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ABSTRACT

In this paper, the effects of infiltration of La,NiO, (LNO) as a mixed ionic and electronic conductor (MIEC)
on the electrochemical performance of porous strontium doped lanthanum manganite (LSM) oxygen
electrode of solid oxide cells, in the temperature ranges of 650-850 °C, is reported. XRD and FE-SEM results
of the LNO sample calcined at 900 °C confirmed the formation of single phase LNO nanoparticles and
uniform distribution of LNO into the porous LSM backbone with a mean particle size of 40 nm, respectively.
To characterize the electrochemical behavior of half-cells, electrochemical impedance spectroscopy (EIS)
measurement at temperature intervals of 50 °C was carried out. The LNO infiltrated LSM electrodes
showed a noticeably decreased activation energy (from 130 to 103 kJ mol?) and polarization resistance
(from 26.2 to 2.5 Qcm? at 650 °C) under open circuit voltage (OCV) condition. Besides, the equivalent circuit
(EC) modeling revealed that LNO addition has a major effect on the low frequency arc, which is attributed
to the surface exchange mechanisms. Decreased amounts of activation energy and polarization resistance
of the infiltrated LSM electrode compared to those for the pure one suggest that introduction of LNO
nano-particles to the microstructure of LSM is a promising approach to achieve better electrochemical
performance even in the low temperature of 650°C.
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1. Introduction

Solid oxide cells (SOCs) are high temperature
(600-1000°C) electrochemical devices which can
work in both fuel cells and electrolysis modes. In
solid oxide fuel cells (SOFCs), chemical energy
of a fuel (like hydrogen) is directly converted to
electrical energy while solid oxide electrolysis
cells (SOECs) works in reverse (1-3). Each solid
oxide cell is mainly made from three parts: air
electrode (oxygen electrode), fuel electrode and
electrolyte (4-6). Chemical reactions take place in
three- phase or two-phase boundaries (TPBs or
2PBs), which electrode, electrolyte and gas reactant

are present. One of the technical barriers to the
development of the SOCs is the matter of materials
used in electrodes, especially in air electrode (6, 7).
Strontium doped lanthanum manganite (LSM) is
one of the most studied materials for the oxygen
electrode in solid oxide cells (SOCs) (7-9). LSM is
a very good thermally activated electron conductor
and has an excellent electro-catalytic activity
for the O, reduction/oxidation reaction at high
temperatures. For this reason, it has been used
widely in this context. However, the conductivity
of LSM is limited to electron conduction and
practically has no ionic conduction even at high
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temperatures (4, 7-9). Based on Jiang’s reports,
polarization resistance (R ) of LSM is as high as 8
Q.cm? at 800 °C for oxygen reduction reaction (10-
12). In such electron conductor electrodes, TPBs
play a major role in the cell performance, therefore
the quality and quantity of these TPBs are of great
importance (1, 13). To get high performance from
a solid oxide cell with LSM oxygen electrode,
different approaches are proposed to extend
reaction sites into the bulk of electrode (13-16).
One of them is introducing a nanostructured
ionic conductor or mixed ionic and electronic
conductor (MIEC) phase into LSM backbone by
infiltration technique (17, 18). By this approach,
enhancement of durability, structural stability and
electro-catalytic activity of electrode is expected.
Jiang showed that infiltration of gadolinium doped
ceria (GDC) into LSM electrode has improved the
polarization response of the cell (10). It has also
been reported that electro-catalytic activity of LSM
was significantly improved and Rp was reached to
a smaller value of 3.19 and 0.89 Q.cm? at 700 °C
by infiltration of NdN (Nd,,NiO, ) and SDC
(Sm,,Sr,.CoO, ,), respectively (19).

One requirement of electrodes is chemical
stability in both oxidation and reduction
environments. Nickelates with Ruddlesden-Popper
structure such as LaNiO, (LNO) are MIECs
materials which are satisfying this requirement
(20-22). It has been shown that infiltration of
LNO into LSCF oxygen electrode has enhanced
performance and stability of the electrode (23-25).
In another study, infiltration of LNO on the GDC
backbone was investigated and the results showed
that infiltration of a MIEC material into an ionic
conductor is a very promising route to significantly
increase the electrochemical performance of the
cell (25).

Therefore, infiltration of nickelates into LSM
backbone seems to be a promising method to
improve cell performance and reduce degradation
by increasing TPBs and extending reaction sites
into the electrode bulk.

In the present study, the activation energy and
electrochemical performance of the non-infiltrated
LSM and LNO infiltrated LSM oxygen electrodes
were systematically studied under open circuit
voltage (OCV).

