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Abstract La,Mo, - W, Og (x=0, 0.5, 1.0, and 1.3) nano-
crystalline powders were synthesized by spray pyrolysis
(SP) assisted by an ultrasonic atomizer. Microstructure,
sinterability and thermal stability of the prepared powders
were investigated. Spherical particles of 430 to 530 nm in
diameter and crystallite sizes in the 3044 nm range were
obtained. Additionally, the fine microstructure has allowed
the reduction of sintering temperatures with respect to that
usually reported for a solid-state reaction (SSR) method.
Pellets with a variety of average grain sizes and morphol-
ogies were obtained by applying different sintering pro-
grams starting from La,Mo, - ,W,09 powders (x=0 and
1.3) obtained by SP and SSR processes. The electrical
properties of these ionic conductors were analyzed by Elec-
trochemical Impedance Spectroscopy (EIS) and correlated
with microstructural observations. No significant variation
of the electrical properties of these ionic conductors was
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found as compared to conventional ceramics with remark-
able microstructural differences.

Keywords SOFC - LAMOX - Spray pyrolysis - Spark
plasma sintering

Introduction

Solid oxide fuel cells (SOFCs) can convert chemical energy
from hydrogen and oxygen into electrical energy in an
environment-friendly manner for a wide power range. Never-
theless, the practical application of these devices is hindered
by the high operation temperature (up to 800 °C) required to
allow the conduction of oxygen ions through conventional
electrolytes (i.e., yttria-stabilized zirconia (YSZ)) [1].

The use of new electrolyte materials with high ionic con-
ductivity would reduce the cell operation temperature [1, 2].
La,Mo,09 undergoes a reversible transition from monoclinic
« to cubic 3 structure at ~580 °C, leading to an increase of the
ionic conductivity up to two orders of magnitude and reaching
values higher than those corresponding to YSZ [3]. However,
a limitation for considering La,Mo0,0y as an electrolyte ma-
terial for SOFCs is its stability in reducing atmospheres [4]. In
this respect, the substitution of Mo by W (i.e., La,Mo, —
«W.Oo) has been reported to improve the stability against
reduction of this kind of materials with a slight decrease of
ionic conductivity [5]. Another effect of W doping is the
suppression of the o« [3 transition, retaining the high temper-
ature 3-cubic phase [3, 6].

On the other hand, several authors reported an ionic con-
ductivity enhancement when decreasing crystallite size to the
nano- or sub-micrometer range [7—10]. In particular, it is very
difficult to prepare nanostructured materials in a dense form as
it is required by SOFC electrolytes. Accordingly, most of the
studies reported in the literature regarding La,Mo, — ,W,Oq
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focus on crystal structure, thermal stability, and electrical prop-
erties of dense ceramics with micrometer-sized grains [5, 6,
11-13]. Nevertheless, some authors have demonstrated that
some sintering methods such as fast firing (i.e., thermal treat-
ment at high temperature for a short period of time) [14], spark
plasma sintering (SPS) [15], or Chen-type sintering [8] are
adequate to obtain dense nanostructured materials. For that
reason, the comprehensive microstructure, thermal stability,
and sinterability characterization of starting powders are impor-
tant in order to select the optimal synthesis and sintering pa-
rameters for the elaboration of dense nanostructured ceramics.

The routes reported in the literature to obtain nanocrys-
talline La,Mo,09-based oxide powders include the citrate
method [15], freeze-drying method [16], and Pechini-
derived methods [8, 17]. These procedures usually involve
several steps which take several hours or even days to
achieve the complete phase formation. In contrast, spray
pyrolysis (SP) technique is low-cost and suitable for
obtaining homogeneous spherical nanoscaled particles with
good purity within short reaction times of pyrolysis, typi-
cally less than 10 s and with a precise reproducibility. For
instance, Georges et al. have reported the synthesis and
characterization of nanocrystalline pure La,M0,0q powders
by SP [14].

In this process, the dissolved precursor salts were ultra-
sonically aerosolized, and then, as evaporation of water
solvent proceeded, solute precipitation occurred within
droplets when the critical supersaturation solute concentra-
tion was achieved. This was followed by drying,
thermolysis of the precipitates, and eventually sintering at
high temperatures to form amorphous or polycrystalline
spherical ultrafine alumina particles.

The present work deals with the synthesis of La,Mo, —
W, 09 (x=0, 0.5, 1.0, and 1.3) powders with controlled
microstructure by SP. Nano/microstructure, sinterability,
and thermal stability of the obtained powders are investigat-
ed and compared with those data from the literature.

