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Abstract
Nano- and micro-sized La2Mo2O9 ceramics have been successfully synthesized by an aqueous sol–gel synthesis method

using a tartaric acid as a ligand. Thermal analysis of both as-prepared La–Mo–O tartrate gel precursor and La2Mo2O9

double oxide heat-treated at different temperatures was performed. The high-temperature phase transition from a to b-

phases was additionally investigated by broadband high-temperature impedance spectroscopy techniques. The a $ b
phase transition was characterized by monitoring the conductivity and a transfer of heat with respect to temperature. The

crystalline phase stability of monoclinic La2Mo2O9 compound was confirmed by x-ray diffraction measurements, while the

dense nanoscale surface composed of the particles, ranging from 50 to 100 lm, was confirmed by scanning electron

microscopy.
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Introduction

Multicomponent crystalline oxide materials that exhibit a

high electrical conductivity associated with the phase

transitions and an anomalous mobility of oxide anions

attract both a fundamental and practical interest, in par-

ticular, owing to the prospects of their use in many solid-

state ionic devices, i.e., as a solid-state electrolyte in solid

oxide fuel cells, oxygen pumps and membranes for oxygen

separation, oxygen sensors, etc. [1, 2]. From this point of

view, yttria-stabilized zirconia (YSZ) is an excellent solid

electrolyte and commonly employed as an oxide ion con-

ductor in technological applications [3]. Besides, several

authors reported an ionic conductivity enhancement of the

yttria-stabilized zirconia films and bulk materials when

decreasing crystallite size to the nano- or sub-micrometer

range [4–9]. Nevertheless, the contemporary enhancements

to improve the ionic conductivity are not sufficient;

therefore, there is a need for new oxide ion conductors that

have higher ionic conductivity compared with YSZ at

intermediate temperature. In recent years, the La2Mo2O9-

type compounds, known as the LAMOX family, which was

originally reported by Lacorre et al. [10], have attracted

great interest due to their high oxygen-ion conductivity at

medium temperatures [11]. La2Mo2O9 undergoes a rever-

sible transition from monoclinic a to cubic b structure at

* 853 K, leading to an increase in the ionic conductivity

up to two orders of magnitude and reaching values higher

than those corresponding to YSZ [12]. Depending on the

rate of cooling of the sample after its preparation, La2-

Mo2O9 can exist at room temperature as a stable mono-

clinic a phase, metastable cubic bms phase, or a mixture of

these phases [1]. Besides, the reasons how the temperature

affects the transition from cubic b to monoclinic a phases

are not fully clear. It is obvious that this phase transition of

non-substituted La2Mo2O9 into the pseudo-monoclinic a-

phase is detrimental for practical applications due to a
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drastic drop in the conductivity below 833 K and

mechanical failure caused by the high thermal expansion

between the high- and low-temperature polymorphs [13].

The possibilities of reducing the structure changes in La2-

Mo2O9 by the influence of temperature remain a great

challenge in today’s science. In addition, the applicability

of La2Mo2O9 is also limited due to its lower stability under

reducing atmosphere, because of the presence of Mo6?,

which is likely to join electrons by causing structure

changes that strongly affects the conductivity as well as

performance of used device [2]. Despite the above-men-

tioned drawbacks, La2Mo2O9 remains interesting because

of its unique crystal structure and elemental composition,

which allows the possibility of the substituting and doping

that leads to the stabilization of high-temperature cubic

phase and low decrease in conductivity at room tempera-

ture. For example, the substitution of molybdenum by

tungsten significantly increases the resistance against the

reduction environment impact, while replacing lanthanum

side by Sr2?, Y3?, Zr4? and Nb5? ions stabilizes the b-

phase and in some cases even increases the conductivity,

which has an excellent characteristics only for high-tem-

perature metastable cubic bms phase. Nevertheless, in order

to explain in detail the possible influence of nonessential

structural changes according to the substitution or addition,

the further investigation and comparative study of non-

substituted La2Mo2O9 ceramic by different techniques are

required. It is also well known that the preparation tech-

nique has significant effect on the chemical and physical

characteristics of final material; therefore, the relation of

phase transition in the range of temperature between 783

and 853 K during the initial formation from starting com-

pounds and reversible changes of annealed ceramic has

additional motivation and is highly desirable.

Currently, there are various ways to synthesize LAMOX

compounds. One of the most common is a solid-state route,

where the initial ingredients are mixed and heated up to

high temperatures [14]. However, this method does not

allow to obtain directly dense ceramic samples, since a

milling step is necessary before sintering. Indeed, even if

this step leads to the decrease in the grain size and thus to a

higher sinterability, it also leads to the apparition of

impurities, especially when the milling balls/jar are made

of zirconia. For instance, in 2011 a study was published

claiming that La2Mo2O9 ceramic samples were obtained by

solid-state synthesis in the temperature range of

1233–1373 K [15]. Other, more classical ways have been

used, such as the citrate method [16], a Pechini or modified

Pechini route [6, 17–19], the microwave-assisted method

[20] and the EDTA complexation method [21]. Another

popular way obtaining the sample of interest is a polyol

process. The polyol process concerns the preparation of

metallic powders by reduction of inorganic compounds in

liquid polyols. A general reaction on model has been

established with a reaction via the solution: dissolution of

the solid precursor; reduction in solution; homogeneous

nucleation and growth of the metallic phase from the

solution [22].

