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Abstract

This study explores the synthesis and characterization of novel proton-conducting ceramic materials based

on La2-xCaxScl-yMgyNbO7-8, which are potential electrolytes for protonic ceramic fuel cells (PCFCs).

These materials aim to combine high proton conductivity with enhanced chemical stability, suitable for

intermediate temperature applications. The ceramic materials were prepared using a freeze-drying precursor

method and characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and neutron

diffraction (ND). Several compositions were synthesized by co-doping with calcium and magnesium,

leading to the formation of a pyrochlore structure. Electrical properties were determined using

electrochemical impedance spectroscopy under different atmospheres. The results indicate that co-doping

improves the relative density and enhances the conductivity, making these materials promising candidates

for efficient and stable PCFC electrolytes.

1. Introduction

With the increasing concerns on the upcoming
effects of the current climate crisis, renewable
energies become a more than a viable response.
Electrochemical devices that can convert chemical
energy into electrical energy are the key for highly
efficient energy conversion.! This type of devices
includes a wide range of fuel and electrolizer cells,
such as proton exchange membrane fuel cells
(PEMFCs), 2 solid oxide fuel cells (SOFCs),>8 and
other fuel cells.® Other devices that are getting more
attention recently for the green hydrogen production
are solid oxide electrolyser cells (SOECs).10-14 Most
of these technologies suffer from drawbacks like
high cost, low chemical stability and/or low thermal
stability, or highly energy demanding due to high

operating temperatures. As advantages, fuel cells can
convert up to 50-70% of available fuel into
electricity, they have constant power production, and
they allow fuel selection.!® In terms of counteracting
the disadvantages mentioned above, the Intermediate
Temperature Solid Oxide Fuel Cells (IT-SOFCs)
seems the most suitable devices, because it has high
energy efficiency, lower operating temperature
(<650°C) and consequently, materials not so

expensive.16:17

Proton-conducting ceramic materials are mainly
used as electrolytes in ITSOFC and SOECs, also
known as protonic ceramic fuel cells (PCFCs).
Proton conductors exhibit higher ion conductivity at
lower temperatures than usually studied electrolytes
such as yttria-stabilized zirconia (YSZ),'81° due to a

much lower activation energy needed to make
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protons migrate from one electrode to another.2° This
has recently attracted the attention of the scientific
world, leading to an increase in the number of
published articles in this field (Figure 1).
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Figure 1. Plot of the published article number versus year

from 1980 to present obtained from the database Scopus and

using the words: proton*, Conduct™® and ceramic* in the
section “Article title, Abstract and keywords

The main proton conductors materials are
perovskite-type based on BaZrOs;?2! BaCeO3??
materials doped with rare earth elements. They show
major difficulties on the processability of the
materials and/or low chemical stability, which limit
their Although

perovskite-type based oxides has been described

potential applications.? new
exhibiting high proton conductivity and high
chemical stability under oxidizing, reducing and

CO; atmospheres. 24

It has recently been issued that the high entropy
barium cerates, i.e., BaZro2Sne2Tio2Hfo2Y0205:%
show good transport properties as proton conductor.
The maximum power density of a PCFC was 500
mW/cm? at 500°C, come together with a long-term
stability, has been achieved,® the ensemble of the
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+Ni. This PCFC operates

at lower temperature, about 200°C lower, than a

conventional SOFC.27

The Ln3BO- gives rise to a large compound family,
with Ln as a trivalent lanthanide and B as a
pentavalent cation, such as Nb, Ta, Sh, Ir, Mo, Ru,
etc.® They show different space groups, being the
most frequently the Cmcm,?® but also Pnma
(weberite),®® Fd3m (pyrochlore),3* Fm3m (deficient
fluorite), ¥ or C222,.28 In fact, for LasNbO; it was
proposed the space group Cmcm, nevertheless the
structure of this phase was later refined on a single
crystal prepared by flux method in the orthorhombic
Pnma space group corresponding to the weberite
structural type. For the lanthanide niobates,
LnzNbOy, it was found a weberite structural type
(Pnma) for the larger lanthanides (Ln= La, Pr, Nd);
a C222; space group for intermediate-size cations
(Ln= Sm-Tb) and a deficient fluorite type (Fm-3m)

for the smaller cations Ln3* (Dy-Lu).