The electrical properties of La,Mo0,09 and La,Mog 7
W30 electrolytes sintered by SPS and conventional
sintering for different periods and temperatures starting from
SP and solid-state reaction (SSR) powders have been stud-
ied by electrochemical impedance spectroscopy (EIS) and
compared. Structural and morphological properties of the
pellets were analyzed.

Experimental part

Stoichiometric amounts of La(NO3)s-6 H,O (99.9 %, Alfa
Aesar), (NH4)¢M070,4°4 HyO (>99 %, Sigma-Aldrich), and
(NH4)6W 2039y H,O (Sigma-Aldrich) were separately
dissolved in distilled water. Cation concentrations were
fixed to [La*"]=[Mo®"]+[W®1=0.025 M. Some droplets
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of HNO3 were added to (NH4)sM0,0,4 and (NH4)sW 1,039
solutions in order to set the pH to that of the La(NOj3),
solution. Afterwards, these three solutions were mixed,
and an appropriated amount of hydrogen peroxide was
added to stabilize the final solution.

The obtained La,Mo, - \W,0O9 (x=0, 0.5, 1.0, and 1.3)
solutions were atomized separately at 1.7 MHz using a high-
frequency ultrasonic generator with three ceramic transducers.
The produced aerosol was carried using an 80 % N, and 20 %
0, gas mixture with a flow rate of 6 L min~' through a three-
zone tubular furnace (Carbolite TZF, 60 mm in diameter and
1,090 mm in heated length) heated at 600 °C. Then, the
powders were collected in an electrostatic receptor at 10 kV
located at the furnace exit. Spray pyrolysis experimental setup
was detailed elsewhere [14].

A second batch of La,Mo, - W09 powders was pre-
pared by conventional SSR using stoichiometric amounts of
decarbonated La,03 (>99.5 %, Merck), MoOs, and WO,
(99.8 %, Alfa Aesar) ground in ethanol. After evaporation,
the mixture was annealed once at 500 °C and twice at
1,000 °C for 24 h each, with heating and cooling rates of
5°C min" in air. Intermediate grindings were performed in
order to reach a full solid-state reaction.

The morphology of La,Mo, - ,\W,0O9 powders and dense
ceramics was observed by high-resolution scanning electron
microscopy (SEM, ZEISS Ultra 55). Statistical analysis was
made measuring individual particle diameter from SEM
images with an uncertainty of +40 nm.

X-ray diffraction data were collected at room temperature
using the PANalytical Bragg—Brentano X'Pert PRO MPD
diffractometer equipped with the X'Celerator detector, using
Cu Ko radiation in the 10°<20<90° range with a two-theta
step of 0.017° and 150 s counting time. The analysis of X-
ray diffraction (XRD) patterns was performed using the Le
Bail (or whole-pattern decomposition) refinement [18] with
constant scale factors as implemented in the FullProf pack-
age [19, 20]. La,Mo, - , WOy patterns were indexed in P2,
space group for x=0 and P2;3 for x=0.5, 1, and 1.3. The
initial cell parameters were taken from Goutenoire et al. [21]
(for x=0) and Corbel et al. [11] (for x=0.5, 1, and 1.3).
Microstructural effects (average crystallite size and strain)
were analyzed using an isotropic size and strain broadening
model as implemented in the FullProf package [20]. More
details regarding the procedure and algorithms used for this
analysis were reported elsewhere [14].

Thermal stability and decomposition of La,Mo, - \W,Oq
powders were studied in air by differential thermal analysis
(DTA) and thermogravimetric analysis (TGA) using the
Netzsch STA 409 PC/PG thermobalance, with heating and
cooling rates of 10 K min~" in the 20—1,000 °C temperature
range, with Al,O3 as thermal reference.

Thermal shrinkage of La,Mo, - W, Oy pellets was mon-
itored by dilatometric analysis using the Netzsch 402-C
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dilatometer in air with heating and cooling rates of
5 K min"". In order to perform this experiment, the as-
prepared powders were uniaxially pressed to form cylindri-
cal pellets, and afterward, a pressure of 2,500 bar was
isostatically applied to relax residual tensions.