From this point of view, in this work we have success-

fully synthesized La2Mo2O9 ceramic via rather rarely used

aqueous tartaric acid-assisted sol–gel synthesis technique,

which allowed to obtain monophasic crystalline compound

at relatively low temperature of 823 K. In addition, it is

important to note that the crystallization of high-tempera-

ture metastable cubic bms phase started from 783 K.

Moreover, it was also showed that the increase in annealing

temperature to 1473 K does not change the position of

characteristic peaks for La2Mo2O9 ceramic as presented in

the XRD patterns. These obtained results are very impor-

tant for showing the highest capabilities of this synthesis

technique, which was used in this work. The reason of

selecting tartaric acid as a chelating agent lies within a

couple of essential features that overcome some of the

problems arising during the synthesis with citric acid. One

of the improvements is the potential reduction of toxicity.

This effect is justified regarding the study of thermal

decomposition of a citric acid, which reveals that at 448 K,

citric acid is converted into aconitic acid. Further heating

results in formation of methyl maleic anhydride (III).

Aconitic acid may also decompose to acetone [23], while

the decomposition of tartaric acid mainly produces carbon

dioxide and monoxide [24]. Also, citric acid has a higher

molecular mass which causes a higher expansion of the gel

precursor when it is being heat-treated to obtain a gel.

During the sudden expansion, a part of the sample might be

dropped out of the crucible. Finally, tartaric acid has been

found to be a more effective chelating agent for LAMOX

ceramics when the calcination is carried out at tempera-

tures above 1323 K [25].

Experimental

The synthesis of La–Mo–O tartrate gel precursor for La2-

Mo2O9 ceramic was prepared by an aqueous sol–gel syn-

thesis by using tartaric acid as a chelating agent that

interacts as a ligand at the molecular level with the reaction

mixture during the both dissolution in water and sol–gel

formation. Lanthanum (III) oxide (La2O3, 99.99% Alfa

Aesar) and molybdenum (VI) oxide (MoO3, 99.95% Alfa

Aesar) were used as starting materials and weighed

according to the desired stoichiometric ratio. Nitric acid

(HNO3 66% Reachem), distilled water and concentrated

ammonia solution (NH3 � H2O 25% Penta) were used as

solvents and reagents to regulate the pH of the solutions.

Tartaric acid (L–(?)–tartaric acid (C4H6O6) (TA) C 99.5%
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Sigma-Aldrich) was applied for escalation of solubility via

coordination of starting compounds in the reaction mixture,

especially, during the pH changes and evaporation before

sol–gel formation. At first, MoO3 was dissolved in a

solution that consisted of 25 mL of distilled water and

0.5 mL of concentrated ammonia by stirring at 353–363 K

temperature.

Then, after continuous stirring at approximately

353–363 K as long as the excess of ammonia had been

evaporated, the tartaric acid with a molar ratio of Mo/

TA = 0.25 was added during the continuous stirring to the

reaction mixture at the same temperature.

Secondly, the lanthanum (III) oxide and concentrated

nitric acid were added to the beaker. A clear solution was

obtained and subsequently concentrated by slowly vapor-

izing the reaction mixture at 333 K.

In the following stage, a yellow transparent sol was

formed after nearly 95% of the water had been evaporated

under continuous stirring. After drying in an oven at 393 K,

fine-grained dark blue gel powders were obtained.

Next to that, the La–Mo–O tartrate gel precursor for

La2Mo2O9 ceramics were heat-treated for 5 h at 823, 873,

1073, and 1273 K. Finally, the powders were pelletized

and ceramic sintered at 1473 K for 5 h in air. In addition, it

is also important to note that all values related to the

selection of heat treatment temperatures, duration time, and

pressing conditions had been developed empirically by

performing numerous tests to ensure the formation of a

dense ceramics with no cracks or cavities.

The thermal analysis was performed with TG–DSC, STA

6000 Perkin-Elmer instrument using a sample mass of about

5 mg and a heating rate of either 208 min-1 for a gel pre-

cursor or 408 min-1 for sintered ceramics under airstream

(20 cm3 min-1) at ambient pressure by raising the temper-

ature up to 1223 K. The sample mass, heating rate, atmo-

sphere and its flow rate were selected empirically during

numerous tests to ensure the best signal peak efficiency and

to minimize the noises and background signals, which occur

because of the influence of corundum crucible and equip-

ment limits. X-ray diffraction (XRD) patterns were recorded

in air at room temperature by employing a powder x-ray

diffractometer Rigaku MiniFlex II using Cu Ka1 radiation.

