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bstract

 synthesis method based on freeze-dried precursors was used to obtain nanocrystalline powders of pure and Ca-doped LaNbO4 at 800 ◦C. Dense
eramics were prepared at temperature as low as 1100 ◦C. The LaNbO4 ceramics were examined by scanning electron microscopy (SEM) to study

he microstructure evolution with the sintering temperature. The densification and grain growth rate are lower in Ca-doped samples. The bulk and
rain boundary contributions to the overall conductivity were studied by impedance spectroscopy under different gases. Samples sintered at low
emperature 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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.  Introduction

Proton conductor oxides have been widely studied due to
heir potential application as electrolyte materials for fuel cells,
ydrogen sensors, electrochemical hydrogen pumps, electro-
hemical micro-reactors, etc.1–6

The most studied compounds are those with perovskite-type
tructure (ABO3) based on cerate or zirconates, although they
how several drawbacks when operate directly with hydrocar-
on fuels.7–11 The cerates exhibit poor tolerance to carbonation
ue to the basicity of the alkaline-earth cation. BaZrO3 based
lectrolytes show better chemical stability against the carbona-
ion, but require high sintering temperatures and usually suffer
rom high intrinsic grain boundary resistance.

Recently, alternative proton-conducting materials have
een proposed, such as those based on LaNbO4 that offer

igh CO2 tolerance compared to alkaline-earth containing
erovskites.12,14 This material undergoes a structural phase
ransition at high temperature. The low temperature phase

∗ Corresponding author.
∗∗ Corresponding author. Tel.: +34 922318501; fax: +34 922318461.

E-mail addresses: damarre@uma.es (D. Marrero-López), pnunez@ull.es
P. Núñez).
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rystallises in the monoclinic fergusonite system, whiles the high
emperature phase is tetragonal with scheelite-type structure.

The conducting properties of acceptor-doped LaNbO4 have
een investigated in several works.12–16 Haugrud et al. have
hown that the highest ionic conductivity is found when LaNbO4
s doped in the A-site with alkaline-earth cations (e.g. Ca2+

nd Sr2+).17 The solubility limit of these cations in LaNbO4
s in the range of 0.5–2 mol%. Different substitutions have been
lso investigated in order to suppress the fergusonite ↔  scheelite
hase transformation, which may be a drawback for practical
pplication as solid electrolyte.18–21

In LaNbO4 the proton conductivity dominates under wet
onditions up to 1000 ◦C with a significant p-type electronic con-
ribution above 800 ◦C. The values of conductivity are one order
f magnitude lower than those obtained in proton perovkites
nd consequently the electrolyte thickness should be reduced
o the micrometric range to achieve reasonable efficiency in
lectrochemical devices.22–24

The conventional solid state reaction method, also called
eramic method, is the most used for the preparation of LaNbO4.
his method requires high firing temperatures to obtain sin-
le phase materials, resulting in large grain size powders.

uch high sintering temperatures leave very little margin for
icrostructural control of the resulting ceramics and conse-

uently temperatures of up to 1500 ◦C are necessary to obtain
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ense ceramic materials. However, ceramic powders with par-
icles in the submicrometric range are required by considering
hat the electrolyte thickness for LaNbO4 should be in the micro-
etric range due to its limited ionic conductivity.
The preparative route plays also a fundamental role in the

roperties of the ceramic materials, controlling the microstruc-
ure, morphology and grain size, which contribute to improve
he thermomechanical performance. The transport properties of
he ceramic materials also depend on ceramic microstructure
nd specially the grain boundary contribution; because it may
erve as sink for the charge carriers as well as for impurities.