Dense ceramic samples were prepared starting from
both SP and SSR La,Mo, - W09 powders with x=
0 and 1.3. A decrease of particles sizes was achieved by
ball milling for four periods of 15 min with intervals of
15 min for cooling. Cylindrical green pellets were
shaped by pressing La,Mo, - ,W.,0¢ powders first
uniaxially under 100 MPa and then isostatically under
250 MPa. Different sintering techniques were applied
onto five prepared pellets as in conditions previously
determined by dilatometry. Solid-state reaction pellets
with x=0 and 1.3 (labeled SSR0O0 and SSR13, respec-
tively) were sintered at high temperatures (1,070 and
1,300 °C, respectively) for 2 h. SP ceramics (SP00
and SP13) were sintered for shorter times (10 and
1 min, respectively) at 970 and 1,090 °C, respectively.
A second SP pellet with x=0 (SPS00) was pre-annealed
at 700 °C for 2 h in air and then sintered by SPS in the
SPS apparatus type HP D 25/1 (FCT Gmbh, Germany).
The SP La,Mo,09¢ powder was placed in a graphite die
(020 mm), and the electric current of ~1,000 A was
applied through the graphite die. The applied pressure
was 75 MPa. The heating rate was set to 100 K min '
up to 700 °C for a dwelling time of 2 min, in order to
avoid any decomposition of the pellet. Then, the
cooling rate was set to 100 K min~' down to 600 °C
and then naturally cooled down to room temperature.
An attempt of SPS sintering was also made on the SP
La,Mog 7, W, 309 pellet (SPS13); unfortunately, the
sintered pellet was broken after the process and could
not be characterized. In order to characterize the micro-
structure of sintered SSR00, SP00, SPS00, SSR13, and
SP13 ceramics by SEM, the pellets were fractured,
polished, and thermally etched at 50 °C below their
respective sintering temperature for 30 min.

La,Mo, - ,W,09 ceramics, with different microstruc-
tures, were analyzed by EIS using the Hewlett-Packard
4192A LF frequency response analyzer. Platinum elec-
trodes were deposited by sputtering onto both flat faces
of SP00, SP13, SSR00, and SSR13 pellets. EIS spectra
were collected in air between 295 and 700 °C within a
frequency range from 13 MHz to 5 Hz and voltage
amplitude of 50 mV. A thermal stabilization time of at
least 30 min was applied between each measurement.

The spectra were fitted using resistance in parallel with a
constant phase element (R||CPE) circuits for modeling of
high- and intermediate-frequency semicircles assigned to
the electrolyte responses (bulk and grain boundary contri-
butions of the electrolyte response). The low-frequency

range of the spectra, due to the Pt electrodes reaction, was
modeled arbitrarily with the Warburg element, in order to
account for the whole electrochemical cell and to avoid
errors due to partial convolution of electrical and electro-
chemical domains of the spectra.

Results
Morphology of SP La,Mo, — ,W, 09 powders

SEM micrographs of the SP powders with different tungsten
contents are presented on the left part of Fig. 1. Statistical
analysis of particle size made on these micrographs is shown
in the graphs on the right-hand side of Fig. 1. In addition,
volumetric distribution (presented in the graph inset) was cal-
culated, assuming perfect and dense spheres. The number of
measured particles, arithmetic average, standard deviation, and
mode resulting from this analysis are summarized in Table 1.

As observed on the SEM micrographs (Fig. 1), the
four as-prepared powders present spherical solid parti-
cles as observed usually for SP [14, 22]. Indeed, the
reactions responsible for product formation are confined
within the individual micrometer-sized spherical droplets
which act as individual chemical reactors. Particles are
rough and polyhedral with irregular shapes and some
degree of superficial porosity, especially when tungsten
content is increased. These hollow particles probably
originated from high internal stresses during particles
formation and rapid evaporation of solvent from the
surface, leading to the formation of twisted particles.
Indeed, the faster evaporation rate as compared to solute
diffusion results in a decreasing concentration gradient
from the surface towards the center of the droplet,
yielding precipitation at the surface rather than in the
entire volume [23]. Surface precipitation is particularly
significant for large droplet sizes, leading to the forma-
tion of a shell on the droplet surface, trapping a certain
amount of solution inside the droplet eventually turning
into void as the temperature increases which causes
greater plastic deformation and shrinkage in the latter
stages. No relation between average diameter size and
tungsten content can be established since the differences
observed for tungsten-doped samples are in the uncer-
tainty range. Nevertheless, it can be seen that samples
with higher tungsten content present a more homoge-
neous particle size distribution. The volumetric distribu-
tion of samples with low tungsten content is dominated
by large spheres; for example, particles larger than
1.5 pm represent more than 80 % of the whole volume
for x=0 and 89 % for x=0.5. This effect is decreased
with further tungsten substitution, since particles larger
than 1.5 pum represent only 36 and 23 % of the whole
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Fig. 1 SEM images (/eff) and particle size and volumetric distribution (right) from La,Mo, - ,W, 09 powders with a x=0, b x=0.5, cx=1,and d x=1.3

volume for x=1 and 1.3, respectively. This tendency is
in agreement with the more homogeneous particle size
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distribution exhibited when tungsten content is
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Table 1 Results from statistical

analysis of La,Mo, _ ;W,Og X Number of measured particles ~ Arithmetic average (nm)  Standard deviation (nm) Mode (nm)
particles

