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An optical approach is an alternative method to give insight into the oxide-ion motion in oxide-ion
conductors. Herein, we illustrate the correlation between upconversion (UC) luminescence in Yb3t—gr3*
and oxide-ion motion in a b-La2(Mo,W)20g series. The break points at B150 1C in the logarithmic UC
emission intensity ratio of I525/l6e0 or le60/1550 (the three emission peaks of Er3+) versus temperature imply

oxide-ion jumps, whereas the slopes of these plots above 150 1C suggest the capacity of oxide-ion motion.
Specifically, the larger the absolute slope values, the higher the oxide-ion conduction capacity. Due to the
pinning feature of the Fermi level contributed by the Mo—O bonds in b-La2Mo20g both with and without
anion-Frenkel defects or W dopants, as revealed by density functional theory calculations, b-La2Mo209
remains electronically insulating. Thus, the increase in activation energy and decline in conductivity with an
increase in W contents at low temperature (0400 1C) are likely attributed to the higher barrier for the
formation of new anion-Frenkel defects. This research gives another perspective on oxide-ion conductors

via an optical probe.

Introduction

Oxide-ion conductors are essential for clean electrochemical
applications not only in solid oxide fuel cells, but also in oxygen
sensors and oxygen separation.l*3 Therefore, it is necessary to
investigate the thermally driven oxide-ion motion and to understand
the long-range oxide-ion conductivity in oxide-ion conductors. A
previous report4 suggested an optical approach to detect oxide-ion
swapping in a-La2Mo20g in addition to all the available approaches
such as internal friction spectroscopy,5 neutron powder diffraction®’
and simulation,8 which utilizes the upcon-version (UC)
luminescence intensity ratio of the 2H11/2, 483/2, 4Fg/z - 4I15/2
transitions of Er°*. An internal reference with the intensity ratio of

2H11/2 - 11572 to *s312 - *15/2 transitions, which is independent of
luminescence loss and fluctuations in excitation intensity and thus
varies linearly with temperature,
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was used to verify the method. Moreover, this is proven by the fact
that the green emission of 2H11/2 - 4I15/2 is much more sensitive to
variations in the crystallographic site of Er’t (related to the Judd—
Ofelt intensity parameter O2), whereas the red
emission of 4F9/2 - 4I15/2 of EFY s hardly affected but more
sensitive to O4 and 06.9’14 However, more information on the
correlation between UC luminescence and capacity of oxide-ion
motion in this system is needed.

LazMo20g is an outstanding oxide-ion conductor due to the high
concentration of intrinsic oxygen vacancies embedded in its crystal

lattice, which was first reported by Lacorre et al.> This material
undergoes a phase transition from the a-form to the b-form at 580
1C, which is accompanied by an increase in conductivity of almost 2

orders of magnitude.3'l5717 b-La2Mo020g has a cubic structure with
the space group P213, which is analogous to the structure of b-
SnWO4 based on the so-called lone pair substitution (LPS)
concept.3'5’18 Specifically, sn?* with a lone pair is non-equivalent

substituted by La®* and 0(3),19 which increases the concentration of
intrinsic oxygen vacancies and provides abundant paths for the
diffusion of oxide ions. This results in the high ionic conductivity of

b-LazMong.20 Its high oxide-ion conductivity can also be primarily
ascribed to the flexibility of MoOx (x = 4, 5 and 6)4'21 and anion-
Frenkel (a-Fr) defects.?? There are reports that substitution by other

ions at either the La sites or Mo sites in La2Mo020g can suppress the
phase transition, which stabilizes the high-temperature cubic



b-LazMo20g structure at room temperatur.st.sﬂlemf26 According to

previous research, substitution of Mo®* by WS can stabilize the b
phase at room temperature.7’20’22’27 WS substitution inevitably
influences both oxide ion conductivity and electronic conductivity,
which conversely impose distinct effects on the UC luminescence of
Yb3+—Er3+. Therefore, it would be beneficial to determine the
dominant effect of W substitution on the thermally driven oxide-ion
motion via luminescent/conductive measurements and density
functional theory (DFT) calculations since DFT calculations on
electronic structure may give some insight. Thus, this research
focuses on Laz(Mo,W)zOg:Yb3+,Er3+ with the assistance of
temperature-dependent UC  emission  spectro-scopy, Raman
spectroscopy, alternating current (AC) impedance spectroscopy, and
DFT calculations.

