Chapter 16
Nanocomposite Materials — Ferroelectric
Nanoparticles Incorporated into Porous Matrix

E. Rysiakiewicz-Pasek, R. Poprawski, A. Cizman, and A. Sieradzki

Abstract The aim of this work is to develop a technique of introducing selected
ferroelectric materials (TGS, NaNO,, NaNO3; KNOj3, ADP and KDP) into porous
glasses with various average pore dimensions. The major efforts have been focused
on the investigations of the influence of the pore size on physical properties and
phase transition of nanocrystals embedded into porous matrix with different
methods. The ferroelectrics have been introduced into porous glasses from the
melt and a water solution. The results of electrical (dielectric, pyroelectric) and
thermal (dilatometric and calorimetric) measurements have shown that the
observed sequences of phase transitions in ferroelectric materials embedded into
the porous glasses are similar to that in bulk crystals. The relationship between
phase transition and melt temperatures versus average values of pore dimensions
has been determined. The experimentally observed shift of phase transition
temperatures is the superposition of the size effect and pressure effect created by
the difference of thermal expansion coefficients of ferroelectrics nanoparticles and
glass matrix.
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16.1 Introduction

Materials science world has become a very interesting research branch these days
due to the creation of new materials with the development of new technologies to
form them. A new material structure is designed to achieve as small sizes as
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possible and this becomes a priority of nanotechnology. The significance of
nanotechnology-based material engineering has risen very much in recent years
because in the nanometric scale the materials exhibit new interesting physical
properties. The main goal of today is to create modern functional and structural
materials with extraordinary properties by means of controlling materials composi-
tion and technological processes.

Ferroelectrics as the nonlinear materials show a series of physical properties
which are extremely interesting in practical applications and scientific research.
Dielectric, piezoelectric, pyroelectric and optical properties of ferroelectric materials
are used to form non-volatile ferroelectric memories [1], micro-manipulators and
nano-actuators used in AFM and STM, pyroelectric IR detectors, in light beam
controllers and photonic crystals.

The introduction of ferroelectrics into the porous glass matrix with various
pore sizes is one of the simplest ways of formation nanometric ferroelectrics. The
investigation of the porous glasses filled with ferroelectric materials makes it
possible to determine the dependence of the phase transition temperature and
physical properties (electrical, thermal etc.) upon the crystal sizes. Most of avail-
able data on the porous glass based ferroelectric composites have been achieved
from structural and dielectric studies and they have concerned NaNO, built into the
pores. The phase transition temperature for NaNO, embedded into the glass
pores was shifted towards lower temperatures when compared to that for the bulk
crystal [2, 3]. Beside numerous works on studies of NaNO, in glass pores only few
articles appear on studies of ferroelectrics built in the pores (NaNOs3, the Rochelle
salt, TGS) [4, 5].

Our work concerns the art and technology of introducing TGS, NaNO,, NaNOs5,
KNOj; and KDP-type crystals into porous glass (with various pore sizes) and the
determining the phase transition temperature for these nano-ferroelectrics.

16.2 Sample Preparation and Investigation Methods

Silica porous glasses were obtained from the two-phase sodium-borosilicate glass
by the method described in detail in [6]. Phase separation was enhanced by thermal
treatments at 763 K (165 h) and 933 K (100 h). The borate phase was extracted by
soaking the samples in hydrochloric acid. To remove silica gel present in the pores
additional treatment in KOH was performed. Two types of porous glasses were
fabricated: PG23 with average pore radius 23 nm (heated at 763 K) and PG 160 with
160 nm pores (heated at 933 K). The porosity determined from the mass decrement
after etching was: 50% and 48% for PG23 and PG160, respectively. According to
adsorption poroscopy and mercury porosimetry data, the total average pore volume
was 364 mm>/g for glass PG23 and 470 mm?>/g for glass PG160, the average surface
area was 28.9 and 5.9 m*/g for the respective samples.

KNOj3, NaNO, NaNOj; was introduced into porous glass both from the melt and
from a water solution. The glass plates were put into the melted salt (KNO5 at
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623 K, NaNO, at 578 K and NaNOj at 549 K). After 16 h the samples were taken
out from the melt. The surfaces of glass were polished mechanically to remove
small crystals.

In the second method the glass samples were immersed in a saturated water
solution of NaNO,, KNOj3, TGS, ADP and KDP at 353 K for 9 h. Then the samples
were heated at 393 K for 1 h to remove the absorbed water. The process was
repeated three times.

Dielectric measurements were performed by the Novocontrol Alpha impedance
analyzer in the frequencies range from 0.1 Hz to 1 MHz.

Calorimetric investigations were performed using the differential scanning
calorimeter (DSC) METTLER TOLEDO. The dielectric and calorimetric measure-
ments were carried out on heating and on cooling at a constant temperature rate
of 1 K/min.

Before pyroelectric measurements were performed, the samples had been
polarized by an external electric field of the intensity of 4 x 10° V/m for 12 h at
room temperature. Pyroelectric current was measured during the heating process
with the rate of 1 K/min.