0 509 532 391 375

0.5 682 467 304 489

1 735 430 244 468

1.3 609 455 250 458

Structural characterization of SP powders

Figure 2 displays the results obtained from La,Mo, - \W,Oq
powder XRD data refinement. Experimental and calculated
patterns, the difference between them, and the Bragg positions
are shown in this figure. Table 2 summarizes the results
obtained from the microstructural analysis. The cell parame-
ters are in agreement with previous reports [4]. Pure
La;Mo0,04 sample presents a mean crystallite size larger than
those corresponding to tungsten-doped samples. Neverthe-
less, it is worth to note that at least part of this difference
could be produced by substantial overlap and subsequent
difficulty in deconvoluting properly individual reflections in
the case of La,Mo0,09 phase. This phase crystallizes at room
temperature as a monoclinic symmetry which represents a
slight distortion from the cubic La,Mo, - ,W,O9 phase with
large 2x3 x4 superstructure. For that reason, monoclinic
La;Mo,0y diffractogram presents reflection splitting as com-
pared to cubic La,Mo, - W,y diffractograms, with a lot of
low-intensity additional peaks (not considered in the calculat-
ed profile). In addition, line profile broadening due to size
effects causes a strong overlap between neighboring reflec-
tions in monoclinic La;Mo0,0sq.

Differential thermal and thermogravimetric analyses on SP
powders

The thermal behavior of La,Mo, - W0y samples under
heating is displayed in DTA and TGA curves of Fig. 3. Mass
losses between 0.8 and 1.8 % were observed in all cases.
This behavior can be related to sample dehydration and to
decomposition of organic precursors [24, 25] which were
not decomposed during pyrolysis process. It is worth to note
that these residual compounds could not be detected by
XRD because of their small quantity and amorphous state.
DTA curves show an endothermic peak at 564 °C for
La;Mo0,09 and at a temperature between 540 and 545 °C
for x=0.5, 1, and 1.3. This peak can be associated to the o/f3
transition [3] in the case of pure La,Mo0,0y. However, no
o/ transition is expected for La,Mo, - W, Oy samples
according to previous research works [3, 6]. Two consecu-
tive heating and cooling cycles were recorded for an as-
prepared La,Mo; s W 509 sample (see Fig. 4) with the aim
of determining if this peak is correlated to the decomposi-
tion of residual phases. TGA/DTA curves corresponding to

the first cycle are similar than those displayed in Fig. 3,
although the mass loss is about one half, which is probably
due to a different hydration degree. The TGA curve from the
second cycle does not show any significant mass loss,
indicating no presence of residual organic precursors after
first heating cycle. Therefore, the endothermic peak ob-
served at 557 °C in the second DTA curve (see Fig. 4(b))
should be related to some phase transition occurring in the
La,Mo, - ,W,0y oxide. Similar endothermic peaks within
the 450-700 °C temperature range were reported for
La,Mo,0y-based oxides doped with Bi**, Ca®", Nd**, Pr**
in the La®" site, and V> in the Mo®" site [26-31]. In some
cases, these peaks were attributed to the transformation from
a metastable 3., phase to the high-temperature (3 phase
involving a transition from static to dynamic oxygen disor-
der [26-28]. In other cases, these peaks were related to the
coexistence of the 3 phase with small quantities of « phase
at room temperature and the system relaxation upon heating,
leading to a topological metastability with successive 3/x/f3
transitions [29-31]. In addition, it was demonstrated that the
o/ equilibrium can be modified by the thermal history, the
external stress, the internal strain, and the composition of the
sample [26-31]. These phenomena could explain our re-
sults, although further investigations must be done in order
to clarify this issue.

Dilatometry

Figure 5 shows the shrinkage curves obtained from
La,Mo, - ,W,0q green pellets in static air. The tem-
perature at which shrinkage starts, maximum shrinkage
rate is achieved, and shrinkage is completed depends
on tungsten content, yielding higher temperatures for
higher tungsten content. Shrinkage starts between
~615 °C (for x=0) and ~810 °C (for x=1.3), the max-
imum shrinkage rate is achieved between ~770 °C (for
pure La,Mo0,09) and ~895 °C (for La,Mog ;Wi 309),
and shrinkage is completed between ~1,000 °C (x=0)
and ~1,130 °C (x=1.3).