Experimental

La1.9Ybo.06Ero.04Mo2 xWxOg (x = 0, 0.25, 0.75 and 1.25) was
synthesized through a traditional solid state reaction according to
Fournier et al.?® Typically, stoichiometric amounts of La203
(99.99%), MoO3 (analytical reagent, A.R.), WO3 (A.R.), Yb203
(99.99%) and Er203 (99.99%) were mixed thoroughly in an agate
mortar. The mixture was first calcined at 500 1C for 10 h and then at
970 1C for 13 h with intermediate grinding. Sintered ceramics were
prepared using the mixed raw materials presintered at 500 1C for 10
h as precursors. Then, the precursors were thoroughly mixed with
polyvinyl alcohol (PVA) binder solution and pressed under 20 MPa
pressure into pellets. Finally, the pellets were sintered at 970 1C for
13 h in air. The sintered ceramic pellets for electric testing were B1
mm in thickness and B10 mm in diameter. The phase purity of the
ceramics was identified via powder X-ray diffraction (XRD)
(Philips PW1830) with a graphite monochromator and Cu Ka
irradiation. UC emission spectra were recorded on a Horiba JOBIN
YVON iHR 320 spectrofluorometer equipped with a R928
photomultiplier tube as the detector. The excitation light source was
a 980 nm laser diode (LD, Coherent Corp.) for the UC measurement.
Temperature-dependent luminescence behaviors were measured
using a TAP-02 high-temperature fluorescence accessory (Tian Jin
Orient-KOJI instrument Co., Ltd, China). AC impedance
spectroscopy measurements were performed with a Solatron 1260
Impedance/Gain-Phase Analyzer over the frequency range of 0.1-
10’ Hz from room temperature to 650 1C in air. Prior to the
measurement, gold was pasted on both sides of the ceramic pellets
and then heated at 550 1C for 40 min in air to obtain the
electrodes.?®

For the electronic structure calculations of the W-doped
LapMo20g with anion(oxide-ion)-Frenkel (a-Fr) pair defects,
ultrafine quality and ultrasoft pseudopotentials with a plane-wave
cutoff energy of 380 eV were chosen in the CASTEP software
package. Reciprocal space integration was performed using
Monkhorst-Pack k-point grids of 2 2 2 k-points in the Brillouin
zone. The calculations used tolerance settings as follows: total
energy lower than 5.0 10 4 ev per atom and maximum ionic

Hellmann—Feynman force lower than 0.1 eV A !

Regarding the geometry relaxation, the Broyden-Fletcher—Gold-
farb—Shanno (BFGS) algorithm method was used for all doping and
defect supercell calculations.

Results and discussion
XRD patterns and Raman spectroscopy

Fig. 1a presents the room temperature XRD patterns of the La2Mo2
xWxOg (x = 0.25, 0.75 and 1.25) samples and the standard XRD
patterns of cubic b-LaMo020g (ICSD98871). The inset of Fig. 1a is
the enlarged pseudo-cubic (231) diffraction line. It is reported that
monoclinic a-LagMo20g has several splitting peaks for the pseudo-
cubic reflection (231) at around 2y = 464'.91;24’25 however, the
peaks in the inset appear to be different from that of monoclinic a-
LapMo020g.

Raman spectroscopy is a powerful tool to give supporting
evidence for the b-LazMo209 structure.”t"%> Fig. 1b shows
Raman the spectra for LagMo2 x\WxOg (x = 0, 0.25, 0.75 and 1.25) at
room temperature. The band at 700-1000 cm ! gives information
about the structure transformation.?® There should be a significant
change in the structure of b-LazM020g since there are only two
apparent peaks, while for the a-La2M020g phase there are at least
four apparent distinguished peaks. The two peaks at around 869 cm !