2. Experimental
Electrolyte pellets were prepared by die pressing
of YSZ powder (8 mol% Y,O, stabilized ZrO,,
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Tosoh, Japan) at 70 Mpa followed by sintering at
1500°C for 6h. Thickness and diameter of sintered
pellets were 1 and 19 mm, respectively. Asymmetric
cell configuration with three electrodes was selected
for the electrochemical measurements. In one side
of electrolytes, LSM (Fuel Cell Materials, USA) ink
was painted as the working electrode with the area
of 0.385 cm? and on the other side of pellets Pt ink
(6082 Metalor, Swiss) was applied as the counter
electrodes, opposite to the working electrode.
Reference electrode was painted as a ring around
counter electrode on the back side circumference
of YSZ pellets. Pt ink was fired at 850°C for 15 min
and LSM ink was sintered at 1100°C for 2h.

To realize the formation of LNO phase, LNO
powder was synthesized in a separate beaker by
citrate-nitrate combustion technique. Lanthanum
nitrate  (La(NO,),-6H,0) and nickel nitrate
(Ni(NO,),-6H,0) with a molar ratio of La:Ni equal
to 2:1 were dissolved in 10 mL of deionized water.
Then, citric acid (CA) was mixed into the solution
as the ligand with the molar ratio of La:Ni:CA =
2:1:3. The complex solution was heated to 60°C
until a gel was formed and then dried at 100°C
for 20h, followed by combustion at 350°C and
calcination at 900°C for 2h. The phase composition
was characterized by X-ray diffraction (XRD)
(Philips, PW 1730) at room temperature using Cu-
K_ radiation (\=1.5406 A).

Multiple infiltration steps were carried out
by impregnating a single drop of 0.5M complex
solution into the porous LSM electrode with
Pasteur pipettes for four times. The infiltrated cells
were subsequently fired at 900 °C for 2 h to form
the LNO phase over the LSM backbone.

To investigate the electrochemical response
and activation energy of the infiltrated and non-
infiltrated cells, electrochemical impedance
spectroscopy (EIS) was carried out under open
circuit voltage (OCV) at the temperature range of
650-800 °C using a PARSRAT 2273 potentiostat.
Impedance spectra were obtained in the frequency
range of 10 mHz to 100 kHz with signal amplitude
of 10 mV.

Finally, the microstructure of the infiltrated
and non-infiltrated cells was investigated by field
emission scanning electron microscope (TESCAN).

3. Results & Discussion

Fig. 1a displays the XRD pattern of LNO powder
calcinated at 900°C for 2h. Analysis of the XRD
pattern confirms the formation of Ruddlesden-
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Popper single phase (La,NiO,) with a tetragonal
crystal structure (with the reference card No. 01-
080-1910). The XRD pattern in Fig. 1a is comported
with the reference data shown in Fig. 1b. However,
since the synthesis was under oxidative condition,
oxygen non-stoichiometry (La,NiO, ,) is expected
(26, 27). FE-SEM micrograph of the cross-section
of the prepared half cell, as well as the micrographs
of the non-infiltrated and LNO infiltrated LSM
electrodes are depicted in Fig. 2. The thickness of
the electrode layer is measured around 30 pm in
Fig. 2a. The microstructure of the LSM electrode
is characterized by the well interconnected smooth
LSM particles with approximate size of 0.5-1 um

(Fig. 2b). In the case of the infiltrated electrode (Fig.
2¢), LNO nanoparticles with a mean particle size
of 40 nm are observed. LNO nanoparticles are also
well distributed on the surface of LSM electrode
particles. This would promote the formation of
more TPBs for oxygen reduction reactions.

Fig. 3 exhibits the electrochemical impedance
spectroscopy (EIS) curves for non-infiltrated and
LNO infiltrated LSM electrodes at open circuit
voltage (OCV) in the temperature range of 650-
850 °C with the interval of 50 °C. In the impedance
curves, polarization resistances (RP) were obtained
from the differences between the high and low
frequency intercepts on the real axis and the ohmic
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Fig. 1- XRD pattern of a) LNO powder calcined at 900°C for 2h and b) the reference card of La,NiO, phase (01-080-1910).
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Fig. 2- FESEM micrographs of a) cross-section of prepared cell, b) non-infiltrated and c) LNO infiltrated LSM electrodes.
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resistance was obtained from high frequency
intercept of the impedance spectra.

In both LNO infiltrated and non-infiltrated LSM
electrodes, R and R follow a decreasing trend
with increasing temperature. Reduction in R_(for
example: from 26.21 to 2.52 Q.cm?* at 650 °C and from
2.95 to 0.37 Q.cm’ at 800 °C) and R are caused
by thermally activated electronic conduction in
LSM and thermally activated ionic conduction
in YSZ, respectively. However, addition of LNO
nanoparticles, has a great impact on the reduction
of polarization resistance of oxygen reduction/
oxidation reactions. This reduction is occurred due
to the several causes including; (1) provision of
more active surface for oxygen reduction/oxidation

reactions by adding MIEC nano-sized particles (i.e.
introducing two phase boundaries to the system),
(2) increasing TPBs as a result of nanoparticle
insertion, (2) high intrinsic diffusion rate of oxygen
ion and surface exchange coefficient of LNO
which accelerate the kinetic of oxygen reduction/
oxidation reactions.