The spectra were recorded at the standard rate of 1.5 2h
min-1. The sample was spread on the glass-holder in order to

obtain maximum intensity of the characteristic peaks in the

XRD pattern. The Rietveld refinement of the obtained XRD

patterns was performed using X’Pert HighScore Plus soft-

ware. The scanning electron microscopes (SEM) Hitachi

TM3000 and Hitachi SU-70 were used to study the surface

morphology and microstructure of the obtained ceramic

samples. The measurements of electrical properties were

performed using two different impedance spectroscopy

techniques by newly developed impedance spectrometer

[26, 27]. Sintered ceramics were processed, obtaining

cylindrical samples of around 1.5 mm height and up to 3 mm

diameter with Pt paste electrodes.

Results and discussion

Synthesis

The dissolution process of molybdenum (VI) oxide in

water and ammonia solution is given in Eq. 1:

MoO3 ðsÞ þ 2NH3 � 2H2O ðaqÞ
! ðNH4Þ2MoO4 � 2H2O ðaqÞ ð1Þ

According to Ref. [28], the formation of [(MoO4)p(C4-

H4O6)qHr]
(2p?2q-r)- coordination compound is most likely,

in this synthesis stage. Generally, the chemical reaction

that occurred after this procedure can be written as shown

in Eq. 2:

pðNH4Þ2MoOðaqÞ þ qC4H6O6ðaqÞ
! ½ðMoO4ÞpðC4H4O6ÞqHr�ð2pþ2q�rÞ�ðaqÞ þ 2pNHþ

4 ðaqÞ
ð2Þ

By slowly vaporizing the final reaction mixture, the

chemical reactions that took place in this synthesis step are

listed in Eqs. 3 and 4:

La2O3ðsÞ þ 6HNO3ðaqÞexcess ! 2LaðNO3Þ3ðaqÞ
þ 3H2OðlÞ ð3Þ

½ðMoO4ÞpðC4H4O6ÞqHr�ð2pþ2q�rÞ�ðaqÞ þ pLa3þðaqÞ
! Lap½ðMoO4ÞpðC4H4O6ÞqHr�3p�ð2pþ2q�rÞðaqÞ ð4Þ

After drying in an oven, the dark blue gel powders were

obtained, as illustrated in Eq. 5:

Lap½ðMoO4ÞpðC4H4O6ÞqHr�3p�ð2pþ2q�rÞðaqÞ
þ 3pC4H4O6ðaqÞ !dryingat120�C

dark blue gel ð5Þ

Thermal analysis

In this work, the thermal analysis as a powerful tool was

properly used for both the detailed investigation of thermal

decomposition of La–Mo–O tartrate gel precursor and the

crystal phase transition from monoclinic a-phase to cubic

b-phase for La2Mo2O9 ceramic. As can be seen in Fig. 1,

the analysis of TG–DTG–DTA curves, which reveal the

thermal decomposition of as-prepared La–Mo–O tartrate

gel precursor, is rather complicated as expected, but one

fact is clear, due to the relatively high amount of tartaric

acid in the reaction mixture, the final mass loss of about

61% occurs up to 953 K. Further increase in heating tem-

perature does not change the sample mass significantly,
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which gives the conclusion that the decomposition of all

volatile organic parts in the gel precursor occurred below

953 K. Besides, it is also important to note that the subli-

mation of MoO3 does not start above 1073 K of tempera-

ture, which concludes about high stability of final

crystalline compound. This result also confirms that above

1173 K the melting point of the final double oxide shifts to

the higher temperatures, while in the case of La2Mo3O12

ceramic, as reported in our previous work, such behavior

was not observed [29]. In addition, the mass of the sample

powder tablet, sintered at 1473 K for 5 h in air atmosphere,

has not changed and this fully satisfies the conclusion about

the formation of really high stability of the final La2Mo2O9

ceramic. Table 1 shows the data, which were deducted

from Fig. 1, and supplements quantitatively the general

view of thermal decomposition processes in La–Mo–O

tartrate gel precursor.

Therefore, the decomposition processes of the La–Mo–

O tartrate system could be roughly divided into at least five

stages that clearly indicate all mass losses and heat flow

transformations occurring during the sample heating in the

appropriate range of temperature. The first stage of the

sample mass loss is closely related to the complete

decomposition of residue tartaric acid, the excess of which

has been added to reaction mixture in order to avoid pre-

cipitation during the gelation process. It is well known that

the decomposition of tartaric acid usually occurs in three

steps [24]. At first, tartaric acid loses one molecule of water

and this dehydration of water molecules starts during the

both final aqueous sol solution evaporating procedure on

the hot plate and drying process in the oven at 393 K for

24 h in air atmosphere. It is also important to mention the

fact that complete decomposition of nitric acid during the

evaporating process allowed to improve the initial tartaric

acid decomposition and also accelerated the dehydration of

water molecules from the gel precursor. Besides, the tem-

perature of hot plate was increased to 523 K, which

enabled the tartaric acid removal process, before gel for-

mation, in which the mass loss was of about 18.9%. This

amount of tartaric acid loss was calculated taking in

account the additives of starting compounds and residue of

the sample mass from the reaction mixture before and after

gelation process. According to the data presented in

Table 1 and Eq. 6, the first mass loss of the as-prepared

La–Mo–O gel precursor in stage I consists of 4.3% and this

step may be formulated, as follows:

2C4H6O6ðs) ! C8H8O10ðsÞ þ 2H2O ðgÞ ð6Þ

In the range of temperature from 303 to 420 K, a broad

endothermic band with heat flow of 1078.1 mJ and

DH = 106.7 J g-1 on the DSC curve corresponds to the

first interval of the mass loss in the stage I. In addition, this

combination of tartaric acids (TA) in the beginning of stage

I, as presented in Eq. (6), is in a good agreement with the

total amount (34.57%) of unreacted TA with molybdate

ions (MoO4
2-), which mass loss contains of 34.5%

(Table 1, Stage No. I, row 2).

By further increasing the temperature from 421 to

493 K, the decomposition of tartaric-acids dimer

(C8H8O10) into carbon monoxide (CO), carbon dioxide

(CO2) and two acetic acid (CH3COOH) molecules starts.

The removal of these molecules from the gel is carried out

simultaneously, and it is characterized by a broad

endothermic band (110.6 mJ; DH = 11.0 J g-1), which

attributed to the evaporation of the acetic acid from the

sample. The exothermic behavior of the DSC curve at

about 423 K of temperature is related to the removal of CO

and CO2 molecules. Next to that, at somewhat higher

temperatures, the dimer of tartaric acids already breaks

down into two molecules of pyruvic acid (CH3COCOOH)

and one molecule of carbon dioxide. Quantitatively, this

decomposition process is characterized from 494 to 573 K

of temperature and presented in Table 1 stage I row fourth.

The last third endothermic band of stage I is attributed to

the thermal evaporation of pyruvic acid; meanwhile, the

exothermic behavior in the DSC curve is directly related to
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the releasing of carbon dioxide from the gel precursor.

After the thermal decomposition of the free-tartaric acid in

the La-Mo–O tartrate gel precursor with the mass change

of 34.5%, the second stage of the partial breakdown of

corresponding metal tartrates, as shown in Eq. 7, takes

place:

As shown in Table 1 stage II row one, the initial

decomposition of metal tartrates La10[(MoO4)10(-

C4H4O6)14]H18 begins with the removing of oxygen excess

from the gel precursor. These oxygen ions are eliminated

with the carbon and hydrogen atoms according to the

amount ratios of carbon dioxide and water molecules, as

seen from Eq. 7, respectively. The mass of the gel pre-

cursor during this decomposition stage, in the range of

temperature from 574 to 793 K, decreases by 12%, and the

transformation changes of this process could be divided

into two different thermal effects. The first one, with

endothermic character, starts at 574 K of temperature and

is attributed to the evaporation of water molecules from the

sample residue. Meanwhile, the other change of mass, from

the 659 to 793 K of temperature, is related to well-ex-

pressed exothermic behavior in the DSC curve and is

attributed to the releasing of carbon dioxide molecules

from the residue of the gel precursor. In addition, it is also

important to mention that after this range of temperature all

hydrogen atoms were escaped in the form of water mole-

cules. This is the main reason why after the second

decomposition stage the changes of sample mass almost

stopped and the crystallization of b-La2Mo2O9 cubic phase

has started. This endothermic effect in the DSC curve is

taking place from the 794 to 843 K, as shown in Fig. 1 and

Table 1 stage III, respectively. This crystallization process

is presented in Eq. 8:

160 La3+ + 160 MoO4
2- + C747O454 80 La2Mo2O9 + C747O374

Homogeneous solid mixture Homogeneous solid mixture
(black powders)

ð8Þ

It is also important to note that the heat consumption

(569.5 mJ, DH = 5.2 J g-1) during the crystallization of

Table 1 Thermoanalytical data for the La–Mo–O tartrate gel precursor

Stage no. Range of temperature/K Mass Heat

Change/

%

Onset/

K

Residual/

%

Flow/mJ Onset/

K

End/

K

Enthalpy/

J g-1

I 303–573 34.5 – 65.5 2702.6 – – 267.4

303–420 4.3 321.2 95.7 1078.1 320.3 419.4 106.7

421–493 7.9 463.3 87.8 110.6 428.1 488.4 11.0

494–573 22.3 499.5 65.5 260.2 499.5 553.9 25.8

II 574–793 12.0 – 53.5 1215.3 – – 120.2

574–658 7.2 617.7 58.3 250.8 609.2 649.4 24.8

659–793 4.8 681.6 53.5 –964.5 668.4 785.6 –95.4

III 794–843 0.8 823.2 52.7 52.9 812.1 842.7 5.2

IV 844–953 13.3 866.7 39.4 15,473.4 – – 1530.8

844–953 – – – –13,531.7 872.3 931.0 –1338.7

891–938 – – – 1941.7 891.6 939.9 192.1

V 954–1223 0.1 – 39.3 – – – –

Bold values indicate the begining and the end processes of the first stage, which summarize below listed the decomposition and the transfor-

