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ABSTRACT

Recent studies have reported that the conductivity of La;Ce>O- proton conductors is improved by aliovalent doping,
despite the high concentration of oxygen vacancies in the pristine material. In this study, we provide new insights
into the structural and conducting properties of Lasx AxCe;O7:5 (A=Na", Ca®", Sr*", Ba®", Y*" and W®'; x<0.2). The
materials are apparently single phase compounds by conventional X-ray diffraction with a disordered fluorite-type
structure; however, the local structure, studied by Raman spectroscopy, reveals a biphasic mixture of fluorite and
C-type phases, which depends on dopant type and the sintering temperature. In addition, phase segregations are
observed for Ca, Sr and Ba-doped samples by scanning electron microscopy. The different substitutions do not
improve the bulk conduction at low temperature, and the conductivity differences between the samples are mainly
ascribed to microstructural changes. High sintering temperatures produce a significant reduction of the bulk
conductivity, i.e. 1.38 and 1.01 uS cm™ at 300 °C for samples sintered at 1400 and 1500 °C, respectively. The use
of Zn as sintering aid greatly improves the densification of La,Ce,O7 at lower temperature, without affecting

negatively the conductivity.
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1. Introduction

Ceramic proton conductors are attracting great attention because of their potential applications in energy
production and storage, including electrolytes for solid oxide fuel cells, hydrogen separation membranes and gas
sensors [ 1-4]. However, the poor stability of the traditional materials under operating conditions is the main obstacle

for their commercialization, and therefore, new stable compounds are needed [5-7].

Most of the research on proton conducting ceramics has been focused on perovskite based materials [8,9].
Among these materials, BaCeOs has the highest proton conductivity; however, Ce-containing oxides shows poor
phase stability in H,O and CO, environments [10-14]. On the contrary, BaZrOs; shows improved carbonation
resistance, but requires high sintering temperatures to reach densification and reduce the high grain boundary
resistance [14,15]. In this context, a useful strategy to improve the densification of BaZrO; is the addition of
transition metals as sintering aids, such as Zn, which allows a considerable reduction of the sintering temperature

[15,16].

Low doped CeixLaxOzx2 (x<0.2) are compounds with fluorite type-structure and good oxide ion
conductivity at intermediate temperatures (500-800 °C) [17-19]. For high La-substitution levels a pyrochlore-type
structure (La>Ce,O-) is reported, which exhibits proton conductivity in humidified atmosphere below 450 °C and
high CO; stability [20,21]. Furthermore, under reducing conditions, this material is a mixed ionic-electronic
conductor due to the partial reduction of Ce** to Ce*" with the consequent formation of electronic charge carriers,

making it of interest for hydrogen membrane applications [22,23].

Regarding the real structure of La;Ce,O7 (LCO), there exists many controversies from both experimental
and theoretical studies. Some authors have reported that LCO crystallizes with a pyrochlore-type structure, while
others have suggested a disordered fluorite with composition CeosLao.sO01.75 [24-26]. Recently, our research group
has studied the local structure of CexLaxO2x» (x<0.7) series by transmission electron microscopy (TEM) and p-
Raman spectroscopy [27]. The results revealed a biphasic mixture of disordered fluorite (s.g. Fm3m) and C-type
(s.g. 1a3) phases for 0.4<x<0.6, similar to that observed previously for highly Sm- and Gd-doped CeO, [28]. In
addition, the water uptake and proton conductivity increased gradually with the La-content, indicating that the
formation and percolation of the C-type phase are responsible for the proton conduction in these materials. The C-
type structure is typical of rare-carth sesquioxides, where the oxygen vacancy ordering leads to a 2x2x2 supercell
relative to the ideal cubic fluorite [27-30]. Since the structures of fluorite and C-type phases are similar, the

diffraction peaks are overlapped, hindering the structural analysis by conventional diffraction techniques.

