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Abstract

A synthesis method based on freeze-dried precursors was used to obtain nanocrystalline powders of pure and Ca-doped LaNbO, at 800 °C. Dense
ceramics were prepared at temperature as low as 1100 °C. The LaNbO, ceramics were examined by scanning electron microscopy (SEM) to study
the microstructure evolution with the sintering temperature. The densification and grain growth rate are lower in Ca-doped samples. The bulk and
grain boundary contributions to the overall conductivity were studied by impedance spectroscopy under different gases. Samples sintered at low
temperature and with smaller grain size exhibit higher grain boundary resistance and consequently lower total conductivity.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Proton conductor oxides have been widely studied due to
their potential application as electrolyte materials for fuel cells,
hydrogen sensors, electrochemical hydrogen pumps, electro-
chemical micro-reactors, etc.!~®

The most studied compounds are those with perovskite-type
structure (ABO3) based on cerate or zirconates, although they
show several drawbacks when operate directly with hydrocar-
bon fuels.”"'! The cerates exhibit poor tolerance to carbonation
due to the basicity of the alkaline-earth cation. BaZrO3 based
electrolytes show better chemical stability against the carbona-
tion, but require high sintering temperatures and usually suffer
from high intrinsic grain boundary resistance.

Recently, alternative proton-conducting materials have
been proposed, such as those based on LaNbO4 that offer
high CO, tolerance compared to alkaline-earth containing
perovskites.!'>!% This material undergoes a structural phase
transition at high temperature. The low temperature phase
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crystallises in the monoclinic fergusonite system, whiles the high
temperature phase is tetragonal with scheelite-type structure.

The conducting properties of acceptor-doped LaNbOy4 have
been investigated in several works.'>1 Haugrud et al. have
shown that the highest ionic conductivity is found when LaNbOy4
is doped in the A-site with alkaline-earth cations (e.g. Ca’*
and Sr*).!7 The solubility limit of these cations in LaNbOy4
is in the range of 0.5-2 mol%. Different substitutions have been
also investigated in order to suppress the fergusonite <> scheelite
phase transformation, which may be a drawback for practical
application as solid electrolyte.!8-2!

In LaNbOy4 the proton conductivity dominates under wet
conditions up to 1000 °C with a significant p-type electronic con-
tribution above 800 °C. The values of conductivity are one order
of magnitude lower than those obtained in proton perovkites
and consequently the electrolyte thickness should be reduced
to the micrometric range to achieve reasonable efficiency in
electrochemical devices.?>2*

The conventional solid state reaction method, also called
ceramic method, is the most used for the preparation of LaNbOj.
This method requires high firing temperatures to obtain sin-
gle phase materials, resulting in large grain size powders.
Such high sintering temperatures leave very little margin for
microstructural control of the resulting ceramics and conse-
quently temperatures of up to 1500 °C are necessary to obtain
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dense ceramic materials. However, ceramic powders with par-
ticles in the submicrometric range are required by considering
that the electrolyte thickness for LaNbOy4 should be in the micro-
metric range due to its limited ionic conductivity.

The preparative route plays also a fundamental role in the
properties of the ceramic materials, controlling the microstruc-
ture, morphology and grain size, which contribute to improve
the thermomechanical performance. The transport properties of
the ceramic materials also depend on ceramic microstructure
and specially the grain boundary contribution; because it may
serve as sink for the charge carriers as well as for impurities.

Only a few synthetic methods, such as spray-pyrolysis,®
sol-gel,”” microwave?® and coprecipitation® have been used to
prepare fine powders of LaNbO4. Hence, alternative synthesis
routes can improve both the microstructure and conductivity of
these materials. In this context, the synthesis using freeze-dried
precursors has proved to be a very versatile method to synthesise
a wide variety of materials.30-33

In this contribution Ca-doped LaNbO4 have been prepared
using a freeze-dried precursor route. The phase formation, den-
sification, microstructure evolution with the temperature and
conductivity under different gases have been studied.

2. Experimental
2.1. Synthesis

Polycrystalline powders of Laj_,Ca,NbO4_5 (x=0and 0.01)
were prepared from an amorphous and dried precursor, which
was obtained by freeze-drying of a solution with stoichiometric
amounts of cations.

