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ABSTRACT

This paper is dedicated to the study of the relationship between the Nd;NiO4.s powder micro-structural
properties (especially particle size and crystallinity) and electrochemical properties when the oxide
is used as SOFC cathode deposited on 8YSZ electrolyte coated with thin doped ceria. Nano-structured
particles of Nd,;NiOg4.s with controlled crystallinity, size and morphology have been synthesized using
ultrasonic spray pyrolysis (USP). The series and polarization resistances measured on symmetrical half
cells Nd;NiOy4.5/YDC/8YSZ/YDC/Nd;NiO4.s are both found to be dependent on the cathode microstruc-
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1. Introduction

Among the essential efforts devoted to SOFCs development,
one of the long-established pathways deals with the cathode
material optimization. The challenge is to obtain high activity for
electrochemical oxygen reduction in the 600-700°C temperature
operating range while retaining chemical compatibility with elec-
trolyte materials.

Rare-earth nickelates with the K;NiF4-type structure, namely
Ln;NiO445 (Ln=La, Nd, Pr) appear to be promising materials for
applications such as cathodes for low-temperature solid oxide
fuel cells (LT-SOFCs) and oxygen separation membranes. In the
past fifteen years, several groups have focused their researches
on the development of these oxides [1-6]. The A;MOy.s struc-
ture, which consists of MOg octaedra sheets interleaved by A,0,
layers, shows alternative transport properties in comparison with
those of the isotropic perovskite structure. Indeed, the anisotropy
of anionic conductivity in this two dimensional-type structure was
demonstrated on La;NiOg4.4 single crystals and thin films [7,8], the
diffusion being at least one to two orders of magnitude higher
in the (a, b) plane when compared with the perpendicular direc-
tion. The nickelate structure provides preferential path for oxygen
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ture and present a similar evolution with temperature. The best results are obtained for highly crystalline
cathode powders combined with a small particle size.

which results in high oxygen mobility. Moreover, such oxides are
good electronic conductors thanks to the mixed valency of nickel
(Ni2*/Ni3*). Referred to as mixed ionic and electronic conductors
(MIEC), these materials are highly desirable for improving the
oxygen reduction kinetics. Indeed for high ionic and electrical con-
ductivity the oxygen reduction reaction is likely to be delocalized
over the whole electrode surface.

While current investigations on nickelates mainly focus on
LayNiOg44s [9], Nd2NiO445 was selected in this work because it
shows a large over-stoichiometry in the whole temperature range
0-1000°C [1,2] (for example §=0.17 at 700°C), which should
lead to improved properties. At 700°C, its ionic conductivity is
about 0.01Scm~! and its electronic conductivity is 100Scm~1.
Its thermal expansion coefficient (=12 x 10-6 K-1) makes this
material compatible with usual electrolytes YSZ and doped ceria
[1,2]. The electrocatalytic properties (surface exchange coefficient
k=10-%cms~1 at 800°C) and oxygen transport properties (oxygen
diffusion coefficient D*=10-7 cm? s~! at 800°C) of Nd;NiO4,s sur-
pass the best values obtained for references perovskite materials
by about one order of magnitude, especially at moderate temper-
atures [1,2]. Moreover, the activation energy value for the oxygen
diffusion (0.85 eV) is lower than in YSZ or perovskite materials such
as LSF[10].

Electrochemical properties of nickelate materials have been pre-
viously reported, Nd;NiOy4.s exhibits low ASR values (less than
0.5 cm? at 700°C), high current density (at 0.70V, 0.54Acm2
at 700°C) combined with a low reactivity with YSZ [11-14]. Here,
the authors have explored an original route, namely ultrasonic



spray pyrolysis (USP), to synthesize nanostructured cathode pow-
ders which could lead to improved electrochemical properties. USP
is a technique relying on the ultrasonic atomization of a precur-
sor solution to generate an aerosol subsequently pyrolyzed in a
very short time. The main advantage of this technique is conferred
by the droplets of the aerosol acting as individual micro-reactors,
leading to micron and submicron powders. This method allows
the synthesis of complex oxides submicron powders with very
short reaction times: 1-10s; the oxides produced are composed of
nanocrystalline particles, generally eliminating the need for post-
treatments.

