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In the present attempt, a Dy, W co-doped La,M0o,0g (LMX) system is explored to understand the order—
disorder phase transition, dynamical disorder state and their influence on the oxy-ion diffusion mecha-
nism. The X-ray diffraction study confirms the co-dopant induced suppression of the order—disorder
phase transition temperature of LMX. The oxygen ion diffusion in the LMX matrix is through intrinsic
oxygen vacancies. Disorder oxygen vacancies enhance the degree of freedom of oxy-ion diffusion; these
are related to the dynamical disorder states in LMX. These disorder states are demonstrated by high temp-
erature Raman spectra. Dynamical disordering of oxygen vacancies in co-doped LMX systems is revealed
by studying the rate of change of intensity of the Mo—-O bond vibration as a function of temperature;
non-uniformity in the rate of change of intensity is correlated to dynamical disorder. The dielectric relax-
ation studied by using dielectric loss spectra reveals a single relaxation peak for the pure-LMX system,
while two dielectric relaxation peaks are revealed for doped LMX systems. Oxygen vacancy reorientation
associated with dielectric relaxation is correlated to the diffusion process between O(1) — O(2) and O(1)
— O(3) oxygen ion-vacancy exchange sites in doped LMX systems, while it is O(1) through orderly
arranged oxygen vacancies in the pure LMX system. To ascertain the relaxation dynamics of the bulk
system, electric modulus formalism is helpful, M" data are fit by the Bergman function represented by the
Kohlrausch—-Williams—Watts (KWW) formula and non-Debye type relaxation is revealed for all systems.
The activation energy of oxy-ion diffusion is reduced by a co-doping effect. lonic conductivity extracted
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from complex impedance spectra indicates that oxy-ion conductivity in a co-doped LMX system is
improved almost one order as compared to the pure system. The study reveals that a co-doped LMX
system has the potential to be used as electrolytes for intermediate temperature solid oxide fuel cells

rsc.li/dalton (400-700 °C, IT-SOFCs).

sively usable in electrochemical applications including solid
oxide fuel cell, oxygen separation membrane and gas sensors.

1. Introduction

In recent years, creating new materials with the highest poss-
ible oxygen ion conductivity is a priority issue in the context of
the development of advance power sources capable of chemi-
cal-to-electrical energy conversion. These materials are exten-
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A novel complex oxide system lanthanum molybdate La,M0,0q
(LMX) has been first reported by Fournier et al." and exploited
by Lacorre et al.” as fast oxygen ion conductors. This material
undergoes a structural phase transition from a monoclinic
(a-phase) to a cubic (p phase) structure around 580 °C. At this
transition temperature, oxide-ion conductivity has been found
to be increased sharply by almost two orders of magnitude.
The o — p phase change is a transition in the distribution of
the oxygen defects, from long-range order to short-range order.
The long-range ordering of oxygen defects is referred to as a
static disorder state, while short range ordering of oxygen
vacancies is referred to as a dynamic disorder state. Like other
traditional oxygen ionic conductors, the mechanism of ionic
conduction in LMX also originates from the directional
diffusion of oxygen ions via intrinsic oxygen vacancies in the
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crystal lattice. The high concentration of intrinsic O vacancies
provides enough paths for O ion diffusion and is responsible
for the high oxy-ion conductivity of LMX. Its conductivity at
800 °C is 0.08 S em™',> which is comparable to that of other
oxy-ion conductors like doped pervoskites,” Zirconia based
system®® pyrochlores,”'® BIMEVOX''™ etc. These are exten-
sively studied as high temperature oxy-ion conductors.

