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Abstract

The triclinic phase of zinc molybdate a-ZnMoQO4 (ZMO) was synthesized by a simple co-
precipitation method at 600°C. The crystal structure of the obtained polycrystalline sample of ZMO
was characterized by X-ray diffraction (XRD) and Rietveld calculations using the space group P-1.
The electrical properties of a-ZnMoQO4 compacted pellets were determined at room temperature from
Electrical Impedance Spectrometry (EIS), in the temperature range of 400°C to 700°C. Nyquist
representations were interpreted in terms of two types of electrical circuits, involving a high
frequency bulk component and a low frequency Warburg component. Analyses of the frequency
dependence of the real and imaginary impedance show a non-debye type relaxation. A phase
transition corresponding to the allotropic transformation triclinic-monoclinic (o=»[) of ZnMoO,
was observed in the temperature range of 450 to 500°C, with a variation of activation energies. The

Warburg component is discussed in terms of electrode surface reactions.
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I. Introduction

Tungstates and molybdates have multiple properties with interesting applications in various
fields. It is well known that these types of materials overcome several phase transitions, thus they
attracted considerable attention. For instance the Bi,WOs compound has two phase transitions: one
structural phase transition occurs at 660°C with a change in space group from P2,ab to B2¢cb, and
another phase transition takes place at 960°C with the space group changing to A2/m [1-3].
Likewise, a phase transition occurs for the Bismuth molybdate Bi;MoOg compound (space
group P2,ab ) at 640°C [4] or 680°C [1], also this irreversible phase transition takes place with a
space group changing to P2,/c. Zinc Molybdate ZnMoO,4 (ZMO) is one of the molybdate family and

presents some similarities with these Aurivillius-Type compounds.

Electrical Impedance spectroscopy (EIS) was used by many researchers to explain materials
behavior: Ben Mohamed et al [5] used the EIS to identify the slope change in conductivity, they concluded
that the two phase transitions of their compound are accompanied by a change of the conduction
mechanism observed in the difference of activation energies. Bourja et al have also determined

some phase transitions in the cerium and bismuth mix oxides using the impedance spectroscopy [6].

In the last years, zinc molybdate ZnMoO, was investigated for its luminescence properties
[7-10], for applications in bolometers, scintillation detectors [11-15], humidity sensors [16],
photocatalysis [17-19], microwave dielectric devices [20] and battery electrodes [21].However, this
material presents different structures depending on the elaboration conditions. Traditionally two
phases 0-ZnMoO, and B-ZnMoOQy, with triclinic and monoclinic structures respectively, have been
synthesized by different techniques, such as hydrothermal method [22,18,23], solid state reaction
[24-29], citrate complex precursors [30], co-precipitation method [31-33], electrospinning

calcination method [34] and electrochemistry assisted ablation laser method [35].

In the case of the stabilized o phase, Goake et al. [36] observed a slight change in DSC
analyses, they inferred a phase transition at Tc = 735 K or Oc=462°C. This phase transition
corresponded to the transformation of a low temperature triclinic structure (the a-phase), into a high
temperature monoclinic structure (the B-phase). The triclinic a-phase [37,38] was characterized by
structural groups [ZnO¢/MoQOy] with tetrahedral MOO42' anions. The monoclinic B-phase [39] was

described by distorted groups [ZnOg]/[M0Og] with octahedral MoOg" anions. It should be recalled
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that the phase transition is characterized by the strong transformation of molecular groups MoO4
(low temperature phase) into molecular groups MoOg. The B-phase was also synthesized directly via
hydrothermal route as a metastable phase (obtained at room temperature) [18]. The monoclinic
B phase was characterized by an indirect band gap around 2.48-2.68eV, and was evaluated as a
photocatalytic material [24]. The triclinic a- ZnMoO,4 band gap was determined by Keereeta et al.
[34] with a value of 3.3eV.