This paper is dedicated to the study of the electrochemical prop-
erties of Nd;NiO4.5 powders prepared by USP, when the oxide is
used as cathode, deposited on 8YSZ electrolyte coated with thin
doped ceria. The addition of such thin ionic conducting interface
between 8YSZ and the cathode layer, also acting as a buffer layer,
was shown to improve the electrochemical properties, especially
in the case of nickelate materials [6].

2. Experimental

Neodymium oxide (Nd,03, 99.9%, Alfa Aesar) and nickel nitrate
hexahydrate (Ni(NO3),-6H,0, Sigma-Aldrich) were used as start-
ing powders. Neodymium oxide was first dissolved into a slight
excess of nitric acid (HNO3, 68wt% in water, Prolabo). The
neodymium nitrate solution obtained was diluted in distilled water
to reach the desired concentration. Nickel nitrate was easily dis-
solved into distilled water, then both nitrates solutions were mixed
togetherin astoichiometricamount (Nd:Ni=2:1)and the precursor
solution was finally introduced into the high-frequency ultrasonic
mist generator at room temperature. In order to vary the atom-
ization frequency, two different piezoelectric ceramic transducers
have been used, characterized by 2.5 and 1.7 MHz frequencies. A
synthetic air (80% N;, 20% O,) flow rate of 6 Lmin~! was selected to
carry the formed aerosol through the 3-zones high temperature fur-
nace. Temperature in the last two zones was fixed at 700 °C, 900°C
or 1100°C (the first zone always being set 50 °C lower to avoid too
fast evaporation of the solvent and heterogeneous precipitation of
the solute). Dry powders are recovered outside the furnace using
an electrostatic filter. Further details on the experimental setup can
be found in previous publications [15,16].

Cathode inks have been prepared mixing USP Nd;NiOy.s
powders (70 wt%) with a terpineol-based dispersant medium, a
commercial solvent (also containing terpineol) from Dupont and
a home-made organic binder using a Dispermat milling system.
Yttria-doped ceria (YDC CeggY02019) inks were prepared simi-
larly from commercial powder from Praxair. YDC buffer layers were
screen-printed on both sides of 8YSZ electrolytes and annealed in
air at 1400°C for 1 h, resulting in 2-3 pwm thick porous layers. Cath-
ode layers (20-25 pm thick) were subsequently screen-printed on
both sides of YDC-coated 8YSZ and annealed at 1100 °C for 3 h.

Each cell consists of a 100wm thick dense 8YSZ
((Zr02)0.92(Y203)0,08) electrolyte coated on both sides with a
2-3 wm thick YDC buffer layer and a 20-25 pm thick Nd;NiOg.4
cathode layer. The only difference between each cell is the
cathode microstructure and crystallinity, every other parameter
(electrolyte, YDC interlayer, ink composition, screen printing
parameters, annealing steps) being identical. Comparisons have
been performed using commercial Nd;NiO4.5 powders deposited
using the same procedure. For relevant comparisons all samples
have been processed in conditions optimized for the reference
commercial powder.

These symmetrical cells have been characterized by impedance
spectroscopy measurements (Autolab PGSTAT 302N coupled with
a frequency response analyzer) at open circuit potential in the

frequency range 105-10-2Hz (10 points per decade) under air
between 500°C and 800 °C. The magnitude of the measuring sinu-
soidal voltage was chosen equal to 50 mV to ensure the linearity
of the electrical response. Platinum grids (mesh 225) mechani-
cally pressed against both electrodes were used as electrical current
collectors. Platinum wires were used to connect electrodes to the
external electrical circuit.