Morphology of La,Mo, - ,W,09 dense ceramics
SEM micrographs (left) and grain size and volumetric

distributions (right) of polished and thermally etched
ceramic surfaces are presented in Fig. 6. Figure 6a
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shows SSRO0 pellet with average grain size of 17 pm
with some visible pores. SPO0 pellet (Fig. 6b) presents
slightly smaller grains with an average value of 8 um
and lower porosity as compared to SSR00. In spite of
the short sintering time (10 min), the SPO0 grain growth
is considerable, starting from SP powders with crystal-
lite sizes in the 30—44 nm range. The SPS00 fractured
cross-section, observed in Fig. 6c, shows a different
microstructure than those of SSR00 and SP00. At the
same magnification than the formers, smaller grains are
visible as well as large rows of interconnected pores.
The micrograph in the inset in Fig. 6¢c was taken with
higher magnification, and the visible grains have an
average size of ~250 nm. This fine microstructure was
achieved as a result of the applied spark plasma
sintering in which the pellet reached a high temperature

for only some fractions of seconds. The measured rela-
tive density of this pellet was only 82 % (see Table 3).
This agrees with the presence of close porosity in the
bulk of the pellet which would affect the electrical
values obtained for this ceramic as solid electrolyte.

Figure 6d, e shows the related SSR13 and SP13
micrographs, respectively. The SSR13 SEM image
shows large grains (100 pum in average) as a result of
the high sintering temperature (1,300 °C) and relatively
long sintering time (120 min). SP13 micrograph pre-
sents an average grain size of 2.4 pum. This value is
considerably lower than that of SPO0O pellet as a result
of the even shorter sintering time (1 min). The relative
density of SP13 pellet was 90 % (see Table 3). Statistic
results of the measured grain sizes in SEM images are
summarized in Table 3.

Table 2 Results obtained from La;Mo, - \W,09 powder XRD data refinement

X Ainean Anisotropy  Max. strain Anisotropy a(4) b (4) c(4) 8 () Rprage R-F
(nm) (%) (%)

0 44 1.35 0.1665 0.0004 7.1397+ 7.1530+ 7.1684+ 89.705+ 0.293 0.377
0.0003 0.0001 0.0003 0.003

0.5 327 0.20 0.2297 0.0001 7.15235+ - — - 0.242  0.429
0.00009

1 30.4 0.38 0.2521 0.0003 7.14714+ - — - 0.197 0.318
0.00009

1.3 318 0.12 0.2637 0.0001 7.13927+ - — — 0.236  0.345
0.00009
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Fig. 3 TGA (top) and DTA (bottom) data from La,Mo, - ,W,09 with @ x=0, b x=0.5, ¢ x=1, and d x=1.3 prepared by SP

Structural and microstructural characterization of dense
pellets by XRD

The XRD patterns obtained from SSR00, SP00, and SPS00
pellets are shown in Fig. 7a. The comparison between SSR00
and SP00 shows no significant difference or peak broadening,
which is in good agreement with similar microstructure com-
posed of micrometric grains found for both ceramics by SEM.
On the other hand, SPS00 pattern exhibits a visible peak
broadening as compared to SSR and SP00 (see inset in
Fig. 7a) due to the fine microstructure as observed by SEM.
Figure 7b shows the Rietveld refinement data for SPS00. An
average grain size of 200 nm (with 0.11 % of maximum strain)

was determined from the microstructural analysis described
elsewhere [14]. This average grain size is in good agreement
with that observed by SEM (see Table 3). The estimation of
both SSR00 and SP0O0 grain sizes was impossible due to the
absence of peak broadening.

Electrical characterization

The normalized EIS spectra of SSR00, SP00, and SPS00
ceramics obtained after stabilization at ~362 °C from
13 MHz to 5 Hz are shown in Fig. 8. The equivalent
electrical models used to fit each spectrum are also shown.
As usually observed for La,Mo,09-based ceramics, only

Fig. 4 TGA (top) and DTA 101
(bottom) data from La,Mo 5
Wy.509 powder for the a first
and b second cycles
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Fig. 5 a Shrinkage and b shrinkage rate curves for La,Mo, - ,W,0Oq (x=0, 0.5, 1, and 1.3) green pellets

one semicircle at high frequency is observed for both SSR00
and SP00 samples. Given the refined values of capacitances
and relaxation frequencies, this high-frequency semicircle
was attributed to the intragranular (bulk (B)) conduction
process. As observed in Fig. 6 and mentioned in “Morphol-
ogy of La,Mo, - ,W,0y dense ceramics,” the microstruc-
tures of both SSR00 and SPOO pellets are quite similar. This
is the reason why the EIS spectra are similar, and although
the starting SP La,Mo,09 powders was nanometric, the
sintering process yielded micrometric grains for SP00
ceramic.

