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Abstract. A mixed B-site double perovskite ceramic, Nax(Mno.sTio.5)WOe,
was synthesised via a conventional solid-state route and comprehensively exam-
ined for its structural, microstructural, dielectric, impedance, and thermistor
properties. X-ray diffraction analysis confirmed that the ceramic exhibits a dual-
phase crystal structure. FESEM imaging revealed densely packed agglomerated
grains with an average size of ~220 nm, while EDX confirmed the homogeneous
distribution of Na, Mn, Ti, W, and O without extraneous impurities. Dielectric
studies showed strong frequency-dependent dispersion and an increase in permit-
tivity with temperature, attributed to Maxwell-Wagner interfacial polarisation
and thermally activated defect dynamics. Impedance spectroscopy demonstrated
non-Debye relaxation and revealed that the grain- and grain-boundary-related
contributions evolve with temperature, consistent with a transition from (CQR)
to (CQR)(CR) circuit behaviour. Measurements of resistance that depend on tem-
perature showed a clear negative-temperature-coefficient (NTC) thermistor re-
sponse that was caused by small-polaron hopping and conduction through oxy-
gen vacancies. The results taken together show that the ceramic is a good choice
for use in electronics and high-temperature sensing.
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1 Introduction

In recent years, the search for advanced functional ceramics has become more intense.
This is because there is a growing need for materials that can support next-generation
technologies in energy storage, optoelectronics, sensing, and information systems.
Complex perovskites, especially double perovskites, are some of the most flexible can-
didates among the different oxide families. Their natural ability to change shape and
the fact that their electrical, magnetic, optical, and thermal responses can be easily
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changed make them a major focus of current materials research [1,2]. The ordered ad-
dition of two different cations at the B-site sets double perovskites apart from the usual
ABO:s structure. This feature gives engineers a powerful way to change the electronic
structure and the chemistry of defects. You can fine-tune charge transport, polarisation
mechanisms, and local symmetry with this flexible composition. Adding transition-
metal ions with different oxidation states makes the landscape even more interesting by
causing controlled lattice distortions, octahedral tilting, and strong electronic correla-
tions. These are also the same properties that make them useful in optical components,
photovoltaics, memory elements, spintronic devices, and electrocatalysts [3—5].
Because they have strict requirements for ionic radius and charge balance, sodium-
based A'* double perovskites are a smaller group within this larger family. But they
have become very popular in the last few years. The limited B-site valence combina-
tions that are allowed in A,BB’O¢ compositions (like B”*/B"5" or B'**/B"") put strict
chemical limits on the compositions. But these limitations give researchers a chance to
look more closely at compositions that have better structural stability and customised
functions [6,7]. One of the best things about double perovskites is that they can hold
different cations at both the A and B sites. This causes a lot of different structural be-
haviours, such as long-range order, local distortions, and even the creation of multiple
phases. These structural changes often happen because of differences in ionic radii,
rules that say charges must be neutral, or different thermodynamic phases [8]. This kind
of complexity can change the phase purity, but it can also improve the material's per-
formance. Microstructural properties, such as the shape of the grains, the properties of
the grain boundaries, and the types of defects, are very important in determining die-
lectric response, conduction pathways, and relaxation mechanisms. In the end, double
perovskites are great candidates for future ceramic-based electronic and thermal-sens-
ing technologies because they can change their structure, have a lot of different micro-
structures, and do more than one thing at once [9].

