one step with accurate
control of the parameters. The materials deposited
exhibit the necessary porosity and adherence on YSZ
necessary for SOFC application. Catalysis and imped-
ance spectroscopy have shown that the deposits are
sensitive to oxygen. Resistance measurements at high
temperature have proved that doping lanthanum man-
ganites or lanthanum cobaltites with Sr decreases the
resistance of the deposit. In this work, it is demonstrated

Fig. 13. Resistance of three different deposits vs. time (at 500, 600,
700 °C).

that layers deposited through plasma process could be
used as cathode materials for SOFC devices.
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