The starting reactants were: lanthanum oxide (99.99%,
Aldrich), niobium ammonium oxalate (H.C. Starck 20% in Nb)
and calcium nitrate (99.9% Aldrich). The lanthanum oxide was
previously calcined at 1000 °C for 2h before used to achieve
dehydration and decarbonation. While the niobium ammonium
oxalate was studied by thermogravimetric analysis up to 1000 °C
to determine the niobium content as Nb,Os. The lanthanum
oxide was dissolved in a diluted nitric acid solution, whereas
niobium oxalate and calcium nitrate were separately dissolved
in distilled water.

A solution containing ethylenediaminetetraacetic acid
(EDTA) (99.5% Aldrich) and citric acid (99.5% Aldrich) in
a molar ratio EDTA:citric acid:metal cations of 0.5:0.1:1 was
added as complexing agent to the mixed metal solution under
constant stirring. The solution pH was adjusted to 7 with the
addition of concentrated ammonia, resulting in a homogeneous
and transparent solution. In a typical preparation the cation con-
centration was adjusted to obtain approximately 5 g of oxide
powders from approximately 100 ml of solution. The solutions
were frozen by the dropwise addition into liquid nitrogen, retain-
ing the cation homogeneity of the starting solution in each
drop. This flash cooling process renders small ice crystals,
which were dehydrated by vacuum sublimation in a Heto Lyolab
3000 freeze-drier for 2 days. In this way, dried and amorphous
solid precursors were obtained. The precursor powders were
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Fig. 1. TG/DTA curves of the amorphous LaNbO, precursor powders in air
atmosphere.

immediately calcined at 300 °C to prevent rehydration and to
burn out the organic material.

The freeze-dried powders were investigated by TG/DTA
(Perkin Elmer, Pyris Diamond) to study the thermal decom-
position and the optimal crystallisation temperature of the
precursors. After that the powders were calcined at 800 °C for
1 h to remove the residual organic species and to achieve crys-
tallisation of the compounds. The polycrystalline powders were
pressed into pellets and sintered between 900 and 1500 °C, for
times ranging from 5 min to 4 h.

2.2. Ceramic characterisation

X-ray diffraction patterns (XRD) were recorded using a PAN-
alytical X’Pert Pro diffractometer, equipped with a primary
monochromator and the X’Celerator detector. The scans were
collected in the 26 range of 15-100° with 0.016° step for 2 h.
Phase identification was performed with X’Pert HighScore Plus
v.2.0a software using the JCPDS and ICSD databases for the
structural models.>*

The relative density of the sintered pellets was calculated
from the mass, volume of the sample and theoretical density
obtained from the structural analysis.

The morphology of the sintered pellets was examined using
a scanning electron microscope (SEM) (mod. Jeol LTD, JSM-
6300) combined with energy dispersive spectroscopy analysis
(EDS) to detect possible phase segregations. The average grain
size of the sintered pellets was estimated from the SEM micro-
graphs, using the linear intercept method.>

2.3. Electrical characterisation

The as-synthesised powders at 800°C were uniaxially
pressed at 125 MPa in 1.5-mm-thick pellets with 10 mm of diam-
eter and then sintered between 900 and 1500 °C for 5 min and
4 h. Pt-paste electrodes were applied as current collectors on
each side of the pellet and then fired at 900 °C for 30 min.
Impedance spectra were obtained using a frequency response
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Fig. 2. XRD patterns of LaNbOy4 (LN) and Lag 99Cag 01 NbO4 (LCN) calcined at different temperatures between 800 and 1500 °C for 1 h.

analyser (Solartron 1260) in different dry (6 ppm H>O) and wet
(2% H»0) gases of Oy and 5%H;-Ar in the 0.1 Hz to 1 MHz
frequency range with an ac signal of 100 mV. The spectra were
acquired during the cooling processes between 1000 and 300 °C
with a dwell time of 60 min between consecutive measurements.
The impedance spectra were analysed with equivalent circuits
using the ZView software.®

3. Results and discussions
3.1. Phase formation and structure

The TGA/DTA curves of the amorphous freeze-dried pre-
cursor recorded in air show different weight loss steps between
room temperature (RT) and 600 °C (Fig. 1). A first weight loss
is observed from room temperature to 175 °C, which is asso-
ciated to the elimination of residual water, dehydration of the
precursor and removal of NO, species. A sharp fall in the speci-
men weight is observed over the temperature range between 200
and 300 °C related to the oxidative decomposition of the organic
material, which is an exothermic process in the DTA curve. A
third decomposition step is detected around 600 °C attributed
to the combustion of residual carbonaceous species. No weight
losses were observed above this temperature.

