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In this work we have successfully synthesized pure phases of Tl; gsMp.15Mg2(M004)3 (M = K, Rb) langbeinite
powders using the solid-state reaction method. Structural characterization was carried out via the Rietveld
method on the X-ray powder diffraction data. The following unit cell parameters are calculated for
T11'85K0'15Mg2(M004)3: a= 10.68509(16) 10\, V= 1219.93(6) 10\3, and for T11,85Rb0'15Mg2(M004)3: a=10.69463
(9) A, V =1223.20(3) A%. The electrical conductivity was studied by impedance spectroscopy in the [473-1010

K] temperature range and results show that the Tl; gsMp 15Mg2(MoO4)3 (M = K, Rb) were ionic solid electrolyte
conductors. Results also show that Tl; g5Kg 15Mg2(MoO4)3 has the highest electrical conductivity.

1. Introduction

Among the molybdates, the common structures are nasicon, and
langbeinite. These structures have the same type of framework and
different types of holes, cavities, tunnels for accommodation cations. So,
in NASICON [1], four interstitial sites (holes in the network) are present,
while langbeinite has only two. These sites are large enough to accom-
modate the cations that compensate the charge of the network. In the
NASICON structure, the holes can be completely empty. This is not
possible in the langbeinite structure. All this affects the physical and
chemical properties of all these types of compounds. A characteristic
feature of compounds with langbeinite structure is the presence of large
one-valent cations in interstitial holes and relatively small two-valent
cations in the network.

The langbeinite KsMga(SO4)3 [2,3] is the prototype of a large num-
ber of sulfates, and phosphates which have been the subject of intensive
research for their potential applications in ferroelasticity, catalytic,
ferroelectricity, luminescence, magnetic and optical properties [4-23].

Langbeinite-type compounds can also be used to immobilize radio-
active waste [24]. Accordingly, further studies of iso- and heterovalent
substitution within the cationic sites of the langbeinite structure are
important.

At the present time, the molybdates with a langbeinite structure

constitute a small group of compounds. Double molybdates M,M’y(-
MoOQy), (M: univalent cations, M’: uni-, di-, tri- or tetravalent cations)
has been the subject of great interest because of the importance of their
physical properties and potential applications, taking the example of
promising laser materials [25-28], industrial catalysts [29,30] and
cathodes for batteries [31-33].

The purpose of this work is to study the synthesis process, structural
characteristics and ionic conductivity of compounds obtained as a result
of homovalent substitution of thallium cations for rubidium and potas-
sium in the Tl;Mgs(MoO4)3 compound.

2. Experimental
2.1. Synthesis

Two molybdates Tl;.gsMo.15Mg2(MoO4)3 (M = K, Rb) were synthe-
sized via the ceramic route from stoichiometric amounts of preliminarily
synthesized molybdates T1;Mo00O4, MgMo0O,4, RboMoO4 and Hf(M0O4)
and industrial potassium molybdate (chemically pure, Red Chemist,
Russia). We obtained the thallium molybdate from TloCO3 (chemically
pure, Red Chemist, Russia) and MoO3 (chemically pure, Red Chemist,
Russia) at 673-823 K for 100 h. Hafnium molybdate was synthesized by
reacting stoichiometric mixtures of HfO2 (chemically pure, IGIC RAS,
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Russia), and MoO3 at 673-1023 K for 100 h. A stoichiometric mixture of
Mg(NO3)2 x 6H20 (chemically pure, Red Chemist, Russia) and MoOs
was used for the synthesis of simple molybdate MgMoOy4 in the tem-
perature range 673-1123 K for 100 h RboMoO4 was prepared by firing a
stoichiometric mixture of Rb,CO3 (Lanhit, Russia) and MoO3 (673-873
K, 80 h).

The starting reagents were well mixed and grinded in an agate
mortar with a pestle and then the mixture placed in a porcelain crucible
and was slowly annealed in air at 673 K for 12 h, in order to eliminate
volatile compounds. Also, the choice of this starting annealing temper-
ature was due to the fact that molybdenum oxide sublimates below the
melting point.

Samples of  initial molybdates for synthesis of
Tl;.85Mo.15Mg2(M004)3 (M = K, Rb) in the calculated proportions were
homogenized and calcined at 773, 803, and 823 K. At each stage of
annealing, the samples were annealed for 48 h. After each heating stage,
samples were gradually cooled to room temperature, grinded and
examined by XRD method. Identical XRD results after two successive
heating stages were taken as evidence that an equilibrium state had been
established.