The conductivity of the LMX system is found to systemati-
cally fall with decreasing temperature, which is normal
thermal activation behaviour. However, there is an abrupt
reduction in conductivity by almost two orders of magnitude
at the order-disorder phase transition (7, = 580 °C). By tailor-
ing the phase transition temperature of these groups of
systems, low temperature oxy-ion conductivity can be achieved.
Substitutions of both La and Mo sites have been examined in
an attempt to further enhance the properties of lanthanum
molybdate.’®?° Studies on the substitution effect of lantha-
num Ce**, Y**, sm*', Gd*", Yb**, Dy**, Nd*" Er’” etc. on the La
site have demonstrated the suppression of the « — f phase
transformation with enhancement in conductivity at the lower
temperature side, i.e. below transition temperature (580 °C),
except Nd**. The Nd*" substitution partially stabilizes the
monoclinic distortion at room temperature, and the high
temperature conductivity slightly improves with Nd** substi-
tution. There is no significant enhancement in conductivity
observed at a lower temperature (<580 °C).>** Amongst
various substitutions, Er*" and Dy’* substitutions have been
found to be the most effective rare earth substitutions.>*
The alkaline element (Ca**, Sr**, Ba®>") doping effect in LMX
leads to the formation of extrinsic oxygen vacancies. The sup-
pression of phase transition and conductivity is found to
strongly depend on the dopant content.>*”® Moreover, mono-
valent alkaline dopant K" and Rb" has also been observed to
successfully suppress the phase transition. The monovalent
cations give rise to extra oxygen vacancies, while the effect of
increasing conductivity by extrinsic vacancies has not been
found significant. There is a decrease in electrical conductivity
by K and Rb".>”*® The Mo sites’ substitutional effect by V°*,
W, and Cr®" is mainly beneficial for reducing the reducibility
of molybdenum in LMX.**** The redox-stability results show
that W helps to avoid oxygen loss and decomposition under
reduced conditions, while the total conductivity decreases.
The Nb>* substitution on the Mo sites has not been found to
suppress phase transition, while improving the conductivity,
which is almost double that of the parent materials.** AI** sub-
stitution on Mo sites has shown enhancement in the stabiliz-
ation of LMX in a reduced atmosphere compared to tungsten®”
Amongst various dopants on Mo-sites, V°* doping has been
reported to be suppressed by the phase transition whilst
improving conductivity.*® So, in the past few years, the substi-
tutional effect in LMX for La or Mo sites has been proved to
have the ability to improve performance compared to the
parent materials; however many discrepancies are found in the
results related to the effect of dopants on the suppression of
phase transition and enhancement in ionic conductivity.
Moreover, Subasri et al.®” claimed that phase transition does
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not have any direct influence on the total conductivity of the
materials. There is hardly any strategic work to understand the
role of dopants on the suppression of phase transition and
enhancement of ionic conductivity in LMX systems. By consid-
ering the advantages and disadvantages of the substitution
effect on La and Mo sites, double substitutions provide the
opportunity to improve the stability of La,M0,04 by suppres-
sing the phase transition and improving ionic conductivity. As
Er*" and Dy** substitutions have been reported to be the most
effective rare earth substitutions,*® hexavalent tungsten, as the
heaviest transition element, is reported to be more stable than
hexavalent molybdenum.*® So, a doubly substituted system of
Dy** and W®" is chosen to reveal their role on structure and
ionic conductivity and thus modulation in the performance of
the LMX system. A structural insight of the two (« and f)
phases is important for better understanding the effect of site
substitutions on the structure and oxygen diffusion mecha-
nism through intrinsic oxygen vacancy defects in the system.

In the present study, we develop La;_,Dy.Mo;_,W,09 to
understand the multisite doping effect i.e. La and Mo sites by
Dy and W, respectively, on order-disorder phase transition,
dynamic disorder state and oxygen ion diffusion. As the multi-
site doping effect introduces lattice strain and changes the
electrostatic interaction between cations and anions, it mod-
ifies the thermophysical properties of the parent system. A
partial doping of W®" at the Mo®" site seems to be most suit-
able due to the high stability of W®" under a reducing atmo-
sphere, and the ionic radius of W°" (0.60 A) is similar to Mo®"
(0.59 A), permitting high-level substitution. This study was
restricted to compositions having a tungsten content y = 0.3. It
has been observed that at a higher substitution concentration,
the high temperature p-form is not thermodynamically stable
in the air above 700 °C.*° We optimized the Dy content to
obtain a single phase of LMX. For sample preparation, a sol-
gel synthesis route was used to get good chemical homogen-
eity. The effect of a co-dopant on the phase transition and
dynamics of oxy-ion conductivity of the LMX system is revealed
by using XRD, high temperature Raman spectroscopy, and
dielectric and impedance spectroscopy studies.

2. Experimental procedure

Polycrystalline and single phase La,_,Dy,Mo0; ;W; 300 (0.1 < x
< 0.5) compounds were prepared by the sol-gel method using
Lanthanum nitrate La(NOj3);-6H,0, ammonium molybdate
(NH4)Mo0,0,,4-4H,0, dysprosium Nitrate Dy(NO;);-6H,0, and
ammonium metatungstate (NH,)6H,W;,040. All chemicals
were procured from Sigma Aldrich USA with 99.9% purity and
used without further purification. Lanthanum nitrate and
ammonium molybdate were dissolved in double distilled water
in a 1:1 molar ratio. Then, stoichiometric amounts of dyspro-
sium nitrate and ammonium metatungstate were added under
rigorous stirring. The stirring was continued till the formation
of a uniform milky white color solution. Then the pH of solu-
tion was adjusted to 2 by the addition of 2.0 mol L™" solution
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of nitric acid. The solution was kept in a water bath at 60 °C
till gelation was completed. The entire process took around 40
to 48 hours. The white substance formed was crushed in a
mortar and dried at 120 °C for 24 hours. The dried powder was
annealed at 700 °C for 4 hours (optimized conditions). The
same procedure was repeated to prepare the systems having
different compositions of Dy by substituting La. The compo-
sitions developed in the study were nomenclatured as

La,Mo0,04 (LMX), La; 9Dy.1MO0; ;Wj 309 (LMXD-l),
La; sDyo.2M0; ;W 309 (LMXD-Z), La; 7Dyo.3M01 ;W 309
(LMXD-3), La; ¢Dyo.4M0; ;W 300 (LMXD-4), and

Lay 5Dyo.sM01.;Wp 309 (LMXD-5).

