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Abstract 
A new glaserite-like ternary molybdate KZn0.5Hf0.5(MoO4)2 was obtained 

through a solid-state reaction, and its structure was refined using the 
Rietveld method. It was found that the compound crystallizes in the trigonal 
space group P3̅m1 and melts at 656 °C with decomposition. At elevated tem-

peratures, the compound exhibited significant ionic conductivity, reaching 
0.39·10–3 S/cm at 570 °C with an activation energy Еа = 1.0 eV, with oxygen 
ions as the probable charge carriers. The infrared spectrum simulated using 

DFT showed good agreement with experimental data, containing character-
istic stretching modes of the MoO4 tetrahedra. The observed negative ther-

mal expansion in the ab plane did not result in a reduction in the volume of 
the unit cell, with αV = 98·10–6 °С–1 at 500 °С, indicating that 
KZn0.5Hf0.5(MoO4)2 can be classified as a material with high thermal expan-

sion properties. 
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Key findings 

● Ionic conductivity reaches 0.39·10–3 S/cm at 570 °C with Еа = 1.0 eVж O2– ions are 

probable charge carriers. 

● IR spectrum simulated by DFT showed good agreement with experimental data. 

● The observed 2D-NTE effect does not lead to a decrease in the unit cell volume. 

© 2024, the Authors. This article is published in open access under the terms and conditions of the 

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

1. Introduction 

The development of new functional materials largely de-

pends on the systematic study of multicomponent oxide 

systems, along with the processes of forming new com-

pounds, and the determination of their structural and phys-

icochemical characteristics. Complex molybdates identified 

through this approach, characterized by a diverse cationic 

composition, often exhibit unique physical properties and 

have extensive applications as piezoelectric and ferroelec-

tric materials [1, 2], phosphors [3–7], solid electrolytes [8–

11], and other types of materials [12–15]. 

Earlier, the first representatives of new structural fam-

ilies K5Mg0.5Zr1.5(MoO4)6 and KMg0.5Zr0.5(MoO4)2 were ob-

tained through the study of the potassium-containing sys-

tem К2MoO4–MgMoO4–Zr(MoO4)2 [16, 17]. The family of 

ternary molybdates with a framework structure KMZ, 

which originated from the compound K5Mg0.5Zr1.5(MoO4)6 

(space group R3c), includes a large number of representa-

tives. The relationships between the composition, struc-

ture, and functional properties of these compounds are cur-

rently the subject of extensive studies [18–21]. 

In contrast to the trigonal ternary molybdate 

K5Mg0.5Zr1.5(MoO4)6 with a framework structure, the com-

pound K(Mg0.5Zr0.5)(MoO4)2 (space group P3̅m1) crystal-

lizes in the structural type of trigonal glaserite [17], which 

is widely spread among silicates, phosphates, sulfates, mo-

lybdates, and tungstates [22]. This type features a two-

layer compact arrangement of MoO4 tetrahedra, which is 

analogous to the hexagonal closest packing. The octahedral 

cavities formed by the faces of the MoO4 tetrahedra are oc-

cupied by divalent and tetravalent cations Mg2+ and Hf4+. 
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The interlayer space is filled with potassium cations K+. An 

interesting feature of this structure is the orientation of one 

of the triangular faces of each MoO4 tetrahedron parallel to 

the layer plane, which creates a two-dimensional infinite 

network consisting of O2– ions, potentially facilitating oxy-

gen migration [23]. Ceramic materials based on compounds 

belonging to the glaserite-type are promising as matrices 

for the development of phosphors, as dopants (transition 

metal impurities) under the influence of a unique crystal-

chemical environment exhibit intense visible emission [24].  

This work presents the results of the targeted synthesis 

and study of the properties of a new representative of the 

little-studied and scarce glaserite-like family of ternary mo-

lybdates – KZn0.5Hf0.5(MoO4)2. The structure of the poly-

crystalline sample was refined using the Rietveld method, 

and its thermal properties and ionic conductivity were in-

vestigated. 

