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ABSTRACT

Barium titanate nanorods (BTNRs) were formed via the hydrothermal process
through preliminary preparation of a slurry of hydroxide precursors by mixing
BaCl,.H20 and TiCl, with a (10 Molar) of NaOH solution. The hydroxide slurry was
heated at (205 °C) for (24 h) to complete the process. This study focused on
examining the electrical properties of nanoscale barium titanate (BaTiO3) synthesized
via the hydrothermal technique. Scanning Electron Microscopy (SEM) imaging
demonstrated the unique rod-like shape of barium titanate nanorods, confirming their
production. Furthermore, X-ray diffraction (XRD) analysis confirmed the crystalline
structure attained under the experimental circumstances and confirmed the successful
production of the BaTiO3 perovskite phase. Fourier Transform Infrared Spectroscopy
(FTIR) was utilized to identify the functional groups present in the nanomaterial.
Additionally, the structure and composition of BaTiOs were confirmed using Energy
Dispersive Spectroscopy (designed as EDS). The electrical conductivity was assessed
utilizing the four-point probe (4-point electrical conductivity) method to determine
sheet resistance, while impedance spectroscopy was used to investigate the
capacitance, and dielectric constant. The results revealed the intrinsic properties of
BaTiO3 nanorods, highlighting its potential applications in electronics and capacitors.

Keywords: Hydroxide precursor, Hydrothermal, Barium titanate, Piezoelectric,
Electrical properties.
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INTRODUCTION

Barium Titanate (BaTiO3) is broadly utilized in
capacitors, sensors and actuators because of the fact
that it is a known ferroelectric ceramic material
possessing the perovskite structure® BaTiOs
exhibits significant dielectric, piezoelectric, and
ferroelectric properties, which are crucial for
various electronic  applications. Piezoelectric
nanomaterials can alter electrical voltage into
mechanical force and vice versa, making them
perfect for utilize in actuators and sensors ). This
research aims to determine the electrical properties
of nanostructured BaTiOsz synthesized via the
hydrothermal method, a technique known for
producing high-purity and crystalline materials.

Inclusive research on the hydrothermal preparation
of nanomaterials, exploring various techniques and
applications, such as energy harvesting and
biosensing. Their research highlighted the

advantages of hydrothermal methods, including the

o1

ability to produce stable nanomaterials under
varying temperature and pressure conditions .
Barium titanate has unique properties because of its
perovskite crystal structure ¢, In a study by ) it
was discovered the possibility of obtaining BaTiO3
nanorods as a result of treating a single-stage
solubility precipitation mechanism with ethylene
glycol, using it
Consequently, their synthesis is accompanied with

as a stabilizing medium.
formation of uniform crystals-in particular single
uniform crystals. These nanorods have tetragonal
structure with c-axis/a-axis ratio equal to (1.0111),
whereas BaTiOs; particles synthesized
absence of ethylene glycol looked like cubes.
Previous research has shown that the hydroxyl
groups (OH) in ethylene glycol (EG) play a crucial
role in stabilizing the tetragonal structure © 9, It has

in the

been observed that nanostructured BaTiOs materials
show better properties because surface atoms
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contribute more and there may be different physical
laws that do not exist in bulk matter. For instance,
the synthesis of BaTiOs nanowires, nanoplates, and
nanorods has opened novel paths for the strategy of
high-performance actuators, energy storage devices
and sensors. The emergence of nanostructures
(nanowires, Nano platelets, and nanotubes) suggests
a potential paradigm shift in nanocomposites.
Recent studies have indicated that composites
reinforced with nanorods or nanowires possess
higher dielectric permittivity and tensile strength
when compared to composites reinforced with
nanoparticles 12, The influence of nanostructures
ceramic on the piezoelectric properties of BaTiO3
was investigated. By employing normal sintering
methods and spark plasma sintering (SPS), the
researchers demonstrated that smaller ferroelectric
domain significantly  enhanced the
piezoelectric ~ constant, achieving a high
piezoelectric coefficient (d33) of 416 pC/N in
nanoceramics with domains less than 50 nm in
width (*®). Explored the applications of the BT-101
dielectric material in improving the performance of

sizes

electroluminescent (EL) lamps by @4, In this study,
synthesize titanate BaTiO3
nanoparticles by hydrothermal method, and analyze
their properties
comprehensively, electrical

aim to barium

structural and electrical

focusing on the
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properties. In addition, the structure of the
synthesized nanorod will be examined, characterize
the crystal structure of the sample and identify the
functional groups in it.