The structure of the as-annealed sample was confirmed by
the X-ray diffraction technique using a BRUKER D8 Advance
diffractometer with a Cu Ka source and 1-D position sensitive
detector (LynsEye) based on the silicon drift detector tech-
nique. The XRD patterns were fit with Rietveld refinement
techniques using Full Prof software and a 3D view of the
crystal structure was generated by using VESTA program. For
electrical characterization, the powder samples were pressed
into a disc shaped pellet of 13 mm diameter. The pelletized
samples were sintered in air by controlled microwave heating
at 1000 °C for 30 minutes (optimized conditions). The sinter-
ing effect on the structure was revealed from the XRD of the
sintered pellets of all co-doped LMX systems. The sintered
pellets were silver painted on both sides for electrical charac-
terization. An impedance spectrum was measured using
Metroohm autolab model 204. The measurement conditions
were as follows: (i) temperature range 300-700 °C and (ii) fre-
quency range 1 Hz-1 MHz with an AC single of 20 mV in the
air. Electric modulus data were extracted from impedance
data. The dielectric measurements of the pure and co-doped
LMX systems were done using Wyne-Ker made LCR meter
model 4100. Raman spectroscopy was carried out with a Jobin
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YVON Horiba LABRAM-HR-Visible system equipped with a
He-Ne laser (633 nm) as the source and CCD detector with an
overall spectral resolution of 1 cm™'. The temperature was
varied by keeping the sample in a LINKAM, UK made sample

stage for a temperature range of 30-650 °C.

3. Results and discussion
3.1 X-ray diffraction

Fig. 1 shows the XRD patterns of all compositions of the co-
doped LMX system. There are detectable changes in the XRD
patterns of the LMX-pure and co-doped systems. It is observed
that the XRD patterns of the LMX-pure and LMXD-1 systems
exhibit a splitting of the reflections of characteristic peaks
(211), (200), and (231) which are consistent with the monocli-
nic distortion in the a-phase. For more structural clarity, a
magnified view of the XRD patterns near (211), (200) and (231)
is presented in inset Fig. 1b—d. The splitting of the diffraction
peaks (211), (200) and (231) at around 26 = 30-32°, 41-43° and
47-51° can be clearly observed for pure-LMX and LMXD-1
systems. However, no peak splitting is detected for the
LMXD-2, LMXD-3, LMXD-4 and LMXD-5 samples. The splitting
of peaks indicates a low symmetry phase of LMX and LMXD-1
and can be related to the monoclinic a-phase,**™** while a
cubic p-phase is indicated for the co-doped LMX system
(except LMXD-1). LMXD systems having a Dy content x = 0.4
and 0.5 show the existence of impurity phases (La,Mo0;0).
The variation of the lattice parameters as a function of Dy
content is displayed in Fig. 1(e). There are systematic
reductions in the lattice parameter with Dy content. These
reductions can be attributed to the incorporation of the
smaller Dy*" ion (r = 0.912 A at CN = 6) into a larger La*" (r =
1.032 A at CN = 6) lattice site in La,M0,0s.
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(a) XRD patterns of all co-doped compositions of LMX, (b) a magnified view of the (211) peak, (c) magnified view of the (200) peak (d)

Fig. 1
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magnified view of the (231) peak, and (e) lattice parameters as a function of Dy content.
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Fig. 2 Rietveld refined file (a) LMX, (b) LMXD-1, (c) LMXD-2, and (d) LMXD-3, (e) and (f) 3D view of LMXD-3.

The diffraction patterns of a few compositions are derived
from Rietveld refinement and displayed in Fig. 2. The reflec-
tions of the pure-LMX and LMXD-1 systems are indexed using
monoclinic symmetry with the space group P24, while all other
co-doped samples are indexed by the P, 3 space groups of the
cubic p-LMX phase. The geometric view of the LMX unit cell
designed by using VESTA program from the extracted data of
Rietveld refinement is displayed in Fig. 2(e and f).

