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Abstract

In this work, cyclotetravanadate Na>SrV4O12 was synthesized at a relatively low sintering
temperature of ~ 500 °C using a solid-state reaction method. X-ray diffraction and
transmission electron microscope characterization featured a tetragonal structure that was
built by a 3D frame of isolated tetracyclic (V4O12)*. Dielectric measurements demonstrated
strong dependence on frequency and temperature. A low relative permittivity of & ~ 8 £ 0.2
and a dielectric (loss tand) ~ 0.4 + 0.01 was achieved at a frequency of 10 kHz and room
temperature. ac impedance and conductivity analysis revealed a thermally activated
migration behavior of charge carriers with a short-range hopping feature. XPS analysis
validated the existence of oxygen vacancy and reduction in vanadium (from V°* to V**),

which gave rise to charged lattice defects. The migration or hopping of such charged defects
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was responsible for the observed electrical behaviors. Owing to the simple composition,
inexpensive raw materials, and low density (2.99 g/cm?) make Na,SrV4O12 ceramic a
potential candidate for lightweight devices and in photocatalytic degradation and

all-solid-state ion batteries.

Keywords: Ceramics; Dielectric properties; Low-temperature firing; Vanadate

1. Introduction

Metal vanadates have been widely applied as the matrix in fluorescence and laser
materials, and recently showed promising application potential in photocatalyst and
lithium-ion batteries due to their low dielectric permittivity and low loss ['*l. Compared to
silicates, crystalline vanadates possess versatile structural chemistry stemming from the
various extension of vanadium-oxygen polyhedra [, Depending on the manner of
polymerization, diverse structural configurations are formed in vanadates, including chains,

(10131 ' Among them, a rare cyclic structure

sheets, and three-dimensional blocks
configuration, which was built by an isolated tetracyclic unit [V4012], has been specialized.

Till now, such materials have been rarely reported and are mainly based on a general formula

MaM'(XO3)s, e.g., NazSr(VO3)s, CaY2(GeOs)al” 141,

In our previous work, Na,CaV4O12, as a representative cyclic compound was
characterized in terms of solid-state preparation, phase transition, dielectric, and ionic
properties. A phase transition was identified at based on various X-ray diffraction and

dielectric behaviors. The ionic conductivity of Na;CaV4O12 was observed to be strongly
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correlated to the phase structure. It is reported that the coordination condition for
alkaline-earth metals in the cyclic MoM'(XOs)s varies from a square antiprism to a prism >

131 Such crystal evolution was expected to induce various dielectric and conductivity

behaviors

which were effectively influenced by the polyhedral deformation, the ionic radii and the
polarizability of central cations. Especially for the cyclic MoM'(XO3)4 structure, the dielectric
properties were mainly influenced by the coordination condition for alkaline-earth metals.
Moreover, the ultra-low sintering temperature (500 °C) and lightweight make it of great
potential in the industrialization of ceramics from the perspective of reducing energy

consumption and costs.

Motived by the interesting structural and physical properties, it is worthwhile to exploit
novel dielectric materials of this family. Considering the same valence and similar cation size
of Sr** to Ca?", NaxSrV401, was fabricated in this work and the phase formation, crystal
structure, and dielectric properties were characterized in detail. Combined ac impedance
spectrum and complex modulus plots were employed to unveil the electrical conduction

mechanism.

2. Experimental

Preparation of Na2SrV4012 ceramics: Ceramic powders were prepared by the
traditional solid-state reaction using stoichiometric ratios of Na;COs3 (99.9%), SrCOs

(99.9%), and V205 (99.99%) as raw materials. The powders were mixed by ball-milling with
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alcohol as a grinding medium for 6 h. The calcination was conducted in a temperature range
of 100-500 °C for 4 h to study the phase formation. After calcination, a second ball-milling
for 6 h was carried out mixed with PVA (5 wt.% solutions) as binders. The mixed granules
were pressed into pellets with a diameter of 10 mm and thickness of 1-2 mm under a pressure

of 80 MPa. The pellets were sintered at 550 °C for 6 h in air.

Characterization: Phase formation was analyzed using differential thermal analysis
(DTA) and thermogravimetry (TG) with a PerkinElmer STA8000 from 25 to 600 °C. Phase
purity of the fabricated ceramics and constituents of the calcined powders were identified by
XRD (X’Pert PRO, PANalytical, Netherlands). Microstructures were analyzed through SEM
(JSM-6380, Japan) and TEM (JEM-2100F, Japan). Dielectric properties were measured by a
precision impedance analyzer (Agilent 4294A, USA) over a broad frequency (40 -107 Hz)
and temperature range (25-450 °C). The temperature was controlled using a hand-made
furnace. Before dielectric measurements, silver electrodes were painted on both sides of the

sintered pellets.

