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ABSTRACT: La5.4MoO11.1 proton conductors with different metal doping (Ca2+, Sr2+, Ba2+, Ti4+, Zr4+ and Nb5+) have been 
prepared and structurally and electrically characterized. Different polymorphs are stabilized depending on the doping 
and cooling rate used during the synthesis process. The most interesting results are obtained for Nb-doping, La5.4Mo1-

xNbxO11.1-x/2, where single compounds are obtained in the compositional range 0  x  0.2. These materials are fully charac-
terized by structural techniques such as X-ray and neutron powder diffraction and transmission electron microscopy, 
which independently confirm the changes of polymorphism. Scanning electron microscopy and impedance spectroscopy 
measurements in dry/wet gases (N2, O2, and 5% H2−Ar) showed an enhancement of the sinterability and electrical proper-
ties of the materials after Nb-doping. Conductivity measurements under very reducing conditions revealed that these 
materials are mixed ionic-electronic conductors, making them potential candidates for hydrogen separation membranes. 

1. INTRODUCTION  

Lanthanum tungstates (La6-xWO12-) are drawing atten-
tion as candidates for hydrogen separation membranes, 
due to their high ambipolar proton and electronic con-
ductivity and stability in CO2 and sulfur-containing at-
mospheres,1−4 unlike the state-of-the-art proton conduc-
tors based on BaCeO3-, which exhibit poor stability to-
wards CO2 due to Ba basicity.5−7 Moreover, lanthanum 
tungstates display slow cation diffusivities compared to 
traditional mixed conducting oxides, leading to an en-
hanced kinetic stability towards demixing or decomposi-
tion during operation.8,9 

In recent years, lanthanum tungstates have been doped 
with molybdenum with the goal of increasing the elec-
tronic conductivity due to the higher reducibility of mo-
lybdenum compared to tungsten.10−12 Mo-doping improves 
the hydrogen fluxes compared to the undoped com-
pound, where the best results were obtained by Chen et 
al.11 for hollow-fiber membranes of La5.6W0.6Mo0.4O11.4. Nb-
doping also leads to an enhancement of the overall con-
ductivity and hydrogen permeation.13,14 Other substitu-
tions, such as Ti4+, Zr4+, Al3+ and alkaline-earth metals 
have been successfully performed, improving the electri-
cal properties of these materials.15,16 

On the other hand, La5.5W1-xMoxO11.25 compounds crys-
tallize with a cubic structure for x0.4, rhombohedral for 
0.4x<0.8 and they are mixed compounds for x>0.8.17 
Molybdates with smaller rare-earth cations, Ln6-xMoO12-, 
present different symmetries depending on the ionic radii 
of Ln: cubic fluorite-type for Ln=Sm3+, Gd3+ and Dy3+ (s.g. 
Fm3തm) and a cubic bixbyite-type for Ln= Ho3+, Er3+, Tm3+, 
Yb3+ and Lu3+ (s.g. Ia3ത).18−20 Moreover, to the best of our 
knowledge, only Zr4+-doping have been investigated in 
these materials, Ln6-xZrxMoO12- (Ln= La3+, Nd3+, Sm3+ and 
Dy3+).21−23 

Recently, it has been carried out a comprehensive study 
of the effect of the synthesis conditions on the structure 
and electrical properties of La6−xMoO12−δ (0 ≤ x ≤ 0.8) 
series.24 Different polymorphs are stabilized at room tem-
perature depending on the cooling conditions: a single 
cubic fluorite structure is isolated from the sudden cool-
ing of the samples (quenching), whereas slower cooling 
rates (50 and 0.5 ºC min-1) led to two different polymorphs 
with 771 and 551 superstructures with rhombohedral 
unit basic cells, which will be referred in the present work 
as R1 and R2, respectively. The electrical characterization 
showed that all samples are proton conductors in wet 
atmospheres; however, they are mixed ionic-electronic 
conductors under reducing conditions. 