Proton-conducting materials, with the formula
A:B,07, are much less studied, focusing almost all
the attention on the pyrochlore lanthanum zirconate
(LapZr,07)%3* and derivatives. The strategy to
improve the proton conductivity is the creation of
oxygen vacancies by adding aliovalent metal as
dopant with a lower oxidation state and similar ionic
radius. For example, in the case of lanthanum, an
ideal and commonly used dopant is Ca2*, because the
radii of both ions are quite close (La3*, coordination
8, 130 pm; Ca?*, coordination 8, 124 pm), giving rise
to different dopant solubility in the phase.3®

Pyrochlore structures are related to the fluorites. In
the pyrochlore A;B;O; the B cations are located
octahedral sites (BOg), while A cations are in
distorted (AOs),

coordination number of 7. It has a cubic structure,

cubes being an average

with the space group Fd3m containing eight formula



units in the unit cell (Z=8).3¢ If the crystallographic
origin is at the A-site, the Wyckoff sites are at 16d
(A), at 16¢ (B), 48f (O(1)) and 8a (0O(2)), having the
anion vacancies at 8b. The cation A is coordinated to
eight oxygens (two O(2) and six O(1)) with a
scalenohedron structure. The cation B is coordinated
to six oxygens (O(1)) in a distorted octahedron,
sharing corners. The O(2) anions are coordinated to
four A cations, while the O(1) anions are coordinated

to two A and two B cations.?’

Proton-conducting mixed oxides have also been
found in the niobate and tantalate families REsMO;
(RE=La-Lu, Y; M=Nb, Ta),3 where adding acceptor
doped materials increases the oxygen vacancies and
therefore, ion and proton conductivity. The
substitution of one RE with a different Ln or Sc
giving the structure RE2(B3*Nb)O; may give
potential oxygen ion and proton conductors. This

3*/5* pyrochlore family has been even less studied
than the 3*/4* (A3*,B**,07) pyrochlores were we find
the phase La,Zr,O;. Niobates and tantalates with a
3+/5+ valence state exhibit the pyrochlore structure
only when the trivalent cation at the B-site (B®*) has
the smallest radius. This structure is feasible when

B3+ is either Lu or Sc.3°

In this work, we proposed a new way of synthesizing
ceramic electrolytes with pyrochlore structure using
the 3*/5* pyrochlore family with the system La,.
xCaxSc1.yMgyNbO-.; adding two different dopants in
different stoichiometries. This work focuses on the
following compositions: x=0.00; 0.025; 0.05; 0.075;
0.10 y=0.00;0.020;0.05; 0.10 and finally co-doping
the system using the compositions that shows the
best conductivity. The electrical properties as well as

structure and morphology were studied.

Table 1. Cell parameters, theoretical density, experimental density, and relative density data of every material

studied

Material Cell Cell Theo. Rel.
parameter Volume Density Density

A) (A%) (g/em’) (%)
La,ScNbO7 10.68 1218 5.75 92.5
La1.975Ca0025SCNbOs 9875 10.67 1215 5.73 95.8
La1.95Can05ScNbQg 975 10.66 1211 5.73 92.3
La1.925Cag075ScNbOs 9625 10.66 1211 5.70 93.9
La1.90Can 10ScNbOs 950 10.65 1208 5.68 94.5
La2Sco.98Mgo.02NbOs 990 10.66 1211 5.78 94.8
La2Sco.95Mgo.0sNbOs 975 10.66 1211 5.77 93.9
La2Sco.90Mgo.10NbOs 950 10.66 1211 5.75 94.8
La1.90Can.105€0.90Mgo.10NbOs 900 10.64 1204 5.68 96.5

2. Experimental procedure

The powders were synthesized using the freeze-
drying precursor method. The chemicals used in this
study were LaOs (Aldrich, 99,99%), Sc,0s
(Aldrich, 99,99%), CaCOs (Aldrich, 99,99%), MgO