Fig. 3 shows the SEM micrographs of LMXD-3 (a representa-
tive system) displaying a highly compacted structure with well-
defined grain boundaries. The relative densities of all micro-
wave sintered samples are around 92-95%. The statistical ana-
lysis of particle size made on these micrographs indicates an
average particle size of about 1 to 2 um. The same trends of
microstructure are observed for almost all co-doped LMX com-
positions, as all are compacted under the same conditions.

3.2 Raman spectroscopy

Raman spectroscopy is a powerful tool to probe local order-
ing-disordering of crystalline lattice or defects. In the LMX
system, o to B-phase transition is accompanied by a transition
from a static to a dynamic distribution of oxygen defects.*’ So,
Raman spectroscopy is used to closely monitor the distri-
bution of the oxygen defect, role of co-dopant in the re-distri-
bution of oxygen defects and accompanied phase transition,
and oxy-ion diffusion dynamics. The Raman spectra of four
representative co-doped LMX systems (LMX, LMXD-1, LMXD-2,
LMXD-3) are shown in Fig. 4. For the interpretation of Raman
spectroscopic data, previous studies on Raman spectra for
both the monoclinic and the cubic phases are used.**™*°

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Micrograph image of a compacted pellet of LMXD-3.

Vibration mode representations for the monoclinic and cubic
phases at the center of the Brillouin zone are as follows:

Monoclinic

Fyibra = 25Ag + 25A, + 26B, + 26B,

Acoustic and optic modes are

Facoustic = Au + 2By

Fyibra = 25Ag + 24A, + 26B, + 24B,

Infrared and Raman active modes are

IRaman = 25A4 + 26B,

Tinfrared = 25Ay + 26By

Cubic

Toptic = 10A + 20E, , + 29T

Dalton Trans., 2020, 49, 13406-13419 | 13409
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Fig. 4
wavenumber range of respective system.

However, the total numbers of experimentally observed
peaks are significantly lower than that of predicted symmetry
59 for cubic and 51 for monoclinic which is common for poly-
crystalline samples with a large number of atoms in a unit

cell.’>! The Raman spectra of all systems can be divided into

two parts with a wide empty gap in the range of 500-700 cm™",
which are commonly observed in molybdates with MoO, tetra-
hedra. In the range of the stretching vibration of MoO,, polyhe-
dra (720-920 cm™"), many lines were observed because of the
presence of several independent and distorted MoO, tetrahe-
dra. Noticeable changes are detectable in the Raman modes of
the co-doped LMX counter-part to parent system (see Fig. 4) viz
(i) drop in peak height, (ii) peak splitting and (iii) shift in peak
position. The disappearance of a few peaks can be associated
with either suppression or merger of the corresponding bond
vibration. The peak height of the Raman mode can be used to
estimate the strength of the lattice ordering and the peak shift
is directly related to crystal symmetry. The extracted data of
peak height and peak shift of the Raman mode can be used to
evaluate lattice ordering-disordering and crystal symmetry,
respectively. To interpret the Raman spectra more precisely, we
have deconvoluted all spectra.>>™>
was performed using Origin-Pro 8.5 software. The Raman spec-

The deconvolution method

trum was deconvoluted using the Gaussian fitting function.
The details of the deconvolution procedure are provided in the
ESL.f The semi-quantitative information of Raman modes i.e.
the peak position, peak height, and peak width, are extracted-
out from the deconvoluted Raman spectra. We had performed
the deconvolution very carefully by keeping the percentage
error of fitting less than 1%. The deconvoluted spectra in high
wavenumber range (700 to 1000 cm™') and low wavenumber
range (200-400 cm™') are separately analyzed: (see panel
Fig. 4b-i)

3.2.1 Room temperature Raman spectra. (i) In pure LMX,
several modes are observed in a high wavenumber range (700
to 1000 cm™'); amongst these prominent modes are at around
758 em ™', 808 ecm ™', 870 em ™' and 922 ecm ™", respectively. The
Raman vibration mode detected near 870 cm™" and 922 em ™"

13410 | Dalton Trans., 2020, 49, 13406-13419
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(a) Comparative room temperature Raman spectra of LMX, LMXD-1, LMXD-2, and LMXD-3, (b—i) deconvoluted spectra at low and high

can be assigned to the Mo;-0O; and Mo;-O, symmetric stretch-
ing (v,) vibration, respectively.’® The modes near 758 cm™" and
808 cm ™" are assigned to the Mo;~0; and Mo;-O, asymmetric
stretching (v3) vibration.

(ii) In the co-doped LMXD-1 system, four prominent
deconvoluted modes having comparable intensity are detected
at 775, 855, 886 and 903 cm ™. The Raman modes of LMXD-1
are found to be shifted in the high wavenumber side with a
50% drop in peak height as compared to the pure LMX
system.