 

The aim of this work is to carry out a thorough study of 
the effect of metal-doping, i.e. Ca2+, Sr2+, Ba2+, Ti4+, Zr4+ 
and Nb5+, on the polymorphism and electrical properties 
of La5.4MoO11.1-based materials. X-ray powder diffraction 
(XRPD), neutron powder diffraction (NPD), and scanning 
and transmission electron microscopy (SEM and TEM) 
have been employed to study the structural characteris-
tics of the materials. The different contributions to the 
overall conductivity have been determined by impedance 
spectroscopy in different dry/wet atmospheres and as a 
function of the oxygen partial pressure. 

2. EXPERIMENTAL SECTION  

2.1. Synthesis. 

Samples with composition La5.4Mo0.9A0.1O12- (A = Ti, Zr 
and Nb) and La5.3B0.1MoO11.05 (B = Ca, Sr and Ba) were 
prepared by the freeze-drying precursor method, follow-
ing the procedure described in a previous work for related 
materials.16 The starting reagents were: La2O3 (99.99%, 
Aldrich), MoO3 (99.5%, Aldrich), CaCO3 (99%, Alfa Ae-
sar), SrCO3 (99.99%, Alfa Aesar), BaCO3 (99%, Alfa Ae-
sar), Ti[OCH(CH3)2]4 (99%, Aldrich), ZrO(NO3)2·6H2O 
(99% Aldrich), and Nb(HC2O4)5·H2C2O4 (97% ABCR). The 
precursor solutions were prepared by dissolving separate-
ly La2O3 and alkaline-earth carbonates in diluted nitric 
acid, MoO3 in diluted ammonia, Ti[OCH(CH3)2]4 in etha-
nol, and ZrO(NO3)2·6H2O and Nb(HC2O4)5·H2C2O4 in 
distilled water. An ethylenediaminetetraacetic acid solu-
tion (EDTA, 99.99%, Aldrich) was added as a complexing 
agent in a molar ratio 1:1 with respect to the sum of the 
metal salts. The different cation solutions were mixed in 
stoichiometric amounts under stirring, obtaining trans-
parent solutions with a concentration of 0.1 mol L-1 and 
pH7. The solutions were frozen into liquid nitrogen and 
then dehydrated in a Scanvac Coolsafe freeze-dryer for 2 
days. The dried precursor powders were firstly calcined at 
300 ºC for combustion and then at 800 ºC for 1 h to re-
move the carbon species. The resulting powders were 
compacted into pellets with 10 and 1 mm of diameter and 
thickness, respectively, placed onto platinum plates and 
sintered at 1500 ºC for 1 hour. Then, in order to compare 
the results with those obtained in a previous work, the 
pellets were cooled down at three different rates by using 
a low capacity furnace: quenching (fast cooling at room 
temperature), 50 and 0.5 ºC min-1.24 The obtained pellets 
were ground into powder for further characterization. 
Finally, the powder samples were annealed between room 
temperature and 800 ºC for several days to check the 
phase stability. Hereafter, all samples are labelled as 
Mx_T, where M is the dopant cation, x is the dopant con-
tent and T the cooling rate used. 

2.2. Structural and thermal characterization 

All samples were analyzed by laboratory X-ray powder 
diffraction (XRPD) by using a PANalytical Empyrean 
diffractometer with CuKα1,2 radiation. The acquisition 
time was approximately 4 h over the 2 angular range of 
10-120º. The phase identification and structural analysis 
were performed using the X'Pert HighScore Plus and 
GSAS software.25,26 

Time of flight neutron powder diffraction (TOF-NPD) 
data were recorded on the Gem Xpress diffractometer at 
the ISIS pulsed spallation source (Rutherford Appleton 
Laboratory, UK). 6 g of powdered samples were loaded 
into 6 mm diameter vanadium cans and the data were 
collected at ambient temperature. The overall measure-
ment time was ∼2 h. Only those banks with the best sig-
nal/noise ratio (4, 5 and 6) were analyzed using the GSAS 
suite of programs. 

The crystal structure of the materials was also investi-
gated by selected area electron diffraction (SAED) and 
high-resolution transmission electron microscopy 
(HRTEM). The specimens were prepared by grinding the 
powders in acetone and the resulting suspension was 
deposited onto a holey carbon-coated copper support 
grid. The measurements were performed on a Jeol JEM 
2100 electron microscope operating at 200 kV. TEM imag-
es were analyzed using the Digital Micrograph™ soft-
ware.27 

The microstructure of the ceramics was observed by 
scanning electron microscopy (SEM) (Jeol JSM-6490LV), 
combined with energy dispersive spectroscopy (EDS) 
(Oxford Instruments). The grain size of the dense pellets 
was estimated from the SEM micrographs, using the line-
ar intercept method with the Estereologia software.28 
Different images were analyzed to obtain the grain size 
distribution and average grain size. 

