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Lithium—Niobium—Titanium—Oxide Ceramics with ZnO
as a Functional Additive: Structural and Impedance
Characterization with Humidity Properties
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For potential applications in electronic components and sensor elements, lithium—niobium—titanium ox-
ide ceramics are prepared by a solid-state reaction method. Two different weight percentages (2 and
5 %) of ZnO as a functional additive are added before the mechanical milling step in two separate
procedures and changes in microstructure, and electrical properties are investigated. Analysis of mi-
crostructure by scanning electron microscopy showed the morphology of the synthesized particles in
the form of plates and rods, which corresponds to the desired microstructure of the M-phase class of
lithium—niobium—titanium oxide ceramic materials. The addition of ZnO creates a trend of increasing
the total bulk density. X-ray diffraction analysis by Rietveld refinement and deconvolution of the Raman
spectra by Lorentzian line shape fitting enabled the characterization of the crystal structure and vibra-
tion properties. In the frequency range from 100 Hz to 10 MHz, the analysis of the obtained impedance
spectra at room temperature shows that the tested samples have non-Debye dielectric relaxation. Fur-
thermore, the appearance of one semicircle on the Cole—Cole plots indicates the dominant influence of
grain boundary effects on the electrical behavior of the studied ceramics in the measurement frequency
range. Finally, a room temperature study of the humidity sensing properties showed that the 2% ZnO
sample had a better linear impedance change response over a wide range of relative humidity from 15%

(2022)

to 85% at a frequency of 15 kHz.
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1. Introduction

Lithium-niobium-titanium  oxide  (LNTO)
ceramics, especially their so-called M-phase
class of compounds with the general formula
Li1+x_be1_m_3yTix+4y03 (005 < z < 0.3,
0 < y < 0.182) that was first reported by
Villafuerte-Castrejon et al. [1], show excellent
microwave dielectric properties [2-4]. This makes
them a very desirable material for use in mi-
crowave electronic components such as resonators
and waveguides, as well as in microelectronics in
general. Also, recent studies show its favorable
thermistor characteristics suitable for potential
applications in sensors [5]. However, the higher
sintering temperature, which is usually above
1100°C [6-10] for the production of LNTO ma-
terials, sets a new goal of lowering it for more
economical production, but also to meet the
requirements for use with Ag, Ag/Pd, or Au elec-
trode materials in low temperature co-fired ceramic
(LTCC) technology [11]. In this regard, several
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different methods have been used that allow the
application of lower synthesis temperature, such as
sol-gel methods and molten salt methods [2, 12, 13],
but the most promising is the use of additives of
low melting point compounds (B2O3, MoOs,
Bi;O3) [14-18] in the conventional solid reaction
method. The conventional method of ceramic
production begins with the mechanical grinding of
oxide precursors to increase the chemical reactivity
of the starting components or for simple physical
homogenization required to control morphology,
texture, and particle size distribution [19, 20] and
ends with sintering heat treatment. The addition of
ZnO to the synthesis mixture before the grinding
step can have several effects on ceramics in terms
of their properties and potential application [21].
One of the typical effects of ZnO addition is
a decrease in the sintering temperature (as well as
the glass transition temperature and crystallization
temperature in glass-ceramics [22]). ZnO also
improves the density and dielectric properties of
ceramics [23]. Density is closely related to other
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mechanical properties, such as porosity and grain
size, all of which are important factors for sensors
and electronic applications. The addition of ZnO
increases the hardness and fracture toughness
and improves ferroelectricity [24-26]. In general,
the optical, electrical, and dielectric properties
of ceramics can be significantly altered by the
addition of ZnO as it reduces the optical band gap
and contributes to the much desired high dielectric
constant and low tangent loss [27].