(iii) In the case of the LMXD-2 system, deconvoluted modes
are observed near 775, 831, 865, 903 cm™', while the intensity
of the modes is suppressed as compared to 903 cm™'. The
peak height of the mode drops by almost 70% as compared to
pure LMX.

(iv) For the LMXD-3 system, a single dominant peak near
903 cm™! is related to the symmetric stretching (v;) vibration;
however the intensity of the peak drops more than in the LMX
system.

(v) Lower wavenumber side Raman spectra reveal two
noticeable modes for LMX (at around 335 and 440 cm™") and
LMXD-1 (318 and 369 cm™ "), while a single prominent peak is
detected for LMXD-2 (333 cm™") and LMXD-3 (339 cm™'). The
band near 335 cm™" in LMX can be assigned to the symmetric
bending (v,) vibration mode and the band located near
440 cm™" can be associated with the asymmetric bending (vs)
vibration of Mo-O in the MoO, tetrahedral unit.

The few prominent changes observed in the Raman spectra
due to co-dopants in the LMX systems are: a decrease in peak
height and the disappearance of a few modes. The suppression
in peak height indicates a weakening of the Raman mode
related to Mo-O vibrations caused by the delocalization of the
lattice oxygen ion or the formation of disordered oxygen
vacancies defects, while the disappearance of a few Raman
modes is due to deformation in the MoO, tetrahedral unit.
The structural changes and accompanied oxygen ion re-distri-
bution as observed by XRD and Raman spectroscopy, respect-
ively, in the co-doped LMX systems confirm that the a — f
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structural transition precedes the re-distribution of oxygen
ions or vacancies.

3.2.2 High temperature Raman spectra. High temperature
Raman spectra of LMXD are monitored at various tempera-
tures between 27 and 600 °C (more specifically, 27, 100, 200,
300, 350, 400, 450, 500, 550, 580, 600 °C) to reveal modifi-
cations in local structural changes and their influence on the
oxy-ion diffusion mechanism; Fig. 5(a-d) shows normalized
high temperature Raman spectra of LMX, LMXD-1, LMXD-2,
LMXD-3 systems, respectively. Detectable changes in peak
intensity and peak shape as a function of temperature can be
visualized in the inset view of the spectra, (except LMXD-3);
however peak shift is almost negligible.

To reveal the phase transition influence on the Raman
spectra, the deconvoluted Raman modes of the LMX and
LMXD-1 systems are closely monitored near the transition
temperature (550-600 °C, see ESI Fig. S-1}). A few lines of the
Raman modes start disappearing near the phase transition
temperature ie. above 550 °C. The disappeared lines are
related to the Mo-O bond stretching and bending vibrations,
indicating dislocation of oxygen ions from the Mo nearest
position upon changing its coordination number.

To extract temperature induced relative changes in the
Raman spectra, peak height data are collected from deconvo-
luted spectra and plotted as a function of temperature; a few
prominently varying modes are displayed in Fig. 6; i.e. four
modes of LMX and LMXD-1 systems and two modes of
LMXD-2 and LMXD-3. As the Raman modes are associated
with the lattice vibration of oxygen (O) with respect to Mo, the
peak height measures the strength of the lattice ordering. The
peak height is found to vary irregularly with the temperature
correlating to the disordering of oxygen ion or oxygen
vacancies and can be associated with dynamical disordering in
the LMXD lattice.

3.3 Dielectric analysis

Dielectric relaxation phenomenon as a function of temperature
is systematically studied and displayed in Fig. 7(a-g). The
dielectric relaxation or tangent of the loss angle (tand) is
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mainly measured by the electrical energy dissipated during a
reorientation of dipoles due to the electric field. The theory of
point defect relaxation predicts that the square of the dipole
shape factor is based on the concept that each point defect,
e.g., vacancy, creates an elastic or electric dipole and the relax-
ation strength has a linear dependence on the defect concen-
tration.>” In the LMX system, point defects are mainly oxygen
vacancies that are evolved in the dielectric phenomenon.