2. Experimental 

The following starting reagents were used for solid state 

reactions: K2MoO4 (chemically pure, RusHim, Ltd, Russia), 

ZnO (chemically pure, LenReactiv, Ltd, Russia), HfO2 (high 

purity, Sigma-Aldrich, China), and MoO3 (analytical grade, 

ReaKhim, Ltd, Russia). Ternary molybdate 

K(Zn0.5Hf0.5)(MoO4)2 was synthesized from a stoichiometric 

mixture of K2MoO4, ZnMoO4 and Hf(MoO4)2 molybdates. 

Zinc molybdate ZnMoO4 and hafnium molybdate Hf(MoO4)2 

were synthesized by stepwise annealing of stoichiometric 

mixtures of the corresponding oxides in the temperature 

ranges of 350–650 °С and 350–750 °С, respectively, over a 

100-hour period. During the synthesis, the samples were 

regularly ground in ethanol. 

The solid-state synthesis and phase equilibrium were 

monitored by XRD using a Bruker D8 ADVANCE diffractom-

eter (VANTEC detector, Cu Kα radiation, λ = 1.5418 Å, re-

flection geometry). The XRD data were collected at room 

temperature in the 2θ range of 10–100° with a step size of 

0.02076°. High-temperature powder X-ray diffraction (HT-

PXRD) measurements were conducted using an Anton Paar 

HTK16 high-temperature chamber, in the temperature 

range of 30–600 °С, with 50 °С increments. For the meas-

urements, a finely ground sample was applied to a platinum 

sample holder using an ethanol suspension. Prior to the 

measurements, the 2θ-correction was recorded using an ex-

ternal Si standard. Structure refinement and unit cell parame-

ter calculations were performed using the Rietveld method 

with the TOPAS 4.2 software [25]. The visualization and cal-

culation of the thermal expansion tensor parameters were 

carried out using the TTT software package [26]. 

Thermogravimetric (TG) and differential scanning calo-

rimetry (DSC) studies were conducted in a platinum cruci-

ble under an argon flow using an STA 449 F1 Jupiter 

NETZSCH thermoanalyzer within the temperature range of 

30–700 °С at a heating rate of 10 °С /min.  

The theoretical assessment of activation energy and ion 

transport pathways in the title molybdate was performed 

using the softBV software [27], employing bond valence 

sum (BVS) maps. 

Electrical conductivity measurements were performed in a 

temperature range of 100–570 °С using a Z-1500J impedance 

analyzer under heating and cooling modes (2°/min) across a 

frequency range of 1 Hz to 1 MHz. To investigate ionic conduc-

tivity, ceramic discs of KZn0.5Hf0.5(MoO4)2 with a diameter of 

10 mm and a thickness of 1.9 mm were prepared by pressing 

(1 kbar) and sintering at 570 °С for 4 h. Electrodes were ap-

plied to the surface of the discs using colloidal platinum, fol-

lowed by annealing for 1 h. 

Attenuated total reflectance infrared spectra (ATR-IR) 

of KZn0.5Hf0.5(MoO4)2 were recorded using a SIMEX FT-801 

FT-IR spectrometer with a diamond ATR cell. The spectra 

were collected at room temperature in the range from 500 

to 2000 cm–1 with a resolution of 1 cm–1. 

To simulate the IR spectrum, the geometry of the crystal 

structure of KZn0.5Hf0.5(MoO4)2 was optimized using den-

sity functional theory (DFT) within the VASP software pack-

age [28]. The calculations utilized a pseudopotential ap-

proach along with plane-wave basis sets, with the cutoff en-

ergy established at 400 eV. The PBEsol functional was cho-

sen to approximate the exchange-correlation term in the 

Hamiltonian [29]. A Gamma-centered 1·1·1 k-point mesh 

was employed for sampling the Brillouin zone. The initial 

geometry was derived from the crystal structure model ob-

tained from the XRD data. Atomic positions were relaxed 

until the residual forces on the atoms were reduced to less 

than 0.001 eV/Å, while the lattice vectors were held fixed 

at their experimental values. Phonon calculations were car-

ried out using the results from VASP and the methods im-

plemented in the Phonopy code [30]. The IR spectra were 

then simulated with the Phonopy-Spectroscopy code [31]. 