2.3. Electrical characterization 

Impedance spectra were acquired using a frequency re-
sponse analyzer (Solartron 1260 FRA) in dry and wet (2 
vol.% H2O) gases of N2, O2 and 5% H2-Ar. The data were 
collected in the 0.01 Hz to 1 MHz frequency range with an 
ac perturbation of 100 mV on cooling from 800 to 200 °C 
and a dwell time of 30 min at each measurement temper-
ature. For the measurements in 5% H2-Ar the samples 
were previously reduced for one day at 800 ºC and the 
data were acquired on cooling with a dwell time between 
30 min and 1 h. The data were simulated by equivalent 
circuit models using the ZView program.29 Pt current 
collectors were formed by coating the pellet surfaces with 
Pt-ink (METALOR® 6082) and then fired at 800 ºC for 1 h 
in air.  

The dependence of the conductivity with the oxygen 
partial pressure (pO2) was studied from oxidizing (100% 
O2) to very reducing conditions (100% H2) at a constant 
water partial pressure (pH2O) of ∼2.5 vol.% H2O in a 
ProboStat cell (NorECs, Norway) by the 2-point 4-wire 
method.30 The conductivity was monitored versus time at 
each new set of conditions to ensure that equilibrium was 
achieved before taking a measurement. 

3. RESULTS AND DISCUSSION 

3.1. Single phase existence on metal doping 

Substitutions on the molybdenum (La5.4Mo0.9A0.1O12-) 
and lanthanum (La5.3B0.1MoO11.05) sites were firstly evalu-
ated using the same synthetic conditions reported for the  



 

 
Figure 1. XRPD patterns for La5.4Mo0.9A0.1O12- (B = Ti, Zr and Nb) 
and La5.3B0.1MoO11.05 (A = Ca, Sr and Ba) heated at 1500 ºC and cooled 
down by (a,b) quenching and at (c,d) 0.5 ºC min-1. Secondary phases 
are labelled as well as the polymorphism of the main lanthanum 
molybdate phase. Superstructure peaks are labelled with arrows for 
single-phase samples. Intensities are given in logarithmic scale for 
better visualization of the lower intensity peaks. 

undoped compounds.24 The samples prepared by quench-
ing crystallize with a cubic (Ca0.1, Sr0.1, Ba0.1, Zr0.1 and Nb0.1) 
or rhombohedral (Ti0.1) symmetry (Fig. 1a and b and Table 
S1). However, only Nb0.1 and Ti0.1 are single-phase com-
pounds, the rest of the compositions exhibit secondary 
phases, identified as La2O3, BaMoO4, La(OH)3 and 
La2Ba4O7.  

It should be noted that the amount of secondary phases 
increases with the ionic radii of the alkaline-earth metal, 
in the order Ba0.1 > Sr0.1 > Ca0.1. To the best of our 
knowledge, only Zr4+ has been reported as a successful 
dopant for rare-earth molybdates. Zr4+(0.84 Å) is signifi-
cantly smaller than La3+(1.16 Å), Sm3+(1.08 Å) and Dy3+(1.03 
Å).21 Therefore, doping in the lanthanum position for 
Ca2+(1.12 Å), Sr2+(1.26 Å) and Ba2+(1.42 Å) is not possible. It 
should be noticed that this behavior is different to that 
reported for lanthanum tungstates, La5.35M0.1WO11.125 (M = 
Ca2+ and Sr2+), where all the samples were single phase 
compounds.15 

The cubic polymorph is not stabilized for any composi-
tion when the samples are prepared at the lowest cooling 
rate (0.5 ºC min-1) (Fig. 1c and 1d and Table S1), and only 
Nb0.10_0.5, with a rhombohedral R1-type symmetry, is 
obtained as a single-phase. Ti0.10_0.5 and Zr0.10_0.5 are a 
mixture of R1 and R2-type polymorphs, containing minor 
segregations of La2O3. This behavior clearly indicates that 

metal-doping on the molybdenum position trends to 
stabilize the R1 polymorph when a low cooling rate is 
used, but only Nb-doping leads to pure compounds. Simi-
lar results are obtained for a cooling rate of 50 ºC min-1, 
where only Nb0.1 and Ti0.1 are single-phase compounds 
with a R1 symmetry (Table S1). 