In this context, Raman spectroscopy is a more efficient technique than XRD to study the short-range of
non-stoichiometric materials [31,32]. This technique is highly sensitive to identify the formation of oxygen
vacancies as well as changes in the oxygen atomic positions, and has been widely used to study the local structure

of rare-earth doped CeO, and differentiate between fluorite and C-type phase formation [27-33].



In order to increase the conductivity of La,Ce>O7, which is much lower than that of the traditional BaCeOs,
different doping strategies have been explored partially substituting La** for Na*, Sr**, Ca*", Mg*", Nd**, Sm*', Y**,
In*" and Mo®" [34-40], and Ta*>" in the Ce*" site [41]. In most of the cases, the aliovalent doping produces a slight
increase of the ionic conductivity, which is attributed to the creation of additional oxygen vacancies in the structure.
However, in the case the of trivalent rare-earth dopants, such as Y**, the increase of conductivity is explained by
disordering of the oxygen vacancies, although it has been not confirmed by a structural analysis [42]. Thus, the
effects of these dopants on the crystal structure and transport properties of La,Ce,O7 remain unclear, because the
increase of the oxygen vacancy concentration in highly La-doped CeO-is expected to decrease the total conductivity

due to the stronger oxygen vacancy-dopant interaction [27].

The aim of this work is to reexamine the effect of different cation substitutions, i.e. Na*, Ca**, Sr**, Ba*",
Y*" and W' on the crystal structure and transport properties of LaCe,O-. For this purpose, a freeze-drying precursor
method is employed to obtain full dense ceramic materials with an optimized microstructure at relatively low
sintering temperature. The phase composition and the crystal structure are investigated by X-ray diffraction, p-
Raman spectroscopy and electron microscopy. Finally, the total conductivity is determined by impedance

spectroscopy and the results are compared with those previously reported in the literature.

2. Experimental
2.1. Synthesis

Polycrystalline powders of Lay xACe>O7.5 (A= Na*, Ca®’, Sr**, Ba*", Y** and W®', 0<x<0.2) were prepared
from freeze-dried precursors as described in details elsewhere for related materials [27]. Stoichiometric amounts of
Ln(NOs)3-6H,0 (Ln=Ce, La and Y), A(NO3), (A=Ca, Sr and Ba) and Na,COs were dissolved in water and diluted
nitric acid, respectively, while WO; was dissolved in a diluted ammonia solution. All the reactants have a purity
above 99.9% and were supplied by Sigma-Aldrich. EDTA (Ethylenediaminetetraacetic acid) was added as a
complexing agent to stabilize the solutions in a ligand to metal molar ratio of 1:1. The cation solutions, with a
concentration and pH of about 0.1 mol L™ and 7, respectively, were frozen in liquid nitrogen and then dehydrated
for 2 days in a freeze-dryer (Scanvac-Coolsafe). The precursors were subsequently fired at 300 and 800 °C for 1 h
to achieve crystallization. After that, the polycrystalline powders were compacted into disks of 10 and 1 mm of
diameter and thickness, respectively, and sintered at 1400 °C for 1 h. Furthermore, pellets of La>Ce,O7 were also
prepared at 1300 and 1500 °C for 1 h to evaluate the effect of the sintering temperature on the structure and transport
properties. The relative density of the pellets was determined from the mass and volume of the samples and by the

Archimedes’s method, obtaining reproducible results.

In order to reduce the sintering temperature of the ceramic pellets, Zn was used as sintering additive. For

this purpose, the polycrystalline powders calcined at 800 °C were mixed with 2 wt.% of ZnO from an ethanol



solution of Zn(NOs),-6H,0. This amount of the sintering additive was chosen because this is the optimal one used
in the literature for related materials, such as BaCeOj3 [16,43]. After calcination at 800 °C to decompose the nitrate

into oxides, the powders were compacted into disks and sintered between 1000 and 1100 °C for 5 h.

All samples were slowly cooled to room temperature at 5 °C min™' to ensure an oxygen stoichiometry close
to the equilibrium. Finally, the pellets were finely ground in an agate mortar for the structural analysis. For simplicity
reasons, the samples are hereafter labelled as LCO for the pristine material and A, for the doped compounds, La,.