mation processes

16 La10[(MoO4)10(C4H4O6)14]H18 160 La3+ + 160 MoO4
2- + C747O454 + 149 CO2 + 592 H2O 

Homogeneous solid mixture

ð7Þ

Aqueous sol–gel synthesis, thermoanalytical study and electrical properties of La2Mo2O9 1503

123



metastable ceramic is similar to those values that were

obtained and calculated according to the follow-up inves-

tigations of a $ b phase transition in the La2Mo2O9

powders.

Finally, the last mass change (13.3%) of the La–Mo–O

tartrate gel precursor in the range of temperature from 844

to 953 K is attributed to burning of inorganic carbon,

which is formed from the tartrates at lower temperatures.

This combustion process is presented in Eq. 9 as follows:

Homogeneous solid mixture

80 La2Mo2O9 + C747O374 + 560 O2 80 La2Mo2O9 + 747 CO2

white powders

ð9Þ

This exothermic process is overlapped with both the

growing of crystallites and the size of individual particles,

which are characterized by the heat absorption. This is the

reason why the symmetry of the exothermic peak in this

range of temperature is not regular, and after abrupt

increase is being observed the decrease with tendency into

endothermic behavior. Before calculating the total release

of the heat during the burning of organic residues in the

sample, it is important to estimate the endothermic effects

into the overall process. As seen in Table 1 stage IV row 1,

the total heat is equal to the sum of exothermic and

endothermic processes, which have occurred in the same

time.

By further increasing the heating temperature from 954

to 1223 K, the mass change of the sample is extremely low,

does not exceed 0.1%, and no significant changes in the

DSC curve were identified. It means that after the sintering

of the La–Mo–O tartrate gel precursor, the homogenous

substance was formed with the thermal properties similar

to those of La2Mo2O9 ceramic.

In order to confirm the phase transition at elevated

temperatures in sintered La–Mo–O tartrate samples, their

DSC measurements were performed. Table 2 shows the

thermoanalytical data of the a ? b phase transition for the

La2Mo2O9 ceramics, which compare the influence of the

sample mass and initial annealing temperature into the

onset of this action.

The corresponding DSC curves of the La–Mo–O tartrate

gel precursor, which was heat-treated at 873, 1273 and

1473 K temperatures, are shown in Fig. 2. From these

results, it is clear that different surface morphology, which

much depends on the heat treatment temperature, signifi-

cantly affects both the onset temperature and the end

temperature of the phase transition. Besides, it also influ-

ences the peak position, heat flow and enthalpy similarly as

end temperature, which illustrate the state of monoclinic

phase at room temperature and its relation to the surface

properties.

Figure 3 displays the onset temperature of the phase

transition of La2Mo2O9 ceramics as a function from sin-

tering temperature. In this case, it is well seen that the

initial mass, which was used for the measurement, slightly

influenced the beginning of the phase transition from the

monoclinic crystalline phase into metastable high-temper-

ature cubic phase shown in the plot as the black curve and

blue curve, respectively. The red dashed curve shows the

linear dependency of the initial mass of LAMOX ceramic

from the onset temperature, which is somewhere in the

middle of analyzed samples. On the other hand, it is

obvious that the onset temperature depends on the surface

structure of the analyzed sample and this dependency is

nonlinear.

The dependency of the end temperature, peak position,

heat flow and enthalpy from the sintering temperature of

the LAMOX ceramic is shown in Figs. 4 and 5. From these

curve graphs, it is clear that by increasing the sintering

temperature of LAMOX ceramic from 873 to 1473 K the

values of end temperature, peak position, heat flow and

Table 2 Thermoanalytical data of the a ? b phase transition for the La2Mo2O9 ceramics under the influence of the sample mass and sintering

temperature

Measurement conditions Sintering

temperature/

K

Sample mass/mg a ? b phase transition peak properties

Temperature Heat

Onset/

K

End/K Peak position/K Flow/

mJ

Enthalpy/

J g-1

Heating from 573 to 1073 K at 40�/min 873 5.448 826.02 843.55 834.23 28.894 5.3034

1273 5.023 827.38 850.06 839.53 40.291 8.0213

1273 20.627 827.86 845.28 837.70 107.909 5.214

1473 5.460 828.45 843.64 836.87 21.172 3.8776
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enthalpy tend to increase and at the higher temperatures

start to decrease again. This phenomenon is explained by

the two competing effects, like the surface area and degree

of crystallinity. The LAMOX sample heat-treated at 873 K

of temperature usually composed of particles with size

from 100 to 200 nm, which is characterized by a large

surface area. It means that in such conditions the area of

grain boundary is either larger or similar to the surface,

which is created by the particles itself. By increasing the

thermal treatment, the surface area tends to decrease, but

the degree of crystallinity increases. In other words, the

surface area of grain boundary decreases, but the area of

particles surface increases and this leads to the increase in

energy of phase transition. From the temperature of

1273 K, the surface area decreases further, but the crys-

tallinity increases much slower and this leads to the

decreasing of energy of phase transition, as is shown in

Figs. 4 and 5.

