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ABSTRACT

The novel fast oxide ion-conducting material La2Mo2O9 (LAMOX) thin films

were synthesized by using the cost-effective chemical spray pyrolysis technique.

Thermal Gravimetric and differential thermal analysis show the phase transition

of La2Mo2O9 from a-monoclinic to b-cubic phase at 546.5 �C. Rietveld refine-

ment confirms the stabilization of the b-cubic phase for La2Mo2O9 thin films at

high temperature. The porous morphology was observed after the annealing

and the XPS study revealed elements La, Mo and O observed on the surface of

thin films. The temperature and frequency-dependent dielectric constant were

studied using an LCR-Q meter in the frequency range of 20 Hz–300 kHz. As the

frequency increases, the dielectric constant and dielectric loss decreases for all

La2Mo2O9 thin films. The dielectric constant, dielectric loss and AC conductivity

varied with increasing temperature, shows two relaxation peaks indicating the

presence of oxide ion vacancies for ion conduction. The complex impedance

shows the Cole–Cole plot for the LAMOX thin films.

1 Introduction

A fuel cell is an electrochemical device that converts

chemical energy directly into electrical energy with

the water as a by-product [1, 2]. The oxide ion-con-

ducting materials are the interesting materials

because of its application mainly in fields like oxygen

sensors, oxygen pumps, oxygen separation

membranes and solid oxide fuel cells [3–8]. In 2000,

Lacorre [5] discovered the new fast oxide ion-con-

ducting material and illustrated that the lanthanum

molybdenum oxide (La2Mo2O9) possesses greater ion

conduction ability at 800 �C than the conventional

oxide ion conductor Yttria Stabilized Zirconia (YSZ).

The phase transition of La2Mo2O9 takes place from

low oxide ion conducting a-monoclinic to high oxide
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ion conducting b-cubic at around 580 �C, the ionic

conductivity of La2Mo2O9 increases its order twice

after phase transition [9–12]. It has been found that

the crystallographic sites of b-La2Mo2O9 for the

occupation of oxygen ions are partially available,

which increases the concentration of oxide ion

vacancy, which delivers sufficient paths for the dif-

fusion of oxygen ions, and subsequently, the oxide

ionic conduction is high for b-cubic La2Mo2O9

[13, 14]. The drastic change observed in ion conduc-

tion and lattice parameter of La2Mo2O9 due to the

phase transition from low a-monoclinic to b-cubic
phase [15, 16]. Many recent studies have been carried

out to lower the phase transition temperature and

maintain the high oxide ion conductivity for La2-
Mo2O9 b-cubic phase [17]. La.3? based compounds

also shows optical, dielectric and magnetic properties

[18, 19]

Nowadays, researchers in the field of material sci-

ence, physics, technology and chemistry have repor-

ted novel applications in various fields like

electrochemical hydrogen storage [20, 21] photocat-

alytic activity [22–24], antimicrobial characteristics

[25–27] etc. The properties of La2Mo2O9 make it more

beneficiary metal oxides than other metals like

DyBa2Fe3O7.988/DyFeO3 [27] Dy2BaCuO5/Ba4
DyCu3O9.09 [26], Co/Co3O4 [25], BaDy2NiO5/NiO

[24], Zn0.35Fe2.65O4 [23], DyMn2O5/Ba3Mn2O8 [20],

CdHgI4/HgI2 [28], Ni/NiO [22], Fe2O3 [29] in various

applications. The increasing microelectronics indus-

trial necessitates and shrinking of device components

ranging from transistors to energy storage devices

makes the materials is more efficient for high-per-

formance applications. On other hand, the shrinking

of integrated circuits has resulted in excessive power

consumption and signal delays in their interconnec-

tions [30, 31]. To address these constraints, insulating

materials with low dielectric constants have been

investigated [32–35]. Additionally, these low dielec-

tric loss materials have significant prospective

applications in domains of interlayer dielectrics,

semiconductor packaging (chips, modules), high

frequency devices, low-loss boards [36] etc.

Researchers mostly studied lanthanum oxide

compounds for various synthetic techniques for the

evaluation of dielectric properties. Suzuki et al. [37]

used the Metal Oxide Chemical Vepor Deposition

process to create La-oxide and La-oxide/SiON films

on Si substrates. Furthermore, Krishna et al. [38]

created lanthanum oxide nanoparticles for dielectric

characteristics utilizing a chemical co-precipitation

technique. In contrast, the lanthanum oxide doped

lithium borosilicate glasses were made by Ganviraet

et al. [39]. Using a typical melt-quenching process for

electrical and dielectric property studies, Gopalakr-

ishnan et al. [40] investigated the dielectric properties

of LaMoOx and synthesized the La4Mo7O27 by

adopting high-temperature solution growth

technique.