The particles morphology and cathode layer microstructure
were studied using high resolution scanning electron microscopy
(HR-SEM, JEOL 6700) under 5.0kV accelerated voltage and trans-
mission electron microscopy (TEM JEOL 2000). The particle size was
evaluated from the SEM micrographs by counting over 500 par-
ticles using Image Tool software; the main particle size reported
here corresponds to dy s (50% of the particles are below this size).
Dilatometric analyses were performed with the help of a Netzsch
STA 409 C/CD apparatus under an air flow of 100 mLmin~! (heating
rate 2 Kmin~! from room temperature up to 1000 K). X-ray powder
diffraction (XRD) characterization was performed on a PANalytical
X‘Pert MPD diffractometer in -6 configuration with a Cu K« radia-
tion (A =1.5418) over the 20 range 5-80° ina 0.036° s—! continuous
scan mode at room temperature.

3. Results and discussion
3.1. Control of crystallinity, particle size and morphology

Before addressing the electrochemical properties of USP
Nd;NiOg4.g cathodes, we will first summarize the results previously
reported concerning the high control offered by USP over nickelate
powder properties; for additional details one can refer to [16]. Con-
trol of the primary particle diameter using the process parameters
is one of the most important advantages of this synthesis method
since it allows fine control of the particle size and crystallinity.
Indeed, the reactions responsible for product formation are con-
fined within the individual micrometer-sized droplets which act as
individual chemical reactors. The four main operating parameters
controlling properties of the final powders are the concentration
of the precursor solution, the atomization frequency, the furnace
temperature and the carrier gas flow rate. Simply changing one of
these four parameters will change the size of the particle, and con-
sequently the primary particle diameter and morphology, as well
as its crystallinity [16,17].

Adjusting the precursor solution concentration as well as the
atomization frequency allows fine tuning of the particle size.
Table 1 presents the experimental parameters for USP synthesis and
the corresponding main particle size for each sample. Theoretically,
the particle size varies linearly with the droplet size (influenced by
atomization frequency) and with the precursor concentration to
the power 1/3 as confirmed with our experiments. Fig. 1 provides
some examples of morphologies of Nd;NiOy4.s USP powders. Com-
parison between samples 1 (Fig. 1a) and 3 (Fig. 1b) clearly shows
the influence of the precursor concentration over particle size;
decreasing the concentration from 5 x 1072 M to 5 x 10~3 M leads
to a reduction in main particle size from 542 nm to 190 nm. Atom-
ization frequency does not only control the particle size but also
the particle size distribution (PSD). High atomization frequency
(2.5MHz instead of 1.7 MHz) generates smaller aerosol droplets,
reducing the probability of collisions between droplets responsible
for the broad particle size distribution usually observed using spray
pyrolysis.

The powder morphology varies in regard to the precursor
concentration and pyrolysis temperature. Smooth and spherical
nanoparticles are synthesized at lower concentrations (Fig. 1b)
while rougher particles with more irregular shapes are obtained at
higher concentrations (Fig. 1a and c). Surface precipitation becomes



Table 1

Experimental parameters for the synthesis of USP Nd;NiOy4.s powders and R, values at 600 °C for the corresponding Nd;NiOy4.5/YDC/8YSZ half cells.

Experimental parameters for USP Nd,NiO,4.s powder synthesis

Main particle size (nm) R, 600°C (2cm?)

Pyrolysis temperature Precursor concentration

Atomization frequency

(°Q) (x103 molL-1) (MHz)

Nd;NiO,.s/YDC/8YSZ cells

1 700 50 1.7 542 8.65
1 annealed 900°C1h 700 - - (Sintered grains) 4.08
2 700 50 2.5 463 427
3 700 5 1.7 190 4.53
4 900 50 1.7 521 2.59
5 1100 50 2.5 423 1.80
6 1100 50 1.7 474 1.91

significant for large droplet sizes combined with fast evaporation
[20] (i.e. for high precursor concentration combined with high
pyrolysis temperature) leading to the emergence of open porosity
for the larger particles (Fig. 1c).

