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ABSTRACT 

In the process of studying the system Tl2MoO4–In2(MoO4)3–Hf(MoO4)2, a new thallium indium hafnium 

molybdate was found. The crystal structure of the molybdate Tl5InHf(MoO4)6 was determined in the 

centrosymmetric space group R c (a = 10.63893 (5) Å, c = 38.1447(3) Å; V = 3739.04 (4) Å
3
, Z = 6). The structure 

is a framework consisting and contains alternating mixed (Hf,In)O6 octahedra connected by MoO4 tetrahedra. The 

structure is a three-dimensional framework consisting of alternating (Hf,Fe)O6-octahedra connected by 

МоО4-tetrahedra. Each octahedron has common vertices with tetrahedra. The atoms arranged in this way form 

channels extended along with the a and b axes, in which thallium atoms are located. The conductivity behavior of 

Tl5InHf(MoO4)6 ceramics was studied in the temperature range from 300 K to 870 K. The conductivity of the heavy 

cations of thallium is activated with increasing temperature. 
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1. Introduction 

 

Currently, there is great interest in inorganic compounds (in particular, molybdenum-containing [1]) which 

exhibit the properties of catalysts [2–4], ferroelectric, piezoelectric, photoluminescent [5], laser [6, 7], magnetic and 

have high ionic conductivity [8–18]. 

For example, the molybdates Gd2W1-xMoxO6:Eu
3+

[19], Li3Ba2R3(MoO4)8 (R = Ln or Y) and LiMR2(MoO4)4 

(M = K, Rb or Tl; R = Ln, Y or Bi) [20–22], CaLa2(MoO4)4 [23], NaCaLa(MoO4)O3:Er
3+

,Yb
3+ 

[24], 

NaSrLa(MoO4)O3 [25] are the proposed candidates for the creation of phosphors, white LEDs, and active lasers. 

At the same time, for such compounds as Na1–xA1–xR1+x(MoO4)3 (A = Mg, Mn, Co, Ni, Zn, Cd; R = Al, Fe, 

Cr, Sc, In), Ag4M2Zr(MoO4)6 (M = Mg, Mn, Co, Zn) ion-conducting properties were discovered [26‒ 28]. 

Based on this, we decided to study the phase equilibria in ternary salt systems, where molybdates of 

monovalent, trivalent, and tetravalent metals were used as starting compounds. In these systems, new compounds of 

several compositions were identified. One of them has the composition M5RA(MoO4)6 (where M = K, Rb, Cs, R = 

lanthanide trivalent ion, Al
3+

, Cr
3+

, Fe
3+

, In
3+

, Sc
3+

, Y
3+

, Bi
3+

, A = Zr
4+

 or Hf
4+

) [15, 29–45]. Studies of the 

conductivity of these compounds showed that it has an order of 10
-3‒ 10

-4
 S cm

-1
. 

The molybdates are the proposed candidates for the creation of phosphors, white LEDs, and active lasers 

[19‒ 25].  

In recent decades, ternary molybdates with the general chemical formula AxByCz(MoO4)n, containing 

various combinations of A, B and C cations, have been actively studied. For these compounds, the most 

characteristic structures of NASICON [26] and alluaudite [27]. Due to their structural features, they have high ionic 

conductivity (σ = 10
-3

 –10
-2

 S cm
-1

). For example, Na1–xA1–xR1+x(MoO4)3 (A = Mg, Mn, Co, Ni, Zn, Cd; R = Al, Fe, 

Cr, Sc, In) and Ag1–xMg1–xR1+x(MoO4)3 (where R = Al or Sc and 0 ≤ x ≤ 0.5) crystallizes in the NASICON-type 

structure (space group R c) [sodium (Na) Super Ionic CONductor] [28‒ 30]. A specific feature of phases with a 

NASICON structure is a rhombohedral framework {[R2(MoO4)]3
n-

}3∞ consisting of RO6 octahedra and MoO4 

tetrahedra. A(R) atoms are at threefold axes and MoO4 groups are at twofold axes. The vacant parts of octahedral 

and tetrahedral voids merge into a three-dimensional network of channels, which are filled with alkali metal cations. 

