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Stabilization of the polar phase of potassium nitrate, embedded

in a nanoporous barium titanate matrix
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The temperature dependences of the linear and nonlinear dielectric properties of a nanocomposite, based on

porous ceramics of barium titanate BaTiO3 with embedded potassium nitrate KNO3, were obtained. It was found

that potassium nitrate, embedded in pores, exhibits stabilization of the ferroelectric state at room temperature. The

stabilization of the KNO3 polar phase is explained by the presence of significant electric fields in the pores of the

ceramic.
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1. Introduction

Nanoporous materials such as mesoporous silicate ma-

trices MCM-41, SBA-15, porous glasses, artificial opals,

aluminum oxide films are widely used on various research

and development area thanks to their unique proper-

ties [1–3]. The above mentioned materials are used to

create composite structures that are of interest on both

practical and theoretical grounds This is associated with

accurate sizing and spatial configuring of incapsulated

particles by varying the pore geometry and structure. Such

approach makes it possible to achieve materials with desired

properties.

Composite materials based on the matrices filled with

various substances, including metals, semiconductors, supe-

rionic conductors, liquid crystals, etc., have been extensively

studied over recent years opening new prospects for the

development of materials with desired functional proper-

ties [4]. A special focus is made on the investigation of the

properties of matrix nanocomposites based on ferroelectric

compounds and their mixtures: NaNO2 [5], KNO3 [6–8],
DIPAB [9], KNO3-NaNO3 [10].
Examination of dielectric properties of BaTiO3/KNO3

nanocomposite, nanoporous barium titanate ceramics filled

with ferroelectric KNO3, is described herein. The unique

feature of the nanoporous ceramics addressed herein is in

that it is polar, as opposed to porous glasses and opals.

Therefore, significant electric fields are induced inside the

pores at temperatures below the Curie point.

2. Samples and experimental procedure

At atmospheric pressure, KNO3 depending on tempera-

ture may have three different structures, one of them is

a ferroelectric one. At room temperature, KNO3 has a

rhombic structure with space group Pmcn (phase II) [11].
When the temperature grows up to 128◦C, KNO3 crystals

undergo a phase transition to phase I (R3̄m). Then,

when cooling down from 180◦C, phase I at 124◦C

transforms into polar phase III (R3m) and only at lower

temperatures about 105−100◦C phase III transforms into

phase II that is stable at room temperature. The

maximum spontaneous polarization Ps in phase III is

8−10µC · cm−2 [11]. Ferroelectricity life temperature range

in KNO3 is known to be defined by the thermal history

and cooling rate [12,13]. Defining the conditions at

which ferroelectric KNO3 structure remains stable at room

temperature and even below is an important challenge.

Expansion of the polar phase stability area by creating

KNO3-based composites and solid solutions has been

reported before [14,15].

BaTiO3 is a classical ferroelectric material with several

equivalent Ps directions [16]. Above To ≈ 120◦C, BaTiO3

has a perovskite type cubic structure (Pm3m). Below

≈ 120◦C, the structure changes to a tetragonal one (P4mm)
and spontaneous polarization Ps equal to 18µC · cm−2

occurs. Then Ps increases to 26µC · cm−2 during cooling

to room temperature. With further temperature decrease,

BaTiO3 crystals change over to a rhombic phase at

approx 5◦C.

It is known that when BaTiO3 particles are reduced to

nanosizes, reactivity grows due to an increase in active

surface and, therefore, the temperature sufficient for cera-

mics sintering decreases [17]. To achieve porous ceramics,

we used BaTiO3 nanopowders made by Mann Grain

Nano Technology Co., Ltd. (PRC) with a mean particle

size of 50 nm. The workpieces were pressed at (20 Pa)
500 kg · cm−2. A suspension consisting of polystyrene balls

100 nm in diameter made by Rigor Science Co., Ltd. (PRC)
was used as an additive. After pressing, the workpieces
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Figure 1. Electronic photograph of BaTiO3 ceramics surface.

were 10mm in diameter and 1.5mm in thickness. The

ceramics has porous structure at a sintering temperature of

1000◦C. Porosity defined from the density of ceramics is

equal to 15%. The electronic photograph of the ceramics

is shown in Figure 1. The mean diameter of nanopores is

about 150 nm.