AxCe07:5, where A and x represent the dopant content, respectively (Table 1).

2.2. Characterization

The purity and structure of the materials were studied by X-ray diffraction (XRD) of powder samples with
an Empyrean PANalytical diffractometer. The structural analysis was performed using the GSAS and X'Pert
HighScore Plus software [44,45]. u-Raman spectroscopy was performed by means of a JASCO NRS-5100

spectrometer using a laser output of 532 nm of wavelength at 4.6 mW.

The morphology and cation composition of the pellets were studied with a FEI-Helios Nanolab electron
microscope, equipped with an X-Max Oxford energy dispersive X-ray spectrometer (EDX). The average grain size

of the dense ceramic pellets was estimated from the linear intercept technique.

The total conductivity was determined by impedance spectroscopy with a 1260 Solartron frequency
response analyzer. The measurements were performed in the temperature range of 200-800 °C in dry and wet
synthetic air (2 vol.% H»0) with a dwell time of 60 min to ensure thermal stability at each temperature. Prior to the
electrical measurements, the pellet surfaces were coated with Pt ink and fired in air at 800 °C for 1 h to obtain a

current collector layer. The spectra were analyzed with Zview software (Scribner Associates).

3. Results and discussion
3.1. Phase composition and average structure

XRD patterns of Laj 9A¢.1Ce207:5 (A=Ca*", Na”, Y*" and W®") materials suggest that apparently single phase
compounds are obtained, without additional diffraction peaks attributed to secondary phases (Fig. 1a). The average
structure can be considered as a disordered fluorite (s.g. Fm3m) because no reflections attributed to the pyrochlore
or C-type structures, with oxygen vacancy ordering, are observed. It is also remarkable to comment that it is not
possible to distinguish between a mixture of fluorite and C-type phases by conventional diffraction techniques due

to the similarity of both structures as aforementioned [27].



The results of the structural analysis in the Fm3m s.g. are given in Table 1 and representative examples of
the Rietveld refinements are shown in Fig. 2. In the case of the Ba-doped samples, pure compounds are not obtained,
Bay.i contains a 4 wt.% of Ba(Ce,La)Os (Fig 2b). The disagreement factors are similar for the different samples,
taking values of Rr=1.1 - 3.0% and R.,=5.8 - 8.9%, and confirming no significant structural differences between

the materials.

Samples with different Sr-content, 0.05<x<0.15, are also apparently pure compounds by XRD (Fig. 1b);
nevertheless, the unit cell volume clearly decreases with the Sr-content, contrary to the expected trend because the
ionic radii of La®" (1.16 A) is smaller than that of Sr** (1.26 A) in eightfold coordination (Table 1). In contrast, Y
and W -doping leads to a reduction of the cell volume due to the smaller ionic radii of Y** (1.019 A) and W*" (0.83
A) compared to La** (1.16 A).

On the other hand, Zn-addition does not produce any detectable secondary phase by XRD, suggesting that

this is highly dispersed at the grain boundary region or present as a low crystalline phase (Fig. 1c).
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Fig. 1. X-ray diffraction patterns of (a) doped La; 9A¢1Ce2075 (A= Na*, Ca?*, Ba?*, Y** and W®"), (b) LaySrxCe>07.5 (x=0.05,
0.1 and 0.15), (¢) La;Ce,O7 with Zn addition and sintered at 1000 and 1100 °C for 5 h.
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Fig. 2. Selected region of the Rietveld plots of (a) La,Ce>O7 and (b) La; 9Bag 1Ce207:5 by considering a disordered fluorite
structure (s.g. Fm3m).

Table 1. Composition and properties of the materials studied in the present work: unit cell volume, relative density

(p), average grain size of the pellets (D), bulk conductivity in wet/dry air at 300 °C, total conductivity in wet air at
700 °C and activation energy of the total conductivity.