Goutenoire et al. [6] reported that the b-cubic phase
La2Mo2O9 is more disordered structure, which con-

tains three oxygen sites O1 at 4a site are fully occu-

pied whereas O2 and O3 at 12b partially occupied

Wyckoff positions is the key part of the b-cubic phase
of La2Mo2O9. Fournier et al. [41] successful synthesis

the La2Mo2O9 using conventional solid-state tech-

niques. The material under investigation owing to its

outstanding properties, it has also prepared using

mechanochemical synthesis [42], sol–gel routes [43]

and freeze-dried precursors [44]. These synthesis

methods are more time consuming it takes times

from several hours to even in days to complete phase

formation as compared to spray pyrolysis method.

The spray pyrolysis method is time efficient and take

less time, low-cost and suitable for the formation of

nanoscale particals.

The present study investigate the pores structure

pristine La2Mo2O9 thin films on pre-heated alumina

substrate using chemical spray pyrolysis method and

studied its dielectric properties at high frequency

region for microwave and fuel cell applications

[45, 46].

2 Experimental

2.1 Synthesis of La2Mo2O9 thin films

The spray pyrolysis route was employed to deposit

LAMOX thin films onto pre-heated alumina (Al2O3)

substrate. The following analytical grade chemicals

were directly used for the synthesis of La2Mo2O9 thin

films without any further treatment. Lanthanum

chloride (LaCl3.7H2O) and Molybdic acid (MoO3H2-

O) were used as a precursor with a proper molar

concentration ratio for the synthesis of LAMOX thin

film. The solubility of the lanthanum chloride and

molybdic acid salts were found to be 957.00 g/L and

1.51 g/L in water at room temperature (25 �C). Due

to this major differnce in the solubility factor, the
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solutions of the lanthanum chloride and molybdic

acid precursors were separately prepared. The

specific amount of lanthanum chloride was dissolved

in 15 ml of double-distilled water. On the other hand,

molybdic acid was initially dissolved with a specific

amount of concentrated HNO3 under vigorous stir-

ring for 15 min. at room temperature, and a further

15 ml of distilled water was poured drop wise to get

a clear and transparent solution. The aqueous solu-

tion of lanthanum chloride was slowly added to an

aqueous solution of molybdic acid and mixed thor-

oughly using magnetic stirring for 15 min. The

resulting 30 ml aqueous solution mixture was trans-

ferred to the spray pyrolysis unit for LAMOX thin

film synthesis. The synthesized LAMOX thin films

were annealed at 1000 �C for two hours in an air

atmosphere.

2.2 Characterization techniques
of La2Mo2O9 thin films

The crystal structure of LAMOX thin films was

determined by a mini-flex X-ray diffractometer with

Cu-Ka radiation (k = 1.54 Å). The morphological

study of LAMOX thin films was done using field

emission scanning electron microscopy (FESEM,

JEOL JSM-6500F). EDAX (Energy-dispersive X-ray

spectroscopy) Oxford instruments model ASTM

E1508-98 was used to determine the elemental com-

position with atomic and weight percent of deposited

LAMOX thin films. Fourier transform infrared spec-

troscopy analysis of LAMOX thin films was carried

out by FTIR (model Lambda-7600) in the range from

400 to 4000 cm-1. The surface element analysis study

of LAMOX was studied by using X-ray photoelectron

spectrometer (XPS, thermos-scientific Inc. K-alpha)

with a micro focus monochromatic Al-Ka X-ray

source. The dielectric parameters of LAMOX material

were directly measured using the LCR Q-meter

(APLAB model 4300R) in the frequency range from

20 Hz to 300 kHz. The dielectric constant and

dielectric loss of LAMOX material was also deter-

mined at different characterizing temperatures.

3 Results and discussion

3.1 Thermo-gravimetric and differential
thermal analysis (TG—DTA)
of LAMOX

The decomposition of crystalline lanthanum molyb-

denum oxide powder takes place from room tem-

perature to 1000 �C, with heating and cooling rates of

10 �C min-1, as shown in Fig. 1. TGDTA plot pro-

vides information about phase forming temperature

of a material. Weight loss of the sample was made in

two main steps about 652 �C [47, 48]. A total of

29.50% of weight loss occurs from room temperature

to near about 550 �C [49], which corresponds to

residual water elimination and decomposition of

chlorine. In the second step, 2.34% weight loss occurs

upto 650 �C, which refers to the decomposition and

formation of the pure crystallization phase of La2-
M2O9. DTA shows a strong endothermic peak at

546 �C, which corresponds to the crystallization of

La2M2O9. Above the 650 �C, no further weight loss

was observed, which indicates the formation of

stable crystalline phase. The R. A. Rocha, E. N. S.