This contributes to high ionic conductivity σ = 10
-3

 –10
-2

 S cm
-1 

at about T = 750‒ 800 K. K0.13Na3.87Mg(MoO4)3 

(space group C2/c, σ = 3.8 × 10
-2

 S cm
-1

 at 853 K) crystallizes in the alluaudite-type [31]. The structure is formed by 

infinite chains composed of edge sharing (Mg/Na)2O10 dimmers, which are linked together via bridging MoO4 

tetrahedra, yielding to a three-dimensional framework enclosing two distinct types of hexagonal tunnels in which 

Na
+
 and K

+
 cations reside. Na25Cs8R5(MoO4)24 (R = In, Sc, Fe) form a distinctive family of pseudo-orthorhombic 

alluaudite-related structures with the parent space group Pbca [17]. Its structural features are alluaudite-like 

polyhedral layers composed of pairs of edge-shared (R,Na)O6 and NaO6 octahedra connected by bridging MoO4 

tetrahedra. The layers are joined together by means of interlayer MoO4 tetrahedra, thus forming open 3D 



frameworks with cavities filled with Cs
+
 and Na

+
 ions. The manner of stacking layers is somewhat different from the 

alluaudite type. The conductivity for Na25Cs8R5(MoO4)24 (R = In, Sc, Fe) is σ = 10
-3

 –10
-2

 S cm
-1 

at about T = 700 K. 

M5RA(MoO4)6 (where M = K, Rb, Cs, R = lanthanide trivalent ion, Al
3+

, Cr
3+

, Fe
3+

, In
3+

, Sc
3+

, Y
3+

, Bi
3+

, A = Zr
4+

 or 

Hf
4+

) [15, 32–48] form family with the space group R c. The crystal structure of M5RA(MoO4)6 is a 

threedimensional mixed-metal framework, which is built by a regular alternation of Mo tetrahedra and two sorts of 

(R,A)O6 octahedra, which are linked to one another via O-corner sharing. Large interstices accommodate two sorts 

of alkaline atoms. These M
+
 polyhedra fill in variously oriented large-cross-section channels. From this, conditions 

for rapid ion transport can appear in this type of framework structure provided that channels are populated by 

appropriate cations with appropriate ionic radii. Studies of the conductivity of these compounds showed that it has 

an order of 10
-3

 S cm
-1

. 

In this regard, the idea arose to replace the alkali metal with thallium. Since the compounds M5RA(MoO4)6 

(where M = K, Rb, Cs, R = lanthanide trivalent ion, Al
3+

, Cr
3+

, Fe
3+

, In
3+

, Sc
3+

, Y
3+

, Bi
3+

, A = Zr
4+

 or Hf
4+

) [15, 32–

48] were obtained only with alkali metals, the idea arose to replace the alkali metal with thallium. Thallium is a 

rather uncommon element. The presence of a lone pair of electrons in the monovalent thallium cation can contribute 

to the distortion of the coordination environment, which in turn may improve the conductive properties of 

M5RA(MoO4)6. As a trivalent metal, we decided to use indium. For us, the study of this class of compounds is of not 

only practical but also theoretical interest. 

 

2. Experimental  

 

2.1. Preparation of samples 

 

The complex molybdate compositions were prepared by the solid state reaction method. Tl2CO3 

(chemically pure, Red Chemist, Russia), In2O3 (chemically pure, Ural Plant of Chemical Reagents, Russia), HfO2 

(chemically pure, IGIC RAS, Russia) and MoO3 (chemically pure, Red Chemist, Russia) were used as starting 

reagents. A stoichiometric mixture of In2O3 and MoO3 was used for the synthesis of In2(MoO4)3 at 673–1023 K for 

50 h. To avoid losses of MoO3 through sublimation, the annealing was started at 673 K. Thallium molybdate, 

Tl2MoO4, was obtained by the following reaction: Tl2CO3 + MoO3 = Tl2MoO4 + CO2 at 673–823 K for 100 h. When 

working with thallium compounds, we followed the recommended precautions. This is, of course, a white coat, hand 

protection and simple gauze mask respiratory. Hafnium molybdate, Hf(MoO4)2, was synthesized by stepwise 

annealing of stoichiometric mixtures of HfO2 and MoO3 at 673–1023 K for 100 h. The starting compounds were 

well mixed and ground in agate mortar with a pestle. To accelerate the interaction, the reaction mixtures were 

gradually annealed at the temperatures specified in the interval and ground after every 24 hours of annealing. 

