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Abstract. Dielectric properties and structure of initial nanocomposite based on porous glass
with embedded ferroelectric NaNO, and nanocomposite identical to that but having a TiO,-
modified pore surface, have been studied over a temperature range 300 — 450 K (on cooling)
and frequency one 0.1 — 3-10° Hz. X-ray spectroscopy of the samples exhibited that NaNO,
was in the ferroelectric phase in both composites and the percentage of crystalline NaNO,
increased in the pores of the modified one. An increase in permittivity and conductivity was
observed in the TiO,-modified nanocomposite. Two relaxation processes were identified and
their nature was established. The charge polarization at the interfaces was found to make the
main contribution to the dielectric response of the both nanocomposites. The DC-conductivity
of both composites was estimated and its activation energies were determined. An activation
energy change observed in a vicinity of 400 K was attributed to the phase transition to the
low-temperature phase of NaNO,. The possibility to control the properties of nanocomposites
through modifying the interfaces was shown.
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Annoranuga. McciaemoBaHBI IMAJCKTPUUECKME CBOWMCTBA M CTPYKTypa MCXOTHOTO
HAaHOKOMIIO3MTa Ha OCHOBE IIOPUCTOro crekyia ¢ BHeapeHHeM NaNO, m Takoro xe
HAHOKOMIIO3UTa, HO C IIOBEPXHOCTbIO IOP, MOIM(MULIMPOBAHHON OUOKCHIOM THUTaHA
(Temnepartyphblii quanazod — 300 — 450 K, yactorabiii — 0,1 — 3-10° I'tr), mpu oxJiaxkaeHUMN.
CTpyKTypHBIE HCCIENOBaHMs IMOKa3aau, 4TO B oboux kommosutax NaNO, Haxoourcs B
cerHerosjiekTpuyeckoit dase. [1pu MoguduUKauy MOBEPXHOCTU MPOLIEHT KPUCTAJIMUECKOTO
NaNO, B nopax BozpacTaeT. B MOaMPUUMPOBAHHOM KOMIIO3UTE HAOMIOIAETCS YBETMYEHME
IUBJICKTPUYECKOM  MPOHMIIAEMOCTH W IIPOBOAMMOCTH.  MumeHTmduIupoBaHB  OBa
peJaKCALMOHHBIX MpPOLIECCa M YCTAHOBJIEHA MX IPUpoAa. YCTAaHOBJIEHO, YTO OCHOBHOI1
BKJaA B muanekrpuueckuil oTkauk HKM BHocHMT 3apsimoBasi NOJISIpM3aliMsl Ha TpaHMLAX
paznena. OlieHeHa MPOBOAMMOCTb Ha IOCTOSHHOM TOKE 00OMX KOMIIO3UTOB U OIIPEACJ/ICHBI
COOTBETCTBYIOIIME 3HEPrUM aKTUBalLMM. M3MeHeHUEe SHEepPruu akTUBallMM, HabJogaemMoe
B paitone 400 K, cBaszaHo ¢ (a3oBbIM MepexoqoM B HM3KoTeMIepaTypHyio dasy NaNO,.
IToxazaHa BO3MOXHOCTB YIIpaBJICHUS CBOMCTBAMM HAaHOKOMITO3UTOB 4Yepe3 MOAM(PUKAIINIO
nHTepdeiica.
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Introduction

Nanocomposite materials (NCM) based on nanoporous matrices with embedded ferroelectrics
are of undoubted interest due to broad prospects for practical applications in novel approaches
in electronics, information storage devices, applied medicine and biology, etc. It is known that
the dimensional effect can fundamentally change the physical properties of materials, especially
when the characteristic sizes of the nanoparticles become comparable to the correlation length of
critical fluctuations in the order parameter. There are various methods for preparing NCM; one
of them is embedding substances into nanoporous glasses (referred to as porous glasses, or PG).
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The advantages of PG is that modifying the parameters of pure (non-porous) alkali borosilicate
glass allows to obtain matrices with different mean pore parameters, controllable from 3 nm to
approximately 300—400 nm [1, 2].

At the same time, aside from the dimensional effect, the properties of NCM are signifi-
cantly affected by the presence of the interface between the matrix and the embedded material.
Modifications to the interface can also be used to tailor the overall macroscopic properties of the
NCM; this approach has been adopted in several studies [3—5].