The results of dielectric relaxation were obtained at a
heating rate of 3 °C min~" and the system was stabilized at a
particular temperature for 30 min before the reading was
taken. The study was repeated at various frequencies between
1 and 50 kHz. Fig. 7a shows the comparative dielectric relax-
ation curve as a function of the temperature of all six LMX co-
doped systems at 2 kHz. The co-dopant effect on the dielectric
loss and relaxation mechanism can be clearly visualized: (i)
The peak height (strength) of the dielectric relaxation curve is
more in LMXD than in LMX, (ii) There are two dielectric relax-
ation mechanisms for LMXD, while there is a single relaxation
curve for pure-LMX. As the dielectric relaxation strength is lin-
early dependent on the defect concentration,”” there is an indi-
cation that defect (oxygen vacancies) concentration is manipu-
lated by Dy content in the LMX system. The role of Dy in
enhancing the oxygen vacancy concentration is understood as
Dy, W induced a — p phase transition and an accompanied re-
distribution of oxygen ion/vacancies in LMX (as evidenced
from XRD, Raman spectroscopy) modifying the defect
concentration.®

The dielectric relaxation mechanism of the LMX-pure
system at different frequencies 1, 2, 5, 10, 20 and 50 kHz,
respectively is displayed in Fig. 7b. In all spectra, a prominent
single relaxation peak is observed in a temperature of around
400 °C, which is found to be systematically suppressed with
increasing frequency. This is the common dielectric feature of
the LMX-pure system.’® The existence of a single dielectric
relaxation peak indicates a single relaxation frequency (/time)
associated with the reorientation of oxygen vacancies in the
system. In solid electrolytes, the oxygen vacancy defect reorien-
tation leads to oxy-ion hopping via vacancies and thus ionic
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Fig. 5 High temperature Raman spectra (27-600 °C) of (a) LMX, (b) LMXD-1, (c) LMXD-2 and (d) LMXD-3 with deconvoluated spectra at 27 °C and

600 °C of the represented spectra system LMX and LMXD-3.
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conductivity.”® The long range ordering of oxygen vacancies in
o-LMX leads to a single relaxation frequency of oxygen ion
hopping.

Dielectric relaxation curves of the LMXD-1, LMXD-2,
LMXD-3, LMXD-4 and LMXD-5 systems (see Fig. 7c-g, respect-
ively) exhibit two relaxation peaks in the temperature interval
350-550 °C. The relaxation peaks are shifted towards a high
temperature side with increasing frequency, and this dielectric

13412 | Dalton Trans., 2020, 49, 13406-13419

relaxation phenomenon can be ascribed to a thermally acti-
vated process. The existence of more than one dielectric relax-
ation peak indicates multiple relaxation phenomena due to
randomly distributed oxygen vacancies. In the p-LMX phase,
La and Mo cations are located at 4a positions, alternating to
form a lattice of slightly distorted parallelepipeds. Oxygen O,
positions (4a sites) are fully occupied, and the oxygen O, posi-
tions and O; positions (12b) are partially occupied.*®

This journal is © The Royal Society of Chemistry 2020
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Therefore, oxygen vacancy defects are formed at the O, and O;
sites. Thus, two dielectric relaxation peaks can be associated
with the dielectric relaxation of oxygen vacancies from the O,
and Oj sites. Due to the high oxygen vacancy concentration in
the sites of O, and Os, the possibility of migration of oxygen
ions from O, to O, and Oj; is large enough to produce a relax-
ation peak. Therefore, the migration processes of oxygen ions
would give rise to two dielectric relaxation peaks when an
oscillating electric field is applied.

3.4 Correlation of dielectric relaxation, dynamic ordering
and Raman vibration mode anomalies

To demonstrate the dynamics of the disordering of oxygen
vacancies and their correlation to the oxygen ion hopping
mechanism, the derivative plot of the peak height of a few
Raman modes of the Mo-O bond vibration (d7/dT) and dielec-
tric relaxation (dtané/dT) as a function of temperature is
studied (see Fig. 8a-d). DI/dT measures the rate of change of
the ordering strength of oxygen ions with Mo, which is associ-
ated with the formation of oxygen vacancies. The non-uniform
variations of dI/dT indicate a dynamic disordering of oxygen
vacancies and the observed sharp anomaly in d7/dT can be
related to a dynamically disordered state.

For pure-LMX, the derivative plot d/dT vs. T of symmetric
stretching (near 870 cm™') and the bending Raman mode
(near 346 cm™') of Mo-O vibration are shown (see Fig. 8a).
Both the modes exhibit a non-uniform variation of d7/dT as a
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function of temperature (100-600 °C); while the d(tan §)/dT
curve shows an anomaly around 400 °C; the temperature range
of dielectric relaxation is the same as that for oxygen ion
diffusion in oxide ceramics.®®®" The mechanism of diffusion
of oxygen ions via vacancies is confirmed and associated with
the diffusion process between O(1), O(2) and O(3) orderly
arranged vacancies sites.®> Moreover, dielectric relaxation is
not accompanied by a dynamically disordered state in pure-
LMX.