Phase relationships in the subsolidus region of the Tl2MoO4–In2(MoO4)3–Hf(MoO4)2 system was studied by the 

method of ―intersecting joins‖ [49,50]. The phase formation in the Tl2MoO4–In2(MoO4)3–Hf(MoO4)2 system was 

investigated by the cross-section method in the subsolidus region. We took from the literature information about 

what compounds are formed in binary systems, which are sides of the studied triangle [51–54]. So, on the side of 

Tl2MoO4–In2(MoO4)3 [51,52], the authors found two compounds of the compositions TlIn(MoO4)2 (1:1) and 

Tl5In(MoO4)4 (5:1). Two composition Tl8Hf(MoO4)6 (4:1) and Tl2Hf(MoO4)3 (1:1) were found in the Tl2MoO4–

Hf(MoO4)2 system [53]. But inside the In2(MoO4)3–Hf(MoO4)2 system, new compounds could not be detected [54]. 

In order to determine which segments are quasi binary and to reveal the formation of new triple molybdates, we 

selected about twenty samples. The composition of the samples was determined using the concentration triangle. As 

a result, we got the following kind of triple Tl2MoO4–In2(MoO4)3–Hf(MoO4)2  system (Fig. 1.). Seven segment 

Tl5In(MoO4)4–Tl8Hf(MoO4)6, TlIn(MoO4)2–Tl8Hf(MoO4)6, TlIn(MoO4)2–Tl2Hf(MoO4)3, TlIn(MoO4)2–Hf(MoO4)2, 

TlIn(MoO4)2–Tl5InHf(MoO4)6, Tl5InHf(MoO4)6–Tl8Hf(MoO4)6 and Tl5InHf(MoO4)6–Tl2Hf(MoO4)3 divide the 

Tl2MoO4–In2(MoO4)3–Hf(MoO4)2 system into seven subsystems. 

Tl5InHf(MoO4)6 was synthesized from simple molybdates of thallium, indium, and hafnium at a molar ratio 

of the corresponding starting components of 5 : 1 : 2. Annealing was carried out in the temperature range of 723–

853 K for 80 hours. Tl5InHf(MoO4)6 is a white powder. The synthesis of triple molybdate was carried out according 

to the following reaction: 

5Tl2MoO4 + In2(MoO4)3 + 2Hf(MoO4)2 = 2Tl5InHf(MoO4)6 

 

Molybdate is insoluble in water and organic solvents but dissolves when heated in HCl, H2SO4, and HNO3. 

 

--- Figure 1 --- 

 

 

2.2 Characterization methods 

 

PXRD patterns were recorded on a Bruker D8 ADVANCE X-ray diffractometer (Bruker, Berlin, Germany) with 

Cu-Kα radiation (λ =1.5418 A˚) at room temperature. The scanning range is between 5 and 100° with a scanning 

width of 0.02 and a rate of 0.1 s
−1

. 



The variable counting time (VCT) scheme was used to collect the diffraction data of Tl5InHf(MoO4)6 for 

Rietveld analysis. The measurement time was systematically increased towards higher 2θ angles, leading to 

drastically improved data quality [55,56]. To collect the X-ray data using VCT scheme, five ranges were generated 

on the diffraction pattern: 5°–32.0° (exposure per point: 0.5 s; step: 0.0069°), 32.0°–59.0° (exposure per point: 1 s; 

step: 0.0069°), 59.0°–86.0° (exposure per point: 2 s; step: 0.0069°), 86.0°–113.0° (exposure per point: 4 s; step: 

0.0069°) and 113.0°–140° (exposure per point: 8 s; step: 0.0069°). Total experimental time was equal to ~ 19 h. The 

esd’s σ(Ii) of all points on patterns were calculated using intensities Ii: σ(Ii)=Ii
1/2

. The intensities and obtained esd’s 

were further normalized, taking into account actual value of exposition time, and saved in xye-type file. So 

transformed powder pattern has usual view in whole 2θ range 5–140º, but all high-angle points have small esd’s.   

Differential scanning calorimetry (DSC) was carried out on a NETZSCH STA 449 F1 TG/DSC/DTA (Jupiter) 

thermal analyzer. The sample charge was 18 mg, and the rate of temperature rise was 10 K/min in the Ar 

atmosphere. Sample was placed into platinum crucible with lid. The relative error of weight change determination 

was Δ = 1 %, and that of heat effects was Δ = 2–5%. The differential thermal analysis (DTA) curves were calculated 

using a specially developed program from Netzsch. 