In order to show how this behavior of the onset tem-

perature, end temperature, peak position, heat flow and
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enthalpy depends on the amount of monoclinic phase,

which have formed after several heating and cooling pro-

cedures, the LAMOX ceramic was additionally investi-

gated by DSC analysis, as shown in Figs. 6 and 7,

respectively.

From the first view, it is clear that the tendency of

a ? b phase transition for the La2Mo2O9 ceramic is sim-

ilar to both samples heat-treated at 873 and 1273 K,

respectively. The formation of cubic phase starts from

about 843 K and ends at about 845 K. This stage was more

or less similar in both cases during the additional thermal

treatment, as seen from DSC results (Figs. 6 and 7).

Meanwhile, the reversible phase transition from cubic to

monoclinic phase started at lower temperature and its range

was slightly different comparing the two cases mentioned

above. In other words, the transformation of cubic phase

starts from about 789 K and ends at 773 K for the case of

LAMOX sample initially heat-treated at 873 K. Mean-

while, the initial formation of monoclinic phase in the

range of temperature from 812 to 783 K was identified in

the case of LAMOX sample initially heat-treated at

1473 K. This difference of reversible phase transition

shows that the stability and surface structure of the ceramic

heat-treated at 1473 K is better, because the heating range

from 573 to 1073 K during the measurement slightly

affects both the morphology and crystallinity of LAMOX

sample that was heat-treated at 873 K.

Table 3 shows the thermoanalytical data of the a ? b
phase transition for the La2Mo2O9 ceramic under the

influence of the sintering temperature and the amount of

measurement. The graphical view of the data collected in

Table 3 is presented in Figs. 8–12. From these results, one

is clear that onset temperature of differently heat-treated

samples after the first heating procedure tends to increase

slightly from 826.84 to 830.32 K and during the second

heating stage the opposite change direction of onset tem-

perature from 829.39 to 828.22 K was observed. Such

change in onset temperature is directly related to the

transformations of surface morphology and the size of

crystallites in the sample heat-treated at 873 K because of

measurement that was performed in the range of temper-

ature from 573 to 1073 K. This elevation of temperature

made a lot of changes to the size of crystallites, which

influenced the increase in Tonset from 826.84 to 829.39 K.

In this case, almost identical effect was observed com-

paring the samples which were heat-treated at 873 and

1273 K (Fig. 3). Besides, after the second heating stage of

the same sample the onset temperature only slightly

decreased, this suggests only minimal changes in surface

morphology and crystal structure, which were caused by

phase transition during the cooling procedure.

After the analysis of phase transition during the cooling

the sample (Fig. 8), it is clear that the onset temperature

tends to increase regardless of the amount of measure-

ments. Nevertheless, the values of Tonset remain almost

identical of both samples.

Similar behavior was observed analyzing the results

from the values of end temperature and peak position

during the cooling procedure, as shown in Figs. 9 and 10. It

confirms that the phase transition from metastable cubic

phase to monoclinic room temperature phase during the

cooling of the sample is only little affected by the surface

morphology. In this case, the values of onset temperature,

end temperature and peak position increased only because

of the change of crystallites, which tend to decrease during

the cooling. On the other hand, though the values of end

temperature and peak position during the heating procedure

show both declining nature and increasing character,
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however, their numeric values are more or less similar

comparing with the changes in onset temperature.

Figures 11 and 12 show the identical character of heat

flow and enthalpy of both samples, which is expressed by

Eq. 10.

Q ¼ DH � m ð10Þ

where Q—heat flow [mJ], DH—enthalpy [J g-1]; and m—

sample mass [mg].

As shown in Fig. 3, the sample mass slightly influences

the onset temperature and especially the heat that is

released during the phase transition. The recalculation of

heat into the enthalpy lets to avoid sample mass influence

to the value of energy that is released or absorbed during

the transformation of the explored crystal structure.

