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Abstract

The samples of ceramic materials based on potassium polytitanate (PPT) characterized with various TiO,/K,O molar ratio, are
produced by calcination at 900 °C and investigated. AC conductivity (o,.) of the obtained ceramics is measured at different
temperatures between 200 and 800 °C in frequency range of 0.1 Hz—1 MHz. The method of combined impedance and modulus
spectroscopy is used to analyze the obtained results. The activation energies of DC conductivity, bulk and grain-boundary
conductivity as well as relaxation frequency for studied composites are estimated. Using the correlated barrier hopping (CBH)
model, the energies of potential barrier between neighboring defect sites for all kinds of investigated materials are presented. The
bulk and grain boundary parameters of the produced ceramic materials based on potassium polytitanates are calculated. The
mechanism of different vacancies formation in the investigated ceramic system is discussed. The influence of precursor chemical
composition on electrical properties for the ceramic composites based on potassium polytitanates is studied.

Keywords Multiphase ceramics - Impedance spectroscopy - Electric conductivity - Relaxation processes - Oxygen vacancies -
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1 Introduction

Ceramic materials, including titanates, with mixed ionic-
electronic conductivity can be applied in different areas of
science and technology, namely semiconductors, electro-
chemical energy storage materials, electrodes of fuel cells
and batteries, separation membranes and catalysts [1]. It is
known that alkali and alkaline earth niobates and titanates,
are considered as promising alternative ceramic materials be-
cause of excellent electric characteristics at high temperatures
[2—4]. Besides, such layered materials are well polarized and
environmentally friendly. It is known that alkalis can be easy
volatized at high temperatures and this process promotes for-
mation of oxygen vacancies supporting increased electrical
conductivity [1]. Depending the desired electrical properties
of the ceramic material obtained in alkali titanate or alkali
niobate systems, this effect may be considered as positive or
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negative phenomenon. That is why an investigation of elec-
trical properties of the ceramic composites containing alkali
titanates taking into account both (ionic and electronic) kinds
of conductivity at different frequencies is of a high interest.
The outcomes of some previous research related to the inves-
tigation of electrical properties of alkali titanates (Na,TizO-,
NaKTiz0;, K;TisOo), [5, 6] indicates their specific features
and potential application as multifunctional ceramic materials.

In this research, the alkali titanate ceramics were produced
using amorphous potassium polytitanate (PPT) as raw mate-
rial. PPT is characterized by chemical formula of K,0O-
nTiO,'mH,0, where n can vary from 2 to 6 and m changes
from 0.5 to 2.0 depending on the synthesis conditions.
Generally, different kinds of PPT are produced by the treat-
ment of TiO, powder in the molten mixtures of KOH-KNOj3
system at 450550 °C [7]. The obtained PPT particles have
layered structure similar to other kinds of crystalline potassi-
um titanates and formed by polyanion sheets consisting of
TiOg¢ octahedra; whereas their interlayer space is filled with
cations of K* and/or H;0" [7-10] as well as contains H,O
molecules. It has been shown [11, 12] that at room tempera-
ture the activation energy of relaxation processes (£,) taking
place in PPT is varied in the range of 0.07-0.19 eV, and pro-
tons were the main charge carriers at these conditions. It was
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also recognized [13] that high-temperature treatment
(calcination) of the PPT compacts promoted obtaining the
multiphase ceramic materials consisting of the mixture
of tetra-, hexa- and octatitanate crystalline phases char-
acterized with high ion conductivity and permittivity
(e =10°-10° depending on frequency). Thus, the goal
of this work is to study the frequency and temperature
dependences of AC and DC conductivity for the ceram-
ic composites obtained by calcination of the compacted
potassium polytitanates of different chemical composi-
tion at 900 °C.