2.2. Characterization

The powder diffraction data of T11_85M0_15Mg2(M004)3 M = K, Rb)
for Rietveld analysis were collected at room temperature with a Bruker
D8 ADVANCE powder diffractometer (Cu-Ka radiation) and linear
VANTEC detector. The step size of 20 was 0.014°. The variable counting
time (VCT) scheme was used to collect the diffraction data, the mea-
surement time was systematically increased towards higher 20 angles.
To collect the X-ray data using VCT scheme, five ranges were generated
on the diffraction pattern: 5°-32° (exposure per point: 1 s), 32°-59.1°
(exposure per point: 2 s), 59.1°-86.1° (exposure per point: 4 s),
86.1°-113.1° (exposure per point: 8 s) and 113.1°-140.2° (exposure per
point: 16 s). Total experimental time was equal to ~9 h. The esd’s 6(I;) of
all points on patterns were calculated using intensities I;: 6(I}) = I}/2. The
intensities and obtained esd’s were further normalized, taking into ac-
count actual value of exposition time, and saved in xye-type file. So
transformed powder pattern has usual view in whole 26 range 5-140°,
but all high-angle points have small esd’s.

The high temperature X-ray diffraction experiments were carried out
on samples using the Bruker AXS D8 Advance Diffractometer with the
Anton Paar high temperature attachment HTK 16. During the experi-
ments, the vacuum inside the chamber was better than 5 x 10-2 mbar.
The step size of 26 was 0.02°, and the counting time was 2 s per step. The
experiment was carried out at temperatures of 303, 523, 573, 623, 673,
723,773, 823 K.

The DSC/TG analysis during heating and cooling was carried out
using a calorimeter NETZSCH STA 449 F1 TG/DSC/DTA (Jupiter). The
sample charge was 17-18 mg, and the rate of temperature rise was 10 K/
min under the Ar atmosphere. All the measurements were made in
platinum crucibles. The DSC curves were calculated using a specially
developed program from Netzsch.

Pellets of 10 mm of diameter and a thickness of 2 mm were prepared
for conductivity measurements, by pressing fine powder at 100 bar by a
PLG-12 hydraulic laboratory press at room temperature. The pellets
were sintered at 773 K for 2 h in order to increase their mechanical
strength. The densities of the resultant pellets were about 80-85% of
theoretical ones. The disks were electroded by painting of colloid plat-
inum on the large surfaces with subsequent annealing at 773 K for 1 h.
The colloid platinum is a mixture of hexachloroplatinate (IV) ammo-
nium (NHy4)2[PtCle] in toluene. Conductivity was determined by a.c.
impedance measurements from 1 Hz to 1 MHz using a Z-1500J imped-
ance analyzer at 20 K intervals on a heating and cooling cycles from 500
to 1050 K in air. Electrical conductivity o for each temperature was
calculated from:
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Giotal = L / Rl X S (€9

where oiotal, L, S and Ryora the total conductivity, the thickness of
specimen, and the area of round surface and the total resistance,
respectively.

3. Results and discussion
3.1. Structure refinement

Powder X-ray diffraction patterns of the molybdates
Tly 85Mo.15Mg2(M004)3 (M = K, Rb) is shown in Fig. 1. All peaks of all
patterns were indexed by cubic cell (P2,3) with parameters close to
TloMg2(MoOy)3 [34]. Therefore, this structure was taken as starting
model for Rietveld refinement which was performed using TOPAS 4.2
[34]. There are two independent Tl + sites in the structure and both of
them were occupied by TI*/M" ions (M = K, Rb) (Fig. 2). The TI":M"
ratio was refined in both sites independently. Refinements were stable
and gave low R-factors (Table 1, Fig. 2). Coordinates of atoms and main
bond lengths are in Table 2 and Table 3 respectively.

The base of the crystal structure of the molybdate is a loose three-
dimensional mixed framework built of alternating and corner-sharing
MoO4 tetrahedra and MgOg octahedra. As a result of this corner
sharing, large ellipsoidal interstices are formed in the framework, each
interstice accommodating two thallium atoms. The projection of the
structure along axis c is shown in the figure.

The crystallographic data are deposited in Cambridge Crystallo-
graphic Data Centre (CCDC # 2256033-2256034). The data can be
downloaded from the site (www.ccdc.cam.ac.uk/data_request/cif).