Finally, powder crystallinity depends on the pyrolysis tempera-
ture: amorphous powders are obtained for a moderate temperature
(i.e. 700 °C) whereas highly crystalline powders are formed at high
pyrolysis temperature (i.e. 1100°C). XRD pattern representative
of Nd;NiOg4.5 powders synthesized at 1100 °C is shown in Fig. 1d.
Because the amorphous powders exhibit high reactivity (calcina-
tion of 1h at 900°C under air is sufficient to induce Nd;NiOg.s
crystallization), the Nd;NiOy4.5 cathode layer deposited from USP
powders is always well crystallized after a short annealing step. It
is remarkable to synthesize highly crystalline Nd;NiO4.s powders
(average crystallite size = 35 + 3 nm) with such short reaction times
(8s) while low temperature syntheses [11,13,14,18,19] and solid
state reaction [2,13] systematically require a subsequent annealing
step (8-12h) over 1000°C.

3.2. Electrode microstructure
The electrode microstructure has been investigated by SEM.

Good adhesion has been observed between the cathode layer and
the YDC interlayer (Fig. 2a). Although low particle size can enhance

cracking problems [6], it is worth mentioning that this issue has not
been observed with USP powders exhibiting particle size as low as
190 nm. Comparison between Fig. 2b and c proves more advanced
sintering for the cathode made from Nd;NiO4.5 USP powder than
for the cathode made from a commercial powder with dg 5 equal to
about 800 nm.

Enhanced sintering of the powders synthesized by USP is also
demonstrated by dilatometry measurements shown in Fig. 3. For
instance, the sintering of powder 6 begins approximately at a
temperature 100°C lower than for the reference powder. Further-
more, powder densification is much higher for the USP powder
(dL/L=236 x 103 instead of 124 x 10~3 at 1300°C). The signal
derivative also shows multiple sintering steps that could be due
to the particle size dispersion, the smaller particles being sin-
tered at lower temperatures than the larger ones. Here particle
size distribution and morphology clearly have a role. A narrower
particle size distribution (PSD) (enabled by higher atomization fre-
quency) eliminates the scarce larger particles, which leads to much
higher sinterability. Powders synthesized with high concentra-
tions and high temperature already underwent plastic deformation
and shrinkage during the pyrolysis process which should also be
beneficial to the sintering activity. One major benefit of using
Nd;NiO4.5 powders produced by USP comes from their high
reactivity (illustrated by the fast crystallization of Nd;NiO4.s at

Intensity (a. u.)

20(°)

Fig. 1. SEM micrographs showing the different particle sizes and morphologies of Nd,NiO4.s powders synthesized by ultrasonic spray pyrolysis: (a) powder 1 (T=700°C,
C=5x10"2M, f=1.7MHz), (b) powder 3 (T=700°C, C=5 x 1073 M, f=1.7 MHz) and (c) powder 6 (T=1100°C, C=5 x 1072 M, f=1.7 MHz), (d) X-ray diffraction pattern of

powder 6.



Fig. 2. SEM micrographs of (a) cell 5, (b) cathode layer of cell 5 and (c¢) cathode layer of reference cell.

moderate temperatures when starting from amorphous powders)
inducing high sintering activity. Consequently, this technique offers
finer control of the cathode microstructure which could be associ-
ated with a reduction in temperature during the annealing step
of the cathode layer in an effort to minimize the chemical dif-
fusion at the cathode/buffer layer and buffer layer/electrolyte
interfaces.