Since Nb is the only dopant with beneficial effects on 
the structural properties of La5.4MoO11.1 without secondary 
phases segregations or mixture of polymorphs, samples 
with different Nb-content, La5.4Mo1-xNbxO11.1-x/2 (x = 0, 
0.05, 0.10, 0.15 and 0.20), were prepared in order to gain a 
better understanding of the effect of Nb-doping on the 
structural and electrical properties.  

XRPD patterns for La5.4Mo1-xNbxO11.1-x/2 prepared by 
quenching are showed in Fig. S1a. All samples are single 
phase for x0.2 and present a simple cubic fluorite-type 
structure. For x>0.25, small segregations of La2O3 are 
observed in the XRPD patterns, indicating that the solu-
bility limit of Nb in La5.4Mo1-xNbxO11.1-x/2 series, under the 
synthetic conditions used, is close to x=0.2. In the case of 
the samples obtained at a cooling rate of 50 ºC min-1, all 
compounds crystallize with a rhombohedral R1-type 
structure (Fig. S1b). 

A different behavior is observed for samples obtained at 
0.5 ºC min-1. The undoped compound is a single-phase 
with R2-structure (Fig. S1c) and Nb0.1_0.5 crystallizes with 
a R1-structure. Lower Nb-content (x0.05) leads to a mix-
ture of R1 and R2 polymorphs, whereas for x>0.1, the ma-
terials crystallize with a R1-type structure but exhibit 
minor segregations of La2O3. It is worth mentioning that 
changes in polymorphism have been also reported for 
other lanthanum molybdates, such as La2Mo2O9, after Nb-
doping or the modification of the synthesis-sintering 
conditions, leading to the stabilization of higher sym-
metry forms.31-32 

3.2. Structural analysis of the Nb-doped com-
pounds 

As previously commented, Nbx_0.5 and Nbx_50 series 
crystallize with complex rhombohedral superstructures, 
similar to that of La5.4MoO11.1 cooled down at 50 ºC min-1.24 
Since complete structural models are not available in the 
literature, only the basic unit cell parameters were deter-
mined by a Le Bail analysis of the XRPD data. An example 
of the fitting for Nb0.1_0.5 is shown in Fig. 2a, where the 
small diffraction peaks, attributed to superstructure re-
flections, are not indexed. 

Nbx_Q series is studied by a combined Rietveld refine-
ment of X-ray and time of flight-neutron powder diffrac-
tion data, using a single fluorite-type structure with a 
Fm3തm space group as starting structural model.24 Occu-
pancy factors were initially set to the nominal stoichiome-
try, where La, Mo and Nb were located in the same crys-
tallographic position and their isotropic displacement 
parameters constrained to be the same. Parameters such 
as unit cell, scale factor, background and peak shape coef-
ficients and isotropic displacement parameters were re-
fined.
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Figure 2. XRPD Le Bail plot for rhombohedral (a) Nb0.10_0.5. Rietveld plot for (b) cubic Nb0.10_Q. (c) TOF-NPD Rietveld plot for Nb0.10_Q (bank 
4). The inset of (c) shows the TOF-NPD pattern as a function of Q. [Observed data (circles), calculated pattern (continuous line), and difference 
curve (bottom)]. 

In Figure 2b-c and Tables S2 and S3 it can be seen that 
the refinements are quite satisfactory, with low disagree-
ment factors, RF and Rwp values vary between 2-3 (2-4) and 
5-8 (3-4), for XRPD and TOF-NPD (italics) data, respec-
tively, confirming that all quenched samples crystallize in 
a single cubic fluorite structure. Similar results are ob-
tained for the remaining samples (Table S3). Moreover, 
occupancy factors were refined freely, without any con-
straint, and La, Mo and Nb remained practically unaltered 
from the nominal values, indicating that the experimental 
stoichiometry is very close to the nominal one. Therefore, 
cation occupancy factors were fixed to the nominal values 
(Table S3). Refinement of the oxygen occupancy factors 
yields to higher concentration of oxygen vacancies with 
increasing of Nb-doping as expected (Table S3). 