Sample Abbreviati V/IZ Rwp / Rr p D Gbulkwe_t o.bulkdr-y Gtotal E.
on (&%) (%) | (%) | (@m) | @S-em?) [ (@S-em?) | (mS-cm?) | (eV)

1300°C| LCO 1300 | 43.15(2) 6.2/2.1 90 0.6 - - - -
La:Ce:0; 1400°C| LCO 1400 | 43.16(2) | 5.8/3.0 | 98 2.5 2.53 1.38 73 0.95
1500°C] LCO_1500 | 43.17(2) | 6.5/2.9 | 100 8.5 2.04 1.01 7.8 0.98
Lal'ﬂ%%ﬁféez@ Naox | 43.142) | 7919 | 98 | 33 2.71 - 8.9 0.9
Lai 9Cao. Ce207 Cao, 43.002) | 7.82.0 | 99 4.5 1.50 - 5.4 0.99
Lai9sSto0sCe207 | Srous 43.16(2) | 8.2/1.8 | 98 5.1 2.18 0.81 6.7 0.96
Lai 6Sr0.1Ce207 Sro.1 43.152) | 7519 | 98 9.4 1.80 0.80 5.8 0.97
Lai 9Sr0.15Ce207 Sto.15 43.142) | 7.9/2.5 | 98 16.4 1.87 0.98 6.1 0.98
Lai sBao. Ce207 Bay.i 43.172) | 7.6/1.1 99 2.0 3.58 - 8.5 0.92
La9Y0.1Ce207 Yo 42.952) | 7.62.3 | 100 1.6 2.06 - 7.4 0.99
Lai§Y02Ce:07 Yoz 42.742) | 8.9/2.5 | 99 1.5 1.64 - 6.7 1.00
LaisWo.1Ce207 Wo.i 42.802) | 8.9/1.4 | 98 1.1 2.76 1.29 6.3 0.93
LaxCex07-Zn | LCO Zn | 43.18(2) | 6.59/2.1 | 97 0.7 2.45 1.25 6.5 0.93




3.2. p-Raman

Figure 3a compares the spectra of samples with the same dopant content x=0.1. Undoped CeO, included
for comparison purposes, shows only a sharp and symmetric band at 465 cm™ corresponding to the Fa, mode of the
Ce-O bond in an eightfold coordination [32]. The form of this band suggest that CeO; is an ordered system with the
contribution of phonons only from the center of the Brillouin zone [46]. The introduction of dopants leads to the
apparition of new asymmetric and broadening bands. The F», signal becomes broader for La>Ce>O7 as a consequence

of the loss of translational symmetry with the introduction of anion defects in the fluorite lattice.

All doped samples show a band centered at ~550 cm™, which is associated with the formation of oxygen
vacancies and their interaction with the six nearest neighbor oxygens (V-O) [47]. It is obvious that the relative
intensity of this band depends on the dopant-type and content. This is more intense for Sroi, confirming that a
fraction of Sr*" is incorporated into the lattice, resulting in higher oxygen vacancy concentration. Isovalent Y**-
doping does not modify the oxygen vacancy concentration and the intensity of this band remains unchanged. A
similar behavior is observed for Na'-doping, although a significant increase of the oxygen vacancy content is
expected. Finally, high valence W®'-doping in the La®" site reduces the concentration of oxygen vacancies, and

consequently, the intensity of this band decreases.
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Fig. 3. u-Raman spectra of (a) undoped and doped La; 9A¢.1Ce207:5 (A= Na', Sr**, Y3* and W*"), (b) La,Ce, 07 sintered between
1300 and 1500 °C for 1 h, and (c) La;Ce,0O7.5 with Zn additive. The spectra of CeO is included for comparison purpose in (a).
All the spectra are normalized by the intensity of the F», band.