(Aldrich, 99,99%), citric acid (Scharlau, 99,55%),
EDTA (Aldrich, 99,99%), NamOx
(NH4NbO(C204)2:6H,0, H.C. Starck GmbH).
Previously to use La,O3 and Sc,O3 were calcinated
at 900 °C for 3h for removing humidity and CO,. A
thermogravimetric analysis was performed for

NamOx to determine the percentage of Nb.Os



(28,63%). The lanthanum and scandium oxides were
dissolved by heating in nitric acid (65%). The last
one requires stronger conditions by using microwave
assisted hydrothermal method. After all the cations
were dissolved at low pH (<1), citric acid (CA) and
diammonium EDTA salt were added to avoid the
formation of metal hydroxy complexes, when the pH
was increased up to 7.6 with concentrate ammonia.
In a typical synthesis for 2g of final product a molar
ratio of metals/CA/EDTA of 1/1/3 was used. The
resulting solution was freezed by adding into liquid
N2, drop by drop, and carried to the freeze dryer
(Heto LyoLab 3000). Once the sample was
completely dry, the precursor became very
hygroscopic and must be quickly pre-calcinated at
300°C for 3 hours. Later it was calcinated at 800°C

for 10 hours.

The calcined powders were uniaxial pressed in form
of pellets by applying two ton/cm?. These pellets
were sintered at 1500°C for 24 hours -except for the
composition x=0.10 and y=0.10 that needed 36
hours- obtaining a relative density >90%, measured

by the geometric method (Table 1).

The X-ray diffraction (XRD) patterns were
collected on a Panalytical XPert Pro diffractometer
in the 20 range 5° to 80°. For the Rietveld refinement
parameters, it was used copper Kqi radiation. The
morphology and microstructure of the sintered
materials were observed after mirror polishing and
thermal etching using Scanning Electron
Microscopy (SEM) ona ZEISS EVO 15 witha2 nm
resolution, coupled with a microanalyzer of X-ray
dispersive energy Oxford X-MAX of 50 mm2. The
neutron scattering measurements were carried out in
the D2B equipment at the Institute Laue-Langevin
(ILL) in Grenoble, France. The Electrochemical
Impedance Spectroscopy measurements were
carried out for characterizing the electrical properties

of the materials with a Frequency Response

Analyzer (FRA) Solartron model 1260A, in a
temperature range between 900-350°C in six
different atmospheres (dry and wet, air, argon, and
argon with 5% Hy).
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Figure 2. Evolution of the X-ray diffraction patterns of the
undoped sample at different temperatures calcinated for 3
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Figure 3. X-ray diffraction patterns of all samples studied in
this work for the system La>xCaxSc1,MgyNbO7.5 is shown. All
samples were heated a 1500°C for 24 h, except for the co-doped

sample (x= 0.10 and y=0.10).



3. Results and Discussion

3.1. Structure analysis

In Figure 2 it is shown the thermal evolution of the
XRD patterns of undoped La,ScNbO; samples after
being calcinated at different temperatures for 3
hours. The full formation of the crystalline structure
was achieved at 1400°C. An amorphous material was
observed at 600°C; and at 800°C a mixture of
crystalline and amorphous precursors. Firstly, the
crystal structure and phase compositions of the La,-
xCaxSc14yMgyNbO7.5 series were confirmed by
comparing the patterns obtained with the ICSD
database structures. These ceramic materials are
found to crystallize in a cubic symmetry within the

space group Fd3m as reported.%

The powder XRD patterns of all samples sintered are
shown in Figure 3. The Rietveld refinement for
undoped sample is plotted in Figure 4 and Table 2
the most

lists important parameters of the

refinement.

The undoped and the Ca-doped sample patterns
present an impurity Bragg peak at 31.2° (26). These
secondary peaks were detected during the Rietveld
refinement (Figure 4) and do not correspond to a
permitted reflexion of the space group Fd3m. This
impurity was identified as LasNbO;, that means that
probably in the impurity the Sc and La are partially
distributed in sites 16d (A) and 16c, because do not
detect Sc203 segregated. This impurity was not
detected for the Mg doped samples in concentrations
lower than 5 wt.%. But with a 10 wt.% of Mg, the
impurity again appears as well as in the co-doping
(Caand Mg) sample. However, this impurity was not
observed in the neutron diffraction (ND) patterns,
due to probably that the samples for ND were
prepared in another batch. Figure 5 shows the
Rietveld refinement from the neutron diffraction