In the case of SPS00 pellet (Fig. 8, left down), a second
semicircle appears in the Nyquist diagram at intermediate
frequency. Two R||CPE were used to fit the EIS spectrum of
SPS00 sample. The intermediate-frequency semicircle was
assigned to an intergranular (grain boundary (GB)) conduc-
tion process. Given that the volume fraction of grain bound-
ary is higher in SPS00 sample (with 250 nm average grain
size) in comparison to SSRO0 (with 17 pm average grain
size), the conduction path across the grain boundaries in
SPS00 becomes comparable to that of the bulk. In other
words, for microscaled grains, the ceramics do not present
any GB blocking effect (as usually observed for La,Mo,0o-
based ceramics).

For nanoscaled grains, the ceramics present a significant
blocking effect observed at lower frequency related to high
volumetric concentration of grain boundaries.

The comparison of the three normalized spectra of
SSR00, SP00, and SPS00 at 362 °C is shown in Fig. 8§,
downright. The lowest resistivity value (distance be-
tween the origin and the intersection with real axis) is
that of SSRO0 sample. The values for both SPO0O and
SPS00 are equivalent and slightly higher than that of
SSRO0 sample because of the microstructure-related
blocking effect.

@ Springer

Table 4 summarizes the electrical parameters such as
resistivity p, capacity ¢, relaxation frequency wyp, and de-
pression angles for both B and GB contributions for SPS00
at temperatures between 301 and 421 °C. These values were
calculated from R, CPE, and p parameters obtained from the
refinement of the theoretical models; & is the geometric
factor (area/thickness) of each pellet.

1
_ (R-CPE)»
€= R
e
“T%
Wy = (RC) !
iy
_ 1—
2( p)

The normalized spectra from SSR13 and SP13 samples
with the relative density of the same order of magnitude
(91-92 %) measured at 362 °C in air are shown in Fig. 9.
Both spectra have similar shape with only one bulk semi-
circle. The difference between them is the diameter of the
semicircle (therefore the resistivity values). When consider-
ing all the uncertainties (geometric factors, electrode areas,
temperature during the electrical measurements...), the
small difference between SSR13 and SP13 could not be
considered as significant.

The electrical parameters for all the measured ceramics at
~362 °C in air are summarized in Table 5.

Arrhenius plots of conductivity obtained from EIS mea-
surements for SSR00, SP00, SPS00, SSR13, and SP13 are
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Fig. 6 SEM images (leff) and
grain size and volumetric
distribution (right) from
La,Mo, - ,W,Og ceramics: a
SSR00, b SP00, ¢ SPS00, d
SSR13, and e SP13

presented in Fig. 10. For x=0 samples (SSR00, SP00, and
SPS00), the curves show the monoclinic(o)«<>cubic(f3) tran-
sition at ~580 °C with the corresponding increase of con-
ductivity values. Below the transition temperature, the
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conductivity values are equivalent (see squares, circles,
and triangles up). Above ~580 °C, the three curves split
slightly, SSRO0 and SPS00 exhibiting the highest and the

lowest values, respectively.
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Table 3 Geometric characteristics, sintering conditions, and average grain sizes determined by a statistical analysis from SEM observations of

La,Mo, - W,y pellets

Pellet W Geometric factor Sintering Sintering  Relative Number of Grain size Grain size

content k= % temperature time density measured grains  arithmetic standard
average deviation

x (cm) Q) (min) (%) (um) (1)

SSRO0 0 4.92 1,070 120 91 36 17 8

SP00 0 3.10 970 10 92 59 8 3

SPS00 0 2.81° 700 2 82 84 0.252 0.11

SSR13 1.3 4.21 1,300 120 90 24 101 50

SP13 1.3 3.12 1,090 1 90 56 2.4 1

*Due to the rough surface of the pellet obtained by SPS sintering, the thickness of the sample was probably slightly overestimated

The bulk (triangles left) and grain boundary (stars) contri-
butions to the total ionic conductivity of SPS00 are also
compared, in the 300 to 421 °C temperature range. It is worth
to note that the GB conductivity values were obtained from
arbitrarily normalizing the GB resistance values with the
macroscopic geometric factor k. Arrhenius plots of relaxation
frequencies of both the bulk w,® and the grain boundary w,°"

——SSR00
a —— SP00
) SPS00
3
-‘E. A\
7] v 474 47.7
E |
- l A I.JL;..AT.. ; AP
I I.ll- Lo Ao A ——
20 40 60 80
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) Difference

g Bragg position
2
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20/°

Fig. 7 a XRD patterns of SSR00, SP00, and SPS00 pellets. b Rietveld
refinement for SPS00 diffractogram. The peak at about 20=47.55° is
zoomed in the inset
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contributions for SPS00 are shown in the inset of Fig. 10. The
activation energies for each contribution are equivalent for
both conductivity values and relaxation frequencies.

