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—I
Tin doped barium titanate (BaTiO;) was prepared through NaCl-KCl eutectic melt at 800 °C. The synthesized materials were well |
characterized using powder-X-ray diffraction (PXRD) and FESEM-EDX spectroscopy. Cubic structure was observed in the PXRD pattern |
of tin doped sample. The crystallite size of tin doped barium titanate nanoparticles was found to be around 17 nm. Nanorods and
aggregated nanocubes like structure were observed in the FESEM images and elemental ratio of doped ions was confirmed by energy |
dispersive X-ray spectrum (EDX). Electrical properties observed for the synthesized material were found better than those reported in the |
literature prepared by other methods. The dielectric constant and dielectric loss were measured in the temperature range of 100-400 K and |
the frequencies varying from 10 kHz to 10,000 kHz. The tin doped barium titanate showed rod type morphology with an unprecedented |
high dielectric constant of ~17,500 at 10 Hz. Dielectric constant values decreased with increasing frequency. The change in dielectric |
constant with frequency was well explained by Maxwell-Wanger polarization effect. The impedance and ionic transference number (tion)
were also measured. I
|
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INTRODUCTION

Barium titanate (BaTiO;) is a versatile material known
since long for its ABO; type structure and properties. Due to
its exceptionally high dielectric, ferroelectric and piezoelectric
properties, barium titanate is the most studied ceramic subs-
tance [1]. Depending on the temperature, barium titanate exists
in four polymorphic phases: rhombohedral (T < -90 °C), ortho-
rhombic (-90 °C < T < 5 °C), tetragonal (5 °C < T < 120 °C) and
cubic (T > 120 °C) [2]. The crystalline forms of barium titanate
are cubic, tetragonal, and hexagonal. Because of its excellent
ferroelectric, piezoelectric and thermoelectric capabilities, the
tetragonal polymorph is the most commonly used [3].

BaTiOs; is cubic above 120 °C (and up to 1400 °C). Doped
barium titanate is a well-studied and hot area of research due
to high impact of dopant on diffusion and its dielectric, ferro-
electric, piezoelectric and magnetic properties. Tin doped BaTiO;
shows three times higher permittivity in comparison to un-

doped BaTiOs [4]. The literature survey has also revealed
multiple times enhancement of photoluminescent properties
of tin doped BaTiOs; [5].The enhancement is due to the stabili-
zation of the defects created by Ti** upon doping with Sn**
ions in BaTiOs nanoparticles. However, it is interesting to note
that with tin doping, the tetragonal to cubic transition shifts to
lower temperature and the remaining transition temperatures
shift to higher temperature and therefore, offer the possibility
of tuning the transition temperature close to room temperature.
From X-ray diffraction study, it was observed that tin doped
BaTiO; exhibited tetragonal structure (P4mm space group) for
less than 5% tin doping and cubic structure (Pm3m space
group) for more than 10% tin doping [6]. The Ca** doped
BaTiO; leading to the formation of Ba,..CaxTiO; (BCT) solid
solutions acted as a good substitute of lead-free ferroelectric
material [7].

BaTiOs; has been synthesized in number of ways such as
solid-state route, solution-based method, microwave, hydro-
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thermal reaction route and sol gel route [4,8-15]. Researchers
are always keen to produce the material at low temperature
with good yield. The most commonly used synthetic route is
the solid state method but it has the limitation of high tempera-
ture requirement, typically 1100 to 1400 °C. Sintering at high
temperature leads to reduction in particle size, which restricts
the utility of the materials for use in electronic industry. This
mandates the need of lower synthesis temperature leading to
homogeneous structure. A number of low temperature methods
like hydrothermal method, spray pyrolysis, sol-gel processing,
amicroemulsion processing, microwave heating are being used
for the synthesis of BaTiOs, but they have their own disadvan-
tages too [3]. The microwave hydrothermal method helps in
the synthesis of required product at relatively low temperature
but a slight variation in synthesis conditions can lead to change
in the particle size. Moreover, with this the obtained BaTiOs
powder remains in paraelectric cubic phase which requires
additional energy in the form of heat to allow its transformation
into tetragonal phase to obtain good ferroelectric properties.
However, the additional heating leads to aggregation of the
ultra-fine powder.