This present study reports for the first time the electrical behavior at high temperature of
ZMO. The main aim of our study is to investigate the effects of the phase transition on the sintered
ZMO pellets conductivity. As a first step, we synthesized the polycrystalline sample, we optimized
its crystallization, then, we refined the structure using the Rietveld refinements. Finally, in a second
step, electrical impedance spectroscopy was used to characterize the evolution of conductivity as a

function of temperature.

IL. Experimental section.

Synthesis of the material: Zinc molybdate was synthesized via a co-precipitation method using
sodium molybdate (Na,M004.2H,0) and zinc nitrate (Zn(NOs3);.6H,0). A mixed aqueous solution
was prepared by dissolving required weights of appropriate amounts of Zn(NO3)3;.6H,O and Sodium
molybdate Na,Mo00O,4.2H,0 in 50ml of distilled water, in separated beakers with magnetic stirring.
Then sodium molybdate solution was gradually added to the zinc nitrate solution. The resulting
white precipitate was filtered and washed several times with distilled water and ethanol, and finally,

the obtained powder were calcined during 3 hours at 600°C with a cooling rate of 20°C/min.

X-Ray diffraction: The X-Ray diffraction (XRD) patterns were collected using an Empyrean
Panalytical diffractometer operating at 45 kV/35 mA, using Cu-Ka radiation with Ni filter, and
working in continuous mode with a step size of 0,013°20. Data suitable for Rietveld refinements

were collected over a range 5-80° 20.

Electrical Impedance Spectroscopy (EIS): The electrical impedance spectroscopy is currently
used to describe electrical properties in polycrystalline samples. This technique was recently applied
to a phase transition [5,6]. Our study was performed using an electrical impedance spectrometer

(Solartron Impendance meter SI 1260) coupled to an electrical cell operating under air. All
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measurements were carried out in the temperature range of 100 to 750°C. The ZMO-600 sample
was a cylindrical pellet (diameter 13.02+0.1 [ Jmm, thickness 2.17 + 0.05[/mm) initially compacted
under ambient conditions. The experimental density of 3.87g.cm™ represents 90% of the theoretical
density 4.3g.cm™. The pellet was placed between two cylindrical platinum electrodes and was

pressed in a specific cell. The cell was placed in an isotherm furnace operating up to 750°C.

The electrical analyses were carried out in the frequency range (w = 2nv) 1 to 10’(1Hz, with an
alternating current associated with a maximum voltage of 1[1V. The sample was stabilized for 20
minutes at a fixed temperature and the recording time for the frequency range was of 20 minutes. To
ensure thermal stabilization, the sample was subjected to three successive measuring cycles (one
temperature rise and drop for each cycle). The final impedance data were chosen during heating

mode of the third cycle, as being representative of a stabilized sample.

111. Results And Discussion

II1.1. X-Ray Diffraction analyses

Figure 1 presents the XRD pattern of the sample thermally treated at 600°C, the identification of
this phase was firstly obtained from the comparison with the standard JCPDS files (Joint Committee
standards for Powder Diffraction) in which the standard phase ZMO was referenced, This first
identification allowed attributing (h,k,1) Miller indices to Bragg peaks. All the diffraction peaks
correspond to the ZnMoO,4 P-1 structure according the JCPDS file 70-5387. In order to determine
the crystal structure of the as-synthesized ZMO-600 ceramic, Rietveld refinements were performed
using General Structure Analysis System (GSAS) Software [40] accessed through the EXPGUI [41]
graphical user interface which allows refinement of atomic coordinates, site occupancies and atomic
displacement parameters, as well as profile parameters (instrument parameters, background
parameters, lattice constants and peak shape). The minimization was carried out using the reliability
index parameters such as Braggs factors (Rpy.g,) comparing the calculated and observed intensities
(Ical and Iobs), R.., expected factors, R,, and the goodness of fit GoF. All these parameters were
used as numerical criteria of the quality of the fit of calculated to experimental diffraction data, and

are represented by relations:
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RB = 100. {Z(IObS -1 caIC)/ Z (I ObS)}

Ry, = 100. {[ (N-P+C) / Y. Wi(¥iops )1}

pr — 100. { [ z Wl(y obs _ ycaIC)Z/ z w (y obS)Z] 1/2}

Where N, P and C are the number of observations, parameters and constraints respectively.