The electrical conductivity was measured using a two-contact impedance spectroscopy method with heating and 

cooling in the frequency range of 1–10
6
 Hz (impedance meter ―Z-1500J‖). Ceramic disks for dielectric 

investigations were prepared by pressing the powders at 100 bar, and sintering at 773 K for 2 h. The disks were 10 

mm in diameter and 1.5–2 mm thick. For making electrodes, large surfaces of the discs were covered with colloid 

platinum, followed by annealing at about 773 K for 1 h.  

The ionic conductivity σ was calculated using the formula σ = 4T/πD
2
R                                                 (1) 

where T is the thickness of the ceramic in cm, D is diameter in cm, and R is ohmic resistance in Ω.  
The geometric-to-X-ray density ratio was used as the criterion for evaluation of the density of the resulting 

ceramics. The geometric density was calculated by dividing the weight of the sintered sample by its volume 

estimated from geometric dimensions. The size of the preliminarily polished sample were measured with an 

accuracy of ±0.01 mm. The theoretical density was calculated by the equation,  

ρx-ray = 1.66MZ/V,                                                                                                                                                 (2) 

where M is the molecular weight of the formula unit of a substance, Z is the number of formula units, and V is the 

unit cell volume. 

 

 

3. Results and discussion 

3.1. Phase Formation Study and Subsolidus Phase Relations 

 

The phase dependences in the triple salt system Tl2MoO4–In2(MoO4)3–Hf(MoO4)2 was studied in the air by the 

crossing section's method [46,47]. We took from the literature information about what compounds are formed in 

binary systems, which are sides of the studied triangle [50–53]. So, on the side of Tl2MoO4–In2(MoO4)3 [50,51], the 

authors found two compounds of the compositions TlIn(MoO4)2 (1:1) and Tl5In(MoO4)4 (5:1). Two composition 

Tl8Hf(MoO4)6 (4:1) and Tl2Hf(MoO4)3 (1:1) were found in the Tl2MoO4–Hf(MoO4)2 system [52]. But inside the 

In2(MoO4)3–Hf(MoO4)2 system, new compounds could not be detected [53]. In order to determine which sections 

are quasi binary and to reveal the formation of new triple molybdates, we selected about twenty samples. The 

composition of the samples was determined using the concentration triangle. As a result, we got the following kind 

of triple Tl2MoO4–In2(MoO4)3–Hf(MoO4)2  system (Fig. 1.). The seven joins Tl5In(MoO4)4–Tl8Hf(MoO4)6, 

TlIn(MoO4)2–Tl8Hf(MoO4)6, TlIn(MoO4)2–Tl2Hf(MoO4)3, TlIn(MoO4)2–Hf(MoO4)2, TlIn(MoO4)2–Tl5InHf(MoO4)6, 

Tl5InHf(MoO4)6–Tl8Hf(MoO4)6 and Tl5InHf(MoO4)6–Tl2Hf(MoO4)3 divide the Tl2MoO4–In2(MoO4)3–Hf(MoO4)2 

system into seven subsystems. 

Tl5InHf(MoO4)6 was synthesized from simple molybdates of thallium, indium, and hafnium at a molar ratio 

of the corresponding starting components of 5 : 1 : 2. Annealing was carried out in the temperature range of 723–

853 K for 80 hours. Tl5InHf(MoO4)6 is a white powder. The synthesis of triple molybdate was carried out according 

to the following reaction: 

5Tl2MoO4 + In2(MoO4)3 + 2Hf(MoO4)2 = 2Tl5InHf(MoO4)6 

 

Molybdate is insoluble in water and organic solvents but dissolves when heated in HCl, H2SO4, and HNO3. 

 

--- Figure 1 --- 

3.1. Crystal structure 

 

It was found that the Tl5InHf(MoO4)6 is isostructural to the K5InHf(MoO4)6 compound, the structure of which 

was established in [46]. Therefore, the atomic coordinates of the latter were taken as a starting model for the 



Rietveld refinement using the TOPAS 4.2 program [57]. The ratio of Hf/In in two sites were refined taking into 

account that sum of occupancies are equal to 1 in each site. In order to reduce number of refined parameters, only 

one thermal parameter was refined for all O atoms. Refinement was stable and gave low R-factors (Table 1, Figure 

2).  