2 Experimental

Potassium polytitanate powder was synthesized by molten salt
method earlier described in [7] using TiO, (30 wt.%), KOH
(30 wt.%) and KNOs (40 wt.%) as raw materials. The batch of
powdered raw materials (100 g) was mixed with 60 ml of
distilled H,O; the obtained dispersion was agitated to dissolve
KOH and KNOs and further thermally treated at 500 °C for
2 h in the electrical furnace. The obtained parent product was
treated using H,SO, solution until obtaining stable pH
values of the dispersions equal to 7.5, 9.2 or 10.1 (here-
inafter referred as PPT(7.5), PPT(9.2) and PPT(10.1),
and further carefully washed with distilled water and
dried at 50 °C for 4 h. The synthesized PPT powders
consisted of amorphous flakes (100—800 nm in diame-
ter, 10-20 nm of thickness) partially aggregated in
spherical agglomerates of 1.5-3.0 um in diameter simi-
lar to the products described in [13].

Further, the samples of the powdered products were
compacted at 200 MPa to produce the tablets of 12 mm in
diameter and 2.0 £ 0.1 mm in thickness, heated at 900 °C for
4 h and grinded using vibratory micro mill Pulverisette 0
Fritsch (Germany). The abovementioned cycle of operations
was repeated three times until stable phase composition and
homogeneous structure of particles were obtained. The phase
composition of the obtained ceramic powders was analyzed
by XRD (ARL X’TRA. Switzerland). Morphology of the PPT
particles and structural features of the obtained ceramics were
studied by SEM method using Scanning Electron Microscope
EXplorer ASPEX (USA).

The chemical composition of the produced ceramic mate-
rials is found by WDX method (Spectroscan MAX-GV,
Russia) and reported in Table 1.

After the final heating the bases of the produced ceramic
discs were covered by silver-palladium adhesive (K13 trade
mark, Russia) and studied by impedance spectroscopy using
an impedance analyzer (Novocontrol Alpha AN, Germany) at
different temperatures in the range of 200—800 °C at the fre-
quencies varied in the range of 0.1 Hz — 1 MHz with ampli-
tude of 100 mV.

Table1 Chemical composition of the potassium polytitanates treated at
different pH

pH  Characteristics

Oxides content, wt.% TiO,/K,0 molar ratio

TiO, SO; K,O ALO; SiO,

7.5 91.0 0.2 78 0.5 0.5 11.7
9.2 87.0 0.1 122 0.6 0.2 7.1
10.1 830 04 158 04 0.5 53

3 Results
3.1 Structure and microstructural studies

The XRD patterns of the ceramics produced using different
kinds of PPT are reported in Fig. 1.

All the obtained ceramic materials are represented as mul-
tiphase systems. The composite based on PPT-7.5 contained
K3TigO,7 as well as TiO, in the forms of anatase and rutile.
The phase composition of the ceramics based on PPT-9.2
represents two main crystalline phases, namely K,Ti4O9 and
K3TigOy7. At the same time, the ceramic composite obtained
with PPT-10.1 consisted of K;5TigO,7 crystalline phase only.
Taking into account that the XRD reflections of K;TigO;, are
more intensive in all the ceramic materials produced; this
phase, characterized with rod-like crystalline structure, can
be considered as a dominant component of the investigated
ceramic materials.

The structure of the obtained ceramic materials is illustrat-
ed in Fig. 2.

The crystals of the composite based on PPT-7.5 have quasi-
spherical (TiO,), platy (K,Ti4O9) and rod-like (K5TigO;7)
morphology in a good agreement with the XRD data (Fig.

Intensivity, a.u.

20, degree

Fig. 1 XRD patterns of PPT based ceramics of different chemical
composition obtained at 900 °C for 4 h: 1 - [010-72-1699] K;3TigO,7; 2
- [000-32-0861] K, Ti4Oy, 3 — [010-75-2544] TiO, (Anatase), 4 — [010—
72-7374] TiO, (Rutile)
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Fig. 2 Micrographs (SEM) of the
obtained ceramic composites
(fracture surfaces) based on dif-
ferent potassium polytitanates:
PPT-7.5 (a and b), PPT-9.2 (¢ and
d) and PPT-10.1 (e and f)

2a, b). The structure of ceramic body produced with PPT-9.2
powder is formed by rod-like crystals; the diameter of rods
varies in the range of 0.1-0.8 um, whereas the length is of 2—
3 wm. An average aspect-ratio (AR) of these crystals is not so
big (AR =6-10), whereas K,Ti4O¢ and K;TigO;7 whiskers
usually are characterized with AR =30-60 [14, 15]. Such
shape of the crystals corresponds to the XRD data (Fig. 1),
where reduced intensities of the reflections in low-angle range
0f 20 are recognized. In addition, some inclusions of K, TizOq
crystals having platy shape can be recognized in the micro-
photographs (Fig. 2c, d); whereas, both crystals can be pre-
sented as rods of different diameter [16]. The composites
based on PPT-10.1 generally consist of rod-like crystals of
K3Ti8017 with AR =30-60.