Figure 1: XRD pattern of a-ZnMoQ, obtained in room conditions,
after thermal treatments at 600°C, during 3 hours.

figure 1 (Inset structure) presents the crystal structure of the ZMO compound, There is six ZnMoOy
per unit cell. Each of the three crystallographically independent Mo atoms is surrounded by distorted
tetrahedral of oxygen atoms and two of the independent zinc atoms occupy distorted octahedral of

oxygen atoms.

The results of the Rietveld refinements are presented in Table 1 where the refined lattice parameters
are reported. The initial atom coordinates have been exported from the structural results of authors
[38] on single crystal. These coordinates have been refined: oxygen and zinc/molybdenum
coordinates were refined, which led to a significant goodness of fit. Moreover, the fit parameters
(Rwp, Rp, Rexp, and %2) are quite reliable. The main interatomic distances are given in Table 2, the
Mo-O distances vary between 1.7076(1) and 1.8050(1) A and the octahedral Zn-O distances range
from 1.9957(1) to 2.1567(1) A. Figure 2 illustrates the calculated and observed diffraction profiles
of ZnMoQOy4 compound.

All these results are in full agreement with the crystal structure proposed by Reichelt et al.

[38], determined from X-ray diffraction on a single crystal.

Table 1: Refined structural parameters for triclinic a-ZnMoQO, phase (space group P-1)
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Table 2: Main interatomic distances (A) for thea-ZnMoOQO, ceramics

Figure 2: Calculated and observed diffraction profiles, from XRD Rietveld refinements of a-ZnMoQ,
thermally treated at 600°C.

I11.2. Electrical Impedance Spectroscopy

1. Impedance analyses
Figure 3 represents a series of Nyquist representations obtained from 300°C to 700°C. From 300°C
to 400°C, the plots can be fitted by unique Nyquist semicircles, associated with grain-core
conduction. Above 400°C, we observe a new contribution at low frequency corresponding to

conduction and diffusion at the electrodes.

Figure 3: Nyquist representation for the a-ZnMoQ4sample, as a function of temperature
300°C< ® <700°C.

The Nyquist plots were interpreted and fitted using Zview software [43] by a classical equivalent
circuit with impedance including constant phase elements [42] and resistance in parallel. RC parallel
circuits and constant phase elements Z(CPE) were tested on Nyquist experimental data. At low

temperature ® <400°C, the impedance of such parallel R/CPE is well fitted. However, in the high
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temperature range ® >400°C, the linear contribution at low frequencies corresponds to a specific
Warburg model described through a specific impedance Zw depending on the diffusion mechanism

at the electrode —material interfaces (Figure 4).

The electrical analyzes were performed by separating the impedances associated with the core of the
material (including grain boundaries) and those related to the electrodes (Z and Zw for bulk and

Warburg impedances respectively).

Figure 4: Fit of Nyquist data obtained at 600°C, for the a-ZnMoQ4sample,

equivalent circuit (inset) with Warburg component.

The corresponding conductivities were determined from the formula: ¢ = (e/S)/R where S is the
section and e is the thickness of the pellet. The electrical impedance Z is given by 1/Z = 1/R +
A(j.w)" , where n is an exponent depending on heterogeneity of material (0 < n < 1), and A is a

constant characteristic of polarization (if n=1, A is the classical capacitance).

Table 3 reports the parameters relative to the bulk impedance analysis: the parameters R, A and n
are respectively the resistance, the polarization parameter and the exponent characteristic of the CPE

term (jo)".

Table 3: Electrical characteristics of ZMOQO-600 pellet. Bulk impedance analysis: CPE terms
A (in Q7"“Hz™ unit) and CPE exponents n, as a function of temperatures 300°C < ® < 700°C.
Model: 1/Z =1/R + A.(jo)"

The Warburg element [44-48] can be expressed in a generalized form as follows:
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Zyw = Ry.Tanh [GAw®)" 1/([Aw®)™)

In this expression, Rw is the Warburg resistance depending on diffusion characteristics at the
electrode/material interface, m is the characteristic exponent, Ay = LD is related to the chemical
diffusion coefficient D (m’s™), and to the characteristic length L of reaction process (effective
diffusion thickness). Table 4 reports the values of Ry, Aw and exponent m obtained from this

model.

