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(about 1072 S cm™ ).

Subsolidus phase relations in the MaMo004-Sca(M004)3-Hf(MoO4)2 (M = Li, K) systems have been studied by the
method of “intersecting cuts”. No new triple molybdates have been identified in the LioM0O4-Sca(MoO4)3-HIf(-
Mo0y), system and a new triple molybdate KsScHf(MoO4)s is formed in the K;MoO4—Sco(MoO4)3-Hf(M004)2
system. The structure of KsScHf(MoO,4)g, have been determined in space group R3c through Rietveld analysis of
X-ray powder diffraction data. The melting point of molybdate is 999 K. The compound has high ion conductivity

1. Introduction

The interest to the chemistry of double and triple molybdates during
last decades has been maintaining due to their application in science and
engineering. Molybdates are well-known and promising as laser mate-
rials [1,2], ferroelectrics and ferroelastics [3,4], phosphors [5], ionic
conductors [6-11], materials for Li(Na)-ion batteries [11,12] etc. Com-
pounds with open 3D frameworks are considered as promising Na, K- or
Li-ion conductors or battery materials [13-20]. For example, ionic con-
ductivities 107*~107° S cm ™! at room temperature were determined for
oxides LisM(MoOy4)3 (M = Cr, Fe) [21] with Li atoms in large channels,
which is comparable to the conductivity of known lithium ion conductors
such as LiAlSiO4 and LiSbOsg. Over the past decades, the range of
complex Mo(VI) oxide phases was expanded because many new triple
molybdates were detected during the study of ternary salt systems [13,
22-30]. A series of CsM3+Zr0_5(MoO4)3 compounds with large channels
occupied by Cs* ions have a significant electrical conductivity of about
1075 S cm™! at 800 K with a predominant ionic component above 673 K
and average activation energies of 0.3-0.6 eV was measured for M = Al,
Sc, In Ref. [29].

The triple molybdates of potassium, trivalent and tetravalent cations
were discovered and synthesized [6,31-33]. These triple molybdates
(KsRZr(MoO4)g (R = Al, Cr, Fe, In, Sc) undergo reversible first-order
phase transitions at 755-876 K with sharp increase of conductivity up
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to 10722103 S cm ™! [6]. The open framework, the mobility of cations
and the phase transformation were features interesting enough to moti-
vate us to study triple molybdates.

The major task of this work was to search for triple molybdates in
M5M004-Sc2(Mo04)3-Hf(M004)2 (M = Li, K) systems. These systems can
contain compounds with interesting physical properties and, therefore,
they are very attractive.

2. Experimental
2.1. Materials and preparation

Commercially available chemically pure MoOs, HfO;, LisMoOj,
K2MoO4 and high-purity ScoO3 were used as starting materials for the
synthesis of simple, double and triple molybdates. Molybdates of scan-
dium and hafnium were synthesized from ScoO3 and MoOj3 at 673-1073
K for 96 h and from HfO5 and MoOs3 at 673-973 K for 120 h. The starting
reactants were well mixed and ground in an agate mortar. For better
reactivity, the reaction mixtures were then progressively calcined at the
temperatures indicated with intervening by mixing and grinding every
24 h of annealing.

Subsolidus phase relations in the MaMoO4-Sca(MoO4)3-Hf(MoO4)
(M = Li, K) systems at 723-823 K were established by the intersecting
joins method [34,35]. Compounds from the boundary systems were
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862(1\1004)3 Table 2
Fractional atomic coordinates and isotropic displacement parameters (A%) of
KsSCHf(MOO4)6.
Atom X y z Biso Occ.
Mo 0.34997 (13)  0.05489 (11)  0.03254 (3) 1.05 (7) 1
Hf1l 0 0 0 0.66 (9) 0.548 (4)
Scl 0 0 0 0.66 (9) 0.452 (4)
Hf2 0 0 0.25 0.71 (10) 0.452 (4)
Sc2 0 0 0.25 0.71 (10) 0.548 (4)
3:1 K1 0 0 0.35330 (12) 213(13) 1
K2 0.3852 (4) 0 0.25 3.51(13) 1
01 0.1658 (8) 0.0279 (9) 0.03393 (19) 1.23(12) 1
02 0.4835 (9) 0.2315 (8) 0.05139 (17) 1.23(12) 1
. 03 0.3498 (9) 0.0920 (9) 0.05349 (18) 1.23(12) 1
Li)MoO, T Hf(MOO4)2 04 0.3972 (7) 0.0604 (7) —0.01022(18) 1.23(12) 1
a
SCz(NIOO 4)3 Table 3
able
Main bond lengths (10\) of KsScHf(Mo00O4)e.
Mo-01 1.821 (4) K1-03 2.771 (7)
Mo-02 1.828 (7) K1-04 2.889 (6)
Mo-03 1.739 (7) K2-02 3.075 (7)
Mo-04 1.677 (7) K2-03' 2.979 (7)
(Hf1/Sc1)—01 2.066 (7) K2-041 2.823 (7)
(Hf2/Sc2)—02! 2.065 (7)