Spray pyrolysis is another method for producing BaTiOs;
nanoparticles with a tetragonal phase by combining metal
nitrates as an oxidant and carbohydrazide as a fuel source with
a 1:1 molar ratio. Spray pyrolysis can result in the formation
of a secondary phase as well as hollow particles. The second
phase is thought to be caused by chemical segregation during
precipitation [16]. The sol-gel method is also commonly used
wet-chemical synthesis method for creating glassy and ceramic
materials. The sol (or solution) gradually progresses towards
the creation of a gel-like network containing both a liquid and
a solid phase. The gel forms at a temperature of 60-100 °C but
the desired product is formed after the calcination at 1000-
1200 °C, which makes it a high temperature synthesis. The
precursors are comparatively expensive and shows low
production rate [17].

The synthesis through molten salt method is a cost effec-
tive and simple approach for obtaining single phase chemically
pure crystalline powder at low temperature. The reaction environ-
ment ensures quick and easy dispersion, rearrangement and
diffusion of the raw materials. The minimization of interface
and surface energies among the constituent material and the
salt gives a way for the synthesis of the desired product. A
significant part of this synthesis technique is the high aqueous
solvency of the salts, which permits their simple evacuation
on completion of the reaction. Dispersive BaTiOs nanoparticles
have been prepared by molten salt method using NaCl-KCl
eutectic melt [18]. Recently, a comprehensive review on the
synthesis of metal oxide nanomaterials through molten salt
has been published and this review demonstrates molten salt
synthesis route as the better approach to synthesize materials
at lower temperature [19]. To the best of our knowledge, the
synthesis of tin doped BaTiOs through molten salt is not yet
reported. In this article, tin doped BaTiO; has been prepared
through NaCl-KClI eutectic melt using molten salt synthesis
route and this is an attempt to synthesize the material at the
lower temperature and their electrical properties were studied.

EXPERIMENTAL

Materials: For the synthesis of Sn doped barium titanate
(Sn-BaTiO;), BaCO; (=99 % Sigma-Aldrich, USA), TiO, (Fisher-
Scientific) and SnCl,-2H,0 (Sigma-Aldrich, 99.9%) were used
as the precursors. NaCl (99.5% Thomas-Baker, India) and KCl1
(99.5% Qualigens, India) salts were used to provide the molten
medium.

Synthesis of tin doped barium titanate: The molten salt
synthesis route was used for preparing Sn doped BaTiOs. Prior
to usage of precursors, the oxides and carbonates were dried
at 400 °C and then weighed in the stoichiometric proportion.
The eutectic mixture of NaCl and KCl (1:1 molar ratio) with
melting point 665 °C was prepared. The reactants along with
20 wt.% SnCl,-2H,O and eutectic mixture were used in the
ratio of 1:2, mixed uniformly by grinding for 0.5 h with the
help of agate mortar and pestle. The powder was then trans-
ferred to alumina crucible and heated at 800 °C (3 h) where
Sn-BaTiO; was formed. After this, the reaction system was
cooled and washed several times to remove chloride ions.

Characterization: Powder X-ray diffraction studies were
carried out with the help of Rigaku Ultima IV X-ray diffracto-
meter using CuKk,, radiation (45 kV and 40 mA) at a speed of
2 °/min in the range 10°-60°. Using Scherrer’s formula, the
crystallite sizes (t.) of the material were calculated from the
peaks of XRD patterns.