3. Results and discussion 

3.1. Solid-state synthesis of KZn0.5Hf0.5(MoO4)2 

Molybdate KZn0.5Hf0.5(MoO4)2 was synthesized via ceramic 

technology in an alumina crucible (Al2O3 99.7%, Po-

dolskOgneUpor, Russia) through stepwise annealing in the 

temperature range of 400–550 °C over a 150-hour period. 

According to XRD data, the sequence of transformations can 

be represented by the following Scheme 1. Thus, it was 

found that the formation of the ternary molybdate pro-

ceeded through the intermediate stage of forming the po-

tassium-hafnium binary molybdate, K2Hf(MoO4)3. 

 
Scheme 1 Sequence of chemical transformations involved in the 

formation of KZn0.5Hf0.5(MoO4)2. 
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3.2. Rietveld refinement and glaserite-like struc-

ture of KZn0.5Hf0.5(MoO4)2 

All XRD peaks of KZn0.5Hf0.5(MoO4)2 could be indexed in a 

trigonal unit cell (space group P3̅m1) with lattice parame-

ters close to those of K(Mg0.5Zr0.5)(MoO4)2 [17]. The struc-

tural data of the latter compound (unit cell parameters and 

atomic positions) were used as the starting model for struc-

ture refinement via the Rietveld method. The peak shapes 

were described using the Pearson VII function with a cor-

rection for sample texture along the 001 direction applied 

using the March-Dollase function. The refinement was car-

ried out by gradually introducing refinable parameters, 

while the background was simultaneously modeled graph-

ically. 

The final refinement was stable with low residual R-fac-

tors. The results obtained for KZn0.5Hf0.5(MoO4)2 are pre-

sented in Table 1, the main interatomic distances are given 

in Table S1, and the atomic coordinates and isotropic dis-

placement parameters – in Table S2.  

The calculated and experimental XRD patterns along 

with the difference curve are illustrated in Figure 1. The 

crystallographic data for KZn0.5Hf0.5(MoO4)2 were depos-

ited with the Cambridge Crystallographic Data Centre (CSD 

2392315). The data are available on the website 

(www.ccdc.cam.ac.uk/data_request/cif). 
KZn0.5Hf0.5(MoO4)2 crystallizes in a trigonal system, 

space group P3̅m1, and has the trigonal glaserite-type struc-

ture [17]. The structure is composed of alternating layers 

with varying compositions, arranged perpendicular to the 

c-axis. The layer composed of (Zn/Hf)O6 octahedra is con-

nected to the layer of КO12 icosahedra through shared edges 

of MoO4 tetrahedra. The Mo atoms are located on a three-

fold rotation axis 3, while the Zn, Hf, and K atoms – on a 

threefold inversion axis 3̅ (Figure 2). 

3.3. FTIR (IR spectra) 

The IR spectra of the investigated compound were analyzed 

to clarify the coordination of molybdenum atoms. The spec-

tra of the molybdate display bands corresponding to the in-

ternal vibrations of MoO4 groups, with frequencies in the 

range of 980–700 cm–1 (stretching vibrations) and 410– 

300 cm–1 (deformation vibrations). The presence of these 

bands is consistent with the existence of separate tetrahe-

dral groupings with relatively strong Mo–O [32]. A compar-

ison of the measured wavenumbers corresponding to the 

framework vibrations with the theoretical values resulting 

from the DFT calculations is given in Table 4. The range of 

the experimental IR spectra covers only the stretching 

modes of MoO4 tetrahedra.  

A comparison of the simulated and measured IR spectra 

of KZn0.5Hf0.5(MoO4)2 is shown in Figure 3. The positions of 

the bands in both the simulated and experimental spectra 

are in agreement (including in the 700–980 см−1 range), 

although some differences in their intensities are observed 

(Table S3). 

Table 1 Main parameters of processing and refinement of the 

KZn0.5Hf0.5(MoO4)2 sample. 