Table 4: Warburg parameters Ry, Aw and m, as a function of temperatures 300°C <0 <

700°C. Model: Zw = Rw.Tanh [(Aw®)"V/([Aw®)™)

2. Impedance vs. Frequency analysis

Figure 5 reports the variation of real and imaginary impedances as a function of frequency and
temperature. The real Z’ decreases with increasing temperature till a certain fixed frequency
suggesting a notable reduction in the bulk resistance. The real impedance Z’ attains a plateau at
higher frequencies which implies a possible release of space charges meaning the absence of
frequency relaxation in the ceramic [49, 50]. A peaking behavior can be observed for all the selected
spectra, the peak maximum shifts towards higher frequencies as a function of temperature. The
imaginary Z” attains a maximum at certain frequency, then it decreases with increasing temperature
to a fixed value at higher frequencies with peak broadening. The full width at half maximum
(FWHM) calculated from the frequency dependence is greater than 1.141 decade (for ideal Debye
type relaxation), this deviation clearly indicates the presence of non—Debye type relaxation in the
sample [51]. These results explain the presence of relaxation process and the temperature
dependence of the relaxation phenomenon in the pellet sample [52]. The relaxation process occurs
due to the presence of immobile charges at low temperatures and of additional defects and vacancies

at higher temperatures [53,54].

Figure 5: Variation of real and imaginary impedance (i.e Z’ and Z’’) with frequency at

selected temperatures.
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3. Conductivity analysis

In Figure 6 representing the logarithm of conductivity ¢ versus 1/T, or logarithm of ¢.T versus 1/T,
we clearly observe a modification in the temperature range 440 to 500°C. In the linear part of the
curves (at low or high temperatures), the activation energies are different. In the transition range
from 440 to 500 °C, the progressive variation of conductivity can be interpreted in terms of specific
“progressive jumps’” characteristic of a first order transition, with coexistence of two phases (the so
called oo and P phases). We have evaluated the conductivity variation due to the transition, by
extrapolating the two linear parts of log(c) curves at high and low temperatures: close to the

transition point, the two lines are separated by a AG/c relative variation of about 0.45 £0.05.

This double modification can be interpreted in terms of coupling of the phase transition at ®c =
450°C with the modification of charge carriers associated with two different activation energies: the
first one being due to extrinsic initial defects of the material, and the second one being due to major

contribution of additional Schottky defects delivering additional mobile oxygen ions.

Figure 6: Evolution of sample conductivity in two Arrhenius representations, (a) log(c) and
(b) log(c.T) versus 1/T (K'l). Activation energies determined in the linear parts of the curves.

Figure 7 shows the quasi-linear aspects of the curves log(Xw) and log(Xw.T) versus 1/T, where X
is the conductance (1/Rw). This can be associated with a classical Arrhenius behavior, with X or
Yw.T proportional to exp(-Ew/RT) or exp(-Ew’/RT), where Ew or Ew’ could be the activation
barriers for diffusion, at the electrode/material interface. Except in the temperature range 400 °C to
500°C, a linear correlation is clearly observable. The activation energy can be ascribed to the

transformation O* =% O, + Vot 2.e’, occurring at the interfaces material/electrode.
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Figure 7: Evolution of Warburg conductance in two Arrhenius representations: log(X) and
log(X.T) versus 1/T (K'l)

For a better understanding of these observations, we report the activation energies for bulk and
Warburg (electrodes) components in Table 5. In the case of the bulk component, the transition is
observed through the change in activation energies in the two possible representations log(X) or

log(XT). In the case of the Warburg component, no significant change is observed.

Table 5: Activation energies associated with bulk and Warburg components.