The curves corresponding to SSR13 and SP13 of close
relative density (90, 92 %) are very similar. The activation
energy in the whole temperature range is the same for both
(1.43 eV). This fact confirms the intrinsic character of the
bulk conductivity in these compounds, which does not vary
despite the big differences in average grain sizes (see
Fig. 6e, f and Table 3).

Discussion

SP La,Mo, - ,W,0y powders analyzed in this work present
crystallite sizes of 30—33 nm for x=0.5, 1.0, and 1.3 and of
~44 nm for x=0 and particle sizes of 430—530 nm. Crystal-
lite size of pure La,Mo,0Og9 powders is somewhat larger than
those previously reported (i.e., ~27 nm) for La,Mo0,09
powders obtained by spray pyrolysis in the same conditions
(i.e., solution concentration, 0.025 M; ultrasonic frequency,
1.7 MHz; flow rate, 6 L min '; temperature, 600 °C) but
starting from La,O3 and MoO; precursors [14]. This would
indicate that solution precursors have some influence on
crystallite size. Indeed, powder morphology varies with
respect to the precursor solubility. In addition, o/f3 transition
temperature in the pure La,Mo,0y samples (i.e., 564 °C) is
higher than that reported in Georges et al. [14] (i.e., 545 °C)
due to the smaller crystallite size of the latter one. Never-
theless, o/f3 transition temperature reported here is still
lower than the one corresponding to La,Mo,09 prepared
by a solid-state reaction (i.e., 580 °C) [3].

DTA curves for W-doped samples present an unidentified
peak in the 540545 °C range. Since it is not expected that this
peak relates to /3 transition for La,Mo, - ,\W,Oq [3, 6], further
investigation must be done in order to explain this observation.

On the other hand, particle sizes of pure La,Mo0,0q
powders are in a similar range than those observed for
analogous powders in Georges et al. [14]. Shrinkage starts
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at similar temperature (i.e., ~600 °C) for both samples as
expected, since they have identical composition and similar
particle sizes [32]. Shrinkage is completed at a temperature
of ~100 °C lower for powders prepared from oxide pre-
cursors [14], indicating that their particle size distribution
would allow a dense packaging of spheres in green pellets
and would facilitate sintering process [32].

We-rich solutions would have some tendency to form
smaller particles when they are atomized, leading to
narrower particle size distribution of La,Mo, — ,W, 09 pow-
ders. This can be explained by the density increase with
tungsten content, since aerosol droplet size is inversely
proportional to the density of the solution [33]. According
to Lang's equation, the mean diameter of the aerosol drop-
lets (D in micrometer) is link to the surface tension of the
atomized solution (¢ in gram per cubic centimeter), the
density of the solution (§ in gram per cubic centimeter),

and the ultrasonic frequency of the piezoelectric ceramic
transducers (f'in hertz) [33]:

1
3
D =034 x 10° (8”—‘2’>
of

Temperatures at which shrinkage begins, maximum
shrinkage rate is achieved, and shrinkage is completed in-
crease with tungsten content as it was also observed by other
authors [5]. This behavior can be attributed to the higher
temperatures needed for diffusion of heavier tungsten
atoms. Additionally, the finest microstructure achieved
using a spray pyrolysis technique has allowed reducing the
sintering temperature with respect to those usually reported
for a solid-state reaction method [12, 13]. The shrinkage
behavior of La,Mo, - W, 09 powders observed in this work
is similar to that reported for W-doped LAMOX powders

Table 4 Resistivity, capacity, relaxation frequency, and depletion angle for both bulk (B) and grain boundary (GB) contribution for SPS00 at

temperatures between 301 and 421 °C

T PB CB WOB BB pGB CGB wOGB ﬁGB
(°C) (Q cm) 10" Fem™) (10° rad s @) (Q cm) 10" Fem™ (10° rad s )
301 263,737 4.88 0.78 7.29 197,389 8.15 0.62 15.07
330 112,284 4.99 1.79 7.12 80,659 6.91 1.79 15.86
357 52,548 5.18 3.67 6.43 39,032 5.20 4.92 16.26
364 43,927 5.20 437 5.61 32,524 5.47 5.62 16.87
391 19,925 5.67 8.85 2.29 18,627 3.69 145 16.80
421 11,076 5.92 152 1.95 7,300 5.44 252 15.30
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Fig. 9 Nyquist plots of EIS spectra from SSR13 and SP13 ceramics at
362 °C in air

prepared using a freeze-drying method [5], but with the
advantage of using a low-cost, simpler, and faster synthesis
method consisting in a one-step process.

