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A B S T R A C T

Thallium scandium hafnium molybdate Tl5ScHf(MoO4)6 and thallium scandium zirconium molybdate
Tl5ScZr(MoO4)6 crystallize in trigonal symmetry with the space group R3c. The compounds are synthesized by
sintering the finely powdered simple molybdates mixture in a muffle furnace at 723–823 K for 100 h. The crystal
structures of Tl5ScHf(MoO4)6 and Tl5ScZr(MoO4)6 are obtained by Rietveld method. The following unit cell pa-
rameters are calculated for Tl5ScHf(MoO4)6: a ¼ 10.62338 (5), c ¼ 38.0579 (2) Å, V ¼ 3719.64 (4) Å3, Z ¼ 6 and
for Tl5ScZr(MoO4)6: a ¼ 10.63216 (7), c ¼ 38.0716 (3) Å, V ¼ 3727.14 (5) Å3, Z ¼ 6. The conductivity of the
Tl5ScHf(MoO4)6 and Tl5ScZr(MoO4)6 are measured between 293 and 860 K. The ionic conductivity of
Tl5ScHf(MoO4)6 and Tl5ScZr(MoO4)6 molybdates are 8 � 10�4 S/cm and 8 � 10�3 S/cm (at 773 K); the activation
energy of ionic transfer are 0.8 eV and 0.3 eV respectively.
1. Introduction

At present, a fairly large number of molybdates with both a layered
structure and a framework structure are known. Molybdates of various
structural families have a number of useful properties. For example,
electric, magnetic, laser materials, good optical and catalytic properties
[1–20]. Among complex molybdates of interest, lyonsite-structure such
as NaCo2.31(MoO4)3.5 [21], Na2Co2(MoO4)3 [22], Li3Fe(MoO4)3 [23],
Li2Co2–xNix(MoO4)3 (0 � x � 2) [24], Na0.24Ti1.44(MoO4)3 [25], Nasicon
structure such as Na2xM2Sc2(1-x)(MoO4)3 whereM¼ Zn, Cd and Mg [26],
alluaudite-type such as Na5In(MoO4)4 [27], Na25Cs8R5(MoO4)24 (R ¼ In,
Sc, Fe) [28], K0.13Na3.87Mg(MoO4)3 [29] are described.

Complex oxides based on alkali earth, trivalent metals, and 4d, 5d-
transition metals (Mo, Hf) with the NASICON-type structure attract sig-
nificant attention due to high-ionic conductivity. Indeed, the ionic con-
ductivity reaches 10�3

–10�1 S/cm for the NASICON-type molybdates
Na3Sc(MoO4)3, Cs2Zr(MoO4)3 [30], Ag1–xMg1–xR1þx(MoO4)3 (R ¼ Al or
Sc and 0 �x � 0.5) [31], Na1–xCo1–xSc1þx(MoO4)3, 0 � x � 0.5 [32],
Na1–xNi1–xSc1þx(MoO4)3, 0 � x � 0.5 [33], Na1–xCo1–xFe1þx(MoO4)3,
0 �x � 0.4 [34], Li0.2K0.8–yMg1–хSc(Lu)1 þx(MoO4)3 (0 �х�0.5, 0 �y �
an).
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0.3) [35]. In recent years, NASICON-like compounds with the general
formula A5RM(MoO4)6, where Aþ are monovalent ions, R3þ are trivalent,
and M4þ are tetravalent cations [36–44] are very intensively studied.

In these compounds, the framework is constructed of MoO4 tetra-
hedra linked to the (R,M)O6 octahedra by corner sharing, due to which
channels for fast ion transport are formed, and also leads to a large va-
riety of crystal structures with a high capacity for cationic and anionic
substitutions.