@ Springer

The analysis of XRD patterns indicates a presence of some
quantity of the amorphous phase in all the materials produced
(in mol. %): 12.9 (PPT-7.5), 17.6 (PPT-9.2) and 9.3
(PPT-10.1). The general chemical composition of the PPT-
9.2 system corresponds to the molar ratio of [TiO,]o/
[K5O]o =7.1; whereas, the crystalline phases (CP) appeared
in the ceramic body by sintering at 900 °C are characterized
with [TiOz]CP/[Kzo]CP =4 (K2T1409) or 5.3 (K3Ti8017).
Thus, it is possible to assume that the residual amorphous
phase (AP) appeared in this system at 900 °C has [TiO;]ap/
[K50]ap > 7.1 due to accumulating of the potassium oxide in
the crystalline phases.
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3.2 Electrical conductivity

Complex impedance spectroscopy is used to study the electri-
cal behavior of composites based on potassium polytitanates
treated at different pH. All the measurements were made in the
range of 200-800 °C with a step of 50 degrees at 0.1 Hz —
1 MHz and analyzed using the following formulas:

A R
zZ =— 1
> 1)
A Co - 60'€'S
M=ycC="a" @)
2-mf-R-C =1, (3)
where

Z”  the imaginary part of impedance

R resistance

M”  the imaginary part of electric modulus
C  capacity

€9  the permittivity of free space

€ the permittivity of material

S the area of electrode

d the sample thickness

f frequency.

The sample of typical variation of the imaginary part of
impedance (Z”) and modulus (4/”) with frequency is reported
in Fig. 3 for the composite based on PPT-7.5 (T=400 °C). The
Cole-Cole plot of this composite and equivalent circuit of the
impedance data are shown in Fig. 4.

The peak height of Z" peak is proportional to R and the
peak height of M" peak is proportional to C"'. On the other
hand, the frequency of the Z” and M” maxima depends on
electric resistance and capacitance, according to the relations
marked in Fig. 3. The values of f;,,.x of Z” and M” peaks as
well as bulk and grain boundary parameters at different
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Fig. 3 The spectroscopic plots of imaginary part of impedance (Z”) and
modulus (M”) for the PPT-7.5 based ceramic composite (T =400 °C)
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Fig. 4 The Cole-Cole plot and equivalent circuit of the impedance data
for the PPT-7.5 based ceramic composite (7'=400 °C)

temperatures calculated in the same manner for all the studied
materials are shown in Tables 2 and 3.

An influence of frequency on electrical conductivity for the
investigated ceramic composites at several temperatures is
plotted in Fig. 5. It is observed that o, values increase with
increasing the temperature.

The obtained experimental data on o, frequency depen-
dence are described by the equation [17, 18].

Oge (W) = 040 + A’ (4)
where

4. DC conductivity

A constant, independent of frequency
w  angular frequency

s characteristic parameter.

As seen from the graphs, an increase of the temperature
promotes increased values of the high frequency border of
frequency independent region (f;) for all the studied compos-
ites. Stable o4, values obtained for o, in the abovementioned
regions comply with the Eq. (4). At frequencies corresponding
to the range of /> f}, o, is proportional to f'and conductivity
rises rapidly. It is possible to note also that an increase of the
temperature promotes more smooth character of o,,.(f) curves
atf>f,.