3.2. HT XRPD

All peaks were indexed by cubic cell (P2,3) with parameters close to
the phase under consideration. Le Bail profile fitting was performed
using TOPAS 4.2 [35]. Refinements were stable and gave low R-factors
(Table 4, Fig. 1S). Heating produces only slight changes in the XRD
patterns of the samples. Reflections from Tl; gsRbg 15Mg2(MoO4)s shift
only gradually to smaller angles (Fig. 1S). The evolution of the volume
and unit cell parameters of Tl; gsRbg15Mg2(Mo004)3 as a function of
temperature is plotted in Fig. 3.

Below 823 K temperature, the compound undergoes no phase tran-
sitions. The cell parameter a and volume increase from 10.6844(3) to
10.80180(19) A and 1219.69(9) to 1260.34(7), respectively.

3.3. Thermal analysis

In order to study the thermal behavior of the Tl; g5sM( 15Mg2(Mo00O4)3
(M =K, Rb) samples, DSC analyses were undertaken in the temperature
range of 298-1180 K under argon atmosphere at 10 K/min (Figs. 4 and
5). In the temperature interval no mass loss occurred while heating of
molybdates. In the DSC heating curves of powders, one endothermal
effect at the ones temperature ~ 1139 K for Tl; gsKo.15Mg2(M00O4)3 and
~ 1152 K for Tl gsRbg.15Mgo(Mo04)3 were registered, corresponding of
melting temperature. Under cooling conditions, several thermal effects
were observed (Figs. 4 and 5).

3.4. Electrical properties

The Nyquist plots use for absolute estimate the electrical nature of
the compounds like impedance of grain, grain boundaries and elec-
trodes. The complex impedance properties of the sample are charac-
terized by the generation of semicircular arcs whose pattern of
progression varies in respect of temperature. High frequency and low
frequency semicircles represent grain and electrode contribution
respectively, while intermediate frequency semi-circle represents the
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Fig. 1. Difference Rietveld plot of Tl, ,M,Mg2(M00Q4)3: M = K (a); M = Rb (b).
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Fig. 2. Crystal structure of T12-xMxMg2(Mo0O4)3.

Table 1
Main parameters of processing and refinement of the Tl; gsMo 15Mg2(M0O4)3 (M
= K, Rb) samples.

M Space Cell parameters (f\), Cell Volume Rwp, Rp, Rg, 72
Group (AS)
K P2;3 a = 10.68509(16), V = 1219.93(6) 6.82, 6.81, 2.97,
1.56
Rb  P2;3 a = 10.69463(9), 5.53,5.3,1.91, 1.24

V =1223.20(3)

grain boundary contribution [35].

Figs. 5 and 6 show the Nyquist diagrams (-Z” (Q) vs (Z’ (Q)) for the
two synthesized samples registered in the [473-1010 K] range. The
capacitance values can be obtained using the relation, ®RC = 1, where,
o = 2f, f is the frequency in Hz at maxima) is the angular frequency, R is
the arc magnitude. Grains and grain boundaries have a capacitance of pF
and nF order respectively, while electrode-sample interface has a
capacitance of pF order [36]. The presence of semicircular arcs above
690 K temperature represents the electrical processes in the material,
which may occur because of the contributions from grains and grain
boundaries in the bulk material. Capacitance values for this high fre-
quency semicircle were in the range 1071107 F, typical for grain
boundary resistances in oxide systems [37]. The separation of total
resistance into bulk and grain boundary components was not possible.
As temperature increases, the radius of the semicircle decreases in all
composites in the frequency region 100 Hz—100 kHz. This indicates
temperature dependent on relaxation process. A typical impedance
spectrum (Figs. 6 and 7) consists of a low frequency tail indicating that
the conductivity is mainly ionic.

The temperature dependence of the electrical conductivity of
T11_85K0'15Mg2(M004)3 and TllvgstovlsMgz(MOO‘Og is shown in Fig. 8in

Table 2
Fractional atomic coordinates and isotropic displacement parameters (A2) of
Tl 85Mo.15Mg2(M004)3 (M = K, Rb).