Compound KZn0.5Hf0.5(MoO4)2 

Space group Trigonal, P3̅m1 

a, Å 5.76743 (7) 

c, Å 7.17193 (9) 

V, Å3 206.60 (1) 

Z 1 

2θ-range, ° 10–100 

Rwp, % 6.81 

Rp, % 5.38 

Rexp, % 3.97 

χ2 
1.72 

RB, % 4.16 

 
Figure 1 Difference Rietveld plot of KZn0.5Hf0.5(MoO4)2. 

 
Figure 2 Projection of the KZn0.5Hf0.5(MoO4)2 structure on the ab 

plane (a); and ac plane, mapped to the thermal expansion tensor 

cross-section (b). 
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Figure 3 Simulated and experimental IR spectra of 

KZn0.5Hf0.5(MoO4)2. 

3.4. Thermal properties 

The thermal behavior of KZn0.5Hf0.5(MoO4)2 was investi-

gated using TG and DSC methods. As shown in Figure 4, the 

DSC curve exhibited a sharp endothermic peak starting at 

650 °С along with a lower intensity peak in the 532–544 °С 

range. The distinct endothermic effect in the 650–660 °С 

range corresponded to melting. No weight loss was ob-

served on the TG curve. The Rietveld-refined XRD patterns 

of KZn0.5Hf0.5(MoO4)2 after annealing at 700 °С and 800 °С 

indicated partial decomposition of the compound, resulting 

in the formation of ZnMoO4, K2Mo3O10, K2Zn2(MoO4)3, and 

HfO2. 

To ascertain the nature of the endothermic effect ob-

served at 538 °С, the KZn0.5Hf0.5(MoO4)2 sample was fur-

ther analyzed in a ‘heating-cooling’ mode within the tem-

perature range of 450–550 °С (below the melting point). 

Upon cooling, an exothermic effect was detected at 525 °С. 

The observed thermal hysteresis of 13 °С indicated the pres-

ence of a reversible phase transition (Type I) within the 

532–544 °С range. 

All reflections on the HT diffraction patterns in the en-

tire studied temperature range are indexed in the same 

space group P3̅m1. As an example, Figure S1 shows the re-

finement of the structure at 600 °С (the coordinates of the 

atoms were not refined). As can be seen, no new peaks were 

detected. This indicates that the first-order phase transition 

is not accompanied by a change in the structure. 

3.5. Thermal expansion of KZn0.5Hf0.5(MoO4)2 

The refinement of the unit cell parameters of 

KZn0.5Hf0.5(MoO4)2 showed that as the temperature in-

creased from 30 to 600 °С, the value of parameter a de-

creased from 5.7616(2) Å to 5.7508(2) Å (−0.19%), indicat-

ing negative thermal expansion in the ab plane. Similar 2D 

negative thermal expansion was observed for some com-

pounds [33], but it is not typical of previously studied gla-

serite-like structures [34]. Meanwhile, the c parameter in-

creased from 7.1665(2) Å to 7.5306(2) Å (+5.08%), demon-

strating positive thermal expansion (Figure 5 and Table 

S4). 

 
Figure 4 Heating curve of DSC and TG of KZn0.5Hf0.5(MoO4)2. 

 
Figure 5 Temperature dependencies of the unit cell parameters. 

The temperature dependences of the unit cell parame-

ters were approximated using first-order polynomials (for 

a and V) and second-order polynomial (for c) (Table S5). A 

slight inflection was observed on the temperature depend-

ence curve of the c parameter around 530 °С (which corre-

sponds to the DSC data) followed by a more pronounced in-

crease in this parameter. Based on the obtained data, the 

principal values of the thermal expansion tensor were cal-

culated (Table 2), and cross-sections of the thermal expan-

sion coefficient were plotted (Figure 2b). 

The coefficient of thermal expansion (CTE) αc varied be-

tween 55·10–6 °С–1 and 114·10–6 °С–1 throughout the investi-

gated temperature range, while αa remained negative at  

–3.3·10–6 °С–1. 
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Table 2 Thermal expansion coefficients (·10–6 °С–1). 