Aiming to provide valuable information both
from the point of view of fundamental scientific in-
terest and from the point of view of their poten-
tial application to various microelectronic devices,
this study investigates the effect of ZnO addition on
the electrical and microstructural properties of M-
phase type lithium-—niobium-titanium oxide ceram-
ics. In one of the important applications, humid-
ity sensors based on ceramic materials can detect
humidity on the principle of changing the electri-
cal properties of the sensing material by adsorption
of water vapor and their penetration through the
open pores of the sensing material, which results
in significant changes in their electrical characteris-
tics [28]. For this purpose, the impedance of the pre-
pared LTNO ceramics was measured as a function
of relative humidity (RH) at different frequencies
and room temperature.

2. Experimental work

2.1. Materials synthesis

The lithium-—niobium-titanium oxide (LNTO) ce-
ramic samples were prepared by a solid-state pro-
cedure consisting of wet-milling in ethanol and
sintering. Powder precursors for the synthesis of
LNTO, TiO5 anatase (99.7%, < 25 nm particle size,
Aldrich Chemistry), NbaOjs (99.9%, Alfa Aesar),
and Li2CO3 (Kemika, Zagreb), were first mixed in
the desired LizNb3Ti5O2; stoichiometry. The 2 wt%
ZnO (99.999%, Aldrich Chemistry) was added as
a functional additive to the first sample powders
mixture before the milling step (hereinafter 2%
Zn0), and 5 wt% of ZnO was added to the sec-
ond sample powder mixture (hereinafter 5% ZnO).
The powder mixtures were wet-milled in ethanol in
two separate procedures for 4 hours with a ball mill
(Retsch PM100) using a zirconia vial and 5 mm in
diameter zirconia balls. The ball to powder mass
ratio was 10:1, and the rotation speed was 100 rpm.
Thereafter, the powder mixtures were air-dried for
about 24 h and calcinated in a furnace at 650°C
for 4 h using alumina crucibles to dispose of the
organic components. The next processing step was
to form the pellets from the milled powders using
a 10 mm diameter mold and a Specac hydraulic
press with a uniaxial pressure of about 784 MPa.
Finally, the resulting pellets were sintered at 900°C
for 4 h. An illustrative diagram of the described
procedure is shown in Fig. 1.
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2.2. Materials characterization

The bulk density of sintered LNTO was deter-
mined by the pycnometric method. X-ray diffrac-
tion (XRD) was performed using a Rigaku MiniFlex
600 diffractometer with Cu K./, radiation and
a step scan mode of 0.02° /3 s in the angular range
20 = 10-70° . The resulting XRD patterns were an-
alyzed by the Rietveld method of structure refine-
ment using the FullProf Suite [29]. Scanning elec-
tron microscopy (SEM) was performed on a JEOL
JSM-6460LV. Raman spectra were obtained us-
ing a confocal DXR Raman microscope (Thermo
Fisher Scientific Inc., USA), equipped with a diode-
pumped solid-state (DPSS) green laser (wavelength
532 nm) with a maximum laser power level of 24
mW. The laser used for excitation is connected to
an Olympus optical microscope and a 10 magnifi-
cation objective, which focuses the laser beam onto
the sample. All data were plotted and analyzed us-
ing OMNIC software.

The measurement of complex impedance spec-
troscopy (IS) was performed on the obtained sin-
tered pellets, which were first polished and then
coated on both sides with silver paste. The elec-
trical parameters, parallel resistance (R,) and par-
allel capacitance (C),), were obtained over a wide
frequency range (100 Hz-10 MHz) at room temper-
ature using a computer-controlled impedance ana-
lyzer HP 4194A. The experimental setup included
a RIIC VLT—2 chamber to ensure normal ambient
conditions, as well as sample heating using a Beck-
man CTC 250 temperature controller with an accu-
racy of £0.5°C. Experimentally measured parallel
values of resistance and capacitance were converted
and presented in the form of complex impedance
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Fig. 1. Illustration of the solid-state M-phase
LNTO synthesis.
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Fig. 2.