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

preliminarily synthesized, tested for monophasity and used as starting
K;MoOy 4:1 1:1 Hf(N[OO4)2 substances for the preparation of samples which served to triangulate
b isothermal sections.

Fig. 1. Subsolidus phase relations in the MaMoO4—Sc2(M00O4)3-Hf(M00O4)2 (M
= Li (a), K(b)) systems at 723-823 K: T = Lijg_4xHf2;,(M00O4)9 (0.21 < x <

2.2. Characterization
0.68), S—KsScHf(MoO4)s.

The powder diffraction data of KsScHf(MoO4)e for analysis was

Table 1
Main parameters of processing and refinement of the
KsScHf(MoO,4)¢ sample. ( ) M oo
Compound KsScHf(MoO4)e Hflsc 06 4
Sp.Gr. R3c
a A 10.56312 (8)
¢ A 37.6251 (3)
v, A% 3635.74 (6)
Z 6
20-interval, ° 8-140
Rup, % 4.92
Ry, % 3.77
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Fig. 2. Difference Rietveld plot of KsScHf(Mo0O,)g. Fig. 3. Crystal structure of KsScHf(MoO4)s.
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Fig. 4. Differential scanning calorimetric scans of the KsScHf(M004)s.

collected at room temperature with a Bruker D8 ADVANCE powder
diffractometer (Cu-Ka radiation, A = 1.5418 [o\) and linear VANTEC de-
tector. The step size of 26 was 0.016°, and the counting time was 1 s per
step. Data analysis was performed using the program TOPAS 4.2.

The thermal property was investigated by the differential scanning
calorimetric (DSC) analysis using a NETZSCH STA 449C TG/DSC/DTA
thermal analyzer (NETZSCH, Berlin, Germany). A 18 mg sample of
powder was placed in a Pt crucible and heated from room temperature at
a rate of 10 K min~! in an Ar atmosphere.

Electrical conductivity measurements were carried out on cylinder-
shaped ceramic samples which were 10 mm in diameter and 2 mm
thick, with platinum electrodes by the electrochemical impedance
method on a Z-1500J impedance meter in the temperature range
293-923 K. The test frequency can be set from 1 Hz to 1 MHz at high
resolution. Electrical conductivity o for each temperature was calculated
from

6 = 4h/tD’R 1)

where h is sample thickness in cm, D is diameter in cm, and R is ohmic
resistance in Q.
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3. Results and discussion

3.1. Subsolidus phase relations in the MoMoO 4~Sc2(MoO4)s-Hf(MoOy4)2
(M = Li, K) systems

The boundary binaries of the MoM00O4-Scao(M004)s—Hf(M00O4)2 (M =
Li, K) ternary systems we studied are described in the literature in a
sufficiently detailed way [36-48]. It is known that in the
LisMo0O4-Sca(Mo0O4)3 system was found one compound of LizSc(MoO4)3
(1:3) composition [36-40]. The compound LizgSc(MoO4)s, belongs to the
family of isostructural phases LigR(MoO4)3 (R = In, Sc, Fe, Cr, Ga, Al)
crystallizing in the orthorhombic structure type of lyonsite
a-CU3Fe4(VO4)(, [41].

According to Solodovnikov et al. [42], the LioMoO4-Hf(MoO4)3 sys-
tem contains a lithium hafnium molybdate with the composition
Lijo_4xHf2x(M0O4)g (0.21 < x < 0.68). Although it has been suggested
in the papers [43,44] that both compositions LioHf(M0O4)3 and
Li;oHf2(M0O4)g are single phases from powder diffraction. Perhaps re-
sults can depend on the synthesis conditions. The crystal structure of
Lis goHf795sMo03012 is identical to lyonsite-type compounds [41].