T ,°С αa αc αV 

30 –3.3(1) 55(2) 49(2) 

 50 –3.3(1) 58(1) 51(2) 

 100 –3.3(1) 63(1) 56(2) 

 150 –3.3(1) 68(1) 62(2) 

 200 –3.3(1) 74(1) 67(2) 

 250 –3.3(1) 79(1) 73(2) 

 300 –3.3(1) 84(1) 78(2) 

 350 –3.3(1) 90(1) 83(2) 

 400 –3.3(1) 95(1) 88(2) 

 450 –3.3(1) 100(1) 93(2) 

 500 –3.3(1) 105(1) 98(2) 

 510 –3.3(1) 106(1) 99(2) 

 520 –3.3(1) 107(1) 100(2) 

 530 –3.3(1) 108(1) 101(2) 

 550 –3.3(1) 110(2) 103(2) 

 600 –3.3(1) 114(2) 108(2) 

Despite this, no reduction in cell volume was observed. 

The values of αV for KZn0.5Hf0.5(MoO4)2 were 49·10–6 °С–1 at 

room temperature and 98·10–6 °С–1 at 500 °С.  

Synchronous change of two unit cell parameters a and c 

in opposite directions is a sign of the hinge mechanism [35, 

36] of thermal deformations [37]. Figure S2 shows a 

scheme of a complex three-dimensional hinge with nodes at 

the points {Mo-O2-(Zn/Hf)-O2-Mo-O2-(Zn/Hf)-O2}∞. The 

basic element of this complex hinge structure is the Mo-O2-

(Zn/Hf) hinge. Squeezing the hinge in the ab plane will lead 

to its extension in the direction of the c axis and vice versa. 

The reasons for such thermal behavior are the symmetry 

constrains imposed on the possible displacements of atoms 

upon heating. Given that the Hf, Zn, K, Mo, and O1 atoms 

occupy special Wyckoff positions 1a, 1a, 1b, 2d, and 2d, re-

spectively, their movements during heating or cooling can-

not cause changes in the unit cell parameters within the ab 

plane. The negative thermal expansion in the ab plane is 

likely attributable to the thermal motion of the oxygen atom 

O2 (Wyckoff position 6i), as it is the only atom with the 

necessary degree of freedom. The expansion of the unit cell 

along the crystallographic c-axis can be attributed to the 

movement of the Mo, O1, and O2 atoms along this axis. 

Given that the Hf, Zn, K, Mo, and O1 atoms occupy spe-

cial Wyckoff positions 1a, 1a, 1b, 2d, and 2d, respectively, 

their movements during heating or cooling cannot cause 

changes in the unit cell parameters within the ab plane. 

The negative thermal expansion in the ab plane is likely 

attributable to the thermal motion of the oxygen atom O2 

(Wyckoff position 6i), as it is the only atom with the nec-

essary degree of freedom. The expansion of the unit cell 

along the crystallographic c-axis can be attributed to the 

movement of the Mo, O1, and O2 atoms along this axis. 

3.6. Electrical conductivity and the theoretical 

evaluation of activation energy and ion 

transport pathways 

The electrophysical properties of the examined ternary mo-

lybdate were also characterized. The temperature depend-

ence of conductivity (in a heating-cooling cycle) at various 

frequencies is presented in Figure 6. The impedance plots, 

which are typical for ionic conductors with blocking elec-

trodes, are shown in Figure 7.  

Conductivity monotonically increased with rising tem-

perature (100–500 °C) from 10–9 to 10–6 S/cm. A subsequent 

sharp increase in conductivity was observed, reaching a 

value of 0.39·10–3 S/cm (570 °C) with an activation energy 

Еа = 1.0 eV. During heating and cooling (at 530 °C and 

520 °C, respectively), a change in the linearity of the tem-

perature dependence of conductivity was observed (Figure 

6). These values correlated with the temperature of the en-

dothermic effect detected in the DSC curve (Figure 4), indi-

cating a first-order phase transition, which was further 

confirmed by the presence of thermal hysteresis (Figure 6). 

 
Figure 6 Temperature dependences of electrical conductivity for 

KZn0.5Hf0.5(MoO4)2. 