Muccillo were reported the phase formation of

LAMOX at 550 �C [50].

3.2 XRD analysis

The crystallographic properties of annealed La2Mo2
O9 thin films were analysed by X-ray diffraction

measurements, as shown in Fig. 2a–c. The Rietveld

refinement of XRD patterns was carried out for 0.1 M,

0.15 M, and 0.2 M annealed powders at 1000 �C for

Fig. 1 TGDTA plot of synthesized LAMOX thin film
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two hours. The refinement anlysis of LAMOX XRD

patterns clearly confirm the formation of pure phase

of cubic crystal strcture with P213 space group (Space

group number 198) [51]. The diffraction pattern also

well match with JCPDS card number 28-0509 of the

La2Mo2O9 cubic crystal structure [52]. Rietveld

refinement was used to calculate lattice parameters

using the Full-Prof suite software. The variation in

derived lattice parameters can be seen in Table 1. The

good agreement has been observed between previ-

ously reported and observed lattice parameters of

La2Mo2O9 [53]. It is observed that from concentration

0.1–0.2 M, the lattice parameters slightly increase

with unit cell volume. The schematic unit cell crystal

structure derived from output refinement data is

shown in Fig. 2d. For crystal structure visualization

purposes, the software package VESTA is used [54].

There is no literature study observed on the pure

form of LAMOX phase. Siddharth, Sandip Bysakh,

Anjan Sil have reported the refinement of W doped

LAMOX for palletes where refinement data matches

with JCPDS cared no. 28-0509 [55]

Fig. 2 Rietveld-refined XRD pattern. a–c Reitveld refinement patterns of the annealed La2Mo2O9 with the different concentrations of

0.1 M, 0.15 M and 0.2 M. d Crystal structure of La2Mo2O9

Table 1 Unit cell parameters for different concentrations of

LAMOX films

Unit cell parameter Concentration

0.1 M 0.15 M 0.2 M

v2 1.35 1.44 1.75

Rp 49.10 50.51 77.31

Rwp 32.90 33.80 66.90

Rexp 31.38 33.20 54.13

a = b = c ( _A) 7.15 7.15 7.15

a ¼ b ¼ c 90o 90o 90o

q (gm/cm3) 5.582 5.573 5.581

V ( _A)3 365.12 365.71 365.17
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3.3 Surface morphology and elemental
analysis

FESEM revealed morphological studies of deposited

and annealed LAMOX thin films in air atmosphere.

The effect of concentration on the morphology of

deposited and annealed LAMOX thin films is

revealed in Figs. 3, 4. The FESEM images of depos-

ited 0.1 M LAMOX thin film is shown in Fig. 3a. In

this case, the substrate wets more due to the partial

evaporation of droplets during deposition. Further-

more, trapped solvent by material evaporated and

left behind some porosity [56, 57]. Figure 4a shows

the morphology of annealed 0.1 M La2Mo2O9 thin

film due to the complete evaporation of solvent

developing cracks over the surface. This shows the

minimizing of the surface energy and merging of

grains into bigger grains [58]. The increase in con-

centration to 0.15 M, decreases the porosity of the

thin film shown in Fig. 3b. However, after the

annealing compact morphology was observed

(Fig. 4b), the grain size increases after annealing up

to 0.4 lm, and the grain size increases because min-

imizing the surface energy causes the merging of the

grains to larger grains, for a higher concentration

0.2 M, (Fig. 3c), before wetting substrate vaporization

of droplets takes place resulting in the formation of a

lump of powder formed over substrate resulting in a

highly porous and less adherent structure. The major

cracks were observed because of solvent evaporation

before reaching the substrate. After the annealing

atom of material is aggregated and forms a lump

which makes more cracks on the material (Fig. 4c),

the annealing treatment increases the size of the lump

of powder. Besides, the morphology also depends on

the type of solution, solvent, substrate, and experi-

mental setup.

Figure 5a–c shows the EDAX spectra of cubic

LAMOX thin films after annealing at 1000 �C for two

hours. Elemental composition obtained from EDAX

of La2Mo2O9 fairly well with the actual composition.