The band at 350 cm™ is assigned to the C-type structure, produced by the symmetrical stretching vibrational
mode of Ce-O in a sixfold coordination, in accordance with previous studies [32,33]. On the other hand, the band
located at 260 cm™ (A1) is similar to that observed by Nakajima et al. in Y-doped CeO,, which is also attributed to
the formation of the oxygen vacancies [48]. It is worth noting that the intensity of the Ag, V-O and C bands follow

the same trend, either increasing or decreasing after doping, and evidencing a clear relationship between the



stabilization of the C-type phase and the high concentration of oxygen vacancies in the lattice. In particular, Sr-
doping increases both the oxygen vacancy concentration and the amount of C-type phase. In contrast, W-doping
leads to a decrease of the oxygen vacancy concentration as well as the amount of C-type phase. This last compound
shows and additional band at 810 cm™, similar to that of fluorite related LasWO1», corresponding to the stretching

vibration of O-W-O groups [49].

The increase of the sintering temperature leads to gradual increase of the C-band, indicating a higher
stabilization of the C-type phase (Fig. 3b). In the case of the samples with Zn-addition, the spectra are similar to
that of LCO, suggesting that Zn does not modify substantially the structure and the oxygen sublattice, in accordance
with the XRD results (Fig. 3c). All these results further evidence the presence of a biphasic mixture of fluorite and
C-type phases, contrary to the results reported into the literature for related materials, where a disordered fluorite is

considered [34-41].

3.3. Microstructure and elemental composition

SEM images for pellets with different Sr-content are shown in Fig. 4. All of them present high densification
with relative densities above 98% after sintering at 1400 °C for 1 h. The main differences between the samples is
the average grain size, which grows significantly with increasing Sr-content from 2.5 pm for LCO to 16.4 um for
Sro.15. In addition, nanometric particles are observed at the grain boundary region and on the pellet surface, where
large aggregates are eventually formed for highly doped samples. EDX analysis confirms that these particles are
rich in Sr and therefore are assigned to SrO and SrCOjs segregations (Fig. 5a). In addition, the composition of the
grain interior reveals that only 55 wt. % of Sr is incorporated into the structure. Thus, the solubility limit of Sr in
LarSrCer07.x2 is x<0.05, the excess of Sr is segregated in the form of low crystalline SrCOj3 particles. These
findings explain why secondary phases are not detected by XRD analysis as well as the anomalous variation of the

unit cell volume, decreasing with the increasing Sr-content, contrary to the expected behavior, as aforementioned.
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Fig. 4. SEM image of La,..SrxCe»O7.5 pellets sintered at 1400 °C for 1 h with different Sr-content (a) x=0, (b) x=0.05, (c) x=0.1
and (d) x=0.15. Small particles of SrCOj3 are observed on the surface and at the grain-boundary region of the pellets.

On the other hand, the Sr-enrichment at the grain boundary produces a significant grain growth, possibly
associated with the formation of a liquid phase, which enhances the grain boundary diffusion during the sintering
process. The amount of Sr-segregation for x<0.1 is sufficiently low and disperse to avoid the mechanical failure of
the samples due to carbonation. Similarly, Ca-doped samples show phase segregations of CaCQOs, which are also
undetectable by XRD (Fig. 5b). In Ba-doped samples, small grains of Ba(Ce,La)Oss are identifiable, and the
composition of the grain interior reveals a negligible Ba-content, within the experimental error of the technique,
indicating that Ba solubility in La,Ce,Oy is relatively low (Fig. 5¢). Y and W-doped samples do not show appreciable
phase segregations and the grain size is somewhat lower than that of LCO (Table 1). Na-doped samples, sintered at
1400 °C, are porous (Fig. 5e) and therefore, they are sintered at 1500 °C for 5 h to increase the relative density up

to 98%, comparable to the other samples.

LCO pellets with 2 wt.% of Zn exhibit relative density above 97% after sintering at 1000 °C, thus the
densification temperature is reduced 400 °C compared to the same samples without sintering aids (Fig. 6). The grain

size is also substantially reduced to 0.7 um (Table 1). Moreover, phase segregations are not detected by EDX.
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Ba(Ce,La)0;

Fig. 5. SEM and EDX image of the sintered pellets of La; 9Ag1Ce207-5 at 1400 °C for 1 h, A= (a) Sr (b) Ca, (c) Ba, (d) Y, (e)
W and (f) Na. Secondary phases are detected by EDX analysis for Ca, Sr and Ba-doping.