SEM images at two different magnifica-
tions (x5,000 and x10,000) of (a), (b) unmodi-
fied LNTO, (c), (d) 2% ZnO, and (e), (f) 5% ZnO
samples.

as previously described [30, 31]. Impedance data
fitting analysis was performed using EIS Spec-
trum Analyzer software [32] with about 2% fitting
errors.

To study the humidity sensing performance, the
prepared ceramic pellets were placed as sensing ele-
ments in a closed test glass chamber between two sil-
ver electrodes, which are connected to a computer-
controlled impedance analyzer HP 4194A to mea-
sure the change in impedance with respect to rel-
ative humidity at 25 + 0.5°C. The compressed air
directed into the chamber was first dehydrated over
silica gel and CaCly, and then the humidity level
was varied from 15 to 85% by passing the air
through water and mixing it with dry air. In such
a measurement system, RH and temperature are
monitored using a commercial humidity and tem-
perature probe (Tecpel DTM-321) [33].

3. Results and discussion

3.1. Microstructure characterization

SEM images of unmodified LNTO, 2% ZnO, and
5% ZnO samples are shown in Fig. 2. Rod-shaped
and plate-shaped particles, which are morphologi-
cal characteristics of the M-phase, were observed.
The bulk density of the sample 5% ZnO (pse;, =
3.98 g/cm?®) is higher than the bulk density of the
sample 2% ZnO (pyy, = 3.88 g/cm®) and even
higher than the bulk density of unmodified LNTO
ceramics (poy = 3.60 g/cm?) prepared in the same
way but without ZnO additive. LNTO ceramics
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Fig. 3. XRD patterns of 2% ZnO and 5% ZnO
samples.

TABLE I

Structural parameters of Lig.g7Nb2. 34Ti5.78021 calcu-
lated by Rietveld refinement. Here, R is R-factor, the
statistical parameter of quality.

Sample 2% ZnO 5% ZnO

Crystallite size [nm| 163.7 -
Strain [%)] 29.68 -
a [A] 5.1288 5.0420
b [A] 5.1288 5.0420
c [A] 32.8462 33.5435
R 24.7 39.2

become less porous with the addition of ZnO
(Fig. 2) due to easier diffusion supported by the
Zn0O oxygen loss starting from 850°C when Frenkel
defects, a new phase, and grain growth appears.
Similar behavior was observed for the M-phase
LNTO ceramics modified with BoO3 [14, 15|, which
showed an increase in density at sintering temper-
atures even below 900°C compared to unmodified
LNTO ceramics sintered at ~ 1000°C whose bulk
density was approx. 3.28 g/cm? [34].

3.2. XRD and Raman structural analysis

The main phase is indexed as
Lig.g7Nbg 34Ti578021  structure (COD  refer-
ence card no. 1533457) belonging to P3cl no. 165
space group of the trigonal crystal system. Traces
of the initial TiOs anatase (JCPDS cards no.
21-1272) and the new phase ZnLiNbO, (JCPDS
cards no. 23-1206) appear in the XRD patterns
(Fig. 3). With the increase of ZnO additive, a cer-
tain increase in the XRD intensity of ZnLiNbO4
peaks was observed. A better Rietveld refinement
of the structure was achieved for 2% ZnO, where
the average crystallite size of about 164 nm was
calculated for the Ligg7Nbs 34Ti5 738021 phase,
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TABLE II

Raman peaks frequency [cm™"], intensity, and full width at half maximum (FWHM) from simultancous peak fits
to Lorentzian line shape, reference values, and proposed symmetry mode assignments.