To interpret the electrical transition observed in our ZMO-600 sample: two types of models might
be proposed. Generally, in the absence of any phase transition, if we assume that at least two types

of charge carriers can coexist, the thermally activated conductivity can be expressed as follows:

= o = (K{/T).exp(-E1/RT) + (K/T).exp(-E»/RT)
=
In the case of a material undergoing a phase transition at a temperature T., each parameter K;, E;

(i=1,2) could be subjected to a modification as a function of T.

However, another more classical model could be proposed in competition with the previous one,

where K, K, are in relation with K; and K,, and where E._, E, are in relation with E; and E,:

= o- (T<Tc) = (K/T).exp(-E/RT)
= o; (T>Te) = (KJ/T).exp(-E./RT)

10
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This model was used to calculate the activation energies in Table 5. However, this simplified model

cannot account for changes in the vicinity of the transition point.

It is the reason why we propose now to consider that the phase transition can have a direct
consequence on the various types of charge carriers, due to initial extrinsic defects and on additional
defects linked to Schottky-like defects, formed during heating the material and in equilibrium with

oxygen of air.

To describe the first order transition at T, = 733 K, we postulate a modification of the (K;, E;) and
(K, E») terms, occurring in a small temperature range between T, and Ty,. In the case of a first order
transition, a two-phase domain of temperature can be generally observed. Consequently, the K; and
K, terms are subjected to increasing values of AK; and AK,, while the enthalpy terms are subjected
to decreasing values of —AE; and —AE, : these last decreasing values correspond to the structural
modification allowing larger space for electron (and vacancy) mobilities, and weaker barriers for
electron (and vacancy) jumps. In fact, to correctly describe the transition domain between T. and
Typ, it was necessary to use empirical continuous evolution of these parameters. All parameters

describing the phase transition have been reported in Table 6.

Table 6: parameters of modeled conductivity

Figure 8 shows the calculated curve log(c) function of 1/T, fully similar to the experimental curve

in the case of the 3" thermal cycle.
The functions allowing describing the transition domain:
Ki2(Te<T<Tup) = Ky + (Ki2 -Ki)-(T-T)/(Tup-To)

E12(Te<T<Tup) = Ey 5 - (E12 -E12).(T-T)/(Typ-Te)

Figure 8: The calculated curve log(c) using the proposed model

11
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as a function of 1/T (K'l)

The E; and E, values are closely related to the experimental values E- and E+ obtained by fitting
independently each linear section of Figure 8. The -AE; and -AE, jumps are a second characteristic
of the phase transition. The AK; and AK, variations are associated with the mobilities of charge

carriers close to the transition temperature.

1V. Conclusion

In this work, we have observed the phase transition in the ZnMoQO, ceramics through the study of
electrical properties. The bulk conductivity is characterized by a complex modification occurring
above the transition point (presently Tc = 723 K or O, = 450°C). Using a model based on two
behaviors of charge carriers, coupled with the phase transition mechanism, we have simulated the
conductivity as temperature increases. The hypotheses based on the existence of modification of
charge carriers mobilities at the transition point allow simulating a transition domain in which the
conductivity progressively varies between the observed transition temperature ®. = 450°C, and the
temperature ®,, close to 500°C, corresponding to the end of transition. Two enthalpies associated
with two types of charge carriers have been introduced in the calculation: the transition affects these
enthalpies. An additional result was obtained from the evolution of Warburg components: this
clearly shows the presence of ionic conduction in the material directly related to oxygen vacancies
and electrode reactions. The Warburg signal is characteristic of surface reactions at the electrode.

An activation barrier has been determined for the diffusion mechanism.
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Table 1: Refined structural parameters for triclinic a-ZnMoQO, phase (space group P-1)

