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A B S T R A C T

Zr-substituted rare-earth molybdates Ho5.4Zr0.6MoO12.3 and unsubstituted La5.5MoO11.25 demonstrate appreci-
able mixed electron-proton conductivity in the 200–470 °C and 145–730 °C temperature range, respectively,
under wet oxidizing and mild reducing conditions (air, Ar, Ar-5% H2). Rhombohedral fluorite-like La5.5MoO11.25

showed the highest bulk conductivity of about 1×10−5 S/cm at 400 °C in wet air and Ar. Its impedance spectra
did not provide any evidence of the grain boundary contribution in wet atmosphere. Total conductivity of
Ho5.4Zr0.6MoO12.3 fluorite is much lower and is 3× 10−7 S/cm at 400 °C in wet air. Besides, it should be noted
that there is a grain-boundary contribution of Ho5.4Zr0.6MoO12.3 in wet air and Ar.

Thermogravimetry data demonstrate that the fraction of strong structurally bound water and interstitial
protons in La5.5MoO11.25 and Ho5.4Zr0.6MoO12.3 is ~0.02–0.03% in the range ~600–900 °C.

The stability of Ho5.4Zr0.6MoO12.3 fluorite structure and fluorite-like rhombohedral La5.5MoO11.25 structure in
extremely dry conditions under dynamic vacuum of 10−6–10−7 mbar was investigated by in situ variable
temperature neutron diffraction between 800 and 1400 °C to understand phase behaviour under mild reducing
conditions in a wide temperature range.

Rhombohedral fluorite-like La5.5MoO11.25 has been shown to be more resistant to reduction under vacuum
below 1100 °С in heating–cooling cycles than is fluorite Ho5.4Zr0.6MoO12.3. Given the higher proton conductivity
of Ln5.5MoO11.25, this suggests that rhombohedral fluorite-like La6MoO12 - based molybdates are suitable for
long-term use under mild reducing conditions and 600–800 °С.

1. Introduction

Currently there is growing research interest in compounds and solid
solutions based around tungstate and molybdate systems Ln2O3-MoO3

and Ln2O3-WO3, which primarily arises from their various physical
properties (luminescent materials [1–7], catalysts [8], oxygen-ion and
proton conductors [9–15]).

These systems already attracted considerable research interest
[16–25] about 60 years ago, which was related predominantly to phase
diagram studies and structure determination for the large number of
various compounds existing in these systems. The La2O3-MO3 (M=Mo,
W) systems aroused the most interest and, accordingly, have been the
subject of extensive studies. Results reported by different groups
[11,26–29] are rather contradictory because in these systems,

equilibrium is difficult to reach and a number of compounds are stable
only in particular temperature or oxygen pressure ranges. In particular,
nine compounds are known to exist in the La2O3-MoO3 system at
1200 °C, but two of them exist only in a certain range of low oxygen
partial pressure and cannot be obtained in air [30]. The tungstate
system La2O3-WO3 is known to contain eight compounds forming in air
[25].

With decreasing rare-earth ionic radius, the number of compounds
decreases, e.g. in the Y2O3-MoO3 system shown to contain only seven
distinct phases [31]. At the same time, three compounds of similar
composition are known to exist in the holmia-rich part of the Ho2O3-
WO3 system: Ho6WO12 (3:1), Ho10W2O21 (5:2), Ho14W4O33 (7:4)
[32,33]. Ho2O3 content decreases slightly from Ho6WO12 (3:1) to
Ho14W4O33 (7:4). These compounds have rhombohedral (Ho6WO12 and
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Ho14W4O33) or tetragonal (Ho10W2O21) fluorite-related structures
[23,32]. As was shown in later structural studies [33,34], Y10W2O21 has
an orthorhombic rather than a tetragonal structure (Y is similar in ionic
radius to Ho). The Ln10W2O21 (Ln=Nd-Ho, Y) compounds were re-
ported to be unstable on cooling [23].

