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Abstract

High-energy ball milling has been employed for mechanochemical treatment of TiO, and ZrO,, thus facilitated the solid-state reaction toward
ZrTiO,. The ceramics with different degrees of porosity were prepared by 8 h sintering of thus prepared nanopowder precursor at 1100, 1200,
1300 and 1400 °C. The solid-state reaction was completed after sintering at 1200 ‘C.

The correlation between the structure of ZrTiO, ceramic (ZT) at the nano-scale and its electric response at different humidities was studied. High-
ly porous ZT ceramics sintered at 1100 and 1200 "C showed significant difference in electrical conductivity depending on atmosphere conditions

indicating promising application as humidity sensors.
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1. Introduction

Ceramics based on ZrTiO, (ZT) have attracted a
great interest in a variety of electronic applications where
low loss and temperature stable dielectric materials are
required [1-3]. Their specific electrical/dielectric properties
are closely related to the microstructure. It was reported [1,
2], that ZT ceramics sintered without additives to the dense
bodies of (96-98% theoretical density) show very good
microwave dielectric properties (Q;&), which makes them
attractive material in the mobile networks technologies and
satellite communication as a phase shifters, voltage tunable
oscillators and filters. As the relative density of the ceram-
ics decreases, both & and Q decrease due to the effect of
polarization at the pore surface [3], which consequently
limits their use as a dielectric material.

On the other hand, porous ZT ceramics possesses
humidity sensing ability [4-6]. Generally, humidity sensors

based on ceramics and polymers are widely used for moni-
toring and controlling various domestic and industrial sur-
roundings. In comparison to polymers, ceramic Sensors
show several technical advantages: a high mechanical
strength, chemical resistance and thermal stability in com-
bination with high sensitivity [4]. Most of the commercial
ceramic humidity sensors are based on the changes of resis-
tance or capacitance of porous sintered oxides at different
environmental humidities. The sensitivity and stability of
sensing are related to the size and shape of the pores in
porous structure of the ceramics [4, 5]. Although number of
studies [4-6] on humidity sensing properties of porous ZT
ceramics prepared by different techniques have been re-
ported, investigation of this ceramic system in order to
obtain highly sensitive, selective and reliable sensors which
are cheap, compact and microprocessor compatible still
represents challenging topic.
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Since the microstructure of ceramics strongly de-
pends on the preparation route, the choice of the prepara-
tion procedure is usually based on the potential usage of the
ceramics. Basically, porous ZT ceramics can be prepared
using the conventional solid state reaction by means of
thermal methods in combination with low-energy mechani-
cal treatment [7-9]. In order to achieve a solid state reac-
tion, a few heating cycles at temperatures around 1600 °C
combined with mechanical grinding in between are neces-
sary. Additionally, to obtain a solid state reaction at lower
temperatures, additives such as ZnO, NiO, Fe,O; and
La,05 are usually used. In recent years a permanent need
for suppression of energy consumption accompanied by the
high temperature sintering, has led to the development of
various chemical routes such as sol-gel synthesis [6] or
polymeric precursor technique [5]. However, all mentioned
approaches for the preparation of ZT ceramics presume
expensive preparation procedures inappropriate for mass
production.

Recently, we have shown [10, 11] that the prepara-
tion of ZT ceramics from the ball milled precursor de-
creases the sintering temperature and thus reduces the
energy necessary for solid state synthesis of pure ZT ce-
ramics. In fact, the powder precursor produced by high-
energy ball milling of TiO, and ZrO,, facilitates the solid
state reaction toward ZrTiO, even before heat treatment
[10]. Accordingly, this preparation procedure represents a
relatively simple and cheap route which excludes need for
additives, providing no impurities in the final product.

The aim of this study is to investigate structural
properties of porous ZT ceramics prepared by sintering of
ball milled powder precursor at relatively low temperatures
from 1100 to 1400 °C. Different porosity was achieved by
changing the sintering temperature. The structure of the
ceramics was thoroughly studied by combining different
techniques, Raman spectroscopy (RS), X-ray powder dif-
fraction (XRD), scanning electron microscopy (SEM) and
high  resolution transmission electron  microscopy
(HRTEM). The relationship between ZT ceramic structure
at the nano-scale and electric response in different atmos-
pheres were investigated. The electrical response was ex-
amined by DC conductivity measurements and impedance
spectroscopy.