Marrero-Lopéz et al. have observed that La,Mo,Oq
obtained using a freeze-dried precursor method and
sintered below 925 °C presented poor ionic conductivity
values in spite of having relative densities above 92 %
[16]. They claim that this behavior may be due to a
poor connectivity between grains in these ceramics. In
our case, the grains are well connected as shown in the
inset of Fig. 6¢, but a large zone of porosity was found
yielding a density of only 82 %. Yang et al. who have
sintered La,Mo0,09 ceramics by SPS with good homo-
geneity have found better conductivity values for SPS
pellets as compared to those of conventionally sintered
ones [34]. Nevertheless, in the cited work, the relative
densities obtained for SPS samples are at least 90 %
(and rather higher), whereas for conventionally sintered
ones, only 78 %.

The lower polarization resistances measured in this
work for SP13 as compared to SSR13 (see Fig. 9)
might be related to the smaller average grain size of
2.4 um, as compared to that of SSR13 of 101 um. This
observation is consistent with some results reported by
Wang et al. for La,Mo0,09 samples prepared using the

T
1.4 1.6 18
1000(T/K)"

1.0 1.2 20

Fig. 10 Arrhenius plots of measured ionic conductivities for SSR00,
SP00, SPS00, SSR13, and SP13. The relaxation frequencies for bulk
(HF) and grain boundary (MF) for SPS00 pellet are shown in the inset

Pechini method [8]. They found that samples with grain
sizes within 0.8—5 pum range exhibit ionic conductivity
values two to five times higher than those correspond-
ing to macrocrystalline samples.

Georges et al. compared the electrical features of
La,Mo0,09 ceramics with different microstructures [14].
They found that ¢ and w had similar values for the high
frequency semicircles (bulk contribution) regardless of the
grain size or the presence or absence of an intermediate-
frequency semicircle, at a given temperature. In the present
work, this behavior is also observed for the three x=0 and
the two x=1.3 pellets. This agreement confirms that the
diminution of grain size, at least up to the values obtained
in this work for La,Mo, — \W,0O9 ceramics, does not affect
the intrinsic bulk behavior of these materials, but it only
increases the contribution of the grain boundary blocking
effect. Although the total resistivity values for pellets with
the same composition are in the same magnitude order,
slight differences are observed (see Figs. 8 and 9). The
influence of the grain size in these resistivity values is
strongly dependent on the relative density of the pellets with
same composition and grain size (see Table 3).

Table 5 Electrical parameters obtained from EIS spectra for ceramic samples at ~362 °C in air

Pellet pB B woB B pGB OB WOGB ﬂGB
(Q cm) (10" Fem™) (10° rad s ©) (Q cm) 10" Fem™h (10° rad s ©)

SSR00 64,134 5.02 3.11 13.98

SP00 76,397 4.86 2.69 13.63

SPS00 43,927 5.20 437 5.61 32,524 5.47 5.62 16.87

SSR13 158,661 4.14 1.52 10.06

SP13 132,715 42 1.79 10.58

@ Springer
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Conclusions

La,Mo, - \W,09 (x=0, 0.5, 1.0, and 1.3) nanocrystalline
powders were prepared using a spray pyrolysis technique,
with La(NO3)3 -6 H20, (NH4)6MO7024 -4 H20, and
(NH4)6W 1,039y H,O as precursors. The obtained powders
present spherical morphology with particles sizes from 430 to
530 nm and crystallite sizes in the 3044 nm range. Particle
size distribution becomes more homogeneous with higher
tungsten content. In addition, shrinkage behavior of La,Mo,
— W.,0y powders depends on tungsten content, yielding to
higher temperatures for W-richer samples. Sintering tempera-
tures obtained using a spray pyrolysis technique are lower
than those reported for a solid-state reaction [12, 13].

La,Mo, - ,W,09 with x=0 and 1.3 ceramics, obtained
from powders prepared by SSR and SP, were sintered by
conventional and SPS sintering and characterized by SEM,
XRD, and EIS. Different sintering methods lead to pellets
with average grain sizes ranging from 250 nm to 101 pum
and densities higher than 90 % of dth. The smallest average
grain size value of 252 nm was obtained by SPS. The
notorious differences in morphology did not yield important
variations of the electrical properties among samples of the
same composition. A slight decrease of the conductivity was
found for the sample obtained by SPS, related to a blocking
effect due to high volumetric concentration of grain
boundaries.
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