The DC conductivity of the produced ceramic composites
can be expressed by well-known Arrhenius equation:

04c = ogexp(—Eq/kpT), (5)
where

oy pre-exponential factor

E, activation energy of conductivity
kg  Boltzmann constant

T  temperature.
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Table2  Characteristics of the equivalent circuits based on the impedance data (bulk conductivity) at different temperatures for the composites obtained
T (°C)  Characteristics
Composite based on PPT-7.5 Composite based on PPT-9.2 Composite based on PPT-10.1
Ry, () G, (F) Jinax 0 Z” (Hz) Ry, () Gy (F) Jimax f 27 (Hz) Ry, () Gy (F) Jinax 0f 27 (Hz)
200 130-10° 333101 3.67 6.99-10°  322:10 " 706 69710 3.71-10" 616
250 3.06:108 3451071 15.1 236:10° 32810 20,550 1.16:107 338107 404
300 579107  3.39-10° " 81 122:10° 34210 38,143 2.0510°  3.19-107'" 2431
350 9.1910°  3.33-10 " 520 23310 3.68107'" 185,780 571-10° 28110 9914
400 27610 32310 1783 1.7810* 347107 257,039 2.1010° 2721071 27,832
450 1.00.10°  3.12:107" 5086 1.02:10*  3.0710"" 510,505 7.8810% 259101 77,890
500 4.0410°  3.00-10 " 13,110 55510°  2.87-101 1,000,000 37010 244101 176,717
550 9.57:10*  3.09-10 " 53,860 - - - 1.5910* 235107 426,628
600 44510 2.92-10 122,410 - - - 7.1910° 22110 1,000,000
650 21810  2.79-10° 260,765 - - - - - -
700 1.1310* 27710 509,330 - - - - - -
750 5.82:10° 27410 1,000,000 - - - - - -

Figure 6 shows Arrhenius plot of DC conductivity, caused
by mixed electron-ion conductivity, for the investigated ce-
ramic composites. Two linear regions with different slope
can be clearly identified at different temperature ranges, de-
pending on pH treatment. The activation energies of conduc-
tivity, calculated for these regions, are given in Table 3.

Obtained experimental data is in a good agreement with the
correlated barrier hopping model (CBH) [19]. Wherein, carri-
er charges of ceramics based on PPT, treated at different pH,
move within a defect-potential slit (well) and between the

Table 3
composites obtained

nearest neighbor sites over the potential barrier W,,,,.. These
processes are called as short-range intrawell hopping (SRIH)
and long-range interwell hopping (LRIH) [20]. In CBH model
the frequency exponent s is evaluated by equation [21]:

s = 1=(6kgT /W pay) (6)

Wax 18 found from the linear regions slope on the (7-s)-T
graphs (Fig. 7) and has values 1.96, 0,64 and 0,97 eV for low
temperature range (7<400-500 °C) and 0.36, 0.27 and

Characteristics of the equivalent circuits based on the impedance data (grain boundary conductivity) at different temperatures for the

T (°C)  Characteristics

Composite based on PPT-7.5

Composite based on PPT-9.2

Composite based on PPT-10.1

Rep () Cg (F) Jnax 0f M7 (Hz) Ry () Cyy (F) Smax 0f M7 (Hz) Ry () Cgy (F) Jimax of M” (Hz)
200 8.16:10° 1391070 0.14 188108 172107 049 566:10° 742107 038
250 1.6510°  1.12:10°'° 0.86 332107 14810° 325 1.61-10° 582107  1.69
300 255108 1.09-10°1° 5.72 1.09107  1.3410° 10.8 3.72:107  7.61:110' 562
350 483107  9.60-10°" 34 1.9510°  6.08:107'° 134 756:10°  1.31:107° 16
400 134107  8.97-10° " 132 6.72:10° 198107 1194 23410°  1.0710° 64
450 45810°  8.00-10° 434 131-10°  1.89-107' 6427 62410 743107 343
500 1.71-10°  8.15-10°" 1143 3.8510*  1.73:10°' 23,978 1.9510° 351100 2326
550 47510°  6.99-10°" 4790 1.1610* 129107 106,623 5.62:10*  1.61:1107' 17,558
600 1.90-10°  6.88-10°" 12,156 45410°  1.07107'° 326,926 1.87-10* 970107 87,658
650 74510 6.32:10 " 33,816 - - - 7.09-10° 736107 304,796
700 3.11-10*  6.09-10°" 84,230 - - - 2.6510°  6.01:10"" 1,000,000
750 13410 63710 185,780 - - - - - -
800 544-10° 57310 510,200 - - - - - -
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Fig. 5 Frequency dependence of the electrical conductivity for ceramic
composites based on PPT-7.5 (a), PPT-9.2 (b) and PPT-10.1 (c¢), at several
temperatures

0.28 eV for high temperature range (7'>400-500 °C), de-
pending on chemical composition of the potassium
polytitanate (pH of the parent PPT treatment 7.5, 9.2 and
10.1 respectively).