2. Experimental

High-energy ball milling was used for the mechano-
chemical treatment of equimolar mixture of anatase TiO,
(crystallite sizes 76(3) nm) and monoclinic ZrO, (crystallite
sizes 63(3) nm) [10]. The milling was performed in air by
planetary ball-mill (Fritsch, “Pulverisette 6””) with vial and
balls made of zirconia. The powder-to-ball weight ratio was
chosen to be R=1:10 to avoid contamination due to wearing
of milling media [11]. The samples were milled with the
rotation speed of 500 rpm for 7 h, since at this milling time
began the solid state reaction toward ZrTiO,4[10]. The crys-
tallite sizes of 7 h milled powder were between 5 and 7 nm,

as is shown in our previous work [10]. The ball-milled
powder was the mixture of high pressure TiO, Il phase
(48.7 wt %), monoclinic ZrO, (28.7 wt %), ZrTiO, (5.3 wt
%) and amorphous phase (17.3 wt %) [10].

Prior to sintering the ball milled powder precursor
was compacted at 180 MPa. The ZT ceramics were pre-
pared by sintering in air for 8 h at 1100 (ZT-1100), 1200
(ZT-1200), 1300 (ZT-1300) and 1400 °C (ZT-1400) using
muffle furnace (“Over-industrijska elektronika™). Heating
rate was 23 °C/min for all sintering temperatures.

Raman spectroscopy (RS) was performed by Raman
system (Jobin Yvon T64000) working in micro Raman,
triple monochromator mode. An argon ion laser (Coherent,
Innova 400, Santa Clara, CA) operating at 514.5 nm with a
laser power of 20 mW at the samples for excitation.

The XRD measurements were obtained by Philips
PW 3040/60 X’Pert PRO powder diffractometer, employ-
ing CuKa radiation at 45 kV and 40 mA. The incident
beam was passed through an X-ray mirror having diver-
gence slit of 0.5°. The diffracted beam was directed to the
detector through the parallel plate collimator with equato-
rial acceptance angle of 0.18°. The step size was 0.02° with
measuring time of 20 s/step.

The structural and microstructural parameters of ce-
ramics samples were extracted using Rietveld refinement
with the program FULLPROF [12]. The scale factor, the
background coefficients, the zero point of the detector, and
the unit cell parameters were in the first step simultane-
ously refined, followed by the refinement of the Gaussian
half width parameters, U, V, W, and the Lorentzian half-
width parameters, X, Y. The employed profile function was
chosen to be the modified Thompson-Cox-Hastings
pseudo-Voigt [13], making the size-microstrain analysis
straightforward. The crystal structure was refined in the
space group of Pnab (60) for ZrTiO,, P4,/mnm (136) for
TiO;, rutile and P2,/c (14), for monoclinic ZrO,. The qual-
ity of Rietveld refinement was evaluated in terms of the
discrepancy factor (weighted residual error), Ry, Bragg
discrepancy factor, Rg, and the goodness-of-fit indicator,
GoF. The determination of the volume-weighted average
grain sizes (D) and the average maximum microstrain (e)
was achieved by the line-broadening analysis [14, 15]. The
instrumental contribution to the peak broadening was re-
moved by the deconvolution method using crystalline CeO,
as a standard.

The morphology and size of sintered grains in ZT ce-
ramics were studied by scanning electron microscope,
SEM, JEOL T300, operated at 25 kV. The structure of the
crystallites (= coherently diffracting domains) inside the
sintered grains and structure of the grain boundaries were
observed using high resolution TEM (HRTEM) and were
performed by Philips CM200 LaBg and FEG microscopes
both operated at 200 kV. The TEM samples were prepared
by polishing and ion beam thinning.

The electrical characterization was performed using
DC conductivity measurements. The DC conductivity, opc,
of the samples was measured as a function of temperature
from 297 to 500 K with heating rate of 5 K/min in different
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atmospheres, air and dry nitrogen. The measurements were
performed using a DC bias of 100 V and the resulting cur-
rent was measured using a digital electrometer (Keithley
6514). For the electrical contact, gold electrodes 3 mm in
diameter were sputtered onto both sides of the sample discs
(SC7620 Sputter Coater). All sample discs were 1 mm
thick with diameter of 4 mm. From the measured electrical
resistance R and electrode dimensions (where A is the elec-
trode area and d is thickness of the sample), DC conductiv-
ity opc, of the samples was calculated using the equation
opc=0d/(R-A).