2- EXPERIMENTAL

Preparation of Barium Titanate Nanorods
Barium titanate nanorods (BTNRs) were formed by
a precipitation-aging technique including a
precursor slurry, followed by a hydrothermal
process. The (Ba-Ti-OH) precursor was prepared
using barium chloride (BaCl,, Kishida Chemical.),
Titanium tetrachloride (TiCls solution (Sigma-
Aldrich) and Hydroxide Sodium (NaOH, Nacalai
Tesque (98 %)). A mixture of (1 M) BaCl, (20 ml
aqueous solution) and (0.6 M) TiCl, solution (10 ml
aqueous. solution) was prepared at (25 °C)
temperature, then adding (10 %) NaOH to this slurry
as a solvent and (35 ml) of deionized (DI) water.
The hydrothermal process was adjusted the over-all
precursor slurry to (80 ml).
Consequently, the precursor slurry was heated using
a teflon-lined autoclave (150 ml vessel). The
hydroxide slurry was heated at (205 °C) for (24 h)
to complete the process. Following hydrothermal
process, the product was detached by centrifuge

size of the

device, and then washed several times by DI water,
and dried at (80 °C), (see figure 1).

N .
( 0.6 M of TiCl, (aq. solution 10 ml) | { 1M Bacl; (aq. solution 20 ml) ‘
|

Under
stirrin
g

*We use 150 ml vessel.

80°C

-—( 10M NaOH 1oml ]
-—( 35 mL of water ]

precursor slurry

“drying \\._/ “Filtration )<— (" separation ) ’_{/,,Heating;\‘_

205 °C For 24 hr

Barium Titanate Nanorods (BTNRs) ]

Fig.1: llustrative diagram of the stages of BaTiOs nanorods preparation by using the hydrothermal
method.
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Characterization of Barium Titanate Nanorods
SEM images was conducted to investigate
morphology of barium titanate nanorods (using an
Axia Chemi at an applied voltage of 5kV). XRD
patterns (PA-analytical, X-Pert PRO MPD, using
Cu-K radiation at 30 KV) was employed to govern
the crystalline structure and phase of the
manufactured BaTiOs. The diffraction patterns were
analyzed to confirm the BaTiOs3
structure. EDS analysis
investigate the elemental compound of the
synthesized  BaTiOs  nanoparticles.  FTIR
spectroscopy was used to detect the functional-
groups and chemical bonds in the BaTiOs nanorods,
providing insights into the molecular structure. The
FTIR spectra were captured through the attenuated
total reflectance (ATR) method used (a Zn-Se
crystal) within the Nicolet 1S50 spectrometer
(Thermo Fisher, USA), spanning a range of

crystalline

was conducted to

(4500-0 cm™1). The four-point probe technique
was utilized to measure the sheet resistance and
electrical conductivity of the BaTiO3z nanoparticles.
This provides resistivity
measurements by minimizing contact resistance
effects. The measurement data for barium titanate

method accurate

using the 4-point probe method indicate a
significant difference in voltage readings between
channels. The sheet resistance (pg) is determined
using the 4-point probe method, as described by the
equation (1) 9,

P = % 4.5324 [Q.5q] 1)

Where, | is the current through the outer probes
(nA), and V is the voltage between the inner probes
(mV). The impedance spectroscopy was used to
study capacitance, permittivity and dielectric
constant. The primary aim is to determine the
relative permittivity (¢') and electrical conductivity
(o) of the material based on the measured
impedance data at various frequencies. Hence,
Radius of the disk (r) is (0.01 m) and Thickness of
the sample (d) was (1 mm), Vacuum permittivity
(e0) is (8.858 x 1012 f/m).
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RESULTS AND DISCUSSION