 

--- Figure 2 --- 

--- Table 1 --- 

 

Coordinates of atoms and main bond lengths are in Table 2 and Table 3 respectively. The comparison of the 

Tl5InHf(MoO4)6 unit cell parameters obtained by us (Table 1) with the data from [46] (a = 10.564(1) Å, c = 

37.632(4) Å, V = 3637.0(6) Å
3
) shows their good agreement. The crystallographic data are deposited in Cambridge 

Crystallographic Data Centre (CSD # 1995678). The data can be downloaded from the site 

(www.ccdc.cam.ac.uk/data_request/cif). 

 

--- Table 2 --- 

--- Table 3 --- 

 

The crystal structure of Tl5InHf(MoO4)6 is shown in Fig. 3. The structure is a framework consisting and contains 

alternating mixed (Hf,In)O6 octahedra connected by MoO4 tetrahedra. The structure is a three-dimensional 

framework consisting of alternating (Hf,Fe)O6-octahedra connected by МоО4-tetrahedra.  Each octahedron has 

common vertices with tetrahedra. The atoms arranged in this way form channels extended along with the a and b 

axes, in which thallium atoms are located. 

--- Figure 3 --- 

3.2. Thermal and electrical properties 

 

The DSC heating curve for a polycrystalline Tl5InHf(MoO4)6 sample features two endotherms induced by first-

order phase transformation (T = 837 K, ΔH = −2.27 J / g), namely, polymorphic transition (Fig. 4) and melting of 

molybdate (T = 941 K, ΔH = −47.89 J / g). Similar transitions were detected in K5InHf(MoO4)6 isostructural 

compound [44].  

Figure 4 shows the results of combined TG/DSC analysis of Tl5InHf(MoO4)6 from 380 K temperature to 960 K. 

DSC heating curve of Tl5InHf(MoO4)6 clearly show the endothermic effects corresponding to the first order phase 

transition at (T = 837 K, ΔH = −2.27 J / g) and incongruently melting of the molybdate at (T = 941 K, ΔH = 

−47.89 J / g). Similar transitions were detected in K5InHf(MoO4)6 isostructural compound [47]. When cooling on 

the DSC curve, we see exoeffects, related to the crystallization of the compounds into which the molybdate 

Tl5InHf(MoO4)6 is decomposed. During the heating (green curve above) and cooling (green curve below), the TG is 

very clear and there is no loss in weight. This indicates the complete absence of volatile impurities. 

 

--- Figure 4 --- 

 

The main and reliable method for study electrical processes in ion-conducting compounds is impedance 

spectroscopy. Figure 5 shows the impedance diagrams for Tl5InHf(MoO4)6 at different temperatures. 

 

--- Figure 5 --- 

 

Figure 5a,b shows that at low temperatures, the impedance diagram consists of two parts. One of them has the 

shape of an arch at high frequencies, and the second has the shape of a line at low frequencies. This indicates the 

presence of two relaxation phenomena. The arc, which is located at higher frequencies, corresponds to the 

movement of ions through the grain (volume), which represents the intrinsic conduction and gives rise to 

intragranular resistance. The line describes the processes of movement of ions across grain boundaries. At higher 

temperatures (about 712 K), three semicircles making up the impedance can be seen. A small semicircle is 

associated with charge transfer at the molybdate-electrode interface. This form of hodograph is characteristic of 

materials with ionic transport. At even higher temperatures (Fig. 5e), this semicircle degenerates, indicating that the 

diffusion layer has a finite thickness. 

Figure 6 shows the temperature dependences of the resistivity on the inverse temperature obtained by heating 

and cooling ceramics at different frequencies (from 1 Hz to 1 MHz). In the region of 800 K, an anomaly of 

conductivity is observed due to a phase transition. The temperature hysteresis, which is characteristic of, which is 

http://www.ccdc.cam.ac.uk/data_request/cif


accompanied by an increase in conductivity, is clearly visible. The transition temperature corresponds to the 

differential thermal analysis (Fig. 4).  

 

--- Figure 6 --- 

 

Figure 5 shows the temperature dependences of the conductivity on the versus reciprocal temperature obtained 

by heating and cooling ceramics at different frequencies (from 1 Hz to 1 MHz). The density of ceramics was 79 %. 