Only a few synthetic methods, such as spray-pyrolysis,26

ol–gel,27 microwave28 and coprecipitation29 have been used to
repare fine powders of LaNbO4. Hence, alternative synthesis
outes can improve both the microstructure and conductivity of
hese materials. In this context, the synthesis using freeze-dried
recursors has proved to be a very versatile method to synthesise

 wide variety of materials.30–33

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

. Experimental

.1.  Synthesis

Polycrystalline powders of La1−xCaxNbO4−δ (x  = 0 and 0.01)
ere prepared from an amorphous and dried precursor, which
as obtained by freeze-drying of a solution with stoichiometric

mounts of cations.
The starting reactants were: lanthanum oxide (99.99%,

ldrich), niobium ammonium oxalate (H.C. Starck 20% in Nb)
nd calcium nitrate (99.9% Aldrich). The lanthanum oxide was
reviously calcined at 1000 ◦C for 2 h before used to achieve
ehydration and decarbonation. While the niobium ammonium
xalate was studied by thermogravimetric analysis up to 1000 ◦C
o determine the niobium content as Nb2O5. The lanthanum
xide was dissolved in a diluted nitric acid solution, whereas
iobium oxalate and calcium nitrate were separately dissolved
n distilled water.

A solution containing ethylenediaminetetraacetic acid
EDTA) (99.5% Aldrich) and citric acid (99.5% Aldrich) in

 molar ratio EDTA:citric acid:metal cations of 0.5:0.1:1 was
dded as complexing agent to the mixed metal solution under
onstant stirring. The solution pH was adjusted to 7 with the
ddition of concentrated ammonia, resulting in a homogeneous
nd transparent solution. In a typical preparation the cation con-
entration was adjusted to obtain approximately 5 g of oxide
owders from approximately 100 ml of solution. The solutions
ere frozen by the dropwise addition into liquid nitrogen, retain-

ng the cation homogeneity of the starting solution in each

rop. This flash cooling process renders small ice crystals,
hich were dehydrated by vacuum sublimation in a Heto Lyolab
000 freeze-drier for 2 days. In this way, dried and amorphous
olid precursors were obtained. The precursor powders were

e
4
e
I

ig. 1. TG/DTA curves of the amorphous LaNbO4 precursor powders in air
tmosphere.

mmediately calcined at 300 ◦C to prevent rehydration and to
urn out the organic material.

The freeze-dried powders were investigated by TG/DTA
Perkin Elmer, Pyris Diamond) to study the thermal decom-
osition and the optimal crystallisation temperature of the
recursors. After that the powders were calcined at 800 ◦C for

 h to remove the residual organic species and to achieve crys-
allisation of the compounds. The polycrystalline powders were
ressed into pellets and sintered between 900 and 1500 ◦C, for
imes ranging from 5 min to 4 h.

.2. Ceramic  characterisation

X-ray diffraction patterns (XRD) were recorded using a PAN-
lytical X’Pert Pro diffractometer, equipped with a primary
onochromator and the X’Celerator detector. The scans were

ollected in the 2θ  range of 15–100◦ with 0.016◦ step for 2 h.
hase identification was performed with X’Pert HighScore Plus
.2.0a software using the JCPDS and ICSD databases for the
tructural models.34

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

The morphology of the sintered pellets was examined using
 scanning electron microscope (SEM) (mod. Jeol LTD, JSM-
300) combined with energy dispersive spectroscopy analysis
EDS) to detect possible phase segregations. The average grain
ize of the sintered pellets was estimated from the SEM micro-
raphs, using the linear intercept method.35

.3.  Electrical  characterisation

The as-synthesised powders at 800 ◦C were uniaxially
ressed at 125 MPa in 1.5-mm-thick pellets with 10 mm of diam-
ter and then sintered between 900 and 1500 ◦C for 5 min and
 h. Pt-paste electrodes were applied as current collectors on
ach side of the pellet and then fired at 900 ◦C for 30 min.
mpedance spectra were obtained using a frequency response
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Fig. 2. XRD patterns of LaNbO4 (LN) and La0.99Ca0.01NbO4 (LC

nalyser (Solartron 1260) in different dry (6 ppm H2O) and wet
2% H2O) gases of O2 and 5%H2-Ar in the 0.1 Hz to 1 MHz
requency range with an ac signal of 100 mV. The spectra were
cquired during the cooling processes between 1000 and 300 ◦C
ith a dwell time of 60 min between consecutive measurements.
he impedance spectra were analysed with equivalent circuits
sing the ZView software.36

.  Results  and  discussions

.1.  Phase  formation  and  structure

The TGA/DTA curves of the amorphous freeze-dried pre-
ursor recorded in air show different weight loss steps between
oom temperature (RT) and 600 ◦C (Fig. 1). A first weight loss
s observed from room temperature to 175 ◦C, which is asso-
iated to the elimination of residual water, dehydration of the
recursor and removal of NOx species. A sharp fall in the speci-
en weight is observed over the temperature range between 200

nd 300 ◦C related to the oxidative decomposition of the organic
aterial, which is an exothermic process in the DTA curve. A

hird decomposition step is detected around 600 ◦C attributed
o the combustion of residual carbonaceous species. No weight
osses were observed above this temperature.