Characterization of Barium Titanate Nanorods
FTIR spectra was conducted to detect functional
groups within the powder sample, as depicted in
Figure 2(a). The resulting FTIR absorbance spectra
was recorded in transmittance mode over the range
of (4500-0 cm™1). The functional group of (Ti-O)
band is at (562 cm™1) is indicative of the barium
titanate structure and is influenced by Ba ions. The
functional group of (Ba-Ti-O) bonds appear in the
(1430-1630 c¢cm™1) range, whereas the C-O bands
at (1110 cm™1) suggest the presence of residual
ethylene glycol (EG) or potential C-C stretching.
The C—H band is at (2877 cm™1), representing the
connecting of ethylene glycol groups to titanium.
The absence of Ba-C-O intensity in the BaTiOs
powder suggests a reduced formation of BaCOs.
The OH-OH groups are observable in the (3425
cm™1) band. The peroxide synthesis of surface-
functionalized barium titanate nanoceramic is
revealed by the presence of hydroxyl groups on the
(OH) surface functional group. It is interesting that
there are some spectra with very low transmittance
ranges, which are referred to the changing chemical
reactions, nature of materials, and crystallization of
compounds at higher temperatures and are not
considered & 19, Figure 2(b) presents XRD pattern
of the BaTiOz nanorods (BTNRs). The XRD
analysis, consistent with (JCPDS no. #892475),
reveals the creation of a structure nanorods phase
characterized by a lattice parameter of (a = 4.0217
A). The most intense peak (110) is observed at (20
= 32.17°). Additional peaks detected at (20 =
22.208° (100), 32.17° (110), 38.898° (111), 45.590°
(200), 50.812° (210), 56.127° (211), 65.779° (220),
70.323° (300), and 74.788° (310)), further authorize
the formation of structure perovskite of BaTiOs as
in @718 Minor peaks are ascribed to the formation
of BaCOg, resulting from the interaction of barium
hydroxide with CO. released during the annealing
process. The smallest crystallite size of the barium
titanate nanopowder, estimated utilizing the Debye-
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Scherrer equation considering peak broadening, was
(11 nm). The mean crystallite size, derived from
multiple peaks, was determined to be (78 nm), the

Scherrer formula given as equation (2) 9
kA
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where 6 is the Bragg’s angle D is crystallite size of
domains, k is shape factor, and its value is( 0.91), 4
is the wavelength of X-rays, and g is full width at
half maxima (FWHM) in radians.
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Fig. 2: (a) FTIR spectrum of BaTiOs, (b) XRD patterns a tetragonal BaTiOs nanostructure

Figure 3 illustrated SEM images of the prepared
samples showed clear patterns of barium titanate
nanorods. It can be seen that the overall shape of the
particles ranges from rods to microplates.
Furthermore, small agglomerates of nanorods can
be observed, indicating some agglomeration during
the preparation process. The dispersion of the
particles appears to be good, indicating a relatively
homogeneous distribution of particles within the
sample. The surface of the nanorods appears
generally smooth, with some rough appearances that
may be caused by the crystallization process during
preparation. The high temperature (205 °C) and

long reaction time (24 h) contributed to the

54

formation of nanorods with the specified shape and
size. These conditions promote crystallization and
longitudinal growth of the rods ). The observed
agglomerations may be a result of surface
during the
preparation process. These agglomerations are
likely the result of van der waals attractive forces or
hydrogen bonding between The
nanoscale shape and small dimensions of nanorods

may give these materials distinct physical and

interactions  between nanorods

molecules.

chemical properties such as improved electrical
insulation and increased catalytic activity in various
applications.
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Table 1 illustrated, oxygen appears weight
percentage (28.30 %) and atomic percentage: (67.50
%) as a significant proportion in the composition,
indicating oxide formation in the sample. Titanium
is a major component of nanorods, supporting the
formation of barium titanate and exhibits weight
percentage (24.23 %) and Atomic percentage (19.31
%). The high percentage of barium (Ba) indicates a
major role for this element in the general structure
of nanorods (47.47 % weight percentage). From the

table, it is clear that barium titanate nanorods
contain a large percentage of oxygen, titanium, and
barium. The high oxygen content is in line with
expectations because barium titanate is an oxide
compound. The atomic percentage of oxygen (67.50
%) is very high compared to others, reflecting an
oxide formation. The weight percentage of barium
is the highest (47.47%), which enhances its
prominent role in the synthesis of nanorods.