The 1:1 atomic ratio of La and Mo was considered

Fig. 3 a–c FESEM images of LAMOX film with 0.1 M, 0.15 M and 0.2 M, d FTIR spectra of LAMOX with 0.15 M
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during the synthesis of La2Mo2O9 thin film. It shows

the presence of only elements La, Mo, and O in

LAMOX thin films. The EDAX analysis of annealed

sample revealed the atomic ratio of La: Mo is 1:1.10.

3.4 Fourier transform infrared spectroscopy
(FT-IR)

FTIR spectra are supportive of the characteristic

appearance of La and Mo. The spectrum of LAMOX

has been recorded from 400 to 4000 cm-1. Figure 3d

shows FT-IR spectra of LAMOX powder scratched

from glass substrate deposited at 300 �C. The FTIR

spectrum of deposited LAMOX at 300 �C shows the

intense vibration band at 832.48 cm-1 due to

stretching of La–O [50] and two consecutive vibra-

tions observed at 972.47 and 1048.68 cm-1 are related

to metal–oxygen bond arising from Mo–O [59]. The

intermediate peaks at 1334, 1388.70 and 1462.10 cm-1

are consigned to the NO2 stretching. The two small

peaks at 2849 and 2931.45 cm-1 are assigned to N–H

stretching. The vibration at 3426.06 and 3610.37 cm-1

are consigned to the water (H2O) [60]. The FT-IR

spectrum of LAMOX powder annealed at 1000 �C for

two hours is shown in Fig. 4d. It shows the broad

bands from 607.50 cm-1 to 863.65 cm-1 indicates the

formation of metal oxide. The intensity of La–O and

Mo–O bands is observed to decrease upon annealing

due to the improved crystallization effect. The peaks

at 3610.37 cm-1 disappear in the annealing spectra of

FTIR because of the evaporation of water at high

temperatures from the material.

3.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to

determine the chemical composition and electronic

structure of La2Mo2O9 thin film.The XPS spectra for

annealed 0.15 M La2Mo2O9 films is shown in Fig. 6a–

d. The XPS survey spectrum (Fig. 6a) demonstrates

the presence of La, Mo and O elements. The high-

resolution XPS spectrum of the La-3d core level is

Fig. 4 a–c FESEM images of annealed La2Mo2O9 with 0.1 M, 0.15 M and 0.2 M, d EDX mapping of 0.15 M annealed La2Mo2O9,

e FTIR spectrum of 0.15 M annealed La2Mo2O9
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decomposed into seven peaks, and this peak origi-

nates from the spin-orbital splitting of La 3d3/2 and

La 3d5/2 states of La(III) [61, 62]. The high-resolution

XPS spectrum of the Mo 3d core level at binding

energy 232.20 and 235.31 eV corresponds to Mo?6

3d5/2 and 3d3/2 [63–65]. The high-resolution O1s XPS

spectrum shows (Fig. 6d) a central peak at 530 eV,

which corresponds to oxygen ions inside the lattice,

while the line at 531.21 eV corresponds to adsorbed

oxygen [66].

3.6 Temperature dependent dielectric
constant

Figure 7a–i shows variation in dielectric constant (e0)
for La2Mo2O9 thin films as a function of temperature

at different frequencies. Figure 7a–b indicates a

directly proportional relation of e0 with temperature,

the abrupt growth in the e0 describes the phase

transition of La2Mo2O9 [50]. The polarization prop-

erty of La2Mo2O9 shows the directly proportional

relation between dielectrics constant and

temperature. The dielectric constant (e0) was calcu-

lated using the relation [67].

e0 ¼ Ct

e0A
ð1Þ

where C is the capacitance in pF, t is the thickness of

the sample in cm, A is Area of the cross-section, e0 is
permittivity of free space and e0 is the dielectric

constant.

The dielectric constant slowly increases in its initial

stage due to its properties like high resistivity, pres-

ence of impurities and defects within the material

and then it rapidly increases from specific tempera-

ture called as transition temperature of LAMOX, after

attaining a maximum value it start to decreases. All

the samples of La2Mo2O9 show two relaxation peaks

in the temperature range 700–750 �C. The shifting of

peaks is observed toward the high-temperature side

with rising frequency, and the height of the peaks

decreases with increasing concentration of La2Mo2O9.

Multiple dielectric relaxation peaks shows several

relaxation phenomena due to randomly distributed

oxygen ions vacancies [68].