The peak frequency as well as bulk and grain-boundary
conductivity can also be represented by the Arrhenius relation
(Figs. 8,9, 10 and 11).

fmax :f() exp(_Etl/kBT)7 (7)

where

fo  pre-exponential factor

E, activation energy of relaxation frequency
kg  Boltzmann constant

T  temperature

o b o
WN =

E=125eV
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S
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m
-

n
-
w
a
o
<

-26 [ . N [ IR NP T G
08 10 12 14 16 18 20 22

1000/T, K™

Fig. 6 Arrhenius plot of DC conductivity for ceramic composites based
on PPT-7.5 (1), PPT-9.2 (2) and PPT-10.1 (3), at different temperatures

The Arrhenius plots for bulk conductivity and relaxation
frequency from M” for all the curves show the linear behavior,
but graphs of grain-boundary conductivity and relaxation fre-
quency from Z” relaxation have two linear regions. The data
on activation energy calculated for these processes for all the
investigated systems in different temperature ranges are pre-
sented in Table 4.

4 Discussion

The SEM outcome is in a good agreement with the XRD data.
The obtained results correspond to the trends of crystallization
of PPT systems recognized earlier [7].

The following dependence between the phase composition
of the obtained ceramic composite and the chemical compo-
sition of the PPT precursor can be noted (Table 1). Composite
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Fig. 7 Influence of the temperature on the (1 — s) parameter value for the
ceramic composites based on PPT-7.5 (1), PPT-9.2 (2) and PPT-10.1 (3)
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Fig. 8 Arrhenius plot of bulk conductivity for ceramic composites based
on PPT-7.5 (1), PPT-9.2 (2) and PPT-10.1 (3)

based on potassium polytitanate with [TiO,]¢/[K,O0]p=5.3
has single-phase crystalline structure, consisting from
K;TigOq5. Crystalline phase of K,Ti;Og in ceramics compo-
sition appears at ratio [TiO,]o/[K,O0]y of 7.1 in addition to
K;TigOq5. The mixture of TiO, and K;5TigO,5 phases is typical
for the composite, characterized with [TiO,]¢/[K,0]o=11.7.

The Z'-Z dependence has two semicircles. Such behavior
of curve indicates a presence of grain boundary and bulk
structure effects in the electrical properties of this kind of
ceramic composites [22, 23].

As seen from Tables 1 and 2, values of bulk and grain
boundary parameters decrease with increasing the tempera-
ture. This phenomenon is typical for semiconductors charac-
terized with a negative temperature coefficient of resistance
(NTCR) [24-26].

In addition, it is observed the electrical conductivity in-
creasing with the temperature growth. The composite based
on potassium polytitanate with [TiO,]y/[K,O]p=7.1 showed

'8 . T ¥ T T T T T .
rE =1.33eV 1
Ao0f -y
L a 2 |
o 3 4
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0 h
= ]

E=086eV i
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0.8 1.0 1.2 14 16 18 20 22
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Fig. 9 Arrhenius plot of grain-boundary conductivity for ceramic com-
posites based on PPT-7.5 (1), PPT-9.2 (2) and PPT-10.1 (3)
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Fig. 10 Arrhenius plot of relaxation frequency calculated from Z”(f) for
ceramic composites based on PPT-7.5 (1), PPT-9.2 (2) and PPT-10.1 (3)

the highest conductivity in comparison with other kinds of the
obtained ceramics. o, values of such ceramics are varied
from 8:10'% S/cm to 6:10™* S/cm depending on temperature.

To explain the obtained results it is necessary to discuss the
mechanism of the processes occurring in the investigated com-
posites (Fig. 5). In the range of low frequencies, at all the
temperatures, AC conductivity slightly increases with frequen-
cy due to polarization processes [27]; whereas, in the range of
high frequencies, this parameter strongly increases with f. The
last in the oxide ceramic materials usually is considered as a
result of hopping charge transfer phenomenon [17]. The ther-
mally activated character of the relaxation processes is con-
firmed by a shift of Z” and M” peaks towards higher frequen-
cies with an increased temperature for all the composites
(Tables 2 and 3) similar to the data reported in [28].