The temperature evolution of XRD patterns for pure LaNbO4
alcined between 800 and 1500 ◦C for 1 h are shown in Fig. 2.
fter calcined at 800 ◦C the ceramic powders consist in a mixture
f monoclinic and tetragonal phases of LaNbO4. The partial sta-
ilisation of the tetragonal form at room temperature is mainly
ssociated to the presence of domains as consequence of the
anocrystalline nature of the synthesised powders with an aver-

ge crystallite size, estimated by the Scherrer’s equation, of
5 nm for LN and 35 nm for LCN at 800 ◦C. However, the
aterials revert to the stable monoclinic phase when the firing

emperature increases up to 1000 ◦C and the crystal size grows

1
b
i
f

lcined at different temperatures between 800 and 1500 ◦C for 1 h.

o 90 nm for LN and 70 nm for LCN. Above this temperature
nly the diffraction peaks ascribed to the monoclinic phase are
bserved (Fig. 2). The XRD analysis for undoped and Ca-doped
aNbO4 does not show appreciable differences with the tem-
erature. Thus Ca-substitution in LaNbO4 does not contribute
o retain the tetragonal form at lower temperatures. In addi-
ion Ca-doping does not shift substantially the phase transition
emperature of LaNbO4. This indicates that the high tempera-
ure tetragonal form is partially retained in a metastable state,
hen the crystallite size is below 50 nm, independently on phase

omposition.

.2. Densification  and  microstructural  characterisation

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

The relative density of undoped LaNbO4 (LN) increases
ith the sintering temperature from 55% at 900 ◦C to nearly

ully dense at 1100 ◦C. The incorporation of 1 mol% of Ca in
aNbO4 (LCN) increases the temperature necessary to obtain
ense ceramics with relative density of 58% at 1000 ◦C and
9% at 1150 ◦C. This shift to higher temperatures in Ca-doped
aNbO4 indicates that the dopants reduce the densification rate.
onsidering that densification is usually controlled by grain
oundary diffusion, this result confirms that the dopant cations
odify the structure of the grain boundary region of undoped
aNbO4.

It should be commented that this sintering temperature is
ower than that of the traditional method by solid state reaction

◦
500 C, and even somewhat lower than that reported previously
y spray-pyrolysis 1200 ◦C.25 This low sintering temperature
s useful to avoid excessive grain growth. The microstructural
eatures (e.g. grain size) may be adjusted by extending the
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different densification process due to powder morphology is
ig. 3. Evolution of relative density and grain size for LaNbO4 (LN) and
a0.99Ca0.01NbO4−δ (LCN) ceramics sintered at different temperatures for 4 h.

intering time and/or temperature and to optimise the corre-
ponding grain boundary effects on transport properties and/or
hermomechanical performance. In addition, this temperature
ange is sufficiently low to allow the co-sintering between the
lectrolyte and electrode materials, preventing excessive inter-
iffusion/reactivity between the different layers of the cell.