Sodium nitrite (NaNO,) is a model ferroelectric, whose macroscopic properties and phase
transitions have been thoroughly analyzed [6, 7]. This compound has an orthorhombic structure
at room temperature (space group Im2m) with the parameters of the crystal cell a = 3.55 E,
b = 5.56 E and ¢ = 5.37 E [8]. Sodium nitrite passes into the high-temperature orthorhombic
phase Immm above 438 K [9]. The dielectric properties of sodium nitrite in porous glass with
a mean pore diameter of 7(1) nm (PG7 + NaNO, system) were considered in [10 — 12]. The
authors observed an exponential increase in the dielectric response at low measuring frequencies
with increasing temperature, and the presence of frequency dispersion. In this case, not only the
phase transition temperature decreased to 427 K, but the type of phase transition (PS) changed
[12, 13]. One of the possible reasons for this major change in the physical properties of sodium
nitrite embedded in PG7 may be the influence of the interface between the matrix and the
embedded material, so modifying the surface of the pores (channels) in porous glass should be
expected to produce a change in the overall properties of the NCM. We used titanium dioxide
TiO, wetting the surface of the porous glass to modify the interface in our study.

Our goal was to establish the effect that modifying the interface between the matrix and
the embedded material with titanium dioxide has on the dielectric properties of the PG6 +
NaNO, nanocomposite.

Samples and experimental procedure

The following group of samples was considered:

porous glass with an average pore diameter of 6(1) nm (PGo6);

porous glass with titanium dioxide (PG6 + TiO,);

sodium nitrite in porous glass (PG6 + NaNO,);

sodium nitrite in porous glass with titanium dioxide (PG6 + TiO, + NaNO,).

Porous PG6 glasses were prepared by etching borosilicate glasses. The diameter of the pores
obtained was determined via mercury porometry. The pure porous glass was held in a 20% solu-
tion of tetraisopropylortitanate TifOCH(CH,),], (TTIP) in isopropanol for a day at 60 °C. This
PG6 glass was then hydrolyzed in air at room temperature. Annealing was carried out at 450 'C
for 4 hours. The measurements indicate that the degree of filling with titanium oxide was 11%
of the pore volume. To embed sodium nitrite, porous glass samples were placed in a saturated
aqueous solution of NaNO, at 130 ‘C until the water evaporated completely. The degree of filling
with sodium nitrite in both samples was 59% of the pore volume.

10 4

——PG6 + TiO,+ NaNO,
— — PG6 + NaNO,

Intensity, a. u.
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20, deg

Fig. 1. Experimental X-ray patterns for PG6 + NaNO,,
PG6 + TiO, + NaNO, and unfilled PG6 samples at room temperature

19



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022. Vol. 15. No. 3

>

The finished samples were rectangular plates measuring 8.0 x 5.0 x 0.6 mm. Dielectric studies
were carried out depositing gold electrodes about 80 nm thick with a 4 nm thick chromium sub-
layer (for better adhesion) onto the surface of the samples.

The dielectric response was measured with a Novocontrol BDS 80 wideband dielectric spec-
trometer (Germany) in the frequency range of 0.1—3.0-10° Hz and in the temperature range of
300—440 K under cooling at a rate of 1 K/min after preheating to 440 K. The phase state of
NaNO, the NCM prepared was determined after the first heating-cooling cycle via analysis of
PG6 + NaNO, and PG6 + TiO, + NaNO, NCM structures with a Oxford Diffraction SuperNova
X-ray diffractometer (USA) at a wavelength A = 0.70926 E (Mo K radiation) in the range
of angles 20 = 5°—43° at room temperature. Measurements were carried out in transmission
geometry, the illuminated area of the samples and their thickness was the same in all cases. The
contribution of the background from amorphous silica SiO, comprising the framework joints was
determined from the XRD pattern from the empty framework.

Experimental results and discussion

Fig. 1 shows the XRD patterns for three models (unfilled PG6, PG6 + TiO, + NaNO, and
PG6 + NaNO,). The XRD pattern for PG6 + TiO, (not shown in Fig. 1) does not contain any
elastic peaks corresponding to the titanium oxide structure; moreover, the XRD patterns for the
PG6 and PG6 + TiO,samples are almost identical. A broad peak is observed in the vicinity of
the angle 20 =~ 10°, associated with scattering by the amorphous material of the SiO, framework.
Fig. 1 shows that the diffraction spectra are similar for NCM with sodium nitrite but the integral
intensities of the peaks differ significantly.

The phase state of sodium nitrite in NCM was determined by subtracting the background from
scattering by the amorphous framework from the spectra of PG6 + NaNO, and PG6 + TiO, +
NaNO, samples; the data were then compared with the model spectrum for bulk sodium nitrite
at this wavelength (Fig. 2).
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Fig. 2. Comparison of XRD patterns from Fig. 1, subtracting the background
from the framework (amorphous SiO,), with the model spectrum of bulk NaNO,
at room temperature (vertical bars indicate the positions of elastic Bragg peaks)

Due to a number of considerations, we did not conduct a detailed quantitative analysis for the
crystalline structure of these NCM, but comparing the data presented with the model spectrum
for bulk material allows to draw some conclusions about the phase state of sodium nitrite in the
framework pores.