It is clear from general considerations that fluorite (Fm‾3m) phases
undergoing no phase transitions should be more stable on heating and
cooling than distorted and/or oxygen ordered phases with a rhombo-
hedral, tetragonal, or orthorhombic fluorite-related structure are.
Indeed, as shown earlier [13] cubic molybdates Nd5.4Zr0.6MoO12.3,
Sm5.4Zr0.6MoO12.3 and Dy5.4Zr0.6MoO12.3 with the fluorite structure
retain their cubic structure after several heating–cooling cycles in oxi-
dizing or reducing media, although their unit-cell volume slightly de-
creases after reduction. However the grain-boundary resistance in these
samples limited its total conductivity in a wet atmosphere (air, Ar) [35].
It is worth recalling that Zr-doped Ln6MoO12 based molybdates
(Nd5.4Zr0.6MoO12.3, Sm5.4Zr0.6MoO12.3, Dy5.4Zr0.6MoO12.3) demonstrate
appreciable mixed electron-proton conductivity in the low and inter-
mediate temperature range under wet oxidizing and mild reducing
conditions [13,14].

MoO3 and WO3 volatility in the rare-earth molybdates and tung-
states has been the subject of intense discussion in the literature. It has
been shown that the normally volatile MO3 (M=Mo, W) show ex-
ceptional thermal stability in these Ln6WO12 and Ln6MoO12 rhombo-
hedral compounds [36]. Millet et al. [37] reported that the vaporization
of WO3 from Ln6WO12 was 106 times lower than it was from free WO3.
Phase equilibria results indicate that the most stable against reduction
Mo (VI) compound in the Ln2O3 - MoO3 (Ln=Nd, Pr, Sm) systems is
Ln6MoO12 with the highest Ln/Mo ratio [38]. Indeed, the rhombohe-
dral fluorite-related phase La5.8Zr0.2MoO12.1 proved to be the most
stable during thermal cycling under oxidizing or reducing conditions
among the Zr-doped rare-earth molybdates La5.8Zr0.2MoO12.1,
Nd5.4Zr0.6MoO12.3, Sm5.4Zr0.6MoO12.3, and Dy5.4Zr0.6MoO12.3 [13,35].
In contrast to zirconium-doped neodymium, samarium, and dysprosium
molybdates Nd5.4Zr0.6MoO12.3, Sm5.4Zr0.6MoO12.3, and
Dy5.4Zr0.6MoO12.3 with fluorite structure, rhombohedral fluorite-like
La5.8Zr0.2MoO12.1 had no grain boundary contribution not only in dry
but also in wet atmospheres [35]. In the same study it was found that
La5.8Zr0.2MoO12.1 ceramic grains had twin core-shell microstructure.

Overall, in the Ln2O3-MO3 (M=Mo, W) systems under considera-
tion, compounds or solid solutions with a fluorite or rhombohedral
structure or materials having a core–shell microstructure built of crys-
tallographically similar phases (rhombohedral and fluorite) are best
suited for thermal cycling under oxidizing and reducing conditions.

In the present work, lanthanide molybdates were investigated in
which the lanthanide cation (La, Ho) is stable in only one oxidation
state Ln3+. In this work we report synthesis, crystal structure and
conductivity under different oxygen partial pressures of the
Ho5.4Zr0.6MoO12.3 molybdate with fluorite structure Fm¯3m which is
potential intermediate-temperature mixed electron-proton conductor.
For comparison, the total conductivity of an unsubstituted fluorite-like
La5.5MoO11.25 with complex rhombohedral structure was also measured
in the different atmospheres. The crystal structural evolution of solid
solutions Ho5.4Zr0.6MoO12.3 and La5.5MoO11.25 was studied by in situ
neutron diffraction during thermal cycling in the range
800–1400–800 °С in a vacuum furnace.

The purpose of this work is to compare the stability of rare-earth
molybdates belonging to two distinct structural types - fluorite
Ho5.4Zr0.6MoO12.3 and fluorite-like rhombohedral La5.5MoO11.25 -
under harsh conditions: vacuum and high temperatures, up to 1100 or
1400 °С. Such conditions (high temperatures up to 1100 °С and high
vacuum from ~10−7 to 10−6 mbar) are similar to prolonged exposure
of the molybdates to temperatures from 600 to 800 °С in a moderately
reducing medium, i.e. under typical operating conditions of SOFCs. The
extreme conditions - high temperatures up to 1400 °С and high vacuum
from ~10−7 to 10−6 mbar - are needed to gain insight into possible

phase transitions of the solid solutions under study, connected with the
reduction process.