a(A) b(A) c(A) o Be ¥°
6.96168(7) 8.36586(9) 9.68981(8) 96.7379(5) 106.8614(7)° 101.7261(9)
Atoms X y z Uiso™* (A2)
Mo(1) 0.0240(5) 0.2979(4) 0.6227(2) 0.00072
Mo(2) 0.2994(4) 0.3965(4) 0.1576(2) 0.00404
Mo(3) 0.5009(4) 0.0192(3) 0.2497(3) 0.00404
Zn(1) 0.0331(6) 0.1073(5) 0.2859(4) 0.00401
Zn(2) 0.4603(7) 0.3059(5) 0.5151(4) 0.025
Zn(3) 0.7563(8) 0.3074(7) 0.0997(6) 0.025
o(1) 0.0200(3) 0.1440(9) 0.7326(12) 0.025
0(2) 0.0545(10) 0.2794(14) 0.1516(13) 0.0067
0(3) 0.1420(2) 0.4677(11) 0.7642(13) 0.025
0(4) 0.1487(12) 0.2636(16) 0.4913(9) 0.025
0(5) 0.2540(3) 0.5575(15) 0.0647(13) 0.06541
0(6) 0.2458(12) 0.7170(2) 0.4608(14) 0.025
0(7) 0.3428(11) 0.1393(15) 0.3079(11) 0.025
0(8) 0.362(2) 0.8815(15) 0.0862(11) 0.025
0(9) 0.470(3) 0.1629(13) 0.6756(13) 0.02024
0(10) 0.422(2) 0.4603(8) 0.3525(6) 0.025
o(11) 0.4703(15) 0.3012(18) 0.1061(15) 0.025
0(12) 0.7428(10) 0.1449(14) 0.2497(13) 0.025
Rp= 100. {Z | yiobs - yicalc | / Zb | };iﬂll‘;82| }= 6%
Reliability Rexp = 100 {[ (N-P+C) /Y w; | v |11 } = 5.8 %
factors pr = 100. { [ z w; | yiobs _ yicalc | 2/ z W; yiobs | 2] 1/2} = 7.8%

Goodness of fit (GoF) y*> = 1.87

Uiso* is defined as one third of the trace of the orthogonalizedUjtensor
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Table 2: Main interatomic distances (A) for thea-ZnMoO, compound

Mol—O1 1.7566(1) Zn3—0l1 1.9957(1)
Mol—O3 1.7299(1) Zn3—012 2.1113(1)
Mol—04 1.7564(1) O1—Mol 1.7566(1)
Mol—O6' 1.7791(1) O1—Znl" 2.0379(1)
Mo2—O2 1.7613(1) 02—Mo2 1.7613(1)
Mo2—O05 1.7418(1) 02—Z7nl 2.0481(1)
Mo2—07 2.6748(1) 02—7Zn3" 2.0616(1)
Mo02—010 1.8030(1) 0O3—Mol 1.7299(1)
Mo2—Ol1 1.7076(1) 03—Zn3" 2.0331(1)
Mo3—07 1.8050(1) 04—Mol 1.7564(1)
Mo3—O08i 1.7270(1) 04—Z7n1 2.0957(1)
Mo3—O9 1.7840(1) 04—Zn2 2.0662(1)
Mo3—O012 1.8024(1) 05—Mo2 1.7418(1)
Znl—Zn2 3.1594(1) 05—Zn3Vi 2.0670(1)
Znl—7Zn3" 3.1106(1) 06—Mol' 1.7791(1)
Znl—O1" 2.0379(1) 06—Zn2" 2.0379(1)
Zn1—02 2.0481(1) O7—Mo2 2.6748(1)
7nl—O04 2.0957(1) 0O7—Mo3 1.8050(1)
Zn1—0O7 2.0685(1) O7—Znl 2.0685(1)
Zn1—012V 2.0438(1) O7—Zn2 2.1567(1)
Zn2—7nl 3.1594(1) 08—Mo3iX 1.7270(1)
7n2—O4 2.0662(1) 08—Zn3"iii 2.0874(1)
Zn2—06" 2.0379(1) 09—Mo3' 1.7840(1)
Zn2—07 2.1567(1) 09—Zn2 2.0540(1)
Zn2—Q09 2.0540(1) 010—Mo2 1.8030(1)
Zn2—010 2.1469(1) 010—Zn2 2.1469(1)
Zn2—010% 2.0678(1) 010—Zn2" 2.0678(1)
Zn3—7Zn1"i 3.1106(1) O11—Mo2 1.7076(1)
Zn3—02Vi 2.0616(1) O11—Zn3 1.9957(1)
Zn3—03" 2.0331(1) 012—Mo3 1.8024(1)
Zn3—05"i 2.0670(1) 012—Zn1"i 2.0438(1)
Zn3—08"iit 2.0874(1) O12—Zn3 2.1113(1)