3. Results and discussion

To confirm the chemical reaction and associated temperatures of Na>SrV40O12, thermal
analysis was carried out on the uncalcined stoichiometric mixtures. A total mass loss of ~
15% was shown over the detectable temperature range from room temperature to 600 °C (Fig.
l1a). The decomposition of precursors carbonates (NaxCOj3 and SrCOs3) releases carbon
dioxide which was responsible for the mass loss which is in accordance with the theoretical
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calculation for CO> release from the raw materials (14.3%). A sharp drop in mass at 493 °C
was a result of chemical reaction to form the targeted Na,SrV4O12 phase along with a broad
exothermic peak. Another broad endothermic peak with no mass loss was detected around

550 °C, which could be related to the densification of the Na>xSrV401, phase.

Fig. 1 shows XRD pattern of the NaxSrV4O1> powders synthesized at a broad
temperature range (120-500 °C). In the lower temperature range (120-300 °C) the main
phases were SrCOs3 (PDF: 005-0418) and NaVOs (PDF: 032-1997), which indicated that such
low heating temperatures were insufficient for the chemical reaction or decomposition of
SrCO;.With increasing temperatures, the diffraction peaks from NaVO3 became intense,
which accounted for the reaction between Na,CO3 and V20s. This result corresponds to the
first DSC curve with no mass loss as shown in Fig.1a. On increasing the temperature in the
range of 300-450 °C, Sr2V207 (PDF: 071-1593) and Naj0V240s4 (PDF: 019-1257) appeared
in addition to the NaVOs3 phase. Upon increasing the temperature to 500 °C, the XRD pattern
matched well with the standard card of Na>SrV4012 (PDF: 00-052-1891) with no second
phase detected. This result indicated that the objective NaxSrV4012 phase can be purified at

500 °C.

Rietveld refinement was utilized to confirm the phase purity and reveal the crystal
structure of NaxSrV4012. A tetragonal structural model based on P4/nbm was established. As
shown in Fig. 2a, a good fit between the calculated and observed profiles results in reliable
factors (Rwp = 6.87%, Rp = 4.46%, and > = 2.13, as shown in Table 1). The crystal structure

of Na2SrV4012 could be described as a 3D frame of isolated cyclic (V4O12)* which is built of
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four corner-shared (VOs) tetrahedra (in the inset of Fig. 2a). The as-sintered ceramic
exhibited dense microstructure of closely packed grains with an average grain size of ~ 8 um
(Fig. 2b), which conforms to the high relative density (95.6%). TEM analysis of NaxSrV4O012
ceramics with a [114] zone axis provided valid evidence for the tetragonal structure, as
shown in the diffraction pattern in Fig. 2(c). The lattice parameter of ~0.276 nm along the

[221] direction is illustrated in Fig. 2(d).

To investigate the dielectric properties of NaxSrV4O12 ceramics, variations in relative
permittivity (&) and dielectric loss tangent (tano) were measured as a function of frequency
and temperature. As shown in Fig. 3a, typical frequency dependence was displayed,
especially at the low-frequency range (as marked by the light-blue shadow), which led to a
relatively smooth change over 10 kHz. Similar frequency dispersion was also observed in the
temperature-dependence dielectric behavior (Fig. 3b). These dielectric behaviors can be
explained by the existence of some slow polarization dipoles, such as space charge
polarization, which disappear at high frequencies but could be triggered at high temperatures.
[16.17] In addition, the temperature curves (Fig. 3b) did not show any abnormal dielectric
peaks, which indicated no phase transition took place in the temperature range tested. This is
different from the previously reported NaxCaV4O12 counterpart, exhibiting a dielectric
anomaly at 515 °CI%l. It should be noted that in the temperature range of 25-300 °C, both &
and tandremained essentially constant, demonstrating thermal stability. A room-temperature
relative permittivity & ~ 8 at 10 kHz along with a high dielectric loss (tano ~ 0.4) were

obtained.
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To probe the origin of high dielectric loss, complex impedance spectroscopy was
employed over a broad frequency (40-10° Hz) and temperature (643-733K) range. As shown
in Fig. 4a-c, one electrical response was active in the measured frequency and temperature
region, which was featured by only one relaxation behavior in the Z''-f curves and one
semicircular arc in the Z"’-Z' curves. To further reveal the relaxation process, the imaginary
impedance was normalized, from which the characteristic relaxation frequency (f) could be
obtained. The temperature variation in the f'value can be expressed by the Arrhenius

formulal'8-201:

Ea

JS=foexp(—= X.T

) (1)

Where fj is the pre-exponential factor, E. represents relaxation activation energy, Kg refers to
the Boltzmann constant, and 7 is kelvin temperature. As shown in Fig. 4c, an apparent line
relationship between Lnf'and 1/T exists and via linear fitting, the relaxation activation energy
E. (1.03 eV) was obtained. According to the literature, it is speculated that the relaxation
process of Na;SrV4012 ceramic samples might be related to the migration of charge carriers

such as oxygen vacancies 12122,

To gain an insight into the migration mechanism of the charge carriers, modulus
spectroscopy of Na,SrV401, was carried out to supplement the impedance analysis. Fig. 4d
shows the variation in the imaginary part of modulus (M'") as a function of frequency at some
fixed temperatures. Like the impedance (Z"), strong frequency dependence was

demonstrated, which was characterized by a low-frequency relatively smooth region and a
This article is protected by copyright. All rights reserved.
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rapid increase in the high-frequency region. Such a variation resulted in a series of relaxation

peaks which shifted towards the higher-frequency side with an increase in temperature. It is
well known that the modulus spectrum below the relaxation peak frequency is partly due to
the long-range distance of the carrier in the crystal, while the part above the relaxation peak

[23-25

frequency is caused by short-range mobility 1. The relaxation of the modulus spectrum

can be expressed by the following Fourier transformation equation:

M =1 [ expt-wn- L) @

Where @(t) is a time constant related to the frequency of change of the alternating electric

field and can be expressed as:
o(t) = exp[—t / rmﬂ] (3)

Here, ¢(t) is the relaxation time of the conductivity,  (0< < 1) is a parameter indicating
the degree of deviation of relaxation from the ideal Debye relaxation. Otherwise, Bergman

proposed a simpler KWW formula as follows:

M"=M" | {(l -p)+ % [ BW ! W)+ (W / W) J} 4)

Where M), is the maximum value of the imaginary modulus (M""), Wy,q, 18
corresponding to the frequency of the My, ,,. The ff values obtained by fitting are shown in
Fig. 4e as a function of temperature. A continuous increase in S value was observed with
increasing temperature. This indicated that the number of carriers that contribute to the

This article is protected by copyright. All rights reserved.
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conductivity increases with temperature. Additionally, the separate peaks for the normalized
2" |Z ) ar and M" /My .. at 653 K, as illustrated in Fig. 4f, indicated the migration of

charge carriers in the present Na,SrV4O12 ceramics is short-range!¥,

The frequency dependence of ac conductivity (cac) at some selected temperatures is
shown in Fig. 5a. The ac conductivity is independent of frequency at a low-frequency range
(< 10* Hz), and strong frequency dependence was demonstrated when the frequency

exceeded 10° Hz. According to the universal dielectric response, the ac conductivity is fitted:
Jac :Jdc + GOfS (5)

Where the o, is the ac conductivity, g, is the dc conductivity, o, is a constant, fis the
frequency, and s (0< s <1) is the pre-exponential factor. By fitting, the dc conductivity can be
obtained and is shown in Fig. 5b as a function of temperature. As the temperature rises, the dc
conductivity showed an upward trend, suggesting the semiconductor nature of Na>SrV4O1.».
Additionally, the relationship between the fitted dc conductivity and the temperature was

studied via the Arrhenius formula:

E
0y =0, exp(— —KC"}) (6)
B

where o,. i1s the dc conductivity; o, is the pre-exponential factor; E.,, is the activation
energy of dc conductivity. A linear correlation existed between Ino,. and 1/7, resulting in a
slope of 0.822 eV (Econ). This result further indicates that the electrical behavior of

NazSrV40n2 is attributed to the thermally activated charge carriers.

This article is protected by copyright. All rights reserved.