Currently, very few works are devoted to the study of molybdates,
where thallium is used as the monovalent cation [45–49]. For example,
the ternary systems Tl2MoO4–R2(MoO4)3–Hf(MoO4)2 (R ¼ In, Bi) [47,
48] were studied, the Tl5RHf(MoO4)6 (R ¼ In, Bi) phases were found,
which crystallize in the space group R3c. It was found that in the systems
Tl2MoO4–R2(MoO4)3–Hf(MoO4)2 (R ¼ Cr, Fe) [46,49] are formed mo-
lybdates of two compositions Tl5RHf(MoO4)6 (R ¼ Cr, Fe) and
TlRHf0.5(MoO4)3 (R ¼ Cr, Fe). Triple molybdates were prepared of the
solid-state reaction method using the mixtures of stoichiometric amounts
of simple molybdates, and also their electrical properties were studied.
The thallium-chromium-hafnium molybdate showed rather high values
of conductivity (σ ¼ 1.2 � 10�2 S/cm at 773 K) [49].
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Table 1
Main parameters of processing and refinement of the Tl5ScHf(MoO4)6 sample.

Compound Tl5ScHf(MoO4)6 Tl5ScZr(MoO4)6

Sp.Gr. R3c R3c
a, Å 10.62338 (5) 10.63216 (7)
c, Å 38.0579 (2) 38.0716 (3)
V, Å3 3719.64 (4) 3727.14 (5)
Z 6 6
2θ-interval, � 8–130 8–130
Rwp, % 4.47 5.47
Rp, % 4.81 6.28
Rexp, % 3.14 3.02
χ2 1.42 1.81
RB, % 2.16 5.47
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Thereby we set the task to improve the ion-conducting properties of
the obtained Tl5CrHf(MoO4)6 by replacing chromiumwith scandium and
hafnium with zirconium.

2. Experimental

2.1. Characterization methods

PXRD patterns were recorded on a Bruker D8 ADVANCE X-ray
diffractometer (Bruker, Berlin, Germany) with Cu-Kα radiation (λ ¼
1.5418 Å) 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. The VCT data were used to refine the structures by the
Rietveld method. The measurement time was systematically increased
towards higher 2θ angles, leading to drastically improved data quality
[50,51]. To collect the X-ray data using VCT scheme, five ranges were
generated on the diffraction pattern: 8�

–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�–130� (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) ¼ Ii1/2. 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 8‒
130�, but all high-angle points have small esd's.

The thermal gravity-differential scanning calorimetric (TG-DSC) an-
alyses of Tl5ScHf(MoO4)6 and Tl5ScZr(MoO4)6 were performed on a
NETZSCH STA 449 F1 thermal analyzer instrument. Thermal measure-
ments were carried out on samples placed in a platinum crucible. The
samples charge was 17–18mg, and the rate of temperature rise was 10 K/
min under the Ar atmosphere. The DSC curves were calculated using a
standard developed program from Netzsch.

Impedance spectroscopy measurements were carried out using a Z-
1500J impedance meter. The impedance spectra were recorded in the 1
Hz�1 MHz frequency range. Ceramic pellets for dielectric investigations
were prepared by isostatic pressing at 100 bar and sintering at 773 K for 1
and 3 h in air with 10 K/min heating and cooling rates. The resulting
disks had a diameter of 10 mm and a thickness of 1–2 mm. For the
making of electrodes, large surfaces of the disks were covered with a
paste, which was a mixture of hexachloroplatinate (IV) ammonium
(NH4)2[PtCl6] in toluene. Then, the tablet with the applied paste was
annealed at a temperature of about 773 K for 1 h. The total electrical
conductivity σtot for each temperature was calculated from:

σtot ¼ L/(Rtot�S). (1)

where Rtot is the total conductivity, L is the thickness of specimen, and S
is the area of round surface.

The activation energy for ionic conduction Ea was found from the
Arrhenius–Frenkel equation

σtotT ¼ Aexp(�Ea/kT), (2)

where A is the preexponential factor of the electrical conductivity, k is the
Boltzmann constant, and T is temperature.

