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Abstract. The aim of this work is to clarify dielectric relaxation phenomena in paraelectric phase of
composites based on nanocrystalline cellulose and triglycine sulfate. Although the dielectric properties of
this material were almost thoroughly investigated, but there has been no study devoted to relaxation
anomalies in paraelectric phase. The results showed the presence of Debye-like relaxation at the entire
studied frequency range 10® — 10° Hz under a weak electric field of 1 V.m™ from phase transition
temperature in the composite (54 °C) to 90 °C. In addition, the phenomena were observed at lower
frequencies as compared to those of triglycine sulfate single crystals. The results were explained by the
assumption based on critical slowing down occurred in the nanoparticles in the composite.
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1 INTRODUCTION

Materials are vital for manufacturing equipment and tools in general and electronic devices in particular.
A modern technological revolution has never separated from process of developing advanced materials
with smarter properties while decreasing the material size to nanoscale level. Ferroelectric
nanocomposites are one of such materials. These composites contain ferroelectric nanoparticles
possessing abnormal and useful properties such as the change in phase transition temperature and
relaxation frequencies, the strong dielectric dispersion at low frequencies as compared to those of
ferroelectrics at normal scales or disappearance of ferroelectric nature at particle critical size [1]. All the
indicated phenomena have been explained by size effects and the interaction between particles by
themselves as well as between the particles and matrix nanochannel walls [1-7]. It should be noted that
the influence of matrix on nanocomposite properties plays an important role and cannot be negligible.
Recently, the utilization of new matrices originated from nature in the field of electronics engineering has
been encouraged because of their low-cost and eco-friendly advantages. That’s why nanocrystalline
cellulose (NCC) was chosen as a promising matrix for developing composites with triglycine sulfate
(TGS) inclusion. Nanocrystalline cellulose can be used as a promising matrix for preparing
nanocomposites thanks to a large number of 50 — 100 nm nanochannels [8-10], on walls of which the
hydroxyl group OH™ always present and are ready for the formation of hydrogen bonds with hydrogen-
containing compounds as TGS nanoparticles in this case. TGS is a well-known classical ferroelectric used
for a wide range of practical applications in electronics.

It is necessary to make a review over works which were already published in literature devoted to
dielectric properties of composites from nanocrystalline cellulose (NCC) and triglycine sulfate (TGS).
This material was synthesized for the first time by our group 5 years ago [2]. It was shown that the phase
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transition temperature in TGS nanoparticles shifted to higher temperatures as compared to those of
triglycine sulfate at normal size by 5 - 9 °C [2-4]. Another study at low and infralow frequencies (10 —
10° Hz) indicated the presence of strong dielectric dispersion in the composite according to the Maxwell-
Wagner-Sillars polarization [5]. At higher frequencies (10° — 10° Hz) in ferroelectric phase, the dielectric
relaxation is controlled by irreversible and reversible domain-wall motion [6]. It was also found in [6] that
the relaxation point was detected at frequencies lower than that of TGS single crystals due to the increase
in viscous coefficient caused by the strong interaction between TGS and NCC through hydrogen bounds.
In addition, NCC is a hydrophilic material and able to adsorb water molecules from the air even under
normal conditions. As a result, the properties of NCC+TGS composites were significantly changed under
the influence of moisture with the increase in dielectric permittivity and dielectric loss in the studied
frequency range from 107 to 10° Hz in weak electric field [7].

Although the properties of NCC+TGS were almost thoroughly investigated, the dielectric dispersion in
paraelectric phase i.e. at temperatures higher than the phase transition temperature in the composite has
not been studied yet. All conducted studies on relaxation properties as reported in [6] were concentrated
on ferroelectric phase only. In this regard, the aim of present work is to fill this gap.