In this context, the mixed B-site engineered double perovskite Na(MngsTios)WOs
emerges as a promising lead-free functional ceramic. Adding both Mn*" and Ti*' to the
B-site of the Nax(B)WOs framework at the same time is expected to cause big changes
in the lattice because of ionic radius mismatch and charge compensation effects. The
incorporation of mixed B-site occupancy constitutes a significant novelty of the present
study, distinguishing it from previously reported double perovskite systems. This type
of mixed occupancy can change the chemistry of defects by controlling how oxygen
vacancies form, stabilising the structure that comes from perovskite, and changing how
octahedra tilt [10]. The manuscript will refer to Nax(Mng sTigs) WOs as NMTWO. This
study focuses on the synthesis and comprehensive characterisation of NMTWO ce-
ramic produced via the solid-state method, analysing its structural properties, micro-
structural growth, dielectric characteristics, impedance properties, and thermistor re-
sponse in detail. This systematic analysis aims to assess its suitability for next-genera-
tion high-temperature electronic components, thermal sensors, and multifunctional de-
vice applications.
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2 Experimental Procedure

Figure 1 shows how to make the NMTWO ceramic using the traditional solid-state
reaction method with high-purity precursor oxides: Na,COs, MnO,, TiO,, and WOs.
The oxides were weighed in stoichiometric amounts. We ground the mixed powders
both dry and wet, using acetone as the milling medium to make sure they mixed evenly
and the particles were all the same size. The mixture was heated to 1025 K for four
hours to speed up solid-state diffusion and the first steps in making the double perov-
skite. The calcined powder was then ground up very finely, pressed into pellets with a
KBr hydraulic press, and then sintered in air at 1025 K for 6 hours to make it dense
enough and develop the microstructure so that it could be electrically characterised.
We used X-ray diffraction (XRD) on a Rigaku Ultima IV diffractometer with Cu Ka
radiation (A = 1.5405 A) to look at the phase purity and crystal structure of the calcined
powder at room temperature. We recorded diffraction patterns over a 26 range of 20°
to 80° to get the main reflections. To make high-quality electrodes, silver paste was put
on the opposite sides of the sintered pellets. Then, the pellets were heated to make sure
that the electrical contact was good. Using an impedance analyser (PSMN4L, Model
1735), we looked at the dielectric and electrical transport properties over a frequency
range of 1 kHz to 1 MHz and a temperature range of 298 to 398 K. We used field-
emission scanning electron microscopy (FESEM, ZEISS) to look at the surface mor-
phology and energy-dispersive X-ray (EDX) spectroscopy attached to the FESEM unit
to check the elemental composition and spatial uniformity. This method for systematic
synthesis and characterisation made it possible to fully assess the NMTWO ceramic's
structural properties, electrical response, and overall functional potential.
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Fig. 1. Schematic representation of material synthesis in the solid-state method.

3 Results and Discussion

3.1 XRD Analysis

Figure 2 displays the X-ray diffraction (XRD) pattern of the calcined NMTWO ceramic
across an extensive 20 range (20°-80°). We used the X'Pert HighScore Plus software
[11] to find the phases. The analysis indicates that the sample constitutes a stable solid
solution comprised of two distinct phases. The primary diffraction peaks originate from
the cubic Na,WO4 phase (Ref. code 01-070-1040), while the additional reflections are
attributed to the monoclinic TiO, phase (Ref. code 00-046-1237) are marked with an
asterisk (*). All reflections match known reference patterns, and there are no unknown
peaks, which confirms that there are no impurity phases [12]. Having two phases in a
material can change how well it works as a whole. The two phases could have different
compositions, structures, or shapes, which is why this is the case. This kind of differ-
ence changes how things work mechanically, electrically, thermally, and chemically by
adding processes like dispersion strengthening, precipitation hardening, and transfor-
mation toughening. In dielectric materials, the insulating and semiconducting phases
can change the permittivity and loss characteristics. This makes it possible to change



Comprehensive Study on the Structural, Electrical, and Thermistor ... 11

the properties of the materials for use in electronics. In semiconductors, the coexistence
of multiple phases can affect the mobility of charge carriers and the effectiveness of
doping. These systems may undergo phase transformations that further affect functional
behaviour and device performance [13] because phase stability depends on temperature

and pressure.
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Fig. 2. XRD diffraction pattern of NMTWO ceramic.