_Kh
¢ PBcosh

where, K is the shape coefficient (value between 0.9 and 1.0),
A is the wave length, B is the full-width at half-maximum and
0 is the diffraction angle

Field emission scanning electron microscopy was used for
morphological studies (FEI Nova Nano FESEM 450). Dielectric
constant and electrical conductivity were measured as a function
of frequency (10-10,000 kHz) and temperature (RT-400 °C).
The measurements were done using Agilent E4980A LCR meter
on a pellet (thickness was 0.14/0.18 cm with 0.08 cm diameter)
made by using the hydraulic press under a pressure of 2000 psi
for 60 s. A micrometer was used to measure the samples’ thick-
ness and diameter. Silver paste was applied on both surfaces
of the samples, which were then heat-treated at 800 °C for 30
min to guarantee electrode contact with the ceramic surface.
The CHI 604D electrochemical workstation was used to study
the variation of dielectric constant with frequency (5 Hz to
800,000 Hz) at room temperature. The pellets were coated with
silver paste and placed in the sample holder. AC impedance
mode was selected with an operating voltage of 0.5V, frequ-
ency range of 1 MHz to 100 MHz and amplitude of 50 mV.
Ionic transference number (tion) Of the sintered Sn doped BaTiO;
was carried out by bulk electrolysis with coulometric technique
at an operating potential of 0.5 V for a duration of 2300 s.

RESULTS AND DISCUSSION

Structural analysis: PXRD pattern of sintered crushed
powder of tin doped BaTiOs is given in Fig. 1. For comparison,
the PXRD pattern of pure BaTiO; (synthesized via sol gel
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route) is also given in Fig. 1 [4]. Due to doping of Sn in BaTiOs,
the peaks slightly shifted towards lower angle as compared to
that of pure BaTiOs. The shifting of peaks are well observed
in the X-ray pattern of samples synthesized from molten salt
route and flux route. The shift of peaks towards lower 26 value
is due to increased lattice parameters. It appears that some
of the Sn** got oxidized to Sn** and replaced Ti*, leading to
increased lattice dimension resulting in shifting of peaks.
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Fig. 1. Powder X-ray diffraction pattern of pure BaTiO; (BT) and Sn doped
BaTiO; synthesized through eutectic melt and sol gel route

The diffraction patterns are quite similar to the JCPDS
file No. 00-005-0626, which represents the tetragonal structure
of BaTiO;, but the absence of the (002) and (210) peaks indicate
the presence of cubic structure in Sn doped BaTiOs.

A probable mechanism for the formation of Sn doped
BaTiOs through NaCl-KCl eutectic melt is shown in Fig. 2.
The molten salt synthesis is a method of preparation of ceramic
powders by the use of molten salt as a medium of propagation
of reaction. The molten salt’s melting point must be lower than
the temperature at which the product is formed. Furthermore,
once the reaction is complete, the salt should be easily removed,
and there should be no reaction between the salt and the product

NaCl + KCI

SnCl,2H,0

Salts and the reactant

Eutectic melt

® @

Eutectic melt acting as a

generated or constituent oxides. The chlorides and precursors
were weighed and the powders were given a temperature treat-
ment above the melting temperature of the salt after mixing and
grinding. As the temperature rises, the chlorides melt, providing
a homogeneous medium for the production and the develop-
ment of product nuclei during the reaction. The reacting material
(salts and product nuclei) is cooled at room temperature before
being washed with water to remove the salts. The solid particles
nucleate uniformly in the liquid phase after cooling as shown
in Fig. 2. The main roles of molten salt are (i) to increase the
reaction rate and lower the reaction temperature; (ii) to increase
the degree of homogeneity; (iii) to control the agglomeration
of the particles; and (iv) to control particle shape and size.

SEM studies: It can be inferred from Fig. 3a-c that Sn
doped BaTiOs exhibits a compact arrangement of nanorods
and aggregated nanocubes forming sheet like structure at some
places with smooth and clean surfaces. The volume ratio in
1D nanorods was decreased, and some sheet like structure
appeared probably due to increased reaction time of 8 h. It is
reported that longer reaction time in molten salt synthesis route
promotes the formation of aggregated large plate like structures
at the expense of rod like structure [20]. The average particle
size was 65 nm. When Sn is substituted for Ba or Ti, it causes
point flaws and distortion, resulting in strain energy. Reduced
strain energy increases the formation energy of oxygen vacancies
and the grain boundary diffusion coefficient to some extent.
Increased defects improve the mass transport process, resulting
in increased diffusion and particles of varying form and size,
because of few agglomerated particles of different shapes.