To produce BaTiO3/KNO3 nanocomposites, the porous

BaTiO3 ceramics was placed in a saturated KNO3 aqueous

solution with a temperature of 100◦C. Then, the solution

was slowly cooled down to room temperature and held

until complete water evaporation. To increase the degree

of filling, the procedure was repeated. The ratio of matrix

volume to KNO3 volume determined by the change in

the porous ceramics mass was equal to ≈ 9/1. Before

measurements, the prepared sample was held at 120◦C

during 30 to remove any water trapped in pores.

In−Ga eutectic was used as electrodes for all test samples

used in the study. To examine temperature dependences

ε′(T ), E7−25 LCR meter was used. The temperature was

recorded using AOIP TC 6621 electronic thermometer. The

measurements were performed within 20−180◦C at a rate

of 1◦C/min.

To determine the polar phase life region, the nonlinear

dielectric spectroscopy (NDS) method was used. In a

nonlinear crystal, electric induction D may be expanded as

series in powers of field strength E [18]:

D =Ps +
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∂E
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When E = Eo cos(ωt) is applied to the ferroelectric ma-

terial, the current will contain higher harmonics I2ω ,
I3ω , I4ω, . . ., whose amplitudes are defined by nonlinear

permittivities ε2, ε3, ε4 . . . , respectively. According to [19],

currents of the corresponding harmonics will be defined as
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where Uo i s the voltage amplitude on the sample, h is

the sample thickness, χ is the dielectric susceptibility, β

and γ are the Landau−Ginzburg expansion coefficients.

According to (3)−(5), I3ω shall grow on the approach

to the Curie point in the ferroelectric phase, and then

shall have its valley in the phase transition point. The

harmonic amplitudes are proportional to the spontaneous

polarization and, thus, the ferroelectric phase life region

may be determined. This study used the second and third

harmonic factors to describe nonlinearity of the samples —
γ2ω = I2ω/Iω and γ3ω = I3ω/Iω , respectively.

3. Experimental findings and discussion

Figure 2 shows the temperature trend of permittivity

ε′(T ) and third harmonic factor γ3ω(T ) for bulk KNO3. The

maximum permittivity ε′ is ≈ 20, maximum γ3ω − 0.06 is

0.06. The polar phase according to γ3ω(T ) curve occurs

only in cooling within 122−105◦C.

Figure 3 shows the temperature dependences of per-

mittivity ε′(T ) and second harmonic γ2ω(T ) and third

harmonic γ3ω(T ) factors for porous BaTiO3 ceramics. The

maximum permittivity ε′ is about 3000, tetragonal — cubic
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Figure 2. Dependences of permittivity ε′ (rhombs) and third

harmonic factor γ3ω (triangles) on temperature obtained for KNO3 .

Filled symbols — heating, empty symbols — cooling.
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phase transition temperature is 123◦C in heating and 120◦C

in cooling, Curie−Weiss constant C = 0.9 · 105
◦

C. Maxi-

mum harmonic factors do not exceed ≈ 0.005, which is

probably due to a decrease of polarizability of some BaTiO3

ceramics grains as a result of their low volumes [20,21].

Figure 4 shows the temperature dependences of per-

mittivity ε′(T ) and second and third harmonic factors

for BaTiO3/KNO3 nanocomposite. As follows from the

curves, when the matrix is filled with KNO3, its maximum

permittivity grows by approx 10%. During heating, two

anomalies are observed on ε′(T ) curve. The first of them

corresponds to the BaTiO3 ceramics phase transition at

123◦C, and the second small anomaly at 130◦C is caused

by the phase transition in KNO3. Besides the permittivity

growth, an increase of tg δ also occurs, which changes from

0.03 for the empty matrix to 0.07 for the filled matrix.