Dilatometric measurements were carried out with the precise self-made quartz
capacitance dilatometer. The samples were heated to the desired high temperature
and then cooled down at the rate of approximately 0.2 K/min.

All samples were heated at 363 K prior to the measurements to remove the
residual water.

16.3 Physical Properties of Ferroelectrics Confined
in Porous Glasses

Electron microscopic pictures of the fracture surface showed that all the
investigated ferroelectrics filled well the glass pores [7]. The images obtained by
the confocal microscopy (Fig. 16.1) for KNO3; embedded into PG160 from the melt
confirm the fullness of pores. The filling of pores for all nanonocomposites was
estimated by the weight and it was equal to 80-90%. The elemental analysis of the
results confirmed ferroelectric material presence in pores.

Porous glass embedded with TGS was the first nanomaterial under investigation.
In Fig. 16.2 the dependence of the pyroelectric current on the temperature for glass
PG23 and PG160 filled by TGS is shown. Bulk TGS single crystals exhibit the
second-order ferroelectric phase transition at about 322 K from the P2; to P2;/m
space group of the monoclinic system.

The existence of a jump of the pyroelectric current at the phase transition region
indicates that TGS embedded into porous matrices exhibits ferroelectric properties.
The phase transition temperature in composite porous glasses-TGS is higher than
that for bulk TGS crystals. It is evident that for PG23 the phase transition tempera-
ture is higher than for PG160. The increase of the phase transition temperature with
decreasing of pore diameters is related to the size effect.
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Fig. 16.1 Confocal graphs for PG160 (a) pure (b) with KNOj introduced from the melt
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Fig. 16.2 Temperature dependence of the pyroelectric current for TGS embedded into PG 23 and
PG 160 glasses

The phase transition temperature depends on the particle size according to the
equation [8]:

6D

Tc:Toof—a
0Ad

(16.1)

where 0 is the extrapolation length defined as the theoretical distance from the
surface where the polarization drops to zero. This equation can be used for particle
dimensions and thin film thickness [9].

The phase transition temperature shift is also related to the pressure effect
caused by strain impacts due to the difference in thermal expansion coefficients
of the glass matrix and nano-crystals.
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Fig. 16.3 Dependence of dielectric permittivity € on the temperature for PG23 and PG160 filled
by NaNO, introduced from a water solution for 1 kHz [7]

The phase transition in NaNO, introduced into porous glasses has been
investigated by the dielectric spectroscopy. In Fig. 16.3 the temperature depen-
dence of the dielectric permittivity € for porous glasses filled by NaNO, from a
water solution is shown. NaNO, crystals show the ferroelectric phase transition of
order-disorder type at 436 K.

The transition passes through the intermediate phase is considered as an
antiferroelectric or modulated phase. The appearance of the splitting of the maxi-
mum of the temperature dependence of the dielectric permittivity is related to the
existence of the modulated phase in NaNO, confined in porous glass. It is worth
noticing that this splitting in NaNO, nano-crystals has been shown for the first time.
The existence of the antiferroelectric phase has been confirmed by the results of the
calorimetric measurements [10].

The structure of NaNO, embedded into porous matrices has been determined
from the diffraction neutron patterns [11]. The “diffraction” cluster size is much
larger than the pore diameter. It is possible to state that nano- material can form a
kind of “dendrite” clusters.

Physical properties of NaNO; nano-composites in a wide temperature range
including the melt and phase transition temperature region have been investigated
by the calorimetric method. NaNOj crystals show the second order phase transition
of the order—disorder type at 549 K between two different symmetries of the
trigonal system.

DSC thermograms obtained for NaNOj bulk crystal as well as PG23 and PG160
porous glasses embedded with NaNOj3 on heating and on cooling in the melting
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Fig. 16.4 DSC thermograms of NaNO; bulk crystals (B) as well as for PG23 and PG160 filled by
the NaNOj obtained on heating and on cooling and in (a) a wide temperature range, (b) the
structural phase transition temperature region [10]

temperature region is presented in Fig. 16.4a. The melting temperature of NaNO;
crystal is higher than the melting temperature of NaNOj confined in porous glasses.
This phenomena observed for glasses with different pore dimensions (2.5-10 nm)
by Mu [12] can be explained as a formation of a new surface phase connected with
the interaction between material introduced into pores and pores surface.
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Fig. 16.5 The relative deformation dependence on the temperature of PG23 and PG160 glasses
filled by KNOj introduced from the melt [13]

The results of the calorimetric measurements of NaNO; impregnated with PG23
and PG160 porous glasses and NaNOj crystal obtained on heating and on cooling
near the phase transition temperature are presented in Fig. 16.4b. The specific heat
anomaly small shift to lower temperatures with the decreasing pore dimensions for
NaNOj; introduced into porous matrices is observed.

This shift is related to the structural phase transition. The anomaly of the specific
heat in NaNOj confined in porous glasses occurs in a wide temperature range i.e. a
disordering process in the nanomaterial starts a temperature below the phase
transition temperature. Mu has not observed the anomaly of the specific heat related
to the phase transition in NaNO; nano-composites. The phase transition in nano-
NaNOj; has been observed for the first time.