Table 1: Elements content of the samples determined by EDS (at. %)

Element | Line Type Apparent k Ratio | Wt.% | Wt.% Sigma | Atomic %
Concentration
0] K series 9.71 0.03266 | 28.30 0.40 67.50
Ti K series 7.10 0.07095 | 24.23 0.38 19.31
Ba L series 12.30 0.11515 | 47.47 0.51 13.19
Total: 100.00 100.00

. Spectrum 4
Ba

Ti

I
o I
|

Weight % 50%

kel

Fig. 4: Elements content of the samples determined by EDS (at. %0)
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Electrical Properties

The measurement data for barium titanate using the
4-point probe method indicate a significant
difference in voltage readings between channels
(see equation (3)) @Y. For Channel 2, the maximum
voltage was (7400 mV), the minimum was (-9200
mV), resulting in a peak-to-peak voltage (Vpp) of
(16600 mV), with an applied current of (3531.915
nA). Channel 1 showed a maximum voltage of (420
mV), a minimum of (-400 mV), and a Vpp of (820
mV) (see figure 4). The sheet resistance (pg) is
determined using the 4-point probe method, as
described by the equation (3):

®)
Given: applied voltage (V = 16600 mV = 16.6 V)
assuming peak-to-peak voltage is used and

ps = % 4.5324 [ohms per square(£.sq)]
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applied current (I =3531.915 nA =3.531915 pA)

16.6
Ps = 3531915x10-6 X 4.5324 =
4)

1052281.301 [Q.cm]
The calculated sheet resistance was (1052281.301
Q.cm) which aligns with the high resistivity
expected of barium titanate. The high sheet
resistance value indicates that BaTiOs sample used
here is highly resistive or insulating. This high
resistance of the sheets emphasizes the dielectric
properties of the material, which is known to be a
ceramic material with high dielectric constant,
making it suitable for electronic applications such as
capacitors and piezoelectric devices. The four-point
probe method is sensitive to several factors such as
probe spacing and sample thickness resulting in
inconsistency between channel readings.

(a) Currgn
Wil
Source _I Metar
l v .Y .9
& 55
Maodel for the 4-point prabe sheet
b reslstance measurement
( ) {for an infinlte sheel) (C)
Pl chi 2000 o ch2
000 o
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~ 200 -
:E_ .aEv 2000 4
& g E‘;r, by
% % 2000
- -
2004 00
5000 o
50004
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H 1000 200 3000 A0 5000 H 1000 00 3000 4000 500D
Time (sech Time (sec)

Fig. 5: (a) Measurement principle of the 4-point sheet resistance model, (b) Voltage of Channel 1 (Chl), (c)
Voltage of Channel 2 (Ch2).

The impedance data includes the real part (Z') and
the imaginary part (Z") at different frequencies (f)
(see figure 6(a). The horizontal axis (Z') represents
the real part of impedance in (Q.cm?), while the
vertical axis (Z") represents the imaginary part of
impedance in (©.cm?). The results show a gradually
decreasing behavior of the curve, where the

56

imaginary impedance decreases as the real
Specifically, the

impedance (Z') increases from (0 to 100,000

impedance increases. real
Q.cm?), while the imaginary impedance (Z")
decreases to negative values reaching (-500,000
Q.cm?). This behavior reflects the properties of

dielectric materials such as barium titanate
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nanorods. The observed decrease in imaginary
impedance with increasing real impedance may
indicate a charging and discharging process in the
dielectric materials, interaction
between
nanostructure of the material. The figure 6 (b) shows
the variation of the dielectric constant of barium
titanate with frequency. The dielectric constant was
calculated by using the following relationship

derived from imaginary impedance @?:

1
€= O

suggesting an

electrons and voids within the

Where, (C) is Capacitance and f is frequency, or
used Complex impedance (Z* = Z' + jZ'")
Then, we found dielectric constant by using the

following formula @2
, cd

£ == (6)
Hence, C is the capacitance, d is the thickness of the

dielectric material, A is area (A = nr?), d is the
thickness of the sample, and €° is the permittivity of
free space (8.854 x 1012 F/m). It can be seen that the
dielectric constant is high at low frequencies and
then decreases significantly with increasing
frequency until it reaches a quasi-stable value. At
higher frequencies, we observe a sharp increase in
the dielectric constant, indicating a phenomenon

known as resonant frequencies ?* 2%, It can be seen
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that the amplitude is very high at low frequencies
and then decreases sharply as the frequency
increases. The amplitude continues to decrease until
it reaches an almost constant value at high
frequencies. This change reflects the contractile
ability of the material to store electrical charge with
increasing frequency. The capacitance value
decrease with increasing frequency. This behavior
is attributed to the material's ability to respond to
rapidly changing electric fields. At high
frequencies, it is difficult for the electric dipoles in
the material to track rapid changes in the electric
field, resulting in a decrease in capacitors, as show
in figure 6(c). The decrease in capacitance with
higher frequency indicates the material's limitations
in applications that require a fast frequency response
(26), The sharp increase in the dielectric constant at
high frequencies can be explained by the presence
of resonant frequencies. These frequencies occur
when the external frequency matches the natural
frequency of the material, resulting in a significant
increase in the dielectric constant ?7-?), The results
indicate that nanoscale barium titanate possesses
excellent dielectric properties at medium and high
frequencies, making it suitable for use in energy
storage  applications  and
microelectronics.

dielectrics in


https://doi.org/10.25130/tjps.v30i4.1780

Tikrit Journal of Pure Science Vol. 30 (4) 2025
DOI: https://doi.org/10.25130/tjps.v30i4.1780

IRROJI

Academic Scientific Journals

Capacitance (F)

|
\_

a
(2) M
i —a— [Yigleciric Constant
- L }
‘f 500
“Ax107 o -
2000
a ‘\\ 5
< o
= [
< 2x10f o G s
] w
=) £ 2000
£ -axi0f o F
= =
B 1500
~4x 1 - 1000 lr-o—-—r"—"ﬂ.
-510° 500 T T T T
TG0 20en 40100 B0 BORI0Y 10107 L] 20w10°  4.0x10F  BOwi0®  BOx10® gm0t
L Ohm.cm™2) Frequency (Hz)
(C) —=— Capacitance

.
T

——._._..-—._,,_‘__

-

T T
il 20107

d.0x10%
Frequency (Hiz)

T T
a.0xi0*  Edxi0® 1o
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nanorod

CONCLUSION

This study successfully synthesized nanostructured
BaTiOs using the hydrothermal
comprehensively analyzed its structural and
electrical properties. The XRD, FTIR, and EDS
results confirmed the high purity and crystalline
nature of the material. The significant piezoelectric
coefficient and electrical conductivity underscore

method and

the potential of BaTiOs nanorods in various
electronic devices. Future work could explore the
optimization of synthesis parameters to further
enhance these properties and expand the application
range of BaTiOs nanomaterials. The correlation
between the structural characteristics and electrical
properties of BaTiO3 nanofillers demonstrates that
the hydrothermal synthesis method produces high-
quality nanomaterials with excellent electrical
performance. The crystalline structure and purity
directly influence the piezoelectric and conductive

behaviors, making hydrothermally synthesized
BaTiO3 suitable for advanced various technical
fields. The results came from dielectric, insulating,
and resistance spectroscopy behavior indicate the
possibilities of using barium titanate nanorods in
electronic applications.
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