Fig. 5 EDX spectrum of annealed La2Mo2O9. a 0.1 M, b 0.15 M, and c 0.2 M
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The variation of e0 of La2Mo2O9 with temperature is

shown in Fig. 7a–i. The dielectric constant of La2
Mo2O9 shows fragile dependency on temperature up

to 200 �C, indicating thermal stability of dielectric

properties of La2Mo2O9. The increase in dielectric

constant with temperature at their initial state causes

increase in internal stresses which influence the

domain wall motion. The temperature dependency of

domain wall motion has confirmed from increase of

dielectric constant at critical temperature [69]. As

concentration of LAMOX increases, a slightly

increase in transition temperature is observed.

With distinct frequency dispersion, the significant

increase in e0 were observed, which means that at

elevated temperatures, the frequency-dependent

dielectric polarizability contributes to dielectric

properties. The concentration of La2Mo2O9 films

systematically suppresses the height of the dielectric

peak for 1, 10 and 100 kHz at 675 �C and 750 �C.

Table 2 shows the variation in dielectric constant with

frequency as a function of the concentration of

LAMOX thin films.

3.7 Frequency-dependent dielectric
constant

The dielectric properties of LAMOX thin films as a

function of frequency is based on the interaction of

external field with the electric dipole moment of the

LAMOX material. Frequency-dependent variation of

e’of LAMOX at different annealing temperatures are

shown in Fig. 8a–e and corresponding value of

dielectric constant listed in Table 2. Figure indicates

the inverse relation between the dielectric constant

with applied frequency. During this variation,

dielectric dispersion is observed at a lower frequency

region and attains a constant value at higher fre-

quency side, which confirms the behavior of the

Fig. 6 Chemical analysis. a Survey of XPS spectrum, b XPS spectra of La 3d, Mo 3d and O 1s of 0.15 M annealed La2Mo2O9
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Fig. 7 a–c Dielectric constant Vs temperature of 0.1 M annealed

La2Mo2O9 at 1 kHz, 10 kHz and 100 kHz, d–f Dielectric constant

Vs temperature of 0.15 M annealed La2Mo2O9 at 1 kHz, 10 kHz

and 100 kHz, g–i Dielectric constant Vs temperature of 0.2 M

annealed La2Mo2O9 at 1 kHz, 10 kHz and 100 kHz

Table 2 Variation in dielectric

constant with frequency is a

function of concentration of

LAMOX thin films

Frequency (kHz) Temperature (�C) Concentration

0.1 M 0.15 M 0.2 M

1 Room temperature 38.32 26.78 50.03

10 37.50 21.86 34.96

100 37.05 19.95 30.89

1 100 25.35 31.37 28.95

10 24.80 30.88 27.93

100 24.57 30.65 27.63

1 200 25.45 32.66 30.15

10 24.42 31.51 29.01

100 24.19 31.30 28.69

1 300 35.96 38.36 38.54

10 29.28 33.94 32.18

100 26.44 32.24 30.01

1 400 57.90 44.86 49.37

10 41.42 39.62 39.79

100 31.29 34.49 32.59
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normal dielectrics [70, 71]. Usually dielectric constant

can influence by applied frequency due to the relax-

ation time of charge transport.

The samples exhibit dielectric dispersion because

of Maxwell–Wagner inter-facial polarization, which

depends on Koop’s phenomenological theory [72].

According to this, the inhomogeneous dielectric is

made up of well-conducting grains kept separated by

low conducting grain boundaries [73]. Grain bound-

aries and grains are active at lower and higher fre-

quencies respectively. Thus, at a lower frequency e0 is
maximum and at a higher frequency it minimum

[74]. The dielectric dispersion is associated with very

high polarization caused by charge migration

Fig. 8 Dielectric constant Vs

frequency for annealed

La2Mo2O9 at a Room

temperature, b 100, c 200,

d 300, e 400 �C
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through limited paths and may be attributed to

dipoles caused by changes in cation valence states

and space charge polarization [75].

The dielectric constant (e0) of LAMOX is subsidized

by numerous structural and microstructural factors.

These factors are inter-facial dislocations, oxygen

vacancies, porosity, grains, grain boundaries, etc.

[76]. The inhomogeneity in the present LAMOX

structure was observed due to the vacancies and

grain. Sometimes even electronic or ionic hopping

mechanisms result in electronic polarization subsi-

dizing the low-frequency dispersion. Because of the

molecules inertia, the ionic and orientational polar-

izability decrease which eventually disappear at

higher frequencies [77].