The bulk KNOj crystal is very interesting material because ferroelectric phase is
observed only when cooling at atmospheric pressure in the temperature range from
398 to 383 K.

The thermal deformation dependence on the temperature of porous glasses PG23
and PG160 embedded with KNO; from the melt during the cooling process is
presented in Fig. 16.5. The data show that the phase transitions temperatures in
KNOj; introduced into porous glasses weakly depend on pore dimensions. The first
order phase transition temperature from the paraelectric I into the ferroelectric
phase III for PG23 and PG160 embedded with KNO; is lower than that for
the bulk crystal (the change of the relative thermal deformation is observed at
391 K in both types of porous glasses).
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Fig. 16.6 The excess heat capacity dependence on the temperature for KNO3 — bulk crystal, KNO3
confined in PG160 and PG23 with (a) increasing temperature (b) decreasing temperature. The
phase diagrams for the phase II-I transition is shown in (c), the I-IIT and III-II transitions in (d) [14]

The temperature connected with the phase transition from the ferroelectric phase
III to the low temperature phase II in KNO3 nano-composites is significantly lower
than that in the bulk and it equals to 365 and 377 K for KNOj; filled by PG23 and
PG160, respectively.

The existence of the ferroelectric phase was confirmed by the calorimetric
measurements performed during the cooling process (Fig. 16.6b). The peaks of
the heat capacity appear near the expected (from the dilatometric measurements)
phase transition temperatures. The data obtained for the heating process show that
direct transition from the low temperature phase II to the paraelectric phase I
(Fig. 16.6a) exists.

The dependence of phase transition temperature on reverse mean value of pore
dimensions (the phase diagrams) for KNOj introduced into the porous glasses
obtained from the calorimetric investigations for cooling and heating process are
presented in Fig. 16.6c, d, respectively. The lowering tendency of the phase
transitions is well visible.

MH,PO, (where M = K, NH,) crystals and their deuterium equivalents are
a family of materials which are intensely studied and well known. A phase
transition from the ferroelectric to paraelectric phase was observed at 123 K for
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Fig. 16.7 Temperature dependence of the real part of the electrical permittivity for ADP
introduced into (a) PG160 and (b) PG 23 porous glasses for different frequencies

KH,PO, (KDP) crystals, whereas a transition to the super-ionic phase was observed
at 450 K [15]. PrNH4H,PO, (ADP) crystal is the only one material which belongs
to MH,PO, family and shows anti-ferroelectric properties. The first-order phase
transition to the anti-ferroelectric phase (the transition type: order-disorder) occurs
at about 148 K for ADP crystals. It is worth noting that most of very interesting
properties are connected with the proton ordering change in hydrogen bonds.
At high temperatures KDP crystals show very high ionic conductivity (at the
level of that for liquid electrolytes) [16, 17].

The dielectric permittivity dependence on the temperature in a wide frequency
range for ADP embedded into porous glasses PG160, PG23 are presented in
Fig. 16.7. It is evident that above the phase transition temperature the dielectric
permittivity depends on frequency for both PG23 and PG160 glasses filled by ADP.
For ADP embedded into porous glass PG23 additionally the low frequency disper-
sion is observed. It is worth to notice that the dispersion has not been observed
either in bulk ADP or in porous glasses. A rapid increase of the dielectric permit-
tivity above the phase transition temperature can be related to the ionic current. The
increase of the dielectric permittivity is also observed for porous glasses embedded
with KDP by Colla et al. [18].

The phase transition temperatures (estimated from the he de’/dt curves for 1 kHz
frequency) for ADP embedded into porous glasses are lower than those obtained for
the bulk crystals and they are equal to 143.5 and 141 K for PG 23 and PG160,
respectively [19].

In Fig. 16.8 the temperature dependence of the electrical conductivity of KDP
embedded into porous glasses is presented.

The electrical conductivity has an activation character. The calculated values of
the activation energies are equal to 0.55 and 0.60 eV for KDP confined in PG23 and
PG160, respectively. They are lower than the activation energies in the bulk KDP
crystal. It can be stated that the conductivity observed in confined KDP is connected
with the proton motion.
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Fig. 16.8 log(cT) dependence versus 1000/T for KDP embedded into PG160 (a) and PG23 (b)
for several selected low frequencies [20]

16.4 Conclusion

The results of electric and thermal measurements show that the observed sequence
of phase transitions in ferroelectric microcrystals embedded into the porous glasses
is similar to that in bulk crystals.

It has been shown that pore dimensions influence the phase transition tempera-
ture for the ferroelectric materials introduced into porous glasses. The negative size
effect (the observed phase transition temperatures tend to decrease with the
decreasing pore sizes) has been observed in porous glass filled with NaNO,,
NaNOj;, ADP, KDP and the positive one with TGS. The experimentally observed
shift of phase transition temperatures is the superposition of the size effect and
pressure effect created by the difference of thermal expansion coefficients of
ferroelectrics nanoparticles and glass matrix.
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