TOF-NPD patterns for the quenched samples show a 
significant undulation of the background (Fig. 2c). This 
behavior has already been reported for other oxide ion 
conductors, such as La2Mo2O9-, Bi26Mo10O69- and Bi2O3-
based materials,33−37 and is ascribed to a contribution of 
local static structural disorder in the anionic sublattice, 
caused by fast oxide ion diffusion, to the elastic diffuse 
scattering.38,39 The nature of this disorder can be ascer-
tained by the first undulation maximum of the back-
ground, where a very significant contribution to its inten-
sity comes from the static structural disorder. This inten-
sity can be expressed by the Debye formula,36 where the 
maximum is achieved for: 

max
max

23.12

d
Q






 
where dmax is a preferred pair distance. In the inset of 
Figure 2c it can be seen that for Nb0.10_Q the maximum is 
about 2.77 Å-1, corresponding to dmax ≈ 2.79 Å, and close to 
the experimental O-O distances, 2.83 Å, of the 8-fold 
coordination of La, Mo and Nb. Similar pair distances are 
obtained for Nb0_Q and Nb0.20_Q. This confirms that the 
modulation observed in the patterns can be ascribed to 
the distribution of the oxygen defects. Similar results are 
reported in the literature for related molybdates, i.e. Qmax 
of 2.75 and 2.8 Å-1, for Bi26Mo10O69 and La2Mo2O9, respec-
tively.34,36 

The unit cell volume of the quenched samples decreas-
es linearly along the series, according to the Vegard's law, 
due to the smaller ionic radii of Nb5+(0.74 Å) in an 8-fold 
coordination, in comparison to those of La3+(1.16 Å) and 
Mo6+(1.02 Å) in the same environment (Figure S2). It has 
to be noted that the ionic radii of Mo6+ in 8-fold coordina-
tion is not reported in Shannon´s database,40 therefore it 
has been estimated from the Mo-O distances of several 
molybdenum-containing compounds: La2.4Mo1.6O8 (ICSD 
27006), Ho2MoO4.8 (ICSD 261709), Bi3.2Mo0.8O7.5 (ICSD 
38357) and Mo3O (ICSD 15903), all of them with a Fm3തm 
space group.41−43 

A similar trend is observed for Nbx_50 series, as the unit 
cell volume decreases with increasing Nb-doping with the 
exception of the undoped compound that exhibits a value 

 
Figure 3. SAED patterns of Nb0.1_Q in (a) [1-10] and (b) [2-10] zone 
axes. Red circles indicate weak satellite reflections due to structure 
modulation. (c) HRTEM image in the [1-10] zone axis.
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Figure 4. SAED patterns and HRTEM images for Nb0.1_0.5 in (a,b) [001], (c.d) [72-7] and (e,f) [22-1] zone axes.

somewhat lower than the expected one. (Figure S2). In 
contrast, this linear dependence is not observed for the 
samples prepared at low cooling rate (0.5 ºC min-1), which 
can be explained by the structural phase transition from 
R2 to R1 polymorph with Nb-doping and also the presence 
of minor secondary phase segregations of La2O3 for x0.15.  

These results indicate that not only the cooling rate has 
a significant effect on the polymorphism of La6-xMoO12-

24 
but also the incorporation of different aliovalent dopants, 
which introduces extrinsic oxide ion vacancies in the 
lattice, suggesting that the local structure of the different 
polymorphs is similar and the differences are mainly as-
sociated with modifications in the oxygen sublattice as 
previously observed for related materials, such as the fast 
ionic conductor La2Mo2O9 with a -monoclinic-cubic 
structural phase transition from a static to a dynamic 
distribution of the oxygen defects.45 However, additional 
measurements are necessary to confirm this hypothesis, 
such as neutron atomic pair distribution function (PDF) 
analysis. 

