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Abstract 

Alkaline earth metal vanadates have drawn attention because of their potential applications in 

electrochemical devices. Here, Na2CaV4O12 was prepared at extremely low temperatures (350-550 

o
C) and showed a semiconductor behavior with a bandgap of 2.92 eV. A phase transition from 

P4/nbm to P4̅b2 occurred at 510 
o
C was identified by an in-situ XRD upon heating, where the 16n 

site for oxygen atoms in the P4/nbm phase evolves into two distinguishable 8i sites in the P4̅b2 

phase. Ionic conduction in Na2CaV4O12 at elevated temperatures was reported for the first time in the 

present work. A strong correlation between ionic conductivity and phase structure of Na2CaV4O12 is 

observed. The charged carriers are mainly sodium ions for the low-temperature P4/nbm phase, while 

mixed conduction contributed by sodium ions and oxide ions happened in the transformed phase. 

Bond valence-based energy landscape calculations disclosed a two-dimensional interstitial diffusion 
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mechanism for Na
+
 ions in the Na2Ca-layers, as well as a two-dimensional diffusion mechanism for 

oxide ions in the V4O12-layers. The novel semiconductor ceramic would have potential applications 

in all-solid sodium ions batteries or solid oxide fuel cells as electrolytes. 

Keywords: Ceramics; Dielectric properties; Electrical conductivity; Mixed-cation vanadate 

1. Introduction 

Mixed-cation vanadates have excellent electronic, dielectric, and optical properties and serve as 

promising candidates in a wide range of applications 
[1-7]

. Low-temperature sintering can 

significantly reduce the energy consumption of ceramic materials, thereby reducing its production 

cost, driving the industrialization of ceramic products 
[8-11]

. These peculiarities are closely relevant to 

the crystal structure, which is constructed by [VO4] groups as tetrahedral building units. For example, 

the good luminescence feature is derived from the charge transfer of the [VO4] group, which strongly 

depends on the deformation degree in the [VO4] tetrahedron 
[12]

. On the other hand, the tetrahedral 

building unit features limited space for ionic displacement and a covalent bond, which is beneficial 

to achieve low permittivity and renders their potential applications in high-speed signal propagation 

fields 
[13-15]

. Besides, high oxide-ion conduction has been reported in vanadates, which origins from 

the great deformation and rotation flexibility of tetrahedral units to facilitate oxide anions 

transportation 
[16-21]

.  

 

Jo
ur

na
l P

re
-p

ro
of



 

3 

The ternary vanadate Na2CaV4O12, which was identified in the Na2O-CaO-V2O5 system 
[22]

, 

adopts a tetragonal structure with space group P4/nbm (125), featuring a unique structure type that 

the crystal framework is built of isolated tetracyclic units V4O12 which are formed by four VO4_ 

tetrahedral whose vertices are linked via shared oxygen atoms, as can be appreciated from Figure 1. 

Krasnenko et al. 
[23]

 claimed a ferroelectric phase transition based on the temperature dependence of 

relative permittivity, without direct evidence provided, such as in-situ phase characterizations. 

Usually, a ferroelectric phase requires a corresponding non-centrosymmetric structure, which seems, 

therefore, to conflict with the centrosymmetric structure of Na2CaV4O12 with the space group of 

P4/nbm. Besides, reports on the electrical and dielectric properties of Na2CaV4O12 are scarce. In 

addition, its extremely low melting temperature around 570 
o
C, renders the low-temperature 

fabrication of Na2CaV4O12 ceramics that is desirable for cost-effective synthesis. 

 

Figure 1 

The objective of this work is to explore the low-firing preparation of Na2CaV4O12 ceramics and 

clarify the controversial issues between physical properties and phase transition. Furthermore, the 
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electrical conductivity, dielectric, and optical absorption features of the Na2CaV4O12 ceramics were 

also thoroughly investigated. 