Table 3 Thermoanalytical data of the a ? b phase transition for the La2Mo2O9 ceramic under the influence of the sintering temperature and the

amount of measurements

Measurement conditions Sample Sample

mass/mg

Heating/cooling

stages

a $ b phase transition peak properties

Temperature Heat

Onset/

K

End/K Peak

position/K

Flow/mJ Enthalpy/

J g-1

Heating from 573 to 1073 K at

40�/min

LAMOX-

873

5.282 First stage 826.84 845.08 835.65 28.301 5.3580

Second stage 829.39 844.22 835.53 27.529 5.2119

LAMOX-

1473

5.581 First stage 830.32 843.20 837.10 32.011 5.7357

Second stage 828.22 843.81 838.09 30.504 5.4656

Cooling from 1.073 to 573 K at

40�/min

LAMOX-

873

5.282 First stage 788.69 769.06 778.82 – 15.546 – 2.9431

Second stage 792.42 774.34 784.56 – 15.163 – 2.8706

LAMOX-

1473

5.581 First stage 811.64 787.59 802.16 – 17.827 – 3.1943

Second stage 811.91 783.55 802.71 – 25.745 – 4.6130
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Figures 11 and 12 show almost identical dependency,

because of really similar mass of the samples, which were

used during the measurement. The heat and enthalpy values

in the case of ceramic which was heat-treated at 873 K are

similar independently from the amount of measurement.

This result can be explained by the crystallization and

structure rearrangement during the heating, because

specific conditions were created when achieved relatively

high 1073 K of temperature. In such case, the crystalliza-

tion and morphological changes in the ceramic compen-

sated each other and either heat or enthalpy remains

similar. From this point of view, a completely different

dependency was estimated in the sample that was heat-

treated at 1473 K. Comparing with the ceramic that was

prepared at 873 K, in this sample the heat as well as

enthalpy tends to grow depending on the amount of mea-

surements. This tendency is directly related only to the

recrystallization processes during the phase transition in

the final ceramic. The minimal surface changes, caused by

its increased density, affect only really slightly on energy

transformation in this case.

In conclusion, it is clear that the additional heating of

obtained ceramic influences significantly the phase transi-

tion processes and could potentially affect the final physi-

cal properties expressed by ionic conductivity in this

material. This is the main reason why further investigations

of ionic conductivity of this system related to the crystal-

lization and changes of surface morphology under elevated

temperature must be explored.

X-ray diffraction

The powder x-ray diffraction (XRD) patterns of La–Mo–O

tartrate gel precursor heat-treated at different temperatures
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shown in the top five panels of Fig. 13 are well matched

with the standard ICSD card of La2Mo2O9 that is presented

in the bottom panel. No characteristic peaks attributable to

the impurities by increasing of sintering temperature from

823 to 1473 K were identified. These results led us to

conclude about the high stability of obtained ceramic

material, because no crystallization of the side crystal

phases in whole sintering range was estimated. Besides, in

contrast to our previous work with La2Mo3O12 [29], no

melting of the LAMOX sample has not started above

1273 K. In addition, it is also interesting to mention that

sintering of La–Mo–O tartrate gel precursor for La2Mo2O9

ceramic at 773 K showed fully amorphous character and

no characteristic peaks of any crystalline compound from

the XRD pattern were found. Besides, this result is in a

good agreement with the TG–DSC data, when the crys-

tallization of the final cubic phase from about 813 K of

temperature was estimated.

In order to prove that the crystallization plays crucial

role in phase transition for La2Mo2O9 ceramic, the Rietveld

refinement analysis of all samples was also performed. The

agreement indices and crystallite sizes for the La2Mo2O9

ceramic annealed at different temperatures are shown in

Table 4.

From the data placed in Table 4, it is clear that by the

increasing the sintering temperature the size of crystallites

also increases. The crystallites size in the room temperature

monoclinic phase is about 70 nm independently from the

final sintering temperature above 1073 K of the final

ceramic. It means that the investigations of phase transition

of the samples heat-treated below 1073 K should be done

with great care, because of growing of crystallites can

dramatically affect the heat of phase transition. In addition,

one may identify a formation of a pseudo-amorphic state in

a sample, heat-treated at 1473 K. This kind of behavior

could be clarified given the rather small surface area of the

powder resulting from an insufficient amount of the sample

being measured with x-ray diffractometer.

In conclusion, it is clear that the formation and crys-

tallization of the final ceramics mainly depend on several

factors like aqueous sol–gel processing conditions, sinter-

ing time and temperature.

SEM micrographs

In order to show both the crystal growth and densification

of obtained ceramics by increasing sintering temperature,

the surface morphology was investigated. Corresponding

SEM micrographs of the La–Mo–O sample heat-treated at

823, 873, and 1473 K are shown in Fig. 14. From the x-ray

diffraction studies, it is clear that the crystallization of the

La2Mo2O9 ceramic starts at 823 K by the formation of

well-agglomerated spherical particles in size of about

82–85 nm, as seen from both the above right micrograph

(Fig. 14b) and the enlarge picture in Fig. 14a. In addition,

there is well seen at least several layers of differently

arranged spherical particles, which differs mostly by its

density. In the less dense layer, the surface mainly com-

posed of both well-agglomerated particles and the pores

between them, diameter of which reaches more than

100 nm. Unlike porous layers, the surface of dense sheets

mainly consists of well-aggregated spherical particles, size

of which varies from 82 to 85.5 nm. As shown in the lower

left part picture of Fig. 14c, by increasing the sintering

temperature to 873 K the surface morphology of the ana-

lyzed sample has changed completely. In this case, due to

thermal decomposition and melting of the aggregates and

agglomerates the growing of both the particles and pores

was observed. It is also important to note that the surface,

in this case, is mainly composed of spherical and elliptical

particles, size of which varies from 100 to 200 nm.