Thus, it is also observed that at a lower frequency

site the e0 possesses a higher value, thereafter

decreases with applied frequency, and finally

remains constant at a higher frequency. It could be

endorsed to the influence of the multi-component

polarizability [78, 79]. As frequency increases, dipoles

will no longer be able to rotate sufficiently, causing

their oscillations lag behind the external field. As a

result, at high frequencies, the dielectric constant

approaches a limited value [80]. The dielectric con-

stant of La2Mo2O9 films under investigation was

found to be increases with characterizing tempera-

ture. This may be attributed to formation of nano-

sized grains. This material exhibited dielectric dis-

persion at lower frequencies and a constant value at

higher frequencies, which referred as its static value.

For this sample, the static dielectric constant is close

to 35. It is initiating that e0 values increase with rising

the temperature. This can be endorsed to the lower

polarizability of La ion as compared to Mo ion. The

dielectric value of LAMOX is high at higher fre-

quency and increases with increasing oxide ions

hopping through the material.

3.8 Temperature-dependent dielectric
tangent loss

The dielectric relaxation, also known as tan loss (tan

d). It is a measurement of the dissipation of electrical

energy during dipole reorientation due to an applied

electric field. The square of the dipole shape factor is

predicted by the theory of point defect relaxation,

which is based on an idea of point defect, such as a

vacancy, creates an elastic or electric dipole that

relaxation strength is proportional to defect

concentration [81]. Point defects in the La2Mo2O9

system are mostly due to oxygen vacancies resulting

from the dielectric phenomenon. The Fig. 9a–e shows

the concentration effect on tan d and the relaxation

mechanism: (i) peak height (strength) of the dielectric

relaxation curve is higher at 0.15 M compared to 0.1

& 0.2 M, (ii) all La2Mo2O9 samples have two dielec-

tric relaxation mechanisms. Because dielectric relax-

ation strength is proportional to defect concentration

[82].

The presence of a single dielectric relaxation peak

indicates the system has a reorientation of oxygen

vacancies associated with a relaxation frequency.

Ionic conductivity rises as oxygen vacancies in cera-

mic electrolytes are reoriented, resulting in oxide ion

hopping via vacancies [83]. As shown in Fig. 9a–c, all

La2Mo2O9 samples have twice relaxation peaks in the

temperature range from 350 to 550 �C with increasing

frequency the relaxation peak shifts to the higher

temperature side and this dielectric relaxation

occurrence can be attributed to a thermally activated

process.

Multiple relaxation phenomena are caused by

randomly distributed oxygen vacancies that are

indicated by the presence of multiple dielectric

relaxation peaks. La and Mo cations alternate at 4a

positions in the La2Mo2O9 phase, which forming a

lattice of parallelopiped that are slightly distorted.

The oxygen O1 positions (4a sites) are filled, while the

oxygen O2 and O3 positions (12b) are only partially

filled [84]. As a result, oxygen vacancy defects form at

O2 and O3 sites. Thus, the dielectric relaxation of

oxygen vacancies from O2 and O3 sites can be linked

to two dielectric relaxation peaks. The possibility of

oxygen ions migrating from O1 to O2 is sufficient

produces a relaxation peak due to higher concentra-

tion of oxygen vacancy in O2 and O3 sites. When an

oscillating electric field is applied, the migration

processes of oxygen ions produce two dielectric

relaxation peaks [85]. Similar result reported by R.

Nazz et. al. in 2020 [50]. Table 3 shows the variation

in dielectric loss with frequency is a function of

concentration of LAMOX thin films at constant

temperatures.

3.9 Frequency-dependent dielectric
tangent loss

The frequency-dependent variation of dielectric

relaxation or tangent loss of LAMOX thin films

J Mater Sci: Mater Electron (2023) 34:387 Page 11 of 21 387



Fig. 9 a Dielectric loss Vs temperature of 0.1 M annealed La2Mo2O9. b Dielectric loss Vs temperature of 0.15 M annealed La2Mo2O9.