Fig. 6. SEM image at different magnification of La;Ce>07.5 pellets with Zn addition and sintered at 1000 °C for 5 h.
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3.4. Conductivity

The impedance spectra show three different processes assigned to the bulk and grain-boundary conduction
in the electrolyte, and the electrode response at low frequency (Fig. 7). The data are adequately fitted by a simple
equivalent circuit consisting of serial (RQ) elements, where R is a resistance in parallel with Q a constant phase
element (inset Fig. 7b). For all the pellets, the grain boundary response is only observable at temperatures lower
than 350 °C, indicating that the bulk conduction is the main contribution to the total conductivity. Even samples
containing secondary phases, i.e. Ca, Sr and Ba, exhibit relatively low grain-boundary resistance, which is mainly
attributed to the large grain size of the pellets and the lower number of grain boundaries. The bulk contribution
exhibits typical capacitance values of 5 pF cm™, regardless the composition of the samples, while the grain boundary

contribution has a capacitance of 2 nF cm™ [50].

The impedance spectra of LCO in dry and wet air (2 vol.% H>O) confirm the presence of a significant
proton conductivity at low temperature (Fig. 7a). In addition, the increase of the sintering temperature produces a
significant increase of the bulk resistance, possibly attributed to different amount of C-type phase with lower
conductivity, as confirmed by Raman analysis. Indeed, the wet to dry conductivity ratio increases from 1.8 to 2.0
for samples prepared at 1400 and 1500 °C, respectively, suggesting a higher content of C-type phase with proton

conductivity.

In general, the introduction of dopants into La;Ce>O7 leads to a decrease of the bulk conductivity at low
temperature. Fig. 7b clearly indicates that the bulk resistance increases with increasing Y-doping, which is explained
by the lower ionic radii of Y**(1.019 A) in relation to La*"(1.16 A). This produces a shrinkage of the unit cell,
limiting the free space for proton mobility, and consequently, the conductivity decreases. In contrast, a previous
study suggested that the ionic conductivity of Y-doped La,Ce,O7 increases because the introduction of Y in the
structure produces a disordered of the oxygen sublattice, improving the oxygen vacancy mobility, although this is
not confirmed by a structural analysis [42]. It is worth noting that a disordering of the oxygen sublattice is expected
to decrease the fraction of C-type phase. However, the Raman spectra indicates that LCO and Y, samples exhibit
the same local structure with similar fraction of fluorite and C-type phases. Hence, the improvement of conductivity

observed previously by Zhang et al. is possibly attributed to microstructural changes as described below [42].

Samples with Zn exhibit bulk conductivity comparable to the pristine material, confirming that the transport
properties of LCO are not seriously affected by the use of sintering aids (Fig. 7c). Only a slight increase of the grain-

boundary resistance is observed, which is attributed to the smaller grain size.

11



77" (kQ-cm)

Bl
S 400
]
)
g
T 200
N
0
0 400 800 1200
600
—_
v
=
S 400
]
)
e
1200
N
O ‘V' 1 1
800 1200
Z'(kQ-cm)

Fig. 7. Nyquist plots at 300 °C for (a) La>Ce,O7 sintered at 1400 and 1500 °C for 1 h in dry and wet air, (b) Y-doped
La,Ce,0O7 in wet air, and (c¢) La,Ce,O7 with Zn addition in wet air. The equivalent circuit model used to fit the data
is given in the inset of (b).

The Arrhenius plots of total conductivity are shown in Fig. 8. The conductivity of the Sr-doped samples
decreases nearly linearly with the Sr-content from 7.3 mS cm™ for LCO to 6.1 mS cm™ for Sro 5 at 700 °C, which
is explained by a higher amount of C-type phase with lower conductivity (Fig. 8a). A similar trend is observed for
the Y-doped samples, in this case the oxygen vacancy content does not vary, and therefore, the lower conductivity
is attributed to the smaller unit cell volume, limiting the ionic mobility (Fig. 8b). The lowest values of conductivity
are found for Ca- and W-doping due to the different cation size mismatch at the La-site, which produces a large

distortion of the unit cell volume and therefore lowers the ionic mobility.