The temperature evolution of XRD patterns for pure LaNbOg4
calcined between 800 and 1500 °C for 1h are shown in Fig. 2.
After calcined at 800 °C the ceramic powders consist in a mixture
of monoclinic and tetragonal phases of LaNbO,. The partial sta-
bilisation of the tetragonal form at room temperature is mainly
associated to the presence of domains as consequence of the
nanocrystalline nature of the synthesised powders with an aver-
age crystallite size, estimated by the Scherrer’s equation, of
45nm for LN and 35nm for LCN at 800 °C. However, the
materials revert to the stable monoclinic phase when the firing
temperature increases up to 1000 °C and the crystal size grows

to 90 nm for LN and 70 nm for LCN. Above this temperature
only the diffraction peaks ascribed to the monoclinic phase are
observed (Fig. 2). The XRD analysis for undoped and Ca-doped
LaNbOg4 does not show appreciable differences with the tem-
perature. Thus Ca-substitution in LaNbO4 does not contribute
to retain the tetragonal form at lower temperatures. In addi-
tion Ca-doping does not shift substantially the phase transition
temperature of LaNbQOy. This indicates that the high tempera-
ture tetragonal form is partially retained in a metastable state,
when the crystallite size is below 50 nm, independently on phase
composition.

3.2. Densification and microstructural characterisation

The polycrystalline powders without any previous mechan-
ical treatment (e.g. ball milling) were pressed into pellets and
sintered between 900 and 1500 °C for 4 h to study the densifi-
cation and grain growth behaviour (Fig. 3).

The relative density of undoped LaNbO4 (LN) increases
with the sintering temperature from 55% at 900 °C to nearly
fully dense at 1100 °C. The incorporation of 1 mol% of Ca in
LaNbOg4 (LCN) increases the temperature necessary to obtain
dense ceramics with relative density of 58% at 1000 °C and
99% at 1150 °C. This shift to higher temperatures in Ca-doped
LaNbOy indicates that the dopants reduce the densification rate.
Considering that densification is usually controlled by grain
boundary diffusion, this result confirms that the dopant cations
modify the structure of the grain boundary region of undoped
LaNbOg.

It should be commented that this sintering temperature is
lower than that of the traditional method by solid state reaction
1500 °C, and even somewhat lower than that reported previously
by spray-pyrolysis 1200°C.?> This low sintering temperature
is useful to avoid excessive grain growth. The microstructural
features (e.g. grain size) may be adjusted by extending the
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Fig. 3. Evolution of relative density and grain size for LaNbO4 (LN) and
Lag.99Cag 01 NbO4_s (LCN) ceramics sintered at different temperatures for 4 h.

sintering time and/or temperature and to optimise the corre-
sponding grain boundary effects on transport properties and/or
thermomechanical performance. In addition, this temperature
range is sufficiently low to allow the co-sintering between the
electrolyte and electrode materials, preventing excessive inter-
diffusion/reactivity between the different layers of the cell.

The temperature evolution of the ceramic microstructure for
undoped and Ca-doped LaNbQy is shown in Fig. 4. As can be
observed, the ceramics exhibit negligible porosity above 1000
and 1100 °C for LN and LCN samples, respectively. Phase seg-
regations were not detected in any of the samples investigated.
It is also observed that the grain size is smaller in Ca-doping
samples. On the other hand, pellets of undoped LaNbO4 show
microcracks after sintering above 1200 °C and the number of
microcracks increases with the sintering temperature (Fig. 4d)
and sintering time (Fig. 5c). This is possibly related to the
grain growth with increasing temperature and time. No microc-
racks were observed in samples with Ca-doping (Fig. 4e-h) and
(Fig. 5d—f). It has been reported that the grain size has a signif-
icant influence on mechanical properties of LaNbO4 materials.
Indeed, values of fracture strength as low as 35 MPa have been
reported,’” which is possibly attributed to microcracks forma-
tion above a critical grain size as a consequence of the anisotropic
thermal expansion. This also explains the variation in Vickers
hardness with values ranging between 3 and 6 GPa for samples
with grain size of 12 and 2 wm, respectively.?® These results
confirm the importance of controlling the grain size during the
sintering of LaNbOy4 based materials.