According to γ2ω(T ) and γ3ω(T ), ferroelectric phase of

KNO3 is observed both in heating and cooling. The

results are repeated even after long exposure of samples

to room temperature, as opposed to KNO3 in non-polar

nanoporous Al2O3 matrices [22]. For comparison, Figure 5

shows γ3ω(T ) for bulk KNO3, BaTiO3 and BaTiO3/KNO3

nanocomposite matrices obtained when 350V · cm−1 field

is applied to the samplle.

The presence of ferroelectric KNO3 phase in heating is

probably associated with the fact that nanoporous BaTiO3

ceramics is polar. Since BaTiO3 ceramics is in the ferroelec-

tric state at a temperature below 123◦C, KNO3 nanoparti-

cles are exposed to the electric field. To describe phase

transitions in KNO3 in terms of the Landau−Ginzburg

theory, the expansion of free-energy density F shall include

electrical interactions between BaTiO3 and KNO3 particles

1F1. Two order parameters η1 and η2 are introduced into the

model describing the sequence of two phase transitions in

KNO3 crystals [23,24]:

F = Fo +
1
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where E is the electric field strength, Tc1 and Tc2 are

the Curie temperatures of the upper and lower phase

transitions of KNO3, respectively, α′

1 = α1(T − Tc1),
α′

2 = α1(T − Tc2), the rest factors are assumed as constant,

independent on temperature. Free energy minimization with

respect to the order parameter at E = 0 gives the following

equations:

∂F
η1

= α′

1η1 + β′

1η
3
1 + γ ′

1η
5
1 = 0;

∂F
η2

= α′

2η2 + β′

2η
3
2 + γ ′

2η
5
2 = 0. (7)
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Figure 3. Dependences of permittivity ε′ (rhombs) and second

(circles) and third (triangles) harmonic factors γ3ω on temperature

obtained for porous BaTiO3 ceramics. Filled symbols — heating,

empty symbols — cooling.
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Figure 4. Dependences of permittivity ε′ (rhombs) and second

(circles) and third (triangles) harmonic factors γ3ω on temperature

obtained for BaTiO3/KNO3 nanocomposite. Filled symbols —
heating, empty symbols — cooling.
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Figure 5. Dependences of the third harmonic factor γ3ω on

temperature obtained for KNO3 (triangles), BaTiO3 ceramics

(rhombs) and BaTiO3/KNO3 nanocomposite (circles). Filled

symbols — heating, empty symbols — cooling.
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For different factor values in equation (6), the following

solutions are available:

η1 = η2 = 0; (8)

η21 = η22 6= 0; (9)

η21 = 0; η22 6= 0, (10)

where phase I corresponds to equation (8), phase II cor-

responds to equation (10), and phase III corresponds to

equation (9). The spontaneous polarization in phase III is

calculated as

PS =
∂F
∂E

= −aη1η2. (11)

To describe the properties of KNO3 nanoparticles in the

porous polar matrix, in addition to electrical interactions

1F1, the Landau−Ginzburg expansion shall include an

additional term 1F2 that considers the size effects [25]. The
accurate solution of equation (6) is a separate problem and

is not addressed herein. However, according to general

representations [16], the electric field of the matrix shall

facilitate stabilization of the ferroelectric state of KNO3 in

the matrix.

4. Conclusion

According to the findings, for KNO3 particles in the

nanoporous BaTiO3 matrix, polar KNO3 phase stabilization

takes place. Variation of KNO3 properties may be probably

caused by the electric field in BaTiO3 pores that acts on the

particles of the introduced substance. Further investigations

in this field may enhance our insight into the variation of

ferroelectric properties in polar matrices and facilitate the

development of new advanced electronic technologies.
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