2 MATERIAL PREPARATION AND EXPERIMENTAL METHODS

In the present work, a matrix in the form of nanocrystalline bacterial cellulose synthesized by the
procedures as reported in [8-10] was used to prepare the NCC+TGS composite. The preparation method
of NCC+TGS were described in detail in previous studies [2-7] as follows. From the initial gel films of
NCC water was removed by filter paper to reduce the sample thickness approximately by twice. The
saturated TGS solutions heated up to +50 °C was introduced into these NCC pieces, drop by drop in
several stages, each time to complete absorption from both sides. The NCC nanochannels are
perpendicular with respect to the sample surface. The prepared samples were heated to +100 °C, kept for
3 hours at this temperature to completely remove residual water and then dried at room temperature. The
obtained composite films with an average thickness of ~ 0.35 mm were cut into samples with a surface
area of ~35mm? Twenty composite samples of were synthesized, ten of them were chosen to
characterize to ensure the successful synthesis, five samples were used for testing phase transition, and
two of these five samples were utilized for the study on dielectric relaxation. The samples were always
stored inside a storage cabinet to prevent the pervasion of moisture that may damage the samples.
Dielectric measurements were carried out by using an Impedance/Gain-Phase Analyzer (SOLARTRON
1260A) in a weak electric field with an amplitude of 1 V-cm™ from 10° to 10° Hz. Firstly, the samples
were heated to 100 °C at a heating rate of 1 °C.min™ to remove residue water that might be adsorbed on
the sample surface, and then cooled down to 54 °C at a rate of 0.5 °C.min™. At every temperature point of
measurements, the temperature was kept for 30 minutes before measuring dielectric permittivity. The
temperature stabilization was controlled better than 0.05 °C. The measurement error did not exceed 1%.
All data were automatically recorded on the computer. Dielectric permittivity measured in this study as a
function of frequency can be expressed according to the following equation:

g (f)=¢e'(f)+ig"(f) @
where * - the complex permittivity, '- real part of permittivity, £"- imaginary part of permittivity and f —
measuring frequency.

3 EXPERIMENTAL RESULTS AND DISCUSSION

All the synthesized samples were carefully characterized by Scanning Electron Microscopy (SEM) and
X-ray Diffractometry (XRD) to confirm successful synthesis of NCC+TGS composite as reported in [4,
11]. Indeed, according the characterization data, the crystalline structure of NCC component remained
almost unchanged after introducing TGS nanoparticles into its nanochannels [4] and TGS particles grew
into the size of 50 — 100 nm [11]. Moreover, the phase transition temperature was detected at 54 °C [6],
confirming ferroelectric nature of the composite. Therefore, the obtained samples are ready for further
experiments in this study.
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Figure 1: Frequency dependences of real (a) and imaginary (b) parts of dielectric permittivity for NCC+TGS
composite.

Figure 1 shows the frequency dependences of real ¢'(f) (Fig.1a) and imaginary ¢"(f) (Fig.1b) parts of
permittivity for the composite based on TGS nanoparticles embedded into an initial dried NCC matrix. As
seen in Fig. 1, the values of &’ decrease with increasing frequency at all studied temperatures while the
corresponding maxima of ¢"(f) were detected in the range of 10" — 10° Hz, indicating a typical relaxation
behavior for TGS single crystals. However, in the case of TGS single crystal in the vicinities of Cuire
point from paraelectric phase side, the relaxation frequencies were observed at higher values of 10° — 10°
Hz [12] as compared to the results obtained in this study for NCC+TGS composite. At the same time, the
relaxation frequency of the composite increased during heating (Fig. 1b), probably, indicating the
activation nature of relaxation process in paraelectric phase.
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Figure 2: Cole-Cole diagrams for NCC+TGS composite at different temperatures
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Figure 3: Dependence of relaxation time on the inverse temperature for NCC+TGS composite.
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To further clarify the relaxation mechanism for NCC+TGS composite, the Cole-Cole diagrams were
plotted (Fig. 2) and the inverse temperature dependence of relaxation time was also determined (Fig. 3). It
can be seen in Fig. 2 that the relaxation data fit well with Cole-Cole semicircle. In other words, dispersion
in dielectric permittivity for NCC+TGS composite has Debye-like type. Moreover, the higher the
temperature, the weaker the relaxation strength. At 90 °C, the dispersion no longer takes place. The
relaxation time was calculated by the following formula:
1