The SEM micrographs were analysed to evaluate the corre-
sponding average grain size with the temperature. The average
grain size of pure LaNbOy increases with the temperature from
0.8 pm at 1000 °C to 9.5 pum at 1500 °C, whereas 1% Ca doped
LaNbO4 shows smaller variation in the grain size from 0.4 pm
at 1000°C to 1.9 pm at 1500 °C (Fig. 3).

The influence of time on the densification processes was also
evaluated. In both undoped and Ca-doped samples, the densi-
fication takes place in a short interval of time (Fig. 5). Dense

pellets with relative density higher than 95% were obtained for
all the samples after sintering at 1150 °C for only 30 min. In
addition, at a fixed temperature the grain size grows with the
sintering time and the increase is most significant for undoped
samples (Fig. 5).

The low densification temperature of lanthanum niobate
ceramics, obtained by freeze-drying, allows studying the grain
growth behaviour in a wide range of temperatures. The evolution
of the microstructure and the grain growth in ceramic materials
can be analysed using the growth kinetics equation.>®

D' — D! =K,-t-e QR 1)
where D is the average grain size with the time ¢, D,, is the initial
grain size of the polycrystalline powders at time (=0), K, is a
rate constant, Q is the activation energy of grain growth and n is
an exponent, which is an integer ranging from 2 to 4 depending
upon various kinetic aspects involved in the growth process.>®
The grain size of the starting ceramic powders D,, is smaller
than D and consequently the term D/, can be neglected in com-
parison to D". Therefore, Eq. (1) can be simplified as follows:

Dn
= = Ko O @
and in logarithmic scale:

D" 0
In[— )=InkK,— — 3
n( : > n Ko RT (3

In a suitable temperature range the activation energy Q is con-
stant and thus the exponent # can be determined from the slope
in the plot of In(D) versus In(¢) (Fig. 6a). In consequence, the
activation energy Q can be obtained from the slope of the Arrhe-
nius plot of In(D"/¢) versus I/T (Fig. 6b). The growth exponent n
takes a value around 4 for samples with and without Ca-doping,
suggesting that densification rate is controlled by grain boundary
diffusion.

The activation energy for grain growth in the temperature
range 1000-1200 °C depends significantly of Ca-doping with a
value of 700kJ/mol for undoped LaNbO4 and 420 kJ/mol for
Lag 99Cag 01 NbO4—_s. The activation energies for grain growth
of lanthanum niobates have not been reported previously to com-
pare with the literature, however similar values have been given
for other solid electrolytes (i.e. 697 kJ/mol for Gd-doped CeO,*
and 650 kJ/mol for Lag gSrp2Gag gMgp203_s).

The densification and grain growth behaviour in ceramic
materials are influenced by several factors, such as morphol-
ogy of the starting powders, doping segregations at the grain
boundary, defect interaction and lattice distortion induced by
the doping. In addition, the inhibition of the grain growth is usu-
ally associated to a reduction of grain boundary mobility and
energy by impurities, pores or particles of a secondary phase.

In the present study the powders of LaNbO4 and
Lag.99Cag,01NbO4_s were prepared following the same proce-
dure and exhibit similar grain size with low aggregates; hence
different densification process due to powder morphology is
considered negligible. Hence, the differences in grain growth
in undoped and Ca-doped LaNbOj4 can be related to segregation
of the dopant cations at the grain boundaries, which lowers grain
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Fig. 4. SEM images of surface pellets of (a—d) LaNbO4 (LN) and (e—h) Lag 99Cag 01 NbO4_s (LCN) sintered between 1000 and 1500 °C for 4 h. Microcracks for LN

are indicated by arrows (c and d).

boundary mobility and grain boundary energy, thus increasing
the cohesive strength of the grain boundary and the diffusion
distance across the boundary.