2. Experimental procedure 

Sample preparation: A solid-state reaction method was employed to prepare Na2CaV4O12 

ceramics from high purity raw materials of Na2CO3 (99.99%), CaCO3 (99.99%), and NH4VO3 

(99.99%). All raw materials were purchased from Aladdin Bio-Chem Technology Co., LTD 

(Shanghai, China). The stoichiometrically weighted powders were mixed for 4 h by planetary milling. 

To guide the powder synthesis and ceramic fabrication, thermal analysis (PerkinElmer STA8000) 

was performed via PerkinElmer STA8000 in the temperature range from room temperature to 600
 o
C. 

Calcination was carried out in the air at 300
 o
C for 4 h. The calcined powders were dried, ground, and 

granulated with 5 wt. % solutions of polyvinyl alcohol (PVA) as a binder. Subsequently, the mixtures 

were uniaxially pressed into pellets with 2 mm in thickness and 10 mm in diameter at 60 MPa. 

Finally, these pellets were covered with sacrificial powders of the same composition in alumina 

crucibles and sintered at 350-550 °C for 6 h. 

Characterization: Phase structure was identified with the cracked powders of the sintered 

ceramics using the X-ray diffraction (XRD, PANalytical, X-Pert-PRO, Almelo, Netherlands) 

technique with Cu Ka radiation. The Rietveld refinement was performed using the Fullprof program. 

The microstructures were observed by scanning electron microscopy (SEM, JSM-6380, Japan) and 

transmission electron microscopy (TEM, JEO-JEM-2100F). Raman-scattering measurements were 

used to examine spectroscopic characteristics with a Linkam MDS600 (Linkam, Tadworth, UK) 

device for heating and cooling. The samples were polished and sprayed on the surface with gold 

using a Quorum Q150-S for dielectric measurement. The dielectric performances were carried out by 

an impedance analyzer (Agilent Hyogo, USA) over the frequency range from 40 Hz to 1 MHz and a 
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temperature range of 60-220 
o
C. Impedance spectroscopy (IS) measurements at elevated 

temperatures from 300 °C to 550 °C over a wider frequency range of 10
-1

−10
7
 Hz were performed 

using a Bio-Logic VSP instrument. The complex impedance data were analyzed by the Z-View 

software. 

The bond valence (BV)-based energy landscapes (BVELs) of a testing ion (Na
+
, Ca

2+
, or O

2-
) for 

Na2CaV4O12 were calculated with the program SoftBV 
[25]

,
 
using its lattice parameters, atomic 

coordinates, and occupancy factors from the structure obtained by the Rietveld refinement of the 

XRD data. The BVELs can provide information on the connecting local minima and saddle points 

(identified by fractional coordinate values) for a given testing ion. Diffusion pathways were 

determined with regions of low bond-valence site energy by direct visualization of the connectivity 

of the isosurfaces and by examination of the calculated pathway segments. BVELs models of 

migration barriers were determined from the calculated energy profiles of the pathway segments. The 

spatial resolution for these BVELs calculations was set to 0.1 Å. The crystal structure and BV-based 

energy landscapes were depicted with VESTA. 

3. Results and discussion 

3.1 crystal structure and phase transition 

XRD patterns of the Na2CaV4O12 sintered at various temperatures are shown in Figure 2a. All 

the peaks in the XRD patterns of these samples match well with the standard card PDF # 052-0705 

for Na2CaV4O12 with a tetragonal system. Rietveld refinement is employed to precisely confirm the 

phase purity and lattice parameters. Figure 2b shows the Rietveld fitting plots of the XRD pattern 

recorded on the crushed Na2CaV4O12 ceramic sintered at 550
o
C. A structural model with a space 

group P4/nbm was chosen for refinement as suggested by V. G. Zubkov et al 
[2]

, where sodium atom 
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resides at 4f position, calcium atom at 2b positions (shown by dusty blue), vanadium atoms at 8k 

positions, and two sorts of oxygen atoms at the 8m and 16n positions, respectively. The reliable 

factors for the refinement are optimized as Rwp = 8.35% and Rp = 5.47%. The lattice parameters are a 

= 10. 43920(1) Å and c = 4. 93806(6) Å. Table 1 present the structural parameters for Na2CaV4O12. 