(peak 1) and 922 cm ! (peak 2) are broadened or diminished with W
doping, which indicates that the doped samples are in the b

form.2"30 Thus, the cubic structure is stabilized by doping W, which
is similar to that in the previous

research.”.16,17,24-26,31,32

Temperature-dependent UC behaviors and AC impedance
spectroscopy

All the samples exhibit bright and shining UC luminescence at room
temperature upon excitation with a 980 nm diode laser. The typical

UC emission spectra of La1.9Ybo.06Er0.04Mo01.75Wp.2509 recorded
at different temperatures are illustrated in Fig. 2a. The green

emission peaks at B525 nm and B550 nm are attributed to 2H11/2 -
4I15/2 and 483/2 - 4I15/2, respectively, whereas the red emission peak
at B660 nm is ascribed to the 4Fg/z - 4I15/2 transitions of Er**. The
temperature-dependent UC emission spectra of the other
La1.9Ybo.06Er0.04Mo2 xWxOg (x = 0.75 and 1.25) samples are
similar to that of La1.9Ybo.06Er0.04Mo1.75W0.2509. Fig. 2b presents
the spectra normalized at the B550 nm peak, in
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Fig. 1 (a) XRD patterns of the La2Mo2 x\WxOg (x = 0.25, 0.75 and 1.25) samples

recorded at room temperature, together with the reference of cubic b-La2Mo020g9
(ICSD98871), inset: enlarged pseudo-cubic (231) peaks. (b) Raman spectra for

La2Mo2 x\WxOg (x = 0, 0.25, 0.75 and 1.25) at room temperature.
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Fig. 2 (a) UC emission spectra of La1.9Ybo.o6Ero.04M0o1.75W0.2509 under

excitation of a 980 nm laser beam (about B180 mW mm 2) at various
temperatures and (b) the same spectra with normalization at the 550 nm
peak. (c) Variations in the integrated UC emission intensity ratios of

La1.9Ybo.06Ero.04Mo1.75Wo0.2509, i.e., ratio(ls2s/lss0) (magenta ball),

ratio(leso/l550) (orange square), and ratio(ls2s/l660) (Cyan up-triangle) (the
lines are to guide the eye), with temperature and (d) logarithmic plot of the

intensity ratio of Is2s/Isso(Ln(ratio(Is25/I550))), le6o/Isso(Ln(ratio(leso/I550)))
and Is2s/lseo(Ln(ratio-(Is25/l660))) as a function of inverse absolute
temperature of La1.9Ybo.06Er0.04-M01.75W0.2509. The lines are fitted.

which both the B525 nm peak and B660 nm peak intensities
apparently increase.

The absolute emission intensities of lanthanide ions are greatly
influenced by many factors, such as grain sizes, light-
focused domain sizes, pumping power density, fluctuation of light
source and spectrometer.4'33'34 Therefore, it should be
more convincing to use the relative integrated intensity ratios of the
three emission peaks of et (Is25, Is50 and lee0) to evaluate the
temperature effect on UC luminescence, as depicted in Fig. 2c. The
intensity ratios of I525/1550 and I525/1660 monotonically increase with
an increase in temperature, and the intensity ratio of leso/ls50 also
increases but behaves diff erently above 150 1C. Owing to the small
energy gap of about 800 cm ! between the 2H11/2 and 433/2 levels,
the 2H11/2 level can be easily populated from the 483/2 level through
thermal activation, which leads to a variation in the 2H11/2 - Y15
and #S372 - #1152 transitions of Er’* at different temperatures.
The intensity ratio versus temperature Ln B 1/T plot should be
linear, which is the basis of optical temperature sensing applications
and can be understood by the following equ,sltion:?’s_38