Selected ceramic samples, namely ZT-1100 and ZT-
1200, were examined by impedance spectroscopy in a sam-
ple chamber with controlled relative humidity. The differ-
ent relative humidities (RH) inside the sample chamber
were obtained using saturated aqueous solutions of differ-
ent salts: MgCl, (RH ~ 33%) NaBr (RH =~ 56%) and NaCl
(RH ~ 75%). The impedance was measured in the fre-
quency range from 0.01 Hz to 10 MHz (Novocontrol Alpha
analyzer) at 297 K and the experimental data were analyzed
by equivalent circuit modeling using the complex non-
linear least square (CNLLSQ) fitting procedure.

3. Results
3.1 Raman spectroscopy

Raman spectrum of the ceramics sintered at 1100 °C
(Fig. 1, ZT-1100) indicates that solid state reaction has not
been finished after 8 h of sintering in air. In this spectrum
intensive rutile (TiO,) bands at 432 and 612 cm™ dominate.
The rutile bands at 144 and 233 cm™ are observed as
shoulders in addition to two bands of monoclinic ZrO,
appearing at 178 and 192 cm™. Together with rutile and m-
ZrO, bands, a few bands of ZrTiO, can be observed: two
prominent bands at 254, 339 cm™, and barely detectible
bands at 646 and 799 cm™.

The solid state reaction was completed after sintering
at 1200 °C, so the observed Raman spectrum shows only
ZrTiO4 bands at 134, 162, 262, 339, 405, 541, 591, 646,
716 and 799 cm™ (Fig. 1, ZT-1200). ZrTiO, crystallizes
with Pnab space group and o-PbO structure type, having
two formula units in unit cell. Thus, ZrTiO,4 has 33 opti-
cally active modes of vibration of which 18 are Raman
active modes [16]. We observed lower number of the
bands, which can be explained by overlapping of the
broadened bands. The randomly distributed cations zr*
and Ti*" within M-site in the crystal structure influence the
band broadening. Moreover, since the ceramics was pre-
pared from high-energy ball milled precursor, the oxide
defects and nonstoichiometric variations of Zr/Ti ratio are
also expected [16, 17]. In the Raman spectrum of ZT-1300
ceramics the bands at 330, 345 cm™ become resolved and
the band at 716 cm™ is slightly more intense (Fig. 1) which
indicates higher ordering due to possible small amount of
low-temperature ZrTiO,4 phase of high structural order. The
weak band at 284 cm™ is resolved only in the Raman
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Fig. 1: Raman spectra of ceramics sintered at 1100, 1200, 1300
and 1400 -C (ZT-1100, ZT-1200, ZT-1300 and ZT-1400, respec-
tively). Numbers above spectra denote the band wavenumbers of
the ZrTiOy, r denotes TiO, rutile, m denotes monoclinic ZrO,.
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Fig. 2: XRD patterns of ceramics sintered at the denoted tempera-
tures. Miller indices of ZrTiO, are indicated above the pattern.
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spectrum of ceramics sintered at 1400 °C (ZT-1400), thus
suggesting complete densification of the ceramics.

3.2. X-ray powder diffraction

The powder XRD patterns of the examined samples
are depicted in Fig. 2, while the results of Rietveld analysis
are summarized in Table 1. The XRD patterns point to a
high crystallinity of all ZT ceramics. The observed Bragg
peaks are undoubtedly identified as ZrTiO, for the samples
ZT-1200, 1300, 1400, whereas the sample ZT-1100 con-
tains rutile TiO, and monoclinic ZrO, beside major ZrTiO,
phase. The phase content of ZrTiO, calculated by Rietveld
refinement of XRD powder patterns (Table 1) is 54.4 wt. %
indicating that the solid state reaction has not been com-
pleted yet in the sample sintered at 1100 °C.
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Table 1: Structural data and refinement parameters fot ZT ceram-
ics calculated by Rietveld refinement of XRD powder patterns, V.
cell volume, D-isotropic average crystallite size, e-average maxi-
mum microstrain, and Ry, weight residual error.