Besides, the size of pores also increases and varies from

100 to 400 nm. The formation of porous surface mor-

phology of the synthesized LAMOX sample is the critical

stage due to the thermal treatment and can be a serious

problem in order to obtain final dense-structured materials.

This is the reason why additional measures like careful and

meticulous powder grinding and pressing are needed.

Therefore, the LAMOX powders heat-treated at the

required temperature, well-grinded and properly pressed

were additionally sintered at 1473 K. The results of

obtained surface morphology and internal structure are

shown in Fig. 14d, respectively. In this case, the formation

of really dense structure with the circular shape crystals of

size varying from 100 to 200 lm was achieved. Such

surface morphology and single-crystal structure, confirmed

Table 4 Agreement indices and

crystallite sizes for the

La2Mo2O9 ceramic heat-treated

at different temperatures

Annealing temperature/K Weighted R profile Goodness of fit Crystallite size/nm

823 9.37840 1.45016 31.76

873 10.47023 1.65312 53.98

1073 10.30845 1.63767 72.49

1273 12.23407 1.99644 74.49

1473 11.61758 2.15370 71.56
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by XRD, of the obtained LAMOX-type material is very

important because of the interpretations of its electrical

properties, which are done with great care. Moreover, the

relatively large crystals with dense structure allow to

eliminate all factors that usually significantly affect the

physical properties of the sample.

Impedance analysis

The typical Arrhenius plots of temperature dependencies of

standard deviation for a and b crystal phase transition

processes in La2Mo2O9 ceramic are shown in Fig. 15.

According to these results, the ionic conductivity starts to

increase by two orders from about 790 K and ends at about

831 K of temperature. These onset and end temperatures

slightly differ compared to the values (Tonset = 829.27 K,

Tend = 811.78 K), which were estimated using DSC anal-

ysis and are presented in Table 3. The resulting initial and

final temperature differences can be explained by the dif-

ferent heating rate of the sample during measurement. In

this case, the heating and cooling rates of the analyzed

ceramic were chosen with great care and equal to 3 degree

per minute. Despite this assumption, when the difference

between onset temperatures reaches 40 degrees and the

difference between end temperatures is equal to 20 degrees,

only one conclusion is suggested that the formation of

cubic beta-phase needs more energy and this process is

less favourable than corresponding crystallization of

monoclinic phase. Besides, the slightly higher activation

energy of 1.09 eV of beta-La2Mo2O9 phase formation also

confirms that cubic crystal structure is less stable compar-

ing with monoclinic one and its stabilization at room

temperature is rather complicated as expected. Moreover,

the nature of fixed signal, like heat changes and values of

electrical current, also plays an important role in identify-

ing the onset and end temperatures of phase transition in

La2Mo2O9 crystal system. The combination of this broad-

band high-temperature impedance spectroscopy and dif-

ferential scanning calorimetry techniques led us to find

both the explanation and the relationship between electrical

properties and structural changes in investigated material,

especially, in the case of large particles with size of about

100–200 lm and small crystallites whose sizes do not

exceed 72 nm.

Conclusions

For the first time, to our knowledge the aqueous tartaric

acid-assisted sol–gel synthesis technique was successfully

proposed for the preparation of La–Mo–O tartrate gel and

La2Mo2O9 ceramic materials. The detailed TG–DSC

analysis of La–Mo–O tartrate precursor clearly revealed

that its thermal decomposition mainly consists of three

stages during which the fully inter-oxidation of tartaric

acid, partial decomposition of metal tartrates and the final

burning of residue of inorganic carbon were occurred. The

formation of the final ceramic with the initial composition

of La2Mo2O9 cubic phase was established from the 793 to

Fig. 14 SEM micrographs of La–Mo–O tartrate gel precursor for

La2Mo2O9 ceramic heat-treated at a 823 K, b 823 K, c 873 K and

d 1473 K temperatures
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844 K of temperature. The further DSC investigation of

La2Mo2O9 ceramic revealed that heating and cooling rates

play an important role in both onset and end temperatures.

Besides, comparing the results obtained from the detailed

investigation of La–Mo–O tartrate gel precursor and La2-

Mo2O9 ceramics, it is clear that by increasing the heating

rate the onset temperature also increases. With the help of

DSC and IS analyses, it was concluded that the phase

transition from cubic to monoclinic crystal system occurs

under more favorable conditions and its activation energy

is slightly smaller.
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