technique

obtained.
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Figure 5. Rietveld Refinement of the neutron diffraction pattern

for the (a) La:ScMgNbO7 sample and (b)
Lai.95Ca.0sScMgNbOs.975
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Figure 6. SEM (left) and EDX (right) images of the La2.CaxMgNbO7.5 sintered at 1500°C for 24 hours treated with a
thermal etching of 1 hour. (a) x=0.00; (b) x=0.025; (c) x=0.05; (d) x=0.075; (e) x=0.10 The colour codes are: Lanthanum
(rose), Niobium (blue), Scandium (green), Calcium (orange) and oxygen (red) in the EDX images (right side).

3.2. Microstructure study

Figures 6 and 7 show the different SEM images of
the undoped sample and the Ca-doped samples of the

system with the respective EDX analysis used to

identify the elements in the surface of the pellets.
The thermal etching done first for one hour (Figure
6) and then for three hours (Figure 7) have a large
difference probably due to an excessive time in the

thermal etching. Both treatments show the same



Figure 7. SEM (left) and EDX (right) images of the La>xCaxMgNbO7.s sintered at 1500°C for 24 hours treated with a thermal
etching of 3 hours long. (a) x=0.00; (b) x=0.025; (c) x=0.05; (d) x=0.075; (e) x=0.10

distribution of elements with a homogeneous The average grain size does not undergo any
composition of the samples. In the SEM images can noticeable changes with the variation of the amount
also be observed the successful sintering process due of dopant.

to the absence ofholes in the surface of the materials.
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Figure 8. Arrhenius plots for the materials studied in six different atmospheres in a temperature range
between 400°C and 900°C with the compositions: (a) La:ScNbO7, (b) La1.975Cao.025ScNbOs.9875, ()
Lai.95Cap.0sScNbOs.975, (d) Lai.925Ca0.075ScNbOs.9625, (€) Lai1.90Cao.10ScNbOs.950, (f) LazSco.9sMg0.02NbOs.990,
(g) LazSco.9sMgo.0sNbOe.975, (h) La2Sco.90Mgo.10NbOe.950, (1) Lai.soCao.10Sco.90Mgo.10NbOe.900. The equivalent
circuit model (j) was used to determine every resistance value obtained from the EIS measurements.

3.3. Electrical characterisation

The materials studied in this work were sintered in
shape of pellets, achieving a relative density >90%.

Previously to the measurements, the pellets were

coated with a platinum layer and heated 950°C for 3

hours, in order to ensure the stability of the electrode

during the whole measuring process. Since the

complex impedance spectra only showed a

semicircle with capacitance values in the range of 10



8-10-"" F-cm™! we allocate the conductivities obtained
to those of grain boundaries*® The values of
conductivities were calculated through an equivalent
circuit model that can be seen in Figure 8j, with two
resistances in series. The first one (R1) correspond
to a bulk resistance, because it has a significantly
smaller relaxation time constant than those of grain
boundary,* The second one (R2) correspond to the
grain boundary, with a constant phase element in

parallel 42

In wet atmospheres, the oxygen vacancies of the
structure combine with water to create the proton

conductivity following the next equation:
H,0 + 0f + V5 - 2(0H)p,

The conductivity was measured in six different
atmospheres (wet and dry air, argon and 5%H, in
argon) to probe the presence of proton conductivity
in our material. Figure 8 shows the Arrhenius plots
of the conductivity for all samples measured in this
study. The curves, at higher temperatures (left side of
the Arrhenius plots) converge because the oxygen
ion conductivity becomes dominant. However, at
lower temperatures, the wet measures it is observed
that they are more conductive than those in dry
atmospheres, which confirms the presence of proton

conductivity.® In reductive conditions, that is

conductivity is observed, probably by the
appearance of n-type electronic conductivity, caused
by a partial reduction of the niobium, being more

conductive in hydrogen for all the samples.