As seen from Fig. 2, the spectrum of the PG6 + NaNO, sample contains all the main peaks
characteristic for the low-temperature orthorombic phase of sodium nitrite, which is even more
pronounced in the corresponding spectrum for the sample with titanium dioxide. In addition, the
integral intensity of the peaks significantly increased when sodium nitrite was embedded into the
titanium dioxide glass, even though both PG6-based NCM had the same degree of filling with

20



4 Condensed Matter Physics >

sodium nitrite. This result can be associated with an increase in the fraction of the crystalline
phase in the pores upon crystallization of sodium nitrite in porous glass with titanium dioxide.
The remaining sodium nitrite is most likely in an amorphous state. The presence of a signifi-
cant fraction of the amorphous phase, along with the crystalline phase in the NCM based on
porous glasses, is unsurprising, since it was observed earlier for nanocomposites with embedded
selenium [14] and low-melting+point metals [15].

Fig. 3 shows the temperature dependences of dielectric permittivity ¢’ (left) and conductivity
o' (right) at frequencies of 1 kHz and 0.1 Hz during cooling. Comparing these dependences, we
can conclude that adding titanium dioxide increases the magnitudes of ¢’ and o> in these glasses
throughout the temperature range considered. The o’ values in glass with TiO, increase by almost
an order of magnitude, compared to PG6 at low frequencies. Unfortunately, it was not possible
to measure ¢’ in the entire temperature range in empty porous glass at high frequencies. It is clear
from the given temperature dependences of ¢’ for PG6 and PG6+TiO, that titanium dioxide
increases the conductivity of the porous matrix.
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Fig. 3. Temperature dependences of dielectric permittivity &' (a, c)
and conductivity ¢’ (b, d) for PG6, PG6 + TiO,, PG6 + NaNO,
and PG6 + TiO,+ NaNO,NCM at 0.1 Hz (a, b) and 1 kHz (¢, d)
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Fig. 4. Frequency dependences of dielectric permittivity ¢’ (a)
and dielectric losses &” (b) for PG6 + NaNO, and PG6 + TiO, + NaNO, samples at 400 K
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In the next step, we analyzed the behavior of dielectric response in composites with
embedded sodium nitrite. Comparing the behavior of the curves related to the temperature
dependences of ¢ and o' for these nanocomposites, we can see that the level of ¢ and ¢’
values in the NCM with TiO, is higher than for the samples without it both at low (0.1 Hz)
and high (1 kHz) frequencies in the entire measured temperature range. The ¢ and ¢’ values
of the PG6 + TiO, + NaNO, composite at high temperatures (above 400 K) are an order
of magnitude greater than those of PG6 + NaNO,. The difference in &’ values is small at
low temperatures (near room temperature). This behavior of the dielectric response in NCM
with titanium dioxide confirms our assumption based on the results of structural studies
that the percentage of crystalline sodium nitrite is higher in PG6 + TiO, + NaNO, than in
PG6 + NaNO, samples.

The respective frequency dependences were obtained and investigated to analyze the physical
nature of the dielectric response. These dependences at 400 K are shown in Fig. 4.

Notably, no rigorous theory has been formulated this far for describing the relaxation contri-
butions other than from Debye relaxation [16, 17], so empirical distributions are used to analyze
the results, characterizing the dispersion dependences for a large number of substances sufficiently
well. Expression (1) is used as a model function; consisting of the following terms: the sum of the
empirical Cole—Cole functions, describing relaxation processes, the term from the contribution
of phonon modes, and the term responsible for DC conductivity:

Agj IO pc
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where Ac is the dielectric strength of the relaxation process, t is the mean relaxation time, a is
the exponent characterizing the broadening of the spectrum relative to Debye behavior, ¢_is the
contribution of phonon modes and electron polarization, o is the angular frequency, ¢, is the
dielectric constant of vacuum, o is the DC conductivity.