Detailed study of the impedance spectra of the
non-infiltrated and LNO infiltrated LSM electrodes
by means of equivalent circuit (EC) modeling
revealed biased influence of LNO infiltration on
different steps of the oxygen reduction/oxidation
reaction. In the case of non-infiltrated LSM
electrode (Fig. 4), there are two main arcs at high
and low frequency portions of impedance spectra
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Fig. 4- a) Measured and fitted impedance spectra of LNO infiltrated and non-infiltrated LSM electrode and b) EC modeling of LNO

infiltrated and non-infiltrated LSM electrode.
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which are associated with oxygen reduction/
oxidation reaction on the TPBs (18). Low
frequency arc is related to the oxygen dissociation
(or association) and/or surface diffusion processes
of oxygen spices (1, 28, 29). In the literatures,
different interpretations for the high frequency arc
were declared. Jiang et al. reported that the high
frequency arc is attributed to oxygen ion migration
from the LSM electrode to the YSZ electrolyte (or
vice versa) (28, 30, 31) while Heuveln is considered
that as a subsequent result of charge transferring
mechanism (32, 33). R is ohmic resistance and
apart from the resistance of the wires, it also
displays the resistance between the LSM electrode
and Pt counter electrode, which includes interface
resistance (between electrodes and electrolyte) and
electrolyte resistance (1, 10, 28-33).

Aninductance tail athigh frequencies is observed
in all EIS curves which is originated mainly from
connecting wires and setup system. This inductance
effect is depicted with an inductance (L) in EC
model. Fig. 4b shows the EC modeling of the LSM-
based electrode which is consists of two RQ series
with one R  and L, in which R represents resistance
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Fig. 5- Effect of temperature and LNO impregnation on a) RH
and b) RL of EIS curves of LSM backbone

and Q is phase constant element. The subscript L
and H denotes low frequency and high frequency
elements, respectively. EIS curves that modeled
with this EC by means of Zsimpwin software, are
shown in Fig. 4a. It can be seen that the fitted data
is in good agreement with measured ones. The
extracted data from fitted curves (R _and R,), are
graphed in Fig. 5.

Both high and low frequency arcs are affected
by temperature; however, the change in R, is more
impressive. As temperature rises, R s become
smaller, more considerably compared to R,s. This
shows that oxygen dissociation (or association)
and/or surface diffusion processes have been
improved more significantly compared to charge
transfer and/or oxygen ion migration process, by
infiltration of a MIEC.

Polarization resistance of the electrodes was
extracted from EIS curves and sketched as a
function of reverse temperature (T") in logarithmic
coordinate (Fig. 6). According to the Eq. (1), RP has
an Arrhenius-type dependency to T [28].

R, = Aexp(

ETa) (eq. 1)

R
where, A is an empirical pre-exponential constant,
R is the universal gas constant equal to 8.314 J.mol
LK'. From this formula, activation energy for the
oxygen reduction/oxidation reaction is calculated
equal to 130.38 k].mol " for non-infiltrated LSM and
103.16 kJ.mol* for 2M LNO infiltrated LSM cell.
E, value for non-infiltrated LSM is in accordance
with previous studies (34-37). In general terms, by
incorporation of a catalyst the activation energy
for the desired reaction decreases, as a lower

E,ctivation=130-38 kJ/mol
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Fig. 6- Arrhenius plots of Rp vs 1000/T, for the oxygen reduction
reaction on the non-infiltrated and LNO infiltrated LSM
electrode.
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energy transition state is formed. Since LNO is a
MIEC, its infiltration into the LSM backbone as
an electro-catalyst may provide alternate reaction
pathways with lower activation energies causing a
drop of 21% in the activation energy of the oxygen
reduction reaction.

4. Conclusions

In this study, activation energy for the
oxygen reduction/oxidation reaction as well
as electrochemical behavior of non-infiltrated
and LNO infiltrated LSM oxygen electrode was
investigated at different temperatures under OCV
condition. Results show that presence of LNO
nanoparticles on the LSM surface, effectively
expands the reaction sites from TPBs to the
LSM electrode/LNO nanoparticle interface in
the electrode bulk. Thus, substantially enhanced
the activity of the LSM-based oxygen electrodes.
Therefore, infiltration of LNO into LSM
backbone is a promising approach to achieve
better electrochemical performance even in the
intermediate temperature range of 600-800 °C.
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