525

DE
N2aH1r= Cexp — (1)
Yy Ya
550 1, N S3=2 KT
where, R is the intensity ratio and Is2s and Issp are the integrated
intensities of the 2H11/2- 4I15/z and 483/2 - 4|15/2 emissions,
respectively. N(2H11/2) and N(4S3/z) represent the population
numbers of the 2H11/2 and "Szj2 levels, respectively. DE is the

energy gap between the 2H11/2 and 4S3/z levels, k is the Boltzmann
constant, T is the absolute temperature and C represents the

pre-exponential constant. Herein, the linear behavior is used as an
internal reference to characterize the two other lognormal plots of
UC emission intensity ratio, as depicted in Fig. 2d and 3a—c. It is
obvious that there is an apparent break point at B150 1C in all the
samples with different concentrations of W. The break point should
have some relationship with short-range oxide-ion motion (jump), as
evidenced in previous work.* The oxide-ion jump (forming the
anion-Frenkle defects) should be on a scale of a few angstroms in the
crystal lattice, which could be sensed by the sensitive UC emissions
of nearby lanthanide ions. Thus, the break point suggests that Er’*
experiences large chemical environ-mental variations when the
temperature is above 150 1C, which is probably ascribed to the
thermally-activated oxide-ion motion. To confirm this, AC
impedance spectroscopy data of the samples were recorded as a
reference for long-range oxide-ion motion. The permittivity value at
10 10 ° F cm ! of the electric double layers formed between
electrodes can indicate long-range oxide-ion motion. Fig. 3d-f

present the permittivity of the La1.9Ybo.06Ero.04Mo2 xWxOg (x =
0.25, 0.75 and 1.25) ceramic pellets as a function of frequency at

different temperatures. The La1.9Ybo.06Er0.04M02 xWxOg (x = 0.25,

0.75 and 1.25) ceramics all possess a permittivity of B10 "Femtat
300 1C. The large permittivities at low frequency are ascribed to the
electric double layers between electrodes, which block the oxide-ion
motion at a distance of B1 mm (the thickness of the ceramic
samples).
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Fig. 3 (a—c) Lognormal plots of the intensity ratio of Is2s/lsso(Ln(ratio(ls25/1550))),
leso/Isso(Ln(ratio(leso/Is50))) and Is2s/lsso(Ln(ratio(ls25/l660))) as a function of inverse
absolute temperature of La1.9Ybo.06Ero.04Mo2 xWxOg (x = 0.25, 0.75 and

1.25). (d—f) Permittivity of the La1.9Yb0.06Er0.04Mo2 xWxOg9 (x = 0.25, 0.75 and
1.25) ceramic pellets as a function of frequency at different temperatures.



This distance should cover plenty of crystal grains (on the
micrometer scale) and should be considered as long range.
Associating the break points in the plots of Ln B 1/T with
permittivity variation, it can be inferred that there is a correlation
between the break points and short-range oxide-ion motion.>® This

relationship is also proven by the case of LaGaO3 derivatives with
and without oxide-ion conduction, as depicted in Fig. S2 (ESIY).
Actually, the neutron diffraction data for the LagMo20g derivatives

in Fig. 4 gives further direct evidence of the oxide-ion jumps at 100—

200 1¢%2%2 since the light atom O in the crystal lattice con-tributes
largely to the scattering of neutrons and equivalent isotropic
temperature factors of O behave distinctly in this temperature range.
Furthermore, the conductivity of the grain boundary is of the same
magnitude or even higher than that of the grain, as shown in Fig. S1
(ESIt), which suggests that the amorphous grain boundary might
have ionic conductivity. The amorphous phase (Fig. S3, ESIY)
shows an analogous temperature-dependent UC behaviour in Fig. S4

(ESI+) when doped with Yb3*/Er>". Actually, the higher conductive

amorphous phase is also proven by recent research on LagM0209

nanowires with an amorphous surface. !’