The tetragonal symmetry is further confirmed by a TEM analysis. The lattice parameter of ~ 0.72 nm 

along the [001] direction, as depicted in Figure 2c, corresponds to the interplanar spacing of (110). 

The corresponding selected area electron diffraction (SAED, Figure 2d) pattern reveals a tetragonal 

symmetry. 

 

Figure 2  
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Table 1 Final refined structural parameters for the Na2CaV4O12. 

atom Wyckoff x/a y/b z/c Occ Beq (Å) 

Na 4f 0 0 1/2 1 1.1(1) 

Ca 2b 1/4 1/4 1/2 1 0.70(8) 

V 8k 0.5275(1) 1/4 0 1 0.27(5) 

O1 8m 0.6308(3) 0.3691(3) 0.1420(7) 1 1.9 (1) 

O2 16n 0.1919(3) 0.0521(3) 0.2511(3) 1 1.17(8) 

Space group: P4/nbm; a = b = 10. 43920(1) Å, c = 4. 93806(6) Å.  

 

Figure 3  

To verify the phase transition at ~ 510
 o
C as pointed out by Krasnenko et al. 

[22, 23] 
based on the 

temperature dependence of relative permittivity, an in-situ variable temperature XRD (VT-XRD) was 

performed in the present work to provide direct evidence. As displayed in Figure 3a, all the peaks of 

the XRD pattern recorded at 500
 o

C can be ascribed to the Na2Ca(VO4)3 phase with the P4/nbm 

space group, however, they shift toward a lower angle for comparing with that recorded at 25 
o
C, due 

to the lattice expansion at elevated temperature. Then, as the temperature reaches 510 
o
C, two extra 

peaks at ~ 35° and ~ 43
o
 are present, and their relative intensities increase with temperature. These 

two extra peaks could not be identified and thus is most likely related to a lower symmetric phase. 
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Tests of the subgroups of P4/nbm reveals that the XRD patterns recorded at temperature ≥ 510 
o
C 

could be indexed with a space group of P 4̅b2 (a = b ~10.53 Å, c ~ 5.01 Å) which is 

non-centrosymmetric and therefore responsible for the ferroelectric state as observed in Krasnenko et 

al.’s work 
[23]

. When cooling to room temperature, the peaks at ~35° and ~43
o
 disappear and the 

sample returns to the centrosymmetric phase, illustrating the reversibility of this phase transition. 

Figure 3b shows the Rietveld fitting plots for the XRD data recorded at 540
 o

C using the 

non-centrosymmetric structure as a model. The final refined structural parameters are summarized in 

Table 2. The main difference between the two phases is that the oxygen atoms on the 16n site in the 

low-temperature phase would evolve into two distinguishable 8i sites in the high-temperature 

non-centrosymmetric phase, while the building units VO4 and tetracyclic units V4O12 remain 

unchanged, as shown in Figure 4.  

Table 2. Final refined structural parameters for the high temperature phase (540
 o
C) of Na2CaV4O12. 

atom Wyckoff x/a y/b z/c Occ Beq (Å) 

Na 4h 0.759(3) 0.259(3) 1/2 1 3.7(4) 

Ca 2d 0 1/2 1/2 1 2.8(3) 

V 8i 0.7782(4) 0.9997(2) 0.994(2) 1 2.6(1) 

O1 8i 0.887(3) 0.133(2) 0.857(2) 1 1.3 (5) 

O2 8i 0.547(3) 0.820(3) 0.237(8) 1 4.3(2) 

O3 8i 0.429(2) 0.799(2) 0.746(7) 1 0.65(1) 

Space group: P4̅b2; a = b = 10. 5302(2) Å, c = 5.0119(2) Å.  
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Figure 4 

 

Figure 5 

Figure 5a shows the absorption spectroscopy of Na2CaV4O12 in the wavelength range of 250 - 

650 nm. Na2CaV4O12 features an absorption band edge at 432 nm in the visible light region. The 

relationship between the optical band gap and phonon energy is: 

(
𝐴ℎ𝑣

𝐾
)
2

= ℎ𝑣 − 𝐸g 

where, K is an energy-independent constant; A is the optical absorption coefficient; hv is the phonon 

energy, in eV. Eg is the optical bandgap. From the relation between (Ahv)
2
 and hv, the optical 
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bandgap can be obtained by linear fitting and extrapolating the fitting curve to the x-axis. The band 

gap Eg of 2.92 eV is obtained (Figure 5b), which implies that Na2CaV4O12 is a typical 

semiconductor. 