According to data [36,38,39,45], three double molybdates of
KSc(Mo0O4)2 (1:1), K3Sc(Mo04)3 (3:1), and KsSc(MoO4)4 (5:1) composi-
tions are formed in the KyMoO4-Sca(MoO4)3 system. The partial
non-quasibinarity of the system KosMoO4-Sca(MoO4)s occurs only in the
subsolidus region [40,46]. This is due to the fact that along with double
molybdates, the presence of potassium dimolybdate is recorded in the
system. At 723 K, the KsMoO4-Sca(MoO4)3 system become quasi-binary.

The KoMoO4-Hf(Mo00O4)2 system contains compounds with the com-
positions KgHf(Mo0O4)g (4:1) and KoHf(MoO4)3 (1:1) [47]. No interme-
diate compounds were found inside the Sca(M00O4)3-Hf(Mo0O4)2 system
[48].

The results of experimental studies of the ternary systems
M>M004-Sc2(Mo04)3-Hf(M00O4)2 (M = Li, K) at 723-823 K are repre-
sented in Fig. 1.

In the LisM00O4-Sca(Mo0O4)3-Hf(MoO4), ternary system, double mo-
lybdates Li3Sc(Mo00O4)3 (1:3) and Lijo_4xHf2 1, (M004)g (0.21 < x < 0.68)
are formed only in two boundary systems and, therefore, is divided by
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Fig. 5. The impedance profiles for KsScHf(MoO4)¢ molybdate measured at different temperatures.
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Fig. 6. Variation in ac conductivity with 1000/T at different frequencies (a;
filled circles — heating, open circles — cooling) and (b) with frequency at
different temperatures for the sample KsScHf(Mo0O,)g.

quasi binary joins into three ternary subsystems. For this reason, only
these joins was studied in a detailed way in this ternary system (Fig. 1a),
as well as several points inside secondary triangles.

In addition, the system has the homogeneity region of the phase with
the structure of Lijg_4,Hf2,(M0O4)9 (0.21 < x < 0.68) lyonsite. Unfor-
tunately, the lithium system is not phase-forming.

Subsolidus phase formation data for the Li;MoO4—Sco(M0O4)s—Hf(-
MoOy), ternary system was supplemented with the results of solution-
melt crystallization; however, search experiments, too, failed to suc-
ceed in preparing triple molybdates as crystals. The crystallization
products under the chosen conditions were crystals of LisMoO4 and
LigSC(MOO4)3 (113).

The results of the investigation of the KyMoO4—Sco(MoO4)s—Hf(-
Mo0Oy4); system are presented in Fig. 1b. The join KsSc(MoO4)4 (5:1)-
Hf(Mo0O4)s, where the new compound KsScHf(MoO4)g is formed, was
studied with a step of 5-10 mol %, and in the vicinity of a new compound
— with a step of 1.5-2.5 mol %. The joins K5Sc(M004)4—KgHf(M00O4)g,
K3SC(MOO4)3—K8Hf(MOO4)6, KSC(MOO4)2—K8Hf(MOO4)6, KSC(MOO4)2—
Ksz(MOO4)3, KSC(MOO4)2—Hf(MOO4)2, KSC(M004)2—K55CHf(M004)6,
K5SCHf(MOO4)6—K3Hf(MOO4)6 and K5SCHf(MOO4)6—K2Hf(MOO4)3 divide
the KoMoO4-Sca(M00O4)3-Hf(MoOy4)2 system into eight subsystems.
Molybdate KsScHf(MoO4)s was synthesized by annealing in the tem-
perature range of 723-873 K for 100 h.
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Fig. 7. Plot of In (64.) versus (1000/T) for KsScHf(MoO4)¢ compound.
3.2. Structure

All peaks were indexed by trigonal cell (R3c) with parameters close to
KsInHf(MoO4)e [32]. Therefore this structure was taken as starting
model for Rietveld refinement which was performed using TOPAS 4.2
[49]. Two Hf/In sites were occupied by Hf/Sc ions and their occupancies
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, Fig. 2).

Coordinates of atoms and main bond lengths are in Table 2 and
Table 3 respectively. The crystal structure of KsScHf(Mo0O4)¢ is shown in
Fig. 3. The structure of trigonal triple molybdate KsScHf(MoO4)e is
formed by Mo tetrahedrons and two independent (Sc, Hf) octahedrons,
which are connected through shared vertexes. Two potassium atoms
occupy large voids of the framework.