9

85U8017 SUOWILIOD BAIFeR1D 3 |qed|dde au Aq pauienoh ae ssjoie VO ‘88N JO S9N 10} Areiq1 8ul|UQ /8|1 UO (SUOPUOD-pUe-SWB)/LLI0D" A3 | 1M Ae1q 1[I JUO//SANY) SUORIPUOD pUe SWB 18U} 88S *[£202/20/60] UO AriqiT8uliuo A8|IM ‘ASeAIUN eLGWNYLON AG 6TO6T 838/ TTTT 0T/I0p/L0o"A3| 1M Atelq|jeul|U0'SOIUrI80//:SdNy Wouy papeojumoq el ‘9T6ZTSST



Accepted Article

XPS spectra on Na, Sr, V, and O elements of Na;SrV4012 are shown in Fig. 6. By fitting via
the Gaussian sub-peaks, the oxide state of Na and Sr was confirmed as +1 and +2, whereas
partial reduction of V> to V*" was also observed. The V 2ps; and V 2p1 located at 516.8 eV
and 524.4 eV with a spin-orbit splitting of 7.6 eV were assigned to V>*. Whereas those
located at 516 eV and 522.5 eV were assigned to V**, which is consistent with the previous
report ). For the O-1s XPS spectrum, the 529.7 eV peak corresponded to the oxygen ion, and
the peak at 531.3 eV was assigned to O ions near the oxygen vacancies, which verifies the
existence of oxygen vacancies. It has been established that oxygen loss would occur during
sintering at elevated temperatures, generating oxygen vacancies > 271, The ionization of
oxygen vacancies would release electrons, which could be described based on the defect

equations:

Oo— Vp+1/20, @)

Vo — Vote' ®)

Vg — Vgte! 9)

Once the released electrons are captured by the neighboring V°*, reduction to V4" would

happen according to the equation:

Vite! -V (10)
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XPS results validated the presence of charge carriers (V5", e’, and (Vi*)"). The short-range
migration or hopping of such carriers gives rise to conductivity, which explains the observed

electrical behaviors.

Conclusions

Single-phase NaxSrV4012 was successfully synthesized at relatively low temperatures (~
500 °C) and the corresponding dense ceramics were fabricated at 550 °C with a relative
density of 95.6%. XRD and TEM confirmed that Na,SrV4O1> crystallizes into a tetragonal
structure with a space group P4/nbm and the crystal structure was built by a 3D frame of
isolated tetracyclic (V4O12)*. Dielectric measurements featured a low relative permittivity &
~ 8 with a dielectric loss tand~ 0.4 at 10 kHz and at room temperature. ac impedance and
conductivity analysis revealed a thermally activated migration behavior of charge carriers
with a short-range hopping feature. XPS analysis validated the existence of oxygen vacancy
and reduction in vanadium (from V°* to V*"), which gave rise to charged lattice defects. The
migration or hopping of such charged defects was responsible for the observed electrical
behaviors. The ceramic could therefore have the potential for applications in photocatalytic

degradation and all-solid-state ion batteries.
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Table 1 Wyckoff positions, displacement parameters and refinement factors for NaxSrV4O 5.
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Atoms Wyckoff X y z Occ. Biso.
positions
Sr 2b 0.2500 0.2500 0.2500 0.2500 0.151
02 16 n 0.1839 0.0529 0.2352 1.0000 1.242
01 16 n 0.6305 0.3695 0.1553 1.0000 0.482
\Y% 8k 0.5353 0.2500 0.0000 0.2500 0.702
Na 4f 0.0000 0.0000 0.5000 0.0625 0.500
Lattice
parameter
a= b=10.6345 c¢=4.9621
10.6345
Crystal Tetragonal
system
Space P4/nbm
group
Ry/Rupl ¥ Ryp = R,=4.46% 4 =2.13
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Fig. 1 a Thermal analysis of the mixed raw materials of Na>SrV4O12 before calcination; b

XRD patterns of NaxSrV4012 ceramics sintered at various temperatures (120- 500 °C).
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Fig. 2 a A representative Rietveld refinement plots for the cracked Na;SrV4O12 powders
sintered at 550 °C/4h (crystal structure showing the coordination polyhedra of Sr**, Na*, and
V°* is shown in the inset); b SEM image on the surface of the ceramic sintered at 550 °C/4h
with the grain size distribution; ¢ selected area electron diffraction patterns with a [114] zone

axis; d HRTEM image of the Na>SrV4012.
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Fig. 3 Frequency (a, in a range of 10-10” Hz) and temperature (b, in a range of 25-450 °C)

dependence of dielectric properties.
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Fig. 4 a Complex impedance plots at various temperatures (643-733 K); b the frequency
dependence of the normalized imaginary part of impedance (Z'’) at the same temperature
range; ¢ the Arrhenius plot for the relaxation frequency as shown in Fig. 4b; d the frequency
dependence of the imaginary part of modulus (M) at various temperatures (643-733 K); e
the degree of deviation from the ideal Debye relaxation () as a function of temperature; f the

normalized Z" /Z}, 4, and M'" /My, ., at 653 K.
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Fig. 5 a the frequency dependence of ac conductivity at various temperatures (643-733 K); b

the Arrhenius plot for the conductivity.
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