In the region of 800 K, an anomaly of conductivity is observed due to a phase transition. The temperature hysteresis, 

which is characteristic of, which is accompanied by an increase in conductivity, is clearly visible. The transition 

temperature corresponds to the differential thermal analysis (Fig. 4).  

 

--- Figure 5 --- 

 

Figure 6 shows the complex impedance (imaginary -Z″ versus real Z ′) plots at different temperatures ranging 

from 473 to 853 K under air for the Tl5InHf(MoO4)6 sample. The diagrams at temperatures up to 573 K shows the 

patterns of a deformed semicircular arc and a low-frequency tail. The appearance of the tail at lower frequency may 

be owing to the polarized phenomena associated with the thallium-ion conduction across the electrolyte/electrode 

boundary. Graphs obtained in the form of deformed semicircular arcs show the presence of two overlapping 

semicircles with reaching zero on Z′-axis and Z″-axis in the high-frequency region (Fig. 6). For a high-frequency 

semicircle, the capacitance values are of the order of 10
-10

 F, which can be considered as the average value of 

capacitance for bulk and grain-boundary conductivity (10
−12

 and 10
−8

 F). That is, the semicircle is associated both 

with both contributions of the bulk and grain boundary.  The resistance of the grain boundaries decreases with 

increasing temperature and, accordingly, the conductivity increases. This behavior is characteristic of solid 

electrolytes.  

 

--- Figure 6 --- 

 

As can be seen from Fig. 7, the dependence of the electrical conductivity of Tl5InHf(MoO4)6 ceramics with an 

increase in frequency does not substantially change up to a certain value, starting from which it grows exponentially, 

which, apparently, corresponds to the intergrain contribution to the total conductivity. The total conductivity of the 

samples increases with increasing temperature, and the boundary frequency shifts to the high-frequency region. The 

increase in conductivity in the entire studied temperature range at low frequencies is due to an increase in the 

concentration of the main charge carriers. 

 

--- Figure 7 --- 

 

In accordance with the type of hodographs of impedance select an equivalent circuit using the method of 

impedance spectroscopy. The shift of the semicircle centers on the hodograph below the abscissa indicates that the 

system cannot be described by a combination of pure resistances and capacities, but it is necessary to replace all 

capacities with modified frequency-dependent elements (constant phase element - CPE). In  Fig. 8 shows an 

equivalent circuit that describes well the processes taking place in the system. The impedance of ceramics is 

contributed by the bulk of ceramic grains, grain boundaries, and electrode-electrolyte interface. The impedance of 

the electrochemical cell Pt|Tl5InHf(MoO4)6|Pt s the sum of the grain bulk resistance Rb with constant phase element 

CPEb connected in parallel, the grain boundary resistance Rgb with constant phase element CPEgb connected in 

parallel, and the electrode impedance Zel. 

 

 --- Figure 8 --- 

 

 

 From the analysis of complex impedance was obtained temperature dependence of the DC conductivity of 

Tl5InHf(MoO4)6 molybdate. In Fig. 9, for clarity, the dependence is presented in Arrhenius coordinates. 

--- Figure 9 --- 

 

The graph observes two linear sections with different slopes. Dependency is well described Arrhenius – Frenkel 

law, i.e., processes are thermal activation. 

The activation energy was calculated using the following formula  



σdc = σ0exp(-Ea/kbT)                                                                                                                                        (3) 

In this relation, Ea is the activation energy, kb is the Boltzmann constant and σ0 is a constant. 

Above the phase transition, the ionic conductivity of the obtained compound reaches 9.8 × 10
-4

 S cm
-1

 (853 K) 

and the activation energy is 0.85 eV. This value are compatible with the cationic conductivity mechanism. Based on 

the structure of the compound presented in this article, the ionic conductivity observed in Tl5InHf(MoO4)6 is most 

probably due to monovalent Tl
+
 cation anisotropic mobility. The alkali metals substitution in the group of 