The experimental-to-X-ray density ratio was used as the criterion for
evaluation of the density of the resulting ceramics. The experimental
density was calculated by dividing the weight of the sintered sample by
its volume estimated from geometric dimensions. The size was measured
with an accuracy of �0.01 mm. The X-ray density of molybdates was
calculated by the equation,

ρX ¼ 1.66MZ/V, (3)

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.
2

2.2. Preparation of samples

Tl5ScHf(MoO4)6 and Tl5ScZr(MoO4)6 in the form of powders were
prepared by solid-state reactions between stoichiometric amounts of
presynthesized Tl2MoO4, Sc2(MoO4)3, Hf(MoO4)2 and Zr(MoO4)2 at
723–823 K for 100 h.

We obtained the thallium molybdate from Tl2CO3 (chemically pure,
Red Chemist, Russia) and MoO3 (chemically pure, Red Chemist, Russia)
by the following reaction:

Tl2CO3 þ MoO3 ¼ Tl2MoO4 þ CO2

at 673–823 K for 100 h. Zirconium and hafnium molybdates were syn-
thesized by reacting stoichiometric mixtures of ZrO(NO3)2 H2O (chemi-
cally pure, IGIC RAS, Russia), HfO2 (chemically pure, IGIC RAS, Russia),
and MoO3 at 673–1023 K for 100 h. The starting reagents were well
mixed and ground in an agate mortar with a pestle. Due to the fact that
molybdenum oxide sublimes below the melting point, the synthesis of
simple molybdates was beginning at a temperature of 673 K.

A stoichiometric mixture of Sc(NO3)3 (Joint Stock Company Kiev
Plant of Reagents, Indicators and Analytical Products « RIAP») and MoO3
was used for the synthesis of simple molybdate Sc2(MoO4)3 in the tem-
perature range 623–1073 K for 100 h. The annealing was started at a
temperature of 623 K to avoid the release of reagents due to the violent
evolution of nitrogen oxide and oxygen. To accelerate the interaction, the
reaction mixtures were gradually annealed at the temperatures specified
in the interval and ground after every 24 h of annealing.

3. Results and discussion

3.1. Structural study

Rietveld refinements were performed by using TOPAS 4.2 [52] which
accounts esd's of each point by special weight scheme. All peaks, besides
small impurity peaks in Tl5ScZr(MoO4)6 compound, were indexed by
trigonal cell (sp. gr. R3c) with parameters close to K5InHf(MoO4)6 [53].
Therefore, this structure was taken as starting model for refinement.
Refinement was stable and gave low R-factors (Table 1, Fig. 1). Co-
ordinates of atoms and main bond lengths are in Tables 1S and 2S
respectively. The Kþ ion was replaced by Tlþ. Two Hf4þ/In3þ sites were
occupied by Hf4þ/Sc3þ ions and Zr4þ/Sc3þ ions for Tl5ScHf(MoO4)6 and
Tl5ScZr(MoO4)6, respectively (Fig. 2). The Hf4þ/Sc3þ and Zr4þ/Sc3þ

occupancies were refined taking into account that sum of occupancies is
equal to 1 in each site. In order to reduce number of refined parameters,
only one thermal parameter was refined for all oxygen atoms.

The crystallographic data are deposited in Cambridge Crystallo-
graphic Data Centre (CCDC # 2103627–2103628). The data can be
downloaded from the site (www.ccdc.cam.ac.uk/data_request/cif).

3.2. Thermal analysis

The thermal analysis curves of Tl5ScHf(MoO4)6 and Tl5ScZr(MoO4)6

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


Fig. 1. Difference Rietveld plots of (a) Tl5ScHf(MoO4)6 and (b) Tl5ScZr(MoO4)6.

Fig. 2. Crystal structure of (a) Tl5ScHf(MoO4)6 and (b) Tl5ScZr(MoO4)6.
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performed in the thermal range from room temperature to ~950 K are
shown in Fig. 3 and Fig. 4. The very minor weight loss, on the order of
1%, can be attributed associated with the evaporation of a small amount
of surface moisture. The endothermic effect started at 906 K (ΔH ¼
�80420.28 J/mol) is due to melting of Tl5ScHf(MoO4)6 molybdate and at
890 K (ΔH ¼ �92401.44 J/mol) due to melting of Tl5ScZr(MoO4)6 (blue
curve). While cooling the sample (red curve), one exothermic peak is
Fig. 3. DSC and TG curves of the Tl5ScHf(MoO4)6. The green curve is TG curve,
the blue curve is heating, the red curve is cooling. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 4. DSC and TG curves of the Tl5ScZr(MoO4)6. The green curve is TG curve,
the blue curve DSC is heating, the red curve DSC is cooling. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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observed at 652 K (ΔH ¼ 54730.78 J/mol) for Tl5ScHf(MoO4)6 and at
656 K (ΔH ¼ 68046.26 J/mol) for Tl5ScZr(MoO4)6.
3.3. Electrical properties