The temperature evolution of the ceramic microstructure for
ndoped and Ca-doped LaNbO4 is shown in Fig. 4. As can be
bserved, the ceramics exhibit negligible porosity above 1000
nd 1100 ◦C for LN and LCN samples, respectively. Phase seg-
egations were not detected in any of the samples investigated.
t is also observed that the grain size is smaller in Ca-doping
amples. On the other hand, pellets of undoped LaNbO4 show
icrocracks after sintering above 1200 ◦C and the number of
icrocracks increases with the sintering temperature (Fig. 4d)

nd sintering time (Fig. 5c). This is possibly related to the
rain growth with increasing temperature and time. No microc-
acks 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-
cant influence on mechanical properties of LaNbO4 materials.
ndeed, values of fracture strength as low as 35 MPa have been
eported,37 which is possibly attributed to microcracks forma-
ion above a critical grain size as a consequence of the anisotropic
hermal expansion. This also explains the variation in Vickers
ardness with values ranging between 3 and 6 GPa for samples
ith grain size of 12 and 2 �m, respectively.26 These results

onfirm the importance of controlling the grain size during the
intering of LaNbO4 based materials.

The SEM micrographs were analysed to evaluate the corre-
ponding average grain size with the temperature. The average
rain size of pure LaNbO4 increases with the temperature from
.8 �m at 1000 ◦C to 9.5 �m at 1500 ◦C, whereas 1% Ca doped
aNbO4 shows smaller variation in the grain size from 0.4 �m
t 1000 ◦C to 1.9 �m at 1500 ◦C (Fig. 3).
The influence of time on the densification processes was also
valuated. In both undoped and Ca-doped samples, the densi-
cation takes place in a short interval of time (Fig. 5). Dense

c
i
o

eramic Society 32 (2012) 1235–1244

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

The low densification temperature of lanthanum niobate
eramics, obtained by freeze-drying, allows studying the grain
rowth behaviour in a wide range of temperatures. The evolution
f the microstructure and the grain growth in ceramic materials
an be analysed using the growth kinetics equation.38

n −  Dn
o =  Ko · t ·  e−Q/RT (1)

here D  is the average grain size with the time t, Do is the initial
rain size of the polycrystalline powders at time (t  = 0), Ko is a
ate constant, Q  is the activation energy of grain growth and n  is
n exponent, which is an integer ranging from 2 to 4 depending
pon various kinetic aspects involved in the growth process.38

The grain size of the starting ceramic powders Do is smaller
han D  and consequently the term Dn

o can be neglected in com-
arison to Dn. Therefore, Eq. (1) can be simplified as follows:

Dn

t
= Koe

−Q/RT (2)

nd in logarithmic scale:

n

(
Dn

t

)
=  ln Ko − Q

RT
(3)

In a suitable temperature range the activation energy Q  is con-
tant and thus the exponent n can be determined from the slope
n the plot of ln(D) versus ln(t) (Fig. 6a). In consequence, the
ctivation energy Q can be obtained from the slope of the Arrhe-
ius plot of ln(Dn/t) versus 1/T  (Fig. 6b). The growth exponent n
akes a value around 4 for samples with and without Ca-doping,
uggesting that densification rate is controlled by grain boundary
iffusion.

The activation energy for grain growth in the temperature
ange 1000–1200 ◦C depends significantly of Ca-doping with a
alue of 700 kJ/mol for undoped LaNbO4 and 420 kJ/mol for
a0.99Ca0.01NbO4−δ. The activation energies for grain growth
f lanthanum niobates have not been reported previously to com-
are with the literature, however similar values have been given
or other solid electrolytes (i.e. 697 kJ/mol for Gd-doped CeO2

39

nd 650 kJ/mol for La0.8Sr0.2Ga0.8Mg0.2O3−δ
33).

The densification and grain growth behaviour in ceramic
aterials are influenced by several factors, such as morphol-

gy of the starting powders, doping segregations at the grain
oundary, defect interaction and lattice distortion induced by
he doping. In addition, the inhibition of the grain growth is usu-
lly associated to a reduction of grain boundary mobility and
nergy by impurities, pores or particles of a secondary phase.

In the present study the powders of LaNbO4 and
a0.99Ca0.01NbO4−δ were prepared following the same proce-
ure and exhibit similar grain size with low aggregates; hence
onsidered negligible. Hence, the differences in grain growth
n undoped and Ca-doped LaNbO4 can be related to segregation
f the dopant cations at the grain boundaries, which lowers grain
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ig. 4. SEM images of surface pellets of (a–d) LaNbO4 (LN) and (e–h) La0.99C
re indicated by arrows (c and d).

oundary mobility and grain boundary energy, thus increasing
he cohesive strength of the grain boundary and the diffusion
istance across the boundary.