Symmetry codes: (1) —x, —y+1, —z+1; (ii) x, y—1, z; (iil) —x+1, -y, —z+1; (iv) x-1, y, z; (v) =X, =y, —z+1; (Vi)
—x+1,—-y+1, —z+1; (vii) x+1, y, z; (viii) —x+1, —y+1, -z; (ix) X, y+1, z
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Table 3: Electrical characteristics of ZMOQO-600 pellet. Bulk impedance analysis: CPE terms
A (in Q7'-Hz™ unit) and CPE exponents n, as a function of temperatures 300°C < ® < 700°C.
Model: 1/Z =1/R + A.(jo)"

Bulk material analysis
O(°C) n R (Q) A (Hz2)".Q™N(
10™")
300 0.68 1.70.108 1.39
320 0.69 8.80.107 1.48
340 0.70 5.08.107 1.46
360 0.69 27910’ 1.47
380 0.69 1.55.107 1.45
400 0.68 8.61.10° 1.45
420 0.69 4.84.10° 1.45
440 0.72 3.30.10° 1.44
460 0.68 1.40.10° 1.46
480 0.67 6.59.10° 1.47
500 0.64 343.10° 1.46
520 0.63 1.95.10° 1.45
540 0.64 1.20.10° 1.47
560 0.64 75877 1.48
580 0.66 49586 1.52
600 0.68 33614 1.57
620 0.71 22843 1.65
640 0.72 15734 1.75
660 0.72 10965 1.77
680 0.70 8942.2 1.72
700 0.81 6350.3 2.75
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Table 4: Warburg parameters Rw, Aw and m, as a function of temperatures 300°C <0 <

700°C for the third cycle. Model: Zw = Rw.Tanh [jAw®)"1/(jAw®)™)

0C°C) Rw (Q2) m Awinl0” s
420 327.10° 0.14 24.96
440 1.59.10° 0.19 7.00
460 1.16.10° 0.19 3.00
480 561040 0.21 2.15
500 297264 0.22 1.75
520 175130 0.24 1.25
540 109280 0.25 1.02
560 70971 0.25 0.87
580 47572 0.25 0.83
600 32335 0.23 0.80
620 22514 0.21 0.88
640 15746 0.19 0.85
660 11171 0.19 1.40
680 8020 0.17 2.15
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Table 5: Activation energies associated with bulk and Warburg components.

Temperature range | Activation energies (eV)
Arrhenius test log(c) log(cT)
Bulk characteristic 573< T <733 1.16(7) 1.21(8)
753< T <973 1.61(10) 1.69(10)
Warburg component 753< T <953 1.3(0.1) 1.4(0.1)

Table 6: parameters of modeled conductivity

Ay A E; (eV) | E; (eV)

T<Tc (Triclinic) | 100 10.10° 0.93 1.65
A’ | AY | E (eV) | EY (eV)

T>Tc (Monoclinic) | 300 | 30.10° | 0.83 1.86
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Figure 1: XRD pattern of a-ZnMoQ, obtained in room conditions,

after thermal treatments at 600°C, during 3 hours.
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Figure 2: Calculated and observed diffraction profiles, from XRD Rietveld refinements of oi-ZnMoO,
thermally treated at 600°C.
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Figure 3: Nyquist representation for the a-ZnMoQOssample, as a function of temperature
300°C< O <700°C.
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equivalent circuit (inset) with Warburg component.
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selected temperatures.
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Figure 6: Evolution of sample conductivity in two Arrhenius representations, (a) log(c) and
(b) log(c.T) versus 1/T (K'l). Activation energies determined in the linear parts of the curves.
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Figure 7: Evolution of Warburg conductance in two Arrhenius representations: log(X) and
log(X.T) versus 1/T (K™
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