The inhibition effects of dopant on grain growth have previ-
ously been observed in many other ceramic materials, such as
doped Ce0,,* and doped ZrO,*! and were usually described on
the basis of the space charge model. This model considers that
the excess of dopant at the grain boundary generates a concen-
tration gradient between the grain interior and grain boundary

2 150G, 30 miny
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regions that retains the diffusion of cations and consequently the
densification and grain growth rate decrease.

Considering that Ca-doping reduces the cation mobility and
grain growth, one would expect larger activation energy for
grain growth in Ca-doped samples, contrary to the obtained
results. A significant variation in the interfacial energy at the
grain boundary could explain this anomalous behaviour. On the
other hand, the variation of grain size for Lag99Cag0;NbO4—_s
is very small with both temperature and time; varying between

11:50:C1 4ih*
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Fig. 5. SEM images of surface pellets of (a—c) LaNbOy4 (LN) and (d—f) Lag 99Cag 01 NbO4_s (LCN) sintered at 1150 °C for different times. Microcracks for LN are

indicated by arrows (b and c).
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Fig. 6. (a) Temporal and (b) temperature evolution of grain size for LaNbO4 (LN) and Lag 99Cag 01 NbO4_s (LCN) samples sintered at different temperatures.

0.6 and 1.2 pum at 1150 °C for sintering times between 5 and
60 min, respectively, and remaining almost constant for longer
sintering time. Hence, the error in the determination of the
grain growth exponent is high and consequently the activation
energy for grain growth could be different from that obtained for
Lag.99Cag,01NbO4_s. Samples with lower Ca-doping should be
studied to further understand the effects of calcium on the grain
growth kinetics of LaNbOy.

3.3. Electrical characterisation

The impedance spectra in the low temperature range for
Lag 99Cag,01NbO4 (LCN) samples sintered at 1150 and 1500 °C
for 4h comprise three separated contributions (Fig. 7). The
spectra were analysed with equivalent circuits formed by (RQ)
elements in series, where R is a resistance and Q a pseudo-
capacitance in parallel; thus the following equivalent circuit

500
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Fig. 7. Impedance spectra at 400 °C for Lag 99Cag 01 NbO4_s pellets sintered
represents the fitting curves obtained with equivalent circuits.

at 1150 and 1500 °C for 4 h under (a) wet O, and (b) wet 5%H;-Ar. The solid line
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Fig. 8. Impedance spectra at 700 °C for Lag 99Cag 01 NbO4_; pellets sintered at 1150 and 1500 °C for 4 h under wet O,. The solid line represents the fitting curves

obtained with equivalent circuits.

(R101)(R202)(Q3) was used to fit the data. The capacitance val-
ues of the different processes are about SpFcm™!, 10nFcm™!
and 10 wFcm™! for the high, intermediate and low frequency
contributions and therefore they can be ascribed to grain interior,
grain boundary and electrode processes, respectively.

The impedance spectra for undoped LaNbO,4 show only a
broad semicircle with capacitance of 10 pF cm™!, which can be
ascribed to bulk contribution. The grain boundary resistance in
this sample seems to be negligible compared to bulk one.

The grain boundary in Ca-doped LaNbQy is the main resistive
contribution of the electrolyte in the low temperature range in
both wet O (Fig. 7a) and wet 5%H;-Ar gases (Fig. 7b). The bulk
is practically independent of the sintering temperature; while the
grain boundary contribution is larger in those samples prepared
at lower temperature due to the smaller grain size and conse-
quently the increase of the number of grain boundaries across
the sample.

In the high temperature range (Fig. 8) the electrode contri-
butions are dominant because the relaxation frequency of the
electrolyte responses are shifted to higher frequencies and only
the total conductivity of the electrolyte can be determined. In
this case, the equivalent circuit used to fit the spectra is denoted
as: Ry(R101)(R20Q»), where Ry is a serial resistance ascribed
to the bulk contribution of the electrolyte and the high and
low frequency arcs are associated to the grain boundary and
electrodes processes with capacitance values of 5nFem™! and
10mF cm™!, respectively.