CaPrrs )
where 7, — relaxation time (s), f, — relaxation frequency (Hz) taken from the frequencies corresponding to
the maxima of &”(f). Figure 3 shows relaxation times in not only paraelectric phase, but also ferroelectric
phase near the transition phase temperature in NCC+TGS composite. Relaxation times presented here in
ferroelectric phase were taken from previous study [6] with the purpose of comparison. It is obviously
seen that the relaxation time sharply increased in the vicinities of phase transition in the composite. After
the phase transition takes place, an increase in temperature leads to a decrease in relaxation time. This
behavior is in a good agreement with those of TGS single crystals [13]. Far away from phase transition
point in paraelectric phase, the inverse temperature dependence of relaxation time is linear (Fig. 3) i.e.
obeys Arrhenius equation:

£ =1, XP() ®)

where 7, — relaxation time (s) as mentioned above, 7, — a material dependent pre-exponential factor (5),

AE — activation energy (J), T — temperature (K). The activation energy was determined as 0.22 eV, much
higher than that of TGS single crystals (0.02 eV) [14].
The observed Debye-like relaxation, which is characteristic for TGS single crystals at normal size in the
studied frequency range, is the clearest evidence for the relaxation response of TGS nanoparticles in
NCC+TGS composite. The relaxation mechanism of TGS nanoparticles at paraelectric phase can be
related to the critical slowing down typical for the order-disorder type of ferroelectrics as TGS due to the
order at long distance in their nanoparticle lattice [15]. However, the critical slowing down occurred in
TGS in the vicinities of Cuire point (AT=T-Tc~%2 °C) [13,15] only. In the case of NCC+TGS, the
paraelectric phase region is strongly expanded to about 36 °C higher than transition point (T, = 54 °C),
probably, due to the diversity of TGS nanoparticle states by means their interactions with NCC
nanochannel walls through hydrogen bond system. As a result, the order of long distance of in the lattice
of every TGS nanoparticle could be slowly changed under the alternating electric field, leading to
prolonging dielectric dispersion in the composite. Moreover, the slow motion of electric dipoles in TGS
nanoparticles can be attributed to the reduction of relaxation frequencies and to the increase in activation
energy.

4 CONCLUSIONS

The study showed relaxation phenomena for the composite based on NCC and TGS in paraelectric phase
at low frequency range from 10° -10° Hz. According to the obtained results, relaxation frequencies for
TGS nanoparticles shifted to the range of lower frequencies, the relaxation region is strongly expanded
and the dielectric relaxation has activation nature with the relatively high activation energy as compared
to that of single crystals TGS at normal size. The relaxation mechanism was controlled by critical slowing
down related to the order at long distance in TGS nanoparticle lattice due to the strong interaction
between ferroelectric inclusion and nanochannel walls of NCC matrix. Overall, the obtained results help
us to better understand processes occurred at phase transition of nanosized ferroelectrics. However, a
huge drawback of the composite is related to difficulties in determining the TGS content embedded into
nanochannels of NCC. This issue will be solved in latter studies.
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Tém tit. Muc tiéu ctia bai bao 1 nhim 1am rd cac hién twong tich thoat bat thudng trong pha thuan dién
cua vat liéu composite dugc cAu thanh tir nanoxenlulo va triglycine sulfate. Mac du cac tinh chét dién cua
vat liéu nay da dugc nghién ciru kha déy du, tuy nhién hién tai chua c¢6 nghién ctru nao dé cap dén nhiing
hién twong tich thoat bat thuong trong pha thuin dién. Cac két qua cho thdy riang hién tuong tich thoat c6
dang chuin Debye trong toan diy tan s tir 10°-10° Hz dudi dién ap yéu 1 V.m™ tir nhiét d6 chuyén pha
(54 °C) dén 90 °C. Thém vao do, nhitng hién tuong bit thudng nay dwoc tim thiy & tin sb thdp hon so véi
don tinh thé triglycine sulfate. Cac két qua nghién ciru duoc giai thich dwa trén gia thuyét vé su ton tai
cua su chuyén dong cham tdi han trong cac hat nano trong vat liéu.
Tur khoa. ferroelectric nanocomposites, nanocrystalline cellulose, paraelectric phase, triglycine sulfate,
critical slowing down.
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