2. Experimental

La5.5MoO11.25 and Ho5.4Zr0.6MoO12.3 were prepared by the me-
chanical activation method. After preheating the starting Ln2O3 (La,
Ho) oxides at 1000 °C for 2 h, they were mixed with the rest of the
components (ZrO2, MoO3) and co-milled in the SPEX8000 ball mill for
1 h. MoO3 was activated prior to co-milling in the high energy Aronov
ball mill for 4min. The mechanically activated mixtures of the oxides
were uniaxially pressed at 680–914MPa and sintered at 1600 °C for 3 h.
The geometric density with respect to theoretical value of the as-pre-
pared ceramics La5.5MoO11.25 and Ho5.4Zr0.6MoO12.3 was 91.1 and
89.6%, respectively. All samples were characterized both structurally
and electrically.

The microstructure of the sintered ceramics was examined using
scanning electron microscopy (JEOL JSM-6390LA). Prior to taking
images the ceramic sample Ho5.4Zr0.6MoO12.3 was manually ground,
polished with diamond paste and finally thermally etched at 1450 °C for
0.5 h.

Thermogravimetric analysis was performed by using the NETZSCH
STA 449C system (30–1000 °C, heating rate of 10 K/min, Al2O3 plate) in
air. Massive ceramic samples (800–1100mg) were used to detect a
weak weight loss effect. The correction curve of an empty measuring
cell was previously measured to remove the effect of an illusory in-
crease in weight due to a decrease in the density of air when heated.
Several successive heating steps were performed for samples under
investigation. In our weight loss measurements, the uncertainty due to
contributions left out of account by the correction curve (drift of the
balance, initial measurement conditions, etc.) is± 0.02% per heating
or cooling cycle.

Electrical conductivity of the samples was studied by impedance
spectroscopy. Prior to taking measurements, both faces of the ceramic
pellets prepared as described above were covered by Pt paste (Metalor,
# 6695) and fired at 950 °C for 1 h. Afterwards, each pellet was settled
in a gas-tight sample stage outfitted with an outer ceramic housing, gas
inlet and outlet tubes and a thermocouple located in the close vicinity
of the sample. The temperature dependence of the total (electronic and
ionic) grain bulk conductivity in different dry and wet atmospheres (air,
Ar, Ar-5% H2) was extracted from impedance spectra obtained using a
Solartron 1260 frequency response analyzer. The spectra were recorded
in the frequency range of 0.1 Hz to 1MHz on cooling from 850 °C to
250 °C; the root mean square ac voltage amplitude was set to 150mV.
Depending on the atmosphere and temperature it took from 2 to 5 h for
the samples to reach the equilibrium conductivity values. Relative hu-
midity of the gases fed into the sample stage was controlled by passing
them over a freshly dehydrated silica gel (designated “dry”) or through
a water saturator held at 20 °C (designated “wet”), which ensured
constant humidity of about 0.023 atm (2.3% H2O). The impedance
spectra obtained under mild reducing (Ar) and oxidizing (air) condi-
tions were fitted to an equivalent circuit consisting of two parallel (RQ)
elements placed in series, which represented bulk and electrode con-
tributions to conductivity. For Ho5.4Zr0.6MoO12.3 one additional semi-
circle appeared in wet Ar and air. In these cases the equivalent circuit
was modified accordingly in order to take into account the presence of
the grain boundary contribution.

In situ variable temperature neutron diffraction data were collected
on the high-resolution powder diffractometer ECHIDNA at the OPAL
research reactor (Australian Nuclear Science and Technology
Organisation) using neutrons with the wavelength of 2.4395 Å. The as-
prepared pellets of La5.5MoO11.25 and Ho5.4Zr0.6MoO12.3 were sus-
pended in a vacuum furnace on a platinum wire and diffraction data
were collected under dynamic vacuum in the range 10−6–10−7 mbar
on heating with the rate of 20 °C/min from room temperature to
1400 °C and subsequent cooling. At each temperature, on reaching the
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