The grain interior (Rp) and grain boundary resistances (Rgp)
were used to obtain the bulk and macroscopic grain boundary
conductivities, taking into account the sample geometry:

L

= ﬁ (4)

Oj
where L is the sample thickness and S is the electrode area of

the pellets. The values of conductivity were plotted using the
Arrhenius equation:

oo E,
— — 5
o T exp( kT) 5)

The temperature dependence of the grain interior conductiv-
ity is shown in Fig. 9. As can be observed, the bulk conductivity
for LCN samples is almost one order of magnitude lower in dry
Arthanin wet Oy and 5%H;-Ar, indicating a predominant proton
contribution in wet atmosphere. It should be also noted that the
bulk conductivity is practically the same for samples sintered at
1150 and 1500 °C. The bulk conductivity for undoped LaNbQOy,
without oxygen vacancies in the structure, is three orders of
magnitude lower than that of Ca-doped samples.On the other
hand the macroscopic grain boundary conductivity decreases
with increasing the sintering temperature (Fig. 10a). This trend,
as previously commented, is related to the different grain sizes
with the sintering temperature. Indeed, very similar conductivity
values are found when the grain boundary resistance is nor-
malised by the grain size to take into account differences in the
number of grain boundaries across the sample (Fig. 10b). In
addition, the macroscopic grain boundary conductivity is very
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Fig. 9. Arrhenius plots of the bulk conductivity, under different dry/wet gases,

for Lag 99Cag,01 NbO4_s pellets sintered at 1150 and 1500 °C for 4 h and undoped
LaNbOy4 (LN) pellet sintered at 1150 °C.
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size and (c) specific grain boundary conductivity for Lagg9Cag0; NbO4_s pellets sintered at 1150 and 1500 °C for 4 h.

similar in wet Oy and 5%H;-Ar atmospheres but lower in dry
gases, following the same trend as the bulk contribution.

The specific grain boundary conductivity og, was estimated
under the assumption that the dielectric constant of the grain
boundary is very close to that of the bulk (g5 ~ &5 = 1916),

Eo€gb
Oy = = ©)

The values o g, are two orders of magnitude lower than those
of the bulk (Fig. 10c). In addition, the sintering temperature has
not influence on the grain boundary specific conductivity.

The Arrhenius plots of the overall conductivity under dif-
ferent atmospheres are shown in Fig. 11. The curves present a
change in the slope around 500 °C that coincides with the mon-
oclinic to tetragonal phase transformation. One can observe that
the lowest conductivity values are found in dry Ar in the whole
temperature range studied. An enhancement of the conductivity
of about one order of magnitude is observed in wet atmospheres
of 5%H;-Ar and O3 due to the presence of a significant proton

contribution. In the high temperature range, the conductivity
under wet O3 is higher than under 5%H;-Ar, evidencing a sig-
nificant p-type contribution.

The values of conductivity are slightly larger for sam-
ples sintered at 1500°C than at 1150°C (e.g. 8 x 10™* and
6 x 107*Scm™! for samples prepared at 1500 and 1150 °C,
respectively, at 950°C under wet O;) and it could be
ascribed to the different grain boundary contributions of
the samples to the overall conductivity. However, these val-
ues of conductivity are similar to those reported previously,
ie. 1073Secm™!.13

In summary, the freeze drying is an useful method to obtain
polycrystalline powders of LaNbOy4-based materials at low tem-
perature as 1000 °C. Dense ceramics with relative density higher
than 98% were obtained after sintering between 1100 and
1150°C. This low sintering temperature avoids an excessive
grain growth and the formation of fractures during the sinter-
ing process. The densification and grain growth of LaNbQOy are
retained after calcium doping.
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Fig. 11. Arrhenius representation of the overall conductivity for

Lag.99Cag o1 NbOs_s (LCN) and undoped LaNbO4 (LN) pellets sintered
at 1150 and 1500 °C for 4 h.

In the samples prepared at low temperature, the grain bound-
ary is the main contribution to the overall conductivity, however
the values of conductivity obtained in the high temperature range
8 x 10~* Scm~! at950 °C under wet O, are comparable to those
previously reported.
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