3.2  SEM Analysis

The field-emission scanning electron microscopy (FESEM) image of the sintered sur-
face of the NMTWO ceramic is shown in Figure 3a. The surface shows tightly packed
agglomerated grains with very little visible porosity, which shows that solid-state sin-
tering worked well and that the microstructure was well consolidated. The grains have
uneven shapes and a wide range of sizes. This could be because Mn and Ti occupy
different B-sites, which affects how the grains diffuse and grow during sintering [14].
Using ImagelJ software [15], we found that the average grain size was 220 nm. Figure
3b shows the energy-dispersive X-ray (EDX) spectrum that goes with it. It shows that
the elements Na, Mn, Ti, W, and O are present, and there are no extra peaks for impu-
rities. This confirms that the NMTWO system that was made has pure composition and

uniform elements.
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Fig. 3. (a) FESEM and (b) EDX spectrum of NMTWO ceramic.

3.3  Dielectric Study

We measured the NMTWO ceramic's dielectric permittivity (g;) and dielectric loss (tan
8) between 1 and 1000 kHz and at temperatures between 298 and 398 K to learn more
about how it polarises and how it relaxes electrically. At all measured temperatures, er
slowly goes down as the frequency goes up, which is a common behaviour in mixed B-
site transition-metal double perovskites. The elevated permittivity at low frequencies
results from the capacity of electronic, ionic, dipolar, and interfacial polarisation pro-
cesses to follow the applied field. At higher frequencies, slower polarisation mecha-
nisms like space-charge and dipolar responses can't keep up with the oscillating field.
This makes &, drop and eventually settle at higher frequencies, where only faster elec-
tronic and ionic contributions are important [16].

The measured range of &, changes a lot with temperature. € goes up a lot as the temper-
ature goes up. This is because the charge carriers are more thermally activated, which
makes the polarisation at the grain boundaries stronger. The mixed occupancy of Mn
and Ti at the B-site causes more lattice distortion and defect states. These states help
space-charge build up and make the permittivity higher at higher temperatures. Figure
4b shows how the dielectric loss (tan ) changes when the temperature and frequency
change. Tan 6 decreases with increasing frequency but rises with temperature, indicat-
ing thermally activated hopping conduction and defect-dipole relaxation. The higher
loss values in the low-frequency region are attributed to grain boundary-dominated re-
sistive behaviour. In contrast, the lower tan & values at high frequencies confirm the
ceramic's good insulating nature [17]. Overall, the frequency-dependent dispersion and
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temperature-activated dielectric response demonstrate that NMTWO exhibits stable di-
electric characteristics suitable for high-temperature electronic and sensing applica-
tions.
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Fig. 4. (a) Dielectric permittivity and (b) tangent loss of NMTWO ceramic.

3.4 Impedance Study

The complex impedance spectra of NMTWO were analysed in the temperature range
298-398 K to elucidate the contribution of different microstructural regions to the elec-
trical response. Figure 5 shows the Nyquist plots (Z” vs. Z'), which exhibit depressed
semicircular arcs whose diameters decrease with increasing temperature, indicating a
substantial thermally activated reduction in resistance and confirming the ceramic's
semiconducting nature. The non-ideal, tilted arcs suggest a distribution of relaxation
times and therefore non-Debye-type relaxation behaviour [18]. The experimental data
were modelled using ZsimpWin software [19]. In the lower temperature range (298-
348 K), the impedance spectra were satisfactorily fitted using a (CQR) equivalent cir-
cuit, which includes a grain-related resistance element in parallel with a constant-phase
component to account for distributed bulk capacitance. At higher temperatures (373-
398 K), an additional contribution becomes evident, and the spectra are better described
by a (CQR)(CR) circuit, where the second CR branch is associated with grain-boundary
effects. The progressive emergence and strengthening of this additional arc with tem-
perature signal enhanced grain-boundary conduction and space-charge accumulation at
interfaces. The impedance analysis confirms that both grains and grain boundaries gov-
ern the electrical transport in NMTWO, with their resistances decreasing markedly with
temperature due to thermally activated hopping of charge carriers.
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Fig. 5. Nyquist plot of NMTWO ceramic.