M5RA(MoO4)6 (where M = K, Rb, Cs, R = lanthanide trivalent ion, Al
3+

, Cr
3+

, Fe
3+

, In
3+

, Sc
3+

, Y
3+

, Bi
3+

, A = Zr
4+

 or 

Hf
4+

)  compounds for thallium did not lead to an increase in conductivity. Сonductivity of  Tl5InHf(MoO4)6 

commensurate with the conductivity of Cs5AlZr(MoO4)6  (σ = 0.8 × 10
-4 

S cm
-1 

at 673 K), Cs5BiZr(MoO4)6  (σ = 0.7 

× 10
-4 

S cm
-1 

at 673 K), Cs5FeZr(MoO4)6  (σ = 1.2 × 10
-4 

S cm
-1 

at 673 K), Cs5AlZr(MoO4)6  (σ = 0.8 × 10
-4 

S cm
-1 

at 

673 K) [58], Rb5СеHf(MoO4)6 (σ = 1.7 × 10
-3 

S cm
-1 

at 723 K), Rb5YbHf(MoO4)6 (σ = 1.7 × 10
-3 

S cm
-1 

at 723 K) 

[48], K5ScHf(MoO4)6 (σ = 1.1 × 10
-3 

S cm
-1 

at 900 K) [59], K5RZr(MoO4)6 (R =Al, Cr, Fe, In, Sc) (σ ~ 10
-3 

S cm
-1 

at 

723   873 K) [15] compounds. It should be noted that the conductivity is close to those of the NASICON-type 

conductors and comparable or even better than that of ionic conductors, such as molybdates with lyonsite-type 

structure. For comparison, the conductivity for LiNbFe(PO4)3 (σ = 6.6 × 10
-6 

S cm
-1

), LiNbFe(PO4)3 (σ = 6.6 × 10
-6 

S 

cm
-1

), LiZr2(PO4)3 (σ = 5 × 10
-4 

S cm
-1

) at 573 K [60‒ 63]. In the system Li2 + xMg2(1 −x)Fex(MoO4)3 with lyonsite-

type structure, conductivity ranges at 573 K from 1.1 × 10
−7

 for Li2Mg2(MoO4)3 to 6.6 × 10
−7

 S cm
-1 

for 

Li3Fe(MoO4)3 [10].  

Figure 7 shows the variation of the real part of impedance (Z′) with frequency at different temperatures for 

Tl5InHf(MoO4)6. 

 

--- Figure 7 --- 

 

In the low frequency region, Z′ has maximum values, which decreases with a gradual increase in frequency. By 

increasing the temperature, the magnitude of Z′ decreases which may be due to increase in conductivity of the 

molybdate. Fig. 8 illustrates the imaginary part of the impedance Z″ with respect to the frequency at different 

temperatures. 

--- Figure 8 --- 

 

On the curves, we observe two peaks. One of them is small. It is located in the low-frequency region. As the 

temperature increases, the peak shifts to the mid-frequency region. Perhaps it is associated with the relaxation of 

grain boundaries. The second peak is in the high-frequency region. The maximum value of this peak decreases with 

increasing temperature and it has certain values at different frequencies. In addition, the peak shifts when heated 

toward higher frequencies and becomes more blurry. This is due to the presence of space charges in ceramics.  

 

4. Conclusions 

 

We have studied phase relations of the ternary system Tl2MoO4–In2(MoO4)3–Hf(MoO4)2 and us to reveal a 

novel Tl5InHf(MoO4)6 molybdate. The phase relations of the ternary system Tl2MoO4–In2(MoO4)3–Hf(MoO4)2  were 

studied and a new molybdate Tl5InHf(MoO4)6 was discovered. The study of a new thallium indium hafnium 

molybdate using PXRD showed that the compound has trigonal space group R c: a = 10.63893 (5) Å, c = 

38.1447(3) Å; V = 3739.04 (4) Å
3
, Z = 6. It was established in the work that the structure is a framework consisting 

of alternating mixed (Hf,In)O6 octahedra connected by MoO4 tetrahedra. Each octahedron has common vertices with 

tetrahedrons. The atoms arranged in this way form channels extended along with the a and b axes, in which thallium 

atoms are located. Impedance spectroscopy was used to investigate the electrical properties of Tl5InHf(MoO4)6 

ceramics. Analysis of the impedance diagram showed the contribution to the bulk and grain boundaries. It should be 

noted that the conductivity of the compound K5ScHf(MoO4)6 [59] almost did not change its value when potassium 

was replaced by thallium. Both above and below the phase transition, the dependences are well described by the 

Arrhenius law. 
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Figures 

 

Figure 1. Phase equilibria of the Tl2MoO4–In2(MoO4)3–Hf(MoO4)2 system in the subsolidus region 803–853K С, 

where S is Tl5InHf(MoO4)6. 