The inhibition effects of dopant on grain growth have previ-
usly been observed in many other ceramic materials, such as

40 41
oped CeO2, and doped ZrO2 and were usually described on
he basis of the space charge model. This model considers that
he excess of dopant at the grain boundary generates a concen-
ration gradient between the grain interior and grain boundary

r
g
o
i

ig. 5. SEM images of surface pellets of (a–c) LaNbO4 (LN) and (d–f) La0.99Ca0.01N
ndicated by arrows (b and c).
bO4−δ (LCN) sintered between 1000 and 1500 ◦C for 4 h. Microcracks for LN

egions that retains the diffusion of cations and consequently the
ensification and grain growth rate decrease.

Considering that Ca-doping reduces the cation mobility and
rain growth, one would expect larger activation energy for
rain growth in Ca-doped samples, contrary to the obtained

esults. A significant variation in the interfacial energy at the
rain boundary could explain this anomalous behaviour. On the
ther hand, the variation of grain size for La0.99Ca0.01NbO4−δ

s very small with both temperature and time; varying between

bO4−δ (LCN) sintered at 1150 ◦C for different times. Microcracks for LN are
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.3.  Electrical  characterisation

The impedance spectra in the low temperature range for
a0.99Ca0.01NbO4 (LCN) samples sintered at 1150 and 1500 ◦C

or 4 h comprise three separated contributions (Fig. 7). The

pectra were analysed with equivalent circuits formed by (RQ)
lements in series, where R  is a resistance and Q  a pseudo-
apacitance in parallel; thus the following equivalent circuit

0 80 10 00 10 200
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00 80 0 1000 1200
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·cm)
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wet 5%  H2-Ar

0 and 1500 ◦C for 4 h under (a) wet O2 and (b) wet 5%H2-Ar. The solid line
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R1Q1)(R2Q2)(Q3) was used to fit the data. The capacitance val-
es of the different processes are about 5 pF cm−1, 10 nF cm−1

nd 10 �F cm−1 for the high, intermediate and low frequency
ontributions and therefore they can be ascribed to grain interior,
rain boundary and electrode processes, respectively.

The impedance spectra for undoped LaNbO4 show only a
road semicircle with capacitance of 10 pF cm−1, which can be
scribed to bulk contribution. The grain boundary resistance in
his sample seems to be negligible compared to bulk one.

The grain boundary in Ca-doped LaNbO4 is the main resistive
ontribution of the electrolyte in the low temperature range in
oth wet O2 (Fig. 7a) and wet 5%H2-Ar gases (Fig. 7b). The bulk
s practically independent of the sintering temperature; while the
rain boundary contribution is larger in those samples prepared
t lower temperature due to the smaller grain size and conse-
uently the increase of the number of grain boundaries across
he sample.

In the high temperature range (Fig. 8) the electrode contri-
utions are dominant because the relaxation frequency of the
lectrolyte responses are shifted to higher frequencies and only
he total conductivity of the electrolyte can be determined. In
his case, the equivalent circuit used to fit the spectra is denoted
s: Rs(R1Q1)(R2Q2), where Rs is a serial resistance ascribed
o the bulk contribution of the electrolyte and the high and
ow frequency arcs are associated to the grain boundary and
lectrodes processes with capacitance values of 5 nF cm−1 and
0 mF cm−1, respectively.

The grain interior (Rb) and grain boundary resistances (Rgb)
ere used to obtain the bulk and macroscopic grain boundary

onductivities, taking into account the sample geometry:

i = L

RiS
(4)

here L  is the sample thickness and S  is the electrode area of
he pellets. The values of conductivity were plotted using the
rrhenius equation:
 = σ0

T
exp

(
−Ea

kT

)
(5)