3.3. Electrochemical performances

The influence of the electrode microstructure on the corre-
sponding electrochemical properties of Nd;NiOy4.s cathode layers
deposited by screen printing has been carefully studied. The elec-
trochemical performances of symmetrical cells made with different
USP Nd;NiOy4.5 powders have been compared with those of a refer-
ence cell made with Nd;NiOy4,s commercial powder [21]. Therefore
the differences observed are discussed in regard to the initial intrin-
sic properties of the cathode powder (mainly crystallinity and
particle size) and the differences in electrode microstructure which
can be induced during thermal annealing. Here it is worth noting
that the parameters adopted for the cathode layer deposition and
subsequent annealing step for all samples in this study have been
determined after a lengthy optimization process concerning the
reference powder [13]. In order to attribute differences in elec-
trochemical properties solely to the cathode powder used, USP
samples have been processed in the same exact conditions.

A typical impedance spectrum obtained is shown in Fig. 4. The
experimental diagrams were decomposed by means of a nonlinear
least square fit using the Zview2® software (Scribner Associates),
into two or three elementary contributions (parallel combinations
of resistance and constant phase element connected in series),
depending on the measuring temperature; the corresponding
equivalent circuit is shown in Fig. 4. Hereafter the discussion will
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Fig. 3. Dilatometry curves (solid lines) and signal derivative (dotted lines) for USP
Nd;NiOy4.5 powder 6 (green curves) and reference Nd;NiO4.s powder (red curves).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

be focused on the results related to the series resistance Ry and
the polarization resistance Ry. For the sake of comparison, both
resistances were normalized by the electrode area. The series
resistance was determined by the intercept of the high frequency
part of the electrode characteristic on the real axis in the Nyquist
plane. The polarization resistance was deduced from the difference
between the low frequency real part of the electrode impedance
and the series resistance, divided by 2 since symmetrical cells
were characterized. Table 1 summarizes the main experimental
parameters used for synthesizing the different USP powders used
as cathodes layers along with the particle size and R, values at
600 °C for the corresponding cells. Fig. 5 presents R, values plotted
versus 1000/T. Average activation energy is 1.164+0.04 eV which
is comparable to the one of the reference cell (1.13eV).

From the results of Fig. 5, the first peculiar feature is that
cathodes made from highly crystalline powders (cells 5 and 6,
pyrolysis temperature of 1100 °C) exhibit the lowest polarization
resistances, which are closed to values recorded for the reference
cell within the experimental accuracy. In situ crystallization of
the cathode material on top of the YDC interlayer (starting from
amorphous powders as for cells 1-3 with a pyrolysis temperature
of 700°C) leads to poorer results. This is likely to originate from
small amounts of impurities (1.0 wt% nitrogen and 0.6 wt% hydro-
gen as measured by Inductive-Coupled Plasma and CHNS analyzer
combined with thermogravimetric analyses [16]) which hinder sin-
tering of amorphous powders and yield lower intimate contacts
with YDC. Preliminary heat treatment (900°C, 1h under air) of
the amorphous cathode powders to induce Nd;NiOg4.s crystalliza-
tion before their screen-printing deposition results in decreased
polarizationresistance by a factor of 2, which underlines the impor-
tance of the initial powder crystallinity. Intermediate R, values
recorded for cell 4 (pyrolysis temperature of 900°C) also support
this assumption.
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Fig.4. Typical experimental impedance diagram for Nd;NiO,.s/YDC/YSZ cells (mea-
surement at 600 °C for cell 6). The corresponding equivalent circuit used for fitting
is also displayed, the fitting curve is overlaid on the data points and signal frequency
is indicated.
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Fig. 5. Arrhenius plot of polarization resistance (Rp) for Nd;NiOy4.s/YDC/YSZ cells with different Nd;NiO4.s cathode layers. Experimental parameters for USP Nd;NiOy.
powders used in cells 1-6 are indicated (pyrolysis temperature, precursor concentration and atomization frequency, respectively).