 
Figure 7 The impedance profiles for KZn0.5Hf0.5(MoO4)2 measured 

at different temperatures.  

https://doi.org/10.15826/chimtech.2025.12.2.08
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The pattern of the temperature dependence of conduc-

tivity is similar to that of the isostructural molybdate 

KMg0.5Zr0.5(MoO4)2 [23]. Conductivity values for com-

pounds within this family are presented in Table S6. These 

values are comparable, likely due to the relatively close 

ionic radii of the elements constituting the ternary molyb-

dates (for six-coordinate cations, the ionic radii are:  

0.72 (Mg2+), 0.74 (Zn2+), 0.71 (Hf4+), and 0.72 (Zr4+) Å 

[38]). We propose that the larger ionic radius of manganese 

(0.83 Å) may contribute to an increase in interlayer spacing 

within the structure of KMn0.5Zr0.5(MoO4)2 [39], providing 

more space for ionic transport. 

Using the structural data for KZn0.5Hf0.5(MoO4)2, bond 

valence sum (BVS) maps were calculated for potassium and 

oxygen ions (the most likely charge carriers), and possible 

diffusion pathways for these ions were predicted. The cal-

culations indicated a predominance of two-dimensional ox-

ygen conductivity (Figure 8) and suggested the impossibil-

ity of potassium movement within the examined structure. 

For comparison, analogous calculations for the isostruc-

tural zirconium molybdate are presented in Table 3. 

In both KZn0.5Hf0.5(MoO4)2 and its zirconium analogue, 

the two-dimensional diffusion pathways of oxygen ions in-

volve the oxygen ions O2 of the molybdenum tetrahedra in 

the (0,0,1) plane (Figure 9). 

4. Limitation 

To gain better interpretation of electrical conductivity, the 

experimental verification of the theoretical calculations re-

sults of oxygen conductivity will be done in the future. 

5. Conclusions 

Ternary molybdate KZn0.5Hf0.5(MoO4)2 was synthesized via 

a solid-state reaction. Its structure was refined using the 

Rietveld method, taking the crystallographic data from the 

single crystal sample KMg0.5Zr0.5(MoO4)2 [17] as starting 

parameters. The title compound crystallizes in the trigonal 

space group P3̅m1. Differential scanning calorimetry (DSC) 

and thermogravimetric analysis (TG) results demonstrated 

that KZn0.5Hf0.5(MoO4)2 melted at 656 °C with decomposi-

tion. 

 
Figure 8 Energy profile along the 2D oxygen transport pathway 

in the structure KZn0.5Hf0.5(MoO4)2.  

Table 3 Energy barriers Eb (eV) of two- and three-dimensional ox-

ygen transport in KA0.5R0.5(MoO4)2. 

Compound Eb Dimension of conductivity 

KMg0.5Zr0.5(MoO4)2 [23] 0.685 2D along (0,0,1) 

 1.166 3D 

KZn0.5Hf0.5(MoO4)2 0.694 2D along (0,0,1) 

 0.993 3D 

 
Figure 9 Calculated isosurfaces of activation energies of oxygen 

transport in the structure KZn0.5Hf0.5(MoO4)2.  

In this study we also investigated the ionic conductivity 

properties of KZn0.5Hf0.5(MoO4)2, which reached a conduc-

tivity value of 0.39·10–3 S/cm at 570°C with an activation 

energy Еа = 1.0 eV. Theoretical assessment of the transport 

energy barriers in KZn0.5Hf0.5(MoO4)2, based on bond va-

lence sum (BVS) maps, revealed that the structure primar-

ily facilitates two-dimensional oxygen conductivity with no 

identified pathways for potassium ion movement. 

The assignment of framework vibration bands in the IR 

spectrum of KZn0.5Hf0.5(MoO4)2 was performed using DFT 

calculations. The simulated IR spectrum showed good 

agreement with the experimental data, containing charac-

teristic lines of the stretching modes of MoO4 tetrahedra, 

thus confirming the coordination of Mo atoms in the refined 

structure. 

Thermal deformations of KZn0.5Hf0.5(MoO4)2 were in-

vestigated using HT-XRD. The observed negative thermal 

expansion in the ab plane did not lead to a reduction in the 

cell volume. The value of αV for KZn0.5Hf0.5(MoO4)2 to be 

98·10–6 °С–1 at 500 °С, which categorizes this phase as a ma-

terial with high thermal expansion properties.  
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