c Dielectric loss Vs temperature of 0.2 M annealed La2Mo2O9

Table 3 Variation in dielectric

loss with frequency is a

function of concentration of

LAMOX thin films at constant

temperatures

Frequency (kHz) Temperature (�C) Concentration

0.1 M 0.15 M 0.2 M

1 Room temperature 0.00 0.27 0.57

10 0.01 0.12 0.21

100 0.01 0.05 0.07

1 100 0.02 0.02 0.02

10 0.01 0.01 0.02

100 0.01 0.01 0.01

1 200 0.04 0.04 0.06

10 0.02 0.02 0.02

100 0.01 0.10 0.01

1 300 0.25 0.09 0.14

10 0.11 0.06 0.09

100 0.05 0.03 0.04

1 400 0.84 0.12 0.17

10 0.31 0.10 0.15

100 0.18 0.08 0.11
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studied at different temperatures in frequency range

from 20 Hz to 300 kHz is shown in Fig. 10a–e. The

variation of dielectric loss with frequency for differ-

ent concentration listed in Table 3. All the samples

under investigation shows a decreasing tangent loss

with frequency [86–89]. Domain wall resonance is

thought to be the cause of this loss factor curve. At

higher frequency site, the losses are low because of

domain wall motion is inhibited. It also explained

with collective behavior of p and n-type charge car-

riers are formed during sintering [90]. The p-type

charge carriers experience local displacement in the

opposite direction whereas n-type charge carriers

reduces polarization at low frequencies [91].

The maximum dielectric loss is small when the

relaxation time is large in comparison to the period

Fig. 10 Dielectric loss Vs

frequency for annealed

La2Mo2O9 at a Room

temperature, b 100, c 200,

d 300, e 400 �C
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and frequency of the applied field [92]. The dielectric

loss remains almost constant beyond 100 kHz. This

may be due to at greater frequency the domain wall

motion is reserved and polarization is forced to

alteration by rotation. It caused by the presence of

vacancies and structural non-homogeneities. The

decrease in tand at greater frequencies is in agree-

ment with Koop’s phenomenological model.

3.10 A.C conductivity

Figure 11a–c shows the temperature dependence AC

conductivity (rAC) at different frequencies. The AC

conductivity was calculated by using the following

relation.

rAC ¼ 2pfeoe
0
tand[93]. Where, f is applied fre-

quency, eo is permittivity of free space, e0 is dilectric

constatnt and tand is the loss tangent. The conduc-

tivity model is represented by two distinct areas.

First, the conductivity in the low-frequency range is

frequency-independent, which characterizes the

direct conductivity by displacement of charge carri-

ers. Second, the dispersion regime compatible with

AC conductivity occurs at a higher frequency. The

AC conductivity explained by hopping model. The

electron exchange between the ions in La2Mo2O9

enhanced with polarization by enhancing the rAC in

the mechanism of conduction [94]. Moreover, the rAC

enhansed with rise in temperature due to the thermal

energy’s vibrations. The AC conductivity is very high

for 0.2 M La2Mo2O9.

3.11 DC conductivity

The behavior of DC conductivity of La2Mo2O9 with

temperature is shown in Fig. 11d. It shows semicon-

ducting behavior, carrier concentration of carriers

increases as temperature rises, resulting in an

increase in conductivity. In the case of La2Mo2O9, the

mobility of the charge carrier are directly propor-

tional to the temperature and no change in carrier

Fig. 11 a–c AC conductivity of annealed La2Mo2O9 at various frequencies of 0.1 M, 0.15 M, and 0.2 M. d DC conductivity of annealed

La2Mo2O9 of 0.1 M, 0.15 M, and 0.2 M
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concentration is observed. All of the La2Mo2O9 sam-

ples shows the semiconducting behavior. Figure 11d

shows DC conductivity (r) of La2Mo2O9. The heating

rate of La2Mo2O9 was approximate 1 K/min and scan

the sample over the range of 353–873 K. Around the

823 K observed step-like variation, which shows the

phase transition of La2Mo2O9. The observed lower

phase transition in La2Mo2O9 crystalline sample is

near about 823 K [95].

A break in the linearity nature of DC conductivity

of La2Mo2O9 is found near point 1.20 (560 �C). This
break indicates the phase transition of La2Mo2O9

from monoclinic to cubic phase. The breaking point

of the linearity nature of DC conductivity of La2-
Mo2O9 is called Curie temperature [96], and the value

of DC conductivity at 600 �C is about 0.21, 0.17, and

0.23 lS/cm for 0.1 M, 0.15 M and 0.2 M La2Mo2O9

respectively, this is much small value of DC con-

ductivity than macrocrystalline sample (0.06 S/cm).

Because highly disordered material near grain

boundaries has lower conductivity than material

within the grain, and submicron crystalline samples

have many more regions of grain boundaries, this

behavior can be inferred from their involvement.