To figure out the origin of conductivity, the AC impedance spectra were recorded over a broad 

frequency range (from 0.1 Hz to 10
6
 Hz) at higher temperatures (300-550 

o
C) under various 

atmospheres. Apparent Warburg electrode response with associated large capacitance (>10
−7

 F cm
−1

) 

in the low-frequency range (<10 Hz) can be observed at temperatures ≥350 
o
C. The typical 

impedance plot can be appreciated from Figure 6a, which strongly suggests ionic conduction
[19,24]

. 

Measurements at a specific temperature with different oxygen partial pressures (Figure 6b) reveals 

that p-type electronic conduction can be identified under high pO2 for the temperature below 500 
o
C. 

However, the conductivity remains almost constant under various pO2 values at 550
 o
C, indicating 

the almost pure ionic conduction near the phase transform region. In addition, one can see an abrupt 

increase in the conductivity at this temperature. Moreover, the electrode resistance at 550
 o

C 

decreases with the increasing pO2, as displayed in Figure 6c, which is diagnostic of enhanced 

kinetics of the oxygen ion diffusion and charge transfer reaction of O2 + 2e ↔ 2O
2−

 along the 

sample–electrode interface in the high-pO2 environments. Therefore, the abrupt increase in the total 

conductivity at this temperature is attributed to the considerably improved oxide ion conduction. 

Such a remarkable enhancement in ionic conduction made the p-type electronic conduction almost 
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negligible and therefore shown a pure ionic behavior under various atmospheres. The Arrhenius plot 

of conductivity measured under pure argon atmosphere was demonstrated in Figure 6d, and the 

corresponding activation energy Ea below 500 
o
C is about 0.79 eV.  

 

Figure 6 

The BVELs calculation was extensively employed for the investigation of conduction pathways 

in various sodium- and lithium-ion conductors 
[25-28]

. The result reveals activation energy of ~0.63 eV 

and 1.82 eV for forming two-dimensional (2D) pathways for Na
+
 ions and one-dimensional (1D) 

pathways for Ca
2+

 ions in the low-temperature phase, respectively. The comparison between the 

calculated results of sodium ion and experiment results suggests that the ionic conduction at 
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temperatures ≤ 500 
o
C is mainly due to the diffusion of Na

+
 ions. The calculated activation energy is 

a little bit lower than the experimental one, which could be attributed to the contribution of the grain 

boundary resistance in an experiment to the total resistance 
[29]

. The calculated BVEL for Na
+
 ions is 

shown in Figure 7a. The connected isosurface is formed in the a-b plane. The Na
+
 ions are disclosed 

to transport through an interstitial diffusion mechanism, and the interstitial site (0.75, 0.25, 0.5), as 

denoted by the black cross, is exactly the center of a square that formed by four neighboring 

framework Na
+
 ions in the a-b plane. For this interstitial diffusion mechanism, a framework Na

+
 ion 

has to overcome an energy barrier of ~0.63 eV of the saddle point (0.6, 0.4, 0.5), as denoted by the 

red cross, before approaching the interstitial site from which the Na
+
 ion would then migrate to 

another neighboring framework Na site. A similar interstitial diffusion mechanism revealed by the 

BVEL calculation method had also been reported for the melilite structure materials 
[30]

, which is 

consistent with the experimental results from maximum-entropy analyses of neutron diffraction data. 