For the co-doped system, derivative plots, ie., dI/dT and
d(tan 6)/d7, display two sharp anomalies at around the same
temperature, signifying that dynamically disordered states are
correlated to oxygen vacancy relaxation dynamics. According to
the thermodynamic selection rule for point defect relaxation,
oxygen ion-vacancy exchange diffusion processes occur due to
those point defects whose symmetry is lower than that of the
crystal. In the cubic LMX crystal, all of the oxygen sites have
lower symmetry. Therefore, a dielectric loss peak results from
an oxygen ion-vacancy exchange diffusion process between
randomly distributed oxygen vacancies mainly attribute to the
jumps between the nearest neighbor O(1) - O(2) and O(1) —
O(3) sites.

3.5 Electrical properties

To ascertain the bulk relaxation response of moderately con-
ducting materials, complex electric modulus formalism is an
important tool. Relaxation dynamics and activation energy for
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Fig. 8 Derivative plot of dissipation factor and intensity of the Raman mode with respect to temperature (a) LMX, (b) LMXD-1, (c) LMXD-2, (d)

LMXD-3.
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oxy-ion transport via oxygen vacancies in the matrix of the co-
doped LMX can be calculated from the modulus plot. At
lower frequencies, there is an exponential increase in the
dielectric constant and loss; also, there is difficulty in dis-
tinguishing the interfacial polarization and conductivity con-
tribution from intrinsic dipolar relaxation. Such a difficulty is
overcome by representing the data in electric modulus
formalism.

The imaginary part of the electric modulus M”, which is
indicative of the energy loss under the electric field, is highly
sensitive to understanding a temperature induced bulk relax-
ation response. The normalized modulus spectra (M"/M"ax)
for x = 0-0.5 at intermediate temperatures (400 °C-700 °C) are
studied (Fig. 9a-f). The normalized spectra of the imaginary
modulus are fit with the Bergman function represented by
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Kohlrausch-Williams-Watts 63-65-

= Moy 7
p Wmax 0}
(75 )+ ()
presents the broadness of the spectra. For all samples, p-values
that are found to be less than 1 indicate deviation from the
Debye-type relaxation. From Fig. 9a, it is observed that the
relaxation peak is found to shift towards the high-frequency

the

"

(KWw)
where M ax

formula;

re-

side with the rise in temperature which confirms that the relax-
ation dynamics are thermally activated. This temperature
dependent behavior of M” can be elaborated as the charge
carrier gets thermally activated with an increase in the temp-
erature and they acquire rapid movement. This leads to a
decrease in the relaxation time and hence increases in relax-
ation frequency. It can be noted that the separation between
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relaxation peaks with the elevation of temperature for the
samples with the composition x = 0, x = 0.4 and x = 0.5 is
large, whereas less separation and relaxation peaks are found
from the window of measuring frequency for the x = 0.1, x =
0.2 and x = 0.3 samples. The large separation between the
relaxation peaks is influenced by a short-range motion of
charge carriers (within grains). The fa. value is calculated
from the relation @max = 27fimax- The fiax value is temperature-
dependent and follows the Arrhenius equation; fyax = ]”()(fk_?ra
whereas f, is the pre-exponential factor, E, is the activation
energy, and k is the Boltzmann constant. Fig. 10(a-f) shows
the Arrhenius plots for all samples. A discontinued jump in In
(fmax) for the parent compound is observed around the a-f
transition temperature (~560 °C). The activation energy, Ea
below the transition temperature (< 560 °C) is found to be 1.49
eV, whereas above 560 °C, the Ea reduce to 1.32 eV. These acti-
vation energies can be correlated to the migration of oxygen
vacancies. Thus, the movements of oxygen vacancies in the
high-temperature § phase experience less hindrance than in
the a phase.®® The activation energy (E.,,) corresponding to the
temperature <560 °C exhibits a detectable decrease in the low
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doping level of Dy (x = 0.1-0.3) while it enhances upon further
substitution (x = 0.4-0.5).

The ionic conductivity data are extracted from complex
impedance spectra (Z” vs. Z'). We collect the impedance
spectra of the co-doped LMX system at various temperatures
under air atmosphere. It is the most suitable technique to dis-
tinguish the grain, grain boundary, and the electrode effect
Fig. 11 depicts the impedance spectra of various compositions
at 400 °C with the fit equivalent ckt at the inset of each spec-
trum. The equivalent circuit exhibits three semicircles fit in
high, intermediate and low frequency ranges. The circuit con-
sists of Resistance R and pseudo-capacitance CPE. The total
circuit can thus be expressed as (R, CPEg), (Rg,, CPEgp) and
(Re, CPE.), where g, gb and e stand for grain/bulk, grain
boundary and material/electrode interface, respectively. These
contributions are confirmed from the capacitance values that
are of pF range in the grain/bulk region, nF range grain bound-
ary region and pF range in the electrode region. However, the
equivalent circuits of almost all specimens of LMX except that
of LMXD-3 exhibit an inductive reactance at the high frequency
side. This can be attributed to the electronic conductivity
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and (f) LMXD-5.
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across the grain/bulk region because the ion conductivity of
the LMX compound at 400-700 °C is of main interest for
IT-SOFC electrolyte applications. The experimental conduc-
tivity o of the ceramic specimens was calculated from the inter-
ceptions of the observed semicircle on the real axis Z' of the
impedance plot. The impedance spectra above 600 °C do
not show a high frequency arc (>1 MHz). The extrapolated
results of grain contribution are used to determine grain
resistance.