In the case of Ba-doped samples, the values of conductivity are somewhat higher than those of LCO, i.e.
8.5 mS cm™ at 700 °C. By considering that the Ba incorporation in the structure is negligible, the improvement of
conductivity is explained by the segregation of Ba(Ce,La)Oss with higher proton conductivity than that of
LaxCe,O5. It is also worth noting that BaCeixLaxO35 and CeixLax02-s have similar thermal expansion coefficients,
about 11.2:10° and 12.3-10° K!, respectively, and therefore, they are mechanically compatible [51,52]. Thus, the
preparation of composite grade membranes of both materials could be of interest for hydrogen membrane
applications by combining their properties: the better phase stability of CeixLaxO25 in CO, and H>O environments

and the higher proton conductivity of BaCei<LaO3.s.
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Na-doped sample shows an unusual increase of the conductivity, especially at high temperature with a value
of 8.9 mS cm™ at 700 °C, which is higher than that reported by Tu et al., i.e. 7.0 mS cm™ [29] (Fig. 8c). However,
XRD data and Raman spectra reveal that the local structure is not affected by Na-doping, suggesting that the
improvement of conductivity is possibly associated with the higher sintering temperature (1500 °C) needed to reach
densification. Na* segregation at the grain boundary region could also improve the total conductivity at high

temperature, as observed previously in Y-doped ZrO, [53].

Samples with Zn exhibit slightly lower conductivity than that of the pristine compound, i.e. 7.3 and 6.5 mS
cm and for LCO and Zn-containing samples, respectively, at 700 °C (Fig. 8d). This reduction of the conductivity
is attributed to the lower grain size of the pellets and possibly minor incorporation of the transition metals into the
fluorite lattice. Similar findings are observed in BaCeOs-based electrolytes with transition metals as sintering aids

[43].

Regarding the values of activation energy of the total conductivity, these varies between 0.92 and 1.0 eV.
The activation energy for the parent compound increases with the sintering temperature from 0.95 to 1.0 eV at 1400
and 1500 °C, respectively, in accordance with the increase of bulk conductivity at low temperature. In general, the
introduction of dopants leads to an increase of the activation energy, e.g. 0.96, 0.97 and 0.98 eV for Sro.s, Sto.1 and
Sro.15, respectively, attributed to a reduction of the unit cell volume, limiting the free space for the ionic conduction.
A similar trend is observed for Y-doped samples. The lowest activation energy ~0.92 eV is observed for Bao.i,
which can be explained by larger unit cell volume of this phase, and the presence of a significant amount of high
conducting Ba(Ce,La)Os phase. It is also worth noting that the values of activation obtained herein are somewhat

lower than those previously reported (Table 2).
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Fig. 8. Arrhenius plots of the total conductivity of (a) Sr-doped La,Ce;O7, (b) Y-doped La,Ce;Os, (c)
La;9Mo.1Ce207:5 (M= Na, Ca, Ba and W), (d) samples with Co and Zn addition as sintering aids. The insets show
the variation of the conductivity with the dopant type or content at 700 °C.

Table 2 compares the values of total conductivity reported in the literature for undoped and doped La,Ce>O7.
The conductivity of the pristine material varies from 4.0 to 7.3 mS cm™ at 700 °C, depending on the sintering
temperature. In particular, the total conductivity in the high temperature range increases slightly with the sintering
temperature, although the bulk conductivity at low temperature decreases, i.e. 7.3 and 7.8 mS cm™ for samples
prepared at 1400 and 1500 °C, respectively. Similarly, Tu et al. reported a conductivity of 4.8 mS cm™ for samples
sintered at 1500 °C for 5 h, while, Yamamura et al. obtained a value of 7.1 mS cm™ for pellets sintered at 1600 °C
for 10 h [54]. These differences could be explained by the different sintering temperature and the resulting
microstructure of the samples, i.¢. relative density and grain size. Bearing in mind that these materials are a biphasic
mixture of fluorite and C-type phases, the preparation conditions, sintering temperature and the cooling rate, may
affect the oxygen ordering, and consequently, the amount of stabilized C-type phase with lower ionic conductivity.
In addition, high sintering temperature alters the cation stoichiometry of the materials due to possible cation

evaporation losses and the formation of minor phase segregations as observed in doped BaCeO; [55].
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Table 2. Conductivity at 700 °C and activation energy of La,Ce,O7—based materials reported in the literature.