To investigate the possible oxide ion migration mechanism above 510
 o
C, the BVEL of an oxide 

ion was then calculated for the high-temperature phase. The calculation results disclosed two 

dimensional (2D) pathways for oxide ions diffusion with a calculated activation energy of ~ 0.983 

eV which is in the range of typical oxide-ion conductors 
[31, 32]

, and also lower than that derived from 

the experiment. As shown in Figure 7b, the oxide ion migration mainly involves the O1 and O2 

atoms in the VO4 layers, including the intra- and inter-tetrahedral V4O12 ring diffusions. A typical 
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pathway could be O1−O2−O2−O1−O1−O1−O2−O2−O1−O1, as indicated by blue arrows. 

It is worth stressing that although the conductivity here is rather modest, ~2.5×10
-4 

S/cm at 550 

°C, but this can be further improved by microstructure and doping optimization. Anyway, it is the 

first time to report sodium ion and oxide ion conductions along with their transporting pathways in 

Na2CaV4O12 semiconductors. 

 

Figure 7 

4. Conclusions 

The low-temperature sintered ceramic Na2CaV4O12 was prepared. The optimal densification 

temperature is determined as 532 
o
C. Na2CaV4O12 shows a semi-conductivity behavior with a narrow 

bandgap ~2.39 eV at temperature < 350
 o
C, further the mixed electronic and sodium ion conduction 

is observed from 350
 o
C to 500

 o
C. A phase transition from centrosymmetric P4/nbm structure to a 

ferroelectric state (P4̅b2) occurs near 510
 o

C, accompanied by an abrupt increase in conductivity 

associated with the activated oxide ion migration. The ionic conduction mechanisms for both sodium 

ions and oxide ions were revealed by the bond-valence-based method. Therefore, here we provide a 

comprehensive understanding of the relationship between the structure and conductivity of the novel 
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mixed ionic conductor Na2CaV4O12. 
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Figure captions: 

Figure 1 The crystal structure diagram of Na2CaV4O12 projecting from the Z-axis. 

Figure 2 (a) Powder X-ray diffraction patterns of Na2CaV4O12 samples fired at different 

temperatures; (b) Rietveld fitting plots of the Na2CaV4O12 sample sintered at 550 
o
C; (c) TEM 

bright-field image with an HRTEM image presented in the inset; (d) SAED pattern of Na2CaV4O12 

with [100] zone axis. 

Figure 3 (a) in-situ variable temperature XRD (VT-XRD) from 25 
o
C to 560 

o
C; (b) Rietveld fitting 

plots for the XRD data of Na2CaV4O12 recorded at 540 
o
C. 

Figure 4 the crystal structures of Na2CaV4O12before (a) and after (b) phase transition. 

Figure 5 UV–vis absorption spectrum of Na2CaV4O12 

Figure 6 (a) Complex impedance plot for Na2CaV4O12 recorded at 400
 o

C under a pure nitrogen 

atmosphere; (b) conductivity of Na2CaV4O12 at different temperatures under various oxygen partial 

pressures; (c) impedance plots recorded at 550 
o
C in N2 and O2 atmospheres; (d) Arrhenius plot of the 

conductivity measured under nitrogen atmosphere. 

Figure 7 (a) BVEL for Na
+ 

ions in the structure before phase transition with the iso-surface at 0.635 

eV viewed along the c-axis; The red and black crosses denote the saddle point and interstitial site, 

respectively. The picture is plotted in the range of −0.2 ≤ x ≤ 1.2, −0.2 ≤ y ≤ 1.2, 0.2 ≤ z ≤ 0.8; (b) 

BVEL for O
2− 

ions in the transformed structure with the iso-surface at 0.99 eV viewed along the 

c-axis; The picture is plotted in the range of −0.2 ≤ x ≤ 1.2, −0.2 ≤ y ≤ 1.2, 0.6 ≤ z ≤ 1.3. The blue 

arrows denote the possible pathways for oxide ion diffusion. 
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Highlights 

 Na2CaV4O12 was prepared at extremely low temperatures (350-550 
o
C).  

 in-situ XRD reveals a phase transition from P4/nbm to P4̅b2 at 510 
o
C. 

 A strong correlation between ionic conductivity and phase structure of Na2CaV4O12. 

 Bond valence-based energy landscape calculations disclosed a two-dimensional interstitial 

diffusion mechanism. 
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