The processes of electrical charge transfer taking place at
T >500 °C can be considered taking into account that in
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Fig. 11 Arrhenius plot of relaxation frequency calculated from M”(f) for
ceramic composites based on PPT-7.5 (1), PPT-9.2 (2) and PPT-10.1 (3)
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Table 4 The activation energy of .
DC conductivity, bulk and grain- pH T,°C Activation energy (E,), eV
boundary conductivity as well as
relaxation frequency for ceramic Odc Ogb oy Jinax 0 Z” Snax Of M7
composites based on potassium
po]ytitanates obtained at different 7.5 200-500 0.89 +0.10 0.86+0.11 0.96 + 0.05 097 +0.13 0.98 = 0.09
pH 500-800 1.35+£0.12 1.34+0.13 1.41+£0.21
9.2 200400 0.87£0.11 0.78 £0.10 0.52 +0.04 0.73+£0.11 0.53 £0.05
400-800 1.25+0.15 1.26 £0.17 148 £0.15
10.1 200450 0.87 +0.09 091+0.12 0.81 +0.08 0.77 £0.13 0.85+0.06
450-800 143+£0.25 1.33+£0.22 1.96 £0.23

accordance with [12, 29, 30] for alkali titanate ceramic mate-
rials E, (04 Ogpy fmax 0f Z7) value depends on processes of
charge carriers appearance and displacement over a long dis-
tance; while, E,, (0, f.c of M”) value associates with migra-
tion of charge carriers (alkali ions) between the adjacent lattice
sites. When, it is possible to assume that in the PPT based
ceramic systems a value of £, (0, fru. of M”) is determined
by polarization ability of K* ions located in the internal chan-
nels of crystalline potassium titanates. Some differences of
their values recognized for different kinds of the investigated
materials are caused by the character of structural defects rep-
resented in their bulk of grain [22].

On the other hand, the activation energy values of relaxa-
tion frequency obtained with the data on M” and bulk con-
ductivity are very close to the £, values of relaxation frequen-
cy determined from Z” and DC for grain boundary conduc-
tivity. Consequently, the charge carrier movement in grain
bulk and grain boundary causes similar relaxation processes.

Two values of activation energy recognized for DC con-
ductivity (Table 4, Figs. 6 and 9) indicate a presence of two
mechanisms of the electric charge transfer processes, corre-
sponding to different temperature ranges [31]. In accordance
with [29, 31], relatively low activation energy values obtained
for similar ceramic systems in the temperature range lower of
400-500 °C correspond to the electronic conductivity, while
at higher temperatures, ionic conductivity can be considered
as dominating process of the electric charge transport [29].

The comparison of our data on activation energy of electri-
cal conductivity E, (04e, Tgpy fnax 0f Z7) with the results ob-
tained earlier for pure crystalline potassium titanates [5, 6, 32,
33] indicates that at 7<400 °C the investigated ceramic ma-
terials have E, values very close to E,. reported for the
K,Ti409 and Na,Tiz0 based ceramics. At the same time, at
T'> 500 °C the ceramic composites consisting of K, Ti4Og and
K;3TigOy5 have the E, (04e Ogp frnax of Z7) values much
higher of these ones mentioned in [5, 6, 32, 33]. This phenom-
enon can be attributed to more complicated character of grain
boundary structure in the PPT based ceramic composites as-
sociated with a presence of several crystalline phases.

In accordance with [1, 34, 35], the activation energy values
over 0.6 eV indicate formation of double ionized oxygen va-
cancies. Such reversible phenomenon takes place due to a

presence of extrinsic lattice defect (Eq. 8 in Kroger—Vink no-
tation). Furthermore, cation vacancies can be formed as a re-
sult of the irreversible processes of recombination with the
electron of oxygen vacancy and partial potassium evaporation
during the sintering (Eq. 9).