Fig. 5a presents plots of the slopes below and above the break
points versus W contents of Fig. 3a—c, in which Ln(R(Is25/ l660))

and Ln(R(les0/1550)) show large variations in temperature above the
break point (B150 1C), whereas there is slight change in temperature
below the break point. This also manifests that the oxide-ion motion
above 150 1C significantly influences the UC behaviors of Er®*. The
temperature-dependent grain conductivities of

La1.9Ybo.06Ero.04Mo2 xWxOg (x = 0.25, 0.75 and 1.25) are depicted
in Fig. 5b. Herein, both electronic and ionic conductivity contribute
to the sum value. Fitting the conductivity in the Arrhenius region
gives the activation energy. It can be found that the conductivity
declines with an increase in W content at a certain temperature, and
the activation energy increases. DFT calculations on electronic
structure may give some clues to these phenomena.
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Fig. 5 (a) Variations in the slopes in lognormal plots of UC emission
intensity ratio vs. temperature with different concentrations of Lai.o-

Ybo.o6Ero.oaMo2 xWxO9 (x = 0.25, 0.75 and 1.25). Below/above the
temperature of break point, the lines are to guide the eye. (b) Temperature
dependency of the conductivity measured in air on dense ceramic for

different compositions of La1.9Ybo.osEro.04Mo2 xWxOg (x = 0.25, 0.75 and
1.25). The variation in the activation energy for different compositions is
shown in the figure.

DFT calculations

It can be clearly seen in Table 1 that substitution of Mo by W has
much lower formation energies compared with doping at the La site,
which means that W doping can be easily accomplished without
much difficulty. This could be attributed to the fact that their valence
state is the same and ionic radius similar (difference less than 0.001

nm) based on the LPS concept of Lacorre.*% This is consistent with

the former research on W-doped La2Mo020g, which showed high
compatibility with the lattice and high doping limits that can reach
up to 80%; however, the ion conductivity showed no significant
variation.***2 The formation of a-Fr in W-doped Laz2Mo20g has
very distinct results in different positions. Since we only have

limited models on W-doped La2Mo020g, based on the former
research results, we believe that the model with a high formation
energy of up to 4.992 eV could be a very special case and hard to
realize in actual experiment.

The electronic properties can be shown through projected density
of states (PDOS). All four patterns in Fig. 6 display similar results
with a pair of symmetrical gap states pinned at the Fermi level (EF).
This EF pinning effect arises from the Mo—O bond rather than any
influence from W, which means that both the doping process and
formation of an a-Fr pair do not a impose strong effect on the
electronic structure of the lattice and the material will remain
insulting. The a-Fr is only related to ion conductivity and doping in

La2Mo20g mainly influences the stability of the conductive phase of
La2Mo020g. This phenomenon suggests that LapMo20g can be

considered as a pure ion conductor and its electronic properties will
remain insulating which are difficult to alter.

Table 1 Formation energy of W doping in different positions and with a-Fr
pair defects

Compound Formation energy (eV)
AL 6.854
La,MO0, s Woss 0.709
LagMo1.5Wo.509-a-Fr 0.191
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Fig. 6 (a) PDOS of the parent La2M020g, (b) PDOS of La2M020g with an
a-Fr pair, (c) PDOS of W-doped La2M0209 at Mo site and (d) PDOS of W-
doped La2Mo020g9 with an a-Fr pair.

Therefore, the variation in conductivity shown in Fig. 5b should
be mainly due to the change in ion conduction. Considering the
capacity of oxide-ion motion (permittivity) in Fig. 3a-c, the
incorporation of W will increase the barrier of formation for new a-
Fr defects, resulting in higher activation energy and lower ion
conductivity at low temperature (0400 1C).

Conclusions

This research correlates the UC emission of Er>* with the oxide-ion

motion in b-La2(Mo,W)20g. Associating the break points in the
plots of Ln B 1/T with permittivity variation, the break points should
be ascribed to short-range oxide-ion motion. Also, the behaviors
(slopes) of the plots above the temperature of the break points reflect
long-range oxide-ion motion. The incorporation of W will increase
the barrier for the formation of new a-Fr defects, resulting in a
higher activation energy and lower ion conductivity as unraveled by
permittivity at low temperature and DFT calculations. This research
allows an alternative optical approach to monitor the oxide-ion
conductors employed in devices.
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