The dispersion curves can be described by expression (1), if we first carry out nonlinear
approximation of the frequency dependences of the dielectric permittivity and dielectric losses.
Approximation was performed by the Levenberg—Marquardt algorithm [18]. The curves of the
¢’ and ¢’ dependences were simultaneously fitted, allowing to significantly reduce the error. Two
relaxation processes were detected in the frequency and temperature ranges considered. The con-
tribution of DC conductivity was found, consequently yielding the temperature dependences for
the parameters of relaxation processes, A¢ and t (Fig. 5).
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Fig. 5. Temperature dependences for dielectric strength of the relaxation process As (a)
and the characteristic values of mean relaxation time t (b) for two relaxation processes
(denoted by subscripts 1 and 2) for PG6 + NaNO, and PG6 + TiO, + NaNO, samples
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The main contribution to the dielectric response of both composites is made by the quantity
Ag,, and this contribution increases with increasing temperature. The characteristic relaxation
times of this process for both composites are equal to about a second, and their temperature
dependences are almost identical throughout the temperature region considered. This confirms
that these processes are equivalent, even though the strength of the process is higher in modified
NCM than in the one not modified with TiO, (this may be due to a higher percentage of the
crystalline phase of sodium nitrite in the given NCM). We associate this process with charge
polarization at the grain (nanoparticle) boundaries of sodium nitrite.

The magnitude of Ae, is virtually independent of temperature in modified NCM. The
process is somewhat weaker in unmodified NCM, and its value of Aec decreases within the
same order of magnitude with increasing temperature. Relaxation times vary from 1072 s
(at 350 K) to 107¢ s (at 450 K) for unmodified NCM and from 1073to 1077 s for the NCM
modified with TiO,. Such values and temperature behavior observed for the parameters of
the relaxation process allow to relate ot to hopping conductivity of sodium ions, which has
already been detected earlier in the PG7 + NaNO, NCM [19, 20]. This process is faster by
an order of magnitude faster in the NCM with a modified surface, i.e. it can be assumed that
modification of the pore surface with titanium dioxide facilitates the hoping conductivity of
sodium ions. The dependences of relaxation time for the second type of processes exhibit a
thermally activated behavior in both NCM. Two regions with different activation energies
(with a change in the slope of the curves) can be detected for each dependence near 400 K,
which may be due to a PT to the low-temperature phase of sodium nitrite, shifting in tem-
perature due to the size effect.

Estimates of DC conductivity in both NMCs were also obtained by fitting the experimen-
tal data using Eq. (1). The temperature dependences of conductivity for PG6 + NaNO, and
PG6 + TiO, + NaNO, samples are shown in Fig. 6 in Arrhenius coordinates. Modifying the
surface with titanium dioxide produces an increases in the DC conductivity of the NCM by an
order of magnitudein the entire temperature range considered. The conductivity has a thermally
activated nature; two regions with different activation energies can be observed on each curve,
while the change in activation energy is observed at about 400 K. This correlates well with the
data obtained for relaxation times. The activation energy of the composite containing TiO,turns
out to be somewhat lower, i.e., the modification of the surface seems to facilitate the hopping
conductivity of sodium ions.
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Fig. 6. Dependences of DC conductivity on inverse temperature
(the corresponding values of T are given on the upper scale)
for PG6 + NaNO, and PG6 + TiO, + NaNO, samples. Straight lines correspond
to Arrhenius approximations (the corresponding activation energies are also given)
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Conclusion

We have investigated the electrical and structural properties of nanocomposite materials based
on pure porous glasses with an average pore diameter of 6(1) nm, porous glasses with the pores
modified with titanium dioxide and filled with a ferroelectric (sodium nitrite). Structural studies
revealed a crystalline phase of sodium nitrite in the samples (no peaks from TiO, were detected),
so there is reason to believe that TiO, is in amorphous state. It was established from XRD pat-
terns that the integral intensity of the diffraction peaks is significantly higher for the PG6 + TiO,
+ NaNO, sample than for PG6 + NaNO,. This suggests an increase in the percentage of sodium
nitrite crystalline phase in the pores of modified NCM, compared to the content of this phase in
the NCM without titanium dioxide.

We have found an increase in the dielectric permittivity and conductivity of the modified
NCM compared to the unmodified sample. The dielectric response of both composites was ana-
lyzed, with two relaxation processes observed in the selected temperature and frequency ranges.
Evidently, the main contribution to the dielectric response of NCM is made by a relaxation
process associated with charge polarization at grain (nanoparticle) boundaries, and this relaxation
process is more pronounced in the NCM with titanium dioxide, due to increased volume of
crystalline sodium nitrite in NCM pores. We attributed the second relaxation process to hopping
conductivity of sodium ions along the channels. This process is as intense in the NCM containing
TiO, but it proceeds much faster, pointing to a possible increase in the number of conduction
channels and/or a decrease in the hopping length due to modification of the pore surface with
titanium dioxide.

Thus, it is confirmed that modifying the surface allows to control the dielectric properties of
nanocomposite materials based on porous matrices.
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