3.3. Structural Analysis by TEM 
The structure of the materials was further characterized 

by combined selected area electron diffraction (SAED) 
and high resolution TEM image. For the quenched sam-
ple, the main reflections of the SAEDs could be indexed 
on the basis of a cubic fluorite-type structure with cell 
parameter a= 5.67 Å, in agreement with the XRPD and 
NPD results (Fig. 3a-b). However, certain crystallographic 
directions show weak satellite reflections, consistent with 
an incommensurate modulation due to local oxygen or-
dering as it was observed by the neutron diffraction 
measurements (Fig. 3a). HRTEM images further confirm 

the cubic structure of this sample, where the interplanar 
distances are similar to those obtained by diffraction 
techniques (Fig. 3c). 

SAED patterns for the sample cooled down at 0.5 ºC 
min-1, Nb0.1_0.5, reveal the presence of a superstructure. 
This is clearly observed in the [001] zone axis (Fig. 4a), 
where the most intense reflections correspond to a basic 
rhombohedral cell with a=b=4.10 Å and c= 9.52 Å, and the 
weak reflections indicate that the real cell is a 7a7a 
supercell. This is further confirmed by the HRTEM image 
of Fig. 4b, where this supercell is clearly visible. Moreover, 
along the (003) direction no superstructure reflections are 
observed (Fig. S3), indicating that the superstructure is 
7a7ac of a basic unit cell. Similar results are observed in 
different zone axes, Fig 4c and 4e, where the SAEDs are 
correctly indexed by considering the proposed basic 
rhombohedral cell. HRTEM images viewed down these 
zone axes corroborate the results (Fig. 4d and 4f). 

3.4. Microstructural and electrical characterization 

The sintered pellets for all compositions exhibit very 
high relative density, close to 100%, independently on the 
cooling process employed (Fig. S4). The quenched sam-
ples and those cooled at 50 ºC min-1 do not show any evi-
dence of secondary phase segregations in the whole com-
positional range studied, 0x0.2, and are chemical and 
mechanically stable in different atmospheres. In addition, 
cracks associated with the fast cooling process are not 
detected.  

The samples prepared at 0.5 ºC min-1 with Nb-content 
0<x0.05 are mixture of polymorphs and contain minor 
segregation of La2O3, which hydrate and carbonate in  



 

Figure 5. Representative impedance spectra of Nb0_Q and Nb0.10_Q 
in dry/wet O2 and wet 5% H2-Ar gases at 400 ºC.  
humidified atmospheres, leading to the mechanical deg-
radation of the pellets after exposing to air for several 
days. Only Nb0.1_0.5 is a single-phase compound and 
stable in the different environments. The remaining com-
positions of this series are unstable and they are not elec-
trically characterized.  

SEM images reveal that the average grain size increases 
with Nb-doping. For instance, the grain size diameter for 
the quenched samples increases from 15.8 to 31.7 m for 
Nb0_Q and Nb0.2_Q, respectively. On the other hand, the 
grain size increases as the cooling rate decreases due to 
longer dwelling times at high temperature and the conse-
quent grain growth (e.g. 33.5 m for Nb0_Q to 54 m for 
Nb0.1_0.5). 

Impedance spectra of the pellets were acquired under 
several atmospheres in order to study the different con-
tributions to the overall conductivity. Representative 
impedance spectra plots for Nb0.1_Q are shown in Figure 
5. All spectra show similar characteristics, independently 
on the composition, atmosphere and cooling rate em-
ployed during the synthesis. Two different processes are 
distinguished in the spectra; the dominant one at high 
frequency with a capacitance of ~pF cm-1 is associated 
with the grain interior conduction. The low frequency 
contribution with higher values of capacitance, ~mF cm-1, 
is attributed to the electrode response. It should be no-
ticed that the grain boundary contribution is not detected 
due to the large grain size of the sample and the absence 
of phase segregations. Hence, the bulk conductivity is 
predominant in these materials. The impedance spectra 
were simulated by an equivalent circuit model: 
(RbQb)(ReQe), where R is a resistance and Q is a pseudo-
capacitance; and b and e denote the grain interior and 
electrode responses, respectively. 