2% ZnO 5% ZnO Refs. [34-37]
Sample| Peak Peak Peak
No. | position|Intensity | FWHM | position | Intensity | FWHM |position Mode assignment
[cm-] [em™!] [em™!]
1 71 0.29 14.1 56 0.23 7.9
2 99 0.11 33 103 0.30 33.3 99 Zn—0O motions
3 150 0.32 16.5 150 0.62 16.2 151 |Nb-O motions
4 245 0.44 42.6 246 0.88 39.3 240 |O-Ti-O bending
5 279 0.71 21.4 279 0.56 21.3 278 |Li displacements
6 363 0.54 34.2 356 0.53 31.3 358 |Li displacements
7 405 0.41 53 409 0.88 84.3 410 |Zn-O motions
8 442 0.23 38 430 |O-Nb-O bending coupled with Li-O
and O-Li—-O bending modes,
or Li—O stretching in LiOg
9 587 0.49 145.6 579 0.71 98 585 |O-NDb-O stretching
660 0.32 112 666 |Zn—O motions
10 752 0.12 36 750 0.15 55 753 | Ti—O motions in TiOg
11 883 0.37 30.0 881 0.58 30.6 881 |O motions in NbOg
while for the 5% ZnO sample, only the values for T — -
lattice parameters could be calculated. The ob- 2.0 “P279336 5% ZnO
tained results of Rietveld refinement are presented
in Table I.
According to XRD and SEM results, ZnO plays : 154
a role in promoting densification of LNTO (Fig. 2) o
mainly in the initial and middle stages of sinter- iy
ing [35], since ZnO was found to be incorporated g 1.0-
into LNTO ceramic grains as the ZnLiNbO, phase =
(Fig. 3). -
The fitting of the Raman spectra was performed 0.5
using the line shape of the Lorentzian function
(Fig. 4). Vibration modes were assigned by compar-
ison with the Raman spectrum of LNTO described 0.0 , " . " i
in our recent publication [5] (see Table IT), but also 200 400 600 800 1000
by taking into account the vibrational motions of Raman shift [cm™]
Zn-0 in ZnLiNbOy [36-38]. Significant differences
were observed mainly as an increase in the intensity Fig. 4. Deconvolution of the Raman spectra of the

(Table II) of some vibration modes and the appear-
ance of another peak at 660 cm ™!, which is proba-
bly related to Zn—O motion because it occurs when
the weight percentage of functional ZnO additive is
increased.

3.3. Impedance spectroscopy

As a widely used, powerful, and non-destructive
technique for the characterization of polycrystalline
electroceramic materials, impedance spectroscopy
was applied in this study to analyze electrical pro-
cesses occurring within the synthesized LNTO sam-
ples. Impedance spectra in a wide frequency range
from 100 Hz to 10 MHz were measured at room
temperature, and the obtained results are shown
in Fig. 5. It is noted that both Cole-Cole plots

2% ZnO and 5% ZnO samples.

for LNTO with 2 wt% and 5 wt% ZnO additives
are characterized by the presence of only one in-
complete semicircle, even though it is common for
these plots to have two semicircles showing the con-
tribution of grains and grain boundaries, which are
the two main components of the microstructure of
ceramic materials. This behavior indicates that the
grain boundary has a dominant effect on the con-
duction mechanism and that the grain contribu-
tion cannot be determined for both LNTO sam-
ples within the measurement frequency range. This
may be due to the limited frequency range used
in this study (100 Hz-10 MHz) or the impedance
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Fig. 5. Impedance spectra of 2% ZnO and 5%
ZnO samples at room temperature. Lines are fitted
curves obtained using the equivalent circuit model,
which is shown as an inset.

TABLE III

Determined values of electrical circuit model param-
eters from impedance analysis.

Sample 2% ZnO 5% ZnO

R 1.0157 x 10® Q 5.1026 x 107
CPE 53009 x 1071 F | 97131 x 10" F
n 0.858 0.855

T 2.269 ms 2.015 ms

response of grains and grain boundaries overlap-
ping, preventing separation of boundary contribu-
tion from the grain contribution by impedance spec-
troscopy [5, 39, 40].