F
f
L

 and 1500 ◦C for 4 h under wet O2. The solid line represents the fitting curves

The temperature dependence of the grain interior conductiv-
ty is shown in Fig. 9. As can be observed, the bulk conductivity
or LCN samples is almost one order of magnitude lower in dry
r than in wet O2 and 5%H2-Ar, indicating a predominant proton

ontribution in wet atmosphere. It should be also noted that the
ulk conductivity is practically the same for samples sintered at
150 and 1500 ◦C. The bulk conductivity for undoped LaNbO4,
ithout oxygen vacancies in the structure, is three orders of
agnitude lower than that of Ca-doped samples.On the other

and the macroscopic grain boundary conductivity decreases
ith increasing the sintering temperature (Fig. 10a). This trend,

s previously commented, is related to the different grain sizes
ith the sintering temperature. Indeed, very similar conductivity
alues are found when the grain boundary resistance is nor-
ig. 9. Arrhenius plots of the bulk conductivity, under different dry/wet gases,
or La0.99Ca0.01NbO4−δ pellets sintered at 1150 and 1500 ◦C for 4 h and undoped
aNbO4 (LN) pellet sintered at 1150 ◦C.
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Fig. 10. Arrhenius plots of the (a) macroscopic grain boundary conductivity, (b) macroscopic grain boundary conductivity after normalisation by the ceramic grain
s ts sint

s
g

u
b

σ

o
n

f
c
o
t
t
o
o

c
u
n

p
6
r
a
t
u
i

p
p
t
1

ize and (c) specific grain boundary conductivity for La0.99Ca0.01NbO4−δ pelle

imilar in wet O2 and 5%H2-Ar atmospheres but lower in dry
ases, following the same trend as the bulk contribution.

The specific grain boundary conductivity σgb was estimated
nder the assumption that the dielectric constant of the grain
oundary is very close to that of the bulk (εgb ≈  εb = 1916).

gb = εoεgb

CgbRgb

=  wgbεoεgb (6)

The values σgb are two orders of magnitude lower than those
f the bulk (Fig. 10c). In addition, the sintering temperature has
ot influence on the grain boundary specific conductivity.

The Arrhenius plots of the overall conductivity under dif-
erent atmospheres are shown in Fig. 11. The curves present a
hange in the slope around 500 ◦C that coincides with the mon-
clinic to tetragonal phase transformation. One can observe that

he lowest conductivity values are found in dry Ar in the whole
emperature range studied. An enhancement of the conductivity
f about one order of magnitude is observed in wet atmospheres
f 5%H2-Ar and O2 due to the presence of a significant proton

g
i
r

ered at 1150 and 1500 ◦C for 4 h.

ontribution. In the high temperature range, the conductivity
nder wet O2 is higher than under 5%H2-Ar, evidencing a sig-
ificant p-type contribution.

The values of conductivity are slightly larger for sam-
les sintered at 1500 ◦C than at 1150 ◦C (e.g. 8 ×  10−4 and

 ×  10−4 S cm−1 for samples prepared at 1500 and 1150 ◦C,
espectively, at 950 ◦C under wet O2) and it could be
scribed to the different grain boundary contributions of
he samples to the overall conductivity. However, these val-
es of conductivity are similar to those reported previously,
.e. 10−3 S cm−1.13

In summary, the freeze drying is an useful method to obtain
olycrystalline powders of LaNbO4-based materials at low tem-
erature as 1000 ◦C. Dense ceramics with relative density higher
han 98% were obtained after sintering between 1100 and
150 ◦C. This low sintering temperature avoids an excessive

rain growth and the formation of fractures during the sinter-
ng process. The densification and grain growth of LaNbO4 are
etained after calcium doping.
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ductors obtained from freeze-dried precursors. J Eur Ceram Soc 2009;29:
a0.99Ca0.01NbO4−δ (LCN) and undoped LaNbO4 (LN) pellets sintered
t 1150 and 1500 ◦C for 4 h.

In the samples prepared at low temperature, the grain bound-
ry is the main contribution to the overall conductivity, however
he values of conductivity obtained in the high temperature range

 ×  10−4 S cm−1 at 950 ◦C under wet O2 are comparable to those
reviously reported.
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ration method on the microstructure and transport properties of La2Mo2O9

based materials. J Alloys Compd 2006;422:249–57.
1. El-Himri A, Marrero-López D, Núñez P. Pt2Mo3N and PdPtMo3N: new
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