The second feature to underline is that smaller particle size
and narrower PSD (for instance, by increasing the atomization
frequency) are beneficial for the electrochemical properties of cath-
ode, particularly for the ones made from amorphous powders
since the rare very large micron-sized particles are mostly respon-
sible for the organic impurity release during the sintering step.
Indeed impedance spectroscopy measurement for cells 1 and 3
show that lower particle size (542nm and 190 nm respectively,
with precursor concentration divided by 10) leads to a signifi-
cant decrease of R, (8.65 €2cm? and 4.53 €2 cm? respectively). The
change induced by a narrower PSD for highly crystalline powders
is less noticeable since the microstructure is still more regu-
lar. The closed polarization resistances of cells 5 and 6 (particle
size lower than 500nm) and the reference one (particle size of

800 nm) could be regarded as conflicting. But, the sintering activ-
ity of USP Nd;NiOy,s is higher (Fig. 3) and a lower mean porosity
after sintering can thus impede the access of the gas phase to
the reaction sites. At this stage, it is worth noting that, with-
out any optimization of the processing parameters, the R, values
reported here are already remarkably low, i.e. less than 0.3 2 cm? at
700 °C which compares favorably with the 0.5 & cm? value cited in
introduction.

Similar trends can be extracted from the variation of the series
resistance as a function of the powder crystallinity of the cathode
layer (Fig. 6). The higher is the crystallinity, the lower the series
resistance. This confirms that an enhanced sintering of Nd;NiOg.s
yields better contacts with the YDC interlayer. Moreover, for a
given crystallinity, the influence of the particle size on the series
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Fig. 6. Arrhenius plot of series resistance (Rs) for Nd;NiOy4.5/YDC/YSZ cells with different Nd;NiOg4.5 cathode layers.



resistance is far less pronounced than for the polarization resis-
tances. This indicates that the respective volumes related to each
resistive contribution are different, as could be expected for a MIEC
electrode. It is worth noting that the experimental values of Rs are
higher than those which can be calculated from the conductivities
of YSZ [22] and YDC [23] and the related volumes. This suggests
that the series resistance includes the contribution of constriction
of current lines related to an insufficient current collection which
can strongly alter the performance of a SOFC cathode [24,25].
Indeed, the sheet resistance arising from the electron transport
within the cathode layer is expected to be negligible since the
electronic conductivity of Nd;NiOy,4 is higher than 10Scm~! [2].
In this study, one cannot distinguish the relative contributions of
the Nd;NiOg4.5/YDC and Nd;NiOy,s/current collector interfaces to
the current constriction effect.

4. Conclusions

This study is the first assessment of the suitability of the USP
technique, offering great opportunities to tune the powder proper-
ties in particular powder crystallinity and particle size, for an SOFC
application. The aim of this paper was to show the relationships
between the cathode powder properties and the cathode resistance
to identify experimental parameters leading to best results in terms
of electrochemical performance. Electrochemical impedance spec-
troscopy measurements show that the series resistance Rs and the
polarization resistance R, are both dependent on the microstruc-
ture of the electrode and exhibit the same variation trends. The best
results (R, values below 0.5 €2 cm? at 700°C and 2 €2 cm? at 600 °C)
are obtained from highly crystalline USP powders with low par-
ticle size (about 400 nm). Finally, highly reactive powders exhibit
a significantly improved sintering activity which leads to a differ-
ent electrode microstructure than the reference cell, show a good
adhesion of the cathode layer and contribute to the lowering of
the cathode resistance. While this study demonstrates the poten-
tial of USP Nd;NiOg4.5 powders, electrochemical performances of
USP powders could be again enhanced after an optimization of the
processing parameters (especially the sintering step owing to their
reactivity much higher than the one of the reference powder). Fol-
lowing these results which demonstrated the interested of spray
pyrolysis synthesis for SOFCs materials, another project currently
under way focuses on the USP synthesis of Pr,NiO4.s powders

which have shown highly promising electrochemical performances
at 600°C [6].
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