The Arrhenius plots show a very significant increase of 
the conductivity in wet atmospheres at low temperatures 
(T < 600 ºC) for both the cubic and rhombohedral poly-
morphs (Fig. 6), due to a significant proton contribution 
to the overall conductivity as previously observed for the 
undoped compounds.24 As expected the proton conduc-
tivity decreases as the temperature increases due to the 
release of water and a reduction in the proton concentra-
tion. In particular, above 700 ºC, the conductivity values 
in dry and wet O2 gases are similar, indicating that oxide 
ions are the main mobile species.  

For the cubic samples, the overall conductivity increas-
es with Nb-doping due to the generation of extrinsic ox-
ide ion vacancies in the lattice when Mo6+ is partially 
substituted by Nb5+ (Fig. S5 and Table S4). The maximum 
conductivity is observed for x=0.10, with a value of 1.7 mS 
cm-1 at 800 ºC in wet O2, which is a significant improve-
ment with respect to the undoped compound 0.71 mS 
cm-1. A similar trend is observed in the low temperature 
range (T<600 ºC), where the conductivity is dominated by 
the proton contribution. Therefore, Nb-doping enhances 
both oxide ion and proton conductivity in La5.4MoO11.1-
based compounds up to x = 0.10. An increase of Nb-
substitution above x>0.15 leads to an excessive oxygen 
vacancy concentration in the lattice and their possible 
association; consequently, no further improvement of the 
conductivity is observed.46 A similar trend is observed for 
the samples cooled down at 50 ºC min-1, where the con-
ductivity maximum is also observed for Nb0.10_50. 

 
Figure 6. Arrhenius plots of the overall conductivity of Nb0_Q and 
Nb0.10_Q in dry/wet O2 and wet 5% H2-Ar prepared at different cool-
ing rates: quenching and 0.5 ºC/min. 
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On the other hand, the quenched samples exhibit high-
er conductivity values than those prepared at low cooling 
rates, which could be explained by the higher structural 
symmetry and improved mobility of the charge carriers 
(Table S3). Regarding the Nbx_0.5 series, a decrease in the 
conductivity is observed for Nb0.10_0.5 in comparison to 
the undoped compound (Nb0_0.5), which is ascribed to 
the structural change on doping from R2 to R1 poly-
morphs. No other members of this series were analyzed 
by impedance spectroscopy due to the segregation of 
La2O3 and the disruptive expansion of the pellets.  

Activation energies at low temperatures for all compo-
sitions were very similar, with values of ~0.81 eV in dry 
atmospheres, and ~0.72 eV in wet atmospheres, indicating 
that Nb-doping does not lead to any change in the proton 
conduction mechanism. On the other hand, the activa-
tion energies increase to 1.33 eV at high temperatures, 
regardless of the measurement conditions because the 
conductivity is dominated by the oxide ion conduction. 

In reducing atmospheres, the conductivity increases 
significantly for the different samples, which could be 
explained by an increase of the n-type electronic conduc-
tivity due to the reduction of Mo6+ to Mo5+ with the con-
sequent loss of lattice oxygen and formation of oxygen 

vacancies [ ]OV


, according to the following relation in the 
Kröger-Vink notation: 
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x
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where the mass action equation is:  
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XPS measurements in a previous work confirmed that 
only a little fraction of Mo6+ is reduced to Mo5+, i.e. 
 x

MoMo >>  MooM   [22]. Moreover, the number of oxygen 
vacancies created during the reduction process is half of 

the reduced molybdenum: [ ] [ ] / 2O MoV Mo  . Hence, the 
number of electron charge carriers and the n-type elec-
tronic conductivity are proportional to (pO2)-1/6. For 
Nbx_Q and Nbx_50 series the conductivity increases on 
Nb-doping up to x = 0.10. In the case of Nbx_0.5, series the 
conductivity of Nb0.10_0.5 is higher than that of Nb0_0.5, 
due to the structural change on Nb-doping from R2 to R1 
polymorph. As it was discussed in our previous work,24 
the n-type electronic conductivity of the R1 polymorph is 
higher than that of R2; however, an explanation for this 
behavior requires a further structural analysis.  