Atom x Y z Biso Occ.
M=K
I 0.1743(2) 0.1743(2) 0.1743(2) 2.43(12)  0.800(14)
K1 0.1743(2) 0.1743(2) 0.1743(2) 2.43(12)  0.200(14)
TI2 0.9501(2) 0.9501(2) 0.9501(2) 5.68(19)  0.997(15)
K2 0.9501(2) 0.9501(2) 0.9501(2) 5.68(19)  0.003(15)
Mgl 0.3881(10) 0.3881(10) 0.3881(10) 0.8(3) 1
Mg2 0.6617(10) 0.6617(10) 0.6617(10) 0.8(3) 1
Mo 0.4748(3) 0.6991(3) 0.3755(3) 1.1211) 1
o1 0.473(3) 0.567(3) 0.312(3) 4.7(8) 1
02 0.533(3) 0.803(3) 0.253(3) 4.8(7) 1
03 0.310(2) 0.769(2) 0.369(2) 3.5(8) 1
04 0.550(2) 0.718(2) 0.535(3) 3.3(7) 1
x =Rb
TI1 0.17464(15)  0.17464(15)  0.17464(15)  2.63(9) 0.836(17)
Rb1 0.17464(15)  0.17464(15)  0.17464(15)  2.63(9) 0.164(17)
TI2 0.95136(19)  0.95136(19)  0.95136(19)  4.93(14)  0.859(17)
Rb2 0.95136(19)  0.95136(19)  0.95136(19)  4.9314)  0.141(17)
Mgl 0.3867(8) 0.3867(8) 0.3867(8) 0.9(2) 1
Mg2 0.6658(9) 0.6658(9) 0.6658(9) 1.8(2) 1
Mo 0.4756(2) 0.7012(2) 0.3760(2) 1.03(8) 1
o1 0.473(3) 0.549(3) 0.335(3) 7.3(8) 1
02 0.538(2) 0.789(2) 0.256(2) 3.8(5) 1
03 0.311(3) 0.755(2) 0.397(2) 5.8(7) 1
04 0.561(3) 0.728(2) 0.532(3) 6.8(9) 1

Table 3

Main bond lengths (A) of Tl; gsMp 15Mg2(M00O4)3 (M = K, Rb).
x=K
TI1-03 3.322(21) TI1-04! 3.046(24)
K1-03! 3.322(21) K1-04! 3.046(24)
TI2-01' 2.817(32) TI2-021 3.380(32)
K2-011 2.817(32) K2-02ii 3.380(32)
Mgl-01 2.266(33) Mg1-02" 1.952(33)
Mg2-03' 1.779(23) Mg2-04 1.902(29)
Mo-O1 1.566(32) Mo-03 1.914(21)
Mo-02 1.825(32) Mo-04 1.894(30)
x =Rb
TI1-02" 3.389(21) TI1-03! 3.066(21)
TI1-04! 3.124(31) Rb1-02V 3.389(21)
Rb1-03! 3.066(21) Rb1-04 3.124(31)
TI2-01% 3.071(32) TI2-02ii 3.476(21)
Rb2-011 3.071(32) Rb2-02iii 3.476(21)
Mgl-01 2.042(33) Mg1-02" 2.017(23)
Mg2-03! 1.892(25) Mg2-04 1.935(32)
Mo-O1 1.685(32) Mo-04 1.923(31)
Mo-02 1.724(21) Mo-03 1.865(31)

Symmetry codes: (i) -x+1/2, -y+1, 24+1/2; (ii) -y+3/2, -z+1, x+1/2; (iii) -x+3/
2, -y+2, 2+1/2; (iv) -2+1/2, -x+1, y+1/2.
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Table 4
Main parameters of processing and refinement of the samples.

T, K Space Group Cell parameters (A), Cell Volume (A3) Rwp, Rp, x2

303 P2,3 a = 10.6844(3), V = 1219.69(9) 7.48,5.78,1.83
523 P2;3 a =10.7372(3), V = 1237.86(9) 7.71, 5.96, 1.91
573 P2,3 a =10.7441(3), V = 1240.26(10) 7.62,5.91, 1.88
623 P2,3 a =10.7521(3), V = 1243.02(12) 8.05, 6.25, 2.00
673 P2;3 a =10.7706(5), V = 1249.46(16) 9.08, 7.14, 2.23
723 P2,3 a =10.7860(2), V = 1254.82(9) 7.33, 5.65, 1.82
773 P2,3 a =10.7918(2), V = 1256.85(7) 7.51, 5.79, 1.86
823 P2,3 a = 10.80180(19), V = 1260.34(7) 6.96, 5.40, 1.71