Sample ZT-1100 ZT-1200 IT-1300 ZT-1400
Space group Prab (B0} Prab (B0} Pnab {60} Pnab {60}
Phase ZrTidy ZrTidy iy IiTidy

a=5040{1) 0=5033(1) a=50361) a=50361)
lattice parameter (A)  b=5387(1)  b=-5442(2) b-5433(1) b-5425(2)
c=4824{(1) c=-4806(1] c=-4815(1) c=-4815(1)

Ve (A% 130.06(5) 13153(4) 131.74(5) 1315403
D{nm) 159 3924 7.9 178.8
el 10f) 8258 25355 17.002 25350
S44ZrTi0y  100ZrTi0y  100ZrTidy  100ZrTidy
Phase 389 =-Tidy
67 m-Zrlz
Composition (wik) 154 152 166 168

The extracted lattice parameters of ZrTiO, are in
agreement with the reported values for ZrTiO4 (JCPDS No.
34-0415). In the samples containing only ZrTiO,, the slight
decrease of parameter b with increase of sintering tempera-
ture was observed, thus indicated very small amount of
ordered low-temperature phase [8, 9]. The peak broadening
is isotropic, i.e. hkl dependence was not observed. The
calculated values of average crystallite size as well as aver-
age maximum microstrain show dependence on sintering
temperature. From Table 1, one can see that the increase of
sintering temperature from 1100 to 1200 °C results in a
significant enlargement of crystallite size of almost six
times, while at the same time the lattice microstrain is in-
creased by the factor 3. Further increase of sintering tem-
perature up to 1300 °C shows an anomaly in both
calculated parameters, i.e. their values are lower in com-
parison with ceramics sintered at 1200 °C. Such a behavior
is rather unusual and it represents deviation from normal

response of a powdered precursor to the increase of sinter-
ing temperature. The final sample sintered at 1400 °C again
shows regular growth of crystallites and slight increase of
microstrain. Considering the “regular ceramics”, the one
not accounting for ZT-1300, the increase of microstrain
with the increase of sintering temperature indicates the
enhancement of defects concentration within the crystalline
lattice or more probably in grain boundaries.

3.3. Electron microscopy (SEM and TEM)

SEM images show homogenously porous material in
ceramics sintered at 1100, 1200 and 1300 °C (Fig. 3a-c).
Lower porosity and larger sintered grains were obtained at
higher sintering temperatures. Therefore, the surfaces of
ZT-1100 and ZT-1200 seem similar having separated sin-
tered grains (Fig. 3a and b) but ZT-1100 has sintered grains
much below 1 pm. The grain growth at 1200 °C yields the
grains of almost 1 um in size. The pore phase is extensive
and continuous in both samples with the similar pore sizes.
In material sintered at 1300 °C (Fig. 3c) the sintered grains
continue to enlarge and become welded making a continu-
ous ceramic structure, and thus causing the ability for clos-
ing the pores inside the material.

On the other hand, ZT-1400 ceramics (Fig. 3d) is al-
most completely sintered, what has been already indicated
by a strong shrinkage of the sample observed after sintering
at 1400 °C. The sintered grains become larger than 5 pm
with small number of pores which are completely closed
inside the materials (Fig. 3d, inset).

-~ " ALY on

2y

Fig. 3: SEM of ceramics sintered at: (a) 1100-C (ZT-1100), (b) 1200°C (ZT-1200), (c) 1300-C (ZT-1300) and (d) 1400-C (ZT-
1400) within set showing closed pores within the sample.
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Fig. 4: TEM images of ceramics sintered at : (a) 1100-C, (b) 1200-C, (c) 1300°C, d 1400-C and HRTEM images of sintered at: (¢) 1100-C, (f)

1200C, (g) 1300°C, and (h) 1400°C.

TEM micrographs of the ion beam thinned ceramics
support the SEM observations (Fig. 4a-d) and clarify the
changes of microstructure with sintering temperature. ZT-
1100 ceramics has poorly linked small sintered grains (Fig.
4a). TEM of ZT-1200 shows connected sintered grains with
a few evident defects. The pores are about 0.5 pum large and
open (Fig. 4b), while after sintering at 1300 °C some pores
become closed inside the material (Fig. 4c). In the ZT-1300
ceramics no defects were observed in the grains or grain
boundaries. This result partially support the low microstrain
obtained from XRD measurements. In ZT-1400 ceramics
only the closed pores are observed (Fig. 4d).

HRTEM shows multi-phase character of ZT-1100
ceramics at the nanoscale (Fig. 4e), thus the formed sin-
tered grains are polycrystalline with small crystallite sizes.

The ceramics sintered at higher temperatures; 1200, 1300
and 1400 °C contain only ZrTiO4 with larger crystallites.
Therefore, in ZT-1200 some sintering grains grow to be
single crystals (Fig. 4f). In ZT-1300 ceramics the majority
of the grain boundaries are well defined like the one repre-
sentative shown in Fig. 4g, while in the ceramics sintered at
1400 °C certain defects were observed at some grain
boundaries (Fig. 4h). The resolved lattice fringes of the
identified phases with corresponding Miller indices are
denoted in Figs. 4e-h.
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Fig. 5: Arrhenius plots of o4 for ZT ceramics sintered at: (a) 1100 °C, (b) 1200 °C, (¢) 1300 C, and (d) 1400 °C.