The dependence of the conductivity on the oxygen par-
tial pressure (pO2) shows the typical behavior of a mixed 
ionic-electronic conductor as can be seen in Figure 7 for 
Nb0.10_0.5. The conductivity increases as pO2 decreases, 
indicating that under reducing conditions the n-type 
electronic conductivity is the main conduction mecha-
nism. In contrast, under oxidizing atmospheres, the con-
ductivity increases slightly with pO2 indicating the pres-
ence of a minor p-type electronic contribution.47 A very  

 
Figure 7. Variation of the overall conductivity as a function of the 
oxygen partial pressure at 800 °C for Nb0.10_0.5. The dashed line is 
the fitting curve with Eq. 3. 

similar behavior is observed for Nb0.10_Q and Nb0.10_50. 
The overall conductivity, , could be expressed according 
to the following relation:  

1/6 1/6
2 2( ) ( )o o

i n ppO pO     
  (3) 

where i is the ionic conductivity, and o
n  and o

p  are the 

n-type and p-type electronic conductivities at pO2=1 atm. 

It has to be noticed that the p-type electronic contribu-
tion is only partially observed at high values of pO2 and it 
is not possible to determine the power law dependence: 
(pO2)n (n=1/4 or 1/6). For simplicity, we have assumed a 
similar behavior for both the p-type and n-type electronic 
contributions; however, additional experiments, such as 
ion-blocking, are necessary to study separately the ionic 
and electronic conductivity.  

As can be observed the curves are fitted with Eq. 3, con-
firming the proposed dependence of the electronic con-
ductivity on the oxygen partial pressure. However, at very 
low oxygen partial pressures the curves show a different 
slope, which is not adequately simulated by Eq. 3. This 
behavior is mainly observed at temperatures below 600 ºC 
and could be associated with a decrease of the water par-
tial pressure on pO2, and the consequent decrease of 
ionic conductivity, as previously reported for other proton 
conducting materials.48-50 The values of ionic transport 
numbers for Nb0.10_0.5 are estimated from: t=i/, taking 
values of about 0.6 at 600 ºC and 0.3 at 800 ºC at pO2=1 
atm. These values decrease to 0.005 and 0.0025 at 600 and 
800 ºC at pO2=10-25 atm, similar to those obtained for the 
undoped compounds.24 Hence, these materials are proton 
conductors under oxidizing and wet conditions; however, 
they are predominantly n-type electronic conductors 
under reducing atmospheres. As further work, hydrogen 
permeability experiments are planned to evaluate the 
performance of these materials as hydrogen separation 
membranes.  
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4. CONCLUSIONS 

Metal (Ca2+, Sr2+, Ba2+, Ti4+, Zr4+ and Nb5+) doped 
La5.4MoO11.1 samples were synthetized by the freeze-dried 
precursor method. The ceramics were sintered and cooled 
down at three different rates: quenching, 50 and 0.5 ºC 
min-1. XRPD analysis revealed that single-phase com-
pounds with cubic symmetry are only obtained for Nb-
doping. Titanium samples are single-phases with a R1 
symmetry at fast cooling rates. In addition, a stabilization 
of a rhombohedral polymorph (R1) is observed at 0.5 ºC 
min-1 for Nb series. TOF-NPD data confirmed the cation 
stoichiometry of the cubic polymorphs and TEM studies 
ascertained the polymorphism: a single cubic fluorite and 
a 7a×7a×c rhombohedral structure, for the samples cooled 
down by quenching and 0.5 ºC min-1, respectively.  

Nb-doping improves the densification and grain growth 
rate of the samples. In addition, an enhancement of the 
conductivity is observed due to an increase of the oxide 
vacancy concentration; however, high dopant content 
(x>0.1) leads to poorer values of conductivity, possibly due 
to vacancy defect association. Finally, under very reducing 
conditions, an important n-type electronic contribution 
to the conductivity is detected due to the partial reduc-
tion of Mo6+ to Mo5+ with ionic transport numbers at 600 
ºC of 0.6 in air and 0.005 in H2.  

ASSOCIATED CONTENT  
Additional experiment results, including XRPD patterns, 
SAED and SEM images, variation of the unit cell volume and 
conductivity with the Nb content. This material is available 
free of charge via the Internet at http://pubs.acs.org. 
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