Electrical measurements were performed by the impedance



Fig. 6. Impedance spectra of Tl5ScZr(MoO4)6.
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spectroscopy technique at frequencies from 1 Hz to 1 MHz in an elec-
trochemical cell with platinum electrodes. Impedance plots of poly-
crystalline solid electrolytes typically have the form of a combination of
three elements associated with capacitance values in the range of pico-
farad per centimeter, nanofarad per centimeter and microfarad per
centimeter corresponding to grain interior (bulk), grain boundary (in-
ternal interfaces) and electrode processes (material/electrode interfaces),
respectively.

Tl5ScHf(MoO4)6 monophasic powder pellets were sintered at a tem-
perature of 773 K for 1 and 3 h, followed by measurement of the density
of the pellets and electrical characteristics.

As a result of sintering at 773 K for 1 h, a pellet density of 83% of
theoretical was achieved. When increasing the duration of annealing of
the pellets up to 3 h, their density practically did not increase. Figs. 5 and
6 show a set of impedance data Z*(ω) ¼ Z' þ iZ00 of Tl5ScHf(MoO4)6 and
Tl5ScZr(MoO4)6 taken over a wide frequency range at different temper-
atures as a Nyquist diagram (complex impedance spectrum). The
capacitance values estimated experimentally from deformed semicircles
using the equation C ¼ 1/2πfmaxZ, where fmax is frequency of the peak
maxima, have values of 10�10 F, which can be considered as the average
values of the capacitances for bulk and grain boundary conductivity
(10�12 and 10�8 F). In this regard, it was not possible to separate the
grain and the grain boundary contribution the Nyquist diagram
(Fig. 5a–b).

Thus, the semicircle in the �Z00 vs. Z0 plots is associated with the sum
of both contributions. As the impedance decreases with temperature, the
total electrical conductivity of the prepared ceramics shows an increase
with the increase in temperature. It can be seen in Fig. 5a–b that an in-
crease in the nucleation time leads to a decrease in the Rtot resistivity,
Fig. 5. Impedance spectra of Tl5ScHf(MoO4)6 pellet
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read at the low-frequency intersection of the impedance semicircle with
the Z0 axis. This indicates a decrease of the barrier to the mobility of
charge carriers, which contribute to electrical conductivity. The presence
of a low-frequency spur indicates that the electrical conductivity of the
Tl5ScHf(MoO4)6 sample is inherently ionic. This behavior is in good
agreement with the results reported in our previous works on the
Tl5RHf(MoO4)6 (R ¼ Cr, In, Bi) [47–49].
synthesized within 1 h (a) and 3 h (b) at 773 K.



Fig. 7. Dependence of the total conductivity of Tl5ScHf(MoO4)6 pellet synthe-
sized within 1 h (a) and 3 h (b) on temperature.

Fig. 8. Dependence of the total conductivity of Tl5ScZr(MoO4)6 on temperature.
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The resistance values of total (Rtot) of the ceramic pellets were taken
from the intercepts of semicircles on Z0-axis and then converted into
corresponding conductivities σtot. The variations of conductivities σtot
with temperature for Tl5ScHf(MoO4)6 and Tl5ScZr(MoO4)6 are repre-
sented as Arrhenius plots in the 623–860 K (for pellet of Tl5ScHf(MoO4)6
synthesized within 1 h, Fig. 7a), 622–810 K (for pellet of Tl5ScHf(MoO4)6
synthesized within 3 h, Fig. 7b) and 650–823 K for pellet Tl5ScZr(MoO4)6
(Fig. 8). All the dependencies have two linear parts with different slopes.
A change in the slope is observed near the temperature of transition.