 

Figure 2. Difference Rietveld plot of Tl5InHf(MoO4)6. 

 

Figure 3. Projection of the Tl5InHf(MoO4)6 structure on (001) plane. 

 

Figure 4. DSC curve of the Tl5InHf(MoO4)6. 

 

Figure 5. Impedance spectra of Tl5InHf(MoO4)6. 

 

Figure 6. Variation of conductivity (σ, S cm
-1

) as a function of 1000/T for Tl5InHf(MoO4)6 sample at 1 Hz to 1 MHz 

frequencies (heating and cooling). 

 

Figure 7. Variation of real part of impedance (Z′) with frequency. 
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Figure 8. Variation of imaginary part of impedance (Z″) with frequency. 

 
Figure 5. Variation of conductivity σT (K S cm

-1
) as a function of 1000/T (K

-1
) for Tl5InHf(MoO4)6 sample at 1 Hz 

to 1 MHz frequencies (heating and cooling). 

 

Figure 6. Impedance spectra of Tl5InHf(MoO4)6. 

 

Figure 7. Dependence of the conductivity of Tl5InHf(MoO4)6 on frequency and temperature. 

 

Figure 8. Equivalent circuit used for calculating the impedance spectra of Tl5InHf(MoO4)6. 
 

Figure 9. Plot of log(σdcT) versus 1000/T for Tl5InHf(MoO4)6 compound. 
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Figure 9. 

 

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0
-4

-3

-2

-1

0

lo
g

(s
d
cT

),
 K


S

/c
m

1000/T, K-1
 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Table 1. Main parameters of processing and refinement of the Tl5InHf(MoO4)6 sample 

 

Compound Tl5InHf(MoO4)6 

Sp.Gr. R3 c 

a, Å 10.63893 (5) 

c, Å 38.1447 (3) 

V, Å
3
 3739.04 (4) 

Z 2 

2θ-interval, º 5-140 

Rwp, % 4.59 

Rp, % 4.70 

Rexp, % 3.04 

χ
2 

1.51 

RB, % 3.10 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Table 2. Fractional atomic coordinates and isotropic displacement parameters (Å
2
) of 

Tl5InHf(MoO4)6 

Atom x y z Biso Occ. 

Mo 0.35048 (15) 0.05613 (14) 0.03328 (3) 1.54 (7) 1 

Hf1 0 0 0 1.42 (9) 0.325 (12) 

In1 0 0 0 1.42 (9) 0.675 (12) 

Hf2 0 0 0.25 1.20 (8) 0.675 (12) 

In2 0 0 0.25 1.20 (8) 0.325 (12) 

Tl1 0 0 0.35503 (3) 3.28 (7) 1 

Tl2 0.38767 (12) 0 0.25 4.14 (8) 1 

O1 0.1699 (10) 0.0340 (11) 0.0320 (3) 1.95 (12) 1 

O2 0.4828 (9) 0.2334 (10) 0.0493 (2) 1.95 (12) 1 

O3 0.3549 (11) -0.0789 (10) 0.0494 (3) 1.95 (12) 1 

O4 0.4011 (10) 0.0507 (10) -0.0061 (2) 1.95 (12) 1 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Table 3. Main bond lengths (Å) of Tl5InHf(MoO4)6 

Mo—O1 1.816 (5) Tl1—O3
ii
 2.806 (9) 

Mo—O2 1.805 (9) Tl1—O4
i
 2.980 (8) 

Mo—O3 1.585 (9) Tl2—O2
i
 3.134 (6) 

Mo—O4 1.607 (8) Tl2—O3
iii

 3.103 (8) 

(Hf1/In1)—O1 2.057 (10) Tl2—O4
ii
 3.037 (8) 

(Hf2/In2)—O2
i
 2.136 (9)   

Symmetry codes:  (i) -x+2/3, -y+1/3, -z+1/3; (ii) -x+y+2/3, -x+1/3, z+1/3; (iii) y+2/3, -x+y+1/3, -z+1/3 

 

 

 

 

 

 

 

 

 

 
 

 