3.4. DC conductivity measurements and imped-
ance spectroscopy

The temperature dependence of DC conductivity,
opc, for ZT ceramics measured in air and dry nitrogen is
shown in an Arrhenius type plot of log(opc) versus 1/T
(Fig. 5). ZT ceramics sintered at 1100 and 1200 °C exhibit
a significant difference in opc depending on atmosphere.
On the other hand, ZT-1300 ceramics shows very small
difference in opc in the narrow temperature range above
room temperature, whereas for completely sintered ZT-
1400 ceramics, opc Measured in air and dry nitrogen is
identical over whole experimental temperature range. In the
temperature dependence of opc in air for ZT-1100, ZT-
1200 and ZT-1300 ceramics two regions are observed. At
lower temperatures, opc decreases with increasing tempera-
ture due to water desorption, whereas, in high temperature
region opc increases indicating thermally activated conduc-
tivity in dehydrated ceramics. The slope of linear part of
opc curve in high temperature region corresponds to the
activation energy for DC conductivity, Epc, according to
the Arrhenius relation, opc = o, eXp(-Epc/ksT), where opc
is the DC conductivity, o, is the pre-exponent, kg is the
Boltzmann constant and T is the temperature (K). Values of
Epc are listed in the legends in the Fig. 5.

ZT-1100 ceramics shows highest values of electrical
conductivity and wide temperature range of water desorp-
tion, up to ~420 K. With increasing sintering temperature
to 1200 and 1300 °C, opc measured in air decreases and
temperature range of water desorption becomes smaller (<
400 K and 229 K, respectively). The Epc for ZT-1200, ZT-
1300 and ZT-1400 in air and nitrogen are almost identical,
indicating absence of water contribution in conduction
processes in dehydrated ceramics. The Epc values are close
to those previously observed for similarly prepared ZT
ceramics [18].

The ceramic samples ZT-1100 and ZT-1200 that dis-
play significant difference in opc measured in air and dry
nitrogen were further examined by impedance spectroscopy
under controlled relative humidity (33%, 56% and 75%).
As illustration, impedance diagrams of ZT-1100 at 56%
and 75% of relative humidity are shown in Fig. 6. The im-
pedance spectra consists of single well-shaped semicircle
related to the polarization processes in porous ceramics
sample, whereas low frequency spur which becomes visible
at higher relative humidity (Fig. 6 b) is attributed to the
effects at the sample-electrode interface [19]. It is well
known that the impedance semicircle can be represented by
the equivalent circuit consisting of resistor and capacitor in
parallel. Ideally, such semicircle passes through the origin
of complex plot and gives a low frequency intercept on the

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac)



Structure and electrical conductivity of porous zirconium titanate ceramics produced by mechanochemical treatment and sintering, 7

A. Gajovic et al.., J. Alloys Compd. 479 (2009) 525-531

1.5x10" 4 a) ZT-1100
75% rel. humidity
1.0x10"
G
N
5.0x10°
0.0 4
T T T T
0.0 5.0x10° 1.0x10" 1.5x10
VAo
b) ZT-1100
6.0x10° .
56% rel. humidity
c
T 3.0x10° 4 R
N
0.0 4
T T T
0.0 3.0x10° 6.0x10°
VAN Ko)

Fig. 6: Complex impedance spectra for ZT-1100 ceramics at 56%
and 75% of relative humidity.

real axis corresponding to the resistance, R, of the sample.
However, experimental data show depressed semicircle
with the center below the real axis, which is why the con-
stant-phase element (CPE) is used, rather than ordinary
capacitor in equivalent circuits. The CPE is an empirical
impedance function of the type: Zcpe = A(jw)™®, where A
and a are the constants. The parameters of the equivalent
circuits (R, A and a) were obtained by the complex non-
linear least square fitting directly to the measured imped-
ance data. The values of the resistance, R together with
electrode dimensions were used to calculate the electrical
conductivity. For both ZT-1100 and ZT-1200 ceramics
electrical conductivity increases over five orders of magni-
tude with increasing relative humidity from 33% to 75%,
Fig. 7.