Figure 9 shows the increase in the total conductivity
at 500°C in argon for the best results for the Ca-
doped samples (x=0.10) and the Mg-doped samples
(y=0.10), with the result of a high increase in the
conductivity due to the co-doping effect (x=0.10 and
y=0.10).

The activation energies calculated from the
Arrhenius equation:
Eq
o= 0g,exp (— T
Where o stands for the total conductivity, o, is the
pre-exponential factor, E, is the activation energy of
the conduction process, k is the Boltzmann constant,
and T is the temperature. The values of this
activation energy can be seen in Table 3 for all
materials prepared in this study, being better than
those reported by Shlyakhtina et al. for a material
with the same composition but another preparation
method, having values between 1.80 eV and 1.46

eV.39 This material able to achieve values of 0.59 eV

atmospheres that contain hydrogen, a higher

Table 2. Rietveld refinement most important parameters

La,ScNbO;  Volume | A® = 1215---Spacial group: Fd3m #227---cubic

Atom Oxidation Wyckoff .
State PoZition X Y Z Oce. B iso
Nb +5.00 16 d 0.5000 0.5000 0.5000 0,5 0.563
Sc +3.00 16 d 0.5000 0.5000 0.5000 0,5 0.463
La +3.00 16 ¢ 0.0000 0.0000 0.0000 1 0.563
01 -2.00 48 f 0.4272 0.1250 0.1250 3 0.773
02 -2.00 8a 0.1250 0.1250 0.1250 0,5 1.098

Rp: 17.6“‘pr: 14.8“'Rexp: 902"'Ch|2268
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for the Mg-doped composition in wet argon at
temperatures lower than 600°C (Figure 8h) which ha
means that there are few electronic contributions 1.0x10°
to the total conductivity, reaching values of great 2 0x10° |
proton conductors with values in arange between
0.40 eV and 0.60 eV.*14445 The activation energy 5
values obtained also gives an overall view of the

performance of the different amounts of dopant

and type of it where the doping is beneficial for

*=0.00;y=0.00 %=0.10 y=0.10 *=0.10,y=0.10

the conductivity of the materials. Although every M aterial

Figure 9. Different proton conductivity values for the best

dopant has improved the activation energy of the
performing samples of each type of doping, calculated from the

undoped material, the Ca-doped samples perform difference between the conductivity in dry and wet atmospheres.
. The measures used to calculate this data were done in argon at
at lower efficiency than the Mg-doped samples, 500°C

meaning that the Sc position doping can improve . . .
calcium and magnesium enabled the formation of
considerably the proton conducting properties . .
o . a stable cubic pyrochlore structure, as confirmed
and lower the activation energy of the conduction . . . .
by X-ray diffraction and neutron diffraction
process. . .
analyses. Scanning Electron Microscopy and

Table 3. Activation energy values for the system of Energy Dispersive X-ray analysis indicated a

study, calculated from tﬁz (;r(l)igswes done in wet air in homogeneous  elemental  distribution  and
_ minimal porosity, affirming the successful

Compound a\cf\t/ievta?il(l)’n sintering of the materials. Electrochemical

energy, impedance spectroscopy revealed that the

ev co-doped ceramics exhibit enhanced proton

LazScNbOy 1.39 conductivity compared to materials with just one
Li;?:;é?oojjssil\fg::jf ii? dopant. The improvement in conductivity is due

L 81 625C80.075SCNDOs o6t 132 to increased oxygen vacancies and improved ion
Lay 05Ca 10SENDOG 50 137 mobility. The materials demonstrated significant

L 22SCo.55Mdo.02NbOG s 108 chemical stability in various atmospheric
L.2,5C0.95Mgo.0sNbOs o7 0.67 conditions. Overall, the La,.xCaxSc1.yMgyNbO7.5

L a25¢0.90Mgo.10NbOs s50 0.59 system shows great promise as an efficient and
La1.60Ca0.105C0.0Mo.1oNDOs 00 0.76 durable electrolyte for PCFC applications,

highlighting its potential to advance energy

conversion technologies.

4. Conclusions

This study successfully synthesized and
characterized proton-conducting  ceramic
materials based on the formula
Lay-xCaxSc1-yMgyNbO-.5 using a freeze-drying
precursor method. The co-doping strategy with
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