an Arrhenius plot. A high conductivity jump of about three orders of
magnitude in the Arrhenius plot is observed above 700 K for
Tl;.85K0.15M82(M004)3 and about four orders for
Tl; gsRbg.15Mg2(Mo04)3. Such a jump of conductivity is due not only to
a gradual increase in temperature, but also to an increase in the pa-
rameters and volume of the unit cell (Table 4). Table 4 shows that with
an increase in temperature from 303 to 823 K, the parameter a increases
by 0.1174 A, and the unit cell volume increases by 40.65 A3. The de-
pendencies 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. The observed processes are thermally acti-
vated. The activation energies of  conductivity for
Tl; 85K0.15Mg2(Mo0Oy4)s in the temperature region above the phase
transition point (730-1000 K, cooling mode for pellet) is estimated to be
E, = 1.55 eV. The activation energy of conductivity for a tablet
Tl; g5Rbg.15Mg2(M004)3 (cooling mode at 830-1000 K) is estimated to
be E, = 0.74 eV. Molybdates Tl gsKg15Mga(MoO4)3 and
Tl; g5Rbg.15Mg2(M004)3 have a low conductivity (~ 1078 S/cm at 500
K), as a result of a phase transition it passes into the superionic state
(~ 103 S/cm at 900 K). Based on the structure analysis provided in this
paper the ionic conductivity observed in Tlj g5Ko.15Mg2(M00O4)3 and
Tl; gsRbg.15Mg2(Mo04)3 is most probably due to monovalent thallium,
potassium and rubidium cations mobility. The multiply charged Mg?™,
Mo®* cations, which are part of the crystal framework, form stronger
chemical bonds with oxygen than singly charged. TI, K"/Rb" cations
located in ellipsoidal interstices. This indicates higher mobility of T1"
cations in comparison with the cations Mg+, Mo®*. TI*, K*/Rb* cations
have an anomalously large vibration amplitude (Table 2) and interact
electrostatically with the negatively charged framework, which in-
dicates their high mobility.

In the work [38], the conductivity of TI;Mgo(MoO4)3 was not
determined, so we studied its in order to compare it with the conduc-
tivity of the compounds we obtained. Fig. 9 shows the variation of logo
versus 1000/T for TloMgs(MoO4)s. Conductivity at 773 K for
Tl 85Ko0.15Mg2(M004)3 is 5.7 x 10~* S/cm, Tl gsRbg 15Mga(MoO4)3 -
2.7 x 10~*S/cm and for TloMgo(MoOy4)3 — 3.9 X 10~*S/cm. On the one
side, doping Tl;Mg2(Mo00O4)3 with rubidium led to some decrease in
conductivity over the entire temperature range. On the other hand, the

10.80+

< 10.754

a,

10.70+

10.65+— T . : . ;
300 400 500 600 700 800 900
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conductivity of the sample Tl,Mgs(MoO4); doped with potassium
increased, but only slightly. The obtained ionic conductivity of
Tly 8sMo.15Mg2(MoO4)s (M = K, Rb) at 773 K in this study is higher for
one orders than KoMgy(S04)3:xGd (x = 0.5 mol %), which also has a
langbeinite structure, 4.14 x 1075 S/cm at 733 K [39].

4. Conclusion

In the present study, TljgsMp15Mga(MoO4)s (M = K, Rb) and
T1,Mga(Mo04)3 were synthesized by standard solid state reaction at 823
K. X-ray powder diffraction studies show that this compounds crystal-
lizes in the cubic symmetry with the P2;3 space group and the unit cell
parameters are: a = 10.68509(16) A, V = 1219.93(6) A® for
T11_35K0_15Mg2(M004)3, and for Tl]_gstovlsMgz(MOOOgZ a =10.69463
(O] }o\, V =1223.20(3) A3, The complex impedance plots were obtained
using Z-1500J impedance analyzer in frequency range from 1 Hz to 1
MHz between 473 K and 1010 K. The Arrhenius plots of
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Tl; .85Mo.15Mg2(M004)s (M = K, Rb) and TlaMgs(Mo0O4)3 show a jump in
conductivity. Tl; gs5Ko.15Mg2(M00O4)3 presents a conductivity value
equal to 5.7 X 10~ S/cm at 773 K, with E, equal to 1.55 eV. For
Tl; g5Rbg.15Mg2(M004)s, ionic conductivity of 2.7 x 10~*is observed at
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the same temperature with E, equal to 0.74 eV.
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