4. Discussion

A multiphase character of the ceramics sintered at
1100 °C is evident by RS, XRD and HRTEM measure-
ments; while a comparison of SEM, HRTEM and XRD
corroborate that the formed sintered grains are polycrystal-
line with small crystalline sizes. The observations obtained
by RS, XRD and HRTEM undoubtedly identify the sam-
ples sintered at 1200, 1300 and 1400 °C as single phase
ZrTiO,. These results clearly point out that nanosized pre-
cursors allowed the solid-state reaction to form ZrTiO,
ceramic at a temperature 200°C lower than in the case of
the conventional solid state syntheses [7-9]. The whole
mechanism of lowering reaction temperature in the case of
sintering high-energy ball milled precursor is explained in

log (c/ (@m)'}
¢

0 ®
-11 4

é —=—ZT-1100
-12 —0—ZT-1200
-13 T T T T T T

30 40 50 60 70 80
Relative humidity (%)

Fig. 7: Electrical conductivity of ZT-1100 and ZT-1200 ceramics
at different relative humidities.

details by using Raman, XRD and HRTEM in our previous
work [10]. This occurred because formation of ZrTiO,
seeds had already started during milling, while the rest of
the sample was mixture of amorphous material, nanosized
TiO, (1) and nanosized m-ZrO, [10]. The reduction in the
activation energy barrier for this solid-state reaction can be
explained in view of the simple thermodynamic approach
[20].

The morphology of sintered ceramics; sintered
grains, pores and crystallites are different in sizes and
shapes and dependent on the sintering temperature. Thus,
the pores in ZT-1200 ceramics are open as observed by
SEM and TEM measurements and of similar sizes as in ZT-
1100 ceramics. By further increase of sintering temperature
to 1300 °C some pores become closed, while in ZT-1400
ceramic only small number of closed pores was observed.
The SEM images show regular growth of sintered grains
with increase of temperature from 1100 to 1400 °C. On the
contrary, the Rietveld refinement of XRD patterns indicates
anomaly for the ceramics sintered at 1300 °C in both crys-
tallite size and microstrain i.e. their values are lower in
comparison with the ceramics sintered at 1200 °C. A higher
order in the ZT-1300 ceramics structure is supported by RS
measurements, where some Raman bands are better re-
solved, and HRTEM observations of well defined grain
boundaries.

The electrical properties of ZT ceramics measured in
different atmospheres follow observed changes in micro-
structure. For a porous ZT ceramics sintered at 1100 and
1200 °C electrical conductivity increases drastically as the
relative humidity increases from 33% to 75% (Fig. 7) re-
vealing very high sensitivity. In porous ceramics, water
related conduction occurs as a surface process. The main
mechanisms are physical adsorption of water molecules at
the grain surface and water condensation in pores depend-
ing on relative humidity [21]. At low humidity, water
molecules are chemically adsorbed at preferential sites at
the grain surface (chemisorbed layer) onto which subse-
quent layers of water molecules are physically adsorbed
(physorbed layer). The physorbed water dissociates due to
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high electrostatic fields in the chemisorbed layer: 2H,0 <>
H;O" +OH", and the charge transport occurs when H;O*
releases a proton to a neighbouring water molecule which
accepts it while releasing another proton, and so forth
(Grotthuss chain reaction). At high humidity, liquid water
condenses in the pores and electrolytic conduction takes
places along with the protonic transport in the adsorbed
layers [21].

For ZT-1100 ceramics very high sensitivity to humid
atmosphere is related to both the presence of open micro-
pores and multiphase composition. This ceramics has low
crystallite and grain size, 15.9 nm and <1 um respectively,
and therefore large active surface for water adsorption
which is reflected in high electrical conductivity in the
presence of humidity. With increasing temperature to 1200
and 1300 °C, sintering promotes a larger grain size that
leads to decrease of adsorbed water and consequently to a
decrease in conductivity. Beside that, a significant number
of closed pores observed in ZT-1300 ceramics do not allow
water vapor to pass easily through the structure thereby
decreasing the water molecule adsorption and humidity-
sensitive characteristic. Moreover, it is possible that the
well-defined grain boundaries and smaller amounts of de-
fects as shown by SEM, HRTEM and XTD additionally
decrease the sensing character of this ceramics. Completely
sintered ZT-1400 ceramics show no difference in electrical
conductivity in air and dry nitrogen due to low porosity and
the presence of only completely closed pores that cannot
take part in adsorption of water.

5. Conclusions

Porous ZT ceramics was prepared by a low cost syn-
thesis route, namely, by the sintering of ball milled powder
precursor. Powder precursor produced by high-energy ball
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