Both below and above the phase transition, the dependences are
adequately described by the Arrhenius–Frenkel law; i.e., the observed
processes are thermally activated. The activation energies of conductivity
in the temperature region above the phase transition point (795–834 К,
cooling mode for pellet synthesized within 1 h) is estimated to be Ea ¼
0.80 eV (A¼ 7.2� 104 SK/cm). The activation energy of conductivity for
a tablet synthesized for 3 h, in heating mode at 749–813 К and cooling
mode at 717–803 K, is estimated to be Ea ¼ 0.79 eV (A ¼ 8.3 � 104 SK/
cm).

If we assume, based on the DSC data, that melting and the solid-state
transition are the thermal effects for the studied molybdates, we can
calculate the entropy of fusion Sm and the entropies of the solid-state
transition Str and compare them. Then, according to the work of C.E.
Derrington et al. [54] in the case of closeness or comparability of the
entropies of Sm and Str, this indicates a strong disorder and high ionic
conductivity of one of the sublattices in the high-temperature state of the
crystal after the phase transition. For the studied molybdates, the indi-
cated sublattice is the thallium sublattice. Let us check this assumption
for Tl5ScHf(MoO4)6 molybdate: Sm ¼ Hm/Tm ¼ 88.76 J/(mol‧K) and Str
¼ Htr/Ttr ¼ 83.94 J/(mol‧K). The values of the entropy of fusion Sm and
the entropy of the solid-state transition Str are close. The situation is
similar for Tl5ScZr(MoO4)6 molybdate: Sm ¼ 103.82 J/(mol‧K) and Str ¼
103.72 J/(mol‧K).

Fig. 7b shows that with an increase in the nucleation time leads up to
3 h, the conductivity did not change, but at the same time, the area of the
region that appeared when crossing the conductivity curves obtained by
heating and cooling molybdate Fig. 7b shows that with an increase in the
nucleation time leads up to 3 h, the conductivity did not change, but at
the same time, the area of the region that appeared when crossing the
conductivity curve obtained by heating and cooling molybdate
decreased. Molybdate Tl5ScHf(MoO4)6 has a low conductivity (~10�7 S/
cm at 500 K), as a result of a phase transition it passes into the superionic
state (~10�3 S/cm at 800 K). In the high-temperature range (717–803 K)
the activation energy for electrical conduction is ~0.8 eV and the elec-
trical conductivity reaches 8 � 10�4 S/cm at 773 K. These data coincide
with the parameters of Tlþ ions transport in the high-temperature
(775–820 K) modification of Tl5InHf(MoO4)6 [47]: σ ¼ 7 � 10�4 S/cm
at 773 K and Ea ¼ 0.85 eV.

In Fig. 8, upon heating, the curve σtot(T) first shows a section with
electronic conductivity (with increasing temperature, the value of σtot
decreases) in the temperature range of 620–715 K. Further, a transition
region is observed between sections with ionic and electronic conduc-
tivity at 715–740 K, which falls into the phase transition region. The
phase transition begins at 740 K and practically ends at a measured
maximum temperature of about 820 K.

In the temperature range 740–820 K (cooling mode) the activation
energy for conduction is ~0.3 eV and the electrical conductivity reaches
8 � 10�3 S/cm at 773 K. The electrical conductivity value of the
Tl5ScZr(MoO4)6 sample is ~10 times larger than the conductivity of
Tl5ScHf(MoO4)6, but is inferior to Tl5CrHf(MoO4)6 (1.2 � 10�2 S/cm
[49]). The value of Ea for Tl5ScZr(MoO4)6 is significantly lower than the
activation energy for electrotransfer in Tl5ScHf(MoO4)6 (0.8 eV). The
reason for the low Ea for Tl5ScZr(MoO4)6 molybdate requires additional
research; possibly, this is due to the influence of the electronic subsystem
on the characteristics of ion transfer.