The EDX spectrum confirmed the presence of Sn and Ba
(Fig. 4). Along with main elements, the peak of Au is also
visible in EDX spectrum although Au was not present in the
main composition. Actually the Au coating is used to make
the surface conducting while taking the EDX spectrum.

Electrical properties

Dielectric constant measurements: The dielectric constant
is a measure of the amount of electric potential energy stored in
a specific volume of material under the action of an electric
field in the form of induced polarization. It is calculated as the

Sn-BaTiO,4

Final product

medium for easy diffusion
Fig. 2. Probable mechanism of formation of Sn doped BaTiO;
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Fig. 3. FESEM images (at different magnifications) of Sn doped BaTiO; (nanorods) synthesized via flux route at 800 °C
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Fig. 4. Energy dispersive X-ray spectrum and wt% of different elements present in Sn doped BaTiO; (nanorods) synthesized using molten

salt synthesis route

ratio of the material’s dielectric permittivity to that of a vacuum
or dry air. The dielectric constants of the sintered samples were
obtained by using eqns. 1-3 as follows:

e= O
C. (1
e A
G, = ‘(’i 2
. €A
ac, 3)

where, C = capacitance with the dielectric material in between
the electric plates, C, = capacitance with vacuum in between
the electric plates, € = permittivity of the material, €,
permittivity of free space (8.854 x 10" Farads/m), A = area of
pellet (m?), d = thickness of pellet or distance between the plates
(m).

Variation of dielectric constant (€) and dielectric loss (tan §)
of Sn-BaTiO; in the temperature range of 100-400 K and frequ-
ency range of 10-10,000 kHz are shown in Fig. 5. The values
of dielectric constant (16581) and dielectric loss (3797) were
found maximum at 10 kHz and 340 K, respectively. The higher
dielectric constant could be due to the space charge polarization

arising from oxygen vacancies [21]. When Sn-BaTiO; sintered,
the following reaction firstly occurs in the tin doped BaTiOs
ceramic as:

2Ti** + Sn** — 2Ti** + Sn™*

In this reaction, Ti** is oxidized to Ti*" since standard
oxidation-reduction potential of Sn**/Sn** couple (0.15 V) is
higher than the Ti**/Ti** (0.10V), hence the Sn-BaTiO; has
better crystallinity. Besides, Sn** will be reduced to Sn** to act
as an acceptor doping, which require oxygen vacancies for
charge compensation. The immobile defect complex (Sn%; —Vs')
could suppress the oxygen vacancy migration and improve
the insulator resistance of BaTiOs sintered. Fig. 6 shows the
plot of dielectric constant with frequency and for comparison
the dielectric constant values obtained for the samples synthe-
sized through sol gel method were also plotted. The inset figure
shows the expanded lower frequency region. The Sn-BaTiO;
synthesized via eutectic melt shows an unprecedented high
dielectric constant of ~17,500 at 10 Hz, while at the same fre-
quency the sol-gel sample has the dielectric constant of ~7,500.
BaTiOs nanorods using molten salt synthesis route was reported
to have a very low dielectric constant of around 700 at 10 Hz
[15]. The dielectric constant for Sn doped Ba,..Ca, TiO; (x=0.13)
reported in the literature was around 1700 [9]. Ding et al. [22]
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Fig. 5. Variation of dielectric constant and dielectric loss of Sn-BT with temperature
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Fig. 6. Comparative plot of dielectric constant vs. frequency for the Sn
doped BaTiO; samples synthesized through sol gel and molten salt
method. (Inset) Expanded initial frequency region

studied the dielectric properties of BaTi,..Sn,Os synthesized
through solid state method at 1200 °C, the obtained dielectric
constant was around 9500 for 10% insertion of Sn at place of
Ti. Ansari & Sreenivas [23] observed the value of 6300 for 20%
Sn doped BaTiOs (solid state method) at 1100 °C. A diele-
ctric constant value of 1201 was obtained for BaysSny,TiO;
(microwave assisted solvothermal synthesis) at 1100 °C [20].
The results showed that the molten salt route for synthesis of
Sn-BaTiOs is an exceptionally useful method, if played well
with temperature and time of reaction.