1
O =V, + 502 +2e (8)
Kg =V +K+2h (9)

A negative charge appeared in the structure of the ceramic
materials in accordance with Eq. 8 can migrate due to a hop-
ping of electrons from Ti** to Ti**. The moving of potassium
ions in the lattice of particles is a local parallel process to
compensate the negative charge transfer. Thus, a presence of
two types of conductivity (ion and electron), which is typical
for similar oxide systems [36], can be proposed to consider the
character of processes recognized in the ceramic materials
obtained in this work.

In all the investigated composites at 7> 500 °C E, values
for DC conductivity increase (Fig. 6). This fact allows propos-
ing that at 7 <400 °C the electric charge migration in the
electric field is related to the double ionized oxygen vacancies
formed as extrinsic lattice defects. Namely, the mixed ion-
electron conductivity at the grain boundaries takes place due
to formation of oxygen vacancies on the surface of PPT par-
ticles and causes increased electron density. At 7> 500 °C an
intensive formation of double ionized oxygen vacancies oc-
curs in the grain bulk (intrinsic defects appearance). This pro-
cess makes a significant contribution to the overall DC con-
ductivity but has higher activation energy, in comparison with
the formation of extrinsic lattice defects, supporting increased
E,. values. At the same time, a value of the potential barrier
W,ax estimated in frame of the correlated barrier hopping
(CBH) model drastically decreases (Fig. 7), indicating fast
migration of electrons in the conducting band of the solid.

The obtained results indicate that the PPT based ceramics
can be used in manufacturing of different electronic devices
taking into account some features of their thermal behavior. At
T <400 °C such ceramic semiconductors could be applied in
manufacturing of ceramic semiconductor thermistors
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characterized with stable NTCR value due to negative tem-
perature coefficient of resistance (NTCR). At the same time,
the dependence of the electrical properties of such materials
on frequency allow to use them in manufacturing of sensitive
elements of semiconductor gas sensors based on the imped-
ance data analysis [37]. In addition, studied ceramic compos-
ites can be considered as promising in high temperature oxy-
gen sensors working at T > 500 °C.

5 Conclusions

1. The phase composition of the ceramic composites pro-
duced using amorphous potassium polytitanates as raw
materials depends on chemical composition of the precur-
sor. At [TiO,]o/[K20]o = 5.3 the crystalline structure con-
sists of K3TigO,7; an increase of the [TiO,]y/[K,O]o up to
7.1 promotes appearance of K,Ti4Og and K5TigO;, while
the following growth of this parameter up to 11.0 supports
obtaining the mixture of different crystalline forms of
TiO, and K5TigO;7. All the obtained materials contain
also the amorphous phase, which is most developed in
the composite based on PPT-9.2 ([TiO,]¢/[K;0]p=7.1).

2. An increase of the temperature promotes increased elec-
tric conductivity for all the materials investigated. The
system based on [TiO,]y/[K;0]p=7.1 allows obtaining
the ceramics characterized with the best electrical conduc-
tivity: DC-conductivity changing from 8:107'% S/cm
(200 °C) up to 6:10~* S/cm (800 °C).

3. The activation energy values obtained from M”(f) depen-
dence and from the data on bulk (bulk of grain) conduc-
tivity have similar magnitude indicating a presence of the
same mechanism of relaxation processes, namely, polari-
zation ability of K* ions located in the interlayer space.

4. The activation energy values calculated from Z” (f) and
from the data on DC conductivity also are similar; this fact
can be explained by the same mechanism of relaxation
and charge carrier movement processes. An increase of
the temperature higher than ~ 450 °C in the investigated
ceramic composites promotes the increased values of ac-
tivation energy for DC conductivity, grain-boundary con-
ductivity and relaxation process determined from Z” (f)
data, indicating a change of the mechanism of conductiv-
ity most likely related to the appearance of mixed ion-
electron conductivity.

5. The AC conductivity within the structure of PPT-based
ceramics can be described by the barrier hopping model.
The potential barrier W,,,,,, calculated in accordance with
this model, decreases at the temperatures higher than ~
450 °C presumably due to increased electron density in
defect sites related to double ionized oxygen vacancies
formation.

@ Springer

The obtained results indicate that the PPT based ceramics
can be used in manufacturing of different electronic de-
vices, namely semiconductor thermistors and sensitive
elements of semiconductor gas sensors based on the im-
pedance data analysis.
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