3.3. Thermal and electrical properties

According to the DSC measurements shown in Fig. 4, the obtained
molybdate does not possess phase transitions over the temperature range
of 300-1060 K and melts at 999 K.

Keeping in mind that from structural point of view the K molibdate
are favorable for potassium-ion transport, we studied electric conduction
properties of this phase.

We have plotted impedance diagrams viz., ReZ (pure resistive part of
the impedance) versus ImZ (capacitive reactance). A typical impedance
Nyquist spectrum of a solid electrolyte material may include arcs corre-
sponding to the grain bulk, grain boundary, electrode-related impedance.

As shown, the impedance spectrum measured at 643 K (Fig. 5a) ex-
hibits two semicircular arcs and a straight line from high frequency to
low frequency, which corresponds to the conduction across the bulk, the
conduction across grain boundary and the impedance response corre-
sponding to electrode, respectively. With the increasing of temperature,
the arc corresponds to the grain contributions gradually disappearing,
and the arc or spike corresponds to the grain boundary and electrode
shifted to higher frequencies as shown in the impedance spectrum
(Fig. 5b and c). When the temperature is beyond 823 K, the increase of
arc corresponding to the contribution of the electrode is observed, which
indicates that the ion could diffuse through the entire thickness of bulk
and grain boundary (Fig. 5c).

The corresponding conductivity is converted by the resistance R using
6 = 4h/zD’R (1).

In Fig. 6 the variation of ac conductivity (c) with 1000/T at various
frequencies and with @ (at various temperatures) are presented for
KSSCHf(MOO4)6.
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At high temperatures, the conductivity curves do not depend signif-
icantly on frequency, with their temperature behavior obeying the
Arrhenius law. The temperature dependence of electrical conductivity in
KsScHf(MoOj4)e shows a kink appears on the curve at 770 K. As seen from
(Fig. 6a), the conductivity on heating accompanies fall on cooling. These
effects are separated by thermal hysteresis of about 100 K. Below 600 K,
the conductivity data demonstrate behavior depending on frequency.
From Fig. 6b shows that conductivity of KsScHf(MoO4)¢ gradually in-
creases with the increase of frequency of applied alternating electric
field. This is mainly attributed as the enhanced migration of the ions
through grain boundaries.

The thermal evolution of the specific conductivity In(sq.) versus
1000/T is illustrated in Fig. 7.

The plot linearity shows that KsScHf(MoO4)e does not present any
phase transition in the studied temperature range and, secondly, that the
conductivity is characterized by an Arrhenius-type behavior, which can
be expressed as follows (2)

Ogc = GoeXp(—Ea/ka) 2)

In this relation, E, is the activation energy, kp is the Boltzmann con-
stant and oy is a constant. Thermal dependence of 64, conductivity ac-
cording to Arrhenius law indicates that the movement of K' ions through
the crystal lattice probably results from the succession of thermally
activated independent jumps between equivalent sites. Following this
law (2), the activation energy for KsScHf(Mo0QO4)¢ is about 0.84 eV.

The 900 K conductivity of the compound KsScHf(MoO4)g is 1073s
cm’l, and comparable with those for KsRZr(MoO4)e (R = Al, Cr, Fe, In,
Sc) [6], Naj_xMg1Sc11x(Mo04)3 (0 < x < 0.5) [50], NagsCsgRs5(M004)24
(R = Sc, In) [15], K1.4A1xR1:x(M004)3 (0 < x < 0.5) (A = Mg, Mn, Co,
Ni; R = Sc, Yb, Lu) [51], RbsTmHf(MoQO4)¢ [10], but lower than the
conductivity of the superionic material [52,53].

4. Conclusions

Our study of chemical interactions in the system KoMoO4—Scy(-
Mo04)3-Hf(M00O4), by means of solid state reactions us to reveal a new
triple molybdate KsScHf(M0O4)s.

It was found that triple molybdates are not formed in the lithium-
containing system. The unit cell parameters were precisely determined
for KsScHf(MoQO4)6. This molybdate crystallizes in a trigonal structure,
space group R3c. The electrophysical and thermal properties of molyb-
date have been studied. Molybdate under study is characterized with
ionic conductivity of the 1 x 1078-1072 § em ™! at 445-900 K. The high
conductivity of KsScHf(MoO4)¢ molybdate allows us to consider it as
promising solid electrolyte.
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