3.12 Impedance of La2Mo2O9

The complex impedance plot is obtained by plotting –

Z00 versus Z0 . The impedance spectra of La2Mo2O9

annealed thin films. The impedance studied at a

temperature of 200 �C, 300 �C, and 400 �C for 0.1 M,

0.15 M, and 0.2 M of LAMOX thin films shows Cole–

Cole plot. Figure 12a–i shows the observed impe-

dance spectra for La2Mo2O9. In the low-frequency

region for temperatures of 200 �C, 300 �C, and 400 �C
correspond to conduction due to grain boundary

volume shown in Fig. 12a–i. This gives the grain

boundary volume plays a major role in the conduc-

tion mechanism [97]. The grain boundary resistance

is out of measurement scale in a low-frequency

region, indicating some other relaxation phenomena

that occur outside the measured frequency range. For

0.15 M La2Mo2O9 at 500 and 600 �C, there are two

semicircular arcs shown in Fig. 13a, b, one at the low-

frequency cause of grain boundary conduction and

another at the high-frequency range due to grain

conduction [98]. Semicircle plots between the Z0 and –

Z00 represent non-debye types of relaxation behavior.

A non-debye relaxation is a dielectric component

with multiple relaxation times denoted by s [87]. It is

nothing but the time required for the dipole to orient

in the direction of the applied electric field. At lower

frequency side, oxide ions and vacancies have more

time to migrate through the electrode–electrolyte

interface. As a result, the oxide ion vacancies that

migrate across the interface are accumulate, resulting

in the formation of the space charge barrier. This

resistance appears as a linear curve on the lower

frequency sides of the applied ac electric field. The

shifting of impedance arc to the higher frequency

range takes place as temperature increases, according

to non-Debye relaxation phenomena [99]. This leads

to the disappearance of impedance arc at higher

temperatures due to grains [100]. The modulus for-

mulation can explain the short and long-range hop-

ping of the oxide ions through the vacant sites, as

well as their jump probability. The imaginary part of

modulus formalism explains the nature of oxide ion

hopping as temperature changes. The grain bound-

ary is critical to the overall electrical conductivity of

the material. According to Baurele [101], the use of

YSZ electrolyte impedance spectroscopy delivered a

suitable technique for analyzing grain interior and

grain boundary conductivities. According to this

theory, the grain boundary acts as a barrier to oxide

ion migration. The grain boundary blocking effect

refers to the increased resistance to oxide ion move-

ment provided by grain boundaries.

4 Conclusion

The dense and cores grain morphology was observed

with some pores in LAMOX. FTIR spectra confirm

the no surface impurities and assure pure phase

formation of LAMOX. The elemental composition in

films is affirmed with EDAX and is approximately

equal to the precursor. The XPS results proved that

Mo?6 cation is present in La2Mo2O9 thin film. The

dielectric constant studies shows multiple dielectric

relaxation peaks with multiple relaxation phenomena

due to randomly distributed oxygen ion vacancies.

La2Mo2O9 samples have twice the relaxation peaks in

the temperature range 350—550 �C. With increasing

frequency, the relaxation peak shifts to the higher

temperature side; this dielectric relaxation occurrence

can be attributed to a thermally activated process.

When an oscillating electric field is applied, the

migration processes of oxygen ions produce two

dielectric relaxation peaks. The AC conductivity was
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explained by hopping model. The Arhenus nature is

shown by the DC conductivity of La2Mo2O9. The

dielectric constant is high at lower frequency side due

to high resistance of grain boundry and dielectric

constant is low at higher frequency side due to grain

conduction. Semicircle plots between the Z0 and – Z00

represent non-debye types of relaxation behavior of

La2Mo2O9.

Fig. 12 a Impedance spectra of 0.1 M annealed La2Mo2O9 at

200 �C, b Impedance spectra of 0.1 M annealed La2Mo2O9 at

300 �C, c Impedance spectra of 0.1 M annealed La2Mo2O9 at

400 �C, d Impedance spectra of 0.15 M annealed La2Mo2O9 at

200 �C, e Impedance spectra of 0.15 M annealed La2Mo2O9 at

300 �C, f Impedance spectra of 0.15 M annealed La2Mo2O9 at

400 �C, g Impedance spectra of 0.2 M annealed La2Mo2O9 at

200 �C, h Impedance spectra of 0.2 M annealed La2Mo2O9 at

300 �C, i Impedance spectra of 0.2 M annealed La2Mo2O9 at

400 �C

Fig. 13 a Impedance spectra of 0.15 M annealed La2Mo2O9 at 500 �C, b Impedance spectra of 0.15 M annealed La2Mo2O9 at 600 �C
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61. L. Kövér, Z. Kovács, R. Sanjinés, G. Moretti, I. Cserny, G.
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