Composition o(mS cm™) Ea(eV) Sintering p(%) Ref.
LaxCe>O7 7.3 0.95 1400/ 1h 98 This work
La,Ce,0O7 7.8 1.0 1500/ 1h 100 This work
LayCe,O7 7.1 1.03 1600°C / 10h 95 [54]
LaxCe>O7 4.0 - 1500°C /6h 94 [21]
L32C6207 4.8 -

1500 / 5h - [36]
La;oNag 1Ce 07 7.0
LayCe,O7 5.5 1.12

1500 / S5h - [40]
La; 9Moo.1Ce207 7.4 0.99
La,Ce,0O7 5.5 1.12 96
LaioY0.1Cer0O7 6.8 1.12 1500 / 5h 96 [42]
La1,91n0‘1Cezo7 8.2 1.04 99

In the Cei.<La.O2 series, the conductivity decreases monotonously with the increase of La-content due to
high oxygen vacancy concentration and their interaction with the dopant ions, therefore, the conductivity of
LayCe»07 is not expected to increase with aliovalent dopant [27]. In the present study, most of the aliovalent dopant
decreases the total conductivity of La;Ce,O7; however, several authors have reported slightly higher values of
conductivity for doped La,Ce>O7 (Table 2). For instance, Tu et al. reported a conductivity of 4.8 and 7.0 mS cm’!
for LCO and Nay ; at 700 °C, respectively [36]. The same authors reported a conductivity of 5.5 and 8.2 mS cm™ for
LCO and Ing; at 700 °C, respectively; however, it is important to notice that In-doped samples exhibit higher relative
density and larger grain size compared to the pristine material. Particularly, indium is widely used to enhance the
densification of proton conductors, such as BaZrO; [56]. A similar behavior is observed for Gd-doped CeO, with

Na-addition [57].

In summary, the conductivity differences, reported in the literature between undoped and doped La>Ce»O7,
are relatively small to be attributed to an improvement of the intrinsic bulk conduction. Indeed, the conductivity
depends on the synthesis method and thermal treatment. Thus, the main effect of the dopant in LCO is to modify
the microstructure rather than the intrinsic bulk conductivity. Further investigations are need to explain in details
these relations, including a structural analysis at high temperature and the determination of the ionic and electronic

contributions to the total conductivity.
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4. Conclusions

A freeze-drying precursor method was used to obtain full dense ceramic pellets of Larx AxCex07:5 (A=
Ca*, Sr*', Ba*, Y*', Na* and W®"; x<0.2) proton conductors. The high densification of the samples allowed a
straight comparison between the conducting properties. A carefully inspection of the sample by SEM showed that
the solubility of Ca, Sr and Ba into La,Ce,Oy is relatively low and the excess of dopant is segregated in form of low
crystalline phases. The p-Raman spectra revealed a complex structure, consisting in a biphasic mixture of fluorite
and C-type phases. The oxygen vacancy concentration and amount of C-type phase depend on the doping and the
thermal treatment of the samples. The bulk conductivity of La>Ce»O7 at low temperature decreases with increasing
sintering temperature; however, the total conductivity at high temperature increases slightly. In general, the
introduction of dopants into La,Ce>O7 do not improve the bulk conductivity, contrary to previous studies. The total
conductivity variations are more likely to arise from microstructural changes, such as relative density, grain size
and grain boundary segregation (e.g. Na'). Finally, the addition of Zn is beneficial to decrease the sintering

temperature, without altering significantly the conductivity.
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