3.5 Thermistor Application

A thermistor is a temperature-dependent resistor whose electrical resistance changes
predictably with temperature. Based on this behaviour, thermistors are classified as ei-
ther negative temperature coefficient (NTC) or positive temperature coefficient (PTC)
types. In NTC devices, resistance decreases with increasing temperature, whereas in
PTC devices, resistance increases with rising temperature. In the present study, the
NMTWO ceramic exhibits NTC-type behaviour, as evidenced by the monotonic de-
crease in resistance with increasing temperature (Figure 6).

[ 0

o= [ /- @

The resistance goes down a lot, from about 280 kQ at 323 K to about 127 kQ at 398 K.
This shows that the material conducts electricity like a semiconductor. This decrease
that depends on temperature shows that the electrical transport is mostly due to ther-
mally activated hopping of small polarons, which is a well-known process in double
perovskites made of transition metals. The computed temperature coefficient of re-
sistance (a), thermistor constant () and activation energy (E,) are given in Table 1
further validate the NTC characteristics of the compound. The 3 values are normal for
oxide-based NTC ceramics, which means that the activation energies are moderate and
good for use in thermal sensors [20]. The more negative o values at higher temperatures
show that charge carriers can move more easily because thermal energy can break
through localised trapping potentials.

There are several inherent factors that elucidate the behaviour of this material as NTC.
The mixed occupancy of Mn and Ti on the B-site results in distinct oxidation states
(Mn*" and Ti*"), facilitating polaronic hopping. Oxygen vacancies that happen during
high-temperature sintering also create donor-type defect states, which help conduction
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that is activated by thermal energy [21]. As the temperature rises, these carriers get
more energy, which makes it easier for them to move between nearby transition-metal
sites. This lowers the resistance a lot. Overall, the NMTWO ceramic shows stable, well-
defined NTC behaviour across the temperature range we looked at. This shows that it
could be used in temperature sensors, thermal monitoring devices, and other electronic
parts where a predictable negative temperature dependence is important.

Table 1. Thermistor parameters and activation energy at different temperature ranges of

NMTWO ceramic.

Parameters a (K B (K) Ea(eV)
323-348 K -5.19x1073 625.39 0.0538
348-373 K -1.05x10%? 1573.19 0.1355
373-398 K -1.21x107? 2130.50 0.1835
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Fig. 6. Temperature-dependent resistance of NMTWO ceramic.

4 Conclusion

A thorough structural and electrical analysis of the NMTWO ceramic has been con-
ducted to determine its suitability for functional device applications. The XRD analysis
shows that the ceramic crystallises into a clear dual-phase solid solution with no detect-
able impurity phases. Microstructural observations showed that the nanoscale grains
were tightly packed. EDX confirmed that the ions were pure and evenly spread through-
out the material. The dielectric study showed that the frequency dispersion was strong
and that the permittivity increased with temperature. These behaviours were caused by
interfacial polarisation and defect-assisted hopping processes. Impedance spectroscopy
further confirmed the simultaneous presence of grain and grain-boundary contributions,
with equivalent-circuit modelling (CQR) at lower temperatures and (CQR)(CR) at
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higher temperatures validating thermally activated conduction and non-Debye relaxa-
tion dynamics. The thermistor analysis showed a clear NTC-type response, with re-
sistance steadily dropping across the temperature range that was looked at. This was
because small-polaron hopping and oxygen-vacancy-driven charge transport were hap-
pening. Overall, the interplay of structural stability, favorable dielectric behaviour,
well-defined impedance relaxation, and robust NTC characteristics positions NMTWO
as a promising candidate for high-temperature sensors, thermal-monitoring elements,
and multifunctional ceramic device components.
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