Moreover, the obtained impedance data show
that the centers of the semicircles lie below the real
axis of the impedance, which is a prominent feature
of the non-Debye type relaxation mechanism [31].
In addition, it is evident from the Cole-Cole plot
that the semicircle radius for LNTO with 2 wt%
7Zn0O addition is larger than that for LNTO with
5 wt% ZnO additive, indicating that the resistance
of the LTNO material is reduced by ZnO addition.
For a more detailed analysis of the impedance re-
sponse for LTNO, the resulting Cole—Cole plots are
modeled using an equivalent electrical circuit based
on only one parallel R—-CPFE element, as shown in
the inset in Fig. 5. In this model, R and CPFE
represent, respectively, the resistance and the con-
stant phase element for the grain boundaries, which
should account for the observed non-ideal Debye be-
havior of both LTNO samples in this study. In the
proposed model, these parameters were determined
by fitting a Cole—Cole plot with 0.2-3.4% fitting
errors using the free software EIS Spectrum Ana-
lyzer. The determined parameter values are sum-
marized in Table III and follow our previous re-
sults on LNTO with < 1 wt% of ZnO additive [5].
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Fig. 6. Dependence of the impedance of LTNO ce-
ramics with 2 wt% and 5 wt% ZnO to relative hu-
midity at different frequencies and room tempera-
ture.

The validity of the proposed electrical circuit is con-
firmed by the close agreement of the experimen-
tally obtained Cole-Cole plots (scattered) and the
curves obtained by fitting (lines), as can be seen
in Fig. 5. Furthermore, impedance analysis showed
that LNTO with 2 wt% ZnO additive has higher re-
sistance and lower grain boundary capacitance com-
pared to LNTO with 5 wt% ZnO additive, as can
be seen in Table III. The values of equivalent cir-
cuit model parameters show that the grain bound-

ary relaxation time (7 = (R x CPE)l/") for both
samples is approximately the same value. In addi-
tion, the calculated value of the parameter n for
both LTNO samples is about 0.86, which indicates
non-ideal behavior since this value is sufficiently less
than 1 [41].

To study the humidity sensing performance, the
impedance Z of the as-prepared LTNO ceramics
was measured as a function of RH at different fre-
quencies and room temperature. The obtained re-
sults for several frequencies in the RH range be-
tween 15% and 85% are shown in Fig. 6. It is ob-
vious that the impedance of samples with 2% ZnO
and 5% ZnO is significantly affected by RH and
decreases with increasing RH. This observed ef-
fect is more pronounced in the synthesized LTNO
ceramics with a lower weight percentage of ZnO,
which is consistent with the fact that this sample
has a higher porosity. The high sensitivity to hu-
midity and linear response in the entire RH range
were observed at relatively low measurement fre-
quency, i.e., at 15 kHz. At this frequency, the
impedance changes by about two orders of mag-
nitude as RH increases. This significant decrease
in impedance values with RH can be attributed to
the adsorption of water molecules [42, 43|. However,
at a higher measurement frequency (i.e., 150 kHz),
the impedance plots become flat because the direc-
tion of the applied electric field changes faster and
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the polarization of the adsorbed water molecules
cannot catch up [33, 44]. Therefore, a frequency of
15 kHz was chosen as the optimal operating fre-
quency of the sensor based on LTNO ceramics with
2 wt% ZnO.

4. Conclusions

This paper reports changes in structure, mor-
phology, and electrical properties with an increasing
weight percentage of ZnO as a functional additive
for the M-phase type lithium—niobium—titanium—
oxide ceramics synthesized in the solid-state, which
is a very promising material for applications in mi-
croelectronics and sensor. The successful formation
of the characteristic M-phase microstructure has
been repeatedly confirmed using several experimen-
tal techniques (XRD, Raman, and SEM). The dom-
inant role of grain boundaries in the conduction
mechanism was confirmed by the obtained measure-
ment results and the analysis of the impedance re-
sponse. Furthermore, the results show that LTNO
ceramics with a low weight percentage of ZnO can
be proposed as a promising material for humidity
sensing devices.
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