The crystal-chemical analysis of Tl5ScM(MoO4)6 (M ¼ Hf/Zr) com-
pounds shows that the multiply charged Sc3þ, Hf4þ/Zr4þ, Mo6þ cations,
5



Table 2
Electrophysical properties of isostructural ternary molybdates Tl5RM(MoO4)6 (R
¼ Sc, In, Bi, Cr; M ¼ Hf, Zr).

Molybdate Conductivity, S/cm
at 773 K

The activation energy of
electrotransfer, eV

Ref.

Tl5ScHf(MoO4)6 8 � 10�4 0.8 (715–810 K) this
studyTl5ScZr(MoO4)6 7 � 10�3 0.3 (740–830 K)

Tl5InHf(MoO4)6 7 � 10�4 0.85 (775–820 K) [47]
Tl5BiHf(MoO4)6 2 � 10�6 1.4 (675–770 K) [48]
Tl5CrHf(MoO4)6 1.2 � 10�2 [49]
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which are part of the crystal framework, form stronger chemical bonds
with oxygen than singly charged Tlþ cations located in structural chan-
nels. This indicates higher mobility of Tlþ cations in comparison with the
“framework” cations Sc3þ, Hf4þ/Zr4þ, Mo6þ. In the three-dimensional
crystal framework, one can select a channel of internal voids contain-
ing Tlþ ions, which compensate for the negative framework charge. Tlþ

cations have an anomalously large vibration amplitude (Table 1S) and
interact electrostatically with the negatively charged framework, which
indicates their high mobility. Weak bonding of Tlþ ions with the
framework induces the occurrence of ionic conductivity.

The mobility of thallium ions for an isostructural compound
Tl4.86Fe0.82Hf1.18(MoO4)6was confirmed by us in our work [46]. We were
established structure and possible thallium ion-transport paths analyzed
based on the calculated total probability density function. An analysis of
the possible thallium ion-transport paths and an estimation of the height
of the potential barrier showed that the ion current is most likely in the ab
plane.

Table 2 shows the electrical conductivity characteristics for some
isostructural (sp. gr. R3c) ternary molybdates Tl5RM(MoO4)6. As can be
seen from Table 2, the electrophysical characteristics of Tl5CrHf(MoO4)6
molybdate do not improve when Cr3þ is replaced by Sc3þ and Hf4þ by
Zr4þ. However, the nature of the cations included in the rigid framework
has a noticeable effect on the ionic conductivity of complex molybdates
with a framework structure. Therefore, it is necessary to continue the
search for Tlþ-ionic conductors, especially in the region of low temper-
atures (300–500 K).

Recently, a whole set of studies has been conducted to study the
structural, thermal, and electrical properties of ternary thallium molyb-
dates [45–49,55]. Due to the wide possibilities of varying the elemental
and quantitative compositions, ternary thallium molybdates are conve-
nient model objects for the solid-state chemistry and establishing genetic
“composition ‒ structure ‒ properties” relationships.

4. Conclusion

The geometrical sizes of Tlþ cations (ri ¼ 1.50 Å [56]) significantly
exceed the sizes of Liþ (ri ¼ 0.76 Å) and Naþ (ri ¼ 1.02 Å); therefore, for
their migration, the crystal structures must have wide overlapping con-
duction channels. Few of such crystal structures are known. These
include “loose” framework structures of Tl5ScM(MoO4)6 compounds
with M ¼ Hf and Zr. The rigid framework of Tl5ScM(MoO4)6 molybdates
is formed by MoO4 tetrahedra and (Sc, Hf/Zr)O6 octahedra linked by
common oxygen vertices (Fig. 2). In large cavities of the framework,
mobile Tlþ cations are located in two crystallographic positions. The high
mobility of Tlþ cations is indicated by the fact that their vibration
amplitude in structural positions (Biso, Table 1S) is much higher than for
other ions. It follows from the crystal-chemical analysis that it is precisely
the Tl þ cations that are ionic carriers in the ternary molybdates
Tl5ScM(MoO4)6 (M ¼ Hf, Zr).
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