Fig. 11(f) shows the Arrhenius plot of log ¢ as a function of
1000/T for the specimens. The fit line reveals that the conduc-
tivity data obey the Arrhenius law well in the measured temp-
erature range for all Dy and W co-doped LMX specimens.
However for LMX, a jump of conductivity around 575 °C is
observed due to a structural a — p phase transition. This indi-
cates that substituting Dy*" for La®>" and W°" for Mo®" could
suppress the first order phase transition of LMX and stabilize
the cubic structure at room temperature.

In an earlier study, Tsu-Yung Jin et al.®” and S. Georges
et al.*® have reported a switching of Arrhenius to Vogel-
Tamman-Fulcher (VIF) behavior in temperature dependence
ionic conductivity, especially in the high temperature range in
Dy, W co-doped LMX and W-doped LMX systems. The high
temperature non-Arrhenius behavior has been understood as
ion diffusion by thermally assisted lattice motion. However, we
obtain Arrhenius behavior for a temperature range of
400-700 °C, which is the operating temperature range of
IT-SOFCs. The conductivity of the LMXD-2 and LMXD-3
systems exceeds that of pure LMX (see inset Fig. 11(f)). In
general, the conductivity values of the LMX samples obtained
in this work (7.2 x 107°@700 °C to 3.4 x 107*> S em ™ ‘@500 °C

Dalton Transactions
of LMX) are close to those reported earlier in the literature;*®*°
while the conductivity of LMXD-3 (1.03 x 107?@700 °C and
6.32 x 10°@500 °C) is more than the value reported for a
similar system.®®®””® The activation energy (E,) of the total
conductivity varies as 0.98 eV for LMXD-3 to 1.20 eV for the
LMXD-5 system showing good consistency with the nature of
oxy-ion conductivity. Therefore, the Dy and W substituted
LAMOX have the merit of high ion conductivity. The E, values
for the Dy-doped samples are relatively lower than those of the
parent sample, except LMXD-5.

In summary, the Dy, W co-dopant effects on the suppres-
sion of the a — f phase transition of the LMX system are con-
firmed by the disappearance of the splitting of peaks (211),
(200) and (231), which are clearly observed for LMX-pure at
around 26 = 30-32°, 40-42° and 47-48°, respectively. Raman
spectroscopic data support the suppression of the monoclinic-
to-cubic phase of the co-doped-LMX by the disappearance of a
few Raman vibration modes related to MoO, tetrahedral distor-
tion with asymmetric stretching and bending vibration, which
are obtained in the parent system. High temperature Raman
spectra demonstrate the existence of a dynamical disorder in
the co-doped LMX system by a non-uniform variation of d7/dT
as a function of temperature. The dynamically disordered
states are found closely associated with dielectric relaxation.
The single dielectric relaxation phenomenon is observed in
the pure LMX system, while two dielectric relaxations are
detected for co-doped LMX. The dynamics of oxygen ion
diffusion is understood from dielectric relaxation. In the Dy-W
co-doped system, two dielectric relaxation peaks are observed
to be associated with two dynamically disordered states and
originate from a diffusion process between O(1)-O(2) and
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0O(1)-0O(3) oxygen ion-vacancies sites. Electric modulus spectra
ascertained from the non-Debye type relaxation dynamics and
activation energy of ion migration in co-doped LMX are lower
than that of the parent system. Ionic conductivity data
extracted from the complex impedance plot exhibit a single
slope Arrhenius behavior of Dy and W co-doping in LMX
samples for the 400-700 °C temperature regime, while there is
a jump in plot around 575 °C in pure LMX. There are reason-
able increases in conductivity with a decrease in activation
energy by the co-doping effect in the LMX samples. This study
demonstrates the Dy, W co-dopant effect on the suppression of
phase transition temperature and dynamical disordering of
oxygen vacancies. It modifies the dielectric relaxation phenom-
enon and thus oxygen vacancy reorientation kinetics. It
reduces the active energy for the migration of oxygen ions by
improving conductivity; it proves the suitability of the co-
doped LMX system to be used as electrolytes for intermediate
temperature solid oxide fuel cells (400-700 °C).
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