From Figs. 5 and 6, it can clearly observed that from 10 Hz
to 10 kHz, the dielectric constant value remains almost constant
(around 17,000) and after that there is a decreasing trend. At
low frequency, it is possible that the dipole follows the
dielectric field and align in the direction of applied field,
resulting in increase of dielectric constant (€). But at higher
frequencies, the relaxation time required by the dipole to align
in the direction of applied field would decrease leading to lower
dielectric constant and dielectric loss [21]. The materials with
high dielectric constant can be used in energy storage devices

like capacitors. These dielectric materials with high dielectric
constant also act as good ferroelectric materials as they exhibit
spontaneous charge polarization that can be reversed by
changing the direction of the electric field.

Impedance analysis: The Nyquist plot of Sn doped BaTiOs
sintered at 800 °C is shown in Fig. 7. The semi-circular arcs
are due to the parallel combination of capacitance and resistance.
Nyquist plot usually comprises of three semi-circles depending
on the electrical properties of the material. The first semi-circle
corresponding to higher frequency represents the resistance
of grains, while the second semi-circle corresponds to the resis-
tance of bulk material grain and grain boundaries [24] and the
third semi-circle observed is due to the electrode effect [25].
The semi-circular arcs of Cole-Cole plot (Fig. 7) represent the
contribution of grain and grain boundaries for the overall
electrical properties. The first semi-circular arc if extended
will take the shape of a perfect semi-circle whose center will
lie at the Z’-axis, which is the characteristic behaviour of the
ideal Debye type relaxation. The appearance of third semi-circle
in the Nyquist plot suggests some very small contributions of
electrode-material interface to impedance.
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Fig. 7. Cole-Cole plot of sintered Sn doped BT sample

In order to understand the type of electrical conduction
occurring in the sample, t,, measurement was made using
eqn. 4:
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_ Linitiat = Trinal
0on I (4)

initial

—

where, Liniia and Isng are the initial and final currents, respectively
[26].

The obtained current conduction pattern is shown in Fig. 8,
where an initial steep decrement is followed by a slow and
slightly irregular curve. Upon estimating the Liyiu and Igna
values, the calculated t;,, value was found to be 0.55. This
clearly suggests that the Sn-BaTiO; sample possessed mixed
ionic and electronic conductivity with slight dominance of
ionic conductivity. Since the experimental process suggests
the substitution of Sn** ions in place of Ti**, thereby rendering
the Ti* ions out of the lattice, hence the dominant species for
the ionic conduction would be Ti. The electronic conduction
would then take place due to the hopping mechanism of the
electrons.
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Fig. 8. Ionic transference number (tin) of Sn doped BaTiOs

Conclusion

The molten salt route is found to be a better approach in
comparison to other known routes for the synthesis of Sn doped
BaTiOs;, primarily because the molten salt route has enabled
the synthesis at lower temperature (800 °C). Homogeneity,
control of agglomeration and control of particle size were also
seen in the molten salt method. The powder X-ray diffraction
patterns showed the cubic structure after incorporation of tin
in barium titanate with slightly shifting of PXRD peaks at lower
angle due to the replacement of bigger ion (Ti*") with smaller
ion (Sn*") without any secondary phase. Nano rods type morph-
ology was observed in the FESEM images and EDX spectra
confirmed the elemental ratio of ions. High dielectric constant
of ~17,500 at 10 Hz was observed at low frequency value, which
is higher in comparison to the highest reported value of 13,718
synthesized via solid state route [21]. The higher value of
dielectric constant was only observed at low frequency, while
dielectric value started decreasing with increasing frequency.
Mechanism of variation of dielectric constant with frequency
has been explained by Maxwell-Wanger theory. The Cole-Cole

plot showed that upon sintering, the impedance of the samples
improves significantly because of orientation of the crystals,
resulting in lowering of the path resistance of the sample there-
by improving the overall impedance characteristics of the
material.
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